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Abstract: 

Net blotch (Pyrenophora teres f. teres) is a major disease of barley (Hordeum vulgare). Genetic 

resistance in cultivated barley is mainly found in one major region of the genome, suggesting 

that wild relatives should be investigated to enhance the diversity of resistance in the cultivated 

species . This study looked at net blotch resistance in Hordeum jubatum, a member of the tertiary 

genepool of barley. Over 300 accessions of H. jubatum collected from 108 sites in central North 

America were grown in a greenhouse and tested for their reaction to pathotype Pt_1351 of P. 

teres f. teres. Twenty-eight differential accessions of barley were also evaluated as controls. Nine 

days after inoculation, plants were scored for their infection responses (IRs) on a ten-point scale. 

IRs were  generally low, but variation was observed. The H. jubatum accessions had a mean IR 

of 2.9 and a range of 1 to 6.5. H. vulgare controls had mean IR of 2.5 and a range of 1 to 6. No 

general trend was seen with respect to IR and geographic location. The disease scores of the H. 

vulgare controls generally did not match expectations based on previous studies, but average 

infection scores similar to that of the H. jubatum in this study was seen in other studies of net 

blotch infection in wild Hordeum species. The lack of a trend in disease score compared to 

geographic location suggests that factors heavily influenced by geographic location, such as 

rainfall and barley cultivation, are not responsible for variation in net blotch resistance. Future 

studies of net blotch resistance in H. jubatum would benefit from increased replication to better 

assess differences between individual accessions. The variation in net blotch resistance seen in 

this study suggests H. jubatum may be a source of novel resistance and warrants further study 

into net blotch resistance in H. jubatum.             
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Introduction: 

Net blotch, caused by the pathogen (Pyrenophora teres f. teres), is one of the most 

economically important diseases of cultivated barley (Hordeum vulgare). It is present in most 

areas where barley is cultivated, in such diverse locations as the Midwestern United States, 

northern Finland, Morocco, and Western Australia (Mäkelä 1975; Steffenson et al. 1996; Murray 

and Brennan 2010; Amezrou 2018). Pyrenophora teres is found at the beginning of the growing 

season in infected residue from the previous crop, or, more rarely, as mycelium in infected seed. 

Ascospores (the sexual spore) and conidia (the asexual spore) are dispersed from crop residue by 

wind in dry conditions (Mathre 1997). Wind dispersal of spores over seven meters has been 

observed, but dispersal over much larger distances is likely (Piening 1968). Spores germinate on 

wet barley leaves under humid conditions, ideally at 20°C, but germination is possible from 8 to 

33°C. In susceptible plants, infection starts as elliptical lesions that expand into dark striations 

along the veins of the leaf and parallel to the veins, forming the namesake net pattern. Chlorotic 

tissue surrounds the lesions, and in severe infections expands into necrosis across the entire leaf 

(Mathre 1997). Yield losses from net blotch as high as 44% have been recorded (Murray and 

Brennan 2010).    

Methods to control net blotch in cultivated barley include both chemical and genetic 

options. Various fungicide treatment options have been used to control net blotch, as either a 

seed treatment or as a foliar spray applied at tillering and heading (Sutton & Steele 1983). 

However, these fungicides incur material and labor costs to the grower and can be detrimental to 

aquatic wildlife and birds (Andreu-Sánchez et al. 2012; Lopez-Antia et al. 2016). The use of 

resistant cultivars is the best method of control from an economic and ecological perspective; 

however, there are many pathotypes of P. teres f. teres, requiring multiple resistance genes to 
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provide durable resistance in barley (Grewal et al. 2007). However, like most domesticated 

crops, cultivated barley lacks the genetic diversity found in many wild species (Von Bothmer et 

al. 1995). Many of the described genes for net blotch resistance lie in barley chromosome 6H. 

Other described genes in barley contribute only a modest level of resistance, requiring 

pyramiding of many genes for sufficient resistance to most pathotypes (Wonneberger et al. 

2017).  

To enhance the genetic diversity for net blotch resistance, other genepools should be 

investigated. Wild relatives could be useful in this regard as a source of novel resistance genes 

(Mankin 1969). Net blotch resistance in wild Hordeum species has been studied previously, 

mainly in the cultivated barley progenitor, Hordeum vulgare ssp. spontaneum. Fetch et al. (2003) 

investigated net blotch resistance in H. v. spp. spontaneum samples collected from Israel and 

Jordan. They found about 70% of accessions to be at least moderately resistant to infection. In a 

molecular mapping study that included a H. v. spp. spontaneum parent, Yun et al. (2005) 

identified three major quantitative trait loci (QTL) that already known in some barley cultivars or 

landraces. However, they did find novel resistance to other diseases, suggesting that novel net 

blotch resistance could still be found in wild species with other accessions. Many other Hordeum 

species—of which there are 32 members—may possess net blotch resistance. However, little 

attention has been given to these other species due to their lack of breeding compatibility with 

cultivated barley. However, recent advances in the cloning of disease resistance genes may make 

the transfer of genes from more distant wild relatives feasible (Arora et al., 2019). One such wild 

species is Hordeum jubatum, which is common across Minnesota and adjacent regions.  

