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Effects of Low Temperature Storage on Energy Metabolism, Related
Physiology and Quality in ‘Jinhong’ Apple Fruit
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Abstract: In order to investigate the effect of low temperature storage on energy metabolism and
physiological quality of ‘Jinhong’ apple fruit, ‘Jinhong’ apple fruit were stored at low temperature
conditions of -2, 0, 2 and 4 ‘C, and the energy-related substance was regularly measured such as
adenosine triphosphate (ATP ), adenosine diphosphate (ADP), adenosine monophosphate (AMP) content,
energy charge (EC) and H™-ATPase, Ca’"-ATPase, succinate dehydrogenase (SDH) and cytochrome
oxidase (CCO), superoxide dismutase (SOD) and other related enzyme activities. At the same time we

measured the fruit respiration intensity, ethylene release, fruit hardness, vitamin C, titratable acid, soluble
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solids content and other physiological quality indicators, and investigated the fruit tissue browning index.
The results showed that the ATP, ADP and AXP contents, EC and energy-related metabolic enzyme except
Ca’"-ATPase activities, SOD activity and ethylene release of fruits stored at -2 ‘C were kept to the
lowest throughout storage and shelf life, and the vitamin C content decreased rapidly in the later period.
The fruit hardness, soluble solids content and titratable acid content remained the lowest at 4 “C. The
browning index of fruit at -2 ‘C was the highest (both skin and flesh were severely browned), the skin
and flesh of the fruit stored at 0 ‘C had slight browning, and the fruit stored at 2 and 4 ‘C had no
browning. During storage of 30, 45, 90 d, 90 d + 3 d shelf life and 90 d + 5 d shelf life, fruit stored at 2 C
maintained higher energy levels, and fruit quality and flavor remained well, followed by fruitat 0 ‘C. The
results showed that there was a close relationship between tissue browning and energy deficit. The more
energy deficit, the more serious browning. Appropriate low temperature can maintain a higher energy
charge level of the fruit, while inhibiting pericarp browning, maintaining fruit storage quality, and delaying
fruit senescence.
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BERM B G40 ER (Malus x domesica Brokh. ‘Jinhong’) 735IF 2016 4£ 9 F 8 H 12017
9 A8 HRAWSF LRI E —EH RIF MR, RISRIIUE 2 RIE B E AR B SR A
WEFCRT L2430, SERIE RN A To dU B RH U A (1 SR St A7 A R RS . IRI67E 4
A6 m® (174 P AT, HIRHEE N 85% ~ 90%.

RIGSLHAT A, 2016 G NTIREE, M RLvKmN -2.5 ~ -2.7 'C, fEUtIEARE L, 2017 4
W4 MGIRAREE: 73008 -2 0. 2 814 C. 4 FMRIEALER R ST 0.02 mm JER 44 (PE) R
BEES P (F2 BB IR R L0, BAMGIRA I3 15 88, FEEE 10.0 ke, 751 TRk
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27 Li %5 (2014) WIONEIFIEIEE, e R AERRE N 5 NEH: 0 BEHWA: 1 HAR%E
AT 5%;: 2 BASLTHFA 5% ~ 25%: 3 BALIHFA 25% ~ 50%: 4 AL IR T 50%. #
BIH = = GRZHRH x ZHEABLNED / (4 x FERLZHRED. MURLHESREEIHE
50 NS, HEE 3K, BCPIME.
122 Z=Z#8RE (ATP). — BB (ADP). ZEBAIRH (AMP) A= #t#r (EC) M=

BEALEL 20 NSRS, KA RS AR TE A Y] G Y] 0.3 em B R, BUR B2 + SEIE R ZHBAZ 0.5 cm
AR PSR AR A1 JE BT IR IR RN B, 208 Yi 25 (2008) 1 Liu 5 (20060 53, 1 FH v R 2
TEVERE TN E , BT A3 N Agilent HPLC Series1260 CZ4EERHLAIRAT ). ATP. ADP fl AMP
MR N g - g BERAAT (BC) KIS ARN: EC= ([ATP] +12[ADP]) / ([ATP] + [ADP] +
[AMP]).
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27 Jin % (2013) WIPEMIEIEE, BENIRREC IR E B AR B + SRR SR 50 g, TN
A 100 mL $BGRBHAT A%, MG sE, BETE 4 000 x g 4 CZHF T &0 10 min; 4 _LIEWHAE
14 000 x g FFFGE L 20 min, PIHEAH 10 mL Pt Tk, BEE LXEAE, BRIVIED LR
A&, H 1.5 mL &0 g, AR FH T B 73 # I SRR 524

