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Research Progress in Genomics of Pepper (Capsicum spp.)
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Guangzhou 510640, China; 5. Guangdong Helinong Biological Seed Industry Co., Lid., Shantou 515800, China;
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Abstract: Pepper is one of the important vegetable crops and condiments in China. Carrying out researches on pepper

genomics is of great significance for understanding the genetics and evolution of peppers, tapping important functional genes

of peppers, and using biotechnology to conduct genetic improvement of varieties. The release of the draft pepper genomic map

in 2014 marked the entry of pepper into an era of genomics research. Over the past decade, remarkable progress has been

made in pepper genomics research, revealing the basic features of pepper genome deeply and constructing a preliminary pan—

genome of pepper. Meanwhile, pepper genomics has been widely applied in exploring the interspecific differentiation and gene

introgression of pepper, analyzing the evolutionary mechanism of pepper important traits, elucidating the genetic diversity of

pepper, revealing the characteristics of artificial domestication of pepper, tracing the history of global range expansion and

dissemination of pepper, and exploring the genes controlling the formation of important traits of pepper and so on. In this paper,

we review and summarize the progress made in pepper genomics and its applications over the past 10 years, and look forward

to the construction of a higher—quality pepper reference genome and pan—genome as well as the improvement of the research

platform for pepper functional genomics, with an aim to provide a reference for pepper genomics and related applications.

Key words: pepper; genomics; interspecific differentiation; introgression; genetic diversity; artificial domestication;

expansion and dissemination

B ( Capsicum spp. ) N 24 T L. B
BT MBS, J&TiF (Solanaceae ) Jifi 7%
( Solaninae Dunal ) BfHUE ( Capsicum ) — 44
S ZAEAEEY) . b N IR R, AR
T F A Rg S PN BT FDIE By i X L2 H o R
TEZMIX B N T 914k, A A 6000 24 1%
Br g sk 50 R 2022 4F, HUARUE T R B
BP0 B o 40 4, HP g RZE T
PP A s P AR RS L7 BRUR R RN A S
A, AR AR (Coannuum L.) | ER
BB ( C. frutescens L.) . "HEHM ( C. chinense
Jacq.) . TFIEEHH ( C. baccatum L.) FIGLEHH
( C. pubescens Ruiz & Pavon ) , Hij 3 MEHFE
BN 2ok, 5 2 ) 32 270 g SEUH H X Fh

*ﬁh—s]o
PR R LR S 5 A7 A R B ER R — S AL
REHRY L R EE N ERYENE 4, e
A S BN S G SR Z — . B ER
B RARN ARG, 2022 4F4 Bk BOHRD R TR
it 366 71 hm?, Syt 4 100 77 o BRBUH
K= Bz AT A O E AT RSN T
I IRBEZ . ALY B i A28 A8 G o1 B
KAFHGAEDY (16 a2 ) EARE 28 %
i 400 ZAE LR, Herct oK E R H B
B BB SR R A, X OB D 5 5 R A 34
HEN | 58 AN RATE R SR T EZER .
IR E A AR ARG AR R G 1T,
AR TR E B RE A R T 2 200 77 hm?,
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295 3R B SRR AT ALY 10%, JE A& ZEHERAE
Yrafn e

FEHAL (Genome ) S A= WA IIr A 35t 1% ) ot
R, FEHR % (Genomics ) WY SfEE
Wy e DR 2 200 %) T A s A 1 R i — T 18k, R
WS % B T 2014 AE IR, b
BRUE 2CE A S P 4l 2 i g AR s ) o i 10 4F
(2014—2023 ) K, BEHE M FHA R PR A A
e LA S FE A AN T REARG, Bk i 22 BRAUME
R LRy . AR, RS T
PRSI DR 2 2 A OGS RAT Y FHAF Y o AR SC FE2E (]
B 26 3k 250 10 AF RS PR 2 A 5 S A
(TR, XA O g o et A R S 75 LR 2
12 A DL K e 8 SRR PR D e o A R A 7 e
G, DI R L R 20 2 S e it 2%

