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Abstract

Stripe rust, caused by Puccinia striiformis f. sp. tritici (Pst), is one of the most important diseases on wheat, causing
severe yield losses. The pathogen can only survive the summer in the cooler areas of northern and western regions

in China. Compared to the main wheat-growing region, the oversummering region is relatively small. Therefore,
managing stripe rust in the oversummering region is crucial for controlling the disease nationwide. In this study, we
conducted experiments to determine the survival of the predominant Pst races in China under high temperatures
and used the data to predict potential Pst oversummering regions. The predominant races (CYR32, CYR33, and CYR34)
were able to survive and reproduce at an average temperature of up to 27 °C. Disease incidence and the number

of uredinia decreased with increasing temperatures of 24-27 °C during incubation. The results from re-delimiting
oversummering regions suggested that Pst is able to oversummer in the east of Gansu province and the south

of Shanxi province, which were previously considered unsuitable for Pst oversummering. Based on the present study,
the east of Inner Mongolia and north of Heilongjiang could provide the oversummering condition for Pst. Three major
oversummering regions, the Liupan Mountain range, the highlands in the south of Gansu province, and the east

of Qinghai province were identified. The results should be useful for adjusting strategies to manage stripe rust

in China.
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Background

Puccinia striiformis f. sp. tritici (Pst), the causal agent of
wheat stripe rust, is a biotrophic fungus and one of the
major threats to wheat production worldwide (Well-
ings 2011). Pst can infect wheat plants throughout the
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cool climate conditions, with low temperatures favor-
ing its infection and summer survival. Sharp (1965)
reported that urediniospores can germinate in the range
of 2 to 15 °C, with the optimum temperature of 7-11 °C
for infection. Temperature above 20 °C may drastically
reduce Pst infection. Infection declines from 100% at
15.4 °C to 0.8% at 20.5 °C under controlled conditions
(Park 1990). Zeng (2003) reported that regions with an
average daily temperature during a period of ten consec-
utive days exceeding 22 °C are not suitable for Pst over-
summering. However, with changing climate conditions,
it remains unclear whether the Pst population in China
has adapted to high temperatures.

The identification of Ps¢ survival regions in both sum-
mer and winter has been instrumental in managing stripe
rust in China (Kang et al. 2010). Based on previous stud-
ies, Li and Zeng (2002) defined five Pst oversummer-
ing regions: (1) the northwest region including south of
Gansu, south of Ningxia, and east of Qinghai provinces;
(2) the Yunnan region, mainly the central Yunnan prov-
ince; (3) the northwest of Sichuan province; (4) the north
China region including the areas bordering between
Hebei, Inner Mongolia, and Shanxi province; and (5) the
Xinjiang region. Ma et al. (2004) classified the potential
Pst oversummering regions in China based on the cri-
terion of the average temperature not exceeding 22 °C
during periods of ten consecutive days. However, given
the changing wheat growing systems in China, changing
climates, and the potential adaptation of Pst to high tem-
peratures, there is a need to redefine potential Pst over-
summering regions in China.

The global annual average temperature increased
by 0.74 °C in the twentieth century and is projected to
increase by another 1.1-6.4 °C by the end of the twenty-
first century (Pachauri and Reisinger 2007). The average
temperature in July and August in China increased from
1960 to 2017, with a notable rise observed, particularly
after 1980 (Additional file 1: Figure S1). The impact of
increasing temperature is likely to vary among species
and regions (Parmesan and Yohe 2003; Root et al. 2003;
Thomas et al. 2004). Milus et al. (2006, 2009) demon-
strated that new Pst races exhibit increased tolerance to
warmer conditions. Isolates of Pst with high-temperature
tolerance have also been reported in China (Zhang et al.
2013). However, it is not clear whether the current pre-
dominant Pst races in China, including CYR32, CYR33,
and CYR34, are adapted to high temperatures. The epi-
demic frequencies of CYR32, CYR33, and CYR34 are
15.20%, 2.36%, and 38.51%, respectively, in Gansu prov-
ince, the major initial inoculum provider for the broad
wheat planting areas of China (Jia et al 2021).

