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Mid-winter de-acclimation triggers a stress-
like response in leaves of cold-acclimated
wheat (Triticum aestivum L.) at the tillering
stage
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Abstract

Background Active de-acclimation, triggered by mid-winter warm spells, threatens winter wheat survival under
freezing conditions. This study investigated the physiological and molecular mechanisms underlying the response to
active de-acclimation in eight wheat accessions with contrasting tolerance levels.

Results Phenotyping showed that tolerant accessions maintained high survival rates and photosynthetic efficiency
after freezing in the de-acclimated state, whereas the same treatment was lethal to susceptible lines. Chlorophyll
fluorescence parameters and principal component analysis clearly separated tolerant from sensitive accessions,
indicating distinct genetic bases of freezing tolerance in cold-acclimated and de-acclimated states. RNA sequencing
demonstrated that active de-acclimation is not merely the reversal of cold acclimation, as numerous genes were
uniquely differentially expressed during this process. Susceptible accessions exhibited broader and more pronounced
transcriptomic changes than tolerant ones, suggesting that tolerance involves a more controlled molecular response
to warming. Gene ontology analyses showed enrichment of transcripts related to ethylene perception, hormone
signalling, root development, and metal ion transport specifically associated with de-acclimation. Expression analysis
and hormone profiling highlighted the role of abscisic acid (ABA), salicylic acid (SA), and selected cytokinins in
differentiating tolerant and susceptible accessions. Notably, ABA hydroxylase expression and ABA levels were closely
associated with tolerance. gPCR validation confirmed RNA-seq results for key hormone-related candidate genes.

Conclusions Active de-acclimation in wheat is a complex response involving stress-related pathways, particularly
hormone signalling. Cold acclimation capacity is critical for subsequent tolerance, and dual selection for freezing and
de-acclimation tolerance is recommended in breeding programs. These findings identify ABA- and ethylene-related
pathways as key targets for improving resilience to fluctuating winter temperatures.
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Background

According to future winter survival scenarios climate
change will inevitably lead to decreased winterhardi-
ness in Central Europe [1-3]. The most important factor
influencing future winter survival will be mid-winter de-
acclimation [3]. De-acclimation is defined as the loss of
freezing tolerance during temporary warm periods. Two
distinct types of de-acclimation are recognized. Active
de-acclimation occurs during winter, when plants should
remain cold-acclimated [4]. Passive de-acclimation, by
contrast, takes place in spring and is associated with
developmental transitions from vegetative to genera-
tive stages [1]. This distinction is essential, as these two
processes differ both physiologically and molecularly [5].
At the molecular level, active de-acclimation has been
shown to be a separate phenomenon in barley plants, not
simply the reverse of cold-acclimation [6].

Tolerance to de-acclimation amounts to freezing toler-
ance after a period of warming [2, 5]. If, after a period of
warming, temperatures decrease gradually, plants may
reacclimate [5, 6]. On the contrary, if high temperatures
persist for a longer period, plants will enter a mode of
passive de-acclimation and developmental changes [7].
Therefore, to understand the mechanisms underlying
tolerance to active de-acclimation, it is necessary to anal-
yse plant responses during short-term warming events
together with monitoring changes in freezing tolerance.

In addition to cereals like wheat and barley (Hordeum
vulgare L.), tolerance to de-acclimation has been exten-
sively studied in crucifer dicots, e.g. oilseed rape, and
Arabidopsis thaliana [5, 6, 8, 9]. Studies in barley have
demonstrated that tolerance to de-acclimation is influ-
enced by mutations in the HYDWARF, HvCPD, and
HvBRI11 genes. These mutations impact the signalling
and biosynthesis of brassinosteroids (BR) [10]. Distur-
bances in phytohormone levels affect freezing tolerance
after de-acclimation [8]. Importantly, de-acclimation
tolerance is independent of freezing tolerance, with the
photosynthetic apparatus playing a key role in both pro-
cesses. Therefore, chlorophyll fluorescence parameters,
particularly ET/CS, were found to be a useful indicator
of tolerance to de-acclimation [5]. Moreover, recent stud-
ies revealed that microRNAs (miRNAs) play a crucial
role in regulating various physiological processes, includ-
ing plant responses to cold stress. In barley, several novel
miRNAs and their corresponding target genes have been
identified as involved in cold de-acclimation, providing
promising targets for improving tolerance [11]. Similarly,
it was found that tolerance to de-acclimation in oilseed
rape was cultivar-dependent [8]. Changes in the water
band index (WBI) after de-acclimation may indicate
both improved adjustment to higher temperatures and
reduced tolerance to de-acclimation [12]. Furthermore,
other studies demonstrated that Arabidopsis tolerance to
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de-acclimation arises from natural variations in de-accli-
mation rates, partly regulated by the plastid antioxidant
system [13].

The rate of de-acclimation is influenced by several fac-
tors, with temperature, duration of the warm period, and
light conditions being the most critical [7]. Generally,
higher temperatures and prolonged exposure to warmth
accelerate de-acclimation [9]. Different treatments used
in de-acclimation studies involve varying durations and
environmental parameters that significantly affect plant
physiological responses. A study in Arabidopsis thali-
ana reported a sharp decline in freezing tolerance within
three days after transfer to ambient temperatures [14].
Similarly, a seven-day de-acclimation period resulted in
significant changes in metabolic accumulation [15]. Tem-
perature fluctuations between day and night also play a
role, with higher night temperatures being particularly
important for effective de-acclimation [9]. Previous
research has also shown that the rising global tempera-
tures have made de-acclimation a critical determinant
of winter survival in cereals [16]. However, many studies
use conditions more characteristic of passive than active
de-acclimation. This limits their relevance to mid-winter
warming events. To realistically simulate the field con-
ditions, our de-acclimation treatments were designed
based on the temperature patterns, light regimes, and
duration of warm periods typical of Central European
winters [17, 18].

It has been found that winter wheat lines bred in
Poland show a significant degree of variation in tolerance
to mid-winter de-acclimation [16]. Previous hypotheses
suggest that this variation may be related to differences in
reactive oxygen species dynamics and antioxidant activ-
ity. During warming, reduced ROS production and more
efficient antioxidant activity may contribute to de-accli-
mation. Tolerant genotypes may exhibit a reduced sensi-
tivity to these changes [4].

So far, breeding programmes specifically target-
ing active de-acclimation tolerance in wheat have not
been conducted in Poland. However, previous stud-
ies suggest that indirect selection for this trait may
have occurred [3, 5]. The diversity of Polish advanced
wheat breeding lines in terms of de-acclimation toler-
ance is significant [16]. This enables the selection of
highly tolerant and highly sensitive forms. However,
the physiological and molecular mechanisms underly-
ing tolerance to active de-acclimation in wheat remain
insufficiently understood.

