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WE: TR THREARFHY T EZEDERATERAFTIAHNELZTE, HTFTREEAWAERATERAATEE L,
A RALEET A &t #t CRILA Aok sk &t b &anit#t CH09-805 A% A, @i i th B4k OA ot & a9 ML 3
B et EARMRTE et R et SR AR ML Bet R A w, St — A A BSA-Seq A4 FARICIR LT EAE
fz, FFRARZLRASH. FARLLEREN Ftthet A A% E, R AR A B 12 (&) 3 (A% E) 1 (&RE) ¥y
Hib, HAGEmTOMRTATEARNERLALE DS FE3E; BT RARRREMNN BT EESEMNE, AALF Lt
Aet AR MEBEMTEETR, ATRELZTLFRTERETR HEET A AR BSA-Seq A4 TAritih & met &4k
Sllel ®A=F 7 54 &4k 11453 kb 6932384, HEXHA QK 13 MEREAR, B6ARNERELRAREETER, #A
Solyc07g053630 5 Solyc07g053640 # Silcl 49#&i kR, AR RFAE T EEELR, K&t EH RS T HH EATE
& E MR R R BT R
K4 &h; &, BSA-Seq; o FARiL; BEAR
Fine-mapping and Candidate Gene Analysis of Tomato Leaf Color Gene
Slicl
Ruan Meiying®, Chai Yagian®?, Zhou Guozhi*,Wang Rongging®,Ye Qingjing*,Wan Hongjian?,Yao Zhuping®, Li
Zhimiao?,Cheng Yuan!

(Institute of Vegetables, Zhejiang Academy of Agricultural Sciences, Hangzhou 310021 ; 2College of Agriculture, Shihezi University,Shihezi 832003 Xinjiang)

Abstract:Leaf color mutants are valuable tools for elucidating the mechanisms of chlorophyll biosynthesis and chloroplast
development, and they play a significant role in understanding plant growth and development processes. In this study, green-leafed
tomato material CR11A and yellow-leafed tomato material CH09-805 were used as parents to construct a genetic population to clarify
the genetic rules of leaf color. Leaf chloroplast ultrastructure observation and chlorophyll content determination were performed on
plants with different leaf colors. Furthermore, BSA-Seq and molecular marker screening were used for leaf color gene mapping and
candidate gene analysis. The results showed that the F1 plants had green leaves, and the F2 population exhibited a segregation ratio of
12(green): 3(yellow): 1(golden), indicating that tomato leaf color traits are controlled by two pairs of genes with dominant epistasis.
Observation of chloroplast ultrastructure and determination of chlorophyll content revealed that the chloroplast ultrastructure of golden
yellow leaves was severely damaged, and their chlorophyll content was significantly lower than that of pale yellow and green leaves.
Using BSA-Seq and molecular marker screening, the tomato leaf color gene Siic/ was mapped to a 114.53 kb physical distance on

chromosome 7. The candidate interval included 13 annotated genes. Based on gene annotation information and expression
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identification, Solyc07g053630 and Solyc07g053640 were identified as candidate genes for S/ic1. This study identified candidate genes
for tomato leaf color, providing important material and gene resources for elucidating the molecular mechanisms of tomato leaf color
formation.

Key words: tomato; leaf color; bsa-seq; molecular marker; candidate gene
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HAT, [R5 R 7 DSR2 3 g . Su 2510  BSA-Seq il RNA-Seq s #| 4 Az
S, Hord bHLH # 1 R S EUEE RAUNE B HBm = A gkt fr HoAth 3 MER (R2
R3-MYB. R3-MYB. WD-40) RAZS{EHILT RM R, HMRIHE AR F @8, Zhang SEUFH IE
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BT, AU RAM SRR Z R RS B RR S ARACE VS MRS BR A 2 T 808 At 3R
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KE MREGRIOCEIER T REEZEER.
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e e AL A A IR DY, G5 a Rk R A RS L R i AR oA, WA Slicl MBI . BFALEE RN
J5 B HE DR T REBRAIE J 43 ¥ WL fide T 295 B LA
1 MRIERE
1.1 IRt

oyl CAZR I T A R CR1LA N BEAR (P 3B Btk CHO09-805 NALAR (Py) ##E Fi %
Fo A, T 2022 fERFME T-WHLA RN ALA BRI GR B, Horb, R BN 415 Bk, #REE N 40
cm, TRy 50 cm, AREEFRATAIRE, SR E U L7V T H R R
1.2 FMPEMAHERESENE

