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Abstract The after-ripening development of the embryo has an essential influence on the dormancy release of
ginseng (Panax ginseng C. A. Mey.) seeds. In order to explore the molecular mechanism of the after-ripening devel-
opment of ginseng embryos, in this study we used the [llumina HiSeq X-ten platform to sequence the transcriptome
of ginseng embryos at five different after-ripening development stages: heart-shaped embryo, torpedo-shape embr-

yo, cotyledonary embryo, mature embryo and bud embryo, which generate 412 604 390 clean reads in total. Comp-
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aring to heart-shaped embryos, 2 359, 3 048, 6 180 and 12 067 differentially expressed genes (DEGs) are identified
in torpedo-shaped embryos, cotyledonary embryos, mature embryos, and bud embryos, respectively. A total of
13 724 DEGs are obtained after removing the duplicates. GO (Gene ontology) enrichment analysis showed that these
genes (DEGs in four stages and total) were all significantly enriched into GO terms related to catalytic activity, cell
and developmental process. Protein-protien interaction analysis showed that the second largest subunit of RNA
polymerase II (NRPB2), A'-pyrroline—5—carboxylate synthetase (P5CS1 and P5CS2, key enzyme of proline synth-
esis) are core nodal proteins in the protein interaction network created by DEGs related to embryo development in
seed dormancy ending, and they might affect the development of ginseng seed embryos by regulating mRNA
synthesis, proline synthesis and expression of other protein they interact with. KEGG (Kyoto encyclopedia of
genes and genomes) enrichment analysis showed that DEGs in four developmental stages are mainly enriched into
metabolic processes, biosynthesis of secondary metabolites, and plant hormone signal transduction pathways. In
terms of DEGs in the plant hormone signal transduction pathway, most of them involve auxin and abscisic acid
signal transduction. Therefore, we infer that NRPB2, PSCS1, P5CS2 protein and plant hormone signal transduction
may have an important role in after-ripening development of ginseng embryos. The results of this study have certain

reference meaning for revealing the regulation mechanism of ginseng embryo development and seed dormancy

release.
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Figure 1 The after-ripening development of ginseng (Panax gins-
eng C. A. Mey.) seeds

Note: a: Early heart-shaped embryo (The fully ripe fruit just har-
vested); b: Mid-term heart-shaped embryo (Warm stratified seeds
for 7 days); c: Torpedo-shaped embryo stage (Warm stratified se-

eds for 45 days); d: Early cotyledonary embryo (Warm stratified
seeds for 90 days); e: Mid-term cotyledonary embryo (Warm
stratified seeds for 135 days); f: Late stage of cotyledonary em
bryo or mature embryo (Warm stratified seeds for 180 days); g:
Mature embryo stage (Cold stratified seeds for 250 days); h: Bud
embryo (Cold stratified seeds for 270 days)
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F1AFERKRE W BUE RNA-Seq 204

Table 1 RNA-Seq data for embryos at different after-ripening developmental stages

Fdn J5Ufi reads £ 151l i reads 2 I B 73 H(%6) Reads LEXT (%)
Samples Total raw reads Total clean reads Q30 (%) Total mapped reads (%)
T1 1 23 341 585 22913 775 99.37 94.36
T1 2 22 596 675 22 136 027 99.40 94.63
T1 3 24011977 23 594 240 99.46 94.65
T2 1 24077 203 23 656 699 99.29 95.10
T2 2 25696 113 25 250 945 99.43 94.71
T2 3 40 537010 39 809 141 99.68 95.75
T3 1 22771 544 22 338 186 99.42 94.92
T3 2 24229 338 23 810515 99.67 94.84
T3 3 36 084 375 35516 134 99.43 95.52
T4 1 24 549 981 23 865 672 99.19 94.46
T4 2 22 472 765 22 060 758 99.37 94.97
T4 3 34 040 376 33438 747 99.39 94.90
T5 1 29 254 597 28 541 295 99.29 94.45
T5 2 22 810 949 22 389 386 99.23 94.58
T5 3 36 129 902 35529011 99.41 95.11
L i 14 FHRIRERPHELZEHXERRZERER

