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BE HT ALY SIAREMERME, i/ (Triticum aestivum) it & 2 REME DM as, B4 552 3w 2= gk . i
LR K I AR IR GBI S NN, BT 058 /N 22 B A, 3% & hom A b HE g KaES
i (Thinopyrum ponticum)/& /N 223845 2 1) o N ) 2 IR G Ah 2 —, SHINESRSE 2R ERDH RIFMPTHE. FIH
TS ARAT Gtk TRE, B T 140/ 22 - K BlE 22 2R A RIWT S 135, X145 1 (Puccinia triticina) A= B /N THT TR I H
G . BRIGNTRI, HI PR IE TR ABE S AN FE Y A . JE R AR AT 44 58 (GISH)-S 6 J& A7 22 58 43T iR, 13+
R K ARE 27 B e AR B e T /N TD R R AR S A T R W, AMR G AR R T 38 730 2 IR, FOn s R X (S 5%
R RS B B AR, S GISHA W& S E A VEIE, FEHEMWTS1352 140 7St (7D)H AR A . 2 THRICK N ER,
WTS13545 7 17 55 R 5 000 ) K AU 22 5 35 735 43[R U5 BB 5 7 22 IR Lr L ORI Lr29 AN [, HE WU AT 8 9 1A B -5 97 7
HH. & BhSpecific-locus amplified fragment sequencing®i AR, F& 710K HME Bk = 514, H T 3B ERWTS135
HSMNEG G . RS BR, WTS135I =B 5 SRR F22 LR EER, WHIZEMA T/ NEHHEE M.

XEIF DL, HERKEIELZE, R, ZERE, R, RARLE, 7 Tisid

W, kiR, &, 2R, 2RE, FLEME, B (2025). HiH-55% MEE R ZRWTS13518 & 30 520 THsic T
K. WY 60, 804-815.

/N (Triticum aestivum, 2n=6x=42, AABBDD) HERRF,

Rt =KW EBEY 2 —, AR B 2.17%
10% hm?, P& 7.7x10% t, 9 NS4 4L T £4120%
[ 1T RIAS B (Ibba et al., 2022), /INFZ P~ & it
Al B R EEER . Bt $120504, B
BN DA WK, /N1 7k &2 me0%
(Tripathi et al., 2019). EARITF RN =5 A AT
o, AERK N TYME AR E MRS N 221
AR H e, SEUNZHIER . R4
SN RS SR T, BN P R i R T
(Reynolds et al., 2012; Singh et al., 2016). /NEE
Air R 2 MR RYRIR, B/ EstE R =E
DU . GBI ARAT, HAMNEY R P A
JNNZE, RN TR, DR N BRI

ks H 4H: 2025-01-24; 5% H i 2025-07-08
HETH: ExE AR S (No.31971875)
* JBiRE#E . E-mail: gzheng@genetics.ac.cn

/NS 5 5 & — el 45 T (Puccinia triticina)
Sl RN MR E, 8T BURE G
30%, ™ E R #E50% (Lin et al., 2022). HAi, 0.2
IEAdr 4 7802 MNP Hm AL K, Hrbix —kH
N BT AE L A (Prasad et al., 2020; Mapuranga
et al., 2023). ffl#, Singh%:(2012)% %3 (Secale
cereale, RR)H [JLI2556 2 22 /N EFAB YL o AR K, IF
i i 1)1 4> S B R AR id Xgwm251, B B8 Lr2547 £.3.8
cM. Pirseyedi®$(2015)¥ 7 7% 11 £ % (Aegilops pere-
grina, UPUPSPSP) I Lr5O#4 7 45 /N 22 1A G (R K
2247 RN RE RO, O P N v B g A &
Lr59-151, Jf HJF & T DUPW217b5ic H T4 B &
il FriebeZ5(1993)i# it C-437tr « JRAL 4258 LA K [A] T
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B WAE: Bt IME AR R WTS135 L 0 548 Fhrid JF K 805

Bt 3 A, %348 Lr38 ) /N 22 - [ 2 B (Thino-
pyrum intermedium, JJJSJSStSt) 7 4= Z W44, W49
MIWB2HAT 558, RIMGTHHEIE 25855 FAT 5590 (1)
W44 5 W52 %5 5] N 7AI-2(7D) A 7AI-2(TA) AR 3 R
Tt i 595 W49 2 141N T2AS-2AL-7Ai-2L 1) 5 fir
F, DIUAIESZLr3807 T 7AI-2 4L k(K8 Koty . S
CORIADFU 855 B R, {H A 85 B AE 3N
ArdEfe, ZAHitERER, 4ilrl0.Lr16.Lr26. Lr33,
Lr35LL & Lr50%T K #84r PtA: 3 /R 2 2k bk, Rk
18 V) 7 ST 1 /N 22 45 $U5 (Zhang et al.,
2020; BtiRF%E, 2021).

