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Changes in texture and lignin during different developmental stages of

mulberries and transcriptome analysis

WANG Binbin"*?*, DAI Xianglong"*®, DU Kaiqun"**, SHEN Zixin"**, WANG Hui"**, GAO Yanxia"**
('Institute of Sericulture, Chengde Medical University, Chengde 067000, Hebei, China; *Applied Technology R & D Center for Special
Sericulture of Hebei Province Universities, Chengde 067000, Hebei, China; *Hebei Sericulture Industry Technology Innovation Center,
Chengde 067000, Hebei, China)

Abstract: [Objective] Mulberry (Fructus mori), as a typical climacteric fruit, has been extensively
studied in areas such as health product development, fruit wine fermentation, analysis of nutritional indi-
cators, identification of aroma components, and postharvest preservation. With the advancement and
cost reduction of high- throughput sequencing technologies, transcriptomics and metabolomics have
been applied to explore the molecular mechanisms of mulberry ripening and softening. However, there
are no reports on the correlation between texture, lignin, and key genes in related pathways during the
ripening process of the berry. This study aimed to investigate the changes in texture, lignin, and other in-
dicators during mulberry ripening and softening, analyze transcriptomic data, and identify key factors
influencing the ripening and softening process of the berry. [Methods] The new mulberry variety Ansh-
en was used as the test material. The berries were collected at three developmental stages: 20 days after
flowering (MGF), 35 days after flowering (MRF), and 45 days after flowering (MBF). The texture indi-
cators (hardness, adhesiveness, cohesiveness, elasticity, gumminess, and chewiness) were measured us-
ing a texture analyzer, lignin content was determined using the concentrated sulfuric acid method, and

transcriptome sequencing was performed. The QRT-PCR experiments were conducted, and redundancy
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analysis (RDA) was used to analyze the correlation between lignin, berry texture, and lignin biosynthe-
sis-related genes, as well as to evaluate the relationships among various factors. [Results] As the ber-
ries ripened and softened, their hardness gradually decreased, ranging from 3.00 to 50.64 N, while elas-
ticity gradually increased, ranging from 1.86 to 4.41 mm. The gumminess and chewiness gradually de-
creased, with no significant difference in chewiness between the green berry and red berry stages, but
both were 4.19 times and 3.41 times higher, respectively, than those at the black berry stage, showing
significant differences compared with the black fruit stage. The cohesiveness showed no significant
change. The adhesiveness showed no significant difference between the green berry and red berry stag-
es, but significant differences were observed among other developmental stages. The lignin content de-
creased significantly. The transcriptome sequencing identified 51 895 Unigenes, of them 35 395 were
successfully annotated in databases such as the GO, KEGG, KOG, NR, NT and SwissProt. A total of
10 207 differentially expressed genes were identified, with more upregulated genes than downregulated
ones. The KEGG pathway enrichment analysis revealed that the lignin biosynthesis pathway contained
45 differentially expressed genes, classified into three expression patterns: gradually upregulated (2
genes), upregulated first and then downregulated (19 genes), and gradually downregulated (24 genes).
The third expression pattern was consistent with the trends in lignin content and texture quality indica-
tors. The twenty-four differentially expressed genes were identified in the lignin biosynthesis pathway,
and 10 were randomly selected for qRT-PCR experiments, confirming the reliability of the sequencing
results. The redundancy analysis showed that lignin content had the highest positive correlation with
fruit chewiness, followed by gumminess and hardness, with lignin contributing similarly to all three. The
lignin content showed the smallest negative correlation with the berry adhesiveness, followed by the
elasticity and cohesiveness. The CCR had the greatest influence on the lignin synthesis, followed by the
CCoAOMTI, CCoAOMT?2, PAL3, C3H and 4CL2, all of them positively contributed to the lignin synthe-
sis. The 4CL2 had the greatest influence on berry hardness and gumminess, followed by the PODI3,
CCoAOMTI, CCoAOMT?2, PAL3, C3H. CAD2 and PODI2 negatively contributed to changes in berry
hardness, gumminess and chewines, while the CAD2 positively contributed to changes in berry cohesive-
ness, adhesiveness and Springiness, followed by the CADI, POD12 and POD15. The RDA results were
consistent with the aforementioned gene expression patterns, confirming the reliability of the findings.
[Conclusion] Based on the physiological indicators and transcriptomic data, it was inferred that the key
genes in the lignin biosynthesis pathway, such as the PAL, C4H, 4CL, CCR, POD and CCoAOMT, would
regulate lignin synthesis and participate in the ripening and softening process of the berries. These find-
ings would provide theoretical references for improving mulberry ripening, preservation, and flavor.

Key words: Mulberry; Transcriptome; Fruit softening; Lignin

oA Dy B ARSI it SR PR — S EE R A, MY
SO SR SIE I IR ATII 9 2 e 35, 10 LR i 91 2R S I
AE A BORFEM , g R P LR R . g1k R
S5 AR PR A0 8 PR 2R A IR R AU OB
S, W R A R B ok RS R
S R o 1t A A 3 R IO AL BE AL RIER AR
FEAE A5, B 2 R HT B SR S iR B 35 HAN T e
FAEZ —, A — SRR ST A HAT AL SRR U
BRIG FHAEAL Y. SRS SN2 IR A F0 20 fif B 4

F4) B S0 AT R 2 5 M AR A ) 32 B R A AR A I AR
P T 22 Folv 200 o B 5 i A A2 R 1100 05 AR 0P Bk
SRR fa e B b 2 5 AR IR B (PG ¥ 1%
FhiEr, H PG iE MM sy, B BRERSs AT SR R b i 2
eh R [ 25 2 B O RSl CPED 1 1k R R 8 T e, 1 B
PE 7EFZ BT R B R il = AR Y. KRN
FE R 5 R B S AE O, AR AT R 24 RT3 AL
SRR = EAEHY. MY L B Bk
Ade-miR164 J2 H A /& miRNA (Ade-MIR164b) 1) £



1746 3 L)

