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Abstract

The wheat leaf rust fungus, Puccinia triticina, is found in the major wheat growing regions of the world and is a leading

cause of yield loss in wheat. Populations of P. triticina are highly variable for virulence to resistance genes in wheat and

adapt quickly to resistance genes in wheat cultivars. The objectives of this study were to determine the genetic relatedness of

worldwide collections of P. triticina using restriction site associated genotyping by sequencing. A total of 558 isolates of P.

triticina from wheat producing regions in North America, South America, Europe, the Middle East, Ethiopia, Russia,

Pakistan, Central Asia, China, New Zealand, and South Africa were characterized at 6745 single nucleotide loci. Isolates

were also tested for virulence to 20 near-isogenic lines that differ for leaf rust resistance genes. Populations that were

geographically proximal were also more closely related for genotypes. In addition, groups of isolates within regions that

varied for genotype were similar to groups from other regions, which indicated past and recent migration across regions.

Isolates from tetraploid durum wheat in five different regions were highly related with distinct genotypes compared to

isolates from hexaploid common wheat. Based on a molecular clock, isolates from durum wheat found only in Ethiopia were

the first to diverge from a common ancestor form of P. triticina that is found on the wild wheat relative Aegilops speltoides,

followed by the divergence of isolates found worldwide that are virulent to durum wheat, and then by isolates found on

common wheat.

Introduction

Diseases that affect the major staple crops of the world are a

serious constraint on agricultural productivity. Modern agri-

cultural production systems emphasize large production fields

of crops at the same growth and development stage that are
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often genetically uniform and planted across millions of

hectares. These conditions provide highly favorable environ-

ments for plant pathogens to adapt and overcome disease

resistance genes in host genotypes and to spread within and

across fields, often resulting in epidemics that affect entire

continental regions. On a global level, yield losses in wheat

caused by disease average 21.5% (Savary et al. 2019).

Many plant pathogens have a global distribution, result-

ing in yield losses in different climatic and host environ-

ments. Plant pathogenic fungi in particular are highly

adapted for invasion and dissemination across large land

masses and between continents (Gladieux et al. 2014) and

are rarely endemic to a single region (Bebber et al. 2014).

Leaf rust caused by the fungus Puccinia triticina Erikss. is

found almost wherever wheat is grown in non-arid condi-

tions (Saari and Prescott 1985; Samborski 1985) and is the

leading cause of yield loss in wheat due to disease (Savary

et al. 2019) on a global level. Puccinia triticina is a mac-

rocyclic heteroecious rust with five spore stages that requires

two taxonomically unrelated hosts to complete the sexual

cycle. The economically important disease phase is caused

by infections of dikaryotic urediniospores on hexaploid

common wheat, Triticum aestivum L.; tetraploid durum

wheat, T. turgidum L.; and wild emmer wheat T. dicoccoides

L. (Bolton et al. 2008). Urediniospores are clonally pro-

duced and uredinial infections can cycle indefinitely on

susceptible wheat plants. Urediniospores are highly adapted

for wind dissemination and are deposited on wheat fields by

rainfall. The spores germinate, penetrate the leaves through

the stomata and form specialized infection structures that

ramify intercellular tissue below the epidermal and palisade

layer of cells. Uredinial infections can produce new uredi-

niospores within 7–10 days after initial infection. Each

uredinial infection can produce thousands of urediniospores,

and there may be hundreds of uredinial infections on a single

leaf, resulting in a very large population of infective spores

that have the potential to be carried hundreds to thousands of

kilometers on the prevailing winds. Dikaryotic teliospores

are produced in maturing uredinial infections on wheat,

undergo a brief diploid phase, and then germinate to produce

haploid basidiospores that infect the alternate host. The most

compatible alternate host of P. triticina is Thalictrum spe-

ciosissimum L, common meadow rue. Haploid spermagonia

are formed on the upper leaf surface and these produce

spermatia that differ for a mating type allele, which then

fertilize sexually compatible spermagonia. The dikaryotic

condition is restored after fertilization which leads to the

formation of aecial cups on the lower leaf surface that

mature to produce dikaryotic aeciospores that can infect only

the uredinial-telial hosts. Susceptible alternate hosts of P.

triticina are found mostly in southern Europe and parts of

west Asia but are not important in the spread of the disease.

In North America and many other wheat producing regions

the native Thalictrum spp. are not highly susceptible to

infection by P. triticina basidiospores (Saari et al. 1968).

As a pathogen, P. triticina is well suited for population

genetic studies as it has broad environmental adaptation and

there are many variants that differ for virulence to leaf rust

resistance genes in wheat. In the United States P. triticina

populations are highly variable for virulence with over 50

races identified annually. In the Great Plains of the U.S. wheat

cultivars with race specific leaf rust resistance genes have

continuously selected virulent races of P. triticina for the last

40 years (Kolmer and Hughes 2018). This has resulted in a

constant turnover of the predominant races, with many wheat

cultivars losing their effective resistance within a few years.

Populations of P. triticina in North America (Ordoñez and

Kolmer 2009) and other regions (Goyeau et al. 2007) have

been characterized using virulence and various molecular

markers as technologies have advanced. Information con-

cerning the frequency of races with virulence to resistance

genes can be used to select resistant wheat germplasm. DNA

based markers have provided further insight into the genetic

relationship between race groups and the origins and spread

of new races and genotypes within (Ordoñez and Kolmer

2009) and between continental regions (Ordoñez et al. 2010).

