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Puccinia striiformis f. sp. tritici Eriks., the cause of wheat yellow or stripe rust on wheat,
undergoes sexual reproduction on barberry, but it is unclear if barberry plays any role
in stripe rust epidemics under natural conditions. R striiformis f. sp. tritici was isolated
from its alternate host barberry (Berberis spp.) and primary host wheat in the vicinity
of barberry by inoculation of aeciospores and urediniospores on Mingxian 169 cultivar in
Qinghai province of Chinain 2018. The R, striiformis . sp. tritici isolates from barberry and
wheat were characterized to virulence patterns by inoculation on 24 differentials bearing
Yr gene under control conditions and analyzed using 12 polymorphic simple sequence
repeat (SSR) markers. The occurrence frequency of R striiformis f. sp. tritici on barberry
was 1.87% by inoculation aecia, collected from barberry on Mingxian 169 of wheat. A
close virulence relationship was presented between P striiformis f. sp. tritici isolates from
both barberry and wheat based on virulence simple matching coefficient and principal
coordinates analysis (PCoA). Additionally, the same genetic ancestry, based on structure
analysis by STRUCTURE program and genetic relationship analyses using discriminant
analysis of principal components and PCoA, was shared between P, striiformis . sp. tritici
isolates from barberry and those from wheat. Together, all the results indicated that the
role of barberry in providing aeciospores as an inoculum source causing wheat stripe
rust epidemic in Qinghai in spring is of considerable importance.

Keywords: wheat stripe rust, Puccinia striiformis f. sp. tritici, barberry, sexual reproduction, virulence, genotype,
genetic diversity, inoculum
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INTRODUCTION

Puccinia striiformis Westend. f. sp. tritici Eriks., the cause of
wheat stripe (yellow) rust, is a macrocyclic rust with all five
different spore stages of urediniospore, teliospore, basidiospore,
pycniospore, and aeciospore in the life cycle (Jin et al., 2010;
Zhao et al.,, 2013, 2016). The rust fungus is heteroecious and
can infect barberry (Berberis spp., mainly) or Oregon grape
(only Mahonia aquifolium so far) as the primary alternate host
to complete its sexual cycle (Jin et al., 2010; Wang and Chen,
2013), and can infect wheat and grasses to complete its asexual
cycle via reinfection by urediniospores (Stubbs, 1985; Hovmoller
et al, 2011). So far, more than 40 barberry species and one
Mahonia species have been reported to serve as alternate hosts
for P. striiformis f. sp. tritici (Jin et al., 2010; Wang and Chen,
2013; Zhao et al., 2013; Du et al,, 2019; Zhuang et al., 2019; Li
et al., 2020). Some studies have demonstrated that the sexual
reproduction of P. striiformis f. sp. tritici plays an important
role in generating new variants and genetic diversity (Wang
etal., 2012, 2018; Rodriguez-Algaba et al., 2014; Tian et al., 2016;
Mehmood et al., 2020).

Although barberry infection by rusts in spring under natural
conditions occurs in many parts of the world, direct evidence
on the occurrence of sexual cycle of P. striiformis f. sp. tritici
on wild susceptible barberry has been obtained only in China
(Zhao et al., 2013), but not in other countries (Berlin et al., 2013;
Wang et al., 2015; Mehmood et al., 2019). Chinese researchers
have recovered many P. striiformis f. sp. tritici isolates from
different naturally rusted barberry species in different provinces
of China (Zhao et al.,, 2013; Li et al., 2016; Wang et al., 2016).
Thus, susceptible barberry could release aeciospores as primary
inocula or inocula to wheat to cause stripe rust in those regions.
Zhao (2017) reported, based on phenotyping and genotyping
analyses, that susceptible barberry bushes play an important
role in the occurrence of wheat stripe rust in spring in western
Shaanxi of China. However, in the U. S. Pacific Northwest,
Wang et al. (2015) proved that barberry is functional for P.
graminis f. sp. tritici rather than P. striiformis f. sp. tritici.
Berlin et al. (2012, 2013) concluded that in Sweden barberry
is important for maintaining P. graminis populations on rye
and oats.

Qinghai is an important oversummering region for P.
striiformis f. sp. tritici in China and a hot spot for the rust
pathogen with high genetic diversity. A study by Du et al.
(2019) reported that there are at least 10 Berberis species in
Qinghai, and all of them can serve as alternate hosts for P.
striiformis f. sp. tritici. Importantly, based on our field surveys,
barberry bushes are commonly rusted in spring in this region.
However, it is unknown whether P. striiformis f. sp. tritici
can infect susceptible barberry to complete their sexual cycle
under natural conditions, and whether barberry could release
aeciospores to wheat causing stripe rust. Therefore, in this work,
we aimed at determining infection of P. striiformis f. sp. tritici
on barberry and verifying whether barberry plays a role in
occurrence of wheat stripe rust in Qinghai based on phenotyping
and genotyping.

MATERIALS AND METHODS

Aecial Samples From Barberry and Stripe

Rust-Diseased Leaf Samples From Wheat
Aecial samples were collected from barberry (Berberis diaphana
and B. dubia) bushes in Huzhu and Datong counties of Qinghai
province from June 11, 2018 to June 25, 2018 (Figurel).
Sampling was performed at an interval space of ~5m between
barberry bushes as a sampling site. A short shoot with leaves
bearing aecia were cut off from barberry and then put inside
a sampling paper bag. To keep the freshness of aecial samples,
the collected samples were brought back to the laboratory in a
short time for inoculation. Leaf samples of wheat stripe rust were
collected from wheat in a radius of 100 m far from the rusted
barberry at 1 week after emergence of aecia on barberry tissues
at the mid-to-late June of 2018. Each of the leaf samples was
placed in a sampling paper bag, kept at the room temperatures for
drying completely, and stored in a desiccator at low temperatures
(4-5°C) until use.

