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Genome-Wide Association Study for Fruit Color in Pepper

ZHANG Xiao-wei', CHEN Xiao-cui', CHEN Shi-ze’, QIN Cheng'”*, YANG Hong*, TANG Xiang-qun',
QIU Hua-rong',LUO Xi-rong'*
('Zunyi Academy of Agricultural Sciences, Guizhou Zunyi 563100;>College of Environment and Resources , Southwest University

of Science and Technology , Sichuan Mianyang 621010;°Modern Agriculture Department, Zunyi Vocational and Technical College,
Guizhou Zunyi 563000;"Pepper Research Institute, Guizhou Academy of Agricultural Sciences , Guiyang 550025)

Abstract: As an important agronomic trait of pepper, fruit color directly affects the commercial value of
pepper, and the analysis of its genetic mechanism can provide guidance for the improvement of pepper fruit
appearance quality. In this study, the genome-wide association study (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. The frequency distribution of green fruit color and bright red fruit color was the highest,
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up to 89.74% and 60.51%, respectively. GWAS analysis revealed eight SNPs associating with the pepper fruit

color, these loci were distributed on four chromosomes 0, 1, 3 and 4. LD block analysis was performed on

significant SNP sites and candidate genes were screened, 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.

Key words: pepper; fruit color; SNP ; genome-wide association study (GWAS ) ; candidate gene
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Table 1 Test materials of pepper
S 1] ( == = K (FE =
gpp CROTRER e s || s FRERAE) — gpen
Type (immature fruit/ Type (immature fruit/
Name . Germplasm type Source Name . Germplasm type ~ Source
mature fruit) mature fruit)

cp-1 AT H 7 R NEIR=S cp-58 BRITREL Hb gy bR St
cp-2 FI/AREL Hu 7 R NEIR=S cp-60 BIREL A i
cp-3 BRITRLL HoJy A W HE cp-61 LRITRLL oy SRR SePH 5 2
cp-4 LR/EL] Hb s Rl OB cp-62 BRITREL H 7 S5
cp-5 LR/eELT Hu 7 T SGH cp-63 HAR/EELT A i
cp-6 LR/MEL) b7 bR FEH cp-64 LR/MiEL) H SR
cp-7 Lk/ELT o7 A IEZE cp-65 L/ELT o7 BB 52
cp-8 FI/AEL Hb 7 R NEIR=S cp-66 LR/eELT A SEIHE Y
cp-9 LR iy R B cp-67 LEITRET 5 SERHEY
cp-10 Hag/itLr oy bRl SRR £ cp-68 BRITREL H 7 R Tt
cp-11 ok/EELT HJy KUK B cp-69 ok /EELT HJ5 B
cp-12 LR/MELT HJ7 OEIE=S cp-70 BRL HJy bRl EILE
cp-13 /et Hb s Rl ANRR= cp-71 o/ELT Hb 5 Al FIEN=RAS
cp-14 HA/EELT Hu 7 R NEIR=S cp-72 LR/ELT Hb 5 bR SIEREREY
cp-15 LR/MpLT HuJ7 EIE=S cp-73 BIRLL oy bRl FIEREN=Y
cp-16 LR/EL] Hi 7 R SR cp-74 LRIRLL H T IR
cp-17 BR/ELT Hb g Rl TSGR cp-75 BR/ELT Hb 5 bRl SENEREY
cp-19 LRITRLL Hb 7 bRl S cp-76 LRITRLL oy bR FIEREN=Y
cp-20 LR/EL) Hi 7 R SRR cp-77 LRITREL H 7 FIEREN=Y
cp-21 SIMGLL Hb g Rl TSGR cp-78 BRITREL Hb 5 bRl SEREREN
cp-22 LR/MepLT. HJ7 55 )11 E cp-79 BIRLL i EITH
cp-23 £l i3AN Hb s Al ElEz" cp-80 LRI R H gy A EE L
cp-24 <4k Hu 7 R EalIE=" cp-81 BRITREL Hb 5 bRl SEREREY
cp-25 IR HuJ7 55 )11 E cp-82 LR/MELT L EITH
cp-26 gl A 5 A =B cp-83 gl A R AR VRV L
cp-27 LRIRLL oy Rl =R cp-84 LRITRLL MR AR TR B
cp-28 HaR/MELT Hb 7 Al —HBE cp-85 BIREL MR AR YRR
cp-29 LRIFRLL Hi 7 R = cp-86 LR/MEL] MR AL R AT EL
cp-30 LRITLL H 5 =R cp-87 Wbt/ EELT MR AR N R=Y
cp-31 1/# H 7 Al T SGHH cp-88 /BT MR AR EN/N=Y
cp-32 FIRLT Hi 7 R T SOB cp-89 g sal MR AR RPE
cp-33 /4L oy bRl ST cp-90 L/fiLL MR AR ARPRE
cp-34 LR/eELT Hu 7 T SGH cp-91 BEIREL R AR FN/N=Y
cp-35 LR/MEL) Hi 7 R ST cp-92 /AT HJs A Kr s
cp-36 L/fiELT Hb s Rl W ST cp-93 LRIRLL iy b AR K8
cp-37 FIAREL Hb 7 bRl T SGH cp-94 BR/eELT A A Ko E
cp-38 ES LN Hi 7 R T SUHH cp-95 BRITRLL H 7 K i
cp-39 LR/fiLL Hb 5 Rl U cp-96 LR/fELL iy b Rh K8
cp-40 LR/eELT H 5 Rl SVH cp-97 BRIREL L Kor s
cp-41 ES L3N oy bRl SV HE cp-98 L/fiEL HJs A Kr i
cp-42 BRITREL Hb gy Rl = cp-99 LR/EELT H 7 A KT &
cp-43 R H 5 SV E cp-100 g A HJ5 i
cp-44 ES L3N oy Al SV H cp-101 ES L3N HJs AR K
cp-45 TRER/ELT H 5 KUY cp-102 BRGRA H 5 K8
cp-46 BRIRLT Hb 7 bRl DR Y cp-103 L/ 5 bR Kr i
cp-47 BRL o7 b BB Y cp-104 LR/MELT H Ty it PAVE=
cp-48 BRITREL H 7 R S5 cp-105 LRIRLT M7 b RKIi &
cp-49 LR/iLT Hb 5 bRl DHLE Y cp-106 L/MiLT 5 bR A B
cp-50 BRL H 7 PEBH Y cp-107 LR/MepL) H Hal L
cp-51 LR/ELT Hi 7 R R cp-108 LR/EELT Ho 7 i b S
cp-52 BRITREL Hb 7 Rl SEHE Y cp-109 BRIREL 7 AR it B
cp-53 ESJli3AN HbJy A HPHS cp-110 LRITRLL H s Ah Hal e L
cp-54 LR/EL] Hi iy R i SR cp-111 LR/ELT H 7 Al £
cp-55 LRIRLTL Hb 7 Rl DHLE Y cp-112 BRITRLTL i bR HiAe H
cp-56 o/MELT Hb Ty R cp-113 SR HJ5 Hal e L
cp-57 LRIREL o7 A S5 cp-114 LR/MELT Hiy A HeRE L
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Type (immature fruit/ Type (immature fruit/
Name . Germplasm type Source Name . Germplasm type ~ Source
mature fruit) mature fruit)

