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Pomegranate is a perishable superfruit with important human health-promoting phytochemicals. The use of cold storage is inevitable
for its long-term preservation. As pomegranate is sensitive to temperatures below 5°C, it is therefore necessary and worthwhile to
introduce a postharvest technique that is safe, applicable, and commercially acceptable to maintain the fruit quality under a cold
storage condition. The efficacy of intermittent warming (IW) in the form of a single warming period (1 day at 20°C with 70%
relative humidity (RH) before returning the treated fruit to storage) during the cold storage of ‘Rabab-e-Neyriz’ pomegranate (70
days at 2+0.5°C and 90+ 5% RH) was evaluated. To find the best treatment time, warming was performed at 4 temporary
interruption points in storage (after 15, 25, 35, or 45 days of storage). For each interruption date, the treated fruit were
compared to the controls twice, once immediately after treatment and once at the end of the storage period. It was founded that
a single warming period at the right time during cold storage (before irreversible damage occurs) activated multiple mechanisms
and physiological responses in pomegranate fruit peel that are significantly responsible for alleviating the severity of chilling
damage to this commodity. In other words, warming on the 15th day was the most efficient treatment, resulting in better
preservation of unsaturated fatty acids from peroxidation, lower malondialdehyde (MDA) production, and preservation of the
unsaturated/saturated fatty acids (UFAs/SFAs) ratio (membrane integrity index) in the peel during storage and lower chilling
injury symptoms. Moreover, the content of spermine (Spm) and putrescine (Put) (as important antioxidants acting as membrane
safety agents) was significantly increased immediately after treatment, followed by a continuous increase in Spm and a higher level
of Put compared to control until the end of storage.

not limited to the edible part of the fruit, which is likely to
mediate in protective mechanisms against a wide range of

Nowadays, there is a worldwide and increasing notion that
superfruits and their ingredients and extracts may have the
ability to prevent diseases and/or be used as a cure for ailments.
Pomegranate fruit (Punica granatum L.), known in many
countries as the fruit of Eden [1], is a superfruit with excellent
taste and great health benefits. Nearly 124 different phyto-
chemicals can be found in pomegranate fruit; interestingly,

oxidative and inflammatory human disorders, including cancer,
type 2 diabetes, atherosclerosis and cardiovascular diseases [2].
Low-temperature storage is considered the most efficient
way to preserve the postharvest quality of horticultural crops
for an extended period of time. However, for some tropical or
subtropical perishable products, such as pomegranate fruit,
too long cold storage could result in a sequence of physiological
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disorders collectively known as chilling injury (CI), leading to
significant loss of quality [3]. Therefore, finding safe, effective,
and preferably non-chemical treatments to reduce postharvest
losses during cold storage of pomegranate is both worthwhile
and inevitable.

Intermittent warming (IW) is a potential environmentally
friendly postharvest technique to alleviate chilling injury (CI)
in cold-stored products and refers to the periodic exposure
of fruit to warm temperatures at 20-27°C during storage
[3-7]. The timing of treatment is critical [8], i.e., the initial
interruption of cold storage must occur before the chilling
damages become irreversible [5, 9]. In addition, it is essential
to understand the ideal temperature, duration, and frequency
that could be specific to each product and cultivar [9]. There
are several hypotheses regarding IW’s mechanism of action
in alleviating chilling damage, e.g., an induced change in
unsaturated fatty acids (UFAs) concentration which is consid-
ered involved in membrane safety at low temperatures. It was
assumed that shifting the temperature from low to high and
then from high to low would probably result in an increment
of saturated fatty acids (SFAs) followed by desaturation lead-
ing to accumulation of UFAs and a greater degree of unsatura-
tion. This change was suggested to affect membrane fluidity
and result in increased tolerance to low temperatures [6, 7,
10]. In addition, it has been reported that IW promotes poly-
amines (PAs) production in treated tissues [11]. It has been
proposed that the mechanism of action for the alleviation of
CI by exogenous PAs or treatments that enhance their endog-
enous values may be related to their ability to bind membranes
and to have antioxidant activity [12] which mitigates changes
in membrane fluidity and solute leakage [13] and results in
membrane stability and delayed disintegration [14].

In contrast to achieving consensus on IW as a potential
postharvest method, related research efforts in the new millen-
nium have decreased. It is so important to keep in mind that
there are challenges in choosing IW for commercial applica-
tions. It means that repeatedly increasing and decreasing the
storage temperature is a slow and energy-intensive process. In
addition, as an alternative, shifting the product from cold to
warm rooms for several times is labor-intensive and requires
the accessibility of specific spaces [3]. On the one hand, it is rec-
ommended that IW for crops with short shelf life, such as
cucumbers, sweet peppers, and zucchini squash, be used more
frequently [7, 11, 15]. On the other hand, if the warming is
applied too frequently or for too long, an increased loss of qual-
ity may occur [16]. The authors believe it could be beneficial,
more applicable, and commercially acceptable if only one cycle
of IW is adequate to alleviate the incidence of CI and should be
investigated for commercially important cultivars. In the other
part of our research on the cold storage of ‘Rabab-e-Neyriz’
pomegranate fruit, the beneficial effect of one cycle of IW was
revealed and related to the promotion of enzymatic and non-
enzymatic antioxidant responses [17]. However, as stated by
Biswas et al. [3], more research is needed to investigate the
mechanisms by which IW alleviates CI, which can lead to alter-
native novel methods with similar advantages. To the best of
our knowledge, more studies are required to evaluate the effects
of IW on modifications in membrane fatty acids (FAs) and its
fluidity and stability in cold-stored sensitive crops such as
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pomegranate fruit. Moreover, there is no literature available
on the possible beneficial effect of IW via modification of
endogenous PAs in pomegranate.

Pomegranate cv. ‘Rabab-e-Neyriz’ is a late ripening,
exportable and commercial Iranian cultivar. The aim of the
present research was to investigate the effects of a single
warming period on modifications in FAs and PAs in fruit
peel and its relationship with the mitigation of chilling dam-
age to this product.

