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Abstract: In barley (Hordeum vulgare L.) breeding, heading date is one of the most important agricul-
tural traits that is essential for the completion of its life cycle. Certain endogenous and environmental
factors regulate floral transition, morphing the complex genetic mechanism of the heading phase,
which could serve as a premise of orchestration for improved yields. To elaborate the network of
genetic and environmental signals, a hydroponic experiment was carried out using two spring (i.e.,
DM65 and DM70) and two winter barley genotypes (i.e., DM269 and DM385). Our results confirmed
that the vernalized environment produced a substantial reduction in plant height, biomass and
photosynthetic activity compared with the control plants. A noticeable increase in oxidative stress
was exhibited by DM65 and DM70 plants compared with their respective controls at 20 °C, while
no significant difference was observed for any genotype grown in the greenhouse (25 °C). Simul-
taneously, increased antioxidant enzyme activity in winter barley genotypes showed a defensive
mechanism under vernalized conditions (4 °C). Furthermore, the expression of key regulatory flower-
ing genes revealed that the vernalization gene (HvVRN1) is the key regulator of floral induction after
cold exposure, whereas Photoperiod Response Locus 1 (HuvPpd-H1) had significantly higher expression
under greenhouse conditions, along with Phytochrome C (HvPHY-C), validating their involvement as
upstream heading time regulators. These findings contribute to enriching the study of environmental
signals that substantially modulate the complex mechanism of barley heading date.
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1. Introduction

Over the coming decades, the predicted future climate changes brought on by anthro-
pogenic modifications of the environment will pose many challenges to agriculture [1].
Among the world’s most important cereal crops, barley ranks fourth in quantity produced
and provides food and beverages for humans, as well as feed for animals [2]. It is estimated
that barley yield may decrease by up to 20%, depending on climatic projections, because
temperature extremes will harm its reproductive stages, and the maximal grain production
depends significantly on the optimum time to heading under different climatic condi-
tions [3]. Variations in the requirements of vernalization and photoperiod provide the basis
for adaptation and plasticity in many plant species to control floral growth [1,3]. In barley,
the VRN1, Ppd-H1, and Phy-C genes play a complex role in environmental sensing and
interactions. The VRNT1 gene in barley is the primary regulator of vernalization, whereas
the Ppd-H1 and Phy-C genes control floral induction and circadian rhythms during the
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photoperiod [1]. Synchronization between vernalization and the photoperiod converges to
modulate the transition of the vegetative to reproductive phase. During the reproductive
transition, vernalization and photoperiod genes influence developmental processes such as
tiller formation, floral organ initiation, and spikelet number [4]. The VRN1 gene, which
translates MADS-box transcription factor, is found on chromosome 5H of barley and is
related to the Arabidopsis APETAL1/FRUITFUL genes, which are involved in development
of the floral meristem [5]. Upregulation of VRN1 in genotypes that are susceptible to
vernalization is proportional to the period of cold exposure. VRNT is a homolog of the Ara-
bidopsis FT gene, which stimulates flowering by upregulating VRN3 to initiate flowering [6].
Natural allelic variation at the VRN1 locus is primarily responsible for the differences in
heading date between winter and spring barley. The winter growth habit is associated with
the recessive allele, while the spring growth habit is conferred by a single dominant VRN1
gene. In temperate regions, recessive VRN1 genes are preferred over dominant ones in
spring barley because the vernalization response is thought to enable plants to evolve and
mature more slowly in productive environmental conditions. Early flowering-associated
mutations in the promoter regions, retrotransposon insertions, and major deletions in
Intron 1 have been observed in the dominant genotypes of VRN1 [3,6,7]. Ectopic expression
of VRNI is linked to promoter mutations or deletions in the 2.8 kb region downstream
from the first exon [7]. In order to induce floral competency, genotypes that bear these
mutations require no vernalization and thus undergo accelerated flowering. While these
mutations cause flowering to occur quickly in spring wheat, it has also been known that
the typical allelic variation of the recessive VRN1 genes affects the duration of vernalization
requirements [8,9]. The variation in the winter requirements of barley vernalization is
caused by genetic variations such as transcript synthesis and coding sequence mutations.

