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QTL mapping for resistance to southern corn rust based on
high-density SNP genetic linkage map
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Abstract:[ Objective] This study aimed to map quantitative trait loci (QTL) for resistance to southern corn rust using
a highly resistant maize inbred line, providing basis for elucidating molecular marker-assisted breeding and genetic regula-
tion mechanisms of disease resistance of maize. [ Method ] The F, population derived from a cross between the highly resis-
tant inbred line S311 and the highly susceptible inbred line HY813, comprising 186 individuals, were genotyped using a

Jr#E HHA:2026-03-30

E&WH ) 7 AAREEEE T H (2022GXNSFAA035481) ;) U H s b A TR H (HACR AB241484028) 5 PU AR MV B2 e 1k
AR 55 LI FEAREE 2026 YTO057) 3 ) PaAO AR Bt T KB IRk K ek 4: 51 H (B A} 2X2024009)

WIS 5 52 W1 (1980-) , https://orcid. org/0009-0001-4722-4939 , BIHF 55 B2 , 3% M 5 F K43 & FF5E T.4E, E-mail : savage
131@163.com; J& 25 i (1985-) , https://orcid.org/0000-0002-2452-8411 , RIBF 5T b1 , 2 N5 £ K20 T F BT TAE,
E-mail: zhou_bujin@163.com

FE—1EE 544 (1985-) , https://orcid.org/0009-0005-9541-4605 , FZ I F E K B FFFE TAE , E-mail : weishaolil 125@163.com



64

Ik

FLWEF: A TSNP ZHE LR LA #6 ER by 5 stk QTL 2 4%

i

10K SNP chip to construct a high-density genetic linkage map. By integrating the genetic linkage map with phenotypic
data, the composite interval mapping (CIM) and genome-wide composite interval mapping (GCIM) were employed to
determine the positions and effects of QTLs. [ Result] The resistance to southern corn rust in the F, population tended to
resemble that of the paternal parent S311. The disease severity was rated from 1 to 9, with skewness and kurtosis both
between -1.00 and 1.00, which was consistent with the distribution characteristics of quantitative traits. A total of 3103
single nucleotide polymorphism (SNP) markers were used to construct a genetic linkage map whose total length was
3607.39 cM, and average genetic distance between markers was 1.16 cM. A total of 4 QTLs were detected using CIM,
located on chromosomes 1 and 3, among which the QTL loci gSCR3-1 and gSCR3-2 on chromosome 3 had higher (loga-
rithm of odds LOD) values, explaining 25.6% and 10.0% of phenotypic variation respectively. A total of two QTL loci,
namely gSCR3-1 and gSCR3-2 on chromosome 3, were detected using GCIM, explaining 64.4% and 16.5% of pheno-
typic variation respectively. A total of four candidate genes associated with disease resistance, namely Zm00001d042214,
Zm00001d041994, Zm00001d042013, and Zm00001d042051, were identified within the QTL loci commonly detected
by both methods. After pathogen inoculation, the relative expression of Zm00001d042214, Zm00001d041994,
Zm00001d042013, and Zm00001d042051 in leaves of S311 was all extremely significantly increased compared with those
before inoculation (CK) (P<0.0001). In HY813 after pathogen inoculation, however, the relative expression of
Zm00001d042214 showed no significant change (P>0.05) , while Zm00001d042013 was extremely significantly
up-regulated compared with CK (P<0.01) , and both Zm00001d041994 and Zm00001d042051 were extremely signifi-
cantly up-regulated compared with CK (P<0.0001). [ Conclusion]In the inbred line S311, two major QTL loci (¢gSCR3-1
and gSCR3-2) for resistance to southern corn rust are mapped, and four candidate genes related to resistance to southern
corn rust are screened within the QTL intervals, namely Zm00001d042214, Zm00001d041994, Zm00001d042013, and
Zm00001d042051.
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[958 2 L) E K (Zea mays L.) B 7 i E %
AR EAEY 2 — B WOl K= FRFE Y A4 2 e A
IR R BRI AR R Tl AR Tl AN ] Bl
(R JERE 2 — (SR 3645 ,2024) . ToKpg 5 Z
YR58 (Puccinia polysora Underw ) 5| i i) — Ffif
PRI, FE A R KA BT T BRI B A, ™
TN AT 3 20%~50% (177 w4t %, £E 22 0K TC i
(X EBEAF, 1999 5 BG4 ,2025) , #5151 [ R A
A DX IS | T P K X 56 K i A o
M E SRS EZ —. FKRM T R £ 2
B ARG AR RS M X AT (BEAl A 4, 2015)
HE AR R Bl A A R 1 A8 Ak, 2203 1) UV 5 R
KX AE, U H R 2021—2024 4, KK 85
P 7E B TR AR B X RN 2280 VT L AR S AR s X A 4
RIRERYZE A, X TR A i B 1™ H A4 2k (fF:
A, 2025 ; JA AR FNZE TN, 2025) o PRI, iR
TFIE FOK I 7 55 I AH CFST il i QTL a2 v il
AR FIRic i ek B A 28 R AZ I L
RFT R A, LAY 200 % 5 K B 0 86 9 s ) 72
A LT ARG R | oK 85 A i AL il 5
R IFIR T 20 120 S04RX. Rppl F1 Rpp2 2 f5c 4%
R 24 K E Pk QTL , {H AR WA 4yt

