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Abstract

The role of protein modifications and amino acid metabolism in the dormancy breaking of pistachio (Pistacia vera L.) kernels
during moist chilling (5 °C) and warm stratification (25 °C) were studied. Cold-stratified kernels showed germination up to
97%, while warm-stratified ones had low germination (40%). Increased protein solubility at neutral pH was accompanied by
protein carbonylation in both cotyledons and embryonic axes during cold treatment, whereas these values decreased under
warm incubation. Amino acid accumulation occurred in both tissues of cold- and warm-stratified kernels. Arginase activity
increased in both tissues of cold-stratified kernels but significantly declined during warm treatment. While arginine decar-
boxylase activity of both organs increased under cold and warm stratification of pistachio kernels, ornithine aminotransferase
activity declined during these periods. These results show that increased protein solubility and its carbonylation during
cold stratification may induce the protein mobilization and accumulation of amino acids for their subsequent direction to
the proper metabolic pathways. In this way, protein modification and arginine metabolism by arginase can be considered

germination-specific events during cold stratification of kernels.

Keywords Arginase - Arginine decarboxylase - Cold stratification - Pistacia vera - Protein carbonylation - Ornithine
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Introduction

Dormancy is a current phenomenon in seeds from many
temperate tree species (Derkx 2000). Dormant seeds are
temporarily unable to complete germination. Pre-incubation
of seeds in varying periods of moist chilling or cold strati-
fication can alleviate dormancy and promote germination.
The most common moist chilling-dependent alterations that
occur in the dormant seeds include phytohormonal balance
(Blake et al. 2002; Koornneef et al. 2002; Jacobsen et al.
2002; Schmitz et al. 2002) and storage reserves mobilization
resulting from changes in various hydrolytic enzymes activi-
ties (Li and Ross 1990a, b; Forward et al. 2001; Bogatek
et al. 2002; Andriotis et al. 2004; Nezamdoost et al. 2009;
Einali and Valizadeh 2017).
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Cold stratification-dependent storage protein change,
which is associated with alterations in protein solubility and
activation of proteolytic enzymes, is a pivotal occurrence for
seed dormancy breaking because of providing free amino
acids and new synthesis of germination involved proteins
(Ranjan and Lewak 1995; King and Gifford 1997; Forward
et al. 2001; Todd et al. 2001; Rajjou et al. 2004; Einali and
Sadeghipour 2007; Vanita et al. 2008; Einali and Valizadeh
2017). Modifications of proteins frequently include carbon-
ylation, the addition of carbonyl (aldehyde or ketone) groups
to the amino acid residues (Dalle-Donne et al. 2003). It is
demonstrated that carbonylation not only modifies protein
solubility but also principally enhances their sensitivity to
proteolytic enzymes (Dean et al. 1997; Vanita et al. 2008).
However, the routes by which the amino acid products of
storage protein mobilization are entered into metabolic and
biosynthetic pathways or the processes through which amino
acids are transported from cotyledons to the axes of stratified
seeds are largely unknown. It has been found that arginine
constitutes the main part of the amino acid pool and is a
major residue of seed storage proteins in many pine species
(King and Gifford 1997) and walnut kernels (Mapelli et al.
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2001) before and during germination. Because arginine is a
primary precursor of polyamines and nitric oxide biosyn-
thesis in moist chilled seeds and other plant tissues (Guoyao
and Morris 1998; Santanen and Simola 1999; Crozier et al.
2000; Urano et al. 2005), its utilization and metabolism of
other products derived from protein mobilization need to the
proper function of amino acid-metabolizing enzymes such as
arginase, arginine decarboxylase (ADC), and ornithine ami-
notransferase (OAT). Therefore, the following metabolism
of metabolites resulting from reserve mobilization can also
be induced by cold during stratification.

