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"ARGIRTAEE S > P2 ERE (1-MCP) [HEMIAE R 2 2152 BE
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HHEY

WEEEH KR PEE - BAL - TR 8 - 58 &0 Bk
BRI ~ EHE > ZERANR TSR IHE KR > BEUVKR S BKR
BURADKER - REER 10-15°CLUT ~ JKEPL EARE — B - SRE
TERIZ2 % AR EE IS - RS - P ITEEFRE
JEMZIHERE R ~ WHRR BT~ REBALFERE (ATP ARGRD) ~ I’
A& fiEh (Protoplasmic streaming ) A& (L ~ S (EAZMH (PSILAET) F
B - SRR R IR - AR R AR AT S (B m Pt (iR - 4R
HREEG (M) - RASE -~ HEHEH/KOIREERE - BIRSCE ~ REE
AR REIZEZAL ~ IR EEZ BEERE » HhlEfFRERK
SATTRGEREERS B R > ok IR o IRELEAE M CIEYIRE - &G
BN ~ Pk - AlEUCRA > HRIRER S ERERL MR M - RE
REEOE  RERIMNEREA R - AL~ &5~ BARE ORI R A
IEFRFA - SR E R R EHE SRR ER A B OFFL - LEREE
A

B L% - JPRR ~ S SRR R SOR (R IR N ~ B E
R~ PRUNRGAVE ~ SHERHHIARE ~ PRUGETE DT ~ PRUNHTIR Z BRI T4
J& ~ el ~ BRI RORSRAH R N T S S i PR BURE A ] - BERE
REME - (FYIFEM B H SR AR EORIREE Z =2 fe JIAHRE - NIELIR
AR ZBESL TR - ANFKRBFE LT R ~ 345 SRR E R
RN o HAHARAFCH T - HREM MR EAEYIHS T - AR 2
= EEBIZ A BEAIAERGRE - SR E P AR LAY EF s =8 (Proline) »
BESR > ARIBRBREE Z RE T REEHRE EHEIR FHUEL - HAPRIGATZ R
BE N T B PRI SRS UM Z T FERRAN - sEAMERIEIA TS > (RIRR
JEE e S BRG] & A A [R] AR BB (ORI S » BB R s - (ROm
W%t R 2 R LOAH SR YRR T, -

H RS R m e - SRR FENEREGERA = — R R SRR E)
PR - (AR 2 E RS AR - TSR R EAYER 2R s - AR
SREN PR RAYRE B EHIHERTREAE AR - (HEER BURME Z BRI (R i A B 2E -
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SRR AIBLEEE(EY) (Reactive oxygen species, ROS) U AR -
ROS L&A bE (H0,) ~ EEICHEE (Superoxide radical, O,+) EHEHAH
Hi%&: (Hydroxyl radical,,OH) % - @5 S LY R EYIRE G 2 =Y - &
i - Rl RS A E Ak o %5 ROS AR KRFHER » G HRERBLEE 77741 DNA -
EEE ~ NEMAERN SR AREREEREE R B R LR IE) RIE - (4lEiE -
ERERIBET - YRS S AR A WlEE: - F—REFZ
HiatrE - EACERL (Glutathione ) ~ HisEIMEE (Ascorbate, or 4E/4EZ C)
AR A GAERE - BELEY - 1E5R - HHESERS > LigiEa Y]
B1 ROS [ZJE » DR EGE - F RS EE - AREEEhEER iR/
QYA EISEE (Superoxidase, SOD ) ~ (L & /KA i#E G L Sl
(Catalase, CAT ) ~ JUFEIMEL#EELES (Ascorbate peroxidase, APX) ~ ZHETFAK
#%(EES (Glutathione peroxidase, GPX) 5 « —fAFHL T > 15 2EHE 2 P2
ROS B » DIMERFHREA OB 12 - (B3 R0 - REEERY ROS itk
HFRAREE RS U - SRt ZiE - H AT B AR ORISR 0 S E M 5

A TEARER BIETR - SR EEHMEOR AV SRR M R R B e s S U
Y~ BER R FT EA A A - FFERANIZ TR E IR A ROR R R
EHVABE - B BRI IR TR R i A RE B 48 B Ryls e A S TR =

FETEFAMENGLL T /K SRR =i UMV - e SRR
FEMGE 2 EEFUREIREE - WPUR BB E D GRS EHER YA
TRAEERFURE N - YIRS RUERE - R A L 2 BRI B S
o B FHENBY - St Rl « SRR - ARURD REITEEREZ
BAR PR Rl -

FFS NPT R 48 B 28 R R EAE (7 - SR GRIIRL » AR IR A A T
AL LA A TR LI H AR - ERHFRREGTEEA - FHEIE
T B e B B B A A\ BB AT - 72 Dr. Jeffrey K. Brecht P9 AT AL
PSR - BZGRIEF I 2 KB SRS FAEH MRS EE IS A R

» SIRE BRG] 1t's Fresh! Ltd. AF] » 524 H[F BB B FE TS Ui
FERLER - MR Tax A e BRI E RS - LR ER SR EIS - TRIETE
LR BLITEE R Rydm S o — il - EEH LPDEGCHIR » PR ESREGRCE R
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ZERE R R A SR B R b - REER EEYETE B T > Bl E %
b Lo BB B R EE - REETE o IR G TSP SN T R Y R

WFEIEY) L RERT SRR - BHEEEIE IR - SR DRI RE S A A HL
SRIE - SEBINEETE T R an By - (BRI KRB EE R T > B iz
FACEH AR T 35 Ry DULIE Rysd B RhR 2 IR ORI EE S - SOREIA L4
BHZRREREEVE  SUENEEMEENR > EEAK - B 7GREHTESE
ZN KB B AR - SRR TR - BRI & 206 B USRI E B
Rt o EEFEZL BEPREFEMNED > MEANEEREKE Chiquita 2AH]
2N EEAEE SGEH B A R o NUERMEE E AR TR R - KEY
55 RV E B2 5T AT RE R B4R RAVAEIRIE I - s TP ERU - 3 A EIHEH
FEMNAZE A ER - BT EER TSN ENRE > EATELEARE
% - SRR HE 2R 8 - R RERA B A R & AR AT iE
FRHYR R - PRGN (R AT 4-5 K > B IRTEE A Sl SRR IR
R 14°CrodiiEis - EfUERA /R MalpiRstEsyrmR T oaTiE
REHRAVRAT L > NIRREETS EIEH -

AR EREAEOREY) - Mt R BT B - 110 FEE
2 1.16 (S > SEIHEEEE 500 EAH - REOEL 229 A - Pk
EQHECTE 460 AN - (AR 20.3%pn R idEl > RiplSBIFEREH - (A
DIORRE B E BRI T > DUEI R &R IE ) (O 2R DLERT B R P R e &
Hrl R ey > LR AL - RRAEREIE R T 08U ERENELR
PR E MR SRS G B A BRI RE - MR R B U A &g AR G I (BOR P
Py A4 PR IEREER] 5 2€ 2 (Chilling injury ) - fE& £ B o] RAVERE IR SR 4G
BRREEEREEE > TEREIN > EEEEIFERENEIEEN
TBIE - Rl - HRERERE TSR E R AMMIA BB R E S R R e Y)R
G o NEESBAENELATH DR (EY) R B Je an BV R L DAEE bt
Jetdh - BRI EARHIEHE T -

(ERBURHIEYIRE TR T R ERE N - G5 [FIAY AR e DRl
HRREIRE 2 A2 - B— B HGRETNAER - S PRIEYIHEE R LG4
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BB - WBEFL SR AR FER R R TS PEERENL
W o AN > TR R EE IR DR A HIRE LG A REI I > /N -
& B R BHERBUESN » IRE ZIBHUEN > 1E 0.015~0.5 pL-L™ fy ZJa R R o] fe
SRARBENEASIE - AIAWIFELL LG a kAR 1R - BRI LG A ER
A EL SR > A Hl R R R I = SR B P > AL i
SRR MHMEOR  FR 20 e B [F R & (B B AR REN R 20 MUY SR E
ORI Z PRy - HEAEE R RN LGRS RERERIVER - (EREH
R - REIFREEOINP RAVBRE - JfGEAir s AT T Rl
REF B NG E FAIHIER—2% 23 (1-methylcyclopropene, 1-MCP) » Fl[H]
LREH LG 2R BE R T B ZIGF HRVRE - A ERFINE N 281t
PR B SIS R REETERR 1 TR ZWG1ERH THYSE - s E
TR OIGAEFEE P ERI A

/

o

\

B R E R EEEFEM LN NEZFERT FHERERE T
HEEMAD -

HERHRATT -

— REUAMEREGAEREUERERPIEHNZERRE - I A
BN 2SR (e E A AT SR VR R Z B R B R A 28
i T KRR R B AERERERPETARE - MGEHEEKE > RER
AR ~ RREDHIRFSNE -

= FHAEERIRICEER  DEE JRERTERERREEINEENER
Py BRI AT - ERFER T ROGHENLESY - AEEEEY T
RERFIRT - LEERME > (URWREEZRFINT » HEUEZEE
R - ERERAEA > W EENRFESRE 14°CT > B
FEERATEEAGE: - RO GAEEEREAE -

1

© REVIHAFEEIEEL - SHEIRA RNV > WA H T8 Z BRI
iR~ A FERE PR 5°Ck 10°CiBEAR FRFE T e EPRR B R ER
i



Ma - EEBIHRE RREIERGRE R I ERER - THRERREEREHER
[EE 2 e RIS - UZER TR ZIGIFRE - HEAEEEEEH
MRHEEHERESRBEE TR ERT -

h - B E SRS ERZEORERE - TREERIIRERRAH
RIENEFSEEHFHIIEE - SR T ZRERR > BEREEER
S R HRHEA TS BRENEZEEY - L HTEEESR
PR R R Z BB R -

N BEHEEANERUBEEEEREZORERET -

FIA 1-MCP [HETZSGIER - PUT R E T BRI E R - (£EHE
RS FEE R S B (R DR AT - BL 1-MCP mBRERE A > IEEH
RINLNE > BIEAERIIGIEAT - BEHERELY - ERE8EOESER
(Chilling injury symptoms ) » PAREE ZSGAEH sy AT - £RREL - BALE
EYPRRE Z0G RINEREREZNT > EREABDENE » T AT
HaaEEA -

G

lﬂi

B S B T > ARE IR ASTERYNEBIHIR B VU > Rrh 2y ls
PREVER B - SONFEEAE R - R ek U R Ese Ay st SR El (o
FEACEm SCEALIE o JFRT R & o HY R B R R BT AR SR E AR
ARG S B B R 1 > INIEAR ST TaT EAENEF R R BE R - I AFEFAVER
SR R OIS AE E T HIR R T - B2 - BB R B BT TR AE
WHHETT5E 8 - St - ARG IR L5 RN > DEERE L
FEBLLIG R LT > W B ERTEEE R R B A B E BT TR -



e

BEIS 106 4 8 A 14 HFLENE » £ 1104E 8 A 13 HEER » M-LHLATW
FLMERE T - W EETEERTE - WFEHHRIEEZREAT ¢
Psychophysical Aspects of Foods
Principles of postharvest horticulture
Seminar preparation
Plant biochemistry
An introduction of computer programming with R
Postharvest technologies for horticultural crops
Laboratory methods in plant molecular biology
Flavor chemistry
Plant molecular biology and genomics
Special topic- Plant hormonal Molecular biology
Postharvest biology
Horticultural Science Seminar

Doctoral Research

Advanced research

BEIEBRE Z PO AT T
— - ZIRERRES T E R R Y SR BN R TE

ZNlE REEAEYIE R L —  SUET S EYE B RS E - 4

FAEERENERINNE - LIGHAEENREIAN T - MHEMD5E - 58F

( Chilling injury ) B2 ZJGINARHE - EHERHERZEREE - 258 (1-
methlcyclopropene, 1-MCP ) R 5] ok A Bl 2 2 #6 45 & Z Z ¥ 15 F #1116 7

(Ethylene action inhibitor ) - B FEIEA LRI ARUEE FEIERERS > JRAEA
CZNGAER B RIEEL AT ER A - E40 E 2 R R ARG AR B 2 2R
B ELRESGHE - SR R R R ER SR - T e
g8 EEREARIEEYERRIGEE - 5l — ARG EER
POATERERY 1-MCP /AR 1 5738 - DR R E 2 -

rﬁ
}FH+

BB LASEAE BPELL 037 100 uL-L ZJA5ESH 20°CTF 24 /NI > BETRE
Y 0~ 10~ 2550 50 pg L ZERIER (23 °C) o 15388 > B152 20°CHyjREi
[ > HRE A FEIREN LGRS ERRBRAE( L B 23 G EE
25 o SERBUR - SR 10 25 B 50 pgL! HERREERFEALMG R
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HUREH G R TSR RESIERE 2~ 10 & 12K » REAEZTEA (B— -
IR R HIRERE ) - KRR IR BN P AL S 28 (R
RefEllg s 1-2 H o ME Tt LSRR LR BEAEER - GRS
AR 0~ 50 B¢ 100 pg L ZFEHEZR (23 °C) 1 1 5348 - DL 100
ug L ZKEHY 20°C T RFGEFRTE - U DU IET 825 R ERE Ry B A - 45 REE
LEE LGB REBORIN T SRR LG R 2 RETEAT 4-6 KX
RPN MREFELHN (2RER/EOWHAEIE) AR > Z25+ M’
RIBEORIN L SRR LGN 2 H (B ) - w7 SR EEE
@R (RE=CHOHERARSGE - HEREWRIAEG) fEEaEG
A FEMr CIRIGER G ORTER S > A RATME L EREIEEK
=ik ABAT R R pR B RAE BT - (BE DIL B + ZIGIERE - SR ALY
EEE 8 (E=) -

GREBRAER  DE BT S - 25ne L HERIERZLL | 38 Ry
ERARURE - AIEGRETE 20 “CIRAVRT - BURRH % 23 JIGHY R EAEED
LIFETR 10 H - MEATRIEAE RO - FRELERBEIR - REXTF
NG ERHEREARE - HIEFETHRAE - RERELERHER
&R ALK > SRERTEE 2 E BRI - R DL LI R R B RIE
HARZE BV RIROR R B Ry Z5 nl s (e AR A O i 2528 - I
IZRRED R -

I — e B aE I FE I 7Y Scientia Horticulturea  (ffff4—) -
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Ripeness stage (1to 7)

7
o F v
II %, %l’?‘
- 4
6 i ‘% Sy 5
’ ’ ’
; Pl 42
T, 7
" %-
4 i?’ o 0.64
] g (1-MCP conc. effect)
? ==0==0 pg.L'1-MCP -ETH
3 - =z== 10 pg-L'1-MCP -ETH
25 pg-L'1-MCP -ETH
= =0m = 50 pg-L'1-MCP -ETH
2 =——e—0 pg-L'1-MCP +ETH
=8 10 ug-L'1-MCP +ETH
|LSD0V05—O.21 139 |o0.80 st gk 1 MGE ETH
1 (ETH effect) (ETH effect)  (1-MCP conc. effect) et 50 pg-L'1-MCP +ETH
0 5 10 15 20 25 30 35 40

Day after treatment

Wi PR [ET RS 207 1-MCP BRB > 7] - R RIS E B G IETY - 4%
SN 20°C DL 0 (-ETH, DLZ2 0958 R4 ders) % 100 pL-L”!

(+ETH, DUEROEFSR R EFARFT ) 20 24 /NEHE - BRI 0, 10, 25,
or 50 pg-L™ ZEERNEIR— 4 $E RES1% o JFRET 20 °C, 95 % RH - %
AR RS DL S BE > T E AR EFOT (n=6) © LSD0.05 {HE R
jeiH (Day 0-11; Day 13-15; Day 17-31) HY{EA[E] » HH[EE DAEEERVE
R -
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Ripeness stage (1 to 7)

-=&=-0pg L' 1-MCP -ETH
~=&=-50pug L 1-MCP -ETH
~=&=-100 ug L' 1-MCP -ETH
—e—0 g L' 1-MCP +100 pL L' ETH
——s— 50 ug L'" 1-MCP +100 pL L' ETH
——4— 100 pg L' 1-MCP +100 pL L' ETH

0 5 10 15 20 25 30 35 40
Time after treatment (d)

&~ HEF A EDRE LSRR 1-MCP fzB 2 1% > Zpa AR ERIVE - k3,
FRESTZMIN 0~ 10 ~ 25 8¢ 50 pg L' ZFEHEA R — 388l Az 1% - 14
20°C, 95 % RH Nyl W@ Ll 0 (-ETH, DIZE ORI R RRR)
5 100 pL-L (+ETH, DI O TSR EGRIOR) 0 - Bl Paimte
ZLSEBIE Z EEGRFR (n=6) ° LSDo s (EEA FRTRIEHH (Day
0-7; Day 9-15; Day 17-33; Day 35-37) HY{EAE] > MH[EZ LERHEESE
H o
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» BERERIARER AR BERAEARI » (A)~ (B)~ (E)~ (F) K

BEUIHE  (C)~ (D)~ (G)~ (H) BAEUIHE - (A)~(C) BEHEE 13 K-
HARPEIEE (-ETH) AUEAIT 5 (B) (D) REME 25 H - 4
HHEC S 100 pg L ZXEEAK - HER L 100 uL L Z5#7
20°C, 95 % RH YR AR (BRERIGE%2) 5 (E)~ (G) BEHE 31
H o SEE DM 100 ng L 28R  MEELL 100 pL L 255
FIRTE PR (REES) 5 (F)~ (H) REHE 19K » BABANE
# (-ETH) MUSRAMRR (REE) -

13



= EEGHFEFEREZIEIVERRE - M ARHESEIURE T
W T EERIR

U KRNEEEGREREBEN AR T EFEFURE (Chilling threshold
temperature, CTT ), th DU R REFEE - (HREAITREG R R HYE/E
TBIPRE - (EATE T RBEFLE ) BE0e N GHREENEER ? HER
BEEER - BRI E R B EIE % o SRENEIKE 50 pg L e ERE (1-
MCP) &R (HAREE, 23 °C) » (HLZ A o] PHET 206 (F A DU B (% 32
B /ETTHIR - REEEZ& 0 /=2 -l 5 (EEEFRE) - 13

