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Abstract Cryopreservation is a valuable technique for the
long-term conservation of plant germplasm and comple-
mentary to traditional seed storage methods. However, crit-
ical factors such as seed moisture content should be opti-
mized before using this technique as a safe strategy for
storing seeds such as those of Nicotiana spp. This study
aimed to determine the effect of desiccation on physiolog-
ical and biochemical indicators associated with germination
and vigor in cryopreserved seeds of Nicotiana tabacum cv.
Sancti Spíritus 96 (SS-96). The germination and vigor of
seeds with a range of moisture content were assessed using
electrolyte leakage and accelerated aging tests. In addition,
these physiological indicators were related to the oxidative
state of the seeds, in terms of the rate of O2

·− generation and
the H2O2 content, and the activity of enzymatic antioxi-
dants superoxide dismutase and catalase. The cryopre-
served seeds of N. tabacum SS-96 with a moisture content
of 2.1% exhibited higher vigor probably due to the reten-
tion of membrane integrity, reflected by lower levels of
lipid peroxidation and electrolyte leakage associated with
the absence of oxidative stress. The results suggest 2.1% as
the optimal moisture content for the storage of seeds of this
cultivar, both at cryogenic temperatures and at 5°C.
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Introduction

Since the 1980s, several studies on cryopreservation have
been conducted worldwide to complement traditional seed
storage methods (Stanwood and Bass 1981; González-
Benito et al. 1998; Walters et al. 2004; Veiga-Barbosa et al.
2013). Plant cryopreservation techniques normally use liquid
nitrogen (LN, − 196°C) as the cryogen due to its relatively low
cost. The objective is to reach temperatures below − 130°C to
achieve lowmolecular kinetic energy conditions and extreme-
ly slow diffusion, so that chemical reactions are practically
halted (Pritchard 2007). Cryopreservation of whole seeds
may be a very valuable strategy for the long-term conservation
of tropical and subtropical forest species, as it avoids problems
related to embryo isolation and in vitro handling. However, a
prerequisite is that the seeds are desiccation tolerant
(Gonzalez-Arnao et al. 2014).

Although protocols have been established for the storage of
desiccation-tolerant seeds in LN, in some species, loss of vi-
ability is observed as a consequence of damage incurred dur-
ing cryopreservation (Volk et al. 2006; Pritchard 2007; Veiga-
Barbosa et al. 2013). The moisture content (MC) at which
seeds are cryopreserved is considered to be a critical factor
in the development of cryopreservation protocols (Verdier
et al. 2013; Michalak et al. 2015). In fact, many reports sug-
gest that seedMC and hence desiccation tolerance are primary
factors that seed banks need to consider to maintain seed qual-
ity over time and ensure rapid and homogeneous germination
and seedling emergence upon retrieval from storage (Li and
Pritchard 2009; Mira et al. 2010).
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Numerous biochemical and cellular events are associated
with desiccation tolerance, including the ability to quench reac-
tive oxygen species (ROS) (Bailly et al. 2008). ROS react with
cell macromolecules, such as proteins, lipids, and nucleic acids,
and cause damage and disruption of cellular function. Oxidative
stress is most often associated with peroxidation of membrane
lipids, followed by membrane disintegration and cell death
(Veselovsky and Veselova 2012; Liu et al. 2016). The ability
of seeds to withstand drying and low temperatures, and to re-
main viable for long periods, may be related to their ability to
eliminate ROS to avoid harmful events such as lipid peroxida-
tion (Guéraud et al. 2010; Veselovsky and Veselova 2012).

Another important issue is related to ultra-dry seeds (below
5% MC fresh weight basis), which are unable to regenerate
antioxidants during storage (Groot et al. 2012). However, ad-
ditional studies are needed to quantify the rate of decline in
antioxidant capacity during seed storage in relation to moisture
level, temperature, and oxygen pressure. Moreover, Groot et al.
(2015) recommended that genebanks store dry seeds under
anoxic conditions to prolong their longevity during ex situ con-
servation. Visscher et al. (2016) suggested that understanding
any interaction between ultra-drying, and the gaseous environ-
ment is crucial for a critical assessment of the storage potential
of seeds under artificial or natural ultra-dry conditions.

