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ABSTRACT

The tested material consisted of grapevine Vitis californica stratified seeds germinated under optimum condi-
tions (+25°C in water), under osmotic stress (-0.2 MPa in PEG solution) and submitted to recovery after stress
(+25°C in water). The germinating seeds were determined to contain tannins, catechins and the following phenolic
acids: gallic, caffeic, p-coumaric and ferulic. The acids occurred in free, ester- and glycoside-bound forms. The
dominant form of phenolic acids was the ester-bound fraction. Gallic acid was the most abundant phenolic acid in
germinating seeds, while ferulic acid appeared in the smallest amounts. Our analysis of tannins demonstrated that
osmotic stress depressed their concentration. Presence of catechin group compounds such as catechin and epicate-
chin was also determined. In each sample epicatechin was dominant. The total concentration of catechin increased
under stress conditions and declined during post-stress recovery. Catechins are a constituent of tannins and their
increase under osmotic stress is most probably caused by the breakdown of some tannins in seeds germinating
under stress conditions. Samples submitted to osmotic stress were also found to contain less of total phenolic com-
pounds, whereas in samples which underwent post-stress recovery the total level of phenolic compounds increased.
Compared to extracts from seeds germinating under optimum conditions, osmotic stress depressed the capacity of
extract to scavenge DPPH® (2,2-diphenyl-1-picrylhydrazyl) and ABTS®** — 2,2-Azino-bis (3-etylbenzothiazoline-6-
-sulfonic acid) free radicals, but the antioxidant activity rose in seeds submitted to recovery after stress. Positive
correlation was therefore demonstrated between the total content of phenolic acids in germinating grapevine seeds
and the reducing power of extracts obtained from these seeds and their free radical scavenging activity. The results
suggest that osmotic stress inhibits the activity of antioxidizing enzymes in germinating grapevine seeds. Thus, the
antioxidative defence system is largely blocked under osmotic stress. It seems that a very high oxidoreductive
potential in grapevine tissues prior to occurrence of osmotic stress is essential for maintaining proper homeostasis
of oxidation and reduction reactions.

KEY WORDS: Vitis californica L., antioxidant system, oxidative stress, osmotic stress, recovery, phe-
nolic compounds.

INTRODUCTION

Under natural conditions, plants can be exposed to a
variety of environmental stresses, such as drought, low or
high temperature, excessive salinity. These abiotic stress
factors generate secondary stresses, i.e. osmotic and oxida-
tive stress, which have negative influence on the plant,
causing changes in its proper growth, development and
metabolism (Bohnert et al. 1995). Depending on the inten-

sity and duration of stress, such changes can be reversible
or irreversible, leading in extreme cases to the plant’s death
(Piskornik 1994; Gwo6zdz 1996). Environmental stresses
are responsible for depressed yields and lower yield quali-
ty. Thus, it is necessary to conduct research focused on
obtaining cultivars which would be more tolerant to adver-
se environmental factors. Water stress is one of these envi-
ronmental factors that can considerably limit distribution
of crops in the world.
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Antioxidants play an important role in plant resistance to
abiotic stresses (Dixon and Paiva 1995), as they protect
cells from free radicals (FR) and reactive oxygen species
(ROS), which are produced in response to various environ-
mental stresses and cause peroxidation of lipids, denatura-
tion of proteins and DNA damage (Smirnoff 1998; Kranner
et al. 2002; Mittler 2002). Antioxidative activity is demon-
strated, for example, by phenolic compounds such as phe-
nolic acids, flavonids and tannins, which are plant sec-
ondary metabolites (Oszmianski 1995). They are formed in
the phenylpropanoid pathway, which is stimulated mainly
by the enzyme phenylalanine ammonia-lyase (PAL; EC
4.3.1.5) (Dixon and Paiva 1995). In response to environ-
mental stresses, the activity of PAL rises and the enzyme
activates many genes engaged in synthesis of phenyl-
propanoids (Solecka 1997; Keles and Oncel 2002; Oh et al.
2009).

Phenolic acids usually occur in a form bound to the cell
wall’s sugars, organic acids or carbohydrates. Moreover, a
high concentration of free phanolic acids in plant tissues
can be toxic to plants (Harborne 1980). On the other hand,
estrification and glycolization of phenolic acids enables
plants to avoid the negative influence of these compounds
accumulating in plant cells and tissues (Dixon and Paiva
1995).

Phenolic compounds can accumulate in plant cells dur-
ing ontogeny, regulating development and germination of
seeds. Accumulation of phenolic compounds can also
occur under the influence of various environmental factors,
when these substances protect plants from stresses. For
instance, loss of germinating ability by seeds is positively
correlated with an increase of phenolic compounds in seeds
(Sreeramulu 1983; Weidner et al. 2002). In turn, environ-
mental stress can cause a decline (Weidner et al. 2007,
2009b) or an increase (Wrobel et al. 2005; Weidner et al.
2009a) in the content of phenolic compounds in a cell.
Phenolic compounds can scavenge free radicals (FR) and
reactive oxygen species (ROS) (Amarowicz et al. 2000,
2004; Negro et al. 2003; Caillet et al. 2006; Amarowicz
and Weidner 2009), they form complexes with the metals
which catalyze oxygenation reaction and inhibit activity of
oxidizing enzymes (Sokot-Letowska 1997). Moreover,
their antioxidant efficiency is much higher than that of
tocopherol or ascorbate (Blokhina et al. 2003).