(EEEFRFEIRE) 2 14°C (BRI RRERFL) SEREEHEL - &
REUR > & 1-MCP e B 7 SR B A/IOMAV T IRAH - 25 DUR FZFiaise A
BTficis - 49N 10 D@ (R—) - SAMGAERENS © #5 SCCAUREAR
SR SR A R AR AT 0.04 ng kg s ZIER 0 H 31 HNRBEEN (%
)5 R 14°CHYRE (BELA 1-MCP BiglivK ) EHYEE 33 REAMaE N LA
B R 13°CH - R DASIUKEY R B R BT S 38 RN ~ Ll S E R
7Y 39 REAMGE ETF - M ZMGHV ARSI - REZLL 1-MCP HYSRE F#HY 13°CE 14°C
N RESES 44 K5 39 REFEANEAME © MHE 1-MCP ZRE R
13°CE 14°C3 > AIISHYEE 59 Ko 51 REF| S -

— Ml Fy » BN ATV EEFE UL A EIEAEE » AR
FIRFIAT SRR EaE M - B2 B e MEE S RS - slERiel
oS5 LL 1-MCP R B ak 20 £ DUHBTH 2SR - M B FUREE 14°C > B
AR Rk ] FT R G HHER B R E ALK - HAEAVHASEE IR — BAR L
HEEHEE (Vascular browning, VB ) » H R H i i BRI AL 5 v i A R HEAL -
alBR RS SCCHYRE BN ER 4 HENHIEREE - G 13°CRUREAIE S 10K
HFRE S - B i R E SR E LMK R - AEREVE RN
14 CH ARG Z Z M (-1-MCP) HIREHES 19K ~ HELSHmENRE

(+1-MCP) RUZAESS 28 RHFRR LA E HEE - Anlln TR R kA E BAEFE
FHRSUREHTRCE AV - ORI E Rk - S R e R H g
UL HA AT SR E LI > MRE O CEE MGk R I E (Light-
adapted quantum yield of photosystem II [Y(ID)]) JRLLS IR 298 R B2 AR
s (@) > oI fE R ERHE MR AR E A -
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s EFYIHY ZE AT RBRGIA T - R A e R 2R &S antks
HARAY R ER TR PR BN T 40— feid Ry R Y FE T R SR S B AT REHE SR
T > RmEEYZ BB IR E IR > NI ERITREGIIFEE > 7
s EOARMRNEY TR EREwE - AR URE LT ERIER
BN 13 3¢ 14°C » HAEE AUE S B IR iy - HERR 14°CRURE |
22 B i PR R IR S I PR E IR > BUR ZNG R E SR AR
RS ER A L o

I —EiEl R aE R 7R Frontier in Plant Science (i) -

15



£ NEARBSAEEZ BAIEY - SAEELZEN 050 50 pg L 25
ARy R EZR o BEITEY 5°C ~ 13°CEK 14°C (FHENEEE /Ky 95% )
Pl E R E (n=3)

AT ek Ehaitia REREE e .
mE omm o mm Cpesjgw O0 0L SoRH
(°C) BAE =) ZFHHE o
5.0 adizK 2.17a* - -
50 pL-L™! 2.17a -* -
TER
13.0 afizK 2.23a 45b 5.6b
(PHREARTE 2
)
50 pL-L™! 2.23a 57.7a 4c
LERE (RO )
14.0 afizK 2.17a 36¢ 7a
(EEEANH NS
BE)
50 pL-L™! 2.17a 38.7¢ 3.5¢
LERS (SO 42w T
w5 ihkk)

*Mean separation within columns (lower case) were by Least Significant Different
test (LSD) at 5% level.
TR SCCHY R R B R R E 0 HAGHYES 31 RIgHEaHE -
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F7 - FERHGERE Y ZIGERN RS « SAERBSZH 057 50 pg L
LERER— 8 R EZ (% » BRI 5°C ~ 13°CH; 14°C (HHEEE
F595%) Pl EHERE (n=3) -

R L Arm e JMAEER PR FIELM PEURGE

IS R BERNFS ARES ERES R (56l
(°C) =RZ FEE) EREEE ENoE R) EH
HLEmA TEInFT RKEL ERE RS
i E I RE (ngkg  Z2W&HE
(ng'kg b &
s (ng'kg
I'S'l) *
5.0 afizK 0.106b** - 0.095%*
50 uL-L'  0.117a - 0.103*
GER
13.0 atizK 0.104b 38.7b 54b 0.502¢ 0.409¢
50 uL- L' 0.104b 46a 58a 1.018a 0.907a
LERS
14.0 alizK 0.098c¢ 37b 53.7b 0.647bc  0.439bc
50 uL-L"  0.108b 42.2ab 55.3ab 0.702b 0.569b
GER

s SCCHY R R B Rtd - HARES 31 K& L& - ikt
HIR R B SRR @E e (b ) -

**Mean separation within columns (lower case ) were by Least Significant
Different test (LSD) at 5% level.
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RK= > AERRHGAEEZEEHRERFY - GEEIEH 05150
ng L ZEEREEIR S S MR 1% - EIR 5°C  13°CE 14°C (A%
SRR R 95%) LI (n=3) -

RERKF—  REZE-R SBaEHEas
it REBORBREHY  HEERBEE  &E&— RP
“\;Ff g PHEHE (B BPEHE SSEEREER
(°C) . TP RBIZEE  GEINAE  ESESLL (E

HREE RBIEWEEE NN

EE) JrEE) A AESE AR RED *
50 4K 4a** (40%) 4d (167%A) 95 (31H)
-1
;2%1;%} ( 43';;)) 4d (167%A) 95 (31H)
13.0 4k R 10c (8.3%B) 15 (61 H)
1l
;9_:;1;; R 10¢ (23%C) 10 (61H)
s 19b
140 4K . (1%C) 83 (61H)
-1
;2%1;; ok 28a (87%B) 10 (61H)

s SCCHY R AR B E R R e E H g ket - B 31 R
1EFRE > TiTREGHE R E B REENR A (AHRIESE) -

**Mean separation within columns ( lower case and capital letter inside brackets )

were by Least Significant Different test (LSD) at 5% level.

*RRETIEGY 13 B 14°CHY R BERE KRB PIR B - BREFEERHINEE R
HREHER (B O0KR) 5 1R B3 REHEEKE 3 KFE K -
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——5°C—1-MCP --o---5°C+1-MCP
13 °C-1-MCP 13 °C+1-MCP
—8— 14°C-1-MCP  ==-+#~=- 14 °C+1-MCP

.

£
"

0.4
s
0.3
0.2
I LSDo.os
0.1 =0.07 0.08

(both factors) 02 ¢ L - ) (1-MCP effect)
0 1 2 3

0 5 10 15 20 25 30 35 40 45 50 56 60 65
Time after treatment (d)

BT~ R [E AR B R 2 S BEAE © SRAE BRI 05 50 pg L
LERE IR A EEZ 1R > TR 5°C ~ 13°CE 14°C (FHENEE B
Fo 95%) AR HOCHEIE M a (EH R L SR RO E
(Quantum yield [Yield (II) ],n=6) - 8 7 VP2 DI EEE (H 2 5
EARRZFOR (n=06) ° LSDo s [EAEA [FINTsekHFH] (Day 0-21; Day 23-61)
HYEAE > HHEE AERRA R 23R -
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 AERANFREREERE T REVIIREERIHERERZE
REPME G R e

FRENREREE TR < TERRRE , AR DAt R A
A EERR T REEEREE S GATELAKREESZR
(13/14°C) %y 10-25 RENEIZFIILFFE - 1 SCCRIFE 1-12 /NRF R R4S R A8
% (Vascular browning, VB) 4 » #EMHE —(ER[EDREFIFEAYERELH G - 5
FEOREREAR (7 - AIRERR ATV ISR RS - N H AT R IR R e R IG B
FABZEFE ONGEHBANRIAZR o RdE i sl BN E R T e E iR
IS 2 0% = B M - BlBe i & A AR B ORI RIME - EEEIREE
( Chilling injury symptoms development) 3% » 14K 50 pg-L" 1-MCP JEE K
GKERE 2 BE o Bk 5°CEG 10°CTR 0~ 1~ 12 B 72 /NI A (A SEF 15T
(Chilling stress ) '~ » HjcifE] f [B0R (20°C) —HIRHVREABIE - 4553
B EERIEARTIFIEIR R IELL - &K 5°CEL 10°CHT & 72 /NFHY SR
B L AR E VB B - [BDREE AR (B - HersEE e ENE
SIFHEIE TOLETFRH RS 2 EGREOLE (BN RT) - B2 RE
CEE /R ~ WERPER (E+) ROWFEERSE (E+—) % AR T
FEEAlk - BTSSR B &0 Y SEEISS - [BDR I A IR AR AR 32 10 5 55 22 58 1Y
REEWAE - SBRELE LTS S°CN 72 /NEFHY SR B Az 28 F i i R AR HL
R ERERE 1 2 2 KX EEgRLEREEHRN - Herpkmif
ARG E 2B BRI - AERAYE » 48 1-MCP FHERIHEAY R E /L 5°C
5 10°C » FEEELREREY ~ IR SR R T4 TR B A BB T2 s S
A 2 &0 e BE AR R VTR AR - By BBy 7€ 5 SUIE - I RE BB MY 2 E FH A T)
(Chilling injury tolerance ) FI[alJRPR{ESE (Recovery) » BN LIHIEREZHE
AR BLAHAE AR 2047 > AAHARAS B IEARAS 7 B A St R AT -

>T¢%

}
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> >
—&— - 1-MCP

< 30 30
w25 o5 —e—+ 1-MCP
LSDy.05=4.28
%‘i 20 0.05 20
Y 1
kﬂ} 15 5 LSDo 0s=2.61
:& 10 10
Eg% 5 5 ’
0 0 §—o—
0 20 40 60 80 0 20 40 60 80
R PR (7]NEF) R PR (7]NEF)
70 70
e | (C) 5°C to20°C | | (D) 10°C to 20 °C
2 60 60
Y 50 50
iy
E—é 40 40
i:ﬁ 30 30
j& 20 20
e i; i [ 1° i1l
0 —— = NN o =il ii s &k =_ @z
1D 2D 1D 2D 1D 2D 1D 2D 1D 2D 1D 2D 1D 2D 1D 2D
Rewarm Rewarm Rewarm Rewarm Rewarm Rewarm
0hrCl 1hrCl 12 hr CI 72 hr Cl 0 hrCl 1hrCl 12 hr Cl 72 hr Cl

[ 7~ SRR R EEFAEEET - SAEETZER 0 (-1-MCP) =50
ug' L' (+1-MCP) ZEEIEN—0#E Gz 1% - 48 14°CHg— w1k
EEHATEY 5°C (A) B 10°C (B) T 0~ 1~ 12 F& 72 /NFf (FHEDEE S R
95%) 14174 20°CEBEE[EE 1 fz 2 K (5°C—C ; 10°C-D)  Vertical bars

are standard errors of means (n=6) .
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—o—- 1-MCP

0.9
A) 5
(A s] L ver

0.8
L:f
—3
n

FviIFm

0.6
0 20 40 60
BREERFE (/NEF)
[o}
0.9 [ (C) 5°Cto20]
0.8
£
[T
S
N Il ii I‘
0.6 I

.S.

0.9

(B) 10
0.8 n.s
—— -
—7
0.7
0.6
80 0 20 40 60 80
FRIEERFRT (ZNERF)

(D) 10°Cto 20
0.9

0.8

0

~

o))

1D 2D 1D 2D 1D 2D 1D 2D

Rewarm Rewarm Rewarm
0 hrCI 1 hrCl 12hrCl 72 hrCl

1D 2D 1D 2D 1D 2D 1D 2D
Rewarm Rewarm Rewarm

O0hrCl 1hrCl

12hrCl 72 hrCl

BN~ B 2 RIS EIE LA EH R SR FOEE (Fv/Fm) B(LE

T o SEVE RSN 0 (-1-MCP) =750 gL (+1-MCP) %

HERR

—orsEli Rz 1% > &% 14°CHREIHTR— 1% > TR 5°C (A) B 10°C
(B) TO~1-~12 K72/ (FHENEE S B 95% ) 1£1% % 20°CIRIE (|
B 1 K 2K (5°C—C ; 10°C-D) » Vertical bars are standard errors of means

(n=6) .
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0.6

0.7
0.6
= 0.5
> 0.4
0.3
0.2

[ =

(A) 57 o
| 0.5
LSDn s=0.067 g 4 —8
0.4
—D n.s.
—$ 0.3
0.2
0 20 40 60 80 0 20 40 60 80
PRIRIEE (/NG BRIRFH] (/NEF)
| (C) 5°Cto20°C | [ (D) 10°Cto20°C |
0.7
0.6
0.5
0.4
0.3
0.2
1D 2D 1D 2D 1D 2D 1D 2D 1D 2D 1D 2D 1D 2D 1D 2D
Rewarm Rewarm Rewarm Rewarm Rewarm Rewarm
0 hr Cl 1hrCl 12hrCl 72hrCI 0 hrCl 1hrCl 12hrCl 72hrCl

B EZ REOCHEE MOUEEH ARG BEGREELY (1D BB -
MIREESERIEN 0 (-1-MCP) 250 pg'L” (+1-MCP) ZEEER—77
B EEZ% 0 &8 14°CHEN R — %% - Bl 5°C (A) 2 10°C (B)
O~ 1~ 12 Fe 72 /N (FHEERE B By 95% ) 1845 % 20°CERIE[EDR 1 K
2K (5°C—C ; 10°C-D) - Vertical bars are standard errors of means (n =

6) .
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20 | (A) 5°C &% |—e—-1-MCP 20 [ (B) 10°C &4 |
”&S\ 10 I 10
o
g O LSDo 05=2.18 5 n.s.
0 0
0 20 40 60 80 0 20 40 60 80
FREEERE (/NKF) PREEHER (/NRF)
? | (C) 5°Cto20°C & H 7] [ (D) 10°Ct020°C &% |
S 15 15
%ﬁé
R 10 10
N o5 5
iy
0 0
1D 2D 1D 2D 1D 2D 1D 2D
Rewarm Rewarm Rewarm Rewarm Rewarm Rewarm
OhrCl 1hrCl 12hrCl 72 hr Cl 0hrCl 1hrCl 12hrCl 72 hr Cl
[ (E) 5°C Bz | [ (F) 10°C Brrpy |
£ 25 P 25
M- —3
IE 20 20
£\
% 15 n.s. 15 n.s.
10 10
0 20 40 60 80 0 20 40 60 80
PREEFRY (/NE) FREEEFR (/NEF)
30 [ (G) 5°Ct020°C— JLREFREAL| 30 [ (H) 10°C to 20 °C — F 57 4% |
25 25
X
5 20 20
=i i 15
th 10 10
s 1D 2D 1D 2D 1D 2D 1D 2D 1D 2D 1D 2D 1D 2D 1D 2D

Rewarm
72 hr Cl

Rewarm
12hrCl

Rewarm

0 hrCl 1hrCl

fiEl J\ %F‘%@Zé\%)ﬁ&%ﬁ%ﬁiﬂﬁ%ﬁZﬁ‘%?i//ﬁ'ﬁf?\ (o
0 (-1-MCP) 5% 50 pg'L" (+1-MCP) %2

Rewarm Rewarm Rewarm
1hrCl 12hr Cl 72 hr Cl

LB RS
BRI —r g i gz 1% o 4%

0 hrCl

14°CH Rl — R 1% > BTt 5°C (i%"’%EZ-A; RIZFZAHERE) B

10°C (4 57-B; B FZAIEEF) T 0 -

1~ 12 Je 72 /0Ny (FHSBEE

F595% ) 12852 20°CIRIEEDR 1 )2 2 K (5°C MR Z-C K REZFR74H
%-G; 10°C T8 7-D K 5738 f74H4%-H ) - Vertical bars are standard

errors of means (n=6) .



waw
(¢} ()]

BT 2RE(%)
o

15
10

[l L

[[() s°c—ppnmimag | > L)) 5°Cto20°C Rpnndieiis |

3 30
i:i: M 25
‘&\ 20
H_,
| & 15 iI
LSDo 0s=5.04 1

1D 2D 1D 2D 1D 2D 1D 2D

0 20 40 60 80 Rewarm  Rewarm  Rewarm
FREEEER (/NEF) ohrCl 1hrcl 12hrCl  72hrCl

o

Bha i R R R TR AR BT B R - GRNERSTRER
0 (-1-MCP) 8¢ 50 pg'L (+1-MCP) ZFE 50— il iz 1% - 4%
14°C G — 1% - BT 5°C (RIREZ-A; RZFRZAH-E) 5
10°C (& RE7-By SRR FZHA-F) N0~ 1~ 12 R 72 /N (AR &
Ry 95% ) 1&1% %8 20°CERBEDRE 1 2 2 K (5°C TN &FRL-C F REZREH
&%-G; 10°C N8 7-D B B 73 f74H48%-H ) - Vertical bars are standard

errors of means (n=6) .
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4 [ (A) 5°C ——-1MCP 4 [ (B) 10°C

—o—+ 1-MCP

‘En 3 3
2 I
X
g 2 LSDg05=0.45 2
P 1
= — ] n.s.
0 0
0 20 40 60 80 0 20 40 60 80
BRERRERE (/NFF) BRERRFHE (/\EF)
20| (C) 5°Cto20°C | | (D) 10°Ct020°C |
< 15
(2]
=
o 10
=2
M 5
: il i I IRARRN
Fommithmiilg I 11 I i
Rewarm Rewarm Rewarm Rewarm Rewarm Rewarm
0 hrClI 1hrCl 12 hr ClI 72 hr Cl 0hrCl 1 hr Cl 12 hr CI 72 hr Cl

BT~ REEE IR o GREREIDTEF 0 (-1-MCP) B¢ 50 pg L (+1-
MCP) ZERER— il EEZ1% - 48 14°CHER— %1% - Sl
5°C (A) H;10°C (B) T O~ 112 F 72 /NFf (FHEPREE F 95%) 1%
42 20°CEBIE[0)E 1 K 2 K (5°C—C ; 10°C-D)  Vertical bars are

standard errors of means (n=3) .
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0.2 0.2

— (A) 5°C (B) 10°C
)
< n.s.
2 —3
2 0.1 . 0.1
1] LSDn 05=0.009
B —
% 0 0

0 20 40 60 80 0 20 40 60 80

BRERRRFTE] (/) BRI (/1Y)