There are few reports on the cryopreservation of Nicotiana
seeds worldwide. For example, Touchell and Dixon (1994)
only managed to regenerate plants of Nicotiana occidentalis
W. from the germination of isolated embryos in vitro after
cryopreservation of whole seeds and obtained low levels of
survival through conventional propagation methods.
Additionally, Walters et al. (2004) observed a significant re-
duction in germination of four accessions of Nicotiana
tabacum after 14 yr of exposure to LN, although they did
not report the conditions in which the material was cryopre-
served. Moreover, no evidence was found in the literature
consulted for studies that evaluated the effects of precondi-
tioning treatments on the viability and vigor of tobacco seeds
recovered from LN.

Therefore, in the present study, the effect of desiccation on
physiological and biochemical indicators associated with the
germination and vigor of cryopreserved seeds of N. tabacum
L. cv. Sancti Spíritus 96 were evaluated to determine the op-
timum MC for its conservation at cryogenic temperatures.

Materials and Methods

Plant material Experiments were conducted with seeds of
N. tabacum L. cultivar Sancti Spíritus 96 (SS-96) collected
35 d after anthesis in 2014 at the Tobacco Experimental
Station, Cabaiguán, Cuba (latitude 22° 04′ 43″ N, longitude
79° 29′ 50″ W, and altitude 134 m). The seeds were immedi-
ately used in the experiments described below.

Seed MC determination Seed MC was determined by the
constant temperature (ISTA 2005) drying method, at 103°C
for 4 h with three replicates of 0.5 g of seeds each, and was
expressed as a percentage of the fresh mass.

Hydration and desiccation of seeds Seeds, with an initial
MC of 12.5%, were humidified or dried to 18.0, 13.0, 8.0,
4.2, 2.1, and 1.0%. The humidification was carried out in the
vapor phase in a desiccator (62200, Biotech SL®, Madrid,
Spain) above distilled water at 25°C. The desiccation was
carried out in hermetically sealed desiccators at 25°C, with
self-indicator silica gel orange (13767, Sigma-Aldrich®
Quimica SL, Madrid, Spain), in 1:20 ratio (seed mass/silica
gel mass).

Seed storage Samples of 0.2 g (n = 3) of seeds at each MC
were sealed in 2.0-mL cryovials (Nalgene®, Thermo Fisher
Scientific®, Paisley, UK) and introduced directly into a stor-
age chamber at 15% relative humidity and 5°C (− LN)
(Fitotron® SGC 120,Weisstechnik®, Germany) or into liquid
nitrogen Dewars (+ LN). After 30 d, the cryovials were recov-
ered and rewarmed in a water bath held at 40°C for 5 min.

Germination assays Germination tests were performed ac-
cording to the paper germination method described by Rao
et al. (2007), with four replicates of 100 seeds each, per
MC–temperature treatment combination. The incubation was
performed at 27°C with a photoperiod of 12 h and intensity of
35 μmol m−2 s−1 provided by cool daylight fluorescent lamps
(Osram Sylvania, Wilmington, MA). In all trials, the emer-
gence of the radicle (± 2 mm) was the criterion for scoring
germination. The germination rate was determined at 14 d
after the seeds were imbibed by expressing the number of
seeds germinated during that time interval as a percentage of
the total number of seeds (Rao et al. 2007).

Accelerated aging test The accelerated aging test was per-
formed according to the methodology described by Perry
(1984). Seeds were incubated at 14% relative humidity (satu-
rated KCl solution) (P704, Phytotechnology Laboratories®,
Beijing, China) within glass desiccators, which were placed
at 43.0 ± 1.0°C. At 7-d intervals, 0.1-g samples were extract-
ed, and the elapsed time (d) was calculated so that each sample
reached 50% of the initial germination rate (T50) (Thanos and
Doussi 1995).

Electrolyte leakage test The electrolyte leakage test was
adapted from Bailly et al. (2001). For each sample, four rep-
licates of 0.15 g of previously equilibrated fresh seeds (for
each interval) were placed in 35 mL of deionized water at
30 ± 0.5°C. The leachates were collected after 24 h of imbi-
bition. The conductivity was measured in a conductivity meter
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(model DDS-IIA, Shanghai Leici Instrument Inc., Shanghai,
China) and expressed as μS cm−1 (g dry mass)−1.