2. Materials and Methods

2.1. Plant Material, Experimental Design, and Treatments.
Fully mature pomegranates cv. ‘Rabab-e-Neyriz’ were picked
from a commercial orchard in Neyriz (Fars province, Iran).
On the day of collection, the fruit were placed in vented plas-
tic crates and transported to the laboratory in a cold room
set to 5°C. Upon arrival at the laboratory, fruit with defects
were discarded and the remaining were stored at 2+0.5°C
(chilling temperature) and 90+ 5% RH for 70 days. IW was
performed by exposure of the fruit to only one period of
high temperature (1 day at 20°C with 70% RH) by shifting
the fruit to a warm room during the storage period. To find
the best treatment time, 4 temporary interruption points
were dedicated to warming, ie., 15th, 25th, 35th, or 45th
days of storage.

The experimental design was factorial based on a com-
plete randomized design with three replications. It included
4 temporal points of interruption in storage (15th, 25th,
35th, or 45th days of storage) x2 levels of warming regime
(warming and control) x2 levels of sampling time (immedi-
ately after treatment and at the end of storage). In other
words, there was 4 distinct groups of fruit for each interrup-
tion day and 4 abbreviations were assigned: WI, WE, NI, and
NE. The first letter explains the warming regime; whether
the fruit were warmed (W) or not (N), and the second letter
shows the sampling time; whether the samples were taken
immediately after the warming regime (I) or at the end of
the storage period (E). These groups included: Group A:
fruit were removed from storage and immediately warmed
by shifting to the warm room, and then sampled without
delay (abbreviated to WI; as 15WI, 25WI, 35WI and
45WI). Group B: fruit immediately sampled after removal
from storage without warming treatment (abbreviated to
NI as 15NI, 25NI, 35NI, and 45NI). Group C: fruit were
removed from storage and immediately shifted to the warm
room for warming treatment, then were returned to cold
storage and kept until the end of the storage period and
sampled at the end (abbreviated to WE; as 15WE, 25WE,
35WE and 45WE). Group D: non-treated fruit without
removal from storage, which were sampled at the end of cold
storage (was abbreviated to NE; as 15NE, 25NE, 35NE, and
45NE). In other words, for each interruption date, groups
B and D served as control for groups A and C, respectively.
From this point of view, for each interruption date, the
treated fruit were compared with the controls twice, imme-
diately after treatment or at the end of the storage period.
The content and composition of the FAs and the amount
of PAs and malondialdehyde (MDA) in the peel samples
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were analyzed. In addition, chilling injury (CI) index in dif-
ferent time-treated fruit was evaluated at the end of the stor-
age followed by a shelf life of 3 days and compared with
control. Intact fruit were used for this purpose.

For the preparation of the sample, each husk was care-
fully cut in the equatorial zone and the peels were manually
separated. Peel tissues from 10 fruit in each replicate were
combined, frozen in liquid N,, and stored at —80°C for later
analytical determinations.

2.2. MDA Content and CI Index. The level of lipid peroxida-
tion in the peel tissue was measured in terms of MDA content
(a product of lipid peroxidation) determined by the thiobarbi-
turic acid (TBA) reaction with minor modification of the
method of Heath and Packer [18]. Briefly, 0.25 g of peel
sample was homogenized in 5 mL of 0.1% trichloroacetic
acid (TCA). The homogenated sample was centrifuged at

10000xg for 5 min. To 250 L aliquot of the supernatant,
1 mL20% TCA containing 0.5% TBA was added. The mix-
ture was heated at 95°Cfor 30  min and then quickly cooled in
an ice bath. After being centrifuged at 10000xg for 10 min,
the absorbance of the supernatant was read at 532 nm and
the value for the nonspecific absorption at 600 nm was sub-
tracted. The concentration of MDA was calculated using its
extinction coefficient (g) of 155 mM ™' cm™' reported as
pumol per g of peel fresh weight.

The CI index was assessed separately in each fruit with a
4-point hedonic scale based on the proportion of the peel
surface impacted by CI symptoms (dehydration, browning,
and pitting) [19]: 0 (no symptoms), 1 (1-25% of damaged
area), 2 (26-50% of damaged area) and 3 (>50% of damaged
area). The results were expressed as the mean+SD of CI
calculated using the following formula:

Cl= Z(Value of hedonic scale X number of fruit with the corresponding scale number)/(4 x total number of fruit in the sample).

2.3. Fatty Acids (FAs) Quantification. Total lipids were
extracted according to the method of Rui et al. [20]. A gas
chromatograph (GC, HP-model 6890) equipped with a
flame ionization detector was used to separate and quantify
fatty acids according to Mirdehghan et al. [21]. At first,
two g of skin was homogenised in 10mL of chloroform:-
methanol:0.1N HCI (200:100:1). Then, 10mL of 0.1N
HCl was added before centrifugation at 4000xg for
10 min. It was allowed to the organic phase to be dried. By
adding 1 mL of boron trifluoride/methanol at boiling tem-
perature for 10 min, fatty acid methylation was done. Using
hexane, methylated fatty acids were extracted and then
allowed to be dried and redissolved in 200 yuL chloroform
before injection. For fatty acid separation and quantification,
a HP-Innowax polyethylene glycol -capillary column
(30m x250 ym x25 ym) and a gradient of temperature (ini-
tially 120°C for 2 min and then a rate at 4°C/min to 190°C
which was held for 5min, and final rate at 4°C/min to
242°C) were used. Fatty acids were identified and quantified
by comparing retention times and peak areas with authentic
standards (Sigma-Aldrich, USA). Results were expressed as
mg 100g™" fresh weight.

2.4. Polyamines (PAs) Quantification. Sample preparation
and HPLC analysis of PAs was performed according to
Mirdehghan et al. [21] with some modifications. For each
replicate, 1g of fresh tissue was homogenized with 10 mL
of 5% cold perchloric acid. The homogenate was then centri-
fuged for 30 min at 20000 x g. The resulted supernatant was
filtered through a 0.45um filter (Millipore) and used to
determine free PAs by benzoylation, and derivatives ana-
lysed by HPLC (UnicamCrystal-200, UK). A 10 uL of filtered
supernatant was used for this purpose. The elution system
consisted of MeOH/H,O (64 :36) solvent, running isocrati0-

(1)

cally with a flow rate of 0.8 mLmin™" through a reversed-
phase column (LiChroCart 250-4.5 ym) and detection was
based on UV absorbance at 254nm. PAs were identified
and quantified by comparing retention times and peak areas
with authentic standards (Sigma-Aldrich, USA). Results
were expressed as nmol g fresh weight.

