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Abstract

Willow seeds are classified as orthodox, but théyows some recalcitrant
characteristics, as they lose viability in a feweke at room temperature. The aim of
this work was to improve the desiccation toleraoic@illow seeds §alix nigraL.), as a
model of sensitive materials to dehydration, thiougbibition in solutions and later
vacuum (VD) or freeze-drying (FD). Imbibition wasnducted with 45%w/v trehalose
or polyethylene glycol 400 —PEG- or water priod&hydration treatments. Water- and
especially trehalose-imbibed seeds subjected to &Hdwed better germination
capability with respect to the freeze-dried onesatd¥ crystallization was mainly
responsible for the great loss of capability geation observed in water- or trehalose-
imbibed seeds subjected to FD. PEG behavior wderbshen seeds were FD instead
of VD. DSC thermograms of seeds allowed to identiiyo thermal transitions
corresponding to lipids melting and to proteinsataration. This last transition reveals
information about proteins state/functionali§ehydration of control and PEG- or
water-imbibed seeds affected proteins functiondéding to lower germinability. In
the case of trehalose-imbibed seeds subjected topwideins maintained their native
state along dehydration, and the seeds showedah ggemination capacity for all the
water content range. Germinated seeds showed hiigimenosity (L*), greenness (a*)
and yellowness (b*) values than not-germinated séedependently of the employed
agent. Present work reveals that the presenceeagfuatle protective agents as well the
dehydration method were the main critical factonglved in willow seed desiccation

tolerance.
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Highlights

Willow seeds were subjected to imbibition and sgosat vacuum or freeze-
drying

Trehalose imbibition followed by vacuum drying pied >75% seed
germination

Protein changes could be determined by DSC

Dehydration affected proteins functionality leadindower germinability

The a* coordinate correlated with germinabilityttaé first stages of germination

Key words: orthodox seeds; willow; dehydration, desiccatiaedstolerance, seed

storage; imbibition; trehalose; seed protein demdittn; color changes.
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1. Introduction

The conservation of labile biomolecules/structureliological, pharmaceutical and
food sciences is generally performed in frozen elydirated systems (Santagapita and
Buera, 2008). Vegetal germplasm is usually conskes seeds, which are naturally
dehydrated systems. The so-called orthodox sedus ifitost common) tolerate
dehydration up to low water contents (wc), and camain viable for several years.
Seeds of 24 species &hlix containing between 6 to 10% water content haven bee
maintained without loss in viability for 3 years liermetic storage at —19 °C (Zasada
and Densmore, 1977) or 5 years when stored oveseahnt at -8 °C (Sato, 1955).
Although willow seedsSalix spp.) are orthodox (Hong et al., 1996), they exhibingo
recalcitrant characteristics: the longevity doesfotbow the dehydration tolerance as is
shown for orthodox seeds. At room temperataléx spp. seeds lose their viability in a
time frame from two days (Campbell, 1980) up tew fveeks, likesalix alba andSalix
matsudana (Maroder et al., 2000) arghlix nigra (Roqueiro et al., 2010), depending on
the species.

Collected seeds are usually first dehydrated &@r 3h from wc 41% to 9-12%
(wet basis), leaving the seeds with water acti(agy values between 0.8 and 0.7. Then,
seeds are kept at -70-80 °C in order to avoid liighoses, but this increases storage
time-dependent costs. This fact also limited thespgmlities to find commercial seeds.

In a previous work Maroder and co-workers (2000)dstd the effects of
dehydration, storage temperature and humidificatiorgermination ofsalix alba and
Salix. matsudana seeds. They observed that germination of the Yaigr lot (100% of
initial normal germination) was not affected by etation up to 6.7% of moisture
content but germination decreased with further dedityon to 4.3%. The lowest vigor

lot (75% of initial normal germination) was moressaptible to dehydration and



77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

germination decreased following dehydration to 6/mM#isture content. Seeds showed
improved performance at lower storage temperatinenvstored between -70 and 25 °C
and can be dehydrated to a moisture content ifdilequin with 15% relative humidity,
suggesting that they are orthodox in storage behalihough they are short-lived.