Lipid peroxidation The seeds (three replicates of 0.2 g per
treatment) were homogenized in a mortar and pestle with LN
until a fine powder was obtained and 1.5 mL of 50 mmol L−1

KH2PO4–KOH buffer, pH 7.8 containing 1 mmol L−1

ethylenediaminetetraacetic acid (EDTA), 1 mmol L−1 1,4-
dithioltreitol (DTT), 1 mmol L−1phenylmethylsulfonylfluoride
(PMSF), 0.05% (v/v) Triton X-100, and 1% (w/v)
polyvinylpyrrolidone (PVP-40). Chemical suppliers were
Phytotechnology Laboratories® (Beijing, China) for KOH,
EDTA, DTT, Triton X-100, and PVP-40 and Sigma-
Aldrich® Quimica SL (Madrid, Spain) for KH2PO4 and
PMSF. After homogenization, the extracts were centrifuged
at 27,000×g for 25 min at 4°C in a Heal force® refrigerated
centrifuge (model Neofuge 15R, Shanghai, China). The super-
natant was then used to measure lipid peroxidation in terms of
the rate of formation of substances that react with 2-
thiobarbituric acid (TBA) (Buege and Aust 1978), modified
by Du and Bramlage (1992). The absorbance of the superna-
tant was measured at 600 and 532 nm on a Rayleigh spectro-
photometer model VIS-7236 (Beijing Beifen-Ruili Analytical
Instrument (Group) Co. Ltd., Beijing, China). The non-specific
absorbance of the reaction product at 600 nm was subtracted
from the maximum absorbance at 532 nm to measure
malondialdehyde (MDA). The results were expressed in
μmol (mg dry mass)−1.

Superoxide determination The seeds (three replicates of
0.2 g per treatment) were homogenized in a mortar and pestle
with LN until a fine powder was obtained to which 1 mL of
cold KH2PO4–KOH buffer (200 mmol L−1, pH 7.2), contain-
ing 1 mmol L−1 N,N-di-ethyldithiocarbamate (DDC) was
added. Chemical suppliers were Phytotechnology
Laboratories® for KOH, and Sigma-Aldrich® Quimica SL
for KH2PO4 and DDC. The mixture was centrifuged at
15,000×g for 5 min at 4°C. The supernatant was immediately
used for the spectrophotometric determination of the rate of
O2

·− generation (Kumutha et al. 2009). The absorbance of the
product was measured at 540 nm in a Rayleígh spectropho-
tometer (Analytical Instrument (Group) Co., Ltd.). The rate of
O2

·− generation was calculated using a molar extinction coef-
ficient of 12.8 mmol L−1 cm−1 and expressed as nmol O2

·

− (mg dry mass)−1 min−1.

Hydrogen peroxide determination The seeds (three repli-
cates of 0.2 g per treatment) were homogenized in a mortar
and pestle with LN until a fine powder was obtained to which
1 mL of 5% (w/v) trichloroacetic acid (TCA) was added. The
mixture was centrifuged at 13,000×g for 15 min at 4°C. The
supernatant was adjusted to pH 8.4 with 4 mol L−1 NaOH and
centrifuged at 1000×g for 3 min at 4°C. Chemical supplier

was Sigma-Aldrich® Quimica SL. The supernatant was im-
mediately used for the spectrophotometric determination of
H2O2 according to Zhou et al. (2006). The increase in absor-
bance was measured at 505 nm in Rayleígh spectrophotome-
ter (Analytical Instrument (Group) Co., Ltd.), and the concen-
tration was expressed in nmol of H2O2 (mg dry mass)−1.

Enzyme assays The seeds (three replicates of 0.2 g per treat-
ment) were prepared as described for the lipid peroxidation
assay. Superoxide dismutase activity (SOD, EC 1.15.1.1) was
determined by the method described by Marklund and
Marklund (1974). A unit of SOD (U) activity was defined as
the amount of enzyme required to cause 50% inhibition of
pyrogallol autooxidation monitored at 420 nm. The reaction
was started with the addition of pyrogallol, and the change in
absorbance was measured at 420 nm in a Rayleígh spectro-
photometer (Analytical Instrument (Group) Co., Ltd.). The
enzymatic activity was expressed as units of enzyme per mg
of soluble proteins U (mg protein)−1.

