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SNP Genotyping Based on Multiplex PCR and Its Application in

Genetic Diversity and Association Analysis of Pepper Germplasm
HUANG Yueqin, CHEN Xuejun, FANG Rong, ZHOU Kunhua, LEI Gang, LI Gege, FANG Yu, YUAN Xinjie

(Institute of Vegetables and Flowers, Jiangxi Academy of Agricultural Sciences/Jiangxi Provincial Key Laboratory of Horticultural Crops (Fruit, Vegetable &
Tea) Breeding/Biological Breeding Innovation Center of Jiangxi Province, Nanchang 330200)

Abstract: In this study, a multiplex PCR-based SNP genotyping panel was developed using genotyping-by-sequencing (GBS)
data, which includes 170 core SNP markers. Based on this SNP panel and 30 phenotypic traits, analysis was conducted on 202 pepper
germplasms to resove their genetic diversity and explore the associated loci for excellent phenotypic traits of pepper. Research showed
that a total of 170 core SNP markers distributed across 12 chromosomes, with the average Shannon's Information index (/),
polymorphic information content (P/C) and Nei's gene diversity (H') being 0.616, 0.334 and 0.428, respectively. This indicates high
genetic diversity among the tested materials. Results from cluster analysis, population structure analysis, and principal coordinate
analysis were consistent: all divided the tested materials into five groups, and each group showed a certain correlation with

geographical origin and fruit characteristics. The coefficient of variation (CV) for the 30 phenotypic traits ranged from 7.00% to
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87.88%, with an average of 34.85%. The Shannon-Wiener diversity index varied from 0.03 to 2.07, with an average of 1.19. Among
these traits, single fruit weight showed the highest CV (87.88%), while fruit length had the highest Shannon-Wiener diversity index
(2.07). Corolla color exhibited the lowest values for both CV (7.00%) and Shannon-Wiener diversity index (0.03). Most of the 30
phenotypic traits showed significant or highly significant correlations. Furthermore, association analysis was performed between
phenotypic traits and SNP markers. The results showed that a total of 53 SNPs were detected by two methods (GLM and MLM),
which were significantly associated with 12 phenotypic traits. GLM and MLM could explain 4.83%-48.41% and 10.86%—19.19% of
the phenotypic variance, respectively. Marker 980-003 located on chromosome 4 explains the highest phenotypic variance for corolla
color. Four of the 53 SNPs were simultaneously detected by both methods. The SNP genotyping panel developed in this study is a
genotyping method with high throughput, good accuracy, and low cost, which can be applied to genetic structure analysis, molecular
marker-assisted breeding, and variety identification of peppers. In addition, this study established a database of phenotypic traits and
genotypes for 202 pepper germplasms, effectively establishing the correspondence between phenotypes and genotypes, and providing
theoretical guidance and a material basis for the exploration of excellent pepper genes, germplasm innovation and the genetic
improvement of varieties.

Key words: pepper; SNP genotyping; multiplex PCR; genetic diversity; association analysis
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Table 1 Test pepper (Capsicum annuum) germplasm materials
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Table 2 Grading criteria and assignment of 18 phenotypic traits

R > i LG Grading criteria and assignment
Traits 0 1 2 3 4 5 6 7 8 9 10 11 12 13
st tE BH b i 55
A Plant-T TrkE FH IERA
7
FZEf MSC Ha ak S KGRk T 3 kS
H% LS 5 54 Kgp HegH
I5
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EREEEE L B i ="
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BH: Branching habit; Plant-T: Plant type; MSC: Main stem colour; LS: Leaf shape; LC: Leaf colour; ST: Stem trichomes; CC: Corolla colour; FCC: Flower

column colour; FO: Fruit orientation; IFC: Immature fruit colour; FSS: Fruit shoulder shape; FAS: Fruit apex shape; PCFB: Persistent calyx of the fruit base; FSC:

Fruit surface characteristics; FSRF: Fruit surface ridges and furrows; FSL: Fruit surface luster; FS: Fruit shape; PL: Pungency level; The same as below
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$:[H Na (Observed number of alleles) « 25547 K] Ne (Effective number of alleles) , F < 45%% 1 (Shannon's
information index) FI3EPF ZKEME H' (Nei's gene diversity) , [ Botstein 25310773215 SNP A7 S () £ 4
{5 8 & & (PIC, polymorphism information content) . #&## Nei's #t4% 5%, FH MEGAB2 17 NJ
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Pericarp thickness; LN: Locule number; FFN: First flower node; The same as below
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Fig. 1 The chromosomal locations of the developed SNP markers
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Fig. 2 Cluster of 202 pepper germplasm based on Nei's Neighbor-Joining clustering method
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Fig. 3 Population structure analysis of 202 pepper germplasms based on SNP molecular markers