1 BEWEEEANFHR

1.1 —FE MRS
—AEE ML (C. annuum L.) J& 10 HN
FEFPAE BB EE FE . 2014 48, FPO)IARER
oo BT BT . AR RAE L TR
DIHE I PR B A7y A BR 2\ ) #1587 Hf CINVESTAV
AFF 5 T 45 BT 2 [ Bt 5 AT A, R AR
Hlumina I 7 R A% B S 4S E FOR G, SERL 5
15" ( ‘Zunla-1" ) Ml ‘Chiltepin’ 1Y 4 ik
[RLZF 0 e FT2 2 Lo-8) 0 “Zunla—1" 238 U AR
b B2 b5 B 28 22 4F R Gek & Y L] K
U AP L “Chiltepin” D) S M 85 75 Af o 63
Queretaro 4 R AR (1) —A4FAE UL — A S BF A AR
1 (C. annuum var. glabriusculum ) , >4 Hi {5 FR
“Tepin’ 120211 [Al4F, wfi[E B /R E 7 K55 3
PR AR RN, S8R “CM3347 [ 4 FE R 2
PR gE R Ls] 0 CCM334° 2 525 VY B Morelos 4
(M7 A, RO SR . SRS T A
ML AR B m Pt (2] 2017 48, wifE
R ST AT BRaE— 20X <CM334” (1)
PRI 4 e AT A T T o T (2
2018 4, 3 [ hm M K 27 B 5% 1A DK 10 x
Chromium $7 AR [ H F — 4 A= BB FR N 4% 28
‘UCD-10X-F1" R4 LM, 24458 F L
‘CM334° S REAS L ANEITLA 28 & R ACAE 2ot

