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Identification of a Locus Associated with Resistance to Phytophthora sojae in the
Soybean Elite Line ‘CheonAl
Hee Jin You', Eun Ji Kang®, In Jeong Kang®, Ji-Min Kim*, Sung-Taeg Kang®, and Sungwoo Lee®’

ABSTRACT Phytophthora root rot (PRR) is a major soybean disease caused by an oomycete, Phytophthora sojae. PRR can be
severe in poorly drained fields or wet soils. The disease management primarily relies on resistance genes called Rps (resistance to
P. sojae). This study aimed to identify resistance loci associated with resistance to P. sojae isolate 40468 in Daepung x CheonAl
recombinant inbred line (RIL) population. CheonAl is resistant to the isolate, while Daepung is generally susceptible. We
genotyped the parents and RIL population via high-throughput single nucleotide polymorphism genotyping and constructed a set
of genetic maps. The presence or absence of resistance to P. sojae was evaluated via hypocotyl inoculation technique, and
phenotypic distribution fit to a ratio of 1:1 (R:S) (x> = 0.57, p = 0.75), indicating single gene mediated inheritance. Single-marker
association and the linkage analysis identified a highly significant genomic region of 55.9~56.4 megabase pairs on chromosome
18 that explained ~98% of phenotypic variance. Many previous studies have reported several Rps genes in this region, and also it
contains nine genes that are annotated to code leucine-rich repeat or serine/threonine kinase within the approximate 500 kilobase
pairs interval based on the reference genome database. CheonAl is the first domestic soybean genotype characterized for resistance
against P. sojae isolate 40468. Therefore, CheonAl could be a valuable genetic source for breeding resistance to P. sojae.
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Daepung

Fig. 1. Reaction of cultivars ‘Daepung’ and ‘CheonAl’ fol-
lowing inoculation with P. sojae isolate KACC.

40468.
el wFste] FAE SABIAIL, o] F o8t 3870
Asel £d% HAol ol&3h

= ofu MM HY
GARAS 98] hF x Y TR AE Aol
dial 3 ol @540468 o i3t A ARS AL,

AA At FolA 7H83 T4 7 S-23 38719 AlEwt
AAol ol &stth A AL shli= S (hypocotyl
inoculation) (Dorrance et al., 2004) ¥ o 2 —,—0“§EE}. A
FUE V8 Ao oy 2R A4 WSS 25°C 9
Aol oF 102 5ot e sk B0l %4 A% 8
10-1590] FA2 UHES A& Behre ZEAE 13
cm, 0| 10 cm)o] ThF3E &, A& ARAH25°C, Wt
14:10A1 2ol A PR T T3kl st Abrel
FHHE it L2 A2 4 O 1 am QoI Ak
Ak Aoz el V8 vjA= 50 mL Ao 23]
71 S S PR 8ASIAG) el 43
H 10 mL FA]|E o] &3 A& 7|4 & 0.2-0.4 mLA
A R9lo] sk WAow WEAT WEY AT
24 AIZE 59 >90% 54 A F, AlE ALl 643t
9ITH25°C, >80%, Lr:Hl 14:10 A7k Z7]). A% 7230
7t Al EE AA G5 Aol tiRE AAF 17 7S] Hls
Utk ojuf AR -8 H]E0] 20% o5z A3, 80%
odE A4, 20% =3t 9 80% u|vkel Aol $XHT
(intermediate) &2 A FIct HET} HEO g o
2 e SlaL, ZF Alsol tieh A4S 33 vk

—~

i

(Ul

2

A rr nP‘ _124: o}m

A

iy
lO ol

=

3%
(S

0
I'-III

SNP RHXIE &4

dF, A, 4 AT AEARRE oddS A3 st
ZrolA], cetyl trimethyl ammonium bromide
(CTAB) ®¥(Doyle & Doyle, 1987)2.2 DNAE F=3)
t}. Axiom 180K SoyaSNP array (Affymetrix, Santa Clara,
USA)E o|-83to] 2t Algol thsll SNP -84 4%
T3y3aL, 38709 Algol thall 169,0287H9] SNP 714+
tolHE k. WA, o] HolgofA HEn FiE 7k ot
FAo] gAY BT AR S Hol= SNP 146,357
MNE AASE] 22,6717l SNPLo.2 =T} olojlA A= ZF
¥} o % 3 (heterozygosity) 9] Hl&-o] HA&] 20% o]
ol SNP 34702 A|AB}IL 22,63770¢] SNPo| opc}. A}
How, 38 A%l that 22,6377 SNP 84 ol
£ AT o) F SARALS ST,

