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Abstract

Drought is a major threat to global food security, with climate change enhancing its severity. Living
organisms employ various adaptation strategies against loss of water, with desiccation tolerance
representing the most extreme ones. The present study provides an analysis of desiccation response
mechanisms in Pisum sativum L., focusing on the early seedling development. The experiments were
carried out on 3-day-old seedlings with radicle up to 20 mm and similar seedlings with cotyledons
removed, each subjected to the 'desiccation and rehydration' treatment. We assessed stress responses
using growth and electrolyte leakage tests, and by measuring ascorbate content and lipid
peroxidation products. The results demonstrated that while all desiccated seedlings experienced
oxidative stress, seedlings with cotyledons exhibited superior recovery capacity, e.g. maintaining
membrane integrity, ascorbate status and the ability to form the adventitious roots. We also
monitored the ABA-dependent stress response by registering expression of several genes associated
with "response to water deprivation" (ABI3, ABI4, ABI5, HVA22, PER1, LEA14, RD22-1/2/3, LTI65, and
LTP4). Intrudingly, 'desiccation and rehydration' treatment resulted in the 40-fold up-regulation of
ABI5 in hypocotyls of seedlings both with removed and intact cotyledons and the 108-fold up-
regulation of this gene only in roots of seedlings with intact cotyledons. We propose that the post-
germination stage represents a ‘resilience window” where embryonic protective mechanisms remain
partially active while the plant prepares for autotrophic growth. Herewith, the role of cotyledons
extends beyond their classical role as nutrient reserves by coordinating both developmental and
stress responses under conditions of severe water stress.

Keywords: desiccation tolerance; post-germination; seedling development; cotyledons;
ABA signaling

1. Introduction

Drought represents one of the most significant threats to global food security, with drought
stress becoming increasingly severe due to climate change [1]. Even moderate dehydration
significantly reduces plant productivity, forcing organisms to employ diverse adaptive survival
mechanisms [2—4]. Among these adaptations, desiccation tolerance defined as the ability to survive
drying below =100 MPa and resume metabolic activity upon rehydration [5], stands out as one of the
most extreme responses to water limitation [6,7].
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This remarkable trait likely originated in early land plants as an adaptation to periodic drying,
playing a pivotal role in life's transition from aquatic to terrestrial environments [8,9]. In modern
plants, desiccation tolerance persists in two main forms including resurrection plants inhabiting arid
regions and orthodox seeds [6,10-13]

The maturation of orthodox seeds is accompanied by water loss of up to 5-10% w/w, enabling
them to withstand extreme environmental conditions during the period of dormancy [12,14,15]. The
master regulators of seed maturation include the LAFL network, which includes the transcription
factors LEAFY COTYLEDONT1 (LEC1), ABSCISIC ACID INSENSITIVE3 (ABI3), FUSCA3 (FUS3), and
LEC2, along with the primary dormancy regulator DELAY OF GERMINATION1 (DOG1) and
ABSCISIC ACID INSENSITIVES (ABI5) [12,16-18]. This specific group of proteins plays a pivotal role
in establishing and maintaining embryonic cell identity through precise regulation of genes
controlling embryogenesis, germination repression, reserve substance accumulation and stress
resistance including tolerance to desiccation.

Mechanisms of desiccation tolerance are activated during the late maturation of orthodox seeds
and involve the accumulation of late embryogenesis abundant (LEA) proteins, small heat shock
proteins (sHSPs), lipid droplets, non-reducing oligosaccharides, and low-molecular-weight
antioxidants [7,14,19-25]. These reactions allow seeds to survive during dry storage without losing
their viability [12]. The key mechanism in response to desiccation, as well as part of the adaptive
strategy, is the synthesis of reactive oxygen species (ROS) [9,26]. ROS can damage plants during
osmotic stress, but they are also capable of switching genetic programs [27].

