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Abstract
Ten doubled haploid (DH) lines of winter barley with an increased range of freezing/drought tolerance were used to identify 
phytohormones involved in plant stress acclimation. Cold hardening and drought stress were applied at the most critical stages 
of plant development on young seedlings and heading plants, respectively. The level of the phytohormones was significantly 
higher at heading, more than 5-fold in respect of salicylic acid (SA) and total brassinosteroids (BRs) and 1.7-fold in the case 
of abscisic acid (ABA). Moreover, the spectrum of detectable BRs increased from one—homocastasterone (HCS)—found 
in seedlings to four BRs identified in heading plants [HCS, castasterone (CS), teasterone and dolicholide], with the last one 
detected for the first time in cereal species. To some extent freezing tolerance seems to be determined by native hormonal 
status as control seedlings of tolerant DH lines contained 1.4- and 2.3-fold lower amount of ABA and HCS and 2.3-fold higher 
amount of SA in comparison to freezing-sensitive ones. Such dependency was not observed in heading plants as significant 
variation in CS content was the only detected difference. Under stress treatments, tolerant DH lines accumulated significantly 
lower (75–81%) amount of ABA, which probably reflected lower stress intensity resulting from another defence strategy. 
In contrast, stress-induced significant almost 2-fold increase in HCS/CS and 2–3-fold decrease in SA content specific for 
tolerant DH lines of barley suggest the involvement of these molecules in freezing/drought defence. Detected correlations 
suggest their interaction with nonspecific peroxidase and low molecular weight antioxidants.
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Introduction

Hormones are the key factors regulating all aspects of life 
of any living organism starting from the process of egg cell 
fertilization and embryo development, up to senescence 
and death. Apart from their role in development and basic 
metabolism, another crucial role played by these compounds 
is the acclimation of living organisms to changing environ-
ment (Verma et al. 2016; Wani et al. 2016). In the animal 
kingdom, any life-threatening situation induces a cascade 
of near-instantaneous hormonal changes determining which 
of the ‘fight-or-flight’ responses is chosen (Dhabhar 2018). 
Also plants evolved survival mechanisms harnessing vari-
ous types of phytohormones to integrate stress signals and 
to control downstream stress responses aimed at acclima-
tion and/or adaptation to adverse environment (Deveraj and 
Dsouza 2018).
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Among several ‘stress hormones’ abscisic acid (ABA) 
is the most often examined and correlated with the level 
of stress tolerance. It is due to the fact that unfavourable 
environmental conditions such as drought, salinity, cold, 
heat stress and wounding induce a dramatic increase in 
ABA accumulation (Fujii 2014; Vishwakarma et al. 2017). 
ABA plays several key roles in the regulation of a plant’s life 
cycle and its environmental response (Hirayama and Shino-
zaki 2007). Regulation of seed dormancy and response to 
water deficit, specifically the regulation of stomata move-
ment, seem to be the most characteristic (Trejo et al. 1995; 
Kalemba et al. 2009; Nambara et al. 2010). It is worth noting 
that in both cases the mechanisms of biochemical defence 
against dehydration, characteristic for the action of virtually 
all stress factors, are activated.

The main role of another stress hormone—salicylic acid 
(SA)—is mainly associated with systemic acquired resist-
ance (SAR; Vlot et al. 2009) though the signalling role 
played in defence against biological agents is not the only 
one. There are also abiotic stress reactions in which this 
phenolic compound seems to be actively engaged (Khan 
et al. 2015), possibly through the regulation of defence-
related genes expression and metabolism of molecules 
involved in plant defence response (heat shock proteins, 
proline, betaines) and/or activation of the antioxidative sys-
tem. Whereas the positive effect of exogenous SA applica-
tion on plant tolerance to abiotic stresses such as salinity, 
osmotic, drought and heat stress was often reported (Hayat 
et al. 2010; Khan et al. 2015), the effect of endogenous SA 
content and the general model of its function in abiotic stress 
tolerance is still under investigation.

The main emphasis in this study was put on another group 
of compounds—brassinosteroids (BRs)—belonging to a 
relatively new class of plant steroid hormones. The group 
comprises about 70 compounds with different structure, 
physiological activity and distribution (Zullo and Kohout 
2004; Bajguz 2007). The type and concentration of BRs 
depend on the plant species (or even cultivar), organ and 
plant age (Janeczko and Swaczynova 2010; Janeczko et al. 
2010). Their role in abiotic stress alleviation was proven for 
various crop species growing under drought, salinity and 
low temperature stress (Bajguz and Hayat 2009). In the case 
of the last one (frost), the mechanism of BR action is con-
nected with the regulation of the expression of COR (cold-
responsive) genes (Eremina et al. 2016).

During evolution, the accuracy and efficiency of stress 
defence has been predestining the success of a particular 
plant species. This natural process was disturbed by domes-
tication and conventional breeding, which diminished bio-
logical variation and resulted in the production of high-
yield, high-input cultivars with decreased environmental 
acclimation ability (Liu et al. 2019). Based on transcrip-
tome data it was shown that domestication and artificial 

selection affected the pattern of variation in gene expres-
sion throughout the genome and decreased the expression 
diversity across several examined animal and plant species. 
This problem concerns especially barley (Hordeum vulgare 
L.), one of the first domesticated plant species, which still 
remains one of the world’s most important cereal crops. Due 
to low freezing tolerance the cultivation of its winter forms 
is limited to regions with temperate climate. Even there, 
more severe winter conditions usually result in serious plant 
damages and yield losses. Another problem is high sensi-
tivity to drought occurring in the so-called ‘critical peri-
ods’ i.e. heading, blooming and seed setting phases, which 
is another major factor causing a substantial reduction of 
yield and a decrease in its quality. Despite extensive stud-
ies focused on the identification of factors that determine 
high freezing and drought tolerance, breeding progress is 
still not satisfactory. It could be explained by the fact that 
tolerance to both stress factors is based on a complex net-
work of polygenic traits with strong interactions between 
the genotype and environment (Busconi et al. 2001; Cec-
carelli et al. 2010). As changes in temperature extremes and 
water scarcity connected with climate warming and human 
activity are considered key threats for the twenty-first cen-
tury, the understanding of stress tolerance mechanism and 
the production of improved cereal crops is one of the most 
important challenges facing scientists and breeders.