N T2 315, 2 il phased 202638575 2 4>
HAER BN AT A 124 2021 4F, whEE R E
SR ZAFFE AT AR H AR Mumina 177 F1 A Sk 20
R, Al RAT S Early Calwonder” 11
FRHL “Small Fruit” 1) 42 5 K 20 7 51 () 2022
AR, AEEE AR M 2 0 5 I M R 2 B 5 AT BA SR
B =4t PacBio + A Hlumina 1% + M e 20 5 +
e i G 0K G4 4K (High—throughput chro—
mosome conformation capture, Hi-C ) i B SR W
AT CCAS9 My LA P8 1200 [Al4E,
i 1 2R [ ST ORI AT AR B AR PacBio + —
X Mumina M5 + Pk 202 +Hi-C + D677 K155
ERME, FRIGHEHH Dempsey’ B e o o 4 R
HIFH 7, HA Kazusa DNA #F 58 7 A1 BA 25 &5
iz F =4 PacBio+10 x Chromium+ — A Illumina M
¥+ MRS + DG R A A4 S i e T-B
IRAST H ARSI F - Takanotsume” A9 2 ot i 4 3k
BIZHFH 280 2023 45, MRS AR ML K R 2 [
P RAE D B T At A 5 AT BACR = AR
PacBio+ At Mumina U ¥ + M 3k 2H 2% +Hi-C 4
S SR, 2l e I R A Uy A AR
(' ‘Zhangshugang’ ) 191 it B 4 FE R 2 PRl 3 020 )
[FAE, SEELOM AR AT R At R 27 e gl M Sr
K80 AET B AU 5 1A BA LA — 4 A BRORURR P 22 52 i
( ‘“HDA149 x ‘HDA330" ) M#tkl, FIH=
1% PacBio I 7 +trio—binning ZH %% + {27 P Al o
AN, ARSI A AL BRI 20 5] 20
ZE LPTIR, i AE 10 4FERT A SHSE R 11
— A AU R A 4 S R AL M Sk g ke, 3R
22— AR N AT (R 1) o B
AR K AR S AR A e SRR A B A, i
NIEHETOAHRSE HE A, @ 5K 2 &
#J ( Genome reconstruction ) B 24 B 5E K 4H 41
4% ( Reference—guided genome assembly ) & 1%,
PAF—AEAE BB — RIAEL R 2 B P51 . 4n
2020 4, FERAHEERKEHFTEAALL CM334”
SILHAPHI NS I, il R AR Nlumina
TR RN, A5 4 A B IR EHLS
B FER A F) By 2022 4F, i E R E SR
2T A B CABH AR Dempsey’ 4=3E R 2 ¥ 31
%2 M 10 x Chromium F Nanopore AR AT
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=1 HFWSEERA—N (8ZE 2024 F£4 BA%it)
Table 1 List of reference genomes of pepper (as of April 2024)
BAILNY TP AR AE G AP AUN  TE Hof
genome Latin name anchoring strategios N50 (Mb) ratio (%) e V(Gb) ) Gene count  Reference
Zunla-1 C. annuum Mlumina P + WAL EER & 1.23 78.95 3.26 80.90 35336 [16]
Chiltepin C. annuum var.  Tlumina M5 + #efE E i E 045 69.68 3.07 81.40 34476 [16]
glabriusculum
CM334 C. annuum Mlumina 7 + % G E 2.47 94.60 3.06 76.40 35884 [15]
UCD-10X-F1  C. annuum 10 x Chromium M7 + 5 4% 154 0 3.69 83.18 3.21 84.91 35018 [24]
C. annuum
Early Calwonder  C. annuum Tlumina 7 0.39 91.70 2.88 84.10 35355 [25]
Small Fruit C. annuum Mlumina JF 0.42 90.60 2.88 82.70 35158 [25]
CA59 C. annuum PacBio+Ilumina )3 +Hi-C i 262.00 99.62 3.08 84.71 46160 [26]
Dempsey C. annuum PacBio+Illumina /¥ +Hi-C A1 260.60 99.70 3.05 87.84 39262 [27]
JerE R
Takanotsume C. annuum PacBio+10 x Chromium +Ilumina JF  262.67 97.00 3.06 83.40 34324 [28]
+ JEEE IR AL % A
Zhangshugang  C. annuum PacBio+ lumina M7 + Hi-C 8 259.70 99.91 3.02 78.14 33688 [29]
HDA149v1.0 C. annuum PacBio ¥ + e B 266.00 99.60 3.10 / / [30]
HDA330v1.0 C. annuum PacBio ¥ + Je RS 42 281.30 99.80 3.12 / / [30]
1 Average  / / / / 3.07 82.45 36466
PI 159236 C. chinense Hlumina JFF 3.30 89.00 3.01 85.00 35009 [23]
3686 C. chinense 10x Chromium M7 / / 3.02 / / [28]
Sy-2 C. chinense 10x Chromium ¥ / / 3.00 / / [28]
SEHJ Average  / / / / 3.01 85.00 35009
PBC81 C. baccatum Tlumina 7 2.00 87.00 3.22 85.00 35874 [23]
PI 632928 C. baccatum var. PacBio+Illumina )3 +Hi-C i 283.00 98.69 3.31 87.21 32830 [29]
pendulum
S Average ] / / / 3.26 86.11 34352
Grif 1614 C. pubescens PacBio +Ilumina il 5 +Hi-C 4% 312.20 95.65 3.93 89.25 33398 [29]

R EDN )Y, A SRS 10—
AEAE B B A SE R 4P 3] 1270
1.2 HbsmEkiEsh

Br—4F A B (C. annuum ) A, TN 5E
BT A 3 AN BRARURR 55 A Y 4 BE P . A
15 2017 48, 5 E 2R FE 57 RS AT AT BARIH —
A Tlumina 7 + M Sk 4% 09 5 ik, 345
BB (C. chinense) FHH} ‘PI159236° F1F 3 B
W (C. baccatum) F1 ¥} ‘PBC81" Ky 4x F [H 4]
Fe4) 1230, 2022 4, H A Kazusa DNA #F5% ff A
BAFIFH 10 x Chromium M5 + MK 225077, 3K