cp-115 BIRLT H 7 R HilA E cp-159 LR/EL] oy AR I8
cp-116 L/fiELT g bRl B cp-160 L/fiELT o bRl EZH
cp-117 LR/ELT 7 A it cp-161 Sh/fELT b7 A U=
cp-119 LR/EL) Hy bRl Hil L cp-162 BRIRLL oy AR SV HE
cp-121 LR/ELT g Rl A H. cp-163 BRITREL HbJy bRl K=
cp-122 LRITRET Ty HiAE B cp-164 o) Al Hi Ty SV H
cp-123 LR/ELT oy bRl Hil L cp-165 LR/EL) H 7 E=
cp-124 LR/ELT Hb )y il A £ cp-166 LR/EELT Hb 5 Al K=
cp-125 EIGRLL HuJ7 A B cp-167 BRITREL Hb g bRl GibE
cp-126 LR/ELT Hb 5 Hil L cp-168 LR/EL] oy AR SV E
cp-127 L/fiELT g Rl e £ cp-169 LR/fELT Hb s bRl ERU
cp-128 GRIGRLL Hu7 HiA: E cp-170 TRER /LT H 7 TSGR
cp-129 o/fELL Hb 5 KU B cp-171 £l AN Hi 5 ST
cp-130 1 /iE LT 7 bRl ST cp-172 LR/fELT HbJy Rl ST
cp-131 L/ME2T Hi 7 Rl T SGE cp-173 LR/eELT H 7 TSGR
cp-132 LR/pLT HJy bR T SUHH cp-174 LR/ELT oy bRl T SUHH
cp-133 ESJRrNAN Hb 7 ST cp-175 TRER/ELT Hb gy Rl ST
cp-134 LR/ELT 7 ST cp-176 LEITREL b7 A KUK H
cp-135 SRIGRLL o7 A ST cp-177 ok/fiELL 7 A KUK H
cp-136 o/fif LT Hu 7 R ST cp-178 LR/ELT H 7 R JRUX
cp-137 LR/ELT Hb 7 Rl TSGR cp-179 BRIBFLL Hb 7 R AU £
cp-138 gl FaN HJy 1 SFri cp-180 gkra MR AKLFR ZZPHE
cp-139 SR H 5 S cp-181 gl AN MR AR 22 E
cp-140 L/fiELT Hi 7 Rl ST cp-182 LR/fiELT MR AR AR
cp-141 gl Al HJy 8 SOpr cp-183 ) i Ea MR AKLFR 2 PH A
cp-142 BRITREL Hb )y il ST cp-184 LR/EL] MR AL R 2
cp-143 L/fiELT Hi 7 il ST cp-185 ES RN MR AR AR
cp-144 5/ Hu 7 D T SGHH cp-187 LR/ELT B ALFR ZIH
cp-145 LR/EL] B HKR T8 SRR M cp-188 LRIRLL MR AR (YRR
cp-146 LR/EELT MR AKR TSR cp-189 LR/EELT LSRN 2RI B
cp-147 BIRLL B AR TS cp-190 LR/ELT HbJy b A LIPGF5
cp-148 LR/ELT MR AZR 8 S cp-191 LR/EL] H 7 R BN T
cp-149 a/EEeT PR AR SRR cp-192 L/fifLT. H 5 LG 75
¢p-150 LRITRLT AR HZFR A cp-193 ES 1A Hi Ty PG 75
cp-151 LR/ELT B AR AER=s cp-194 LR/ELT Hi 7 BN T
cp-152 LR/MELT MR AZR BB cp-195 LR/fiELT g bRl LG T
cp-153 Lk/EELT AR AR A cp-196 Lk /MELT Hb Ty ZIPY 75
cp-154 BIRLT H 7 R E2 5 cp-197 LR/ELT Hb s A LENPG 75
cp-155 b /ELT HJy B E cp-198 B /ELT HJy BNPG 75
cp-156 gl Al 5 28 cp-199 o /ff21 H Ty PG 75
cp-157 R iy D B2 EL ¢p-200 SR Hi 5 PG 75
cp-158 B/EELT HJy P B

