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Combined Biochemical and Transcriptomic Analysis of the
Okra Fruit Texture Changes

ZHANG Guo-qin, MOU Jian-mei, CHEN Hu-gen
(Suzhou Academy of Agricultural Sciences , Jiangsu Suzhou 215106)

Abstract: The okra fruit is easily lignified, whereas the fruit lignification would decrease the commercial
value. In order to explore the aging mechanism of okra fruit, two cultivars, Z06 (easy to age), and Suyoukui 3
(not easy to age) , were used for physiological indicators quantification and transcriptome sequencing at three
developmental stages. The differences in fruit texture between cultivars or at different developmental stages was
mainly caused by the accumulation of lignin, while cellulose and protopectin were also found with positive
effects. The differentially expressed genes (DEGs) of the same cultivar at different fruit development stages were
significantly enriched in the phenylpropane biosynthesis and secondary metabolite biosynthesis pathways. While
the DEGs between the cultivars were found with enrichments in the phenylpropane biosynthesis pathway, the
photosynthesis and photosynthesis antenna protein pathways. During the hardening stage of okra fruit, the gene
PAL was found as key regulator that affected lignin accumulation. The SUS3 gene contributed predominantly to
the accumulation of cellulose, and the down-regulated expression of the BGLU gene was also an important factor

in promoting the accumulation of cellulose. Two genes GAUT6 and SUS6 largely contributed to the accumulation
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of protopectin, but most of the PME and PG genes had a negative contribution to the accumulation of
protopectin. Lignin synthesis-related genes PAL6, PALS5, PALI, CCR2, CYP84A41, CYP73A412, and photosynthetic
pathway-related genes PSBP2 and CABIR were important genes that affected the texture differences of two cultivars.

Key words: okra; fruit aging; transcriptome; lignin ; key genes
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Fig.1 Two okra varieties with different aging processes

(5 days after flowering)
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EIL/EA EmG 1) FLEEY] B SR (C) P HICRE (bp)
Primer name Forward primer Reverse primer Tm Amplification length
ACT4 GCATCTCTTAGCACCTTCCAGCAG AGAAGCACTTCCTGTGGACAATGG 59.1 88
ASK8 CCGAAGCAGGTCAGATAA GCCACTCTCTAAGCACTT 60.2 140
RVES- GTCACAGTGGCAGTAGT CCAGGGTCAAAGACATTAC 59.8 142
RPP25L GTGAAGCCATTGACTGAG CATAACCTCTCCCACCAT 59.5 100
Atlgl6860 GTGCCAAGATGCGTATATG CAGGAGAAGTAGCGATGT 60.3 92
FRL4B GCCTTGAGCAGTTAGAGA GCATAGGACCGCCATTA 59.4 96
CESA4 CGGTTACACCAAGTTCTG AAGCCTCTCAAGCCATT 59.7 111

PAL GCTAAGTGGTGAAGAAGTG GTTCCATTCCTCCAGACA 60.0 112
CCR1 TGAAGGAGCGAATGAGAG CAGGTGAAGCAGTATGGA 59.7 110
SUS1 AATGACCTGTGGACTACC CTAAATCGCCGTTGTAAGG 60.0 107
BGLU41 CGCCGATACTTCAAGGA CGAGGAACAGATACTACCA 60.0 148
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Fig.2 Changes of quality indexes related to okra fruit aging process
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Table 2 Transcriptome data quality control sheet
FEf TS J5thh s AR FEIRZE (%) 020(%) Q30(%) GC(%)
Sample Raw data Clean data Error rate
ATI1-1 47007958 46819292 0.03 97.53 93.20 43.99
AT1-2 45172246 44978518 0.03 97.63 93.41 43.46
AT1-3 49023184 48793698 0.03 97.44 93.04 43.97
AT2-1 49867614 49715450 0.03 97.59 93.29 43.91
AT2-2 49072880 48912576 0.03 97.62 93.35 43.96
AT2-3 49296486 49155128 0.03 97.73 93.58 43.90
AT3-1 40713026 40588450 0.03 97.71 93.55 43.71
AT3-2 49066968 48887278 0.03 97.58 93.27 43.78
AT3-3 44540166 44390560 0.03 97.58 93.29 43.78
BTI1-1 53597436 53403072 0.03 97.70 93.49 43.98
BT1-2 45836548 45695616 0.03 97.66 93.34 44.22
BT1-3 45542282 45397510 0.03 97.69 93.47 44.37
BT2-1 44478354 44286514 0.03 97.56 93.25 43.67
BT2-2 44557716 44426318 0.03 97.65 93.41 43.82
BT2-3 48467076 48302570 0.03 97.61 93.31 43.88
BT3-1 45458472 45272078 0.03 97.35 92.76 43.74
BT3-2 47433318 47270036 0.03 97.57 93.22 43.78
BT3-3 52676596 52468026 0.03 97.55 93.24 43.57