The objectives of this study were to determine the genetic

relationships between populations of P. triticina from major

wheat producing regions worldwide, using the current tech-

nology of restriction site associated genotyping by sequencing

(GBS) (Poland and Rife 2012) in order to generate a large

number of single nucleotide polymorphic (SNP) markers. The

genetic and evolutionary relationships between geographic

and host-associated groups of P. triticina can be more directly

assessed using SNP markers compared to previous studies

(Kolmer et al. 2019) which employed simple sequence repeat

(SSR) or microsatellite markers. We also wished to determine

if isolates that had nearly identical genotypes were restricted

to certain geographical regions or if these isolates were widely

distributed across regions, which would support the hypoth-

esis of migration of clonally produced urediniospores. Fur-

thermore, we examined the divergence of host-associated

forms of P. triticina from a common ancestor using a mole-

cular clock approach, to determine if the leaf rust pathogen

tracked wheat during its evolution from diploid to tetraploid

and hexaploid forms.

Materials and methods

Isolates of P. triticina

The isolates used in this study came from field surveys of

infected wheat fields and collections in national laboratories

in North America, South America, the Middle East, Central

Asia, Europe, East Africa, Russia, China, Pakistan, New
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Zealand, and South Africa (Supplemental Table 1). Most of

the isolates were collected from the early 2000s up to 2014.

The collections from New Zealand and South Africa were

from the mid-1990s. Collections from the late 1980s to mid-

1990s were also obtained for most regions. Collections of

leaf rust were made from both durum wheat and common

wheat. The single-uredinial isolates were tested for viru-

lence to a set of 20 near-isogenic lines of Thatcher wheat

that have leaf rust resistance genes Lr1, Lr2a, Lr2c, Lr3a,

Lr9, Lr16, Lr24, Lr26, Lr3ka, Lr11, Lr17, Lr30, LrB, Lr10,

Lr14a, Lr18, Lr3bg, Lr14b, Lr20, Lr28, and Thatcher as a

susceptible control as previously described (Kolmer et al.

2019). The virulence phenotypes were described using a

five-letter code, where each letter described virulence/

avirulence to four Thatcher differential lines adapted from

the hexadecimal nomenclature used to describe virulence in

P. triticina (Long and Kolmer 1989). Each isolate was also

given a 20-digit binary number based on the avirulent/

virulent response to the Thatcher differential lines. Differ-

ences in virulence among isolates within groups was cal-

culated using GenAlex 6.502 (Peakall and Smouse 2012)

with the Distance-Genetic-binary haploid function. Uredi-

niospores from two isolates of P. triticina collected in Israel

from the wheat progenitor Aegilops speltoides L. (Yehuda

et al. 2004) were also increased.

Genotyping by sequencing

DNA was extracted from urediniospores using the Omniprep

kit (G-Biosciences, St. Louis MO), and diluted to 25 ng/μl in

30 μl. The DNA was processed for GBS at the University of

Minnesota Genomics Center. DNA was digested with BtgI

and BamHI and ligated with barcode adapters. The DNA

libraries were sequenced in 1.5 lanes using the Illumina

HiSeq 2500 Rapid mode 100-single end read method (Illu-

mina, San Diego, CA). The barcodes were removed from the

raw reads using SCYTHE with default settings. The cleaned

reads were mapped to the ASM15152v1 reference genome

of P. triticina (available at https://fungi.ensembl.org/

Puccinia_triticina/Info/Index) with minimap2 (Li 2018),

using default parameters. A genome catalog was created and

genotype data extracted using the gstacks and populations

modules, respectively, from the STACKS v2.3b software

package (Catchen et al. 2013). The –ordered_export flag in

the populations module was used to ensure that GBS loci

with overlapping physical positions were collapsed upon

export. A total of 558 isolates from 11 different regions were

genotyped.

Nucleotide diversity

In order to calculate both intra- and inter-population average

pairwise nucleotide diversity values (π and dXY, respectively),

the full sequence (i.e. variant and invariant positions) for each

locus was exported with genotyping rate as above in.fasta

format. The average pairwise diversity for all combinations of

haplotypes was calculated using a custom Python script.

Given either individual isolate names or groupings of isolates,

average values within and between defined groups were then

calculated using GNU datamash (version 1.3).

Coancestry and estimation of k groups

The coancestry among individuals was estimated using the

FINERADSTRUCTURE software package (Malinsky et al.

