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Abstract: For many species, seed storage protocols are still being improved to provide viable seeds
of the highest quality. Seed storage is extremely problematic for short-lived seeds categorized as
recalcitrant, including pedunculate oak (Quercus robur L.), for which the optimal seed storage protocol
involves a temperature of –3 ◦C and 40% acorn moisture content recommendations. The sensitivity of
pedunculated oak seeds to temperature manipulations under preparation for long-term storage has
been poorly investigated, particularly in terms of the production of reactive oxygen species (ROS),
which are assumed to be determinants of seed longevity. Thermotherapy, the pathogen elimination
procedure, did not increase the level of three types of ROS: hydrogen peroxide (H2O2), superoxide
anion radical and hydroxyl radical (•OH). The temporal heat stress of thermotherapy resulted in
slightly reduced levels of H2O2, indicating activation of the antioxidant systems in acorn preparation
for storage. The effect of constant storage temperatures (−3, −5, −7 ◦C) and their combinations
(−3 → −5 ◦C or −3 → −5 →−7 ◦C) on ROS levels and seed viability was investigated in three
provenances. The highest ROS levels were detected in acorns stored at −7 ◦C, whereas three-step
cold acclimation was beneficial for reducing ROS levels. Interestingly, the levels of H2O2 were not
affected by temperature in thermotherapized acorns. In contrast, decreasing storage temperature
caused a linear increase in •OH levels in all provenances. The effect of heat stress and cold stress
on ROS levels in relation to long-term seed storage of pedunculate oak is discussed here in relation
to the seed viability evidenced via germination rates, seedling emergence and electrolyte leakage.
Thermotherapy and cold acclimation of acorns can improve their viability after storage by decreasing
ROS levels.

Keywords: cold acclimation; hydrogen peroxide; hydroxyl radical; Quercus robur; seed germination;
seed viability; seedling emergence; superoxide anion radical; thermotolerance

1. Introduction

Temperature is an abiotic factor limiting the types of organisms that can exist in a
certain ecosystem. Living organisms are sensitive to thermal extremes [1]. In identifying
thresholds for heat stress, the heat tolerance and thermal adaptation of a species must
be considered [2]. The response of an organism to changing temperature conditions is
termed temperature sensitivity, which affects organism fitness by promoting growth and
development or inducing mortality [3]. Acclimation is a set of physiological changes
that reduce or enhance tolerance to experimentally induced stressful factors, specifically
climatic factors [4]. A rise in temperature, usually 10–15 ◦C above ambient temperature, is
considered heat shock or heat stress [5], whereas lower temperatures result in cold stress.
Below 20 ◦C and below 0 ◦C induces chilling and freezing injury, respectively [6,7].

Postharvest technology based on physical treatments, including heat treatment, is
aimed at the distribution of high-quality and nutritional food [8]. Importantly, hot water
treatment eliminates seed pathogens. Heat treatment was first used in 1882 to disinfest
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seed potatoes from late blight [9]. Fungal development is the major factor limiting the
long-term storage of recalcitrant seeds. In recent decades, Ciboria batschiana was the major
fungal pathogen [10], particularly for moist acorn storage [11]. Therefore, thermotherapy
by hot water (2.5 h at 41 ◦C) was recommended to limit C. batschiana prior to oak seed
storage [12,13] and was successfully applied in pedunculate oak acorns [14,15]. More
precisely, the above thermotherapy efficiently eradicated a part of the mycobiota, mainly
Penicillium spp., in pedunculate oak acorns, but storage temperatures and storage duration
still determine the development of fast-colonizing fungi and acorn deterioration [16].

It is still unknown whether a temperature of 41 ◦C is a stress factor, and thermother-
apy eventually elevates the production of reactive oxygen species (ROS). Temperature
stress stimulates ROS generation and, at the same time, stimulates ROS defense and
temperature defense pathways [17]. ROS regulatory systems govern defense and accli-
matory responses under stress combinations [18]. How heat acclimation and defense
mechanisms are joined via ROS under heat stress, pathogen infection and their combi-
nations remains undiscovered.

Combined temperature treatments are more beneficial to sustain plant fruit quality
than a single treatment at a constant temperature. Loayza et al. [19] demonstrated in tomato
a synergistic positive effect of combined temperature treatments on fruit ripening and an
increase in antioxidant levels were reported. More precisely, enhanced levels and activities
were detected for substances scavenging ROS.

Seed longevity is a polygenic trait that requires the coordination of many biological
processes shaping the stability of seeds in the soil and their ex situ storage time [20].
Recently, a genome-wide association study revealed that seed longevity is determined
via the expression of genes involved in ROS metabolism and detoxification and in the
development of the seed coat [21]. The oxidative stress theory of aging via the production
of ROS was proposed by Harman [22]. While ROS play a signaling role in the regulation of
seed germination and dormancy [23], ROS overproduction contributes to seed deterioration
and aging [24].

Variations in seed storage characteristics are reflected in seed categories: from
desiccation-tolerant orthodox seeds to desiccation-sensitive recalcitrant seeds and be-
tween intermediate seeds [25], while the storage of recalcitrant seeds is very limited [26].
Optimized seed storage temperature in combination with seed moisture content affects
ROS levels and seed longevity. More precisely, storage duration-dependent oxidative
processes were detected in orthodox (desiccation tolerant) seeds of wild fruit trees [27]
and intermediate poplar seeds [28], clearly demonstrating ROS production in response
to a certain storage temperature condition. In this context, recalcitrant seeds are as-
sumed to be the most exposed to damaging ROS effects during storage.