Up regulated Down regulated

T1vsT3

Tl vs T4 T1vsT3 Tl vs T4

K 2 NSk Ja 2R 7 2 Bl (22 3) AR I (434)
e AT HE R AT

Figure 2 Analysis of significantly up-regulated (left) and down-re-
gulated differentially expressed genes (right) in five after-ripen-

ing development stages of ginseng embryos

H (7 EE ol 64.20%~69.88%) 2 5 4 i i 72 (Cellular
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mancy ending) . {£ & & ] 4% (Regulation of flower de-
velopment) 1 - # & I #% (Regulation of seed germi-
nation), 2o DL“Fh-FARIRE R P IR 574 H W& T
(& 4), DI, ATP 4545 VR A 45 B 72
FFFRIRE R IR R BN ASIRERREAE
B, U IRIR G KRR B & H T
DEGs #f AZ R JE kB 2 0 H %,
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Figure 3 The top 13 common significantly enriched GO terms in the five groups of differentially expressed genes

Note: 1: ATP binding; 2: Catalytic activity; 3: Binding; 4: Nucleoside binding; 5: Purine nucleotide binding; 6: Ribonucleoside bind-
ing; 7: Purine ribonucleoside triphosphate binding; 8: Ion binding; 9: Carbohydrate derivative binding; 10: Protein binding; 11: Purine
ribonucleotide binding; 12: Adenyl ribonucleotide binding; 13: Adenyl nucleotide binding; 14: Cell part; 15: Organelle part; 16: Intra-
cellular; 17: Vacuole; 18: Cell periphery; 19: Plasma membrane; 20: Plastid part; 21: Cytoplasm; 22: Membrane; 23: Intracellular part;
24: Chloroplast part; 25: Cell; 26 : Intracellular organelle part; 27: Cellular process; 28: Developmental process; 29: Single-organism
cellular process; 30: Single-organism metabolic process; 31: Response to stimulus; 32: Organic substance metabolic process; 33: Re-
sponse to abiotic stimulus; 34: Metabolic process; 35: Anatomical structure development; 36: Response to chemical; 37: Developmen-

tal process; 38: Cellular metabolic process; 39: Primary metabolic process

o, LR E AR ) T ARUNE 6 (Metabolic pathways) |
AR A6 Bl (Biosynthesis of secondary metabo-
lites) FTAE Y% 2515 5 % ‘T (Plant hormone signal tran-
sduction) il i (& 6)., AN 3L 1 788 11970 4
DEGs 4 1) & 4 2 A 47 18 % F ok AR A 2B 4 il
%, 2 5 2| A% (Carbohydrate metabolism) 1% 1 R
AR % (Nucleotide metabolism) Fl % %t R 41X i} (Amino
acid metabolism)&F i #2771, - H NR-PB2 JE A h & 4k
B T AL TR A ) g R e A I R, PSCS1
AT PSCS2 Je A e A 31 T 2 SR AR 10 il 2 R A
UiBUR

15 55 S, Hoh LLIAA AT ABA 5 5 S% 2 E
SEFRNEURZ, 73 67 1N(32.68%) A1 53 /1M(25.85%)
DEGs (% 2), HAF IAA 555 5, LA K E
+ AUX/TAA FEH N 1 2 (23 /> DEGs), 73 7 £ Y
AR E W T RERIE; ABA {555 S LURE R %
A& PYR/PYL/RCAR FK I K % (18 4> DEGs), .41
AAEVUANS R B IR RZRIE, IF B, B AW %
AZHMREERE . WEREE ARG 5
SEFER) DGEs S HLZ T i 4

1.6 £ R FIXEE qRT-PCR 57

205 > DEGs & 25 SR S,
5K Z (auxin, IAA). 75 57 2 (gibberellin, GA) . 4 /iy
73 24 2 (cytokinin) | it % 1 (abscisic acid, ABA). Z i
(Ethylene) . it 5 2 A I (Brassinosteroid) . 5 i 2 (Jas-
monic acid) Fll 7K #%1 (Salicylic acid) /\ KA 25 1

