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Abstract: Willows produce fast germinating and short-lived seeds, difficult to store in the long-term under 
controlled conditions. The aim of this study was to examine the feasibility of storage of three Salix spp. at 
controlled temperatures (3°, −10°, −196 °C). We also analyzed the effect of spermidine (Spd) as an antiox-
idant factor in desiccated seeds.
Collected seeds were either desiccated or hydrated to obtain 10 levels of moisture content (between app. 
4% and 2%) and subjected to storage at temperatures 3°, −10°, or −196 °C (liquid nitrogen; LN). After 
two months, seeds were germinated on the light at 20 °C. Seeds desiccated below a safe range of moisture 
content were further tested and germinated on filter paper with additions of 0.25 mM Spd solution. After 7 
days seedlings were examined for hydrogen peroxide content (H2O2) and total antioxidant capacity (TAC).
Fresh seeds of three Salix species: Persian willow (S. aegyptiaca L.), heartleaf willow (S. cordata Michx.) and 
crack willow (S. ×fragilis L.) were successfully stored at temperature −10° and −196 °C for two months. 
After cryopreservation seed of S. aegyptiaca, S. cordata, and S. ×fragilis germinated without viability loss in 
moisture content ranging from 4.4–15.9%, 6.4–18.5%, and 7.1–11.5% respectively. The addition of Spd 
during germination of desiccated seed did not affect germination capacity. However, seedlings of S. aegypti-
aca had lower hydrogen peroxide content in comparison with control (germination on water). Seedlings of 
S. cordata showed an increase in hydrogen peroxide content in control after storing in LN. In seedlings of 
Crack willow Spd increased hydrogen peroxide content.
Seeds of tested species differ in response to storage conditions. Salix seeds can be stored successfully for 
two months at −10° or −196 °C without losing viability in the safe range of moisture content. Storing at 
3 °C can be used for storage in the narrower range of seeds’ moisture content, however, seedlings stored 
at this temperature produce a higher level of reactive oxygen species. Germinating seeds in Spd did not 
increase their germination, however in S. aegyptiaca and S. cordata decreased hydrogen peroxide content.
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Introduction
The genus Salix comprises 330–500 species of 

tree and shrubs mostly distributed in temperate and 
arctic climate zones. Willows occur predominantly 
in the northern hemisphere, often being only woody 
species in tundras and areas lying above latitudinal 
tree lines. However, many species grow in riparian 
or alluvial areas as well as upland habitats (roadside 
ditches, abandoned agricultural fields, railroads, for-
est edges) where they serve as pioneer species (Dick-
mann et al., 2014). A major factor controlling the 
distribution and abundance of this species is mois-
ture availability. Willow species are widely used for 
soil stabilization, basketry, or biomass production 
(Towill & Widrlechner, 2004).

All willows are dioecious and usually flower and 
set seed in spring. Seeds are very small (0.8–3 mm) 
and embedded in white down which allows seeds to be 
dispersed by wind (Steyn et al., 2004). Seeds contain 
chlorophyll but no endosperm, are short-lived, and 
germinate almost immediately after being released 
(Niiyama, 2008). Due to relatively high desiccation 
tolerance, most of the willow seeds are classified as 
orthodox, however, willow seeds are short-lived in dry 
storage, rapidly losing viability within a few days at 
room temperature (Hong & Ellis, 1996; Maroder et 
al., 2000; Liu et al., 2019). In consequence willows, 
seeds are often treated as reclacitrant or suborthodox 
species. However, storing seeds at subzero tempera-
tures can improve their longevity (Densmore & Zas-
ada, 1983; Simpson & Daigle, 2007). Especially cryo-
preservation proves to be a safe and effective method 
for storing short-lived seeds like those produced by 
willows or poplars (Popova et al., 2012; Michalak et 
al., 2014; Ballesteros & Pence, 2017). The most crit-
ical factor affecting the cryopreservation of seeds is 
their moisture content (Pritchard, 2007). For effec-
tive storage, seeds have to be dried to a safe range of 
moisture content before storage. Seeds with mois-
ture content between their critical points showed in-
creased survival and high viability (Chmielarz, 2010; 
Wawrzyniak et al., 2020).

However, during every storage seeds deteriorate 
with advancing time as their life span is finite. Lower-
ing the temperature and moisture content can extend 
the shelf-life of stored orthodox seeds, approximately 
doubling its time with every 5.6 °C decrease of stor-
age temperature and every 1% of seeds moisture con-
tent (Bewley et al., 2012). Although storability below 
a certain threshold of moisture content and tempera-
ture can differ from expectation (Walters, 2007; Waw-
rzyniak et al., 2020). The main factor controlling the 
deterioration of seeds during storage is an accumula-
tion of reactive oxygen species (ROS) i.e. hydrogen 
peroxide (H2O2) as their production and metabolism 
depends on the physiological fitness of stored seeds 

(Kranner et al., 2010; Ratajczak et al., 2015; Foyer 
et al., 2017). Hydrogen peroxide, the most stable 
ROS, easily migrates through membranes over rela-
tively long distances, even in dry seeds (Ratajczak et 
al., 2015; Wojtyla et al., 2016). H2O2 is regarded as a 
signal molecule, which participates in the regulation 
of seed dormancy and germination. A balanced H2O2 
level is beneficial, as it promotes germination, where-
as excessive H2O2 content induces oxidative damage, 
which prevents or delays germination (Bailly et al., 
2008; El-Maarouf-Bouteau & Bailly, 2008).