Therefore, the aim of this study was to identify
physiological and genetic mechanisms of tolerance to
active de-acclimation in winter wheat by comparing
four tolerant and four susceptible accessions (cultivars
and advanced breeding lines).
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Results

Freezing tolerance in cold-acclimated state and freezing
tolerance in de-acclimated state are independent traits
Measurements of the cell membrane integrity showed
that the freezing tolerance ranking of the tested vari-
eties and lines differed between cold acclimated, non-
acclimated and de-acclimated plants (Fig. 1). In the
non-acclimated state (CA-0), the most freezing-tolerant
varieties were Wilejka and Plejada, which also belonged
to the group of the most freezing-tolerant varieties after
cold acclimation. The freezing tolerance of the remaining
six lines was similar in CA-0. After de-acclimation, the
most freezing-tolerant accessions were STH 14,222 and
Plejada. The freezing tolerance of the others was similar,
with the exception of the significantly weaker POB 47,817
and DC 17 1216 lines (Fig. 1).

In addition, the extent to which chlorophyll fluores-
cence measurements (after freezing of cut leaves of cold
acclimated and de-acclimated plants) can be used to
determine the response of plants to de-acclimation was
examined (Tables S2 and S3).

CA-0
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Principal component analysis (PCA) separated
cold acclimated (CA) and de-acclimated (DA) plants
based on chlorophyll fluorescence parameters (Fig. 2).
The parameters analysing the results of chlorophyll
fluorescence measurements taken in hardened and
unhardened plants differentiated the pool of stud-
ied accessions (Fig. 2A). This applies to virtually all
parameters, with a few exceptions, e.g. RC/CS,. It
may suggest the different genetical background of
freezing tolerance of photosynthetic apparatus in
cold-acclimated and de-acclimated plants. The DI
parameters (DI,/CS, DI;/RC) showed a distinct clus-
tering because energy dissipation in the form of heat
increases as damage to PSII progresses in contrary to
other parameters.

The PCA grouped the tested accessions depend-
ing on the reaction of their photosynthetic apparatus
to freezing after cold acclimation and de-acclimation
(Fig. 2B). The upper left quadrant of Fig. 2B con-
tains Plejada and STH 14,222, which, according to
cell membrane integrity measurements, are classified

CA-21 DA-28

TELSO (OC)

H

Accession
STH97 mPlejada ™ STH 14222 Wilejka
B DC171216 mPHR2022/6 mPOB47817 MSMH 334

Fig. 1 Freezing tolerance of selected wheat lines and varieties determined as the freezing temperature causing 50% electrolyte leakage from leaves
(TEL50). The values are presented for three time points: non-acclimated plants (CA-0), after cold acclimation (CA-21), and after 7-day de-acclimation (DA-
28). Vertical error bars represent 95% confidence intervals (a=0.05) calculated for the LT50 estimates using the normal (Wald) approximation. Significant
differences between means at P<0.05 were inferred from non-overlapping confidence intervals
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Fig. 2 Results of the principal component analysis for chlorophyll fluorescence measurements performed for the eight selected wheat lines and varieties
after cold acclimation (CA) and de-acclimation (DA, green color in panel A). Panel B shows the differentiation of the tested varieties and lines based on
the measurement results. In panel A, chlorophyll fluorescence parameters listed in the left margin describe not tagged vectors in the left part of the graph

Table 1 Summary of breeding lines and cultivars identified

as most tolerant and most sensitive to active de-acclimation,
together with the results obtained. S - sensitive, T - tolerant,
FR-T - survival rate [%] after freezing in de-acclimated state,

Pl s performance index in excited PSIl in relation to the
photosynthesising surface area of the sample (CS) after freezing
in de-acclimated state, RC/CS,, - density of reaction centres
capable of reducing plastoquinone (QA) at time t,,, after
freezing in de-acclimated state. The values of OJIP parameters
should be interpreted as relative, unitless parameters

Accession S/T FR-T Plcsm RC/CS,,
STH97 T 73% 228 247
STH 14,222 T 93% 451 298
Plejada T 87% 463 218
Wilejka T 85% 192 493
DC17 1216 S 0% 671 336
POB 47,817 S 0% 247 265
PHR 2022/6 S 0% 55 143
SMH 334 S 0% 58 159

as freezing-tolerant both after cold acclimation and
de-acclimation. In the lower left quadrant is STH 97,
which, despite its high freezing tolerance in the cold-
acclimated state, is the least freezing-tolerant of the
tested group after de-acclimation. On the contrary,
the right half of the graph shows POB 47,817, which
has the lowest freezing tolerance both after hardening
and de-acclimation. Despite its high freezing tolerance
shown in both survival rate and TEL50, Wilejka was
grouped together with two susceptible lines: DC 17
1216 and SMH 334. This suggests a weaker correlation
of survival rate after freezing and the level of damage
to the photosynthetic apparatus in this cultivar.

Susceptible accessions show no freezing survival after
de-acclimation

Tolerant accessions presented very high survival rate
(73-93%) after freezing in de-acclimated state. All sen-
sitive lines displayed survival rate of 0% as well as low
values of selected chlorophyll fluorescence parameters.
However, some of the susceptible accessions showed
no apparent damage to the photosynthetic apparatus
(Table 1). This shows that although chlorophyll fluores-
cence can usually be used as an indicator of freezing tol-
erance, it is not always highly correlated with the actual
plant survival.

Active de-acclimation results predominantly in a
downregulation of genes expressed in cold-acclimated
state

To analyse cold acclimation and de-acclimation processes
at the molecular level, we performed transcriptomic
analysis by RNA-seq on the leaves of selected de-acclima-
tion tolerant and susceptible wheat accessions. In wheat
accessions tolerant to de-acclimation, 4960 genes (2385
with upregulated and 2575 with downregulated expres-
sion) were differentially expressed between the cold accli-
mated state (CA-21) and the non-acclimated state (CA-0)
at P<0.01. Among accessions susceptible to de-acclima-
tion, 2479 transcripts (612 with upregulated and 1867
with downregulated expression) were identified between
CA-21 and CA-0 at p<0.01 (Fig. S1).

Between the de-acclimated state (DA-28) and the cold
acclimated state (CA-21), 1070 genes (390 with upregu-
lated and 680 with downregulated expression) were dif-
ferentially expressed at p<0.01 in the wheat accessions
tolerant to de-acclimation. Among the accessions sus-
ceptible to de-acclimation, 1785 (583 with increased and
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1202 with downregulated expression) were identified
between DA-28 and CA-21 at p<0.01 (Fig. 3).

Also, in the wheat accessions tolerant to de-acclima-
tion, 3762 genes (1570 with upregulated and 2192 with
downregulated expression) were differentially expressed
between the de-acclimated state (DA-28) and the non-
acclimated state (CA-0, control) at p<0.01. Among the
susceptible to de-acclimation accessions, 3075 genes
(1223 with upregulated and 1852 with downregulated
expression) were identified between DA-28 and CA-0 at
p<0.01 (Fig. S2).

