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The population of Earth exceed eight billion in 2022 and it is growing even faster. The
most important challenge for humankind will be providing food and ensuring catering
not only in developed countries, but in underdeveloped regions as well. Agriculture is
one of the main pollution sources, and non-appropriate farm management could degrade
the environment seriously [1]. Therefore, in the future, the productivity of the sector
must be improved to be able to produce enough food, but reducing the ecological and
environmental footprints must be in the focus. Sustainability means efficient usage of inputs
in the long term and reducing the impacts of production on the environment and landscape.
Reserving the capabilities of the cropping areas, efficient and reasonable utilization of the
nutrients, water, and other inputs become especially important [2]. The problem could
be approached from many aspects, but the two major topics are cultivation practices and
plant materials. Various water and nutrient-sawing technologies are available, but these
could be used efficiently if the harvested plants could contribute to implementing the goal
of sustainability [3]. Abiotic and biotic stress tolerance would be key requirements because
various environmental factors endanger food security such as drought and heat, and the
spreading of invasive weeds, pests, and diseases harm the yield.

Plant breeding supports new varieties and hybrids for farmers. The potential yielding
capacity of the genotypes is higher and higher, but the real productivity is limited by
various factors. The maximization of the yield required intensive technologies, active pest
and disease management, and a high amount of inorganic fertilizers. Improving the abiotic
and biotic stress tolerance and the adaptability of the genotypes can contribute to achieving
sustainable farming. Yield maximization is not feasible in sustainable farming but the role
of the breeding would be to provide plant materials that could produce enough food even
in organic and integrated farm management systems [4].

This Special Issue aims to highlight how plant breeding could contribute to strength-
ening sustainability in field crop production by integrating the application of modern
technologies and tools.

Water shortage is one of the most important impacts of the changing climate in many
parts of the world. Typically, the arid and semi-arid regions are affected, but the intensity
of the extreme drought becomes more intense and frequent in other areas. Even the
Carpathian Basin in Central Europe is exposed to drought in the Spring and Summer [5].

Roots have a key role in the water and nutrition cycle in the soil-plant-atmosphere
system. The root system, its development and turnover during the vegetation period is
a less studied topic because of its complexity. However, the root structure could be the
driver of drought resistance. Drought resistance is a complex phenomenon, and it develops
through the interaction of various plant properties that are determined by several genes,
including dwarfing genes, such as Rht1, Rht2, Rht8, etc. [6]. Dwarfing genes reduce plant
height, can increase the harvest index, and improve lodging resistance. The presence
of these genes in the genome not only reduces the plant height but can also negatively
impact the intensity of root development and root morphology. The impacts of the water
withdrawal and the elevated CO2 level on the root structure of three winter wheat cultivars
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carrying different dwarfing genes were studied by using in situ root scanning technology [7].
The water shortage induced intensive root development in the deeper soil layers and under
elevated CO2 concentration, the distribution of the root system was more homogeneous
in the whole soil profile. The maximum root length was detected at the beginning of the
heading, and this period took longer under elevated CO2 concentration [7].

Seedlings are the most sensitive to the stresses and damage in this phenophase, which
could lead to serious yield losses. Winter wheat seedling’s vigour is an important parameter
that was examined by Khaeim et al. [8] under drought stress in combination with high
temperatures. In agronomic practice, the determination of the germination percentage is
an important parameter for calculating the sowing rate. A new methodology had been
developed to optimize the circumstances of the germination process in the lab [8]. The
ideal temperature for seedling development was 20 C. Germination of various percentages
can occur in a broad range of water quantities commencing at 0.65 mL, which represents
75% of thousand kernel weight, but the optimal range for germination is 4.45–7.00 mL,
representing 525–825% of the thousand kernel weight [8].

Besides water, the other substrate of photosynthesis is carbon dioxide. It was con-
firmed that the elevation of the CO2 could be positive to plant development and production
and the CO2 enrichment could counterbalance the negative impact of drought [9]. The
responses of various cereal varieties to elevated CO2 concentration were studied under
optimum and limited water availability [10]. The CO2 treatments were combined with the
simulation of drought in two phenophases of cereals and the productivity of the plants
as well as the water use efficiency was determined. Genotypic variations had been deter-
mined and it was concluded that the examined winter barley react positively to the CO2
enrichment, but negative responses had been detected for oat [10].

Salinity is a serious phenomenon that limits field crop production [11]. The high
salt content in the soil, high evaporation rate, or non-appropriate quality of irrigation
water could induce the enrichment of salt in the upper soil layers. Improving the growing
potential of wheat on solonetz would be important in Serbia [12]. Ten winter wheat and
one triticale cultivar were tested in a field experiment and phosphogypsum was applied
in two doses for soil reclamation. Stable genotypes were selected that could be grown
successfully on solonetz and it was determined that the effect of the applied amelioration
measure depended on the meteorological conditions of the growing season [12].

Rice is the second leading staple food in the world. Rice is more sensitive to environ-
mental stresses compared to other cereals. The plants are very sensitive to cold stress at the
seedling stage and their critical period is the reproductive stage [13]. Phenotypic observations
combined with genotypic characterisation of near-isogenic breeding lines were evaluated by
Akter et al. [14] aiming to support rice breeding with potential crossing partners to improve
cold tolerance. A high variability in cold susceptibility was determined in the test assessment
and nine lines could be identified that showed strong tolerance to cold. The results of the
authors highlighted that cold tolerance can be in pair with a high- yielding capacity, therefore,
an accurate pre-breeding could propose efficient parental lines for breeding programs [14].

Changing climatic conditions favour to spreading of invasive weed species [15]. Weeds
usually have a stronger adaptive capacity to the harsh environment than cultivated plants,
therefor more intense weed competition occurs under stress conditions. Another important
problem would be that weeds could become resistant to herbicides and the management of
these weeds would be a key issue in the infested areas [16]. The resistance of rigid ryegrass
to pyroxsulam was studied by Kutasy et al. [17]. This species is one of the most serious
herbicide-resistant annual grass species which cause problems in agricultural land world-
wide. In [17] RNA-seq approach had been applied to identify sequences coding resistance
to riazolopyrimidines. It was concluded that diagnosing the presence of target-site resis-
tance and multiple target-site resistance mutations could improve the efficiency of weed
management and the effectiveness of the traits becomes more predictable [17]. Nowadays,
glyphosate is the most widely applied herbicide in the world even glyphosate resistance
had been described for many weed species [18] and even GM crops [19] can degrade the
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active ingredients of these herbicides. Glyphosate and its metabolite (aminomethylphos-
phonic acid) accumulate in the soil and environment. Both chemicals are considered to
be carcinogens and mutagens. An evaluation of sunflower established whether the plants
can uptake from the contaminated soil herbicide residues and what kind of morphological
changes in the above and belowground organs of the plants could induce [20]. It was
confirmed that the plant absorbed glyphosate from the soil, and it became detectable in the
roots and leaves. Higher concentrations of glyphosate induced a reduction in root length
and thickness, but the dry biomass of the plants increased [20]. The presence of glyphosate
in the biomass could harm human health directly and cause problems when the plants
were used as fodder for animals.

The changing environmental conditions favour the breakdown of serious plant dis-
eases [21]. Net blotch disease is becoming an important leaf pathogen of cereals, especially
barley. Antioxidant enzymes are elements of the defensive system of plants. Abiotic and biotic
stressors induce the accumulation of reactive oxygen forms in plant cells and antioxidants
such as superoxide dismutase or peroxidase, and these enzymes have important roles in
controlling and signalling metabolic and developmental processes. The connection between
the infection severity of Pyrenophora teres f. teres and the level of the superoxide dismutase
was analysed in barley genotypes [22]. A significant increase in superoxide dismutase activity
can be determined in the inoculated population but the reactions were genotype and isolate-
dependent. The results of Kunos et al. [22] proposed an early detection method for net blotch
disease based on the measurements of the superoxide dismutase activity in the leaves.

Plant resistance breeding has century-old history, but it is still relevant. The changes
in the environmental conditions could contribute spreading of plant pathogens because the
vigour of plants could be lowered by non-favourable conditions and could serve favourable
ecological conditions for epidemics [23]. Pepper is one of the most important horticultural
crops in Hungary. The general defense response of pepper was analyzed by Szarka et al. [24].
The leaves were inoculated artificially with Xanthomonas vesicatoria and Pseudomonas
phaseolicola and the symptoms were evaluated. Specific hypersensitive response genes
do not protect but destroy the cells affected by pathogens [25]. The nonpathogen-specific
GDR plays the role of the plant immune system due to its low stimulus threshold and high
reaction rate [26]. Tissue retention capacity can be increased by breeding to a level where
the GDR alone can provide adequate protection for the plant. In this case, the presence
of specific hypersensitive reaction genes is unnecessary; sometimes it is even a burden to
the plant [26]. Another important pathogen bacteria of pepper is bacterial spot disease
caused by Xanthomonas hortorum p. gardneri, which causes star-shaped necrotic lesions
on the foliage, stem, and fruit. The infection decreases the yield potential of plants as well
as the quality of the fruits. The bacteria infect greenhouse- and field-grown plantations
as well. Resistance breeding programs successfully developed commercial pepper lines
with hypersensitive and quantitative resistance to various Xanthomonas species. The new
sources of resistance identified in [26] provide a basis for further work on breeding disease-
resistant varieties. It was documented that the different genotypes of Capsicum. baccatum
differed in their response to wilt caused by Xanthomonas, which also demonstrated that
the tested collection offered a valuable public source of resistance for pepper breeders to
develop varieties resistant to bacterial spots.

Nematodes are important pests in horticulture. Application of root-specific resistance
genes would be an efficient and sustainable way of protecting against nematodes.
Tóth et al. [27] proposed an efficient methodology for transforming target genes by Agrobac-
terium rhizogenes using tomatoes as a model plant. The transformation efficiency was over
90% and the presence of NeoR/KanR and DsRed genes in the transformed plants were con-
firmed by PCR. The long-term effectiveness of the transformed genes had been confirmed
after three months as well. The proposed method improves the ability to study root-specific
genes and could be used for molecular studies of root–pathogen interactions [27].

Conflicts of Interest: The authors declare no conflict of interest.
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5. Mezősi, G.; Bata, T.; Meyer, B.C.; Blanka, V.; Ladányi, Z. Climate Change Impacts on Environmental Hazards on the Great
Hungarian Plain, Carpathian Basin. Int. J. Disaster Risk Sci. 2014, 5, 136–146. [CrossRef]

6. Dowla, M.N.U.; Edwards, I.; O’Hara, G.; Islam, S.; Ma, W. Developing Wheat for Improved Yield and Adaptation under a
Changing Climate: Optimization of a Few Key Genes. Engineering 2018, 4, 514–522. [CrossRef]

7. Varga, B.; Farkas, Z.; Varga-László, E.; Vida, G.; Veisz, O. Elevated Atmospheric CO2 Concentration Influences the Rooting Habits
of Winter-Wheat (Triticum aestivum L.) Varieties. Sustainability 2022, 14, 3304. [CrossRef]

8. Khaeim, H.; Kende, Z.; Balla, I.; Gyuricza, C.; Eser, A.; Tarnawa, Á. The Effect of Temperature and Water Stresses on Seed
Germination and Seedling Growth of Wheat (Triticum aestivum L.). Sustainability 2022, 14, 3887. [CrossRef]

9. Mitterbauer, E.; Enders, M.; Bender, J.; Erbs, M.; Habekuß, A.; Kilian, B.; Ordon, F.; Weigel, H.-J. Growth response of 98 barley
(Hordeum vulgare L.) genotypes to elevated CO2 and identification of related quantitative trait loci using genome-wide association
studies. Plant Breed. 2017, 136, 483–497. [CrossRef]

10. Farkas, Z.; Anda, A.; Vida, G.; Veisz, O.; Varga, B. CO2 Responses of Winter Wheat, Barley and Oat Cultivars under Optimum
and Limited Irrigation. Sustainability 2021, 13, 9931. [CrossRef]

11. Machado, R.M.A.; Serralheiro, R.P. Soil Salinity: Effect on Vegetable Crop Growth. Management Practices to Prevent and Mitigate
Soil Salinization. Horticulturae 2017, 3, 30. [CrossRef]
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17. Kutasy, B.; Takács, Z.; Kovács, J.; Bogaj, V.; Razak, S.; Hegedűs, G.; Decsi, K.; Székvári, K.; Virág, E. Pro197Thr Substitution in

Ahas Gene Causing Resistance to Pyroxsulam Herbicide in Rigid Ryegrass (Lolium Rigidum Gaud.). Sustainability 2021, 13, 6648.
[CrossRef]

18. Heap, I.; Duke, S.O. Overview of glyphosate-resistant weeds worldwide. Pest Manag. Sci. 2017, 74, 1040–1049. [CrossRef]
19. Cerdeira, A.L.; Duke, S.O. The Current Status and Environmental Impacts of Glyphosate-Resistant Crops. J. Environ. Qual. 2006,

35, 1633–1658. [CrossRef]
20. Farkas, D.; Horotán, K.; Orlóci, L.; Neményi, A.; Kisvarga, S. New Methods for Testing/Determining the Environmental Exposure

to Glyphosate in Sunflower (Helianthus annuus L.) Plants. Sustainability 2022, 14, 588. [CrossRef]
21. Jeger, M.J. The impact of climate change on disease in wild plant populations and communities. Plant Pathol. 2021, 71, 111–130.

[CrossRef]
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Abstract: The intensity and the frequency of extreme drought are increasing worldwide. An ele-
vated atmospheric CO2 concentration could counterbalance the negative impacts of water shortage;
however, wheat genotypes show high variability in terms of CO2 reactions. The development of
the root system is a key parameter of abiotic stress resistance. In our study, biomass and grain
production, as well as the root growth of three winter-wheat varieties were examined under optimum
watering and simulated drought stress in a combination with ambient and elevated atmospheric
CO2 concentrations. The root growth was monitored by a CI-600 in situ root imager and the photos
were analyzed by RootSnap software. As a result of the water shortage, the yield-related parameters
decreased, but the most substantial yield reduction was first detected in Mv Karizma. The water
shortage influenced the depth of the intensive root development, while under water-limited condi-
tions, the root formation occurred in the deeper soil layers. The most intensive root development
was observed until the heading, and the maximum root length was recorded at the beginning of
the heading. The period of root development took longer under elevated CO2 concentration. The
elevated CO2 concentration induced an accelerated root development in almost every soil layer, but
generally, the CO2 fertilization induced in the root length of all genotypes and under each treatment.

Keywords: cereals; climate change; water shortage; carbon dioxide; root development

1. Introduction

One of the most important drivers of climatic changes is the increasing atmospheric
CO2 concentration [1]. The rising temperature is a well-known worldwide phenomenon;
however, the changes in precipitation vary greatly by region [2–4]. Still, it can be stated
that the frequency and the intensity of drought have been increasing in the most important
agricultural areas of the world, and this has resulted in reduced harvested yield and has
caused uncertainties in this strategic sector [5]. Many studies have focused on the neg-
ative effects of a water-limited environment regarding winter-wheat productivity [2,5,6].
Apart from yield reduction, due to intensive drought, water sources can be utilized less
efficiently [7,8]. Several recently published studies confirmed that the elevated CO2 could
more or less counterbalance the negative effects of water shortage through the intensi-
fication of photosynthesis in C4 plants [9,10] and the regulation of the stomata closure
in C3 plants [11,12]. The majority of these studies focused on the aboveground biomass,
especially on the harvested yield; however, it must be highlighted that the root system plays
an important role in the water and nutrient uptake of the plants [13–15]. Rooting depth, as
well as the structure of the root system and the depth of intensive root development, are the
crucial factors that can influence plants’ water uptake. Still, a well-developed root structure
is not the sole determinant of drought tolerance. Roots are often more varied than shoots
and are affected by changes in the climate, soil conditions, plant varieties and soil nutrient
and water availability throughout the growing season [16]. The accurate examination of
the belowground parts of a plant is more complicated than the analysis of the aboveground
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biomass. Conventionally, destructive and non-repeatable approaches have been applied in
order to examine the rooting habits of plants, such as soil coring [17,18], the use of mini
rhizotrons [19] or pots of different sizes, but all of these methods have their limitations. First
of all, the root development and turnover cannot be measured throughout the vegetation
period within the same plant stand. Recently, various methods have been developed to
detect the properties of the belowground biomass. They mainly consist of imaging and an
image-processing phase. Another option could be to use impedance spectroscopy; however,
only a few parameters of the root system can be determined by this approach. This tool
is not suitable for measuring the parameters of the individual roots or for inspecting the
depth of the intensive root development during the plant-growth period [20,21]. MRI (Mag-
netic Resonance Imaging) or CT (X-ray Computed Tomography) technologies are highly
sophisticated methodologies, but they are exceedingly expensive and could be applied only
in pot experiments [22–24]. However, under real field conditions, as well as in a model
experiment, root-scanning technology can be efficiently used throughout vegetation. The
transparent polycarbonate tubes can be dug or drilled into the soil at different positions
and lengths to detect the rooting habits of the plants from germination until harvest. The
advantages of this approach are that the measurements can be carried out in the same
position and the potential influences of the various environmental factors on the rooting
can be excluded [25]. Wheat landraces are better adapted to changing climatic conditions
and to stress environments than modern cultivars due to their population’s genetic struc-
ture, buffering capacity, and morpho-physiological traits, such as rooting habits conferring
adaptability to stress environments [26]. However, even among the recently bred cultivars,
there is high variability in terms of abiotic stress tolerance [27,28]. Drought resistance is a
complex phenomenon, and it develops through the interaction of various plant properties
that are determined by several genes, including dwarfing genes, such as Rht1, Rht2, Rht8,
etc. [29]. Using dwarfing genes to reduce plant height increases the harvest index, improves
lodging resistance and increases grain yield. Their application has been one of the major
strategies in developing modern bread-wheat cultivars [30]. The presence of these genes
in modern wheat varieties is necessary because due to the cultivation technology, shorter
plants are more resistant to lodging. The presence of the effective dwarfing genes in the
genome not only reduces the plant height but also can negatively affect the intensity of the
root development [29].

The objectives of the study were (1) to determine the dynamics of root development
during the vegetation period of winter-wheat varieties, (2) to examine how plants react
through the modification of the root development to the drought stress in the different
soil layers, and (3) to quantify the genotypic responses to elevated atmospheric CO2
concentrations through the root development under optimum and limited water availability.
The results of the experiments could contribute to the efficiency of plant-breeding activities
for improved drought tolerance. Moreover, from a practical point of view, the experiments
emphasize that the rooting habits of the different varieties should also be considered by the
farmers.

2. Materials and Methods
2.1. Experimental Layout

Three registered Hungarian winter-wheat (Triticum aestivum L.) varieties, Mv Pálma,
Mv Karéj and Mv Karizma carrying Rht8, Rht1 and Rht2 dwarfing genes (30), respectively,
were selected for the model experiment, which was carried out in two similar climate-
controlled greenhouse chambers of the Agricultural Institute, Centre for Agricultural
Research, Hungary. Plants were vernalized at 4 ◦C for 6 weeks and the germinated seeds
were planted into plastic containers (120 cm× 90 cm × 100 cm) filled with ca. 1000 liters of
a 3:1:1 (v/v) mixture of soil, sand and humus. Water-soluble fertilizer (14% N, 7% P2O5,
21% K2O, 1% Mg, 1% B, Cu, Mn, Fe, Zn; Volldünger Classic; Kwizda Agro Ltd., Vienna,
Austria) was added bi-weekly to both water treatments based on the manufacturer’s
recommendations. Plant density was 450 plants/m2, which is similar to the commonly
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applied sowing rate in local agricultural practice (Figures 1b and 2). Each container
consisted of 8 rows and each row of 28 plants.
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The air temperature and the additional light intensity of the greenhouse chambers
were automatically regulated. The air temperature was increased from the initial 10–12 ◦C
to 24–26 ◦C over 16 weeks, while air humidity was maintained between 60% and 80% and
was regulated by ventilating the greenhouse chambers’ air [31]. Whenever it was necessary,
the natural-light intensity was enhanced by artificial illumination to 500 µmol m−2 s−1 at
the beginning of the vegetation period, which was gradually increased to 700 µmol m−2

s−1. Thiovit Jet fungicide (Syngenta AG, Basel, Switzerland) (active ingredient: sulfur) and
Karate 2.5 WG insecticide (Syngenta AG, Basel, Switzerland) (active ingredient: lambda-
cyhalothrin) were applied two times (BBCH 23 and 37) [32] following the distributor’s
recommendations by the dosage against powdery mildew and aphids, respectively. The
atmospheric CO2 concentration in the control (ambient) chamber was maintained at ~400
ppm and the gas concentration was enhanced to 750 ppm in the other chamber by using
a network of perforated pipes placed at a height of 0.5 m above the plants. The uniform
distribution was achieved through ventilation.

The containers were separated into two parts of equal size (optimum watered and
drought-stressed) by using water-insulating PVC foil (thickness 1 mm).

The water-holding capacity of the soil was determined by using the gravimetric
method before starting the experiment and the control treatments were watered until
optimum (60%) soil-water content [SWC]. The water content of the soil was monitored
by 5 TA sensors (Decagon Devices Ltd., Pullman, WA, USA) at 3 depths (30, 60 and 90
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cm). Water-stressed plants did not receive additional watering after the planting until the
volumetric soil-water content dropped below 8–10% (average of the three depths). The
plants in the drought-stress treatment were irrigated first at the BBCH 51 stage, 68 days
after the planting. Afterwards, halved water doses compared to the control were applied to
the stress-treated stands.

2.2. Measurements

Without overlapping, three transparent polycarbonate tubes were set up in the con-
tainers in a horizontal position, at 30, 60 and 90 cm soil depths (Figure 1a). The root
development/turnover was monitored every two weeks in the same positions of the
tubes by a CI-600 in situ root imager (CID-Bioscience Ltd., Camas, WA, USA). The plant
phenophases were ranked according to the BBCH scale (Table 1) [32].

Table 1. List of phenophases when the root length measurements were carried.

BBCH Codes Explanation

BBCH 17 Leaf development: 7 or more leaves unfolded
BBCH 29 End of tillering: the maximum number of tillers detectable
BBCH 37 Flag leaf just visible, still rolled

BBCH 51 Beginning of heading: the tip of inflorescence emerged from the sheath, the
first spikelet just visible

BBCH 69 End of flowering: all spikelets have completed flowering but some
dehydrated anthers may remain

BBCH 77 Late milk stage
BBCH 83 Ripening, early dough

RootSnap software (CID-Bioscience Ltd., Camas, WA, USA) was applied for image
processing and to determine the root length (Figure 3). Simultaneously, soil temperature
and soil-water content were monitored continuously in the three layers by 5 TE sensors
and EM50 data loggers (Decagon Devices Ltd., Pullman, WA, USA).
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Figure 3. An image taken by the CI-600 root scanner under analysis by the RootSnap software.

At the end of the vegetation period, all plants were manually harvested row by
row (8 replications). The weight of the total aboveground biomass, grain weight and
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thousand-kernel weight was measured by a digital balance (ME 1002E, Mettler-Toledo Ltd.,
Worthington, OH, USA), and the harvest index (Equation (1)) was calculated.

Harvest index =
grain yield (g)

total aboveground biomass (g)
∗ 100 (1)

Relative changes in the root length in response to elevated carbon dioxide levels were
calculated as:

CO2 responses =
Ex
A

(2)

where A is the root length at the 400 ppm CO2 level, Ex is the root length at the 700 ppm
CO2 level.

2.3. Analysis

The experimental design (2 × 2 × 3) consisted of two CO2 levels, two watering levels
and three genotypes. The rooting habits of a closed plant stand were analyzed. The
scanning was always carried out in three replications in the same position. The effects of
the tested factors on yield parameters were determined by multi-way ANOVA and means
were compared by Tukey’s HSD test (p ≤ 0.05). The significant differences in the length
parameters between the water treatments and CO2 levels were evaluated by Student’s
t-test and the significant differences between the root lengths measured in the plant growth
stages were analyzed by one-way ANOVA followed by Tukey’s HSD test.

3. Results
3.1. Effects of Water Shortage and Elevated Atmospheric CO2 Concentration on Yield Parameters

The biomass (BM), grain yield (GY), thousand-kernel weight (TKW) and harvest index
(HI) of the individual treatments are summarized in Table 2.

Table 2. Responses of winter-wheat varieties to elevated CO2 and water shortage.

Factors Variables

Genotypes CO2 Levels Watering BM (g) GY (g) TKW (g) HI (%)

Mv Pálma

NC C 67.4 26.06 36.87 38.57
NC D 62.0 23.37 41.57 37.54
EC C 73.6 30.47 35.63 41.95
EC D 65.3 25.65 40.53 39.62

Mv Karéj

NC C 73.8 27.47 43.00 37.18
NC D 66.4 24.45 42.60 37.05
EC C 75.6 28.44 41.47 37.90
EC D 67.7 25.83 40.52 38.15

Mv
Karizma

NC C 77.4 32.12 41.77 41.76
NC D 70.6 28.96 37.87 41.17
EC C 79.4 33.70 41.46 42.71
EC D 75.9 32.20 35.11 42.64

HSD5%
values

Watering 1.817 1.223 n.s. n.s.
CO2 n.s. 1.079 6.42 7.69

Genotype 1.198 0.998 6.59 8.08
BM: aboveground biomass; GY: grain yield; TKW thousand-kernel weight; HI: harvest index; NC: ambient CO2;
EC: 750 ppm CO2; C: controlled watering; D: drought stress, n.s. the effects of the factor are not significant (the
presented data are means of eight replications).

The ANOVA shows that the effects of the watering levels, genotypes and the CO2
concentrations significantly influenced the grain yield, but their interactions were not
statistically significant. The effects of the watering and the genotypes were significant
on the aboveground biomass, but the ANOVA shows that the interactions of the factors
remained insignificant (Tables S1 and S2). Different CO2 levels and irrigation regimes were
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assumed to have contradictory effects on the yield-related parameters. Water shortage
resulted in decreased BM and GY both under ambient and elevated CO2 concentrations. The
ratio of the yield reduction did not differ between the two CO2 concentrations. Compared
to the well-watered plant stands, the biomass of Mv Pálma and Mv Karéj decreased by
8.02% and 10.03% under ambient CO2 concentration and 11.2% and 10.45% under elevated
CO2, respectively, in the drought-stress treatment (Table 2).

Generally, the simulated drought stress did not significantly affect the TKW and the
HI, but the effects of the genotypes and watering levels were statistically significant in
terms of both parameters (Tables S3 and S4). In the case of Mv Pálma, water shortage led
to a 12.75% and 13.75% increase in TKW compared with the non-stressed controls under
400 ppm and 750 ppm CO2 concentration, respectively. The highest yielding capacity was
observed for Mv Karizma, and this genotype showed the lowest yield reduction under the
simulated drought stress. In Mv Karizma, the elevated CO2 concentration played a role in
counterbalancing the negative effects of the water shortage. Taking the average of the three
examined varieties, the CO2 enrichment increased the biomass (by 4.57% and 4.97% under
normal watering and drought stress, respectively) as well as the grain yield (by 8.1% and
8.96% under normal watering and drought stress, respectively) (Table 2). Improved harvest
indices (4.3% and 4.0% under normal watering and drought-stress conditions, respectively)
could be determined as a result of the observed tendencies in biomass and grain weight,
which would be highly favorable for nutrient- and water-utilization efficiency. In Mv Karéj,
no differences were observed between the two water treatments in terms of CO2 reactions.
The interaction of water shortage and CO2 fertilization showed opposite tendencies in
the other two varieties. The increase in the yield parameters was more intense under the
control water supply in Mv Pálma, while the positive effect of the elevated CO2 compared
with the control was more significant under drought-stress conditions in Mv Karizma
(Table 2).

3.2. Dynamics of the Root Development of Winter-Wheat Varieties under Optimum Watering and
Drought-Stressed Conditions Grown at Ambient and Elevated CO2 Concentrations

Under ambient CO2 concentration, the root length of Mv Pálma continuously devel-
oped in the well-watered treatment after planting until it reached its maximum level at the
BBCH 51 stage in the two upper soil layers (30 and 60 cm), while a faster root development
was detected in the drought-stressed treatment when the root length did not significantly
increase after the BBCH 29 and BBCH 37 stages at 30 and 60 cm, respectively. (Table 3).
Significantly higher root length was observed at 30 cm between the BBCH 29 and 51 stages
under drought-stressed conditions, but the root length did not significantly differ between
the water treatment at 60 cm except at the BBCH 21 and 83 stages. At 90 cm, the root
length of Mv Pálma reached its maximum (does not significantly increase further) at BBCH
69 under optimum irrigation and at BBCH 51 under drought-stressed conditions, and
significantly higher root length was measured under drought stress between BBCH 37 and
BBCH 83 than in the control treatment (Table 2). Under elevated CO2, the root length of Mv
Pálma was consequently higher in the well-irrigated treatment at 30 cm between BBCH
21 and BBCH 77 than under drought stress (Table 3). The root length did not significantly
increase at 30 or 90 cm after the BBCH 37 stage, but at 60 cm, the root length did not
significantly increase after the BBCH 29 stage under drought-stressed conditions.

Under ambient CO2 concentration, the root length of Mv Karéj reached its maximum
in the upper soil layer (30 cm) at the BBCH 29 stage in both water treatments, and the root
length was significantly higher under optimum watering at BBCH 51 and BBCH 77 than in
the drought-stressed treatment (Table 4). In the middle layer (60 cm), the root length did
not significantly increase after BBCH 37 and BBCH 29 in the control and drought-stressed
treatments, respectively, and a significant difference between the water treatments can be
observed only at the BBCH 29 phenophase. In Mv Karéj, the maximum root length was
observed at the BBCH 51 stage at 90 cm in both water treatments, but significantly higher
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values were measured under drought-stressed conditions from BBCH 37 compared to the
control treatment.

Table 3. Root length of Mv Pálma in different stages of vegetation under well-watered and drought-
stressed conditions in different soil layers by ambient and elevated atmospheric CO2 concentrations.

400 ppm 750 ppm

C30 D30 C60 D60 C90 D90 C30 D30 C60 D60 C90 D90

BBCH 17 362a4 160b5 n.r. n.r. n.r. n.r. 503a4 518a3 n.r. n.r. n.r. n.r.
BBCH 21 884a3 897a4 262a4 276a4 n.r. n.r. 1133a3 851b2 634a4 656a2 n.r. n.r.
BBCH 29 1215b2 1516a1 858b3 1225a23 457a4 666a3 1380a2 596b3 933a23 1021a1 1029b3 1180a4

BBCH 37 1249b2 1532a1 1385a1 1452a1 951b3 2228a2 1778a1 1063b1 1185a1 1079a1 1947a1 1952a1

BBCH 51 1276b1 1452a1 1537a1 1492a1 1194b2 3190a1 1649a1 1097b1 1231a1 1146a1 1871a1,2 1843a1,2

BBCH 69 1253a2 1242a2,3 1234a2 1337a1 1540b1 2877a1 1477a2 1087b1 1079a1,2 1027a1 1852a1,2 1548b3

BBCH 77 1506a1 1137b3 927a3 1034a3 1008b2,3 2730a1 1334a2 876b2 821a3 674b2 1646a2 1637a2,3

BBCH 83 1293a2 1439a1,2 1209b2 1387a1,2 1340b1,2 3200a1 1026a3 991a1,2 862a3 995a1 1887a1,2 1882a1,2

C30, D30, C60, D60, C90 and D90 indicate the soil layer at 30 cm under controlled watering, the soil layer at
30 cm under drought stress, the soil layer at 60 cm under controlled watering, the soil layer at 60 cm under
drought stress, the soil layer at 90 cm under controlled watering and the soil layer at 90 cm under drought stress,
respectively. Lowercase letters indicate significant differences between drought and control treatments within the
same soil layer and CO2 treatment (Student’s t-test) (p < 0.05) and the numbers in superscripts indicate significant
differences between phenophases (HSD test (p ≤ 0.05) (n = 3), n.r., no roots were observed.

Table 4. Root length of Mv Karéj at different stages of vegetation under well-watered and drought-
stressed conditions in different soil layers by ambient and elevated atmospheric CO2 concentrations.

400 ppm 750 ppm

C30 D30 C60 D60 C90 D90 C30 D30 C60 D60 C90 D90

BBCH 17 357a4 412a4 n.r. n.r. n.r. n.r. 60b6 208a4 n.r. 0 0 0
BBCH 21 1450a3 1425a2 288a3 237a3 n.r. n.r. 588b5 1060a3 544a3 208b4 0 0
BBCH 29 1982a1,2 1818a1 982b2 1280a1,2 470a3 785a3 1240a4 1257a2,3 1121a2 472b3 750a3 559b3

BBCH 37 2111a1 1890a1 1476a1 1375a1 2326b2 2832a2 1539a1 1550a1 1398a1 746b1,2 2341a1,2 1562b1,2

BBCH 51 2167a1 1582b2 1659a1 1474a1 3205b1 3804a1 1657a1 1548a1 1396a1 862b1 2703a1 1551b1,2

BBCH 69 1870a2 1575a2 1484a1 1334a1,2 2867b1 3747a1 1551a1,2 1338b1 1242a1,2 809b1,2 2387a1,2 1664b1

BBCH 77 1578a3 1153b3 1122a2 1122a2 2454b2 3480a1 1411a2,3 1298a2 1041a2 673b2 2038a2 1361b2

BBCH 83 2173a1 1933a1 1623a1 1466a1 3232b1 3802a1 1382a3 969a3 1117a2 662b2 2404a1,2 1716b1

C30, D30, C60, D60, C90 and D90 indicate the soil layer at 30 cm under controlled watering, the soil layer at
30 cm under drought stress, the soil layer at 60 cm under controlled watering, the soil layer at 60 cm under
drought stress, the soil layer at 90 cm under controlled watering and the soil layer at 90 cm under drought stress,
respectively. Lowercase letters indicate significant differences between drought and control treatments within the
same soil layer and CO2 treatment (Student’s t-test) (p < 0.05) and the numbers in superscripts indicate significant
differences between phenophases (HSD test (p ≤ 0.05) (n = 3), n.r., no roots were observed.

Under 750 ppm CO2, the root length of Mv Karéj reached its maximum at the BBCH
37 stage at each soil layer under optimum and drought-stressed conditions. No significant
differences were observed between the water treatments at the 30 cm soil layer after the
BBCH 21 stage, but the CO2 enrichment resulted in a significant decrease in root length in
each phenophase at 60 and 90 cm (Table 4).

The root development of Mv Karizma showed the highest variability among the
studied varieties under ambient CO2 concentration in different soil layers and irrigation
regimes. Intensive root development was observed from planting until the BBCH 29 stage
at 30 cm, but the root length did not increase further during vegetation. Oppositely, a
significant reduction in root length was determined from the BBCH 69 stage (Table 5).
The root length at 30 cm was significantly higher under optimum watering than under
drought stress in each phenophase. At 60 cm, the root-length development was faster under
drought-stress conditions than under optimum irrigation, and the measured data did not
significantly increase after BBCH 37 and BBCH 51 under drought stress and optimum

13



Sustainability 2022, 14, 3304

watering, respectively. The water shortage induced a significantly more developed root
system in Mv Karizma for each phenophase at 60 cm (Table 5). The root system developed
intensively until the BBCH 51 stage at 90 cm under both watering regimes, then a root
turnover can be observed in the BBCH 69 and 77 stages, but another intensive root formation
was detected at the BBCH 83 stage. Significantly higher root-length values were measured
in Mv Karizma under drought-stressed conditions at 90 cm than in the control treatment
from BBCH 29 until BBCH 83, except BBCH 37 at 400 ppm CO2 concentration. Under
elevated CO2 levels (750 ppm), a delay can be observed at 30 cm in the time that the root
length takes to reach its maximum compared to the ambient treatment. The maximum
values were observed at the BBCH 37 stage in both water treatments. The water supply had
no significant effects on the root length of Mv Karizma during vegetation at 30 cm under
750 ppm CO2 between the BBCH29 and BBCH77 stages. At 60 cm, the highest root length
was observed at the end of vegetation under optimum watering, while the highest data
were measured at the BBCH 37 and BBCH 51 stages under limited water supply. The water
shortage induced a significant increase in root length in each phenophase of Mv Karizma
under CO2 enrichment. The trends in root development at 90 cm were similar to that at 60
cm, and the water shortage resulted in an increase in root length between the BBCH 37 and
BBCH 77 stages (Table 5).

Table 5. Root length of Mv Karizma at different stages of vegetation under well-watered and drought-
stressed conditions in different soil layers by ambient and elevated atmospheric CO2 concentrations.

400 ppm 750 ppm

C30 D30 C60 D60 C90 D90 C30 D30 C60 D60 C90 D90

BBCH 17 375a4 156b5 n.r. n.r. n.r. n.r. 200a4 338b4 n.r. n.r. n.r. n.r.
BBCH 21 2013a3 1057b4 114b4 153a4 n.r. n.r. 641a3 956b3 294b5 525a4 n.r. n.r.
BBCH 29 2729a1,2 1711b1,2 561b3 1843a3 528a4 195b4 1170a2 1067a2,3 742b4 1355a3 684b3 568a3

BBCH 37 2820a1 1829b1,2 810b2 2356a1,2 2847a2 3251a3 1381a1 1322a1 1366b2,3 2041a1 1997b2 3345a1

BBCH 51 2931a1 1853b1 1142b1 2560a1 3469b1 4411a1 1338a1,2 1181a1,2 1592b2 2188a1 2483b2 3242a1

BBCH 69 2470a2 1609b2 1156b1 2086a2,3 2433b3 3744a2 1244a1,2 1155a1,2 1432b2,3 1660a2 2407b2 3178a1

BBCH 77 2128a3 1476b2,3 991b1,2 2012a2,3 2629b2,3 3481a3 1180a1,2 1013a2 1271b3 1665a2 2196b2 2535a2

BBCH 83 1963a3 1766b1,2 1182b1 2474a1 3365b1 4468a1 1342a1,2 1031b2 1845a1 1792a2 2864a1 3050a1

C30, D30, C60, D60, C90 and D90 indicate the soil layer at 30 cm under controlled watering, the soil layer at
30 cm under drought stress, the soil layer at 60 cm under controlled watering, the soil layer at 60 cm under
drought stress, the soil layer at 90 cm under controlled watering and the soil layer at 90 cm under drought stress,
respectively. Lowercase letters indicate significant differences between drought and control treatments within the
same soil layer and CO2 treatment (Student’s t-test) (p < 0.05) and the numbers in superscripts indicate significant
differences between phenophases (HSD test (p ≤ 0.05) (n = 3), n.r., no roots were observed.

3.3. CO2 Reactions of Winter-Wheat Genotypes during Vegetation at Different Soil Layers under
Well-Watered and Drought-Stressed Conditions

The responses of Mv Pálma to the elevated CO2 showed a variability during the
vegetation period and significant alterations were determined between the well-watered
and drought-stressed treatments (Figure 4). The CO2 response was positive and significant
from the sowing until the BBCH 21 stage at 30 and 60 cm, and this tendency can be
observed for 90 cm at the BBCH 29 stage. Generally, the CO2 enrichment induced faster
root development in Mv Pálma.

Positive and statistically significant CO2 reactions were observed between the BBCH
37 and BBCH 83 growth stages under optimum watering at 90 cm, and between BBCH 51
and BBCH 69 at 30 cm (Figure 4). The CO2 fertilization resulted in a significant decrease
in the root length of Mv Pálma under drought-stressed conditions at the BBCH 37 stage,
and at the later stages of vegetation in each soil layer except in the BBCH 51 stage at 60 cm
(Figure 4).

Overall, the CO2 responses of Mv Karéj were negative in each phenophase, and the
reactions were not influenced by the watering (Figure 5). The negative CO2 responses
were more intensive at the end of vegetation, which indicates that the CO2 fertilization
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influenced the water balance of plants and induced faster root turnover. The unfavorable
impacts of the CO2 enrichment were more intensive under drought-stressed conditions
on the root length, but this process could be a component of the survival strategy of this
genotype (Figure 5).
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The CO2 reactions of Mv Karizma showed variability during vegetation, and this
parameter was influenced significantly by the watering (Figure 6). Roots can be observed
only at 30 cm at the BBCH 17 stage, and significant positive CO2 responses were observed
in terms of the root development under drought-stressed conditions, while the opposite
tendency was observed under optimum irrigation. The negative impacts of the CO2
enrichment were detected at 30 cm under optimum irrigation in the BBCH 21 stage, but
significant positive responses to both watering levels were observed at 60 cm. The reactions
of Mv Karizma to CO2 enrichment was consequently negative at 30 cm, and this trend
was not influenced by the intensity of watering, while the CO2 reactions were tendentially
negative between the BBCH29 and BBCH 83 stages under drought-stressed conditions and
positive at 60 cm under controlled irrigation. Negative CO2 reactions were determined at
90 cm at both watering levels, but this tendency was significant at first when plants reached
the BBCH 51 stage (Figure 6).
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Figure 6. Relative changes in root length of Mv Karizma to elevated CO2 concentration during the
vegetation period at 30, 60 and 90 cm soil layer under optimum watering (control) and drought-
stressed conditions. Full bars represent significant differences compared to the control (400 ppm)
p ≤ 0.05 level (n = 3).

4. Discussion

CO2 molecules in the atmosphere are essential substrates of photosynthesis; therefore,
in general, increasing the concentration of CO2 leads to improved assimilation and crop
productivity. Previously, the effects of elevated CO2 have been widely investigated in vari-
ous field crops, such as wheat [33,34], maize [35,36], rice [37], sorghum [35], etc. Primarily,
these studies determined that CO2 fertilization improved biomass and grain production,
which is also confirmed by our experiment. It has already been correspondingly established
that there are differences in the CO2 reactions of cereal varieties, especially under stress
conditions [37–39]. In our experiment, Mv Karizma showed the most intense responses to
the increased CO2 level. Previously conducted studies also highlighted that the increasing
CO2 concentration could partly counterbalance the negative impact of abiotic stresses, such
as drought or heat [7,40]. In our experiment, the CO2 response was variety dependent
and the most favorable reactions were observed for Mv Karizma. The yield reduction
under drought stress dropped by approximately one half under elevated CO2 compared to
ambient conditions. The physiological background of this result might be that the high CO2
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concentration modifies the intensity of the photosynthesis [39,41], decreases the stomatal
conductance and increases the evaporation [42]. Based on this, it can be concluded that al-
though the influence of elevated CO2 on the aboveground parts of the plants is well-known,
the development of the root system should also offset the increased water loss and nutrient
uptake. There are differences in the rooting habits of wheat varieties, even under ambient
conditions [43,44]; furthermore, the cultivars also give diverse responses to CO2 [45,46].
Considering the above, it would be highly important to reveal how these effects interact
under various irrigation regimes.

The novel aspect of our study is that the effects of the elevated CO2 concentration
were combined with the drought stress, and the differences in the CO2 responses of the
tested varieties were also determined.

Asseng et al. [47] described in a minirhizotron study that the fastest root-growth
development was observed between the visible terminal spikelet stage (BBCH 51) and
anthesis (BBCH 65), and the maximum root length was measured beyond 90 days after
sowing. Based on our results, the most intensive root growth occurred in the vegetative
phase, while the date of the highest root length was influenced by the atmospheric CO2 as
well. Under ambient conditions, the maximum root length could be observed at the BBCH
37 stage, but the elevated CO2 resulted in a constant increase in the root length until the
BBCH 51 phase. Uddin et al. [48] described that elevated CO2 resulted in the intensive root-
length formation of wheat plants, especially in the upper soil layer. In our study, however,
significant differences were observed between the examined varieties in terms of CO2
reactions. Our study partly confirmed this trend: although accelerated root development
was detected in each soil layer induced by the CO2 fertilization, overall, the root length was
reduced under elevated CO2 concentration. Mitchell et al. [49] proposed that the potential
reason for this phenomenon could be that the surplus assimilates availability for extra
root growth under elevated CO2. Manschadi et al. [50] found in a wheat experiment, in
root-observation chambers, that genotypes that were developed for dry conditions had
longer root systems in deep soil layers. In our study, the intensive root formation in the
deeper soil layers (60 and 90 cm) under drought-stressed conditions indicate the good
adaptive capacity of the examined genotypes, especially that of Mv Pálma and Mv Karizma,
to a water-limited environment.

In the root characteristics, no differences were detected in near-isogenic lines in the
case of the reduced height genes (Rht1 and Rht2) in Western Australia [51], whereas in
Argentina, an increase in the total root length and root weight was associated with reduced
height [52]. In our experiment, Mv Karizma had the greatest root length, especially under
dry conditions, in the deepest soil layer. This might be due to the presence of the less-
efficient dwarfing gene (Rht2) in its genome. Mv Pálma had the less-developed root system,
even under elevated CO2 concentration, which could be in accordance with the presence of
the Rht8 gene.

5. Conclusions

As a consequence of the water shortage, the depth of the intensive root development
remained in the deeper soil layers and under elevated CO2 concentration, the distribution
of the root system was more homogeneous in the whole soil profile than under ambient
conditions. The elevated CO2 concentration induced an accelerated root formation, but
considering the whole vegetation period, the CO2 fertilization had a reducing effect on the
root length.

The most intensive root development was detected in the vegetative stage of the plants.
The maximum root length was observed at the beginning of the heading, and this period
took longer under elevated CO2 concentration. After the heading, the development of
the new roots became slower and intensive root turnover was observed. Increased root
formation was determined at the maturity stage in almost every treatment, which could be
in association with the re-growth of the stubble under field conditions.
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The water shortage generally stimulated root growth, but the depth of the intensive
root development proved to be variety dependent and this phenomenon was more intensive
under ambient CO2 concentration.
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interactions on the grain yield, Table S3: The effects of the tested factors and their interactions on
the thousand-kernel weight, Table S4: The effects of the tested factors and their interactions on the
harvest index.
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Abstract: Bacterial spot disease on peppers is caused by four species of the genus Xanthomonas.
This disease causes black spot lesions not only on the leaves but also on the fruit, leading to yield
and quality loss. Xanthomonas species cause major disease outbreaks in tropical, subtropical and
humid continental regions worldwide. Bacterial blight caused by xanthomonads occurs on both
greenhouse- and field-grown peppers and is particularly important in areas characterized by hot and
humid environmental conditions. As pesticides are currently not sufficiently effective in the control
of bacterial spot, the development of pepper varieties resistant to Xanthomonas species, including
X. hortorum pv. gardneri, is of primary importance for sustainable production. In our research,
119 lines of Capsicum baccatum from the USDA ARS gene bank (Griffin, GA) and MATE (Hungarian
University of Agriculture and Life Sciences) were tested against strains of X. hortorum pv. gardneri
under greenhouse conditions. Four accessions of the wild pepper species C. baccatum appeared to
be resistant to seven strains of X. hortorum pv. gardneri in greenhouse trials. The resistant genotypes
of X. hortorum pv. gardneri identified in this study can be used for the resistance gene pyramidation
against different bacterial spotted Xanthomonas species in pepper.

Keywords: sustainability; pepper breeding; bacterial spot resistance; Xanthomonas hortorum pv. gardneri

1. Introduction

Pepper (Capsicum spp.) is one of the most important vegetables and spices worldwide
because of its versatility, its high nutritional value, as well as its role in reducing human
micronutrient deficiencies [1]. The chili pepper genus is currently known to consist of
43 species [2] that are native to temperate and tropical Central and South America, Mexico
and the West Indies, five of which are domesticated: C. annuum, C. chinense, C. frutescens,
C. baccatum, and C. pubescens [3]. Despite the crucial agronomic importance of this crop,
diseases are still one of the most important damaging factors in pepper production, and
only few can be controlled by chemical treatments. However, environmental and consumer
concerns, as well as the risk of crop pathogen insensitivity, underline the importance
of developing resistant pepper varieties as a more effective way of reducing the impact
of disease [4,5]. Capsicum germplasm collections represent an immense genetic wealth
resource this purpose, but screening for disease resistance is often a lengthy, labor-intensive,
expensive and mostly complex process.

Bacterial spot disease of peppers occurs in both processing and fresh market pepper
fields, particularly where growing conditions are characterized by high humidity. Known
for its aggressiveness, the pathogen X. hortorum pv. gardneri causes large, star-shaped
necrotic lesions on the foliage, stem and fruit. Diseased leaves drop prematurely, resulting
in extensive defoliation, thus reducing plant productivity and exposing fruits to potential
sunscalding. Stem lesions occur as narrow, light brown, longitudinally raised cankers. Fruit
with such large lesions are non-marketable in both the fresh and processed markets.
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Bacterial spot is caused by four bacterial species of the genus Xanthomonas: X. euvesica-
toria, X. vesicatoria, X. perforans and X. hortorum pv. gardneri [6]. X. hortorum pv. gardneri
was first described in 1957 [7]. The pathogen X. hortorum pv. gardneri was recognized as
a causative agent of bacterial spot epidemics in the year 2000. Currently, there are few
chemicals available that are effective against these pathogens, and even these are ineffective
under high disease pressure and have a negative impact on the environment. Since the
overuse of copper has led to the development of resistance in the bacterial population,
there is a need to find new sustainable and environmentally friendly alternatives [8,9]. The
growing number of bacterial spot diseases caused by emerging varieties of xanthomonads
makes it increasingly urgent for growers to find practical and sustainable solutions. The use
of varieties resistant to bacterial leaf spot offers a potential tool for disease control in field
conditions. The spread of new Xanthomonas species over the last few years has made the
discovery of new sources of resistance a major priority. Thus, host resistance is considered
to be a critical element of disease management strategies.

Resistance breeding programs successfully developed commercial pepper lines with
hypersensitive and quantitative resistance to various Xanthomonas species [10]. Genes
regulating resistance have been found in X. euvesicatoria [11], X. perforans species T3 [12],
X. perforans species T4 [13], and X. vesicatoria [14], and six dominant resistance genes have
been identified in pepper to date, namely Bs1, Bs2, Bs3, Bs4C, Bs7 and BsT [15]. However, the
persistence of resistance can change rapidly due to the changing geographical distribution
of the pathogen and the rapid emergence of new pathogenic variants [16]. In the case
of X. hortorum pv. gardneri, only one resistance gene source has been described so far,
although in this case the infection was caused by a single Xantomonas strain (USVLXG1)
and resistance was not tested with other Xanthomonas isolates [17]. The introduction
of resistance genes with different mechanisms of action could provide a durable and
sustainable solution to this ongoing host–pathogen arms race.

Commercial pepper varieties carrying recessive resistance genes, namely bs5 and
bs6, have not proven effective against X. hortorum pv. gardneri. Based on current publi-
cations, the recessive resistance gene bs8 identified in C. annuum accession PI 163192 is
the only one that was shown to confer resistance to X. hortorum pv. gardneri [18]. With
the increasing frequency of Xanthomonas outbreaks around the world, there is a growing
rationale to identify new sources of resistance in pepper to emerging bacterial species,
including X. hortorum pv. gardneri and to incorporate these new resistance genes into breed-
ing programs.

Preliminary results are presented below, which are aimed at screening wild pepper
cultivars for heritable resistance to X. hortorum pv. gardneri. The aim of our current work
was to identify new sources of resistance to X. hortorum pv. gardneri in pepper and to
identify potential candidate genes involved in resistance to bacterial spot disease. A diverse
USDA panel of pepper accessions were screened for resistance to X. hortorum pv. gardneri,
and highly resistant accessions were identified in our work.

2. Materials and Methods
2.1. Plant Materials

The work was carried out on a collection of C. baccatum accessions originating from
the USDA ARS genebank. We tested 119 accessions including 97 C. baccatum var. pendulum,
2 C. baccatum var. pratermissum, 7 C. baccatum var. baccatum, and 2 C. baccatum var. umbilicatum,
and in 11 cases the variant was not specified (Table S1). In order to improve germination,
the seeds were pre-soaked for four hours before they were sterilized with 10% calcium
hypochlorite (Ca(ClO)2) solution for twenty minutes with a few drops of Tween20. The seeds
were rinsed five times with sterile Milli-Q Water. After that, all of the seeds were placed on MS
medium [19] with 20 g sucrose (MS20) in sterilized glass storage jars until the cotyledon stage.
Afterwards, the plants were placed into pots filled with Klasmann Traysubstrate soil mixed
with 50 g NPK and microelement fertilizer (14% N + 7% P + 21% K + 1% Mg + 1% microelements
(B, Cu, Mn, Fe, Zn) to 70 L of soil.
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The plants were then grown under controlled greenhouse conditions at 24 ± 2 ◦C, with
14/10 h photoperiods, and 50–70% relative humidity until they reached the six-mature-leaf
stage. A cultivated variety C. annuum Fö “Fehérözön” was used as a susceptible control.