3 3 0 T Bl AR TBCR SR 5 H-ATPase. Ca®'-ATPase BEi%TE (Jin et al., 2013). 1 MEAL7H)
H'-ATPase. Ca’"-ATPase H i PE4 72 UNFEDHT 46 4F T 4F min B 1 umol FEHLBE I 75 (R AE N
1 NEEEEH AL p, SR p - g o
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Wang Zhihua, Jia Chaoshuang, Wang Wenhui, Tong Wei, Jiang Yunbin.
Effects of low temperature storage on energy metabolism, related physiology and quality in ‘Jinhong’ apple fruit.
2280 Acta Horticulturae Sinica, 2020, 47 (12): 2277 - 2289.
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ALY S ALEF (SOD) WEMEMMIE: 28 Duan 25 (2011) J73%, MVEBE. B RENTE
R T - 80 CHIMACIRAES, 5 g, MIAIKIEZ Y 50 mmol - L™ ) 20 mL BEERENZE M (pH 7.0, W
RN 0.1%5 LIG T g belli ) Flid =4 Jerb, YK 5 50 20 min (15 000 x g,
4 °C), WLH EREWAE NI . RN 2.5 mL, 7 50 mmol - L™ BERRANZE M 1.5 mL,
10 umol - L™ Z. - f%&PU /2 0.3 mL, 13 mmol - L #%#& % 0.3 mL, 75 pmol - L™ & ¥ VUM 0.3 mL, i
7 0.1 mL, =% (= 0 A 22 b AR B o K5 SONIVRZE 4 000 Ix T OGHRSON. 10 min, B AT IS A0 2,
SLEPTE 560 nm A0 E, 1 ANEERE FACNAR S T 51 2.5 mL BRE BIHIH] 50%0 75 B . B
LU - mg' %R,

PL A8 bR R S A B R E R BE LR 20 N RSE, 3 IREE I 60 NHSL, HCUPHIHE.
1.2.4 RFEAX S8R 2

SRS (5 JO R G AE GS-15 B LT A 52 » 3RSk BLAR N 11.3 mm, #4474 kg - em™;
ATEPERETEY) (SSCY SRA HA PR-101a ZUHTHECGIE, B0 %, LA EATINFE bR & A A B AR IR BE
BLHL 20 AN, BN 50 7E AR T8 2 A S 7 T O AN s, BB 3 7t 60 /NSRS, 45 50
HOPYME. 4R C AT R & i 9 5 5K FH 3k - 808 Titrando [ B FEALIR A, BAAL 45
g mg - 100 g F1%. EEASALFRAERBEHLIEE 20 SRS, 3 REE I 60 MESZ, BCEHME.

1.2.5  REFRR B Fo 0 M FE 2GR F 69N 2

% TERE (2011 W77, R RS M EILE A TR A 7 1) SP-7890 SAH ik 3l 52 ,
FALA N mg - kg - hTRT UL - kgt - I E A A N A B FECA 55 ~ 58 mL - min™,
BRSCRH Hy 1<, Hodt Hy 718 0.2 MPa, 2504 0.1 MPa; #5400 E 360 Cs HEAMHRAA
SEEAM B, KEIRCN 120 °Cr RIIREEA 140 CHY FID KISk, B A R IE A B2 B sz 2y 59 B T
FIFEARR B R G, =il (20 'C) %EH 1 h g, FHEFSMI 1 mL SAEEATIE, MK
R XRELHAR 154, 3 KERL 45 MR, BCFHE.

1.3 Zit59H

SO HEE Y 2017 B EEE, SR Origin 2018 B AT #df A7 R, B Bds & it 7 # R A
SPSS grit#ifl, ZRLLFEIME + iRz, EREFERERANE R EWEGE, ZREH
K24 0.05.
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BEE R (A K, SRR AR T, -2 CREMBAETHREEEST 0 C, EN
90d+ T4 5 diRImEE W, -2 CREMR LW LI L 85.0, &0 CMH 2.66 .

