
 

 

 

 

Molecular and quantitative genetic 

analyses of hop (Humulus lupulus L.) 

 

 

 

 

 

 

 

 

 

Erin L. McAdam BBiotech (Hons) 

School of Plant Science 

 

 

 

 

Submitted in fulfilment of the requirements for the degree of Doctor of Philosophy 

University of Tasmania, August 2013



i 

 

Statements and Declarations 

 

Declaration of originality 

This thesis contains no material which has been accepted for a degree or diploma by the 

University of Tasmania or any other institution.  To the best of my knowledge and belief, this 

thesis contains no material previously published or written by another person except where 

due acknowledgement is made in the text, nor does this thesis contain any material that 

infringes copyright. 

 

 

……………………..         Date: …………. 

Erin McAdam 

 

 

Statement regarding published work contained in thesis and authority of access 

The publishers of the papers comprising Chapters 2 and 3 hold the copyright for that content; 

access to the material should be sought from the respective journals.  The remaining non-

published content of this thesis may be made available for loan, limited copying and 

communication in accordance with the Copyright Act, 1968.   

 

 

……………………..         Date: ………….. 

Erin McAdam 

 

 



ii 

 

Statement of co-authorship of published work 

The following people and institutions contributed to the publications of work undertaken as 

part of this thesis: 

 

Erin L. McAdam, School of Plant Science:    

Candidate, primary author of all chapters 

 

Andreja Cerenak, Slovenian Institute of Hop Research and Brewing:  

Co-author of papers comprising Chapters 2 and 3 

 

Andrzej Kilian, Diversity Arrays Technology Pty Ltd.: 

Co-author of papers comprising Chapters 2 and 3 

 

Anthony Koutoulis, University of Tasmania:  

Co-author of papers comprising Chapters 2 and 3 

 

Branka Javornik, University of Ljubljana:  

Co-author of papers comprising Chapters 2 and 3 

 

Cai-Hong Wang, Qingdao Agricultural University: 

Co-author of paper comprising Chapter 3 

 

Dave Andersen, The New Zealand Institute for Plant & Food Research Ltd.: 

Co-author of paper comprising Chapter 3 

 

Donna Graham, The New Zealand Institute for Plant & Food Research Ltd.: 

Co-author of paper comprising Chapter 3 

 

Emily J Buck, The New Zealand Institute for Plant & Food Research Ltd.: 

Co-author of paper comprising Chapter 3 

 

Gene Probasco, John I. Haas Inc: 

Co-author of paper comprising Chapter 2 

 



iii 

 

Jason Carling, Diversity Arrays Technology Pty Ltd.: 

Co-author of papers comprising Chapters 2 and 3 

 

Jernej Jakše, University of Ljubljana:  

Co-author of papers comprising Chapters 2 and 3 

 

John A. Henning, Hop Genetics and Breeding Program USDA-ARS: 

Co-author of paper comprising Chapter 2 

 

Jules S. Freeman, University of Tasmania and University of the Sunshine Coast:  

Co-author of paper comprising Chapter 3 

 

Lawrence Graham, The New Zealand Institute for Plant & Food Research Ltd.: 

Co-author of paper comprising Chapter 3 

 

Paul D. Matthews, S. S. Steiner Inc: 

Co-author of paper comprising Chapter 2 

 

Peter Darby, Wye Hops Ltd.: 

Co-author of papers comprising Chapters 2 and 3 

 

René E Vaillancourt, University of Tasmania:  

Co-author of paper comprising Chapter 3 

 

Ron Beatson, The New Zealand Institute for Plant & Food Research Ltd.: 

Co-author of paper comprising Chapter 3 

 

Simon P. Whittock, Hop Products Australia and University of Tasmania:  

Co-author of papers comprising Chapters 2 and 3 

 

  



iv 

 

Howard EL, Whittock SP, Jakše J, Carling J, Matthews PD, Probasco G, Henning JA, Darby 

P, Cerenak A, Javornik B, Kilian A, Koutoulis A: High-throughput genotyping of hop 

(Humulus lupulus L.) utilising diversity arrays technology (DArT).  Theoretical and 

Applied Genetics 2011, 122: 1265-1280. 

 

This paper comprises the entirety of Chapter 2.  Erin McAdam was the primary author (70%), 

and analysed all data, interpreted the results and wrote the manuscript.  The co-authors 

contributed a cumulative total of 30% to the published work.  Simon Whittock assisted with 

analyses and interpretation of results and revised the manuscript.  Andreja Cerenak, Anthony 

Koutoulis, Peter Darby, John Henning, Jernej Jakše, Branka Javornik, Paul Matthews, Gene 

Probasco and Simon Whittock contributed intellectual input into the appropriate selection of 

germplasm.  Andreja Cerenak, Peter Darby, John Henning, Jernej Jakše, Gene Probasco and 

Simon Whittock provided plant materials.  Jernej Jakše also extracted the DNA for DArT 

marker development and assisted with both data analysis and interpretation of results.  

Andrzej Kilian and Jason Carling performed the DArT marker discovery analysis, developed 

the DArT array and assessed marker quality.  Anthony Koutoulis led the international hop 

DArT collaboration and, was the instigator and co-ordinator of the study and revised the 

manuscript. 

 

 

McAdam EL, Freeman JS, Whittock SP, Buck EJ, Jakše J, Cerenak A, Javornik B, Kilian A, 

Wang C-H, Andersen D, Vaillancourt RE, Carling J, Beatson R, Graham L, Graham D, Darby 

P, Koutoulis A: Quantitative trait loci in hop (Humulus lupulus L.) reveal complex 

genetic architecture underlying variation in sex, yield and cone chemistry.  BMC 

Genomics 2013, 14: 360. 

 

This paper comprises the entirety of Chapter 3.  Erin McAdam was the primary author (75%), 

and performed the linkage, correlation and QTL analyses, interpreted the data and wrote the 

manuscript.  The co-authors contributed a cumulative total of 25% to the published work.  

Jules Freeman assisted with linkage and QTL analyses, assisted with the data interpretation 

and revised the manuscript.  Simon Whittock assisted with the correlation analysis and 

revised the manuscript.  Emily Buck, with help from Cai-Hong Wang, provided DNA for 

DArT marker development and DArT genotyping of the New Zealand mapping population, 

obtained the genotypic data for the non-DArT markers used in the New Zealand mapping 



v 

 

population of this study and revised the manuscript.  Dave Andersen contributed the chemical 

data for the New Zealand mapping population and revised the manuscript.  Lawrence Graham 

and Donna Graham provided the sex phenotypic data for the New Zealand mapping 

population.  Ron Beatson developed the New Zealand mapping population.  Andreja Cerenak, 

Jernej Jakše and Branka Javornik provided DNA for DArT marker development.  Andreja 

Cerenak also provided the phenotypic and chemical data for the Slovenian mapping 

population, while Jernej Jakše provided DNA for DArT genotyping of the Slovenian mapping 

population and Branka Javornik revised the manuscript.  Andrzej Kilian and Jason Carling 

performed the DArT marker discovery analysis, developed the DArT array and genotyped the 

two mapping populations with the DArT markers.  Peter Darby contributed to the DArT 

marker development.  René Vaillancourt assisted with data interpretation and revised the 

manuscript. Anthony Koutoulis led the international hop DArT collaboration and was the 

instigator and co-ordinator of the study. 

 

 

We the undersigned agree with the above stated proportion of work undertaken for each of the 

above published peer-reviewed manuscripts contributing to this thesis: 

 

 

……………….     ……………….  Date: ………….. 

 Anthony Koutoulis René Vaillancourt 

 

 Primary Supervisor  Head of School 

 School of Plant Science School of Plant Science 

 University of Tasmania University of Tasmania 



vi 

 

Acknowledgements 

 

This thesis would not have been possible without the valuable contributions of a number of 

people.  Firstly, I would like to give an enormous thanks to Jules Freeman for the expert 

guidance in linkage and QTL analyses.  Your enthusiasm and dedication to these topics has 

been very inspiring.  I am also very appreciative of your thorough revisions and advice.  

Thank you to Simon Whittock for the many hours you spent assisting me with the quantitative 

genetics analysis and many of the other statistical procedures in this thesis, as well as sharing 

your extensive knowledge of hop with me.  Thanks to René Vaillancourt for your general 

expertise and advice; and to Anthony Koutoulis for encouraging me to present my work at 

conferences. 

 

I would like to acknowledge the members of the hop DArT collaboration, Andreja Cerenak, 

Branka Javornik, Emily Buck, Gene Probasco, Jernej Jakše, John Henning, Paul Matthews, 

Peter Darby and Ron Beatson for your contributions to these studies and for your supportive 

collaboration.  I would also like to thank Hop Products Australia for providing me with 

materials, data, access to their hop fields and assistance with sample collection.  Thanks to 

Matthew Hamilton and Dorothy Steane for technological assistance, Aina Price for assistance 

with field work and Sascha Wise for assistance in the laboratory.  Thanks to Andrzej Kilian 

and Jason Carling from DArT Pty Ltd. for performing DArT genotyping and for technical 

advice.  I would like to thank the organisers of the IHGC 2009 and IHGC 2011 conferences 

for giving me the opportunity to present work from this thesis, as well as the School of Plant 

Science and the University of Tasmania for providing with funding so that I could attend the 

conferences. 

 

Thanks to all the other Plant Science post-grads, for sharing in the experience, the endless 

laughs and wildly enjoyable games of cards.  I wish you all many diamond gins!  I give 

special thanks to my Mum and Dad for your continuous support and encouragement as well 

as providing me with such a motivational example of the value of hard work.  I always looked 

forward to our Sunday night phone conversations.  The biggest thanks go to Scott, not only 

for the endless discussion of ideas, the tireless help in the field and for proofreading every last 

word of this thesis, but for keeping me so happy the entire time.  Your passion for research 

and keen interest in the natural world were my biggest inspirations for this thesis.  I am so 

grateful to you for everything.  



vii 

 

Abstract 

 

Beer derives bitterness, flavour and aroma from the secondary metabolites of the hop cone.  

Breeding programs strive to produce superior hop cultivars with higher yields and desirable 

brewing characteristics as well as to increase efficiency and reduce input costs.  In pursuing 

these goals, classical breeding approaches rely on morphological and biochemical markers to 

assess the genetic potential of hop.  These methods are, however, hampered by environmental 

influences and by the complex interactions between hop secondary metabolites and the 

brewing process.  Genetic-based analyses are able to account for these environmental 

influences to assess quantitative variation at the genetic level.  This thesis describes 

investigations into two of these analyses, using molecular markers for quantitative trait loci 

(QTL) identification and the estimation of quantitative genetic parameters.  These 

investigations were conducted with the aim of improving our understanding of the genetic 

control of hop cone chemistry and important agronomic traits as well as to provide some 

insight as to the potential of these methods to inform hop breeding programs. 

 

Molecular technologies are generally costly, low throughput and reliant on DNA sequence 

information.  Diversity arrays technology (DArT) is a marker system invented specifically to 

overcome these barriers.  This thesis examines the applicability of DArT for high-throughput, 

cost-effective genotyping of hop.  A total of 1241 polymorphic markers were identified from 

497 hop accessions.  A genetic diversity analysis was conducted on representative hop 

accessions to validate the robustness of these markers in the hop system.  Hop accessions 

separated into two broad, genetically distinct groups (European and North American origin), 

with hybrids between them clearly distinguishable.  These genetic relationships concur with 

the current understanding of hop phylogenetics and diversity, demonstrating the accuracy and 

resolution of DArT markers in a hop system and their potential as an effective marker 

technology for this species. 

 

The DArT markers, in conjunction with microsatellite, RAPD, STS and AFLP markers, were 

used to construct genetic linkage maps of two hop mapping populations; these linkage maps 

were then used for QTL analysis.  This study focussed on identifying QTL for traits relating 

to three key targets in the genetic improvement of hop: expediting plant sex identification, 

increasing yield capacity and improving the organoleptic properties of hop cones.  Sixty-three 

significant QTL were detected for 36 traits, including two yield traits (dry cone weight and 
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essential oil content) and 33 different secondary metabolite traits.  A previously identified 

sex-linked marker (HLAGA7) was also verified in a third hop pedigree, demonstrating the 

utility of this marker as a routine screening tool in hop breeding programs.  Many of the QTL 

identified were co-located, providing the first demonstration of pleiotropy/linkage influencing 

secondary metabolites in hop.  Both pleiotropy and linkage have implications for hop 

breeding, as selection for specific secondary metabolites associated with such loci are likely 

to instigate adverse changes to other secondary metabolites, impeding the breeding for 

particular chemical profiles.  Specific QTL influencing single secondary metabolites were 

also identified, demonstrating the potential for selection of particular chemical traits in 

isolation.  The findings of this study significantly advance our understanding of the genetic 

control of sex, yield and secondary metabolites in hop, and provide important information on 

incorporating QTL for these complex traits into hop molecular selection programs. 

 

The genetic control of hop traits was also examined through quantitative genetics analysis.  

Traits related to cone chemistry, yield and plant growth were assessed in a hop progeny trial, 

consisting of 108 families of diverse genetic backgrounds (European, North American and 

hybrid origins).  The investigation revealed significant genetic diversity between families in 

emergence of shoots, vegetative morphology and all assessed cone chemical traits, but not in 

cone yield.  Cone chemical traits were generally more heritable (0.15 to 0.29) than growth 

traits (0.04 to 0.20), reflecting the more intense genetic selection of hop cone chemistry and 

the greater environmental and agronomical influences on plant growth.  Significant genetic 

correlations existed between cone chemistry and plant growth traits, with more vigorous 

plants associated with lower levels of α-acid and β-acid.  This trend may reflect the 

underlying binary population structure of founder genotypes having either European or North 

American origin, or possibly the influence of selection in the Australian environment.  This 

study also showed for the first time that sex has an effect on the phenotype of hop plants as 

early as emergence.  It is currently held that male and female hop plants are indistinguishable 

until flowering, but this study found that male and female plants display differences in 

variation from emergence to cone maturity.  This study provides valuable information on the 

potential genetic variation in cone chemistry and growth traits available to hop breeders, the 

prospective heritability of these traits and the influence that factors other than additive genetic 

influences have on the hop phenotype.  Relationships between cone chemistry and plant 

growth traits present several growth measures that could be used as proxy selection indicators 

for particular cone chemical attributes. 



ix 

 

 

This thesis provides a comprehensive investigation of two genetic-based techniques to assess 

quantitative genetic variation in hop traits.  The findings of both molecular and quantitative 

genetic analyses provide important insights into the underlying genetic architecture of hop 

and reveal novel information on the biology of this species.  The knowledge gained from both 

techniques demonstrates the value of their incorporation into breeding programs. 
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CHAPTER 1 

General introduction 

 

The unique flavour, aroma and preservative properties of hop make it a highly prized 

commodity.  Increasing demand for hops with novel organoleptic character and improved 

agronomic performance creates a strong impetus to develop new cultivars.  Genetic research 

in hop is at a relatively early stage compared to many crop plants and genetic-based 

technologies are currently underutilised.  Such technologies have the potential to provide 

information about the inheritance of key traits, which is fundamental to successful hop 

improvement. This introduction provides a summation of hop biology and its native 

distribution, followed by a description of the unique properties of hop that make it a valuable 

plant to human society and its resulting commercial applications.  A brief account of the 

history of hop breeding is given, encapsulating the initial cultivation of the species, early 

selection methods that were employed to improve hop properties and the limitations that these 

methods have for delivering desired outcomes.  The increasing application of more 

sophisticated molecular and quantitative genetic based technologies for hop breeding is 

reviewed, including a description of the techniques that have been employed and the resulting 

information gained; as well as reasons why the use of these techniques has not yet become 

widespread for hop improvement.  The further potential of molecular and quantitative genetic 

based technologies for application to hop breeding is then discussed.  Finally, a premise to 

this thesis is given, which focuses on utilising molecular and quantitative genetic analyses to 

expand the understanding of genetic variation in hop and facilitate the selective improvement 

of cone chemistry, yield and agronomic characteristics. 

