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Abstract
Walnut is one of the most important dry fruits with high nutritional value that serves as a natural source of antioxidants. 
However, there have always been concerns regarding the preservation of walnut kernels due to the high oxidation. In this 
study, the effect of temperatures (4 ℃ and 25 °C) and vacuum packaging (5% vacuum, and non-vacuum control) were inves-
tigated on the quality of walnut kernels of two commercial genotypes (stone and paper) during 6 month. The total phenol 
and flavonoid contents, and antioxidant capacity decreased, and consequentially kernel browning occurred with increased 
hue angle value and decreased lightness values. During the storage the activities of PPO and POD increased but the activity 
of CAT decreased, indicating the redox leaned to oxidation. Low temperature and vacuum packaging both slowed down the 
oxidative metabolism, and suppressed reduction of antioxidants, and delayed the discoloration/browning of walnut kernels.
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Introduction

Walnut (Juglans regia L) is one of the most important nuts 
in the world. Many countries have been developing walnut 
cultivation due to the importance of this tree and the high 
demand on the market [1]. According to paleontological 
studies, various species of walnut have existed since ancient 
times, but most of its species are found in Eastern Asia, the 
Middle East, the Carpathian Mountains in the southeast of 
Europe, the Himalayas, North Africa, Greece, and North 
America [1].

Walnut is one of the most important sources of essential 
fatty acids, fiber, plant proteins, vitamins, minerals, mag-
nesium, potassium, and arginine amino acid [2]. Due to 
high levels of antioxidant compounds such as vitamin E, 

tocopherol and polyphenols [3, 4], walnut is beneficial to 
human health by regulating cholesterol levels and positively 
affecting the cardiovascular disease [5]. The walnut kernel as 
a dry product degrats very quickly by chemical and micro-
bial agents. The chemical degradation is caused by signifi-
cant amounts of fat (about 64 to 71%) and unsaturated fatty 
acids, including oleic acid, linoleic acid, and linolenic acid. 
So there are always concerns about quality degradation of 
the walnut kernel, such as oxidation, which results in poor 
taste and darkening of the color [2].

Temperature and air presence are among the most impor-
tant factors affecting the postharvest quality of nuts during 
storage. Fu et al. and Spaccarotella et al. [2, 5] reported 
that increased temperature and oxygen increase sensitization 
of products in terms of fat oxidation (rancidity and volatile 
matter production) and sensory properties. Christopoulos 
and Tsantili [3] investigated the effect of temperature and 
packaging atmosphere on total antioxidants and color of wal-
nut during storage. They reported that low temperatures and 
packaging under  N2 or  CO2 prevented an increase in antioxi-
dant and browning. Furthermore, Tsantili et al. [7] reported 
low temperatures (1 °C instead of 20 °C) and packaging 
with  N2 atmosphere prevented the reduction of phenolic and 
antioxidant compounds in eight pistachio cultivars.

Currently, there is little comprehensive information avail-
able about Iranian walnut kernel traits such as antioxidant 
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properties (phenol and flavonoids), walnut color and the 
effect of these traits on the quality of walnut kernel during 
the storage period. Therefore, the aim of the present study is 
to investigate the changes in antioxidants, phenol, flavonoid, 
color and enzyme activity, including polyphenol oxidase, 
peroxidase and catalase of walnut kernel during storage.

Materials and methods

Pre‑storage preparation and packaging of samples

Walnut fruits, from the highly marketable commercial 
genotypes, Stone and Paper, were collected from a com-
mercial grove in the mountainous region (Rabar), Kerman 

Province (Longitude 56° 45′ to 57° 16′ and latitude 29° 
27′ to 38° 54′), Iran. Fully matured fruit (hull separated 
easily from the shell) were hand-picked. After cleaning, 
the fruits were dried for four days in shade with natural 
air circulation. The walnuts were transferred to the labora-
tory and their shells were removed using a walnut cracker. 
The walnut kernels, 25 g, were packaged immediately in 
polyethylene bags with a thickness of 0.087 mm. Samples 
were treated with a vacuum machine (GSM-DZ410-610, 
city and country) with a vacuum level of 5%. The same 
number of samples were air packaged as control. Vacuum 
packed samples and the controls were each divided to 
two groups, and stored at 4 °C and 25 °C (control) for 
6 months. The chemical, enzymatical, and colour analysis 
were conducted monthly. The schematic illustration of the 
sample preparation procedures is shown in Fig. 1.