2.2. Bacterial Isolates and Plant Infiltration

To find a resistant phenotype, two Xg strains were used for plant infiltration—LMG962
from the Belgian Coordinated Collections of Microorganisms (BCCM) and SRB, which is a
field isolate from Serbia [7]. Bacteria were cultivated in YDC [20] medium for two days
in an incubator at a temperature of 30 ◦C. After two days of incubation, bacteria were
collected and diluted with sterile Milli-Q Water to a final concentration of 106 cfu/mL. The
infiltration was performed in planta with a needle-free syringe into the intercellular spaces
on the abaxial side of the first true leaves. After infiltration, the plants were placed in plant
growth chambers at 25 ◦C with a 16/8 h photoperiod, at 50–70% relative humidity.

The response to infection was monitored continuously, but the final evaluation was made
after 7 days. The plants that showed complete resistance to both isolates were also tested with
five further Xg strains: Xg51, Xg152, Xg153, Xg156, Xg177 (Table 1), which were donated by
Brian Staskawicz (Innovative Genomics Institute University of California, Berkeley).

Table 1. Xg strains used in this study and their origin.

Species Strain Name Origin Host Isolated Year Isolated Isolation ID Collector

X. hortorum pv.
gardneri

LMG962 Republic of Yugoslavia tomato 1957 - Sutic D.
SRB Republic of Yugoslavia tomato 1957 - Sutic D.
Xg51 - 1 - - - T. Minsavage

Xg152 - - - - -
Xg153 Gibsonburg, OH tomato 2010 SM194-10 S. Miller
Xg156 Blissfield, MI tomato 2010 SM177-10 S. Miller
Xg177 Sandusky Co., OH tomato 2012 SM795-12 S. Miller

1 means that the exact origin, host, year, isolation ID or collector of the isolate has not been established.

2.3. Bacterial Growth Test

In order to determine how the presence of resistance affected bacterial growth in
resistant plants, leaf disc samples were collected from the infiltrated area at different times.
For the test of the LMG962 isolate, four resistant and three susceptible plants were used in
two replicates at 25 ◦C and 30 ◦C. The photoperiod and humidity were the same as for the
accession testing. Sampling was performed at 0, 2, 4, 6, 8, 10, 12 days post inoculation (dpi)
from the inoculated area. In the case of resistant plants, re-isolation was also performed
30 days after infection to monitor possible changes in bacterial counts. The isolated leaf
discs were macerated in 100 µL sterilized water and prepared in dilution lines and were
scattered on YDC medium. After two or three days, the colonies were counted. The cfu/cm2

of leaves was calculated by counting the number of adult colonies.

3. Results
3.1. Evaluation of C. baccatum Accessions for the Susceptibility and Resistance to X. hortorum pv. gardneri

One hundred and nineteen C. baccatum accessions were inoculated with two highly
virulent strains (LMG962 and SRB) of X. hortorum pv. gardneri and evaluated for symptoms.
Disease evaluation started one week after inoculation and the earliest typical disease
symptoms were observed on the leaves 3–6 days after inoculation on the infected pepper
plants. The average incubation period varied between 4 and 7 days until the initial abnormal
discoloration appeared, while the length of time required to develop complete leaf necrosis
in sensitive individuals varied between 6 and 10 days.

Susceptible symptoms typically started with chlorotic lesions, which developed into
angular, water-soaked lesions and eventually into brown or black necrotic lesions. Phe-
notyping of the control line “Fehérözön” (highly susceptible) conformed to the expected
disease reactions. In our studies, we found that C. baccatum accessions differed in terms of
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the earliness and intensity of symptoms. The vast majority of the accessions were suscepti-
ble to both strains, showing a similar phenotype to “Fehérözön” used as a control. A small
part of the accessions showed partial resistance to one of the X. hortorum pv. gardneri strain.
Based on the evaluation of their reactions, four of the 119 C. baccatum genotypes showed
strong resistance to both Xg isolates used in the first selection round (Figure 1).
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Figure 1. Symptoms of bacterial spot 7 days after inoculation with strain LMG962 in susceptible
Fö (a,b) and the resistant phenotype on Cbp2 plants infected with strain LMG962 (c,d) and SRB (e,f).
Adaxial and abaxial view.

In the second phase, all four previously resistant phenotypes of C. baccatum accessions
were challenged with five additional Xg isolates. Based on our results, all four accessions
also showed strong resistance (Table 2) to all five additional Xg isolates (Xg51, Xg152, Xg153,
Xg156, Xg 177).

Table 2. C. baccatum var. pendulum accessions showing partial or complete resistance to the
X. hortorum pv. gardneri strains used.

Species Variety Accession SRB LMG962 XG51 XG152 XG153 XG156 XG177
Cbp2 + + + + + + +
Cbp3 + + + + + + +
Cbp4 + + + + + + +

PI 441541 + −
PI 441542 + −
PI 370010 − +
PI 441543 + -
PI 441578 + −
PI 441552 − +
PI 441533 − +
PI 441520 + −

C.baccatum pendulum

Cbp1 + + + + + + +
+: resistant response to infection, −: sensitive response to infection.

In the resistant plants, the infected area turned light green, but at 30 dpi, it was no
longer possible to distinguish between infiltrated and untreated areas. Small necrotic spots
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appeared on the leaves at 10–12 dpi typically along the leaf veins, but these lesions increased
very little if at all after 30 days (Figure 2). No difference was observed between the emerging
phenotype in resistant plants according to the bacterial strain used for inoculation.
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Figure 2. Symptoms of bacterial spot 30 days after inoculation with strain LMG962, SRB and Xg51 in
a resistant accession plant.

3.2. Evaluation of the Bacterial Growth Test

We determined the effect of the identified resistance gene on bacterial growth in the
plant and the correlation of visual symptoms with bacterial population levels. The growth
in the populations of different bacterial races was monitored for 12 days after inoculation
and incubation at 25 ◦C and 30 ◦C. “Fehérözön” was used as a negative control. Compared
to the almost equal initial values, the bacterial growth curve in planta at 25 ◦C indicated
that resistant plants reached a maximum of 4.75 log at 4 dpi and then showed a minimal
decrease with no significant change in the following 6–12 days. In contrast, in the case
of the sensitive plants, a value of 6.7 log at 4 dpi was obtained and a steady increase was
detected until leaf drop at 8 dpi (Figure 3). In the majority of cases, the infected leaves of
the susceptible plants had fallen off by the eighth day and sampling could not be continued.
At 30 ◦C, the resistant plants reached a maximum value of 5.55 log at 6 dpi and then a
slight decrease was observed. Susceptible plants showed a value of 7.1 log at 6 dpi until
leaf drop (Figure 4). In susceptible plants, the temperature had no significant effect on the
growth curve of Xg bacteria, but significantly affected the tolerance of plants to infection,
because inoculated leaves fell off earlier at higher temperatures. Plants kept at 25 ◦C were
also sampled at 30 dpi and the results show that no significant change in the cfu value in
the leaf occurred. In the case of plants kept at 30 ◦C, it was not possible to collect a sample
after one month, due to early aging of the plant and leaf fall.
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4. Discussion

C. baccatum is the most popular and widely cultivated chili pepper in South America.
There is a wild form called C. baccatum var. baccatum and a domesticated form (C. baccatum
var. pendulum) [21]. Brazil is considered to be the center of the genetic diversity of Capsicum
spp., and at least 116 accessions already described are found in Brazil [22,23]. It is expected
that new species [2] and new resistance genes for pepper breeding will be found in this
important and untapped genetic resource. Pathogens are increasingly threatening the
cultivation and yield of most Capsicum species worldwide. In this context, the search
for new sources of resistance remains a major challenge today and Capsicum germplasm
collections represent a promising target for this purpose.

Previous searches for resistance to X. hortorum pv. gardneri concentrated on the Xg
isolates which are most prevalent in the US. In contrast to previous research, in our present
work we also used the isolates most commonly found in Europe and the US. The results
of this screening study in which pepper accessions were inoculated with seven Xg strains
indicated that there were significant differences in resistance between PI lines from the
USDA ARS pepper germplasm collection. Screening was carried out in two stages. As a
first step, 119 accessions from the C. baccatum collection were challenged with two different
strains of X. hortorum pv. gardneri to determine the extent and types of resistance in
C. baccatum. Sensitive symptoms of bacterial spot were observed in 107 accessions and Xg
was recovered from all plants, indicating that none of the accessions carried a source of
resistance to this pathogen. Eight accessions showed partial resistance to one of the Xg
isolates and strong resistance was identified in four PI lines (Cbp1, Cbp2, Cbp3 and Cbp4).
In the second stage, screening was carried out on Cbp1, Cbp2, Cbp3 and Cbp4 accessions
using the five potentially important isolates in Europe and the US. Complete screening
was carried out under controlled conditions in growth chambers using a method (leaf
screening of young plants with a concentrated bacterial suspension) that clearly indicated
the presence of the pathogen and the rapid onset of symptoms.

The screening results showed two main types of resistance (Table 2) in the tested plant
population. Species-specific resistance was the most common and was present in 6% of all
accessions tested. Resistance to all species used (potential species-nonspecific resistance)
was very rare and was present in 3% of accessions tested.

5. Conclusions

Species shifts in bacterial spot pathogen populations are very common [10,24] and
pose a serious problem and challenge for pepper breeding programs due to the decline in
resistance persistence [25]. Therefore, there is an increasing need to identify new sources
of resistance to these pathogens. The resistance germplasm of X. hortorum pv. gardneri
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identified in this study can be of significant importance for both breeders and researchers
and is highly relevant for introgression into pepper lines and in terms of gene pyramidation
efforts against various Xanthomonas species. The resistance genes that we identified in
C. baccatum might also have significant potential for resistance inhibition in other pepper
species such as C. annuum. Interspecific crosses provide the opportunity to pass genes from
one species to another, but in most cases, this can present several difficulties. A successful
wide hybridization among species is highly dependent on the genetic distance between
species. According to our current knowledge, two options are available for introgressing
C. baccatum genes into C. annuum. The first option is using C. chinense and C. frutescens as
bridge species [26], while the second option is to carry out direct crosses between C. annuum
and C. baccatum combined with in vitro embryo rescue [27]. Our future goal is to use both
methods to introduce our newly identified valuable resistance gene into C. annuum. Using
the four resistant parental lines, crosses are underway with the aim of creating F1 and F2
progeny to determine the inheritance of disease resistance.

The new sources of resistance identified in this study provide a basis for further work
on breeding disease-resistant varieties that are resilient to the changing population structure
of pathogens. The current study showed that the different genotypes of C. baccatum differed
in their response to wilt caused by the pathogen Xanthomonas, which also demonstrated
that the pepper PI collection offered a valuable public source of resistance for pepper
breeders to develop varieties resistant to bacterial spot. In conclusion, the information in
this study can be summarized in that the use of a resistant genotype, together with cultural
practices and sanitary control measures, is considered the most feasible and sustainable
way to control X. hortorum pv. gardneri wilt.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su15020908/s1, Table S1: Screening of C. baccatum germplasm to
X. hortorum pv. gardneri.
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Abstract: Through choosing bread wheat genotypes that can be cultivated in less productive areas,
one can increase the economic worth of those lands, and increase the area under cultivation for this
strategic crop. As a result, more food sources will be available for the growing global population.
The phenotypic variation of ear mass and grain mass per ear, as well as the genotype × environment
interaction, were studied in 11 wheat (Triticum aestivum L.) cultivars and 1 triticale (Triticosecale W.)
cultivar grown under soil salinity stress (3S) during three vegetation seasons. The results of the
experiment set on the control variant (solonetz) were compared to the results obtained from soil
reclaimed by phosphogypsum in the amount of 25 t × ha−1 and 50 t × ha−1. Using the AMMI
analysis of variance, there was found to be a statistically significant influence of additive and non-
additive sources of variation on the phenotypic variation of the analyzed traits. Although the local
landrace Banatka and the old variety Bankut 1205 did not have high enough genetic capacity to
exhibit high values of ear mass, they were well-adapted to 3S. The highest average values of grain
mass per ear and the lowest average values of the coefficient of variation were obtained in all test
variants under microclimatic condition B. On soil reclaimed by 25 t × ha−1 and 50 t × ha−1 of
phosphogypsum, in microclimate C, the genotypes showed the highest stability. The most stable
genotypes were Rapsodija and Renesansa. Under 3S, genotype Simonida produced one of the most
stable reactions for grain mass per ear.

Keywords: soil salinity stress; adaptation; environmental share; interaction; plant breeding; wheat

1. Introduction

Wheat (Triticum sp.) is one of the most significant plant species worldwide. It has
played an important role in the development of mankind, participating not only in human
nutrition, but in the development of many human activities as well. There is a crucial need
to improve the production of wheat for a growing population [1]. Wheat grain yield is a
so-called super-trait, a highly quantitative trait that depends on many components that
determine it, as well as on environmental factors [2–5].

Soil, as the medium for crop production, can be the limiting factor in crop establish-
ment and in achieving an adequate yield [6]. This is mostly in reference to soils with high
concentrations of different salt types. Representatives of such soils belong to halomorphic
soils, among which is solonetz [7]. Due to their poor chemical and physical properties,
these soils limit plant growth, and lead to reduced yields in arid and semi-arid areas [8–10].
For these reasons, there is a need to increase crop productivity in this type of soil, with the
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application of different management practices (primarily fertilization) by analyzing plants’
responses to applied measures. These actions would lead to increased wheat production
and the development of cultivars that could be grown successfully in such conditions.
Sairam, et al. [11], emphasized that there are a few identified bread wheat genotypes toler-
ant to 3S. In Serbia, however, there is a lack of commercial wheat cultivars for production
on salt-affected soils. Some of the responses to abiotic stress include chromatin changes;
possible phenotypic alterations are temporary, and sometimes return to baseline levels
when non-stress conditions have been restored, if possible [12].

Considering that grain is the result of the plant’s tendency to reproduce, it can be
said that the yield is a consequence of the total phenotype variation of a certain geno-
type for the purpose of reproduction. Since selection per yield is not possible in early
generations of selection per se, phenotypic markers become more important in indirect
selection per yield under abiotic stress conditions. This applies in particular to those
traits that are highly quantitative, where the application of selection based on molecular
markers ( AS—Marker-Assisted Selection) is difficult. Therefore, the successful breeder’s
choice depends on the information on the genetic variability of each yield component [13].
Testing ear traits has a significant place in wheat breeding. Ear mass is the total mass
of wheat generative plant part and, as a highly quantitative trait, it is inherited by the
minor genes. This genes system allows significant phenotypic variation under the effect
of environmental factors, which is most often reflected in significant genotype × envi-
ronment interaction [4,14,15]. Grain mass per ear is a highly quantitative component of
wheat phenotypic variability, and is a consequence of the minor genes’ activity [16,17].
Therefore, the degree of their activity is conditioned by mutual interaction and the effect of
the environment [18]. Grain mass per ear is an influential component of wheat yield when
grown on solonetz. Generally, salt stress affects plant metabolic processes by impairing cell
water potential, membrane function, and uptake of nutrients, and in total reduces predicted
crop yields [19].

Wheat grain yield and its components are under not only the influence, but also
the interaction, of genotype and environmental factors (G × E interaction). A widely
used multivariate method for studying G × E interaction is AMMI (Additive Main Effects
and Multiplicative Interaction) [4,20–22]. This multivariate data analysis firstly calculates
genotype and environmental effects (additive source of variation), using analysis of vari-
ance (ANOVA), and then analyzes residual effects (G × E interaction), using principal
component analysis (PCA) [23]. Therefore, the AMMI method is an effective tool, be-
cause it considers a large part of the G × E sum of the squares, and provides an adequate
interpretation of the genotypes’ stability [24].

Conducting the AMMI analysis in different agro-ecological environments, Petrović,
et al. [25], Banjac, et al. [26], and Neisse, et al. [27], concluded that the multiplicative
variation of ear characteristics and total grain yield was more pronounced than the addi-
tive variation, whereby genotypes with high specific stability in the given agro-ecological
environments could be singled out as favorable. Therefore, experiments set up in differ-
ent agro-ecological environments are of great importance in evaluating the stability of
genotypes under varying environmental conditions [20,28].

The breeding process aims to improve the traits of existing cultivars, and to develop
new genetic variability which will achieve the best possible economic effect. Therefore, the
present study investigates the evaluation of the yield of wheat genotypes as a response
to 3S. The objectives of this study were: (i) to evaluate ear mass and grain mass per ear
of 11 wheat genotypes grown on salinity soil; (ii) to evaluate ear traits of those genotypes
under different levels of reclamation; (iii) to compare the responses of important grain yield
components to different growing conditions, and to identify genotypes with adequate traits
for cultivation under stressed environments.

The findings of this research help to increase the economic worth of lower grade
land by taking into account the ongoing degradation of arable lands caused by numerous
variables of the modern age. This study helps to consider the possibility of growing
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wheat on solonetz after its repair by appropriate reclamation measures, and improves our
understanding of how crops react to these types of stress, because solonetz does not provide
favorable conditions for growing wheat, and is primarily used as a pasture. The study’s
findings painted a clear picture of wheat behavior under the influence of climate change.
These findings could help to produce new genetic diversity, but they also suggest that
growing wheat in a low bonitet class of soil has a bioremediation function that increases
the land’s economic worth, and also increases the area used for cultivating wheat.

2. Materials and Methods
2.1. Plant Material and Field Exams

Twelve genotypes were studied, including 10 cultivars, one local population of
hexaploid (2n = 6× = 42) wheat (Triticum aestivum ssp. aestivum L.), and one cultivar
of triticale (Triticosecale W.). The tested wheat cultivars included eight winter cultivars
(Renesansa, Pobeda, Evropa 90, Novosadska rana 5, Dragana, Rapsodija, Simonida and
Cipovka), while cultivar Nevesinjka was optional. Newer cultivars were also considered,
in order to assess their utility in abiotic stress situations, which are mostly induced by
soil type. Two older wheat genotypes, that were present in the Serbian area, were used
in the experiment (Banatka and Bankut 1205, which originated from Hungary), as shown
in Table 1. The sample was selected based on previous studies of the existing genetic
variability [15,29,30]. Triticale cultivar Odisej was sown. Triticale was used as a test plant
to determine how wheat tolerated the abiotic stress conditions, because it is a synthetic
hybrid with a high degree of resistance to abiotic stress factors.

Table 1. Pedigree of examined genotypes (11 wheat genotypes and 1 triticale genotype).

Genotype Description Genotype Name Genotype Pedigree

Winter wheat cultivar Renesansa Jugoslavija/NS 55–25

Winter wheat cultivar Pobeda Sremica/Balkan

Winter wheat cultivar Evropa 90 Talent/NSR2

Winter wheat cultivar Novosadska rana 5 NSR1/Tisa//Partizanka/3/Mačvanka 1

Winter wheat cultivar Dragana Sremka 2/Francuska

Winter wheat cultivar Rapsodija Agri/Nacozari F76//Nizija

Winter wheat cultivar Simonida NS 63–25/Rodna//NS-3288

Winter wheat cultivar Cipovka NS 3288/Rodna

Local population; old winter wheat Banatka LV-Banat

Winter wheat cultivar; old winter wheat Bankut 1205 Bankut 5/Marquis

Optional wheat cultivar Nevesinjka Dugoklasa/Jarka

Triticosecale cultivar Odisej LT 338.75/BL. 517

The experiment was set up in Banat (Autonomous Province of Vojvodina, Republic
of Serbia) at Kumane site (45,539◦ N, 20,228◦ E, 72 m altitude), on stressed halomorphic
soil of solonetz type, on an experimental area of 2 ha. The experiment was performed
during three vegetation periods, marked as microclimate conditions A, B and C. A field
trial was conducted according to randomized complete block design (RCBD), with three
replications. The cultivars were sown in 155 m-long rows, using machines, with an interrow
distance of 12.5 cm. Every cultivar was sown in 8 rows. During sowing, 134 kg × ha−1

of mineral fertilizer NPK 15:15:15 was applied. Depending on weather conditions, the
crops were fertilized during vegetation seasons in late March or early April, using mineral
fertilizer KAN in the amount of 200 kg × ha−1. A total of 30 plants per treatment were
analyzed. They were represented by the primary stem (10 primary stems × 3 repetitions)
in order to evaluate the phenotypic variation of the yield components: ear mass and grain
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mass per ear. In all vegetation seasons, the harvest was performed and samples were
taken when caryopsis was hard (could no longer be dented by thumb-nail) at physiological
maturity, Zadoks growth stage 92 [31]. Solonetz is a halomorphic soil with more than 15%
sodium ion-Na+ adsorbed in the exchange complex. As a result, it is alkalized (pH > 9)
and unfavorable for crops. The heavy mechanical composition of the compacted and
impermeable Bt, na horizon severely limits solonetz’s production capability, as shown in
Table 2, Figure 1.

Table 2. Adsorbed cations content and salinity properties of solonetz at Kumane.

Horizon
(Depth cm)

Adsorbed Cations Salinity Properties

Ca++

(mg/100 g
Soil)

Mg++

(mg/100 g
Soil)

K+

(mg/100 g
Soil)

Na+

(mg/100 g
Soil)

Ca++

(%) *
Na+

(%) *
ECe 25 ◦C **

(mS/cm)
Total Salts

(%)
pH

Soil Extract

Aoh/E, na
(0–15) 128.26 37.92 74.68 20.69 53.14 7.91 0.62 0.03 5.41

Bt, na
(15–111) 392.98 136.74 26.98 269.67 58.92 32.90 2.16 0.15 7.72

Bt, na C, na
(111–156) 707.81 143.79 19.16 214.04 61.16 18.06 1.10 0.17 8.89

C, na
(156–200) 658.51 136.50 15.64 152.65 63.80 14.49 1.03 0.12 8.79

* percentage in relation to the total ions content in the exchange complex of soil, ** ECe 25 ◦C = electrical
conductivity of soil extract (ECe at 25 ◦C).
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Figure 1. Soil profile description of solonetz soil type in Kumane.

The results from soil with two reclamation levels, from 25 t × ha−1 and 50 t × ha−1

of phosphogypsum, were processed in addition to the control results (soil without
reclamation—natural pasture). The soil in the investigated plot was drained, to allow salts
to leak into the neighboring drainage canals.

Each treatment was studied as a separate agro-ecological habitat for plant growth and
development for one growing period. As a result, 9 alternative agro-ecological growing
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conditions were obtained, all of which were similar in terms of agro-technical circumstances,
but differed in terms of phosphogypsum treatments (Table 3).

Table 3. Description of examined environments.

Environments

Microclimate condition A

code E1 solonetz; natural pasture

code E2 Soil reclaimed by 25 t × ha−1 phosphogypsum

code E3 Soil reclaimed by 50 t × ha−1 phosphogypsum

Microclimate condition B

code E4 solonetz; natural pasture

code E5 Soil reclaimed by 25 t × ha−1 phosphogypsum

code E6 Soil reclaimed by 50 t × ha−1 phosphogypsum

Microclimate condition C

code E7 solonetz; natural pasture

code E8 Soil reclaimed by 25 t × ha−1 phosphogypsum

code E9 Soil reclaimed by 50 t × ha−1 phosphogypsum

Apart from the unfavorable characteristics of solonetz soil, there were other abiotic
stress conditions at the Kumane site. The joint action of the steppes, clearly expressed
temperature changes and extremes, strong winds and water retention on the plot surface
had an effect on the selection of this site. Weather conditions at the Kumane experimental
field throughout the vegetation season, when wheat was produced, were, for the most part,
typical of that environment. Sowing wheat was accompanied by a deficit of precipitation.
Winters were marked by very cold weather, strong ground frosts and lack of snow cover.
The extreme minimum temperature was −17.8 ◦C. May set a record for precipitation
(microclimate condition B, 162.1 mm). Weak precipitation, relatively high air temperatures
and frequent winds caused the drying of the surface layer of the soil, as shown in Figure 2.
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2.2. Statistical Tools

For each investigated trait, the parameters of the descriptive statistics were calculated:
mean value and coefficient of variation. Analysis of variation in the experiment, its quan-
tification, and identification of sources of variation were performed using the AMMI model
(Additive Main Effects and Multiplicative Interaction). Thus, AMMI ANOVA presented
the main additive components, and then the multivariate source of variation (non-additive
component of variance) was reflected. The genotype x environment interaction was further
decomposed by a multivariate model PCA analysis [24].

Genotype × environment interaction was tested using the AMMI analysis by [23].
Data processing was performed in GenStat 9th Edition (trial ver.) VSN International Ltd.,
(www.vsn-intl.com/ accessed on 12 June 2022) [32]. All biplots were generated in Microsoft
Excel, 2013.

The mean squares (MS) from analysis of variance were used to estimate components of
the variance (genotypic variance σ2

g, phenotypic variance σ2
p, interaction variance σ2

g×y×t,
and ecological variance σ2

e), as follows [33]:
Genotypic variance:

σ2
g =

MS1 − MS2
r × y × t

Ecological variance:
σ2

e = MSe

Variance of interaction:
σ2

g×y×t =
MS2 − MS3

r
Phenotypic variance:

σ2
p = σ2

g + σ2
g×y×t + σ2

e

where: MS1= mean square for genotype; MS2 = mean square for genotype × year ×
treatment; MS3 = mean square for error; r = replications; y = years; t = treatments.

Mean values (x) were used for genetic analyses, to determine the genotypic coefficient
of variation (CVg) and the phenotypic coefficient of variation (CVp), according to Singh and
Chaudhary [34]:

CVg(%) =

√
σ2

g

x
× 100; CVp(%) =

√
σ2

p

x
× 100

Heritability in broad sense (h2) for all traits was computed using the formula given
as [35]:

h2 =
σ2

g

σ2
p

× 100

Heatmap analysis of Pearson moment correlation coefficients and correlation matrix
analysis by the principal components method (PCA) were performed, in order to express
the relationships between examined traits and grain yield, using the R Project for Statistical
Computing, Version 4.2.0, 22 April 2022 ucrt [36].

3. Results
3.1. Ear Mass

The average value of ear mass per agro-ecological environments was 1.41 g, i.e., on
soil without reclamation and two treatments during the experiment. The highest deviations
from that average were recorded in cultivars Banatka (x = 0.90 g) and Odisej (x =2.25 g),
Table 4, Figure 2.
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Table 4. Average values (x) and coefficient of variation (V) of ear mass for examined genotypes
(11 wheat genotypes and 1 triticale genotype) in nine agro-ecological growing conditions.

Environments

Genotype

Solonetz; Soil Reclaimed by Phosphogypsum
Average

Value
Natural Pasture 25 t × ha−1 50 t × ha−1

Codes E1; E4 and E7 Codes E2; E5 and E8 Codes E3; E6 and E9

x (g) V (%) x (g) V (%) x (g) V (%) x (g) V (%)

Renesansa 1.4 13.6 1.6 2.8 1.4 10.2 1.5 8.9

Pobeda 1.6 6.9 1.6 25.4 1.2 11.0 1.5 14.4

Evropa 90 1.7 5.3 1.3 3.0 1.6 15.8 1.5 8.0

NSR5 1.5 6.8 1.2 12.0 1.4 6.3 1.4 8.4

Dragana 1.8 9.5 1.0 9.8 1.1 17.8 1.3 12.4

Rapsodija 1.5 11.0 1.4 13.3 1.2 10.9 1.4 11.7

Simonida 1.4 11.0 1.3 10.4 1.3 7.5 1.3 9.6

Cipovka 1.5 9.6 1.3 13.2 1.3 5.3 1.4 9.4

Banatka 0.8 8.6 0.8 7.0 1.0 3.8 0.9 6.5

Bankut 1205 1.1 7.4 1.1 6.4 1.2 7.7 1.1 7.2

Nevesinjka 1.3 5.1 1.6 13.3 1.7 11.8 1.5 10.1

Odisej 2.1 5.5 2.2 12.9 2.4 4.4 2.2 7.6

Average value 1.5 8.4 1.4 10.8 1.4 9.4

LSD0.05 = 0.180

LSD0.01 = 0.236

The analysis of variance showed that environmental share had a great influence on
phenotype formation. This was a result of the significant share of the environment sum
of squares—as an additive effect—and the genotype × environment interaction— which
had a multivariate nature—in the total variation of the experiment. The genotype response
to variations in the actions of environmental factors was reflected in a statistically highly
significant value of mean squares of genotype × environment interaction. This interaction
was 26.64% of the share of total variation in the experiment sum of squares (Table 5).

In addition to this significance, the variance analysis of ear mass for the total sample
showed high significances of mean squares value for both genotypes and environments.
Thereby, in the experiment total variation, the main effects of the variance analysis, genotype
and environments, had a 59.97% share of the experiment sum of squares. A large share
of the sum of squares within the main effects of the variance analysis belonged to agro-
ecological factors (36.78%), while a smaller share belonged to the genotype sum of squares
(23.19%), Table 5.

Although most of the total variability was explained by the first major component
(IPCA1 36.71%), the statistical significance of the remainder indicated that, after the isolation
of its influence, part of the variance remained unexplained; the other main components were
therefore also analyzed. A total of six statistically significant main axes were distinguished,
the second of which covered the largest part.

Almost all genotypes showed a stable reaction for the ear mass. Genotype Dragana
showed less stability than the others. Triticale Odisej, with the largest ear mass, had the
highest genotype × environment interaction, i.e., the lowest stability of all the genotypes.
Although the local population, Banatka, proved to be one of the most stable, and the old
cultivar, Bankut 1205, a fairly stable genotype, their average values of ear mass were the
lowest, compared to the others. The position of the points for these two genotypes, which
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were grouped around the middle E1, indicated that these old cultivars were well-adapted
to the unfavorable conditions of solonetz soil, but without any potential for high ear mass
in tested conditions (Figure 3).

Table 5. AMMI analysis of variance for the ear mass of 11 wheat and 1 triticale cultivars examined
across nine environments.

Source of Variation 1 df 2 MS 3 F Value
F Table

The Share of Total Variation
0.05 0.01

Total 323 0.4 - - - 100

Treatments 107 1.1 ** 13.03 1.00 1.00 86.60

Genotypes 11 2.7 ** 33.93 1.83 2.32 23.19

Environments 8 5.9 ** 75.54 1.94 2.51 36.78

Blocks 18 0.1 0.98 1.57 1.87 1.10

Interactions 88 0.4 ** 4.87 1.00 1.00 26.64

IPCA1
4 18 0.7 ** 8.74 1.57 1.87 36.71

IPCA2 16 0.5 ** 6.39 1.57 1.87 23.85

IPCA3 14 0.4 ** 4.98 1.75 2.18 16.26

IPCA4 12 0.3 ** 3.22 1.75 2.18 9.00

IPCA5 10 0.3 ** 3.28 1.83 2.32 7.64

IPCA6 8 0.2 * 2.45 1.94 2.51 4.56

IPCA7 6 0.1 1.32 2.09 2.80 1.85

Residuals 4 0.01 0.13 2.37 3.32 -

Error 198 0.08 - - - -
1 All sources were tested in relation to the error; 2 degree of freedom; 3 mean of square; 4 extracted interaction
axes; *. F value is statistical significant at 0.05 possibility; **. F value is statistical significant at 0.01 possibility.
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Figure 3. AMMI 1 biplot of 11 wheat and 1 triticale cultivars across nine environments for the
estimation of G × E interaction for ear mass. Legend: codes E1, E4 and E7 = solonetz; natural
pasture in microclimate conditions A, B and C; codes E2, E5 and E8 = soil reclaimed by 25 t × ha−1

phosphogypsum in microclimate conditions A, B and C; codes E3, E6 and E9 = soil reclaimed by
50 t × ha−1 phosphogypsum in microclimate conditions A, B and C.
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The biplot clearly shows the group of points that represent different microclimate
conditions. Points E1 (solonetz without reclamation), E2 (solonetz with applied 25 t × ha−1

of phosphogypsum) and E3 (solonetz with applied 50 t × ha−1 of phosphogypsum)
form one group (Environment A). Microclimate condition A was characterized by low
genotype × environment interaction and the great effect of the additive component. In
this group, the lowest trait value was on solonetz without reclamation, so that it increased
slightly with increasing doses of phosphogypsum. This indicated the visible effect of
repaired solonetz in that season. During the second year of the experiment (points E4,
E5 and E6), difference in the multivariate part of the variation was manifested, while it
was absent in the additive part. This was the reason why the average values of ear mass
in all treatments were approximately the same. In the third vegetation season, similar to
the previous season, the predominant source of variation was in the additive component.
During this season, the genotypes had the best results of the ear mass on solonetz without
repair (E7). Considering the positions of points E8 and E9, it can be concluded that the
cultivars were most stable on the soil with applied 25 t × ha−1 of phosphogypsum and
50 t × ha−1 phosphogypsum in microclimate condition C. The first vegetation season did
not contribute to the decrease of genotype × environment interaction for the ear mass. Dur-
ing this season, regardless of treatment, the genotypes had the lowest ear mass averages, as
shown in Figure 3.

3.2. Grain Mass per Ear

The average value of grain mass per ear during the three-year experiment ranged from
x = 1.0 g in the treatment of 25 t × ha−1 phosphogypsum to x = 1.1 g in the soil without
repair and in the treatment of 50 t × ha−1 phosphogypsum. The uniformity of variation
of grain mass per ear was indicated by similar values of average coefficient of variation
(V = 10.2–10.7%) during the three experimental seasons, as shown in Table 6.

Table 6. Average value (x) and coefficient of variation (V) of grain mass per ear for examined
genotypes (11 wheat genotypes and 1 triticale genotype) in nine agro-ecological growing conditions.

Environments

Genotype

Solonetz; Soil Reclaimed by Phosphogypsum
Average

Value
Natural Pasture 25 t × ha−1 50 t × ha−1

Codes E1; E4 and E7 Codes E2; E5 and E8 Codes E3; E6 and E9

x (g) V (%) x (g) V (%) x (g) V (%) x (g) V (%)

Renesansa 1.1 12.4 1.2 12.3 1.2 15.3 1.2 13.3

Pobeda 1.3 5.3 1.2 21.2 0.9 9.4 1.1 12.0

Evropa 90 1.3 5.1 0.9 3.7 1.3 13.9 1.2 7.6

NSR5 1.1 12.5 1.0 10.7 1.2 9.1 1.1 10.8

Dragana 1.4 9.6 0.6 5.3 0.8 10.2 0.9 8.4

Rapsodija 1.1 13.3 1.1 9.8 1.0 14.1 1.1 12.4

Simonida 1.1 14.6 1.0 6.0 0.9 8.0 1.0 9.5

Cipovka 1.0 22.6 0.8 13.1 1.0 4.0 0.9 13.2

Banatka 0.6 10.0 0.6 8.9 0.7 19.7 0.6 12.9

Bankut 1205 0.8 2.1 0.8 7.7 0.8 8.2 0.8 6.0

Nevesinjka 1.0 6.4 1.3 14.3 1.3 11.6 1.2 10.8

Odisej 1.5 8.2 1.7 15.8 1.9 2.0 1.7 8.7

Average value 1.1 10.2 1.0 10.7 1.1 10.5

LSD0.05 = 0.142
LSD0.01 = 0.187
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In addition to the highly significant mean of squares of the environments, high sta-
tistical significance of the mean of squares of the genotype × environment interaction
was also recorded. By analyzing the variance of grain mass per ear for the total sample,
it was calculated that the main effects, genotype and environments, had a 55.74% share
of the experiment sum of squares in the total experiment variation. Within the main ef-
fects of the variance analysis, most of the sum of squares belonged to the environmental
share (31.89%), while a smaller share belonged to the genotype sum of squares (23.85%).
Genotype × environment interaction had a 30.30% share in the experiment sum of squares,
and showed high statistical significance. A total of six main components were distinguished,
out of which the first five were statistically significant, as shown in Table 7. The IPCA1
accounted for most of the interaction (37.58%), which is why the AI 1 biplot is also shown,
in Figure 4.

Table 7. AMMI analysis of variance for the grain mass per ear of 11 wheat and 1 triticale cultivars,
examined across nine environments.

Source of
Variation 1 df 2 MS 3 F Value

F Table The Share of Total
Variation0.05 0.01

Total 323 0.3 - - - 100

Treatments 107 0.7 ** 13.10 1.00 1.00 86.04

Genotypes 11 1.8 ** 35.31 1.83 2.32 23.85

Environments 8 3.4 ** 39.55 1.94 2.51 31.89

Blocks 18 0.1 * 1.64 1.57 1.87 1.82

Interactions 88 0.3 ** 5.61 1.00 1.00 30.30

IPCA1
4 18 0.5 ** 10.30 1.57 1.87 37.58

IPCA2 16 0.4 ** 8.41 1.57 1.87 27.26

IPCA3 14 0.3 ** 5.28 1.75 2.18 14.95

IPCA4 12 0.2 ** 3.77 1.75 2.18 9.15

IPCA5 10 0.2 ** 2.84 1.83 2.32 5.76

IPCA6 8 0.1 1.90 1.94 2.51 3.08

Residuals 10 0.06 1.08 1.83 2.32 -

Error 198 0.05 - - - -
1 All sources were tested in relation to the error; 2 degree of freedom; 3 mean of square; 4 extracted interaction
axes; * F value is statistical significant at 0.05 possibility; **. F value is statistical significant at 0.01 possibility.

According to the achieved interaction values, i.e., the distance from zero axis, the
genotypes were grouped towards stability. Genotypes Rapsodija, Renesansa, Bankut 1205
and Banatka showed the most stable response, relative to the first main component, and
after them: Pobeda, Simonida, Cipovka and Evropa 90. Medium stable genotypes were
Novosadska rana 5 and Nevesinjka, while genotypes Dragana and triticale Odisej were
evaluated as the least stable, as shown in Figure 4.

The distribution of points of the agro-ecological environments indicates a great similar-
ity in conditions for achieving grain mass stability per ear. However, 2 was singled out as
the most stable. Even so, this does not make this environment the most favorable in relation
to the others, since the genotypes that were part of it had a mean value of grain mass per
ear lower than the total mean value of the experiment for this trait. Agro-ecological envi-
ronment E6 had the highest interaction score, i.e., it was the environment where genotypes
could not show their stable response.

Cultivars Rapsodija and Renesansa stood out as the most stable, compared to the first
interaction axis, and with average values higher than the general average (Figure 4).
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3.3. Genetic Parameters

The phenotypic coefficient of variation (CVp) was higher than the genotypic coefficient
of variation (CVg) for both analyzed traits. This indicates that the present variation was
not only due to genotypes, but also due to the influence of the environment. For all tested
microclimates combined, low broad sense heritability values were observed for both traits
(31.98% for ear mass and 29.69% for grain mass per ear), as shown in Table 8.

Table 8. The mean value, estimates of variance components, genotypic and phenotypic variance, and
heritability of ear mass and grain mass per ear.

Traits a Mean
Values

Estimates of Variance Components b
Genotypes Mean

of Square
CVg (%)

CVp
(%)

h2

(%)σ2
g σ2

p σ2
i σ2

e

All tested microclimates combined

EM 1.41 0.087 0.272 0.104 0.081 2.744 ** 20.92 36.98 31.98
GMpE 1.08 0.057 0.192 0.079 0.056 1.837 ** 22.11 40.57 29.69

Microclimate A

EM 0.98 0.021 0.074 0.008 0.045 0.256 ** 14.84 27.84 28.38

GMpE 0.75 0.008 0.054 0.014 0.032 0.150 ** 12.00 31.19 14.81

Microclimate B

EM 1.82 0.233 0.390 0.116 0.041 2.484 ** 26.59 34.41 59.74

GMpE 1.40 0.155 0.262 0.079 0.028 1.665 ** 28.14 36.59 59.16

Microclimate C

EM 1.44 0.072 0.353 0.125 0.156 1.176 ** 18.59 41.17 20.40

GMpE 1.08 0.046 0.256 0.105 0.105 0.837 ** 19.82 46.76 17.97

a EM = ear mass (g); GMpE = grain mass per ear (g); b σ2
g-genotypic variance, σ

2
p-phenotypic variance, σ2

i -
interaction variance, σ

2
e-ecological variance; CVg = genotypic coefficient of variation; CVp = phenotypic coefficient

of variation; h2 = heritability in broad sense. **. Tested value is statistical significant at 0.01 possibility.

Lower genotypic than phenotypic variance values are often present when genetic
factors are examined in connection to microclimates. This outcome also contributed to the
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lower-than-expected heritability values in a more general sense. This was due to the signifi-
cant treatment differences (solonetz, natural pasture and treatments by phosphogypsum),
which resulted in high interaction values that were considered when evaluating heritability.
However, microclimate B stood out, due to having the most favorable conditions for plant
development and the expression of the examined traits. As a result, it can be inferred that
more favorable microclimate conditions minimized the differences between the investi-
gated treatments. Higher heritability values for the ear mass (59.74%) and the grain mass
per ear (59.16%) were calculated in microclimate B than in microclimates A and C.

3.4. Correlations between Studied Parameters and Grain Yield of Wheat under 3S Conditions

In wheat breeding, analyzing the correlation dependency across yield components is
crucial, as selection within one feature influences the change of another variable. Single
Pearson coefficients are most frequently calculated for correlation analysis, and are shown
in the heatmap (Figure 5). The association assessment is also shown by the biplot obtained
by PCA analysis, as shown in Figure 6.
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Figure 5. Heatmap of Pearson correlation coefficient for ear mass (EarMass), grain mass per ear
(GM per Ear) and grain yield (Yield) for examined genotypes grown under 3S, during microclimate
conditions A, B and C.

Given that there was a positive correlation between the studied parameters and grain
yield, this indicates that there was a tendency for an increase in one component to result
in an increase in another component—in this case, grain yield, which is important for
breeding efforts. This is particularly important because the experiment was conducted in
3S conditions brought on by an increase in the amount of sodium ions in the soil.

The association between analyzed parameters and grain yield was estimated in more
detail through the principal components method, presented by a biplot (Figure 6).

By comparing the values of the first (Dim1) and second (Dim2) principal components
of PCA for ear parameters and grain yield, as well as genotypes, a biplot analysis was
conducted to explore multivariate associations between the examined variables. The im-
portance of the acquired data is shown by the fact that the first two axes together explained
99.2% of the variation. Acute angles that overlapped the vectors of the investigated traits
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indicated that there were positive correlations between them, which is also consistent with
the reported correlation study (Figures 5 and 6).
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4. Discussion
4.1. Point Distribution of Genotype and Environmental Share: Markers of Genotype Stability

An assessment of the stability of different wheat genotypes, in terms of their grain yield
and grain yield components, provides valuable information about genotype adaptation
to specific environments, such as environments with increased soil salinity [25,37,38]. The
results of this three-year experiment showed the extremely complex nature of the tested
traits of phenotypic variation, which were considered components of the wheat grain yield.
Besides the high level of monitored phenotypic characteristics in the tested cultivars, the
stability of their reaction was also observed. However, when discussing stable reaction,
i.e., the level of genotype × environment interaction, it is necessary to emphasize that this
interaction was observed in two ways. A low level of genotype × environment interaction
was observed and evaluated favorably, with the highest mean value of the observed trait,
which indicated stability. At the same time, the nature of this interaction at high level was
also assessed in cases where a marked change in rank occurred (“cross over” interaction).
This was because the experiment was set up in the conditions of control and two levels
of solonetz repair, so in some cases the high level of genotype × environment interaction
indicated a favorable reaction of the cultivar to land reclamation measures. Therefore, in
addition to accepting a stable reaction at average trait values higher than the average of
the experiment, some cases of so-called unstable reaction were evaluated as favorable, if
that reaction meant that the cultivar reacted violently to land reclamation measures by
increasing the mean value of the observed trait. In that way, cultivars with low interaction
and stable reaction to variation of agro-ecological conditions were separated. This research
confirms that the local population, Banatka, and the ancient variety, Bankut 1205, have
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successfully adapted to 3S, which accords with Gharib, et al. [39], who found that local
populations and old varieties of wheat could be a useful genetic resource for increasing
genetic variability and specific adaptation to 3S conditions, as well as suitable parental
material in breeding programs.

Still, a priori is not dismissed without detailed analysis, as with any reaction that would
be assessed as unstable and unfavorable in normal growing conditions. The aspiration
follows, from the above, to obtain the most complete and realistic variation scores, as
well as the source of the experiment variation, especially on the level and the nature of
genotype × environment interaction. This would describe the total or average stability of
the genotype, so it is of utmost importance to analyze the complex nature of genotype ×
environment interaction in more details. Over the last few decades, several studies have
been carried out to understand plant biology in response to 3S, with a major emphasis on
genetic and other hereditary components [9,12,29]. Based on the outcome of these studies,
several approaches are being followed, to enhance plants’ ability to tolerate salt stress
while still maintaining reasonable levels of crop yields [40,41]. This research indicates the
importance of studying the correlations between yield components and wheat grain yield
in 3S, which is in accordance with Matković Stojšin, et al. [42].

The complex nature of genotype × environment interaction was reflected in the large
number of interaction axes, i.e., main axes from the main components analysis, which
were applied in the AMMI model for more detailed analysis of genotype × environment
interaction. The larger number of main interaction axes, which proved to be statistically
significant, meant that the variance of the genotype × environment interaction was influ-
enced by several agronomically significant and explanatory sources of variation. Due to
this, the tested yield components showed a genotype × environment interaction that could
not be explained only by the first interaction axis (IPCA1).

4.2. The External Environment: Sculptor of Genetic Expression of Examined Traits

The ear mass showed a great dependence on the action of environmental factors, as the
genetic share in the phenotypic variation was not high, nor the calculated heritability. This
result was expected, given the distinct quantitative basis of this wheat yield component—
for the expression of which, polygene groups are responsible—but also its dependence on
grain mass per ear and number of grains per ear. The genotypes had the lowest averages of
ear mass in microclimate condition A, regardless of treatment. Although this season was
characterized by certain deviations in terms of climatic parameters, it was still observed
as a whole, and had more favorable climate conditions. This resulted in a reduction of
the differences in genotype response to the measures of solonetz repair for the ear mass.
However, the average values of ear mass had a tendency to increase from control to
treatment, with 50 t × ha−1 of phosphogypsum. The effect of reclamation measures was
absent in the third vegetation season, because the highest average value of ear mass was
obtained on the control variant of solonetz (x = 1.8 g). Thus, during the second vegetation
season, the highest average value of this trait was achieved (x = 1.9 g on treatment with
50 t × ha−1 of phosphogypsum). This indicated that the high average value of the ear mass
in such conditions could only be achieved due to the favorable reaction of genotypes to
the measures of solonetz repair. Similar results were obtained by Ljubičić, et al. [43], who
found that the basic source of ear mass variation is reclamation measure.

Ear mass stability analysis showed that there were differences between the genotypes,
which were quantified by a statistically highly significant value of mean squares of geno-
type × environment interaction. However, the distribution points of the genotypes, and
considerable agro-ecological environments that were more scattered by abscissa than by
ordinate on the biplot, could lead to the conclusion that variation of the additive part
of the total variance was more pronounced than the multivariate for the ear mass. This
resulted in a stable reaction of almost all genotypes for the ear mass. Measures to repair
solonetz contributed to the increase in stability and the decrease in interaction values. The
highest genotype × environment interaction was observed in triticale cultivar Odisej, so
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this genotype was characterized as the least stable, which is consistent with the results of
Purchase, et al. [44].

The grain mass per ear was characterized by low heritability and significant pheno-
typic variation, depending on the variation of environmental factors. The lower genotype
× environment interaction of this trait was a good basis for selection for stable wheat
yield. By analyzing the grain mass per ear, a high variability of this wheat yield compo-
nent could be noticed, in relation to the examined microclimate conditions and different
phosphogypsum treatments. The grain mass per ear showed complex genotype × environ-
ment interaction, whereby it was possible to group genotypes according to stability. The
highest average values of grain mass per ear (x = 1.5 g on treatment with 50 t × ha−1 of
phosphogypsum) were achieved by genotypes in the season when the most unfavorable
environmental conditions prevailed, especially in stages crucial for ear formation and grain
filling. Differences in the mean values of the examined trait during different vegetation
seasons were in accordance with the previous results, where the speed and completeness
of the flowering, pollination and fertilization processes were determined by environmental
conditions, above all by temperatures and humidity [26,45]. Microclimate condition A
did not favor the development of grain mass per ear, as with the ear mass, just as the
solonetz repair measures did not have a significant impact. However, the AMMI analysis
determined that this season, in all three variants of the experiment, was the most favorable
for achieving a stable reaction for grain mass per ear. In the same location, seed yield was
tested, and its expression, controlled with multiple genes and traits, suffered decrease,
compared to non-stressed conditions [26]. The great influence of the external environment
on the grain mass per ear, and the number of grains per ear, has been confirmed by the
research of [43,46], as has the high difference between the phenotypic and genotypic co-
efficient of variation, especially for grain mass per ear, indicating the greater influence
of the environment. Dimitrijević, et al. [47], Knežević, et al. [16], Knežević, et al. [17], and
Matković Stojšin, et al. [48], found a high share of the environment in the variation of grain
mass per ear. Similar results were obtained by Matković Stojšin, et al. [42], for ear mass.

For both examined traits, values of genetic variance were almost equal to values
of environmental variance. The consequence of this phenomenon was low heritability
of these yield components, which could indicate that environmental factors could be
attributed as epigenetics. Testing genotypes under abiotic stress is critical, because it allows
researchers to analyze their first response to a particular situation, i.e., to primary stress [49].
Assessment of a genotype’s tolerance to abiotic stress, in situ, is of great importance for
forming a realistic picture because, in addition to 3S, all other abiotic factors also affect the
plant [42,50–52].

When genotypes are tested at different phases of development, determining the
response to primary stress makes sense. Better epigenetic mechanisms, which allow them
to recall stress, are defined by varieties that respond best to primary stress with the least
harm in the early stages of development, and then give the same response to the source
of abiotic stress in the later stages of development. Because genotypes are not formed for
specific growing circumstances, this response is not encoded in their genetic code, so it
is hypothesized that DNA methylation and/or histone modification are responsible for
this reaction, which is the focus of new research. In this research, phenotypic evaluation
of genotypes was carried out at various phases of development, in order to show that
genotypes with the best assessment of primary stress had the greatest mean values of the
attributes studied in the whole physiological maturity phase.

Through three separate stages of plant cultivation, the memory of stress at the vertical
level was examined in this experiment. This brings up the prospect of answering the
question: “Can a seed remember?”—that is to say—“Can epigenetic factors be fixed in the
genome?”—which will be a good parent for developing new genetic variability specific for
growing under stressful conditions.
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5. Conclusions

In experiments where the interaction of climate conditions, soil conditions and appro-
priate treatments is examined, it is important to consider the genetic potential of selected
cultivars and factors that interfere. This is particularly important if the environmental
conditions are the sources of abiotic stress as well, because this gives a clearer picture of
the potential breeding usability of the cultivars. In this investigation, the stability of wheat
genotypes, grown in the stressful conditions of solonetz soil type and steppe microclimate,
was assessed. By comparing the results that analyzed genotypes had on the control treat-
ment (without application of phosphogypsum) with the results that genotypes achieved on
the treatments with phosphogypsum, potential gene donors for the creation of new genetic
variability were selected from the existing germplasm.

Regardless of treatment, the genotypes in microclimate A had the lowest averages of
ear mass. The genotype Odisej, on solonetz reclaimed by 50 t × ha−1 of phosphogypsum, in
microclimate B, recorded the greatest ear mass values. Agro-ecological factors significantly
controlled how ear mass was expressed. Genotypes Banatka, Renesansa, Rapsodija and
Simonida demonstrated the most stable reactions. The effect of the applied amelioration
measure depended on the meteorological conditions of the growing season. On solonetz
reclaimed by 25 t × ha−1 and 50 t × ha−1 of phosphogypsum, in microclimate C, the
genotypes showed the highest stability. It was found that the local population, Banatka,
and the ancient variety, Bankut 1205, had successfully adapted to 3S, and that they could
be good parents for new wheat cultivars for growing under those conditions. In all of the
experiment’s versions, microclimate B produced the greatest average values of grain mass
per ear and the lowest average values of the coefficient of variation. In the microclimate
A, solonetz reclaimed by 25 t × ha−1 of phosphogypsum came out as the ideal setting for
obtaining a stable reaction of the genotypes. The most stable genotypes were Rapsodija
and Renesansa. In less favorable circumstances, under 3S, genotype Simonida produced
one of the most steady reactions for grain mass per ear.

