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The comeback of wheat stem rust in Europe, caused by Puccinia graminis f. sp.
tritici, and the prevalence of the alternate (sexual) host in local areas have recently
regained attention as a potential threat to European wheat production. The aim
of this study was to investigate a potential epidemiological link between the aecia
found on an indigenous barberry species and stem rust infections on nearby
cereals and grasses. Aecial infections collected from Berberis vulgaris subsp.
seroi were inoculated on a panel of susceptible genotypes of major cereal crop
species. In total, 67 stem rust progeny isolates were recovered from wheat (51),
barley (7), and rye (9), but none from oat, indicating the potential of barberry
derived isolates to infect multiple cereals. Molecular genotyping of the progeny
isolates and 20 cereal and grass stem rust samples collected at the same
locations and year, revealed a clear genetic relatedness between the progeny
isolated from barberry and the stem rust infections found on nearby cereal and
grass hosts. Analysis of Molecular Variance indicated that variation between the
stem rust populations accounted for only 1%. A Principal Components Analysis
using the 62 detected multilocus genotypes also demonstrated a low degree of
genetic variation among isolates belonging to the two stem rust populations.
Lastly, pairwise comparisons based on fixation index (Fst), Nei's genetic distances
and number of effective migrants (Nm) revealed low genetic differentiation and
high genetic exchange between the two populations. Our results demonstrated a
direct epidemiological link and functionality of an indigenous barberry species as
the sexual host of P. graminis in Spain, a factor that should be considered when
designing future strategies to prevent stem rust in Europe and beyond.
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Introduction

Wheat stem rust, caused by Puccinia graminis f. sp. tritici (Pgt),
is considered a destructive fungal disease causing major yield losses
globally (Singh et al, 2016; Patpour et al., 2022). Pgt is a
heteroecious rust fungus requiring two unrelated host plant
species to complete its life cycle. Asexual reproduction occurs on
the cereal host, whereby urediniospores with long distance dispersal
capacity can cause polycyclic infections in the same growing season.
Sexual reproduction takes place on an alternate host plant species of
Berberis and Mahonia genera (Stubbs, 1985). Besides Pgt, other
special forms of P. graminis adapted to certain cereals, e.g., P.
graminis f. sp. secalis adapted to rye (Pgs) and P. graminis f. sp.
avenae adapted to oat, in addition to other Puccinia species
infecting cereals and grasses, e.g., P. striiformis sensu lato and P.
brachipodii s.l., complete the sexual cycle on the alternate host
(Cummins and Greene, 1966; Anikster, 1984; Naef et al., 2002; Jin
et al., 2010; Rodriguez-Algaba et al., 2020; Rodriguez-Algaba et al.,
2021). Stem rust has the ability to survive between crop seasons in
plant debris by the production of overwintering teliospores. Under
optimal environmental conditions, teliospores germinate and
produce basidiospores that can infect the alternate host.
Subsequently, pycnia bearing pycniospores and receptive hyphae
are formed where fertilization between different mating types
occurs. After fertilization, aecia containing aeciospores are formed
leading to the generation of novel genetic diversity and virulence
combinations which may pose a detrimental effect to the durability
of wheat rust resistance (Buller, 1950; Leonard and Szabo, 2005).

More than 100 Berberis and Mahonia species have been
confirmed susceptible to Pgt (Ahrendt, 1961; Roelfs, 1985). The
occurrence of Berberis species in Europe, and particularly B. vulgaris
(aka European or common barberry), has significantly increased
following the repeal of eradication laws during the 20™ century and
more recently by its reintroduction by conservation groups (Berlin
et al,, 2013; Saunders et al., 2019). Barberry eradication in major
wheat growing areas in Europe and North America and breeding
efforts for wheat rust resistance have prevented significant stem rust
epidemic outbreaks during the last decades (Stakman, 1923;
Peterson et al., 2005). Recently, stem rust has emerged in Europe
with multiple outbreaks reported on bread and durum wheat
(Bhattacharya, 2017; Firpo et al, 2017; Patpour et al., 2022).
Additionally, high genetic and virulence diversity have been
detected in Pgt isolates collected in areas associated with the
presence of Berberis spp. in Europe, which imply that sexual
reproduction may play a role in the epidemiology of stem rust in
these areas (Patpour et al., 2022).

