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Molecular Markers for Estimating Distinctness, Uniformity, and Stability of
Wheat Lines in Regional Trials
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Abstract: To determine the molecular markers for testing the distinctness, uniformity, and stability (DUS) of wheat (Triticum
aestivum L.) lines in regional trials, 156 wheat cultivars were used to screen 1 334 pairs of primers of SSR, EST-SSR, and
AFLP-SCAR markers. According to the even distribution of molecular markers on 21 wheat chromosomes, the higher polymor-
phism information content (PIC), the clear PCR bands, the easy discrimination of different alleles, and the stable PCR amplifica-
tion, 105 pairs of primers, including 63 pairs of SSR primers, 21 pairs of EST-SSR primers, and 21 pairs of AFLP-SCAR primers,
were selected for wheat cultivar (lines) DUS testing. A total of 754 alleles at 122 loci can be identified with 105 pairs of primers,
with 5.8 loci per chromosome and 7.2 alleles per locus on average. The three kinds of molecular markers can amplify the DNA
fragments that are inside/outside of genes and repeative/non-repetitive sequences. The 105 pairs of primers were classified into 21
pairs of core primers and 84 pairs of standby primers based on their pattern definition, distribution on 21 chromosomes, and PIC
value. The 21 core primers distributing on 21 chromosomes could determine the distinctness test for about 80% of total cultivars
(lines), the seed purity test for 95%, and the uniformity and stability test for 60%. The 84 standby primers were used as the first
grade (29 pairs) and the second grade (55 pairs) to the homozygous DNA locus ratio of lines with no-homozygous loci of core
markers and the genetic similarities or the distinctness of similar cultivars (lines) pairs revealed by the core primers. At the same
time, we determined the seed purity for the other 5% of lines. These 105 pairs of primers could finish DUS test for more than 90%
of lines in the winter wheat regional trials in 3 cropping seasons from 2006 to 2009. Although less than 10% of lines should be
evaluated in combination with phenotypic identification in the field, the effectiveness and efficiency of the 105 pairs of primers
are satisfactory in bulk screening for wheat DUS test.
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Table 1 The primer categories and their origins
Primer type Primer series Primer pair Reference
SSR BARC 122 Perry Cregan (USDA), http://www.scabusa.org
CFA 28 Pierre Sourdille (INRA), http://wheat.pw.usda.gov
CFD 99 Pierre Sourdille (INRA), http://wheat.pw.usda.gov
DP 14 Lietal.!'”
GDM 32 Pestsova et al. ['®!
GWM 204 Réder et al. '
WMC 279 http://wheat.pw.usda.gov
EST-SSR CNL 44 http://wheat.pw.usda.gov/itmi/est-ssr/cornell/
CWEM 46 http://wheat.pw.usda.gov/itmi/est-ssr/
CWM 31 Gao
KSUM 85 http://wheat.pw.usda.gov/itmi/est-ssr/cornell/
SWES 47 Chen et al. *Y
WES 31 Chen et al. *%
AFLP-SCAR BHW 272 Wang et al. [®!
48 ,
, 2 FERE5HH
145 , 2.1 DUS
2.1.1 o FARiLeg v ik 156
PCR R 1334 R 105
PIC=0.5, EST-SSR  AFLP-SCAR PIC= DUS ( 2), Genomic-
0.3, SSR 63 EST-SSR 21 AFLP-SCAR
1.3 21 122 DNA 754
Wang 7] R 58 ,
, 7.2 ,
PIC = 1-2f?, fioi (23] 122 DNA ,
Nei I () 17 , 21
GS; =2Nyi/(Ni+N;) N;; ( , 241
DNA NN i () 3~6
DNA , , 1A 1B 5B
Wang DNA 7B 7 10 8 7
, DNA DNA (%) = 105 , Genomic-SSR PIC
( DNA - DNA )/ DNA 0.76, EST-SSR  AFLP-SCAR PIC
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Table 2 The detailed information of 105 pairs primers