An effective antioxidative system can swiftly 
decrease ROS levels and increase seeds’ surviv-
al. Especially the presence of chloroplasts with the 
chlorophyll in mature seeds contribute to their dete-
rioration via ROS-mediated photo-oxidation (Roque-
iro et al., 2010). Seed priming is a seed performance 
improvement method. Priming seeds involve the 
partial hydration of seeds by maintaining water con-
tent at values that enable to start the initial stages of 
germination, but hinder the cell elongation (Roque-
iro et al., 2010). However, priming fast germinating 
seeds, like Salix, is difficult as they germinate within 
a few hours after imbibition. Primed seeds have more 
uniform and rapid germination with vigorous and 
high-quality seedlings (Sheteiwy et al., 2017). Pol-
yamines (PAs) such as putrescine (Put), spermidine 
(Spd), and spermine (Spm) play important role in 
plant response to abiotic stresses, scavenging ROS, 
and synthesizing osmolytes (Alcázar et al., 2006; Ku-
sano et al., 2007). Furthermore, it has been reported 
that priming seeds in exogenous Spd increased seeds 
germination, vigor, and subsequent seedling growth 
(Huang et al., 2017). Exogenous Spd used in priming 
white clover (Trifolium repens L.) seeds enhanced an-
tioxidant enzyme activities (superoxide dismutase, 
peroxidase, catalase, and ascorbate peroxidase), as 
well as an ascorbate-glutathione cycle (ASC-GSH cy-
cle) and transcript level of genes encoding antioxi-
dant enzymes (Li et al., 2014).

The main aim of this study was to assess the 
storage feasibility of three different Salix species: S. 
aegyptiaca, S. cordata, and S. ×fragilis. The secondary 
objective was to examine the antioxidative effects of 
spermidine on the germination of stored seeds. We 
hypothesized that (i) there is a safe hydration win-
dow for cryopreservation of Salix seeds; (ii) spermi-
dine decreases oxidative stress effects of seeds stor-
age conditions (temperature and moisture content).

Material and methods
Plant material

Persian willow or musk willow (Salix aegyptia-
ca L.) is a small tree, 4–8 m tall distributed in the 
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Caucasus on territories of Turkey, Armenia, Iran, 
and Turkmenistan. It grows on the slopes and banks 
of streams, as well as forest edges and meadows 
(Dickmann et al., 2014). Heartleaf willow or dune 
willow (Salix cordata Michx.) is a multi-trunked 
small tree 2–4 m tall. Distributed in the northeast 
parts of North America grows on sandy dunes of 
lakeshores, edges of wetlands, meadows, and fields 
(Seneta et al., 2021). Crack willow (Salix ×fragilis 
L.) is a tall tree (20–25 m), commonly distributed 
across Europe, North Africa, and West Asia. Crack 

willow is a very variable natural hybrid between S. 
alba (L.) and S. euxinia (I.V. Belyaeva). Natural occur-
rences include riparian areas, along rivers, streams, 
and road ditches, as well as meadows and marshes 
(Seneta et al., 2021).

Selected trees of S. aegyptiaca and S. cordata were 
cultivated in Arboretum Kórnik (Kórnik, Poland) or 
grow near drainage ditch (S. ×fragilis; Table 1; Fig. 1). 
Branches of these three willow species with closed 
catkins were collected in May-June from female trees 
at the moment when catkins started turning from 

Fig. 1 Dry and imbibed seeds of S. aegyptiaca (A, D), S. cordata (B, E), and S. ×fragilis (C, F)
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green to yellow. For each species, we collected sci-
ons from 3 different individuals. Branches of every 
species were put into a vase with water and left for 2 
days in ambient conditions (ap. 22 °C) until the cat-
kins were fully open and released seeds embedded in 
white down. Seeds with surrounding down were col-
lected using fine mesh and vacuum cleaner and sep-
arated from down using sieves. Subsequently, seeds 
were examined for their initial moisture content (3 
replication per 200 seeds), initial germination (3 rep-
lication per 50 seeds), and one thousand seed mass 
(5 replication per 100 seeds; Table 1). The remaining 
seeds were stored at 3  °C in sealed vials, until the 
start of the experiment (10 days).

Moisture content determination, 
desiccation, and hydration

Seed moisture content (MC) was determined by 
drying in the oven at 103±2 °C for 17 h (3 replica-
tions per ap. 20 mg of seeds; ca. 1800 seeds). The 
MC was calculated based on fresh mass (%) using 
the following formula:

MC  = 1

(FM  − DM) × 1001

FM1

where MC1 is the moisture content, FM1 is the initial 
fresh mass, and DM is the dry mass after drying. Be-
fore the experiment, the MC of the seeds was adjust-
ed (either by desiccating or moisturizing) to obtain 
10 levels of MC ranging from 2% to 4% to 22% with 
increments of app. 2%. Seeds based on their initial 
MC were either desiccated under silica gel or mois-
turized above distilled water in closed containers. 
Adjusting the MC of the seeds was based on the FM 
of seeds according to the formula:

FM  = 1

FM  × (100 − MC )1 1

100 − MC1

where FM1 is the desired fresh mass and MC1 is the 
desired moisture content. After obtaining the desired 
MC, seeds were left in tightly closed vials for 3 days 
at 3 °C to even out the MC. After reaching the mass 
of desired MC level, the exact MC was determined as 
described above.

Seeds storage and germination

After adjusting the desired MC levels of seeds, 
seeds were stored at temperatures of 3°, −10°, or  
−196 °C (liquid nitrogen; LN) for 2 months in tight-
ly closed vials. Not stored seeds served as a control 
treatment. The material stored in LN was frozen by 
direct immersion in LN. Subsequently, vials contain-
ing seeds were thawed at 42 °C in the water bath for 
5 min (Chmielarz, 2010).

After the storage, seeds were germinated in Petri 
dishes with filter papers moisturized with ap. 2 ml of 
distilled water at constant temperature 25 °C in light 
(60 µmol m−² s−¹ for 12 h per day; 4 replication per 50 
seeds). Germination was counted after the 3rd and 
7th days after sowing. For further analyses, we used 
counted number of germinated seeds 7th day after 
sowing and included only fully develop seedlings 
(without abnormalities). Additionally, seeds desic-
cated below the safe range of MC (app. ≤10%), were 
germinated in Petri dishes with filter papers moistur-
ized with the solution of 0.25 mM spermidine (Spd; 
Sigma-Aldrich, ≥99% GC) in the same controlled 
conditions.

Biochemical assays

Seedlings (after 7 days, with fully emerged cotyle-
dons and radicle) both on distilled water or Spd solu-
tion were used for examination of oxidative stress.

