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Abstract: To explore expression level of alkaloid and its key synthetase gene in Isatis indigotica upon Plasmodiophora
brassicae exposure. The grades of disease severity according to morphology were verified. Moreover, histological

observation, physiological and biochemical parameters have been collected together with transcriptomic and metabolomic
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analysis in Isatis indigotica after infection for 0, 7, 14, 21 d. The results were as follows: (1) After inoculation for 0,
7, 14, 21 d with Plasmodiophora brassicae, Isatis indigotica showed club root grades in 0, 1, 3, and 5 respectively,
notably, cortical invasion occurred on 7 d. (2) When Plasmodiophora brassicae exposed lasting 14 d later, the contents
of soluble protein and malondialdehyde, along with superoxide dismutase, peroxidase, polyphenol oxidase and catalase
activities in Isatis indigotica increased significantly compared to control group at time depended manner. (3) A total of
161 alkaloids were detected in metabolomics, among those alkaloids, indoles were noticed as the most abundant
form. There were 16, 17 and 39 discriminating metabolites had been spotted after infected with Plasmodiophora brassicae
for 7, 14, 21 d, the most discriminating metabolites enriched at alkaloid and amino acid metabolism pathways. (4)
Transcriptome analysis showed that there were 2 439, 256 and 6 437 genes expression alteration for 7, 14, 21 d
compared to control, those differentially expressed genes enriched at 11 alkaloids related metabolism pathways.
Markedly, expression level of 9 genes ( encoding for enzymes thebaine synthase, tyrosine aminotransferase, indole-3-
pyruvate monooxygenase and aldehyde dehydrogenase) were increased after infection for 7, 14, 21 d. The results reveal
the interaction between Plasmodiophora brassicae and Isatis indigotica , explored the effects of Plasmodiophora brassicae
on indole alkaloid synthesis and its key enzyme genes, and lay a foundation for later research on resistance genes and

alkaloid secondary metabolic pathways in Isatis indigotica.
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BEHRANR 75 1 (Wong et al., 2022) , #AHEHHY
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FEFEE R P AE S R Y, X L T i B
/D S A TR G AR i B A 7 AR ATL A A B AR AR
A LT e AT il . AL, 38 U0 AR
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B E N 4 S A HNFD (Williams 258 RS o
S T /N AR WA R 2 R A AW B 2 B bl 2
VEDIWE 5T JIT 1) 1 7 A6 B R A 5K Tl 552 2 Vil $2 4 -
Y,

TR A« 5 B WV W (SIGMA ) | Y — i
M- CWEIE EW (50% ) 5 4R VS R adl
Ay 22—t e 2@, bl REER A RA
A AROR il W ORI L-H AR, i
bR A AL B A BR 2 F] R R A e
(NBT) . Z -} DU 2.8 EDTA , # [E Biofroxx 2 #)ix
it H AL A (30%) , = FE s BB A R #
Nikon $0fi% & 5% , ML BRI E0 , & ¥ 4%, 3% A7 TU-
1810 4] WL AR 6t BT AR A VR B 0L,
WG4, 6 BT R4, iR E R KA, T
32— TR FCE R B TR UK 55
1.2 LIw b

KRB RARERREE TEIRMER, R
FAAARSCAE (2002) 14 77 1 B HOHR ik 3 AR AR 761 7,
I 3RS0 0 R e T L - TR VR P VR R R R
B 5%107 CFU « mL™" 0055 J5 o AW & . /N
T 72 LB WA 1A AR 3 AT 1
FLR 2 ~ 3 5% Bt 18] 1, e S 3 2F A7 AR i TR
(1x107 CFU - mL' A RAR AT ) 10 mL 13
S5 R TBCRR VL, DA VR R 8 1 G B S I AR B
PR 2 mL B, ARl E R AR I JS 0.7 .14 .21 d
F 4 1E % 4= K ( BLG-CK1 ., BLG-CK2 , BLG-CK3 |
BLG-CK4 ) 143 # AR Jif % ( BLG-S1,BLG-S2 , BLG-
S3 BLG-S4 ) Y /]N I 25 5 AR 3 (AR S AR 25 ) i i
(Lan et al., 2019) ,3 ™MEY=ERE  IFRAR K,
-80 °C 1T,
1.3 Hik
1.3.1 REHES B AL FNE WHEISRS
HEAFB 2 75 PEAT L B & 351 (201003029 ) il
PIARIE (B AR 45,2014 ) o B2 Pl AR b B I AR 408 95 175
TEA G hE 24 h SLESAR I B0 B/ N v S 1 AR
PEATHH ISR B2 EE 21 d, K5/ 28 AR
PRVE T B R 1~2 em T FAA B ER D 2D

