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Fruits
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Abstract: STAY-GREEN (SGR) is a key gene that regulates chlorophyll degradation in plants and plays an important role
in controlling plant senescence. To investigate the regulatory role of the SGR gene in the fruit coloration process of
pepper, the homologous gene cloning method was employed to amplify the CaSGR gene from pepper fruit cDNA using
PCR technology in this study. Bioinformatics analysis was conducted on its protein sequence, and a virus-induced gene
silencing (VIGS) vector was constructed to preliminarily verify the gene function. The results showed that ORF of
CaSGR was 792 bp, encoding 263 amino acids. Bioinformatics analysis revealed that SGR was relatively conserved
among Solanaceae crops, and SGR had a closer evolutionary relationship with SGR from tomato and potato. CaSGR
VIGS vector was constructed and injected into pepper leaves, successfully obtaining silenced plants. The silenced plants
exhibited leaf whitening, fruit color changed, and CaSGR expression levels reduced significantly. Additionally, the
chlorophyll and B-carotene content in the fruits of the silenced plants increased markedly. This study would provide a
foundation for further elucidating the molecular regulatory mechanisms of CaSGR in pepper fruit coloration and offer
theoretical support for breeding new pepper varieties with high carotenoid content.
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K9 TRV2-MYB #ifk, &I MYB §% 55 K73l
BRHUAETT RA L A VIGS ULERBRHUE A Al
EE (Comt. pAmt. Kas ), JfRUSSErh ik
SRR RSB B, R R
BT AT ILCH IR 1 CASP,  UUBRAF bR
LR IR R B TR, P VIGS HOARTEH
PO PR D Re 5 ELAT ) R ) O FH T 55 o

A R R 2 T A AE OO S [ 25 €6 B 400 Yy e
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FEFRARR 2 6 b I I 4 VR LR

1 #RlEAZE
1.1 e

PEHC RNA MSCIS AR A B F3EF RHR
AR H AR 17SCa2m, FPE TifE p A 1M iR 5
FBA (19°33.66'N, 109°31.63'E ), RHEUA B
s, RBRIGBEAFF, SEEVRA R A T, -80 C
UKFEIRAT
1.2 FHi&
1.2.1 #MR 5% RNA A cDNA &% HRiE
KR ZHiZ M RNA $2HGAR & (DP441) B
PEMOHRRBUER L RNA, 254 % s6lh &
(AE311) Ji%5% cDNA, g e i i b
RNA 5E#84M:, {i F| NanoDrop ¥iilll RNA ¥
122 ##E % CaSGR A H &% FIH Primer
5.0 ¥ k%11 CaSGR-F 1 CaSGR-R (51 #I( % 1),
DL RT3 2 cDNA SR , PCR ¥ 314 H i B .
PCR S WK & A . 10xPCR Buffer 5 uL. 2 mmol/L
dNTPs 5 uL .25 mmol/L MgSO, 3 pL. 5% 1.5 uL .
TOYOBO KOD-Plus-Neo fiff 1 uL, ¢cDNA 2 pL,
ddH,0 32.5 uL., PCR " #4#% K : 94 °C 2 min;
98 °C 10s, 58°C 30s, 72°C 30s, 1&EH 30¥K;
72 °C 10 min; 4 CLRAF. H 1.0%IBE HHEERS HL Uk
R, B e [T PCR 74 | % 4% pEASY-T1 Cloning
Kit AR ALK AT RS2 S 40 DHS o, 75
PCR ffipk BHME FE Rt A TAY TR (L) I
A BRI .

F1 KHARHH5IHFT

Primer sequences used in this study

51975 (5'-3")

Primer sequences (5'-3")

Tab. 1
L7

Primer name

CaSGR-F CGGGATCCCGATGGGGACTTTGACTGCTTCT
CaSGR-R  GGGGTACCCCTCAGCTTTGCTGCTCTTGC
VIGS-F CTCTAGAG TCTAGAACGTTCATAGTTGTCAAGT
VIGS-R CGGATCCG GGATCCCATCCTTATTATACCACCC