Notably, orthodox seeds maintain desiccation tolerance not only during dormancy but also
throughout germination, persisting until the transition to the post-germination stage [28]. This
tolerance loss is widely attributed to the repression of LAFL network genes [16,29,30]. However, our
experiments with pea seeds revealed that only PsABI3 exhibited detectable expression in embryonic
axes prior to radicle protrusion, while LEC1, FUS3, and LEC2 were suppressed early, likely at the late
maturation [31].

The transition from germination to post-germination involves a comprehensive reprogramming
of stress resistance response, including downregulation of ABA signaling, dehydration and cold
adaptation genes, reduced synthesis of LEA proteins, small heat shock proteins (sHSPs), and
raffinose-family oligosaccharides with up-regulation of genes associated with resistance to
pathogens, oxidative stress, and secondary metabolism [31,32]. Thus, the transition from seeds to
seedlings signifies a critical shift in stress adaptation. Cells lose the ability to survive water potentials
below -5 MPa and develop a dehydration sensitivity that is suited for vegetative growth.

Seeds germinating in the soil bank frequently experience multiple imbibition-drying cycles due
to alternating rain and drought events. Water in the topsoil evaporates rapidly, creating diurnal
moisture fluctuations [33]. To adapt, plants have evolved unique strategies to resume not only
germination but also seedling growth after imbibition-drying cycles, though this capacity is restricted
to the post-germination stage following radicle emergence. Bruggink and van der Toorn (1995) were
the first to report on the re-induction of desiccation tolerance in seedlings by priming germinating
seeds with polyethylene glycol (PEG) [34]. Subsequent studies showed that the ability to regain
desiccation tolerance is limited to radicles lengths: 1-3 mm in Medicago sativa [35], 2 mm in Pisum
sativum [36], 4 mm in Solanum lycopersicum [37] and Vigna unguiculata [38].

The present study aimed to decipher the desiccation response in seedlings of Pisum sativum L. at
the later stage of development, with embryonic roots up to 20 mm-long. We dried intact seedlings
and seedlings with removed cotyledons, thereby revealing the role of cotyledons in the drought
tolerance. To understand the role of ABA in the response to seedling desiccation, changes in the
expression of abscisic acid (ABA)-dependent genes associated with "response to water deprivation"
were studied in hypocotyls and roots after drying followed by rehydration. Thus, we examined the
possibility of activating ABA-dependent desiccation tolerance genes that are normally suppressed
during the transition from seed to seedling stage at post-germination.
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2. Results

2.1. Effects of ‘Drying and Rehydration” Treatment on Growth of Pisum sativum L. Seedlings

This section may be divided by subheadings. It should provide a concise and precise description
of the experimental results, their interpretation, as well as the experimental conclusions that can be
drawn.

At the first stage, we examined the response of 3-day-old pea seedlings to desiccation. Seeds
were germinated between layers of moist filter paper for 72 h, after which the seedlings were
subjected to drying in a desiccator over silica gel for 24 h — either with or without cotyledons (Figure
S1). Following desiccation, the seedlings were rehydrated between moist filter paper for another 24
h. Figure 1 demonstrates the appearance of the 3-day-old pea seedlings in control (Figure 1a), after
drying and rehydration without cotyledons (Figure 1b) and after drying and rehydration with
cotyledons (Figure 1c).

Figure 1. Typical effects of ‘drying and rehydration’ treatment on the P. sativum seedlings. (a) 3-day-old intact
seedling. (b) 3-day-old seedling with excised cotyledons. (¢) 3-day-old intact seedling after ‘drying and
rehydration’ treatment. (d) 6-day-old intact seedling after ‘drying and rehydration” treatment. H — hypocotyl. R

— primary root. Black arrows show the formation of adventitious roots.