The role of the alternate host in wheat stem rust epidemiology is
mostly based on studies of B. vulgaris. In addition to B. vulgaris, two
additional barberry subspecies are present in Spain, i.e., B. vulgaris
subsp. seroi (syn. B. garciae) and B. vulgaris subsp. australis (syn. B.
hispanica) (Lopez Gonzalez, 1986). Previous studies have
investigated the functionality of B. vulgaris and indigenous
barberry species in Spain as alternate hosts of P. graminis by host
infection studies and molecular genotyping using either the aecial
structures formed on the alternate host or cereal and grass stem rust
samples collected in nearby barberry areas (Patpour et al., 2022;
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Rodriguez-Algaba et al., 2022; Villegas et al., 2022). The objective of
this study was to investigate a potential epidemiological link
between the aecia found on B. vulgaris subsp. seroi and a subset
of previously characterized Pgt isolates derived from cereal and
grass stem rust samples collected in the same areas in Spain
(Patpour et al, 2022). Particularly, we investigated the genetic
diversity, structure, and differentiation of Pg progeny isolates
derived from aecial infections and Pg uredinial infections from
cereals and grasses collected in proximity to these, which allowed us
to infer on the potential capacity of Pg of undergoing sexual
reproduction and subsequently infecting adjacent wheat crops.
The novel results of this study indicated that the sexual life cycle
of the cereal stem rust pathogen is active in Spain, including the
special form infecting wheat. This underlines the potential risk that
the sexual cycle of Pgt may pose to wheat production in Europe and
highlights the need to reinitiate stem rust resistance breeding
strategies to achieve durable rust resistance in wheat.

Materials and methods
Sample collection

Leaves of B. vulgaris subsp. seroi bearing aecia were collected
from three locations in Huesca province in Spain in 2019 (Figure 1).
Barberry subspecies identification was confirmed based on the color
of one year old stems and matured fruits, and the morphology of
leaves according to Lopez Gonzalez (1986). Infected barberry leaves,
usually containing multiple aecial clusters, were used to investigate
host specificities on major cereal crops. Subsequently, the sexually-
derived Pg samples (progeny population) and 20 cereal/grass stem
rust samples (cereal and grass population) previously characterized
in Patpour et al. (2022) and randomly collected in close proximity
to the same locations and year as for the infected barberry leaves
were used to investigate the functionality of B. vulgaris subsp. seroi
as an alternate host for Pgt in Spain under natural conditions
(Figure 1; Supplementary Table S1).

Cereal host specificities

Host specificities of stem rust samples were investigated by
pooled aecia inoculations on susceptible varieties of wheat
(Triticum aestivum var. Morocco and Line E), rye (Secale cereale
var. Prolific), barley (Hordeum vulgaris var. Hiproly), and oat
(Avena sativa var. Marvelous) (Rodriguez-Algaba et al., 2022;
Villegas et al., 2022). To investigate the capability of aecia to
infect cereals, the procedures described in Rodriguez-Algaba et al.
(2022) were followed. Two pots of each cereal variety were
randomly placed below infected barberry leaves and incubated at
15°C for 24h in darkness, 100% relative humidity (RH).
Subsequently, seedlings were transferred to spore-proof
greenhouse cabins. Stem rust pustules were observed from
approximately 10 days after aeciospore exposure, after which leaf
segments bearing stem rust pustules were detached and dried at
room temperature for later use.
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FIGURE 1

Geographical location of barberry and cereal and grass stem rust samples collected at three different sampling sites in Huesca province in Spain
(samples from cereals and grasses previously characterized in Patpour et al. (2022) (see Supplementary Table S1 for detailed sampling information).
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Molecular genotyping

DNA extraction and molecular genotyping using 19
microsatellite markers was carried out following the methods
described in Patpour et al. (2022). DNA was extracted using the
stem rust lesions sampled from the cereal varieties of wheat, barley
and rye. Allele sizes of the 20 cereal and grass stem rust samples
were directly extracted from Patpour et al. (2022).