AT: Ji283 5 BT: Z06;AT1 AT2 . AT3 43 9|13/ AT ZEJF 65 3 d.5d. 7 d;BT1 .BT2 . BT3/0IZR BT 4653 d.5d. 7 d; -1 . -2 -3 %R

3AEL ;T IA

AT: Suyoukui 3; BT: Z06; AT1, AT2 and AT3 represent AT at 3 d, 5 d and 7 d after flowering, respectively; BT1, BT2 and BT3 represent BT at

3d, 5d and 7d after flowering, respectively; —1, -2 and -3 represent three duplicates; The same as below
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Table 3 Analysis of DEGs related to photosynthesis and antenna proteins in two cultivars

Rifhze RS log,FC log,FC log,FC RER g
Metabolic pathway ~ Gene name (AT1 vs BT1) (AT2 vs BT2) (AT3 vs BT3) Description
HAEERH atpF — 1.03 — ATP 4 il CFO 73
Photosynthesis atpB 1.06 -2.20 — ATP 4 1 CF 1B 73k
ATPC 1.76 — — ATP 4y 5%
petC 1.02 — — AN R b6-f & A BB FE
API 1.63 — — BRAALIR A
PSBO 1.61 — — ARG R
PSBP2 2.00 1.29 — AR 2
psaA — -2.75 — RS 1 PT00 FARTE 1 Al
psaD 1.54 — — RGN LS
PSAF 1.63 1.01 — FERGE L O L T
PSAK 1.42 — — FRGE LR H 0 IF I psaK
PSAG 1.55 1.05 — RGN RV
PSAH 1.35 — — JERGE TS L5 VI
PSAL 133 — — FEFRGE R H 0 I XT
PSAO 1.64 — — KRGS0
PSBY 1.41 — — KRG N OEAEA
psbK 1.08 -1.86 — KRG NEN]T
psbZ 1.22 -2.19 — HRGUE 2
PSBW 136 — — RGN RO WEH
PSB27 1.32 1.24 — FRFIMEREN
psbB — -1.90 1.19 SRS L 1 CP47
PSBQ 1.43 — — AR 3
PSAEA 1.39 1.79 — FRGE R I TV
PSBS 1.08 — — YeFR G 1122kDa FE H
PSBR 1.38 — — PRI I 2 il 1 A
HERLEN CAB-151 1.36 1.04 — CABI51 &1
Photosynthesis CABIR 1.82 1.47 — 42 a-b 4558 2
antenna proteins LHCA3 1.35 — — MR a-bE A A 3
CABG64 1.45 — — M4 a-b 4 AR 6A
LHCAG 1.50 — — R a- b M7
CAP104 1.74 135 — M4t a-b 45 A HE 1 CP24 10A
LHCBS 1.43 — — 4¢3 a-b 45 A FE 1 CP26
LHCB4.1 1.52 — — 22 a-b 455 #11 CP29.2
LHCA4 1.67 1.03 — 44 a-b 455 R A 4