Pedunculate oak (Quercus robur L.) is a long-lived, deciduous tree important in Eu-
ropean forests [29]. Pedunculate oak acorns display recalcitrance, and recommended
storage conditions involve a temperature of−3 ◦C and a moisture content (MC) of 40% [13].
Acorns of pedunculate oak are usually stored for one to three years [30,31], and the max-
imal storage time, five years, was reported in only one laboratory [32,33]. To overcome
obstacles in traditional recalcitrant seed storage, a cryogenic storage protocol for pedun-
culate oak was developed using plumules (a small apical meristem) isolated from an
embryonic axis [34] and embryogenic calli derived from immature zygotic embryos [35].
However, to meet targets in biodiversity conservation and genebanking programs, the
development of a less expensive traditional storage protocol for pedunculate oak seeds
is needed. Especially in Europe, mast years usually occur in 3–8 year intervals, rein-
forcing the need for long-term storage [13]. Investigations of the sensitivity of pedun-
culate oak seeds to freezing temperatures revealed that ice crystallization, and conse-
quently tissue death, occurs at temperatures of −8◦C and −10 ◦C and further revealed that
−9 ◦C is a critical freezing temperature [36]. As a result, temperatures down to
− 7 ◦C were discovered to be nondestructive for pedunculate oak acorns characterized with
42–43% MC [36], encouraging us to design experiments involving ROS detection at previ-
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ously unexplored storage temperatures. The aging rate depends on the storage temperature
and chemical composition of seeds [37,38]. The chemical composition of pedunculate oak
seeds includes mainly carbohydrates, proteins, tannins, and oils, and the latter ones com-
prise 5.2–5.6% [39]. Particularly the auto-oxidation of lipids can result in oxidative damage
of molecules because oil droplets can remain fluid at low temperatures [40].

This investigation was designed to answer the question of how to manipulate the
temperature to limit ROS production and prolong storage time, sustaining high seed
quality by implementing heat treatment before storage and lower than recommended
constant storage temperatures and combinations of storage temperatures leading to
cold acclimation.

2. Materials and Methods
2.1. Material

Seeds of pedunculate oak (Quercus robur L.), originating from three provenances,
Białogard (54◦00′ N 15◦59′ E), Kobiór (50◦03′ N 18◦56′ E) and Parczew (51◦38′ N 22◦54′ E),
in Poland were analyzed. Acorns exhibited 40–42% moisture content after collection and
before storage and displayed germination capacities of 100, 96 and 94% in the Białogard,
Kobiór and Parczew provenances, respectively.

2.2. Temperature Manipulations before and during Storage
2.2.1. Thermotherapy

Only acorns of provenance Kobiór were subjected to thermotherapy before storage.
Thermotherapy was conducted by aerated steam for 2.5 h at 41 ◦C as described by Delatour
et al. [12] and confirmed by Kranjec Orlović et al. [16] when selecting the best time vs.
temperature combination. All biochemical measurements were performed immediately
after cooling seeds to room temperature (RT).

2.2.2. Acclimation to Lower Temperature

Acorns of all three provenances were stored for 3 months (mths) at each constant
temperature −3 ◦C, −5 ◦C, or −7 ◦C and at combined temperatures, which we call here
cold acclimation (−3 ◦C/1 mth→ −5 ◦C/2 mths or −3 ◦C/1 mth→ −5 ◦C/1 mth→
−7 ◦C/1 mth) when acorns were transferred to each lower temperature after one month
of acclimation.

2.3. Determination of ROS Release

Most Quercus species studies use excised embryonic axes [41]. Ten embryonic axes
excised from pedunculate oak acorns in six biological replicates were used as seed samples
in our experiments. The increase in ROS production, termed extracellular bursts of ROS, is
induced by various physiological transitions and stress conditions in recalcitrant seeds [26],
including embryonic axes of pedunculate oak seeds [42]. Therefore, the determination
of extracellular production of ROS was recommended for excised embryonic axes of
recalcitrant seeds [43]. Absorbance and fluorescence were measured using an Infinite M200
PRO (Tecan, Männedorf, Switzerland) plate reader and Magellan software.

2.3.1. Release of Hydrogen Peroxide (H2O2)

The level of H2O2 was measured according to the method of Schopfer et al. [44]. Seed
samples were incubated in 1.2 mL of reaction buffer containing 20 mM phosphate buffer
(pH 6), 5 µM scopoletin, and 1 U mL−1 peroxidase in darkness on a shaker at 150 rpm
for 1 h at RT. Fluorescence was measured at an excitation wavelength of 346 nm and an
emission wavelength of 455 nm. The results are shown in picomoles of H2O2 per gram of
fresh weight (FW) per hour.
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2.3.2. Release of Superoxide Anion Radical (O2
•−)

The release of the level of O2
•−was determined using a method described by Choi

et al. [45]. Seed samples were incubated in 1.2 mL solution consisting of 50 mM phosphate
buffer (pH 7.8), 0.05% nitro blue tetrazolium (NBT; Sigma, St. Louis, MO, USA), and 10 mM
sodium azide. After 30 min incubation at RT in darkness, the reactive solution was heated
for 30 min at 85 ◦C, cooled and centrifuged for 3 min at 14,000 rpm. The precipitate was
dissolved in dimethyl sulfoxide (DMSO) containing 2 M KOH by shaking for 30 min at
150 rpm and vortexing every 5 min. Absorbance at 719 nm was measured. The results are
presented as ∆A719 values per gram of FW per hour.

2.3.3. Release of Hydroxyl Radical (•OH)

The level of •OH was determined according to the method described by Schopfer
et al. [44]. Seed samples were incubated for 3 h at RT (darkness, shaking at 150 rpm)
in 1.2 mL of a reaction mixture containing 20 mM phosphate buffer (pH 6) and 2.5 mM
sodium benzoate. Fluorescence was measured at an excitation wavelength of 305 nm and
an emission wavelength of 407 nm. The results were expressed in relative fluorescence
units (RFU) per gram of FW per hour.

2.4. Seed Viability Determination
2.4.1. Germination Test (Hypocotyl Emergence)

Cut acorns (one-third of the distal end was removed) were sown vertically in plastic
boxes [46] in 3 repetitions of 30 seeds in a medium (1:1, v/v) consisting of quartz sand
(<1 mm fraction) and sieved peat (pH 5.5–6.5). The apical portion of the acorns containing
an embryonic axis was aboveground to allow observation of germination. Seeds with a
radicle at least 5 mm long were considered germinated [13].

