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Comparative Heterosis Analysis of Cabbage Based on Transcriptome Data
of Cabbage Heads Leaves

LI Shengjuan, XU Zhongmin', GUO Jia, ZHANG Enhui, JIANG Jiao, and SHI Wenwen
(College of Horticulture, Northwest A & F University, Yangling, Shaanxi 712100, China)

Abstract: In two F; hybrids, we performed heterosis analysis through field traits survey and
transcriptome sequencing of cabbage heads leaves. The result found that among the nine horticultural
traits, head weight and main petiole weight showed significant differences between F; hybrids and their
parents, among which the head weight exhibited a high value of MPH (mid-parent heterosis) and HPH

(high-parent heterosis) in the two F; hybrids, which means the yield heterosis is obvious. Four groups of
differentially expressed genes (DEGs) were compared through transcriptome analysis of cabbage heads
leaves. We found that the number of DEGs between F; hybrids and paternal lines were significantly higher

than that between F; hybrids and their maternal lines in the same criteria. It means similar gene expression

W AHA: 2019 - 03 -25; {€EIAH: 2019 - 05 - 27

HELWH: EXRESWIRITRBIE (2016YFD0101702): EHKIURKR N =\ EARA R EHB 4T H (CARS-25): Byl & A&
HHRIBIE (2018NY-059); P2 i RHL I RITE (201806113 YFOINC09)

* J@{E{EH Author for correspondence (E-mail: xuzhongmin2003@126.com)



Li Shengjuan, Xu Zhongmin, Guo Jia, Zhang Enhui, Jiang Jiao, Shi Wenwen.
Comparative heterosis analysis of cabbage based on transcriptome data of cabbage heads leaves.

1080 Acta Horticulturae Sinica, 2019, 46 (6): 1079 - 1092.

profile between maternal lines and their F, hybrids or a bigger contribution of maternal lines than paternal
lines in the formation process of cabbage heads leaves of F; hybrids. Besides, the fold change of
up-regulated genes were higher than that of down-regulated genes, which implied an important role of
up-regulated genes in the formation process of cabbage heads leaves of F; hybrids. The DEGs were further
conducted GO (Gene Ontology), COG (Cluster of Orthologous Groups of proteins), KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathway enrichment and alternative splicing analysis. The result
found that DEGs are highly involved in growth and development, carbohydrate transport and metabolism,
signal transduction and amino acid biosynthesis, transport and metabolism pathways. Seven DEGs were
randomly selected to perform qRT-PCR and the result was basically consistent with RNA-seq,
demonstrating the reliability of transcriptome data. The DEGs that we screened associated with the
formation process of heterosis of cabbage heads leaves, able to provide data support for the subsequent
research on the molecular mechanism of cabbage heterosis.

Keywords: Brassica oleracea L. var. capitata; heterosis; transcriptome analysis; differentially

expressed genes (DEGs)

F AR A T8 BA B R0 A% 22 3 RCR A A P2 AR B Fy ARTE i ol ot A S0 214 55 7 1 B B AL
TRCERI S . 1910 4, BYEEUIH S H TR AR R PIMHRE (Bruce, 19100, Jak, @R
Ut (East, 1936). bFAIPEMRUL (Minvielle, 1987; Cheverud & Rautman, 1995) gkl 2=##2H,
{HE 24 H X ZM R AR R A RIS — 8. MR ARPIAR KR, 255 KN
] DA ] 22 53 30K 1 A S ) iR 2 AR AL A . Romagnoli 55 (1990) Ao R I Fit 4 51K %2 73K
B IAIRIR R, FEWT I ORISR IE AL A A0, AR B2 cDNA SCPE R AL I3RS T SRR
MR BAM R B 2 7 AL . G, RIEFHIARZEHIR (expression sequence tags, EST). FEPALE %
A (microarray). SAGE (serial analysis of gene expression tags) P2+ A DL 56 4H RNA-seq HiA
S IA NH T Z P AR A OC R R I Fi . lin Song 4§ (20100 FIH SAGE FR%80fiiE 3845 1
KRG AR 1183 MEFRIAERA; Ge 55 (2008) FH R IEFHIFRZEH AR TGIERA T 191
AN IKAG F AR SR AR 2 [A) (1) 22 e R IB JE R 55 o

R RNA-seq FIAREUT J LR AR I 73 T A SRR 2 —, il s &0 7 BRI E
HA AR — K EI BRI RERAS TR HRITE RNA PRI R, Rt e FRIA7K
P (Costaetal., 2010, k2 Aes NEEARK T 78 3L R Dh A8 L R R S50, $R7n s e AR it #2
DA K500 A AR i 2 T HLEE . R RNA-seq HARN BESRAEVI A TR 5 AT Fo i /b, A8 HoAth ek
V) L%i%, Zhang %5 (2017) FJH RNA-seq £iARN K EHANRAZHE Fr ARTER B 2L H 31T 50
BT, 43 ER1S T 681 F1 899 /N Fy HoE AR Al 22 e RIAFE N, ix w67z S Rk R 32 25 S A AR
FE EALTEHERNIR G =P AP & RS AR, XK EIEE B R B 2R 35 28 ke 1) 55 Z4E H 5
Zhai %5 (2013) TE/MHTA3EKAE ‘Xieyou 9308 ARFBA4FhAIL H R RNA-seq $52 ATE 7 BE B A1l
FEHA IS BIFRAT 829 H 4 186 M2 FRILILNA .

