HE¥2#4% Chinese Bulletin of Botany 2019, 54 (6): 733743, www.chinbullbotany.com
doi: 10.11983/CBB18235

- R -

ETHRESWEETFERRFI RN ERH

A2, FE, AT, ARET

TR AR K B 2R S TR B A B R AR R, B 271018; PRI B A Y S IR TR b, R 271018

RWE N YMNESR AR T (MeJA) % T 13 R (Malus domestica)fitfii 7 1L, LLZEK 30K GalaZl i iy il#t,
100 umol-L™" MeJAKLFRIH P12/, I eI T, 45 & M5 2 0 4 e S S oh sZ2 MeJATS SR 15 [ L A
G RRE, SNEMeJAT BRI SR s S =i AT A A R, R EERBR)E S S RAENBEE S
Tk, fFRmEds. =W M SR A A g 4 P Y OC 3L K yMDP0000702120/1MDP0000692178; MDP00001233795%

KR ZE R T FREAEY) -9 R F AR IR A2 ) s 72 2 A

KBIR KK, U, F9HS, Ford, R

KB, XFE, BFRER, RWE (2019). W TERASTEE

3 (Malus domestica) & tH Fit I k5% m FLUA1 7=
B KIRW TR 2 —, FH= 88 5 18 5200 )5 e
E LX) SERNA MR o T\ l4 P  SPNIESY R PN
(ESr#s5, 2009; BReg#R5E, 2015). {8 LA 25572
B e S U A AT B, B 5 1 AR R
AESTIR . PUESS, RERAED A7 50
568 9 SR B P R AR L AT IR 2
Jiti (£S5, 2016). HHEFERMH, S EK R
(salicylic acid, SA)REHE =R v X = JE I 1 ik
(Zhang et al., 2016); #£& L 3ER BT KESAE S
AR S B R 1 R - NPR1BE 52 2 3% 56 0 9 1
Pitk(Chen et al.,, 2012); tk4l, SAKERERZIE S
WRKY40Db ] 2 1k LA w8 3% Fo0 508 1) ik
(¥ B %, 2013).

FH &K (jasmonates, JA)R[E S A7 AL B
ERFERRE— R EA G E DRI AR,
B 5 T YL 5 DR 3R 0 DAAR i R P PR B0 1k (2R A8 95
MiE g, 2014), KF R TR (MedA)X) i 4
(Vaccinium vitis-idaea) (Y54, 2014). #- %
(Mangifera indica) (=585, 2013). 7% (Vitis
vinifera x V. labrusca) (FEFF#i%¢, 2012). % #(Musa
spp. cv. ‘Brazilian’) (k=% BRI HIL, 2006)F1%L

Woke H 99: 2018-11-04; #2252 H #1: 2019-02-11

SESRRI RN LY, MR 54, 733-743.

(Pyrus pyrifolia) (Zhang et al., 2009)%% £ Ff 41
HYURIEFI6E, HAMNEJAMeJATE T3 Ryt 5
I FUR D . 2R (2015) k30, & LSRRG
FMeJA b P ] 1 5if 5 S8 75 250 1l 2Ok . xIE
25 (2009)WF 58 K B, MeJAKEFET] DL 5 3¢ B 17 41
F = AENO, B MUk B TR R, @i e AR R R K A
mpttE. 2R, AMEMeJATE T3 Rprm o 1AL
HATS A A 1 B

RNA-seq = 1 & 3% 5 20 W 77 452 R 7] v 20t 7 il
LB R E D R S R R o 1S i AN BE
SRR, ST MeJATE S 13 B B0 2 T HL
il B E 2R . AW LAMeJAKL B 3E B By
A, i RNA-seq 3k 73 35 R o 25 i) 2% i B 5 [R5
B, AR MeJATE T 103 R H0H 4 DL 3358
FHehiti

1 MR57E

1.1 #R 548

256 1 kL Gala 3 H (Malus domestica (Suckow)
Borkh. cv. ‘Gala’)#51H, Kiatii /¥ h24°C, e