Plant adaptation to osmotic stress is an outcome of many
different physiological and molecular mechanisms. The
objective of the study was to investigate changes in the
composition of phenolic compounds in seeds of Vitis cali-
fornica, and to examine the differences in the antioxidant
properties of extracts of phenolic compounds obtained
from seeds growing under optimal conditions and under
osmotic stress.

MATERIAL AND METHODS

Stratification and germination of seeds under normal
and osmotic stress conditions

Experiments were conducted on Vitis californica seeds,
supplied by Sandeman Seeds (France). Seeds were surface
sterilized in 0.5% sodium hypochlorite for 20 min and
washed with sterilized water. Stratification was conducted
in a 1:1 mixture of sand and peat for 3 months at +4°C.
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After stratification, 100 seeds were placed and germinated
in a 140x25 mm Petri dish lined with lignin layers soaked
with 50 ml water. Germination under optimum conditions
(+25°C) was conducted for 10 days. Seeds with radicles
measuring about 1 mm underwent further germination.
They were divided into two batches: one was germinated
for another two days (sample C); the other one was germi-
nated under osmotic stress (-0.2 MPa) for two days. In
order to obtain -0.2 MPa at +25°C, PEG (polyethylene gly-
col, MW 8000 — Sigma) at a concentration of 119.46 g/l
was prepared. Some of the osmotic stress treated seeds
were submitted to recovery (sample S+R). 100 seeds were
germinated for two more days under optimum conditions.

Extraction of phenolic compounds

Phenolic compounds were extracted from the seeds three
times into 80% (v/v) acetone for 15 min at 80°C, as
described by Amarowicz et al. (1995). After evaporating
the organic solvent in a rotary evaporator at 45°C, the
remaining aqueous solution was lyophilized.

Determination of total phenolics

The content of total phenolic compounds in the extracts
was determined using Folin-Ciocalteau’s reagent (Naczk
and Shahidi 1989) and (+)-catechin was used as a standard.

Separation and analysis of phenolic acids by HPLC

Phenolic acids (free and those liberated from soluble
esters or soluble glycosides) were isolated from the
extracts according to the method previously described by
Kryger et al. (1982), Zadernowski and Koztowska (1983),
and Weidner et al. (2000). Aqueous suspension of the
methanolic extract (200 mg in 20 ml) was adjusted to pH 2
with 6 M HCI, and free phenolic acids were extracted five
times into 20 ml of diethyl ether using a separatory funnel.
The ether extract was evaporated to dryness under vacuum
at room temperature. The water solution was neutralized
and then lyophilized. The residue was dissolved in 20 ml of
2 M NaOH and hydrolyzed for 4 h in nitrogen atmosphere
at room temperature. After acidification to pH 2 using 6 M
HCI, phenolic acids released from soluble esters were
extracted five times from the hydrolyzate into 30 ml of
diethyl ether. Nine ml of 6 M HCI was added to the water
solution, which was then placed in nitrogen atmosphere
and hydrolyzed for 1 h in boiling water bath. Phenolic
acids released from soluble glycosides were separated five
times from the hydrolyzate into 45 ml of diethyl ether.
After ether evaporation, the dry residue was dissolved in 2 ml
of methanol and filtered through a 0.45 pm nylon filter.
The sample was injected onto an HPLC column. A Shi-
madzu HPLC system was employed: LC — 10 ADV,, pump,
photodiode array detector UV-VIS SPD — M10AV,, oven
CTO - 10 ASV,, Controller SCL — 10AV,,. The conditions
of the separations were as follows: pre-packed LUNA C,
column (5 pm, 4.6x250 mm; Phenomenex); mobile phase
water-acetonitrile — acetic acid (88:10:2, v/v/v) (Amarow-
icz and Weidner 2001); flow rate of 1 ml'min~!; injection
volume of 20 ul; the detector was set at 280 and 320 nm;
the oven temperature was 20°C.

Determination of tannins with the vanillin method

The content of tannins in the extract was determined
using the modified Vanillin Assay (Price et al. 1978). The
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results were expressed as absorbance units at 500 nm per
mg of extract (Ay,,/mg). Briefly, to 0.5 ml of extract, 2.5
ml of solution B (obtained by dissolving 0.5 g of vanillin in
100 ml of solution A) was added. Solution A was made by
adjusting 4 ml of concentrated HCI to 100 ml with
methanol. The samples were left in the dark at room tem-
perature for 20 min, and then absorbance was measured at
500 nm.