1.3 £EFEAXBRSH
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Table 2 Phenotypic statistics of fruit color traits in pepper

R PRI G e )
. . o Frequency

Trait Trait description level Year Samples o
distribution

HRA e 1-H 2020 8 4.10

2021 8 4.10

2-1R L% 2020 6 3.10

2021 6 3.10

3-4 2020 175 89.74

2021 175 89.74

4% 2020 3 1.53

2021 3 1.53

5.4 2020 2 1.02

2021 2 1.02

6-45 1% 2020 1 0.51

2021 1 0.51

R Mfc 1At 2020 6 3.08

2021 6 3.08

2-fiif 4T 2020 118 60.51

2021 118 60.51

3-IR4L 2020 62 31.79

2021 62 31.79

i AN 2020 6 3.08

2021 6 3.08

5-241 2020 1 0.51

2021 1 0.51

6-1% 2020 2 1.03

2021 2 1.03

Ifc: Immature fruit color; Mfc: Mature fruit color; The same as below

22 £ERFAXBESH

kB2 5 4 B 89 AT FE M A EMMAX  FaST-
LMM F GEMMA B {45 7 Xt 195 13 OB Je} 114 SR
MR LB YA T LR 4 I/ (GWAS) o LU
~1log10(P)>6 Ay & P B, 1 3 A4 43531
X 2020 412021 4K I 2] i 5 79 SNPs 37 s iE 1 7

it (23) . GiTai AR, A FAF D AHUR 5 1
() — R ERL T oA T, SR B AR [R] ) SNP Az £ o [R]
— AR U BHE A RIS B 70 A T S I F1 9 SNP
A BN ], o EMMAX BRI SCHK 21 9 SNP 7 1
Hoie /b, HORIEN I A SNP ALSTE 53 SN FCERA
R A SRR, W mT

R3 HEREEZXESNP RSt

Table 3 Statistics of SNP locus significantly associated
with fruit color in pepper

. 125 S SNP 4K
PRk tEG o
. Significant SNP number
Trait Year
EMMAX FaST-LMM GEMMA
FHRME Ifc 2020 6 15 19
2021 6 15 19
R Mfe 2020 2 3 3
2021 2 3 3