SIAIRCE . Fr M P BEAR (R, KRB, SE0) MR (ERHIKD 4 1.0 g TRATHIEZRS]
i FIF 10 mL Jo/K SEEHEREE S, PR AR, RAMTKOEERZ 30 mL; /KON H
SRR, Al 2 66 EE TR 649 nm AT 655 nm R il RE IR R -

42 a=0.03 (13.7Des - 5.76Dea) ;

H4%2 b =0.03 (25.8D6s9-7.6Dges)

SFEEE =0.03 (MFERE a+H 485 b)

Hr, Mg a FRMEER a FEE: HEER b RRMHEER b SR BHSRRRATTSRNE
&, FIH Microsoft Excel 2003 #HATXE 42, KH R 4.3.1 #4755 41 (P<0.05) , F|H Origin 2023 %
K.
1.3 Efnghant AR B LS

SIANEL Fo BEARIISR G, JRB  Rant Fr, F 25% (viv) R EEEE 2, 0.1mol/L PBS 2l
MWk 1.0% (viv) DUEALERIE 8, PR PBS il (0.1 mol/L) 1hise; s LBk, Spurr k7]
% (3£ Electron Microscopy Sciences A w]) #ETA, 70°CEREHEA . FIH Leica UC6 T AL
(Leica, Wetzlar, Germany) ¥}, =i T, FERICEM AT ERE YA, &G/ H7650 &b
(HITACHI, Tokyo, Japan) W& H-SRAA B4 1
14 B R EMIRAES %It

AR DY P B3, 0P SR AR S Fo BEAR P SRR A I (B HEAT R BB G R e, & RTRE, b R
FEAR bR B 43 B L
1.5 BSA SRHESNIF

K CTAB EMGEA K Fo AEFR I A P2 BUE 41 DNAR, I\ Fo BRI P =/~ DNA TR, RP&:
B (F-ND L JRBE M Frith (Fo-Y) MG (F-G) o BUENFEARZ /D 1ug B4 DNA
FF Mumina 5 1 SCEERIEE . ARIE P4 lumina TruSeq Nano DNA #5437 (1llumina, San Diego,
USA) #EE K/ 450 bp DNA J Beadi AXCK il J# SCE . FIH TBS380 C(lnvitrogen, CA, USA) failll
DNA Jii &, FERJIIY TAF i e S B A R A IR A w] 58, f#2H 1llumina Novaseq 6000 “F- 5 #E4T X
uit; 150 bp FII 7

FIF Trimmomatic BRIAZ O R AAMC A R i 04T A BRI B S 2 U8, A AT BWA R4 v o & 19



0 5 5 7 4 2 R DR A AT E IO, @i Picard T HL2:F: PCR BE UG, 1 HE X Perl At
BRI %2 . R GATK B4 20 BAM SCEE#E4T SNPs il InDels Kl [ j5, @it &
A AR O AR (VCF) S, f#/ VCFtools Xt vef SCAF#E Tt €08, FIH ANNOVAR i A il £
(7% 5 (SNP 1 InDels) #EATVERDY, £/ T 0.3 Bk T 0.7 PN E ) SNP/InDel-index J&, 1]
B 52 X perl JIATHE AGSNP/InDel-index), JF{# ] R AL H 20 & . £/ 10-kb Ha1% 1, LLEd 1-
Mb A IAIBE 15 SNP/InDel-index.
1.6 1REEEMIELE N
1.6.1 SSR SI¥&RH PCR T&F At — A/ NEN XA, FEH)E N XN I A#H SSR ¢ Fhrid (%
1) o XU SSR A FARICE AEPAEANM. Fiv Fo-Ny ForY Al Fo-G Z [T, A ALZEEAR
WL BRI 51, AE Fo BEAR IR SRAE bR A B PR MR R AT SE2H JABR i 12 pL 1 PCR I BNAK RAUNF: 2 uL
itk DNA (50 ng/uL) + 6 pL Taq 2x PCR Master (WL RERFHEERAR) « L FH5I4 (10
umol/L) # 0.5 pL. MK ddH0 % 12 uL. PCR ¥ HFR/F: TR 94°C 4 min, 94°C 30's, 55°C 45 s.
72°C45s, 35 MEH, 72°CLEAH 10 min.