Fig. 1  A schematic illustration of the sample preparation and treatments of the present study
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Total phenolic content (TPC) total flavonoids 
and antioxidant activity (TAC)

To prepare the ethanol extract, 1.0 g of kernel samples 
homogenized by 10 ml of 50% ethanol and after 30 min, it 
was centrifuged (11,000×g) for 10 min. The supernatant was 
diluted again by 10 ml of 50% ethanol and was applied to 
analyze total phenol, total flavonoids content and antioxidant 
capacity.

The TPC values of methanolic extracts were determined 
using a modified Folin–Ciocalteu colorimetric method [9]. 
The reaction mixture contained 0.5 ml of diluted walnut 
extracts, 2.5 ml of the Folin–Ciocalteu reagent (10:1) and 
2 ml of sodium carbonate (7.5% w/v). A spectrophotom-
eter (CECIL CE250) was used to measure the absorbance 
at 750 nm after 90 min at room temperature (25 °C). With 
the use of gallic acid as the standard, a reference curve was 
constructed. Milligrams of gallic acid equivalents (GAE) 
per gram of the extract were used to represent the findings.

Total flavonoids (TF) were determined using a colori-
metric assay according to the methods of Ghasemi, et al. 
[10]. 0.5 ml of extract solution mixed with 1.5 ml of 96% 
ethanol, 0.1 ml of 10% aluminum chloride, 0.1 ml of sodium 
acetate (1 M) and 2.8 ml of distilled water. After keeping the 
samples at room temperature for 30 min, the absorbance of 
the mixture was read at 415 nm using a spectrophotometer 
(CECIL CE250). The data were presented in the form of 
mg of quercetin equivalents (QE) per gram of fresh weight 
(mg  g−1 F.W).

A properly diluted extract sample of 0.1 ml was added to 
a screw-cap tube containing 3.9 ml of DPPH solution(2,2-
diphenyl-1-picryhydrazyl, 60 µM in methanol) for the radi-
cal scavenging assay. After 30 min of incubation in the dark 
at room temperature (25 °C), a decrease in absorbance at 
515 nm was observed in comparison to the blank [11]. The 
antioxidant activity was calculated as follows: antioxidant 
activity (%) = [1 − (Absample/Abs-control)] × 100.

Polyphenol oxidase (PPO) activity and Peroxidase 
(POD) activity

Polyphenoloxidase activity was determined with some 
modification [12]. 25 mM phosphate buffer (pH 7), 0.1 mM 
pyrogallol, and 0.1 ml enzyme extract and blank without 
pyrogallol were all included in the 3 ml reaction mixture. At 
420 nm, the formed purpurogallin's absorbance was meas-
ured. One-unit POD activity was defined as an absorbance 
change of 0.01 units per minute.

The assay solution (3  ml) contained 0.1  ml enzyme 
extract, 20 mM guaiacol, 40 mM  H2O2, and 50 mM potas-
sium phosphate buffer (pH 7.0) for POD activity measure-
ment. The addition of the enzyme extract sparked the reac-
tion. Every 20 s, the reaction solution's absorbance read at 

470 nm. One-unit POD activity was defined as an absorb-
ance change of 0.01 units per minute [13].

Catalase (CAT) activity

For the CAT activity assay, 0.1 ml of enzyme extract was 
added to a solution of 3 ml containing 5.9 mM  H2O2 and 
50 mM phosphate buffer (pH 7.0). Every 20 s, the reaction 
solution's absorbance read to 240 nm. One-unit CAT activ-
ity was defined as an absorbance change of 0.01 units per 
minute [13].

Colour

Kernel colour was measured by a chromatometer (CR-400; 
Minolta, Japan). The recorded CIE-L*a*b* values together 
with converted hue angle (h°) (McGuire, [14] and whiteness 
index (WI) (Boun and Huxsoll, [15] were used to represent 
kernel colour, where L* indicates lightness from 0 (black) to 
100 (white), h° indicates color changes from 90 (yellow) to 0 
(red), and WI indicates whiteness from 100 (colourful) to 0 
(white). WI and h° were calculated by following equations:

Statistical design

With three replications and a completely random design, 
the experiment was carried out. Means were compared with 
SAS software (Version 9.4) using a Duncan test. Graphs 
were plotted with Excel. Results were expressed as mean 
values ± standard error. R software was used to draw cluster-
ing heatmap in multivariate analysis.

Results

Antioxidant capacity (TAC)

Antioxidant levels of the samples varied according to 
the storage conditions and type of genotypes, The initial 
antioxidant capacities (TAC) were 35.68% and 38.21%, 
respectively, in Stone and Paper cultivars. Figure 2A and 
B shows that the antioxidant capacities of both genotypes 
that decreased during the storage period, but air-containing 
packages and samples stored at 25 °C decreased more. At 
the end of the 6-month period, in both genotypes, the con-
trol samples (containing air and stored at 25 °C) showed 
approximately a 30% reduction in the antioxidant capacity, 
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but the antioxidant capacity of the samples stored at 4 °C 
and vacuum packaging decreased only by 4%.

