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Abstract: Leaf rust of wheat caused by Puccinia triticina (Pt) is one of the most common fungal
diseases in the southwest and northwest of China, the middle and lower reaches of the Yangtze
River, and the southern part of the Huang-Huai-Hai river basin. Using 13 simple sequence repeat
(SSR) markers, we systematically revealed the genotypic diversities, population differentiation and
reproduction of Pt isolates in 15 wheat-producing areas in China. A total of 622 isolates were divided
into 3 predominant populations, including the eastern Pt populations, consisting of Pt samples from
8 eastern provinces of Beijing, Hebei, Shanxi, Shaanxi, Anhui, Shandong, Henan, and Heilongjiang;
the 4 western Pt populations from Gansu, Qinghai, Sichuan, and Inner Mongolia provinces; and
the bridge Pt populations including Jiangsu, Hubei, and Yunnan, which communicated the other
2 populations as a “bridge”. The pathogen transmission of eastern Pt populations was more frequent
than western Pt populations. The linkage disequilibrium test indicated that the whole Pt population
was in a state of linkage disequilibrium. However, populations of Beijing, Hebei, Shaanxi, Jiangsu,
Henan, and Heilongjiang provinces showed obvious linkage equilibrium, while the five provinces of
Qinghai, Hubei, Anhui, Shandong, and Inner Mongolia supported clonal modes of reproduction.

Keywords: Puccinia triticina; simple sequence repeats; population genetic structure; pathogen exchange

1. Introduction

Wheat is the third largest grain crop in China after corn and rice, accounting for 20.7%
of Chinese total grain output, which is of great significance to Chinese grain stability [1].
Although China attaches great importance to the production and supply of wheat, it has
still been facing various production crises [2]. Leaf rust of wheat caused by Puccinia triticina
(Pt) is the most common and widespread fungal disease among the three major wheat rust
diseases, which seriously threatens world wheat safety [3]. Wheat leaf rust has a wide
incidence area, especially in the southwest and northwest of China, the middle and lower
reaches of the Yangtze River, and the southern part of the Huang-Huai-Hai river basin [4].
In recent years, the occurrence of wheat leaf rust has been increasing. In 2008, 2009, 2012
and 2013, it occurred on a large scale throughout the country, causing serious losses in
some areas of Shandong, Henan and Xinjiang. In 2015, it broke out in Huang-Huai-Hai
region, especially in Henan, Anhui, and other provinces [5,6].

The prevention and control of wheat rust should be built on the strengthening of
disease monitoring and integrated measures of planting disease-resistant varieties, supple-
mented by fungicides and cultivation control [7]. Planting disease-resistant varieties is the
most effective and environmentally friendly method to control wheat leaf rust. However,
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the resistant varieties of wheat usually became ineffective in a few years due to rapid
evolution of Pt [8]. In addition, urediniospores of Pt can disperse over large areas by air
currents and migrate between different regions, causing it to establish new populations in
new areas [9].

Although it is simple, intuitive, and practical to study the population virulence of
Pt by traditional virulence analysis, the results are easily affected by the differential host,
environmental conditions, and human factors, and it is difficult to comprehensively reflect
the population genetic structure and genetic relationship of Pt [10]. SSR molecular marker
technology effectively reveals diminutive variation among individuals within the same
species, using a series of primer pairs [11]. Duan [12] and Szabo et al. [13] reported SSR
primers for genetic polymorphism analysis of Pt in 2003 and 2007, respectively. Since
then, population genetic studies of Pt using SSR markers were carried out in many regions
of the world. Ordoñez et al. [14] determined the molecular polymorphisms between Pt
populations collected from durum wheat and found that SSR genotypes of isolates from
South America, North America, and Europe were highly similar, indicating that they might
originate from a single source. Similar studies were carried out in central Asia [9], the
Middle East [15], Europe [16], and other regions, including China.

Xu et al. [17] found high levels of population genetic diversity in Hebei, Henan, and
Shandong provinces, and there was a correlation between genetic polymorphisms and
geographical source. Kolmer [18] analyzed Pt samples from seven provinces in China,
and found no overall differentiation of SSR genotypes or virulence phenotypes based on
province of origin. The reason the results of these two studies on the genetic structure of Pt
populations in China were not completely consistent was that the study did not include
as many wheat production areas in China as possible. There were big differences in the
ecological environment between eastern and western China. We believed that the genetic
structure of Pt populations could be revealed more clearly in a broader landscape, and the
genetic relationship of different populations in different regions of China can also be more
comprehensively analyzed.