One of the strategies to improve germination stghilpon drying is imbibing the
labile structures with osmo-protectant solutes. sEhesolutes promote specific
interactions (especially hydrogen bonding) withltgical structures, stabilizing them
during drying. Several biomolecules, structures anginisms (protein, membranes,
cells, seeds, and microorganisms) have been gdilhrough immobilization in glassy
sugar matrices obtained by freeze- or spray-dr{ithgekstra et al., 2001; Tunnacliffe
and Lapinski, 2003; Buera et al., 2005; SantagamthBuera, 2008). Trehalose, a non-
reducing disaccharide, has a protective effect mmoblecules which is not only
explained by the capacity of the sugar to form gjastructures, but also by the
intermolecular interaction between the biomolecaled sugar through hydrogen bonds
(Santagapita and Buera, 2008). Polyethylene glye@#G) is usually used as an
adequate cryo-protective excipient of enzymes (€agy et al., 1993), but it is not
efficient as a dehydro-protectant.

In recent years emphasis has been placed on theajgm of techniques of
computer vision systems and image analysis forsaswg the color changes and other
properties related to the quality (Briones and Agyai, 2005; Agudelo-Laverde et al.,
2011 and 2013). This approach represents an ititegeslternative for heterogeneous
systems, because it is provide a large quantityntdrmation in a fast and non-

destructive method (Jayas et al., 2000).
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The aim of this work was to improve the desiccatiolerance of willow seeds
(Salix nigra L.), chosen as a model of sensitive materials toydetion, through

imbibition in solutions and later vacuum (VD) oeéze-drying (FD).

2. Resultsand discussion

2.1. Salix nigra seeds upon dehydration

A rapid decrease of germination capacity duringydedition was observed for non-
imbibed (control) vacuum dried see(fSgure 1). The water content (wc) decreased
during the dehydration procedure from the initigirnp (11% dry basis, pointed in
Figure 1 with an arrow). It is important to take into acobthat at the moment of the
present work, the seed control-pool retained 77%hefgermination capacity. Then,
these seeds could be classified as a low vigoralad, could be more susceptible to
dehydration and to a decrease of germination aléérydration. Similar results were

obtained by Maroder and co-workers (2000)Salix alba andSalix matsudana seeds.

2.2. Imbibition

The imbibition of seeds with dimethylsulfoxide (DK% or glycerol, as well as with
other cryo- and dehydro-protectants (such as secevsl maltodextrin) and their
combinations previous to germination did not prevahy improvement to germination
index.

Trehalose and water imbibed seeds showed highaifisant germination values
(28 £ 5 and 16 = 4%, respectively) than the cons®eéd pool. This behavior was
already reported upon imbibition &alix spp. seeds (Maroder et al., 2000) and is
related to the so called priming effect (Chojnowskial., 1997), which involved

extensive repair processes which take place durnmgbition prior to germination.



125 These repair processes continues until the watgenbwhich allows division and cell
126 elongation (beginning of the seedling) is reachexbroving the physiological quality

127 of the seeds (Chojnowski et al.,, 1997). These psE® involve DNA repair

128 mechanisms (nucleotide and base excision repaimologous recombination,
129 chromatin remodeling, small-RNAs mediated repairgplacement of damaged
130 ribosomal RNA (rRNA) and response of antioxidantchanisms (ROS scavengers,

131 enzyme synthesis) (Ventura et al., 2012). Besitlekaune and co-workers (2012)
132 determined in tomato exposed to short-term printimgt osmo- and hydro-priming
133 improves seed germination probably by affectingnplaormones concentrations of
134 abscicic acid (ABA) and especially gibellerin (GA)n et al. (2013) observed that
135 nitric oxide (NO) and ethylene cooperate to inceegermination rate ofrabidopsis
136 seed exposed to salinity stress by reducing thenaglation of HO,, one of the main

137 reactive oxygen species (ROS). This finding cowddddated to the protection observed

138 by priming in the seeds analyzed in present work.

