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Abstract

Plant polysaccharide is a biological active component with health care function. The fresh and
tender fruit of okra has a high content of polysaccharide. Genome-wide Association Study (GWAS)
on the polysaccharide content of okra and the mining of relevant gene loci can lay a theoretical
and material foundation for the cultivation of new varieties of okra with high polysaccharide by
molecular breeding methods. Based on the accurate determination of polysaccharide content of
180 okra Germplasms in multi environment, the whole genome sequencing (Genotyping by se-
quencing, GBS) of the tested materials was carried out, and the genome-wide association analysis
was carried out combined with the phenotypic data of polysaccharide content in multi environ-
ment, to identify the SNP sites significantly associated with polysaccharide content. Meanwhile,
excellent genes which may be related to the content of polysaccharide near the sites were mined.
A total of 46 SNPs were detected in four environments, and two of them were selected as candidate
sites. In the 100 Mb region near these two significant loci, candidate genes closely related to the
polysaccharide content traits of okra were found. UGT-glycosyltransferase and MYB transcription
factor were finally identified as candidate genes. UGT-glycosyltransferase and MYB transcription
factor are closely related to the synthesis, accumulation, and decomposition of polysaccharides in
okra tender fruit. The results of this study provided a new perspective to clarify the genetic regu-
lation mechanism of polysaccharides, and laid a theoretical basis for the genetic improvement of
polysaccharide content in okra tender fruit.
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1. 5|15

Rk 3% (Abelmoschus esculentus L.) %% F} (Malvaceae) k%% J& (Abelmoschus Medicus)— 442 H A
Yo HAE A2, BRIt H, FhraTie, FENEFA B EAR SR EL]. 3
R R IET S F & HIRERDR, EER LA RNE,. PR AR, RRELH. MOENEEARS
Yo ZHEERNRIRMEY RS, BAZMEDEN, Witm ek ). Mk R 7. Jussy. B
B, DLAHURISE[2]. DRI, BERK S DR AR A TR AR 5 3 ) R A AN £ T 25 SRR 2 3 AT TR %
A Z[3] [4]. BB B FRME S A CRAE D8 T R 2 H AT SR 00 & A H AR AT 1), 4Tl sk
EHMAAKZ DR FRGEFE R =, ERE T 2 PSR B . H AT E N A
FKZEZ HERIFREU N T L ZARIER 2, (HX) B RK 5% 1y 22 Bl P o B2 0 1Y) 48 58 VPN 5 DG B R R A2 08 T IR N
W9t

LR, BEE TAK S T & ThRE B IR IR A AN W il i, SRR A Iy — R B 55 LR TERR 3.
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WoEN 45

AR S AR AR THIRR R, AHOGIERII ST B 51k 1 28 AT T2 O . X B AK 2% 1) S mli it o 2 4
HHTEBE B AI[5] [6]. ARHTAEH[T] [8]. B IR [ ZE FHThAL[10] [L1%J7TH, 1A Ko T EW2= Mt
FUHRRI A 2 W R AR DG T REJE DRI 78 07 THI (A 9 /b o T /IB55(2014) R FH e Rl RT-PCR iR, B K3k
T HAKEE AR & L Rl (CHS)CDNA 4K Al [12]. 5K/ -F45(2017) i85 mil S0 Fr 5248 1 58 (o
FRZEI Fr BE R TE B OL, 058 s A2 AU B AR AT T HIAR[13]. 251155 (2018) R RNA-seq
FEAR T K RS R RO, AR T RSS2 GBI R A 5K, s RS a8 B d it
T BRI [14] . X T AEY 2 08 S EAH DGR DR (42408 OV — Se40l, 3 SCHE(2019) LA 7 4 JE PR 4H %
S HAR IR, R ARG BT, TEREA AR TG P 2 B s A% v ) B R IR R
A7 LI IR R 22 5T, HEDN FucXylTs Pl RES: 5 T M i v o 8 22 W O I 5% (1 2R )6 B[ 15] » Y4E(2017) IR
TESRMHE M, REEZ RN 0. X s F OB 5 RE 7R 20 R IR SERE S g A7 55 3 L5 50 #T
i 36 3R 2 P RE S 5 R A TR S 2 WA AR DG 1) 22 SRk BRI [16] . A (2021) 55 LA HICAR (1) 4 Bk
119 fr REZFERNBONAEL, WASF R REFFRL B-H1 R & 25T GWAS 70 #fr, FLEES] 10 M S5HEE
B FEI8 Ry A R B R BE R [17].