RN LWBAUG B R BRIk, AU T MRS, —on il B 22 5

The positive value is up-regulated expression of the latter in the comparison group, the negative value is down-regulated expression of the latter in

the comparison group, and — indicates no significant difference

3 g

RNA-seq RSB A 7 70 F-HL B9 E 2R
FBL, TR R T A b AR B BB F
FE o AT R S A G B M A A A A 2
ANTR] ) P AS BERK 2% b Rh E AT B SR AL DN e, 45 2R &
IR, BBk 5 SR S o AR A, 25 S 3R R R IR A
HENBEEY) G BRI W o R A TERER
AL KB, RN & s S SRR A
WG I, 35 A5 B B SR S TR e K
H(E110) , R TP R BBk RS0 o A il
ROCHERIINZR o AL P Bl i 22 5 BR T SR N e

VG R REA A ERRDEG REE N ER
()22 57 2R I8 FE L B DG E H , KR e B EH
FH DG 5 R 5 B k2% SR S i 2 IE ARG (& 10)
JEVERVE A RRIEFR R L PR LT 4E R R
Fi RS AR AEELAE . Chen 55 [FIFE &
B, J6AAE FE ST AR AL 1Y B 2877 i AN £F AT AR K 52
ik, ASHBFFE T, PSBP2 F1 CABIR %I i i 14 T7 ik #2¢
o Tfuku 25 2UBF5E % IR PsbP Xif PSII Y15 A& &
PEZERELE, M CABVE N SR R GHE A, FERRR
SRR AL By B R R R R g — R T
PSBP2 F1 CABIR J2 5% We) BERK 5% P it i SR 52 Jo b 7
S E S



NN 1/ v AUA >
292 LI 7/ B G I G = 24 4
12 1.2 30 12
[4SKS -+ BRNAseq HQRT-PCR 4T Revs PP25L
8r 1 35F
=
7 g 3b o £
6 108 . % : % g
; | ; . 3 5
® =5 | X & WE i X & ® = °
X 0.6 ® & X2 K5 X S
oA 4+ > o o) > o = 5
% = B2 gm= 22 IE £
i 2% § st 22 § 2
3t {04 = E 1 =
2t & 1r &
102
1F 05
0 0 0 0 0 0
ATl AT2 AT3 ATl AT2 AT3 ATl AT2 AT3 ATl AT2 AT3 ATl AT2 AT3 ATl AT2 AT3
25 12 160 1.2 12 45
At1g16860 FRL4B CESA4 I
11
20t J
5 5 ’ 5
5 s =7 % =7 5 w3
"2 X & RE 3 & k= 25 K &
o X ® 8 o X 0.6 & & o X K 5
3E g JE zeg DE =
Jis 10+ 2% F Ju B8 & £ E
S - 5 5
& & &
5r {02
0 ‘ ‘ ‘ ‘ ‘ 0 0 0
ATl AT2 AT3 ATl AT2 AT3 ATl AT2 AT3 ATl AT2 AT3 ATl AT2 AT3 ATl AT2 AT3
12 45 12 45 80 8
PAL CCRI susi
<4 14 L 17
= 135 = 16 =
b ;7 = 13 o2 E
3 e = e x 195 ¢
fivg=) He kI 2508 RS N B
g RE ¥ ®E O¥ 14 K 8
3 & o & 12 & o N & = o
% =z & =z ® 132 £
t =E: g 15T E W =&
& & 1, =
11
H0.5 11
0 0

ATl AT2 AT3 ATl AT2 AT3

BGLU41

AR R
Relative expression

I I I I I I
S = N W A L o =

ATl AT2 AT3 ATl AT2 AT3

0 ATl AT2 AT3 ATl AT2 AT3

0
ATl AT2 AT3 ATI AT2 AT3

B9 =RFIEEEH qRT-PCRIGIE
Fig.9 qRT-PCR validation of differentially expressed genes