5 | (C) 5°Cto20°C]| (D) 10°C to 20 °C |
[
- 04
(2]
4
2 02
£ 0.2
ng 1E-15 "= EE mm NN == §E [ | T ii ii II
] 1D 2D 1D 2D 1D 2D 1D 2D
L3 -0.2 Rewarm Rewarm Rewarm 1D 2D 1D 2D 1D 2D 1D 2D
N OhrCl  1hrCl  12hrCl 72hrCl Rewarm | Rewarm | Rewarm

0 hr ClI 1hrCl 12 hr CI 72 hr Cl

&l — ~ FEEE 2 IR o GBS 0 (-1-MCP) 2 50
ng' L (+1-MCP) ZFE RN — /8l iz 1% > 48 14°CRREftrm—wtk
TR 5°C (A) B 10°C (B) N0~ 1~ 12 & 72/ (FHENSRE S A
95% ) 1% 20°CIzi=EA 1 F2 2 Kk (5°C—C ; 10°C-D) » Vertical bars

are standard errors of means (n=3) .
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0~ WIEAE IR T - GRERIMEAREIHERE R 8

BETEREE RARERIY - Frnl@MR R K LG4 R E R AR S 1
BRREP R - BHMATAAEE I EECLE & 8 E Ry T ek - E&
R ZRINBEAIPRT - REERELERIERD - 5 R PR (R
FR A (R e & DB SR AR R » B SR R E A e 2 BE R R H R i R
WL - R AR Y R EERENEZ —  RAEFRENREED
GREAR RN AN - NI A THEEHGHAREZERIERVEGHR Y
& R EREEE JBRFNEE R LR ERTR - B A G RER - s
R E R E IR AT RE - ST E IR AT A & R VLT
BRI REPEERR L 1-MCP B s &li/KT% - Jye S°C 0~ 1280 72 /)N
ke ~ Rt 20°CEDE 2 RIRECESEHH] (R H B4aPE ) FPEE: - EhicR
FRISR AR RIERE 2 2 > DEFEMEST R | - K725 2%
A1 (Ethylene perception) 2 & 5 UGN IR - R HZR PG 2 FRLEEH -
SERBUREREOR ~ [BDR 2 HREEREIRRFIREEAVEE - REZRAH
GEL S PIFREF TN 1-MCP e A FRR R E  EEYHMAR » LERECK -
REERETT T AR - FREZEHER 72 /NRHMEORIR & SR Bl L A B M e BE & 5 LR A
E (B —=kT=) EPRZERIEIREE T - B R NS R B R A S
S fEEPRR A GIHBBLRERENRE AR - REZNVERSEEER 12 /N\F
RERZEFE - MRREMORIE SR HEZER - AR A R
RFLERNEHMEORE B - FER S B RAE T - S°CHYZEE R & nl A FH IR
BAE ORI e DR PE B AR Rl 4k Y (O - ROl ~ CiF
MNRACKHEEE) » HiEE Bl A HIEDRR - AREES (RIUKT) -
RISV RS EYIE U REYER e REAR - WEREPTSEE A
SRR B - TRARREHALEY) LS ORZE MR ERE S o A
R4l nTRE A BB RN R s i AR RARY SO HE - a8 SRR /B R E
BHECRIS P AR R SREEHEESYIE 50-75% > AL BB R g8 2 451 HENAL
Y E R 2 R E A RE R B IS B B AR AV MR - SR SRR ek
0~ 12 8¢ 72 /NR#% > Bilulim 2 K > BRESEFAEEL - LR o S ERER A
KR 2 e ElRs (VU1 » SEREUNZ FIFEF P TMR > HAz
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s B EYIIELLY E &R E - HERRT S - R R NSRS B A EHY
RN SR SRSV - ESE S EILGIAFE - For sl Fm e R
EREHEREY A GHORTE LS 1-MCP BREEMN R &N o E R ETE iR
BHLM&(EA (Ethylene action) - MEIENR PN > Hl &4 Gl E RiEH YRy ES
EJJ

vy

During CI storage

/A -1-MCP for 72 h CI

th
O
u]
2
m A +1-MCP for 72 h CI
5 After 2 d rewarm
. - [J -1-MCP for 0 h CI

0 -1-MCP for 12 h CI
L [J -1-MCP for 72 h CI
B +1-MCP for 0 h CI

M +1-MCP for 12 h CI
M +1-MCP for 72 h CI

PC2 (27.2 %)

™
o
~
ro
o
N
~
o
™

PC1 (36.6 %)

B+~ DUER G TS E R B Al K s 2 B 1% » Y SCCHTIRA [F R R
HA%4 2 HIEDE% » BB R R AR B AR IS IR FR R - 4R
FEIZMN 0 (-1-MCP) 50 gL (+1-MCP) ZFE K — 5§l
7 4% 14 CHIRTHTR— 1% » SIS S°CF 0~ 12 K 72 /N (%
SEREEE B 95% ) {4F5 78 20°CHEEENE 2 K -
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During CI storage

After 2 d rewarm
[]-1-MCP for 0 h CI
[0 -1-MCP for 12 h CI
[0 -1-MCP for 72 h CI
M +1-MCP for 0 h CI
M +1-MCP for 12 h CI
M +1-MCP for 72 h CI

PC2 (17.1 %)
o

PC1 (349 %)

E+= - DUERG ST E R B Al K s 2 B » 7 SOOI IR R R
HA% 2 HIEDE » SRR R AR B AR IS R R - 430
FREIZM 0 (-1-MCP) 50 gL (+1-MCP) ZFE K — 4§l
FEZ > 48 14°CHIRRITHE— 1% » BRI SOCTF 0~ 12 F2 72 /0N (FHE
SEREEE R 95% ) 145578 20°CEEEENE 2 K -
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K= GRENE R R RO R BRI % - 2 B BRI AR (pgkg
'Fw benzyl butanoate equivalents ) o 4EEAEEILZHFY 0 (-1-MCP)
50 pg'L™! (+1-MCP) ZFERs 7 — oy Stz - 48 14°CHE R — %tk
HEETRCA S°CTR 0~ 12 K2 72 /N (MR B 95% ) ©
kT8 (5 °C)

FHREGT 0h (14°C) 12h CI 72 h CI

- + - + - +

REZ
FCACHEEE- 106.6b g0 1gesh 13250 14056 103.2b
2-Hexenal *
K= 2 %
(E,Z)-2,6- 116.1ab 108.0b 80.5bc  82.1bc  150.7a  78.4bc
Nonadienal
O 87.7b  167.0b 1479b 129.8b 2512b  130.4b
Hexanal
A 3958  508.0 4863 3889  692.6 379.8
4RIEHE - - - - - -
KEFE S RSy 399.5 5149 4918  402.1  709.4 379.8
RR

ke
FERCIEEESE)-  936.6 12874 13556 1085.4 2317.2  2439.7
2-Hexenal
K= 2% E
(E.Z)-2,6- 100.1  143.9 82.4 1246  169.0 101.1
Nonadienal
Ui 979.7 17583 2281.8 1423.0 5349.0  4494.9
Hexanal
AT 22124 34779 4085.0 2934.1 8333.0 73372
KEHSE 49.0 38.5 29.7 57.5 55.1 97.8
AR RSy 2365.3 37412 4453.6 3183.0 84793  8007.9

*Mean separation within the same row with different letters are significantly different
(p>0.05) .
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R ~ SRNE B RIA R ORI EDE (20°C) 2 HiR > 280 &
AR AERE (ngkg' FW benzyl butanoate equivalents ) o 430 SIS
Y0 (-1-MCP) 550 pg'L" (+1-MCP) ZE8 850 — 33 EEZ - 4%
14°CERENT R — 1% - BTN 5°CTN 0~ 12 J 72 /N (FHEREE S

95% ) &I 20°CIRIF[E0E 2 K -
ERRTHE 4L 2 H[EDRRE (20 °C)

EHRA ST 0h 12 h CI 72 h CI
- + - + - +
e Y

& =2 % 73.4b*  129.6b  252.7ab  171.2b 432.9a  389.9a
(E)-2-Hexenal
K= C B

(E,Z2)-2,6- 68.8c  75.0bc  80.7bc  77.6bc 150.9a  75.8bc
Nonadienal
U 53.7b  146.1b  572.4a  2844b  5358a  525.3a
Hexanal
YEEDRE 2357  399.4 991.7 595.5 12452 1079.2
I 0.0 2.8 13.2 2.1 36.9 35.4
A 303.0 4437 10214  653.0 13003  1177.0
RA

A 20414 29758 8053.7  7288.6 9699.1  13799.8
(E)-2-Hexenal

|S&= i
(E,Z)-2,6- - - 78.0 137.0 90.4 106.3
Nonadienal
CLlE 3167.0 4993.7 29960.7 243249 19268.8 28899.6
Hexanal
YEEDRE 5406.0 8247.3 38547.5 32200.2 29701.6 43681.8
YRS 124.9 97.6 133.5 83.5 275.2 328.9
BRI T 55457 8387.5 38738.0 32427.3 30051.3 44089.6

*Mean separation within the same row with different letters are significantly different
(p>0.05) .
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10
Fully-ripe (Stage 7)
<& =1-MCP for 0 h CI
<& =1-MCP for 12 h CI
<& =1-MCP for 72 h CI
¢ +1-MCP for 0 h CI

5 & +1-MCP for 12 h CI
¢ +1-MCP for 72 h CI
/ *
* o
hd
\/

R

<><y<>
3

PC2 (16.4 %)

o
’ (
*

-10 -5 0 5 10
PC1 (33.4 %)

00 ~ AERR S S B R R B A KB 20 B 1R » 7 SCCHT TR B R &
BEET| TR - KRR E R IR o SERES
Y2 0 (-1-MCP) ¢ 50 pg-L" (+1-MCP) ZEEER— 4 $i0 ez -
4R 14°CHRERNTI— TR 1% » BRI S°CTF 0 ~ 12 K 72 /NI (RS s
B 95%) BIEZE 20°CEREITRE B -
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Full-ripe (Stage 7)
O -1-MCP for 0 h Cl
10 O -1-MCP for 12 h Cl
O -1-MCP for 72 h Cl
® +1-MCP for 0 h Cl
® +1-MCP for 12 h Cl
@® +1-MCP for 72 h Cl

PC2 (23.2 %)
o

PC1 (28.3 %)
7~ DUER G ST E R IRl K s 2 B 1% - Y SCCHF AR R R4
BEET| TR - KRS E R IIEIRE M - SAEES
Y2 0 (-1-MCP) B¢ 50 pg-L" (+1-MCP) ZEEEAR— 4 $i0 g7 -
4R 14°CHRERNTI— TR 1% » BHTFRET S°CTF 0 ~ 12 K 72 /NG (s s
B 95%) BIEZE 20°CEREITRE B -
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I~ FIHIEEEE T GRERIGRNEGHEN B 2 E

X

FEME T HYMEERE RSARE MR R AR IR ER R — - H
AU ST R NS B - PRI PREOR S (B Q0855 751 Reactive oxygen species
(ROS) &Rk - &HE bRy BRSNS 24 ES - DI aREs: T E -
BEAN > (BOH T BB EE BB IR RS MR BB E I BT - BIdHERBL
GBS (Fatty acid desaturase, FAD ) B[ RMEOR M #& IR pod M - HAHSS
JEZ AHAERA A AN G BR RS 2 & B30 - S IIECH N AR R Bl - BLie
HEA Y AR AR BRI B HEHTES D (Phospholipase D) JMABRZR FIZEORMEEA/EE -
IZRSCR AR A - HIERS0ZAE - Ut > MR EaES L /T
RO MEYI AR SIE - S BSOS a2l S 1 Rk SRES Y HIE © FORTRY
gt BERIFEEME T REZEEFGE OISR RE LG > RHERHES
ERGERE RS TR LGB ERT ERE BT RS EAR > SR DI 1-
MCP e H{& Z GRFNVEREAE SE C 1 0~ 1~ 1235 72 /NEFHRTRIfE ~ 7 20°ClH]
1 2 RIBRBUEIRIBAUK Z SRR - st R E PR ERBURAI R EE
HAHSRHE - EITEABREREAIEE T o SREURNZFEBMRM - e
EHEREREYNE (R ER - SR kEZEEF) EHEEGRK
(Glutamate, methionine 5¥ cysteine ) ~ #3% ~ #EEx - 28 ke aHUE ARV ES
BEAHEN I MEEAEIER (Glycosis) HHEHEH'ERIAARUR (E+75) -
[EPR1R - SERK(EEY) B HE B EIR RS ~ HEy ~ Hf AR - SRS 5T
BRIy 2R B IR I > (EEA B (Leucine ) ~ PNEAELEE (Pyruvate) ~ #i{n M5
BREEFNH - EHEITE - He ko FHEESBAERERER D
([E+t) - & 1-MCP B ZAEREAREA ~ A SY R - EREKEER -
B 1A (Endocytosis ) HHEH.Z 85 H B ARG IO & 1 B 5L L e 7Bl (G ~ R
HRAGER TR - DNA 8L - ERE G ~ FR50 - (B8 S A EARAN R & R R
Hk (/0 Frpl2EDEkrEdE (BT o P iRy sl 2 B
oIFERAARAN EH T 9S-AEH A {LES (9S-Lipoxygenase, 9S-LOX) ¥ 2 5&F
SEERTHRCEIIT (1/NEf S & C) # 1-MCP B s A RS - Brai/ & 9-
LOX #J 1-MCP jz a] gEEL R 4/ Va8 L AR > Malla=Y#HE 1-
MCP AR IR S L2 (MDA assay ) » JRV) & EEEER > S 2N A]
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RELIRRERY 2 o QIIEAFHER 9S-LOX » DS 2EsEE T ATHIASEAY 4> fR iR i

o

Up-regulated proteins
16 13 13 1 1

Down-regulated proteins
5 3 19 1 1

u Metabolism

u Energy

= Cell growth/ division

® Transcription

= Protein synthesis

= Protein destination and
storage

B Transporters

m |ntracellular traffic

m Cell structure

m Signal transduction

m Disease, defense and
stress response

m Secondary metabolism

O Others

B 75~ SRENVE R EE AR /KAE R (-1-MCP) » Y 5°CHTek 1 (1h) ~ 12 (12h)
Fe T2 /N (72h) 1% SREZAEE RAASA R CHE L E 2 DhRE R R
TG © SCRBIN R4S 1~ 12 K2 72 /NRHESRER BRIV IR E - BRI R~
FE (Ohr) ML - EHEHSEEBEHEMEEREZR (p<0.05, fold
change > 1.2 or<0.8) Z&EAEMEEE - EAHE ZEEMES TG
Bevan etal. (1998) Ffi7R o fRE FRR 2 BE Ry a2 S AR
HESLrENEHE -



Up regulated proteins

I
dON-}-
‘uo/azuz.

dO-}-
dOW-1-
‘yo/aLuz. v azuzi

dOW-1-
‘vo/aruzi

dOW-1-
‘uo/azuzi
‘uo/aryez.

dOW-1-
‘yo/@zuz. v azuzi

dOW-1-
‘yo/lazyecruatyeL
dOW-1-
‘uo/azyz. U azuzi U akuzi
dOW-1-
‘yo/@zyz. U aiyezl U azuzi

H Metabolism

B Energy

1 Cell growth/ division

B Transcription

® Protein synthesis

= Protein destination
and storage

B Transporters

H Intracellular traffic

u Cell structure

H Signal transduction

m Disease, defense
and stress response

B Secondary

metabolism
OOthers

O
‘yo/aruzi N

Down-regulated proteins
16 2 2

‘4‘

dOW-}-
‘uo/azuz.

dOW-1-
dOW-1L-
‘uo/aiuz. U aiuzi

dOW-}-
‘yo/azuzi
‘uo/aiuz.
dOW-1-
‘yo/azyz. U awuzi
dOW-1-
‘uo/alyz. U azuzi

dON-}-
‘uo/dzyzzuacuzi

dOIN-}-
‘uo/azuz. U @lyzz U aiuzi

dOW-1-
‘uo/azuz. U @lyz.l U @ezuzi U aiuzi

[+ - SREAE AR Bl /KHYBIEAE - 50 S°Clir 12 (12h) K 72 /8NEf (72h)
&lEla 1 (1D) 22K (2D) > REZEE RSN RBOHETE 2
REMERFEOT I o SCREREE 1~ 12 K 72 /NRHES R R BRIR B 1 2 2 KHY
RE > Bl AT (Ohr, -1-MCP) ZREMIL - EHHEGERBEZHNERS
BRI EE (p<0.05, fold change > 1.2 or < 0.8) Z EHEFEEEE - &

'8 Z INREMET AR Bevan etal. (1998) AR - AiRE_ERTRZET
Rt AR ER L B EHE -
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Up-regulated

proteins
14
1h

12 h,

+/1 -M,CP +/-1-MCP +/-1-MCP

Down-regulated

8 1

® Metabolism

® Energy

u Cell growth/ division

B Transcription

H Protein synthesis

= Protein destination and
storage

B Transporters

m Intracellular traffic

u Cell structure

® Signal transduction

m Disease, defense and

stress response
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ARTICLE INFO ABSTRACT
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1-Methylcyclopropene (1-MCP), an ethylene receptor blocker, is mostly applied in gas form to inhibit ethylene
action. An alternative immersion application method was used to investigate how pre- or post-1-MCP exposure to
ethylene influences banana fruit response to 1-MCP. Mature-green (MG) banana fruit were immersed in 0, 10, 25
or 50 pg L™! 1-MCP (a.i.) solution at 20 °C to determine the most effective concentration. The bananas were
exposed to 0 or 100 pL L~! ethylene for 24 h prior to (+/—preETH) or continuously following (+/—postETH) 1-
MCP treatment to determine its effect on 1-MCP inhibition of ripening. Ripening of 1-MCP-treated fruit was
delayed by up to 12 d at 20 °C, but that effect was reduced by circa 60% with ethylene pre-treatment. Recovery
from 1-MCP in terms of ripening initiation occurred 4 to 6 d earlier in the presence of continuous post-treatment
ethylene compared with air and the time to the fully ripe stage for 1-MCP plus ethylene fruit was 2 d shorter than
for fruit without ethylene. Uneven recovery of fruit from 1-MCP was observed at stage 5, when the fruit had
softer central pericarp and firmer external pericarp that adhered to the peel, but ‘normal’, uniformly soft pulp
developed at stage 7 and later. Since post-treatment ethylene exposure accelerated the recovery of ripening after
1-MCP application in terms of earlier onset and accelerated rate of ripening, it could be suggested that ethylene

may promote generation of new ethylene receptors.