 

Hop biology and native distribution 

There are ten genera in the family Cannabaceae; only two of these, hop (Humulus) and hemp 

(Cannabis), have any commercial significance.  Humulus consists of three species: H. 

japonicus, H. yunnanensis and the cultivated species H. lupulus [1].  Five subspecies of H. 

lupulus have been described (varieties lupulus, cordifolius, neomexicanus, pubescens and 

lupuloides) on the basis of morphological characteristics and biogeography [2].  H. lupulus 

has a native distribution between latitudes of approximately 35° and 70° North, from Western 

Europe, east to Siberia and Japan and across North America, except in highlands and deserts 

[2-3].  H. japonicus is native to China, Japan, Korea and Taiwan, while H. yunnanensis is 

native to southern China [2].  Molecular evidence suggests that the genus Humulus evolved in 
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China, where all three species currently occur [4].  The three species appear to have diverged 

recently (within the last 6.4 million years); following the most recent glaciation, dispersal 

both east and west from refugia in Asia is likely to have led to the establishment of the 

distinct populations and subspecies in Europe and North America [4].  Although indigenous 

only to the Northern Hemisphere, hop plants were introduced to the Southern Hemisphere 

following European settlement [5].  Hops are now cultivated in many parts of the world, 

including Europe, North America, South Africa, Australia, New Zealand and China. 

 

Hops are herbaceous plants with a climbing growth habit [6], and are found naturally in 

marshy or wet hollows in fen carr and moist alder-oak woodland habitats [7].  They are 

perennial, regrowing each spring from rhizomes of underground rootstock [6].  The above-

ground parts of the plant die back to ground level each winter, a response triggered by 

shortening daylength, where they remain dormant until warmer temperatures trigger resting 

buds to break [6].  The emerging bines are covered with many cystolith hairs, a type of non-

glandular trichome, which are used to grasp and twine [2].  In cultivation, hops are grown up 

strings suspended from a 5-8 m trellis.  Lateral branches develop at the nodes, producing 

flowers at their terminal buds [8].  Hops must initiate a minimum number of nodes before 

flowering, which is induced by shortening daylength [8-9].  Hops are dioecious, with male 

and female flowers produced on separate plants, although monoecious plants (male and 

female flowers on the same plant) sometimes occur [10-11].  The flowers are the only 

morphological basis on which the sex of the plant can be determined [10].  The flowers are 

wind pollinated [6], after which the female inflorescence develops into a strobilus (commonly 

known as a cone) [10].  Many glandular trichomes (commonly called lupulin glands) form on 

the bracts of the cone [12-13]; it is in these glands that commercially important secondary 

metabolites (potentially up to 1000 different compounds) accumulate [14-15]. 

 

Commercial importance of hop 

More than 1.23 billion L of beer are produced globally every year [16].  Beer is an alcoholic 

beverage produced by the saccharification of starch (from carbohydrate sources such as 

malted barley or wheat) and fermentation of the resulting sugar by brewer‟s yeast [17].  Hops 

are an essential ingredient to beer, added to the brew as both a flavouring and preservative 

[17].  Hops derive their preservative activity and organoleptic properties from secondary 

metabolites that accumulate in their cones [6, 18-20].  Hop acids are a natural preservative; 

their antimicrobial effects sterilise most microorganisms but do not kill brewer‟s yeast [6, 18-
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20].  Hop acids also contribute bitterness that balances the sweetness of the malt in beer, and 

essential oils that add fruit, spice, resin and floral flavours and aromas [6].  Grain, yeast, water 

and hops have been brewed together to make beer since the Middle Ages [21].  The 

combination of secondary metabolites found in hop are unique to the species, such that there 

is no natural alternative that could replace hop as a flavouring or preservative ingredient in 

beer [17, 22].  All hop cones contain hop acids and essential oils, but the presence, amounts 

and relative proportions of specific secondary metabolites differ significantly between hop 

cultivars.  Their unique secondary metabolite profiles give hop cultivars specific bittering, 

flavouring and aroma potentials [23-24].  Because of this, specific hop cultivars are capable of 

defining beer brands and as a result, there is considerable appetite for different flavours, 

aromas and ranges of bitterness.  This offers significant potential for new hop cultivars to be 

developed. 

 

More than 128,874 tonnes of hops are produced worldwide each year [25].  While hops are 

used almost exclusively in the production of beer, the use of hops outside the brewing 

industry is growing in importance.  Hop acids are being used as naturally occurring 

antimicrobials for a range of purposes [26-29].  Other hop secondary metabolites have 

potential in the neutraceutical market; the most significant of these are 8-prenylnarigenin, a 

potent phytoestrogen [30], and xanthohumol, which has anti-cancer properties [31].  

Consequently, there are also opportunities for the development of hop cultivars with particular 

secondary metabolite profiles to meet these non-brewing needs. 

 

Traditional hop breeding 

Wild hops have been gathered for a variety of purposes since antiquity, but it was not until the 

Middle Ages, when the preservative qualities of hops in beer was discovered, that  demand 

became great enough to necessitate their cultivation [3].  The original hop gardens were in 

Europe and contained a mixture of several different genotypes, asexually propagated from 

cuttings of plants from the local area in possession of desirable characteristics [6, 32].  Some 

of the most commonly used cultivars today, including Tettnanger, Saaz, Spalt and Hallertauer 

Mittelfruh are propagations of these original hops.  They are referred to as „noble hops‟ and 

are still esteemed for their distinctive low bitterness and intense aroma [33-34].  From these 

earliest cultivars, selections for future generations were made in attempts to improve the yield, 

agronomic properties and brewing quality [6, 32].  Many successful hop varieties (e.g. 

Cascade) have been selected from the open-pollinated seed of desirable female plants [35].  
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As an understanding developed that these features were influenced by the genetic constitution 

of the variety rather than entirely on the country of origin, additional methods of obtaining 

superior varieties were pursued, such as through crossing particularly selected parents, each 

possessing unique, desired traits, from which seed could then be collected that would 

hopefully inherit the combination of traits.  This seed was grown in trials, where phenotypic 

assessment was used to identify individuals that possessed favourable attributes. 

 

Selection in this way resulted in the development of a number of cultivars with improved 

properties.  The most significant of these was increased hop acid content.  At the beginning of 

the twentieth century it was realised that it was hop acids that imparted both bitterness and 

preservation to beer; and that brewing with hops that had greater hop acid content resulted in 

beer with better keeping qualities [36].  Popular European cultivars with favourable aroma 

were subsequently crossed with wild North American hops, which were recognised as having 

higher hop acid contents (but inferior aroma), resulting in dramatic increases to hop acid 

yields [37].  Few pre-1900 cultivars exceeded 4% α-acid content, but by the end of the 

century varieties were available with greater than 18% α-acid content [38].  Traditional 

methods of selection also made improvements to the resin quality of hop, facilitated by 

advances in analytical techniques such as high-performance liquid chromatography (HPLC) 

which enabled a better understanding of the composition and total resins [39-41].  

Improvements using traditional selection methods were also made to the storage capacity of 

hop acid, resistance to pests and diseases (including verticillium wilt, downy mildew, 

powdery mildew, black root rot and aphids), seedless cultivars and the suitability of cone 

morphology to modern picking machinery) [38, 42-44].  Successful cultivars similar to 

popular traditional cultivars have been developed in locations where the traditional cultivars 

were ill-adapted [38, 43]. 

 

Improving hop through traditional breeding methods, however, is difficult, with success 

strongly subject to chance.  Traditional selection systems are unable to inform breeders about 

the genetic diversity of the subject plants and which individuals are sources of new genetic 

material and should thus be used as breeding parents [45].  Because of the confounding 

influence of environmental factors, traditional selection systems also provide little 

information on the inheritance of traits [46].  Understanding how much of the observable 

variation is heritable, as opposed to environmentally driven, is important to determine which 

traits are amenable to improvement by selection [47-48].  As traditional selection systems are 
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unable to separate environmental and genetic influences, it is difficult to ascertain the genetic 

relationships between traits [46-47]; this can lead to unintentional changes in seemingly 

unrelated traits, or conflicting outcomes where more than one trait is selected at a time [49].  

In hop this is particularly relevant to the selection of multiple secondary metabolites to 

achieve desirable brewing properties.  Using traditional selection methods, traits can only be 

assessed when expressed in the phenotype.  This means that traits related to the hop cone, for 

example, cannot be assessed in individuals until cones are produced, and never in male plants 

[10, 50].  The improvement of hop using traditional crossing methods is also difficult because 

the cultivars are all derived from a very narrow genetic source and thus have low genetic 

variability between them [4, 51].  Traditional selection trials usually consist of progeny 

derived from only a single cross, thus limiting the genetic diversity available for selection.  In 

addition, hops, being unable to self-pollinate, are naturally very heterozygous [51] and 

produce highly variable progeny rarely resembling either parent.  It is for this reason that 

commercial hop production consists of clonally propagated plants of established cultivars, 

unlike many crops which are deployed from true-to-type seed [52]. 

 

Hop breeding with molecular and quantitative genetic based technologies 

Traditional phenotype-based selection methods have led to the improvement of a number of 

key hop traits; however, these methods are most successful when selection is based on 

categorical, monogenic traits with simple („Mendelian‟) inheritance, being those controlled by 

a single or few genes [47].  Most traits, however, are quantitative with complex inheritance, 

where the phenotype varies along a continuous gradient and is controlled by many genes with 

small effects [47, 53].  In the last few decades, expansions in the understanding of genetics, as 

well as major advances in biotechnology, statistics and computational procedures, have 

resulted in the development of a number of approaches to better understand the complexities 

of trait inheritance, as well as more efficient selection systems that can be used for the 

breeding of quantitative traits [47].  Two of the most significant of these developments are 

molecular and quantitative genetic analyses. 

  

Molecular analysis 

Molecular marker technologies are based on identifying sites of DNA heterozygosity which 

can be used as a tag for a particular location of the genome [53].  A number of different 

molecular marker technologies have been developed, which vary  in terms of their reliability, 

the level of information they provide, the time and difficulty of technical procedure, the 
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quantity and quality of DNA required, their transferability and cost [54].  There are two basic 

types of molecular marker: those based on nucleotide differences and those based on 

differences in the amount of repetitive DNA [53].  Molecular markers have an extensive range 

of applications that can be utilised by breeding programs.  Firstly, molecular markers can be 

used to examine genetic diversity by assessing the extent and distribution of genetic variation 

[55-56].  These assessments can be used to characterise breeding programs, providing 

information about: the genetic origin of germplasm; the relationship between breeding parents; 

the extent of inbreeding within the breeding population; and the allelic richness of individuals 

[55-56].  Genetic diversity assessments can also be used to assess the structure of base 

populations and identify potential sources of genetic variability that could be captured by 

breeding programs [57].  Secondly, molecular markers can be utilised to ensure quality 

control of genetic material [58].  Genotype identity can be determined unambiguously by their 

unique complement of molecular markers or „molecular fingerprint‟ [58].  The accurate 

identification of individuals to be used as crossing parents is crucial in breeding programs.  It 

is also important for the identification of new germplasm and for the quality control of clonal 

propagates for commercial cultivation.  Thirdly, molecular markers can be used to better 

understand genome organisation and the genetic control of complex traits [59-60].  Molecular 

markers can be arranged relative to each other along chromosomes according to their 

recombination frequency to produce a „linkage map‟ [59-60].  This genetic map can then be 

used to identify marker-trait associations in the form of quantitative trait loci (QTL), which 

are particular loci that affect the phenotypic variation of quantitative traits [59-61].  Mapping 

QTL increases the understanding of the genetic control of traits, by providing important 

information about the number, location and magnitude of effects of loci which influence 

phenotypic variation of traits [59-60].  Fourthly, molecular markers can be used to improve 

the efficiency and effectiveness of selection.  Selection of target traits can be achieved 

indirectly by the selection of QTL through a process called marker assisted selection (MAS) 

[61].  In this process, traits are selected not on the basis of phenotype, but on the basis of QTL 

linked to that phenotype [61].  This method offers a number of advantages over traditional 

phenotype-based selection systems: selection is not affected by environmental factors; traits 

that are difficult or expensive to measure or expressed under particular environmental 

conditions can be effectively selected for; and traits that are expressed at later developmental 

stages can be selected for very early [54].  MAS is also particularly useful for the selection of 

two or more traits at one time, or for multiple alleles that affect a trait [54, 62].  MAS has 
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been successfully used in other crop species to select for traits such as disease resistance, 

yield, agronomic performance and quality [63-71]. 

  

Quantitative genetics 

Quantitative genetics is a statistical method of analysis which is used to distinguish between 

and measure the proportion of phenotypic variation in individuals attributed to genetic factors 

and environmental influences [46, 49, 72].  Calculations are made on the basis of phenotypic 

data as well as the relationship between individuals (deliniated by a pedigree) [49, 72].  From 

the variance components, a number of informative parameters can be calculated, including the 

heritability of traits, the genetic relationship between different traits and the effect that 

environmental factors have on both the phenotype and trait relationships [46, 48-49, 72].  

Breeding programs have much to gain from the consideration of these parameters, including 

an understanding of how much of a trait‟s phenotypic variation has a genetic basis and can 

thus be influenced by selection; which of the possible traits should be subject to selection to 

most effectively achieve a desired phenotype; which individuals (including males) are most 

genetically equipped to contribute these factors and should therefore be used as crossing 

parents; and which factors can be improved through changes to environmental conditions, 

rather than through selection [46, 48, 73].  Breeding programs that incorporate the 

information gained from quantitative genetic analysis are more likely to achieve their targets, 

and to do so more efficiently, than the breeding programs where selection is based solely on 

phenotypic assessment. 

  

Current use of molecular and quantitative genetic based technologies in hop 

More sophisticated breeding technologies, such as molecular and quantitative genetic analyses, 

are now used routinely in the breeding programs of major crops [47, 56, 61].  Compared to 

major crops, genetic research in hop is less advanced.  As such, the development of these 

technologies and their utilisation in hop breeding programs has been slower, but their 

potential is beginning to be realised.  A number of quantitative genetic analyses have been 

performed on a wide range of traits [50, 74-87], but many of these studies employed rather 

primitive statistical calculations, or were based on a limited number of families from a narrow 

genetic base.  As such, information on the inheritance of quantitative genetic traits in hop is 

still very limited.  A number of molecular marker technologies have been developed for hop, 

including RAPD, AFLP, STS, microsatellites, as well as markers based on expressed 

sequence tags (EST) and candidate genes [51, 88-112].  These marker technologies have been 
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used to investigate genetic diversity in hop, and have increased our understanding of the 

population structure and level of inbreeding in the species [4, 51, 89, 92, 96, 98, 104-106, 

108-109, 112-113].  Marker technologies have also been utilised for the development of 

linkage maps and the identification of QTL [94-95, 99].  Linkage maps have been constructed 

for four mapping populations, but these maps are not yet saturated with markers, and not all 

chromosomes have been clearly identified [88, 95, 99, 114].  Most of the focus of marker-trait 

association has been placed on the identification of a universal sex-linked marker [91, 115-

116], but QTL have also been identified for yield traits, a few hop secondary metabolites and 

powdery mildew susceptibility [88, 95, 99, 110, 117].  As yet, marker assisted selection in 

hop has been limited.  The widespread use of molecular markers in hop is mainly limited by 

the relative cost (in time and money) of the technologies in terms of their development and 

subsequent utilisation, compared to the cost of traditional breeding approaches.  The 

feasibility of the incorporation of molecular analyses into hop breeding programs is therefore 

dependent on the development of a large number of markers that can be utilised in a high-

throughput genotyping system at a relatively low cost. 