Hordeum jubatum is a perennial, tertiary relative of cultivated barley, often found in 

meadows, marshes, saline soils, roadsides, cultivated fields, and pastures throughout much of 
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North America (Stevens 1922). While H. jubatum is easy to collect, little research has been done 

on its resistance to diseases affecting H. vulgare. Most research on disease resistance in H. 

jubatum has been focused on determining whether it can act as a host for barley pathogens. 

These studies did not seek to differentiate disease severity within the species, and either 

evaluated H. jubatum as one member of a panel of different host species or tested the virulence 

of pathogens on only a few H. jubatum plants (Christensen 1922; Fraser 1919). Sato and Takeda 

(1997) conducted a study of net blotch resistance in wild Hordeum species, that included H. 

jubatum. However, the main focus of the study was H. v. spp. spontaneum and only five 

seedlings of one accession of H. jubatum were scored, limiting the value of the results in 

assessing net blotch resistance in H. jubatum as a whole.  

Further research is necessary to determine if potentially useful net blotch resistance is 

present in the H. jubatum genome. The objective of this study was to investigate net blotch 

resistance in a large collection of H. jubatum accessions.   
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Materials and methods: 

Sample collection 

Several different surveys were conducted in 2018 to collect samples of H. jubatum in 

Minnesota, North Dakota, Wisconsin, and Manitoba (Appendix 1). Samples of H. jubatum were 

collected from 108 sites in total. For the sampling, a single, mature spike was cut from individual 

plants and placed in a glassine bag (Canvasback G27, Seedburo Equipment Co., Des Plaines, 

IL). Depending on the size and distribution of H. jubatum populations at the site, as many as 

eight additional spikes from individual plants were collected along a linear transect about ten 

meters apart, or in some cases, at concentric foci of the cardinal directions from a single central 

focus about 10 meters apart, for a total of 306 spike samples. Samples were stored in the 

collection bags at 20°C until planting.The general location and GPS coordinates of the central 

plant at each collection site were recorded, and photos of both the plants and the surrounding 

location were taken using a digital camera. These data were compiled into an interactive map and 

Excel spreadsheet. The interactive map was created based on GPS coordinate data using Google 

My Maps (Google LLC, Mountain View, CA) and the KML file from this map was used to 

create Appendix 1 using Mapbox Studio (Mapbox, San Francisco, CA). 

Growing plant material 

In late December of 2018, 316 10.5cm x 10.5cm x 12.5cm pots (Jumbo Junior, Belden 

Plastics, St. Paul, MN) were filled with a 1:1 ratio mixture of steam-sterilized field soil and soil-

less growing medium (Propagation Mix, Sungro Horticulture, Agawam, MA) and moved into a 

greenhouse kept at a temperature range of 15-25°C and a 14 hour photoperiod supplemented by 

400 W high pressure sodium lamps (minimum 300 µmol photons m-2 s-1). Five seeds from each 
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of the 306 H. jubatum accessions were planted directly (~1cm depth) in the pots, evenly spaced 

in a dice-five pattern and fertilized with 14N-14P-14K controlled release fertilizer (Osmocote, 

Scotts Co., Marysville, OH). Each pot was labeled with a stake specifying the planted accession. 

Three weeks after planting, the H. jubatum plants were thinned to two plants per pot. 

Approximately one month after planting, 27 accessions of cultivated barley, previously selected 

to differentiate pathotypes of P. teres f. teres, were planted as controls and to verify the virulence 

of the isolate (Appendix 2). Twenty-seven of these accessions were planted four per pot within 

each corner, except for the last two, which were planted in  two opposite corners. The cultivar 

‘Pinnacle’ was planted with four plants, one in each corner, in three different pots. 