Inoculation
To obtain P. striiformis f. sp. tritici isolates from rusted barberry,
individual leaf of 10-day old seedlings of wheat cultivar Mingxian
169, susceptible to Chinese races of P. striiformis f. sp. tritici
identified so far, were used to inoculate with aeciospores of an
individual aecial lesion. Aeciospore suspension was made by
adding one drop of deionized water and mixing it well on a
clean glass slide. Inoculated wheat plants were transferred to a
dew chamber (E-36L2, Percival, IA, USA) and incubated in dark
for 36h at 10°C. After inoculation, wheat plants were moved
into a growth chamber in a condition-controlled greenhouse and
cultivated in a dual system of 16-h light at 16°C and 8-h night
at 13°C.

For each of the wheat stripe rust samples, the routine
operation method, described by Liu et al. (2021), was used

Qinghai

Datong ,~
Huzhu * ©

Xining '

FIGURE 1 | A map showing sampling location in Qinghai of China.
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to establish a pure isolate of single uredinium and to
increase urediniospores.

Obtainment of Pure Isolates

Uredinia produced on leaves of the wheat plants were checked
15-20 days post-inoculation of aeciospores. To obtain a pure
isolate, a single pustule (uredinium), before breaking the
epidermis of a wheat leaf, was picked using an office pin to be
transferred to a leaf of a new wheat plant (cv. Mingxian 169). The
same conditions mentioned above were used to incubate single
uredinium after transferring. Fresh urediniospores were collected
into a glass tube by gently tapping. Inoculation was repeated for
multiplying enough urediniospores.

Virulence Testing

The differential host set of 24 single Yr gene lines (SGLs),
AvSYrINIL(Yr1), including AvSYr5NIL(Y75), AvSYr6NIL(Y76),
AvSYr7NIL(Yr7), AvSYr8NIL(Y78), AvSYTr9NIL(Y79),
AvSYr10ONIL(Y7r10), AvSYrl5NIL(Yr15), AvSYrl17NIL(Yr17),
AvSYr27NIL(Yr27), AvSYr32NIL(Yr32), AvS/IDO377s F3-41-1
(Yr43), AvS/Zak 1-1-35-linel (Yr44), AvSYrSPNIL (YrSP),
AvSYrTrINIL(YrTrl), AvS/Expl/1-1Li (YrExp2), Tyee (Yr76),
Kalyansona (Yr2), Hugenoot (Yr25), AvSYr28NIL (Yr28),
AvSY1r29NIL (Yr29), Vilmorin 23 (Yr3), AvSYrANIL (YrA), and
92R137 (Yr26), was used to identify avirulence and virulence
patterns of isolates. A mixture of urediniospores and talc powder
(v:v. = 1:20) was used to inoculate seedlings (two-leaf stage)
of the differentials according to the method described by Liu
et al. (2021). After inoculation, the same conditions mentioned
above were used. A 0-9 scale was used to assess avirulence
and virulence phenotypes of isolates (Johnson et al., 1972; Line
and Qayoum, 1992). Infection types of 0-6 were considered to
be avirulent, and those of 7-9 as virulent. Virulence patterns,
virulence frequency, and Kosman diversity index (Kosman and
Leonard, 2007) of isolates were determined using the software
VAT 1.0 (Schachtel et al., 2012).

Microsatellite Analysis

Cetyltrimethylammonium bromide (CTAB) method with
modification was used to extract genomic DNA of urediniospores
of isolates (Aljanabi and Martinez, 1997). Concentration of DNA
solution was diluted to 50 ng/ml for polymerase chain reaction
(PCR) amplification with simple sequence repeats (SSR) markers.
Totally, 12 pairs of SSR primers, CPS11, CPS32, and CPS34
(Chen et al,, 2009), RJ3N and RJ11N (Bahri et al., 2009), R]J27
(Enjalbert et al., 2002), PstP031(Cheng et al., 2012), SUNIPst15-
30, SUNIPst11-10, SUNIPst11-44, and SUNIPst10-48 (Tian et al.,
2016),and WUS6 (Ali et al., 2011), were used for the genotyping of
isolates. Primers were synthesized by Sangon Biotech (Shanghai)
Co., Ltd. (Shanghai, China), and the 5'-end of forward primers
were fluorescently labeled. PCR products were analyzed on
a DNA Analyzer (3730XL, Applied Biosystems, Waltham,
MA, USA). SSR amplicons were evaluated using the software
GeneMarker HID (Holland and Parson, 2011). Multilocus
genotypes (MLGs) were detected based on microsatellite loci
using GenClone 2.0 program (Arnaud-haond and Belkhir, 2007).
The expected heterozygosity, Shannon’s diversity index, and

FIGURE 2 | Different infection types on leaves of wheat cv. Mingxian 169 after
inoculation with aeciospores from aecial samples collected from naturally
rusted barberry. (A) A leaf sample showing aecia produced on barberry
(Berberis diaphana). (B) Infection types on leaves of wheat cv. Mingxian 169
after inoculation with aeciospores of aecial samples.

allele analysis in populations were conducted using GenAlEx 6.5
(Peakall and Smouse, 2012), and analysis of molecular variance
(AMOVA) was used to evaluate microsatellite variation. Using
NTSYS 2.10e program, a similarity matrix was generated based
on the simple matching (SM) coefficient in the Qualitative
module. The sequential, agglomerative, hierarchical, and nested
(SAHN) clustering method was chosen for constructing a
dendrogram for isolates by the unweighted pair group method
with the arithmetic means (UPGMA) (Rohl, 2000).