The results obtained by this research may be important for the further process of
creating stable wheat genotypes, both for 3S conditions and abiotic stress in general.
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Abstract: Gene function analysis, molecular breeding, and the introduction of new traits in crop plants
all require the development of a high-performance genetic transformation system. In numerous
crops, including tomatoes, Agrobacterium-mediated genetic transformation is the preferred method.
As one of our ongoing research efforts, we are in the process of mapping a broad-spectrum nematode
resistance gene (Me1) in pepper. We work to transform tomato plants with candidate genes to confer
resistance to nematodes in Solanaceae members. The transformation technology development is
designed to produce a reproducible, rapid, and highly effective Agrobacterium-mediated genetic
transformation system of Micro-Tom. In our system, a transformation efficiency of over 90% was
achieved. The entire procedure, starting from the germination of seeds to the establishment of
transformed plants in soil, was completed in 53 days. We confirmed the presence of the NeoR/KanR
and DsRed genes in the transformed roots by polymerase chain reaction. The hairy root plants
were infected with nematodes, and after 3 months, the presence of DsRed and NeoR/KanR genes
was detected in the transformant roots to confirm the long-term effectiveness of the method. The
presented study may facilitate root-related research and exploration of root–pathogen interactions.

Keywords: Agrobacterium-mediated transformation; functional genomics; Solanum lycopersicum L.;
Micro-Tom; DsRed fluorescence; Agrobacterium rhizogenes

1. Introduction

With an estimated yield of 186 million tons in 2020 [1], the tomato (Solanum lycopersicum L.)
is a widely cultivated vegetable crop of global significance. The tomato is important for scientific
research as a model plant of the Solanaceae family, which is often used as an experimental plant
for fruit-related studies. For this reason, tomato may offer new opportunities for investigating
biological mechanisms that are not possible in other popular model plants such as Arabidopsis.
In recent years, the use of tomato as a model crop has increased due to its readily available
resources, such as high-quality assembled reference genomes [2,3], as well as the research efforts
to improve the efficiency of Agrobacterium-mediated transformation and the recovery time of
transgenic lines [4–7]. The tomato genome was published in 2012 [8], and as a result, tomatoes
have become an increasingly favored research material over the years.

Among the many known tomato varieties, the “Micro-Tom” has become a widely used
model plant. Micro-Tom is a tomato mutant with a short life cycle that allows harvesting of
the ripe fruit within 70–90 days after sowing. Seedlings grow with ease under ordinary
fluorescent lighting. It can tolerate close planting, it is easily transformed, and it has the
same hereditary information as the common tomato except for two main genes (dwarf gene
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and miniature gene). Thus, it is most useful for studying the gene functions of model plants
such as Arabidopsis [9,10]. Due to the rapid development of genome editing technologies,
the availability of efficient transformation methods is especially important. When root
biology research is the primary focus, Agrobacterium rhizogenes-mediated transformation
provides a quick and reliable alternative method to stable transformation. A. rhizogenes
contains root loci (rol) genes, which, upon infection, trigger the formation of genetically
transformed roots (hairy root phenotype), referring to the striking abundance of adven-
titious roots present [11,12]. Composite plants with healthy, untransformed shoots and
transgenic hairy roots can be obtained as a result of A. rhizogenes transformation. Proto-
cols were proposed for the production of composite plants in order to efficiently identify
root–pathogen resistance genes in plants. Furthermore, several molecular studies were
carried out in vitro with tomato hairy root crops, e.g., Fusarium tolerance [13], transgenic
nematode resistance [14,15], salt stress [16], and rhizobial symbiosis study [17].

Almost 40 years ago, McCormick et al. [18] published the first report of Agrobacterium-
mediated tomato (S. lycopersicum) transformation. Transformations of various species and
explant types, such as leaves, cotyledons, and hypocotyls, have been reported in recent
years [19–21]. In recent years, great progress has been made in the development of efficient
Agrobacterium-mediated transformation protocols for Micro-Tom [22–24]. In most published
papers, the transformation rates of A. rhizogenes-mediated Micro-Tom transformation
were around 40–60%. In the majority of cases, no essential details (medium components,
transplantation frequency, and infection method) were provided on the transformation
protocol, which would be essential for the reproducibility of Micro-Tom’s transformation
procedures. It was also unclear whether the transformation frequency was determined by
the number of independent transgenic events or the number of transgenic plants.

In this paper, we present a high-throughput transformation system in detail developed
in S. lycopersicum cv. Micro-Tom, using radicles and hypocotyls as starting explants and
applying A. rhizogenes ARqua1 in order to solve the problem of long transformation periods
and low-efficiency transformation rates in tomato plant. We set out to evaluate two different
inoculation methods and compare their effectiveness. In an effort to make it easier to control
the transformation process and to distinguish between non-transformed and transgenic
roots, DsRed was used as a visual marker that produced red fluorescence, and its use as a
marker was tested for the reliable identification and selection of transformed hairy roots of
tomato during in vitro culture. One of the main aims of the present study is to show that
the expression of transgenes persists in the transformant roots for several months [25]. We
intended to demonstrate that this alternative transformation method by means of nematode
infection is suitable for long-term studies since, in the majority of cases, 2–3 months are
required for the development of the corresponding infection phenotype in Meloidogyne
infection. Our final objective was to establish a highly efficient, reliable, and reproducible
A. rhizogenes transformation system for S. lycopersicum cv. Micro-Tom to validate and
describe candidate genes (Me1) of pepper (Capsicum annuum, PI201234) [26] that could
confer resistance against root-knot nematode species (Meloidogyne spp.).

We hypothesized that A. rhizogenes is suitable for transforming S. lycopersicum cv.
Micro-Tom with obtaining high efficiency. Furthermore based on our preliminary experi-
ments in C. annuum [27], we expected that rhizogenes infection by puncturing the hypocotyl
will show the greatest efficiency in the case of tomato.

2. Materials and Methods
2.1. Plant Material

The seeds of tomato (S. lycopersicum) cv. Micro-Tom were soaked in water for 3 h,
surface sterilized with filtered 10% solution of CaClO2 and a drop of Tween20 for 20 min,
and rinsed three times with sterile distilled water. MS20 (Murashige and Skoog supplied
with 20 g sucrose) media were used to germinate the sterilized seeds. A total of 360 seeds
were germinated this way in 3 separate rounds, each round with 120 seeds.
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2.2. Agrobacterium Strain and Vector

We used the A. rhizogenes strain ARqua1 harboring our desired plasmid vector for
the transformation. For the experiments, we used the plasmid pKWGFS7-RR (VIB-Ugent
Center for Plant Systems Biology modified by Á. Domonkos, Gödöllő, Hungary) [28]
containing an aminoglycoside adenylyltransferase gene for the bacterial selection, an
aminoglycoside phosphotransferase gene for the plant selection, and a DsRed reporter
gene. The control line was transformed with the same plasmid pKGWFS7 [29] construction
but without the DsRed reporter.

2.3. Agrobacterium Culture Preparation and Infection Medium

For the infection procedure to be carried out, Agrobacterium strains were cultured
in plastic Petri dishes at 28 ◦C on solid Luria Broth (LB) medium containing 50 mg/L
spectinomycin and 50 mg/L rifampicin for 48 h.

2.4. Preparation of Explants, Agrobacterium Infection and Co-Cultivation

The plant roots were cut horizontally at the desired parts (radicles and hypocotyl)
using a sterile sharp scalpel. In this study, we used 3 transformation methods to compare
their transformation efficiency and studied a total of 40 plants/method (30 + 10 control)
in each round: (1) coating the wound surface of radicles in bacterial mass; (2) coating the
wound surface hypocotyl in bacterial mass; (3) puncturing the hypocotyl with tungsten
needle dipped in bacterial mass. For Methods (1) and (2), we crossed the wounded surface
over the bacterial mass in the Petri dishes. For Method (3) we gently dipped the tungsten
needle in the bacterial mass, then punctured the hypocotyl vertically numerous times. The
co-cultivation with the bacteria was carried out on MS20 media. To observe the effect of
co-cultivation length, the first round of germinated seeds (120 plantlets) was co-cultivated
for 6 days, while the other two rounds (240 plantlets) were co-cultivated for 4 days. The
media were poured obliquely into sterile glass cultivating tubes 24 mm in diameter and
15 cm in height in order to be able to observe the plants individually during the experiment.
Figures 1 and 2 highlight the key steps in the transformation process.

Figure 1. Schematic representation of the timeline for the production of composite tomato plants.
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Figure 2. Essential steps in the production of tomato composite plants. Seed germination (a) and
seeds placed in sterilized glass storage jars with MS20 media (b). Vigorous plants were removed
from the MS20 medium (c). A. rhizogenes bacterial culture and observed transformation methods
(d–f). Resulting vigorous composite tomato plantlets growing in sterile glass cultivating tubes 24 mm
in diameter and 15 cm in height (g,h).

2.5. Tissue Culture and Transplantation

The plants were washed in sterile distilled water containing 500 mg/L cefotaxime after
co-cultivation and then transferred to a rooting medium containing 400 mg/L cefotaxime,
60 mg/L kanamycin, and 0.5 mg/L IAA, to eliminate the bacteria and apply selection
pressure to the roots. The plants were transferred every 2 weeks to a new rooting medium
to supply them with fresh hormones, nutrients, and antibiotics.

2.6. Fluorescence Observation and Imaging

The red fluorescence in the seedling roots was observed using a Leica MZ10 F stereomi-
croscope (Leica, Wetzlar, Germany) with an external Leica EL6000 light source for enhanced
fluorescence imaging, visualized using the manufacturer’s own computer software (Leica
Application Suite). The images were processed using Adobe Photoshop software ver. 23.2.2
(Adobe Inc., San Jose, CA, USA).

2.7. DNA Extraction and PCR Verification

Total DNA was isolated from fresh root tissue (100 mg/sample) using a Zenogene DNA
purification kit (Zenon Bio, Szeged, Hungary) according to the manufacturer’s instructions. The
PCR reactions were carried out in 12 µL reaction mixtures containing 1.2 µL of 10× PCR buffer,
0.3 U Taq polymerase, 0.2 mM dNTP, 0.5 µM of each primer, and 10 ng template DNA. Thermal
cycling conditions consisted of one cycle of initial denaturation for 4 min at 94 ◦C, followed by
30 cycles of 94 ◦C for 60 s, 58 ◦C for 60 s, 72 ◦C for 60 s, with a final extension step of 7 min at
72 ◦C. The amplified products were electrophoresed on a 1.0% (w/v) agarose gel stained with
0.5 mg/L ethidium bromide solution and visualized on a UV transilluminator. pKWGFS7-
RR vector-specific NeoR/KanR primers (F-5′-GTTCTTTTTGTCAAGACCGACCT-3′; R-5′-
CTCTTCAGCAATATCACGGGTAG-3′) and DsRed primers (F-5′-TGCCCTGCGCGCTCCTCC
A-3′; R-5′-CTACAGGAACAGGTGGTGG-3′) were used for PCR identification of positive plants.

2.8. Determination of Agrobacterium Infection and Transformation Efficiency

DsRed fluorescence and PCR screening of NeoR/KanR and DsRed genes from roots of
four-week-old in vitro putative T0 plants were used to calculate transformation efficiency.
The statistical calculation is based on the following equation: the transformation efficiency
(%) = (Number of positive transgenic plants/number of infected explants) × 100.
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2.9. Nematode Susceptibility Test

The culture of Meloidogyne incognita was maintained in the susceptible tomato line.
Before infection with nematodes, the two-month-old plantlets were transplanted individ-
ually into 250 mL plastic pots filled with steam-sterilized sandy soil and grown to the
fourth/fifth true leaf stage. The tomato plants were inoculated with egg masses and J2
juveniles collected from infected roots and soil. Plants were grown in a 25 ◦C growth cham-
ber, and after 8–10 weeks, the roots were evaluated, and transgenes in the root samples
were tested.

3. Results
3.1. Rhizogenes Inoculation Method

The infiltration method and the length of co-cultivation play a key role in achieving
a highly efficient Agrobacterium transformation. To identify the most appropriate method
for tomato transformation, we applied three transformation methods to compare their
transformation efficiency. S. lycopersicum plants were cut horizontally at the desired parts
(radicles and hypocotyl) using a sterile sharp scalpel and infected by coating the wound
surface in bacterial mass or puncturing the hypocotyl with a tungsten needle dipped in
bacterial mass. The typical phenotype of the infection after one week was characterized by
cell proliferation that could be observed at the site of infection and on the stem, as well as
by brown spots, which were probably the signs of local cell death. The transformed roots
typically grew from the cell proliferation zone. As in our previous experiments in peppers,
both normal and hairy roots grew on the plant, and the formation of transformant roots
did not depend on the development of the hairy root phenotype. Since the newly formed
roots were highly fragile and easily damaged, during the transplantation, extra care had to
be taken. The formation of the first roots started on the rooting medium after two weeks of
cultivation. The plants infected with the tungsten needle (Method (3)) were the fastest in
rooting while the coating of hypocotyl with bacterial mass (Method (2)) showed the slowest
rooting (usually 4 weeks).

3.2. Elimination of A. rhizogenes

Upon each transplantation, we washed the plants with sterile water supplemented
with 500 mg/L cefotaxime. The length of co-cultivation greatly influenced the survival
rates of plants. After 6 days of co-cultivation, the bacteria typically overgrew the medium
and were impossible to eliminate during transplantation despite the washing step. Because
of the overgrown bacteria, we observed an 85% mortality rate among the plants. Method (1)
had the highest survival rates with 11 living plants, while Method (3) only had 1, and
Method (2) produced no surviving plants. The results showed that the plants infected
with Method (2) were the least tolerant to the overgrowing bacteria, while plants infected
with Method (1) showed significantly higher survival rates. Therefore, the infection with
Method (1) showed the highest tolerance against the aggressive growth of bacteria. The
dead plants were characterized by whitening (a typical symptom of kanamycin, most likely
because the plants failed to develop roots due to the high amount of bacteria present in the
rooting area), lack of cell proliferation, stem watering, and bacterial mass that penetrated
the medium even after multiple elimination attempts. The surviving plants successfully
developed roots and the elimination of the bacteria was successful. After 4 days of co-
cultivation, the bacteria were eliminated after the first transplantation; therefore, we could
not observe the high mortality rates that occurred during the 6-day-long co-cultivation
period (Table 1). These results supported the finding that the length of co-cultivation played
a key role in the survival rate of plants and the success of the rhizogenes transformation
of S. lycopersicum cv. Micro-Tom. The 4-day-long co-cultivation turned out to be the most
efficient way of infection in regard to transformation and survival rates.
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Table 1. Mortality rate of different organs inoculated with binary vector inserted in the A. rhizogenes
strain ARqua1 after 6 days of co-cultivation. Plants transformed with pKWGFS7-RR and pKWGFS7
(mock) are represented together in this table.

Organ Explant Inoculation Method Total No. of
Transformed Plant

No. of Explants
Surviving

No. of DsRed-Positive
Roots

Mortality Rate
(%)

Radicles Coating—method (1) 40 11 11 73

Hypocotyl Coating—method (2) 40 0 0 100

Hypocotyl Puncturing—method (3) 40 1 1 98

3.3. Agrobacterium Transformation of Explants

Hypocotyl explants of the Micro-Tom genotypes were inoculated with pKWGFS7-
RR by using the puncturing and coating inoculation method. Two weeks after the first
transplantation approximately 60% of the puncture-inoculated plants succeeded in devel-
oping intact roots, while only 20% of the coating-inoculated plants had roots during the
same period (Figure 3). Four weeks after the inoculation, this number was 90% in the
case of Method (3) and 80% for Method (2). During this time, the puncture-inoculated
plants rapidly developed multiple roots from shared nodes, which appeared to be the
cell proliferation zones on the surface of the hypocotyl. Concerning transformation, the
punctured plants showed higher efficiency, with 95% of the inoculated plants developing
transformant roots, while in the case of Method (2), this number was 92%. Six weeks after
the inoculation, the puncture-inoculated plants showed a substantially more extensive root
system compared to the other methods. The hypocotyl-coating-inoculated plants showed
the highest sensitivity to the overgrowing bacteria of the three inoculation methods. Our
results suggested that if the study focused on the rhizogenes transformation of hypocotyl
explants, the puncturing method offered a more efficient way to generate composite plants.

Figure 3. The effectiveness of different methods for the production of tomato composite plants and
the development of roots on the composite plants transformed by different methods.
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Radicle explants from Micro-Tom genotypes were inoculated with pKWGFS7-RR by
using the coating infection method. The growing of roots was similar to the hypocotyl
explants transformed by the coating of the wound surface. Two weeks after the first
transplantation, only 25% of the plants succeeded in root generation, but 4 weeks after the
first transplantation, 85% of all the radicle-transformed plants were able to grow intact
roots. The transformation efficiency was similar to the methods involving the puncturing
of hypocotyl, with 91% of the transformed plants growing transformant roots (Table 2).

Table 2. Transformation efficiency of different organs inoculated with binary vector inserted in the
A. rhizogenes strain ARqua1 (pKWGFS7-RR) and mock inoculated (pKWGFS7). The table represents
only the 4-day-long co-cultivation experiments.

Inoculation with A. rhizogenes Strain
ARqua1 (pKWGFS7-RR)

Mock Inoculation—A. rhizogenes Strain
ARqua1 (pKWGFS7)

Organ
Explant

Inoculation
Method

No. of
Experi-
ments

Total No.
of Trans-
formed
Plant

No. of
Explants

That
Showed

Hairy Roots

No. of
DsRed-
Positive

Roots

Total No.
of Trans-
formed
Plant

No. of
Explants

That
Showed

Hairy Roots

No. of
DsRed-
Positive

Roots

Transformation
Efficiency 1

(%)

Radicles
Coating—
method

(1)
2× 60 57 55 20 18 0 91

Hypocotyl
Coating—
method

(2)
2× 60 58 56 20 18 0 92

Hypocotyl
Puncturing—

method
(3)

2× 60 58 57 20 19 0 95

1 The transformation efficiency was calculated on the basis of the number of plants in 4 days of co-cultivation.

In comparison with the composite plants of Method (3), 6 weeks after the first trans-
plantation, 99% of the plants with both transformation methods were ready to be trans-
planted into soil, but the radicle-transformed samples showed a less extensive root system
compared to the plants obtained by Method (3). The radicle-transformed plants showed the
highest tolerance to the aggressively overgrowing bacteria of all three methods; therefore,
using radicle explants for the transformation can be advantageous if the plant type used is
sensitive to the growing bacteria.

3.4. DsRed Allows for Quick and Easy Identification of Positive Plants

We decided to use the DsRed gene (pKWGFS7-RR) driven by the Ubiquitin promoter
as a molecular marker to identify transformed hairy roots and to quantify transformation
efficiency. The resultant red fluorescence in transgenic tissue could be observed through a
fluorescence microscope because DsRed could be expressed in all tissues at every devel-
opmental stage. As a result, the red fluorescence could be used to screen positive roots
at various stages of genetic transformation and quickly distinguish between positive and
negative roots. Furthermore, DsRed provides an opportunity to eliminate non-transformant
roots during the experiment. The wavelengths of excitation and emission for DsRed range
from 554 to 563 nm for excitation and from 582 to 592 nm for emission. As we expected,
strong red fluorescence appeared in the positive roots, while the transgene-negative roots
showed almost no signal or weak autofluorescence (Figure 4).

We showed that the applied vector pKWGFS7-RR was highly suitable for A. rhizogenes
transformation in the case of S. lycopersicum cv. Micro-Tom. In the roots, which showed
a higher level of expression of the DsRed gene than the average, the presence of the red
fluorescent protein was visible under normal light in the form of pale pink colorations on
the roots of the composite plants.
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Figure 4. Selection of transformed hairy roots expressing the DsRed gene in tomato plants. The
roots were visualized with a stereomicroscope under bright light (lines a,c,e) and fluorescence (lines
b,d,f). Control roots were visualized with stereomicroscope under bright light (line g) and under
fluorescence (line h). Each bar represents 8 mm.

3.5. Confirmation of Genetic Co-Transformation of the Roots by PCR

To test whether the desired target DNA fragments were integrated into hairy roots that
emitted red fluorescence and showed kanamycin resistance, all transgenic roots were se-
lected by PCR amplification. DNA was isolated from the roots of all independent Micro-Tom
plantlets and a non-transformed Micro-Tom plant, and by using DsRed and NeoR/KanR-
specific primers, PCR analysis was performed. In line with our expectations, the DsRed
and NeoR/KanR amplification products appeared as 678 bp and 558 bp long PCR products,
respectively (Figure 5). PCR amplifications demonstrated the simultaneous presence of
the NeoR/KanR and DsRed genes in the roots that were previously evaluated as DsRed
positive under the stereomicroscope. In contrast, only the NeoR/KanR gene was amplified
in the DNA sample deriving from control hairy roots. In the DsRed-negative roots (based on
microscopy), none of the desired fragments appeared in the agarose gel. The results support
the fact that upon transformation, the whole T-DNA sequence is integrated into the roots.

Figure 5. PCR screening for NeoR/KanR and Dsred genes. (A) PCR results of NeoR/KanR primers:
Samples 1–9 represent transformant plants which were selected based on microscopy; Samples
C1-C8 represent the control transformant line without the DsRed reporter; MT is a non-transformant
Micro-Tom sample; C+ is the vector-positive control; MQ is a MilliQ water sample. (B) PCR results of
DsRed-specific primers with the same samples in the same order.
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3.6. Long-Term Evaluation of Transformed Roots after Nematode Infection and Analysis of the
Presence of Transgenes

To confirm that the expression of transgenes persists for several months in transformed
roots, we evaluated plants infected with Meloidogyne after 4 months. Several months
after infection, transformed roots infected with M. incognita developed a variety of gall
symptoms. We proved that the nematode could complete its life cycle in transformed roots.
We observed the presence of DsRed in the hairy roots of each infected plant through a
fluorescence microscope. The study confirmed that the strong red fluorescence signal was
detected in the roots of all adult plants without exception (Figure 6). It can be concluded that
the method we have developed is suitable for testing the long-term function of root-specific
genes in S. lycopersicum cv. Micro-Tom plants.

Figure 6. Selection of transformed hairy roots expressing the DsRed gene in tomato plants infected
with Meloidogyne incognita after 4 months. The roots of adult plants were visualized with a stere-
omicroscope under bright light (line a,c) and under fluorescence (line b,d). Rounded or irregular
galls are clearly observed on the roots as a phenotype of typical Meloidogyne spp. infection. Each bar
represents 8 mm.

4. Discussion

In comparison with A. tumefaciens-mediated transformation, A. rhizogenes-mediated
transformation has a range of benefits [30], including the ability to induce genetic trans-
formation in hairy roots deriving from explants quickly and efficiently. Furthermore,
individual transformed clones can be identified by using selection marker genes, which
enable this technique to be applied in studying gene functions [31], plant transformation
events [32], and secondary metabolism [33]. In tomato, the cotyledon, hypocotyl, and leaf
discs [18] were used as materials for transformation [34]. The most common inoculation
method used for the production of composite plants involves stab inoculation [35]. Re-
cently, several authors reported that the growth rates of some species could substantially
be improved when A. rhizogenes was inoculated directly onto the radicles or hypocotyls
of freshly sliced seedlings [36,37]. Similar to other studies, hypocotyl explants produced
more hairy roots than leaf discs or cotyledon segments in tomato when inoculated with
A. rhizogenes strains [31].

In the present study, we used radicles and hypocotyls for inoculation with A. rhizogenes
strain ARqua1, and 120 hairy root clones per method were obtained after 7 weeks of culti-
vation (Figure 1). The DsRed gene was also used as a selection marker, with its expression
pattern monitored at various developmental stages, followed by the confirmation of its
integration through PCR analysis. The number of re-generate explants was increased by
establishing a durable and efficient transformation method. Using roots transformed by
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A. rhizogenes made the functional validation of candidate genes involved in pathogen–plant
root interactions possible [38,39]. Since most of the studies only presented short-term
investigations, it was necessary to confirm that the plants transformed could maintain the
expression level of the gene of interest for several months until the infection phenotype of
Meloidogyne species appeared. An exception is the study in which Kátia et al. [25] verified
by PCR and enzyme assays that the nptII gene remained active for several months in
S. lycopersicum Mill. cv. Ailsa Craig explants co-cultivated with A. rhizogenes strain R1601. It
was also an important goal to investigate whether DsRed could possibly be used to screen
transformant roots from the early stages of the experiment because a number of tissues
could provide strong autofluoroescent signals at certain wavelengths.

In brief, our results verified that DsRed could be used as a visual screening marker
to reduce the difficulties and improve the efficiency of the screening process for positive
transgenic plants at different developmental stages and that the red fluorescent signals re-
mained visible throughout the whole cycle of root-knot nematode infection. We established
a method for producing A. rhizogenes-dependent transformed roots from S. lycopersicum
cv. Micro-Tom that was efficient, convenient, and fast. Three important factors were
investigated in our experiments: first, the part of the plant to be transformed; second,
the difference between inoculation methods; and third, the quality and efficiency of the
transformation method. We found that even though both radicle and hypocotyl segments
could be infected by the same ARqua1, the highest transformation efficiency was obtained
with hypocotyls of Micro-Tom infected by Method (3) and the lowest with radicles of
Micro-Tom infected by Method (1). Our results showed that the puncturing inoculation
method proved to be highly efficient in producing composite plants harboring our genes of
interest in the roots. Presumably, the puncturing process allowed the bacteria to penetrate
deeper into the stem, while the effect of small individual wounds promoted enhanced
rooting on the wound sites. In the past, numerous tools were used for puncturing such as
sterile toothpicks, stainless steel needles, and sterile scalpels. The tungsten needle we used
might be effective since, due to its thin and smooth surface, the needle was able to inflict
minimal damage, making it easier for the plant to survive.

In this experiment, hairy roots with red fluorescence were observed in the transformed
radicles and hypocotyls using a stereo fluorescence microscope and UV light. Over 90%
of the hairy roots showing strong DsRed expression were derived from hypocotyls and
radicles. Seven to ten days after the infection, a large number of adventitious roots ap-
peared on the surface of each hypocotyl, which took place much faster than in the radicle
segments, which took 15–20 days to develop the roots. In addition, our results showed
that the hypocotyl was the most suitable material for A. rhizogenes-mediated transforma-
tion of tomato and that the hypocotyl explants of S. lycopersicum cv. Micro-Tom and the
A. rhizogenes strain ARqua1 were an appropriate combination for tomato transformation.
The microscopy results showed the possibility of extended visual screening with DsRed for
Meloidogyne studies, as well as the opportunity to efficiently screen the positive transfor-
mation events in the early stages of root formation. Similarly, the PCR validation results
confirmed the presence of DsRed in the plants previously evaluated as DsRed positive
under the microscope.

The improved A. rhizogenes-mediated transformation method had numerous benefits.
Firstly, DsRed served as an observable marker for identifying transformed plants, mak-
ing the process easier and faster and shortening the transformed plant selection period.
Furthermore, the highest transformation efficiency was found to be 95% in tomato plants.

The co-transformation efficiency (number of transformed explants/number of infected
explants) of S. lycopersicum cv. Micro-Tom varied from 90% to 95% according to the type
of organ (hypocotyl or radicles) and the transformation method used (Figure 3). In a
previous study with S. lycopersicum cv. Moneymaker, Plágaro et al. [31] achieved a similar
high transformation efficiency of almost 90% using A. rhizogenes strain MSU440. The
transformation method presented in this study provided a fast and reliable means of
studying root-specific genes, promoters, and host–pathogen interactions. The A. rhizogenes-
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mediated transformation can be used in species that appear to be recalcitrant to plant
regeneration or A. tumefaciens transformation such as Capsicum species [40], since the
method only involves plant rooting.

Several studies reported the possibility of generating stable transformant plants
(whole-plant level) by regenerating rhizogenes-transformed root tissues, although the pub-
lications mostly focused on ornamental plants [41–43]. In the future, we would like to
explore this novel approach to generating a high number of transformant plants from
transformed root tissues since, in theory, this procedure excludes the generation of mosaic
transformation. This method can also aid research work in the field of mycorrhizal studies,
as well as be applied in the creation of transgenic plants producing secondary metabolites.

5. Conclusions

In this study, we developed a novel and highly efficient protocol for A. rhizogenes-
mediated transformation of S. lycopersicum Micro-Tom cultivars. Furthermore, using the
fluorescent molecular marker DsRed, the selection of transformed tomato hairy roots
could be effectively performed. Hairy root culture has a number of advantages, including
intensive growth, repeatability, and vegetative propagation, which allows the transformed
roots to be permanently maintained. This method improves the ability to study root-specific
genes and could be used for molecular studies of root–pathogen interactions as well.

As a result of composite plants with well-developed roots that were acclimatized,
transformed rootstocks were produced in 2 months, which could be directly used for
nematode resistance validation and functional testing. This method had the significant
advantage of allowing functional analysis studies on root genes at the whole-plant level. In
comparison, in most cases, it takes 1 year to produce well-developed transformed seedlings
from primary explants, such as leaf cuttings, using A. tumefaciens-mediated transformation.

The presented study can assist root-specific experiments by offering an effective
in vitro protocol to introduce genes into plant roots and enabling the gene products to be
screened and localized when the reporter is used in a fusion-protein construction. The
method we present can facilitate the advancement of root-related research in the future.
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Abstract: Since the beginning of resistance breeding, protection of plants against pathogens has relied
on specific resistance genes encoding rapid tissue death. Our work has demonstrated in different
host–pathogen relationships that plants can defend themselves against pathogens by cell growth and
cell division. We first demonstrated this general defence response (GDR) in plants by identifying
the gds gene in pepper. Subsequently, the existence of a genetic system for tissue defence became
apparent and we set the goal to analyse it. The gdr 1 + 2 genes, which operate the complete GDR
system, protect plant tissues from pathogens in a direcessive homozygous state in both host and
non-host relationships. The inheritance pattern of the two genes follows a 12:3:1 cleavage of the
dominant epistasis. With the knowledge of the gds and gdr 1 + 2 genes, the role of tissue-preserving
(GDR) and tissue-destructive (HR) pathways in disease development and their relationship was
determined. The genes encoding the general defence response have a low stimulus threshold and
are not tissue-destructive and pathogen-specific. They are able to fulfil the role of the plant immune
system by providing a general response to various specific stresses. This broad-spectrum general
defence system is the most effective in the plant kingdom.

Keywords: pepper; general defence response; tissue retention; hypersensitivity response; resistance breeding

1. Introduction

Since the beginning of our half-century of work on resistance breeding, experiments
reported in publications of interest to us have been repeated to help understanding. We
also took photographs of pathologies described in other authors’ publications but not
shown in pictures. With these and with photographs of our own work, we aim to make the
knowledge of the symptoms in this speciality more visible and clearer.

The century-old history of plant resistance breeding has been based on the rapid de-
struction of the attacked tissue of the host plant, the hypersensitive response (specific HR).

In the relationship between cereals and Puccinia graminis, Ward [1] and Stakman [2], in
the interaction between Nicotiana glutinosa and TMV, Holmes [3,4], in the host–pathogen
relationship between Capsicum annum and Xanthomonas vesicatoria, Cook and Stall [5]
described the local lesion in the Bs1 gene, and Cook and Guevara [6] described the local
lesion in the Bs2 gene (Figure 1).

In addition to the study of HR induced by specific resistance genes in the host–
pathogen relationship, the observation of the non-host–pathogen relationship has also
started. The leaves of the Nicotiana tabacum L. White Burley plant were infiltrated with
inoculum concentration of 105, 106, 107, 108 cells/mL of Pseudomonas tabaci being in a host–
pathogenic relationship with tobacco, and of Pseudomonas species as non-host–pathogenic
plant pathogen. Inoculum concentration of 106, 107, 108 cells/mL of bacteria being in a non-
host–pathogenic relationship with tobacco induced rapid tissue destruction in 24–48 h for
all Pseudomonas species. The 105 inoculum concentration induced partial tissue destruction
only in P. tabaci, whereas in the other pathogenic Pseudomonas species, small local lesions
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were formed in the area of infected leaf spots. The authors found that phytopathogenic
Pseudomonas species can also multiply in the intercellular ducts of non-host plants, inducing
(nonspecific) HR, and that this is considered a naturally occurring phenomenon, but the
authors overlooked the fact that this phenomenon can only occur if the pathogen has
entered the intercellular ducts in very large quantities. A very important aspect of the
experiment, but not interpreted by the authors, is that the dilution series of Pseudomonas
pathogen inoculum, the reaction type switch, was in all cases triggered by increasing the
inoculum concentration from 105 cells/mL to 106 cells/mL, thus setting the limit of the
overall tissue retention capacity of White Burley [7].
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Figure 1. Local lesions in wheat-Puccinia graminis (A)—susceptible, (B)—resistant, Nicotiana glutinosa-
TMV (C), Capsicum annuum (Bs2 gene)-Xanthomonas vesicatoria (D).

The relationship between susceptibility and HR in host–pathogen and non-host–
pathogen relationships was studied by Szarka et al. [8]. Nicotiana tabacum cv. Pallagi
leaves were infiltrated with 101−109 cells/mL inoculum of P. tabaci (Figure 2A), and P.
phaseolicola (Figure 2B) bacteria (Figure 2), irrespective of the host–pathogen or non-host–
pathogen relationship.
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The 109 cells/mL inoculum induced nonspecific HR in both bacterial species in the
same way. The 108 cells/mL inoculum of P. tabaci induced the typical pathological symp-
toms of the disease on its host plant, tobacco, and 101–107 cell/mL inoculum of P. tabaci
and 101–108 cells/mL inoculum of P. phaseolicola induced at most a slight bulging towards
the front surface of the leaf and a chlorotic spot with indeterminate margins on infiltrated
tissue sections. In other words, the tissue retention capacity of the Pallagi tobacco variety
was able to tolerate stress caused by a bacterial suspension of P. tabaci at a concentration of
107 cell/mL and of P. phaseolicola at a concentration of 108 cell/mL. From this observation,
conclusions were drawn on the tissue retention capacity of tobacco [8].

In evaluating the results, the term General Defence Reaction (GDR) was used to
describe the tissue retention capacity of the plant in host–pathogen and non-host–pathogen
relationships, i.e., the specific HR counterpoint, and its interpretation was described in
1995 [9].

The 108 cells/mL inoculum of Pallagi and P. tabaci formed a host–pathogen relationship
in which a delicate equilibrium was established between the stress of the pathogen and
the tissue retention capacity of the host plant, which was upset by the stress effect of
the pathogen’s increased proliferation. The plant tissue began to die, and this balance of
power was eventually manifested in the susceptible disease. The P. tabaci suspension at
concentration of 107 cells/mL showed the dominance of the GDR of the plant, while the
rapid tissue death caused by the suspension at concentration of 109 cells/mL showed the
destruction of the GDR. Since susceptibility as a physiological state is intermediate between
the two, it was likely that GDR levels play a dominant role in the susceptibility of plants to
pathogens [8].

To study susceptibility status and specific resistance gene activation, pepper cell lines
with similar GDR levels, containing susceptible and Bs2 resistance genes, were tested
using a non-host–pathogen relationship, using X. vesicatoria inocula at concentrations of
101–109 cells/mL [8]. Leaf spots of susceptible and Bs2 resistance gene-containing peppers
infiltrated with suspensions of X. vesicatoria at concentrations of 101–107 cells/mL were at
most chlorotic. The inoculum at concentration of 108 cells/mL produced a greasy spot on
the susceptible cell line and a maroon discolouration on the leaf containing the Bs2 gene,
which did not dry out and caused resistance symptoms. Since pepper cell lines with similar
tissue retention were tested, it was concluded that the Bs2 gene is only activated when
one of the stress levels represented by the X. vesicatoria dilution series breaks through the
plant’s general defence system. On the basis of this observation, it is likely that the general
defence response is activated first in the defence process, and that its insufficiency leads to
a state of susceptibility, which induces a physiological disturbance that triggers the specific
resistance gene, which, thus, only becomes active after the development of the disease.

Contrary to the “resistance = HR” theory, the “destruction is not resistance” position
could not be proven until a gene encoding a resistant response without tissue death
was found.

The non-hypersensitive, nonspecific recessive gene found in cell line PI 163,192 of
Capsicum Annuum became applicable for resistance identification in 1995. Based on the
characteristics it encodes, it is a proposed marker of monogenic recessive trait: general
defence system—gds [9]. In contrast to the Bs2 gene (Figure 3), the response regulated by
the gds gene (Figure 4) is manifested by cell growth, cell division, tissue compaction, and
bulging of the infected leaf plate.

Unlike X. vesicatoria (Figure 5A) being in a host–pathogen relationship with pepper, P.
phaseolicola (Figure 5B) and X. Phaseoli (Figure 5C) being in a non-host relationship, and
the saprophytic P. Fluorescens (Figure 5D) bacteria, the gds gene responds with the same
tissue lesions.
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Thus, in addition to being non-hypersensitive, gds is also a non-specific gene, as it
gives a generalised response (GDR) to specific stresses induced by different pathogenic
species in peppers containing the gds gene.

The gene that protects pepper by producing a tissue retention defence response was
published in 2002 [11]. The gene was given the name bs5 and another recessive tissue
retention gene, bs6, was also described at the same time.

Since the bs5 gene was found in the same PI 163,192 cell line in which Szarka and
Csilléry were the first to find and describe a tissue retention recessive gene in 1995 [9], the
authors performed allele testing of gds and the bs5 gene [12]. Based on the susceptibility
and tissue retention pathogenicity of X. vesicatoria, the heritability tests confirmed that
the two genes were identical. Pepper containing the bs6 gene (ECW60) was shown to be
susceptible in testing, which is presumably why it is not used in breeding today, unlike the
gds (bs5) gene.

Another type of tissue retention response other than gds has also been reported [9].
In this experiment, pepper cell lines carrying the Bs2 and Bs3 genes were infected with
X. vesicatoria and the infected leaves were detached from the plants and dried 24 h after
inoculation (Figure 6). The leaves of the Bs3 plant showed tissue damage indicative of HR
already at the time of detachment, while the leaves of the Bs2 plant showed only a slight
purple discolouration indicating the location of the infected spots. For the Bs3 gene, the
dried infected tissue (Figure 6A) was only half as thick as the uninfected tissue, whereas for
the Bs2 gene, in addition to the slight purple discolouration, the infected tissue was twice
as thick (Figure 6B) as the uninfected tissue.
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detached at 24 h after infection with Xanthomonas vesicatoria and dried.

A similar tissue retention property was observed in the non-host–pathogenic relation-
ship between pepper containing HR genes (Bs2, Bs3) and the bean pathogen X. Phaseoli.

The GDR phenomenon has also been described in several host–pathogen relationships
where the host plant did not contain a known resistance gene and nonetheless developed
tissue retention pathology suggestive of non-susceptibility (Figure 7). Such factors include:
Cucumis sativus–Pseudoperonospora cubensis (Figure 7A,B), Phaseolus vulgaris–Pseudomonas
phaseolicola (Figure 7C) [13].
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Figure 7. General Defence Reaction, GDR in Cucumber—Pseudoperonospora cubensis, (A)—adaxial leaf
surface, (B)—abaxial leaf surface, and bean—Pseudomonas phaseolicola (C) host–pathogen relationship.

Hydrogen peroxide plays an essential role in the development of specific HR deter-
mined by specific resistance genes. H2O2 in plant-microbe or host–pathogen interactions,
depending on its amount, either enhances or destroys host plant cells. The production of
H2O2 by susceptible plants containing the Bs2 and gds genes, upon the effect of X. vesicatoria,
was as follows [10]. The author investigated the amount of H2O2 by infiltration of the entire
leaf surface of the plants for 10 h after infection. In the susceptible host–pathogen relation-
ship, the pathogen enters the plant without causing a stress effect, so no significant H2O2
change occurs. The pathogen only becomes detectable to the plant during its accumulation.
In response to H2O2 as a signalling molecule for the initiation of death in the susceptible
phase, the Bs2 gene is activated, causing a specific HR characterised by H2O2 “burst”. In
the experiment, the H2O2 “burst” occurred within 30 min and after 8 h it was reduced to
the control level, while the infected tissues were destroyed. H2O2 levels remained constant
in plants containing the gds gene, which encodes a strong tissue retention capacity.

H2O2 induces lignin synthesis and cross-linking between phenolic compounds and
cellular wall proteins. This results in increased resistance to the enzymes degrading the
cellular wall [14]. The formation of cross-links between cellular wall proteins is very rapid,
occurring within 2–5 min after a stimulus [15]. Non-host resistance is primarily based on
general responses linked to the cellular wall. These include thickening, lignification of the
cellular wall, accumulation of phenols, flavonoids, which are highly localized responses
expressed at the point of pathogen entry [16].

The aim of our work is to describe the functional defects of specific resistance genes
used in resistance breeding and to elucidate their causes. Furthermore, we will describe the
pathophysiology of a previously unknown defence response without tissue destruction, its
genetic analysis, and its application in resistance breeding.

2. Materials and Methods

The experiments were carried out at the Kecskemét site of Univer Product Plc. between
2017 and 2021.

A significant part of our observations on plant material for variety production were
made in the framework of resistance breeding work. The plants were planted in the
soil of the growing house, i.e., we worked with plants with strong roots and vigorous
growth. The plants were inoculated before flowering, in the vegetative stage, which is
characterised by strong growth. The leaves selected for this purpose were at 70–80% of their
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development. Suspensions of different concentrations of X. vesicatoria and P. phaseolicola
bacteria prepared from 48 h culture were used for inoculation. To form lesions, inoculum
was applied to the abaxial surface of the leaf by brushing, mimicking the natural infection
process. The primary criterion of evaluation in this case was the size of the lesion. For
evaluation by tissue retention, intercellular ducts were flooded by injection. This method
is less dependent on the environment and allows differentiation based on the quality of
the infected tissue. The assessment of symptoms was performed on days 7 and 14, with
occasional continuous evaluation.

For the genetic analysis, two infected leaves of a plant, directly above each other, were
inoculated (Figure 8A,B).
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Figure 8. Location of tissue spots on leaves infected with a suspension of Xanthomonas vesicatoria
(A) and Pseudomonas phaseolicola (B) at concentrations of 108, 107, 106 cells/mL for genetic analysis of
the general defence response of pepper.

In both leaves, the upper left spot shows the inoculation of 108 cells/mL of X. vesicatoria
bacteria in a host–pathogenic relationship with pepper, and the upper right spot shows the
inoculation of 108 cells/mL of P. phaseolicola bacteria in a non-host–pathogenic relationship
with pepper. The lower two spots on the upper leaf show the result of inoculation by the
bacterium X. pesicatoria at concentrations of 107 (left spot) and 106 (right spot) cells/mL.
The lower two spots on the lower leaf show the spots resulting from the inoculation of P.
phaseolicola at concentrations of 107 (left spot) and 106 (right spot) cells/mL. Both leaves
were tested with a 108 cells/mL suspension of the two pathogens to account for possible
differences due to the age of the leaves.

The reaction of the leaves was classified into pathogen groups according to whether the
inoculation resulted in a green, tissue-retaining spot or a drying, necrotic spot (Figures 9–11),
as required for genetic analysis.

Figure 12A shows the design of experiments to investigate the rate of response of
genes controlling specific and general defence. This involved infecting a spot with 5 mm of
diameter with one pathogen (a) and then, after absorption of the watery patch, re-infecting
it with the other pathogen (b), knowing the location of the first spot (a).

Figure 12B illustrates the inoculation process to study the function of specific and
general defence responses in damaged cells. This involved inducing a convex tissue spot
infiltrated by mechanical pressure with an object that consequently damaged the cells to
different degrees (c) and inoculating it with a bacterial suspension (d).

Of the hot peppers used in the experiments, Unihot is a commercial variety, the others
are breeding lines (Table 1).
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Sustainability 2022, 14, x FOR PEER REVIEW 8 of 29 
 

 
Figure 9. Pathogen symptom clusters induced by the inoculum of Xanthomonas vesicatoria (A) and 
Pseudomonas phaseolicola (B) at 108 cells/mL and their dilution series (107, 106 cells/mL). X. vesicatoria: 
Z-Z-Z-Z, P. vhaseolicola: Z-Z-Z-Z. 

 
Figure 10. Pathogen symptom clusters induced by the inoculum of Xanthomonas vesicatoria (A) and 
Pseudomonas phaseolicola (B) at concentration of 108 cells/mL and their dilution series (107, 106 
cells/mL). X. vesicatoria: L-Z-LX-Z, P. phaseolicola: L-Z-Z-Z. 

 
Figure 11. Pathogen symptom clusters induced by the inoculum of Xanthomonas vesicatoria (A) and 
Pseudomonas phaseolicola (B) at concentration of 108 cells/mL and their dilution series (107, 106 
cells/mL). X. vesicatoria:P-P-Z-Z, P. phaseolicola: P-P-P-P. 

Figure 11. Pathogen symptom clusters induced by the inoculum of Xanthomonas vesicatoria
(A) and Pseudomonas phaseolicola (B) at concentration of 108 cells/mL and their dilution series
(107, 106 cells/mL). X. vesicatoria: P-P-Z-Z, P. phaseolicola: P-P-P-P.

68



Sustainability 2022, 14, 6458

Sustainability 2022, 14, x FOR PEER REVIEW 9 of 29 
 

Figure 12A shows the design of experiments to investigate the rate of response of 
genes controlling specific and general defence. This involved infecting a spot with 5 mm 
of diameter with one pathogen (a) and then, after absorption of the watery patch, re-in-
fecting it with the other pathogen (b), knowing the location of the first spot (a). 

Figure 12B illustrates the inoculation process to study the function of specific and 
general defence responses in damaged cells. This involved inducing a convex tissue spot 
infiltrated by mechanical pressure with an object that consequently damaged the cells to 
different degrees (c) and inoculating it with a bacterial suspension (d). 

 
Figure 12. Pre-infection with a suspension of Xanthomonas vesicatoria in a spot with 5 mm of diameter 
(Aa), followed by super-infection with a suspension of Pseudomonas phaseolicola (Ab). Mechanical 
pressure-induced infiltrated tissue spot (Bc), followed by super-infection with a suspension of Xan-
thomonas vesicatoria (Bd). 

Of the hot peppers used in the experiments, Unihot is a commercial variety, the others 
are breeding lines (Table 1). 

  

Figure 12. Pre-infection with a suspension of Xanthomonas vesicatoria in a spot with 5 mm of diameter
(Aa), followed by super-infection with a suspension of Pseudomonas phaseolicola (Ab). Mechanical
pressure-induced infiltrated tissue spot (Bc), followed by super-infection with a suspension of
Xanthomonas vesicatoria (Bd).

Table 1. Reactions of the hot pepper lines used in hybridizations to inoculation with X. vesicatoria at
concentration 108 cells/mL.

Pepper Materials Used
Reaction Type

S (Px) 1 Lf
2 Lx

3 X 4

Unihot +

L330 +

L1786 +

L1710/2 +

L1713/2 +

L1715/3 +

L1716/4 +
1 S (PX): necrotic spot (susceptible); 2 LF: rapidly dying slightly purple spot (Bs2 gene); 3 Lx: green spot with purple
vessels (Bs2 gene); 4 X: uniform green tissue-retaining spots after inoculation with X. vesicatoria at concentration of
108 cells/mL and P. phaseolicola at 108 cells/mL.
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The cleavages observed in F2 were subjected to Chi2 test regression analysis. Our null
hypothesis is that the observed genetic cleavage rates correspond to a given theoretical
genetic cleavage.

There is no established terminology yet for plant traits and pathological processes
related to tissue retention. Hence, we see the need for an interpretation of the terms and
concepts we use.

Susceptibility (S): in the case of a host-pathogen relationship, plant tissue death char-
acteristic of the pathogen. The rate of the process depends on the plant’s capacity to
retain tissue.

Hypersensitive response (HR): rapid tissue death in response to biotic stresses.

• Specific hypersensitive response (sHR): in a host–pathogen relationship, the destruc-
tion of the attacked plant tissue by a specific resistance gene.

• Nonspecific hypersensitive reaction (aHR): rapid tissue death in a non-host relation-
ship due to stress induced by a pathogen, or rapid tissue death in a host–pathogen
relationship without a specific resistance agent due to over-infection.

Tissue retention capacity: the genetically determined trait that protects plant tissues
from destruction by biotic and abiotic stresses.

General defence response (GDR): a defence process under biotic stresses, in host–
pathogen and non-host–pathogen relationships, based on the plant’s tissue retention capac-
ity to exclude pathogens in a general response to specific stresses.

• Weak/strong GDR: the degree of tissue retention manifested in pathogenicity without
knowledge of the genotype.

• Complete GDR: the ability of a plant containing both genes (gdr 1 + 2) to retain tissue.
• Incomplete GDR: the degree of tissue retention in a plant containing either or neither

of the gdr 1 and 2 genes, under stress expressed as inoculum concentration.

3. Results
3.1. Insufficient Function of Specific HR

The observed disturbances in the function of specific HR genes used in resistance breed-
ing under cultivation conditions were investigated in different host–pathogen relationships.

In tobacco-TMV and pepper-ToMV-Ob host–pathogen relationships, leaf viability
functions are reduced by senescence and excision, respectively, and pathogens previ-
ously blocked in lesions are released. Despite the presence of resistance genes, the virus
spreads unhindered in tissues, as indicated by tissue lesions characteristic of the pathogen
(Figure 13A–C).

The function of the Bs2 gene, which protects pepper against X. vesicatoria, is inhibited in
cool, rainy weather. The bacterium escapes from the lesions already formed and infiltrates,
showing the susceptibility of the flooded tissues. When weather conditions become more
favourable (warming, reduction in humidity), the tissues invaded by the bacteria start to
get purple. Leaf-drop as a self-destruction associated with the delayed onset of the Bs2
gene function is an additional burden for the plant.

If plant life processes are weakened or inhibited due to senescence or adverse envi-
ronmental factors, specific HR genes are unable to prevent the spread of the pathogen
in the leaf, but only kill damaged cells already affected by the pathogen in a delayed,
downstream manner. This characteristic results in their inadequacy and insufficiency in
resistance inhibition.

Under conditions favourable to the plant, specific HR genes prevent the systemisation
of pathogens in the plant by forming lesions. The smaller the lesion, the better the resistance
efficacy, i.e., the less tissue loss. In turn, the pathogen releases and spreads further from
the lesions formed on the leaves of plants whose life processes are inhibited. Based on this
observation, it is clear that other plant properties besides specific HR genes are involved
in the formation of lesions. This could be the plant’s ability to retain tissue, which is
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manifested as a general defence response (GDR) under biotic stresses. A strong correlation
was found between small lesion diameter and high levels of GDR detected by infiltration.
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Figure 13. Local lesions of tobacco (A) and pepper (B,C) leaves as a consequence of senescence,
excision, reduced life cycle, and unfavourable environmental conditions, leading to the release of the
pathogen (TMV, ToMV-Ob, X. vesicatoria) and its spread in the plant.

3.2. Specific HR and GDR

The previous association, together with the fact that in a host–pathogen relationship,
significant tissue thickening in the presence of a specific resistance gene (Bs2) inhibited
rapid tissue death within 24 h, justified a detailed investigation of GDR (Figure 6).

We chose the Bs2 gene for our work because the purple discoloration showing its
function is a good indicator for pathological genetic studies. Bs2, a so-called specific
resistance gene capable of destroying pepper tissue, induces different pathogenic symptoms
that also accurately reflect the GDR levels of the plants (Figure 14).

The manifestations of increasingly higher GDR levels are shown in Figure 14A–C.
Figure 14C also shows that in the presence of high levels of GDR, the specific HR gene
could only be activated along the vessels and in the vessels and induce partial tissue death.
These levels of tissue retention induced by X. vesicatoria at a concentration of 108 cells/mL
were also confirmed by testing with a suspension of P. phaseolicola at the same concentration.
The pathologies of the Bs2 gene with different genetic structures in terms of tissue retention
were designated LF (Figure 14A), LL (Figure 14B), and LX (Figure 14C).

3.3. Inheritance of GDR
3.3.1. Finding Plants X

For the genetic work, we selected plants marked LX (Figure 15A), which were hy-
bridized to the susceptible (S) variety Unihot (Figure 15B). Individuals of the F1 generation
were infected with X. vesicatoria inoculum at a concentration of 108 cells/mL, resulting in
purple and desiccated uniform LL disease symptoms (Figure 15C).

