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i E: BE 2S5 Spatholobus suberectus 46 RN LA TR LR E G BRI LR S M%E, TSI
FRIFAET 2N AEYE SR SRR EIE IR S 737E DO IMBRAEEE . W, 2t ARBEA AR A
RO TR SR, B AR A (i R BRI iy (UPLC-MS/MS) HiARHTILIRE . R LA E T A WEA RN
g, R IIBUEREFRIE ML 4T (weighted gene co-expression network analysis, WGCNA) %5E H 5 RAEH R & W VIME
HIEAERI L R . 94, Bhik 8 NERIHT qRT-PCR, IRIFFEFASHRIIAT M. 4R WS HS LR ESRILE
EO MBI REER, Kbt hiE a8 58280 F 2550, il WGCNA, ¥ 18 828 AMNERKI4 N 15 MLk, Kl
turquoise- tan Fl brown 5 LA &K R LR RS EEEEIEAZR (P<0.05, 7=0.8) . FHAPZERE S EREH A R4 (Kyoto encyclopedia
of genes and 32genomes, KEGG) & & EMMTEIR, 1X 3 AMEHEPIER = B £ TREHHGEM . H—D KM, wurquoise. tan
F1 brown BEHLMIELE 7 AN 4 DRI 1 ANETEE FAEDA ISR, JFEEE H 2 AR RIK T SsSMYBI 1 SsMYB3. qRT-
PCR WiF4R TR, HARERRIZREBEHA SR AR A2, TR TRl T RIS, 858 290N 3 MR
AN 11 AMZUHEF IR NSRS LR A6 T 25 U 7T IRHEs 2% B OB BRI b M E PR LR L T 2 ekt
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Identification of key genes in biosynthetic pathways of catechin and epicatechin
in Spatholobus suberectus based on WGCNA

ZHANG Juanjuan, LIU Xuemei, LI Meihuan, OU Haijie, ZHANG Yating, HUANG Ding, TIAN Hui
College of Pharmacy, Guangxi University of Traditional Chinese Medicine, Nanning 530200, China

Abstract: Objective As potential active ingredients of Spatholobus suberectus, catechin and epicatechin play crucial roles in its
medicinal properties. This study aimed to identify key candidate genes and regulatory networks involved in their biosynthesis, providing
genetic targets for elucidating the biosynthetic pathway and regulatory mechanisms of proanthocyanidins in S. suberectus. Methods
Young stems,young leaves, mature leaves, xylem, and phloem of S. suberectus were subjected to transcriptome sequencing. The
contents of catechin, epicatechin, and other flavonoids in different tissues were analyzed using ultra-performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS). Weighted gene co-expression network analysis (WGCNA) was
employed to identify key modules and genes closely associated with proanthocyanidin biosynthesis. Additionally, eight candidate genes
were selected for qRT-PCR validation to confirm the reliability of the transcriptome data. Results The distribution of catechin and
epicatechin varied significantly among different tissues,with both compounds showing significantly lower levels in leaves compared
to stems. WGCNA analysis clustered 18 828 genes into 15 co-expression modules, among which the turquoise, tan, and brown modules
exhibited highly significant positive correlations with catechin and epicatechin content (P <0.05, » = 0.8). KEGG enrichment analysis

revealed that genes in these modules were primarily involved in metabolic pathways. Further analysis identified seven, four, and one
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structural genes related to proanthocyanidin biosynthesis in the turquoise, tan, and brown modules, respectively, along with two key

candidate transcription factors, SSMYB1 and SsSMYB3. The qRT-PCR validation confirmed that the expression trends of target genes

were consistent with the transcriptome data, supporting the reliability of the findings. Conclusion The three co-expression modules

and eleven core genes identified in this study provide a critical foundation for further exploration of the molecular regulatory network

and synergistic mechanisms underlying proanthocyanidin biosynthesis in S. suberectus.

