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Abstract
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The cereal cyst nematode (CCN) has a significant negative impact on
production of wheat in China. The presence of pathotypes of both
Heterodera avenae and H. filipjevi makes it necessary to identify ge-
netic resources with a wide spectrum of resistance. Results of this
study confirmed that the soft white winter wheat ‘Madsen’ was resis-
tant to many different populations of both H. filipjevi and H. avenae
in both naturally infested fields and artificial inoculation tests in
China. Fewer juvenile nematodes penetrated roots of Madsen than
susceptible ‘Wenmai 19’ in the early stages of the interaction between
the nematodes and plant. Testing wheat cultivars in the pedigree of

Madsen demonstrated that the CCN resistance of Madsen was
inherited from ‘VPM1’ via the line ‘VPM1/Moisson 951’. Presence
of a 2NS chromosome segment from Aegilops ventricosa was de-
tected in Madsen using a Vrga1D-specific marker. However, it ap-
pears that gene Pm4b for resistance to powdery mildew (caused by
Blumeria graminis f. sp. tritici) was not transferred from VPM1 into
Madsen because these cultivars had different reaction patterns
against 20 B. graminis f. sp. tritici isolates from China. Madsen
serves as an effective source of host resistance from damage caused
by CCN.

The cereal cyst nematode (CCN; Heterodera spp.) is of global im-
portance as a pathogen of wheat (Triticum aestivum L.) (Smiley and
Nicol 2009). This soilborne nematode invades wheat roots, resulting
in bushy and knotted root systems. Usually, it is difficult to distin-
guish CCN infestation from other soilborne pathogens or abiotic
stresses due to their similar aboveground symptoms, including re-
duced plant height, fewer tillers, premature spike senescence, and
poor grain filling. In China, the economic importance of CCN in
wheat production was only recently recognized, despite being de-
tected in wheat fields in central China as early as 1987. In addition
to wind and floods, equipment that is used routinely in crop manage-
ment and harvest may carry CCN-infested soil from one place to an-
other, which facilitates its long-distance spread. CCN has been
detected in 16 provinces in China, which accounts for nearly all of
the major winter and spring wheat-producing areas in the country
(Peng et al. 2009). The damage caused by CCN in wheat production
has been attributed to the lack of resistance in most cultivars or other
effective CCN management practices. Host resistance to CCN is the
preferred management tool because other practices, such as crop ro-
tation, summer fallow, and soil treatment with chemicals, are not ef-
fective or are too costly.

In China, most CCN damage on wheat is caused by Heterodera
avenae Wollenweber. H. filipjevi (Madzhidov) Stelter has been de-
tected sporadically in Henan, Qinhai, and Ningxia Provinces (Li
et al. 2010; Peng et al. 2010) and its importance has been recognized
in many wheat-growing regions of the world, including certain areas
of Europe, the Middle East, and Asia (Abidou et al. 2005; Elekçioğlu
et al. 2009; Holgado et al. 2004). H. filipjevi was recently detected in
the Pacific Northwest (PNW) region of the United States (Smiley and
Yan 2015).
Genetic resistance to CCN has been rarely reported in common

wheat, except for a few cultivars such as ‘AUS 10894’ and ‘Loros’,
both of which carry Cre1 on chromosome 2BL (Slootmaker et al.
1974), and ‘Festiguay’, which carries Cre8 on chromosome 6BL
(Williams et al. 2003). Several wheat relatives are sources of CCN
resistance, including Aegilops ventricosa Tausch. (Delibes et al.
1993; Jahier et al. 1996; Ogbonnaya et al. 2001), A. tauschii Coss.
(Eastwood et al. 1994), A. triuncialis L. (Romero et al. 1998), rye
(Scale cereale L.) (Taylor et al. 1998), A. variabilis Eig. (Paull
et al. 1998), T. durum Desf. (Gao et al. 2012), Thinopyrum interme-
dium (Host) Barkworth D. R. Dewey, and T. ponticum (Podp.) Bark-
worth and D. R. Dewey (Li et al. 2012). Although several genes for
resistance to CCN have been documented, they are not universally
effective against all pathotypes of the nematode. For example, genes
Cre1, Cre2, Cre3, Cre7, and Cre8 are ineffective against the Hfc-1
pathotype of H. filipjevi from Xuchang, Henan Province, China but
CreR from rye appeared to be effective (Yuan et al. 2011). İmren
et al. (2013) and Smiley et al. (2013) reported that some CCN resis-
tance genes were not effective against H. filipjevi populations from
Turkey or H. avenae populations from the PNW.
The development of CCN-resistant wheat cultivars in China has