The viability of embryonic axes isolated from seedlings was assessed using a tetrazolium-
topographic test (Figure 2). In control seedlings, embryonic axes displayed uniform staining in
hypocotyls and roots, with more intense staining at the root tips, indicating higher dehydrogenase
activity (Figure 2a). In embryonic axes dried and rehydrated without cotyledons, staining was
weaker, suggesting reduced metabolic activity (Figure 2b). These seedlings remained viable for only
3 days after post-rehydration, likely due to nutrient deprivation. In embryonic axes dried and
rehydrated with cotyledons, the primary roots showed damage, but adventitious roots formed
(Figure 1c, 2c). By 3t day after post-rehydration, the primary roots died, but at the same time new
adventitious roots have grown (Figure 1d).
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Figure 2. Viability test with tetrazolium chloride (1%) of P. sativum embryonic axes isolated from 3-day-old intact
seedling (a), 3-day-old seedlings with excised cotyledons (b), and 3-day-old intact seedlings after ‘drying and
rehydration” treatment (c). H — hypocotyl. R — primary root. Black arrows show the formation of adventitious
roots. The red coloration (reduction of colorless tetrazolium to formazan) indicates dehydrogenase activity,

demonstrating active metabolic reactions and cell viability.

2.2. Physiological and Biochemical Responses of Pisum sativum L. Seedlings to ‘Drying and Rehydration’
Treatment

Effect of ‘drying and rehydration’ treatment on the water potential of plant tissues was studied
with using a Dewpoint PotentiaMeter WP4-C (Decagon Devices, USA). Water potential of hypocotyls
and roots isolated from control seedlings was -3.3 + 0.3 MPa and -2.8 + 0.1 MPa, correspondingly
(Figure 3a). Drying and rehydration of seedlings with cotyledons resulted in a 1.4-fold increase of
water potential in hypocotyls with no changes in roots. Drying and rehydration of seedlings without
cotyledons resulted in a 2-fold increase of water potential in hypocotyls and a 2.5-fold increase of
water potential in roots.

The integrity of cell membranes was assessed by measurement of total amount of electrolytes
released from embryonic axes into the incubation solution [39]. This method serves as a sensitive
indicator of membrane damage under various stresses including drought, salinity, pathogen attack,
and extreme temperatures [40]. Our experiments revealed that drying and subsequent rehydration,
whether with or without cotyledons, consistently increased electrolyte leakage by 1.7-fold in
hypocotyls and 1.5-1.6-fold in roots, in comparison to control (Figure 3b).
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Figure 3. Changes in water potential (a) and electrolyte leakage (b) of hypocotyls (H) and roots (R) from 3-day-
old P. sativum seedlings in control (1), ‘drying and rehydration” with cotyledons (2), ‘drying and rehydration’
without cotyledons (3). Box plots show high, low, and median values (n = 5). Outliers are represented as white
dots. Asterisks over the box plots denote significant differences between treatments and control (one-way
ANOVA test, p<0.05 [*], p <0.01 [**] or p < 0.001 [***]).

The levels of MDA and other TBA-reactive lipid peroxidation products in hypocotyls and roots
of pea seedlings are presented in Figure 4a. Drying followed by rehydration of 3-day-old seedlings
with intact cotyledons did not alter lipid peroxidation levels in either hypocotyls or roots. However,
drying of seedlings with removed cotyledons led to a 1.7-fold increase in lipid peroxidation products
in the roots.

Ascorbate was present in both hypocotyls and roots of 3-day-old pea seedlings in its reduced
form (Figure 4b). The ascorbate content was 22 + 0.4 pmol/g DW in hypocotyls and 24 + 0.8 umol/g
DW in roots of control seedlings. Drying and subsequent rehydration of seedlings, either with and
without cotyledons, resulted to decreased ascorbate levels in both hypocotyls and roots.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Changes in content of malondialdehyde (MDA) and other thiobarbituric acid-reactive lipid
peroxidation products (a) and L-ascorbic acid (b) in hypocotyls (H) and roots (R) from 3-day-old P. sativum
seedlings in response to ‘drying and rehydration’ treatment. H1-3 and R1-3 denote experimental variants as
follows: H1 and R1 - control, H2 and R2 - ‘drying and rehydration’ treatment with cotyledons, H3 and R3 -
‘drying and rehydration’ treatment without cotyledons. Box plots show high, low, and median values (1 = 5).
Outliers are represented as dots beyond the bounds of box plot whiskers. Asterisks over the box plots denote
significant differences between treatments and control (one-way ANOVA test, p <0.05 [*], p <0.01 [**], and p <
0.001 [**).