For accurate genetic analysis, the F2 generation was also tested with inoculum at
concentrations of 106, 107, 108 cells/mL and a stress band of appropriate width was
established to assess the spectrum of tissue retention.
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Two directly overlapping infected leaves of each plant were inoculated (Figure 8).
This allowed us to characterise the tissue retention capacity of the plants by pathogen
symptom clusters (Figures 9–11). Based on these experiments, individual plants of the
F2 generation were infected with X. vesicatoria inoculum at concentration of 108 cells/mL
and P. phaseolicola inoculum at concentration of 108 cells/mL. Individual plants with both
infected spots green in colour and a thickened leaf plate were selected from the fission
population. These two characteristics always occurred together. The resulting plants with a
high level of tissue retention were marked X. The non-X marked individuals of the fission
population were not yet divided into phenotypic categories and were treated as a single
whole (Σ Non-Zx + Zp) (Table 2).

Table 2. Hybridization of Lx and susceptible (S) lines (2017/1).

Hybridization
Phenotype Categories

S (Px) 1 LL
2 LX

3 Zx
4 + Zp

5 (X) Σ Non-Zx + Zp

P1 L1786 +

P2 Unihot +

F1 +

F2 33 451
1 S (Px): a necrotic susceptible spot formed by inoculation of X. vesicatoria at a concentration of 108 cells/mL.
2 LL: uniform purple spot formed by inoculation of X. vesicatoria at a concentration of 108 cells/mL. 3 LX: green
patch with purple vessels formed by inoculation of X. vesicatoria at a concentration of 108 cells/mL. 4 ZX: a green
tissue-retaining spot formed by inoculation of X. vesicatoria at a concentration of 108 cells/mL. 5 ZP: a green
tissue-retaining spot formed by inoculation of P. phaseolicola at a concentration of 108 cells/mL.

The results of this experiment, despite its shortcomings, suggested that it is a dihybrid
(two-gene) inheritance system in which two recessive genes must be homozygous for
the Zx + Zp symptom, i.e., the complete tissue retention GDR system, to manifest. This
can occur in 9:3:3:1, 9:6:1, 12:3:1, and 15:1 dihybrid cleavages, and based on the avail-
able data, we started with the 15:1 possible cleavage as a working hypothesis, which
became our null hypothesis and on which we performed the Chi2 test regression analysis:
∑ (Yi − Xi)2/Xi = (451 − 454)2/454 + (33 − 30)2/30 = 0.0198 + 0.3 = 0.3198 < 3.84, which
shows that the calculated Chi2 value is lower than the value in the contingency table for
the given degree of freedom (1), and, therefore, the null hypothesis for the 15: 1 cleavage
was accepted, i.e., the observed cleavage may correspond to the trait inherited by the
two recessive genes (double recessive homozygotes) at p = 0.05 significance level.

X (Zx + Zp) plants selected from the F2 generation were strictly self-fertilized and their
progeny were tested with inoculum of X. vesicatoria at concentration of 108 cells/mL and
P. phaseolicola at a concentration of 108 cells/mL. It was found that the progeny of the X
lines highlighted in generation F2 in generation F3 also all responded to infection with
both bacteria with green, non-necrotic spots, so the lines did not show any symptomatic
cleavage. However, it was still necessary to exclude the possibility that the X-labelled plants
also contain the Bs2 gene in a repressed, hypostatic state. For this, X-labelled individual
plants were hybridized with a variety (Unihot) susceptible to the X. vesicatoria pathogen.
The F1 generation gave susceptible symptoms when tested with inoculum of X. vesicatoria
at a concentration of 108 cells/mL, thus, making it clear that the Bs2 gene is not present in
the X plants even in a repressed state. This demonstrates that gdr genes can act without the
presence of the Bs2 gene and are, therefore, not helper, intensifier, or modifier genes, which
can only act in the presence of resistance genes.

3.3.2. Hybridization of Plants X with Line L330

In further studies, the pepper line L330 was used as a hybridization partner for the X
lines. This line contains the Bs2 gene and develops a very fast, 24 h, drying out and dying
HR under infection by X. vesicatoria (Figure 16(A1)) and P. phaseolicola (Figure 16(A2)), and
its symptom type belongs to the LF category.
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Figure 16. Pathological history of pepper line L330 (A) containing the Bs2 gene and line X–(B) with
strong tissue retention capacity induced by inocula of Xanthomonas vesicatoria (1) and Phseudomonas
phaseoicola (2) at a concentration of 108 cells/mL, used for genetic analysis of GDR.

Because of the extremely rapid tissue death, it was assumed that none of the tissue-
retaining gdr genes were present and, therefore, it is suitable for determining the inheritance
of gdr genes. The F1 generation of hybridization between the X lines and the L330 line
showed signs of purple discoloration and partial tissue death suggestive of Bs2 in all
hybridization, which we identified as the LL symptom type.

Individual plants of the F2 generation were infected with inoculum of X. vesicatoria
at concentration of 108 cells/mL and inoculum of P. phaseolicola at a concentration of
108 cells/mL, and individual plants of the fission population were phenotyped. This
made it clear that, from a genetic point of view, the symptoms can be classified into three
distinct phenotype categories, which at first sight assume 12:3:1 cleavage with the null
hypothesis being that this distribution exists. Our assumption was subjected to Chi2 test
regression analysis.

The contingency table shows a value of 5.99 at a probability level of p = 0.05 at degree
of freedom 2, the calculated Chi2 value is less than this, so in all cases, the null hypothesis
that the empirical frequencies are consistent with 12:3:1 cleavage of the dominant epistasis is
accepted (Table 3). The genes carried by the direcessive homozygotes were named gdr 1 + 2
genes and identified as manifestations of the complete GDR system. The gdr 1 + 2 genes
protect the plant tissue from pathogen destruction in both host and non-host relationships.
The cleavages also show that one of the gdr genes can eradicate P. phaseolicola on its
own (phenotype category PX + ZP) but can only defend against X. vesicatoria attack in
combination with the other gdr gene in the form of a tissue retention green spot (phenotype
category Zx + Zp).
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Table 3. F2 population of X × L330 hybridizations.

Hybridization
Empirical Frequency Theoretical Frequency 12:3:1 Chi 2 Level of

Significance

PX
1 + PP

2 PX + ZP
3 Zx

4 + Zp PX + PP PX + ZP Zx + Zp

L1710/2 × L330 640 131 42 610 152 51 5.964 p = 0.05

L1713/2 × L330 260 51 23 251 63 21 2.799 p = 0.05

L1715/3 × L330 142 22 11 132 33 11 4.516 p = 0.05

L1716/4 × L330 368 91 20 359 90 30 5.034 p = 0.05
1 Px: necrotic spot formed by inoculation of X. vesicatoria at a concentration of 108 cells/mL.2 PP: necrotic spot
formed by inoculation of P. phaseolicola at a concentration of 108 cells/mL. 3 ZP: a green tissue-retaining spot
formed by inoculation of P. phaseolicola at a concentration of 108 cells/mL. 4 ZX: a green tissue-retaining spot
formed by inoculation of X. vesicatoria at a concentration of 108 cells/mL.

3.4. Morphological and Histological Characterisation of GDR and Comparison with Other
Resistance Genes
3.4.1. GDR and Bs2 Gene

Recognition and identification of GDR helps to interpret pathophysiology based on
microscopic observation (Figure 17).
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Figure 17. Lesion induced by Xanthomonas vesicatoria on a pepper line containing the Bs2 gene with
an incomplete GDR system.

In the presence of incomplete GDR, the tissue compaction at the infection point
(Figure 17A) is not sufficient to block the pathogen. Therefore, the Bs2 gene, which senses
pathogen-induced physiological disturbances (susceptibility state), is activated and induces
specific HR in the tissues surrounding the infection site with tissue compaction (Figure 17B).
However, the HR-induced stress activates distant tissues, resulting in a cell enlargement-
mediated tissue compaction barrier around the necrotic tissue spot (Figure 17C).

With the knowledge of the GDR, macroscopic modelling of the processes observed in
the lesions was also performed. The design of the experiment is shown in Figure 12A. Sus-
ceptible pepper leaves were infiltrated with a suspension of X. vesicatoria at concentration
of 108 cells/mL in a spot of 5 mm in diameter. After 10 min, when the inoculum squeezed
into the intercellular passages was absorbed, it was superinfected with a suspension of P.
phaseolicola at concentration of 106 cells/mL. In this way, we activated the incomplete GDR
in a non-host relationship (Figure 18).
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Figure 18. Leaves of susceptible peppers with incomplete GDR infiltrated with Xanthomonas vesicatoria
(at a concentration of 108 cells/mL) in a spot of 5 mm, followed by super-infection with a suspension
of Pseudomonas phaseolicola (at a concentration of 106 cells/mL), the border of which is marked
by scarring.

The super-infection also resulted in further drift of X. vesicatoria bacteria in the inter-
cellular passages, as indicated by yellowing of the area. Due to dilution and the activation
of the GDR, this area of tissue has not dried out as the 5 mm spot in the centre. Scar tissue
at the border of the spot infiltrated by P. phaseolicola indicates that the distal part of the leaf
plate has been involved in the exclusion of the pathogen (Figure 19).
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Figure 19. Tissue changes after infiltration of pepper lines having the Bs2 gene and incomplete (A) and
complete (B) GDR system (gdr 1 + 2 genes) with Xanthomonas vesicatoria bacteria (at a concentration of
108 cells/mL) in a spot of 5 mm and subsequent super-infection with a suspension of Pseudomonas
phaseolicola at concentrations of 106 (a), 108 (b) cells/mL.
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As described above, testing of pepper lines having incomplete (Figure 19A) and com-
plete (Figure 19B) GDR system (gdr 1 + 2 genes) carrying the Bs2 gene was also performed.

Suspension of P. phaseolicola at concentration of 106 cells/mL was used for super-
infection of plants with incomplete GDR, and at concentration of 108 cells/mL for plants
with complete GDR.

In the presence of incomplete GDR (19/A), the Bs2 gene was activated by X. vesicatoria,
although its role in defence is questionable. Complete GDR (19/B) formed a solid, shiny tissue
spot in a non-host relationship, with no discolouration indicative of Bs2 gene activation.

3.4.2. GDR and gds Gene

The gds and gdr 1 + 2 genes are indistinguishable on the basis of pathological symptoms
induced by natural infection, as they induce cell enlargement and cell division that are
common to plants. However, when unnatural inoculation is used, the two tissue retention
mechanisms show distinctive differences. The gds gene induces a pronounced convexity in
the leaves of young plants due to the ‘accelerated’ growth of infected spots (Figure 20A),
whereas the gdr 1 + 2 gene leaves the leaf plate flat upon emergence of the pathogenic
symptom (Figure 20B).
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Figure 20. Leaf bulging induced by the gds gene in young pepper leaves (A) and the absence of
bulging with gdr 1 + 2 genes (B) in response to Xanthomonas vesicatoria infection.

In the case of complete infiltration of the leaf plate (Figure 21), the gds gene develops
its characteristic convexity (Figure 21A), whereas the leaf plate containing the gdr 1 + 2
genes remains flat (Figure 21B), the latter with purple vessels indicating that the Bs2 gene
is also present in this genome. In the presence of weak GDR, the leaf containing the Bs2
gene responded with complete destruction (Figure 21C).

Differences in the structural changes of infected tissues between gds and gdr 1 + 2
genes can also be observed (Figure 22).

The gdr 1 + 2 genes responded to stress induced by P. Phaseolicola (at concentration
of 108 cells/mL) by forming a shiny compacted tissue (Figure 22A). The gds gene in an
incomplete GDR background induces strong cell division and proliferation in response to
X. Vesicatoria infection (at concentration of 8 cells/mL) (Figure 22B). The gds gene-induced
cell proliferation is strongest in spongy parenchymal tissue (Figure 23).

However, such cell proliferation only occurs in plants with weak GDR. A characteristic
difference between the gds and gdr 1 + 2 genes for tissue retention includes the change in
leaf vessels in response to infection (Figure 24).
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Figure 22. The gdr 1 + 2 genes induced a shiny compacted tissue spot (A), and the gds gene resulted in
uncontrolled cell division in an incomplete GDR background, upon Xanthomonas vesicatoria-induced
stress (B) in pepper leaves.

Vessels passing through X. vesicatoria-infected spots rupture along the transport routes
due to cell division induced by the gds gene (Figure 24A). Veins in infected spots of leaves
containing gdr 1 + 2 genes, as shown in Figure 19B, Figure 20B, and Figure 22A, show
no change. If the Bs2 gene is also present in the plant, the vessels may turn slightly
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purple (Figure 24B). (In susceptible plants, whitening of the vessels is the first indication
of damage.)
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Figure 24. Vessel lesion caused by Xanthomonas vesicatoria on pepper vessels containing the gds gene
(A) and mild purple discolouration of vessels of an infected spot also containing the Bs2 gene, which
responds in a manner characteristic of gdr 1 + 2 genes (B).

The difference between the processes controlled by the gds and gdr 1 + 2 genes is also
reflected in the relationship to the Bs2 gene. When a pepper line containing both the gds and
Bs2 genes in the homozygous state was infected with X. vesicatoria, a pathological symptom
characteristic of the gds gene was observed, but the purple discolouration characteristic of
the Bs2 gene was not seen.

A pepper line homozygous for both the gdr 1 + 2 and Bs2 genes also shows lesions
characteristic of the gdr 1 + 2 gene, with the difference that the vessels may be slightly purple.

79



Sustainability 2022, 14, 6458

This may be due to, among other things, the compression on or damage of protruding
vessels on the abaxial surface during infiltration.

In an incomplete GDR background, the vessels show strong purple discolouration
(Figure 14C).

Mechanical damage to tissues has given rise to the idea of investigating the role of
genes encoding tissue retention or tissue destruction in the pathogenesis.

In this experiment, a spot was infiltrated by applying strong mechanical pressure on
the leaves of double homozygous pepper lines containing only the gds gene or both the gds
and Bs2 genes, and the affected spot and its environment were infiltrated at these points
with a suspension of vesicatoria at concentration of 108 cells/mL. The inoculation procedure
is shown in Figure 12B. In the case of the gds gene, the inoculated tissue spot responded
in a manner showing susceptibility, while tissue retention characteristic of the gds gene
was observed in the surrounding tissue (Figure 25A). The centre of the point of the double
homozygous line injured by pressure dried out, but the surrounding ring was purple,
indicative of the Bs2 gene. The Bs2 gene was, therefore, only activated in the damaged
tissue. Surrounding tissues showed a tissue retention response of the gds gene (Figure 25B).
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Figure 25. Healthy and pressure-stressed tissue of a pepper line containing the gds gene inoculated
with Xanthomonas vesicatoria responding with tissue compaction, indicative of susceptibility (A) and
the specific defence response of healthy and pressure-stressed tissue of a plant carrying gds and Bs2
genes, respectively, indicative of the Bs2 gene (B).

It is difficult to observe the phenotypic characteristics of the gds and gdr 12 genes because
their appearance in the same plant is uncertain due to their interactions. Importantly, in the
presence of weak GDR, as with HR genes, the gds gene does not appropriately function.

Since all plants have some level of general defence response, function, and expression
of neither the specific resistance gene (Bs2), nor the gds gene can be studied without the
influence of GDR. However, the GDR can be tested on its own. This fact also points to its
fundamental role in the plant’s defence mechanism.

In the case of a weak GDR system, the gds gene does not function properly in environ-
mental conditions unfavourable to the plant, whereas the complete GDR (gdr 1 + 2) gene
provides sufficient protection even in this case (Figure 26).

The gds gene (Figure 26A) was unable to protect infected spots from the stress effect of
either X. vesicatoria (Figure 26(A1)) or P. phaseolicola (Figure 26(A2)) inoculum at concen-
tration of 108 cells/mL, resulting in chlorosis of the entire leaf and subsequent shedding.
In the case of gdr 1 + 2 genes (Figure 26B), neither X. vesicatoria (Figure 26(B1)) nor the
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bacterial suspension of P. phaseolicola (Figure 26(B2)), which induced a stronger stress due
to exotoxin production, was able to cause tissue destruction and necrosis.
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4. Discussion
4.1. Tissue Destruction and Tissue Retention in Resistance

The decades-long history of resistance breeding based on rapid tissue death has
revealed several shortcomings. The findings hitherto considered as fundamental that a
specific resistance gene prevents the spread of the pathogen in the plant by the development
of specific HR, is only partially true.

4.1.1. Role of Specific Resistance Genes Encoding Hypersensitivity in Pathogenesis

A plant carrying a specific resistance gene suffers significant tissue loss due to the
action of its tissue-destructive resistance gene when exposed to a pathogen that disrupts
its life processes. This loss can be increased by breeding with a cluster of specific HR
genes, which, in the event of an epidemic, may result in susceptible varieties producing
more than those with more HR genes [17]. The strong dependence of HR gene function on
environment also poses a high risk (Figure 13).

In our work we found that specific HR genes alone are not able to inhibit the pathogen
even under optimal conditions. The general defence response (GDR), based on the tissue
retention capacity of plants, plays a crucial role in inhibition. We have demonstrated that
there is a strong correlation between small lesion diameter and high GDR. In general, this
property determines the size of the lesions in the presence of specific HR genes, i.e., the
effectiveness of the defence against the pathogen.

The practice in resistance breeding is to identify resistant plants with specific HR genes
based rapid tissue death 24–48 h after inoculation. As a consequence, plants with poor
GDR are the basis for resistance breeding work. Specific HR genes, on the other hand, are
ineffective in weak GDR, as they attempt to prevent pathogen spread in a downstream way
rather than in a preventive manner. This is a fundamental problem in their effectiveness.

4.1.2. Relationship between Susceptibility and the General Defence Reaction

The hypersensitivity of plants lacking specific resistance genes to host–pathogen and
non-host–pathogen interactions was investigated in tobacco.

We determined the overall tissue resistance of the tested plants, which was charac-
terized by stress levels expressed as inoculum concentrations. Since tissue retention was
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present in both host and non-host relationships, we recognized this phenomenon as the
general defence response, GDR.

We further found that in the host–pathogen relationship, a state of susceptibility
was formed at the boundary of the GDR and the switch to nonspecific HR (Figure 2).
We concluded that tissue retention is a fundamental determinant of plant susceptibility
to pathogens.

4.1.3. Interaction between the General Defense Reaction and the Specific Defense Reaction

The role of GDR, susceptibility, and HR in the pathogenesis was investigated in the
case of pepper-X. vesicatoria relationship.

In our experiment, susceptible pepper lines containing the Bs2 gene had similar levels
of GDR. The susceptible host–pathogen relationship is characterized by the fact that the
pathogen enters the plant without causing stress and only becomes detectable to the
plant during its accumulation. In the experiment, this stress effect was induced by the
concentration of 108 cells/mL and the susceptible pathogenic symptom developed. The
Bs2 gene of the pepper line was also activated at the same stress level expressed as the
inoculum concentration and developed its characteristic pathology. Thus, when the GDR
is exceeded, the specific resistance gene is activated only after the development of the
susceptible physiological state, in a sort of downstream manner.

The level of tissue resistance, therefore, determines the initiation of the susceptible
pathological process. For the plant, the pathogenesis is the result of the general tissue
retention of the GDR and the tissue destruction of the specific HR. The resulting balance
between the plant and the pathogen determines the size of the lesion and, in the case of
infiltration, the degree of tissue retention.

Electron microscopy images of the lesions also show that, in addition to the tissue-
destructive capacity of the plant to produce HR, another property, GDR, which is involved
in tissue retention, also participates in the process. Starting from the point of infection, cells
infected by the pathogen are destroyed by HR in a downstream manner until the GDR
prevents further spread of the pathogen by forming a ring of tissue compaction (Figure 17).
The diameter of the lesion, and, thus, the effectiveness of pathogen inhibition, is determined
by the GDR.

Examining the role of the GDR-labelled trait in the formation of lesions, it was con-
firmed that GDR forced to function in a non-host relationship significantly inhibited the
destruction of tissue formed in a susceptible relationship (Figure 18).

In the case of infection by infiltration, the Bs2 gene used as an indicator clearly shows
the difference in GDR levels between pepper lines (Figure 14). The pathology demonstrates
that GDR plays a crucial role not only in determining susceptibility but also in the develop-
ment of pathological symptoms caused by the Bs2 gene. Incomplete GDR provides partial
protection against Bs2 gene-driven tissue destruction, whereas complete GDR (gdr 1 + 2)
provides complete protection against Bs2 gene-driven tissue destruction (Figure 19).

4.2. Genetic Analysis

In order to apply the general defence response in resistance breeding, we started to
investigate the heritability of GDR, assuming that we are likely to be dealing with multiple
gene traits. A line with a complete GDR system, which gave a tissue-retaining green spot
after leaf infection with the inoculum of X. vesicatoria at concentration of 108 cells/mL and
P. phaseolicola at a concentration of 108 cells/mL for both pathogens, was marked with
X. This line was hybridized with a line containing the Bs2 gene, which, on the contrary,
responded to the same two pathogens with extremely rapid and vigorous tissue destruction,
and is, therefore, presumed to lack any tissue retention gene. Three distinct phenotypic
categories were found in the F2 generations. The empirical cleavages followed well the
12:3:1 phenotypic frequencies of the dominant epistasis, which was confirmed by the Chi2

statistical regression test for all four hybridizations. It was found that the complete GDR
system is only established when both gdr genes (gdr 1 + 2) are present in the homozygous
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state. Based on the observed symptoms and cleavages, it can be assumed that one of the
gdr genes is able to form a tissue-retaining green spot in the homozygous state following
infection with P. phaseolicola inoculum at a concentration of 108 cells/mL (Figure 10) and
X. vesicatoria inoculum at a concentration of 108 cells/mL (Figure 10). However, both gdr
genes must be in a homozygous state to form the tissue-retaining green spot (Figure 9).
This clearly shows that the two gdr genes form one system in which one gene works
independently and the other helps the other gdr gene to fight against Xanthomonas infection.
We plan to explore these two processes in more detail in the future.

The F1 generation of a hybridization performed by Csilléry et al., to study the genetic
relationship between Bs2 and gds, despite the inheritance pattern of the Bs2 gene being
found to be dominant, responded to infection with X. vesicatoria bacteria with green spots
and purple vessels indicative of tissue retention, instead of purple tissue changes [18].

The pathological symptoms were correctly defined, but due to the incomplete knowl-
edge of GDR at that time, the relationship between the two genes was not fully elucidated.

4.3. Phenotypical Deviation of Tissue Retaining Reactions

The known gds gene and the gdr 1 + 2 genes, which also regulate tissue retention,
are difficult to distinguish on the basis of their pathogenic symptoms, since both tissue
retention mechanisms protect against microbial attack by inducing cell enlargement and cell
division, which are fundamental to the plant. However, if excessive inoculation methods
are used, the characteristics of the two traits can be distinguished (Figures 20–24).

4.3.1. Comparison of Pathogenic Symptoms Induced by gdr 1 + 2 Genes and gds Gene on
Pepper Leaves

In young leaves of plants containing the gds gene, the infected spot may bulge due
to enlargement of columnar parenchyma cells (Figure 20A), whereas in more mature
leaves, spongy parenchyma cells may respond to infection by meristematic cell prolifer-
ation (Figures 22B and 23). In gdr 1 + 2 gene-directed defence, the leaf plate remains
flat (Figures 20B and 21B), tissues may become shiny, and the leaf plate may thicken
(Figure 22A). In both cases, infected spots on the leaf plate may be slightly chlorotic.

When the whole leaf is infiltrated (Figure 21), the gds gene is characterised by bulging
(Figure 22A) and the gdr 1 + 2 genes by flattening (Figure 21B), indicating a differential
change in leaf tissue.

The vascular response induced for the gds gene is the rupture of vessels as a conse-
quence of cell division. For the gdr 1 + 2 genes, no visible change occurs in the vessels
(Figure 20B), but if the Bs2 gene is present in the plant, the vessels may turn slightly purple
(Figure 21B).

Plants are protected against any microbial attack by the general defence response, as a
primary defence front, by strengthening the cellular wall. Reactive oxygen species (ROS)
play an important role in the immediate strengthening of the cell. Basic plant life processes,
such as lignin synthesis for cellular wall formation and degradation processes, are also
accompanied by specific amounts of H2O2 [14]. Since H2O2 is also released during the
initiation of pathogen-induced tissue destruction [19–21]), it confuses the Bs2 gene, which
detects H2O2 as a signalling molecule and is triggered by it. The purple discolouration of
vessels in the presence of the gdr 1 + 2 gene indicates excess Bs2 gene activation.

4.3.2. Difference between the Processes Controlled by gds and gdr 1 + 2 Genes in Relation to
the Bs2 Gene

If a pepper line homozygous for both the gds and Bs2 genes is infected with X. vesicato-
ria, pathological symptoms specific for the gds gene are obtained. We have never observed
purple discolouration characteristic of the Bs2 gene. This is confirmed by testing the ECW
1–6 pepper lines containing the Bs1 (sHR), Bs2 (sHR), Bs3 (sHR), Bs4 (sHR), bs5 (gds), and
bs6 (S) genes.

If, in addition to the gdr 1 + 2 genes in the homozygous state, the Bs2 gene is also part
of the plant genome, then purple vessels may occur, but this is not inherent to the disease
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process, but is a mis-activation of the Bs2 gene caused by excess H2O2 accompanying lignin
synthesis in the transportation pathways. This was never observed for the gds gene.

When mechanical pressure was applied to a point on a leaf of a pepper line containing
only the gds gene or double homozygous for the gds and Bs2 genes, inoculated with the
bacterium X. vesicatoria, and a disruption of life processes was induced, the first case showed
susceptible disease, the second case showed purple lesions indicating the destruction by the
Bs2 gene. The Bs2 gene only acted in a downstream manner upon detecting a disturbance
in cell function (Figure 25). The unaffected tissues around the pressure points responded
with a green tissue spot induced by X. vesicatoria bacterium, characteristic of the gds gene.

It applies for both gds and gdr 1 + 2 genes that they only function in cells with complete
integrity and that only intact tissues are capable of tissue retention responses, which are
characterised by a low stimulus threshold and high reaction rate.

Our experiments demonstrate that specific resistance genes work most effectively in a
background of strong general defence responses. So much so that in the case of a complete
GDR (gdr 1 + 2 genes), they remain in a latent, repressed state and, therefore, become
redundant and represent only a genetic burden to the plant (Figure 19).

4.3.3. Application of the Tissue Retention gds and gdr 1 + 2 Genes in Resistance Breeding

The importance of specific HR genes in resistance breeding has been overestimated,
as plant-microbe interactions are numerous, host–pathogen interactions are numerous, and
host–pathogen interactions carrying specific resistance genes are few in number compared to
these. The latter are not sufficient to protect different plant species against microorganisms.

The search for specific HR genes in resistance breeding goes back hundreds of years.
Their widespread use has made resistance breeding a one-plane process, excluding the
consideration of any other plant defence system in the selection work. The use of the known
dominant resistance genes (Bs1, Bs2, Bs3) does not result in durable resistance because
their use in field monocultures leads to the emergence of new pathogenic variants [22]. In
contrast to specific HR responses involving different tissue destruction, for almost thirty
years we have been investigating types of defence systems involving tissue retention, which
are a different way for resistance breeding. We expressed this by not putting the tissue
retention gds gene described in 1995 in the then next fourth position of the Bacterial spot = Bs
gene sequence, because it would have narrowed the spectrum of action of the gene found.
In fact, gds is not only a resistance gene against Xanthomonas, but also a non-pathogen
specific gene with a broad spectrum of action (less sensitive to temperature). It is the first
known resistance gene that protects pepper tissues and does not destroy them. Resistance
defined by the gds gene is not associated with a hypersensitive response and no special
effector or avirulence factor appears to be involved in the interaction of the host plant with
the gene products in the development of resistance symptoms [23]. When the gds gene is
used, the assimilation surface of the plant is not reduced during pathogen control.

In order to naturally incorporate the beneficial properties of genes conferring tissue
retention into the breeding program, we needed to understand their physiological roles
and interactions. In doing so, we looked at the role of tissue retention in manifestation
of pathogenic symptoms in other plant species (Figure 7). Until then, the phenomenon
that tissues of organs, including leaves, that have specialised from a meristematic state can
regain their ability to divide in response to biotic stress, was unknown in plant pathology.
This property has led to a significant increase in the efficiency of producing dihaploid
plants from plants containing the gds gene and to initiatives to incorporate it into other
plant species.

The discovery and practical application of the recessive resistance gene in pepper is
undoubtedly a paradigm shift in resistance breeding. Following the description of the
novel gds gene [9], only the bs5 gene was reported [11], followed by the isolation of the
xcv-1 gene [24]. The equivalence of gds = bs5 = xcv-1 has been demonstrated based on
literature and test hybridization [12,25].
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The last decade has witnessed a spread of practical applications of the gds gene. A clear
sign of this spread is that since 2014, major breeding companies around the world have
been acquiring the know-how to use the bs5 gene from the 2Blades Foundation (Evanston,
IL, USA) for their pepper breeding programmes (Figure 27) [26].
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Figure 27. Twenty-five years of non-hypersensitive, non-specific recessive resistance in pepper [26].

In addition to pepper, the applicability of the gds (xcv-1) gene in other plant species
has also been discussed. A patent application has been filed for the identification of the
xcv-1 gene by cloning based on gene mapping and for procedures to develop plants with
resistance. The name xcv-1 was derived from the renaming of gds. During the process, this
right was also transferred from the Agricultural Biotechnology Research Centre (Hungary)
to the 2Blades Foundation (USA) [24].

The complex trait system of tissue retention has been under continuous investigation
since the discovery of gds. The result of this work includes the gdr 1 + 2 gene and patho-
logical experience with GDR function. The use of the gds gene in pepper breeding or its
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incorporation into other plant species carries the risk that the tissue retention gene may not
function properly in the presence of incomplete GDR (Figure 26).

The gds is a genetic code that is activated by various stresses and has so far only been
found in one pepper line. Its efficient functioning and success in breeding is attributable to
the GDR background, as is the case for the HR gene.

As for the relationship between the genes encoding tissue retention, the gds gene is
dependent on GDR for its function, while the gdr 1 + 2 genes can function completely
independently of gds.

GDR is the basis of plant defence. It has been experimentally demonstrated to reduce
susceptibility-induced mortality, to protect against self-destruction encoded by specific HR
genes, to promote gds gene function, to aid adaptation to abiotic stresses and resistance to
biotic stresses, to have a low stimulus level, and a high and rapid responsiveness. All these
factors make it suitable for the role of the plant immune system.

The classification of the multitude of plant–microbe interactions into host–pathogen
and non-host–pathogen or compatible and incompatible opposition pairs makes it difficult
to understand the natural processes that we want to express.

On pepper, X. campestris pv. vesicatoria (compatible host–pathogen relationship) devel-
ops a susceptibility pathogenesis, but in the presence of gds, gdr 1 + 2 genes, pepper defends
against infection by X. campestris pv. vesicatoria with the same tissue retention response as
against infection by the bean pathogen P. phaseolicola (incompatible non-host–pathogen
relationship with pepper).

Consequently, the genes encoding tissue retention have transformed a host–pathogen
relationship into a non-host–pathogen relationship. This provides us with a form of defence
that has evolved over the evolutionary history of plants with exceptional efficiency.

The role of the newly identified gdr 1 + 2 genes in disease processes downstream of
the gds gene may point to a new direction in resistance breeding.

Half a century of experience in studying hundreds of thousands of pathogens pro-
voked and studied in various plant–microbe relationships has guided us from specificity to
generalised protection.

We have found confirmation of this in the observations and ideas of the founder
of stress theory, János Selye, in his book entitled In vivo. Such observations include the
“vigorous mitotic cell proliferation” observed in animal experiments in response to bio-
logical stressors and the summarizing formulation that, “All observable biological effects
produced by various stimuli are the sum of two components, the specific effect and the
nonspecific response. The latter may even mask the specific effect!” [27].

5. Conclusions

The inadequacies of the history of resistance breeding and our present work demon-
strate that specific HR genes alone cannot safely protect the plant because they only act in a
downstream manner in cells attacked by the pathogen, inducing cell death.

A decisive role in the defence of plants containing HR genes is played by the plant’s
tissue retention capacity, which is expressed in the general defence response (GDR). GDR
pre-emptively excludes the pathogen without tissue loss.

Specific HR genes do not protect but destroy the cells affected by pathogens. GDR
genes protect the plant by strengthening the cells. The difference in the stimulus thresholds
of the two responses also determines the order and effectiveness of the response. The non-
pathogen specific GDR plays the role of the plant immune system due to its low stimulus
threshold and high reaction rate.

Tissue retention capacity can be increased by breeding to a level where the GDR alone
can provide adequate protection for the plant. In this case, the presence of specific HR
genes is unnecessary; sometimes it is even a burden to the plant.

In our work on tissue retention in pepper, we found that the GDR system we studied
is regulated by two recessive genes (gdr 1 + 2) that are completely independent of the
HR-conferring Bs2 gene and the previously identified tissue retention gds gene.
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Studies on pepper demonstrate that plant resistance can be made safer without the
incorporation of specific HR genes, relying solely on GDR.

An important point is that while the function of specific HR genes is dependent on the
environment, GDR is as independent as possible from environmental factors. It functions
under the extreme conditions that the plant can tolerate, acting as a plant immune system.

Host plant–pathogen contacts carrying specific HR genes are very rare in nature, while
there are a lot of host–pathogen contacts and plant–microbe contacts are countless. This is
possible because all plants have GDRs. Consequently, if we want to integrate resistance
breeding into the order of nature, our work must be based on the tissue retention capacity
of plants.
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Abstract: Rice plants are affected by low-temperature stress during germination, vegetative growth,
and reproductive stages. Thirty-nine rice genotypes including 36 near-isogenic lines (NILs) of BRRI
dhan29 were evaluated to investigate the level of cold tolerance under artificially induced low
temperature at the seedling stage. Three cold-related traits, leaf discolouration (LD), survivability,
and recovery rate, were measured to determine the level of cold tolerance. Highly significant variation
among the genotypes was observed for LD, survivability, and recovery rate. Three NILs, IR90688-
74-1-1-1-1-1, IR90688-81-1-1-1-1-1, and IR90688-103-1-1-1-1-1, showed tolerance in all three traits,
while IR90688-118-1-1-1-1-1 showed cold tolerance with LD and recovery rate. IR90688-92-1-1-1-1-
1, IR90688-125-1-1-1-1-1, IR90688-104-1-1-1-1-1, IR90688-124-1-1-1-1-P2, IR90688-15-1-1-1-1-1, and
IR90688-27-1-1-1-1-1 showed significantly higher yield coupled with short growth duration and
good grain quality. Genetic analysis with SSRs markers revealed that the high-yielding NILs were
genetically 67% similar to BRRI dhan28 and possessed cold tolerance at the seedling stage. These
cold-tolerant NILs could be used as potential resources to broaden the genetic base of the breeding
germplasm to develop high-yielding cold-tolerant rice varieties.

Keywords: low-temperature stress; leaf discolouration; seedling stage; SSR markers; near-isogenic
line; rice (Oryza sativa L.)

1. Introduction

Compared to other cereal crops, rice is more sensitive to low-temperature stress (LTS)
as it has originated from tropical regions [1–4]. Cold stress negatively affects rice plants
throughout various growth stages, from germination to maturity, and causes significant
yield losses because of poor germination and seedling establishment, stunted growth
pattern, non-vigorous plants, vast spikelet sterility, delay in flowering, and lower grain
filling in the temperate, subtropical, and even in the tropical rice-growing regions [5–10].
Boro rice, which is grown from November to May in Bangladesh and some parts of Eastern
India, is affected by LTS at both the seedling and reproductive stage. In the northern
and north-eastern districts of Bangladesh, LTS at the seedling stage is a major problem
for rice cultivation that seriously affects crop establishment. Seedling mortality occurs
10–90% of the time due to severe cold injury during transplanting in late December to
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early January [11]. Farmers are bound to replant the seedlings and, as a result, the cost of
cultivation is increased. Sometimes, farmers delay the planting of the boro rice crops until
the ambient temperature increases. Thus, they delay the next crop, which in turn results in
the low total productivity of the farm. Moreover, it increases the risk of crop loss due to
flash floods during the ripening stage in some low-lying areas of the north-eastern haors [4].
On the other hand, 100% spikelet sterility is observed in the short-duration rice varieties
due to LTS at the booting stage of the rice crop during early to mid-February [12]. This
problem could be resolved easily by developing cold-tolerant rice varieties. The success of
a rice-breeding program depends on the presence of genetic variability among the parental
lines used in it.

Genetic similarity/diversity can be assessed by using plant morphology, physiology,
isozymes, storage protein profiles, DNA markers, etc. [13]. Among the different DNA mark-
ers, SSR markers have been extensively used as a powerful tool in variety protection [14],
molecular diversity studies [15], quantitative trait loci (QTL) analysis, pedigree analysis,
and marker-assisted breeding [16]. Morphological differences among near-isogenic lines
(NILs) are very narrow [17]. The characterization of such a population is unrealistic if
only based on morphological traits. Genetic analysis using molecular markers could re-
veal the difference between them at the DNA level. The molecular analysis of genes or
QTLs underlying cold tolerance is the best approach, along with phenotypic cold tolerance
screening. There are many reports available on QTL’s underlying cold tolerance in the
literature [18–26]; however, most of these QTL were detected from japonica cultivars.

A wide range of variations in cold tolerance exists among rice germplasms [19,27]
and, overall, Japonica rice germplasms are more tolerant to cold stress than the indica rice
germplasm [28–30]. To enhance cold tolerance in the indica rice, the commonly grown rice
varieties in south and southeast Asian countries, it is imperative to use germplasms from
temperate rice-growing countries as donor parents in the breeding program [18]. Crosses
between indica and japonica rice usually show spikelet sterility due to cross incompati-
bility. However, marker-assisted backcrossing can recover recurrent parental genomes
successfully. NILs, thus developed, could be used directly as a cold-tolerant variety after
necessary evaluation or as the cold-tolerant parent as a donor to introgress into an elite
indica background. In this study, we evaluated a set of NILs derived from a cross between a
cold-tolerant japonica rice variety, Jinbubyeo and BRRI dhan29, a mega rice variety [31] of
the boro ecosystem, to select potential lines for direct varietal release or use in the breeding
program as the donor parents for cold tolerance.

2. Materials and Methods
2.1. Sources of Materials Used

Thirty-six BC3F5 near-isogenic lines (NILs) derived from a cross between a Korean
japonica variety (Jinbubyeo) and a Bangladeshi indica-type high-yielding rice variety (BRRI
dhan29), along with four check varieties (BR1, BR18, BRRI dhan28, and BRRI dhan29),
were evaluated for seedling stage cold tolerance and agronomic performance. The same set
of NILs, along with their parents and cold-tolerant and susceptible check varieties, were
used in genotyping to explore the genetic variability/similarity that exists among them.
The seeds of the NILs and the check varieties (BR1, BR18, BRRI dhan28, and BRRI dhan29)
were collected from the International Rice Research Institute (IRRI) and the Bangladesh
Rice Research Institute (BRRI), respectively.

2.2. Evaluation of Near Isogenic Lines (NILs) for Cold Tolerance at Seedling Stage

The cold screening was performed using a cold water tank in the cold screening labo-
ratory of the Bangladesh Rice Research Institute (BRRI) following the protocol described
in Khatun et al. [32] (Figure 1). Briefly, 10 pre-germinated seeds of each genotype were
sown in one-row plots spaced at 3.0 cm in plastic trays of 60 cm × 30 cm × 2.5 cm in
size. The trays were filled with gravel and crop residue-free granular and fertilized soil.
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BR18 and BR1 were used as tolerant and susceptible check varieties, respectively, in each
tray (Figure 1).
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Figure 1. A pictorial view of the cold-screening nursery by using a cold water tank in the cold-
screening laboratory of the Bangladesh Rice Research Institute (BRRI).

After seeding, a thin layer of fine granular soil was used to cover the germinating
seeds. The seedlings were allowed to grow at ambient temperature. At the three-leaf
stage (approximately 12–15 days after seeding depending on the ambient temperature), the
plastic trays were placed in a cold water tank pre-set at 13 ◦C. Sensitivity to cold stress was
recorded using arbitrary leaf discolouration (LD) scores (1 to 9), survivability, and recovery
rate as described in Biswas et al. [4]. The LD score and survivability were recorded at seven
days of cold treatment or when the susceptible check variety (BR1) died. After LD and
survivability recording, the trays were placed at ambient temperature in a sunny place.
The recovery rate was recorded 7 days after the removal of cold stress. The survivability
and recovery rate were calculated as the percentage of the green plants to the total number
of plants used in the screening activity following the formula given below:

.

Survivability rate (%) =
No. of Green plants × 100

No. of plants treated
(1)

Recovery rate (%) =
No. of recovered plants × 100

No. of plants treated
(2)

The analysis of variance (ANOVA) and mean comparison of the LD scores, surviv-
ability, and recovery rate were performed using the analytical software Statistix version
10. Spearman correlation coefficients between the traits were calculated using the Corplot
0.92 package in R 3.6.2.

2.3. Evaluation of Near Isogenic Lines (NILs) for Agronomic Performance

All 36 NILs along with four check varieties were grown in the field following aug-
mented RCB design [33]. At 35 days old, seedlings were transplanted with a single seedling
per hill at a spacing of 20 cm × 20 cm in 5.4 m2 plots. The standard crop management
protocol described in BRRI [34] was followed throughout the crop growth period. Obser-
vations on different morphological characters viz. plant height (PH), number of effective
tillers per hill (ETPH), panicle length, number of fertile grains per panicle (FGPP), spikelet
fertility (%), thousand-grain weight (g), growth duration (days), and grain yield per hill (g)
were recorded at the appropriate growth stage of the rice plant following the descriptor
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for rice [35]. The data collected for all eight quantitative characteristics were subjected to
analysis of variance for augmented block design according to the method suggested by
Federer and Raghavarao [36]. The major descriptive statistics such as mean, range, and
coefficient of variation were estimated following Panse and Sukhatme [37]. The plot means
were analysed using standard statistical analysis suggested by Federer [33] and elaborated
by Sharma [38]. The means of the genotypes were adjusted with the block effects, which
were measured from the replicated check plots following the formula:

Rj = Bj − M (3)

where, Rj = effect of jth block, Bj = mean of all check-in the jth block, and M = grand mean
of the check.

Principal component analysis (PCA) was performed using the R package FactoMineR
and visualized in biplot using the ggplot2 package.

2.4. Genetic Analysis of Near-Isogenic Lines (NILs) of BRRI dhan29 Using SSR Markers

A total of 58 simple sequence repeat (SSR) markers (Table S1) randomly distributed
over 12 chromosomes of rice were used in the genotyping of 42 genotypes, including
36 NILs and their parents (BRRI dhan29 and Jinbubyeo), one susceptible check variety (BR1),
and two tolerant check varieties (BR18 and Hbj. B. VI). Genomic DNA was isolated from
young leaf tissues following the modified mini-scale method as described by Syed et al. [39].
The polymerase chain reaction (PCR) and gel electrophoresis were performed as described
by Syed et al. [40]. Briefly, PCR was performed in 10 µL reactions containing 2 µL DNA
template (around 50 ng), 1 µL of 10X TB buffer (containing 0.2 µL dd water; 0.5 µL of 1 M
Tris-HCl, pH 8.4; 0.2 µL of 5 M KCl; 0.1 µL of 15 mM MgCl2; 0.00000001 g gelatin), 0.5 µL of
1 mMdNTPs, 0.5 µL each of 10 µM forward and reverse primers, 5.3 µL nano pure ddH2O,
and 0.2 µLTaq DNA polymerase (5 U/µL) using a thermal cycler. After initial denaturation
for 2 min at 94 ◦C, each cycle comprised 30 s of denaturation at 94 ◦C, 30 s of annealing at
55 ◦C, and 30 s of extension at 72 ◦C with a final extension for 5 min at 72 ◦C at the end of
32 cycles. After completion of the reaction, the PCR product was preserved at a temperature of
4 ◦C. The amplified PCR products were separated in 6% polyacrylamide gel at 100 V for 1.5 to
2.5 h against 1Kb DNA marker. DNA bands were visualized with the exposure to ultraviolet
light in a gel documentation system and saved in jpeg format. Allele scoring was performed
considering the relative position of the bands in the gel images compared to the position of
parental bands. Summary statistics, including the number of alleles per locus, major allele
frequency, and polymorphic information content (PIC) values, were determined using Power
Marker version 3.25 [41] following the formula proposed by Anderson et al. [42].

PICi =
n

∑
j=1

(Pij)2 (4)

where n is the number of marker alleles for marker i and Pij is the frequency of the jth allele
for marker i.

Spearman’s correlation coefficient was analyzed using the cor.test() function in R
studio. The formula for calculating the Spearman correlation is as follows:

rs = 1 − 6 ∑ di2
n(n2 − 1)

(5)

where rs = Spearman correlation coefficient; di = the difference in the ranks given to the
two variables values for each item of the data; n = total number of observations.

The genetic distance was calculated using Nei distance [43]. The similarity matrix was
calculated with the Simqual sub-program using the Shannon coefficient [44] and subjected
to cluster analysis by the unweighted pair group method for the arithmetic mean (UPGMA),
and a dendrogram was generated using the program NTSYS-pc [45].
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3. Results
3.1. Evaluation of NILs for Cold Tolerance at Seedling Stage

The analysis of variance for LD score, survivability, and recovery rate showed highly
significant variation (p ≤ 0.01) among the genotypes (Table 1).

Table 1. Variance and mean performance of 39 genotypes in LD score, % survivability, and % recovery
under artificial cold stress.

SL Designation

LD Score % Survivability % Recovery

Mean
Diff.
from
BR1

Diff.
from
BR18

Mean
Diff.
from
BR1

Diff.
from
BR18

Mean
Diff.
from
BR1

Diff.
from
BR18

1 IR90688-5-1-1-1-1-1 2.3 −5.9 * −2.7 * 67.60 28.9 −9.3 61.10 29.6 5.9
2 IR90688-13-1-1-1-1-p1 3.2 −5 * −1.8 * 70.00 31.3 −6.9 57.40 25.9 2.2
3 IR90688-15-1-1-1-1-1 3.1 −5.1 * −1.9 * 71.90 33.2 −5 69.20 37.7 * 14
4 IR90688-19-1-1-1-1-1 3.1 −5.1 * −1.9 * 79.20 40.5 * 2.3 75.40 43.9 * 20.2
5 IR90688-20-1-1-1-1-1 2.8 −5.4 * −2.2 * 86.30 47.6 * 9.4 84.40 52.9 * 29.2
6 IR90688-27-1-1-1-1-1 3.8 −4.4 * −1.2 62.20 23.5 −14.7 60.00 28.5 4.8
7 IR90688-30-1-1-1-1-1 3.4 −4.8 * −1.6 * 73.30 34.6 −3.6 63.30 31.8 8.1
8 IR90688-42-1-1-1-1-p1 3.3 −4.9 * −1.7 * 78.30 39.6 * 1.4 69.40 37.9 * 14.2
9 IR90688-42-1-1-1-1-p2 4.1 −4.1 * −0.9 68.10 29.4 −8.8 61.50 30 6.3

10 IR90688-43-1-1-1-1-P1 3.5 −4.7 * −1.5 * 74.30 35.6 −2.6 66.70 35.2 * 11.5
11 IR90688-52-1-1-1-1-1 2.9 −5.3 * −2.1 * 82.40 43.7 * 5.5 85.40 53.9 * 30.2
12 IR90688-54-1-1-1-1-1 3.9 −4.3 * −1.1 76.70 38 −0.2 59.30 27.8 4.1
13 IR90688-56-1-1-1-1-1 3.8 −4.4 * −1.2 63.10 24.4 −13.8 60.40 28.9 5.2
14 IR90688-62-1-1-1-1-1 4.2 −4 * −0.8 52.70 14 −24.2 53.60 22.1 -1.6
15 IR90688-64-1-1-1-1-1 3.3 −4.9 * −1.7 * 71.50 32.8 −5.4 74.30 42.8 * 19.1
16 IR90688-73-1-1-1-1-P1 3.0 −5.2 * −2 71.70 33 −5.2 68.90 37.4 * 13.7
17 IR90688-74-1-1-1-1-1 2.8 −5.4 * −2.2 95.00 56.3 * 18.1 92.60 61.1 * 37.4 *
18 IR90688-77-1-1-1-1-1 3.3 −4.9 * −1.7 * 71.10 32.4 −5.8 58.70 27.2 3.5
19 IR90688-81-1-1-1-1-1 2.5 −5.7 * −2.5 * 100.00 61.3 * 23.1 89.60 58.1 * 34.4 *
20 IR90688-82-1-1-1-1-1 3.0 −5.2 * −2 * 86.80 48.1 * 9.9 71.50 40 * 16.3
21 IR90688-82-1-1-1-1-1 3.1 −5.1 * −1.9 * 84.30 45.6 * 7.4 66.20 34.7 * 11
22 IR90688-92-1-1-1-1-1 3.4 −4.8 * −1.6 * 80.60 41.9 * 3.7 65.00 33.5 * 9.8
23 IR90688-94-1-1-1-1-1 3.1 −5.1 * −1.9 * 90.90 52.2 * 14 86.70 55.2 * 31.5
24 IR90688-95-1-1-1-1-1 3.0 −5.2 * −2 * 81.90 43.2 * 5 76.70 45.2 * 21.5
25 IR90688-96-1-1-1-1-1 4.1 −4.1 * −0.9 59.00 20.3 −17.9 53.30 21.8 −1.9
26 IR90688-103-1-1-1-1-1 2.2 −6 * −2.8 * 98.30 59.6 * 21.4 92.00 60.5 * 36.8 *
27 IR90688-105-1-1-1-1-1 2.3 −5.9 * −2.7 * 90.00 51.3 * 13.1 83.90 52.4 * 28.7
28 IR90688-106-1-1-1-1-1 3.0 −5.2 * −2 * 83.30 44.6 * 6.4 71.50 40 * 16.3
29 IR90688-108-1-1-1-1-1 3.3 −4.9 * −1.7 * 75.00 36.3 * −1.9 73.30 41.8 * 18.1
30 IR90688-109-1-1-1-1-1 3.1 −5.1 * −1.9 * 85.00 46.3 * 8.1 76.90 45.4 * 21.7
31 IR90688-114-1-1-1-1-1 3.0 −5.2 * −2 * 73.30 34.6 −3.6 76.50 45 * 21.3
32 IR90688-118-1-1-1-1-1 2.4 −5.8 * −2.6 * 80.00 41.3 * 3.1 90.00 58.5 * 34.8 *
33 IR90688-120-1-1-1-1-1 5.3 −2.9 * 0.3 53.30 14.6 −23.6 43.30 11.8 −11.9
34 IR90688-124-1-1-1-1-P2 5.0 −3.2 * 0 54.50 15.8 −22.4 42.00 10.5 −13.2
35 IR90688-125-1-1-1-1-1 2.9 −5.3 * −2.1 * 90.30 51.6 * 13.4 82.00 50.5 * 26.8
36 BR1 8.2 0 3.2 * 38.70 0 −38.2 31.50 0 −23.7
37 BR18 5.0 −3.2 * 0 76.90 38.2 * 0 55.20 23.7 0
38 BRRI dhan28 7.6 −0.6 2.6 * 64.70 26 −12.2 47.10 15.6 −8.1
39 BRRI dhan29 6.9 −1.3 1.9 * 58.70 20 −18.2 58.00 26.5 2.8

Variance 3.43 ** 526.69 ** 604.45 *
Mean 3.49 76.18 69.07

CV 15.17 19.20 23.72
Mean 3.49 76.18 69.07

LSD (0.05) 1.4 37.70 32.20

* and ** indicate significant difference from BR18 at 5% and 1% level of probability, respectively.
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3.1.1. LD Score

LD scores among the genotypes varied from 2.2 to 8.2, with an average of 3.49 and
CV of 15.17 (Table 1). The highest LD value was observed with the cold-susceptible
check variety BR1 (8.2), which was statistically similar to those of IR90688-120-1-1-1-1-1,
IR90688-124-1-1-1-1-P2, and BRRI dhan28 at the 5% level of significance. On the other hand,
IR90688-103-1-1-1-1-1, IR90688-105-1-1-1-1-1, IR90688-5-1-1-1-1-1, IR90688-105-1-1-1-1-1,
IR90688-118-1-1-1-1-1, IR90688-81-1-1-1-1-1, IR90688-20-1-1-1-1-1, and IR90688-74-1-1-1-1-
1 showed significantly lower LD values than that of BR18, which showed a moderate level
of cold tolerance (LD score of 5.0). In addition, IR90688-62-1-1-1-1-1, IR90688-42-1-1-1-1-p2,
IR90688-96-1-1-1-1-1, IR90688-54-1-1-1-1-1, and BRRI dhan29 showed LD values ranging
from 3.9 to 4.5, indicating a moderate level of cold tolerance at the seedling stage.