Patterns of population structure and admixture were analyzed
using the Bayesian model method, and implemented in software
STRUCTURE 2.2 (Pritchard et al.,, 2000). The Monte Carlo
Markov Chain scheme was run, as recommended by 100,000 and
K value ranging from 1 to 10 with at least 100 repetitions to
check the convergence of likelihood value for each K value. The
optimal number of population subdivisions was determined by
plotting the graph of estimated values of logarithm likelihood for
each K value, and the maximum logarithm likelihood was used.
For each K value, the Large K Greedy algorithm implemented
in the program CLUMPP version 1.1 was used to search for the
best alignment of multiple replicate cluster analyses (Jakobsson
and Rosenberg, 2007). The population structure was visualized
using DISTRUCT version 1.1 (Rosenberg, 2004). To supplement
the output from STRUCTURE, discriminant analysis of principal
components (DAPC) was performed in the adegenet package in
R environment (Jombart et al., 2010).

RESULTS

Inoculation of Single Aecium Collection
From Barberry

Pycnia was initially observed on barberry tissues in the early
June, and aecia was produced from middle June to early
August in Qinghai (Figure 2A). Totally, 375 single aecium,
collected from 52 rust-infected barberry bushes at 11 sampling
sites located in Huzhu and Datong counties of Qinghai, were
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Virulence frequency (%)

gene lines.

YrTrl Yr10 Yr26 Yr32 Yr43 Yr2 Yr3  Yr2 YrExp2 Yr7  YrSp
Puccinia striiformis f. sp. tritici from barberry

B P. striiformis f. sp. tritici from wheat in the vicinity of barberry bushes

FIGURE 3 | Virulence frequency of Puccinia striiformis f. sp. tritici isolates obtained from barberry bushes and wheat plants adjacent to barberry on the 24 Yr single

Yr6 Yrl7 Yr76 Yr28 Y@ Yr25 YrA Yr20 Yrl Yr#d

inoculated on wheat cv. Mingxian 169. Seven (1.87%) of all
the 375 collected aecial samples produced typical P. striiformis
f. sp. tritici uredinial symptoms on wheat leaves with different
infection types (Figure 2B). As a result, a population of 29 single-
uredinium isolates, derived from the seven aecial samples, were
established for subsequent analysis. Meanwhile, 54 pure isolates
were obtained from sample collections of wheat plants adjacent
to barberry bushes.

Virulence Characterization and Genetic

Variation
Phenotype testing indicated that frequency of all isolates from
barberry virulent to Yr. genes, except for Yr44, were <70%.
Conversely, isolates from barberry showed higher virulence
frequency than those from wheat at several resistance loci,
including Yr8, Yr10, Yr26, Yr32, Yr2, and YrExp2. Particularly,
frequency of isolates from barberry virulent to Yr8 was
remarkably higher than that from wheat plants close to barberry.
Comparatively, most of the isolates (>70%) from wheat were
virulent to Yr7, YrSB Yr6, Yr17, Yr76 (YrTye), Yr28, Yr9, Yr25,
YrA, Yrl, Yr29, Yrl, and Yr44. Regardless of isolates from
barberry or from wheat, all of them were avirulent to Yr5 and
Yr15 (Figure 3).

Both P. striiformis f. sp. triatic populations from barberry and
wheat showed a high level of diversity in virulence. In total, 28

out of 29 (one isolate invalid) isolates from barberry produced 17
virulence patterns (Table 1), and 8 isolates of them were avirulent
to all of the 24 SGLs (Supplementary Table 1). In contrast, 44
virulence patterns were detected in a population of 48 out of 54,
of which 6 were invalid isolates from wheat, significantly higher
than those from barberry (Table 1; Supplementary Table 1). The
population from barberry, with Nei’s diversity index (Hs = 0.402)
and Kosman index (K = 0.649), showed a higher virulence
diversity than that from wheat with a Hs value of 0.265 and
a K value of 0.384 (Table 1). Genotyping analysis showed that
24 MLGs were identified among 29 isolates from barberry, and
that 38 were detectable among 54 isolates from wheat (Table 1).
Both populations showed high diverse MLGs, and MLG ratio of
the former (82.8%) was higher than those of the latter (70.4%).
However, no same MLGs were detected in two populations from
barberry and wheat. Based on genotypic diversity analysis, the
mean Shannon’s diversity index (I) and expected heterozygosity
(He) of the population from barberry was 0.691 and 0.362, and
those from wheat were 0.635 and 0.343, respectively (Table 1).
The number of the virulence patterns and MLGs, and virulence
and genetic diversity index of two populations from barberry and
wheat were obviously high, indicating that the two populations
were not strictly clonal.

Detection of the allelic variation uncovered that thirty same
alleles were observed among 12 loci between isolates from
barberry and those from wheat. The allele frequencies of isolates
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TABLE 1 | Population genetic data of Puccinia striiformis f. sp. tritici isolates from barberry bushes and wheat plants in Nanmengxia, Huzhu, Qinghai.

Plant Sampling site Sampling date No.2 Phenotype No.? Genotype
(longitude and
latitude)
VPe Hs® K® No. of CF9 m He'
MLGs'
Barberry  Nanmengxia town, June-11-2018 16 8 0.347 0.657 16 16 0 0.698 0.380
Huzhu county
(101.896472,
36.959524)
June-25-2018 12 9 0.256 0.389 13 10 0.231 0.486 0.280
Total 28 17 0.402 0.649 29 24 0172 0.691 0.362
Wheat Nanmengxia town, June-17-2018 7 7 0.255 0.381 7 7 0 0.530 0.315
Huzhu county
(101.896472,
36.959524)
June-25-2018 4 39 0.264 0.382 47 35 0.255 0.632 0.344
Total 48 44 0.265 0.384 54 38 0.296 0.635 0.343

aThe number of successfully virulence identification samples.

bThe number of samples genotyped successfully.
CVPR the number of virulence patterns.