2.3. Changes in Expression of ABA-Depended Genes

To reveal the effect of the ‘drying and rehydration’ treatment on ABA signaling, we analyzed
the expression of genes associated with "response to water deprivation" and "response to abscisic acid
(ABA)," as classified in the Gene Ontology (GO) database [41]. From the "response to water
deprivation” group, we selected the following genes, identified in our previous work for pea
embryonic axes [31]: ABA INSENSITIVE 3/4/5 (ABI3, ABI4, ABI5), HORDEUM VULGARE
ABUNDANT 22 (HVA22), LATE EMBRYOGENESIS ABUNDANT 14 (LEA14), 1-CYSTEINE
PEROXIREDOXIN (PER1), RESPONSIVE TO DEHYDRATION 22 (RD22-1/2/3), LOW-
TEMPERATURE INDUCED 65 (LTI65) and LIPID TRANSFER PROTEIN 4 (LTP4). Previously, we
demonstrated that the expression of these genes decreases in pea embryonic axes during the
transition from germination stage to the post-germination stage [31,32]. Here, we analyzed the role
of cotyledons in the relative expression of these genes in hypocotyls and roots from 3-day-old
seedlings after their ‘drying and rehydration’. Figure 5 shows the behavior of the ABI3, ABI4,
and ABI5 genes, which encode transcription factors significant for seed maturation, longevity, and
germination [42-44]. The constitutive expression of these genes was very low both in hypocotyls and
roots of control seedlings. The ‘drying and rehydration” treatment induced an increase in level of
expression, indicating gene reactivation under water loss. The ABI3 and ABI4 were up-regulated in
the hypocotyls of treated seedlings, both with cotyledons (4-fold and 3-fold, respectively) and
without cotyledons (5-fold and 7-fold, respectively), with no significant changes observed in the roots
(Figure 5). The most significant changes were observed for ABI5 gene, the expression of which
increased 40-fold in hypocotyls and 108-fold in the roots of seedlings after ‘drying and rehydration’
with cotyledons.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Relative expression levels of the ABA-dependent genes encoded the transcription factors ABSCISIC
ACID INSENSITIVE3 (ABI3), ABSCISIC ACID INSENSITIVE4 (ABI4), and ABSCISIC ACID INSENSITIVES
(ABI5) in hypocotyls (H) and roots (R) from 3-day-old P. sativum seedlings. H1-3 and R1-3 denote experimental
variants as follows: H1 and R1 - control, H2 and R2 - ‘drying and rehydration’ treatment with cotyledons, H3
and R3 - “drying and rehydration’ treatment without cotyledons. Box plots show high, low, and median values
(n = 3). Asterisks over the box plots denote significant differences between treatments and control (one-way
ANOVA test, p<0.05 [*], p <0.01 [**]).