not been widely successful due to the limited number of effective
resistance genes. The presence of both H. avenae and H. filipjevi
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further complicates efforts to improve resistance to CCN. Identifica-
tion of sources of CCN resistance is a priority for wheat breeding pro-
grams. In a recent study, ‘Madsen’ winter wheat, originally released
in the PNW (Allan et al. 1989), was identified as highly resistant to
H. filipjevi (Li et al. 2012). However, whether Madsen is resistant
against H. avenae that is indigenous to China is not known, because
this nematode species is more prevalent than H. filipjevi. The origin
of resistance to CCN in Madsen remains to be determined. Madsen
has wheat line ‘VPM1’ in its pedigree (Allan et al. 1989), and culti-
vars derived from VPM1 have variable levels of resistance to differ-
ent pathotypes of H. avenae (Jahier et al. 2001; Ogbonnaya et al.
2001). Gene Cre5 in VPM1, which originated from A. ventricosa
and confers resistance to H. avenae (Jahier et al. 2001), was trans-
ferred from chromosome 2NS of A. ventricosa onto chromosome
2AS of wheat. VPM1 also carries Pm4b, which was derived from
Triticum persicum Vav. ex Zhuk., and confers resistance to powdery
mildew caused by Blumeria graminis f. sp. tritici (DC.) Speer (Bariana
andMcIntosh 1994).Madsen was reported to bemoderately resistant to
powdery mildew (Allan et al. 1989) but whether Pm4b is present in
Madsen is not known.
The primary goal of this study was to determine the effectiveness of

resistance from Madsen against different populations of H. avenae
and H. filipjevi in China. The second objective was to determine the
possible origin of CCN resistance by testing the reactions of the wheat
lines that were included in the pedigree ofMadsen. The third objective
was to examine the reactions to powdery mildew of Madsen.

Materials and Methods
Plant materials. Soft white winter wheat Madsen (plant introduc-

tion [PI] 511673) was developed from the cross VPM1/Moisson
951/2/2*Hill 81 (Allan et al. 1989). Wheat line VPM1 (PI 519303)
was derived from a complex cross A. ventricosa/T. persicum
Zhuk.//3*Marne. Wheat lines VPM1/‘Moisson 951’ and ‘Hill 81’
(CItr 17954), which were used to develop Madsen, were included
as controls in this study. A. ventricosa line 10, which was used to de-
velop VPM1, was included as a control in the molecular analysis.
‘Taikong 6’ wheat, developed from a space shuttle treatment of
‘Yumai 49’, and ‘Wenmai 19’, developed from the cross ‘Lankao
4’/‘Wen 2504’, were used as moderately resistant and susceptible
controls, respectively, in the CCN tests. Zhongzuo 9504 was used
as susceptible control in the powdery mildew assesment.

Field assessment of reactions to CCN. In the 2011–12 and
2012–13 cropping seasons, field experiments were carried out to as-
sess reactions of the wheat entries to H. filipjevi and H. avenae in
wheat fields naturally infested with CCN at Banpopu Village,
Xuchang (34.04° N, 113.74° E) and Qiushe Village, Xingyang
(34.74° N, 113.41° E), Henan Province. The pathotypes ofH. filipjevi
and H. avenae in these wheat fields previously were determined to be
Hfc-1 and Ha43, respectively (Fu et al. 2011; Li et al. 2010). Entries
were arranged in a randomized complete block design with three rep-
licates. Each plot consisted of three rows, each 2 m long, with a row
spacing of 28 cm. Seed were sown in mid-October each year. During
mid-May at the late grain-filling stage (Zadoks growth stage 77;
Zadoks et al. 1974), white females on the roots of 10 plants within each
plot were visually counted and then averaged to represent the number
of white females per plant for that entry and separated into the follow-
ing categories: resistant (<5 white females/plant), moderately resistant
(5 to 10 white females/plant), moderately susceptible (11 to 14 white
females/plant), susceptible (15 to 25 white females/plant), and highly
susceptible (>25 white females/plant) (Nicol et al. 2009).