For the determination of catalase (CAT) activity (CAT, EC
1.11.1.6), the method described by Aebi (1984) was followed.
The progress of the reaction was recorded for 2 min at 25°C in
Rayleígh spectrophotometer (Analytical Instrument (Group)
Co., Ltd.). One unit of CAT activity referred to the amount
of enzyme needed to reduce 1 nmol of H2O2 in 1 min. The
enzymatic activity was expressed as U (mg protein)−1.

Statistical analysis Statistical processing of the data was per-
formed using the Statistical Package for Social Sciences (ver-
sion 11.5 for Windows, SPSS Inc., Chicago, IL). Data were
analyzed for normality using a Kolmogorov–Smirnov test and
for homogeneity of variance using a Levene test. Parametric
analyses were performed using bifactorial ANOVA, and the
difference between means was estimated through Tukey’s
post-hoc test. For statistical processing only, the germination
rate data were arcsine transformed.

Results

Germination and vigor Both the cryopreserved seeds (+ LN)
and those stored at 5°C (− LN) exhibited high germination rate
at (~ 90%) at seedMCs equal to or lower than 8.0%. However,
at MCs > 8.0%, the germination rate decreased significantly
and more drastically in cryostorage (Fig. 1). While germina-
tion of + LN seeds decreased from 83.3 to 63.5% when MC
was increased from 13.0 to 18.0%, at a MC of 13 and 18.0%,
only 43.3 and 0.8% of − LN seeds germinated, respectively.

The rate of aging was measured in terms of T50 (time taken
to reach 50% of initial germination), which was lowest atMCs
between 1.0 and 4.2% moisture (Fig. 2A). However, at both
storage temperatures as seed MC increased, T50 decreased
significantly. For example, + LN seeds at 2.1% MC exhibited
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a T50 of 27.4 d, while T50 for + LN seeds at 18.0% MC was
just 5.9 d. However, it should be noted that aging of − LN
seeds was more rapid than that of + LN seeds over the 30-d
storage period.

Electrolyte leakage, used as an indication of membrane
damage, increased progressively as seed MC increased be-
yond 2.1% at both storage temperatures (Fig. 2B). However,
at MCs beyond 4.2%, this damage was more pronounced in
− LN seeds than + LN seeds (at comparableMCs). Electrolyte
leakage increased significantly from 26.3 μS cm−1 g−1 to
values of 64.1, 107.4, and 188.8 μS cm−1 g−1 at 8.0, 13.0,
and 18.0% MC, respectively, for − LN seeds. In comparison,
leakage values for + LN seeds were 49.1, 80.4, and
143.3 μS cm−1 g−1 at 8.0, 13.0, and 18.0% MC, respectively,
in − LN seeds.

Lipid peroxidation Levels of lipid peroxidation, which were
measured byMDA production, were at a minimum in seeds at
2.1%MC at both storage temperatures (Fig. 2C). Dehydration
beyond this MC did not reduce levels of lipid peroxidation,
while seed MC increased lipid peroxidation, irrespective of
the storage temperature. Although MDA values were compa-
rable between + LN and − LN seeds atMCs up to 4.2%, above
this value, the MDA levels in − LN seeds were significantly
higher than + LN seeds at comparable MCs.

ROS production At MCs lower than 8.0%, there were no
significant differences in the rate of O2

·− generation, between
+ LN and − LN seeds (Fig. 3A). However, at both storage
temperatures, a significant increase in O2

·− formation was ob-
served when dehydrating the seed to MC below 2.1% and
above 8%. This increase in O2

·− generation with increasing
MC was comparatively more pronounced in − LN seeds. For
example, radical generation in − LN seeds increased by 1.8
times when hydrated from 8.0 to 18.0% MC, and this param-
eter increased by 1.5 times with a similar increase in MC in
+ LN seeds.

H2O2 production was at a minimum and comparable be-
tween storage temperatures at MCs below 2.1% (Fig. 3B).
Increasing MCs above 4.2% significantly increased H2O2

content in both + LN and − LN seeds; however, this increase
was greater in the latter. For example, while H2O2 production
in + LN seeds at 18.0% MC was 0.09 nmol mg−1, in − LN
seeds, this parameter was 1.5 times higher (0.13 nmol mg−1).