H4TH: EFESUR(No.2018YFD1000307). E 5K 4R34 (No.31272132) 1L R4 2511123 TR 313 42 (No.tshw20120712)
* WIRAEE . E-mail: chenxs@sdau.edu.cn; wushujing666@163.com
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NA2/NI IR 2/ B . 85 3R30K, HUK 3 —3
(R, BRI R N100 umol-L™' MeJ AV T,
24°CHEFR12/Ni) J5 HURE, AU 4RI TR i ik, &
VR VR 5 (A7 T —80°CUKA LA IR EXRNA. LA
B K AL ER A E B o X B (CTRLA), SEE6E 3.

1.2 RNAEERENF

FIFHRNASZ G & (R AR, Cat No.DP424)f2 HukE
AFERNA. Z%Sun%(2018) 7 EHEmRNA, &
cDNAJ- &7 X JF . K F Agilent 2100 Bioanalyzer
F1ABI StepOnePlusRealTime PCR Systemfs il 3C
= B AN BT . WU PR T A H A 2 B VR 0 o T S 1S
B JF IR S5 R, R A KL LS NG R T
10% 55 1% 5t & 1 Fe 51 J5 45 215 & 73 B 00 Hedls < A
BWA (Li and Durbin, 2009)f1Bowtie (Langmead
et al., 2009)% K I 5 2o dhs 55 <5 392 Rk PR 21 9t
TR

1.3 EFRRIEEESH

FIFHRSEM T R AT K KL € &, 45K LIFPKM
(fragments per kilobase of transcript per million
fragments mapped) & .., FDR (false discovery
rate)<0.001 H.FC (fold change)=2[/)3& X %= 7 %
IS HEP, 22 R 3Rk R 5 NrEOHE R LU X AT
R

1.4 ERFEEEIGES R

¥ BT 2 7 Rk H R 1222 #Gene  Ontology i ## ¢
(http://www.geneontology.org/), F§ WEGO #: 14 (Ye
et al., 2006)% H 1T GOThRESr 2. BdE A $2 52
KEGG (Kyoto Encyclopedia of Genes and Ge-
nomes) # 4 & (http://www.kegg.jp/), LAKEGGi& 1%
HEAL, Q-value<0.05/ A% & NTE 7 it RIB B[]
R E E RN, M ERREERS S5 E %

F1  ORFE T (Gala) 53 5 (4 7d ) 2 H 4 7 F1l i B x5 51

&

1.5 ERFREEAMRAEEST

¥ FlRevertAid First Strand cDNA Synthesis Kiti® 7]
& (Thermo, Cat No.K1622)%f1.275 H [IRNAZEAT %
5%, LLASYBRGreen4 kit 17 % ¢ 2 EPCR (qRT-
PCR)/ 7. LASERACTIN (5115 HGQ339778)
SHE, 20 A DR R Bk R SR Ut
3REE . ERRIEEFMEFFIETI Y HAE TAY T
A RA R A B

2 ZR5i1e

2.1 RNA-SeqREFMRERFRIZERATHE

%t I (CTRLA) AL FE (MeJA) 45 5145 31751 477 132 bp
751 612 960 bprdll /74, Hd o hlH71.28%
F72.06% €N TR ILRAH, 44.23%F145.12% K17
B 54 3 AL 41 (Velasco et al., 2010) 1 3L ]
SE4 VLA (R 1). Q2041F99.29%—99.32% 2 [8], Fif
D Fr 485 R IE 2 Tz ER (EA), "THT R 201
WATILIRIE FN937A 2 T RAEE A, Hop R RIA R
14807, NIk H457/(E1B).