Fortunately, some biotechnological tools, e.g. doubled 
haploid (DH) technology, give the unique possibility to 
increase low genetic variation, speed up the breeding pro-
gress and keep up with the demands of agricultural market 
and environmentally friendly farming systems. The induc-
tion of sporophytic development in haploid plant cells 
(microspores) followed by further diploidization of chro-
mosome numbers allows for instant production of totally 
homozygous lines from heterogeneous parents. It also 
enhances the level of genetic variation due to the expression 
of recessive alleles and new pleiotropic or epistatic interac-
tions (Humphreys et al. 2007). In order to increase genetic 
diversity in the level of drought and freezing tolerance, 
the population of 1090 DH lines of winter barley was pro-
duced from Polish breeding materials of F1 generation. The 
population was phenotyped and ten extreme DH lines were 
identified and examined previously in respect of changes in 
the functioning of the photosynthetic apparatus, antioxida-
tive system activity and proteomic profiles induced in the 
response to low temperature and drought (Gołębiowska-
Pikania et al. 2017a, b).

In this study, to verify the hypothesis of the involvement 
of the above-mentioned phytohormones and their interac-
tion with the elements of the antioxidative system in plant 
defence and stress tolerance acquisition/ability, cold- and 
drought-induced changes in the content of ABA, SA and 
some BRs were investigated with the use of selected DH 
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lines of winter barley. Another aim of the study was to rec-
ognize which of the defence reactions and factors regulating 
plant acclimation to freezing and drought were universal or 
specific for a particular stress.

Material and methods

Plant material

DH lines of winter barley used in the study were produced 
from valuable breeding materials of F1 generation of winter 
barley (H. vulgare L.) which were obtained from DANKO 
Plant Breeding (Choryń, Poland) and Strzelce Plant Breed-
ing (Strzelce, Poland) companies. For the production of 
DH lines we used anther culture method according to the 
modified protocols of Jacquard et al. (2003) and Cistue 
et al. (2003), as it was described in Malaga et al. (2016). 
The produced population of DH lines showed an increased 
level of variation in freezing and drought tolerance level and 
provided valuable genetic resource for breeding programs.

DH lines used in the study were selected on the basis of 
standard laboratory tests described in detail by Gołębiowska-
Pikania et al. (2017a, b). On the basis of the results received 
from freezing tolerance test (percentage of plant survival 
after 8 h at − 12 °C) according to the procedure described 
by Rapacz et al. (2011), the DH lines of barley used in this 
experiment were identified as (1) freezing tolerant: DH602 
and DH534, (2) moderately tolerant: DH561, DH61, DH435 
and DH584 and (3) freezing susceptible: DH65, DH158, 
DH575 and DH363 (Fig. 1).

The estimation of drought tolerance was performed 
according to Hura et al. (2017) based on leaf water content 
(LWC) and leaf water loss (LWL) parameters according to 
the following equations:

where  LFM is leaf fresh mass,  LDM is leaf dry mass after 72-h 
lyophilization,  LWCC is leaf water content of control plants, 
 LWCDT is leaf water content of drought-treated plants.

Among the studied plant materials: (i) drought toler-
ant (DH534, DH561 and DH584), (ii) moderately tolerant 
(DH363, DH65, DH61, DH158, DH575) and (iii) drought 
sensitive (DH602, DH435) DH lines were identified (Fig. 1).

The selected DH lines were derived from the following 
parental materials: DH534 (Traminer × Franziska), DH561 
(POA 3574/92/1 × Rosita), DH575 (POA 03/260 × Lom-
erit), DH584 (POA 03/260 × Rosita), DH602 (cv Souleyka, 
Saaten Union, Germany), DH61, DH65, DH363 (POA 
7020/06 − 2 × Gloria), DH158 (Maybrit × RAH 983) and 
DH435 (POA 7209/06 − 3 × RAH 978).

Experiment 1. Conditions of plant growth, cold 
hardening and sampling

Seeds were sown in plastic boxes (30 cm × 38 cm × 9 cm) 
filled with a mixture of sand, clay soil and peat (1/1/1, 
v/v/v) and germinated for 4 days in darkness, at con-
stant temperature of 25  °C. Next, plant growth was 
maintained at 25/17 °C (day/night), 12/12 h (day/night) 

LWC = ((LFM − LDM)∕LFM) × 100%,

LWL = [(LWCC − LWCDT)∕LWCC] × 100%,

Fig. 1  Freezing and drought tolerance of selected DH lines of win-
ter barley. *Freezing tolerance based on the percentage of plant sur-
vival evaluated 3 weeks after laboratory freezing test (8 h at -12 °C) 
according to Rapacz et al. (2011). **Drought tolerance based on the 
loss of water content (% of control) in leaves of plants growing for 
2  weeks at 35% soil water content according to Hura et  al. (2017). 
Evaluation of drought tolerance was performed based on leaf water 

content (LWC) and leaf water loss (LWL) parameters according 
to the following equations: LWC = ((LFM −  LDM)/LFM) × 100%, 
LWL =         [(LWCC −  LWCDT)/LWCC] × 100%, where  LFM is leaf 
fresh mass,  LDM is leaf dry mass after 72-h lyophilization,  LWCC is 
leaf water content of control plants,  LWCDT is leaf water content of 
drought-treated plants
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photoperiod and irradiance of 400 µmol m− 2 s− 1 (HPS 
lamps, SON-T + AGRO, Philips, Brussels, Belgium). At 
the stage of three leaves, the seedlings [stage 13 accord-
ing to Biologische Bundesantalt, Bundessortenamt and 
Chemische Industrie (BBCH) scale] were transferred to 
a fully controlled chamber for cold hardening [20 days 
at 4/2 °C (day/night), photoperiod 9/15 h, irradiance of 
250  µmol m− 2 s− 1, SON-T + AGRO] according to the 
method described by Rapacz et al. (2008, 2010).

