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Genome-Wide Association Study for Fruit Color in Pepper
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Abstract: In this study, the genome-wide association scanning (GWAS) was used to identify SNPs and candidate genes that
significantly associated with the fruit color in pepper. By taking the natural population composed of 195 annual peppers, the fruit color
including immature fruit color and mature fruit color were investigated in two calendar years (2020 and 2021). Through the DNA
sequencing and SNP variation detection, the high-quality SNPs filtrated by quality control were used for GWAS. The results showed
that the phenotypes at pepper fruit color traits collected from the two calendar years were completely consistent, indicating the
inheritance of the traits. GWAS analysis revealed eight SNPs associating with the pepper fruit color, enabling the annotation of 31
candidate genes. It includes several strong candidates including the respiratory burst oxidase homologous protein A
(capana01g000138), isoflavone 2'-hydroxylase-like (capana04g000616, capana04g000617, capana04g000618, capana04g000619,
capana04g000620, capana04g000621 and capana04g000622) and F-box-like/WD repeat-containing protein TBL1Y-like
(Capana04g000624). These results will provide a reference for molecular assisted breeding of fruit color in pepper.
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BHL (Capsicum annuum L.) /7%l (Solanaceae) #fiMil/® (Capsicum) —%EA4mk &4 A AR MM,
BRI R T AR Y, BN AT E A E SR, H AT IR E S RS e, RO
Wi FBENAT IR —, BHEE I EE R . BRUCR 2 B se a2 B % b
2K BT RIS S0 Z R IAR R & BTk 100, 28 2 R 10 S S €0 (15 BB S (A T
TR BAT, ST HUR A I (B AU — SRl . CCS 5 K25 B [ AT 2 T
LT A R AL A B AT BB B BT R I e — Nl H B RS2, caSGR K
A 75 AR Sz e S T A SR S R PGER AR PSY FED RSB N AW g A% o R PR - )\
ATMA RN, i Rsos sl ftml i, BF 70 R R 56 s PR (42 38 X8 AL HUEE TR
TR A% o R A B R

AR, BEE AR R R PE R, AR G/ (Genome-wide association study, GWAS )
VER—FPF AR, FIFHBEAAR T T2 L ZReE, 7E LA =% B2 SNP FRicdZ a2 AR A s, B
{77 B 5 4T ve B A 5 OB R AL T A s Pl AT, GWAS CERI IR ok, JKAE. NSt
RN P %, A8 B (T 20 AR k4R ). Nimmakayala 25385 B GWAS 4341, 4351433 16 1 36
AN SNP 7 5 SH U R F (WpP) RIRITEREK R (Fp) 3 AH56 PO, Han 5% 208 #3 i GWAS 43 #7,
ST B 5B S B ORI 99 S SNP fi 5, JETE 3 S A1 6 SYeaik Rkl 5 MR, i
Xt 312 45 —4E A B 48 T EAERIEAT GWAS 20T, 20 MR E AL E] 94 /N 5Bk SNPs™,

SNP FRicfERFATSESL . i), LAMEE. BT, £ BB s Hrict. &
WL 195 43— AL BB 1K) B SR BE AR L, 455 PR BAUR (MR R A 45 51T DNA W, X5
AR SR SNP AL AT 2L R G AT, IF R BRRUR MR AL AL i, I A SR FE A
JNAH IR J R o [ R 731 B 1 e B e R B A B AR
1 MRERE
11 kR 5 HEERE

195 I (HARAT B A B E SRR, Sk B TSR ST 7 R IR A O R B A8 &, SN E R E
SR BRI . BERA R BT 2020 AR 2020 AEFIREL T3 M1 4838 SUTTZ1 A6 K [X 0T T 5 48 4 B
Be BT R SE, 3k 840 m (2743 28”7 N,107<2' 54" E). RAFEHLX AR &, Gk
2 17, #4715 ¥k, 2 Ridk, 47FE 60 cm, FREE 25 cm. BRMGERES R IR H A HE Oy AT . R SRR
ST S A ERCE SE (Immature fruit color, Ifc) FIZAS {5 (Mature fruit color, Mfc) 2 MR, B H
Excel 2019 Xf Bl AT AL BEANGE T+ 70 Mo AEBARCHI R A], B 195 03 BB R 2l v 4% 100 mg, IREGH
%, -80 CIR-A7# .