S 4

423

ik, HAE KT AINAC6.AINACT (F) 4 miR164 K]
TR L bR D ik & 5 ADNAC6 fl AANACT & H
VERFE BRI T, H 5 L& 6 R R N 8 3 7
gEET ABA ME T RS 206 & R EE (S 5 8 A %
(ACS1.ACOI.ETR2.ERF2) {1321k , Bk 52 WAL
RIS R A Y RS L 2 £
R P [ O 4%, 4 00 DT ER 4 Mg BE 42 i RS ]
SIPG2a-~ SIPME2. SITBG4+ SICEL2 . SIEXPI , % i %
SE T M R A AR AR E TS AR A s T (R TER SIPG2a . SI-
EXPI 3R, L SAE A il 2 5 25 AR A
PSS N Pl IR X TP S
PEo ST RZHRSRUL, KR G2 bEE R
FRERAR AR BT A, BB RS T2 SEBUR RS
B A JEEAL IR S R B RAE A e R R
S5l R Z MBS, SRR RS EA S HRR
AR AR AS L, TR R R R SR e AR R AR
Y& RO K — F 0 B B ¢ B , 0 FE PAL.
COMT-4CL.CAD.CCR #1POD %%, CCR f& A 5 2 81
A TE 1 ) S 4 il , 1112 POD fE AR Jif 0 3 &AL i 7
Wkl EEAE M. B R T g REARR RE A R
HERLF I DI Re , (L 3E B A A B, B8 S5k
BN, B ERF139 401 4 6 R 56 26 T8 s A in
AR AR B, IR A A BE B i 0 0 57 Pl e ) 97
Rl HB AR #IE A0, PorMYB4 I 45 & B 8 11X
B AC-1 JTCHH0E Phr4CLI F R Kk, B34 Al
TSR o 2 B HAR 5 35S R0 A £ 24 4 i e 1 IS, I
BRAZIEDR W FAR AR 3R & &Y. Hi 4] VIbZIP14 ¥ 5%
K75 VICOMT 3N 5 81 IX 5 G-box 45 &, EL#%
WFZEERRIL , Z 5 RTREE K,
FEAEN— PR RS B K IR, 76 B s 1, SR
ST A A R ZU AR AR, , B N R AY HL AR B R
IR R S B, HEEAT, T REM
TR 2 BOREE T o3 70 M VR R S s 55 7 T
IR NE: 0 NI L R & A e < 7 I
o g6 AR ORI RS 5 SR
HadFE P () BT AR, , B2 AR i R AN T 58 TR
TR s HA ARSI A
B 38R R SE R M AR T TR 2 T AL . B S
J7 25 SR BA AN (] i b 7 TG TR £ 53 b 22 S 1T e 32
SRR A4z AR K, RAMNRER VR
T E ALY R A O R B T e 2 5 AR Ak
TR, TGS RIS R R Sk W 28 20 b A B

PAL.HCT-4CL2.C4H % 11 MR & hh 7 B 52t g
LA I B I 3 1) 25 S R IR R DR s A [ Jof b ) )
A5 M A7 R S A S 2E 0 B0 35 46 7 B T R B A
THERFER, EFHLEART T L3 ANAF R BB B
(1) S NARIE AL, 388 3 I s SR S 1) o M AR J A
RER, A HN TS E N E R RIEHER, i
SRS AR R A B S LR I 4 T AL AT
ZAFE R RGTFE i B AL LR it 3

1 FPRIAT;

11w

RPN ZEE, S P T AR R 7 B 2 5%
Bl . 2018 4F 6—7 At R, 1 5l T ML )R
20 d(£E 31, Mulberry Green Fruits, MGF) .35 d(4L.
M, Mulberry Red Fruits, MRF) .45 d (2B 53, )\
& JU K, Mulberry Black Fruits, MBF) K £& K /)h—
;o R E RS D, A BIE AN EY) S E
2O EERE 30N R, E R ERERA
WA, T-80 °CIRAF . Fosg A7 TAE AL TRk
AR A T 5E
1.2 RIFHMEARRZSEHNE

IR S JoT Hb A 1 FE AR CRSE R 3 B L P SR A
PE IR R TE R ) F e A5 B4 5 mm AR SK IR BTG AX
(TMS-PRO, 3 [H FTC 2~ 1) )l 72 #15 A 57 32 R ik
TR BRI ™
1.3 S RNAZEL. SCEEHI& R RAN

1 F§ RNAprep Pure Plant Kit (K AR, b 50 $2HL
5% LM 5L RNA, [A] I8 F] F Nano Drop 1 Agilent 2
100 PAAf H AT R AN SE 8k . SRHUE RNA J=, H
i Oligo(dT) I HEER & B2 FLAZAE W) mRNA, Fifi f5 {1
F PrimeScript™ II First cDNA % il i 77| & (TaKa-
Ra, 3& [ED & B — 85 cDNA, FH48 H BEHL 51 95 %
%5 2% cDNA B, S8 J5 41 QiaQuick PCR i 77 & 4l
b 2 J5 8OR s A2 291 % 30 Fe #% 5k, £E Tllumina
HiSeq 2500 il Fy o Xf k45 1) Bl 20 B4 id g
3% clean reads , ¥ clean reads M k21 2% B Unigene.
14 REFREAARRZESHAEXEENFRESH

i F RSEM (v.1.3.0) AR 2 R RGE 17— 46 N
RPKM ffi , % [} DEseq (v1.20.0) % f LA log, (Fold-
Change) =1 & P.s<0.05 N trifE, % Unigene ik i3t
1T 22 7 o3 A, et I 35 22 R 2RI 1) B (K (DEGS) o
T8 22 e Jk R KEGG AU I8 6 & A2 16 70 A, o e



5 8 31 EX 27 FNGV-S= I CE ) eIV NG L R YA SR S i g T 1747

OIIIIY
RIUX

El1 RERITRERAEH]
Fig.1 The different development phases of mulberry fruits
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Table 1 Primer sequences of qQRT-PCR