qRT-PCR-F CCTGCTGTTCTCCTTTCT
qRT-PCR-R  CAACTTCTTCCCCTTTTA
CCACCTCTTCACTCTCTGCTCT
ACTAGGAAAAACAGCCCTTGGT

Actin-F
Actin-R

123 SGR A B A #H1z &5 447 il NCBI 4%
P5 % 1) ORF finder ( https://www.ncbi.nlm.nih.gov/
orffinder/ ) T-H.4& B DX 1) TF 7% [ 2 HE ORF il il
PR E AT 1 NCBI 504 & Blastp Jf 3%
PR IF A RHEYIH) SGR A F51 , ffi H MEGA
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7 3 43% i neighbour joining (NJ ) R4 K & i
A3 iEAk 3 2129 3 ] ITOL( https://itol.embl.de/ )
TEL A 924 ; £ ] ProtParam( https://web.expasy.
org/protparam/ )l Cell-PLoc 2.0( http://www.csbio.
sjtu.edu.cn/bioinf/Cell-PLoc-2/ ) PMFE 2% 45 2k 15 I
oy, FHEANEANE A ; ] DNAMAN
AT SGR A P 4T 2 8 H X #T o

1.2.4 VIGS #4kag#ysE  FIH SGN VIGS( https://
vigs.solgenomics.net/ )7EZ #1511 CaSGR VIGS
FB, WA BitsIY (R 1), Dbk 122
Hh ) BH RSBk A AR PCR 9734 VIGS F Bt , 40
FFEAIE S, S5EEVIE ) TRV2 %4, $/k3] DHSa
AZSANM . SN EFDISIE S, o AL R AL
3| GV3101 JEZ 7400, PCR KM AT B B
T VIGS 4555

1.2.5 EHHEMmS Y HFHMGEAERKE 3~ i
ELH, 43 RIPkEC TRV2-CaPDS. TRV2-CaSGR.
TRV2 fil TRV T ALRFF IR GV3101 AL FLRE,
TESH R Z WK LB 5532 3k 28 CReig s
3% 24 h, 4000 r/min .0 20 min, YCEFEIK, H
IINZBE T R Y MES 28 thif f8 0% 2 UK, %
TRV 1 f ODgoo M 0.4, TRV2-CaPDS . TRV2-CaSGR
Al TRV2 B9 ODgoo N 0.2, # TRV2-CaPDS,
TRV2-CaSGR #l TRV2 43415 TRV Z &4,
28 CHE S 3~4 ho ] 2 mL B9 1 2 R e
AZBBF - FE A, T 16 °C, 16 hOGHR/8 h
MpEREgE 3d, #3523 °C 16 h 6. 20°C 8h
SRS N9, HE B AR B AR AL
1.2.6 CaSGR AW &4 HH 120d )5, K
AT A B, BRI . RREERIFN T, R
TR A B BB 5 RNA, 3 Primer 5.0 24
¥t CaSGR H:H ) qRT-PCR S5 1 H1( 2 1),
qRT-PCR JZ W& % (20 uL) A: SYBR 10 pL,
cDNA 4R 1 pL, 1E W51 4%14% 0.8 uL,ddH,0 7.4
uL. qRT-PCR JZ W F2/F: 95 ‘C 1 min; 95 'C 10s,
55°C 30s, 72°C 15s, 40 DMEH, M 3
WEE, Pactin fEINSIER, KA 217
Bt BARSE R Bk 0L, R Excel #A44E
K, FIH SPSS FAAE B &M HT .

127 % F58-#AF FEeomE LIRESH
ORI (CK), Xt R ML B AR 7E 23 C
16h J6iE . 20 °C 8h BEEAMEFM PR RS
120 d, SRIUHABCRSE, HUFE ik 1.2.6, RH4r
SO ENE R SR - MR SR

ES B QIN 2B ik,

2 BEREHW
2.1 M CaSGR ERF W TE

FIUHF:F 519 CaSGR-F/R Flw{ ELEE, DAk
RWUERSEHY cDNA AR PCR 473, LB AEHE
HL KA I AS 5] 1 4524 800 bp 1y 45 (& 1), T
J5 4553 NCBI 9 ORF finder T H/MHr &, %5
[HfX) ORF & 792 bp, il 263 NEIERR . Biiz Ik
[H7£ NCBI (4% Blast, & Bl 53U EU196733.1,
AM746208.2,. NM_001324918.1) f) SGR JE[H—
B, HHArH4 K CaSGR,