Another factor that modulates flowering and growth is photoperiodism. Putatively
regulating photoperiodism, the Ppd-H1 gene is located on chromosome 2H [10], mainly dis-
playing expression during the day, and is orthologous to the family of the Arabidopsis PRR
genes that control the circadian clock cycle [11-13]. Ppd-H1 interacts with the vernalized
pathway through CO, a core component of the photoperiod pathway by direct or indirect
activation of VRN3 [14]. Photoperiod sensitivity is a significant factor affecting the time of
flowering. Sensitivity to photoperiod puts wheat and barley in two classes, i.e., sensitive
and insensitive types. Insensitive photoperiod genotypes (carrying alleles designated
with the suffix “a”) will flower regardless of daylength, whereas responsive photoperiod
genotypes (carrying alleles designated with the suffix “b”) will react strongly to increasing
daylength [12]. Furthermore, photoperiodic variations are derived from mutations such
as retro-transposon insertions, deletions in the regulatory sites, gene truncation, and gene
dosing [11]. This variation in the photoperiod response is useful for adapting phenolog-
ical growth for various growing environmental conditions. On one hand, insensitivity
to photoperiods can be beneficial, allowing plants to mature quickly and fill grain before
the temperatures of summer get too high. On the other hand, photoperiod sensitivity
enables plants to delay maturity in order to increase the growth of leaves and spikelets,
and tillering [15]. When the days are short, photoperiod sensitivity prevents flowering out
of sync during the fall. The value of delaying flowering for plant growth has been shown
to increase yield in cultivation at higher latitudes.

Recent studies have demonstrated that the light-sensing photoreceptor PhyC gene
plays a significant role in flowering. The PhyC gene is present on chromosome 5H as a
single-copy gene and co-segregates with the VRNT loci [16]. It is a part of the phytochrome
photoreceptors that control photo-morphogenesis by sensing red and far-red light [17].
When plants experience variations in the ratio of red to far-red light, their growth behavior
can change to either slow down or speed up flowering [18]. The PhyC gene is intricately
linked to the photoperiod pathway as an upstream regulator, regulating the floral integra-
tor CO of circadian light-dependent entrainment [1,19-22]. Photoperiod-regulated genes
showed significantly reduced expression in plants with a loss of PhyC function [23]. How-
ever, Phy-C plays a functional role and has no direct interaction with the VRN1 genes in
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controlling light activation of photoperiod response genes [1,20,24]. Another possible node
in the flowering pathway that could be regulated in combination with the photoperiod
genes to adjust heading date is the PHY-C gene. The global rise in temperatures and
unpredictable climate change could have an effect on many barley-growing regions, and it
is important to recognize gene variants that allow plants to adapt to future climate change.
This study was designed to explore the comparative responses of barley genotypes dif-
fering in their growth habits (winter and spring genotypes) to cold exposure, greenhouse
conditions, and a combination of both, as well as to document the expressional variations
of the VRN1, Ppd-H1, and PHY-C genes. Developing cultivars which are adaptable to the
changing environment and the identification of novel gene variants that can modulate
heading date are paramount and can provide plant breeders with valuable genetic tools.

2. Materials and Methods
2.1. Experimental Material and Growth Conditions

Barley genotypes with early-maturing (i.e., DM65 and DM70 Spring) and late-maturing
(i.e., DM269 and DM385 Winter) growth habits were used in this study. Two hundred
seeds of each genotype (50 for each growth condition) were surface-sterilized with 2%
H,O; for 30 min, rinsed thoroughly with distilled water, and then sown in the controlled
environment and grown for 4 weeks. In the vernalized growth environment, seedlings of
all genotypes were vernalized at 4 °C with a daylength of 14 h, whereas, for the greenhouse
growth environment, the day/night temperature was maintained at ~25/19 °C with a
daylength of 14 h. Additionally, the control plants of each genotype were grown under
conditions of ~20/16 °C as the day/night temperatures with a daylength of 16 h. For
the combined V+GH treatment, 14-day-old seedlings exposed to cold temperatures were
moved to greenhouse conditions for another 14 days. The experiment was laid out as a
completely randomized design with three replicates.