 

Thesis premise 

This thesis reports on the use of two genetic-based techniques, molecular analysis and 

quantitative genetic analysis, to investigate quantitative genetic variation in important 

selection traits in hop.  Chapter 2 reports on the investigation of a new molecular marker 

system, diversity arrays technology (DArT), for hop genotyping.  DArT offers high-

throughput and cost-effective genotyping relative to other marker systems, producing markers 

with high transferability and wide genome coverage [118].  The attributes of DArT as a 

genotyping tool for hop is evaluated; and the accuracy and resolution of the DArT marker 

system in hop is tested by comparing the results of a diversity analysis employing the DArT 

markers with previous genetic diversity studies of the species.  Chapter 3 details 

investigations into the organisation of the hop genome and the genetic control of 

commercially important traits.  Linkage maps are constructed for two hop mapping 

populations, using the DArT markers and other marker types.  QTL analyses are conducted 

using these linkage maps, to identify marker-trait associations for traits relating to sex, yield 

and cone chemistry.  Chapter 4 examines the genetic control of hop cone chemistry and 

agronomic traits using quantitative genetics.  Using this analysis method, important 

quantitative genetic parameters are calculated, including additive genetic variation, narrow-

sense heritability, genetic correlations between traits and the degree to which variation and 
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covariation of traits is affected by factors other than additive genetic effects.  Finally, Chapter 

5 provides an evaluation of the outcomes of these studies, in terms of the efficacy of both 

molecular analyses and quantitative genetics to improve the understanding of the genetic 

control of hop traits.  The new insights into the underlying genetic architecture of hop are 

discussed, along with the impact that this information has on the future selective improvement 

of hop.  The potential for further utilisation of DArT markers, QTL and quantitative genetics 

for the selection of new hop varieties is considered and the possible directions for further 

research into quantitative genetic variation in hop are outlined.  The three experimental 

chapters in this thesis are composed of self-contained units, presented in the style of scientific 

journal articles.  Each of the experimental chapters contains an introduction to the literature, 

outlining the potential contribution of the study to the field of research.  The results presented 

in each chapter are followed by a discussion of the findings and conclusions. 
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CHAPTER 2 

High-throughput genotyping of hop (Humulus lupulus L.) utilising diversity 

arrays technology (DArT) 
 

The text and results of this chapter are taken directly from the following publication: 

 

Howard EL, Whittock SP, Jakše J, Carling J, Matthews PD, Probasco G, Henning JA, Darby P, 

Cerenak A, Javornik B, Kilian A, Koutoulis A: High-throughput genotyping of hop (Humulus 

lupulus L.) utilising diversity arrays technology (DArT).  Theoretical and Applied Genetics 2011, 

122: 1265-1280. 

 

ABSTRACT 

 

Implementation of molecular methods in hop (Humulus lupulus L.) breeding is dependent on 

the availability of sizeable numbers of polymorphic markers and a comprehensive 

understanding of genetic variation.  However, use of molecular marker technology is limited 

due to expense, time inefficiency, laborious methodology and dependence on DNA sequence 

information.  Diversity Arrays Technology (DArT) is a high-throughput cost-effective method 

for the discovery of large numbers of quality polymorphic markers without reliance on DNA 

sequence information.  This study is the first to utilize DArT for hop genotyping, identifying 

730 polymorphic markers from 92 hop accessions.  The marker quality was high and similar 

to the quality of DArT markers previously generated for other species; although percentage 

polymorphism and polymorphism information content (PIC) were lower than in previous 

studies deploying other marker systems in hop.  Genetic relationships in hop illustrated by 

DArT in this study coincide with knowledge generated using alternate methods.  Several 

statistical analyses separated the hop accessions into genetically differentiated North 

American and European groupings, with hybrids between the two groups clearly 

distinguishable.  Levels of genetic diversity were similar in the North American and European 

groups, but higher in the hybrid group.  The markers produced from this time and cost 

efficient genotyping tool will be a valuable resource for numerous applications in hop 

breeding and genetics studies, such as mapping, marker assisted selection, genetic identity 

testing, guidance in the maintenance of genetic diversity and the directed breeding of superior 

cultivars. 
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INTRODUCTION 

 

Hop (Humulus lupulus L.) is a dioecious cone-bearing plant cultivated for use predominantly 

by the beer brewing industry [6].  Lupulin, a resin in the cones of the female hop plant, 

contains organic acids and essential oils which impart bitterness, flavour and preservation to 

beer [22, 119-122].  Lupulin also contains other compounds with potential for the 

phytoceutical industry, including 8-prenylnaringenin, a potent phytoestrogen [30, 123], and 

xanthohumol, which exhibits possible anti-cancer properties [30-31]. 

 

H. lupulus has a native distribution throughout the Northern Hemisphere, between latitudes of 

approximately 35° and 70° North  [6].  The species H. lupulus has been classified into five 

taxonomic varieties based on morphology and reflecting geographical distribution: var. 

lupulus from Europe and Western Asia (although it has been introduced widely); var. 

cordifolius from Eastern Asia; and var. lupuloides , var. neomexicanus and var. pubescens 

from East, West and Midwest North America respectively [2].  Cultivated hops are derived 

from primarily var. lupulus ancestry, as it has traditionally been European landraces that have 

provided the flavour characteristics sought after by beer brewers [6].  In an attempt to expand 

the genetic variation of the hop breeding resource, North American wild hops have been 

hybridised with European cultivars [36].  The incorporation of North American germplasm 

has imparted several favourable qualities, including pest and disease resistance, higher 

yielding capacity and varying bittering potentials [6, 36].  Hops native to Asia are not 

commonly used in breeding programs [108]. 

 

Commercial hop cultivation occurs in many parts of the world, including Europe, North 

America, South Africa, Australia and New Zealand.  Breeding programs, operating largely 

independently, aspire to the development of new and improved cultivars, with a focus on 

yield, disease resistance and resin content and chemistry.  Hop improvement relies on the 

effective utilisation of genetic diversity.  Analysis of the world‟s major hop cultivars suggests 

limited genetic variability between them [51], as despite a long cultivation history, current 

hop cultivars are derived from a narrow genetic source [4].  This is indicative of restrictions of 

the current hop breeding varieties as sources for hop genetic improvement, verifying the need 

to understand the scope of genetic diversity available throughout the world. 
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Several studies have attempted to measure the genetic variation that exists in wild hops and to 

determine how much of this variation is captured in cultivated hop material [4, 33, 89, 92, 104, 

108, 113, 124-125].  Genetic variation has also been used as a means of classification of hop 

germplasm, to assist hop breeders when making choices about which individuals to select as 

breeding parents, which individuals to retain to conserve the genetics of the hop collection 

and which new accessions to introduce to expand the genetics of the collection. 

 

The earliest assessments of genetic variation in hop relied upon morphological studies [126-

128].  The use of biochemical markers, such as essential oils and flavonoids, were later 

employed [129-133].  In recent years, molecular marker technologies have been developed, 

allowing more directed and sophisticated investigation into hop variability and identity typing.  

Several different molecular markers have been utilized: random amplified polymorphic DNA 

(RAPD) [93, 105, 112];  amplified fragment length polymorphisms (AFLP) [51, 98, 105, 109, 

125, 134]; microsatellites [33, 89, 92, 97, 104-105, 108, 113, 124]; inter-simple sequence 

repeats (ISSR) [105, 135] and sequence tagged sites (STS) [93, 105-106, 108, 124].  The 

majority of these studies have reached the consensus that there are two primary genetic 

groups: European (including wild and cultivated material) and North American (wild material 

only) [89, 92, 104, 108, 112-113, 124, 134].  Some studies have been able to further resolve 

the European genetic group into smaller groups, corresponding to geographical origin [89, 92, 

103-104, 124, 134-135], breeding history [103, 112-113] and chemical content [112, 134].  

Hybrids between the European and North American genetic groups have also been 

distinguished, and subgroups differentiated corresponding to geographical origin and pedigree 

data [109, 134]. 

 

While the use of the molecular markers discussed above has greatly expanded our 

understanding of genetic variation in hop, the cost of these marker technologies remains an 

obstacle to their utilization in breeding programs for the purpose of hop germplasm 

classification and selection of accessions.  Use of the marker technologies is further 

constrained by their low through-put capacities, as a result of their dependence on gel 

electrophoresis or laborious and intensive DNA sequencing processes [118, 136-138]. 

 

Diversity Arrays Technology (DArT) is a relatively new DNA marker technology for genome 

profiling and genotyping of genetic variation that was invented to overcome limitations of 

other molecular marker technologies, including RFLP, AFLP and SSR [118].  It was 
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developed for particular application to non-model species, mainly crop species for which 

limited resources may be available [118, 138].  DArT is a microarray-based technology that 

has the ability to detect all types of DNA variation: single nucleotide polymorphism (SNP), 

indel, copy number variation (CNV) and methylation [138].  It enables simultaneous typing of 

several hundred polymorphic loci in parallel, without relying on sequence data [118, 136-139].  

DArT is a very high-throughput and robust system, capable of providing comprehensive 

genome coverage and markers of high quality, whilst also being relatively inexpensive [118, 

136-139].  These factors offer significant advantages over other molecular marker 

technologies. 

 

This paper evaluates the effectiveness of DArT as a high-throughput genotyping technology 

in hop.  The robustness of DArT, in terms of the number of polymorphic markers generated 

from selected accessions and the quality of these markers is examined.  The utility of DArT 

for analysis of genetic diversity is assessed in a representative of hop accessions.  The results 

of this analysis are compared with the current understanding of hop molecular variation and 

phylogenetics, as a test of the accuracy and resolution of DArT.  Hop is a relatively resource-

poor agricultural species, dependant on limited genetic sequence information, and a 

comparatively small research base.  We anticipate that the hop community will benefit from 

the combined efforts of this international consortium, and the high-throughput and cost-

effective advantages of DArT. 

 

MATERIALS AND METHODS 

 

Plant materials 

A total of 92 hop accessions were included in the DArT analysis (Table 2.1).  These 

accessions were sourced from Europe, North America and Australia.  The sample set was 

comprised of 32 wild and 60 cultivated accessions, both historical and currently used in 

commercial production.  Examples of four of the five taxonomic varieties of H. lupulus were 

included: var. lupulus, var. lupuloides, var. pubescens and var. neomexicanus.  Each accession 

was sampled from one individual plant.  Replicates of six genotypes were conducted to test 

the consistency and robustness of the DArT marker system (Table 2.1).  Samples were 

sourced in 2004 and 2005 from collections held by Wye Hops (Canterbury, Kent, England), 

John I. Haas Inc. (Yakima, Washington, USA), USDA-ARS National Genetic Resources 

Program Germplasm Resources Information Network (GRIN) (Beltsville, Maryland, USA), 
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Hop Products Australia (Bushy Park, Tasmania, Australia; and Eurobin, Victoria, Australia) 

and the Slovenian Institute of Hop Research and Brewing (Žalec, Slovenia).  Pedigree 

information (where available) has been published previously [93, 105, 109, 112, 140], or was 

provided by Kim Hummer (NCGR Corvalis) or the authors. 

 

Table 2.1 The identity (cultivar name or accession number) of the 92 hop accessions (including replicates) 

analysed in this study, along with their domestication status (cultivated or wild), taxonomic variety classification 

(lupulus, lupuloides, pubescens or neomexicanus) and the location from which the sample was collected (not 

necessarily their genetic origin). 

 

Name Domestication status Taxonomy Geographical origin 

Aurora Cultivated lupulus Slovenia 

Bor Cultivated lupulus Czech Republic 

Brewer's Gold Cultivated lupulus UK 

Cascade Cultivated lupulus USA 

Celeia
a 

Cultivated lupulus Slovenia 

Celeia
a 

Cultivated lupulus Slovenia 

Chang Bei 2 Cultivated lupulus China 

Chinook Cultivated lupulus USA 

Cluster
a,b

 Cultivated lupulus USA 

Cluster
a,b

 Cultivated lupulus USA 

Cobbs Cultivated lupulus UK 

Comet Cultivated lupulus USA 

Ellupulo Cultivated lupulus Argentina 

First Choice Cultivated lupulus New Zealand 

Fuggle Cultivated lupulus UK 

Galena Cultivated lupulus USA 

Ging Dao Do Hua
b 

Cultivated lupulus China 

Glacier Cultivated lupulus USA 

Hallertauer Gold Cultivated lupulus Germany 

Hallertauer MTF Cultivated lupulus Germany 

Hallertauer Tradition Cultivated lupulus Germany 

Hersbrucker Cultivated lupulus Germany 

Huller Bitterer Cultivated lupulus Germany 

INT 101 Wild lupulus Japan 

K11 Wild lupulus Georgia 

K5 Wild lupulus Georgia 

Keyworth Midseason Cultivated lupulus UK 

Kirin Cultivated lupulus Japan 

Kitamidori Cultivated lupulus Japan 

Liberty Cultivated lupulus USA 

lupulus Austria Wild lupulus Austria 

lupulus Bavaria Wild lupulus Germany 

lupulus Berlin Wild lupulus Germany 

Magnum Cultivated lupulus Germany 
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Name Domestication status Taxonomy Geographical origin 

Merkur Cultivated lupulus Germany 

Millennium Cultivated lupulus USA 

No3-38
a 

Wild lupulus Japan 

No3-38
a 

Wild lupulus Japan 

Nordgard-978 Cultivated lupulus Denmark 

Northern Brewer Cultivated lupulus UK 

Nugget Cultivated lupulus USA 

OB21 Cultivated lupulus UK 

Osvald's Clone 72 Cultivated lupulus Czech Republic 

Pacific Gem Cultivated lupulus New Zealand 

Pride of Ringwood Cultivated lupulus Australia 

R15 Wild lupulus Russia 

R19 Wild lupulus Russia 

Saazer Cultivated lupulus Czech Republic 

Sereberianka
a 

Cultivated lupulus Russia 

Sereberianka
a 

Cultivated lupulus Russia 

Southern Brewer Cultivated lupulus South Africa 

Strisselspalt Cultivated lupulus France 

Symphony Cultivated lupulus USA 

Tettnanger Cultivated lupulus Germany 

Topaz Cultivated lupulus Australia 

Tutsham Cultivated lupulus UK 

Urozajni Cultivated lupulus Russia 

Warrior Cultivated lupulus USA 

wild Italy Wild lupulus Italy 

Wye Challenger Cultivated lupulus UK 

Wye Target
a 

Cultivated lupulus UK 

Wye Target
a 

Cultivated lupulus UK 

1000 Wild lupuloides USA 

1006 Wild lupuloides Canada 

1008 Wild lupuloides Canada 

1018 Wild lupuloides Canada 

1020 Wild pubescens USA 

1355 Wild neomexicanus USA 

1386 Wild neomexicanus USA 

1401 Wild neomexicanus USA 

1437 Wild neomexicanus USA 

19058 Cultivated lupulus USA 

64035 Cultivated lupulus USA 

558589 Wild lupulus USA 

558607 Wild lupulus ex-Yugoslavia 

558900 Wild lupulus USA 

558906 Wild lupulus USA 

559234 Wild lupulus USA 

617471 Wild pubescens USA 
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Name Domestication status Taxonomy Geographical origin 

1025_007 Wild lupulus Khazakhstan 

14/74/209 Cultivated lupulus UK 

21055 Cultivated lupulus USA 

23/77/64
a 

Cultivated lupulus UK 

23/77/64
a 

Cultivated lupulus UK 

29/70/54 Cultivated lupulus UK 

5/1 Cultivated lupulus Slovenia 

9/2 Cultivated lupulus Slovenia 

A12 Wild lupulus Russia 

AH1-A Wild lupulus ex-Yugoslavia 

AH22-I Wild lupulus ex-Yugoslavia 

AH7-D Wild lupulus ex-Yugoslavia 

AH9 Wild lupulus ex-Yugoslavia 

 

DNA extraction 

DNA was extracted from dormant rhizome bud, leaf or tissue cultured plant samples.  

