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Abstract: Perennial ryegrass represents the most important forage grass, yet its generally
low drought tolerance leads to reduced yields under water scarcity. Nevertheless, large
intra- and inter-population variability could be a pool for selecting new drought-tolerant
varieties. In this study we evaluated three populations (K-11, Exp population and Shandon)
under semi-controlled conditions across four watering levels (100%, 70%, 50% and 30%
of field water capacity), focusing on yield and key morphological and biochemical traits.
Dry matter yield and root dry mass decreased in all populations under limited watering
conditions. The highest biomass production in such conditions was observed in the Exp
population, likely due to better root performance in the deeper soil layer. On the other
hand, oxidative stress markers (MDA and H,O,) and water-soluble sugars, which indicated
the best physiological status in cultivar K-11 under severe drought, did not lead to the
highest DMY. These results show the importance of including multiple physiological and
biochemical traits in breeding processes, with the aim of developing perennial ryegrass
cultivars capable of withstanding prolonged and intense summer drought as a consequence
of climate change.

Keywords: drought tolerance; perennial ryegrass; root depth; oxidative stress markers

1. Introduction

As a consequence of the increasing human population and the acceleration of global
climate changes, sustainable food production will be challenging in the coming decades.
Drought, in particular, represents one of the most important restriction factors for food and
feed productivity. More than half of the world’s agricultural land in some part of the year
has a problem with a drought [1,2]. Drought may affect the growth and development of
plants, dry matter yield or quality of crops [3-5]. None of the plants can tolerate intensive
and severe drought, and because of that, plant tolerance is primarily dependent on the
intensity and longevity of drought, which is usually unpredictable. On the other hand,
plant genotype or developmental phase and plant age are very important in improving
tolerance in such conditions [6,7]. Perennial ryegrass (Lolium perenne L.) is the most im-
portant forage grass with a high herbage yield and quality, grazing tolerance and high
digestibility in ruminant nutrition [8,9]. It is the main component of various permanent
and sown grasslands in temperate regions. However, it needs a lot of water to survive and
maintain optimal growth [10]. Whereas grasslands cover approximately 70% of the world’s
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agricultural area [11], and most of them are rainfed, there is a significant danger that they
will not be able to ensure enough high-quality animal feed in the future. Therefore, the
creation of drought-tolerant perennial ryegrass genotypes by breeding deeper roots and
physiological traits that improve drought tolerance has become more important in recent
years [12,13].

Drought tolerance can be understood as the ability to sustain growth and maintain
physiological functions under water deficit conditions. One of the first plant responses
to drought stress is stomatal closure because of decreasing intracellular turgor pressure.
This leads to reduced photosynthetic activity, increased reactive oxygen species (ROS)
production and altered enzyme activity [14,15]. In such conditions, plants also overproduce
low molecular weight organic solutes, like water-soluble sugars [16]. These sugars are
included in protecting cellular structures, primarily to ensure plant cells uptake additional
water through reducing the water potential in the osmotic adjustment process [17] and
secondarily an antioxidative function to prevent membrane lipid oxidation by scaveng-
ing ROS [18]. Accumulated WSS in the cells are usually accompanied by elevated ROS
levels [19], which additionally highlights the complexity and linkage between osmotic
adjustment and oxidative stress responses. Plant cells naturally produce ROS [superox-
ide anion radical (¢O,~); hydrogen peroxide (H,O,); singlet oxygen (1O,); and hydroxyl
radical (¢OH™)] that play a critical role in the rapid activation of stress response networks
during biotic and abiotic stress responses, thereby supporting the establishment of defen-
sive mechanisms and the protection of plants [20]. Nevertheless, too much accumulated
ROS in cells damages proteins and nucleic acids and leads to the peroxidation of cell
and chloroplast membrane lipids, producing the highly toxic molecule malondialdehyde
(MDA). These factors mutually limit plant productivity and ultimately could result in
cell death [21]. Therefore, ROS homeostasis in plants is very important to protect them
against biotic and abiotic stress. However, plants, as sessile organisms, have evolved an
extremely effective defensive antioxidant system that protects plant cells from disruptions
and maintains ROS in a steady state. The large group of enzymatic and non-enzymatic
antioxidants contribute to this process. Quick neutralisation of reactive O, ™ into molec-
ular oxygen (O;) and HyO; catalyses a multimeric metalloprotein enzyme SOD, while
CAT and POX catalyse the scavenging of HyO, from the cell in the next step. CAT, which
is predominantly founded in both peroxisomes and mitochondria, by combined action
with SOD, dismutates HyO, and ¢O,~ to water and O,, while POD, after the first step
of the catalytic reaction and elimination of H,O; into water, oxidises certain one-electron
substrates such as phenolic compounds [22] in a peroxidase-catalysed H,O,-dependent
phenolic cross-linking reaction [23]. Since enzymes represent the biochemical basis for a
multitude of plant metabolic pathways, their alterations result in changes in physiological
processes connected with plant growth and yield.