As a result of the comparison of common differen-
tially expressed genes (DEGs) from the CA-0/CA-21
and DA-28/CA-21 processes, information was obtained
on DEGs specific only to active de-acclimation, which
are not just the reverse of the cold acclimation process.

STH14222

Plejada

Tolerant Upregulated

POB47817 PHR2022/6

Susceptipble Upregulated
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846 DEGs (277 with an upregulation in expression and
569 with a downregulation) were specific only for condi-
tions imitating warm spell during the mid-winter period
in de-acclimation-tolerant wheat plants (p <0.01) (Fig. 4).
Furthermore, 1552 genes (448 with upregulated expres-
sion and 1104 with downregulated expression) were spe-
cifically expressed only after de-acclimation in sensitive
wheat accessions (p<0.01) (Fig. 4).

Only 514 DEGs (162 with upregulated and 352 with
downregulated expression, p<0.01) specific only to
de-acclimation were common to both de-acclimation-
tolerant and de-acclimation-susceptible winter wheat
accessions (Fig. 5). The number of DEGs characteristic
of the group of de-acclimation-sensitive winter wheat
accessions significantly exceeded the number of both

STH14222

Plejada

Tolerant Downregulated

POB47817 PHR2022/6

Susceptible Downregulated

Fig. 3 Differentially expressed genes (DEGs) identified between cold-acclimated (CA-21) and de-acclimated (DA-28) wheat accessions. DEGs were de-
fined as genes showing [log,FC| = 1 and P<0.01. The analysis was performed separately for accessions classified as tolerant or susceptible to active
de-acclimation. Upregulated genes represent transcripts with higher expression in DA-28 compared to CA-21, whereas downregulated genes represent
transcripts with lower expression in DA-28 relative to CA-21. Numbers indicate the total counts of DEGs in each category
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DA-28/CA-21 CA-0/CA-21
2274
Tolerant Downregulated
DA-28/CA-21 CA-0/CA-21
514

Susceptible Downregulated

Fig. 4 Differentially expressed genes (DEGs) specific to the active de-acclimation process in wheat accessions differing in tolerance. DEGs were defined
as genes showing [log,FC| > 1 and P<0.01 and were identified by comparing gene sets from CA-21 vs. CA-0 (cold acclimation) and DA-28 vs. CA-21
(de-acclimation), allowing the identification of genes uniquely associated with de-acclimation. Results are shown separately for tolerant and susceptible
accessions. Upregulated and downregulated refer to changes in expression in DA-28 relative to CA-21. Numbers indicate the size of each DEG group

commonly expressed and tolerant-specific differentially
expressed genes (Fig. 5).

Another approach to determine the molecular mecha-
nism of tolerance to active de-acclimation in wheat was
to compare the common genes expressed in tolerant
accessions with the common DEGs in the group of sus-
ceptible lines at each of the three measurement points.
So these were not genes related to the de-acclimation
process, but all genes expressed at a given time (CA-0,
CA-21 or DA-28). The DEG lists obtained for each mea-
surement point for the tolerant accessions against the
sensitive ones were compared with each other (Fig. 6).

Among the differentially expressed genes in tolerant
accessions relative to sensitive accessions, 1,305 (774
with upregulated and 531 with downregulated expres-
sion relative to sensitive lines, p <0.01) were observed as

specific to the measurement point after seven days of de-
acclimation (DA-28) (Fig. 6).

Since transcripts from the DA-28 pool (Fig. 6, green
areas) refer to all genes undergoing expression at the
DA-28 measurement point (i.e. after 7 days of de-accli-
mation), and transcripts from the DA-28/CA-21 pool
(Fig. 4, green areas) refer only to genes that were differ-
entially expressed between the DA-28 and CA-21 time
points (i.e. the difference between the de-acclimated
plants and the cold acclimated plants), it was decided
to compare the two pools to isolate transcripts associ-
ated with the DA-28 time point, but not resulting from
de-acclimation. This comparison may provide additional
information on the differences between the tolerant and
the sensitive accessions studied in this project. A com-
parison of DEGs specific to measurement point DA-28
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Susceptible Tolerant Susceptible Tolerant

Upregulated Downregulated

Fig. 5 Overlap of differentially expressed genes (DEGs) specific to the active de-acclimation process in tolerant and susceptible wheat accessions. DEGs
were defined as genes showing |log,FC| = 1 and P<0.01. The diagram illustrates the number of de-acclimation-specific DEGs shared between tolerant
and susceptible accessions, as well as those unique to each group. Upregulated and downregulated refer to expression changes in DA-28 relative to
CA-21

DA-28 Ca-21 DA-28 Ca-21

Upregulated Downregulated

Fig. 6 Differentially expressed genes (DEGs) between wheat accessions tolerant and susceptible to active de-acclimation at three time points. DEGs
were defined as genes showing |log,FC| = 1 and P<0.01. Comparisons were performed between tolerant and susceptible accessions at CA-0 (before cold
acclimation), CA-21 (after cold acclimation), and DA-28 (after de-acclimation). Upregulated genes represent transcripts with higher expression in tolerant

accessions relative to susceptible ones, whereas downregulated genes represent transcripts with lower expression in tolerant accessions

(tolerant versus sensitive accessions, Fig. 6, green areas)
and DEGs specific to the de-acclimation process in all
accessions (Fig. 4, green areas) revealed only 189 com-
mon genes. There were 1116 DEGs associated with the
DA-28 measurement point, but not with the DA-28/
CA-21 change (Fig. S3).

Active de-acclimation triggers changes in the expression of
phytohormone-related genes in wheat

Among the DEGs specific to the de-acclimation process
and common to both tolerant and susceptible accessions,

we identified a subset of genes showing upregulated
expression relative to the cold-acclimated state. Within
this group, transcripts related to root development
(including ‘root development’ and ‘gravitropism’) were
overrepresented. In addition, genes associated with eth-
ylene perception (including ‘ethylene binding’ and ‘eth-
ylene receptor activity’) were also significantly enriched
(Fig. 10). Ethylene perception-related transcripts were
also over-represented among DEGs with downregulated
expression relative to CA-21 (‘response to ethylene’).
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Another prominent function in this group of DEGs was
proline dehydrogenase activity (Fig. 7).

Among the DEGs characteristic only of the de-acclima-
tion process in tolerant accessions, no overrepresentation
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of any processes, functions, or cellular elements was
observed to allow inference of active de-acclimation
tolerance mechanisms in wheat, except for the down-
regulated expression of biological processes related to
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Fig. 7 Gene ontology (GO) enrichment analysis for differentially expressed genes (DEGs) specific to the active de-acclimation process and common to
tolerant and susceptible wheat accessions. DEGs (|log,FC| > 1, FDR < 0.05) were identified based on DA-28 vs. CA-21 comparison. The upper panel shows
GO terms enriched among genes upregulated in DA-28, while the lower panel shows GO terms enriched among downregulated genes. Categories are
grouped into Biological Process (BP), Molecular Function (MF), and Cellular Component (CC). Circle size corresponds to the number of genes associated

with a given GO term
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trichome morphogenesis compared to the CA-21 time
point (Fig. 8).

