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Abstract: The wheat semi-dwarfing genes Rht (Reduced height) are widely distributed among
the contemporary wheat varieties. These genes also exert pleiotropic effects on plant tolerance
towards various abiotic stressors. In this work, frost tolerance was studied in three near-isogenic
lines of the facultative variety ‘April Bearded’ (AB), carrying the wild type allele Rht-Bla (tall
phenotype), and the mutant alleles Rht-B1b (semi-dwarf) and Rht-Blc (dwarf), and was further
compared with the tolerance of a typical winter type variety, ‘Mv Beres’. The level of freezing
tolerance was decreasing in the order ‘Mv Beres” > AB Rht-Bla > AB Rht-B1b > AB Rht-Blc. To
explain the observed differences, cold acclimation-related processes were studied: the expression
of six cold-related genes, the phenylpropanoid pathway, carbohydrates, amino acids, polyamines
and compounds in the tricarboxylic acid cycle. To achieve this, a comprehensive approach was
applied, involving targeted analyses and untargeted metabolomics screening with the help of gas
chromatography/liquid chromatography—mass spectrometry setups. Several cold-related processes
exhibited similar changes in these genotypes; indeed, the accumulation of eight putrescine and
agmatine derivatives, 17 flavones and numerous oligosaccharides (max. degree of polymerization
18) was associated with the level of freezing tolerance in the ‘April Bearded’ lines. In summary, the
mutant Rht alleles may further decrease the generally low frost tolerance of the Rht-Bla, and, based
on the metabolomics study, the mechanisms of frost tolerance may differ for a typical winter variety
and a facultative variety. Present results point to the complex nature of frost resistance.

Keywords: cold acclimation; flavones; GCxGC-TOFMS; LC-ESI-HR-MS; metabolomics; oligosaccharides;
polyamines

1. Introduction

The introduction of certain reduced height (Rht) genes into bread wheat played an
important role in the ‘Green Revolution’, and their popularity with breeders is still unbro-
ken. These alleles result in the semi-dwarf stature of plants with increased grain yield [1].
To date, 23 dwarfing genes have been described in wheat. Among them, Rht-B1b, earlier
called Rht1, and Rht-D1b (earlier designated as Rht2) are located on the 4BS and 4DS chro-
mosome arms, respectively, and are still extensively used in wheat breeding. At present,
approximately 70% of wheat varieties worldwide contain at least one of these genes [2].
The Rht-Blc allele, earlier called Rht3, led to a dwarf phenotype, and its drought tolerance
has been characterised earlier [3,4].

Global climate change, which is accompanied by progressively increasing temper-
atures and the occurrence of more frequent drought periods and temperature extremes,
poses new challenges for breeders. Warming temperatures may also influence the type of
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freezing stress that winter cereals experience over winter. In many regions, it may easily
happen that due to a relatively warm autumn period, plants cannot reach their potentially
highest level of freezing tolerance, so a sudden freezing may be more harmful than if they
would have been exposed to colder hardening temperatures. In spite of intensive research
on the molecular characteristics of the Rht genes and their effects on yield [2,5-7], their
effects on the stress tolerance in wheat plants are still less understood.

Besides the primary effects of the wheat Rt genes on plant height, lodging resistance,
and hence, grain yield, pleiotropic effects have been reported. So, earlier results showed
that wheat plants carrying Rht-Blc and Rht-B1b alleles performed better under drought
conditions than the tall lines carrying the wild-type allele Rht-Bla lines [3,4,7], having
better membrane integrity and enhanced osmoregulation, and furthermore, exhibiting
more efficient antioxidant defence. Dwarf Rht-Blc plants were also characterised by more
stable photosynthesis with delayed non-stomatal limitation, and better water use efficiency
under drought conditions than Rht-Bla plants [8]. Enhanced cadmium tolerance was
also demonstrated in the Rht-Blc dwarf genotype [9]. This could be at least partly due
to a metabolic shift from the synthesis of polyamine and proline to toxic metal chelator
molecules, such as phytochelatins [10].

In wheat, the wild counterparts of the reduced height genes encode DELLA proteins
(DELLAs). In plants, DELLA proteins (DELLAs) function as transcriptional repressors
in the gibberellic acid (GA) signalling pathway, where GA promotes their degradation
via the ubiquitin-proteasome pathway [11,12]. Mutant alleles at the Rkt loci encode mod-
ified DELLA proteins, which are unable to interact with the GA receptor, GID1 (GA-
INSENSITIVE DWARF1), resulting in reduced GA responsiveness even at adequate hor-
mone levels, which may lead to poorer growth capacity [6,13]. The role of DELLAs in
interactions between the GA and abscisic acid (ABA) signalling and metabolic pathways
has also been described [11]. However, the exact mode of action of DELLASs in stress
responses is still poorly understood.

Freezing tolerance is one of the most important physiological and agronomical charac-
teristics of winter cereal varieties. This is a multigenic trait, affected by various stress-related
mechanisms, including the acclimation of the photosynthetic machinery, the adjustment
of redox homeostasis, antioxidant capacity and hormonal balance, inducing protective
compounds, such as osmolites, polyamines, etc. [14-17]. Exposure to low, but non-freezing,
temperatures induces several transcription factors, for example products of the C-REPEAT
BINDING FACTOR (CBF) genes, which regulate the induction of the cold-regulated (COR)
genes. Furthermore, exposure to low temperatures is required for the vernalisation pro-
cesses in winter wheat. Earlier studies suggest that the main vernalisation gene, VRN-1,
is required for the initiation of the regulatory cascade that down-regulates the cold accli-
mation pathway [18]. However, the effects of DELLA-encoding Rht alleles on the freezing
tolerance of wheat have not yet been intensively studied. It was established in Arabidopsis
that DELLAs collaborate with the C-repeat binding factors (CBFs) to restrain plant growth
in response to low temperature stress [19,20]. The complexity of frost tolerance has been
reviewed recently by Ding et al. [21].

Metabolomics approaches, especially untargeted ones, might offer a general tool
to focus on pathways not previously considered when searching for genes related to
frost/freezing tolerance. A recent GC-MS-based study was able to annotate 38 low molecu-
lar weight compounds that might contribute to or be related to frost tolerance [22]; however,
LC-MS based untargeted metabolomics has rarely been applied in this field [23]. Indeed,
despite the evident advantage of the high compound identification rate of GC-MS, LC-
MS is able to detect metabolites with a far wider molecular weight range, without the
need for inherent or derivatization-coupled volatility. Although LC-MS-based untargeted
metabolomics are also subject to bottlenecks, including software- and database-related
issues [24], they have been proven to serve wheat science, e.g. in the detection of wheat
fraud [25], in the study of wheat leaves exposed to Fusarium [26] and in cases of low
nitrogen stress [27].
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Since semi-dwarf Rht-Blb and dwarf Rht-Blc plants have been found to have better
drought tolerance than the tall wild-type genotypes, and since a relationship has been
demonstrated between osmotic stress tolerance and freezing tolerance, we hypothesised
that certain Rht genes may also have an influence on the development of freezing tol-
erance in wheat plants. Therefore, the present work aimed to determine the level of
freezing tolerance of wheat lines carrying the alleles Rht-B1b (semi-dwarfing) and Rht-Blc
(dwarfing) compared with that of the tall, wild-type Rht-B1a allele in the background of a
facultative wheat variety, and further to compare this with the response of a typical winter
variety. Certain cold acclimation-related processes were also examined, focusing mainly
on metabolomic aspects, in order to find possible explanations for the different levels of
freezing tolerance.

2. Results
2.1. Rht-B1b and Rht-Blc Alleles Reduced the Freezing Tolerance of Wheat

In the first set of experiments, the effects of the Rht-Blb and Rht-Blc alleles were
investigated compared with the control Rht-Bla plants. Since this genotype is of the
facultative growth type and is characterised by relatively low frost tolerance, another
reference variety, the winter type Mv Béres was also used in this part of the experiments.
After growing at 22/20 °C for 2 weeks, the plants were cold hardened at 5 °C for 12 days.
In order to differentiate between the four genotypes, all of them were sown in each pot,
and they were exposed to —10 °C or —11 °C freezing temperatures in a frost chamber.
Due to inhomogeneity within the freezing box, only comparison within the same pot
was possible. The whole freezing experiment was repeated five times, and similar trends
were observed all the time. Figure 1 shows the survival percentage at —10 °C (Figure 1A)
and representative photos of the plants during the regrowth period which followed the
1-day freezing. Both subfigures (Figure 1B,C) clearly show that Mv Béres had the highest
level of freezing tolerance, exhibiting fast, stable recovery. In contrast, Rht-Blc was the
weakest and was unable to recover. The wild-type Rht line (Rht-Bla) showed a slow but
stable recovery. Figure 1B shows that the semi-dwarf Rht-B1b after freezing at —10 °C
exhibited initial regrowth, which was manifested in the survival percentage (Figure 1A).
However, after a few days, most of these plants stopped growing, and they also died.
When the freezing test was carried out at —11 °C, all the plants of this genotype died,
without initial growth (Figure 1C). These visual observations confirmed that the reference
genotype Mv Béres had a higher freezing tolerance than the Rht-Bla line. Furthermore, the
presence of the Rht-B1lb and especially the Rht-Blc allele led to a reduction in the freezing
survival rate. So, the freezing tolerance of the investigated genotypes decreased in this
order: Mv Béres > Rht-Bla > Rht-B1lb > Rht-Blc.

120

80
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20

Survival rate (%) A

Rht-Bla

Rht-B1b

Rht-Blc Béres

Figure 1. Survival rate at —10 °C after 3 days of recovery period at 20 °C (A). Representative photos
demonstrating the survival of wheat genotypes (1: Mv Béres; 2: Rht-Bla; 3: Rht-Blb; 4: Rht-Blc) after
1-day freezing at —10 °C (B) and after —11 °C (C). Photos were taken after 3 (B) or 10 days (C) of the
recovery period at 20 °C. ***: significant at p < 0.001 level.
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2.2. Polyamines, Ascorbate Peroxidase and Flavonols in “April Bearded’ near Isogenic Lines (NILs)

In order to obtain a better understanding of the effects of Rht alleles on the freezing
tolerance of wheat plants, in the next set of experiments the levels of certain stress-related
compounds, proved to be related to frost resistance, were analysed in wild-type Rht-Bla and
mutant Rht-B1b and Rht-Blc dwarf lines. Although the most important part for survival
is the crown, the processes in the leaf during hardening are responsible for the synthesis
of protective compounds. Among the free polyamines, SPD (25-30 ug g~ ! fresh weight)
was the most abundant compound, followed by SPM (30 ug g~ ! fresh weight) and PUT
(7-11 pg g~ ! fresh weight) under control conditions (Figure S1). The degradation product
DAP and CAD, a polyamine synthesized in a different pathway from that of PUT-SPD-SPM,
could only be detected at much lower levels (3 and 1 ug g~! fresh weight, respectively). In
general, exposure to cold hardening at 5 °C for 12 days significantly increased the content
of PUT (five-eightfold), SPD (threefold) and CAD (four-sevenfold), and decreased that
of DAP and SPM to half in the leaves. However, no substantial differences between the
genotypes could be detected.

Since the ascorbate peroxidase (APX) activity in the leaves usually increases during the
cold hardening period, this was also measured in the three ‘April Bearded” NILs (Figure S2).
Growth at 5 °C for 12 days did indeed increase the activity, but like the native polyamine
levels, no significant differences were found between the lines.

The flavonol contents, including kaempferol, quercetin, myricetin and rutin, did not
differ considerably between the ‘April Bearded’ NILs, either in the control or in the cold-
hardened plants (Figure S3). Growth at 5 °C substantially increased the quercetin levels in
all the studied ‘April Bearded” genotypes.

