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Wheat leaf rust is caused by Puccinia triticina (Pt), leading to serious wheat yield loss in the world. To study the popula-
tion structure and reveal the transmission routes of Pt in eastern China, leaf samples were collected from the main
wheat-producing areas from April to June 2020. Total of 372 Pt strains were amplified by 13 SSR makers and a high
level of genetic diversity was revealed with 289 multi-locus genotypes (MLG) identified. STRUCTURE analysis suggests
that all Pt strains were assigned to 3 clusters, and 11 populations were further defined by considering geographic
locations. All 55 pairwise populations had number of migration (Nm) values > 1, indicating moderate genetic differ-
entiation and frequent exchanges among populations. The genetic structure was significant different among popu-
lations in the northern and southern regions bounded by the Qinling Mountains-Huaihe River line. Pt strains in the
southern regions, such as Jiangsu, Anhui and Zhejiang provinces, had higher level of genetic diversity and genetic
variation, and Jiangsu might play an important role in the epidemic and population structure of Pt. Both genetic
communication and horizontal wind field analyses showed that Pt had higher level of gene flow from the southern
to northern regions than that of the reverse direction. The demonstrated genetic structure and dispersal route of
Chinese eastern Pt populations would provide valuable information for epidemiological studies and disease control.
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Background

Wheat leaf rust caused by Puccinia triticina (Pt) is one
of the most common diseases on wheat worldwide and
causing the largest loss of global wheat yield (Savary et al.
2019). China is the world’s largest wheat producer, with
production of about 134 million tons in 2020, account-
ing for 17.6% of the world’s wheat production (Food and
Agriculture Organization of the United Nations 2022).
However, wheat leaf rust occurs annually on about 15
mha, with approximately 3 million tons of wheat pro-
duction loss (Huerta-Espino et al. 2011). Wheat leaf rust
affects almost all wheat production areas in China, and
usually occurs in spring and summer. It occurs in late
April in the central and southwest of China, and then
eastern regions, southeast regions from May to June, and
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occurs in northern regions from June to July (Liu et al.
1989; Huang et al. 2005; Liang 2019).

Pt is a macrocyclic and heteroecious rust fungus with
five spore stages, and the urediniospores play a major
role in the epidemics in China. Pt does not kill its host
immediately after infection, and urediniospores can sur-
vive on the leaf surface for a long period in the wheat
growing season. After an outbreak in one area, uredini-
ospores spread to the surrounding areas and cause
reinfections, and various strains form heterogeneous
populations that differ in their virulence and parasitic fit-
ness (Prasad et al. 2020). Geographical barriers, such as
oceans and mountains, hinder the dispersal of pathogens.
For example, the Tianshan Mountains are regarded as the
barrier that impedes the movement of Pt strains from
Kazakhstan to Uzbekistan, Kyrgyzstan, and Tajikistan in
Central Asia (Kolmer and Ordoiiez 2007). Kolmer (1998)
first identified new pathotypes of Pt in North America
and Canada in 1996. And isolates with the same virulence
and SSR genotypes were then detected in South America
(Ordonez et al. 2010) and Europe (Kolmer et al. 2013).
However, these strains were not found in China (Kolmer
2015). China is an independent epidemic zone of P¢, and
the virulence structure of Pt in China is different from
other countries or regions of the world (Liu and Chen
2012). The variable factors, such as mountains, plateaus,
basins, crisscrossing rivers, climate differences caused
by the wide range of landscape, cultivars differences and
growth periods in different wheat productions affect the
population formation of Pt, which is shown in different
virulence frequency among different provinces (Ge et al.
2015).

Wheat leaf rust is particularly frequent in eastern
China (Peng and Yu 2015; Huang et al. 2022), where the
top five wheat production areas, consisting of Henan,
Shandong, Anhui, Hebei, and Jiangsu and accounting
for 80.2% of the national output were located (National
Bureau of Statistics, https://data.stats.gov.cn/adv.
htm?m=advquery&cn=E0103). The continuous planting
of winter wheat provided adequate hosts for Pt infection.
Airflow is regarded as the main driving force for the long-
distance transmission of urediniospores of Pt (Li and
Zeng 2002) and is one of the reasons for the prevalence
of wheat leaf rust (Zhao et al. 2016). Continuous plains
in eastern China facilitate the rapid spread of Pt strains
by the wind. The airflow study may help to understand
the driving force of Pt migration. For instance, Li et al.
(2021) combined a genetic structure analysis with airflow
analysis and illustrated the important role of Gansu and
Yunnan regions in Puccinia striiformis f. sp. tritici (Pst)
oversummering. Wind field analysis has been used to
predict the long-distance migration of rust spores (Pan
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et al. 2006), and the relationship among geographical
populations of fungi (Cooke et al. 2006).

Although some studies have analyzed the genetic struc-
ture of Pt in different regions of China, few have included
the Jiangsu and Zhejiang regions, and studies on the
driving force of airflow for Pt isolates have not been con-
ducted (Ma et al. 2020). Nevertheless, our previous stud-
ies have detected a high level of virulence polymorphism
of Jiangsu Pt population, that may play an important
role in the epidemic of wheat leaf rust in eastern China
(unpublished data). Studies of the genetic structure of Pt
from the population perspective may improve our under-
standing of the main characteristics of Pt populations via
comparisons of the composition and distribution of pop-
ulations from different regions, and facilitate analyses of
the nature and the spread of this disease.