22 ERFIEEEMGOMKEGGH R

GO Hrai REW], %7 RILFRW K EDFiTHE
(biological process, 5 971). 4rTIjfE(molecular
function, 7 605)F14f ffl % 7> (cellular component,
3652) 3K (EI2A). AW R 15k, Horifgds
i B (metabolic process) )3k K Fr i L4 ¢ =
(4 521, 75.7%), HUCHAIMLEFE (cellular process,
3296, 55.2%), HCNEYIFILHE (single-organism
process, 1971, 33.0%). 7 FIhaet o, Hgp
7€ (binding, 4 314, 56.7%) J i 4.7 1% (catalytic activ-
ity, 5360, 70.5%)7 LA o Ll i mn, ko E%

Table 1 The alignment result of genome sequences between sample (Gala) and Golden Delicious apple

Sample Total Total base Total mapped Perfect Mismatch Unique Muti-position ~ Total un-
reads pairs reads match match match mapped reads

CTRL1 15336268 751477132 10932142 6783455 4148687 9149425 1782717 4404126

(100.00%) (100.00%) (71.28%) (44.23%) (27.05%) (59.66%) (11.62%) (28.72%)

MeJA 15339040 751612960 11052987 6921067 4131920 9177064 1875923 4286053

(100.00%) (100.00%) (72.06%) (45.12%) (26.94%) (59.83%) (12.23%) (27.94%)
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A Gene expression level (CTRL1-VS-MeJA)
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Figure 1 The screening of differentially expressed genes in
leaves of apple treated by MeJA

(A) Gene expression level. X-axis represents logi (gene
expression level of CTRL1), Y-axis represents logiy (gene
expression level of MeJA) (The orange triangle represents
up-regulated genes, the blue block represents down-regu-
lated genes, and the brown dot represents no significant
difference genes); (B) Differentially expressed genes. Up:
Up-regulated genes; No: No significant difference genes;
Down: Down-regulated genes

iz i% 1 (transporter activity, 489, 6.4%). ZHfI R0 &
8%, HAglfi(cell, 2 669, 73.1%)- 4ifUZH 53 (cell part,
2669, 73.1%) T 4 Ll i &, ik N (membrane,
1 226, 33.6%) L 4l ffi 5 (organelle, 1 415, 38.7%).
KHKEGG & 4 7 Hr v] UM & 22 7 R IL H K S

FRORAE: I T W 4 S RORFT R I RE Y] 735

5 FEERGHER . iHEP<0.01, FLEFT201 5%
MERIEF AT AR EE RN @R (E2B).
KEGG/r & Rk I, 7 Rk 5N B & & it
AR, H PR 1% (metabolic pathways)Z% 7
FIEFH 2024, 1535.94%; AR YA R %
(biosynthesis of secondary metabolites)2 5 R iA %
#1504, Q-valuefit/41.96x107"°, 526.69%; 1
Y &S 5 S84 (plant hormone signal trans-
duction)# 7 &L F 571, Q-valueH6.5%x107°, 5
10.14%. KEGG i #70Hrah K&, Ml i+
EMELER, X5CGOn 4 RMA. Hik, 7£
MeJAE 5 T, AU FE i AR & s 2
EENEERER.