KA E # 55 (Thinopyrum ponticum, 2n=10x=70,
E°E°E°E°E*E*StStStStik JJJJIIISII %) & — Fil £ 4F
AR, RAR KIS, AKEER, XN SRR
FIRFEZ MR EBADNE, 2/NEF P E R
Feo HAT, ORI REE 2 B hr 450 2L KA Lr19
(Sharma and Knott, 1966; Friebe et al., 1996). Lr24
(Smith et al., 1968)F1Lr29 (Sears, 1973, 1977). H
FE19664F, Lri9XLpEmh Copk e #e 2 /N, IAE
AToRE R F 53 85 0 A BN AT pidE, (a2 i TR
FEYAD ORI, R 7 H N (Knott, 1968).
b6 J5, Zhang%s(2005)F H371~7D-7E#1 H 2014, ¥4
Lr193k Kl & Ar T-7 B8 A i f Xwg4 205 Xmwg 2062
FricZ [, JiangZF(1994) & B T 1N P45 I FH45
T B /N 22 - KA E 37 5 5 i ZAmigo, HSE A Teewon
T FH /N - KR 27 B (1 5 = [ B N &R 5 38 )
FITEH] . 2 JRAL43E (genomic in situ hybridiza-
tion, GISH ) LA J& %% )t J5i {7 % % (fluorescence in situ
hybridization, FISH) 7 #1, & BlAmigo ] 7 iz v Bk
J5 T Teewon, iiFESZ 7 Amigo i M 45 FUFF 45 5 B bk 20
ASRYR T KA 2 B 3Ae# 1 Ytk L 1JLr24 5 Sr24,
B )5, Li%5(2024)i#E3EGISH. Non-denaturing FISHA
PCR-based landmark unique genetric 73 #r, 1i8h4
N EHIAGKE R oA &, ¥ Lr245E A7 T 3AgL k1)
0.7-0.85 cMIX [i] . Tar%:(2002)% 181/~ BEHLY 1 %
AEDNA (random amplified polymorphic DNA, RAP-
D) 31 VXS Lr29 (Y S5k IR R AT %558, TR 14 Lr-
2914 FVEARICOPY 100500p, FH T~ Uik i 470 H- 45975
INZE A

TOAH S B AR 2 — A A Bl H AR PR 5 58 0] Fr 51

AN G, BT SEILE R IR ST I EOR, fEALO
B AU R I BRI S A E . B R ARAEY)
AR, BHIEN A 2 RAE DA REEAT A . e g
SEHZADNASCJE, FAK 45 DNA T Hb R R 3% 41X 4
VEW B B A 2 PR A S SNPAL A 45 5 314510 (Leng
etal., 2015). JEBAHS FrHEOR, PP IR B A
PO A R = A R IR IR R R R, I B AR
KRB FEARIE T A E A ) - KR
FF R RWTS135, 454 GISH. mc-FISH (multi-
color-FISH) AR AR &5 v 2 A, B 1 I 25k D5 4 ) g
S AR G AR (8 40 (RIS, B 2R 3 2 A 41 0 P45
I8 B UM SRR, 3B ok B ) A 2 R g A R Z IR,
IR R S AL S 8 18 v BO F (specific-locus ampli-
fied fragment sequencing, SLAF-seq)# R JT % T 4+
VERE R FARIC, T U g Bk i PRdE B

1 HRSHE

1.1 HEPIE

INMEZZ R TR AT RIWTS135 1) 2232 4 & N0 /ME81/4/
/INE 81/3/ /N 811/ i 4% 28/R431/5/ 5 % 22161 Fr %
22713 #22/8/5 %22, 1%, VAN A28
BEAS, KRR 2 5 5 RRA31 A, i@ 4 2430 3k
1FAHFNF . B, KF 5N AMEB1 2 I I 5L 2
R, ¥§BCF IR 5 /N Sl B 22 222 22 IR [F1 52 21K,
H A5 B3 FIWTS135, WTS135 K Hop A5 {47
1E T E R R g 5 K B RV T 2R A U4

1.2 HEERIntEITEE

WTS135 J 55 A 1) 45 993 H1 1 % e e ] bR koK
LRV ORA 2 BT AT o 8 8] SR AN G 22 224 4y I hf
M, THTTAEBUNAAE A 2 45 B AR 3N R b EE B
17, H YRR, Wi % e 8 F ok 45 B AR 3/ b
THTT (Yang et al., 2023b). 4k RHE EF—
O, SRR, B BA R B RN IR B
N20°C. A FE N 100% 3R % o BB S 55 95 1670
. B SR IR T N22-25°C. HIXHEE N70%. 6
JAA N2/ FE B 2/ SRS R = R R R . MK
P HRGE 22 220 LK B B A T HERT, AT BUR
PEIEE . 1% B Roelfs% (1992) 1) 7 Zabr ik, #4409 &5
D5y H0-4%, 0-2 RN PU, 3—4YL R IBI o
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1.3 MRRFERE

Z [ Han%(2006) 1 /7 V23T /N AR I 4l i 2253 %4
O B ART& BOE, R IR T e A R
JEAIN R IR, 23°ClHIEREFR2K, BIHLZ2 cmiT)
R, 7ENOFALFE1.5/NF . BEJE, FH90% ZIR[H &8
IrER, KB TOKIERE, VIBURSR, MANESH1%A4ER
g F12% F I g 1 VR A v, 37°C/KIB /N . R,
TE75% £ o AR AR B RE, 25 O SR 40 B, A
100% L EREVF 41, "E10 pLE V0 in 218 &
B b fERGE TR, PRk o 2RI g
PRI 2, BTN L, 1250 pd-cm®
TR, 24°CLRAE#

