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Abstract: Two maize hy brids with a different ability to maintain seed ger mi-
nation were ex amined during the course of a ccelerated aging (AA). Initially,
the similar seed reduction p otential of the GSSG/2GSH half-cell increased i in
H1 (dent hybrid) without influencing the seed germination ability up to the 6
day of AA, while in H2 ( sweet corn hy brid), it was not changed up to t he 6"
day of AA but with a significant later loss of seed ger mination ability. During
the AA course, the amount of free thiol d ecreased in H1 and increased in H2.
Irrespective of the continual increase of the differential Gibbs energy during
AA, the chara cteristics of the examined hybrids are po ssibly connected to the
different metabolic pathw ays of the seed s: H1 isch aracterised by highe r
entropy and po sitive enthalpy values, while H2 had ne gative entropy values
and a de creasing trend of ent halpy, indicating a shift of th e sy stem from a
relatively ordered to a di sordered state. The different ty pes of nanomolecular
switches, result ing in a faster decrease of GSH in the H2 than in the H1
hybrids, indicate that a ¢ ombination of the G SSG/2GSH half-cell potential and
thermodynamics could be a useful tool to quantify plant stress.

Keywords: agin g; glutathione; maize seeds; free thiols; se ed ger mination abi -
lity; thermodynamics.

INTRODUCTION

Despite the fact that the g ermination percentage is still the most important
parameter that describes and integrates germination ability!, the seed germination
process, by itself, has many different asp ects. The trend of loosing viability du-
ring long-term storage has two phases: the first is slower and longer lasting and
the second, faster and shorter lasting. 2-3 Kittock and Law 4 and Anderson ° as -
certained that seed respirat ion, as the ma in producer of reactive oxy gen species
(ROS), could increase during storage, due to exogenous and e ndogenous factors:
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temperature, air humidity, etc.® During oxidative stress, R OS damage first the
mitochondria and then the other cell components, leading to respiration reduction
and membrane disintegration, 7 which could be assumed a s the moment of ir re-
versible injuring. Accelera ted aging in duces changes in the naturally occurring
seed antioxidants, such as glutathione,? which are integrated into the cellular re-
dox status. S ome ROS sp ecies and NO 8 are capab le of m odulating trans mem-
brane receptors and ¢ ytoplasmic signal transduction routes.? Molecular sensor s
with free thiols mainly react via their oxidation, forming disulphides,!0-1! having
different red ox and transcriptional si gnals. Although seeds represent relatively
dry systems, the relations are even more complex, including the facts that most of
the endosperm and a smaller part of the embryo represent dead cells, made
through programmed cell death during seed formation.!2.13

The theoretical basis of th e energy concept, i.e., thermodynamics, gives the
possibility of quantification of biological vitality,!415 considering that a change in
the internal energy of a sy stem represents the maximal work available for achieve-
ment. The vitality of seeds is maintained by the formation of a glass structure,
which is thermodynamically unstable, while aging induces structural changes,? as
a consequence of m etabolic unbalance, originating from gradual desiccation and
high oxidative activity .16 Subsequently, the observed equilibri um shift, induce d
by oxidative activity during long-term desiccation or ageing, also leads to the
breakdown of the antioxidants, i.e., when major parts of the GSH pool are con-
verted into GSSG, the half cell potentia | increases and becomes a signal that ini-
tiates programmed cell death.17

The objective of study was to investig ate the chang es in se ed ge rmination
ability during accelerated aging of two maize hybrids (H1 — dent hybrid and H2 —
— sugary hybrid) consequently through alterations of the half-cell redox potential
of the GSSG/2GSH coupl e, the am ount of free thi ols and the t hermodynamic
parameters of differential Gibbs energy, entropy and enthalpy.