R %) BRA B (Storey and Howland, 1959) . Ff )i,
K2 H AR FhRic AR @ B2 oK
BRI QTL A 4, £E 4T RopQ(Chen et al.,
2004) .RppD(Zhang et al.,2010) \Rpp25(Zhao et al.,
2013) .RppS(Wu et al.,2015) . RppS313 ( T 5%,
2019) . gSCR4.01 (Deng et al., 2020) % . Chen %
(2004) LA E K mg 7 B9 B F 58 & 5% 319 B il 1y
SAF, AR5 BCF #EA A8, F1IFH SSR 11 AFLP
S FHRICHARTE 105 G AR e 2] 145K
QTL 1 %, RppQ , I FLiZ AT 4506 K 7 7 45 s e 1L
HSE Ptk . Jines 45 (2007) LI BLIK H &2 &
NC300 FlIEUR [ 32 2 B104 g 219 143 D2 H 58
Z (RIL) A #1KE, FIH SSR 23 FARicH AR ALE 10 5 Y
oA e B 1S QTL AV i, ] ff 18 83% Y
RIS S o Lu 5§ (2020) FIFH G H 28 5 Yed78 FHLHA
Qi319 52153 RIL S H 5 4% st 4% K13, 78 6 5 ¢
AR BN FN I — A FERQTL AL gSCR6.01
Wanlayaporn 55 (2013 ) DA#If £ K B 5w btk A 22
Z hA9104 AN F K RS 7 5599 184 H 3¢ 7 hA9035 4
#1334~ RIL A KL, R 157 4~ SSR 0 FAmic fE
1.2.5.6.9F1 10 54t fk [ E 5] 154 QTLs, 3 H.
X 46 QTLs i F% 6.1%~81.9% [ F 25 5 . Deng %5
(2019,2020) F ] 2 i T oK m I S btk A 28
% CIMBLS3 il CML486 43 %Il #4 # RIL Bf /& i 15
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QTL %E {37 , £ CIMBLS3 (1) 4 5 Y i v 2] 1 42
FE Y QTL A7 15 gSCR4.01 , £ CML486 [1) 4 5 YL fa fA
F19 5 et e i 21 2 M E2E 9 QTL A 1 gSCR4.08
F1gSCRY.04. iR QTL 37 14 Z Ak 22 3 R Ho v
P AR A B LB, 2 QTL v i R B B
LR BB AL R, O HaX 28 QTL ¥4 F 105 44
& I, 4n Zhang % (2010) LAFT F 28 & W2D FUE
H 28 2 W22 BC il F, FE, ACER AR R, 75 10 5
YefafR 2.1 oM IX 8] PN 6r 21 14 B (R i M i A4 1)
QTL 1% 25 RppD. RppP25 Fll RppM 43 5 kS 41 5 o7
| 40~110 kb FYBEZE X [A] N, TEIZ X SN A 2 M3k
SEH, Hio BB RS0 E S SR R ER
A5 (LRR) M5 3 1, X2 P 6 s o L
B PR SF 25 #4358 (Zhao et al., 2013 ; Wang et al.,2020) .
RppS &L T VRSB [], Horb it A bR i i 25 0
8.4 cM, il 1 &5 {37 B& PRI K IE 52, RppS 5 PppQ.
RppD . RppP25 $) R %47 (Wu et al., 2015) . IT4FEHK
Bl %5 5 F-FRic AR i 1% AT, 0 LR 5 % i SNP
SRR L 1R 22 K B 7 5 o D DR O At
7 H BB i . Deng 55 (2022) LA Fr K /N2 B
K A0 (CIMMYT) 513k 5K R 5 S btk 3 22 &
CML496 FlIJEp [ 28 2 Lx9801 A4 # it RIL #EAA Ay A4
BELTE 10 5 YL R E A7 5] 1> NBS-LRR 25 T K Fg
FRPTrERE A RppC, I HLEAHE T H A% & A 55400
5 H AvrRppC HAEN 51 E oK FE SR bT LS ;
Itk , Chen 55 (2022) LI H4 £ 11%) K22xDAN340 F, , ft
R AR, 72 10 5 4L 0K 1€ 721 11~ NBS-LRR
F B KT IR BUTEREA RppK, I HAEIA H 5 %0%
5 AviRppK BAEA T PTIHUHENLS . [ 452 1)
A ) 2 5 T 2 5 L T K s A S o,
L R X A e A DX e A B O H L RE TS A
A TTVEJE TR AT SR, Sy 2 HEAR S TR
AEAERAE T A R S5, 3 AR R OK B T R T AR
& IR Y F AR B A kb R 2 e
PERDGEIR . DRI, ok 55 ) PG B B S A R e
U5 55, I Ji oK B SR btk i 45 A QTL &
I, R R AR PRI T 22 A B i L R R R [ 400
P18 g () R ) LA s e KB T 5 L 28 R S311 5
e R K R A R HY 813 4438 3145 FL AU
RN X 4, ST FAZ AT R 2 50 (SNP) 2 T-hr
T2z L e 4% A T B R, 45 T ) ROK R 7
P E R AV T KR R Pl QTL /2
WL FNGTPE e e L R 1k , Ay i 22T o F-hm i il B
B FIORT R B IR B 5t AR PR AL ST R
HER