Determination of tannins using
the protein precipitation method

The content of tannins in the extract was determined
using the method described by Hagerman and Butler
(1978). Briefly, 2 ml of bovine serum albumin (BSA) solu-
tion (concentration 1 mg-ml-! in 0.2 M acetate buffer at pH
5.5 containing 0.17 M NaCl) was added to 1 ml of the
extract. The sample was left for 15 min at room tempera-
ture and then centrifuged (5000xg). After 15 min of cen-
trifugation, the supernatant was removed and the pellet was
washed with 1 ml acetate buffer and centrifuged again
(5000%g/15 min). The sediment was dissolved in 4 ml of
solution containing: 1% SDS and 5% TEA, and 1 ml of
0.01 M FeCl, in 0.01 M HCI was added. The samples were
left at room temperature for 30 min and the absorbance
was measured at 510 nm. The results were expressed as
absorbance units at 510 nm per 1 mg of extract (A5, /mg).

Analysis of catechins with HPLC

The same HPLC was used for catechin analysis. The sepa-
ration was performed in a gradient system: solvent A:
water-acetonitrile-acetic acid (95:5:2, v/v/v); solvent B:
water-acetonitrile-acetic acid (58:40:2, v/v/v); linear gradi-
ent from 0 to 100% B for 50 min (Oszmianski and
Bourzeix 1995); flow rate of 1 ml/min; injection volume of
20 ul; the detector was set at 280 nm; the oven temperature
was 20°C.

Antiradical activity of seed extracts

The antiradical activity was analyzed with the method
described by Yen and Chen (1995). Briefly, 0.1-0.5 mg of
an extract dissolved in 0.1 ml of methanol was added to 2
ml of methanol; then, 0.25 ml of a DPPH solution in the
concentration of 1 mM in methanol was added. The mix-
ture was left in the dark at room temperature for 20 min.
After that time, absorbance was read at a wavelength of
517 mm. The analysis was performed in three replicates.

Reducing power of extracts

Reducing power of phenolics present in the extracts was
determined using the method described by Yen and Chen
(1995). Briefly, 1 ml of water containing 0.1-0.5 mg of an
extract was pipetted into a tube. Next, 2.5 ml of 0.2 M
phosphate buffer, pH 6.6, and 2.5 ml of 1% solution of
potassium ferrocyanide were added. The mixture was incu-
bated in a water bath at 50°C for 20 min. Afterwards, 2.5
ml of 10% TCA (trichloroacetic acid) solution was added.
To 2.5 ml of this sample, 0.5 ml of 0.1% FeCl, in distilled
water was added. After 10 min, absorbance was measured
at a wavelength of 700 nm. The analysis was performed in
three replicates, and means for the values thus obtained
were computed.
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Total Antioxidant Activity (TAA)

The Total Antioxidant Activity of the extracts was deter-
mined according to the Trolox equivalent antioxidant activ-
ity (TEAC) assay described by Re et al. (1999). TAA was
expressed as mmol Trolox equivalent/g of extract.

Statistical evaluation

All experiments were repeated four times, with three
replicates for each sample. The presented values are the
means of twelve determinations = SD. Statistically signifi-
cant differences in the mean values were tested by Stu-
dent’s #-test.

RESULTS

The total content of phenolics in Vitis californica germi-
nating seeds was determined taking advantage of a reaction
with Folin-Ciocalteau’s reagent. The results of this analysis
are presented in Table 1. The highest concentration of phe-
nolic compounds was found in seeds germinating under
optimum conditions (sample C), where it reached 1.58
mg/g fresh weight of seeds. Under osmotic stress, the con-
centration of these compounds decreased to 0.91 mg/g FW
(sample S). A similar, decreasing tendency was found
while analysing the results from calculating the total con-
tent of phenolics per dry weight of seeds or one gram of
seed extract (Table 1). In seeds which underwent post-
stress recovery (sample S+R), the content of phenolics was
observed to have risen to 0.95 mg/g FW, higher than in
seeds germinating under osmotic stress (sample S). Similar
tendencies were observed as resulting from the other com-
putations (Table 1).

Modifications in the content of tannins were determined
in Vitis californica seeds germinating under optimum con-
ditions, osmotic stress and submitted to recovery after
osmotic stress, using two methods. The results of the
analyses performed with the vanillin method are presented
in Table 2. The highest level of tannins was found in seeds
germinating under optimum conditions (sample C), where
it equalled 0.15 A,,,/mg of extract. The content of tannins

TABLE 1. The total content of phenolic compounds in Vitis californica
seeds germinating under optimum conditions (C), osmotic stress condi-
tions (S) and submitted to recovery after the stress (S+R). An asterisk (*)
marks significant differences between samples: C and S, S and S+R at
P<0.05, (**) at P<0.01, (***) at P<0.001; (n=3).

Sample mg/g of extract mg/g of DW mg/g of FW
C 154.99 (+£0.63) 5.32 (£0.02) 1.58 (£0.01)
S 34.79 (£0.55) ***  2.07 (£0.03) *** 0.91 (£0.01) ***
S+R 54.73 (£0.49) ** 2.16 (£0.02) ** 0.95 (+0.01) *

TABLE 2. The total content of tannins according to the vanillin test in
extracts of Vitis californica seeds germinating under optimum conditions
(C), osmotic stress conditions (S) and submitted to recovery after the
stress (S+R). An asterisk (*) marks significant differences between sam-
ples: C and S, S and S+R at P<0.05, (**) at P<0.01, (***) at P<0.001;
(n=3).