58 24 h; PR AL ZUN FAA [ & WP B 31k
W O ERE Y6 2 min, P05 H L5
F7K (ddH,0) PEF 58 B8 M el , Wk 2~3 W
AR 2L i TE 2B e bR AT W SO ER
1.3.2 A2 agAR ey 2 /NI B I R AR PSR
I 2 25 2 IR R XL (2006 ) F1F SC T (2014)
A5 BARI R . (1) SR B bh 22 R b €6 3 A U
MDA ; (2) % S5 G-250 Yt gl I m i 1 2R
F15 (3) AR kA POD; (4) 2 Y s
IR JE LA I SOD; (5) 4B K — W ¥ 0 PPO;
(6) AN O REEAG I CAT,
1.3.3 UPLC-MS/MS | &
1.3.3.1 FEanfilgs R/ as 5 AR SR 2K T
R THL( Scientz-100F ) 1 L2511 J5 B 5 5 Bk
I 50 mg BRI A, INA 70% HIEE(1.2 mL) ,30 min
WIE 1 W\(ﬁ\ 30 S,;j\:6 (K) ;12000 r - min” ,%
> 3 min J5,0.22 pm GCFL U8 BROKE b3 WA 8 e i
e T R 225 5
1.3.3.2 (3SR E 44 ExionLC™ AD # = R0R AR
{4, 3% (https : //sciex. com. en/) , Applied Biosystems
4500 QTRAP & HX it §i ( https://sciex. com. cn/) .
AR TS 550 . 3544 SB-C (1.8 pm,2.1 mm X
100 mm, Agilent) ;0.1% H R LEK (A) 5 0.1%
RN (B) A shAd, /ii#E A 0.35 mL + min™;
VMR (B AH L) 4 0.00 min, 5% ,9.00 min 4
AMEYE N2 95% , I HEFFTE 95% 1 min, 10.00 ~
11.10 min,95% ~5% ,11.10 ~ 14.00 min, 5% ; JEFE
4 L AR 40 °C 0 B AR WIS B TR
BN +5 500 / -4 500 VIR A 550 C ;& TR
ST SR B AR RS CE S 50 .60 .25 psi;
Bl A 75 3 L B S AR B

OPLS-DA ¥ 81 v 1) VIP {45 & 25 S 5 (i
fold change > fifi %% 22 S AC I 9. 0 6 4 M. £ &
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AR A o 2 25 5
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DI 4E A A BR A w58 i, SR Mlumina /Y
NEBNext® UltraTM RNA Library Prep Kit i#7] £ 12
B total RNA, B 5 bl &E i B 9K A1 Nano Photometer
S EE TR I RNA SESEPE R Al B, &b
(A it T T A /NS HE ¢DNA SCPE
1.3.5 & @mml 5 54 Ax#  FA Hlumina XF
JINTH S A R R 25 e 53 A SC 2R 3R A7 e A 0 )
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SRR R (raw data) , 22 B8 VP4 | 2 8 Bk 4% T
AAb PSR A i 91 (clean reads)
Trinity 21 %¢ Jf )2 X K 25 /5 18 Unigene, i H
DIAMOND BLASTX ‘5 HMMER %X 4% Unigene /%
51l 5 Gene Ontology ( GO )., TrEMBL, Kyoto
Encyclopedia of Genes and Genomes( KEGG ) | Swiss-
Prot . euKaryotic Ortholog Groups( KOG) .NR Protein
family ( Pfam ) $4f 22 #E 47 o X, 45 31 5 X ) B AR
H. F DEGSeq R 1 % & 2 & #£ & & A
(differentially expressed genes, DEGs) , ¥l 7& [F] B 4
B R K LR (false discovery rate, FDR) <0.05,
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R 22 5 R IR L R I 0 AT DI RE & AR AT
1.3.6 qRT-PCR 447 #H%) RNA $2HU[A] 1.3.4 45,
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SR, SR H Monad 77 & & B ¢DNA, L ¢cDNA
AR FAEE Actin FEH (Qu et al., 2019) NS i
1T qRT-PCR 525, F| F Primer-BLAST #1151 4
(% 1)LLK ABI 7500 %) £ PCR AL #E4T qRT-
PCR 43, ¥ H4HRF .95 °C,2 min HAEH: ;95 C,
5 s AP ;60 °C,30 s IR K/ AEAH (40 DHEER ) ;4 it
2R 65 C F+E 95 C, FTHR 0.5 C R4 1
WIOUE S, BB E 3 ANELE, M
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Graphpad #CPFXT £ 2208 HEAT T K288, L P<0.05
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TCIRE 9 18 R 0 G H A1 2124 0 5% k30 40 i
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B2 2 A B R B R AR (1 1. F; 81 2.C) 5 3%
WG 14 d BARME AR /NF 22T ER N 2 £F,
WTETEECH 3 9, [A) B YR G i 3l 18 5 3 A3 Bz J2 4
MOOF R ARAEE (B 1.6, K 2.E) ; 3K 5 21
d HRFHR S BAL R M AR R 2 AR 2~3
i, e R AE R BN 5 9, A i YR 9 i sl 46 1k A
B R MAEE R (B 1 H B 2. F) 13X A F 0 2 41