2.3 HEYRERBYEHRIZREKEGGE RS

RAERE P AE Y6 SR AR Y HCPT b i A kg 8 2
WEER . AR, RFRFERAHE T, £33
e AR A e, 113N R B RIS, 37
MNIER TR RIE . E184 K& L Z (Log, (MeJA/-
CTRL))Zexf 23/ £ Hh (%2), 151 FRF ik
15, 3NN TR, Hh A 545 K (MDP000O-
702120, MDP000205617. MDP0000919962 . MDP-
0000225361 1 MDP0000248152) % & il % 1% > i
25N = 1 4= W) & i (sesquiterpenoid and triterp-
enoid biosynthesis); 4-~%&[X(MDP0000692178.
MDP0000503940 . MDP0000225939 #1 MDPO00O-
0523477)% 53 = 1) £ V)& Hi(flavonoid biosyn-
thesis); 2 A % [H (MDP000317152 I MDP000O-
153822)Z 515« AKE B A 5T 1) A2 06 s (cutin,
suberine and wax biosynthesis); 2~ [X|(MDPQO-
00218691 F1MDP0000280265)%: 5 & 3§ Al A% 17 112
P4 (amino sugar and nucleotide sugar metabo-
lism); 23 [A (MDP0000813805 1 MDP000022-
8070)% 5 K% MR 1AW A Mi(carotenoid bios-
ynthesis); 243X (MDP0000687619H1MDP00005-
39956)Z 5 K N fi i AE W & U1, 1/ FE B (MDP-
0000313394)Z 5 5 %1 il (1) 4= ¥ & B (isoflavonoid
biosynthesis). iA45 &, MeJ AT E 250 R i
RS =il M SR B A K AR A O A
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A GO functional classification
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B Top 20 statistics of pathway enrichment for
CTRL1-VS-MeJA
Vitamin B6 metabolism - .
Taurine and hypotaurine metabolism-
Sesquiterpenoid and triterpenoid biosynthesis-
Plant hormone signal transduction- «
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Glutathione metabolism- - 0075
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Figure 2 GO functional classification (A) and KEGG enrichment classification (B) of differentially expressed genes in apple
leaves under MeJA treatment
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o2 SRHIMR TP B AL B R S AR A A ) G B AR R i #E2E  (Log, (MeJA/CTRL)23)
Table 2 The regulated genes involved in biosynthesis of secondary metabolites pathway of apple leaves under MeJA
treatment (Log, (MeJA/CTRL)=3)

Logy ratio

KEGG

Gene ID (MeJA/CTRLA) orthology Blast nr Pathway
MDP0000702120 12.32 K14181 (-)-alpha-pinene synth- Sesquiterpenoid and triterpenoid bio-
ase-like synthesis
MDP0000205617 7.28 K14181 Putative pinene synthase Sesquiterpenoid and triterpenoid bio-
synthesis
MDP0000919962 6.57 K14181 (-)-alpha-pinene synth- Sesquiterpenoid and triterpenoid bio-
ase-like synthesis
MDP0000225361 3.72 K14181 (-)-germacrene D synth- Sesquiterpenoid and triterpenoid bio-
ase-like synthesis
MDP0000248152 3.24 K14181 (-)-germacrene D synth- Sesquiterpenoid and triterpenoid bio-
ase-like synthesis
MDP0000692178 12.12 K00517  Cytochrome P450 82G1-like  Flavonoid biosynthesis
MDP0000503940 4.67 K05277 Protein SRG1-like Flavonoid biosynthesis
MDP0000225939 3.55 K05277 Flavonol synthase/flavanone Flavonoid biosynthesis
3-hydroxylase-like
MDP0000523477 -3.17 K01859  Chalcone-flavonone isome-  Flavonoid biosynthesis
rase-like isoform X5
MDP0000317152 13.53 K13407 Cytochrome P450 94C1-like  Cutin, suberine and wax biosynthesis
MDP0000153822 3.25 K13407 Cytochrome P450 94B3-like  Cutin, suberine and wax biosynthesis
MDP0000218691 3.89 K01183  Acidic endochitinase-like Amino sugar and nucleotide sugar
metabolism
MDP0000280265 3.22 K01183  Acidic endochitinase-like Amino sugar and nucleotide sugar
metabolism
MDP0000687619 12.96 K09755  Cytochrome P450 CYP736- Phenylpropanoid biosynthesis
A12-like
MDP0000539956 3.9 K09755  Cytochrome P450 CYP736- Phenylpropanoid biosynthesis
A12-like
MDP0000313394 6.44 K13267  Cytochrome P450 CYP736- Isoflavonoid biosynthesis
A12-like
MDP0000813805 -6.29 K09840 9-cis-epoxycarotenoid di- Carotenoid biosynthesis
oxygenase NCED3, chloro-
plastic-like
MDP0000228070 -5.24 K09840 9-cis-epoxycarotenoid di- Carotenoid biosynthesis

oxygenase NCED1, chloro-
plastic-like

24 HEYBEFESHESERKEGGHR

EMeJARLFR T, SERM YRGS FRE
RAT BEZN(E3). B0 &% 2 7Rk,
K R ZEBRE SRR ENERRZ(1TD), H
UK FI AT T FIERL(101) (KI3; %£3).

