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Abstract

Wheat stripe rust caused by Puccinia striiformis f. sp. tritici is one of
the most destructive diseases of wheat worldwide. Sichuan Province
plays an important role in interregional epidemics in China. Applica-
tion of host resistance is important in disease management, and effi-
cient approaches to evaluate resistance level are necessary to obtain
useful varieties. In this study, 100 wheat cultivars (lines) growing in
Sichuan were selected to evaluate their resistance to stripe rust. Field
experiments were conducted with a mixture of three P. striiformis f.
sp. tritici races for inoculations at seeding and adult stages in the
2014 to 2015 season and the 2016 to 2017 season. Leaf samplings were
conducted four times during the latent period at early growth stage of
wheat. The sampled leaves were processed to extract DNA. The
DNA of both wheat and P. striiformis f. sp. tritici was quantified using
real-time quantitative polymerase chain reaction, and the molecular
disease index (MDI) was used to evaluate the resistance level. The area

under the disease progress curve in terms of disease index (AUDPC-
DI) was obtained for each studied cultivar (line) in the fields. Among
the 100 studied cultivars (lines), 61% of them showed seedling resis-
tance, and 63 and 65% showed adult resistance in the 2014 to 2015
and 2016 to 2017 seasons, respectively, based on the infection type.
High consistency in resistance grouping by cluster analysis as the per-
centage of the studied cultivar (line) belonging to the same group based
on AUDPC-DI data and based on MDI data was obtained. The correla-
tions between AUDPC-DI andMDI from samples collected on 9 and 14
or 15 days after inoculation during the latent period were all significant
at P < 0.01. This study provided a new and efficient method for evalu-
ation of varietal resistance to wheat stripe rust.
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Wheat stripe rust, caused by Puccinia striiformis f. sp. tritici, is
one of the most important diseases worldwide (Chen 2005; Wellings
2007; Zeng and Luo 2006). China is the largest epidemic region of
the disease (Stubbs 1988). The most destructive epidemics of stripe
rust in China occurred in 1950, 1964, 1990, and 2002, causing yield
losses of 60, 30, 18, and 13 hundred million tons, respectively (Wan
et al. 2004). Host resistance and chemical control are the two main
strategies for disease management (Wan et al. 2007). However, the
new biological pathogenic type V26 was first discovered in Sichuan
Province in 2008 to 2009. This biological pathogenic type could in-
fect wheat cultivars (lines) with Yr26 and YrCH42 genes (Liu et al.
2010). As the epidemics of new P. striiformis f. sp. tritici race, more
wheat cultivars (lines) are at risk of resistance loss. Understanding
the situation of resistance of main wheat cultivars (lines) planted in
Sichuan Province is of importance.
One of the conventional ways to evaluate host resistance is to score

the infection type (IT) based on visual symptoms. For wheat stripe
rust, two scales are normally used: one scale from one to nine
(McNeal et al. 1971) and another scale from one to four (Stubbs
1985). Because resistance can be expressed differently at various
growth stages, such as seedling resistance, adult resistance, or all-
stage resistance, evaluation of resistance level only at one growth
stage likely cannot represent real situations of resistance expressed

in the fields. It is essential to consider resistance expression in the en-
tire growing season to evaluate host resistance, especially for the cul-
tivars expressed as horizontal resistance or durable or tolerant
resistance. However, it is difficult to perform this kind of evaluation
method for large numbers of cultivars or breeding lines. Therefore,
efficient methods to quickly and accurately evaluate host resistance
levels are needed. Such methods should be applied to approximately
evaluate the true situation and potential of resistance level at an ac-
cepted variation or error range statistically.
The real-time quantitative polymerase chain reaction (qPCR)

