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ABSTRACT: Several studies have successfully used polyethylene glycol (PEG) and/or abscisic
acid (ABA) to reinduce desiccation tolerance in germinated seeds of orthodox species,
improving our understanding of the mechanisms that underlie this trait. In this context,
treatments with PEG and ABA were tested to assess their efficiency in reducing the sensitivity
to desiccation and increasing the storage period of Magnolia ovata seeds. The drying of
seeds to 10% water did not significantly affect germination, nor was germination impaired
in seeds that were dried and treated with ABA. However, seeds treated with PEG had lower
viability. After storage, ABA-treated seeds with as low as 5% water content (WC) had higher
germination rates, the treatment with 100 uM ABA providing the greatest storage capacity.
No changes were observed in the activity of catalase, peroxidase, or superoxide dismutase
or in the abundance of total or heat-resistance proteins.

Index terms: enzymatic activity, forest seeds, intermediate seeds, proteins.

RESUMO: Varios estudos tém utilizado com sucesso o polietilenoglicol (PEG) e/ou acido
abscisico (ABA) para induzir a tolerdncia a dessecagdo em sementes germinadas de espécies
ortodoxas, melhorando nosso entendimento dos mecanismos que fundamentam essa
caracteristica. Nesse contexto, tratamentos com PEG e ABA foram testados para avaliar sua
eficiéncia em reduzir a sensibilidade a desseca¢do e aumentar o periodo de armazenamento
das sementes de Magnolia ovata. A secagem das sementes a 10% de teor de agua ndo
afetou significativamente a germinagdo, independentemente de terem sido previamente
tratadas ou ndo com ABA. No entanto, sementes tratadas com PEG apresentaram menor
viabilidade. Apds o armazenamento, as sementes tratadas com ABA e dessecadas a 5% de
teor de agua, apresentaram maiores taxas de germinagdo, sendo que o tratamento com
ABA 100 uM proporcionou a maior capacidade de armazenamento. Ndo foram observadas
alteracGes na atividade da catalase, peroxidase ou superoxido dismutase ou na abundancia
de proteinas totais ou resistentes ao calor.

Termos para indexacdo: atividade enzimatica, sementes florestais, sementes intermediarias,
proteinas.
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INTRODUCTION

Desiccation tolerance is the ability to withstand water loss and survive after rehydration without permanent
damage (Dekkers et al., 2015). Seeds with these characteristics are called orthodox. The preservation of these seeds,
whether for short or long periods, is directly influenced by their desiccation tolerance (Gongalves et al., 2017). The
difficulty in preserving the physiological quality of unorthodox seeds has prevented the preservation of certain species.
Recalcitrant seeds are dispersed with high water content and high metabolic activity, and their viability is lost as the
water content decreases, so they cannot be stored at low temperatures with low water content (Pereira et al., 2020).

Seed viability during drying and storage is directly related to their ability to eliminate reactive oxygen species
(ROS) produced during these processes. If they are not eliminated, ROS can damage macromolecules or act as signals
that induce programmed cell death. Desiccation tolerant seeds, during the drying, increases cytoplasmic viscosity,
forming the glassy state, decreasing all chemical reactions, thus helping to maintain viability during drying and storage.
However, desiccation sensitive seeds cannot maintain the integrity of their membranes and organelles under low water
content (Oliver et al., 2020).

The reinduction of desiccation tolerance in germinated orthodox seeds has been performed in an attempt to
understand the mechanisms that make the drying and storage of seeds sensitive to desiccation unviable. For this purpose,
seed conditioning with polyethylene glycol (PEG) and abscisic acid (ABA) has provided good results (Buitink et al., 2003;
Vieira et al., 2010; Maia et al., 2011; Adu-Gyamfi and Wetten, 2012; Dekkers et al., 2015). The osmotic potential of PEG,
exposure time and concentration of ABA may influence the response to reinduction of desiccation tolerance (Maia et al.,
2011), which varies between species. Some proteins affected by these treatments are associated to antioxidant activities
and responses to stress, inducing the synthesis of protective molecules, such as sugars and late embryogenic abundant
(LEA) proteins and heat shock proteins (HSPs) (Buitink et al., 2003; Maia et al., 2011). It is believed that the use of PEG,
combined or not with ABA, can reduce the sensitivity to desiccation of seeds sensitive to desiccation and storage.

Magnolia ovata, belonging to the family Magnoliaceae, has great ecological importance specially in restoration of
riparian forests due to its adaptation to swampy soils. Its seeds are classified as intermediate in terms of their tolerance
to desiccation and storage (José et al., 2011). This study aimed to evaluate the effect of seed conditioning with PEG and
ABA on the reduction of desiccation sensitivity and to prolong the longevity of stored M. ovata seeds.