Inoculum preparation and inoculation   

Isolate Pt_1351 of P. teres f. teres  was used in the investigation. It was collected from 

barley cultivar ‘Pinnacle’ in St. Paul, MN in 2016. Conidia of isolate Pt_1351 stored on silica gel 

crystals at 4℃ (Appendix 3) were cultured onto eight plates containing V8 juice agar (Appendix 

4). Plates were kept in an incubator (Percival Scientific, Perry, IA) at 25°C in darkness for 3 

days, then subject to 10 days of an alternating light/dark regime (12 hours of light under 115 W 

cool-white fluorescent bulbs (150 to 350 µmol photons m-2 s-1)/12 darkness) to initiate 

sporulation. Once the cultivated barley accessions had all reached the second leaf stage, 

inoculum of the pathogen was prepared. Conidia from each plate were collected by pouring 

about 20 mL of sterile deionized water into the plate, and then lightly scraping the surface of the 

fungal culture with a rubber policeman. Thereafter, the water/conidia suspension was collected 

into a 500mL beaker, filtered through a cheesecloth. The inoculum was diluted with deionized 

water to a final volume of 200mL.  
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Inoculum was applied to the foliage of each plant using an artists’ airbrush (Model H, 

Paasche Airbrush Co., Kenosha, WI) connected to a CO₂tank (122.5 atm, 1.13 kg, Catalina 

Cylinders, Garden Grove, CA). Inoculum was spread evenly across the plants, covering every 

leaf of every plant with a fine mist of inoculum. Immediately after inoculation, the plants were 

placed in six 72 cm by 96 cm stainless steel/Lexan mist chambers humidified by an ultrasonic 

humidifier (Vicks Model V5100NS, Procter & Gamble Co., Cincinnati, OH). To induce 

infection by conidia on the plants, the misters were run for 40 continuous minutes. Thereafter, 

the humidifiers ran for 2 minutes every 60 minutes to maintain high humidify for infection. After 

a 16-hour infection period in the dark, the humidifiers were turned off, the doors to the chambers 

were raised halfway, and the plants were left to dry slowly for 4 hours. Plants were then moved 

back to the greenhouse. Starting five days after inoculation, the leaves of the plants were lightly 

watered with a hose at low pressure three times per day for four days to enhance disease 

development.  

Disease scoring 

Nine days after inoculation, plants were rated for their infection responses (IRs) using a 

modified version of the scale developed by Tekauz (1985). Due to generally low infection rates, 

mid-point values between the integers of the 1 to 10 rating scale were added (e.g. 2.5 between IR 

2 and IR 3). IRs on cultivated barley were scored on the second leaves. Due to the higher 

tillering, earlier maturity, and smaller leaves of the H. jubatum plants, IRs were scored on the 

center three leaves (flag leaf minus 3,4, and 5) of each stem. Each plant was scored separately. 

Plants with ratings of five or lower were considered resistant while scores above five were 

susceptible. 
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Data analysis 

A two tailed t-test was conducted on the two IR scores of each accession to determine 

whether there was significant difference between plants within accession using R Studio (R 

Studio, Inc., Boston, MA). The two scores from the H. jubatum plants in each pot were averaged 

to derive an accession mean. The mean and range of accession scores were determined, and then 

the distribution of the accession means was plotted as a histogram using R Studio. The same was 

done with individual plant scores for cultivated barley. The accession means from each 

collection site were grouped together and averaged to derive mean collection site scores. The 

mean and range of the mean collection site scores were determined and a histogram was created 

using R Studio. R Studio was used to fit linear models for mean collection site score against 

latitude and longitude of the collection site. The r² and p values of both models were used to 

determine the proportion of variation in net blotch IR score explained by the coordinates and the 

significance of the effect of geographical location on net blotch score, respectively. 
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Results: 

Over three-quarters (78.3%) of the 1,530 H. jubatum seeds sown in pots germinated to 

produce a plant. Just under three-quarters (74.1%) of the accessions had two plants survive to 

inoculation and 83.6% had at least one plant survive to inoculation. Net blotch infection was 

generally low, but most plants showed some sign of infection. Over 96% of accessions exhibited 

a resistant reaction (IR scores between 1 and 5). Only 2.7% of H. jubatum accessions exhibited a 

highly resistant IR score of 1. Figure 2 displays the range and frequency distribution of net 

blotch IR scores in H. jubatum accessions (mean=2.9, range=1 to 6.5) and cultivated barley 

controls (mean=2.5, range=1 to 6). Individual plant scores within accessions where two plants 

were present were not independent (p≈ 0). The r value of the relationship between the first and 

second plant scores was 0.53.   

Data were obtained for at least one plant from one hundred of the 108 collection sites. 

Mean H. jubatum site scores are represented in Figure 3 (mean=2.9, range=1.75 to 4.5). 

 Neither latitude nor longitude was significantly correlated with the mean IR score across 

sites (latitude r²= 0.00011, p= 0.92, longitude r²= 0.00027, p=0.87, Appendix 5).    
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Discussion: 

 Due to the limited net blotch resistance within the primary gene pool of cultivated barley, 

we investigated variation in net blotch resistance in the tertiary genepool member of H. jubatum. 