The aim of this research was to evaluate differences among selected perennial ryegrass
populations in response to reduced watering levels. The key morphological and biochem-
ical traits, such as enzyme activity and water-soluble sugars, were tested to provide a
better understanding of how these traits influence dry matter yield under drought stress
conditions. The results could be used in breeding processes to obtain more drought-tolerant
perennial ryegrass genotypes with great yield stability.

2. Materials and Methods
2.1. Plant Material and Experimental Design

Three diploid perennial ryegrass populations originating from distinct climates were
utilised in the experiment to investigate their drought responses under different watering
levels. Cultivar K-11 and experimental breeding population (Exp) were obtained from
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the Institute for Forage Crops KruSevac, representing a temperate continental climate
(Serbia, the Balkans), while cultivar Shandon (Sh) from Aberystwyth University, represent
an oceanic climate (Wales, Great Britain). These populations were selected to explore
whether their climatic adaptations influence physiological and biochemical responses
under soil moisture stress. The seeds from all populations were germinated and grown in a
greenhouse previously, and the experiment was set up in the middle of May. Plants were
transplanted into plastic tubes (7.5 cm in diameter, 90 cm in length) filled with washed
mortar sand (0.5 to 2 mm particle size). Throughout the experiment, all plants remained in
the vegetative stage. Following Blamey et al. [24], plants were irrigated with a low-strength
nutrient solution during the entire experimental period. The experiment was conducted
under semi-controlled conditions with a regulated water supply under a rain shelter. Soil
water levels in tubes were detected by frequently weighing, selecting tubes from each
watering level treatment and calculating the amount of water required to maintain the
desired field water capacity. A two-factorial experiment (different watering reduction levels
and populations) was performed for three months. Four levels of watering [control—100%
of field water capacity (C), 70% (R1), 50% (R2) and 30% (R3)] and three populations were
applied as treatments. Sixty plants per population, divided into three randomised blocks
(20 plants each), were analysed in all watering regimes. The average day/night temperature
during the experimental period was approximately 26.52/15.14 °C with a relative humidity
of about 67% and under natural light conditions.

2.2. Yield and Root Mass

Three months (90 days) after growing in tubes, plants were harvested, aboveground
biomass was air dried at 60 °C for 24 h and dry matter yield (DMY) was measured (g/plant).
Roots were extracted from the sand and root dry mass (RDM) was measured (g/plant) from
topsoil (0-50 cm) and from deeper soil (50-90 cm) layers. The root:shoot ratio (calculated
as an RDM/DMY) and ratio of the dry root mass between topsoil and deeper soil layers
were also determined.

2.3. Biochemical Analysis

At the end of the drought treatment (90 days after transplanting in tubes), leaves from
each watering treatment were harvested for biochemical analysis. To minimise diurnal
variation, leaf sampling was carried out at the same time of day (midday) for all treatments.
Leaves were immediately frozen in liquid nitrogen and stored at -80 °C.

The extraction solution for the determination of enzyme activities was prepared by leaf
tissue homogenisation in extraction buffer (50 mM potassium phosphate buffer, pH 7) at a
ratio of 1:5 (fresh weight:extraction buffer). After centrifugation at 10,000 x g for 10 min at
4 °C, supernatants were used for further spectrophotometric determination of total protein
concentrations and enzyme activities.

Protein concentrations were determined by the Bradford total protein assay [25]
customised for the use of 96-well microplates using Bovine Serum Albumin (BSA, Sigma-
Aldrich, St. Louis, MO, USA) as standard [26]. Absorbance was measured at 595 nm
(Multiscan FC, Thermo Scientific™, Waltham, MA, USA).

