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Abstract: Drought is a major factor limiting plant development and negatively affecting crop yield.
It was reported that mutants defective in the brassinosteroid (BR) metabolism from several species,
including barley (Hordeum vulgare), show improved tolerance to drought during the vegetative phase
of growth. Hence, semi-dwarf barley mutants defective in the BR metabolism may be regarded as an
alternative in breeding programs. Occurrence of drought during spike development has a profound
effect on yield. Thus, determining reaction of the semi-dwarf, BR-deficient barley mutants to drought
during the reproductive phase is crucial. This study was conducted on barley Near-Isogenic Lines
defective in the BR metabolism and the reference ‘Bowman’ cultivar. The experiments were performed
under laboratory (optimal watering and drought) and field conditions. The following yield-related
parameters were analyzed: total tillering, productive tillering, average grain weight per plant and
per spike, as well as weight of 1000 seeds. Additionally, an analysis of chemical composition of grain
was performed. The BR-insensitive BW312 line showed the highest values of the productive tillering
and grain weight per plant under the drought conditions. Perturbations in the BR metabolism did
not have any significant deteriorating effect on the contents of grain chemical ingredients.

Keywords: barley; brassinosteroids; drought; grain composition; Near-Isogenic Lines; tillering; yield

1. Introduction

Drought is a major environmental stress factor limiting plant development and reproduction.
Consequently, it negatively affects yield of crop species [1,2]. Moreover, it was predicted that in
the near future crop cultivation will encounter even more severe environmental conditions due to
the ongoing global climate change [3]. Taking the above issues into account, according to current
strategies in breeding programs priority should be given to developing the stress tolerant crop
cultivars [4–7]. However, it should be kept in mind that over-expression of drought-responsive
genes often leads to defects of plant growth and yield loss [6]. It is known that plant height is an
important character contributing to plant architecture and adaptability to environmental conditions,
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which are directly associated with the yield potential [8,9]. Brassinosteroids (BRs) are a class of
phytohormones which regulate a broad range of developmental and physiological processes and play
a crucial role as modulators of plant architecture, and as a consequence, reaction to the environmental
conditions [10]. This function of BR is pivotal for maintaining a balance between the processes of
plant growth and stress tolerance [11]. It was postulated that modifications of plant architecture
by manipulating the BR biosynthesis or signaling may be a feasible approach for improving crop
yield [12]. Importantly, recent reports in the dicot and monocot model species Arabidopsis thaliana
(thale cress) and Brachypodium distachyon (purple false brome), as well as in the important crops Oryza
sativa (rice) and Hordeum vulgare (barley) indicated that mutants defective in the BR metabolism
show a various degree of plant height reduction and an enhanced tolerance to drought [13–18]. It is
known that cereal crops adapt to drought by decreasing their leaf size and delaying flowering [19].
It is also known that canopy biomass correlates with transpiration rate which has a negative effect
on water use efficiency and sustainability under conditions of water scarcity [7]. Thus, semi-dwarf
mutants of cereal crops may be regarded as pre-adapted to drought based on the stress-avoidance
strategy [20,21]. It is known that erect, semi-dwarf plant architecture of cereal crops is preferred, as
it allows better distribution of light within the canopy, enhances photosynthetic efficiency, nitrogen
storage for grain filling, enables dense planting, and consequently results in yield increase [22–25].
Hence, the semi-dwarf mutant cultivars defective in the BR metabolism may be considered as an ideal
plant phenotype and alternative in the future breeding programs [26,27]. Noteworthily, semi-dwarf
cultivars of cereal crops have already significantly contributed to the yield increase, known as the
‘Green Revolution’, which was mainly achieved thanks to an improved lodging-resistance of these
semi-dwarf cultivars [28]. Importantly, lodging is expected to become an increasing problem as the
global climate change is supposed to increase the occurrence of strong winds and torrential rains [29,30].
Thus, in the face of global climate change and the predicted, increased occurrence of unfavorable
weather conditions, the semi-dwarf, cereal cultivars may have a significantly improved yield potential
based on their enhanced lodging-resistance and drought tolerance. As stated above, it was recently
reported that mutants defective in the BR metabolism from several species, including barley, show
improved tolerance to drought exerted during the vegetative phase of growth. However, it should be
kept in mind that transition from the vegetative to generative phase of crop plant development is the
most sensitive stage, and any stress encountered during this period severely affects the quantity and
quality of grain yield [6,31]. Barley belongs to the most stress-tolerant crops; however, mechanisms of
genetic and environmental regulation of metabolic adaptation to the stress conditions remain largely
unknown [3]. Thus, determining reaction of the semi-dwarf, BR-deficient barley mutants to the drought
occurring during the reproductive phase was crucial, and therefore was analyzed in the presented
study. Studies on impact of the semi-dwarfing genes on yield were conducted mostly in rice and
Triticum aestivum (wheat) and focused mainly on the gibberellin-related genes (Sd1 and Rht) [32–35].
Currently, knowledge about role of the endogenous BRs in regulation of spikelet development and
differentiation is still very limited, even in the monocot model species—rice, and particularly under
the drought conditions [36,37]. The major obstacle in this research stems from difficulties in excluding
non-specific regulation and secondary responses from severe vegetative phenotypes [38].