9Hs, Nei divrsity.

®K, Kosman index.

"MLGs, multilocus genotypes.

9CF, 1-[(number of MLGs)/(total number of isolates)].
h1, Shannon’s Information Index.

'He, expected heterozygosity.
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FIGURE 4 | Allele frequency for markers of CPS34, PstP031, WUB, CPS11, CPS32, RJ3N, SUNIPst11-10, SUNIPst15-30, RJ11N, RJ27, SUNIPst10-48,
SUNIPst11-44 in Puccinia strifformis f. sp. tritici populations from barberry bushes (Pop1-Pop2) and wheat plants close to the barberry bushes (Pop3-Pop4).

TABLE 2 | Analysis of molecular variance (AMOVA) among and within the Puccinia striiformis f. sp. tritici populations from barberry bushes and wheat plants based on the
simple sequence repeat markers.

Source AMOVA parameters?

DF SS MS EV PV (%) P
Between hosts 1 28.90 28.90 0.29 11.78 <0.001
Among populations 2 10.46 5.23 0.10. 417 <0.001
Within population 162 337.98 2.036 2.09 84.05 <0.001
Total 165 377.34 - 2.48 100.00

aDF, degree of freedom; SS, sum of squared deviation; EV, estimated variance; PV, percentage of variance; P, probability.

from barberry and wheat are presented in Figure 4. Although  host and wheat host, and a large proportion of the variation
isolates from barberry and wheat shared most of the alleles, presented within the population.
unique alleles at 7 SSR loci were detected among the isolates

from barberry. These unique alleles included 111 and 113 atlocus . :
CPS34; 285 at locus PstP031; 256, 259, and 265 at locus CPS32; Relationship Between Isolates From

344 and 346 at locus RJ3N; 194 and 224 at locus SUNIPst15- Barberry and Wheat Based on PhenOtyplng
30; 230 at locus RJ27; 287, 299, and 327 at locus SUNIPst10- and Genotyping Analyses
48. Similarly, some alleles, including 258 at locus PstP031, 210  Phenotyping analysis, based on virulence in the NTSYS 2.10e
at locus WUS6, 337 at locus SUNIPst11-10, and 178 at locus  program, indicated that isolate B1-15 from barberry and isolate
RJ11N, were unique in the population from wheat, but not in ~ W2-8 from wheat had the same virulence pattern, and that
that from barberry. For each locus, the number of alleles of  isolate B1-9 from barberry and isolate W2-9 from wheat were
the population from barberry was higher than that from wheat.  clustered in a clade with the simple matching coeflicient value of
All results mentioned above indicated that alleles of population ~ 0.95 (Figure 5). In terms of the calculated virulence differences
from barberry were more abundant than that from wheat, and  between each of the isolates, principal coordinates analysis
overlapping alleles were detectable between the population from  (PCoA) with GenAlEx 6.5 software indicated that isolates from
wheat and those from barberry. barberry were clustered together with those from wheat, and that
To examine the variation between the populations from  43.22 and 17.44% of the total virulence differences between the
barberry and wheat (Table2), the AMOVA was used, and individuals of all isolates are represented in the first axis and the
it showed that the variation between the populations from  second axis, respectively (Figure 6). All results indicated that a
different hosts was 11.78%, that among populations from a  close relationship existed between the populations from barberry
common host was 4.17%, and that within populations was  and wheat in virulence.
84.05%, respectively. These results indicated that there was not a Population structure analysis with 12 pairs of polymorphic
significant differentiation between the populations from barberry ~ SSR primers revealed a close relationship between wheat
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population and barberry population. Using the structure
program, the number of optimal inferred cluster (K) was 3
(Figure 7A). When K = 3, isolates from barberry showed that
ancestry primarily derived from two inferred clusters (blue and
green bars), either single or combined, and that isolates from
wheat showed ancestry mainly originated from two clusters
(green and yellow bars). Some isolates from wheat shared
identical ancestry with those from barberry (blue and yellow
bars) (Figure 7B). Non-parametric DAPC for supplementary
analysis using structure program showed that genotypes of
P. striiformis f. sp. tritici from different hosts were obviously
clustered together. Based on the Bayesian information criteria in
the DAPC analyses, the whole population generated 3 clusters
(Figure 8A). Isolates from barberry and those from wheat were
grouped into one subcluster in group 1 or group 2 (Figure 8B).
This indicated that both P. striiformis f. sp. tritici populations
from barberry and wheat in the vicinity of barberry bushes had
a close genetic relationship.

Principal coordinates analysis showed that isolates from
barberry and wheat were clustered in a large group, and
that there was no obvious separate cluster for isolates from
both hosts (Figure9). The first axis of the PCoA explained

Principal Coordinates

Coord. 2
]
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o Puccinia striiformis f. sp. tritici collected from barberry on June 11, 2018
» P.striiformis f. sp. tritici collected from barberry on June 25, 2018
A P striiformis f. sp. tritici collected from wheat on June 17, 2018

P_striiformis f. sp. tritici collected from wheat on June 25, 2018

FIGURE 6 | Principal coordinates analysis (PCoA) based on the calculated
virulence differences between each of Puccinia striifformis f. sp. tritici isolates.
The first axis represents 43.22% and the second represents 17.44% of the
total virulence differences between the individual isolates.
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27.63% of the differences between the individual isolates, and
the second explained 23.92% of the differences between the
individual isolates.