could be an alternative approach in host resistance assessment and
quantification. Unlike conventional polymerase chain reaction
(PCR) that uses an end point analysis of the amplicon, qPCR detects
and quantifies PCR products by using either fluorescent-specific
probes (such as TaqMan and molecular beacon) or double-stranded
DNA binding fluorescent dyes (such as ethidium bromide and SYBR
green I) (Wilhelm and Pingoud 2003). qPCR is widely used in detec-
tion and quantification of target DNA of plant pathogenic microor-
ganisms from soil (Cullen et al. 2001; Filion et al. 2003; Luo et al.
2009), air (Luo et al. 2007; Schweigkofler et al. 2004), seeds (McNeil
et al. 2004), and plant tissues (Brouwer et al. 2003; Gachon and Sain-
drenan 2004; Mercado-Blanco et al. 2003; Sandberg et al. 2003;
Waalwijk et al. 2004). Concerning the evaluation of cultivar resis-
tance, rice pathogenMagnaporthe grisea (Qi and Yang 2002), alfalfa
pathogen Phytophthora medicaginis (Vandemark and Barker 2003),
oat pathogen Puccinia coronata f. sp. Avenae (Jackson et al. 2006),
and bean pathogen Fusarium oxysporum f. sp. phaseoli (Xue et al.
2012) were quantified in plant tissues of different varieties, and
different levels of resistance were clearly discriminated using
qPCR. For detection of wheat stripe rust, Yan et al. (2012) applied
qPCR with the method of SYBR green I to quantify P. striiformis
f. sp. tritici in wheat leaves during the latent period in the fields,
showing significant potential of prediction for the future disease
development.
The above research provided efficient and potential approaches

for evaluation of resistance of different cultivars with molecular
methods that overcome the deficiency of the conventional methods.
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Moreover, the expression of host resistance at very early growth
stages could not be likely visualized, such as during the latent period.
The qPCRmethod could be applied to obtain the significant signal on
how the host reacts to the pathogen infection. This study attempted to
illustrate the feasibility and advantages of using such a method to
evaluate resistance levels to wheat stripe rust.
Development of wheat stripe rust has a feature that the period of

latent infection could take from several days to even several months
depending on growing conditions and environment, especially the
temperature. In the field, the shortest latent period is normally 8 to
10 days in the spring, whereas the longest latent period could last
>60 days in the autumn and winter (Xiao et al. 1983; Zeng et al.
1981b). The reaction process of the host to the pathogen infection
during this period of time could contain important information on
the host × pathogen interaction, which will be useful in evaluation
of host resistance. However, such information is difficult to obtain
because of the nonvisualization feature in the process. The de-
velopment of disease is a progress of interaction between host and
pathogen that may happen in different ways, such as the four
phases of plant pathogen interaction in the zigzag model consisting
of pathogen-associated molecular pattern (PAMP)-triggered im-
munity, effector-triggered susceptibility, effector-triggered immunity
(ETI), and the repeat of ETI (Jones and Dangl 2006). However, the re-
lationship of such processes with the corresponding amount of patho-
gen in the plant tissues as well as the future disease expression on
different cultivars in the field are still under study. Using qPCR could
help us understand more about such interactions to efficiently evalu-
ate the resistance level that may contribute to disease management.
Wheat stripe rust is a polycyclic disease, and the area under the dis-

ease progress curve in terms of disease index (AUDPC-DI) from
multiple disease assessments could represent the actual resistance
level of different cultivars (lines) expressed in the fields. The molec-
ular disease index (MDI), quantified as the proportion of P. striifor-
mis f. sp. tritici DNA (picograms) over the total amount of wheat
DNA (nanograms), could reflect infection level of P. striiformis f.
sp. tritici in the wheat leaves at a certain time during the latent period
(Yan et al. 2012). The objectives of this study were to (i) evaluate the
resistance of the 100 main wheat cultivars (lines) planted in Sichuan
Province with conventional methods, (ii) obtain the MDI values for
these cultivars (lines), and (iii) analyze the relationship between
AUDPC-DI and MDI to evaluate the usefulness of the method that
we generated in varietal resistance assessment.