Sample Ay, /mg of extract
C 0.15 (£0.006)
S 0.02 (£0.0022) ***

S+R 0.01 (£0.001) **
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TABLE 3. The total content of tannins according to the BSA precipitation
method in extracts of Vitis californica seeds, germinating under optimum
conditions (C), osmotic stress conditions (S) and submitted to recovery
after the stress (S+R). An asterisk (*) marks significant difference
between samples: C and S, S and S+R at P<0.05, (**) at P<0.01, (***) at
P<0.001; (n=3).

Weidner S. et al.

TABLE 5. The content of gallic acid: free, liberated from soluble esters
and glycosides in Vitis californica seeds, germinating under optimum
conditions (C), osmotic stress condition (S) and submitted to recovery
after the stress (S+R). An asterisk (*) marks significant differences
between samples: C and S, S and S+R at P<0.05, (**) at P<0.01, (***) at
P<0.001; (n=3).

Sample Ay, /mg of extract Sample Form of phenolic acid ng/g FW

C 0.15 (£0.014) free 5.61 (£0.14)

S 0.07 (£0.005) *** C ester — bound 31.56 (+0.79)

S+R 0.05 (£0.003) ** glycoside — bound 5.21 (x0.13)

total 42.38 (£1.06)

in seeds germinating under osmotic stress (sample S) was free 5.11 (20.13)*
much lower, i.e. 0.02 A;),/mg of extract. Moreover, it con- S ester — bound 31.65 (£0.78)
tinued to decline in seeds submitted to recovery under opti- glycoside —bound 5.61 (+0.14)*
mum conditions following osmotic stress treatment. The total 42.37 (£1.05)

content of these compounds in sample S+R reached barely

0.01 A,/mg of extract (Table 2). free 4.65 (x0.12)*
500 S+R ester — bound 33.78 (£0.84)*

The other method used for determination of tannins in
the tested biological material was precipitation of tannins
with BSA. Changes in the content of tannins in germinat-
ing seeds investigated with the vanillin method (Table 2)
and precipitation with BSA (Table 3) showed similar ten-
dencies. By using the BSA precipitation method it was
demonstrated that the content of tannins was the highest in
seeds germinating under optimum conditions (sample C),
lower in seeds germinating under osmotic stress (sample S)
and the lowest while stress treated seeds were undergoing
recovery (sample S+R). The concentrations of tannins
determined with this method were as follows: 0.15 in sam-
ple C, 0.07 in sample S and 0.05 A, /mg of extract in sam-
ple S+R (Table 3).

Another part of the study concerned changes in the con-
tent of catechins. It has been demonstrated that seeds ger-
minating under osmotic stress (sample S) contained more
catechins than the ones germinating under optimum condi-
tions (Table 4). The total content of catechin and epicate-
chin under osmotic stress (sample S) was 0.07 and in seeds
germinating under optimum conditions it was 0.05 mg/g
FW. Recovery after osmotic stress (sample S+R) caused
depression in the content of catechin and epicatechin (rela-
tive to sample S) down to 0.05 mg/g FW (Table 4).

The examination of the content of phenolic acids in Vitis
californica germinating seeds began with assays on gallic
acid. This acid was present in all seed samples, both in its

TABLE 4. The content of catechins in seeds of Vitis californica, germi-
nating under optimum conditions (C), osmotic stress conditions (S) and
submitted to recovery after the stress (S+R). An asterisk (*) marks signifi-
cant differences between samples: C and S, S and S+R at P<0.05, (**) at
P<0.01, (***) P<0.001; (n=3).

glycoside — bound 3.79 (£0.09)**
total 42.22+1.05

free form and bound to esters and glycosides. The total of
all forms of gallic acid in extracts from seeds germinating
under different conditions was similar, about 42 pg/g FW
(Table 5). Ester-bound gallic acid was predominant. In
samples C and S, the content of this fraction was similar:
31.21 and 31.65 pg/g FW, respectively. Osmotic stress
depressed the contribution of free gallic acid. In sample C
the content of this fraction was 5.61 and in sample S it fell
to 5.11 pg/g FW. Under such conditions, the quantity of
glycoside-bound gallic acid increased. The amount of this
fraction in sample C was 5.21 and in sample S — 5.61 pg/g
FW (Table 5). It is worth adding that during the recovery
process after stress the content of gallic acid, both its free
form and glycoside-bound one, decreased. Sample S con-
tained 5.11 and 5.61 pg/g FW of free and glycoside-bound
gallic acid, respectively, while the analogous amounts in
sample S+R were 4.65 and 3.79 ug/g FW. Simultaneously,
more ester-bound gallic acid appeared during recovery — its
concentration rose from 31.65 (in sample S) to 33.78 pg/g
FW (in sample S+R) (Table 5). Much less caffeic acid than
gallic acid was found in germinating seeds. Under osmotic
stress, the total caffeic acid level decreased from 4.26 (in
sample C) to 4.18 pg/g FW (in sample S). Also the free
form of this acid fell from 0.59 pg/g FW (in sample C) to

TABLE 6. The content of caffeic acid: free, liberated from soluble esters
and glycosides in Vitis californica seeds, germinating under optimum
conditions (C), osmotic stress condition (S) and submitted to recovery
after the stress (S+R). An asterisk (*) marks significant differences
between samples: C and S, S and S+R at P<0.05, (**) at P<0.01, (***) at
P<0.001; (n=3).