JELJZ R R R TR R R U A PR B AN R ot R
(7] B, U8 ] TR b TR N TR i g A
2.2 £EENIERFRNE

P &L 3 AT, B TR AL B P R B 1 MDA
B A SOD . POD PPO [ CAT HY T 4 B4 I i)
[i] ) 2 RS E T RS 7 ~21 d, SR
ZHAY CAT SOD 3% 1 35 8 35 0 T A 0 X BR 4 (P<
0.05); W5 14~21 d, LKA EEEA .
MDA &+ L& POD PPO I M4 i 25 5 T %t IR 40
(P<0.05) , 33X Ut B4R W A HEPTAR b 842 2 A S il
T B
2.3 RGFAES
2.3.1 B St & OPLS-DA 247  ARSZEXT 7 4L
%[ BLG-CK1 (S1) ,BLG-CK2 . BLG-CK3 , BLG-CK4 .
BLG-S2 .BLG-S3,BLG-S4 ] i A7 FC i F 58, & F 4
WP 55 F0 A PR AR AG I 3] 161 Fh A= e, FAh
FAEYWEGE R Z , 5 A EYRY 53% , LR &
WA 5 B A ) 32% (K 4), HE S A]
1, 1E 22 i H /> — 3 ) 5 43 A (orthogonal partial
least squares-discriminant analysis, OPLS-DA ) % 5 i}
TN LLRE L A RS BB W 43 S, O B BLG-CK3 A1
BLG-S3 ) 43 i I % £ K, BLG-CK4 il BLG-S4 1%
2 VA TR 14 d AR o B X S i AR e
2.3.2 2R FEE i PXHEEE 7,14 .21
d MRS HE 22 AR 17 73 B, &2 B BLG-CK2 vs
BLG-S2 A 16 2z AL, 6 4~ 18,10 4~ T
BLG-CK3 vs BLG-S3 47 17 ff 22 S0 #,9 4~ 1
5,8 I~ F 94 ; BLG-CK4 vs BLG-S4 45 39 i 22 5%
W ,32 4~ L, 7 4~ BLG-S2 vs BLG-S3
19 2SR ,3 A EIE, 16 4~ T ;BG-S2 vs
BLG-S4 A 45 2 5ACUHY , 19 > EH,26 T
8 ; BG-S3 vs BLG-S4 A 34 122 540, 14 4~ -
J4,20 SRR (FE2) , HIE 6 AT%, # BLG-CK2 vs
BLG-S2 .BLG-CK3 vs BLG-S3 .BLG-CK4 vs BLG-S4
X 3 2R R IR KR 5 A2 51R
W, 43 3 IR ZEZE T | isatindosulfonic acid B .5, 6-
TR FE | W-5-0-B-F 4 B 12 BBE S AR 2 e R
T GRE R B, oA AT 3 Fh A e A Wb, H
BLG-S2 vs BLG-S3 . BLG-S2 vs BLG-S4  BLG-S3 vs
BLG-S4 iX 3 4122 SR ICE 5 Ja B B3 2 4
P3RS | S B S E /B
isatisindigoticanine B 1M ik 25 A5 Wy B, 2-42-3,4-—
A -1H-MER-3- 3R
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Table 1 qRT-PCR primers

HPH D R 44 B IEmGIH(5-3") B 514 (57-3")

Gene ID Gene name Forward primer (5'-3") Reverse primer (5'-3")
Cluster-16885.9 GH3 TTCGCTTCAGGTATGGTCCG ACCATAGCCACCGAGTTTCG
Cluster-22704.8 B-ARR GTAAGAGGACTCGGATCGGC CCGTCTCTGCTCTGTTGCAT
Cluster-22719.0 TGA GAGGGTTTCGTCCATCCGAG GGACTCGTTCACCGCATCAA
Cluster-27535.0 SAUR ACAACAGCAAACAAGGGATCA GGCAAGGGATCGTGATGGTA
Cluster-28287.0 AHK TCATCTCCAGCAACGCTCAA CTCTGCACAAACCACTTCCG
Cluster-37953.0 pPP2C CCTGACGTGTCCTATCGACG TTCCATCTCCAACTCCGCAC
Cluster-35278.2 PP2C CGGTCTTTGGGACGTTGTCT ACGCTTCCTCACACGCTTTA
Cluster-34981.0 AUX/IAA CTCCGGTTCGTTCGTTCAGA TTCCCTCCCTCTTAGGCTCG
Cluster-37780.0 PYR/PYL TCGGTGATCCTGAAATCGGC ACCGAGTATGTGTTCGTCGT
Cluster-37916.2 ABF GCTTCGGTTCACCAACATCG AGAAGAGAGCCGTGGTGAGT
Cluster-36994.3 THS CCGAGGCGTCTAGTTTGGTC CAGGAGACGATAGAGCCGAC
Cluster-36129.3 THS ATATGGCGGTGACGCTCAG CGGTTCGCTTCTCCCATATCA
Cluster-24362.0 THS ATTGGATGGAAAGCAGGAGGT GTGATCTTGCAGACGCATCC

23 A Internal reference gene Actin GCTCACGGAAGCACCT CGACCACTAGCGTAAAGT
0d 14d 21d

BLG-CK

BLG-S

1 EEEF07.1421 d WBRERBREESSR

Fig. 1 Disease morphological grades of Isatis indigotica after inoculation for 0, 7, 14, 21 d

2.3.3 275K KECG § £ o4 WK 7 %,
A E AR AE A E B (ko01100) | A9 22 AR 34
Wt 22 H A w22 5 R A 5% 0 AR 15 3 i AR 1k B

i BLG-CK2 vs BLG-S2. BLG-CK3 vs BLG-S3.
BLG-CK4 vs BLG-S4 iX 3 #H#B & £ 7E 6 4% WK i il
N I A A W) & #R (ko00960) ;B T BLG-
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A HEREJE 0 d FAIEREATZH S A 0% B. K5 4 d MR A4 2124048 C. HERIR 7 d RSB AL 22088 s D. 5 11 d
PRI V2SS s B, RS 14 d AN BT 219 F. JRT)5 21 d AR AL 200, 7Sk A8 10 A0 i i o

A. Histological observation of cross section of Isatis indigotica after inoculation for 0 d; B. Histological observation of cross section of I.
indigotica after inoculation for 4 d; C. Histological observation of cross section of 1. indigotica after inoculation for 7 d; D. Histological
observation of cross section of . indigotica after inoculation for 11 d; E. Histological observation of cross section of 1. indigotica after inoculation

for 14 d; F. Histological observation of cross section of I. indigotica after inoculation for 21 d. The arrows point to the sites of disease.