Enzymatic activity Except for seeds at 18.0%, which showed
relatively lower SOD activity, the activity of this enzyme was
comparable across MCs in + LN seeds (Fig. 3C). Although,
SOD activity in − LN seeds showed a similar pattern to + LN
up to 8.0% MC and hydration up to 13.0% resulted in in-
creased SOD activity from 5.24 U (mg protein)−1 at 8.0%
MC to 6.68 U (mg protein)−1 at 18.0%. However, at 13.0%
MC, SOD activity in − LN seeds reached a maximum level
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and thereafter decreased, even though the soluble protein con-
tent increased (data not shown).

Changes in CAT activity with MC were similar to those
manifested by SOD (Fig. 3D). In the + LN seeds, at MCs
above 2.1%, the CATactivity increased, although this increase
was significant only when the seed MC reached 13.0%.
Meanwhile, in the − LN seeds, at 13% MC or less than
4.2%, the CAT activities were comparable in + LN seeds.
However, in the 8.0–13.0% MC range, the CAT activity in-
creased significantly, from 31.8 to 39.2 U (mg protein)−1. At
13.0% MC, the CAT activity observed in − LN seeds reached
a maximum level 39.2 U (mg protein)−1, i.e., 18.2% higher
than in + LN seeds at the sameMC. However, CATenzyme in
activity − LN seeds decreased by 11.9% when the MC was
increased to 18.0% moisture, despite a 7.8% increase in the
soluble protein content (data not shown).

Discussion

Many processes can contribute to seed deterioration, although
ROS and related chemical oxidation are likely to be the main
culprits (Lee et al. 2010; Morscher et al. 2015; Nagel et al.
2016). Due to the absence of free water in dry seeds, non-
enzymatic mechanisms are probably involved in the accumu-
lation of ROS. However, with the progressive hydration of the
seeds, the enzymatic mechanisms become more relevant
(Bailly 2004; Morscher et al. 2015).

The measurements of O2
·− (Fig. 3A) and H2O2 (Fig. 3B)

production in these studies showed that there was a trend for
ROS production to decrease as seed MC was reduced from
18.0 to 2.1% at both storage temperatures. This decline in MC

was also accompanied by improved SOD activity and a
decline in biomarkers of membrane damage, namely elec-
trolyte leakage andMDA content. This oxidative imbalance
is a sign of equilibrium displacement towards the increase
of ROS content, perhaps due to depletion and damage of the
antioxidant mechanisms (Xin et al. 2010; Zagorchev et al.
2013). At the two highest MCs (13.0 and 18.0%) this oxi-
dative stress, which was more intense at comparable MCs
in − LN seeds, appeared to be damaging enough to result in
decreased germination rate, which was significantly more
severe in − LN seeds.

Though not always significant, it should also be mentioned
that dehydration below 1.0% moisture increased the ROS
content and increased oxidative damage as manifested by an
increase in MDA content and electrolyte leakage, but antiox-
idant activities were not compromised. Though this increase
in ROS did not compromise the germination rate, it could
reflect the potential damaging effects of ultra-dry storage re-
ported for other desiccation-tolerant seeds (Vertucci et al.
1994). It is well established that the germination test is not
sufficient enough to reflect differences in quality (vigor) be-
tween seed lots with similar germination rates (Navarro et al.
2015). This, together with the short conservation time that the
seeds were subjected to in this study could explain the inter-
treatment differences in the germination rate reflected at MCs
≤ 8.0% (Fig. 1).

For seeds stored at 5°C, progressively decreasing the MC
from 18.0% could cause a gradual decrease in molecular mo-
bility, resulting from the stabilization of the vitreous state. In
this state, the kinetics of aging reactions should be reduced,
particularly in terms of the formation of ROS, including the
generation of O2

·−, H2O2, and indirectly, OH
-. In addition, the
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high viscosity of the cellular cytoplasm could affect the mo-
bility of ROS and consequently decrease the damage to the
macromolecules further away from the generation site
(Buitink and Leprince 2008).

When seeds were stored at MCs ≥ 13.0%, there was a pro-
gressive decrease in the germination rate, regardless of the stor-
age temperature (Fig. 1). The decrease was accompanied by
increased electrolyte leakage (Fig. 2B) and lipid peroxidation
(Fig. 2C). As alluded to earlier, it is possible that loss of viability
as a response to stress during storage could be linked to in-
creased accumulation of substances that react with ROS-
mediated TBA (Benson and Bremner 2004). The strong nega-
tive correlation between germination rate and electrolyte leakage
(+ LN r = − 0.94 and − LN r = − 0.97) and lipid peroxidation
(+ LN r = 0.96 and − LN R = 0.998) supports this argument.