139 PEG-400 imbibed seeds showed lower significant gextion values (0.72 £ 0.03)

140 than the control seed pool. Such toxicity was somes related to the presence of
141 metallic or organic ions, but even though thesesiarould be removed by

142 chromatographic techniques, plants roots are natpéetely impermeable to PEG,

143 which has been reported to exert toxicity towah#sgeeds (Plaut and Federman, 1985).
144 Its uptake and translocation through the plant admause damage by blocking water
145 pathway (inducing desiccation) (Lawlor, 1970), ghtusrus transport inhibition across
146 the root to the xylem (Emmert, 1974), or to the 1@ solubility in PEG solutions
147 (Mexal et al., 1975).

148

149 2.3. Seed drying after imbibition
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2.3.1. Vacuum drying (VD)

After imbibition, vacuum and freeze-drying wereesssed as drying techniques. VD
has the advantage to be easy to perform, useswiddehvailable and relatively low-
cost equipments, and requires short processing taompared to freeze-drying.

Imbibed and non-imbibed (control) seeds were sutbfedo different times of
vacuum drying, which leads to different water coideof the seeds. The germination
capacity was determined after drying, and the tesark showed ifigure 2 (a and b)
for a wide range of water contents. Water imbibeglds showed an even greater loss of
germination capacity along dehydration than thetrobrseeds, showing only good
germination capacity values at high wc values, destrating their susceptibility to
dehydration, even higher than that shown in FiglireTrehalose imbibed seeds
maintained a very high level of germination capa¢i 75%) among all the dehydration
range (going from imbibed, with 161.5% of wc, torywelried, with 5% of wc). The
germination capacity of PEG imbibed seeds remaimsost unchanged during
dehydration, being very low in all the range.

Trehalose imbibition and vacuum drying combinatstrowed to be the best of the
analyzed strategies to dehydrate seeds with greasecvation of the germination
capacity.

Proteins state (native or denatured) was considasedn overall marker of the
physiological state of the seeds. Denaturationgs®enay occur during both imbibition
and/or drying, as well as during DSC scan. It ispamant to remark that the
endothermal event corresponding to protein dentduras related to the amount of
native protein present in the system, which hasojhgortunity to occur during DSC
scanning. The proteins which have been previoushatlred by any stress do not show

the typical endothermal. Thus, the denaturatiohapy value obtained in the DSC
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scans correlates inversely to the amount of deedtproteins during imbibition and
drying (Michnik, 2003; Santagapita et al., 200MeThermograms of the seeds showed
two main endothermic events: the first event betwe® and 10 °C was assigned as
melting of lipids; the second event, starting anperatures > 60 °C, was assigned as a
protein denaturation, as shownHigure 3a. Salix seeds contain over 20 % of lipids and
35 % of proteins (Maroder, 2008). Lipid crystaltiom was also observed during DSC
scans from 25 to -100 °C (data not shown). Theareshows an unchanged melting
event and the disappearance of the second eveiat) ate consistent with lipid melting
and protein denaturation events, respectively. @rassignments were also supported
by comparison with thermograms of other seeds €#dral., 2003 and Matiacevich et
al., 2006 for melting of lipids ilCuphea and quinoa seeds, respectively, and Leprince
and Walters-Vertucci, 1995, and Sanchez del Angal.e2003 for protein denaturation
in bean and corn seeds, respectiveiyyure 3b shows a detail of protein denaturation
event: two fractions were clearly distinguishedg first one with peak temperatures
between 60 and 80 °C, and the second one withteegberatures between 100 and 115
°C. Along dehydration, these two fractions “moved thigher temperatures of
denaturation as a consequence of the reductiondnility, and hence, more energy is
needed to achieve the denaturation (Hagerdal anteMa 1976)Figure 4 shows the
changes on both protein denaturation fractionsctotrol (a), water (b), trehalose (c)
and PEG (d) imbibed seeds. Changes on protein ulatiah temperature were
observed along dehydration for all the analyzedesys Figure 4). All imbibed seeds
showed higher enthalpy of denaturatiaidj on the second fraction with respect to the
first fraction Eigure 4b-d). After dehydration, the enthalpy of the secorattion was
strongly reduced in all imbibed seeds. A similantt was observed for the enthalpy of

