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Abstract: [ Purpose] To analyze the transcriptome and metabolome of a tobacco Orange protein
mutant, providing a theoretical foundation for cultivating tobacco with high carotenoid content.

[ Methods ] CRISPR/Cas9 technology was used to obtain a tobacco NtOR gene mutant (line 208)
with a three-base deletion. The differential genes and metabolites of the mutant lines were analyzed by

transcriptome sequencing, non-targeted liquid chromatography-mass spectrometry (LC-MS), and gas
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chromatography-mass spectrometry (GC-MS) derivatization and headspace injection techniques.

[ Results ] The contents of B-carotene and violaxanthin were significantly decreased in mutant line

208. Transcriptome analysis showed there were 10 369 differentially expressed genes in mutant line

208, with 4 178 up-regulated and 6 191 down-regulated genes. Metabolome analysis showed that

mutant line 208 had 160 different metabolites compared with the control. [ Conclusion ] In mutant

line 208, the content of carotenoid decreases, and the zeaxanthin cyclooxygenase genes in pigment

metabolism pathway are down-regulated, and the contents of organic acids and diterpenoids are signi-

ficantly increased.

Keywords: tobacco; carotenoids; Orange protein; B-carotene; violaxanthin
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AT AR RS, HE Ml 8 MR
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R g R R 4 (o B E S R A
1K) S 5HYCAEERY, W&y (i
P R 4 P R DU 55 AR B B AR AR e D A AR K
KA, KA N FEEEMEF AR IR,
i ) WA IR R R AR A, AR PR . B-K
R AR BT, S e A ) R
TEMR MR A L B AR R AR b AR
H, RIS P ERNHERE . R B
15 SR A S RAS R B, BRI, AR S
I 2 BOHCRE it ) 1 i R AR RT 2 X R i 1
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Orange (OR) %: K e R AEAE M=% (Brassica ol-
eracea L. var. botrytis L.) T #{ KL, H B EZRA
FECLIANA, fHEYSESIEAY, OR
BRI RAREM B, S5 EaE
PR EEFR 25 M B, FEZ R RS, N
AT L E A (phytoene synthase, PSY) Z&2HH
¥ N EAREE TR RR Ry, Hat R R
R PR SRR, MR R OR
B AT A A SR S AR PSY TE M, TR MRS
B RNRERMER", 2P, imIT (Ara-
bidopsis thaliana) . W% [Dioscorea esculenta (Lour.)
Burkill] FMIZKFE (Oryza sativa L.), 133K OR JEH
Birefem i bR AR,

CRISPR/Cas9 £ AR HAT#AERT B . Pl =k
A, THIZN TSR g, 2015 4,
BTN G AE @ A0 57 T CRISPR/Cas9 HiA

K%, FESLBLT X} NePDS F1 NtPDR6 JEH 7 5
AR R, CRISPR/Cas9 43 AR 22 Y FH 4
L PR ) R 6 UE AN S8 AR AR U, AT IS
CRISPR/Cas9 4 [H Ji 5 4H5 R 445 T 4 H NrOR &
HRAS A5 /R &R 208, JFIE FIAr#r 1% 28728
PR BB Fr B2 8 D 25 i DA AR 2 R
HSRAM AL, B ER /R NOR R A 251
B NEERBGEB T RER, vl S TR R
S N RNy G Wre s e 8 1

1 MREREZE

1.1 GuiB A A R AR AR 315

B S LG R G0 A Y 28
CRISPR/Cas9 ¥ F Vi Fg K¢ F A i i i s,
TS NtOR SR 9 4
1.1.1  CRISPR/Cas9 J [k 45 38044 (44 i

PLPLFE IF AtOR 3% X (Arabidopsis thaliana,
AT5G61670) HEH )T HI NS %, FERIGWESH
F R 4 B0 % (https:/solgenomics.net/) H 17 [A]
TR X, SRS ) OR B T H .
DNAMAN" 6.0 ¥ (#1722 WFl OR HHFIIZ
AT o 3K LEH A 4 46 3 38 O R Y AL
FMRAR B (Nicotiana sylvestris, XP_009771548.1) .
WBRME (V. tomentosiformis, XP_009599295.1)
WIFIY (A. thaliana, AT5G61670). i (Solanum
Iycopersicum, NP_001315338.1), #% N (Daucus
carota, KZM92469.1), MMM (Gossypium austr-
ale, KAA3456878.1). WRERE (Actinidia rufa,
GFY84422.1). %7 (Perilla frutescens, KAH6790-
465.1), %% (Ananas comosus, XP_020085475.1)
FZ WK (Sesamum indicum, XP_011084764.1),

