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Research progress in the regulation mechanism of lignin synthesis in

pear stone cells

WANG Hongbao, WANG Yongbo, WANG lJin", LI Yong, LI Xiao, WANG Yingtao, WANG Yaru
(Shijiazhuang Institute of Fruit Trees, Hebei Academy of Agriculture and Forestry Sciences, Shijiazhuang 050061, Hebei, China)

Abstract: Stone cells are sclerenchyma cells formed by deposition of lignin, which is the most signifi-
cant factor limiting the quality of pears. Therefore, it is of great significance to explore the mechanism
of lignin synthesis regulation in pear fruit development for the genetic regulatory network of stone cell
traits. In this paper, the mechanisms of transcriptional factors, hormones, sugars, calcium, reactive oxy-
gen species, light quality and pollen sensitivity in lignin synthesis in pear fruits are reviewed, aiming to
provide reference for the regulatory network of lignin in pear fruits and genetic improvement of fruit
quality. Several transcription factors involved in lignin biosynthesis have been identified in pears, such
as MYB, NAC, bZIP, KNOX and zinc finger protein, among which MYB and NAC transcription fac-
tors play key regulatory roles in lignin synthesis. Study has showed that PbrMYB169, an R2R3MYB
transcription factor of Pyrus bretschneideri, positively regulates lignification of stone cells in pear
fruits. On the one hand, PhrMYB24 activates the transcription of lignin and cellulose biosynthesis genes
by binding to different cis-element. On the other hand, PbrMYB24 binds directly to the promoters of
PbrMYB169 and PbrNSC, activating the gene expression. Moreover, both PbrMYB169 and PbrNSC ac-
tivate the promoter of PhrMYB24, enhancing gene expression. Research has identified PbMYB61 and
PbMYB308 as candidate transcriptional regulators of stone cell formation, revealing that PbMYB61 reg-
ulates stone cell lignin formation by binding to the AC element in the PhLACI promoter to upregulate
expression. Exogenous application of 200 umol - L' NAA can reduce stone cell content and also signifi-
cantly decrease the expression level of PhrNSC encoding a transcriptional regulator. In addition,
PbrARF13-PbrNSC-PbrMYB132 regulatory cascade mediates the biosynthesis of lignin and cellulose in

stone cells of pear fruit in response to auxin signals. Research has found several hormone-responsive el-
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ements in the upstream regulatory sequences of PhPALs family members. ABA, SA and MeJA could
regulate the expression of PbPAL1 and PbPAL3 genes, and affect the formation of fruit stone cells. A se-
ries of experiments have proved that PbUGT72A4J2 mediates glycosylation by catalyzing the glucose
conjugation of monolignols and may affect the expression of downstream genes as well as the content
of monolignols to affect the lignin deposition and stone cell development in pear fruit. The treatment of
exogenous glucose has significantly enhanced the accumulation of lignin in pear calli. Expression of
structural genes (PbPAL, PbHCT, PbCOMT and PbPRX) in lignin biosynthesis is up-regulated after glu-
cose treatment. Transien expression of POPFP has resulted in a significant increase of lignin content in
Dangshansuli fruits on 35th day after full bloom (DAB) and in tobacco leaves, indicating that PbPFP
might be associated with the enhancement of lignin biosynthesis in response to glucose treatment. Ca*"
is known to inhibit stone cells in pear fruits. In order to further explore how calcium-nitrate treatment af-
fects lignin synthesis, the PoCML3 has been identified in pears and relevant experiments have been con-
ducted to find that the overexpression of PbCML3 would increase the content of pear stone cell. Further
analysis has identified a transcription factor, PuDof2.5, and its targets gene PuPRX42- like (lignin poly-
merase gene) expression has decreased in CaCl,-treated samples, which are involved in suppressing lig-
nin biosynthesis in pear fruit. ROS is closely associated with lignin deposition and stone cell formation.
Research has showed that PuRBOHF, an RBOH isoform, plays an important role in secondary wall for-
mation in pear stone cells. Inhibitors of RBOH activity suppress ROS accumulation and stone cell ligni-
fication in pear fruit. Moreover, it has been showed that PuMYB169 regulates PuRBOHF expression,
while PuRBOHF- derived ROS induces the transcription of PuPOD2 and PulAC2. Research has
showed that secondary cell wall thickening and lignin accumulation in pears may regulate by different
wavelengths of light. It is reported that CRY-mediated blue-light signal plays an important role in cell
wall lignification and promotes the formation of stone cells in pears by regulating downstream genes.
Results have showed that blue light induces the expression of lignin structure genes and promotes lignin
accumulation. Furthermore, four blue light receptors cryptochromes have been identified in white pear,
named PhCRYla, PhCRY1b, PbCRY2a and PbCRY2b. Previous studies have reported that pollination
affects the expression of laccase gene microRNA in pear fruits, and the expression of peroxidase 47
(PER47), p-glucosidase (BGLU15) and laccase-4 (LAC4), thus affecting lignin synthesis. This finding
demonstrates that pollination with different sources of pollens affects the synthesis of lignin in pear fruit
on the levels of gene and protein expression.