Among the DEGs specific only to the de-acclimation
process, an overrepresentation of transcripts related to
metal ion transport (“molybdate ion transmembrane
transporter activity’, “cobalt ion binding’, “molybdate ion
export from vacuole” and a related site in the cell: “plant-
type vacuole membrane” were observed in sensitive
accessions, with upregulated expression compared to the
de-acclimated state) (Fig. 9).

Differentially expressed genes (DEGs) exhibiting
reduced expression in DA-28 relative to CA-21 within
the group of susceptible accessions were consider-
ably more abundant than those displaying upregulated

=)
1
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expression. Consequently, the Gene Ontology (GO) anal-
ysis revealed a substantially larger number and greater
diversity of enriched functional categories. Among them,
transcripts related to osmotic and temperature stress
response (“response to osmotic stress’, “response to tem-
perature stimulus”), transcripts related to jasmonic acid
perception (“response to jasmonic acid”), as well as tran-
scripts related to plant defence response (thus also stress
response: “regulation of defence response’, “positive reg-
ulation of superoxide dismutase activity”) provide more
detailed information about the mechanisms of sensitivity
(Fig. 9).

Among the DEGs specific to the DA-28 time point (but
not to the de-acclimation process understood as DA-28
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Fig. 8 Gene ontology (GO) enrichment analysis for differentially expressed genes (DEGs) specific to the active de-acclimation process in tolerant wheat
accessions. DEGs (|log,FC| = 1, FDR<0.05) were identified based on DA-28 vs. CA-21 comparison. The upper panel shows GO terms enriched among
genes upregulated in DA-28, while the lower panel shows GO terms enriched among downregulated genes. Categories are grouped into Biological Pro-
cess (BP), Molecular Function (MF), and Cellular Component (CC). Circle size corresponds to the number of genes associated with each GO term
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versus CA-21) in tolerant versus sensitive accessions, in
addition to an overrepresentation of very general pro-
cesses, functions and locations in the cell, an overrep-
resentation of transcripts related to phototropism and
endo-1,3(4)-beta-glucanase (“licheninase activity”) was
observed (Fig. 10).

For genes present in overrepresented processes and
functions related to stress response and development,
an analysis of expression changes due to de-acclima-
tion (DA-28/CA-21) in each accession was performed
(Fig. 11). An analogous analysis was additionally carried
out for selected other stress response-related genes that
did not exceed the significance threshold in the gene
ontology analysis (Fig. 12), and for selected genes under-
going differential expression in tolerant versus sensitive
accessions at the DA-28 time point (combined genes
from the ontology analysis and additional genes selected
by function and repetition criterion, Fig. S4).

Analysis of the expression of selected genes in all the
test accessions revealed that most of the DEGs identified
as characteristic of one of the groups (tolerant or sensitive
to de-acclimation) also underwent differential expression
in part (sometimes %) of the other group (Fig. 11). This

22 4 10
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makes it difficult to identify the mechanisms involved
in tolerance to de-acclimation and shows that most of
the observed expression changes are probably universal
to the response to active de-acclimation in wheat. Dis-
tinctively large expression changes were observed in all
accessions in the ethylene perception-related gene group.
There was both an increase and a decrease in expression
(Fig. 11).

Among the other selected stress response-related genes
differentially expressed between the DA-28 and CA-21
time points, most were plant hormone-related genes. In
addition, genes related to the response to reactive oxygen
species (“ROS-related”) and genes related to anthocy-
anin synthesis and metabolism (“anthocyanins-related”)
also formed distinctive groups (Fig. 12). Among these
additional DEGs, the majority are also transcripts dif-
ferentially expressed in both tolerant and sensitive wheat
subjects. However, in some cases, the differences in
expression between these groups are quite evident, and
especially in the case of the “abscisic acid 8’-hydroxylase
1-like” (abscisic acid 8'-hydroxylase 1-like) gene belong-
ing to the “ABA-related” group. In the susceptible group,
no change in the expression of this gene was observed in
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Fig. 10 Gene ontology (GO) enrichment analysis for differentially expressed genes (DEGs) distinguishing tolerant and susceptible wheat accessions at
the de-acclimated stage (DA-28). DEGs (|log,FC| = 1, FDR < 0.05) represent genes differentially expressed between tolerant and susceptible accessions
at DA-28, excluding those directly associated with the de-acclimation transition (DA-28 vs. CA-21). Categories are grouped into Biological Process (BP),
Molecular Function (MF), and Cellular Component (CC). Circle size corresponds to the number of genes associated with each GO term
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Fig. 11 Heatmap of gene expression changes associated with the active de-acclimation process in wheat accessions. The heatmap shows log, fold
change (DA-28/CA-21) for selected genes across eight accessions. Rows represent genes, and columns represent accessions. The first four columns
correspond to accessions tolerant to de-acclimation, and the last four correspond to susceptible accessions. Colour scale indicates the magnitude and

direction of expression changes
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% between DA-28 and CA-21, and where it was observed
(POB47817), the direction of the change is the opposite
of that in the group of tolerant accessions (Fig. 12).
When analysing the expression of genes specific to the
DA-28 time point, but not to the de-acclimation process
understood as a DA-28/CA-21 change, normalized gene
expression values of TPM (Transcript per Million), which
relates the number of reads of a given sequence to the
length of the gene (RPK - reads per kilobase), and then
to all RPKs in a given sample divided by one million, were
used. Using log,FC expression change values between the
two time points was not possible because, for this com-
parison, log,FC referred to all tolerant accessions relative
to all sensitive accessions. The expression analysis thus
performed in all accessions confirmed the potential role
of genes encoding licheninase and the high expression
levels of genes related to ethylene perception (Figure S4).

gPCR provides additional arguments for the role of

ABA hydroxylase and gibberellin oxidase genes in the
mechanism of tolerance to active de-acclimation in wheat
Based on the expression results of a given gene in each
accession and its adherence to one of the overrepresented
functional groups, 7 candidate genes were selected for
verification by RT-qPCR (Table S5). In addition, one
gene associated with the ethylene biosynthesis path-
way was selected due to the high overrepresentation of
ethylene-related genes in the RNAseq results. The Triti-
cum aestivum TraesCS4A02G111500 gene (ETOI-like),
which is related to the ETHYLENE OVERPRODUCTION
1 (ETO1) gene identified in Arabidopsis thaliana, was
selected for the analysis [19-22].

