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in climacteric fruits

GAO Huagqi', WANG Ligin’, SUN Cui’, HUANG Lingxia"*

(‘Institute of Applied Biological Resources, Zhejiang University, Hangzhou 310058, Zhejiang, China; °Linyi Forestry Bureau of Shan-
dong Province, Linyi 276001, Shandong, China; *Institute of Fruit Science, Zhejiang University, Hangzhou 310058, Zhejiang, China, ‘Ru-
ral Development Academy, Zhejiang University, Hangzhou 310058, Zhejiang, China)

Abstract: As an important part of the daily diet, fruits are an important source of vitamin a, vitamin ¢
and dietary fiber. However, fresh fruits are difficult to preserve and will spoil and rot quickly, especially
the fruits with respiratory climacteric. This kind of fruits rapidly ripen and soften after the peak of respi-
ration, which not only affects their texture, taste and nutritional value, but also causes the loss of com-
mercial value. The softening process is believed to be related to the degradation of cell wall pectin. Pec-
tin in the cell wall is a kind of complex acidic polysaccharide with D-galacturonic acid as the main com-
ponent connected by 1, 4-glycosidic bonds, contributing to the adhesion between cells and the mechani-
cal strength of cells. Currently the smooth and hairy region model is the most recognized pectin struc-
ture, which consists of four structural domains-homogalacturonans, rhamnogalacturonan I, rhamnoga-
lacturonan II and xylogalacturonan. Studies have found that the process of fruit ripening and softening
is often related to changes in pectin composition. The degree of esterification of pectin and polymeriza-
tion will decrease. The insoluble protopectin degrades to form soluble pectin and pectic acid, and inter-
cellular adhesion decreases, resulting in softening of the fruit. For example, alkaline soluble pectin is
more in the early stage of maturity while water soluble pectin is more in the later stage of maturity in to-
mato. One of the main reasons for fruit softening is the degradation of pectin, which is catalyzed by spe-
cific pectinase including pectin methylesterase (PME), polygalacturonase (PG), pectate lyases (PL) and
[-galactosidase (f-GAL). The main function of PME is to act on the methyl esterified carboxyl group to
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form methanol and polygalacturonic acid. PG is a key enzyme for the softening of most fruits with re-
spiratory climacteric. Its role is to hydrolyze the glycosidic bond of demethylated polygalacturonic acid
residues to produce galacturonic acid. PL degrades pectin polymers directly by f-elimination mecha-
nism that results in the formation of 4 ,5-unsaturated oligogalacturonides, promoting the process of fruit
softening. There are two kinds of f-GAL. One acts on the f-(1, 3) and S-(1, 6) glycosidic bonds of arabi-
nogalactan, and the other acts exclusively on the f-(1, 4) galactosidic bonds of pectin branched chains.
Both of them are related to the strength of cell wall structure. The activities of the four pectinases will
change when fruits mature, and generally show a trend of first rising and then falling. Among them, the
activity of S-GAL changes in the early post-harvest period, which is earlier than the change of PG and
PME, and it may have a greater impact on fruit softening than the other enzymes. Activities of all kinds
of enzymes are regulated by genes. It is helpful to clarify the molecular mechanism of fruit softening by
studying the expression of related genes and the activity changes of various pectinases. Several genes re-
lated to pectinase have been reported. For PME, 71 genes have been found in peach. The expression of
Solyc03g083360, Solyc07g071600 and Solyc12g098340 increased at maturity, which may be related to
softening of tomato. PG genes are classified into 3 major clades by phylogenetic analysis and each
clade contains PG genes that involved in fruit softening. Exogenous ethylene and 1-MCP mainly regu-
late the enzyme activity by affecting the expression of PG genes, which in turn affects the ripening and
softening of fruits. The SIPL is involved in the ripening and softening of tomato and silencing it can in-
hibit the expression of genes related to cell wall degradation and slow down the fruit softening. There
are many expression patterns of - GAL gene, some of which have high expression level at maturity,
some have high expression level at fruit development, while others always maintain a low level. In gen-
eral, PME genes are up-regulated during cold storage and highly expressed when the fruit is ripe. PG
genes are mainly expressed at maturity, and the gene expression level increases first and then decreases
with fruit maturation. The change in gene expression level is consistent with the change in PG enzyme
activity. PL genes are mainly expressed before fruit ripening and softening, and some members show
high levels of expression at the end of ripening. Most of the f~-GAL genes are expressed at the begin-
ning of ripening and early fruit softening. Studying the relationship between fruit softening and cell
wall pectin degradation and revealing its mechanism will contribute to the formulation of postharvest
fruit preservation strategies so as to prolong fruit shelf life and maintain good fruit quality and commer-
ciality. In this paper, the composition and molecular structure of pectin in plants are summarized accord-
ing to the latest research progress at home and abroad, and the degradation of pectin in cell wall during
the softening process is introduced. At the same time, the mechanisms of pectin degradation and fruit
softening are revealed from pectin degradation, pectinase activity and the expression level of related
genes.
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Fig. 1 Structure diagram of HG domains
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Fig. 4 Structure diagram of XGA domains