Persian pistachio (Pistacia vera L.) is a commercially
important small nut tree from central Asia and the Middle
East. Germination of pistachio seeds has been promoted
by cold stratification (Khan et al. 1999; Isfendiyaroglu and
Ozeker 2001; Einali and Valizadeh 2017). Storage proteins
constitute 22% of the food reserves in the pistachio kernel
(Clarke et al. 1976). Considering that the amount of storage
proteins in pistachio kernels might be changed during cold
stratification by alterations in soluble protein composition or
mobilization to amino acids (Einali and Valizadeh 2017), the
importance of protein modifications and the fate of amino
acids is further underlined. There is no report on the protein
modifications and the activities of amino acid-metabolizing
enzymes during moist chilling of Persian pistachio kernels.
In the present study, the levels of protein carbonyl groups
and the activities of arginase, ADC, and OAT have been
determined in pistachio kernels during moist chilling and
warm stratification to discover the role of protein modifica-
tions and amino acid metabolism in the dormancy breaking.

Materials and methods
Plant material and germination studies

Freshly harvested seeds of Persian pistachio (Pistacia vera
L.) were acquired from the Zahedan office of Goharkuh
Agro-industry Co. during September 2017 and 2018. Pis-
tachio nuts were imbibed in tap water for 24 h and surface
sterilized with 0.5% (w/v) sodium hypochlorite solution for
10 min. After four times washing with distilled water, the
nuts were stratified as described by Einali and Sadeghipour
(2007). Every week, lots of 100 nuts (in quadruplicate) were
wrapped in two layers of moistened cheesecloth covered in
polyethylene bags and incubated at 5 °C (cold stratifica-
tion) up to 6 weeks (42 d) or 25 °C (warm stratification) up
to 4 weeks (28 d) in darkness. Nuts imbibed for 24 h only
served as non-stratified seeds (control). For the germination
test, the cold- and non-stratified seeds were transferred into
pots containing well-irrigated cocopeat, and their germina-
tion was recorded for 28 d in the culture room at 25 °C in
darkness. Seeds with an average radicle length of 10 mm,
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which were evident as protrusions on the cocopeat surface,
were taken as germinated. The cotyledons and embryonic
axes used for biochemical analyses were cut off from cold-
and warm-stratified kernels that did not show any visible
sign of germination.

Extraction and measurement of soluble protein,
free amino acid, proline, and arginine

Total soluble proteins were extracted from cotyledonary or
axial tissue (1 g) with 3 mL of extraction buffer containing
100 mM cold potassium phosphate buffer (pH 4.5, 7.5, 9),
0.4 M sucrose, 1 mM EDTA, 10 mM KCl, 1 mM MgSO,,
1 mM phenylmethylsulfonyl fluoride (PMSF), 70 mM
2-mercaptoethanol, and 1% (w/v) polyvinylpolypyrrolidone
(PVPP). The homogenate was filtered through four layers
of cheesecloth and then centrifuged at 12,000 g for 10 min
at 4 °C. The supernatant was used to estimate total soluble
protein (TSP) by the Bradford (1976) method.

Amino acids were extracted from cotyledonary or axial
tissue (1 g) with 5 mL of 80% (v/v) ethanol at 70 °C for
10 min. The homogenate was centrifuged at 2000 g for
10 min, the supernatant was pooled into a flask, and the pel-
let was re-extracted four times with the same volume of 80%
ethanol as above. The ethanolic extract was concentrated by
evaporation and mixed with chloroform (1:5; v/v) to isolate
pigments and lipids from the extract. The aqueous phase
was used for the determination of amino acid content. Total
free amino acid content was determined by the ninhydrin
method of Yemm and Cocking (1955), using glycine as the
standard. Proline content was determined according to the
method of Bates et al. (1973) using a calibration curve of
proline. Arginine concentration was determined according
to the spectrophotometric method of Sastry and Tummuru
(1984) using a standard curve of arginine.