Population genetic analyses

Genetic analyses of uredinial progeny isolates recovered from
wheat, barley, and rye and the 20 stem rust isolates sampled from
cereals and grasses were carried out using the “poppr” package
version 2.9.3 implemented in the R environment (Kamvar et al,
2014; Kamvar et al,, 2015; R Core Team, 2022). The “mlg.filter”
strain was used to collapse multilocus genotypes (MLGs) with
missing values that shared alleles with other MLGs without
considering missing values. Population genetic parameters
included number of MLGs, genotypic richness measured by the
number of MLGs divided by number of samples and genetic
diversity measured by the Simpson’s index (lambda) (Simpson,
1949). Expected (He) and observed (Ho) heterozygosity, and
inbreeding coefficients (Fis = (Mean He - Mean Ho)/Mean He)
were calculated in GenAlEx 6.503 with 9999 permutations and

bootstraps (Peakall and Smouse, 2006; Peakall and Smouse, 2012).
Analysis of molecular variance (AMOVA) was performed on clone-
corrected data to assess molecular variations among populations
and host of origin (Excoffier et al., 1992). The fixation index (Fst)
measuring divergence between populations, Nei’s genetic distance
and the number of effective migrants (Nm = [(1/Fst)-1]/4) were
calculated using GenAlEx 6.503 with 9999 permutations and
bootstraps (Wright, 1965; Nei, 1972; Peakall and Smouse, 2006;
Peakall and Smouse, 2012). Principal Component Analysis (PCA)
was performed to infer in the genetic variability of uredinial isolates
derived from the two stem rust populations using the “ade4”
package version 1.7.20 implemented in the R environment (Dray
and Dufour, 2007; Bougeard and Dray, 2018).

Results
Cereal host specificities

Aecial samples collected from B. vulgaris subsp. seroi at three
neighboring sampling sites resulted in the recovery of 67 stem rust
pustules from varieties of wheat, barley, and rye, respectively
(Table 1). The number of recovered isolates varied across cereal
varieties and sampling sites and no pustules were observed on oat.
This indicated the presence of P. graminis with specificities for
wheat and rye, ie, Pgt and Pgs. The distribution of samples

TABLE 1 Number of single lesions of Puccina graminis derived from barberry leaves bearing aecia sampled in the Huesca province in Spain and

recovered on multiple varieties of major cereal crops.

Cereal crops

Population Wheat Barley Rye Oat
Morocco Hiproly Prolific Marvelous
Progeny 20 31 7 9 0 67
Frontiers in Plant Science 03 frontiersin.org
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collected at the three sampling sites derived from both the aecial
progeny and the cereal and grass stem rust populations according to
host of origin is shown in Figure 2. This indicated that samples from
wheat (12), barley (7) and Elymus spp (6). were recovered from site
1, samples from wheat (23) and rye (12) from site 2 and samples
from wheat (18) from site 3.

Genetic diversity and molecular variance

The genotype accumulation curve confirmed the suitability of
the 19 SSR markers for capturing the genetic variation within the
genotyped samples (Supplementary Figure S1). Out of the 67
recovered isolates, 58 isolates were successfully genotyped.
Population genetic analysis performed on the 58 progeny isolates
and the 20 cereal and grass stem rust sample population from the
surrounding area (Patpour et al., 2022) revealed 62 MLGs (Table 2;
Supplementary Table S2). The allele sizes for each of the 78 stem
rust isolates, their host of origin and associated MLG are provided
in Supplementary Table S2. MLG62, recovered from the aecial
progeny population, was resampled from rye and wheat,
respectively. The high number of MLGs identified, high values of
genotypic richness (0.76-0.90) and genotypic diversity (0.98-0.94),
and lower observed than expected heterozygosity were all
strong signatures of sexual reproduction (Table 2). Fis values
close to zero indicated a certain degree of inbreeding in both
populations (Figure 3).