Key words: Pear; Stone cell; Lignin; Regulation mechanism
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Table 1 Key enzyme genes involved in the lignin biosynthesis pathway of pear fruit
it 455 FER 44 B ThagHiA 275 R
Enzyme Abbreviation Gene name Function description Reference
KNG PAL PbPALI,PbPAL2 TR FEAT R W) 6 B (7]
Phenylalanine ammonia lyase Promote lignin biosynthesis
P RR-4- 2 ZE AL i C4H PbC4HI,PbC4H?2, S INA 5 F 200 PO A O B JEE R EA R A AR (8]

Cinnamate 4-hydroxylase PbC4H3

4-75 I G )4 4CL Pb4CL1,Pb4CL3
4-coumaric acid: coenzyme a ligase

FRIE AR IR A RS B HCT PbHCT49,PbHCTS0,

Hydroxycinnamoy! transferase, HCT

WO A T CSE PbCSEI
Caffeoyl shikimate esterase
WERR-5- 2 B (U BERR-O- H L Fe R B COMT Pbr013510.1
Catechol-O-methyltransferase
WA B 4 il a-O- R 4 7 Bl CCoAOMT  PbCCOMTI,
Caffeoyl-coa O-methyltransferase PbCCOMT3
PIEEBEA I a 10 il CCR PbCCRI,PbCCR2,
Cinnamoyl coa reductase PbCCR3
PRV I i S0 CAD PpCADI,PpCAD2,
Cinnamyl alcohol dehydrogenase

PbrCAD31
Bl LAC PbLACI
Laccases
AT POD PpPOD2,PpPOD3,
Peroxidases PpPOD4

PbHCT2,PbHCTI7,
PbHCTIS8,PbHCTSS

Increase the thickness of xylem cell wall and promote
lignin biosynthesis

WIEARTUR 1A & (1
Regulation of lignin biosynthesis
2 5RJFUR B RO 200 R F ) B B e R [N [9]

Important candidate genes involved in lignin
synthesis and stone cell formation
TREA TR A [10]

Regulation of lignin biosynthesis

[11]

PEHEAR PR ACH A R G 2 R R0k R HEAR TR W) [12]
0

Promote the expression of structural genes related to

lignin metabolism and promote lignin biosynthesis

AR I G R [13]
Regulation of lignin biosynthesis [14]

AR R A6 R [5,15]

PbrCAD20,PbrCAD27, Regulation of lignin biosynthesis

BENA ST 200 L B 0 B R R EAR BT B AR B B [16]
Increase the thickness of xylem cell wall and promote

lignin biosynthesis
SRR ED G ARG AL [17]
It regulates lignin biosynthesis and is a key gene in

stone cell synthesis
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fe 9% e 34 OMT %: [ 5% , Cheng 25" %} 26 />
OMT i K| 3E AT I 2% 3R 3K 43 # , He v PBCCOMTI Al
PbCCOMT3 ) JA 31 ¥ DX 38 #8232 & i i
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Cheng %5 )\ A4 I [RI 2H b #2 48 31 4~ CCR 2
[KI #1126 A~ CAD £ [A, #) 4 | CCRs #l CADs [ R 4t
KB, I S B 5 A i EE 2R R (QRT-PCR)
Wit ¥ PhCAD2.PbCCRIPbCCR2 f1 PhCCR3 % 55
TR SRR R RS R, Hh PbCCRI TEW11)
TRBLA 0T 25 IR AE W& b e B/ AR AR AR L, i 3Rk
PpCAD2 B A5 B i1 (1 K i & 7 & F CAD B vis 4,
CAD JiE M R 5 AT LA SUR A S5 28 4548, 177 500 AR5 36 A
BEAHERERWY, A, 0K, PbrCADI
PbrCAD20. PbrCAD27 1l PbrCAD31 ) F ik X 5
BRSO H R RO A AR AR B T
Wangkumbae 34 & & i #2 1 PpPOD1 5 K Jii =748 4L
34 —%, PpPOD2.PpPOD3 PpPOD4 “ 3£ R 7] fig
2 LS A A M A R O% B R RN K Pyr-
miR 1890 [ #5 AN §E 5L [K PBLACI 1 PBLAC14 34T 5%
FEHAL, i R IE PPLACT W] UL 35 B IR SR % & &
FA 5T A0 L () A M B SR BE , 22 5 7 R A

e
2 UAIERURSEAR R A AR A

FEAT IR SO R, AR5 3R AR B R
J T AN AR R 2%, e 3 IR )R T AR AR L
KAEEBEER , N MYB (v-myb avian myeloblasto-
sis viral oncogene homolog) - NAC (NAM. ATAF #
CUC) . bZIP (basic region- leucine zipper) - KNOX
(Knotted1-like homebox) £ $5& £& [ (zinc- finger)
o HhMYB# kR FAEAR TR A& IR I
W 2% BB BE 22, O HL 5 K o 3R B 45 ) 3k R 3
TR (R 2P,
2.1 MYB

FERL P E % E H 2 HARBUR Y& B )
MYB # 3 [ 1. i il qRT-PCR 43 #t PbMYB () %
i5, %5 PbMYB25 I PEMYBS2 2 53R R E

IR ORI R ARG R RS R2R3-MYB 55
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FAEY G ORISR 0 LA SR I, 7R
FLR A A H AL T A 2 rh o Rk
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A 2 P A B EE . R O B B A L I B R ST A
FIEMSA % W], PhrMYB24 i i 45 4 7 8] 1 i 2 A
A7 (AC- 1, AC- 1L I MBS) L 350E A i AL
e KA MFE R ik . LA, PbrMYB24 ] DL %
PbrNSC Fl PbrMYB169 ()33 , [ I 0 §E# PbrNSC
1 PbrMYB169 FTi0E » T B 8 J2 2 45 0 28 B3 [7]
500 A0 A TR 2R AR 4 R A