B, X TR 2% LS 22 S M S S TR 1) 4 35 (R ZH V0 BB 0 22 A0 R LRI o ASHIF 9 4001 F vy i
M EARXT 180 13 K SEAZ ORI AT AR KM T, X BRI T IR T, A
ZIIE N Z PR BRI AT IR R 23R, PR IIReARIC, SRS m 2R E MG EL. AR Bk
ZHEA R FALHSR AL E TR R, N T B MRS & 2 MK SR R 25w B RA R A, Xtk
FERFIFHERKTE R Fm KIS 7 TR, ReEkErs g hE A EER L.

2. M5 %
2.1, RIEH

I A U A E AN S R, UISCEERAE AR EE 180 (A% O FI R, A sREEN 8 ME(EIRX)M
108 fr, KHESM 10 ANEFAHX 1) 72 4. 5350 F 2019 45 5 H 1 2020 4F 5 H FEF0 T8 5 4 IR 0 %
i (28°15'N, 112°43'E) (iZ¥RBELL R RIAR N 2019 AZE4H), VL5048 R0 T m il K 26 2 (31°41'N
120°12°E) (LA WiFR Ny 2020 w9id), RG24 Kb i o B R b AL 2 B R 0t 7 B e T 5 56k
(28°50'N, 112°20'E) (iZ¥ 45 L R &I FR 251 4 2019 PeiT Al 2020 HeiL) ik g6t . SR A1 RHZ ST X PP, 3
WHEE, 7K 10m, 7% 1m, 1786 30cm, /4%, J0E 50 cm, HHEIEFHEIEKHAER, BAE)5 6d [FH—
SEALIR B AR ZE IR BT 5 2 0 5 .

22. WAE

221 EREHAZESEOINGENE
23 SRR B 8 2SR SERE S 1 mg, BN 100 mg HEF45 5 (1 KBr, & T-HHk 67 B B = 440,
FEFHUE R, FLLAM G AR 4000~400 cm ™ Y6 FE Y #E 4T 20 74

2.2.2. EFE4H DNA $2H
KA 180 17 #AKTEAZ OB A R G B TR A R, F T 2E R4S DNA fH2EL . DNA JKE
i % 50~100 ng/pL, NanoDrop 2000 5840 W6 FEE 600 DNA ¥R EERI R &, LR AT &I 7 20 J i 2K .

2.2.3. EHEE M
I BR il P 9 VB Hae 1T 6 S AK 5L (R 41 DNA AT EEV) . BEUIARR: SHAKZEIEAI 41 DNA 500 ng,
NEB Buffer 41 pL, PR PIEE 0.12 L, #h/KZE 50 pL, 37°CHEFYIM 15 h. BEVISE oG, 4ty
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&aite, I 50 uL EB B . XSEEVI Wi AT Fin B R, JF HX 5" AR ST BERR AL R E M . 7E 5 BEIR
PR b B 3 ARSI —A~ “A” , DMEJRLES 5 um MK “T” Solexa #3kHEAT BLAMY SR, MifiHe
e U ESKIERRRCR, [FIRBHIE T Solexa #23k M HE. SNV 45 A A A ZiL G &2itk, I+ 10 uL EB
[ . fix)o 4% Solexa Ik, MIMAEAFF DNA FrBURA TAHFERI AR 51, ATl AR J5 S22 I
MIEZZ 2 b, BEAT 5 WP