Hydrogen peroxide content was determined us-
ing the ferrithiocyanate method described by Sagisa-
ka (1976). The sample at each collection was finely 
ground in liquid nitrogen and homogenized with 5 
mL of 5% (w/v) trichloroacetic acid (TCA) contain-
ing 10 mM EDTA. The homogenate was centrifuged 
at 4 °C at 26,000 × g for 20 min. The total volume of 
supernatant was analyzed.

Total antioxidant capacity (TAC) was determined 
by the reduction of 2,2-diphenyl-1-picrylhydrazyl 
(DPPH) (Molyneux, 2004). Tissues (20 mg FW) in 
3 replications were homogenized in 0.5 ml of 100% 
(v/v) methanol. Homogenates were centrifuged at 7 
000 × g for 10 min at 4 °C and then, 20 μl of the ex-
tract was added to 180 μl of 120-μM DPPH dissolved 
in methanol on 96 well plates. The reaction mixture 
was incubated for 15 min in darkness at room tem-
perature. The concentration of reduced DPPH was 

Table 1. Seed collection site and seed characteristic after collection of tested species. Mean±SD

Species Seed collection Collection date Initial moisture content, % Initial germination, % 1000 seed mass, g
Salix aegyptiaca 52°14'43.4"N 

17°06'10.0"E
May 2021 12.6±0.22 75.5±4.12 0.0102±0.00037

Salix cordata 52°14'38.1"N 
17°05'35.4"E

May 2021 12.6±0.51 93.0±3.46 0.0097±0.00055

Salix ×fragilis 52°20'57.8"N 
17°02'59.9"E June 2021 19.2±0.64 84.0±0.00 0.0135±0.00063
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measured at 517 nm using a microplate reader. Anti-
oxidant capacity was expressed as reduction of DPPH 
defined as (A0 − A)s / A0 × 100%, where A0 is the 
absorbance of a blank, and As is the absorbance of 
the sample.

Statistical analyses

Data were analyzed using R statistical comput-
ing software (R Core Team, 2021). The safe range of 
moisture content for each temperature was modeled 
using polynomial regression. The model was select-
ed based on R² and diagnostic plots to avoid overfit-
ting. Assumptions of the model were checked using 
diagnostic plots. Percentage data were transformed 
using arcsine transformation to ensure normal dis-
tributions of the model’s residuals. Germination per-
centage of desiccated seeds (on water or Spd) was 
assessed using a generalized linear model (GLM) 
with the binomial distribution. Model assumptions 
for GLM were checked using the DHARMa package 
(Hartig, 2022). Biochemical analysis was analyzed 
using two-way ANOVA. Assumptions of the model 
were checked using diagnostic plots. Post-hoc anal-
ysis was performed using Tukey’s test using the em-
means package (Lenth, 2022).

Results
Storage feasibility of Salix spp.

Seeds of S. eagyptiaca recorded no significant dif-
ferences in germination after two months of storage 
regardless of storage temperature (Fig. 2). In gener-
al, there were no significant differences in the ger-
mination of seeds stored in −10° and −196 °C in all 
tested species, where seeds germinated between 70–
96% depending on the species. Seeds stored at 3 °C 
recorded the lowest germination in all tested species, 
84% in S. aegyptiaca, 90% in S. cordata, and 51% in S. 
×fragilis (Fig. 2).

Seeds of all tested species were feasible for stor-
age in controlled conditions in all tested tempera-
tures. Non-stored seeds of S. aegyptiaca had germina-
tion above 80% between 8.9 and 14.4%, with similar 
results observed for S. cordata and S. ×fragilis in 
seeds with MC 8.5–19.4% and 8.1–12.4% respective-
ly (Fig. 3; Table 2). Storing partially desiccated seeds 
for two months in 3°, −10°, or −196 °C (liquid nitro-
gen; LN) helped maintain germination on a high lev-
el. Though, for S. ×fragilis there was a considerable 
decrease compared with initial germination. Seeds 
above 10–12% of MC stored at temperature 3 °C rap-
idly lost viability and ability to germinate in all tested 
species. Non-stored seeds partially desiccated below 
8% of MC also decreased in germination capacity 
regardless of tested species. Seeds stored either in 
−10° or −196 °C germinated in the widest moisture 
content range. S. aegyptiaca between 5–16% after 
storage at −10 °C and between 4.4–15.9% after cry-
opreservation in LN. Similarly, S. cordata seeds ger-
minated between 6.3–18.8% after storage at −10 °C 
and between 6.4–18.5% after storage in LN. S. corda-
ta characterized with the highest moisture content 
freezing limit in all tested species. The most narrow 
range of safe moisture content was observed for S. 
×fragilis. Seeds germinated between 6.1–12.8% after 
storage at −10 °C and 7.1–11.5% after storage in LN.

Germination on Spd

There was no substantial difference in seeds ger-
minated on filter paper with water and 0.25 mM Spd 
solution in all tested species. Germination of S. ae-
gyptiaca seeds was significantly lower after the addi-
tion of 0.25 mM of Spd in comparison with control 
in seeds desiccated to 6.7% after storage in 3 °C (78 
and 87% respectively; Fig. 4). Seeds of S. ×fragilis 
germinated significantly better after the addition of 
Spd when desiccated to 7.6%, after storage in LN (51 
and 59% respectively). Germination of seeds desic-
cated below or near their critical moisture content 
(3.7–4.4%) decrease in comparison with control 
throughout all tested species. Only seeds of S. aegyp-
tiaca stored at 3 °C recorded no significant difference 
in germination regardless of seed MC and germinat-
ed between 77 and 84% (Fig. 4).