FHPIAS R AR (C. chinense ) #1EL ©3686° Al
‘Sy-2" (A FERTH] BT 2023 4F, IRIAR
b R 2 R 5 [ TR r 7 5 AR A ) A T A A bt
5% A BA K B =T PacBio+ — At Illumina M 7 + M
KA +HI-C B RS, 52~ HAHUEM (C.
baccatum var. pendulum ) ¥/El ‘PI 632928 Fig
E B (C. pubescens ) ¥ F Grif 1614° 1) 4=
FEZHI P A2 e 1200, 2k, XTS5 AN F R
PO 5, BRAR B FhE AR B ( C. frutescens )
DLAN, HAx 4 A3 8 58 i 4 FE DR A1y 2 2
(£1) .
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2 SR E AR AT

2.1 FEMFIZE

WL, HUR s (ARZH 32247 2n=24
(x=12) F12n=26 (x=13) BRI, Hi, 5
A FELBAR S B 2n=24 (x=12) Jefafk
ARG, T — LB AU C. campylopodium .
C. cornutum M C. hunzikerianum %5 W) H- A5 2n=26
(x=13) Bk . HA 2n=24 (x=12) %
ORISR T XEAR, — B 11 %) e a) 35 22
#i ( Metacentric ) Y {8 1K Fl 1 X5 W [] 25 22 i
( Submetacentric ) 4t @ AR # %, 1 EH A 2n=26
(x=13 ) et IAZH pl A% 0 A3 15 5 22 I o [
%22k ( Submetacentric ) Yok, FHEHP 1 %)
v 22 ki ( Telocentric ) YefafA [32]

AR, Bl A ORI 22 35T 0 BRAR P 5001
G R B AR A L (AR 2 R RO 4 A5
O RBUHIE 7 A ¢ R PR L LR 2H ki Ak
FFR, BT 2n=24 (x=12) Yoo fApz BT 5L Xt AR
P, IS AIAH 2n=26 (x=13) Jefaikd]
2 2n=24 (x=12 ) QORI AR TR 230
SR, WA NS AR, AR 2n=26 (x=13)
AR BRRUE P AL Y AR B, 2 T A 13
XF /N A G 8 AR 8 A AT A 2n=24 (x=12)
o
2.2 ERAKNM

FEH K/ (Genome size ) TEBARRP ] F1Ff
WIAEAEZE S0, fi 3R 1 AT, — AR ( C.
annuum ) FRIEFPIEKR KN T 2.88~3.26 Gb,
XA 3.07 Gby 3 EBIAL ( C. chinense ) Fl
2AN T IEHM (C. baccatum ) MBHSEYYRERI4H
FK/NAY 5K 3.01 Gb 1 3.26 Gh, 4% B A (C.
pubescens ) F1BF Grif 1614° BFEFHZHATE
LA BRAE R 2 P e Ky (3.93Gh) |, X 5 5L
3 o8 48 gt B AR I S 1) PRI 2 5 gt AR 738
FEARY G . TERRHEY T, BRI 4 2 KT
Fehn o) DA RGN T R, &
JCIX o R G g it D] o R AR R 2 R R R
Fe i ( 4R F 70% ) (19 %% 8 T ( Transposable
elements, TE, 1), H X DI LTR ( Long
terminal repeat ) 282 5 JBE - DTk R L5642

23 EE#HE

FER 1 ATAL, —ARA B B PP S DR 21 v R
M A gt LR e e 2 102 “CAS9” (46 160
), /PR ‘Zhangshugang’ (33 688 1) ,
fHAZ “CA59° FEPIREAY BUSCO ( Benchmarking
Universal Single—Copy Orthologs) AL 5E &
(79.4% MET ‘Zhangshugang’ (97.7% ). ‘CM334’
(86.7% ) Fl ‘Zunla-1" (84.1% ) , It ‘Dempsey’
(77.0% ) F1 ‘Chiltein’ (78.5% ) W& (20,
EBHL ( C. chinense ) #1 K} ‘Pl 159236° KL[H 4]
RS B 1 G 56 R ECR 35 009 S, T S BfU
( C. baccatum ) ## ‘PBC81" Fl1 ‘PI 632928’
e R 21 T B ) 2 1 Gt 56 DR 800 ) Ry 35 874 4
132830 1, AEEMZE, REHEHN (C
pubescens ) FIBF ‘Grif 16147 FEFE A HA, [HH
TR A it 5L (33 398 4 ) (R F—4F/4E
FRBEL R ZH AR~ XM (36 466 4> ) FiTd FE 3L ( C.
chinense ) ML ‘PI1159236° (35009 4~) .
24 Z=HEEMIYEAE