WELSR GR D RV, -2 CIRRRLIR 45 d B, BERE 0.5 em ALK R A H IR
WAL, WWARTREON 15.5, WK 90 d I, #AR4EECH 40.5, W5 90 d + T2 48 5 d Iy, SRR AL 5 2k
— B, A 62.5, 1M 2 A4 CIUR SEE BB R AR LR AEAE, 0 CIEmUR LBl T
B R REAE, W8 RECN 8.5,

*1 TRAEREET €4 FERREMRABTEZNEL

Table 1 Changes of pericarp and flesh browning index of ‘Jinhong’ apples at different storage temperatures

R/ C AR FE S Pericarp browning index RAHAEFE L Flesh browning index
Storage 0d  30d 454  90d 90+3d  90+5d 0d 30d 45d 90d 90+3d  90+54d
temperature
-2 0 250+ 15.10+ 5530+ 7040+ 85.00+ O 0 1550+ 4050+ 5430+ 62.50+
0.00 0.0l a 0.02a 0.02a 0.02a 0.00 0.02a 0.0l a 0.02 a
0 0 0 0.50+ 1250+ 2120+ 32.00+ O 0 0 2.53 + 6.47 £ 8.50
0.00 b 0.00 b 0.03b 0.02b 0.01b 0.00 b 0.02b
2 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0

H: FSIARNE FRFRAREEZER (P<0.05),

Note: Different lowercase letters in the same column indicated significant differences (P <0.05) .

22 AREEEBEET ‘€4 FRREILHESIEFHTL

AT SERAE -2 F1 0 CIeERE T ATP M ADP & B E G TR 1A 4 KT R T, T
2814 C (B 1, Ay B) WEHT 30 d 2 FF&%A, BEEIZE TR -2 CTRIRE RE S TR
fE (P<0.05), 2 CFE&Em. SR, EAFRIGERE T, AMP & &5 o< 5058 i
s, Bh-2 Cggidinm2, 2 CRsgrsgmes (B 1, C. ANEEBRE T R aem E28
Bl 1, EFw, BEERRE P, Br 2 CULAMNEAR 3 /ANl B T B far (B3 20 H 12T T 4
fFash. 2 CFARSLHT 30 d FiA Fmr, ZJGHFA6 T e, 45 d 5 AR R BRI 07 22 #A H At 3 NIRRT
PEZE R -2 CREFMTHANEIREE FHRL (P<0.05), MR 215 90 d + 5 d H 0.344
B3 0.122, FEWK 90 d + 5 d FRERTELL 2. 0 A1 4 CHHIMK 53.3%. 45.0%. 35.8%, UiHI-2 C
B R S R K K, R R T R E .

W 1, D PR, 2 M4 CIEGEA R L HARE X TR S B (AXP = ATP + ADP + AMP) {Et
ST 30 d B TS, —HLEEER (P<0.05), 30dJ58W N -2 810 Cr i RsefE
AP FE R 2R S, W o0 d+ 5 d i, -2 CIA R SARIEE 1) 76.7%, SHAE, Bt
I 2 CIEm RS AXP & B
23 ARMEEET ‘€47 FRESE H-ATPase F Ca’ -ATPase BEEMAIZT L

H'-ATPase X 4EFF2H AL N BRI 6 EEAEA, v CAESLES R 7 #Esh /), RIS, 7
AL A ATP, H H'-ATPase 4 ATP UK, & ATP i&Rifif; Ca®-ATPase {4 i L
Ca™' %%, WIKfR ATP, K Ca” HERIZNMIAL, MTTAELH AL P REF BRI Ca” W, #ERFANIAES (#
4 %, 2009).