519144 ER3I11(5-3) R 311530
Primer name Forward primer (5'-3") Reverse primer (5'-3")

C4H2 AGCGAAATCTCGTGGTCGTATC CACCATATCCTGGCCCTTCC

C4H7 TGACCGACCTGGCGAAGAAA GCTCAGGCGATGATACGACCAC
PALI AACGGAATCTTGCCACACATTG GGTGATGTTGTTGTTGAGGAGC
PAL3 ACAAGAGCAGCCCTATTGGTTA CGATGTAGGACAACGGGACGAGG
4CL2 GGGGAGGTATGATGTTCGGAC CATCGACTATCGGATTATGGACCA
POD2 AAAGATAACCGACGGGAGC TTCACACCCCCATTTATTGTTCCAT
POD6 GCCGAAGTGGAGCGAGTA GAAGTGGGAGGAGGGATGA
PODI4 AGCCTCCTTCGCCTTCAT TTGTTTCCACCTGCTTCCTT

CCRI GTTGACAGTGCTGCTTTGCC CTGGGTTTCTGACGGTTCCT
CCoAOMT?2 GGATGCGGACAAGGGTAA CTTCTGGCAAAGCAACAAAT

Ribosomal protein L15

GGCTATGTGATTTACCGTGTT

TTGGTCCAGTATGAGTTGAGAA
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Table 2 Comparison of texture parameters detected from mulberry during different development phases

KRB , N
e ORI i L Bt TeEi b L
Stage (rfg o) Hardness/N Adhesiveness/mJ  Cohesiveness Springiness/mm  Gumminess/N ~ Chewiness/mJ
SEWIMGF  157.88+1547a  41.26+7.53a  0.06£0.01 b 0.19+0.04 ab 231+0.28 ¢ 7.90+1.79 a 18.31+4.95 a
ZLEIMRE  120.5143.42b  22.3248.01b  0.08+0.18 b 0.24+0.07 a 2.91+0.31 b 5.00+1.48 b 14.89+5.89 a
LI MBF 51.95+4.38 ¢ 5.36+2.36 ¢ 0.16£0.05 a 0.24+0.09 a 3.30+£0.62 a 1.26+0.65 ¢ 437+2.79b

L AF/NG FRERR 257 B2 (P<0.05).
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Table 3 Summary of 9 samples sequencing data quality

Ff 5 Sample J5l4f reads Raw reads A 34 reads Clean reads #f 1% Error rate/% Q20/%  Q30/% GC/%
MGF 1 27 123 198 27 117 774 0.02 97.85 94.01 46.36
MGF 2 26 289 487 26 284 230 0.02 97.77 93.86 46.02
MGF 3 24 039 766 24 034 959 0.02 97.66 93.60 45.65
MREF 1 25766 750 25761 598 0.02 97.81 93.91 46.14
MRF 2 31619304 31612981 0.02 97.76 93.82 46.20
MRF 3 31982535 31976 140 0.02 97.77 93.76 46.25
MBF 1 35330457 35323392 0.02 97.61 93.24 46.41
MBF 2 34 690 098 34 683 161 0.02 97.91 94.13 46.22
MBF 3 25 875 040 25 869 866 0.02 97.64 93.64 45.63




5 8 T, 55+ ANTE] R T IR I SR o o R A o 3R R A A % LB R o T 1749

1.2x10* =125
AL Frequence
—— L1 ffi| Percentage
1.0x10*
—20
8.0x10°
S
51 15 o
=] on
[} <
& , 5
;_3'—) 6.0x10° E
ﬁ =9
= 10 £
4.0x10°
45
2.0x10°
0.0 0
O P O P S P NP NP NP R P NP RN NP NP P PN
AR D ORI ENO U IO q:%yb N ONIIASUNONS
S Y S Y Y Y Y Y Y N Y & 7
ORI O R A A R R ORO NSRS
T T T TN NNNNNNONNT N AP0, 02702 006, 00,
T T 77T 99577
K& Length/bp
2 Unigene KE 27
Fig. 2 Length distribution of Unigene
A MGF MRF B MRF vs MBF MGF vs MBF C ColorKey
5343 0 3189 a2 o ?’tl_‘
36 385 656 3 ’»
: |
[ 436 691 4588 960 Value
5343 2368
MBF MGF vs MRF
D 5x10°- Up-regulatedgenes
Down-regulated genes
4353 4519
4x10°F
3599
O 3117
B2 3ot
ki
K ©
N g 2x10°F
M 5
4 1140
1x10°F 760

MGF vs MRF ~ MGF vs MBF MRF vs MBF

LY

R R 2 6 L $ R

E7S

Comparison of different samples A
F£ i Sample

A. R B BB Unigene 4EE & B. KA % & Hr B DEGs 4B & ;C. DEGs [(#iA#:;D. DEGs 4tit&.
A. Venn diagram of Unigene detected from different samples; B. Venn diagram of DEGs among different development stages; C. Expression pat-
tern of DEGs; D. DEGs statistics.
B3 FEERK DEGs RiZRK
Fig.3 Venn diagram and expression pattern of DEG



1750

42 3%

L
BEE N NER
NN

A

TRINITY DN46131 ¢3 gl(PODS)
TRINITY DN46131 ¢3 gl1(POD6)
TRINITY DN37718 ¢0 gl(PODI)
TRINITY DN50369 c1 gl(F5H)
TRINITY DN33233 c0 gl(POD4)
TRINITY DN49514 ¢2 gl(PAL2)
TRINITY DN49514 ¢3 g2(PALI)
TRINITY DN50103 ¢2 g3(POD14)
1 TRINITY_DN50103_c2 ¢2(POD13)
| TRINITY_DN33205_c0_gl(4CL2)
TRINITY _DN45219 0 gl(POD2)
TRINITY DN46029 ¢0 gl(POD11)
B TRINITY_DN49790 _c1_gl(PAL3)
B TRINITY_DN47190_c1_gl(CCOAMT?)
B TRINITY_DN47190_c1_g3(CCOAMTI)
I TRINITY_DN44349 ¢4 g3(CCR)
TRINITY DN44761 c1_g3(C4H2)
TRINITY DN44761_c1_gd(C4H5)
TRINITY _DN44761_¢0 g3(C4H3)
TRINITY DN44761 ¢l gl(C4H1)
TRINITY DN44761 ¢l _g2(C4H7)
TRINITY DN46997 ¢2 g3(PODI10)
TRINITY DN46898 ¢0 gl(PAL4)
TRINITY DN44317 ¢3 g2(CCOAMTS3)
B TRINITY_DN45720_c2 ¢6(POD15)
B TRINITY_DN37868_c0_g1(POD12)
- TRINITY DN44761_c0_g4(C4H6)
- TRINITY DN49050 ¢2 g3(POD3)
- TRINITY DNA43745 c0_gl(4CL4)
- TRINITY DN44761 ¢0 gl(C4H4)
TRINITY DN41242 ¢0 g2(4CL3)
TRINITY DN4427 c0_gl(POD16)
TRINITY DN45552 ¢l g2(CAD3)
TRINITY DN49796 ¢2 gl(POD?)
TRINITY DN47498 ¢3 g3(HCT3)
TRINITY DN49025 ¢5 g2(CADI)
TRINITY DN48457 ¢l gl(HCTI)
TRINITY DN47745 ¢0 g3(PODY)
TRINITY DN47737 ¢l g3(4CL5)
TRINITY DN47745 0 gl(PODS)
TRINITY DN46296 c1_gl(PRDX6)
TRINITY DN47965 c1 g3(CAD2)
I TRINITY_DN47737_c1_g2(4CLI)
- TRINITY DN46810 c0 g2(HCT2)
- TRINITY DN48416 ¢3 g5(C3'H)