2.4.2. Seedling Emergence (Epicotyl Emergence)

Cut acorns, three repetitions of 30 seeds each, were sown in the above described
medium and covered with a lid at 20 ◦C and a 16/8 h photoperiod under a light intensity of
60 mmol m–2 s−1 provided by a fluorescent lamp (Fluora, OsramTM). When the shoot was
at least 2–5 cm long with its first leaves on the top, the seedling was classified as emerged.

2.4.3. Electrolyte Leakage

Three samples of five seeds (the pericarp was removed) were placed in 10 mL of
deionized water and left for 24 h at RT, and then the electric conductivity (EC) of the
solutions (C0) was measured with a conductometer (SvenCompact S230, Mettler Toledo,
Switzerland). The results obtained were expressed in mS * g−1 of FW. Then, the seeds were
brought to the boil and left for 24 h at RT to measure C1 to calculate the percentage of
electrolyte outflow using the formula (C0/(C0 + C1)) * 100%.

2.5. Statistical Analyses

All experiments were performed with three to six independent biological replicates.
Statistically significant differences were tested using ANOVA and Tukey’s test at p > 0.05.
Proportional data were arcsine transformed prior to analysis using R statistical software to
calculate Pearson’s correlation coefficient [47]. Germination and seedling emergence were
analyzed using a generalized linear model. The corrplot package was used to construct
correlation matrices [48].

3. Results

The effect of seed thermotherapy on the release of three types of ROS was monitored
(Figure 1). More precisely, the three types of ROS were H2O2, O2

•−and •OH. Importantly,
thermotherapy did not elevate the levels of released ROS types. After heat treatment, the
levels of O2

•− and •OH were identical to the levels in nontreated seeds, while the level of
H2O2 slightly decreased and was still comparable to the level in control seeds. Our study
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indicates that seed thermotherapy, used for the elimination of pathogens, does not elevate
ROS levels in the initial steps of seed preparation for long-term storage, confirming that
the ROS-based decrease in longevity is not intensified via this heat treatment.

Figure 1. The release of three types of ROS hydrogen peroxide (H2O2), superoxide anion radical
(O2
•−) and hydroxyl radical (•OH) in embryonic axes of pedunculate oak control seeds (C) and

seeds subjected to thermotherapy (T). The data are the means of six independent replicates ± the SE.
The same letters indicate groups that are not significantly different according to Tukey’s test.

Short-term stored seeds at constant temperature displayed increased ROS levels as
the temperature was lowered (Figure 2). More specifically, seeds stored at −7 ◦C contained
much higher levels of H2O2, O2

•− and •OH, except the levels of H2O2 reported in Kobiór
provenance (Figure 2b). Interestingly, the levels of •OH continuously increased as the
temperature was lowered, clearly indicating that each decrease of 2 ◦C resulted in elevated
ROS production (Figure 2g–i).

Keeping in mind that the lowest storage temperature, −7 ◦C, rendered the highest
ROS levels, an experiment was conducted in which seeds were progressively acclimated
to cooler temperatures. In the majority, the two-step acclimation −3 ◦C → −5 ◦C did
not significantly lower ROS levels compared to the seeds stored at a constant −5 ◦C
temperature. The three-step acclimation –3 ◦C → −5 ◦C → −7 ◦C displayed a more
beneficial effect, particularly in the levels of •OH, which decreased in all three provenances
after acclimation to the levels reported at the constant −5 ◦C temperature (Figure 2g–i).

Importantly, the effect of seed provenance was most visible when investigating Kobiór
origin. For instance, H2O2 levels did not increase at constant temperatures of −5 and
−7 ◦C (Figure 2b), whereas the levels of O2

•− and •OH were clearly doubled at −7 ◦C
(Figure 2e). Additionally, in seeds of Kobiór provenance, both the two- and three-step
acclimation limited O2

•− release to the levels observed at −3 ◦C constant temperature
(Figure 2h). Similarly, two-step acclimation limited •OH release to the amount detected at
−3 ◦C constant temperature, and three-step acclimation limited •OH release to the amount
detected at −5 ◦C constant temperature (Figure 2h).

Germination capacity and seedling emergence (Figure 3d–f) were tested between
provenances to assess the effect of storage temperatures on seed viability and to dissect
whether ROS levels affect viability after short-term storage. Both germination and seedling
emergence were the highest in seeds of Kobiór provenance after storage at −3 ◦C and de-
creased at lower temperatures. Seeds of Białogard provenance displayed undifferentiated
germination and seedling emergence. In contrast, seeds of Parczew provenance exhibited
a linear decrease in seedling emergence together with a decrease in storage temperature.
Importantly, cold acclimation strongly enhanced the germination rate and seedling emer-
gence of seeds originating from Parczew provenance, reaching higher values than seeds
stored at constant temperatures. The effect of cold acclimation was less visible in seeds of
Kobiór provenance because both seed viability parameters were only slightly enhanced
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(Figure 3e). Measurements of EC revealed that seeds of Parczew provenance displayed
almost triple electrolyte leakage when stored at constant −7 ◦C. Notably, three-step cold
acclimation to −7 ◦C halved EC (Figure 3a–c).

Figure 2. Measurements of ROS release levels (a–c) hydrogen peroxide (H2O2), (d–f) superoxide anion radical (O2
•−) and

(g–i) hydroxyl radical (•OH) in embryonic axes of pedunculate oak acorns stored at single temperature (−3 ◦C, −5 ◦C, or
−7 ◦C) and at combined temperatures (−3 ◦C→−5 ◦C or−3 ◦C→−5 ◦C→−7 ◦C) and originating from three provenances:
Białogard, Kobiór and Parczew. Units: H2O2 [nmol g−1 FW h−1], O2

•− [∆A nmol g−1 FW h−1], •OH [RFU 103 g−1 FW h−1].
Data are the means of six independent replicates ± the SE. Identical letters indicate groups not significantly differentiated
according to Tukey’s test.