1.4 [REIF3Z(GISH) S 4

JRAL 244 A2 (GISH) i FE 2 I Fu%s (2012) 1 75 k347 3¢
B R CTABIESE B AR 22 BEAN o [H 2 (1)
F X HDNA (Saghai-Maroof et al., 1984). LI TEXAS
Red®-5-dCTPHRic i)+ % A K Rl B 22 BEDNA N 44 %
TREF, WhoKIBE307 4 i) [ 5 Jik [ A DNAE BT FHL . 4%
HEEREE 5 3 FH 1) ot & L6 9 1: 2000 H1| GISHZ 22 R,
SRAI A ERIN10 uLZR A8, WhoKIE5 5B, BRI
AB5°CIEIRIEFARI B . H2x 715 R 4 (saline-
sodium citrate, SSC)Z& RGPz F, BT 57
N4 6- ik 5 -2- 2K FE 5| Wk (4',6-diamidino-2-phen-
ylindole, DAPI) i t4,55)(H-1200, Vector), %'t
BE (BX53, Olympus) T M %%, w47 ZAHEF I H At
J5AS S IE T 4 B d B, {8 F #f CellSens Stan-
dard 1.12 (Olympus)& R F o 4 30118 58 B BB
Jr, N2x SSCHIZE305r4h, BT /5, BERDK
TER N K4 H - 18 F Alexa Fluor 488-5-dUTP
(Invitrogen)rict (I # W & (Pseudoroegneria stipi-
folia, 2n=2x=14, StSt) DNAJNIRER, /K305 80 )
T AR K BAE 2 E (Thinopyrum elongatum, 2n=
2x=14, EE)EH M, #BHE 5HH RS A
1 TOMCHI AT, PR AT R AL AT, e ek B BRI |
FTid o

1.5 Mc-FISH#f

GISH M7 J5, 1% Huang%(2018) i ik 77 ik 47 £ %

OISR A2 (me-FISH) . 58, Kl Qetath
B 7E2x SSCHIRIIB0 7B, Bl G B T 5806 F,

TR F B LF I TIANT0% LI (7 0.15
mol-L™" NaOH)H1, 44°C4fF FASIEE 5 oh, 45 %k
NHT75% SEEBLK1053 8, )5 1E100% £ B A K
5735k, BT 4% F o Mc-FISH M T I A% H IR EH B
ETAYTE(EE)RBERAR G, B4 H6-%
VS P AR IE I pAs1-1. pAs1-3. pAsi-4,
pAs1-6. AFA-3FIAFA-4, LK 6-#43E 5 ZHbric it
HFREPSc119.2-1F1(GAA) oo 8 MFEF BN IE
EddH,O, f#¥kEF #9100 pmol-L™", A fiRE . 142
BT HEE . 20% SSC. i EDNA. 50% i i il 2R
B LS AREH R % 187 .5:1.5:0.5:2.5:1 (VIVIVIVIV) ]
ELBIIE 2], 100°C4:@is133 8k, Bl Jm Sz RIJN—20°C
UKFE1053 8, BUH BCHI B A% o BTk 203 i
10 pLAAS T, ARG MAANE g &, =il
. F2x SSCih¥L)E, 1l HDAPIX YLt fkidh4T 52 4%,
BB AR A TV FIGISH 7 .

1.6 BETHRSH

18 Fil GenoBaits®WheatplusEE 3 At B, 43 #1 7 4%
e R Y. B, PREUERIZIDNA, #4748
TR, Fr B A % | /£ 200-300 bpx i), 4 &K uiB
HJaiERpoly (A)E. FERREN A BOE R P82k,
R Rk SCRE E AT 4liAk, PR BR 4N A B 200-300
bR, NN 4 Barcode [ 51 WA i 4R
HE A TPCRY 1Y, FRRI I REERIEAT 2k, 58 il
FPSCPERIREE . B, M SR H I HL500 ng, N
NBREF 322 R, A1 f5 B F65°Cilk & 2/h i, 4R
JRTEVER A, BT 15 PCRY Y, 58 44 &S Hfi
SROCEERIM . RS BRI . e B s, £
Bk DU B BE, £ %F 5t atr, 3558
clean reads. {#i F# 1+ BWA-MEN I 5 2% 5L K 41
FEBILERE, SRS ILNA LA E, FFiEAEAR
HI LR & o e FHREEEL ] B (Wang et al., 2010;
He et al.,, 2016).