%%%&%%

4 REARRZEARBEXEREEMBRIERE

Fig. 4 Clustering and heatmap of DEGs related to lignin biosynthesis in mulberry

Z-score



81

EX 27 FNGV-S= I CE ) eIV NG L R YA SR S i g T 1751

FPKM {8 Z: il 43 #r. 45/ DEGs A LA N 3 7
Tk, 24Meik DEGs [TRINITY DN45720 c2 g6
(POD15) \TRINITY DN37868 c¢0 gl (PODI2)]#i%
SR FE, RSB st £ 2 SBR[ FP-
KMEZ# T E . 19 M1k DEGs R N 7E 241 5
ARk, RS R WA R R KR A , FPKM S R 3R
oA B N . 24 MKk DEGs R4 3
W RIE , R R A B R R IR, A K
BRI N RaS, I RER A KERE, 5
FH R SR B AR P 3 AN A BT A B A
Fabr AR A — 2.

XoF 2R T e A U 3 % 20 AT R (L 5D, B Ui R 5
TG O B 5 E 4 IR TN R AR R (PAL L
PAL2. PAL3. PAL4) DEGs- 5 4~ W 1 % - 4- ¥2 1L g
(C4HI.C4H2.C4H3.C4H5.C4H7)DEGs. 1 > 4-F
GRS - A-JE B2 (4CL2)DEGs 1 AP 31 -5-¥2 4L,
fitf (F5H)DEGs 3 /™M HE: 4 1§ A 3-0- H 3L 5 5 1l
(CCoAOMTI.CCoAOMT2.CCoAOMT3)DEGs. 11
A A T 4 B A I8 J5 B (CCR) DEGs, 3t it 15 4>
DEGs, H¥J% 3 T, 55 2 7 2805 Hh 5 5 15
WA ESAME—8 TR AR % (lignin) 5%
T AR ZK (syringyl lignin) X ¥ 3E R Wy AR &
(p-Hydroxyphenyl lignin) « 5 Gl AWy A i % (Guaiac-
yl lignin) A1 5-¥% 5 8 61 K )y A it 2 (5- Hydroxy-
guaiacyl lignin) 55 & Jf 2% o 45 7€ 31 16 1> DEGs, H
9 AN it 4 1k A 8§ (PODI. POD2. POD4. PODS .
PODG6.POD10.PODI11.PODI3.PODI14)DEGs 1E 4
S ERRIL R IR, I BRI & & 2 A
it TR AR B A — . LA LRGSR, ik
th ETNIR R A G 24 > DEGs(PALTPAL2.
PAL3. PAL4. C4HI. C4H2. C4H3. C4H5. C4H7.
4CL2.F5H.CCoAOMTI.CCoAOMT2.CCoAOMTS3 .
CCR.PODI.POD2.POD4.POD5.POD6.PODI0.
PODI11.PODI13.PODI4) , #E I H 7] G 2 55 F a2
R 5 RS I B A
2.5 ERFTIEEFAM qRT-PCRIGIE

MARZ &l Bl % ) 24 4> DEGs H B
HLIE 10 A KR = & B0& 15 1) 5% B DEGs i3 17
qRT-PCR R I I 1E (& 6) . [l 5 55 5 1 S i 24,
C4H7.CCR\PALI.PAL3.POD2.POD14.CCoAOMT?
ST AR 2 8 AR I 25 S 5 e A B R — B
HI¥ AR, Feal 2o R HRs | m T4 R,

HEMIX 74N FE PR o] B8 4 % S E O (AR . B
SR 4CL2 C4H2 POD6 5 K] [#] qRT-PCR £ i 3% 1k
5 S B I AR A B AR A o 22 S (H R 2
DRI ZRAK KT B 3% — 20 , 1 B % e L o B mT 48
2.6 RELFMTHRAKXBERERERESH
ik RDA 73 #r AR J5i 25 5 6 A 5% S5 Joi 3 45 1 1)
KER,HRAHT-AFW, Kz 5 RS g 230
5 2 B TE AR DR, L M IR R 1 AR, FLrh R 5
R =FH MR EAR —FL AR =5 R LR
Bt B PR R P SRR R AR OC . i RDA 43 4 A
TR F AN S S i AR S R T 2R A AR A DG
DRIAH S, 45 5 (B 7-B . COF B, CCR 3T AR & KA
(R B K, H R CCoAOMTI CCoAOMT2.
PAL3.C3H R 4CL2 %% , POD12 F1 CAD2 %% 3£ [ %t A
JR WA T B 3 Bk . 4CL2 S5t H S A0 i 286
PE AR b 5 W B K, H IR POD13. CCoAOMTI .
CCoAOMT2PAL3.C3H, CCoAOMTI % 5 5 ff) i
U M 52 B K, FL RN CCoAOMT2 PAL3 . C3H.
PODI12 5 J SOl FE L & e IH g 1%k TG W 25 R Bk .
CAD2 %o e szt Rl B R Y 3R 1 Ak o i ok
HVK N CADI.PODI12.PODI5. RDA 73 H4E 5 517
R R R A — B U 1A 5 R ]

s,
3%

FHER SRR AT IIR BN LA | R 2
R 5515 R 11 R D) N 2 B A L XU IR AR . IR
S5 M )P 38 SR B PR AR E P
o B VP PR, B8 L 1E S i A K SR 5K 5 Hb
(ST AE B, DA DU & AT Ak 0 B = A e
U, AR LT B E VPN 5 ACES U R AR 25 A2 U
AP S S5 ) F A 792 o BBl 8 R S M S e e
MR R, O KRERIRIE X — 2 &2 Fi 5
e AR RIA SUUERSE, A S5 70 Tl
HlECE A o B B P AR B RE e A AT SR S
TE B2 F-HLHI B T8 I AR RO A o