DISCUSSION

Phenotypic and genotypic analyses revealed that single
uredinium isolates populations from barberry and wheat
had a large number of virulence patterns and MLGs. A higher
Kosman index and expected heterozygosity indicated that
virulence and genetic diversity of P. striiformis f. sp. tritici
isolates from barberry and wheat was abundant. Although
unique alleles in 7 loci were detected in the population from
barberry, P. striiformis f. sp. tritici of single uredinium isolates
from barberry appeared to possess some alleles that were
identical with those from wheat. All results indicated that the

stripe rust population from barberry and that from wheat may
be affected mutually. Due to the lack of same MLGs and the
presence of less of the same virulence patterns, a differentiation
between both populations was observed.

Under natural conditions, occurrence of sexual cycle of P.
striiformis f. sp. tritici on wild susceptible barberry in China is
regular. To date, P. striiformis f. sp. tritici isolates have been
successfully recovered from different barberry species, including
B. aggregata, B. polyantha, B. shensiana, B. soulieana, B. potaninii,
and B. brachypoda, in Gansu, Shaanxi, and Tibet in spring in four
independent years (Zhao et al., 2013; Li et al., 2016; Wang et al.,
2016; Zhao, 2017). Our results showed that sexual cycle of the
wheat stripe rust pathogen occurs on barberry in Qinghai.

Barberry are common alternate hosts for many species of
Puccinia. So far, more than 30 Puccinia species infecting barberry
have been known, such as P. graminis (De Bary, 1866), P.
pseudostriiformis (syn. P. striiformis f. sp. poae) (Jin et al., 2010),
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P. arrhenatheri (Naef et al., 2002), P. achnatheri-sibirici (Ma et al.,
2020), P. brachypodii (Payak, 2010), P. pygmaea, P. montanensis,
P. brachypodii-phoenicoidis (Cummins and Greene, 1966), and P.
striiformis formae speciales, including f. sp. hordei on barley, f.
sp. agropyri on Agropyron, and f. sp. elymi on Elymus (Huang
et al., 2019). In this work, after inoculation, only a few of all
the aecial samples infected wheat cv. Mingxian 169, with high
infection types, to produce urediniospores. However, most of
aecial samples produced low infection types or merely flecks
without urediniospores on wheat leaves, indicating that they were
other rust fungi.

Sexual reproduction is responsible for generating new variants
and high genetic diversity of P. striiformis f. sp. tritici. Since the
finding of the rust pathogen in 2010 (Jin et al., 2010), so far, in
China more than 100 isolates of P. striiformis f. sp. tritici have
been recovered from barberry by Zhao et al. (2013), Li et al.
(2016), Wang et al. (2016), and Zhao (2017), most of which were
new races. Genetic research by Wang et al. (2012), Tian et al.
(2016), Wang et al. (2018), Du et al. (2019), and Mehmood et al.
(2020) demonstrated that sexual reproduction of P. striiformis f.
sp. tritici can result in arising of the new variant progeny, which
differs from the parent isolates in pathogenicity. This means that
sexual production is an important origin of the new variants of
the wheat stripe rust pathogen. In this work, we demonstrated
that in Qinghai P. striiformis f. sp. tritici infects barberry to
complete sexual cycle, and barberry spread aeciospores as inocula

to wheat to trigger stripe rust on the crop. Therefore, our
results in this study suggest that treatment of barberry bushes,
especially around wheat fields, should be involved in integrated
management of wheat stripe rust in Qinghai.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

WC was responsible for drafting the manuscript, as well as the
acquisition, analysis, and interpretation of data. ZZ performed
the virulence identification of the stripe rust collections. XM and
GZ contributed for isolation of the rust samples from plants. QY
carried out barberry investigations in fields. ZK and JZ designed
the overall research and contributed to reviewing manuscript. All
authors read and approved the final manuscript.

FUNDING

This study was supported by the National Key Research
and Development Program of China (2018YFD0200500,

Frontiers in Plant Science | www.frontiersin.org

December 2021 | Volume 12 | Article 764304


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Chen et al.

Barberry Spread Aeciospore Inoculum to Wheat

2018YFD0200400), National Natural Science Foundation of
China (31871918, 31960524, 32072358), National 111 Plan
(No. BP0719026), the Fundamental Research Funds for the
Central Universities (2452019046), and the Natural Science Basic
Research Plan in Shaanxi Province of China (2020JZ-15).

REFERENCES

Ali, S., Gautier, A., Leconte, M., Enjalbert, J., and de Vallavieille-Pope, C. (2011). A
rapid genotyping method for an obligate fungal pathogen, Puccinia striiformis
f. sp. tritici, based on DNA extraction from infected leaf and Multiplex PCR
genotyping. BMC Res. Notes 4:240. doi: 10.1186/1756-0500-4-240

Aljanabi, S. M., and Martinez, I. (1997). Universal and rapid salt-extraction of
high quality genomic DNA for PCR-based techniques. Nucleic Acids Res. 25,
4692-4693. doi: 10.1093/nar/25.22.4692

Arnaud-haond, S., and Belkhir, K. (2007). Genclone: a computer program
to analyse genotypic data, test for clonality and describe spatial clonal
organization. Mol. Eco. Notes 7, 15-17. doi: 10.1111/j.1471-8286.2006.01522.x