2.2.4. PCR ¥ #8155

R Y5 U T £ 24F PAProC (http://www.paproc.de/) 45 5, Y1 A1 500~580 bp ) DNA A B,
AT PCRY . ¥R R W T 4ifk3R43 1 DNA F=4#) 8 uL, Forward-5[% 1.5 uL, Reverse-5]4) 1.5 L,
DNA K& 20 uL, #h7e dd /K% 40 pL. F3EFEFT: 95 CHiAR ! 30s; 95°CAEM: 10s, 62°C E 1% 30
S, 72°CHEH 40's, 20 MEIF; 5 B 72°C ZE{H 6 min. SN &5 3548 A 4tk k7 &4tk T 30 uL EB
FIE . SRR AR 1) PCR PEIdHAT A 4l e &, SRS AR RINEEATH 2N PCR, i DNA Jv Bl #8 ik
NELSY TR DNA 5. 55011 DNA R 58U, B8 A lluminaHiSeq2000 Ht, #EATHIF .

2.25. BMBEMNF

5 DNA Z5TERSIF 51, #4461 reads 4% B AMESS 28, FF 51 BRAK T =11 reads, X34 b 2 3E K]
RS reads, HATLAH LA SCSNP bR #5551 Lo X AV IR A IE IO 45 SR, S BURE A I IR
IEH) 4 LRI R, FORE SCSNP FRid. Guil2ER 4] Er4E 100 Kb Y P SNP ARt M4, #331 SNP b
10/ scaffolds L/, HEATHT 180 AMFEAHIRER A HE SNP AN, Ziil-f: 100 Kb 5[ 4 SNP M4

2.2.6. BHFEHoHh
RN T A THREAR I BEARSE R, iR 4 LD /A gh 3R, 1% UM B TR ASES Y SNP 71, KA STRUCTURE2.2
Hof ARSI T T R T RO R W RER 5, SRS RN Q 1A .

2.2.7. EEREXEKI

FIH Plink XF 343 () SNP 47 it 45 1], AniE2 MR/ Mt # < 85 Wl /NEAEERIAIZR <5 %
) SNP. {5 FH SPSS19.0 X} £ ¥ & F s 2k 47 e it 47, M Admixture [18] 7 BB 44254, { FH TASSEL3.0
[19]1)— MR AR Y (GLM) IR A R MR T (MLM) AT 4 25 [RI 205G B 40 AT, J8 3T SPAGeDi 1.4 AR 1T 5 R
mn (2R 4 % R Ko {8 TASSEL 3.0 B4R 5 & bR 42 25 PR 4H DR B 43 1T 1) Quiantile-Quantile (QQ) AN 2 i
i

3. BGRENH
31 FEMETZHEEENEEELRIT

TER K ERAR Al b, A HIRIESE R, RECE ISR, M T 180 f AFI IR IE
FITERKEE B ARTEAR . DAk I Tl it Ao A% it e 2 MG A2 22 T3 S FH 343 7 R ER B 7E 4 DA
BT, SARKSEMUR TP ¥ 2 5 B (iR /MELA 0.9834 malg, i KAE 4 3.3315 mgly, A5 R AR KN
16.62 %. UL &5 REBHIHLAEMEEM BRI AR 5, Iraa R I« 1.
3.2. BHAGHIFIEAL T AT

PN 180 A7 B RKZE GRS AR A SRR GG R (] 1 ANTE] 2), 2 MBBEIT FURE AR 1) 7 BERU(K fE)
0~10, AT, FEXTISREE RHAT S SUIAE, HRAE S SRR R A (A EL B E SR A 0 B, R K =
3 AK R, AT OB Loy oh 3 NTEAE, RUIFT FERH A ST RER B T 3 MR aat . 2Tk
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AN 2%

SNP, it MEGA 5.0 #{4 neighbor-joining i%, Xt 180 f3AZ oAb AT T iEAL 40 HT (] 3), 45 R EIR,
180 AR RT BASY 9 3 K3, B 1 K EZONH ARG R R & A KM MR (AL RoR): 5 2 KEZR
EIRE R AR A 0 5 | 33k B A FE i st (B8 3R 38 3 2R S T [ N B A ot B AH A T (3 (1 3R0R)

Table 1. Variation of polysaccharide content in okra core germplasm under different environments
F 1L TEMETEMEROHRZELIENTERER