1. Introduction

Ethylene is associated with many plant developmental processes
including fruit ripening and tissue senescence (Able et al., 2002).
Overcoming ethylene effects is an important strategy to extend post-
harvest life by delaying the ripening of climacteric crops such as apple,
avocado, banana, tomato, and others. The efficacy of the ethylene action
inhibitor, 1-methylcyclopropene (1-MCP), which binds permanently to
plant ethylene receptors (Blankenship and Dole, 2003; Golding et al.,
1998; Sisler et al., 1996a), depends on the active concentration, treat-
ment duration, temperature, and application method, along with the
size and developmental stage of the crop (Blankenship and Dole, 2003;
Choi and Huber, 2008; Golding et al., 1998; Harris et al., 2000; Satekge
and Magwaza, 2021). The commercial use of 1-MCP to control ethylene
action and thereby extend storage life is primarily being used for apples
in conjunction with controlled atmosphere storage using 1-MCP in its
gaseous form. Moreover, 1-MCP is registered for use on at least 24
different horticultural commodities in almost 30 countries (Sozzi and
Beaudry, 2007).

Some 1-MCP-treated crops have been found to generally begin to
regain ethylene sensitivity after 10 to 15 d (Sisler et al., 1996a; Sisler and
Serek, 1997), which is in line with the previously determined half-life of
ethylene receptors in plants (In et al., 2013; Tatsuki et al., 2009), leading
to the suggestion that recovery of ethylene sensitivity and ripening
following 1-MCP treatment may be related to synthesis of new,
unblocked ethylene receptors (Blankenship and Dole, 2003; Watkins
et al., 2000). Ethylene has been found to promote synthesis of ethylene
receptors in Arabidopsis (Chen et al., 2007) and tomato (Kevany et al.,
2007). However, whether the recovery from 1-MCP treatment when that
treatment is followed by ethylene exposure can be ascribed to an earlier
onset of ripening or an increased rate of ripening after recovery is not
clear.

Banana (Musa acuminata, AAA group), one of the most important
items in fruit trading worldwide, is an ethylene-sensitive climacteric
fruit. Ripening of mature-green (MG) ‘Dwarf Cavendish’ banana fruit
can be triggered by 0.015 — 0.5 pL L™ ethylene (Marriott and Palmer,
1980) and the ripening rate induced by a 20 h ethylene incubation
increased as the ethylene concentration was increased from 0 to 100 pL
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L1 (Kubo et al., 1993). Ripening initiation of MG bananas prior to
ethylene application in special ripening rooms is unacceptable
commercially.

Effective 1-MCP application procedures in terms of ethylene action
inhibition for shelf-life extension as reported in previous studies varied
from 10 nL L. ~! 1-MCP fumigation at 24 °C for 24 h (Sisler et al., 1996a)
to 450 uL L™! 1-MCP fumigation at 20 °C for 6 h (‘Cavendish’ subgroup,
cultivar ‘Williams’; Golding et al., 1998). These treatments were shown
to delay fruit color (Golding et al., 1998) and texture (Harris et al., 2000;
Jiang et al., 1999a) changes and to suppress the onset of climacteric
respiration, ethylene, and aroma volatile production (Golding et al.,
1998). Use of much higher 1-MCP concentrations with banana has been
reported to result in development of uneven color development during
the resumption of ripening (Jiang et al., 2004) suggesting the need to
evaluate recovery in order to properly determine the appropriate 1-MCP
application procedure.

In contrast to the typical 12 to 24—h gaseous 1-MCP treatment in
sealed chambers, a 1-min immersion in a higher concentration of
aqueous 1-MCP solution has shown similar efficacy in tomato (Choi and
Huber, 2008). It was suggested that immersion of ‘Cavendish’ banana
fruit in 400 ug L' aqueous 1-MCP for 10 min was effective in prolonging
the shelf-life by up to 30 d at 20 °C without noting any compromising
effects (Rahman et al., 2013). Hagan et al. (2017) treated plantains with
100 pg L1 aqueous 1-MCP for 1 min at ripeness stage 2—3 (i.e., ripening
initiated). They found that the fruit shelf life was extended by 6 to 21
d without significantly affecting sensory quality.

In this study, the first objective was to determine an effective 1-MCP
concentration for a 1—min aqueous application on MG banana. To test
the hypothesis that recovery from 1-MCP may be accelerated by
ethylene, the second objective was to examine the effect of exposure to a
saturating dose of exogenous ethylene before or after 1-MCP treatment
on the timing of the onset and the rate of recovery of ripening. The third
objective was to evaluate the effect of 1-MCP immersion on the banana
ripening process and compare it with the natural ripe fruit for evidence
of irregular or asynchronous ripening, which has been reported to be a
problem with gaseous 1-MCP treatment.

2. Materials and methods

Mature green banana fruit (Musa sp., AAA group, ‘Cavendish’ sub-
group, harvested as the angularity of the sides of the banana fruit
became rounded) exported from Guatemala to Florida, USA by Chiquita
Brands International and not treated with ethylene were obtained
through a retailer in Florida immediately upon receipt at the retailer’s
local distribution center, about 4-5 days after harvest in Guatemala,
with the bananas maintained continuously at 13.5 to 14.0 °C. Once
received by the local store in Gainesville, the fruit were transferred to
the Postharvest Laboratory, University of Florida, Gainesville. The
development of banana hands proceeds from the proximal to the distal
end and the flower primordia in each bunch develop from right to left in
a ‘zigzag’ pattern (Fahn, 1953). Therefore, based on preliminary testing,
the peel a* and hue angle values were measured on the most distal one
third of the rightmost fingers of each hand (distal end pointing upward)
and only bunches with a* lower than —14 and hue higher than 105°
were used for the experiment. Single fruit (fingers) at stage 1.5 [between
dark and light green based on a 1 (dark green) to 7 (yellow with brown
spots) scale were used for all experiments, Supplementary Fig. 1; (von
Loesecke, 1950)]. The fruit were selected for uniformity of size, color,
and shape, and freedom from defects. The fingers were randomized and
then washed and sanitized using 100 uL L ™! peroxyacetic acid for 3 min
and allowed to air dry before further treatment.
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2.1. Exp. 1 Determination of optimum aqueous 1-MCP concentration for
delaying ripening and the effect of ethylene pre-treatment on response to 1-
MCP

In a preliminary test, 0, 50, 100, 250, 500, and 1000 pg Lt aqueous
1-MCP (a.i.; AF x RD-380, AgroFresh, Inc., Rohm and Haas, Philadel-
phia, PA) solutions were applied to 24 fingers of bananas per treatment
by immersion for 60 s at 23 °C. In the first experiment that we con-
ducted, fruit receiving different 1-MCP concentrations that had been air
dried in the same area were all unable to ripen properly after 30 d at
20 °C (Supplementary Fig. 2). These results suggested the possibility of
1-MCP cross contamination during air drying and that the minimum
effective 1-MCP concentration to delay ripening might be lower than 50
pg L1, Subsequently, +1-MCP and —1-MCP fruit were prepared and
treated at different times and maintained in separate controlled tem-
perature and humidity chambers to avoid the possibility of 1-MCP cross-
contamination.

To determine the optimum 1-MCP dose along with effect of ethylene
pre-treatment on banana fruit response to 1-MCP, a batch of graded fruit
was divided into two groups (Exp. 1). Prior to 1-MCP treatment, half of
the fruit were treated with 100 pL L1 ethylene mixed in a continuous
flow of air (20% oxygen, 0.05% carbon dioxide, and balance nitrogen) in
a flow—through system for 24 h at 20 °C (+preETH) and the other half
held in air at 20 °C (—preETH). Exposure of MG banana fruit to 100 pL
L7! ethylene can be expected to saturate the fruit response to ethylene
(Inaba and Nakamura, 1986). The fruit from the +preETH and —preETH
treatments were then each separated into four subgroups of 24 banana
fingers each. The subgroups were then treated separately with 1-MCP to
avoid cross—contamination, being immersed in 0, 10, 25, or 50 pg L™}
1-MCP (a.i.) solution at 23 °C for 60 s (Choi and Huber, 2008; Hagan
et al., 2017) followed by air drying for at least 3 h (until the time when
1-MCP was not detected in the storage chamber by GC measurement).
The day that all the fruit had been treated with 1-MCP was designated as
day 0 and the fruit were then all stored in controlled temperature and
humidity chambers at 20 °C and 95% RH. Ripening features were
evaluated every 1 or 2 d based on the rate of ripening in terms of
measured respiration and ethylene production rates and objective color
measurements; ripeness stage was also subjectively determined using
the von Loesecke 1 to 7 rating system (von Loesecke, 1950).

2.2. Exp. 2. Recovery of 1-MCP-treated banana ripening in continuous air
versus ethylene

Another experiment (Exp. 2) was conducted to determine the effect
of ethylene post—treatment on banana fruit recovery from 1-MCP
treatment. Bananas for Exp. 2 were handled according to the same
preparation procedures described for Exp. 1. The fruit were divided into
three groups of 30 fingers that were treated separately by being
immersed in 0, 50, or 100 pg L' 1-MCP (a.i.) solution at 23 °C for 60 s
followed by air drying. The day that all the fruit had been treated with 1-
MCP was designated as day O and the fruit were then transferred to
controlled temperature chambers at 20 °C and 95% RH. Half of the fruit
were continuously exposed to 100 pL L1 ethylene (+postETH) at 20 °C
in a flowing system while the other half were held in ethylene—free air
(—postETH) at 20 °C. The ethylene— and air—treated fruit were isolated
from each other in separate flowing systems. The rates of respiration and
ethylene production, and color changes were measured every other day
until the fruit in a treatment reached ripeness stage 4 (approximately
one-half ripe; more yellow than green); the fruit were then subjected to
daily measurements and ripeness stage evaluations. Each sample that
was held in 100 pL L™! ethylene was transferred to an air—circulating
environment for 4 h before measurement of respiration and ethylene to
reduce the effect of exogenous ethylene residue on the measurements.
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2.3. Respiration (CO2 production) and ethylene production

Three replicates of three banana fingers from each treatment were
placed in 1.75—L airtight glass containers with screw—on metal lids with
holes that were fitted with rubber serum stoppers and the containers
were sealed for 1 h at 20 °C. A 3.0 mL head space sample was withdrawn
for CO; and ethylene measurements using a Varian CP-3800 gas chro-
matograph (Varian Inc., Walnut Creek, CA) equipped with a thermal
conductivity detector (TCD) and a pulse discharge helium ionization
detector (PDHID) as described in detail by Chang and Brecht (2020).

2.4. Ripeness stage assessment

Six randomly selected banana fingers within the same treatment
were examined and their ripeness stage from 1 to 7 judged visually by
the external skin color using the von Loesecke rating system (1950). The
same six banana fingers were evaluated at each subsequent sampling
time. Peel color was measured on two opposite sides at the equatorial
point along the longitudinal axis of three fingers per treatment using a
Minolta Chroma Meter (CR-400, Minolta Camera Co. Ltd., Japan) with
an 8—mm aperture and D65 light source on the CIE L*, a*, b* color space
in which L* represents the lightness from 0 (black) to 100 (white), a*
represents green when negative and red when positive, and b* repre-
sents blue when negative and yellow when positive. The CIE color space
parameters a* and b* were used to calculate the hue angle [h = arc tan
(b*/a*)] and chroma [C = sqrt(a*?+b*?)].

In the preliminary experiment that was previously described, treat-
ing MG bananas with the three highest concentrations of aqueous 1-MCP
(i.e., 250, 500 and 1000 pg L) resulted in mottled green and yellow
bananas that remained hard in the external portion of the pericarp, but
with translucent, apparently overripe tissue in the internal pericarp
portion. Therefore, examination of the pericarp status of the 100 pg L™
1-MCP-treated fruit followed by 100 uL L™ ethylene or not at stages
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5—7 was included in Exp. 2 to determine if the ripening of the pericarp
tissue proceeded normally or not.

2.5. Statistical analysis

Data were subjected to repeated measures analysis of variance (RM-
ANOVA) using JMP statistical software (Version 8, SAS Institute, Cary,
NC, USA). Fisher’s least significant differences (LSD, p < 0.05) were
determined and used to compare differences between treatment means
following identification of a significant ANOVA F—value. The experi-
ments reported were each conducted twice with similar results, but the
data sets were not combined due to differences in absolute values.

3. Results

3.1. Exp. 1 Determination of the optimum aqueous 1-MCP concentration
for delaying ripening and the effect of ethylene pre-treatment on response
to 1-MCP

3.1.1. Ripeness stages

Control (—preETH) fruit immersed in 0, 10, 25, or 50 pug L~! 1-MCP
reached ripeness stage 7 (yellow with first appearance of brown flecks)
after 27, 29, 37, and 39 d at 20 °C and 95% RH (Fig. 1). In contrast, the
ripening of ethylene pre-treated green bananas (+preETH) was signifi-
cantly less affected by 1-MCP, with those fruit reaching stage 7 on days
11 to 15, a circa 60% reduction of ripening inhibition (Fig. 1). 1-MCP
concentrations of 25 and 50 pg L' delayed attainment of stage 7 in
+preETH fruit by 4 d. The +preETH fruit treated with 50 pg L™ 1-MCP
remained longer in stages 5—6 (yellow with green tips to all yellow)
compared with +preETH fruit treated with 25 pg L™ 1-MCP. The two
higher concentrations of 1-MCP for both —preETH and +preETH treat-
ments showed delayed ripening.

0.64
(1-MCP
conc. effect)
==0==(0 png L' 1-MCP —preETH
10 ug L' 1-MCP —preETH
25 ug L1 1-MCP —preETH
= =0==50 ug L' 1-MCP —preETH
=00 pg L' 1-MCP +preETH
810 ug L'' 1-MCP +preETH
===k==75ug L' 1-MCP +preETH
=== 5(0 o ' 1-MCP +preETH

25 30 35

20 40

Day after treatment

Fig. 1. Ripeness stage during storage at 20 °C and 95% RH for banana fruit initially treated with 0 (—preETH, open symbols with broken lines) or 100 uL L~*
(+preETH, solid symbols with solid lines) ethylene for 24 h (Day —1) at 20 °C followed by 0, 10, 25, or 50 ug Lt aqueous 1-MCP (Day 0) (n = 6). Vertical bars are
LSDy. 05 values which varied within different time frames marked as different shades (Days 0 to 11; Days 13 to 15; Days 17 to 29; Days 31 to 37) due to the various

shelf-life of treatments.
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3.1.2. Respiration (CO2 production) and ethylene production rates

Respiration (Fig. 2) and ethylene (Fig. 3) production rates were
suppressed by 1-MCP, especially for the fruit without ethylene pre-
treatment (—preETH/+1-MCP). Initially, +preETH fruit had higher
respiration (CO, production) rates, over 14 pg kg ™! s!, compared with
—preETH fruit, which remained below 5 ug kg~* s!. The climacteric
peaks of respiration reached up to 22, 19, and 18 pg kg~ s! on the 5th
day for the 0, 10, and 25 pg L™ +preETH/+1-MCP treatments, and 15
ug kg™! s7! on the 10th day for 50 pg L™! +preETH/+1-MCP. The
climacteric peaks for the —preETH treatments occurred after 15, 21, 30,
and 31 d for 0, 10, 25, and 50 pg L™} 1-MCP, respectively. The respi-
ration rate reached up to 15 ug kg~ ! s! for the 0 and 10 pg L}
—preETH/+1-MCP fruit while it reached close to 12 pg kg™ s™! for the
25 and 50 pg L~ —preETH/+1-MCP fruit.

Ethylene production rates of +preETH fruit were initially over 0.2 ng
kg~! s7! while the rates for the —preETH fruit remained below 0.2 ng
kg~! s™L. The peak of ethylene production was the same for all +preETH
treatments, around 0.5 ng kg’1 s’l, and occurred at around 13 to 15 d,
while the —preETH fruit reached the ethylene climacteric peak on days
15, 17, 24, and 24 for 0, 10, 25, and 50 pg L7t 1-McP, respectively.
However, the peak of ethylene production for all +preETH treatments
might not be the actual climacteric peak, which should occur close to the
climacteric peak of respiration. Besides, the respiration rate after 13—15
d showed another rise which was accompanied by the appearance of
decay. The climacteric peak of ethylene production likely occurred
during the early stages of the experiment and the following higher peak
might be due to decay.

3.1.3. Peel color development

The +preETH bananas showed similar patterns of color development
regardless of the 1-MCP concentration applied (Fig. 4). Lightness of the
peel (Fig. 4a) increased from 60 to 70 on day 5 (at stage 5) then dropped
back to 60. The —preETH fruit had relatively lower peel lightness and
chroma (Fig. 4b) than the +preETH fruit. The peel lightness and chroma
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of —preETH/+1-MCP fruit rose slightly after day 9, was maintained
until day 19, and then decreased until the end of the investigation,
corresponding to the change from green to lighter yellow color and the
later appearance of darker brown spots. The same characteristics of the
—preETH/—1-MCP fruit remained the same during the first 23 d and
declined afterward. The peel color change in terms of hue angle (Fig. 4c)
in the —preETH treatments indicated a possible effect of 1-MCP dosage,
showing the inhibition of green color loss. Other than in the +preETH
treatments, in which the fruit turned from green to yellow faster than in
—preETH, the relative rate of color change of fruit in the rest of the
treatments corresponded to the 1-MCP concentration.

3.2. Exp. 2. Recovery of 1-MCP-treated banana ripening in continuous air
versus ethylene

3.2.1. Ripeness stages

When the effects of 1-MCP treatment followed or not by continuous
ethylene exposure were investigated, the —1-MCP/+postETH fruit
began to ripen earliest, followed by the —1-MCP/—postETH fruit; the
+1-MCP/+postETH fruit were next with the fruit from both 1-MCP
concentration treatments ripening together, and lastly the +1-MCP/
—postETH fruit ripened (both 1-MCP concentrations; Fig. 5). The —1-
MCP/+postETH fruit reached stage 7 fastest, on day 7, and the —1-MCP/
—postETH fruit did so on day 15. Fruit from the 50 and 100 ug L™} +1-
MCP/+postETH treatments also turned yellow starting from day 15,
which was 4 to 6 d earlier than the +1-MCP/—postETH fruit. There was
no obvious difference in ripening inhibition and recovery between fruit
treated with 50 or 100 pg L~! 1-MCP. However, fruit in the +1-MCP/
~+postETH treatment developed blotchy color during stages 4 to 5,
remained at stage 5-6 (with green tips) past day 25 (Fig. 5), and failed to
reach stage 7.