2 R 235 A 2 ) S S o b ) R
AR A A0 RE A E B4 43, J R I B 5 SRS
JoT b AR A ) LR SRR R, R BT R R
B B M SR S i s TS R AR A A 41 2
PEPY . PAL R AR TR AE W) & Bk 12 1 B i , L3R
KGR R S VI Lu i 5%
FW 3 3K RePLA FER ] B 5 3R B MO R E 19
i, ARG PAL XA B R A B ikt
VEMIITA PAL SERIRE v RS A S 2 b B 3 Bk
ik, H 706 ) PAL ik i 25 T E 345, K
PAL JEVHPE B RKEE S SR T R B0 R . It
SN, CCRI 4CLI Tl CADI W AT AR R R BHE K
DUk CCRIEA T2 AW & B A5 55 3 % P i 58
—AEEREYT, H CCRMFB S ARTR T EERE

TEARDERS . AHFgE, 206 25 R 335119 CCR H: K B
ML R BFHEZE FRERIK, H CCR2 EHNFE Z06 H
(2235 B T 2E 345, B CCR X BBk 28 AL 5K
JRRE SR ELEM . HITE R, CCR2
FER AR 2 S B AR TR 1 B R, 4CL
SEMEAL S S A W) & R i — A D R
XA T R TR AT FEEAE R ARS8 R S A Y
4CLIFETFAL)E 7 d 3Rk iy , NI fiE i B Bk 2 21
FLRBIEMARTEN R, R 4aCAD V] 3%
PR E AR SR X S5 ANEH CADI
PR T2 B ok — 3. ASWFT LG vE £ 15 4> 22
SEFIB N PER LR W AXAT PER21 XA 5 K (1) 51wk
e, KR4y PER 3 N A 2 A LR R ik,



14

SR A% - BBk RS T AL AL A AL T SR A IR 7 A

293

X A RE R A PER R RIEH Kt , A AE DI RE A, H
AT B4 PER XA 2 WA G AE B, TR, AR

HF S 7 Ve Y PER21 5 DR X A Jo 2R 18 5 A 1A 11
ARt

A 1.0 T.sor..mu-mm C 1.0 PERG pERI E 0,6_-
arph
— —_— — A
& = = v
=] L) w
o s =]
v ) ]
ol = £,
P = — / ’ AelgI0n60 3
= =4 = / /8 -4 ~‘ ;
/ s b SR
/ / ;}; J.Hémp:;r.'ﬁ_{f"
s f'? £ L CARSA
pead it ;::M
-1.0 -1.04 . \ ; : -1.04
=1.0 RDAL(60.50%) 1.0 -1.0 RDAI(33.18%) 1.0 0.6 RDA1(41.78%) 1.0
B L0 CES &x, Laji.::;é";“ j_'E.TiJ D 1.0
||.c|.-.s { .o-" ) : suss
subr I § GALE} SUSI Suss
'IT | f Ao S5
o 'GAUTI?
T CESAS = 4 AUTS
S &
S o4
=] oo
- ! NG v U3 -
e - Cellalts. — Profopectin
& CESA 1 !
< < rh
] CESA9 / ]
[~ f.f ‘ o
.."'f IBUL[::«
BGLUY i,.’"f ]
JaGLuny
/
1.0 BGLUW 1.
=10 RDAT{10.19%) 1.0 -1.0 RDAL(59.19%) 1.0

A RSB A IBEL AR O s B EFYE RS EFE R O AU AR SC L PUAR OGN s C - ARBUR SR BTER A BRI AR S 5
D JRUR S R A AR O IE R AN 5 B BB RE 506 A AR TR S s AR AR 7 ) R A RE U R b P S

The correlation between A : Fruit Hardness and cell wall components; B: Cellulose and cellulose synthetic metabolic related genes; C: Lignin and

lignin synthetic metabolism related genes; D: Protopectin and pectin synthesis metabolism related genes; E: Hardness and photosynthesis related

genes. The horizontal and vertical coordinates represent the importance in the overall interpretation volume
10 RDA S Ma Bt KB E =
Fig.10 RDA analysis of key factors affecting texture