BXE Rk —
B/MA(mg/g) 2 (mglg) EE BREAH(%)
Fh 3 Minimum value (mg/g) Range (mg/g) Standard  Coefficient of

Year  Location (mg/g) vg/llszi(rpn "g/g) (mg/g) vaﬁj\ge(rrar\%e/g) deviation  varation (%)
2019 VTiL 1.0834 3.2369 2.1535 2.2952 0.3814 16.62
2019 HIR 1.0216 3.3315 2.3099 2.3015 0.3992 16.34
VEil 0.9834 3.0396 2.0562 2.0115 0.3574 16.42
2020 [Fapti] 1.0126 3.2153 2.2027 2.1139 0.3862 16.61

|

FERRRRERER e e e e e e e e e e e e e e e ey

Figure 1. Population structure of 180 core germplasm of okra
1. 180 MY EEZ LM RAYRHA L
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Figure 2. Selection of K value in population structure of 180 okra core germplasm

2. 180 MYEFREALMRBHA LSO K EIRSF
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Figure 3. Evolutionary analysis of germplasm resources of okra

Bl 3. RMEMRARI D

3.3 AMEMRSESENSERAXKIH

3.3.1. HERE
FIFH GEC #Ait5 579,654 /> SNPs (145 Xchric L (En),

1.16 x 1077 (VEN), iZfEAE NIRRT 535 B AE -
33.2. XEEOthER

X 4 AR B 2 05 & 2 GWAS S5 FHAT b, E1 AN [FIRRL 6 B BE M = il R R, Q AR
2E, KBAUAT Q + KRBT Q B8 . MM IIVERIFEHICR T, Q + K ALY K BLRYAH I ™ 4% o
Ut 3% F BRI K AL GWAS 25 5 T G B2 s 2 I AN R 7 . 36T K A7, 7F P < 1.16

gEHZEH], En N 261,342, AR P =
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x 107, 4 DIREE—ILR I E] 46 4~ SNPs SR 20 & 8 B 3E 50, WA E) 28 MK 4, £2). 1F
2019 SFEEIAEE R, JLE e 2 MR SNP, H B E A QQ B WA 4(A). FEESIX 2 4~ SNPs fi7 fifx
I PRI RE R 2 ol e S 2 T I AT GTP 256 B 1 (32 2). 7E 2019 “RJniLI B, L4 21 27 535 SNP
H 2w E R QQ KIILIE 4(B), BEESIX 27 AM AT ilr K ThfE 43 il j& GRAS FIGREF (1 4N). MG
REALBFQ2 1) UGT-HEEEEERERR(4 1Y) B A IR MR ). HEY R R (3 /Y). P450 B2 (L
M FisEAGMN) B9HIFEAQ D). BHEAEERQ D). DNA S5GE A G M) SRFThREREF (5 1Y)
(# 2). £ 2020 FEPpiL T, L EH] 14 2 SNP H S5 KA QQ KB WK 4(C), BEESIX 14 M
MG R D Re 43 il e UGT-Hl SRR (1 ) B S E A (L N RS | RN EA(L 4. DSBA
AR ). E5HIFEHQ ). GDSL ENEFL 1) MYB #xH 1 (5 ) AR AP ge 3L H (3 1)
(# 2). £ 2020 SERGIEIAEE T, L%EF 3 R SNP H S KA QQ KWLM 4(D), MHEIX 3 Mk
BOL IR T BE 27 /& GABA B3 [H (1 1Y), MYB B3R T(1 M KA HEAD D).
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Figure 4. Manhattan and Quantile-Quantile diagrams of different environments
4. FEIMEEGTHI2MEHEF Quantile-Quantile