KB R A B,

RG- Il [FI#E & — R E R B A O BE I R 45
R, e B 1M R AR 2 (B 3) . RG-1T
() F B 2 1, 4-0-D-F FUPE RS B AR FE A R
B B 146 )\BESE (A L1 25 JERESE (B B 2 2 46 A
[) ) — b (C A D) ZH

XGA #1355 v HG B 25k 3sk (Bl 4) , FoA B4y
- FUHERE R (1) O-3 AU R T AL I ACBE Bl # i%
B — %5 2~8 N RKBE I SCBE AW S 8E K%
W TE A BT RLAETRE 1 FLBE DL PR . XGA 45
FATAE TR 22 o DL R AR B AR B R, nT RE S A
VI Z FhIh e VIR OGP
1.2 “FEXMELAX"RER

P IX 5 B R X AL 52D Af LR I
FEAS [ AE Y 40 BB v (1 SRR 4l 0, DRtk H R a2 21
BEZINTH)— BRI B . AR A R R A

[15]

M B — S B8, P AR RS 1
(1) 22 G5 A6 B 4 A 2 B 1) &5 A0 3858 B B A, 43
) A2 Y- L BE % R 2% B (homogalacturonans , HG) . i,
ZEFLPE TR EBE 1 %Y (rhamnogalacturonan [
RG- 1) 2= L 05 2 28 B 11 Y (rhamnogalactu-
ronan [[ , RG- I1 ) FIACHE - 7L b B R ZE B (xylogalac-
turonan, XGA)®. o, 15 Xt 76 7 3 HG &5
AL T A 20 S MEE R RG- T \RG- 11 B XGA
EFEE AR E S B, B R AT 48R
Ui, 2L R X

2 RSHACI R A2 A
RIRAE R IR 25 R RS B R 4
A He o B LSRG SIS O 7 R A

AR SR A s A, P AS 5] AR B 77 A [
RIS T A A 2. A & B 7K GBS



1926 E N I S /4 %394
O a-D-IWG - FLERS IS a-D-Galp A @ B-D-WW- 50 B-D-Galp g a-D-Kdop o-L-MIH o-L-Fucp
O B-D-MLWG L LGRS p-D-Galp A ¢ a-L-MEWEF- 7K o-L-Galp ¢4 p-D-Dhap B-L-WtTH p-L-Fucp

& o-L-TRIESTHLAARE o-L-Araf
& B-L-WRIE BT R AT B-L-Araf
& o-L-MEWERTRACTHE a-L-Arap

@ o-L-LI E 2 a-L-Rhap
@ B-L-WETR S 451 B-L-Rhap
¥ B-D-HLREARE B-D-Xylp

8 oD S HEREEE a-D-Galp A ¢ HBE Methyl
3 S-D-MLIGH Z IR f-D-Galp A~ ¢ 2-O-H i 2-O-Methyl
0 o-L-WRWHSIT IR a-L-Araf A ¢ 2-O0- LT 2-O-Acetyl

V a-D-MLIE AR BE a-D-Xylp @ B-D-IRW 3wk p-D-Apif & B-D-WLH FE 8 f-D-Manp ¢ 2-O-F#L% 2-O-Ferulic acid
- o -
Te§f § =g oy
§5¢ & ai F5
SCg w T -
A FLBERE R SRR XGA #®o o bt
A L oG [ Eg
*2¢ 0 o &
O O CoO0000
& ; o
O8c @ £ =H
I - 77 e =8
L ERE IR S BE HG T2 LW I T SR 8 Z g
Apiogalacturonan Ve, 2 ﬁé}
A i Chain A B #% Chain B ﬁé g;_.%
AALRmEE o =
EWNARG-11 B L
B 22 FUBERE IR TR 1 21 RG- 1
A5 TARSEARBEREE"