Table 1. Number of white female nematodes on roots and phenotypes of Madsen, VPM1, Taikong 6, and Wenmai 19 inoculated with different populations of
Heterodera filipjevi and H. avenae in the greenhousey

Madsen VPM1 Taikong 6 Wenmai 19

Populationz Females PT Females PT Females PT Females PT

H. filipjevi
Henan
Xuchang 0 R 0.3 ± 0.8 R 4.6 ± 1.2 R 21.0 ± 5.6 S
Linying 0 R 0 R 22.6 ± 3.2 S 52.3 ± 6.5 HS
Huaiyang 0 R … … 35.5 ± 7.2 HS 57.2 ± 15.3 HS
Luolong 2.2 ± 1.2 R 1.8 ± 3.9 R 96.4 ± 18.7 HS 119.3 ± 21.6 HS
Boai 11.0 ± 4.3 MS … … 40.5 ± 7.0 HS 44.5 ± 24.6 HS

H. avenae
Henan
Yanjin 3.4 ± 2.7 R 3.6 ± 1.7 R 14.7 ± 2.4 MS 39.0 ± 11.6 HS
Xingyang 7.7 ± 5.8 MR 5.8 ± 6.3 MR 6.3 ± 4.6 MR 35.8 ± 4.0 HS
Shangqiu 11.7 ± 11.1 MS 13.6 ± 6.8 MS 26.7 ± 5.5 HS 90.1 ± 16.2 HS
Qixian 0.9 ± 1.3 R … … 14.3 ± 1.8 MS 29.0 ± 11.2 HS
Qingfeng 1.3 ± 0.9 R … … 27.6 ± 6.2 HS 88.3 ± 10.4 HS

Shandong
Heze 4.0 ± 1.9 R 4.0 ± 2.3 R 49.3 ± 9.0 HS 105.4 ± 20.7 HS

Anhui
Yingshang 1.6 ± 1.5 R 3.1 ± 2.2 R 14.2 ± 1.9 S 53.8 ± 19.9 HS

y Females = number of white females per plant. Figures represent the mean of 20 replicates (10 plants by two experiments) ± standard error. PT = phenotypes,
where R = resistant, <5 white females/plant; MR =moderately resistant, 5 to 10 white females/plant; MS =moderately susceptible, 11 to 14 white females/plant;
S = susceptible, 15 to 25 white females/plant; and HS = highly susceptible, >25 white females/plant.

z Nematode species, province, and population.

Fig. 1. Roots of field-grown A,Madsen and B,Wenmai 19 at grain filling stage infested
by Heterodera filipjevi in Xuchang, Henan Province. Madsen developed normal roots
without obvious symptoms, whereas Wenmai 19 developed numerous root nodes and
bushy roots as a result of infestation by H. filipjevi.
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Greenhouse assessment of reactions to CCN. Cysts were col-
lected separately from the infested soil in fields where tests were con-
ducted and other wheat fields (Table 1), incubated at 4°C for about
10 weeks, and hatched at 15 ± 2°C in the dark for 3 to 4 weeks to pro-
duce second-stage juveniles (J2). To prepare inocula for greenhouse
tests, the J2 were suspended in sterile distilled water at a concentra-
tion of 200 J2 ml−1 using a hemacytometer under a light microscope
(Olympus C42). Plants were grown in polyvinylchloride tubes
(13 cm tall by 3 cm in diameter), which were filled with a mixture
of loam and sand (7:3). Seed were germinated on wet filter paper
for 2 days at 25°C. A single germinated seed was sown in each tube,
inoculated with 800 J2 after seeding, and grown in a growth chamber
at 15 ± 2°C with a photoperiod of 12 h of light and 12 h of darkness.
The number of white females on roots of each plant was counted
75 days after inoculation. Ten replicate plants were tested for each
cultivar and population of CCN; two experiments were conducted
and each was arranged in a randomized complete block design.
Penetration of wheat roots by juvenile nematodes. Two-day-

