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Abstract

Oat × maize addition lines (OMAs) are plants of oat (Avena sativa L.) obtained by wide
crossing with maize (Zea mays L.) that retained one or more maize chromosomes in the
oat genome, which can result in morphological and physiological changes. The aim of
the study was to determine the relationship between phenolics, pigments, sugars, and
yield components in 14 OMAs and oat cv. Bingo under soil drought. The plants were
sown in pots in a vegetation tunnel. The pots were watered to the level of 70% field water
capacity (FWC) and then drought treated to 20% FWC for 2 weeks. Analysis of variance
(ANOVA) showed that genotype and treatment significantly influenced the measured
parameters. Out of 14 OMAs, lines 9 and 78b showed the highest grain weight and number,
with the least amount of biomass loss under drought. These OMAs were the only two to
equal or surpass the oat cv. Bingo under drought and control conditions. On average, soil
drought caused decrease in biomass and the number and mass of grains (30%, 44%, 46%,
respectively). Soil drought increased the amount of sugars by 15% and phenolics by 9%
but decreased pigment contents by 8%. According to Pearson’s correlation coefficients,
fifteen pairs of traits were positively and statistically significantly correlated in control and
drought conditions. Significant relationships were found between the yield components
and biochemical parameters on the fourteenth day of drought. A positive correlation
occurred between the number and weight of kernels and the content of soluble sugars,
chlorophyll a, b, and the sum of a and b. A negative correlation was found between all
analyzed yield components and the content of phenolics. The results suggest the possibility
of using such biochemical parameters as a quick physiological indicator of plant tolerance
to soil drought. Variation in studied OMA lines reveals substantial differences in drought
response, offering promising opportunities for targeted selection and breeding strategies.

Keywords: interspecific hybrids; OMA lines; phenolics; photosynthetic pigments; soluble
sugars; water shortage; yield
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1. Introduction
Oat ranks among the key cereal crops due to its rich nutritional profile, distinctive

biological traits, and increasing relevance in the cosmetics industry [1]. In 2024, global oat
cultivation spanned approximately 9.8 million hectares, producing a total of 25.1 million
tons, which resulted in an average yield of 25.6 decitons per hectare. The top 10 largest
oat producers in the world in 2024 are Russia, Canada, Poland, Australia, Finland, USA,
Germany, Sweden, Denmark and France [2].

Drought significantly impairs cereal productivity by reducing the number of fertile
panicles and grains per plant, and by interfering with grain filling—ultimately lowering
the thousand-grain weight [1]. Among cereals, oat is particularly sensitive to drought
stress, demanding comparatively greater water availability during its vegetative growth
stage [3]. Compared to winter varieties, spring-sown cereals tend to experience delayed
stem elongation, which heightens their vulnerability to early-season water deficits, es-
pecially when soil moisture reserves are depleted due to insufficient rainfall [4]. Grain
filling is another pivotal phase in crop development; limited water supply at this stage
hampers the accumulation of biomass within grains, leading to reduced kernel weight. This
phenomenon affects both winter and spring cereal species [5]. In areas prone to late-spring
droughts, breeding programs have focused on developing early-maturing cultivars that
reach their most water-dependent phases sooner—minimizing exposure to extended dry
periods [6].

Drought stress during grain filling in winter barley has been shown to reduce yield by
over 80% in both greenhouse and field settings [7]. As climate change progresses, drought
is projected to affect a broader geographic range with increasingly severe consequences [8].
It is widely recognized as a major limiting factor in crop productivity, impacting key staples
like wheat, rice, and maize [9]. Plant responses to drought stress vary depending on crop
species, genetic traits, developmental stage, and the presence of additional stressors [10].

One crucial plant defence mechanism against drought involves soluble sugars. These
carbohydrates exist as simple sugars (e.g., glucose and fructose), oligosaccharides (e.g.,
sucrose), or polysaccharides (e.g., starch, glycogen, and cellulose). Each class plays essen-
tial roles, such as energy storage, signalling, osmoregulation, and stomatal control [11].
Under water-deficit conditions, plant physiological processes become vulnerable. Drought-
tolerant species cope better with reduced turgor, a trait linked to the concentration of solutes
in the cytosol—especially soluble sugars [12]. Numerous species, including grasses and
potatoes, accumulate sugar reserves as a preparatory mechanism for water stress [13,14].
While excessive carbohydrate storage may suppress photosynthesis, it enhances respiration
and provides a carbon source for post-drought recovery [15]. Sugar concentration acts
as a direct biochemical response to stress and can also influence indirect defences, such
as gene activation and synthesis of protective compounds. Soluble sugars are equally
important in resisting biotic stress, when they modulate cellular water potential and limit
pathogen spread—as seen in snow mould resistance in grasses under low moisture condi-
tions [16,17]. Exposure to stress triggers the production of diverse metabolites aimed at
mitigating damage [18].

Another key group of stress-responsive molecules is phenolic compounds—secondary
metabolites whose levels fluctuate throughout plant development, largely in response to
environmental stimuli. These compounds are divided into simple and complex phenols
and function as deterrents to herbivores and contributors to plant aroma and flavor. Root-
exuded phenolics can mediate allelopathic effects; for example, scopoletin, secreted by
oats, disrupts reproductive cycles of pests and pathogens, reinforcing oats’ reputation
as a phytosanitary crop in cereal rotations [19]. Structural phenylpropanoids like lignin
and suberin fortify cell walls, while flavonoids and tannins—complex phenolics—serve as
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toxins and repellents. Phenolic toxicity includes protein denaturation. Flavonoids such as
anthocyanins, flavonols, and flavones also help to detoxify reactive oxygen species (ROS),
a rapid cellular reaction to stress [20].

In terms of sexual hybridization, a notable example includes crosses between oat
(Avena sativa L., 2n = 6x = 42) and maize (Zea mays L., 2n = 2x = 20), yielding stable hybrids.
The retention of maize chromosomes in pollinated oat cells enables the development of
oat × maize addition (OMA) lines [21,22]. These lines are instrumental in maize genome
studies, facilitating research on gene expression, regulation, and the incorporation of
novel traits such as drought and disease resistance [23–26]. As hybrids between C3 (oat)
and C4 (maize) species, OMA lines provide unique insights into C4 photosynthesis—a
pathway linked to superior photosynthetic efficiency and resilience to photooxidative
stress [24,27,28]. Additional genetic applications include analyses of maize centromere
structure, chromosomal behavior during meiosis, FISH-based mapping of single-copy
sequences, and flow cytometry for chromosome separation [18,25,29–31].

It was proven previously that some OMA lines exhibit unique physiological and
biochemical traits that enhance their tolerance to drought conditions [26,32]. OMA lines
showed reduced excised leaf water loss, which is associated with higher yield, better
stem biomass, and grain production under drought stress compared to conventional oat
varieties [32]. Additionally, under drought, OMA lines showed increased quantities of
soluble sugars and phenolic compounds, demonstrating the functions these molecules play
in stress signalling, osmotic adjustment, and antioxidant defense [26].

Morphological and physiological anomalies, including thickened shoots, altered leaf
architecture, and abnormal panicle development, have been observed in OMA lines and
are influenced by the specific maize chromosome introduced and the oat genetic back-
ground [27,32]. The morphological and physiological diversity of OMA could also enhance
drought tolerance via modulations in photosynthetic performance, which further highlights
the scientific value of OMA lines [33–37].

The aim of the research was to determine the drought tolerance of OMAs grown in
a vegetation tunnel, under conditions closer to natural ones, since most of the studies
are conducted in strictly controlled vegetative chambers or greenhouses. The study was
focused on assessing the tolerance of OMAs to soil drought based on the relation between
phenolics, pigments, sugars, and yield components. The practical objective was to identify
the lines most favorable for cultivation under drought conditions based on the outcomes
of the evaluated traits, and also to propose indirect indicators (biochemical parameters
mentioned above) correlated with plant tolerance to drought stress.