AR5 2 A G i B 1 B A R A 2 A
BE SR A NI ST 4%, 2 5] e S S o AR A [ 3 2R 3R
Z 2, Wang SEPIHEAE R, Bl AR R &
SN, A 4 S R R e 2 1K T P SR PR A
PEBEZ W/, X S AR AP REARE T EE L
il B 52 TR AH OC 5 S50 SRR R 551 22 47 R DG (1) 45



42 3%

1752

uud] [ASuLIAS “God

1A19J1U00AX0IPAH-§

urudi [Aoerenn) AQ|O¢

(91d0d)13 09 LTHPNA ALINIIL
(§1A0d)93 7> 0TLSYNA ALINIIL
(F1AO)E3 70 €010SNA ALINIIL
(£1A0d)T8 7> €010SNA ALINIIL
(Z1aod)13 09 898LENA ALINIYL
(I1AOd)18 09 6209YNA ALINIIL
(01dOd)E3 70 L669YNA ALINIML
(60Od)E3 09 SPLLYNG ALINTIL ||
(8TOd)13 09 SYLLYNA ALINIIL
(£LAod)18 0 96L6YNA ALINIIL
9aod)118 €2 T€19PNA ALINIIL
(6dOd)13 €2 1€19PNA ALINIIL
(#AO)13 0° €€TEENA ALINDIL
(£AOd)E3 T 0S06VNA ALINDIL
(C@od)13 09 617SPNA ALINIIL

(Iaod)18 05 81LLENA ALINTIL
A9 AN ADIN

<«

(HSA)IS 09 69€0S

[0yo9[e [K19J1U0)) €————— OPAYIP[RIJIU0)

Kemyped sisayyuisorq urugy ur paure}qo SO S “S1q
MEREEZWHASWOHFELE Y SE

apAyapredeurg

?EOU

«————— OpAYIP[LIJIUOIAXOIPAH-G

e

AGN AN IO

(ELWNOY0DD)T8 €9 LIgyPNA ALINIYML
LINOD | (ZZMWOV02D)18 19 061LyNA ALINTIL

(IZWOV0DD)EB 19 061LPNA ALINTIL
AN 24N ADN

LINOVODD

pAyop[ealIe) <

0)) [AO[NI0| €—————— PIOE JI|NId
00 VoD I ‘M A o ploe ornis g

V0D [Kooyye) «——— pIoe dlye)

urudi [AuoydAxoipAH-d

(£@vD)T8 19 TSSSYNA ALINIYL
LNOOS (avD)€8 15 $96LVNA ALINIML
(1av2)T8 ¢2 $TO6YNA ALINIYL

JEN DIN IO

ﬂ aod

[oyoo[e [Arewno)-d
L

avo

ogsuv_ﬁamh:oo.m

Ril0e]

Ry A %
(§LDOH)E3 €9 86¥LPNA ALINIIL o
(ZIOH)TE 09 0189PNA ALINTIL LOH > mewmwhwmﬂ. u
(1LOE15 19 LSh8PNA ALINTIL S T TN AN
Ezhwm%mm 1Koapje) € H.£0 BmEEEmT y0) [Korewno)-d
o .£0)s3 ¢o orpsyna ALNrL [l Foreneo-d on

AN DN IDN

A
(S70#)€3 19 LELLYNA ALINTIL
(PTOP)18 09 SHLEPNA ALINTIL
(£70#)78 09 THTIPNA ALINIIL
(ZTO#)18 09 SOTEENA ALINDIL

(I'TO#)T8 19 LELLPNA ALINTIL
AN SN ADIN

\

1O

proe orwreuur)-d

(TH#O)13 19 19LPYNA ALINIML
AN SN AD

(LH#D)TE 19 19LPYNA ALINIYL
(9H#D)¥3 09 T9LPYNA ALINTIL
(SHFOIYS 19 19LPYNA ALINIYL
(7H$D)13 02 T9LPPNA_ALINIYL
(SHFD)ES 09 19LyPNA ALINIYL
(CH#D)E8 19 19LPYNA ALINIML

A

H¥D

pIoe orweuur)

A
(£TVd)18 19 06L6YNA ALINIYL
(ZTVd)13 20 $1S6YNA ALINIML
(I'TVd)T8 €2 $1S6YNA ALINIYL

LA RIAEIIA

Tvd

suruerejAuayd-7



%8 FMWM, 25 AR KB I Y1 S8 b R R 5T 3R AR A A S L Sl o b 1753
CJqRT-PCR = RNA-seq
§ oosp L2 o Sisp PODI4 15000 535, cam2 25 000
2 b 2 2 "
o Q o] 30,
E oot | 1,2 Ent 12000 2 £ T $0000 2
S l £ 5 l S Sast g
o o [
2 oot S o 9000 Z 25| 1 {15000 &
= d0x S e 87 &
o) = © =9l b =
?ﬂ o010t o E 6f 6000 4z Elﬁ T 110 000
i i i
o 15 = 1.0t
2 o0t Y 3000 é & ¥ 15000 é
*_E R \‘:Ii_l [ ﬁ = ﬁO.S' b =
= 0.000 0 = 0 i u 0 iZIE[O.O 0
< MGF MRF MBF = MGF MRF MBF = MGF MRF MBF
i 1 Phase I 1 Phase I} 3 Phase
g [=} =]
2 30r . C4H7 Q1200 .2 07 CCR 1750 210 PALI 60 000
§ L % [} § 0.6 i Q § Q
g.25 I ¢ Lo 2 & foo0 8 & s soooo%
° = > o 05t > o a =
220} /' s ¢ s 2 '|' 40000 5
E Z S oaf N 1804 5 or @
T 150 1600 & 5 & s J_ 30000 &
2 - &~ 03f 1 43004t gt =
IH 1o} s E Ll s H ° 20000 5
B pog [0 H o b B
ﬁ 0.5 b B H_S ol N . B % 10 000 £
> = >
Z 00 0 Z 00 0 Z o 0
MGF MRF MBF MGF MRF MBF MGF MRF MBF