As plants acquire their freezing tolerance during cold 
acclimation, at low though non-freezing temperatures, 
all analyses were conducted first in seedlings at 3-leaf 
stage of development growing under physiologically opti-
mal temperature regime (control), then in seedlings after 
20-day cold hardening at 4/2 °C (day/night).

The experimental design was completely randomized. 
Samples—the whole above-ground parts of seedlings—
were collected before (control) and after cold hardening 
period (cold hardened seedlings). The above-ground parts 
of six seedlings were considered as one biological repli-
cate. The exception was analysis of BRs, where only the 
middle part of the best developed leaf of one seedling per 
sample was collected. The studied parameters were meas-
ured in three to four biological replicates. The scheme of 
the experiment is presented on Fig. 2.

Experiment 2. Conditions of plant growth, drought 
treatment and sampling

The plants were grown in plastic pots (3.7 dm3 in volume, 
6 plants per pot), filled with a homogeneous mixture of soil 

and sand (1:1, v/v) in a greenhouse chamber at 25–30/18 °C 
(± 2 °C) day/night and relative air humidity ca. 40%. Plants 
were illuminated at PPFD of 150–200 µmol m− 2 s− 1 pro-
vided by high pressure sodium lamps (Philips SON-T 
AGRO, Brussels, Belgium).

Soil drought was applied individually to plants of each 
DH line at the generative stage of development with fully 
developed flag leaf (stage 47 according to BBCH scale). 
Water content in the pots was gradually reduced to 35% soil 
water content (SWC) in relation to maximum water holding 
capacity of soil and sand mixture, by not watering the plants 
for 1 week, and was maintained at that level for the next 
2 weeks. Control plants were grown in the pots with water 
content adjusted to 75%. Soil water content was set daily 
between 9:00 and 11:00 a.m. with the use of the gravimetric 
method according to Hura et al. (2017). Both control and 
drought-treated plants were grown at relative humidity ca. 
45%. The effects of drought were analysed at the end of the 
drought period.

The experimental design was completely randomized. 
The leaf samples (the second leaf below the flag leaf) were 
harvested, frozen in liquid nitrogen, and stored at -80 °C. 
The leaves from three plants were considered as one biologi-
cal replicate. The exception was analysis of BRs, where only 
the middle part of one leaf per sample was collected. The 
studied parameters were measured in three to four biologi-
cal replicates. The scheme of the experiment is presented 
on Fig. 2.

Fig. 2  The scheme of the experiments for the detection of brassinosteroids, salicylic and abscisic acids involvement in the regulation of drought 
and freezing tolerance
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Measurements of abscisic acid (ABA)

In preparation for ABA measurements, samples of barley 
leaves were freeze-dried and ground with ball mill MM400 
(Retsch, Haan, Germany) in Eppendorf vials. After adding 
1.5 ml of cold distilled water, the vials were heated for 3 min 
in thermoblock set to 90 °C and then shaken overnight at 
4 °C in order to extract ABA (Quarrie et al. 1988). The next 
day, the aqueous extracts were centrifuged for 20 min in a 
refrigerated centrifuge at 18,000 × g (MPW-350R, Warsaw, 
Poland). ABA was measured in the supernatant using indi-
rect enzyme-linked immunosorbent assay (ELISA) accord-
ing to Walker-Simmons and Abrams (1991) with modifi-
cations by Żur et al. (2015), using the antibody MAC 252 
(Babraham Technix, Cambridge, UK).

Measurements of salicylic acid (SA)

The procedure of SA measurements was based on the pro-
tocol of Moravcova et al. (2018). Firstly, barley leaves were 
collected and promptly frozen in liquid nitrogen  (N2). Sam-
ples were homogenized and extracted with cold methanol, 
supplemented with internal standard of [3,4,5,6-2H4]-sa- 
licylic acid (D4SA), then sonicated and centrifuged. The 
supernatant was collected and purified with Oasis MCX SPE 
columns (Waters, Milford, MA, USA). Analytical samples 
were analyzed with the UHPLC system Agilent 1260 con-
nected to the 6420 ESI Tandem Mass spectrometer with 
the column Supelco Ascentis RP-Amide (7.5 cm × 4.6 mm, 
2.7 µm). Gradient UHPLC analyses of 0.1% formic acid in 
water and acetonitrile under a flow rate of 0.5 ml min− 1 were 
performed. Two most abundant secondary ions (MRMs) 
were chosen for the identification and quantification of SA 
(primary ion 139.0, secondary ions 121.0 and 39.0) and 
D4SA (primary ion 143.1, secondary ions 125.1 and 41.1). 
Ten-point calibration curves were prepared for the analyzed 
compounds.

Measurements of brassinosteroids (BRs)

The analysis of BRs was performed according to modi-
fied protocol by Oklestkova et al. (2017). Firstly, the leaves 
(0.03–0.3 g FW) were powdered in liquid  N2 and after 
extraction in ice-cold 80% methanol, centrifuged. Superna-
tant was supplemented with internal standards of deuterium 
labelled BR mix. Samples were passed through Discovery 
columns (Supelco, Bellefonte, PA, USA), evaporated under 
 N2, reconstructed up to 1 ml volume and then passed through 
immunoaffinity columns (Laboratory of Growth Regulation, 
Olomouc, Czech Republic). BRs were then eluted from col-
umns using cold 100% methanol. After evaporation to dry-
ness, samples were again reconstructed in small amounts of 
methanol. BRs were analyzed with liquid chromatography 

with tandem mass spectrometry (UHPLC–MS/MS) [an 
ACQUITY UPLC I-Class System (Waters, Milford, MA, 
USA) with the use of triple quadrupole mass spectrometer 
Xevo TQ-S MS (Waters MS Technologies, Manchester, 
UK)]. Details for conditions of UHPLC–MS/MS analysis 
are described by Oklestkova et al. (2017).