The changes in expression levels of HVA22E, PER1, LTI65, LTP4, three RD22 copies, and LEA14
are presented in Figure 6. The expression level of HVA22 increased in both the hypocotyls and roots
of seedlings dried and rehydrated without cotyledons (21-fold and 30-fold, respectively; Figure 6a).
Up-regulation of PERI and LTI65 was detected in both hypocotyls and roots after drying and
rehydration, regardless of cotyledon presence. In hypocotyls, PERI was up-regulated 9-fold in
seedlings treated with cotyledons and 14-fold in those without cotyledons (Figure 6b). Similarly, in
hypocotyls, expression of LTI65 was increased tenfold in seedlings treated with cotyledons and 7-
fold in those without cotyledons (Figure 6c). In the roots, this effect was weaker. LTP4 expression was
altered only in the hypocotyls of seedlings with intact cotyledons, showing a 14-fold increase (Figure
6d). Among the three RD22 copies, only RD22-3 was up-regulated in the hypocotyls of seedlings
without cotyledons (6-fold; Figure 6g). In all tests, LEA14 showed no significant response to the
‘drying and rehydration’ treatment (Figure 6h).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Relative expression levels (Y-axes) of the ABA-dependent genes (selected from the ‘response to water
deprivation” group in the Gene Ontology database) in hypocotyls (H) and roots (R) from 3-day-old P. sativum
seedlings. (a) HORDEUM VULGARE ABUNDANT 22E (HVA22), (b) 1-CYSTEINE PEROXIREDOXIN (PER1), (c)
LOW-TEMPERATURE INDUCED 65 (LTI65), (d) LIPID TRANSFER PROTEIN 4 (LTP4), (e-g) RESPONSIVE TO
DEHYDRATION22-1/2/3 (RD22-1/2/3), (h) LATE EMBRYOGENESIS ABUNDANT 14 (LEA14). H1-3 and R1-3
denote experimental variants as follows: H1 and R1 — control, H2 and R2 - “drying and rehydration’ treatment
with cotyledons, H3 and R3 - “drying and rehydration” treatment without cotyledons. Box plots show high, low,
and median values (1 = 3). Asterisks over the box plots denote significant differences between treatments and
control (one-way ANOVA test, p <0.05 [*], p < 0.01 [**]).
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3. Discussion

The ability to withstand drying represents one of biology's most astonishing survival strategies.
While vascular plants typically require substantial water to maintain structure and function, their
seeds (orthodox type) exhibit the extraordinary ability to withstand near-total water loss, not only
during dormancy but also during germination [5,13]. This "window of desiccation tolerance" closes
as plants transit from the seed to seedling stage of ontogenesis [45]. However, the molecular
mechanisms governing this transition remain poorly understood.

In our model system, we investigated the desiccation response in 3-day-old pea seedlings.
Seedlings with emerged roots up to 20 mm-long were subjected to drying followed by rehydration,
either with or without cotyledons. Previous studies have demonstrated the ability to re-establish
desiccation tolerance in young seedlings of some species, including Cucumis sativus, Impatiens
walleriana, Solanum lycopersicum, Medicago sativa, Arabidopsis thaliana and Pisum sativum [34-37,46]
These studies also reported that the phenotypic ‘window’ for supporting the dehydration tolerance
is typically limited to 2-4 mm of radicle elongation. Intriguingly, we observed that P. sativum
seedlings with radicles up to 20 mm in length survived desiccation, maintaining cell viability (Figure
2) and resuming growth after rehydration (Figure 1). However, further seedling development
depended critically on cotyledon presence. Without cotyledons, embryonic axes remained viable for
about three days after post-rehydration and then died (Figure 1b). But with cotyledons seedlings
dropped their primary roots, developed adventitious roots (Figure 1c), and continued growth via the
newly developed root system (Figure 1d). In dicotyledon plants, such as peas, cotyledons serve as
storage organs for reserve nutrients that support germination and initial growth until the true leaves
form [47]. Stored macromolecules are hydrolyzed into soluble sugars, amino acids, and fatty acids,
which provide energy and necessary components for the development of the embryonic axis [48-50].
Thus, the survival of dried and rehydrated embryonic axes primarily depends on the metabolic
resources derived from cotyledons.

To assess the physiological response of embryonic axes to drying, we measured water potential,
cell membrane integrity, TBA-reactive lipid peroxidation product levels, and ascorbate content in
hypocotyls and roots taken from 3-day-old pea seedlings after their drying and rehydration (Figure
3).

In plant biology, water potential serves as a key indicator of water's capacity to participate in
metabolic processes [1]. Leaves typically exhibit water potentials ranging from -1.5 to -0.7 MPa, while
dry seeds can show values from -50 to -350 MPa [47]. During germination, as seed moisture content
increases, water potential becomes less negative [51]. In our study, hypocotyls and roots isolated from
control seedlings showed water potential around -3 MPa, approaching values typical of adult plants
(Figure 3a). However, drying without cotyledons followed by rehydration caused a 2-2.5-fold
increase in water potential. This was accompanied by approximately 1.5-fold increases in both
electrolyte leakage and lipid peroxidation products, indicating some damage of cell membranes
(Figure 3b and 4a). Lipids represent very important targets for some ROS [52], and, if oxidized, serve
as crucial markers of oxidative stress in plants [53].