2.5. Statistical Analysis. All data were subjected to two-way
analysis of variance (ANOVA) performed with the SAS
9.1.3 service pack 4 software (SAS Institute, Cary, NC,
USA), and the means were separated by the least significant
difference (LSD) test at P <0.05.

3. Results

3.1. MDA Content and CI Index. Mean comparisons showed
that the MDA content increased significantly during storage.
Generally, the warming resulted in a significantly lower
MDA content compared to untreated fruit. Moreover, the
mean value at the end of storage was significantly higher
than the time of interruption (Table 1).

The amount of MDA in the peel of control fruit was
nearly similar to the harvesting time until the 25th day of
cold storage, and there was no significant difference between
the cold-stored fruit sampled on the 15th and 25th days of
storage. Subsequently, there was a significant increasing
trend along with storage time. Fruit warming at 15th and
45th days instantly reduced the MDA content of the peel
compared to the controls (Table 2). On the other hand, at
the end of the storage period, the fruit treated at interruption
dates had significantly lower MDA (Table 2) and CI index
(Table 3) compared to the controls with the lowest levels
recorded for the fruit treated on the 15th and 25th days.



International Journal of Food Science

'60°0> d 9593 (@ST) 2ouaragIp jueoyrudis isea] £q Juazayip Apueoyrudis
JOU I 19)39] dWIeS I} £q PIMO[[O] SUBIUI XIPUI PIJEN[EAD PUE JOJOBJ [eJUSWILIAAXD [Ded 10 O1eI SPIDE A)jej pajeIn)es/pajeInjesun sy JS/sy.) pue spoe A1)ej sy Spe A))ej pajeinjesun :syj Spoe
£ey pajermnyesundod sy Nd SPIe A3} pajeinjesunouow Sy NN SPIe A31e) pajeimnies sy ]S OpAySplerpuofew YN "AVPIUNY SANRRI %0/ WM D 07 e Aep [ se pawiojrad sem Surwrepy Ayprumy
QAIIRIAI %S F 06 PU® D G'0 F T 18 sAep (£ I0J Pa10Is dI9m JINI] "I011d prepuels F (arep Surdures pue swndar Surwirem yoes 10J 7 pue aderols ur aep uondniur yoes 10y z1=u) saedordal Jo sueswr a1e ee

(1000 F S e e - e e age103s Jo
260 «800°0+09°C0T qC100+0S'8% q900°0 F €L¥C q900°0 F9.°¢T LIT00F0I%S LC10°0F€5°0€ pus o) 1Y
L1000 F = T 0 e 0% e e O e = e Apyerpauruy

’ PO «800°0+ 16°C0T eI10°0 + 65799 2900°0 + L8'8C 25000+ €L7LC qL00°0  €€°9¥ q€10°0 ¥ ¥5°0¢
swmn Jurdureg
1000 F e e = e e o e Sururem
960 250070 + L9°€01 V100 F L6V q£00°0 F9¢°ST qL00°0 F LETT LC10°0 F¥8°¢S 91070+ L5°8C 1ON
#1000F 0100+ S6'10T 010°0 + 9¢°9S S00°0 + ¥T'8¢ S00°0+CT°LC 900°0 + 6597 Suruwre
0T'T 4 N ? N 4 qC10°0+05°CC ’
sundax
Sururre p\
pl000F 820°0 F €66 020°0 ¥ CT¥'9F 1100+ 89°¢C 0100+ ¥£'CC ¥r0'0 F¥8'¢€S — 14
880 4 P ? > N FC00+ LETE
210007 SC0'0+97°001 1€0°0+ 1€°0S 910°0 + 99°9¢ 9100+ S9¥C 9%0°0 + 00°6¥ S¢
SO0'1 q ? 4 4 4 q5€0°0+97'8¢
qC00 0¥ 1200+ L5901 LS0°0F 0€°9S 620°0 +0L'8¢ 8200+ 09°LC S¥0°0 + LT6F 14
8Tl N 9 ? ¢ 4 5850°0+08°IT
2000 F I P — O ‘T AN T O/ T
171 610°0+06°S01 8900+ ST°LS 0€00+9T°6C 28¢0°0 +00°8¢C q8¥0°0+9L'8¥ pCL00F0L61 ST
(4ep)
a8e101s ur
uondnirajur
Jo jutod
[erodwa,
syqs  (ySem ysag 8001 Sw) (3yStom ysaxy | S001 Sw) (yStom ysay 8001 Sw) (3ySrom ysayy 5001 Sw) (3ySom ysaxy | S00T Sw) (3yStom ysoy | Sowr)
/svan SVd [B10L SvdN [BI0L SvdNd [B0L SVANIN [B10L, SYAS [B10L VAW

-ayeurerdowod pa1ois-plod jo [9ad a1 ur spioe £)jej pajernjes/pajernjesun

JO ORI 2} pUE SPIOE £))e] [£10) ‘SPIDE A))B] pajeInjesun pue ‘pajeInjesunijod PpajeInIeSUNOUOU pajeIN)es [8J0) JUIIUOD SPAYIPLIPUOTET Y} UO $I0J0eJ [BIUSWLIAXD JO §1007q T 414V ],