Measurement of protein carbonyl groups

Protein carbonyl groups were determined according to the
method of Levine et al. (1994) with some changes. Coty-
ledonary or axial tissue (1 g) was homogenized in 3 mL of
cold homogenization buffer containing 100 mM potassium
phosphate buffer (pH 7.0), 0.4 M sucrose, 1 mM EDTA,
10 mM KCI, 1 mM MgSO,, 70 mM 2-mercaptoethanol,
1 mM PMSF, and 2% (w/v) PVPP. The homogenate was
filtered through four layers of cheesecloth and centrifuged at
12,000 g for 15 min at 4 °C. The supernatant was mixed with
1% (w/v) streptomycin sulfate and incubated for 20 min at
room temperature in darkness. The supernatant was divided
into two parts. One part was mixed with 500 ul of 10 mM
2,4-dinitrophenylhydrazine (DNPH) in 2 M HCI, while
another part, which was incubated with 500 ul of 2 M HCI
(without DNPH), served as blank. Both parts were incubated
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for 30 min at 37 °C in the dark. Proteins were precipitated
with 500 ul of 20% (w/v) trichloroacetic acid (TCA) for
10 min. The resultant pellets were washed three times with
1 mL of 1:1 (v/v) ethanol: ethyl acetate solution. The washed
pellets were dissolved in 1 mL of 6 M guanidine hydro-
chloride in 2 M HCI, and the absorbance was measured at
375 nm. Protein carbonyl group concentration was expressed
as nmol mg~! protein assuming an extinction coefficient
(e375) of 22 (mM cm)~! for DNPH.

Extraction and assay of arginase activity

Arginase was extracted from 1 g of cotyledonary or axial
tissues according to the method of Goldraij and Polacco
(1999) with some modifications. The extraction was carried
out with 3 mL of cold extraction buffer containing 100 mM
potassium phosphate buffer (pH 7.5), 0.4 M sucrose, | mM
EDTA, 10 mM KCI, 1 mM MgSO,, 1 mM PMSF, 50 mM
2-mercaptoethanol, and 1% (w/v) PVPP. The homogenate
was filtered through four layers of cheesecloth and centri-
fuged at 12,000 g for 15 min at 4 °C. The supernatant was
used to determine arginase (EC 3.5.3.1) activity.

Arginase activity was assayed according to the amount of
liberated ornithine as described by Roubelakis and Kliewer
(1978). The enzyme activation process was carried out by
mixing the crude enzymatic extract with 50 mM MnSO,
at 35 °C for 15 min (Greenberg 1955). Arginase reaction
mixture (1 mL) containing 170 mM arginine (pH 9.5) and
enzyme extract was incubated for 30 min at 30 °C. The reac-
tion was terminated by adding 0.7 mL of 20% (w/v) TCA
to 0.5 mL of the reaction mixture. The produced ornithine
content was determined by the ninhydrin method of Chinard
(1952), using ornithine as the standard.

Extraction and assay of ADC activity

Cotyledonary or axial tissues (1 g) were extracted with 3 mL
of cold extraction buffer containing 100 mM potassium
phosphate buffer (pH 7.5), 0.4 M sucrose, 1 mM EDTA,
10 mM KCI, 1 mM MgSO,, 1 mM PMSF, 0.05 mM pyri-
doxal phosphate (PLP), 50 mM 2-mercaptoethanol, 0.1%
(v/v) Triton X-100, and 1% (w/v) PVPP. The homogenate
was filtered through four layers of cheesecloth, incubated
at 4 °C for 1 h, and centrifuged at 12,000 g for 15 min at
4 °C. The 12,000 g supernatant was used to determine ADC
(EC4.1.1.19) activity by measuring the produced agmatine
due to ADC action according to the method of Goldschmidt
and Lockhont (1971). The assay mixture (1 mL) contained
50 mM potassium phosphate buffer (pH 7.0), 25 mM argi-
nine, 0.025 mM PLP, and aliquots from the enzyme extract.
The mixture was incubated for 30 min at 37 °C. The reac-
tion was stopped by adding 0.2 mL of 10% (w/v) TCA.
The liberated agmatine was extracted from the mixture of

arginine and agmatine by a differential extraction procedure
described by Cohn and Shore (1961) and quantified by the
method of Goldschmidt and Lockhont (1971) using a cali-
bration curve of agmatine.