1 MRERE
1.1 XIeHH

H 322 S311 & Ty TR, X 5Kk rg 755
ST IR RS PR s A3C R HY 813 J& Ty £k
T, E K DT85 . FI S A& S311 FITHY 813
AR AR AT . DLEK AR S311TRAAAR,
F 28 7 HY813 N B A F st 4 v ff k. &
#3L : FastPure Universal Plant Total RNA Isolation
Kit F1 HiScript II Q RT SuperMix for qPCR (+gDNA
wiper) RNA i 5% 5 A0 G0 [ me mt v MERE AR PR
AR/ 7] . TB Green® Premix Ex Tag™ II FAST qPCR
A& A% HEAYEAR ) ARAR ., F2E
15 25 A% - NanoDrop 2000 #8 i 4% i 25 F 7 BT %
(FEBR KA R B 22 7)) s LightCycler® 480 11 521 ¢
JtE it PCR &4t (Roche 28 1) ) o
1.2 HERERIEEE

FE (] S0 7E ) PG AL Bk e BH PH 3 b () P e
TOHAT. 2024 4E 8 H 4 FACHEA K 2 4B AR A 22
Z S311 AT HY813 Ff Tk 56 H i, 174 5 m, 78R
0.7 m, FiHE % 5 o0 57100 #/hao 35 ET A/
WG A A (AL B - #=15:15:15,300.0 kg/ha)
FE R B It FH PR 28 (AL = B - ¥ =46:0: 0, 150.0
kg/ha) , FH B A7 B &5 T2 MR A 7™, OB T RS
Y8 F AT E KM I B i Bt S 9, e il K
KB B A AE & HY 813 Ml T F A BEIRAH A8 1T
Z ], I B G M AL 1 5 K R 7 S5 I v o [ s
3 ) WS4 B BH i b K ) A T R T A R ORI
F, A K B G e B R I, EE AR 1x10° 78
F/mL 6L R B TR, I 1 RN A 0.1% f ik
W20, FORFMHER S , R 55 200 0B 7 i)
M 2] F, fCHEAAR R 2 A SEAR RS AR Fr L B
PREE R EA AT ARR T . [FS dE
AT IR B P, S SR P 3 IR . S Je — IR
20 d Jii ARIENY/T 1248.14—2021¢ T K P bk %
TEFEARBIESS 1435553« BT G590 ) 7510 5% FL AR
BRARE R R 0 ARG, M R R TR o LA 197
(TOHR B (A A HE A BB 1Y ) 394 (<25% ) .
52 (26%~50%) .7 % (51%~75%) .9 % (=76%) o
o VR S OKR R 559 3 BBt oK 7 85
W, S WA PR I, T R E K T
I 9 Gy B R KR R
1.3 SNPEfEEHIEENE