In this study, we collected samples of wheat leaf rust from 15 provinces (Beijing, Hebei,
Henan, Shandong, Shanxi, Shaanxi, Anhui, Jiangsu, Hubei, Yunnan, Sichuan, Gansu, Qinghai,
Heilongjiang, and Inner Mongolia) of China, using 13 SSR markers to determine if distinct
regional division between populations in 15 provinces of Pt is present, and to reveal the
reproduction mode of Pt populations in the above regions, which is important for formulating
a suitable control strategy and an appropriate layout of leaf rust resistant varieties.

2. Materials and Methods

A total of 709 wheat leaf rust collections of Pt were obtained from locations in Beijing,
Hebei, Shanxi, Yunnan, Jiangsu, Gansu, Qinghai, Sichuan, Hubei, Shaanxi, Anhui, Shan-
dong, Henan, Heilongjiang, and Inner Mongolia provinces in 2018 (most of the collections
were obtained and sent by scientists from the Chinese Cereal Rust and Powdery Mildew
Research Group of the Institution of Plant Protection, Chinese Academy of Agricultural
Sciences) (Figure 1 & Table A1). Wheat leaves with uredinial infections of Pt were dried at
room temperature and then stored in craft paper bags at 4 ◦C until single uredinial isolation.

A 2 cm segment of wheat leave containing continuous uredinial infections was cut off
from each sample and was put into mineral oil (Soltrol 170, Pillips 66 Company, Houston,
TX, USA) in a 2 mL centrifuge tube for urediniospores dispersion. Then, mineral oil with
urediniospores was pumped out onto 7-day-old seedlings of wheat variety Mingxian 169
for inoculation. After drying for 1 h, wheat plants were put in a dew chamber at 20 ◦C
in darkness for 18 to 24 h. After that, inoculated wheat plants were put in a greenhouse
with supplemental illumination at 20 to 28 ◦C in the daytime and 15 to 18 ◦C in darkness
at night. Each plant was covered with a glassine paper bag (40 × 30 cm, 45 g/m2) to
reduce cross-contamination. After 10 to 12 days of inoculation, the leaf segment with a
single uredinial infection as the inoculum was cut off. The process was repeated, and
urediniospores were collected by tapping the cellophane bag.
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Figure 1. The collection site of Pt samples collected from 15 provinces in China in 2018, red dots
represent sample collection sites.

Twenty mg of urediniospores for each isolate was used for DNA extraction by Plant
Genomic DNA Kit (TIANGEN Biotech (Beijing), China) according to manufacturer’s in-
structions. Thirteen SSR primer pairs developed from genomic libraries of Pt were used to
characterize the collections [12] (Table 1). The Polymerase Chain Reaction (PCR) reaction
was carried out in a total volume of 25 µL, including 12.5 µL of 2 × UniqueTM Taq Super
Master Mix (Novogene, Beijing, China), 1 µL (100 ng/µL) of genomic DNA, 9.5 µL of sterile
ddH2O, and 1 µL (10 ng/µL) of forward and reverse primers, respectively. The conditions
were as follows: initial denaturation at 94 ◦C for 5 min, 35 cycles at 94 ◦C for 30 s, 53–64 ◦C
for 30 s (according to the annealing temperature of the primers), 72 ◦C for 60 s, and a final
extension at 72 ◦C for 10 min.

Table 1. Repeat motif, primer sequence, size, amplification conditions (Tm: annealing temperature),
number and size in base pair (bp) of alleles of the 13 microsatellite loci.

Locus Repeat Motif Primer Sequences (5′-3′) Tm (◦C) Florescence Product Sizes (bp)

RB1 (GT)5
TTGTCGTTCTGGAATGATGC

TGCCCACAACCCTCCTC 56 FAM 126–134

RB25 (AT)4 + (GT)7
ATGTCTGTAGTCGGCAGGGC

GCCTCTGCGGGATCGGT 58 ROX 226–228

RB35 (AC)9 + (TA)5 + (AG)5
ACTGCGATATCCAGTACACACAC

TGATGGGCTCGCAGTGG 62 FAM 244–248

RB29 (CA)15
CTCACCAAACATCAAGCACC
GAGCCTAGCATCAGCATCC 60 HEX 118–180

RB4 (GT)8
CAGTATTGTGGTGGTTGGATG

ACTCAAGAATAATGGGGAACAC 62 ROX 230–244

RB17 (TGC)5 + (TGG)6
CTTCGGTAGGATTTCGAGCG
CAGCTCCAAATCCTTTGCC 60 FAM 89–92

RB8 (TGG)7
CGCCGTTCCCATCGTTC

TAAAACACTCCACCCACGCC 64 HEX 138–147

RB11 (CA)17
AGCAGTGAGCAGCAGCGTC

ACTACTGTGAGTGTCGGCTTGG 58 ROX 178–208

RB26 (CT)8+6
TCGTCCTGCCTACCTCTGAC

AAAGTGCATGATCTGCATGTG 58 FAM 340–346
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Table 1. Cont.