2. Materials and Methods
2.1. Plant Material

The plant material included the following F3 generation of oat × maize addition
(OMA) lines: 1b, 9, 12, 18, 23, 26, 35, 42, 43, 55, 78b, 83, 114, 119 (see Table 1 for the
origin of the OMA lines), and the oat cultivar ‘Bingo’. The OMA lines were obtained
by crossing oat (A. sativa L.) with maize (Z. mays L.) cv. ‘Waza’. The identification of
OMA lines in F3 generation was done by the application of PCR with specific maize
retrotransposon Grande-1 (GenBank Accession No. X97604; [22]) as described by Warzecha
et al. [37]. Grains were sown into pots (20 cm × 14 cm) filled with a 1:1 mixture of sand
and horticultural soil, reaching a total weight of 2600 g per pot. The experiment was
conducted in a vegetation tunnel protecting plants against rainfalls, and under natural
light and temperature conditions. Soil moisture was adjusted to a fixed level: 20% field
water capacity (FWC) for drought and 70% FWC for control. In drought-treated variants,
irrigation was discontinued to reach the desired moisture level during the early stem
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elongation phase [37]. The soil water content was monitored using a HydroSense® Soil
Water Measurement System 620 (CAMPBELL SCIENTIFIC Inc., Shepshed, Leicestershire,
UK), equipped with two sensors measuring 12 cm in length. The experiment was designed
in randomized block design to reduce the environmental micro gradient effects. The
experiment comprised 120 pots: 15 lines × four replicates × two treatments—water regimes.
The experimental design is outlined in Table 2.

Table 1. Origin of the OMA lines used in the study.

OMA Line Number Origin

1b Bingo × Contender
9 D 109/10 × DC 2112/05
12 STH 8-99 × DC 2112/06
18 DC 06011-6 × POB 722
23 STH 9511 × Bingo
26 Krezus × Bingo
35 (Chwat × Bingo) × STH 9110
42 DC 2648/04 × Bingo
43 DC 2648/04 × Bingo
55 STH 8-50 × Canyon

78b Breton × Zolak 43/6
83 STH 9787(b) × Bingo

114 Chimene × STH 85763(b)
119 Bingo × Chimene

Table 2. Experiment scheme.

Treatments

Growth stages of oat plants

Sowing,
germination,

leaf
development,
and tillering
BBCH 00–27

End of
tillering
BBCH 27

Beginning of
stem

elongation
BBCH 31

End of stem
elongation
BBCH 37

Development
and

maturation
BBCH 37–92

Harvest of
hard grains

BBCH 92
First day of

drought stress

Fourteenth
day of

drought stress

Soil drought

Irrigation up
to 70% of field
water capacity

(FWC)

Cessation of
irrigation—

FWC
decreases

from 70% to
20%

Soil drought—20% FWC Resumption of irrigation—up
to 70% FWC

Control
conditions Irrigation up to 70% FWC during whole vegetation period

Measurements/activities
performed

Sampling for
biochemical

analysis

Sampling for
biochemical

analysis

Photographic
documenta-

tion of plants

Harvest of
above ground
plant organs
(stems and
panicles)

2.2. Biochemical Analysis

Analysis of pigments, soluble sugars, and phenolics was done from both control
and drought-treated plants on the first and fourteenth days of drought, at the BBCH
31 stage (beginning of stem elongation) and the BBCH 37 stage (flag leaf visible but not
fully developed), respectively. One leaf from four plants from each line was collected.
Leaves were lyophilized, then ground, and 5 µg of leaf tissue was homogenized with
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2 mL of 80% ethanol. Next, samples were centrifuged at 2800 rpm for 20 min (Eppendorf
Centrifuge 5702 R, Hamburg, Germany).

Total sugar content was determined using the phenol-sulphuric acid method by
Dubois et al. [38]. The reaction mixture contained: 0.2 mL distilled H2O, 20 µL supernatant,
0.2 mL 5% phenol, and 1 mL concentrated H2SO4. After 10 min of mixing the compo-
nents, absorbance was measured at a wavelength of 490 nm (Synergy 2 spectrophotometer,
BioTek, Winooski, VT, USA). The content of soluble sugars in the samples was expressed in
milligrams of glucose per gram of dry plant tissue [mg g−1 DW].

Phenolic compound content was analyzed using the Folin–Ciocalteu method by Single-
ton and Rossi [39]. The reaction mixture contained: 1 mL distilled water, 20 µL supernatant,
0.5 mL 25% Na2CO3, and 0.125 mL Folin–Ciocalteu reagent (diluted 1:1 with distilled
water prior to use). After 30 min, absorbance was measured using a spectrophotometer
(Synergy 2, BioTek, USA) at a wavelength of 760 nm. Results were expressed in milligrams
of chlorogenic acid per 1 g of dry plant tissue [mg/g DW].

Pigment concentrations were determined using a modified spectrophotometric
method after Lichtenthaler and Wellburn [40]. Supernatants were stored overnight at
4 ◦C in darkness until absorbance measurement. Absorbance was recorded at wavelengths
of 470 nm, 648.6 nm, and 664.2 nm using the Synergy 2 spectrophotometer (BioTek, USA).
The concentrations of chlorophyll a and b and the total carotenoids were calculated using
the following formulas:

C_chl.a = (13.36 × A664.2) − (5.19 × A648.6) (1)

C_chl.b = (27.43 × A648.6) − (8.12 × A664.2) (2)

C_a+b = (5.24 × A664.2) + (22.24 × A648.6) (3)

C_x+c = [(1000 × A470) − (2.13 × C_chl.a) − (97.64 × C_chl.b)]/209 (4)

where A—absorbance at the given wavelength, C_chl.a—chlorophyll a concentration,
C_chl.b—chlorophyll b concentration, C_a+b—total chlorophyll concentration, C_x+c—
total carotenoid concentration. Pigment concentrations were expressed in milligrams per
millilitres of extract, then recalculated per gram of dry mass [mg g−1 DW].

2.3. Morphological Observation and Analysis of Selected Yield Components

After the drought period, photographic documentation and morphological observa-
tion of plants were conducted. Plants were harvested once grains in each shoot reached
full maturity (BBCH 92—hard kernels). Above ground biomass was weighed, and the con-
tribution of grain to total biomass was recorded. The mass and number of grains per shoot
were documented individually, with all branching structures summed per plant. These
measurements were performed for all pots under both control and drought conditions.

2.4. Statistical Analysis

The normality of distribution of the 15 traits was tested using Shapiro–Wilk’s normality
W-test [41,42] to verify whether the analysis of variance (ANOVA) met the assumption that
the ANOVA model residuals followed a normal distribution. Homogeneity of variances was
evaluated using Bartlett’s test. Box’s M test tested multivariate normality and homogeneity
of variance–covariance matrices. Two-way multivariate analysis of variance (MANOVA)
was performed. Two-way analyses of variance (ANOVA) were carried out to determine
the main effects of genotype and treatment and genotype × treatment interaction on the
variability of the particular 15 traits. The mean values and standard deviations of traits were
calculated for genotypes, treatments, and treatment × genotype interaction. Additionally,
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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 of control and drought stress. The relationships
of the observed traits are presented in heatmaps. The results were also analyzed using
multivariate methods. Canonical variance analysis (CVA) was utilized to show a multi-trait
assessment of the similarity of the tested combinations of genotypes and treatments in a
lower number of dimensions with the least possible loss of information. The Mahalanobis
distance was suggested as a measure of “polytrait” genotype and treatment combination
similarity [43], the significance of which was verified by means of critical value Dα called
“the least significant distance” [44]. All these analyses were conducted using the GenStat v.
23 statistical software package [45].