Bahri, B., Leconte, M., de Vallavieille-Pope, C., and Enjalbert, J. (2009).
Isolation of ten microsatellite loci in an EST library of the phytopathogenic
fungus Puccinia striiformis f. sp. tritici. Conserv. Genet. 10, 1425-1428.
doi: 10.1007/s10592-008-9752-5

Berlin, A., Djurle, A., Samils, B., and Yuen, J. (2012). Genetic variation in Puccinia
graminis collected from oats, rye, and barberry. Phytopathology 102, 1006-1012.
doi: 10.1094/PHYTO-03-12-0041-R

Berlin, A., Kyaschenko, J., Justesen, A. F., and Yuen, J. (2013). Rust fungi
forming aecia on Berberis spp. in Sweden. Plant Dis. 97, 1281-1287.
doi: 10.1094/PDIS-10-12-0989-RE

Chen, C. Q., Zheng, W. M., Buchenauer, H., Huang, L. L., Lu, N. H,, and
Kang, Z. S. (2009). Isolation of microsatellite loci from expressed sequence
tag library of Puccinia striiformis f. sp. tritici. Mol. Ecol. Resour. 9, 236-238.
doi: 10.1111/§.1755-0998.2008.02423.x

Cheng, P., Chen, X., Xu, L., and See, D. (2012). Development and characterization
of expressed sequence tag-derived microsatellite markers for the wheat stripe
rust fungus Puccinia striiformis f. sp. tritici. Mol. Eco. Res. 12, 779-781.
doi: 10.1094/PHYTO-99-3-0282

Cummins, G. B., and Greene, H. C. (1966). A review of the grass rust fungi
that have Uredial Paraphyses and aecia on Berberis—Mahonia. Mycologia 58,
702-721. doi: 10.1080/00275514.1966.12018364

De Bary, A. (1866). Neue Untersuchungen uber die Uredineen insbesondere die
Entwicklung der Puccinia graminis und den Zusammenhang duselben mit
Aecidium Berberis. Berlin: Monatsber Press. Akad. Wiss. 15-20.

Du, Z. M., Yao, Q., Huang, S. J., Yan, J. H,, Hou, L., Guo, Q. Y, et al. (2019).
Investigation and identification of barberry as alternate hosts for Puccinia
striiformis f. sp. tritici in eastern Qinghai. Acta Phytopathol. Sin. 49, 370-378.
doi: 10.13926/j.cnki.apps.000290

Enjalbert, J., Duan, X., Giraud, T., Vautrin, D., De Vallavieille-Pope, C., and
Solignac, M. (2002). Isolation of twelve microsatellite loci, using an enrichment
protocol, in the phytopathogenic fungus Puccinia striiformis f. sp. tritici. Mol.
Eco. Notes 2, 563-565. doi: 10.1046/j.1471-8286.2002.00322.x

Holland, M. M., and Parson, W. (2011). GeneMarker(R) HID: a reliable software
tool for the analysis of forensic STR data. J. Forensic Sci. 56, 29-35.
doi: 10.1111/j.1556-4029.2010.01565.x

Hovmeoller, M. S., Serensen, C. K., Walter, S., and Justesen, A. F. (2011). Diversity
of Puccinia striiformis on cereals and grasses. Annu. Rev. Phytopathol. 49,
197-217. doi: 10.1146/annurev-phyto-072910-095230

Huang, S.]J., Zuo, S. X, Zheng, D., Liu, Y., Du, Z. M., Kang, Z. S, et al. (2019). Three
formae speciales of P. striiformis were identified as heteroecious rusts based
on completion of sexual cycle on Berberis spp. under artificial inoculation.
Phytopathol. Res. 1:14. doi: 10.1186/s42483-019-0021-y

Jakobsson, M., and Rosenberg, N. A. (2007). CLUMPP: a cluster matching and
permutation program for dealing with label switching and multimodality

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.
764304/full#supplementary-material

Jin, Y., Szabo, L. J., and Carson, M. (2010). Century-old mystery of Puccinia
striiformis life history solved with the identification of Berberis as an
alternate host. Phytopathology 100, 432-435. doi: 10.1094/PHYTO-100-
5-0432

Johnson, R., Stubbs, R. W., Fuchs, E., and Chamberlain, N. H. (1972).
Nomenclature for physiologic races of Puccinia striiformis infecting
wheat. Trans. Br. Mycol. Soc. 58, 475-480. doi: 10.1016/S0007-1536(72)
80096-2

Jombart, T., Devillard, S., and Balloux, F. (2010). Discriminant analysis of
principal components: a new method for the analysis of genetically structured
populations. BMC Genet. 11:94. doi: 10.1186/1471-2156-11-94

Kosman, E., and Leonard, K. J. (2007). Conceptual analysis of methods applied
to assessment of diversity within and distance between populations with
asexual or mixed mode of reproduction. N. Phytologist. 174, 683-696.
doi: 10.1111/j.1469-8137.2007.02031.x

Li, Q. Qin, J. F, Zhao, Y. Y., Zhao, J., Huang, L. L., and Kang, Z. S. (2016).
Virulence analysis of sexual progeny of the wheat stripe rust pathogen
recovered from wild barberry in Shaanxi ang Gansu. Acta Phytopathol. Sin.
46, 809-820. doi: 10.13926/j.cnki.apps.2016.06.011

Li, S. N.,, Chen, W., Ma, X. Y., Tian, X. X,, Liu, Y., Huang, L. L., et al.
(2020). Identification of eight Berberis species from the Yunnan-Guizhou
plateau as aecial hosts for Puccinia striiformis f. sp. tritici the wheat
stripe rust pathogen. J. Int. Agr. 19, 2-8. doi: 10.1016/52095-3119(20)63
327-5

Line, R. F., and Qayoum, A. (1992). Virulence, aggressiveness, evolution, and
distribution of races of Puccinia striiformis (the cause of stripe rust of wheat)
in North America, Evolution. U.S. Dep. Agric. Agric. Res. Serv. Tech. Bull.
1788:44.