SNP RTIXF0| Chgt YaELEEA(single—factor ANOVA)

g x A A A2dAbA AFo 540468 of
gt W RS SAF R A3k SNPS 3] 9ol EAREA]
(analysis of variance, ANOVA)S =33t} AlEE5S 22,637
7§ SNPO| Y F-A A (allele)ol] whet &= 7 5o
e% ¥ 2 TN U W WS (REY T4
T4 FYA AEE SAREHZZ I3 R (Team, 2019)
9] 9}7]#] Ime4 (Bates ef al., 2015)& o]&3| A3k

FHXIX|E =g U Linkage analysis
gE x Hek Az AF Al §
StUAF FAEA 2 9] IciMapping version 4.25 0]
|3 tMeng ef al., 2015). SNP H A 2| 2HE A2 22,637
7N ¢ SNPL. 2R E| BIN 7|52 o83 55/4d0] &2 SNP
o Ao, 1 A7} 2,51371¢] SNPo| Yofth MAP 7]%

o]-gsto] 7112 SNPE 207H9] XA = #5735}l SNP
F Az Ao whet 44 A E ALt oW A3
A A4 P SNP 84S 7+ $A4 AddS BIP
71%4] ICIM (Inclusive composite interval mapping)-ADD
Aoz it A4 5-A(log of odds, LOD)o] tj

} 7]12(LOD threshold)-2 1,000 2] permutation test (p <
0.05)2 ZAE}ct A A O 2 §25F SNPEZHE =4
H A7HA a1 additive effect)= 529 TARE(%)ol o
I e F EERC PRS- RS LI RPATES
£3H= 7} SNPO) ofsl) dhE RSARE AL Agel
wRaRsel L) Bl A A )
At Ao EAY B 2 Aol AL A 2
2 U glolth.

O 7] x}z] = 7<1-/d

r°" m}o Noox N rulo



A
o

£

o

i
10
1
0%
>
0%

Ly
=y
w
~

Znt Y mE 202 40~60% TARR-S Holo|| wel Z7HHo s wugtt

(Table 1). Fs 38 AZEAFA] AT 387004 7o) =)= A3

S x M xi=|XIA 7S TEHe| ®#3d 22 A, T, A9 Bl 18.4:1.2:184%

404680 gt A Bk HA Hrh At mES] o sl A3 37 (goodness-of-fit test)S #1@ Az}, Bz

T2 S B, BEQ AUYe A yErc e 227t 7| g 2elu|el foju)dt o]zt ¢l 2l th Table

(Fig. ). dis& x A A2 A% 387 FolA= ?ﬂ?‘% 2; 7 =057, p=075). o] A} o] Hoto| A ¥z oy
A3t A AT 47 182 FUF AL, 270 AE bt Hhgo] TRt ost 2dY Helds &gt

Table 1. Goodness-of-fit test for the segregation ratios of 38 recombinant inbred lines (RILs) of the Daepung x CheonAl population
following inoculation with P. sojae isolate KACC.40468.

Observed numbers Expected numbers Goodness-of-fit

Parents and RILs

R I S R I S ' P
Daepung (P1) 8
CheonAl (P2) 8
Daepung x CheonAl (RILs) 18 2 18 18.4 1.2 18.4 0.57 0.75

R, Resistance; S, Susceptible; I, Intermediate

Table 2. Fifty-two single nucleotide polymorphisms (SNPs) that were significantly associated with resistance to P. sojae isolate

KACC.40468.
Chr* Positign SNP ID Daepung (S) CheonAl (R) Adjusteil R
(bp) Allele Frequency Allele Frequency p-value

18 55,912,198 AX-90455222 G 0.49 C 0.51 1.0E-21 0.96
18 55,912,849 AX-90485402 C 0.49 T 0.51 1.0E-21 0.96
18 55,924,093 AX-90482670 T 0.49 C 0.51 1.0E-21 0.96
18 55,944,116 AX-90490662 T 0.50 G 0.50 3.5E-26 0.98
18 55,950,341 AX-90506324 T 0.50 A 0.50 3.5E-26 0.98
18 55,952,375 AX-90466113 C 0.49 A 0.51 1.0E-21 0.96
18 55,954,722 AX-90456267 C 0.49 A 0.51 1.0E-21 0.96
18 55,957,365 AX-90493801 A 0.49 C 0.51 1.0E-21 0.96
18 55,965,452 AX-90456611 C 0.49 A 0.51 1.0E-21 0.96
18 55,975,366 AX-90334976 G 0.49 A 0.51 1.0E-21 0.96
18 55,983,605 AX-90402411 T 0.50 C 0.50 3.5E-26 0.98
18 55,983,683 AX-90409231 A 0.50 C 0.50 3.5E-26 0.98
18 55,984,097 AX-90363270 G 0.50 A 0.50 3.5E-26 0.98
18 55,994,749 AX-90435459 T 0.50 C 0.50 3.5E-26 0.98
18 56,012,340 AX-90305752 A 0.49 G 0.51 1.0E-21 0.96
18 56,023,959 AX-90419372 A 0.49 G 0.51 1.0E-21 0.96
18 56,033,039 AX-90388943 C 0.49 A 0.51 1.0E-21 0.96
18 56,037,382 AX-90400765 G 0.49 A 0.51 1.0E-21 0.96
18 56,037,748 AX-90454243 C 0.50 A 0.50 3.5E-26 0.98
18 56,038,945 AX-90473794 G 0.49 A 0.51 1.0E-21 0.96