Key words: Spatholobus suberectus Dunn.; proanthocyanidins; key genes; catechin; epicatechin; transcriptome

XG0 B A OB M W) % A€ & Spatholobus
suberectus Dunn. [ T HR R 25, & 3R B % 40 i I 4h
M2y, HZGHWEHE W 2IER CREHNE
fa) W AR, . B, B BE, 5
B MG IE, #h A ZE 7 1) 25 TR A
TEAEG R ERIG R A, XS i 32 22 F T 0 38 <t
T S T A O AE, BRI 4 . FR A
RE B M S TR B 2 A T AR A
R I FiE PR 24 256 Jo it B 22 1)« 2 B RURRAE,
FEATEMZE. MR, wE. BRFEEL
Gy, AT N AR, LR RANER LR RN
I R A% 25 8 A2 O 5L, A A S X Ik 1)
ARGy, ATHTZAMBREWN, —FHBE
TIEETF RIFMED. 2530 50 R, X8 Ik
ILRER . RILKRRM BAT ZHAEYEE, &
FEPUEAAL - UM SR LI S A A 811, G EE it
RAMNCNHAL G DRt 7 IR iR, oy
X 1L P AE BT 24 Wi A B Ty RE A AR e 7 it I v
N BE5E 1 B0 B Al

J7ift7E %= (proanthocyanidins, PAs) &3]~
AAETHEYT R ZHENEY), BT EE A
WA EE L. LA ER (catechin) MIE LR
(epicatechin) 553 bi-3-BE AR TR G AL, MY
FESMTH . M. R EHL, BE
FOR KB PUst s ORI M ORI S 1,
JRAETE AL DR it Al S 24 U0 B A 8 8
BN, FEEDEN, FEH R ORI R R
AR, 8 2 B A I R S BN IE A B i, BT
5, ARV ALUR 3B, A RGERIEHTB: KA
TIRTE R N R IR W 2 ¥ (phenylalanine ammonia-
lyase, PAL) A AR R, BEEAA
FEFR 4-F210BF (cinnamate 4-hydroxylase, C4H) Fll
477 R4 A B (4-coumarate-coA ligase 4,
4CL) WESAE AT G A, NINITFH
JRAET R G BZ OB . 2 O0A BB & HR
& %l (chalcone synthase, CHS) Ak 7 & Ik 4 i
A5 3TN BN A 456, AREEE; AH

P25 B A HLR A4/ (chalcone isomerase, CHD) 1
A, A B (il 220 thfE, Boboli 3-8
ki (flavanone 3-hydroxylase, F3H) fifL 51\ 3-£23%,
AR A R s A AR B R R
(dihydroflavonol 4-reductase, DFR) fIfEFH T, #—#
AL EACEER P B Tofe gz i
2 BRI A RATY): H—, TLtfEERIL s
(leucoanthocyanidin reductase, LAR) ELFEfEALAE L
#xEs HT, &6F 2500 (anthocyanidin synthase,
ANS) A AATRERT =G, HIEH RXIC 5
(anthocyanidin reductase, ANR) $Fd A il )L
FRFRI0], RS 1], BRI AF I B L R (R
¥) (MYB). BPEIZE-A-120iE (basic helix-loop-helix,
bHLH) Z 5 R 1 R o o s Hh o Bl
Rk, TEEIEH R IVEYE BRI FE R EE
VHEAE U8, X — AR A S RN 2%, L[RICREE
TV N EAET =SS ST

JRIEH RAEY G BOSEMREIT . % 5%
BAHEY) RoES . B S HEY T CIR A
FrU0-221, SR, 24 ET 0% TR I R A AT A A AR
HT 2R ST R e T R 24 B A A S
JETH3270, 56 FRAE AR =) B 43 T HL AR
FAINT A G, JEH ARG M R A =AY A g
TR RGN TP I B [EE R, 1E
NAG MR R AR EMILR R ERILER, HEK
FHEREFEN (W1 DFR. LAR. ANR) i %5 Fik R
X, PLEESEF (0 MYB. bHLH %) 51
VA2 WX 288 0 IR AE AR = AR SRIFT2 e, R LR
G T 1R TE, ANFHS CE L IR
H ARBD P RIETE 2 A O I S SR A
KiLkER, SREREMIRREOCHETIA T .
DRI, PRNFZHE NG I 7R SR AE 75 28 B A6 o
BRIEIR, RN R R AR B R AR AT AN S
SEVRTEHLEIT T ER L B R AR