If present, high-temperature tolerant Pst races
could survive summer over larger areas than what was
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previously assumed. They could become prevalent in
summer and produce more urediniospores, initiating
stripe rust on seedlings of wheat crops in the autumn. In
this study, we conducted experiments under controlled
conditions to test the hypothesis that the predominant
Pst races in China can survive temperatures higher than
the previously considered limit threshold. The objectives
of this study were to (1) determine the maximum sur-
vival temperature for the predominant Pst races (CYR32,
CYR33, and CYR34) in China; and (2) use the survival
temperature along with the highest average air tempera-
ture over ten consecutive days to define areas where Pst
can oversummer.

Results

The maximum survival temperatures of the predominant
Pst races

The disease incidence decreased from 100% to 13.7% for
CYR32, 4.2% for CYR33, and 0.5% for CYR34 by increas-
ing temperatures from 16 °C to 27 °C, 19 days after inoc-
ulation. The number of uredinia fell from 272 to 17 for
CYR32, from 230 to 9 for CYR33, and from 248 to 2 for
CYR34 (Fig. 1). At the 27 °C average temperature regime,
the disease incidence and the number of uredinia for
CYR34 were close to zero. Five additional races collected
in 2023 from Yunnan, Sichuan, Hubei, Shaanxi, and
Gansu provinces, respectively, can survive temperatures
of up to 24 °C. The isolate from Yunnan province can sur-
vive up to 26 °C, while the isolate from Gansu province
can survive up to 27 °C (Additional file 1: Figure S2).

Highest average air temperature of ten consecutive days
The highest average air temperature is the decisive factor
for the survival of Pst. To determine the highest tempera-
ture of ten consecutive days, the average air temperature
was calculated for ten consecutive days from 1 July to
31 August for the years 2008—2017. The highest aver-
age air temperature typically occurs in late July in China,
including regions such as Gansu, Qinghai, and Ningxia
provinces, which are currently considered the main Pst
oversummering regions. In the southwest of China,
including Yunnan and Guizhou provinces, the average
air temperature remains relatively stable from 1 July to
31 August (Fig. 2). Based on these results, the average air
temperature of the last ten days in July, representing the
hottest period, was selected as the threshold to delimit
Pst oversummering regions.

Relationship between average temperature and geospatial
data

To delimit the oversummering areas for Pst, obtaining the
average air temperature of any given location is essential.
However, this task poses a significant challenge due to
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Fig. 1 Stripe rust incidences, numbers of uredinia, and infection types on wheat seedlings inoculated separately with urediniospores of three
predominant races (CYR32, CYR33, and CYR34) of P striiformis f. sp. tritici in China grown at various temperature regimes. a The disease incidences
on wheat seedlings tested at five temperature regimes. b The numbers of uredinia on wheat seedlings tested at five temperature regimes. ¢ The
infection types on wheat leaves grown at five temperature regimes (pictures were taken 19 days after inoculation)

the vast geographic scale. Conventionally, spatial interpo-
lation is employed as a method to approximate this data.
Nevertheless, attempting spatial interpolation across the
entire country using only 839 data points will inevitably
result in significant errors. To address this complex issue,
we analyzed the correlation between average tempera-
ture and geospatial factors such as latitude, longitude,
and altitude using a backpropagation neural network.
The results indicated a high correlation between average
air temperatures and geospatial data (latitude, longitude,
and altitude), with correlation coefficients (r values) of
0.987, 0.985, and 0.987 for the training, validation, and
combined datasets, respectively (Additional file 1: Fig-
ure S3). The mean squared error of the predicted average

temperature was 0.73. The discrepancy between the pre-
dicted and observed average temperatures was smaller
than the annual fluctuations for the validation set (Fig. 3).
Hence, using geospatial data to simulate average air tem-
perature is both feasible and reliable.