1.2 EELEMAEF. EEXF SNP 5

BN T (80 CRAT) VA 5] CTAB W:RBUERE 4] DNA. Kl DNA WM& (KE

=20 ng/pL, #AFR= 30 L), LABALR DNA A FFAIF OV FIER . X lumina HiSeq I3 ~F & X i /7



THURIEEAETRAC R, PP BRIy 12.31%, 1 JE45 3 Bl 7 e . K 45 R 5 B S 25 2L R 4
Zunla-1 Chttp://peppersequence.genomics.cn/page/species/index.jsp, version 2.0) BEATHEXT, ] SNPs, i 33k
R SNP AT R4 T .
1.3 ZERFBEXBKSH

AJE (A7 BB integrity > 0.5, (RELSFAL R K% MAF > 0.05) e fs 35 i & SNP #xid, 73l H
EMMAX. FaST-LMM Al GEMMA =B AR EAT e B AL ORI 0 A (GWAS) . LA-log10(P)>6 74 it % 1
I BRI 19 3 035 1) SNPs. A RIBE R 45 A R AT 2 G B F1 Q-Q BT E /R
14 fREEFZHE

I FH A 35k R 2H OB 23T 5 49 B A5 OCHE SNP AL AL, T 5RO nl 78 56 (R 20 1 A B 7 BB AR 5 by
s ) LD block B X o, £ M X 8 OAN E T OB M = % E K A Zunlal
(http://peppersequence.genomics.cn/page/species/index.jsp, version 2.0) J1:B(E ., 2 Hr iz kR A .
2 FER55H
2.1 BmEREMRST

2020 £EA1 2021 FE 50 Al X BAUCR VIR BEAT R A GE T (GR Do ABFFUNE 1 R (mmature fruit color,
Ifc) MIZIRE (Mature fruit color, Mfc) 2 MR, il on, BBUR GIRTE 2020 4EA1 2021 ER I 584
—H, BRI LR, AS MR R, HERHEATEE. FRE (o) Jy 3L
IR B, 1k 89.74 %, BRE (Mfc) Sy 2-8FLL 1/ A Al e, 14 60.51 %.

*1 BRMReMRERGT

Table 1 Phenotypic statistics of fruit color traits in pepper

75 ERTN PR H3A 23] A RS SR (%)
SN Trait Trait description level Year Samples Frequency distribution
1 Ifc 1-H 2020 8 4.10
2021 8 4.10
2-1K &% 2020 6 3.10
2021 6 3.10
3-%% 2020 175 89.74
2021 175 89.74
4R E% 2020 3 1.53
2021 3 1.53
5-4¢ 2020 2 1.02
2021 2 1.02
6-42m 2020 1 0.51
2021 1 0.51
2 Mfc 1-KE4r 2020 6 3.08
2021 6 3.08
2-fE4T 2020 118 60.51
2021 118 60.51
34T 2020 62 31.79
2021 62 31.79
AN 2020 6 3.08
2021 6 3.08

5-484T 2020 1 0.51




2021 1 0.51
6-7 2020 2 1.03
2021 2 1.03

22 SEREEXIKSH

NEEFE T AT EEME, R EMMAX. FaST-LMM Fil GEMMA = A AL 195 4y BB R 1 3R €
PR R AT 4 2 A BT (GWAS). LA-logl0(P)>6 i 25 14 i ik BRIAEL, ) FH =3R40 il 5 2020
SRR 2021 AERIN B 3 1 SNPs 7 ST SEH (6 2D Siita BRI, ANFEEG BMUR (o AE [/ — A 7y
ST, SRERBIARIREIR) SNP ALale [F— A3 B RHEA RIRAL /34 N OREREI) SNP A7 i 8iOA [, Horp
EMMAX BRI CEE 1) SNP A7 it /b, HIGERBIMFTA SNP AL fU7E 53 S SRR ALY vh 35 SRk B, R
EEVETTE

R2 FRHMREEEXEK SNP =gt

Table 2 Statistics of SNP locus significantly associated with fruit color in pepper