Therefore, the presented study was aimed at shedding light on this aspect of the cereal crop
development by determining several yield-related parameters and chemical grain composition in the
semi-dwarf barley mutants deficient in the BR metabolism and a reference cultivar. Moreover, another
goal of this study was to compare values of the yield-related parameters and chemical grain composition
between different conditions of plant vegetation—a pot experiment, in which an optimal watering and
water scarcity were applied under laboratory conditions, and a field experiment during which plants
were grown under natural conditions. Based on these experiments, the role of the endogenous BRs
and their signaling in the regulation of barley yield and the chemical grain composition under the
various conditions of plant vegetation could be determined.



Agronomy 2020, 10, 1595 3 of 19

2. Materials and Methods

2.1. Plant Material

The experiments were performed on a group of semi-dwarf barley Near-Isogenic Lines (NILs)
and the reference cultivar ‘Bowman’. The NILs represent semi-dwarf mutants which have been
characterized genetically and physiologically in our previous study as being defective in the BR
biosynthesis or signaling [26]. The NILs were developed as a result of recurrent crossings of the
original semi-dwarf mutants into the genetic background of the ‘Bowman’ cultivar [39]. Owing to this
approach, each of the NILs harbors a specific and mapped genomic introgression region, derived from
the original mutant, in the homogeneous genetic background of the ‘Bowman’ cultivar which is shared
by all the NILs [16]. The same genetic background of all analyzed genotypes simplifies comparative
physiological analyses and interpretations [40].

In the present study the plant material included NILs defective in the BR biosynthesis: BW084
(brh13.p) carrying a missense mutation in the HvCPD gene, BW091 (brh3.g) in which a nonsense
mutation in the HvBRD gene was identified, and BW333 (ert-zd.159) which harbors a missense mutation
in the HvDIM gene. The genes encode enzymes which catalyze reactions at various stages of the
BR biosynthesis pathway. Additionally, the material included NILs characterized by defects in the
BR perception: BW312 (ert-ii.79) and BW885 (uzu1.a) which carry missense mutations in different
domains of the HvBRI1 receptor. A detailed characterization of the mutations identified in these NILs
was published in our previous publication [26]. Noteworthily, the BW885 (uzu1.a) line represents the
lodging-resistant uzu mutant which served as a source of semi-dwarfism in barley breeding in East
Asia and was introduced into many barley cultivars [41]. In the analyzed NILs the abnormalities in BR
metabolism result in phenotypic alterations only in the above-ground part of the mutants, resulting
in the semi-dwarf stature. Importantly, the mutations have no significant effect on the root anatomy
and architecture [26]. Owing to this phenotypic feature, the NILs constitute an ideal material for the
research on reaction of the semi-dwarf barley BR mutants to drought [16].

2.2. Plant Growth Conditions and Experimental Designs

2.2.1. Plant Vegetation under Conditions of Optimal Watering and Water Scarcity in the
Pot Experiment

In the present study, one of the experiments (the pot experiment) was conducted initially in a
growth chamber and later on in a vegetation hall (construction with transparent plastic roof and without
sidewalls). Plants of all genotypes were growing initially in the growth chamber and later on were
moved to the vegetation hall. Under these conditions plants of the above-described genotypes were
grown in pots filled with a soil mixture (the same weight of the soil mixture in every pot). A detailed
description of preparation of the soil mixture for plant cultivation and calculations of the maximum
(100%) soil water capacity were published in our previous study [17]. Conditions of seed germination
on Petri dishes and transfer of the 4-day-old seedlings to pots containing the soil mixture were also
described by us previously [16]. In this experiment 10 plants were grown in each pot (width: 15 cm,
length: 40 cm, height: 15 cm). Pots with seedlings were transferred to the growth chamber in which
the vegetation conditions were the following: 12-h photoperiod, light intensity (250 µmol m−2 s−1;
HPS Philips SON-T AGRO 400 W lamps), whereas the temperature on Days 4–7 of the experiment
was 23 ◦C (day and night), on Days 8–28 of the experiment it was 18 ◦C/15 ◦C (day/night), on Days
29–99 of the experiment it was 22 ◦C/18 ◦C (day/night). On the 100th day of the experiment pots with
plants were moved outside to the vegetation hall where plants continued their growth under natural
conditions of temperature and light characteristic for June/July (Eastern European region). All plants of
each genotype (the ‘Bowman’ cultivar and NILs) were watered optimally (70% of soil water capacity)
until the 77th day of vegetation when pots with plants of each genotype were divided into two groups.
Further, the first group of plants was watered optimally until the end of the experiment (full maturity
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of plants), whereas plants of the second group were growing for three weeks under water deficit due
to watering cessation. Due to the watering cessation, soil water content was quickly decreasing until
reached 25% of the maximum soil water capacity and this level of drought was maintained to the end of
drought period. The soil water content was monitored in every pot on each day of the experiment and
the only water supplementation was performed to balance an uneven water loss between the particular
pots, if one occurred. The pots were weighed every morning and water was added to individual
pots only to even their weight. Additionally, the pots were rotated each day in order to minimize the
possibility of edge effect (faster water evaporation from the pots at the edge than from the pots in the
middle). In the second group of plants, heading (moment at which spikes emerged from the leaf sheath)
and spike development occurred during the drought. Drought symptoms were first observed in the
‘Bowman’ cultivar after 3–4 days from the watering cessation and manifested as leaf wilting, whereas
in the semi-dwarf NILs it was manifested mainly as rolling of leaf blades along the longitudinal axis.
After the three-week drought period, plants from the second group were watered again to restore
the optimal soil water content, and optimal watering of this group was further maintained to the
end of experiment. Plants of both groups (optimally watered control and drought stressed plants)
continued their development until they produced yield. Upon reaching the full maturity, in plants
of both groups, grown under the optimal watering (control) and drought conditions, the following
parameters were determined: total tillering (including sterile tillers), productive tillering (number of
tillers with spikes), grain weight per plant, average grain weight per spike, and weight of 1000 seeds.
For each genotype 10 plants per pot in three replicates were analyzed under each vegetation condition
(optimal watering/water scarcity). Heading time at which spikes emerged from the leaf sheath under
the control and drought conditions is shown in Figure 1.
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Figure 1. Heading time at which spikes emerged from the leaf sheath under the control and drought
conditions. The mean values ± (SD) marked with the same letters (separately for the control and
drought-stressed plants) are not significantly different, according to Duncan’s test (p ≤ 0.05). Details
are given in the text.