Delimitation of the oversummering regions for Pst in China
We predicted the potential Pst oversummering areas
based on the maximum average air temperature
required for the survival of the three predominant Pst
races, as well as the wheat planting regions in each area.
Although the predominant Ps¢ in China can survive aver-
age temperatures up to 27 °C under controlled condi-
tions, we selected 24 °C as the threshold to classify the
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Fig. 2 Average air temperatures of ten consecutive days in China based on climate data from 2008 to 2017: GON Region—Gansu, Qinghai,
and Ningxia provinces; YG Region-Yunnan and Guizhou provinces
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Fig. 3 Observed and predicted 2017 average air temperatures using the back propagation (BP) neural network model in comparison
with the 10-year average temperatures for 89 weather stations in the validation set
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oversummering regions, considering the actual natural
conditions. When the inoculated wheat seedlings were
incubated at 18 °C in dew chambers for 48 h, and then
grown under the 24 °C average temperature regime, the
disease incidence decreased to less than 3%, compared to
the above 40% when incubated at 10 °C (Additional file 1:
Figure S4); moreover, the disease incidence decreased
to zero when the inoculated seedlings were incubated at
20 °C in the dew chamber. Hence, the average of 24 °C
was selected as the threshold to delimit the oversummer-
ing regions.

Compared to the oversummering areas determined
in 1965 using the average temperature of ten consecu-
tive days<22 °C (Wang et al. 1965) (Additional file 1:
Figure S5), we observed prominent changes in the scope
of the oversummering areas (Fig. 4). The east of Gansu
province and the south of Shanxi province, once consid-
ered unsuitable for the survival of Pst in summer, have
now been classified as oversummering regions. Our
investigation on Pst oversummering in 2022 confirmed
that Ps¢ can infect and survive naturally in eastern Gansu
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(Additioanl file 2: Table S1). The northwest of Sichuan
province, once considered an important location for
Pst oversummering, has become less significant due to
a sharp decline in wheat planting acreage. Regardless
of whether using 22 °C or 24 °C as the upper limit tem-
perature for classifying oversummering regions, large
areas of oversummering regions were identified in the
eastern part of Inner Mongolia and the northern part of
Heilongjiang province. In the southwest oversummering
region, including the west of Guizhou province, the south
of Sichuan province, and almost the entire Yunnan prov-
ince, no significant changes were observed, except for
some expansion in the west of Guizhou. No significant
change was observed in the area of the Xinjiang over-
summering region when examined with either 22 °C or
24 °C as the upper limit temperature.

Determination of core oversummering regions

In the process of delimiting oversummering areas,
more important regions were revealed in the northwest
region, which provides initial inoculum for the main
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Fig. 4 Oversummering regions for P. striiformis f. sp. tritici in China were defined based on wheat acreage exceeding ten thousand hectares
and the average air temperatures during the last ten days of July being less than 24 °C
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oversummering regions. These regions are defined as
core oversummering regions (CORs) and include the
spring wheat planting areas and the late-maturing winter
wheat areas with an altitude above 2000 m in the south
of Gansu, south of Ningxia (the Liupan Mountain range),
and east of Qinghai province (Fig. 5). In the CORs,
wheat harvesting period lasts for a long time, from late
July to September, depending on the altitude. Our sur-
vey on oversummering showed that, after mid-July, only
the fields in the CORs have wheat in the growing stage.
Wheat harvest period and the occurrence of stripe rust
in the CORs were presented in Additional file 2: Table S2.
The CORs play an important role in preserving and pro-
viding urediniospores for volunteer wheat seedlings in
the main oversummering regions during summer. Hence,
the CORs are essential in the annual epidemic cycle of
wheat stripe rust and warrant increased attention on its
management.