3. Results
3.1. Detection of OMA Lines

OMA lines were identified by the amplification of 500 bp PCR product with primers
specific to the maize retrotransposon Grande-1, which is broadly spread on each maize chro-
mosome. Copies of the Grande-1 are shown on agarose gel as 500 bp product, confirming
that the analyzed lines are OMAs (Figure 1).

 
Figure 1. Identification of OMA F3 plants. PCR products of genomic DNA of maize cv. Waza, oat
cv. Bingo, and a selection of chosen oat × maize plants shown after electrophoresis in 1.5% (w/v)
agarose gel. Bands represent 500 bp DNA fragments that were amplified with marker Grande-1. On
the gel is shown: M—marker leader, W—Maize cv. Waza, B—oat cv. Bingo, and H—oat × maize
hybrids indicated in 3 of the F3 plants.

3.2. Morphological Differences in Response to Drought Stress

All tested oat × maize hybrids exhibit a morphological structure resembling oat plants
(Figure 2).

The drought-treated plants matured significantly faster and completed their vegetative
cycles earlier than the controls. However, notable phenotypic differences were observed
among the OMA lines, including variation in tillering, panicle formation, leaf development,
plant height, and maturation rate. Only line 83 (Figure 3F) did not exhibit significantly
reduced plant height and maturation time compared to the control.

The number of shoots and developed panicles is largely determined by the genotype
of the respective OMA lines. In response to soil drought stress, certain genotypes displayed
a greater reduction in tillering compared to others. A high number of panicles under
water-deficient conditions often resulted in poorly filled grains or empty husks without
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grain formation. Conversely, genotypes that produced fewer panicles or only a primary
shoot tended to ensure proper grain filling, despite the reduced grain count.

 

Figure 2. Oat × maize plants growing in a vegetation tunnel.

Figure 3. Oat × maize hybrids after the drought period: (A)—line 9, (B)—line 23, (C)—line 35,
(D)—line 55, (E)—line 78b, (F)—line 83 (control, left side; drought, right side).

Phenotypic differences observed between selected OMA lines are illustrated in
Figure 3.
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3.3. Statistical Analysis of Biochemical and Yield-Related Traits

All the traits had a normal distribution. The results of MANOVA indicated that
genotype (Wilk’s λ = 0.0004; F = 4.33), treatment (Wilk’s λ = 0.3301; F = 10.28), and genotype
× treatment interaction (Wilk’s λ = 0.0209; F = 1.76) were statistically significant (p < 0.001)
when examined in all 15 quantitative traits jointly. Analysis of variance revealed that the
main effects of genotype were significant for all the traits studied (Tables 3–5). Statistically
significant differences between control and drought were observed for all traits, except
soluble sugar content on first day of drought (20% RWC) (Table 3), as well as chlorophyll b
content and carotenoid content after two weeks of drought (20% RWC) (Table 4). ANOVA
showed that the genotype × treatment interaction was significant for soluble sugar content
on the first day of drought (Table 3), phenolic compound content and chlorophyll a content
after two weeks of drought (Table 4), as well as the number of grains and the mass of grains
plant−1 (Table 5).

Table 3. Mean values, standard deviations (s.d.), LSD, and F-values from two-way analysis of variance
for biochemical traits measured on the first day of drought (20% RWC); C—control, D—drought.

Trait
Soluble

Sugars (mg
g−1 DW)

Phenolic
Compounds

(mg g−1 DW)

Chlorophyll
a (mg g−1

DW)

Chlorophyll
b (mg g−1

DW)

Chlorophyll
a and b (mg

g−1 DW)

Carotenoids
(mg g−1 DW)

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

C
9 191.6 49.32 64.02 5.79 0.68 0.05 0.34 0.02 1.03 0.07 0.12 0.01
12 205.5 25.45 50.05 4.63 0.72 0.12 0.35 0.03 1.07 0.14 0.13 0.03
18 122.2 17.64 50.85 1.35 0.82 0.08 0.37 0.03 1.20 0.11 0.14 0.01
23 242.3 41.40 55.05 1.76 0.65 0.06 0.32 0.02 0.97 0.07 0.12 0.01
26 202.0 23.20 56.08 6.69 0.63 0.02 0.32 0.03 0.94 0.05 0.10 0.01
35 204.9 44.94 59.29 5.60 0.97 0.07 0.45 0.02 1.42 0.09 0.19 0.01
42 178.0 35.35 83.50 3.91 0.64 0.15 0.34 0.04 0.98 0.19 0.13 0.03
43 165.4 15.03 65.42 8.16 0.62 0.14 0.31 0.03 0.93 0.17 0.10 0.02
55 235.9 14.43 57.12 1.22 0.95 0.08 0.43 0.03 1.38 0.11 0.17 0.04
83 274.0 27.52 52.23 2.93 0.71 0.05 0.38 0.03 1.09 0.08 0.13 0.02

114 218.7 41.54 61.22 4.41 0.71 0.06 0.36 0.03 1.07 0.09 0.12 0.01
119 205.3 31.33 52.92 6.80 0.65 0.17 0.32 0.04 0.98 0.21 0.11 0.02
1b 162.2 26.51 52.80 4.92 0.81 0.14 0.40 0.05 1.21 0.19 0.12 0.03
78b 191.8 13.90 57.42 1.50 0.61 0.11 0.30 0.04 0.91 0.15 0.09 0.02

Bingo 222.7 25.15 58.09 7.38 0.47 0.14 0.27 0.05 0.74 0.18 0.08 0.02

D
9 173.2 21.49 75.45 6.74 0.59 0.15 0.31 0.05 0.90 0.20 0.10 0.04
12 227.0 30.77 55.08 0.91 0.50 0.15 0.27 0.05 0.77 0.20 0.09 0.02
18 137.6 21.17 58.18 3.79 0.68 0.11 0.35 0.03 1.03 0.14 0.12 0.02
23 192.9 30.82 59.65 16.06 0.47 0.09 0.28 0.03 0.76 0.12 0.07 0.02
26 183.2 43.67 64.16 12.58 0.64 0.07 0.30 0.04 0.95 0.09 0.10 0.02
35 192.7 21.08 64.40 2.01 0.79 0.06 0.44 0.04 1.23 0.10 0.13 0.01
42 220.6 46.64 78.93 3.06 0.67 0.14 0.36 0.04 1.03 0.18 0.14 0.03
43 161.4 23.38 60.77 4.31 0.66 0.03 0.31 0.05 0.97 0.07 0.10 0.04
55 198.4 19.37 62.04 5.02 0.89 0.10 0.46 0.03 1.36 0.12 0.18 0.05
83 240.5 36.25 60.11 2.30 0.72 0.08 0.32 0.09 1.04 0.17 0.12 0.05

114 167.5 25.82 70.33 5.99 0.60 0.06 0.31 0.04 0.92 0.10 0.11 0.03
119 159.5 50.21 59.91 5.52 0.51 0.07 0.29 0.02 0.80 0.09 0.07 0.02
1b 197.6 25.94 65.08 2.87 0.73 0.05 0.34 0.02 1.07 0.07 0.13 0.01
78b 195.4 14.9 69.17 7.04 0.53 0.12 0.30 0.06 0.83 0.17 0.07 0.03

Bingo 233.0 31.03 54.46 7.42 0.59 0.17 0.30 0.03 0.89 0.20 0.10 0.01

F-ANOVA 0.032 0.064 0.078 0.115 0.142 0.076
LSD0.05 43.64 8.48 0.15 0.05 0.20 0.04
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Table 4. Mean values, standard deviations (s.d.), LSD, and F-values from two-way analysis of
variance for biochemical traits measured on the fourteenth day of drought (20% RWC); C—control,
D—drought.