Total superoxide dismutase (EC 1.15.1.1) activity was assayed according to the modi-
fied method of Fridovich [27]. The reaction mixture consisted of 50 mM potassium phos-
phate buffer pH 7.8 with 0.1 mM EDTA, 5 x 10~% M xanthine, 6 x 10~° M xanthine oxidase
(EC 1.1.3.22) from bovine milk (Sigma-Aldrich, St. Louis, MO, USA) and 10~> M Cyt ¢
from horse heart (Sigma-Aldrich, St. Louis, MO, USA) [26] producing an initial Cyt c
reduction rate of AA550 nm = 0.025 £ 0.005 per min (Shimadzu UV-2501 PC 21, Kyoto,
Japan). Under these defined conditions, the SOD amount needed to inhibit Cyt ¢ reduction
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by 50% (0.0125 absorbance unit per min) is defined as 1 unit of activity. SOD-specific
activity was expressed in Units (U) per milligram of total protein (U/mg prot).

Catalase (EC 1.11.1.6) activity was determined by measuring a decrease in absorbance
at 240 nm (Shimadzu UV-2501 PC 21, Kyoto, Japan) due to HyO, degradation [26]. The
reaction mixture consisted of 50 mM potassium phosphate buffer pH 7.0 containing H,O,
in concentration which enabled an absorbance of 0.85 &= 0.02. The specific activity of CAT
was defined as the amount of enzyme required to cleave 1 umol HyO, per minute at 25 °C.
The specific activity of CAT was expressed in units (U) per milligram of total protein
(U/mg prot).

Guaiacol peroxidase (EC 1.11.1.7) activity was monitored by the formation of tetragua-
iacol from guaiacol in the presence of HyO, according to the modified method of Hammer-
schmidt et al. [28]. The reaction mixture contained protein sample, 0.25% (v/v) guaiacol
and 10 mM H,0O; in 50 mM phosphate buffer pH 6.0. Increase in absorbance at 470 nm was
measured by spectrophotometer (Shimadzu UV-2501 PC 21, Kyoto, Japan). The specific
activity of POD was defined as the amount of the enzyme that oxidises 1 pmol of substrate
per minute at 25 °C and expressed in units (U) per milligram of total protein (U/mg prot).

To determine the degree of lipid peroxidation of cell membranes, the amount of malon-
dialdehyde was quantified using modified method of Heath and Packer [29]. Homogenised
samples were extracted with 0.1% (w/v) trichloroacetic acid (TCA, Merck, Darmstadt, Ger-
many) and after centrifugation for 10 min at 15,000x g at 4 °C supernatant was mixed with
20% TCA containing 0.5% (w/v) thiobarbituric acid (TBA, Sigma-Aldrich, St. Louis, USA)
and incubated in water bath for 30 min at 95 °C. After cooling, samples were centrifuged at
10,000 x g for 15 min. Absorbance of supernatant was measured using microplate reader
(Multiskan Spectrum Thermo Electron Corporation, Vantaa, Finland) at 532 and 600 nm.
Results were expressed in nanomole per gram of fresh weight (nmol/g FW).

Hydrogen peroxide content was determined in the plant tissue according to the
modified method of Velikova et al. [30]. Samples were homogenised and extracted with
0.1% (v/v) TCA. After centrifugation for 10 min at 15,000x g at 4 °C, supernatant was
mixed with 10 mM potassium phosphate buffer pH 7.0 and 1 M KJ. The absorbance was
measured using microplate reader (Multiskan Spectrum Thermo Electron Corporation,
Vantaa, Finland) at 390 nm and results were expressed in micromole per gram of fresh
weight (umol/g FW).

2.4. Carbohydrate Analyses

High-pressure liquid chromatography (HPLC) analyses were performed on a Waters
Breeze chromatographic system (Waters, Milford, MA, USA) connected to Waters 2465
electrochemical detector with a 3 mm gold working electrode and hydrogen reference
electrode. Separation of sugars was performed on CarboPAC PA1 (Dionex, Sunnyvale, CA,
USA) 250 x 4 mm column equipped with corresponding CarboPac PA1 guard column at a
constant temperature of 30 °C and at a flow rate of 1.0 mL x min~!. Sugars were eluted
isocratically using 200 mM sodium hydroxide prepared from 50% (w/w), low carbonate
NaOH (J.T. Baker, Deventer, Holland) by adding 10.5 mL to the final volume of 11 vacuum-
degassed deionised water. Signals were detected in pulsed amperometric mode using
the following waveform: E1 = +0.15 V for 300 ms; E2 = +0.75 V for 150 ms; E3 = —0.80 V
for 150 ms, and within 150 ms of integration time. The filter timescale was 0.2 s, and the
range was set to 5 pA for the full mV scale. Data acquisition and quantification using
the external standard method were carried out by Waters Empower 2 Software (Waters,
Milford, CT, USA).
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2.5. Statistical Analysis

All data were subjected to two-way ANOVA, with irrigation level and genotype as
classification factors in three replications, followed by Tukey’s HSD test using STATISTICA
12 software (StatSoft, Tulsa, OK, USA).