TESA RIS L R4 X {H 23 1) HE K (£ 4), MDP-
0000123379 _L- i J¥ 5 k. (12.46), MDP00001301-
A3 R A K (—12.82), — i 22 BRI R
IR £ 1 ¥ i (serine/threonine-protein kinase), M ifi
Wi EZERESH S . MDP0000375992 % % T i
(—4.27), 4ih4U-box4h #4485 H (U-box domain-con-
taining protein), A TGANE LR KRS 5

#3141 . MDP0000603546 i % I-1f(3.56), il
MY C2 3k I 5% Wi 5K #i 2 (5 5 ¥ 5 1% 1% . MDP0000-
855671 %% LiH(3.1), Jid LM B K 1 (ethylene-
responsive transcription factor 1B-like)ifi f#IHERF1/
2iE M, IR 2616 57 38175 .

25 HEM-FEBREERERRSN

FEAGS 9 T PR B 0 i R N AR 22 il L % )
BPTPE LA RS20 I T WO SR A M E s it . A5
o I TR LA IR A AR AL - ST U0 I e 4 T AR
Mo KEGG/r#r R W, fEH -9 5 W T AR @i,
HATOIN R 3 = 5 Rk, AT MERI AL %
FESIEE, S 5EREL MIREM AN —KE &
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I PLANT HORMONE SIGNAL TRANSDUCTION
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Figure 3 Effect of MeJA on plant hormone signaling pathways in leaves of apple

4 on the right side of red frame: Up-regulated; *on the right side of green frame: Down-regulated;**on the right side of
red-green frame: Include both up-regulated and down-regulated genes.
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Table 3 The significant differentially expressed genes in-
volved in plant hormone signaling in leaves of apple under

MeJA treatment

Plant hormone sig- Logs ratio
naling pathway Gene ID (MeJA/CTRL1)
Auxin MDP0000300452 -1.4

MDP0000255223 1.1
MDP0000213864 -1.1
MDP0000143749 1.3
MDP0000221322 -1.6
MDP0000873893 1.5
MDP0000214081 -1.1
MDP0000786165 1.1
Cytokinine MDP0000146863 -1.1
MDP0000285242 1.6
MDP0000225179 -1.0
MDP0000250737 -15
Gibberellin MDP0000227827 -1.3
MDP0000868088 -1.0
MDP0000284679 1.4
MDP0000227056 1.3
MDP0000397638 -2.2
Abscisic acid MDP0000437033 -1.6
MDP0000203818 -1.3
MDP0000283274 -1.2
Ethylene MDP0000275915 -2.4
MDP0000855671 3.1
MDP0000127134 25
MDP0000235313 1.8
MDP0000805422 1.2
MDP0000787281 1.0
Brassinosteroid MDP0000123379 12.5
MDP0000319460 1.9
MDP0000319708 1.0
MDP0000904826 1.0
MDP0000196862 -1.8
MDP0000217213 1.9
MDP0000897962 1.3
MDP0000290950 -2.3
MDP0000620422 -1.8
MDP0000303744 -1.6
MDP0000189315 -1.1
MDP0000741253 -1.0
MDP0000223726 -1.0
MDP0000189841 -1.0
MDP0000130143 -12.8
MDP0000320017 -14
MDP0000135392 -1.0
Jasmonic acid MDP0000565690 2.8
MDP0000187921 2.6
MDP0000889413 1.7
MDP0000301927 1.2
MDP0000603546 3.6
MDP0000242554 2.2
MDP0000029168 1.6
MDP0000900024 1.6
MDP0000226497 1.0
MDP0000290263 -1.0
Salicylic acid MDP0000292425 1.8
MDP0000529682 1.1
MDP0000375992 —4.3

FRORAE: I W 4 SRR AR I RIE R 739

F4  SRFTIR MG A 2 S S R AR AR A e ) O s
(Logz (MeJA/CTRL)=3)

Table 4 The regulated genes involved in biosynthesis of
secondary metabolites pathway in leaves of apple under
MeJA treatment (Log, (MeJA/CTRL)23)