Statistical analysis

The evaluation of data started with descriptive statistical 
analysis (mean, standard error). Then, the variables were 
examined by analysis of variance (ANOVA) and post hoc 
comparison with Duncan’s multiple range test (p ≤ 0.05). 
Nonparametric Spearman’s rank-order correlation coefficient 
(R) was used to visualize parameters significantly related to 
the level of stress tolerance and to detect relations between 
mean antioxidative activity and mean phytohormone levels. 
All statistical analyses were performed using STATISTICA 
version 12.0 (Stat Soft, Inc., USA) package.

Results

Phytohormone profiles in barley seedlings and their 
changes induced in response to low temperature 
hardening treatment

The content of ABA in barley seedlings ranged from 116 
to 276 pmol g− 1 FW (Fig. 3a) and was significantly influ-
enced by the plant genotype. Significant variation between 
DH lines characterized by different freezing tolerance 
was also observed (Table 1). Significantly lower level of 
ABA detected in control seedlings of freezing tolerant DH 
lines was confirmed by negative correlation (R = − 0.88 at 
p ≤ 0.05) revealed between the level of freezing tolerance 
and ABA content. In the majority of the studied DH lines of 
barley, cold hardening did not induce any significant effect 
on ABA level at the end of this process (Fig. 3a; Table 1). 
Exceptionally, higher/lower level of ABA was detected in 
hardened seedlings of DH534/DH158. Negative correlation 
(R = − 0.63 at p ≤ 0.05) between ABA and freezing toler-
ance was detected also in seedlings after cold hardening.

In contrast, highly differentiated, genotype-dependent 
level of SA was detected in control seedlings of the studied 
DH lines of barley (5–28 pmol g−1 FW, Fig. 3b). Higher 
level of SA seems to be associated with higher freezing tol-
erance (Table 1) though this effect is the result of uniquely 
high SA content detected in seedlings of one of two most 
freezing tolerant DH lines (DH534). In the majority of the 
studied DH lines (with the exception of DH65), cold harden-
ing resulted in restricted SA accumulation (Fig. 3b), which 
resulted in a decrease of SA content from mean value of 
13 to 6 pmol g−1 FW. But only in the groups of moderately 
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Fig. 3  The content of phyto-
hormones in the seedlings of 
10 DH lines of winter barley 
at 3-leaf stage of development 
and changes in their accumula-
tion induced by cold hardening 
[20 days at 4/2 °C (day/night)]. 
The data are the means (± Se) 
from three to four biological 
replicates. Analysis of variance 
(ANOVA) was made separately 
for each tested parameter. 
Values marked with the same 
letter do not differ significantly 
according to the Duncan test 
(p ≤ 0.05). a Abscisic acid 
(ABA). b Salicylic acid (SA). c 
Homocastasterone (HCS)
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tolerant and freezing tolerant DH lines was this effect statis-
tically significant (Table 1).

Only one BR—homocastasterone (HCS)—was detected 
in barley seedlings at 3-leaf stage of development (Fig. 3c). 
Its content in control seedlings varied significantly from 10 
to 62 pmol g−1 FW and was considerably lower in the group 
of freezing tolerant DH lines (Table 1). Moreover, only in 
this group cold hardening had a significant effect on HCS 
accumulation, increasing it approximately 2-fold, to the 
value characteristic for two other groups (Table 1).

Phytohormone profiles in barley plants 
at generative stage and their changes induced 
in response to drought treatment

Control plants of all studied DH lines optimally watered 
during the heading phase of development showed no varia-
tion in the content of ABA, detected at relatively low level, 
from ca. 0.2 to 0.5 nmol g−1 FW (Fig. 4a). Drought treatment 
resulted in a dramatic increase (up to above 12-times) in 
the content of this compound, with a genotype-dependent 
amplitude of changes. As a result, in drought-treated plants 
ABA accumulation ranged from 2 to 7 nmol g−1 FW and was 
associated with drought tolerance level (Table 2). Exclud-
ing two outliers (DH575 and DH602), significant correla-
tion (R = 0.83 at p ≤ 0.05) between ABA content and LWL 
parameter under water deficiency was revealed.

In contrast, the studied DH lines of barley varied sig-
nificantly in respect of SA content, which ranged from 14 
to 180 pmol g−1 FW in leaves of heading plants growing 

at optimal water conditions (Fig. 4b). It could also be 
noticed that in the majority of moderately tolerant and 
drought sensitive DH lines water deficit had no influence 
on SA accumulation, whereas a drastic reduction (from 75 
to 84%) in the content of this compound was detected in 
two among three drought tolerant DH lines (Fig. 4b). The 
elimination of the same two outliers (DH575 and DH602) 
resulted in a strong correlation (R = 0.95  at p ≤ 0.05) 
between SA content and LWL parameter (corresponding to 
drought sensitivity) in plants growing under water deficit.