Materials and Methods
Plant and pathogen materials. One hundred wheat cultivars

(lines) were provided by the Southwest University of Science and
Technology in China. These cultivars (lines) were mainly planted
in Sichuan Province in recent years. The universally susceptible va-
riety Mingxian 169 was obtained from the Plant Disease Epidemiol-
ogy Laboratory, Department of Plant Pathology, China Agricultural
University. The Chinese predominant P. striiformis f. sp. tritici phys-
iological races CYR32 and CYR33 and pathogenic type G22-83
(Huang et al. 2014; Liu et al. 2017) were used in this study for all test
assays.
Resistance evaluation with the conventional method. The seeds

of all of the 100 cultivars (lines) were soaked in sterile water for 10 h
and split into 25 groups. Six to seven seeds of each of the four culti-
vars (lines) of each group were sown in a pot (10 × 10 × 10 cm), and
Mingxian 169 was sown as the susceptible control. The potted plants
were grown in a growth chamber at 10 to 15°C with 60 to 70% rel-
ative humidity and a 14/10-h light/dark photoperiod (10,000 lux).
When the first leaves of seedlings were fully expanded, leaf surfaces
were rubbed to remove wax, sprayed with appropriate amount of wa-
ter, and inoculated with P. striiformis f. sp. tritici mixed races
(CYR32:CYR33:pathogenic type G22-83 by 1:1:1) with 1 ml spore
suspension at the concentration of 0.5 mg/ml. The inoculated seed-
lings were incubated at 8 to 10°C with dew for 24 h in darkness to
promote infection and then transferred to the growth chamber for
18 days under the same condition described above. When Mingxian
169 showed disease symptoms, a system of a zero to four scale

(Stubbs 1985) was used to assess IT of the inoculated seedlings.
Three replicated pots were used in the test.
A field experiment was conducted in Xinghuaying Town (114.26°

E and 34.76° N), Henan Province, China in 2014 to 2015 and 2016 to
2017. The soil type was sandy loam. Each cultivar (line) was planted
in a 1-m row with 0.25-m spacing between two rows. The study was
performed with three replicates, and Mingxian169 was used as a sus-
ceptible control. Inoculations were conducted on 23 March 2015 and
13 March 2017. Urediniospores of races CYR32, CYR33, and P.
striiformis f. sp. tritici-G22-83 were mixed with the equal proportion
to the concentration of 80 mg/liter. Each cultivar (line) was inocu-
lated by spraying 20 ml of spore suspension and then covered with
plastic sheets to maintain high humidity overnight. Disease was
assessed five times at 3- to 5-day intervals afterMingxian169 showed
symptoms. The first time of disease recording was conducted on 7
April 2015 and 1 April 2017. For each tested cultivar (line), 25 plants
(about 100 leaves) were randomly selected to record IT and number of
diseased leaves to calculate incidence and disease severities. Disease
severity was assessed as the percentage of lesion area over the whole
leaf area (Shang et al. 1990). Wheat growth stages were also recorded
according to Zadoks et al. (1974). Disease index (DI) was calculated as
the average disease severity × the disease incidence × 100, and the
mean DI for each cultivar (line) was obtained from three replicates.
Leaf sampling and DNA extraction. In the field experiment, leaf

samplings were conducted four times during the latent period in 2015
and two times in 2017. The samplings were arranged 1, 5, 9, and
14 days after inoculation (DAI) in 2015 and 9 and 15 DAI in
2017, respectively. On each sampling date, 30 leaves were randomly
collected from each replicate of each cultivar (line). The Cetyl
trimethy-lammonium bromide (CTAB) method (Enjalbert et al.
2002), with minor modification (Pan et al. 2010; Zeng et al. 2010),
was applied to obtain DNA for each sample.
Quantification of pathogen using real-time PCR. Duplex real-