2018). The haplotype matrix output from STACKS was

converted into a format readable by the RADpainter pro-

gram using the fineradinput.py script available in the

FINERADSTRUCTURE-tools repository (https://github.

com/edgardomortiz/fineRADstructure-tools). Firstly, the

coancestry matrix was estimated using RADpainter, which

determines coancestry at individual GBS loci by the number

of SNP differences between haplotypes and averages those

values across all GBS loci. Using the information from the

coancestry matrix, clustering with FINERADSTRUCTURE

was done with a burn-in of 100,000 iterations and

100,000 sampling iterations, keeping 1000 runs in total. A

tree from the cluster structure was inferred again using

100,000 burn-in iterations, and 100,000 sampling iterations

thinned to a total of 1000 samples. Using the populations

module from STACKS, the data were also exported in VCF

format, retaining a single SNP for each locus. The indivi-

duals were also grouped based on genotype using dis-

criminate analysis of principal coordinates (DAPC)

implemented in POPPR 2.02 (Kamvar et al. 2014) using

SNP genotypes in VCF format. The genotypes of the iso-

lates were transformed to 40 principal components (PCs)

and then k means analysis was conducted on the PCs. The

dataset was tested for values of k from 2 to 80. Change in

values of the Bayesian Information Criterion (BIC) was

used in an attempt to determine the number of k groups in

the overall population. All isolates used in this study had

been previously genotyped for allelic variation at 23 SSR

loci (Kolmer et al. 2019). Based on their multi-locus gen-

otypes (MLG) the isolates had previously been differ-

entiated into 40 groups. These MLG groups were

subsequently used to group the isolates due to problems

with the FINERADSTRUCTURE clustering and

the DAPC.

Estimates of genetic differentiation, heterozygosity,
and linkage disequilibrium

The R software package diveRsity v1.9.90 (Keenan et al.

2013) was used to calculate Weir and Cockerham’s FST and

Jost’s D between isolates grouped in their geographic
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region of collection, also using the SNP VCF file. Prevosti’s

genetic distance between the regional populations was cal-

culated with POPPR. The coefficient of inbreeding (FIS),

expected heterozygosity (He) and observed heterozygosity

(Ho) of the regional populations were calculated with

diveRsity. Measures of linkage disequilibria, the index of

association (Ia) and rd were calculated within the regional

populations with POPPR. Unrooted neighbor joining (NJ)

trees of Prevosti’s genetic distance between isolate geno-

types, genotype groups, and isolates in geographical regions

were done in APE (Paradis et al. 2004) with 1000 bootstrap

samples.

Estimate of relative divergence time between host-
associated forms

Divergence time in relative number of cell divisions

between different groups of P. triticina based on host

association was estimated using a genome-wide mutation

rate and the π and dXY values within and between groups.

The divergence time estimates were calculated for two

populations as τ= (dXY−(πX+ πY / 2)) / 2μ, where x and y

are the respective populations being compared and μ is the

genome-wide average mutation rate per base pair per cell

division. Divergence times were also calculated from the

branch lengths of a neighbor-joining tree by dividing those

lengths by an estimate of 2μ. In both cases the estimate of μ for

the basidiomycete yeast Rhodotorula toruloides of 1.9 × 10−10

per site per cell division was used (Long et al. 2016). Esti-

mates of μ are quite consistent across the fungal kingdom;

estimates for ascomycetes range from 1.63–4.1 × 10 −10 per

site per generation (Farlow et al. 2015; Lynch et al. 2018; Zhu

et al. 2014). The estimates should be robust with respect to

variation in μ. While this simplistic estimate of τ is biased in

the presence of gene flow and selection, it is at least well

understood as a consequence of coalescent times and does not

require optimization and parameterization of complex demo-

graphic models (Rosen et al. 2018).

Results

Genotyping of P. triticina

Among the 556 isolates from durum and common wheat, a

total of 6745 SNPs across 1104 genomic contigs were

retained for analysis. The SNPs were randomly distributed

across the contigs, with no large gaps (Supplemental Fig.

1). Variant loci with minor allele frequency <0.01 were

filtered out. The read depth varied from 30–80X for the

individual isolates. Of the total isolates, 551 had <5%

missing data, and 5513 SNPs had <5% missing data. The

final stringency for missing data was relaxed in order to

allow inclusion of the two isolates from A. speltoides in the

final dataset. These divergent isolates had lower alignment

to the reference genome, resulting in 4414 SNP loci. Both

isolates had <36% missing data and all SNPs had <25%

missing data. The average sequence diversity across all

pairwise comparisons of isolates from common and durum

wheat ranged from 5.0 × 10−4 to 2.0 × 10−3 (Supplemental

Fig. 2). The average sequence diversity of the two

isolates from A. speltoides paired with all other isolates was

6.8 × 10−3.

An unrooted neighbor joining plot of the SNP genotypes

of all isolates except the two from A. speltoides (Fig. 1),

indicated that isolates from some of the regions were dis-

persed across different parts of the tree and were often clo-

sely related to isolates from other regions. As an example,

groups of isolates from Europe, Pakistan, and the Middle

East were found in many parts of the tree, and isolates from

these groups were closely related to isolates from other

regions. In contrast, isolates from China and Russia were not

widely distributed, being found mostly in only two parts of

the tree. Isolates from North America and South America

were highly related and were also not widely distributed in

the tree. Overall, although there was some separation of

isolates based on geographic region, many isolates were

closely related to isolates from other regions.

Differentiation of regional populations of P. triticina

The isolates from common wheat and durum wheat were

initially grouped based on region of origin. Population

differentiation was determined using three complementary

methods; Jost’s D, FST, and Prevosti’s distance. Genetic

distance as measured by Jost’s D ranged from 0.0

for the population pairs Middle East–New Zealand;

Europe–Pakistan; North America–South America; and New

Zealand–South Africa; to 1.1 × 10−3 for Russia–East Africa

(Supplemental Table 2). Values of FST between the popula-

tions ranged from 0.0102 for Europe–Pakistan to 0.2112 for

Russia–East Africa. All population pairings had values of FST

significantly greater than 0.0 with p < 0.05. Based on Pre-

vosti’s genetic distance, the Russia–East Africa populations

were the most distant and the North America-South America

populations were the most closely related (Supplemental Fig.