In this study, leaf samples of Pt were collected from the
Hebei, Henan, Shandong, Anhui, Jiangsu, Zhejiang, and
Beijing regions from April to June 2020, and the geno-
types were identified using 16 SSR primers to clarify the
genetic structure of Pt populations in eastern China.
Moreover, a horizontal wind field analysis was per-
formed to elucidate the driving force for the migration of
Pt urediniospores and to predict the possible migration
directions of Pt strains in eastern China. Thus, provid-
ing reliable reference for wheat leaf rust prediction and
control.

Results

Population structure analysis

The 16 SSR markers showed the number of alleles (N,)
from 3 to 11 with the mean value of 5.69, and the mean
value of unbiased expected heterozygosity (uHe) was
0.448 +0.014, suggesting that the 16 markers were appro-
priate for genetic analyses in this study (Table 1). Geno-
type accumulation curve indicated that it is sufficient to
discriminate unique individuals for the given loci (Addi-
tional file 1: Figure S1).

The samples were assigned into different clusters by
STRUCTURE software, and K=3 was the best K value
for this set of data (Additional file 1: Figure S2). Samples
from different clusters within the same province were
divided into 11 populations for further analysis (Table 2).
Cluster 1 contained H1_HB-S, H3_BJ, H4_HN, H5_SD,
and H8 JS-S; Cluster 2 contained H2_HB-N, H6_JS-N,
and H11_ZJ-N2; Cluster 3 contained H7_JS, H9_AH, and
H10_ZJ-N1. DAPC analysis of 11 populations showed
that the populations were divided into 3 clusters same
as the results of STRUCTURE software (Additional
file 1: Figure S3). Separate DAPC and clustering analyses
were performed for each cluster to examine the ration-
alization of the division of populations (Additional file 1:
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Table 1 Sequence information, number of alleles (N,), observed heterozygosity (Ho), expected heterozygosity (He), and unbiased
expected heterozygosity (uHe) of 16 codominant simple sequence repeat (SSR) markers employed in this study

Locus EMBL Repeat motif Primer Ta('C) N,(size:bp) H, He uHe Reference
sequence
(5'-3")
RB17 AJ508886  (TGC)s+ (TGG)g F: CTTCGGTAG 58 6 (192-200) 0.067+0.040 0.1274+0.061 0.129+£0.062 Duan et al.
GATTTCGAGCG (2003)
R: CAGCTCCAA
ATCCTTTGCC
RB28 AJ508890  (TGG)s F: CATCTGGCT 58 8(319-335) 040.008 0.2784+0.045 0.28240.046 Duan et al.
GGTGAGGTC (2003)
GC
R: GAAGCCCGC
CGAGCAGC
RB4 AJ508880  (GT)g F: CAGTATTGT 60 6 (247-256) 1.000+£0.016 0540017  0508+0.017 Duanetal.
GGTGGTTGG (2003)
ATG
R: ACTCAAGAA
TAATGGGGA
ACAC
RB12 AJ508884  (AG)s,; F: CCACAAGCA 58 11 (266-300) 0.800+0.049 049140027 0499+0.028 Duan etal.
ACCACATAC (2003)
CACC
R: TGGTCCATG
AAGAAGTCT
CTGAAC
RB8 AJ508881 (TGG), F: CGCCGTTCC 60 5(143-155) 0.2674+0.087 032+0062 0.325+0.062 Duan etal.
CATCGTTC (2003)
R: TAAAACACT
CCACCCACG
CcC
RB1 AJ508879  (GT)s F:-TTGTCGTTC 58 6 (127-139) 0.8334+0.046 0486+0.008 0494+£0.008 Duan etal.
TGGAATGATGC (2003)
R: TGCCCACAA
CCCTCCTC
RB35 AJ508893  (AC)y+(TA)s+ (AG); F: ACTGCGATA 60 6 (245-250) 0.700+0.062 0.65440.027 0.665+0.027 Duan etal.
TCCAGTACA (2003)
CACAC
R: TGATGGGCT
CGCAGTGG
PtSSR151A  DQ789156  (AAC),, F: TCATCGCAC 61 4 (469-475) 0.6674+0.080 0.46440.031 0.47240.032 Szabo and
TCCACTCAGAC Kolmer
(2007)
R: ATGCTGCCC
AACCTGCTC
PtSSR161 DQ789160 (TC)5 F: ACTGCCTCC 60 6(217-222) 090040.044 0.50940.021 0.51840.021 Szabo and
TGTGCCTTCT Kolmer
(2007)
R: TAGTCCGAG
GGTGACGAA
GT
RB11 AJ508883  (CA),, F: AGCAGTGAG 60 6 (176-202) 0.8334+0.035 048640.024 0.49440.024 Duanetal
CAGCAGCGTC (2003)
R: ACTACTGTG
AGTGTCGGC
TTGG
PtSSR152  DQ789157 (T1G),+(TG);+(TG); F: CTCCGTTCC 61 4 (380-393) 0.233+0.071 0.2554+0.044 0259+0.044 Szabo and
TCTTTCTGTCG Kolmer
(2007)