B2, ATH, EFH0 ~ 45 d, 2 M0 CIR S H -ATPase B % I S8 ETHEAS, R
90 d K A[F] $2 22 ] H' -ATPase BEE AL A K 4 CH R st Tha s TR, 7 45 d Ja 2 ad F
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Fig. 1 Changes of ATP, ADP, AMP, AXP contents and energy charge of ‘Jinhong’ apples at different storage temperatures

During the same storage period, different lowercase letters indicate significant differences at different storage temperatures. The same below.
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Fig.2 Changes of activities of H'-ATPase and Ca”*-ATPase in ‘Jinhong’ apples at different storage temperatures
Ca’"-ATPase BEIGTESE 4 NIRRT BT R RFEL T M, L4 CIGRATRSL T MR EE,
-2 CRBEEL ORI 2 CHE (K2, B), R 4 M1 -2 CFRLLER KA ATP G871 FRE, Zhifk

WIS P BIRR, 1 2 CF Ca® -ATPase B i 76 U6 39 18] 45 Eb H A 0 o iiE P B s

24 AREMCEEET ‘€407 ¥ERRESLSDH 1 CCO FEMHITL

SDH £~ =R IRAGH h —Fh E LG, v DAL HEH R I Sl A e SR R, 78 2 IR
W REEFERBEAZ I R 1, R AR B 2R IR S A R AR PR A BB R (Acevedo etal., 2013).
Il CCO JE LRI F T4 38 55 1 R i, 76 S LB IR L FE 2 58 S AR A= 4§ & (Juan et
al., 201D ARG T ‘440 s SDH idEZwE 3, A fias, -2 M1 0 CHmiEE
[R5 SDH 1GHIA7E 45 d AT 2 _EFHEasA, BEJGEET NI, SR FE A T 4 TR - 2 CIEm R
PIREAET 0 C, 2 CIRSEAE 0 ~90 d 2 A%, WK 3, Biw, AREET ‘&4 3
S CCO JHPEBEE 5] 18] ZE KB R BE, 2 A1 0 CI SR se T FARZEE, -2 14 C FRED,
Horp -2 C TR, K 90 d + $928 5 d WOV FRE T 48.7% . BNl FE AN B 28 3 1/] - 2 °C
5 SR 52 SDH AT CCO 35 14 #0225 /N T HoAh P SR E 1 (P < 0.05). SDH Al CCO i 1% R B 2 F
G = RIRIG A FPIEE AT, TR ZR KR ThRE, FRIK T RE R A UK (Ekmekcioglu et al.,
1999),
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Fig.3 Activities of SDH and CCO in ‘Jinhong’ apples at different storage temperatures

25 AEMEEEET ‘€4 FERRESODEMMTH

B 4 Fron, SOD J5 PETE BT A 50 IR B 1 SR s b 1) R BRI IS R RE&Hs, -2 A4 CIrR
FSLTE 30 d J5 FREIRGE, -2 CIgst R SLrE A st F R B 40 0 1) Job 281G T 0 Ath 5 2 1 SR s
(P<0.05), BGOSR LLEEIAE], 2 CR R S SOD i M i
26 ARCEEET ‘€4 ERRIBEEMAERRHOTL

“erg” SRR (S, A) REICER I AE KT IR N RE, JCHAEN 45d f5, 4 -2 CREEK
Rz, BN BN, RSTiRGE ik, R E R M0 A2 CAENIE 45 d 5, BEE R
WA SE R, —FH AR LR EWER (P>0.05). FBEERS AN, 4 CH -2 Cr#E
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N Fig. 4 Activity of SOD in ‘Jinhong’ apples at different storage
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Fig. 5 Changes of hardness and internal quality of ‘Jinhong’ apples at different storage temperatures
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5 RS R R AR A I (AR — 30, (HAERE 30 d Jo HMFIRE R SR . 5 HAh 3 NREEARLE,
-2 CIECR L) LI RETBGE AR — ELARFF SR, W90 d I, EE 2 CIEER SEAIR 75.3% (1A 6,
B). 4 CIL IR SEAE 45 d I [R]IN L B IR se We RT R R TR U, 22 i BRI B, T3k 90 d + 3%
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Fig. 6 Changes of respiratory intensity and ethylene release of ‘Jinhong’ apples at different storage temperatures

2.8 BEBKTSHEXEEMEREESEREIERZEREX ST

2 A LLEH, H-ATPase. Ca’’-ATPase il CCO i1 5 ATP & & 2 B E EAMAHR (r=
0.524", r=0.733"", r=0.852"), ARt SREME 2 B EM R (r=0.501", r=0.780", r=0.876"),
e EARAL 5 RE A S BE S UM C . ATP &85 SOD £ B3 IEMK (r=0.844"), ATP [l
EiEMHEEIERIEIEFA K, SOD M2 H At Lbrly, F2iHttneaE, UM REEYIR,
BARRM £ R
B2 SRR TSHRLEERRLE S