PIC .
Primer Primer type Locus No. Chromqs omal PIC value . Fragment size Primer level
location Allele No. Ta ('C) (bp)
cwmo65 EST-SSR 1 1A 7 0.73 65 220260 core
barc80 Genomic-SSR 1 1BL 6 0.65 65 100-125 core
cfd72 Genomic-SSR 1 1DM 7 0.68 65 210240 core
gwm294 Genomic-SSR 1 2AL 14 0.79 65 50-120 core
gwm429 Genomic-SSR 1 2BS 11 0.76 58 190-230 core
gwm261 Genomic-SSR 1 2DS 11 0.74 65 160—-200 core
gwml55 Genomic-SSR 1 3AL 9 0.77 60 120-160 core
gwm285 Genomic-SSR 1 3BS 12 0.76 65 210-250 core
gdm72 Genomic-SSR 1 3DL 8 0.74 60 110-150 core
gwm610 Genomic-SSR 1 4AL 5 0.62 60 160—-175 core
ksum62 EST-SSR 1 4B 8 0.82 65 160-220 core
barc91 Genomic-SSR 1 4DL 10 0.78 60 110-160 core
cwem40 EST-SSR 1 5A 9 0.79 58 110-180 core
gwm67  Genomic-SSR 1 5BS 7 0.66 60 70—-100 core
cfd29 Genomic-SSR 1 5DL 12 0.85 63 180—-200 core
gwm334 Genomic-SSR 1 6AS 18 0.83 50 100—-150 core
barc198 Genomic-SSR 1 6BL 11 0.75 65 110-160 core
cfd76 Genomic-SSR 1 6DL 11 0.84 68 140-170 core
cfa2028 Genomic-SSR 1 TAS 7 0.61 65 220240 core
gwm333 Genomic-SSR 1 7BL 6 0.67 63 About 150 core
gwm437 Genomic-SSR 1 7DL 13 0.67 50 90-140 core
bhwl4  AFLP-SCAR 1 1A 2 0.35 63 81-84 Ist-grade
standby
cwm75  EST-SSR 1 1A 4 0.50 65 21-240 Ist-grade
standby
ksum182 EST-SSR 1 1A 4 0.53 65 About 185 Ist-grade
standby
cnll50  EST-SSR 1 1B 4 0.50 63 About 200 Ist-grade
standby
barc240  Genomic-SSR 1 1BL 8 0.70 63 240-280 Ist-grade
standby
cwml70 EST-SSR 1 1D 2 0.37 65 About 240 Ist-grade
standby
cwm334 EST-SSR 1 2A 3 0.53 65 175-180 Ist-grade
standby
wme764  Genomic-SSR 1 2BS 7 0.81 65 130-180 Ist-grade
standby
ksum73  EST-SSR 1 2D 3 0.55 60 About 180 Ist-grade
standby
swes185 EST-SSR 1 3B 4 0.58 65 180190 Ist-grade
standby
gwm566  Genomic-SSR 1 3BS 7 0.76 58 120-140 Ist-grade
standby
gwml161 Genomic-SSR 1 3DS 8 0.69 60 150-170 Ist-grade
standby
ksuml134 EST-SSR 1 4A 2 0.36 65 250-280 Ist-grade
standby
wme468  Genomic-SSR 1 4AL 12 0.84 60 130-170 Ist-grade
standby
bhwl35 AFLP-SCAR 1 4B 2 0.46 60 About 180 Ist-grade
standby
gwm495  Genomic-SSR 1 4BL 9 0.75 65 150-180 Ist-grade
standby
cfa2155  Genomic-SSR 1 SAL 5 0.74 65 220-240 Ist-grade

standby
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(B 2)
Ch I PIc i
Primer Primer type Locus No. romosoma PIC value . Fragment size Primer level
location Allele No. T (C) (bp)