AWFFE 4R 0 RS R R R TR, 4
ARG RE R B, 4 Y RAE R ER L 72
EHE N . AR, SUS3 XML 4EZR 145 5T
Fik R , Fujii %V RIFEFSE R, BR CesA 51, SUS J&
YR A AL Ao B E 2R 4, H Coleman 55
TEAI ok ik SUSFE A, 5 48 i 1T AR Rt 4k
Ko bl T SUS S4F 48 R A R A= 40 i BETE
VI o CesA JE£F 4 R A Wi FHE AL
il RHFSE Y, CesA4 . CesAG ., CesA7 ., CesAS Xt £F
AR A MR IETTHR, 2 Cesd 1) L IHFRIA 0 R4T 4
RKMAEFEEN, BGLUTEL 42 i F A B 2L
YEFIR" . ARWF5E A, B BGLU41 51, HAh BGLU R A
Bpnrer 4 3e 20 vTmk , R BGLU B (1) 7 3Rk
EECER L AR R EH SR

AR SRk K B BT, TS e
FAHEAER, W T2 REN LA RE™ , H Koziot &
W5 R VIR BOE A RE T # P Re e &R o 2R

JREA R R , 2 i SR P A 5325 S B B . At
FEH TSR SR SR 1 SR S AT e R 2, HL
Z06 PRI it il 2 1 TR 28 345 R ISR
VE R 20 M 25 410 ) B L I, X O RK R R Sl
JEAHEEEA . BRI I, Bm i AR 4F
YL it AT AE R A B RE A e AR T ORIETC A8 2R
RS R, AT SR M AR AR
GAUT6 ¥ Ji 3 58 /) o3 Wk i =, ik oy SUS6 Fi
SUS2, Biswal S5 “[alFERFSE & R, GAUT T ER 1A
A PR S R A RRAIC, R Y] GAUTG6 & 520 e
Tk EE A AN R A SCHEIE A {1 SUS ST 44
YEFHGER D  AHHF 5T H SUS KRB A5 SR T
BURIA ik — 5 BF9E . PG 1 PME &2 3 5 e R fi
FENA GG, A KER 5> PME 1 PG X R
(AR B4 17 TRk, 2B PG I PME 335 7KV IR
WA R EEFE A . Gwanpua 554 [FFERFST
BRI, MdPG (35K 50 R 5 2 A OC