M NtOR K 1) 35 K 4 DNA J¥ 51, #H]
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TE 2L M 3 CRISPR MultiTargeter (http:/www.mul-
ticrispr.net/index.html) 1% 7 sgRNA 47 5, #EHL
1543 i 3 B AZ AT R 7 51 (GTTCCTTCTATAGAG-
ATATC) & B IE M1 519 (F: 5'-GATTGTTCCT-
TCTATAGAGATATCTGG-3") Ffz[m 514 (R: 5'-
CAAACAAGGAAGATATCTCTATAGACC-3"), ¥
ARG FHRCGE KRR BE R 100 ng/ulL, 1E. X
659145 B 5 uL A %2 PCR & 1, PCR {XAYIE
KA R 95 °C A8 2 min, B 8 s IR 0.1 C,
£ 25.0 Co IBKJFIE N RET 52T 5117
W45 (5'-GATTGTTCCTTCTATAGAGATATC-
TGG-3', 3'-CAAACAAGGAAGATATCTCTATA-
GACC-5"), YENMHEM A B

fii FH Bsal B i 1% P V) i3 i U] CRISPR/Cas9
ik, B E RS B e Bagis, BuEE
P 10 uL A E] Trans-T1 BSZ 840001, B
1B2), UKt 10 min, 42 °C #4390 s, 0K Rk
Z AR K 2 ming BUFEAL A 60 pL 1
AJAT T2 50 mg/L RARE Z 119 LB [ 445 5;
T 37 C THFE 12~18 h, FEHLERECAE VA
FRPEHUTRL, fd I 514 U626 (5'-GGATTG-
CAAGCAGGCATCAA-3") Fil U627 (5-CGCTTCA-
AAAATCCCTTCCAC-3') #47 Sanger /7, #iik
H & A B2 1IEH# A CRISPR/Cas9 #H/1A
1.1.2 NtOR FE R G4 MHAR () 61 i)

K HARFF R A TR 835, X8R CRIS-
PR/Cas9-NtOR 4 45 2 /& 17 # gt 1% % fb Fn 4l
Fokue, JEXTMR B IS8 N R G A O
NtOR #4744 . Rt bR iR 10d 5, B A
HEAT NtOR FEDH G AR R IN o 2 A0 A6 I foff FH A R Ik
BGISEQ-500 ¥ 5, K] PE100 /52 A 347
EE R, MFESIYR F: 5-AAACACCTAC-
CACTGGCCAC-3' fllR: 5'-CATCGGAGGCCAT-
AGATCGC-3', #kit &g T, FCmkk, kb
JE AR B R ey % T T, AR 4 BT R AT
NtOR PR ZEAEKM , Pk & A 4l & g i T, 18
FEARIFWCRD PR %, T T, 18 4 mH
PR A 64T NtOR FEHRASKGI , Fe4& 345
ali 5 TohRZE ) Ty RIS R 208,

1.2 AR ot
1201 ARESPEENEHE N5 &

SR FHA [y €20 28 A0 AT ARSI i S S ff R - o

A N i, USRI TR 2 9~11 F

2 RER L MEYEER, R 3 A EYF
A R RO, — 2 A
FF, TR SRy o FREUAR T HE R
20 mg, A 90% PN EH% W 1.5 mL, 7K H
30 min, LA 14 000 r/min B0 10 min, 75
500 pL E PRk, FAEE Agilent 1100 &4
WAH AT (Agilent 22 w]) SEATREIN, FRiFolifs >
95%, MH&RER b IR 428 nm, HAB G4
ERIRIIE K 448 nm,

1.2.2 T S — g B (LC-MS) B 1)
AR 7] T3 VA AR B 23

FREUGZE TR 20 mg, IIAZZBGRF] (75%
FE) 1.5 mL, #iE 6~15s 5, 7E30 °C. 200 r/min
TYRFEARE 1 ho L4 14 000 r/min Z.0>» 10 min, HX
iE W 800 uL EHEAEIEFT LC-MS 4387 (I-Class
B SO AH 35, P E Waters 23 7))o R Pro-
genesis QI F/F AL R , SR T AR —fh ik
TR A &, B dH SIMCA 14.1
BATHATEET o o
1.2.3 BT —FHEEH (GC-MS) B[
IE WS

PR B T 0 85 K 20 mg,  fin A € B 5
Vepm Vo - Vx=3:3:4)15mL (%ﬂ‘%
BUARI & 1 pl WhR =, H 2 pg/mL),
A LhJa, e 2 W, &K 30s, LI 14 000 r/min
B0 10 min, HUEIHW 500 pL & 2 mL #EE 35S
PR, JFE RS T Uk4E T . A 20 mg/mL
4R M I BE VA TR 100 pl, IR BE 2 WK, FFIK 15 s,
FEAE 37 €. 200 t/min FHFE 90 min; JIIAfELE
1k 7] BSTFA 100 pL, %€ 20 s J5, 7F 60 C .
200 r/min FiE%efk 60 min, A5 % EE G Ut
17 GC-MS 73 #7 (Agilent 6890 Z %1l < HH (4,154
Agilent A 7))ol 4> 99 41 5 £ 85 W A5 =X
(Scan-SIM) BB HE , i FH AU i # o 33~
600 m/z, 5 ZEIR B [E) 4 5 min, $H5 8 N
2.59 scan-s ', S A ES FUR AO IR EE 43 51 A 280 F
230 °C, il gs L R4ERFAE 1.2 kv, T RE#EGE
=R 70eV,

