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The common European barberry (Berberis vulgaris [Bv]) serves as an alternate (sexual) host to Puccinia graminis 
[Pg], the group of macrocyclic fungal pathogens causing stem rust of wheat, barley, rye, and other grasses. Since the 
small northeastern region of New England lies outside the boundary of the massive barberry eradication program 
undertaken by the US government in the 20th century, today Bv grows in such abundance in that region that it is 
considered an invasive species. Also abundant throughout New England is Japanese barberry (B. thunbergii [Bt]), a 
species originally introduced by the ornamental horticultural industry and now also considered invasive. More 
recently, natural populations of the inter-specific hybrid between these two species (B. ×ottawensis [B×o]) have also 
been found in the region (Hale et al. 2014). While it is well established that Bv is a competent alternate host of Pg 
and Bt is not, little is known about the fate of Pg resistance in their hybrid progeny. In this study, we utilized a natural 
population of B×o to characterize the genetic mechanism underlying what appears to be the non-host resistance 
response to Pg in Bt. 

•  What is the genetic structure of a natural B×o 
population in New England? 

•  What is the disease response of B×o to Pg?  
•  Does Pg resistance/susceptibility segregate among 

B×o  individuals?  
•  Can a natural B×o population be used to study 

the genetics of resistance/susceptibility to Pg in 
Bt/Bv?  

•  Can insights into the mechanism(s) of non-host 
resistance in the alternate host inform our efforts 
to breed for durable resistance in wheat? 

 

Research Questions 

Background 

                  

Materials and Methods              
Field survey to collect plant material and morphologically characterize a natural B. ×ottawensis 
population  
In the summer of 2014, a field survey was carried out to characterize a natural mixed population of Bv, Bt, and B×o 
in Sheffield, MA. In the field, plants were assigned to species based on differential morphological parameters, 
including plant height, growth habit, leaf morphology and inflorescence morphology. Stem cuttings were taken from 
190 randomly selected individuals (22 Bv, 27 Bt, and 141 B×o) and these accessions were clonally propagated (Fig. 
1A). for downstream genetic and phenotypic (disease response) assessment. 

P. graminis inoculation on barberry plants 
Rooted cuttings of the collected barberry accessions were phenotyped for their response to Pg at the USDA Cereal 
Disease Lab. For this disease phenotyping, newly emerged leaves were inoculated with germinated telia of Pg by 
suspending telia-laden straw of naturally-infected Elymus repens over barberry plants in a inoculation chamber 
maintained at 18°C (night) and 20°C (day) (Fig. 1B). After two days, inoculated plants were moved to growth 
chambers maintained at 20±3°C for further incubation. Infections were scored visually 14 days after inoculation, 
when mature aecia developed on the susceptible checks, Bv and B. chinensis. Individual plants were scored as 
susceptible if mature aecia were seen to develop and as resistant if inoculation failed to produce aecia (Fig. 1C). If 
the susceptible checks failed to exhibit good infection, plants scored as resistant were subjected to another round of 
inoculation.  

Fig. 1. Propagating barberry cuttings in the greenhouse (A); germinating telia of P.  graminis on leaf and stem tissues of 
Elymus repens suspended over barberry plants in an inoculation chamber (B); an infected B. ×ottawensis plant (C). 

Development of species-specific molecular markers via Genotyping by Sequencing (GBS) 
Genomic DNA was extracted from a stratified random sample of 96 collected accessions comprised of 14 Bv, 12 Bt 
and 70 B×o individuals; and genome reduction was achieved using a two-enzyme GBS protocol (Poland et. al 
2012). The resultant GBS library of 96 accessions was subjected to 150-bp paired-end sequencing on an Illumina 
2500 platform (3 lanes). Bv-specific SNPs, Bt-specific SNPs, and dominant tags were identified via 
bioinformatics pipeline that does not require a reference genome (Melo et al. 2015). [Note: Species-specific 
SNPs are SNPs found to be polymorphic between Bv and Bt but monomorphic within each species. Dominant 
tags are genomic sequences found to be present in Bv but absent in Bt, or vice-versa.] Species-specific SNPs 
were used to infer the genetic composition of putative B×o individuals (e.g. F1, F1BC1, etc.). Dominant tags were 
used for association analysis with disease phenotype. 

Results and Discussion 
The combined population size of the three species at the Sheffield, MA, site was found to be around 1,000 
individuals, spread over an area of approximately 6 ha. In terms of frequency, Bt was observed to outnumber the 
other two species (~60%), though B×o plants were observed in significant number (~20%). While wide 
morphological variation was observed among and within the populations of all three species, the most pronounced 
variation was observed among the B×o plants, especially in terms of plant height, leaf shape, leaf margin (Figs. 2A-
C), and fertility as reflected in fruit set (Fig. 2E).  

Fig. 2. Variation in leaf margins among B. ×ottawensis individuals (A-C); inflorescences of B. thunbergii, B. ×ottawensis 
and B. vulgaris, left to right (D); and a branch from a highly fertile B. ×ottawensis accession (E). 