& 1 FBTEM Slcl B 29 Xt SSR 3149

Table 1 29 pairs of SSR primers used to map tomato leaf color

GIE/EZ S (DAL ERE 5" -3 A5 sT -3

Primer name Position Forward primer 5 '-3' Reverse primer 5 '-3'

SSR-1 60456724 TCAAACGGTTTAGGTCGTCA AAAAACGCTGTGAACTGGCT
SSR-168 60747214 TCATTGTGTTGTTCAAATGTCG CCCAACTTTTACTCGGTCCA
SSR-193 60777491 AGAAGTGCACATGGAGTTGC TCAAATTGACTTTCGAAAAATG
SSR-209 60805234 CAAATGCGTATGATCCAAGG GGGGCATATTTGACCCTTTT
SSR-250 60873273 TGTTGTTTTTGCTTGCAAGATT TAGATGTTGAACCCCTTCGC
SSR-313 60977651 GGGGGTTCAATTACCCAAGT TCCATGCTGGTTGCAAATAA
SSR-365 61048131 TGGAATATTTATGTAAAGAAGCCCT TTTTTCGACGATAGAAATCGC
SSR-431 61267542 ATTTTGGCCAATGTTCATCC TGCAACGAAGATCCAGTTGA
SSR-502 61902146 GGTTGAGAAGCAGAGGATGC GCAGGAACACCAACTCCATT
SSR-504 61914340 GGGTATGTCTGTCTTCAGTGCTT GCATCCATGTGTCCAAAAGA
SSR-506 61916579 TGATTGTTGGATGATTTTTGTTG GAATTTGTGTCACCTTAGCTTTGA
SSR-511 61923026 GCTAGTTTCGGAGGAGTGGTT TTTGGGCCATATTTTAAATTCC
SSR-515 61926643 AAGGTGGTCTGGACCATGAA TGAAAATTGCAGGTCAATGAG
SSR-516 61926693 AAGGTGGTCTGGACCATGAA TGAAAATTGCAGGTCAATGAG
SSR-518 61942450 CGGCACATTTCATCCAACTA TTCTCTCTTTTTGGCCGCTA
SSR-519 61947945 TTGGGTATTCTTCCGCTGTT CCCTGAGCTAGTGGGAACTG
SSR-524 61961804 TGGCATTGGACCTCTATTCC GCACAGAAATTTCAGCAGCA




SSR-527 61988034 TCGTTCATTGTATGCTTGCC TAAATGAAGCCATCACGCAA

SSR-530 62001178 AAATGCTTTTTGAAAATTGAACAC TCATGGTGATTTTGCAATCC
SSR-532 62001486 GGATTGCAAAATCACCATGA CAAGAATGCTTTTGAAATTTAAGG
SSR-538 62019471 TCTCCGAAAAATACAACCACAA TCTCGGAGAAATCATTGTTGC
SSR-547 62076329 TGCCATGTTCTTCCTTAGCA AAAAAGCACATCGGCAAACT
SSR-553 62093075 CTTGATCTTAACCTTGCGCC ACGAGAAAGTTTCAGCTGCC
SSR-554 62104577 CAACTGCACGGAATTGTACG AAGATTTCTGGGTCGGGTCT
SSR-555 62104666 CAACTGCACGGAATTGTACG AAGATTTCTGGGTCGGGTCT
SSR-557 62104795 AGACCCGACCCAGAAATCTT AGCTGCTGCTACTGCACCAT
SSR-571 62151829 GCTATGAAAGGGACATAGCTGC AAAAGGTGAGCGTTTCCAGA
SSR-602 63835056 ACCAATTGGCACTTGTTCCT GGGGAAGGGGTGAATTGTAG
SSR-603 63836393 TTTAAACTGCCAAAGGCCAC TTGGTTCATCTTTCACTCGCT