3). With respect to the neighbor-joining tree, the North

America–South America and Europe–Pakistan populations

were paired with bootstrap values of 100% and the

Russia–Central Asia; South Africa–New Zealand; and the

Europe–Pakistan populations were grouped with bootstrap

values >90%. The eastern most regional populations; Russia,

Central Asia, and China, were separated from the other

populations with 100% confidence.
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Nucleotide diversity and heterozygosity

Measures of nucleotide diversity and heterozygosity were

assessed to determine if there were large differences in the

distribution of variation within the regional populations.

The Middle Eastern population was the most diverse for

average pairwise nucleotide variation at 1.63 × 10−3, while

the Russian population was the least diverse at 8.70 × 10−4

(Table 1). All populations had values of Ho greater than He

(Fig. 2). Only the population from East Africa had a FIS

value that was not significantly less than 0.0 (p < 0.01)

(Table 1). The populations were further assessed for non-

random distribution of variation. All populations had very

high levels of Ia and had values of rd > 0.00 (p < 0.01)

(Table 1). Taken together with the high values of Ho relative

to He, the high disequilibria measures were strong indicators

of non-random variation that confirmed the clonal repro-

duction of all the regional populations.

Differentiation of P. triticina groups

The isolates were then grouped based on molecular geno-

types. A total of 163 inferred clusters were derived from a

heatmap of coancestry, as determined by the inferred

population membership in the finestructure clustering

algorithm in FINERADSTRUCTURE (Malinsky et al.

2018). This high number of groups made further analyses

cumbersome, so grouping the isolates based on DAPC was

then done. However, there was no indication of cluster

number since the BIC values declined continuously, with no

clear lower limit. Given the difficulties in finding a work-

able number of distinct genotype groups with both
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Europe; PK Pakistan; CN China; CA Central Asia; RU Russia.
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Table 1 Virulence diversity, nucleotide diversity, and linkage disequilibria of Puccinia triticina regional populations and MLG groups.

Group No. of
isolates

No. of virulence
phenotypes

Average pairwise
virulence distance

Average pairwise
nucleotide diversity

FIS
a Ia

b rd
c

CA-1 11 9 2.18 8.00 × 10−4

CA-2 23 19 3.17 8.40 × 10−4

CA-3 11 9 3.66 1.07 × 10−3

CA-4 16 14 2.80 8.30 × 10−4

Central Asia 61 51 5.55 1.08 × 10−3 −0.103 46.7 3.1 × 10−2

CN-1 26 18 4.86 1.13 × 10−3

CN-2 26 17 3.76 9.70 × 10−4

CN-3 13 4 0.81 9.90 × 10−4

China 65 39 4.76 1.25 × 10−3 −0.087 68.4 3.7 × 10−2

EA-1 6 3 2.33 8.20 × 10−4

EA-2 8 8 5.08 1.06 × 10−3

ETH-Durum 5 1 0.00 5.80 × 10−4

ETH-EEEEE 6 – – 7.40 × 10−4

East Africa 25 12 5.13 1.29 × 10−3 0.002 85.0 5.4 × 10−2

EU-1 19 14 3.76 1.07 × 10−3

EU-2 20 17 3.20 8.10 × 10−4

EU-4 13 11 2.56 8.40 × 10−4

EU-5 16 15 4.00 1.20 × 10−3

EU-6 4 4 2.70 7.30 × 10−4

EU-7 12 9 2.19 9.90 × 10−4

EU-8 20 13 3.13 9.20 × 10−4

EU-Durum 13 8 2.61 9.50 × 10−4

Europe 117 90 6.23 1.29 × 10−3 −0.028 49.9 2.2 × 10−2

ME-1 20 20 5.85 9.40 × 10−4

ME-2 22 19 4.53 1.03 × 10−3

ME-Durum 10 9 2.43 9.40 × 10−4

Middle East 52 48 9.00 1.63 × 10−3 −0.104 77.4 4.8 × 10−2

NA-1 7 4 4.14 9.50 × 10−4

NA-2 17 15 4.83 1.07 × 10−3

NA-3 14 8 2.70 7.50 × 10−4

NA-4 2 2 9 7.50 × 10−4

NA-5 29 25 4.39 8.10 × 10−4

NA-Durum 4 2 0.64 8.50 × 10−4

North America 73 56 6.83 1.04 × 10−3 −0.101 94.6 5.7 × 10−2

NZ 10 8 4.2 1.12 × 10−3 −0.288 84.9 7.9 × 10−2

PK-1 17 10 3.68 1.00 × 10−3

PK-2 12 10 4.21 1.00 × 10−3

PK-3 9 4 2.26 8.00 × 10−4

Pakistan 38 24 5.11 1.16 × 10−3 −0.129 85.7 5.8 × 10−2

RU-1 24 16 3.10 7.50 × 10−4

RU-2 20 16 3.88 8.70 × 10−4

Russia 44 32 4.14 8.70 × 10−4 −0.092 49.0 3.7 × 10−2

SA-1 5 5 4.20 6.60 × 10−4

SA-2 25 22 7.11 9.10 × 10−4

SA-3 23 18 3.41 7.80 × 10−4

SA-4 4 4 4.90 9.80 × 10−4

SA-Durum 6 4 1.14 6.90 × 10−4

South America 63 53 7.56 1.03 × 10−3 −0.070 122.0 7.9 × 10−2

South Africa 8 8 4.13 1.09 × 10−3 −0.306 79.7 8.1 × 10−2

aCoefficient of inbreeding
bIndex of association
cStandardized form of Ia, accounting for number of loci sampled (Kamvar et al. 2014)
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finestructure and DAPC, the isolates from common wheat