L-ascorbic acid is a major antioxidant in higher plants, which plays crucial roles in protection
against ROS, redox metabolism and signaling both in photosynthesizing tissues and roots [54-56]. In
our experiments, the ascorbate level in hypocotyl and root cells of control seedlings was similar (22—
24 umol/g DW) (Figure 4b). Following desiccation and rehydration of embryonic axes, this value
decreased which can be considered an indicator of ROS generation and oxidative stress.

It is well-known fact that seed germination is characterized by a shift in phytohormone balance,
primarily between abscisic acid (ABA) and gibberellins (GA) [47]. While ABA maintains seed
dormancy and suppresses germination, GA breaks dormancy and activates the germination program
[28,57-59]. ABA also controls plant stress responses, with particularly well-characterized roles in
drought adaptation [60,61].

Our previous studies provided insight into the involvement of ABA in the transition of Pisum
sativum from the germination to post-germination stages [31,32]. A decrease in the ABA level with an

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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accumulation of its catabolites (phaseic acid, dihydrophaseic acid, and neo-phaseic acid) was
observed [32]. The changes in the level of ABA metabolites were accompanied with the
downregulation of genes controlling “water deprivation” [32]. Additionally, the expression of ABI3,
ABI4, and ABI5, which encode crucial transcription factors during late maturation [42—44], was 20-
fold down-regulated with the high level of their methylation [31,32]. To elucidate the molecular
mechanisms underlying desiccation response in embryonic axes under early pea seedling
development, we analyzed the expression of ABA-associated genes linked to both "response to water
deprivation" and "response to abscisic acid" (ABI3, ABI4, ABI5, HVA22, LEA14, PER1, RD22-1, RD-
22-2, RD22-3, LTI65 and LTP4) (Figure 5 and 6). Our study revealed that desiccation significantly
altered expression patterns of the target genes in both hypocotyls and roots of 3-day-old pea
seedlings.

The bZIP transcription factor ABI5 plays a key role in ABA signaling during seed development
by integrating hormonal crosstalk between ABA and other phytohormones [46,62-64]. ABI5
transcripts and proteins accumulate during seed maturation but decline sharply during seed
germination [59,65,66]. Lopes-Molina et al. [67] has established that ABI5 expression defines a
developmental checkpoint post-germination, enabling environmental osmotic status monitoring
before vegetative growth commences. Recent evidence suggested that ABI5 can function as a terminal
inhibitor of multiple signals regulating seed germination, including not only ABA and GA but also
other hormones and light [59,65]. In our study, we observed a striking 108-fold up-regulation of ABI5
in roots of seedlings subjected to drying-rehydration cycles with cotyledons (Figure 5). Notably, these
seedlings subsequently dropped their primary roots and developed a new adventitious root system.