F1Fl EMMAX ., FaST-LMM 1 GEMMA #% - 5%
TR [R] G B A5 3] 9 UABUR € bR 8 3% SG BE SNP £f
MULER4, GWAS /T JE i 1 H 8 A5 BCR (fH
KA SNPs, Hip #5145, (1fc ) 6 4> BUR (1 (Mfe) 21,
XEEA A0, 1.3 .4 555 4 ek |

FI I EMMAX 455 70 73 Bt A5 21 BRAUR €211
GWAS IEASLZE R 2 i A Q-Q E (El 1), &G
AR R T GWAS AEHAL S, Q-Q KRR G5 Y
J AR Z 8] (R D 22 3 Q-Q WS A B, WL A
SR SA T — AR b AR Q-Q &S
ACAE J 350 DX I O 25 P B0 A , 26 W EMMAX A5
RURTEAEREASY 2 IG OVEIT 1), SNP LB/ HT
RS GE T 3 A0 B D 2, BT 5 I SR IR A
= 15 5 L -log10(P)>6 o i F T vk B . 45
A7, 2020 4FF1 2021 475 R 60 3 [mAG I 2 6 1 i
2 SNP i 25 (8] 1A \B) ;2020 4 F11 2021 4E B (5 4
RIS 2] 2 4 5 2 SNP Ay 5 (1 1C.D)

R4 FHRERBEZXESNPAIE
Table 4 SNP locus significantly associated with fruit color in pepper
. " ) ) .\ A pry
[N SNP % Yefafk (DATS P -log10(P){i. Vear
Trait SNP number Chr. Position P value -log10(P)value 3020 2021
FIRE Ifc 6 01 2007364 5.3221e-07 6.27 N N
01 2007559 4.3358e-07 6.36 N J
04 9958667 1.1605e-07 6.94 v J
03 232836190 2.5503¢-07 6.59 v N
03 233013134 1.1995¢-07 6.92 N N
03 233013160 1.1995¢-07 6.92 N N
PR Mfc 2 00 243497132 4.6031e-07 6.34 v N
00 243497365 4.7084¢-07 6.33 N J

v RERSTE AR YRS SNP 2 44
V: The SNP site can be detected in this year
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Fig.1 GWAS Manhattan and Q-Q plot of fruit color traits in pepper
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Fig.2 LD block analysis of significant SNP sites
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S AL [F) Y525 11 A (Capana01g000138) 28 53 85 i
2" - 2 AL B (Capana04g000616 . Capana04g000617
Capana04g000618 ., Capana04g000619 ., Capana04g0
x5 BEEERIEIRER

Table 5 Candidate genes and annotation information

00620, Capana04g000621 1 Capana04g000622) Fi
F-box-like/WD & 255 4 TBL1Y ( Capana04g0006
24) AT g S BHUR AAHC

PR SR %L A 1D HrREsr2 ReTERE

Trait Gene number Gene ID Functional classification Function annotation

BRI 30 Capana01g000131 RENSAE 7 R 46 I : ADP ATP AR 25 113, JZhifAk [ 444 ]
Capana01g000132 AR T - 28 TPX2 2 [ A X5 [ ]
Capana01g000135 ES T - 28 25 AR BT AR SRR A X [ A% ]
Capana01g000136 A — Ty e TR T : A FRAEEE 1 LOC104221795 [ 4% ]
Capana01g000137 KA T - 26 LURP-1 AHOGHY 17 A8 4 X2 [ 442 ]
Capana01g000138 AH WP A R A IR T A [ 485 ]
Capana01g000139 ESl TR - R FAEE [T LOC102578735 [ Th44 5 ]
Capana01g000140 A T - RFALFE 1 LOC104234439 [N ]
Capana01g000141 AL — T RE T THOI : ] BB A AR ST -2 [ 4]
Capana01g000142 AL — L Re Fm T : A FALE 1 LOC104100317 [TEEART ]
Capana01g000143 A — T RE T T R FALEE 1 LOC104100317 [ EAHE ]
Capana01g000144 YIS oI R i T 2 AR EE 1 B4 [Fti ]
Capana01g000145 W A R R R PR TR 2 ATP BEFR 5 AAA L5 1T 1-A [H% ]
Capana0lg000146  BHREJSAEHM & (T H4S 115 T IR T 1 [ AL ]
Capana04g000615 KA NS 6 [ ]
Capana04g000616 WA= H16 1 S H A3 At OO« 24 S v 2 - A [
Capana04g000617 WA EY) G B S8 AN o3 G T - A B 2 PR Al [ ]
Capana04g000618 WA W) G B S8 AN o3 A QI T - 28 5 T 27 R Akl [ ]
Capana04g000619 RSP AH1-6 1 S A3 At T - 28 5 T 27 R Akl [ ]
Capana04g000620 WA A= H1-E 1 S A3 At N 5 W 27 AR [HH
Capana04g000621 WA YA W) & B G8 4 Fn ot T < S5 2 R AR [ ]
Capana04g000622 WA AW & LG8 5 Fn o fiig T < 2SR 2 R L [ D4 ]
Capana04g000623 KA T« R FALHE I LOC104231847, B3 [HH ]
Capana04g000624 Yeto SRR N BN 12 T : F-box/WD B 24K 4 TBL1Y [ Hh44 3 |
Capana04g000625 AL AR AR >4 e fde sy 5 T - 5 A AR DI 2R 1 A3-1 [ ]
Capana03g003647 TR AR LS H A A= ) R A T : 60S AZHEAZE 1 L18-2 [ HE B ]
Capana03g003648 A — ey R F T R RE PR LK et 2 [ Eh4% % ]
Capana03g003649 (S RS L A T : bk H2 2548 25 11 ATL2 [ %5l ]
Capana03g003650 ek Ak G iz i A Casis THOI < P BB SRR R Al A R R 41 [HB AN ]
Capana03g003653 kA P i An A T - 2R [ B