Extractions were performed using the common CTAB extraction protocol [141] with three 

rounds of chloroform extraction in the Chair of Genetics laboratory (Slovenia).  DNA was 

measured by means of fluorimetry using DyNA Quant 200 (GE Healthcare).  DNA quality of 

selected samples was verified by digesting the 1 µg of isolated DNA with four restriction 

enzymes HaeIII, Sau3AI, MseI and AluI; this DNA was run together with undigested DNA on 

an 1.0% agarose gels to ensure that the undigested DNA formed a tight band of high 

molecular weight, the digested DNA formed a smear of mid- to low-molecular weight, and 

there was no RNA contamination.  DNA concentrations of samples were adjusted to 100 

ng/µL.  Fifteen micrograms of DNA was sent to DArT Pty Ltd according to Australian 

Quarantine and Inspection Service safety measurements. 

 

Development of DArT markers 

 Generation of genomic representations and library construction 

Several complexity reduction methods were tested, using the rare-cutting restriction enzyme 

PstI in combination with a range of frequently-cutting restriction enzymes (data not shown).  

The PstI/BstNI combination was selected as the highest performing method.  For each of the 

92 hop accessions, approximately 0.5 µL of DNA at a concentration of approximately 100 

ng/µL was digested with PstI/BstNI restriction enzyme combination.  PstI overhang 

compatible adaptors were ligated, and PstI fragments without BstNI sites were amplified 

using primers complementary to the adapter.  The method closely followed the protocol 
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described by Wenzl et al. [137].  Approximately 1 µL of PCR product from all accessions 

used in the study were mixed and used to construct a library of 6144 clones (4608 clones from 

cultivated accessions and 1536 clones from wild accessions, generated using two independent 

libraries) using a pCR2.1-TOPO vector (Invitrogen), according to the manufacturer‟s 

instructions. 

 

Microarray preparation 

Inserts from individual clones were amplified in 384 microtiter plates using M13 primers, so 

that part of the polylinker region of the cloning vector was co-amplified.  The amplicons were 

dried at 37°C, washed with 70% ethanol, and dissolved in a spotting buffer developed 

specifically for Erie Scientific poly-L-lysine microarray slides (Wenzl et al. in preparation).  

The arrays, containing inserts from the 6144 clones, were printed in duplicate using a 

MicroGridII arrayer (Biorobotics, Cambridge, UK) onto poly-L-lysine coated slides (Erie 

Scientific, Portsmouth, New Hampshire, USA).  After printing, slides were heated to 80°C for 

two hours, incubated in 95°C water bath for two min and dried by centrifugation. 

 

Preparation of sample genomic representations and hybridisation to genotyping 

arrays 

Genomic representations from each sample were prepared using the same method as for 

library construction (see above), but instead of cloning the resulting amplicons, they were 

precipitated with isopropanol, washed with 70% ethanol, dried and labelled with the 

fluorescent dyes 1 mM Cy3-dUTP or 1 mM Cy5-dUTP (Amersham).  Labelled 

representations („targets‟) were mixed with a FAM-labelled polylinker fragment of the vector 

that was used to clone the representation fragments (pCR2.1-TOPO).  When amplifying the 

inserts spotted onto the DArT array the polylinker was co-amplified in two pieces at the ends 

of each insert so that it could be used to quantify the amount of DNA in each spot on the 

array.  For quality control, ten accessions were genotyped twice.  The labelled targets were 

then denatured and hybridised to the genotyping arrays overnight at 62 °C. 

 

Slide scanning, data extraction and assessment of DArT markers 

After hybridisation, the slides were washed, following the methodology of Jaccoud et al. 

[118], and scanned using a Tecan LS300 (Grödig, Salzburg, Austria) confocal laser scanner.  

Three images were generated from each slide.  One image, produced with a 488 nm laser, was 

used for quality control and image processing by measuring the hybridisation intensity of the 
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FAM-labelled reference fragments.  The remaining two images were used as independent 

targets, one produced with 543 nm  laser (Cy3 labelled targets) and one produced with a 633 

nm laser (Cy5 labelled targets).  The image processing and marker classification were 

performed using DArTsoft version 7.3 (DArT P/L, unpublished), a dedicated software 

package developed at DArT P/L (Yarralumla, Australia), as described previously by Wenzl et 

al. [137].  It should be noted that it is not necessary to obtain the DNA sequence of each 

marker, as the scoring of markers relies on the measure of hybridisation intensity.  The 

program computed several quality parameters for each marker: (a) P-value, the variance of the 

relative target hybridisation intensity between allelic states as a percentage of the total 

variance; (b) call-rate, the percentage of DNA samples with binary („0‟ or „1‟) allele calls; and 

(c) reproducibility, the fraction of concordant calls for replicate assays.  Markers with P > 

77%, call rate > 85% and 100% allele-calling consistency across the ten replicated accessions 

were selected as markers.  Polymorphism Information Content (PIC), a measure of the 

informativeness of a genetic marker, was also calculated for each marker according to 

Anderson et al. [142], using the formula: 

2

11 iPIC nPi   

Where Pi is the population frequency of the ith allele and n is the total number of allelic states. 

When using such stringent thresholds for the P-value, high quality markers with low 

frequency of minor alleles are potentially eliminated, thus reducing PIC.  These quality 

parameters can be used to compare to other species to which the DArT marker technology has 

been applied and to other marker technologies applied to hop to evaluate the robustness of 

DArT as a high-throughput genotyping technology in hop. 

 

Analysis of phylogenetics and genetic diversity 

A pairwise genetic distance matrix [143] was computed on the basis of shared presence of 

fragments (minimising error due to non-homologous shared absences) using PAUP* version 

4.0b10 [144].  The DArTsoft-generated 0-1 scores were used as input.  Markers were filtered 

using AFLPop, and all redundant markers were excluded.  The genetic distance matrix was 

used to produce an unrooted Unweighted Pair Group Method with Algorithmic Mean 

(UPGMA) dendrogram using PAUP* version 4.0b10 [144].  Partitioning of taxa into genetic 

groups was investigated by Principle Co-oridnates Analysis (PCoA).  The genetic distance 

matrix was exported to NTSYS-PC 2.1 [145] for PCoA, which was performed using the 

DCENTRE, EIGEN and plotting modules.  The distribution of genetic variation within the 

accessions included in this experiment was examined through Analysis Of Molecular 
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Variance (AMOVA) [146].  AMOVA was calculated using Arlequin version 3.5.1.2 [146].  

Loci with >10% missing values were excluded, resulting in a distance computation based on 

686 loci.  Accession groupings for the AMOVA analysis were defined arbitrarily, as those 

identified by PCoA.  Non-clustered accessions were not included in the AMOVA analysis, 

and nor were the following triploid samples: Celeia, Liberty, Millennium, Pacific Gem, 

Symphony, Topaz and Warrior.  Significance of group partitioning was tested using 10 000 

permutations.  Pairwise genetic distances among groups (F-statistics) [147], and average gene 

diversity over loci (πn) (equivalent to the probability that two randomly chosen homologous 

nucleotides are different) [148-149], were calculated using Arlequin version 3.5.1.2 [146], 

using the same conditions as for AMOVA (above).  Student‟s t-tests [150] were performed to 

determine whether differences in πn between groups were significant.  Model-based clustering, 

employing a Bayesian algorithm, was applied to infer the genetic structure of the 92 hop 

accessions using STRUCTURE version 2.3.1 [151]. A total of 451 loci were examined, with 

loci possessing >9 missing values excluded.  Ten independent runs of the program were 

performed by setting the number of groups (K) from 1 to 12, each run consisted of a burn-in 

period of 100,000 iterations followed by 1,000,000 MCMC (Monte Carlo Markov Chain) 

iterations, assuming an admixture model and correlated allele frequencies.  For other settings, 

program defaults were used and no prior information was used to define the groups.  The 

most likely number of groups (K) was chosen, based on the ad hoc statistic ΔK according to 

Evanno et al. [152].  The data were analysed by the online version of STRUCTURE 

HARVESTER  [153].  Any individual with a proportion of 0.993% or greater of a cluster was 

considered to be pure for that cluster, with the remaining 0.007% or less attributable to non-

statistical variability.  Graphical representation of clustering was made by CLUMPP [154] 

and DISTRUCT [155] software packages. 

 

RESULTS 

 

Development of DArT markers in hop 

A total of 6,144 DArT clones were generated from 92 hop accessions, from which 730 

polymorphic markers were identified through DArTsoft analysis using highly stringent 

quality criteria.  This resulted in 11.9% frequency of polymorphism (Table 2.2).  Performance 

of the DArT markers was measured through several different parameters (Table 2.2).  PIC 

values for these markers averaged 0.335.  Scoring reproducibility and call rate were both 

close to 100%, with averages of 99.97% and 97.58% respectively.  The P-value, which is the 
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principle measure of marker quality, averaged 89.90%.  Relaxing the marker quality 

thresholds slightly, by allowing up to 2% scoring inconsistency for the lower quality markers, 

increased the number of markers to 968 (15.8% polymorphism frequency) with only a small 

reduction to average marker reproducibility (99.7%) and without a decrease in average call 

rate (approximately 98%); however, all analysis reported in this paper were performed on the 

very stringent (730) set of markers. 

 

Table 2.2 Mean + standard error of quality parameters for the 730 polymorphic markers identified in 92 hop 

accessions. 

 

Quality parameter Mean + SE 

% Polymorphism 11.9 

PIC (polymorphism information content) 0.34 + 0.00 

P (%) 89.90 + 0.21 

Reproducibility (%) 99.97 + 0.01 

Call rate (%) 97.582 + 0.12 

 

Analysis of phylogenetics and genetic diversity in hop  

To validate the robustness of DArT in a hop system, in terms of capturing the multiplicity of 

sequence information available, the 730 polymorphic DArT markers were used to assess the 

genetic diversity of the 92 hop accessions (Table 2.1).  Based on a pairwise genetic distance 

matrix [143], PCoA was undertaken (Figure 2.1) and an UPGMA dendrogram was 

constructed (Figure 2.2).  In the PCoA, the first two vectors cumulatively accounted for 87% 

of the total variance detected, comprising 69% and 18% from the first and second vectors 

respectively.  Ordination of the first two vectors identified three clusters (Figure 2.1).  The 

first cluster (outlined in red) contained 13 accessions (Figure 2.1), all of which were wild 

North American hops and included all accessions of the taxonomic varieties lupuloides, 

pubescens and neomexicanus.  The second cluster (outlined in blue) contained 34 accessions 

(Figure 2.1), consisting of wild European hops, and cultivars of solely European genetic 

origin.  The third cluster (outlined in green) contained 30 accessions (Figure 2.1), comprising 

cultivars derived from hybridisation between European and North American hops.  A large 

divergence was observed between the North American cluster and the European and hybrid 

clusters (Figure 2.1).  The European and hybrid clusters, with the hybrid cluster situated in 

between the North American and European clusters, were not as discreet (Figure 2.1).  Based 

on the available pedigree information, three accessions did not cluster as expected.  Cobbs 

was situated in the hybrid cluster rather than the European cluster, 14/74/209 was situated in 
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the European cluster rather than the hybrid cluster and 558589, a North American wild hop, 

fell within the hybrid cluster rather than the North American cluster (Figure 2.1).  A total of 

nine accessions could not be placed into any of the three clusters (Figure 2.1), and according 

to previous pedigree information (or lack thereof) they could not form a justifiable fourth 

cluster.  Of the nine non-clustered accessions, eight were positioned between the European 

and hybrid clusters; the remaining accession (INT 101), of wild Japanese origin, was situated 

directly below the hybrid cluster (Figure 2.1), but on the third PCoA vector, accounting for 2% 

of total variance, this accession was separated from all other accessions (data not shown).  

Genotypes that were replicated in the analysis (Celeia, Cluster, No3-38, Sereberianka, Wye 

Target and 23/77/64) clustered consistently, as expected. 

 

European cluster (blue) Hybrid cluster (green) North American cluster (red) Non-clustered (uncoloured) 

5/1 Hallertauer Tradition 19058 Millennium 1000 23/77/64 (1) 

9/2 Hersbrucker 21055 No3-38 (1) 1006 23/77/64 (2) 

64035 Liberty 558589 No3-38 (2) 1008 29/70/54 

558607 lupulus Austria Brewer‟s Gold Northern Brewer 1018 AH7-D 

1025_007 lupulus Berlin Cascade Nugget 1020 Aurora 

14/74/209 Nordgard-978 Chinook OB21 1355 Glacier 

A12 Osvald‟s Clone 72 Cluster (1) Pacific Gem 1386 INT 101 

AH1-A R15 Cluster (2) Pride of Ringwood 1401 K11 

AH22-I R19 Cobbs Southern Brewer 1437 K5 

AH9 Saazer Comet Symphony 558900 Merkur 

Bor Sereberianka (1) Galena Tobaz 558906  

Celeia (1) Sereberianka (2) Ging Dao Do Hua Warrior 559234  

Celeia (2) Strisselspalt Huller Bitterer Wye Challenger 617471  

Chang Bei 2 Tettnanger Keyworth Midseason Wye Target (1)   

Ellupulo Tutsham Kirin Wye Target (2)   

First Choice Urozajni Kitamidori    

Fuggle wild Italy lupulus Bavaria    

Hallertauer Gold  Magnum    

 

Figure 2.1  PCoA of 92 hop accessions based on 730 DArT markers, showing the ordination of the first two 

vectors.  Principle co-ordinate 1 (C1) explained 69% of the variation and principle co-ordinate 2 (C2) explained 

18% of the variation.  Accessions found within each cluster, as well as non-clustered accessions, are listed.
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Figure 2.2  An UPGMA dendrogram (unrooted) representing the relationships between 92 hop accessions, based 

on 730 DArT markers. 
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Similar patterns were observed in the UPGMA dendrogram (Figure 2.2), with major 

disjunction occurring between North American wild hop accessions (red) and all other 

accessions.  All North American accessions were positioned exclusively within their own 

cluster, while a second cluster contained both the European (blue) and hybrid (green) 

accessions (Figure 2.2), indicative of higher genetic similarity between European and hybrid 

accessions than between North American and European or North American and hybrid 

accessions.  Within the cluster containing European and hybrid accessions, all European 

accessions grouped together, and displayed less genetic similarity to the North American 

accessions than all hybrid accessions, except for Wye Target and Keyworth Midseason which 

grouped with the European accessions (Figure 2.2).  The grouping of these hybrid accessions 

with the European accessions indicates that these accessions had a higher genetic similarity to 

the European accessions than other hybrid accessions.  Several hybrid accessions were found 

to be less genetically similar to European accessions than others, namely 21055, a cultivated 

hop, and 558589, included as a North American wild hop; however, these accessions still 

appeared to be hybrids rather than North American accessions (Figure 2.2).  In the case of 

558589, its clustering with the hybrid accessions suggests that despite an apparent likeness to 