Seedling emergence corresponded to germination capacity in all tested provenances
being highly correlated in the provenance Parczew, in which the response to storage
temperature changes manifested via ROS levels and seed viability determinants were the
most remarkable (Figure 4).

Importantly, the correlation between the levels of H2O2 and O2
•− in seeds of each

provenance equaled 1. Additionally, the levels of released •OH were strongly correlated
with other ROS types in Białogard and Parczew provenances, and in the latter provenances,
•OH levels were correlated with all seed viability determinants, indicating that increasing
•OH levels results in a decrease in the germination rate and seedling performance and an
increase in electrolyte leakage.
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Figure 3. Seed viability determinants: (a–c) electric conductivity, (d–f) germination and seedling emergence in short-
term stored pedunculate oak seeds originating from three provenances Białogard, Kobiór and Parczew. Data are
the means of three independent replicates ± the SE. Identical letters indicate groups not significantly differentiated
according to Tukey’s test.

Figure 4. Correlation matrices calculated for pedunculate oak seeds originating from three provenances, (a) Białogard,
(b) Kobiór and (c) Parczew, based on the levels of hydrogen peroxide (H2O2), superoxide anion radical (O2

•−), hydroxyl
radical (•OH), electrical conductivity (EC), germination capacity (G) and seedling emergence (SE). The percentage of G, SE
and EC was ArcSin transformed. Crossed numbers indicate a nonsignificant correlation (p > 0.05). The more red the color is,
the more negative the correlation, whereas the more blue, the more positive the correlation.

4. Discussion

Heat (high temperatures) stress is defined differently across studies in which heat
duration and intensity vary [49]. Most likely, seeds of pedunculate oak subjected to
thermotherapy underwent heat shock at a nonlethal high temperature, which induced
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thermotolerance and thus can be termed ‘priming’ [50]. Heat induces heat shock proteins
(HSPs) [51,52] and heat-associated proteins [52], including transcription factors [53], all of
which induce and modulate thermotolerance [51–53]. HSPs generally function as chap-
erones protecting protein folding and structure and preventing protein aggregation [51],
while a class of small HSPs was also found to act in adaptation to oxidative stress [54].
Plants display different response patterns under heat shock and prolonged warming;
however, increased ROS production, predominantly H2O2, and activation of antioxidant
enzymes are characteristic of both types of heat events [55] being even more induced under
heat shock conditions [56]. In this context, ROS levels were probably maintained at initial
levels because the antioxidant systems were activated by heat stress (Figure 1).

H2O2 is a signaling molecule in the plant response to stress [57] and developmental
transitions in seeds [23]. The levels of H2O2 were slightly decreased after thermotherapy
in the embryonic axes of pedunculate oak (Figure 1). Interestingly, according to Wang
et al. [56], the activities of the ROS scavenging enzymes superoxide dismutase (SOD),
catalase (CAT) and peroxidase (POD) are significantly higher in response to heat shock
in Arabidopsis thaliana. Additionally, the levels of phenolic compounds, predominantly
carotenoids, and ascorbic acid (AsA), known to be involved in H2O2 removal, were reported
to be elevated in heat shock [19]. Presumably, SOD, CAT, POD, AsA and carotenoids
contributed to maintaining the physiological concentrations of H2O2 and other ROS types
in pedunculate oak seeds (Figure 1). In this context, thermotherapy appears to be beneficial
not only in pathogen limitations in oak acorns [13–16] but also in seed priming, resulting
in increased physiological fitness. Seed coats display higher heat capacity and thermal
conductivity and low thermal diffusivity [58]. Regarding the temperature gradient inside a
seed, heat stress would be more harmful to larger cotyledons of pedunculate oak than to
embryonic axes. Fortunately, removal of up to 60% of cotyledons at the basal end does not
affect the germination capacity of oak acorns [59].

Seed recalcitrance complicates ex situ conservation of pedunculate oak species [60,61].
Regarding seed longevity, detoxification efficiency is one of the most essential mechanisms
for seed vigor [20,62]. Recently, genome-wide association studies and reverse genetics
indicated positive and negative genes for seed longevity, and the latter included ROS-
producing oxidases, experimentally confirming that seed longevity is strongly related to
oxidative stress [21]. In this context, seeds intended for storage should contain ROS levels
not higher than physiological and as low as possible because oxidative damage by ROS
was proposed to explain freezing injury [63]. Cold stress includes both chilling and freezing
injury. Therefore, ROS levels (Figure 2) should be considered both in signaling and freezing
injury terms, because ROS were demonstrated as important signaling molecules in plants
during acclimation to high and low temperatures [64].

The reduction of molecular oxygen (O2) leads to the production ofO2
•−, which is the

precursor to most other ROS types. In the dismutation reaction, O2
•−is converted into

H2O2, which produces •OH when the reduction reaction is only partial. •OH is acknowl-
edged as a potent regulator in plant cell biology [65]. •OH was the ROS type that clearly
responded to changes in storage temperatures (Figure 2g-i). Plants can generate extracel-
lular •OH via cell wall-bound and plasma membrane-bound class III heme-containing
peroxidases (PODs) in the Haber-Weiss reaction from H2O2 and O2

•− [44]. Possibly, pools
of H2O2 and O2

•− did not display a linear increase in embryonic axes of pedunculate oak
acorns stored at constant –3,−5 and−7 ◦C temperatures because PODs partially consumed
them and transformed into the •OH form (Figure 2a–f). Pedunculate oak seeds, similarly
to other recalcitrant seeds, are metabolically active throughout storage [26]; therefore, the
activity of antioxidant enzymes can be additionally regulated via temperature and genetic
diversity between provenances.