2.3. Expression of Certain Stress-Related Genes

Since the compounds expected to be stress-related did not exhibit genotype depen-
dence during the cold hardening period in the “April Bearded” NILs, the expression levels of
certain stress-related genes were also determined in control and cold-hardened leaves, and
at the beginning of the freezing period (Figure 2). CBF14 is a cold-inducible gene encoding a
CBF (C-repeat/DRE binding factor) transcription factor, which plays a role in the regulation
of certain cold-regulated genes [28]. Under control conditions, the expression level of the
CBF14 gene was slightly but significantly lower in Rht-Blc and higher in Mv Béres than in
the other genotypes. However, the expression level substantially increased after 3 days of
cold treatment at 5 °C, and the differences between the genotypes disappeared. As the cold
treatment continued, the high expression level subsided, and was only slightly higher after
12 days than in the control plants. COR14b is also a cold-inducible gene, which may be
directly related to freezing tolerance in various plant species [18]. Its expression level is very
low under control conditions: no PCR product could be detected by RT-qPCR in Rht-Blc.
The expression levels substantially increased after 3-day cold treatment, especially in Mv
Béres. However, after longer exposure to cold, the expression levels dramatically decreased
in all the genotypes. R2R3MYB encodes a MYB transcription factor. MYBs are involved
in various regulatory processes, including responses to environmental stress factors and
secondary metabolic pathways [29]. Under control conditions, the expression level in Mv
Béres was significantly higher than in the studied ‘April Bearded’ genotypes. Three days
of cold hardening mainly induced gene expression in the ‘April Bearded” plants. At the
second sampling time during cold hardening, the expression of the gene again showed a
tendency to decline. TaSS encodes a sucrose synthase gene with a role in carbohydrate accu-
mulation [30]. There were no differences in the expression levels of the TaSS gene in control
samples, and although its expression increased slightly in Rht-Blc, longer cold treatment
did not generate substantial changes. The Tawpi6 gene encodes a cold-inducible protein
located in the plasma membrane. In control plants, the expression of Tawpi6 was higher in
Mv Béres than in the studied ‘April Bearded” genotypes. However, after exposure to cold,
which induces its expression, this difference disappeared, leading to similar values for all
the genotypes tested. Similarly, to the other genes, its expression level was higher after
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short-term cold treatment (3 days) than after longer cold exposure. The SOS2 (Salt Overly
Sensitive 2) gene encodes a protein kinase involved in maintaining ionic homeostasis,
especially at high salinity [31]. Interestingly, the expression level of this gene also increased
after short-term cold exposure. However, as for many of the other cold-responsive genes
investigated, their expression levels did not differ significantly between genotypes.
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Figure 2. Effects of 3 or 12 days of cold hardening at 5 °C on the CBF14 (A), COR14b (B), R2R3MYB (C),
S0S2 (D), SS (E) and wpi6 (F) genes in the leaves of different young studied “April Bearded” genotypes
and the Mv Béres variety. Control values represent data for unhardened plants. The relative gene
expression was determined with the 2-ddCt method. Different letters indicate significant differences
at the p < 0.05 level.

2.4. Untargeted Metabolomics Analyses Using GCxGC-TOFMS

Since none of the previously investigated processes related to frost tolerance could
unambiguously explain the differences between the studied ‘April Bearded” genotypes, the
plants were subjected to detailed metabolomic analyses. In the first step, samples were col-
lected from control, unhardened plants and after 2, 7 and 12 days of cold treatment. Using
the GCxGC-TOF MS set-up, various groups of methanol/water-soluble small molecules
were analysed, and amino acids, sugars, organic acids, and certain related compounds
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were detected (Table S3). Among the 13 amino acids detected, the most significant changes
were found in the levels of glycine and proline. The amount of glycine was twice as high
in Mv Béres than in the “April Bearded” NILs under control conditions, but during cold
acclimation the “April Bearded” NILs accumulated much more glycine than Mv Béres did,
the highest amount being detected in Rht-Blc after 12 d at 5 °C. Dimethyl-glycine, the
precursor of glycine-betaine, tended to increase during the cold acclimation period in all the
genotypes, and in Mv Béres it was slightly higher than in the “April Bearded” NILs, where
its values did not differ. There was no difference in the proline level in unhardened control
plants, but its level dramatically increased, especially in the Rht-Bla plants, after 2 days at
5 °C. The lowest level was detected in Rht-Blc plants. The same tendencies were found
throughout the 12 days of acclimation. Sixteen carbohydrates were also identified (Table S1).
The amount of fructose dropped dramatically after 7 days of acclimation, while elevated
levels of glucose, mannose, cellobiose and maltose were detected after 7 days, all of which
decreased to the initial level later; however, there was no significant difference between the
genotypes. Four unidentified trisaccharides (T1, T2, T3 and T4) were also found during the
acclimation period. In the control plants, their levels were very low or below the detection
limit, while during the 12 days of acclimation, a huge accumulation could be detected. In
the case of T1 and T4, there were no significant differences between the genotypes. The
amount of T2 was below the detection limit again after 12 days in Rht-Blc plants, when
the highest level was detected in Mv Béres. In the case of T3, the highest level was found
in Mv Béres after 7 days, but it had dropped below the detection limit in Rht-Blc and Mv
Béres by the 12th day. Among the compounds involved in the citrate cycle, the amounts
of iso-citrate, 2-keto-glutarate and oxaloacetic acid were below the detection limit. An
increase in aconitic acid could be observed after 7 days and in fumaric acid after 12 days.
This was more pronounced in the “‘April Bearded” NILs than in Mv Béres in the case of
fumaric acid. The amounts of succinic acid decreased during the first 7 days of acclimation,
but returned to the initial level by the 12th day in the “April Bearded’ NILs. The level of
malic acid decreased during cold acclimation, but there was no difference between the
genotypes. A temporary increase was also found in the methylsuccinate level after 2 days
in all the genotypes tested. The level of ferulic acid was below the detection limit in the
control plants, but during cold acclimation a low but constant level could be detected in all
the genotypes (Table S3).

2.5. Untargeted Metabolomics Analyses Using LC-TOF/MS

Untargeted LC-MS analyses on the metabolic responses of the ‘April Bearded” NILs
and the reference Mv Béres genotype when exposed to low temperatures were performed
on methanolic extracts prepared from leaves collected 0, 2, 7 and 12 days after the beginning
of cold hardening. As can be seen in Table 52, the number of differentiating metabolites
ranged from 200 to 600, 8-65 of which possessed an intensity level high enough to be
considered for MS/MS analysis. The latter is required for the assignment of molecules, as
database-derived identification sets often contain an impossibly large number of potential
hits. Both in positive and negative modes, the highest number of components differentiating
between the “April Bearded” NILs almost always appeared on the second day, indicating
that differences develop after 2 days.

Among the compounds analysed with MS/MS, it proved possible to identify 25 molecules,
eight polyamine derivatives and 17 flavonoids (Table 1). These 25 compounds and their
in-source adducts/fragments usually made up a considerable part, sometimes 100%, of the
entities selected for MS/MS analysis on the basis of their adequate intensities (Table S2).
This suggests that these compounds represent a highly abundant set of molecules that
exhibit a response when the wheat genotypes in question are exposed to cold stress.
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Table 1. Statistically differentiating polyamines and flavones detected in the four wheat genotypes with reversed phase separation. (*) indicates no more definite
synonym can be provided (polyamine derivatives: italics; flavones: bold).

Elemental

Retention Time, Tentative Identification Composition Theoretical m/* Experimental m/* Difference, Theoretical m/* Experimental m/* Difference, Molecule Gr

min entative Ide catio: ompositio [M + HJ* [M + HI* ppm M — H] M — H] ppm olecule Group
(Neutral)
3.08 Isoferuloyl putrescine C14H9N205 265.15467 265.15486 0.72 - - -
3.48 (Iso)feruloyl-2-hydroxyputrescine C14H9N,04 281.14958 281.14955 —0.11 - - -
349 p-Coumaroylhydroxyagmatine C14HyoN4 O3 293.16082 293.16071 —0.38 - - -
3.96 Feruloyl putrescine C14H9N> O3 265.15467 265.15451 —0.60 - - - Polyamine
413 Isoferuloylagmatine C15HnN,O; 307.17647 307.17661 0.46 - - - derivative
4.26 Feruloylhydroxyagmatine Ci15H2oN4 Oy 323.17138 323.17120 —0.56 - - -
4.65 p-Coumaroylagmatine C14Hy9N4 O, 277.16590 277.16578 —0.43 - - -
5.41 Feruloylagmatine Ci15H2 N4 O3 307.17647 307.17667 0.65 - - -
5.58 Lutonarin Co7H30016 611.16066 611.16099 0.54 609.14611 609.14620 0.15 Luteolin derivative
6.00 Vicenin-2 CoyH30015 595.16575 595.16550 —0.42 593.15119 593.15115 —0.07 Isovitexin derivative
6.26 Lucenin-1/3 CosHpgO15 581.15010 581.15050 0.69 579.13554 579.13497 —0.98 Luteolin derivative
6.56 Isoorientin-2"-O-glucoside Ca7H30016 611.16066 611.16080 0.23 609.14611 609.14659 0.79 Luteolin derivative
6.65 Isovitexin-7-O-glucoside (saponarin) CyyH3005 595.16575 595.16581 0.10 593.15119 593.15088 —0.52 Isovitexin derivative
6.87 Isoorientin Cy1HpO11 449.10784 449.10758 —0.58 447.09329 447.09354 0.56 Luteolin derivative
6.99 Isoschaftoside Ca6H25014 565.15518 565.15527 0.16 563.14063 563.14050 —0.23 Apigenin derivative
7.04 Luteolin-6c-rutinoside CorH30Ors 595.16575 595.16599 0.40 593.15119 593.15087 —054 Luteolin derivative
(Isoorientin-6-rhamnoside)
7.09 Isoscoparin-7-O-glucoside CasHz, 016 625.17631 625.17585 ~0.74 623.16176 623.16144 ~0.51 Mf;;yig;‘;‘;h“
7.57 Isovitexin-2"-O-glucoside Cu7H30015 595.16575 595.16536 —0.66 593.15119 593.15155 0.61 Isovitexin derivative
8.06 Isovitexin Cu1Hp00q9 433.11292 433.11284 —0.18 431.09837 431.09853 0.37 Isovitexin
8.07 Isoscoparin-2"/-O-glucoside CasHzO16 625.17631 625.17628 ~0.05 623.16176 623.16157 ~0.30 M?;{B:ttii‘éh“
8.10 Isovitexin-2-O-rhamnoside Ca7H30014 579.17083 579.17094 0.19 577.15628 577.15639 0.19 Isovitexin derivative
8.62 C-hexosyl-chrysoeriol O-rhamnoside * CasHyO15 609.18140 609.18146 0.10 607.16684 607.16634 ~0.82 Mzti‘rylg;ﬁi‘zlm
9.67 C-hexosyl-luteolin Cs6HssOn8 757.19744 757.19699 —0.59 755.18289 755.18230 —0.78 Luteolin derivative
O-feruloylpentoside *
Isovitexin . -

11.09 2"-0-(6"-feruloyDglucoside C37H33018 771.21309 771.21326 0.22 769.19854 769.19858 0.05 Isovitexin derivative
13.54 3’-O-methylluteolin (chrysoeriol) C16H1206 301.07066 301.07079 043 299.05611 299.05627 0.54 Methylluteolin
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Principal component analysis (PCA) was also carried out on the datasets arising from
negative and positive mode experiments, taking into account either all the entities (2461 in
negative and 11,064 in positive ion modes), only the 17 flavonoids (i.e. flavones), only the
eight polyamine derivatives, or all the flavonoids and polyamines. This kind of sorting
was supported by the observation that the two ionisation modes not only provided highly
different numbers of detected molecules but also subgroups of molecules (i.e. polyamines)
could either be detected in only one of the modes or in both modes, greatly influencing the
outcome of PCA analyses.