3. Results
3.1. Yield and Root Mass

In all populations, there was a significant reduction in dry matter yield (DMY) under
reduced watering treatments, with the lowest yields recorded at the R3 watering level. The
Exp population during the water-reduced treatments achieved the highest DMY compared
to other cultivars, statistically significant relative to Sh under maximum watering reduction.
Statistical significance was observed only at the R3 watering level, where DMY in the Exp
population was significantly higher than in the cultivar Sh. No statistically significant
differences were observed between K-11 and the other two populations across individual
watering treatments (Table 1 and Figure 1).

Table 1. Dry matter yield and root mass parameters across soil layers under reduced watering
treatments and between populations.

Dwy grany  (OMEmoSoen  ROMEREan o ey
Irrigation (A)
C 1.17 £ 0.03 2 0.95+0.112 0.23 £0.022 1.01 +0.09 2 423 4 045°
R1 0.93 +0.03° 0.85 + 0.09 0.21 +0.01% 1.16 £0.132 398 +0.39°
R2 0.88 +0.03° 0.77 +£0.10 b¢ 0.18 +£0.01° 1.10 4 0.14 2 447 +0.68°
R3 0.76 £0.04 ¢ 0.67 £0.07°¢ 0.12+0.01°¢ 1.07 +0.122 6.59 +1.402
Population (B)
K-11 0.9140.04° 0.53+0.03°¢ 0.16 +£0.01° 0.77 £ 0.02 ¢ 3.38+0.18°
Exp 1.01 +£0.042 0.75 +0.04° 0.22 £0.012 0.96 £ 0.04° 3.57 £0.15"
Sh 0.87 £0.07° 1.14 +0.06 2 0.18 £ 0.02° 1.51 +0.052 7.51 +0.872
ANOVA
A * * * NS *
B * % * " .
A xB * NS * NS *

C =100% of field water capacity; R1 = 70% of field water capacity; R2 = 50% of field water capacity; R3 = 30%
of field water capacity; DMY (dry matter yield); RDM from 0-50 cm (root dry mass in the 0-50 cm layer); RDM
from 50-90 cm (root dry mass in the 50-90 cm layer). Different lowercase letters indicate significant differences
according to the Tukey HSD test (p < 0.05). F-test: "*—p < 0.05; “NS”—mnot significant.

Similarly to dry matter yield, the root dry mass (RDM) decreased in both soil layers
(0-50 cm and 50-90 cm) due to water scarcity. RDM was reduced by 46.93% in the deeper
layer (50-90 cm) compared to 29.65% in the topsoil (0-50). The cultivar Sh had significantly
higher RDM in the topsoil compared to Exp and K-11 during the experiment. On the other
hand, the Exp population had the highest RDM in the deeper layer (50-90 cm). How-
ever, RDM in the Exp population was significantly higher only under control conditions
compared to K-11 and in R3 treatment compared to Sh (Table 1 and Figure 2).

Analysis of the root:shoot ratio revealed that it did not significantly increase under
reduced watering levels. However, the root dry mass ratio between the topsoil and deeper
layers increased under the maximal reduced watering primarily due to significant increase
in variety Sh (Table 1 and Figure 3).
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Figure 1. Dry matter yield (DMY) under different watering treatments (means + standard error).
C =100% of field water capacity; R1 = 70% of field water capacity; R2 = 50% of field water capacity;
R3 = 30% of field water capacity. Different lowercase letters indicate significant differences according
to the Tukey HSD test (p < 0.05).
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Figure 2. Root dry mass (RDM) under different watering treatments in the deep soil layer (50-90 cm)
(means =+ standard error). C = 100% of field water capacity; R1 = 70% of field water capacity; R2 = 50%
of field water capacity; R3 = 30% of field water capacity. Different lowercase letters indicate significant
differences according to the Tukey HSD test (p < 0.05).
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Root dry mass ratio (0-50 c¢m/50-90 ¢cm) under different watering treatments

(means =+ standard error). C = 100% of field water capacity; R1 = 70% of field water capacity;
R2 = 50% of field water capacity; R3 = 30% of field water capacity. Different lowercase letters indicate
significant differences according to the Tukey HSD test (p < 0.05).
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3.2. Hydrogen Peroxide (HyO;) and Malondialdehyde (MDA) Formation

The synthesis of HyO, and MDA overall showed a similar trend with the reduction in
watering. However, if we observe populations separately, trends between MDA and H,0O,
levels have differences, particularly at the R3 watering. While H,O, in Exp constantly
increased with the intensity of drought, MDA dropped sharply at the highest water reduc-
tion. In contrast, despite a significant decrease in HyO; in K-11, MDA increased slightly
under maximum water reduction. For Sh, both H,O, and MDA significantly increased
simultaneously under maximal water reduction (Table 2 and Figure 4a,b).