1.6.2 IFEMHRAGEIBK PCR §HWH R G IR IR A, Ik v 0.5XTBE, fHE ML &
300 V, Hiyk 3 h, HIKGHE, SHEE KGR R, FHMREREEE M 12 min, 257 /KIEHE
—iE, REIMAZENI-HEVERE G 5 min, KETKEEL &, sEEAREREER, M, %
k. TSI AL ERVE MR A R A R (BN A7) &R

1.6.3 HEE PCR (QRT-PCR) FIf Primer6 ¥ itfkikFE M 1 gRT-PCR ¥etEsl Y (K 2) , dbniEk}
EMREA R AT BN AFD FE. PCR PN 150~300 bp, HEBUEMAIE & F2 &R F1 i)
A RNA CRARMEY RNA $HGRF & ks CRIRRFEFAAED 52 cDNA o FI i FE 5l vh M4
AceQ gPCR SYBR Green Master Mix (High ROX Premixed)ik )5 StepOne ST 2¢ % & f PCR &4t (ABI,
Foster City, CA, USA) 1T qRT-PCR, 20 pL MK R TF: 2XChamQ Universal SYBR qRCR Master
Mix 4 10 uL, L Ri#FE5140% 0.4 uL, cDNA A 1 uL, JIKE ddH20 £ 20 uL. SAERBE 3 MEYH#E
5, Mt ERENREESNSEER dctin XFHALEEY, MRRFEA R R RIE M AT ECE L, KA 2725CT 4y
AT ide = DR AR AH DO 05 B

# 2 oRT-PCR fRHSI W5

Table 2 qRT-PCR specific primer sequence

K ID EmGIY s s RIAGIY s -3
Gene ID Forward primer 5* -3’ Reverse primer 5’ -3’
Solyc07g053630 GCATACCACCCGTATCGTCG GGACATACAGGATGAAAGTCGC
Solyc072053640 ATTGAAGCACCAGCACCACT TGTAGGACTCGTCCGTGTTG
Solyc02g064700(Actin) TTGGGAAGGTTCTGGGGACT ATGGTTTCCTGCTGTGTCGT

2 RSO
2.1 YR ARG BRI



BEARGAOKR M gt g ax t 5k s, Pt frgitonsct, PR B 3 M ifite. 2k
., RO S S0 (E1A) o X R B0 R0 &S O d T SRR A g (&
1B) , KBGO J SR iR Ae s, MM S BuER e . IR s A 8%, ety
R SO RGN RE RN LB s #5245

BB b, ZUEAMEP IG5 ISR Chl: IH4Rik; PM: R CW: ZNMEE; SP: ki LST: JERISFE; OS: WEIRIuk:
In the figure B, the structure in the red box is chloroplast; Chl: chloroplast; PM: plasma membrane; CW: cell wall; SP: Starch granules; LST: grain-based
lamella; OS: Hungry granule
1F, B RAREMEMNRE (A) SHEFBHEY (B)
Fig. 1 Phenotypes (A) and Chloroplast ultrastructure (B) of different leaf colors in F2 population