2 RMEEREHREHAFNE
Fig. 2 Histological observation of Isatis indigotica after infection with Plasmodiophora brassicae

mm BLG-CK == BLG-S
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= <
o [a) o
@ S 17
0- 0 0
0 7 14 21 0 7 14 21 0 7 14 21
JpIE IS ] Stress time (d) W3 ) ] Stress time (d) JUlp 3L B ] Stress time (d)
D 15001 E 60+ F
S o 201
on on -
ks = % o o
< = 5
g * % 2 * < 154
= 10007 = 404 & M
5 2 z
o 51 =
< < °
= a) < 10
S 2 g
#5004 i 20+ i
< %k 8 o
3) e z
A o
0 0 o
0 7 14 21 0 7 14 21 0 7 14 21
JHp 3 F) Stress time (d) W38 B} i) Stress time (d) LIS ] Stress time (d)

ks SRR RIRF]— I H] S7E P<0.05,P<0.01 ,P<0.001 7K b SCH0 20 5 %0 BUZA AR LE 25 57 3%
# ko oekk indicate there are significant differences between the experimental groups and the control group at the same time point at P<
0.05, P<0.01, P<0.001 levels, respectively.

B3 EFIRBNE S AR B B PR A 2B A L HR AR E
Fig. 3 Determination of physiological and biochemical indexes of Isatis indigotica

at different time after inoculation with Plasmodiophora brassicae
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Piperidine and pyridine alkaloids
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%
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Isoquinoline alkaloid
53% / THENg K2 Vel
Pyrrole alkaloid
s u WEIR A
1% Quinoline alkaloid
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5% Other alkaloids

4 KBHER S

Fig. 4 Class analysis of metabolites

21 3] Group
BLG-CK2
10 - BLG-S2
©® BLG-CK3
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X BLG-CK4
o 5 [ ]
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© [
Nt °
o
z 07
% °
e
(=¥
£ -5 o
[=]
o)
&
-10 m
=
-15 4
T T T
-10 5 0 5 10

#1431 Component 1 (10.7 %)

BES5 ZMRMEE7.14.21d REEN
TERHR OPLS-DA B0 E
Fig. 5 OPLS-DA score map at 7, 14, 21 d after
inoculation with Plasmodiophora brassicae

and its corresponding control group

CK3 vs BLG-S3, H: fih 41 #F 76 (0 & MR 10 i ik 12
(ko00380) & 5 , A AR A BB 12 &M W A= )
Bl B B T AR IR A

2.4 RNA-seq 57 #7

241 HFAKBEAE R EoN R —DIZ
P AR B FBh T S AR R R AL XA R 21
ANREAHEA T S AL 0 3 AN 43 BT A5 31 200 974 786
ZEIRFESRI 1 171 808 210 N i F 1), Hh gk
13 175.77 Gb WA BB ; & FEAA RO 1435 3
7 Gb,Q20( Qphred fE AL T 20 AYHREEEL 7 S mk JE
By | o) B A S B TE 97% L 1, Q30
( Qphred EAET 30 MBI E S B AU B 4
Fb) Bl E 4 U 7E 92% L) 1 GC & (G Fl C

SR IEBCR A E 43 L) A 47.0% ~47.69% , Trinity
PFE15 5] 83 775 4> Unigene, XK JE M1 708 bp,
KA E] 16 523 bp, % K 201 bp,N50 4 2 367
bp, Unigene 1 J& 73 1ii 8] (&l 8) W.7w, 51 799 7%
(61.83%) Unigene K &£ # i 1 000 bp, 25 874 5%
(30.89% ) Unigene { & Hi it 2 000 bp, iX i B #%
S T i A, v R ST

2.4.2 Unigene # I §2 2% F NR . TrEMBL . GO .
Swiss-Prot . KOG . KEGG , Pfam 3t 7 /N5 48 /& 3t 47
Unigene {3 8, 43 1l B 21 8 B 69 350 (82.78%) .
70 281 ( 83. 89%) . 60 538 ( 72.26%) . 54 696
(65.29% ) .44 620 (53.26%) .55 271 (65.98%) .
55 387(66.11% ) M3 H , 2 /D7 — A B0 5 0
I Unigene A 72 965 45(87.1%) , kAR [a] 3
PR 2Rk AT I AH G o BT R A RE A A — A h B
e B — B MR T E A M 4 SR G AT S

TEABFZE 34 60 538 4% Unigene 153 T GO
TR, SRS R 3 KIS — A TIhe, FEEERK
FA AL PE (30 758 %) R4 & (36 084 2%) ; 02
AR ZH 53 , A M At i) SE 4K Unigene £ ¢ 22 (51 807
%) ;EIE/:'E%:EUF%, Unigene [ EA VRS HIFER:]
Jad i (40 504 2% ) IR N (18 474 %) AR
T2 (32229 %) AWiEEE (16 606 £5) (K 9) .

t & 10 50, AR RS 25 A A D g HL R

FEMER, BHEREZHENAEmiEs, K,
10 102 5594 & 48 3 — BT BE HU , J& KOG 2t
Unigene ¥ i 2 19 HOR B2 ®E B B A R
AR 4 932 % TER 2S5 55 S HLH i b,
WAT 4 461 NFE FOAL T RS 0 5L I 3 B oA
ST,
243 2FFAEKRBGH L HRSH AR
WG 7.14 .21 d 5 [RIAFfa) % B 2] 3 o0 il A7 2 439
A~.256 1~ .6 437 22 S ARIR LA 5 S R EA AL
FEM I B AR UL 5 FE PR ek kW AR, Hip,
21 d /Y DEGs $5: 22, Ut B AR i B 42 e I S0 28 i 3k [A)
FR R AR % 3 I 17 DS F R
L Hp oA 1E, 8 A FiE, R 7.14.21 d
V1R S 560 2 i 2 2 B ) ) E K 2 S S PR B H 7E
NPT RE T, ST AR 1 e 07 BRI AL (% 3)