International Journal of Food Science

600> d 1591 (QST) 2oULIPIp JuedYIUSIS I583] Aq JUAIAPYIP APUBIYTUSIS JOU dIe 19)33] dUres ay) £q PIMO[[0J UUN]OD B UTYIIM
SUBJJA| "UOT)BIAJp pIepue)s F sajedr[dor ¢ jo sueauwr aIe eje(] "pIoe dIUS[OUIT ¢:g1D PUB PO JID[OUIT :Z:81D ‘PIoe JIR[O :1:81D ‘PIde JIR[ONWe] :[:9TD PO dLIed)S 1D ‘pIoe duredIejy /1D ‘pIoe dnrwled
191D ‘p1oe JIAdapeIudg 1D POk ONSUAIN F1D Pk oune] g1 ‘proe oude) 01D ‘spioe A13ey pajenjesunijod sy Jnd Spioe £13e pajeinjesunouows Sy NN Spoe A11ej pajeinies sy IS DpAysperpuorewr
‘YA ‘poriad a8e10)s a1 Jo pua oy Je pajdures Jimiy pawrrem jou oy spuels FN pue ‘porrad aSe10)s oy Jo pus oy 1e pajduwres pue 93e101s 0] PIUINIAT d1oM YDTYM )TNLIJ PIULIEM IO SpUL)S A ‘Uondnirajur jo ajep
o) uo pajdures a1om YOIYM JINLI} PAULIEM JOU 10§ Spue)s [N ‘Uondniiajur Jo ajep ay) uo Jururrem 19)je pajdures A[2JEIPIWWI 2IOM UDIYM JINIJ PIULIEM I0J SPUE)S [ "238I0)S JO SABD UIGH 10 “YISE “YIST YIST dIoM
uondnimut jo syutod rerodwa 1, "a8e103s 03 3N Pa3ean) 3y FUIUINGAIL 210§0q ANPIWNY JANR[I 90/ YIM D 0T 18 Aep [ Sem 9[04 Sururem JusHIIdIU] "ANPIUNY dANRPI %S F 06 PUB D G0 F T 8 PAI0IS 21oM JIML]

826°0 9160 €6L°0 858°0 ¥66°0 0020 4381 8L1°0 €8L°0 6v9°0 1910 601°C ast
pSOOFEFET [ TI0F896  3860F9LE  LIBOFTBEL QOFOFSOFT  600FHTT (6S0FOI6T ,800F 89T (OSOFITOT TFOFSTO LLOOF 99T LOTFSETE aMsy
P0S0F8ETL  LTEOFB06  sFO0FTTY oL FLETL  LLOFFTST  9TOFEFT CETFELOT OT0FTET 690FL6OT  090F0L9 800FT8T IFTF L8'SE ANSH
SSOFSIST POOFO090L  oplF0F 656 FSOFPIST oppSSOFPETT HL00F 18T oS OFEFST 5qSO0FIET o6 0F LIS 60 F 86T 5qS0°0F SE'T JIETFSSLT IMSP
PELOFLLEL W T90FH96  5190FTLS  TLOFFLEL GSFOFOSFL LITOFOCT 9S0FTS6L oLOOFILT IPVOFEECOL LISOFICY LLOOF LT SO TFITES INS¥
SSOOFLEFT HqI€0FLFOT  9S0F8F6  O0P0FS6FT opTHOFTTIT 5800 F8LT LpES0FITST 5q600F LET 97 0F 608 po8F0FE6F 5q60°0F LET ,98'0 F 9€'6C aMSE
PIEOFLOET  ,FTOFI06  sIE0FITY  LES0FI6TI  HVOFLTST LOI0FEFT 8F0FO0LOT OT0FFET OF0FLEOT FEOFILY LOOFIST LTTFTLSE ANSE
CVOFLIOT (THOFTETL o190 FFTOL LSPOFSIIL ,pnT90F 69 TT 900 F 98T (9L 0F96ST L 0T0F6ET plE0FSHS L IFOFSTS LoL00F 8E'T PI80F 19T IMSE
QSOFETIT (SSOFIETL  (9E0F8TOT 8E0FSTIL ,poTSOFSLTIT 600F L8 T (puSHOFLEST H600F OV T pp8C0F 9F'8  LqSEOFFS'S 54600 F 6€T PIOTFH8°€T INSE
BSOF60LL 600FIETL  HETOFEOTL (ETOFTTLL ppSEOFLETT P00 FTET (600 FIEIT ZOOF6FT  800F VL8  pu6T0F L0'S Hqh00F 9€'T SSTOF S6'61 aMST
pSTOFSETL  L0E0FE06  sE€0F 0TS  LLFOF86TI LOFVOF8IST LITOFTHT 990FFLOT 600FE8T LEEOF6601 TTOF699 800FI8T LT TFFESE ANST
OSOFFFST L060F 16T q090F LOTT  8TOTFSHST o880 F CLTIT LqIT0F LT pu690F F6'ST LoLI0FOFT 0T SHS o, IH0F OIS L £T0F 0T O0FFLIL IMST
JL0F 88T 890FITEL  690FS6TL  (I0TFO68T opol60FOFIT HZIOFT8T 90T FOSST HOUOFLET (6L 0F 178 b HOF 10'S Hq€T0F LET HLSOF 1TST INST
LO80F 18T T80F68TL IV 0F9IOTL IS0FOVSL  ,TSOFLITL  LUOFI6T ,TSOFOLIT L ETOFLFT ,8S0FE88  p8C0FOF'S (ITOF YT S850FTT6I AMST
PFOFTOTL  TTOFEL6  sLE0FSTY  EE0FLETL HEO0F6TST OTOFIFT 6S0F8L0T SOOFOST IFOFSEOT 6I0FTLY LOOFTYT 69T F €6'SE ANST
£90FGOBT ILOFHOET  q690F6LTT LLOFEYST ,SLOFSOL  9TOFELT ,S80FOLVL LTOFOST ,950F I8, LITOFLLY L6T0FOST OT0FTT01 IMST
6S0FITET  (LLOF66TL  qOIOFVLIT (6V0F IS8T opobV O FLETT L6 0FE8T pLEOFLFST HqPTOFICT P T0F 8IS 900 F TO'S 54600 F SE'T SLUOFHHET INST
Sjusuyealy,
[FTFSLLT L9OFFFTL  €9TFOTIL  LOTFSLLL  €STFOITL  LTOFTIET  990F6€9T  €TOF6FT  SHOFL98  0TOFIES IT0OFOHT VL0 T 09'81 159A10Y 1Y
€810 T8I0 13810 1:910 810 L1D 910 S10 ¥10 [470) 010

(yBrom ysayy | 8001 Sw)
svand

(ySrem ysaxy 8 00T Sw)
SYININ

(ySrom ysaxy #m 00T Sw)

SVd4S

(ySem ysayy | S jowr)

VAN

"a8e103s p1od Jo shep (o Surmp opLd Jururrem juanIWINUI dUO Japun [92d g sjeueidowod ur spoe £)1ej pue SpAYSPRIPUOTRW JO JUSIUOD YT, ¢ T14V ],



6 International Journal of Food Science

TasLE 3: Differences in chilling injury index between control and intermittently warmed fruit after 70 days of cold storage and additional 3
days shelf life at 20°C.