Fig. 2. Seed germination after 2 month storage at different 
temperatures (3, −10 or −196 °C) for seed S. aegyptiaca 
(9.3% MC), S. cordata (7.9% MC) and S. ×fragilis (9.4% 
MC). * – p≤ 0.05; ** – p≤ 0.01; *** – p≤ 0.001

Table 2. The estimated safe range of moisture content of 
tested species is stored at different temperatures and 
control. Safe moisture range for seeds to germinate 
≥80% in S. aegyptiaca and S. cordata and ≥50% in case 
of S. ×fragilis

Species Non-stored 3 °C –10 °C –196 °C
S. aegyptiaca 8.5–14.4% 14.4–9.7% 5.0–16.0% 4.4–15.9%
S. cordata 8.5–19.4% 6.5–11.6% 6.3–18.8% 6.4–18.5%
S. ×fragilis 8.1–12.4% 15.4–9.4% 6.1–12.8% 7.1–11.5%
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Biochemical analysis

S. aegyptiaca seedling had significantly higher H2O2 
content in control than in Spd solution in all tested 
temperatures and moisture content levels (Fig. 5A). 
In both treatments, H2O2 increased with decreasing 
moisture content, especially at 3  °C. It was not so 
evident in lower temperatures, however, the lowest 
MC is significantly higher than two other MC. The 
highest value was recorded for 4.4% after storing in 
3 °C, and the lowest for control (9.3%) seeds stored 
at 3 °C (Fig. 5A). Germinating in Spd tends to give a 
lower response of TAC, decreasing even further with 
increasing MC. However those differences it is not 
observed in germination capacity directly (Fig. 5B).

Seeds of S. cordata seeds seem to be more robust 
and had doubled overall H2O2 concentration after 
storage at −196 °C (Fig. 5A). However, there were 
no significant differences in H2O2 concentration re-
gardless of seeds MC in temperatures 3 and −10 °C. 
Addition Spd during germination lowered H2O2 

concentration in seeds stored at −196 °C. There was 
no such effect observed at −10 °C. In 3 °C seeds with 
MC 5.4, had a significantly lower concentration of 
H2O2 in received seedlings in comparison with oth-
er tested MC. TAC significantly decreased in seeds 
stored at −10 and −196  °C with increasing MC of 
seeds. TAC values after germinating in water were 
significantly higher than in seeds germinated in Spd 
(Fig. 5B).

S. ×fragilis seedlings had 10 times lower concen-
trations of H2O2 in comparison with other tested spe-
cies (Fig. 5A). Seedling had a higher concentration 
of H2O2 after exposure to Spd. At 3 °C concentration 
of H2O2 was significantly higher in 9.4% than other 
tested MC. H2O2 concentration was similar in water, 
being the lowest in seeds desiccated to 7.6% (0.37 
nmol/g). Seeds stored at −10° showed an increase in 
H2O2 after Spd treatment for control (9.4%) and seed 
desiccated to 7.6%. Seedling tested from tempera-
ture −196 °C showed no significant interactions and 
9.4% concentration was the lowest after desiccating 

Fig. 3. Seeds germination of S. aegyptiaca, S. cordata, and S. ×fragilis after 2 months storage in controlled conditions. Seeds 
were stored at different temperatures (3°, −10°, and −196 °C) after adjusting their moisture content (between 3.7–26 
%). Dashed lines show a safe moisture range for seeds to germinate ≥80% in S. aegyptiaca and S. cordata and ≥50% 
in the case of S. ×fragilis. The safe range of moisture content for each temperature was modeled using polynomial 
regression y = β0 + β1× + β2×

2 + β3×
3
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to 4.8% (Fig. 5A). No evident pattern was observed 
in TAC. TAC was significantly higher in seedlings 

received from seeds desiccated to 4.8% at tempera-
tures 3°, −196°, and −10 °C (Fig. 5B).

Fig. 4 Seeds germination after storage (at temperature 3°, −10° or −196 °C; A) and seeds partially desiccated below the 
safe range of moisture content and germinating either on water (control) or 0.25 mM spermidine (Spd; B). Two-way 
ANOVA analysis was presented for each temperature separately. * – p≤ 0.05; ** – p≤ 0.01; *** – p≤ 0.001



144	 Mikołaj K. Wawrzyniak et al.

Discussion

Seeds of Salix are known to be desiccation-tol-
erant, however short-lived in storage (Densmore & 
Zasada, 1983; Maroder et al., 2000; Popova et al., 
2012), with only a few examples of seeds classified 
as intermediate or recalcitrant (Liu et al., 2019). Seeds 
of S. aegyptiaca, S. cordata, and S. ×fragilis, all showed 
a decline in germination after 60 days in storage at 
3  °C depending on their moisture content during 
storage. Desiccation below 12 % had beneficial ef-
fects on storage at 3 °C, as germination within this 
moisture content range was similar to control (non-
stored seeds). Seeds stored at −10° and −196  °C 
germinated in a much wider range of moisture con-
tent. With exception of S. ×fragilis which safe range 

at −10  °C was between 6.1–12.8% of MC. Those 
results are consistent with studies on other Salix 
species seeds storage, where increased storability 
at sub-zero temperatures was observed and reached 
up to 6 or 12 years, however, their viability after the 
storage is low (Simak, 1982; Wang, 1982; Walters, 
2015). Seeds which like Salix spp. requires the ap-
plication of methods not always available in conven-
tional seed banks are defined as exceptional species 
(Pence et al., 2022). Storing seeds at liquid nitrogen 
temperature (–196 °C) is expected to prolong seeds 
viability for hundreds of years, minimizing any met-
abolic activities in cells (Walters et al., 2004; Balles-
teros et al., 2020). As recently (Ballesteros & Pence, 
2017) showed short-lived species of Salix and Popu-
lus stored in LN maintained viability after 20 years, 

Fig. 5 Hydrogen peroxide content (H2O2; A), and total antioxidant capacity (TAC; B) of seedlings received from seeds 
germinating on water (control) or 0.25 mM Spd after storage at different conditions (for S. aegyptiaca, S. cordata, and 
S. ×fragilis). Due to the small amount of material received from seeds 3.7% stored in 3 °C of S. cordata were excluded 
from TAC analysis. Two-way ANOVA for each temperature separately. Post-hoc Tukey at p ≤0.05. Groups with no 
significant differences are marked with the same letter. Mean±SE
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however, the deterioration process was not com-
pletely stopped and seed viability was lower than 
expected. The seed of the tested species was viable 
after two months of storage in LN and germinated 
similarly to the control. The safe seed MC range for 
S. aegyptiaca was between 4.4 and 15.9%. Similar re-
sults were obtained for S. cordata with a safe range of 
MC between 6.4 and 18.5%, whereas S. ×fragilis had 
a very narrow safe MC range of 7.1 and 11.5%. The 
highest desiccation tolerance was obtained for S. ae-
gyptiaca (4.4%) with slightly higher values in S. corda-
ta (6.3%) and S. ×fragilis (5.4%). However, the high 
moisture freezing limit (HMFL) during storage in LN 
was the highest in S. cordata (18.5%) and S. eagypti-
aca (15.9%) and the lowest in S. ×fragilis (11.5%). 
Similar, relatively low HMFL was reported in Black 
poplar (Populus nigra L.; 15%) (Michalak et al., 2014) 
and Easter cottonwood (Populus deltoides Bartr.; 15%) 
(Pence, 1996). S. aegyptiaca and S. cordata high hy-
dration window for cryopreservation are similar to 
those obtained for goat willow (S. caprea L.) where 
it was between 5 and 22% and varied depending on 
initial seeds viability (Popova et al., 2012). Other 
riparian species such as Common alder (Alnus gluti-
nosa L.) were successfully stored in LN when seeds 
were partially desiccated to MC between 3 and 15% 
(Chmielarz, 2010).