PbrMYB169 5& A 5 3 A ) & BCB0E 2 4 s A
T, AT kB R A e 3h T b 1 AC- R
(ACCTAACO) 254, i 35 W0m A it AR T AH O 8
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TR, BT ISR RN IR PRIE, R
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MYB61 W] LI i3 AR 5t 25 1 A Y& 1%, PBMYB308 B
AAHRMER . #E—D R84 KK, PbMYB61
WL 5 POLACI A3+ H B AC ot &4 & B R IE
KT A MM AR R K. AT, PBMYB308
I 5 PEMYB61 456 T AN REBLE PLACT FRIE 1
TR AR TR A K. UL B T
PbMYB308-PbMYB61-PbLACI ¥k 2 5514 4 iy
KR ZE LW G B 71 AL
2.2 NAC.bZIP.KNOX
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Table 2 Transcription factors controlling lignin synthesis in pear fruit
Eait] ey Thaedik S 30k
Species Name Function description Reference
MYB #4355 A7 PbrMYB24  S&NRRAEHTTHE(AC- T, AC-TTFIMBS) , UG AR L 4E R & BRI EIE.  [20]
MYB transcription factor Binding cis-acting elements (AC- [, AC- I, and MBS) activates the expression of lig-
nin and cellulose synthesis genes.
PbrMYBI169 ST AR TR A AT R M 22 I, e A B 3R TR [21]
Activate structural genes related to lignin metabolism and promote lignin deposition.
PbMYBI40 30 PbC3H M PbCCoAOMT Ji B 1 P , (kA i Z i A= & e [22]
Activate the promoter activity of PbC3H and PbCCoAOMT to promote the biosynthesis
of lignin.
PbMYB61 PRHEA BRI 718 [23]
Promote lignin biosynthesis.
PbMYB308 4% PbLACL A BF 11 AC Je i, R AR 2 I AEM& A [23]
Binding AC element in PbLACI1 promoter regulates lignin biosynthesis.
BZR #5 [H ¥ PbBZRI | PbCOMT3 Fil phbhet6 Ji 8l -1 14 , 7+ HL 7R ZL 5 52 i 4 2 0Bk POBZR 1 3 i [24]
BZR transcription factor VNI
Inhibition of PbCOMT?3 and phbhct6 promoter activity and temporary silencing of
PbBZR1 in pear fruit increased lignin content.
NAC ¥ 5% R+ PbrNSC 0% PbrMYB169 . Pbr4CL4 Fl PbrLACA % 5% , i i A 5 35 RN 2T 4E 250 [25]
NAC transcription factor Activation of PbrMYB169, Pbr4CL4 and PbrLAC4 transcription, promote lignin
and cellulose deposition.
bZIP % A T PbbZIP48 % PbC3H1 FI PbCCOMT2 e 35¢, (g 2 SRA% I ¥ BE AT PO A S A A S 3K 1Y [26]
bZIP transcription factor WA
Activation of PbC3H1 and PbCCOMT?2 transcription promoted lignification of paren-
chyma cells near the fruit nucleus and lignin biosynthesis.
KNOX #%35[FF PbKNOXI TR 5T 2R B P 1 G i 8 R 35 DR PR e s, SR R B (K AR 0 B [27]
KNOX transcription factor Inhibit the transcription of key structural genes involved in lignin synthesis and inhibit
lignin biosynthesis.
PHD-finger 5[ PbPHDI0  IEBLRSEARP R A [28]
PHD-finger gene Regulation of lignin synthesis in pear fruit.
IDD 4[] PbIDD3 Z 5 R B AR A A BE AT [29]
IDD gene PbIDDS Involved in lignin metabolism and secondary cell wall formation.
TCP #3581 PbTCPI4 25 A M B R vh R AR EE 1R [30]
TCP transcription factor PbTCPI15 Involved in the thickening of secondary cell wall during stone cell formation.
miRNA PbrmiR397a AR K R IXAIAR LR & [31]
Decreased laccase gene expression and lignin content.
EIES PbrSTONE 5 PbrC3H HLAE K R W Rl A T 34 i [32]

Unknown family

The interaction with PbrC3H regulates lignin synthesis synergistically.

7 5 AINST1/2/3 # % [ NAC #4314 58—
N NAC {5 1% #% 5 [K T PbrNSC (NAC stone cell pro-
moting factor) . #ff 7 iiE 5% PhrNSC W] LA id i 3%
PbrMYB169 Pbr4CL4 A PbrLAC4 J3 & 1 K Y5 i 1%
Ihiie, (e i 2L S A A T ORI AS R TR . F 7T
i I PorNSC £ [ C S A7 78 9 R 5F ) LP 1 WQ
SERI, FEARAT AT — AR G5 K 3 2 52 1 PbrNSC
e S TR] 50 S Ui i TR %) % Sk R A AR S DTG 2
PbrNSC % 536 IR - 1E [ 28 U0 A2 4 B B & i 1 A2 4
EIIRE . Gong SEPUR H H 4l 2 R A A 2EAIAR
UHH 5 5 B M T AL B S A A S R R
SYAT AR . 3 Ik R0k ) 4% R PR SR IA I A
BT RIL— N KB % [N 1 PbbZIP48 , %% s K 1