Warming day during storage
C 15 25 35 45

0.48 +0.04° 0.18 +0.04¢ 0.21+0.03¢ 0.27 +0.03¢ 0.33+0.02°

CI index

Fruit were stored at 2 + 0.5°C and 90 + 5% relative humidity. Intermittent warming was conducted in the form of a single warming period (1 day at 20°C with
70% relative humidity) before returning the treated fruit to storage. Temporal points of interruption were 15th, 25th, 35th, or 45th days of storage. CI: Chilling
injury; and C: control fruit. Data are means of 3 replicates + standard deviation. Means with the same letter are not significantly different by least significant

difference (LSD) test, P <0.05.

3.2. FAs Modifications

3.2.1. SFAs, Mono and Poly UFAs. The following FAs have
been identified and quantified in the peel samples
(Figure 1(a) and Table 2): capric acid (C10), lauric acid
(C12), myristic acid (C14), pentadecylic acid (C15), palmitic
acid (C16), margaric acid (C17) and stearic acid (C18) as
saturated (SFAs); palmitoleic acid (C16:1) and oleic acid
(C18:1) as monounsaturated (MUFAs); and linoleic acid
(C18:2) and linolenic acid (C18:3) as polyunsaturated
(PUFAS) ones.

3.2.2. Total SFAs (Membrane Saturation Index). The fruit
had significantly higher total SFAs at the last interruption
time (45th day) of storage than other times. In addition, sta-
tistically lower mean values were recorded for the warmed
fruit and those sampled at the interruption dates compared
to the untreated fruit and those sampled at the end of the
experiment, respectively (Table 1).

Up to 35 days of cold storage, the total SFAs did not
change. Subsequently, a significant increasing trend was
detected, with the highest amount recorded at the end of
storage. The instant effect of warming on the membrane sat-
uration index was detected only on the fruit treated on the
45th day, leading to a statistical decrease in the index com-
pared to the control. However, treating the fruit at any time
of interruption in storage resulted in significantly lower total
SFAs recorded at the end of the experiment compared to the
controls (Figure 2(a)).

3.2.3. Total MUFAs, PUFAs, and UFAs (Membrane
Unsaturation Index). The results showed a significant
decrease in all unsaturation indices during cold storage.
On the other hand, the mean values of the warmed fruit
and fruit immediately sampled at interruption dates were
significantly higher than those of the untreated fruit and
fruit sampled at the end of the cold storage period, respec-
tively (Table 1).

Total MUFAs, PUFAs, and therefore membrane unsa-
turation index increased to the 25th day of storage, even
more than the harvesting time. Subsequently, a significant
decreasing trend was identified until the end of storage. By
warming the fruit on the 45th day of cold storage, all unsa-
turation indices were increased significantly, even though
at the end of the experiment, the fruit treated at any time
during the storage period had significantly higher levels of
MUFAs, PUFAs and UFAs than the controls (Figures 2(b),
2(c) and 2(d)).

3.2.4. Total FAs. Mean comparisons showed that the total FAs
content at the first and second interruption dates was signifi-
cantly higher than at the later dates, with no significant differ-
ence between the fruit sampled at the 15th and 25th or 35th
and 45th days. Generally, the treated fruit had significantly
lower total FAs than the untreated fruit, and there was no sig-
nificant difference between the fruit sampled at interruption
dates or at the end of the experiment (Table 1).

On the one hand, the total FAs increased to the 25th day
of storage, even more than the harvesting time. On the other
hand, the index subsequently decreased significantly, with-
out a statistical difference between the fruit sampled on the
35th day and later. Fruit warming at interruption dates
had no immediate impact on total FAs content except on
the 45th day, which resulted in a significant decrease in the
index compared to the control. Moreover, only fruit treated
during the first month had higher total FAs compared to
controls at the end of the storage period. From this point
of view, there was a significant difference between the fruit
treated on the 15th day and the control fruit at the end of
the experiment (Figure 2(e)).

3.2.5. UFAs/SFAs Ratio (Membrane Integrity Index). It was
observed a significant decreasing trend in the UFAs/SFAs
ratio with progress in the storage period. In addition, a sig-
nificantly higher mean value was found for treated fruit
and fruit immediately sampled at interruption dates com-
pared to untreated fruit and those sampled at the end of
the storage period (Table 1).

The membrane integrity index improved to the 25th day
of storage, even better than the harvesting time. Subse-
quently, a significant decreasing trend was detected up to
the end of storage. On the other hand, at the end of the stor-
age period, all fruit treated at interruption dates had a statis-
tically higher UFAs/SFAs ratio compared to controls
(Figure 2(f)).

3.3. PAs Modifications. The three main polyamines, putres-
cine (Put), spermidine (Spd), and spermine (Spm) in their
free forms, were identified and quantified in pomegranate
peel (Figure 1(b)).

3.3.1. Put Content. Mean comparisons showed that the
advancement in storage from the 25th day to the end was
followed by a significant decrease in the concentration of
Put. Treated fruit had significantly higher content of Put than
untreated fruit. In addition, the amount of Put was
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FiGure 1: GC chromatogram of Fatty Acids (a), and HPLC chromatogram of Polyamines (b) in pomegranate peel. C10: Capric acid; C12:
Lauric acid; C14: Myristic acid; C15: Pentadecylic acid; C16: Palmitic acid; C17: Margaric acid; C18: Stearic acid; C16:1: Palmitoleic acid;

C18:1: Oleic acid; C18:2: Linoleic acid and C18:3 Linolenic acid.

statistically lower at the end of storage than during storage
(Table 4).

During cold storage, the content of Put decreased signif-
icantly and continuously until the 45th day, with no statisti-
cal difference between the 45th and 70th days. Warming at
interruption dates resulted in an immediate increase and
higher final contents compared to controls, except for the
fruit treated on the 45th day which had the final amount
of Put the same as the control (Figure 3(a)).

3.3.2. Spd Content. According to the mean comparison,
the concentration of Spd increased significantly as the
storage time progressed. In addition, the treated fruit

had statistically higher levels of Spd than the untreated
fruit and the amount of Spd at the end of storage was
significantly higher than what was recorded during that
period (Table 4).