wes26  EST-SSR 1 5B 2 0.38 65 160-175 st-grade
standby

cwm232  EST-SSR 1 SBL 2 0.36 65 About 185 Ist-grade
standby

cfd8 Genomic-SSR 1 SDL 7 0.66 68 150-160 1st-grade
standby

gwms70  Genomic-SSR 1 6AL 8 0.74 63 120-150 Ist-grade
standby

gwm325  Genomic-SSR 1 6DS 8 0.76 62 130-150 Ist-grade
standby

gwm469  Genomic-SSR 1 6DS 9 0.80 68 150-180 Ist-grade
standby

swes209  EST-SSR I 7B 4 0.63 60 About 300 Ist-grade
standby

gwm297  Genomic-SSR 1 7BL 9 0.75 65 130-180 Ist-grade
standby

wmc702  Genomic-SSR 1 7DS 8 0.80 60 150-190 Ist-grade
standby

bhwl5  AFLP-SCAR 1 unknown 3 0.61 63 115 1st-grade
standby

bhw163 AFLP-SCAR 1 unknown 2 0.50 55 118 Ist-grade
standby

swes228  EST-SSR 1 unknown 3 0.30 65 130-145 st-grade
standby

cwms93  EST-SSR 1 1A 2 0.36 65 110-125 2nd-grade
standby

barel7  Genomic-SSR 1 1AL 8 0.77 60 250-280 2nd-grade
standby

barc28  Genomic-SSR 1 1AS 6 0.67 65 250-280 2nd-grade
standby

bhw3  AFLP-SCAR 1 1B 2 0.49 63 54 2nd-grade
standby

bhw36  AFLP-SCAR 1 1B 2 0.48 60 97 2nd-grade
standby

bhwé  AFLP-SCAR 1 1B 2 0.50 58 67 2nd-grade
standby

cnll05  EST-SSR 1 1B 2 0.37 60 110-140 2nd-grade
standby

cenll34  EST-SSR 1 1B 6 0.76 65 200-250 2nd-grade
standby

gwm268  Genomic-SSR 1 1BL 19 0.82 63 230-250 2nd-grade
standby

bhwl8  AFLP-SCAR 1 2A 4 0.48 55 151 2nd-grade
standby

- a: 2AS a: 8 - 2nd-grade

gwm339 Genomic-SSR 2 b 2AS b7 0.82 50 130-170 standby
gwml120  Genomic-SSR 1 2BL 10 0.84 62 130-160 2nd-grade
standby

barc168  Genomic-SSR 1 2Ds 4 0.56 63 150-180 2nd-grade
standby

gwm539  Genomic-SSR 1 2DS 13 0.83 58 130170 2nd-grade
standby

wmes32  Genomic-SSR 1 3AS 8 0.59 63 160-200 2nd-grade
standby

bhwl23  AFLP-SCAR 1 3B 2 0.32 55 134 2nd-grade
standby

ksum29 ~ EST-SSR 1 3B 4 0.20 65 180-200 2nd-grade
standby

wme326  Genomic-SSR I 3BL 9 0.76 65 170-210 2nd-grade
standby

gwm645  Genomic-SSR 1 3DL 12 0.89 60 135-170 2nd-grade
standby

- One: 4AL a: 8 a: 0.49 - 2nd-grade

gwml60  Genomic-SSR 2 Another: unknown b: 4 b: 0.52 60 170-200 standby
barc20  Genomic-SSR 1 4BL 6 0.74 68 180-210 2nd-grade
standby