2.2. Analysis of Morphological and Photosynthetic Parameters

After 4 weeks of exposure and prior to harvesting, photosynthetic parameters includ-
ing the net photosynthetic rate (Pn), transpiration rate (Tr), and stomatal conductance (Gs)
were determined in fully established upper leaves using an IRGA-based photosynthetic
system (Li-6400 system, Li-COR, Lincoln, NE, USA). A built-in light-emitting diode source
with a flow rate of 400 umol s~ 1, a relative humidity between 50-70%, and a CO, concen-
tration of 400 mol mol~! was used to calculate the photosynthetic parameters at a photon
flux density of 1000 pmol m~2 s~!. Both vernalized and greenhouse plants were used
to determine root length, shoot height, and root and shoot fresh and dry weights. Fresh
root and leaf samples were immediately frozen in liquid nitrogen and stored at —80 °C for
further analyses. The remainder were dried for 3 h at 105 °C and then for another 24 h at
80 £ 1.5 °C to a constant dry weight for the measurement of dry biomass.

2.3. Detection of Antioxidant Activity and Lipid Peroxidation Assay

Leaf tissue samples weighing about 0.5 g were thoroughly homogenized in 1500 uL
of 50 mM saline phosphate buffer (PBS; pH 7.8) and centrifuged at 12,000 rpm for 20 min
at 4 °C for enzyme activity analysis. As previously described by [25], the superoxide
dismutase assay was carried out by inhibiting the photochemical reduction of NBT by
mixing the enzyme extract in a microplate with a reaction solution prepared using a
50 mM phosphate buffer, 75 mM NBT, 20 mM riboflavin, 100 mM Na,-EDTA, and 130 mM
methionine. The amount of extract that inhibited the photoreduction of NBT by 50% was
described as one unit of enzyme. SOD activity was measured spectrophotometrically
at 560 nm in comparison with a blank reagent, and the following formula was used
for calculations:

SOD activity = {(Ack — Ae) x V} + {05 x Ack x W x Vt}
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where, Ae is the OD value on the spectrophotometer, Ack is the OD value for the control
tube under light conditions (at 4000 Lux for 20 min), V is the total volume of the buffer
solution used to extract the enzyme, W is the fresh weight of the sample, and Vt is the
amount of enzyme extract used in the reaction solution to test SOD.

Subsequently, peroxidase activity (POD) was determined by calculating the increase
in guaiacol oxidation absorbance at a wavelength of 470 nm. The reaction mix included
a buffer of 50 mM (pH 7.8), 1.5 mM g~! guaiacol, 300 mM H,O,, and the sample tissue
extract. POD activity was calculated using the following formula:

POD activity (mM + gFW) = (A x V + a) = (E x W)

where, A is the OD value on the spectrophotometer, E is the activity constant (26.6 mM cm 1),

V is the total volume of the buffer solution used to extract the enzyme, W is the weight of
the sample, and A is the amount of enzyme extract used in the reaction solution.

MDA content was calculated as the expression of lipid peroxidation using the method
of [26]. Briefly, tissue samples weighing 0.5 g were homogenized in 1500 uL of TCA
containing 5% (w/v) and centrifuged at 12,000x g for 20 min at 4 °C. After hat, 200 uL
of supernatant was combined with 800 uL of TBA reagent, which was then incubated
at 95 °C for 15 min before being rapidly cooled in ice to stop the reaction, followed by
centrifugation at 4800 rpm for 10 min. At wavelengths of 532 and 600 nm, the absorbance
was measured on a fresh weight basis. The extinction coefficient of 155 mM~! cm~! was
used to measure the MDA concentration. The experimental values were determined against
the MDA standard curve.

MDA contents = [(OD532 — OD600) x A x V] + (a x E x W)

where A is the total RS + EE used, V is the total volume of the buffer solution used to extract
the enzyme, W is the fresh weight of the sample, A is the amount of enzyme extract used in
the reaction solution, and E is the activity constant for MDA (1.55 x 10~ 1)

2.4. Gene Expression Analysis

To validate the possible mechanisms responsible for the observed changes in heading
date under different environmental conditions, expression analysis of major candidate
genes that control the heading time of barley under different environmental conditions
was performed. Leaf samples were collected from the second leaf stage till heading from
the different environmental conditions in three biological replicates, freeze-dried, milled,
and then pooled together for RNA extraction, which was performed using the MiniBEST
Plant RNA Extraction Kit (catalog # 9767; TaKaRa, Tokyo, Japan). All the procedures, from
extraction to purification, were carried out according to the manufacturer’s recommenda-
tions. For qualitative and quantitative checks of the acquired RNA, electrophoresis with 2%
agarose gel and a Titertek-Berthold nanospectrometer (Pforzheim, Germany), were used,
respectively. For the synthesis of cDNA, the Prime Script RT reagent Kit (catalog # RR037A;
TaKaRa, Tokyo, Japan) was used, following the instructions of the manufacturer. Quantita-
tive assays were carried out in triplicate using SYBR Green Master mix (catalog # 4309155;
Takara, Tokyo, Japan) in a 20 uL reaction volume in a Roche Light Cycler® 480 (Roche, Basel,
Switzerland). Site-specific primers were designed to amplify Hordeum vulgare L. homologs
obtained by searching the NCBI database for candidate genes (Table 1). Actin (GenBank
ID: AY145451) was used as a reference gene and the quantitative relative expression of the
genes of interest was determined according to [27] following the 2" (=#A€T) equation.

