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Genome Wide Association Study of Rust Resistance in Cowpea
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Abstract: Cowpea is one of the most important legume crops worldwide, serving not only as an important
coarse cereal but also as a traditional vegetable in China. Rust is one of the three major diseases in cowpea, and
developing rust resistance cultivars is the most cost-effective strategy in disease control. Exploring the resistant
germplasm and elucidating the genetic basis of rust resistance is the key and prerequisite for cowpea rust
resistance breeding. In the current study, 215 cowpea landraces were examined for rust resistance and 40
accessions showing resistance to rust were identified. Through resequencing the 215 accessions, 3880169 high-

quality SNPs and 469398 high-quality InDels were found. These accessions were divided into four subgroups
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through population structural analysis, and the subgroup division was highly related to pod length and pod type.

Total of 10 genomic regions, which significantly associated with rust resistance and distributed on seven

chromosomes, were detected by GWAS. Haplotype analysis based on the associated SNPs showed that their

alleles were highly correlated to rust resistance. The ratio of resistance accessions increased significantly, when

pyramiding increasing number of favored alleles. Ten candidate genes were identified, including BTB/POZ

domain-containing protein, LRR receptor-like serine/threonine-protein kinase, ethylene-responsive transcription

factor and alternative oxidase genes. These results will provide the theoretical guidance and gene resources for

molecular breeding of rust resistance in cowpea.

Key words: cowpea;rust;association study ; re-sequencing
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Table 1 General information of 215 cowpea landraces
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%' Fs 4 PR lhe SEisy i el JéK (em) AT
Code Germplasm names Collection locations Type Pod type Pod length Rust
1 VAViRtl B L KoL Bk 19.5 R
2 AR B LT Kilg /€3 413 I
3 ENINE) WA Kirg L€ 28.0 e
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F1(4)

P Tl 44 B W b o5 FHy Fer ek (em) v
Code Germplasm names Collection locations Type Pod type Pod length Rust
4 J\HEL TWT I Kirs LY €3 21.2 B
5 JANHE TUW TG KILE L/ €3 38.7 IR
6 Ye sk Iz Er W Korg L€ 26.0 T
7 furg TWARX S TLINE {1 13.5 B
8 RET TRAX Karg L€ 22.1 JEIE
9 IRMIEL TWZEX Kl L/ €3 29.7 EiIR]
10 FAR 1N TR WL T 12.7 B
11 LI TR SLSTIN) 13 158 T
12 JAHEL SR B KErG L7 €3 46.0 B
13 J\HEL 5 R E KilE L/ €3 19.3 I
14 JNJELE s 8= Korg L€ 3 21.7 IR
15 e o E=Y WA EL fifie 133 B
16 FING) SR SR KErG L7 €3 63.8 B
17 FEFFHI. LR SR KilE L/ €3 25.8 B
18 EEINC E s E=Y WAHTL Tz 153 o
19 AR5 o' E=Y WL iz 19.7 TR
20 HEIE SR SR Karg L7 €3 583 R