M: DL2000 DNA marker.
1 CaSGR EEMI=E
Fig. 1 Cloning of CaSGR

2.2 FaRMEY SGR EE KR R B SHh

FIH SO R ) L AZ AT R )P S 7E NCBI $0d8 1%
RN, PAFEMER ) 27 4 SGR HE [,
HrhHA SGR JEH 3 4>, il SGR A 4 14,
L4 SGR KL 8 A, MHEL SGR A 124>, )
HMERE 1 i R B LR T SGR [ 2 4>, Bl
SGR [FEFL A WP IR 2= T, RAEN R
801 bp, K MJy 1281 bp. HiRHEY ZIAH) SGR
FEARTIKEM > TRESAHE, AR
FftJ (] SGR ik AR XS R 5F o LS Sl S BT KF 7,
FHH SGR H R F o A0 7 T
A 5 A SGR HFEMIEM LRI, 12 AFEE A7
FENFERIR . AfA, 4 A TRIEE o 7E 4R A . 40
Mit%, 7 A EMEAIAE (£ 2 ).
23 SGR ZEAFIIHSFIEX ML X R
ST

FIH DANMAN #4552 i 1) CaSGR 4 [ 4
TR H 5580 . F Y SGR & H T8I T
ZIFHIEXF S R BoR , T IIALLE J 88.94%,
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Tab. 2 Relative analysis of members of SGR family in Solanaceae crops

LTS HEH D pemkn  mgmks  ms 0TH A fr
Crop species Gene ID Gene length/bp  Amino acid length pl Mglecular Predicted -sub‘c ellular
weight/kDa localization
HHR (Capsicum annuum) EU196733.1 1281 266 9.26 29.94 44k
AM746208.2 801 266 9.26 29.94 44k
NM_001324918.1 995 266 9.26 29.94 44k
CaSGR 918 263 9.19 29.60 MR A
7 4= % i (Solanum pennellii) XM_015229006.2 1271 272 8.84 30.55 MR A
19 % 7ii (Lycopersicon escu- DQ100158.1 1206 272 8.85 30.53 44k
lentum)
i (Solanum lycopersicum) NM_001247794.1 1169 272 8.85 30.53 -2 A
XM_004252594.4 1039 247 8.56 27.90 o A
WA LA ¥ (Solanum verru-  XM_049506185.1 1210 272 8.99 30.46 Mgk A
cosum)
720} I 44 2 (Solanum XM_049521326.1 1221 272 8.88 30.46 Mgk AR
stenotomum) XM_049543335.1 948 247 8.90 28.15 %
T, #45 (Solanum tuberosum) XM_015303798.1 878 248 8.32 28.13 HMOE s A
XM_015303797.1 910 248 8.32 28.13 RN A
XM_006364069.2 1177 246 8.32 27.90 o A
XM_006358786.2 1283 272 8.87 30.48 Y ] 70
XM_006364068.2 1182 247 8.79 28.18 R
45 FRMERE (Nicotiana to-  XM_009608848.4 1468 265 8.89 29.77 TR AR
mentosiformis) XM_009628189.4 1291 259 8.85 29.10 ML AT
Jf % (Nicotiana tabacum) ~ XM_016644658.1 1440 267 9.10 29.99 R AN
EU294209.1 805 267 9.19 29.95 Mgk A
XM_016651072.1 1460 267 8.75 29.86 Y ] 70
XM_016642907.1 1289 259 8.85 29.10 SN A
XM_016645914.1 1452 259 8.72 29.08 o A
Fi 22 M B (Nicotiana sylves-  XM_009800664.2 1514 267 8.75 29.86 MR A
tris) XM_009804691.2 1471 259 8.72 29.08 AR
FE U R (Nicotiana attenu-  XM_019401856.1 1523 267 8.88 29.86 MG A
ate) XM_019404849.1 1423 254 8.79 28.68 AR
XM_019406621.1 1012 260 9.00 29.49 MR A
Ul I (Arabidopsis thaliana) AY699948.1 1116 271 8.88 30.75 RSN
AY850161.1 1301 268 8.83 30.05 44k

S8R HM SGR EARFAIAHIL, CaSGR
TE 155~157 b4 3 a5 ( VLK) Sk (2 ),

FIHI MEGA 7 #5444 CaSGR % 1551 54
v EHEY B SGR K H 3 51T R Ge kAL o
Brxgt, CaSGR M 5. LM SGR &
HE L R B, SHHE MR IF Y SGR & it
bR R (F3).