2.2.2. Vegetation and Plant Yield Analysis under the Field Conditions

The second experiment of this study was conducted under the field (natural) conditions in
experimental plots of the University of Agriculture in Krakow, Poland. In March, upon germination
on Petri dishes in the darkness, the 3-day-old seedlings of the analyzed genotypes were planted in the
field. Plants of each genotype were grown in the field plots 1 m × 1 m after forecrop of leguminous
plants. Plants of each genotype were cultured on three plots (three replicates) randomly localized in
the field. Inside each plot three rows of plants were designed and distance between the rows was
25 cm (distance between plants within each row was 10 cm). Plants of all genotypes were grown under
the field conditions up to the full maturity stage. Next, whole plants were cut off and the productive
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tillering was estimated for individual plants within genotype. Grains were collected and the following
grain parameters were analyzed: grain weight per plant, average grain weight per spike, and the
weight of 1000 seeds. Data concerning precipitation and temperature reported during the growing
season when the field experiment was conducted and their comparison with the long-term records
conducted in the years 1961–1990 are included in Supplementary Materials: Table S1.

2.3. Analysis of the Grain Chemical Composition

Grains produced by plants of the analyzed genotypes under the conditions of optimal watering
and the water shortage occurring during the stage of spike development (the pot experiment), as well as
under the field conditions were material of the chemical composition analysis. In this analysis 100 grains
of each genotype produced under each of the above-mentioned (optimal watering/drought/field)
conditions were analyzed. The grain chemical composition analysis was performed based on the
near-infrared spectroscopy using the InfraXact™ analyzer produced by the Foss company (Hillerod,
Denmark). The analysis was conducted in three technical replications per sample. Each sample was
scanned six times and compared with two internal standards (references) before calculation of mean
value. The measurements were conducted in the following range of wave lengths: 570–1850 nm.
The following parameters in the grains of the analyzed genotypes were analyzed: contents of dry
mineral matter (ash), fiber, proteins, starch, and lipids.

2.4. Statistical Analysis

Representation of individual plants of each genotype in each replication and the number of
replicates performed for each analysis/measurement were described above. Statistical differences were
calculated based on the Duncan test (p ≤ 0.05) with use of the Statistica program. The statistical analyses
were performed separately for the optimally watered plants (control) and the drought-stressed plants.
The mean values are presented in the figures together with standard deviations and letters informing
about the statistical significance of the reported differences. Comparison of the parameters’ values,
which were obtained in each genotype, between the control and drought conditions was conducted
using Student’s t-test.

3. Results

3.1. Total Tillering and Productive Tillering under the Conditions of Optimal Watering and Drought Exerted
during Spike Development (the Pot Experiment)

The first of the analyzed yield-related parameters was total tillering (total number of tillers,
including sterile tillers) of plants of the analyzed genotypes under the optimal watering conditions
(control) and after the drought stress. Under the control conditions the highest mean value of this
parameter was reported in the BR-insensitive line BW312, on average 10.7, which constituted ca. 141%
of the value reported in the ‘Bowman’ cultivar and was significantly (p ≤ 0.05) higher than values
reported in the other genotypes. Differences in the total tillering reported between the other genotypes
were not statistically significant (Figure 2).

An analysis of impact of the water scarcity during the spike development allowed for an interesting
observation: the drought stress resulted in a significant increase in the total tillering in almost all
analyzed genotypes (except the BW312 line in which the total tillering under the drought conditions
reached a value similar to the one reported in this line under the control conditions). Under the drought
conditions in the majority of analyzed genotypes the values of total tillering were similar (Figure 2).