and durum wheat (Table 1) were grouped within the

regional populations as determined with SSR markers for

the same isolates in a previous study (Kolmer et al. 2019).

In this grouping, the isolates within groups had very little

SSR variation, and much greater variation between groups.

This also had the advantage of making it easier to infer

genetic similarity or differences between groups of isolates

from different regional populations, as compared to making

inferences regarding isolates from different regions within

arbitrary group designations. There were overall 40 MLG

groups of isolates from common and durum wheat within

the regional populations. Isolates from durum wheat that

were found in Europe, North America, South America, the

Middle East, and East Africa had distinct MLG and SNP

genotypes compared to the isolates from common wheat

and were placed in separate groups that were indicated with

the suffix durum. Isolates from Ethiopia that were virulent

to durum wheat, but highly avirulent to nearly all common

wheat cultivars were placed in a separate group designated

as ETH-EEEEE. Isolates from New Zealand and South

Africa were not divided into additional groups since there

were 10 or fewer isolates in each group.

The nucleotide diversity of the isolates within the MLG

genotype groups ranged from 1.20 × 10−3 for EU5, to

5.80 × 10−4 for EA Durum (Table 1). With two exceptions,

the regional populations overall had higher nucleotide

diversity compared to the groups within their respective

populations. The NA2 group had nucleotide diversity of

1.07 × 10−3 that was slightly higher than the overall North

American population of 1.04 × 10−3, and the RU2 group

had diversity equal to the overall Russian population. The

isolates within the MLG groups also varied for virulence to

the Thatcher near isogenic lines that carry single leaf rust

resistance genes (Table 1). The NA5 group had the highest

number of races with 25, that had an average virulence

difference of 4.39. In contrast, the EA durum group had five

isolates with the same race designation. Almost all of the

groups within the regional populations had smaller average

pairwise differences in virulence compared to the overall

virulence difference of the regional populations. The only

exception was the NA-4 group that consisted of two isolates

that differed by 9.0 for virulence compared to 6.83 for the

North American population. The isolates within the groups

were more closely related for virulence compared to isolates

in the overall regional populations.

The genetic distance between the isolates was further

examined using the SNP genotypes of isolates in the MLG

genotype groups. In the NJ plot using Prevosti’s genetic

distance the 40 groups were arranged into 15 GBS clusters

(Fig. 3a). Nine of the clusters had two or more groups with

bootstrap support values of >95% (Supplemental Fig 4). Six

groups; ETH-EEEEE, EU1, CN3, NA1, NA2, and SA4,

were not paired with any other group with high bootstrap

support. Groups in cluster A were from the five groups in

different regional populations that have virulence to durum

wheat. Groups CN1 and CN2 were in cluster F. Seven other

(E, G, H, I, J, K, M) clusters had groups highly related for

genotype from different regional populations. Isolates in

clusters G, I, and J, were from Europe, Central Asia, Russia,

the Middle East, and Pakistan. Isolates in cluster H were

from North America and South America; isolates in cluster

K were from the Middle East, South America, and North

America; and isolates in cluster M were from North

America, South America, East Africa, Pakistan, and Eur-

ope. Isolates in EU5 were clustered with isolates in the SAF

and NZ groups at 95% confidence (Supplemental Fig. 4),

although these are shown as clustering separately in Fig. 4.

Isolates in the ETH-EEEEE group were highly distinct from

all other isolate groups from either durum wheat or common

wheat. The percentages of isolates in the 15 clusters in the

11 regional populations are shown in Fig. 4.

Some of the groups that were highly related for genotype

also had very similar virulence to the differential wheat

lines. Groups in the A (ETH Durum, NA Durum, SA

Durum, EU Durum, ME Durum), F (CN1, CN2), G (RU1,

CA2, EU6), I (CA1, EU2), J (CA3, PK1, EU7; EU4, CA4),

K (NA5, SA2), and M (SA3, NA3, EU8) clusters were

closely grouped in the NJ plot based on virulence to the

Thatcher near-isogenic lines (Fig. 3b). Of the clusters with

more than one group, only groups in the E cluster (SAF,

NZ, and EU5) were not closely related for virulence. The

frequencies of virulence to the differential lines of the iso-

late groups are listed in Supplemental Table 3. Excluding

the groups from durum wheat in clusters A and B, the

groups varied for virulence from 0 to 90% to genes Lr1,

Lr2a, Lr3a, Lr3ka, Lr14a, Lr20, Lr26, Lr28, and Lr30.