JE [R5 SR A% P 3 v B 3R, I B0E PC3HT A
PbCCOMT2 [Py % 53 , (i 13E 1 S A% I I v B 441 B R A
Ak, SECAERRI R E L. R B 2N, Pb-
bZIP48 il it 5 PbC3HI A1 PbCCOMT? J& &) T X 4%,
(1) G-box (ACGTG) & [ &5 AR it Wi R ik & -
P . KNOX £ [ 5 J% 1 1) BP (brevipedicellus, BP)
TEA R 2 AR W AN gl i BE kB o R AE R .
Cheng P {ERL LR AP K H I8N IEEEN
KNOX F& [H , 7 %9 4ii 1F STM-like « BP-like . KNAT2/
6-like  KNAT7-like F1 KNAT3-5-like WK Jtid . &%
KA W REAT L0 R, PBKNOXT 5 )L 76 FF
BP JE K& AL R R L K o R F 98 R B PBRKNOXT
AR AW B SO B T, Fod R A



5430

FLE, A FURSAT AR SRR A RRE AL BT 7T 3 f 755

2 70 A 24 B TR E PARAG T 40 19%, R 3R 5 B P
K29 13% , 18] LR AR = AR 2 A 0k
45 ¥y ¥ X (C4H. C3H. HCT. CCOMT. CCR. F5H.
COMT M CAD) W3 , 4l A A AR S5 Ak
23 HthERETF

T W) [F] Y5 45 #) 35 (plant homeodomain, PHD) j&
BEAR S R I — R MR 1, 2 S 5
YIRIAEK KB ILFE. CaoZE™H| ] QRT-PCR £ R4
SE T AL RS 10 AN R IE ) PHD-finger % [X , H o
PbPHDI0 8% % %€ N ¥ AR i 25 A s 1Y) B Ak 3k Jk
. IDD (indeterminate domain) ZX & &5 A 4w b /E N
BfRREARZIE T2 — WS H5RELAR RS
i¥. Ui PbIDD3 A1 PHIDDS 4 #HEW: 2 5 7 AL R 9K
JoT 2 AU A IR AR A PR EE () T ™. TCP (teosinte
branchedl, cycloidea, and proliferating cell factor
family) & 2R A BT, 2 50 IR E
ST B 1 R RN R P I A P AR T2 AR A7) 1L TR B
ANTE R B B B R0k B0, K W] PbTCP14 Al
PbTCP15 5 3 SR B R B AR SR R 40 il 5 &
BH XN RRE T eSS TR RS9
FRLTES RIS R A 200 R R 3 JE

Bt si [R 1~ 45 46, VF 2 /N5 T RNA (microR-
NA, miRNA) G 2 15 115 IR A 40 i B ot 75 b
AR o PbrmiR397a CLAIE W 18 ik %% 53 5 1 4%
PhrLAC A B F R 30K , NI i R SEAR T 3=
VIR, BRI AR S & AR T
PbrmiR397a J3 31 X 38 5 47 40 M 55 & AH 5C (1) H 22
SNP 37 55, NFF R A3 TRl bn ic A s B B A sde T
TR, Zhang 255 i 42 JE R0 SQIBERIE 7T, %6 o
— /N5 A0 0 M E AH G 1) 5 KL PhrSTONE , i
aok AR SR SIE ) M ST 2 A AN A0L B T R A AL BRAIE , K
L PbrSTONE W] LA 45 4 5 S A7 4 B AN R 53 25 T
B, FEI T H 5 ORI R A BOE B OC I A
PbrC3H AFAE HAE K Z , M P 7] 1 425 4 40 Jif 46 4>
AR 2= )6 L o

3 MEEURSCAR R & RIS T gt

BRSO R W5 S 2 — DN BRI
IR AN 52 Wi DR PRS2 5 319 22 R e 2 B 11
Bt =3 DRt R 3 R AT ) 45 A i PR R TR
FRMPEARFR IR R AR RN 5HEE 85O
JRAEA TR ARG A 2 U OR (R 3)1,