the first fraction for control, and water- and Pifbibed seeds, with the exception of
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trehalose-imbibed seeds, which showed even anaseref these value&ifure 4c),
indicating that not only the kinetics, but also ttrermodynamic aspects of protein
denaturation were affected (Remmele and Gombot2);2Bantagapita et al., 2007) by
the interactions with trehalose. Enthalpy denatomavalues of control and all imbibed
seeds along vacuum drying are showifigure 5 as a function of germination degree.
In the case of trehalose-imbibed seeds, the maintenof high enthalpy values along
dehydration, which implies that a great amountrotgins maintained their native state
along this process, correspond to the conservafiangreat germination capacity along
dehydration. Instead, control seeds, and waterP&@-400 imbibed seeds subjected to
vacuum drying showed a decrease in the denaturatioiinalpy values along
dehydration, which implies that dehydration strgngffects protein’s functionality,
which correspond to the lower germination capagitgerved Figure5).

Besides protein denaturation, other mechanismsdcbelinvolved in the loss of
germination capacity, such as membranes damage, Tipals changes were further
analyzed by DSC. Itsalix spp seeds the chloroplasts with chlorophyll and thgidk
membranes are conserved in mature seeds (Maroaér 2003), which could lead to
the production of free radicals (FRs) by auto-otia affecting phospholipids,
glycoproteins and the relation between PUFAs andsSfRoqueiro et al., 2010 and
2012). Some authors have reported that the auttab®@in process generates FRs and
ROS which produce damage to molecules, membrarmo@anelles (Priestley and
Leopold, 1983; Priestley, 1986; Wilson and McDond@86; Ponquett et al., 1992;
Maroder et al., 2003; Roqueiro et al., 2010). & dehydrated state, molecular defenses
against FRs and ROS would be insufficient and/@rcsdy efficient, and enzymatic
defenses inactive (Nandi et al., 1997; Bailly, 200¢is to be noted that the oxidative

reactions take place at low water contents and tiaee less mobility restrictions than
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other deteriorative reactions, since dehydratetbbical materials have surface lipids
and oxygen has access to them (Nelson and Lab@2&; Bun et al., 2002). Table 1
shows the enthalpy valuesH) of lipid melting of seeds without imbibition, Isiected

to different vacuum drying times (and, as a consaqe, samples had different wc). An
initial reduction on lipids enthalpy values was eb®d during the early stages of
vacuum drying (from 11.0 to 10.1% of wc, on dry ibgswhile the continuous
removing of water (from 10.1 to 2.1%) did not prodd any further changes on
enthalpy values. Also, melting temperature changese observed in samples dried
from 11.0 to 10.1%, varying both onset and pealptratures from -24 to -15.9 °C and
-7.6 and -5.3 °C, respectively. These changes codlidate modifications in the ratio
between PUFAs and SFAs, which are in agreemerttasetobserved by Roqueiro and
co-workers (2010 and 2012) attributed to the damageluced by FRs and ROS.
Recent studies in desiccation tolerance of maizérgms during development and
germination showed the importance of the antioxiganzymes (superoxide dismutase,
catalase, ascorbate peroxidase, glutathione restuatad dehydroascorbate reductase) to
scavenge ROS species and control malonyldialdelfi2A) content (Huang and
Song, 2013). MDA is a product of lipid peroxidatiaich could damage membranes,
being responsible of the principal cause of detation in orthodox seeds (Smith and

Berjak, 1995).

2.3.2. Freeze-drying

The germination capacity of imbibed seeds afteezZeedrying was also evaluated.
As it can be seen iRigure 6 (black bars), FD after imbibition is not a goodiop to
preserve germination capacity when trehalose oemwaére used as imbibition agents.

However, PEG imbibed seeds maintained around 50%hefgermination capacity
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previous to dehydration. Also, considering the ltssabtained using vacuum drying,
PEG behaviour was better when seeds were FD instestD, as it can be seen in
Figure®6.

The effect of freezing, as a previous step to ®edrzing, was studied in the
imbibed seeds, as shown kigure 6. After freezing, a great loss of germination
capability was observed in trehalose and water betbiseeds; instead, PEG seeds
maintained their ability to germinate. After FDn@dl wc of 5% db), a 30% decrease of
the germination capability was observed in the PaGibed seeds in comparison to the
frozen ones. This result implies that even thounghfteezing step was critical for all the
samples (especially for trehalose and water imbgeatis), in the case of PEG imbibed
seeds, FD also affected the germination capacitjeoeeds.