2.5. Statistical Analysis

The experiment was laid out as a completely randomized design, and the data were
statistically evaluated using analysis of variance (ANOVA) with Statistics 8.1 (Software AG,
Darmstadt, Germany). Mean values were compared using the least significant difference
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(LSD) test at p < 0.05. MS Excel 2016 was used to draw the graphs, whereas for making the
heatmaps, TBtools (V. 0.665) was used [28].

Table 1. List of primer sequences used in this study.

Gene Name GenBank ID Primer Pair Sequence (5’ to 3') Length (bp) PCR Product (bp)

. AGGCCCCTTTGAACCCAAAA 20

HoActin AY145451 ATAGCGACGTACATGGCAGG 20 88
CTTCACCAACAACTTGGGCG 20

HoVRN1 AY750995.1 CGTGGTGCTGGTGACAGTAT 20 124
AGCCAGAAGCTCGTGAAGAC 20

HoPHY-C ABBI3327.1 TTCGACCACTTGCTCGTC 18 143
TGAAGGTCATGCTGCCAACT 20

HoPpd-HI ACL78688.1 GCTCCCGTTTCATGTGCATC 20 149

3. Results

3.1. Plant Growth Attributes

The reduction in plant growth under the treatments of vernalization, greenhouse,
and moving to the greenhouse after vernalization compared with their respective controls
is presented in Figure 1. Here, the reduction was much higher in DM269 and DM385,
with shoots being more impaired than roots; under vernalized conditions in particular, a
reduction of 40% and 51% was observed in DM269 and DM385, respectively. However, the
same genotypes exhibited a lower percentage of reduction in the greenhouse compared
with the other two genotypes. As expected, plant biomass was significantly reduced in
both environments compared with the control. The vernalized environment showed a
greater reduction in winter barley compared with the spring type, even when plants were
moved to the greenhouse.
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Figure 1. Effect of different environments on the growth parameters of four barley genotypes (1 = 5).
(A) Shoot height, (B) root length, (C) shoot fresh weight, (D) root fresh weight, (E) shoot dry weight,
and (F) root dry weight. Vertical bars correspond to means + SE. Different letters indicate statistically
significant difference at p < 0.05 within the genotypes and among the treatments. Legends: control
(CK), vernalization (V), greenhouse (GH), and moved from vernalization to the greenhouse (V + GH).
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3.2. Photosynthetic Parameters

To investigate the effect of vernalization or greenhouse conditions on the photosyn-
thetic systems in different barley genotypes, Pn, Gs, and Tr were tested in four barley
genotypes. As shown in Figure 2A, Pn decreased in DM269 and DM385 under vernaliza-
tion more so than in the greenhouse or when moved to the greenhouse post-vernalization,
whereas DM65 and DM70 showed an increased Prn compared with both late-maturing geno-
types. On the other hand, levels of Gs and Tr were inhibited by vernalization or low temper-
atures in all genotypes (Figure 2B,C). With exposure to vernalization and the greenhouse,
Gs and Tr levels decreased by more than half compared with their respective controls.
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Figure 2. Effects of vernalized and greenhouse environments on the physiology of four barely geno-
types (n = 5). (A) Net photosynthesis rate (Prn), (B) stomatal conductance (Gs), and (C) transpiration
rate (Tr). Legends: control (CK), vernalization (V), greenhouse (GH), and moved from vernalization
to the greenhouse (V + GH). Vertical bars correspond to means + SE. Different letters indicate a
significant difference at p < 0.05 within the genotypes and among the treatments.