We focused on sites in central North America, due to the importance of barley production in the 

region. We detected a fairly high level of diversity in IR scores across collection sites, but did 

not find a strong geographical trend for these reactions within the sampled area. 

Net blotch score variation  

 Infection levels were generally low, suggesting widespread resistance across accessions. 

The threshold for a susceptible reaction compared to a resistant reaction is a score above five 

according to Tekauz (1985). Only a small number of accessions scored above this threshold, 

particularly among H. vulgare controls.  Inoculation appears to have been successful, given the 

presence of some susceptible IRs in the cultivated barley controls. The low number of 

susceptible controls may suggest the net blotch isolate used is widely avirulent. Lack of 

replication limits what statements can be made about the resistance or susceptibility of specific 

accessions, but there appears to be wide variation in net blotch resistance in H. jubatum overall. 

Variable but generally low net blotch IR scores were not uncommon in past studies in 

wild barley relatives. Sato and Takeda (1997) found generally low infection scores in H. 

spontaneum, with few accessions reaching a severe infection score. However, this varied with 

the pathogen isolate used. They found even lower scores in H. bulbosum, with no accession 

having an average score exceeding 2.8. Fetch et al. (2003) found proportionately more 

susceptible accessions of H. spontaneum in their Israeli/Jordanian collection than Sato and 

Takeda (1997), but the majority of accessions were resistant. Pickering et al. (1994) also found 
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the H. bulbosum accessions they studied were highly resistant to net blotch. Taken together, 

resistance to net blotch in wild Hordeum species appears to be common.  

Lack of a geographical trend 

The lack of any pattern with respect to net blotch IR scores of accessions along latitude or 

longitude suggests that geographical location is not a major determinant of net blotch reaction 

across the sampled area in central North America. Any trend seen would be expected to follow 

precipitation patterns, given that the net blotch pathogen requires wet conditions in order to 

infect leaves (Mathre 1997). It would follow then that more resistance would be expected in 

samples from the southeastern part of the sampled area, where annual precipitation tends to be 

higher (National Oceanic and Atmospheric Administration 2019; Appendix 6). Fetch et al. 

(2003) also failed to find a trend in net blotch resistance with annual rainfall in H. spontaneum 

accessions collected from Israel and Jordan. They also found no significant correlation with 

altitude, average temperature, or humidity. Since such trends were not detected, there must be 

other factors playing a larger role in the evolution of resistance in Hordeum. The prevalence of 

cultivated barley in the area could influence the amount of disease inoculum present due to 

importation of infected seed into the area and an increase in potential host plants. However, this 

also follows a clear southwest to northeast trend that would likely correlate with geographic 

coordinates (Appendix 7, National Agricultural Statistics Service 2019). Other possible factors 

include the size of the local H. jubatum population, the microclimate of the collection site, and 

the presence of other biotic and abiotic stresses. 
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Changes in methodology for future experiments  

The ways the data in this experiment could be analyzed and, ultimately, the conclusions 

that could be drawn from these data were limited by the lack of replication in the experiment. 

Improvements in this experimental design would include replication in the form of additional 

plants in separate pots for each accession, grown in a randomized experimental design.  

Additionally, the experiment should have been repeated in time to assess the consistency of the 

results. Given the large number of accessions used in this experiment, replication was been 

impractical given the available timeframe and greenhouse space. Therefore, a more in-depth 

study of fewer accessions may be preferable in order to conduct a more robust statistical analysis 

of differences in net blotch IRs among individual accessions. A study with this focus may also 

benefit from looking at IRs from multiple isolates, in order to better understand general net 

blotch resistance. However, a study of fewer accessions may also be less useful for studying 

geographic trends. Therefore, it may be best to split the objectives of this study into two 

experiments with two different experimental designs. In order to better assess the net blotch 

resistance of specific accessions of H. jubatum, it would be best to set up an experiment with 

fewer accession but more replicates and multiple net blotch isolates. In order to assess 

geographical trends in net blotch resistance, the largest panel of accessions from the most 

locations possible would be ideal. A long-term study with replication over time may be able to 

incorporate both objectives. 

While the presence of some susceptible plants combined with some lesions seen on most 

plants means that the inoculation was likely successful; the inoculation methods could be altered 

have more certainty in this conclusion. The inoculation methods could be altered to better 

minimize the likelihood of poor infection. The inoculum concentration may not have been 
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sufficient. Quantifying inoculum using a hemaecytomer would be good in this case. The process 

of inoculation itself took more time than would be ideal with the quantity of plants inoculated. 