Table 2. Oxidative stress markers and antioxidant enzyme activities under reduced watering treat-
ments and between populations.

H,0; (umol/g FW) MDA (nmol/g FW) SOD (U/mg Prot) CAT (U/mg Prot) GPOX (U/mg Prot)
Irrigation (A)
C 31.78 +0.78 4 53.97 £3.51°¢ 6.06 £ 0.66 © 2531 +£1.10°¢ 2228 +6.5%
R1 3497 £1.07 ¢ 63.16 +3.17° 7454+0.89% 19.81 4+ 0.814 2145+9.12b
R2 37.23 +0.95" 67.69 £ 5.87 2 7.78 £1.08 28.85 +2.07 P 207.3 +5.8°
R3 40.16 £1.272 68.60 +4.352 6.74 £ 054" 3614 +1.412 193.24+29¢
Population (B)
K-11 35.18 + 1.15° 48.76 +1.69 © 4594+022°¢ 29.07 £2.69 2 196.4+2.9°
Exp 37.72+£0.90% 7564 £3.112 9.81+0.37% 27.81 + 1.96 2 205.6 +3.4°
Sh 3521 +1.54° 65.67 +2.10° 6.62+035° 25.70 £ 1.55° 2263+7.8°
ANOVA
A * * * * *
B * * * * *
A >< B * * * * *
C =100% of field water capacity; R1 = 70% of field water capacity; R2 = 50% of field water capacity; R3 = 30% of
field water capacity; H,O, (hydrogen peroxide); MDA (malondialdehyde); SOD (superoxide dismutase); CAT
(catalase); GPOX (guaiacol peroxidase). Different lowercase letters indicate significant differences according to the
Tukey HSD test (p < 0.05). F-test: “*”—p < 0.05.
46 100
w“ a i
90
42 ab
o 20 be i ~ 80 b b
= be 2 C
E" " cd 3 % E“ b E P
g }cdc B E ed
3 f £ d
E % efg § % E Ede E ;
R E ofe g e &
~ fg < e ¢ €
S x i gf g 50 t f{ E
30 h f
§ Bl K-11 40 I B K-11
28 &1 Exp 8 Exp
B sh I sh
2% 30
c R1 R2 R3 c Rt R2 R3
Irrigation level Irrigation level
(@) (b)
Figure 4. (a) Content of hydrogen peroxide (H;O,) under different watering treatments

(means =+ standard error); (b) Content of malondialdehyde (MDA) under different watering treat-
ments (means + standard error). C = 100% of field water capacity; R1 = 70% of field water capacity;
R2 = 50% of field water capacity; R3 = 30% of field water capacity. Different lowercase letters indicate
significant differences according to the Tukey HSD test (p < 0.05).



Agriculture 2025, 15, 917

8 of 15

3.3. Antioxidant Enzyme Activity

The superoxide dismutase (SOD) activity in the Sh and Exp increased at the R1 and
R2 watering reduction levels and then declined at R3. Conversely, the SOD activity in the
cultivar K-11 was not affected by lower watering, except in R3, where SOD activity was
increased compared to control conditions. SOD activity in Exp was significantly higher
than in Sh and K-11 during all watering regimes (Table 2 and Figure 5a).