AWFFLLIG MR FE RIS 28, B )
o S AR RS 5 AN i s 7
IIHT o AL VR (R R I 1S V2 (UPLC-MS/MS)
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RHlANFRIZHZA LR . RILFRRISE. A
LR RIA M 25 73 M1 (weighted gene co-expression
network analysis, WGCNA) J7iE @S Mk JZ LT R
BRI RIE RS, fhikth 5 LR EMNERILRR
BB AR R, IR M TR AT e
RS A, B2 2 5B LR R AR LR
RE I ORI AR . ST FAM AT T
RIS 1 XS L 7> B 2L Ry S L,
SR AR FE R Ak PR FE SIS BT R N A
PSRRI AL T 2R AR TR B i
1 UFES5HH
1.1

R FRIREALE 2024 77 10 HRE T FEK
AL e (JBZF 26°51°307, AL 108°71'7" ),
SKAEITRIZE_B2F 9:00~10:30, i FEK 34 R 4P 1) e AR
MR KEHX S PR 7 AN MUBRHA IR, FHR By 22
TP EG R E R AR EENENLE S
suberectus Dunn. . K4 PIAEY)ZH SALFEEE L W
Z L PIRER KRBT, b ) B S RS
ML, WE 1. BAERFEREN: K5 g
MR RIRBA LU ARG, BRI 3 4,
MU LAY EE, iR MEYHLS AR
A3 AV FESR . FEACREE G LRV U RUE U b
W, WEEEZE-80 CRAGRIKFERE, HT R
Fes 5B M

- @ ®

[ES gt IR AT

[a—

2 cm

E1 B s M REIHR
Fig. 1 Five different tissues of S. suberectus
1.2 X5
QTRAP 6500+% LC-MS/MS 1X#% (Sciex 2
A]); AS 60/220.R2 B L1 73 At R°F (RADWAG &
F]); 5424R BUE.OHL (Eppendorf A ) ); MM400
RIBREEAL (Retsch A ] ); MIX-200 B 2 i e 4k
ity (EEESOE R BA R A7])D; KQ5200E Y

it mEE R (BILEr A ERERARD;
RNA prep pure fi47 5 RNA 2 BUR 77 & ( TIANGEN
AFD; AHBNEH PCR /i R0 (P65 % KFERHY
HIRATD; ToloScript RT EasyMix for qPCR i %
S F f: 2 X Q3 SYBR qPCR Master Mix
(Universal) & & PCR A& XTHEM LR Uit
5 HY-NO898A). FKJLFHE (b5 HY-N0001)
A MCE ~ &), Jim5H3=98%; HEE. O
I RIS Nt il 4l

2 FHE

21 JLFEZR. RILEFZNZE

2.1 SRS R IR S A R
T4, FIFIBREE{XAFEE (30 Hz, 1.5 min) ERAIR,
FREX 20 mg IO, I 10 uL 35N 4 000 nmol/L
(RIS TAEWAN 500 pL 70%) FESVAT, #8730
min, 4 CHMAFFE.C (F# 12000 r/min, 5min),
WLER E3EW, FH0.22 um AR pERES, IERAET
RS F, FT UPLC-MS/MS 43#7 .

2,12 XEGERSIS REERERILERERMIL
RIS, 70% F BRI, v B sk
FE4 12.03. 10.18 mmol/L f{IVE & X} B8 Fhid . Fris
W2 022 um FLARIEIEES )G, BT 4 CHMHT
RIFEH

2.1.3 @ik @ik Waters ACQUITY UPLC
HSS T3 Cis#£ (100 mmX2.1 mm, 1.8 pm); iz}
A A LK (5 0.05%F 1), B NS (&
0.05%HR); AR E 0.35 mL/min; A 40 C;
HEREE 2 uls YEBIBAEE: 0~1min, 90%~80%A;
1~9 min, 80%~30% A; 9~12.5 min, 30%~5%
A: 12.5~13.5min, 5%A; 13.5~13.6 min, 5%~
90%A; 13.6~15 min, 90% A.

