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Abstract: Pyramiding quantitative trait loci (QTLs) is an effective method to improve resistance to powdery mildew, stripe rust,
and leaf rust in common wheat. We have developed 21 lines (F¢) carrying 2-5 slow mildewing QTLs by crossing slow powdery
mildew cultivars Bainong 64 and Lumai 21 possessing four and three slow mildewing QTLs, respectively. These F¢lines were
evaluated in the field in Pianxian, Sichuan and Tianshui, Gansu for stripe rust resistance and in Baoding, Hebei and Zhoukou,
Henan for leaf rust resistance during the 2012-2013 cropping season. According to the maximum disease severities (MDS) and the
area under the disease progress curve (AUDPC), QTLs QPm.caas-4DL, QPm.caas-6BS and QPm.caas-2BL were highly resistant
to stripe rust (P < 0.01), which explained 16.9%, 14.1%, and 17.3% of phenotypic variance, respectively. Locus QPm.caas-4DL
also showed high resistance to leaf rust (P < 0.01) with phenotypic contribution of 35.3%. Lines that pyramided five
(OPm.caas-14/QPm.caas-4DL/QPm.caas-2DL/QPm.caas-2BS/QPm.caas-2BL) and four (QPm.caas-14A/QPm.caas-4DL/QPm.
caas-2BS/QPm.caas-2BL) QTLs exhibited higher resistance to both stripe and leaf rust compared with their parents. This result
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indicates that the combination of QPm.caas-4DL (from Bainong 64), OPm.caas-2BS and QPm.caas-2BL (Lumai 21) has a marked
effect on improving adult resistance to powdery mildew, stripe rust and leaf rust, and the more QTLs are pyramided, the stronger
slow disease resistance can be achieved. In breeding practice, the combination of 4-5 slow mildewing or rusting QTLs can result

in durable resistance to multiple diseases.

Keywords: Triticum aestivum L.; Slow mildewing and slow rusting resistance; Durable resistance; Gene pyramiding; QTL
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Table 1 Composition of slow mildewing QTL, and averaged MDS and AUDPC for powdery mildew, stripe rust and leaf rust
response in 21 Fq lines from the Bainong 64/Lumai 21 cross and their parents
QTL QTL Powdery mildew Stripe rust Leaf rust
Line Slow mildewing No. of

resistance QTL QTLs MDS AUDPC MDS AUDPC MDS AUDPC
BN 64 1A/ADL/6BS/7TA 4 7.0 cde 45.0 defg 36.8 cdefgh  210.6 efgh 15.8 ef 91.6 ef
LM 21 2BS/2BL/2DL 3 12.0a 753 a 50.0 abed 290.5 bede 35.0a 2129 a
BFB5 1A/4DL/2BS 3 35f 22.8 hig 33.7 fghi 195.5 fghi 9.4 fgh 52.0 fgh
BFB6 1A/4ADL/2DL 3 4.5ef 33.3 fghi 35.3 fghi 198.6 fghi 9.0 fgh 50.1 fgh
BFB7 1A/ADL/2DL 3 4.0 ef 31.5 fghi 48.0 abed 288.3 cde 8.7 fgh 48.0 fgh
BFBS 1A/ADL/2DL/2BS/2BL 5 4.3 ef 39 efghi 27.5 ghijk 160.5 ghijk 4.6h 25.4 gh
BFB9 1A/4DL/2BS/2BL 4 9.5 abc 63.5 abed 24.7 hijk 143.3 hijk 3.6h 189 h
BFB10 1A/ADL/2DL/2BS/2BL 5 28f 20.8 hi 21.0 hijk 123.7 jk 8.9 gh 48.5 fgh
BFBI1 1A/4DL/2DL/2BS 4 2.8 f 17.31 18.2 jk 101.6 jk 5.7 gh 31.6 gh
BFBI12 4DL/2BS 2 11.3 ab 72.8 ab 36.5 efgh 186.1 fghij 357 a 200.7 a
BFB13 1A/4DL/2DL 3 4.0 ef 23.5 hig 31.5 ghij 172.5 ghijk 15.4 ef 87.2 ef
BFB14 1A/4DL/2DL 3 3.8 ef 22.8 hig 16.2k 91.7k 10.0 fgh 54.8 fgh
BFBI15 1A/4DL/2DL/2BS 4 8.5 bed 59.3 abcde 54.3 ab 324.2 abed 26.7 cd 145.8 cd
BFB16 1A/4DL/2BL/7A 4 5.8 def 51.0 abedef  26.8 ghijk 168.0 ghijk 15.5 ef 83.3 ef
BFB17 1A/4DL/2BL/7A 4 5.0ef 35.5 fghi 29.7 ghijk 177.7 fghij 14.3 efg 72.9 efg
BFBI18 1A/4ADL/2DL/2BL/7TA 5 5.8 def 43.8 defgh 27.3 ghijk 162.7 ghijk 32.9 be 182.1 be
BFB19 1A/4DL/2DL/2BL/7A 5 5.8 def 32.5 fghi 39.5 cdefg  241.6 defg 21.3 de 114.3 de
BFB20 1A/4DL/2BL/7A 4 4.0 ef 32.8 fghi 39.2 cdefgh  227.1 efgh 21.0 de 113.2 de
BFB21 1A/4DL/2DL/2BL/7A 5 5.3 def 47.8 cdef 45.3 cdef 257.9 cdef 27.9 cd 155.8 cd
BFB22 1A/4DL/7A 3 9.8 abc 68.8 abc 53.5 ab 327.1 abe 31.9 be 175.9 be
BFB23 1A/4DL/TA 3 11.3 ab 76.5 a 61.7 a 374.5a 29.2 bed 158.8 cd
BFB24 1A/4DL/TA 3 10.0 abc 59.0 abede 57.7 ab 349.7 ab 32.8 be 179.0 be
BFB25 1A/4DL/7A 3 7.0 cde 45.0 defg 50.8 abc 316.2 abed 279 cd 157.0 cd