R: CCATCGCAA
CCAACAAACA
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Table 1 (continued)
Locus EMBL Repeat motif Primer Ta('C) N,(size:bp) H, He uHe Reference
sequence
(5-3)
PtSSR173 DQ789162 (TC);4(TC);, F: CTCAGCGAC 60 6(212-222) 053340077 047540.045 0.48340.046 Szabo and
CTCAAAGAA Kolmer
CcC (2007)
R: GAGACG
ACGGATGTC
AACAA
PtSSR164 DQ789161 (TC),5 F: GTGGAAGTG 61 5(218-228) 0.567+£0.068 045940.025 0467+0.026 Szaboand
AGCGGAAGA Kolmer
AG (2007)
R: GGAGAT
GGGCAGATG
AGGTA
PtSSR55 DQ789150 (TC)qo F: AGCTTACGG 61 3 (304-308) 0.567+£0.064 0406£0.024 0413+£0.024 Szaboand
TCCTCAATCG Kolmer
(2007)
R: AGTGAAAGG
GGCTGGGAGT
PtSSR13 DQ789148 (TC)q F: CGAATTCGC 61 5(125-130) 0.56740.092 0.66340.042 0.67440.042 Szabo and
GTTTTATGTCC Kolmer
(2007)
R: TGATCCAAT
CGAACCTAG
CcC
RB16 AJ508885  (TGG),+(GT), F: CATTTGAGC 61 3(281-284) 040.051 0.278+£0.052 0.282+0.053 Duan etal.
CACGGTTGA (2003)
(@€
R: AGACAT
GGTCGCAGC
CACTG
Mean 5.69 0.5884+0.026 0440+0.013 04484+0.014

Figures S4, S5), and both of the results validated the pop-
ulation division.

For K=2, populations H1-H6 (located in the north)
and H8 were clustered in the first cluster, while popu-
lations H7, and H9-H11 (located in the south) were
clustered in the second (Fig. 1), which revealed a south-
north differentiation of Pt population structure. Sam-
pling sites for the 11 populations were shown in the
geographic topographic map (Fig. 2a). For K=3 (Fig. 2b
and Table 2), Cluster 1 was composed of samples from
Hebei, Shandong, Henan, Jiangsu, and Beijing in the
northern regions, accounting for 13.70-25.6%. Cluster 2
was mainly composed of samples from northern Jiangsu,
Hebei and Zhejiang, accounting for 57.10, 23.80, and
10.5%, respectively. Cluster 3 was mainly composed of
samples from Jiangsu, Zhejiang, and Anhui, accounting
for 88.20%. Cluster 1 was composed of samples mainly
located in the northern regions of eastern China, while
Cluster 3 was located in the southern regions.

The population structure of Pt in the same province
was also different between the northern and southern

regions. H1_HB-S of Cluster 1 consisted of samples
mainly from Handan (11/30) and Xingtai (8/30), which
was located in southern Hebei. H2_HB-N of Cluster
2 consisted of samples mainly from Tangshan (20/25),
which was located in northeastern Hebei. H6_JS-N from
northern Jiangsu was mainly assigned to samples from
Cluster 2, while H8_JS-S in southern Jiangsu was mainly
assigned to samples from Cluster 1 (Table 2).

Genetic diversity analysis

A total of 289 multi-locus genotypes (MLG) were identi-
fied from 372 samples, indicating a high level of genetic
diversity (Table 3). For 11 populations of the smallest
sample size > 10 based on rarefaction, H4_HN showed
the least genetic diversity, as it had the smallest val-
ues of the number of expected MLG (eMLG: 7.81), Ne
(1.629+£0.129), 1 (0.521 +0.082), and uHe (0.330+0.056)
indexes. H7_JS showed the highest genetic diversity,
for the largest values of indexes mentioned above. Pt
in Jiangsu was a mixed population, and samples from
Jiangsu were divided into 3 different populations due
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Table 2 Composition of 11 populations combined with the structure and geographical location data
Cluster Population Province County No. from the No. from the Sampling time
county province
Cluster 1 H1_HB-S Hebei Handan 11 30 2020-05-28-2020-06-10
Xingtai 8
Tangshan 7
Hengshui 2
Baoding 2
Cluster 2 H2_HB-N Hebei Tangshan 20 25 2020-06-01-2020-06-11
Qinhuangdao 2
Xingtai 2
Cangzhou 1
Cluster 1 H3_BJ Beijing Beijing 19 19 2020-06-06-2020-06-08
Cluster 1 H4_HN Henan Xinxiang 11 22 2020-05-01-2020-05-22
Zhoukou 6
Puyang 5
Cluster 1 H5_SD Shandong Tai'an 26 43 2020-05-13-2020-05-23
Linyi 17
Cluster 2 H6_JS-N North Jiangsu Lianyungang 51 59 2020-05-12-2020-05-20
Xuzhou 8
Cluster 3 H7_JS Jiangsu Xuzhou 13 63 2020-05-12-2020-05-20
Lianyungang
Zhenjiang 16 2020-04-21-2020-04-24
Jurong 11
Yangzhou 9
Yancheng 8
Nanjing 2
Cluster 1 H8_JS-S South Jiangsu Yangzhou 15 20 2020-04-10
Zhenjiang 5
Cluster 3 H9_AH Anhui Hefei 1 31 2020-04-02-2020-05-08
Wuhu 10
Huai’an 5
Bengbu 4
Tongling 1
Cluster 3 H10_ZJ-N1 North Zhejiang Jiaxing 32 48 2020-04-21
Hangzhou 16
Cluster 2 H11_2ZJ-N2 North Zhejiang Hangzhou 12 12 2020-04-21
Total 372

The 11 populations are intending to distribute from north to south by province basically

to their genetic differentiation. We combined the geo-
graphically close populations within the same province
(combined H6, H7, and H8 from Jiangsu into one, and
combined H10 and H11 from Zhejiang into one), and the
Jiangsu population had the highest level of genetic diver-
sity, with uHe=0.516+0.038. Jiangsu, Anhui, and Zheji-
ang in the south all had uHe >0.50, which was larger than
that of Shandong (0.481+0.032), Hebei (0.434+0.05
and 0.435+0.037), Beijing (0.42640.042), and Henan
(0.33+0.056) in the north.