3.3. Membrane Lipid Peroxidation and Antioxidant Enzyme Activity

Measurements of vernalized plants showed an increase in MDA concentrations for
spring barley genotypes compared with the winter barley genotypes, where the maximum
rate of increase was observed in DM65 (Figure 3). Under greenhouse conditions, MDA
concentration remained constant in DM65, DM70, and DM269, but decreased slightly in
the winter barley genotype DM385. There was no significant difference in the MDA concen-
tration in the greenhouse among all the genotypes. To ascertain the relationships among
physiological traits of barley genotypes, we determined the SOD and POD activity in the
vernalized and greenhouse environments. Superoxide dismutase activity in all tested win-
ter genotypes was relatively higher during vernalization. A gradual increase in antioxidant
enzymes was observed in all the genotypes when grown in the greenhouse. As expected,
an early shift to the reproductive stage in the spring barley genotypes DM65 and DM70 was
led by the lower activity of or reduction in SOD even in the vernalized environment. In the
case of peroxidase activity, a similar trend to SOD was found under vernalized conditions.
Peroxidase antioxidant enzyme activity was elevated in the vernalization environment.
Greenhouse conditions, on the contrary, drastically reduced the activity of POD activity
compared with the respective vernalized counterparts. Subsequently, exposure to the
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greenhouse post-vernalization displayed an intermediate pattern for both SOD and POD
activities. Altogether, the winter type barley genotypes had higher enzymatic activities
than the ones with a spring growth habit.
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Figure 3. Effect of vernalized and greenhouse environments on the ROS scavenging enzymatic activi-
ties of four barely genotypes (1 = 5). (A) Superoxide dismutase activity, (B) peroxidase activity, and
(C) malondialdehyde content. Legends: control (CK), vernalization (V), greenhouse (GH), and moved
from vernalization to the greenhouse (V + GH). Vertical bars correspond to means + SE. Different
letters indicate significant differences at p < 0.05 within the genotypes and among the treatments.

3.4. Expression of Candidate Genes in Different Environments

The relative expression of three candidate genes mainly regulating the heading mech-
anism was calculated, and a noticeable difference among the four genotypes was observed
in different environments (Figure 4). At the second-leaf stage, vernalization caused a
significant increase in the expression level of HyVRN1 and HvPHY-C in all the genotypes,
except HuPpd-H1, which showed lower expression than the control. On the other hand,
greenhouse conditions reduced the expression of HvVRN1 and HvPHY-C in DM269 and
DM385, but significantly increased the expression of HvPpd-H1 in DM65. Except for DM385,
all genotypes showed increased HvVRN1 expression under vernalized conditions when
the third-leaf stage was reached. Simultaneously, HvPHY-C had significantly higher ex-
pression, while HvPpd-H1 had significantly lower expression in all genotypes. HvVRN1
and HoPHY-C were found to have no or low expression in DM269 and DM385, respec-
tively. In DM65, however, there was an increased level of HvPpd-H1 expression. HvVRN1
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expression was found to be lower in the winter genotype DM385 under vernalization at
the fourth-leaf stage.
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Figure 4. Heat map representing the relative expression of candidate genes involved in barley heading
date (1 =5). (A) HvPPD-H1, (B) HvPHY-C, and (C) HvVRN1. Legends: control (CK), vernalization (V),
greenhouse (GH), and moved to the greenhouse post-vernalization (V + GH). The gene expression
intensity spanned from low (blue) to high (red). The expression values have been calculated as
fold changes.
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Simultaneously, the expression of HvPHY-C increased markedly in all genotypes,
whereas only DM65 showed an increase in HvPpd-H1 expression levels under vernalization.
Greenhouse conditions induced HvVRN1 and HvPHY-C expression in all barley genotypes;
however, HvPpd-H1 expression decreased in DM70 and DM269 compared with the other
two genotypes. When the plants were transferred to the greenhouse, HyVRN1 and HvPHY-
C were expressed positively in all barley genotypes, but DM65 showed negative expression
for HuPpd-H1. With the exception of HvPpd-H1, which had lower expression in DM70 and
DM269 under greenhouse conditions, all three genes showed a substantial increase in their
expression level at the fifth-leaf stage, regardless of the barley genotype or environmental
conditions. All three genes were found to have significantly higher expression at the sixth-
leaf stage in all genotypes and environmental conditions, with the exception of HvVRN1
and HouPpd-H1, which both showed a significant decrease in their expression levels under
vernalization and in the greenhouse in winter barley genotypes, respectively. Except
for HuPpd-H1, which showed lower levels of expression in the greenhouse (DM385) and
when plants were shifted to the greenhouse (DM269), all genes had noticeably increased
expression in all genotypes and environmental conditions at the seventh-leaf stage.