EXPERIMENTAL

The seeds of two maize hybrids with different abilities of germination (ZP SC 580 — H1,
and ZP SC 504, — H2, originating from the same location and year, stored at 4 °C), were sub-
jected to accelerated ageing treatment!8 at a te mperature of 42 °C and a relative air humidity
of 100 % for 3, 6 or 9 day s (down to an econ omical limit of 80 %). Subsequently , the germi-
nation capa city was deter mined by ISTA Rul es in four replications of 100  uniform seed s!
after 7 days, on filter paper towels, used as the medium.

The contents of free thiol (PSH), reduced (GSH) and oxidised glutathione (GSSG) in the
seeds were determined according to the method of de Kok et al.!® After homogenisation of 1 g
of a sample with 10 mL of 0.1 5 % Na-ascorbate, the sample was centrifuged at 20,000 g for
20 min. Then, the free thiol co ntent was determined: 1.5 ml of 0.20 M pota ssium phosphate
buffer (pH 8.0) and 0.20 ml of 10 mM DTNB reagent (5,5’-dithio(2-nitrobenzoic acid) solved
into 0.020 M potassium phosphate buffer (pH 7.0)) were ad ded to 1.5 ml of the e xtract. The
absorbance was measured at 4 15 nm. Then, the supernat ant was deprotei nised in the water
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bath at 95 ° C for 3 min. After repeated ce ntrifugation at 150 00 g for 15 min, the content o f
total glutathione from the supernatant was analysed. After repeated c entrifugation at 15000 g
for 15 min, th e content of to tal glutathione in the sup ernatant wa s analy zed as d escribed
above: to 1.5 ml of supernatant, 1.5 mL of 0.20 M potassium phosphate buffer (pH 8.0) and
0.20 mL of 10 mM DTNB reagent (pH 7.0) were added. The absorba nce was read at 415 nm.
In the other 1.5 mL of superna tant, 0.5 m L of 0.25 M potassi um phosphate buffer (pH 6.8),
0.3 mL of albumin, 0.020 mL of glyoxalase I (Sigma grade I'V) and 0.08 mL of 0.10 M me-
thylglyoxal are added. After incubation at 30 °C for 15 min, the conte nt of reduced gluta-
thione (GHS) was determined in the abov e described manner. GSH (Sigma Ultra 98—100 %)
was used a s the standard. The content of oxidised glutathione (GSSG) was calculated as the
difference between the total and reduced glutathione.

The redox capa city of the GSSG/2GSH c ouple was estimated by the method of Schafer
and Buettner:2°

2
1 H
B, = —240—&log [GSH]
2 [GSSG]
The thermodynamic parameters were c alculated from the water content, whi ch was de-
termined after drying at 130 °C,2! by a modified model proposed by Davies!# and Sun:22-23

G = -RTIn W (2)

(1

W
AG=-G"+RTIn—21 (3)
W

G
RTT, W
AH =121 0 g
T-T, W,
AS— AHT—AG 5)

where G is the starting Gibbs energy, R is the universal gas constant (8.314 ] K-! mol™!), T is the
sum of the average daily temperatures, in K, WC is the water content (where by, 1 g=1 mL),
AG is the Gibbs energy change, AH is the enthalpy change and ASis the entropy change.

It is important to stress that the time factor is insignificant in thermodynamics, while it is
important for li ving sy stems; this paradox w as surpassed by the introduction of daily te mpe-
rature sums (obtained on the d ays of AA). The result s of g ermination test, the GSH, G SSG
and PSH cont ents were statistically calculated with th e Anova T-test (LSD =5 %); th e E,
AG, AH and ASvalues were calculated with SD value; the depende nce bet ween the ger mi-
nation percentage, Ep., AG, AH and ASwere expressed by multiple regressions and correlation
coefficients, calculated with Statistica 7.0 software (StatSoft Inc.).