There are no enzymes to administer •OH, which is the most reactive and short-lived
among all ROS radicals. In this context, the levels of released •OH might be suggested
as a good indicator of the seed response to colder storage temperatures. To support this
hypothesis, Laohavisit et al. [66] identified •OH as an effector in stress cellular signaling
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based on calcium. The suggested positive role of •OH in adaptation to stress [65] can
be manifested here via reduced levels of •OH when seeds were transferred from −3
to −5 and eventually to −7 ◦C (Figure 2g–i), emphasizing seed acclimation to freezing
stress. In particular, •OH formation was previously reported in the stems of winter wheat
treated with freezing temperature [67]. Furthermore, •OH levels were correlated with seed
viability parameters in the Parczew provenance (Figure 4c), the provenance in which the
viability loss was the most spectacular. We speculate that changes in •OH levels are an
early predictor of subsequent decreases in germination rates and seedling emergence that
were reported in pedunculate oak acorns stored at −5 and −7 ◦C [68] for above 6 months
(personal communication).

Interestingly, the correlation between O2
•− and H2O2 levels equaled 1 in all tested

provenances (Figure 4); therefore, SOD, a group of enzymes catalyzing the dismutation of
O2
•− into H2O2, should be explored in more detail. Manganese-dependent SOD (MnSOD)

seems to be the most efficient antioxidant enzyme against freezing stress [69]. The number
of SOD isoforms and their activity render the tolerance level of plants [70]. It is possible
that SOD activity eliminated excessive O2

•− in seeds of Kobiór provenance stored at −5 ◦C
to the level reported at −3 ◦C and therefore was a major contributor that sustained these
low O2

•− levels when seeds were subjected to two- and three-step acclimation processes
(Figure 2e). Only acorns from Kobiór provenance underwent thermotherapy procedures,
which as a result increased their tolerance to heat stress. At the same time, the acclimation
process probably enhanced the activity of antioxidant enzymes.

CAT was assumed to be a seed viability determinant in 1929 [71]. CAT scavenges the
majority of H2O2, as known from studies of catalase-deficient and catalase-overexpressing
plants [72]. The H2O2 levels were uniquely unchanged in the embryonic axes of Kobiór
provenance seeds (Figure 2b), indicating that an excellent H2O2 homeostasis system was
possibly induced via thermotherapy and sustained in short-term stored seeds. Interestingly,
H2O2 and nitric oxide (NO) cross-react and generate •OH [73], depleting the detectable
pool of H2O2 more. Furthermore, NO-mediated S-nitrosylated CAT activity might be
decreased [74], particularly when NO would be less effectively eliminated via reaction
in H2O2, a situation that can be postulated for Białogard and Parczew provenance seeds
(Figure 2a,c). Additionally, provenances can exhibit different levels of genotypic diver-
sity [75]. Therefore, different levels of ROS as a response to freezing injury were detected
in this study when comparing three different provenances (Figure 2). Similarly, recalcitrant
seeds collected from various provenance differs in terms of chilling tolerance [76].

The use of high-quality planting material guarantees the success of seed-based
restoration programs [77], and selection of forest restoration material with priority
areas for sourcing seeds can be supported by provenance comparisons reported in
our studies (Figure 2) because oxidation processes reported in stored seeds are trans-
ferred to seedlings [27]. Provenance selection determines the growth performance
of Q. robur [78]; in this context, seeds of Parczew provenance quickly losing vitality
should not be considered for long-term storage and reforestation purposes. Moreover,
pedunculate oak seedlings display provenance-dependent growth responses under
a changing climate with air warming and drought [79]. In this context, ROS levels,
particularly •OH, should be considered in storage protocols for quality control. Seeds
of the three provenances Białogard, Kobiór and Parczew contained very similar ROS
levels when stored for a short time at the recommended constant −3 ◦C and elevated to
almost identical levels when subjected to freezing injury at −7 ◦C, being three times
(Figure 2d–f) and up to five times higher, supposing •OH (Figure 2g–i). The observed
differences in cold stress acclimation manifested in ROS levels might be the effect of
intraspecific diversity between the three analyzed provenances. Seeds of the Parczew
provenance were of poor quality, as shown in all seed viability parameters (Figure 3).
In addition to poor germination and seedling performance, EC indicated freezing injury
at −7 ◦C (Figure 3c). EC reflects the integrity of the membranes and is therefore a
recommended indicator of vigor and eventually longevity of the seeds [80]. Ice-binding
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proteins, termed antifreezing proteins (AFPs), confer freezing tolerance [81]. Observed
deterioration of membranes at −7 ◦C was the effect of weaker freezing tolerance in
seeds of Parczew provenance, which possibly resulted from faster aging process re-
lated to insufficient activity of AFP reflected in linear increase of each type of ROS at
lower and lower constant storage temperatures (Figure 2c,f,i). Among the other two
provenances, the beneficial effect of thermotherapy and cold acclimation contributed to
higher germination rates and better seedling performance as well as to the dynamics of
ROS production (Figures 1 and 2). Seeds of the Kobiór provenance appeared to be the
most suitable forest restoration material and possibly will sustain high viability after
long-term storage, which will be monitored in future studies.

5. Conclusions

The detrimental role of ROS is apparent in long-term stored seeds. Therefore, protocols
should be modified with higher awareness of this problem. Thermotherapy turned out
to be beneficial not only in relation to pathogen, mainly fungi, riddance but also for ROS
balance and seed viability. In this context, H2O2 homeostasis is the long-term effect of
thermotherapy in stored seeds for up to 3 months. Consequently, the levels of •OH, an
ROS type for which no dispatching enzyme exists, should be considered a new method of
seed quality standard control under storage. Thermotherapy and gradual cold acclimation
to storage temperature are promising procedures for pedunculate oak short-term storage
at freezing temperatures; however, long-term storage experiments must be carried out to
postulate the change in storage temperature and the process of acquaintance with the final
storage temperature.
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34. Chmielarz, P.; Michalak, M.; Pałucka, M.; Wasileńczyk, U. Successful Cryopreservation of Quercus robur Plumules. Plant Cell Rep.
2011, 30, 1405–1414. [CrossRef] [PubMed]

35. Chmielarz, P.; Grenier-de March, G.; Boucaud, M.-T. Cryopreservation of Quercus robur L. Embryogenic Calli. Cryo Lett. 2005, 26,
349–356. [PubMed]

36. Chmielarz, P. Frost resistance of Quercus robur L. acorns. In Treatment and Storage of Oak Seeds. Present Situation and Research;
Mitt.Biol.Bundesanst.Land-Forstwirtsch: Berlin-Dahlem, Germany, 1997; pp. 76–81.