time qPCR amplifications were performed using the TaqMan
method. The previously published primer pairs specific to wheat
and P. striiformis f. sp. tritici (Pan et al. 2016) and the probes specific
to wheat and P. striiformis f. sp. tritici were used. The following
primer pair specific to P. striiformis was used: P. striiformis f. sp.
tritici-F (5¢-GGATGTTGAGTGCTGCTGTAA-3¢)/P. striiformis
f. sp. tritici-R (5¢-TTGAGGTCTTAAGGTTAAAATTG-3¢) with the
P. striiformis f. sp. tritici-specific probe P. striiformis f. sp. tritici-
Pro (5¢-TCACATCAAGGATTGTAGCAATACTGCCA-3¢). The
following wheat-specific primer pair was used: TAG2315F (5¢-
CAGAAAGCGAGTGGAAAGATGAAAG-3¢)/TAG2473R (5¢-GCAA
GGAGGACAAAGATGAGGAA-3¢) with the wheat-specific probe
TAG-Pro (5¢-CAAGCATCAAAGGCAAGCAAGCAGTAGT-3¢)
(Pan et al. 2016). Amplifications were conducted in a 20-ml volume
containing 2.0 ml buffer (10×; Mg2+ free), 4.0 ml MgCl2 (25 mmol/
liter), 2.0 ml deoxyribonucleotide triphosphate (dNTP)
(2.5 mmol/liter), 0.4 ml each primer (10 mmol/liter), 0.3 ml each
probe (10 mmol/liter), 0.4 ml Taq polymerase (5 U/ml), 2.0 ml tem-
plate DNA, and 7.6 ml ddH2O. The reaction condition was initiated
with denaturation at 94°C for 3 min followed by 40 cycles of dena-
turation at 94°C for 20 s, annealing at 57°C for 30 s, and extension
at 72°C for 20 s. The fluorescence signal from the probe was recorded
at 72°C during each cycle.
To quantify the DNA amounts of both wheat and P. striiformis f.

sp. tritici in each reaction, standard curves for P. striiformis f. sp. tri-
tici and wheat were established. The DNA of urediniospores of P.
striiformis f. sp. tritici and wheat leaves was extracted using the
CTAB method as described above. The concentrations of both P.
striiformis f. sp. tritici and wheat DNAs were determined with Deno-
vix (DS-11 Spectrophotometer). The P. striiformis f. sp. tritici DNA
was 10 times diluted from 44 to 0.00044 pg/ml, whereas wheat
DNA was 10 times diluted from 525 to 0.0525 ng/ml. These diluted
DNA series were used in qPCR following the PCR conditions described
above with five replicates. The corresponding cycle threshold (Ct)
values of P. striiformis f. sp. tritici and wheat were recorded. The
standard curve of P. striiformis f. sp. tritici described as the log
DNA concentration (picograms; fluorescein amidite [FAM]) versus
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corresponding Ct value was generated. Similarly, the standard curve
of wheat described as the log DNA concentration (nanograms; hexa-
chlorofluorescein [HEX]) versus the corresponding Ct value was also
generated.
For each sample in each qPCR reaction, P. striiformis f. sp. tritici

and wheat DNA was used as the positive control, and ddH2O was
used as the negative control. Three replicates were used for each
sample, and the mean Ct value was calculated. MDI (Yan et al.
2012) was calculated for each replicate of each cultivar (line) as
MDI = quantity of P. striiformis f. sp. tritici DNA in picograms/
quantity of wheat DNA in nanograms × 1,000, and the mean

MDI for each cultivar (line) was calculated from three replicates
for analysis.

Data analysis. In the field experiment, the AUDPC-DI covering
five times the disease assessments at different periods was calculated
for each replicate of each cultivar (line) using the following formula:

AUDPC-DI = +
n

i

h�xi + xi+1
2

�
ðti+1 − tiÞ

i
;

where n is the total number of disease assessments; xi and xi+1 are
the DIs at ith and (i + 1)th disease assessments, respectively; and

Fig. 1. Hierarchical cluster analysis for 100 cultivars (lines) tested in this study using the area under the disease progress curve in terms of disease index (AUDPC-DI) data (A) and
the molecular disease index data (B) of 14 days after inoculation leaf sampling in 2014 to 2015. HR, highly resistant to wheat stripe rust; HS, highly susceptible to wheat stripe rust;
MR, moderately resistant to wheat stripe rust; MS, moderately susceptible to wheat stripe rust.
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ti and ti+1 are days of the disease progress curve at ith and (i + 1)th
disease assessments, respectively.
To determine the consistency in resistance grouping of 100 culti-

vars (lines) between the method using AUDPC-DI data and that us-
ing MDI data, cluster analyses were conducted with the dataset of

AUDPC-DI and the dataset of MDI, respectively, of 14 and 15
DAI for these tested cultivars (lines) using hierarchical clustering
with the method of “average” based on the “Euclidean” distance with
R Studio (RStudio X64 3.4.1) in 2 years. The library of ggtree in R
was used to highlight the four different resistance groups as highly

