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Abstract: Tomato ripening involves the coordinated regulation of key agronomic traits such as color transformation,
texture softening, and flavor compound accumulation. Elucidating its molecular mechanisms is not only a central goal in
postharvest biology but also crucial for improving fruit quality and achieving precise control of storage duration. In this
study, the functions of SIBEL1, SIBEL2 and SIBEL11, members of the BEL family of transcription factors in tomato,
were systematically investigated through multi-dimensional experiments. Phylogenetic and amino acid sequence align-
ment analyses revealed that SIBEL1, SIBEL2 and SIBEL11 possessed highly conserved protein domains, suggesting
potential functional similarities. Spatiotemporal expression profiling showed that the genes were synchronously highly
expressed during critical stages of fruit ripening, from the breaker to the full ripening stage. Using CRISPR-Cas9 tech-
nology, single-gene and triple-gene editing lines of SBEL1, SBEL2 and SBEL11 were generated. The single-gene edit-
ing lines CR-SBEL1, CR-SBEL2 and CR-SBEL11 all exhibited a delayed fruit ripening phenotype, while the triple
editing line resulted in impaired reproductive development, failing to proceed to flowering and fruit setting. Furthermore,
reverse transcription quantitative real-time PCR (qRT-PCR) analysis revealed that SBEL1/2/11 modulated the expres-
sion of multiple ripening-related genes in tomato. Collectively, the results demonstrate that SIBEL1/2/11 functioned
redundantly to coordinately control the fruit ripening process. This study identified novel targets for the genetic im-
provement of tomato fruit ripening.
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RELEM T KB IEHBNEYSE, TEAL
fEEastgrh B A EEA, YR A b
F. 2 L LS Y TR EEORIEN
& ( Solanum lycopersicum) 2t FL{E RN )12
PR IR G2 —, EA MR . ERME
FEERE A, AR TRIELAME T, Fai
LA E NN A F i, xR &
TEM AR R | AMRE i S I | SRR i
A AT

RELRBREIRTZE 2255,
{55 51 (transcription factor, TF ), 1EN¥%
SRR F I8 1 T4 o R g A R R S s
R E DNA JPI, eAs Rk K, DiEil &k
BRI A YRR AN RS R (A R ORI )
Ot R, SRS DNA 254 ] VR 45 #4 1sk
( homeodomain, HD ) i) TFs #%35 & M [RITE &5
H, 3R BIIF454 DNA, M 3L £ ik,
RAEMEREBTIG LSS5 EY, SR ILRR IR
( three-amino acid loop extension, TALE ) [A]J#%}
Py S 7 R — KR E RSP E B R ED,
H I AYZERGRENE SR TE 2 — N5 A o iR ieZ 7] 2
3 ANEIERR RIS MY P TALE & AR %
Ff KNOX ( KNOTTEDI-like homeobox ) #il BEL
( BEL1-like homeobox ) PIME5KTEZL . TALE
HATEMY R . KR T . AMRE I
H F T 25 5 i v e 3 AR O,

FEH DRI TS 2 DN TEDhE
FETEER P B A S, (145 B R 1 Bl 2k B 5
AR TT REAN 23 B 3 S e AR AR ) R I B AR
PR g JH At 32 DR AT AR LT RN X R T A P i
it BARIE RS LISy, JFnT B AR W iR ik kb
o,

BB D BETUA & i AEAE R, Al — R K
T ) B B3 22 A AT A B e By [l AT fe
TUARI T RETE B R . JA-ZIM Z5H438, (JA-ZIM-
domain, JAZ ) Z xR K2 59875 K F(BR ( Jasmonate,
JIAES5S MA 22 P2 Salvia miltiorrhiza)
HsE 9 > SMIAZ LN, SMIAZ1/2/5/6/9 TE JA
BRI PISIE R RBOEEN, BXHHHER B
(Sal B) & B RIS, RBLT HIREM)
TUAME . BT WIP K 78 V8 £ L 3%
( Arabidopsis thaliana ) it F 1 2 i R /N T 2 3
HB A TUAY I RE , wip2 wip5 XS AR A TE I A Bk