Frs ERN F0y 35 ORIk SNP %L

SN Trait Year Significant SNP number

EMMAX FaST-LMM GEMMA

1 Ifc 2020 6 15 19
2021 6 15 19

2 Mfc 2020 2 3 3
2021 2 3 3

FIFH} EMMAX. FaST-LMM Fll GEMMA = 2K #0452 784 3 [5] S e 15 1) ) ORISR e P tR S 25 S B SNIP 67 A
(% 3). GWAS /i a3k 8 NSRBI SNPs, HoHRE (Ifc) 6 4~ R (Mfe) 2
Ao IXELAT EAARLE 0. 1. 3. 4 55 4 Uik |,

®3 BRHREEZXE SNP im

Table 3 SNP locus significantly associated with fruit color in pepper

FFs RN SNP % et fh [0 PH -logl0 (P) & FE4y
SN Trait SNP number Chr. Position P value -log10 (P) value Year
2020 2021

1 Ifc 6 Chro1 2007364 5.3221e-07 6.27 J v
Chro1 2007559 4.3358e-07 6.36 N N
Chro4 9958667 1.1605e-07 6.94 N N
Chr03 232836190 2.5503e-07 6.59 N N
Chr03 233013134 1.1995e-07 6.92 N N
Chr03 233013160 1.1995e-07 6.92 N N

2 Mfc 2 Chr00 243497132 4.6031e-07 6.34 J J
Chr00 243497365 4.7084e-07 6.33 N N

FIH EMMAX S AFR 7 53 4145 BBUR (1) GWAS IESLES R 2 il A Q-Q B (B 1. ZniiiiE
7R T GWAS MIfL#fi s, Q-Q B/ {E 5 5 F R B M W2 . 8L Q-Q BIMIEAIL, MN{E 5 EHE
SEARAE— 2Rt b, REMER Q-Q KIS RANAE B X IR Ml 88 P A 7041, R EMMAX BB AEAERE AR
DR O L 1), SNP SRR TR B S Geit A i i i, BERE S R IR . 2 i L
-log10(P)>6 Ay i 2 M fifi 126 R 1
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Note: A. Immature fruit color (Ifc) in 2020; B. Immature fruit color (Ifc) in 2021; C. Mature fruit color (Mfc) in 2020; D. Mature fruit color (Mfc) in 2021
In Manhattan plot, the green line represents - log10 (P)=5; the red line represents - log10 (P)=6; the purple line represents - log10 (P)=7
1 FREIRGEMERE GWAS 11F0 Q-Q &
Fig.1 GWAS Manhattan and Q-Q plot of fruit color traits in pepper
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RAWARIG, HrpF R 30 MER, A 1AEER . MHETRE I, HRelE A= fig 2 4~ 4
MNEH . i mEREE 14, BRI, EERERE. 15 3 A IRGURIIAEY G R B
AR 7 AN QeCUREENB) )5 1A AR diff R, Qetuikor Rl 1A BIRE. EBERE
FAEMRE LA K& s 2 Ay A RIDBETIN 5 A~ ARED 8 Ao F24R BRPIf R K AL I
[y & [ A (Capana01g000138). K 7 ¥ fH 2’ -¥2 1Ll (Capana04g000616 . Capana04g000617 .
Capana04g000618 . Capana04g000619. Capana04g000620. Capana04g000621 #1 Capana04g000622) #
F-box-like/WD F & KE 4 TBL1Y (Capana04g000624) TGS BAR k5%,

T4 EEEERIRER

Table 4 Candidate genes and annotation information

iz PR L H A 1D hRe sy hReR
SN Trait Gene Gene ID Functional classification Function annotation
number