(C)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

Ry 58 UE e s A0 E s 1 ml SE M, FRATTEEL PSCST .
NEPB2.GID1.CRE1.BSK 754~ 1l DEGs LA X AUX/
IAA .PYR/PYL/RCAR #“> Il DEGs, #|{]qRT-PCR
X 3 R R IA B A AT I AUE, LA T1 Jg 0 B (%26 R
KB 1), VL T2.T3.T4 Al TS I 3355 R A ) 22

http://www.cnki.net



NS FHRANR] 5 3R W BEEL B sk 4L 22 by
Comparative Transcriptome Analysis of Panax ginseng C. A. Mey. Embryos in Different After-Ripening Development Stages

5643

RE L
Developmental process

GO: 0032502 (1.15e-41)
1220/6 801|3 233/28 362

b {iiv-a-bun
Developmental process
involved in reproduction
GO: 0003006 (5.66e-21)
584/6801|1496/28362

K&

Embryo development

GO: 0009790 (1.28¢-10)
ALK E 240/6801|571/28362
Reproductive structure
development
506/6801[1265/28362

EMERE
Pollentube development
GO: 0048868 (0.0166)
74/6801/191/28362

WERRJE R &

RELKE

Fruit development

GO: 0010154 (5.63e~11)
283/6801(702/28362

Post-embryonic development
GO:0009791 (3.7e-30)
659/6801 | 1 576/28362

RIS R B
Anatomical structure
development

GO: 0048856 (2.45¢-40)
1187/6801|3146/28362

LMK E
Multicellular organism
development

GO: 0007275 (4.62e-35)
1 058/6801[2811/28362

System development
GO: 0048731 (4.74e-27)
750/6801|1 929/28362

—
FRGEKRE

Shoot system development
GO: 0048367 (3.24e-12)
350/6801(896/28362

EHERGRE
Reproductive shoot
| system development

’ GO: 0090567 (5.82¢-07)
HPRE 207/68011|533/28362
Seedling development
GO: 0090351 (1.65¢-06) l
MERE 90/6801|1 7 7/28362
Seed development wRE
GO: 0048316 (2.14¢-10) $ Flower development
267/6801/661/28362 . GO: 0009908 (4.02e-07
FTHR 204/6801|520/(28362 4
Seed germination
VL VL GO: 009845 (1.01¢-05)
81/6801|1 61/28362
FIFARIRTER &
Embryo development l R AR
in seed dormancy ending ;
GO/ 0009793/(5.55r08) e g:vg;l:;'rfl‘;;f flowee
1 11478/28362 i
SulssRtns s Regulation of seed germination GO: 0009909 (0.0386)

G0: 0010029 (0.0301)
36/6801|76/28362

59/6801(150/28362

K 4 K ELFE GO EYKLFR
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A, NRPB2 JE A 10857 mRNA ¥4 il 48 0% i 2
(Zheng et al., 2009). P5CS (A'- MM —5— FR IR & 1k
T ) A2 A A0 A P I T o 1Y G Bl = B2 ¢l PSCS
KR 5% e gty , PSCS1 AT PSCS2 J2 W/ ] P 1 %
R ERTH RE BT TR W PSCST FE R ik Rk mT DL
Tl 2 R AR SRR A= e B, AT 3 0 A 4 P B
PEC BTk, o 528 A AR & A= K (Iskandar et al.,
2014; Ibragimova et al., 2015); fEfL g 7+ PSCSI Al
P5CS2 FE R ik 2 IA v LAE HEFF e, e 22 ) 4E 3R FF
16, ML PSCS2 SRR IR iR 11K & (Mattioli et
al., 2009). Lok, A5 KEGG #1278, NRPB2
B DR Ik ) s Wl s g AR, B2 mRNA (15
J§; PSCS1 A1 PSCS2 HelK 2 5 il 2 B AR i
I, ATHEN NRPB2 HE D8 218 W] Lsg i 5 2 B AR
AR IA AR mRNA 1A 5Ok 52 m I8k & i
FEAPER 1A G 110 PSCST A1 PSCS2 LN (1 304 38
Ty DL 2 T 22 1) G 1, T 22 IR 5 £ 1A 19 e LA
I e KA A ALK, RS EAER AT
ik, N e AS IR .
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Figure 5 Protein-protein interaction network of differentially expressed genes

Note: The lines represent interactions between protein and protein; The circle indicates the gene expression of the gene encoding the

protein, and the triangle indicates the up-regulated expression of the gene encoding the protein (The deeper the red, the bigger the node

degree is, and the deeper the blue color is, the smaller the node degree is)