B R A R SR U TR 4R R 4
gifads P CEE R, LIU U ZmCLELS
X ZmCLEL7 #43 TUAR W AMERLE]  FEABIR Z B
TR TS T 5K (Zea mays) =i,
WA AT TR A SR 7 36 5L ) SRNRL2 A1 SRNRLL
FET AN AR R . SRR A Y R AR RO B AR
FHE I i OCHEVE T, 278K sirnrl 1 SR A6
PRI/ . ISR A R SN R T, drnrl 2 2878
RARRIARAT AT LA R, (AR K Srnrll
srarl2 Tk kB, M iES: SRNRLL il
IRNRL2 DifigI04r, HMALE . A RMETE
DA S H h—Fh RNRL,

A PR A2 3 X 3R il s - SIBEL11 i
FTOIRERAEM T, RIS 5 EIR I ik &
HAM SRR R, IR R S
NERE KR RARG LT SEH
SER AT | 300 S S B O A e SR A T X S
( Reverse Transcription Quantitative Real-Time
PCR, qRT-PCR ), CRISPR-Cas9 415 {5 [H i
FARETFB, s — LA it % ¢+ BEL &Kk
Wi SIBEL1/2/11 M4y 3t

1 #MBE57RE
1.1 #r#

LR A kL 7 i ( Solanum lycopersicum )
Ailsa Craig (AC) fbfl, SIBEL1L J A g A bk
T H R A B R 5 TR B R AT RS
BRI+ SIEA R 3 - 1IRA . B4 A
(WT) KHEH g R RE T A TR,
B st HORE N 25 °C, JEfh 16 hot
H8/8 h RIS, FHXNHZIE R 80%. LAEZRSERITIH
HARHEma] WAEK v Z HARIC TR AESS 0 K.
KA LRES G, SRV TFWAT#E G, M
¥R 2 -80 CE IR KA IR AF A o
1.2 FHik
1.2.1 SBELV2/11 ¢ #4582 5 4 Fi. il
BT . b AR R ARG & 5L R JF 41 L NCBI
( http://www.ncbi.nlm.nih.gov ) 54 T 4% fdi 7
MEGA 12 84T 27 9 LA, SRR AR 21845 1l
RGBT, KR T A ITOL ( https://itol.
embl.de ) 7L AT R AW ILI . fiTH
InterPro ( https://www.ebi.ac.uk/interpro ) 7££& 54
H1ATOL A T30 £ 19 45 14 S8l 22 11 2 11 45 4
NEE . it Swiss-MODEL ( http://swissmodel.
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expasy.org ) FELAKAF T H 1Y Z LR T H 1) — 9%
g5k, AR “.pdb” SO, KEE5 R S A ESPript
3.0 ( http://espript.ibep.fr/ESPript ) 7ELR %At , %4
il R P 51 H R B

122 ARBHBAMERMREEN B E
2 HRAE I AR Ml R 27 X Y S 36 5 LT I A A B TR
G gk Al O U (AR R B CRISPR-GE
( http://skl.scau.edu.cn ) BT FE P g4 40 o5, H:
Hh P RE DR 2 B AR B3 2 MBS, SIBEL1/2/11
SER L g A S 6 AN . RAIE S PCR
AR ST sgRNA ThEZ 85| AR, TR
sgRNA Kik &, 21 sgRNA RiE&HA
pYLCRISPR/Cas9 #f& rh k173 3k . fifi Ff CRISPR-
P2.0 ( http://crispr.hzau.edu.cn/CRISPR2 ) 7E £k #k
- F1 CRISPR-GE {4 T 0 Jit $E 57 45 o 454 41

B AL BRI AR AT R AR GV3101 hifFfTER
ik, IR E R YU E (Hyg ) %8 i vk
PR

123 & RNA #®& R A= qRT-PCR 247 fii
RNAprep Pure Plant Kit ( TTANGEN BIOTECH,
Beijing, China JiE | &4 HUS RNA , J+4i /1 FastKing
gDNA Dispelling RT SuperMix ( TIANGEN
BIOTECH, Beijing, China ) 7] &K & RNA ¥ %%
5N cDNA, f#i H SuperReal PreMix Plus ( SYBR
Green ) ( TIANGEN BIOTECH, Beijing, China ) 42
UL RNA #£47 qRT-PCR., ## Qactin fE NS
FEH, SRA 274 ik AT B DA Bk Y3
AU A BRI R ok @ 3 ANt S S8 Y
B + b2 1 GraphPad Prism 10 5144 1l
BB A A S 1 R 1,