HRAMILF I 73 TG T RR 1 22 S B R e 5 3R1F, B0 4E 0 3 — PR I 2R A AL A AT a8 4%
73#71 (Chen et al., 2018). 247 Fh N I3 RIERIA AL (Bell et al., 2013) DL 24 A S5AL
LR ) R E L 3E4T 40 M (Springer & Stupar, 2007) %5, XL 7 yk# &3 T M 5 ARBEEA 5%
AR B I G DLEAT I R G0 o BLAh, LR, AR 2 582 MR 2 14 A 2 43 i 28 A A
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PBBAENLEE, YF2 EER)/N RNA. DNA FEALFIZH & B FR AR IE S 2 5 s Bl e s PRR (1Y)
RIEUL AR MR AR AT 29 (Groszmann et al., 2013), WS4, ARUFA. FEARALL
T HE R 2H 55 22 AN 8% 22 0 FE AT 225 0 AT S0P, ORI R SRR R A AR 35 3 7 WL B 7 1
BT

AW RNA-seq B AR HTH & (Brassica oleracea L. var. capitata) MNREHE FiRYE
Ho& HACBEAZ (B R BR 22 e B BE ], o 22 Jp RAA B R gR AT T AR BT 40 #r . 22 e A BE DR Dy i
ERATh R E EE 0N, &5 KA qRT-PCR W uE3R45 1) 22 3R FE 0, DU 7~ H W5 3k 2 F e 34
AIRER) AT HL

1 FRS T

1.1 AMEREZEHREE

AR H I8 P IR MR K 22 e 2 S B H IR I . B R BEA QP13 (A) FIRXA QPO3
(B) 245318 F, (C); HEMEATE REFA QPOACMS (D) MEAL R A DHP37 (E) 445345 Fy
(F) (" 1. QP13 BiHA ‘2ar HWEE 7 1L H 500 B ik b R B fa e i H i A
THR, WEBBITERSE 65 d /id7, AbFIREEE, W2, BUw, WIRER, MEREE, HERESLE
0.62. QP03 /&M= KF| G507 A 2 UG HHT/METE 72381500 DH &, MUEEBHERR L 68 d A
i, AMSRE, WM, PO, TNZER, MPERIERIE, AMHESL, FREREESCEE 0.68. QPO4CMS
MR REEAE &R, E SRR E MRS PUR . Z2FERIER . AR ARLR (R
FR) RZE, EFS5HRFERER-BOATHREIR, &7 ERTEFMNR, HErEiRize, %
BRRIR, HMESSATERIRAL, ToAekr, MERSIEW, MMM, MoEfEIr Bk 80d 24, 4k
orth, W Z, bW, MERBR, HEREDIE, HERESCEE 0.59. DHP37 NHEMFR ‘8398” 43 fKH
LI AT /M PR FRRAS 0 DH &, MBI B 50 d 24, Ahmragtn, sk, fip, R
BR, &tERR, MEKEDE, HERESLE 0.57.

QP03(B)

QPO4CMS(D) DHP37(E)

B1 HERMASFERRE F K o Bl

Fig. 1 Parents and their F; generation, total six materials in two groups
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6 I ATELT 2017 57 A 7 HAEF, 1RBBENLX AHSIFRE T/NX A, SAS SRR 20 ~ 30 #E,
3WER; HTEREMERAIE — %5, FIEREER SRS 3 AR, DL 80% M Hik
B P R EE, TERE/NX R E] 2 AT HUORE 10 AREEAT I ERUREE CRURR JE U N AR R EBEA /N X [1)°F- 35
ARG, BB RS/, B0 BGRFREUEAS/NX 5. AR ARG fRiE. 3
BomE. oMK, BRE, BRER. BRI E . SR E. AN ES 9 M 2R,
SIFE SRS (MPH) FEEEEH (HPH), MPH (%) = (F; - MP) /MP x 100; MP= (P,;+P,) /2;
HPH (%) = (F; - HP) /HP x 100. A MP BN SEAE — MR- FIE, HP AW SEA AR
ROEARMIERIE, Fi oNAASH, PyRNBEAR, Py ASLA. FIH SPSS 16.0 #1f#] One-way ANOVA, LSD
F1 Duncan’s M4 HEAT & 2E 424 (P <0.05).

1.2 RNA ZERAISC EMEE

HIERRE % 8 RPIYIRAE, BYEL 10 cm® /MR A HSRE B T a R, SRR 3 MBI &
2, RTINS ) 22 5, FEEE S N RPRIERE . 8T TRIzol 77 & 32 HUH BT R RNA
(Tiangen, Jbx0), FEHUSEXT RNA MBS TR . (EHSEEE T EHMHER NS RNA Haifl
mRNA, 7E NEBNext 5 1 #5 & B MR (5x) HEF @ iR~ 0 P B A7 i, {6
FABEHLS SR 51 A M-MuLV ¥ B4 e — % cDNA. B J5 {8 DNA &0 1 A1 RNA B H
BEAT 2R 2 i cDNA & i, EI LRI MIIRG/ 58 G Bk 3 4% 1) 5% th Ak 9 ~Fom, 78 3" Rt DNA Jr Bt
RERR G, T BA KNG NEBNext 41 DIER L. RACHTEH AMPure XP £4t
(Beckman Coulter, Beverly, USA) 4ifLifi+ 224 240 bp HJ cDNA Jr B, 85 H 3 uL i USER
filf (NEB, USA) 5k cDNA 7E 37 ‘CF 15 min, 95 ‘C F 5 min j#:47 PCR #£4, /5 /] Phusion
PR E DNA EAH. @A PCR 514A1 InDex (XD 51447 PCR, PCR F=¥)7FH4 AMPure XP 24t
alitk, #¢JG7E Agilent Bioanalyzer 2100 £ 4t I %J 3C 2 i s 3E 4T P-45 .

13 HiEdiEAHS5SEERA

FASTQ # X R 46845 (raw reads) 15 56318 W HB perl BIA £ BR B & #1482 1 ploy-N BAJ
1 = s RT3 2088 (clean reads), 1FHE T E4EM Q20 Q30. GC FEMFH|EHE
KF. A Tophat T.H (v 2.1.1; http: //ccb.jhu.edu/software/tophat/index.shtml) T § 1IE 3
W iS22 2% J (K1 2H # (Brassica oleracea v2.1; fip: //ftp.ensemblgenomes.org/pub/plants/ release-25/fasta/
brassicaoleracea/), B 7 Hrise B BLAR VLG BE AN A% B IR 2 A1, IFIRYE 2% FL N A AT VRS
HMH] FPKM (B E T34 7 BB TR e s BO SRR R FRIB K-