2.5 ERS S

I Rstudio Xf (A REBEAT sk 70 b, anl&l 4 o, B EARAR IR 7 22 5T RR R 3 70l 9 29.58% A1
11.71%. ARFERTFEAS F 805, 202 B BRI AT 402 S AN JSHE, LR JSmE 10 250 3 580 2. e 4 Ak
TS BB, S SO, TMIREE 2 JSHE 4 RIREE S JRRMI R X 4y, fAAERR X, FBE T St o
o FFESERRAFRBAELS 1 B BRS04, Horp2REE 3 GEED B 1 B 5704,



FHE L () (L 1 BB RS, JWHE—BIAE 7 E R B2 384 R PERMANOVA 4iit
KSR, P/NT 0.05, BRBERAAAERZE TS, (HRBERRIMURRE T 4% (R=0.04) 1L 45,
X AL SR IO ARRE D05 o BG4 R A3 B R K R1) 235 A A 8 K SIE A K R 20 A — B, L ep i AR
WIN120. N122. N160 fERFAARZE R 3, H O E AR5 A WA 11 28.6%. 32.1%1 47.8% 15 % B
Gy AR MR AR 25 1 N048. N199 1 O 18 SR H A5l & A WEE 3 1 22.7%F1 37.4%)
WAL, FEER AT R BISEE 3 b LR BRI, F R T SRR G 4 b 4 SRR e i — 5L
.

aashs U924
s SN e 0 8 PERMANOVA
s, 3 ¥ P = 0.004
— T g— R2=0.04
k#Z PERMANOVAZ%; il K46
Upper box plot PERMANOVA statistical test
. -8~ Groupl py|
©- Group2 K2
~@- Group3 {3
8 0.2 Groups Flif4
[ - groups Ks
=
=
%0'0_‘..“ e
=
H
-0.2

-04 -0.2 0.0 0.2 R
F 41 (29.6%) PC1 Right box plot

4202 A EREIMBRAY EBL S S 4
Fig. 4 The principle co-ordinates analysis (PCoA) of 202 pepper germplasms
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A RBUR R, HARIE 1.00 g~169.4 g; FETREBUE AL 7 REURD, AR Ry A EBIER . TEHE
. RITUZR. BRI RICE LSRRI ERE 7 RECI KT 50.00%, mrtf, FHE
7 R SR TG B R AR S R0/ . Shannon-Wiener 2 ££ PR 7 0.03~2.07 Z 18], “F#424 1.19, Jr
1A A SRR Z AR B R K, e st 2R e bR s RIE MRm. BRIE. dRTETT AL, F22E
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Table 3 Analysis of genetic diversity of phenotypic traits of 202 pepper germplasm

PR I=INE R/ME A i BREE (%) Shannon-Wiener £ P53
Traits Max. Min. Mean SD cv Shannon-Wiener diversity index
SPEPE BH 7.00 3.00 4.59 1.18 27.73 0.86
¥RA Plant-T 3.00 1.00 1.29 0.37 33.97 0.31
FZE @ MSC 5.00 2.00 3.24 0.72 21.84 0.48
LS 3.00 1.00 1.71 0.69 32.09 1.01
s LC 4.00 2.00 3.08 0.33 10.55 0.39
EREEZEE ST 3.00 0.00 2.09 0.45 21.66 0.51
fedgif CC 3.00 1.00 1.00 0.07 7.00 0.03
At FCC 3.00 1.00 1.42 0.87 57.88 0.56
I FS 9.00 2.00 5.56 2.52 39.91 1.94
HHR L TIFC 3.00 0.00 4.92 0.72 14.58 0.77
RIFTER FSS 3.00 1.00 2.6 0.93 35.74 1.26
RTFIR FAS 3.00 1.00 1.66 0.78 55.19 0.67
RAEEFIE AL PCFB 3.00 0.00 1.53 0.84 44.68 1.08
RV FSRF 1.00 0.00 1.91 0.97 50.61 1.10
RME FSL 3.00 1.00 0.97 0.10 10.34 0.06
FRMHFIE FSC 12.00 1.00 1.63 0.75 44.69 1.02
BERFEE PL 4.00 0.00 2.94 0.95 32.14 1.22
RIHALES FO 3.00 1.00 1.13 0.61 50.34 0.33
P (em) PH 115.00 35.00 55.03 14.4 22.19 2.05
FZEm (ecm) MSL 52.00 11.00 23.05 7.04 28.27 1.92
FRIE (cm) PS 110.00 20.00 54.05 133 24.03 1.97
UETET AL FFN 23.00 4.60 9.42 2.54 25.87 1.88
FIEE (g) SFW 169.40 1.00 37.05 23.46 87.88 1.59
R %E (em) FL 20.50 2.40 11.7 3.61 33.01 2.07
RS (em) FD 7.80 0.90 3.7 1.50 49.19 1.79
FHKE (cm) Pedicel-L 7.60 2.30 4.39 0.96 22.28 2.05
RAE (em) PT 0.54 0.06 0.27 0.08 34.70 2.03
L LN 4.00 2.00 2.65 0.63 24.99 0.87
PRI IE TR DI 100.00 0.00 57.62 26.4 53.47 2.03
PERWIMRZE DR 100.00 0.00 71.62 30.00 48.79 1.97
T¥{H Mean 34.85 1.19