2.1.4 MR ARFE A 0.5, 1. 5. 104 20, 50,
100 200, 500. 1000 2000 nmol/L A~ [ FE i %f
FRIRT, SREULAS R RILA R SR IR
[0t B8 B A 5 B i I FE A . LAAMR S AR
WRBE LLERAMRIR BB AL RR (XD, 45 bR I
LB AMRIE AN AL R (V), LR, &
LA RMbREMZE, &M EIE 1.

R1 &MHIE

Table 1 Linear equations

B EE W r 5E & FR/(nmol- L) & & FR/(nmol- L)
ILRER Y=836.330 03 X+1 192.358 01 0.999 9 20 2 000
FRILFKE Y=1367.945 24 X+ 1 964.285 20 0.999 8 10 2 000
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215 JjikEEE REEE. famth. HEEME. FERE
RIS Rk, SRR SERR
2.2 2 RNA $2HL. c¢DNA MEMZERIEZANF

KO0 6 X5 1M1 JiE %5 2 ZRRE AR ZY 0.5 g, B T TAT
BRh e 0B . R LB UTIEVE 45 A CTAB-
PBIOZOL X517 &4 RNA $2H, Z8tiaift)s,
# RNA JUEHMT 50 pL DEPC AbEE/Krh, ff
Qubit 7¢6E ALY Qsepd00 mrid &AM Fr BT
10, 4300 RNA JRIEE . AR K 52 B HE T ™ 45 i
. cDNA FEMETERSE, KA phi29DNA RH
B0 SCPEREAT Y1, 4 590 T DNA FALAELE 300
KA VLK) DNA 492KEk (DNB) . ¥4l % 47 ) DNB
g W TSR, FRIGEYEN T 6 T 8w
WFE, W PR I HERf M S e e
23 HREAMNFXERETHESEERFALXT

BT Qin ZERSIXG (i e P (2L K AHAE NS 2%
FER 4, FIFH HISAT22M clean reads 5% R
HIAT AR
2.4 WGCNA

e FPKM<C 1 98 8 k471 g,
ffi R 1% genefilter fLIF varFilter b4 23 B 75 Bt
AR PR R B IR R DA AR BT A R Rk
BRUE AR, S P2 A RS B, S
MRS WGCNA 4 3 3Rk W 4% Kl 73 5 DR At

P A R M4 WGCNA A7 bR R 3L R IA
W28 b, AR PRARSCIERT PR A 8 0 A
HURFIERE R (module eigengene) 53 BUE s 2 (7]
ia F BOOR@AR R T BT R RT Gt R, gtk
A2 R 155 1 WGCNA B cor BRHL
BARZH T WBHEBE Y 20, i/ N ER
HEH 50, EIFAHMIER S EERE N 025, K
W ZhA BT Sk AT R IR K 7, ¥ B MR
AR R 7 2R 0y 1 M. il 5 LR R &
JUAFRAHIRAE 73 B T3 X o Bl ik PRI AR Bl o 0] e s 2 K
I PRV R A5 S 2B AT LU 23 A, R A 32 5 B T e AR
P 2 e RIA R, T st SRR A
Fl4a15 (Kyoto encyclopedia of genes and genomes,
KEGG) #i¥fa i JT e il i w8 42 70 #r
2.5 qRT-PCR IiE

9T 6 UE 5 A SR AL B W0 AR W S B A AT
qRT-PCR FRJ5HIE, 1ZEHUE 40 22 e R Al T QRT-PCR
3T, DAIGHIERE S AR nT 5EPE . qRT-PCR 5|49 H1 e
THRIEHENDFHEARAF G (R 2). KM
ToloScript RT EasyMix for qPCR {71 &5, M I
KW B RIS IR HARE N L PR
RNA S cDNA, R %¢'t PCR AG#47 PCR 3"
. LL18SAWSHERE, &AM 3 MEYFES,
K 278 OB e HE R AR AR R B