The loss of germination capability during freezimglater FD was possibly related
to freezable water, which can extensively damagec#ils during freezing and thawing
(Wesley-Smith et al., 2004). As revealed by DSCrtlfugrams of the imbibed seeds,
water melting was observed in all the imbibed seadd followed the increasing order:
PEG< trehalose< water, as shownHigure 7. The lower water content and water
crystallization degree observed in PEG imbibed séedomparison with those of the
imbibed seeds with trehalose or water promotedaeedaeduction of the germination
capability of imbibed seeds. Interfaces of cryspatsduced by water (especially) and oil
crystallization could cause membrane damage, aiffpcgermination capacity as
observed after freezing and freeze-drying. Watgstatlization was not observed in
control seeds. The lipids melting showedHFigure 3a is not observed irFigure 7
because its enthalpy is very small in comparisah wiater melting event.

Summarizing, water, and especially trehalose-imbibeeds subjected to vacuum

drying showed better germination capability in camgon with the freeze-dried ones,
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revealing that both the amount of crystallized weaded the presence of adequate
protective agents were the main critical factorsvolmed in Salix nigra seed

conservation.

2.4. Color changes of imbibed and dried seeds

Macroscopic color changes on seeds were observedgdgermination analysis.
Figure 8 shows the color parameters values of seeds imbibedhter, trehalose, or
PEG and after VD and FD processes at 48 h of gatinin Germinated seeds showed
higher luminosity (L*) values than not-germinateskds Figure 8a) independently of
the employed protective agent.

The germinated seeds showed an intense green ceftected in negatives a*
values (related to greenness degree, as showigure 8b) than those of the not-
germinated seeds. The seeds that were not ableenmirgate developed brown
coloration along germination represented by slighdgative or even positive a* values
(redness). Besides, not-germinated seeds presentgdportant loss of yellowness (b*
values) in comparison with germinated seddgu(r e 8c).

It is important to note that the global color, apdrticularly the a* coordinate
allowed to distinguish the germinability at thesfistages of germination, independently
of the drying process or protective agents employédek not-germinated seeds were

darker, had a low greenness degree, with also a#bwe of the b* coordinate.

3. Conclusions
— Present work reveals that the presence of adeguatective agents as well as
the dehydration method were the main critical fexctnvolved in willow seed

desiccation tolerance.
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— Trehalose imbibition of seeds followed by vacuuryiry comprise a promising
method to improve willow seed desiccation tolerance

— Protein denaturation determined by DSC reveals gdmnon germination
capacity for vacuum dried seeds.

— Freeze-drying after imbibition severely affecte@dsegermination capacity due
to the ice presence during the freezing step.

— Color measurement (particularly the a* coordinat@s detected as a suitable

index to predict germinability at the first 48 hgdgrmination.

4. Materialsand methods

4.1.Seed recollection and storage

Slix nigra L. seeds were collected in Castelar (Buenos Aifggentina) at the
INTA-Castelar experimental field during October/dember 2010. Collected seeds are
usually first dehydrated at 20 °C for 3 h from widdto 9-12% (wet basis), leaving the
seeds with water activity (& values between 0.8 and 0.7. Seeds were stordd® aC
in individual micro-centrifuge tubes and were pobéel from light by using a black
plastic bag. Control seeds are the ones which @rémbibed and are not subjected to

any additional treatment (freezing, freeze-dryingacuum drying).

4.2 Preservation treatments

4.2.1. Imbibition

Imbibition was conducted with 45% w/v trehaloselypthylene glycol 400 -PEG-
or water in 5 mL glass vials at 4 °C for 16 h pti@dehydration treatments.

After that, the imbibed seeds were taken from dspectively solution, then were

placed on filter paper and cleaned with distilleat@v to remove excess solution.
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4.2.2. Freezing and thawing (f/t)

Imbibed seeds were placed in 5 mL glass vials apzkh at -20 °C (conventional
freezer) for 24 h. Thawing was performed at 5 °@l seeds were completely unfrozen.
Thawing was performed at 5°C since freezing rate guate slow and the thawing rate
should not differ too much from the freezing rateorder to provide a slow re-warming

avoiding cells damage (Wood et al., 2003).