1.7 BRI FIREHAL

HFIH SLAF-seq T & K il 2 By e E AR &, (8 IR
il 14 9 ) B HaellL 4 H: DNAZEAT B, 3% HUK B2
400-450 bpf fr B, HATXRINT . 5B HTF A5
5 7 IR B /N2 (Triticum  urartu) % [X 41 (Ling et al.,
2018)FTfH 111 -5 (Aegilops tauschii)FEX41(Zhao et al.,
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B AR Bt IME AR R WTS135 L 0 548 Fhrid JF kK 807

2017)3EAT EoX, R ELEEYE /N T-50% iAn %, BiZh
KR g5 R P HIhR%E . FIFPrimer3 (https:/ bioin-
fo.ut.ee/primer3-0.4.0/) % i+ PCR5| ¥, B4 T4
TR E IR A A & . KHCTABIEIEIWTS-
135 K Hop A KREE R FL. 322, /MEB1FIF1428
(I 4IDNA, #4100 ng-uL™". PCR/R Mtk £ 2
AH20 pL: 2% TSINGKE® Master Mix (Green)
(At =R AR A A IR A \]) 16 pL, #5HDNA
(100 ng-uL™) 2 uL, K10 umol-L™" 1E Al [ 5
Y1#51 L. PCRIX N FEFF: 98°CHi#24r#h; 98°CA M
10%p, 48-56°CiB K15FH(ATmIEE), 72°C LEfH10FD,
36/ MR, 72°CHEMIS /4l . 738 =40 FH 2 Yo Bt i i it fsz
FLYK 2> B8, {# Fl Tanon 16005t E& R4 . BL5]
Py WTS135 X oEAR, PRk KAEZ FRIWTS135
a3 B BO/MHIR], B AR ey a1 A
BAERIE1Y, BIAWTS135 MR H AR 7514

1.8 RZMWKITFM

2023-20244F, fEHhEFREREME S K E AR
Frdb s & FikE6 30 (116.2°E, 40.6°N), H/EWTS135
K HAC PSR AT Z 22 2RI, 17K2m, 17
[H¥E0.2 m, #RIAIEEO.1 m, WEINEE . Rk
J&, MR ERIE A K — S5 Bk, I E AR S (plant
height, cm)fil = f#4 (spike length, cm); GitH 245>
BE4{ (effective tiller number). /M#E%](spikelet num-
ber per spike)fl 3k % (kernel number per spike-
let); 181 FH /3R (SC-E)FMU it 5 A F A 47 4 kL 2 (to-
tal kernel number), FRECHAR™ & (yield per plant,
g), JFit% T ki = (thousand-kernel weight, g). & F
Excel 2016 F1SPSS 19.0% 1443 #r % i -

2 HERE59H

2.1 WTS1358GISHFImc-FISH 47

2 LA 5 MK Rl 22 55 1Y) R R DNACK R B, il
INEEFE N AIDNA LT, WTS135(R40 i (4255 4L
ik, HA0% Ak R (05T, 2% fetafk 2
P55, UEHIWTS135#57 17 20% /N 2 etk Al
AR5 A KRR 2 B R (B 1A) . 2 LA L 5
B ZHDNA IR R, 5 A K AR 27 75 5 K] 41 DNA

NETBHET, 25 KARAE 22 BE YL (A A 22 R IX [ Sk
PG TR, 24 Y AR E A58 5 555, HEWl
X255 SR G A4 S8 T i AR K AR 22 B o ) Stk [A]
A (F1B). Xt — 4t AT FISH T, R EL24% AR
et AR B I AR o X I S AL (5 5, K
AU A 15 B W L0 2 28wy I S AR dE N et
TR ZAEAE 5 EE X (Peto, 1936), 455 & xWTS135(%)
/N A FIBAH YLt ph e 4E IE &, MDA ER K T 1%7D
Betr ik, PR HEMIWTS 13597 1% 3k [ K A flE 2 75 St
FEPRZH ) G o B e T 1 /N TD AR (I 1C).

22 FHESRSH

FiI ¥ AE S - GenoBaits®WheatplusEE 43 HTWTS135,
H3RAH17 529 2084 JFE 4 L, FrA 7 AL 2 A 7y
ity s), HEWEMATHGCr B % . HEdaid i,
$K1517 529 208%clean reads, 7 HFEAKIQ30K T
97%, Ui ER G, "THHT RS At M
HWTS135M R K, Mg H o0 A S F 12 (KI1D), 45
R IRWTS1355 38 /N 42 [ 7D G 4k A A5
SRS, M AR KEE L R TER AR
BT, H7EG ORI fE Kinls 5% 4%,
Heepia A BAS 5SS, HHULHERT H N7 St o fAk .

23 ImtEE

NPEAEWTS 135 K& H SR A 1 i A B B AP, X
PR MBS B AE BN THTT. RA14KR)5E, 4
JE of HRE 22 22 58 4 R N (1IT=4), #E47 Hi P 1
. WTS135 S H A 5 R K AR 22 2L () i v 13
AT E A7 o BB, L I o s 7 51 R HISR AT
BE, WA N THT T/ S (1T=;); HE e A
Filr, Gn/MEST, Hr AR 28FGF 2 22 i Fr B3 HABL KT
ZHEMATHE, RO ER(IT=4) (K2A), LikgR
KW, WTS135 -85 bt R E T S8 A - R KA
B E, e, AR 345 B A BN (PHTT.
THTSHFIDGJJ)FFWTS135 J Hop A HEAT P 14 4 2,
25 B 7R WTS135X0 1% 34 A= B /N Fh 45 2 30 HH T # 9%
(IT=;), SEARGFZ22, AMES1FIH 28K T H & 2
I (1IT=3-4), 1 & FEAE 2 50 [F) £ % 00 4 9%
(IT=;) (B, X FIIWTS135THE 5 T 45 5
REA gy, FRIERA.
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B1 WTS135[NGISH. mc-FISHABARE F 23