Total phenol and flavonoid compounds

The effects of storage conditions and storage time on 
the level of phenolic and flavonoid compounds of wal-
nut genotypes are presented in Tables 1 and 2. The two 
genotypes showed a significant difference in phenol con-
tent (p > 0.05), as the phenol contents in the Stone and 
Paper genotypes before the experiment were 15.67 and 
16.73 mg/100 g gallic acid, respectively. According to 
Table 1, total phenol content decreased gradually over 
time, but the samples at 4 °C and vacuum packaging sig-
nificantly maintained phenolic compounds (p > 0.05) so 
that the highest phenol content was found in them and the 
lowest content was found in the control samples (tempera-
ture 25 °C and air package). However, the genotypes under 

analysis did not show significant differences in terms of 
flavonoids content, The flavonoids content before and 
after storage was about 1.17 and 1.22 mg/100 g quercetin, 
respectively, in stones and paper genotypes. The flavonoid 
composition of the samples with a similar pattern to phe-
nol shows a decreasing trend during the storage period 
(Table 2), especially at the last two storage times. As our 
findings suggest, the samples treated with vacuum pack-
aging and temperature of 4 °C had significantly higher 
flavonoid contents than those treated at a temperature of 
25 °C and with the air-containing packaging. The control 
samples (25 °C and air-containing packaging) showed 
40% and 30% decline in the flavonoid contents of the two 
genotypes at the end of the experiment period, while the 
treated samples showed only 14% and 18% reduction of 
the flavonoid contents, implying a significant difference 
between the treated samples and the control samples.

Fig. 2  A Stone. B Paper. Total 
antioxidant capacity (TAC) of 
the walnut kernel in different 
temperature and packaging dur-
ing 6 months storage
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Polyphenol oxidase (PPO) enzyme and peroxidase 
(POD)

The polyphenol oxidase enzyme, gradually increased 
over the course of six months in the two genotypes, This 
increase was higher in the control samples (25 °C and air-
packed), and was significant at the fifth and sixth time peri-
ods (Table 3). At the end of the experiment, the enzymatic 

activity in the control samples was 1.4 times higher than 
that of the treated samples. At the end of the experiment, 
the highest and lowest levels of PPO enzymatic activity were 
observed in samples stored under air-containing conditions 
and 25 °C and the samples treated under vacuum and at 4 °C. 
Other applied conditions (storage at 25 °C, vacuum packag-
ing, air-containing packaging, and storage at 4 °C) showed 
moderate results. The type of genotypes, storage duration, 

Table 1  Effect of genotype, temperature, air presence and storage time on the phenolic (TP) of walnut kernel

For each parameter, values followed by the same letter in do not differ significantly according to Duncan’s range test (p 0.05)

Genotype T (°C) Packing Storage (month)

0 1 2 3 4 5 6

Stone 4 Vacuum 15.67 ± 2.2a 15.68 ± 2.3a 15.64 ± 2.2a 15.56 ± 2.1a 15.46 ± 2.2ab 14.8 ± 2.4ab 14.8 ± 1.4ab
Air 15.67 ± 2.2a 15.54 ± 2.1a 15.13 ± 2.2ab 14.42 ± 2.8ab 13.5 ± 2.4abc 12.7 ± 2.3abc 12.33 ± 3.1a–c

25 Vacuum 15.67 ± 2.2a 15.12 ± 2.1ab 14.9 ± 3ab 14.2 ± 2.0ab 13.41 ± 2.0abc 12.5 ± 2.6a-c 11.60 ± 1.9a–c
Air 15.67 ± 2.2a 15.30 ± 2.1ab 14.49 ± 3.1ab 13.15 ± 3.7abc 11.97 ± 3.9abc 10.1 ± 3.8bc 9.03 ± 3c

Paper 4 Vacuum 16.73 ± 1.3a 16.8 ± 1.4a 16.73 ± 1.9a 16.6 ± 1.9a 16.6 ± 1.8a 16.3 ± 1.2ab 16.15 ± 1.0ab
Air 16.73 ± 1.3a 16.7 ± 2.1a 16.42 ± 2.8ab 16.21 ± 1.7ab 15.54 ± 1.4a-c 13.6 ± 2.7abc 13.36 ± 2.4a-c