The private allele is an allele that is present in only
one of many populations sampled and is presumed to
be responsible for adaptation to a stressful environment
(Konecka et al. 2019). Private alleles appeared more fre-
quently in the Jiangsu and Anhui regions. The combina-
tion population H6-H8 in Jiangsu contained the largest
number of private alleles (0.81340.306), followed by
H9 in Anhui (0.540.258), suggesting that Pt strains
with more genetic variation accumulated in Jiangsu and
Anhui.
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HI_HB-S H2_HBN H3_BJ H4_HN H5_SD H6_JS-N H7_JS H_S-S H9_AH HI0_ZJ-N1  HI1_ZJ-N2
Fig.1 The division of 11 populations based on different K values (from K=2 to 4) in the STRUCTURE analysis, and the best value is K= 3, with

red, blue, and yellow, representing Cluster 1, Cluster 2, and Cluster 3, respectively. 11 populations are distributed in order from south to north.

Single samples are represented by vertical bars, and the colors and proportions of color indicate that samples originated from different clusters.
Populations are separated by black vertical lines

Populations::

HI_HB-S
H2_HB-N
H3_BJ
H4_HN
H5_SD
H6_JS-N
H7JS
H8_JS-S
H9_AH
HI0_ZJ-N1
HI1_ZJ-N2

Latitude
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Longitude
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Fig. 2 Populations in eastern China from the Anhui, Beijing, Hebei, Henan, Jiangsu, Shandong, and Zhejiang provinces in 2020. a Geographic
topographic map of sampling sites. b Pie chart of 11 populations labeled on the map. Population size is shown in the area of the circle, and
population composition is shown with different sections in red (Cluster 1), blue (Cluster 2), and yellow (Cluster 3). The Qinling Mountains-Huaihe
River line is shown in the blue line, which represents the geographical dividing line between north and south China

Population divergence and genetic communication Fgrand N, were calculated between 11 pairwise popula-
The majority of the variation in Pt populations was tions. Fg; values between 0.15 and 0.25 indicated moder-
detected within populations (85.89%, P<0.001) (Table 4).  ate differentiation, and 21/55 of the pairwise populations
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Table 3 Analysis of the genetic diversity of 11 Puccinia triticina populations from 7 regions showed an overall high level of genetic

diversity
Region Cluster Population N MLG eMLG Ne I He uHe No. of private alleles
Hebei Cluster 1 H1_HB-S 30 25 1105 1.8614£0.125 0.688+0065 042840036 043540037 040
Cluster 2 H2_HB-N 25 20 1065 1.893+£0.124 0680£0080 0425£0049 0434+£0050 0%£0
Beijing Cluster 1 H3_BJ 19 19 12 1.833£0.131 0.694£0.074 0415£0.041 04264£0.042 0.063£0.063
Henan Cluster 1 H4_HN 22 13 7.81 1629+£0.129 052140082 0323+£0054 03304£0056 040
Shandong  Cluster 1 H5_SD 43 33 1. 1.995+£0.101 0.761£0.057 0476+£0.032 0481+£0032 0.188+0.101
Jiangsu Cluster2  H6_JS-N 59 29 8.66 1.827+£0.118 061540080 0402+0.052 040640053 0.063+0.063
Cluster 3 H7_JS 63 63 12 2442+£0236  0965+£0090 0.532+0.044 0.537+£0044 0.62540.239
Cluster 1 H8_JS-S 20 16 1046  1.691£0.087 0611+£0050 0384+£0033 03944+0034 040
H6-H8 142 / / 2.232+0.156 0.917+0.073 0.514+0.038 0.516+0.038 0.813+0.306
Anhui Cluster3 H9_AH 31 31 12 2362+£0247 0899+0.117 0500+£0056 050840057 0.50040.258
Zhejiang Cluster3 H10_ZJ}-N1 48 47 1194  2190+£0.179 082540088 0491+£0047 049640047 0.125+0.085
Cluster2 H11_ZJN2 12 12 12 1.889£0.156  0.645+0.081 0.410£0.051 0428+£0.054 040
H10-H11 60 / / 2.201+0.172 0.835+0.084 0.498+0.044 0.502+0.045 0.125+0.085
Total/Mean 372 289 1168 1.980+0.047 0.726+£0024 04404+0013 04484+0014 /

Standard error (SE) values are listed after the £ symbol; the combination from Jiangsu (H6-H8) and Zhejiang (H10-H11) are shown in bold and not included again in
the total

N, mean number of individuals observed; MLG, multi-locus genotypes observed; eMLG, number of expected MLG at the smallest sample size > 10 based on
rarefaction; /, mean Shannon information index; He, mean expected heterozygosity; uHe, mean unbiased expected heterozygosity; No. of private alleles, mean
number of alleles unique to a single population

Table 4 Analysis of molecular variance (AMOVA) within and among populations of Puccinia triticina

Source of variation Degrees of freedom Sum of squares Variance components  Percentage of variation P value
(%)

Among populations 10 431597 0.59805 14.11 0.001

Within populations 733 2669.366 3.6417 85.89 0.001

Total 743 3100.964 4.23975 100 /

Table 5 F¢;values for pairwise populations revealed a moderate level of genetic differentiation

Populations H1_HB-S H2_HB-N H3_BJ H4 HN H5.SD H6_JS-N H7_JS H8_JS-S H9_AH H10_ZJ-N1 H11_ZJ-N2