F BRI W I 2 A SEAH F AR R Bk
5 $EHUDNA ., DNA Ff 5% 2460 E & bricd:
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VI AR By A8 B R R K 10K SNP Ot /- (FF
9433 > SNP Hric ) A 75 PR BUAG I o AR 2 A L [
RUPEISNP i, A TR 77 e 50 07 B Jub 25 0t 7 25 1)
FRig (P<0.05) . FH find bis fir 2 % 4% 4> T hnic e 47
bin %] 53 , [A] i 1 FH JoinMap 4.0 #E4T SNP i 4 /5] 3%
¥, DL LOD{H N 5.0 FIEE 41 70500 0.4 41 4 % 8
B R 1A B R 5% L WS pR 0, o B 41 4 B
e DL oM Jhy S Y st AR B B, R A T IR R A2
LinkageMapView % ifil] 1% 1% i i & i1 (Ouellette et
al.,2018) .
1.4 QTLA{r=#ml

QTL A3 #ridad 2 M ikilf A7 . —Fh & 4E Windows
QTL Cartgrapher 2.5 F1# Fi & & X [AI/E & 1 (CIM) ;
5 —FhJEAE JF IR R €2 QTL.gCIMapping. GUI 1.1
RN A E A X EHERE T (GCIM) (Wen et al.,
2019) . XF T CIM, 7R 6 HRiltA 15 [T K/NA S cM
H LA S A bmic TS e il IR 2R A T ) — )5 )i 20
[0, LOD [ {E &3 i 3000 Y& Huit g, &t
F GCIM, [ HEAT Z BRAG TR K BISR (REML ) pR %X
Y RENLEE AL , 38 2 P 7 758 i GCIM, H LOD i #
HBRIME 2.5, X 2PN 1 M,
1.5 fREEETN

FIIFH BLAST FRAF45 S 106 X 1] A 114 45 5L PR 91
5 GO (Lewis et al., 2000) . KEGG (Kanehisa et al.,
2004 ) . UniProt (Apweiler et al., 2004) \NR ( X3yt pt
% ,2006) J eggNOG ( Huerta-Cepas et al., 2017 ) 3t
5 AN D e Bl FE VEAT LR, B E R AR R AR I FE A
Ifg.
1.6 BEEEERREZESH

{di F FastPure Universal Plant Total RNA Isola-
tion Kit $& M 2K R 7 55 0 s JiL DA i A9 i e A A

®1 ASEERGEERIMFI

Table 1 Primer sequences of reference genes and candidate genes

J& M A A9 B RNA, 08 F HiScript IT Q RT SuperMix
for qPCR ( +gDNA wiper) ¥ &t RNA [ 5% 5% & i
cDNA. fifi F§ Primer 3 plus (http://www.primer3plus.
com/) &I 4 M IEIL R R S I (R D) . L
cDNA N 5t . GAPDH E i N Z 3L 1A, K| | TB
Green® Premix Ex Tag™ I FAST qPCR il & %} 4 4~
i 3 5 PR ) ARG 2 3K R AT 52 I 9O 1 PCR A
M, KWK ZR 15.0 uL: TB Green Premix Ex Tag II
7.5uL, F . FUF514954% 0.5 uL, cDNA B 2.0 uL, &
RNA /DNA Fiff 7K %8 JE 2 15.0 uLo 5 B i 4 14 12 1
KRB TP I 480 LI 298 i 1 PCRAY . # HE 2
JF:95 °CHIZE1E 30 8395 °C 55,60 °C 10 s, #7401
PEFR o R 2494, #] H Graphpad Prism 11.0 #£47
BRI 22 BRI