Virulence to genes Lr9, Lr11, Lr16, Lr18, and Lr24 were at

lower frequency in all groups, and virulence to LrB, Lr10,

and Lr14b were at high frequency in all groups. All groups
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Fig. 2 Average observed (Ho) and average expected (He) hetero-

zygosity of 6745 SNP loci in 11 regional populations of Puccinia

triticina. NA North America; SA South America; EU Europe; ME

Middle East; EA East Africa; RU Russia; PK Pakistan; CA Central

Asia; CN China; New Zealand; SAF South Africa.
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had intermediate to high virulence to genes Lr3bg, Lr2c,

and Lr17.

In the previous study with SSR markers, a large number

of isolates in different regional populations had identical

MLG. We wished to determine if these isolates also had

closely related SNP genotypes. A total of 132 isolates

amongst 18 MLG across different regions were grouped in a

NJ plot based on their SNP genotypes (Supplemental Fig.

5), in addition to 10 other isolates in eight MLG. The

genetic distance between MLG is related to the number

designation, such that MLG closer in number are more

related for SSR genotype compared to MLG that are further

Fig. 3 Neighbor joining plots of 556 Puccinia triticina isolates in 40

MLG genotype groups in 11 regional populations. NA North

America; SA South America; EA East Africa; ME Middle East; NZ

New Zealand; SAF South Africa; EU Europe; PK Pakistan; CN China;

CA Central Asia; RU Russia. a Plot of Prevosti’s genetic distance of

isolates in MLG groups based on 6745 SNP markers. Indicated

clusters (A-O) of isolate groups have support values over 95% based

on 1000 bootstrap samples. All bootstrap support values are indicated

in supplemental Fig. 4. b Plot of Prevosti’s genetic distance of viru-

lence to 20 Thatcher wheat lines near-isogenic for leaf rust resistance

genes of isolates in 40 MLG genotype groups. Numbers of isolates in

each region and MLG group are in Table 1.
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apart. Isolates with identical or closely related MLG that

were found in different regions were clustered into groups

of highly related SNP genotypes. Isolates with MLG 6, 25,

65, 59, 77, and 99 were in discrete groups based on their

SNP genotypes. Isolates with MLG 41, 42, 46, 49, 52 were

clustered in one group, as were isolates in MLG 7 and 9,

isolates in MLG 33, 35, and 36, isolates from durum wheat

in MLG 72 and 75, isolates in MLG 79 and 82, and isolates

in MLG 83 and 84. The number of isolates within MLG

groups for each MLG are listed in Supplemental Table 4.

Divergence of host-associated groups of P. triticina

The SNP genotypes distinguished three different types of P.

triticina isolates on wheat: isolates from common wheat

found worldwide, isolates from durum wheat found

worldwide; and isolates from durum wheat that were found

only in Ethiopia. The SNP genotypes of the two isolates

from A. speltoides were also included to determine relative

divergence times of the four P. triticina groups using a

molecular clock based on a genome-wide mutation rate.

Divergence times in relative generations or cell divisions,

were estimated using the nucleotide diversities of the four

groups, nucleotide divergence between the groups, and the

genome-wide mutation rate as determined from R. tor-

uloides (Table 2). Divergence times were also estimated by

dividing branch lengths of the NJ tree (Fig. 5) by 2μ. The

ETH-EEEEE isolates were estimated to be the oldest type

found on wheat, having diverged from the ancestral A.

speltoides type ≈ 14.9–20.1 × 106 cell divisions ago (Table

2, Fig. 5). The isolates found on durum wheat worldwide

diverged from the ETH-EEEEE types ≈ 1.6–4.8 × 106 divi-

sions ago, and the isolates virulent to common wheat

diverged from the durum isolates ≈9.5 × 105–4.6 × 106

divisions ago. The two A. speltoides isolates showed the

least relative divergence from the common wheat samples

likely due to reference sequence bias, since the reference

genome is a common wheat isolate.

Discussion

In this study, isolates of P. triticina with highly related SNP

genotypes were widely distributed across geographically

Fig. 4 Percentage of Puccinia triticina isolates based on SNP genotype in 15 SNP genotype clusters (A-O) in 11 regional populations.

Numbers of isolates in each region are in Table 1.

Table 2 Average pairwise

nucleotide diversity and

divergence among major host-

associated groups of Puccinia

triticina.

Group Aegilops Durum wheat-worldwide ETH-EEEEE Common wheat

Aegilops 1.13 × 10−3 15.70 × 106 15.90 × 106 14.92 × 106

Durum wheat-worldwide 6.96 × 10−3 8.50 × 10−4 1.60 × 106 9.55 × 105

ETH-EEEEE 6.98 × 10−3 1.40 × 10−3 7.4 × 10−4 1.52 × 106

Common wheat 6.82 × 10−3 1.37 × 10−3 1.53 × 10−3 1.16 × 10−3

Lower triangle represents between group nucleotide divergence (dxy) and values on the diagonal in italics are

within group diversity (π). The upper triangle is divergence time in cell divisions calculated from

divergence values
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distant wheat growing regions, which provided strong evi-

dence for recent and historical migration of this important

wheat pathogen. Regional differentiation was also found, as

there were endemic genotype groups that were not closely

related to any groups from other regions. The distribution of

genetic variation in the worldwide populations has been

influenced by host selection and the wind-blown dispersal

of asexual urediniospores within and across geographically

distant populations.