In addition, in order to evaluate effects specific to the Rht group, PCA analyses were
done with or without the inclusion of the Mv Béres genotype. Figure 3A,B represent the
PCA plots for all the detected compounds and for the sample groups. In negative mode:
both the genotypes and the treatment days were clearly differentiated, and the exclusion of
Myv Béres data further enhanced this separation. However, when the data for the PCA plots
were used from positive mode acquisitions, it was not possible to distinguish between the
three studied “April Bearded’ genotypes in terms of treatment days, even when the Mv
Béres data were excluded (data not presented).
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Figure 3. Principal component analysis (PCA) for all the molecules including (A; >11,000 compounds)
or without (B; >2400 molecules) the Mv Béres genotype in ESI-mode. (R: Rht-Bla R1: Rht-Blb R3:
Rht-Blc; B: Mv Béres; 0, 2, 7 and 12 days of hardening at 5 °C).

The identification of the differentially accumulated metabolites indicated that sev-
eral polyamine derivatives, namely (iso){feruloyl-2-hydroxyputrescine, feruloylputrescine,
feruloylagmatine, feruloylhydroxyagmatine, isoferuloylputrescine, isoferuloylagmatine,
p-coumaroylagmatine and p-coumaroylhydroxyagmatine, exhibited a substantial level
of accumulation during exposure to low temperatures, and that this level also differed
for individual wheat genotypes (Figure 4). Although the levels of certain phenylamides,
such as p-coumaroylhydroxyagmatine, feruloylhydroxyagmatine, p-coumaroylagmatine
and feruloylagmatine, were more than two-fold higher in the dwarf Rht-Blc line than in
the wild-type Rht-Bla after short-term cold treatment (2 days), the cold-induced accumu-
lation was most pronounced in the wild-type and least significant in the dwarf Rht-Blc
after longer exposure. The semi-dwarf Rht-B1b line showed a medium level of accumu-
lation, compared with Rht-Bla and Rht-Blc. Interestingly, Mv Béres only accumulated
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these compounds to a limited extent, and in some cases, such as p-coumaroylagmatine
and p-coumaroylhydroxyagmatine, a continuous decrease was detected during the cold
hardening period.

Polyamine derivatives

microg g'! fresh weight

p-coumaroylhydroxyagmatine
p-coumaroylagmatine
isoferuloylagmatine

isoferuloyl putrescine
feruloylhydroxyagmatine
feruloylagmatine

Rht-Bla feruloyl putrescine

Rht-B1b (iso}feruloyl-2-hydroxyputrescine
Rht-Blc

Mv Béres

Figure 4. Polyamine derivatives in control (0 d) and cold-hardened young ‘April Bearded’” NILs and
Myv Béres wheat genotypes (after the 2, 7 or 12 days of hardening at 5 °C).

Another group of compounds that showed significant differences between the geno-
types was the flavones; 17 flavone compounds exhibited a significant low-temperature-
induced increase in most of the genotypes tested. This increase was either continuous, for
example in the cases of isoschaftoside in the ‘April Bearded’ lines or isoorientine in Mv
Béres, or temporary, peaking on the second (for example, isovitexin in Rht-Blc) or seventh
day (for example, isoschaftoside in Mv Béres) of the cold hardening period (Figure 5).

Figures 54-56 represent the PCA plots for the 25 differentiating compounds only. It is
clear that using a limited set of entries for the PCA calculation did not greatly increase the
quality of the differentiation compared to Figure 3. As can be seen on Figure S4A, when all
four genotypes were included, differences between the quantities of the eightpolyamine
derivatives detectable only in positive ion mode were only visible on day 7 and day 12,
which is in accordance with the greater abundance and complexity of the polyamine
derivatives on these days. However, only when the datasets for the studied ‘April Bearded’
genotypes were considered, it proved possible to separate these three genotypes on days 0
and 2 as well (Figure S4B).

By contrast, when PCA was performed on the 17 flavones, using data from either
positive or negative mode analysis (Figure S5), the clearest differentiation was observed
between Mv Béres and the three studied ‘April Bearded’ genotypes, while less separation
was visible between days (see Figure S5A for PCA results derived from ESI negative
mode). When the Mv Béres genotype was excluded (Figure S5B), the Rht-Bla and Rht-B1b
genotypes could be differentiated on days 2, 7 and 12, while Rht-Blc could be separated on
all the sampling days when negative mode data were used; the sampling days could also
be distinguished. When positive mode data were applied (Figure S5C,D), separation was
much poorer for the Rht-Bla and Rht-B1b genotypes and from the point of view of the day
of sampling.
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Rht-Bla
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C-hexosyl-luteolin O-feruloylpentoside
Isoscoparin-T-O-glucoside

_ Isocrientin-6-rhamnoside
r r Vicenin-2

Isovitexin-2"-O-glucoside
> o - €

Isoschaftoside
1 Isoorientin
’ Isoorientin-2"-0-glucoside
o L] T Lucenin-1/3

3'-0-methylluteolin {chrysoeriol)
" Isovitexin 2"-0-{6""-feruloyl)glucoside
C-hexosyl-chrysoeriol O-rhamnaside
Isovitexin-2-0-rhamnoside

Isoscoparin-2"-O-glucoside

'ﬂ Isovitexin
Sapenarin
R s =
Rht-Blh ,\) e h Lutonarin
v l\b >
Rht-Blc 'o,
Mv Béres

Figure 5. Estimated flavone contents in control (0 d) and cold-hardened young ‘April Bearded” NILs
and Mv Béres wheat genotypes (after the 2, 7 or 12 days of hardening at 5 °C).

When joint PCA analysis was performed on the eight-polyamine derivatives and
17 flavones, using positive mode data (Figure S6), certain separations could be observed
between days and genotypes, e.g., the studied ‘April Bearded” genotypes were clearly
discriminated on day 12 when Mv Béres was excluded.

When the other differentiating entities were subjected to further MS/MS analysis,
homologous series of oligohexoses were only detected in sample groups collected 7 and
12 days after the beginning of cold hardening. These were eluted close to the void volume
of the chromatographic system. In order to ensure adequate retention and separation,
HILIC-ESI-QTOEF-MS analysis was chosen. This set-up was previously proven to separate
fructans with a degree of polymerization (DP) of up to 47 from a chicory extract [32]. To
the best of our knowledge, the present study is the first to extend this technique to wheat
fructans. Although fructans with 3-20 DP were detected, reproducible results were only
obtained for DP = 5-18; over 18, the intensities were too low for relative quantification,
while the accurate mass and adduct-based peak picking results for DP = 3 and 4 were too
complex because of in-source fragment formation. When co-eluting, the individual species
of such series cannot be distinguished as they produce in-source fragments that exactly
match the accurate mass of the lower molecular weight members of the series. As presented
in Table S3, oligohexoses containing 5-18 hexose moieties could be unambiguously detected
and assigned as statistically differentiating. In general, the highest oligohexose levels were
detected in the wild-type Rht-Bla and semi-dwarf Rht-B1b genotypes (Figure 6). In Rht-Blc,
this level was usually higher than in Mv Béres after 7 days, but after 12 days the tendency
was reversed, with an increase in Mv Béres and a decrease in Rht-Blc.
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Figure 6. Oligosaccharide contents in young ‘April Bearded” NILs and Mv Béres wheat genotypes
cold-hardened for 7 or 12 days. In control and 2-day hardened plants all the values were below the
detection limits.

3. Discussion

Previous studies showed that the presence of the Rht-B1c or Rht-B1b alleles led to better
drought tolerance than that found in the tall, wild-type Rht-Bla genotype [4]. However,
the present results showed that the dwarf genotypes Rht-B1b and, especially, Rht-Blc had a
lower level of freezing tolerance than Rht-Bla, and all of them performed worse than the
reference winter variety Mv Béres. This can be explained by the fact that the tall variety
‘April Bearded’, carrying the wild-type allele Rht-Bla, has a facultative growth habit and
low frost tolerance, as do the two Rht near-isogenic lines. The present experiment mimicked
growth, hardening and freezing conditions, where due to global warming, plants are not
fully hardened, but they are exposed to a sudden freezing stress. This may differ from
other conditions, where plants can reach their maximum freezing tolerance.

A further aim of the present work was to discover molecular mechanisms that could
explain differences between the freezing tolerance of the studied ‘April Bearded’ geno-
types and to elucidate the effects of the two mutant alleles (Rht-B1b and Rht-Blc) at
the Rht-B1 locus.

Several studies have shown that free polyamines may play an important role in
acclimation processes to abiotic stressors [17], including the development of freezing
tolerance in plants [33]. The present data also showed that cold hardening increased
the PUT, SPD and CAD levels in the “April Bearded’ NILs, with a parallel decrease in
the SPM contents. Similar tendencies have been shown in cold acclimated Thellungiella
and Arabidopsis thaliana genotypes [34]. The decrease in the DAP and SPM levels in cold-
hardened plants also suggests the possible involvement of the polyamine cycle and its
related signalling processes in the cold acclimation of these plants [35]. However, significant
differences between the free polyamines, which could explain the different levels of freezing
tolerance in ‘April Bearded’ NILs, were not detected.

The adjustment of the antioxidant system may also be part of the adaptation to en-
vironmental stresses. Growth at low temperatures may increase the concentration of
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reactive oxygen species, inducing oxidative stress [36,37]. A correlation has been demon-
strated between the APX activity in cold-hardened leaves and the frost tolerance of cereal
species [35,38]. Although growth at 5 °C did indeed increase the ascorbate peroxidase
activity in the “April Bearded’” NILs, there was no difference between the genotypes. In
the same way, changes in the levels of certain flavonols, which are components in the
antioxidant system, were also similar in the “April Bearded” NILs investigated.

Frost tolerance is a multigenic, complex trait, and its mechanisms may also have a
crosstalk with growth regulation. For example, a recent study indicated that low tempera-
ture also induced the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 9 (SPL9) gene
in Arabidopsis plants. SPL9 may directly bind to the promoter of one of the CBF genes,
leading to increased freezing tolerance [39]. Results in Betula luminifera indicated that
certain SPLs may also interact with DELLA proteins, influencing the processes regulated
by GA [40]. In order to obtain a better understanding of the molecular background of
differences in the freezing tolerance of studied ‘April Bearded’ genotypes, stress-related,
mainly cold-inducible genes were selected for investigation. However, although the se-
lected genes, including the SOS2 gene mainly involved in salt tolerance, were generally
only cold-inducible for a limited time, they were not responsible for differences between
the studied “April Bearded’ genotypes. For better understanding the differences between
these lines, an RN A-seq study can be useful in future works.

Since the most widely used stress markers related to cold tolerance in wheat did not
explain the differences in freezing tolerance, especially between the ‘April Bearded” NILs,
untargeted metabolomics analyses using the GCxGC/TOFMS and LC-ESI-QTOF/MS
techniques were also applied to reveal metabolic alterations linked to cold responses.
Exposure to low hardening temperatures also affected the elements of the TCA cycle and
certain related compounds (Figure 7). Although the majority of the changes observed in
the first 12 days were temporary, the amounts of fumaric acid and malic acid showed a
progressive increase and decrease, respectively, suggesting that low temperatures may
reduce the rate of fumarate-malate conversion, especially in the ‘April Bearded” NILs,
where the fumarate levels were significantly higher than in the Mv Béres variety, which had
the best frost tolerance. The amount of malate could also be directly regulated by fumarate
via the NAD-malic and/or NADP-malic enzymes, leading to a facilitated malate-pyruvate
conversion at accumulated fumarate levels [41]. The other TCA compounds were usually
present in similar quantities in all the genotypes tested.