Extraction and assay of OAT activity

OAT (EC 2.6.1.13) activity was extracted and assayed
as described by Kim et al. (1994). The tissue (1 g) was
extracted with 3 mL of cold extraction buffer contain-
ing 100 mM potassium phosphate buffer (pH 7.5), 0.4 M
sucrose, | mM EDTA, 10 mM KCl, 1 mM MgSO,, | mM
PMSF, 0.2 mM PLP, 50 mM 2-mercaptoethanol, 0.2% (v/v)
Triton X-100, and 1% (w/v) PVPP. The homogenate was
filtered through four layers of cheesecloth and incubated at
4 °C for 1 h. The filtrate was then centrifuged (12,000 g for
15 min at 4 °C), and the supernatant was used for assaying
the enzyme activity. The reaction mixture in the final vol-
ume of 1 mL comprised 50 mM potassium phosphate buffer
(pH 7.0), 35 mM ornithine, 5 mM a-ketoglutarate, 0.05 mM
PLP, and aliquots from the enzyme extract. The mixture was
incubated at 37 °C for 20 min. The reaction was terminated
by adding 0.3 mL of 3 N perchloric acid, and the produced
pyrroline-5-carboxylate (P5C) by OAT activity was deter-
mined spectrophotometrically using a standard calibration
curve of P5C (Kim et al. 1994).

Statistical analysis

All data except the germination test were presented as the
mean + standard deviations (SD) of at least three separate
experiments. Germination test results were expressed as
the mean + SD of four independent experiments. Analysis
of variance (ANOVA) at P <0.05 with a Duncan multiple
comparisons post hoc test was used to determine the statisti-
cally significant differences between treatments.

Results

Effect of cold stratification on germination
of pistachio kernels

The germination percentage and rate of non-stratified seeds
after incubating at 25 °C for 28 d were obtained up to 40%
and 0.1 d™!, respectively. Cold-stratified seeds displayed a
significant increase in both percentage and rate of germina-
tion compared to non-stratified seeds (Fig. 1a). The maxi-
mum germination percentage of 97% was found for cold-
stratified seeds for 21 d, and higher stratification periods did
not affect the germination, while the maximum germination
rate (0.3 d~') was obtained for kernels that cold-stratified for
42 d (Fig. 1a). The time course of germination of pistachio
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Fig.1 Germination percentage (GP) and germination rate (GR) (a)
and time course of germination at 25 °C (b) of non-stratified (control)
and cold-stratified pistachio kernels. Results are the mean+SD of
four independent experiments, each consisting of 100 seeds. Different

kernels showed that the maximum germination percentage
of non-stratified seeds occurred after 22 d incubating at 25
°C, but it was reduced to 10 d for cold-stratified seeds for
42 d (Fig. 1b).

Effect of stratification on the solubility of proteins
extracted with different pHs in pistachio kernels

Cold stratification increased protein solubility extracted with
neutral pH in cotyledonary tissue of pistachio kernels but did
not change the solubility of proteins extracted with acid and
alkaline pHs (Fig. 2a). The solubility of proteins extracted
with acid pH in axial tissue did not significantly affected by
cold treatment, while the solubility increased with neutral
and alkaline pHs (Fig. 2b). In contrast, warm stratification
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Fig.2 Changes in the solubility of proteins extracted with different
pHs in cotyledonary (a, ¢) and axial (b, d) tissues of cold- (a, b) and
warm-stratified (c, d) pistachio kernels. Each value is mean+SD of
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between the various treatments at P <0.05 according to the Duncan
test

increased protein solubility extracted with acid and alka-
line pHs in both cotyledonary and axial tissues of pistachio
kernels, but significantly decreased or did not change the
solubility of proteins at neutral pH (Fig. 2c, d).

Soluble protein carbonylation of cold-
and warm-stratified pistachio kernels

A similar pattern of soluble protein carbonylation was
found in cotyledonary and axial tissues of kernels during
cold stratification (Fig. 3a). The concentration of protein
carbonyl groups was unchanged up to 14 d after cold strati-
fication but increased drastically after 21 d and returned
to the initial level on the 28th day. However, the protein
carbonylation level in cotyledons was much higher than
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three separate experiments. Different letters indicate significant dif-
ferences between the various treatments at P <0.05 according to the
Duncan test
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Fig.3 Concentration of carbonyl groups of proteins in cotyledon-
ary and axial tissues during cold (a) and warm (b) stratification of
pistachio kernels. The values are mean =+ SD of three separate experi-

in axial tissues after 21 d. It increased after 35 and 42 d
in cotyledons and 35 d in axes tissues in response to cold
treatment (Fig. 3a). Warm stratification increased the con-
centration of protein carbonyl groups in cotyledons after 7
and 14 d, but decreased or did not change in axial tissues
(Fig. 3b). However, the concentration of soluble protein
carbonyl groups drastically reduced in both cotyledon-
ary and axial tissues after 21 and 28 d of warm treatment
(Fig. 3b).