old plants of Madsen, Taikong 6, and Wenmai 19 were inoculated
with 800 J2/plant. The conditions for plant growth and inoculation
described above were applied in the study of root penetration by juv-
enile nematodes. A sodium hypochlorite-acid fushsin method was
used to stain the roots 25 days after inoculation (Yuan et al. 2010).
The number of J2 entirely inside the roots of a plant was determined
under an optical microscope (Olympus C42). Three replicates con-
sisting of two plants for each cultivar were inoculated. This experi-
ment was conducted twice using a randomized complete block
design.
Assessment of reactions to powdery mildew at the seedling stage.

The reactions of the wheat entries to 20 B. graminis f. sp. tritici iso-
lates were determined using the detached-leaf-segment method
(Limpert et al. 1988). Wheat plants were grown in a greenhouse at
20 ± 3°C, with a photoperiod of 12 h of light and 12 h of darkness.
Primary leaf segments about 3 cm long were removed from seed-
lings at the two-leaf stage and placed on the surface of 0.6% water
agar plates (wt/vol) supplemented with benzimidazole at 50 mg
liter−1 and inoculated with conidia of each B. graminis f. sp. tritici
isolate by separately shaking plants of ‘Zhongzuo 9504’ that were
fully sporulating over the plates. Inoculated leaf segments were in-
cubated in covered petri dishes placed in a growth cabinet at 18 ±
3°C with a photoperiod of 12 h of light and 12 h of darkness and
80% relative humidity. Ten days after inoculation, the infection type
(IT) for each leaf segment was visually rated on a 0-to-4 scale, where
0 = no visible symptom, 0; = necrotic flecks, 1 = necrosis with low
sporulation, 2 = necrosis with moderate sporulation, 3 = no necrosis
with moderate to high sporulation, and 4 = no necrosis with full
sporulation. Three leaf segments from each genotype were tested us-
ing a randomized complete block design and this experiment was
conducted twice. Based on the IT of the leaf segments, the cultivars

were regarded as either resistant (IT 0 to 2) or susceptible (IT 3 to 4)
to a B. graminis f. sp. tritici isolate.
Molecular detection of 2NS chromosome fragment of

A. ventricosa. Genomic DNA was extracted from young leaves
following the cetyltrimethylammonium bromide protocol (Saghai-
Maroof et al. 1984). A pair of primers—VRGA-F11 (5¢-AATC
CAAAGGTCAGCAATCC-3¢) and VRGA-R5 (5¢-GGAATC
CAGGTCCTTGAGGAAC-3¢)—were designed to amplify a 285-bp
fragment specific for gene Vrga1D that is linked to the 2NS fragment
of A. ventricosa (Fang et al. 2011). The reaction mixture (25 ml) con-
tained 50 ng of template DNA, 0.2 mM forward and reverse primers,
1 U of Taq polymerase, dNTP at 150 mmol liter−1, and 2 ml of
10× buffer with 20 mM Mg2+. The amplification was programmed
at 94°C for 5 min; followed by 40 cycles of 94°C for 30 s, 55°C for
30 min, and 72°C for 30 s; and a final extension at 72°C for 10 min.
The polymerase chain reaction (PCR) products were separated on
an 8% nondenaturing polyacrylamide gel in 1× Tris-borate EDTA
buffer (90 mM Tris-borate, pH 8.3, and 2 mM EDTA) and visualized
by silver staining.
Statistical analysis. Statistical analysis of all data was performed

with SAS (version 8.0; SAS Institute). Analysis of variance
(ANOVA) was performed on the mean of white females per plant
that were logarithmically transformed by ln(x + 1). Means and stan-
dard errors for the number of white females were determined to rep-
resent each cultivar.

Fig. 2. Reactions of wheat cultivars to Heterodera filipjevi and H. avenae under field conditions at Xuchang and Xingyang, Henan Province in 2012 and 2013, and artificial
inoculation in the greenhouse. LSD = least significant difference.