The role of flavonoids in various stress-related processes has been widely studied and
reviewed. A recent study also showed that they may contribute to the cold acclimation pro-
cesses in Arabidopsis plants [42]. However, earlier research focused mainly on flavonols or
anthocyanins, while flavones received less attention. Among other things, flavones are able
to protect plants from UV-B radiation and may also act as natural pesticides [43]. As antiox-
idants, they may also provide protection against high salinity [44]. No authentic standards
are available for most of the differentiating flavones, and their identification/assignment
could only be based on LC-ESI-MS/MS fragmentation patterns, accurate mass data and
relative retention time parameters, so quantitative analyses could not be carried out. Nev-
ertheless, the abundance of data presented in Figures 5 and 8 is useful for the indication of
which pathways are involved in flavone biosynthesis. Isoschaftoside represented the most
characteristic contribution to cold stress, while the other 16 flavones consisted of luteolin
derivatives, isovitexin and its derivatives and 3’-O-methylluteolin and its derivatives. Nei-
ther apigenin nor luteolin was found among the differentiating flavones, indicating that
these aglycones were not accumulated in response to cold stress; instead, their conjugation
with sugar moieties or their conversion (e.g. methylation) could be linked to the special
stress responses of individual wheat genotypes.
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Figure 7. Changes in the components of the Tricarboxylic Acid (TCA) Cycle and certain related
compounds during the 12-days of cold hardening period in ‘April Bearded’ NILs and the wheat
variety Mv Béres.
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Figure 8. Biosynthetic relationships of the 17 differentiating flavones (A) and their contribution to
the total flavone response (B), based on their summed abundance. (1), (4) and (6) are the numbers of
the flavones and their derivatives. Names and detailed information can be found in Table 1.

Among the compounds that were present in significantly higher abundance due to the
cold stress, 17 could be assigned as flavonoids (Table 1), all of which were derivatives of the
flavone apigenin, representing four subgroups, namely, isovitexin and its derivatives, lute-
olin derivatives, chrysoeriol and its derivatives and isoschaftoside. All in all, the complexity
of these 17 flavonoids was the greatest in the Rht-Blc genotype (with very few exceptions
in the case of Mv Béres). Regarding the individual flavonoid compounds, isoschafto-
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side was the most abundant species in all the genotypes, followed by isoorientin and
isoorientin-6-rhamnoside. Interestingly, although the two feruloylated flavonoids, namely
C-hexosyl-luteolin-O-feruloylpentoside and isovitexin-2"-O-(6""-feruloyl)glucoside, were
among the least abundant of the 17 differentiating flavonoids, they were present in signifi-
cantly higher concentrations on days 2 and 7 in Rht-BIc than in any of the other genotypes
(Rht-Bla, Rht-B1b and Mv Béres). It is not yet clear whether the increase in feruloylated
polyamines, especially feruloylagmatine, on day 2 in the Rht-BIc genotype was connected
to the increased ferulyolation of these two flavonoids. Generally speaking, the substantial,
but sometimes temporary, increase in flavone content induced by cold hardening in wheat
leaves was not correlated with the level of freezing tolerance in the investigated genotypes,
suggesting that flavones probably play a role mainly in the acclimation to low, but non-
freezing, temperatures and are less important for freezing tolerance. However, this does not
exclude the possible contribution of flavonoids to the development of freezing tolerance,
because recent results on various knock-out Arabidopsis mutant plants also showed that the
lack of certain flavonoids could be compensated by other compound classes [42].

In contrast to free polyamines, several polyamine derivatives belonging to the hy-
droxycinnamic acid amides differentially accumulated at hardening temperature in the
different wheat genotypes. The accumulation of hydroxycinnamic acid conjugates of
polyamines was reported earlier, mainly in the case of biotic stresses, and there are only a
few reports about their accumulation during abiotic stresses [45]. The Rht-Bla and Rht-B1b
genotypes exhibited a clear trend of polyamine derivative accumulation, reaching both
relative and absolute maximum values on day 12 and indicating the superiority of the
Rht-Bla genotype over Rht-B1b, Rht-Blc and the reference Mv Béres genotype after 12 days
of cold acclimation. Genotype Rht-Blc featured sudden peaks for p-coumaroylagmatine,
p-coumaroylhydroxyagmatine, feruloylagmatine and feruloylhydroxyagmatine on day 2,
before reaching their maximum values on day 12. In the studied ‘April Bearded’ geno-
types, PUT derivatives only showed a significant increase from day 7, while Mv Béres
had significantly higher levels of some PUT conjugates either inherently (day 0) or on
day 2 compared to the studied ‘April Bearded” genotypes. Although a variety of pheny-
lamides have been detected in various plant species and their involvement in a number
of physiological processes has been detected, they have only recently become the focus
of research [46,47]. These compounds are generally known as important participants in
plant-microbe interactions, especially in defence responses against pathogens [48], but
feruloylputrescine may also participate in interactions with plant growth-promoting rhi-
zobacteria [47]. Results also suggest that they may be involved in abiotic stress responses,
including drought [49] or nutrient deficiency [50]. In a study on the cold acclimation of
two wheat varieties [23], only three of the 10 polyamine derivatives detected (namely,
p-coumaroylagmatine, feruloylputrescine and isoferuloylagmatine) and only 5-6 of the
20 flavonoids detected (namely, isoorientin, isovitexin, dihexosyl luteolin, O,C-thamnosyl-
glucosyl-luteolin, 6-C-glucosyl-O-glucosyl-chrysoeriol and chrysoeriol) were the same as
those found in the present work (though some matches were uncertain due to differences
in the synonyms used). This indicates a considerable difference in complexity between
the wheat varieties involved in the studies. For example, while vitexin and orientin were
among the four most abundant flavonoids, showing a significant increase after cold expo-
sure in the study of Moheb et al. [23], the four genotypes studied here contained only traces
of these two flavonoids and their derivatives. Isoorientin, isoschaftoside and isovitexin
proved to be important biomarkers for other, stress-related wheat metabolome changes,
e.g., for low nitrogen stress [27]. In agreement with the present findings, earlier work
also showed that feruloylagmatine, characterised as being an antifungal and antioxidant
compound, also accumulated at low temperatures in winter wheat plants [51]. The present
results suggest that the accumulation of these phenylamides could be partially responsi-
ble for differences in the freezing tolerance of the ‘April Bearded” NILs. However, they
are probably not a critical factor in the frost tolerance of wheat plants for the following
reasons: a cold-induced increase could be observed for most of the compounds detected;
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they are induced by various stress factors; and the cold-induced accumulation was less
pronounced in the most tolerant variety, Mv Béres, than in the ‘April Bearded” NILs. They
probably contribute to the antioxidant defence system, because ozone also induces their
synthesis [52].

In contrast to the flavonoids and polyamine derivatives, the differentiating oligohex-
oses (DP = 5-18) could only be detected after 7 or more days of cold hardening in all the
genotypes. From the 7th day, Rht-Bla and Rht-B1b accumulated significantly more fructans
than Mv Béres and Rht-B1c; in this comparison, Rht-B1c showed the lowest concentrations
of differentiating metabolites, unlike the case of flavonoid derivatives. Their relative levels
(Rht-Bla > Rht-B1b > Béres > Rht-B1c) indicate that fructans may be important for cold stress
responses in the studied ‘April Bearded’ genotypes, though their relatively low amounts
do not substantially affect the high level of freezing tolerance of the best variety, Mv Béres.
It is well documented that wheat accumulates the (3(2,6)-linked levan type of fructans, and
that this increase in fructan content is associated with the freezing tolerance [53,54]. Unlike
oat genotypes, for instance, fructans with a high degree of polymerisation (DP > 6), were
more closely correlated with freezing tolerance in wheat than low-DP fructans [55].

High data loads arising from liquid chromatography—high resolution mass spectrometry-
based untargeted metabolomics—are generally subjected to reduction at any possible step
of data evaluation [56], e.g., by limiting the chromatographic retention time window to be
considered. While these efforts can be legitimated by substantive reasons (for example,
to exclude compounds eluting close to the dead volume), neglecting one out of the two
possible ionisation modes is also common. However, such an approach fundamentally
derogates metabolomics information as a significant part of molecular entities can be
detected only in one ionisation mode. Accordingly, our study covered both modes in order
not to miss any relevant metabolite.

The present work also indicated that the applicability of PCA plotting should be eval-
uated in terms of the mass spectrometry analysis mode, i.e. negative or positive ionization.
Although only 2461 molecular entities were detected in negative ion mode, they offered a
clearer discrimination of all four genotypes and the treatment days than the 11,064 entities
obtained in positive ion mode. Even when the molecular entities detected in positive
ion mode were filtered to focus on the most abundant and significantly discriminating
molecules, such as polyamine derivatives, the PCA plots were still not as clear and straight-
forward as in negative mode. Consequently, the complexity of the molecules detected in
dwarf wheat samples in positive ion mode could not be directly linked to the genotypes or
the time elapsing after exposure to cold stress.

4. Materials and Methods
4.1. Plant Materials, Growth Conditions and Freezing Test

The bread wheat (Triticum aestivum L.) genotypes used in the study were the Hungarian
winter semi-dwarf variety “Mv Béres”, the facultative tall UK variety ‘April Bearded’, and
two near-isogenic lines (NILs) in the background of ‘April Bearded’—one semi-dwarf
and one extremely dwarf, differing in the alleles at the locus Rht-B1 on chromosome 4B.
The mutant alleles Rht-B1b (formerly Rht1 gene) and Rht-Blc (formerly Rht3 gene) were
introduced into “April Bearded’ (possessing the wild type allele Rht-Bla) by crosses with
accessions carrying the corresponding mutations, followed by repetitive backcrosses with
recurrent selection for GA insensitivity [57]. These lines have been produced after six
backcrosses and are considered to be near-isogenic, so the differences between lines within
the background of variety ‘April Bearded’ could be attributed to differences at the Rht-Bl
locus, although effects due to allelic variations at neighbouring loci are also possible as
long as the exact length of the Rht-bearing chromosome segments is unknown.

The facultative variety can be grown as either spring or winter wheat, and has low
vernalization requirements and poor frost tolerance. Seed samples from the Rht NILs
were provided by the Leibniz Institute of Plant Genetics and Crop Plant Research (IPK-
Gatersleben), Germany, and multiplied in the experimental field of the Institute of Plant
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Physiology and Genetics (Sofia, Bulgaria). The Mv Béres winter wheat variety was bred in
Martonvasar (Agricultural Institute, Centre for Agricultural Research, Hungary), which
also carries the mutant allele Rht-B1b [58].

Approx. 25 seeds were sown for metabolite analysis, and 40 for freezing tests. In
110 mm diameter plastic pots containing a 3:1 (v:v) mixture of loamy soil and sand, they
were grown for 10 d (to the 3-leaf stage) in a PGR-15 growth chamber (Conviron Ltd.,
Winnipeg, MB, Canada) at 20/18 °C (day/night) with a 16 h/8 h light/dark period, 75%
relative humidity, and 250 pumol m~2 s~! photosynthetic photon flux density (PPFD) at
the leaf level, provided by metal halide lamps. Plants differing from the average size were
removed. Low temperature hardening was carried out in a chamber of the same type at a
constant 5 °C for 12 days. Samples for biochemical analysis were taken from the middle
parts of the youngest fully developed leaves in the middle of the light period on the 0, 2nd,
7th and 12th days of the hardening period.