37. Ballesteros, D.; Hill, L.M.; Lynch, R.T.; Pritchard, H.W.; Walters, C. Longevity of Preserved Germplasm: The Temperature
Dependency of Aging Reactions in Glassy Matrices of Dried Fern Spores. Plant Cell Physiol. 2019, 60, 376–392. [CrossRef]

http://doi.org/10.1111/j.1439-0329.2004.00357.x
http://doi.org/10.1023/A:1024784831972
http://doi.org/10.1046/j.1439-0329.2003.00348.x
http://doi.org/10.3390/f12050528
http://doi.org/10.1111/j.0031-9317.2005.00582.x
http://doi.org/10.3389/fpls.2015.00723
http://doi.org/10.1016/j.postharvbio.2019.111054
http://doi.org/10.1016/j.crvi.2008.07.021
http://doi.org/10.1111/pce.13822
http://doi.org/10.1093/geronj/11.3.298
http://doi.org/10.1042/BCJ20190159
http://doi.org/10.1093/aob/mcv098
http://doi.org/10.1007/s00425-015-2312-6
http://doi.org/10.3389/fpls.2013.00478
http://doi.org/10.1371/journal.pone.0234510
http://doi.org/10.1071/FP14336
http://doi.org/10.1051/forest:2008027
http://doi.org/10.1093/forestry/62.1.41
http://doi.org/10.1093/forestry/cpi007
http://doi.org/10.1007/s00299-011-1049-3
http://www.ncbi.nlm.nih.gov/pubmed/21404009
http://www.ncbi.nlm.nih.gov/pubmed/16547549
http://doi.org/10.1093/pcp/pcy217


Forests 2021, 12, 1338 12 of 13

38. Taylor, A.G. Seed Storage, Germination, Quality, and Enhancements. In Physiology of Vegetable Crops, 2nd ed.; Wien, H.C., Stuetzel,
H., Eds.; CAB International: Wallingford, UK, 2020; p. 496, ISBN 978-1786393777.

39. Petrovic, S.; Sobajic, S.; Rakic, S.; Tomic, A.; Kukic, J. Investigation of Kernel Oils of Quercus robur and Quercus cerris. Chem. Nat.
Compd. 2004, 40, 420–422. [CrossRef]

40. Ballesteros, D.; Pritchard, H.W.; Walters, C. Dry Architecture: Towards the Understanding of the Variation of Longevity in
Desiccation-Tolerant Germplasm. Seed Sci. Res. 2020, 30, 142–155. [CrossRef]

41. Xia, K.; Hill, L.M.; Li, D.-Z.; Walters, C. Factors Affecting Stress Tolerance in Recalcitrant Embryonic Axes from Seeds of Four
Quercus (Fagaceae) Species Native to the USA or China. Ann. Bot. 2014, 114, 1747–1759. [CrossRef]

42. Hendry, G.A.F. Oxygen, Free Radical Processes and Seed Longevity. Seed Sci. Res. 1993, 3, 141–153. [CrossRef]
43. Varghese, B.; Sershen, N.; Berjak, P.; Varghese, D.; Pammenter, N.W. Differential Drying Rates of Recalcitrant Trichilia dregeana

Embryonic Axes: A Study of Survival and Oxidative Stress Metabolism. Physiol. Plant. 2011, 142, 326–338. [CrossRef]
44. Schopfer, P.; Plachy, C.; Frahry, G. Release of Reactive Oxygen Intermediates (Superoxide Radicals, Hydrogen Peroxide, and

Hydroxyl Radicals) and Peroxidase in Germinating Radish Seeds Controlled by Light, Gibberellin, and Abscisic Acid. Plant
Physiol. 2001, 125, 1591–1602. [CrossRef]

45. Choi, H.S.; Kim, J.W.; Cha, Y.-N.; Kim, C. A Quantitative Nitroblue Tetrazolium Assay for Determining Intracellular Superoxide
Anion Production in Phagocytic Cells. J. Immunoassay Immunochem. 2006, 27, 31–44. [CrossRef]

46. Giertych, M.J.; Suszka, J. Consequences of Cutting off Distal Ends of Cotyledons of Quercus robur Acorns before Sowing. Ann. For.
Sci. 2011, 68, 433–442. [CrossRef]

47. R: A Language and Environment for Statistical Computing. Available online: https://www.gbif.org/tool/81287/r-a-language-
and-environment-for-statistical-computing (accessed on 30 August 2021).

48. Corrplot: Visualization of a Correlation Matrix Version 0.90 from CRAN. Available online: https://rdrr.io/cran/corrplot/
(accessed on 30 August 2021).

49. Jagadish, S.V.K.; Way, D.A.; Sharkey, T.D. Plant Heat Stress: Concepts Directing Future Research. Plant Cell Environ. 2021, 44,
1992–2005. [CrossRef]

50. Fan, Y.; Ma, C.; Huang, Z.; Abid, M.; Jiang, S.; Dai, T.; Zhang, W.; Ma, S.; Jiang, D.; Han, X. Heat Priming During Early Reproductive
Stages Enhances Thermo-Tolerance to Post-Anthesis Heat Stress via Improving Photosynthesis and Plant Productivity in Winter
Wheat (Triticum aestivum L.). Front. Plant Sci. 2018, 9, 805. [CrossRef] [PubMed]

51. Vierling, E. The Roles of Heat Shock Proteins in Plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1991, 42, 579–620. [CrossRef]
52. Lin, M.; Chai, K.; Ko, S.; Kuang, L.; Lur, H.; Charng, Y. A Positive Feedback Loop between HEAT SHOCK PROTEIN101 and