Trait
Soluble

Sugars (mg
g−1 DW)

Phenolic
Compounds

(mg g−1 DW)

Chlorophyll
a (mg g−1

DW)

Chlorophyll
b (mg g−1

DW)

Chlorophyll
a and b (mg

g−1 DW)

Carotenoids
(mg g−1 DW)

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

C
9 216.3 32.56 67.09 5.84 0.62 0.06 0.31 0.02 0.93 0.08 0.11 0.01
12 267.9 73.84 62.41 3.30 0.63 0.22 0.33 0.08 0.96 0.30 0.11 0.05
18 177.2 15.96 61.29 1.56 0.71 0.07 0.39 0.03 1.10 0.10 0.11 0.03
23 285.0 26.89 62.53 3.02 0.61 0.06 0.30 0.05 0.90 0.10 0.11 0.02
26 256.1 51.39 60.08 4.82 0.57 0.05 0.29 0.02 0.86 0.08 0.08 0.01
35 266.0 56.47 62.99 5.38 0.55 0.15 0.27 0.04 0.81 0.19 0.10 0.04
42 214.9 26.78 75.78 6.04 0.62 0.07 0.29 0.04 0.91 0.10 0.08 0.04
43 160.4 21.41 66.85 3.11 0.54 0.07 0.29 0.01 0.84 0.08 0.09 0.02
55 177.8 39.1 58.69 8.41 0.81 0.18 0.35 0.09 1.16 0.25 0.13 0.07
83 220.6 30.43 63.34 9.25 0.65 0.11 0.30 0.06 0.95 0.14 0.09 0.04

114 161.3 16.1 55.89 10.20 0.59 0.05 0.30 0.01 0.89 0.06 0.07 0.02
119 163.8 25.28 48.34 7.44 0.70 0.19 0.32 0.06 1.02 0.26 0.12 0.04
1b 148.9 22.26 59.23 1.68 0.66 0.11 0.33 0.04 0.98 0.14 0.11 0.03
78b 220.5 48.2 63.37 5.84 0.57 0.12 0.28 0.02 0.85 0.14 0.08 0.01

Bingo 275.2 47.42 63.74 8.72 0.56 0.12 0.29 0.03 0.85 0.15 0.10 0.03

D
9 225.5 13.73 71.84 4.46 0.56 0.14 0.31 0.05 0.88 0.19 0.10 0.02
12 296.7 24.51 60.78 7.38 0.52 0.08 0.28 0.02 0.81 0.10 0.10 0.01
18 170.1 12.24 71.78 8.14 0.74 0.06 0.35 0.04 1.09 0.09 0.15 0.03
23 329.8 31.13 66.94 20.32 0.65 0.09 0.32 0.06 0.97 0.15 0.13 0.03
26 246.9 28.43 65.01 6.35 0.57 0.06 0.26 0.07 0.83 0.11 0.10 0.03
35 263.6 9.35 66.88 0.64 0.58 0.10 0.33 0.04 0.91 0.15 0.11 0.02
42 238.5 39.31 74.70 3.63 0.52 0.09 0.28 0.03 0.81 0.12 0.09 0.02
43 194.5 10.89 63.51 3.79 0.58 0.03 0.28 0.01 0.86 0.04 0.10 0.02
55 236.6 14.46 62.64 5.23 0.58 0.09 0.29 0.03 0.88 0.09 0.07 0.02
83 289.1 40.08 65.66 5.07 0.53 0.14 0.31 0.06 0.84 0.20 0.09 0.03

114 172.8 29.54 76.01 6.22 0.33 0.04 0.22 0.02 0.55 0.06 0.10 0.01
119 234.8 39.5 66.98 3.69 0.48 0.09 0.26 0.03 0.73 0.12 0.09 0.02
1b 198.9 11.32 65.56 0.58 0.67 0.01 0.33 0.02 1.00 0.04 0.12 0.00
78b 217.9 22.1 78.01 6.21 0.56 0.12 0.28 0.03 0.84 0.15 0.10 0.02

Bingo 361.9 78.58 62.78 11.10 0.57 0.09 0.30 0.04 0.87 0.13 0.12 0.02

F-ANOVA 0.118 0.018 0.037 0.086 0.048 0.14
LSD0.05 50.275 9.84 0.15 0.06 0.20 0.04

3.4. Analysis of Biochemical Parameters Observed on the First Day of Drought (20% RWC)

On the first day of drought, a significant effect of both individual factors treatment (T)
and genotype (G) on trait variability was demonstrated, with the exception of the effect of
treatment (T) on soluble sugar content. However, an interaction effect between treatment
and genotype (T × G) was observed for this trait, which was not found when analysing
the remaining biochemical parameters. Significant differences in the average content of
phenolic compounds between the control (C) and the drought-stressed plants (D) were
observed as early as on the first day of drought, with an average increase of 9% in these
compounds. The highest increases, amounting to 23% and 20%, were observed in lines 1b
and 78b, respectively. A significant increase in phenolic compound content due to drought
was also noted in line 9. Among the control plants, the highest levels of the analyzed
compounds were recorded in lines 42 and 43, while the lowest were found in lines 12 and
18. In contrast, among the drought-stressed plants, the highest values were observed in
lines 42 and 9, and the lowest in lines 12 and 18, as well as in the oat cv. Bingo (Table 3).



Agronomy 2025, 15, 2259 10 of 24

Table 5. Mean values, standard deviations (s.d.), LSD, and F-values from two-way analysis of variance
for yield traits measured on the fourteenth day of drought (20% RWC); C—control, D—drought.

Trait The Mass of Stems
Plant−1 [g] The Number of Grains The Mass of Grains

Plant−1 [g]

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

C
9 3.61 1.09 61.75 25.14 1.68 0.54

12 4.51 1.34 57.75 14.41 1.82 0.52
18 1.94 0.45 2.33 2.05 0.07 0.07
23 4.45 1.75 52.75 14.06 1.72 0.49
26 5.38 1.80 43.00 14.4 1.61 0.47
35 2.83 0.57 24.25 6.29 0.73 0.13
42 3.05 1.15 9.00 8.04 0.33 0.27
43 3.11 0.79 26.67 2.62 0.91 0.03
55 4.10 0.50 21.75 14.55 0.79 0.53
83 3.06 0.54 50.75 9.81 1.54 0.39
114 2.81 0.58 21.00 26.17 0.49 0.53
119 3.16 0.89 8.50 6.45 0.26 0.19
1b 4.82 0.36 34.33 3.77 1.17 0.14
78b 4.39 1.79 61.00 21.02 1.61 0.64

Bingo 2.82 0.63 37.75 9.64 1.18 0.54

D
9 2.32 0.9 32.25 12.69 0.88 0.35

12 2.89 1.31 16.75 13.89 0.65 0.56
18 1.91 0.26 0 04.00 0 0
23 2.01 0.93 21.25 15.84 0.69 0.46
26 2.85 0.63 17.50 5.00 0.52 0.20
35 1.79 0.25 19.67 1.89 0.56 0.06
42 2.83 1.39 3.75 1.50 0.11 0.05
43 2.89 0.43 20.67 1.25 0.77 0.02
55 2.89 0.88 26.25 14.68 0.79 0.41
83 2.02 1.01 29.50 19.94 0.81 0.52
114 2.44 0.29 0.50 0.58 0.03 0.03
119 2.02 0.35 2.75 2.22 0.07 0.06
1b 3.39 0.37 22.00 6.48 0.79 0.19
78b 2.70 0.67 30.25 14.73 0.87 0.35

Bingo 2.69 0.49 43.00 16.59 0.99 0.29

F-ANOVA 0.149 0.003 0.006
LSD0.05 1.311 17.6 0.511

Statistically significant differences in chlorophyll a content between the control plants
and those subjected to drought were observed as early as on the first day of drought. On
average, chlorophyll a content under drought conditions was 10% lower. A decrease in
chlorophyll a content under drought conditions was observed in ten lines, with the highest
and statistically significant reduction of 31% recorded in line 12. Among the control plants,
the highest chlorophyll a levels were found in lines 35 and 55, and the lowest in lines 78b
and 43. In the drought-stressed plants, the highest values were recorded in lines 55 and 35,
while the lowest were observed in lines 23 and 12 (Table 3). On the first day of drought,
the chlorophyll b content in drought-stressed plants was significantly lower than in the
control by 6%. Among the control, the highest chlorophyll b content in leaves was recorded
in lines 35 and 55, while the lowest was observed in lines 78b and 43, as well as in the oat cv.
Bingo. In the drought-stressed plants, the highest values were found in lines 55 and 35, and
the lowest in lines 12 and 23 (Table 3). On the first day of drought, the chlorophyll a and b
content in drought-stressed lines was significantly lower than in the control by 9%. On the
first day of drought, the carotenoid content in drought-stressed plants (D) was significantly
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lower than in the control by an average of 11%. A decrease in carotenoid content due to
drought was recorded in 10 genotypes. The highest reductions were observed in lines 23,
119, and 35, amounting to 42%, 36%, and 29%, respectively. Among the drought-stressed
plants, the highest carotenoid levels were found in lines 55 and 42, while the lowest were
observed in lines 23 and 119 (Table 3).