3.33. fRiEEEHRE

AT AR BB A4 22 JEE 25 42 50 Mb (r? = 0.1), PRIt 7EI44A SNP f_ I T4 50 Mb, Bl 100
Mb 0 [ 8 R A IR R . 7ERRN SRR 2 11 SNPs A7 £ 8 il 100 Mb (¥ X3 N F-4R T RE L 2L, JF
HA5G ik L RE 2B R I IS O, ZHE T 2 AMikFE . Clusterl671-67622 fi7 i7E 2019 4
PULLAN 2020 AFpeiL 35 pi i ), H I il iR K D e v Ry UGT-BEFL #2173 71 Cluster86-210279
£ 2020 FPLILAN 2020 Fra @B IR, %07 S BRI R R MYB Bk K. BRI e
UGT-HlSE AL BEAN MY B #4355 K T N IR FE R (3 2).
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Table 2. Significantly associated locus information and genes in different environments
2. TEMETEZEXRUSARERINGEIRES

5 SNP 17 & BEPR % A P1a BER ThREERE
Environment SNP position Cluster Location (bp) P-value Gene function
Cluster179-179593 Cluster179 179593 1.22E-07 THI S 2o Mt L
2019 3§
Cluster866-116645 Cluster866 116645 9.18E-08 GTP 448 HA
Cluster116-30201 Cluster116 30201 3.86E-11 GRAS Fjik
Cluster156-1203677 Cluster156 1203677 2.29E-11 i A B4 Tl
Cluster156-1203690 Cluster156 1203690 3.78E-11 ¥ I 4 P A g
Cluster1671-67434 Cluster1671 67434 6.39E-09 UGT-Hli B # il
Cluster185-48910 Cluster185 48910 4.35E-08 HH R AR
Cluster1863-545 Cluster1863 545 8.39E-11 DA P28 1Rl 3
Cluster1863-546 Cluster1863 546 3.48E-12 A2 25 TR 0 42k
Cluster1863-554 Cluster1863 554 4.75E-12 T2 2% 1 ek
Cluster212-601232 Cluster212 601232 1.16E-07 P450 A
Cluster2420-96 Cluster2420 96 2.41E-11 Sl
Cluster272-413070 Cluster272 413070 7.14E-08 gkl
Cluster272-413095 Cluster272 413095 7.14E-08 HizEH
Cluster273-435350 Cluster273 435350 2.74E-10 HizEA
2019 yLiT Cluster353-773806 Cluster353 773806 7.04E-11 E e SEA
Cluster380-827904 Cluster380 827904 5.14E-10 UGT-¥E B Fo
Cluster380-828062 Cluster380 808062 8.18E-11 UGT-FE B 2
Cluster380-827881 Cluster380 827881 3.82E-10 UGT-Wi Z# R 1
Cluster402-586 Cluster402 586 1.19E-10 KA
Cluster45-814385 Cluster45 814385 3.29E-10 Rl
Cluster464-1169775 Cluster464 1169775 1.33E-10 AR A
Cluster5262-149 Cluster5262 149 9.09E-11 P
Cluster707-522 Cluster707 522 1.10E-10 KA
Cluster977-784147 Cluster977 784147 2.69E-10 DNA && 8 H
Cluster977-784164 Cluster977 784164 2.21E-10 DNA &&HH
Cluster977-784189 Cluster977 784189 2.00E-10 DNA Z5& 8 H
Cluster977-784191 Cluster977 784191 4.30E-10 DNA 45 &8 H
Cluster977-784225 Cluster977 784225 2.65E-10 DNA Z45 %A
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Continued

Cluster1671-67622 Cluster1671 67622 2.22E-10 UGT-#li 2 R iy

Cluster1253-31901 Cluster1253 31901 6.40E-09 B EBmhE S

Cluster1253-46431 Cluster1253 46431 5.37E-08 HRG | RNEA

Cluster1311-53390 Cluster1311 53390 1.55E-08 DSBA FALIL 5 M

Cluster1491-408169  Cluster1491 408169 3.71E-08 EESEA
Cluster156-586707 Cluster156 586707 3.66E—-08 AR
Cluster1692-872 Cluster1692 872 1.53E-08 s