Sample Phenolic compound mg/g FW Sample Form of phenolic acid ng/g FW
catechin 0.02 (£0.0006) free 0.59 (£0.01)
C epicatechin 0.03 (£0.0006) C ester — bound 3.67 (£0.09)
total 0.05 (+0.0012) total 4.26 (+0.10)
catechin 0.03 (£0.0004) *** free
S epicatechin 0.04 (£0.0008) *** S ester — bound 4.18 (£0.18)**
total 0.07 (+£0.0012) *** total 4.18 (£0.18)*
catechin 0.02 (£0.0003) *** free 0.05 (+0.001)
S+R epicatechin 0.03(£0.001) *** S+R ester — bound 7.17 (£0.17)***
total 0.05 (£0.0013) *** total 7.22 (£0.171)***
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trace amounts in sample S (Table 6). At the same time, the
ester-bound form of caffeic acid was observed to have
increased under osmotic stress (from 3.67 in sample C to
4.18 pg/g FW in sample S). During post-stress recovery, a
large increase in the total content of caffeic acid occurred
in germinating seeds. In sample S all caffeic acid was
ester-bound. The total content of caffeic acid in sample S
was 4.18 ug/g FW. In sample S+R it increased to 7.22 pg/g
FW, of which most (7.17 ug/g FW) belonged to the ester-
bound fraction (Table 6). Moreover, no glycoside-bound
caffeic acid was found in any of the tested samples.

The results of assays on the content of p-coumaric acid
in germinating V. californica seeds can be seen in Table 7.
Osmotic stress caused a significant decrease in the total
content of this acid in seeds and in its ester- and glycoside-
bound forms. In sample C, the total content of p-coumaric
acid, its free form and ester-bound fraction reached,
respectively, 6.86, 1.11 and 5.75 pg/g FW, whereas sample
S contained 4.53 ug/g FW of p-coumaric acid, all of which
was ester-bound. During the recovery after stress, the con-
tent of p-coumaric acid increased. In sample S+R there was
0.08 of free acid, 6.06 of ester-bound form and 6.14 pg/g
FW of total p-coumaric acid. Analogously to caffeic acid,
the ester-bound form was the predominant fraction of p-
-coumaric acid. Likewise, no presence of this acid in its
glycoside-bound form was determined (Table 7).

Among the phenolic acids detected in grapevine seeds,
ferulic acid appeared in the smallest quantities, both in the
free form and as an ester-bound compound (Table 8). The
highest total content of ferulic acid was found in seeds ger-
minating under optimum conditions (sample C, 0.91 pg/g
FW). Osmotic stress depressed the total content of ferulic
acid in germinating seeds (sample S — 0.62 ug/g FW).
Worth noticing is the fact that ferulic acid occurred mainly
as an ester-bound compound, and its free form was detect-
ed only in sample C, where it made up 0.17 pg/g FW. Du-
ring the recovery process after stress, the amount of this
acid in germinating seeds continued to decline (sample
S+R - 0.34 ng/g FW).

The capacity to scavenge DPPH® free radicals by
extracts from V. californica seeds is illustrated in Figue 1.
All the tested extracts had antiradical activity. The samples
possessing the highest antioxidant activity were charac-
terised by the lowest absorbance. Extracts from seeds
which germinated under optimum conditions (sample C)

B B

£
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0.8

0.6

Absorbance at 517 nm

ACTA SOCIETATIS BOTANICORUM POLONIAE 15

TABLE 7. The content of p-coumaric acid: free, liberated from soluble
esters and glycosides in Vitis californica seeds, germinating under opti-
mum conditions (C), osmotic stress condition (S) and submitted to recov-
ery after the stress (S+R). An asterisk (*) marks significant differences
between samples: C and S, S and S+R at P<0.05, (**) at P<0.01, (***) at
P<0.001; (n=3).

Sample Form of phenolic acid ng/g FW
free 1.11 (£0.03)
C ester — bound 5.75 (£0.14)
total 6.86 (£0.17)
free
S ester — bound 4.53 (£0.11)**
total 4.53 (£0.11)***
free 0.08+0.001
S+R ester — bound 6.06 (£0.15)***
total 6.14 (£0.15)***

TABLE 8. The content of ferulic acid: free, liberated from soluble esters
and glycosides in Vitis californica seeds, germinating under optimum
conditions (C), osmotic stress condition (S) and submitted to recovery
after the stress (S+R). An asterisk (*) marks significant differences
between samples: BS and S, S and S+R at P<0.05, (¥*) at P<0.01, (¥**)
at P<0.001; (n=3).