Fig. 5 Schematic diagram of smooth and hairy regions model™
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Table 1 Expression of genes related to fruit softening in different climacteric fruits
ity s LR K FFAIAL I FE IR (3 ik
Enzyme Fruit Gene name Gene expression at maturity
B g A (BRAE LD PaPMEI (I I R) PaPMET FIZSE FFEERIIN, FF4E 35 dik B e AT,
Pectin methylester-  Apricot (Climacteric) The expression of PaPMEI continued to increase during cold storage and
ase, PME reached its highest level on day 35"".
F i (RAZ AL Solyc03g083360  —F{E R LA FEH BRI T mFRIA,
Tomato (Climacteric) Solyc07g071600  All three showed high expression during fruit ripening™™”.
Solyc12g098340
A (RAERD PaPME™ PaPME3STET 14 d fREFRAKT, M 14~35 d HERIE K- 2 5™,
Apricot (Climacteric) PaPME38 remained low during the first 14 days, and its expression level in-
creased significantly from 14 to 35 days™.
ZRCEINEREIRNE A R PaPGI IR AU PaPG1AERUR/KF L2035 I, A 14 d I a6 8 ad # Jin 2 35 d ik
Polygalacturonase, ~ Apricot (Climacteric) FIEAE",
PG The expression of PaPGI increased slowly at a low level during cold storage,
and increased rapidly from the 14th day to the peak at the 35th day””.
FLCERAE AL 61 PbrPGs PbrPG6, 35 F1 42 45 S5 AN F KB I s PhrPG37 F1 38 41 2 5 LIS 3%
Pear (Climacteric) N B& s PbrPG4, 33 F1 46 1F 3 N 9% )5 B+ PbrPG2,13,17,37,47,49,
55 A0 6.1 WAL R AU _E T AT B,
The expression of PbrPG6, 35 and 42 increased at maturity; The expression of
PbrPG37 and 38 decreased at maturity; The expression of PbrPG4, 33 and 46
decreased first and then increased in early maturity; The expression of PbrPG2,
13,17,37,47,49, 55 and 61 increased and then decreased in early maturity'®.
BRIk (R AR R AcPG4 AcPG4AcPGS M AcPG18 M &SRR S IRE R AN, M0 J5 T B, 9F H 5 PG i
Kiwifruit (Climacteric) ~ AcPG8 PEAR LR SEAL
AcPG18 The transcription levels of 4cPG4, AcPGS8 and AcPG18 increased rapidly at first
and then decreased, which was similar to the change of PG activity".
SRR MdPG1 RAET dJ5 3R MAPG 1 HIERIN T 2~3 57
Apple (Climacteric) After 7 days of storage, the expression of MdPG! in apples increased by 2-3
times'.
IR BRGRA AL PpPLI1 PpPLI{ERER G A IR 1§ R B 1 2R0E i, 8 38 R
Pectate lyases, PL Peach (Climacteric) PpPL1 showed a higher expression level before the start of peach softening, and
then gradually decreased™.
Lk ERARRD PpPL R RIART PpPL J LT3 3% AR IR B /K 2 3w O 5 3
Peach (Climacteric) 6.9 5,
There was almost no expression of PpPL before maturity, but the expression at
the end of maturity significantly increased, which was 6.9 times that of the late
stage of maturity’.
BRIGERE (BT AdPLI BRGHECER 5 BAL [ SR e 3 DX A4 AdPL T AdPL5™
Kiwifruit (Climacteric)  AdPL5 Key candidate genes for postharvest softening of kiwifruit include AdPL1 and
AdPL5™.
B-F FLAE T Hili CERAZ LD DkGALI DKGAL2 15 IR S F 1B BB , DKGAL L #E S S2 AT 4RI 1) ek i

B-galactosidase,
B-GAL

Persimmon (Climacteric)

PRk (ERAR )

Kiwifruit (Climacteric)

R BT
Apple (Climacteric)

DkGAL?2

AdBGAL-1
AdBGAL-2

Mdp-GALI
Mdp-GAL2
Mdp-GAL3
MdB-GALS
Mdp-GALII

The expression level of DkGAL2 was higher in developing stage and DkGALI

66]

was higher at the beginning of fruit maturity"

AdPGAL- 1. AdBGAL-2 11 33k WHAGH) I 4 E 1, B 25 Ak R 8238
AdBGAL-1 £ AR IIE B fx KL, AdBGAL--2 A2 AL TITYIA B fip K&
LA,

The expression of AdBGAL-1 and AdfGAL-2 was upregulated at the initial stage
of softening, and the maximum expression of 4dfGAL-1 was reached at the late
stage of softening while the maximum expression of AdfGAL-2 was reached at