Analysis of the productive tillering parameter (number of tillers with spikes) under the control and
drought stress conditions led to a few observations: under the control conditions in all the analyzed
genotypes values of this parameter were very similar, and the observed differences were not statistically
significant (Figure 3).
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Figure 2. Total tillering (total number of tillers, including sterile tillers) of the analyzed genotypes under
the optimal watering (control) conditions and after the drought stress (the pot experiment). The mean
values ± (SD) marked with the same letters (separately for the control and drought-stressed plants) are
not significantly different, according to Duncan’s test (p≤ 0.05). Asterisks denote significant difference in
comparison of values reported in each genotype between the control and drought conditions according
to Student’s t-test. Details are given in the text.
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Figure 3. Productive tillering (number of tillers with spikes) of the analyzed genotypes under the
optimal watering (control) conditions and after the drought stress (the pot experiment). The mean
values ± (SD) marked with the same letters (separately for the control and drought-stressed plants) are
not significantly different, according to Duncan’s test (p≤ 0.05). Asterisks denote significant difference in
comparison of values reported in each genotype between the control and drought conditions according
to Student’s t-test. Details are given in the text.

Under the drought conditions the highest mean values of the productive tillering were reported
in the BR-insensitive line BW312 (7.75) and the BR-deficient line BW091 (7.09), however, the value
reported in the BW312 line was significantly (p ≤ 0.05) higher than in the rest of genotypes and
constituted ca. 145% of the value reported in the ‘Bowman’ cultivar. Interestingly, the lowest value of
this parameter (5.33) was observed in the ‘Bowman’ cultivar (Figure 3).

3.2. Yield Parameters under the Conditions of Optimal Watering and Drought Exerted during Spike
Development (the Pot Experiment)

As far as an average grain weight per plant is concerned, under the control conditions the analyzed
genotypes showed some diversity in values of this parameter. The highest mean values were reported
in the ‘Bowman’ cultivar (2.85 g) and in the BR-deficient line BW333 (2.64 g), and difference between
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these values was not statistically significant. Under the drought conditions the highest value of the
grain weight per plant (2.39 g) was observed in the BW312 line, and this value was significantly (p≤ 0.05)
higher than in the rest of genotypes (Figure 4). This result seems to correlate with the above-described
productive tillering under the drought conditions which was the highest in the BW312 line.
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Figure 4. Average grain weight per plant of the analyzed genotypes under the optimal watering
(control) conditions and after the drought stress (the pot experiment). The mean values ± (SD) marked
with the same letters (separately for the control and drought-stressed plants) are not significantly
different, according to Duncan’s test (p ≤ 0.05). Asterisks denote significant difference in comparison of
values reported in each genotype between the control and drought conditions according to Student’s
t-test. Details are given in the text.

Among the analyzed genotypes, diverse values of the average grain weight per spike were
reported. However, under both control and drought conditions the highest values of this parameter
were observed in the ‘Bowman’ cultivar (Figure 5).
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As far as the weight of 1000 seeds is concerned, under the control conditions the majority of the 
analyzed genotypes (including the ‘Bowman’ cultivar) showed similar values of this parameter. 
Nevertheless, it should be mentioned that under the optimal watering conditions the highest values 

Figure 5. Average grain weight per spike of the analyzed genotypes under the optimal watering
(control) conditions and after the drought stress (the pot experiment). The mean values ± (SD) marked
with the same letters (separately for the control and drought-stressed plants) are not significantly
different, according to Duncan’s test (p ≤ 0.05). Asterisks denote significant difference in comparison of
values reported in each genotype between the control and drought conditions according to Student’s
t-test. Details are given in the text.

As far as the weight of 1000 seeds is concerned, under the control conditions the majority of
the analyzed genotypes (including the ‘Bowman’ cultivar) showed similar values of this parameter.
Nevertheless, it should be mentioned that under the optimal watering conditions the highest values
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of this parameter were reported in the BW312 line (49.9 g) and the BW091 line (45.1 g). However,
the value reported in the BW312 line was significantly (p ≤ 0.05) higher than in the rest of genotypes.
Under the drought stress conditions in all analyzed genotypes similar values of this parameter were
reported, and the observed differences were not statistically significant (Figure 6).
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conditions and after the drought stress (the pot experiment). The mean values ± (SD) marked with
the same letters (separately for the control and drought-stressed plants) are not significantly different,
according to Duncan’s test (p ≤ 0.05). Asterisks denote significant difference in comparison of values
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In order to fully describe the yield parameters of the analyzed genotypes under the control
and drought conditions, an analysis of time required for full grain maturity was performed. Under
the control conditions the highest value of this parameter (130.6) was observed in the BW312 line.
Under these conditions another observation was also made: generally in the BR-deficient lines (BW084,
BW091, and BW333), the time required for full grain maturity was similar or lower when compared
with the ‘Bowman’ value, whereas in the BR-insensitive lines (BW312 and BW885) the values of this
parameter were similar or higher than in the ‘Bowman’ cultivar (Figure 7).
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Figure 7. Time required for full grain maturity in the analyzed genotypes under the optimal watering
(control) conditions and after the drought stress (the pot experiment). The mean values ± (SD) marked
with the same letters (separately for the control and drought-stressed plants) are not significantly
different, according to Duncan’s test (p ≤ 0.05). Asterisks denote significant difference in comparison of
values reported in each genotype between the control and drought conditions according to Student’s
t-test. Details are given in the text.
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Generally, drought resulted in shortening of the time required for full grain maturity (except the
BW084 and BW885 lines in which the values reported under the stress conditions were very similar
with the ones observed under the control conditions). However, a similar tendency was observed as
under the control conditions: generally in the BR-deficient lines the time of full grain maturity was
similar or lower when compared with the ‘Bowman’ value, whereas in the BR-insensitive lines the
values of this parameter were similar or higher than in ‘Bowman’ cultivar (Figure 7).