3.2.2. Rates of respiration (CO2 production) and ethylene production
The onset of the climacteric rises in respiration and ethylene
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Fig. 2. Respiration (CO, production) during storage at 20 °C and 95% RH for banana fruit initially treated with 0 (—preETH, open symbols with broken lines) or 100
uL Lt (+preETH, solid symbols with solid lines) ethylene pre-treatment for 24 h at 20 °C followed by 0, 10, 25, or 50 ug Lt aqueous 1-MCP (Day 0) (n = 3, each
replicate is a set of 3 fingers). Vertical bars are LSDg 5 values which varied within different time frames marked as different shades (Days 0 to 19; Days 20 to 29; Days

30 to 37) due to the various shelf-life of treatments.
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Fig. 3. Ethylene production during storage at 20 °C and 95% RH for banana fruit initially treated with 0 (—preETH, open symbols with broken lines) or 100 uL L™!
(+preETH, solid symbols with solid lines) ethylene for 24 h at 20 °C followed by 0, 10, 25, or 50 pg L' aqueous 1-MCP (n = 3, each replicate is a set of 3 fingers).
Vertical bars are LSDg g5 values which varied within different time frames marked as different shades (Days O to 19; Days 20 to 29; Days 30 to 37) due to the various

shelf-life of treatments.

production were delayed by 1-MCP, whether the 1-MCP treatment was
followed by continuous ethylene application or not (Figs. 6 and 7). Fruit
without 1-MCP treatment that were exposed to 0 or 100 pL L! ethylene
produced CO at rates on day 1 of 4 and 9 pg kg™! s™?, respectively,
which correspondingly increased to respiration peaks on day 11 without
ethylene and day 3 with ethylene, both with peak rates of 17-18 pg kg ™!
s~1. For 1-MCP-treated fruit, the respiration rate remained low at around
2-4 ug kg! s! until day 15. The respiration rates of the +1-MCP/
+postETH treatments increased faster than for the +1-MCP/—postETH
treatments until reaching around 10-12 pg kg~ s7}, staying at that
relatively constant level until the end of the investigation.

Fruit without 1-MCP but with ETH produced ethylene at 0.1 ng kg !
s ! on day 1, slightly increasing to 0.22 ng kg ! s~! on day 7, when the
fruit were at stage 7. The ethylene production by the —1-MCP/
—postETH treatment started from 0.03 ng kg™* s~! and rose to 0.5 ng
kg! s7! on day 15. 1-MCP-treated fruit produced around 0.03 ng kg !
s~ ! ethylene until day 15. Ethylene production for +1-MCP/+postETH
treatments rose earlier and reached a peak of around 0.8 ng kg™ s~* on
day 23-25. For the —postETH treatments, ethylene production started to
increase from day 19 and reached around 0.65 ng kg~ ! s~* on day 25,
which was slightly lower than that of +postETH fruit. The +postETH
treatment accelerated the climacteric respiration and ethylene produc-
tion without a significant 1-MCP concentration effect.

3.2.3. Peel color components

Treatment of bananas with 1-MCP regardless of post-treatment
ethylene exposure delayed peel color development (Fig. 8). The peel
lightness and chroma of —1-MCP/+postETH fruit showed sharp in-
creases and reached their highest values on day 5 before declining. Color
development of —1-MCP/—postETH fruit proceeded slowly and reached
a peak around days 13 to 15. Color development of fruit from the +1-
MCP/+postETH treatments started to sharply increase on days 17 and

15 for lightness and chroma, respectively. The peaks for lightness and
chroma were reached on day 25 and days 21 to 25 for fruit from the 50
and 100 pg L' +1-MCP/+postETH treatments, respectively, and
dropped over the last few days as the appearance of senescence spots
increased on the peel. Fruit treated solely with 1-MCP (+1-MCP/
—postETH) were the last to turn yellow. The lightness in peel color of
fruit from the 50 pg L™ +1-MCP/—postETH treatment began to turn on
day 21 while the lightness of fruit receiving 100 pg L~! 1-MCP/
—postETH started to change on day 23. The chroma rose sharply on day
19 and day 23 for fruit that received 50 or 100 ug L™ 1-MCP/—postETH,
respectively, and peaked on day 27 and day 29, respectively. The hue
angle (turning from green to yellow) in all treatments decreased
throughout the investigation (Fig. 8c) and changed sharply on different
days. Fruit from the —1-MCP/+postETH treatment turned on day 3, fruit
from —1-MCP/—postETH turned on day 5, fruit receiving 50 or 100 ug
L~! +1-MCP/+postETH turned on day 17, fruit from 50 ug L™ +1-MCP/
—postETH turned on day 21, and fruit from 100 pg L™' +1-MCP/
—postETH turned on day 23. The results suggest that 1-MCP delayed the
ripening-related peel color development of banana fruit and that
ethylene application after 1-MCP accelerated the ripening process.

3.2.4. Ripening of the pericarp

As shown in Fig. 9a, —1-MCP fruit exhibited uniform ripening of the
pericarp at stage 6. In contrast, fruit from the 100 pg L' +1-MCP/
~+postETH treatment developed translucency at the center of the fruit
pericarp by stage 5 (Fig. 9b). When peeling the fruit without 1-MCP
application, peel tissues were easily separated from the pericarp
(Fig. 9¢); but for +1-MCP/+postETH fruit, a layer of relatively firm
pericarp tissue of about 2 mm thickness remained attached to the peel
(Fig. 9d). The pericarp of fruit treated with the same 1-MCP concen-
tration but —postETH had a similar translucent appearance. Although
the +1-MCP fruit remained at stage 5 peel color longer than the —1-MCP
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Fig. 4. Peel color response during storage at 20 °C and 95% RH in terms of lightness (a), chroma (b), and hue angle (c) for banana fruit initially treated with
0 (—preETH, open symbols with broken lines) or 100 pL L~ (+preETH, solid symbols with solid lines) ethylene for 24 h at 20 °C followed by 0, 10, 25, or 50 ug L!
aqueous 1-MCP (Day 0). (n = 6). Vertical bars are LSDg s values which varied within different time frames marked as different shades (Days 0 to 11; Days 13 to 15;

Days 17 to 27; Days 29 to 37) due to the various shelf-life of treatments.

fruit, the whole pericarp of the +1-MCP fruit was translucent at peel
color stages 6 to 7 (Fig. 9f and h) like the over-ripe fruit without 1-MCP
(Fig. 9e and g) at stage 7. This observation suggests that although the
higher concentration of 1-MCP might have led to uneven ripening of the
pericarp tissue during the early part of ripening (stage 5), the entire
pericarp eventually still became translucent.

4. Discussion

In this study, aqueous 1-MCP immersion for 60 s was shown to be a
time-efficient method that is comparable to gaseous application for
12-24 h in delaying the ripening of banana fruit. This is in agreement
with previous reports for tomato (Choi and Huber, 2008) and banana

(Rahman et al., 2014), respectively. With selection of an appropriate
concentration, 1-MCP immersion is a promising add-on process in
packinghouses to increase the green-life of bananas for export markets
and to increase the through-put of the packing-line procedure.

The response of banana fruit to 1-MCP is known to be “concentration
x exposure time”-dependent (Bagnato et al., 2003; Harris et al., 2000;
Jiang et al., 1999a). In our study, MG banana fruit treated with 10 pg L™
1-MCP solution had similar responses as for fruit without 1-MCP treat-
ment while the fruit immersed in 25 pg L™ 1-MCP solution or higher
showed obvious delays in the development of ripening parameters. The
most effective concentration suggested in our study was lower than
previously reported for banana fruit, such as 100 ug L™! 1-MCP for 10
min immersion for ‘Cavendish’ (Rahman et al., 2013) or 100 pg Lt
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including preharvest factors, banana variety, and packaging and storage
methods. Higher aqueous 1-MCP concentrations and longer immersion
times than the 25 ug L™! for 60 s treatment reported here may not only

1-MCP for 5 min immersion for ‘Gros Michel’ (Rahman et al., 2014). The
difference may be due to lack of testing of lower 1-MCP concentrations
in the previous research as well as variation in experimental designs,
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have stronger effects in terms of delaying onset of ripening but may also
cause abnormal ripening recovery as observed in banana (Rahman et al.,
2013, 2014) and in tomato (Choi and Huber, 2008).

In Exp. 2., The ripening inhibition responses to 50 and 100 pg L™! 1-
MCP application for 60 s without post-treatment ethylene were not
significantly different, which suggests a possible saturation point of
around 50 pg L' 1-MCP on banana fruit. A concentration-dependent
effect of aqueous 1-MCP for the maximum ripening inhibition in MG
tomato occurred at 400 pg L~! for a 1 min immersion (Choi and Huber,
2008). In our study, 25-50 pg L~ 1-MCP was shown to be an appro-
priate concentration to delay banana ripening with no problematic
developmental defects such as blotchy peel color or translucent central
pericarp tissue being observed during ripening recovery. For 100 ug L™}
1-MCP plus post-treatment ethylene, abnormal ripening was observed in
that the pulp softened and turned translucent from the center while the
peel remained at stage 5 with no senescent spots forming.

Ethylene exposure before or after 1-MCP application showed
different patterns of ripening and ripening recovery. To maximize
ethylene action and ensure uniform ripening of a climacteric fruit like
banana, the continuous presence of a saturating dose of ethylene is
essential. In a previous study it was found that application of gaseous 1-
MCP for 24 h after initiation of the climacteric using 500 pL L™! pro-
pylene (equivalent to 5 uL. L ! ethylene) (Burg and Burg, 1967) had little
effect on banana ripening (Golding et al., 1998). It was suggested that
the ripening process could be considered irreversible after a 24 h
ethylene or propylene treatment at 15-20 °C (Golding et al., 1998). The
ethylene application in Exp. 1 involved exposure to 100 uL L™! ethylene
for 24 h, which initiated the climacteric. The ethylene treatment was
then followed by 1-MCP treatment, and our results are in agreement
with previous reports showing the effects of exogenous ethylene treat-
ments in simultaneously promoting ripening and mitigating 1-MCP ef-
fects. In contrast, continuous exposure to 100 pL L1 ethylene after
applying 1-MCP modulated the inhibition of ethylene action by 1-MCP.
In Exp. 2, the fruit treated with either 50 or 100 ug L~! 1-MCP showed
similar ripening suppression periods and post-treatment ethylene
exposure reduced the time for ripening to recommence by 2-4 d.

The recovery of ethylene sensitivity and ethylene action following 1-
MCP treatment has been proposed to be due to the regeneration of

Scientia Horticulturae 309 (2023) 111636

Fig. 7. Ethylene production rates of banana fruit
during storage 20 °C and 95% RH after treatment
with 0, 50, or 100 pg L1 aqueous 1-MCP followed
by 0 (—postETH, open symbols with broken lines)
or 100 uL L™ (+postETH, solid symbols with solid
lines) ethylene (n = 3, each replicate is a set of 3
fingers). Vertical bars are LSDggs values which
varied within different time frames marked as
different shades (Days O to 7; Days 9 to 15; Days 17
to 33; Days 35 to 37) due to the various shelf-life of
n.s. treatments. (n.s.= not significant).

30 40

ethylene receptors or the renewed availability of ethylene receptors.
However, Sisler et al. (1996b) determined using radiolabelled 1-MCP
that its binding to ethylene receptors is irreversible. Ethylene induces
a subset of receptor genes in Arabidopsis (Chen et al., 2007) and turn-
over of ethylene receptors triggered by ethylene binding was observed in
Arabidopsis (Chen et al., 2007) and tomato (Kevany et al., 2007).
However, when 1-MCP bound to ethylene receptors, the regeneration of
receptor genes was reduced (Tatsuki and Endo, 2006), suggesting a role
for ethylene action in ethylene receptor production. It was shown in
brocceoli (Able et al., 2002) and tomato (Sisler et al., 1996a) that, for
maximum effectiveness, 1-MCP should be periodically re-applied.
Commercial practice for 1-MCP treatment of apples in storage also in-
cludes periodic re-applications. If 1-MCP binding is irreversible, the
need for periodic reapplication of 1-MCP implies that production of new,
unbound receptors is involved in the recovery from 1-MCP treatment.
Jiang et al. (1999b) showed that 1-MCP-treated bananas in polyethylene
bags eventually ripened, and they suggested that regeneration of
ethylene receptors was involved. In our study, continuous exposure to
ethylene following 1-MCP treatment speeded up the recovery of the
ripening process, which was also observed by others (Jiang et al., 1999a;
Zhu et al., 2015). This suggests the potential use of ethylene to accel-
erate the regeneration of ethylene receptors to optimize full ripening
recovery of 1-MCP-treated fruit.

Altered climacteric bursts of respiration and ethylene production
have been observed in most 1-MCP-treated crops (Watkins, 2006). In
this study, the climacteric respiration of 1-MCP-treated banana fruit was
delayed and reduced in response to increasing 1-MCP concentrations,
whether the fruit received post-treatment ethylene or not, which was
previously reported for banana (Golding et al., 1998; Rahman et al.,
2014; Zhu et al., 2015) and tomato (Choi and Huber, 2008). However,
while the ethylene production of the 1-MCP-treated fruit was delayed,
the peak was higher than for fruit without 1-MCP treatment, which is
supported by other researchers (Golding et al., 1998; Pelayo et al., 2003;
Zhu et al., 2015). Preclimacteric bananas have been shown to exhibit a
kind of autoinhibition of ethylene production, producing less ethylene
when treated with higher concentrations of ethylene or its analogues (e.
g., propylene) to initiate climacteric ripening (Golding et al., 1998;
Inaba et al., 1986; Vendrell and McGlasson, 1971). Atta-Aly et al. (2000)
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Fig. 8. Peel color changes of banana fruit during storage at 20 °C and 95% RH after treatment with 0, 50, or 100 ug L' aqueous 1-MCP followed by 0 (—postETH,
open symbol with solid lines) or 100 pL L (+postETH, solid symbol with solid lines) ethylene in terms of lightness (a), chroma (b), and hue angle (c)(n = 6). Vertical
bars are LSDg o5 values which varied within different time frames marked as different shades (Days 0 to 7; Days 9 to 15; Days 17 to 33; Days 35 to 37) due to the

various shelf-life of treatments. (n.s., not significant).

found that autoinhibition of ethylene production is the normal state in
nonclimacteric strawberry fruit, but that there was a transition from
autoinhibition to autocatalysis in climacteric tomato fruit during the
transition from the immature green to mature green developmental
stages. It was suggested that the normal autocatalytic feedback mecha-
nism of ethylene biosynthesis upon exposure to exogenous ethylene was
blocked in MG banana by exposure to 1-MCP (Golding et al., 1998).
Inaba et al. (2007) found differential feedback regulation of ethylene
biosynthesis in banana pulp and peel. 1-MCP-treatment of preclimac-
teric bananas followed by 500 uL L ™! propylene, or treatment of bananas
with 1-MCP after the onset of ripening, resulted in higher ethylene
production, higher content of the ethylene precursor 1-aminocyclopro-
pane-1-carboxylic acid (ACC), and ACC synthase activity, but lower
ACC oxidase activity in the pericarp, while the opposite effect was
observed in peel tissues (Inaba et al., 1986).

The banana peel comprises about 35% of the whole fruit weight (Vu
et al,, 2016) and the changes in the peel during ripening may be

overshadowed by the biochemical changes in the greater amount of
pericarp tissue. Therefore, the ethylene production rate could be
increasing in 1-MCP-treated fruit without corresponding appearance of
ripening-related changes in the peel. The gas composition of the internal
tissues (data not shown) showed similar results with static measurement
of whole fruit except for the exogenous ethylene application on
1-MCP-treated fruit. 1-MCP responsiveness has been shown to be
strongly decreased or increased by treatments that increase or decrease
internal ethylene concentration in apple (Watkins et al., 2000), avocado
(Zhang et al., 2009), and tomato (Zhang et al., 2011). The results from
Exp. 2 in our study showed that, during ripening recovery of
1-MCP-treated fruit, post-treatment ethylene application resulted in
more ethylene production than for fruit receiving only 1-MCP treatment.
This suggests that the ethylene treatment may have accelerated the
production of new ethylene receptors and thus offset the inhibition of
endogenous ethylene production associated with 1-MCP.

As ripening proceeds, chlorophyll breakdown and carotenoid
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biosynthesis occur in the banana peel, which turns from green to yellow
(Kulkarni et al., 2011; Vu et al., 2019). Besides carotenoids, flavonoids
can also contribute to yellow color of plants (Nishihara and Nakatsuka,
2011) and may also be involved in banana peel color development.
1-MCP treatment delays the ripening-associated color development of
banana fruit as shown in previous reports (Golding et al., 1998; Zhu
et al., 2015). Peel degreening is influenced by ethylene, which promotes
chlorophyll degradation, unmasking pre-existing, stable carotenoids
present in the peel (Gross et al., 1976). The values for lightness, b* and
chroma of 1-MCP-treated fruit were lower than for fruit without 1-MCP
treatment, indicative of darker, less yellow and less pure color for fruit
treated with 1-MCP, and lighter, brighter and more pure yellow color for
fruit without 1-MCP. While partial retention of green chlorophyll could
be involved in the observed color difference between 1-MCP treated and
untreated bananas, the process of turning yellow could also be affected
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Fig. 9. Pericarp translucency during ripening and softening
shown in cross section (a, b, e, f) and longitudinal section (c, d,
g, h). (a, ¢) normally ripe banana (—postETH) on Day 13; (b, d)
banana treated with 100 pg L™! 1-MCP followed by 100 pL L™?
ethylene (+postETH) on Day 25 (unevenly ripe); (e, g) banana
treated with 100 pg L™ 1-MCP followed by 100 puL L™! ethylene
(+postETH) on Day 31 (overripe); (f, h) normally ripening ba-
nana (—postETH) on Day 19 (overripe). Horizontal bars equal to
1 cm.

by inhibition of ethylene perception. Phytoene synthase (PSY) is an
important upstream enzyme for carotenoid biosynthesis that has been
found to be involved in ethylene-induced ripening in tomato, for which
1-MCP application was shown to alter the mRNA abundance of PSY,
which suppressed color development (Hoeberichts et al., 2002). It is
possible that the carotenoid biosynthesis pathway in the banana peel
was similarly altered by the inhibition of ethylene action via 1-MCP.
Moreover, the apparent overdosing of 1-MCP in the 100 pg L™* 1-MCP
treatment, with ethylene or not, resulted in asynchronous color devel-
opment within the same tissues such that green tips were retained on the
fruit even while senescent spots were observed to develop (Supple-
mentary Fig. 3).

