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ISHS Section on Medicinal and Aromatic Plants in conjunction 

with the ISHS Commission on Plant Genetic Resources and the 
ISHS Commission on Fruits and Vegetables and Health presents: 
 

 
IV International Humulus Symposium 

 
 to be held 6th – 8th August 2015 in Yakima, WA, USA,  
 
under the auspices of the International Society for Horticultural Science (ISHS) in 
conjunction with the Hop Research Council (HRC) meetings to be held 

 4-5th August, 2015 at the same venue.  

 Hop Research Council 



Research Organization 

Matthews’s Lab 

 Mark Coles,  chemoanalystics,  DNA 

 Tiffany Pitra, sensory evaluation, 

administration, pathology 

 Nicholi Pitra, Genomics, computing 

 Rachel Jones, greenhouse, tissue culture 

Agronomy 

 Roger Jeske, agronomist 

 Ann Petro, propagation, field collections 

 Danny Hallman, Paul Meritt, Tom 

Newhouse, growers 

 
Hopsteiner-funded postdocs and graduate 

students: 

 Dr. Lina Maloukh ILVO – ILVO, Belgium 

 Dr. Adam Kavalier – CUNY 

 Dr. Shi-Biao Wu- CUNY 

 Nicholi Pitra – UNIowa 

 Jared Koellling – UNIowa 

 Jana Naegel – NRC – Canada 

 Dr. Shaun Clark – NRC – Canada 

 Alex Feiner – Martin Luther  U, IPB-Germany 

 

 

Collaborating PIs: 

Dr. Edward Buckler 4th, IGD, Cornell 

Dr. Arne Heyerrick – UGhent – Belgium 

Dr. Edward Kennelly – CUNY  

Dr. Dwight Kincaid - CUNY 

Dr. Jonathan Page –NRC- Canada 

Dr. Fred Stevens, L. Pauling Institute 

Dr. Axel Schwekendiek, UNIowa 

Dr. Ryan Weil, Emory U. 

Dr. Ludger Wessjohann – IPB – Germany 

Dr. Oliver Yu, Danforth Center 

And Illumina 

 

 Crop Improvement  Program 

Hopsteiner Fellow, postdoc position available:  

statistical genetics, biogeography, haplotype 

mapping; Institute of Genomic Diversity, 

Cornell, Ithaca. 

     Contact: pmatthews@hopsteiner.com 



Tell them what you are going to tell them 

• What do brewers want in a new variety? 

• Variety development goals, examples… 

• What’s needed for Good Breeding Practice: 

o Vertically Integrated Variety Development 

oHTS Phenometrics 

oHTS Chemometrics 

oHTS Genomics 

o Systems approach (Genome-Wide Association 

Studies) 

 

 



Breeding Goals 

 

 

 

 

Consistency 

Bio-similarity 

Novelty 

Eco-specificty 

Nefarity 

Definition 

Popularity 

(Availability) 

Others? 

Sustainability 

 Yield gain 

 Water-use 

efficiency 

 Reduced energy 

input 

Reduced carbon 

footprint 

 Reduced 

chemical input 

 Durability 

 



•Chemical traits 

•Stability 

•Unique aromas 

•Hop Acid 
composition /  
Co-Humulone 

•Agronomics 

•Maturity 

•Growth habit 

•Less pesticides 

•Climate Change 

•Diseases 

•Regulations 

Environment 
Grower 

Processor Customer 







 



















 



 



 



 





Focus Areas: 

 

1.Chemistry 

2.Agronomy (examples) 

3.Aroma and Flavor (examples) 



Varieties Chemical Profiles Agronomic Traits 
 

 

Delta 

Calypso 

Bravo 

Apollo 

Super Galena 

Lemondrop 

 

04190 

05256 

06277 

07270 

09238 

 

Low CoH 

 

 

Novel Aroma 

  

High Oil Content 

 

Select Polyphenols 

 

Storage Stability 

Durable DMR 

and PMR 

 

Vigor 

 

Virus 

Tolerance 

 

Pickability 

 

Compact 

Cones 

 