>

Total amino acid

T
0 7 14 21 28 35 42

()

Proline content
(umol g' FW)

o
cvajE

Arginine content
(umol g FW)
o
3

b b b

0 7 14 21 28 35 42
Days of cold stratification

Fig.4 Changes in total free amino acid (a, b), proline (¢, d), and
arginine (e, f) contents in cotyledonary and axial tissues during cold
(a, ¢, e) and warm (b, d, f) stratification of pistachio kernels. Values
are mean + SD of three separate experiments. Significant differences
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ments. Different letters (a—c for cotyledon and w—x for axis) indicate
significant differences between the various treatments at P <0.05
according to the Duncan test

Changes in concentrations of amino acids in cold-
and warm-stratified pistachio kernels

The total free amino acid concentration of cotyledons
increased significantly up to 35 d after cold stratifi-
cation but severely fell to lower than the control level
after 42 d (Fig. 4a). The amino acid levels of axial tis-
sues increased gradually during cold stratification and
reached about 122 and 350% of control after 35 and 42 d,
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between the various treatments were calculated at P <0.05 according
to the Duncan test and addressed by different letters (a—e for cotyle-
don and v—z for axis)
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respectively (Fig. 4a). Total free amino acid accumulated
in both cotyledonary and axial tissues after 14 d of warm
stratification (Fig. 4b). However, the amino acid content
of the cotyledons returned to control level on day 21 and
re-increased on day 28 while remained accumulated in
axial tissues (Fig. 4b).

Proline content increased significantly in both cotyle-
donary and axial tissues in a concomitant manner with the
duration of cold stratification (Fig. 4c). However, proline
concentration in axes was much higher than cotyledons
after 42 d of cold treatment. Similarly, the proline content
of cotyledonary and axial tissues highly increased follow-
ing warm stratification (Fig. 4d). While cotyledon pro-
line concentration reached a maximum level after 28 d of
warm treatment, it decreased in axial tissues but remained
higher than the control level.

Arginine concentration of cotyledonary and axial
tissues was positively affected by both cold and warm
treatments (Fig. 4e, f). It increased significantly after 7
d of cold treatment and reached about 400% of control in
both tissues after 42 d (Fig. 4e). Arginine concentrations
in both cotyledons and axes tissue increased similarly,
reaching more than 400% of control after 28 d of warm
stratification (Fig. 4f).
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Fig.5 Changes in arginase activity in cotyledons and axes of pis-

tachio kernels during cold (a) and warm (b) stratification. Data are
mean+SD obtained from three independent analyses. Statistically
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Fig.6 Changes in arginine decarboxylase activity in cotyledons and

axes of pistachio kernels during cold (a) and warm (b) stratification.
Results are mean+SD obtained from three independent analyses.
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Arginase activity in cold- and warm-stratified
pistachio kernels

Arginase activity of cotyledons decreased significantly fol-
lowing cold treatment up to 21 d after stratification but dras-
tically increased in cotyledonary tissues of cold-stratified
kernels for higher periods (Fig. 5a). Axis arginase activity
did not change up to 14 d of cold treatment, but enhanced
significantly for periods of 21 to 35 d and then dropped to a
higher level than the control after 42 d (Fig. 5a). In contrast,
arginase activity in the cotyledonary and axial tissues of
warm-stratified kernels decreased significantly during the
warm incubation period (Fig. 5b). While cotyledons argin-
ase activity declined after 14 d of warm treatment, it fell in
axial tissues after 7 d and then returned to control level on
the 14th day and decreased thereafter (Fig. 5b).