2.4 CaSGR VIGS #k gz

i A A B VIO SRR S 5 1 9 1S CaSGR
SRR RS I E TR (VIGS) #E R B, i
PR B I R T L TR, A R h—3 (A
4), [NSCHE R B, [l X U TR ™ H Fil TRV2
WK, PRGN R BLS TRV?2 #iikiER:, %
fb 3] DHSo Bz g rb, b d 4l Bk ik A T gD
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CaSGR STVAFSKIN

Capsicum annuum EU196733.1 STVAESKIN

Capsicum annuum AM746208.2 STVAFSKIN

Capsicum annuum NM_001324918.1 STVAESKIN

Solanum pennellii XM_015229006.2 STVVESKIN
Lycopersicon esculentum DQ100158.1 STVVESKIN

Solanum lycopersicum NM_001247794.1 STVVESKIN

Solanum lycopersicum XM_004252594.4 SELE. . . .SIIK
Consensus

CaSGR GWYNRT CRCFVVAEWKKVKGRVST

Capsicum annuum EU196733.1
Capsicum annuum AM746208.2
Capsicum annuum NM_001324918.1
Solanum pennellii XM_015229006.2
Lycopersicon esculentum DQ100158.1

@CWYNRIL.CRCEVVAEWKKVKGKN ST H
GWYNRT CREFVVAEWKKVKGKV ST H
GWYNRT CREFVVAEWKKVRGRV ST
GWYNRT CREFVVAEWKKVKGKV ST H

"RCEVVAEWKKVKGKNSL
GWYNRT CREFVVAEWKKVKGRV ST

TFEASKIKVIFIGVL!
TFEASKIKVI FTGVL

KT FRTYTT THSCTTf Eed 98
KT FRTYTT THSLCTTS Sef 98

(FHSNTCEFNKVZCWGFT (S BT
(FHSNTCEFNKVI2CWGET . L1
(FHSNICEFNKVIaCWGELS S

Solanum lycopersicum NM_001247794.1 198
Solanum lycopersicum XM_004252594.4 196
Consensus
CaSGR - . .GUGGGVMNTSETS SFMSVTPWPST . . . . TNVENGTTICCGICECO 262
Capsicum annuum EU196733.1 . .GUGGGMNTSFTS ZEMSVTEWEST . . . . TNVENGTTCCGT CECO 265
Capsicum annuum AM746208.2 - .CVGGGMNTSETS SEMSVTPWPEST . . . . TNVENGTTCCGICECO 265
Capsicum annuum NM_001324918.1 GVGGGMNTSET:! SEMSVTEWEST . . . . TNVENGTTCCGI CECO 265
Solanum pennellii XM_015229006.2 SGUGGVKSTSET: ZFMSVMPWT SSNT CGUGFENGTTCCGT CECO 271
Lycopersicon esculentum DQ100158.1 GGVEGVKSTSET ZFVSUMPWT SSNT CGUGFENGTICCGICECO 271
Solanum lycopersicum NM_001247794.1 SS. . .GGUGGVKSTSET! 2 FUSUMPWT SSNT CGVGFENGTICOGTCECO 271
Solanum lycopersicum XM_004252594.4 STTTINSSSSEFGCICVEN ZSTRKT . v vvvvvvnnenneennnnnnnns 247
Consensus
B2 SGRZERFF3IEIRLT
Fig. 2 Homology alignment of SGR sequences
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Fig. 3 Analysis of genetic evolutionary relationships of SGR in Arabidopsis thaliana and Solanaceae crops
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M: DL2000 DNA marker.
B 4 CaSGR$EF 51 PCR # 1

Fig. 4 PCR amplification of CaSGR target sequence

X IR AT §F TRV2-CaSGR [Ei gk (K 6 ),
Shy RS B PR R AR, OISR AT AR 1) SRR

RS, M qRT-PCR 4347 CaSGR K (R ik .

gimon (F7), 3 S d BMUR 52 CaSGR

TRV2-CaPDS

bp

12 000

4000

1500

250

M: DL12000 DNA marker; 1: TRV2-CaSGR #{& K &1 ;
2: TRV2- CaSGR #{ A& B .

M: DL12000 DNA marker: 1: TRV2-CaSGR vector undigested;
2: TRV2-CaSGR vector digested.