Four BRs were detected in leaves of plants of the 
studied DH barley lines at generative phase of develop-
ment (Fig.  4c–f). Among them, HCS was detected in 
the highest proportion of ca. 94.7% of total BR content, 
with only minor representation of castasterone (CS, ca. 
4.0%), teasterone (TE, ca. 1.1%) and dolicholide (DL, ca. 
0.2%). The last one was for the first time detected in any 
cereal species. Almost the same proportion of BRs was 
revealed in plants after drought treatment, where HCS, 
CS, TE and DL represented 95.3%, 3.7%, 0.85% and 0.2% 
of total BRs pool, respectively. Both optimally irrigated 
and drought-treated plants of all studied DH lines varied 
significantly in respect of HCS, CS and DL accumula-
tion (ANOVA, p ≤ 0.05), whereas constitutive level of TE 
was very similar in all studied plants and not influenced 
by drought treatment. Control plants of barley character-
ized by different drought tolerance level varied only in 
respect of CS, accumulated at higher concentration in 
drought sensitive DH lines (Table 2), although this effect 
was influenced mainly by its significantly higher level in 
only one genotype (DH602). The effects of soil water defi-
ciency on BR accumulation were associated with the level 
of drought tolerance (Table 2). Only drought sensitive DH 
lines responded with significantly enhanced accumula-
tion of about 27%, 41% and 50% for TE, HCS and DL, 
respectively (Fig. 4c, e, f; Table 2). In contrast, only in 
DH lines with the highest drought tolerance, a significant, 
almost 2-fold increase in the content of CS was observed 
(Table 2).

Discussion

Barley is one of the first domesticated plant species which 
has been intensively bred with improved performance and 
malting quality as the most important targets. Due to genetic 
drift and long-term inbreeding, modern barley cultivars are 
characterized by narrowed genetic diversity in comparison 
with their wild ancestors (Caldwell et al. 2006), especially 
in the case of genes involved in environmental adaptation 
ability (Schmid et al. 2018). As a result, two main threats 
connected with winter barley cultivation are: low freezing 

Table 1  The content of abscisic acid (ABA), salicylic acid (SA) and 
homocastasterone (HCS) in DH lines of winter barley significantly 
differentiated in respect of freezing tolerance level

The content of phytohormones (pmol g−1 FW) was measured in the 
whole above-ground parts of seedlings growing at 25/17  °C (day/
night) (control) and then after the process of cold hardening [20 days 
at 4/2 °C (day/night)]. The data represent the means from three rep-
licates ± Se. Values marked with the same letter do not differ signifi-
cantly according to the Duncan test (p ≤ 0.05). Significant differences 
between extremes (freezing sensitive and freezing tolerant) DH lines 
marked in bold. DH lines of barley (a) freezing sensitive (S): DH65, 
DH158, DH575, DH363, (b) moderately tolerant (MT): DH561, 
DH61, DH435, DH584, (c) freezing tolerant (T): DH602, DH534

Treatment Freezing 
tolerance

ABA SA HCS

Control S 246 ± 172a 8.7 ± 0.2bc 35.9 ± 5.5a

MT 230 ± 11a 14.6 ± 0.3ab 25.4 ± 4.3ab

T 171 ± 20b 20.3 ± 0.7a 15.7 ± 2.5b

Cold-hardened S 219 ± 8a 7.2 ± 0.3c 35.5 ± 2.1a

MT 231 ± 13a 2.5 ± 0.1c 37.2 ± 4.5a

T 178 ± 12b 8.9 ± 0.5bc 30.2 ± 4.0a
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Fig. 4  The content of phytohormones in leaves of 10 DH lines of 
winter barley at heading stage of development growing at 75% soil 
water content (control) and their changes induced in response to 
drought treatment (2 weeks at 35% soil water content). The data are 
the means (± Se) from three to four biological replicates. Analysis of 

variance (ANOVA) was made separately for each tested parameter. 
Values marked with the same letter do not differ significantly accord-
ing to the Duncan test (p ≤ 0.05). a Abscisic acid (ABA). b Salicylic 
acid (SA). c Homocastasterone (HCS). d Castasterone (CS). e Teast-
erone (TE). f Dolicholide (DL)
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tolerance of seedlings and high sensitivity to water scarcity 
at generative stage of development.

Ten DH lines of winter barley characterized by increased 
range of variation in stress acclimation ability were used 
as the model to study the involvement of selected phyto-
hormones in the regulation of plant freezing and drought 
tolerance. Despite various stress factors, both freezing and 
drought stresses induce the same physiological effect of 
plant cell dehydration (Rajashekar 2016). It could be sup-
posed that plants with higher water retention capability, 
which is probably the result of higher osmolyte accumula-
tion, should be better adapted to both stress factors (Walker 
et al. 2010). The results of freezing/drought tolerance tests 
showed however that only one (DH534) among studied 
DH lines was highly tolerant to both freezing and drought 
stresses. The whole spectrum of freezing/drought adaptation 
responses was observed among the rest of studied barley 
genotypes.

Content of ABA, SA and BRs at various stage of plant 
development

The scheme of the present study analysing the effects of 
cold hardening and drought stress applied at the most critical 
stages of plant growth, allows us to compare phytohormonal 
content at vegetative and generative phases of plant develop-
ment. The level of all studied phytohormones was signifi-
cantly higher in heading plants in comparison to seedlings: 
more than 5-fold in respect of mean SA (13 vs. 71 pmol g−1 
FW) and mean total BRs contents (28 vs. 143 pmol g−1 FW) 
and 1.7-fold in the case of ABA (224 vs. 386 pmol g−1 FW).

The ABA levels received in this study (115–276 pmol g−1 
FW equal to 1–2 nmol g−1 DW) for non-acclimated seed-
lings correspond to those received by Bravo et al. (1998). 
However, differences among DH lines were much smaller 
than those observed among cultivars in the afore-mentioned 

study, which suggests genetic homogeneity of all DH lines 
investigated in respect of constitutive endogenous ABA 
level. A similar level (c.a. 2 nmol g−1 DW) of endogenous 
ABA was also detected at seedling stage in androgenic forms 
of Festulolium (Pociecha et al. 2009). The level of ABA 
measured in optimally watered plants at generative phase 
of development ranged from 228 to 475 pmol g−1 FW and 
showed no significant variation among tested DH lines. 
Quite similar results were published also by Seiler et al. 
(2014), who investigated breeding and transgenic barley 
lines.