[67]

the stage I1I of softening
Mdp-GALI Mdf-GAL2 Mdp-GAL3Mdp-GALS Fl Mdp-GAL11 (113235 /K -F-1E
SRR SR G AR R

The expression of Mdf-GALI, Mdf-GAL2, Mdp-GAL3, Mdf-GALS and Mdp-
GALII increased gradually during the development of apple fruits'.
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4.1 REHEEEE(PME)HXER

PME fH G K2 — MR K. Zhu S0 FL K
IR T BR SRSz 71 AN PME JE R, Hidh 36 N 287 1
C[A] B 2 i PME $i1) BE KD, 35 AN A R 8L 2 CAR G i
PME | 3£ KD , 2854 1 (1) ORF K FEAE 1473~1827 bp
2 J8), I 53 7 i B A 54.16~67.66 ku 22 [8] , K71 2
(1] ORF K: & 7F 477~1443 bp Z [a] , W 43 T i &7
17.26~49.98 ku 2 [d] .

SRS R AL A S Y PME 2[R, A A7 R SR
JE e R R I A m R IA . B RELER
JE AR T5L I 568 Y1 18], PaPMET 35 IR (f) 3 35 B F 42 1
I, 75 35 d A B e KAE S s Bk RS e A 114>
PME #1 15 4~ PMEI % A % i& , H ' 1 4~ PME
(Prupe.7G192800) F1 2 4~ PMEIs ( Prupe.1G114500
Prupe.2G279800) J 3 J& 2l /& A& K Wit 50 Bk 2R 5k
S A A A AU N R 48 1 T 7 B T s Wen 55 B9 0
Z i PME KT T 2R A b7, S e g
F 7 57/ PME K, I KL T Solyc03g083360
Solyc07g071600 F1 Solycl2g098340 1E [&, 2 i) & 15
& BIb, nTRe S F AR S R A AR OC s [R] I Gwanpua
LA T 3 MdPME JE R #ESE Birh B B3
IEFADRI R , 3R BIX 3 AN JE R AT R A 35 [R5 1T

TR 0% A2 5 PME £k i B B R &
TR ER IS TR R EAR T k= L)
A 11 S B T 1T ek JHC 7 D ek I 20 R T AR A
PME [¥) 3% 35 B AR A , 1M sk 458 22 Vb 2 Bk 1) 2
W R TR 22, T 3k i PMIE 35 [R] (10 22 3t R e 389
FECT H PO AL
42 ZRFIEHRREB(PGHEXER

PG 22 5 B fice 5 fif il P2 1 — o 28 2 1) R fie /K
fi I, XoF 48 SR PG AR K R Gk AL BT R I, 4K
PRAR SR R 2 /0 SR YE T 3 A JE A e, b 2
et B B A s B A — 2 RS 1, Bk PG 5 [
CAWE LRSS 3.4.7.8 Fhetifk E0,

PG 7 5 52 B AL T 2 Hh 1) E A A W
B NAITUE B , Zhang S5 R ILAE R PbrPG6 2 5 |
T BT R TE B AL I e s B 0, a8
o 30 BR B S2 R [ PhrPG6 T LA 3R 45 B A A
Gwanpua 55 3L 3¢ B 1) MdPGI fE4# 477 d 5
RIS BN TR, HRIE G RS 2= 4
& A A W IEA O C R (r>0.95) , [A] B fi5
H MdPG1 5 3 R b B E A R . AR 2

S5 F0 1-MCP 1 DLUA 5 SR 52 e ghad 7%, B S R BN
& E B 200 PG AH 5 HE R ) R R SN g
PR IR, 35T 208 SR S ) R A, Qian 57 B
CATHEBRRE RS IS 8 PhPG K (KA B FiR,
1M 1-MCP [ 4b 25 J0) 45 753 A OG5 PR 1) R 08 52 31 2 2%
) o
43 REHBEEPLEXERE

PL AL RIfER Y 2 AF1E, H AT & AEF A
PR AU TR S RIL T 2 AN PL AR 7
Hid SLPL IR 2 5 1 B S0 H e AL 72 , DR
SLPL 3[R AT UL il 291 Ffa B o g A G 6 TR (1) 3Rk, Uk
2 S SR B4k R Y R U SR IR T R BBk R
PpPL1 RS2 A M BR 2 3R 08, I H 535l 1) SLPL
R E TR — e, B BCHEWT PpPLI W] g & Bk &
584 B, [ K I Pec-Lyase-N £ #4) 45 7]
RE A SR IR 24 D) e Pl o4 75 (1) T R