PH: Plant height; MSL: Main stem length; PS: Plant spread; FL: Fruit length; Pedicel-L: Pedicel length; DI: Disease index; DR: Diseased plant rate; The same as

below
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Fig. 5 Correlation analysis for 30 phenotypic traits

2.7 SNP #ri8 SERMIFR B MR X BX 0
7£ TASSEL3.0 ff] GLM 1 MLM 8 F, DL AR Q BN TR &, K BORER B PRIR 43 i 6 12 48 57
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Table 4 SNP loci significantly associated with phenotypic trait and their phenotypic variation explained

YIFLLE (Mb) GLM MLM
PER Frid PEREN
Physical P B FIRRER (%) PE KAV FIRREE (%)
Traits Marker Chr.
location P value PVE P value PVE
RIUEAR FAS 964-003 3 241.658 1.02E-06 12.60 - -
1015-001 5 102.348 0.00001 9.72 - -
1202-003 11 165.754 0.00001 7.68 - -
1 gt CC 903-002 1 197.485 1.73E-06 13.37 - -
928-001 2 110.138 0.00002 11.48 - -
971-003 3 274.56 8.99E-11 22.50 - -
972-005 3 279.329 5.74E-16 31.14 - -
980-003 4 22.604 1.37E-28 48.41 - -
993-001 4 204.446 1.32E-11 23.62 - -
1012-005 5 63.048 0.0002 9.55 - -
1022-006 5 187.232 3.89E-08 17.71 - -
1085-010 7 173.678 9.09E-09 18.42 - -
1086-002 7 191.879 4.15E-17 33.32 - -
1100-002 8 36.115 6.39E-10 22.29 - -
1102-001 8 52.207 0.0001 10.49 - -
1110-003 8 121.538 3.74E-08 17.45 - -
1144-001 9 255.346 1.15E-07 17.44 - -
1148-003 9 270.866 1.56E-10 22.83 - -
1161-010 10 106.383 9.10E-16 31.24 - -
1187-001 11 32,613 0.00006 10.55 - -
HHR & TFC 993-001 4 204.446 9.18E-06 12.40 - -
1069-008 7 40.956 0.00008 10.87 - -
1204-014 11 182.088 0.00002 11.58 - -

1206-001 11 205.261 2.07E-06 13.76 - -
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1051-001 6 187.727 0.00008 6.41 - -

1084-006 7 169.641 0.000203 5.96 - -
1125-001 9 51.894 3.21E-08 10.80 - -
1126-001 9 59.032 0.00008 6.35 - -
1142-004 9 249.159 0.00023 6.12 - -
HRIHGEE FSL 948-005 3 67.725 0.00012 10.61 - -
995-001 4 213.512 0.00008 10.79 - -
1020-002 5 154.033 3.63E-09 20.72 - -
1060-006 6 224.797 0.00016 10.19 - -
1160-005 10 86.258 1.11E-06 15.21 - -
1161-010 10 106.383 3.83E-11 24.25 6.11E-07 19.19

- FC A RIRAAL AR

PVE: Phenotypic variance explained; -: No significantly associated loci
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