Changes in ADC activity of cold- and warm-stratified
pistachio kernels

ADC activity in cotyledonary tissues of cold-stratified ker-
nels remained unchanged up to 14 d after cold stratification
but significantly increased in the cotyledons that received
higher cold periods (Fig. 6a). The activity of ADC in axial
tissues displayed a slight increase but was not significant

0 7 14 21 28
Days of warm stratification

significant differences between the various treatments were obtained
at P<0.05 according to the Duncan test and shown by different let-
ters (a—d for cotyledon and w—z for axis)

0 7 14 21 28
Days of warm stratification

Different letters (a—c for cotyledon and w—y for axis) were used to
indicate statistically significant differences between the various treat-
ments at P <0.05 according to the Duncan test
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up to 14 d and increased significantly after 21 d of cold
stratification. However, a drastic decrease was found in the
axes ADC activity of cold-stratified kernels on days 28 and
35 with a return to the maximum level of activity after 42
d (Fig. 6a). Warm stratification increased the ADC activity
in both cotyledonary and axial tissues of pistachio kernels
(Fig. 6b). The maximum activity of ADC in cotyledons and
axes tissue of warm-stratified kernels was obtained on days
14 and 7, respectively. However, for higher warm incubation
periods, enzyme activity in the kernels decreased to higher
levels than the control (Fig. 6b).

Changes in OAT activity of cold- and warm-stratified
pistachio kernels

OAT activity of cotyledonary and axial tissues showed
fluctuations during cold stratification (Fig. 7a). The activ-
ity of OAT in cotyledons increased significantly following
exposure of kernels to cold treatment, but returned to the
initial level after 14 d and re-increased on days 21 and 28,
which subsequently lowered to the control level after 35 and
42 d. Inversely, axial OAT activity decreased significantly
during the 14 d after cold treatment, but increased drasti-
cally on the 21st day and then declined to a lower level than
the control (Fig. 7a). The OAT activity of the cotyledons
enhanced significantly 7 d after incubation in warm condi-
tions, but decreased to the control level on days 14 and 21
and reached lower levels after 28 d. However, warm strati-
fication decreased the activity of OAT in axial tissues of
pistachio kernels (Fig. 7b).

Discussion

As described previously, pistachio kernels are not deeply
dormant (Einali and Valizadeh 2017). In the present study, a
germination percentage of 40% was found for non-stratified
seeds. However, both germination percentage and rate of pis-
tachio kernels were positively affected by cold stratification,
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Fig.7 Changes in ornithine aminotransferase activity in cotyledons
and axes of pistachio kernels during cold (a) and warm (b) stratifi-
cation. Results are mean+SD obtained from three separate analy-

as obtained for different seeds (Lin et al. 1994; Andriotis
et al. 2004; Kaur et al. 2006; Sanchez-Zamora et al. 2006;
Einali and Sadeghipour 2007; Pipinis et al. 2020). Because
no sign of germination was found in pistachio kernels dur-
ing 42 d of cold stratification at 5 °C, all the biochemical
changes reported in this study resulted from dormancy
removal, not germination.

Warm-stratified pistachio seeds at 25 °C started to germi-
nate after 5 d of incubation, but most of them decayed after
28 d. Therefore, warm stratification studies on kernels were
carried out up to 28 d of incubation. To prevent interference
by germination or post-germination processes, kernels were
exclusively selected for analyses that did not show any sign
of germination.

pH-driven solubilization of proteins was found for storage
proteins of pistachio kernels during stratification (Fig. 2).
This agrees with previous reports on the effect of pH on
protein solubility (Jiang et al. 2010; Vilg and Undeland
2017). Because increased solubility of proteins occurs before
storage protein mobilization (Yano et al. 2001; Wong et al.
2004), changes in protein solubility may be related to dor-
mancy release. Proteins have a variety of amino acids with
acidic or basic groups on their side chains, so the effect of
pH on the solubility of protein occurs because of the ioniza-
tion of these groups in its structure. Such changes reflect
alterations in the conformation of proteins and express the
function of the enzymes at an optimum pH. Increased solu-
bility of protein at neutral pH during cold stratification can
show the optimum pH for the activity of enzymes involved
in the dormancy breaking. Failure to change the solubility of
proteins at neutral pH may be related to the low competence
of warm-stratified seeds for germination.