Table 2 Pearson correlation analysis among energy levels and enzyme activity

EEL

; ATP ADP AMP fitff EC  H'-ATPase Ca’*"-ATPase  SDH CCco SOD
Indicator
ATP 1.000
ADP 0.957"" 1.000
AMP -0.905" -0.943™  1.000
fitfif EC 0.992" 0973 -0.937"  1.000
H'-ATPase 0.524™ 0386  -0.329 0.501°  1.000
Ca>"-ATPase 0.733" 0.791" -0.865"  0.780" 0.357 1.000
SDH -0.048 -0.248 0336 -0.110 0356 0.367 1.000
CCo 0.852" 0828 -0927" 08767 0513" 0.828" -0.127  1.000
SOD 0.844" 0.768"" -0.728"  0.826™ 0.679" 0.706" 0218  0.776" 1.000

T MFRIRIE P<0.01 ACFRFEMR, *FTRTE P<0.05 KTFEEMK. n=9. T
Note: ** Significant difference at P < 0.01 level, * Significant difference at P <0.05 level. n =9. The same below.
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M3 ATHL ‘&4 BB S ATP &8 (r =-0.808") M EC (r =-0.804") EHE
FOMK, RS RE Y RE R AR R S AR TR R VARG . ATP & & 500 B 2 A% 5 25 IR AR O
(r=0.706"), BERACTE, AT IR SRR 52 8, EERERHIL. ATP SE 54
AEC (r=0.723") THER (r=0.525"). AEEFEY SR (r=0.601") %M 2% IEHX%,
BE KT AR A th— 5 R B b B SR S B R AR AR o

*3 Rk EESTELEFRIEFEEXESH

Table 3 Pearson correlation analysis among energy levels and main physiological indicators of quality

, . Yk 2K . A v
. R AL R R ., , .
T o TR c TR B VR RCE R
. ATP ADP AMP fefr EC - Browning .. Titratable )
Indicator . Hardness  Vitamin . Soluble Respiratory Ethylene
index acid .
C solid release
ATP 1.000
ADP 0.957" 1000
AMP -0.905" -0.943"  1.000
et EC 0992 0973 -0937"  1.000
iR E -0.808" -0.677"  0.664" -0.804"  1.000
Browning index
fifi i Hardness 0706  0.803" -0.789" 0761 -0.440"  1.000
4% C 0.723"  0.803" -0.866" 0783 -0.540" 0.9417  1.000
Vitamin C
AT S R 05257  0.6757 -0.733" 0598 -0.233 0918 09117  1.000

Titratable acid

AL E T 0.601"  0.593" -0.547"
Soluble solid

PR 33 2 0.199 0.078 0.110 0.161  -0.267 0.098  -0.111 -0.169 0339 1.000
Respiratory

LITREBOE R 0.206 0.017 0.038 0.154 -0286 -0266 -0329 -0422° 0258 0.591" 1.000
Ethylene release

n=11.

*

0.601" -0.307 0.635"  0498° 0497 1.000

3.1 EEBEMEX €4 FEREILfEEKFEREEMEANZN

IR — YU FUR B, LG SR AR TE N A — S A R AS 1] A 5 40 B g B /K BRI A 5% (Liu
etal., 2011; Zhou et al., 2014, W Al ‘FHUR SR G ATP M1 EC & & F#1%, T8 EQ0H 3L (Wang
etal,, 2015). ARIGLE FARHT, B W0kl 1 B AR 5T F) P S, AR IR ) < 4 SRSk
EC &M%, AXP BRI . AXP /b AR FEL ATP B E Mk, XATRESfl &4 R
W TR BN AW, S RERTEAFRE T REEZRAEREAR, -2 T 30d.0 C
Wi 45 d FFAE R AL 2 A4 CIEGER SER LR AR RER, H RS ATP. ADP # EC & &1
e s B TS () AN B JE TR SE £, R SE v AXP & & B0 RS HAXP ST -2M0 C
WS AR SE, U R RN S EC AR, 1MHS AXP RRATAREY].