31 HE
3.1.1 A%% AKZE LI/ RNA(small auxin-up
RNA, SAURD & A K 20 PR T g 87 1) 25 R, i i T ik
BEiEE, SHE SRR RNGEEHLRE , HimiEis
KRR A, 57 BEE b 3L % w116 A
SAUR £ [H , i 3%t PbrSAURI3 A1 PbrSAURS2 PR A
FEHEIE R . X 39 d A Ll ERAY L S BRI R A AT
TR R E FE AR R, RIW PhrSAURS2 R AR A
YR 2= 1A R 2R, 1T PhrSAUR 13 i 4
Ji R A 5T 2R A AR R, I B T R B, At
200 pmol - L' 25 Z. 2 (NAA) A [AAK AL 5 sz 4 41 g )
&, [F) B B i S R 1 Rl PhrNSC BRI &
PbrNSC fig % B 845 A A K &KW B[R T PbrARF13,
it KAk PbrARF13 W] i 25 B AR AL SR S rb 14 48 i
=5 0 A A R RS R BT B (VIGS) # il
PbrARFI3 [F) 323k , R B W AH S o AT B T
PbrARF13 7] L% 5 PbrNSC () J3 51 45 & 3
RIE, RS . hah, il A 40 B e or 5%
B 3L R 8 M 45 4 BT, PhrNSC € N
PbrMYB132 1] LU %K 7, PbrMYB132 et 5 2
Yk &K A NG5 R (PbrCESA4b/ 7a/8a) AR Jifi & & Hi
S (PhrLACH W B B 454 , Wik Rk, (R it 4F
YR MARREM A . Bk, PbrARF13-PbrNSC-
PbrMYB132 3 L REME A B AR K R A5 5, 4 5L
TS A0 £ 4 R R R A R
312 HAbE  WivK IR (abscisic acid, ABA) \ 5K
#1182 H fig (methyl jasmonate , MeJA) 1 7K # g (sali-
cylic acid, SA) &AM I v] I8 i 5 e A i 2 AR )
B AR B BL DR SRR T S R 1, R 35 A AU R
WA AR . Li5E77E PbPALs F R )
WA 75 R R BL T 2 A RO oo, Hop
PbPALI R & ABA )X M. 7T/ (CABA response ele-
ment, ABRE) , PbPAL3 ¥ ABA i . 76/ ABRE.
MelJA T 3 76 4 (MeJ A response element, JARE) I
SA M N Je 4 (SA response, TCA) , 3 HLAE PbPAL1 11
PbPAL3 12000 bp & 3 ¥ 741 F &3 T AC Toft,
WCHEN ABA L SA Fll MeJA 7] DL i i 15 PhPALI A1
PbPAL3 JERIFRIE , 33k 1T 52000 B 5L S 40 B PR 7 1
PbKNOX J3 5 T & 4 TCA. CGTCA 3 J¢ il
ABRE 5 3 2 W 644, SA 8 1 i 5 microRNA [
e SNV ST R VEAT S il e g IR SR Y 8=
e A BT, SA L ABA Al MeJ A 7] G B 52 58 8] 422 1 5
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Table 3 Key genes regulating the signaling pathway of lignin synthesis in pear fruit
Eit) ey i PIiEipa 225 R
Species Name Function description Reference
SAUR JE[H] PbrSAURI3, PbrSAURI13 il A 4H A AIA 5T 25 (19 & R 2R, PbrSAURS2 R A 4R [36]
SAUR gene PbrSAURS2 JE A AR B
PbrSAURI13 inhibits the synthesis and accumulation of stone cells and lignin,
PbrSAURS2 promotes the synthesis and accumulation of stone cells and lignin.
ARF £ PbrARF13 5 PbrNSC W ) 745 5 Ml 3R I8, A i & = . [37]
ARF gene It binds to the promoter of PbrNSC, inhibits its expression, and reduces the con-
tent of stone cells.
UGT 3:[A PbUGT724J2 MEACAR R AR I AT E R IR SRR R AR PR TR iR . [38]
UGT gene The glucose-coupling of lignin monomers mediates glycosylation, regulates lig-
nin deposition and stone cell development.
PbUGT72A4J2-pGEX4T-1 WA F AR EE L AR B 3 B A [39]
Catalyze the conversion of lignin monomer to lignin monomer glycoside.
BGLU 3[4 PbBGLUI, PP ARR KA 40 & [40]
BGLU gene PbBGLUI6 Regulate lignin and stone cell content.
PFP 4: A PbPFP TRHEAR BRI G [41]
PFP gene Promote lignin biosynthesis.
CML %[ PbCML3 WA B B B [42]
CML gene Regulation of lignin biosynthesis.
Dof# 5t 5 1 PuDof2.5 K5 PuPRX42-like HAE IS A T A5 o [43]
Dof transcription factor Interaction with PuPRX42-like regulates lignin biosynthesis.
CRY's £ [ PbCRYla WG T NAC-MYB 54 3% K 7177 Rl R RIS R R R R A 6 e [44]
CRY's gene Activation of the NAC-MYB transcription factor regulates the expression of
downstream genes and promotes lignin biosynthesis.
PbMYBI03 AR AR
Regulation of lignin biosynthesis.
TCP 2K PbTCPI0 256 R RS AR 3R & B R T B [30]
TCP gene Participates in photoperiodic regulation, regulates lignin synthesis and stone cell
formation.
COBRA %[ PbCOBLI.3.12.13.14  WEABRE A BRI B [45]
COBRA gene Regulate lignin synthesis and stone cell formation.
RBOH %X PbRBOHA, Z 5 AT B R ROS ARG 51, A AR BRI A & 1 [46]
RBOH gene PbRBOHD Participate in ROS metabolism during stone cell formation and regulate lignin
biosynthesis.
RBOH T %! PuRBOH B PuMYB169 i , 77 4 ROS T4 A5 3 & i AH ¢ 25 #4 2E Rl (PuPOD2 . Pu-  [47]
PuRBOHFRBOH LAC2), SRR A&
subtype PURBOHF Activated by PuMYB169, ROS is produced to regulate lignin synthesis-related
structural genes (PuPOD2, PuLAC2) and regulate lignin biosynthesis.
SOD 3 [#| PbCSD3 A QAL . [48]
SOD gene Regulates the lignification of stone cells.
PbKNOXs 13235, NI A 4RI T . K2 RIEKFEZFT &, @ SARM)E, R Lt

PbRBOH JA BT & A KESEE MM o, i 5t
FEH 3 R (SAVABA I MeJA) A FR AL RS2 5, K
% 4 PbRBOHs 1t % I8 6] N % % 5 5 5, X PbR-
BOHs MR IEHF R FEHW . EHAEZMZE, 10
PbRBOH JAZN T 3R KL SA B JofF . 4R, 18
SA 4bF i) B sz, PBRBOHI W 35 K AT 4R K A
TARE . X AT RE AL A PP I R 2 A EAE A
S g ;e

LEAh, B 58 R I ABA Ab 3 5 L B s b PhC4HSs
(1215 B S T = J5 BR AR 11 MeJ A kb8 J5 PbC4Hs 1]

PbC4H1 A1 PbC4H2 K15 KV Ft i » PhC4H3 1K K
FRREY, R, E SR AERK R 2 R L
A CAFIHIA BT 2R 0B e X gt SO AL AR P AL
TEBMIE S, 7T LU SRR R T AL R
SR AR W () 5, AT A [ 5 b 0 1) 440
(IR A > 50 TR I R
32 1E