The freezing test was carried out as described earlier [59]. Briefly, cold-hardened
seedlings were put in a frost chamber (ProfiMaster ECU 0520-1; National Lab GmbH,
Molln, Germany; H560 x W360 x D280 mm) for 1 d at —10 °C or —11 °C in the dark. In
order to minimise the error from temperature inhomogeneity inside the frost chamber,
the pots involved in freezing tests were divided into four sections (Figure 1), so that
all four genotypes could be sown in each pot for simultaneous testing. After freezing,
frozen seedlings were cut off at ground level, and the regrowth of the surviving plants
was evaluated after 1-2 weeks under normal growth conditions (20/18 °C). The survival
percentage was estimated by visual evaluation, counting the viable seedlings for all the
genotypes in a pot (Figure 1A). Six pots were used for this calculation.

All the chemicals used in the experiments were purchased from Sigma-Aldrich-
Supelco-Merck (Merck KGaA, Darmstadt, Germany).

4.2. Determination of Free Polyamine and 1,3-Diaminopropane (DAP)

Polyamines and DAP were determined according to Smith and Davies [60] and
Szalai et al. [61]. For analyses, leaf samples were homogenized with 0.2 M ice-cold perchlo-
ric acid and allowed to stand for 20 min on ice. After centrifugation at 10,000x g and 4 °C
for 20 min, the supernatant was used for the analyses. The polyamines, namely cadaverine
(CAD), putrescine (PUT), spermidine (SPD) and spermine (SPM), together with DAP, the
terminal catabolite product of SPD and SPM, were separated via HPLC using an Alliance
W2690 separation module (Waters, Milford, MA, USA) on a reverse phase column (Kinetex
C18, 5 1, 100 x 4.6 mm, Phenomenex; Torrance, CA, USA) and analysed as dansylated
derivatives using a W2474 scanning fluorescence detector (Waters, Milford, MA, USA) with
excitation at 340 nm and emission at 515 nm.

4.3. Determination of Ascorbate Peroxidase Activity

Ascorbate peroxidase (APX; EC 1.11.1.11.) activity was determined spectrophotometrically,
as described earlier [62]. Leaf samples (0.5 g) were homogenised in 2.5 mL of ice-cold Tris buffer
(0.5 M, pH 7.5) containing 3 mM MgCl, and 1 mM EDTA. The enzyme activity was determined
as a decrease in absorbance at 290 nm with a Shimadzu UV-160A multiwavelength spectropho-
tometer (Shimadzu, Kyoto, Japan) using 50 pL plant extract in Tris buffer (pH 7.8) in the presence
of 0.2 M 5.625 mM ascorbic acid. The reaction was started with 0.042% hydrogen peroxide in a fi-
nal volume of 2250 uL reaction mixture. Enzyme activity (in nkatal) was calculated according to
this: 1000 X (Viota/ Vsample) X €+ X AA(29pnm) X dilution x time™! (Viq1: total volume
of the reaction mixture; Vgample: volume of the plant extract; e: extinction coefficient of
ascorbate, 2.8 mM ! cm~1; AA(290nm): decrease of the absorbance at 290 nm; dilution: can
be calculated according to the sample preparation; time: duration of the measured decrease
of absorbance in seconds).
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4.4. Quantification of Selected Flavonols

Flavonols, namely rutin, myricetin, quercetin and kaempferol, were quantified accord-
ing to Gondor et al. [63] using 0.5 g wheat leaves. Leaf samples were ground in liquid
nitrogen in a mortar and pestle in the presence of quartz sand. The tissue powder was
transferred to a centrifugation tube and mixed with 2 mL of 70% methanol. The extract was
centrifuged at 10,000 x g for 10 min. The pellet was resuspended in 2 mL of 90% methanol,
vortexed and centrifuged as above. The methanol content was evaporated at room tem-
perature under a vacuum. One millilitre of 5% (w/v) trichloroacetic acid was added to the
residual aqueous phase, and the mixture was centrifuged at 10,000x g for 10 min. The
supernatant was gently partitioned twice against 1.5 mL of a 1:1 (v/v) mixture of ethyl
acetate/cyclohexane. The upper organic layer, which contained the free phenolic portion,
was evaporated to dryness under vacuum. The evaporated samples were resuspended in
500 uL 15% HPLC grade acetonitrile and detected after separation on a Synergi Fusion RP
80A 150 x 4 mm reverse phase column (Alliance W2690; Waters, Milford, MA, USA) with
a photodiode array detector in the range of 230-300 nm. Flavonols were quantified at their
maximum (quercetin: 220 nm; myricetin: 253 nm; kaempferol and rutin: 265 nm) using
external calibration curves.

4.5. Gene Expression Analysis

For gene expression analysis, the second fully developed leaves were collected. Total
RNA isolation and cDNA synthesis were performed as described by Tajti et al. [64]. In
detail: Total RNA was extracted from fully developed leaves using TRI Reagent®. The
samples were treated with DNase I and cleaned with a Direct-zol™ RNA MiniPrep Kit
(Zymo Research, Irvine, CA, USA) according to the manufacturer’s instructions. The quality
and integrity of RNA was monitored using an agarose gel and the samples were quantified
with a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, MA,
USA). Total RNA (1000 ng) was reverse transcribed by using M-MLV Reverse Transcriptase
(Promega Corporation, Madison, WI, USA) and oligo(dT)18 (Thermo Fisher Scientific)
1 uL of 2-fold diluted cDNA, gene-specific primers and housekeeping primers (Table 2),
PCRBIO SyGreen Mix (PCR Biosystems, London, UK) and CFX96 Touch™ Real-Time
PCR Detection System (Bio-Rad, Hercules, CA, USA) were used for quantitative real-
time PCR reaction. Melt curve analysis was also performed to confirm the presence of
a single PCR product. The relative gene expression values were determined with the
2-AAC method [65]. For normalisation the Ct values of the housekeeping gene, Ta30797,
encoding phosphogluconate dehydrogenase, were used [66]. All reactions were performed
in triplicate using three biological and three technical repetitions.

Table 2. Primer sequences used for the gene expression studies.

Gene Name Primer Sequences (5 — 3') Reference
Tu30797 if\j‘e’:g T%fgggfgggégi%%ggc Paolacci et al., 2009 [66]
R2R3MYB %’;\Zﬁg c?ggfgflcci%fgggﬁgé?c Boldizsér et al., 2016 [68]
B e —

; o CsacmcceTis
wpit Forward TCTTCCTGCGCTACAAACTC NCBI Reference Sequence:

Reverse AACTACCAGCACGTACACCG AB030210.1
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4.6. Metabolomics Analyses
4.6.1. Sample Preparation

Five parallel leaf samples from each sample group (i.e., collection on the 0, 2nd, 7th
and 12th days after the beginning of cold hardening and from four genotypes) were ground
in liquid Nj, and 0.2 g subsamples were weighed into 2.0 mL safety Eppendorf tubes
with the addition of 1.0 mL of 40% (v/v) methanol. After vortex mixing, the tubes were
inserted into a pre-cooled (—18 °C) tube holder and the extraction was carried out in a
1600 MiniG®—Automated Tissue Homogenizer and Cell Lyser (SPEX; Rickmansworth,
UK) for 3 min at 1500 rpm. The samples were then centrifuged at 15,000 x g for 15 min at
+4 °C, after which the supernatants were recovered and placed in separate Eppendorf tubes.
The residues were re-extracted with 1.0 mL of 90% (v/v) methanol in a MiniG® instrument
(3 min), followed by centrifugation as described above. The matching supernatants were
pooled and used for GC-MS and LC-MS analysis.

4.6.2. Untargeted Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

For GC-MS analysis, 15 uL of 1 mg mL~! ribitol was added as an internal standard
to 1.0 mL methanolic extract and an aliquot (200 pL) was dried under a vacuum. Deriva-
tization was performed with 40 pL methoxyamine hydrochloride dissolved in pyridine
(20 mg mL~1), with incubation for 90 min at 37 °C. After this, 60 uL N-trimethylsilyl-N-
methyl trifluoroacetamide was added and the sample was incubated for an additional
30 min at the same temperature. The samples were transferred to vials and 1.0 uL was
injected into a LECO Pegasus 4D GCxGC TOEMS (LECO, St Joseph, MI, USA) equipped
with a 30 m capillary column (Rxi-5MS phase) and a 1.5 m column (Rxi-175il MS phase)
in a split mode. The temperature of the inlet was 230 °C, and the transfer line and ion
source were kept at 250 °C. The carrier gas was He and a constant flow rate (1 mL min~!)
was used. After 70 °C for 3 min, the temperature was increased to 320 °C at a rate of
7 °C min~! where it was maintained for 5 min with a 3.25 s modulation period in 2D GC
mode. GC analysis and data processing were carried out using ChromaTOF 4.72 software.
External standards, Kovats retention index data, NIST and LECO-Fiehn metabolomics
library databases were used to identify the compounds.

4.6.3. Untargeted Liquid Chromatography-Mass Spectrometry (LC-MS) Analysis

For LC-MS analysis, aliquots of the combined supernatants were diluted either 1:2 with
water containing 0.15% (v/v) formic acid (for Cqg chromatography) or 1:4 with acetonitrile
(for HILIC /hydrophilic interaction liquid chromatography). After dilution, the sample
solutions were filtered through 0.22 pm pore-sized disposable PTFE syringe filters and
injected into the LC-MS set-up. A Vion ion mobility quadrupole time-of-flight mass
spectrometer (Waters, Milford, MA, USA) equipped with a UniSpray (Waters, Milford,
MA, USA) ion spray source was applied. Chromatographic elution was provided by an
Acquity UPLC I-Class system (Waters, Milford, MA, USA) using either a BEH-C;3 reversed
phase (RP) UPLC column (100 mm x 2.1 mm X 1.7 um; Waters, Milford, MA, USA) or a
SeQuant ZIC-cHILIC HPLC column (100 mm X 2.1 mm x 3.0 um; Merck-Sigma Group,
Schnelldorf, Germany). The UniSpray ion source was used both in positive and negative
ionisation modes, either with MSE or with MSE-MSMS/DDA functions. The instrument
was controlled using UNIFI software (version 1.9.4; Waters). The related instrumental
parameters are described in Table S4. For the quantitative estimation of discriminating
flavonols, apigenin was obtained from the Merck-Sigma group and its UV chromatogram
was recorded at A = 334 nm. Concentrations of flavonols were estimated by normalisation
of their UV absorption data at A = 334 nm (for more abundant species) or on the basis
of their MS intensity (for less abundant species where UV trace couldn’t be adequately
obtained). For quantitative estimation of the concentration of discriminating conjugated
polyamines, feruloylputrescine (>97% purity) was obtained from BOC Sciences (Shirley,
NY, USA) and its MS response was used for normalisation.
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4.6.4. Multivariate Statistical Analysis of LC-MS Data

The Vion UNIFI LC-MS data were processed with the Progenesis QI (Version 27.26.1020;
Nonlinear Dynamics, Quayside, Newcastle Upon Tyne, UK) and EZinfo (version 3.0.3;
UMetrics AB, Umeei, Sweden) software packages.

In the Progenesis QI work step, the datasets were first aligned according to the default
settings. Peak picking was carried out with the following settings: sensitivity: “automatic”;
minimum chromatographic peak width: 0.03 min (in positive mode) or 0.04 min (in negative
mode); retention time window: 0.55-15 min (in positive mode) or 0.60-15 min (in negative
mode); high energy limits: 0.2% base peak; adducts concerned: M-H, 2M-H, M-H,O-H,
M+Na-2H and M+H, M-H,O+H, M+Na, M+K, M+NH, and 2M+H. With these settings,
2461 and 11,064 entities were found in negative and positive ion mode, respectively, and
were subjected to ANOVA and Principal Component Analysis (PCA). For group difference
calculations, the PCA data were exported to EZinfo, where pairwise group differences were
visualised in an S-plot arrangement. Data (=compounds) were considered significant and
transferred back to Progenesis QI for identification if (i) the related fold change exceeded
2.0, (ii) their p[1] loadings were higher than 10.1| and/or (iii) their p(corr)[1] correlation
values were higher than 10.95|. In the case of oligohexoses, where peak picking failed
because of the highly complex adduct formation (i.e., M+H, M+H+K, M+Na, M+2Na,
M+Na+K, M+K, M+2K, M+NHy), the ion intensities of the most abundant adducts (M+Na
and M+2Na) were used for pairwise t-test comparison of the wheat genotypes.