Among the studied genes, HVA22 exhibited the highest constitutive expression (Figure 6a). The
HVA22 gene was originally discovered in barley aleurone layer cells [68] and initially showed limited
homology with ABA-responsive genes such as LEA and RAB (Responsive to ABA) [69]. Induced by
ABA and various stressors, HVA22 gene family encodes stress-responsive proteins with a conserved
TB2/DP1/HVA22 domain that plays crucial roles in adaptation [70-73]. HVA22 family proteins,
characterized by conserved TB2/DP1/HVA22 domains, are ubiquitous in eukaryotes [70,74].
Sequence analysis revealed high similarity between plant HVA22s and human TB2/DP1 proteins
[70,74]. Expression of HVA22 : green fluorescent protein fusion proteins in barley aleurone layer cells
revealed that HVA22 is an endoplasmic reticulum (ER)-Golgi-localized protein that negatively
regulates gibberellic acid (GA)-mediated vacuolization and programmed cell death [75]. Authors
proposed that accumulation of HVA22 proteins may inhibit the vesicular trafficking involved in
nutrient mobilization in germinated seed, thereby delaying the coalescence of protein storage
vacuoles [75]. In Arabidopsis thaliana, HVA22 gene family exhibit responsiveness to multiple abiotic
stresses, including low-temperature exposure, salt stress, ABA treatment and dehydration [76]. Our
experiments revealed HVA22 induction in cotyledon-excised pea seedlings following ‘desiccation
and rehydration’ treatment, with 21-fold up-regulation in hypocotyls and 30-fold up-regulation in
roots (Figure 6a). These findings highlight the crucial role of HVA22 in ABA-mediated signaling
pathways potentially enhancing drought tolerance in juvenile seedlings of P. sativum.

Plant peroxiredoxins (Prxs) are a family of thiol-dependent peroxidases essential for antioxidant
defense and ROS signaling [77]. Localized in cellular compartments, including chloroplasts and
mitochondria, they scavenge ROS, shaping redox signal. Among these, a seed-specific 1-cysteine
peroxiredoxin (PER1) serves as a key antioxidant protein responsible for ROS scavenging in seeds
[78]. PER1 gene is predominantly expressed during seed developmental stages associated with ROS
production, particularly during late maturation and desiccation [78]. While PER1 expression is
typically suppressed during germination, evidence indicates its reactivation under abiotic stress
conditions [79,80]. Adverse environmental conditions may stabilize 1-Cys Prx by inhibiting its
degradation, leading to reduced ROS accumulation, attenuated ABA catabolism and consequently,
delayed germination [80]. PERI expression showed significant up-regulation in response to
‘desiccation and rehydration’ treatment. Embryonic axes of seedlings with intact cotyledons and
seedlings with removed cotyledons demonstrated 8.6-fold and 13.5-fold increase after ‘drying and
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rehydration’ treatment, respectively (Figure 6b). Roots also showed moderate PERI up-regulation
(~3-fold increase) both in seedlings with cotyledons and seedlings without them.

Altogether, our study demonstrated that Pisum sativum L. seedlings maintain a remarkable
capacity to withstand desiccation during early post-germination stages, depending on the presence
of intact cotyledons and involving ROS accumulation and ABA-responsive pathways.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Pea (Pisum sativum L., cv. Prima) seedlings were used in the study. Seeds were germinated
between layers of moist filter paper at 22°C for 3 days until radicle emergence. Seedlings with
emerged roots up to 20 mm long were then divided into two groups including one with intact
cotyledons and another with excised cotyledons (cut by a razor blade). Both intact and cotyledon-
removed seedlings were dried in a desiccator over blue silica gel (Central Drug House LTD, India) at
22°C for 24 h. After desiccation, the seedlings were rehydrated between layers of moist filter paper
for 24 h at 22°C. For experiments embryonic axes from three sets of 3-day-old seedlings were isolated
including untreated seedlings (control), seedlings dried and rehydrated with cotyledons, and
seedlings dried and rehydrated without cotyledons.

4.2. Tissue Viability

Embryonic axes isolated from 3-day-old pea seedlings were incubated in a 1% (w/v) aqueous
solution of tetrazolium chloride (pH 7.0) for 1 h at room temperature, followed by visual evaluation
of staining intensity. The method relies on the reduction of colorless tetrazolium chloride to red
formazan by dehydrogenases in metabolically active cells [81]. Viable tissues stain red due to
formazan accumulation, whereas nonviable tissues remain colorless.

4.3. Water Potential and Cell Membrane Integrity

The water potential of plant tissues was determined using a Dewpoint PotentiaMeter WP4-C
(Decagon Devices, USA). The device determines water potential by measuring the relative humidity
of air within a sealed chamber above the sample.