H1_HB-S 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
H2_HB-N 0.11691 0.001 0.001 0.001 0.018 0.001 0.001 0.001 0.001 0.001
H3_BJ 0.01617 0.15632 0.001 0.001 0.001 0.001 0.05 0.001 0.001 0.001
H4_HN 0.02407 0.17633 0.04083 0.001 0.001 0.001 0.018 0.001 0.001 0.001
H5_SD 0.07444 0.108 0.04983  0.12094 0.001 0.001 0.001 0.001 0.001 0.001
H6_JS-N 0.1837 0.00723 0.21614  0.23371 0.13982 0.001 0.001 0.001 0.001 0.001
H7_JS 0.17368 0.10311 0.1746 024723 012371 011274 0.001 0.001 0.001 0.001
H8_JS-S 0.01566 0.17762 0.01329 001128 009122 0.2309 0.21459 0.001 0.001 0.001
HI9_AH 0.20931 0.10289 0.2085 0.27231 0.13874 0.093%4 0.04751  0.23355 0.001 0.001
H10_ZJ-N1 0.19948 0.12787 0.21587 0.28631 0.1575 0.15698 0.03964 0.2633 0.08008 0.001

H11_ZJ-N2 0.13429 0.02165 0.17972  0.21498  0.13409  0.05675 009126 021023  0.11942  0.1012

Fsrindicates the inbreeding number of populations relative to the total population, Fs; values > 0.25 indicate strong differentiation and are shown in bold. The P value
for Fs;is shown above the diagonal

Fsr, mean pairs of alleles between individuals within populations
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had Fg; values ranging from 0.15 to 0.25 (Table 5). More-
over, the pairwise populations of H4 with H9, and H10,
as well as H8 with H10, had Fg; values greater than 0.25,
indicating strong population divergences.

Estimates of Nm reflect gene flow in pairwise popula-
tions caused by all mechanisms result in the movement of
genes (Slatkin 1985). The Nm values of 55 pairwise pop-
ulations were all greater than 1, indicating that genetic
communication was common between Pt populations in
eastern China (Fig. 3). H1, H2, H3, H4, and H5 had low
levels of genetic exchange with H9, H10, and H11, and
the former populations were located in the north, while
the latter were located in the south. This might reflect
that geographical distance affected the density of genetic
communication. Nm values >4 indicate frequent migra-
tion between populations, and 15/55 of the pairwise
populations had Nm values >4, indicating strong gene
flows between these populations. Among these, genetic
exchanges were even more frequent between H1 and
H3, H1 and HS8, H2 and H6, and H4 and HS8, with Nm
values>10. The 4 pairwise populations had Fg; values

H1 H2 H3 H4 HS H6

H1 10.93

H2 16.34

" @

H4

HS

H7

- @

H9

H10

H11
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between 0.007 and 0.016, indicating a low level of popu-
lation divergence. Thus, frequent genetic communication
of populations helped weaken population divergences,
although they were far apart.

The relative migration network reflected the direction
of asymmetric gene flows between pairwise populations
(Fig. 4). H6, H7, and H8 from Jiangsu played important
roles in gene communication, since H1 and H9 accepted
gene flows from H6, and H5, H4, and H2 accepted gene
flows from HS8. Under the filter threshold of 0.1, H3, H10,
and H11 did not have such obvious asymmetric gene
flows with other populations. Remote gene flows were
detected from HS8 to H2, H4 to H2, and H9 to H1, which
were from southern regions to northern regions.

Horizontal wind field analysis

Airflow potentially carries urediniospores for long dis-
tances, not only to different counties in the same region
(Alam et al. 2021), but also to different provinces (Crai-
gie 1945) or even farther (Eversmeyer and Kramer 2000)
after some time. The horizontal wind field analysis

H7 HS8 H9 H10 H11

16.34
13.01

14.53

9.54 12.71

10.26 109

9.08
- 7.26
9.13
- 5.45
- 3.63

. - 1.82

—L o

Fig. 3 Pairwise population Nm values indicate frequent migrations of Pt strains between geographically close populations. The shade of the color
and size of the circle represents the Nm values. Populations in long distances have low Nm values in the bottom left box (H1-H5 with H9-H11)
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Relative migration network (Filter threshold = 0.1; 1000 b ps; D method)

Populations:
H1_HB-S
H2_HB-N
H3 BJ

H4 HN

H5 SD
H6_JS-N
H7 IS
H8_JS-S
H9_AH
H10_ZJ-N1

Latitude
2

110%€ 12€ 14 16 118 120 1228
Longitude

Fig. 4 Relative migration network of 11 populations reflecting the direction of gene flow in eastern China. a Abridged general view on the map. b
Relative migration network with filter threshold =0.1. The arrows show the direction of gene flow between pairwise populations, and the shades of
color correspond to the values of relative gene flow
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(Fig. 5) revealed that horizontal wind streamlines gener-
ally followed the direction from south to north over east-
ern China in 2020 and 2016-2020 from April to June, not
only at 10 m altitude but also at high altitudes of 900 hPa,
which provided the driving force to carry urediniospores
of Pt from south to north.

Discussion

Revealed by genetic structure analyses, there were signifi-
cant differences in genetic structure between northern
and southern populations of Pt bounded by the north—
south division of the Qinling Mountains-Huaihe River
line, and populations in Jiangsu, Anhui, and Zhejiang
had high levels of genetic diversity and genetic variation.
Genetic communication analyses showed that Pt had
more gene flows from south to north, which was sup-
ported by horizontal wind field analysis.