The aging rates of desiccation-tolerant seeds depend on wa-
ter content and storage temperature, which are factors that de-
termine the formation and stability of the vitreous state (Walters
et al. 2005). The stabilizing effect of the vitreous state on mac-
romolecular and structural components during storage is key to
its essential role to ensure seed longevity (Sano et al. 2016). In
addition, there is a linear relationship between the rate of aging
and molecular mobility found for different tissues over a wide
range of temperatures and MCs, which suggests that aging
velocities are affected by intracellular viscosity (Golovina
et al. 1997; Golovina et al. 2010; Mira et al. 2015).
Generally, seed deterioration accelerates when tissues are not
vitreous (Walters et al. 2005). If the longevity predictions based
on the molecular mobility model are correct, then the longevity
at cryogenic temperatures is higher than that estimated at 5°C
(Walters et al. 2004), which is in complete agreement with the
germination rate, accelerated aging, and redox metabolism re-
sults obtained in the present study (Figs. 1, 2, and 3).

However, the retention of seed viability during storage
cannot be explained by vitreous state theory alone, where-
by additional drying would reduce molecular mobility and
prolong the useful life of the germplasm (Buitink and
Leprince 2004). Rather, it has been determined that the
characteristics of the intracellular vitreous matrix are mod-
ified below the MC corresponding to the optimum value,
and ultra-dry storage may not be beneficial (Vertucci et al.
1994). While above this optimum MC the molecular mo-
bility decreases with the loss of water, it increases again
with drying beyond that value (Leprince and Walters-
Vertucci 1995; Buitink et al. 1998; Buitink et al. 1999;
Buitink and Leprince 2008). The formation of spaces, in
which molecules such as oxygen and free radicals diffuse
more freely despite the presence of the vitreous state, may
be the cause of the increased mobility at MCs below the
optimum (Buitink and Leprince 2004; Berjak 2006). An
increase in molecular mobility, at MCs < 2.1%, could
therefore be the cause of the increased levels of oxidative
stress observed at the lowest MCs in this study. The

increased rigidity of membranes due to ROS-mediated per-
oxidation could also explain the increased electrolyte leak-
age at these MCs. On the other hand, it is assumed that
exposure of SS-96 seeds to LN caused vitrification
(Walters et al. 2004). Therefore, the lower molecular mo-
bility in the seeds conserved in LN could be the cause of
the decrease in the reduced levels of oxidative stress in
seeds stored at cryogenic temperatures relative to those
stored at 5°C, significant at MCs > 8.0% (Fig. 3A, B).

Exposure of seeds with MC ≥ 13.0% to LN caused
damage to membrane structural integrity, as indicated by
the significant increase in electrolyte leakage (Fig. 2B).
Pritchard (1995) and Hor et al. (2005) found a significant
negative correlation between the high moisture freezing
limit (HMFL) and seed lipid content. If seeds of
N. tabacum L. are considered to contain 35–38% lipids
(fresh weight basis) (Fuchs et al. 2013), then the HMFL
for SS-96 seeds from the equation proposed by these au-
thors would be in the vicinity of 13.0% MC. Therefore,
the formation of ice crystals could be the primary cause of
the loss of the integrity + LN seeds at MCs ≥ 13.0%. In
addition, according to Benson and Bremner (2004), the
loss of physical compartmentalization and metabolic
decoupling has a negative effect on both primary metab-
olism and antioxidant defenses. When this loss occurs,
such as during freezing, the metabolic imbalance leads
to the production of toxic free radicals and their reaction
products. There is experimental evidence that mitochon-
drial enzymes and adenosine triphosphate synthesis are
dissociated with freeze–thaw cycles (Tappell 1966).

At the same MC range, − LN seeds suffered greater dam-
age during the 30 d of storage than those conserved in LN
(Figs. 1 and 2). High relative humidity and temperature con-
ditions favor the formation of intermediate products related to
aging and seed degradation (Leprince and Hoekstra 1998;
Walters et al. 2005; Mira et al. 2010). In the present study,
the presumed higher velocity of aging reactions at 5°C, rela-
tive to cryogenic temperatures, could have led to higher levels
of metabolic imbalance and seed degradation in the former, as
indicated by the poorer germination rate retention and more
rapid aging of − LN seed.