2 HRESH

2.1 EXREAGENUELEERBREINER

oK 7 B IR AR S 20 d, X 24 SEACR
Fo AR BRI 0 S5 0 S e TR AR S g 47 s e -
B S5 (K 2) Wm0 S311 B HESFH R 1 42,
P E KR TR A HY 813 s E 59 9 4%,
1o B R OK B 550 5 FL AU RE AR 186 4™ B bR 35 A5 4
K 1~9 5, b T OKEE B R BT T SR ik
91.71%,
2.2 BEEPEENELER

I Affymetrix Fric S 500 10K (1 SNP O %)
2ANEAN(S311 HYS13) K 186 4™ FACHEIA Bkk k4T
K. 5, AN 10K SNP B F 508 vh e B 3227 M7
S311 M HYS813 2 [i] F B £ 257 1) SNP 41 ; H
W AR Ry BIA R IR R TR f L BIBR 116 13
PR 43 S Y SNP AR IC, I 25 Bk 8 A %E {37 SNP

FEPH ID Gene ID

3514 Forward primer

I 7514 Reverse primer

Zm00001d042214 5'-GTATCAGCAGCAGCCCAAGA-3'
Zm00001d041994 5'-ATCTCAACCCTGGAAGCAGC-3'
Zm00001d042013 5'-CGGGTTCACTCTGTTCGTCA-3'
Zm00001d042051 5-AACTCTCTCTCTGGCCCCAT-3'
GAPDH 5'-ATCAACGGCTTCGGAAGGAT-3'

5'-AGATCATGTCCCCGACCAGA-3'
5'-CTCATCCCATCCTGACAGGC-3'
5'-GATCCCGATGCAGACCAGAG-3'
5'-AGGTTGTTGTACTCCAGCCG-3'
5'-CCGTGGACGGTGTCGTACTT-3'

R2 FEARFABEHERBAHERRE

Table 2 Phenotypes of southern corn rust for the parental lines and F, population

AR e I SR it 2 33 AR B E(%) ] GEAET1(%)
Parent/population Disease severity Disease severity Skewness Kurtosis Coefficient of Broad-sense
rating range variation heritability
S311 1 - - - -
HYS813 9 - - - -
F,##{& F, population 3.15£2.95 1~9 1.134 -0.229 93.43 91.71
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FRic s fe e, F TR 4 3103 4> SNP FRic 4 2 i {4 14
BRI , 1% 1 S B N 3607.39 M, FRid 22 1] 1 F
YIRS O 1.16 cM. 45 7 R A A5 1R 25
278.13 cM(10 5 YLk )~448.14 cM(1 SYLfK ) , F
SRR TR AL I 0.91 cM (15 4L i) ~
2.42 M(10 55 fk) (KT 1T FIER3) .
2.3 EFCIMMEXRBAFRITEQTLEMER
L CIMTE 15 4 R RN 3 5 G o fA | 45 Al
B 24> FOK R O iR PivE QTL A7 i (B 2) . Hrpr
BN He K Y QTL i 45 gSCR3-1 (LOD {2k 61.1) £
T3 Sy fk b, W] SNP FRic H AX86244907 FI
AX862424973 , F BUAR Tl B 25.6% ; QTL AV ki
gSCR3-2(LOD i 4 27.3) Wi F 3 S Y ok b, %
RIS S BE R 10.0% (£ 4) o 53524~ QTL fif
S5 LOD {5 AH X487y, gSCRI-1 (] SNP #1iC A
AX86285795 Fl1 AX86265669 ) Fil gSCRI-2 (P il] SNP
FRic o AX86280535 Fil AX86265675) 1) 3¢ i 2% S
BRI 4 0.6% F12.9%(F 4) .,
2.4 ETGCIMHEREAFFIMIEQTLEMESR
i GCIM 7 35 YL A ik Al 21 2 4~ £OKEg
TR HUPE QTL A 4 (&1 3) o He s {f Fe KA