I 1 Phase I} ] Phase I #A Phase
E3o0p PAL3 160000 § o018 POD2 j60 B sp PODS 11000
2 ; 2 a 2
O} {50000 & £ 0.15} {s0 g 2 1sf b 2
& I el N el T 120 3
5] 5] ) J_ >
©20F b 1400005 ¢ 0.2F J_ {40s o 12f =
B 2 < 2 1600 &
Sast 1\ 430 000 & = 009t 130 & =2 09¢ )
~ mo m A 4400
18 1.0} 1200005 i 0.06F 120 5 gz 06f =
% 2 M 1200 &
WROSH 110000 i 0.031 " 110 & g 03f /I &
= < ey b = a 2
= 0.0 0 o= 0.00 —=— 0 m 0.0 0
< MGF MRF MBF < MGF MRF MBF * MGF MRF MBF

i 4 Phase I 1 Phase I} 1 Phase
=]
2 0030 CCoAOMT?2 q12
§ 0.025 - 3
a 0 =
: . I
2 oo00r E
= oosf 16 £
& o
I 0.010} E
P 1<
. 0.005f b ) e
=
= 0000 =

MGF MRF MBF
I 1 Phase

6 qRT-PCR I3 10 MESEREMWRIEFR
Fig. 6 Expression levels of 10 DEGs were determined by qRT-PCR

TAE— 250, HEM SR AR AL S R R = R
AEAERIRME o A 2R 10 & Rl 32 22 2l 0 2R A Joe i
1%, Hodh PAL. C4H.4CL.CCR.POD.CCoAOMT %
BRI AR 3R A USRS s L R, HAX S B[R]
RiLBEHKRFRA RE R IEMHKRS, EH AR
Tt %5 58 SRAF AR 2 A OB % TP ) 45 4 DEGs, H
H124 /N DEGs MIRIA B 5 A& & & =25

— %, C4H7. CCR. PALI. PAL3. POD2. PODI4.
CCoAOMT?2 %57 A~ H= K W] i I 1 428 S 5 e AR A,
. PAL KR A A S5 s B R A
Korth P9 78 32 B, FEMH b 320k PAL JE K], PAL
it 3% T AN A 5 2% ) B 3 T 5 Cad 25 R (IR IR
ARG PRI, AL RIZE SRR ETRREIE
o AWFFLERFM, PALI PAL2PAL3 .PAL4 %5



1754 B 4 Bt
A
0.4 )
Cohesivn
;\O\ Springin
™
< Chewines
D i
Ligpig Adhesivn
a Gummine.
Hardness
-0.3
-1.0 RDA(95.95%) 1.0
B PO C 10
10 CEORUA Ccyu capl ' JcL2 PODI3 POD2 popi]
4CL4RAD3 URGH Hardness Gumiines PoB AP PALI
cai \ PRDX6 ¢ap> ardness® BODERELC4H]
wers <Ll can\ | Chewines s
“ cequiFFROwT! %/' PODI0
C3H CCOAMT3
ZBIL4PODIS
lPar3 \\ [/ 7,
CCOAMY Froanr> I 7,
S 9 \ \/ o / rooi
) = =
A q— =)
0 Lignin ) 7
IS 4 = /
é 2 C4, ,//
PODI3 a C4HLE
~ -4 4CL4P3
PODH; 3 8
PODY yigg Adhesivn
YeuL) SCLFYOD)
4 H POD Pobi12 PODI";CTI 3 Cohesivn
b Il R Y N
“1.0 ; 4QDé'C0AIé7? 5 10 4D cangy 3 Springin
- -1.0 1.0
10 RDA(47.71%) 1.0 RDA(50.14%)
AR S RS PEAR SCE  B. AR B3 & 5 AR 35 AT AR DG JE R AR DG < €. A SE B ARR 1R 5 Ao 32 G AR AH DG S R A

RN 5 BENAEDR 73 AR LB AR B o 1) Tl A

A. The correlation between lignin content and texture quality; B. Lignin content and genes related to lignin synthetic metabolism; C. Fruit texture

quality and genes related to lignin synthetic metabolism. The horizontal and vertical coordinates represent the importance value in the overall interpre-

tation volume.

7 RDA it FERE 7
Fig. 7 The main factors that affected texture was identified by RDA

ANFER PAL Rk B 5 AR R & &2 IR, K
PALT %+ A5 2% 10 & B A B Ak 5 i i K L 52 1F
FHIC, HEM PAL 7T RE 2 2 5 R &R & B B 2
HH . C4H 2RI EER P45S0 7R, EEDREA
TINS5 . Sewalt S5 5 & B, 78 JH B b 410
il C4H B2 RIFRIA , FLAH MO AE B BB HAR R
HEHILFR, CIHRIEES KR RS EEIEMHEX.
FH C4HI .C4H2.C4H3 .C4H5 . C4H7 %5 5 ML %
EEEARRE G REIEMK, R C4H FEF X FHE
WAL FERIEEE/EH . CCR.CCoAOMT Xt A Ji
KAERMAE R K. CCRAZEARR XAV IS
53 B P S — A [ B, B AR LT R R R
PFEO FOKPIH CCR TG PR, AR S ERE T
P o ZEE CCRFH:PRE A5 2= 1 A B R R 304 TEAH
K, HBEE ZEM M, CCR R IL & 2 F1K .
CCoAOMT 5= RIFE R J51 25 6 Ji S 2H 53 A i v ke 1) B