14 ERFEERREINGEIRMEETH
TEZE R RIAFE IR L FEH, #2#: (1) False Discovery Rate (FDR) < 0.01; (2) Fold Change
(FC) = 2 WpifEffik 2 RIHER . ZRMEH (Fold Change) FI/RPIFES: (A1) [AIRIEEMLLAE. 4
WA (False Discovery Rate, FDR) J@idt X2 7 B P (P-value) RIEZRTE, ZROHEK
H Benjamini-Hochberg 5 1E 7 VAR R A R IRAS B 21 PAH (P-value) HHATIZIE.
3T GOseq R A (v 1.10.1; http: //www.bioconductor.org/packages/release/bioc/html/DE Seq.html)
(1] Wallenius JE 0ol L[ 045 (Young et al., 2010) 47 7 7 3RIA K ) Gene Ontology (GO) ‘&
Fortr, fEH KOBAS #ff (Mao etal., 2005) 734t KEGG igfeH 257 KA NI E G L. 2T
DL Hoifs PR E R R D) RE: NCBI AETUARE F B85 P2 : NCBL AETURZH IR B E PR KA A A
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EHRE; EORERFRVREYEE; TR S e & AT IR E; KEGG [F)5 3 K 50 2 ;
R Th e 7y R EE B . AR BT 0 M8 ) Cufflinks Chttp: //cufflinks.cbeb.umd.edu/) XF Tophat [ tb
et R TPEE, FFER Cufflinks 1) Cuffcompare 4 Cufflinks $f 445 B 5014071 R 45 B Lt
i@iL ASprofile Chttp: //ccb.jhu.edu/software/ ASprofile/) 3143 HUAEANE i A7 7E 1) 0] A8 BT $: 2880 K AH
L FRIA .
1.5 qRT-PCR EnFERFRIEERA

N T BAIE RNA-seq HdfE &5 R e, BENLIEHR 7 2 FRIAFL R BT E & PCR K,
LKy CYP(GenBank: M55018.1), B #FF 51l W32 1. 55 1 4 S %37 Fl 22 gDNA ) Prime Script™
RT % 1 854 iRk 77 & (TaKaRa), SR J5 1 I abm™vaGreen gPCR MasterMix-No dye i 7 & 7E ABI 7500
7€ & PCR X _E#E4T qRT-PCR 53 . A SECN: 95 'C 10 min, 40 ~45 NMEH: 94 C 155, 60 C
1 min. FTERMEDES 3K, A 22 % (Adnanetal., 2011) X EEEHIEHITHHT.

£1 SERREEE PCR EFHSIHFH

Table 1 Primer sequences for the quantification of transcripts by real-time PCR

K B 5 (57-39

Gene ID Primer sequence

CYP (M55018.1) F: AGGAGGAGATTTCACCGC; R: TCTCTAACGACATCCATCCC
Bo4g169200 : TGGTGTCTGCGTCCACGGTAG: R: TCCAGTGAGGCCAGCATACTCTC

F
B08g056920 F: ACTTCCGTGTCTCGCTAGGTACTC: R: TTCGCCTTCTCCTTCTCCTTCTCC
B001049s040 F: CCAACGGCATGGTGGATGGAC; R: GAGCCACGATCACCGAACCAAC
Bo7g011450 F: AAGTGCATCGAAGCCGTAGTTACC; R: GGTGGAGTAAGACGCATCACAAGG
Bo7g011440 F: AGAGGAGCTTACGGTGTGGTCTG; R: CTCGTGCCTCACATGCCTAAGAAG
Bo03g127630 F: GCTGCTCTCAGATGCTCGCTATC: R: GCTCTGCCTCGGATTGTTGGATC
Brassica oleracea L new Gene 1356 F: CGACGATGCACTTCTTCTCCAGAC; R: GCAGTCAACTCCGACGGAATCTAC

2 RS0

2.1 FREEMEFRE S

NTHEWANEE F R BN, MkE. HRiE. BEkmE. POk, BRE. Bk,
BRI B AR DA S A IR AT TR E ST, SR E AR AR . 4R (R
2) FH, HIANFATHAHENHBELE - 031 ~120.95 Z [a], HAPAY F 3458 41 A 1 A -4 5 o 5
B - 031, RIF R, HRMWRS yEm e, BERiE R ER . Wi, %
M HAE M AR HAEAE - 11.16 ~ 96.61 Z.[7], HAFR C R AZ APk R PRIEFISN AR i 2
A NE, F RASHA BRI AR IR SRR U, RPN fa Rt i s, Hatk
IWIE AN F AT A A PRIV IE RS, RERREFRFEENAN A AR R m, R
BRFRBEANE .. SR EZEESTT RIS RAZH AT, PRIk EAEREHRTER F 5 H
REAZ AAFREES, U ESEREHWANAE F MR HHE, THRAERKFE, &
Lo
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®2 BIRZEEFEFRH FERG

Table 2 Statistical analysis of field traits in two groups of F; and their parents

oK HLER T 5/ . - s gt KR S il
RER . - HRAE bk K /em BR R /em EREE R /em }fi T ARt kg ﬂ\;— T
HF HEi/em PRlE/cm kg JFiH/g /g
. R Center column Head Transverse R . Outer leaves
Parents Plant height Plant width Head leneth height diameter Main petiole cioht Outer leaves
w
and F, weight g & weight £ stalk weight

A () 19.23+4.35b 42.57+4.61b  0.46+0.01 d 5.23+0.15d  10.43+£0.50d  11.13+0.42c 99.23+8.64d 0.26+0.02b 77.43+1.16d
B (&) 29.57+2.39a 51.73£2.90a 0.59+0.07cd 6.97+0.23a  11.60+0.26d  11.37+0.45c 147.33+3.44c  0.48+0.10a 169.77+7.79a
C (FD 26.27+0.25a 51.13+4.10a 1.16+0.19b 6.07+0.12bc  13.73£1.36c  14.47+0.15a 218.60+3.32a  0.50+0.02a 169.33+7.30a
D (%) 28.13+2.33a 54.20+£3.68a 0.85+0.08c 5.53£0.23cd  15.10+0.62bc 14.87+0.40a 148.63+1.76c  0.47+0.06a 119.20+4.57¢
E (&) 29.50+1.18a 41.50+0.70b 0.68+0.06cd 6.33+0.58b  16.43+£0.71ab 13.07+0.71b 140.53+£6.62c  0.43+0.02a 130.37+6.96b
F (FD 31.03+3.71a 57.171.37a 1.51+0.34a 6.23£0.25b  17.63£1.63a  14.60+1.32a 204.87+11.68b 0.51+0.19a 124.40+4.01bc