In contrast, our study revealed that both seedlings 
and heading plants of barley growing at control condi-
tions differ significantly with respect to endogenous SA 
content, detected in the ranges 6–28  pmol g−1 FW and 
14–180 pmol g−1 FW, respectively. Such high genotypic 
variation in SA content among studied DH lines of barley 
was also observed among androgenic forms of Festulolium 
(Pociecha et al. 2009). The level of SA seems to be rather 
low as usual, under optimal environmental conditions—it 
was detected in the range of 10–100 ng g−1 FW (review in 
Janda et al. 2014). However, depending on the plant species 
and the stage of plant development the level of SA varies in 
the range of several orders of magnitude. Higher content of 
SA in plants at generative stage of development is in agree-
ment with earlier published data e.g. SA levels in tobacco 
and Arabidopsis leaves increased 5-fold at the initiation of 
flowering (review in Vicente and Plasencia 2011).

The content of HCS detected as the only BR in winter 
barley seedlings was comparable to that received by Sad-
ura et al. (2019) and Gruszka et al. (2016a) with the use of 
spring barley varieties. These authors also reported a very 
low level of two other BRs (brassinolide and CS) detected 
in three to four leaf seedlings whereas in our study, the 
spectrum of identified BRs increased in plants entering the 
generative phase of development. HCS again predominated, 

Table 2  The content of abscisic acid (ABA), salicylic acid (SA) and brassinosteroids: homocastasterone (HCS), castasterone (CS), teasterone 
(TE) and dolicholide (DL) in DH lines of winter barley significantly differentiated in respect of drought tolerance

The content of phytohormones (pmol g−1 FW) was measured in the leaves of plants at the generative phase of development growing at 75% soil 
water content (control) and after 2 weeks growth at 35% soil water content (drought-treated plants). The data represent the means from three bio-
logical replicates ± Se. Values marked with the same letter do not differ significantly according to the Duncan test (p ≤ 0.05). Significant differ-
ences between extremes (drought sensitive vs. drought tolerant) DH lines marked in bold. DH lines of barley (a) drought sensitive (S): DH602, 
DH435, (b) moderately tolerant (MT): DH363, DH65, DH61, DH158, DH575, (c) drought tolerant (T) DH534, DH561, DH584

Treatment Drought toler-
ance

ABA SA HCS CS TE DL

Control S 393 ± 20c 92.4 ± 16.7ab 118 ± 13b 9.5 ± 2.6a 1.4 ± 0.2b 0.3 ± 0.03b

MT 415 ± 18c 38.1 ± 4.9c 135 ± 16ab− 5.5 ± 0.4bc 1.7 ± 0.1ab 0.3 ± 0.03b

T 318 ± 32c 112.3 ± 21.6a 150 ± 21ab 3.8 ± 0.7c 1.7 ± 0.1ab 0.3 ± 0.04b

Drought-treated S 4316 ± 519a 82.4 ± 30.0ab 199 ± 16a 10.1 ± 2.5a 1.9 ± 0.1a 0.6 ± 0.2a

MT 3874 ± 194ab 54.6 ± 8.3bc 214 ± 29a 7.0 ± 0.5ab 1.7 ± 0.1ab 0.4 ± 0.04ab

T 3253 ± 316b 32.8 ± 4.5c 159 ± 19ab 7.0 ± 1.1ab 1.6 ± 0.1ab 0.4 ± 0.08ab
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which is in agreement with earlier studies on barley cultivars 
and their mutants (Sadura et al. 2019; Gruszka et al. 2016a). 
Among three other identified BRs, DL was detected for the 
first time in any cereal species. Earlier studies of Abe et al. 
(1984) and Gamoh et al. (1990) reported the occurrence of 
a similar compound—dolichosterone, probable precursor of 
DL—in rice and maize. The presence of BRs from differ-
ent structural groups of C27 (TE, CS), C28 (DL) and C29 
(HCS) suggests the existence of independent pathways for 
BR biosynthesis using different sterol precursors or their 
conversion (Janeczko 2016; Sadura and Janeczko 2018; Joo 
et al. 2015).

Changes in phytohormone content associated 
with stress treatment

A key role in the process of cold acclimation is usually 
attributed to ABA (Gusta et al. 2005). For example, Bravo 
et al. (1998) showed that the constitutive ABA level in non-
acclimated barley seedlings correlated with freezing toler-
ance of the cultivars investigated. Moreover, treatment of 
seedlings with exogenous ABA increased freezing tolerance 
but only in the cultivar with the lowest constitutive endog-
enous ABA, indicating that the high endogenous ABA level 
in non-acclimated seedlings is already the optimum for the 
induction of freezing tolerance. In our study, not only ABA 
content was negatively correlated with barley seedlings’ 
freezing tolerance (R= − 0.63; Fig. 5a) but, in contrast to 
the majority of published data (e.g. Sadura et al. 2019), ABA 
level in almost all studied DH lines of barley was not influ-
enced significantly by cold hardening treatment. Only one 
of two studied DH lines with the highest freezing tolerance 
level (DH534) responded in accordance with the expected 
pattern, increasing ABA accumulation more than 1.5 times. 
This observation could be explained by some literature 
data, showing only a transient ABA increase within the 
first 12–24 h of cold acclimation of plants, which was fol-
lowed by a substantial decrease during further acclimation 
(Murelli et al. 1995). This time-limited acclimation response 
was sufficient to trigger different fast and/or slow signalling 
pathway transduction chains. The presented results suggest 
that ABA involvement in cold hardening and freezing toler-
ance in barley cannot be explained simply by the pattern of 
its level changes. A similar conclusion can be found in the 
paper by Kadlecova et al. (2000). Therefore, only the analy-
sis of the whole hormonal balance during cold hardening of 
barley plants can reveal the pivotal role of ABA in freezing 
tolerance.