The AMOVA results indicated significant variations in the two
variables analyzed, i.e., population and host (Table 3). The highest
variation was observed within samples for the two variables (84%-—
85%). Molecular variation among samples within populations and
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FIGURE 2

Host specificity (outer circle) of samples collected at the three
sampling sites (inner circle) in Huesca province (Spain) derived from
the aecial progeny and the cereal and grass stem rust populations
(middle circle).
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hosts accounted for 14% and 13%, respectively. Variation among
populations and hosts accounted for only 1%. Similarly, variation
between populations and among hosts accounted for only 1% and
2%, respectively.

Genetic structure and differentiation

A PCA analysis conducted using all 62 MLGs revealed that
isolates belonging to the progeny and the cereal and grass stem rust
populations highly intersect, indicating a low genetic variation
among most isolates (Figure 4). Isolates from the two the stem
rust progeny and cereal and grass populations did not cluster in
regard to collection site or host of origin. The first two principal
components explained almost 60% of the genetic variance observed
between individual samples, i.e., PC1 (49%) and PC2 (9%)
(Figure 2). Pairwise comparisons based on Fst values, Nei’s
genetic distances and number of effective migrants (Nm)
indicated a low genetic differentiation between the two stem rust
populations. This was exemplified by significant low values of Fst
(0.034, p < 0.001) and Nei’s genetic distance (0.130), and high
values of Nm (7.018).

Discussion

Recent reports about the comeback of wheat stem rust coupled
with the increasing occurrence of the sexual host have regained
attention to this almost forgotten disease as Berberis spp. may have a
profound effect in the epidemiology of stem rust and a potential
threat to cereal production in Europe (Saunders et al., 2019; Patpour
etal, 2022; Rodriguez-Algaba et al., 2022). In the present study, we
provided evidence of the completion of the sexual life cycle of the
cereal stem rust pathogen on an indigenous barberry species in
Spain and subsequent infection on the cereal host under natural
conditions. We used a population genetic approach to analyze
sexual progeny derived from aecial clusters collected from B.
vulgaris f. sp. seroi and cereal and grass stem rust samples
collected in the same areas. This allowed us to investigate the
epidemiological link between Pg isolates originated from the aecial
structures on barberry and from nearby cereal and grass hosts,
respectively. The results provided novel insights about the
functionality of barberry spp. as sexual hosts of P. graminis in
Spain and unequivocally demonstrated the potential threat that the
sexual host may pose in the generation of novel genetic variability
and virulence combinations.

Sexual reproduction leads to the generation of novel gene and
virulence combinations that could pose a threat to cereal
production (Roelfs and Groth, 1980). The role of the alternate
host in the epidemiology of wheat stem rust in Europe has
historically attracted the attention of plant pathologists, which has
nowadays been emphasized due to the repeal of eradication laws
during the last century (Stakman, 1923; Hermansen, 1968; Berlin
et al, 2012). In fact, high genetic diversity and unusual virulence
combinations associated with the alternate host was previously
reported in Europe and beyond for stem rust samples infecting
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TABLE 2 Genetic diversity parameters of aecial-derived progeny isolates of Puccinia graminis (current study) and isolates of P. graminis collected
from cereal and grasses (Patpour et al., 2022) at 19 microsatellite loci.

Population Genotypic richness® Genotypic diversity®
Progeny 58 44 0.759 0.977
Cereal/grass host 20 18 0.900 0.944
Total* 78 62 0.795 0.984

“Indices calculated for pooled populations.