C-MPH/% 17.65 8.45 120.95 28.96 24.66 28.59 77.32 34.53 37.00

F-MPH/% 7.69 19.47 97.39 34.74 11.84 4.53 41.69 13.75 -0.31
C-HPH/% - 11.16 -1.16 96.61 12.92 18.39 27.27 48.37 3.45 -0.26
F-HPH/% 10.31 5.47 78.35 34.34 7.30 -1.79 37.83 9.29 -4.58

2.2 HREPWHREBRERTIEEAMIFE

£ IlluminaHiSeq T & X AN H G 3L 6 ME ST s AT G, 258 A Bk AR R 21
Reads, #:3R1S 138.39 Gb =Jii &1 Clean Data, #FF h¥4iA %] 6.28 Gb, Q30 & H 43 LLAE 90.86%
KU b ¥ B S Clean Reads 525 BERIZH3EAT 7 H1 LU A3, B 3226 FE R 41 1) Reads $U7E
67.82% ~ 69.74%2 [6], ME—{7 E ) Reads B{E 64.36% ~ 67.55% [8], A7 E I¥] Reads HLE 1.62% ~
4.00% 8], EFEAFEER Reads HUEARE . 74h, SCUFE mRNA FBAGBENLIERLS . 36 Belk
5 AL 8 P e 53 2L N 5 VR R B AR B8 PP A SO i & I, mRNA Fr BOBE ML S =, REER Ak R
B, HRHBRRL, R RS T.

BRI HE B Fy A G 5 HACBEAR S AT UXT, K 3R A5 ) 22 e R IB B[R] K¢
R 8 MR EY, [BEW ISR (R3),

%®3 HEAZASFARESEARBE2Z BEFREIEAHNBURTES 8 MIEENERREEE N RSET

Table 3 Total DEGs statistics between cabbage F; generation and their parents, and the count of DEGs annotated into 8 databases

F R RIEFEF TR BB R (10 2 S RIE L
BT HE Lt ot DEGs number Annotate DEGs
? x §—F, Comparison &% Bl T E% 4 Swiss- Egg
1 P Total Up Down Total coG GO KEGG KOG NR Pfam Prot NOG
AxB—C Cvs A 48 25 23 48 13 47 16 24 48 41 42 47
CvsB 3191 1562 1629 3062 1132 2709 1090 1668 3032 2398 2253 2954
DxE—F FvsD 2170 1454 716 2093 787 1857 688 1080 2077 1644 1551 2006
FvsE 3420 2098 1322 3254 1221 2868 1143 1765 3227 2549 2353 3140

A FI AR S H S A ARG 1) 2 R RIAEF BRI AAEFE, HRIHE T —85 s, qp
A F ARG HRARZ BN ERRIEZNHE LT F SREARZ A ZRRIEILR . E Ax B C 1
THEF, HFAMESEEALX (Cvs A) Y, AUIRIEH 48 NZEFREEER, H LR 25
A, FWEER 234, 7E FAAE RN (Cvs B) oY, LML 3 191 MR RIARR, Hi L
PR 1562 4, TR 1629 4~ /£ DX E — F 2l a9, HF RMESEEARLX (Fvs D)
Hh, JRIEH 2 170 N ZERRIAFEE, Hoo R 1454 A, FEEE 716 4, 7R F ARG A LS
(FvsE) #1, Lok 3 420 2 FiA R H, HAa FIREERE 2098 4>, FREER 1322 4. FIit,
MR H A FHHAE AR SRR AR, M BEALE H W sk e i A G EEZ/EH . 78
A xB— CHIRZHET, b, THEFEEME, f£D xE > FAHAY, FRENHENEZ T
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TR, HAE 4 0 P b PR A 22 S A RO S T R R AL, B B S R R SR R 2 R A
T EEME M £ 8 MERERIEIEZE S, NR Hi iR R 2R RERFNEERE, HIXN
EggNOG M GO ¥#la o, 22 57 ik ik DR 48 45 Hiedie o v O B0 e — BOka 35 R W i i 22 5 RIA L AL (1 ]
FEVE S OEHME .

2.3 ERFRIEEE GO 1 COG 77

N T ERRIEENS S5 PARUNER KA ZIIRE, KERREILET GO 7k (R 4)
M COG 73K (3R 5). GO 7328 EHH 3 K3 AW, Ml My 7IhRe. & 4 w7 &7
KTH 10 ADEZFE %K, MAARZHEN FRE A [\ ZRREENLBEAR, HEED
(¥ B 2 KRB R] . EAEMZS R KT 4 XFbextrr, 22 5 08 N R B AT AN 1 26
AR — R R, B8 3 1A 2% C vs A B B N, RO B . 7E4H i ZH 73
PR 4 XFEERE R, BT 3 ANE AR ROV IR . AR gS . 7R T IhRES 2K T I 4 X EEXS

R4 HERAZEA FREEERBEZEERREIERE GO HEHXFHHR
Table 4 The total number of DEGs in GO classification between F; hybrid and their parents in cabbage