Discussion
The pathogen of stripe rust prefers cool climatic condi-

tions and exhibits tolerance to low temperatures. Tem-
peratures between 0 and — 10 °C inhibit the survival of
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the parasite but do not completely halt it (Rapilly 1979).
Li and Zeng (2002) reported that Pst could successfully
survive in winter, even when the monthly mean tem-
perature is below — 10 °C, as long as wheat seedlings are
covered with snow. Due to its adaptability to low tem-
peratures, wheat stripe rust can emerge very early in
the seedling stage, resulting in more severe damage in
some areas than leaf rust (caused by Puccinia triticina)
and stem rust (caused by Puccinia graminis £. sp. tritici)
(Chen 2005). Compared to low temperatures, the path-
ogen is more vulnerable to high temperatures. Recent
studies have confirmed that some Pst races exhibit
tolerance to relatively high temperatures (Zhang et al.
2013). Our results also revealed that the prevalent races
in China could survive and sporulate at an average tem-
perature of 27 °C. However, both spore production and
disease incidence were significantly lower compared
to the optimum temperature. The adaptability of Pst
to high temperatures expands its oversummering area,
further increasing the supply of initial inoculum in the
fall and exacerbating the epidemic of stripe rust in the
following year.
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Fig. 5 The core oversummering regions (CORs) of P, striiformis f. sp. tritici and the directions of Pst urediniospore dispersal. The elliptical circles
denote the core oversummering regions. Red solid line arrows indicate the directions of urediniospores dispersed from the CORs to the main
oversummering regions in summer and then to the overwintering areas in the fall. Dashed orange line arrows indicate the directions

of urediniospores transmitted from the overwintering areas to the main oversummering regions and then to the CORs in the following spring
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Oversummering represents a bottleneck stage in the
life cycle of Pst. Managing Pst oversummering area is
considered the most cost-effective step for controlling
wheat stripe rust. Therefore, re-delimiting the oversum-
mering regions is of great significance for the control of
the disease, especially given the increasing adaptability
of Pst to high temperatures. In this study, we determined
the maximum temperature that the predominant races of
Pst in China can survive and pinpointed their oversum-
mering areas. These results provide valuable guidance
for monitoring and managing stripe rust in China. The
expansion of the oversummering area suggests that we
may face greater challenges in controlling wheat stripe
rust in China.

Temperature and moisture are two important factors
that affect the infection and occurrence of stripe rust. We
only considered temperature as the parameter in delimit-
ing the oversummering areas of Pst. This is because, in
general, there is an abundance of precipitation in summer
in most areas of wheat cultivation in China. Based on the
climate data from the last ten days of July, precipitation
ranged from 5 to 48 mm in the northwest oversummer-
ing region, including Gansu, Qinghai, and Ningxia prov-
inces. In the southwest oversummering region, mainly
comprising Yunnan and Guizhou provinces, the rainfall
ranged from 29 to 158 mm according to the meteoro-
logical data from 2008 to 2017 (http://data.cma.cn/). Fur-
thermore, the formation of dew at night during summer
also provides the moisture needed for urediniospore ger-
mination and infection (Chen 2005). Therefore, moisture
is generally not a limiting factor for oversummering in
China.

The results of this study showed that there was a
large area of oversummering region in the northeast,
encompassing the east of Inner Mongolia and north of
Heilongjiang. However, there have been no reports of
large-scale outbreaks of wheat stripe rust in this region.
Stripe rust can occur in this region, and it tends to mani-
fest at low levels when the disease is severe in regions
to the south and west, as observed in 2021 (Zhou et al.
2023). The winter in this region is generally too cold for
Pst to survive. Spring wheat is grown as a relatively minor
crop and harvested in late August. Airflow trajectory
analysis showed that, during July and August, there is no
airflow from this region to other oversummering regions
(data not shown). Therefore, the role of this oversummer-
ing region in the epidemic of wheat stripe rust might be
minor.

The grass species that can harbor wheat stripe rust fun-
gus have been reported around the world (Arthur 1925;
Newton 1936; Wahl et al. 1984; Holmes and Dennis 1985;
Stubbs 1985; Line 2002; Cheng et al. 2016). In China,
although several studies have reported on the grass hosts
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of Pst (Li and Zeng 2002; Niu et al. 1991; Qin et al. 2022),
the role of grass hosts in China on the epidemic of wheat
stripe rust is very limited (Li and Zeng 2002). Hence, in
this research, the classification of oversummering region
was based on the areas of wheat planting, while disre-
garding the influence of grass hosts.