RESULTS AND DISCUSSION

Redox signals are key regulators of va rious plant m etabolic processes, in-
cluding morphogenesis and growth. Glutathione is the major redox regulating sub-
stance in seeds. More tolerant genotypes have higher quantities of total glutathione,
with different relations between reduced and oxidised glutathione (2GSH/GSSG).24.25
During the AA treatment, similar and significant decreases of GSH were found in
the seeds of both hybrids, down to 55 and 56 % in H1 and H2, respectively
(Table I), while the percentage ger mination was significantly decreased by 11 %
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in H1 and by 19 % in H2. The decreas ed GSH amount correlates with the si gni-
ficant increase in GSSG am ount, which is in agreement with th e results of De
Paula et al.26 and Torres et al.,27 although their ratio was shifted to a greater ex-
tent in H2. Generally , the relationship between seed viability and GSH decrease
does not coincide with a GSSG increase, with the values increasing by only to 28
% in H1 and over 3.6 times in H2 (Table 1), signifying an irreversible loss of

GSH from the system.28 This is an indication of its reaction with other seed bio-
molecules, which could, moreover, be li nked to a r eaction shift to necrotic pr o-
cesses?? i.e., to programmed cell death. 13.17 It see ms that the protective role of

GSSG,30 was emphasized in H2, having a 3.5 times higher GSSG content after 9
days of AA, with only a 7.6 % loss of total glutathione.

TABLE I. Changes in the germination percentage, GSH, GSSG and PSH in maize seeds (H1 —
— dent hybrid, H2 — sugary hybrid) during accelerated (AA) aging treatment for 3, 6 and 9 days

AA / days

Property Hy brid 036 7 LSD 0.05
Germination, % H1 98.097.7 96.0 87.7 5.74
H2 95.5 95.0 83.0" 77.5 1.97
GSH / nmol H1 296.8 2717.1 2324 1324 73.37
H2 265.4 260.9 246.5 116.0 71.45
GSSG / nmol H1 154.9 159.6 165.2 216.0 36.22
H2 49.050.957.3 174.1 60.67
PSH / nmol H1 91.3 87.880.425.9 30.61
H2 78.4 88.9 98.1 133.2 23.88

L east significant difference, Student’s T-test, P = 0.05

Seeds contain m ost of the thiols and di sulphides in proteins, 31:32 which are
liable to aging changes owing to their role in the regulation of the cell redox en-
vironment. Pukacka33 found a decrease in PSH during the aging of Acer plata-
noides seeds, which is in agreement with the changes in the H1 s eeds (decrease
of 72 %, Table I). The significant incr ease in the PSH content wa s accompanied
by a considerable decrease in GSH a nd germination ability during AA treatment
in H2, co mpared to H1, which may develop from proteins undergoing dethiola-
tion, although the similar changes were already established by Seres and co-wor-
kers.34 The observed mechanism was suggested by Grant et al.,35 as the last de -
fence in the irreversible oxidation of cysteine residues, the occurrence of which
would otherwise lead to polypeptide agg regation. It is also possible that two dif-
ferent types of nanomolecular switches:20

GSSG + PSH <= PSSG + GSH (Type I) (6)
GSSG + P(SH), <= PSS + 2GSH (Type II) (7)

are present in H1 and H2, resulting in different alterations of the GSH/PSH ratio,
which had a sig moid trend in HI, decreasing from 3.2 t0 2.9 (upto 6 th day of
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AA) and the n increasing, up to 5.1, underlining intensive PSH consumption to
GSH, while in H2, the ratio had a more continual de crease to the 6 th day of AA
(from 3.4 to 2.5) and then a steeper red uction to 0.9, emphasising intensive GSH
expenditure.