MW, — B LSRN 1 AR R B Rk
4 A A 5% (Miransari and Smith, 2014), A&
W KEGG 70 M &L, MY S 5 S
ANZ WG o FErh B R 1R, JF H K& DEGs
TEEER T IAA F ABA {558 il fE Aot
R IAA R RBEMYREE K ORE AR
LV T E A (Villalobos et al., 2012), 4E
K2 Z 4k TIR1 FFJE 52 44 AFBs 5 42 &K 2 4 il 8
T AUX/TAA 4545 Ja, il AUX/TAA & FRGEGZ 21k
B it R RO K A N Rl ARFs, AT 2 A K
FAG 5L, (e BRI A K (Peer, 2013); ABA J2& #%
T ARBR 1) - ZARE YR, V& 1R 2 18 PYR/PYL/

(€)1994-2023 China Academic Journal Electronic Publishing House. All rights reserved.

RCAR 5 ABA 454 5, #0i R PP2C & AR 1L,
JEUT SnRKs 12 3E ABA &5, ABA & 39 v LA
FIRh—f- B9 42 K AN % (Nakashima and Yamagu-chi-
Shinozaki, 2013; A& IESE, 2019, FANE(E). fEXTA
AR VG R A S R v N U B AR A IR A T
R, TE RIS TAA F 338 m, [EMR B B A-
BA & B S TAA YR R R B 1) 2 A& A
(X5, 2008, H 52y, 39(7): 1084-1089) ., MM AT
FUEERNN, 23 A TAA HHI K1 AUXAAA LD R i
FIL M 18 4~ ABA 31K PYR/PYL/RCAR &K R if
Fik, WENIE T DEGs i@t 45 IAA &A1 ABA A%
W ORIEEAS IR E . A, e E W
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Figure 6 The top 5 significantly enriched KEGG pathways in the five groups of differentially expressed genes

Note: MP: Metabolic pathways; BSM: Biosynthesis of secondary metabolites; CM: Carbon metabolism; PHST: Plant hormone signal

transduction; PB: Phenylpropanoid biosynthesis; SSM: Starch and sucrose metabolism; BAA: Biosynthesis of amino acids; PPER: Pro-

tein processing in endoplasmic reticulum

B R AN 73 R IR R R A s (R AR
(Guan et al., 2014; Kim et al., 2014), AHfF 57 4 4 ¢
#| GID1.GID2 #1 CRE1 &5 A0 FE D, 51 A HIHEFE
FH— 80, IR, 18 [F]J@ AP VU v S M IR AA B AN
=R R A SR A B R B ZE e R R R T 2
S EE 5 S Qi et al, 2015; Yang et al.,
2018). k] L, DL IAA FI ABA F S 5L e AEYI
R EREE YIRS T SRS NS R G 2
RE R+ EE,

ORI AR NAT T8 o R A 3R A B AR R AR AR
DT VERARAE NS+~ 5¢ 5 #4K & (Rajametov et al.,
2014; Lee et al., 2018), {HXFPf Kk &L FEM) 7541
AN A o AT B e S - HoR, T 23 Hr
NS FiRAN[R] 5 24K B B B 1) 5 R 38 W 424 O
M JE B R NS IR G FFh 1 R A 53k I R 1 2
TR SRS Bt — e W B, XA Z
BRI R A A A B I 2 H 0 E

3B ETIE
3.1 B

SR BERIE T 5 AR [ 2L IR A R 2017
48 J1 10 HRIUM R S5~ LSt iE NS Fh
TR K B 48 h 5, FI/INEY J8 0 W 434 it 4%
(BHA82 500 Ki0), R J FHIBONZE il K B EA1E AT 2 1
IR S e o Py A < S R = S IR NER T [ (L VRPN
REff N2 58 m Ok B i R (E A, 1979, F5
Rl252560, (2): 1-3), R, ASSEEG R Chen %5(1984)
AR 2 TVE NS R TR KR E, JetE 16°C
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733 1) B 43 0 > E5 45 (raw reads) 56 H Fastqe (v0.
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fF(Bolger et al., 2014) % 44 4E 4% reads Tl 13 M 29
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R 2 AUV AR T e T % 22 R R IE L

Table 2 The differentially expressed genes in plant hormone signal transduction pathways