4.2.3. Dehydration

Seeds dehydration was performed by two differenthods: vacuum drying (VD)
and freeze drying (FD).

VD was performed in an oven operating at a charpbessure of 11.300 Pa at 25
°C, containing dried silica gel. Samples were dffedh 10 min to 5 h. Seeds with and
without imbibition have always been treated sepdyato that the soaked seeds do not
rehydrate the other ones.

FD of seeds (frozen 24 h at -20 °C and exposedjtiod| nitrogen) was performed
for 24 h in an ALPHA 1-4 LD2 freeze drier (Martinh@st Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany) operating at derwser plate temperature of -55
°C and a minimum chamber pressure of 4 Pa. The drging was performed without
shelf temperature control. Secondary drying wafopeied at 25 °C.

After dehydration, the seeds were maintained iruuat desiccators at 4°C until

their corresponding treatment/s or property deteatnons.

4.3 Determination of the seeds characteristics

4.3.1. Germination rate
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Briefly, four replicates of 25 seeds each weretsagerminate over wet paper in 6
cm Petri dishes at 25 + 1 °C for 72 h (16/8 dayiniight cycle) (Maroder, 2008).
Germination was evaluated according to ISTA Rul&83 A, 2005): it was considered
that seeds had germinated when it was possiblegdr® development of hypocotyls,
cotyledons and root. At the moment of the preseasrkwthe seed control-pool retained
77% of the germination capacity, and had 11 %(drsid) and 0.745 of water content
and activity, respectively. For the time frame loé xperiment, untreated control seed
pool were kept in the freezer at -20°C. Using fezear ultra-freezer (-20 or -70°C,

respectively) provided similar and adequate corsem of the control seed pool.

4.3.2. Thermal transitions by differential scannoadprimetry (DSC)

Protein denaturation and lipid melting were deteedi by DSC using a Mettler
Toledo 822 DSC (Mettler Toledo AG, Switzerland) aB#AR® Thermal Analysis
System version 3.1 software (Mettler Toledo AG)eThstrument was calibrated using
standard compounds (cyclopentane and indium) ahel@fmelting point and heat of
melting. All measurements were made in duplicatéh w10 mg sample mass, using
hermetically sealed 4QL aluminum pans (Mettler). The material was coo#&dhe
higher rate available for the equipment (around-5@0°C/min) from 25 to -100 °C and
then was heated from -100 °C to 140 °C at 10 °C/mmempty pan was used as a
reference. The confidence interval estimated famperature values and for enthalpy

values were 2 °C and 10 mJ, respectively.

4.3.3. Water content and water activity
The water content (wc) of the seeds was deterngn@dmetrically by difference in

weight before and after drying in a vacuum ovenlfdr at 130t 2 °C (ISTA, 1999).
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These drying conditions were adequate to deternaager content in the studied
systems with a confidence interval of 6% to 95%aiety. The water content was
expressed in dry basis (amount of water relateddaried matter, d.b.).

Water activity (@) was determined by means of a drew-point Aquatesrument
(Decagon Devices, Inc, Pullman, WA, USA). A spedampler holder was used to
reduce the number of seeds to be placed, and tinesponding calibration curve was

performed with salts of known,dGreenspan, 1977).

4.3.4. Color measurement by image analysis

Seeds color changes were determined by image @alllse computer system
vision consisted of three elements: a lighting eysta digital camera and a personal
computer. The lighting system included a D65 lartips(illuminant corresponds to
solar irradiation with a color temperature of 630QAgudelo-Laverde et al., 2011 and
2013)) inside a gray chamber (corresponding to mMNte Munsell color space). The
warm up time of the lamps was 15 min. The anglevbeh the camera axis and the
sample plane was 45° and the angle between thesligince and the sample plane was
90°, in order to capture the diffuse reflection casible for color (Yam and Papadakis,
2004). A high-resolution (10.1 megapixel) digitalheera model EOS 40D (Canon Inc.,
Tokyo, Japan) was used, with an EF-S 60 mm f2.8&onaos (Canon Inc.). The digital
camera was operated in manual mode, with the lpedwae at f = 6.3 and speed 1/8 s
(no zoom, no flash) to achieve high uniformity aadeatability. The calibration of the
chromatic parameters used for image capture isribescin Briones and Aguilera
(2005). Images have a resolution of 3,888 x 2,582lp and were stored in JPEG
format using Canon’s Remote Capture program (EQByWCanon Inc.). The images