Variety Galena 
Super 

Galena 
07270 Zeus Apollo Bravo 

Alpha acids 

% w/w 
10.0 - 13.5 13.0 - 16.0  18-20 12.0 - 16.5 15.0 - 19.0  14.0 - 17.0 

Beta acids 

% w/w 
7.0 - 9.0 8.0 - 10.0 4.5-6.0 4.0 - 6.0 5.5 - 8.0 3.0 - 5.0 

CoH % w/w 

of α-acids 
35 - 40 35 - 40 27-29 27 - 35 24 - 28 29 - 34 

Total Oil  

ml/100g 
0.9 - 1.2 1.5 - 2.5 3.0 1.0 - 2.0 1.5 - 2.5 1.6 - 2.4 

Stability 75 - 80% 75 - 80% 85% 50 - 60% 80 - 90% 60 - 70% 

Powdery 

Mildew* 
Susceptible Resistant Resistant Susceptible Resistant Resistant 

Yield 

lbs/acre 

1,600 - 

2,220 
2,500 - 2,800  2,500-3,400 

2,400 - 

3,000 

2,600 - 

3,000 

2,700 - 

3,100  



Variety Cascade Calypso Centennial Lemondrop 06300 06277 

Alpha acids 

% w/w 
4.5-7.0 13.0 - 16.0  9.5-11.5 4.5-6.5 15-18 15-18 

Beta acids 

% w/w 
4.5-7.0 8.0 - 10.0 3.5-4.5 4.0-6.0 5.0-6.0 4.0-5.0 

CoH % w/w 

of α-acids 
33-40 35 - 40 29-30 30-33 45-50 22-26 

Total Oil  

ml/100g 
0.8-1.5 1.5 - 2.5 1.5-2.3 1.5-2.0 1.5-2.0 4.0 

Stability 48% 75 - 80% 45-55% 65% 80% 80% 

Powdery 

Mildew* 
Tolerant Susceptible Tolerant Tolerant Resistant Tolerant 

Yield 

lbs/acre 
1600-2200 2,500 - 2,800  1,700-2,000 2,000 – 2,800 

2,400 – 

2,800 

2,600 - 

3,200  



E07270 (CBC) E07270 (Panel) E01210 (CBC) E01210 (Panel) E05256 (CBC) E05256 (Panel)

Tasting Date 4/9/2014 3/21/2014 4/9/2014 3/21/2014 4/9/2014 3/21/2014

Description of Hop Aroma

Onion/Garlic, 

Pine, Grass, 

Tropical Fruit

Rose, Berry, 

Slight Orange, 

Spicy

Lemon, Tea, 

Fruit Blossom

Apple, Fruit 

Blossom, Citrus

Onion/Garlic, 

Cheese, Dill

Onion/Garlic, 

Slight Fruit, Hint 

of Soil

Description of Bitterness Rounded Rounded Rounded Rounded Lingering Lingering

Onion/Garlic 

07270: Onion/Garlic, Pine, Green Grass, Tropical 

 

 

01210: Lemon, Tea, Fruit Blossom 

 

05256: Onion/Garlic, Cheese, Dill 

 

HOP ID 
Panelist 

001 

Panelis

t 002 

Panelist 

003 

Panelis

t 004 

Panelis

t 006 

Panelist 

007 

Panelist 

010 

Lemond

rop 

Green 

spice, 

nutmeg

, sharp 

lemong

rass 

lemon, 

pine, 

pear 

bright, 

gum, 

lemon, 

melon 

herbal 

mild, 

pleasant

, earthy, 

spicy, 

sweet * 

Lemond

rop Dry 

lemon, 

mint, 

spice 

light 

lemon 

fruity, 

orange 

Sensory Evaluation 

CBC and Hopsteiner Panel 

CBC 

CBC 

Lemondrop 



2014 Most 

Popular 

Experimental Hop 

(voted 2nd favorite in 2013) 

Alpha: 6-7% Beta: 5-7.5% 

CoH: 28-30% Total Oil: 2.0-

3.0 

Av. Yield: 2000 lbs/acre 

Tolerant to PM in greenhouse 

Roza MHN: 80-hills 

 



2nd Most Popular 

Experimental Hop 

Alpha: 15-17% Beta: 4-5% 

CoH: 22-25% Total Oil: 4.0-6.0 

Av. Yield: 3500 lbs/acre 

Susceptible to PM in greenhouse 

Emerald 5-acre; Roza MHN: 80-hills 

(voted 1st favorite in 2013) 



3rd Most Popular 

Experimental Hop 

Alpha: 17-19% Beta: 5.5-7% 

CoH: 33-36% Total Oil: 2.0-

4.0 

Av. Yield: 2600 lbs/acre 

Resistant to PM in greenhouse 

Roza MHN: 80-hills 

(voted 3rd favorite in 2013) 



What do brewers want in a new variety? 