Liu, Y., Chen, X. Y., Ma, Y., Meng, Z. Y., Wang, F. L., Yang, X. J,, et al. (2021).
Evidence of roles of susceptible barberry in providing (primary) inocula to
trigger stripe rust infection on wheat in Longnan, Gansu. Acta Phytopathol. Sin.
51, 366-380. doi: 10.13926/j.cnki.apps.000704

Ma, X. Y, Liu, Y, Li, Q, Tian, X. X, Du, Z. M., Kang, Z. S, et al
(2020). Identification of Berberis spp. as alternate hosts for Puccinia
achnatheri-sibirici under controlled conditions and morphologic observation
of sexual stage development of the rust fungus. Front. Microbiol. 11:1278.
doi: 10.3389/fmicb.2020.01278

Mehmood, S., Sajid, M., Husnain, S. K., Zhao, J., Huang, L. L., and Kang, Z.
S. (2020). Study of inheritance and linkage of virulence genes in a selfing
population of a Pakistan dominant race of Puccinia striiformis f. sp. tritici. Int.
J. Mol. Sci. 21:1685. doi: 10.3390/ijms21051685

Mehmood, S., Sajid, M., Zhao, J., Khan, T., Zhan, G. M., Huang, L. L., et al.
(2019). Identification of Berberis species collected from the Himalayan region of
Pakistan susceptible to Puccinia striiformis f. sp. tritici. Plant Dis. 103, 461-467.
doi: 10.1094/PDIS-01-18-0154-RE

Naef, A., Roy, B. A, Kaiser, R.,, and Honegger, R. (2002). Insect-mediated
reproduction of systemic infections by Puccinia arrhenatheri on Berberis

vulgaris. New Phytol. 154, 717-730. doi: 10.1046/j.1469-8137.2002.
00406.x

Payak, M. M. (2010). Berberis as the aecial host of Puccinia
brachypodii in  Simla Hills (India). Phytopathology 52, 49-54.

doi: 10.1111/j.1439-0434.1965.tb02165.x

Peakall, R, and Smouse, P. E. (2012). GenAlEx 6.5: genetic analysis in
Excel. Population genetic software for teaching and research-an update.
Bioinformatics 28, 2537-2539. doi: 10.1093/bioinformatics/bts460

Pritchard, J. K. Stephens, M., and Donnelly, P. (2000). Inference of

in analysis of population structure. Bioinformatics 23, 1801-1806. population structure using multilocus genotype data. Genetics 155, 945-959.
doi: 10.1093/bioinformatics/btm233 doi: 10.1093/genetics/155.2.945
Frontiers in Plant Science | www.frontiersin.org 10 December 2021 | Volume 12 | Article 764304


https://www.frontiersin.org/articles/10.3389/fpls.2021.764304/full#supplementary-material
https://doi.org/10.1186/1756-0500-4-240
https://doi.org/10.1093/nar/25.22.4692
https://doi.org/10.1111/j.1471-8286.2006.01522.x
https://doi.org/10.1007/s10592-008-9752-5
https://doi.org/10.1094/PHYTO-03-12-0041-R
https://doi.org/10.1094/PDIS-10-12-0989-RE
https://doi.org/10.1111/j.1755-0998.2008.02423.x
https://doi.org/10.1094/PHYTO-99-3-0282
https://doi.org/10.1080/00275514.1966.12018364
https://doi.org/10.13926/j.cnki.apps.000290
https://doi.org/10.1046/j.1471-8286.2002.00322.x
https://doi.org/10.1111/j.1556-4029.2010.01565.x
https://doi.org/10.1146/annurev-phyto-072910-095230
https://doi.org/10.1186/s42483-019-0021-y
https://doi.org/10.1093/bioinformatics/btm233
https://doi.org/10.1094/PHYTO-100-5-0432
https://doi.org/10.1016/S0007-1536(72)80096-2
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1111/j.1469-8137.2007.02031.x
https://doi.org/10.13926/j.cnki.apps.2016.06.011
https://doi.org/10.1016/S2095-3119(20)63327-5
https://doi.org/10.13926/j.cnki.apps.000704
https://doi.org/10.3389/fmicb.2020.01278
https://doi.org/10.3390/ijms21051685
https://doi.org/10.1094/PDIS-01-18-0154-RE
https://doi.org/10.1046/j.1469-8137.2002.00406.x
https://doi.org/10.1111/j.1439-0434.1965.tb02165.x
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1093/genetics/155.2.945
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Chen et al.

Barberry Spread Aeciospore Inoculum to Wheat

Rodriguez-Algaba, J., Walter, S., Sorensen, C. K., Hovmeller, M. S., and Justesen,
A. F. (2014). Sexual structures and recombination of the wheat rust fungus
Puccinia striiformis on Berberis vulgaris. Fungal Genet. Biol. 70, 77-85.
doi: 10.1016/j.fgh.2014.07.005

Rohl, F. J. (2000). NTSYSpc: Numerical Taxonomy and Multivariate Analysis
System, Version 2.1e. NewYork, NY: Exerter Software.

Rosenberg, N. A. (2004). Distruct: a program for the graphical
display of population structure. Mol. Eco. Notes 4, 137-138.
doi: 10.1046/j.1471-8286.2003.00566.x

Schachtel, G. A., Dinoor, A., Herrmann, A., and Kosman, E. (2012).