B Mfe 1 Capana00g000414 REURLE ) Rl 46t ATP AT CF1 W3 (20 [ Bih ]
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(49 ML) 5 BUBURCA R 52 20 €8, (Mfe ) AH G, Hirp
06_10060744 .06 8776355 1 06_8769243 5 Mfc #H
KePEfmr o 2022 4F Wu &S BUBUR B AR SE B (1
HEAT T A BE R 2 G A3 BT, A8 6r B 10 5 e £ 1A
35.07 kb X 38 i Capanal0g001710 (CaPP2C35) Y
TP 056 313 AL & A G-A B ffe , B g b
1) PP2C35 £ [1 1) o-BR e 22 o B-4r & , F0 HmT
AEIE L8 5 SR S R T AR R S B
REF ORI EIE K. LRI, 2
B SNPTE 0 S YL ik [0 ABFRE RS
LAY o

TN AR A AR A B [R5 25 11 (Rboh, respiratory
burst oxidase homologue) ¥ #X NADPH %A 1k [if§ , /&
— 2K DL 5 o 4 NADPH S B R4, B LUK 4R
A4 B ROS B Z W G417 . A 4657 H,0, 1Y
77 A 5 5T i NADPH % fL [ (PMRS 1) — A~ 8 %
B ) AR KR RN A R 2 i (PAL,
phenylalanineammonialyase ) JEAE Y & AL T R S5FIK
A AR PR R SRR S HLOL M MR (5 540 Tl
i PAL V& VE G 5 46T 2= S A= Wi &
B S AR S T P W R A A IR R AR A
(Capana01g000138) 7] G 1 7= A5 5 40 H,0,
AL R A RS W B A, S il s s R
O S ERRE A

SR 5 MBS 2R 0 — SO, S
fild 2" -#2 4k (12" H, isoflavone 2’ -hydroxylase) , ¥ FK
SEBT 2 - AAURG , S22 B 2R PASO(CYP450) KT
G 2, ]S 5 TR Y A TR
YERTR, SE e 2e 12 H gk, 227 -C A gl 4k
JRE 2R B R, A AL N IR G S S
FEIAE SRS P IO R . AT
fii 2" -2 AL ( Capana04g000616 , Capana04g000617 .
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MR, 5 sk R R A G  RAEE T, o,
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A LUIE 21T B MBW & G4, 2L [R] 5 4504 2L 8 9 )
A5G IFH TR WML 195

Ben-Simhon 5>/ 7& 1 # (Punica granatum) "l 5%
KB, PeWD40 3t [H 5 bHLH %% 5% [H -7 (PgAnl ) Al
MYB %% 3¢ [K F- (PgAn2) A0 B AR F , 2 [ i 421 Ui
45 kg KL TN DFR MG 4 4E 7 2 BUN 4 i (LDOX,
leucoanthocyanidin dioxygenase) [) ik . JinZE' > B
58 % W1, R2R3-MYB B 4% 5% [ ¥ PavMYB10.1 5
PavbH-LH Fl PavWDA40 &5 A EAE I 2556 R
W) f5 I R PavANS il PavUFGT ()5 8l 1 X5,
52 W BERE (Prunus pseudocerasus ) i R 52 1) i
o, BFFE KM, WD40 (WD— i &2 2 () 453 1+ i
P55 5 by e TR 1 3 38 0K 5 0 A6 5 17 1 B R R
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