Geographic proximity affected the relative differentiation

of the regional populations. The high similarity of the Russian

and Central Asia populations suggests a stepwise progression

of wind disseminated urediniospores across wheat fields in

these two regions. Both groups from Russia were closely

related to groups from Central Asia. The high similarity of

isolates from Central Asia, Russia, the Middle East, Europe,

and Pakistan in the GBS clusters G (CA2,RU1, EU6), I (CA1,

EU2, PK3, RU2), and J (EU7, ME2, EA2, PK1, CA3, CA4,

EU4) indicated the movement of P. triticina genotypes across

Europe and Asia. Movement of wheat rust fungi across

continental land masses has been regularly documented.

Races of wheat stem rust caused by P. graminis f. sp. tritici

with virulence to genes Sr31 and Sr38 (Wanyera et al. 2006;

Jin et al. 2009; Jin et al. 2008) have spread across East Africa

into parts of the Middle East and southwest Asia. Races of P.

triticina found in the southern Great Plains of the U.S. are

wind dispersed by southerly winds to northern wheat growing

regions. The same races of P. triticina can be found in Texas,

Minnesota and Manitoba in the same year (Kolmer and

Hughes 2014; McCallum et al. 2018). Races of the stripe rust

fungus, P. striiformis f. sp. tritici, have spread across Asia into

western Europe (Hovmøller et al. 2015). The relatedness of

the NA and SA populations is likely due to the introduction of

P. triticina from common sources in Europe during the

establishment of wheat cultivation. Groups NA3, SA3; NA5,

SA2; and NA4 and SA1 were highly related. Since the mid-

1990s P. triticina races with identical SSR genotypes and

virulence in the NA3 and SA3 groups have spread across both

continents (Ordoñez et al. 2010).

Genotype groups that were not closely related to other

groups contributed to the differentiation of the regional

populations. These groups may be endemic in their

respective regions. The CN population in particular was

strongly differentiated from other populations, as the three

groups from China were unrelated to groups from other

regions. Similarly, groups in North America (NA1, NA2),

South America (SA4), and Europe (EU1, EU5) that were

unrelated to other groups contributed to the differentiation

of these regional populations. Host selection may account

for these unique groups. Wheat cultivars with certain

combinations of leaf rust resistance genes may have selec-

ted and maintained unique P. triticina races. Within the U.

S., different leaf rust resistance genes are present in the soft

red winter wheat cultivars grown in the southern and eastern

states; the hard red winter wheat cultivars of the southern

and mid-Great Plains, and the hard red spring wheat culti-

vars of the northern Great Plains (Kolmer and Hughes

2018). The different host cultivars and their respective leaf

rust resistance genes have selected different leaf rust races

in these three regions. The unique genotype groups in this

study may also be a result of genetic drift due to sampling.

Additional collections in additional years across all popu-

lations may have resulted in fewer unrelated groups. To

reduce the effects of drift due to sampling, all populations

ideally would have been sampled in an identical manner

within a time period of a few years with approximately an

equal number of collections and derived isolates.

Groups from different regions were highly related, which

had the effect of reducing the overall association between

geographic distance and genotype. The pan-global dis-

tribution of these groups indicates long-distance movement

of wind-blown urediniospores between continental regions.

Isolates of P. triticina with virulence to durum wheat have

been found in durum growing regions across North America

(Singh et al. 2004), South America (Ordoñez et al. 2010),

Europe (Goyeau et al. 2011), the Middle East (Kolmer et al.

Fig. 5 Neighbor joining plot of Puccinia triticina isolates in 40

genotype groups based on nucleotide diversity between and within

groups of 6745 SNP markers. Divergence times between groups

were based on branch lengths scaled by 2x the genome-wide mutation

rate. AEG isolates collected from Aegilops speltoides; NA North

America; SA South America; EA East Africa; ME Middle East; NZ

New Zealand; SAF South Africa; EU Europe; PK Pakistan; CN China;

CA Central Asia; RU Russia.

406 J. A. Kolmer et al.



2011), and East Africa (Kolmer and Acevedo 2016). These

isolates in MLG 72 and 75 (Supplemental Fig. 5) are highly

related for SNP genotype, and likely have a common origin.

Races of P. triticina with virulence to Lr72 in durum wheat

have spread to most durum growing regions of the world

since the early 2000s (Soleiman et al. 2016). Isolates in

NA3, SA3, EA1, PK2, and EU8 are highly related and most

have virulence to Lr17 and Lr3bg. Isolates in these groups

were first found in the United States (Long et al. 2000) and

Canada (Kolmer 1998) in the mid-1990s, Uruguay and

Argentina in 1999 (German et al. 2007), and in France in

2000 and 2001 (Goyeau et al. 2006). Isolates with this

virulence are in MLG 33, 35, and 36 in Supplemental Fig.

5, and have nearly identical SNP genotypes. The initial

appearance of isolates in PK2 and EA1 is unknown since

regular surveys of P. triticina in these regions have not been

conducted. Isolates in SA3, NA3, and EU8; and EA1 and

PK2 were also highly similar for virulence. Given the high

molecular and virulence similarity, isolates in these groups

likely have a common origin. The New Zealand and South

Africa populations were also similar for SNP genotype,

however only a small number of isolates from both of these

populations were collected in the mid-1990s and may not be

representative of the current populations. Foreign incursions

of P. triticina races were previously noted in Australia and

New Zealand (Park et al. 2002; Park et al. 1995).