The following settings were applied for compound identification: precursor toler-
ance: 5 ppm; fragment tolerance: 10 ppm; isotope similarity: 95%; elemental composi-
tion: H 0-180, C 0-100, N 0-10, O 0-100, P 0-3, S 0-2. The following data sources were
considered: Biosynth Carbosynth, ChEBI, ChEMBL, Extrasynthese, FDA, FAO, FooDB,
HMDB, KEGG, LipidMAPS, MassBank, Molbank, Nature Chemistry, Nature Chemical
Biology, NIST, NIST Chemistry WebBook, Phenol Explorer and PlantCyc. The assign-
ment of statistically differentiating components (polyamines and flavonoids) was based
on their accurate mass, MS/MS fragments and chromatographic elution order according
to Cavaliere et al. [71], Ferreres et al. [72], Shao et al. [73], Pereira et al. [74], da Silva and
de Oliveira [75], Nikolic et al. [76], Lee et al. [77], Kage et al. [78], Gorzolka et al. [79] and
Dong et al. [80]. Figure S7 presents all the related high-resolution MS and MS/MS spectra.
Oligohexoses (fructans) were assigned according to accurate mass data only, and they were
characterised only by the number of hexose moieties. Compounds found to be significant
in group difference analyses in either ionisation mode were sorted by their maximum abun-
dance, and entries exceeding either 600 cps (in negative mode) or 850 cps (in positive mode),
i.e. the experimentally determined limits for reliable MS/MS acquisition, were individually
and manually checked for redundancies (e.g. because of incorrect isotopologue alignment)
in the LC-MS spectra. Non-redundant entries were subjected to directed data acquisition
(DDA)—MS/MS fragmentation in both negative and positive mode when applicable.

4.7. Statistical Analysis

The whole experimental design was repeated at least three times, and a representative
set of experiments is given here. In each set of experiments, the biochemical data repre-
sented the average of five measurements. The data were statistically evaluated using the
standard deviation and ¢-test methods in the Microsoft Excel program.

5. Conclusions

Present results show that mutant alleles Rht-B1b and Rht-Blc may negatively affect
the freezing tolerance in ‘April Bearded’ facultative wheat plants. However, several cold-
related processes exhibited similar changes during the cold hardening period in these
genotypes. High resolution MS and MS/MS based untargeted metabolomics revealed a
series of differentiating compounds, especially coumaroylated and feruloylated poliamines
and apigenine derivatives, that showed a remarkably different time profile compared to
the stress-induced fructans. The mechanisms of frost tolerance might be different for a
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typical winter variety (Mv Béres) than for a facultative variety. Although oligosaccharides
are able to differentiate between them, it is unlikely that they play an important role in Mv
Béres, which may use other strategies. Compared to flavonoids, the polyamine derivatives
exhibited very diverse patterns, and the accumulation of these compounds correlated with
the level of freezing tolerance of the ‘April Bearded’ lines. However, in Mv Béres, which
had the highest level of tolerance, the accumulation of these compounds was much less
pronounced. Obviously, the interaction between the major developmental genes, frost
tolerance genes and the Rht genes merits further deep exploration.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/ijms23147969/5s1.

Author Contributions: Conceptualization, G.S. and T.J.; methodology, M.D., O.K.G. and ].T.; in-
vestigation, M.D., OK.G,, ].T., A.B.M., M.A.L, VK. and M.P,; writing—original draft preparation,
G.S., TJ. and M.D.; writing—review and editing, M.P. and S.M.; visualization, M.D., M.P. and G.S.;
supervision, G.S. and T.J.; project administration, G.S.; funding acquisition, G.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by National Research Development and Innovation Office,
Hungary, grant number k124430. Orsolya Kinga Gondor was supported by the Hungarian Academy
of Sciences (Premium_2019-462).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data can be found within the manuscript and its supple-
mentary materials.

Acknowledgments: Thanks are due to Timea Olah and Ildiké Denyicska for their technical assistance.
The authors wish to thank Barbara Hooper for revising the manuscript linguistically.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Evans, L.T. Crop evolution, adaptation and yield. Photosynthetica 1998, 34, 56-60. [CrossRef]

2. Tian, X.; Wen, W.; Xie, L.; Fu, L.; Xu, D.; Fu, C.; Wang, D.; Chen, X.; Xia, X.; Chen, Q. Molecular mapping of reduced plant height
gene Rht24 in bread wheat. Front. Plant Sci. 2017, 8, 1379. [CrossRef] [PubMed]

3.  Kocheva, K.V,; Landjeva, S.P.; Georgiev, G.I. Variation in ion leakage parameters of two wheat genotypes with different Rht-B1
alleles in response to drought. J. Biosci. 2014, 39, 753-759. [CrossRef]

4. Kocheva, K.; Nenova, V.; Karceva, T.; Petrov, P.; Georgiev, G.I.; Borner, A.; Landjeva, S. Changes in water status, membrane
stability and antioxidant capacity of wheat seedlings carrying different Rht-B1 dwarfing alleles under drought stress. J. Agron.
Crop Sci. 2014, 200, 83-91. [CrossRef]

5. Chen,S,; Gao, R.; Wang, H.; Wen, M.; Xiao, J.; Bian, N.; Zhang, R.; Hu, W.; Cheng, S.; Bie, T.; et al. Characterization of a novel
reduced height gene (Rht23) regulating panicle morphology and plant architecture in bread wheat. Euphytica 2015, 203, 583-594.
[CrossRef]

6. Pearce, S,; Saville, R.; Vaughan, S.P.; Chandler, PM.; Wilhelm, E.P,; Sparks, C.A.; Al-Kaff, N.; Korolev, A.; Boulton, M.L; Phillips,
AL, et al. Molecular characterization of Rht-1 dwarfing genes in hexaploid wheat. Plant Physiol. 2011, 157, 1820-1831. [CrossRef]
[PubMed]

7. Wilhelm, E.P; Howells, RM.; Al-Kaff, N.; Jia, ].; Baker, C.; Leverington-Waite, M. A ; Griffiths, S.; Greenland, A.J.; Boulton, M.L;
Powell, W. Genetic characterization and mapping of the Rht-1 homoeologs and flanking sequences in wheat. Theor. Appl. Genet.
2013, 126, 1321-1336. [CrossRef]

8. Nenova, V.R,; Kocheva, K.V.; Petrov, P.I; Georgiev, G.I.; Karceva, T.V,; Borner, A.; Landjeva, S.P. Wheat Rht-B1 dwarfs exhibit
better photosynthetic response to water deficit at seedling stage compared to the wild type. J. Agric. Crop Sci. 2014, 200, 434—443.
[CrossRef]

9. Dobrikova, A.G.; Yotsova, E.K.; Borner, A.; Landjeva, S.P.; Apostolova, E.L. The wheat mutant DELLA-encoding gene (Rht-Blc)
affects plant photosynthetic responses to cadmium stress. Plant Physiol. Biochem. 2017, 114, 10-18. [CrossRef]

10. Szalai, G.; Tajti, ].; Hamow, KA, Denyicska, I.; Khalil, R.; Vankova, R.; Dobrev, P.; Misheva, S.P.; Janda, T.; Pal, M. Molecular

background of cadmium tolerance in Rht dwarf wheat mutant is related to a metabolic shift from proline and polyamine to
phytochelatin synthesis. Environ. Sci. Pol. Res. 2020, 27, 23664-23676. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms23147969/s1
https://www.mdpi.com/article/10.3390/ijms23147969/s1
http://doi.org/10.1023/A:1006889901899
http://doi.org/10.3389/fpls.2017.01379
http://www.ncbi.nlm.nih.gov/pubmed/28848582
http://doi.org/10.1007/s12038-014-9471-7
http://doi.org/10.1111/jac.12047
http://doi.org/10.1007/s10681-014-1275-1
http://doi.org/10.1104/pp.111.183657
http://www.ncbi.nlm.nih.gov/pubmed/22013218
http://doi.org/10.1007/s00122-013-2055-3
http://doi.org/10.1111/jac.12090
http://doi.org/10.1016/j.plaphy.2017.02.015
http://doi.org/10.1007/s11356-020-08661-z

Int. J. Mol. Sci. 2022, 23, 7969 21 0f23

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Zentella, R.; Zhang, Z.L.; Park, M.; Thomas, S.G.; Endo, A.; Murase, K.; Fleet, C.M.; Jikumaru, Y.; Nambara, E.; Kamiya, Y.; et al.
Global analysis of DELLA direct targets in early gibberellin signaling in Arabidopsis. Plant Cell 2007, 19, 3037-3057. [CrossRef]
[PubMed]

Van De Velde, K.; Thomas, S.G.; Heyse, F,; Kaspar, R.; Van Der Straeten, D.; Rohde, A. N-terminal truncated RHT-1 proteins
generated by translational reinitiation cause semi-dwarfing of wheat Green Revolution alleles. Mol. Plant 2021, 14, 679-687.
[CrossRef] [PubMed]

Van De Velde, K.; Chandler, PM.; Van Der Straeten, D.; Rohde, A. Differential coupling of gibberellin responses by Rht-Blc
suppressor alleles and Rht-B1b in wheat highlights a unique role for the DELLA N-terminus in dormancy. J. Exp. Bot. 2017, 68,
443-455. [CrossRef] [PubMed]

Boldizsér, A.; Carrera, D.A; Gulyas, Z.; Vashegyi, I.; Novak, A.; Kalapos, B.; Pal, M.; Galiba, G.; Kocsy, G. Comparison of
redox and gene expression changes during the vegetative/generative transition in crowns and leaves of wheat chromosome 5A
substitution lines at low temperature. J. Appl. Gen. 2016, 57, 1-13. [CrossRef]

Georgieva, K.; Mihailova, G.; Velitchkova, M.; Popova, A. Recovery of photosynthetic activity of resurrection plant Haberlea
rhodopensis from drought- and freezing-induced desiccation. Photosynthetica 2020, 58, 911-921. [CrossRef]

Kalapos, B.; Dobrev, P.; Nagy, T.; Vitamvas, P.; Gyorgyey, ].; Kocsy, G.; Marincs, F.; Galiba, G. Transcript and hormone analyses
reveal the involvement of ABA signalling, hormone cross talk and genotype specific biological processes in cold shock response
in wheat. Plant Sci. 2016, 253, 86-97. [CrossRef]

Pél, M.; Szalai, G.; Janda, T. Speculation: Polyamines are important in abiotic stress signaling. Plant Sci. 2015, 237, 16-23.
[CrossRef]

Dhillon, T.; Pearce, S.P,; Stockinger, E.J.; Distelfeld, A.; Li, C.; Knox, A.K,; Vashegyi, I.; Vagujfalvi, A.; Galiba, G.; Dubcovsky, J.
Regulation of freezing tolerance and flowering in temperate cereals: The VRN-1 connection. Plant Physiol. 2010, 153, 1846-1858.
[CrossRef]

Achard, P; Gong, F.; Cheminant, S.; Alioua, M.; Hedden, P.; Genschik, P. The cold-inducible CBF1 factor-dependent signalling
pathway modulates the accumulation of the growth-repressing DELLA proteins via its effect on gibberellin metabolism. Plant
Cell 2008, 20, 2117-2129. [CrossRef]

Zhou, M.; Chen, H.; Wei, D.; Ma, H.; Lin, J. Arabidopsis CBF3 and DELLAs positively regulate each other in response to low
temperature. Sci. Rep. 2017, 7, 39819. [CrossRef]