22 HhEHRMHRELIESH

HRMEXCE F1 & R BEAh gt RO GmEM g Rk &8, KIMEEA CRIIA M -4k
% a. MEE b MRHGE SRR 0.924mg/g. 0.251mg/g. 1.175mg/g: XA CHO09-805 it} i 4t %
a. 4% b LRMHEESESR)N 0.787mg/g. 0.186mg/g. 1.058mglg: FEASH & 4% & &4 Ml E QA
i 17.41%. 34.95%7%1 20.76%. F-N (243 a S EMHIE F-Y 5 F-G % 35.52%. 516.15%; F-N I
SR b SENHI FrY 5 F-G 5 81.53%. 1483.33%; Fo-N MIEHEESENIEL FrY 5 Fr-G &
43.92%. 613.97%. Fp BRI A &GRS BEREZE (P>005) , H FrN KI&HSERGEY5EEA
LR EHGREEERARE (P>0.05) (K2) .



B, PLRRREAR; PR A Fultil PLE P38 FoNy FoYy ForG RIS Fo BERINGH . I3 60 S SR tamtibk; SR SR 07 26 04
(ANOVA) T ZEM (P<0.05) , AFFRFREREE: FH
In the figure, P; represents the mother; P, is the father; F is a cross between Py and Py; Fo-N, Fo-Y and F»-G were green, light yellow and golden yellow plants
obtained from Fy; Univariate analysis of variance (ANOVA) was used to evaluate the significance (P <0.05), and different letters indicated significant difference;
The same as below
2 WER RS RBFPIRERMEH M SZESENH
Fig.2 Chlorophyll content analysis of leaves with different leaf color in both parents and F1 and F2 populations

2.3 EmgEH R eERERES

XF A AL PR A AL, B EARRIUDNIER S, Fo BRI 3 F iR, f
289 PREx (Ll Friidk, 100 BRi Gl Rkk, 26 PR s bk, 76 12:3:1 M E/RE LG (2 =
7.92 < X001= 9.21) (£ 3) o RUIE IR 32 0 I R4z ) AR AE St BT RN, K 9 ) FE B 43 31
44 Leaf color 1 (Sllc1) #i Leaf color 2 (Sllc2) .

&3 EMMREEMIREEE S

Table 3 Genetic analysis of tomato leaf color trait

R ISy S At STy RS TR ST R THI L) RIT AR
Population Total individuals Individuals of Individuals of yellow Individuals of gold leaf Expected ratio Chi-square

green leaf leaf value/y?




P(CRL1A) 30 30 0 0

P,(CHO09-805) 30 0 30 0
Fy 30 30 0 0

F, 415 289 100 26 12:3:1 7.92
- TR

-:No data

2.4 NFREBVFES S

XRCEFEATIT, ACBFA Clean reads &L 443y 76717111 1 80366369; = HsiJ: %7 Jil 76717111 bp
180366369 bp, “FIIMIFI4 E 43 7 27.40F1 30.06%, F:HA A% =>93.31% (£ 4) .

%f Fo-N. Fo-Y 5 Fo-G 31T BSA-Seq I/, Clean reads = 40/ 42841416-114339444; 75 1R s Ag %
o 12852424800~34301833200 bp, “FI34JMIFIRE N 16.08%-42.59%, K4 b X} #>88.64% (K 4) . UiH
FIE FEARII PR TR A4, BUR O e, AR TS SE0738 A g S R i BE R g A

=4 BSA-Seq MFLER

Table 4  Results of BSA-Seq

Clean reads %1% ERALLHE (%) SEEIMFIRIE O
FEA BEER (bpd

Total number of Genome comparison Average sequencing
Samples Total base number (bp)

Clean reads ratio (%) depth (X)
P;1(CR11A) 76717111 76717111 96.63 27.40
P,(CH09-805) 80366369 80366369 9331 30.06
Fo-N 113292703 33987810900 97.81 4251
Fo-Y 114339444 34301833200 97.73 42.59
F,-G 42841416 12852424800 88.64 16.08

2.5 SNP & 533 %%

PRI P45 AT SNP A 8i40HT, 5 MFEAH, Fo-N Wi/, A 4300569 4, SEA P %, A
4716390 >, FLAMFEAZE], [Fl—25R(#) SNP B AL KBUN 2 . FT4T SNP A8 Sk, LR AT BL A5 B
35 15 FpRA, Hdr, DM FIEHEXEE SNP L%, [ ARSI FRAERAN SNP b (&
5 .