294 LN 7/ S AR S S 24 %
4 RIS Pleurotus eryngii. Food Chemistry, 2022, 5:100117
Za Tk [8] LiuWL, Zhang J, Jiao C, Yin X R, Fei ZJ, Wu Q B, Chen
é}%’: T+ Fﬁ‘ i7E , 5 il%f @(% % i 7/{%‘: Al E\% i ’leﬁ EE ﬁ 3‘% K S. Trans.criptome analysi.s provides insights into the regulation
E1 s N . g P of metabolic processes during postharvest cold storage of loquat
(922 57 RIBHEN LR LT RN G MR ; (Eriobotrya japonica) fruit. Horticulture Research, 2019,
T A BT A 22 S B 1 S5 RN Be R M iR A 6: 49
BHX OCEERIOCE REBABRRBMERRIREE (0] Xz, FEms, S9EE, fein, BRegr, DI, Fifs, 4
[ AR E R AE . PSBP2 I CABIR it b PEAL. JHEK. 5% JERS . AR AT
SO FITO0 2 S0 LD . AT A0 BURRT R T
ﬁ@(%%i}jﬁﬂﬁ/}@@i%{/ﬁﬁﬁ S PAL %iﬁﬁﬁﬁ% LiuL, Tang Z P, Li F F, XiongJ, Lv BW, Ma X C, Tang C
*R;% E]/‘J 3‘5%% s ﬁ%?’ﬁ ﬂﬁlx Iﬁjﬁﬁ Hﬁ%ﬁﬁﬁ\ﬁjﬁ L, LiZH, ZhouT, Sheng L, Lu X P. Fruit quality in storage,
7|(Ei‘ % B"]% EE s M PAL .CCR2.CYP84A41 .CYP73A412 storability and peel transcriptome analysis of Rong’ an Kumquat,
§8-2 M T A o 22 S g BB A g}gﬁ?%mﬁ;ﬁﬂﬁ Huapi Kumquat and Cuimi Kumquat. Scientia Agricultura
ot ok 2 SRS i, EL A A [ Bk, SUS3 % Sinica, 2021, 54 (20): 4421-4433
@(%%igf‘gﬁ%ﬂ%%ﬁﬁk%jﬁ,ESUS$ﬂ Cesd 5‘4% [10] Ren J, Wang J.R, Gao M Yj an L, Wang Y. Dec.reased
. s X R cellulose-degrading enzyme activity causes pod hardening of
%}ﬂﬁT%%Ziﬁﬂ%ﬂé*éﬁ%%ﬁ@*ﬂ%o GA UT6%1J§H§ okra (Abelmoschus esculentus L. Moench). Plant Physiology
AR SR IS R I A R E LA, H PG Fl PME and Biochemistry, 2021, 162:624-633
E@?ﬂﬂ%@iﬂj%%iﬁﬁﬁﬁ%%ﬂﬁfﬂ%ﬁ@igﬁ ; [11] Liu X, Li S, Feng X, Li L. Study on cell wall composition,
I yl\ SUS6 F1 SUS2 Xd— JE % Hﬁf E,(J */[j{ ;% h, Eﬁﬁﬁ ﬁ fruit quality and tissue structure of hardened ‘Suli’ Pears (Pyrus
@t, {B EX ﬂ’ % Hﬁf % EJZ E/‘J iJ?J % HL %Uﬁf# I}ﬂ:g ﬂ}ﬁﬁ?ﬁo bretschneideri Rehd). Journal of Plant Growth Regulation,
2021, 40: 2007-2016
[12] Wang Y, Zhang X F, Yang S L, Yuan Y B. Lignin
SE involvement in programmed changes in peach-fruit texture
(1] Singh P, Chauhan V, Tiwari B K, Chauhan S S, Simon S, Bilal indicated by metabolite and transcriptome analyses. Journal of
S, Abidi A. An overview on okra (Abelmoschus esculentus) and Agricultural and Food Chemistry, 2018, 66:12627-12640
it's importance as a nutritive vegetable in the world. International [13] Defilippi B G, Ejsmentewicz T, Covarrubias M P,
Journal of Pharmacy and Biological Sciences, 2014, 4:227-233 Gudenschwager O, Campos-Vargas R. Changes in cell wall
(2] BEMY . BALHSTOR IS AIA BT A 32 S A RE R 8 g+ pectins and their relation to postharvest mesocarp softening of
HURIBETE . HUM - WK, 2021 “Hass” avocados (Persea americana Mill.). Plant Physiology
Huang W N. Mechanism study on the lignin accumulation in and Biochemistry, 2018, 128:142-151
lignified cells and cell-wall dynamic of pectin in postharvest [14] F2Z4  MWEFASTIRERAE A L. BEHTH
loquat fruit. Hangzhou: Zhejiang University, 2021 JAt, 2006
[3]  Goulao L F, Oliveira C M. Cell wall modifications during fruit Wang X K. Plant physiological and biochemical experiment
ripening: When a fruit is not the fruit. Trends in Food Science principle and technology. Beijing: Higher Education Press,
& Technology, 2008, 19:4-25 2006
[4] RenYY, Huang DD, Liu S W, Zhao F Y, Yu K, Zhu S H. [15] feZfi, ZEF R, 2Rk S Fos Rt % | LAY 2 A
Sodium hydrosulfide delays the softening of fig fruit during ZMAE A SR T, 2005(8) : 40-41
cold storage. Scientia Horticulturae, 2022, 299: 111037 Xiong S M, Zuo X F, Zhu Y Y. Determination of cellulose,
[5] Wang DD, Yeats T H, Uluisik S, Rose ] K C, Seymour G B. hemicellulose and lignin in rice hull. Cereal Feed Industry,
Fruit softening: Revisiting the role of pectin. Trends in Plant 2005(8): 40-41
Science, 2018, 23:302-310 [16] HEERE, 20, BB REURE AL S . 0t
[6]  XIGIEE, FERE, ATE . BUR G ANMRE B3 K L e it 1 at: RER TG, 2007
SN AR . 224, 2004, 31 (5):579-583 Cao J K, Jiang W B, Zhao Y M. Guidance for postharvest
Liu J F, Cheng Y Q, Peng S A. The relationship between physiological and biochemical experiments of fruits and
changes of cell wall components, ectin-degradingenzyme activity vegetables. Beijing: China Light Industry Press, 2007
and texture of postharvest pear fruit. Acta Horticulturae Sinica, [17] LiF W, Nishiyama T, Waller M, Frangedakis E, Keller J, Li
2004, 31 (5): 579-583 Z, Szovényi P. Anthoceros genomes illuminate the origin of
[7]  YuW, LiS, Zheng B, Wang Y, YuY, Wang Y, Zheng X, Liu land plants and the unique biology of hornworts. Nature Plants,