XF DEGs #47 GO ‘& 5 40 At , AR 41 41 i 28 1
Sy FUIREAAE YA X 3 R gk A7 432, 3L 9 805
A~ DEGs #% & 4 23X 3 /> GO 25 b, 4i il 41 B
ot 2 A ) SR Y DEGs 7 5 85— 5 4 it
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Table 2 Count statistics of differential metabolite

e X 2 JE¥ 4 isy ] T

Contrast group Total Up Down
BLG-CK2 vs BLG-S2 16 6 10
BLG-CK3 vs BLG-S3 17 9 8
BLG-CK4 vs BLG-S4 39 32 7
BLG-S2 vs BLG-S3 19 3 16
BLG-S2 vs BLG-S4 45 19 26
BLG-S3 vs BLG-S4 34 14 20

A

BLG-CK2 vs BLG-S2

BLG-CK3 vs BLG-S3

FE R 7 AR R R DEGs fEA it b s
R ZW 3 DIhe ;45 G FMAEIE PR )2 DEGs 7643
TUIRER A EEIIRE (£ 4),

P TR i Y 3 IS R A o A e, T
FEWR 2 A W Tl B A A PR O T A M R
FAE PO AR OC ) A3 B, A T R b i i G
HRAEYIL G Y 5 22 5 56 R A 08 b 2 A A7
16K 5 PE, % BLG-CK2 vs BLG-S2, BLG-CK3 vs
BLG-S3 .BLG-CK4 vs BLG-S4 X 3 422 R IA RN
17 KEGG EHE4 (R 5), B3RS A3 4t

BLG-S2 vs BLG-S3 BLG-S2 vs BLG-S4

BLG-CK4 vs BLG-84

BLG-S3 vs BLG-S84

Be =RKRHHERE
Fig. 6 Venn diagrams of differential metabolites
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Table 3  Statistics of differentially expressed genes

HeX2H B i T
Contrast group Total Up Down
BLG-CK2 vs BLG-S2 2 439 1298 1141
BLG-CK3 vs BLG-S3 256 116 95
BLG-CK4 vs BLG-54 6 437 5 838 599
BLG-S2 vs BLG-S3 2 451 1174 1277
BLG-S2 vs BLG-S4 8 752 6 494 2 256
BLG-S3 vs BLG-54 6213 5 340 853

[F) & AR AE 11 AWy Al 5 i A Qi % b b @
BRI R W R 2 RPN AR B Z
2.5 &Y A REREXERZE

ASBIFTE B R0 5| R 288 A W 5 B Ik A e R G
BEDRIHEATHZ 48 . A 11 AR, 43 SR AT AE AR A A

7 R & T ( anthranilate synthase, AS) | {8 % iR &
JS it ( trytophan synthase asubunit, TSA ) 25 [iff %) 52 b,
A, B Jm 20— R RV E A = TR
0, Z R 1 2 1 ( L-tryptophan decarboxylase , TDC) f&
FOCH AN, (A2 e H AR T A R e, I
TE ¥ 2 BN %0 [ ( indole-3-pyruvate monooxygenase ,
YUCCA) A A FH T Az 3| We-3- £ TR 5 (5 Jie
ATE 4 L B 3R P450 BN %A B ( tryptamine 5-
hydroxylase, CYP71P1) . & Hi & ¥ ( aldehyde
dehydrogenase , ALDH ) 1 5-%% {4 Jfie-0-H1 & 5% %% fifg
(‘acetylserotonin-O-methyltransferase, ASMT) fi%) {8 1k
T 5-HE AN -3-L 7

AHFFE A 1 DEGs Hi i i 5] 18 AP,
43 590 2 5 s ke A M 5 TR AR B 5 b G SRR (AS
TSA . TDC .YUCCA ,ALDH) (& 12:A), 53 4h 18 4~
L R G B S R S A T TR AR Y 2 i S B G
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Fig. 7 KEGG metabolic pathway enrichment scatter analysis diagrams of differential metabolites

B % [ [R5 B ( thebaine synthase , THS) 1% 2 iR
%, F 5% B4 [ (tyrosine aminotransferase, TAT) ( &
12:B) . SAREEML, EEIF 7.14.21 d PR
BEY LR —IEA 9 4 DEGs:3 M4 THS /Y
I ( Cluster-24362. 0. Cluster-36994. 3 | Cluster-
36129.3) ,2 % fh TAT B9 3 ( Cluster-31730.0
Cluster-28040.6) ,2 %t YUCCA B9FEH ( Cluster-

1.00

36192.0 ,Cluster-36192.1) ,2 />4 fih ALDH (14 3 [A
( Cluster-32381.0 , Cluster-28395.0)
2.6 ZRFIEZEFER qRT-PCR iE
by 38 UE e s 4H B AR BY UE B PE, 2E £ THS
( Cluster-24362.0 , Cluster-36994. 3 | Cluster-36129.3) ,

AUX/IAA ( Cluster-34981.