*Chromosome.

°Physical positions are based on the soybean genome Glyma2 (http://soybase.org).

‘Adjusted p-value was obtained using the Bonferroni correction (o0 = 0.01, n = 22,637).

Phenotypic variance explained by the marker.
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Table 2. Fifty-two single nucleotide polymorphisms (SNPs) that were significantly associated with resistance to P. sojae isolate
KACC.40468 (Continued).

Ch* Positibon SNP ID Daepung (S) CheonAl (R) Adjusteii R
(bp) Allele Frequency Allele Frequency  p-value
18 56,040,302 AX-90317341 T 0.50 G 0.50 3.5E-26 0.98
18 56,040,608 AX-90444242 T 0.50 C 0.50 3.5E-26 0.98
18 56,040,898 AX-90512470 T 0.50 C 0.50 3.5E-26 0.98
18 56,056,526 AX-90445535 T 0.49 C 0.51 1.0E-21 0.96
18 56,058,777 AX-90361126 C 0.50 T 0.50 7.9E-21 0.96
18 56,065,802 AX-90511648 T 0.49 C 0.51 1.0E-21 0.96
18 56,075,982 AX-90487878 C 0.50 T 0.50 3.5E-26 0.98
18 56,077,545 AX-90391396 T 0.49 G 0.51 1.0E-21 0.96
18 56,078,131 AX-90339253 C 0.50 G 0.50 3.5E-26 0.98
18 56,102,697 AX-90476841 G 0.49 A 0.51 1.0E-21 0.96
18 56,123,124 AX-90413289 T 0.50 C 0.50 3.5E-26 0.98
18 56,127,446 AX-90456433 G 0.49 T 0.51 1.0E-21 0.96
18 56,127,800 AX-90386532 C 0.49 A 0.51 1.0E-21 0.96
18 56,130,758 AX-90360889 A 0.49 G 0.51 1.0E-21 0.96
18 56,144,514 AX-90344000 C 0.49 A 0.51 1.0E-21 0.96
18 56,144,997 AX-90462358 G 0.49 A 0.51 1.0E-21 0.96
18 56,145,524 AX-90457110 C 0.49 T 0.51 1.0E-21 0.96
18 56,187,634 AX-90413871 C 0.50 T 0.50 3.5E-26 0.98
18 56,187,903 AX-90461873 A 0.50 G 0.50 3.5E-26 0.98
18 56,201,329 AX-90378479 T 0.47 A 0.53 1.0E-15 0.91
18 56,214,870 AX-90448445 C 0.50 T 0.50 7.9E-21 0.96
18 56,230,603 AX-90512807 C 0.50 T 0.50 3.5E-26 0.98
18 56,232,280 AX-90374236 C 0.50 T 0.50 3.5E-26 0.98
18 56,278,301 AX-90453819 T 0.49 C 0.51 1.0E-21 0.96
18 56,279,910 AX-90370238 T 0.50 G 0.50 3.5E-26 0.98
18 56,280,800 AX-90417313 C 0.50 T 0.50 3.5E-26 0.98
18 56,281,354 AX-90483014 G 0.50 C 0.50 3.5E-26 0.98
18 56,299,436 AX-90516634 T 0.50 C 0.50 3.5E-26 0.98
18 56,321,318 AX-90428430 G 0.50 A 0.50 3.5E-26 0.98
18 56,346,353 AX-90475392 A 0.49 C 0.51 1.0E-21 0.96
18 56,353,723 AX-90370966 A 0.50 G 0.50 3.5E-26 0.98
18 56,370,352 AX-90510781 T 0.39 C 0.61 8.6E-13 0.90
*Chromosome.