Although we took the wheat planting area into account
when classifying the oversummering regions, some areas
with no wheat planting were still classified as oversum-
mering regions due to the uneven distribution of wheat
cultivation, for example, the south of Shaanxi, west of
Hubei, and southeast of Xinjiang province. More accu-
rate wheat planting areas from remote sensing images
should be helpful to obtain more precise oversummering
regions.

Disease management in the pathogen-oversummering
areas is an economical and effective solution in the pre-
vention and control of wheat stripe rust. The northwest
oversummering region, with wheat planting areas total-
ing 0.86 million hectares (Chinese National Bureau of
Statistics, https://data.stats.gov.cn), primarily encom-
passing Gansu, Qinghai, and Ningxia provinces, stands
out as the most important survival region for Pst during
the summer in China. In the past, measures have been
proposed to eliminate volunteer wheat seedlings in the
northwest oversummering areas to reduce the initial
inoculum of Pst in the fall (Liu and Chang 1982). How-
ever, this strategy is difficult to implement in such a large
region. In this study, we proposed the concept of CORs
(Core Oversummering Regions) and defined its detailed
scope. The CORs are essential and important in the
annual epidemic cycle of wheat stripe rust because they
serve as the main reservoir of Pst and supply the initial
inoculum for the volunteer wheat seedlings in the main
oversummering regions during summer. By controlling
wheat stripe rust in the CORs, the initial inoculum for
the volunteer seedlings should be greatly reduced. As a
result, the incidence and affected area across the main
oversummering regions, as well as the disease incidence
on wheat seedlings in the fall, should be reduced. The
epidemic cycle involving the CORs is as follows (Fig. 5).
After almost all winter wheat is harvested, the CORs
remain the only main reservoir of Pst in the northwest
region and provide initial inoculum for the volunteer
wheat seedlings across the main oversummering areas
from July to September. After the emergence of early-
sown winter wheat in the broad oversummering region
(sown from early to mid-September), the urediniospores
on the volunteer seedlings and some late-maturing spring
wheat spread to the seedlings of early-sown winter wheat
crop. When the urediniospores reproduce on the seed-
lings of early-sown winter wheat, they spread through
airflow to the broad winter wheat areas, including
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Shaanxi, Sichuan, Henan, and Hubei provinces, where
the sowing time is usually from early to mid-October. In
the following year, part of the inoculum in the main over-
summering regions originates from the primary winter
wheat regions, while another part comes from local over-
wintering Pst. After reproduction on the seedlings in the
main oversummering regions, the urediniospores spread
to the CORs, completing the annual epidemic cycle.

Conclusions

The predominant races CYR32, CYR33, and CYR34
in China are able to survive and grow at average tem-
peratures as high as 27 °C under controlled conditions,
but the disease incidence was reduced. The adaptabil-
ity of Pst to high temperatures expands the range of its
oversummering area. Compared to the oversummering
areas determined using an average temperature of less
than 22 °C for ten consecutive days, significant changes
were observed in the extent of the oversummering areas.
Three important regions in the northwest were identified
as providing initial inoculum for the main oversummer-
ing regions. These regions were defined as core over-
summering regions (CORs), including the spring wheat
planting areas and the late mature winter wheat areas
at altitudes above 2000 m in the south of Gansu, south
of Ningxia (the Liupan Mountain range), and the east of
Qinghai province.

Methods

Data sources

Meteorological data from 839 weather stations located
in 34 provinces in China, covering the period from 1960
to 2017, were obtained from the Chinese Meteorological
Science Data Center website (http://data.cma.cn). Data
of the digital elevation model (DEM) were downloaded
from the Geospatial Data Cloud website (https://www.
gscloud.cn). The wheat growing area was obtained from
the Chinese National Bureau of Statistics website (http://
www.stats.gov.cn).