However, Schafer and Bu ettner2? used the GSSG/2GSH half-cel 1 potential
(Enc), which gave the opportunity to quantify the physiological status influencing
plant growth. The changes in the Ep. of the maize seeds shown in Fig. 1 clearl y
illustrate the changes developed during the course of AA. In the seeds of both
hybrids, the GSSG incre ased due to GS H oxidation, as wa s al so evidenced in
other seeds.26:27 In the i nitial maize hybrid seeds, the value of Ep. was si milar,
i.e,—158.2 and -157.8 mV in H2 and H1, respectively, with negligible changes
after 9 days of AA, i.e,—119.1 and —118.5 mV, respectively. The slight variation
in Epc accompanied with intensive changes in GSH and GSSG (Table I), as wel 1
as a decrease in the total glutathione to 55 and 56 % in H1 and H2, respectively,
were similar to the results obtained by De Vos et al.,28 indicating that the gl u-
tathione redox system is not a closed one and that GSH reacts with other m acro-
molecules in the seeds during aging. Dean and Devar enne3 suggested conjuga-
tion of GSH with soluble phenolic co mpounds as the mechanism of its elimi-
nation from cells, while th e significant amount of GSH in H2 may serve for di-
sulphide dethiolation.34.33
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Fig. 1. Changes of the GSSG/2GSH half cell potential (Ey.) and Gibbs energy change (AG), as
a result of accelerated aging for 3, 6 or 9 days (H1 — dent hybrid, H2 — sugary hybrid);
vertical bars represent the SD values.

The found Ej values were higher than the results  obtained by Kranner et
al.,17 which could be conn ected to the level of the Gibbs energy change (AG, Fig.
1). Thus, AG negatively correlates with the germination decrease (R=-0.66) to a
higher d egree than the Ej increase ( R =—0.59). Th e thermal treat ment (agin g
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mode)® elevated the Gibbs energy, but to a higher degree in H1 (8 1 J mol-!) than
in H2 (66 J mol-1). The relatively parallel changes in the AG and Ej, of the seeds
(R=0.90) are indicative of an intensification of endergonic reactions and a larger
energy expenditure. 1423 Furthermore, the AG increase does not correspond with
the AS change, which was decreased by a maxi mum of 0.06 J mol-! in H1 (Fig.
2). Considering that entropy presents c apacity, i.e., the presence of energy un-
available for work, the system is under conditions of restricted energetic capacity
(thermodynamic equilibrium, AS = 0) and lower m olecular mobility,23-37 from
the 3™ day of AA. It is necess ary to e mphasise that the lower entropy values of
the H1 seeds indicate an enhanced capacity to tolerate change with respect to H2
seeds. Only for the AH, i.e, m easurement of the total energy change, were
significant alterations observed, which had a sig moid shape with the H1 see ds
and a maximum (AH > 0) on the 36" day of accelerated aging, while for H2,
AH had general decreasin g trend, with the negative values indicating a shift of
the system from a relatively ordered to a disordered state.!4:23
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Fig. 2. Changes of entropy (AS) and enthalpy (AH) due to accelerated aging for 3, 6 or 9 days
(H1 — dent hybrid, H2 — sugary hybrid); vertical bars represent the SD values.

The observed dynamics could be connected to a possible melting of the glass
matrix and irreversible metabolic changes, attributed to desiccation. 16:22.38 Addi-
tionally, the trends of the AH and ASchanges indicate a differen t organisation
structure of the dent and sugary hybrids, irrespective of their positive correlation
with germination reduction (Fig. 3) an d the observed correlation between them
(R=0.71 for AH; R=0.38 for AS). Namely, the rapid increase in enthalpy , fol-
lowed by a negligible increase in entrop y for the H 1 seeds could be related t o
glass relaxation,3? followed by a later dom ination of stronger bo nds, as conse-
quence of desiccation?3 and furthermore impairment of metabolism by free radi-
cals.16 Moreover, the H2 seeds could be characterised by weaker molecule move-
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ments and stronger bonds, hence the system is above the edge of enthalpy equili-
brium, with a relatively weak relaxati on, character istic for s eeds with a low er
germination ability.39 It could be assumed that desiccation tolerance and pro-
longed seed longevity in the desiccated state depend on the abilit y of the system
to scavenge free radicals. The failure of the antioxidant sy stem during long-term
desiccation appears to trigger programmed cell de ath, causing ageing and even-
tual death of the organism.13.16
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Fig. 3. Correlation between the maintenance of germination (percentage) ability;
a) changes of the redox potential, Eyc, and Gibbs energy change, AG, and
b) changes in enthalpy, AH, and entropy AS
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CONCLUSIONS