45

12 a .
40 b a
1" % § g i
0 3 *
g be b g be
g ¢ be i 5 i
£ . 3 £ 30 cd
2 c =) od cde
2 2
z7 1 Z 25 E Cdc&
g . . g d 8 def def 2
a =
8 f I :{ 5 ef
5 def 20 E f
ef E £ E
4 2
B K-11 15 B K-11
3 I8 Exp 8 Exp
I sh B sh
2 10
c R1 R2 R3 c R1 R2 R3
Irrigation level Irrigation level
(a) (b)
270
260
a a
250 * i
3 240
="
220 ab
2 be g
2z 220
5
é bcd% bed bed
w 210 } ] bed
g cd
S 200 cd
d
190 C} { E d
t
B K-11
180 I8 Exp
B sh
170
c R1 R2 R3
Irrigation level
(c)
Figure 5. (a) Activity superoxide dismutase (SOD) under different watering treatments

(means + standard error); (b) Activity catalase (CAT) under different watering treatments
(means =+ standard error); (c) Activity guaiacol peroxidase (GPOX) under different watering treat-
ments (means + standard error). C = 100% of field water capacity; R1 = 70% of field water capacity;
R2 = 50% of field water capacity; R3 = 30% of field water capacity. Different lowercase letters indicate
significant differences according to the Tukey HSD test (p < 0.05).

All populations showed similar trends in CAT activity, but their intensity varied at
different watering levels. The general trend in CAT activity was to increase at the R2 and
R3 watering, but it decreased at the first watering reduction in all populations, significantly
at the cultivar Sh. With the next watering reduction, CAT activity was greatly increased in
K-11 and was significantly higher compared to the other two populations, whose activities
also slightly increased. CAT activity continued to increase under maximum water reduction,
especially in Exp, where its activity was significantly higher compared to Sh. By the end of
the experiment, CAT activity remained at a high level in all populations, in contrast to SOD
activity (Table 2 and Figure 5b).



Agriculture 2025, 15, 917

9of 15

Under limited water conditions, guaiacol peroxidase (GPOX) showed a completely
different trend in activity compared to SOD and CAT. The decline in GPOX activity under
water-reduced treatments, compared to the control, was clearly observed only in the cultivar
Sh. In contrast, the slight decrease in GPOX activity under water scarcity in the Exp and
K-11 populations was not statistically significant. Although GPOX activity under control
conditions was significantly higher in the cultivar Sh, under maximum water reduction, Sh
had the lowest GPOX activity, without statistical significance compared to the other two
populations (Table 2 and Figure 5c).

3.4. Water-Soluble Sugars Content

The results have shown that plant genotype had a huge impact on water-soluble
sugars (WSS) content. Sucrose content was also significantly dependent on the water status,
while the irrigation levels had no influence on glucose content. Cultivar K-11 showed the
highest value of WSS during the experiment, statistically significant relative to Exp and
Sh under the R2 and R3 watering regimes. The glucose and fructose contents were also
the highest in the K-11 variety, except for glucose under maximal drought stress, where
the difference was not significant. With the intensity of drought stress, sucrose content
increased the most in the K-11 variety. Compared to control conditions, the Exp population
and cultivar Sh also had increased sucrose content under maximal watering reduction, but
it was significantly lower than in K-11. Watering status had no significant effect on glucose
and fructose content, except in the Exp population, where fructose increased significantly
under R3 watering compared to control conditions (Table 3 and Figure 6a—c).

Table 3. Water-soluble sugars (WSS) under reduced watering treatments and between populations.

Glucose (mg/g FW)  Fructose (mg/g FW)  Sucrose (mg/g FW)

Irrigation (A)

C 27240122 2.62 +0.11 2 6.46 + 0.56 P
R1 2.76 +0.122 2.5340.12° 6.07 £ 0.57b
R2 2.7340.192 2.5240.18" 6.99 +1.04°
R3 28240122 2.76 +0.112 11.31 + 1.042
Population (B)
K-11 3.11 £0.072 295 +0.052 10.60 + 0.94 2
Exp 2.86 +0.07P 2.68 +0.07° 6.82 +0.50 P
Sh 231 +£0.05¢ 2.19 £0.09 ¢ 5.70 + 0.63 ¢
ANOVA
A NS * *
B . . .
A XB * " *

C =100% of field water capacity; R1 = 70% of field water capacity; R2 = 50% of field water capacity; R3 = 30% of
field water capacity. Different lowercase letters indicate significant differences according to the Tukey HSD test
(p <0.05). F-test: “*"—p < 0.05; “NS”—not significant.
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Figure 6. Content of water-soluble sugars (WSS) under different watering treatments

(means + standard error): (a) glucose; (b) fructose; (c) sucrose. C = 100% of field water capac-
ity; R1 = 70% of field water capacity; R2 = 50% of field water capacity; R3 = 30% of field water capacity.
Different lowercase letters indicate significant differences according to the Tukey HSD test (p < 0.05).