*£ 1 gRT-PCR 3|#

Tab. 1 Gene primer used for quantitative real time polymerase chain reaction primers
N BEH i = Em5IY (5-3") K5y (5-3)
Gene Gene code Forward primer (5'-3") Reverse primer (5'-3")
Sactin Solyc11g005330 ATCCACGAGACTACCTAC CTCATACGGTCAGCAATA
SAC Solyc01g095080 GAAAGAGTTGTTATGGCTGGTG GCTGGGTAGTATGGTGAAGGT
SACHA Solyc05g050010 GCTCGGAGGTAGGATGGTTTC GTTCCTCTTCCATTGTGCTTGT
SACO1 Solyc07g049530 CAAACAGACGGGACACGAAT ATTGGATCACTTTCCATTGCCT
SETR1 Solyc12g011330 GCCTTTTATCTTCCATCGTGGA GATACTTCATTAGCAAGTCGTCA
SETR3 Solyc09g075440 ACTCTCTTAAACGTGGCGGG GTGGGCTAATTCCACACCCA
SEIN2 Solyc09g007870 CCACTAACTTGGGATCTTGGTA AGAGCTGGGACAATGGAAATAA
SEIL1 Solyc06g073720 AGGCTCCAACGACAACTTCC ATCCAATGCTAGGTAGATTTCCG
SERF2 Solyc09g075420 CGTTTGTCATCCACCGACCT GTCACGAATTTCAGCAGCCC
SRIN Solyc05g012020 CAGCTTGAACGTCAATTGGAT CTTTGCTCACCACAATGCCA
SCNR Solyc02g077920 ACATCCTTCTTGCCAGGTCG GCCTTCGGCAACTCCTCTTA
SINOR Solyc10g006880 AGAGAACGATGCATGGAGGTTT ACTGGCTCAGGAAATTGGCAATG
STAGL1 Solyc07g063420 ACTTTCTGTTCTTTGTGATGCT TGGATGCTTCTTGCTGGTAG
SFUL1 Solyc06g069430 GTTTTGCCACAACAACTGGACT CTTGCTGCTGTGAAGAACTACC
SPG2a Solyc10g080210 AGCTAAGGGTGATGGAAAAAC TGAAAAGGTGATTTGCTTGAGA
SES8 Solyc09g089580 GAATCCTCCTAGTCCACAAG GAGACCGAGACCTTCAGA
2 ZHRESMH J¥ 540 & BEL MR 111 1 SR S5 SR AET™)

21 SIBELY2/11 BEE ARG #HX S

T NCBI Bl %, #Aifjf5 %] SIBEL11
( Solyc11g068950 ) MR ILFRFH], ELEYFP T
i, WUEIT . B85 (Solanum tuberosum ), B
( Capsicum annuum ) #E47 [FUE T 5 XS . T k]
EPER R 18 SREFEMRITH), HA kI THlr
IF . DY SE | BRI B B Ay AN 5.5
6 M2, TSI Hras R LW, X 18 4%

Bl POX ( proliferating cell nuclear antigen
OXidoreductase ) Z&5#y3 A1 HOX ( homeodomain )
L5k i MEGA 12 #1725 50 Lext, Jf
K AR ( Neighbor Joining, NJ) #4# & 4 ik
LB (1), bootstrap {HK 1000 K. itk 7
AR 4L Y SBELLL [ I fe i 1 2 A JE

Bl SIBEL1 ( Solyc01g007070 ) il SSBEL2 ( Solyc-
06074120 ). &4t & B M 7~ , SBEL11 5 SIBEL2
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Phylogenetic tree of SIBEL11 with homologous proteins across species and representative protein domain structures
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Fig. 2 Multiple sequence alignment of conserved domains in SIBEL1, SIBEL2 and SIBEL11
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RETUAR Lo LA .
2.3 SIBELV2/11 FEHARFMEKRPHRIE
L

AT B SBELY2/11 HEHFMAEKEE T
WIEDIEE, LV A= AU Adlsa Craig 250 dm #0 b #4 8},
RAEHZE | JELL RO TR AR BE A SR SEREAR
iz Jil qRT-PCR #4:illl SIBEL1/2/11 HyAHXT k4,
ZEH (K’ 3) £, SBELL/2/11 7EKI Y i A 41
Ay 63k, SBELY2/11 £ (stem ). fE
(flower ). £ (MG ) BF A FE X 2235 B 455
fi., SBEL1L 7EMt X RE & B FH & T
SBEL1 1 SBEL2, 7Eftal (BR), fiith 4 d
(BR+4), B 7d (BR+7) [Sszd, 3 MR
VIR E A MG R, SBEL2 1
FIRE B e I, SBELL I SBEL11 7F
BR+4 R FRBEIEA T, SBELL2/11 #F
FH A R PRI R AR, USRS
WG, MXT AR B E T A2,
HAE T i R 5L & B G R h RT R kAR
Mo 5 G 0R G5 75 X 5387 97 76 1)