1 Ifc Capana01g000131 AR A7 A 46 TRM:ADP. ATP #iffiE [ 3, KRR [Li0HE]
Capana01g000132 HKg T2 TPX2 B 4 A4 1A X5 [#ifi]
Capana01g000135 HKHn OO : 28257 R BE B AR 1 S AR X1 [ 44 ]
Capana01g000136 A — M Th e T TR R AL 4 LOC104221795 [HHE]
Capana01g000137 AREN T2 LURP-1 AHICIY 17 TRk X2 [B44E]
Capana01g000138 ES il PR AR R AL R IR R T A [B4 ]
Capana01g000139 REN TR R R AL B [ LOC102578735 [ 44 %]
Capana01g000140 F40 TR AR F LOC104234439 [JH%]
Capana01g000141 A — T RE T TR v B A SMEAH AR T R T 2 [0 3)
Capana01g000142 A —fh e Tm TR : AR AL 9 LOC104100317 [H B K]
Capana01g000143 A —fh e Tm TR : AR AL 9 LOC104100317 [H B K]
Capana01g000144 RIS W AIEE S TS MR A 1 B4 [ ]
Capana01g000145 MREfE e, mOATRA. 1A TS ATP BRI AAA S5HIRINRE A 1-A [
Capana01g000146 MREfS e, mOTA. 1A i‘ﬁiﬂlﬂ:é’é&ﬁﬁ%?ra 1[5 E]
Capana04g000615 Pl NS EE 6 [H]
Capana04g000616 KAWL A L. I& Ao ARGt T K 2 RqLlE [DR %)
Capana04g000617  JRARMWIEYIE L. I&i A5 ARGt TRIN: KRER 2 - bRy [EE]
Capana04g000618  RAREIEYIG AL ISl o fgAR T SRR 2" FRILEE M)
Capana04g000619  RARBWIEYIE . I8 fI 5 iRt T SRR 2" bl [
Capana04g000620  RAREIENIG AL IS fgAR T SRR 2" bl [
Capana04g000621  RAREIMIEYIE . I8 fI 5 iRt T SRR 2" bl [
Capana04g000622  RARMWIEVIE L. I& Ao ARGt T K 2 RqLEE [DR %)
Capana04g000623 ES il TR RAL A 1 LOC104231847, #B4r M%)
Capana04g000624 Pt T RN S 5 TIG:F-box/WD HE [ TBLLY [H#E]
Capana04g000625 41 i A AFsl . AU 2L, YetafisyH) I ABE H 4N S AR (1 A3-1 [Fn]
Capana03g003647 PR R IR AR TI:60S BebE IR 1 L18-2 [H B A
Capana03g003648 A — MR Dy e T TR S D) e A K ARG 2 [ 4% 5]
Capana03g003649 TR, AR, 1A TR H2 28488 ATL2 [FAi]
Capana03g003650 TR s AR ﬁiﬁlu:ﬂﬁéﬂﬁ%ﬁiﬁﬁﬁ@/%ﬁﬂiﬁﬁ%ﬂ]ﬁau%ﬂ 41 [EEIN
Capana039003653 WK A A s AR i fﬂiﬂﬂ:%%‘%mﬁ [H B

2 Mfc Capana00g000414 BEVRAE P I 5 ATP &8 CFL P 3t (H-444A) Bl

3 g

BB 9t R T 2 —

’

HATE & e 2 bk

o BBURGIRIR B MBI R, A



[ Rt Ao 2 ) SR R Z2 AR K ARHIT 9T A 195 A — 4R AR B B B SRR R Be AL, 70 J0lHE 2020
A 2021 FIFHEBRUR (. CGEREOMBEO) IR, HESEE SR, WEREHICR R R 54—,
PRIBE LR, BHETEFE, &6 RN RN S, Dt 2Rt E . B tRAE 5 0 2
NP7

AFFAF AP (2020 1 2021) %, K EMMAX. FaST-LMM fl GEMMA = ARk [F) 56
A BB AR G R AP K SNP L7 H3E 8 4y, UiHX Ly S SR & . AT A
(RBRH 3 SNP 72 1. 3. 4 SHetafk |, PUREKREHI &2 SNP 12 0 SR tufk . 2019 4 Wu S8HT T K
B, srAnAE 6 TRk B 16 A SNP (49 MEELRD 5 HBUSAR SLBi . (Mfe) A5G, Horp 06_10060744.
06_8776355 Fil 06_8769243 5 Mfc & m ™, 2022 4F Wu Ze5t 3 AR BB SR SEB (6 30 AT T 4 JL IR 4 06
B M, EAIF] 10 5 Yt ik 35.07 kbp X4 f¥) Capanal0g001710 (CaPP2C35) #ifitfF 415 313 Mhidk &
4 G-A B, PRI PP2C35 HH ) o- MR e RN B-ir e, UL AT RIS A R R S
AR BT S 5 B 5 AR AR R SR T RO X 200 90 % B, 75 BRI SR IR 1 SNP 7 0 5 et fhk 111,
AR FEE R G BR FTAI) 5