QTL Lan (22 s OPm.caas-4DL 4DL, OPm.caas-4DL ~ QPm.caas-6BS

, OPm.caas-2BS ~ QPm.caas-2BL (20.25] 2009-2010 20102011
23 2012-2013 2012-2013
2 (P<0.05) BN64: 64; LM21: 21

Slow powdery mildew QTL were mapped by Lan et al. *'?? QTL 4DL is short for QPm.caas-4DL and by analogy for other QTLs.
QOPm.caas-4DL and QPm.caas-6BS have significant resistance to powdery mildew, stripe rust and leaf rust; QPm.caas-2BS and QPm.caas-

2BL have significant resistance to powdery mildew and stripe rust?" ., Powdery mildew resistance was the means of evaluation values in

Beijing and Anyang of Henan province in 2009-2010 and 2010-2011 cropping seasons '**!. Stripe rust resistance was the means of evaluation

values in Pixian of Sichuan province and Tianshui of Gansu province in 2012-2013 cropping season; Leaf rust resistance was the means of

evaluation values in Baoding of Hebei province and Zhoukou of Henan province in 2012-2013 cropping season. Values followed by different
letters are significantly different at P < 0.05. BN64: Bainong64; LM21: Lumai 21.
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Table 2 Effects of slow mildewing QTL on stripe rust and leaf rust, and their interactions from four environments

Stripe rust Leaf rust
Source U SS % SS %
4DL 1 2951.7" 16.9 1514.0” 35.3
6BS 1 306.5 1.8 357 8.3
2BS 1 2469.2" 14.1 — —
2BL 1 3032.1" 17.3 — —
2BS x 2BL 1 15.3 0.1 — —
Env x 4DL 1 82.3 0.5 — —
Env x 6BS 1 172.9 1.0 22.5 0.5
Env x 2BS 1 330.3 1.9 — —
Env x 2BL 1 879.1 5.0 — —
Env 1 174.9 1.0 104.1 0.1
E 102 5652.3 18591
QOPm.caas-4DL 4DL, ; Env: ; E: 5 “%” s

Hx

0.01 ;=
QTL 4DL is short for QPm.caas-4DL, by analogy for other QTLs; Env: environment; E: error; *~ Significant at P<0.01; Partial sum of
squares as “%” to the total indicates the percentage of partial SS; which can be interpreted as an indication of phenotypic variance explained.

“— indicates that the data does not exist.
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Table 3 Effects of different slow mildewing QTL combinations on powdery mildew, stripe rust, and leaf rust response

QTL Powdery mildew Stripe rust Leaf rust
QTL combination for

powdery mildew No. of lines MDS AUDPC MDS AUDPC MDS AUDPC
1A/4DL/6BS/7A BN64 7.0b 45.0b 36.8 b 210.8 b 158 ¢ 91.8¢c
2BS/2BL/2DL LM21 120a 753 a 50.0a 290.8 a 35.0a 2133 a
1A/4DL/7A 4 1052 68.3 a 56.0 a 3418 a 30.5 ab 167.8 b
1A/4DL/2DL/2BL/7A 3 5.6 be 41.1 be 37.3b 220.8 b 27.2b 151.0 b
1A/4DL/2DL/2BS 2 5.2 be 38.3 be 36.5b 212.8 b 165¢ 88.8 ¢
4DL/2BS 1 113a 72.8a 36.5b 186.3 be 35.6a 201.0 a
1A/4DL/2BL/7A 3 5.5 be 39.8 be 31.8 be 190.8 be 16.8 ¢ 89.8 ¢
1A/4DL/2BS 1 35¢ 27.8 be 33.7 be 195.8 be 9.3 de 52.2 de
1A/4DL/2DL 4 4.1c 29.9 be 32.8 be 187.8 be 10.8 cd 60.0 cd
1A/4DL/2BS/2BL 1 95a 63.5a 24.7 ¢ 143.7 ¢ 35e 188¢
1A/4DL/2DL/2BS/2BL 2 35¢ 22.8¢ 24.5¢ 1422 ¢ 6.8 de 37.0 de

OPm.caas-4DL 4DL, ; 2009-2010  2010-2011 1231

2012-2013 2 2012-2013

QTL (P<0.05) BN64: 64; LM21: 21

QTL 4DL is short for OQPm.caas-4DL and by analogy for other QTLs. Powdery mildew resistance was the means of evaluation values in
Beijing and Anyang of Henan province in 2009-2010 and 2010-2011 cropping seasons **!. Stripe rust resistance was the means of evaluation
values in Pixian of Sichuan Province and Tianshui of Gansu Province in 2012-2013 cropping season; Leaf rust resistance was the means of
evaluation values in Baoding of Hebei province and Zhoukou of Henan province in 2012-2013 cropping season. Values followed by different
letters are significantly different at P < 0.05. BN64: Bainong 64; LM21: Lumai 21.

Pm38/Sr57 2600 31, 64 OPm.caas-4DL
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[32-34] 64
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