°Physical positions are based on the soybean genome Glyma2 (http://soybase.org).
‘Adjusted p-value was obtained using the Bonferroni correction (a0 = 0.01, n = 22,637).
Phenotypic variance explained by the marker.
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Table 3. Information about the genetic map of the Daepung x CheonAl population.

Chr* Ij[:lr;ggllagf poll}\flr(;l.o;)pfhic No. Of. SNP No. of m? pped NO'. of SE\IP ﬁ‘;%x‘/egrllﬂgrll\?;
(€M) (x) SNP after binning SNP bin (y) (M) (x y)
1 171 836 101 99 39 44
2 191 1,699 156 132 44 4.3
3 112 1,110 133 113 45 2.5
4 114 1,337 142 122 41 2.8
5 114 1,072 109 107 44 2.6
6 132 1,577 164 152 48 2.8
7 41 26 10 10 5 8.2
8 160 1,249 127 124 62 2.6
9 116 2,097 183 173 54 2.1
10 102 1,250 124 118 34 3.0
11 124 832 127 108 43 2.9
12 109 1,000 108 102 25 44
13 102 837 82 56 18 5.7
14 76 1,277 127 123 30 2.5
15 151 959 118 102 34 4.5
16 103 983 109 107 33 3.1
17 124 954 143 140 55 22
18 139 2,557 303 289 70 2.0
19¢ 108 86 20 20 12 9.0
20 119 899 127 125 49 24
Total 2,407 22,637 2,513 2,322 785 3.1
*Chromosome.
®Centimorgan

‘Number of loci where markers were positioned in the genetic map.
‘Number of intervals present in the map of each chromosome.
‘Due to lack of polymorphisms, fewer SNPs were integrated on chromosomes 7 and 19.
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FRAAZE 8] ARSI AL HeETh Y SAARE
HE, B5 Aol Aldd25 7t wufjof] AREE LA, HY
o] HRE F Shif= SS2-20|th S82-2& AlEE2Z 0
EMS (Ethyl-methanesulfonate)S #| 2|34 42 XEQJE

oI o|(point mutation) AlEo|EZ2, AlLIF25 9} SS2-27}
AA FHA A AR S vl =5 Aol Ad) dAtolAl,
§82-2¢} A1BE2 T 7Ho) by Ade Hol= nAE Adeta
A A= thE A¥k(linkage group)oll 123 SSR v}A 10
NE Addsto] SS2-2¢F AlddE25 o) HIAERD Ay}, 174
SSR u}ATF T} A-S BTt Van ef al., 2003). watA], E
A AAA A tE A 7 @ Aol =53] A2 o=
o F AT A4 ol AHEH &5 AR fedd AL

Aglo A A
vAd

i

= ghetEh

e

HXIX|E=E 0|23t linkage analysis
AAA =5 ©]-§5lo] Linkage analysisE 3§50}

w40468¢] et A FAAEE 2HUTHTable 4).
A 184 55.9-56.4 Mbp | oA 7} g-olu]st LOD
ULOD = 23.1) 7H47, o] fAAP} s BaY &
ARS 93.9%0lck. ThEO] hgAAe] A7FA EuKadditive
effect)i= 47.424 o= WP FHAL 1747} AgolA djF>
2 A o FHO IARH(%)o] 47.4% ERJIE For(3
)= Yulstal v = tfFolA Y= A== dS
o= ILAREo] 47.4% RIE oA} Yuletth
(Table 4).

Linkage analysisE §3f S AR M= oF
0.5 Mbp (55.9~56.4 Mbp)Z A, H&] Heto] zte jpmg
sl FAAF A =8 s4f E(resolution) S #=0]+= Hi= A
7F 1St A dtoll wEH A 1899 s A9
A ZA 5709 Rps A7 B RITE; Rps4 (Athow et
al., 1980; Sandhu et al., 2004), Rps5 (Buzzell & Anderson,
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Table 4. The genomic region identified for resistance to P. sojae isolate KACC.40468 in the Daepung x CheonAl RIL population.

Chr? Position (bp)” Flanking markers of interval LOD¢ PVE (%)° a
55,912,198 AX-90455222
18 to 56,412,565 to AX-90366982 231 93.9 474
*Chromosome.

°Physical position in base pairs based on the genome version Glyma2.
‘Logarithm of odds (LOD). The LOD threshold by a 1000-permutation test was 18.2.
Phenotypic variance (%) explained by the quantitative trait locus.
‘Additive effect. The positive value indicates that CheonAl provides the resistance allele.
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Fig. 3. A schematic diagram of the resistance locus identified in chromosome 18. Physical map, known Rps genes, and the
annotated genes encoding leucine-rich repeat and serine/threonine kinase proteins are presented, based on the
Glyma.Wm82.a2.vl. The predicted genes in the target interval are highlighted in bold.