AR R WA AR AR A R AR Y
B IBH AT G o AR R ARG O R o 2
R AEREIAAS 1 BB T DR T AR R AR IR A
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ik 5 R0 AR E M, B R TR R 2R B AR I 32 B R i
F750 0 WA T 2R B A B A o 3% B AR T (1 3 A 7 22
PR W% R bk 2L 5% F2 I (uridine diphosphate glycos-
yltransferase, UGT) 125 . PbUGT724J2 K25
A RO L ALY, E 4 B 1 PbUGT72A02-
PGEXAT-1 e % fh A0 AL 52 AR T 3 AR i A R
JR 2 HBARBETF . Wang 25 L T PhUGT7242 % 55%
RS € AL, FF 08T 1 POUGT724J2 B2
NEEN J o I AL S SR I R AL IR, 78 AL sz e
W Ik PPUGT72A4J2 , R Jii 2 AA 40 &5 & L%
A AR, T U BR 122 R ) S 2 1 0 A T 2 AN A 4
HE. Mk, PPUGT724J2 8 i flE AL A SR & FAR
B BB SR AL, S TR i R () R IA LA K
VNG RN = SN AR 9% il Sy il
FHREE -

A5 2 BRI 0t 32 36 38 0 B DR AT
Z AR T UG F3 WAL, T8 B-781 %5 08 1 g 10 1
NAKIE AT R PR R BT, e AT R R
-7 %) B ¥ (B-glucosidases , BGLU) £ B FE AL T B
TEAR R R AR ke 5 EZAE A . Wang 557
I F 3T S 5K & A R % 3k 5L R PhBG-
LUI. PbBGLUIS5 F1 PbBGLUI6, . o PbBGLUI FlI
PbBGLUI6 %% 5% F B4 TR SRR R TR X A
Y X, it %k PBBGLUI #1 PBBGLUIG Jii » BL - 5k
R B 2 RN A T o S S MG N, 1 UER PBBGLUT
1 PbBGLU16 J5 , 5 %+ W 4H 2 1R) A J5 22 A4 41 A 1)
TREAREER.

AT BEAE AR T R AR A B B B R, AR
WS AR B EHIRAR B TIAR G . IR & 0 AT LA
RCRA D RPN St N ) 2 AL IR IS i FU N
% T4 o 388 % A 9% 3 [K] (PBPAL - PHCT . PbCOMT
PbPRX) (1335 5 5 R N Bt A & W 1) 7= A2, Jiao
SEUORIE TR I B L R AL SR SR B A SR - 6- T IR -
1 -T2 4% #% I (fructose-6-phosphate-1-phosphoric ac-
id, PFP) & A (1) 3R ik 15 205 A0 35 5 B 1 A8 {34
— 3, 3@ 1 B, PAPFP IE 45 3L R SEoR R &= 42
B HAMEM SR EEE 5 5MEE T 2T
I A, R & 5 ABALGA FI SA {55 1 B %
Pbr016851.1 Pbr002006.1 1 Pbr035515.1 V£ N At-
MYBS52 W) [F)RBE A, 7675 %0 Wi AL 1 (1) i f 2H 4 3R
i R T B R A A S I B S R T 1R s R
WA SRR R EDE R REEEZEEH. Hit,

Tt 1 267 A S 7 2 s IR - G e J i o 5 S 5 9 R A
35 I U AR TR o 0 B e R 2 R A R SRR LI
33 45

BE T (COMERMNGES SIS (G
A8, LE TR 1T A BREE T B AR5 28 A ORI TS PR S A 45
5 TH R 4 4 B L ) A AR ™Y, X B s oA R R AR
AN RITE B S 85 5.

HMIEE I A S 5 e A A R R
AR TR AW A A, AT 3G 0 24 SR sz v o 4
B BRI, 0.1% FI i R 45 B 0 9800 KT R &
H,0.5% MR A 5, M E AR TR RS
BRI R B ERN, @GS 208
ERIRE DT (A FEUE B, K & 72 S R0 8k [ (dif-
ferentially expressed genes, DEGs) [ X 2% X 11 i 12
F X (CML.CAM.CDPK . CBL fl CIPK) %% 3 [ -1
A ERAESMIEES TR N 25, SRS L, S5
HEmHAP AR ENRR., HPREmAED
(calmodulin-like protein, CML){E }y Ca* 1] 32 EL sk 52
A, AT JE I T AR R SR T 2 P A g
DIRESY . MR 48 4% s H Hd 45 & qRT-PCR 73 #r K 3N,
PbrCML 232 IR 5 45 A P 1) 180475 4L 2375 1 s 35
— 3, i Rk PhCML3 W] DU AL R s ok i AR
U, N O A0 R B 3R UE R I PECML3 JE [
W r] BEAE N RIS R 5 5 1 4% 5 20 i S IR -1 AT 1)
FEAREAR R A G ™, 2 CML XY AR i 3 & &
) LA i 2 WL A Ry e — B 0 AT . ST i 5%
CaCl, 1] DA B AR v 24 2R S b PRX 36 1, AT 410
1) SR SR R K KA Y. At CaCl, T S 25 0 1)
% AL v PAL. CAD Ml PRX 135 ¥, H PpCAD1 il
PpCAD2 FE K| [ ZR3E 1 , 52147 41 B 2 iR