0),

GH3 ( Cluster-

16885.9) , SAUR( Cluster-27535.0) , PYR/PYL
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( Cluster-37780.0) , PP2C ( Cluster-35278. 2 | Cluster-
100000
37953.0) , ABF ( Cluster-37916.2) , B-ARR ( Cluster-
10000 |- 22704.8 ), TGA ( Cluster-22719. 0 ) , AHK ( Cluster-
28287.0) #E1T qRT-PCR H:iiE (& 13:A) , &5 %E
s W, I i i 3% [ 78 BLG-CK2 vs BLG-S2 . BLG-CK3
5 Ll vs BLG-S3 . BLG-CK4 vs BLG-S4 Wiy &k #a 5
= RNA-seq %5 5 —%(P<0.05) (& 13:B) , iE I )%
or £ E S KoM T
1
LSS LT LTSS S 3 ‘ij‘ -‘L@ ’% % ‘f/k}
QQ/QQ/QQ/Q«QQ’QQ/QQ/ D O o o o o o o Qf\ DY 7
PRI TFIHIFFHFHFFF S F S S
Q\Q\\\W\’B\k\ \b\/\ \%\q
KJE Length (bp) 3.1 RMEEREX A ERIBAZ M
8 7RS4 Unigene B4 75 & Wei 55 (2021) #F 57 32 W], % S AR 7 ) A A
Fig. 8 Length distribution of Unigene in HARF S AW K, H 2 A8 KN A — 1 ik
transcriptome of Isatis indigotica B JF HAR TR AN I 2 R A IR e it sh 1+ no AR
K4 ERRFIEFBEINGETE
Table 4 Function annotation and number of differentially expressed genes
He Xt 4
sh e K Contrast group
Classification  Function annotation  Total gy - 0 B1 G 0K3 vs  BLG-CK4 vs  BLG-S2vs  BLG-S2vs  BLG-S3 vs
BLG-S2 BLG-S3 BLG-S4 BLG-S3 BLG-S4 BLG-S4
A A% 248 i it ) S A 16 973 1871 181 3821 1 845 5584 3671
Cellular Cellular anatomical
component entity
WEEAZEY 3 488 168 18 1 042 131 1137 992
Protein-containing
complex
TR 4f 3o 13 688 1415 140 3244 1338 4 463 3088
Biological Cellular process
process Rifid 2 10 692 1107 105 2561 1034 3 482 2 403
Metabolic process
T35 ) i 6 495 852 93 1 301 850 2139 1 260
Response to
stimulus
AW 5621 693 63 1169 694 1 856 1 146
Biological regulation
AW R R Y 5 054 629 57 1 046 628 1672 1022
Regulation of
biological process
AF ke A 11912 1 300 121 2703 1237 3931 2 620
Molecular Binding
function
HEALTE P 10 329 1113 166 2315 1121 3395 2219
Catalytic activity
e R T 1 1348 163 23 265 172 463 262
Transporter activity
e SRR TG 1058 187 14 160 173 370 154
Transcription

regulator activity
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Table 5 KEGG enrichment in pathways related to alkaloid synthesis

25 5 R R B IR B
DEGs ¢
KEGG 3 I 4 7 Gs count
ko-ID KEGG pathway name
P Y BLG-CK2 vs BLG-CK3 vs BLG-CK4 vs
BLG-S2 BLG-S3 BLG-S4

ko00950 S5 Mt A= Ay 88 A= 90 5 2 8
Isoquinoline alkaloid biosynthesis

ko00960  FThE , WK E RN IE A= By 0 A 1) B R 4 1 8
Tropane, piperidine and pyridine alkaloid biosynthesis

ko00360 A AR 5 1 8
Phenylalanine metabolism

ko00350  FKALRR TR 6 2 18
Tyrosine metabolism

ko00380 (AR 6 2 25
Tryptophan metabolism

ko00300 BRI 1 0 3
Lysine biosynthesis

ko00330 it 4 i Pl 2 iz £ QoA 14 1 24
Arginine and proline metabolism

ko00400 AR B A AR AR 10 1 18
Phenylalanine, tyrosine and tryptophan biosynthesis

ko00220  KEEMRAWA AL 11 1 18
Arginine biosynthesis

ko00901 18| Wi k= Wy i Ak 4 45 1 0 0 3
Indole alkaloid biosynthesis

ko00996 25l A My s A 4 & J 0 0 1

Biosynthesis of various alkaloids

BrEASI PRI 38 B A AR AR S A R
il S Bl EL 9 5 i K0, MR 40 i %) 72 b R O i R ke
HRI TR A AR e . ARG 2L 21 d XFHAR b
PR e W 1 ok R AT S I Bl AW 5, e I 4% A
J& 0,714 21 d SR TEHR BN W, 43518 0
B G 3G S5 P HAFMEERIRAIEEM G 7~
14 d HR B g PR 432 G S AR A0 i, R e
W 33 5 8 B 45 (2022) ORI OE 45 R — 3, T
Wei 55 (2021 ) FRF 5826 AR b B8 4= G B (1] | 55 A 4
FEEETA T A, 25 B AT AR 5 AR 1Y A
FMR Y AR R 56, BLAk, AR 53 R BU 1 B
BDOREE A A 2= ME W T2, A T R -
WL EE AR B 12 G R B0, AS AR TR A E 52 At %
AR AR S B, o 5 WA TS AR R Sk AL
VAR 20 27 BURE B (] B 43 T B AR 40
32 AEMNRMEELEEENIERNTH
FRIRER A= UL N, 48 W A AR A B S 0k — R 51
B N SRR, X 5 Wang 45 (2020) [ B 57 45 3R —
H, AVFRES T ERIE 0.7.14 .21 d PR AE

PRAEARTE bR EAT I 5 | & BRI A I B RN
RS 14 d A 21 d 5 AR M L
R, G AR I R e I A 2 B
VR 475 3 R R B ™ 5 AR b T Ak BT A R T AR L
SOD ,POD ,CAT PPO {ffi P42 fL & % 29 A Wy E T,
U BF A WA 8 Ao 08 o e 4R T T P A 1A AR fieb 7 X
FHII % ; CAT SOD TG PEFE LR 5 7 d TFIR A7
FEW] 2% 5% {2 POD PPO IG 1T 14 d BB 3%
(225, ULHA POD Al PPO & AE FHAH L 42 T R M
MR AE A SOD , CAT R Ui A7 fEHir Jo M. X 5B AR
W45 (1999 ) MAH SR IE — 2L,
3.3 MMWE SN RE EWH S BN