3.5. Analysis of Biochemical Parameters Observed on the Fourteenth Day of Drought (20% RWC)

On the fourteenth day of drought, a significant effect of the treatment and genotype
factors (T and G) was observed for most of the analyzed traits. The only exceptions
were the effects of treatment (T) on chlorophyll b and carotenoid content, which were not
significant. The interaction effect (T × G) proved to be significant for three out of the six
analyzed traits: phenolic compound content, chlorophyll a, and combined chlorophyll
a and b. The F-test values from the ANOVA for biochemical compound content on the
fourteenth day of drought are presented in Table 4. On the fourteenth day of drought, the
content of soluble sugars increased compared to the first day of drought. In the control, this
increase amounted to 6%, while in the drought-stressed plants, it reached 28%. On average,
15% more soluble sugars were observed in drought-stressed plants compared to the control
ones on the fourteenth day of drought. The highest increase, amounting to 43%, was
recorded in line 119. Among the control plants, the lowest soluble sugar contents were
observed in lines 1b and 43, and the highest in lines 23 and 12, as well as in the cultivar Bingo.
In the drought-stressed, the lowest contents were found in lines 18 and 114, and the highest
in lines 23 and 12, as well as in the cultivar Bingo (Table 4). On the fourteenth day of soil
drought, the content of phenolic compounds increased in both the control and the drought-
stressed lines, with an average rise of 6% compared to the first day of drought (almost
equally in both C and D). The highest increases under drought conditions were recorded in
lines 119 and 114, amounting to 39% and 36%, respectively. A significant increase was also
observed in line 78b. Among the control lines, the highest phenolic compound content was
noted in lines 42 and 9, and the lowest in lines 119 and 114. In contrast, among the drought-
stressed lines, the highest values were observed in lines 78b and 114, and the lowest in
lines 12 and 55 (Table 4). On the fourteenth day of drought, a decrease in chlorophyll a
content in the leaves of drought-stressed plants was observed compared to the first day of
drought, with similar trends noted in the control ones. The reductions in both treatments
amounted to 12%. Chlorophyll a content remained significantly lower in drought-stressed
plants, by an average of 10%. The highest statistically significant decreases were recorded
in lines 114, 119, and 55, amounting to 44%, 32%, and 27%, respectively. Among the control
plants, the highest chlorophyll a levels were observed in lines 55 and 18, and the lowest
in lines 43 and 35. In contrast, among the drought-stressed lines, the highest levels were
found in lines 18 and 1b, and the lowest in lines 114 and 119. On the fourteenth day of the
experiment, chlorophyll b content in leaves decreased by 12% in the control plants and by
11% in the drought-stressed plants compared to the first day of drought. Chlorophyll b
levels remained lower in the drought-stressed plants. A reduction in chlorophyll b content
under drought conditions was observed in eight genotypes. The highest and statistically
significant decrease, amounting to 29%, was recorded in line 114. On the fourteenth day of
drought (D), the highest chlorophyll b contents were observed in lines 18 and 35, while the
lowest were found in lines 114 and 119. After fourteen days, the content of chlorophyll a and
b in leaves decreased on average by 12% in the control and by 11% in the drought-stressed
plants. The highest decrease, amounting to 39%, was observed in line 114. Statistically
significant reductions were also recorded in lines 119 and 55, amounting to 28% and 24%,
respectively. On the fourteenth day, carotenoid content in leaves decreased compared to
the first day of drought by 18% in the control and by 5% in the drought-stressed plants. The
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average carotenoid level in drought-stressed plants did not differ significantly from that
in the control ones. A decrease in carotenoid content due to drought was observed in five
genotypes, with the highest and statistically significant reduction of 50% recorded in line
55. Among the control lines, the highest carotenoid content in leaves was found in lines
55 and 119, and the lowest in lines 114 and 78b. In contrast, among the drought-stressed
plants, the highest values were observed in lines 18 and 23, and the lowest in lines 55 and
83 (Table 4).

3.6. Analysis of Selected Yield Components

Based on the ANOVA of selected yield components, it can be concluded that the
examined traits were influenced by both treatment (T) and genotype (G). However, their
interaction (T × G) had a significant effect only on the number and weight of grains
(Table 5).

3.7. Shoot Biomass

Statistically significant reductions in shoot biomass due to drought were observed.
On average, a decrease of 30% occurred in each of the analyzed genotypes. Statistically
significant reductions in shoot biomass were recorded in lines 23, 26, 78b, and 12, amounting
to 55%, 47%, 39%, and 36%, respectively. Among the drought-stressed lines (D), the highest
above ground biomass was observed in lines 1b and 55, and the lowest in lines 35 and
18 (Table 5).

3.8. Number of Grains

The average number of developed grains decreased by 44% due to drought. Among
the drought-stressed objects (D), the highest number of grains was recorded in lines
9 and 78b, as well as in the oat cv. Bingo, while the lowest was observed in lines 18 and
114 (Table 5).

3.9. Grain Weight

A statistically significant decrease in the weight of grains produced by a single plant
due to drought averaged 46%. The highest grain weights under drought conditions were
recorded in lines 9 and 78b, as well as in the oat cv. Bingo, while the lowest were observed
in lines 18 and 114 (Table 5).

3.10. Correlation Analysis

Fifteen pairs of traits were positively and statistically significantly correlated in both
tested conditions: control and drought (Figures 4 and 5, Table 6). Additionally, under
control conditions, a positive correlation was observed between soluble sugar content after
two weeks and the number of grains per plant and the mass of grains per plant (Figure 4,
Table 6). However, soluble sugar content on the first day of drought (20% RWC) and soluble
sugar content after two weeks of drought (20% RWC), and the number of grains per plant
were significantly correlated only under drought stress conditions (Figure 5, Table 6).

Each trait has a different importance and a different contribution to the total multi-
variate variability of the studied genotypes. Analysis of the first two canonical variates
for the studied genotypes is presented in Figure 6. In the graphs, the coordinates of the
points for the studied lines and the oat cv. Bingo are the values for the first and second
canonical variates. The first two canonical variates explained 47.28% of the total variance
between individual genotypes (Figure 6). Based on the spatial arrangement, the dispersion
of drought-treated genotypes 9, 78b, 23, 83, 42, 35, 114, and 55 (red diamonds) distributed
across the upper and right parts of the plot, reflects diverse responses to drought stress.
Notably, cv. Bingo shifts position between treatments, indicating phenotypic plasticity.
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The location of genotypes 26, 119, and 1b near the center of the plot suggests moderate
responses to environmental conditions (Figure 6). The differentiation in genotype distribu-
tion across the canonical space highlights significant variation in drought response, which
may be valuable for further selection and breeding efforts. The most significant positive
linear relationship with the first canonical variate was found for chlorophyll a content on
the first day of drought (0.5851), chlorophyll b content on the first day of drought (0.636),
chlorophyll a and b content on the first day of drought (0.6095), and carotenoid content on
the first day of drought (0.6673) (Table 6). However, the most significant negative linear
relationship was found for soluble sugar content after two weeks of drought (−0.3643),
the number of grains (−0.7358), and the mass of grains per plant (−0.7288) (Table 7). The
second canonical variable was significantly positively correlated with phenolic compound
content on the first day of drought (0.6147), soluble sugar content after two weeks of
drought (0.563), and phenolic compound content after two weeks of drought (0.6846); and
negatively with: chlorophyll a content after two weeks of drought (−0.5201), chlorophyll b
content after two weeks of drought (−0.4195), chlorophyll a and b content after two weeks
of drought (−0.5071), and the mass of stems per plant (−0.4786) (Table 7).