21 J\HEL G R Kl L/ €3 31.0 B
22 HILE St KILE L/ €3 38.7 I
23 AWAEETE LR SR Korg L€ 3 17.0 T
24 J\AEL KRS T B WL I3 19.2 o
25 GING] 7K S T B Kirs L€ 31.2 B
26 KIlE MK ST KiLE LY €3 23.5 B
27 JAATL KT E Korg L€ 3 23.5 I
28 CINGH KRS T B KErsE L€ 25.1 iR
29 J\HEL /K RIC B KErG L7 €3 222 B
30 J\HEL i 7K PEIe KilE L/ €3 253 B
31 KILE K PRICE Karg L€ 3 58.2 I
32 JNHEL iy A Kirg L€ 36.2 e
33 GG ML KirE L7 €3 35.5 B
34 GING] (TP A=Y KirsE LY €3 322 B
35 CINC sy L5 SN T 16.1 iR
36 JAAELR) G L KIS L€ 24.8 T
37 JNHEL(LD) SR Korg L€ 21.7 Re)
38 AN TWRAX Kol LY € 39.7 B
39 UASEQEY: D) ANl R KL L€ 3 25.1 i
40 JNHHE(ER) AR Kirg L7 €3 31.3 B
41 JNHEE(L15) AR KirE L€ 31.5 B
42 Y BT LI 2 X Korg L7 €3 16.8 B
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s B2 FK A 15 Ay Je K (em) B
Code Germplasm names Collection locations Type Pod type Pod length Rust
43 RKILE B 2 X Kirg L/ €3 51.8 B
44 NG T Fi 22 1l KL L/ €3 412 TR
45 JUHTL T Fi 22 1l Kurs e 20.7 TR
46 NG ETEas ik KILHE L€ 203 e
47 ESSINGE wEHNEEE Kirg L/ €3 56.2 B
48 JJTEL Faol L KirE L€ 3 22.8 B
49 JUHTL 000 et KILE L/ €3 67.3 TR
50 JAHTL BINBE X KELE L€ 25.7 TR
51 LEN N Wi S LINE) T 19.5 B
52 1N B s St ING) fE e 11.2 B
53 JAATL B R KILE /€3 238 TR
54 AA®E TR R X Kirg L€ 3 17.3 TR
55 JAHTL Mk g B KO L€ 21.5 B
56 GINS) T PH B Krd L/ €73 18.5 R
57 GRS TR BH KILE L€ 3 19.8 TR
58 GINCY ARy Kurg L€ 20.2 T
59 CINGY AR Y KiLeg L€ 23.0 I
60 JNHFESL Tk SO B Kirg L/ €3 26.5 R}
61 JAATL Tk ZE ML KL L/ €3 28.7 i
62 NARE T Fi 2 Tl KILE L/ €3 26.8 T
63 KELE i RAR Y KILHE L€ 69.3 I
64 CINCY TN R24IX Kirs L/ & 473 RST)
65 RELE H2HEE KILE L€ 3 27.5 R
66 A HIT T WiTs KILE L€ 69.2 TR
67 1 5L ST SLSIEINS) T 18.1 R
68 EAYES e SjipaN =Y e T T 227 S
69 AWAVEE 3 AT A Kilg L€ 3 21.3 R
70 LTINS At Ly S LANE [CF3 9.8 i
71 L= INE) BARAS BT S ING] (L3 18.1 R
72 JAHIL (PR TIESY Kirs L€ 19.8 RoT)
73 IR () RAmITE=Y Kirg L/ €3 26.7 I
74 BILE T B KILE L/ €3 19.7 TR
75 JUA A BN KIS L€ 17.2 T
76 MILE (A E &) aM=rE Kors L€ 27.2 I
77 21 GL(FKLTEL) AM=TTR FNCINE HE 27.3 g
78 UL (YesRET) BM=TTR Kure L/ €3 19.7 I
79 2145 BM=TTH WAL fifise 19.5 TR
80 JAHTL aMRAEE KELE L€ 245 ROT)
81 JAHEL I 7K A X KHLE LY €3 35.7 I
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P Tl 44 B W b o5 FHy Fer ek (em) v
Code Germplasm names Collection locations Type Pod type Pod length Rust
82 AN EINQEY: 2 Vi) 7K HHE Kirs LY €3 23.5 B
83 A WTE KILE L/ €3 19.7 IR
84 RUT T (4L) /KA BH X KEILE L€ 25.7 T
85 (15 i RAK ) WL {1 19.5 B
86 CINC AR =Y Kirg LY € 15.5 B
87 GRS WTE WAHIL T 15.8 EiR]
88 G1IGH i AR ) WS U1 T 15.3 B
89 CINS) i RAK ) SLSTING) Tz 17.5 B
90 GG IRIRE) WAL {1 14.5 B
91 GING] WiTE NG 1E3 12.1 B
92 EIGH e RAKR) S TLNE T 17.1 B
93 EINS) WA SLSTING) T 20.2 iR
94 GG IRIRE) S TLINE I 30.1 IR ]
95 GING] WTE KirsE L/ €3 20.3 B
96 GRS b RAR) KILE L/ €3 78.2 IR
97 GIGH b RARe) KILE L€ 432 TR
98 CINGH b RAR =Y Korg L€ 77.0 B
99 GING] i RAR =Y KirsE LY € 46.7 S
100 1= MR Kule L/ €3 73.0 IR
101 EINC WiTE KILE L€ 73.0 e
102 (1N5) b RAR =Y Korg L€ 41.7 IR
103 CING i RAR =Y Kirs LY € 80.2 B
104 GING] WTE KilE LY €3 72.8 B
105 ENNE El PN WAL T 15.8 S
106 SEEAR SRR S EING] fifiyz 155 VUG
107 EANS) SRR WAL I 16.5 B
108 7952 et i pAN=Y WAH TS 1E3 16.6 B
109 etk BT KILE L€ 3 24.6 IR
110 JNH L TN SO EL S TLINE T 223 i
111 TSR L TUITALIX KErE L€ 75.7 B