The genotypic characteristics of the two examined hybrids indicated possible
different metabolic pathways of the seeds, which is connected to different trends
of the changes in the therm odynamic parameters (AG, AH and AS) and different
types of nanom olecular switches, resulting in relative faster de crease of GSH in
the H2 hybrid than in the H1 hybrid, emphasising that the GSSG/2GSH half cell
potential is a useful tool for quantifying plant stress, but it cannot be alone a mea-
sure for seed ger mination ability. The observed changes in the seeds could be
described from the viewpoint of thermodynamics by the enthalpy: AH=0J mol~!
might be considered as the border betw een reversible and irreversible injuries i n
seeds. The c ombination of the GSSG/ 2GSH half-c ell potential with ther mody-
namic parameters may possibly be a more effective tool for determination of seed
germination ability and the physiological status of seeds.
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YBOJ Y MEBYCOBHY 3ABHUCHOCT REJIMICKOI' PEJOKC IIOTEHIIUJAJIA
TJIVTATUOHA U TEPMOJJUHAMUKE TOKOM YBP3AHOI'
CTAPEIBbA CEMEHA KYKYPV3A

BECHA JI. IPATYEBUH, CIOBOJIAHKA JI. CPEJOJEBIR' 1 MUXAJJIO B. CIACHR?

"Mncimuimiyin sa kykypys, Cao60dana Bajuha 1, 11185 Beozpad-3emyn MZHHcmullelTl 3a 6UOAOWIKA UCTUPANCUBAA
“Cunuwa Citiankosuh”, Byaesap [eciioitia Citiecpara 142, 11060 Beozpao

IIpoyuaBaHo je yOp3aHO cTapeme ceMeHa JBa XHOpHIa KyKpy3a Koja MMajy JIpyradujy CIo-
coOHOCT ouyBama KiujaBocTH. CimyaH modeTHH penykunoHu moreHuujan G SSG/2GSH mapa je
ko H1(3ybaH) pacrao Ge3 yTuiaja Ha cOCOOHOCT KiHjama OO LIECTOr JaHa yOp3aHOr CTapemba,
1ok ce ko H2 (wehepair) Huje Memao 10 IIECTOr JAaHa CTapera, y3 KaCHUjU 3HauyajaH maj Kiu-
jaBoctu. Kommuanna PSH ce cmamuBana xox H1, nok je pacna kog H2 TokoM TpeTrMmaHa crapema.
Be3 003upa Ha KOHTHHYHpaH Taj cI000HE SHepThje TOKOM yOp3aHOT CTapema, 0OCOOMHE ceMeHa
HCTINTHBAHUX XUOpUaa cy Moxja Owmie Be3aHe 3a apyraumje merabonmuke mytese: H1 kapak-
TEpUIlIe BHCOKA CHTPONHja W TO3UTHBHE BPETHOCTH CHTANNHje, JOK je 3a H2 kapakrepuctuyna
pEIaTHBHO HHMCKA CHTPOIH]ja, y3 HEraTHBHE BPEAHOCTH SHTANIMje, yKadyjyhu Ha moMepame cuc-
TeMa U3 penatuBHO ypehenor y neypeheHo crame. J[pyraunju THIIOBH HAaHOMOJICKYJICKHX TPEKH-
nava, yruayhn Ha Opxkm nmag GSH kxoxm H2 y omnocy ma H1, mctuuy na ce koMmOGuHammja
GSSG/2GSH henujckor noreHn@jana ¥ TEPMOJIMHAMUKE MOTY KOPHCTHTH IIPH KBAaHTHU(HKAIM]U
OHJBHOT CTpeca.

(TTIpumsseno 30. jyna, pesuaupaso 16. centem6pa 2009)
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