Fig. 3. Number of juvenile nematodes 25 days after inoculation with Heterodera filipjevi and
H. avenae for Madsen, Taikong 6, and Wenmai 19. LSD = least significant difference.
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Results
Reaction of Madsen and its parents to H. filipjevi and H. avenae

in field and greenhouse studies. The roots of Madsen and other re-
sistant wheat genotypes developed normally, whereas the susceptible
wheat Wenmai 19 had bushy roots characteristic of CCN infection
(Fig. 1).
Based on ANOVA of the 2012 and 2013 cropping seasons, there

was no significant year–genotype interaction (P > 0.05); therefore,
data from both years were pooled for statistical analysis. BothHeter-
odera spp. produced a small number of white females on the roots of
Madsen and its parents VPM1/Moisson 951 and VPM1 (Fig. 2).
These genotypes exhibited a resistant phenotype in the field tests un-
der natural infestation with H. filipjevi and H. avenae. Hill 81, the
other parent of Madsen, had 9.5 ± 2.3 and 8.1 ± 0.1 white females
per plant in the fields where H. filipjevi and H. avenae occurred,
respectively, showing a moderately resistant phenotype. Wenmai
19 had a significantly greater number of white females per plant
than any other wheat genotypes tested in both locations (P <
0.05), and exhibited a highly susceptible phenotype to both nem-
atode species.
When inoculated against H. filipjevi in greenhouse, the number of

white females per plant for Madsen (2.0 ± 1.1) was similar to the pa-
rental lines VPM1/Moisson 951 (1.4 ± 1.0) and VPM1 (1.0 ± 0.4)
(Fig. 2). Hill 81 had 14.3 ± 2.4 white females per plant, which
was significantly greater than Madsen but less than the susceptible

Wenmai 19. When tested against H. avenae, the number of white fe-
males per plant for Madsen was not significantly different from
VPM1/Moisson 951 and VPM1. The number of white female H.
avenae on roots of Hill 81 (12.9 ± 1.9) was greater than Madsen. The
number of white females per plant for Wenmai 19 was greater than
that of all other wheat genotypes examined (P < 0.05).
Penetration of the roots ofMadsen, Taikong 6, andWenmai 19

by juvenile nematodes. Juveniles of both H. filipjevi and H. avenae
penetrated roots of Madsen, Taikong 6, andWenmai 19 regardless of
their resistance to CCN when roots were examined 25 days after in-
oculation (Fig. 3). However, the number ofH. filipjevi andH. avenae
juveniles in the resistant Madsen (2.5 ± 0.4 and 3.1 ± 0.5, respec-
tively) and moderately resistant Taikong 6 (4.8 ± 0.6 and 9.6 ± 1.1,
respectively) were significantly less than those in the susceptible
Wenmai 19 (25.2 ± 2.8 and 26.5 ± 2.5, respectively) (P < 0.05).
The number of H. avenae juveniles in roots of Madsen was also sig-
nificantly less than that of Taikong 6 (P < 0.05). Overall, the number
of the H. avenae juveniles in the roots of all three cultivars (13.1 ±
1.9) was slightly greater than that of H. filipjevi (10.8 ± 2.0) but
the difference was not significant (t = 0.815, P = 0.4178).
Reactions of Madsen and VPM1 to different populations of

H. filipjevi and H. avenae. Artificial inoculation studies were per-
formed with five H. filipjevi and seven H. avenae populations from
different wheat fields in Henan, Shandong, and Anhui Provinces
(Table 1). No white females were present on the roots of Madsen

Table 2. Reaction of wheat cultivars to 20 isolates of Blumeria graminis f. sp. tritici collected in Chinaz