Even during storage in LN aging of seeds is not 
stopped completely (Ballesteros & Pence, 2017). 
Also, theoretical benefits for storability of severe des-
iccated seeds (≤5% MC) and extremely low temper-
atures (≤−160  °C) can be potentially damaging for 
their viability (Walters, 2007). Seeds of Crab apple 
(Malus sylvestris L.), although categorized as orthodox, 
decrease their viability when desiccated to 5% of MC 
(Wawrzyniak et al., 2020). Deterioration of seeds is 
associated with the accumulation of reactive oxygen 
species (ROS) e.g.  hydrogen peroxide (H2O2). The 
amount of their production depends on the meta-
bolic and physiological state of seeds during storage. 
Seed priming with polyamines (PAs), such as sper-
midine (Spd), can be a potentially efficient method of 
balancing the antioxidative response of stored seeds 
and promoting germination (Li et al., 2014; Hong-
na et al., 2021). Spd regulates antioxidant defense 
in white clover under desiccation conditions and can 
promote seed germination (Li et al., 2014, 2015). 
Also, it has been reported that Spd is closely associ-
ated with anti-aging properties (Hu et al., 2020). Sa-
lix seeds were not subjected to priming per se as they 
germinate within a few hours after imbibition and 
are impossible to store after. In our study seeds were 
primed and germinated at the same time. We did 
not observe any significant differences in germina-
tion between seeds primed in Spd and control in any 
tested Salix species, regardless of seeds’ MC content 
and storage temperature. However, in T. repens seeds 

primed in exogenous Spd increased germination per-
centage, vigor index, and seedling growth under dif-
ferent water stress conditions (Li et al., 2014). Sim-
ilarly, other polyamines, spermine (Spm), showed 
beneficial effects on rice seeds, where priming alle-
viated salt stress injury by lowering H2O2 level and 
avoiding chlorophyll degradation in seedling (Paul & 
Roychoudhury, 2016). That result seems to be con-
sistent with S. aegyptiaca whose seeds had a lower 
concentration of H2O2 after germinating in Spd. H2O2 
was increasing with decreasing seed MC indicating 
higher oxidation in seeds desiccated below or near 
minimum safe moisture content value (Fig. 1). On 
the other hand, the Spd effect on H2O2 was not so 
evident in S. cordata seeds. However, those seeds 
showed the highest viability and the widest range of 
safe moisture content (Table 1, Fig. 1). On the oppo-
site seeds of S. ×fragilis were seeds that lost viabil-
ity very rapidly and had overall the lowest viability. 
Storage showed a significant decrease in germination 
and the addition of Spd increased H2O2 in seedlings 
received form seeds stored at 3 and −10 °C. It may be 
a result of both the storage conditions, which could 
reduce the antioxidant activity and the relatively high 
concentration of Spd causing a stress reaction of the 
tested seedlings.

TAC was increasing with decreasing seed MC 
(Fig. 3). This observation is compatible with an in-
vestigation of physiological responses of Oudneya 
africana R.Br. to drought, which showed total anti-
oxidant capacity increase close to 2−3-fold, with in-
creasing drought stress severity (Talbi et al., 2020). 
TAC differed analogous to H2O2 levels in the case of 
S. aegyptiaca and S. cordata, increasing due to lower 
MC. It indicates the intensified activity of low-mo-
lecular-weight elements of the antioxidant system 
in response to drought stress due to desiccation (Pi-
soschi et al., 2016). To prevent oxidative damage to 
the structure and functions of cell membranes as the 
result of excessive ROS accumulation, plants trig-
ger defense mechanisms, such as accumulation of 
polyphenols, glutathione, ascorbic acid, carotenoids, 
or flavonoids, which have a strong antioxidant effect 
(Halliwell & Gutteridge, 2015). However, in S. ×fra-
gilis this effect was the opposite, which may be due to 
the specific response of this species. Spd treatment 
resulted in the decrease of TAC, which suggests that 
exogenous Spd prevents oxidative stress during ger-
mination and thus the level of antioxidant system 
activity is lower in comparison to seeds germinated 
in water.

Conclusions

Seeds of Salix although short-lived, if rapidly des-
iccated and processed after collection are feasible for 
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storage at sub-zero temperatures −10° and −196 °C 
(LN). However, the safe range of seeds’ moisture 
content can differ depending on species characteris-
tics and initial seed viability. Storage of S. aegyptiaca 
in LN should be between 4.4 and 15.9%, S. cordata 
between 6.4 and 18.5%, and S. ×fragilis between 7.1 
and 11.5%. For the first time effect of Spd was exam-
ined in seeds of Salix spp. Concentration of 0.25 mM 
of Spd did not enhance germination of seeds, how-
ever, decreased H2O2 content in S. aegyptiaca seed-
lings. The reverse effect was observed in S. ×fragilis 
indicating different metabolic responses from these 
species. Treating short-lived seeds after storage with 
polyamines shows a possible reduction of ROS pro-
duced during storage. However, further investigation 
on the right concentration of Spd and the mechanism 
in which it operates in seeds is needed.