Locus Repeat Motif Primer Sequences (5′-3′) Tm (◦C) Florescence Product Sizes (bp)

RB27 (CA)4+3
CTATCGAGTCCAGAACCGAAC
CAAGCCAAGACCTGAGCTATC 60 HEX 170

RB12 (AG)5+3
CCACAAGCAACCACATACCACC
TGGTCCATGAAGAAGTCTCTGAAC 60 ROX 288–298

RB10 (GT)7+4+4
TAAGATTGGTGGTATGTGGTGGA

TTGTCTTTCATCTCATCCAGCC 53 FAM 218

RB28 (TGG)5
CATCTGGCTGGTGAGGTCGC

GAAGCCCGCCGAGCAGC 58 HEX 315–318

Loci Reference: Duan et al., 2003.

Electrophoresis was carried out in a DYY-6B electrical swimming instrument after
PCR for testing the existence of PCR products. The PCR products were diluted at the ratio
of 1:50. Then, 1 µL of diluted products was added to the mixture of 9 µL Hi-Di (Hi-Di
Formamide for 3500 Dx/3500xl Dx) and Liz 500 (GeneScan™ 500 LIZ™ Size Standard), and
the mixing ratio of Hi-Di and Liz is 1000:15. SSR analysis was performed with ABI 3500xl
Genetic Analyzer (Applied Biosystems, Waltham, MA, USA). The length of the fragment
was identified by GeneMarker v2.7.0.

Genotypes were determined by different alleles at the 13 SSR loci. An R package
of poppr was used to analysis the data of admixed, clonal, mixed, and/or sexual popula-
tions [19]. Simpson’s index (1-D) was calculated to determine the diversity for each locus.
Genotypes richness and evenness were reflected by expected MLG (eMLG) and E.5 [20,21].
Genotype diversity was measured by the Shannon–Wiener index (H) [22], Stoddart and
Taylor’s index (G) [23], and Simpson’s index (lambda) [24]. Additionally, we used Corrected
Simpson’s Index (corrected lambda) to avoid the influence from various sample sizes.

Analysis of Molecular Variance (AMOVA) was used to analyze the variations of SSR
genotypes at three levels: between regions, between samples within regions, and within
samples [25]; Discriminant Analysis of Principal Components (DAPC) was a multivariate
and model-free approach to cluster samples, and based on prior population information [26].

A Bayesian approach was also used to group the SSR genotypes using STRUCTURE
v2.3.4 [27]. Global analysis was run for SSR genotypes for K ranging from 1 to 10, and we
performed 10 independent runs for each K value with 100,000 interactions and a burn-in
period of 10,000. Running results were submitted to structure the harvester website, the
best population number was determined by the highest delta K value. Finally, Distruct
software [28] was used to generate histograms of population structure.

Analysis of gene flow (Nm) was calculated by GENALEX [29]. Gene flow was a
collective term that included all mechanisms resulting in the movement of genes from
one population to another and was an important factor that affected the degree of genetic
variation within and between populations [30].

3. Results

From the genotype accumulation curve, it reached the plateau with 12 loci, indicating
that the 13 loci we used was enough for distinguishing all the observed MLGs (Appendix A
Figure A1). All the 13 SSR loci used in this study were polymorphic, with the average
number of observed alleles being 5.23 (Table 2). Except RB26 and RB12 having two alleles,
the other SSR markers produced 3–13 microsatellite alleles. The values of 1-D and Hexp
were similar, both ranged from 0.076 to 0.729, and the range of evenness was 0.435–0.997.
The RB26 locus had a low level of diversity and expected heterozygosity, and it was uneven
in allele distribution, indicating it might be a phylogenetically uninformative locus. The
diversity and evenness indexes of RB25 and RB27 were low, but the number of observed
alleles were abundant. RB29 had the highest diversity (1-D and Hexp were both 0.729),
containing the most alleles (the number of observed alleles was 13), and RB12 had the most
evenly distributed alleles (evenness = 0.997).
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Table 2. Allele, 1-D, Hexp and Evenness of the 13 microsatellite loci isolated from Pt.