All regional populations except for East Africa, had higher

levels of observed heterozygosity compared to the expected

heterozygosity in sexual populations that are in Hardy-

Weinberg equilibrium. The same isolates in the earlier study

(Kolmer et al. 2019) also had higher levels of heterozygosity

than expected for SSR loci. The high levels of heterozygosity

(Halkett et al. 2005) combined with the high linkage dis-

equilibrium in all populations were strong indicators of clonal

reproduction. Furthermore, the high similarity of isolate

groups for both molecular genotype and virulence was an

additional indicator of clonal reproduction. If sexual recom-

bination were occurring to some degree, there would be little

if any association between race phenotype and molecular

variation. In the absence of recombination, the genes affecting

virulence are effectively completely linked. New races of P.

triticina develop by the stepwise accumulation of new viru-

lence genes, in existing genetic backgrounds. A sexual

population of P. triticina derived in an experimental study had

low levels of linkage disequilibria and no association between

virulence and molecular genotype (Liu and Kolmer 1998).

Despite the occurrence of aecial infections on T. speciosissi-

mum in southern Europe (Casulii and Siniscalco 1987) there

is no evidence to indicate the sexual cycle is important in the

epidemiology of P. triticina (Goyeau et al. 2007).

Distinct types of P. triticina have been described based

on host adaptation. Collections of P. triticina in Israel have

been made from the diploid wheat progenitor A. speltoides,

which is the donor of the B genome in wheat (Yehuda et al.

2004). Coalescence analysis using sequence data from 15

loci (Liu et al. 2014) indicated that the P. triticina types

adapted to tetraploid durum wheat and hexaploid common

wheat diverged from the type found on A. speltoides. The

nucleotide divergence of P. triticina types in the GBS data

also confirmed that the collections from durum wheat and

common wheat were derived from the type found on A.

speltoides. In both studies, the ETH-EEEEE isolates were

determined to be the earliest derived form of P. triticina that

have virulence to durum wheat or common wheat. These

isolates are highly virulent to durum wheat cultivars, but

unlike isolates in the other durum groups, are avirulent to

many susceptible common wheat cultivars such as Thatcher

(Kolmer and Acevedo 2016), and have only been found in

Ethiopia, most likely due to the unique host environment of

landrace emmer and durum wheat cultivars (Eticha et al.

2006). These isolates may be a remnant of the P. triticina

population that existed before the widespread cultivation of

modern improved durum wheat and common wheat culti-

vars. The isolates from durum wheat that are found

worldwide were the next derived form, followed by the

isolates from common wheat. Both the coalescence analysis

and the molecular clock approaches showed that P. triticina

adapted to hosts in a process that paralleled the evolution of

wheat (Feldman 2001) from the B genome of A. speltoides,

to the AB genomes of emmer and durum wheat and then to

the ABD genomes of common wheat. The center of origin

of P. triticina is most likely the Mesopotamia region of

the Fertile Crescent, where wheat progenitors (Salamini

et al. 2002) and the alternate host (Tatlidil et al. 2005) are

native.

Over the last 25 years different molecular markers have

been used to characterize populations of P. triticina in

North America (Kolmer 2001; Kolmer et al. 1995) and

worldwide (Kolmer and Liu 2000). In North America dis-

tinct groups of P. triticina isolates with characteristic viru-

lence have consistently been differentiated regardless of the

marker (RAPD, AFLP, SSR, SNP) employed. With all

markers, the virulence phenotype of the North American

isolates could reliably be used to predict the molecular

genotype group. The clonal nature of these populations has

retained the virulence-molecular genotype association. The

SNP genotypes of the isolates had very high correspon-

dence to the SSR genotypes as well. The 40 MLG groups in

the previous study had very similar genetic distance and

relationships as the same grouping of isolates with SNP

genotypes (Kolmer et al. 2019). The GBS approach gen-

erated a large number of SNP markers that allowed for

higher bootstrap support for separation of geographic,

genetic, and host-associated groups of P. triticina, com-

pared to SSR markers. The GBS approach is also highly

cost effective in comparison with the time and labor
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required to genotype populations with a large number of

SSR primers.

In conclusion this study has provided a first analysis of

variation between and within populations of P. triticina in

several important wheat producing regions worldwide using

the GBS method. The high degree of correspondence

between the GBS and SSR genotypes further supports

previous studies of genetic variation (Kolmer et al. 2019)

that used SSR markers. World-wide, P. triticina has a

complex population structure as new genotypes have spread

across and between continents in the last 20 years by wind

dispersed urediniospores, but yet endemic genotypes often

still remain (Ordoñez and Kolmer 2009), with distinct

genetic groups in most regions. Different forms of P. triti-

cina associated with tetraploid and hexaploid wheat further

add to the diversity of the pathogen. New virulent races of

P. triticina arise by the sequential accumulation of virulence

to host resistance genes deployed in wheat cultivars. Viru-

lence to selective host resistance genes often arises in

diverse genetic backgrounds (Kolmer and Hughes 2013;

Kolmer et al. 2010) further contributing to the overall

diversity of this globally widespread plant pathogen.
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