Protein carbonylation was started in pistachio kernels
after 21 d of cold stratification. However, it increased up to
14 d after warm incubation and decreased thereafter (Fig. 3).
It shows that protein modification may play an essential role
in the dormancy removal of pistachio kernels. In accord-
ance with this suggestion, the role of protein carbonylation
in apple seeds dormancy alleviation (Debska et al. 2013)

B 300 4
200 -

100 -

Days of warm stratification

ses. Statistically significant differences between the various treat-
ments were calculated according to the Duncan test at P <0.05 and
addressed by different letters (a—c for cotyledon and w—z for axis)
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or regulation of germination in sunflower seedlings (Oracz
et al. 2007) and Arabidopsis thaliana (Job et al. 2005; Rajjou
et al. 2006) has been detected. The pattern of protein car-
bonylation in pistachio kernels was nearly similar to amino
acid accumulation during both cold and warm stratification
(Fig. 3, 4a, b). It is in agreement with the suggestion stating
that protein carbonylation not only changes protein solubility
but mainly also increases their susceptibility to proteolytic
enzymes (Dean et al. 1997; Vanita et al. 2008). Therefore,
changes in both protein solubility and amino acid accumu-
lation during stratification are dependent on the pattern of
protein carbonylation.

Cold stratification of pistachio kernels enhanced the accu-
mulation of amino acids in cotyledonary and axial tissues
(Fig. 4). Amino acid accumulation during cold stratifica-
tion has also been reported for other species (Dawidowicz-
Grezegorezewska 1989, King and Gifford 1997; Einali and
Sadeghipour 2007). Decreased amino acid concentration of
cotyledonary tissues after 35 and 42 d of cold treatment was
associated with its increase in axial tissues. It can be due
to the transport of amino acids from cotyledons to embry-
onic axes. Such amino acid transport was also reported for
loblolly pine (King and Gifford 1997) and walnut kernels
(Einali and Sadeghipour 2007) during stratification. Amino
acid accumulation was associated with increased proteolytic
activity in pistachio kernels (Einali and Valizadeh 2017).
However, it also accumulated during warm stratification,
expressing that protein mobilization to amino acids is not
a prerequisite for increasing germination, but subsequent
metabolism of amino acids may be involved. Thus, the con-
version of amino acids into transportable forms (Canovas
et al. 2007) or utilizable for radicle protrusion by the suitable
and sequential activity of amino acid-metabolizing enzymes
including arginase (King and Gifford 1997) and ADC seems
to be necessary for dormancy release.

The role of proline in the dormancy breaking of pome-
granate seeds (Shalimu et al. 2016) and promoting ger-
mination in Arabidopsis thaliana (Hare et al. 2003) has
been documented. However, the proline accumulation in
pistachio kernels occurred in both cotyledonary and axial
tissues during cold and warm stratification. Because pro-
line is an important molecule in stress conditions (Shalimu
et al. 2016), its accumulation during warm stratification of
pistachio kernels may be attributed to the oxidative stress
caused by warm incubation. Because of the higher pro-
line concentration compared to free amino acid contents
in cotyledonary tissues of pistachio kernels after 42 d of
cold stratification, it is unlikely that increased proline dur-
ing stratification is due to protein mobilization. Thus, an
increase in the activity of proline-synthesizing enzymes
during the stratification period might be imagined. Spe-
cific evidence obtained from Arabidopsis thaliana con-
firms that the increase in proline content before and during
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germination is due to de novo synthesis from glutamate
rather than the mobilization of storage proteins (Hare et al.
2003).

Arginine accumulation in both cotyledonary and axial
tissues of pistachio kernels during stratification may be
related to the mobilization of arginine-rich storage proteins.
The large influx of arginine into the free amino acid pool
was also found in several pine species following imbibition
(King and Gifford 1997). Since the concentration of arginine
in the cotyledons and embryonic axes is almost the same
during cold and warm stratification, there is no transport
of free arginine between these organs. It raises the possibil-
ity that arginine metabolites and not free arginine may be
transported from cotyledons to the embryonic axes. It is in
contrast to loblolly pine, in which arginine is exported from
the megagametophyte to the seedling without metabolic
interconversions (King and Gifford 1997).