Fig. 2. Hierarchical cluster analysis for 100 cultivars (lines) tested in this study using the area under the disease progress curve in terms of disease index (AUDPC-DI) data (A) and
the molecular disease index data (B) of 15 days after inoculation leaf sampling in 2016 to 2017. HR, highly resistant to wheat stripe rust; HS, highly susceptible to wheat stripe rust;
MR, moderately resistant to wheat stripe rust; MS, moderately susceptible to wheat stripe rust.
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susceptible, moderately susceptible, moderately resistant, and highly
resistant based on the results of cluster.
To determine the relationship between AUDPC-DI and MDI from

different periods of sampling times, AUDPC-DI and corresponding
MDI of each of the 100 cultivars (lines) were used in correlation anal-
yses performed with liner regression analyses of SAS (version 9.4;
SAS Institute, Cary, NC). The 2014 to 2015 data included
AUDPC-DI and MDIs data of 1, 5, 9, and 14 DAI, and the 2016 to
2017 data included AUDPC-DI and the MDIs data of 9 and 15 DAI.

Results
Field evaluation of host resistance. The IT data of 100 cultivars

(lines) at the seeding (growth stage [GS] = 11 to 12) and adult (GS =
39 to 45) (Zadoks et al. 1974) stages were obtained. Of the 100 cul-
tivars (lines), 61 showed seedling resistance, and 63 and 65 showed
adult resistance in the 2014 to 2015 and 2016 to 2017 seasons, re-
spectively. There were 48, 15, 13, and 24 cultivars (lines) that were
all-stage resistant, adult resistant, seeding resistant, and all-stage sus-
ceptible, respectively, from the 2014 to 2015 experiment. There were
49, 16, 12, and 23 cultivars (lines) that were all-stage resistant, adult

resistant, seeding resistant, and all-stage susceptible, respectively,
from the 2016 to 2017 experiment.
The 100 cultivars (lines) were classified into four groups with the

hierarchical cluster analysis based on AUDPC-DI data. In the 2014 to
2015 experiment, 5 cultivars (lines) were highly susceptible, 13 were
moderately susceptible, 20 were moderately resistant, and 62 were
highly resistant or immune (Fig. 1A). In the 2016 to 2017 experi-
ment, 8 cultivars (lines) were highly susceptible, 12 were moderately
susceptible, 23 were moderately resistant, and 57 were highly resis-
tant or immune (Fig. 2A). Among highly susceptible, moderately
susceptible, moderately resistant, and highly resistant or immune cul-
tivars (lines), 3, 9, 16, and 56, respectively, were consistent between
the 2 years of results, and 16 cultivars (lines) behaved as different re-
sistance levels. After combining IT and cluster results for the tested
cultivars (lines), most of them were resistant to Chinese predominant
stripe rust races CYR32, CYR33, and pathogenic type G22-83.
Standard curves of P. striiformis f. sp. tritici and wheat. The

equation to quantify the DNA amount of P. striiformis f. sp. tritici
was y1 = −0.2947x1 + 6.1805 (R2 = 0.9925, P < 0.01), where y1 is
log10 value of the concentration of P. striiformis f. sp. tritici’s
DNA in picograms and x1 is the corresponding Ct value. The equa-
tion to quantify the DNA of wheat was y2 = −0.2979x2 + 8.5922
(R2 = 0.9755, P < 0.01), where y2 is the log10 value of the concentra-
tion of wheat’s DNA in nanograms and x2 is the corresponding Ct
value.
Cluster analysis. Using 2 years of data of MDIs of 14 or 15 DAI,

the 100 cultivars (lines) were classified into four groups by the hier-
archical cluster analysis. Based on the 2014 to 2015 experiment, 7
cultivars (lines) were highly susceptible, 18 were moderately suscep-
tible, 15 were moderately resistant, and 60 were highly resistant or
immune (Fig. 1B). Based on the 2016 to 2017 experiment, 9 cultivars

Table 1. Resistance grouping of 100 wheat cultivars (lines)a

Year HS, % MS, % MR, % HR, % All, %

2014–2015 57 56 47 90 75
2016–2017 89 55 69 95 82

a Four groups were considered, and a total of 100 wheat cultivars (lines) were
studied for their resistance levels to stripe rust. HR, highly resistant to wheat
stripe rust; HS, highly susceptible to wheat stripe rust; MR, moderately re-
sistant to wheat stripe rust; MS, moderately susceptible to wheat stripe rust.