Locus Allele 1-D Hexp Evenness

RB1 3.000 0.495 0.495 0.959
RB25 3.000 0.076 0.076 0.435
RB35 3.000 0.530 0.530 0.829
RB29 13.000 0.729 0.729 0.708
RB4 6.000 0.560 0.560 0.711
RB17 4.000 0.215 0.215 0.591
RB8 5.000 0.508 0.509 0.856
RB11 6.000 0.651 0.652 0.895
RB26 2.000 0.113 0.113 0.499
RB27 6.000 0.154 0.154 0.448
RB12 2.000 0.498 0.499 0.997
RB10 12.000 0.600 0.601 0.714
RB28 3.000 0.231 0.231 0.505
mean 5.231 0.412 0.413 0.704

Allele: Number of the observed alleles; 1-D: Simpson index; Hexp: Nei’s unbiased gene diversity; Evenness:
Evenness of the observed alleles.

To ensure the accuracy of analysis, loci data with more than 25% missing values
were removed, and data of 622 isolates were maintained from 709 samples for following
analyses. A total of 428 MLGs were observed from 622 isolates of Pt, indicating that 68.8%
of the isolates belonged to unique genotypes (Table 3). From the value of eMLG, the
population of Inner Mongolia had a high level of diversity (eMLG = 10.00), while Beijing
(eMLG = 7.65) and Yunnan (eMLG = 7.64) were lower. E.5 is an index to measure the
distribution of genotype abundance, where the genotype evenness of a population with
the same genotype abundance is equal to 1, while the genotype evenness of a population
dominated by a single genotype is close to 0. E.5 in this study ranged from 0.464 to 1.000,
with an average of 0.564, showing that genotypes were fairly evenly distributed in different
populations. The value of corrected lambda ranged from 0.875 to 0.980, and the overall
value was 0.998, indicating a high level of genotypic diversity in the 15 populations.

Table 3. Genotype diversity information of different Pt populations.

Province N MLG eMLG H G lambda Corrected
Lambda E.5

Beijing 18 11 7.65 2.29 9.00 0.889 0.909 0.898
Hebei 35 30 9.59 3.38 27.00 0.963 0.964 0.920
Shanxi 20 14 8.32 2.53 11.11 0.910 0.909 0.878

Shaanxi 48 46 9.92 3.81 44.31 0.977 0.974 0.977
Anhui 75 48 9.12 3.64 28.27 0.965 0.974 0.734

Shandong 61 37 8.72 3.33 20.33 0.951 0.955 0.718
Henan 63 50 9.53 3.80 37.09 0.973 0.976 0.830

Heilongjiang 28 27 9.88 3.28 26.13 0.962 0.955 0.980
Jiangsu 59 51 9.77 3.88 45.21 0.978 0.980 0.932
Hubei 42 38 9.67 3.57 31.50 0.968 0.971 0.881

Yunnan 54 31 7.64 2.92 9.11 0.890 0.966 0.464
Gansu 45 42 9.86 3.71 39.71 0.975 0.971 0.967

Qinghai 29 21 8.83 2.92 15.87 0.937 0.952 0.848
Sichuan 8 8 8.00 2.08 8.00 0.875 0.875 1.000

Inner Mongolia 37 37 10.00 3.61 37.00 0.973 0.973 1.000
Total 622 428 9.83 5.77 177.14 0.994 0.998 0.564

N: Number of individuals observed; MLG: Number of multilocus genotypes; eMLG: The number of expected MLG
at the smallest sample size ≥ 10 based on rarefaction; H: Shannon–Wiener Index of MLG diversity; G: Stoddart
and Taylor’s Index of MLG diversity; lambda: Simpson’s Index; Corrected Lambda: Corrected Simpson’s Index;
E.5: Evenness.
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The clonal strains’ spread of the pathogens in 15 provinces was supported by AMOVA
results, with variation within individuals at 94.98% (p = 0.001), and variation among popu-
lations at 5.02% (p = 0.001), which was consistent with previous studies [9,17] (Table A2).