e iEXER  AxBoC DxE—F
GORE commn ik B
. . GO accession Term All DEGs Cvs A CvsB FvsD FvsE
classification
number
G y/ESuri GO: 0009987  ZHAEILFE Cellular process 34799 42 2112 1479 34799
Biological GO: 0044699  H—/4:4id#% Single-organism process 32 069 38 1981 1411 32069
process GO: 0008152 it % Metabolic process 31428 32 1968 1360 31428
GO: 0050896  JIiil S Response to stimulus 26 336 36 1643 1193 26336
GO: 0065007  A=#if## Biological regulation 22419 30 1433 1022 22419
GO: 0032502 K HidFE Developmental process 18 604 31 1196 837 18 604
GO: 0071840  ZMARZA % BiEH) & K Cellular 16 533 19 1062 701 16 533
component organization or biogenesis
GO: 0051179  5EAI Localization 15309 24 985 743 15309
GO: 0032501  Z4Hfu4EYidFE Multicellular 14 546 21 933 642 14 546
organismal process
GO: 0040007 4K Growth 5572 8 379 264 374
42 5y GO: 0044464  ZHHHRAL Cell part 42 814 45 2562 1738 2723
Cellular GO: 0005623  ZHlfi Cell 42578 45 2546 1726 2710
component GO: 0043226  #ilff# Organelle 37283 39 2211 1 490 2342
GO: 0016020  #ifiufiif Membrane 18 447 21 1167 849 1250
GO: 0044422  ZHAEZR#HL Organelle part 13 187 11 821 553 863
GO: 0005576  Jfu4I X Extracellular region 6508 7 443 312 442
GO: 0030054  #Hifui% % 1 Cell junction 6214 6 431 293 460
GO: 0044425 A &R AL Membrane part 6165 6 385 301 401
GO: 0032991 =4 T H &%) Macromolecular complex 5765 3 344 210 359
GO: 0031974 fitdt P i Membrane-enclosed lumen 1220 1 59 46 69
> T HI6e GO: 0005488  Ft45 Binding 25548 30 1 541 1060 1632
Molecular GO: 0003824  fifLiE Mk Catalytic activity 21720 16 1320 926 1326
function GO: 0001071  HXERWEAS §43% H Ti% 4 Nucleic acid 3721 9 234 160 243
binding transcription factor activity
GO: 0005215  #3Zi%3)) Transporter activity 3151 8 200 167 258
GO: 0004871  {F*5¥%; 3153} Signal transducer activity 1353 2 78 45 91
GO: 0005198 #5144 Fi&3)) Structural molecule 1201 1 74 37 83
activity
GO: 0009055  HLTF# k%)) Electron carrier activity 920 0 58 33 53
GO: 0060089 43 T1% &5 Molecular transducer 893 1 51 38 62
activity
GO: 0098772 4 FIfig 1577 Molecular function 855 0 40 43 40
regulator

GO: 0016209  Hu%LiEE Antioxidant activity 336 1 20 17 29
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o, OET 2 AN E SRR ROV A A TEYE, 5B 3 £ 5% C vs AL C vs B NIZIRERSS e R 1 1% 1%, Fvs
D. FvsE NFIEED). XUE ERENH W BRI R4 gy B+ EEEA .

TE 4 Xttt rf, “AK” X—iis&k P EFRIEERILE 1025 4, HPaiE—-S5HRAEK K
BAISREER, W MADS-box (MADS-MIKC, MADS-M-TYPE) #& S A KR T 5 RN
M RE, DHEEREREES, HEAESHEEFMTFHRKE (Ng & Yanofsky, 2001), Ik
Ab, AE 4 XF Ho R S AT B 5 AR KR E DL AR IE ARG NAC Fosk Rl F KA, H
ESEHAKREPEREEZE/EM (Olsenetal., 2005), HIEEMAEKEE . Rl £ RIEAEY
A ) MY B 8 55 55 DR (R REAE 22 S R IR FE IR b R B [ % 3 K P (Dubos et al., 20100, HEKK
BFFEBEAFERKEZMNEFIEMN, g A K 2w B8 1 AUX/IAA A K3 %R B (Liscum &
Reed, 2002) 7E 4 XFLEATHRILKEE KA, EHZSS5HEMESH R R EHLRKE T GRAS Kk
L5 (Bolle, 2004) LA K4l DNA 456 HEH, 252 IEKKE M bZIP (CPRF3-LIKE) 2 [# (Abe,
2005) Bk Cvs A LXAk, FEHA 3 6 Eont sp A B K R e e A . DL R SRR H B - BR AL R AL 34 11
AT D, RS W BRI i) R A

HHEE 5 71, COG 7331 4 XTLLxt & R BN H 5 — a2 AHE, B8 R (g di), Hrp
G LR SRR R 2% B d R L R B A SSIE R (LOC 106321495, LOC106325451. LOC106294537

*5 BERAXAE FRSEARXBAZEERREIEETE COG EXXTHHE
Table 5 The total number of DEGs in COG classification between F; hybrid and their paretns in cabbage

gggﬁ‘%”é I FATR AxB—C DxE—F
. . Classification name Cvs A CvsB FvsD FvsE
classification
R — B ThAETHIM General function prediction only 5 312 241 345
K ¥ 3% Transcription 1 169 115 187
T &5 5% AL Signal transduction mechanisms 1 135 117 164
L S, B4 5185 Replication, recombination and repair 1 160 107 161
G KA Y512 518 Carbohydrate transport and metabolism 4 107 96 120
(0] MM, |AMYTS, 4T85 Posttranslational modification, 2 96 51 108
protein turnover, chaperones
E R F; 12 5 Amino acid transport and metabolism 3 96 84 95
J BHE, XRS5 EY A L Translation, ribosomal structure and 0 81 39 93
biogenesis
P THLE T4%12 5 4%t Inorganic ion transport and metabolism 1 52 49 84
S TiREA K1 Function unknown 0 70 56 84
Q WAERBI A G IR, Fis5RH 1 62 47 65
Secondary metabolites biosynthesis, transport and catabolism
C fit 7 A2 5 #4495 Energy production and conversion 0 61 38 64
H 4l 2 5181 Coenzyme transport and metabolism 1 28 14 40
I He i %% iz 54X Lipid transport and metabolism 0 39 41 40
D 21t J H A ), 0B 43 24, YLtk 431 Cell cycle control, cell division, 1 30 27 39
chromosome partitioning
M I i BE/ 5/ 5L A= 956 i) Cell wall/membrane/envelope biogenesis 0 48 28 36
U 4if iz, SN FEIIZ 4 Intracellular trafficking, secretion, and 0 20 13 25
vesicular transport
z ZH 1 42 Cytoskeleton 1 17 18 24
\Y 5 #IHL | Defense mechanisms 0 18 17 23
F %12 5 A1 Nucleotide transport and metabolism 0 16 13 20
A RNA il TFI&1fi RNA processing and modification 0 17 16 17
B Yo J5i 45849 584 Chromatin structure and dynamics 0 7 4 8
N M HIZ 3 Cell motility 0 2 0 4
w 2 f 7145 84 Extracellular structures 0 0 0 0
Y Y A% 45 84 Nuclear structure 0 0 0 0
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LOC106298291. LOC106318601. LOC106300705. LOC106306918. LOC106319440. LOC106302139.
LOC106313822. LOC106334001. LOC106321208. LOC106334578. LOC106342758) 4%, %5 2 1]
KBR Cvs A EEXAL, AR K (BEs), 1M C vs A EEXTIR S Zuﬂ$ﬁG(WK%%%ﬁﬁ%
H 34 Fvs DAIF vs E LEXA—FCN T (B5HEFHLHD, 1M C vs A XA E (IR AR
), CvsB XL (FHl, EMASBE). U EERENF 5pAZHNERRIEEFNERHD)
Re DA EAERA, Phi—80 LRS5O BRI E  R B A A I 4%