North American wild hop, its genetic composition has arisen through introgression of 

European genetics.  Consistent with the PCoA, Cobbs again fell within the hybrid cluster, 

showing high genetic similarity to Nugget.  This unexpected clustering suggests mislabelling 

of the Cobbs accession (Figure 2.2).  The accession 14/74/209 again fell within the European 

cluster.  Some resolution was given to those accessions that did not cluster in the PCoA 

(Figure 2.1).  The accessions 29/70/54, Aurora and AH7-D fell within the group of European 

accessions (Figure 2.2), indicating that they are of European genetic origin.  The accessions 

Glacier and Merkur grouped with Wye Target, while K5, K11 and 23/77/64 fell at the 

periphery of this group (Figure 2.2).  While these accessions may be of higher genetic 

similarity to European accessions than other hybrid accessions, it cannot be determined 

whether they themselves are hybrids, genetically intermediate, or of pure European genetic 

origin.  The accession INT 101, of wild Japanese origin, fell within the group containing the 

hybrid accessions next to No3-38, also of wild Japanese origin (Figure 2.2), indicating that it 

is genetically intermediate between North American and European hops, but it is more 

genetically similar to European hops than to North American hops. As in the PCoA, all 

replications clustered consistently. 
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AMOVA across the three groups (North American, European and hybrid), as defined 

arbitrarily by PCoA clustering (Figure 2.1), indicated significant partitioning of genetic 

variation, with 75% of the detected variation existing between the groups (Table 2.3), and the 

remaining 25% within groups (P < 0.001) (Table 2.3).  Pairwise Fst values (Table 2.4) further 

indicated that the three groups were significantly differentiated (P < 0.001).  The relative 

differentiation reflected the patterns observed in the PCoA (Figure 2.1) and UPGMA 

dendrogram (Figure 2.2), with the highest level of genetic differentiation detected between 

North American and European accessions (Fst = 0.903) (Table 2.4).  Less genetic 

differentiation was detected between North American and hybrid accessions (Fst = 0.770) 

(Table 2.4), but the hybrid accessions were genetically closest to the European accessions (Fst 

= 0.485) (Table 2.4).  Genetic diversity, as inferred from the average nucleotide diversity over 

loci (πn), was not significantly different among the North America and European groups (πn = 

0.081 + 0.012 and πn = 0.070 + 0.006 respectively) (Table 2.4), but was significantly higher in 

the hybrid group (πn = 0.168 + 0.016, P < 0.001) (Table 2.4).  The total πn from all samples 

was 0.317 (Table 2.4). 

 

Table 2.3 AMOVA for the three groups identified in accessions of hop, as defined by PCoA, based on 730 

polymorphic DArT markers. 

 

Source of 

variation 
df Sum of squares 

Variance 

components 

Percentage of 

variation 

Level of 

significance 

Among groups 2 5428.80 115.35 75.20 P < 0.001 

Within groups 71 2701.33 38.05 24.80 P < 0.001 

Total 73 8130.12 153.39   

 

Table 2.4 Average gene diversity over loci (πn) in the accessions of hop and within each of the three groups 

defined by PCoA, based on 730 polymorphic DArT markers.  Values of πn were not significantly different 

between the North American and European groups, but were significantly higher in the hybrid group (P < 0.001).  

Pairwise FST values (significant, P < 0.001) show the degree of genetic differentiation between groups. 

 

Group N πn + SE Pairwise FST by group 

North America 13 0.08 + 0.01 
 

Europe 35 0.07 + 0.01  

Hybrid 28 0.17 + 0.02  

Total 76 0.32 + 0.01  
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Population substructuring of the 92 hop accessions was investigated using an alternative 

model-based method, STRUCTURE, which assumed no predefined population structure.  The 

results of the ΔK statistic (Evanno et al. 2005) revealed a maximum ΔK value of K = 2, 

confirming, in this group of accessions, the existence of two groups making genetic 

contributions (Figure 2.3a).  Graphical representation of membership coefficients of the 92 

hop accessions is presented in Figure 2.3b.  The first group (red) contained all hop accessions 

with pure North American genetic ancestry, while the second group (blue) contained all 

accessions with pure European ancestry (Figure 2.3b).  A combination of the two colours 

(blue and red) reveals accessions with both North American and European genetic ancestry 

(i.e. hybrids) (Figure 2.3b).  All accessions in this hybrid group had greater than 50% 

European genetic ancestry (Figure 2.3b), with the exception of 558589 which had greater 

contribution of North American genetic ancestry than European genetic ancestry (Figure 2.3b), 

potentially due to introgression.  The partitioning of groups was consistent with that revealed 

by PCoA (Figure 2.1) and the UPGMA dendrogram (Figure 2.2), with the exception of two 

anomalous accessions Cobbs and Nugget, possibly due to mislabeling.  Consistent with the 

results of the UPGMA dendrogram (Figure 2.2), accessions 29/70/54, Aurora and AH7-D 

(accessions non-clustered in PCoA, Figure 2.1) were classified in the structure analysis as 

having only European genetic ancestry (blue only) (Figure 2.3b).  INT 101 (also non-clustered 

in PCoA, Figure 2.1) had both European and North American genetic ancestry (blue and red) 

(Figure 2.3b), indicating that it was genetically intermediate.  Further resolution was given to 

those accessions unresolved by both PCoA (Figure 2.1) and the UPGMA dendrogram (Figure 

2.2), with accessions Glacier and Merkur classified in the structure analysis as having pure 

European genetic ancestry (blue only), while accessions K5, K11 and 23-77-64 had both 

European and North American genetic ancestry (blue and red) (Figure 2.3b).  As in the PCoA 

and UPGMA dendrogram, all replications clustered consistently (Figure 2.3b). 
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b. 

 

Figure 2.3  Analysis of the population structure of 92 hop accessions based on 730 polymorphic DArT markers.  

a. is a plot of ΔK for each K value [as described in 152], where K is the number of groups contributing to genetic 

information.  b. is a bar plot of the proportion of each individual‟s genome belonging to one or other group 

inferred by STRUCTURE analysis.  The North American group is represented in red and the European group is 

represented in blue; genetic intermediates (i.e. hybrids) are observed through the combination of both colours.
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DISCUSSION 

 

DArT has now been developed for a number of species.  Studies have described the 

generation of hundreds and often thousands of high-quality polymorphic markers, and their 

utilization for a broad range of applications, including linkage mapping, marker assisted 

selection for multiple phenotypic traits, genetic identity testing, guidance in the maintenance 

of genetic diversity, and the directed breeding of superior cultivars.  We report here on the 

development of DArT marker technology for hop. 

 

Development of DArT markers in hop 

A total of 730 polymorphic DArT markers were developed from 6144 random genomic hop 

clones, resulting in a polymorphism rate of 11.9% (Table 2.2).  This is comparable to other 

DArT studies, for example 10.4% polymorphism in barley [137], 9.4% in wheat [156], 14.6% 

in cassava [157] and 7.0% in sugarcane [158].  However in hop, the polymorphic rate 

determined in this study is lower than values determined using other marker systems; for 

example, polymorphic rates of 59.5%, 43.5%, 27.7% and 57.6% have been reported using 

AFLPs [98, 105, 109, 125], 57.9%, 32.6% and 28.3% polymorphism has been reported using 

ISSR [105, 135], 38.6% and 42.3% polymorphism has been reported using RAPD [105, 112] 

and 71.0% polymorphism has been reported using STS [105].  Two main factors could 

account for the lower levels of polymorphism determined using DArT compared to other 

marker systems.  One is the particular selection of hop accessions included in this study, as 

the efficiency of identification of polymorphic DArT markers depends on the level of genetic 

diversity available from the pool of accessions that is used to develop the discovery array.  

Alternatively, it could be due to differences in the fraction of the genome from which the 

respective markers are derived.  SSR, ISSR, AFLP and RAPD markers are predominately 

derived from repetitive, non-genic fractions of the genome, whereas DArT, using a 

hybridisation-based platform, derives markers from low copy genic sequences [158-159].  

The genome usually comprises less than 10% of these sequences, and the proportion of DArT 

markers assayed reflects this. 

 

The DArT markers developed for hop in this study are of high quality, as assessed by PIC, 

reproducibility, call rate and P values (Table 2.2).  In hop, the average PIC value of 0.34 was 

obtained (Table 2.2), and is comparable to the values of 0.38 obtained in barley [137], 0.31 

obtained in wheat [156] and 0.34 obtained in pigeonpea [160].  However, this value is 
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somewhat lower than the PIC values found in hop using other marker systems, for example 

0.61 [113], 0.64 [51], 0.64 [89] and 0.38 [140].  The average reproducibility score of 99.97% 

obtained (Table 2.2) was comparatively higher than other studies, for example 99.8% in 

barley [137], 97.71% in Asplenium [161], 99.03% in Garovaglia [161] and 99.70% in 

pigeonpea [160].  The average call rate of 97.58% obtained (Table 2.2) also matched the 

values obtained in other studies, such as 95.0% in barley [137], 99.2% in wheat [156], 92.5% 

in sugarcane [158], 91.6% in banana [162] and 96.0% in pigeonpea [160].  The average P-

value of 89.90% obtained (Table 2.2) was higher than other studies, such as 81.40% in banana 

[162] and 80.68% in sugarcane [158]. 

 

The results of this study show that DArT marker technology can be effectively applied to hop 

to detect and score hundreds of polymorphisms.  Taking a maximum of three days to 

complete, the development of the hop DArT markers was rapid and efficient, relative to other 

marker technologies.  This efficiency is a result of the fully automated nature of DArT, and 

it‟s independence from DNA sequence information and gel-based procedure.  DArT is also 

cost-effective, and much less expensive than most of the other genotyping technologies.  

Additionally, the data quality (measured by the call rate, scoring reproducibility and P-value) 

(Table 2.2) is comparable with other technologies, as validated in Arabidopsis [139].  Data 

quality is assisted by the automated nature of the array technology and the data extraction, 

completed automatically using dedicated software (Diversity Arrays Technology P/L, 

Canberra, Australia).  The marker quality for hop was similar to the quality of DArT markers 

previously generated for other species.  The percentage polymorphism and the PIC of the 

markers generated in this study (Table 2.2) were also comparable DArT markers generated 

for other systems, however these values were lower than for other marker systems developed 

for hop.  We therefore propose that DArT may effectively complement the existing 

technologies in hop breeding and genomics, with the speed, efficiency, cost and quality of the 

markers, as well as the tendency towards low-copy genic sequences, compensating for the 

lesser polymorphism information obtained. 

 

Analysis of phylogenetics and genetic diversity in hop  

The robustness and utility of DArT in a hop system was validated through an analysis of 

phylogenetics and genetic diversity.  The capacity of DArT markers to resolve population 

differentiation and measure genetic diversity was assessed in a representative of hop 
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accessions.  The accuracy and resolution of the results were tested through comparison with 

the current understanding of hop molecular variation and phylogenetics. 

 

A number of studies, utilizing marker systems other than DArT, have attempted to assess the 

genetic diversity and understand the molecular phylogenetics of hop.  These studies have 

utilized AFLP [51, 98, 105, 109, 125, 134], RAPD [93, 105, 112]; microsatellites [33, 89, 92, 

104-105, 108, 113, 124], ISSR [105, 135] and STS [33, 93, 105-106, 124].  In all studies 

where the material examined has included a broad coverage of accessions of European and 

North American genetic origin, two primary genetic groupings, Europe and North America, 

have been deduced, with hybrids between the two groups often detectable [89, 92, 104, 108-

109, 112-113, 134].  Some studies have resolved these groupings in greater detail, based on 

wild and cultivated domestication [89, 92, 113]; geographical origin [89, 92, 103-104, 124, 

134-135]; breeding history [103, 112-113] or chemical content [112, 134].  Where accessions 

of Asian origin have been included, these accessions have additionally fallen into a separate 

grouping [104, 135]. 

 

This study separated selected hop accessions into the two genetically differentiated European 

and North American groupings (Figures 2.1, 2.2 and 2.3; Table 2.3).  Hybrids between these 

two groups were clearly distinguishable (Figures 2.1, 2.2 and 2.3; Table 2.3).  All results from 

this study indicated that the North American wild hops were widely disjunct from European 

hops (both wild and cultivated) (Figures 2.1, 2.2 and 2.3; Tables 2.3 and 2.4).  As expected, 

the hybrid accessions were genetically intermediate between the two groups, but all displayed 

closer genetic affinity to the European group (Figures 2.1, 2.2 and 2.3).  This degree of 

similarity varied across the hybrid accessions (Figures 2.1, 2.2 and 2.3), and may be 

indicative of back-crosses to European hops after initial hybridisation with North American 

hops.  These findings were supported by, and consistent between, the several statistical 

analyses of the hop DArT marker data.  The PCoA (Figure 2.1) clearly illustrated the wide 

disjunction of North American wild accessions from all other accessions, and the genetic 

proximity of the hybrid and European accessions, but with the hybrid accessions clustering 

closer to the North American accessions than the European accessions.  The high percentage 

(69% first ordinate) of the total variance detected in the PCoA (Figure 2.1) indicated that it 

was the major disjunction between North American and European genetic origin that was the 

primary factor separating all accessions.  This was supported by the AMOVA (Table 2.3), 

which validated that most variation existed between groups (75.11% of the total variation), 
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while the accessions within groups were closely related.  The UPGMA dendrogram (Figure 

2.2) provided an indication of the genetic relationship between all accessions, and again 

emphasised the clear separation of the North American and European accessions, with the 

hybrid accessions falling between them, but always more genetically similar to the European 

accessions.  This finding was also supported by FST values (Table 2.3).  The results of the ΔK 

statistic (Figure 2.3a) confirmed two groups making  genetic contributions, while a bar plot of 

the STRUCTURE modeling (Figure 2.3b) established that the North American and European 

groups were the two sources of genetic contribution.  Hybrid accessions comprised both 

North American and European genetics, but with greater European contribution (with the 

exception of accession 558589).   Some possibility of an ascertainment bias exists, due to the 

disproportionate number of markers generated from cultivated and wild accessions.  However, 

as the groups examined by the STRUCTURE analysis are „North American‟ and „European‟, 

rather than „wild‟ and „cultivated‟ this bias should have no impact on the results.  Additionally, 

wild accessions were represented approximately equally in both „North American‟ (14 

accessions) and „European‟ (17 accessions) groups, and thus both groups should be impacted 

similarly by any bias.  Two accessions of wild Japanese origin, INT101 and No3-38, were 

included in this study (Table 2.1).  In the examination of genetic relationships, similarities 

were observed between INT 101, No3-38 and the hybrid accessions, indicating that they are 

somewhat genetically intermediate. This result is consistent with the hypothesis that the genus 

Humulus originated in China and spread to North America and Europe [4, 6, 104]; following 

this course of evolution, Japanese hops may be genetically intermediate between European 

and North American hops.  However, a more comprehensive selection of Asian accessions is 

required to determine the genetic relationship of Asian hops to North American and European 

hops.  Two wild accessions from the Caucasus region (K5 and K11) were also included in this 

study.  In all analyses, these accessions fell within the hybrid cluster, at the periphery of the 

European cluster, indicating that they are somewhat genetically intermediate (Figures 2.1, 2.2 

and 2.3).  This result is consistent with previous studies that show wild hops from the 

Caucasus region to be genetically isolated from other European hops [89, 104, 113].  A large 

selection of accessions of wild Caucasian origin may give rise to a distinct „Caucasian‟ cluster. 