Cell membrane integrity was evaluated by measuring the total amount of electrolytes released
from plant tissue into the incubation solution [39]. Embryonic axes were incubated in distilled water
for 30 minutes, and electrical conductivity was subsequently measured using the HI8733 conductivity
meter (HANNA, Germany).

4.4. Biochemical Stress Markers

Stress markers evaluation included measurements of the level of lipid peroxidation and
concentration of L-ascorbic acid in embryonic axes of pea seedlings. The embryonic axes were frozen
in liquid nitrogen and homogenized with in a Mixer Mill MM 400 ball mill (Retsch, Haan, Germany)
with two stainless steel balls (¢ 15 mm) at a vibration frequency of 30 Hz for 2 x 30 s. Approximately
30 and 55 mg of frozen grinded plant material were used for the lipid peroxidation and ascorbate
analyses, respectively. Lipid peroxidation was measured using the thiobarbituric acid (TBA) test,
which quantified malondialdehyde (MDA), a product of lipid peroxidation, as described elsewhere
[82]. Ascorbic acid was quantified using the method described by Huang and co-workers [83] with
modifications [84].

4.5. RNA Isolation and Real-Time PCR Analysis

The embryonic axes were frozen in liquid nitrogen and homogenized with a pestle in a mortar.
Total RNA was isolated using the RNeasy Plant Mini Kit (QIAGEN) according to the manufacturer's
protocol, followed by DNase treatment with the RNase-free DNase set (QIAGEN)
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(www.giagen.com). Electrophoretic analysis was performed in a 1% agarose gel prepared in TAE

buffer with the addition of ethidium bromide as an intercalating dye. The DNA molecular weight
marker "Sky-High 250 bp - 10 kb" (BioLabMix, Novosibirsk) was used as a size standard. The isolation
products were visualized using the BioRad ChemiDoc MP gel documentation system (Bio-Rad
Laboratories, Moscow). The concentration of isolated RNA was measured using a NanoDrop™
2000/2000c  spectrophotometer (Thermo Fisher Scientific Inc.). Single-stranded c¢DNA was
synthesized from the RNA template using the OT M-MuLV-RH kit (Biolabmix, Novosibirsk).
Quantitative PCR was performed using the SYNTOL SYBR Green I+ROX kit (Syntol) on a CFX-96
instrument (BioRad). Primer design was performed using IDT PrimerQuest software
(http://eu.idtdna.com/PrimerQuest/Home) (Table S1). The gene encoding phosphoprotein

phosphatase 2A was selected as the reference gene [85].

4.6. Statistical Analysis

The statistical analysis was conducted utilizing an MS Excel add-in. The significance of
differences between control and treatments was estimated using Students' two-tailed t-test (o = 0.05,
p < 0.05). The calculation of biochemical parameters was conducted using five biological replicates.
The gene expression levels in the qPCR analysis were derived from the three biological and three
technical replicates.

5. Conclusions

The presented work primarily declares the importance of intact cotyledons for young pea
seedlings to survive during desiccation. Cotyledons removal severely compromises viability of
seedlings at the post-germination stage. Embryonic axes with cotyledons exhibit a remarkable
capacity to survive desiccation even after radicle elongation up to 20 mm in length with formation of
adventitious roots instead of the damaged primary root. Essential to this adaptation is apparently the
activation of ABA-mediated signal pathways. The massive 40-fold up-regulation of ABI5 in
hypocotyls and 108-fold up-regulation in roots of seedlings, which were dried and rehydrated with
intact cotyledons, points to the pivotal role of this transcription factor in the desiccation response.
Increase of expression of HVA22 (21-30-fold) and PER1 (8-14-fold) genes indicates the importance of
vesicular transport, programmed cell death and ROS detoxication in the tolerance to desiccation.
These findings redefine our understanding of drought stress tolerance during plant growth,
positioning post-germination stage as a unique niche for deciphering the resilience mechanisms
activated by severe water loss.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/doi/s1, Figure S1: Appearance of embryonic axes of 3-day-old pea seedlings after
drying with and without cotyledons; Table S1: List of primers used in this work.
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