1.2.4 2T GC-MS FAR BT AS #hFE 7%

FRECHE MBS K 1 g T 20 mL T 28 gEAE
JE'S %5, YEAT GC-MS 43 #7 (Agilent 7890A X,
IS RGN 7697A TZs HEFERS, Agilent 23 F]
5977 JEE R EE, MSD), {GiH: N Agilent
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DB-5MS. FERAAWILG I 40 °C, LL5 “C/min
K 80 °C, H¥2k 2 min; SRJFLL 5 °C/min BEHNE|
150 °C, 4L 5 min; LA 5 °C/min BEHNF] 200 °C;
I JG A 10 °C/min 35 NF] 280 °C. EAEARF 1 L,
SRR HELE N 1 mL/min; fEHZ R 1
PRIAIELEE 25100 280 F1 230 °C ALRSAMATRY, il
AR =T MR B G TR, DRSS
e, RHASPMBACRESIE, FkHauFEx
B A 33~600 m/z.

1.2.5 UG5 Hr J7v2:

SR HH T 52 i e /IS 3R ) 43 B 128 R A I 65
R M T Z e s it , AR
PR AH (variable importance in project, VIP) 2%
& PIHTHELE R, [FIEHE 2 VIP>1 F1 P<0.05 1)
AR RIS 22 AR
1.3 B0t
1.3.1 RNA $ZH

fifi FH R M A= {6 BHBL (TIANGEN) 1) RNAprep
Pure 205 & 5 O B 750 RNA S BT FE
RNA MBI RT 6.4, HEfFAEEN Ty
1.3.2 cDNA Rz

i F3& A F 1lumina 1 7 ~F & ) NEBNext”
Ultra™ RNA SCEEil #0070 & (NEB, 2[H) Hy g
cDNA 3CJ%E . fii i} QRT-PCR X SCIEA Rk i AT
HEWE B, OEARORET & T 2 nmol/L, LIfR
WESCAE o £
1.3.3 )P H s 5 SRR AT )
Eb Xt

DU v A 5 3 R SO R ey A RS w5
Wio 4 TopHat2 3444 i i £ i (clean reads)
5B M0 HE 2 2% JE A 4 (https://solgenomics.net/)
HEATLORT, RITES 5 L A s 5 Y | i 15
B IR SRR B P SRR .

134 ZpRRRIE D

fdi 1] DESeq2 #fF i 47 22 5 38500, LUTT
B ERRBEN, HEFREENITE R
BT SEARY (transcripts per million, TPM) ¥,
1.3.5 ZRHEH GO 73l KEGG & &4 i

fifi H ClusterProfile {4 X} 2= 5 F PR AR E 47 2%
RIAAKIS (gene ontology, GO) Hifes#hr & KEGG
W EESNT . T KEGG H e %, BENE
SN BEBOE NBEG I P AH (Pyg) /T 0.05,

2 BRESH

2.1 FRAHIMHE OR KR 2wt 548 1

F B AR S 2 B R 4] v 3RS 2 4k DR D
FERE A, 43518 NtOR (XP_016501308.1)
FI NtOR2 (NP_001312150.1), Z@ILHRF5 £ It
MEER R HEMAR OR £ 2 ML (NtOR
F1 NtOR2) 431l 2K Y5 F AR FEFN 25 B AR UH H 1 OR
JER (K 1a), MR OR FETFHIEEIESE, NtOR
i 1) LR JF B N it 75 A OR RER 45 A 1)
CxxCxGxG g5 #y4,, 5HABYF ) OR IR ¥
IAHBLUE X 79%; 4HE NtOR 5 Z i SIOR f)
F 7 8 R PR B, 36 86.22% (1 1b). b4k,
FHE R IZIE R R 8 MM E TR T A AR
(¥l 1c), KB OR & 4w It I AE M7 g N 2 A
ORI

R4 NtOR e [H i B 41 DNA 31, it
T[] NtOR FEH BRI A (B 2a)0 Xt To 1R
FHERE R Y NeOR JE PRI HEA T sl s Y, 4 HAC
LS TR, AR15 T NtOR L KA 44 B0 Ty
FRBEPERE R ("5 208), IXMIIE Y NtOR % [H B
KT3I (TCT)(E 22), SEFNFR)E =P8
25 SRR (5] 2b).
2.2 AT N RS ERN