Pl
LULAN 1

400 600 800
Chromosome size (Mb)

(A) DA AiE 22 R R ZHDNAJYIREL, i [EF IR ZLDNATEH BLAIGISHES K, (B) LAIRIWL B A I ZADNAIRER, — 5 R K
Rl 22 R R AR S PRI GISHES L (C) A I SR H IR IRET EE RS Ime-FISHEZE IR (D) WTS135WAT 4521 . A B i kst

RO, ROMAAR R ORI INEEK . Bars=20 pm,

Figure 1 GISH, mc-FISH, and liquid chip analysis of WTS135

(A) GISH analysis using Thinopyrum ponticum gDNA as a probe and Chinese Spring gDNA as a block; (B) GISH analysis using
Pseudoroegneria stipifolia gDNA as a probe and Th. elongatum gDNA as a block; (C) Mc-FISH analysis using combined oligo
probes; (D) The liquid chip analysis of WTS135. The white arrows indicate exogenous chromosomes, purple frames indicate

chromosome additions or deletions. Bars=20 pum.

24 SFERiea

{5 I SLAF-seq B AR 3145 i 14 KA B 22 His 7 /7 41
FR2s, Wit sy BWTS135 i Hip A . PCRY 145
BEIR, Thp32. Thp39. Thp40. Thp94. Thplls.
Thp124. Thp242. Thp251. Thp328#1Thp374+1
FRICTEWTS135 5 - i 4 K AR 27 55 o ™ 14 tH AH [+
KN ST, AL SR A T e e e 1Y B 3
KANAF I 25, R WTIX B AR i NWTS135H1 7St
AR IR AL (E3A; R1). X5 BT &7

7StYL R b BB SE 2 ) KR TN 2 U
AR R

25 RZMRITFH

HRWTS135 [ At 8] 55 A Gy 2222 dE B 2R
iR EIR, WTS13514k =1(82.25 cm). 7 BEHL
(23.75)FIFR AL £ (755.75) 1) 2. 3% (P<0.01) = T 2%
2211k 55 (69.00 cm). 4rBEXL(13.33) LA K ki £y
(517.33); TR EHRE ST 22 LW W% 5
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P A BUH A MEZZ AR R WTS135 (45001 5 5y Fhrid JFK - 809

A s
2
em -y 2 3 4

B2 WTS135 % Hm A N -5 it iR A WTS 135157 2 22114 25 IR
(A) WTS135 )% Hsp A (AR R M SR (1: WTS135; 20 /IMEST; 31 3%322; 4: thik28; 5 TR KEF ), (B) Mitk; (C) &
FOETW(WTS135 (£5), 53222 (£)); (D) FHMTM(WTS135 (F), %#22 (7£)); (E) BEIFKI(WTS135 (£), 5322 (£)).

5 Jimai 22 WTS135

Figure 2 Evaluation for leaf rust resistance in WTS135 and its parents, and agronomic traits of WTS135 and Jimai 22

(A) Evaluation for leaf rust resistance in WTS135 and its parents (1: WTS135; 2: Xiaoyan 81; 3: Jimai 22, 4: Zhongnong 28, 5:
Thinopyrum ponticum); (B) Adult plants; (C) Front view of the main spike (WTS135 (right), Jimai 22 (left)); (D) Lateral view of the
main spike (WTS135 (right), Jimai 22 (left)); (E) Matured seeds (WTS135 (right), Jimai 22 (left)).

A bp M 1 2 3 4 5
300 —>
500 —>
oo I " B v o2 s
1200 —>

—>
- P keia™ - I -
300 = » 900 —>
oo I ¢
300 —> 300 —> XsdauK2839
100 —> Thp242 300 —
100 —>|
o Il
300 —>

B3 10X K AE B 7 5 P19 38 45 S (A) A Lr19FILr295E K 4 F A ic il 45 5 (B)
M: Marker; 1: KHEFEE: 2: /MES8T; 3: H%22; 4: H1428; 5: WTS135

Figure 3 Amplification results of 10 pairs of Thinopyrum ponticum-specific primers (A) and the results of molecular marker
detection of Lr19 and Lr29 (B)
M: Marker; 1: Thinopyrum ponticum; 2: Xiaoyan 81; 3: Jimai 22; 4. Zhongnong 28; 5: WTS135

WA T kL5 (30.07 g)ik i % (P<O.0NK T %222 Hdhn, ~FHir 1 TR E U B BRI, ERWT-
(41.67 g) (%2; K2). HAWTSIISM TR EREE  S135HEMK" B 5T E22H LHEZE S, RPHWTS-
RTUFE22, HRHTHABRKEZER L S8 1350 BHA T/N bttt & #.
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T WTS135 KAMEZ R 7 517
Table 1 Thinopyrum ponticum-specific primers in WTS135

Primer name Primer sequence (5'-3')