0 0.1 0.2 0.3 0.4
Extract (mg/assay)

Sample Form of phenolic acid ug/g FW
free 0.17 (+0.003)
C ester — bound 0.74 (£0.02)
total 0.91 (£0.02)
free
S ester — bound 0.62 (£0.01)*
total 0.62 (£0.01)**
free
S+R ester — bound 0.34 (£0.007)**
total 0.34 (+0.007)**

were stronger antioxidants than seeds subjected to osmotic
stress (sample S). At a concentration of 0.5 mg extract per
sample, extracts from seeds submitted to osmotic stress
were characterised by higher absorbance at Ag ,; than
extracts from seeds germinating under optimum conditions
(sample C — 0.12, sample S — 0.34). Extracts from seeds
submitted to recovery (S+R) were able to scavenge free
radicals more efficiently than extracts from seeds germinat-

—— C
Fig. 1. Scavenging effect on DPPH® radical
—=a— 8 of extracts of Vitis californica seeds, germi-
nating under optimum conditions (C), osmot-
—— S+R

ic stress conditions (S) and submitted to re-
covery after the stress (S+R). Vertical lines
mark standard deviations (£SE, n=3). An
asterisk (*) marks significant differences bet-
ween samples: C and S, S and S+R at
P<0.05, (**) at P<0.01, (***) at P<0.001;
(n=3).

0.6
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Fig. 2. Reducing power of acetone extracts
of Vitis californica seeds germinating under
optimum conditions (C), osmotic stress con-

ditions (S) and submitted to recovery after
the stress (S+R). Vertical lines mark standard

0 0.2 0.4 0.6 0.8 1.0

Extract (mg/assay)

ing under osmotic stress (S). The absorbance for sample
S+R at an extract concentration of 0.5 mg/sample was
0.25. The results indicate that under stress conditions syn-
thesis of antioxidant compounds is depressed, but becomes
more intensive during recovery after stress.

The results on the reduction power of extracts from V.
californica seeds are presented in Figure 2. It has been
found out that all the seed extracts possessed reducing
properties. The reducing power of extracts from seeds ger-
minating under optimum conditions (sample C) was much
higher than the reducing power of extracts from seeds ger-
minating under stress conditions (sample S). For A, at a
concentration of 1 mg/sample, this value reached 1.18 for
the control sample (C) and 0.3 for a sample subjected to
osmotic stress (S). Extracts from germinating seeds sub-
jected to osmotic stress and then to a recovery period (sam-
ple S+R) revealed increasing reducing power, which reached
0.4 for A, at an extract concentration of 1 mg/sample. This
suggests that stress conditions significantly depress the con-
tent of reducing compounds in germinating seeds, but during
recovery under optimum conditions following osmotic stress
they are synthesised more intensively.

The results on the antioxidant capacity of extracts from
germinating V. californica seeds, expressed as Trolox
equivalents (TEAC), are presented in Table 9. In the
method for determination of antioxidant capacity, a colour
solution of ABTS"® free radical was used. It has been
demonstrated that all the extracts from the tested seeds are
capable of scavenging ABTS"® free radical, with the
extracts from seeds germinating under osmotic stress (sam-
ple S) characterized by a much lower TEAC capacity than
seeds germinating under optimum conditions (sample C).

TABLE 9. Trolox equivalent antioxidant capacity (TEAC) of extract of
Vitis californica seeds germinating under optimum conditions (C), osmot-
ic stress conditions (S) and submitted to recovery after the stress (S+R).
An asterisk (*) marks significant differences between samples: BS and S,
S and S+R, at P<0.05, (**) at P<0.01, at (***) P<0.001; (n=3).

Sample Antioxidant activity (mM of Trolox/g extract)
C 1.11 (£0.05)
S 0.19 (£0.008) ***
S+R 0.25 (+0.01) *

deviations (£SE, n=3). An asterisk (*) marks
1.2 significant differences between samples: BS
and S, S and S+R at P<0.05, (**) at P<0.01,
(***) at P<0.001; (n=3).

For extracts from seeds submitted to osmotic stress (sam-
ple S), the determined value of TEAC capacity was 0.19,
as compared to 1.11 mM Trolox/g extract for sample C.
Extracts from seeds undergoing recovery after stress (sam-
ple S+R) had greater capability to scavenge ABTS*® free
radical than seeds germinating under osmotic stress (sam-
ple S). As mentioned above, the TEAC value for sample S
was 0.19 and that for sample S+R reached 0.25 mM
Trolox/g extract.