25 Vacuum 16.73 ± 1.3a 16.8 ± 2.7a 15.58 ± 2.2a-c 15.18 ± 2.8a-c 13.78 ± 1.1a-c 13.4 ± 0.9a-c 13 ± .09bc
Air 16.73 ± 1.3a 16.4 ± 1.3ab 15.6 ± 2.3a–c 14.72 ± 2.2a–c 13.33 ± 1.5a-c 12.2 ± 0.9cd 9.6 ± 0.7d

Table 2  Effect of genotype, temperature, air presence and storage time on the flavonoid (TF) compounds of walnut kernel

For each parameter, values followed by the same letter in do not differ significantly according to Duncan’s range test (p 0.05)

Genotype T (°C) Packing Storage (month)

0 1 2 3 4 5 6

Stone 4 Vacuum 1.17 ± 0.03a 1.19 ± 0.03a 1.17 ± 0.03a 1.1 ± 0.02a 1.13 ± 0.05ab 1.01 ± 0.02a–c 1 ± 0.02a–c
Air 1.17 ± 0.03a 1.17 ± 0.1a 1.12 ± 0.1ab 1 ± 0.1a–c 1 ± 0.1a–c 0.94 ± 0.1a–c 0.8 ± 0.09a–c

25 Vacuum 1.17 ± 0.03a 1.17 ± 0.03a 1.08 ± 0.1ab 1.01 ± 0.1a–c 0.95 ± 0.2a–c 0.9 ± 0.1a–c 0.86 ± 0.1a–c
Air 1.17 ± 0.03a 1.14 ± 0.7ab 1.03 ± 0.2a-c 0.93 ± 0.2a–c 0.77 ± 0.1bc 0.66 ± 0.1c 0.64 ± 0.1c

Paper 4 Vacuum 1.22 ± 0.02a 1.22 ± 0.1a 1.2 ± 0.01ab 1.19 ± 0.02ab 1.13 ± 0.01a-c 1.02 ± 0.01c-f 0.96 ± 0.1d-g
Air 1.22 ± 0.02a 1.2 ± 0.01a 1.19 ± .01ab 1.05 ± .01b–f 1 ± .01def 0.91 ± .15fgh 0.86 ± .16 g–i

25 Vacuum 1.22 ± 0.02a 1.22 ± 0.02a 1.17 ± .01abc 1.07 ± .02a–f 1 ± .01def 0.94 ± .015fgh 0.91 ± .15f–h
Air 1.22 ± 0.02a 1.11 ± 0.1a–e 0.95 ± 0.1fgh 0.9 ± 0.09fgh 0.79 ± .09hi 0.75 ± .07i 0.75 ± .07i

Table 3  Effect of genotype, temperature, air presence and storage time on PPO enzymatic activity of walnut kernel

For each parameter, values followed by the same letter in do not differ significantly according to Duncan’s range test (p 0.05)

Genotype T (°C) Packing Storage (month)

0 1 2 3 4 5 6

Stone 4 Vacuum 3.37 ±0 .46c 3.43 ± 0.52c 3.44 ± 0.48c 3.45 ± 0.49c 3.48 ± 0.56c 3.50 ± 0.50c 3.79 ± 0.4c
Air 3.37 ± 0.46c 3.37 ± 0.46c 3.4 ± 0.47c 3.44 ± 0.59c 3.94 ± 0.26bc 3.95 ± 0.35bc 4.13 ± 0.34bc

25 Vacuum 3.37 ± 0.46c 3.37 ± 0.48c 3.48 ± 0.48c 3.72 ± 0.45c 3.98 ± 0.41bc 4.12 ± 0.59bc 4.16 ± 0.62bc
Air 3.37 ± 0.44c 3.38 ± 0.44c 3.43 ± 0.65c 3.93 ± 0.43bc 4.24 ± 0.39bc 4.9 ± 0.36ab 5.55 ± 0.71a

4 Vacuum 1.71 ± 0.10d 1.71 ± 0.17d 1.71 ± 0.17d 1.71 ± 0.11d 1.82 ± 0.18d 1.84 ± 0.19d 1.9 ± 0.27 cd
Paper Air 1.71 ± 0.10d 1.77 ± 0.10d 1.77 ± 0.17d 1.78 ± 0.36d 1.77 ± 0.45d 1.79 ± 0.48d 2.28 ± 0.44b-d

25 Vacuum 1.71 ± 0.10d 1.71 ± 0.10d 1.83 ± 0.10d 1.95 ± 0.65cd 2.06 ± 0.77bcd 2.22 ± 0.88bcd 2.69 ± 0.9bc
Air 1.71 ± 0.10d 1.77 ± 0.17d 1.77 ± 0.16d 1.82 ± 0.2d 1.96 ± 0.24cd 2.81 ± 0.26b 4.11 ± 0.3a
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storage temperature, and air presence affected POD enzyme 
activity as was the case with PPO enzyme (p > 0.05). The 
peroxidase(POD) enzyme with a similar pattern of polyphe-
nol oxidase (PPO) (Table 3) showed an increasing trend over 
a period of six months, especially during the fourth, fifth, 
and sixth time periods. The effect of packing and storage 
temperature on PPO enzyme showed a significant difference 
(p > 0.05) so that packaging under vacuum and at tempera-
ture of 4 °C plays an important role on reducing peroxidase 
activity and preventing the loss of quality (Table 4).