Variety development goals, examples… 

What’s needed for Good Breeding Practice: 

Vertically Integrated Variety Development 

oHTS Phenometrics 

oHTS Chemometrics 

oHTS Genomics 

oSystems approach (Genome-Wide Association 

Studies) 

 







What do brewers want in a new variety? 

Variety development goals, examples… 

What’s needed for Good Breeding Practice: 

Vertically Integrated Variety Development 

HTS Phenometrics 

oHTS Chemometrics 

oHTS Genomics 

oSystems approach (Genome-Wide Association 

Studies) 

 



Prototypical trichome gland 

Variations on common structure: 

 

 metabolites are extracellular 

 secretory cells are specialized 

 extraction of subcuticular space is 

easier than leaf epidermis cells 

 
. 

Turner GW, Croteau R, Plant Physiol. 2004 Dec;136(4):4215-27. 





The bitter acids of hops are terpenophenolics 

Diverse polyphenols contribute to haze, foam 

stability and bitterness 

Volatile terpenes are  aromas  

Many flavors come from: 

 Aldehydes 

 Lactones 

Norcarotenoids 

 Thiols 

 Esters 

 Flavanol glucosides 

Many, many others 



“Bitter” acids 

* Humulone 

* Prehumulone 

* Posthumulone 

* Cohumulone 

* Adhumulone 

* Etc. 

From where do 

the various 

forms come? 

 





Alpha acid Beta acid 
2 3 



ASBC HPLC of Bitter Acids 
Classic Separation 

 Reverse phase, C18 

 Isocratic (MeOH, H3PO4) 

 Long separation time 

 

 
. 



 

Rocket UPLC 

325 nm 

370 nm 

Alpha Beta 

XN 

2.5 minutes 



43 



Tannins 

Polyphenols 



 

Time
5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00 65.00 70.00 75.00 80.00 85.00

%

4

Procyanidin B1 

Catechin 

Epicatechin 

Quercetin-3-O-glucoside 

Rutin 

Kaempferol-3-O-rutinoside 

Astragalin 

Quercetin 

LC-ToF-MS TIC  

of 80% MeOH  

hop extract 

Phenylalanine 





Terpenoids 
 Two biosynthetic origins 

 Many cyclases 

 Variable oxidative decorations 

 

 

 
 . 



What do brewers want in a new variety? 

Variety development goals, examples… 

What’s needed for Good Breeding Practice: 

Vertically Integrated Variety Development 

HTS Phenometrics 

HTS Chemometrics 

oHTS Genomics 

oSystems approach (Genome-Wide Association 

Studies) 

 



Single Cross 

Select 

Quantitative 

Genetics 

Molecular 

Quantitative 

 Genetics 

‘Omics>>> 



What are markers good for? 

 

Trueness-to-type determination 

Parent determination (whose the daddy?) 

Variety rights protection 

Marker-assisted selection 

 

        Accelerated, cost-effective breeding>>> 



Year  0 - 1 

• Selection of 
parents 

• Seedling 
Screening 

• Diseases 

• Marker 
screening  

Year 2 – 3 
Single Hill 
Evaluation 

• Disease resistance 

• Chemical traits 

• Maturity 

Year 4 – 6 
Multi Hill Evaluation 

• Agronomic traits 

• Chemical traits 

• Different 
environments 

• 1st brewing trials   

Year 7 – 10 
Semi Commercial 

• Confirmation on 
agronomic and 
chemical traits 

• Extensive 
brewing tests 

2 varieties 
100 plants, 20 

plants 
≈7,000 plants 

50 crosses, ≈25,000 
seedlings 



 600 Diversity Array Technology markers 

(2010) 

 DNA hybridization micro array  
(give citation) 

 

 1000 Genic Simple Sequence Repeat markers 

(2011) 

 Transciptome mining 

 (give citation) 

 

 300, 000 Single Nucleotide Polymorphisms 

(2013) 

 Genotyping-by-sequencing (give example >) 