B AE A R R A A AT R B, A
CCoAOMT E= R FRIE , RT3 & & W 2 FEAIC, [RI
AR FE AR BNE S S 2 A0 b 3L i ik
F| 3 /> CCoAOMT % 7 R ik B A, CCoAOMTI Fil
CCoAOMT2 SRR A MR IEAHIK . iXEEZE FLxT
SEM T B A 25 8 R TR A
ROE ARG B € AL B TR SR it 1K

4 4

A IS AR B RE 7 T s I S ARSI B
AL AR A PR E A B FE AR AE AN [R] (1 5 A I S 2 A
I REAIE , RIVRE FEE | F2 280 A AR EL MG S A e, LR TR
W TR R PEAE B R E AR, W R TG B
s RFUR & EIB W FEAR . B sk I Fr it b 3L
SE B 45 DA R B BRI ZE R IL R . 214
ZRBEFRIEESARR G RGBS — 8 H



81

EMAM, S N IE) R B S o R AC T 3R AR A B L S AR T

1755

)RS . RDA 73 R B A A (22 B 5 o b dig
FR AT R A A AR S M — B, B R E b
B ARFR G e 2 R 2 RNS 5 IEREK
KBRS, AW TSR N 5 BT FRAH LI 70T HL 1)
RV BUE 7 BB FEA

ZE#k References:

(1]

(2]

(31

(4]

[3]

(6]

(7]

(8]

(9]

[10]

CONTADOR L, SHINYA P, INFANTE R. Texture phenotyping
in fresh fleshy fruit[J]. Scientia Horticulturae,2015, 193 :40-46.
SHI Y N, LI B J, SU G Q, ZHANG M X, GRIERSON D,
CHEN K S. Transcriptional regulation of fleshy fruit texture[J].
Journal of Integrative Plant Biology,2022,64(9): 1649-1672.
QIAN M,ZHANG Y K, YAN XY, HANMY,LIJJ,LIF,LIF
R,ZHANG D, ZHAO C P. Identification and expression analy-
sis of polygalacturonase family members during peach fruit soft-
ening[J]. International Journal of Molecular Sciences, 2016, 17
(11):1933.

ZAHARAH S S, SINGH Z, SYMONS G M, REID J B. Mode
of action of abscisic acid in triggering ethylene biosynthesis and
softening during ripening in mango fruit[J]. Postharvest Biology
& Technology,2013,75:37-44.

HIRSCH M, LANGER S E, MARINA M, ROSLI H G, CIVEL-
LO P M, MARTINEZ G A, VILLARREAL N M. Expression
profiling of endo-xylanases during ripening of strawberry culti-
vars with contrasting softening rates. Influence of postharvest
and hormonal treatments[J]. Journal of the Science of Food and
Agriculture,2021,101(9):3676-3684.

SHEN Y H, LU B G, FENG L, YANG F Y, GENG J J, MING
R, CHEN X J. Isolation of ripening-related genes from ethylene/
1-MCP treated papaya through RNA-seq[J]. BMC Genomics,
2017,18(1):671.

WANG W Q, WANG J,WUY Y,LIDW,ALLAN A C,YIN X
R. Genome- wide analysis of coding and non-coding RNA re-
veals a conserved miR164-NAC regulatory pathway for fruit rip-
ening[J]. New Phytologist,2020,225(4):1618-1634.

LUO H,DAI S J,REN J,ZHANG C X,DING Y,LI Z,SUN Y
F,JI K, WANG Y P, LI Q, CHEN P, DUAN C R, WANG Y,
LENG P. The role of ABA in the maturation and postharvest life
of a nonclimacteric sweet cherry fruit[J]. Journal of Plant
Growth Regulation,2014,33(2):373-383.

WANG D D, SAMSULRIZAL N H, YAN C, ALLCOCK N S,
CRAIGON J, BLANCO-ULATE B, ORTEGA-SALAZAR 1,
MARCUS S E, BAGHERI H M, PEREZ FONS L, FRASER P
D,FOSTER T, FRAY R, KNOX J P, SEYMOUR G B. Charac-
terization of CRISPR mutants targeting genes modulating pectin
degradation in ripening tomato[J]. Plant Physiology, 2019, 179
(2):544-557.

POWELL AL T,KALAMAKI M S, KURIEN P A, GURRIERI
S, BENNETT A B. Simultaneous transgenic suppression of

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

LePG and LeExpl influences fruit texture and juice viscosity in
a fresh market tomato variety[J]. Journal of Agricultural and
Food Chemistry,2003,51(25):7450-7455.

TORRES C A, AZOCAR C, RAMOS P, PEREZ- DIAZ R,
SEPULVEDA G, MOYA-LEON M A. Photooxidative stress ac-
tivates a complex multigenic response integrating the phenylpro-
panoid pathway and ethylene, leading to lignin accumulation in
apple (Malus domestica Borkh.) fruit[J]. Horticulture Research,
2020,7:22.

WANG Y, ZHANG X F, YANG S L, YUAN Y B. Lignin in-
volvement in programmed changes in peach-fruit texture indicat-
ed by metabolite and transcriptome analyses[J]. Journal of Agri-
cultural and Food Chemistry,2018,66(48):12627-12640.
ZHAO X W, WANG Q, WANG D,GUO W,HUM X,LIUY L,
ZHOU GK,CHAIGH,ZHAO ST,LUM Z. PagERF81 regulates
lignin biosynthesis and xylem cell differentiation in poplar[J].
Journal of Integrative Plant Biology,2023,65(5):1134-1146.
WESSELS B, SEYFFERTH C, ESCAMEZ S, VAIN T, ANTOS
K, VAHALA J,DELHOMME N, KANGASJARVI J,EDER M,
FELTEN J, TUOMINEN H. An AP2/ERF transcription factor
ERF139 coordinates xylem cell expansion and secondary cell
wall deposition[J]. New Phytologist,2019,224(4): 1585-1599.
LIUD L,XUEY S, WANG R Z,SONG B B, XUE C,SHAN Y
F,XUE Z L, WU J. PorMYB4, a R2R3-MYB protein, regulates
pear stone cell lignification through activation of lignin biosyn-
thesis genes[J]. Horticultural Plant Journal, 2025, 11(1): 105-
122.