MATERIALS AND METHODS

Fruit collection and seed processing

The collection was performed in Lavras, Minas Gerais, Brazil, from seven trees. The fruits were taken to the Forest
Nursery of the Universidade Federal de Lavras. After the fruits naturally opened, the seeds were processed using a
sieve in running water to remove the red aril that covers the seed. The seeds were taken to the Forest Seeds Laboratory
in the Department of Forest Sciences and kept in a single layer on a bench to dry off the surface water with a paper
towel. The seeds were stored in a cold chamber (5 °C) in a plastic bag for 5 days.

Determination of water content

The water content was determined by the oven-drying method at 105 °C for 24 hours (Brasil, 2013), with four
replications of 10 seeds each. The calculation was performed on a wet basis, and the results are expressed as percentages.

Osmotic conditioning and ABA treatment

Osmotic conditioning and ABA treatment of the seeds were performed in PEG 6000 and ABA solutions under the
following conditions: 5 uM ABA; 50 uM ABA; 100 uM ABA; -2.1 MPa PEG; 5 uM ABA + -2.1 MPa PEG; 50 uM ABA +-2.1
MPa PEG; or 100 uM ABA +-2.1 MPa PEG.
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For conditioning, the seeds were kept in plastic trays containing PEG and ABA solutions (200 mL of solution for each
kilo of seeds). The amount of solution used did not fully cover the seed layer, to allow oxygenation. The trays were
covered with aluminum foil, following the recommendation of Costa et al. (2015) and placed in a germination chamber
at 10 °C for 72 hours. The solutions were replaced daily to keep the water potential constant during the conditioning
period. After conditioning, the seeds were washed in running water and kept for 1 hour at 20 °C to remove surface
water. Next, the water content was determined, and the seeds were dried.

Seed drying

After conditioning, the seeds were dried following the recommendation of Magistrali et al. (2013). The seeds were
placed in single layer inside hygrostat boxes (box with a lid and internal air circulation generated by a small fan, allowing
the homogenization of the relative humidity) containing one of saline solutions (Table 1). Seeds were kept in each
condition until reach the target water content. When the water content was not obtained, seeds were transferred to a
hygrostat with lower relative humidity, and so on.

During drying, seeds were weighed daily until the water content reached 15%, 10%, or 5%. Upon reaching the
target weight, the water content was measured by the oven-drying method.

Seed storage

After reaching 10% and 5% water content (WC), seeds were stored at -21 °C in a hermetically sealed container.
After 45 days, germination tests were performed to determine seed viability.

Evaluation of seed quality

Before starting the germination tests, seeds were pre humidified for 24 hours at 25 °C in a single layer in a
Gerbox® containing 50 mL of water at the bottom. Soon after, seeds were superficially disinfected with 2% sodium
hypochlorite for 3 minutes, and the germination tests were performed on Petri dishes containing two sheets of filter
paper moistened with water, which were kept at 25 °C with a photoperiod of 12 hours. Five replications of 20 seeds
each were used.

The evaluations were performed at regular intervals of 3 days using root protrusion (2 2 mm) as the germination
test. The test was completed at 42 days, when the formation of normal seedlings was observed. Germination speed
index (GSI) was evaluated daily by calculating the number of germinated seeds until stabilization using the formula
proposed by Maguire (1962).

Electrophoretic pattern of total and heat-resistance proteins

Electrophoretic pattern of total and heat-resistance proteins were evaluated at the initial (20%); 15%, 10%, and 5%
water contents, with and without PEG or PEG+ABA (100 uM ABA; -2.1 MPa PEG, -2.1 MPa PEG + 100 uM ABA), before
and after storage for 45 days with 10% and 5% WC. Protein extraction was performed according to José et al. (2011).

Electrophoresis was performed in a discontinuous acrylamide gel (6% stacking gel and 12.5% acrylamide separating
gel). Atotal of 40 pg of protein from each sample was loaded. The run was performed in a vertical apparatus with sodium

Table 1. Saline solutions used for drying M. ovata seeds to obtain different equilibrium relative humidities.

Saline solution Concentration in water Equilibrium relative humidity Exposure time
LiCl 5g/100 mL 95% 120 h
MgSO47H,0 Saturated solution 89% 120 h
NaCl Saturated solution 75% 48 h
Silica gel 10% 48 h
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dodecyl sulfate buffer at 200 V for approximately 6 hours. Gel fixation, staining and digitalization were performed
according to José et al. (2011).