 

The consistency of results obtained in this study across all analyses demonstrates confidence 

in the population differentiation determined, and in turn allows some certainty of the 

suitability of the DArT marker technology for assessing genetic variation and molecular 

phylogenetics in hop.  This confidence is further increased by the consistency of these results 
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with previous findings in hop genetic relationships obtained using other molecular markers, 

discussed above.  While the primary genetic groupings (European, North American and 

hybrid) concur, several previous studies with specific selections of genotypes were able to 

dissect the genetic relationships between hops to greater resolution.  While there are some 

indications of further groupings within the clustering observed in this study (for example, 

eight clusters could be defined in the UPGMA (Figure 2.2), with the North American and 

European accessions each forming a cluster, and six clusters forming within the hybrid 

accessions) these groupings cannot be defined with conviction.  This could be attributed to the 

genotypes included, rather than the capabilities of the DArT marker technology and its 

suitability for hop, as the included accessions do not have suitable distribution of numbers 

across the prospective groups for these groups to be definitively elucidated.  This study was 

not designed as an analysis of hop genetic structure and diversity, but as a test of the utility, 

accuracy and resolution of the DArT marker technology for such an analysis.  It was found 

that the DArT marker technology capably resolved the three groups clearly to a high 

statistical level (P < 0.001) (Table 2.3), and consistently with previous studies and pedigree 

information, indicative that with the appropriate sample set further groups would be resolved. 

 

Genetic diversity of the hop accessions included in this study was determined through the 

measurement of πn, as having a value of 0.317 (Table 2.4).  To the best of our knowledge, this 

is the first time that a value for πn has been reported in hop.  Other studies have measured 

gene diversity in hop, but using alternate methods, such as by comparing the number of 

unique alleles over specific loci in each group.  For example, Jakše et al. [89] and Peredo et al. 

[108] tallied the total number of unique alleles over a number of loci groups of wild European 

accessions and wild North American accessions.  It was reported in both studies that the 

number of unique alleles did not differ much between North American and European groups.  

This study made similar comparisons of genetic diversity between wild North American 

accessions and European accessions (but both wild and cultivated), but used the more 

rigorous mathematical measure of πn [143].  Gene diversity did not significantly differ 

between the North American and European groups (Table 2.4).  This study also compared the 

gene diversity of an intermediate group (hybrids between North American and European 

accessions), a comparison that has not been made in previous studies.  A significantly greater 

value of gene diversity was found in the hybrid accessions, which should be expected as these 

accessions capture the genetic diversity of the two phylogenetically disparate North American 

and European groups. 
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Conclusion 

This study was the first to utilize DArT marker technology in hop.  An extensive number of 

polymorphic markers were identified, for which the quality was similar to DArT markers 

previously generated for other species.  The newly developed DArT markers will be valuable 

to numerous applications in hop genetics and breeding.  This study has effectively and 

conclusively trialled the use of the DArT markers for hop diversity analyses.  We have 

demonstrated that the markers generated can be confidently utilized to characterise genetic 

diversity in hop, with the genetic relationships ascertained in this study consistent with the 

results of previous findings in hop genetic relationships obtained using alternate marker 

systems (molecular, chemical and morphological).  A more systematic selection of hop 

accessions analysed with DArT would undoubtedly, improve the resolution of the currently 

accepted knowledge of hop phylogenetics. 

 

The application of the DArT marker system to hop provides an opportunity to improve the 

current genetic maps of hop, such as those by Cerenak et al. [94], Seefelder et al. [114] and 

Koie et al. [88].  DArT markers have the advantage of easy access to marker sequences [158, 

161, 163], allowing the capacity to integrate diversity information with genetic and physical 

linkage maps.  The mapping of the DArT markers will allow a much finer understanding of 

the structure of the hop genome and the impact of that structure on the inheritance and 

expression of traits in hop, hopefully assisting with the identification of markers linked with 

traits of interest.  The hop DArT fingerprints could further assist the breeding programs of 

hop through the characterisation of unknown hop accessions, the selection of superior 

breeding parents and the choice of individuals to introduce or retain to conserve and improve 

the genetics of the hop collection. 

 

This study demonstrates that hop is well positioned to capitalise on the value of DArT 

genome profiling technology for a wide range of breeding applications.  Currently hop 

breeding and genomics is constrained by limited resources, including time and funds 

associated with indispensible molecular technologies, and available sequence information.  

DArT offers a speedy, efficient and cost-effective alternative to current marker technologies, 

providing large numbers of high quality polymorphic markers. 
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CHAPTER 3 

Quantitative trait loci in hop (Humulus lupulus L.) reveal complex genetic 

architecture underlying variation in sex, yield and cone chemistry 
 

The text and results of this chapter are taken directly from the following publication: 

 

McAdam EL, Freeman JS, Whittock SP, Buck EJ, Jakše J, Cerenak A, Javornik B, Kilian A, Wang C-

H, Andersen D, Vaillancourt RE, Carling J, Beatson R, Graham L, Graham D, Darby P, Koutoulis A: 

Quantitative trait loci in hop (Humulus lupulus L.) reveal complex genetic architecture 

underlying variation in sex, yield and cone chemistry.  BMC Genomics 2013, 14: 360. 

 

ABSTRACT 

 

Hop (Humulus lupulus L.) is cultivated for its cones, the secondary metabolites of which 

contribute bitterness, flavour and aroma to beer.  Molecular breeding methods, such as marker 

assisted selection (MAS), have great potential for improving the efficiency of hop breeding.  

The success of MAS is reliant on the identification of reliable marker-trait associations.  This 

study used quantitative trait loci (QTL) analysis to identify marker-trait associations for hop, 

focusing on traits related to expediting plant sex identification, increasing yield capacity and 

improving bittering, flavour and aroma chemistry.  QTL analysis was performed on two new 

linkage maps incorporating transferable Diversity Arrays Technology (DArT) markers.  

Sixty-three QTL were identified, influencing 36 of the 50 traits examined.  A putative sex-

linked marker was validated in a different pedigree, confirming the potential of this marker as 

a screening tool in hop breeding programs.  An ontogenetically stable QTL was identified for 

the yield trait dry cone weight; and a QTL was identified for essential oil content, which 

verified the genetic basis for variation in secondary metabolite accumulation in hop cones.  A 

total of 60 QTL were identified for 33 secondary metabolite traits.  Of these, 51 were 

pleiotropic/linked, affecting a substantial number of secondary metabolites; nine were specific 

to individual secondary metabolites.  Pleiotropy and linkage, found for the first time to 

influence multiple hop secondary metabolites, have important implications for molecular 

selection methods.  The selection of particular secondary metabolite profiles using 

pleiotropic/linked QTL will be challenging because of the difficulty of selecting for specific 

traits without adversely changing others.  QTL specific to individual secondary metabolites, 

however, offer unequalled value to selection programs.  In addition to their potential for 

selection, the QTL identified in this study advance our understanding of the genetic control of 
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traits of current economic and breeding significance in hop and demonstrate the complex 

genetic architecture underlying variation in these traits.  The linkage information obtained in 

this study, based on transferable markers, can be used to facilitate the validation of QTL, 

crucial to the success of MAS.  
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INTRODUCTION 

 

Hop is an important agronomic commodity, used mainly in the brewing industry.  Rich in 

secondary metabolites, hop cones (female inflorescences) are an essential raw ingredient in 

beer, contributing the distinctive bitterness, flavour and aroma, as well as preservative activity 

[6, 18-20].  Traditional breeding methods have made significant progress in increasing the 

yield of hops and altering hop secondary metabolite profiles to improve bittering, flavour and 

aroma potential.  Traditional breeding in hop is based on phenotypic selection of superior 

genotypes within segregating progenies obtained from crosses.  As is the case with many 

perennial crops, this is a complex and lengthy process.  Molecular breeding methods, such as 

marker assisted selection (MAS), have the potential to complement conventional phenotypic-

pedigree based selection methods by providing a sophisticated, direct and precise selection 

system, with the capacity for higher throughput [164-167].  The successful application of 

MAS relies on understanding the genetic architecture underlying variation in the phenotype of 

traits [168].  More specifically, MAS requires the identification of molecular markers closely 

associated with trait variation [169].  Among other techniques, quantitative trait loci (QTL) 

analysis can be used to identify marker-trait associations.  The genetic information acquired in 

QTL analysis, such as the number, location and magnitude of effects of genetic regions 

associated with a trait, also contributes significantly to the overall understanding of trait 

heritability [168]. 

 

Linkage maps are a prerequisite for QTL analysis and must be of high quality to ensure 

accuracy, resolution and reproducibility in the QTL identified [170].  When constructing 

linkage maps, transferrable markers, such as microsatellite or Diversity Arrays Technology 

(DArT) markers, are preferable to less transferable markers, such as amplified fragment 

length polymorphism (AFLP) and random amplified polymorphic DNA (RAPD) markers, as 

they are easily employed in different mapping populations, thus facilitating direct comparison 

between maps and QTL verification [171].  This validation of QTL is crucial for the broad 

success of MAS, since QTL can be restricted to the pedigree, environment and ontogenetic 

stage in which they were discovered [172].  In hop, only a small number of QTL studies have 

been undertaken.  Linkage maps have been constructed in four pseudo-testcross populations 

[88, 95, 99, 114] and with the exception of one [99], these are dominated by AFLP and RAPD 

markers, with a small proportion of transferable markers [88, 95, 114].  A few studies have 

identified QTL [88, 95, 99, 117] and other marker-trait associations [110, 116, 173-178]; 
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however, only twelve traits have been examined and no validation has so far been reported.  

Further linkage analyses are required to gain a better understanding of loci influencing 

important hop traits and ultimately to enable MAS for these traits across different breeding 

programs.  Three key areas of economic significance targeted for the genetic improvement of 

hop are: expedited plant sex identification, increased yield capacity and improved secondary 

metabolite profiles.  The identification of QTL related to these targets would aid hop breeding 

programs in their efforts to meet the needs of the brewing industry. 

 

Hop is a predominantly dioecious species, with male and female flowers produced on separate 

plants.  Only female plants have economic value, producing cones containing lupulin, the 

secondary metabolite-packed resin, which is the commercial product.  Hop has a genome size 

of 2.8 pg (2.7 Gbp) [179], similar to the average for all eudicots (2.8 pg) [180].  Cytogenetic 

studies have demonstrated that hop is diploid (2n = 2x = 20), with nine autosomal (A) 

chromosome pairs and two sex chromosomes (X and Y) [10, 175, 181-182].  Sex 

determination is dependent on an X/A balance, a system found in a few other plant genera, 

such as Cannabis and Rumex [11].  A ratio of the number of X chromosomes to the number of 

sets of autosomes of 1.0 gives rise to a female plant; a ratio of 0.5 gives rise to a male plant; 

and intermediate ratios give rise to monoecious plants (male and female flowers produced on 

the same plant) [10-11].  Under the X/A balance system for determination of sex phenotype, 

the Y chromosome is not essential to the development of the male phenotype, but is required 

for pollen maturation [11]; sex expression may be regulated by genes on the autosomes or 

may be X-linked.  Definitive determination of the sex phenotype requires two seasons of 

growth.  Sex determination at the seedling stage, using molecular markers, would drastically 

reduce hop breeding program costs and optimise utilisation of available land.  A number of 

sex-linked molecular markers have been identified in hop, including RAPD markers [116, 

173], inter simple sequence repeat (ISSR) markers [174], microsatellites [176] and 

cytogenetic markers [175].  Most markers are associated with the Y chromosome and are thus 

linked to maleness.  However, the use of these markers has had mixed success in breeding, as 

the majority remain unverified across second or multiple populations.  For some of these 

markers there is also evidence for incomplete linkage to the male sex [115].  The best 

described male sex-linked marker is a microsatellite, HLAGA7, being completely linked to 

the male sex in two Slovenian populations and on a representative sample of male hop 

genotypes [176].  Although HLAGA7 provides a robust sex-linked marker for use as a 
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screening tool in hop breeding programs, further research may detect additional polymorphic 

loci located on autosomes which affect sex in a broader range of genetic material. 

 

Increasing the yield of commercial product is one of the main goals of hop breeding programs 

and is largely based on two methods: (i) directly increasing the content of commercially 

important secondary metabolites (such as hop acids, essential oils and flavonoids [183-184]) 

in hop cones; or (ii) indirectly increasing secondary metabolite yield, by increasing flower 

number and subsequently cone production.  In most cultivated plant species, the inheritance of 

yield is complex; influenced by a multitude of integrated physiological and biochemical 

processes, each with their own genetic basis [185-186] and hop is no exception [79-80, 84].  

Yield may also be influenced by a number of environmental factors, including water supply [9, 

187-189], nutrient availability, day length [8-9], irradiance [188-189], temperature [188-189], 

agricultural practice [190] and infestation of pests and diseases [191-194].  The identification 

of QTL influencing yield and their utilisation for MAS would greatly assist breeding for 

increased hop yield, by eliminating confounding environmental influences as well as allowing 

assessments of yield potential at the seedling stage, several years before maximal cone yields, 

or in non-yielding male plants.  An earlier study has identified putative QTL for cone yield 

traits, including microsatellite and AFLP markers linked to cone harvest index and dry cone 

weight [95].  However, given the genetic complexity of yield in other plants, there are 

potentially further regions of the genome associated with yield traits for which QTL could be 

identified. 

 

The secondary metabolite profile of hop is diverse, consisting of three broad chemical groups: 

(i) hop acids (or prenylated polyketides), divisible into the subgroups α-acids and β-acids; (ii) 

essential oils (both terpenoid and oxygenated compounds); and (iii) polyphenols [195].  

Alpha-acids impart the characteristic bitter taste to beer, while essential oils are responsible 

for flavour and aroma [6].  Beta-acids also contribute to beer bitterness, as well as functioning 

as preservative agents, possessing anti-microbial properties [6, 18-20].  The influence of 

polyphenols in beer brewing are not thoroughly understood, but several polyphenol 

compounds have been found to have potential pharmaceutical applications, particularly 8-

prenylnarigenin as a phytoestrogen [30] and xanthohumol as a cancer chemopreventative 

agent [31].  Secondary metabolites accumulate in high concentrations in lupulin glands, which 

are peltate glandular trichomes found in great density on the bracteoles in hop inflorescences 

(cones) [12, 14].  There is evidence to show that the lupulin glands may also be involved in 
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the biosynthesis of the secondary metabolites [196].  In hop, differences in secondary 

metabolite composition are genotype-specific, with different cultivars having characteristic 

secondary metabolite profiles and subsequently unique bittering potentials and distinct flavour 

profiles [23-24].  Chemical profiles also vary with the maturation of the hop cone [197-198] 

and the effects of environmental stimuli.  The secondary metabolite profile of kiln-dried hop 

cones consists of up to 30% hop acids, dominated by humulones (α-acid) and lupulones (β-

acid) [195, 199].  Polyphenols and tannins comprise 3 to 6% of the hop cone weight, while 

essential oils are found at levels between 0.5 and 5.0 ml per 100 g [195, 199-200].  Typically, 

90% of essential oils are terpenoids, dominated by myrcene, humulene, caryophyllene and 

farnesene [195, 199-200].  The composition of hop essential oil is diverse, with around 500 

compounds currently identified and suggestions that around 1000 compounds might be 

present [15].  The biosynthesis of secondary metabolites is complex and not completely 

understood, with many of the enzymes involved yet to be identified.  The three secondary 

metabolite chemical classes present in hop are derived from pathways of terpene metabolism, 

following the 2-C-methylerythritol 4-phosphate (MEP) pathway [201-202].  The biosynthesis 

of these hop secondary metabolites involve common precursors, including isopentenyl 

pyrophosphate (IPP), dimethylallyl diphosphate (DMAPP) and malonyl coenzyme A [201, 

203-205].  Consequently, the synthesis of the different components may be competitive and 

common loci are likely to influence the concentration of each compound. 