TR R % B AR 2 11 (Respiratory burst oxidase homologue, Rboh) X #k NADPH %4k HE, &—
KLU K NADPH e Tk, AT LUK AU A i ROS I BiEE A0, AL HLO, 1077 25 5 5
NADPH AL (PMRS [¥]—ANE B a0 ) 4 1R Kok R I, 5 P9 & MR AR & 5 ( Phenylalanineammonialyase , PAL)
SN & AETE &= 5 AERE P R 2R, H.0, 1E NG 50 it PAL W1 B 36T R X
PEARHIPE I £ ) A T TR PR AR K AL B ) 5 11 A (Capana01g000138) A A A4 15 540 7
H,0, 5 AET5 25 5 OR S M BT 0, A d2s i) B R C i) SR B R A

SRR A AT R — R oCER, I 2' - 1LEE (Isoflavone 2/ -hydroxylase, 12 H), X
PRSI 2/ -fnisE, RAIEGE P4S0 (CYP4S0) KIRM A2 —, W25 7SI ED &R, 7k
EHERT, FeBaze 12" H B, 32" -C Mot A 2-1 5 R o, AR vl L&
WS EHWAE. R, MFEEEER . AN R 2' -%LH (Capanad4g000616 .
Capana04g000617 . Capana04g000618 . Capana04g000619 . Capana04g000620 . Capana04g000621 7/
Capana04g000622) DRENR AP AE G B @Al o A, AT Rl 2 5 BHE R 80 & ok
SO RSO BTG G, W1 HEIN g2 ) R SRt i oSS [

ORT AT RERUATED G, JTZAAETHEYIR. 2. . 16, RESESRED, Z2HEY
FIEER, TR TGP, EEERERING AT, BT RIEE KRR, i,
R2R3-MYB, bHLH 1 WD40, 3 Ffi3eM e K 5~ Al L@ TR MBW &4, JL[R] 5 45 K2 K K 5 3 1
LIRS H R, IITRHITE 7 1 194 %, Ben-Simhon 2 78 45 48 ( Punica granatum) HF 5¢ R 1L, PgWD40
FRS bHLH # 5% 1 (PgAnl) Hl MYB ¥ K1 (PgAn2) AHEAEH, JL[RIVESE Tlifssiie 2K DFR #1076
LT ZAUINEN (Leucoanthocyanidin dioxygenase, LDOX) IFixPY. Jin 205t %1, R2R3-MYB %l##
KK ¥ PavMYB10.1 55 PavhH-LH 1 PavWD40 & FAH ELAE ], 854 167 3 LY & Bk K] PavANS Fl PavUFGT
B EN T X3, SmarEsk (Prunus pseudocerasus) Jih i iz (g, w9t 9], WD40 (WD--E &



1) S5 sk 42 5 AR PR P 230 SRS M A 75 1) £ AR B0, A 72 1) F-box-like/WD #4525 %8 (4 TBLLY
(Capana04g000624) LhAE N st 25 MZ) Sy A oS s, W] REIE I 42 45 Mg i PRI (2R8I AE T H
B R, TR B R .

MR OERAMEM P EENKREHER, SEWH DR ELXACHEREES A
(Capana01g000138). K& 2’ -F2{LHF (Capana04g000616. Capana04g000617. Capana04g000618.
Capana04g000619. Capana04g000620. Capana04g000621 F11 Capana04g000622) F1 F-box-like/WD = & 4k
H TBL1Y (Capana04g000624) i 17 L BESIE , £ 0T PR o i e A B RIS 2 1 A W] RRIE I 2R (5 5 0 H,0,
WHTEH R G REWBME RE, KREMW 2" -RWEE RS 5 BRE RO A ot 75 &
F-box-like/WD HEREH TBLLY FREME NGO SIS /R, I8 I R 4R 5L R 3Rk k5
Wa)AE T 1 1R BRORR B RS2 SR T A AT IR AT AT, AT AT BB SR () R 2L )

4 g

AT TSR IR 8 N5 BRAR LIRS 2 BRI SNP FRic, FLyERER] 31 MR, Pl ik g Ak SA AL g
Ay & [ A (Capana01g000138). K7 # i 2’ -¥2 1Ll (Capana04g000616 . Capana04g000617 .
Capana04g000618 . Capana04g000619 . Capana04g000620 ., Capana04g000621 #1 Capana04g000622) #
F-box-like/WD HE & 1 TBLLY (Capana04g000624) 1] g5 BARR EuAHOC, ARG SE7T e B il oK
I TR E MRS E A .

SE
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