Most of the tested candidate genes showed similar
expression profiles to those noted in the RNA-seq experi-
ment. Additionally, most of the observed divergences
were related rather to the magnitude of the change in
expression between two given timepoints, than to direc-
tion of this change (up- or downregulation) (Table S5).
With a few exceptions all of the studied genes, both the
7 chosen for verification of RNA-seq, and the ethylene
biosynthesis-related ETO1-like gene showed changes in
expression caused by cold acclimation and de-acclima-
tion (Fig. 13).

Two of the tested genes, namely ABA hydroxylase,
and Gibberellin oxidase, showed visible differences in
their expression profiles between the tolerant and the
susceptible accession group. These differences were
most pronounced in the case of ABA hydroxylase gene.
Its expression was upregulated between the CA-0 and
CA-21 timepoints, but in the susceptible accessions, it
was downregulated after de-acclimation to more or less
the level from before cold-acclimation. In tolerant acces-
sions, the level of expression after de-acclimation stayed
similar to the level after cold-acclimation (Fig. 13A).
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In the case of Gibberellin oxidase gene, most of the tol-
erant accessions showed an upregulation or no change
in expression caused by cold acclimation, followed by a
strong downregulation after de-acclimation treatment.
On the other hand, all of the susceptible accessions dis-
played a significant downregulation of this gene between
CA-0 and CA-21 timepoints, and further downregulation
after de-acclimation (Fig. 13D).

Of all tested plant hormones, only ABA, SA, and
selected cytokinin species showed results that could be
connected to differences in de-acclimation tolerance
between studied accessions (Figs. 14 and 15). The level
of ABA decreased after 3-week period of acclimation to
cold in all of the tolerant accessions and in most of the
susceptible ones. However, only in one susceptible acces-
sion, namely DC 17 1216, this decrease was as dramatic,
as in the tolerant accessions. The rest of the susceptible
accessions showed a mild decrease or lack of change
between the CA-0 and CA-21 timepoints. The ABA level
change caused by de-acclimation showed no common
pattern for any of the accession groups (Fig. 14A).

SA was the only tested plant hormone which showed
visible difference in its level fluctuation pattern between
the tolerant and the susceptible group of accessions.
In three out of four tolerant accessions, the SA level
decreased after 3-week cold acclimation period. SA level
increased after one week of de-acclimation to a level
higher than recorded in the CA-0 timepoint. At the same
time, most susceptible accessions (also %) showed a com-
pletely opposite pattern: an increase due to cold acclima-
tion, and a decrease caused by de-acclimation (Fig. 14B).

In the case of cytokinin species, the susceptible acces-
sions shared a common pattern of cis-zeatin and cis-
zeatin riboside level changes, while the tolerant group
was less consistent. The level of cis-zeatin riboside of
Plejada and Wilejka showed the same pattern of changes
throughout the experiment as in the susceptible acces-
sions, while STH 97 and STH 14,222 shared a reverse
trend. The level of IPA increased after cold acclimation
and then decreased after de-acclimation to the level
recorded in CA-0 in one half of the accessions, irrespec-
tive of their tolerance (Fig. 15).

Discussion

De-acclimation as a distinct physiological and stress-
related process

The present study demonstrates that active de-acclima-
tion in winter wheat represents a distinct physiological
process rather than a simple reversal of cold acclima-
tion. A substantial proportion of differentially expressed
genes was specific either to cold acclimation or to de-
acclimation, with only limited overlap between the two
processes. This indicates that the molecular response to
warming is qualitatively different from the response to
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cold. This observation is consistent with previous stud-
ies in cereals, where de-acclimation has been shown to
involve specific regulatory pathways rather than a passive
loss of cold-induced traits [1, 6].

Similar conclusions have been drawn from recent
reviews and experimental studies in wheat and barley,
emphasizing that de-acclimation is an actively regulated
process rather than a reversal of acclimation [1, 23].

The results further extend earlier hypotheses that de-
acclimation may represent a recovery phase after stress
[6]. In contrast to passive de-acclimation, which is asso-
ciated with developmental transitions, our data indicate
that active de-acclimation triggers a stress-like response
in cold-acclimated wheat plants.

Physiological basis of de-acclimation tolerance

The phenotypic analyses revealed a clear distinction
between tolerant and susceptible accessions in their
ability to survive freezing after de-acclimation. While

tolerant genotypes maintained high survival rates, sus-
ceptible lines showed complete loss of freezing tolerance
(Fig. 16).

This supports the concept that freezing tolerance
after de-acclimation is an independent trait, as previ-
ously suggested for cereals [5, 13].

Chlorophyll fluorescence measurements and prin-
cipal component analysis further indicated that
the physiological basis of freezing tolerance differs
between cold-acclimated and de-acclimated states.
Similar observations have been reported in wheat and
other species, where de-acclimation is associated with
changes in photosynthetic efficiency and energy flux
parameters [13].

Recent physiological studies in wheat have also
shown that de-acclimation leads to rapid metabolic
adjustments accompanied by a decline in freezing tol-
erance, supporting the interpretation of our results
[23].
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Transcriptomic response: stability versus extensive
reprogramming

A key finding of this study is the contrasting scale of tran-
scriptomic responses between tolerant and susceptible
accessions. Susceptible genotypes exhibited a broader
and more pronounced transcriptional reprogramming
during de-acclimation, whereas tolerant accessions
showed a more moderate response (Fig. 16).

This pattern suggests that tolerance to de-acclimation
may be associated with the ability to maintain molecular
stability during transient warming. In contrast, exten-
sive transcriptional changes observed in susceptible lines
may reflect a loss of regulatory control and activation of
stress-related pathways.

The significant predominance of common molecular
processes during cold acclimation in tolerant accessions
further indicates the importance of cold acclimation
mechanisms for subsequent de-acclimation tolerance.

This is in agreement with previous findings suggesting
that the efficiency of cold acclimation determines plant
performance during de-acclimation [13, 14].

Hormonal regulation of de-acclimation response

The transcriptomic and hormonal analyses indicate that
phytohormone signalling is a central component of the
de-acclimation response. In particular, ABA, ethylene,
and selected cytokinins were associated with differences
between tolerant and susceptible accessions.

ABA-related regulation

The expression pattern of ABA hydroxylase and the
observed changes in ABA levels suggest that ABA
metabolism plays a key role in regulating the response to
warming. Tolerant accessions maintained a more stable
ABA-related response, whereas susceptible lines showed
stronger fluctuations.
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These observations are consistent with previous stud-
ies demonstrating that disturbances in hormone balance
affect freezing tolerance after de-acclimation [8, 9].

Recent work has further highlighted the importance of
ABA metabolism during de-acclimation, indicating that
dynamic regulation of ABA levels is critical under fluctu-
ating temperatures [24].

Ethylene signalling

Genes related to ethylene perception were strongly
enriched among differentially expressed transcripts
during de-acclimation. This suggests that ethylene
signalling plays a central role in coordinating plant
responses to warming.

Ethylene-related pathways have previously been
linked to stress responses and developmental regula-
tion, and their involvement in de-acclimation indicates
integration of these processes.