Dof (DNA Binding With One Zinc Finger) % 5%
A7 AE AR PR A — N IE i R 5 A
RIN, CaCL AL g SR AL S J5 , H N Ca* /K-~ T
1, PuDof2.5 321k & N & . PuDof2.5 {F ¥ S Bs
KT, 5T &R AEY) & R R PuPRX42-like )5 5T
SEG PN FL L 5% s TR, PR 14 PRI, A5 28 1Y)
AW RS BN, A 2 R R R . T
215 PuDof2.5 W] b PuPRX42-like 33k KV, 15
PRX il 7% 1, 2 35 038 K BT 2% AR 8 R A 4 i
B ALAL SR E BT i 2% 1K) CaCly, ANY
A DR e SR SO A 1] Ca/N AT Ca/KC ) ELARL S 1T L
AT DB AR 20 SR i ) s P R A ol 3 3 =, Ak ke
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ﬁ ”» E,(]ji/_:ii[s% R
34 EMESE

1% P %4 (reactive oxygen species, ROS)E NG5
I3 FAEREAH M A 5 A i B b R 45585 AN ] Bk R A
H . ROS 3t & 32 B WE IR % S AL B (respiratory
burst oxidase homologue , RBOH, X # NADPH {1t
) e, 2 SRR STA A AR AL SRR 5T
W5 £ W] , PARBOHA . PbRBOHB 1 PbRBOHD 7 %1
R e AR R s, H v PORBOHA F1 PbRBO-
HD MR ki3 53 R Som S & — 5, H g
i 5E A7 {2 7% PBRBOHA A1 PhRBOHD 43 A #E B i I,
gh A A E BRI B 23 Rk oM, E
PbRBOHA 1 PbRBOHD 5 T A1 4l M ¥ f ik 72 h
ROS X ¥ & 25 . A4 AL 52 b 1) R 5T & 4K il
PbUGT724J1 PbUGT724J2 F1 PhUGT724K1 1§ 1£
TE A R 2T, 2R i I s 12 B 4 g B U AR, 78
PbDIR4 WAL T I UK iR RAK K . & J5 , POD
1 LAC | H{ RBOH (PhRBOHA 1 PbRBOHD) !l
SOD 7™ 4E ) ROS 1 O, i 14 A Jii 2R 58 & 400 i 1) fif
&[1610

b & W 7L RN A AT I RBOH W &Y PuR-
BOHF 15 A4 B 5 A 20 i kA2 BE TR Jl v B A H
Wang 5517 FH 4t 52 A8 S Tl 002 5 Pl B W 452 R
ROS 5 41 g BE A Ab 2 (B 1 23 [o] — bk . thah, A
Y B A BT 4K T B RBOH 4111 771 — 2R 25 S AL 2R (di-
phenyleneiodonium chloride , DPD fif #1il] , 7 4= 3 7K
7 EUER] 7 RBOH /13 1 ROS X B4 AR i R A=)
AR S E ] o PuRBOHF 3 35 {1 AL B Sz Al
P AR i 2 & & 2 3 = T AR T PuRBOHF
DUERIUADH] TR R R . ERIERL |, PuRBO-
HF W] PuMYB169 Wi , 3718 14 7= 4 ROS 1 #2 K
Jii & A A 5% 45 K 3 K (PuPOD2 . PuLAC2) 1) %
Ko XA RAEIR PuRBOHF 3£ K 2 551 B 52K i
EXawtiliaf e ailniR

Li "5 T 11 f PhSODs £ ZLAN A K & I
AN [ it MRS R A PR R IA R, R
PbCSD3 ()% /K- 5 RT3 & 88— 3, 3R
KB AR SRS T = 5 BRI, S5 G R IA G R R
B , PbCSD3 J2& Z B 547 41 i A o A 3 72 rh i ME 4R
UL R R . BFFCIE B, A 4l IR TR e — /NG
PE I 5 1 AR 7 P 48 i 4E 12 (programmed cell
death, PCD) 1L 7% , 1 40 il 43 A6 IV ROS A 5

HPCDEE", mRIEVIIILT IR AE G
(AED3-like \MCI-like  ACD1I-like) %5 Fi 5 ROS
FHOCHE R — 8, R ARAE 5, 5 N R,
35 KR

FEIFN A R PTARB A BB R, A AR R
AW G R AE P S — AN PROE B, PAL 52 #5016 5841
LR AT G S, W AR SEAR AL B A IE )
WA R, A 0 TR B H 3 208 i 3% MYBLNAC
EH SRR T REAEH » 1R Y6 A R PBMYB103 1E
ANFE B SR E I AN [E] B F S 30 = R IK , Pb-
MYB103 7] G Wi 3 W5 1) 7 s PR -4

Feqt 8 & (cryptochromes , CRYs) /1 5 H #5615
S OMEAZ S 7R A MRS IR 5 T T
16, Wang 55" 70 R B GG 5 1 234 dn s 20 41
W 4CL1.4CL2.COMT.CESLAC7 % K Jii & & il Al
KEERWRIL it TARBRRMA R s, EEHR
S 5 Y 4 B G A2 4K CRY, 43 )y PbCRY 1a Pb-
CRY1b. PbCRY2a A1 PbCRY2b, : "/ PbCRYIa. Pb-
CRYIb 5 AtCRYI # V)M K . R IESE T PbCRYIa
VERAR R =PI B S 5, 18 B0 55 T NAC-
MY B 1) %% 35 PR 7 1 71 i 22k [R] 110 2 A I8 310 4 40 i
Ak, H, CRY N TR 655 7E AL R 504 i
B R J5 Ao A S B AR, I ad i i 4% R e R
PRI B S AR I T B