) B PR X F Lk
Type Gene family Gene numbers Regulated
ERS AUXIT LAX/A K FE A 8 1
Auxin AUX1 LAX/auxin influx carrier
TIR 1/ 12 J i [V 1 4 l
TIR1/transport inhibitor response 1
AUX/AA/ LM 23 !
AUX/IAA/auxin inhibitor factor
ARF/H: K Z M B A 7 1
ARF/auxin response factor
GH3 By A+ 11 1
GH3/auxin response factor
SAUR Z K& 14 l
SAUR family protein
(eSS CRE1/4Vh g 4 2 RV (A0 ML 70 SR 3R 32 A7) 3 1
Cytokinine CREl/arabidopsis histidine kinase (cytokinin receptor)
AHP/ & A TR B IR e A8 R A 5 !
AHP/histidine-containing phosphotransfer peotein
B-ARR /{4153 W N 15 ARR-B K ik 6 1
B-ARR/two-component response regulator ARR-B family
A-ARR /X245 Wi 3 8428 ARR-A K% 5 !
A-ARR/two-component response regulator ARR-A family
TRER IREE A GID1 6 1
Gibberellin GID1/gibberellin receptor GID1
F-box #[71 GID2 1 1
GID2/F-box protein GID2
% 1R PYL/PYL/RCAR 55/ it ¥4 1% 52 A 18 l
Abscisic acid PYL/PYL/RCAR family/abscisic acid receptor
PP2C/H TR 2C 14 1
PP2C/protein phosphatase 2C
SNRK2/22 % 18/ 93 2 % — % [ I SRK2 10 l
SNRK?2/serine/threonine-protein kinase SRK2
ABF/ABA SN Tuf45 & K1 11 1
ABF/ABA responsive element binding factor
LI ETR/ 52 1K 4 l
Ethylene ETR/ethylene receptor
EIN3/ LI AMBUREE A 3 1 1
EIN3/ethylene-insensitive protein 3
EBF1_2/EIN 44 F-box [ 2 !
EBF1_2/EIN3-binding F-box protein
ERF1/ 2 W) 3 3 55 A1 1 5 !
ERF1/ethylene-responsive transcription factor 1
T3 BSK/BR {5 5 ¥ (il 3¢ 38 W IR Z45) 14 1
Brassinosteroid BSK/BR-signaling kinase (brassinosteroid receptor)
BIN2/iili 5 5 A i AU R 9 2 1 !

BIN2/protein brassinosteroid insensitive 2
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gk2
Continuing table 2
el B PR K FNH Lk
Type Gene family Gene numbers Regulated
T E A L= R Wl 172 2 !
Brassinosteroid BZR1_2/brassinosteroid resistant 1/2
CYCD3/41 A fHi 1 D3 7 1
CYCD3/cyclin D3
FFIR JARI/ZRFIG — AR G 3 1
Jasmonic acid JAR1/jasmonic acid-amino synthetase
COT-1/76 18 s ANMEUK R 1 1 2 |
COI-1/coronatine-insensitive protein 1
JAZ/ZRFTIRMG ZIM &5 ek (4 5 !
JAZ/jasmonate ZIM domain-containing protein
IKM I NPRI1/{ 75 8 1 NPRIGKZ IR ZAK) 3 )
Salicylic acid NPR1/regulatory protein NPR1 (salicylic receptor)
TGA/ 3K+ TGA 8 1
TGA/transcription factor TGA
PRI/ AR R 1 2 1
PR1/pathogenesis-related protein 1
PE o R o 1 K A A
Note: 1 : Up-regulated; | : Down-regulated
9 OgRT-PCR ®RNA-Seq 60 OqRT-PCR ®RNA-Seq 50 OqRT-PCR *RNA-Seq 30 2 OqRT-PCR ®RNA-Seq 100
g 8 40 5 50 60 5 40 Zg £ 10 ”
£ ¢ 0 s B4 iﬁ s by s s B 08 60 =
HﬂE‘S‘ 20§5]§jg}O 30&5@%20 40§E§0'6 40E
Rz 3 = RE 2 w TR 0= R 2 04 =
23 2 10 EE 10 10 ®E 10 20 B2 o2 20
= 1 E L =2 10 =2 O
0 0 0 0 0 0 0.0 0
TI T2 T3 T4 TS TI T2 T3 T4 TS TI T2 T3 T4 TS TIT2 T3 T4 TS
P5CS1 NRPB2 GIDI AUX/IAA
1 OgRT-PCR ®RNA-Seq 140 ! OgRT-PCR ®RNA-Seq 70 OgRT-PCR ®RNA-Seq 400
5 10 120 g 12 35 g 60 350
2 08 100 Z 10 ;(5) 2 50 ;(5)8
E 80 Z & 8 p> 5 40 p>
{:E % 0.4 40 t’g .% 4 10 tk% -é 20 100
35 02 20 £3 2 5 23 0 Py
0.0 0 0 0 0 0
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Figure 7 Verification of relative expression levels of DEGs