Enzyme activity

Extraction of catalase (CAT) and superoxide dismutase (SOD) was performed using 0.2 M Tris-HCI buffer pH 8.0
+ 0.1% mercaptoethanol, at a ratio of 200 pL per 50 mg of macerated seeds. For the extraction of peroxidase (PO),
phosphate extraction buffer (0.034 M dibasic sodium phosphate; 0.2 M sucrose; 2.56 g PVP; 0.003 M DTT; 5.7 mM
ascorbic acid; 2.5 mM sodium borate; 1 g PEG 6000; 0.2% B-mercaptoethanol) was used. The tubes were vortexed, kept
in the refrigerator for 12 hours and centrifuged for 30 minutes at 14,000 rpm at 4 °C.

For all enzymes, 40 uL of each sample was loaded into discontinuous polyacrylamide gel channels, using 7.5%
polyacrylamide in the separating gel and 4.5% polyacrylamide in the stacking gel. The buffer for the gel/electrode
system used was tris-glycine pH 8.9, and the run was performed at 120 V for 5 hours. After electrophoresis, it was
used a specific method for developing the gels described by Alfenas et al. (2006), using the appropriate substrate for
each enzyme. After development, the gels were scanned and analyzed by visual comparison using Imagel® software to
guantify the intensity of the observed bands.

Statistical analysis

The experiment was set up in a completely randomized design. In the first part of the experiment, which consisted
of the analysis of the effects of conditioning and drying on seed viability, a 3x8 factorial design (water contents x
conditioning treatments) was used, while the storage experiment was analyzed in a 2x8 factorial design (water contents
x conditioning treatments). Data were analyzed using R for Windows software generalized linear model analysis, and
the means were compared by the least significant difference (LSD) test at 5% probability.

RESULTS AND DISCUSSION

After processing, the seeds had 20% WC. In general, drying to 10% WC did not affect germination, except when the
seeds had been conditioned in PEG, in which case a reduction in viability was observed.

Seed drying to 5% WC reduced the viability of untreated seeds (control) and of seeds treated with ABA. Viability
was similar between these treatments, as was the GSI. However, viability was drastically reduced when the seeds were
conditioned in PEG or PEG + ABA and dried to 5% WC (Figures 1A and 1B). In all treatments where osmotic conditioning
with PEG was performed, the seeds had reduced viability, reduced formation of normal seedlings and GSI. In seeds with
10% WC, the use of 5 uM, 50 uM, or 100 uM ABA led to a higher GSI than in the control (Figures 1E and 1F). The use
of PEG, combined or not with ABA, negatively influenced the formation of normal seedlings, the lowest values being
observed when seeds were dried to 10% or 5% WC (Figures 1C and 1D). In seeds dried to 5% WC, the best result was
obtained in those treated with 5 uM ABA. All treatments that included PEG at 10% and 5% WC showed no formation
of normal seedlings.

PEG has been successfully used to reestablish desiccation tolerance in seeds with orthodox behavior after
germination, when they lose desiccation tolerance (Maia et al., 2011; Costa et al., 2015). However, for M. ovata seeds,
the use of PEG, combined or not with ABA, impaired seed germination. PEG is considered an inert, nontoxic product
because it is not absorbed by seeds during conditioning (Santos et al., 2011). The reason why using PEG combined with
ABA reduced seed survival after drying is unknown. In the literature, it is common to observe a positive effect of this
combination, however, in some cases, may cause damage that affects the viability of seeds, as observed by Ribeiro et
al. (2016) in Senna multijuga seeds.
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Germination (%)

Normal seedlings (%)

GSI

Control ABA 5 uM ABA 50 uM
ABA 100 uM PEG -2.1MPa PEG -2.1MPa+ABA 5 uM
PEG -2.1MPa+ABA 50uM PEG -2.1MPa+ABA 100puM

Figure 1. Germination percentage, normal seedling percentage, and GSI of M. ovata seeds subjected to PEG conditioning
and treatment with ABA. Panels A and B: Germination percentage; C and D: normal seedling percentage; E
and F: germination speed index. In panels B, D, and F, the same letters, lowercase in a column and uppercase
in a row, indicate the absence of significant differences by the LSD test at the 5% probability level between
the treatments and between the water contents, respectively.

The best results for stored seeds were obtained when they were treated with 50 uM or 100 uM ABA and dried to 5%
WC. Under these conditions, germination was higher than in dry seeds with up to 10% WC (Figures 2A and 2B). It should
be noted, however, that normal seedlings were not produced in none of the treatments. ABA acts in biosynthesis and
genes involved in the biosynthesis of many molecules such as non-reducing sugars and LEA proteins, contributing to
the re-induction of DT (Silva et al., 2017). Neem seeds (Azadirachta indica), a species with similar behavior to M. ovata
regarding the tolerance to desiccation and storage, when dried to 5% WC also improved germination after storage,
compared to those stored with higher water contents (Sacandé et al., 2000). According to the authors, this could be
explained by the fact that below 9% WC there is formation of cytoplasmic glasses and reduction in the amount of
freezable water.