E5Hik, RTIRBR RSP R RED S
FCAE FH ORI 9 32 24 AR AR AR 3 7 TR, anAS [R] e 2R
SN RS T ) o A PR BH R AT DA I R e
PAL.C4H.4CL %5615 S B R 2 AN £ A&
%, 63 0% G FAS ) PENAC83a 3R 15 , {12 12 Pb-
NACS83fF PONACY91a [ 335 . B (035 ' AR 1
PbNAC83a PbNACS3f Fl PENAC91a /] 3% 1% . Pb-
NAC83a ik &I 5 KR & BN AL E
P, LR R R IA TR 2 2 e i L i e i
el IR AT R I, TCP 2 K 71 COBRA K2 5
T IRA YN B EE BT % Ho PATCP10, PhbCOBLI < 3+
12,13 14 E RS 3Rk, Ho a3+ B =4 FH oo
&AM o, 25 1 OGRS, dEm i A
LI T B+ b Ak, e BTG4 W Box4 . GATA-
motif\ GT1-motif tH {7 7£ T RBOH Ja 3+ , il H &
WM R R LR ENAMBSETRYS
RBOH {35645 5%, Wang S5 7t K LT i A &
AR S @ I R A 2R A e A2 ) A BAH 9% DEGs 417
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HIFEBAUR R BR 5 1 32 T/ R s je L ELAR
FEHEWT R B PR & B e 5 EREE Ot E
HPAA T T A FIK L 5 M) 1) B A AL | 7 22 3k

R,
4 10K EEK

AN AP R J5 B ER BE BRI 2 AE N
REA S5 5 5, RS 5 A e [ T i AT i
R & EA AR ES SR RS2
R RIS B R 08 BRI S, Yan 5 LIS
FLFNG B0 7 L1 IR A 452 K, SR S 2 i 2 5 SR I
23 A0 BRI A, DLRG ALk (1) SR S 4 i [4]
) R R PR L vy, S BB (1) S50t B e, {E P
PR 1 A SR S A i [ T s A 2 — S0, 1 B AL
LI AT BRI R R E G B Bt bk,
— L AR AR R = A P AR S S T
TER 45 A5 2 AR U R4 4 B A % 136 B OPIS-DA
FETLI> BT 2K 5 47 d A1 64 d (87 L R AL SR 52 i) 2%
AR BT 25 & b R, R I 1 i 5
W 7\ 2 LR I DT R AT A 1R B R A AL SR SR ot
FER™, W HERT, fER sz A R S R
AR A B, BET R TR R NG . A FERR
a AP AR SR IR RN TR RS E
A R BT P R LA B

microRNA il i B AR W AR (5 5 1% 745 1%
BITiz2 53Rk 5 MBS s, b
microRNA 52 {88 ELERBL R 52, S 5 s 5L 1
SR AR A A . B B S ARGE A
[F) 452 i o i 2 2 M A SR SR it 2 AU DG JE AT R
B )R A5 W5 A7 5 e SR SR 2 K] microR-
NA R IE™, i ALY B 47 (PERAT) < B-] %) K 1
fili (BGLU15) LA M2 i 4 (LAC4) [ 22387, [a) 422 1
PR ZRUTRR 5 2% 52 M 2 SR S A i () TR R, 1HLAE
3 ELJES LUART A 5 28 1R 5 microRNA 22 1 i3 17 52 i 5
S AR R i PR R

5 Rgi5REHS

B SERR R AW G R RE SRR, W R
ZEm.ZHNF M FEAEH. BT, MYB.bZIP,
NAC X KNOX KH sk #2557 R R LA R
A=W BT A% , Trihelix LIMUOAT LTF1728 8 5%
K7 RIFEEAR TR A RIS PR 2] 7o EM . 3

M TE AN BD B UAN e R B A 2 AR R AR T 2
A I B R4, HE T NAC-MYB [ % [
W M 2% (NAC-MYB-GRN) BB 4 32 A N & 2
PR R AW U SR, 5 B B e & 544
AR AR S350, BFFE R I, PBMYB308-
PbMYBG61-PbLACI B 5 5 AL A A Hh AR 2 2R
Y& ™ PbrARF13-PbrNSC-PbrMYB132 2t Bk e %
M A K 215 T, PR 42 Y B S 4 i ) A 4 R R
KIFRRLEYERY, HAWE & AERES S AR &
A RRARE D o

YT AR SR TR A R S SR AR 1R
BRI Z , 245 5 R 1058 R 12 W 25 (1) i 7T 52
Ao BE B FITE PR A SR AR R A R E
BE SRR T . WA, fTRAAAEHMGE S H T3
BB R SRR R A B RS 5
S AR Bz 2R A R Al e 6 A R 2 ) T AR
o IXEEAE 5 R TR 1S A LR I R R R S A B
Wi, %o} 24 S SR T 26 AR A R R A A B o L
Hil, A Rt — D B RO, KA RS RS
AR IR 25 T AR 1 = AR ) 2 Th e 5 R R R DT
HAMIPES, [ % DNA/RNA H F 4k il ¢ . Mi-
croRNA #ll 5 Al CHIP-Seq &5 B VS B A I 51N, A M
% Y1 2 BE A B A1 CRISPR-Cas9 £ AR [ A Wr 41
AT, 45 DA 52 5 B (1) O 5T 3% G TS 428 ) 45 K i) B
WS B SR R 2 AR A O 4 T AL, S AY
SRSOR T 25 A AN A 20 TR e ) v R 4 1 v A
FEST AR
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