Isolate
Avirulence/virulence on powdery

mildew resistance genes Madsen VPM/Moisson951 VPM1 Hill 81 Taikong 6 Wenmai 19

1 1a,1c,2,3b,3c,4a,4b,5e,6,13,17,
21,24,33,48/3,3g,5a,7,8,19

3 0 0 3 3 3

2 1a,1c,2,4a,4b,5e,6,13,21,24
,33,48/3,3b,3c,3g,5a,7,8,19

3 0 0 3 4 2

3 1a,1c,2,3b,3c,5e,13,17,21,
24,33,48/3a,3g,4a,4b,5a,6,7,8,

3 3 3 3 3 3

4 1a,1c,2,3b,4a,4b,5e,6,13,17,
21,24,33,48/3a,3c,3g,5a,7,8,19

3 0 1 3 3 3

5 1a,1c,2,3g,4a,4b,5e,13,21,
24,33,48/3,3b,3c,5a,6,7,8,19

4 0 0 3 4 3

6 1a,1c,2,3,4a,4b,5e,13,21,
24,33,48/3b,3c,3g,5a,6,7,8,19

4 0 1 4 4 3

7 1a,1c,2,3b,5e,13,17,21,24,
48/3,3c,3g,4a,4b,5a,6,8,19,33

3 3 3 0 4 4

8 1a,1c,2,5e,8,13,21,24,48/3,
3b,3c,3g,4a,4b,5a,6,7,19,33

3 3 3 3 3 3

9 3b,3c,5a,5e,13,17,21,24,48/1a,
1c,2,3,3g,4a,4b,6,7,8,19,33

3 - 3 - 3 3

10 1a,1c,2,5e,13,21,24,33,48/3,
3b,3c,3g,4a,4b,5a,6,7,8,17,19

3 3 3 0 3 3

11 1c,2,5e,6,8,13,17,21,24,33,
48/1a,3,3b,3c,3g,4a,4b,5a,7,19

0 0 0 3 3 3

12 1c,2,3,3b,3c,3g,4a,4b,5a,5e,
6,13,17,21,24,33,48/1a,8,19

1 0 1 3 3 3

13 1c,3b,3g,4a,4b,5e,6,13,17,
21,24,33,48/1a,2,3,3c,5a,7,8,19

3 0 0 0 3 3

14 1a,1c,2,3,4a,4b,6,17,21,24,
33,48/3b,3c,3g,5a,5e,7,8,13,19

0 2 0 0 3 3

15 1a,1c,2,3b,4a,4b,5e,13,21,
24,33,48/3,3c,3g,5a,6,7,8,17,19

3 0 0 0 3 3

16 1a,1c,2,3b,5e,13,21,24,48/3,
3c,3g,4a,4b,5a,6,7,8,17,19,33

3 3 3 3 4 3

17 1c,2,4a,4b,5e,21,24,33,48/1a,
3a,3b,3c,3g,5a,6,7,8,13,19

4 1 1 4 4 3

18 1c,2,4a,4b,5e,13,21,24,33,
48/1a,3a,3b,3c,3g,5a,6,7,8,19

4 0 0 4 4 4

19 1a,1c,2,3b,4a,4b,4c,5e,6,13,17,
21,24,33,48/3a,3c,3g,5a,7,8,19,

4 0 0 3 4 4

20 1c,2,5e,13,17,21,24,48/1a,3a,3b,
3c,3g,4a,4b,4c,5a,6,7,8,19,33

4 3 4 4 4 4

z The infection type (IT) for each leaf segment was visually rated on a 0-to-4 scale, where 0 = no visible symptom, 0; = necrotic flecks, 1 = necrosis with low
sporulation, 2 = necrosis with moderate sporulation, 3 = no necrosis with moderate to high sporulation, and 4 = no necrosis with full sporulation.
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when inoculated withH. filipjevi populations fromXuchang, Linying,
and Huaiyang, Henan Province; however, a few white females (2.2 ±
1.2) were observed when inoculated with the H. filipjevi population
from Luolong, Henan Province. Although Madsen had a moderately
susceptible phenotype to the Boai population of H. filipjevi, the num-
ber of white females per plant (11.0 ± 4.3) was less than on Taikong 6
(40.5 ± 7.0) andWenmai 19 (44.5 ± 24.6). VPM1 was resistant to the
three H. filipjevi populations from Xuchang, Linying, and Luolong,
Henan Province. Taikong 6 was resistant to the Xuchang population
but susceptible to all otherH. filipjevi populations, with the number of
white females ranging from 22.6 ± 3.2 (Linying population) to 96.4 ±
18.7 (Luolong population). Wenmai 19 was susceptible to all popula-
tions, with the number of white females ranging from 21.0 ± 5.6
(Xuchang population) to 119.3 ± 21.6 (Luolong population).
Madsen had a highly resistant reaction to the H. avenae popula-