N
60 350 340 330 320 310 300 290 280 270 260 250 240 230 220 210 200 190 180 170 160

QTL ¥/ £ ¢SCR3-1(LOD {8} 59.9) , Pifll] SNP #1ic
i AX86244907 Al AX86244973, 5 CIM 7E {ii 2| i1y
QTL v s AH [F] , {H R A AR B i BRI R L 3k 64.4%;
QTL {3 5 ¢SCR3-2(LOD {H 4 40.0) , P {ll] SNP #xic
Jy AX86289432 Fll AX86289448 , 7 U5 S By
16.5%(#%4).
2.5 EXEHFEHIME QTL i s K& E E 5
#R

BT b Y R s A% B, R GCIM A
CIM 7 3 5 G o AR [R) o7 5 67 3 24> FOK a7
BEHiPE QTL A 45 (¢SCR3-1 #1gSCR3-2) . gSCR3-1
57 15 B 4 BRIX (8] A 150.17~156.32 Mb, [X [a] PN 4257
2%, I GO . KEGG . UniProt NR FileggNOG
8 SA- D e E X X e L PR A T DR A AT, 4 R
RILA-SHEYHUR A DA ZE R Zm00001d042214
(SRC2)(F5). gSCR3-257 s [ PRIX [A] A 144.67~
148.71 Mb, X [B] N4 7% 67 3L . A GO KEGG .
UniProt .NR Fll eggNOG 45 5 /> I e Z041 i %) 3 4L 4
R BEAT I RE 0T, 45 50 2 B 3 A S Pos A o6
1 5 B Zm00001d041994 (LRR) . Zm00001d042013
(LECRK1) .Zm00001d042051(LRR-RLKs)(35) .

10 1 110101 111 A
11 1111
1 1 O 0 0 1111 e 1 DY @) D
[ 01100 11 N 11 11111 AR D Chré
0 1 I 810111 [T T T T I O D Chrs
O T T T T O M Chré6
A IR0 AR RRNARIINI 1 1 I T TN T T——D Chr7
011 A T IO O I T D Chrg
0 A1 (M IO Chr9
QT [T TITTCTTT - 1 D Chrl0
1 F,RREHK SNPFRi E I EE
Fig. 1 SNP marker linkage map of the F, population
&3 FABHEREEEEHE
Table 3 Data of the F, population genetic map
Yeffh SNP Fric it K (eM) SNP FRic -2 lIf (M) IR RIA B (M)
Chromosome Number of SNP marker Length Average interval between SNP markers Maximum interval
1 491 448.14 0.91 39.52
2 272 421.26 1.55 84.73
3 332 388.14 1.17 67.81
4 367 367.21 1.00 59.36
5 396 368.64 0.93 58.23
6 280 327.53 1.17 4593
7 260 355.55 1.37 67.43
8 334 319.12 0.96 42.77
9 256 333.68 1.30 73.70
10 115 278.13 2.42 83.52
St Total 3103 3607.39 1.16 84.73
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2.6 FERERAREERHSTER

ST 2 B E oK B S Zm00001d042
214 . Zm00001d041994 . Zm00001d042013 . Zm00001d
042051 5 PR AR OGPk | SR S5 5 52 't 2 1 PCR X}
S311 MITHY 813 H8h K e 77 85939 i R i (CKO) M
R0 24 h 5 4 FE B TE M R 1 A6 ek R T

fr il 4), 2558 & B, B2 R0 IS Zm00001d042214
Zm00001d041994 . Zm00001d042013 . Zm00001d0420
51 FEPIAE S311 v A AH XS 263k 1 257 488 CKl i
2 JF i (P<0.0001) ; 1 HY813 3 #h )5 , Zm00001d
042214 FEN A X I8 5 CK o i & A8 1k
(P>0.05) . Zm00001d042013 7E ' Fr v 4 AH XF 26 15

62.0 T
49.6 1+ l
3721
a
@)
3
248 T ‘ ’
1241 | W
| 25 '\ "n
00T A'M\‘»—» LW VN VAR VRN ALY PO | Y | TN | Y Y | VI | N N D
1 2 3 4 5 6 7 8 9 10
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Fig. 2 QTL detection results of resistance to southern corn rust of the F, population based on CIM
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Table 4 QTL distribution for resistance to southern corn rust of the F, population
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Fig. 3 QTL detection results of resistance to southern corn rust of the F, population based on GCIM
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