PL 5 [R 1 R 1K 16 52 21 %2 R IA KT 1520, SI-
miR482 5& 2 5 & il AL i F2 1 — 28 miRNA, 3 1
22 SRV FE R I SI-PL13 72 SI-miR482 [ #EFE [, —
IR ILAEAER IR K 16 R s Zhang S5 R 5
SE LR, 6 NI i B AR I AH 5 45 44 L (Rl AdGALI
AdMANI AdPLIAdPL5Adp-Gal5.AdPME] 14 />
¥ 55 N T AdZATS  AdDOF3 AANAC083  AdMYBR4
Sy SR 1S A At 1 PR i e SR TR [ B B IR B ot ek
AdZATS 7 VL% 2 3 ¥ AdPL5 F1 Adp- Gal5 W 32 ik
L UESE T H R 70 PL S R 2 4R
4.4 B-HIFBEHBF-GALHXER

S-GAL £ [X 5 PG.PME & K K H T A — 4~ %
W, VF 2 E N R G ETT T KRE MR,
Zhuang %57 )\ F 86 1 7 B 15 21 (1) — B f-GAL cDNA
Fr B 7R 1% 38 K 42 K 927 bp, 4iiY — 465 309
NG IR 1) 2 Ik EE , S5 AE Y I B-GAL w1 B [ I
Guo "V w3 T Ak 17 4 PpBGAL 2E A, &
JEAE 2154~2691 bp ], 9 i 1) 28 B2 RR A FAE 717~
896 1~ [A].,

B-GAL 1R 1] B A2 S SR A 2 o i 75 5 4 i
I3 AT 5= B R T R T, Gwanpua 2538 S 5 A )
MdB-GALIMdp-GAL2 1£ AL R I 1 FE 3Rk,
% 5T PG 2 [ ; Yang 25k I MdB-GALI Mdp-
GAL2Mdp-GAL3 .Mdp-GALS F1 Mdp-GALII {3k
ACPLESE R sk & bR Rz @it = 45 A Mdp-
GALI Mdp-GAL2 F1 Mdp-GALS H ik 95 5 Sz pl #h
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PR EAH G . ASIF ) B-GAL 2 [H A 5 AR 1R
A, AR 3 ] BLKR BIAT 1) DKGALT 5 5 55 Rl
AT 4R B R I8 S =, BRERE 1 AdBGAL-1 TR Ak
KM FRIEKTIE B . FRYE T K2 AR 45
F MK B-GAL FEH (1 R IE A5 4 95 O R 51
FICA T 08 7K T B T 4 1 s @SR SR B I A BRI
FAk K, 17 S S BT R K B B s @S 5k
W — YRR R I R IE KT s @ s p — B 4EFR
AR IE AT,

25 bR B, PME AH 5% 5 [RI7E 5 5 V4 s (] A7
R TR R AR R B R R IR s PG AR DGR R
TE AT 3R IK , HLBE & R )3 R IA 7K~ 2L
TR RS, HRIE KBNS PGIGHE
(A8 AR 17 U AH — 250 PL AH G 3 PR 32 LA R S il 20K
AR R AL, A B 2 B PR TE 3 AR R 30 o A s 7K
PR IE s B-GAL FH I EE R K 2 75 T R B L SR
SERRAHI I 5 (RIS A [F) 255 [ ] () R A A7 R
A, F L8 PG FE R AN -GAL FE [K 8] AT REAFAE &
FE A 1 A

5 /N REE

TR S A IRAL A — AN B 52 2 T R A 5
DA% 22 Fh Ik DR 5 AR AH AR, AS AT R L b ) SR
SIS AT (18 SR JE g A S B L R ik A AE 72
Sto RN IR R AR R LS Bl T AR B PR FE 1
R 55111 S 25 ) F AR A 5 T i e o A e o A
BE 1 53 0 A2 BRI B fige , Horh PMEL PG PL 1 8-
GAL %5 B AL ) 7 2 CHE B I/EF , 7EA [F] 1 Ak
FAEARTT B, A [7] ) 5 I 25k DR A 36 e e PR R A
H RSB AR, SR80 A 5 X e A O
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