DISCUSSION

Osmotic stress inhibits the total synthesis of phenolic
compounds. It was shown previously in extracts from ger-
minating seeds of Vitis amurensis (Weidner et al. 2007).
This finding has been confirmed by this present study, con-
ducted on seeds of Vitis californica. Similar results were
also obtained in our earlier research on the influence of
other abiotic stresses on plants. For example, in roots of
seedlings of Vitis vinifera exposed to chill stress, the total
content of phenolics, tannins and phenolic acids was lower
than in the control (Weidner et al. 2009b). Also in leaves of
Vitis vinfera depressed levels of phenolic compounds and
tannins were observed as a result of low temperature stress
(Amarowicz et al. 2010). In contrast, Rudikovskaya et al.
(2008) found out that low temperature did not have any
larger effect on the total content of phenolic compounds in
pea roots, but it considerably decreased the content of
flavon in the early development of pea roots. Other experi-
ments have demonstrated that enforced dehydration treat-
ment caused a depression in the content of phenolic com-
pounds in rye caryopses and triticale caryopses (Weidner et
al. 2000, 2002). Many tests have implied that production of
phenols in plant tissues rises under stress conditions
(Dixon and Paiva 1995; Solecka 1997; Janas et al. 2002;
Wrébel et al. 2005; Weidner et al. 2009a). Such discrepan-
cies in experimental results can be attributed to differences
in abiotic stresses, e.g. type of stress, its intensity, moment
of action (the least tolerant to stress are the early stages of
germination and plant development) and tested biological
material, e.g. whole seedlings or different parts of plants,
such as roots or leaves (characterized by great diversity of
secondary metabolites). In the present study, an increase in
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the total content of phenolic compounds has been observed
during the recovery period after osmotic stress. Higher
total content of phenolic compounds as well as some phe-
nolic acids (including p-coumaric, ferulic and caffeic
acids) during recovery after chill stress (+10°C) was like-
wise demonstrated in previous studies (Amarowicz et al.
2010; Weidner et al. 2009b). This may be indicative of a
very important role of phenolic compounds in recovery
reactions, which take place in plant cells after stress.

Grapevine seeds are a rich source of condensed tannins
(proanthocyanidins) and their monomers, such as catechins
(Peki¢ et al. 1998; Sun et al. 1998; Jayaprakasha et al.
2003). In the present study, the content of tannins was
determined with two methods: the vanillin test and precipi-
tation of tannins together with BSA. It has been demon-
strated that osmotic stress caused a decrease in the content
of tannins in germinating seeds of Vitis californica. Similar
results were obtained in our previous tests on seeds of Vitis
amurensis (Weidner et al. 2007). The content of tannins
(determined by either of the methods) declined consider-
ably in seeds of Vitis riparia also under the influence of
chill stress (Wrobel et al. 2005). In leaves of Vitis vinifera
exposed to low temperature, the content of condensed tan-
nins likewise fell down (Amarowicz et al. 2010). In a study
on the effect of low temperature stress on the growth of
Vitis vinifera seedlings, it was observed that the content of
condensed tannins (determined with the vanillin assay)
declined in grapevine roots in response to the stress,
whereas the content of condensed and hydrolyzing tannins
(determined with the BSA precipitation method) rose under
chill stress (Weidner et al. 2009b). This different response
can be due to the excessively low mass of tannin mono-
mers in a solution after BSA protein precipitation (Hager-
man and Butler 1978). The process of recovery after osmo-
tic stress, observed in this study, led to a further decrease in
the content of tannins (as determined with both methods)
in germinating seeds of Vitis californica. In turn, our previ-
ous results suggest that the content of tannins rises demon-
strably during the recovery process after chill stress deter-
mined with the vanillin method (Amarowicz et al. 2010) or
the vanillin method and precipitation of tannins together
with BSA (Weidner et al. 2009b).

The components of condensed tannins in grapevine seeds
are (present as monomers) catechin and epicatechin. When
Vitis californica seeds were germinating under osmotic
stress, a large increase was observed in the content of cate-
chins (catechin + epicatechin) relative the control. In con-
trast, the post-stress recovery process depressed the content
of these substances. More catechins in samples exposed to
stress versus the samples of plants growing under optimal
conditions had been detected earlier (Wrdbel et al. 2005;
Weidner et al. 2007). It can be suspected that stresses lead
to decomposition of tannins, which results in an increase in
the content of catechins in tissues. Free catechins can prob-
ably be more actively engaged in counteracting oxidative
stress, which is a secondary stress, and the accompanying
abiotic stress, i.e. drought, low or high temperature, salini-
ty. It is probable that catechins and epicatechins have
strong antioxidant properties — they scavenge free radicals
18-fold more efficiently than ascorbic acid (Oszmianski
and Lamer-Zarawska 1993). Fauconneau et al. (1997)
proved that catechins are twice as active as epicatechins.
According to Bewley and Black (1994) catechin group

ACTA SOCIETATIS BOTANICORUM POLONIAE 17

compounds and their polymers can also inhibit germination
of many seeds.