Fragment size (bp) Annealing temperature (°C)

Thp32 F: TTGCAGCAGATCGAATCAAG
R: CCTTCTTTCCCCGTTACTGTT
Thp39 F: GCATCATCTGCATTGTCGTC
R: TCTGCACATGATACCCCAGA
Thp40 F: GACCATGTAGGTGCAACGTG
R: AATCACAAAGCCCCTCCTTT
Thp94 F: CCAAACCAACAAGCACATTG
R: AGCACCTTTTGGATGACTGC
Thpl15 F: ACAAGCAGACGACAATGCAA
R: TGAGTATTTCGAGGGTTGTGG
Thpl24 F: AGGCTGGATGACCGAGTATG
R: GATCCAGTCGTGGAAGGTGT
Thp242 F: CTGCATGAGCAGAGTCTGGA
R: GAACTCCATTCACAGCAGCA
Thp251 F: TTTTCTTTGCTGCCTTCGTT
R: GCTTGTGGTGAAGCAAATCA
Thp328 F: ATTTTCGCCACTCGTCATTC
R: CTCTTGAAGGGGTCCAGACA
Thp374 F: GCCCAGCAGACAGGTAAGTT
R: CAGTGACGAACATCCCCTTT

237 51
290 52
270 52
285 51
220 52
295 55
290 54
260 51
270 51
255 53

]2 WTS135 53 £ 220 R 2RI H

Table 2 Comparison of agronomic traits between WTS135
and Jimai 22

Traits Jimai 22 WTS135
Plant height (cm) 69.00+3.00 82.25+1.26**
Effective tiller number 13.33+1.53  23.75+1.71**
Spike length (cm) 8.80+0.56 8.83+0.57
Spikelet number per spike  20.67+0.58  19.50+1.00
Kernel number per spikelet 43.67+2.89 47.50+3.87
Total kernel number 517.33+62.05 755.75+15.17**
Yield per plant (g) 21.56+2.66 22.73+0.50

Thousand-kernel weight (g) 41.67+1.12** 30.07+0.11
R HE )y I EEFRAE R (n=3), thide. ** P<0.01

Data in the table are means + SE (n=3), t-test. ** P<0.01

3 WitE4%ER

TER/NZ I = R, KRR S 5 /N2 AR U R
v S 5 B (4 B A G A 2 — - 192019304 1],
H Tsitsin (1965) 2 s B/ 22 5 KA 22 5 13 4%
RATHR, BRFAT BB Tl m g A as Mgt
RIRE, B2 - AR A FOFT AR T, R AR 57
U SR % #2 2 i /N 27 (L et al., 2008). HrHr, /)
& F2 AR F2 5 150 B2 R A1 22 5 e 0 A 35 o
HHTFI K /N 22 et b i PR Jl 1 2 22 v R R o e
ARG O R ORI T OL R R, (H il TIRZ