HEAT STRESS-ASSOCIATED 32-KD PROTEIN Modulates Long-Term Acquired Thermotolerance Illustrating Diverse Heat
Stress Responses in Rice Varieties. Plant Physiol. 2014, 164, 2045–2053. [CrossRef] [PubMed]

53. Charng, Y.-Y.; Liu, H.-C.; Liu, N.-Y.; Chi, W.-T.; Wang, C.-N.; Chang, S.-H.; Wang, T.-T. A Heat-Inducible Transcription Factor,
HsfA2, Is Required for Extension of Acquired Thermotolerance in Arabidopsis. Plant Physiol. 2007, 143, 251–262. [CrossRef]

54. Kim, K.-H.; Alam, I.; Kim, Y.-G.; Sharmin, S.A.; Lee, K.-W.; Lee, S.-H.; Lee, B.-H. Overexpression of a Chloroplast-Localized Small
Heat Shock Protein OsHSP26 Confers Enhanced Tolerance against Oxidative and Heat Stresses in Tall Fescue. Biotechnol. Lett.
2012, 34, 371–377. [CrossRef]

55. Suzuki, N.; Katano, K. Coordination Between ROS Regulatory Systems and Other Pathways Under Heat Stress and Pathogen
Attack. Front. Plant Sci. 2018, 9, 490. [CrossRef]

56. Wang, L.; Ma, K.-B.; Lu, Z.-G.; Ren, S.-X.; Jiang, H.-R.; Cui, J.-W.; Chen, G.; Teng, N.-J.; Lam, H.-M.; Jin, B. Differential Physiological,
Transcriptomic and Metabolomic Responses of Arabidopsis Leaves under Prolonged Warming and Heat Shock. BMC Plant Biol.
2020, 20, 86. [CrossRef]

57. Mittler, R. ROS Are Good. Trends Plant Sci. 2017, 22, 11–19. [CrossRef]
58. Robert, U.; Etuk, S.; Ubong, A.; Umoren, G.; Agbasi, O.; Abdulrazzaq, Z. Thermal and Mechanical Properties of Fabricated Plaster

of Paris Filled with Groundnut Seed Coat and Waste Newspaper Materials for Structural Application. Epitoanyag-J. Silic. Based
Compos. Mater. 2020, 72, 72–78. [CrossRef]

59. Yi, X.; Wang, Z.; Liu, C.; Liu, G.; Zhang, M. Acorn Cotyledons Are Larger than Their Seedlings’ Need: Evidence from Artificial
Cutting Experiments. Sci. Rep. 2015, 5, 8112. [CrossRef]

60. Finch-Savage, W.E. Embryo Water Status and Survival in the Recalcitrant Species Quercus robur L.: Evidence for a Critical
Moisture Content. J. Exp. Bot. 1992, 43, 663–669. [CrossRef]

61. Finch-Savage, W.E. Seed Development in the Recalcitrant Species Quercus robur L.: Germinability and Desiccation Tolerance. Seed
Sci. Res. 1992, 2, 17–22. [CrossRef]

62. Rajjou, L.; Lovigny, Y.; Groot, S.P.C.; Belghazi, M.; Job, C.; Job, D. Proteome-Wide Characterization of Seed Aging in Arabidopsis:
A Comparison between Artificial and Natural Aging Protocols. Plant Physiol. 2008, 148, 620–641. [CrossRef] [PubMed]

63. Kendall, E.; Mckersie, B. Free Radical and Freezing Injury to Cell Membranes of Winter Wheat. Physiol. Plant. 1989, 76, 86–94.
[CrossRef]

64. Devireddy, A.R.; Tschaplinski, T.J.; Tuskan, G.A.; Muchero, W.; Chen, J.-G. Role of Reactive Oxygen Species and Hormones in
Plant Responses to Temperature Changes. Int. J. Mol. Sci. 2021, 22, 8843. [CrossRef]

65. Richards, S.L.; Wilkins, K.A.; Swarbreck, S.M.; Anderson, A.A.; Habib, N.; Smith, A.G.; McAinsh, M.; Davies, J.M. The Hydroxyl
Radical in Plants: From Seed to Seed. J. Exp. Bot. 2015, 66, 37–46. [CrossRef]

http://doi.org/10.1007/s10600-005-0003-4
http://doi.org/10.1017/S0960258520000239
http://doi.org/10.1093/aob/mcu193
http://doi.org/10.1017/S0960258500001720
http://doi.org/10.1111/j.1399-3054.2011.01469.x
http://doi.org/10.1104/pp.125.4.1591
http://doi.org/10.1080/15321810500403722
http://doi.org/10.1007/s13595-011-0038-6
https://www.gbif.org/tool/81287/r-a-language-and-environment-for-statistical-computing
https://www.gbif.org/tool/81287/r-a-language-and-environment-for-statistical-computing
https://rdrr.io/cran/corrplot/
http://doi.org/10.1111/pce.14050
http://doi.org/10.3389/fpls.2018.00805
http://www.ncbi.nlm.nih.gov/pubmed/29951079
http://doi.org/10.1146/annurev.pp.42.060191.003051
http://doi.org/10.1104/pp.113.229609
http://www.ncbi.nlm.nih.gov/pubmed/24520156
http://doi.org/10.1104/pp.106.091322
http://doi.org/10.1007/s10529-011-0769-3
http://doi.org/10.3389/fpls.2018.00490
http://doi.org/10.1186/s12870-020-2292-y
http://doi.org/10.1016/j.tplants.2016.08.002
http://doi.org/10.14382/epitoanyag-jsbcm.2020.12
http://doi.org/10.1038/srep08112
http://doi.org/10.1093/jxb/43.5.663
http://doi.org/10.1017/S0960258500001069
http://doi.org/10.1104/pp.108.123141
http://www.ncbi.nlm.nih.gov/pubmed/18599647
http://doi.org/10.1111/j.1399-3054.1989.tb05457.x
http://doi.org/10.3390/ijms22168843
http://doi.org/10.1093/jxb/eru398