112 J\HEL Tk ZE M E Kl L/ €3 21.2 B
113 JNH e Tk SO E KILE L€ 3 32.8 I
114 IRt et ] WA EL [IE3 21.2 TR
115 JNH HEL T SO B Korg L€ 273 B
116 JNH HEL R ST B Kirg LY €3 23.5 B
117 JNH e Tk SO KILE L/ €3 492 i
118 JAATL Tk SO KILE L€ 3 36.0 T
119 1 45 T B Korg L€ 57.5 B
120 Y BRI LI 22 X Kirs L€ 35.5 B
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s T 44 FR A 15 Ay Je K (em) B
Code Germplasm names Collection locations Type Pod type Pod length Rust
121 I 2LE T S EINC T 21.0 B
122 JNHAEEL TR SO B KILE L/ €3 24.8 B
123 P AR Korg WIE 26.6 T
124 il i ANl R KILE L€ 26.5 %
125 £1 iz \A 3L Bl R Kirg L/ €3 26.3 B
126 LI AT A ELShEINC iz 16.8 B
127 S =71 ST WAL fifis 18.6 TR
128 EAN5) oS pAN =Y LI [iES 18.5 o]
129 b7 95 LA R S GING) T 18.2 o
130 LENSIN ErRis L5 SRt ING) {1E3 22.7 &
131 795 AT A W I Tz 182 B
132 £ N3 B L B KIS £/ € 3 66.5 TR
133 BELE (/) 2% FBEIX S TLINC T 20.8 B
134 BELE(R) % FEX G ING) {13 20.0 o]
135 BEE AT A LN iz 20.2 TR
136 — L AR Kurg L€ 3 30.5 T
137 SN BT HE Kirs L€ 26.1 o
138 T Lk TUITALIX Kirg L/ €3 71.5 TR
139 AL BN RIS T St ING) Tz 19.5 i
140 EACINE) ERA it ESTLANE Tz 222 T
141 BEELE AHZKFAFH B Korg L€ 30.3 B
142 T HEL(4) 7K A BH KulE L/ & 27.2 o
143 et GIN B 2 X KL L/ €3 32.8 B
144 JNH 213 WM SRR Kurg e 22.0 TR
145 JNHEL(LD) K% E B KELE L€ 3 26.7 TR
146 LEE LA R S LING) T 21.5 B
147 7952 AT A St ING) {1:E3 18.0 b
148 JNH L kSO KILE /€3 247 B
149 JAHEL(F2) /K% E B KELE L€ 24.8 TR
150 FAHEL(L) [iIpSc{=N=4 Kirg L7 €3 27.2 B
151 SEEAGIN SHEMLE S GING) 1E3 18.9 B
152 (N5 AT A S uING) Tz 14.7 B
153 BN B MRS KELE L€ 55.8 g
154 JEAR UL T T EKIR T S TLINC T 19.3 &
155 FATTELE BN T S GG T 22.7 B
156 0 GINC Er i ] ELSGEINC iz 18.5 B
157 EINE) G RET S TTGING) (53 21.5 Y
158 J\HEL (26 TARAX KIrs L€ 58.2 B
159 NHELCTR) TWT I KHLE LY €3 64.5 B
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P Tl 44 B W b o5 FHy Fer ek (em) v
Code Germplasm names Collection locations Type Pod type Pod length Rust
160 I I LR Kirs LY €3 64.8 B
161 AT BUHIGH X WS I T 22.5 I
162 ZINHE 16 T 2 EL KILE L7 €72 51.7 T
163 Z1NH3HE 23 T L B Korg L€ 54.0 T
164 ZINHFHE 158 WL B Kirg LY € 612 R
165 ZIMHE 185 B 2 X Kl L/ €3 46.8 S
166 £LN[3HE 197-1 Tk SO KILE L€ 3 61.8 I
167 ZINH#E197-2 e i Kirg L€ 46.7 g
168 Z1NHIHE 676 T 1L B KELE L7 €3 40.8 B
169 ZIRHFRE 1128 BM=TTH KilE L/ €3 51.5 JE
170 ETING 579 sy 573N WAL T 20.5 I
171 VesRkE i) ot PN Korg L€ 239 RO
172 215 (VL) el pAN=Y ESTLINE I 17.2 I
173 B INGA e i pAN=Y WAH L 1E3 10.8 I
174 T ET(FRI0) T AN Kule L/ €3 275 IR
175 i AMAlEE KEILE L€ 41.0 T
176 g g Al R Kors L€ 25.7 B
177 £1 i \H BT Al H Kirg Bk 353 I
178 581G (k) L b= KilE L€ 3 522 I
179 JuA BT kSO R KILE L€ 3 35.1 I
180 — AL MR Korg L€ 25.0 JE
181 FKILCF-il1) TP T Kirs L€ 59.5 JE
182 PANLiE B I 22 X KilE L€ 3 483 e
183 R BUHIGH X Korg L€ 3 69.0 I
184 e GIN GIRAL b RIS KErg L€ 38.2 T
185 Kol E -4 5 TP Karg e 76.8 JEIR
186 AWK ITE T ARk KilE L/ €3 59.7 JE
187 RSN T ALk Karg L€ 66.0 I
188 BERF T R TUAHURFIX Kirsg L€ 50.0 JE
189 T B M Korg L€ 62.0 JEg
190 FEAR BTG TR KirsE LY €3 67.5 JE
191 I A% LXK KILE L€ 3 62.3 IR
192 e TIEAR NS BARAR BT WAHEL T 17.3 SR
193 TELILT SAEAR AT S TLINE {1 278 B
194 WIRSLLTTIT R SRR AT WAH L T 17.0 B
195 e RRLITILE SRR AT WAHIL T 17.5 EiIR]
196 Y RIRAIC] AT S TLINE] T 17.8 B
197 (=T ) SRR T SLSTIN) Tz 13.0 B
198 RIRLIE T SAEAR I WAL I 17.6 B
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s LilsE WA b A 7 B3 FH (em) i
Code Germplasm names Collection locations Type Pod type Pod length Rust
199 Wik 3L AT S EINC hgie 15.0 T
200 NI AR WSE L fifizje 18.5 I
201 Hli5uLE-2 AR SLSTIFING [E3 19.2 T
202 BT SR LS HEING) [iE3 19.0 g
203 FiligrErg AT LTI IE3 20.9 b
204 FILSELE 2 AT S EINC [EF3 19.7 JE
205 (L REEEINC] AR WSE L [LE3 18.3 B
206 KFELEIE 1 BRI SLSIEING) figije 19.3 J
207 KT LEIE 2 SARRAT WSE L fi € 18.5 g
208 IR AT S EINC {1E3 17.8 B
209 SHOELY AR WL [CE3 16.7 i
210 Je LT e 5 AR S TLING 3 17.9 R
211 CIIEETNS] BARA BT S TINC [iE3 17.5 e
212 U SEETINC] AT WS (B3 20.0 g
213 FEPELTHI G K E% 2 B SN [CF3 21.1 P
214 A GIN B & BA X KILH B 25.1 i
215 LE%-105) AR s B Kurg L€ 3 20.8 e
1.2 HERRELTE ARECA 7 BE SN BOR A6LF-H 1 h Hpm e AL, 4