YU P,LIS Q,SUNY D,MENG X X, SHI Q F,ZHAO X C,
YU Y H. Transcription factor VIbZIP14 inhibits postharvest
grape berry abscission by directly activating V/ICOMT and pro-
moting lignin biosynthesis[J]. International Journal of Molecular
Sciences,2024,25(17):9479.
GAOY,GUOY,SUZY,YUY,ZHU Z C,GAO P, WANG X
Z. Transcriptome analysis of genes related to fruit texture in wa-
termelon[J]. Scientia Horticulturae,2020,262:109075.

LI X T,HUANG H T,RIZWAN H M, WANG N Y,JIANGJ Y,
SHE W Q,ZHENG G H,PAN H L,GUO Z X,PAN D M, PAN
T F. Transcriptome analysis reveals candidate lignin- related
genes and transcription factors during fruit development in pom-
elo (Citrus maxima)[J]. Genes,2022,13(5):845.
LUM,MAWT,LIUY Q,AN HM, LUDLOW R A. Transcrip-
tome analysis reveals candidate lignin-related genes and tran-
scription factors in Rosa roxburghii during fruit ripening[J].
Plant Molecular Biology Reporter,2020,38(2):331-342.

WANG X,LINLJ, TANG Y, XIAH,ZHANG X C,YUEM L,
QIU X, XU K, WANG Z H. Transcriptomic insights into citrus
segment membrane’s cell wall components relating to fruit sen-
sory texture[J]. BMC Genomics,2018,19(1):280.

T 200, DI, TS R VE, R, m R, B
J5E A ASCRGE N S EE 5T b 5 114 5 9 TE (D). SRR 41, 2021, 38



1756 3 L)

4

{: F424

(22]

(23]

[24]

[25]

[26]

[27]

(28]

(11):2014-2020.

WANG Binbin, LI Na, JIA Manli, CHEN Xiuling, FAN Wei,
XIA Aihua, GAO Yujun, LI Jisheng. Measuring texture quality
of mulberry fruit using a texture analyser[J]. Journal of Fruit Sci-
ence,2021,38(11):2014-2020.

TS TE D SRR T A P R A R R A A A
FL[D]. B 5L« B HAMK RS, 2016.

WANG Guanglong. Change patterns of hormones and quality
characters during taproot growth and development in carrot[D].
Nanjing: Nanjing Agricultural University ,2016.

ZHAO Q,DIXON R A. Transcriptional networks for lignin bio-
synthesis: More complex than we thought [J]. Trends in Plant
Science,2011,16(4):227-233.

COSGROVE D J. Plant expansins: Diversity and interactions
with plant cell walls[J]. Current Opinion in Plant Biology,2015,
25:162-172.

WANG B, LI Z C,HAN Z H, XUE S L, BI Y, PRUSKY D. Ef-
fects of nitric oxide treatment on lignin biosynthesis and texture
properties at wound sites of muskmelons[J]. Food Chemistry,
2021,362:130193.

LI X, ZANG C, GE H, ZHANG J, GRIERSON D, YIN X R,
CHEN K S. Involvement of PAL , C4H, and 4CL in chilling inju-
ry- induced flesh lignification of loquat fruit[J]. HortScience,
2017,52(1):127-131.

CAI C,LI X, CHEN K S. Acetylsalicylic acid alleviates chilling
injury of postharvest loquat (Eriobotrya japonica Lindl.) fruit[J].
European Food Research and Technology, 2006, 223(4): 533-
539.

KORTH K L, BLOUNT J W, CHEN F, RASMUSSEN S,
LAMB C, DIXON R A. Changes in phenylpropanoid metabo-

lites associated with homology-dependent silencing of phenylal-

[29]

[30]

[31]

(321

anine ammonia- lyase and its somatic reversion in tobacco[J].
Physiologia Plantarum,2001,111(2): 137-143.

SEWALT V J H,NI W,BLOUNT J W,JUNG H G,MASOUD S
A,HOWLES P A, LAMB C, DIXON R A. Reduced lignin con-
tent and altered lignin composition in transgenic tobacco down-
regulated in expression of L-phenylalanine ammonia-lyase or cin-
namate 4-hydroxylase[J]. Plant Physiology,1997,115(1):41-50.
LEPLE J C, DAUWE R, MORREEL K, STORME V, LAPI-
ERRE C,POLLET B,NAUMANN A,KANG K Y,KIM H,RU-
EL K,LEFEBVRE A ,JOSELEAU J P, GRIMA-PETTENATI J,
DE RYCKE R, ANDERSSON- GUNNERAS S, ERBAN A,
FEHRLE I, PETIT- CONIL M, KOPKA J, POLLE A, MES-
SENS E, SUNDBERG B, MANSFIELD S D, RALPH J, PI-
LATE G, BOERJAN W. Downregulation of cinnamoyl- coen-
zyme A reductase in poplar: Multiple-level phenotyping reveals
effects on cell wall polymer metabolism and structure[J]. The
Plant Cell,2007,19(11):3669-3691.

TAMASLOUKHT B,LAM S J W Q,MARTINEZ Y, TOZO K,
BARBIER O, JOURDA C, JAUNEAU A, BORDERIES G,
BALZERGUE S,RENOU J P, HUGUET S, MARTINANT J P,
TATOUT C, LAPIERRE C, BARRIERE Y, GOFFNER D, PI-
CHON M. Characterization of a cinnamoyl- CoA reductase 1
(CCR1) mutant in maize: Effects on lignification, fibre develop-
ment, and global gene expression[J]. Journal of Experimental
Botany,2011,62(11):3837-3848.

DAY A, NEUTELINGS G, NOLIN F,GREC S, HABRANT A,
CRONIER D, MAHER B, ROLANDO C, DAVID H, CHAB-
BERT B, HAWKINS S. Caffeoyl coenzyme A O-methyltransfer-
ase down-regulation is associated with modifications in lignin
and cell-wall architecture in flax secondary xylem[J]. Plant Phys-

iology and Biochemistry,2009,47(1):9-19.