Splitting the plants into separate groups of inoculations may have been more effective; however, 

this would add an additional source of variability. Disease phenotypes were subject to some error 

on the part of the rater, partially due to physiological differences between H. jubatum and H. 

vulgare. As net blotch in H. vulgare is better studied, a scale and method of net blotch scoring 

specifically for H. jubatum could be developed, which would lessen ambiguity in scoring.       

Application of results 

 These preliminary findings of the variation in net blotch resistance in H. jubatum justify 

further research. If further research confirms the presence of useful net blotch and other disease 

resistance in H. jubatum, the identification and cloning of the responsible causal genes may be 

warranted for use in cultivated barley. Locating and cloning resistance genes for use in wheat has 

been conducted with stem rust resistance in Aegilops tauschii (Arora et al. 2019). However, 

resistance gene identification and cloning in H. jubatum would require extensive resources, both 

in money and labor, to accomplish, even if this cost has been significantly reduced by recent 

techniques. Therefore, further research to confirm the value of H. jubatum as a source of net 

blotch resistance for cultivated barley is needed.  
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Tables and Figures 

 

Figure 1. Geographic distribution of Hordeum jubatum collection sites.  
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Figure 2. Average net blotch infection response of Hordeum jubatum accessions (top) and Hordeum vulgare 
controls (bottom). H. jubatum value are based on the average score of two plants. Control scores are based on single 
plants. Infection responses were scored according to a scale modified from Tekauz (1985).  
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Figure 3. Average net blotch infection response scores of H. jubatum samples from populations at each collection 
site. The number of accessions in each population varied from one to eight. Infection responses were scored 
according to a scale modified from Tekauz (1985).  
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Appendices  

Appendix 1. Collection sites of Hordeum jubatum from central North America. 

  
Site 

  
Nearest City 

  
Latitudeᵃ 

  
Longitude 

  
State/Province 

  
Country 

  
Collection Date 

  
Altitudeᵇ 

1 Lake Elmo 45.03 -92.95 MN USA August 6, 2018 1010 

2 Beltrami 47.55 -96.53 MN USA July 17, 2018 910 

3 Beltrami 47.62 -96.56 MN USA July 18, 2018 870 

4 Ada 47.46 -96.54 MN USA July 18, 2018 920 

5 Sabin 46.76 -96.53 MN USA July 19, 2018 940 

6 Harwood 46.98 -96.88 ND USA July 20, 2018 900 

7 Grandin 47.24 -97.01 ND USA July 20, 2018 890 

8 Buxton 47.60 -97.08 ND USA July 20, 2018 910 

9 Manvel 48.08 -97.17 ND USA July 20, 2018 870 

10 Drayton 48.35 -97.19 ND USA July 20, 2018 820 

11 Pembina 48.97 -97.26 ND USA July 20, 2018 791 

12 Saint Francis Xavier 49.89 -97.58 MB CAN July 21, 2018 800 

13 Portage La Prairie 49.97 -98.19 MB CAN July 21, 2018 860 

14 Bagot 49.98 -98.63 MB CAN July 21, 2018 980 

15 Carberry 49.90 -99.32 MB CAN July 21, 2018 1240 

16 Brandon Hills 49.75 -99.87 MB CAN July 22, 2018 1271 
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17 Minto 49.49 -100.01 MB CAN July 22, 2018 1530 

18 Boissevdin 49.20 -100.06 MB CAN July 22, 2018 1740 

19 Dunseith 48.79 -100.05 ND USA July 22, 2018 1570 

20 Leeds 48.28 -99.35 ND USA July 22, 2018 1560 

21 Euclid 47.90 -96.63 MN USA July 31, 2018 920 

22 Warren 48.18 -96.76 MN USA July 31, 2018 790 

23 Argyle 48.30 -96.81 MN USA July 31, 2018 850 

24 Donaldson 48.58 -96.90 MN USA July 31, 2018 840 

25 Hallock 48.80 -96.96 MN USA July 31, 2018 820 

26 Pembina 48.97 -97.19 MN USA July 31, 2018 810 

27 Hallock 48.78 -97.14 MN USA July 31, 2018 780 

28 Kennedy 48.64 -97.04 MN USA July 31, 2018 830 

29 Donalson 48.53 -96.80 MN USA July 31, 2018 850 

30 Argyle 48.38 -96.82 MN USA July 31, 2018 840 

31 Fisher 47.89 -96.78 MN USA July 31, 2018 810 

32 Crookston 47.82 -96.62 MN USA August 1, 2018 890 

33 Fertile 47.61 -96.37 MN USA August 1, 2018 1060 

34 Gary 47.41 -96.28 MN USA August 1, 2018 1140 
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35 Hawley 46.88 -96.25 MN USA August 1, 2018 1220 