Figure 4. A heatmap showing correlation coefficients between all pairs of observed traits in control
(70% RWC) on the first day of sampling: t [1]—soluble sugars, t [2]—phenolic compounds, t [3]—
chlorophyll a, t [4]—chlorophyll b, t [5]—chlorophyll a and b, t [6]—carotenoids; and on the fourteenth
day of sampling: t [7]—soluble sugars, t [8]—phenolic compounds, t [9]—chlorophyll a, t [10]—
chlorophyll b, t [11]—chlorophyll a and b, t [12]—carotenoids, t [13]—the mass of stems plant−1, t
[14]—the number of grains, t [15]—the mass of grains plant−1. * p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 5. A heatmap showing correlation coefficients between all pairs of observed traits in drought
stress on the first day of drought (20% RWC): t [1]—soluble sugars, t [2]—phenolic compounds, t [3]—
chlorophyll a, t [4]—chlorophyll b, t [5]—chlorophyll a and b, t [6]—carotenoids; and on the fourteenth
day of drought (20% RWC): t [7]—soluble sugars, t [8]—phenolic compounds, t [9]—chlorophyll a, t
[10]—chlorophyll b, t [11]—chlorophyll a and b, t [12]—carotenoids, t [13]—the mass of stems plant−1,
t [14]—the number of grains, t [15]—the mass of grains plant−1. * p < 0.05; ** p < 0.01; *** p < 0.001.

The greatest variation in terms of all 15 traits jointly measured with Mahalanobis
distances was found for line 1b in the control and oat cv. Bingo in the drought stress
(distance between them amounted to 9.14). The greatest similarity was found in line 43
between the control and drought-stressed plants (2.11) (Table 8).
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Table 6. Correlation coefficients between all pairs of observed traits in control (below the diagonal)
and drought stress (above the diagonal), on the first day of drought (20% RWC): t [1]—soluble
sugars, t [2]—phenolic compounds, t [3]—chlorophyll a, t [4]—chlorophyll b, t [5]—chlorophyll a
and b, t [6]—carotenoids; and on the fourteenth day of drought (20% RWC): t [7]—soluble sugars, t
[8]—phenolic compounds, t [9]—chlorophyll a, t [10]—chlorophyll b, t [11]—chlorophyll a and b, t
[12]—carotenoids, t [13]—the mass of stems plant−1, t [14]—the number of grains, t [15]—the mass of
grains plant−1. * p < 0.05 (green color); ** p < 0.01 (blue color); *** p < 0.001 (red color).

Trait t [1] t [2] t [3] t [4] t [5] t [6] t [7] t [8] t [9] t [10] t [11] t [12] t [13] t [14] t [15]
t [1] 1.00 −0.10 0.05 −0.01 0.03 0.11 0.72 −0.31 −0.12 0.03 −0.08 −0.31 0.27 0.54 0.50
t [2] −0.17 1.00 0.10 0.16 0.12 0.20 −0.45 0.73 −0.30 −0.21 −0.28 −0.28 0.14 −0.19 −0.20
t [3] −0.08 −0.21 1.00 0.90 0.99 0.93 −0.26 −0.20 0.22 0.30 0.25 −0.31 0.13 0.08 0.08
t [4] 0.03 −0.14 0.97 1.00 0.95 0.87 −0.19 −0.07 0.19 0.30 0.22 −0.28 −0.04 −0.01 −0.02
t [5] −0.05 −0.19 1.00 0.98 1.00 0.93 −0.25 −0.16 0.21 0.31 0.24 −0.30 0.07 0.05 0.05
t [6] 0.04 −0.03 0.94 0.92 0.94 1.00 −0.27 −0.10 0.13 0.21 0.15 −0.30 0.23 −0.03 −0.03
t [7] 0.41 −0.06 −0.24 −0.23 −0.24 −0.05 1.00 −0.51 0.07 0.14 0.09 0.01 −0.13 0.56 0.48
t [8] −0.17 0.70 −0.19 −0.11 −0.17 −0.03 0.32 1.00 −0.25 −0.18 −0.24 0.09 −0.20 −0.35 −0.42
t [9] 0.03 −0.28 0.50 0.44 0.49 0.42 −0.44 −0.37 1.00 0.89 0.99 0.55 0.00 0.23 0.28
t [10] −0.37 −0.38 0.40 0.29 0.37 0.29 −0.48 −0.29 0.82 1.00 0.94 0.54 −0.25 0.28 0.30
t [11] −0.10 −0.32 0.49 0.41 0.47 0.40 −0.47 −0.36 0.98 0.91 1.00 0.56 −0.07 0.25 0.29
t [12] −0.01 −0.42 0.42 0.34 0.40 0.38 0.03 −0.24 0.65 0.56 0.65 1.00 −0.28 −0.13 −0.14
t [13] 0.18 −0.22 −0.08 −0.07 −0.08 −0.24 0.24 −0.09 −0.03 −0.19 −0.08 0.04 1.00 0.21 0.33
t [14] 0.41 −0.26 −0.31 −0.26 −0.30 −0.36 0.53 0.19 −0.36 −0.38 −0.38 −0.06 0.59 1.00 0.96
t [15] 0.43 −0.28 −0.30 −0.24 −0.28 −0.35 0.58 0.18 −0.33 −0.36 −0.35 0.00 0.69 0.97 1.00

* ** ***

Figure 6. Distribution of the studied genotypes in the space of the first two canonical variates. Black
diamond—control (C), red diamond—drought (D).
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Table 7. Linear correlation coefficients between the original traits and the first two canonical variates.

Trait V1 V2

First day of drought (20%
RWC)

Soluble sugar content −0.1861 0.2337
Phenolic compound content 0.347 0.6147 ***

Chlorophyll a content 0.5851 *** −0.2591
Chlorophyll b content 0.636 *** −0.1393

Chlorophyll a and b content 0.6095 *** −0.2274
Carotenoid content 0.6673 *** −0.0698

After two weeks of
drought (20% RWC)

Soluble sugar content −0.3643 * 0.563 **
Phenolic compound content 0.0333 0.6846 ***

Chlorophyll a content 0.0666 −0.5201 **
Chlorophyll b content 0.059 −0.4195 *

Chlorophyll a and b content 0.0665 −0.5071 **
Carotenoid content −0.1082 −0.1136

At the stage of grains’ full
maturity

The mass of stems/plant −0.3278 −0.4786 **
The number of grains −0.7358 *** 0.0131

The mass of grains/plant −0.7288 *** −0.0991

Percentage of explained variation 26.53 20.75
* p < 0.05; ** p < 0.01; *** p < 0.001.
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Table 8. Mahalanobis distances between all pairs of studied genotypes calculated based on all 15 observed traits.