Although the accumulation of free arginine occurred
under both cold and warm conditions, the arginase activity
increased in cotyledonary and axial tissues of cold-stratified
kernels (Fig. 4 e, f; 5). The correlation between arginine
content and arginase activity of cold-stratified seeds can
indicate that the subsequent metabolism of arginine is an
essential requirement for breaking of dormancy of pistachio
kernels by cold treatment. The lack of correlation between
these two in warm-stratified kernels represents the preven-
tion of arginine metabolism and influencing germination.
These suggestions are in agreement with the arginase activ-
ity of imbibed loblolly pine (King and Gifford 1997) and
cold-stratified and warm-incubated walnut kernels (Zarei-
Ghadikolaee et al. 2010).

Increased ADC activity during cold and warm stratifica-
tion of pistachio kernels (Fig. 6) showed that arginine metab-
olism might proceed through multiple pathways. Therefore,
it is likely that arginine accumulated under warm incubation
may likely be used in other metabolic pathways that utilize
this amino acid, such as polyamine biosynthesis. The direct-
ing of arginine to the polyamine biosynthesis pathway dur-
ing warm stratification of walnut kernels despite decreasing
arginase activity has been reported (Zarei-Ghadikolaee et al.
2010). In fact, induction of ADC activity in cotyledons and
embryonic axes of stratified seeds indicates biosynthesis of
polyamines, including agmatine and putrescine. Simulta-
neous induction of arginase and ADC activities was also
determined in germinating yellow lupin (Borek et al. 2001).
However, the contribution of polyamine production from
various metabolic pathways may differ in cold- and warm-
stratified kernels. Considering the decrease in arginase activ-
ity and the increase in ADC activity in the cotyledonary and
axial tissues of warm-stratified kernels, it can be suggested
that most polyamines produced under warm conditions are
synthesized by arginine catabolism through ADC activity
instead of arginase.
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OAT activity of cotyledons and embryonic axes of pis-
tachio kernels showed an increase only in the mid-period
of cold stratification, while decreased thereafter and dur-
ing warm incubation as well (Fig. 7). Therefore, most of
the ornithine produced by arginase activity in cold-strat-
ified kernels might metabolize to synthesize polyamines
(Majumdar et al. 2016). P5C originated from OAT activ-
ity can convert to glutamate in mitochondria or proline
in cytosol and chloroplast (Szabados and Savoure 2009).
However, the discrepancy between proline accumulation
and OAT activity in cotyledons and embryonic axes of
cold- and warm-stratified pistachio kernels may point to
the fact that this amino acid is produced from glutamate
rather than the ornithine pathway. The dramatic decrease
of arginase activity in warm-stratified kernels further con-
firms this suggestion.

Earlier studies on some arboraceous species point to the
protein mobilization during cold stratification as a prerequi-
site of dormancy breaking and germination (Bogatek et al.
1989; Andriotis et al. 2004). Our results showed that amino
acids accumulated in cold- and warm-stratified pistachio
kernels. Thus, subsequent amino acid metabolism may be
involved during seed dormancy breaking by cold treatment.
The present results suggest that protein modifications and
amino acid metabolism may be considered a determinant
factor for promoted germination competence of pistachio
kernels due to cold treatment. While the solubility of pro-
tein at neutral pH and carbonylated protein level decreased
under warm incubation, the increased protein solubility dur-
ing moist chilling of pistachio kernels, which was associated
with protein carbonylation, may induce the protein mobili-
zation and accumulation of amino acids for their following
direction to the appropriate metabolic pathways to stimulate
germination. Arginine metabolism by arginase rather than
ADC during cold stratification complies with the demand
of pistachio kernels for nitrogen and subsequently stimu-
lates germination. However, the downregulation of arginase
despite the high activity of ADC during warm stratification
may perturb the nitrogen metabolism of kernels and affect
germination. Thus, lower germination of warm-incubated
(40%) versus cold-stratified (97%) kernels may be correlated
with decreased protein solubility, lower protein carbonyla-
tion, and the downfall of arginase activity. Low activity of
OAT under both treatments showed that proline in pistachio
kernels might be synthesized by glutamate instead of the
ornithine pathway. Therefore, as depicted before (Zarei-
Ghadikolaee et al. 2010), our results confirm that cold strati-
fication has an important role in the metabolism of arginine
as a rich source of nitrogen during dormancy removal.
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