3.3. Tillering and Yield Parameters under the Field Conditions

Upon reaching the full maturity under the field conditions, plants of the analyzed NILs exhibited
semi-dwarf, erect stature, and an average height of the mutant plants constituted from 62% (in BW091)
to 84% (in BW333) of the average height of the ‘Bowman’ plants. Under the field conditions, the highest
value of the productive tillering was reported in the BW885 line, and the value was significantly
(p ≤ 0.05) higher than in the rest of genotypes. No statistically significant difference was observed
between the other NILs and the ‘Bowman’ cultivar (Figure 8A).
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Figure 8. Productive tillering and yield parameters of the analyzed genotypes under the field
conditions: productive tillering (A), average grain weight per plant (B), average grain weight per
spike (C), and weight of 1000 seeds (D). The mean values ± (SD) marked with the same letters are not
significantly different, according to Duncan’s test (p ≤ 0.05). Details are given in the text.

As far as the average grain weight per plant is concerned, under the field conditions, the highest
values of this parameter were reported in the ‘Bowman’ cultivar and the BW885 line (difference in
the values of this parameter between the ‘Bowman’ cultivar and the BW885 line was not statistically
significant) (Figure 8B). It may be hypothesized that the high value of this parameter in the BW885
line results from the highest value of the productive tillering which was reported in this line
(described above).

Under the field conditions, the highest value of the average grain weight per spike was reported
in the ‘Bowman’ cultivar, and in the analyzed NILs the observed values were diverse. In the analyzed
NILs the average grain weight per spike constituted from ca. 50% (BW312) to 88% (BW333) of the
value reported in the ‘Bowman’ cultivar (Figure 8C). Hence, the high value of the average grain weight
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per plant, which was observed in the BW885 line, seems to result mainly from the highest value of the
productive tillering which was reported in this line.

The last of yield parameters analyzed under the field conditions was the weight of 1000 seeds.
The highest values of this parameter were reported in the ‘Bowman’ cultivar and the BW312 line.
The other genotypes showed similar values of this parameter, whereas the lowest weight of 1000 seeds
was observed in the BW885 line (Figure 8D).

3.4. Chemical Composition of Grains Produced under the Conditions of Optimal Watering and Drought Exerted
during Spike Development (the Pot Experiment)

As far as the grains produced under the optimal watering conditions are concerned, the lowest
content of dry mineral matter was reported in grains of the ‘Bowman’ cultivar. In grains of the
analyzed NILs the dry mineral matter content constituted from ca. 110% (BW333) to 151% (BW312)
of the ‘Bowman’ value. The drought stress exerted during the spike development resulted in the
10-30% increase in the dry mineral matter content in grains of all analyzed genotypes. However, in the
‘Bowman’ cultivar and the BW333 line the values of this parameter were significantly lower than in the
rest of genotypes (Figure 9).
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Figure 9. Contents of the dry mineral matter in grains of the analyzed genotypes under the optimal
watering (control) conditions and after the drought stress (the pot experiment). The mean values ± (SD)
marked with the same letters (separately for the control and drought-stressed plants) are not significantly
different, according to Duncan’s test (p ≤ 0.05). Asterisks denote significant difference in comparison of
values reported in each genotype between the control and drought conditions according to Student’s
t-test. Details are given in the text.

Under the optimal watering conditions the highest fiber contents were observed in grains of
the BR-insensitive NILs BW312 and BW885. The fiber contents reported in the BW312 and BW885
lines constituted ca. 116% and ca. 107% of the ‘Bowman’ value, respectively. The fiber contents
in grains of the ‘Bowman’ cultivar and the rest of analyzed NILs (the BR-deficient mutants) were
very similar. Upon the drought stress exerted during the spike development only slight alterations
in the fiber contents were observed in grains of the analyzed genotypes (when compared with the
respective control values). Generally, upon the drought stress the fiber contents in grains of the
analyzed genotypes were similar (Figure 10).
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Figure 10. Contents of fiber in grains of the analyzed genotypes under the optimal watering (control)
conditions and after the drought stress (the pot experiment). The mean values ± (SD) marked with
the same letters (separately for the control and drought-stressed plants) are not significantly different,
according to Duncan’s test (p ≤ 0.05). Details are given in the text.