2 qRT-PCREIES|HIER
Table 2 Primer information for qRT-PCR validation

SR AR EIE/ERi 515 (5°-37)
SsC4H Ss_CMO014737.1_029200-F AGCCAGATACCCACAAGC
Ss_CMO014737.1_029200-R GTCATAGCCCCCAAGTTT
Ss4CL Ss_CMO014729.1_043250-F GCTGATTGGGGGGTTTTA
Ss_CMO014729.1_043250-R AAGAGCGGAAGCGTGAAC
SsCHS Ss_CMO014732.1_026990-F GGTGACCGTGGAGGAAAT
Ss_CMO014732.1_026990-R GGCTTGGATGACGCAGTT
SsCHI Ss_CMO014729.1_048260-F GATGCTCTCATTTCTGCTCC
Ss_ CMO014729.1_048260-R TGCCAACCTATCCCTCAC
SsF3'HI Ss_CMO014729.1_037890-F CAACCCCTCTTTCTCTGC
Ss_ CM014729.1_037890-R CCCAATAGGAACCTCTCG
SsDFR1 Ss_CMO014733.1_002140-F ACCCCGATGGACTTTGAT
Ss_CMO014733.1_002140-R CATTGGCTTTTGGTGCTC
SsLAR Ss_CMO014735.1_019010-F TTGGGCACGATGTGGACC
Ss_CMO014735.1_019010-R TCAACCGCACGCCTAACC
SsANR Ss_CMO014732.1_001840-F AGAGCAGGAACGGTGAAG
Ss_CMO014732.1_001840-R TAACAGGGGTCCAGCAAG
3 ZBRE5SH 2= o 2 ORISR L W) B R ) Lo BRI

3.1 MBmEPARELREILRZEZNRILZZEENE
AHFILIE ] UPLC-MS/MS FiA, o 6 ifr itk

JLARER G EBATRHEE B 0T, IR LUK 2 M i
F R EANRRAL AL T R X as i A
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A LR Rm AR LR RZ R &= dr, Wk 3.
SRR, LR FEMFILFRAESHLH oA
BAAE—E 2 BMCKRE, WS i LE &R
MBILFRTEHRELT R, BHAEM RS
EWAC. WAL H)LRRMRKERE, H
®3 BOEFREAHLERNRILERRS SR

Table 3 Analysis of catechin and epicatechin contents in

different tissues of S. suberectus

e E/(ugg™)

e B AR I AR ST 38 > ) Bz 3 ~ i =2 > 2 i ~ 1)
s 17 &4 2 3R LS 2 AR 2K F el s B
WRAR 490 5 350 ~= i =5 > Kol 353 > =& > B
3.2 HBREMNFSHRESWN

A A FH T Hlumina W 7P & H R 54
MR, 348 131.91G ) clean read. Wl & £ 4
BN, FTBEMEAK GC &L T 43.77%~
45.70%, 020 fH( =98.57%) 5 O30t ( =95.42%)
SR R R S =T O S 3 N DA T e S SO

i = - \ ‘
) JLRE FILKE clean reads i EF & M &K . Lo, AR
ﬁii 24.16 32.11 15 25 2 SE R AL 10 3 A L St 94%, AR BT
0.25 0.00 R —
o oo ys 3k HL 5 86%Bh 1, o B Ak 5 2% 0k
KRR 52.33 19.34 éﬂﬁﬁﬂﬁﬂ)ﬁﬁ%, ﬁﬁéﬁ%ﬂ%ﬂ%%ﬁi#@?
IR 25.17 33.65 i AR (R 4).
+ 4 BEERERIESITMRET
Table 4 Transcriptome data statistics and quality assessment of S. suberectus
FE i clean reads 020/% 030/% reads mapped (5 /%) Unique mapped (/5 H6/%)

eS| 45386228 98.73 95.94 42813 311 (94.33) 40 781 597 (89.85)