Control Drought Stress

Gen. 9 12 18 23 26 35 42 43 55 83 114 119 1b 78b Bingo 9 12 18 23 26 35 42 43 55 83 114 119 1b 78b Bingo

Control

9 0.00
12 4.57 0.00
18 7.86 6.45 0.00
23 4.69 2.33 7.40 0.00
26 6.70 3.51 6.37 3.85 0.00
35 7.86 7.53 7.31 6.88 8.26 0.00
42 7.33 8.27 7.48 7.63 7.66 6.56 0.00
43 4.22 4.80 5.47 5.12 4.85 7.77 6.16 0.00
55 8.12 6.72 5.77 6.28 6.21 5.22 6.57 6.63 0.00
83 5.19 3.95 7.43 3.50 5.62 6.61 7.98 5.73 5.80 0.00

114 6.74 6.65 4.67 6.61 6.36 6.24 5.82 4.98 4.52 5.82 0.00
119 8.33 7.27 5.27 7.02 6.18 7.54 7.69 5.87 4.64 6.93 3.96 0.00
1b 7.04 5.39 4.69 6.44 4.38 8.32 7.94 4.30 5.69 6.56 5.24 5.03 0.00

78b 3.06 4.37 7.10 4.92 5.65 8.71 7.77 4.07 8.14 5.88 6.03 7.39 6.07 0.00
Bingo 4.26 3.47 7.26 2.59 4.69 7.67 7.42 4.40 7.35 4.09 6.44 6.83 6.75 4.47 0.00

Drought
stress

9 3.22 5.88 7.30 5.61 7.05 7.33 5.17 3.93 7.95 6.21 6.23 8.16 7.47 4.75 4.58 0.00
12 6.60 4.62 6.32 3.63 4.37 6.59 7.03 5.30 6.06 5.08 5.82 5.41 6.43 6.32 3.16 6.08 0.00
18 6.27 6.28 4.18 6.53 6.35 6.82 5.76 3.96 5.80 6.69 5.08 5.05 4.90 6.36 5.84 5.37 5.38 0.00
23 6.06 4.98 7.26 4.38 5.64 7.55 7.03 5.89 7.69 5.51 7.15 7.37 7.57 6.37 3.03 5.29 3.23 5.73 0.00
26 5.24 5.54 5.74 4.75 5.50 5.40 4.75 4.09 5.56 5.83 4.45 5.13 6.16 5.08 4.28 4.29 3.79 4.12 4.63 0.00
35 7.30 6.98 6.71 7.00 7.75 5.16 6.24 6.86 6.55 6.04 6.14 7.87 7.38 8.30 6.80 6.09 6.17 5.85 5.79 6.06 0.00
42 7.95 8.65 7.84 7.78 8.39 5.30 2.79 7.04 6.31 7.91 5.92 7.75 8.58 8.62 7.71 5.85 6.71 6.18 7.22 5.02 5.36 0.00
43 4.88 4.39 4.79 4.40 4.17 6.77 6.15 2.11 5.67 5.39 4.65 4.85 4.34 4.49 3.94 4.65 4.12 3.69 5.16 2.91 6.72 6.87 0.00
55 8.21 7.36 6.24 7.37 7.47 4.03 5.80 7.44 4.99 6.32 5.02 7.22 7.12 8.52 7.92 7.46 6.92 6.60 7.52 6.15 4.01 5.34 6.88 0.00
83 5.49 5.27 6.82 4.53 6.84 5.43 6.82 6.12 6.60 4.93 5.75 7.67 8.17 6.07 4.58 4.89 4.71 6.72 5.14 4.46 5.82 6.24 5.42 6.31 0.00

114 7.13 8.74 8.18 8.23 8.89 7.20 6.49 5.67 8.38 8.84 7.27 7.86 8.06 7.84 7.58 5.80 7.27 5.45 8.16 5.33 7.54 5.86 5.98 8.54 7.74 0.00
119 6.31 6.30 5.49 6.15 6.00 6.90 6.00 4.13 6.96 6.80 5.17 5.18 5.71 5.91 4.90 5.17 4.06 3.34 4.68 3.14 5.82 6.04 3.61 6.93 6.17 4.90 0.00
1b 5.04 4.69 5.15 4.13 4.65 5.54 4.75 3.28 4.05 4.85 4.22 4.94 4.98 5.40 4.38 4.36 4.08 3.64 5.19 2.83 5.75 5.12 2.61 5.76 4.73 5.82 4.42 0.00

78b 3.36 5.36 7.40 5.08 6.21 7.89 5.61 3.40 7.88 5.70 6.33 7.72 6.72 4.29 3.82 2.27 5.48 4.92 4.70 4.24 6.32 6.31 4.26 7.82 5.55 5.76 4.48 4.32 0.00
Bingo 5.62 5.76 8.33 4.86 7.56 6.43 7.84 7.30 8.15 5.87 7.28 8.33 9.14 6.07 4.47 5.66 4.89 7.30 4.37 4.90 6.63 7.28 6.54 7.64 3.71 8.21 6.15 6.16 5.84 0.00
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4. Discussion
The phenomenon of introgression of genetic material from the pollen donor into the

genome of the pollinated plant during wide crossing has been described in various species.
The incorporated material may consist of entire chromosomes or merely chromosomal
fragments. During wide crossing between oat and maize, some chromosomes of the pollen
donor are not eliminated during embryogenesis. Instead, they behave similarly to oat
chromosomes during mitotic divisions and become stably integrated into the genome of
the newly formed hybrids. OMA lines may represent potentially useful genotypes in plant
breeding and are also helpful for maize genome mapping [10].

In most cases, oat × maize hybrids exhibit oat-like morphology, yet many genes located
on the added maize chromosomes are expressed, potentially influencing the phenotypic
traits of the hybrids. Oat is a C3 photosynthesis plant, a type that is highly associated with
photorespiration, which under current atmospheric conditions limits plant productivity by
up to 40% [46]. Under stress conditions, this limitation becomes even more pronounced. In
contrast, C4 plants exhibit significantly reduced photorespiration due to the concentration
of carbon dioxide in bundle sheath cells. The advantage of C4 over C3 is especially evident
in high-temperature environments. Additionally, thanks to CO2 concentration mechanisms,
C4 plants can assimilate carbon efficiently during drought, requiring less water. Maize,
a C4 plant, displays a transpiration coefficient of around 350, compared to values above
600 in oat.

It has been demonstrated that OMA lines carrying additional maize chromosomes
show enzymatic activity typical of C4 photosynthesis, such as phosphoenolpyruvate car-
boxylase (PEPC) and pyruvate phosphate dikinase (PPDK) [24]. As postulated by Warchoł
et al. [32], the incorporation of maize chromosomes into the oat genome did not lead to
extensive anatomical changes typical of C4 photosynthesis. However, the OMA I line
exhibited large outer bundle sheath cells measuring approximately 500 µm2, comparable
in size to those found in maize [32]. These findings indicate that maize chromosomes may
influence bundle sheath cell dimensions, a feature linked to C4 photosynthetic function.
Nevertheless, this effect remains clearly constrained by the genetic background of oat. The
described changes might contribute to enhanced biomass productivity in OMA lines.

Several series of experiments and biochemical measurements related to plant water
status were carried out to identify differences between genotypes and to highlight those
with the highest drought tolerance [47]. The beneficial role of soluble sugars during
prolonged water deficit is primarily due to their function in regulating plant osmotic
pressure, thereby preventing significant loss of turgor. In our experiments, soluble sugar
content in OMA plants increased under soil drought. However, these values differed
significantly between genotypes. During prolonged drought stress (comparing the first and
fourteenth days), the sugar content declined but still remained higher in drought-stressed
plants than in the control. Besides oat, soluble sugar accumulation under drought stress
has also been observed in maize, rapeseed, and rice, with rice also studied for salinity
stress response [48–50]. The most significant increases in leaf sugar content in maize
under drought, ranging from several-fold to hundreds of times higher than control values,
depending on genotype, were observed by Sinay and Karuwal [51].