wme349  Genomic-SSR 1 4BS 7 0.57 65 85-110 2nd-grade

standby
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(B 2)
Ch 1 PIc F i
Primer Primer type Locus No. romosoma PIC value . ragment size Primer level
location Allele No. Tu(C) (bp)
wmc457  Genomic-SSR 1 4DL 4 0.58 65 160—-170 2nd-grade standby
wmc720  Genomic-SSR 1 4DS 13 0.81 60 100140 2nd-grade standby
cwem44 EST-SSR 1 5A 4 0.74 58 50-70 2nd-grade standby
gwm304 Genomic-SSR 1 SAS 16 0.80 65 200230 2nd-grade standby
bhwl124 AFLP-SCAR 1 5B 2 0.33 60 76 2nd-grade standby
bhw129 AFLP-SCAR 1 5B 2 0.48 65 140 2nd-grade standby
barc59 Genomic-SSR 1 5BL 6 0.76 65 160-200 2nd-grade standby
barc21 Genomic-SSR 1 5BS 7 0.65 65 200-215 2nd-grade standby
barc4 Genomic-SSR 1 5BS 8 0.80 65 130-220 2nd-grade standby
. One: 5DL a:s
gwm272  Genomic-SSR 2 Another: unknown b3 0.70 50 120-150 2nd-grade standby
bhw13 AFLP-SCAR 1 6A 2 0.47 63 52 2nd-grade standby
gwml69 Genomic-SSR 1 6AL 8 0.70 60 180-235 2nd-grade standby
gwm617 Genomic-SSR 1 6AL 11 0.76 65 100-180 2nd-grade standby
cnll138 EST-SSR 1 6B 10 0.85 65 180-250 2nd-grade standby
wmc494  Genomic-SSR 1 6BS 9 0.67 65 200-230 2nd-grade standby
wmc486 Genomic-SSR 1 6BS 6 0.71 65 195-215 2nd-grade standby
bhw20 AFLP-SCAR 1 TA 2 0.43 58 151 2nd-grade standby
barc174  Genomic-SSR 1 7TAS 7 0.76 65 160-230 2nd-grade standby
wmc603  Genomic-SSR 1 7AL 10 0.74 65 90-120 2nd-grade standby
gwm344 Genomic-SSR 1 7BL 8 0.61 60 130-150 2nd-grade standby
gwm44  Genomic-SSR 1 7DS 12 0.84 63 160-210 2nd-grade standby
wmc506  Genomic-SSR 1 7DS 14 0.68 65 180-230 2nd-grade standby
a: 1D a: 8 a: 0.70
. b: 1B b:2 b: 0.25
cfd65 Genomic-SSR 4 c: unknown o2 023 63 150-200 2nd-grade standby
d: unknown d:2 d: 0.18
m614  Genomic-SSR 2 a: 2BS a: 8 a:unknown ¢, 110-170  2nd-grade standb
B enomic: b: 2AS b:7 b:0.73 -grade stancby
. a: 3AL a:r 11 a: 0.82
wmc264 Genomic-SSR 2 b: unknown b: 2 b: 0.49 68 120-150 2nd-grade standby
a: 4A a2 a: 0.39
bhw120 AFLP-SCAR 3 b: 4A b: 3 b: unknown 60 130-160 2nd-grade standby
c:3D c:2 c: 0.5
a: 7B a2 a: 0.43
bhwl7  AFLP-SCAR 3 b: 7B b: 2 b: 0.47 58 81 2nd-grade standby
c: 5D c:2 c: low
a: unknown a:2 a: 0.27
b: 2B b: 2 b: 0.50
bhwl71 AFLP-SCAR 4 c: unknown 2  0.50 58 110-155 2nd-grade standby
d: 7B d:2 d: 0.16
bhwll AFLP-SCAR 1 unknown 2 0.32 65 101 2nd-grade standby
bhw137 AFLP-SCAR 1 unknown 2 0.36 58 211 2nd-grade standby
bhw138 AFLP-SCAR 1 unknown 2 0.48 55 118 2nd-grade standby
a2 a: 0.26
bhwl162 AFLP-SCAR 3 unknown b: 2 b: 0.48 65 About 115 2nd-grade standby
c:2 c: 0.46
bhw19 AFLP-SCAR 1 unknown 2 0.45 58 92 2nd-grade standby
a b ¢ d a, b, ¢, and d denote different loci.
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Table 3 Discrimination power of three types of molecular markers
PIC
Primer type Primer pair  Locus number  Allele number Tested locus n;l:rlrt::r per chromo- Allele number per primer Ave;zlige of
Genomic-SSR 63 71 601 3.4 9.5 0.76
EST-SSR 21 21 89 1.0 4.2 0.53
AFLP-SCAR 21 30 64 1.4 3.0 0.57
s 21, Genomic-SSR 18
( 1 , EST-SSR 3, , 21
PCR ( 2),10 21
27 DNA , ( 4 3),
() 10 , gwm334 21 DNA
, Xgwma334a 29 Genomic-SSR 13 EST-SSR
Xgwm334b , 12 AFLP-SCAR 4
S gwm334 s
gwm339  gwm?272 55 ,
DNA , Genomic-SSR 32 EST-SSR 6
, PIC ( AFLP-SCAR 17 Genomic-SSR
2) , , PIC , ,
, 2 EST-SSR AFLP-SCAR ,
, (GN)