P WA D A R 5% 24 b, G s e 2 A )
REKBFEREAFEMAHMEME KEFEE
( Catharanthus roseus ) ( MK #i 5%, 2020) . ¥ 2 K
( Rawvolfi serpentina) ( Dey et al., 2022) . %)
( Uncaria rhynchophylla) ( X345 ,2021) Y E
JSA WG| 2 A ) 5 T AT 5 A A R, A
g pe A B 1 A A A 2, b (8 R AR
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50 0004

n 40 000

30000

20 0004

LR % Nunber of genes

10 000

T L ; T T T T T T T T T T T T T T T

0 LI B B B R B B B R T T
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LI B B B B B B R T T T
1 23 456 7 8 91011121314 151617 18 19 20 21 22 23

D -
e
[
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438 2 Biological process a4y Cellular component 4> 1 I1fE Molecular function

1. 40 F2 (40 504) 5 2. Q2 (32 229) ; 3. BN (18 474) ;5 4. LEWIEAY (16 606) 5 5. LEWE FRRY AT (14 988) 5 6. &
JEIFE(9 177) 5 7. 4NN ETE(8 714) 5 8. BN (7499); 9. {55 (5694) ; 10. B ifil(5445); 11. AT FFE(5 415) ; 12. Fh
[E]AH AR R AE i B2 (4 780) 5 13, AEW i R IG LI (3 834) 5 14, BRI AR #2(3 713) 5 15. 4K (2 032) 5 16. RIEFR
GeidFE(1382); 17. 49502 (1 319) ; 18. FHEFR(570) 5 19. fi##(232) 5 20. iE37(162) ; 21. WAL (100) ; 22. Fi
T AR R Y e (64) 5 23, AR HZR(46) 5 24, HRAIHIER(35) 5 25. @ERIIBL(14) 5 26. BIFIFHZR(1) ; 27. BRAKLEWFI
(1) ; 28. AR LA (51 807) 5 29. AT ALZ A9 458) 5 30. 454 (36 084) ; 31. ffbifih (30 758) 5 32. HHid KT
(4 183) 5 33. SR IG (3 266) 5 34. Z5H9 20 TI0 P (2 128) 5 35. A T-IHBEIANT (1 747) ; 36. 43 T Fintk (748) 5 37. Bk
PTG PE(639) 5 38. FLAILTETE(470) 5 39. A FRAAIGHE(213) 5 40. A TG TE(209) 5 41 HHITBMEAE(121) ; 42. HH
JibR%E(76) 5 43. —RASIR A TG T (59) 5 44, /N FAZIREG M (42) 5 45, HFRETEDI(40) 5 46. TERIGTE(S)

1. Cellular process (40 504); 2. Metabolic process (32 229); 3. Response to stimulus (18 474); 4. Biological regulation (16 606); 5.
Regulation of biological process (14 988) ; 6. Developmental process (9 177); 7. Multicellular organismal process (8 714) ; 8. Localization
(7499) ;9. Signaling (5 694) ; 10. Reproduction (5 445) ; 11. Reproductive process (5 415) ; 12. Biological process involved in interspecies
interaction between organisms (4 780); 13. Negative regulation of biological process (3 834); 14. Positive regulation of biological process
(3 713) ; 15. Growth (2 032); 16. Immune system process (1 382); 17. Multi-organism process (1 319); 18. Rhythmic process (570);
19. Detoxification (232) ; 20. Locomotion (162); 21. Biological adhesion (100); 22. Biological process involved in intraspecies interaction
between organisms (64) ; 23. Nitrogen utilization (46); 24. Carbon utilization (35); 25. Pigmentation (14); 26. Sulfur utilization (1);
27. Carbohydrate utilization (1) ; 28. Cellular anatomical entity (51 807) ; 29. Protein-containing complex (9 458); 30. Binding (36 084) ;
31. Catalytic activity (30 758) ; 32. Transporter activity (4 183) ; 33. Transcription regulator activity (3 266) ; 34. Structural molecule activity
(2 128) ; 35. Molecular function regulator (1 747); 36. Molecular transducer activity (748); 37. Translation regulator activity (639);
38. Antioxidant activity (470) ; 39. Molecular carrier activity (213); 40. Molecular adaptor activity (209) ; 41. Protein folding chaperone
(121) ; 42. Protein tag (76) ; 43. General transcription initiation factor activity (59) ; 44. Small molecule sensor activity (42) ; 45. Nutrient
reservoir activity (40) ; 46. Toxin activity (5).

9 Unigene #J GO B4
Fig. 9 GO annotation distribution of Unigene

JE M| W 5 A ) G B Y I AR 3% 42 (Huang et al.
2016) . H T, 3¢ T F5 0 homs| w2k Wy s & L
il DG B | 2 i 5L DX D) e A 5T UL A O HL
A B9 3R WY 30 55 0k 30 R R I T 1 B o3 A 4 e R
B (JERETE S ,2016; Jazayeri et al., 2022) , H L,
A LZERAB G I T 38 T A 3 | 2K AR
B T HLE

POGHZH 3l o RHE AT S 7.14.21 d FEEAR
WA Py £ W) 88217 OPLS-DA 43 #7, & B

IR AL (3 R AN ) | i S BURE I [R]AS
], AR FR A7 7R 22 5 HOR AR 4 DA g e 25 AR
YiniE %, 250 KEGG & i £ 44
25 AR A R R A a8 AR 0 LR e R A, U
HH AR i B 452 A 52 Wil 2R Wy s 2R A 5 W & i, i — 20
% BLG-CK2 vs BLG-S2 . BLG-CK3 vs BLG-S3 . BLG-
CK4 vs BLG-S4 X 3 ™2 Il 1Y 22 57 32 38 3 R i A7
KEGG R % & &£ 400, it th 17 11 5 549
B R O AR 38 B, HG b 6 R S WA S
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FEF%E Number of genes
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ABCDEFGHIJKLMNOPQRSTUVWYZ