3.1.2. Survivability Rate

The survivability rate varied widely among the genotypes, ranging from 38.70% to
100% with 19.20% CV. Out of 39 genotypes, 31 showed more than 60% survivability, while
susceptible variety BR1 showed only 38.7% survivability (Table 1). IR90688-81-1-1-1-1-
1 showed the highest level of survivability (100%), followed by IR90688-103-1-1-1-1-1
(98.3%), IR90688-74-1-1-1-1-1 (95.0%), and IR90688-94-1-1-1-1-1 (90.9%), which were, in
fact, not significantly different from the cold-tolerant check variety BR18 (76.9%), but were
significantly different from the susceptible check variety BR1.

3.1.3. Recovery Rate

The recovery rate also showed a wide range of variations among the genotypes,
starting from 31.5% to 92.6% with an average value of 69.07 (Table 1). Although the tolerant
and susceptible check varieties showed no significant difference in recovery rate, 23 NILs
showed significantly higher recovery than BR1, and 4 (IR90688-74-1-1-1-1-1, IR90688-103-
1-1-1-1-1, IR90688-118-1-1-1-1-1, and IR90688-81-1-1-1-1-1) showed significantly higher
recovery than even the cold-tolerant check variety BR18.

3.1.4. Correlation among LD Score, Survivability, and Recovery Rate

The Spearman correlation among the cold-responsive traits measured in this study
showed that the LD score, survivability, and recovery rate were significantly correlated to
each other (Figure 2).
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The highest correlation coefficient was observed between LD score and recovery rate,
and the lowest correlation was between LD score and survival rate. However, both were
in a negative or reverse direction. The survival rate and recovery rate were positively
correlated. The principal component analysis also showed that LD score was negatively
associated with survivability and recovery rate (Figure 3).
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3.2. Evaluation of NILs for Agronomic Performance

The NILs and the check varieties showed distinct genetic variation, particularly in
grain yield per plant, the number of fertile grains per panicle, and % spikelet fertility. Days
to flowering, plant height, and panicle length were also variable. Fertile grain per panicle
had the widest range, followed by spikelet fertility. IR90688-92-1-1-1-1-1 had the highest
value and IR90688-52-1-1-1-1-1 had the lowest value of FGPP. The ranges of panicle length,
spikelet fertility, and thousand-grain weight were smaller compared to other characteristics.
The maximum coefficient of variation was found in the case of fertile grain (12.7%) followed
by grain yield per plant (11.43%).

The mean values of the NILs varied significantly from the check varieties for the
characters measured in this study (Table 2). The check varieties also differed from each
other. There were many NILs that exceeded the mean values of the four high-yielding
check varieties. Eleven NILs showed a significantly higher yield than the susceptible check
varieties BR1 and BRRI dhan28. Out of these 11 NILs, IR90688-92-1-1-1-1-1, IR90688-125-1-
1-1-1-1, IR90688-104-1-1-1-1-1, IR90688-124-1-1-1-1-P2, IR90688-15-1-1-1-1-1, and IR90688-
27-1-1-1-1-1 had a significantly shorter growth duration than BR1, while only IR90688-
92-1-1-1-1-1 and IR90688-125-1-1-1-1-1 were on par with BRRI dhan28 in terms of days
to maturity.
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Table 2. Adjusted mean of yield and yield-contributing traits of Jinbubyeo-BRRI dhan29 NILs.

SN Genotype GD
(Days)

PH
(cm)

PL
(cm) ET FG % SF TGW Yield

(g/plant)

1 IR90688-5-1-1-1-1-1 143.7 94.1 22.7 17.7 61.6 38.3 22.7 11.5
2 IR90688-13-1-1-1-1-P1 150.7 98.2 22.4 14.7 71.4 97.4 18.5 27.7
3 IR90688-15-1-1-1-1-1 146.7 95.2 22.4 14.6 82.4 73.6 28.2 30.5
4 IR90688-19-1-1-1-1-1 146.7 94.1 19.9 14.5 56.8 56.1 19.0 11.9
5 IR90688-20-1-1-1-1-1 158.7 97.3 23.0 15.1 54.1 47.1 18.5 14.0
6 IR90688-27-1-1-1-1-1 146.7 97.2 24.7 17.1 91.5 41.3 19.2 24.4
7 IR90688-30-1-1-1-1-1 163.7 91.5 20.7 17.3 49.3 63.2 17.0 18.1
8 IR90688-42-1-1-1-1-P1 154.7 88.2 19.6 15.8 49.9 49.7 20.1 19.3
9 IR90688-42-1-1-1-1-P2 157.7 90.9 21.8 16.9 48.9 71.4 19.3 12.5

10 IR90688-43-1-1-1-1-P1 147.2 74.6 22.1 23.2 45.1 39.0 17.4 16.9
11 IR90688-52-1-1-1-1-1 161.2 84.8 22.2 13.5 65.2 88.3 18.7 23.2
12 IR90688-54-1-1-1-1-1 151.2 102.4 24.6 13.2 54.0 33.4 15.4 17.6
13 IR90688-56-1-1-1-1-1 154.2 99.9 24.0 29.8 46.9 37.5 19.6 15.7
14 IR90688-62-1-1-1-1-1 147.2 92.5 23.2 17.1 71.7 65.1 20.6 27.6
15 IR90688-64-1-1-1-1-1 149.2 81.7 23.2 15.5 118.7 37.8 16.5 22.2
16 IR90688-73-1-1-1-1-P1 153.2 86.6 23.5 15.7 44.0 49.2 18.6 11.8
17 IR90688-74-1-1-1-1-1 151.2 84.7 23.6 19.0 96.0 73.2 20.2 27.6
18 IR90688-77-1-1-1-1-1 155.2 82.9 23.3 22.3 44.3 42.1 25.0 20.7
19 IR90688-81-1-1-1-1-1 155.4 107.0 23.6 15.9 65.6 65.2 23.9 12.8
20 IR90688-82-1-1-1-1-1 144.4 98.2 25.4 19.3 87.9 50.9 15.6 13.0
21 IR90688-91-1-1-1-1-1 143.4 105.7 22.3 15.3 107.1 53.5 17.4 17.3
22 IR90688-92-1-1-1-1-1 138.4 93.5 14.2 15.7 160.2 60.2 16.1 23.8
23 IR90688-94-1-1-1-1-1 149.4 99.3 25.8 19.4 80.4 30.3 25.8 18.1
24 IR90688-95-1-1-1-1-1 152.4 79.7 21.0 18.8 80.8 33.5 18.3 12.4
25 IR90688-96-1-1-1-1-1 146.4 104.0 24.4 21.7 68.3 49.7 20.7 20.5
26 IR90688-103-1-1-1-1-1 149.4 90.2 20.8 21.9 73.1 16.0 22.1 14.1
27 IR90688-104-1-1-1-1-1 145.4 100.1 22.3 18.1 82.0 68.9 19.1 23.0
28 IR90688-105-1-1-1-1-1 151.7 83.3 19.0 18.2 51.0 29.5 16.4 9.8
29 IR90688-106-1-1-1-1-1 148.7 84.0 20.9 19.6 57.2 22.0 17.3 19.6
30 IR90688-108-1-1-1-1-1 144.7 84.7 19.7 17.4 65.0 33.5 21.4 17.4
31 IR90688-109-1-1-1-1-1 139.7 82.3 16.9 19.6 64.0 14.8 17.9 7.7
32 IR90688-114-1-1-1-1-1 148.7 88.9 21.9 19.7 35.7 23.1 16.4 8.1
33 IR90688-118-1-1-1-1-1 146.7 90.3 18.1 17.3 68.9 28.5 23.4 13.4
34 IR90688-120-1-1-1-1-1 153.7 72.3 18.9 18.7 50.8 53.3 18.1 12.0
35 IR90688-124-1-1-1-1-P2 146.7 91.3 22.5 17.6 95.6 81.2 17.0 30.6
36 IR90688-125-1-1-1-1-1 143.7 89.2 22.4 20.3 86.7 63.8 17.9 22.6
37 BR1 (Ck) 148.8 77.9 23.1 24.1 57.3 59.8 18.6 18.1
38 BR18 (Ck) 160.8 89.0 24.9 23.1 73.3 67.8 19.5 20.3
39 BRRI dhan28 (Ck) 139.8 99.2 24.8 12.2 143.7 77.0 18.4 18.2
40 BRRI dhan29 (Ck) 157.5 93.8 22.8 19.1 92.9 65.0 17.7 32.6

LSD (Ck Mean) 1.19 2.69 0.36 0.74 8.24 4.10 1.27 1.80

LSD (Ck Mean vs. NIL) 2.11 4.75 0.64 1.30 14.57 7.25 2.24 3.19

Range of NILs 138.4–
163.7

72.3–
107

14.2–
25.8

13.2–
29.8

45.1–
160.2

14.8–
97.4

15.4–
28.2 7.7–30.6

CV (%) 1.11 4.22 2.13 5.31 12.7 8.61 9.67 11.43

GD = growth duration, PH = plant height, PL = panicle length, ET = effective tiller, FG = fertile grain, SF = spikelet
fertility, TGW = thousand-grain weight, Ck = check variety, CV = coefficient of variation.

The NILs in this study were at an acceptable range in plant height except for one
line (Table 1). The genotypes showing significantly higher yield than BR18 and BRRI
dhan28 had an intermediate type plant height. Not only that, these lines had an acceptable
range of ineffective tillers per hill and filled grain per panicle (82–160), but also had a good
seed setting rate under natural field conditions. In addition, they had almost a similar
amount of thousand-grain weight to that of BRRI dhan28 and BRRI dhan29, which are the
most widely grown varieties in Bangladesh. Principal component analysis of the agronomic
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traits with the cold-related seedling traits showed that grain yield was highly associated
with PH and FG than other traits measured in this study.

3.3. Genetic Analysis of NILs of BRRI dhan29 Using Microsatellite Markers

Out of 88 SSRs used in this study, 58 markers were found polymorphic, with an
average polymorphism rate of 36.97%. Among the 58 SSRs, 11 markers were present
on chromosome 1, 6 markers on each of chromosomes 2 and 3, 4 markers on each of
chromosomes 4, 9, and 12, 2 markers on each of chromosomes 5 and 6, 5 markers on
chromosome 7, 3 markers on each of chromosome 8 and 10, and 8 markers on chromosome
11. A total of 186 alleles of the polymorphic SSRs were detected in the 42 genotypes,
including 36 NILs (Table 3).

Table 3. Allelic variation and polymorphism information content values of different rice cultivars for
58 SSR polymorphic markers.

Marker ID Chr. No.
Position

(Mb) Allele No.
Allele Size (bp) Highest Frequency Allele

PIC Value
Range Difference Size (bp) Frequency %

RM7278 1 1.79 3 173–240 67 201 57.14 0.45
RM220 1 4.42 4 110–126 16 120 71.43 0.40
RM259 1 7.45 3 158–174 16 158 52.38 0.44
RM581 1 9.11 3 134–141 7 141 45.24 0.51
RM572 1 9.87 3 165–187 22 165 61.90 0.44

RM10649 1 10.28 3 449–498 49 477 61.90 0.39
RM10800 1 12.73 2 130–144 14 144 57.14 0.37
RM5638 1 20.93 4 190–235 45 207 52.38 0.44

RM11570 1 - 4 351–424 73 351 61.90 0.52
RM297 1 32.1 4 147–187 40 147 50.00 0.47

RM11874 1 - 3 181–195 14 195 66.67 0.37
RM3703 2 3.86 4 100–118 18 100 57.14 0.51

RM12769 2 7.35 5 151–164 13 151 52.38 0.47
RM424 2 11.39 3 235–278 43 235 50.00 0.46

RM13155 2 15.26 3 450–551 101 450 57.14 0.40
RM3421 2 29.91 3 142–147 5 142 54.76 0.41
RM266 2 35.43 4 112–125 13 125 50.00 0.49

RM3202 3 0.81 4 194–211 17 194 57.14 0.48
RM546 3 6.16 3 156–167 11 156 61.90 0.39

RM14795 3 10.36 4 126–139 13 139 45.24 0.51
RM1164 3 14.86 3 192–200 8 192 83.33 0.27
RM7134 3 22.01 4 177–289 112 201 66.67 0.40
RM7097 3 26.87 3 168–176 8 176 69.05 0.38

RM16686 4 14.72 2 87–90 3 87 76.19 0.30
RM273 4 23.86 3 195–204 9 195 64.29 0.41
RM317 4 29.06 3 154–160 6 154 50.00 0.49
RM127 4 34.53 3 208–217 9 217 61.90 0.39
RM413 5 2.21 4 72–100 28 75 52.38 0.44

RM3916 5 - 3 233–289 56 289 47.62 0.47
RM588 6 1.61 4 115–128 13 115 50.00 0.44

RM6811 6 29.23 3 165–187 22 165 54.76 0.41
RM295 7 0.41 3 186–193 7 186 47.62 0.47

RM6427 7 17.45 4 156–170 14 160 50.00 0.47
RM336 7 21.87 4 145–202 57 145 52.38 0.44
RM234 7 25.47 3 131–153 22 153 66.67 0.37
RM172 7 29.56 3 158–164 6 164 50.00 0.41
RM547 8 5.59 3 197–253 56 197 54.76 0.46
RM331 8 12.29 3 150–171 21 150 57.14 0.45
RM264 8 27.92 3 165–179 14 165 50.00 0.51

RM5515 9 7.15 3 115–126 11 115 59.52 0.42
RM24087 9 - 2 246–259 13 246 64.29 0.35
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Table 3. Cont.

Marker ID Chr. No.
Position

(Mb) Allele No.
Allele Size (bp) Highest Frequency Allele

PIC Value
Range Difference Size (bp) Frequency %

RM566 9 14.74 4 239–271 32 249 50.00 0.47
RM553 9 19.32 4 160–173 13 160 42.86 0.54
RM216 10 5.35 3 133–149 16 149 54.76 0.43

RM6142 10 12.8 3 82–97 15 94 66.67 0.40
RM3773 10 19.9 3 137–162 25 150 50.00 0.44

RM26063 11 2.26 2 129–137 8 137 52.38 0.37
RM26243 11 5.56 3 150–160 10 160 64.29 0.38
RM7283 11 9.12 3 149–182 33 149 66.67 0.37

RM26501 11 11.1 2 137–146 9 137 71.43 0.32
RM3428 11 13.48 3 140–157 17 140 64.29 0.38
RM229 11 18.41 3 114–129 15 114 59.52 0.40
RM224 11 21.85 4 123–160 37 160 59.52 0.43
RM206 11 22.01 4 132–171 39 165 54.76 0.44
RM20 12 0.97 3 111–135 24 111 54.76 0.43
RM512 12 5.1 2 221–226 5 226 52.38 0.37

RM28502 12 23.41 3 124–131 7 124 50.00 0.46
RM7558 12 27.02 2 134–139 5 134 57.14 0.37

Mean 3.21 57.31 0.42
Max 5.00 83.33 0.54
Min 2.00 42.86 0.27

The number of alleles generated by each marker varied from 2 to 5 alleles and with an
average of 3.21 alleles per locus. The highest number of alleles (5) was detected with
RM12769 and the lowest number (2) was detected in RM10800, RM16686, RM24087,
RM26063, RM26501, RM512, and RM7558. The overall size of the PCR products of the tested
markers ranged from 72 bp (RM413) to 551 bp (RM13155). The molecular size difference
between the smallest and the largest allele for a given locus varied widely from 3 to 112 bp
(Table 3). There was a considerable range in allele frequency (42.86–83.33%). On average,
57.31% of the genotypes shared a common allele.

The PIC value, which indicates the degrees of allelic diversity [46] and frequency
among the varieties, was calculated for all of the markers. The PIC values for the microsatel-
lite loci varied from 0.27 to 0.54 with a mean of 0.42. Among the markers used in the
study, RM553 on chromosome 9 had the highest PIC value (0.54). RM581 and RM11570 on
chromosome 1, RM3703 on chromosome 2, RM14795 on chromosome 3, and RM264 on
chromosome 8 showed PIC values greater than 0.50.

The dendrogram constructed based on Shannon’s similarity index following the
UPGMA method (Figure 4) showed that all of the genotypes were constellated into two
distinct groups at a similarity index of 0.60. The first group housed 40 genotypes, while
the second contained only 2 genotypes including an NIL and a cold-tolerant check variety,
Hbj.B.VI. However, at the 0.67 similarity index, the genotypes were grouped into four major
clusters, although the genotypes within the clusters were further subdivided into many
subclusters based on the genetic similarity between them.

The genetic similarity within the individual cluster/group ranges from 0.60 to 0.96.
Cluster 1, Cluster 2, Cluster 3, and Cluster 4 housed 25, 11, 4, and 2 genotypes, respectively.
Housing the maximum number of genotypes, Cluster 1 was the most diverged cluster. The
genotypes within Cluster 1 were further divided into many subgroups until 95% genetic
similarity was reached. At 95% genetic similarity, IR90688-54-1-1-1-1-1 (G12) and IR90688-
56-1-1-1-1-1 (G13) were grouped together. Cluster 1 was subdivided into 2, 3, 4, 5, 6, 7, 8, 9,
10, 12, 14, 16, 17, 18, 20, 23, 24, and 25 subgroups at a genetic similarity of 67.5, 68, 70, 71,
71.5, 72.75, 73, 73.5, 74.5, 75, 76, 77, 78, 78.5, 79.5, 85, 91, and 95%, respectively. Contrarily,
Cluster 2 contained 11 genotypes. The genetic similarity within Cluster 2 varied from 68 to
92%. IR90688-42-1-1-1-1-P1 (G8), IR90688-42-1-1-1-1-P2 (G9), IR90688-73-1-1-1-P1 (G16),

98



Sustainability 2022, 14, 4871

and IR90688-82-1-1-1-1-1 (G20) were housed in Cluster 3. In Cluster 4, two genotypes were
grouped at 67.5% genetic similarity.
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Figure 4. Dendrogram showing the genetic relationships among 42 rice cultivars using UP-
GMA cluster analysis of Shanondice genetic similarity coefficients generated from 58 SSR
markers. G01 = IR90688-5-1-1-1-1-1; G02 = IR90688-13-1-1-1-1-P1; G03 = IR90688-15-1-1-1-1-1;
G04 = IR90688-19-1-1-1-1-1; G05 = IR90688-20-1-1-1-1-1; G06 = IR90688-27-1-1-1-1-1; G07 = IR90688-
30-1-1-1-1-1; G08 = IR90688-42-1-1-1-1-P1; G09 = IR90688-42-1-1-1-1-P2; G10 = IR90688-43-1-1-1-1-P1;
G11 = IR90688-52-1-1-1-1-1; G12 = IR90688-54-1-1-1-1-1; G13 = IR90688-56-1-1-1-1-1; G14 = IR90688-
62-1-1-1-1-1; G15 = IR90688-64-1-1-1-1-1; G16 = IR90688-73-1-1-1-1-P1; G17 = IR90688-74-1-1-1-1-1;
G18 = IR90688-77-1-1-1-1-1; G19 = IR90688-81-1-1-1-1-1; G20 = IR90688-82-1-1-1-1-1; G21 = IR90688-
91-1-1-1-1-1; G22 = IR90688-92-1-1-1-1-1; G23 = IR90688-94-1-1-1-1-1; G24 = IR90688-95-1-1-1-1-1; G25
= IR90688-96-1-1-1-1-1; G26 = IR90688-103-1-1-1-1-1; G27 = IR90688-104-1-1-1-1-1; G28 = IR90688-105-
1-1-1-1-1; G29 = IR90688-106-1-1-1-1-1; G30 = IR90688-108-1-1-1-1-1; G31 = IR90688-109-1-1-1-1-1; G32
= IR90688-114-1-1-1-1-1; G33 = IR90688-118-1-1-1-1-1; G34 = IR90688-120-1-1-1-1-1; G35 = IR90688-
124-1-1-1-1-P2; G36 = IR90688-125-1-1-1-1-1; G37 = BR1; G38 = BR18; G39 = BRRI dhan28; G40 = BRRI
dhan29; G41 = Jinbubyeo; G42 = Hbj.B.VI.

4. Discussion

Cold tolerance at the seedling and reproductive stage is very important for growing
rice in the winter season or in cold stress conditions. The early vegetative stages, particularly
at the germination and crop establishment stage and also the booting stages of rice, are very
sensitive to LTS (Figure 1). An ambient temperature below 10–12 ◦C significantly increases
seedling mortality in rice [47], resulting in poor crop establishment, which eventually
turns into low yield. By assigning LD scores [48] upon exposure to LTS for seven days in
artificially induced low temperature [32] and measuring the survivability and recovery
rate, the genotypes with seedling-stage cold tolerance can easily be identified. In this study,
we evaluated 36 NILs with cold tolerance and susceptible check varieties for seedling-
stage cold tolerance. The genotypes showed a wide variation in LD scores, ranging from
2.2 to 8.2 with an average of 3.49 (Table 1). Suh et al. [49] also reported varying LD
scores (3 to 8 with a mean value of 5) among 23 elite rice cultivars grown in a cold water-
irrigated plot. In this study, the highest LD value was found with the cold-susceptible check
variety BR1 (8.2). IR90688-120-1-1-1-1-1, IR90688-124-1-1-1-1-P2, and BRRI dhan28 showed
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no significant difference from BR1 in LD score at p < 0.05, indicating them to be cold-
susceptible. Contrarily, IR90688-103-1-1-1-1-1, IR90688-105-1-1-1-1-1, IR90688-5-1-1-1-1-1,
IR90688-105-1-1-1-1-1, IR90688-118-1-1-1-1-1, IR90688-81-1-1-1-1-1, IR90688-20-1-1-1-1-1,
and IR90688-74-1-1-1-1-1 showed significantly lower LD values than the cold-tolerant check
variety BR18. These results clearly revealed the capability of tolerance of the NILs to LTS.
Additionally, IR90688-62-1-1-1-1-1, IR90688-42-1-1-1-1-p2, IR90688-96-1-1-1-1-1, IR90688-
54-1-1-1-1-1, and BRRI dhan29 showed LD values ranging from 3.9 to 4.5, indicating a
moderate level of cold tolerance at the seedling stage. Khatun et al. [32] reported a higher
average LD score for BR1, moderate for BRRI dhan29, and the lowest LD score for BR18.
Kundu [50] also reported similar findings from a cold-screening trial of a set of cold-tolerant
japonica and indica donors, along with cold-susceptible cultivars.

The seedling survivability and recovery rate are very important for better crop es-
tablishment under LTS. In this study, the survivability and recovery rate varied widely
among the genotypes, ranging from 38.70% to 100% and 31.5% to 92.6%, respectively. The
susceptible variety BR1 showed only 38.7% survivability and 31.5% recovery rate (Table 1).
IR90688-81-1-1-1-1-1 showed the highest level of survivability (100%), followed by IR90688-
103-1-1-1-1-1 (98.3%), IR90688-74-1-1-1-1-1 (95.0%), and IR90688-94-1-1-1-1-1 (90.9%), which
were, in fact, not significantly different from the cold-tolerant check variety BR18 (76.9%),
but were significantly different from the susceptible check variety BR1. A total of 23 NILs
showed a significantly higher recovery rate than BR1, with 4 of them (IR90688-74-1-1-1-1-1,
IR90688-103-1-1-1-1-1, IR90688-118-1-1-1-1-1, and IR90688-81-1-1-1-1-1) showing signifi-
cantly higher recovery than even the cold-tolerant check variety BR18. In a similar study
with 10 landraces and 5 modern varieties as check genotypes, Shoroardi et al. [51] showed
a higher reduction in seedling survival rate in BRRI dhan28, LR 212- NariaBochi, and LR
25-KathiGoccha and a lower reduction in BRRI dhan36, BRRI dhan29, LR 54- Tor Balam,
and LR 114-Badiabona. The magnitude of the recovery rate was a little lower than the sur-
vivability rate, but they were positively correlated. The recovery rate, in fact, pronounced
the real tolerance to LTS at the seedling stage.

For direct use in variety release or as a parental line in the breeding program, a
breeding line should have higher yield potential in addition to its particular trait of interest.
Therefore, we evaluated the NILs for yield and other agronomic performances under
natural field conditions. Although the NILs were developed in the background of BRRI
dhan29, they possessed distinct genetic variations, particularly in grain yield per plant,
number of fertile grains per panicle, and % spikelet fertility [52]. Days to flowering, plant
height, and panicle length were also variable among the NILs. The mean values of the NILs
varied significantly from the check varieties for all of the characteristics measured in this
study (Table 2). Eleven NILs showed significantly higher yields than the susceptible check
varieties BR1 and BRRI dhan28. Out of these NILs, IR90688-92-1-1-1-1-1, IR90688-125-1-
1-1-1-1, IR90688-104-1-1-1-1-1, IR90688-124-1-1-1-1-P2, IR90688-15-1-1-1-1-1, and IR90688-
27-1-1-1-1-1 had a significantly shorter growth duration than BR1, while only IR90688-
92-1-1-1-1-1 and IR90688-125-1-1-1-1-1 were on par with BRRI dhan28 in terms of days
to maturity.

Plant height in rice is an important trait for the better adoption of a variety. Earlier
study revealed that the taller plants usually produce a low yield [53]; through another
study reported that short-statured plants also give a low yield some extends due to the
production of low biomass [54]. The NILs in this study were at an acceptable range of
plant height, except for one line (Table 1). The genotypes showing significantly higher yield
than BR18 and BRRI dhan28 had intermediate type plant height. Not only did these lines
have an acceptable range of effective tillers per hill and filled grain per panicle (82–160),
but they also had a good seed setting rate under natural field conditions. In addition,
they had an almost similar amount of thousand-grain weight to that of BRRI dhan28 and
BRRI dhan29, which are the most widely grown varieties in Bangladesh. The principal
component analysis of the agronomic traits with the cold-related seedling traits showed
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that grain yield was more highly associated with PH and FG than other traits measured in
this study.

In addition to measuring yield potential, genetic diversity in the parental lines is very
important for the genetic improvement of rice through breeding. Strong genetic diversity
means diverse morphological traits and potentially valuable genetic information. Rice
varieties/lines with high levels of genetic variation are essential resources for broadening
the genetic base of the breeding germplasm, and therefore laying a good foundation for rice
breeding [55]. Hence, the assessment of genetic diversity becomes important in establishing
relationships among different cultivars. SSR markers are widely used in the analysis of
genetic diversity among the germplasms [56].

Usually, NILs are developed through multiple backcrossing, meaning they are very
close to each other as they share the majority of the recipient parental genome. In this
study, we used BC3F5 NILs developed from a cross between a Korean japonica variety
Jinbubyeo and a Bangladeshi high-yielding rice variety BRRI dhan29, but they showed
considerable variations in different agronomic traits. We analysed the NILs along with
their parents, cold-tolerant and susceptible varieties, using 58 polymorphic SSR markers
randomly distributed over 12 chromosomes to estimate the genetic similarity/dissimilarity
between them. A total of 186 alleles of the polymorphic SSRs were detected in the genetic
analysis of the 42 genotypes, including 36 NILs (Table 3). The number of alleles generated
by each marker varied from 2 to 5 alleles and with an average of 3.21 alleles per locus. The
highest number of alleles (five) was detected in the locus RM12769 and the lowest number
of alleles (two) was detected in seven SSR loci, namely RM10800, RM16686, RM24087,
RM26063, RM26501, RM512, and RM7558. The overall size of the PCR products of the
tested markers ranged from 72 bp (RM413) to 551 bp (RM13155). The molecular size
difference between the smallest and the largest allele for a given locus varied widely, from
3 to 112 bp (Table 3).

The PIC value, which indicates the degrees of allelic diversity [46], varied from 0.27 to
0.54 with a mean of 0.42. The higher the PIC value, the greater the diversity within the
germplasm; contrarily, a lower PIC value indicates that less divergence between the geno-
types and they are closely related [40,57] in terms of the specific marker loci. Among the
markers used in this study, RM553 on chromosome 9 had the highest PIC value (0.54). Two
SSRs (RM581, RM11570) on chromosome 1, one SSR (RM3703) on chromosome 2, one SSR
(RM14795) on chromosome 3, and one SSR (RM264) on chromosome 8 showed PIC values
greater than 0.50, indicating that these are highly informative markers. An informative
marker can easily and clearly discriminate the germplasm based on its band intensity and
position relative to others [58]. Thus, highly informative markers are considered to be the
best markers for diversity analysis. The six informative SSR markers identified from this
study could be useful for future genetic studies of rice, particularly for marker-assisted
breeding and QTL identification.

The UPGMA dendrogram constructed based on Shannon’s similarity index (Figure 4)
grouped all of the genotypes into two distinct clusters at a similarity index of 0.60. However,
at the 0.67 similarity index, the genotypes were grouped into four major clusters, although
the genotypes within the clusters were further subdivided into many subclusters based on
the genetic similarity between them. Cluster 1, Cluster 2, Cluster 3, and Cluster 4 housed 25,
11, 4, and 2 genotypes, respectively. Housing the maximum number of genotypes, Cluster
1 was the most diverged cluster. The genotypes within Cluster 1 were further divided
into many subgroups until 95% genetic similarity was reached. At 95% genetic similarity,
IR90688-54-1-1-1-1-1 (G12) and IR90688-56-1-1-1-1-1 (G13) were grouped together. The
genetic similarity among the genotypes in Cluster 1 ranged from 67.5% to 95%. The majority
of the cold-tolerant and high-yielding NILs were grouped into Cluster 1. Contrary, Cluster
2 contained 11 genotypes, which were mostly poor yielders except for BR1 (G37), BR18
(G38), and BRRI dhan29 (G40). In this cluster, both cold-tolerant and susceptible varieties
remained together, but they entered into different subgroups at a 0.77 similarity index.
The most interesting thing is that Hbj. B.VI (G42), a cold-tolerant local variety for both
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seedling and reproductive stage [26], and IR90688-124-1-1-1-1-P2 (G35), which showed
moderate tolerance to cold stress at the seedling stage (Table 1) and high yield (Table 2),
were grouped into Cluster 4 with approximately 68% genetic similarity. Therefore, the
crosses between IR90688-124-1-1-1-1-P2 and Hbj.B.VI could produce high yielding and
cold-tolerant progenies. Not only these combinations, but also the cross combination
between the lines of Cluster 4 with the high-yielding and cold-tolerant lines in Cluster 1,
would produce cold-tolerant and high-yielding progeny.

5. Conclusions

Highly significant variation among the genotypes was observed for three cold-related
traits at the seedling stage, namely, leaf discolouration score, survivability, and recovery
rate. Nine NILs showed strong cold tolerance in at least one of three cold-related traits.
Three NILs, IR90688-74-1-1-1-1-1, IR90688-81-1-1-1-1-1, and IR90688-103-1-1-1-1-1, showed
tolerance to cold stress with all three traits, while IR90688-118-1-1-1-1-1 showed cold toler-
ance with LD score and recovery rate. In a field experiment, 11 NILs showed significantly
higher yields than the susceptible check varieties BR1 and BRRI dhan28. Out of these
11 NILs, IR90688-92-1-1-1-1-1, IR90688-125-1-1-1-1-1, IR90688-104-1-1-1-1-1, IR90688-124-1-
1-1-1-P2, IR90688-15-1-1-1-1-1, and IR90688-27-1-1-1-1-1 had significantly shorter growth
duration than BR1, while only IR90688-92-1-1-1-1-1 and IR90688-125-1-1-1-1-1 were on par
with BRRI dhan28 in terms of days to maturity. In addition, these lines had grain quality
similar to BRRI dhan28 and BBRI dhan29. In the genetic analysis with 58 polymorphic SSRs,
a total of 186 alleles were detected and the number of alleles per marker varied from 2 to
5, with an average of 3.21 alleles per locus. Six SSRs showed PIC values greater than 0.50,
indicating that these are the best markers in discriminating the NILs derived from the cross
between Jinbubyeo and BRRI dhan29. The Shannon similarity index-based dendrogram
grouped the NILs at 67% genetic similarity into four major distinct clusters, in which
25 genotypes, including the high-yielding NILs and high-yielding variety BRRI dhan28,
constellated together. One high-yielding NIL, IR90688-124-1-1-1-1-P2, with a moderate
level of cold tolerance was grouped; however, genotype Hbj. Boro VI has been found to be
a cold-tolerant local variety for both the seedling and reproductive stages, as it is a member
of the two-genotype cluster. Therefore, the cold-tolerant and high-yielding NILs identified
in this study could be a potential genetic resource to develop high-yielding, cold-tolerant
rice varieties. The QTL mapping from the local variety Hbj. Boro VI may be considered
to generate marker information, aiming to introgress into the locally adapted existing rice
varieties for the sustainability of rice production during extremely cold stress conditions.
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Abstract: Temperature and moisture are essential factors in germination and seedling growth. The
purpose of this research was to assess the germination and growth of wheat (Triticum aestivum L.)
seeds under various abiotic stressors. It was conducted in the Agronomy Institute of the Hungarian
University of Agriculture and Life Sciences, Gödöllő, Hungary. Six distinct temperature levels were
used: 5, 10, 15, 20, 25, and 30 ◦C. Stresses of drought and waterlogging were quantified using 25 water
levels based on single-milliliter intervals and as a percentage based on thousand kernel weight (TKW).
Seedling density was also tested. Temperature significantly influenced germination duration and
seedling development. 20 ◦C was ideal with optimal range of 15 ◦C to less than 25 ◦C. Germination
occurred at water amount of 75% of the TKW, and its ideal range was lower and narrower than the
range for seedling development. Seed size provided an objective basis for defining germination
water requirements. The current study established an optimal water supply range for wheat seedling
growth of 525–825 percent of the TKW. Fifteen seeds within a 9 cm Petri dish may be preferred to
denser populations.

Keywords: Triticum aestivum L.; wheat; seed germination; seedling development; germination time

1. Introduction

Wheat is the predominant grain crop and a mainstay source of food for most of the
world’s population [1]. This field crop is nutritionally essential globally, ranking second
only after maize production [2]. It is involved in many bakery and pastry industries [3]. It
is commonly utilized to produce flour, malt, and various food products, including bread,
pasta, and morning cereals [2]. Wheat is a primary source of protein and starch, providing
20–30% of daily caloric intake in most societies [4]. Because it is widespread many different
ecosystems, plants face various abiotic challenges, such as drought and rising temperature,
due to global warming, which results in huge yield loss [5,6].

Germination is a physiological mechanism in which sequential biological and bio-
chemical activities occur to initiate and develop a seedling [7,8]. It is a critical stage in
the life of wheat plants, as it determines seedling establishment and the effective use of
available nutrients and water resources [9,10]. It is regulated by the interaction of the
surrounding environmental conditions, the seeds’ physiological state, and the germ [11].
Temperature, light, pH, water availability, and soil moisture most affect seed germination
among abiotic factors [12]. Seeds have a specific range of environmental requirements
necessary for optimal germination [13]. The success of propagation depends on the seeds’
physiological response towards overlapping various external abiotic factors. Therefore,
seed germination reflects inhabitants’ size, abundance, and distribution [14–16].

Seed germination begins with water adsorption by the dormant dry seed and is
accomplished by the commencement of radicles by lengthening the embryo’s axis [17].
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A sequence of ordered morphogenetic and physiological mechanisms, including energy
transfer, nutrient intake, and physiological and biochemical changes, are part of this
process [14,16,18]. A seed’s water adsorption is a three-stage procedure, with phase I
being a fast initial uptake, phase II being a plateau, and phase III being a rise in water
adsorption, but only with the initiation of germination [19]. Germination phase I, called
imbibition, the rapid water take-up, results in softening and swelling the seed coat close
to or at an ideal temperature [20]. Seed coat rupturing permits the emergence of radicle
and shoot. The seed’s physiology is then activated, and it begins to respire [18,19]. Primary
germination indicators include re-establishing critical processes, including translation and
DNA repairing, followed by cell expansion and division [16,20]. Physically germination
has a two-sequent-stages mechanism: endosperm rupture, and the evolving radicle follows
the breakdown of the micropylar endosperm [14,21,22]. Enzymatic activity to degrade
carbohydrate and lipid for reserved materials mobilization is essential in germination and
early seedling development [23–25]. The biological, bio-chemical enzymic activity in these
stages is highly affected by temperature and water availability [26].

Seed germination necessitates the presence of water. It hydrates the crucial processes
of protoplasm, supplies dissolved oxygen, softens the seed’s outer layer, and improves
permeability [18,26]. Water stress harms germination percentage [5,27,28]. The water level
has more complicated germination effects for wheat since it is the primary determinant
for seed imbibition and germination. Water contributes to the subsequent germination
metabolic phases [25,29]. It is vital for seed enzyme activation, breakdown, translocation,
and endospermic stored materials [29,30]. Water stress declines enzymic activities that cause
adverse effects on the metabolic process of carbohydrates, decrease the water potential and
the amount of soluble potassium and calcium, and cause changes in seeds hormones [31,32].

The temperature has a major impact on specifying the germination time duration [32].
The temperature effect on germination can be described as a substantial temperature scale:
minimal, optimal, and maximum temperatures to initiate [33]. The optimum temperature
results in the most significant germination rate (%) in the shortest time. Each germination
stage has its substantial temperature; due to the intricacy of the germination process, the
temperature response may vary throughout the germination phases. The seeds’ response to
temperature relies on variety, seed quality, time from harvest, and some other factors [34].
Many studies regarding the regulation of germination by temperature have been conducted.
Riley (1981) demonstrated that the energy state of cells and the behavior of certain enzymes
change as the temperature changes [35]. The ATP content and protein synthesis rate
increase as the temperature reaches the optimum and decreases as it goes either way [19,35].
The intra-equilibrium of reactive oxygen species indispensable for seed germination is
hindered by abnormal respiration [12,35,36]. The antioxidant system highly affected wheat
seed germination [37,38].

Drought, thermal, and drought + thermal stresses significantly impact the yield and
quality more than each separately. For example, wheat yield losses in literature were 57%
after drought stress, 76% after drought + thermal stresses, and only 31% after thermal
stresses [39].

This study was conducted to investigate the performance of wheat seed germination
ability under different moisture conditions, temperatures, and seed and seedling densities
per Petri dish. A fundamental understanding of germination is vital to the field of crop
production. The objectives of this study were: the first was (1) to determine the optimal
range of water amount for germination based on water volume of single-milliliter inter-
vals and water quantity as percentages based on thousand kernels weight (TKW). This
method was used to investigate the null hypothesis “The difference in seed weight and
size has no role in germination when the amount of water is constant”. Therefore, part
of this pre-experiment is to prove the alternative hypothesis’ validity, namely that “the
water requirements of the seeds differ depending on their size and weight”. Theoretically,
larger seeds need more water to germinate compared to smaller seeds. Therefore, if the
alternative hypothesis is correct, it will be a more accurate method to find the optimal
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needed amount of water for germination, and the second was (2) to determine the effects
of germination temperatures and germination time of wheat seeds. The third objective
was (3) to investigate the effect number of seeds and seedling density in a Petri dish on
germination percentage and open the Petri dish’s top cover. Opened Petri dish has various
side effects of moisture losses and exposure to contamination. This part was designed to
answer the question of “Do the number of seeds and the density of seedlings affect the
germination percentage and viability of seedlings under the same water quantity?”. This
research was conducted following the standard of the NO. 48 of 2004 (IV.21.) of the Ministry
of Agriculture and Rural Development concerning the production and marketing of seed of
agriculture crop species, Hungary, which following the International Seed Test Association
(ISTA), the circumstances was changed according to our research questions.

This study yields critical information on germination demands that can evaluate
tolerance to ranges of drought and temperature stresses.

2. Materials and Methods

The present study was conducted to determine the temperature and drought effect
on germination vigor and seedling growth. The seeds of a regionally commonly grown
variety of Hungarian wheat named Alfold 90 were obtained from a grower and used. It is a
high winter tolerance wheat variety with 75–95 cm plant height, with awed spikes. Alfold
90 is sensitive to powdery mildew disease and total tolerance to stem rust disease. It is
an early Hungarian variety and cultivates in dry regions. It was conducted in the Agron-
omy Institute/the Hungarian University of Agriculture and Life Sciences, 2100 Gödöllő,
Hungary. Highly sensitive and highly accurate incubators made by Memmert, Schwabach,
Germany, with natural convection or forced air circulation and double doors (interior glass,
exterior stainless steel) for a clear view without a drop in temperature were used. The
germination capacity can be 100%, and it declines for several factors, i.e., storage time and
conditions, but it was over 98% for the used stock. These seed characterizations are: TKW
is 39–44 g, test weight 78–82 kg, protein content 14–17%, wet gluten content 34–40%, and
the farinograph value is 80–90%, which fall into the A2 category. Alfold 90 is described
as a drought-tolerant wheat variety. The study was subdivided into three experiments
conducted in the following subsections.

2.1. Temperature Experiment

This study compares wheat seed germination under six distinct temperatures, 5, 10,
15, 20, 25, and 30 ◦C. After Petri dishes were labeled, 20 seeds of wheat were placed in each
and exposed to an identical amount of distilled water, 5 mL. The electrical conductivity of
distilled water was measured 1.5 mhos/cm. Every day, four Petri dishes of each tempera-
ture level were subjected to physical measurements. The measured parameters were the
number of not-germinated seeds and radicles and the first proper leaf lengths, termed a
shoot in this research. The germination stander measurement is that 80% of the seedlings
in Petri dishes reach the length of 1 cm.

2.2. Water Quantity Experiment

Wheat seeds were treated to a total of 25 distilled water levels, 12 levels based on
milliliter intervals, and 13 levels based on TKW in sterile Petri dishes of 9 cm diameter. The
Petri dishes were lined with sterile filter paper, Table 1. TKW was determined using a seed
counter machine, which was 42.76 g.

TKW × Seed n/100,000 = 1% of the propose quantity of water (1)

42.76 × 20 = 855.2, 855.2/100,000 = 0.008552
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Table 1. Treatments of water levels experiment based on the two water basses, a single-milliliter
interval and TKW.

Water Quantity Based on a
Single-Milliliter Interval Water Quantity Based on the TKW %

1 Treatment
Number

2 Water Quantity
mL

1 Treatment
Number

3 Proposed % of
Water Quantity

4 Quantity
of Water mL

5 Rounded
Quantity

of Water mL

1 0 14 75% 0.641 0.65
2 1 15 150% 1.282 1.30
3 2 16 225% 1.924 1.90
4 3 17 300% 2.565 2.55
5 4 18 375% 3.207 3.20
6 5 19 450% 3.834 3.85
7 6 20 525% 4.489 4.45
8 7 21 600% 5.131 5.15
9 8 22 675% 5.772 5.75

10 9 23 750% 6.414 6.40
11 10 24 825% 7.055 7.00
12 11 25 900% 7.696 7.50
13 12

1 The treatments number that total of 25 treatments, on the two water quantity bases, 2 the applied water quantity
based on single-milliliter intervals, 3 the suggested percentage for water quantity application in ml regarding
the TKW in (g), 4 the quantity of water in milliliter corresponds to the suggested percentage of water quantity to
TKW, and 5 the rounded quantity of water to the nearest measurable digit on the pipette.

Table 1’s outcome represents 1% water quantity of TKW [40]. This number was
multiplied by the proposed percentage for each water treatment, as presented in Table 1.
Twenty seeds were placed in each labeled Petri dish with five replications. This experiment
was implied under a constant incubation chamber temperature level of 20 ◦C. All seedlings’
radicle and shoot lengths were physically measured after ten days. After labeling, these
radicles and shoots for each Petri dish were then exposed to 65 ◦C for 48 h in an oven. Dry
weights were acquired by weighing the radicles and the shoots of the 20 seedlings of each
treatment replicate.

2.3. Seed Density Experiment

This part was designed to study the seed’s number effect on the germination perfor-
mance under the same quantity of water. Three sets of seeds, 15, 20, and 25 per P.D, were
placed in Petri dishes. First, they were treated with 6 mL of distilled water. Ten replications
were implied to reduce the experimental error of the experiment and boost the accuracy.
Then, they were incubated at a constant temperature of 20 ◦C in a controlled germination
chamber. The measured traits were categorized into four groups: number of seeds that
were not germinated, number of germinated seeds with the only radicle, seedling with
short shoots (less than 4 cm), and normal seedling. The normal seedling term refers to the
morphological stage compared to the other in the same condition: the seedling with taller
shoots than 4 cm. These categories were made to achieve an aggregated value according to
Equation (2) [40]:

Aggregated value = (NOT-G × 0) + (RO × 0.33) + (SP × 0.67) + (NP × 1) (2)

where: NOT-G = not-germinated seeds, RO = the number of germinated seeds with only a
radicle, S.P. = the number of germinated seeds with short shoots, and NP = the number of
germinated seeds with the normal shoot.

2.4. Statistical Analysis

The statistics reported were presented as a mean value for each treatment of the
experiment. For the water amount experiment, analysis of variance (ANOVA) and Fisher’s
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test of least significant differences was utilized to determine significant differences at a 5%
probability level (GenStat 12th edition, PL20.1 m, the United Kingdom). In addition, To fit
the obtained data and depict the best fit of the temperature levels, a sigmoid curve model
was made (JMP Proc 13.2.1 of SAS, Canberra, the United States, and Microsoft Excel 365).
Normality check was conducted using Kolmogorov–Smirnov and Shapiro–Wilk by SPSS
version 27, IBM, New York, NY, USA.

3. Results

Based on the statistically computed data (Table 2), as the Kolmogorov–Smirnov
and Shapiro–Wilk are greater than 0.05, it can be stated that the normality curve is
symmetric [41,42], as presented in the histogram (Figure 1).

Table 2. Data normality is determined by Kolmogorov–Smirnov and Shapiro–Wilk tests.

a Kolmogorov—Smirnov Shapiro—Wilk

Statistic df Sig. Statistic df Sig.

Radicle 0.082 55 0.200 * 0.950 55 0.240
Shoot 0.090 55 0.200 * 0.973 55 0.262

Seedling 0.111 55 0.091 0.923 55 0.092
* The lower limit of the true significance; a Lilliefors Significance Correction; df is the degree of freedom; and Sig.
is the significance.
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3.1. Temperature Experiment
3.1.1. Germination Duration

As determined in the temperature gradient experiment, 30 ◦C and 25 ◦C, which
rapidly initiated germination, were faster to reach the standard measurement point in
this study of 1 cm shoot length in 48 h, Figure 2. Under 20 ◦C, that took longer for its
germinated shoots to reach 1 cm in the temperature gradient experiment, three days after
subjecting the seed to the treatment. Figure 2 illustrates that wheat seeds germinated under
a constant temperature of 15 ◦C, which needed five days to reach the shoot measurement
stander, followed by a temperature of 10 ◦C that needed a more prolonged duration up
to 8 days in the temperature gradient experiment. Seed germination under 5 ◦C took the
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most prolonged duration to initiate germination. Germinated shoot reached the length of
1 cm after 15 days of the planting date (Figure 2). The percentage differences within the
germination range between the two limits were 152.941%. Regardless of 5 ◦C and 10 ◦C,
the temperatures of 20 ◦C, 25 ◦C, and 30 ◦C have minor margin differences in germination
duration, followed by 15 ◦C, which took slightly longer.
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Figure 2. Germination duration from planting (day 1) to germination initiation and seedling develop-
ment under different temperatures.

Temperature is critical in determining the duration of germinating [43–45]. The find-
ings indicate that seeds accumulate the heat units from the thermal energy they absorbed,
and once they reach the necessary level to initiate metabolic activity, germination begins at
a pace dependent on the ambient temperature condition.

3.1.2. Seedling Development

The experiment of the temperature gradient of 6 distinct constant temperatures, 5 ◦C,
10 ◦C, 15 ◦C, 20 ◦C, 25 ◦C, and 30 ◦C, presented that seedling growth under 20 ◦C gave the
most outstanding performance and the most salient rate of growth (Figure 3). It was the
most favorable growth temperature for seedling growth with a y-value: 22.241x − 102.44
(Figure 2). Similarly, with slightly lower development performance under 15 ◦C, y-value:
19.157x − 111.79. The temperature of 10 ◦C shows the same pattern, but with much
slower development, y-value: 12.132x − 108.22. The experiment under 5 ◦C showed the
most negligible seedling growth and required a longer time for development, y-value:
5.8161x − 87.06 (Figure 2). Slightly identical performance was shown under 25 ◦C and
a higher temperature level when they grow quicker in the very early stage of seedling
development, followed by slowing the rate of the development (Figure 3). It indicates
that each stage of wheat seedling development needs a different temperature. This figure
illustrates that the upper germination range of 25 ◦C and 30 ◦C gives quicker germination
and early seedling growth within less than five days, but not for the subsequent seedling
growth phase. Thus, the optimum range for seedling growth is around 20 ◦C with a greater
growth rate followed by 15 ◦C (Figure 3).
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Figure 3. Patterns of seedlings development in response to temperature-induced.

The seedling’s shoots and radicles showed the same development performance at
and close to the optimal range of temperature; however, their growth pattern differs when
the indicator arrow of the temperature crosses the optimum limits of growth range tails
(Figures 4 and 5). The shoot formed and developed better, especially in the very early
growth stage, than the radicle under a temperature scope higher than the optimum range
(Figure 4). However, the radicle has a distinct growth pattern and need for temperature
compared to the shoot because it grows better at temperatures lower than the optimum
range, particularly in the later stage than the shoot (Figure 5).
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The highest growth and development of the shoots occurred at a temperature of 20 ◦C,
and the least occurred at 5 ◦C. Therefore, the optimal temperature for the shoot and radicle
development is at 20 ◦C, followed by 15 ◦C. When the temperature changes, either the
shoots or the radicles will be more impacted than the other. The radicle is more resistant to
cold than the shoot, and vice versa; the shoot is more resistant to temperatures over the
ideal threshold than the radicle.

3.2. Water Quantity Experiment

Wheat seed quality parameters such as stress tolerance, uniformity, and germination
rate can be determined using water absorption and temperature analysis. Availability
of moisture reflects severe limitations on seed germination of Triticum astivum L. [39,40].
Therefore, seeds of the crop with stringent requirements for germination can be more
effectively felicitously established than crop seeds with fewer constraints [46].

The water quantity experiment was carried out on two bases: single-milliliter intervals
0–12 mL and as percentages of TKW to develop a technique for comparing various wheat
varieties with varied TKW in a future experiment. Furthermore, the two bases of water
quantity application were compared and investigated simultaneously in parallel, which
has a better reflectance representing water demands. Table 3 reveals significant variations
among the water quantity potentials 0–12 mL for all the examined parameters: the number
of non-germinated seeds, length of the radicle, length of shoot, seedling length in total,
dry weight of the seedlings, seedlings’ corrected dry weight that was accomplished by
subtracting the ungerminated seeds, dry weight of the radicles, and dry weight of shoots.

Germination percentage increased significantly as water quantity increased up until
the potential water quantity, followed by a slight decrease as the water quantity level raised
due to waterlogging, as presented in Table 3, Figures 6 and A1. A similar pattern was seen
when water was applied according to the TKW with statistically significant differences,
Table 4 and Figure 7. Seeds of the wheat crop can be germinated under a minimal water
quantity, 0.65 mL, Table 4, which represents 75% of TKW, Table 1. As water is essential for
germination, seeds can germinate moistures near the wilting threshold point to activate and
stimulate germination metabolic processes. The wheat seeds require internal 40% moisture
to germinate [46]. If the interior moisture content were less than the critical moisture content
limit, wheat seeds would not germinate. Under 0.65 mL, over half of the seeds germinated.
Thus, water application based on the TKW enables better knowledge of the limitations and
optimal water requirements since seed size is critical for attaining the 40% internal seed
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moisture level. These findings corroborate research conducted by [47], stating that “seed
size has importance in predicting germination under stress conditions”. The optimal range
for germination is 4.45–7.00 mL, Figure 7, representing 525–825% of the TKW.
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The germination test, nearly always coupled with vigor tests, such as a seedling growth
test, is one of the most remarkable seed quality and seedling performance tests [48,49].
There were significant differences among the seedling performance depending on supplied
moisture percentages. Under a low water quantity, the seedling length presents the least
mean values, and their performance statistically significantly rose as the quantity of water
increased Tables 3 and 4. The optimal range of moisture amount starts from 3.85 mL,
representing 450% of TKW, Table 4. Parallel to this, significant seed length performance
started under 5 mL according to water quantity applied based on single-milliliter intervals.
It implies that moisture percentages calculated using TKW are more precise, consistent,
and reliable. Figures 6 and 7 show that the optimal water amount range is approximately
4 to 9 mL on both water supplement bases. As a result, water stress significantly lowers
seedlings’ vigor; however, seedling length augmented significantly at the launching point
of the optimum range.