[ IES) 58805442 98.61 95.54 55707 507 (94.73) 53235812 (90.53)

e 59895936 98.67 95.73 56 646 206 (94.57) 54 139 064 (90.39)

o1 59339144 98.63 95.59 57232870 (96.45) 52962 834 (89.25)

a2 61397938 98.62 95.57 59202372 (96.42) 54563 727 (88.87)

o3 60227434 98.67 95.73 58 123 473 (96.51) 54275197 (90.12)

Z 74050512 98.66 95.66 70 697 557 (95.47) 67 643 287 (91.35)

Z2 77730248 98.72 95.86 74259911 (95.54) 70 820 598 (91.11)

Z3 59424502 98.70 95.79 56 701 258 (95.42) 54 414 455 (91.57)

AJFHB1 55319352 99.36 97.04 53537 528 (96.78) 50232793 (90.81)

A5 62 62051428 99.34 96.94 60 062 479 (96.79) 56 107 518 (90.42)

A B3 55210784 99.36 97.06 53436 002 (96.79) 50408 751 (91.30)

W Rz ER1 50507052 99.36 97.03 48 851 193 (96.72) 46 190 265 (91.45)

B 2 12 42808724 99.36 97.07 41418 941 (96.75) 39276 229 (91.75)

1B HR3 57243196 99.38 97.14 55404 448 (96.79) 52564 359 (91.83)

O~ O30 P AIRARAMET 207 30 HIBRFERL 5 SRAE I /3L reads mapped- LU %) #1255 £ K4 reads %(;  Unique mapped-ME— LX) £ 254

[KIZH K reads %7

(0> and Qs represent the percentage of the number of bases with not less than 20 and 30 in the total number of bases, respectively. Reads mapped : the

number of reads aligned to the reference genome ; Uniq mapped : The number of reads uniquely aligned to the reference genome.

AW 5t I8 3 4 40 At Cprincipal component
analysis, PCA) FIRRIEMFHINE M, XTANEIAEAR ]
(BL R AR AT T RGPS (B12). J/RIMH
ML R SR (F 2-A), 3 MEYIEE SRR
FIEAHOG, HA IR FRIE 7 75/ . PCA G55 (
2-B) R, KA AELNERL, ARFBAAEAR]
TEMTX Gy, 15 NMEFARYE BRI 5 A4 H
W, 5B 1 ERGY (PCL A 2 ERy (PC2) KITTHR
AT 50.59%F1 16.83%, BRFATTRAZIA 67.42%,
RENS A RUR AR M RIS ZE o AN, BAFEAR D)
3IAVEYIFE R BEAHDCHE, HA WX

YRR TR OO, 5 R 7R e b 4 SR
FE—8, B TR G AN ER
PERIATEENE
3.3 WGCNA #1&ERtgiE

NER TG S AU TP W B R R IR AE, 4248
LR EME LA Z A B G 1 L R e Je 3%
IRFEDR,  ARHE SO0 SRR HE B AR R AR (b
22 <0.50) BYEEPRIEAT IRk S5, JBHL 18 828 MJk
[RIFJ WGCNA Z347 o LARTA 2 [ (] AR 5= R Ak
BRI E RN, RS T V) EIEEAT
BRI 7, i TR HUREAE ) EE ) 4
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B PCA
ML2
4 0%
ML3
PHI MLI1 ,
9 s PH2 ppi3 il
o * XY
2 XY2 & XY3 | wen
= XY1 °vs
LN) * YL
-9 YS3 ® ML
YS1 >
4! YS2 YL2
L4 L]
YLI1
YL3
-5 0 5 10

PC1 (50.89%)

YS-HEE: YL ML-E0; XY-ARBES; PH-IEER.
YS-young stems; YL-young leaves ; ML-mature leaves; XY-xylem; PH-phloem.