J, Zhang Z, Xue Z. Transcriptome analysis reveals the potential

mechanism of polyethylene packing delaying lignification of

(18]

2020, 6(3): 259-272
GaoY, GuoY, SuZY, YuY, Zhu Z C, Gao P, Wang X Z.



14

5K FFAE - BRI O A AL A AR AR SR A5 A

295

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Transcriptome analysis of genes related to fruit texture in
watermelon. Scientia Horticulturae, 2020, 262: 109075
R, BRARE, Welk, i, BRI, RE, RV bk
R AL W6 JRORR S IR A 77 1L 15 20 . R g A B
2, 2022, 23 (2):527-540

Zhao Y M, ChenSY, YouL, Han R, Zhai J W, Ren H, Wu
S S. Identification and analysis lignin biosynthesis genes of
Averrhoa carambola. Journal of Plant Genetic Resources, 2022,
23 (2): 527-540

Chen B L, Yang HK, Ma Y N, LiuJ R, Lv FJ, Chen J,
Meng Y L, Wang Y H, Zhou Z G. Effect of shading on yield,
fiber quality and physiological characteristics of cotton
subtending leaves on different fruiting positions. Photosynthetica,
2017, 55:240-250

Ifuku K, Yamamoto Y, Ono T, Ishihara S, Sato F. PsbP
protein, but not PsbQ protein, is essential for the regulation
and stabilization of photosystem II in higher plants. Plant
Physiology, 2005, 139:1175-1184

Wang Y, Zhang X F, Yang S L, Yuan Y B. Lignin
involvement in programmed changes in peach-fruit texture
indicated by metabolite and transcriptome analyses. Journal of
Agricultural and Food Chemistry, 2018, 66:12627-12640
Cybulska J, Zdunek A, Psonka-Antonczyk K M, Stokke B T.
The relation of apple texture with cell wall nanostructure studied
using an atomic force microscope. Carbohydrate Polymers,
2013, 92:128-137

Wang B, LiZC, HanZ H, Xue SL, BiY, Prusky D. Effects
of nitric oxide treatment on lignin biosynthesis and texture
properties at wound sites of muskmelons. Food Chemistry,
2021, 362: 130193

Begovic L, Abicic I, Lalic A, Lepedus H, Cesar V, Leljak-
Levanic D. Lignin synthesis and accumulation in barley cultivars
differing in their resistance to lodging. Plant Physiology and
Biochemistry, 2018, 133:142-148

LuJN, ShiYZ, LiW]J, Chen S, Wang Y F, He X L, Yin X
G. RcPAL, a key gene in lignin biosynthesis in Ricinus
communis L. BMC Plant Biology, 2019, 19: 1-11

Park H L, Bhoo S H, Kwon M, Lee S W, Cho M H.
Biochemical and expression analyses of the rice Cinnamoyl-CoA
reductase gene family. Frontiers in Plant Science, 2017, 8: 2099
Chanoca A, de Vries L, Boerjan W. Lignin engineering in
forest trees. Frontiers in Plant Science, 2019, 10: 912