=2 R 2H 2~ ( Three—dimensional genomics )
JESE R A =Yk 2s M 454 5 D Re ks i ik, 2
Xof B PR 20 7 9) 78 4 B A% DN Y — 4 25 [RG5S H:
RN E S EA ., RAFEYSRPEED
DIREHEAT W B BT 24 L 19T, 2022 4F, AR
Ak R 2A B 5% B AR Hi-C R, &4 R
W W DL SOs A e, B URER T
PR 28 5 R 2 285 4 1) SR A RRAIE S L 5 B 4 1)
REFELIYOC R . G5 R R, BARIE I 4 A AR
BA 5L 2RI AR 4S5 5 Topologically
associating domains, TADs) , {HJHJE ML 5
WTETIRE I A T2 —FE . BB TADs (130 2 Y
R T HE A A X, 2 X P 91 e RS
Uk L5 4 e X L R AL T B A 25, 2 3 ik
U IE P, IR I8 UE S Y (0 A 4 B SR RE S
JUZ WAL SR B b2 R, EIRRE H R
PR AU SN 2 R KK, BRENAWE —E
TR LRI DI RE A B T . BRI €5 T — 4k
G FE MR T BN S0 R Y S
WK, HXPhasma s Eiaets, ik T
oA R AV FE P4 207
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3 HWIZEREAMRHE

1Z 4 (Pangenome ) S48 K — PP Hy 4
PR A B ES . AR T —MES B
H, 1z HEK A A DU R R R — YR s e
S ORI 0 D e R RUIIR X Py Fis A% 2
FEVERIAR LA i S0 AR, AR
FELZ B DR A A RN FH 7 T S — S

2018 4F, I FE A A B2 B gk S 0 58 T
FERIBNE S A AL & 4 > FEZRURIE R Y 383
3 SRR 5 T 05 E 0 AR s AT AR A, AR
Ja L ‘Zunla-1" LR K S5 AT HOX 40T,
P 155 — Bz JE AL 77 iRz JE
2] — LB 51 757 A 0T B (High quality,
HQ) LR, Horp 4 28 840 M0 HE M (Core
gene, R4 NFBARIEMILA ) o RE, bt
3% A Ak — 2L F T 3L R PAV ( Presence — absence
variations ) HFAT 43 KIZH SCHR 7347, Lo % 5|
REE2 I S SR PO el Al N g 7 vive - 5 v

2022 4F, i R E S R 5 T A LA

‘Dempsey’ SFHEAFI S, BRI 114>
BRBA B 2 BT 91 5 Z Lo, T B
HABIEZ E A 12 Z BRIz B 2 3
YEE 42 972 DR 05, A4S 12 DAL 4
A 19 662 A% B G0 LA K 23 115 4~3E
OB S0 - [FI, IZATBAIE T PAV B350 47,
YE T 5 SRR AR Y T AR S o7 w27

2023 4, ) FE ARl K 2 0 3 I 1A S i

PR AE W 0 5% i 0 58 AT BA LA “ Zhangshugang
(FERE ) 2ERAFII NS, T IR
(C. baccatum ) ‘Pl 632928 H1 4 & HH (C.