4. Discussion

Our study demonstrated different drought responses among perennial ryegrass popu-
lations originating from different climes. The Exp population had the highest dry matter
yield (DMY) under water reduction, significantly outperforming Sh under the most severe
water deficit. It is assumed that a well-developed root system in deeper soil layers had the
greatest impact on the yield, but robust antioxidant enzyme activity, mitigating oxidative
damage despite high levels of reactive oxygen species (ROS), also contributed. The cul-
tivar Sh had the highest root mass in the topsoil, which did not affect better yield in the
drought stress conditions. Its limited antioxidant response in water scarcity, as evidenced
by exhausted SOD and GPOX and lower CAT activity, led to increased oxidative stress
markers (MDA and H,O;). Cultivar K-11, which has shown the highest water-soluble
sugar (WSS) content during the experiment, could indicate better osmotic adjustment.
This assumption needs to be further tested in more specific analyses of osmotic potential.
Despite that oxidative stress markers did not indicate a high level of stress in cultivar K-11
under reduced watering conditions, the expected highest DMY was not achieved.
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4.1. Yield and Root Mass

As expected, dry matter yield (DMY) of perennial ryegrass populations under drought
stress was significantly lower (by 35%) in contrast to control conditions. The Exp popu-
lation achieved a significantly higher yield under maximum water deficit (0.90 g/plant)
compared to Sh (0.65 g/plant) at the same irrigation level, indicating its better performance
under these conditions. Drought not only decreased DMY but also reduced root system ex-
pansion, both in topsoil and deeper soil layers. Significantly higher root dry mass (RDM) of
cultivar Sh in the 0-50 cm soil layer (1.14 g/plant) did not translate into an increased DMY
under limited water conditions. Although RDM in the topsoil area facilitates better intake
of nutrients from aboveground, it, according to Carrow [31], negatively correlates with
drought resistance. On the other hand, the highest DMY in the Exp population in the water
scarcity conditions could be the result of the Exp having the highest root mass (0.22 g/plant)
in the deeper soil layer. According to the results of Sokolovic et al. [32], Lolium perenne
cultivars with a robust root system in the deeper soil layer were more drought-tolerant.
There are also similar results on the other related species; Fang et al. [33], in the experiment
with different wheat cultivars, showed that increased root mass and root length density in
deeper soil layers promotes higher DMY in the drought.

Root systems are crucial for nutrient uptake and drought adaptation, but their effi-
ciency depends on balanced development. While the root:shoot ratio was the highest in
Sh (1.51), the Exp population had a more balanced allocation of root mass between topsoil
and deeper layers, which gave more advantages for maintaining DMY under water deficit
conditions. Phenotypes with fewer axial roots and lower lateral root density may also
enhance drought resistance by optimising resource allocation in high-input ecosystems [34].
However, excessive root investment can reduce shoot growth, leading to decreased yield
potential, particularly in rainfed conditions [35].

4.2. Hydrogen Peroxide (H,O;) and Malondialdehyde (MDA) Formation

Increased levels of H,O, and MDA in watering-reduced treatments are obvious
indicators of oxidative stress. However, in the Exp population, it was observed that
maximum watering reduction (R3) increased the accumulation of HyO, while MDA sharply
decreased to 76.3 nmol/g FW after initially increasing in R1 and peaking at approximately
88.5 nmol/g FW in R2. Despite elevated HyO, levels, which might suggest a partial
impairment of the antioxidant system, the Exp population antioxidant system successfully
mitigates lipid peroxidation. Some studies have shown that plant species can effectively
scavenge reactive oxygen species (ROS) even under moderately increased H,O, under
stress conditions due to its function as a secondary messenger [36,37]. It can therefore
be assumed that the antioxidant machinery in Exp in maximal water reduction remained
functional or was activated to prevent excessive lipid peroxidation and MDA formation.
The cultivar K-11 on the other hand exhibited a significant decrease in H,O, level under
R3 watering reduction (from 38.7 umol/g FW in R2 to 35.4 umol/g FW), while MDA
levels remained stable across all watering regimes. Meanwhile, in the cultivar Sh, both
H,O; and MDA increased simultaneously under water deficit, suggesting an insufficient
antioxidant defence.

MDA, a highly reactive byproduct of lipid peroxidation, is a significant biological
marker of oxidative stress. Previous studies have shown that the formation of MDA
increases during abiotic stresses [21]. However, MDA concentration is often lower in
crops with enhanced oxidative stress tolerance [38], suggesting that K-11 may possess a
stronger antioxidant defence due to its significantly lower MDA level in R2 and R3 watering
in relation to Exp and Sh. Despite this, K-11 did not achieve higher yield under water
deficit conditions compared to the other populations studied. This indicates that oxidative
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stress markers alone may not be sufficient for selecting drought-resistant genotypes in
breeding programs.