De Meester B, Calderon B M, de Vries L, Pollier J, Goeminne
G, Van Doorsselaere J, Chen M J, Ralph J, Vanholme R,
Boerjan W. Tailoring poplar lignin without yield penalty by
combining a null and haploinsufficient CINNAMOYL-CoA
REDUCTASE?2 allele. Nature Communications, 2020, 11: 1-13
GuiJ S, Luo F, Zhong Y, Sun J Y, Umezawa T, Li L G.
Phosphorylation of LTF1, an MYB transcription factor in
populus, acts as a sensory switch regulating lignin biosynthesis
in wood cells. Molecular Plant, 2019, 12:1325-1337

Ma D M, Xu C, Alejos-Gonzalez F, Wang H, Yang J F, Judd

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

R, Xie D Y. Overexpression of artemisia annua cinnamyl
alcohol dehydrogenase increases lignin and coumarin and reduces
artemisinin and other sesquiterpenes. Frontiers in Plant Science,
2018, 9: 828

Marjamaa K, Kukkola E M, Fagerstedt K V. The role of xylem
class III peroxidases in lignification. Journal of Experimental
Botany, 2009, 60:367-376

P, REGA, XVETT, W SE0E, A, IR kR
LTUER AL R GRS o MBI . Bl 2054, 2022, 49
(1):73-85

LiYP, Chen M D, LiuJ D, ZengMJ, Zhu HS, Wen Q F.
Identification and expression analysis of CESA gene family in
Hibiscus esculentus. Acta Horticulturae Sinica, 2022, 49 (1) :
73-85

Fujii S, Hayashi T, Mizuno K. Sucrose synthase is an integral
component of the cellulose synthesis machinery. Plant and Cell
Physiology, 2010, 51:294-301

Coleman H D, Yan J, Mansfield S D. Sucrose synthase affects
carbon partitioning to increase cellulose production and altered cell
wall ultrastructure. Proceedings of the National Academy of
Sciences of the United States of America, 2009, 106:13118-13123
Nawaz M A, Lin X, Chan T F, Imtiaz M, Rehman H M, Ali
M A, Baloch F S, Atif R M, Yang S H, Chung G.
Characterization of cellulose synthase A (CESA) gene family
in eudicots. Biochemical Genetics, 2019, 57:248-272

Xiao Y, Yi F, Ling J J, Wang Z, Zhao K, Lu N, QuG Z,
Kong L S, Ma W J, Wang J H. Transcriptomics and
proteomics reveal the cellulose and pectin metabolic processes
in the tension wood (Non-G-Layer) of Catalpa bungei.
International Journal of Molecular Sciences, 2020, 21: 1686
Lopez-Sanchez P, Martinez-Sanz M, Bonilla M R, Sonni F,
Gilbert E P, Gidley M J. Nanostructure and poroviscoelasticity
in cell wall materials from onion, carrot and apple: Roles of
pectin. Food Hydrocolloids, 2020, 98: 105253

Koziol A, Cybulska J, Pieczywek P M, Zdunek A. Changes of
pectin nanostructure and cell wall stiffness induced in vitro by
pectinase. Carbohydrate Polymers, 2017, 161:197-207

Biswal A K, Hao Z Y, Pattathil S, Yang X H, Winkeler K,
Collins C, Mohanty S S, Richardson E A, Gelineo-
Albersheim I, Hunt K, Ryno D, Sykes R W, Turner G B,
Ziebell A, Gjersing E, Lukowitz W G, Davis M F, Decker S
R, Hahn M G, Mohnen D. Downregulation of GAUTI12 in
Populus deltoides by RNA silencing results in reduced
recalcitrance, increased growth and reduced xylan and pectin
in a woody biofuel feedstock. Biotechnology for Biofuels,
2015, 8: 1-26

Gwanpua S G, Mellidou I, Boeckx J, Kyomugasho C,
Bessemans N, Verlinden B E, Hertog M, Hendrickx M,
Nicolai B M, Geeraerd A H. Expression analysis of candidate
cell wall-related genes associated with changes in pectin
biochemistry during postharvest apple softening. Postharvest
Biology and Technology, 2016, 112:176-185