The statistical analysis of variance revealed significant variations among the applied
water quantities on each radicle length and shoot length. The radicles length progressively
significantly increases as the applied water quantity increases, Tables 3 and 4. There is an
optimum range for wheat radicle development, which gradually decreases as the water
quantity increases than the upper limit. Shoot growth followed a different pattern than
the radicle. As a result, it has the sense to measure the whole seedling, Figures 6 and 7.
Water stresses of drought and waterlogging possess a greater impact on the radicles than
the shoots.

The dry weight test is another laboratory test to determine the vigor of the seeds
and drought tolerance of the seedlings. Significant differences among the amount of
accumulated dry matter of the seedlings based on the availability of water (Tables 3 and 4).
The dry matter increased gradually as the quantity of supplied water increased than the
lower limit of the optimal range. Under drought stress, the creation of the dry matter
is expressed on a chronological basis by accumulating the required amount to make a
unite of dry matter. More water quantity had no beneficial influence on increasing the
dry matter accumulation (Figures 8 and 9). Seedlings under more water supplements
over the threshold range are marginally adversely impacted by surplus water compared
to the required quantity. This extra water reduces the rate of dry matter accumulation
in the seedlings of wheat. As the data demonstrates, a shoot-accumulated dry matter
unit demands more water than a unit of radicle-accumulated dry matter. This finding
corroborates the one published by [47]. Water supply had a significant effect on the
proportion of seeds germinating, the rate of seedling development, and the accumulation
of dry matter: The greater the degree of hydro stress, the greater the decline in these
parameters’ levels. Hydrological constraints and potential ranges exist at each germination
and seedling development stage, which is in line with a study by [49].

3.3. Seed Number Experiment

The ANOVA revealed no significant differences among germination percentages of
the seedling densities corresponding to the aggregated values of 15, 20, and 25 seeds of
wheat in a Petri dish, Table 5. In addition, the subsets of the aggregated values presented no
significant variations: seedlings with normal radicles, seedlings with short shoots, seedlings
with only radicles, and the portion non-germinated seeds. Therefore, because increasing
seedling density beyond the optimal has an opposite impact by the opening of Petri dishes
lids, Figure 10, and there were no significant variations among used densities, 15 seeds per
Petri dish are more appropriate than higher densities for wheat germination experiments
in vitro.
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Table 5. Parameters relating to germination and seedling characteristics of Triticum aestivum L. seeds
respond to the number of seeds per Petri dish.

1 Seeds n
2 Not Germinated

Seeds %

3 Seedlings with
Radicle Only %

4 Seedlings with
A Short Shoots %

5 Seedlings with
Normal Shoots %

6 Aggregated
Value %

15 0.0267 ± 0.047 0.0000 ± 0.000 0.0000 ± 0.000 0.9733 ± 0.047 0.9733 ± 0.047
20 0.0400 ± 0.046 0.0000 ± 0.000 0.0000 ± 0.000 0.9600 ± 0.046 0.9600 ± 0.046
25 0.0280 ± 0.027 0.0040 ± 0.013 0.0000 ± 0.000 0.9640 ± 0.030 0.9653 ± 0.028

L.S.D * NS NS NS NS NS

* Indicates non-significant variations in (column) among means (p < 0.05), following L.S.D, 1 the number of seeds
as treatment, 2 the not germinated seeds percentage of the total tested seeds, 3 percentage of seeds germinate
that have only radicles, 4 percentage of seedlings that have short shoots (shorter than 4 cm). 5 Percentage of
seedlings that have normal shoots length, and 6 the aggregated value of the four classified groups as determined
by Equation (2): number of not germinated seeds, seedlings that have only radicle, seedlings that have a short
shoot, and normal seedling length.

4. Discussion
4.1. Temperature Experiment
4.1.1. Germination Duration

Temperature is critical in regulating the length of germination duration [50,51]. The
findings suggest that the crop seeds accumulate heat units from the thermal energy they
absorb [52]. Once they reach the required level to commence the intracellular metabolic
activity, the germination process activates at a pave depending on the ambient temperature
condition [53,54]. Following the temperature gradient sub-experiment, the temperature
range of 25 to 30 ◦C commenced germination initiation with no significant variation in
the time necessary to achieve the same germination threshold and statistically followed
by 20 ◦C, Figure 2. Seeds subjected to temperature level of 15 ◦C needed more time to
initiate germination. However, moderate temperature of roughly 15–25 ◦C is demanded
to commence germination of wheat seed. Changes in the state of the cell’s energy sup-
ply and enzyme activity occurred, and protein synthesis was severely curtailed when
the temperature rose over this threshold [35,55]. At 10 ◦C, germination needed a more
extended time, nine days from the commencement of treatment, as validated by other
investigations [56,57]. To achieve the standard measurement point of germination at 5 ◦C,
the wheat seeds required an extended time of up to 15 days, Figure 2. According to the
literature, the minimum limit of germination temperature for wheat seeds is 4 ◦C [56].
According to the same research, wheat seeds could not initiate germination over 37 ◦C.
Seed can tolerate fluctuating temperature at or near the upper limit, but under constant
temperature, lower temperature, suggesting 30 ◦C by this current research, is necessary
to commence germination. Temperatures of the ideal range of germination 15◦ to 25 ◦C
resulted in minor changes in germination time and internal biological activity. Although
30 ◦C can initiate germination rapidly, it has a reverse effect on metabolic activities in the
following germination process.

4.1.2. Seedling Development

The most salient performance values and the most outstanding seedling development
rate appeared at 20 ◦C compared to the other tested constant temperatures (Figures 2 and 3).
Sigmoid curves, Figure 3, demonstrate that seedling development under 15 ◦C followed a
similar pattern to that at 20 ◦C, but with a slightly lower growth rate. However, the seedling
development under more than 25 ◦C had a reverse effect on seedling development, which is
in line with other studies [57,58]. There are discrepancies with other research that reported a
broader optimal range owing to day–night temperature fluctuations. However, this present
research presents the accumulation of the temperature in vitro at a constant temperature,
which explains the narrower. For the same reason, seedling development needed a longer
time with a lower growth rate. Although nearly identical development pattern to that
of the 10 ◦C was presented at 25 ◦C and 30 ◦C, nonetheless, it was far faster (Figure 3);
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it is because of the reverse impact of the high temperature on enzymes activity, protein
synthesis, and biochemical energy content increased and ROS formation, not because of
the temperature accumulation [59]. The slightly analogous of seedling development under
25 ◦C and 30 ◦C presents that their growth rate was rapid in early stages but slowed in
later stages (Figure 3). It indicates that each stage of wheat seedling development needs a
different temperature. This figure illustrates that the upper germination range of 25 ◦C and
30 ◦C gives quicker germination and early seedling growth within less than five days, but
not for the subsequent seedling growth phase. In brief, the best fitting starting point for
seedling growth is 20 ◦C with a high development rate (Figure 3).

The shoot and radicle have comparable development patterns within and around the
ideal temperature range, but their growth behavior differs when the temperature rises
or lowers from this range (Figures 4 and 5). The shoot developed better than the radicle
when the temperature is somewhat higher than the ideal range, particularly on the early
growth seedling stages (Figure 4). Radicle development has a specific pattern in response
to temperature. It grows more rapidly than the shoot at temperatures slightly below the
ideal range for seedling development, especially in the later stages. Temperature deviations
from the ideal range influence either the radicles or the shoots more than the other. The
radicle is more tolerant of cold than the shoot, and vice versa; the shoot is more tolerant
of temperatures over the ideal threshold than the radicle, which results agrees with other
researchers [40,60,61].

4.2. Water Amount Experiment

Germination is one of the most eminent seed quality and performance tests linked
to vigor tests, such as a seedling growth test [62–64]. Water absorption and temperature
studies may offer information about wheat seeds’ stress tolerance, uniformity, and germi-
nation rate. The availability of moisture may significantly impact seed germination [65,66].
Several cereal crops demand similar germination requirements as wheat [64]. To a greater
extent, crop seeds with complex germination criteria will succeed in germinating than those
with fewer limitations [67,68]. The water quantity experiment was carried out on two bases:
single-milliliter intervals 0–12 mL and as percentages of thousand kernel weight (TKW) to
develop a technique for comparing various wheat varieties with varied TKW in a future
experiment. These bases of water quantity application were compared and investigated
simultaneously in parallel, which has a better reflectance representing water demands.
As demonstrated in the result chapter, Tables 3 and 4 reveal significant variations among
water quantities potential according to both water application bases for all the examined
parameters: the number of non-germinated seeds, length of the radicle, length of shoot,
seedling length in total, dry weight of the seedlings, seedlings’ corrected dry weight that
accomplished by subtracting the ungerminated seeds, dry weight of the radicles, and dry
weight of shoots. These different effects of water quantity on germination optimization
agree with a study by [66].

As demonstrated by the results, germination percentage rose dramatically as water
volume rose to the optimal water level, followed by a reduction somewhat as the water
level increased owing to waterlogging. This is due to the demanded water limit necessary
to initiate metabolic and physiological processes for germination and oxygen availability
in the higher portion of water. Oxygen is critical for germination initiation [20,67]. When
water levels are increased over the ideal range, oxygen availability for the seeds reduces [68].
As a result, the more water application, the less accessible oxygen availability. The wheat
seeds require internal 40% moisture of the seed size to initiate germination [55]. In line with
this current research, wheat seeds can initiate germination at 75% water amount of the TKW.
This amount of water is sufficient to activate the metabolic processes of germination and
enzymes. If the interior moisture content were less than the critical moisture content limit,
wheat seeds would not germinate. Under 0.65 mL, over half of the seeds germinated. Thus,
water application based on the TKW provides a better understanding of the constraints
and optimal water requirements since seed size is critical for attaining the 40% internal
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seed moisture level. These findings corroborate research conducted by [40,57], stating that
“seed size has importance in predicting germination under stress conditions”. As water
increases more than the upper limit of the optimal range for germination, a reverse effect of
waterlogging will reduce the germination percentage because of its negative effect on the
intracellular process. Therefore, this study stated that the optimal range for germination is
4.45–7.00 mL, Figure 7, representing 525–825% of the TKW, and the TKW is an objective
and more accurate base for water application.

Significant differences among the seedling performance depending on supplied mois-
ture percentages were observed. As the water was applied at the lowest quantity necessary,
the seedling length had the lowest mean values, and as water quantity increased, seedling
development significantly increased, as presented in Tables 3 and 4. The ideal moisture
content range begins at 3.85 mL, or 450% of TKW, as shown in Table 4. Parallel to this,
significant seedling length performance started under 5 mL according to water quantity
applied based on single-milliliter intervals. In the same pattern, significant seedling perfor-
mance started under 5 mL according to water quantity applied based on single-milliliter
intervals. Water stresses of drought or waterlogging significantly reversely affect seedlings’
vigor, seedling length values rises dramatically at the starting point of the ideal range
of water application, and moisture percentage based on the TKW is more accurate and
reliable. Water stress reduces enzymatic activity, which has a deleterious effect on glucose
metabolism, decreases water potential and soluble calcium and potassium, and alters seed
hormones [69–71]. Since all of these intracellular mechanisms are affected by the water
stress, the seedling growth rate finally deviates from the average growth and reduces.

The radicle growth values of wheat seedlings progressively descended as the quantity
of water rose over the optimal range. Shoot growth followed a distinct pattern compared to
the radicle. This is in line with the finding of other research [72,73]. As a result, measuring
the whole seedling is realistic; the radicle and plumule statistically remained near the ideal
range as the water level rose. Either way of water stresses greatly affected the radicles
more than the shoots. It can be explained in terms of the physiological aspect of radicle
development; with adequate moisture availability, the seedling exhibited a slower radicle
development rate and accelerated shoot development.

Significant variation among the accumulated dry matter of the seedlings is based
on moisture availability, as presented in Tables 3 and 4. The dry matter values increased
progressively as supplied water increased than the lower limit of the optimal range. Under
drought stress, the creation of the dry matter is expressed on a chronological basis by accu-
mulating the required amount to make a unite of dry matter. Seedlings under more water
supplements over the threshold range are marginally adversely impacted by surplus water
compared to the required quantity. The shoot-accumulated dry matter unit demanded
a larger water quantity than a unit of radicle dry matter. This finding is in line with the
result [47,74], where the researchers evaluated the effect of water potential levels 0.0 and
−0.2 MPa on the germination stages of Pinus yunnanensis seeds. Moisture availability sig-
nificantly impacted the germination rate, seedling development rate, and the accumulation
of built dry matter on the radicle and the shoot: the more acute the moisture stress, the
greater the reduction in dry matter accumulated values. There are water limitations and
potential ranges for each germination phase and seedling development, supported by other
research [47,75].

Seeds of wheat subjected to 0.65 mL of water were germinated. As a result, water
application based on the TKW enables better knowledge of the limitations and optimal
water requirements, as seed size is critical in achieving the required internal seed moisture.
These findings corroborate research conducted by other researchers [47], stating that “seed
size has importance in predicting germination under stress conditions”.

4.3. Seed Number Experiment

The data demonstrate that seed numbers are a critical factor in seedling growth bio-
assays in vitro. Increased water volumes or denser wheat seedlings increase the amount of
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phytotoxin contained in each seed, hence increasing inhibition [51,52]. Greater than optimal
seeding density has a detrimental effect on seedling development in Petri dishes and the
opening of Petri dish lids. They are exposed to water loss, which has a detrimental effect
on seedling development. Results presented no significant differences among different
seeds and seedling densities of 15, 20, and 25 in a Petri dish for the measured traits, Table 5.
Since high seedling density has an opposite impact by the opening of Petri dishes lids and
there were no significant variations among used densities, 15 seeds per Petri dish are more
appropriate than higher densities for wheat germination experiments in vitro. In plant
breeding initiatives (identical breed seeds are sometimes scarce), it is critical to determine
the ideal number of seeds to use in a Petri dish experiment. It is beneficial in resources
optimization, particularly for plant breeders.

5. Conclusions

• Sigmoid curves provide an excellent fit for the analyzed experimental data and present
increased germination temperature, generally increased germination, and seedling
development rate. Overall, 20 ◦C was ideal for seedling development. The germination
has a broader range of 20 ◦C to 30 ◦C.

• Seed size plays a role in the required amount of water for germination. Therefore, it
provides a more precise impression for the application water quantity. Germination
of various percentages can occur in a broad range of water quantities commencing
at 0.65 mL, which represents 75% of TKW, but the optimal range for germination is
4.45–7.00 mL, representing 525–825% of the TKW.

• Dry weight can be a good indicator of seedling growth since the accumulation of dry
matter is consistent and is in line with the other measurement of seedling growth, such
as shoot and radicle lengths.

• No significant differences among seed densities were observed; therefore, lower
density is recommended for lab experiments, 15 wheat seeds per 9 cm Petri dish. In a
nutshell,

This research suggests conducting wheat seeds germination experiments under 20 ◦C,
and water quantity as a percentage based on the TKW for optimizing the suitability of
water quantity and a maximum of 15 seeds per Petri dish; more seeds have no advantage.
This is common practice when seed number is limited and in breeding projects.
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Abstract: Changes in superoxide dismutase (SOD) enzyme activity were examined in infected barley
seedlings of five cultivars with the goal to study the role of SOD in the defense mechanism induced by
Pyrenophora teres f. teres (PTT) infection. Our results showed that although there were differences in
the responses of the cultivars, all three PTT isolates (H-618, H-774, H-949) had significantly increased
SOD activity in all examined barley varieties at the early stages of the infection. The lowest SOD
activity was observed in the case of the most resistant cultivar. Our results did not show a clear
connection between seedling resistance of genotypes and SOD enzyme activity; however, we were
able to find strong significant correlations between the PTT infection scores on the Tekauz scale and
the SOD activity. The measurement of the SOD activity could offer a novel perspective to detect the
early stress responses induced by PTT. Our results suggest that the resistance of varieties cannot be
estimated based on SOD enzyme activity alone, because many antioxidant enzymes play a role in
fine-tuning the defense response, but SOD is an important member of this system.

Keywords: barley; Pyrenophora teres f. teres; net blotch disease; biotic stress; superoxide dismutase;
antioxidant enzyme

1. Introduction

Food security highly depends on successful plant breeding activity and the production
of adaptive, disease-resistant crops. Cultivation of tolerant or resistant varieties is one of
the most effective and eco-friendly methods of controlling plant diseases [1]; therefore, the
resistance of breeding lines against pathogens is among the main selection criteria in plant
breeding. Controlling foliar diseases is essential in barley (Hordeum vulgare L.) production,
especially in the case of the damaging fungal pathogen Pyrenophora teres f. teres Drechsler
(anamorph Drechslera teres (Sacc.) Shoem.) (PTT) [2]. This ascomycete fungus causes the
typical net-like leaf symptoms of the net blotch disease and necrotic lesions with chlorotic
borders on sensitive barley genotypes [3]. PTT infection could cause significant damage
both in spring and winter barley genotypes with an average of 20–30% grain yield loss,
especially in rainy weather [4]. In case of very sensitive barley genotypes, the damage can
be up to 100% [5,6].

Pathogen infection-induced oxidative stress has been observed in several cases such
as the powdery mildew on cereals [7] and the PTT and Rhynchosporium secalis on barley [8];
Lehmann [9] also summarizes several other relevant results. During oxidative stress,
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reactive oxygen species (ROS) appear in plant cells and have important roles in control-
ling signaling, metabolic and developmental processes [10–14]. ROS are able to act as
signaling molecules at low concentrations, but they can cause oxidative stress at high
concentrations [8,15–19]. The balance between ROS generation and its scavenging has
a key role to combat the effects of pathogen attack in plants [20]. Production of O2• is
considered as the first response in a cell because it is involved in the generation of other
ROS [21]. High concentrations of ROS activate ROS-dependent programmed cell death
(PCD) pathways [22,23]. Avoiding cell damage and expanding the range of ROS scaveng-
ing mechanisms is necessary [24,25]. Superoxide dismutase (SOD) is one of the several
defense-related antioxidant enzymes involved in the elimination of ROS [26]. The lifetime
of superoxide anion (O2•) depends on the enzymatic activity of CuZn superoxide dismu-
tase (SOD) [27]. SOD enzymes are responsible for the conversion of the superoxide anion
(O2−) to molecular oxygen and hydrogen peroxide (H2O2) [28]. Among the reactive oxygen
species, H2O2 is the only one able to cross the plant membrane, therefore being essential
in cell signaling [10,25,29]. Enhanced H2O2 production was observed as a response to
pathogen attack [30]. The pathogens trigger the ROS production mainly in apoplasts [29].
Several papers have described the effects of biotic stress on the antioxidant system in
cereals [31–33]. SOD is the first barrier of oxidative damage [34] and plays a significant role
in the control of ROS resulting from both abiotic and biotic environmental stresses [35,36].
The role of SOD was also proven under abiotic stress conditions of cereal, such as higher
or lower light intensity, drought or waterlogging [37], salinity [38], heavy metal toxicity,
mineral nutrient deficiencies [26] and other environmental stresses [26,39–41]. There are
two distinct peaks of ROS production during an oxidative burst caused by multiple abiotic
stresses. The initial burst of ROS triggers the cell-to-cell communication and activates the
specific signals. The second is the ROS burst at target [13]. Biphasic ROS accumulation
with a low-amplitude, transient first phase is followed by a sustained phase of much higher
magnitude that correlates with disease resistance [42,43]. Reactive oxygen species (ROS)
can reduce the symptoms and block pathogen growth in plants [44]. The influence of ROS
was reversed by the SOD, which indicated that O2− and H2O2 were the most relevant
reactive oxygen species during the pathogen infection [45]. Early elevations of ROS levels
and increased SOD activity were observed after the appearance of net blotch symptoms in
stressed barley cultivars [12,46]. In the study of Able [8], three barley cultivars were tested
with virulent and avirulent PTT isolates, and an increased level of SOD activity was ob-
served in the resistance response of barley varieties. The timely recognition of an invading
microorganism coupled with the rapid and effective induction of defense responses appears
to make a key difference between resistance and susceptibility [47]. The resistance of barley
varieties against PTT depends on the pathotype of fungus. However, the effects of various
pathotypes of PTT infection on SOD activity in the case of different barley genotypes with
different resistance against PTT have not yet been investigated widely.

In this study, the aim was to investigate the relationship between SOD enzyme ac-
tivity stimulated by PTT infection and the susceptibility of barley cultivars. According to
these aims, we examined the change in super-oxide dismutase enzyme activity caused by
the Pyrenophora teres f. teres infection in the first 72 h after infection and the subsequent
two weeks on barley varieties with different PTT resistance. Five barley cultivars were
inoculated in the seedling stage with three different monosporic PTT isolates from Hun-
gary to study the defense response triggered by different PTT pathotypes in each variety.
Changes in SOD enzyme activity and the severity of PTT infection were determined in
inoculated barley seedlings to study the role of SOD in the defense mechanism induced by
PTT pathogenesis.

2. Materials and Methods

Our experiments were performed between 2018 and 2019 in the laboratory and the
greenhouse of the Agricultural Institute of the Centre for Agricultural Research, under
controlled conditions.
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2.1. Preparation of Inoculum

Three PTT isolates (H-618, H-774, H-949), originating from Hungary, were used in
the experiment. Previously infected leaves were placed into moist chambers (water-logged
filter papers in glass Petri dishes), which were incubated under white light (OSRAM model
L36W/640) in a 16 h light/8 h dark cycle for 24 h at 20–22 ◦C to induce conidiogenesis.
Monoconidial isolates were made aseptically in a laminar air flow device by transferring
conidia from the leaves to V8 juice agar (V8A; 16 g agar, 3 g CaCO3, 100 mL Campbell’s V8
juice, 900 mL distilled water) with a sterile needle, using a Leica MZ6 stereomicroscope at
40× magnification. Plates were incubated for 10 days in the dark at 17–19 ◦C. To produce
inoculum for the artificial inoculation experiments, isolates were grown on V8A and/or
autoclaved maize leaves in 90 mm diameter plastic Petri plates under white light (OSRAM
model L36W/640) in a 16 h light/8 h dark cycle at 17–19 ◦C for 10 days. Then, sterile distilled
water containing 0.01% Tween 20 was added to the sporulating cultures (10 mL solution per
plate), and conidia were removed from the conidiophores by gently agitating the mycelium
mat with a sterile paint brush. Finally, the suspension was filtered through a fine sieve with
100 µm diameter pore size and the concentration of conidia was adjusted to 10.000/mL.

2.2. Plant Material

Five barley varieties were selected based on their different susceptibility to PTT, which
we determined in our previous greenhouse experiments and field trials [48]. The following
genotypes were selected: cv. ”Canela”, cv. “Harrington”, cv. “Manas”, cv. “Mv-Initium”
and cv. “Antonella”.

2.3. Setup of Treatments

Plants were grown up until the two-leaf stage at 22 ◦C on average in a greenhouse
under a 12 h photoperiod in five replications. Plants were inoculated later with the conidial
suspension of the selected PTT isolates by spraying with a hand sprayer on the surface of
the leaves with a concentration of 10.000 conidia/mL until runoff. After inoculation, the
plants were kept in a greenhouse chamber under a transparent plastic tent for 48 h at 22 ◦C
and 100% humidity, which provided suitable environmental conditions and appropriate
humidity for the development of the fungus.

The leaf samples were collected 0 h (as the control), 24 h, 48 h and 72 h after infection.
The sampling dates were chosen based on Able’s previous study [8]. In the case of treatment
with H-949, infected barley seedlings were sampled on 7 and 15 DAI (days after inoculation);
the longer incubation time was based on the work of Pál et al. [49] to investigate the SOD
activity at a later stage in the infection. In all cases, 0.2 g of the middle part of second leaf
tissue was collected in five repetitions from different pots. After that, the samples were
snap-frozen in liquid nitrogen and kept at −70 ◦C until processing and measurement.

The evaluation of the PTT responses was based on the infection recorded on the second
leaves using the 10-point scale of Tekauz [50] for single plants evaluated from each pot in
three replicates until the fifteenth day.

2.4. Measurement of SOD Activity

The xanthine oxidase (EC 1.1.3.22) assay, the most frequently used method [8,28], was
performed for the analysis of SOD activity according to Sigma-Aldrich’s manufacturer
instructions, based on the work of Bergmeyer et al. [51]. Measurements were performed
with a Shimadzu UV-160A UV-VIS spectrophotometer (Shimadzu, Japan) at 550 nm with
1 cm glass cuvettes and the absorbance followed for 1 min in 10 s intervals. During the
data processing, the measured changes in absorbance values were converted to enzyme
activity according to the work of Zhang et al. [52].

2.5. Data Analysis

One-way ANOVA was conducted to compare the effect of infection with different
PTT isolates on the different barley genotypes and the length of the contagion on the
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SOD activity in the tissue samples. The Tekauz scoring points were statistically evaluated.
ANOVA was performed at the p = 0.05 level of significance. Post-hoc comparisons using the
least significant difference (LSD) test were made at p < 0.05. For the statistical evaluation of
the results, we used the Explore and ANOVA modules of the IBM SPSS V.23 software.

3. Results
3.1. Results of the SOD Activity Measurements
3.1.1. Results of the Treatment with Isolate H-618

In the case of infection with H-618, significant differences were found between the
genotypes and the SOD activity in the leaf samples at 0 h [F(4, 10) = 4189, p = 0.03], 24 h
[F(4, 10) = 4.681, p = 0.22], 48 h [F(4, 10) = 12.191, p = 0.001] and 72 h [F(4, 10) = 22.610,
p = 0.000] (Figure 1). We recorded slight differences between the cultivars in the first 24 h,
and SOD activity increased significantly in all genotypes in the 48 h after inoculation; the
largest jump in SOD activity was shown by cv. “Canela” with 678.25 ∆A/min, followed by
cv. “Mv-Initium” with 340.60 ∆A/min. At 72 h, the highest SOD activity (528.02 ∆A/min)
was measured in cv. “Harrington”, followed by cv. “Canela” (490.84 ∆A/min). On the
other hand, the SOD activity of cv. “Manas”, cv. “Canela” and cv. “Mv-Initium” genotypes
decreased in 72 h of the measurement with 112 ∆A/min, 188 ∆A/min and 70 ∆A/min, re-
spectively, while cv. “Antonella” and cv. “Harrington” had further increases of 128 ∆A/min
and 160 ∆A/min in the last 24 h, respectively. It is clear from the data that inoculation
with H-618 influenced the SOD activity of all cultivars and that cv. “Harrington” and
cv. “Canela” reacted most sensitively to the isolate. The SOD activity of cv. “Harrington”
ranged between 122.98 and 528.02 ∆A/min, while cv. “Canela” had minimum activity of
101.21 ∆A/min and maximum of 782.26 ∆A/min.
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Figure 1. SOD activity of the tissue samples by the infection time in the case of H-618 treatment at 0,
1, 2 and 3 DAI. Error bars indicate the standard error (SE) of the mean instead of standard deviation
(SD) at the p = 0.05 level. Values denoted with different letters are significantly different at p < 0.05.

We also performed the LSD post-hoc test on all the data to explore differences in SOD
activity between barley varieties inoculated with isolate H-618 (Table 1). The post-hoc
comparison showed at 0 h that the average SOD activity of cv. “Manas” (156.89 ± 8.80)
was significantly lower than cv. “Harrington” (222.60 ± 38.34) and cv. “Mv-Initium”
(207.71 ± 22.89). The cv. “Harrington” (222.60 ± 38.34) showed a difference only from cv.
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“Antonella” (149.25 ± 15.96), which had also lower SOD activity than cv. “Mv-Initium”
(207.71 ± 22.89). The genotype cv. “Canela” (185.40 ± 35.35) did not show a significant
difference in SOD activity in opposition to the other examined genotypes at the beginning
of the experiment at 0 h.

Table 1. Mean differences in SOD activity of genotypes after inoculation with H-618 according to
LSD test for multiple comparisons.

0 h

Manas Harrington Canela MV-Initium Antonella

Manas - −65.707 * −28.511 −50.817 * 7.638
Harrington - - 37.196 14.889 73.345 *

Canela - - - −22.306 36.149
MV-Initium - - - - 58.455 *
Antonella - - - - -

24 h

Manas Harrington Canela MV-Initium Antonella

Manas - 67.516 * 4.814 −21.997 8.355
Harrington - - −62.702 * −89.514 * −59.160 *

Canela - - - −26.812 3.541
MV-Initium - - - - −30.353
Antonella - - - - -

48 h

Manas Harrington Canela MV-Initium Antonella

Manas - −0.468 −427.996 * −90.349 80.028
Harrington - - −427.527 * −89.880 80.497

Canela - - - 337.646 * 508.025 *
MV-Initium - - - - 170.378
Antonella - - - - -

72 h

Manas Harrington Canela MV-Initium Antonella

Manas - −333.04 * −295.857 * −65.614 −103.541 *
Harrington - - 37.183 267.425 * 229.498 *

Canela - - - 230.242 * 192.315 *
MV-Initium - - - - −37.927
Antonella - - - - -

* The mean difference is significant at the p = 0.05 level. Significant differences shown in the table are different
than those shown in Figure 1 because in the figure, error bars indicate the standard error (SE) of the mean instead
of standard deviation (SD) at the p = 0.05 level.

Measurements after 24 h showed that the average SOD activity of cv. “Manas”
(184.95 ± 4.00) was significantly higher only than cv. “Harrington” (117.43 ± 18.49). In com-
parison, the cv. “Harrington” (117.43 ± 18.49) was significantly different from cv. “Canela”
(180.14 ± 51.28), cv. “Mv-Initium” (206.95 ± 23.22) and cv. “Antonella” (176.59 ± 5.92)
because of its lower SOD activity. No statistically significant change in SOD activity was
found in other combinations of the genotypes after the first 24 h.

After 48 h of inoculation, only cv. “Canela” (678.25 ± 142.17) showed significantly
higher differences from the other examined genotypes, the cv. “Manas” (250.25 ± 127.78),
the cv. “Harrington” (250.72 ± 85.86), the cv. “Mv-Initium” (340.60 ± 46.06) and cv.
“Antonella” (170.22 ± 54.28). No statistically significant change in SOD activity was found
in other combinations of the genotypes after the first 48 h.

The cv. “Manas” (194.98 ± 10.66) after 72 h showed a significantly lower difference
in opposition to cv. “Harrington” (528.02 ± 107.73), cv. “Canela” (490.84 ± 30.52) and cv.
“Antonella” (298.52 ± 38.03), but there was no difference between cv. “Manas” and cv. “Mv-
Initium” (260.59 ± 13.42). However, the cv. “Mv-Initium” showed a significant difference
against cv. “Harrington” (528.02 ± 107.73) and cv. “Canela” (490.84 ± 30.52) because they
showed higher SOD activity. The cv. “Antonella” had a different SOD activity than all of
the other examined genotypes except the cv. “Mv-Initium”. No statistically significant
change in SOD activity was found in other combinations of the genotypes after 72 h.
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3.1.2. Results of the Treatment with Isolate H-774

The H-774 treatment induced no significant differences between SOD activity of geno-
types at 0 h [F(4, 10) = 3.026, p = 0.71], 24 h [F(4, 10) = 0.982, p = 0.46], 48 h [F(4, 10) = 1.104,
p = 0.406] and 72 h [F(4, 10) = 0.673, p = 0.626]; however, it is important to note that after
48 h, SOD activity increased for all genotypes, just like in the case of isolate H-618, but it
decreased in the last 24 h (Figure 2).
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Figure 2. SOD activity of the tissue samples in the case of H-774 treatment at 0, 1, 2 and 3 DAI. Error
bars indicate the standard error (SE) of the mean instead of standard deviation (SD) at p = 0.05 level.
Values denoted with different letters are significantly different at p < 0.05.

For isolate H-774, the largest jump in SOD activity was measured in the 48 h after
inoculation in cv. “Manas” (+267 ∆A/min), followed by cv. “Mv-Initium” (+238 ∆A/min)
and cv. “Canela” (+221 ∆A/min), although the change was also significant for the varieties
cv. “Harrington” (+178 ∆A/min) and cv. “Antonella” (+100 ∆A/min). The 72 h mea-
surement showed a decrease in the SOD activity in all genotypes except cv. “Antonella”,
where a slight increase was observed. The largest decreases in activity of 170 ∆A/min and
140 ∆A/min occurred in the cases of cv. “Manas” and cv. “Mv-Initium”, respectively.

3.1.3. Results of the Treatment with Isolate H-949

To study the changes in SOD activity in the longer term in different barley genotypes,
we measured the absorbance at 0 h and on the 7th and 15th days after infection with the
H-949 isolate. Although there was no significant difference between the genotypes at the
beginning of the experiment at 0 h [F (4, 20) = 1.714, p = 0.186], later, a significant genotype
effect was found on the SOD activity on the 7th day [F (4, 20) = 16.903, p = 0.000] and on
the 15th day [F (4, 20) = 5.571, p = 0.004] (Figure 3). On the 7th day, there were significant
changes in the SOD activity of the studied genotypes. The SOD activity of cv. “Manas”,
cv. “Harrington” and cv. “Antonella” increased greatly by 444 ∆A/min, 254 ∆A/min
and 154 ∆A/min, respectively, in the first 7 days. In contrast, the cv. “Canela” and cv.
“Mv-Initium” showed a significant decrease in their SOD activity by 257 ∆A/min and
322 ∆A/min, respectively.
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Figure 3. SOD activity of the tissue samples in the case of H-949 treatment at 0, 7 and 15 DAI. Error
bars indicate the standard error (SE) of the mean instead of standard deviation (SD) at the p = 0.05
level. Values denoted with different letters are significantly different at p < 0.05.

On the 15th day, the SOD activity of cv. “Canela” almost reached its initial values,
because in the last 7 days, its SOD activity increased by 198 ∆A/min, while cv. “Mv-Initium”
exceeded its initial value by 285 ∆A/min.

All genotypes, except cv. “Canela”, showed an increasing SOD response to isolate
H-949 on the 15th day compared to the initial values. The cv. “Antonella” reached its final
SOD activity at 657 ∆A/min on the 15th DAI with a total change of 376 ∆A/min. In total,
cv. “MV-Initium” reached the 669 ∆A/min of SOD activity for the 15th DAI and showed
a total of 296 ∆A/min change in SOD activity. The cv. “Harrington” and the cv “Manas”
had 743 ∆A/min and 754 ∆A/min of SOD activity at the end of the experiment, with total
changes of 448 ∆A/min and 393 ∆A/min, respectively.

The LSD post-hoc test was performed to explore differences between varieties in the
case of H-949 treatment (Table 2) during the 15 days of the experiment. There were no
significant differences among the SOD activities at 0 h control samples of the genotypes.

The SOD activity of cv. “Manas” (805.58 ± 219.32) at the 7th day was signifi-
cantly higher from cv. “Harrington” (548.81 ± 203.48), cv. “Canela” (92.86 ± 55.15),
cv. “Mv-Initium” (52.06 ± 26.74) and cv. “Antonella” (434.47 ± 235.58). Furthermore,
the SOD activity of cv. “Harrington” (548.81 ± 203.48) was significantly higher than
cv. “Canela” (92.86 ± 55.15) and cv. “Mv-Initium” (52.06 ± 26.74). Moreover, cv. “An-
tonella” (434.47 ± 235.58) had a significantly different SOD activity from cv. “Canela”
(92.86 ± 55.15) and cv. “Mv-Initium” (52.06 ± 26.74) because of their lower results.

At the measurements on the 15th day, cv. “Canela” (289.68 ± 69.33) showed signif-
icantly lower SOD activity, in contrast to the genotypes of cv. “Manas” (757.25 ± 94.05),
cv. “Harrington” (734.40 ± 150.40), cv. “Mv-Initium” (668.60 ± 333.44) and cv. “Antonella”
(657.00 ± 128.04). There was no statistically significant difference found between the
examined genotypes in any other cases.

135



Sustainability 2022, 14, 2597

Table 2. Post-hoc comparisons of genotypes in the case of H-949 treatment at 0, 7 and 15 DAI
according to LSD test for multiple comparisons. Mean differences are shown.

0 h

Manas Harrington Canela MV-Initium Antonella

Manas - 66.309 11.583 −13.354 80.508
Harrington - - −54.726 −79.663 14.199

Canela - - - 24.937 93.863
MV-Initium - - - - −93.863
Antonella - - - - -

7th day

Manas Harrington Canela MV-Initium Antonella

Manas - 256.77 * 712.713 * 753.514 * 371.11 *
Harrington - - 455.943 * 496.744 * 114.34

Canela - - - 40.8 −341.602 *
MV-Initium - - - - −382.403 *
Antonella - - - - -

15th day

Manas Harrington Canela MV-Initium Antonella

Manas - 10.84 464.567 * 85.650 97.25
Harrington - - 453.722 * 74.805 86.405

Canela - - - −378.916 * −367.317 *
MV-Initium - - - - 11.599
Antonella - - - - -

* The mean difference is significant at the 0.05 level. Significant differences shown in the table are different than
those shown in Figure 3 because in the figure, error bars indicate the standard error (SE) of the mean instead of
standard deviation (SD) at p = 0.05 level.

3.2. Infection of Barley Cultivars Due to Inoculation with Different PTT Isolates

We found statistically significant differences between the examined isolates while mea-
suring on the Tekauz scoring scale the severity of the infections H-618 [F(4, 10) = 35.389,
p = 0.000], H-774 [F(4, 10) = 24.757, p = 0.000] and H-949 [F(4, 10) = 16.346, p = 0.000]. We
could evaluate the degree of infection after 3 days of inoculation when the first symptoms
appeared. Our results are based on the Tekauz [27] scale. The infection rates of cv. “An-
tonella” were significantly lower in the case of every PTT isolate, except in the case of cv.
“Manas” with isolates H-618 (Figure 4).

The LSD post-hoc test was performed to explore differences between varieties in the
case of isolate H-618 infection scoring on the Tekauz (1985) scale 15 days after infection
(Table 3). The LSD test showed that the infection scoring was significantly different in each
case. The lowest scoring points were showed by cv. “Antonella” (2.33 ± 0.577) and cv.
“Manas” (4.00 ± 1.00). The only two varieties which did not differ significantly from each
other were cv. “Harrington” (8.00 ± 1.00) and cv. “MV-Initium” (8.67 ± 0.578), and these
two had the highest measured scoring points (9) against isolate H-618.

In the case of isolate H-774, the LSD test showed that the infection scoring was
also significantly different in each case (Table 4). The only two varieties which were not
significantly different from each other were cv. “Canela” (4.67 ± 1.15) and cv. “MV-Initium”
(5.00 ± 1.00). The lowest scoring points were shown by cv. “Antonella” (1.00 ± 0.289) and
cv. “Manas” (2.00 ± 0.575).

The results of isolate H-949 showed a slight degree of susceptibility. The cv. “Manas”
(5.00 ± 1.00) did not show a significant difference from cv. “Canela” (6.00 ± 1.00) and cv.
“MV-Initium” (0.56 ± 0.55), and cv. “Canela” and cv. “MV-Initium” did not differ from
each other in this case. The highest scoring points were obtained by cv. “Harrington” (9).
The lowest scoring points were shown by cv. “Antonella” (3) (Table 5).
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error (SE) of the mean instead of standard deviation (SD) at the p = 0.05 level. Values denoted with
different letters are significantly different at p < 0.05.

Table 3. Post-hoc comparisons of the isolate H-618 infection scoring on the Tekauz scale by genotypes
3 DAI using Tamhane LSD. Mean differences are shown.

Manas Harrington Canela MV-Initium Antonella

Manas - −4.00 * −1.66 * −4.66 * 1.66 *
Harrington - 2.33 * −0.66 5.66 *

Canela - −3.00 * 3.33 *
MV-Initium - 6.33 *
Antonella -

* The mean difference is significant at the 0.05 level. Significant differences shown in the table are different than
those shown in Figure 4 because in the figure, error bars indicate the standard error (SE) of the mean instead of
standard deviation (SD) at the p = 0.05 level.

Table 4. Post-hoc comparisons of the isolate H-774 infection scoring on the Tekauz scale by genotypes
3 DAI using Tamhane LSD. Mean differences are shown.

Manas Harrington Canela MV-Initium Antonella

Manas - −4.00 * −2.00* −2.33 * 1.83 *
Harrington - 2.00 * 1.66 * 5.83 *

Canela - −0.33 3.83 *
MV-Initium - 4.16 *
Antonella -

* The mean difference is significant at the 0.05 level. Significant differences shown in the table are different than
those shown in Figure 4 because in the figure, error bars indicate the standard error (SE) of the mean instead of
standard deviation (SD) at the p = 0.05 level.
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Table 5. Post-hoc comparisons of the isolate H-949 infection scoring on the Tekauz scale by genotypes
15 DAI using Tamhane LSD. Mean differences are shown.

Manas Harrington Canela MV-Initium Antonella

Manas - −3.00 * −1.00 −0.66 3.00 *
Harrington - 2.00 * 2.33 * 6.00 *

Canela - 0.33 4.00 *
MV-Initium - 3.66 *
Antonella -

* The mean difference is significant at the 0.05 level. Significant differences shown in the table are different than
those shown in Figure 4 because in the figure, error bars indicate the standard error (SE) of the mean instead of
standard deviation (SD) at the p = 0.05 level.

Overall, our scoring point results show that the isolates had different degrees of sever-
ity on each genotype. The most severe symptoms were caused by the H-618 (5.73 ± 2.54)
followed by the H-949 (5.33 ± 2.16) and the H-774 (3.97 ± 2.19) on average. The least
susceptible genotype overall was cv. “Antonella”, followed by cv. “Manas”, and the most
susceptible genotypes were cv. “Harrington” and cv. “MV-Initium” (Figure 4).

We examined the correlation between the SOD activity and the registered Tekauz
infection scoring points by genotypes and isolates (Table 6). In the case of cv. “Manas”, we
found a significant, positive, strong correlation between the SOD activity and the Tekauz
infection scores at the treatment with the H-774 isolate (r = 0.778) and we found a strong but
negative correlation (r = −0.914) at the treatment with the H-949 isolate. The cv. “Harring-
ton” showed a strong, significant, positive correlation between the SOD activity and the
Tekauz infection scoring points in the case of the treatments with H-774 and H-949 isolates.
On the other hand, cv. “Canela” and cv. “MV-Initium” showed a significantly strong but
inverse correlation in the case of treatments with H-618 (rCanela = −0.787, rInitium = −0.917)
and H-949 (rCanela = −0.956, rInitium = −0.853) isolates. In relation to cv. “Antonella”, we
registered a strong positive correlation between the SOD activity and the Tekauz infec-
tion scorings at the treatments with isolates H-618 and H-774, which were r = 0.99 and
r = 0.99, respectively.

Table 6. Pearson’s correlation matrix between SOD activity (∆A/min) and infection scoring on the
Tekauz scale by genotypes after 3 DAI in the case of H-618 and H-774 and after 14 DAI in the case
of H-949.

Genotype Isolate H-618 Tekauz H-774 Tekauz H-949 Tekauz

Manas
H-618 SOD 0.143 - -
H-774 SOD - 0.778 * -
H-949 SOD - - −0.914 *

Harrington
H-618 SOD 0.662 - -
H-774 SOD - 0.938 * -
H-949 SOD - - 0.997 *

Canela
H-618 SOD −0.787 * - -
H-774 SOD - 0.144 -
H-949 SOD - - −0.956 *

MV-Initium
H-618 SOD −0.917 * - -
H-774 SOD - −0.584 -
H-949 SOD - - −0.853 *

Antonella
H-618 SOD 0.999 * - -
H-774 SOD - 0.999 * -
H-949 SOD - - 0.588

* The correlations are significant at the 0.05 level.

We did not find significant correlations between the SOD activity and the Tekauz
infection scorings in cv. “Manas” and cv. “Harrington” in the case of the isolate H-618, in
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cv. “Canela” and cv. “MV-Initium” in the case of the isolate H-774 or in cv. “Antonella” in
the case of the isolate H-949.

4. Discussion

Changes in environmental factors, which include abiotic and biotic stress, cause
modified ROS homeostasis within the plant cell. To protect plant cells from oxidative stress,
ROS removal mechanisms have been developed that include antioxidant enzymes. The
reactive oxygen species also play a key role as signal molecules in initiating plant defense
mechanisms [19,24]. Fine-tuning this system is essential for effective defense. Although
SOD, along with several other antioxidants, regulates ROS, its role is still dominant because
it is the first barrier to oxidative damage. In the present study, we investigated the change
in SOD activity after PTT infections in barley seedlings. Our results showed that all three
PTT isolates caused significant changes in the SOD activity of all examined barley varieties
in the early stages of the infection.

The treatment with H-618 resulted in significant increases in SOD activity in the
examined genotypes after 48 h. The measured SOD activity highly increased in the case
of every genotype except cv. “Antonella”, which showed a slight decrease, but this result
was not significant. Cv. “Antonella” was the most resistant genotype to PTT. Able et al. [8]
observed a lower ROS production in resistant reaction to necrotrophic pathogens, and
in larger amounts in susceptible plants [12]. The ROS induces the activation of different
antioxidant enzymes and defense mechanism against pathogens [12,53]. On the other hand,
the accumulation of ROS blocked the early growing of fungus in [23,54]. Apart from cv.
“Antonella” and cv. “Harrington”, the other examined genotypes showed decreases in SOD
activity at the 72 h measurements. In the last 24 h, the cv. “Antonella” and cv. “Harrington”
increased the measured activity significantly. Despite our results, cv. “Harrington” did
not show a significant correlation between the H-618-induced PTT infection and the SOD
activity; however, cv. “Antonella” had a strong significant correlation with its PTT infection
with H-618, as did cv. “Canela” and cv. “MV-Initium”.

The characteristic of SOD activity change was quite similar in the case of H-774 isolate
to the case of H-618. For the 48 h measurements, the SOD activity reached the maximum
regarding every examined genotype, expect cv. “Antonella”, which showed a further
increase in SOD activity in the last 24 h. However, we did not find any statistically valid
differences in SOD activity between genotypes in the treatment with H-774. We found a
significant correlation between the severity of the H-774-induced PTT infection and the
measured SOD activity in genotypes cv. “Manas”, cv. “Harrington” and cv. “Antonella”.

If we compare the two isolates which were examined in the same timeframe (H-618 and
H-774), we can conclude that the SOD activity was higher in cv. “Canela” in the case of H-618
infection than H-774 infection. The cv. “Harrington” was sensitive to both PTT isolates, and
its SOD activity was also one of the highest in both cases on average. In contrast, the most
resistant genotype to both isolates was cv. “Antonella”, although its SOD activity was the
lowest on average, followed by cv. “Manas” and cv. “Mv-Initium”. These results support the
fact that the susceptibility of barley cultivars to individual PTT isolates varies [9].

The subsequent effect of PTT infection on SOD activity was examined on days 7
and 15 after infection with the H-949 isolate. The SOD activity of cv. “MV-Initium” and
cv. “Canela” decreased between 0 h and the 7th day, while significant or near significant
increases in SOD activity were observed in other varieties. Further increases in activity were
observed in cv. “Harrington”, cv. “Canela”, cv. “MV-Initium” and cv. “Antonella”, and no
significant decrease in SOD activity was observed in cv. “Manas”. Cv. “Antonella“ and cv.
“MV-Initium” showed the lowest SOD activity in the case of H-949 treatment right after cv.
“Canela”. A negative significant correlation was observed between the infection level based
on the Tekauz scale and SOD activity in the case of all cultivars expect cv. “Antonella”. This
result contradicts the findings of previous research that resistant varieties have higher SOD
activity [8]. In our experiment, cv. “Antonella”, which is the most resistant to PTT, had the
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lowest SOD activity in all isolates. However, this coincides with the findings that reported
a positive association between the presence of ROS and disease resistance [12,55,56].

In conclusion, in our experiment, we observed a significant increase in SOD activity
upon PTT inoculation, although the extent of this was genotype- and isolate-dependent.
An increase in SOD activity presupposes the appearance of reactive oxygen species as a
result of infection, as Able’s [8] hypotheses has noted. Although he stated that a higher
SOD activity suggests resistance to PTT infection, as previously advocated by Urbanek [57]
and Gil-ad et al. [58], the opposite was observed in our experiment—the SOD activity
of susceptible cultivars increased to a greater extent. Shetty et al. [30] state that removal
of H2O2 by catalase at both early and late stages made wheat plants more susceptible
to Septoria tritici, whereas H2O2 formation made them more resistant. Furthermore, our
results also support those which show the inoculation-dependent increase in SOD activity
at the 24 h stage of powdery mildew infection mentioned by Vanacker [59]. Higher SOD
activity was detected in the susceptible genotype than in the resistant genotype, just like in
our experiment. Increased activity of all three SOD isoforms was observed in increased
Pseudomonas susceptible double mutant Arabidopsis thaliana (At-pao1-1 x Atpao2-1) after
inoculation [55]. The previous results are in contradiction with those of Lightfoot et al. [12],
who detected higher SOD activity in resistant barley genotypes, and smaller symptoms
were detected in transgenic HcCSD1 knock-down lines. However, when the expression
pattern of SOD2 gene was investigated, it was found that except for clear activation of
expression at 8 h after infection measured in the resistant genotype, the expression pattern
fluctuated more in the sensitive ones, and there was a second expression peak at 120 h in
resistance one after a decline at 48 h [56].

Based on this, our findings could offer a novel perspective of the measurement of the
SOD activity to detect the early stress responses induced by PTT.

However, it should be noted that our results do not show a clear connection between
seedling resistance of genotypes and SOD enzyme activity, although we did find significant
correlations between the PTT infection scores and the SOD activity in several cases.

Overall, our results suggest that the SOD activity induced by the PTT infection will
increase with elapsed time of infection, especially after 48 h. Increased SOD activity due to
pathogenic attack promotes H2O2 formation and protects the plant cell from superoxide ac-
cumulation. In the case of increased production of O2−, enhanced SOD activity reduces the
risk of hydroxyl radical formation due to Fenton-type chemistry [57]. These results suggest
that although many antioxidant enzymes play a role in fine-tuning the defense response,
the resistance of varieties cannot be estimated based on SOD enzyme activity alone.

Studying the other members of the antioxidant enzyme system is necessary to clarify
their role during biotic stresses, such as pathogen infection. We would like to continue
our work and extend our studies beyond 3 and 15 DAI to learn more about the associ-
ation between PTT infection and SOD activity, as we were unable to examine the full
phenomenon because we assumed that the highest SOD activity could be observed in the
early phase of the PTT infection. Furthermore, we may extend this work by involving more
genotypes and isolates to understand the connection between ROS accumulation and an
early pathogen infection.
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Abstract: Glyphosate is still the subject of much debate, as several studies report its effects on
the environment. Sunflower (GK Milia CL) was set up as an experimental plant and treated with
glyphosate concentrations of 500 ppm and 1000 ppm in two treatments. Glyphosate was found to be
absorbed from the soil into the plant organism through the roots, which was also detectable in the leaf
and root. Glyphosate was also significantly detected in the plant 5 weeks after treatment and in plants
that did not receive glyphosate treatment directly, so it could be taken up through the soil. Based on
the morphological results, treatment with higher concentrations (1000 ppm) of glyphosate increased
the dried mass and resulted in shorter, thicker roots. Histological results also showed that basal
and transporter tissue distortions were observed in the glyphosate-treated plants compared to the
control group. Cells were distorted with increasing concentration, vacuoles formed, and the cell wall
was weakened in both the leaf-treated and inter-row-treated groups. In the future, it will be worth
exploring alternative agricultural technologies that can reduce the risk of glyphosate while increasing
economic outcomes. This may make the use of glyphosate more environmentally conscious.