No changes in SOD activity were observed during drying and storage (Figures 3A and 4A). The activity of the CAT
enzyme (Figure 3B) decreased during seed drying. However, CAT activity in seeds dried to 15% WC increased when

Journal of Seed Science, v.44, e202244002, 2022
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Figure 2. Germination percentage and germination speed index (GSl) of M. ovata seeds subjected to different
treatments and stored for 45 days at -21 °C. Panel A: Germination percentage; C: germination speed index.
In panels B and D, the same letters, lowercase in a column and uppercase in a row, indicate the absence of
significant differences by the LSD test at the 5% probability level between the treatments and between the
water contents, respectively.

they were treated with PEG and ABA, compared to the control. In general, PO activity was reduced with seed drying
(Figure 3C), but a consistent trend was not observed.

With drying, M. ovata seeds progressively lost viability. In seeds sensitive to desiccation, the dysregulation of
metabolism is directly related to the generation of ROS. As water is lost, the metabolism becomes unbalanced, causing
the accumulation of ROS (Varghese et al., 2011), and because the antioxidant system is inefficient at removing ROS,
they cause irreversible damage to lipids, proteins, and fatty acids (Kurek et al., 2019).

Different parts of the seed have varying levels of desiccation tolerance (Maia et al., 2011). The lack of formation of
normal seedlings may be related to this factor because during the tests, root protrusion was observed in some treatments
after drying at low water contents, though without development of the shoots. The mechanisms of desiccation tolerance
include the action of heat-resistance proteins, among which are LEA proteins (Manfre et al., 2009).

No changes were observed in the electrophoretic pattern of total or heat-resistance proteins. Most likely, the
treatments used were not efficient in activating protection through these proteins, or the analytical method was not
sensitive enough to detect these changes, as also observed by Goncalves et al. (2015) in studies with Handroanthus
serratifolius seeds.
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Enzymatic activity (mm?) Enzymatic activity (mm?)

Enzymatic activity (mm?)

Figure 3. Enzymatic activity in M. ovata seeds after PEG conditioning and ABA treatment. Left side: Electrophoresis
gels after staining to visualize the enzymes. Right side: Numerical representation of band intensity. Panel A:
Superoxide dismutase; B: catalase; C: peroxidase. Treatments: 1: 20% water; 2: 15% water; 3: Seeds treated
with 100 uM ABA and dried to 15% water; 4: seeds treated with -2.1 MPa PEG and dried to 15% water; 5:
seeds treated with -2.1 MPa PEG + 100 uM ABA and dried to 15% water; 6: 10% water; 7: seeds treated with
100 uM ABA and dried to 10% water; 8: seeds treated with -2.1 MPa PEG and dried to 10% water; 9: seeds
treated with -2.1 MPa PEG + 100 uM ABA and dried to 10% water; 10: 5% water; 11: seeds treated with 100
KM ABA and dried to 5% water; 12: seeds treated with -2.1 MPa PEG and dried to 5% water; 13: seeds treated
with -2.1 MPa PEG + 100 uM ABA and dried to 5% water.

There was a trend toward decreased PO enzyme activity during drying and storage (Figure 4C), but without a
consistent pattern. The same was observed in Citrus reshni seeds, in which the activity of CAT and SOD enzymes
increased at the beginning of drying, but as the seed water content dropped, a drastic reduction in the activity of
these enzymes was observed (Gongalves et al., 2017). Studying the storage of Oryza sativa seeds, Gao et al. (2016)
did not find a correlation between the activities of the antioxidant enzymes SOD, CAT, and PO. In Ginkgo biloba seeds
(Tommasi et al., 2006), the responses of PO and CAT enzymes were similar to those of M. ovata seeds: CAT activity was
less affected than PO, with little change during storage. It is believed that the inability of seeds to increase the activities
of these enzymes during desiccation and storage may be one of the causes of the damage that occurs during storage
(Tommasi et al., 2006). In the present study, CAT seemed to be less affected by storage (Figure 4B). For both enzymes,
seeds with 5% WC had slightly lower activity than seeds with 10% WC. This is related to the finding that seeds with 5%
WC showed greater viability (Figure 2).