Ding, Y,; Shi, Y.; Yang, S. Advances and challenges in uncovering cold tolerance regulatory mechanisms in plants. New Phytol.
2019, 222, 1690-1704. [CrossRef] [PubMed]

Juhdsz, Z.; Boldizsar, A.; Nagy, T.; Kocsy, G.; Maringcs, F.; Galiba, G.; Banfalvi, Z. Pleiotropic effect of chromosome 5A and the mvp
mutation on the metabolite profile during cold acclimation and the vegetative/generative transition in wheat. BMC Plant Biol.
2015, 15, 57. [CrossRef]

Moheb, A_; Ibrahim, R.K.; Roy, R.; Sarhan, F. Changes in wheat leaf phenolome in response to cold acclimation. Phytochemistry
2011, 72, 2294-2307. [CrossRef] [PubMed]

Piovesana, S.; Cavaliere, C.; Cerrato, A.; Montone, C.M.; Lagana, A.; Capriotti, A.L. Developments and pitfalls in the character-
ization of phenolic compounds in food: From targeted analysis to metabolomics-based approaches. Trends Anal. Chem. 2020,
133, 116083. [CrossRef]

Righetti, L.; Rubert, J.; Galaverna, G.; Hurkova, K.; Dall’Asta, C.; Hajslova, J.; Stranska-Zachariasova, M. A novel approach
based on untargeted lipidomics reveals differences in the lipid pattern among durum and common wheat. Food Chem. 2018, 240,
775-783. [CrossRef]

Ameye, M.; Van Meulebroek, L.; Meuninck, B.; Vanhaecke, L.; Smagghe, G.; Haesaert, G.; Audenaert, K. Metabolomics reveal
induction of ros production and glycosylation events in wheat upon exposure to the green leaf volatile z-3-hexenyl acetate. Front.
Plant Sci. 2020, 11, 596271. [CrossRef]

Zhang, Y.; Ma, X.M.; Wang, X.C.; Liu, ].H.; Haung, B.Y.; Guo, X.Y.; Xiong, S.P; La, G.X. UPLC-QTOF analysis reveals metabolomic
changes in the flag leaf of wheat (Triticum aestivum L.) under low-nitrogen stress. Plant Physiol. Biochem. 2017, 111, 30-38.
[CrossRef]

Miller, A K,; Galiba, G.; Dubcovsky, J. A cluster of 11 CBF transcription factors is located at the frost tolerance locus Fr-Am?2 in
Triticum monococcum. Mol. Gen. Genom. 2006, 275, 193-203. [CrossRef]

Du, H.; Liang, Z.; Zhao, S.; Nan, M.G.; Tran, L.S.; Lu, K.; Huang, Y.B.; Li, ].N. The evolutionary history of RZR3-MYB proteins
across 50 eukaryotes: New insights into subfamily classification and expansion. Sci. Rep. 2015, 5, 11037. [CrossRef]

Zeng, Y,; Yu,].; Cang, J.; Liu, L.; Mu, Y.; Wang, ].; Zhang, D. Detection of sugar accumulation and expression levels of correlative
key enzymes in winter wheat (Triticum aestivum) at low temperatures. Biosci. Biotechnol. Biochem. 2011, 75, 681-687. [CrossRef]
Liu, J.; Ishitani, M.; Halfter, U.; Kim, C.S.; Zhu, ].K. The Arabidopsis thaliana SOS2 gene encodes a protein kinase that is required
for salt tolerance. Proc. Natl. Acad. Sci. USA 2000, 97, 3730-3734. [CrossRef] [PubMed]

Bennett, R.; Olesik, S.V. Enhanced fluidity liquid chromatography of inulin fructans using ternary solvent strength and selectivity
gradients. Anal. Chim. Acta 2018, 999, 161-168. [CrossRef] [PubMed]

Alcézar, R.; Cuevas, ].C; Planas, J.; Zarza, X.; Bortolotti, C.; Carrasco, P,; Salinas, J.; Tiburcio, A.F,; Altabella, T. Integration of
polyamines in the cold acclimation response. Plant Sci. 2011, 180, 31-38. [CrossRef]


http://doi.org/10.1105/tpc.107.054999
http://www.ncbi.nlm.nih.gov/pubmed/17933900
http://doi.org/10.1016/j.molp.2021.01.002
http://www.ncbi.nlm.nih.gov/pubmed/33422695
http://doi.org/10.1093/jxb/erw471
http://www.ncbi.nlm.nih.gov/pubmed/28073950
http://doi.org/10.1007/s13353-015-0297-2
http://doi.org/10.32615/ps.2020.044
http://doi.org/10.1016/j.plantsci.2016.09.017
http://doi.org/10.1016/j.plantsci.2015.05.003
http://doi.org/10.1104/pp.110.159079
http://doi.org/10.1105/tpc.108.058941
http://doi.org/10.1038/srep39819
http://doi.org/10.1111/nph.15696
http://www.ncbi.nlm.nih.gov/pubmed/30664232
http://doi.org/10.1186/s12870-014-0363-7
http://doi.org/10.1016/j.phytochem.2011.08.021
http://www.ncbi.nlm.nih.gov/pubmed/21955620
http://doi.org/10.1016/j.trac.2020.116083
http://doi.org/10.1016/j.foodchem.2017.08.020
http://doi.org/10.3389/fpls.2020.596271
http://doi.org/10.1016/j.plaphy.2016.11.009
http://doi.org/10.1007/s00438-005-0076-6
http://doi.org/10.1038/srep11037
http://doi.org/10.1271/bbb.100813
http://doi.org/10.1073/pnas.97.7.3730
http://www.ncbi.nlm.nih.gov/pubmed/10725382
http://doi.org/10.1016/j.aca.2017.10.036
http://www.ncbi.nlm.nih.gov/pubmed/29254568
http://doi.org/10.1016/j.plantsci.2010.07.022

Int. J. Mol. Sci. 2022, 23, 7969 22 0f 23

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Lee, Y.P; Babakov, A.; de Boer, B.; Zuther, E.; Hincha, D.K. Comparison of freezing tolerance, compatible solutes and polyamines
in geographically diverse collections of Thellungiella sp. and Arabidopsis thaliana accessions. BMC Plant Biol. 2012, 12, 131.
[CrossRef]

Gondor, O.K,; Szalai, G.; Kovacs, V.; Janda, T.; Pal, M. Relationship between polyamines and other cold-induced response
mechanisms in different cereal species. J. Agron. Crop Sci. 2016, 202, 217-230. [CrossRef]

Cai, M.L.; Zhang, Q.L.; Zheng, X.T.; Zhai, ].].; Peng, C.L. Comparison of leaves and stems of Paederia scandens (Lour.) Merr. in
tolerance to low temperature. Photosynthetica 2020, 58, 846-852. [CrossRef]

Saleem, M.; Fariduddin, Q.; Janda, T. Multifaceted role of salicylic acid in combating cold stress in plants: A review. J. Plant
Growth Regul. 2020, 40, 464-485. [CrossRef]

Janda, T; Szalai, G.; Rios-Gonzalez, K.; Veisz, O.; Paldi, E. Comparative study of frost tolerance and antioxidant activity in cereals.
Plant Sci. 2003, 164, 301-306. [CrossRef]

Zhao, J.; Shi, M.; Yu, J.; Guo, C. SPL9 mediates freezing tolerance by directly regulating the expression of CBF2 in Arabidopsis
thaliana. BMC Plant Biol. 2022, 22, 59. [CrossRef]

Li, X.Y,; Lin, E.P; Huang, H.H.; Niu, M.Y.; Tong, Z.K.; Zhang, ].H. Molecular Characterization of SQUAMOSA PROMOTER
BINDING PROTEIN-LIKE (SPL) Gene Family in Betula luminifera. Front. Plant Sci. 2018, 9, 608. [CrossRef]

Igamberdiev, A.U.; Eprintsev, A.T. Organic acids: The pools of fixed carbon involved in redox regulation and energy balance in
higher plants. Front. Plant Sci. 2016, 7, 1042. [CrossRef] [PubMed]

Schulz, E.; Tohge, T.; Zuther, E.; Fernie, A.R.; Hincha, D.K. Flavonoids are determinants of freezing tolerance and cold acclimation
in Arabidopsis thaliana. Sci. Rep. 2016, 6, 34027. [CrossRef] [PubMed]

Hostetler, G.I; Ralston, R.A.; Schwartz, S.J. Flavones: Food sources, bioavailability, metabolism, and bioactivity. Adv. Nutr. 2017,
8,423-435. [CrossRef] [PubMed]

Yan, J.; Wang, B.; Jiang, Y.; Cheng, L.; Wu, T. GmFNSII-Controlled soybean flavone metabolism responds to abiotic stresses and
regulates plant salt tolerance. Plant Cell Physiol. 2014, 55, 74-86. [CrossRef]

Zeiss, D.R; Piater, L.A.; Dubery, .A. Hydroxycinnamate amides: Intriguing conjugates of plant protective metabolites. Trends
Plant Sci. 2021, 26, 184-195. [CrossRef]

Macoy, D.M.; Kim, W.; Lee, S.Y.; Kim, M.G. Biosynthesis, physiology, and functions of hydroxycinnamic acid amides in plants.
Plant Biotechnol. Rep. 2015, 9, 269-278. [CrossRef]

Valette, M.; Rey, M.; Gerin, F.; Comte, G.; Wisniewski-Dyé, F. A common metabolomic signature is observed upon inoculation of
rice roots with various rhizobacteria. . Integr. Plant Biol. 2020, 62, 228-246. [CrossRef]

Macoy, D.M.; Kim, W.; Lee, S.Y.; Kim, M.G. Biotic stress related functions of hydroxycinnamic acid amide in plants. J. Plant Biol.
2015, 58, 156-163. [CrossRef]

Torras-Claveria, L.; Jauregui, O.; Codina, C.; Tiburcio, A.E; Bastida, ].; Viladomat, F. Analysis of phenolic compounds by
high-performance liquid chromatography coupled to electrospray ionization tandem mass spectrometry in senescent and
water-stressed tobacco. Plant Sci. 2012, 182, 71-78. [CrossRef]

Luo, J.; Liu, Y;; Zhang, H.; Wang, ].; Chen, Z.; Luo, L.; Liu, G.; Liu, P. Metabolic alterations provide insights into Stylosanthes roots
responding to phosphorus deficiency. BMC Plant Biol. 2020, 20, 85. [CrossRef]

Jin, S.; Yoshida, M. Antifungal compound, feruloylagmatine, induced in winter wheat exposed to a low temperature. Biosci.
Biotechnol. Biochem. 2000, 64, 1614-1617. [CrossRef] [PubMed]

Langebartels, C.; Kerner, K.; Leonardi, S.; Schraudner, M.; Trost, M.; Heller, W.; Sandermann, H., Jr. Biochemical plant responses
to ozone. 1. Differential induction of polyamine and ethylene biosynthesis in tobacco. Plant Physiol. 1991, 95, 882-889. [CrossRef]
[PubMed]

Tognetti, J.A.; Salerno, G.L.; Crespi, M.D.; Pontis, H.G. Sucrose and fructan metabolism of different wheat cultivars at chilling
temperatures. Physiol. Plant. 1990, 78, 554-559. [CrossRef]

Yoshida, M.; Tamura, K. Research on fructan in wheat and temperate forage grasses in Japan. Jpn. Agric. Res. Q. 2011, 45, 9-14.
[CrossRef]

Suzuki, M.; Nass, H.G. Fructan in winter wheat, triticale, and fall rye cultivars of varying cold hardiness. Can. |. Bot. 1988, 66,
1723-1728. [CrossRef]