"Number of genotyped samples.

“Number of multilocus genotypes.

INumber of MLGs divided by number of genotyped samples.
“Simpson’s genotypic diversity index.

wheat, rye, and oat (Roelfs and Groth, 1980; Berlin et al., 2012; In this study, in vivo assays using pooled aecial samples from B.
Berlin et al., 2013; Berlin et al., 2014; Olivera et al., 2019). Recently,  vulgaris f. sp. seroi resulted in stem rust infections in selected varieties
the role of the alternate host in the epidemiology of stem rust  of wheat, barley, and rye. This probably indicated the presence of Pgt
infecting cereals and grasses in Europe has been reported using  and Pgs, which is in line with recently published results from aecia
phylogenetic and in vivo analyses of aecia collected from multiple  collected from several barberry species in Europe (Rodriguez-Algaba
barberry species (Lewis et al., 2018; Rodriguez-Algaba et al., 2022; et al,, 2022; Villegas et al., 2022). Low genetic differentiation has been
Villegas et al., 2022). Furthermore, the functionality of barberry  reported between these ff. spp., which may indicate some degree of
species in Spain has recently been investigated using cereal and  overlap in cereal and grass host range (Rodriguez-Algaba et al., 2022).
grass stem rust samples collected near the alternate host (Olivera  The stem rust infections observed on barley suggest that these were
et al, 2022; Patpour et al, 2022). In these studies, P. graminis  likely caused from Pgt or Pgs infections or from sexual crosses
samples collected from wheat, rye, and barley carrying unusual  between these two special forms of Pg (Anikster, 1984).
virulence combinations to widely deployed resistance genes such as  Interestingly, Patpour et al. (2022) reported that stem rust isolates
Sr31 and Sr59 were detected in indigenous barberry areas in Spain.  collected from wheat, rye and Elymus spp. in the proximity of
This has led to the assumption that the sexual cycle may be involved ~ barberry areas in Spain were recovered on selected susceptible
in the generation of these novel virulence combinations. Stem rust ~ wheat varieties and subsequently virulence phenotyped using a
variability has previously been hypothesized to be associated with  differential set consisting of multiple wheat lines. Overall, this
the presence of Berberis spp. in proximity to wheat fields in Spain  indicated a wide plasticity of Pgt on infecting multiple hosts
(Stakman, 1923). Further studies have reported on the sexual including rye, barley, and wild grasses, which underlines a high
capacity of aecial structures collected in Spain to generate  ability of Pgt to adapt to multiple genotypes of various hosts species.
pathogen races carrying unusual virulence combinations  Moreover, high genetic diversity with respects to number of MLGs
compared to stem rust samples collected in wheat areas without and diversity indexes, and lower observed than expected
the presence of the alternate host (Urries and Canamas, 1952;  heterozygosity were observed for both stem rust populations, which
Salazar and Branas, 1973). However, to date, no studies have  was expected for pathogen populations of sexual origin. This is in line
provided definitive proof of the epidemiological link between the  with the results previously published in Patpour et al. (2022) using
aecial structures found on the alternate host, Berberis spp., and the  cereal and grass stem rust samples isolated from both cereals and
stem rust infections found on nearby wheat crops under natural  grasses collected in the same areas in Spain. Furthermore, population
conditions in Spain. genetic analysis revealed an epidemiological link between the sexually

0,7 ns FF Ho " He mFis

-
0,6 I

0,5

0,4

0,3

0,2

0,1

Heterozygosity/Inbreeding coefficient

Progeny Cereal/grass host

FIGURE 3
Observed heterozygosity (Ho), expected heterozygosity (He) and inbreeding coefficients (Fis) of aecial progeny and cereal and grass populations of
Puccinia graminis. Vertical bars represent standard errors (SE), level of significance: ***P < 0.001, **P < 0.01, * P < 0.05, ns, not significant.
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TABLE 3 Analysis of molecular variance (AMOVA) of Puccinia graminis isolates for two individual hierarchies, i.e., population and host.