Uneven coloration during ripening recovery has been addressed as a
critical issue for 1-MCP protocol development (Golding et al., 1998;
Harris et al., 2000). In our study, fruit with ethylene pre-treatment



L.-Y. Chang and J.K. Brecht

followed by 1-MCP application didn’t develop the blotchy appearance
on the peel that was previously described as being a consequence of
1-MCP overdosing. The rest of the 1-MCP-treated fruit, whether fol-
lowed by ethylene exposure or not, exhibited mottled yellow and green
coloration during stages 4 - 5. There were also green tips retained on the
fruit even when senescent spots appeared on fruit treated with 100 pg
L~! 1-MCP.

Abnormal softening may be induced by 1-MCP application, as has
been observed in tomato (Hurr et al., 2005) and papaya (Manenoi et al.,
2007) in which less mature fruit receiving excess 1-MCP ripened
abnormally upon recovery. This abnormal ripening included incomplete
softening. However, fruit treated at appropriate maturity with optimal
1-MCP concentration could recover from 1-MCP and soften normally
(Dong et al., 2002; Hofman et al., 2001). Few observations have been
reported of detailed anatomical aspects of this incomplete softening. In
our study, fruit treated with 100 pg L™ 1-MCP followed by ethylene
treatment developed abnormal translucency in the core of the pericarp
at stage 5 that was similar to the translucent appearance of over-ripe
pericarp tissue; however, the pulp tissues recovered a normal soft
texture at stage 7, similar to what was observed in control fruit.

It seems possible that the inner, translucent pericarp tissue may be
the fruit endocarp and the outer, hard tissue that adhered to the peel
(exocarp) may be the fruit mesocarp. Since there was no clear demar-
cation between endocarp and mesocarp tissue in normally softening
fruit, this observation should be further investigated to determine if the
symptoms of hard and soft, translucent tissues are limited to the meso-
carp and endocarp, respectively.

Uneven banana peel color development and abnormal softening of
the pericarp may result from possible excess 1-MCP sorption and
desorption in the exocarp, which has been observed in fruit of the closely
related plantain (Choi and Huber, 2009). 1-MCP sorption by asparagus
spears and plantain fruit has been shown to be associated with high
lignin concentrations (Choi and Huber, 2009). Starch, which is the
major storage component in the pericarp of MG bananas, also exhibited
low 1-MCP sorption (Choi and Huber, 2009). Thus, there is potentially a
large amount of 1-MCP available for non-specific binding since it has
been estimated that 1-MCP treatments typically involve a huge excess of
1-MCP molecules compared with calculated ethylene binding sites — on
the order of 0.5 to 4.3 x 10° molecules of 1-MCP available per physio-
logical binding site (Nanthachia et al., 2007). This could result in uneven
distribution and potential reservoirs of 1-MCP within banana fruit. Once
the tissues recover from 1-MCP treatment and generate new ethylene
receptors, desorption of 1-MCP from non-specific binding sites in the
banana exocarp might result in availability of free 1-MCP to bind to the
new receptors. However, the simultaneous presence of exogenous
ethylene during binding site regeneration could increase the chances of
functional binding sites being present, favoring recovery of ripening as
observed in the present study.

Climacteric ethylene production and presumably respiration as well
starts in the pericarp tissues of banana (Vendrell and McGlasson, 1971)
where there has been shown to be significant resistance to diffusion of
COy and Oy (Perez and Beaudry, 1998). This might indicate that
ethylene accumulates to some extent in the inner portion of the banana
fruit pulp while the peel tissues may continue releasing 1-MCP from
non-specific binding sites to the external portion of the fruit. This may
explain why the pericarp develops an over-ripe-like core during ripening
recovery following 1-MCP treatment, but with unripe or uneven color-
ation of the peel.

5. Conclusions

Aqueous 1-MCP application is comparable to the traditional gaseous
application method in its effect on MG banana. After 1-MCP immersion,
inhibition of ethylene action in MG banana results in delayed ripening.
This includes delayed and attenuated climacteric respiration and
ethylene production, and inhibition of color development and softening.
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For a 60-s exposure time, the minimum concentration of aqueous 1-MCP
necessary to inhibit ripening while still allowing full recovery of normal
ripening was 25 pg L. Ethylene exposure for 24 h prior to treatment
with 1-MCP largely overcame the ripening inhibition, while continuous
ethylene exposure following 1-MCP treatment promoted earlier onset of
climacteric changes and accelerated the recovery of ripening, which
supports the suggestion that ethylene may promote generation of new
ethylene receptors. From a practical standpoint, immersion treatment of
bananas with 25 ug L™ 1-MCP without ETH resulted in shelf life of 37
d at 20 °C versus about 15 days without 1-MCP or ETH, extending the
time at the full yellow color (stage 6) while also inhibiting senescent
spotting.
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Delaying ripening using 1-MCP
reveals chilling injury symptom
development at the putative
chilling threshold temperature
for mature green banana

Lan-Yen Chang'?*, Steven A. Sargent?, Jeongim Kim? and
Jeffrey K. Brecht?

!Division of Crop Improvement, Tainan District Agricultural Research and Extension Station, Tainan,
Taiwan, ?Horticultural Sciences Department, University of Florida, Gainesville, FL, United States

Storage at the putative chilling threshold temperature (CTT) to avoid chilling
injury still limits postharvest handling of tropical fruit like banana in that
ripening may occur at the CTT. To determine whether chilling injury (Cl)
symptoms would develop in mature green (MG) banana fruit if the CTT
exposure was extended by inhibiting ethylene action and thus ripening,
1-methylcyclopropene (1-MCP) was applied. Individual ‘fingers’ from multiple
‘clusters’ of MG bananas were either immersed in water or 50 pug L™ 1-MCP
(a.i.) solution and each treatment was divided into three subgroups for storage
at 5.0°C (severe Cl), 13.0°C (mild ClI), or 14.0°C (CTT) + 0.1°C. 1-MCP delayed
ripening in terms of color change for 10 days for fruit stored at the CTT.
Ethylene production by fruit at 5.0°C remained around 0.04 ng kg=* s7* with
no obvious increase during 31-day storage. Ethylene production at 14.0°C
(=1-MCP/+1-MCP) increased on Day 33 while increasing on Day 38 for 13.0°C
fruit without 1-MCP and on Day 39 for fruit with 1-MCP. Peak climacteric
ethylene occurred on Days 44 and 39 for 13.0 and 14.0°C fruit without 1-MCP,
respectively, and on Days 59 and 51 for 13.0°C and 14.0°C 1-MCP-treated
fruit, respectively. As hypothesized, longer exposure of MG banana fruit to
the CTT of 14.0°C without onset of ripening as was allowed by prior 1-MCP
treatment allowed CI to develop at that normally non-chilling temperature.
Vascular browning was the first visual and most sensitive CI symptom in the
experiment and was observed on Day 4 at 5.0°C, Day 10 at 13.0°C, Day 19 at
14.0°C without 1-MCP, and on Day 28 at 14.0°C with 1-MCP. Using a 1-MCP
pre-treatment to remove the influence of ethylene from bananas stored at
13°C or 14°C also resulted in slight reduction in vascular browning severity. In
conclusion, a putative safe temperature may become a Cl temperature if the
shelf-life-limiting factor is removed, allowing longer exposure. Chilling at the
CTT caused relatively mild injury on fruit, and vascular browning is a sensitive
indicator of Cl status, while the light-adapted quantum yield of photosystem
[ TY(I)] could be a non-destructive indicator of early Cl stress in MG banana.
Fruit at 13.0/14.0°C developed CI symptoms slightly later with 1-MCP than
without 1-MCP. This suggests that ethylene might be involved in early ClI
symptom development.
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Introduction

Temperature management is essential to control crop
metabolic activity and therefore maintain the quality of a
commodity for the longest shelf-life before deterioration from
senescence or decay occurs. However, most tropical crops, which
are chilling sensitive, can be dramatically and negatively affected
by low-temperature storage. Below some temperature limit,
physiological damage, known as chilling injury (CI), occurs in
plant tissues (Lyons, 1973). The temperature limit, or chilling
threshold temperature (CTT) is a practical term within the
produce industry for the lowest safe storage or transport
temperature at which CI is never encountered under usual
postharvest handling conditions. Therefore, for climacteric
tropical fruit species, the major shelf-life limitation is CI at chilling
temperatures and ripening at non-chilling temperatures. Banana
(Musa spp., AAA group, Cavendish type), one of the most
economically important horticultural crops worldwide, is a
chilling-sensitive, climacteric tropical fruit requiring strict
temperature control [recommended storage temperature range
from 13.3 to 14.4°C (Thompson, 2011)] to maintain its
commercial value. Classical CI symptoms of banana fruit include
peel surface discoloration, subepidermal vascular browning,
delayed or abnormal ripening, and sometimes failure to ripen,
which are related to both temperature and exposure time.
Underpeel discoloration, the industry term for vascular browning,
is the earliest visible symptom of banana CI (Harvey, 2005), and
reputedly can result from exposing mature-green (MG) banana to
1h at 10°C, 5h at 11.7°C, 24h at 12.2°C, or 72h at 12.8°C
(PE. Brecht, PEB Commodities, formerly Corp. Dir. Qual.
Control, United Brands/Chiquita, personal communication).
However, the alteration of membrane lipids is generally regarded
as the first step of CI response in plant cells and precedes the
appearance of visible CI symptoms (Marangoni et al., 1996).

Low temperature is perceived by plants as a kind of stress.
When plant tissues are exposed to an injurious low temperature,
the membrane conformation and structure are firstly affected, and
parameters related to membrane permeability, such as electrolyte
efflux (EE) and lipid oxidation, composition adjustment, or phase
transition of membrane lipids, proceed as the severity of chilling
increases (Lyons, 1973; Saltveit, 1991). However, the longer the
duration of chilling exposure or the lower the temperature during
exposure, the more severe the CI symptoms that were observed in
lemon (Citrus limon L. cv. Eureka; Eaks, 1980), avocado (Persea
americana cv. ‘Hass’; Eaks, 1983), and banana (Trejo-Mdrquez and
Vendrell, 2010). As CI and severe CI symptoms are irreversible,
cells probably die in the extreme condition.
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Ripening-related ethylene production by climacteric fruits like
banana is triggered by maturation stage, controlled by specific silent
genes (Yang and Hoffman, 1984; Manning et al., 2006; Lii et al.,
2018). Ethylene production is also often regarded as being involved
in the response of plants to various stresses, including chilling,
freezing, high temperature, and mechanical injury. The ethylene
produced by fruit tissues in response to chilling stress could play a
role in the development of CI or CI symptoms. Some fruit such as
zucchini (Cucurbita pepo L.) have been reported to produce
increased amounts of ethylene as storage duration below the CTT is
extended (Megfas et al., 2016); some fruit produce a great amount of
ethylene upon rewarming from the chilling temperature (e.g.,
cucumber, Cucumis sativus L.; Faks and Morris, 1956; Andersen and
Kent, 1982). For banana, Li et al. (2015) applied ethylene to mature-
green (MG) banana fruit before exposure to chilling conditions and
suggested that the ethylene alleviated CI symptom development.
However, the ethylene application also accelerated the ripening
process, which would have likely reduced CI sensitivity as shown for
tomatoes (Chomchalow et al., 2002; Biswas et al., 2014), since banana
fruit are extremely ethylene-sensitive. It has been reported that the
ripening process in physiologically MG banana fruit can be triggered
by 0.015 to 0.5 pL L™ ethylene (Marriott and Palmer, 1980; Chang
and Hwang, 1990).

1-Methylcyclopropene (1-MCP) is an ethylene action
inhibitor that effectively binds irreversibly to ethylene receptors,
preventing the signal transduction regulating ethylene action
(Sisler et al., 1996a). It has been found that 1-MCP treatment
inhibited the development of CI in avocado (Pesis et al., 2002),
pineapple (Anana comosus L. Merr; Selvarajah et al., 2001), and
plum (Prunus salicina L.; Candan et al., 2006); however, 1-MCP
was reported to exacerbate CI symptoms in “Empire” apple (Malus
domestica Borkh; Watkins, 2008). These results suggest that the
response of different species of fruit to ethylene under chilling
stress varies and that the mechanisms of ethylene action on CI and
its development in various harvested fruit are relatively complex.

Since banana shelf life is limited by ripening at the CTT,
application of ethylene antagonists such as 1-MCP could be a
promising practice to delay the onset of the ripening process and
thus extend the shelf life. However, the resulting extension of banana
shelf-life at the CTT by 1-MCP application raises the possibility that
CI could replace ripening as the shelf-life limiting factor. That is
because the longer-than-normal exposure to the slightly higher
temperature that would be made possible by 1-MCP treatment
might allow CI to occur that is usually obviated by ripening.

The basis for conducting the research being reported here was
related to the following two suppositions: first, that tropical
climacteric fruit shelflife is limited by CI at chilling temperatures
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and by ripening at non-chilling temperatures; second, that the
ethylene produced by fruit tissues in response to chilling stress
could play a role in the development of CI. We used 1-MCP
treatment prior to storage of MG bananas at their CTT (i.e., their
lowest non-chilling temperature of 14.0°C) or at a chilling
temperature just below the CTT (i.e., 13.0°C) to explore those two
suppositions. For comparison, we also stored bananas at the
extreme chilling temperature of 5.0°C.

The objectives of this study were to determine the possible
role of ethylene in the development of banana CI and/or CI
symptom development by using 1-MCP to remove ethylene
involvement, and to examine the potential chilling stress
parameters that might be affected by ethylene.

Materials and methods
Sample preparation and treatments

MG banana fruit (Musa spp., AAA group Cavendish subgroup)
without exogenous exposure to ethylene were obtained through a
local retailer in Florida directly after receipt at the retailer’s local
distribution center, and about 4-5 days after harvest in Guatemala,
with the bananas having been maintained at 13.5-14.0°C, depending
on the season. Once received at a local store in Gainesville, the fruit
were transferred to the Postharvest Laboratory, University of Florida,
FL, United States. To reduce variation in maturity, clusters with
a*<—14 and hue angle (h*) <105 ° were selected from a group
representing twice the number required for each experiment.
Selected clusters (i.e., “hands”) were divided into individual fruit (i.e.,
“fingers”), selecting only those at stage 2 (1-7 scale; von Loesecke,
1950; Supplementary Figure 1) and discarding fruit with nonuniform
size and color, or with defects. The selected fingers were randomized
and then washed and sanitized using 100 pL L™ peroxyacetic acid
for 3min and allowed to air dry before further treatment. The
experiment described here was conducted twice using fruit obtained
and handled in this way with similar results and representative
results are presented.

Preparation of aqueous 1-MCP solution was based on Choi
and Huber (2008) and Hagan et al. (2017). Solutions were
prepared with 1-MCP powder (AF xRD-380, AgroFresh, Inc.,
Rohm and Haas, Philadelphia, PA, United States) at 0 or 50 pg L™
(active ingredient; a.i.), with the powder suspended in 10 L of
distilled water in a 20 L plastic bucket by stirring for 1 min. Based
on our preliminary measurements of 1-MCP release kinetics,
we determined that loss of 1-MCP due to volatilization was
minimal if the 1-MCP solution was used less than 45 min after
preparation. Therefore, within 10 to 45 min following preparation,
banana fingers for the two treatments were immersed in the
solutions for 60s at 23.0°C followed by air drying. The immersion
and drying of the bananas for the two treatments were done
separately to avoid 1-MCP cross-contamination. After drying, the
control and 1-MCP bananas were stored overnight in separate
rooms at 14.0°C and 95% relative humidity (RH).
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On the following day, bananas treated with 0 or 50 ugL™"
aqueous 1-MCP (a.i.) solutions were then divided into three
subgroups (51 fingers per subgroup plus an additional
approximately 10% fruit for observations) and transferred to 5°C
(severe CI), 13°C (mild CI), or 14°C (CTT; £0.1°C) and 95% RH
(£1%) in the darkness. The customized Conviron controlled
temperature rooms (Controlled Environments Ltd., Winnipeg,
Manitoba, Canada) that were used for these experiments
maintained the setpoint temperature +0.1°C using a hot gas
bypass system and continuous compressor and fan operation; the
RH was maintained at +1% by a dry fog system (ES100, Smart Fog
Inc., Reno, NV, United States).

Ripeness stage

Three randomly selected banana fingers within the same
treatment were selected and their ripeness stage, from 2 (light
green) to 7 (yellow with brown spots), was judged visually by the
external skin color using a standard banana color chart (von
Loesecke, 1950; Supplementary Figure 1). The ripeness stages of
the same three banana fingers per treatment were reevaluated at
each subsequent sampling time.

Respiration rate and ethylene production
measurement

Respiration and ethylene production were measured every 4h
during the first 3 d, then every day until Day 9, then every 2 d
during Days 11-37, and back to daily until the last measurement
(up to 61days depending on the treatment). Three replicates of
three banana fingers from each treatment were maintained in
1.75 L glass containers equipped with lids with rubber septa and
were sealed for 1h at 13°C or 14°C and 1.5h for 5°C. A 3.0-mL
headspace sample was withdrawn with a syringe for CO, and
ethylene using a Varian CP-3800 gas
chromatograph (Varian Inc., Walnut Creek, CA, United States)
equipped with a thermal conductivity detector (TCD) and a pulse

measurements

discharge helium ionization detector (PDHID) as described in
detail by Chang and Brecht (2020b). The carrier gas (helium) flow
rate was 0.33 mLs™". The injector and columns were operated at
220°C and 50°C, respectively. The PDHID was operated at 120°C
and the TCD was operated at 130°C.