The results for the eighth-leaf stage showed the same increasing pattern of relative
gene expression, but only the HvPpd-H1 gene showed a lower level of expression in DM385
under greenhouse conditions. HvVRN1 was upregulated in DM269 and DM385 at the
ninth-leaf stage in both the greenhouse and shifting environments. When DM385 was
exposed to vernalization then shifted to the greenhouse environment, the expression levels
of HyPHY-C and HvPpd-H1 decreased significantly. All three genes showed a significant
increase in expression level at the tenth-leaf stage, regardless of the barley genotype or
environmental conditions, with the exception of HvPpd-H1, which had lower expression in
DM269 when transferred to the greenhouse environment.

4. Discussion

Diverse morpho-physiological characteristics of different crop plants have been af-
fected by different abiotic environmental factors. These effects arise from changes in the
different physiochemical processes, which influence vital photosynthetic processes [29,30].
This research examined four barley genotypes under vernalized and non-vernalized en-
vironmental conditions for the physio-biochemical and genetic mechanisms controlling
barley heading date. Under vernalization and greenhouse conditions, plant growth pa-
rameters, malondialdehyde content, and superoxide dismutase and peroxidase activity
differed. Our findings showed that in comparison with vernalized plants, the biomass
of greenhouse grown plants increased substantially. Reportedly, temperature differences
tend to reduce plant height, total biomass, and the number of tillers in cereals [31]. Further
evidence involves the study on common bean (Phaseolus vulgaris) conducted by [32], which
demonstrated the likely effects of environmental conditions on morpho-physiological
characteristics, such as shoot and root development and plant height. Previous studies
indicated that the overall phenological cycle could be decreased as a result of high and
low temperatures, ultimately decreasing the life cycle. According to several studies, a
temperature deviation of 1-2 degrees Celsius from the optimum requirement may cause
phenological disturbances in plants [33,34]. To defend cells during biological evolution
and from the toxicity of free radicals, plants used different mechanisms, such as enzymatic
resistance [35]. With the onset of vernalized conditions, the MDA content of spring barley
genotypes increased, implying that spring genotypes performed poorly in response to
vernalized or low-temperature conditions. The degree of MDA was related to the activity
of SOD, which played a major role in scavenging ROS as a major antioxidant enzyme [36].
High levels of SOD activity increase the plant’s antioxidant efficiency to reduce the level of
membrane lipid peroxidation [37,38].

In this study, SOD activity decreased under greenhouse cultivation but increased under
vernalization in the winter barley genotypes DM269 and DM385. The ability of antioxidant
enzymes to maintain and restore the activity reduced during chilling temperatures relatively
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quickly after plants were transferred to warm conditions was reported to achieve low
temperature resistance [39]. The highest degree of SOD activity during vernalization
was displayed by DM269, suggesting that it has greater tolerance than other genotypes.
Moreover, SOD activity was higher during the winter, and MDA levels were lower in
winter barley genotypes than in spring barley genotypes. This can be used to determine
winter barley genotypes’ resistance to low temperatures [40]. Peroxidase activity increased
in the winter genotypes under greenhouse conditions, as expected, compared with their
control counterparts. According to recent studies, warm environmental conditions hinder
the activities of SOD and POD. Furthermore, when subjected to a long period of low
or vernalizing temperatures, the foliage of pepper (Capsicum annuum) seedlings showed
increased POD activity [36,39]. This implies that lower levels of SOD may follow POD
activity in correlation with environmental conditions and the reproductive phase transition.
Our findings showed that phenological production interacts with the temperature, which
affects the rate of antioxidant activity, in line with the study of [41]. Vernalization not
only induces chilling tolerance in winter barley but also prompts an increased tolerance to
low-temperature-instigated photoinhibition [42]. Our results showed that Pn had varying
genotype-dependent responses, while Gs and Tr were inhibited by vernalization. In winter
barley genotypes, Pn did not decline with vernalization, showing good tolerance of low
temperatures, which was consistent with the survival rate. Delucia [43] reported a reduction
in the photosynthetic rate along with Gs after 7 days at 0.7 °C in Engelmann spruce (Picea
engelmannii) seedlings, which further validates the results acquired in this study. Similarly,
Pn, Gs, and Tr declined in winter wheat varieties when compared against the control [44].
Hence, Gs and Tr may be associated with low temperatures or vernalization. As barley
is a C3 plant, the photosynthetic capacity and stomatal conductance of barley are greatly
influenced by greenhouse conditions, which could be attributed to stomatal closure.