FIE 3 AT S50 BRI AR A L, AR R
208 SRR bR G WA R, JoHE
B-H 8 N AL Y & B RN, XK
NtOR K B 52 R T MR B v - 88 N RN %8
A A
23 RAERRAAC B

BAR 2 AR/, (HEET LC-MS R
R [ AT T 1 136 2= R . Kl 4
AIHD: SR GC-MS $ A i fi5 Az A7 Fn T 25 kB
P I E 10 A1 14 D250 . S5 XT R
FRAALL, RAEMRZR 208 A MR . i3S, J5F
Tl KIS & i W TR, R
A= W BBURIT 5 B2 574 5 ) S S AR
2.4 GBI A

H I S AT S50 BRI AR A L, AR R
208 HALAINE] 10 369 422 FRBFEH , Hrh |-
FER 4 178 4>, TR 6 191 4,

HE 6 Al 225 RIRFEH R Y —
IR R BAERAR; R A BGER . RNk
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100 | !NsylOR (XP_009771548.1) nzgiz
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ld = NtomOR
76 'NtomOR (XP_009599295.1) S10R

SIOR (NP_001315338.4)
PIOR (KAH6790465.1)
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GaOR (KAA3456878.1) e
ArOR (GFY84422.1)
AcOR (XP_020085475.1)
AIOR (AT5G61670)

19 L‘
39 DcOR (KZM92469.1)
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5" . . . . . . . 3’
0 kb 1 kb 2kb 3 kb 4 kb 5kb 6 kb 7 kb

@ 4ifF5) coding sequence  —— N5 intron

TE: ZIHERRTE N CxxCxGxG JE/F7, ZLGHT LIRS 25 M di.
Note: The CxxCxGxG motif is highlighted in the red box, and the 25th leucine is indicated by the red arrow.

1 MBESHMY# OR SEERFTIRELXT
Fig. 1 Alignment of OR amino acid sequences from tobacco and other plant species
a)
CCAGATATCTCTATAGAAGGAAC #5731 target sequence
CCAGATA---CTATAGAAGGAAC 208 (-3 bp)
b)
>NtOR
MVCSGRILCLSCSTTPFCPSTSRYEYRRNLRNNTNNIKWRSMASDADASA
FTTSFDSESSDITAPGFCHEGPETVEDFAKMELQEIRDNIRSRRNKIFLHM
EEVRRLRIQQRLKSAELGILTDEQENELPNFPSFIPFLPPLTSANLKQY YAT
CFSLIAGIMLFGGLLAPTLELKLGLGGTSYADFIQSMHLPMQLSQVDPIV
ASFSGGAVGVISALMVVEINNVKQQEHKRCKYCLGTGYLACARCSSTGA
LVLIEPVSKFNGADKPLSPPNTERCPNCSGAGKVMCPTCLCTGMAMASE
HDPRIDPFD

o a) ¥EAUTHI SIER GBS BB A5 b) SiE NeOR JER St i Z 3R 51 B3 25 15228 (4T bR,
Note: a) target sequence and deletion site after gene editing; b) the amino acid sequence of the edited NfOR gene, showing the deletion of the 25th leucine
(indicated in red).

B2 REHRFR 208 § NrOR EFFE S FFVEREALS
Fig. 2 Target sequence and deletion site of the NfOR gene in mutant line 208

B hER ES T i
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’T“ - 1 L
o § 600} 00 700
PE 801 T
Eﬁ 2 500t * 60 600
4 g 40t
% .20 400 500
g o 20

300 0 - 400 -

CK 208 CK 208 CK 208 CK 208
TRk

T IR EREE (P<0.05),

Note: “*” indicates significant differences (P<0.05).

&3

tobacco plant

RIEHRFR 208 FUAHIF M ME RS E

Fig. 3 Pigment content of the middle leaves of mutant line 208 at maturity
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b) "
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[ I N N 1P phytol ©
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y y
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[ [ |

2,3- " &-1,1,5,6- VU H -1 H-2fi 2,3-dihydro-1,1,5,6-tetramethyl-1 H-indene
CK-1 CK-2 208-1 208-2

TE: a) BT GC-MS HARMATE I b) BT GC-MS BEARM T HEH T
Note: a) derivatization method based on GC-MS; b) headspace injection method based on GC-MS.
B4 ET GC-MS #&MREMEk 208 53tk RAZEFRHIHRE
Fig. 4 Heatmap of differential metabolites of mutant line 208 and control plant detected by GC-MS
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Note: FC. fold change.
5 ZREHRFR 208 Fx BRIEMKIVEERIEER

Fig. 5 Differences of gene expression between mutant
line 208 and control tobacco plant
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