Fig. 3. Linear regressions of area under the disease progress curve in terms of disease index (AUDPC-DI) with molecular disease index (MDI) of 9 days after inoculation (DAI) of
sampling (A) and MDI of 14 DAI of sampling (B) in the 2014 to 2015 experiment and linear regressions of AUDPC-DI with MDI of 9 DAI of sampling (C) and MDI of 15 DAI of
sampling (D) in the 2016 to 2017 experiment. The dotted lines represented 95% confidence intervals.
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(lines) were highly susceptible, 20 were moderately susceptible, 16
were moderately resistant, and 55 were highly resistant or immune
(Fig. 2B).
Intensive analysis was performed to determine the percentage of

the tested cultivars (lines) that belonged to the same group of clusters
based on AUDPC-DI data and MDI data. The results of clustering
analysis based on AUDPC-DI data were used as the reference, and
the percentage of cultivars (lines) clustered based on MDI data that
matched to the same group based on the reference was calculated
for each of the four groups. In the 2014 to 2015 experiment for the
highly susceptible cultivar (line) group, which had seven cultivars
(lines) clustered based on MDI data, four cultivars were attributed
as the same group and three cultivars were clustered to the moder-
ately susceptible group based on the AUDPC-DI data. Similarly
for the group of moderately susceptible cultivars (lines), which
had 18 cultivars (lines), 10 were attributed to the same group, 7 were
attributed to the moderately resistant group, and 1 (B130) was attrib-
uted to the highly susceptible cultivar group based on the AUDPC-
DI data. For the group that had 15 moderately resistant cultivars
(lines), 7 were attributed to the same group and 8 were attributed
to the highly resistant cultivar group based on the AUDPC-DI data.
Among 60 highly resistant cultivars (lines), 54 cultivars were attrib-
uted to the same group and 6 cultivars were clustered to the moder-
ately resistant group based on AUDCP-DI data. The 2016 to 2017
experiment showed that 89, 55, 69, and 95% of cultivars (lines) clus-
tered based on the MDI data belonged to the same groups clustered
based on AUDCP-DI data for highly susceptible, moderately suscep-
tible, moderately resistant, and highly resistant groups, respectively
(Table 1). The comparison showed the high consistency of such per-
centages between the 2 years’ results for the moderately susceptible
and highly resistant groups and some levels of variation of such per-
centages for the highly susceptible and moderately resistant groups
(Table 1).
Correlation between AUDPC-DI and MDI. All correlations

were significant (P < 0.0001) between AUDPC-DI and MDIs of 9
and 14 DAI (the 2014 to 2015 experiment) or 15 DAI (the 2016 to
2017 experiment) of samplings for the 2 years’ data (Fig. 3), and
the correlation coefficients were 0.8192, 0.8968, 0.8978, and
0.9444, respectively (Fig. 3). The correlation between AUDPC-DI
and MDI of 1 DAI sampling was not significant at a = 0.05, whereas
that between AUDPC-DI and MDI of 5 DAI sampling was signifi-
cant at a = 0.05; however, the correlation coefficient was relatively
low with data of the 2014 to 2015 experiment (data not shown).

Discussion
Based on the 2-year experiments, this study showed that the cor-

relations between AUDPC-DI andMDIs of 9 or 14 to 15 DAI of sam-
plings during the latent period were all significant. We also found
that the resistance levels of cultivars (lines) evaluated based on
AUDPC-DI data were highly consistent with those based on MDI
data. Most of the assays relying on visual assessment of the symp-
toms, lesion measurement, or ITs are time consuming and labor
intensive, especially for larger numbers of tested materials.
Comparatively, the MDI data, which could be obtained in a short
amount of time and efficiently, can be used to estimate the possible
resistance level to represent its dynamic expression in the fields. The
molecular approach can likely replace the filed approaches for eval-
uation of varietal resistance to wheat stripe rust. We found that about
10 days after infection was the best time for leaf sampling to obtain
MDI data. This study provided a new and efficient method for eval-
uation of varietal resistance to wheat stripe rust.
It was less accurate when using MDI data to evaluate resistance