36 Pelican Rapids 46.61 -96.22 MN USA August 1, 2018 1290 

37 Dalton 46.17 -96.02 MN USA August 1, 2018 1170 

38 Hoffman 45.83 -95.79 MN USA August 1, 2018 1300 

39 Lowry 45.71 -95.52 MN USA August 1, 2018 1350 

40 Eden Valley 45.31 -94.51 MN USA August 1, 2018 1130 

41 Annadale 45.23 -94.17 MN USA August 1, 2018 1040 

42 Rosemount 44.72 -93.07 MN USA August 9, 2018 940 

43 Oakdale 45.03 -92.97 MN USA August 26, 2018 1020 

44 Vadnis Heights 45.04 -93.06 MN USA August 26, 2018 910 

45 Lake Elmo 45.00 -92.93 MN USA August 26, 2018 950 

46 Woodbury 44.95 -92.88 MN USA August 26, 2018 930 

47 Saint Paul 44.99 -93.18 MN USA August 27, 2018 961 

48 Red Lake Falls 47.73 -96.20 MN USA August 30, 2018 1137 

49 Erskine 47.61 -96.01 MN USA August 30, 2018 1233 

50 Mahnomen 47.31 -95.97 MN USA August 30, 2018 1210 

51 Callaway 47.01 -95.92 MN USA August 30, 2018 1347 

52 Audubon 46.88 -95.99 MN USA August 30, 2018 1284 
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53 Detroit Lakes 46.82 -95.85 MN USA August 30, 2018 1364 

54 Henning 46.33 -95.42 MN USA August 31, 2018 1431 

55 Wadena 46.44 -95.13 MN USA August 31, 2018 1348 

56 Sebeka 46.63 -95.10 MN USA August 31, 2018 1381 

57 Frazee 46.73 -95.70 MN USA August 31, 2018 1389 

58 Perham 46.59 -95.57 MN USA September 1, 2018 1368 

59 New York Mills 46.52 -95.38 MN USA September 1, 2018 1412 

60 Vergas 46.66 -95.81 MN USA September 2, 2018 1401 

61 Parkers Prairie 46.16 -95.33 MN USA September 3, 2018 1469 

62 Alexandria 45.89 -95.36 MN USA September 3, 2018 1421 

63 Spring Lake Park 45.12 -93.23 MN USA September 3, 2018 914 

64 Saint Paul 44.97 -93.20 MN USA September 6, 2018 896 

65 Maple Grove 45.14 -93.48 MN USA September 6, 2018 927 

66 Oakdale 45.02 -92.96 MN USA September 3, 2018 989 

67 Woodbury 44.93 -92.97 MN USA September 3, 2018 1068 

68 Brooklyn Park 45.08 93.39 MN USA September 3, 2018 873 

69 Minnetonka Mills 44.94 -93.46 MN USA September 3, 2018 959 

70 White Bear Lake 45.04 -93.03 MN USA September 3, 2018 904 
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71 Hanks Corner 48.76 -97.98 ND USA August 17, 2018 1494 

72 Cavalier 48.80 -97.60 ND USA August 19, 2018 876 

73 Hamilton 48.81 -97.45 ND USA August 19, 2018 825 

74 Rock Creek 45.77 -92.99 MN USA September 8, 2018 971 

75 Groningen 46.15 -92.93 MN USA September 8, 2018 1119 

76 Finlayson 46.20 -92.87 MN USA September 8, 2018 1104 

77 Ambridge 46.61 -92.06 WI USA September 8, 2018 686 

78 Superior 46.71 -92.05 WI USA September 9, 2018 608 

79 Superior 46.73 -92.08 WI USA September 9, 2018 606 

80 Superior 46.73 -92.09 WI USA September 9, 2018 606 

81 Duluth 46.76 -92.11 MN USA September 9, 2018 608 

82 Duluth 46.75 -92.10 MN USA September 9, 2018 608 

83 Knife River 46.95 -91.79 MN USA September 9, 2018 630 

84 Two Harbors 47.01 -91.71 MN USA September 9, 2018 737 

85 Illgen City 47.34 -91.20 MN USA September 9, 2018 699 

86 Finland 47.39 -91.21 MN USA September 9, 2018 1179 

87 Little Marais 47.40 -91.12 MN USA September 9, 2018 642 

88 Illgen City 47.35 -91.19 MN USA September 9, 2018 714 
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89 Silver Bay 47.29 -91.27 MN USA September 9, 2018 881 