Catalase enzyme

Both genotypes showed the same pattern in terms of cat-
alase enzyme activity. By storage, the enzymatic activity 
was gradually reduced in contrast to previous enzymes, and 
this reduction occurred more rapidly in the control samples 
(1.4-fold) than the treatment samples. At the end of stor-
age period, the highest enzymatic activity was observed for 
samples stored at 4 °C and under vacuum conditions. The 
temperature of 4 °C and the vacuum packaging significantly 
maintained the activity of the catalase enzyme until the fifth 
round of the experiment, and at each sampling time the CAT 
enzyme was at a higher level than that in the control sample 
(25 °C) and the air-containing packaging),.The control sam-
ples in both genotypes showed a decrease in the enzymatic 
activity from the second storage time (Fig. 3A, B).

Color

The color value of kernel before storage in the two paper 
and stone genotypes were L*(55.74, 37.71), h (80.71–74.76) 
and WI (46.24–26/51), respectively. The two genotypes had 
significant differences in terms of L*, hue, and WI indices. 
Tables 5 and 6 shows the changing trend of color values 
(L*, WI) over a period of 6 months, which is more evident 
during the last two-time periods. There was a significant dif-
ference between the different storage conditions in the Stone 

genotypes, the lowest level of L* was observed in samples 
stored at 25 °C and air-containing packages. Figure 4A and 
B shows the reduction of angle hue in the stone and paper 
genotypes, which, like L* and WI, this color parameter 
decreased at the end of storage period. Therefore, based on 
the results, the storage time leads to a decrease in color val-
ues (L*, hue, and WI). This reduction in the visual character-
istics depends on the temperature and storage environment. 
At the temperature 4 °C and a vacuum packaging, L*, WI, 
and hue values are higher than the corresponding values 
at temperature of 25 °C and the air-containing packaging, 
which indicates the destructive effects of the high tempera-
ture and the presence of air on the visual characteristics, 
marketability, and the quality of the walnut kernel.

Multivariate analysis of biochemical traits

Regarding the clustering heatmap, there was no relationship 
between two genotypes (Fig. 5). Cluster I included some 
of the treatments in stone genotype. In cluster I, P2D1M2 
through P1D2M1 was characterized by fruit with low CAT 
and POX enzymes and medium to high carbohydrate and 
antioxidant. Cluster II included all of the treatments in 
paper genotype and this genotype had very low to low POX 
in fruit. The third cluster, which included P1D1M7 and 
P2D1M6 showed low PPO and CAT enzymes and very low 
POX enzymes and high carbohydrate in fruit.

Discussion

According to the results of this study, the two genotypes 
showed significant differences in antioxidant content and 
the Paper genotypes had higher antioxidant capacity. The 
results obtained in this study are less than those reported by 
other researchers. Other also reported that antioxidant capac-
ity was differentiated among pecan and pistachio genotypes 
[6]. Akbari et al. [16], in a study of six genotypes of walnut, 

Table 4  Effect of genotype, temperature, air presence and storage time on POD enzymatic activity of walnut kernel

For each parameter, values followed by the same letter in do not differ significantly according to Duncan’s range test (p 0.05)

Genotype T (°C) Packing Storage (month)

0 1 2 3 4 5 6

Stone 4 Vacuum 9.34 ± 2.0c 9.08 ± 2.0c 9.32 ± 2.6c 9.39 ± 2.8c 9.52 ± 2.1c 9.52 ± 2.3c 10.6 ± 1.9c
Air 9.34 ± 2.0c 9.27 ± 1.9c 9.39 ± 2.1c 9.73 ± 3.3c 9.98 ± 2.5c 11.36 ± 2.9c 11.87 ± 2.7bc

25 Vacuum 9.34 ± 2.0c 9.26 ± 2.2c 9.22 ± 2.8c 9.72 ± 2.5c 10.41 ± 2.2c 11.66 ± 2.1bc 12.50 ± 1.8bc
Air 9.34 ± 2.0c 10.04 ± 2.3c 10.77 ± 2.1c 12.2 ± 1.7bc 13.24 ± 3a-c 16.3 ± 3.1ab 17.37 ± 3.5a