Phenolic compound content was another parameter examined to identify genotypes
tolerant to drought stress. Its concentration increased during the experiment in both control
and drought-stressed plants, with higher values typically observed under drought. On
both the first and fourteenth days of drought, the OMA genotype had a significant effect on
phenolic compound levels, indicating varied responses of OMA lines to water deficiency.
In another experiment involving hulled and hull-less oat cultivars exposed to abiotic
(mechanical damage) and biotic stress (infection with a facultative pathogen), an increase
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in phenolic compounds under stress was recorded. This parameter proved beneficial in
selecting genotypes with improved resistance to both biotic and abiotic stress. Similar
results regarding phenolic compound levels were observed when selecting OMA lines
with greater drought resistance [37,52]. In potato, increased phenolic compound levels
were also recorded under drought stress, with these secondary metabolites contributing
to overall plant health [53]. The positive role of phenolic compounds as antioxidants
supporting plants in managing reactive oxygen species, which increase under stress, was
also confirmed in rapeseed and potato [50,53]. Moreover, Warzecha et al. [37] demonstrated
that elevated levels of soluble sugars on day one of drought and with increased phenolic
compounds on day fourteen of drought were correlated with higher biomass production
and increased grain number and mass.

Additional mechanisms contributing to drought tolerance in OMA lines were sought
in the content of photosynthetic pigments vital for efficient photosynthesis. Some of the key
factors capturing energy for this process are pigments, primarily chlorophyll a and b [54].
Prolonged drought leads to reduced chlorophyll content in leaves, visible as chlorosis [55].
Naturally, lower chlorophyll levels are found in older plants during late developmental
stages when photosynthetic activity declines and senescence occurs. Thus, chlorophyll a
and b content is an indicator of plant health during drought stress [56]. It has been shown
that maize genotypes with higher overall chlorophyll content produced larger yields under
drought than genotypes with naturally lower chlorophyll levels [57]. In addition to primary
pigments, plants also contain accessory pigments, such as carotenoids, which facilitate safe
and efficient photosynthesis. Higher carotenoid content reflects a plant’s preparedness to
handle reactive oxygen species under stress. Increased carotenoid levels may, therefore,
serve as one strategy by which plants improve their drought tolerance [58].

Changes in chlorophyll content, damage to the photosynthetic apparatus, and alter-
ations in the composition of photosynthetic pigments under drought stress have been
reported in numerous plant species [58,59]. For instance, a 15% decrease in chlorophyll
content was recorded in wheat under drought conditions compared to optimal water sup-
ply [60]. Reductions in chlorophyll content due to drought have also been documented
in species such as sugar beet, carrot, rapeseed, cucumber, watermelon, peanut, soybean,
barley, wheat, sorghum, and sugarcane [61].

Our experiments demonstrated that drought and genotype significantly influenced the
contents of chlorophyll a and b as well as carotenoids. Notable differences in chlorophyll
content between control and drought-stressed plants were visible as early as day one of
drought and became even more pronounced by day fourteen. These differences were also
reflected in leaf coloration due to chlorosis, mainly caused by decreased chlorophyll levels.
This criterion can be applied in selecting varieties with resistance or tolerance to drought
stress. Also, the content of the carotenoids was significantly affected by both genotype and
drought. However, on day fourteen of drought, no differences between drought-stressed
and control plants were observed. In contrast, in a greenhouse experiment, Warzecha
et al. [37] revealed significantly lower carotenoid levels on both the first and fourteenth day
of drought.

Higher chlorophyll content during vegetation correlates with higher yield, as shown,
for instance, in maize [57]. Using chlorophyll content as a basis for identifying biotic and
abiotic stress resistance has proven effective in studies on various wheat, barley, rice, and
Solanaceae cultivars [54,58,59,62].

The experiment also analyzed selected yield components and above ground biomass.
A two-week drought period during the vegetative stage of oat × maize hybrids influenced
total dry mass of aerial plant parts as well as the number and weight of grains. Geno-
type, treatment, and their interaction all had significant effects. The average reduction in



Agronomy 2025, 15, 2259 20 of 24

above ground biomass was 30%. Similar tendencies, with even a 45% decrease in above
ground mass, were observed in a greenhouse experiment by Warzecha et al. [37]. In the
most susceptible genotypes, reductions reached 75%, whereas tolerant ones showed no
statistically significant differences. Significant reductions in grain number and weight
were also recorded. In our experiment, lines 9 and 78b achieved the highest values for
yield components, particularly in grain number and weight. Although total above ground
biomass decreased under drought, these lines exhibited some of the smallest percentage
drops. These two lines were the only ones out of 14 OMA lines to exceed or match the
control oat cv. Bingo under both control and drought tunnel conditions. Similar tendencies
were observed in a greenhouse experiment involving OMA lines and oat cv. Bingo, where
lines 9 and 78b matched or exceeded the performance of the control genotype [37]. None of
the genotypes produced a higher grain number or mass under drought than lines 9 and
78b. Only some yield components in oat cv. Bingo approached those values.

Similarly, research on drought in barley revealed significant reductions in grain num-
ber and weight under both mild and severe drought conditions. Drought shortened the
grain filling period by up to one-third under intense stress. Grain filling ended earlier,
accelerating vegetative cycle completion. Interestingly, after 17 days of grain filling, the
average grain weight was higher in drought-stressed plants than in controls, whose grain
filling continued, eventually exceeding drought-stressed plants only after complete matu-
ration [63]. Our study also observed faster maturation and senescence in drought-stressed
plants. Research on wheat showed reduced biomass under drought compared to optimally
watered controls and yield decline by 59% for fresh mass and 51% for dry mass [60].

In our experiment positive correlations were found between chlorophyll content on
the fourteenth day of drought and grain number and weight. Similarly, in maize, drought
tolerance associated with highest yield was found in genotypes with elevated chlorophyll
levels, reaching up to 1.2 times the average chlorophyll content of all genotypes tested [57].
Positive correlations between chlorophyll content and yield have also been demonstrated
in chickpea (Cicer arietinum) (correlation coefficient = 0.33), peanut (Arachis hypogaea) (0.43),
lentil (Lens culinaris ssp. culinaris Medikus) (0.30), barley (Hordeum vulgare) (0.67), common
wheat (Triticum aestivum) (0.84), durum wheat (T. durum) (0.39), sorghum (Sorghum bicolor)
(0.64), and sugarcane (Saccharum spp.) (0.36) [61].

To sum up, our findings indicate that measured biochemical parameters could act
as fast physiological markers for assessing plant tolerance to soil drought. The observed
diversity among the studied OMAs highlights significant differences in drought response,
presenting valuable germplasm for selection and breeding programs. Since the drought
tolerance of OMA has only been tested under greenhouse or tunnel conditions, further
verification of its drought response under field conditions is necessary.

5. Conclusions
Under drought stress, OMA lines show enhanced accumulation of soluble sugars and

phenolic compounds, both crucial for osmotic regulation and reduction in stress effects.
These traits vary significantly across OMAs, with lines 9 and 78b notably surpassing other
OMAs in biomass and grain yield under drought; the above lines also pose high potential
in control conditions. The content of chlorophyll and carotenoids is also a reliable indicator
of drought tolerance, but the genotype plays a significant role, too.

The integration of maize chromosomes into oat enhances physiological advantages,
particularly under water-deficient conditions. The findings emphasise the potential of
OMAs in breeding programs aimed at improving drought tolerance and yield stability.
OMAs like lines 9 and 78b appear as valuable candidates for further study with possible
applications in cereal crop development due to their lowered susceptibility to drought
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with regard to yield components and biomass production. However, we must be aware of
certain limitations when planning further research. The first aspect of research with OMAs
is that we cannot predict which maize chromosome will be retained in generated OMAs.
The second is their stability, which means the presence of maize chromosomes incorporated
into oat genome in subsequent generations in sexually reproduced plants.
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