Interestingly, under the control conditions the lowest content of proteins was reported in grains of
the ‘Bowman’ cultivar. In the analyzed NILs the grain protein contents were significantly (p ≤ 0.05)
higher than in the ‘Bowman’ cultivar, and constituted from ca. 116% (in BW333) to ca. 135% (in BW091)
of the ‘Bowman’ value. As the result of drought exposure during the spike development the protein
contents were increased in grains of all analyzed genotypes. The drought-induced increase in the grain
protein content was most prominent in the ‘Bowman’ cultivar (136% of the respective control value).
In the NILs the drought-stimulated increase in the grain protein content ranged between ca. 106%
of the respective control value (in BW885) to ca. 113% of the respective control value in the BW084
line. Upon exposure to drought the protein contents in grains of all tested genotypes were comparable
(Figure 11).
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Figure 11. Total protein contents in grains of the analyzed genotypes under the optimal watering
(control) conditions and after the drought stress (the pot experiment). The mean values ± (SD) marked
with the same letters (separately for the control and drought-stressed plants) are not significantly
different, according to Duncan’s test (p ≤ 0.05). Asterisks denote significant difference in comparison of
values reported in each genotype between the control and drought conditions according to Student’s
t-test. Details are given in the text.
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The starch content in grains of the analyzed genotypes was also determined. Under the control
conditions values of the starch content were very similar in all analyzed genotypes (the reported
differences were not statistically significant). The drought stress exerted during the spike development
did not result in any significant alteration in the starch content in the analyzed genotypes. Consequently,
the values remained very similar in all analyzed genotypes and the reported differences were not
statistically significant (data not shown).

Under the control conditions the total lipid contents were diverse in grains of the analyzed
genotypes. The highest lipid contents were observed in the BR-deficient NILs BW084 and BW333,
and the lowest lipid contents were reported in the BR-insensitive NILs BW312 and BW885. The value
reported in the ‘Bowman’ cultivar was intermediate. Generally, drought exerted during the spike
development resulted in a decrease in the lipid contents in grains of almost all genotypes (except
BW091). The extent of decrease (in relation to the respective control values) was in the range of 5%
(in BW885) to 45% (in BW084). The decrease in the lipid content reported in the ‘Bowman’ cultivar
was intermediate. Upon the drought stress, the lipid contents observed in grains of the BR mutant
NILs were at the level similar to the ‘Bowman’ value or significantly higher (in BW091 and BW333)
(Figure 12).
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Figure 12. Total lipid contents in grains of the analyzed genotypes under the optimal watering (control)
conditions and after the drought stress (the pot experiment). The mean values ± (SD) marked with
the same letters (separately for the control and drought-stressed plants) are not significantly different,
according to Duncan’s test (p ≤ 0.05). Asterisks denote significant difference in comparison of values
reported in each genotype between the control and drought conditions according to Student’s t-test.
Details are given in the text.

3.5. Chemical Composition of Grains Produced under the Field Conditions

Under the field conditions, the dry mineral matter content in grains of the NILs was at the level
similar to the ‘Bowman’ value or higher. The highest value of the dry mineral matter content was
reported in the BW084 grains in which 120% of the ‘Bowman’ value was observed. In the rest of
genotypes (including the ‘Bowman’ cultivar) the reported values were similar, and differences were not
statistically significant (Figure 13A). Briefly, in all the analyzed genotypes the fiber content values were
very similar, and the observed differences were not statistically significant (Figure 13B). As far as the
total protein content in grains is concerned, under the field conditions the lowest value of this parameter
was reported in the ‘Bowman’ cultivar. In the majority of NILs the total protein contents were slightly
higher than in the ‘Bowman’ cultivar. In the BW084 line the value of this parameter was significantly
(p ≤ 0.05) higher than in ‘Bowman’ and constituted 120% of the ‘Bowman’ value (Figure 13C). The next
grain chemical composition parameter was the starch content. Briefly, in all the analyzed genotypes
the values of this parameter were very similar, and the observed differences were not statistically
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significant (Figure 13D). The last of the analyzed parameters of the grain chemical composition was
the total lipid content. The highest value of this parameter (although with a considerable standard
deviation) was reported in grains of the ‘Bowman’ cultivar. In grains of the analyzed NILs the total
lipid contents were reduced to a various degree, and in the BW084 and BW312 lines the lipid contents
were significantly (p ≤ 0.05) lower than in the ‘Bowman’ cultivar and constituted ca. 61% and 53% of
the ‘Bowman’ value, respectively (Figure 13E).Agronomy 2020, 10, x FOR PEER REVIEW 13 of 19 
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4. Discussion