Four phenolic acids were identified in Vitis californica
seeds: gallic, caffeic, p-coumaric and ferulic. The most
abundant was gallic acid, while ferulic acid appeared in the
lowest concentration. Caffeic, p-coumaric and ferulic acids
appeared only as ester-bound form, which had already been
demonstrated in our previous studies (Weidner et al.
2009a/b). Gallic acid was found in both ester- and glyco-
side-bound forms, with the ester-bound form being much
more abundant than the glycoside-bound form, the finding
that had been indicated by other authors, for example Wro-
bel et al. (2005) and Amarowicz et al. (2010). Worth notic-
ing is the fact that gallic acid was found to be most abun-
dant in Vitis riparia seeds (Wrobel et al. 2005). In Vitis
amurensis seeds, however, the presence of gallic acid in the
glycoside-bound form was discovered only after a pro-
longed, i.e. over 10 days, germination of seeds under opti-
mum conditions (Weidner et al. 2007). Solecka (1997)
claims that presence of larger concentrations of phenolic
acids in ester- or glycoside-bound forms in tissues is less
toxic to plants. It has been observed that the content of gly-
coside-bound gallic acid rose after exposure to osmotic
stress, but fell down during the post-stress recovery period.
Wrébel et al. (2005) found that the content of glycoside-
bound form of gallic acid during chill stress was lower than
in the control sample, in which it was similar to the ester-
bound form of this acid. Contrary to that, the free form of
this acid increased in response to low temperature (Wrobel
et al. 2005). In the present research, the ester-bound forms
of gallic and caffeic acids were found to have risen, while
their free form fell in concentration in seeds exposed to
stress. Osmotic stress also caused the lowering of the free
and ester bound forms of p-coumaric and ferulic acids.
Depressed levels of the ester-bound form of p-coumaric,
ferulic and caffeic acids have also been observed in roots
of Vitis vinifera exposed to chill stress. Tissues of such
roots contained most of p-coumaric acid and least of caffe-
ic acid (Weidner et al. 2009b). In leaves of Vitis vinifera
exposed to low temperature, the content of ester- and gly-
coside-bound gallic, caffeic and ferulic acid rose, while
that of p-coumaric acid declined (Amarowicz et al. 2010).
Also in seeds of rye and triticale the free and bound (to
ester or glycoside) forms of acids, including p-coumaric,
ferulic and sinapinic acids under the effect of dehydratation
(Weidner et al. 2000, 2002). In our earlier studies on seed-
lings of Vitis amurensis exposed to osmotic stress, a lower
content of the free-and ester-bound forms of gallic acid,
ester-bound form of caffeic acid and complete lack of
accumulation of the bound form of p-coumaric acid was
noticed (Weidner et al. 2007). Low content of the free and
ester-bound form of p-coumaric acid was also observed in
response to chill stress (Wrdbel et al. 2005). In our study,
the post-stress recovery process caused an increase in the
content of the free and ester-bound forms of caffeic and p-
-coumaric acids in germinating seeds of Vitis californica.
Also, an increase in the content of ester-bound gallic acid,
accompanied by a decrease in its free form, was observed.
The post-stress recovery process decreased the ester-bound
form of ferulic acid. Increased concentrations of ester-
bound forms of p-coumaric, caffeic and ferulic acids dur-
ing recovery from chill stress had been previously detected
in roots of Vitis vinifera (Weidner et al. 2009b). Besides,
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Amarowicz et al. (2010) found elevated content of the
ester- and glycoside-bound forms of gallic, caffeic, p-
-coumaric and ferulic acids in leaves of Vitis vinifera du-
ring recovery after low temperature stress. However, when
seeds recovered from drought stress, it was only caffeic
acid that increased in grapevine roots, while the content of
p-coumaric and ferulic acids fell (Weidner et al. 2009a). It
can be suspected that phenolic acids (mainly their ester-
bound forms), which increase in concentration during
recovery, may perform important protective functions du-
ring regenerative processes in cells. Maniak and Targonski
(1996) discovered that esters of ferulic and caffeic acids,
orginating from oat extracts, possess considerable antioxi-
dant potential.

In the present study, the antioxidant activity of extracts
made from Vitis californica seeds was determined. It was
demonstrated that all extracts were active antioxidants.
However, extracts from seeds germinating under optimum
conditions proved to be more efficient in scavenging
DPPH free radicals and had a higher reduction power than
extracts from seeds exposed to osmotic stress. This finding
may evidence that tissues of germinating seeds subjected to
stress contain less of antioxidants and reducing com-
pounds. However, during the regeneration process after
osmotic stress, the aforementioned capabilities of extracts
from germinating seeds (previously exposed to water
stress) increased. Similar results were obtained in tests on
roots of Vitis vinifera exposed to drought stress or low tem-
perature and during the recovery processes following such
(Weidner et al. 2009a/b). Depressed antioxidant activity
has also been noticed in Vitis amurensis under the influ-
ence of osmotic stress (Weidner et al. 2007) or in Vitis
vinifera leaves in response to low temperature (Amarowicz
et al. 2010). This might imply that grapevine tolerance to
drought stress is most probably connected with the extent
of antioxidant potential in plant tissues. For example, the
strongest antioxidant potential is found in seeds of grape-
vine which contain high amounts of phenolic compounds,
mainly catechins (Pastrana-Bonilla et al. 2003; Amarowicz
et al. 2004). This positive correlation between the content
of phenolic compounds in extracts and their antioxidant
activity and reduction power has been demonstrated in the
present paper as well as in some preceding tests (Alonso et
al. 2002; Caillet et al. 2006; Weidner et al. 2009b). One can
conclude that osmotic stress inhibits in germinating seeds
the activity of enzymes which participate in antioxidizing
activity. Thus, the antioxidant protection of a plant beco-
mes largely restrained under the effect of osmotic stress.
Therefore, it seems that a high oxidation-reduction poten-
tial which occurs even before the stress appears as well as
during the post-stress recovery helps to maintain proper
homeostasis of oxidation and reduction reactions. This,
eventually, enables plants to survive under unfavourable
environmental conditions.
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