24 ERFTIEEFE KEGG BEEEDH

6 hEIRMEZE FRIEFRE KEGG 70 K+ B ENE P-value BU/MUHT 24 NMilii% . &HERF T, £
71N 72 S ke DR rh R 1) 3 I P A DR LU A5 5 Pl A o AT rh 3R 3 2 B 1) B R L D B AR, AR DR
K, TR ZE R RIBFEREZE B P R & RO E S P-value BN, TR 2 RIEFNE ZIBE
MEREDEEBATSE. HT Cvs A HX 2 FEERENCE 48 A, BIE BRIk, Horh A4
PRSI A= Rk PR A IR AR A X & R /KP4, T C vs B AL F vs D HExf 22 R R IAFE AR 3 B 42 5 1
RIEIRED G A o - WHKIRI &R, Fvs B LT IR o - TRRERAR U LA AE ) — SR
A EAE SRS R E R, XEEEEENEY G REBACEIEAH B2 5 2 H it
HAEKEEIERE Y, 2 HEMERGF A o) B2 A AR & T .

*o6 HERAZASFREEERBRZ GERFREEDE KEGG FEHH PEMESRET
Table 6 The P-value and rich factor of DEGs in KEGG classification between F; hybrid and their parents in cabbage

AxB—C DxE—F

KO ID KEGG 7% Cvs A CvsB FvsD FvsE

KEGG_annotation P BHHERET P BHHERET P =R T P BHERT
Rich factor Rich factor Rich factor Rich factor

ko01230  ZIEMREY K Biosynthesis of amino — — 0.0001  1.6815 0.0024 1.6331 0.0994 1.2135
acids

k000592 o - W HRER1L# Alpha-Linolenic acid — — 0.0026 23116 0.0004 3.1537 0.0109 2.0310
metabolism

ko00514  HARKAIK) O - RIEEW S Other — — 0.2886  3.0381 — — 0.3028 2.8747
types of O-glycan biosynthesis

ko00660  C5 - 37k — JrmARis — — 0.0294 2.8131 0.3080 1.7910 0.5695 1.0647
C5-branched dibasic acid metabolism

ko00591  WEihiERAL ¥t Linoleic acid metabolism ~ — — 0.0499  2.4501 0.0082 3.8998 0.0183 2.7820

ko00450 A HLEIHL A 44R Selenocompound  — — 0.1017  1.9987 0.4701 1.2726 0.1212 1.8913
metabolism

ko00290 SR, RAMRM R RARMNEMEGR — — 0.0455 19922 0.0395 2.3782 0.6216 0.9425
Valine, leucine and isoleucine
biosynthesis

k000945  TIEZIEZE. TIPSR, BEEAY — — 0.0213  1.9892 0.0585 2.0149 0.2284 1.3689
£ B Stilbenoid , diarylheptanoid and
gingerol biosynthesis

ko00750  4E4E 3K B6 AR Vitamin B6 metabolism — — 0.1902  1.9814 0.6219 1.0512 02126 1.8748

ko00130  ZERAILAMGERMUAEY - BRAED AR — — 0.0452  1.8302 0.1285 1.7478 0.3559 1.2122
Ubiquinone and other terpenoid-quinone
biosynthesis

ko00030 BRI HE&E — — 0.0387 1.7172 0.0485 1.8922 0.2781 1.2499
Pentose phosphate pathway

ko00400 HRHAMK, BMEARMORREMGH — — 0.0574  1.6571 0.0852 1.7584 0.7863 0.7840
Phenylalanine, tyrosine and tryptophan
biosynthesis

ko00330 Kb ZURR AN i Z R A 0.1232 7.6778 0.0183  1.6511 0.0093 1.9711 0.2103 1.2499

Arginine and proline metabolism

= ‘:‘:u l?*‘.
k000903 ﬁ.%}(ﬁ%ﬂ (ﬁ%ﬁ%ﬁg . — — 0.0945  1.6472 0.0555 2.0391 0.1217 1.5586
Limonene and pinene degradation
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AxB—C DxE—F

KOID KEGG 78 Cvs A CvsB FvsD ‘ FvsE

KEGG_annotation P CESES CESES wERTF £ S
Rich factor Rich factor Rich factor Rich factor

k000250 HAM, KARKBAMASRBICH 0.0001 — 0.0515  1.5823 0.0161 2.0149 0.0754 1.4972
Alanine, aspartate and glutamate
metabolism

ko00630  Z SR B # Glyoxylate and 0.0001 — 0.0340  1.6422 0.0430 1.7970 0.0142 1.7481
dicarboxylate metabolism

ko00710 Y& AW BHIE 5 Carbon fixation in 0.1251 7.5546 0.3482  1.1373 0.3692  1.1637 0.0613 1.4604
photosynthetic organisms

ko00380 (&ML Tryptophan metabolism — — 0.4796  1.0850 0.6813  0.8635 0.0018 2.3956

ko04626  FEY)—I R A A FLAE 0.2560 3.4541 0.9399  0.7428 04274 1.0641 0.0111 1.4409
Plant - pathogen interaction

ko00430 AR ARG AR AR 0.0349 28.2543 0.6484 09114 0.6187 0.9671 — —
Taurine and hypotaurine metabolism

ko00620  AFHER R Pyruvate metabolism 0.1188 7.9814 02762 12015 0.8621 0.6830 0.1696 1.2993

ko03008  FLAZAEAH AL HE A AW A i 0.1427 6.5708 0.3419  1.1305 0.5339 1.0121 0.3269 1.1365
Ribosome biogenesis in eukaryotes

ko00360  ZR P& R 0.1464 6.3924 0.5995  0.9623 0.7002  0.8752 0.9746 0.5853
Phenylalanine metabolism

ko00010  HEFEAR/ FE 5 AL 0.1495 6.2509 0.2326  1.2099 0.3331  1.1768 0.1584 1.2720
Glycolysis/ Gluconeogenesis

ko00940  ZRPKERAEYIE 1 0.2298 3.9025 0.6027 0.9651 0.1700 1.2690 0.9527 0.7147

Phenylpropanoid biosynthesis

H: — RRTER R EEFZE .