Comprehensive evaluation of virulence and resistance data: a new analysis tool.
Plant Dis. 96, 1060-1063. doi: 10.1094/PDIS-02-12-0114-SR

Stubbs, R. W. (1985). “Stripe rust] in The Cereal Rusts, Vol. II,
Disease, Distribution, Epidemiology, and Control, eds A. P. Roelfs
and W. R. Bushnell (Orlando, FL: Academic Press, Inc.), 61-101.

doi: 10.1016/B978-0-12-148402-6.50011-0

Tian, Y., Zhan, G. M., Chen, X. M., Tungruentragoon, A., Lu, X, Zhao, ],
et al. (2016). Virulence and simple sequence repeat marker segregation
in a Puccinia striiformis f. sp. tritici population produced by selfing
a chinese isolate on Berberis shensiana. Phytopathology 106, 185-191.
doi: 10.1094/PHYTO-07-15-0162-R

Wang, L., Zheng, D., Zuo, S. X., Chen, X. M., Zhuang, H., Huang, L. L., et al.
(2018). Inheritance and linkage of virulence genes in Chinese predominant
races CYR32 of the wheat stripe rust pathogen Puccinia striiformis f. sp. tritici.
Front. Plant Sci. 9:120. doi: 10.3389/fpls.2018.00120

Wang, M. N., and Chen, X. M. (2013). First report of Oregon grape (Mahonia
aquifolium) as an alternate host for the wheat stripe rust pathogen (Puccinia
striiformis f. sp. tritici) under artificial inoculation. Plant Dis. 97:839.
doi: 10.1094/PDIS-09-12-0864-PDN

Wang, M. N,, Wan, A. M., and Chen, X. M. (2012). “Genetic characterization
of virulence/avirulence genes of Puccinia striiformis f. sp. tritici, in American
Phytopathological Society. Available online at: http://www.apsnet.org/meetings/
Documents/2012_Meeting_Abstracts/aps12abP81.htm (accessed August 20,
2021).

Wang, M. N., Wan, A. M., and Chen, X. M. (2015). Barberry as alternate
host is important for Puccinia graminis f. sp. tritici but not for Puccinia
striiformis f. sp. tritici in the U.S. Pacific Northwest. Plant Dis. 99, 1507-1516.
doi: 10.1094/PDIS-12-14-1279-RE

Wang, Z. Y., Zhao, J., Chen, X. M, Peng, Y. L, Ji, J. J, et al. (2016).
Virulence variations of Puccinia striiformis f. sp. tritici isolates collected from
Berberis spp. in China. Plant Dis. 100, 131-138. doi: 10.1094/PDIS-12-14-
1296-RE

Zhao, J., Wang, L., Wang, Z. Y., Chen, X. M., Zhang, H. C,, Yao, J. N,, et al.
(2013). Identification of eighteen Berberis species as alternate hosts of Puccinia
striiformis f. sp. tritici and virulence variation in the pathogen isolates from
natural infection of barberry plants in China. Phytopathology 103, 927-934.
doi: 10.1094/PHYTO-09-12-0249-R

Zhao, J., Wang, M. N., Chen, X. M., and Kang, Z. S. (2016). Role of alternate hosts
in epidemiology and pathogen variation of cereal rusts. Annu. Rev. Phytopathol.
54, 207-228. doi: 10.1146/annurev-phyto-080615-095851

Zhao, Y. Y. (2017). Study on function of rusted barberry adjacent to wheat fields in
occurrence of wheat stripe rust (Master degree Thesis). Xianyang: Northwest A
and F University, Yangling.

Zhuang, H., Zhao, J., Huang, L. L., Kang, Z. S., and Zhao, J. (2019). Identification
of three Berberis species as potential alternate hosts for Puccinia striiformis
f. sp. tritici in wheat-growing regions of Xinjiang, China. J. Integr. Agr. 18,
2786-2792. doi: 10.1016/52095-3119(19)62709-7

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Chen, Zhang, Ma, Zhang, Yao, Kang and Zhao. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

11

December 2021 | Volume 12 | Article 764304


https://doi.org/10.1016/j.fgb.2014.07.005
https://doi.org/10.1046/j.1471-8286.2003.00566.x
https://doi.org/10.1094/PDIS-02-12-0114-SR
https://doi.org/10.1016/B978-0-12-148402-6.50011-0
https://doi.org/10.1094/PHYTO-07-15-0162-R
https://doi.org/10.3389/fpls.2018.00120
https://doi.org/10.1094/PDIS-09-12-0864-PDN
http://www.apsnet.org/meetings/Documents/2012_Meeting_Abstracts/aps12abP81.htm
http://www.apsnet.org/meetings/Documents/2012_Meeting_Abstracts/aps12abP81.htm
https://doi.org/10.1094/PDIS-12-14-1279-RE
https://doi.org/10.1094/PDIS-12-14-1296-RE
https://doi.org/10.1094/PHYTO-09-12-0249-R
https://doi.org/10.1146/annurev-phyto-080615-095851
https://doi.org/10.1016/S2095-3119(19)62709-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

	Phenotyping and Genotyping Analyses Reveal the Spread of Puccinia striiformis f. sp. tritici Aeciospores From Susceptible Barberry to Wheat in Qinghai of China
	Introduction
	Materials and Methods
	Aecial Samples From Barberry and Stripe Rust-Diseased Leaf Samples From Wheat
	Inoculation
	Obtainment of Pure Isolates
	Virulence Testing
	Microsatellite Analysis

	Results
	Inoculation of Single Aecium Collection From Barberry
	Virulence Characterization and Genetic Variation
	Relationship Between Isolates From Barberry and Wheat Based on Phenotyping and Genotyping Analyses

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