Statistically, the internal concentration of Spd was con-
tinuously increased until the 35th day of cold storage, with
no differences between the fruit sampled on the 35th and
45th days. Subsequently, a significant decrease in Spd con-
tent was recorded for the last 25 days of cold storage. Warm-
ing at all interruption dates, except for the 15th day, resulted
in a significant instant increase and a statistically higher final
value of Spd at the end of storage compared to the control
fruit (Figure 3(b)).
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FIGURE 2: Modifications in the total content of saturated (a), monounsaturated (b), polyunsaturated (c), and unsaturated (d) fatty acids, total
fatty acids (e), and unsaturated/saturated fatty acids ratio (f) in pomegranate fruit peel during 70 days storage (at 2 + 0.5°C and 90 + 5% RH).
Intermittent warming was conducted in the form of a single warming period (1 day at 20°C with 70% RH) before returning the treated fruit
to storage. Temporal points of interruption were 15th, 25th, 35th, or 45th days of storage. WI stands for warmed fruit which were
immediately sampled after warming on the date of interruption, NI stands for not warmed fruit which were sampled on the date of
interruption, WE stands for warmed fruit, which were returned to storage and sampled at the end of the storage period, and NE stands
for not warmed fruit sampled at the end of the storage period. Data are means of 3 replicates + SD. All statistical differences (by LSD
test, P <0.05) throughout the storage period are shown in different letters.
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TaBLE 4: Effects of experimental factors on the content of polyamines (PAs) in the peel of cold-stored pomegranate.

Put

(nmol g™ fresh weight)

Spd

(nmol g™ fresh weight)

Spm

(nmol g fresh weight)

Temporal point of interruption in storage (day)

15 269.50 +0.84° 221.00 +0.34¢ 26.65 +0.04°

25 248.38 +0.79* 295.00 +0.38° 29.94 +0.05°

35 194.50 +0.51° 346.00 + 0.45° 19.25 +0.03°

45 122.33 £0.22¢ 374.00 +0.53* 17.06 +0.03¢
Warming regime

Warming 263.56 +0.16° 350.30 £ 0.16* 26.57+0.01°

Not warming 153.79 +0.16" 267.76 +0.09 19.88 +0.01°
Sampling time

Immediately 260.38 +0.18° 293.79+0.16° 22.19+0.01°

At the end of storage 156.98 +0.14 324.25+0.13" 24.26 £0.01°

Data are means of replicates (n = 12 for interruption date in storage and 24 for warming regime and sampling date) + standard error. Fruits were stored for 70
days at 2 + 0.5°C and 90 + 5% relative humidity. Warming was performed as 1 day at 20°C with 70% relative humidity. Put: putrescine; Spd: spermidine; Spm:
spermine. For each experimental factor and evaluated index, means followed by the same letter are not significantly different by the least significant difference

(LSD) test, P < 0.05.

3.3.3. Spm Content. Mean comparisons showed that more
Spm level was detected in the fruit sampled on the 25th
day of storage and those sampled on the 15th, 35th, and
45th days were at the next position, respectively, and all dif-
ferences were significant. Generally, the warming resulted in
statistically higher Spm content and the value detected at the
end of storage was significantly higher than that measured at
the time of interruption (Table 4).

Modifications in the concentration of Spm during stor-
age could be categorized into three different parts: an
increase up to the 25th day, subsequent decrease up to the
45th day, and then increase up to the end of storage. Most
of the differences were almost significant. Warming during
storage immediately led to a significant increase in the con-
tent of Spm. Although only fruits treated on the 15th and
25th days had statistically more Spm than controls at the
end of the storage period, the other time-treated fruit were
the same as the controls. The fruit sampled on the 25th
day had a statistically higher endogenous content of Spm
compared to other different time-sampled fruit and had a
significantly higher instant increase and final content of
Spm in response to treatment than the fruit treated at the
other interruption dates (Figure 3(c)).

4. Discussion

4.1. MDA Content and CI Index. The investigation of
changes in the MDA content (Table 2) revealed that lipid
peroxidation increased after one month of chilling stress.
Examining the physiological changes and the incidence of
chilling injury in the same storage condition as we did ear-
lier, Taghipour et al. [8] showed that pomegranate fruit cv.
Rabab-e-Neyriz could be stored in cold temperature without
significant CI for up to 30 days. From this point of view, our
finding was consistent with them. At the end of the storage
period, all different time-treated fruit had a significantly
lower MDA and CI index compared to the controls, with
the lowest levels recorded for the fruit treated on the 15th

and 25th days (Tables 2 and 3). In accordance with our find-
ing, Taghipour et al. [8] suggested that the warming should
be carried out during the first month of cold storage, pre-
dicting it with the possible desired effect of extending the
shelf life of this commercial cultivar. These data suggested
IW’s prominent efficacy in alleviating the incidence of
pomegranate CI at low temperatures, which part of the
related mechanisms are discussed based on our findings in
the following parts of discussion.

4.2. FAs Modifications. It has been accepted that chilling-
resistant subtropical and tropical horticultural crops have
greater levels of UFAs and UFAs/SFAs ratio in cell mem-
brane lipids [22, 23]. Higher levels of UFAs lead to higher
membrane fluidity, identified as part of low-temperature tol-
erance mechanisms [24-26]. It means that the intensity of
the lipid phase shift from flexible liquid crystalline to solid
gel is lower in the membrane with greater fluidity, thus
maintaining the membrane permeability and greater toler-
ance to low temperatures [5, 25]. For example, it has been
indicated that chilling-tolerant cultivars of loquat fruit have
a greater linoleic (C18:2) and linolenic (C18:3) acid content
and lower palmitic (C16) and stearic acid (C18) concentra-
tions, resulting in a greater UFAs/SFAs ratio [27]. On the
one hand, higher activity of phospholipase D (PLD) and
lipoxygenase (LOX) enzymes could be liable for UFAs deg-
radation at chilling temperatures leading to decreased cell
membrane integrity and increased adverse effects of CI
[28]. On the other hand, non-enzymatic oxidation of UFAs
by reactive oxygen species (ROS) associated with MDA pro-
duction could result in reduced membrane integrity and
increased adverse effects of CI [29]. The integrity of the
membrane plays a crucial role in fruit pericarp browning
as one of the CI symptoms [29].