The relative position of the Pt populations in DAPC scatter plot showed the genetic
distance between populations from different provinces (Figure 2). The first discriminant
component separated populations in Inner Mongolia from other regions. The second
discriminant component showed the genetic distance between the 14 populations were
relatively close, and the genetic divergence gradually obvious from the eastern populations
to the western population (from Heilongjiang to Qinghai). Separately analyzed from the
four quadrants, the samples of Beijing, Hebei, Shandong, Anhui, Shanxi, Shaanxi, Henan,
and Heilongjiang were mainly distributed in the third quadrant, while the samples of
Qinghai, Sichuan, and Gansu were clustered in the first quadrant. Jiangsu, Yunnan, and
Hubei populations were located in the second and fourth quadrants, connecting the first
and third quadrants. Inner Mongolia population was mainly located in the fourth quadrant,
and some samples were located near the samples of Qinghai, Sichuan, and Gansu provinces,
far away from the samples of Beijing, Hebei, and other cities in the third quadrant. The
populations in Beijing, Hebei, Shandong, Anhui, Shanxi, Shaanxi, Henan, and Heilongjiang
(eight central and eastern provinces) had close genetic distance, while populations in
Qinghai, Sichuan, and Gansu (three western and southwestern provinces) had close genetic
distance, indicating two independent epidemic areas, respectively. Jiangsu, Yunnan, and
Hubei populations might serve as a bridge between two independent epidemic areas.

To further cluster the 15 populations into different groups, STRUCTURE, the structure
harvester website, and Distruct were used to calculate and generate the different compo-
sitions of clusters at K values ranging from 2–4 (Figure 3). At K = 2, samples of Beijing,
Hebei, Shanxi, Shaanxi, Anhui, Henan, Heilongjiang, and Yunnan were differentiated from
Jiangsu, Hubei, Gansu, Qinghai, Sichuan, and Inner Mongolia. At K = 3, 15 populations
were divided into 3 clusters: The first cluster included samples from Beijing, Hebei, Hubei,
Shandong, Henan, and Heilongjiang; the second cluster included samples from Shanxi,
Yunnan, Shaanxi, and Anhui; the third cluster included samples from Jiangsu, Gansu, Qing-
hai, Sichuan, and Inner Mongolia. At K = 4, the sample of Hubei showed differentiation
from the others, divided into an independent cluster. Samples of Beijing, Hebei, Shandong,
Heilongjiang, and Sichuan were divided into the second cluster. Samples of Shanxi, Shaanxi,
Anhui, Henan, and Yunnan were divided into the third cluster. Samples of Jiangsu, Gansu,
Qinghai, and Inner Mongolia were divided into the fourth cluster. Structure results revealed
a genetic difference between the eastern populations and the western populations of Pt.
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Figure 3. Distruct software divided 15 populations based on the results of Structure for K = 2 to
K = 4. They are partitioned into different colors, and populations are divided by a black line. Each
vertical bar represents an individual, where the proportion of the color bar represents the membership
coefficient for each subpopulation. A bar with only a single color represents its ancestry to a single
population, and a mixture of colors represents admixture from different populations.

The Nm value between any two populations was greater than 1, indicating that there was
genetic exchange among the populations (Table 4). Pairwise populations of Beijing, Hebei,
Shanxi, Shaanxi, Anhui, Shandong, Henan, and Heilongjiang had frequent genetic exchanges,
while pairwise populations of Jiangsu, Gansu, Qinghai, and Sichuan had frequent genetic
exchanges. The level of genetic exchange between the Inner Mongolia population with other
populations were relatively low, except Jiangsu, Gansu, and Qinghai populations.

A genotype is the combination of alleles carried by a given individual at a particular
set of loci, and individuals carrying the same set of alleles are considered to have the same
multi-locus genotype. All the other populations had some shared genotypes except for
Qinghai, Sichuan, and Inner Mongolia (Table A3). Anhui and Shandong populations had
the greatest number of shared MLGs, and 10 of the 14 shared MLGs were found in both.
Populations of Beijing, Shanxi, Anhui, and Shandong had the proportion of shared MLGs
for 90.9% (10/11), 71.4% (10/14), 75% (36/48), and 97.3% (36/37), respectively, accounting
for more than half of the populations. Jiangsu population had the least proportion of shared
MLGs (except for Qinghai, Sichuan, and Inner Mongolia) while the greatest number of
MLGs, with only 8 shared MLGs identified from 51 MLGs (15.7%).

Table 4. The value of Nm between different pair of populations.