The involvement of ABA in plant response to drought 
is one of the best recognized mechanisms of plant accli-
mation to abiotic stresses. The main role of ABA increase 
in plants subjected to drought is leaf stomata closure, lim-
iting water loss through transpiration, and an increase in 

root water conductivity with the aim of improving water 
uptake and transport from the soil through the roots to the 
above-ground part of the plant (Zhang et al. 2006). Addition-
ally, ABA induces the expression of many genes enhanc-
ing plant tolerance to drought stress (Parent et al. 2009; 
Zhang et al. 2006; Tommasini et al. 2008). Water deficit in 
plants quickly induces an increase in ABA level (Popova 
et al. 1996; Bandurska and Stroinski 2003; Xue and Lo- 
veridge 2004). A dramatic, almost 10-fold increase in ABA 
content was also observed in this study, in all DH lines of 
barley. However, again this effect was more pronounced in 
drought sensitive DH lines, which could be at least partially 
explained by higher water loss and lower leaf water content 
detected in these plants in comparison with more tolerant 
ones (Gołębiowska-Pikania et al. 2017b).

Several studies demonstrated positive effect of exogenous 
SA application on chilling and drought tolerance in various 
plant species, including barley and wheat (Mutlu et al. 2013; 
Esim and Atici 2015). The mechanism of this positive effect 
is probably based on its signalling function as elevated SA 
upregulates specific genes whose products are involved in 
stress response e.g. peroxidase, glutathione S-transferase, 
dehydrin-like proteins, heat shock proteins, alternative oxi-
dase and superoxide dismutase (SOD). Usually, plants with 
very low level of SA experience more severe damages under 
various abiotic stresses (Yuan and Lin 2008). On the other 
hand, a recent study suggests that only low concentration of 
SA stimulates antioxidative activity in plants whereas high 
level of this compound can initiate cell death or higher su- 
sceptibility to stress (Jumali et al. 2011). In our study, si- 
gnificantly higher endogenous content of SA in seedlings of 
freezing tolerant DH growing at optimal conditions suggests 
that tolerance to this stress factor could be under control of 
some constitutive genotype specific traits. However, the most 
pronounced variation between DH lines of barley extremely 
different in respect of freezing and drought tolerance level is 
their response to these stress treatments, where significantly 
diminished SA accumulation in the leaves was a response 
specific for DH lines characterized by the highest stress tol-
erance. Similar results—significantly higher decrease of SA 
content in cold acclimated plants of freezing tolerant versus 
freezing susceptible genotypes of androgenic Festulolium—
were reported by Pociecha et al. (2009).

The role of BRs in the process of plant hardening to 
frost was investigated earlier by Eremina et al. (2016), who 
revealed that BRs improved freezing tolerance of plants on 
the basis of a study on Arabidopsis thaliana mutants with 
impaired BR signalling. The importance of BR signalling 
for freezing tolerance was also confirmed for barley (Sad-
ura et al. 2019) as barley BR signalling mutants had lower 
freezing tolerance than the wild type. The results for BR 
biosynthesis mutants confirmed it partially, while a distur-
bance of early stages of biosynthesis resulted in lowered 
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Fig. 5  Summary. The effect of 
cold hardening (a) and drought 
treatment (b) on the pattern 
of changes in phytohormone 
content and their homeosta-
sis, variation in the level of 
phytohormones detected in DH 
lines extremely differentiated in 
respect of freezing/drought tol-
erance level and the correlation 
between the level of phytohor-
mones, stress tolerance and the 
activity of nonspecific peroxi-
dase (POX) and low molecular 
weight antioxidants (LMW 
AOX). Arrows indicate the pre-
dominant direction of changes 
in the level of phytohormones 
and their homeostasis: increase 
(↑), decrease (↓) or constant (=) 
in stress sensitive (S), moder-
ately tolerant (MT) and stress 
tolerant (T) DH lines of winter 
barley. Variation of extremes is 
presented in colour according 
to an arbitrarily adopted scale 
corresponding to the results of 
the Duncan’s multiple range 
test (p ≤ 0.05). Correlation 
coefficient (R) was estimated by 
nonparametric Spearman’s rank-
order. aCorrelation significant 
after elimination of two outliers. 
ABA abscisic acid, SA salicylic 
acid, HCS homocastasterone, 
CS castasterone, TE teasterone, 
DL dolicholide, Sc control seed-
lings/heading plants sensitive to 
freezing/drought treatment, Tc 
control seedlings/heading plants 
tolerant to freezing/drought 
treatment, SH cold hardened 
seedlings sensitive to freez-
ing stress, TH cold hardened 
seedlings tolerant to freezing 
stress, SD drought treated plants 
sensitive to drought stress, TD 
drought treated plants tolerant 
to drought stress
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freezing tolerance, whereas disturbances in later stages of 
BR biosynthesis had no effect. According to literature, the 
content of BRs increased in cold hardened winter rye (Pocie-
cha et al. 2016) and spring barley (Sadura et al. 2019), which 
is to some extent in accordance with data obtained in this 
study as significant increase in HCS content was noted for 
more freezing tolerant DH lines of barley. Previous studies 
with spring barley (Sadura et al. 2019) and winter wheat 
(Janeczko et al. 2019) also showed that cultivars less tolerant 
to freezing accumulated lower amounts of BRs (especially 
HCS) in response to cold hardening in comparison with 
more tolerant cultivars. These results suggest that although 
the final content of HCS measured in cold hardened seed-
lings cannot be used as the marker of freezing tolerance 
in barley, such role could be played by the amplitude of 
changes induced by the process of hardening. The dramatic 
increase in HCS content specific only for freezing tolerant 
DH lines of barley also suggests its direct involvement in 
freezing tolerance acquisition.

The consistent increase in BR accumulation observed 
in response to drought stress is in agreement with earlier 
studies on barley and its BR signaling and BR-deficient 
mutants (Gruszka et al. 2016b). However, whereas increased 
level of HCS and DL observed in our study in leaves of 
drought sensitive DH lines could be used as the low tol-
erance marker, significantly increased content of CS spe-
cific only for drought tolerant DH lines suggests its role in 
plant acclimation to water scarcity. Similarly, Gruszka et al. 
(2016a, b) proposed CS as the suggested end product of the 
BR biosynthetic pathway in monocots to be drought-induced 
compound. For some plant species e.g. tobacco, rice or pea, 
it is the main biologically active BRs (Reid et al. 2010).