Cytokinins and salicylic acid

Changes in cytokinin profiles and salicylic acid levels fur-
ther indicate that hormonal balance plays an important
role in differentiating tolerant and susceptible accessions.

Previous studies have shown that hormonal interac-
tions influence plant responses to de-acclimation in dif-
ferent species [10].

Together, these findings support the concept that coor-
dinated regulation of multiple hormone pathways, rather
than changes in individual hormones, determines toler-
ance to de-acclimation.

Wheat-specific insights in comparison with other species
Most previous studies on de-acclimation have focused on
model species or barley [1, 4]. While some general mech-
anisms appear to be conserved, our results highlight sev-
eral aspects that may be specific to wheat.

In particular, the strong association between ABA
hydroxylase expression and tolerance, as well as the
contrasting scale of transcriptomic responses between
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tolerant and susceptible accessions, point to wheat-spe-
cific regulatory mechanisms.

These findings suggest that extrapolation from other
species may not fully capture the complexity of de-accli-
mation in wheat.

Implications for breeding and climate resilience

The results of this study have direct implications for
breeding strategies aimed at improving winter survival
under climate change conditions. De-acclimation has
already been identified as a key factor determining
winter survival in cereals 3, 13].

The independence of freezing tolerance in cold-
acclimated and de-acclimated states indicates that
both traits should be considered simultaneously in
selection programmes. The identification of hormone-
related pathways, particularly those involving ABA
and ethylene, provides potential molecular targets for
improving tolerance.

Given the increasing frequency of mid-winter warm
spells, improving tolerance to active de-acclimation
will be essential for maintaining yield stability in win-
ter wheat.

Conclusions

In summary, this study confirms that, as previously
shown in barley, active de-acclimation in winter wheat is
not simply the inverse of cold acclimation, but represents
a distinct and actively regulated process. Susceptible
accessions exhibited substantially broader transcriptomic
changes in response to de-acclimation than tolerant ones.
This supports the hypothesis that tolerance to de-accli-
mation is associated with a limited or more controlled
response to temperature increase, rather than with the
activation of additional stress-related pathways.

A considerable proportion of genes differentially
expressed during de-acclimation were related to stress
and defence responses, which is consistent with observa-
tions in barley and other herbaceous species. In wheat,
however, particular importance appears to be associated
with hormone-related pathways. Both gene expression
patterns and hormone profiling indicate that plant hor-
mones, especially abscisic acid (ABA) and salicylic acid
(SA), play a central role in shaping the response to active
de-acclimation.

The results further suggest that the efficiency of cold
acclimation may determine the ability of plants to main-
tain tolerance during subsequent warming periods. This
highlights the importance of considering cold acclima-
tion and de-acclimation responses jointly.
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Taken together, these findings provide new insight into
the molecular and physiological basis of de-acclimation
tolerance in wheat and indicate that this trait should be
considered an important target in breeding programmes
aimed at improving resilience to increasingly variable
winter conditions.

Materials and methods

Plant materials

Four accessions tolerant to active de-acclimation (STH
97, STH 14222, Plejada, and Wilejka) and four suscepti-
ble to it (DC 17 1216, POB 47817, PHR 2022/6, and SMH
334) were used in this study. Seeds were provided by Pol-
ish plant breeding companies: Hodowla Roélin Strzelce,
Grupa IHAR, sp. z o.0. (both STH breeding lines and
both commercial cultivars), Danko Hodowla Roslin sp. z
0.0. (DC 17 1216), Matopolska Hodowla Roélin sp. z o.0.
(POB 47817), Poznanska Hodowla Roélin sp. z 0.0. (PHR
2022/6) and Hodowla Roslin Smolice, Grupa IHAR,
sp. z 0.0. (SMH 334), and represented both advanced
breeding lines, and registered cultivars. The eight wheat
accessions used in this study (four tolerant and four sen-
sitive to active de-acclimation) were selected based on
a three-year phenotypic evaluation of nearly 300 geno-
types, including commercial cultivars used as reference
controls, conducted within a broader project on frost
tolerance under cold acclimation and de-acclimation
conditions.

Phenotyping of de-acclimation tolerance

The seeds of analysed accessions were sown in plas-
tic boxes (30 x39 c¢m) filled with a mixture of sand and
garden soil 1:1 in 13 rows per box, each row with ten
seeds corresponding to one accession. There were three
boxes with the same accessions sown in different order
to ensure the lowest environmental bias possible — mak-
ing it 30 seeds sown per each accession, per treatment
(freezing tolerance assessment of cold-acclimated plants,
and freezing tolerance assessment of de-acclimated
plants). The boxes were transferred to a growth chamber
after sowing and kept in darkness at 25/17°C). Light was
turned on after the plantlets started to emerge (irradi-
ance of 400 pmol m-2s-1 (HPS lamps, SON-T+ AGRO,
Philips, Brussels, Belgium), photoperiod of 10/14 h,
day/night)). The temperature was lowered to 12 °C (day
and night) and the irradiance was lowered to 250 pmol
m-2s-1 eight days after sowing. The photoperiod of
10/14 h remained unchanged. 21 days after sowing, the
plants were cold acclimated (3 weeks, 4/2°C, day/night
temperature; photoperiod of 10/14 h and irradiance of
250 pmol m-2s-1). Cold acclimation was followed by 7
days of de-acclimating conditions, mimicking a mid-win-
ter warm spell: 12/5°C, day/night temperature; photope-
riod of 10/14 h and irradiance of 250 pmol m-2s-1).
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After de-acclimation, the plants were sampled for
freezing tolerance assessment. Survival of the plants
after freezing was assessed using two methods: regrowth
after freezing (FT-R, similar to [25], and measurements
of chlorophyll fluorescence transient parameters (Table
S1) after freezing [26]. For chlorophyll fluorescence mea-
surements, leaves were excised about 1 cm above the soil
immediately before freezing. The excised leaves were fro-
zen under the same controlled conditions as the intact
plants used for regrowth assessment, allowing direct
comparison of freezing-induced damage among geno-
types. After measurements, the analysis of chlorophyll
fluorescence induction curve (OJIP) were performed and
parameters describing energy flows and efficiencies for
different steps of photosynthetic energy conversion were
calculated [27, 28]. Two chlorophyll fluorescence param-
eters were selected as the best in terms of assessing de-
acclimation tolerance (based on the results from [5] and
ongoing analyses on barley and wheat): RC/CS,, (density
of reaction centres capable of reducing plastoquinone
(QA) at time t,,) and PI¢ . (overall performance index
in excited PSII in relation to the photosynthesising sur-
face area of the sample (CS)). We acknowledge that leaf
excision may itself trigger stress responses; therefore,
the fluorescence measurements were interpreted here
as a standardized comparative indicator of post-freezing
injury, rather than as a direct measure of intact-plant
photosynthetic performance.