Results indicated that the values of all SFAs (Table 2)
and the membrane saturation index (Figure 2(a)) of the fruit
sampled at any time of interruption up to the 35th day of
cold storage were statistically the same and, in most cases,
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even lower than the harvest time value. Afterwards, as
shown in Table 2, there was a significant increasing trend
for all SFAs up to the 45th day of storage, which was contin-
ued only for palmitic acid during the last 25 days of the cold
storage period. On the other hand, all MUFAs and PUFAs
have risen up to the 25th day of storage, even more than
the harvest time. However, a declining trend with significant
differences between the fruit sampled on the 25th, 35th, and
45th days was subsequently founded, the latter having statis-
tically the same contents of all MUFAs and PUFAs as
detected at the end of the storage period. These data indi-
cated that the fruit had significant changes in peel fatty acids
following the expected adverse effects of CI on cell mem-
brane integrity after approximately 1 month of cold storage.
The stability of the membrane saturation index up to the
35th day (Figure 2(a)) and the stability of the unsaturation
index up to the 25th day (Figure 2(d)), without an increase
in the MDA level during the first month of storage
(Table 2), could be associated with low-temperature fruit
acclimatization to prevent chilling injury. This is similar to
what was reported by Antunes and Sfakiotakis [30], as a
major increase in the UFAs/SFAs ratio during the first days
of kiwifruit storage as a response to tissue adaptation to new
stress storage conditions.

Transferring cold-stored fruit to an elevated temperature
and returning it to the previous temperature has been
reported to regulate and readjust the metabolic processes
leading to improved UFAs synthesis. In other words, the
warming appears to result in an increase in the synthesis
and elongation of the SFAs chains, which can act as a sub-
strate for UFAs synthesis and increase the degree of unsa-
turation of the cell membrane after returning to cold
temperature [6, 7, 10]. It has been noted, for instance, that
peach and cucumber warming caused an increase in C18,
while subsequent exposure to cold temperature resulted in
an increase in C18:1, C18:2 and C18:3. It was suggested that
IW could result in the enhanced amount of C18 as a prereq-
uisite for UFAs synthesis, thus improving the degree of
unsaturation in membrane lipids [6]. Rapid changes in
membrane lipids with altered temperatures have also been
reported in soybean roots. As the temperature was raised,
C16 and C18 increased, but C18:1, C18:2, and C18:3
decreased in plasma membranes and mitochondrial mem-
brane; the reverse trend happened as the temperature was
lowered [31].

Moreover, the data collected at the end of storage
showed that fruit treated for up to 35 days of cold storage
had significantly higher amounts of all MUFAs and PUFAs
(Table 2) and, as a result, higher levels of total MUFAs,
PUFAs and UFAs (Figures 2(b), 2(c) and 2(d)) compared
to control. Notably, in the fruit treated on the 15th day, these
indices remained unchanged until the end of the experi-
ment. Indeed, the fruit treated on the 45th day had a signif-
icant immediate increase in all MUFAs, PUFAs (Table 2)
and total MUFAs, PUFAs and UFAs (Figures 2(b), 2(c)
and 2(d)), leading to constant higher values compared to
the control at the end of the storage period. On the other
hand, the results showed that treatment at any time of inter-
ruption during storage did not result in immediate changes

International Journal of Food Science

in the concentration of SFAs (Table 2) and the membrane
saturation index (Figure 2(a)), except for a significant reduc-
tion in the indices on the 45th day. It was concluded that the
statistically higher levels of UFAs and the unsaturation rates
recorded at the end of the cold-warm-cold period could be
mainly independent of an instant increase in SFAs in
response to warming as a mandatory prerequisite. It could
well be associated to the warm-induced mechanisms respon-
sible for protecting UFAs at chilling temperatures. The
warming on the 45th day led to an immediate and statistical
increase in all UFAs, and a decrease in all SFAs and MDA
content simultaneously (Table 2), indicating the possibility
of a direct impact of treatment as an increase in UFAs,
UFAs/SFAs ratio and a reduction in the peroxidation rate
of UFAs. It means that the desaturation of SFAs could be a
direct result of warming. This finding contrasts with the pre-
vious suggestions that the desaturation of SFAs is triggered
by the return of the treated fruit to low temperatures [6, 7,
10]. The activity of LOX and PLD enzymes as a direct effect
of warming may also be likely to decrease. To be proved, this
claim needs to be studied.

4.3. PAs Modifications. Based on some of the scientific evi-
dence, the protective role of PAs in alleviating different types
of stress in plants has been proposed. Reducing endogenous
polyamines by applying their biosynthesis inhibitors [32-34]
or by using polyamine biosynthesis mutants [35, 36] has
been shown to result in increased sensitivity to stress and
increased injury to affected tissues. Moreover, exogenous
application of polyamines before or during stress [33,
37-40] could lead to an increase in their endogenous con-
tent, leading to a reduction in stress-related injuries to vary-
ing degrees, depending on a number of factors, such as
individual polyamines, plant species or cultivars, type of
stress and its duration and intensity [41].

The relationship between CI and damage to the mem-
branes has been proven [5]. On the one hand, it has been
suggested that PAs, due to their antioxidant activity, are
potential for membrane binding via interactions with phos-
pholipids [12, 42] and triggering enzymatic antioxidant
activities [41, 43-45] could be responsible for lower changes
in membrane fluidity and solute leakage [13], and play an
important protective role in the safety of membranes under
conditions of stress [14]. On the other hand, PAs rise con-
comitantly with CI incidence has been reported in chilling-
sensitive horticultural crops [46], but it remains unclear
whether PAs rise is due to chilling stress or a defensive
mechanism against CI [47]. For example, increases in the
concentration of Put in conjunction with CI incidence for
lemon, orange, lime, grapefruit, pepper, zucchini, and
pepino fruit have been detected [48-52]. Moreover, it has
been reported that IW promotes the production of PAs in
treated tissues during the warming phase [11]. It was there-
fore of great interest for the authors to explore possible asso-
ciations between the incidence of CI, natural changes in
endogenous PAs and their modifications in response to IW
treatment of pomegranate fruit as a sensitive commodity.