BEAHIE, AR SE— 20 S5 = I REAF 1R
TIBETTAR
80r a a w= SIBELI

g 40f ) i &= SIBEL2
i 3 b = SIBELII
X £ 30
K S
e
®3

U

(=

FEAS Sample

ANNF /NG R R R AL BRI 2 7 3 (P<0.05 ),
Different lowercase letters indicate significant difference among
treatments (P<0.05).

3 SIBEL1, SIBEL2 1 SIBEL11 A& Ay R ik#E K
Fig. 3 Expression patterns of SBEL1, SBEL2 and
SBEL11 in tomato

24 SIBELY2/11 ERF 4B S %3 FF
R

FiE— %% SBELY2/11 Ry IhfiE, T
CRISPR-Cas9 X g fi e £ 5 0], Hetfiag 6
AR (1 4A), ffiH] CRISPR-Cas9 /S (1)
D2 i AR A X 3 A F R A 7 B PR 4 R A
3 AL A [ B 4

B To B AL bR A LR 3RS T, AR

Fh -, @it % SBELL/2/11 E[F 2H DNA #2 5 i
) DNA JFFNSEATINT 0T, e ZeiAs Bt [H 4
WA SRS 2 R, o dlar44 CR-SBELL #1.
CR-SBEL1 #3. CR-9BEL2 #7. CR-9BEL1 #8.
CR-SBEL11 #14 F1 CR-9BEL11 #24, 7£ T,
PR, CR-SIBELL W™ 35& [ ot S AR R AE A [R) A9 5
JAE S A 1 bp, CR-SIBEL2 PN JE [ 2
FEARAE [F]— 5 A0 8 5 B E] 10 bp B Bk
5 1 bp ffi A, CR-SIBEL1L Wi %L [H 4 S Al AR AE
[]— #5540 ) B2k 2 bp AN A 1 bp (&1 4B ), LA
- gmdR T S S R A R R AT L, XAl
A I gk R R S 2R R 9BELL/2/
11 76 A 9 AE BT A b Y T R 4R I S AL B
SBELY/2/11 [Fli 4% iy To fUMEEE, 44N CR-
SBELL/2/11 #18, Ml ¥ /3 Ar 45 R s, Hivh SBELL
1 SIBEL2 4 Ay B 25 (v JE PR 2 6, 08 057 437 43 i) e
2 1 bp Ml 2 bp, i SIBEL1L Ay X5 JE [H 2
B B 2 A SR AR BN S bp SR AT
ZgmiE (Kl 4C),

TSI R] , AEAS TR] 8 7 32 R 7 i A Ak
W B SRS o i) R AE L (B 4D ), fESRLE
HaRh, BARMKAR (WT) B @6 5 & A7
35 d 2247, SR, FE 6 ARGk R, R
SR (A )R] 444 ZE3R . CR-SIBEL1. CR-SIBEL2
Fl CR-SBEL1L Rt P 4ER 3 d, [HERZ LSk
| 5 B A RUAE 4 LT BOK S T B AT AR AR
P RBBNITFACEE R, T ey ei . 1E4y
BRI . FEAE . BER a2 . AR SR
REW 6 N B, To 4 = %N 4 48 H #k
CR-SBEL1/2/11 #18 TEAE#% B I B B ARIE B T
Hh, (AfEETHEBRIE GG, SUlifbaE
R LE TR AR B R WO i vs (& 4E), ik,
AR BET 3 = HLH I Ak CR-SIBELL/2/11 #18
MRS S I, 1> SBEL1. SIBEL2
8¢ SIBELLL i[RI ¥4) 2 5 i 25 i R S i, gL
ol AN SE, SR TUARERME T HEE,
[) I i 3 1> DRDR S SORE Bk H B0 7™ 5 0 A= B
B
25 SIBEL1/2/11 ERFEHFMMAEXSER
B IR AIREE A