Plastic boxes (containing the rest of the plants after cut-
ting) were put in a programmed freezer. The temperature
decreased from 0 °C to -12 °C at the rate of 2° C/h and
after 12 h increased at the same rate. After freezing, the
plants were transferred to a vegetation chamber at + 8
°C for 24 h (photoperiod: 10/14 h (day/night), irradiance:
250 pmol-m-2-s-1) and then to an unheated greenhouse
(temperature around 15 °C). Plant survival rate was
assessed by counting regrowth after freezing of de-accli-
mated plants. Re-growing plants were counted after 10
days and live plants after three weeks. Freezing tolerance
was expressed as a percentage of regrowth (percentage
of plants that resumed growth after freezing) verified by
their survival rate (percentage of initial number of seed-
lings). Studies of freezing tolerance by means of chloro-
phyll fluorescence measurements were performed with
the method described before, using Handy PEA fluorim-
eter (Hansa tech, Kings Lynn, UK) [27, 28].

Cell membrane integrity measurements

Cell membrane integrity was assessed by conductomet-
ric measurement of electrolyte leakage using a CC-317
conductometer (Elmetron). At each sampling point (CA-
0, CA-21, and DA-28), leaf fragments were excised from
plants and immediately placed in scintillation vials con-
taining deionized water (two fragments per vial; 10 vials
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representing 10 biological replicates for each of the eight
wheat accessions).

The vials containing leaf tissues were then subjected
to controlled freezing treatments. The temperature was
decreased from 0 °C to the target temperature at a rate
of 3 °C h™' to ensure ice nucleation. Depending on the
sampling point, different sets of sub-zero temperatures
were applied: -3, -6, and -9 °C for CA-0; -12, - 15, and
-18 °C for CA-21; and -6, -9, and -12 °C for DA-28.
Leaf samples were maintained at each target temperature
for 2 h.

Following freezing treatment, an additional volume
of redistilled water was added to each vial, and samples
were incubated on a shaker at room temperature for 24 h.
Subsequently, the initial electrolyte leakage (EL1) was
measured. To determine total electrolyte content, the
samples were then immersed in liquid nitrogen to com-
pletely disrupt cell membranes, returned to the same
vials, and shaken for a further 24 h, after which the final
conductivity (EL2) was measured.

All measurements were corrected for the conductiv-
ity of deionized water (W), and membrane injury was
expressed as electrolyte leakage (EL, %) = (EL1-W) /
(EL2-W) x 100. Based on the results obtained at three
freezing temperatures, the tEL50 parameter was calcu-
lated for each accession at each sampling point.

Statistical treatment
Statistical analyses of the phenotyping data were per-
formed using Statistica 13 PL software (StatSoft, Tulsa
OK). The TEL50 for each accession and time point tEL50
values were estimated using the regression module, based
on a linear regression fitted to the three electrolyte leak-
age points measured at three freezing temperatures.
Principal component analysis (PCA) was performed
in Statistica software using the Principal Components
& Classification Analysis (PCCA) procedure from the
Multivariate Exploratory Techniques module. The
analysis was based on the covariance matrix and was
conducted on a set of mean-centered chlorophyll fluo-
rescence (OJIP) parameters measured after freezing in
cold-acclimated and de-acclimated samples in order to
visualize multivariate relationships among accessions and
treatments.

RNA isolation

The seeds of plants for RNA sequencing were sown in
plastic rectangular pots filled with a mixture of sand and
garden soil 1:1. Each pot contained 10-12 plants. The
conditions for plant growth, cold-acclimation and de-
acclimation were the same as described for the pheno-
typing experiment. Wheat leaves weighing 0.05-0.09 g
were sampled at three timepoints: just before cold-accli-
mation (CA-0), after cold-acclimation (CA-21), and after
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de-acclimation (DA-28), with three biological replicates
per timepoint, and immediately frozen in liquid nitrogen.
A total of 72 frozen leaf samples were collected from 8
accessions, across 3 biological replicates and 3 time-
points. These samples were subjected to RNA isolation
using the combination of Pure Link RNA Mini Kit (Invi-
trogen, Thermofisher Scientific, Waltham, MA, USA)
and spin columns from RNeasy Plant Mini Kit (Qiagen,
Hilden, Germany). The quantity and purity of RNA was
checked using an UV-Vis Q5009 spectrophotometer
(Quawell, San Jose, CA, USA). RNA integrity was tested
using a 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA).

RNA sequencing and differential expression analysis

Total RNA samples were sent to weSEQ.IT company [29]
for sequencing on Illumina NovaSeq 6000 platform in
PE150 bp mode (Illumina, San Diego, CA, USA).

Sequencing data were checked for read quality using
the FastQC tool [30] and stripped of adapters using the
TrimGalore program [31]. The sequences were mapped
to the wheat genome iwgsc_refseqvl.0 [32] using the
Hisat2 v.2.1.0 program [33]. The next step was to ana-
lyze differentially expressed genes (DEGs) with DESeq2
v.1.24.0 [34] using R v.4.4.0 software [35]. A gene was
considered to be significantly differentially expressed
when the Benjamini-Hochberg false-discovery rate
(FDR)-corrected P-value [36] was < 0.01. Only two-fold
or greater differences in expression of a given gene (1 <
log,FC < -1) were considered.

Differences in expression for a given accession were
tested between all time-points, averaging the results for
three biological replicates. This yielded 24 DEG lists: for
eight accessions, genes expressed before cold-acclimation
(CA-0) were compared with genes expressed after cold-
acclimation (CA-21) and after de-acclimation (DA-28).
Genes from the DA-28 time-point were also compared
with transcripts from the CA-21 time point. In addition,
common genes undergoing expression in all tolerant
accessions were compared with genes undergoing expres-
sion in each sensitive accession - at each of the three
time-points - thus yielding an additional 3 DEG lists
describing expression that depends on the level of toler-
ance of active de-acclimation, rather than on a change in
external conditions.

We performed a series of comparisons of the resulting
sets of DEGs, visualised as Venn diagrams using a web
application [37].

To obtain information on which DEGs are specifically
associated only with de-acclimation and are not the same
as the reverse of the cold acclimation process, the com-
mon DEGs between DA-28 and CA-21 were compared
(at p<0.01) with the common DEGs between CA-0 and
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CA-21. The resultant de-acclimation-specific DEGs were
then contrasted in tolerant and sensitive subjects.

In order to further investigate the mechanism of toler-
ance of active de-acclimation in winter wheat, the DEGs
specific only to the de-acclimation process present in tol-
erant accessions (i.e. also those common to tolerant and
sensitive accessions) obtained from previous compari-
sons were compared with the DEGs for tolerant versus
sensitive accessions present only at the DA-28 time point.
The comparison was performed at p<0.01.

Gene ontology analysis and annotation

For the obtained DEGs associated with active de-accli-
mation in winter wheat at p < 0.01, a ‘GO enrichment’
gene ontology analysis was performed using the GOSt
tool in the Gprofiler application [38]. The analysis was
performed for common wheat, for all known genes using
a dedicated ‘g: SCS threshold’ false-positive correction
method, similar to the Bonferroni correction [39] and
FDR < 0.05.