Mathieu, N.G.; Patti, G.J. Systems-level annotation of a metabolomics data set reduces 25,000 features to fewer than 1000 unique
metabolites. Anal. Chem. 2017, 89, 10397-10406. [CrossRef]

Flintham, J.E.; Borner, A.; Worland, A.J.; Gale, M.D. Optimizing wheat grain yield: Effects of Rht (gibberellin-insensitive) dwarfing
genes. |. Agric. Sci. 1997, 128, 11-25. [CrossRef]

Kuti, C,; Lang, L.; Gulyas, G.; Karsai, I.; Mészdros, K.; Vida, G.; Bed§, Z. Bioinformatics tool for handling molecular data in wheat
breeding. Cereal Res. Commun. 2012, 40, 573-582. [CrossRef]

Szalai, G.; Pap, M.; Janda, T. Light-induced frost tolerance differs in winter and spring wheat plants. J. Plant Physiol. 2009, 166,
1826-1831. [CrossRef]

Smith, M.A.; Davies, P]. Separation and quantitationof polyamines in plant tissue by high performance liquidchromatography of
their dansyl derivatives. Plant Physiol. 1985, 78, 89-91. [CrossRef]

Szalai, G.; Janda, T.; Bartok, T.; Paldi, E. Role of light in changes in free amino acid and polyamine contents at chilling temperature
in maize (Zea mays). Physiol. Plant. 1997, 101, 434—438. [CrossRef]


http://doi.org/10.1186/1471-2229-12-131
http://doi.org/10.1111/jac.12144
http://doi.org/10.32615/ps.2020.034
http://doi.org/10.1007/s00344-020-10152-x
http://doi.org/10.1016/S0168-9452(02)00414-4
http://doi.org/10.1186/s12870-022-03445-8
http://doi.org/10.3389/fpls.2018.00608
http://doi.org/10.3389/fpls.2016.01042
http://www.ncbi.nlm.nih.gov/pubmed/27471516
http://doi.org/10.1038/srep34027
http://www.ncbi.nlm.nih.gov/pubmed/27658445
http://doi.org/10.3945/an.116.012948
http://www.ncbi.nlm.nih.gov/pubmed/28507008
http://doi.org/10.1093/pcp/pct159
http://doi.org/10.1016/j.tplants.2020.09.011
http://doi.org/10.1007/s11816-015-0368-1
http://doi.org/10.1111/jipb.12810
http://doi.org/10.1007/s12374-015-0104-y
http://doi.org/10.1016/j.plantsci.2011.02.009
http://doi.org/10.1186/s12870-020-2283-z
http://doi.org/10.1271/bbb.64.1614
http://www.ncbi.nlm.nih.gov/pubmed/10993146
http://doi.org/10.1104/pp.95.3.882
http://www.ncbi.nlm.nih.gov/pubmed/16668067
http://doi.org/10.1111/j.1399-3054.1990.tb05241.x
http://doi.org/10.6090/jarq.45.9
http://doi.org/10.1139/b88-236
http://doi.org/10.1021/acs.analchem.7b02380
http://doi.org/10.1017/S0021859696003942
http://doi.org/10.1556/CRC.40.2012.0009
http://doi.org/10.1016/j.jplph.2009.04.016
http://doi.org/10.1104/pp.78.1.89
http://doi.org/10.1111/j.1399-3054.1997.tb01018.x

Int. J. Mol. Sci. 2022, 23, 7969 23 of 23

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Janda, T.; Csépl6, M.; Németh, C.; Vida, G.; Pogany, M.; Szalai, G.; Veisz, O. Combined effect of water stress and infection with the
necrotrophic fungal pathogen Drechslera tritici-repentis on growth and antioxidant activity in wheat. Cereal Res. Commun. 2008, 36,
53-64. [CrossRef]

Gondor, O.K;; Janda, T.; So6s, V.; Pal, M.; Majlath, I.; Adak, M.K.; Balazs, E.; Szalai, G. Salicylic acid induction of flavonoid
biosynthesis pathways in wheat varies by treatment. Front. Plant Sci. 2016, 7, 1447. [CrossRef] [PubMed]

Tajti, ].; Hamow, KA, Majlath, L; Gierczik, K.; Németh, E.; Janda, T.; Pal, M. Polyamine-induced hormonal changes in eds5 and
sid2 mutant Arabidopsis plants. Int. ]. Mol. Sci. 2019, 20, 5746. [CrossRef] [PubMed]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2-AACT method.
Methods 2001, 25, 402—408. [CrossRef]

Paolacci, A.R.; Tanzarella, O.A.; Porceddu, E.; Ciaffi, M. Identification and validation of reference genes for quantitative RT-PCR
normalization in wheat. BMC Mol. Biol. 2009, 10, 11. [CrossRef] [PubMed]

Darké, E.; Gierczik, K.; Hudék, O.; Forgo, P.; Pal, M.; Tuirkosi, E.; Kovacs, V.; Dulai, S.; Majldth, I.; Molndr, L; et al. Differing
metabolic responses to salt stress in wheat-barley addition lines containing different 7H chromosomal fragments. PLoS ONE 2017,
12, e0174170. [CrossRef]

Boldizsar, A.; Vankova, R.; Novak, A.; Kalapos, B.; Gulyas, Z.; Pal, M.; Flokova, K.; Janda, T.; Galiba, G.; Kocsy, G. The
movp2 mutation affects the generative transition through the modification of transcriptome pattern, salicylic acid and cytokinin
metabolism in Triticum monococcum. J. Plant Physiol. 2016, 202, 21-33. [CrossRef]

Campoli, C.; Matus-Cadiz, M.A; Pozniak, C.J.; Cattivelli, L.; Fowler, D.B. Comparative expression of Cbf genes in the Triticeae
under different acclimation induction temperatures. Mol. Genet. Genom. 2009, 282, 141-152. [CrossRef]

Knox, A K,; Li, C.; Vagujfalvi, A.; Galiba, G.; Stockinger, E.J.; Dubcovsky, ]. Identification of candidate CBF genes for the frost
tolerance locus Fr-Am2 in Triticum monococcum. Plant Mol. Biol. 2008, 67, 257-270. [CrossRef]

Cavaliere, C.; Foglia, P; Pastorini, E.; Samperi, R.; Lagana, A. Identification and mass spectrometric characterization of glycosy-
lated flavonoids in Triticum durum plants by high-performance liquid chromatography with tandem mass spectrometry. Rapid
Commun. Mass Spectrom. 2005, 19, 3143-3158. [CrossRef] [PubMed]

Ferreres, F.; Andrade, P.B.; Valentao, P; Gil-Izquierdo, A. Further knowledge on barley (Hordeum vulgare L.) leaves O-glycosyl-C-
glycosyl flavones by liquid chromatography-UV diode-array detection-electrospray ionisation mass spectrometry. J. Chromatogr.
A 2008, 1182, 56-64. [CrossRef] [PubMed]

Shao, S.Y.; Ting, Y.; Wang, J.; Sun, J.; Guo, X.F. Characterization and identification of the major flavonoids in Phyllostachys edulis
leaf extract by UPLC-QTOF-MS/MS. Acta Chromatogr. 2020, 32, 228-237. [CrossRef]

Pereira, C.; Yariwake, J.; McCullagh, M. Distinction of the C-glycosylflavone isomer pairs orientin/isoorientin and vi-
texin/isovitexin using HPLC-MS exact mass measurement and in-source CID. Phytochem. Anal. 2005, 16, 295-301. [CrossRef]
[PubMed]

da Silva, M.M.; de Oliveira, R.R. Differentiation of the phenolic chemical profiles of Cecropia pachystachya and Cecropia hololeuca.
Phytochem. Anal. 2019, 30, 73-82. [CrossRef] [PubMed]

Nikoli¢, D.; Godecke, T.; Chen, S.N.; White, J.; Lankin, D.C.; Pauli, G.F,; van Breemen, R.B. Mass spectrometric dereplication of
nitrogen-containing constituents of black cohosh (Cimicifuga racemosa L.). Fitoterapia 2012, 83, 441-460. [CrossRef]

Lee, ].H.; Park, M.].; Ryu, HW.; Yuk, H.J; Choi, S.; Lee, K; Kim, S.; Seo, W.D. Elucidation of phenolic antioxidants in barley
seedlings (Hordeum vulgare L.) by UPLC-PDA-ESI/MS and screening for their contents at different harvest times. J. Function Foods
2016, 26, 667—-680. [CrossRef]

Kage, U.; Hukkeri, S.; Kushalappa, A.C. Liquid chromatography and high resolution mass spectrometry-based metabolomics to
identify quantitative resistance-related metabolites and genes in wheat QTL-2DL against Fusarium head blight. Eur. J. Plant
Pathol. 2018, 151, 125-139. [CrossRef]

Gorzolka, K.; Kolling, J.; Nattkemper, T.W.; Niehaus, K. Spatio-temporal metabolite profiling of the barley germination process by
MALDI MS imaging. PLoS ONE 2016, 11, e0150208. [CrossRef]

Dong, X.; Gao, Y.; Chen, W.; Wang, W.; Gong, L.; Liu, X.; Luo, J. Spatiotemporal distribution of phenolamides and the genetics of
natural variation of hydroxycinnamoyl spermidine in rice. Mol. Plant 2015, 8, 111-121. [CrossRef]


http://doi.org/10.1556/CRC.36.2008.1.6
http://doi.org/10.3389/fpls.2016.01447
http://www.ncbi.nlm.nih.gov/pubmed/27733857
http://doi.org/10.3390/ijms20225746
http://www.ncbi.nlm.nih.gov/pubmed/31731788
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1186/1471-2199-10-11
http://www.ncbi.nlm.nih.gov/pubmed/19232096
http://doi.org/10.1371/journal.pone.0174170
http://doi.org/10.1016/j.jplph.2016.07.005
http://doi.org/10.1007/s00438-009-0451-9
http://doi.org/10.1007/s11103-008-9316-6
http://doi.org/10.1002/rcm.2185
http://www.ncbi.nlm.nih.gov/pubmed/16200659
http://doi.org/10.1016/j.chroma.2007.12.070
http://www.ncbi.nlm.nih.gov/pubmed/18215689
http://doi.org/10.1556/1326.2019.00688
http://doi.org/10.1002/pca.820
http://www.ncbi.nlm.nih.gov/pubmed/16223084
http://doi.org/10.1002/pca.2791
http://www.ncbi.nlm.nih.gov/pubmed/30144200
http://doi.org/10.1016/j.fitote.2011.12.006
http://doi.org/10.1016/j.jff.2016.08.034
http://doi.org/10.1007/s10658-017-1362-y
http://doi.org/10.1371/journal.pone.0150208
http://doi.org/10.1016/j.molp.2014.11.003

	Introduction 
	Results 
	Rht-B1b and Rht-B1c Alleles Reduced the Freezing Tolerance of Wheat 
	Polyamines, Ascorbate Peroxidase and Flavonols in ‘April Bearded’ near Isogenic Lines (NILs) 
	Expression of Certain Stress-Related Genes 
	Untargeted Metabolomics Analyses Using GCxGC-TOFMS 
	Untargeted Metabolomics Analyses Using LC-TOF/MS 

	Discussion 
	Materials and Methods 
	Plant Materials, Growth Conditions and Freezing Test 
	Determination of Free Polyamine and 1,3-Diaminopropane (DAP) 
	Determination of Ascorbate Peroxidase Activity 
	Quantification of Selected Flavonols 
	Gene Expression Analysis 
	Metabolomics Analyses 
	Sample Preparation 
	Untargeted Gas Chromatography-Mass Spectrometry (GC-MS) Analysis 
	Untargeted Liquid Chromatography-Mass Spectrometry (LC-MS) Analysis 
	Multivariate Statistical Analysis of LC-MS Data 

	Statistical Analysis 

	Conclusions 
	References