The central-periphery hypothesis (CPH), also known
as the central-marginal hypothesis, is a long-standing
postulate (Brussard 1984). It states that genetic variation
and demographic performance of a species decrease from
the center to the edge of its geographic range (Eckert
et al. 2008; Pironon et al. 2017). In the present study, the
evidence suggests that Pt in southern regions migrated
northward and affected the structure of northern popula-
tions. First, populations in Hebei, Beijing, and northern
Henan had a lower level of genetic diversity, and accord-
ing to the CPH, population with a low level of genetic
diversity was regarded as the peripheral population; while
Jiangsu, Anhui, and Zhejiang were regarded as the central
populations due to their high level of genetic diversity.
Shandong was seemingly in the middle of the central and
peripheral regions because of its medium level of genetic
diversity. Second, the results of the relative gene flow
analysis also supported migration by revealing the direc-
tion of genetic migration from south to north. Third, the
horizontal wind fields at 10 m height and 900 hPa alti-
tude both showed that the conditions were favorable to
transport urediniospores of Pt from southern to northern
regions. In conclusion, Pt strains migrated from south to
north in eastern China.

Mutation and natural selection are intrinsic and extrin-
sic driving forces affecting the virulence and genetic
structure of Pt populations, respectively. Through com-
plex driving forces, Pt strains acquire different evolution-
ary rates on genomes under different conditions. A study
based on the same reference genome revealed that the
average total SNPs in Pt strains growing on durum wheat
(416,611-450,544 SNPs) vary from those growing on
common wheat (310,033-422,333 SNPs), and the SNPs
in different Pt strains growing on common wheat also
vary substantially (Fellers et al. 2021). In eastern China,
the main varieties, disease-resistance gene layout, and
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growth period of wheat in different provinces differed.
Pt populations in the southern and northern regions are
exposed to different driving forces such as different cli-
mate conditions, wheat varieties, and intensities of dis-
ease control. Pt strains that migrate from south to north
experienced different selective pressures, and Pt popula-
tions in different regions are evolving in different ways,
resulting in genetic differentiation.

Our data suggest that the Pt isolates from Jiangsu were
assigned into 3 clusters (Table 2), and the 3 populations
play important roles in gene exchange (Fig. 5). Wheat
production in Jiangsu is divided into the Huang-Huai
winter wheat area (northern areas of the Huaihe River)
and the middle and lower reaches of the Yangtze River
area (southern areas of the Huaihe River). In the north-
ern areas of Jiangsu, wheat is planted in early October,
and cultivars are mostly winter wheat or weak winter
wheat, with a growth period of about 230 days. And in
the southern areas of Jiangsu, wheat is planted from
late October to early November, and cultivars are usu-
ally weak winter wheat or spring wheat, with less growth
period of about 200 days. Different conditions of wheat
production affect the population of Pt in Jiangsu, and
the complexity of population structure might imply the
importance of Jiangsu in the virulence accumulation
of epidemic in eastern China. The warm climate condi-
tions in Jiangsu provide possibilities for urediniospores
to overwinter in plants in local areas; thus, strains with
variation might accumulate continuously from the last
prevailing period to the next. Meanwhile, the largest
number of private alleles might reflect that the strains in
Jiangsu are in the process of being adapted to a stressful
environment.

However, some questions remain to address. First, the
Jiangsu, Anhui, and Zhejiang regions might not be the
only source of Pt in eastern China. Epidemiological stud-
ies on Pst have revealed that the Guanzhong and Huabei
regions are overwintering areas for Ps¢ (Chen et al. 2014).
Few Pst strains overwinter in spring endemic areas, and
the major spring inocula were from the Chengdu Plain
and Jianghan River Basin regions. Unlike Pst, Pt had a
wider temperature range from 10 to 25°C (Bolton et al.
2008) and might be able to overwinter on volunteer seed-
lings or winter wheat in the middle and lower reaches of
the Yangtze River and the Huang-Huai regions. Ma et al.
(2020) studied the population structure of Pt in central
and western China, separating the Hubei population
from other regional populations, and revealed a high
level of genetic diversity in the Hubei population. Hubei
is adjacent to Anhui and Henan provinces, and Anhui
and Henan populations might take in Pt strains from the
western regions. However, researchers have not deter-
mined whether the western strains affect the genetic
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structure of eastern populations and how these afferent
strains exert their effects. Second, relevant records about
the onset time and places of wheat leaf rust in eastern
China are lacking, and migration inference of Pt stains
based on population genetic structures is indirect. There-
fore, it is difficult to precisely construct the transmission
route of Pt strains. Regarding questions of where the
strains overwintered, and the mechanisms by which the
strains form the preliminary inocula, complete reproduc-
tion, and expand from one place to another, further stud-
ies and verification are required.

Although serving as an important wheat disease that
causes substantial production loss, the division and
transmission routes of wheat leaf rust pathogens in eco-
logical zones in China have not been defined clearly.
These uncertainties impede further research and effec-
tive control. Wheat stripe rust, the same genus as wheat
leaf rust, is one of the main diseases in China. Previously
wheat stripe rust caused catastrophic damage to wheat
production in China. After identifying its ecological
zones and aerial dispersal routes, advanced prediction
and various effective measures, such as a logical layout of
resistant varieties and pesticide application, were applied
in regions with major outbreaks of Pst and reduced the
loss successfully. Regarding the inoculation regions,
wheat leaf rust harms broader areas of wheat than wheat
stripe rust (Bolton et al. 2008). Although wheat leaf rust
is not taken as seriously as wheat stripe rust in China, it is
already the disease causing the highest global wheat yield
losses (Savary et al. 2019). Further research on wheat leaf
rust in advance must be conducted to facilitate the con-
trol of disease epidemics on a large scale and ensure the
stable production of wheat (Chen et al. 2014).

Conclusions

In this study, we report the genetic differentiation of
southern and northern Pt populations in eastern China
and conclude that Pt strains in southern regions of east-
ern China of Jiangsu, Anhui, and Zhejiang may migrate
northward and affect the structure of northern popula-
tions. This research provides a basis for understanding
the spread and prevalence of wheat leaf rust in eastern
regions of China, which is also essential for future work
of epidemiological research and disease control.