T1 T2 T3 T4 TS
CRE1

(Clean reads). )i Hisat2 (v2.1.0)3 {4 (Kim et al.,
2015)%4 clean reads 5 N 2% 3L K 41 (Xu et al., 2017)
HATEEXT .

34 BEEESRIESH

FEF Hexk 45 SR HTSeq (v0.11.1) %44 (Anders et
al., 2015)F& U BN A b A7 55 DRD6 B 1) reads
(i ] 2% —stranded=no-r pos-i gene id ), 2k J5
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T1 T2 T3 T4 TS
BSK

R F11f) DESeq2 (v3.8)#fF (Love et al., 2014) LA |log,-
FoldChangel>1 % 1FJ5 ) P-value {E(padj)<0.01 4 4%
07736 H 22 e AR FE AL

22 S R IEFE I HEAT GO (Gene ontology) & 4
I [ B A (protein-protein interaction, PPT) M £ 7347
F KOBAS 3.0 # 14} (http://kobas.cbi.pku.edu.cn/anno-
tate.php ) 2= 7 RIA N 5 U RITT (A rabidopsis thali-
ana) & R BT 8 P HUARBIPE L X, K43 A2 2% 7+
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FIEFE AR R I BE R AL P g R R Y, ST RL B
FILEx &5 3, H AgriGO A4 (http://systemsbiology.
cau.edu.cn/agriGOv2/index.php) X} 7= 77 3 1A 3& K AT
GO & #4#T, 2P L FDR<0.05 {24 83 # 4 (1GO
% H(GO terms)., STRING & —MCREHMEHYS
B A EAEAE BB s FE (Szklarezyk et al., 2018) . AR
i GO ‘w H 4l IR A Rk B X %, SR 5 R %
M 5 v 7 SRR LA 5 STRING £ [ 408 2 34T L
X (https://string-db.org/), 3k 15 55 K6 R 8 1 2 18] )
HAFKZ ., 5 Ja ] Cytoscape #:xT 25 1 HAF 45 itk
A7 AL 2 75 (Shannon et al., 2003).,

22 SIS L REAT KEGG (Kyoto encyclopedia
of genes and genomes) & 45707, T KEGG H %,
F KOBAS A1} 22 S 32 38 K5 DA AT AQ U 3 2%
5, JF LA FDR<0.05 ik Atk 255 o St e, A% )i Xy
PRI B2

3.5 qRT-PCR B

WP sk g R, Pkt 8 4~ DEGs #47
RT-qPCR FHXF 1A 7347, 448 Prime Script™ 1T 145
F Ut 5 (TaKaRa A H)) ¥ RNA Jx %% 1% ¢cDNA. H
Primer 5.0 715 [#)(5 3). qRT-PCR Jx WA % 20 pL:
EvaGreen 2xqPCR Master Mix 10 L, cDNA #i
1 pL, 1IE %5194 0.3 pL, ¥ ddH,0 % 20 pL. ¥
HIRCE ABI 266 E & PCR 11, 95°C 1iAEHE 10 min,
95°CAEME 14 s, 52°CIE K 1 min, 72°C #EfH 15 5,40 4>
a3k o ARV 39K, BLIF3G1 A Z5E N (Fan
etal., 2019), K H 280 yLi I S IL DA Rk &

& Tk
P BB ATE IR S0 Y vt A SR 5 (KA T
N S BB 73 A W SCRIRR I S A1 W2 s R

R 3 HNAFR KGR

Table 3 Gene name and primer sequence
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