Beijing Hebei Shanxi Shaan-
xi Anhui Shan-

dong Henan Hei-
longjiang Jiangsu Hubei Yun-

nan
Gan-

su
Qing-

hai
Si-

chuan

Inner
Mongo-

lia

Beijing **** 22.804 10.592 11.137 13.288 14.439 16.472 12.661 6.081 5.542 7.218 6.499 3.295 2.980 2.392
Hebei **** 8.852 9.777 10.670 19.790 15.516 9.381 6.354 6.145 6.792 6.624 3.128 3.557 2.556
Shanxi **** 27.330 17.675 15.738 15.850 10.297 11.384 7.397 7.197 7.888 3.633 3.669 2.629

Shaanxi **** 29.722 17.275 22.931 10.971 9.710 10.638 7.814 8.471 3.731 4.590 3.259
Anhui **** 17.000 34.712 12.817 8.281 11.811 7.592 7.944 3.674 4.216 2.811
Shan-
dong **** 20.344 10.567 9.615 7.944 6.271 7.373 3.099 3.574 2.913

Henan **** 26.657 7.339 8.747 7.612 8.440 3.411 4.212 2.784
Hei-

longjiang **** 5.882 5.678 5.383 7.486 3.065 3.149 2.232

Jiangsu **** 7.540 6.331 20.202 7.553 7.970 5.204
Hubei **** 5.029 7.308 3.159 4.715 3.148

Yunnan **** 8.500 4.750 4.868 2.968
Gansu **** 8.324 12.984 4.363

Qinghai **** 6.420 4.213
Sichuan **** 3.991

Inner
Mongo-

lia
****

The value at the top is Nm; “****” represents the population itself and its non-existent gene flow.
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4. Discussion
4.1. Population Genetic Structure of Pt Collections

Populations monitored from 15 provinces show pathogen exchange especially in the
eastern region. Wheat leaf rust is a typical air-borne disease, urediniospores of Pt can
travel long distances by the upper air, resulting in regional communication [31], and the
spread of urediniospores leads to genetic exchange between different regions. Whitlock
and Mc Cauley [32] claimed when Nm > 4, the genetic exchange between populations is
relatively sufficient, which can play the role of homogenization and eliminate the genetic
difference of populations. Strong gene flow of Pt was found between the eight pairwise
populations, including Beijing, Hebei, Shanxi, Shaanxi, Anhui, Shandong, Henan, and
Heilongjiang (central and eastern regions), and was also found between the four pairwise
populations including Qinghai, Gansu, Sichuan, and Inner Mongolia (western regions),
indicating frequent pathogen exchanges exist in the two clusters, respectively. It was also
proved by the results of cluster analysis. For the eight populations in the central and
eastern regions of China, most of them are adjacent to each other, and the lack of mountain
barriers in these regions provides the geographical condition for pathogen spreading [18].
In addition, the provinces of Shandong, Anhui, Henan, Hebei, Shaanxi, and Shanxi belong
to the Huang-Huai winter wheat area, similar natural conditions make these populations
closely related to each other.

Sample locations of Qinghai, Gansu, Sichuan, and Inner Mongolia populations are
located in the western regions of China, which are geographically far away from the
central and eastern regions, and differentiated from these populations in genetic distance.
Qinghai and Gansu populations are located in high altitude areas, while Sichuan and Inner
Mongolia populations are located in the basin areas. For complex and diverse terrain, the
pathogen exchange among the 4 western populations is not as frequent as that among the 8
central and eastern populations. Furthermore, the population of Inner Mongolia exhibit
obvious difference between 8 populations in terms of Nm value and DAPC analysis. From
the geographical position, the Inner Mongolia population mainly comes from Bayannur
city, which is located in the west of Inner Mongolia and belongs to the Hetao plain irrigation
area [33]. Unlike winter wheat planted in other areas, spring wheat is mainly planted in
this area. From June to July, winter wheat is harvested gradually from south to north.
However, in Inner Mongolia, consecutive fields of spring wheat that has not been harvested
provides hosts for Pt, with an average temperature of 18–20 ◦C and abundant rainfall,
and both humidity and temperature are favorable for the epidemic of wheat leaf rust [34].
According to the shared MLGs, Beijing, Hebei, Shanxi, Anhui, Shandong, and Henan had
the proportion of shared MLGs ranged from 43.3–97.3%, suggesting that many of the MLGs
in one population could be identified in others. However, Qinghai, Sichuan, and Inner
Mongolia did not share any MLG, indicating a different composition of the populations,
and new strains of Pt might have originated from these regions.