The two-enzyme based GBS approach and our reference independent bioinformatics pipeline resulted in 3,186 
SNPs polymorphic within Bt, 1,773 SNPs polymorphic within Bv, and 4,430 putative species-specific SNPs (Fig. 
3A). Further stringent filtering of the data resulted in a set of 2975 high confidence species-specific SNPs. In 
addition to these, 5,816 dominant tags were also identified using the same GBS dataset (2,738 present in Bv but 
absent in Bt, 3078 present in Bt but absent in Bv (Fig. 3B). 

Fig. 3. Number of discovered SNPs within B. thunbergii (blue), within B. vulgaris (yellow), and between the two species 
(green) (A); number of dominant tags identified, by species (B). 

Inoculation with Pg on a random set of 104 B×o plants resulted in ~50% susceptible and ~50% resistant reactions 
(Table 1), a clear indication that Pg resistance/susceptibility segregates among B×o individuals. Nearly all collected 
Bv accessions exhibited a susceptible reaction, and all Bt accessions exhibited a resistant reaction; however, 1 Bv 
plant failed to develop aecia (indicated by * in Table 1). As no Bv genotype has ever shown resistance to Pg, this 
particular Bv genotype is most likely susceptible. Indeed, pycnia were seen to develop on this line, though aecia 
failed to develop perhaps due to a low level of inoculum or some other factor. Due to the overall poor condition of 
this particular plant, a follow-up inoculation was not possible. It is worth drawing attention to this plant because it 
illustrates the fact that the inoculation protocol used in this study declares susceptibility with higher confidence than 
resistance. 

Table 1. Response of B. ×ottawensis, B. thunbergi and B. vulgaris to P. graminis  

Using the set of 2,975 high confidence species-specific SNPs, we inferred the genetic composition of the 70 
genotyped B×o individuals based on segregation patterns (Table 2). Since most of these SNPs were in a 
heterozygous state in the B×o individuals, as expected for F1 hybrids, they proved not useful for associating 
genomic regions with disease phenotype.  

This preliminary study shows that Pg response segregates among B×o individuals and that GBS is a viable means of 
generating molecular markers in these species, despite the lack of a reference genome. Furthermore, this approach 
seems viable for characterizing the genetic mechanism(s) underlying what appears to be non-host resistance to Pg in 
Bt, though the association discovered here requires further validation. Finally, the segregating disease response of B×o 
underscores the need to investigate the rust epidemiological risk posed not only by Bv but also Bt, by way of their 
interspecific hybrid. 

Using a Yates-corrected chi-squared test of independence for disease reaction to Pg (Resistant/Susceptible x 
Presence/Absence of a dominant tag), one of the 5,816 dominant tags was found to exhibit a highly significant 
association with disease phenotype (p < 2.2x10-8). This particular marker was found to be present in 18 of the 23 
resistant genotypes (refer to explanation of Table 1 above) but was uniformly absent from all 29 susceptible 
genotypes. Since this dominant tag is present in Bt but absent in Bv, this association suggests that resistant B×o 
individuals may inherit Pg resistance from Bt, rather than susceptibility from Bv. 

1 Failed refers to the number of B×o accessions that died either during the process of clonal propagation or during the time of 
inoculations; and hence disease response is not available.  

References 

Acknowledgements 
This research is supported by the Durable Rust Resistance in Wheat (DRRW) Project, the Borlaug Global Rust 
Initiative (BGRI), and the New Hampshire Agricultural Experimental Station (NHAES). We thank B. Connolly and 
A. Cheevor for their assistance during field surveys and A. Melo for his assistance in analyzing the GBS data. 

Hale I, Connolly B, Bartaula R (2014). The occurrence of hybrid barberry, Berberis ×ottawensis (Berberidaceae), in 
New Hampshire and Rhode Island.  Rhodora (in press). 

Melo ATO, Bartaula R, Hale I (2015).  GBS-SNP-CROP: A reference-optional pipeline for SNP discovery and plant 
germplasm characterization using genotyping-by-sequencing data. BMC Bioinformatics (in review). 

Poland JA, Brown PJ, Sorrells ME, Jannink J-L (2012), PLoS ONE 7(2): e32253. doi:10.1371/journal.pone.0032253 

Future Directions 
We are currently working to convert the resistance-associated dominant tag identified in this study into a PCR marker 
which can be used to genotype independent B×o populations as a means of validating the association. To better map 
this resistance and generate a list of candidate genes, we are developing biparental mapping populations and are 
assembling an annotated reference genome for Bt (cv. 'Kobold').	  

Table 2. Inferred genetic composition of B. ×ottawensis individuals based on 2,975 species-specific SNPs 
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Species Response to P. graminis 
# Inoculated # Susceptible # Resistant 

B. ×ottawensis 104 51 53 
B. thunbergii 13 0 13 
B. vulgaris 6 5 1* 

 Generations  Genotypes Resistant Susceptible Failed1 

F1 60 27 24 9 
F1 backcrossed with Bv 4 1 2 1 
F1 backcrossed with Bv then backcrossed with Bt 1 0 1 - 
F1 backcrossed with Bt then backcrossed with Bv 1 - - 1 
F1 backcrossed with Bt 2 2 0 - 
Not identified 2 0 2 - 
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