K Wu ST AR 8 H R 215 (3 A i A 7
VOB RS o B LT R Auv-HZ /NFl, BT
I H X 5 B Al Ab S 2] o 1 S BTN b X RS A
SRS R IR A I, B ddHLO K I Uk e
B B LR T | AT R B S TR W, 3
FhE 85 b P 2 B0 282 10 - |-, B TR AR - AE
NTAMBEERE, B & 24 CHIR12h,20 C
512 ho 420 7~10 dJ, 24k b EE R 2 1
HERT, FH 28 2 PO 755 8 2o it i gk gk
F5 s Gt e S 3, 225 3R L B RYSrE , #R AR alifk
()59 R BINBR . IR /Nh — LR A AL e
A&

215 (PR A8 7L ARG, AR A4 Rh A
TOBRY, 2B K 2 J8 J5 BR A B F 204 T 5 e 4
5E BT 10 AT i H R TR 2
THPEAR ARG FE ML (B4R 15 cm) . FERIET S0 450
o FHEA T I R B R T A 10°
AT BB TR . B TR 20 L U TR 2
WL E T AN TRBEENTER, 5 iR &M —30
14 dJg e e RE T R A R RO AR, S
HE W S5 bR R A T PSR o R A, JE i iy G

At 7 b A o HEOR A 0 S S S A
RSB AR M, A BERBES — S E ST,
PURAP T 75 IR E R A E
1.3 DNAREFENFF

B0 AR K 3 R R 4 i o, SR CTAB
PARIBOLR 2] DNA, ff ] TruSeq® Nano DNA 3CJE
il #1871 & (1lumina Scientific Co., Ltd, ki)
M, WZE/ 1 pg DNA, {# ] Covaris M220
#H 7 (Y (Covaris, LLC, Woburn) #E47 FEHLIT #E , Bl
Ja R A Bl TR e A I NSk SRS HE 2% HY B
REWE A ErLIK , 4325 RIS A B2 24 400 ~500 bp 1
H b5 Bt ik 47 4l 4k il PCR & 4 , f#i F] TBS380
Picogreen {X #% (Turner Biosystems, Sunnyvale)#£17
S BT RG A , iS5 F I BGISEQ-500 - & (A2 Kk
SRIID A TN