B 5 TRV2-CaSGR #{FHIEILEE

Fig. 5 Restriction enzyme digestion of
TRV2-CaSGR vector

SRk B B E AR T XIIRA, BERRITERZ
2 IS8

TRV2-CaSGR

6 VIGS 5 /5B ME kR A
Fig. 6 Phenotype of pepper plants after VIGS injection

26 MERESB-HE PEMNE

N X BRI 3 AN DT BRSO AR 11 SR S 2 R
5 p-i% PERSE, SRER (£3), 34T
BRBUEAR AR R S - PR ERES
FXFR, e R S R R IR 235, 4.92,
2.07 £, B-HE DR &R HEXTIRT 2.60.3.21,
3.22 1%,

3 itig

A58 1 TERE B CaSGR K, # 2 VIGS
AR, IR DUEPR FR b 5 BURUER L A AE G
MER R BT DR SR, NIRAMRIZERTE

BB S22 €0 R v A4 AR AL ) S
AR MRS TR 792 bp. FihS 263
A SRR EE D 7 B, 580808 R B SGR A
JFFIAH L, CaSGR TESS 155~157 i B AFAE 3 &
FERRBRAC, X — 22 5 I RN S A I 2K %
fife 7= A R o (HFE A NI ZT H A S G DX
278 Al 5 ke SGR H:[H DBkl 4 Liu 250
TEBMU SR RAR R TP & # CaSGR1 ZwAi%IX 26 342
PR G RAS R A, SFECER 114 f &L
TR 1 T, BRI AL ; EFRATI %P4
WFE R R M L ol PR B, 46 340 (A% TR
RIS T RARRE C, &Mt Trp 280 Arg; 1F
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%46 &

15

1.0

*
i i I l*
0
CK 1 2 3
TRV2-CaSGR
FEi#k Plant
*RARLFZES (P<0.05),
* indicates significant difference (P<0.05).
B 7 CaSGR ERimEZ RGN
Fig. 7 Detection of CaSGR gene silencing efficiency

&3 FHM CaSGR ERMEKKRANMHEERS
B-AZ M RHIWE
Tab. 3 Determination of chlorophyll and p-carotene in
pepper CaSGR gene-silenced lines
B-TA% MR G

B-carotene con-

Xt RIA R
Relative expression level

g B
Chlorophyll con-

Plant tent/(mg-g™") tent/(ug-g™')
CK 0.014+0.003° 8.24+1.37°
TRV2-CaSGR-1 0.033+0.002° 21.43+1.98°
TRV2-CaSGR-2 0.069:£0.005° 26.47+4.33"
TRV2-CaSGR-3 0.029+0.002° 26.61+2.85

T ARNGFRERREREE (P<0.05),
Note: Different lowercase letters indicate significant differ-
ences (P<0.05).

Tt iV i g A rp Lt S A
GEAF . DI B SR e s

CaSGR VIGS #iA& i il T4 g R il 52 i A A
Th Rt T MR R B, AWFssil it A i
BHEESCEL T CaSGR FEK I TTER , UTERAERERT i
MR e, Rt kg2, [FfE
PRl ik &t 25 FRAIK, JIEBH T CaSGR & [ 7E BRARR
SR BT A EEAEH . MUTBRAE R R 5L
it RS B MRS ENEENN, X507
NFEWFFE SGR 5 A TER I BH - A A 1 22 AN K —
B, g % U9H] F CRISPR/Cas9 45 AR 4t % i
SISGRL JE[H, PHYEAERE R T RS04 % . B-iH
# NEMEFMAOZFREERS; HU S04
UUERF %) SISGRL, TLERAE MR I - FIER SE Ay -4
KM% ; ZHOU %258 534 RNA T4 MsSGR
PRI S B TER R, VIR PR 20
4tfa,, {5 SAKURABA ZUHFST IR 27 i
STAY-GREEN2 ( SGR2 ) &N INRE—2, M5t &
PR — DRI E T, R R g AR rh

LR, ANWFSE R Y CaSGR 3 [H AT it 5l Fg T
SGR2 A J& ] — 2 A0 | AT I fig 2 3 IR
SRR T B TR AR AR v i 2 R AR 2%

ABFFEBG T CaSGR ik [H] 5 HUHUSR S -4
RO B-HHE N RS RIS, HEMKW T
BUHI AN TG AE , AR — PR E . ARk nl F B
RERUZRAC | G e ILYTTE SF BOR i1 5 CaSGR & [
MHEAERME R, WEHEEML . FE, 80T
PLR ATz 3L K B s sh T 1 91 5 5 e K 1% i
S N R A i A8 o 45 04 35 R A AR LA 2
FEFLA . 57 CaSGR 78 HUABUR AL 25 (ad 72 rh 1 1A
AR, KA THESIENE MRS RHM
Bran A, SETHER E TR E AR S E

2% 3Tk
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