AFIEER, FEAH R EAEE LB T/ N EEM.
I P R S AL 2 AR A PR R, B A B
FREEDR 1)/ B AL &, AR ORI B8 R, H
e K 3 A st A% 2 | i (Zhu et al., 2017; Wang et
al., 2022; Zhang et al., 2024). i1, SharmafiKnott
(1966)%f /N -K R BT7E1 (7TD)R 4%k RIGIEN i
TR, R R A B s N, SR B AN A
Lr193& (Kl 5 A2 ZK11695. XuZ5(2023)F] F 24 btk
AN [R) ) /I 22 - A REAE 22 FEAR 4 3R AH R B AR,
Lr19:5E fir T KAlfE & B 7E1 e otk KB 70.3 cMIX ]
Wo BG4k, MbATEIE S EHFPh1b TR 4 5K11695
FeAE, RN LIIOM N B AL R, FE B
TAGHEREFEN N BSGAR, HR$EE TLr19
JEE A MG . YangZ(2023a)F) 1 %°Co-y 5 2k 45
SEEPLEAR R RN - K R E R FE4Ag (4D)RH R 11
e85y, SR JEF AR I I AE R 42 45 5 IS VR /N 22 it
NMEBT, Bl T — R G AL &R, 8 I A 8 A A S
B PURPESSE . R R LSy AT LT, Kt
PESE IR 2 7 T-4AQHE T 193.79-97.12 MbIX [l Y
itk A AT IR A B AN B R R ) 5 AL R
WTT146, i#id 552222817 2 2 I HI 28, 7EBC,F;
AR A B AR 1) 547 2R J146, P I % e R
J146H B R L SWTT146401E, HACZHRFE
RUf, WJEEHT/NER AR E M. A5
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Hl A RWTS135 5 5F 222411, BEAWTS1355
W= B 522 7 M A K, H 2 H TR #E B BT
[FIAE SR AT 2222, MRA G KITE TWTS135/2 8k e i
AR ARHe, AR5 AT 055 908 2k LR 1) [ B S 45 KA
FIEH . AR EWTS135K) TR &, BAT T T
AT, 5 S AR BEE A PR R SO s R
SHERIN BN R, @i E R ZIERRIE R 1
OB N
Deng%:(2024) 1 & | — 3k 73 He e N - KA
3 B M & Fr GenoBaits®WheatplusEE . %65 A
780 000/ — fif 1 < B IE 27 B Ry S i D] 2H #R 1 A
10 000/ /> 22 38 (R A HR BT, /N2 etk TRE 0T 7L
A 51 T H o S BX G i, B 903 nT s o A /22 -
B2 FL G 2R A JE AR, 1 /)N 2 FIMIE 22 B gLtk (B
et Py BO)RIHE DU, RN 2B 22 B 5 Y e i
Jv B B DA R AR W N 22 G AR 1) A8 5 . Zhang 55
(1996) 12 th 2 22 i Je Bt 3lr [X 35 72 22 3%k v M i TR 2
AL O X IR, F U StStECEPEME A5k K
REME S R A o ASHIF 7E R FVBAEC b, R
BAWTS135 1 (1) + i K A 27 B gL i Ak 5 — %4k
K AR 2 BT E G 104 R A UL BE A2 5 22 R0 AN 3T A 2200
XEE, 5 AL A8 45 FAH BLEDIE, IESEWTS1358
7St (7D) —ARARH &, Ul A AT @R B RS S
= B S B PEAEDIIE N /N2 A i AR G AR R IR
Lr19FNLr29 2 i T (K AR 2 B 11 55 7350 43 [ )R
FEAL AR I BT 59 25 R (Niu et al., 2014). NIGIE
WTS1352 5 #H# Lr19mkLr29, FATFI 5 H brdt A
BB T Aoy BWTS135 & HoE A (EI3B).
Lr29H hricd 45 % 8, RAPDARICOPY101U7E
AR KR 22 B R 3 125950 bp ) H bR 2k,
MAEWTS135 & Ho /N2 S A p o e iR S v 2%y, Wi
WTS135 A& BB R Lr29. Lri9fSShricy 1
g5 LB, HLr19 % % % 81 1) 5 1d XsdauK3734 il
XsdauK28391W 7£ i A K A IE 22 B b 73 5 97 3 HH 24
750F1460 bpftiZkits, MIEWTS135 & H/ N A
TR (Xu et al., 2023); 5Lr194 3t &1
Fric Xwme22 1Y 7E KA B 22 B 4 14 11200 bpf#) H
b b B, AR @/ N AT 2222 /ME81 A 428
H 418 11220 bpft 2k, FEWTS135H ok 7t
¥ (Gupta et al., 2006). FiR45 R FKH, WTS135t8
ANE PRI FLA9. ik, RATMENWTS135%

A REHE T 1A B DU 5 2R N, b/ N2 Him B B
P EH R KR

Wang %5 (2020) 38 i 76 25 7 22 43 21 14 e 2 1 Ak
PR 2% 55 3 F0 R 0 (19 44 BECHA0ASB, 1) T J5L 7 44
A\ S TRRC BN ABKES Fr 3 #T, 2 WICH10A5 51
4I5S (D) R R, JEHFR T 490 STSH FA7iL,
F T B B KRB 2 s A W i . L% (2021) 4 )\ fix
R/ MEFZ SNTE205 Wil /N %2 4258, 3R1F14FE At
H- 5 95 AT R 975 1O A1 RL SN19647, 283 41 i 38kt 4% 2%
DA Ay FARIC L 5E, IESESN19647211MJ° (1B) 44k
ot . 3T 0 ELSN19647 A1 4111105 (1D)HH: &
CH10ASIH) 5 W9 15 45 AR SE, R SN19647 5CH-
10AS 1 A1 5 G 1 50 43 [E) 5 RF A0 56 DR ZEL A ], (LTS
HEKZER . MagoZs(2019) & 4144 4 SIBHE K]
/N2 - KRB 22 Fi6Ae#3 (6D)fX# ZW3757 514
£ Sr26 5L K] () TEAS-6AL-6Ae#1 5 it ZWA-542,
I PR B 2 ST AR, 5 EIANEE
i 6Ae#3 LA AT 6Ae# LV 4 Y 4 M5 5 41
Bt ik Fr BRT6Ae#1-6Ae#3. [ G, M1t 2> Bt
W PE S AN B BOC R, A SBEE R HE #% 51 /)N
FOAGL ALK, FEAE W] 6Ae#1-6Ae#3 H 41 7K HIFT
FRpitE i BoR T-oAe#3M N R . LR RUH, K
Tl 1B 2 P A [ 38 [ Y 1) % €2 4k T BB 485 5 A [
MIPUm R, WY@k TREAXSHURIER, ft
PER/NEPUR MR SR A . KEER T
oy RIS RS 1 & MU RN, a0 7R B i i A
Fhb7. 4595 Pt 1 5 R Lrd 9 Fl Lr29 K $70 KT 45 95 %= (A
Sr43 (A, 2020). AHF 7t H, WTS13548417 14N Hr
(RIR IR T 255 73 4 RIVE B AP 5 e BE 1R, A S id i
et fk TRESEIL MR e ok Fr BL e 20, i3
NG BB G A TR AR AR

B AL RARA R KR PRSI & A% A R
AR AT AR T A8, Ak B!