4 Vacuum 8.0 ± .84def 8.0 ± .84def 7.77 ± .93ef 7.7 ± .8f 8.04 ± .74def 8.2 ± .79def 8.88 ± 1.1b–f
Paper Air 8.0 ± .84d–f 7.87 ± .80d–f 8.32 ± .78c-f 8.42 ± 1c–f 8.83 ± 1b-f 9.24 ± 1.2b-f 9.98 ± 1.7a–e

25 Vacuum 8.0 ± .84 d-f 8.09 ± .83def 8.54 ± .70c–f 8.85 ± .65b.-f 8.89 ± .70b–f 10.73 ± 1abc 11.13 ± 1ab
Air 8.0 ± .84d–f 8.45 ± .86c–f 9.26 ± .90b–f 9.58 ± 1b-e 10.24 ± 1.2a–d 11 ± 1.6ab 12.2 ± .2a
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reported antioxidant capacity between 53.83 and 90.38%. 
Christopoulos and Tsantili [11] examined antioxidant com-
pounds of some of the important genotypes of walnut (Chan-
dler, Hartley, and Loli) and reported an antioxidant potential 

of about 94.4 to 181.2 μmol of TAE per dry weight. These 
differences seem to be related to environmental conditions, 
measurement method and various genotypes of walnut. The 
results of the present study indicated that during storage the 

Fig. 3  Paper genotype (A) and 
Stone genotype (B). Catalase 
activity of the walnut kernel in 
different temperature conditions 
and different packing environ-
ment during 6 months

Table 5  Effect of genotype, temperature, air presence and storage time on the color parameters (L*) of the walnut kernel

For each parameter, values followed by the same letter in do not differ significantly according to Duncan’s range test (p 0.05)

Genotype T (°C) Packing Storage (month)

0 1 2 3 4 5 6

Stone 4 Vacuum 55.74 ± .95a 55.79 ± .94a 55.47 ± .90ab 55.95 ± .60a 55.5 ± .79a 54.40 ± .69a-c 54.36 ± .63a-c
Air 55.74 ± .95a 55.76 ± .95a 55.1 ± .99a-c 54.40 ± 1a-c 54.26 ± 1.1a-c 53.80 ± 1a-c 53 ± 1 cd

25 Vacuum 55.74 ± .95a 55.58 ± .67a 55.5 ± .90a 54.71 ± .61abc 54.04 ± .94abc 53.73 ± .78abc 53.1 ± .90bcd
Air 55.74 ± .95a 55.73 ± .95a 55.57 ± .97a 54.84 ± 1abc 54.06 ± 1.1abc 51.5 ± 1.1de 50 ± 1.3e

4 Vacuum 61.37 ± 3.2a 61.37 ± 3.2a 61.35 ± 3.0a 61.24 ± 2.6a 61.13 ± 2.8a 61.17 ± 3.5a 61.01 ± 2.9a
Paper Air 61.37 ± 3.2a 61.37 ± 3.2a 61.36 ± 2.9a 60.45 ± 2.6a 59.48 ± 2.1a 59.43 ± 3.2a 57.12 ± 2.1a

25 Vacuum 61.37 ± 3.2a 61.37 ± 3.2a 61.35 ± 3.2a 61.27 ± 2.7a 59.44 ± 3.0a 59.34 ± 2.0a 57 ± 2.01a
Air 61.37 ± 3.2a 61.37 ± 3.2a 60.7 ± 3.4a 60.16 ± 3.4a 58.25 ± 2.0a 55.57 ± 2.5ab 54.48 ± 2.3b
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Table 6  Effect of genotype, temperature, air presence and storage time on the color parameters (WI) of the walnut kernel

For each parameter, values followed by the same letter in do not differ significantly according to Duncan’s range test (p 0.05)

Genotype T (°C) Packing Storage (month)

0 1 2 3 4 5 6

Stone 4 Vacuum 46.42 ± 1.5a 46.42 ± 1.9a 46.42 ± 1.7a 46.45 ± 2.0a 46.2 ± 1.5a 46.1 ± 2.0a 46.42 ± 1.5a
Air 46.42 ± 1.5a 46.46 ± 1.5a 46.35 ± 1.2a 46 ± 1a 45.5 ± .95a 44.9 ± .90ab 46.42 ± 1.5a

25 Vacuum 46.42 ± 1.5a 46.42 ± 1.6a 46.46 ± 1.2a 46.06 ± 1.18a 45.9 ± 1.5a 45.4 ± 1a 46.42 ± 1.5a
Air 46.42 ± 1.5a 46.47 ± 1.5a 46.26 ± 1.5a 45.58 ± 2.0a 45.1 ± 2.4ab 44.4 ± 2.7ab 46.42 ± 1.5a