Contribution

Conceptualization: MKW and ER; Conducting 
the experiment: MKW, JMLL, JKO; writing – original 
draft preparation: MKW, JKO; writing – review and 
editing: MKW, ER, JMLL, PC; Data analysis: MKW; 
JKO; supervision: ER, PC; All authors have read and 
agreed to the published version of the manuscript.

Funding

This work was supported by statutory research 
of the Institute of Dendrology, Polish Academy of 
Sciences.

References

Alcázar R, Marco F, Cuevas JC, Patron M, Ferrando A, 
Carrasco P, Tiburcio AF & Altabella T (2006) In-
volvement of polyamines in plant response to abi-
otic stress. Biotechnology Letters 28: 1867–1876. 
doi:10.1007/s10529-006-9179-3.

Bailly C, El-Maarouf-Bouteau H & Corbineau F 
(2008) From intracellular signaling networks to 
cell death: The dual role of reactive oxygen species 
in seed physiology. Comptes Rendus Biologies 
331: 806–814. doi:10.1016/j.crvi.2008.07.022.

Ballesteros D & Pence VC (2017) Survival and death 
of seeds during liquid nitrogen storage: A case 
study on seeds with short lifespans. CryoLetters 
38: 278–289.

Ballesteros D, Pritchard HW & Walters C (2020) 
Dry architecture: Towards the understanding of 
the variation of longevity in desiccation-tolerant 
germplasm. Seed Science Research 30: 142–155. 
doi:10.1017/S0960258520000239.

Bewley JD, Bradford K & Hilhorst H (2012) Seeds: 
Physiology of development, germination and dor-
mancy. Springer Science & Business Media.

Chmielarz P (2010) Cryopreservation of the non-
dormant orthodox seeds of Ulmus glabra. Acta 
Biologica Hungarica 61: 224–233. doi:10.1556/
ABiol.61.2010.2.10.

Densmore R & Zasada J (1983) Seed dispersal and 
dormancy patterns in northern willows: Ecologi-
cal and evolutionary significance. Canadian Jour-
nal of Botany 61: 3207–3216. doi: 10.1139/b83-
358.

Dickmann DI & Kuzovkina J (2014) Poplars and wil-
lows of the world, with emphasis on silvicultur-
ally important species:Poplars and willows: Trees 
for society and the environment Eed. by JG Ise-
brands & J Richardson), pp. 8–83.

El-Maarouf-Bouteau H & Bailly C (2008) Oxidative 
signaling in seed germination and dormancy. Plant 
Signaling & Behavior 3: 175–182. doi:10.4161/
psb.3.3.5539.

Foyer CH, Ruban AV & Noctor G (2017) Viewing 
oxidative stress through the lens of oxidative sig-
nalling rather than damage. Biochemical Journal 
474: 877–883. doi:10.1042/BCJ20160814.

Halliwell B & Gutteridge JMC (2015) Free radicals 
in biology and medicine. Oxford University Press, 
USA.

Hartig F (2022) DHARMa: Residual diagnostics 
for hierarchical (multi-level / mixed) regression 
models.

Hong TD & Ellis RH (1996) A protocol to determine 
seed storage behaviour. Bioversity International.

Hongna C, Junmei S, Leyuan T, Xiaori H, Guolin 
L & Xianguo C (2021) Exogenous spermidine 
priming mitigates the osmotic damage in germi-
nating seeds of leymus chinensis under salt-alka-
li stress. Frontiers in Plant Science 12: 701538. 
doi:10.3389/fpls.2021.701538.

Huang Y, Lin C, He F, Li Z, Guan Y, Hu Q & Hu J 
(2017) Exogenous spermidine improves seed 
germination of sweet corn via involvement in 
phytohormone interactions, H2O2 and relevant 
gene expression. BMC Plant Biology 17: 1–16. 
doi:10.1186/s12870-016-0951-9.

Hu Q-J, Chen M-X, Song T, Cheng C-L, Tian Y, Hu J 
& Zhang J-H (2020) Spermidine enhanced the an-
tioxidant capacity of rice seeds during seed aging. 
Plant Growth Regulation 91: 397–406.

Kranner I, Minibayeva FV, Beckett RP & Seal CE 
(2010) What is stress? Concepts, definitions 
and applications in seed science. New Phy-
tologist 188: 655–673. doi:10.1111/j.1469-
8137.2010.03461.x.

Kusano T, Yamaguchi K, Berberich T & Takahashi 
Y (2007) Advances in polyamine research in 

https://doi.org/10.1007/s10529-006-9179-3
https://doi.org/10.1007/s10529-006-9179-3
https://doi.org/10.1007/s10529-006-9179-3
https://doi.org/10.1016/j.crvi.2008.07.022
https://doi.org/10.1016/j.crvi.2008.07.022
https://doi.org/10.1016/j.crvi.2008.07.022
https://doi.org/10.1017/S0960258520000239
https://doi.org/10.1017/S0960258520000239
https://doi.org/10.1017/S0960258520000239
https://doi.org/10.1556/ABiol.61.2010.2.10
https://doi.org/10.1556/ABiol.61.2010.2.10
https://doi.org/doi.org/10.1139/b83-358
https://doi.org/doi.org/10.1139/b83-358
https://doi.org/doi.org/10.1139/b83-358
https://doi.org/10.4161/psb.3.3.5539
https://doi.org/10.4161/psb.3.3.5539
https://doi.org/10.1042/BCJ20160814
https://doi.org/10.1042/BCJ20160814
https://doi.org/10.1042/BCJ20160814
https://CRAN.R-project.org/package=DHARMa
https://CRAN.R-project.org/package=DHARMa
https://CRAN.R-project.org/package=DHARMa
https://doi.org/10.3389/fpls.2021.701538
https://doi.org/10.3389/fpls.2021.701538
https://doi.org/10.3389/fpls.2021.701538
https://doi.org/10.3389/fpls.2021.701538
https://doi.org/10.1186/s12870-016-0951-9
https://doi.org/10.1186/s12870-016-0951-9
https://doi.org/10.1186/s12870-016-0951-9
https://doi.org/10.1186/s12870-016-0951-9
https://doi.org/10.1007/s10725-020-00613-4
https://doi.org/10.1007/s10725-020-00613-4
https://doi.org/10.1111/j.1469-8137.2010.03461.x
https://doi.org/10.1111/j.1469-8137.2010.03461.x
https://doi.org/10.1007/s10265-007-0074-3


	 Effects of spermidine on germination of Salix spp. after storage under controlled conditions	 147

2007. Journal of Plant Research 120: 345–350. 
doi:10.1007/s10265-007-0074-3.

Lenth RV (2022) Emmeans: Estimated marginal 
means, aka least-squares means.