2020 JLiT.
Cluster234-21551 Cluster234 21551 5.68E—08 GDSL flii i
Cluster86-210246 Cluster86 210246 7.05E-08 MYB % 5 T
Cluster86-210256 Cluster86 210256 3.10E-08 MYB 3 [HF
Cluster86-210279 Cluster86 210279 5.79E-08 MYB 3 [X T
Cluster86-210291 Cluster86 210291 5.79E-08 MYB 3 [HF
Cluster86-210630 Cluster86 210630 3.10E-08 MYB & 3K 1
Cluster958-16256 Cluster958 16256 1.61E-08 F A
Cluster137-111000 Cluste137 111000 6.28E-08 GABA 3[R
2020 Fi# Cluster86-210279 Cluster86 210279 5.65E-08 MYB # %[5 1
Cluster687-123908 Cluster687 123908 5.01E-08 W RE A
4. #ig

GWAS L) A7 B AN FE D5 21 ) AL R 2 A8 VE 2 AR ic 2R, X S A MR AT B R ORI AT, B
WA — B 2 R E BRI 23 T hRid 108 377 [20] [21]. BEE AR R R, FIF XA i@
ST RRCHHAT KRBT L LB i 2 0k 5. 3ET SLAF-seq 1) GWAS CUE R K. KRG, KE &L Mk
Yy AT g [22] [23] [24] [25] - 3T SLAF-seq il 7 1) GWAS 23 LI 7 5507 B PR BOR CL 22 sty
MR EE. 5K KO oK. MESEEWHLL, TKEE GWAS KA 57 5547 58 (R F2 408 AT 78 ik iz
LA, I BT A5 AL 7 GWAS TE B AK 28 il R WARIE . AHI 50 8 UCR AR 7 R
ISLAF-seq 7E 4= F DK 21 3 [ P i 12 5 2 Rk 5% 22 W 8 S P otR 385 DR TBC ) SNPs A7 £, - iff 7 AH L P i S 1]

AH L] T A 2 BRI A T QQ B LU IS A4 IE I HERA 1, QQ K45 R &
N, SUIME S HHEEAE B AR, ANAERuAAE D VIR B AL n, BB BF IR S MR IE O 45 RUERA T 5, QR
I AT RIS AR S IR T P2 AR I . AW TER K AR S 4 ANFREE T R R X SRk 22 1 2
B B PEREEAT GWAS,  JLIFIETF 2] 46 ARSI AU E AL 2 5 & R B E OGP < 1.16E-07). F
FAPIAN S 40 TR SCIBC 21 (1) 123 DG TEC T SNIPs A7 s A7 e, IR 315 2 Bl & & 0 3% SCIE 1) SNPs
PR 2 4. HTIX 2 A4 SNPs A7 s o] DLARE I, Ui B BEATT 20 0 S AR 25 1) 2 & B IR B
SO, 0] DA R s 0 B Rk 25 2 0 B IR ) B AL R i . TR 2 W B SR 1 4 R DR 2H DG R 4y
FrifiE st e )1, HABORAE(2021) A MLM A1 GLM RERY 3 Kk Fhr -7 M & itk AT s R 41 5%
Wortr, &9F 2 MEBESA I35 44 M EZEM A, H HORVUSHI1G022710 R 7E 2 MR
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2 b SRR B, WA S B R R B A R IR BRI [17] . A 5T 45 IR 5 A S
36 B A PR D, 7 R K] 3 B el 7 2 AT A R A A R IR R A7 AE 22031

TEIRIR R 2 HI5%E SNPs ARicJ& [l 100Mb XA T4k AT RE B L A, 45 5R4K B UGT-HE AL He %2
BEF1 MYB e [R 145 2 AR, WP T sk EE 20 & SR IR 2R R . 7B 0™ AR AR
@i, UGT-HEEBIS S 2 EScIEm, HEZEH TR, [0 R A 72 20
Bk, ATV, DRI T 28R Y& R A BB R RIEIERI[26] [27], BEE TR
WRRE, HETEHER TETB, QG 18 R IE KRR RS, 2 AN FhH0 i S R g 1) D) e
1T TIRANBIREFE[28] AW FUNE U TR 2] UGT-WE IR AL RE Mg BE 1R, ORI T A 04 W B R i1 oy 3 2 (1 1k
R 2 — . MYB ¥R TR FEH R DR B T K 72—, 1EIR 2 A= R AR
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