4 Vacuum 51.2 ± 3.7a 51.2 ± 3.6a 51.18 ± 3.7a 51.1 ± 2.7a 51.1 ± 2.7a 51 ± 2.7a 51.2 ± 3.7a
Paper Air 51.2 ± 3.7a 51.2 ± 3.6a 51.12 ± 2.8a 50.7 ± 2.9a 49.7 ± 3.6a 49.7 ± 2.0a 51.2 ± 3.7a

25 Vacuum 51.2 ± 3.7a 51.2 ± 3.6a 51.2 ± 3.3a 50.5 ± 3.0a 49.8 ± 3.1a 49.5 ± 2.0a 51.2 ± 3.7a
Air 51.2 ± 3.7a 51.16 ± 3.6a 50.28 ± 3.3a 49.4 ± 2.1a 47.8 ± 2.2ab 47.3 ± 2.1ab 51.2 ± 3.7a

Fig. 4  Paper genotype (A) and 
Stone genotype (B). Parameter 
of color [Hue angle (h°)] of 
the walnut kernel in different 
temperature conditions and 
different packing environment 
during 6 months



3946 A. Shojaei et al.

1 3

antioxidant capacity of two genotypes gradually decreased 
following a similar pattern and the samples stored at the 
temperature of 25 °C, in an air-containing package showed 
the highest reduction in antioxidant potential and nutritional 
value. The results of this study confirm this point the treat-
ment at 4 °C temperature and vacuum packaging has a sig-
nificant role in the preservation of antioxidant capacity and 
showed a significant difference compared to control condi-
tions (at temperature of 25 °C and air-containing packaging). 

In another study, a vacuum system with less air access dur-
ing a 12-week storage period inhibited the oxidative process 
better in pistachio [17]. The authors also stated that high 
temperatures during storage are necessary for lipid oxidation 
(above 20 ℃).

The phenol and flavonoid compounds impact the color, 
taste, flavor and health benefits of nut. Therefore they could 
be used as an important trait for the assessment of over-
all walnut quality [2, 18]. The temperature of 4 °C and the 

Fig. 5  Cluster analysis of walnut cv. Stone based on physical and 
chemical properties of fruit under two packaging modes,two tempera-
ture conditions [gradient from low (brown), medium (orange) to high 

(cream)]. P = packaging method (P1 = Vacume, P2 = Air), D = tem-
perature (D1and 2: 4and 25 °C), M = storage time (M1–6: 1, 2, 3, 4, 5 
and 6 months, respectively)
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vacuum packaging lead to effective preservation of phe-
nol and flavonoids Phenol and flavonoids content show a 
decreasing trend over the course of the 6-month period with 
a similar pattern. This process is most evident in the last time 
periods. The results of this study are in the range of data 
reported by other researchers [11]. Bakkalbaşi et al. [19] 
conducted a study on several walnut genotypes and showed 
that total phenol content decreased significantly during wal-
nut kernel storage. Also, studies on peanuts show that the 
samples kept at a temperature of 20 °C maintained their 
quality better than those stored at 35 °C [20]. The prevention 
of the reduction of phenolic compounds can be attributed 
to the limitation of oxidation reactions by low temperatures 
and air scavenger, since phenolic compounds are susceptible 
to chemical or enzymatic oxidation [20]. Generally during 
storage, antioxidants, especially phenolic compounds and 
flavonoids are susceptible to oxidation and thus a reduc-
tion in nutritional value. It was also observed that low tem-
perature and reduced access to air play a significant role in 
preserving the quality and antioxidant compounds (phenol 
and flavonoids), as well as reducing fat oxidation in stored 
samples over a period of 6 months.

Enzymatic browning is one of the most important 
parameter affecting fruits and nuts quality. Walnut kernel, 
because of its high levels of fats and high phenolic com-
pounds, is subject to enzymatic and chemical browning and 
thus reduced quality. The results of this study showed that 
high temperatures and the presence of air play an impor-
tant role in increasing the activity of polyphenol oxidase. 
Accordingly, it can be concluded that by increasing the 
temperature and access to air, the pathway of polyphenol 
oxidase becomes more active, and this increased activity 
results in the reduction of antioxidant compounds, followed 
by increased fat and phenol oxidation. As a result, phenolic 
compounds are converted to quinones, and the formation of 
quinone causes browning. Like PPO, the level of POD activ-
ity was very low before storage, but it showed an increasing 
trend during storage with a similar pattern to polyphenol oxi-
dase enzyme and showed significance differences especially 
during the fifth and sixth storage periods. If hydrogen perox-
ide is present, the brown color is caused by the POD enzyme, 
which oxidizes one electron [19, 20]. However, polyphenol 
oxidase can induce peroxidase activity by producing hydro-
gen peroxide during phenol oxidation process [19, 20]. The 
analysis of the relationship between peroxide value, antioxi-
dant compounds, and enzymatic activity was investigated 
by measuring the correlation between traits. It was shown 
that increased fat oxidation is associated with reducing anti-
oxidant compounds followed by increased PPO and POD 
enzymes. POD undergoes single-electron oxidation, which is 
the cause of the brown color if hydrogen peroxide is present. 
Plant tissues only contain very trace amounts of hydrogen 
peroxide. However, by producing hydrogen peroxide during 