The heading stage of barley is mainly regulated by vernalization and photoperiod
pathway genes [45]. Exploring the effects of different temperatures on the expression levels
of candidate genes in barley betokens the considerable impact of environmental signals
in their regulation. Moreover, the acquired data showed that vernalization had a strong
effect on the expression of HvVRN]1 that was dependent on the genetic background of the
genotypes. With autumn sowing, HvVRN1 and HvPHY-C were significantly expressed,
affirming that HoVRN1 was the major gene controlling heading date. Correspondingly,
Hemming et al. [46] observed an increase in HvVRN1 expression when barley plants were
exposed to vernalization, usually in winter cultivars while shifting towards the reproductive
stage. the upregulation of VRNI in genotypes that are susceptible to vernalization is
proportional to the period of cold exposure. Yan et al. [6] reported that VRN1 promoted
flowering in barley by upregulating VRN3, which is a homolog of the Arabidopsis Flowering
Locus T gene. The results also showed that HvPHY-C was highly expressed under field
conditions and had a strong effect on photoperiod under vernalization conditions. Recent
studies reported that the HvVRNT1 locus is tightly linked with HvPHY-C, and both are
located on chromosome 5H, plausibly interacting with each other while controlling the
heading stage in barley [20]. Thus, the cooperation between these two genes needs to be
further investigated by subsequent transgenic studies [14].

In the current study, expression analysis showed that winter genotypes required a
longer time for heading compared with the spring types (Figure 4). With spring sow-
ing, we identified the photoperiod gene HvPpd-H1, which is located on chromosome 2H,
participates in controlling the heading date in barley [47]. RT-qPCR analysis showed
that HvPpd-H1 and HvVRN1 were the main genes controlling the heading stage in barley.
Plants use the photoperiod to regulate heading or flowering time as an environmental
signal [48]. Our study showed that HvPpd-H1 is the major gene controlling the heading
date in spring barley. Winter barley requires vernalization and shows a strong response of
heading in response to photoperiod. On the other hand, spring barley has no vernalization
requirements, showing weak or strong response to photoperiod depending on whether
they had been selected for long or short growing seasons, respectively. Winter types are
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insensitive to vernalization and produce flowers later due to a prolonged exposure to cold.
In general, plants tend to utilize vernalization at three growth phases: germination, the
vegetative stage, or seed formation in mature plants [49]. Photoperiod genes play a key
role in modulating cold temperatures, and are mainly generated when plants are exposed
to high temperatures or experience prolonged exposure to a particular daylength [50]. A
better understanding of HvPpd-H1 will provide a greater understanding of the ways in
which barley heading is regulated by environmental cues, allowing plant breeders to tailor
crops to specific environmental conditions and to adjust varieties to new conditions arising
from climate change [15,51].

5. Conclusions

One of the main limitations for increasing barley production under extreme environ-
mental conditions is an absence of elite varieties with an appropriate adaptive phenology.
Addressing this limitation is difficult because novel genetic diversity has not yet been
explored to identify valuable germplasm for heading date. Furthermore, the limited flow-
ering time loci which are known and are present in domesticated germplasm are not
well-characterized, which restricts their effective use and exploitation of their full potential.
the current study supported the proposal that overall growth and photosynthesis were
substantially reduced upon exposure to a vernalized environment compared with their
control counterparts. A marked increase in lipid peroxidation at 4 °C was recorded in the
DM65 and DM70 genotypes compared with their respective controls at 20 °C, while no
significant difference was observed for any genotype grown in the greenhouse (25 °C).
Simultaneously increased superoxide dismutase and peroxidase activities in winter barley
genotypes portrayed a defensive mechanism under vernalized conditions. The main genes
controlling the heading date of barley under the studied environmental conditions were
HovVRN1 and HvPHY-C, while HvPpd-H1 was the key gene controlling the heading date un-
der greenhouse conditions. Investigations conducted so far clearly show that heading date
is a key developmental stage for improving yield and adaptation to the ever-fluctuating
environmental cues.
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