Re R AL 5 e EACHT AN S B 25 DI 5%, Horh ATPase.SDH Al CCO A& 175 ATP & 1) % BB (Jin
et al., 2013). AW HEEREIEIE (ATP. ADP Ml EC) 5 H'-ATPase. Ca’’-ATPase. SDH 1 CCO
B VE AR A AR H AL, b ATP &8 5 H -ATPase. Ca®'-ATPase fll CCO M It 15 0% 55 3%
EAESE (r=0.524", r=0.733", r=0.852"), AeRACUHHICHETGIE T %, ATP. ADP Al EC /K1 [4
i, FRIELRANE, KEAE -2 CIBERSLN H-ATPase. SDH Ml CCO & M # 2 E K T3




T, BRI, OO, & i, R,
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fib 3 ANERE, #WASE™E, H Ca®-ATPase &1 BT 2 A1 0 CI IR R Bk, £HIREEAM
FEBHTVE R FAE 2R A 45 My R T BE IR, BRI P2 Re R, (NAE R 581, 5 R Lms.
4 CHRSZEARRAEMWA, A Ca™-ATPase B HAMIR AR, XA HE/ERELAE 4 CRAMINGHE, FLAT5E
LR Z —, (B Z R R R AL fF i — 2B A 7T

RE Y ATP 5 SOD VETE R BB IEARS (r=0.844"), ‘&4’ ROt fed, 4
(¥ ATP & &, W] DACRFRAN M Py B s MR SRE PR BE 77, Wi A A R, Ik B i S A E A
AR, -2 CIEUR S SOD i M 78 50N G R AT 5% 40 300 45 85 285 (00 T JH A i s P2 1 S s
(P<0.05), H ATP G ffik; 1M 2 CIEIR S SOD iEth i, ATP fes/K- Vs, Wi [
N[ 5 ki SR S2f SOD ik 5 g Bk T B UM 55 .

32 REWEEX ‘€4 ERFRILHEXEBRSRHEM

WHE NN, ARG T PR S T, PR S PR E A o (FR B G, U2 f SR s
DLAEARI R, RN BLRRE Tk, HESMALET (EE%E %, 2014, AT, 4
417 SERFSTE 4 PO FERIE R 5 R A SR AR T — AR AR, P 30 A 45 d
i, -2 CFRseE IR LMERN®RAE, R4 R C a3 MEE SR N, Bl
SN ZE K, -2 CH AR AR ATL R ZEINE, 0 CRSZHIRMIRAS, 1885 5722 1)
], 2 CHI4 CRSKRHIEBIER. S5RERH, -2 CUMIRLLEER CSE FFRFRE,
CNEREOR R AR BARACT s 4 CI R SERORERE . AT v B & B A AT E TR & & T MR 4
K 2 CIWp RS AR — B AR FF il 0 CHRSZRZ .

WIS, FTLAMB N ‘44 RSLmES ATP &8 (r=0.706 ) MEC (r=0.761")
BB EFME, BR4 CHGESET ATP fl EC &85, HHMERE FREKEEE KT -2 Cit
PRI, Rk, ABEE— D RA R E TSR RREN KR, ATP SREHERC (r=
0.723"). AIHERR (r=0.525"). AETEEE SR (r=0.601") ¥REWEFZE LML, R
AP BB AR — 52 R BE L 5 SRS R R A

2 CIHMI ‘4rer R PRI SE (H-ATPase. Ca’’-ATPase. SDH #1 CCO) %
RO B ETE Y, I SOD BEE MR KRR =y, Wb TR AR LF. -2 F10 CH ‘e’ SRR
LR R AR RS, FEARIRI AT T, 1828 B e, AR, R AR KT M
BE QMBS BRI, o -2 CHIBEEACTRIfE EACHHISSEY (H-ATPase. SDH F1 CCO) i
PERRAR, AR E. SRR ‘&4 FRPLBEBRESEETHRAERUIXA, ES
Bk, WARAEMME, AN, 4 CIHRRI RS EIR Ca®'-ATPase BHE MERIK, EAEEACT ST -2
O C, RHIALUEA, (BRSAERE. nlEtEE R ] e iR & & FRRIREE R K.
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