FHEFT SIBELL/2/11 FE R AE 7 il Sh 5 i o
f 4TI MLE], @it qRT-PCR #ill4E)E 35 d
TSt AT | R s A5 s G B R TR A
X Rk E, R (K 5) B, 2EESHS
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T1: 5-GATGTACAGTTAGACGGAGTTGG-3"

T1: 5-GCCTCCAACACTACCTGAGTTGG-3"
T2: 5-AGAACAGAAACAGCTCGTTCGGG-3"

SIBEL1] s ! - —
SIBEL] . —

L I - 1 1 3
0kb ‘ 1kb 2kb 3kb 4kb 5kb
T2: $-AAGAGGTTTGCCCGAAAGAGCGG-3
‘ T2: 5’-CGCGTTGTTGCCTTAGATGATGG-3"

T1: 5-CTGCAACAGCAGCACTTTGTCGG-3"

B
CR-SIBELLI #1 WTATGGATGTACAGTTAGACGG-AGTTGGACC
(homozygous)  Allelel:ATGGATGTACAGTTAGACGGGAGTTGGACC (Ibp insertion)
Allele2: ATGGATGTACAGTTAGACGGGAGTTGGACC (1bp insertion)

WT: AGGATTGCCCGAA-CGAGCTGTTTCTGTTCTCCGCGCTTGGE
CR-SIBELL#3  Ajjelel: AGGATTGCCCGAAACGAGCTGTTTCTGTTCTCCGCGCTTGGC (1bp insertion)
(homozygous)  Alleled: AGGATTGCCCGAAACGAGCTGTTTCTGTTCTCCGCGCTTGGC (1bp insertion)

WT: GGTTTACCTGAAAGAGCTGTCTCTGTCCTTCGTGCTTGGCTTT
CR-SIBEL2#7  Allelel: GGTTTACCTGAA CTGTCCTTCGTGCTTGGCTTT (10bp deletion)
(homozygous)  Allele2: GGTTTACCTGAA - CTGTCCTTCGTGCTTGGCTTT (10bp deletion)

WT: GGTTTACCTGAAA-GAGCTGTCTCTGTCCTTCGTGCTTGGCTTT
CR-SIBEL2#8  Allelel: GGTTTACCTGAAAAGAGCTGTCTCTGTCCTTCGTGCTTGGCTTT (1bp insertion)
(homozygous)  Allele2: GGTTTACCTGAAAAGAGCTGTCTCTGTCCTTCGTGCTTGGCTTT (1bp insertion)

CR-SIBEL11 #14 WT:CAAAGAGGTTTGCCCGAAAGAGCGGTTTCGGTTCTCC
(homozygous) Allelel: CAAAGAGGTTTGCCCGAAAG--CGGTTTCGGTTCTCC (2bp deletion)
Allele2: CAAAGAGGTTTGCCCGAAAG--CGGTTTCGGTTCTCC (2bp deletion)

WT:CAAAGAGGTTTGCCCGAAAGAGCGGTTTCGGTTCTCC
CR-SIBELL1#24 ppicje1: CAAAGAGGTTTGCCCGAAAAGAGCGGTTTCGGTTCTCC (1bp insertion)
(homozygous)  Ajicled: CAAAGAGGTTTGCCCGAAAAGAGCGGTTTCGGTTCTCC (1bp insertion)

C

SIBELI WT:GATGTACAGTTAGACGGAGTTGG
(Heterozygous) Allelel: GATGTACAGTTAGACGGAGTTGG (WT)
Allele2: GATGTACAGTTAGACGG-GTTGG(1bp deleltion)

WT:GGTTTACCTGAAAGAGCTGTCTCTGTCCTTCGTGCT
Allelel: GGTTTACCTGAAA--—-GTCTCTGTCCTTCGTGCT (Sbp deletion)
Allele2: GGTTTACCTGAAA (complicated variant)

CR-SIBEL1/2/11 #18 SIBEL2
(E )

SIBEL11 WT:AAGAGGTTTGCCCGAAAGAGCG(
(Heterozygous) Allelel:AAGAGGTTTGCCCGAAAGAGCGG (WT)
Allele2:AAGAGGTTTGCCCGA - GAGC GG(2bp deletion)

w
=
=%

D 34d 38d 42d

WT

CR-SIBELI #1

CR-SIBELI #3
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Fig. 4 Phenotypic images and gene editing of SBEL1, SBEL2 and SBEL11
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Fig. 5 Analysis of relative expression levels of genes related to tomato fruit ripening
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