tions from Yanjin, Qixian, and Qingfeng, Henan Province; Heze,
Shandong Province; and Yingshang, Anhui Province, and was mod-
erately resistant to the population from Xingyang, Henan Province;
however, it was moderately susceptible to the H. avenae populations
from Shangqiu, Henan Province. Similarly, VPM1 was highly re-
sistant to Yanjin, Heze, and Yingshang populations and moderately
resistant to Xingyang population but moderately susceptible to
Shangqiu population. Taikong 6 was moderately to highly suscep-
tible to all H. avenae populations, except Xingyang population, to
which it was moderately resistant. Wenmai 19 was highly suscep-
tible to all H. filipjevi and H. avenae populations (Table 1).
Reactions of Madsen and its parents to a set of B. graminis f.

sp. tritici isolates. VPM1 was resistant (IT 0 or 1) to 13 of 20 B. gra-
minis f. sp. tritici isolates but was susceptible (IT 3 or 4) to the other 7
isolates (Table 2). The reaction of line VPM1/Moisson 951 resem-
bled that of VPM1. Madsen had an IT of 0 or 1 when tested against
B. graminis f. sp. tritici isolates 10, 11, and 13, whereas it had IT 3 or
4 reactions to the remaining 17 isolates. Hill 81 was resistant to 5 iso-
lates but susceptible to the other 15 isolates. Wenmai 19 and Taikong
6 were not resistant to any of the 20 B. graminis f. sp. tritici isolates.
Detection of 2NS chromosomal segment. The primer pair

VRGA-F11 and VRGA-R5 amplified the 285-bp band diagnostic
for the 2NS translocation in A. ventricosa line 10, VPM1, Madsen,
and VPM1/Moisson 951 (Fig. 4). In contrast, Hill 81, Taikong 6,
and Wenmai 19 produced a different band that was larger than
285 bp, indicating the absence of the 2NS fragment. This result indi-
cates that the 2NS fragment from A. ventricosa is present in Madsen.

Discussion
Based on the results of repeated field and greenhouse tests, the soft

white winter wheat Madsen grown in the PNW region of the United
States was identified as a valuable source of resistance to both species
of CCN, H. filipjevi and H. avenae, which are indigenous to China.
Fewer juvenile nematodes penetrated the roots of Madsen than sus-
ceptible wheat genotypes and, thus, the final number of white female
nematodes was less near the end of the plant life cycle. Madsen was
resistant to H. filipjevi and H. avenae populations from different
wheat-producing regions in northern China, especially those from
Henan Province, where CCN has resulted in severe damage to wheat
production. H. avenae and H. filipjevi occurred simultaneously in
some places (for example, Henan Province), and different pathotypes
of both Heterodera spp. have been documented in different wheat-
producing regions in China (Fu et al. 2011). The existence of multi-
ple species and pathotypes of CCN complicates breeding for host
resistance because resistance to one species of Heterodera does not
necessarily mean resistance to the other species (Mokabli et al.
2002). Therefore, the identification of Madsen as an effective source
of resistance to different populations of both Heterodera spp. offers
an opportunity for reducing the economic loss arising from CCN
infestation with host resistance, given the shortage of resistance re-
sources (Li et al. 2012) that constrains current breeding efforts for im-
proving CCN resistance of wheat.
Among the wheat cultivars involved in the pedigree of Madsen,

VPM1 and its derived line VPM1/Moisson 951 were both resistant
to CCN, whereas Hill 81 was susceptible. Previously, Moisson

was shown to be susceptible to H. avenae and VPM1 was shown
to carryCre5 for resistance against pathotype Ha12 from Saint Chris-
tophe Le Jajoilet, France (Jahier et al. 2001). VPM1 and its derived
cultivars were also resistant to several pathotypes of H. avenae from
Australia (Ha12 and Ha13) (Ogbonnaya et al. 2001), Spain (Ha71)
(Montes et al. 2003), and the United States (Smiley et al. 2013).
Based on these findings, CCN resistance in Madsen was most likely
inherited from VPM1 via VPM1/Moisson 951; however, the pres-
ence of Cre5 was not always associated with resistance to CCN
(Dababat et al. 2014). Molecular mapping is underway to determine
the gene or QTL for resistance to CCN in Madsen.
Madsen was a widely grown cultivar in the PNW following its