Log. ratio .
Gene ID (MeJA/CTRL) Annotation
MDP0000123379 12.46 Putative serine/threonine-

protein kinase
Transcription factor MYC2-
like

Ethylene-responsive tran-
scription factor 1B-like

MDP0000603546 3.56

MDPO0000855671 3.1

MDP0000130143 -12.82 Probable serine/threonine-
protein kinase At5g41260
MDP0000375992 —4.27 U-box domain-containing

protein 19-like

5 R B BE 1 22 2R 75 2 R 2K Z AR R (LRR re-
ceptor-like serine/threonine-protein kinase), 17
MNERZ 5, RO — ML ZR77 2% EH
#PBS1 (serine/threonine-protein kinase PBS1),
BINERNZHHE. REEERBRKPERE
MDP0000123379 (12.5) . MDP0000263349
(-12.2)F1IMDP0000263768 (5.0) (Kl4). MDP000-
0263349 (—12.2)f1IMDP0000263768 (5.0)3: [F] 1%
WRKY25% 56K+, 61 i 4% Bj 1 A5 5% 3 [ (defense-
related gene)f)i% 5% 5. MDP0000123379% it
(1 8 I ) 7E WRKY 25 11 _F i & ¥ 5 0% 15 5
YEM .

26 ERFREEEAREEESH

BEMLIE E 124 22 7 RIEHE R (T LR B, 54T i
FP)#EATQRT-PCR I o 45 R(1KI5)%& W], 74> LRk
K52 MeJATE 3 5% L, 54T i3 HBZMeJA
FFRE T, WqRT-PCR4 A5 #5240 0 W 4
Rl —8, AREERMGH LS ¥ XHBIEH
ZE90 o

2.7 itig

271 MeJABZSHERMHREPEERBEERE
EIREEE

AR IIMe JAG R T 52 = AL ) B P Mk (52 4 4R
IR, 1995), MeJ AX =R I 75 AEH 21
A ETE T A BE S () E A%, 2009; FEANEE L,
2015), HEBAKRS v RG] A BIRA, 9 A& ) O
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PLANT-PATHOGEN INTERACTION
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Figure 4 Effect of MeJA on plant-pathogen interaction pathway in leaves of apple
AOn the right side of red frame: Up-regulated;*on the right side of green frame: Down-regulated;*4 on the right side of
red-green frame: Include both up-regulated and down-regulated genes.

FEBARIRI] . AHT TR A EMeJAKE R 3 AL
FREAT e F MR, T MeJAKL B XS 3 Jnt fr 22
FOBHEER (FFZI, 48R MeJATRHEHUR SR IR 73§
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Figure 5 gRT-PCR analysis of differentially expressed genes in leaves of apple under MeJA treatment
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Identifying Genes Responsive to Jasmonates in Apple Based on
Transcriptome Analysis

Na Zhang1’2, Xiuxia Liu', Xuesen Chen", Shujing wu"

!State Key Laboratory of Crop Biology, College of Horticultural Science and Engineering, Shandong Agricultural University,
Tai'an 271018, China; “College of Biology and Brewing Engineering, Taishan University, Tai'an 271018, China

Abstract To study the molecular mechanism of resistance induced by exogenous methyljasmonate (MeJA) in apple,
tissue cultured seedlings of Gala grown for 30 days were used as materials. The leaves were treated with 100 pmoI-L"1
MeJA for 12 h. RNA sequencing and bioinformatics analysis were conducted to identify differentially expressed genes
induced by MeJA. Exogenous MeJA mainly affected the biosynthesis of sesquiterpenoids, triterpenoids and flavonoids in
apple leaves and induced disease resistance by brassinolide signal transduction pathways indirectly. The key genes
regulating sesquiterpenoid and triterpenoid biosynthesis and flavonoids biosynthesis are MDP0000702120 and
MDP0000692178; MDP0000123379 was the key regulatory gene linked to the brassinosteroid signaling pathway and
plant-pathogen interaction pathway.
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