 

Due to the complexities of hop secondary metabolite composition and the effects of both 

maturation and environmental stimuli, MAS could be a useful method for breeding hops with 

improved brewing characteristics; allowing direct selection of hops with improved content 

and quality of bitter acids and essential oils in the cone.  However, deployment of MAS 

requires a deeper understanding of the complex genetics underlying the synthesis of 

secondary metabolites that influence bitterness, flavour and aroma of beer.  To date, QTL 

have been identified for a small number of important hop chemical components.  In the case 

of hop essential oils, QTL have been identified for caryophyllene and farnesene [88]; for 

polyphenols, QTL have been identified for xanthohumol and desmethylxanthohumol [88, 

117]; and for hop acids, QTL have been identified for α-acid, β-acid, cohumulone (as a 

percentage of α-acid) and colupulone (as a percentage of β-acid) [88, 95].  Five chalcone 

synthase genes (vps, chs_H1, chs2, chs3 and chs4) encoding enzymes directly involved in the 

biosynthesis of hop acids and polyphenols [201, 206-209] have been cloned; these candidate 

genes have been mapped in one hop population [95].  These studies have barely scratched the 
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surface of the hop secondary metabolite profile, warranting further analysis to identify QTL 

for secondary metabolites key to beer bittering, flavour and aroma. 

 

In this study, we performed comprehensive QTL analyses, encompassing 50 traits related to 

three key targets in the genetic improvement of hop: expediting plant sex identification, 

increasing yield capacity and improving secondary metabolite composition.  In order to 

identify QTL, male and female linkage maps were constructed from two mapping populations 

using a number of marker systems, including transferable DArT markers developed in this 

study.  In one population we performed QTL analysis on two yield traits and α-acid content, 

with the goal of identifying environmentally and ontogenetically stable QTL.  In the second 

population we analysed α-acid content and an additional 47 traits related to yield and 

secondary metabolites, the majority of which have not been previously assessed in hop QTL 

analyses, in order to identify QTL from single-year data.  Both populations were screened for 

known sex-linked markers and used to search for new ones.  Through the analysis of multiple 

traits over numerous years, this work contributes to our understanding of the genetic basis 

underlying phenotypic variation in hop, an essential prerequisite for future genetic 

improvement programs in hop. 

 

RESULTS 

 

Marker discovery and linkage analysis 

In this study, DArT marker discovery identified 511 new polymorphic markers in hop, from 

6,439 DArT clones, resulting in a frequency of polymorphism of 7.9%.  A total of 834 DArT 

markers (511 identified in this study and 323 markers identified in a previous study [210]) 

were polymorphic in at least one of the two mapping populations and subsequently used for 

genotyping.  The quality of the 834 DArT markers was assessed through several parameters.  

The average polymorphism information content (PIC) value was 0.36 (SE + 0.005).  Scoring 

reproducibility, call rate and Q values averaged at 99.8% (SE + 0.009), 92.2% (SE + 0.237) 

and 76.4 % (SE + 0.378), respectively.  The New Zealand population was genotyped with an 

additional 43 microsatellite markers, four RAPD markers, three sequence-tagged site (STS) 

markers and one marker based on a microsatellite within a candidate chalcone synthase gene 

(chs_H1).  The analyses of the Slovenian population included an additional 44 microsatellite 

markers, 241 AFLP markers and five markers based on microsatellites within candidate 
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chalcone synthase genes that were genotyped in a previous study of the population (vps, 

chs_H1, chs2, chs3 and chs4) [95]. 

 

Linkage analysis of the New Zealand maternal „Nugget‟ population included 337 markers 

(299 DArT, 34 microsatellite, 2 RAPD, 1 STS, 1 candidate gene) and resulted in a total of 

286 markers (264 DArT, 20 microsatellite, 2 RAPD) placed on the map at 80 unique positions 

(Table 3.1; Appendix 3.1).  Eleven linkage groups were formed, comprising a total map 

length of 231.8 cM (Table 3.1; Appendix 3.1).  Linkage analysis of the New Zealand paternal 

Slovenian breeding line (S.B.L.) 3/3 population included 189 markers (166 DArT, 17 

microsatellite, 3 RAPD, 2 STS, 1 candidate chalcone synthase gene) and resulted in a total of 

157 markers (146 DArT, 8 microsatellite, 2 STS, 1 candidate gene) placed on the map at 42 

unique positions (Table 3.1; Appendix 3.2).  Eight linkage groups were formed, comprising a 

total map length of 243.0 cM (Table 3.1; Appendix 3.2).  Through comparison between the 

maternal and paternal linkage maps, and to linkage maps of the Slovenian mapping 

population („Hallertauer Magnum‟ x „S.B.L. 2/1‟) constructed in this study, several 

homologous linkages were identified (Appendix 3.3).  Where there were markers in common 

within these homologous linkage groups, the marker order was mostly conserved.  There was 

evidence from homologous linkage groups to show that two of the linkage groups of the 

maternal „Nugget‟ map are likely to be from the same chromosome, thus forming a total of 

ten linkage groups (Appendix 3.1).  These ten linkage groups formed in the maternal „Nugget‟ 

map are equal to the haploid number of chromosomes in hop (n = 10); however, only eight 

linkage groups were resolved in the paternal „S.B.L. 3/3‟ map. 

 

Table 3.1 Comparative features of the maternal and paternal linkage maps of the New Zealand and Slovenian 

mapping populations. 

 

 New Zealand population Slovenian population 

 
Nugget  

♀ 

S.B.L. 3/3  

♂ 

Hallertauer 

Magnum ♀ 

S.B.L. 2/1  

♂ 

No. markers on map 286 157 169 121 

No. unique positions on map 80 42 106 63 

No. linkage groups formed 10/11 8 10 / 14 10 / 11 

cM of the genome covered 231.8 243.0 555.8 306.3 

Average distance between markers 3.3 7.1 6.1 5.9 

Largest interval between markers 36.3 36.1 40.9 32.5 

No. markers with segregation distortion 136 127 68 76 

 



Chapter 3 Quantitative trait loci analysis of hop 

 

 

41 

Linkage analysis of the Slovenian maternal „Hallertauer Magnum‟ population included 247 

markers (122 DArT, 105 AFLP, 16 SSR, four candidate chalcone synthase genes) and 

resulted in 169 markers (100 DArT, 52 AFLP, 13 SSR, four candidate chalcone synthase 

genes) placed on the map at 106 unique positions (Table 3.1; Appendix 3.4).  Fourteen 

linkage groups were formed, comprising a total map length of 555.8 cM (Table 3.1; Appendix 

3.4).  Linkage analysis of the Slovenian paternal S.B.L. 2/1 population included 189 markers 

(84 DArT, 87 AFLP, 18 SSR) and resulted in 121 markers (68 DArT, 38 AFLP, 15 SSR) 

placed on the map at 63 unique positions (Table 3.1; Appendix 3.5).  Eleven linkage groups 

were formed, comprising a total map length of 306.3 cM (Table 3.1; Appendix 3.5).  Through 

comparison between the maternal and paternal linkage maps, and to a previously reported 

map of the family „Hallertauer Magnum‟ x „S.B.L. 2/1‟ [95] (Appendix 3.3), several 

homologous linkage groups could be identified (Appendix 3.3).  Where there were markers in 

common within these homologous linkage groups, the previously established marker order 

was mostly conserved.  There was evidence from homologous linkage groups to show that 

several of the linkage groups within both the maternal and paternal maps were likely to be 

from the same chromosomes, thus forming a total of ten linkage groups in both the maternal 

and paternal map (Appendices 4 and 5).  This is equal to the haploid chromosome number in 

hop. 

  

The marker derived from the candidate chalcone synthase gene that was included in the 

linkage analysis of the New Zealand mapping population (chs_H1) was polymorphic and 

mapped to LG 8 of the paternal „S.B.L. 3/3‟ map (Appendix 3.2).  Of the five markers derived 

from candidate chalcone synthase genes that were included in the linkage analysis of the 

Slovenian population, four were polymorphic (vps, chs_H1, chs2 and chs4), and also mapped 

to LG 8 on the maternal „Hallertauer Magnum‟ map (Appendix 3.2), following the same 

marker order as previously established [95]. 

 

Extensive clustering of markers was observed in the linkage maps of both the New Zealand 

and Slovenian mapping populations (Appendices 1 and 2).  All marker types included in 

linkage analyses exhibited clustering within and between marker types.  Before QTL analysis, 

superfluous markers within each cluster were eliminated to leave only one marker at each 

locus.  In the New Zealand population, a total of 206 and 120 markers were removed from the 

maternal and paternal linkage maps, respectively; and a total of 63 and 58 markers were 

removed from the maternal and paternal linkage maps of the Slovenian population.  In this 
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study, a significant proportion of markers demonstrated a departure from expected Mendelian 

segregation ratios (segregation distortion; α < 0.05).  Significant segregation distortion was 

found in all marker types and on all linkage maps constructed (Table 3.1).  Markers with 

segregation distortion were frequently found close together on the linkage maps, such that the 

observed marker clusters consisted of markers either with or without segregation distortion.  

This phenomenon often resulted in entire linkage groups of exclusively distorted or non-

distorted markers, or linkage groups divided into these regions (Appendices 1 and 2). 

 

Phenotypic measurements 

Sex was assessed as a binary trait; with 153 female and 25 male plants identified in the New 

Zealand population, giving a sex ratio of 6.1:1 (female:male).  Eighty-seven female and five 

male plants were recognised in the Slovenian population, giving a sex ratio of 17.4:1 

(female:male).  All other traits assessed in this study were quantitative (Table 3.2).  Of the 

three traits assessing hop cone yields, dry cone weight showed the smallest phenotypic 

variation (SD + 0.083); followed by cone harvest index (SD + 0.199); with green cone weight 

showing an eight-fold difference in variability (SD + 0.639) compared to dry cone weight 

(Table 3.2).  The yield of essential oil was also assessed; on average 0.64 ml (SD + 0.08) of 

essential oil was obtained from 100g of dried hop cone tissue (Table 3.2). 
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Table 3.2 Phenotypic mean, rage and SD of secondary metabolite and yield traits quantified in the progeny of two hop mapping crosses: (i) Hallertauer Magnum x S.B.L. 2/1, grown 

in Slovenia; and (ii) Nugget x S.B.L. 3/3, grown in New Zealand. 

 

Chemical 

group 
Trait Units Mean Min Max SD Population 

Measurement 

years 

h
o

p
 a

ci
d
 

α
-a

ci
d
 

α-acid (LCV measure)
 

% of dry hop cone weight 8.29 2.75 15.32 2.17 Slovenia 2002-2006 

α-acid % of dry hop cone weight 5.98 2.03 9.80 1.46 New Zealand 2009 

humulone + adhumulone % of dry hop cone weight 4.47 1.60 7.87 1.14 New Zealand 2009 

cohumulone % of dry hop cone weight 1.50 0.42 2.84 0.44 New Zealand 2009 

cohumulone (% of α-acid) % of α-acid 25.25 17.53 34.71 4.18 New Zealand 2009 

β
-a

ci
d

 

β-acid % of dry hop cone weight 2.17 0.74 4.39 0.65 New Zealand 2009 

lupulone + adlupulone % of dry hop cone weight 1.10 0.38 2.17 0.33 New Zealand 2009 

colupulone % of dry hop cone weight 1.07 0.36 2.32 0.35 New Zealand 2009 

colupulone (% of β-acid) % of β-acid 48.99 41.63 57.62 3.55 New Zealand 2009 

ra
ti

o
 

α-acid:β-acid ratio of α-acid to β-acid 2.82 1.85 3.86 0.46 New Zealand 2009 

es
se

n
ti

al
 o

il
 

es
te

r 

geranyl acetate % of total essential oil 0.25 0.00 0.69 0.14 New Zealand 2009 

geranyl isobutyrate % of total essential oil 0.42 0.00 2.55 0.35 New Zealand 2009 

methyl decanoate % of total essential oil 0.29 0.00 0.50 0.09 New Zealand 2009 

methyl dec-4-enoate % of total essential oil 1.24 0.26 3.33 0.55 New Zealand 2009 

methyl-4-methylhex-2-enoate % of total essential oil 0.37 0.00 1.62 0.27 New Zealand 2009 

k
et

o
n

e 

2-undecanone % of total essential oil 0.33 0.06 0.87 0.19 New Zealand 2009 



Chapter 3 Quantitative trait loci analysis of hop 

 

 

44 

Chemical 

group 
Trait Units Mean Min Max SD Population 

Measurement 

years 

 

et
h

er
 

humulene diepoxide a % of total essential oil 0.50 0.00 2.37 0.39 New Zealand 2009 

humulene epoxide I % of total essential oil 0.29 0.00 1.41 0.21 New Zealand 2009 

humulene epoxide II % of total essential oil 0.66 0.19 2.84 0.41 New Zealand 2009 

humulene epoxide III % of total essential oil 0.74 0.12 2.54 0.43 New Zealand 2009 

m
o

n
o

te
rp

en
e 

al
co

h
o

l 

geraniol % of total essential oil 0.78 0.09 2.92 0.39 New Zealand 2009 

limonene-10-ol % of total essential oil 0.29 0.00 1.94 0.25 New Zealand 2009 

linalool % of total essential oil 0.43 0.00 1.02 0.21 New Zealand 2009 

se
sq

u
it

er
p

en
e 

  
  

al
co

h
o

l 

caryolan-1-ol % of total essential oil 0.35 0.00 1.15 0.19 New Zealand 2009 

humulenol II % of total essential oil 0.06 0.00 0.29 0.08 New Zealand 2009 

humulol % of total essential oil 0.22 0.00 0.58 0.10 New Zealand 2009 

t-cadinol % of total essential oil 0.14 0.00 0.40 0.13 New Zealand 2009 

al
k

an
e 

tetradecane % of total essential oil 0.10 0.00  0.20 0.05 New Zealand 2009 

m
o

n
o

te
rp

en
e 

β-pinene % of total essential oil 0.26 0.00 0.69 0.16 New Zealand 2009 

camphene % of total essential oil 0.05 0.00 0.37 0.07 New Zealand 2009 

limonene % of total essential oil 0.68 0.00 3.42 0.48 New Zealand 2009 

myrcene % of total essential oil 28.47 1.13 59.65 0.30 New Zealand 2009 

ρ-cymene % of total essential oil 0.21 0.00 0.65 13.86 New Zealand 2009 

terpinene % of total essential oil 0.47 0.00 2.72 0.09 New Zealand 2009 
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Chemical 

group 
Trait Units Mean Min Max SD Population 

Measurement 

years 

 

se
sq

u
it

er
p

en
e 

α-capaene % of total essential oil 0.32 0.00 0.65 0.13 New Zealand 2009 

α-selinene % of total essential oil 1.21 0.34 2.91 0.52 New Zealand 2009 

β-selinene % of total essential oil 0.47 0.00 1.33 0.20 New Zealand 2009 

δ-cadinene % of total essential oil 0.70 0.09 3.24 0.54 New Zealand 2009 

γ-cadinene % of total essential oil 1.58 0.00 3.73 0.86 New Zealand 2009 

caryophyllene % of total essential oil 12.37 4.64 22.80 3.90 New Zealand 2009 

caryophyllene oxide % of total essential oil 0.21 0.00 0.58 0.12 New Zealand 2009 

farnesene % of total essential oil 7.29 0.06 28.13 7.66 New Zealand 2009 

humulene % of total essential oil 29.70 9.90 55.92 9.29 New Zealand 2009 

muurolene % of total essential oil 0.92 0.29 1.74 0.79 New Zealand 2009 

ra
ti

o
 

humulene:caryophyllene ratio of humulene to caryophyllene 2.50 1.36 3.55 0.66 New Zealand 2009 

p
o

ly
p

h
en

o
l 

p
o

ly
p

h
en

o
l 

xanthohumol % of dry hop cone weight 0.24 0.08 0.51 0.46 New Zealand 2009 

y
ie

ld
 se

co
n

d
ar

y
 

m
et

ab
o

li
te

s 

essential oil content ml of oil per 100g of hop cone tissue 0.64 0.17 1.71 0.08 New Zealand 2009 

co
n

es
 

cone harvest index
 

ratio of cone weight to whole plant weight 0.31 0.11 1.27 0.20 Slovenia 2002-2006 

dry cone weight
 

kg of dry cones per plant  0.15 0.04 0.40 0.08 Slovenia 2002-2006 

green cone weight kg green cones per plant 1.54 0.30 3.35 0.64 New Zealand 2009 
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The secondary metabolite profile of hop was examined in the progeny of a New Zealand 

mapping cross through a total of 45 traits from all hop secondary metabolite groups (hop 

acids, essential oils and polyphenols).  Quantitatively, the hop acid component of the 

secondary metabolite profile of the New Zealand mapping population was dominated by α-

acid (average 6.0% of dry cone weight), the largest component of which was the humulone + 

adhumulone fraction (average 4.5% of dry cone weight) (Table 3.2).  The essential oil 

component of the secondary metabolite profile was dominated by the sesquiterpenes 

humulene (average 29.7% of total essential oil), caryophyllene (average 12.4% of total 

essential oil) and farnesene (average 7.3% of total essential oil); and the monoterpene 

myrcene (average 28.5% of total essential oil) (Table 3.2).  A single polyphenol was assessed, 

xanthohumol, which comprised an average of 0.2% of the dry cone weight (Table 3.2).  