Up to now our knowledge about the relation between perturbations in the BR biosynthesis and
signaling in cereal mutants and their yield-related parameters is still rather limited. In the present
study difference in the productive tillering reported after drought exposure between the BW312 line
and the rest of genotypes was reflected by the average grain weight per plant. Upon the drought stress
exerted during the spike development the highest value of the grain weight per plant was observed in
the BW312 line, and this value was significantly higher than in the rest of genotypes. It should be kept
in mind that erect stature of the semi-dwarf mutants of cereal crops (including barley) is the important
phenotypic trait influencing yield, as it enables an increased planting density, and consequently,
the yield improvement even without application of extra fertilizer supply which under certain
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conditions and at surplus dosage may constitute a nuisance for the natural environment. The total
crop yield depends on the yield of individual plants and the planting density [38]. An overall increase
in the BR content frequently results in larger lamina joints and increased plant height which result in
decreased lodging resistance and planting density [42]. These negative side-effects may preclude utility
of exogenous BR application for agricultural production [38,43]. Interestingly, the biomass and grain
yield in the semi-dwarf rice dwarf4-1 mutant, defective in the BR biosynthesis, are increased compared
with those in reference cultivar under the high-density planting conditions even without extra fertilizer,
as the mutant shows erect leaves and normal reproductive development [24]. A congruent conclusion
was drawn from a study on wheat mutants carrying the gibberellin signaling-related Rht alleles.
Grain yields in the irrigated field experiment showed higher yield of the semi-dwarf lines compared
with tall lines. Generally, plant heights greater than ~95–100 cm resulted in a progressive and large
yield penalty, even without significant lodging occurrence. The experiments provided confirmation of
the negative relationship between long stems and grain yield [34]. In the analysis of wheat Rht mutants
it was also reported that plant height was negatively correlated with grain yield, thousand kernel
weight, and kernel number per spike. It indicated that shorter stature was favorable for grain yield
which is in agreement with previous studies [35,44]. In our study the semi-dwarf phenotype of the
BW312 line was positively correlated with the productive tillering (mainly after the drought exposure)
and consequently with the grain weight per plant upon the drought exposure. As far as the weight of
1000 seeds is concerned, under the optimal watering conditions the highest value of this parameter
was reported in the BW312 line, and the value was significantly higher than in the rest of genotypes.
Under the drought conditions in all analyzed genotypes similar values of this parameter were reported.
The semi-dwarf phenotype of the BW312 line did not have an advantageous effect on the average
grain weight per spike. Thus, it may be concluded that effect of the semi-dwarf phenotype on the
grain weight per spike seems to be dependent on the cereal species (wheat vs. barley) and metabolic
phytohormone pathway (gibberellin vs. BR) which is defective in the analyzed semi-dwarf mutants.
Nevertheless, it was recently postulated that two rice sd1 lines (defective in the gibberellin biosynthesis)
which showed similar yields to the reference cultivar may be potential breeding materials, even though
their grain number per panicle was lower when compared with the reference cultivar [45].

In the case of the semi-dwarf, erect line BW312 which along with other BR-related semi-dwarf NILs
showed improved tolerance to drought in our previous studies [16,18], and in this study displayed the
highest values of the productive tillering and the average grain weight per plant (under the drought
conditions), there may be an additional opportunity for yield increase through higher planting density
and improved drought tolerance. Therefore, the BW312 line, which represents the new allele of the
HvBRI1 (Uzu1) gene—uzu1.b, may constitute an alternative in future barley breeding programs, taking
into account the ongoing climate change and necessity of developing new drought-tolerant crop
cultivars. The potential application of this semi-dwarf mutant as the material in breeding programs
may be particularly beneficial in the arid and/or semi-arid regions, such as the Mediterranean area,
where droughts occur frequently and on a regular basis during the vegetation seasons. Noteworthily,
the semi-dwarf NILs analyzed in this study have also been exposed to the elevated temperature
(26 ◦C) in our previous experiment. This experiment was aimed at phenotypic characterization of
these NILs under conditions of prolonged temperature stress and indicated that under the stress
conditions the stature of the BW885 line, representing the original uzu1.a allele which was widely used
in the past breeding programs, was significantly stunted (29% of wild-type length) in contrast with
the other NILs, including the BW312 line (65–91% of wild-type length). It was concluded that the
temperature-sensitive phenotype is not associated with the BR-biosynthesis perturbations or mutations
of the HvBRI1 receptor in general but is specific for the uzu1.a allele. Thus, the other NILs may
constitute an alternative for the uzu1.a allele in future breeding programs, particularly in the face
of global climate change [26]. It should be also kept in mind that high-yielding elite crop varieties
were developed for optimal environmental conditions. However, taking into account the ongoing
climate changes, currently priority should be given to developing and breeding the stress tolerant
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cultivars [4,5]. Thus, stress-tolerant alternatives for the current high-yielding cereal cultivars should
be identified. It was also postulated for other cereals (wheat) that significance of other dwarfing
alleles may rise with changing climatic scenario [46]. It was recently shown in barley that under
optimal watering conditions the grain yield produced by drought-adapted landraces derived from
the Mediterranean region was lower in comparison with the grain yield produced by elite, central
European lines. However, under the drought conditions significantly higher grain yield was produced
by the stress-adapted landraces [3]. This may indicate that under the optimal watering conditions the
stress pre-adaptation occurs at the expense of yield. It was recently reported that spikelet differentiation
and degeneration in young rice panicles are closely associated with the BR concentrations and the
expression levels of genes involved in the BR biosynthesis and signaling [36]. Moreover, another report
indicated that the relationship between drought conditions and the BR-dependent spike development
may be complicated, as in rice moderate drought conditions promoted the BR biosynthesis in young
panicles, stimulated spikelet differentiation and reduced spikelet degeneration, whereas severe drought
conditions led to the opposite effect [37]. Thus, grain yield is a complex trait controlled by genetic and
environmental factors. Hence, a holistic view that incorporates various experimental approaches is
required to enable the yield improvement [35].