90 Esko 46.70 -92.36 MN USA September 9, 2018 1189 

91 Elko New Market 44.57 -93.34 MN USA September 16, 2018 1133 

92 Faribault 44.29 -93.33 MN USA September 16, 2018 987 

93 Inver Grove Heights 44.82 -93.04 MN USA September 16, 2018 922 

94 Inver Grove Heights 44.84 -93.10 MN USA September 16, 2018 889 

95 Inver Grove Heights 44.83 -93.06 MN USA September 16, 2018 943 

96 Hampton 44.60 -92.99 MN USA September 16, 2018 985 

97 Wastedo 44.42 -92.87 MN USA September 16, 2018 1164 

98 Zumbrota 44.27 -92.65 MN USA September 16, 2018 1099 

99 Rochester 44.04 -92.49 MN USA September 16, 2018 1079 

100 Rochester 44.02 -92.54 MN USA September 16, 2018 1127 

101 Rochester 43.96 -92.46 MN USA September 16, 2018 1050 

102 Owatonna 44.06 -93.19 MN USA September 16, 2018 1222 

103 Owatonna 44.06 -93.26 MN USA September 16, 2018 1180 

104 Waseca 44.06 -93.52 MN USA September 16, 2018 1168 

105 Faribault 44.29 -93.31 MN USA September 16, 2018 974 

106 Virginia 47.51 -92.51 MN USA September 17, 2018 1608 
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107 Virginia 47.53 -92.55 MN USA September 17, 2018 1475 

108 McComber 47.85 -92.12 MN USA September 18, 2018 1423 

ᵃ Coordinates are in decimal degrees 
ᵇ Altitudes are in meters above mean sea level 
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Appendix 2. Hordeum vulgare controls. Each control plant is given an ID number.  

ID# Line Observed 
Susceptibilityᵃ 

Observed 
Disease Scoreᵇ 

NB1 Tifang R 4.5 

NB2 Canadian Lake Shore R 2 

NB3 Atlas R 2 

NB4 Rojo R 2 

NB5 Coast R 3 

NB6 Manchurian R 2.5 

NB7 Ming R 2 

NB8 CI 9819 R 1 

NB9 Algerian R 3 

NB10 Kombar R 2 

NB11 CI 11458 R 2 

NB12 CI 5791 R 2.5 

NB13 Harbin R 2.5 

NB14 CI 7584 R 2 

NB15 Prato R 2 

NB16 Manchuria R 2 

NB17 CI 5822 R 3 
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NB18 CI 4922 S 5.5 

NB19 Hazera R 2.5 

NB20 Cape S 6 

NB21 Beecher R 2 

NB22 Rika R 3.5 

NB23 Hector R 2 

NB25 NDB112 R 2 

NB26 W141-8 R 2.5 

NB27 Q18 (ND9675*2/PI452421) R 2 

P1 Pinnacle R 2.5 

P2 Pinnacle R 2 

P3 Pinnacle R 2.5 

P4 Pinnacle R 2 

P5 Pinnacle R 2 

P6 Pinnacle R 2.5 

P7 Pinnacle R 2 

P8 Pinnacle R 3 

P9 Pinnacle R 2.5 
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P10 Pinnacle R 2.5 

P11 Pinnacle R 2 

P12 Pinnacle R 3 

 ᵃLines with a score of 5 or greater were designated as susceptible  
 ᵇ Scores are according to a modified scale developed by Tekauz (1985). 
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Appendix 3. Protocol for storing cultures on silica gel. 
Materials: 

1. Silica gel (6-12 mesh. Grade 40). Most economical in 5lb. can. Fisher product #: 21446-5KG 
2. Specimen vials (borosilicate glass with rubber lined caps, capacity 8 mL, diameter: 17mm, height 63mm). 

Package of 144 vials per case. Fisher product #: 06408C. 
3. Instant nonfat dry milk (for 10% solution). Fisher product #: DF0032173. 
4. Sterile rubber policemen and 1 mL and 5mL pipet tips (autoclaved 20 min in foil). 
5. 1mL and 5mL pipet. 
6. Ice bucket and ice. 
7. Transfer hood 
8. Sharpie labeling pen. 
9. Self-adhesive labels (round ½” diameter, white) and ½” P-touch labels 
10. Parafilm  

Protocols: 
1. Start a single-spore culture of the fungus on the appropriate growth media. It is desirable to have a culture 

that is 9-14 days old when preserving the spores on silica gel. 
2. The specimen vials must be filled to the 5mL mark with silica gel. The vial caps should be closed tight, 

then loosened about ¼ turn. Place the vials along with 5 mL glass pipet tips and rubber policemen 
wrapped in foil in a metal basket and heat sterilize in an oven for at least 3 hours at 163°C. It is probably 
best to add labels to the vial and the vial cap at this stage. See step 5 . When done, parafilm around the 
caps of vials and store at -20°C until needed. Store other foil wrapped items at room temperature until 
ready to preserve the spores.  