Source of variation Df?

Sum of squares

Mean of squares

Estimated variance Variation (%)

Population and Host

Between populations 1 24.58 24.58 0.09 1 0.094
Among hosts within populations 4 73.09 18.27 0.21 2 0.038
Among samples within hosts 57 855.02 15.00 1.78 13 <0.001
Within samples 63 721.05 11.45 11.45 84 <0.001
Population

Between populations 1 24.67 24.67 0.19 1 0.007
Among samples within populations 60 910.16 15.17 1.85 14 <0.001
Within samples 62 711.63 11.48 11.48 85 <0.001
Host

Among Hosts 3 59.86 19.95 0.21 2 0.013
Among samples within hosts 59 892.83 15.13 1.84 13 <0.001
Within samples 63 721.05 11.45 11.45 85 <0.001

Degrees of freedom, Pp-values based on 1999 permutations.

derived progeny and the stem rust infections found on the cereal and
grass hosts. This conclusion was supported by AMOVA analyses,
which indicated that only 1% of the overall variation could be
attributed to differences between the aecial progeny and the cereal
and grass stem rust populations. Additionally, the PCA revealed that

PC 2 (9%)

Eigenvalues

PC 1 (49%)

FIGURE 4

Principal component (PC) analysis for the 62 multilocus genotypes
(MLGs) detected in the progeny and cereal and grass stem rust
populations. The PC1 and PC2 axes explained 49% and 9% of the
genetic differences detected between individual samples,
respectively. Each dot represents a distinct multilocus genotype.
Ellipses indicate the distribution of samples from the two stem rust
populations. Eigenvalues indicate the amount of genetic information
retained by the PC analysis (bottom left inset).
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isolates belonging to the two stem rust populations highly intersected
indicating a low genetic variability among isolates. Lastly, pairwise
comparisons based on Fst values, Nei’s genetic distances and number
of effective migrants (Nm) between the aecial progeny and cereal and
grass stem rust populations indicated low genetic differentiation and
high genetic exchange. Overall, the low genetic differentiation
observed between the two stem rust populations, which were both
collected in close proximity, suggests that both populations originated
from common and/or genetically similar parental ancestors.

The successful completion of the sexual life cycle of the wheat
stem rust pathogen is dependent on multiple factors. For instance,
the coexistence of barberry species near wheat fields is a prerequisite
as basidiospores derived from germinating teliospores formed in the
cereal host are not capable of travelling long distances (Roelfs and
Bushnell, 1985; Zhao et al., 2016). Moreover, a synchronization
between both the sexual and the cereal hosts with regards to host
physiology and susceptibility is key for a successful infection on the
sexual host (Zhao et al., 2016; Rodriguez-Algaba et al., 2021). In the
present study, field surveys in the Huesca province in Spain revealed
the presence of B. vulgaris subsp. seroi concurrently growing in the
proximity of cereals and volunteer grasses. Indeed, plenty of aecia
were observed in May with subsequent stem rust infections found
on cereals and grasses. These observations suggested that
aeciospores originating from the alternate host may serve as a
primary source of infection of wheat and other cereals and grasses
in Spain.

Here, we demonstrated an epidemiological link between the
aecial structures formed on an indigenous barberry species and
subsequent stem rust infections in cereal and grass hosts in a
northern region in Spain. These results stress the importance of
indigenous barberry species as a significant component of stem rust
epidemiology in areas where barberry species and cereal hosts
coexist. This underlines the need to continue searching in areas
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where conducive physiological and environmental conditions may
be present for completion of the sexual life cycle of stem rust and
subsequent infection of cereal hosts. The re-emergence of wheat
stem rust in Spain and the occurrence of unique virulence
combinations emphasize the need to continue surveying and
monitoring this destructive wheat fungal disease.
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