Note: — represents no DEGs enriched into the pathway.
2.5 ERREEETEIIZN

LR A BRI HTA mRNA - (pre-mRNA) A Z T35 3, WHEARKINE T, AR
J# mRNA, MIMEENARKEER, WREYIRZ N, ZIMERER mRNA 1L %
PR P AR BT O P B e . O 1 E— 20 1 SR 2 ML B R R A T E ML, X H PN 2858
HE Fy SHICRE AT A B FAEAT 7 48t (R 7).

®7 HERZAS F REIENTENESGHRLEH

Table 7 The statistics of the alternative splicing events in F; hybrid and their parents in cabbage

A AR B e A AxB—C DxE—F

Alternative splicing event A B C D E F

AE: A[4F 5'5% 355 ) Alternative exon ends (5', 3', or both) 5500 5742 5659 5893 5694 6004
IR: PN T & Intron retention (IR_ON, IR_OFF pair) 10 426 9022 9870 10280 8 490 10 028
MIR: % W& Fiiif 8 Multi-IR (MIR_ON, MIR_OFF pair) 502 414 470 498 392 506
MSKIP: %4} FBEL Multi-exon SKIP (MSKIP_ON, MSKIP_OFF 182 178 176 208 214 194
pair)

SKIP: Hi4h T BkiEk Skipped exon (SKIP_ON, SKIP_ OFF pair) 1580 1678 1598 1 664 1 620 1824
TSS: # 1 /MMET AT 49 505 49278 49510 49590 49279 49689
Alternative 5’ first exon (transcription start site)

TTS: )5 1 MR TR Y) 49 049 48922 48997 49102 48952 49130
Alternative 3’ last exon (transcription terminal site)

XAE: WA S'5 3B Y) (Bt Approximate AE 1058 1114 1170 1175 1045 1214
XIR: BNEFHIE CBOMIL D 1750 1586 1824 1820 1530 1882
Approximate IR (XIR_ON, XIR_OFF pair)

XMIR: ZHNEFIRE BB 178 178 198 202 150 228
Approximate MIR (XMIR_ON, XMIR_OFF pair)

XMSKIP: £ /M FBhER (BORIL 5 200 172 226 184 220 186
Approximate MSKIP (XMSKIP_ON, XMSKIP_OFF pair)

XSKIP: HAME-FBEER CBORL T 850 900 898 908 832 896

Approximate SKIP (XSKIP_ON, XSKIP_OFF pair)
1511 Total 120 780 119184 120596 121524 118418 121781
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[ AR BTy 12 28 AE. IR\ MIR. MSKIP. SKIP. TSS. TTS. XAE. XIR. XMIR. XMSKIP.
XSKIP. % 7 HHIEWNRLHE Fi LIHXICEI ] BB A B A —8iE%, TSS (G 14
HMEFRIAREIY)) M TTS (a1 MM TFAIARBIY)) RS HEG Ax B I #iERE, HEAAR
BRI LLBIE 81.6% LA s TEAACHE D x E H (HHIA 81.1%LA o Bh4h, IR FERANHIERE A
HHEERT TSS M TTS, AR BIHEEAEN) 7.2% ~ 8.6%, MG Fy 1) IR HEAEHX
FHEHE W, HALA AR HAES F LHICEF A b, ik, TSS. TTS A1 IR #]
REAE A2 H WS BRI Pl 35 B PR 208 7 T B 2R .

2.6 SERTRJEEE PCR WIE

N T HR RNA-seq Bds HERAYE, BENLEEL 7 A2 5 Rk 5L BT 52 98 6 2 & PCR Kk,
IAIELE RN 8. log, ratio ¥ qPCR HHE 4 log, e i Jm HIHUE, LI 9OLE & PCR 1 RNA-seq I 1E
HIHRE LFRIE, MEHRETHARIE. HER S LLER], 7F 4 MLbxtr, serf»é)te & PCR 1
LIRS RNA-seq 745 R EARKAHEISA Z 5, HEARZIH —Bun ks, FibA
RNA-seq ##fs 45 R BA — & AT Sk

%8 ARG ER PCR 5 RNA-seq HEXER
Table 8 The result of real-time PCR compared with RNA-seq

LGS CvsA CvsB FvsD FvsE
Gene ID 4PCR . RNA-seq qPCR . RNA-seq 9PCR . RNA-seq 9PCR . RNA-seq
log, ratio log, ratio log, ratio log, ratio
Bo4g169200 0.04 0.05 -0.08 -4.50 -0.19 -1.25 -0.42 -2.27
B08g056920 0.14 0.26 345 6.08 -0.40 -1.18 6.49 THK
Infinity
Bo01049s040 -0.57 -0.38 3.08 PPN -0.14 -0.61 5.85 PPN
Infinity Infinity
Bo7g011450 -2.21 -0.40 2.57 2.54 -2.01 -0.43 4.63 6.08
Bo7g011440 -0.57 -0.54 0.96 8.35 -0.04 -0.16 5.55 11.26
Bo3g127630 -0.08 -0.25 3.52 3.56 -0.91 -1.98 4.86 5.06
Brassica oleracea L _ 0.39 0.05 0.29 6.66 =227 -1.04 1.28 542

new Gene 1356

AT AR E REANE RMEN TR SEETHAAE F LHBEERA R4 H (R
LRI, B F &P OLABON I, A E R EEAMEL: QPO4CMS 4 Ogura CMS 4 i Ji HE 1 A F 284,
X FAS T MR 03 R RS B 2 A7 T 2 kifk DNA 1) orf138 A7k, 7E atp8 F[H 55 L3
5 H X248 (Bonhomme et al., 1991; Grelon etal., 1994)., iXFh& ek bifA LR 4H = H =4 1Tk
HHRK, IR LR AAIEL T ZLAK (ORFI138 & H)D, {HMME AR 2 FE Ogura CMS 1)
BN (Bonhomme etal., 1992), HIHESIE, Jofekr, Fik, QPO4CMS S5IRHE RALE KA
HEIRMIRBREIAZ IR0 25 RG i 8 RR, WAHE FE 9 M2
SRR P AW S RN B S AT A AL E, BBk E MR BOCH B, R E R A o H 1 2
FROLFA M EZ TG, A RERPT AN EK 3 AR T AE SR ) Py R B B B3 2, IXEegE R
it — BT H W BRI AP A 1) 2 LRI BEE T AR B