Methods

Sample collection

During the period of wheat leaf rust occurrence in east-
ern China, from April to June 2020, researchers from the
Institute of Plant Protection, Chinese Academy of Agri-
cultural Sciences took wheat leaf rust samples along a
field survey route, started from Anhui, Jiangsu, and Zhe-
jiang provinces in April, and then northward to Henan
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and Shandong provinces in May. Samples in Hebei prov-
ince and Beijing were collected from late April to June.
A total of 372 wheat leaf samples infected with Pt were
collected from 76 sampling sites. Single-leaf tissue sam-
ples were sandwiched between drying papers. After dry-
ing, the samples were stored in a kraft paper bag at 4°C.
Each leaf segment (approximately 1 cm?) containing
inoculated uredinium was cut and served as the mate-
rial for DNA extraction of a sample (Ali et al. 2011). The
sampling map was drawn using MeteoInfoMap software
v 2.3.2 (http://www.meteothink.org/) (Wang et al. 2009)
and the ggplot2 v 3.3.5 package (Wickham 2016) in R
software v 4.1.1 (Team 2021).

SSR amplification

Each leaf tissue was placed into a 2 mL grinding tube with
1 grain of 5.0 mm grinding stainless steel beads (YA3032-
500 g, Beijing Solarbio Technology Co., Ltd., China) and
0.3 g of 1.0 mm glass grinding beads (BE6061-500, Beijing
Easybio Technology Co., Ltd., China). The tubes were fro-
zen with liquid nitrogen and then ground using Fastprep
tissue homogenizers (MpBio China) at 1800 strokes/min
for 30 s. A plant genomic DNA kit (TIANGEN Biotech
Co. Ltd., Beijing, China) was used for genomic DNA
extraction. The DNA quality and concentration were
determined using a DS-11 spectrophotometer/fluorom-
eter series (DeNovix) to ensure the authenticity of miss-
ing loci, requiring 260 nm/280 nm values ranging from
1.8-2.0 and concentrations greater than 20 ng/pL. DNA
solutions were diluted to between 20 ng/uL and 50 ng/uL
for SSR genotyping.

A preliminary experiment have done for detecting the
amplification efficiency and polymorphism of markers,
and 16 primers for the SSR loci (RB17, RB28, RB4, RB12,
RBS8, RB1, RB35, RB11, and RB16 (Duan et al. 2003), as
well as PtSSR151A, PtSSR161, PtSSR152, PtSSR173,
PtSSR164, PtSSR55, and PtSSR13 (Szabo and Kolmer
2007) were suitable and used for SSR genotyping in this
study. The primers were modified by fluorescent dyes
FAM, HEX, CY3, or ROX (Beijing Qingke Biotechnology
Co., Ltd., China) at the 5 end. Each PCR reaction con-
tained 10 pL of 2x M5 HiPer plus Taq HiFi PCR mix (Bei-
jing Mei5 Biotechnology Co., Ltd China), 7 uL of ddH,0,
1 pL (10 ng/uL) of each primer, and 1 pL of diluted DNA
solution, for a total volume of 20 uL. Thermal cycling
conditions included an initial denaturation step at 95°C
for 3 min; followed by 35 cycles of denaturation at 94°C
for 25 s, annealing at 58°C to 61°C for 15 s and elonga-
tion at 72°C for 5 min; and final elongation step at 72°C
for 5 min. PCRs were conducted using a Veriti 96-well
machine (Applied Biosystems, China Branch).

For genetic analysis, PCR products were diluted at 1:50
with sterile water, and then 1 pL of diluted PCR products
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was added into a 9 pL mixture of HiDi Formamide
(Applied Biosystems): GeneScan 500 LIZ Size Standard
(Applied Biosystems)=1000:15. After centrifugation for
2 min (OSE-MP26, TIANGEN Biotech Co. Ltd, Beijing,
China), the mixtures were heated at 95C for 5 min and
then placed in an ice bath for 3 min. Fluorescence signals
were detected using a 3500 Genetic Analyzer (Applied
Biosystems). GeneMarker software v 2.7.0 (SoftGenet-
ics) was used to read the peak signals and determine the

genotypes.

Population genetic structure

The preliminary analysis of the data was performed using
the poppr v 2.9.3 package (Kamvar et al. 2014, 2015) in
R (Team 2021), and primers with locus loss rates greater
than 5%, as well as samples with locus loss rates greater
than 10%, were removed to ensure the accuracy of analy-
sis. The diversity analysis of SSR primers was performed
using GenAlEx v 6.502 (Peakall and Smouse 2006, 2012).

After data cleaning, the population structure analy-
sis was conducted using STRUCTURE v 2.3 (Hubisz
et al. 2009), which implements a model-based cluster-
ing method for inferring population structure using
genotype data consisting of unlinked markers (Pritchard
et al. 2000). After the linkage disequilibrium analysis,
the genetic data were analyzed using STRUCTURE with
no preclustering. The parameters were set as follows
(Evanno et al. 2005): the length of the burn-in period was
10,000, the number of MCMC repetitions after burn-
in was 100,000, and K was set from 1-10 to perform 10
independent runs. The results obtained from the STRU
CTURE model were packaged and submitted to Struc-
ture Harvester Web v 0.6.94 (Earl and vonHoldt 2012) to
estimate the best K value based on AK. CLUMPP v 1.1.2
(Jakobsson and Rosenberg 2007) was used to determine
optimal alignments of replicate cluster analyses of the
same data. The output from CLUMPP was submitted to
Distruct v 1.1 (Rosenberg 2004) to visualize the popula-
tion structure results; this software is capable of showing
individuals as line fragments of different colors from K
estimated clusters.