Seed longevity during storage is closely related to the
activation of antioxidant systems (Bailly et al. 2001;
Bailly et al. 2008; Varghese and Naithani 2008). Lee et al.
(2010) investigated the effects of the simultaneous over-
expression of two antioxidant enzymes on the longevity
and germination of tobacco seeds under stressful condi-
tions. Transgenic seeds showed an increase in the enzyme
activities of Cu/Zn-SOD and ascorbate peroxidase (APX)
during their development and maintained the enzymatic
activity after 2 yr of dry storage at room temperature.
Transgenic seeds after this storage period showed lower
electrolyte loss and higher vigor under various abiotic
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stress conditions compared to untransformed seeds. Those
authors concluded that the simultaneous overexpression of the
Cu/Zn-SOD and APX genes increased longevity and seed ger-
mination by attenuating the effect of oxidative stress produced
during prolonged storage conditions and severe environmental
stress.

At MCs below 8.0%, there were no significant changes in
SOD and CAT enzymatic activities in the present study (Fig.
3C, D). Bailly (2004) is of the opinion that the low molecular
mobility at these levels of hydration diminishes the accessibil-
ity of the enzymes to their substrates. This situation suggests
that the prevention of oxidative damage at low MCs could be
more related to the elimination of ROS by antioxidant com-
pounds (Fernández-Marín et al. 2013; Morscher et al. 2015).
Similar reasoning can be applied to seeds stored at − 196°C,
regardless of the MC at which they were stored.

In the present experiments, in the seeds stored at 5°C, an
increase in SOD and CAT activities was observed when seeds
were hydrated from 8.0 to 13.0% (Fig. 3C, D). However, this
increase in antioxidant activity could not curb ROS produc-
tion, which may explain why germination rate decreases at
13.0% MC and levels of oxidative stress increased. After
reaching a maximum of 13.0% MC, SOD and CAT activities
suddenly declined in the 5°C conserved seeds when they were
hydrated to 18.0%, and there was a simultaneous increase in
ROS production. MCs in this range are considered extremely
hazardous for seed conservation but still associated with low
fluidity of the aqueous phase in cells (Berjak et al. 2007),
which probably reduced the efficiency of the antioxidant
mechanisms in the seeds investigated in this study. Enzymes
such as SOD and CATcould therefore become targets of ROS
attack with the consequent loss of their activity.

Numerous studies support the fact that reduced MC, under
certain conditions, increases the longevity of orthodox seeds
in storage (Mira et al. 2010; Walters et al. 2010). In addition,
the benefit of the optimalMC has been shown for species such
as Cicer arietinum L., Gossypium hirsutum L., Sesamum
indicum L., Zea maize L., and Lactuca sativa L. (Probert
2003; Singh et al. 2003; Mira et al. 2010). Likewise, MCs
similar to those identified to be optimum in the present study
have been reported to extend the storage of N. tabacum by
years in other studies (Meillng and Xiuping 1997).

Visscher et al. (2016) noted that the examples of longer-term
seed survival in the ultra-dry state are associated with air-tight
conditions (particularly, heat-sealed glass vials), suggesting that
the potentially pernicious effect of extreme drying may be less
damaging in the absence of oxygen. Therefore, anoxia, like
ultra-drying, not only is a characteristic of ‘novel’ environ-
ments, such as the vacuum of space, but can also be imposed
artificially in ex situ seed banks by seed cryopreservation in LN.
It follows that the viability of seeds stored under an oxygen-free
(anoxic) environment, whether imposed artificially or naturally,
may slow the rate of viability loss (Groot et al. 2015).

Conclusions

The present research validates the importance of reduced MC
in the long-term conservation of seeds and reinforces previous
findings that optimum MCs should not be considered inde-
pendently of the storage temperature. The cryopreserved to-
bacco seeds of SS-96 with a MC of 2.1%, exhibited the
highest viability due to greater cell membrane integrity, which
was reflected by lower lipid peroxidation and reduced electro-
lyte leakage due to relatively lower ROS production and
higher antioxidant protection. It is therefore recommended
that SS-96 seeds be cryopreserved at 2.1%, because drying
the seeds below this MC did not improve storage longevity.
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