Generally, in our study the results of yield-related parameters and chemical grain composition
were congruent between the optimal watering conditions (in the pot experiment) and the field
experiment (during the vegetation period of this field experiment plants were not exposed to drought).
For instance, values of the key parameter, grain weight per plant, showed very similar profiles of
diversity among the analyzed genotypes under these conditions—the values reported in the analyzed
NILs were similar to the ‘Bowman’ value or lower. Under these conditions, the value of this parameter
reported in the BW312 line was relatively low (in contrast to the conditions of drought exerted during
the spike development when the highest value of the grain weight per plant was observed in the
BW312 line). Taking the above results into account, it may be inferred that the yield produced per plant
by genotypes pre-adapted to the drought conditions may be lower under optimal watering conditions.
Thus, the conclusion is in line with the hypothesis that under the optimal watering conditions the
stress pre-adaptation occurs at the expense of yield [3].

One of the major conclusions which may be drawn from this study is that the perturbations in the
BR biosynthesis or signaling did not have any significant negative (deteriorating) effect on the contents
of grain chemical ingredients. This is an important issue taking into account the potential application
of the semi-dwarf barley BR mutants as materials in the future breeding programs. Both under the
optimal watering conditions and upon the exposure to drought the grains of the analyzed NILs
contained similar or higher contents of the analyzed chemical components, i.e., dry mineral matter,
fiber, proteins, starch, and lipids in comparison with the ‘Bowman’ grains. Generally, this observation
was validated in the analysis of chemical composition of grains produced under the field conditions.

Importantly, in our study it was reported that under the control conditions the protein contents in
grains of the analyzed NILs were significantly higher than in the ‘Bowman’ cultivar, and constituted
from ca. 116% (in BW333) to ca. 135% (in BW091) of the ‘Bowman’ value. It may indicate that
perturbations in the BR biosynthesis or signaling in the semi-dwarf barley mutants may result in higher
grain protein content. As a result of the drought exposure during the spike development the protein
contents were increased in grains of all analyzed genotypes and the protein contents in grains of all the
genotypes were comparable. An increased level of protein content in wheat grains under drought
stress conditions has also been reported [47]. This suggests that the drought-induced increase in the
grain protein contents may be a more general phenomenon in cereals and that the semi-dwarf, barley
BR mutants retain the ability for this physiological reaction.

In a previous experiment conducted in wheat with exogenous application of BR
(24-epi-brassinolide), it was reported that the BR application changed the grain chemical composition.
As a result of the BR application, the content of soluble sugars was increased, whereas the content
of total fats was lowered. Contents of starch and soluble proteins were not affected [48]. However,
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the effect of exogenous BR application on the starch content seems to be species- and/or treatment
method-dependent, as it was reported that another BR (brassinolide) increases the starch content in rice
grains [49]. Under the field conditions the exogenous BR effect on the above grain chemical composition
parameters was negligible [48]. This dependence on the BR application and plant vegetation methods
was in line with the previous reports [50].

It should be kept in mind that, according to the best of our knowledge, no information about a
potential influence of the endogenous BRs (and abnormalities in their biosynthesis or signaling) on
the chemical composition of cereal grains is currently available. This study is the first report of this
kind. Therefore, the results obtained in this study may be of significant interest, taking into account
the potential application of the semi-dwarf barley mutants, defective in the BR metabolism, in future
breeding programs. However, a further few-years study conducted on these semi-dwarf lines under
field conditions is recommended to fully verify any impact of naturally-occurring adverse conditions,
such as spring frosts, flooding or high temperature on the yield parameters of these mutants. In this
context, a promising result was reported in our recent study on physiological reaction of the semi-dwarf,
barley BR mutants to the high-temperature stress which frequently accompanies the water scarcity
during the spike development phase. In this study several semi-dwarf BR mutants (including the
BW312 line), which represented different genetic backgrounds (cultivars), were analyzed. Importantly,
it was concluded that all of the mutants showed a higher tolerance to the high temperatures than
their respective cultivars [51]. Thus, the results obtained in these studies should be a premise for
further research on the yield-related parameters and chemical grain composition in these semi-dwarf
BR mutants upon exposure to various environmental stresses.

5. Conclusions

In our study the semi-dwarf phenotype of the BW312 line was positively correlated with the
productive tillering (mainly after the drought exposure) and consequently with the grain weight per
plant upon the drought stress. Noteworthy, the BW312 line along with other BR-related semi-dwarf
NILs showed improved tolerance to drought. It may give an opportunity for the yield increase through
the higher planting density and improved drought tolerance. Therefore, the BW312 line may constitute
an alternative in future barley breeding programs, taking into account the ongoing climate change
and necessity of developing new drought-tolerant crop cultivars. The potential application of this
semi-dwarf mutant as the material in breeding programs may be particularly beneficial in the arid
and/or semi-arid regions where droughts occur frequently and on a regular basis during the vegetation
seasons. The results of our study also indicated that the perturbations in the BR biosynthesis or
signaling did not have any significant deteriorating effect on the contents of grain chemical ingredients.
This is an important issue taking into account the potential application of the semi-dwarf barley BR
mutants as materials in the future breeding programs. Moreover, in our study it was reported that
under the control conditions the protein contents in grains of the analyzed barley BR mutants were
significantly higher than in the ‘Bowman’ cultivar. It indicated that perturbations in the BR biosynthesis
or signaling in the semi-dwarf barley mutants may result in higher grain protein content.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/10/1595/s1,
Table S1: Precipitation and temperature reported during the growing season of 2017 when the field experiment
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