AR, VR 2GR G sk AR AT 220 F 5o AR 2 (Al 22 Sk R R, b i 43 B AE 4
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MR B 24 B A (Hu et al., 2016; Zhangetal., 2017; Yangetal., 2018), i)z
IR FE R B EAT AT R I BEAR BACA I (] P, 110, 7ERFH RNA-seq TEARB T B K/ NI INE Sy
IR ZR PRI, Fy SR SRS 10 5 BEAR 2 [A) 1) 22 S RIS BE R B ik 2 T 5 A0 [A) [1) 22 Rk A
RN ER GBI TR E K (Hu et al., 2016). FERUHL, 7ERZCHE LYP9 H5H g AR5
Ho it R, iR H 5 A REAR 2 (A ) 22 e B B R A 8 LY PO ()5 s 2 il 75 0 K B B B S PA64s
(CBEAR) HAML, (BYEJS HATEEEUT 93-11 (RA) (Weietal.,, 2009). AHFFTAT, 78 H 3 a2 BRZH
2, IANHEE F 5 HEBERR 2 R RA BN 5 HAAARME D, RFBEARIE F, H BRI R TE
B I DTHR R o AHIE 5T HR A R TE S A TREG I g 2 1 5 M i s AR B R R B A O, (HH
WA M s AL A B RisE, HRE U By RRIVBEARMEAR, M-S Fi AR ZF IR R ok
LS B 2 (1) BF R AL ] o 2[R BN B SRR AR, (Parent-of-origin effects) A — i WL L],
AT DU [R]— 25 R AQ U B BRI A 6 B PR AT 1 ANRIET 3 1 MRS sk =R, HATEMEY) T
T € B BN R BON A B, e rh R UL B I b g 10 ANERIEEE IR, i K AR Gn R0k
AL E Y 6 1~ (Berger & Chaudhury, 2009), K53 PR 78 I L A (14 B 78 2 2k 3R B 228 [R] B 25 f 25 217
A ) 4 DA RS S A R B FE R E2M (Stupar et al., 2007), SRR EIEE 3 R w5 2 S5 AR DR AR
NGy, ABHAEFAT AR, Bk, AW TS RS E R BN Ok R A ARk — B H %
FRRIEFNZ GO 7335, COG 72K UL N KEGG i & 5434 A B H W5 I BR A2 Fh AL S5 I TE Al
H5HREKKE . KUEMFERE . 5573 ULEERPE . Fa s % V1.
EA—RAE, fEERZEIMRE S TIPSR — B0l R A5 A K EY) s
MLFHAEIE (Lisec et al., 2008; Song et al., 2010; Wang et al., 2015), ARSI EAFEY)
AN AV 2ZH 2L A R B B B & SR 7K AR AR AL, oA Al 24— 53 B 78 A N ok AL S A 5 2% il
S A 55 (Zhang et al., 2008, 2012; Song et al., 2010), 1 Zhang &% (2012) WF5tE K7~
EIRF AR ST RN A I, BE B ANBR /KA S MDA A2 R MR oK 7™ B e A I 35 ) 9 A B AR U e A
AR A AR B 3 & R AE P S BRI AR P S5 B35 AR SR R Sy i b, BRI A 2 3
BUGIEP A K b A 34 1) B EARHA /S (Yang et al., 2018). BRILZ AL, Wei & (2009) 7E/KFH 7
A FEVHZERAL 53 A Fy 50E AR SRAR SRR Z 1) 2 R RIB IR, RIAHHEAR S R AZ 5
M 2ERRIEIER, FHEARZENZERREAEREZEEEIpEi5KEgn, MR Em5em
UAEARUNRRE R RG22 R RIS FE R P BB E 4, BN 5KRE AP ERAH K (Song et
al., 2007). TEARBFH, BAKAEDRIETE COG R REE4E, FHILizRaRRA s
HH BRI A R S R, W BRI B oA O I B AR IR AT
MR BE— N R s 2. RO RS WA 55 2 A0 R 2 3%
Wiz, PRI, VRN ZAAAE T B i — Bl 5 Ja 2R DR AR 20, WA BT (AS) W R B4
HYAEKKE (Tangetal., 2016). £ (Chamala et al., 2015). 45 K55 T (Tang et al., 2016;
Zhang et al., 2016) FFZFhEZAMGENERE, HE5RMUHAMMHEHENS 6, i, EEDE
Y M A ST, ATARBIRETE B K& K4 (Mastrangelo et al., 2012; Laloumet al., 2017; Liu
etal., 2018), A1, AIARBTHERLAMEE 5 H R I B Z M I Io IR CHR, VP2 iR,
Wy rb — 26 B ] AR B AR R 2 B B AT B R IR A 3k 7 AR A 2 K )2 (James et al.,
2012; Yuetal, 2018). 7E Scascitelli 5 (2010) FIWFFTH, ZMrh—/NE oy FE DR A7 AL 57 O T AR B %
P, (R P AR B AT B P A R A, B AP RE RN R 2 — . TEARH T,
WUR B e Fy RS 4 P AR B 5 20 TSS 1 TTS, A& IR M A rl AR B e x0A77E, (HF A4
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& F 5HRA R AT AR B R O U RO O 2 5, BRI, I A5 b D10 3R 5 PR T 38 BT Xk LA 7E 4K
B LTSN, 7 P XA AR DY REHEAT AL, IR RS A S R A AL
DI
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