Texture analysis

The texture of the peel and pulp of three banana fingers per
treatment was determined by using a texture analyzer (TA.XT
plus, Texture Technologies Corp. and Stable Micro Systems, Ltd.,
Hamilton, MA, United States) every 3 d beginning on Day 1,
except for the last three evaluations, which were conducted on
Days 43, 51, and 61. Samples were prepared after equilibrating to
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room temperature (23°C). For peel texture analysis, banana peel
from near the equatorial region was cut into two, 2.5x2.5cm
squares per finger. Banana peel shear resistance was evaluated by
putting the epidermal side of the peel tissue downward and using
a 50-kg load cell fitted with a 3-mm thick stainless steel flat-edge
blade positioned parallel to the fiber direction. The peel was then
sheared to a depth of 5mm at a rate of 10mmmin~ and the
maximum load force was recorded and expressed in Newton (N).
Pulp texture analysis was performed on two 5-cm-thick cross
sections of pulp tissue sliced from whole fruit near the equatorial
region. The measurement was performed using a 50-kg load cell
fitted with an 8-mm stainless steel Magness—Taylor probe (convex
tip), which was positioned at zero-force contact on the equatorial
region of the sample, positioned horizontally on its side on a solid
platform. Pulp slices were compressed to a depth of 10 mm at a
rate of 10 mmmin~'. The maximum load force over the distance
of the probe travel was recorded and expressed in Newton (N).

Evaluation of peel graying, vascular
browning, and chlorophyll fluorescence

Chilling injury severity in banana fruit was scored visually on
three banana fingers per treatment every 3 day beginning on Day
1, except for the last three evaluations, which were conducted on
Days 43, 51, and 61. Peel graying was determined by estimating
the percentage area of banana peel turning gray or grayish-brown.
Vascular browning in the peel aerenchyma tissue was expressed as
percentage area of browning after removing the peel epidermal
layer from the middle portion (ca. 3 x5cm?) of a finger using a
potato peeler (Supplementary Figure 2).

Chlorophyll fluorescence was measured every half-day during
the first 3 d, then every day until Day 9, then every 2 d until the
last day at each treatment temperature (5+0.1, 13+0.1, or
14+£0.1°C). Photosystem II (PSII) function of chloroplasts was
determined through the modulated chlorophyll fluorometer
OS5p + (Opti-Science Ltd., Hudson, United States). For the dark-
adapted test of maximum quantum yield (photochemical
efficiency of PSII), the fruit were placed in continuous dark for at
least 30 min and the equatorial region of samples was evaluated in
the dark without light disruption while collecting data of Fv/Fm.
For the light-adapted test on the quantum yield of PSII, fruit
samples were exposed to illumination from a full spectrum LED
light fixture (40W, 5000K, 4100 lumens, Sunco Lighting,
United States) for at least 30 min and the equatorial region of the
sample exposed to light evaluated using Y(II) mode.

Peel electrolyte efflux and
malondialdehyde content

Fruit samples were evaluated every 6 days, except for the last

three intervals at Days 43, 51, and 61. Electrolyte efflux (EE) of
banana peel was evaluated using peel tissue disks (n=3) excised
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from the equatorial region using a 9-mm diameter (No. 5) cork
borer. Disks of each fruit peel sample were rinsed with distilled
water followed by drying with paper towels and immersion in
10 mL of 0.7 M mannitol solution at 23.0°C for 4h (Villalta and
Sargent, 2004) with gentle shaking. The conductivity of the
mannitol bathing solution after 4h incubation was measured
using a YSI-31A conductivity meter (Model 3,403, Yellow Springs,
OH, USA). Total electrolyte content was determined after freezing
the tissue samples at —20°C for at least 24 h. Frozen samples were
thawed and boiled for 30 min and the conductivity of the bathing
solution was re-measured. Electrolyte efflux was expressed as a
percentage of total tissue electrolyte content.

Malondialdehyde (MDA) measurement was done as described
by Huang et al. (2013). Frozen peel tissue (2.0 g) was homogenized
in 10 mL of 100 g L™ trichloroacetic acid and centrifuged at
10,000 x g, for 20 min. A 1-mL aliquot of the resulting supernatant
was collected and mixed with 3 mL of 5 g L™' thiobarbituric acid.
The mixture was boiled for 15min, cooled in an ice bath, and
centrifuged at 12,000 x g, for 15min. The clear supernatant was
collected and used to measure absorbance at 450, 532, and 600 nm.
The MDA concentration was calculated according to the formula:
6.453 x (A532— A600) — 0.563 x A450. The concentration of MDA
on a fresh weight basis was calculated as mmolkg™".

Statistical analysis

The experimental design was a two-factor repeated
measurement completely randomized design. Data were subjected
to repeated measures analysis of variance (RM-ANOVA) using
JMP statistical software (Version 8, SAS Institute, Cary, NC, USA).
Fisher’s least significant differences (LSD, p<0.05) were
determined to compare differences between treatment means
following identification of a significant ANOVA effect. The
experiment reported was conducted two times and representative
results presented.

Results
Ripening

The repeated experiments gave statistically similar results;
therefore, only the data of the second experiment are presented
here. Fruit stored at 5.0°C did not ripen during the 31-day storage
period and the peel turned to dark brown after 16 days whether
treated with 50 pg L™' 1-MCP or not (data not shown). The fruit
in the remaining treatments were maintained at stage 2-2.5 until
at least Day 34 and only the greenness of the peel faded slowly and
the h* decreased slightly from 115° to 110° during the first 30 days
for the fruit stored at 13.0/14.0°C (color data not shown). Fruit
without 1-MCP treatment (—1-MCP) stored at 13.0 or 14.0°C
“turned” (appearance of yellow color; initiation of ripening) after
45 or 36 days, respectively (Table 1). The drastic decline of the h*
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corresponded to the ripeness stage and occurred first in the
—1-MCP fruit at 14.0°C and then in the —1-MCP fruit at
13.0°C. Fruit treated with 1-MCP (+1-MCP) and stored at either
13.0 or 14.0°C started to ripen after 57.7 and 53 days, showing
little difference in appearance. On the last day of the experiment
(Day 61), fruit from the —1-MCP treatments stored at 13.0/14.0°C
had reached color stage 6 or 7 while fruit from the +1-MCP
treatments were still at color stage 3.5 or 4. Thus, the 1-MCP
treatment delayed the ripening process significantly.

Respiration and ethylene production

Respiration (CO, production) and ethylene production
exhibited similar patterns during storage. The initial respiration
rate of the fruit at 14.0°C was 1.4 pgkg™ s7'. After transfer to the
severe chilling treatment (5.0°C), respiration rate declined to
0.8-0.9pgkg™" s™" and remained constant (Table 2). Fruit stored at
13.0 or 14.0°C maintained a similar respiration rate about 1.28 or
1.35-1.41pgkg™ s7' for first 29days. The first 3days were
intensively examined in order to detect irreversible CI
development, but no significant stress-related respiratory burst
was observed. The critical climacteric respiration characters are
shown in Table 2. Fruit in the 14.0°C/—1-MCP treatment began
firstly to increase respiration rate after 29 days, followed by fruit in

10.3389/fpls.2022.966789

the 13.0°C/—1-MCP treatment after 35days. The increase in
respiration rate for 1-MCP-treated fruit was delayed. Fruit at
14.0°C/+1-MCP were observed to commence the respiratory
climacteric after 48 days while at 13.0°C/+1-MCP the respiration
rate began to rise on Day 54. The peak climacteric respiration rate
was also affected, reaching 8.85ugkg™ s™' on Day 43 for the
14.0°C/—1-MCP fruit, 7.0pgkg™ s™' around Day 51 for the
13.0°C/—1-MCP fruit, 6.29pugkg™ s™' after 58days for the
14.0°C/+1-MCP fruit, and 6.0pgkg™ s on Day 56 for the
13.0°C/+1-MCP fruit.

In terms of ethylene production, all fruit produced around
0.04 ngkg™" s™' before being initially transferred from 14.0°C to
the different treatment temperatures (Table 3). The ethylene
production rate of fruit stored at 13.0°C/14.0°C— 1-MCP began
to increase after 37 days, following by 14.0°C/+1-MCP (42 days)
and 13.0°C/+1-MCP (46 days). The climacteric peak of ethylene
production was 0.16-0.23ngkg™" s™' on around Day 53-55 for
fruit in the 13.0°C, 14. 0°C/—1-MCP, and 14.0°C/+1-MCP
treatments, and on Day 58 for the 13.0°C/+1-MCP treatment.

Textural analysis of banana peel and pulp

The textural changes in the banana peel and pulp were
asynchronous. Resistance of banana peel to shear force for the

TABLE 1 Changes in ripeness stage of banana fruit that were initially treated with 0 (-1-MCP) or 50 uL L™* (+1-MCP) aqueous 1-MCP for 60s at
23.0°C and then transferred to 5.0°C, 13.0°C or 14.0°C storage with 95% RH (n=3).

Storage Treatment Initial ripeness  Average days to initiate Average color stage at the end of the
temperature (°C) stage the ripening process experiment (Day 61)*
(obvious color changes)

5.0 —1-MCP 2.17a%* —* -

+1-MCP 2.17a —* -
13.0 —1-MCP 2.23a 45¢ 5.6b (Green tip to fully yellow)

+1-MCP 2.23a 57.7a 4c (Yellow more than green)
14.0 —1-MCP 2.17a 36d 7a (Fully yellow with brown spots)

+1-MCP 2.17a 53b 3.5¢ (Green more than yellow to yellow more than green)

*Banana fruit stored at 5.0°C turned brown and were discarded after 31 days. Before then, there were no ripening characteristics observed.

**Different letters in the same column indicate significant differences by treatments.

TABLE 2 Changes in respiration rate (CO, production) of banana fruit that were initially treated with 0 (—1-MCP) or 50 pL L™* (+1-MCP) aqueous
1-MCP for 60s at 23.0°C and then transferred to 5.0°C, 13.0°C or 14.0°C storage with 95% RH (n=3).

Storage Treatment Average respiration  Days to the Days to the Average Average respiration rate
temperature rate (ngkg™'s™) climacteric climacteric respiration rate  (ugkg™' s™') at the end of
(°C) during the first rise of peak of (ngkg's™') at the the experiment (day 31 at
3 days respiration respiration climacteric peak  5°C; day 61 at 13/14°C)*
5.0 —1-MCP 0.85d* —* — — 1.55
+1-MCP 0.91d —* —* —* 1.89
13.0 -1-MCP 1.28¢ 35.7¢ 51.3¢ 7.01b 6.49a
+1-MCP 1.28¢ 54a 60.8a 7.49ab 7.22a
14.0 —1-MCP 1.35b 29.7d 43.7d 8.85a 6.99a
+1-MCP ldla 48b 58.5b 6.29b 4.64b

*Banana fruit stored at 5.0°C turned brown and were discarded after 31 days. Before then, there were no ripening characteristics observed.

#*Different letters in the same column indicate significant differences by treatments.

Frontiers in Plant Science

frontiersin.org


https://doi.org/10.3389/fpls.2022.966789
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Chang et al.

fruit stored at 5.0°C remained within the range of 100 to 120N
during the entire 31-day storage period while the peel shear
resistance of the fruit at 13.0/14.0°C increased from 100 to 140N
over the same period (Table 4). After 34days, the peel shear
resistance for the —1-MCP treatments stored at 13.0 or 14.0°C
began declining, falling below 100N by Day 51 and Day 37,
respectively, while the 13.0 or 14.0°C/+1-MCP fruit retained a
peel shear resistance of approximately 100N throughout storage.
Peel shear resistance was affected mostly by temperature before
31days, but 1-MCP was the major factor determining peel shear
resistance after 34 days.

Firmness of banana pulp was initially 31-34N (Table 4). Pulp
firmness of fruit stored at 5.0°C (+1-MCP/—1-MCP) remained
constant throughout storage while the pulp firmness in the other
treatments declined beginning approximately on Day 34 (data not
shown). Pulp firmness in the —1-MCP treatments at 13.0/14.0°C
and + 1-MCP treatment at 14.0°C declined drastically to below
20N after 37-42days while the +1-MCP/13.0°C fruit softened
more gradually to the same firmness over 51 days.

10.3389/fpls.2022.966789

Gray peel and vascular browning

Results for visual CI symptoms are presented in Table 5. Only
fruit stored at 5.0°C (+1-MCP/—1-MCP) exhibited gray skin
development, a symptom of CI, which turned to dark brown as
storage proceeded. The other treatments did not show significant
external discoloration. Storage temperature was the major factor
controlling gray peel discoloration, and only during the 31 days of
storage duration for the 5.0°C treatments.

Fruit stored at 5.0°C (+1-MCP/—1-MCP) developed brown
streaks from discoloration of vascular strands in the aerenchyma
tissue of the peel after 4 days and this browning area in vascular
tissues kept increasing to 100% on Day 20 (data not shown).
Treatments at 13.0°C (+1-MCP/—1-MCP) showed some brown
spots and streaks after 10 days, but the severity was reduced by
1-MCP treatment so that around 3% area was affected for the
+1-MCP fruit compared with around 8% for the —1-MCP fruit.
The —1-MCP fruit at 14.0°C developed vascular browning after
19days while the +1-MCP fruit required 28days to develop

TABLE 3 Changes in ethylene production rate of banana fruit that were initially treated with 0 (-1-MCP) or 50 pL L~* (+1-MCP) aqueous 1-MCP for
60s at 23.0°C and then transferred to 5.0°C, 13.0°C or 14.0°C storage with 95% RH (n=3).

Storage Treatment Average ethylene Days to the Days to the  Average ethylene Average ethylene
temperature production climacteric rise  climacteric production production (ngkg™"s™) at
(°C) (ngkg's") during  of ethylene peak of (ngkg™ s7") at the the end of the experiment
the first 3 days production ethylene climacteric peak  (day 31 at 5°C; day 61 at
production 13/14°C)*

5.0 -1-MCP 0.036b** - 0.032

+1-MCP 0.040a - 0.037
13.0 -1-MCP 0.035b 38.7b 54b 0.166¢ 0.136¢

+1-MCP 0.034b 46a 58a 0.338a 0.301a
14.0 -1-MCP 0.032¢ 37b 53.7b 0.214bc 0.145bc

+1-MCP 0.036b 42.2ab 55.3ab 0.232b 0.188b

*Banana fruit stored at 5.0°C turned brown and were discarded after 31 days. Before then, there were no ripening characteristics observed.

#*Different letters in the same column indicate significant differences by treatments.

TABLE 4 Changes in peel resistance to shear force (N) and pulp firmness (N) of banana fruit that were initially treated with 0 (-1-MCP) or 50 pL L™*
(+1-MCP) aqueous 1-MCP for 60s at 23.0°C and then transferred to 5.0°C, 13.0°C or 14.0°C storage with 95% RH (n=3).

Storage Treatment  Initial banana Days to peel Banana peel Initial Days to the Banana pulp
temperature peel resistance to  resistance to resistance to banana pulp pulp firmness firmness (N) at
(°C) shear force (N) shear force  shear force (N) at firmness (N) below 20N the end of the
on the firstday  below 100 N the end of the on the first experiment (day
experiment day 31 at 5°C; day 61
at 13/14°C)*
5.0 —1-MCP 100.68d* - 107.21% 34.11a - 34.11
+1-MCP 100.74d - 119.13% 31.73a - 31.73
13.0 —1-MCP 107.34bc 51 43.17b 34.11a 42ab 1.66a
+1-MCP 119.34a - 119.79a 31.73a 5la 1.92a
14.0 —1-MCP 111.78b 37 47.29b 34.11a 37b 1.82a
+1-MCP 111.69b - 106.72a 31.73a 42ab 1.65a

Banana peel resistance to sheer force (N) with the epidermis oriented downward and the fiber direction oriented parallel to a 3-mm diameter flat blade and banana pulp firmness (N)

measured using a 8-mm diameter Magness-Taylor probe.

*Banana fruit stored at 5.0°C turned brown and were discarded after 31 days. Before then, there were no ripening characteristics observed.

#*Different letters in the same column indicate significant differences by treatments.
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TABLE 5 Chilling injury symptom development on banana fruit that were initially treated with 0 (~1-MCP) or 50 pL L™* (+1-MCP) aqueous 1-MCP for
60s at 23.0°C and then transferred to 5.0°C, 13.0°C or 14.0°C storage with 95% RH (n=3).

Storage Treatment Average days to show the Average days to show the first ~ Average percentage vascular browning
temperature first sign of gray peel sign of vascular browning  area observed at the end of the experiment
(°C) (percentage area observed)  (percentage area observed) (day 31 at 5°C; day 61 at 13/14°C)*
5.0 ~1-MCP qawEEEE (40%) 4d (16.7%A) 95

+1-MCP 4a (40%) 4d (16.7%A) 95
13.0 -1-MCP i 10c (8.3%B) 15

+1-MCP ik 10c (2.3%C) 10
14.0 -1-MCP ik 19b (1%C) 8.3

+1-MCP i 28a (8.7%B) 10

*Banana fruit stored at 5.0°C suffered severe chilling injury turning brown and were discarded after 31 days. Before then, there were no ripening characteristics observed.

#*Different letters in the same column indicate significant differences by treatments.
#**There was no gray peel observed on banana fruit stored at 13 or 14°C.

vascular browning. Vascular browning area did not exceed 10%
throughout the experiment for fruit stored at 13.0/14.0°C.

Chlorophyll fluorescence

Yield (II) [Y(II)], known as the quantum yield of photosystem
IT (PSII) at light-adapted status, indicates operating efficiency of PSIT
under real-time environmental conditions. The initial Y(II) value on
Day 0 was 0.6 (Figure 1). The Y(II) value of fruit stored at 5.0°C
(+1-MCP/—1-MCP) rapidly decreased within the first 0.5 d and
thereafter continued declining more slowly, reaching 0.2 to 0.3 at the
end of observation (Day 21; see insert in Figure 1). The Y(II) values
of fruit at 13.0/14.0°C and + 1-MCP/—1-MCP changed little during
the first 5weeks of storage. Beginning around Day 37, the Y(II) of
the 13.0°C/—1-MCP fruit declined faster than the 14.0°C fruit and
the 13.0°C/+1-MCP fruit. However, beginning around Day 53, the
Y(IT) of the 14.0°C/—1-MCP decreased more rapidly, equaling the
13.0°C/—1-MCP treatment over the last week of the experiment.