Forests 2021, 12, 1338 13 of 13

66. Laohavisit, A.; Richards, S.L.; Shabala, L.; Chen, C.; Colaço, R.D.D.R.; Swarbreck, S.M.; Shaw, E.; Dark, A.; Shabala, S.; Shang, Z.;
et al. Salinity-Induced Calcium Signaling and Root Adaptation in Arabidopsis Require the Calcium Regulatory Protein Annexin1.
Plant Physiol. 2013, 163, 253–262. [CrossRef]

67. Okuda, T.; Matsuda, Y.; Sagisaka, S. Formation of Hydroxyl Radicals in the Stems of Winter Wheat Treated with Freezing
Temperature. Biosci. Biotechnol. Biochem. 1994, 58, 1189–1190. [CrossRef]

68. Chmielarz, P.; Suszka, J. Wawrzyniak MK Desiccation Sensitivity and Frost Resistance of Oak (Quercus robur L.) Seeds. Ann. For.
Sci. 2021. (under review).

69. Baek, K.-H. Production of Reactive Oxygen Species by Freezing Stress and the Protective Roles of Antioxidant Enzymes in Plants.
J. Agric. Chem. Environ. 2012, 01, 34–40. [CrossRef]

70. Berwal, M.K.; Ram, C. Superoxide Dismutase: A Stable Biochemical Marker for Abiotic Stress Tolerance in Higher Plants. In
Abiotic and Biotic Stress in Plants; De Oliveira, A., Ed.; IntechOpen: London, UK, 2018; ISBN 978-1-78923-812-9.

71. Leggatt, C.W. Catalase Activity as a Measure of Seed Viability. Master’s Thesis, University of Alberta, 1928.
72. Mhamdi, A.; Queval, G.; Chaouch, S.; Vanderauwera, S.; Van Breusegem, F.; Noctor, G. Catalase Function in Plants: A Focus on

Arabidopsis Mutants as Stress-Mimic Models. J. Exp. Bot. 2010, 61, 4197–4220. [CrossRef]
73. Palma, J.M.; Gupta, D.K.; Corpas, F.J. Hydrogen Peroxide and Nitric Oxide Generation in Plant Cells: Overview and Queries. In

Nitric Oxide and Hydrogen Peroxide Signaling in Higher Plants; Gupta, D.K., Palma, J.M., Corpas, F.J., Eds.; Springer International
Publishing: Cham, Switzerland, 2019; pp. 1–16, ISBN 978-3-030-11129-8.

74. Palma, J.M.; Mateos, R.M.; López-Jaramillo, J.; Rodríguez-Ruiz, M.; González-Gordo, S.; Lechuga-Sancho, A.M.; Corpas, F.J. Plant
Catalases as NO and H2S Targets. Redox Biol. 2020, 34, 101525. [CrossRef] [PubMed]

75. Bischoff, A.; Steinger, T.; Müller-Schärer, H. The Importance of Plant Provenance and Genotypic Diversity of Seed Material Used
for Ecological Restoration. Restor. Ecol. 2010, 18, 338–348. [CrossRef]

76. Bharuth, V.; Naidoo, C.; Pammenter, N.W.; Lamb, J.M.; Moodley, T. Responses to Chilling of Recalcitrant Seeds of Ekebergia
Capensis from Different Provenances. S. Afr. J. Bot. 2020, 130, 8–24. [CrossRef]

77. Atkinson, R.J.; Thomas, E.; Roscioli, F.; Cornelius, J.P.; Zamora-Cristales, R.; Franco Chuaire, M.; Alcázar, C.; Mesén, F.; Lopez, H.;
Ipinza, R.; et al. Seeding Resilient Restoration: An Indicator System for the Analysis of Tree Seed Systems. Diversity 2021, 13, 367.
[CrossRef]

78. Buras, A.; Sass-Klaassen, U.; Verbeek, I.; Copini, P. Provenance Selection and Site Conditions Determine Growth Performance of
Pedunculate Oak. Dendrochronologia 2020, 61, 125705. [CrossRef]

79. Arend, M.; Kuster, T.; Günthardt-Goerg, M.S.; Dobbertin, M. Provenance-Specific Growth Responses to Drought and Air Warming
in Three European Oak Species (Quercus robur, Q. petraea and Q. pubescens). Tree Physiol. 2011, 31, 287–297. [CrossRef]

80. Matthews, S.; Powell, A.A.; Vigour, S. Electrical Conductivity Vigour Test: Physiological Basis and Use. Seed Test. Int. 2006, 131,
32–35.

81. Gupta, R.; Deswal, R. Antifreeze Proteins Enable Plants to Survive in Freezing Conditions. J. Biosci. 2014, 39, 931–944. [CrossRef]

http://doi.org/10.1104/pp.113.217810
http://doi.org/10.1271/bbb.58.1189
http://doi.org/10.4236/jacen.2012.11006
http://doi.org/10.1093/jxb/erq282
http://doi.org/10.1016/j.redox.2020.101525
http://www.ncbi.nlm.nih.gov/pubmed/32505768
http://doi.org/10.1111/j.1526-100X.2008.00454.x
http://doi.org/10.1016/j.sajb.2019.12.001
http://doi.org/10.3390/d13080367
http://doi.org/10.1016/j.dendro.2020.125705
http://doi.org/10.1093/treephys/tpr004
http://doi.org/10.1007/s12038-014-9468-2

	Introduction 
	Materials and Methods 
	Material 
	Temperature Manipulations before and during Storage 
	Thermotherapy 
	Acclimation to Lower Temperature 

	Determination of ROS Release 
	Release of Hydrogen Peroxide (H2O2) 
	Release of Superoxide Anion Radical (O2-) 
	Release of Hydroxyl Radical (OH) 

	Seed Viability Determination 
	Germination Test (Hypocotyl Emergence) 
	Seedling Emergence (Epicotyl Emergence) 
	Electrolyte Leakage 

	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