Gene annotation was conducted using the annotations
in the wheat genome [32] and by performing BLAST
searches against similar sequences in other organisms.
Sequences of interest were analysed using the Omics Box
3.2.6 application [40], in the ‘functional analysis’ module,
with Blastp [20] and/or Blastp-fast [41] under default set-
tings. An ‘InterProScan’ analysis [42] was also performed
and the ‘gene ontology’ analysis (GO annotation) was
repeated and combined (GO mapping).

Annotated genes were analysed in terms of functions
represented and those for which functions and processes
with a definable role were significantly overrepresented
in the GO analysis, as well as additional genes related to
the stress response, were selected. Heatmap plots were
produced for these selected groups using the ‘heatmaply’
function in the R package [35]. For the genes associated
with the de-acclimation process (i.e. the change between
the CA-21 and DA-28 time points), the log,FC expres-
sion change values for DA-28/CA-21 were used to pro-
duce heatmap plots, while for the other genes expressed
at DA-28, the TPM (Transcripts per Million [43]) values
were used to compare the expression of a given gene in
each accession. The genes with most distinct changes
between tolerant and susceptible accessions were
selected for the verification via RT-qPCR.

Analysis of the expression of selected genes

The sequences of seven genes selected for the verifica-
tion of the RNAseq results were downloaded from the
EnsemblPlants.org database [21, 44], and an additional
gene TraesCS4A02G111500 [20]. The primer 3 plus web-
site was used to design the primers and probe sequences
for the selected genes [45, 46] and a list of the primers
designed is attached in Table S2.
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Plants were grown and exposed to cold acclimation and
subsequent de-acclimation under identical conditions
as detailed earlier. Leaf samples were collected at three
distinct time points—CA-0 (prior to cold acclimation),
CA-21 (after 21 days of cold acclimation), and DA-28
(following 28 days of de-acclimation). Three biological
replicates per time point were used, each comprising
leaves from a separate plant. Total RNA for gene expres-
sion profiling was extracted from leaf tissues following
the method described above.

Complementary DNA (cDNA) was synthesized from
the isolated RNA using the QuantiTect Reverse Tran-
scription Kit (Qiagen). Quantitative real-time PCR (RT-
qPCR) was employed to assess expression changes in
selected target genes. The reactions were carried out
using a QuantStudio 3 Real-Time PCR System (Thermo
Fisher Scientific, Waltham, MA, USA). Gene amplifica-
tion was monitored via fluorescence signals from SYBR-
Green [47]. Two reference genes— ACTIN2 [48] and 26 S
RNA [49] - were used for normalization. Each RT-qPCR
assay was performed with three independent biological
replicates per genotype, and each sample was analyzed in
triplicate technical replicates. Reaction mixtures included
900 nM of each primer, approximately 35 ng of cDNA,
and TagMan™ Gene Expression Master Mix (Thermo
Fisher Scientific). Relative gene expression levels were
determined using a modified standard curve approach
[50]. The expression level at the CA-0 time point—nor-
malized against the geometric mean of the two reference
genes—served as the baseline (expression value = 1) for
comparative analysis across all time points. Geometric
means were calculated from three technical replicates
x three biological replicates x two reference genes, and
standard errors were estimated from log-transformed
replicate data.

Phytohormone extraction and quantification
The entire aboveground part of the plant (leaves and
stems)was sampled in three timepoints — CA-0, CA-21
and DA-28 and rapidly cryopreserved in liquid nitrogen
immediately following sampling. One plant constituted
one biological replicate, each accession in each time-
point consisted of 3-5 replicates. The samples were sub-
sequently lyophilized and pulverized, then extracted in a
chilled extraction solvent composed of methanol, water,
and formic acid (15:4:1, v/v/v), following the protocol
of Dobrev and Kaminek [51]. To ensure accurate quan-
tification, a mixture of internal standards—including
deuterium-labeled indole-3-acetic acid (Ds;-IAA), sali-
cylic acid (D,-SA) and abscisic acid (Dg-ABA), as well as
®N-labeled trans-zeatin was added during extraction.
Extracts were subjected to solid-phase extraction
(SPE) using Oasis MCX columns (Waters, USA), result-
ing in two distinct fractions: an “acidic” fraction for IAA,
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SA and ABA, eluted with pure methanol [52]; a “basic”
fraction containing cytokinin, eluted with a methanolic
ammonia solution [53].

The acidic fraction, containing IAA, SA and ABA,
was dried under vacuum and reconstituted in 100 pL of
methanol for analysis. Hormonal quantification was per-
formed on a Supelco Ascentis RP-Amide column (7.5 cm
x 2.1 mm, 2.7 um) using a binary gradient system: solvent
A consisted of 0.1% formic acid in water, while solvent B
was a 1:1 mixture of acetonitrile and methanol. The gra-
dient elution profile started at 20% B, increased to 80% at
8 min, and returned to 20% by 3.5 min, with a total run
time of 11.5 min. Chromatographic separation and detec-
tion were conducted using an Agilent Technologies 1260
Infinity HPLC coupled to an Agilent 6410 Triple Quadru-
pole LC/MS system equipped with ESI.

For each analyte, two mass transitions were monitored
in Multiple Reaction Monitoring (MRM) mode: the most
abundant ion was used for quantification, and the sec-
ond-most one served as a qualifier ion. Data acquisition
and instrument control were carried out using Agilent
Mass Hunter Workstation software (version 5).

Cytokinin species—including trans-zeatin (t-Z), cis-
zeatin (c-Z) [54], dihydro-zeatin (dh-Z), their riboside
forms (t-ZR, c-ZR), kinetin riboside (KinR), meta-topo-
lin, orto-topolin and isopentenyladenine (iPA) -were iso-
lated from the basic SPE fraction. These were grouped
into total measured cytokinin content (CKs), with Z-type
cytokinin comprising t-Z, c-Z, t-ZR, and c-ZR.

After removal of acidic analytes, the SPE columns were
washed with 0.35 M aqueous ammonia to remove con-
taminants, followed by elution of cytokinin compounds
using 0.35 M ammonia in 60% methanol [53]. The eluate
was dried, reconstituted in 100 uL methanol, and sub-
jected to chromatographic analysis using the same HPLC
setup as described for IAA, SA and ABA.

Cytokinin analysis employed a solvent system of water
containing 0.001% acetic acid (solvent A) and acetonitrile
with 0.001% acetic acid (solvent B), operated at a constant
flow rate of 1.5 mL min™". The gradient profile was as fol-
lows: 2.5% B at 0 min, 10% at 3 min, 25% at 9 min, 75% at
16 min, returning to 2.5% at 24.5 min. MRM transitions
for the most prominent secondary ions were monitored.
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