2,12 S FARRE SR

PIC , 105
3 (2
[ N 2nd set of samples

1st set of samples

1 Genomic-SSR 5|4) barc91 A PCR F=#) X E A ik &
Fig.1 Electrophoretogram of two sets of PCR products am-
plified by genomic-SSR primer barc91

R —Locus a
== (co-dominant)

- —Locus b
L W e (co-dominant)
ocus ¢ — e e —Locus b
(dominant) (dominant)

Bl 2 Genomic-SSR 3|4 cfd65 ML i BT 2
Fig. 2 Four loci patterns of genomic-SSR primer cfd65

F4 %034 gdm72 MEMNT R HE 4 S KA N3 BB &M
Table 4 Pattern codes and control cultivars for each allele of
the core primer gdm72

1 2
Pattern code Control 1 Control 2
06 53 Jinmai 53
08 20 Xifeng 20
09 18 Huaimai 18 20 Huaimai 20
10 1 Jimai 1 16 Zhoumai 16
11 8 Weimai 8 1 Jinghua 1
12 25 Xuzhou 25 9 Yangmai 9
13 2 Luohan 2 8 Jingdong 8
14 1 Zeyou 1 13 Jining 13
06 08 09 10 11 12 13 14

3 05 gdm72 MERTRTEERKS
Fig. 3 Patterns and codes for each allele of the core primer
gdm72
Each two lanes are the same pattern. The number at the bottom is
pattern code.
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Table 5 Discrimination power of three classes of primers
PIC
. . . . . Average of
Primer level Primer pair Loci number Allele number Allele number per primer PIC
Core primers 21 21 202 9.6 0.74
Ist-grade standby primers 29 29 151 52 0.60
2nd-grade standby primers 55 72 401 7.2 0.69
Total 105 122 754 7.1 0.68
2.2 DUS ¢ ) DUS
21 () 2008—2009
, (D 196 DNA ,
() DNA ; () ; DNA ’
) () €] DNA
() ()3 ,20 ()35
22,1 At (R) 44 AR 19 ()1, ()
DUS , 2 84
84 () 14 18
()
. () () GS, 98
, , () GS , ()
(GS) , , GS 0.95 90.3 %; 20
GS ; GS ) () GS 0.95
0.90 ; GS 14.3%; 19 () GS 0.95
0.91~0.95 , GS 5.6%; 18 , () GS
0.95 ( 0.95( 6) GS
) , GS 0.95
F 6 98 XFmh(FR)BVIE SUB UK EFIRE BRI R E(GS)
Table 6 Fingerprint similarity and GS for 98 pair cultivars in 2008—-2009
() GS 095
GS 0.95
() () Gs Gs O
The same locus number of finger- Pair of culti- Avegtg ¢ of Raléigse of Pair of cultivars (lines) Probability Of_ GS 9'95
prints between two cultivars (lines) vars (lines) (GS 0.95) between 2 C(l;./lt)lVal‘S (lines)
21 31 0.97 0.92-1.00 28 90.3
20 35 0.93 0.88-0.99 5 14.3
19 18 0.92 0.88-0.97 1 5.6
18 14 0.90 0.83-0.94 0 0
GS: GS: genetic similarity.
19~21 84 (), ,
45 196 23%, DNA 21
, 80% DNA
) 19~21
DNA (), GS 0.95 )
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, GS ; DNA 90%