2 HXMSH (A) 5 PCA 57 (B)

Fig. 2 Correlation analysis (A) and principal component analysis (B)

ITIRAATE, BRI 15 DR FERIAL, &
P BRIy S ARHEB AR iR (] 3-A), AN FIE
OARERREIEEY, [F— 73 SRR R, Sk
FREERIECE M 19 M3 6276 NAEE, turquoise B
%, tan LR/, PR 1255 MR i
— BRI G LR SR AL T 25 R G R R, AN [
PP LR EMRILFRRE RS 15 MERG R
ATHISRME M (B 3-B)o. WFFOEAH M R A= T
0.80 (P<<0.01) MEHUE SUNIRAETT 32 A A O B
T, B2 5558 31 3 AL o, Bk turquoise
brown 5 LRI REIENY 0.80 (P<<0.01), 1

Al S RGO

0.91
0.8

0.7
AE

H tan Fl brown 15 LS 2 B AH K R 205 514 0.80
(P<<0.01) #10.96 (P<<0.01), turquoise~ brown Al tan
3 AN, A 7 AN 4 DR T AN
(K 5). PG5 R, B turquoise. tan A1 brown
HIFAEHE RA BOIREETIOE, FAHn]Regs &g
TR IFAE T 2 G U OB [
3.4 XEEERR KEGG BT

IR TR ) AR BE, ASHHF FUXT % B
B (R R AT ThRE & 0 AT, &1XE 3 Mg
B AAR I R AT 20 SIEEKTIE KEGG @i 4
Gt (B4, ZRER, 3 A3 2285 %

B BUSAE AR et

I

YRRy

grey ] o bt
LR RILKR FIEFR

A-PEARJZIRIERM ;. B-ERB S LR R MIRTEF 2RI
A-sample hierarchical clustering tree; B-gene module associated with catechin, epicatechin and proanthocyanidin heat map.

B3 BmEEEARRRES T SEERR-REE R XEKARE ST

Fig.3 Hierarchical clustering analysis of S. suberectus samples and heatmap analysis of gene module-proanthocyanidin associations
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%5 1R turquoise. brown. tan S5RIEFEE XX EER

Table 5 Key genes associated with proanthocyanidin biosynthesis in turquoise, brown, and tan modules

S B eS|

ZFID

HH EHID

SsC4H
SsF3'HI
SsCHS
SsLAR
Ss4CL
SsDFR3
tan SsCHR

turquoise

brown

Ss_CMO014737.1_029200
Ss_CMO014729.1_037890
Ss_CMO014732.1_026990
Ss_CMO014735.1_019010
Ss_CMO014729.1_043250
Ss_CMO014729.1_065740
Ss_CMO014733.1_026170

SsCHI Ss_CMO014729.1_048260
SsF3'H2 Ss_CMO014729.1_037910
SsDFR2 Ss_CMO014733.1_002210

SsDFR1
SsANR

Ss_CMO014733.1_002140
Ss_CMO014732.1_001840

Ubiquitin mediated proteolysis
Starch and sucrose metabolism -
Spliceosome 4

RNA degradation
Ribosome biogenesis in eukaryotes -
Ribosome

Purine metabolism
Protein processing in endoplasmic reticulum
Plant-pathogen interaction -
Plant hormone signal transduction A
Phenylpropanoid biosynthesis -
Pentose phosphate pathway -
Nucleotide metabolism A
Nucleotide excision repair -
Nucleocytoplasmic transport -
N-Glycan biosynthesis -
mRNA surveillance pathway -
Motor proteins-
Metabolic pathways -
MAPK signaling pathway-plant
Inositol phosphate metabolism -
Glycolysis/Gluconeogenesis
Glycerophospholipid metabolism

Glutathione metabolism

Fructose and mannose metabolism

Endocytosis

Efferocytosis

Cysteine and methionine metabolism

Carbon metabolism

Biosynthesis of secondary metabolites
Biosynthesis of cofactors
Biosynthesis of amino acids -

Amino sugar and nucleotide sugar metabolism

K%

200
400
600

brown tan

turquoise

4 brown. tan F turquoise iR KEGG E& 017

Fig. 4 KEGG enrichment analysis of brown, tan, and turquoise modules
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Table 6 Candidate transcription factors in turquoise and brown modules
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Fig. 6 qRT-PCR validation of genes involved in proanthocyanidin biosynthetic pathway in S. suberectus
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