Expression of PA biosynthetic genes under different
stresses could be regulated in a disparate manner, including
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immediate induction with continuous increase or minor
changes during stress periods, or induction only in response
to certain stress periods [53-56]. In addition, different culti-
vars of the same species might also have different patterns of
PAs under stress [41]. The endogenous Spm in the control
fruit was significantly increased during the first month of
cold storage (Figure 3(c)). This could be related to the acti-
vation of the PA biosynthesis pathway as part of the hypoth-
esized ability of the ‘Rabab-e-Neyriz’ fruit to acclimate to
stress. By increasing the internal content of Spd alongside
the advancement in storage time (Figure 3(b)), it was
concluded that Spd could play a more prominent role in
alleviating the incidence of CI by extending the exposure
time to chilling temperature.

Existing literature shows that postharvest techniques associ-
ated with high levels of PAs reduce CI in many sensitive horti-
cultural commodities. For example, exogenous prestorage
applications of PAs could decrease CI in commodities such as
apple [57], zucchini [58], and mango [59, 60]. Likewise, pome-
granate pre-storage treatment by Put or Spd significantly
reduced the incidence of CI at chilling temperature; this effect
was associated with enhanced endogenous PAs [47]. In addi-
tion to IW, the pre-storage hot water dip is known as the main
method for postharvest heat treatment of horticultural com-
modities, which could reduce the incidence of CI associated
with rises in endogenous PAs in sensitive crops [48, 61-66].
Accordingly, by prestorage hot water dip (at 45°C for 4 min),
Mirdehghan et al. [21] reported a reduction in CI and an
increase in PAs in the peel of the pomegranate with such a value
were always higher than in control fruit, even more than that
measured at harvest. One notable finding was an instantly
and statistically enhanced biosynthesis of Put and Spm in fruit
treated during the first month of storage compared to control
or later treated fruit (Figures 3(a) and 3(c)). In contrast to the
control fruit, in the case of fruit treated on the 15th or 25th
day, Spm increased steadily and significantly until the end of
the storage period (Figure 3(c)). It was concluded that the rate
of immediate increase and the final content of Spm in response
to treatment was time-dependent and that the warming treat-
ment was assumed to have a synergistic effect with the inherent
potential of Spm biosynthesis in the fruit peel. On the one hand,
only fruit treated during the first month of storage had signifi-
cantly higher final Spm content than the control fruit
(Figure 3(c)). On the other hand, postponing the warming
treatment to more than one month of cold storage significantly
lowered the rate of treatment effect on Put biosynthesis and its
final value (Figure 3(a)). These findings could emphasize the
importance of performing IW treatment at the right time dur-
ing storage to achieve optimum performance in extending the
shelf life of the treated fruit. By warming on or after the 25th
day, Spd was also immediately and significantly increased,
resulting in statistically higher levels both at interruption dates
and at the end of the storage period in the treated fruit com-
pared to the control fruit (Figure 3(b)). As the storage period
increased, the content of Put decreased significantly in the con-
trol fruit. Furthermore, the different time-treated fruit had a
final Put content lower than that recorded after harvest
(Figure 3(a)). Accumulation of Put is a general reaction to stress
[43], although it could be converted into Spd via spermidine
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synthase (SPDS, EC 2.5.1.16) [41]. It was likely that part of
the continuous decrease in the content of Put in the peel of
cold-stored fruit was due to the conversion to Spd. In the same
way, it could be assumed that part of the increased content of
Put in the treated fruit has also been transformed into Spd, with
a higher rate of transformation coinciding with the progress in
storage time. This hypothesized mechanism could contribute to
the significantly higher levels of Spd detected in fruit treated on
or after the 25th day compared to control fruit both at interrup-
tion dates and at the end of storage time.

As stated earlier, it was established from the other part of
our research [17] that IW, as a single cold-warm-cold cycle,
could have beneficial effects on the cold storage of ‘Rabab-e-
Neyriz’ pomegranate by inducing enzymatic and non-
enzymatic antioxidant reactions in the fruit peel. It was
concluded that maintaining higher levels of antioxidant
activity is likely to be responsible for reducing lipid peroxi-
dation following warming. It was founded that fruit treated
for up to 35 days had significantly higher final activity of
superoxide dismutase (SOD), peroxidase (POD), and ascor-
bate peroxidase (APX) than controls at the end of storage,
with earlier warming resulting in higher activity. Further-
more, peel browning was not related to POD activity and
this enzyme had only a beneficial antioxidant function. By
investigating the mode of change in the content of 13 pheno-
lic acids (as non-enzymatic antioxidants), it was also
founded that the total phenolic content of the fruit treated
at any time of interruption was statistically higher compared
to the control, with a value higher than the time of harvest
for the fruit treated during the first month of cold storage.
In addition to being an important protective mechanism
against CI incidence in fruit, higher total phenolic content
can be regarded as an indicator of natural antioxidant
sources available in the food industry.

On the basis of the overall findings of our research, it can
be asserted that a single warming period at the right time
during cold storage of pomegranate (before irreversible chill-
ing damage occurs) triggers multiple mechanisms and phys-
iological responses in fruit peel which are significantly
responsible for alleviating the severity of chilling damage to
this valuable horticultural commodity.

5. Conclusions

Using one cycle of IW by warming the cold-stored pome-
granate fruit on the 15th day of storage led to an immediate
and significant increase in the endogenous content of Spm
and Put, followed by a continuous increase in the level of
Spm and a higher level of Put up to the end of storage for
treated fruit compared to control fruit. Furthermore, the cell
membrane integrity index remained unchanged for the
treated fruit until the end of the storage period. It was con-
cluded that warming was likely to induce the protective
mechanisms responsible for preserving UFAs from peroxi-
dation, including modifications to endogenous PAs as mem-
brane safety agents. The beneficial effect of the treatment
was adversely affected by postponing during storage. Our
findings could be crucial for industrial IW applications. It
is highly recommended that the efficacy of a single warming
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period during cold storage in maintaining the postharvest
quality of other perishable horticultural crops with beneficial
effects on human health be evaluated. It is predictable that
the use of this safe and nonchemical postharvest treatment
will result in a longer period of time for consumers to
have access to high-quality, health-promoting horticultural
crops for use.
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