/32K Classification

A. RNA Jin T.RUEMi (2 023) 5 B. 4t 4 14 25 ¥ Fn 3l Jj 2%
(715) ; C. RghtA: UAELA (1 875) 5 D. 20 R0 4% 20
M5y 240 g o k43 B (1 269) 5 E. & IR iz i fn Qi
(1905); F. & AFRE i FACHE (475) 5 G. kAL & 433
FAARIES (2 335) 5 H. RS 4 FIRIE(520) 5 L R BUZ
A (1 897) 5 J. B RHEIRES A D)5 (3 214)
K. ¥%5£(2686); L. T4 BAFEM (1 643); M. 41
BE I R AN B AR ) 2 (642) 5 N ATIGE 3l (24)
O. BIRRJEEM AR (4 932) ; P. THLE Tz
AR (1 288) 5 Q. WA AR B9 A= W G A 13 i F 43
AR (1 559) ; R, —BEDIRETTN (10 102) 5 S. THAEAR
(2450) 5 T. {555 FHLH (4 461) 5 U. 4IHE A %EE 5300
AN IZ 5 (2 096) ; V. B THLEI (357) ; W. MM H
(104); Y. 258 (138) 5 Z. 40EFI%E (1 135)

A. RNA processing and modification (2 023); B. Chromatin
structure and dynamics (715); C. Energy production and
conversion (1 875); D. Cell cycle control, cell division,
chromosome partitioning (1 269); E. Amino acid transport and
metabolism (1 905); F. Nucleotide transport and metabolism
(475); G. Carbohydrate transport and metabolism (2 335);
H. Coenzyme transport and metabolism (520) ; I. Lipid transport
and metabolism (1 897); J. Translation, ribosomal structure and
biogenesis (3 214) ; K. Transcription (2 686); L. Replication,
recombination and repair (1 643); M. Cell wall/membrane/
envelope biogenesis ( 642 ); N. Cell motility (24); O.
Posttranslational modification, protein turnover, chaperones
(4 932); P. Inorganic ion transport and metabolism (1 288);
Q. Secondary metabolite biosynthesis, transport and catabolism
(1559); R. General function prediction (10 102); S. Function
unknown (2 450) ; T. Signal transduction mechanisms (4 461) ;
U. Intracellular trafficking, secretion, and vesicular transport (2
096) ; V. Defense mechanism (357) ; W. Extracellular structure
(104) ; Y. Nuclear structure (138) ; Z. Cytoskeleton (1 135).

& 10 Unigene #J KOG 43
Fig. 10 KOG classification of Unigene
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Fig. 11  Biosynthetic pathway of indole alkaloids

ZFRBFENECRR L , FES AR 7 S A
A AT 32 48 2] 18 4> 22 57 Rk 3L [ 5 55 9| W
A Wis A RGEAE L IRIG 5 R OCHERE AS TSA \TDC |
YUCCA ,ALDH, H: YUCCA 1 ALDH 3% 2 4> 4k
fitg ()0 8 A7 A 25 S R I B 1 O B
WE, AMRE, SREFEMLL, RS Yucca
FEH ( Cluster-36192. 0, Cluster-36192. 1) 3% ik i ¥4
FhEr, X 5 Cao 55 (2019) FUWF5T 245 R —5, AR 2 8L
HH OGS A Mk 3 0 T A2 M 5 {ELIBE A AR I T 4R i )
R LE K | YUCCA 3 H 1) 2635 1 e T i FE R
AT RE A W B X 3035 3 AR A I 9 R I
ALDH ( Cluster-32381. 0, Cluster-28395.0) % K 7 4
PR ARG L TR v, FLER IR 1A 3 PR Dy
It Sl R TR KR AT LA AR A A RE R 2R ) T, R AR
ik S Ak, B Al ) 6] 36 5 9 i 3Z 7 (Du et al.,
2022;Zhang et al., 2023) . H1 T &= MR 5 0
TRATE Y 4 3R PR AL, T0 1k X i 2 A W i A
%m0 R DR AT R A3 BT, DRI I X T i e A
(R I W 2K A A T O 5 i IR HE L SR
Ji 399 AT g A 5 DR RS9 A B i — IR
e (1R W A A B

TiA, BATEKI T dnth 2 FhOCHERE R 18 4
25 59 e 1K Fk DN A A S5 v bl A 0 5 R G v e T
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Color represents the gene expression in the sample after FPKM normalization.
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Fig. 12 Analysis of gene expression associated to alkaloid synthesis

Bé. BT THS [ /) AH SCH B 3870 (A B 4 &
J A AH G B 1 PR-10 8 % B 5 2 — ( Ozber et
al., 2023) , AHFFTLEE Bos i THS /9 3 4~
TRk A ( Cluster-24362. 0, Cluster-36994. 3 .
Cluster-36129.3 ) TEAR I i f= G J5 R TA 1 #R 2 T
B, HAE qRT-PCR B 3E i B A M A Y 2655
e UL THS g5 HUAR s 2% U1 AH 3¢ | J5 W] 5 &
G307 THS BRI TIRE . 1% 200 2 7 M bk A= W0 B 65 1
(AR, G b i S R 2 L 5% B il ( TAT) R b 1%
QIR A 45 3L R N R iR, B2 7 LR OF
( Lopukhina et al., 2001) .} 2 ( Huang et al.,
2008) EETR (B BEFSLE 2012) ZEAE YN 43 B v
BT TAT 3R, I K BURL 9 8% 2 /K 4 R 010G 7% 1R
SIS AT R S KO i i B R i R ik, A
FELE AL L B GRS TAT B3£I Cluster-31730.0 Al
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