1981), Rps6 (Athow, 1982; Gordon et al., 2007), Rpsi2
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AA 9 Bz ulA AA
Rps47t ek ol A =

Qe MR T2 SRS sETh M e BE)o
SAA 7 BAS ] Aaiie
HQsly, & @ﬂi% 210594 AR A7t Rpsd =
Rps129} 543 & A} (alternative allele)
AN Rps §A42 7H5Alo]

w5 EAa

Hato] Y xghd [TXEL el olof

AU Y EECAE) FolAE UARY SHAE
7F HuEs 3R EFo|1 11 tfAlQl 540468 7|
O 2= A HiEe APA Aotk AdY Aol
A AZP 9} < FARE 0] F5:40468 (ak.a. P-98145)9] TH
o A EAthKang ef al., 2019). Ao A4 A
ol dsfiAl= FAdES o83t A4t7 RdFolth &
szl tisliAe oFAl ALER] ELAIRE o] ‘FAF
U5 x ‘§82-2° wHjA oA Atz AlEo|1 SS2-27) o
F404680] il A2l A2 KoK Supplementary Fig.
1) Ao A Az SAERRE fE
AR allele)d Ao = HATETH

HA7HA = F FF SolAs e 2425004 7
ZF 170(++522457), 270(:-5540412 & w572457) o+Fof o
A I8 A AR BaE QltiJang e al., 2020a,
2020b). SHIEAE, + A FE(AY, 2423)0] 5
0}71] 524579 sl A Aoy A A

= A2 o2 dAA] AL, 228 = F404121
&—r2457°ﬂ i3l 22 ok AAA ol $IAIgE F-ARETE A
TS Folsk= A= Yl tHJang ef al., 2020a, 2020b).
2457 et 22359 A FHAAE T GAA
(18H)0] W] Wolzl T 2 (2.1-2.6 & 53.1-53.3 Mbp)©]
EAXCRE XS HAHJang ef al, 2020b). o]= Z+

[e)

FEol M3 Gl AR FAAT ol AL 5 U 4
o 23l wret o A ST 2g3A7] wel, 3
EF5-AYTF 1 A5G amerace)o] oS- TR 4 )
28 HolFl £ oolth. B7|HOR o|g8 4 Uk T
oY HPY ELS A QA AA fARES
WAFO RN Bre] Fro] AFT 4 Yk FURLS
BIEL Qo] AlayEoof ditt.

Linkage analysiso|A] 2+ &AA] 18] ©F 0.5 Mbp
(55.9-56.4 Mbp) o] A 5l= SFAAS tHall F(ev.
Williams82) #& A A} F4)(gene annotation) &
H(Glyma. Wm82.a2.v1)E 7]uro @ 3ok vlojo] HEsle

0] S5l s HAsteTh & 63740] SR 24
5t o] 5 = 97F A ¥ A 7152 3= leucin
rich repeat (LRR) domain 1= serine/threonine kinase (STK)
£ PAsHe R-9AAQ O ok T $HUXFE LRR
SAA7F wrEA o2 QA8 Z2 A (cluster)Bfal S =
oltkFig. 3). 9AA| Mol= A4 KU, 55.4-56.5 Mbp
Aefol ] & 2470e] LRR G4 7150l vheisio] olct
(Fig. 3). =S| FAA A= shte] 2dof Hofsh=
theo] falAbEol A EAISHE A5l 55 vk
AsyEe] SR AL ofe BAfo] =
binding (NB) LRRE& TA5l= R-F

EA9E nucleotide-
AR50l $A 2o 9}

£ A ofd A% $AAGA FEHA B4 % shtolet
(Van Wersch & Li, 2019). o] §-Hz}Lo] AAleH= 484
(receptor) THA2 AE A|szufoll A AL QJFLofA Y
St B A4 AFE AASHE A - A A=

o] &5 a1 o]of A]E9] Hof(defense)ol| A wj->- F Q3+ QJu]
2 7Hlek Qs 9120l ol Bl %] copy] 47
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o] Woj7} 7h58F Ao g oAk Van Wersch & Li, 2019).
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number®} A& W =3 7} A E & o] =t
H w0} Qltl(Tamborski & Krasileva, 2020). whabA], o]
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Supplementary Fig. 1. Susceptible reaction of ‘SS2-2’ following inoculation with P. sojae isolate KACC.40468.