0.95 () e , DNA 90%

222 SAF(R)—EbE. AE AW 1 2007—2008
DNA ,  2008—2009 104
2006—2007 2007—2008 2008—2009 DNA ,

, , DNA
, Bl 95%~100% ( 7 21
, 95%; 20
, 95.0% 80.4%;
, 19 , 95.0%
65.2%; 19 , 10 %
DNA DNA 95.0%
, Bl 21 .
DNA ,
DNA 95% DNA , ,
90%~95% DNA

®7 BRUBIEPHESHAES R DNA LRAERMXF
Table 7 Relationship between number of the homozygous DNA locus for the core markers and the homozygous DNA locus ratio of
cultivars

DNA

Number of homozygous Average ratio of homo-

Number of lines with

0,
<95% >95% >95%

Percentage of culti-

Number of lines with ;
vars with homozygous

DNA lorcr::;kczir ;he core  Line number Zygous ?O/SA locus homozl?;%ﬁ)u; 13;\(1)/10\ locus homozr};%;:)ui ;I\(I]/IUX locus DN A9 lsiz)u(sié;itio N
19 24 89.3 22 2 9.1
19 23 95.1 8 15 65.2
20 46 96.2 9 37 80.4
21 11 97.3 0 11 100.0
DNA ,
, DNA DNA 19~21 ( )46
e, DNA ,
DNA , () 29 DNA ,
DNA , 60% 50 , ( ) GS
21 () 44~47, GS=0.95,
23 DUS 25 () 47, GS>
0.95 GS>0.95 () DUS
, GS,
. ()
84 (1) DNA 2008—2009
19~21 () GS, 139, 113 ()
GS 0.95 ()2 GS=0.95, 81.3%
: (3) , 26 6
DNA () GS<0.95,
231 A () & A AN 2008—2009 85.6% ()
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21 29 s
2008—2009 25
() GS>0.95, 25
GS>0.95 () 70 DNA ,
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GS, 25 () 11 ( )=0.95,
8 , 2008—2009
139 , 127 ()
GS=0.95, 91.4%; 14 ( )GS>
0.95, 12, 8.6%
14 GS>0.95 () DUS
3
, 105
()
232 SAR(R)—EME. A 2008—
2009 )
41 94 , 7
26 , , 9
PIC (cwm75 ksuml82

cnl150 ksum73 bhwl35 wes26 swes209 swesl85

cwm334), 26 30
30 2
, 5], 26
21 407
110 ,
95 %,
, DNA
DNA , 2 89
50 15
, DNA
(P=0.185) ,
DNA
2006—2007 2007—2008 2008—2009
, 116
DNA
29 DNA , 50 ,
116 DNA , 60
DNA 95%, 22 DNA

90%~95%, 35
90% 60

B

DNA

, 35 , DNA
90%~95% 22
3
, 21 29
95%
3 itie
DNA
Genomic-SSR
[10-13]
R 21 EST-SSR
21  AFLP-SCAR 21  AFLP-SCAR
19 AFLP DNA , , 15
DNA s 4 GenBank
EST s =96%, AFLP-
SCAR EST , Genomic-SSR
EST-SSR s 122
DNA ,
[17-18,26-27]
DNA ,
DNA ,
2007 )
DNA 20
Genomic-SSR 20 ,
12 Genomic-SSR 12
3

(16 000 Mb), 3
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1~3 , 105
2007—2008
2008—2009
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DNA

122

95%

21 21  AFLP-SCAR
DNA ,
DNA DUS
, 105 21 84
, 2006—2007 2007—2008
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