Discriminant analysis of principal components (DAPC)
is a method using sequential K means and model selec-
tion to infer genetic clusters; principal component anal-
ysis (PCA) is first performed to transform the data, and
then a discriminant analysis (DA) is performed to iden-
tify clusters (Jombart et al. 2010). Clone correction of
populations was performed internally before the DAPC
analysis. DAPC was performed using the adegenet v 2.0.0
package (Jombart 2008; Jombart and Ahmed 2011) in R
(Team 2021) to visualize genetic clusters.

Clustering analyses were performed based on the
unweighted pair group method with arithmetic means
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(UPGMA) and the neighbor-joining (NJ) methods using
the ape v 5.6-2 package (Paradis and Schliep 2019) in R.
And phylogenetic trees were visualized and annotated
using ggtree v. 3.2.1 package (Yu et al. 2018) in R.

Analysis of molecular variance (AMOVA) was per-
formed using Arlequin v. 3.5 with 9999 permutations to
detect differences between populations based on evolu-
tionary distance (Excoffier et al. 1992, 2005). Arlequin v.
3.5 was used to calculate Fg (Wright 1951), and GenAlex
v 6.502 (Peakall and Smouse 2006, 2012) was used to cal-
culate genetic diversity indexes and the number of migra-
tions (Nm) (Slatkin 1985) to clarify the genetic diversity
and genetic divergence between populations. The anal-
ysis of genetic diversity was based on indexes of the
number of effective alleles (Ne), Shannon’s information
index (I) (Shannon 1948), the number of alleles unique
to a single population, the expected heterozygosity (He)
(Nei 1973), and the unbiased expected heterozygosity
(uHe) (Nei 1978). Fg (pairs of alleles between individu-
als within populations) indicates the inbreeding num-
ber of populations relative to the total population (Weir
and Cockerham 1984). Nm was calculated based on the
migration rate, Nm = [(1/F¢p)-1]/4.

Relative migration rates were used to estimate the
directional components of genetic divergence and asym-
metric gene flow between popualtion paires (Sundqvist
et al. 2016). SSR genotype information was submitted to
divMigrate-online  (https://popgen.shinyapps.io/divMi
grate-online/), with the number of bootstraps set to 1000.
Alpha was set to 0.05, and D (JOST 2008) was used to
calculate the relative migration statistic.

Horizontal wind field analysis

The horizontal wind field analysis revealed the direc-
tion of wind streamlines at a specific height or baro-
metric surface, helping to clarify the wind-driven
pathogen migration. EAR5 (ECMWF Reanalysis v5)
was the fifth generation ECMWF (European Centre for
Medium-Range Weather Forecasts) reanalysis of the
global climate and weather for the past 4 to 7 decades.
EARS reanalysis data were provided by Copernicus Cli-
mate Change Service (C3S) of ECMWE. ‘ERA5 hourly
data on single levels from 1959 to present’ had an
hourly temporal resolution and 0.25° x 0.25° horizon-
tal resolution (atmosphere) and was used to extract the
10 m u-component of wind and the 10 m v-component
of wind to analyze the average horizontal wind field at
10 m altitude from April to June 2020. ‘ERA5 monthly
mean data on single levels from 1959 to present’ had a
monthly temporal resolution and 0.25° x 0.25° horizon-
tal resolution (atmosphere) and was used to extract the
10 m u-component of wind and the 10 m v-component
of wind to analyze the average horizontal wind field at
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10 m altitude from April to June in 2016—2020. ‘ERA5
monthly mean data on pressure levels from 1959 to pre-
sent’ had a monthly temporal resolution, 0.25° x 0.25°
horizontal resolution, 1000 hPa to 1 hPa vertical cover-
age, and 37 pressure levels of vertical resolution. It was
used to extract the u-component and v-component of
wind at 900 hPa and to analyze the average horizontal
wind field at 900 hPa from April to June 2016-2020.
The horizontal wind field analysis was performed using
Python v 3.9 and the third-party libraries xarray, pan-
das, numpy, cartopy, and matplotlib to analyze ERA5
reanalysis data during wheat leaf rust occurrence sea-
sons in eastern China (from April to June) from 2016
to 2020.

Abbreviations

AMOVA Analysis of molecular variance

CPH The central-periphery hypothesis

DA Discriminant analysis

DAPC Discriminant analysis of principal components

eMLG Number of expected MLG at the smallest sample
size> 10 based on rarefaction

Fr Pairs of alleles between individuals within populations

He The expected heterozygosity

/ Shannon's information index

MLG Multi-locus genotypes

Ne Indexes of the number of effective alleles

NJ The neighbor-joining methods

Nm Number of migrations

PCA Principal component analysis

Pt Puccinia triticina

SSR genotype A series of SSR loci with different numbers of base
pairs

SSR Simple sequence repeat

uHe The unbiased expected heterozygosity

UPGMA The unweighted pair group method with arithmetic
means
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Additional file 1: Figure S1. Genotype accumulation curve is used to
assess if it is sufficient to discriminate between unique individuals for the
given loci. It had reached the plateau of 289 MLGs, indicted that the set
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Figure S2. deltaK showed the best K value was 3 in this study. Figure
$3. DAPC analysis of 11 Pt populations in eastern China shows 3 clusters
on the coordinate axis. H1, H3, H4, H5, and H8 from Cluster 1 are located
on the left side of the Y axis, whereas H2, H6, and H11 from Cluster 2 are
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the right side of the Y axis. Figure S4. Separate DAPC analyses of the 3
clusters show that after division according to geographical areas, Clusters
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