AT 7 Eic i J5 , J6 25 BRAK BT & )57 41 (Phred
quality score of < 30) , fifi J5 F§ BWA # {4 (http: //bio-
bwa.sourceforge.net/)Ff = it /77 41] (Clean reads ) (£
PEA74i% T NGDC project accession: CNP0005603) 5
51 5. % % 5L 4H G98 (http://210.22.121.250 : 8888/
abgd/homePage) AT ELXS , 48 1] SAMtools Hi {145
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FO X 98 1 SC PR RS e BAM SCHE , B 18 GATK
UnifiedGenotyper bR £0K: 43 24 19 BAM 3C {4 H T
SNP calling F1 InDel calling (http://www. broadinsti
tute.org/gatk/) . K I/ NEN FLER (MAF, minor
allele frequency )> 0.05, B2 R < 0.2 AY bR UE L 8
SNP Hl InDel, #4514 =1 Jit it SNP 1 InDel ] )5 £
GWAS 747 .
1.4 BHEGEHSH

F % 43 43 Bt K i EIGENSOFT (v. 7.2.1) 3k fF
(https://anaconda. org/bioconda/eigensoft) , & 4t 1k
AR FH MEGA 7844 (https : //www.megasoftware.
net/) , TR 45 44 43 1 % A admixture (v.1.23) 844
(http://dalexander.github.io/admixture/) .
1.5 KBRS

P IR IR 5T ) GEMMA (v.0.94.1) R+
(https : //github.com/genetics-statistics/ GEMMA /releases ) ,
K FH 75 450 5 B R EMMAX (Efficient mixed model
association expedited) F2 )7 H % [EHEIRZE 1 . W 3
P R FH Bonferroni #1E , BPTH5- P = 0.05/47iC &
A, N T PAE R ED R 5 PR I 2 40 G /9 SNP.
& H PopLDdecay (v.3.27) # {f (https:: //github. com/

A, B MR FAL; C, D S MLA A

BGI-shenzhen/PopLDdecay ) 1155 il X SNPs 2 [i1] ]
TN i 5 Dk L 1 S 0O ¢ -MaxDist 500
-MAF 0.05 -Miss 0.2" . o T~ 7] — 3% A - 5
PR RS N B A S SNP LA — A5 B AR PEAR
FAOC R B2 X BE el (55 o AR R 9 3% BlUAS 1
0T I T VA O Wl = 0 8 ER = N )
LR A ZAG T B SE R . 45 F TR A B 7R
AH S K8 43 B >k ] Original 9.0 #f4: .

2 HER59H

2.1 215 F RIS RRI

SHRURE LR U R S L B DI N TSN
215 o3 Tt ot v i 3 210 40 M BB AN T (1, B 1
B2), MR ig s, Tk . oMt , 30%
(12403) AR UL G, HAIOER 4 15.5 ~56.2 cm,
SRR (459 47 .102) B KIS 40 cm, AT L)
HEZEHTE MR 70% (28 177 ) S il 525 1
(& 2B) , 13 BH 3530 U1 5 P R A7 35 30 2 B4 o ik
AR ILE PG & Rl @I E 5] A
M SEPrm L

A, B: The typic susceptible phenotype; C, D: The typic resistant phenotype
1 FRafEERRERR

Fig. 1 The representative photos of detached leaf assay for rust resistance
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Fig. 3 Population structure and genomic diversity of 215 accessions
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Table2 The information for the genomic regions significantly associated with rust resistance

GWAS {55 OGRS XE(bp) I SNPALE (bp) I SNP-logl0 (p)  AFISFAESR  ARA RIS
GWAS signals  Chromosomes Interval Peak SNP position Peak SNP LOD Favored allele Non-favorable alleles
CR1.1 1 2074002~2175114 2128528 31.21 A G

CRI1.2 1 33216937~33258523 33220385 19.44 G A

CR2.1 2 29269121~29368973 29319104 34.70 C T

CR3.1 3 5760989~5761591 5760989 28.99 R G

CR3.2 3 24605693~24646820 24605830 19.33 T C
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