Li Z, Peng Y, Zhang X-Q, Ma X, Huang L-K & Yan 
Y-H (2014) Exogenous spermidine improves 
seed germination of white clover under water 
stress via involvement in starch metabolism, an-
tioxidant defenses and relevant gene expression. 
Molecules 19: 18003–18024. doi: 10.3390/mole-
cules191118003.

Li Z, Zhang Y, Peng D, Wang X, Peng Y, He X, Zhang 
X, Ma X, Huang L & Yan Y (2015) Polyamine 
regulates tolerance to water stress in leaves of 
white clover associated with antioxidant defense 
and dehydrin genes via involvement in calcium 
messenger system and hydrogen peroxide sig-
naling. Frontiers in Physiology 6. doi:10.3389/
fphys.2015.00280.

Liu U, Cossu TA & Dickie JB (2019) Royal Botanic 
Gardens, Kew’s seed information database (SID): 
A compilation of taxon-based biological seed 
characteristics or traits. Biodiversity Information 
Science and Standards.

Maroder H, Prego IA, Facciuto GR & Maldonado SB 
(2000) Storage behaviour of Salix alba and Salix 
matsudana seeds. Annals of Botany 86: 1017–1021. 
doi:10.1006/anbo.2000.1265.

Michalak M, Plitta BP, Tylkowski T, Chmielarz P & 
Suszka J (2014) Desiccation tolerance and cry-
opreservation of seeds of black poplar (Populus 
nigra L.), A disappearing tree species in Europe. 
European Journal of Forest Research 134: 53–60. 
doi:10.1007/s10342-014-0832-4.

Molyneux P (2004) The use of the stable free radical 
diphenylpicrylhydrazyl (DPPH) for estimating an-
tioxidant activity. Songklanakarin Journal of Sci-
ence Technology 26: 211–219.

Niiyama K (2008) Coexistence of Salix species in 
a seasonally flooded habitat. Ecology of Ripar-
ian Forests in Japan. Springer, pp. 165–174. 
doi:10.1007/978-4-431-76737-4_11.

Paul S & Roychoudhury A (2016) Seed priming 
with spermine ameliorates salinity stress in the 
germinated seedlings of two rice cultivars differ-
ing in their level of salt tolerance. Tropical Plant 
Research 3: 616–633. doi:10.22271/tpr.2016.
v3.i3.082.

Pence V (1996) Germination, desiccation and cry-
opreservation of seeds of Populus deltoides Bartr. 
Proceedings of the International Seed Testing As-
sociation24: 151–157.

Pence VC, Meyer A, Linsky J, Gratzfeld J, Pritchard 
HW, Westwood M & Bruns EB (2022) Defining 
exceptional species—a conceptual framework to 
expand and advance ex situ conservation of plant 

diversity beyond conventional seed banking. Bio-
logical Conservation 266: 109440.

Pisoschi AM, Pop A, Cimpeanu C & Predoi G (2016) 
Antioxidant capacity determination in plants 
and plant-derived products: A review. Oxidative 
Medicine and Cellular Longevity 2016: 9130976. 
doi:10.1155/2016/9130976.

Popova EV, Kim DH, Han SH, Pritchard HW & Lee 
JC (2012) Narrowing of the critical hydration 
window for cryopreservation of Salix caprea seeds 
following ageing and a reduction in vigour. Cryo-
Letters 33: 220–231.

Pritchard HW (2007) Cryopreservation of desic-
cation-tolerant seeds. Cryopreservation and 
freeze-drying protocols (ed. by JG Day & GN 
Stacey) Humana Press, Totowa, NJ, pp. 185–201. 
doi:10.1007/978-1-59745-362-2_13.

R Core Team (2021) R: A language and environment 
for statistical computing. R Foundation for Statis-
tical Computing, Vienna, Austria.

Ratajczak E, Małecka A, Bagniewska-Zadworna A 
& Kalemba EM (2015) The production, locali-
zation and spreading of reactive oxygen species 
contributes to the low vitality of long-term stored 
common beech (Fagus sylvatica L.) seeds. Journal 
of Plant Physiology 174: 147–156. doi:10.1016/j.
jplph.2014.08.021.

Roqueiro G, Facorro GB, Huarte MG, Rubín de Celis 
E, García F, Maldonado S & Maroder H (2010) 
Effects of photooxidation on membrane integrity 
in Salix nigra seeds. Annals of Botany 105: 1027–
1034. doi:10.1093/aob/mcq067.

Sagisaka S (1976) The occurrence of peroxide in a 
perennial plant, Populus gelrica 1. Plant Physiology 
57: 308–309. doi:10.1104/pp.57.2.308.

Seneta W, Dolatowski J & Zielinski J (2021) Dendro-
logia. Państwowe Wydawnictwo Naukowe.

Sheteiwy M, Shen H, Xu J, Guan Y, Song W & Hu 
J (2017) Seed polyamines metabolism induced 
by seed priming with spermidine and 5-aminole-
vulinic acid for chilling tolerance improvement in 
rice (Oryza sativa L.) seedlings. Environmental and 
Experimental Botany 137: 58–72. doi:10.1016/j.
envexpbot.2017.02.007.

Simak M (1982) Germination and storage of Salix ca-
prea L. and Populus tremula L. seeds. Proceedings 
of the International Symposium on Forest Tree 
Seed Storage: September 23–27, 1980. Petawawa 
National Forestry Institute, Chalk River, Ontario.

Simpson JD & Daigle B (2007) Five years storage of 
seed from three Salix species. Recent Advances in 
Seed Physiology and Technology: 30.