levels for moderately resistant and moderately susceptible cultivars
(lines). This was perhaps because of the fact that most adult-
resistant cultivars (lines) showed moderate resistance or high resis-
tance based on AUDPC-DI data, and part of their resistance could
be induced by high temperature. Thus, P. striiformis f. sp. tritici
may be developed in the plant tissues during the latent period when
the temperature was relatively low, whereas the disease was sup-
pressed later when the temperature was high in the fields, which

was called high-temperature adult plant resistance (Chen 2013).
Moreover, it may help to find more cultivars (lines) with horizontal
resistance by comparing resistance of cultivars (lines) with the meth-
ods of AUDPC-DI and MDI.
The sampling times to test latent infections in this study were

arranged four times after inoculation in 2015. The correlations be-
tween AUDPC-DI and MDIs of 9 and 14 DAI of samplings were
both significant, whereas that of 1 DAI of sampling was not signifi-
cant at P = 0.05, and that of 5 DAI sampling was significant but with
a low correlation coefficient. The development of P. striiformis f. sp.
tritici inside wheat leaves during the latent period may be faster dur-
ing 5 to 9 days after infection than in the earlier stage. Thus, increas-
ing the number of samples in the later latent period could help us
obtain a more accurate evaluation of host resistance.
The developments of P. striiformis f. sp. tritici in different culti-

vars during the latent period were monitored by qPCR assay. The
trend of MDIs was exponentially increased in susceptible cultivars
(lines) during the sampling period, whereas the flexible trend was
shown in resistant cultivars (lines). Furthermore, in these resistant
cultivars (lines), the disease development curves of P. striiformis f.
sp. tritici could be helpful to distinguish different resistance types
of cultivars (lines), such as those resistant to initial infection or those
resistant to pathogen development inside leaf tissues. More accurate
experiments to determine such resistance mechanisms during the la-
tent period should be designed and tested in a future study.
Our results showed that most wheat cultivars (lines) used in the

study exhibited all-stage resistance. Some wheat cultivars may still
be resistant to P. striiformis f. sp. tritici races of CYR32 and
CYR33 (popular in the past 15 years). Xue (2015) and Zeng
(2011) both studied the resistance of wheat cultivars (lines) to P. strii-
formis f. sp. tritici in the different wheat-producing areas, and the re-
sults showed that most cultivars (lines) planted in Longnan and
Sichuan areas were resistant to P. striiformis f. sp. tritici. The study
of Zeng (2011) showed that 47.8% of 69 cultivars (lines) showed all-
stage resistance, agreeing with the results of our study.
This research classified 100 cultivars (lines) into four groups based

on resistance levels using cluster analysis with data of AUDPC-DI.
The results of classification were in accordance with ITs in general.
However, for a few cultivars (lines), the results using AUDPC-DI
data showed high resistance, where the results using ITs showed sus-
ceptibility, such as Chuannong 19 and Mianmai 168. The develop-
ment of disease is a progress of interaction between host and
pathogen. Also, wheat stripe rust is a polycyclic disease, and P. strii-
formis f. sp. tritici could infect wheat many times during the growing
season. IT is a qualitative sign and relatively stable in the environ-
ment, whereas area under the disease progress curve (AUDPC) is a
quantitative sign that could represent disease development in the
whole epidemic period (Zeng et al. 1981a). The combination of
methods using IT and AUDPC could obtain overall resistance eval-
uation of the tested cultivars.
qPCRwas used to efficiently identify the host resistance during the

interactions between host and pathogen. However, previous research
paid attention to seeding stage and evaluated few varieties (Jackson
et al. 2006; Yang et al. 2008). In comparison, this study focused on
the feasibility and high efficiency of the methods of qPCR to identify
the resistance of large numbers of samples combined with field ex-
periments. Moreover, the method may be applied in evaluation of re-
sistance in other pathosystems.
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