 



 600 Diversity Array Technology markers 

(2010) 

 DNA hybridization micro array  
(give citation) 

 

 1000 Genic Simple Sequence Repeat markers 

(2011) 

 Transciptome mining 

 (give citation) 

 

 300, 000 Single Nucleotide Polymorphisms 

(2013) 

 Genotyping-by-sequencing (give example >) 

 



Next 

Generation 

Sequencing 

provides 

Massive 

Molecular 

Marker 

Data 

 

3-5 million 

reads of 64 

nucleotides 

per plant 



GBS Revolution: 

•2-5 million makers per analysis & 

plant 

•>1000 analyses completed 

•3 billion markers scored 

•64 bp gene tags around each 

marker 

Mark Coles 

Nicholi Pitra 



96 plants (genotypes) per lane of Illumina HiSeq 2000 gives 

appropriate whole genome coverage 



GBS UNEAK TASSEL markers behave well genetically 



GBS markers behave well 

in hierarchical cluster 

analysis of commonly 

known genotypes 

 

For all marker subsets: 

 

1. Mantel’s tests show 

distance matrices are 

highly similar  (331 < Z 

> 356, p < 0.0001, 5,000 

permutations) 

2. Cophenetic 

correlations 

coefficients are very 

high >0.95 

3. Boostrapping (10,000 

subsets) give very high 

support values for nodes 

17, 128 SNPs 





Plant microbial diseases 

Powder mildew (Podosphaera macularis) 

Downy mildew  (Pseudoperonospora humuli) 

Viruses and viroids (stunt viroid) 



http://pnwhandbooks.org/plantdisease/hop-humulus-lupulus-powdery-

mildew 

http://pnwhandbooks.org/plantdisease/hop-humulus-lupulus-powdery-mildew
http://pnwhandbooks.org/plantdisease/hop-humulus-lupulus-powdery-mildew
http://pnwhandbooks.org/plantdisease/hop-humulus-lupulus-powdery-mildew
http://pnwhandbooks.org/plantdisease/hop-humulus-lupulus-powdery-mildew
http://pnwhandbooks.org/plantdisease/hop-humulus-lupulus-powdery-mildew
http://pnwhandbooks.org/plantdisease/hop-humulus-lupulus-powdery-mildew
http://pnwhandbooks.org/plantdisease/hop-humulus-lupulus-powdery-mildew
http://pnwhandbooks.org/plantdisease/hop-humulus-lupulus-powdery-mildew
http://pnwhandbooks.org/plantdisease/hop-humulus-lupulus-powdery-mildew


Powdery mildew resistance genes 

Against evolving fungal virulence strains 

Gene Source Status in USA 

R1, R3, Rb Zenith Tolerance 

R2 Wye Target Resistance 

R4 Early Choice Tolerance 

R5 Cascade Tolerance 

R6 Nugget Broken 

19058mR6 Broken 

Kazak 2000R 

 

Kazak 2000 Resistant, HSR 

Might stacked resistance genes confer durable resistance/tolerance? 



Genome-Wide Association Studies (GWAS)  
Genome Wide Association Studies 

Figure 2. DNA is extracted from a group of plants 

selected to optimize the power of the experiment. This 
example shows three plants, but a typical population size 
for an association study is ~200. Using an enzyme the DNA 
is then cut at specific sites. These fragments are then 
sequenced. 

Figure 1. DNA is extracted from Apollo hop variety and is run on Next 

Generation Sequencing machines. The raw reads produced are then groomed and 

trimmed.  The cleaned reads are then assembled using massive computing into a 

reference genome.   
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GEBV_R1R3norm 

GEBV_R2norm 

High GEBV for both sets of markers 

Normalized Breeding Values Showing Stackedness for 

Two Traits: R1,R3 and R2 



Molecular markers for DMR 
High-density molecular map of chromosomes Six genes for DMR found 





Hops exhibit great morphological, genetic and 

chemical and diversity  

Hop breeding must take advantage of diversity 

with available technologies  

Chemo-analytic methods have improved 

allowing deep chemical profiles 

Next generation DNA sequencing has 

revolutionized marker development 

New markers have been successfully applied to 

selection of disease resistance 

Complicated traits, such as aroma and flavor, 

are now feasible breeding targets 

 

 



Thank you very much. 