3. Prepare milk solution by adding 20g of instant nonfat dry milk to 200 mL of sterile distilled water (10% 
milk solution). If you make less than 200mL, the protein in the milk will coagulate (form a sticky pellet at 
the bottom) and/or the milk will caramelize (darken in color). This altered solution will not work in the 
preservation of fungal spores. Next, filter the solution through a double layer of cheesecloth into a beaker 
and cover with aluminum foil. Autoclave the milk solution for 10 minutes at 121°C and standard 
pressure. All subsequent steps should be done using sterile techniques to avoid contamination. 

4. After autoclaving the milk solution, add about 25 mL to individual test tubes, cover and then store at 4°C. 
Ideally, it is best to make the milk solution on the same day that you will be harvesting the spore for 
storage. 

5. Make two types of labels, ½” label tape (side of glass vial) and round 1∕2” diameter self-adhesive labels 
(for the cap), with the identification code of the isolates. Prepare enough labels for at least two vials for 
each isolate. Take vials out of -20°C storage just before performing the storage procedure and place them 
in ice within an insulated ice bucket.  

6. Working within a surface disinfested transfer hood, flame the top of the test tube containing the milk 
solution and pipet 3 mL of the milk solution, using the sterile 5 mL pipet tip, into the petri dish containing 
the sterile and pure culture of the fungal isolate. Using a sterile rubber policeman, gently scrape the 
spores from the agar surface and tilt the petri dish up so the solution gathers at the bottom of the dish. It is 
best to have another person help you with the next steps. Take the labeled vials for that specific isolate 
from the ice, unscrew the caps, flame the vial tops, mix the spore/milk solution (using the 1 mL pipet and 
sucking up and dispensing the solution a few times), and then finally dispensing 0.7 mL (exactly) of the 
milk solution into each of the vials. Flame the top of the vials again and replace the cap. Then, shake the 
vials very vigorously to wet all the silica gel (No longer than 30 seconds). Immediately, place the vials 
back into the ice. The last two steps of this procedure are very important. If the milk/spore solution is not 
properly dispersed and wetted on all the silica gel crystals, you will not achieve proper preservation. Also, 
when the liquid is added to the silica gel, an exothermic reaction results (the tube will get hot), and the 
tube must be immediately placed on ice to prevent heat damage to the spores. 

7. For storage, tighten caps securely and place a layer of parafilm around the cap to seal the joint securely 
and therefore eliminate any chance for contamination or moisture ingress. The vials should be stored at 
4°C until needed. It is wise to place the duplicate tube in another 4°C refrigerator just in case something 
happens to the first. 

8. The viability of the spores on silica gel (and the presence of contamination) can be assessed about two 
weeks after storing. This can be done in the transfer hood by unsealing the cap, flaming the edge of the 
vial and shaking out a few crystals of silica gel onto a plate of water agar (2%). Within about 4 to 5 days, 
one should see the fungus growing from the silica gel crystals. In some cases, nothing will grow out. This 
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indicates that the preservation procedure did not work or the isolated pieces did not contain any viable 
spores. Bacterial contamination can also occur. If it does, you will have to recover a single spore from the 
water agar plate if possible.  
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Appendix 4. V8 agar protocol 
200 mL of V8 
3 g Calcium Carbonate (CaCO3) 
20 g Difco Agar 

1. Mix V8 and CaCO3 in 2000 mL flask. Heat and stirrer until CaCO3 in solution. 
2. Add agar and dilute entire solution to 1 liter with distilled water. 
3. When well mixed, pour into 2 1000 mL flasks and cover loosely with double foil. Continue to mix 

occasionally while pouring so you will have 2 flasks with nearly identical solutions. 
4. Autoclave at 120°C for 30 to 50 minutes (depending on the size of the batch) on the liquid setting. 
5. Let cool and pour onto plates. 
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Appendix 5.  Mean site sample scores plotted against latitude and longitude. Mean site sample score is the 
average of the accession means of each H. jubatum collection site. Latitude and longitude are in decimal degrees. 
Scores are according to a modified scale developed by Tekauz (1985).  
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Appendix 6 

 

Annual precipitation map (mm) for most of the collection area. Data is from the National Oceanic and Atmospheric 
Administration (2019). 
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Appendix 7 

 

USDA NASS map showing barley acres harvested in each county during the 2017 growing season. 

 