Pst races and wheat cultivar

The predominant races of Pst in China, including CYR32,
CYR33, and CYR34, were provided by the Wheat Stripe
Rust Collection Center (WSRCC) at Northwest A&F
University. These races were used to study their toler-
ance to high temperatures. A susceptible wheat culti-
var, Mingxian 169 (MX169), was used for reproducing
urediniospores and the inoculation tests under differ-
ent temperatures. Wheat plants at the two-leaf stage are
dust-inoculated with a mix of fresh urediniospores with
talcum at about 1:20 ratio (Chen and Kang 2017).
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Testing for maximum survival temperatures of the Pst races
To determine the maximum temperature for survival
of each race, we inoculated six pots (9X9%X9 cm) of
wheat seedlings (8—10 seedlings in each pot) of cultivar
MX169 with fresh urediniospores. The seedlings were
misted with tap water and then incubated at 10 °C in a
dew chamber for 48 h in the dark. The inoculated seed-
lings were transferred to growth chambers set to one
of the five fluctuating temperature regimes (Additional
file 2: Table S3) with the respective average temperature
of 16 °C, 24 °C, 25 °C, 26 °C, and 27 °C, with a photoper-
iod of 16 h light and 8 h dark. In order to simulate natu-
ral conditions, another set of tests were conducted with
the temperature in the dew chambers set at 18 °C, 20 °C,
22 °C, or 24 °C. After the inoculated seedlings were incu-
bated in the dew chamber for 48 h, the seedlings were
transferred to growth chambers at the average tempera-
ture of 24 °C. The photoperiod was the same as the above
settings for the average temperature 24 °C regime. The
number of leaves bearing Ps¢ pustules (as incidence) and
number of uredinia were recorded 19 days post inocula-
tion (Chen and Kang 2017). The above experiments were
repeated three times.

Determination of the highest average air temperature

of ten consecutive days

Zeng (2003) reported that the regions where the average
daily temperature during a period of ten consecutive days
exceeds 22 °C are not suitable for Pst oversummering. In
order to find the maximum average air temperature of
ten consecutive days for each weather station, we calcu-
lated the average air temperature of ten consecutive days
from 1 July to 31 August using ten days as a sliding win-
dow based on the meteorological data of 839 weather sta-
tions from 2008 to 2017.

Regression analysis of geospatial data and average air
temperatures

Longitude, latitude, and altitude data across China were
extracted from the digital elevation model (DEM, https://
www.gscloud.cn). To explore the relationship of geospa-
tial data (longitude, latitude, and altitude) with average
air temperatures, we performed regression analysis with
a back propagation neural network using the geographi-
cal data and average air temperatures of the 839 weather
stations. Of the 839 national climate stations across
China, 750 were selected randomly as the training set
and the remaining 89 stations as the validation set. Then,
we used the regression model and the geospatial data to
estimate the average air temperatures for the whole coun-
try. We resampled 1,048,575 data points from the digital
elevation model across China, with a distance of 1800 m
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between adjacent points. Therefore, the spatial resolution
of our final map for re-delimiting oversummering regions
was 1800 m.

Delimitation of the regions for Pst oversummering in China
To determine whether a particular area is significant
for Pst oversummering, two criteria were used. First,
the average air temperature for ten consecutive days in
the given area is lower than the maximum temperature
at which Pst (as represented by the three predominant
races) can survive. Second, the total wheat-growing acre-
age in the area is more than 10,000 ha.

Data analyses

To verify that the average air temperature of any point
in China is highly related to its geographical information
(longitude, latitude, and altitude), we performed a regres-
sion analysis of the geographical data (longitude, latitude,
and altitude) with average temperatures using the back-
propagation (BP) neural network model run on Matlab
(R2016a). Sigmoid function, f(x) = ﬁ, was used as
the activation function. Extraction of geospatial data and
visualization of oversummering regions were performed
using software ArcGIS version 10.8. The classification of
the oversummering region was carried out based on the
Mercator projected map of China.
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Pst Puccinia striiformis f. sp. tritici
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