Dataon ROS production and antioxidant activityin recalcitrant seed tissuesin response to desiccation are inconsistent
between species. The same can occur with intermediate seeds, as we did not observe a consistent pattern of activity
of the studied enzymes. This may be due to the great variability between the species of these two groups, such as the
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Enzymatic activity (mm?) Enzymatic activity (mm?)

Enzymatic activity (mm?)

Figure 4. Enzymatic activity in M. ovata seeds after PEG conditioning, ABA treatment, and drying, followed by
storage for 45 days at -21 °C. Left side: Electrophoresis gels after staining for visualization of the enzymes.
Right side: Numerical representation of band intensity. Panel A: Superoxide dismutase; B: catalase; C:
peroxidase. Treatments: 1: 10% water; 2: seeds conditioned with 100 uM ABA and dried to 10% water; 3:
seeds conditioned with -2.1 MPa PEG and dried to 10% water; 4: seeds conditioned in -2.1 MPa PEG + 100
KM ABA and dried to 10% water; 5: seeds dried to 5% water; 6: seeds treated with 100 uM ABA and dried
to 5% water; 7: seeds conditioned in -2.1 MPa PEG, dried to 5% water; 8: seeds conditioned in -2.1 MPa
PEG + 100 uM ABA, dried to 5% water.

water content at the time of dispersal, the rate of water loss, and the response to drying (Berjak and Pammenter, 2013).

The electrophoretic profile of total proteins (Figure 5A) and heat-resistance proteins (Figure 5B) showed no
differences between treatments. The same electrophoretic pattern was seen for total (Figure 6A) and heat-resistant
proteins (Figure 6B) in seeds that were stored for 45 days at -21 °C. Stored seeds, treated with 100 uM ABA at 10% and
5% WC showed the highest band intensities of the heat-resistance proteins (Figure 6B). This higher protein abundance
observed in these treatments was apparently associated positively with desiccation tolerance (Figure 2A).

Even without the formation of normal seedlings after storage, the treatment of seeds with 50 and 100 uM ABA
led to a higher germination percentage than the other treatments. The application of ABA may have activated other
mechanisms that allow greater tolerance of M. ovata seeds, such as the presence of dehydrins, which are associated
with changes in endogenous ABA levels (Smolikova et al., 2020). In studies with Arabidopsis thaliana seeds, high ABA
concentrations stimulated the formation or release of protective sugars (Finkelstein, 2013). These sugars assist in the
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structural and functional preservation of proteins and membranes during the drying and storage processes (Hoekstra
et al., 2001), contributing to the maintenance of seed viability.

Figure 5. Electrophoretic pattern of total and heat-resistance proteins of M. ovata after different treatments and
with different water contents. Panel A: Total proteins; B: heat-resistance proteins. Treatments: 1: 20%
water content (WC); 2: 15% WC; 3: 100 uM ABA and dried to 15% WC; 4: -2.1 MPa PEG and dried to 15%
WC; 5:-2.1 MPa PEG + 100 uM ABA and dried to 15% WC; 6: 10% WC; 7: 100 uM ABA and dried to 10% WC;
8:-2.1 MPa PEG and dried to 10% WC; 9: -2.1 MPa PEG + 100 uM ABA and dried to 10% WC; 10: 5% WC; 11:
100 uM ABA and dried to 5% WC; 12: -2.1 MPa PEG and dried to 5% WC; 13: -2.1 MPa PEG + 100 uM ABA
and dried to 5% WC.

Figure 6. Electrophoretic patterns of total and heat-resistant proteins of M. ovata after different treatments at different
water contents stored for 45 days at -21 °C. Panel A: Total proteins; B: heat-resistance proteins. Treatments:
1: 10% water content (WC); 2: 100 uM ABA and dried to 10% WC; 3: -2.1 MPa PEG and dried to 10% WC; 4:
-2.1 MPa PEG + 100 uM ABA and dried to 10% WC; 5: 5% WC; 6: 100 uM ABA and dried to 5% WC; 7:-2.1 MPa
PEG and dried to 5% WC; 8:-2.1 MPa PEG + 100 uM ABA and dried to 5% WC. Arrows indicate the treatments
with the highest band intensity.
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CONCLUSIONS

Drying seeds to 10% WC does not affect the viability of M. ovata seeds.

The use of PEG combined or not with ABA, negatively affected seed viability.

The treatment of seeds dried to 5% WC with ABA from 5 to 100 uM can increase their storage capacity at low
temperatures (-21 °C).

The activity of SOD, CAT, and PO and electrophoretic profile of total proteins were not affected by drying or storage
of M. ovata seeds, however, the electrophoretic profile of heat-resistance proteins showed changes in band intensities
and should be investigated in further studies.
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