release in Washington in 1987 (Allan et al. 1989). It has been the pri-
mary source of resistance to eyespot of wheat (caused by Oculima-
cula spp.) because of gene Pch1 on the translocated chromosome
between 7NS of A. ventricosa and 7DL of wheat (Strausbaugh and
Murray 1989). In addition, Madsen is resistant to stem rust, leaf rust,
and stripe rust (caused by Puccinia graminis f. sp. tritici, P. triticina,
and P. striiformis f. sp. tritici, respectively), which is derived from
VPM1. A cluster of genes including Sr38, Lr37, and Yr17 are present
on the A. ventricosa chromosome 2NS segment that was transferred
to chromosome 2AS of wheat is responsible for the resistance
to these rusts (Bariana and McIntosh 1994). Using a pair of PCR pri-
mers specific for Vrga1 on chromosome segment 2NS (VRGA-F11
and VRGA-R5; Fang et al. 2011), the presence of a 2NS frag-
ment was detected in Madsen, which is consistent with a previous
study using a different pair of primers specific for 2NS (Helguera
et al. 2003). VPM1 has been used in developing many wheat culti-
vars in Europe and North America as well as China (Dedryver
et al. 2009; Hanzalová et al. 2009; Li et al. 2009) because the 2NS
fragment does not have any linkage drag or deleterious effects on
wheat yield and quality (Cane et al. 2008). Madsen has also been
used as a parent in developing wheat cultivars (Jones et al. 2006).
It would be valuable to examine VPM1- or Madsen-derived cultivars
to identify other CCN-resistant cultivars with different genetic
backgrounds.
Difference in reproductive capacity of certain H. avenae and

H. filipjevi populations was observed in resistant and susceptible
wheat genotypes (Rivoal et al. 2001). Plants may possess an intrinsic
ability to prevent penetration of cyst nematodes into the roots by
exudation of repellents (Huang 1998). Differences in formation
and development of syncytia was confirmed in the resistant and sus-
ceptible wheat genotypes that carry genes Cre1 and Cre3 for resis-
tance to CCN when tested using H. avenae (Seah et al. 2000). The

Fig. 4. Detection of chromosome 2NS fragments from Aegilops ventricosa in Madsen
using the molecular markers VRGA-F11/VRGA-R5. M: 100-bp DNA ladder; lane 1: A.
ventricosa line 10; lane 2: VPM1; lane 3: Madsen; lane 4: Hill 81; lane 5:
VPM1/Moission 951; lane 6: Taikong 6; lane 7: Wenmai 19. The diagnostic 285-bp
band is shown by an arrow.
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development of syncytia was accelerated in the resistant plants. How-
ever, the syncytia formed in the resistant plants degenerated in later
stages of the host–nematode interaction that prevented further devel-
opment of the nematodes inside the roots. In this study, fewer J2 were
observed in the resistant Madsen than in the susceptible Wenmai 19.
This suggests that another mechanism of resistance in Madsen may
exist or in addition to syncytia breakdown.
Powdery mildew is another important disease in the wheat-

producing regions where CCN occurs in China. Even though VPM1
was resistant to 13 B. graminis f. sp. tritici isolates due to the pres-
ence of Pm4b from T. persicum on chromosome 2AL (Bariana and
McIntosh 1994),Madsenwas susceptible tomost of the 20B. graminis
f. sp. tritici isolates examined. Incorporation of powdery mildew resis-
tance is needed whenMadsen is used as a source of CCN resistance. A
series of lines that carry Pm52 (= MlLX99) for resistance to powdery
mildew were created by crossing Madsen with ‘Liangxing 99’ (Zhao
et al. 2013), and lines with resistance to both CCN and powdery mil-
dew have been identified that should be useful parents in develop-
ing wheat cultivars with resistance against these pathogens (H. J. Li,
unpublished data).
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