It is well known that the content and profile of BRs may 
be modified significantly by environmental factors. Exog-
enous BR application on drought stressed plants and low 
temperature treated plants was beneficial, improving stress 
tolerance and resulting in higher yield production (Bajguz 
and Hayat 2009; Sadura and Janeczko 2018). It is connected 
to BR-induced increase in chlorophyll contents and photo-
synthetic capacity which determines biomass accumulation. 
BRs also stimulate accumulation of anti-stress agents e.g. 
proline, counteracting negative effects of various kind of 
stresses. They enhance antioxidant system capacity, increas-
ing enzymatic activity and upregulating stress response 
genes, among others the ones encoding SOD, catalase (CAT) 
and peroxidases (review in Anwar et al. 2018).

Changes in hormone homeostasis induced by cold 
hardening and drought treatments

Plant hormones are the key factors regulating plant growth, 
development and stress acclimation. However, they act 
in a very complex network interacting at the level of 

biosynthesis, distribution, gene expression or signalling. 
Thus, not only the changes in the level of phytohormones 
per se but disturbances in their homeostasis are essential for 
stress response (Verma et al. 2016).

In the present study, hardening and drought treatments 
coincided with both common and specific disturbances in 
phytohormone content and their homeostasis necessary 
to induce signal transduction and plant stress acclimation. 
Summarizing all observed changes, it could be seen that 
both cold hardening and drought induced significant changes 
in SA/BR ratio, increasing BR predominance in DH lines of 
barley with higher stress tolerance (Fig. 5a, b). Dramatically 
enhanced ABA accumulation induced by soil water deficit 
increased its content in comparison with BRs in all studied 
DH lines of barley, whereas a significant increase in ABA/
SA was observed only in more drought tolerant genotypes 
(Fig. 5b).

Correlation analysis among stress tolerance 
level, phytohormone content and activity 
of the antioxidative system

Among various parameters identified in our previous stud-
ies (Gołębiowska-Pikania et al. 2017a), the most important 
role in tolerance to freezing and limited water availabil-
ity seems to be played by effective antioxidative defence 
(Gołębiowska-Pikania et al. 2017b). As the majority of 
phytohormones are involved in the regulation of antioxida-
tive system activity the level of ABA, SA and BRs was cor-
related with the activities of antioxidative enzymes—SOD, 
CAT and nonspecific peroxidases (POX)—as well as with 
the activity of low molecular weight antioxidants (LMW 
AOX) measured simultaneously and published earlier by 
Gołębiowska-Pikania et al. (2017a, b).

The analysis confirmed our observations showing nega-
tive correlation between the content of ABA and freezing/
drought stress tolerance (Fig. 5a, b). Higher accumulation 
of this phytohormone seems to be the marker of lower accli-
mation ability to cold and drought treatment. Interestingly, 
higher accumulation of ABA was correlated with lower 
activity of LMW AOX in control seedlings at 3-leaf stage 
of development and with higher activity of LMW AOX in 
control generative plants with fully developed flag leaf. This 
effect could be connected with various endogenous levels 
of ABA detected at various stages of plant development and 
some genotype-specific threshold level of ABA necessary 
for the positive interaction initiation.

Tasgin et al. (2003) reported that exogenous SA applica-
tion enhanced freezing tolerance of wheat, which resulted 
from increased activities of antioxidative enzymes and 
antifreeze proteins. Similar data showing that exogenous 
treatment with low concentration of SA can increase anti-
oxidative activity were presented by Ananieva et al. (2004). 
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Although in our study, endogenous level of SA was not sig-
nificantly correlated with freezing tolerance, the mechanism 
of SA action through enhanced antioxidative defence seems 
to be confirmed by significant correlation detected between 
its endogenous content and POX activity (Fig. 5a). Similarly 
to ABA, accumulation of SA was negatively correlated with 
drought tolerance (Fig. 5b), which confirms earlier reports 
of dose-dependent SA effects (Jumali et al. 2011).

In response to both stress factors, more intense accumu-
lation of BRs was correlated with higher activity of LMW 
AOX (Fig. 5a, b). It correspond with the data of Li et al. 
(2016) showing that exogenous application of BR activates 
the expression of cellular redox homeostasis-related genes, 
including GSTX1 (probable glutathione S-transferase). The 
encoded enzyme regulates conjugation of reduced glu-
tathione (the most abundant cellular LMW AOX) to various 
substrates for cell detoxification.

In conclusion, some common and specific effects on 
hormonal content and homeostasis were detected in winter 
barley plants under cold hardening and drought treatment 
(Fig. 5a, b). To some extent freezing tolerance seems to be 
determined by native hormonal status of seedlings, which 
was not observed in plants at generative stage of develop-
ment. ABA seems to be involved only in drought stress 
defence, though its role in fast, cold induced defence reac-
tions cannot be excluded. Significantly lower accumulation 
of ABA detected in freezing/drought tolerant DH lines under 
stress treatment probably reflected lower stress intensity, 
which was suggested by lower level of cell dehydration. In 
contrast, increased content of some BRs and decreased level 
of SA resulting in disturbed SA/BRs homeostasis specific 
for tolerant DH lines of barley suggest direct involvement 
of these molecules in the metabolic network responsible 
for stress defence. Some inconsistency between our study 
and other published data could be the result of a relatively 
high number of tested genotypes, which made it possible 
to reveal huge diversity and complexity of the mechanisms 
induced in response to low temperature and drought. While 
drawing conclusions and describing various cold/drought 
stress response patterns, we should also be aware that to 
some extent the observed variation could result from dif-
ferent stages of plant development and that further, more 
precise studies should be performed to discover the actual 
cause and effect relationships and identify the mechanisms 
of plant tolerance.
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