4.2. Prediction of Pathogen Movement between Different Regions in China

The occurrence of wheat leaf rust is closely related to temperature and humidity,
which affect the time of disease onset. Due to the vast territory and various climate in
China, the onset time of wheat leaf rust is different in different regions. The samples of
Pt collected from 15 provinces were distributed in the northeast spring wheat region, the
north spring wheat region, the northwest spring wheat region, the north winter wheat
region, the Huang-Huai winter wheat region, the middle and lower Yangtze River winter
wheat region, and the southwest winter wheat region, respectively. Lincang city of Yunnan
belongs to the southwest winter wheat region, with mild climate and suitable hydrothermal
conditions, so the onset time of Pt is early, from the middle of February. The pathogens in
Yunnan mainly come from pathogens of volunteer seedlings in mountainous areas, which
go down the mountain in autumn and go up the mountain in spring, invading back and
forth [35]. The urediniospores may be carried by wind to the northwest spring wheat
region and the eastern wheat growing region, then spread to the northern spring wheat
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region in Hetao plain by the northwest spring wheat region. The winter wheat region in
the middle and lower reaches of the Yangtze River has a warm and humid climate, with
the precipitation of 360 mm to 830 mm during the wheat growth period. The latitude of
wheat fields is higher than that in Beijing and Shandong, and the onset time of Pt is earlier,
from late April to early May. The urediniospores in the winter wheat region in the middle
and lower reaches of the Yangtze River may be introduced into the winter wheat region in
Huang-Huai and the northern wheat region. Meanwhile, the samples of Zhenjiang city in
Jiangsu province, located in the winter wheat region of the middle and lower reaches of the
Yangtze River also exchange with the populations in the west.

In conclusion, there was frequent exchange of Pt in 15 provinces but also clearly
genetic division between the eastern and western clusters. It reflected that the classification
of Pt populations in China was affected by topography and geographical location to some
extent. Due to its highly thermal adaptability, Pt is widespread in most areas of China.
However, the preliminary infection source is formed in a small area and then migrates to
further regions. Therefore, the Pt population in China can be divided into eastern, western,
and “bridge” regions. On this basis, the genetic structure, pathogen migration route, and
disease prevalence can be further studied in a small area.
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plateau with 12 loci indicating that the 13 loci we used is enough for distinguishing all the observed 
MLGs. 

Table A1. Information of the samples of Pt collected from different areas in 2018. 
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Beijing Fangshan district 21 E115°58′ N39°40′ 
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Baoding 

48 

E115°37′ N39°22′ 
Zhangjiakou E115°21′ N41°20′ 

Cangzhou E116°57′ N37°87′ 
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Xingtai E114°60′ N36°46′ 

Shanxi Yuncheng 25 E111°16′ N35°19′ 
Yunnan Lincang 56 E100°08′ N23°88′ 

Jiangsu 
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E119°18′ N34°58′ 

Xuzhou E117°32′ N34°39′ 

Gansu 
Pingliang 

50 
E106°66′ N35°54′ 

Tianshui E105°17′ N34°45′ 
Dingxi E103°86′ N35°37′ 

Qinghai Xining 30 E101°44′ N36°43′ 

Sichuan 
Guangyuan 
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E105°23′ N31°46′ 

Mianyang E105°06′ N31°07′ 

Hubei 
Xiangyang 

51 
E111°83′ N31°77′ 

Shiyan E110°99′ N32°95′ 
Suizhou E113°38′ N31°69′ 

Shannxi 
Ankang 
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E109°20′ N32°44′ 

Xianyang E108°70′ N34°32′ 

Figure A1. Genotype accumulation curve is a tool that allows us to assess if it is sufficient to discrimi-
nate between unique individuals for given a random sample of the loci. It had reached the plateau
with 12 loci indicating that the 13 loci we used is enough for distinguishing all the observed MLGs.
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Table A1. Information of the samples of Pt collected from different areas in 2018.