Steyn EMA, Smith GF & Van Wyk AE (2004) Func-
tional and taxonomic significance of seed struc-
ture in Salix mucronata (Salicaceae). Bothalia 34: 
53–59.

https://doi.org/10.1007/s10265-007-0074-3
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.3390/molecules191118003
https://doi.org/10.3390/molecules191118003
https://doi.org/10.3390/molecules191118003
https://doi.org/10.3390/molecules191118003
https://doi.org/10.3389/fphys.2015.00280
https://doi.org/10.3389/fphys.2015.00280
https://doi.org/10.3389/fphys.2015.00280
https://doi.org/10.3389/fphys.2015.00280
https://doi.org/10.3389/fphys.2015.00280
https://doi.org/10.3389/fphys.2015.00280
https://doi.org/10.1006/anbo.2000.1265
https://doi.org/10.1006/anbo.2000.1265
https://doi.org/10.1007/s10342-014-0832-4
https://doi.org/10.1007/s10342-014-0832-4
https://doi.org/10.1007/s10342-014-0832-4
https://doi.org/10.22271/tpr.2016.v3.i3.082
https://doi.org/10.22271/tpr.2016.v3.i3.082
https://doi.org/10.22271/tpr.2016.v3.i3.082
https://doi.org/10.22271/tpr.2016.v3.i3.082
https://doi.org/10.1016/j.biocon.2021.109440
https://doi.org/10.1016/j.biocon.2021.109440
https://doi.org/10.1016/j.biocon.2021.109440
https://doi.org/10.1016/j.biocon.2021.109440
https://doi.org/10.1155/2016/9130976
https://doi.org/10.1155/2016/9130976
https://www.ingentaconnect.com/content/cryo/cryo/2012/00000033/00000003/art00007
https://www.ingentaconnect.com/content/cryo/cryo/2012/00000033/00000003/art00007
https://www.ingentaconnect.com/content/cryo/cryo/2012/00000033/00000003/art00007
https://doi.org/10.1007/978-1-59745-362-2_13
https://doi.org/10.1007/978-1-59745-362-2_13
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/j.jplph.2014.08.021
https://doi.org/10.1016/j.jplph.2014.08.021
https://doi.org/10.1016/j.jplph.2014.08.021
https://doi.org/10.1016/j.jplph.2014.08.021
https://doi.org/10.1093/aob/mcq067
https://doi.org/10.1093/aob/mcq067
https://doi.org/10.1104/pp.57.2.308
https://doi.org/10.1104/pp.57.2.308
https://doi.org/10.1016/j.envexpbot.2017.02.007
https://doi.org/10.1016/j.envexpbot.2017.02.007
https://doi.org/10.1016/j.envexpbot.2017.02.007
https://doi.org/10.1016/j.envexpbot.2017.02.007


148	 Mikołaj K. Wawrzyniak et al.

Talbi S, Rojas JA, Sahrawy M, Rodríguez-Serrano M, 
Cárdenas KE, Debouba M & Sandalio LM (2020) 
Effect of drought on growth, photosynthesis and 
total antioxidant capacity of the saharan plant 
Oudeneya africana. Environmental and Experimen-
tal Botany 176: 104099.

Towill LE & Widrlechner M (2004) Cryopreservation 
of Salix species using sections from winter vegeta-
tive scions. CryoLetters 25: 71–80.

Walters C (2007) About the limited benefit of water 
content and temperature on orthodox seed lon-
gevity. South African Journal of Botany 73: 495–
496. doi:10.1016/j.sajb.2007.04.035.

Walters C (2015) Orthodoxy, recalcitrance and in-be-
tween: Describing variation in seed storage char-
acteristics using threshold responses to water 
loss. Planta 242: 397–406. doi:10.1007/s00425-
015-2312-6.

Walters C, Wheeler L & Stanwood PC (2004) Lon-
gevity of cryogenically stored seeds. Cryobiology 
48: 229–244. doi:10.1016/j.cryobiol.2004.01.007.

Wang B (1982) Long-term storage of Abies, Betula, 
Larix, Picea, Pinus and Populus seeds. Proceedings 
of the International Symposium on Forest Tree 
Seed Storage: September 23–27, 1980. Petawawa 
National Forestry Institute, Chalk River, Ontario, 
Canada. 

Wawrzyniak MK, Jasińska AK, Chmielarz P & Ko-
zlowski G (2020) Desiccation, dormancy, and 
storage of Pterocarya fraxinifolia (Juglandaceae) 
seeds: Application in Hyrcanian and Colchian for-
est conservation. Canadian Journal of Forest Re-
search 50: 24–31.

Wawrzyniak MK, Michalak M & Chmielarz P (2020) 
Effect of different conditions of storage on seed 
viability and seedling growth of six European wild 
fruit woody plants. Annals of Forest Science 77: 
1–20. doi:10.1007/s13595-020-00963-z.

Wojtyla Ł, Lechowska K, Kubala S & Garnczarska M 
(2016) Different modes of hydrogen peroxide ac-
tion during seed germination. Frontiers in Plant 
Science 7: 66 doi:10.3389/fpls.2016.00066.

https://doi.org/10.1016/j.envexpbot.2020.104099
https://doi.org/10.1016/j.envexpbot.2020.104099
https://doi.org/10.1016/j.envexpbot.2020.104099
https://doi.org/10.1016/j.sajb.2007.04.035
https://doi.org/10.1016/j.sajb.2007.04.035
https://doi.org/10.1016/j.sajb.2007.04.035
https://doi.org/10.1007/s00425-015-2312-6
https://doi.org/10.1007/s00425-015-2312-6
https://doi.org/10.1007/s00425-015-2312-6
https://doi.org/10.1007/s00425-015-2312-6
https://doi.org/10.1016/j.cryobiol.2004.01.007
https://doi.org/10.1016/j.cryobiol.2004.01.007
https://doi.org/10.1139/cjfr-2018-0519
https://doi.org/10.1139/cjfr-2018-0519
https://doi.org/10.1139/cjfr-2018-0519
https://doi.org/10.1139/cjfr-2018-0519
https://doi.org/10.1007/s13595-020-00963-z
https://doi.org/10.1007/s13595-020-00963-z
https://doi.org/10.1007/s13595-020-00963-z
https://doi.org/10.3389/fpls.2016.00066
https://doi.org/10.3389/fpls.2016.00066