pubescens ) ‘Grif 1614° FLHHFH) 522 X,

T 1 AR A AR R R 4 . 2 EDE

2 B 2 87 10728 545 B o kB iF e s &

GERE . BRI . MG LA SRR by 0 S5

it i T BB 1

4 SR B SR

41 HERBEMMESUIMEERZAN
Xt ok PR T 7 A A [R) BROEURR 19 500 £y 4% 0
F B AT P MR G KT o 2B, &

F Pubescens 43 3 19 9 & B ( C. pubescens )
i RS 434k, K& & T Baccatum 43
W) C. chacoense. C. baccatum var. baccatum
1 C. baccatum var. pendulum, iz J5 5 tb 89
Annuum 53 0 &% C. galapagoense . WE AR B
( C. frutescens ) . ™ E Bl (C. chinense) .
C. annuum var. glabriusculum F C. annuum var.
annuum "7, FETORFE . URGIT . #A . B
+ TR 6 A W Fh Y 8 A L P A b 28 1Y
2 540 FbE DL AR R E R A T RS LB 0T,
HEWT 98 BB (C. baccatum ) KLLE 170 J7 4
Hi B HUR th o34k, —4E AR (C. annuum )
FH E B (C. chinense ) 4 AR s B ) K 24 78
110 ﬁ@ﬁﬁ [23] o
H G R AR (£ ) 4M07 5 4Bl
WA EE ( RIZ% E B C. pubescens . C. baccatum
var. pendulum . R C. frutescens .  [F 5
MU C. chinense #1 C. annuum var. Annuum ) L) 3
AEFAE BRI EE (B C. chacoense. C. baccatum
var. baccatum F C. annuum var. glabriusculum )
Z ) 3 R 2 AR s O, 2 R R BT i B
( C. baccatum ) WWWAAEF (B C. baccatum var.
baccatum F C. baccatum var. Pendulum ) 2 [i] 1Y
KA (F, =0.29) , A HiAth k4
F KT 037, DI SIGRNA17 15 b Ayt
(A
R 3 Ak LA AL, SBORUAS ] b i 22 ] A A7 A i
B AL, G045 HF AL AR R B R L S A [R]
ARG IEERB A . WEHARSE I 3 A, 4%
PR B CCM334” Lzt L CZI19”
‘11c1363° . ‘ZJ18° M ‘ZJ12> "W AFAE I B
K H B A B “Chiltepin® B9 3E B A L),
B, i 3 TreeMix 43 #7830 AP [ B (C.
chinense ) FIHEARFRM ( C. frutescens ) F&[H 2
TEAE P B ( C. baccatum ) FEEREAIB A,
TEIX LB A LA, ER 0 AT RE A 3K A4 BB
PRAL T XA (AR, FE D) AR
(50 #he. mil ) Pha g sz k1220,
4.2 FERFTERMEZE MR LN H
PRI SE BBUREAA PR, 32 S O R A5
RPN A P IR N 2T R G
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S E AR W) B UEE R BE 5 T BL A e
ARG TR ], R BT 0 A A S R
PUR A I B PR A i e, DA B Se e P 8 DL 22
] (%) 17 91 53 1 S BOHT P RE o A A OC s-1e i
ab X BRABUR 26 it 22 [] 1 L3 2 s 20 22 43 B ik
B, H2e JL K U BCAT ( Branched-chain amino
acid aminotransferase ) . Kas ( Ketoacyl-ACP
synthase ) 1 CS ( Capsaicin synthase ) W) 7553
IR AT REA B TR B RS R S Ak, b
K IR E A L A AT3 (Acyltransferase
3, % F T CS) 24 # UL (B AT3-D2 I
AT3-D1 ) FA50) 5 AMEERLOW P B 98 3 1 R i)
DRFEREZEH e

BHRE G ME S AMRERE (Nucleotide—
binding and leucine-rich repeat, NLR ) H A2 A
Ptk R 1 e KB — 2 him B K0, X T
) 1) fdt R RIARARD G [ AR R OC AL
THMMEGEE, NLR fEAMh &4 TR &Y
gk D480 SE BRI A0 A, BRAUR NLR
Mk 0 LTR B S5 1A S S s 2
il ( Retroduplication ) A2 2/, —4FAHH (C.
annuum ) B AL AL S i — 20 B0 N NLR
S Z R4 120 A, A A AT
B (C. baccatum ) . HEBFA ( C. chinense )
A —4 A B (C. annuum ) 3 4~ R B Fh g
SR I, S sk il # k] (Tandem
duplications ) MY ik B B B ( Segmental
duplications ) 18 7] fig 2 [A] &3 2 T 2 B (C.
baccatum ) HUIRIEIFEER B 734k 123
4.3 [ERABRMIE R SRR

A BRI Xk H A sk, AR 14
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