The other chlorophyll fluorescence indicator, Fv/Fm,
represents the maximum photochemical efficiency of PSII in
dark-adapted green tissues (Baker, 2008). Similar, to the Y(II)
results, the Fv/Fm of fruit stored at 5.0°C (+1-MCP/—1-MCP)
decreased from 0.8 to around 0.7 after 1day, thereafter declining
further over the next 10 days, to 0.64 for —1-MCP fruit and 0.58
for +1-MCP fruit (Figure 2). The treatments at 13.0/14.0°C
(+1-MCP/—1-MCP) slowly decreased from 0.8 to 0.75 over
45 days. By Day 47, the fruit at 13.0°C briefly declined compared
with the 14.0°C fruit, but then rose again to the baseline (0.7-
0.75), like the rest of the treatments.

Electrolyte efflux and malondialdehyde
content

Electrolyte efflux indicates the status of membrane function of
plant cells in terms of their ability to regulate transport of solutes.
Electrolyte efflux of fruit at 5.0°C (+1-MCP/—1-MCP) increased
gradually from 15 to 30% during the 31 days of storage while that of
fruit at 13.0/14.0°C (+1-MCP/—1-MCP) remained around 13% but
increased gradually later during the storage (Table 6). The EE for the
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FIGURE 1

Photochemical efficiency as measured by light-adapted status
photosystem Il chlorophyll fluorescence quantum yield [Yield (II)]
of banana peel initially treated with 0 (=1-MCP) or 50 pL L™
(+1-MCP) aqueous 1-MCP for 60s at 23.0°C and transferred to
5.0, 13.0 or 14.0°C storage with 95% RH (n=3). LSD s values
varied within different time frames shown by different
background shading (days 0-21; days 23—-61) due to the various
shelf-life durations of treatments.

—1-MCP treatments at 13.0/14.0°C slightly increased after Day 42;
thereafter further increase in EE was more dramatic in the
14.0°C/—1-MCP treatment than in the 13.0°C/—1-MCP treatment.
In contrast, the EE of the + 1-MCP treatments at 13.0/14.0°C stayed
constant until Day 51, rising only on the last day of storage (Day 61).

Membrane lipid peroxidation resulting from environmental
stress can be evaluated by measuring MDA content. The MDA
content of banana peel from fruit stored at 5°C was higher than
that of the 13/14°C treatments (Supplementary Figure 3) but there
was no difference among 1-MCP treatments at 13/14°C. Pulp
MDA content is presented in Supplementary Figure 4, showing
that similar patterns were shared by all treatments.
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Discussion

Extension of produce shelf-life with retention of high quality is
one of the ultimate goals in postharvest handling. Temperature
management is a major strategy that is used to reduce metabolic
reactions and thus extend shelf life. Another strategy used with
climacteric fruits is to delay the onset of the climacteric by avoiding
direct ethylene exposure and reducing ethylene production and
action by atmosphere control or blockage of ethylene receptors
(Watkins, 2006). Temperature management cannot be fully utilized
to extend the shelf-life of chilling-sensitive climacteric fruit due to
relatively high CT'Ts that allow ripening to occur while avoiding CI;
in the case of banana, shelf life is limited by ripening at the CTT of

0.85
—8—50°C-1-MCP  ---6---5.0 °C+1-MCP
—#&— 13.0°C-1-MCP ---A---13.0 °C+1-MCP
0.8 —— 15— 14.0 °C=1-MCP_ ---5--- 14.0 °C+1-MCP

0.75

0.7
£
=
Z
0.65
0.6
0.55 =0.07 0.04
(Temp, (Temp.
effect) effect)
0.5
0 10 20 30 40 50 60
Time after treatment (d)
FIGURE 2

Photochemical efficiency as measured by dark-adapted status
photosystem Il chlorophyll fluorescence (Fv/Fm) of banana peel
initially treated with O (=1-MCP) or 50 pL L™! (+1-MCP) aqueous
1-MCP for 60s at 23.0°C and transferred to 5.0, 13.0 or 14.0°C
storage with 95% RH (n=6). LSDg s values varied within different
time frames shown by different background shading (days 0-11;
days 13-61) due to the various shelf-life durations of treatments.

10.3389/fpls.2022.966789

14.0°C. Therefore, blocking ethylene action and thus the onset of
the climacteric using 1-MCP could be a viable strategy for extending
banana shelf life. However, the possibility exists that longer than
normal exposure to 14.0°C could result in CL

Before beginning the experiment, fruit exhibiting any defects,
including possible CI symptoms on the peel were discarded.
However, CI is cumulative and there remains a possibility that
chilling exposure could have occurred in the field or during
transportation from Guatemala to Florida without visual symptom
development that could be detected by us. There were slight
differences in the darkness of the peel green color between lots of
bananas, suggesting that some exposure to higher than optimal
temperatures may have occurred, but any fruit not initially at stage
2 were discarded.

Banana fruit stored at 5.0°C, whether treated with 1-MCP or
not, remained at the initial green, preclimacteric developmental
stage during storage, in terms of peel color, texture of peel and
pulp, and total pulp soluble solids, until the onset of CI symptoms
occurred. The CI symptoms observed at 5.0°C were severe and
included inhibition of peel color change, gray epidermal area,
vascular browning, and increased stress indicators such as
chlorophyll fluorescence [Y(II) and Fv/Fm], EE, and peel MDA
content (data not shown) as previous research has indicated
(Grierson et al, 1967; Abd El-Wahab and Nawwar, 1977;
Chaiprasart et al., 2001; Promyou et al., 2008). Moreover, no
obvious 1-MCP effect was observed on fruit at 5.0°C in this study,
suggesting no role for ethylene action in CI development under
severe chilling temperatures.

Results during storage at 13.0/14.0°C (+1-MCP/—1-MCP)
indicated that the delay of the ripening process was affected by
both low temperature and 1-MCP. Based on the ripeness stage
ratings (Table 1), fruit in the 14.0°C/—1-MCP treatment began to
ripen after 34 days, followed by 13.0°C/—1-MCP after 42 days;
and 13.0/14.0°C + 1-MCP fruit on Day 51. The ripening rate was
affected by both temperature and 1-MCP as the onset of ripening
for +1-MCP fruit was delayed by a few more days compared to
—1-MCP fruit. Ethylene receptor level has been reported to
be the major determinant of initiation of ripening of tomato fruit,
and it appears that degradation of ethylene receptors may
be induced by ethylene binding, but not 1-MCP binding (Kevany

TABLE 6 Changes in electrolyte efflux (EE) of banana fruit initially treated with 0 (—1-MCP) or 50 pL L-* (+1-MCP) aqueous 1-MCP for 60s at 23.0°C

and transferred to 5.0, 13.0 or 14.0°C storage with 95% RH (n=6).

Storage Treatment Banana peel electrolyte  Days to peel electrolyte  Banana peel electrolyte efflux (%) at the end of
temperature efflux after 1 day of efflux above 20% the experiment (day 31 at 5°C; day 61 at
(°C) storage (%) 13/14°C)*
5.0 —1-MCP 15.07a% 13b 31.15

+1-MCP 15.74a 10b 28.47
13.0 —1-MCP 14.43a - 16.39b

+1-MCP 13.78a 6la 22.55ab
14.0 —1-MCP 14.36a 6la 33.31a

+1-MCP 15.03a - 17.10b

*Banana fruit stored at 5.0°C suffered severe chilling injury turning brown and were discarded after 31 days. Before then, there were no ripening characteristics observed.

#*Different letters in the same column indicate significant differences by treatments.
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etal., 2007). However, the inhibition of ethylene action by 1-MCP
may be alleviated after a certain period of time, and its recovery
rate would then be affected by temperature.

Peel color changes, on which the ripeness stage ratings were
based, showed minor differences between —1-MCP and + 1-MCP
bananas for lightness (L*) and chroma or color purity (C*), but
1-MCP significantly inhibited changes in h* and also a* value
corresponding to loss of green color (Supplementary Figure 5).
This 1-MCP effect on color development of banana peel is in
agreement with observations that 1-MCP inhibits the breakdown
of chloroplasts in most crops (Ku and Wills, 1999; Harris et al.,
2000; Mir et al., 2001). However, in the final investigation, there
was no obvious difference in peel color at the mild chilling
temperature of 13.0°C or the putative lowest safe storage
temperature or CTT of 14.0°C, which was supported by Facundo
et al. (2015) who reported that mild chilling temperatures
(10-13°C) did not affect the color development when cv. Nanicao
(AAA type) bananas were fully ripe.

Preclimacteric stage (MG) bananas stored at severe chilling
temperature (5.0°C), mild chilling temperature (13.0°C), or CTT
(14.0°C) all maintained the same respiration rate and ethylene
production rate during storage, which comports with the reports of
Gemma et al. (1994) and Sanchez (2016) for chilled bananas;
however, Gemma et al. (1994) also observed a burst of respiration
and ethylene production after rewarming severely chilled banana
fruit (1-5°C) at room temperature. The temperature quotient (Q,,)
is useful to estimate metabolic rates within a known temperature
range. The Q) is known to be higher at chilling temperatures for
chilling-sensitive crops (Lyons and Breidenbach, 1990). Based on
the ethylene production rate measured at 14.0°C in the current
study, the expected ethylene production at 5.0°C was estimated
using the Q, to be 0.024ngkg™" s7', but the actual rate measured
was 0.04ngkg™" s™', which was close to the ethylene production rate
of the higher temperature treatment. This suggests that there was
elevated stress-induced ethylene production at 5.0°C.

The onsets of the climacteric burst in respiration and ethylene
production were influenced by the storage temperature and by
1-MCP treatment. Interestingly, there was a 10-day delay between
the climacteric rises in respiration and ethylene production for
14.0°C/—1-MCP versus 14.0°C/+1-MCP and 13.0°C/—1-MCP,
and another 10-day delay before the climacteric occurred in the
13.0°C/+1-MCP treatment. Peak respiration rates for all
treatments at 13.0/14.0°C were similar (5-6 pgkg™ s™') although
respiration of +1-MCP fruit at 13.0°C was slightly higher than that
of the 13.0°C/—1-MCP fruit. The peak ethylene production of
+1-MCP fruit was higher (0.18 ngkg™ s™' at 14.0°C; 0.29 ngkg ™" s™'
at 13.0°C) than the —1-MCP controls at 13.0/14.0°C
(0.12ngkg™" s7"). Delays in the onset of the climacteric along with
higher climacteric peaks of respiration and ethylene production
in +1-MCP banana fruit were also observed by Golding et al.
(1998) and in our previous research (Chang and Brecht, 2020a).

Neither the severe chilling temperature of 5.0°C nor 1-MCP
treatment affected the texture of banana peel and pulp during the
initial 31-days storage period. In contrast, there was a difference
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in the 1-MCP effect on texture at 13.0/14.0°C between the peel
and pulp tissues. Peel sheer force of —1-MCP fruit at 13.0/14.0°C
declined during storage while +1-MCP fruit retained constant
shear force throughout the experiment. The softening of the
banana fruit pulp at 13.0/14.0°C began after 34 d and proceeded
at different rates. The —1-MCP fruit pulp tissue was completely
soft (<2N) by Day 51 while the pulp of +1-MCP fruit did not
soften to the same firmness until Day 61. Treatment with 1-MCP
also delayed softening in papaya fruit (Carica papaya L., Hofman
etal,, 2001; Ergun and Huber, 2004) and was associated with lower
pectin methyl esterase (Facanha et al., 2019) and polygalacturonase
activities (PG; Fabi et al, 2014) delaying the total pectin
degradation (Asmar et al,, 2010). Banana softening resulted from
the cell wall changes, specifically the synchronized degradation of
pectin, hemicellulosic polysaccharides, and starch (Kojima
et al.,1994; John and Marchal, 1995). 1-MCP might have affected
the banana cell wall degradation during ripening, resulting in the
differences among treatments in the current study.

Storage at 13.0°C, just a single degree below the CTT, is a
relatively mild chilling stress to banana fruit, and the development
of CI symptoms would be expected to develop at a very slow rate.
The severity of CI symptoms is determined by a “time x temperature”
relationship in which more severe symptoms develop, and develop
faster, at lower temperatures and vice versa (Paull, 1990). Therefore,
we hypothesized that the CTT of 14.0°C could also be a chilling
temperature when the exposure time is extended by inhibiting the
shelf-life limiting factor of ripening. Alteration of a few CI symptoms
were observed in this study, but more CI symptoms were found to
occur at both 13.0°C and 14.0°C if given enough time (Table 6).

Vascular browning was the first CI symptom that appeared,
developing earlier in —1-MCP fruit stored at the mild chilling
temperature (13.0°C) than at the CTT (14.0°C); +1-MCP delayed
but did not prevent the appearance of vascular browning at both of
those temperatures. Regarding the external peel appearance related
to CI, only fruit held at 5.0°C developed obvious gray skin, but no
trace of that CI symptom was found on bananas held at
13.0/14.0°C. Interestingly, when the epidermal layer of the mildly
chilled fruit without gray peel was removed, up to 20% of the
vascular tissue was affected by vascular browning (data not shown).
Therefore, the development of typical peel color in the epidermal
layer may obscure mild vascular discoloration. Moreover, vascular
browning of +1-MCP fruit at 13.0/14.0°C developed later and with
less severity (i.e., lighter browning) than in the control —1-MCP
fruit, suggesting involvement of ethylene in vascular browning.

Vascular browning of chilled banana peel has been observed
to occur in the laticifer cells, also known as latex vessels, that are
associated with vascular bundles (John and Marchal, 1995;
Harvey, 2005). Latex in laticifer cells consists of various organelles
in a colloidal fluid cytoplasm (Baker et al., 1990). Lutoid vesicles
in banana latex may compartmentalize polyphenol oxidase (PPO)
and phenols (Kallarackal et al., 1986; Harvey, 2005). Browning
reaction of banana fruit results from the oxidation of mainly
dopamine by PPO (Griffiths, 1959; Abd El-Wahab and Nawwar,
1977) to produce dopaminequinone-H*, which is hypothesized to
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cooxidize with salsolinol to form salsolinol-o-quinone (Sojo et al.,
2000). This highly active 0-quinone would then polymerize to
produce melanins as the major browning substance (Castaner
etal,, 1996). The major enzymes controlling browning in chilling
storage were proposed to be phenylalanine ammonia lyase (PAL)
and PPO (Nguyen et al., 2003), which are also related to ethylene
action in crops (Couture et al., 1993; Pesis et al., 2002; Jin et al.,
2011). The interaction of ethylene and those two enzymes at
chilling temperature needs to be further investigated.
Chlorophyll fluorescence parameters indirectly reflected the
stress status of chlorophyll-containing tissues among different
treatments. Quantum yield [Y(II)] is an estimation of PSII operating
efficiency (i.e., the rate of electron transport of PSII); Fv/Fm
represents the maximal quantum efficiency of PSII photochemistry
to detect the loss of function of PSII reaction centers (Oquist et al.,
1992; Baker, 2008). The decrease in chlorophyll fluorescence results
from the inactivation of the PSII reaction center by stress (e.g., CI)
and ripening (breakdown of chloroplasts to form chromoplasts;
Chaiprasart et al, 2001) and the inhibition of degreening in
1-MCP-treated fruit may also delay the change of chlorophyll
fluorescence (Mir et al., 2001). Of both chlorophyll parameters, Y(IT)
of 5.0°C fruit decreased rapidly, after only after 0.5day of storage,
followed soon after by a decline in Fv/Fm after 1 day. The chlorophyll
fluorescence decline in fruit at 13.0°C after Day 37 might have been
due to CI, but the subsequent drop of the 14.0°C/—1-MCP fruit may
have been a result of ripening-induced chlorophyll breakdown. The
early CI stress status of 13.0°C fruit was also detectable from Y(II)
and occurred before the onset of ripening. Therefore, Y(II) could
be an appropriate tool to examine early CI stress on the MG banana.
Chilling temperature may lead to alteration of the physical
properties of lipids in plant membrane systems (Lyons, 1973),
possibly resulting in unbalanced metabolism that leads to lipid
peroxidation and accumulation of reactive oxygen species (ROS;
Zhang et al., 2005; Nukuntornprakit et al., 2015). Therefore, EE and
MDA content are used as essential markers to evaluate membrane
permeability and peroxidation, respectively, as indicators of
membrane integrity. Malondialdehyde content, one parameter of
membrane integrity, showed the temperature effect but no
significant 1-MCP effect (Supplementary Figures 3, 4). However,
changes in EE and MDA can be affected by ripening and senescence
as well as by CI (Gemma et al,, 1994; Lim et al., 2007), all of which
lead to breakdown of membrane systems. Increased EE in bananas
at 5.0°C (+1-MCP/—1-MCP) coincided with the appearance and
severity of CI symptoms, including vascular browning and the
reduction in chlorophyll fluorescence [Y(II) and Fv/Fm]. In
contrast, the changes of EE at 13.0/14.0°C (+1-MCP/—1-MCP)
followed the progress of ripening as shown by changes in peel color,
and fruit respiration rate, ethylene production, and texture.
Compared to the sensitive CI response of banana peel, the
pulp appears to be less affected by chilling temperature based on
texture. The changes were delayed by temperature and 1-MCP, but
recovered as storage progressed. The difference in chilling
sensitivity between banana peel and pulp was also observed by
Gemma et al. (1994) in terms of the patterns of EE at different
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temperatures in the two tissues, which showed breakpoints at 8.9
and 3.0°C, respectively, indicating a similar conclusion that the
peel of bananas is more sensitive to CI than the pulp.

Conclusion

Chilling threshold temperature is a limitation for postharvest
handling of climacteric tropical fruit like banana in that CI is avoided
but ripening may occur at the CTT. This research demonstrates that
this putative safe temperature may become a de facto chilling
temperature if the shelf-life-limiting factor is removed, allowing
longer exposure. Longer exposure time at the reported banana fruit
CTT of 14.0°C (19 days for —1-MCP treatment; 25 days for +1-MCP
treatment) caused relatively mild CI on the fruit before recovery
from 1-MCP-induced ripening inhibition occurred. Vascular
browning was the most sensitive indicator of CI status while Y(II)
was also determined to be a potential non-destructive tool to detect
early CI stress in MG banana. 1-MCP-treated fruit at 13.0/14.0°C
developed less vascular discoloration, less EE, and higher quantum
yield [Y(IT)] than fruit without 1-MCP, but 1-MCP did not reduce
development of external peel discoloration or affect Fv/Fm at the
same temperatures, which suggests that ethylene might be involved
in early development of some, but not all CI symptoms.
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