Keywords: Helianthus; sunflower; morphological; sustainable; glyphosate; pesticide; residue; pollu-
tion; weed control; organic plant production

1. Introduction

Glyphosate (NA-(phosphono-methyl) glycine) was introduced commercially in
1974 [1] and is considered to be the most widely used herbicide in the history of agri-
culture [2,3], a postemergent, systemic, non-selective chemical [4,5] that poses a high risk
to human health and the environment [4]. In 2014, farmers in the United States sprayed
enough glyphosate to reach about 1 kg per hectare of cultivated land, amounting to nearly
0.53 kg/ha for all crops in the world [6]. In 2017, glyphosate accounted for 33% of herbicide
sales in Europe. One-third of the sown area of annual crop systems and half of the area
of trees received glyphosate annually. Glyphosate is widely used for at least eight agricul-
tural purposes, including weed control, plant drying, sealing of cover crops, temporary
grassland removal, and permanent grassland renewal [7]. It has been widely used for the
past 40 years, with the assumption that side effects are minimal [8]. Since the mid-1990s,
there have been significant changes in the timing and manner of application of glyphosate
herbicides, resulting in a drastic increase in total application rates [6]. There are currently
no public data on the use of glyphosate in Europe [7].
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1.1. Glyphosate

Glyphosate is a highly potent broad-spectrum herbicide that targets 5-enolpyruvyl
shikimate-3-phosphate synthase (EPSPS) [9]. The majority of soybeans (Glycine max L.)
planted in the United States are resistant to glyphosate due to the introduction of a gene
encoding glyphosate-insensitive 5-enolipyruvylsikimate-3-phosphate synthase [10]. Gene
expression studies have also shown that the gene encoding EPSPS is maximally expressed in
meristems, so glyphosate must migrate to plant growth sites to be effective [11]. Glyphosate
was metabolized to the same extent in Sorghum halepense (L.) Pers. in both glyphosate-
resistant and -sensitive populations, and there was no significant difference in the inhibition
of 5-enol-pyruvylsikimate-3-phosphate synthase (EPSPS), nor in the basic activity [12].

It is used primarily against deep-rooted perennial weeds in agriculture, forestry,
and wetlands and parks. The focus is on its agricultural use, and the possible presence of
residues that also accumulate in crops and human and animal tissues. According to a World
Health Organization (WHO) report, the residue content in plant organs is negligible [4], yet
several studies point to the opposite [13]. The effect of low-dose glyphosate on animals and
humans has recently been documented, suggesting changes and shifts in the composition
of microbial communities in plants and the animal gut [8]. For spring wheat (Triticum
aestivum L.), a number of laboratories are currently investigating both its accumulation and
its toxicity in both animals and plants [14].

Glyphosate-resistant, genetically modified crops have been used since 1996 and are
becoming more widespread worldwide [9]. Commercially available glyphosate-based
formulations typically contain 41% or more of the active ingredient, while household
formulations contain 1% glyphosate [15]. However, glyphosate can also have extensive,
undesirable effects on nutrient efficiency, compromising agricultural sustainability. It
weakens the defenses of plants against pathogens and pests as it also accumulates in
meristem tissues [2]. The toxicity formulations vary due to the value being influenced by
multiple factors. The toxicity of the preparation depends on the quality and quantity of
surfactants. Experimental results suggest that the toxicity of the polyoxyethyleneamine
(POEA) surfactant is greater than that of glyphosate alone or the average toxicity of most
commercially available agents [15]. Few plant species are inherently resistant to glyphosate.
In addition, measurements of glyphosate did not result in any evidence of resistance of
weeds to the active substance in the field. This may be explained, among other things,
by the lack of glyphosate residue in the soil [16]. Recent evidence, however, calls into
question the inactivation properties and safety of glyphosate. Glyphosate can be retained
and transported in soil [17].

Aminomethylphosphonic acid (AMPA) is the most frequently detected metabolite
of glyphosate in plants [18]. Glyphosate and the metabolite AMPA accumulate in the
environment [8]. Glyphosate-based herbicides have been found to cause abnormal growth
structures and phenological changes in some agriculturally relevant plants, such as one
or more morphological changes in anthers, anthers, pollen, or flowers, and to reduce the
number of seeds in the glyphosate-resistant plant [19]. In soybean plants, glyphosate-
containing formulations had no effect on chlorophyll content, the dry weight of roots and
shoots, and the number of shoots, but reduced shoot biomass by 21–28% [20]. There is
a significant difference in glyphosate and AMPA levels between some plant species [18].
In some first- and second-generation glyphosate-resistant Glycine max L., photosynthesis
becomes inhibited [21]. The content of sikhate is twice as high for older leaves and 16 times
as high for young leaves in non-glyphosate-resistant plants [22], with the highest sensitivity
to glyphosate at the beginning of the vegetative stage [23]. This affects nutrient uptake,
leading to a decrease in biomass. Its effect increases with increasing glyphosate levels [21].
The increasing glyphosate ratio showed a significant decrease in photosynthetic activity,
accumulation of leaf tissue macro- and microelements, and decreased nutrient uptake in
Glycine max L. individuals [24]. In Glycine max L. Merr. ‘Williams’ individuals, glyphosate
also reduced chlorophyll content [25] but accumulated in nodules [26]. In Lupinus albus
L. plants, nitrogenase activity was reduced 24 h after glyphosate treatment, even at the
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lowest and sublethal doses (1.25 mM). In the longer term (5 days), the starch content of
the shoots and the amount of sucrose synthase also decreased, while the sucrose content
of the shoots increased [27]. In Eichhornia Kunth. plants, glyphosate was also detectable
in the plants on day 14 after treatment [28]. Glyphosate also affects the mineral content.
In plants of Glycine max L., glyphosate has been shown to interfere with the uptake and
retranslocation of Ca, Mg, Fe, and Mn, most likely to bind and thus immobilize them.
The decrease in iron, manganese, calcium, and magnesium concentrations in seeds by
glyphosate is very specific and may affect seed quality [22]. Gossypium hirsutum L. has
been shown to accumulate significantly more glyphosate in reproductive tissues than in
vegetative tissues [29]. Agropyron repens (L.) Beauv. glyphosate treatment showed that
offspring closer to the mother plant survived glyphosate treatment more easily than those
farther away. This suggests that higher bud death near the rhizome peak is attributable to
higher glyphosate accumulation [30].

Searching major scientific databases (Google Scholar, ScienceDirect) for “glyphosate,”
“herbicide use,” and “pesticide use” leads to just a few articles reporting global sales of
glyphosate. The lack of public data on the use of glyphosate has already been highlighted
by several NGOs and researchers. Based on data and additional estimates, the total volume
of glyphosate sold in the EU in 2017 was 49,427 tonnes [7].

1.2. Histological and Morphological Changes

The persistence of glyphosate residues in plant tissues varies depending on the species
and plant tissue type [31]. In maize (Zea mays L.), glyphosate reduced the efficiency of
photosynthesis, causing changes in leaf anatomy and stem physical properties, leading to
a decrease in grain size [32]. In Rosa acicularis plants, 2 years after glyphosate treatment,
the effect of the chemical was also detected in pollen, petals, and flower tissues [19]. It
did not affect the number of flowers, but it did affect the cumulative number of flow-
ers [33]. Glyphosate-treated tomato seedlings (Solanum lycopersicum L.) showed increased
root growth and elongation of chloroplasts when seeds were sown in glyphosate con-
taining soil and if sprayed with glyphosate [34]. Glyphosate has been shown to have a
detrimental effect on the yield and growth of young cocoa plants [35]. In Sida acuta Burm.f.
specimens treated with glyphosate, the stem was swollen and bent. The leaves turned
yellow, while the roots were swollen and necrotic. Vegetative growth decreased, and the
plants eventually withered [36]. In plants of Salvinia cucullata, glyphosate was ecotoxic [37].
In this plant species, concomitant use with copper may increase the ecological risk [38].
The active substance accumulation in Lemna minor plants was tenfold compared to the
maximum acceptable residue level (MRL) after 7 days of glyphosate treatment [39]. In
wheat (Triticum aestivum L.), the use of glyphosate did not affect the primary and secondary
structure of the proteins [40]. Chloris elata Desv. specimens have been shown to form wax
crystals around the stomas of older plants, which contributed to a decrease in glyphosate
sensitivity [41]. The use of glyphosate and paraquat negatively affected the germination
of Vicia faba, Phaselolus vulgaris, and Sorghum bicolor seeds, photosynthetic pigments, and
amino acids [42].

1.3. Effects of Glyphosate on the Human Environment

Exposure to carcinogens is responsible for a number of human health problems [43].
We are increasingly facing the severe social and economic effects of environmental degra-
dation worldwide [44], and seasonal changes also affect soil habitats [45]. The use of
glyphosate causes potential health problems [46]. Decreases in plant diversity and numbers
have been widely reported in the agricultural ecosystems of North America and Europe.
Intensive use of herbicides within arable land and drift from neighboring habitats are
partly responsible for the change [47]. Its toxicity is not limited to plant organisms but
can be clearly demonstrated in human cells, so a human health risk analysis process for
glyphosate should be developed in the future [48]. The rapid transport of glyphosate
is well illustrated by the detection of glyphosate residues in bottled drinking water and
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human urine in Mexico [49]. Glyphosate [50] is the most widely used pesticide in In-
donesia. Occasionally, there are reports of contamination of drinking water sources with
herbicides (including glyphosate) in Taiwan. Glyphosate is not yet a chemical in the assess-
ment of Taiwanese drinking water quality standards [51]. Glyphosate and its metabolite,
aminomethylphosphonic acid (AMPA), have recently been identified as potential contribu-
tors to the development of various diseases such as autism, Parkinson’s and Alzheimer’s
disease, and cancer [52]. However, several researchers in Australia have a number of
objections to the harmful effects of residues on human health. Glyphosate-based products
are being intensively tested by governments at all levels. Some jurisdictions have already
banned or restricted its use [53].

Glyphosate and AMPA are largely retained in the surface soil layer as residues [54],
and AMPA persists longer than the parent compound of glyphosate [55]. It was also shown
that the content of pesticides in water samples from reservoirs, including glyphosate,
was higher during the agricultural season (1 April–15 September) than during the off-
season [56]. Residual concentrations of herbicides and their metabolites in harvested
Zea mays L. plants increased in direct proportion to increasing the application rate of
herbicides [57]. Glyphosate was also detected in soil and rice grains in rice production [58].
The persistence of herbicides, including glyphosate, in the soil and its effect on soybean
yield has also been studied in soybeans [59].

1.4. Genetic Changes Due to Glyphosate in Living Organisms

The vast majority of negative results in well-conducted bacterial reversion and in vivo
mammalian micronucleus and chromosome aberration tests indicate that glyphosate and
typical glyphosate-based formulations (GBF) are not genotoxic in these nuclear assays.
Reports of positive results for endpoints of deoxyribonucleic acid (DNA) damage indicate
that glyphosate and GBFs tend to induce DNA damage at high or toxic doses, but the data
suggest that this is due to cytotoxicity rather than the GBF activity of DNA that may be
associated with surfactants [60].

Glyphosate affects the composition and activity of the microbial community in the
rhizosphere and increases protein metabolism and decreases amino acid synthesis [61].
Glyphosate can also genetically modify living organisms. Glyphosate resistance appears at
different levels in giant ragweed (Ambrosia trifida). Introns show a higher expression pattern
with data measured in resistant individuals following putative glyphosate treatment [62].
In Conyza bonariensis individuals, many genes are differentially expressed upon glyphosate
treatment, so treatment involves a large number of genes [63]. Glyphosate inhibits the
pathway of tryptophan biosynthesis in the apical bud of soybean (Glycine max) [64].

Transcripts in the microbial community were affected by glyphosate. Some cyanobacte-
ria, such as Synechococcus, may use glyphosate as a source of P. In many metabolic pathways,
genes are overexpressed under glyphosate stress [65]. Polymerase chain reaction (PCR)
analysis of mammalian somatic cells has shown that glyphosate induces gene expression
changes [66].

The aim of our study was to demonstrate that glyphosate does not degrade in soil and
is incorporated into crops, even several weeks after glyphosate treatment. Glyphosate can
also be taken up by the plant through the soil. The main question of our study was whether
or not there was a significant difference between the amount of glyphosate absorbed
through the soil and the amount of glyphosate applied to the plant through the leaf. This
is demonstrated by morphological residue detection and microscopic examination. Our
model plant was the sunflower (Helianthus annuus L.).

2. Materials and Methods
2.1. Materials Used

For our experiments we used a non-glyphosate-resistant GK Milia CL sunflower
hybrid variety, which is a variety bred by Gabonakutató Nonprofit Közhasznú Ltd. (Szeged,
Hungary) [67], and is also owned by the Ltd. GK Milia CL is a commercially available
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sunflower variety that ripens early and tolerates abiotic stress well and can be treated with
the 2018 certified Clearfield® weed control technology [68]. The seed was harvested in
2020, uncoated.

Glialka, manufactured by the Monsanto Company (St. Louis, MO, USA) and owned
by Bayer GMBH (Monheim am Rhein, Germany), was used for the experiment. Total
herbicide with active ingredient 360 g/L glyphosate.

2.2. Experimental Conditions

The experiment was carried out at the Budatétény Station of the Institute of Land-
scape Architecture, Urban Planning, and Garden Art of MATE in 2021 under greenhouse
conditions. The seeds were sown in a plastic propagation tray measuring 59 cm × 29 cm
× 7 cm. For this purpose, a medium suitable for growing seedlings in trays (Klassmann-
Deilmann TS 3 Fine, Geeste, Germany) was used, the properties of which were as follows:
pH (H2O) 6, N 140 mg L−1, P (P2O5) 100 mg L−1, K (K2O) 180 mg L−1, Mg 100 mg L−1,
S 150 mg L−1. The trays were lined with 40 seeds in sowing and 5 replicates in a random-
ized block arrangement. Germinating weeds were mechanically removed in half of the
boxes, and no weed removal was performed in the other half. Fourteen days before sowing,
the weeds were removed in the weed trays with the Glialka chemical. The following
concentrations were used in each case: 500 ppm, 1000 ppm, and 2000 ppm.

The sunflower seeds were sown on 16 September 2021 in a glyphosate-free medium
and the other part in a medium sprayed with Glialka. Plants sown in the herbicide-free
medium were sprayed with Glialka at 3 weeks post-sowing. The amount of spray was
applied in each case at a rate of 2 L/100 m2 [68], in the 3 concentrations already mentioned.
The plants were kept at 20 ◦C and only irrigation water was obtained during the experiment.
The control group was seeded in a clean medium and received only irrigation water.
Seedlings were evaluated at 5 weeks post-sowing. The following vegetative parameters
were surveyed: Root and stem length, the fresh and dried weight of root and shoot, and
the number of leaves. Plants that received a concentration of 2000 ppm were killed during
the experiment and were therefore not evaluated further.

2.3. Histology

Histological samples were taken from three points of the measured plants: From the
root collar, from the stem 1 cm above the root collar, and from the stem above the lowest leaf.
The plants were cleaned with distilled water and pruned mechanically with a hand scalpel.
A Euromex bScope BS.1153-PLi biological microscope with a compatible camera (Levenhuk
m1400 plus) was used for the survey. Due to the pruning procedure, the oil immersion
lens arrays could not be used, so due to the nature of the sections, PLi 4/0.1 lenses were
used, which provided forty-fold magnification. The eyepiece was of the WF120×/20 type
and size. The samples were not stained. The images were post-corrected with GIMP 2.10
(owned by Spencer Kimball, Peter Mattis).

2.4. Residue Testing

The test method of Gonclaves and Catrinck [69] was used for the measurements. The
Varian GC/MS/MS 4000 instrument was used for the tests (Table 1), using the following
materials:

• EPA 547 Glyposate solution 1000 µg/mL in H2O; Sigma-Aldrich (St. Louis, MO, USA);
Lot: LRAC4997.

• BFTFA + 1% TMCS; Sigma-Aldrich; Lot: BCCD0447.
• Acetonitrile; Merck (Budapest, Hungary); Lot: I09677130 829.
• Pyridine; Scharlau (Barcelona, Spain); Lot: PI0123.
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Table 1. Chromatographic conditions used for residue testing [69].

Parameters Values

Column Rxi-5Sil MS, 30.00 m, 0.25 mm ID, 0.25 µm
Injector temperature: 280 ◦C

Injected volume: 1 µL
Split ratio: splitless

Carrier gas: helium 5.0
Carrier gas volume flow constant, 2 mL/perc

MS settings

Ion trap temperature 150 ◦C
Ion source temperature 200 ◦C

Transfer line temperature 220 ◦C
Ionization EI

Measurement mode SIS

SIS parameters

Stored masses (m/z)
232
312
340

Temperature (◦C) 100 300
Scale of temperature increase (◦C/min) 0.0 8.0
Time to maintain temperature (minutes) 0.00 0.00

Total time (minutes) 0.00 25.00

In the measurement procedure, approximately 1× g of sample was weighed to a cen-
trifuge tube and 10 mL of acetonitrile was added (in the case of a smaller sample, propor-
tions were kept). It was shaken for 1 h. It was then centrifuged for approximately 3000× g
and filtered through a syringe filter. Then, 300 µL of this clear solution was taken and evapo-
rated to dryness at 60 ◦C. After cooling, 60 µL of pyridine was added to the dry residue and,
after waiting for 5 min, 100 µL of the N, O-bis (trimethylsilyl)trifluoroacetamide (BSTFA) +
1% trimethylsilyl chloride (TMCS) silylating agent was added. This mixture was heated at
60 ◦C for 30 min and then measured by Gas Chromatography—Mass Spectrometry. The
procedure was the same when creating a calibration line.

2.5. Statistical Measurements

The samples were independent, and the correct experimental design and correctness
of the sampling were ensured during the sampling. We used Microsoft Office 365 Excel
to document our measurement data and Microsoft Office 365 Word to edit the text. The
processing, comparison, and analysis of our measurable differences were performed with
IBM SPSS Statistics 25 using a one-way analysis of variance (ANOVA). The measured data
were analyzed with a 95% confidence level (significance) in all cases. When evaluating the
Levene test, if probability value (p) > 0.05, then the Tukey test was used, and if p < 0.05, the
Games-Howell test was used.

3. Results
3.1. Morphology

Performing morphological measurements was an important factor in the series of
measurements. In this way, we can obtain an idea of the changes at the organ level that can
occur in plants that receive glyphosate through leaves or roots. This also demonstrates that
glyphosate is absorbed through the root.

3.1.1. Root Morphological Changes

Root length was significantly reduced in the treated groups (Figure 1). The control
stock, which did not receive any form of glyphosate treatment, had an average root length
of 11.56 cm at the time of final evaluation, which is significantly different from all treated
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groups. For plants treated with a 500 ppm solution, the lowest value (1.873 cm) was
measured in the group receiving the chemical through the root. There was no significant
difference in root lengths between the 500 ppm leaf-treated and both 1000 ppm treatments.
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Figure 1. Length of roots on Helianthus annuus GK Milia CL after glyphosate treatment. Means with
different letter are significantly different by Tukey’s test at p < 0.05 (Budapest, 2021).

Comparing these data with fresh and dried root weights (Figure 2) it can be observed
that the untreated group had the highest fresh root weight (0.7467 g), which was signif-
icantly different from the mean weight of the treated groups. The average fresh weight
of the roots (0.6067 g) was also significantly higher in the 1000 ppm individuals treated
through the root, but in this case, the root was also shorter. In the groups receiving the
500 ppm solution, the average fresh root weight of the leaf spray group was 0.41 g, from
which the average fresh root weight of the glyphosate uptake (0.2253 g) was significantly
different. The lowest fresh weight value was produced by the group receiving the leaf
spray at a concentration of 1000 ppm (0.106 g). These data show that there are greater
differences in the fresh weights of plants treated through the leaf and root than the higher
concentration of glyphosate. For the groups receiving the 500 ppm solution, this difference,
although showing some difference, is not significant. In summary, the effect of the 1000 ppm
treatments, compared to each other, has already been shown in phenotypic properties.
Compared to the control, much shorter, more fleshy roots were formed in sunflowers
treated through roots at a concentration of 1000 ppm. Increased dry weight may indicate
stress on the plant.
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Figure 2. Parameters of roots on Helianthus annuus GK Milia CL after glyphosate treatment. Means
with different letter are significantly different by Tukey’s test at p < 0.05 (Budapest, 2021).

3.1.2. Stem Morphological Changes

Examining the stem weight results (Figure 3), clearly visible that the highest fresh
(4.564 g) and dry (0.4253 g) stem weights were measured in the untreated individuals.
These data show a significant difference with the results of all treated groups. The results of
the parameters were analogous to the values measured at the roots, so the results measured
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in the group treated through roots with a concentration of 1000 ppm were significantly
higher, both statistically, in the case of fresh (3.2447 g) and dried stems (0.336 g). This
shows that absorption through the root is slower than in the case of leaf treatment with the
same concentration solution, which produced almost the lowest measured average weight
for fresh (0.8953 g) and dry weight (0.176 g). In the case of the treatment obtained with a
solution concentration of 500 ppm, the opposite was observed, whereby the individuals
receiving the leaf spray achieved a higher fresh and dried stem weight than the individuals
treated through the root.
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Figure 3. Rate of fresh and dried stem weight on Helianthus annuus GK Milia CL after glyphosate
treatment. Means with different letter are significantly different by Tukey’s test at p < 0.05 (Budapest,
2021).

3.2. Histology

Examining the stem cross-sections (Figure 4) it can be observed that the stem section
shows a uniform picture in the control group (Figure 4c). The individual tissue areas are
clearly visible and can be distinguished from each other. Epidermal cells close and are
uniform. The location of the vascular bundles is regular and well separable from the basal
tissues. The basal tissue cells are regular, and the cell wall is strong and uniform. No
change or distortion is visible. As the glyphosate concentration increases, the deterioration
and disintegration of the tissue structure can be clearly seen, which increases and becomes
more visible with increasing concentration. Necrosis of pith cells started 4 days after treat-
ment [70]. In the groups treated with a 500 ppm solution (Figure 4a,b), intercellular cavities
(vacuoles) appear, which may indicate glyphosate-induced stress in young seedlings, as
plant cell vacuoles are multifunctional organelles that play a central role in cell develop-
ment strategies. They are involved in cellular responses to environmental and biotic factors
that cause stress [71]. The transport vessel system is thinner, smaller in cross-section than
the control group due to glyphosate, the vascular bundles are damaged, the shape of the
parenchyma tissue cells changes, and the cell wall becomes thinner, which is also a phase
of cell death. Glyphosate also has an effect on the disorganization of the transport tissue
system [72]. This is characterized by the rupture of the plasma membrane [73]. Epidermal
tissue cells adhere more loosely. The cell wall of the epidermis is thinner and not uniform
in thickness.

In the groups treated with the 1000 ppm solution (Figure 4d,e), the process of cell
death can be observed more and more strongly. In plants receiving this concentration, the
tissues responded even more strongly. In these groups, the enlargement and disintegration
of cells in the central parenchyma tissue and the weakened state of the transport tissue
system became even more intense. These cells are necrotically disrupted, cell walls are
not always separable, and cells are small in size. The vascular bundles were irregularly
arranged, not delimited. The epithelial cells are small, do not adhere tightly, and the cell
walls are weak, in several cases torn apart. Chloroplasts also disintegrated, which is also
related to Lee’s 1981 [74] finding that there was an inhibition of chlorophyll synthesis by
glyphosate.
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(e) 1000 ppm leaf treatment (Budapest, 2021).

Comparing the histological changes caused by root and leaf treatments, it can be
observed that the histological changes in the root-treated groups are weaker than in the
leaf-treated groups, but the effect of glyphosate is also very pronounced in the untreated
groups. A more advanced state of the glyphosate effect can be observed in the plants of
the leaf-treated groups, which confirms our partial result presented earlier: The effect is
stronger in the leaf-treated individuals and the absorption of the chemical is faster. This
is confirmed by the worse condition of the cells, the thinner cell walls, and the greater
disorder of the transport tissue system.

Overall, the effect of glyphosate can be observed in individual tissue areas, the effect
of which is directly proportional to the increase in concentration.

3.3. Result of Residue Tests

In the case of residue measurements, the root and stem parts were evaluated separately
(Figure 5). This was considered important because it allows the extent of glyphosate uptake
by the root to be monitored even more. Glyphosate accumulated in both leaf-treated
and root-treated plants when treated with 500 ppm and 1000 ppm solutions, respectively.
The amount detectable for the latter is higher in both concentrations compared to the
control treatment. We found that in plants treated with leaf spray, the residue value was
significantly higher in the root than in the stem.
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Figure 5. Glyphosate residue in leaf and root on Helianthus annuus GK Milia CL after glyphosate
spray treatment on leaves. Means with different letter are significantly different by Tukey’s test at
p < 0.05 (Budapest, 2021).

In the groups treated through the root, it can be said that glyphosate residue was
detectable in all cases (Figure 6). In the group treated with the 500 ppm solution, the residue
measured in the roots (0.19 mg/kg), despite the lower concentration, is not statistically
different from the results measured in the root at a concentration of 1000 ppm (0.2 mg/kg).
However, when examining the shoots, there is a significant difference between the two
concentrations. In the group treated with the 500 ppm solution, the residue detectable in
the shoot was as low as in the control treatment (0.07 mg/kg), while in the group treated
with 1000 ppm, it was more than twice as high. Overall, glyphosate was absorbed from the
root into the plant organism, which was also detectable in the leaf and root.
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Figure 6. Glyphosate residue in leaf and root on Helianthus annuus GK Milia CL after glyphosate
spray treatment on root. Means with different letter are significantly different by Tukey’s test at
p < 0.05 (Budapest, 2021).

4. Discussion

Glyphosate is a worldwide used herbicide [9] that, according to several studies, can
both modify the gene pool of living organisms [60,63] and also have an adverse effect on
the biosphere [46,47]. It may also be responsible for the development of Alzheimer’s and
Parkinson’s disease [52].

Glyphosate is also a major herbicide in field crops. The sunflower (Helianthus annuus
L.) cultivar GK Milia CL [67] is a very environmental stress-tolerant variety, which was
used in our studies.

Although several studies have shown that glyphosate causes morphological changes
in the plant [32], and glyphosate is rapidly degraded and is not transferred to other living
organisms [4]. By preemergent treatment of a sunflower plant, we would have liked to
investigate that glyphosate remains in the plant for several weeks and is detectable. The
plants were not grown until seed ripening, so the topic of a future series of measurements
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will be the morphological, histological changes, and residue results that can be detected in
the pre-harvest state. In the present experiment, sunflower plants were surveyed at 5 weeks
of age to model the composition and properties of green manure or fodder harvested
in this condition as a result of prior glyphosate treatment. The measurements were also
based on experiments by [23], in which the author explains that the highest sensitivity to
glyphosate can be attributed to the beginning of the vegetative stages of plants. In our
series of measurements, we sought to determine whether the treatment of non-chemically
treated plants with adjacent row spacing and the treatment of plants in adjacent rows with
glyphosate had an effect.

Sunflower plants were evaluated by morphological and histological methods and
residue measurements were performed. Morphological measurements confirmed that
glyphosate, both applied to the leaf and absorbed through the root, is evident in the mor-
phological parameters. Our results were similar to those described by [36] and contradict
the results of Reddy et al. that glyphosate has no effect on root and shoot dry weight but
increases shoot biomass [20].

The morphological results confirmed Zobiole et al.’s [24] measurements that biomass
decreases with increasing glyphosate levels. The presence of glyphosate caused morpho-
logical and histological degeneration in the plant in all cases, as we have shown in our
results. Our results confirm the findings made by Gomes et al. [32] and contradict Khan
et al.’s [34] findings. The appearance of glyphosate in the tissues can be detected as early as
48 h after treatment, and these effects can be observed more and more over time [75], as was
observed in our measurements. Tissue change caused by glyphosate was observed over the
entire surface of the stem cross-section in all tissue areas. All tissue areas were distorted,
disordered, cells were destroyed, and in several cases, vacuum cell death occurred, which
is also related to van Doorn’s [73] work. These tissue and cellular changes can be observed
in the case of root-treated plants as well as in the case of stem-treated plants, which is an
excellent example of our accumulation of glyphosate in root-treated plants.

In the residue evaluation, we found that glyphosate levels were significantly detectable
at week 5 post-preemergent treatment, exceeding Wang et al. [28] finding that glyphosate
was detectable for 14 days after treatment. Higher glyphosate levels were measurable in
the roots, similar to the findings of Pline et al. [29] and Claus and Behrens [30]. This is
also related to Sesin et al.’s [31] findings that glyphosate accumulates in different amounts
in different tissues and organs. The amount of glyphosate in the shoots and roots of
sunflower was significantly different in several cases. All this proved that glyphosate could
be detected in the plant more than 4 weeks after treatment, and that glyphosate in the soil
was absorbed through the root in statistically detectable amounts.

5. Conclusions

One of the great challenges of the present is the continued supply of food to an ever-
increasing human population. This goal can only be achieved effectively if good quality,
high-content, vital plants are produced. The primary task to create this is to produce and
maintain a weed-free area. The use of glyphosate, although currently one of the most
effective herbicides in the world, raises a number of environmental issues. As a result of
our series of measurements, it can be stated that glyphosate is present in the plant even if it
is not in direct contact with glyphosate.

This poses a risk, even if the fodder plant is used for human or animal use. In the
case of young plants, its use as a silage plant may be of even greater concern. Another
dangerous area is its use as green manure, which also means its use at a young age, and
this is related to Lee’s [74] measurements that the residue is more detectable in young
plants. This can be particularly dangerous for the above-mentioned uses in agriculture.
Glyphosate may be present in the plant in an amount that can be determined by testing.

Glyphosate therefore accumulates in the plant even if it does not come into direct
contact with the plant, rather only with the soil of the adjacent row spacing or with the crop
or weed population on it. This is also related to Golt and Wood’s [19] results.
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The use of glyphosate is not expected to decrease in the future if the plant protection
product remains on the market. Due to its decades-long use, glyphosate and its excipients
have been shown to accumulate in the soil, water, and living organisms. Their decom-
position process is slow and carries a high risk to the environment and human health.
In general, glyphosate is currently one of the most effective and widely used herbicides,
the extraction of which can have significant economic effects. Therefore, it is advisable
to consider alternative remediation technologies that can be used to mitigate these risks
while increasing economic outcomes. Thus, it can be an effective tool for environmental
protection.
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Abstract: Field crop production must adapt to the challenges generated by the negative consequences
of climate change. Yield loss caused by abiotic stresses could be counterbalanced by increasing
atmospheric CO2 concentration, but C3 plant species and varieties have significantly different
reactions to CO2. To examine the responses of wheat, barley and oat varieties to CO2 enrichment
in combination with simulated drought, a model experiment was conducted under controlled
environmental conditions. The plants were grown in climate-controlled greenhouse chambers under
ambient and enriched (700 ppm and 1000 ppm) CO2 concentrations. Water shortage was induced
by discontinuing the irrigation at BBCH stages 21 and 55. Positive CO2 responses were determined
in barley, but the CO2-sink ability was low in oats. Reactions of winter wheat to enriched CO2

concentration varied greatly in terms of the yield parameters (spike number and grain yield). The
water uptake of all wheat cultivars decreased significantly; however at the same time, water-use
efficiency improved under 1000 ppm CO2. Mv Ikva was not susceptible to CO2 fertilization, while
no consequent CO2 reactions were observed for Mv Nádor and Mv Nemere. Positive CO2 responses
were determined in Mv Kolompos.

Keywords: winter cereals; CO2 enrichment; drought stress; WUE; climate change

1. Introduction

The Industrial Revolution had significant environmental and social impacts. Due to
its enormous agricultural, hygienic and medical achievements, the human population is
projected to exceed 10 billion by the end of the century [1]. Among others, the greatest
challenges of the upcoming decades will be to maintain food security and to ensure
drinking water supply. The inventions of the Industrial Revolution accelerated not only the
rate of population growth, but also the burning of fossil fuels, increasing the concentration
of atmospheric CO2 from 280 ppm [2] to ~416 ppm [3]. If CO2 emission remains at the
current level, in 30 years its atmospheric concentration will reach 550 ppm [4]. Although
CO2 is part of the atmosphere and is necessary for normal plant functions, it has become
one of the most significant greenhouse gases due to its level, which has almost doubled [5]
since its first measurement. Increased CO2 affects photosynthesis, decreases water use,
improves the growth and production of the plants [6], has direct implications for plant
metabolism and decreases photorespiration [7]. In relation to this, increasing carbon–
nitrogen rates can be observed to have changed the chemical processes in leaves, thus also
reshaping the eating habits of herbivores [8,9]. In addition, an increase in CO2 level can
reduce stomatal conductance, resulting in better water-use efficiency [10]. In C3 crops, an
elevated CO2 level can stimulate net photosynthetic CO2 assimilation, leading to greater
biomass production and yield [11]. Although the ‘CO2 fertilization effect’ on C3 crops is a

161



Sustainability 2021, 13, 9931

well-known phenomenon [12–14], it depends heavily on various environmental growing
conditions, such as air temperature or the availability of nutrients and soil water [11,15–17].

Scenarios have forecasted that drought will be more frequent and more severe in
the next decades in many crop-growing areas [18]. Drought is one of the major stress
factors that limit cereal production worldwide, and may affect about 40–60% of the world’s
agricultural lands [19]. It can severely influence the growth and development of plants,
causing various physiological and biochemical damage. For example, it can lead to stomatal
closure and can reduce photosynthesis, transpiration, growth and antioxidant production,
and can also change hormonal composition [20–23]. Increased atmospheric CO2 may
contribute to climate change, including changes in precipitation and evapotranspiration,
and may increase the risk of drought in many areas, as seen in Central Europe [24–26].
Several studies have indicated that plants in their reproductive phases (i.e. from elongation
to anthesis stages) are less tolerant to water stress [27–29]. Especially in the case of wheat,
the effects of water shortage depend on onset time, duration and intensity. Aside from
the developmental stages and the severity of the stress, the effects of water shortage on
cereals depend on soil type, environmental conditions [30,31], the cultivated varieties or
species [32,33] and also the cultivation technologies employed [34,35]. Drought can cut
wheat yields by up to 92% [27], but sometimes extreme drought at the right time can lead
to a total yield loss. Since wheat (Triticum aestivum L.) is one of the most important cereals
in human and animal nutrition, and as it is one of the most extensively grown crops [36,37],
drought can cause serious damage to food security. In addition to wheat, barley (Hordeum
vulgare L.) is an important cereal, contributing nearly 157 million metric tons to cereal
production worldwide [38]. The most negative correlation was observed between yield
and drought stress at the heading and flowering stages in barley [39]. Although in the last
few decades the demand for oats (Avena sativa L.) in human consumption has increased
because of their dietary benefits, compared to other cereal crops, their production is
more suited to marginal environments, such as cool–wet climates and soils with low
fertility [40,41]. Among cereals, oats are the most sensitive regarding drought stress at
germination and heading developmental stages [42]. Water-use efficiency (WUE; kg·m−3)
reflects the relationship between carbon and water cycles, and it is a key indicator of
drought tolerance. WUE is an essential parameter for assessing the reactions of plants to
climate change. It is a well-known phenomenon that there are considerable differences
between the WUE values of the cereal species [43].

Although temperature, water availability and atmospheric CO2 are important reg-
ulators of plant growth, function and development, their impacts on different species
and varieties show great variability. In this study, we examined the effects of different
CO2 concentrations combined with simulated water shortage at different developmental
stages on four Hungarian winter wheat varieties, one winter oat and one winter barley
variety. The aims of our study were: (1) to determine how water shortage and different CO2
concentrations influence the phenological and yield parameters of some widely cultivated
cereal varieties in the Carpathian Basin, (2) to determine the water uptake and water-use
efficiency of plants under different environmental conditions and (3) to quantify the specific
CO2 responses of the examined varieties.

2. Materials and Methods
2.1. Experimental Design

Four winter wheat (Triticum aestivum L.) varieties (‘Mv Ikva’, ‘Mv Nádor’, ‘Mv Ne-
mere’, ‘Mv Kolompos’), one winter barley (Hordeum vulgare L.) (‘Mv Initium’) and one
winter oat (Avena sativa L.) (‘Mv Hópehely’) cultivar were examined in a model experiment
at the Agricultural Institute Centre for Agricultural Research, Eötvös Loránd Research
Network in Martonvásár, Hungary. All varieties were bred locally. The study was carried
out in climate-controlled greenhouse chambers in 2020. The experiment was begun on
3rd February and ended at the end of June, when the plants were harvested manually.
‘Mv Ikva’ and ‘Mv Initium’ are early-ripening varieties; ‘Mv Nádor’ and ‘Mv Nemere’ are
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middle-ripening, while ‘Mv Kolompos’ and ‘Mv Hópehely’ are late-ripening varieties. The
experimental design consisted of three water-supply treatments (control, water shortage
at tillering, and water-shortage at heading developmental stage). Control (‘C’) plants
(54 pots, 216 plants in total,) were watered until reaching 60% of soil water-holding capacity
(WHC). Drought stress was simulated in one-third of the plants (54 pots, 216 plants in total)
by stopping the irrigation completely at BBCH stage 21 (‘T’) [44], and the other one-third
(54 pots, 216 plants in total) were similarly stressed at BBCH stage 55 (‘H’). The WHC was
determined each day at 9:00 during the stress treatments in the centre of the pot, using
5TE sensors (Decagon Devices Ltd., Pullman, WA, USA), and pots were re-watered when
the soil water content dropped below 5 v/v%. In this way, the plants were continuously
exposed to the same level of stress intensity. The experiment was carried out in three
similar climate-controlled greenhouse chambers under three different atmospheric CO2
levels. Aside from the ambient level chamber (~400 ppm) (control), CO2 concentrations in
the other two chambers were enriched to 700 ppm or 1000 ppm, respectively. Pure CO2 was
introduced into the chambers through a perforated pipe network placed 0.5 m above the
plants. Uniform gas distribution was achieved by ventilation. Carbon dioxide concentra-
tion was controlled by the SH-VT250 device (SH-VT250 CO2, Temperature and Humidity
Transmitter, Soha Tech Co., Ltd., Soul, Korea) and the CO2 level was measured and verified
by the Wöhler CDL 210 (Wöhler CDL Serie 210 CO2 Messgerät, Wöhler Technik GmbH,
Bad Wünnenber, Germany) logger device in the chambers where the plants were grown
under elevated CO2 concentration.

Four vernalized plants of each variety were planted in plastic pots (depth: 27 cm;
diameter: 24 cm) as described by Varga et al. [28]. The experimental design involved
162 pots in total; 54 pots in each of the three different greenhouse chambers with different
levels of CO2. We examined 684 plants in total. 12 plants of each variety were treated the
same way at every irrigation level and every CO2 level. At full maturity, the dry weight of
the aboveground biomass (shortly biomass, BM), spike numbers and yields per pot were
measured. The exact water uptake of the plants/pot was monitored by a digital balance
(ICS689g-A15, Mettler Toledo Ltd., Budapest, Hungary) from the planting to the final
harvest. Grain yield and biomass were measured using a digital scale (440-45N, KERN
& SOHN GmbH, Balingen, Germany). The harvested aboveground biomass (BM) was
oven-dried for two days at 70 ◦C, then the dry weight of the plant material was measured.

Water-use efficiency (WUE) was calculated using Equation (1)

WUE =
GY
WU

(1)

where WUE is water-use efficiency (kg·m−3), GY is grain yield (kg), and WU is water use (m3).
The harvest index (HI) was calculated as described in Equation (2).

HI =
GY

BM × 100
(2)

where HI is harvest index (%), GY is grain yield (kg) and BM is dry aboveground biomass
(shortly biomass) (kg).

Relative changes of the different parameters to elevated carbon dioxide level were
calculated using Equation (3)

Ex
A

or
Ey
A

(3)

where A is the different parameters’ values on 400 ppm CO2 level, Ex is the different
parameters’ values at 700 ppm CO2 level and Ey is the different parameters’ values at
1000 ppm CO2 level.

2.2. Plant Growth Conditions

Seeds of each variety were germinated on 14 December 2019. The seeds were kept
at room temperature (22 ◦C) in plastic boxes in darkness for two days; after that, the
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plants were transferred into a vernalization chamber (temperature: 4 ◦C) for 48 days. Four
seedlings were planted into each pot on 3 February 2020. Each pot contained 10 liters
of a 3:1:1 (v/v) homogenous mixture of soil, sand and humus. Climatic conditions were
automatically regulated using the Spring–Summer climatic program [45]. Air temperature
was increased from a range of 10–12 ◦C to one of 24–26 ◦C during the growing period,
and relative humidity was kept between 60% and 80%. When necessary, natural light was
enhanced by artificial illumination to 500 µmol·m−2·s−1 at the beginning of the vegetation
period, and gradually increased to 700 µmol·m−2·s−1. Nutrient solution was provided
once a week. To each pot, 22 mL water-soluble fertilizer (14% N, 7% P2O5, 21% K2O, 1%
Mg, 1% B, Cu, Mn, Fe, Zn; Volldünger Classic; Kwizda Agro Ltd., Vienna, Austria) was
added before irrigation. The plants were watered with tap water two times a week until
the tillering stage, and three times a week afterwards. The soil was covered with non-
transparent foil to prevent soil evaporation. Sulphur (Thiovit Jet) and lambda-cyhalothrin
(Karate Zeon 5 CS, Syngenta Ltd. Switzerland) were applied two times.

2.3. Statistical Processing

The experimental design involved four winter wheat, one winter barley and one
winter oat variety, three watering treatments and three CO2 levels in three replicates. A
multi-way ANOVA was performed to determine the effects of the tested factors (variety,
water supply and CO2) and Tukey’s post hoc test was used to compare means. The SPSS
16.0 program (IBM, Armonk, NY, USA) and Microsoft Excel (Microsoft, Redmond, WA,
USA) were used for the statistical analysis and visualization. The significance level was set
at p ≤ 0.05. ANOVA tables are presented in Tables A1–A6.

3. Results

At 400 ppm CO2 level, the drought stresses (water shortage at BBCH 21 [‘T’] and at
BBCH 55 [‘H’]) caused a significant decrease in biomass compared to the control treatment
in each variety, except for Mv Kolompos (Table 1). Furthermore, a significant difference
was observed between the two stress treatments in Mv Hópehely: compared to the early
stress, the late drought reduced biomass to a greater extent. The highest decrease in biomass
compared to the control was observed for Mv Ikva (−29% and −33% in ‘T’ and ‘H’ treatments,
respectively). At 700 ppm CO2 concentration, in barley, oat, Mv Ikva and Mv Kolompos,
significant differences in biomass were observed between the treatments (‘C’, ‘T’ and ‘H’),
and the water shortage at BBCH 55 caused significant reductions in biomass values in all
examined varieties. In Mv Kolompos and Mv Nádor, both stress treatments significantly
lowered the biomass of the plants compared to the control. The most pronounced decrease
was observed for the oat cultivar (−19% and −48% compared with the control in ‘T’ and
’H’ treatments, respectively) (Table 1). At 1000 ppm CO2, water withdrawal at BBCH 21
decreased the biomass in Mv Ikva (−10%) and Mv Kolompos (−9%). The simulated drought
at BBCH 55 decreased the biomass of Mv Hópehely (−35%), Mv Nemere (−13%) and Mv
Kolompos (−11%) compared to the control treatment (Table 1).

Mv Initium responded positively to CO2 enrichment under stress, but this reaction was
not observed under well-watered conditions (Figure 1). The tested oat variety appeared to
be susceptible to the level of atmospheric CO2 concentration. Either in the control treatment
or with water withdrawal at BBCH 21 stage, CO2 enrichment to 700 ppm increased biomass,
while 1000 ppm CO2 concentration inhibited plant growth. When oat plants suffered from
drought at BBCH stage 55, both levels of CO2 enrichment influenced biomass production
negatively. Significant and negative CO2 reactions were observed for Mv Ikva in the control
and the ‘T’ treatments, but no significant CO2 responses could be observed under drought
stress conditions induced at BBCH stage 55. The other three wheat varieties (Mv Nádor,
Mv Kolompos and Mv Nemere) showed positive CO2 responses in terms of biomass under
700 ppm CO2 level in each treatment but this tendency was not detected under 1000 ppm
(Figure 1).
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Table 1. Biomass (g) of the tested varieties.

Variety Treatment ~400 ppm 700 ppm 1000 ppm

Mv Initium
(winter barley)

C 55.46Ba1 53.78Cc1 53.86Aa1

T 47.26Bb3 58.59Aa1 54.56Aa2

H 45.3Ab2 54.61Ab1 52.32Aa3

Mv Hópehely
(winter oat)

C 61.70Aa2 73.67Aa1 55.82Aa3

T 54.55Ab2 59.82Ab1 52.52Aa2

H 49.05Ac1 38.59Cc2 36.08Cb2

Mv Ikva
(winter wheat)

C 50.15Da1 43.41Ea2 36.97Ca3

T 35.73Cb1 33.02Ec2 33.24Cb2

H 33.82Cb12 36.92Db1 33.36CDb2

Mv Nádor
(winter wheat)

C 40.05Ea2 44.82DEa1 38.19Ca2

T 35.79Cb12 38.24Cb1 34.86Ca2

H 34.62Cb2 37.21Db1 34.94CDa2

Mv Nemere
(winter wheat)

C 40.93Ea2 45.86Da1 36.87Ca2

T 37.91Cb2 41.32Db1 35.19Cab3

H 36.74Cb2 39.34Cb1 31.97Db3

Mv Kolompos
(winter wheat)

C 46.49Ca3 55.91Ba1 48.03Ba2

T 45.65Ba2 54.83Ba1 43.82Bb2

H 45.00Ba2 49.94Bb1 42.96Bb2

‘C’: control treatment; ‘T’: drought stress at BBCH 21; ‘H’: drought stress at BBCH 55. Capital letters indicate the
statistical significance between the varieties; lowercase letters indicate the statistical significance between the
treatments; the numbers show the statistical significance between the different CO2 levels at p ≤ 0.05 level (n = 3).

Figure 1. Relative changes in cultivars in response to elevated CO2 in terms of biomass; ‘C’: control treatment; ‘T’: drought
stress at tillering stage; ‘H’: drought stress at heading stage. ‘INI’: Mv Initium, (winter barley); ‘HOP’: Mv Hópehely (winter oat);
‘IKVA’: Mv Ikva (winter wheat); ‘NAD’: Mv Nádor (winter wheat); ‘NEM’: Mv Nemere (winter wheat); ‘KOL’: Mv Kolompos
(winter wheat). Full bars represent significant differences compared to the control (400 ppm) p ≤ 0.05 level (n = 3).
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Under ambient CO2 concentration, drought induced at BBCH stage 21 caused a
significant increase in spike numbers in Mv Nemere (+30%) and Mv Nádor (+18%), but
a decrease was observed for Mv Initium (−13%) (Table 2). Water shortage at BBCH 55
resulted in a decrease in spike numbers in Mv Ikva (−24%) and Mv Initium (−13%). At
700 ppm CO2 level, simulated drought at the tillering stage (BBCH 21) significantly reduced
spike numbers in Mv Ikva (−12%) but increased the number of productive tillers in Mv
Nemere (+23%) and Mv Initium (+13%) (Table 2). Even drought stress at BBCH stage 55
influenced spike numbers by improving tillering ability. Spike numbers increased in Mv
Nádor (+43%) and decreased in Mv Ikva (−12%) compared with the well-watered control.
At 1000 ppm CO2 level, water shortage at tillering stage increased spike numbers only in
Mv Nemere (+30%), and at heading stage only in Mv Ikva (+31%). In Mv Ikva, Mv Nemere
and Mv Kolompos, there were significant differences between the two stress treatments.
Higher spike numbers were observed for Mv Nemere and Mv Kolompos when water
shortage occurred at the early stage of development, while in Mv Ikva, the effect of the late
drought was more pronounced (Table 2).

Table 2. Average spike number per pots of the tested varieties.

Variety Treatment ~400 ppm 700 ppm 1000 ppm

Mv Initium
(winter barley)

C 15ABa1 15ABb1 14Aa1

T 13Bb2 17Aa1 16Aa1

H 13Ab2 14Bb12 15ABa1

Mv Hópehely
(winter oat)

C 13BCa1 14ABa1 12ABa1

T 13Ba1 14ABa1 14Aa1

H 13Aa1 12Ca1 12BCa1

Mv Ikva
(winter wheat)

C 17Aa1 16Aa1 13ABb2

T 15Aa1 14ABb12 13Ab2

H 13Ab2 14Bb2 17Aa1

Mv Nádor
(winter wheat)

C 11Cb2 14ABb1 13ABa12

T 13Ba2 16ABb1 13Aa2

H 12Ab2 20Aa1 14Ba2

Mv Nemere
(winter wheat)

C 10Cb2 13Bb1 10Bb2

T 13Ba2 16ABa1 13Aa2

H 11Ab12 13BCb1 10Cb2

Mv Kolompos
(winter wheat)

C 11Ca1 12Ba1 11ABab1

T 11Ca12 14Ba1 13Aa12

H 11Aa1 12BCa1 10Cb1

‘C’: control treatment; ‘T’: drought stress at BBCH 21; ‘H’: drought stress at BBCH 55. Capital letters indicate the
statistical significance between the varieties; lowercase letters indicate the statistical significance between the
treatments; the numbers show the statistical significance between the different CO2 levels at p ≤ 0.05 level (n = 3).

Generally, CO2 enrichment had positive effects on tillering ability and spike numbers
in cereals (Figure 2). Only the 1000 ppm CO2 concentration influenced the spike numbers
of Mv Ikva negatively, and this phenomenon could be observed only for the stress-treated
plants. The CO2 fertilization did not influence the spike numbers of Mv Hópehely sig-
nificantly. Mv Nádor showed the most favorable CO2 reactions among wheat varieties
in terms of spike numbers: under 700 ppm CO2 concentration, spike numbers in each
treatment were significantly greater than under ambient conditions. This beneficial effect
in Mv Nádor could not be detected under 1000 ppm concentration, and similar trends were
observed for Mv Nemere and Mv Kolompos (Figure 2).
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Figure 2. Relative changes in cultivars in response to elevated CO2 in terms of spike number ‘C’: control treatment; ‘T’: drought
stress at tillering stage; ‘H’: drought stress at heading stage. ‘INI’: Mv Initium (winter barley); ‘HOP’: Mv Hópehely (winter oat);
‘IKVA’: Mv Ikva (winter wheat); ‘NAD’: Mv Nádor (winter wheat); ‘NEM’: Mv Nemere (winter wheat); ‘KOL’: Mv Kolompos
(winter wheat). Full bars represent significant differences compared to the control (400 ppm) p ≤ 0.05 level (n = 3).

At ambient CO2 level (~400 ppm), in the early (BBCH 21) and late (BBCH 55) develop-
mental stages, simulated drought stress decreased the plants’ grain yield in each examined
variety except for Mv Kolompos (Table 3). The most considerable changes were observed
for Mv Hópehely (−24% in ‘T’ and −54% in ‘H’ treatment, respectively). Furthermore, in
Mv Initium, Mv Ikva and Mv Hópehely, significant differences were observed between the
stress treatments; the lowest grain yield was observed for treatment ‘H’. Under elevated
CO2 concentration (700 ppm), the drought stress at BBCH stage 21 decreased the grain yield
of Mv Hópehely (−47%), Mv Ikva (−20%), Mv Nádor (−12%) and Mv Nemere (−10%). At
the heading stage (BBCH 55), the drought stress decreased the grain yield of each cultivar
except for Mv Initium. The most exposed variety was Mv Hópehely with 77% yield loss.
The drought treatment significantly lowered the grain yield in Mv Nádor (−34%), Mv
Kolompos (−26%), Mv Ikva (−25%) and Mv Nemere (−23%). Significant differences were
observed between the two stress treatments in Mv Kolompos, Mv Nádor, Mv Nemere and
Mv Hópehely: significantly lower grain yield values were observed when the drought
occurred at heading (BBCH 55) (Table 3). At 1000 ppm CO2 level, water withdrawal at
BBCH stage 21 decreased the grain yield only in Mv Ikva (−15%). The late-stage stress
(BBCH 55) reduced grain yield in each cultivar except for Mv Kolompos. The highest rate of
yield reduction was detected in Mv Hópehely (−64%). Furthermore, significant differences
were observed between the two stress treatments in the barley and oat varieties: in these
cases, the consequences of late-stage drought stress were even more severe (Table 3).
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Table 3. Average grain yield values per pot (g) of the tested varieties.