phenol oxidation, PPO may increase POD activity.PPO 
causes monophenols to be hydroxylated into o-diphenols 
and then o-quinones under molecular oxygen, which in turn 
produce brown pigments. However, it is essential that PPO 
immediately participate in tyrosine digestion, preventing the 
accumulation of tyramine, and in the biosynthesis of hydrox-
ycoumarin esculetin in walnut tree green leaves [19, 20]

Catalase is one of the antioxidant enzymes in the plant, 
which has a significant impact on oxidative stresses and 
increases the antioxidant activity of the cell and reduces the 
risk of free radicals [21]. Data in this experiment showed that 
the catalase enzyme activity was opposite to the peroxidase 
and polyphenol oxidase activity in the sense that decreasing 
the storage time decreased catalase enzyme, while activity 
of peroxidase and polyphenol oxidase enzymes increased. 
There is no complete information available about enzyme 
activity of the walnut kernel or nuts during the storage time. 
However, based on the findings of this study, it can be stated 
that the catalase enzyme also helps to maintain the quality 
of the walnut kernel during storage.

According to these results, the storage conditions and 
storage time can have a significant effect on the visual fea-
tures of the walnut kernel. In general, the color of the wal-
nut kernel is classified as bright to amber. In the present 
study, the samples showed a significant difference in the 
type of kernel color, and this color difference can be related 
to genetic factors. The paper genotypes showed the highest 
value (h*, WI, and L*) before and after the experiment. L* 
values in both genotypes before and after storage were higher 
than 40, which can ensure the quality of the color according 
to the walnut industry standards [25]. During the storage 
period, the color parameters (W, h*, L*) showed a decreas-
ing trend. This decrease in the samples kept in air-containing 
packages and at a temperature of 20 °C was more intense. 
These results were in agreement with [23, 24]. Enzymatic 
activity or phenolic chemical oxidation could be the cause 
of the browning of walnut kernels and customers prefer the 
walnut pellicle because of its higher color index [25, 26]. 
Additionally, the walnut pellicle color index is important 
because it may indicate the rate of pellicle browning [27]. 
The oxidative stress brought on by a greater accumulation 
of reactive oxygen species (ROS) and the activation of the 
lypoxygenase enzyme, both of which increased lipid oxida-
tion and peroxidation as well as nonenzymatic browning, 
may be the cause of the browning of the walnut pellicle 
during drying [28]. In fact, in this experiment, the highest 
browning level (minimum WI, L* and h*) in the samples 
stored at 25 °C and air containing packages with the highest 
peroxidase activity and polyphenol oxidase, as well as the 
lowest amount of antioxidant and phenolic compounds was 
observed, confirming the strong correlation between these 
factors. The present work showed the lowest values (L, 
Hue, and WI) for samples stored under ambient temperature 
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conditions and air-containing packaging followed with the 
highest loss in phenol (TP). This study's findings are in line 
with those of Christopoulos et al. [3] that reported Hue, L* 
and WI were gradually decreasing during storage.

Conclusion

This study explored the effect of storage conditions and 
type of genotype on TAC, TP, TF concentrations, enzy-
matic activity (PPO, POD and CAT), and walnut kernel 
color. The Paper genotypes showed higher TAC, TP, TF 
and CAT than the Stone genotype, while the POP and PPO 
contents of Stone genotype were higher than that of the 
Paper genotype. The results showed that all of the variables 
under investigation were affected by the treatment condi-
tions during the 6-month period. The TAC, TP, TF and CAT 
enzymes showed a decreasing trend while the PPO and POD 
increased. According to these results, walnut kernel vacuum 
packaging and 4 °C have an important role in preventing 
phenol oxidization and preserving the quality of walnut ker-
nel for 6 months. The present work showed that the deterio-
ration of antioxidants was reduced during storage when nuts 
were kept in vacum and at the lower temperature.
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