#=5 TRASIBRgGITE

Table 5 Statistical table of annotation of variation sites

5
RN AR R

Jo

P1(CR11A)  P,(CHO09-805) F2-N

Variation site Fp-Y Fo-G

information

1 FP X 7] 34322 3370798 314 331 334




43 0542 2463 7080

FEA EWFIX 48 (5k LA 56653 580 624 631
2 0 673378
5 352 630 286
LR R WX (5k B 35128 346 370 374
3 0 395065
7 526 911 632
4 BY V)2 AR AR 274 298 276 285 282
5 By U] A S 249 269 242 251 261
R 13981 143 153 153
6 NET 162224
6 664 315 869
I 398 422 426
7 EHEDE TN 39287 45912
89 78 19
. 267 281 284
8 ] S it AR 24786 31571
50 40 22
o AXZILHBTRE 87 109 o % 10
1 .
ARG T R R 208 235 209 220 223
0
! R
AT IS 519 684 596 625 652
1
: 28 ==
- R -+
IR T EP RS 344 376 341 356 355
2
1 N ) 115 128 127
Z LT IRG 1278 1326
3 6 3 6
! ‘ 112 121 123
5 AERPEX 9977 13357
. 82 22 18
1 o 171 178 183
3AERHIEX 14958 20214
5 52 85 58
! B
HeAh 478 574 501 510 513
6
1 s 45823 430 456 461
SNP &4 4716390
; 26 9569 5373 2246

2.6 BSA-Seq R FHRICIESTE A 2R Slicl FEHE L

FIH P2 BEAAEAT BSA-Seq /¥, 40 FofEAR 3 NMEIBI A (SNP-index) fE 437, 1J 4 42 5l & it
IR DB S8 A X0 B XS PN AT Ry SEAT 0T, A ARG G RE AT 7 S R ik
60450305~63932942 bp 2 [, YIFRFEE Y 3.48 Mb; MBI ForN I Fo-G HEATAMT, 4638 fint K s ir



T 4 SYefafk 2434439~2665624 bp K 7 5 YL{tik 60850272~63026879 bp 7], WFEFEE 45N 0.23 Mb
A1 218 Mb (B 3A) o JLFEPKFR S GIE R E AL E 7 54 tifk 60850272~63026879 bp I8, #HEEE &N
2.18Mb, AHIFFER %€ AL X kAT 3 — 22 0 47

DISEA. Fiv Fp (S0, 336, &35 M)A DNA SABIR, SEEYIE LIX T SSR 4 Fhrid
fiide, FRAF 29 IR G H 2P B SSR - FhRid (R 1) o SEARKINGIH T, Kk
RERLT 7 S 4efhfk SSR-502~SSR-571 (61902146~62151829) , #BHRH 2Ky 249.68 kb [IfEiEX AN (&
3B) ; #E—2bik4T SSR ik, A 16 XILMES SSR - Fhnic (R 1D, XTEAFRKG ORI, Fib
I g 3% [X [R5 /N 25 SSR-524 5 SSR-547 2 [f], Frid Ay 61961804 F1 62076329, [X[HIK/NAy 114.53 kb
(A 3C).



3 FIF BSA-Seq & FHRICIFEST Slicl ¥E4HELL

Fig. 3 Fine-mapping of Sllc1 using BSA-Seq and molecular maker screening



2.7 (REEE S

T 90 3 DR ZH Y R e 4 2k R AL e e 6 W 114.53 kb Ak X e 364 13 N3, 5 Solyc07g0536
10 (& homeobox-DDT S5 E ) « Solyc07g053620 (2 Dnal &) + Solyc07g053630 (25 Goldenl
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Fig.4 Identification of Solyc07g053630 and Solyc07g053640 expression levels in leaves of both parents and F2 populations
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