{E& STEk A=A

Panl: SKER AR YIRS M AR B B, JKAR: Bt
WvESE e, =R MRS, iR MR 2
PR MRS FLIRME: WBHE SARRIHE
A BT B AR ARG L i 2.
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Genetic Analysis and Molecular Marker Development for the
WTS135-a Common Wheat-Thinopyrum ponticum Substitution
Line with Leaf Rust Resistance
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College of Agriculture, Shanxi Agricultural University, Jinzhong 030801, China; “State Key Laboratory of Plant Cell and
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China; >College of Plant Protection, Hebei Agricultural University, Baoding 071000, China

INTRODUCTION: The genetic diversity of common wheat (Triticum aestivum) has decreased sharply due to the domes-
tication and modern breeding operations, making it more vulnerable to the threats from pests and pathogens. Leaf rust,
caused by the fungal pathogen Puccinia triticina (Pt), is a devastating disease in wheat. Over 80 leaf rust resistance (Lr)
genes have been identified, with nearly half originating from wheat wild relatives. However, the rapid evolution of Pt has
rendered many Lr genes ineffective against prevalent Pt races. Consequently, identifying novel sources of resistance in
wild relatives of common wheat remains an urgent priority for sustainable wheat breeding.

RATIONALE: As one of the most widely used relatives in the genetic improvement of wheat, decaploid Thinopyrum
ponticum shows excellent resistance to multiple diseases including leaf rust. By distant hybridization and chromosome
engineering, we created a wheat-Th. ponticum line WTS135. We evaluated its disease resistance with Pt race THTT,
developed Th. ponticum specific markers by specific-locus amplified fragment sequencing technology and assessed its
agronomic traits by phenotypic investigation. Genomic in situ hybridization (GISH)-fluorescence in situ hybridization
analysis (FISH) and liquid chip analysis have been used to identify its chromosome composition.

RESULTS: WTS135 is immune to the Pt race THTT. Pedigree analysis showed that this resistance originated from the
exogenous chromosome of Th. ponticum. GISH-FISH analysis revealed that the wheat chromosomes 7D were replaced
by the Th. ponticum-derived chromosomes. Liquid chip analysis showed that the alien chromosomes belonged to the
homoeologous group 7, and the density and abundance of the signals in the peri-centromeric region were significantly
lower, which was consistent with the GISH results. Therefore, it is indicated that WTS135 is a 7St (7D) disomic substi-
tution line. After detected by the molecular markers related to known Lr genes on wheat 7D chromosome, it is specu-
lated that WTS135 probably carries a novel resistance gene that is different from genes Lr19 and Lr29. Ten primers spe-
cific to Th. ponticum were developed to rapidly trace the exogenous chromatin in WTS135. Phenotypic investigation
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showed that the yield of WTS135 was not significantly different from that of the recurrent parent Jimai 22, suggesting
that this line can be useful for improving disease resistance in wheat.

CONCLUSION: Introducing resistance genes from wild relatives into wheat through distant hybridization can broaden
the genetic base of wheat and provide new sources for breeding disease-resistant varieties. We developed a common
wheat-Th. ponticum 7St (7D) substitution line, which possibly has a novel alien resistance gene and could be used in the
breeding for enhancing wheat disease resistance.

Chromosome size (Mb)

Chromosome composition and leaf rust resistance evaluation of WTS135. (A) GISH analysis using Thinopyrum
ponticum gDNA as a probe and Chinese Spring gDNA as a block; (B) Mc-FISH analysis using combined oligo probes; (C)
The liquid chip analysis of WTS135; (D) Evaluation for leaf rust resistance in WTS135 and its parents (1: WTS135; 2:
Xiaoyan 81; 3: Jimai 22, 4: Zhongnong 28, 5: Th. ponticum). The white arrows indicate exogenous chromosomes, purple
frames indicate chromosome additions or deletions.

Key words wheat, Thinopyrum ponticum, leaf rust, distant hybridization, substitution line, in situ hybridization, molecular
markers

Jia GY, Zhang N, Li HW, Li B, Li ZS, Kong ZS, Zheng Q (2025). Genetic analysis and molecular marker development
for the WTS135—-a common wheat-Thinopyrum ponticum substitution line with leaf rust resistance. Chin Bull Bot 60,
804-815.

* Author for correspondence. E-mail: gzheng@genetics.ac.cn

(FLAEGtE: FNATE)

MBIl WTS135 K HosE A} 4% 1 AE #/NMPHTT (A). THTS (B)FIDGJJ (C)IHT I IF A
1: WTS135; 2: 5 3£22; 3: /IME81; 4. 1428; 5: KEE{EE K

Appendix figure 1 Evaluation of WTS135 and its parents for resistance to Pt race of leaf rust PHTT (A),
THTS (B) and DGJJ (C)
1: WTS135; 2: Jimai 22; 3: Xiaoyan 81; 4: Zhongnong 28; 5: Thinopyrum ponticum
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Appendix figure 1 Evaluation of WTS135 and its parents for resistance to Pt race of leaf

rust PHTT (A), THTS (B) and DGJJ (C)
1: WTS135; 2: Jimai 22; 3: Xiaoyan 81; 4: Zhongnong 28; 5: Thinopyrum ponticum