4.3. Antioxidant Enzyme Activity

Superoxide dismutase (SOD), catalase (CAT) and guaiacol peroxidase (GPOX) repre-
sent the most important antioxidative enzymes in cell protection from the harmful effects
of free radicals. The activity of these enzymes is very important in preventing oxidative
stress in the drought [39]. In our experiment, SOD activity significantly increased under
reduced watering conditions R1 and R2. However, at maximum watering reduction (R3), it
dropped by 13.4% compared to its peak in R2. CAT activity, on the other hand, increased
under all reduced watering treatments, approximately 44% from control (C) to R3, while
GPOX activity did not notably change, except in Sh, where it decreased significantly under
maximum watering reduction. The plant antioxidant system may be exhausted by the
intense and prolonged oxidative stress, reducing its activity, as has already been observed
in some experiments [40,41]. The reduction in SOD activity at the end of our experiment
aligns with these findings. However, in contrast to our results, CAT activity also decreased
in those studies. Different results of antioxidant enzymes were also found in a study by Fa-
rooq et al. [42], where GPOX activity constantly increased with drought intensity, while the
SOD and CAT activity decreased. In another experiment on perennial ryegrass, peroxidase
activity was decreased in drought conditions, but in Medicago lupulina it was increased [43].
The complexity of these enzymatic responses and their different activity in other studies
could be explained by the differences in developing stages, intensity and longevity of
drought, plant species or even intraspecies genetic differences between populations [44].

4.4. Water-Soluble Sugars Content

The level of water-soluble sugars (WSS), mainly sucrose, was observed to depend
on both water status and plant genotype. Sucrose accumulation increased by 75% under
R3 watering, compared to control, suggesting its importance in drought tolerance. It is
documented that sucrose has a part in osmotic adjustment, facilitating plants to overcome
water deficit, maintaining cell turgor and stabilising cell membranes [45]. Despite the fact
that cultivar K-11 cells accumulated sucrose levels up to 67% higher than other genotypes
in drought stress conditions, it did not reach the highest DMY. This discrepancy suggests
that regardless of high sucrose levels, they may contribute to drought tolerance but are not
the sole factor that could increase DMY in such conditions.

Except in the Exp population under maximum watering reduction, where fructose
was significantly higher compared to the control, none of the different watering treatments
influenced glucose and fructose accumulation. In the experiment by Shahidi et al. [11],
perennial ryegrass and tall fescue also respond to drought stress through sucrose accumu-
lation while hexoses significantly decreased. The lack of significant changes in glucose
and fructose content across most treatments in our study indicates that hexoses likely have
lower importance in drought stress responses.

In a broader context, our results have agroecological and climate relevance, particularly
due to increasingly intense drought periods caused by climate change. The most important
aspect in selecting drought-tolerant cultivars is to understand plant responses in such
conditions. Root architecture, antioxidant activity and osmotic adjustments are surely very
significant. These results are important not just in breeding processes, but also for dealing
with the challenges posed by unavoidable climate change.
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5. Conclusions

The decreased productivity was expected under drought conditions in all populations.
The Exp population showed the best biomass production in such conditions and likely
drought tolerance due to a robust root system in the deeper soil layer which facilitates better
water utilisation. Despite Exp being under oxidative stress, its antioxidant enzyme activity
mitigated the harmful effects of free radicals. On the other hand, stress markers in the
cultivar K-11 were significantly the lowest and the WSS level was the highest under drought
conditions, compared to other populations, but DMY was lower than in the Exp population.
This underscores the importance of breeding multiple morphological, physiological and
biochemical traits to enhance drought resilience—root architecture, water use efficiency
and antioxidant capacity.

Our study is valuable for better understanding the connection between different
perennial ryegrass ways to achieve drought resilience, but it also has a limitation due
to controlled experimental conditions and a narrow set of physiological and biochem-
ical parameters. Future research should include metabolomic profiling to uncover the
molecular basis of drought responses across different populations. Similar experiments
in the field conditions and different growing seasons would contribute to its relevance
in real agricultural conditions. Additionally, heritability and genomic research of main
traits such as root growth, antioxidant activity and sugar metabolism are very important
for developing drought-resilient cultivars through marker-assisted selection or genomic
selection approaches.
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