were taken using white background. The color fumgiselected to follow the seed
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color changes were the CIELAB coordinates (L*, B*). For this study, fifty seeds

were located in Petri dishes in strict order. By germination analysis, two groups of
samples were separated: germinated and non-gesdin@ihe color change of each
single seed was measured along the germination twerage and standard deviation

values are informed.

4.3.5. Statistical analysis
One way analysis of variance (ANOVA) was appliectiom results of the chromatic
coordinates and on germination index, using thgnam Prism v5 (GraphPad Software,

Inc., San Diego, CA, USA).
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Legendsfor Figures

Figure 1. Seed germination as a function of water content (wc). Different wc were reached by
leaving the samples for different times under vacuum drying. The gray arrow shows the starting
point for control seeds; the dotted lineis only indicative.

Figure 2. Seed germination related to different water content obtained after different times of
vacuum drying. Seeds were imbibed with trehal ose, water or PEG. Not imbibed seeds (control)
were also included for comparative purposes. Lines are only indicative.

Figure 3. @) DSC thermograms of control seeds showing lipid melting and protein denaturation
events. The dotted line correspond to the rescan of the same sample. b) Detall of the protein
denaturation showing two events and the corresponding changes in both temperature and enthal py
after vacuum drying (indicated by arrows). The samples correspond to water-imbibed seeds (wc of
150 % db) and control seeds (wc of 11% db). Gray dotted lines were included to show the employed
criteriafor transitions assignment.

Figure 4. DSC thermograms showing the changes on protein denaturation fractions of control
(@), water (b), trehalose (c), and PEG (d) imbibed seeds. Imbibed and dried samples correspond to
water content between 66 and 185 % d.b., and between 48 and 5 % d.b., respectively. Gray dotted
lines were included to show the employed criteria for transitions assignment.

Figure 5. Denaturation enthapy of proteins (considering the sum of both fractions) of vacuum
dried seeds without imbibition (control) and imbibed in water, trehalose and PEG-400 as a function
of germination. Enthal py values were normalized by water content values.

Figure 6. Seed germination capacity of imbibed seeds after freezing, freeze-drying (FD) and
vacuum d*rying (VD). FD and VD seeds with wc around 5 % were selected for comparative
purposes. : no germination was observed due to the damage occurred during freezing.

Figure 7. DSC thermograms of imbibed and control seeds showing water melting. Corrected
enthalpy values (normalized by water content, expressed in % wet basis, wb) were included.

Figure 8. Color coordinates L* (a), a* (b) and b* (c) of water, trehalose, and PEG imbibed seeds
after imbibition, FD and VD seeds at 48 h of germination. The mean and 95% confidence intervals
are reported for germinated (circles) and not-germinated (empty squares) seed groups. The shaded
zone correspond to germinated seeds.



Table 1. Enthalpy values, and onset and peak temperatatated to lipid melting of control
and vacuum dried-control seeds at different wc emldEnthalpy values were normalized by water
content values.

wc (% db)| AH (J/gi) | Tonset(°C) Tpeak (°C)

12 12 +1° 24 +1° -7.6+£0.2

11.2 -6.3+0.? -159+0.7 -51+02°

9.1 6.3+0.7 -17.9+0.8 -54+0.2°
7.7 7308 -176+0.8 -52+0.2°
4.5 6.8+0.6 -19.1+0.9 -54+0.2°
2.1 6.7+0.7 -186+0.9 -52+0.2°

Significant differences due to the drying/water tem are indicated with different letters (P < Q.05
for each parameter.
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Highlights

Willow seeds were subjected to imbibition and subsequent vacuum or freeze-drying
Trehal ose imbibition followed by vacuum drying provided >75% seed germination
Protein changes could be determined by DSC

Dehydration affected proteins functionality leading to lower germinability

The a* coordinate correlated with germinability at the first stages of germination
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