Province City Number Longitude Latitude

Beijing Fangshan district 21 E115◦58′ N39◦40′

Hebei

Baoding

48

E115◦37′ N39◦22′

Zhangjiakou E115◦21′ N41◦20′

Cangzhou E116◦57′ N37◦87′

Handan E114◦53′ N36◦64′

Xingtai E114◦60′ N36◦46′

Shanxi Yuncheng 25 E111◦16′ N35◦19′

Yunnan Lincang 56 E100◦08′ N23◦88′

Jiangsu Zhenjiang
65

E119◦18′ N34◦58′

Xuzhou E117◦32′ N34◦39′

Gansu
Pingliang

50
E106◦66′ N35◦54′

Tianshui E105◦17′ N34◦45′

Dingxi E103◦86′ N35◦37′

Qinghai Xining 30 E101◦44′ N36◦43′

Sichuan
Guangyuan

14
E105◦23′ N31◦46′

Mianyang E105◦06′ N31◦07′

Hubei
Xiangyang

51
E111◦83′ N31◦77′

Shiyan E110◦99′ N32◦95′

Suizhou E113◦38′ N31◦69′

Shannxi

Ankang

62

E109◦20′ N32◦44′

Xianyang E108◦70′ N34◦32′

Baoji E107◦40′ N34◦12′

Weinan E110◦14′ N35◦19′

Anhui

Lu’an

80

E116◦52′ N31◦73′

Anqing E117◦13′ N31◦28′

Suzhou E116◦94′ N33◦64
Hefei E117◦22′ N31◦82‘

Fuyang E115◦81′ N32◦88′

Bozhou E115◦97′ N33◦53′

Huibei E116◦64′ N34◦02′

Shangdong

Linyi

66

E118◦24′ N35◦27′

Zibo E117◦86′ N35◦85′

Liaocheng E116◦26′ N36◦55′

Rizhao E119◦22′ N36◦88′

Jinan E117◦05′ N36◦84′

Weifang E119◦04′ N36◦73′

Zaozhuang E117◦54′ N34◦73′

Dezhou E116◦26′ N37◦08′

Henan

Anyang

71

E113◦44′ N36◦05′

Zhengzhou E113◦12′ N34◦04′

Lingbao E110◦45′ N34◦21′

Nanyang E112◦52′ N32◦99′

Xinyang E114◦09′ N32◦14′

Pingdingshan E113◦19′ N33◦76′

Sanmenxia E111◦07′ N34◦44′

Zhoukou E114◦41′ N 33◦97′

Shangqiu E116◦53′ N 33◦98′

Xinxiang E113◦92′ N 35◦08′

Heilongjiang Qiqihar 32 E126◦26′ N48◦30′

Inner Mongolia Bayannur 38 E107◦23′ N40◦44′

Total 709
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Table A2. The Analysis of Molecular Variance (AMOVA) of Pt at different levels.

Level Df Sum Sq Mean Sq Est. Var Variation (%) p Value

Among
populations 14 237.05 16.932 0.186 5.02 0.001

Among
individuals 607 1062.82 1.751 0.000 0.00 0.001

Within
individuals 622 2185.00 3.513 3.513 94.98 0.001

Total 1243 3484.87 / 3.698 100.00

Df = degrees of freedom; Sum Sq = Sum of squares; Mean Sq = Mean of squares; Est. Var = estimated variance.

Table A3. The shared genotype and numbers of different Pt populations.

NO.

Bei-
jing

MLG
= 11

Hebei
MLG
= 30

Shan-
xi

MLG
= 14

Shaanxi
MLG
= 46

Anhui
MLG
= 48

Shan-
dong
MLG
= 37

Henan
MLG
= 50

Hei-
longjiang
MLG = 27

Jangsu
MLG
= 51

Hubei
MLG
= 38

Yun-
nan

MLG
= 31

Gansu
MLG
= 42

Qing-
hai

MLG
= 21

Si-
chuan
MLG
= 8

Inner
Mongolia
MLG = 37

MLG.15 1 6
MLG.16 2 5 2
MLG.18 2 1
MLG.32 1 1
MLG.71 1 2
MLG.75 2 1
MLG.139 1 2
MLG.156 1 1
MLG.167 1 1
MLG.179 1 2 4 1 1
MLG.183 1 2 1
MLG.192 1 1
MLG.193 2 1 1
MLG.196 3 2 3 1
MLG.200 1 1
MLG.206 2 1 3 7 3 1
MLG.207 1 1
MLG.213 3 1
MLG.220 1 4 1 1 1
MLG.237 3 1 1
MLG.242 1 1
MLG.243 1 1
MLG.281 1 1
MLG.282 4 2
MLG.283 2 1
MLG.284 1 8 4 5 1
MLG.288 4 1 2
MLG.312 1 1
MLG.317 1 1
MLG.319 1 1
MLG.321 2 1
MLG.359 2 2 1
MLG.360 2 1 1 1
MLG.383 1 1
MLG.384 1 1
MLG.394 2 1
MLG.488 1 2 1 1 1

No. of
shared
MLGs

5 10 7 8 14 14 12 6 5 7 5 8 0 0 0

No. of
samples

of shared
MLGs

10 13 10 8 36 36 24 7 8 7 5 9 0 0 0

Proportion
of shared
MLGs/%

90.9 43.3 71.4 17.4 75.0 97.3 48.0 25.9 15.7 18.4 16.1 21.4 0.0 0.0 0.0

No. of shared MLGs: only counted the number of MLGs shared by the 15 populations; No. of samples of shared
MLGs: counted the number of samples of the shared MLGs; Proportion of shared MLGs: number of samples of
shared MLGs/number of the observed genotypes in the population.
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