Variety Treatment ~400 ppm 700 ppm 1000 ppm

Mv Initium
(winter barley)

C 21.38Ba2 23.01Ba1 23.42Aa1

T 19.08ABb2 22.68Aa1 23.70Aa1

H 18.28ABc2 20.86Aa1 21.28Ab1

Mv Hópehely
(winter oat)

C 25.89Aa2 31.14Aa1 16.31Ca3

T 19.60Ab1 16.40Bb2 16.07Ca2

H 11.97Cc1 7.10Dc2 5.94Db2

Mv Ikva
(winter wheat)

C 27.72Aa1 24.49Ba2 22.46Aa2

T 20.41Ab1 19.54ABb1 19.12Bb1

H 18.63ABc1 18.38Cb1 18.50Bb1

Mv Nádor
(winter wheat)

C 21.10Ba1 22.81Ba1 20.61Aa1

T 18.63Bb2 20.16Ab1 18.51Bab2

H 18.06ABb1 15.03Bc2 16.02Cb2

Mv Nemere
(winter wheat)

C 21.16Ba2 24.98Ba1 19.47Ba2

T 18.39ABb2 22.43Ab1 18.68Bab2

H 19.22Ab1 19.35Cc1 17.37BCb2

Mv Kolompos
(winter wheat)

C 17.34Ca3 23.44Ba1 20.38Aa2

T 17.70Ba2 22.88Aa1 18.81Ba2

H 16.54Ba2 17.40Cb12 18.32Ba1

‘C’: control treatment; ‘T’: drought stress at BBCH 21; ‘H’: drought stress at BBCH 55. Capital letters indicate the
statistical significance between the varieties; lowercase letters indicate the statistical significance between the
treatments; the numbers show the statistical significance between the different CO2 levels at p ≤ 0.05 level (n = 3).

Significantly positive CO2 responses were observed for Mv Initium in terms of grain
yield at each watering level, but the stimulating effects of CO2 fertilization were more
intense under drought stress conditions (Figure 3). Opposite tendencies were observed
for Mv Hópehely: CO2 fertilization (1000 ppm) reduced the yield significantly. Under
700 ppm CO2, a positive response was observed only under well-watered conditions,
but CO2 enrichment combined with water withdrawal reduced yield more intensely in a
high-CO2 environment. Negative CO2 responses were observed for Mv Ikva under control
watering, while the CO2 enrichment did not influence the grain yield significantly. Positive
CO2 reactions were found in Mv Nádor, Mv Nemere and Mv Kolompos under 700 ppm
concentration when plants were grown under optimum irrigation or stressed at BBCH
stage 21. The 1000 ppm concentration induced positive responses in Mv Kolompos, which
was statistically confirmed in the control and in the stressed treatments at BBCH 55. At
the heading stage, Mv Nádor was especially susceptible to CO2 enrichment, but yield
responses were negative under both concentrations (Figure 3).
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Figure 3. Relative changes in cultivars in response to elevated CO2 in terms of grain yield ‘C’: control treatment; ‘T’: drought
stress at tillering stage; ‘H’: drought stress at heading stage. ‘INI’: Mv Initium (winter barley); ‘HOP’: Mv Hópehely (winter oat);
‘IKVA’: Mv Ikva (winter wheat); ‘NAD’: Mv Nádor (winter wheat); ‘NEM’: Mv Nemere (winter wheat); ‘KOL’: Mv Kolompos
(winter wheat). Full bars represent significant differences compared to the control (400 ppm) p ≤ 0.05 level (n = 3).

At atmospheric CO2 level, drought stress induced at BBCH stage 21 decreased harvest
index in Mv Hópehely (−15%) and increased it in Mv Kolompos (+8%), while water short-
age at BBCH stage 55 decreased the harvest index of Mv Hópehely (−45%) and increased it
in Mv Initium by 7% compared to the well-watered control treatment. Furthermore, in oats,
the drought stress at BBCH 55 resulted in a significant decrease in harvest index values
compared to the other two treatments (Table 4). At 700 ppm CO2 level, the drought stress
at tillering (BBCH 21) increased the harvest index of Mv Ikva (+9%), Mv Nemere (+4%)
and Mv Nádor (+4%) and decreased it in Mv Hópehely (−31%) and Mv Initium (−8%)
significantly. At the heading stage (BBCH 55), water shortage reduced the harvest index
of each variety; the most considerable reduction was observed for Mv Hópehely (−62%).
Water withdrawal at BBCH stage 55 reduced the harvest index significantly in Mv Nádor,
Mv Initium, Mv Kolompos, Mv Ikva and Mv Nemere by −19%, −18%, −16%, −15%
and −8%, respectively, compared with the control. Furthermore, there were significant
differences between the two stress treatments (drought stress at BBCH 21 and BBCH 55)
in each variety: late-stage drought stress reduced the grain yield more intensively than
the aboveground biomass; therefore, the reduction in harvest index was more intensive
in this treatment (Table 4). Under 1000 ppm CO2 concentration, drought stress at tillering
induced no significant changes in the harvest index, but stress conditions at the heading
stage significantly decreased the harvest index in Mv Hópehely (−43%), Mv Nádor (−15%)
and Mv Ikva (−9%) (Table 4).
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Table 4. Average harvest index values (%) of the tested varieties.

Variety Treatment 400 ppm 700 ppm 1000 ppm

Mv Initium
(winter barley)

C 38.5Db2 43.7Da1 43.5Ca1

T 40.4Cab2 40.3Db2 43.4Ca1

H 41.4Ba1 36.0Dc2 40.7Ca1

Mv Hópehely
(winter oat)

C 42.0Ca1 42.3Da1 29.2Da2

T 35.5Db1 29.3Eb2 30.6Da2

H 22.9Cc1 15.9Ec2 16.5Db2

Mv Ikva
(winter wheat)

C 55.3Aa2 56.9Ab2 60.8Aa1

T 57.1Aa2 62.2Aa1 57.5Aab2

H 55.2Aa1 48.4Bc2 55.5Ab1

Mv Nádor
(winter wheat)

C 52.7Ba1 50.9Ab1 54.0Aa1

T 52.0Ba1 52.7Ca1 53.1Ba1

H 52.2Aa1 41.1Cc3 45.8Bb2

Mv Nemere
(winter wheat)

C 51.7Ba1 53.1Ab1 53.0Ba1

T 49.9Ba2 55.4Ba1 52.2Ba12

H 52.3Aa1 49.2Ac2 54.3Aa1

Mv Kolompos
(winter wheat)

C 35.8Eb2 41.9Da1 42.4Ca1

T 38.8Ca2 42.5Da12 42.9Ca1

H 36.7Bab2 35.4Db2 42.6BCa1

‘C’: control treatment; ‘T’: drought stress by tillering; ‘H’: drought stress by heading. Capital letters indicate the
statistical significance between the varieties at p ≤ 0.05 level; lowercase letters indicate the statistical significance
between the treatments at p ≤ 0.05 level. The numbers in the indexes indicate the statistical significance between
the different CO2 levels at p ≤ 0.05 level (n = 3).

In terms of the harvest index, consistent CO2 responses were observed only for Mv
Hópehely (Figure 4). Under 1000 ppm CO2, harvest index was significantly lower in each
water treatment group, and even the 700 ppm level resulted in a decrease under drought
stress conditions. Both enriched CO2 concentrations had a positive influence on the harvest
index of Mv Initium, but this trend could be detected only in the well-watered plants.
No subsequent CO2 responses could be observed in Mv Ikva and Mv Nemere, but CO2
fertilization significantly decreased the harvest index of Mv Nádor when water availability
was reduced at BBCH stage 55. Mv Kolompos showed positive CO2 reactions, which
were statistically significant either at 700 or 1000 ppm CO2 under well-watered conditions,
but this tendency was significant in drought stress treatments only under 1000 ppm CO2
(Figure 4).
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Figure 4. Relative changes in cultivars in response to elevated CO2 in terms of harvest index ‘C’: control treatment; ‘T’: drought
stress at tillering stage; ‘H’: drought stress at heading stage. ‘INI’: Mv Initium (winter barley); ‘HOP’: Mv Hópehely (winter oat);
‘IKVA’: Mv Ikva (winter wheat); ‘NAD’: Mv Nádor (winter wheat); ‘NEM’: Mv Nemere (winter wheat); ‘KOL’: Mv Kolompos
(winter wheat). Full bars represent significant differences compared to the control (400 ppm) p ≤ 0.05 level (n = 3).

At ambient CO2 level, drought stress at the early developmental stage (BBCH 21)
caused no significant changes in the plants’ water use, but water shortage at BBCH stage
55 significantly decreased the water uptake of Mv Ikva (−24%) and Mv Nemere (−12%)
compared with the control treatment. Significant differences between the two drought
stress treatments were also observed for Mv Nemere (the lowest water use was observed
for treatment ‘H’) (Figure 5). Under 700 ppm CO2 concentration, drought stress at the early
stage decreased the water use of Mv Ikva (−18%), and water withdrawal at BBCH stage 55
decreased water uptake values in each wheat variety; the highest decrease (−20%) was
observed for Mv Ikva. Furthermore, significant differences were observed between the two
stress treatments in Mv Kolompos (drought stress at BBCH 55 reduced water uptake by 6%
compared to the water shortage simulated at BBCH 21) (Table 5). At 1000 ppm CO2 level,
both stress treatments decreased water use in Mv Ikva significantly (−15% and −12% in ‘T’
and ‘H’ treatments, respectively) (Figure 5).
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Figure 5. Average water use values (m3) of the tested varieties. ‘C’: control treatment; ‘T’: drought stress at BBCH 21; ‘H’:
drought stress at BBCH 55. Capital letters indicate the statistical significance between the varieties; lowercase letters indicate
the statistical significance between the treatments; the numbers show the statistical significance between the different CO2

levels at p ≤ 0.05 level (n = 3) (Mv Initium is winter barley; Mv Hópehely is winter oat; Mv Ikva, Mv Nádor, Mv Nemere
and Mv Kolompos are winter wheat).
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Table 5. The average water-use efficiency values (kg·m−3) of the tested varieties.

Variety Treatment ~400 ppm 700 ppm 1000 ppm

Mv Initium
(winter barley)

C 1.115Ba2 1.227Ca2 1.555Ca1

T 1.130Ba2 1.169Da2 1.515CDa1

H 1.040Ca2 1.174Ba2 1.538Ca1

Mv Hópehely
(winter oat)

C 0.985Ba12 1.217Ca1 0.746Da2

T 0.656Cab1 0.628Eb1 0.724Ea1

H 0.461Db1 0.291Cc2 0.300Db2

Mv Ikva
(winter wheat)

C 1.762Aa2 1.867Aa2 2.271Aa1

T 1.789Aa2 1.905Aa2 2.262Aa1

H 1.686Aa2 1.745Aa2 2.126Aa1

Mv Nádor
(winter wheat)

C 1.480Aa2 1.516Ba2 1.889Ba1

T 1.389Aa2 1.422Cb2 1.722BCab1

H 1.416Ba2 1.126Bc3 1.576Cb1

Mv Nemere
(winter wheat)

C 1.516Aa3 1.720Aa2 1.970Ba1

T 1.289Ba2 1.664Ba1 1.933Ba1

H 1.567ABa2 1.555Ab2 1.853Ba1

Mv Kolompos
(winter wheat)

C 0.957Ba2 1.269Ca1 1.556Ca1

T 1.051BCa2 1.290Da1 1.453Da1

H 0.927Ca2 1.077Bb2 1.445Ca1

‘C’: control treatment; ‘T’: drought stress at BBCH 21; ‘H’: drought stress at BBCH 55. Capital letters indicate the
statistical significance between the varieties; lowercase letters indicate the statistical significance between the
treatments; the numbers show the statistical significance between the different CO2 levels at p ≤ 0.05 level (n = 3).

There were differences between the plants’ reactions in terms of water uptake at the
two levels of CO2 enrichment (Figure 6). No significant changes in water uptake could
be observed under 700 ppm, but the 1000 ppm CO2 level reduced the water demand of
plants during vegetation in each variety and each water treatment group, except for Mv
Hópehely under optimum watering. Under optimum watering, the water demand of the
cultivars decreased by 24% on average, and when water shortage was simulated at BBCH
stages 21 and 55, the reduction in water use was 23% less in both stress treatments than
under control conditions (400 ppm) (Figure 6).
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Figure 6. Relative changes in cultivars to elevated CO2 in terms of water use ‘C’: control treatment; ‘T’: drought stress at
tillering stage; ‘H’: drought stress at heading stage. ‘INI’: Mv Initium (winter barley); ‘HOP’: Mv Hópehely (winter oat); ‘IKVA’:
Mv Ikva (winter wheat); ‘NAD’: Mv Nádor (winter wheat); ‘NEM’: Mv Nemere (winter wheat); ‘KOL’: Mv Kolompos (winter
wheat). Full bars represent significant differences compared to the control (400 ppm) p ≤ 0.05 level (n = 3).

Under 400 ppm CO2 concentration, the water shortage induced at BBCH stage 21
caused no significant changes in the plants’ water-use efficiency (WUE), but limited wa-
ter availability at BBCH stage 55 decreased the WUE of Mv Hópehely from the initial
1.115 kg/m3 (control) to 1.040 kg/m3 (Table 5). At the 700 ppm CO2 level, simulated
drought at tillering decreased water-use efficiency in Mv Hópehely by 48% and in Mv
Nádor by 6%, but no significant changes were observed for the other varieties. In Mv
Hópehely, water shortage at heading (BBCH 55) had very serious consequences: its water-
use efficiency (0.291 kg/m3) decreased by 76% compared to the well-watered treatment
(1.217 kg/m3). Even the WUE of Mv Nádor, Mv Kolompos and Mv Nemere decreased
by 25%, 15% and 10%, respectively, compared to the well-watered control. However, the
best adaptability was observed in Mv Nemere, as its water-use efficiency was significantly
higher under drought conditions at the heading stage than that of Mv Nádor and Mv
Kolompos, and it did not differ from the early-ripening cultivar (Mv Ikva). Furthermore,
in Mv Hópehely, Mv Nádor, Mv Nemere and Mv Kolompos, significant differences were
observed between the two drought stress treatments: water shortage at the heading stage
induced a more intensive decrease in water-use efficiency than the shortage simulated at
tillering (Table 5). At 1000 ppm CO2 level, water withdrawal at the tillering stage did not
induce changes in the WUE, indicating that CO2 fertilization could counterbalance the
negative impacts of a limited-water environment. Water shortage at the heading stage
reduced water-use efficiency significantly only in Mv Hópehely and Mv Nádor by 60%
and 17%, respectively, which indicated the sensitivity of these varieties to drought stress
(Table 5).

As a consequence of the positive responses in grain yield and the moderated wa-
ter uptake of Mv Initium, 1000 ppm CO2 resulted in an improved water-use efficiency
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in each treatment (39%, 34% and 48% in control, ‘T’ and ‘H’ treatments, respectively)
(Figure 7). The negative trends determined by the grain yield of Mv Hópehely under
elevated CO2 were counterbalanced by the reduced water uptake in the control and by
the water shortage at BBCH 21; therefore, CO2 enrichment did not influence water-use
efficiency significantly. The negative impacts of the late drought stress at BBCH 55 was
extremely serious in the oat variety; therefore, a declined water-use efficiency was found
under both elevated CO2 concentrations as well. The 1000 ppm CO2 level improved the
water-use efficiency of each wheat variety, but the best responses were determined in Mv
Kolompos with 163%, 138% and 156% in the control, ‘T’ and ‘H’ treatments, respectively.
In terms of CO2 reactions, no significant differences were observed between Mv Nádor, Mv
Nemere and Mv Ikva. An increased WUE was detected in Mv Kolompos under optimum
irrigation, and in the drought-stressed plants at BBCH stage 21. A similar trend was
observed for Mv Nemere but only in the control treatment (Figure 7).

Figure 7. Relative changes in cultivars in response to elevated CO2 in terms of water-use efficiency ‘C’: control treatment;
‘T’: drought stress at tillering stage; ‘H’: drought stress at heading stage. ‘INI’: Mv Initium (winter barley); ‘HOP’: Mv
Hópehely (winter oat); ‘IKVA’: Mv Ikva (winter wheat); ‘NAD’: Mv Nádor (winter wheat); ‘NEM’: Mv Nemere (winter
wheat); ‘KOL’: Mv Kolompos (winter wheat). Full bars represent significant differences compared to the control (400 ppm)
p ≤ 0.05 level (n = 3).

4. Discussion

In our experiment, the drought stress induced in the vegetative (BBCH 21) and the
generative (BBCH 55) phases of development decreased the biomass of five out of six
winter cereal varieties at atmospheric CO2 level. When the CO2 level was enriched to
700 ppm, a similar tendency was observed in Mv Hópehely, Mv Ikva, Mv Nemere and
Mv Nádor. Furthermore, the biomass of Mv Ikva and Mv Nádor decreased as an effect
of drought stress at the 1000 ppm CO2 level, regardless of the developmental stage at
which the stress occurred. In the case of the examined barley cultivar, elevation of the CO2
level (700 ppm or 1000 ppm) resulted in increased biomass values when the plants were
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stressed. Our result is in agreement with the findings of Dong et al. [46], Ding et al. [47]
and Zhao et al. [48], who claimed that the biomass of winter wheat or oat decreases as
an effect of reduced irrigation in different developmental stages at ambient CO2 levels.
Manderscheid and Weigel [49] and Li et al. [50] observed that water withdrawal initiated
after steam elongation at elevated CO2 levels (~700 ppm and 800 ppm) decreased the
biomass of spring wheat. We also found that the early-stage drought stress decreased
biomass at 700 ppm CO2 level. It was found that under elevated CO2 (700 ppm) water
limitation at the terminal growing stage reduced biomass in durum wheat, according to
Garmendia et al. [51], and in barley, according to Bista et al. [52]; however, in the case of
the examined barley cultivar, we found increased biomass values compared to the con-
trol. In disagreement with our findings, Varga et al. [28] found no significant differences
in the plants’ biomass between the well-watered and drought-stressed winter wheat at
different developmental stages at elevated CO2 level (1000 ppm), which fact confirms the
variety-specific CO2 responses. In this study, we observed increased biomass values at
both elevated CO2 levels (700 ppm, 1000 ppm) in barley when the plants were stressed.
At different developmental stages (tillering or heading), induced drought stress increased
the biomass values in Mv Nádor and Mv Kolompos at elevated CO2 levels (700 ppm)
compared to the ambient concentration. Increased biomass production was observed in
Mv Hópehely, Mv Nemere and Mv Kolompos in well-watered plants under 700 ppm CO2
levels, and also in Mv Kolompos under 1000 ppm (compared to ~400 ppm). Ulfat et al. [53]
stressed winter wheat with drought by anthesis at ambient and elevated CO2 levels
(800 ppm). They found the highest biomass values in well-watered plants at ambient
CO2 levels, and the second highest in well-watered plants under elevated CO2. However,
we observed higher biomass at elevated CO2 levels (700 ppm) compared to the ambient
level in well-watered or drought-stressed Mv Nádor, Mv Nemere and Mv Kolompos.

According to our findings, water shortage at the tillering stage under ~400 ppm increased
spike numbers in Mv Nemere and decreased them in the barley variety. The drought at
heading decreased spike numbers in the barley and Mv Ikva. Our findings are in agreement
with other results [47,54–56]. Samarah et al. [54] also found that late-terminal drought stress
decreased the spike number of barley. According to Khakwani et al. [55], water deficit at the
reproductive stage reduces the number of panicles per plant in winter wheat. Ding et al. [47]
claimed that the drought stress either at elongation or at the heading stage reduced the spikes
per plant in winter wheat. Rollins et al. [56] also found a significantly lowered number of
spikes in barley in drought-stress treatment at the generative stage compared to the control.
When the CO2 level was elevated to 700 ppm, drought at tillering increased spike numbers in
the examined barley and Mv Nemere, and decreased them for Mv Ikva. The water shortage
at BBCH stage 55 increased the numbers of panicles per plants in Mv Nádor and decreased
them in Mv Ikva. According to the findings of Garmendia et al. [51], the number of spikes
in durum wheat slightly increased as an effect of terminal drought stress and elevated CO2
level (700 ppm). We had a similar result for one winter wheat variety (Mv Nádor). In our
experiment, at 1000 ppm CO2 level, water shortage at the tillering or heading stages increased
spike numbers only in Mv Ikva. Sionit et al. [57] found the opposite effect: late-stage drought
stress decreased spike numbers in spring wheat. We found that neither drought treatments
nor changes in the levels of CO2 produced significant differences in the number of panicles in
the examined oat cultivar. In Mv Nádor, higher spike numbers were observed at the 700 ppm
CO2 level in every watering regime compared to the ambient CO2 level. This was in line with
the results of Thilakarathne et al. [58], who found a higher spike number in spring wheat at an
elevated CO2 level (700 ppm) compared to the ambient CO2 level under optimum watering.

In our experiment, water shortage at BBCH 21 and BBCH 55 decreased the grain yield of
Mv Ikva compared to the well-watered plants under all tested CO2 concentrations (~400 ppm,
700 ppm, 1000 ppm). The two drought treatments also decreased the yield of Mv Hópehely,
Mv Nádor and Nemere at ambient and elevated CO2 levels (700 ppm) and for the barley
at ~400 ppm. At 1000 ppm CO2, drought stress at the heading stage decreased the grain
yield of all examined varieties except for Mv Kolompos. Zhao et al. [48] also found decreased
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grain yield values in oats as an effect of drought-induced stress at different developmental
stages. Quaseem et al. [59] found similar results in wheat as an effect of simulated water
shortage at pre-anthesis. Our results are in agreement with Varga et al. [28], Manderscheid
and Weigel [49] and Ulfat et al. [53]; these studies also observed a decrease in the grain yield
values of wheat as an effect of early-stage or late-stage water shortage at elevated CO2 levels
(700 ppm, 800 ppm or 1000 ppm). Positive CO2 fertilization effects in barley and negative
CO2 fertilization effects in the oat cultivar were observed for grain yield at both elevated
CO2 levels (700 ppm and 1000 ppm) in every treatment (control, drought at BBCH stage 21
and drought at BBCH stage 55). Additionally, higher grain yield values were observed for
the well-watered and early-stage drought-stressed plants in Mv Nemere and Mv Kolompos
varieties when the CO2 concentration was elevated to 700 ppm (compared to the ambient
CO2 level). Thilakarathne et al. [58] also found elevated grain yield values in spring wheat at
elevated an CO2 level (700 ppm) under optimal watering treatment.

According to our results, water withdrawal at tillering increased the harvest index in
Mv Kolompos at ambient concentrations and in Mv Ikva, Mv Nádor and Mv Nemere at
700 ppm CO2 levels, and decreased it in Mv Hópehely at ambient and elevated (700 ppm)
levels and in Mv Initium at 700 ppm CO2 level. Water shortage at heading decreased the
harvest index of the oat cultivar at each CO2 level. Late-stage water shortage decreased
the harvest index of every examined variety at 700 ppm CO2 level, and of Mv Hópehely
and Mv Nádor at 1000 CO2 level. Increments in the CO2 (700 ppm and 1000 ppm) affected
the harvest index negatively in Mv Hópehely compared to the ambient CO2. In contrast
to our findings, Zhao et al. [48] observed that the harvest index of the examined oat was
improved as an effect of the applied drought stress at ambient levels of CO2. Samarah
et al. [54] stated that the harvest index of barley decreased as an effect of late-terminal
drought stress, however, we noted an opposite tendency. Ding et al. [47] found that drought
stress at the elongation stage under ~400 ppm CO2 improved the harvest index of winter
wheat; our results were in line with this but only with one wheat cultivar (Mv Kolompos).
Wu et al. [60] found slightly higher harvest index values under drought conditions in
spring wheat compared with the control (80% of field water capacity) under elevated CO2
(~700 ppm). Compared to the control treatment, Ulfat et al. [53] found decreased harvest
index values for winter wheat as a result of drought stress at anthesis under 800 ppm CO2
concentration. We also found decreased harvest index values at 700 ppm CO2 level as a
result of drought at heading. Varga et al. [28] also found lower harvest index values due to
the effect of water withdrawal compared to the control under 700 ppm and 1000 ppm.

At ambient CO2 level, drought stress at BBCH stage 21 caused no significant changes
in the plants’ water use, and water shortage at BBCH stage 55 significantly decreased water
use of Mv Ikva and Mv Nemere compared with the control treatment. Under elevated CO2
concentrations (700 and 1000 ppm), both drought stresses decreased the water use of Mv
Ikva, and water withdrawal at BBCH stage 55 decreased water use values in each wheat
cultivar at 700 ppm. Although CO2 enrichment to 700 ppm had no significant effect on
the water uptake of the examined varieties, the elevation of CO2 to 1000 ppm caused a
positive CO2 effect. Namely, the water use of each examined variety decreased significantly
in all treatments (control, drought stress at tillering and drought stress at heading stage).
According to Varga et al. [28], an elevated CO2 level (1000 ppm) can decrease the water
uptake of plants in both optimum watering and drought stress at heading.

In our experiment, the drought stress simulated at BBCH 21 decreased the water-use
efficiency of Mv Hópehely and Mv Nádor, but only at an elevated CO2 (700 ppm) level.
Water withdrawal at BBCH 55 decreased the WUE of the examined oat in every CO2
treatment, of Mv Nádor under the elevated CO2 concentrations (700 ppm and 1000 ppm)
and of Mv Nemere and Mv Kolompos under 700 ppm CO2. A positive CO2 fertilization
effect was observed also in terms of water-use efficiency in barley and all wheat varieties
under all water treatments when the CO2 level was elevated to 1000 ppm. However, this
positive response was only observed for Mv Kolompos and Mv Nemere under 700 ppm
CO2, when the plants were well-watered or the drought stress was initiated at BBCH stage
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21. Liu et al. [61] found increased water-use efficency values in oats when the CO2 level
was elevated (700 ppm) and the plants were grown under optimum conditions, but in our
experiment, there was no significant difference between the well-watered plants’ WUE at
the different CO2 levels. Li et al. [50] found that the water-use efficiency of winter wheat
was slightly increased (compared to the control) by drought treatment in the elongation
phase at elevated CO2 levels (800 ppm), and WUE was significantly affected by CO2
treatment in that experiment. In disagreement with the results of Li et al. [50], we found
decreased water-use efficiency values for the examined wheat cultivars under 700 ppm
when the plants were stressed at tillering or heading stage. Robredo et al. [62] observed that
the highest WUE was observed when the plants (winter and spring wheat or barley) were
treated with drought at an elevated CO2 level (700 ppm). Medeiros and Ward [63] found
the highest water-use efficiency under moderate and severe drought stress at an elevated
(700 ppm) CO2 level. We also found increased WUE values when the CO2 level was
elevated, but only at 1000 ppm (compared to ambient CO2 levels and different treatments).

5. Conclusions

Genotypic differences related to elevated atmospheric CO2 concentration were con-
firmed in this study, however, the role of environmental factors was significant in this
regard. Generally, positive CO2 fertilization effects were found for barley (Mv Initium);
CO2 enrichment induced higher biomass and grain yield, decreased water uptake and
better water-use efficiency. Low CO2 sink ability was determined for the oat (Mv Hópehely)
because an elevated CO2 concentration resulted in a reduction in grain yield and harvest
index, as well as in water-use efficiency, regardless of the gas concentration. High variabil-
ity was observed in the CO2 responses of the four winter wheat varieties. The biomass
and grain yield of Mv Kolompos were increased by CO2 fertilization. The water uptake of
all wheat varieties decreased significantly, and at the same time, their water-use efficiency
improved, but only under 1000 ppm CO2. Mv Ikva was not susceptible to CO2 fertilization.
The reason behind this phenomenon might be that this cultivar was an early-ripening
variety among the tested plants. No consistent CO2 reactions were observed for Mv Nádor
and Mv Nemere. Positive CO2 fertilization effects were found for Mv Kolompos; CO2
enrichment induced higher biomass, grain yield and harvest index, decreased water uptake
and improved water-use efficiency. The present study suggests that the effects of different
CO2 concentrations should be tested by taking into consideration the determined genotypic
differences of cereal species and varieties.

The CO2 responses of genotypes can differ significantly, as confirmed by our study.
However, the number of genotypes was not high enough to be able to confirm correlation
between the ripening times of the varieties and their CO2 reactions. Our study may be a
good base for a more detailed examination in which the physiological background of the
CO2 responses can be determined.
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Appendix A

Table A1. Effects of the examined factors on biomass.

Df Sum Sq Mean Sq F Value Pr(>F) Signif.

CO2_level 2 976 488.1 351.26 <2*10−16 ***
Watering 2 1801 900.6 648.13 <2*10−16 ***
Variety 6 8191 1365.2 982.49 <2*10−16 ***

CO2_level:Watering 4 95 23.8 17.14 7.59*10−11 ***
CO2_level:Variety 10 561 56.1 40.38 <2*10−16 ***
Watering:Variety 12 1436 119.7 86.14 <2*10−16 ***

CO2_level:Watering:Variety 20 758 37.9 27.29 <2*10−16 ***
Residuals 105 146 1.4

Signif. codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Table A2. Effects of the examined factors on spike number per pot.

Df Sum Sq Mean Sq F Value Pr(>F) Signif.

CO2_level 2 101.26 50.63 49.782 6.22*10−16 ***
Watering 2 38.65 19.33 19.001 9.05*10−08 ***
Variety 6 214.76 35.79 35.193 <2*10−16 ***

CO2_level:Watering 4 10.18 2.55 2.503 0.0467 *
CO2_level:Variety 10 80.67 8.07 7.932 2.14*10−09 ***
Watering:Variety 12 76.39 6.37 6.259 3.15*10−08 ***

CO2_level:Watering:Variety 20 107.53 5.38 5.286 5.92*10−09 ***
Residuals 105 106.79 1.02

Signif. codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Table A3. Effects of the examined factors on grain yield.

Df Sum Sq Mean Sq F Values Pr(>F) Signif.

CO2_level 2 117 58.5 73.69 <2*10−16 ***
Watering 2 987.3 493.6 21.76 <2*10−16 ***
Variety 6 402.2 67 84.44 <2*10−16 ***

CO2_level:Watering 4 108.3 27.1 34.11 <2*10−16 ***
CO2_level: Variety 10 319.5 32 40.24 <2*10−16 ***
Watering: Variety 12 633.4 52.8 66.49 <2*10−16 ***

CO2_level:Watering: Variety 20 198 9.9 12.47 <2*10−16 ***
Residuals 105 83.4 0.8

Signif. codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
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Table A4. Effects of the examined factors on harvest index.

Df Sum Sq Mean Sq F Value Pr(>F) Signif.

CO2_level 2 37 18.7 10.075 9.94*10−05 ***
Watering 2 1116 557.9 300.277 <210*−16 ***
Variety 6 13650 2274.9 1224.323 <2*10−16 ***

CO2_level:Watering 4 373 93.3 50.224 <2*10−16 ***
CO2_level: Variety 10 558 55.8 30.031 <2*10−16 ***
Watering: Variety 12 1147 95.6 51.457 <2*10−16 ***

CO2_level:Watering:Variety 20 331 16.5 8.897 8.02*10−15 ***
Residuals 105 195 1.9

Signif. codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Table A5. Effects of the examined factors on water use.

Df Sum Sq Mean Sq F Value Pr(>F) Signif.

CO2_level 2 501 250.6 329.001 <210*−16 ***
Watering 2 61 30.6 40.108 1.15*10−13 ***
Variety 6 3229 538.2 706.466 <2*10−16 ***

CO2_level:Watering 4 5 1.3 1.681 0.159995
CO2_level: Variety 10 27 2.7 3.491 0.000533 ***
Watering: Variety 12 47 3.9 5.176 9.3210*−07 ***

CO2_level:Watering: Variety 20 22 1.1 1.435 0.122577
Residuals 105 80 0.8

Signif. codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

Table A6. Effects of the examined factors on water-use efficiency.

Df Sum Sq Mean Sq F Value Pr(>F) Signif.

CO2_level 2 3.459 1.73 195.49 <2*10−16 ***
Watering 2 1.157 0.579 65.397 <2*10−16 ***
Variety 6 25.725 4.287 484.559 <2*10−16 ***

CO2_level:Watering 4 0.189 0.047 5.336 0.000596 ***
CO2_level: Variety 10 1.57 0.157 17.749 <2*10−16 ***
Watering: Variety 12 1.19 0.099 11.205 4.20*10−14 ***

CO2_level:Watering: Variety 20 0.446 0.022 2.519 0.001285 **
Residuals 105 0.929 0.009

Signif. codes: ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
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Abstract: Lolium rigidum Gaud. is a cross-pollinated species characterized by high genetic diversity
and it was detected as one of the most herbicide resistance-prone weeds, globally. Acetohydroxyacid
synthase (AHAS) resistant populations cause significant problems in cereal production; therefore,
monitoring the development of AHAS resistance is widely recommended. Using next-generation
sequencing (NGS), a de novo transcriptome sequencing dataset was presented to identify the com-
plete open reading frame (ORF) of AHAS enzyme in L. rigidum and design markers to amplify
fragments consisting of all of the eight resistance-conferring amino acid mutation sites. Pro197Thr,
Pro197Ala, Pro197Ser, Pro197Gln, and Trp574Leu amino acid substitutions have been observed in
samples. Although the Pro197Thr amino acid substitution was already described in SU and IMI
resistant populations, this is the first report to reveal that the Pro197Thr in AHAS enzyme confers a
high level of resistance (ED50 3.569) to pyroxsulam herbicide (Triazolopyrimidine).

Keywords: target-site resistance; ahas; als; Triazolopyrimidine herbicide; Lolium rigidum

1. Introduction

Rigid ryegrass (Lolium rigidum Gaud.) is a diploid annual grass species distributed
worldwide [1]. L. rigidum is one of the most widespread and harmful weeds in the Mediter-
ranean area and it was introduced to North and South America, South Africa, and Aus-
tralia [2]. Globally, L. rigidum occurs as weeds of cereal crops, vineyards, and orchards [3].
Though it was intentionally introduced to south-western Australia as a pasture plant
species, it is considered as one of the most problematic weeds [4,5].

L. rigidum is one of the most important herbicide-resistant weeds causing economic
problems worldwide [6]. Since the 1980s, the development of broad and complex herbicide
resistance patterns, such as multiple and cross resistance, has been detected across L. rigidum
populations [7–9].

However, in weed control the dominant strategy is to use different herbicides that are
highly effective on weeds, within these populations, several plants were documented carrying
multiple resistance to herbicides including ten different chemical classes [10,11]. Multiple
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resistance to PSII, acetyl coenzyme A carboxylase (ACCase) and acetolactate synthase (ALS)
inhibitors has been demonstrated in Australian and Spanish populations [5,12,13]. This
observation has significant consequences on the treatment management for arable lands,
as it indicates that the selection with a single herbicide can cause a complex and highly
unpredictable pattern of cross-resistance [14].

An effective herbicide is able to penetrate the plants to their site of action at a lethal
dose. Herbicides can inhibit plant specific enzymes on a specific target site, thereby altering
plant metabolic mechanisms. If the structure of the target site is changing, then the effect of
the herbicide is limited, therefore, plants can develop target-site resistance (TSR) against
several herbicides. The mechanism of TSR includes point mutations in a target gene
causing amino acid changes and lower herbicide binding capacity to the target enzyme.
TSR often involves mutations in genes encoding protein targets of herbicides that affect
herbicide binding either at or near the catalytic domains or in regions that affect access to
them [15]. The mutant target protein shows increased expression in response to herbicide
exposure [16]. Because of the rapid evolution of TSR mutations triggered by genetic and
other factors, an increased number of herbicide resistant weed populations can be observed
on arable fields [17]. This problem will endanger the sustainability of weed control [18],
therefore, it is necessary to detect herbicide resistance in agricultural fields. Determining
herbicide resistance in surviving weeds after chemical treatment facilitates the planning
and effectiveness of subsequent herbicide treatment. In the next-generation sequencing-
targeted amplicon sequencing (NGS-TAS) method, TSR is determined by single nucleotide
polymorphism (SNP) genotyping and allows identifying the formed multiple TSR (MTSR)
in weed population [19].

A remarkable phenomenon of herbicide resistance in L. rigidum cross-pollinated
weed species, is the high rate of occurrence of cross-resistance that has been confirmed
globally. For instance, resistance to AHAS (acetohydroxyacid synthase, EC 4.1.3.18, also
known as ALS) inhibitors has been found in Australia, Chile, France, Greece, Israel, and
South Africa [20]. Moreover, triasulfuron-resistant populations were found to be resistant
also to imidazolinone herbicides [21]. As a consequence of amino acid substitutions,
resistant plants were detected in the genetically diverse and resistance-prone L. rigidum
genus. Examining a single population, 1–6 different mutations were found in the ahas
gene sequence causing herbicide resistance [22]. So far, 13 Sites of Action were detected in
resistant populations in the case of 35 herbicides, therefore, L. rigidum was ranked as one of
the most herbicide resistance-prone weeds [20].

Resistance to AHAS targeting herbicides is the most common problem among weed
species. Most weed species are more resistant to AHAS-inhibiting herbicides than to any
other herbicides [8,23]. AHAS catalyzes the first common step in the pathway for synthesis
of the branched-chain amino acids such as leucine, isoleucine, and valine in plants. This
herbicide group consists of five different chemical families: sulfonylureas (SU), imidazoli-
nones (IMI), sulfonylaminocarbonyl-triazolinones (SCT), pyrimidinylthiobenzoates (PTB),
and triazolopyrimidines (TP). AHAS inhibitor herbicides have been widely used as a result
of their effectiveness against several weeds at low doses with low mammalian toxicity and
their selectivity for major crops [24,25]. Pyroxsulam (molecular formula: C14H13F3N6O5S)
(IUPAC name: N-(5,7-dimethoxy[1,2,4] triazolo[1,5-a]pyrimidin-2-yl)-2-methoxy-4- (triflu-
oromethyl) pyridine-3-sulfonamide) is a member of the TP chemical family. Pyroxsulam
herbicide inhibits the production of the AHAS enzyme in plants. Therefore, it can control
annual grasses and broadleaf weeds in cereal crops, corn, soybean, sunflower, cotton, tree,
and vine crops.

A few point mutations may occur in the sequence of a target enzyme gene, evolving
resistance to herbicides. In plants, point mutations causing amino acid substitutions at
eight different codons of the ahas gene, have been confirmed to cause resistance in field-
evolved resistant weed species [17,26]. So far in AHAS enzyme, two amino acid substitu-
tions at the position of Pro197 and Trp574 (according to Arabidopsis thaliana numbering)
have been reported in L. rigidum samples as a consequence of SU and IMI. Considering
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AHAS enzyme, six resistance-endowing amino acid substitutions were identified in one
L. rigidum population: Pro197Ala, Pro197Arg, Pro197Gln, Pro197Leu, Pro197Ser, and
Trp574Leu [20,22,27]. Furthermore, Ala122Gly, Pro197Thr, Ala205, Asp376Asn, Asp376Glu
amino acid changes were observed in Greek and Italian populations after SU and IMI
treatment [28,29]. Although AHAS has a crucial role in the development of herbicide
resistance, interestingly, its whole gene sequence is still unknown. It would be essential to
identify it to be able to discover new amino acid substitutions in order to fully understand
its role in herbicide resistance.

L. rigidum, as a highly susceptible weed, poses a serious economic threat to intensive
cropping systems. The use of herbicides is a dominant part of integrated weed management
practices, so the knowledge of developed herbicide resistance is important (Beckie 2006).
Our aim was to determine the degree of AHAS resistance and the type of resistance (TSR
or NTSR) in the suspected Tunisian population of L. rigidum. The site resistance can be
confirmed by examining mutations that cause known resistance.

In this study, the complete AHAS enzyme mRNA sequence in sensitive L. rigidum was
identified using Illumina de novo sequencing technology, which sequence information was
gap-filling information in this area. After pyroxsulam treatment resistant populations were
produced in order to analyze the mutations in the ahas gene coding sequences. Based on
Illumina data, point mutations were identified using Sanger sequencing (Figure 1).

Figure 1. The investigation of the ahas gene in L. rigidum population. (a) Pyroxsulam (TP herbicide)
treatment and collection of leaf tissue for RNA and DNA isolation at 0 DAT and for DNA isolation
at 21 DAT. (b) Process of RNA analysis. After RNA extraction, library preparation was prepared
for Illumina NextSeq500 paired-end sequencing. The quality of the raw reads was checked, and de
novo assembly of transcripts was performed using Trinity software and the ORF of the ahas gene was
identified. (c) DNA analysis. After DNA extraction, gene fragments of the ahas gene were amplified
by PCR and their nucleotide sequence was identified by Sanger sequencing. As a result, amino acid
substitutions were identified.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

Seeds of 50 putative pyroxsulam-resistant L. rigidum mature plants were collected from
a wheat field beside Ben Arous city, in north-eastern Tunisia where pyroxsulam (PallasTM

45 OD, Dow AgroSciences) was used at a normal field dose of 18.4 g ai/ha. Immediately,
after collection of all seeds, they were air-dried and stored at 4 ◦C until used in consecutive
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experiments. Sensitive seeds of L. rigidum that have never been treated with herbicides
were obtained from Seed Bank of Hungarian University of Agriculture and Life Sciences
Georgikon Campus, Institute of Plant Protection. Seeds were germinated in Petri dishes at
30 ◦C/20 ◦C 16 h photoperiod and were planted in pots and were stored in a greenhouse.

2.2. De Novo Transcriptome Sequencing and Assembly

Leaves of five herbicide-susceptible samples were collected and frozen in liquid ni-
trogen immediately after collection and were stored at −80 ◦C. The total RNA from plant
tissues were isolated using TaKaRa Plant RNA Extraction Kit following the manufac-
turer’s instruction (Takara Bio Inc.; Shiga, Japan). The purity and concentration of the
RNA sample were assessed on the Agilent TapeStation system (Agilent Technologies Inc.;
Santa Clara, CA, USA) and Qubit 4 Fluorometer (Thermo Fisher Scientific; Waltham, MA,
USA) (Table S1, Figure S1). As starting material, 2.0 µg of total RNA was used from which
cDNA synthesis and library construction were performed. TruSeq™ RNA sample prepara-
tion kit (Low-Throughput protocol) was used to enrich the mRNA, synthesize cDNA, and
prepare the library for Illumina NextSeq paired-end sequencing (Figure S2). The quality
of the raw (2 × 80 base long) reads was checked by using FastQC quality control soft-
ware [30]. Quality trimming at a Phred score ≥30 was performed by using self-developed
software [31]. De novo assembly of transcripts was performed using Trinity [32] with 25 k-
mer size. Assembled contigs were used as L. rigidum reference transcriptome. The transcript
abundances were estimated using the RSEMprogram (http://deweylab.github.io/RSEM/
accessed on 10 June 2021) with the scripts provided in the Trinity package. Raw reads and
assembled transcript dataset were deposited in the NCBI Sequence Read Archive (SRA:
SRR8469510) and Transcriptome Shotgun Assembly (TSA: GHHB00000000.1; BioProject
PRJNA512627).

2.3. Identification of Ahas mRNA in L. Rigidum

Ahas mRNA of Lolium multiflorum (GenBank: AF310684.2) was used as a refer-
ence. To dynamically translate all reading frames, Blastn algorithm was used [33]. The
mRNA sequences were identified from BLAST and aligned into a single gene by us-
ing ClustalW [34]. Open reading frames (ORF) were identified using NCBI ORF finder
(https://www.ncbi.nlm.nih.gov/orffinder/ accessed on 10 June 2021). The investigated
sequence of L. rigidum was deposited in the NCBI GenBank MK492446.

2.4. Dose-Response Analysis

Twenty putative pyroxsulam-resistant plants at the three-leaf stage in each pot were
treated with pyroxsulam herbicide as commercial herbicide formulation PallasTM 45 OD,
using a plot sprayer delivering 250 L ha−1, at a pressure of 300 kPa and a speed of 1.2 ms−1,
with a boom equipped multirange flat fan hydraulic spray nozzle (TeeJetR© XR11002).
Relative biomass reduction bioassay was performed using six application rates: 0, 4.6, 9.2,
18.4, 36.8, 73.6, and 147.2 (18.4 g ai/ha as the recommended field dose). The treatment
was applied on sensitive samples, as control and on resistant samples. Leaves of sensitive
samples were collected at 0 day after treatment (DAT) for DNA extraction. The pots were
placed in a greenhouse and survivors were assessed at 21 DAT. The herbicide treatment was
applied in three technical replicates with a complete randomized block. The dose-response
experiment was repeated once more. The nonlinear regression analysis was done using the
“drc” package in R v4.0.4 (https://cran.r-project.org/web/packages/drc/drc.pdf accessed
on 10 June 2021) (Figure S3). According to the biomass weight of the resistant population,
effective dose (ED50) was estimated using the four-parameter logistic Equation (1) [35,36]:

y = C + (D − C)/[1 + (x/ED50) b] (1)

ED50, the effective dose causing 50% reduction in biomass, indicates the level of
resistance (R/S ratios).
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2.5. Ahas Gene of L. Rigidum Amplification and Sequencing

Total DNA was extracted from leaf tissues of 50–50 putative pyroxsulam-resistant and
sensitive samples [37]. Three primer pairs were designed using the software Primer3Plus
to amplify the earlier described resistance-conferring mutation sites based on the ahas
mRNA in L. rigidum (Table S1). The PCR was performed in a final volume of 15 µL (Thermo
Fisher Scientific; Waltham, MA, USA). Amplification was carried out in an Eppendorf
Mastercycler ep384 (Eppendorf AG; Hamburg, Germany). PCR products were controlled
with Agilent 2100 Bioanalyzer (Agilent Technologies Inc.; Santa Clara, CA, USA) using
Agilent DNA 1000 Kit and were purified using NucleoSpin Gel and PCR Clean-up System
(Macharey-Nagel GmbH &Co; Düren, Germany). The pGEM-T Vector System II (Promega;
Madison, WI, USA) was used for cloning according to the manufacturer’s instructions and
fragments were sequenced ABI 3130x1 Genetic Analyzer (Applied Biosystems; Carlsbad,
CA, USA). This 16-capillary array genetic analyzer was used with 50 cm capillary and 3130
POP-7 separation polymers.

3. Results

In this study, an RNA-seq approach is presented to identify complete coding sequences
(cds) of the ahas gene in L. rigidum and mutation points involved resistance to TP herbicide,
pyroxsulam. A novel amino acid substitution was identified among the earlier described
resistance-conferring mutation sites using Sanger sequencing.

3.1. Transcriptome Reconstruction and Identification of Ahas Cds

The L. rigidum mRNA library was sequenced using NextSeq500 platform. After quality
filtering, 18,636,868 cleaned reads were obtained from the total raw reads of 18,642,689
(2 × 80 bp paired-end) showing Phred score 34 and GC% 55 on average. Based on FastQC
report, sequences represented more than 0.1% of the total and low-quality bases (corre-
sponding to a 0.1% sequencing error rate) were removed. After transcriptome assembly
by Trinity, de novo transcript dataset resulted in 74,279 contigs with lengths from 201 to
15,531bp (GC% 52.5). This transcript dataset was used to identify mRNA of ahas gene in
L. rigidum. The DN19950_c0_g2_i3 contig was used to determine the ORF of ahas gene. The
similarity between L. multiflorum as the reference and the identified cds in L. rigidum was
98%. The determined ahas mRNA sequence was 1929bp long.

3.2. Dose–Response Experiment

The population of L. rigidum contains different amino acid substitutions. Each sample
contains one of the amino acid substitutions of Pro197Thr, Pro197Ala, Pro197Ser, Pro197Gln,
or Trp574Leu. The resistance patterns of the combined substitution population were
characterized. The estimated ED50 is 3.569 that indicates the 50% survival of the resistance
population to pyroxsulam that showed Pro197 or Trp574 substitution (Figure 2). Following
a pyroxsulam field application rate of 18.4 g ha−1, L. rigidum putative pyroxsulam-resistant
population survived with 98.9% growth reduction.
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Figure 2. Effect of pyroxsulam herbicides on biomass reduction of L. rigidum population. Dose-
response curve of biomass weight after pyroxsulam treatment. Data points indicate mean values
of 20 independent replicate experiments (average n = 120 plants per dose). Red line represents a
4-parameter logistic regression of pyroxsulam-resistant population. Green line represents sensitive
samples.

3.3. Determination of Mutation Points of Ahas Gene in L. Rigidum

Three parts of the ahas gene were amplified and sequenced by Sanger sequencing. The
primer pairs covered all of eight resistance-conferring amino acid mutation sites at three
different regions: 418, 259, and 399 bp (Figure S4, Table S2). The Ahas gene fragments were
amplified by PCR from 50–50 resistant and sensitive samples and sequenced by the Sanger
method (Figure S5). Results of sequence alignment analysis showed single nucleotide
substitutions in Pro197 and Trp574 positions in resistant samples (Figure 3). Wild type of
L. rigidum samples showed no mutations at the eight known nucleotide sequences of the
ahas gene that correspond to the resistance.
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Sequence alignment analysis showed a single nucleotide change of CCG to ACG
at the 197 positions that resulted in a Pro/Thr substitution in the resistant samples
(Figures S6 and S7). This is the first Pro197Thr substitution in an ahas resistant L. rigidum
population that was reported after triazolopyrimidines herbicide treatment. Moreover,
amino acid mutations were detected at Pro197Ala, Pro197Ser, Pro197Gln, and Trp574Leu
(Figure S8) in resistant samples as previously reported [22]. A nucleotide substitution
(GAT/GAC) was observed at the Asp376 amino acid position that did not evolve amino
acid substitution (Figure S9).

4. Discussion

In arable lands, chemical weed control is one of the most common and unavoidable
methods of controlling weeds, which means high selection pressure for resistant weeds. The
presence of high levels of herbicide resistance risks the sustainability of current weed control
strategies, the integrated weed control [38,39]. In this study, Illumina RNA-sequencing
and the “gold standard” Sanger sequencing were used to investigate the sequence of the
ORF ahas gene in L. rigidum. Rigid ryegrass was noticed as a highly resistance-prone
weed species and numerous populations were described as resistant to AHAS inhibitors,
including SU and IMI. Populations containing Pro197 Ala122, Ala205, Asp376, and Leu
574 amino acid mutations showed high resistance (RI from 8 to 70) after SU treatment.
Types of mutant ALS alleles, such as Pro197Ala, Pro197Gln, Pro197Leu, Pro197Ser, and
Pro197Thr were observed in these samples [28]. The same biotypes were detected in our
samples after pyroxsulam treatment. This is the first report that reveals that the Pro197Thr
amino acid change in the AHAS enzyme can confer a high level of resistance (ED50 is
3.569) to pyroxsulam (TP) herbicide in L. rigidum. The different AHAS-mutations confer
different resistance against the AHAS inhibitor herbicide chemical families [20]. It has
been already shown that several weed species carrying the Pro197 and Thr574 amino acid
substitutions developed high levels of resistance after TP herbicide treatment. In this study,
the investigated L. rigidum population that contained amino acid substitutions at the 197
and 574 positions, also showed high resistance against the pyroxsulam herbicide. So far,
the Pro197Thr resistance-endowing mutation position has been reported in four weed
species after TP treatment [20]. Substitutions at Pro197Thr are known to cause a high level
of resistance to TP in Raphanus raphanistrum [40], in Kochia scoparia [41] and moderated
resistance to TP in Apera spica-venti [26] and Alopecurus aequalis [42]. In this study, fifty
L. rigidum resistant plants were examined and every individual carried only one mutation
point out of the eight in the ahas gene at the known positions of resistance-endowing
amino acid substitutions. Single Pro197Thr substitution was observed in 16 samples
(Table S3). As the pyroxsulam resistant biotypes contained different single amino acid
substitution in the ahas gene, the statistical analysis describes the mixed population. To
obtain more information about the Pro197Thr amino acid substitution in the ahas gene,
larger populations need to be examined. Moreover, the Thr197Pro mutation was described,
after SU and IMI treatment, as the same mutation that occurs after pyroxsulam treatment;
therefore, presence of cross-resistance is presumed. The existence of cross-resistance in this
allelic variant should be demonstrated by treatments with other herbicides belonging to
other AHAS inhibitor families (e.g., SU, IMI). Additional herbicides that demonstrate the
presence or absence of cross-resistance will be included in our further experiments. Indeed,
the detected mutation would provide important information about possible cross-resistance
and can help to plan treatment with AHAS inhibitors.

5. Conclusions

Due to the rapid evolution of herbicide resistance, it is necessary to constantly mon-
itor resistant populations on the arable fields in order to maintain weed control consid-
ering environmental protection and sustainable agriculture. The pyroxsulam-resistant
L. rigidum population showed a TSR mutation detected at positions Pro197 and Leu574.
The knowledge of resistance-inducing effects of compounds containing AHAS, including
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pyroxsulam-triggered TSR, would help to develop diagnostic methods, such as NGS-TAS.
By diagnosing the presence of TSR and MTSR, chemical weed control would become
more predictable, and it will guide farmers on how to plan integrated and resistant weed
management strategies that are less harmful to the environment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su13126648/s1, Figures S1–S9: Data of RNA sample, Statistic data of drc analysis, Primers, Gel
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Data of amino acid substitutions.
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