Correlations were evident between a number of the secondary metabolites, both within and 

between the major structural groups (Figure 3.1).  The strongest correlations were exhibited 

within the hop acid groups, where the six secondary metabolite traits measured (α-acid, β-acid, 

humulone + adhumulone, cohumulone, lupulone + adlupulone and colupulone) all shared 

very strong positive correlations (Pearson‟s r > 0.80) (Figure 3.1).  Very strong positive 

correlations were also observed between several of the other secondary metabolite traits, 

although many of these correlations did not form cohesive patterns either within or between 

major chemical groups (Figure 3.1).  The highest phenotypic correlations were between the 

two hop acids, cohumulone (% of α-acid) and colupulone (% of β-acid) (r = 0.88); the 

polyphenol and hop acid, xanthohumol and cohumulone (r = 0.87); the polyphenol and hop 

acid, xanthohumol and colupulone (r = 0.85); the two monoterpenes β-pinene and myrcene (r 

= 0.96); and the ketone and sesquiterpene, 2-undecanone and farnesene (r = 0.91)  (Figure 

3.1).  No very strong negative correlations (r < - 0.80) were observed between the secondary 

metabolites (Figure 3.1).  One secondary metabolite trait, α-acid, was examined in the 

Slovenian population, measuring an average of 8.3% of dry cone weight.  Alpha-acid was not 

strongly correlated with any other trait measured in the Slovenian population.   
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Figure 3.1 Correlation coefficients (Pearson‟s r) for the relationships between secondary metabolite and yield traits examined in hop, in (a) a New Zealand mapping population (n = 

47) and (b) a Slovenian mapping population (n = 3). 

 α-acid
 humulone + adhumulone 0.97

 cohumulone 0.80 0.64

 cohumulone (% of α-acid) -0.04 -0.26 0.55

 β-acid 0.82 0.77 0.72 0.06

 lupulone + adlupulone 0.80 0.81 0.58 -0.15 0.97

 colupulone 0.78 0.69 0.81 0.25 0.97 0.89

 colupulone (% of β-acid) 0.11 -0.09 0.61 0.88 0.16 -0.07 0.37

ratio  α-acid:β-acid 0.01 0.05 -0.09 -0.14 -0.54 -0.52 -0.53 -0.11

 geranyl acetate -0.20 -0.15 -0.28 -0.21 -0.19 -0.14 -0.22 -0.23 0.09

 geranyl isobutyrate -0.36 -0.31 -0.38 -0.15 -0.35 -0.30 -0.37 -0.23 0.12 0.35

 methyl decanoate -0.48 -0.42 -0.52 -0.19 -0.40 -0.33 -0.45 -0.33 0.01 0.35 0.48

 methyl dec-4-enoate 0.35 0.36 0.25 -0.07 0.19 0.18 0.19 0.07 0.16 0.02 -0.14 -0.18

 methyl-4-methylhex-2-enoate 0.47 0.48 0.33 -0.07 0.43 0.40 0.44 0.15 -0.07 -0.03 -0.26 -0.42 0.44

ketone  2-undecanone -0.12 -0.13 -0.07 0.05 -0.27 -0.26 -0.26 -0.04 0.26 -0.21 -0.02 -0.14 0.08 -0.30

 humulene diepoxide a -0.48 -0.39 -0.58 -0.35 -0.41 -0.34 -0.45 -0.35 0.05 0.32 0.39 0.43 -0.14 -0.24 0.05

 humulene epoxide I -0.19 -0.20 -0.13 0.04 -0.14 -0.14 -0.13 -0.06 -0.04 0.06 0.32 0.29 0.01 -0.14 -0.11 0.17

 humulene epoxide II -0.23 -0.25 -0.14 0.09 -0.17 -0.17 -0.16 -0.03 -0.06 0.09 0.25 0.40 0.02 -0.14 -0.08 0.11 0.76

 humulene epoxide III 0.23 0.21 0.22 0.06 0.10 0.09 0.11 0.05 0.16 0.14 -0.05 0.06 0.69 0.11 0.11 -0.19 0.23 0.29

 geraniol -0.06 -0.03 -0.14 -0.18 -0.14 -0.13 -0.15 -0.15 0.21 0.43 0.41 0.12 0.39 0.22 -0.09 0.12 0.39 0.32 0.52

 limonene-10-ol -0.17 -0.10 -0.30 -0.30 -0.06 0.00 -0.12 -0.31 -0.09 0.35 0.38 0.09 0.00 0.05 -0.11 0.33 0.20 0.08 -0.06 0.43

 linalool 0.32 0.30 0.27 0.00 0.20 0.18 0.21 0.09 0.09 -0.30 -0.23 -0.32 0.08 0.20 -0.17 -0.28 -0.18 -0.28 -0.08 -0.17 -0.28

 caryolan-1-ol 0.12 0.11 0.11 0.00 -0.01 0.00 -0.02 -0.06 0.22 0.15 -0.06 0.02 0.38 -0.02 0.07 -0.13 0.22 0.23 0.65 0.46 0.03 -0.05

sesquiterpene  humulenol II -0.15 -0.12 -0.20 -0.08 -0.22 -0.16 -0.26 -0.22 0.10 0.21 0.27 0.42 -0.01 -0.23 -0.02 0.21 0.32 0.32 0.23 0.15 0.08 -0.22 0.23

alcohol  humulol -0.30 -0.24 -0.38 -0.21 -0.24 -0.16 -0.30 -0.35 -0.02 0.26 0.28 0.72 -0.19 -0.37 -0.10 0.25 0.27 0.48 0.09 0.06 -0.01 -0.27 0.05 0.48

 t-cadinol -0.22 -0.15 -0.32 -0.23 -0.19 -0.12 -0.25 -0.31 -0.01 0.16 0.20 0.59 0.03 -0.20 -0.08 0.14 0.24 0.38 0.21 0.10 -0.07 -0.17 0.23 0.38 0.64

alkane  tetradecane 0.12 0.17 -0.04 -0.19 0.11 0.15 0.07 -0.12 -0.02 -0.12 -0.17 -0.29 0.06 0.34 -0.19 -0.08 -0.01 -0.16 -0.18 0.04 0.19 0.19 -0.08 -0.19 -0.29 -0.17

 β-pinene 0.29 0.24 0.36 0.20 0.36 0.29 0.41 0.32 -0.19 -0.17 -0.28 -0.62 -0.15 0.38 -0.33 -0.28 -0.22 -0.36 -0.43 -0.25 0.06 0.39 -0.33 -0.40 -0.61 -0.57 0.47

 camphene 0.21 0.22 0.14 -0.05 0.11 0.14 0.08 -0.06 0.07 -0.21 -0.27 -0.34 -0.23 0.08 -0.14 -0.19 -0.18 -0.19 -0.34 -0.30 -0.12 0.21 -0.25 -0.27 -0.21 -0.22 0.32 0.49

 limonene 0.47 0.49 0.29 -0.12 0.37 0.39 0.34 -0.03 0.01 -0.13 -0.42 -0.53 0.13 0.48 -0.25 -0.27 -0.20 -0.28 -0.09 -0.06 -0.02 0.17 -0.07 -0.32 -0.40 -0.27 0.49 0.53 0.71

 myrcene 0.34 0.28 0.39 0.18 0.38 0.31 0.43 0.33 -0.17 -0.25 -0.34 -0.73 -0.12 0.39 -0.30 -0.32 -0.29 -0.42 -0.41 -0.26 -0.01 0.47 -0.35 -0.46 -0.67 -0.61 0.44 0.96 0.50 0.57

 ρ-cymene 0.34 0.35 0.22 -0.10 0.34 0.35 0.32 0.04 -0.13 -0.16 -0.27 -0.44 0.02 0.58 -0.32 -0.21 -0.18 -0.17 -0.31 -0.09 0.03 0.39 -0.27 -0.39 -0.36 -0.26 0.56 0.68 0.53 0.59 0.67

 terpinene 0.18 0.14 0.24 0.18 0.24 0.22 0.26 0.16 -0.16 -0.06 -0.17 -0.35 -0.21 0.13 -0.12 -0.18 -0.16 -0.14 -0.24 -0.18 0.06 -0.04 -0.20 -0.14 -0.25 -0.29 0.34 0.47 0.39 0.37 0.47 0.39

 α-capaene -0.10 -0.06 -0.19 -0.16 -0.16 -0.13 -0.18 -0.16 0.14 0.18 0.21 0.51 -0.02 0.10 -0.29 0.11 0.08 0.11 0.02 0.15 -0.05 -0.04 0.00 0.23 0.47 0.30 -0.09 -0.29 -0.19 -0.17 -0.36 -0.03 -0.16

 α-selinene 0.02 0.05 -0.08 -0.17 0.00 0.03 -0.02 -0.11 0.03 -0.13 -0.14 -0.04 0.16 0.11 -0.17 -0.08 0.01 -0.09 0.04 0.10 0.01 0.16 0.35 -0.08 -0.04 0.12 0.17 -0.10 -0.07 0.10 -0.05 -0.04 -0.37 0.06

 β-selinene -0.29 -0.22 -0.37 -0.26 -0.14 -0.09 -0.18 -0.27 -0.13 0.54 0.35 0.41 -0.02 -0.01 -0.25 0.36 0.08 0.08 -0.09 0.33 0.60 -0.34 0.00 0.04 0.21 0.20 0.05 -0.10 -0.17 -0.14 -0.20 -0.03 -0.06 0.24 0.04

 δ-cadinene -0.02 0.01 -0.09 -0.10 -0.09 -0.04 -0.12 -0.14 0.11 -0.14 -0.04 0.22 0.16 -0.16 0.12 0.05 0.13 0.07 0.16 -0.05 -0.06 0.05 0.04 0.25 0.21 0.20 0.00 -0.28 -0.17 -0.21 -0.26 -0.18 -0.19 0.10 0.11 -0.10

 γ-cadinene -0.34 -0.32 -0.31 -0.08 -0.32 -0.29 -0.32 -0.15 0.10 0.21 0.49 0.50 -0.08 -0.29 -0.06 0.41 0.18 0.11 0.02 -0.01 0.08 -0.12 0.03 0.39 0.33 0.35 -0.32 -0.42 -0.38 -0.47 -0.44 -0.47 -0.26 0.27 0.05 0.23 0.13

 caryophyllene -0.35 -0.27 -0.45 -0.27 -0.30 -0.22 -0.37 -0.37 0.05 0.28 0.53 0.79 -0.12 -0.36 -0.19 0.44 0.35 0.33 0.06 0.13 0.16 -0.29 0.07 0.50 0.65 0.59 -0.30 -0.63 -0.41 -0.51 -0.67 -0.48 -0.35 0.45 0.11 0.36 0.42 0.75

 caryophyllene oxide 0.25 0.25 0.20 0.01 0.03 0.01 0.05 0.08 0.28 0.18 0.09 0.00 0.69 0.39 0.02 -0.18 0.23 0.26 0.66 0.58 0.10 0.06 0.38 0.22 0.01 0.09 -0.05 -0.18 -0.20 0.04 -0.21 -0.03 -0.20 0.17 -0.01 0.09 0.07 0.01 0.01

 farnesene -0.01 -0.03 0.03 0.06 -0.20 -0.20 -0.18 0.03 0.29 -0.27 -0.10 -0.29 0.19 -0.18 0.91 -0.02 -0.18 -0.20 0.13 -0.07 -0.16 -0.03 0.12 -0.13 -0.25 -0.19 -0.10 -0.24 -0.10 -0.15 -0.19 -0.24 -0.12 -0.33 -0.05 -0.33 0.06 -0.12 -0.34 0.06

 humulene -0.32 -0.29 -0.30 -0.04 -0.20 -0.16 -0.23 -0.18 -0.11 0.30 0.22 0.77 -0.15 -0.33 -0.14 0.18 0.20 0.43 0.22 0.11 -0.03 -0.45 0.15 0.38 0.73 0.56 -0.44 -0.70 -0.33 -0.44 -0.77 -0.48 -0.30 0.44 -0.04 0.23 0.04 0.23 0.57 0.00 -0.32

 muurolene -0.14 -0.08 -0.25 -0.23 -0.13 -0.07 -0.18 -0.27 0.04 0.36 0.29 0.71 0.13 -0.10 -0.32 0.19 0.28 0.42 0.28 0.24 -0.01 -0.33 0.19 0.41 0.69 0.61 -0.39 -0.63 -0.34 -0.32 -0.67 -0.38 -0.39 0.54 0.14 0.33 0.18 0.41 0.74 0.23 -0.46 0.75

ratio  humulene:caryophyllene 0.05 -0.02 0.22 0.31 0.13 0.07 0.18 0.27 -0.18 0.01 -0.31 -0.06 0.00 0.09 0.04 -0.30 -0.10 0.14 0.21 0.00 -0.18 -0.18 0.11 -0.15 0.02 -0.06 -0.09 -0.02 0.13 0.13 -0.06 0.05 0.11 -0.05 -0.19 -0.14 -0.41 -0.56 -0.48 0.01 0.01 0.40 -0.02

polyphenol polyphenol  xanthohumol 0.71 0.58 0.87 0.45 0.79 0.68 0.85 0.48 -0.33 -0.19 -0.40 -0.50 0.13 0.35 -0.10 -0.56 -0.10 -0.06 0.17 -0.11 -0.23 0.08 0.07 -0.24 -0.31 -0.26 0.01 0.36 0.14 0.29 0.37 0.22 0.30 -0.21 -0.12 -0.26 -0.14 -0.41 -0.46 0.05 -0.04 -0.19 -0.23 0.36

cones  green cone weight 0.10 0.05 0.19 0.19 0.02 -0.02 0.05 0.18 0.14 0.07 0.00 0.06 0.00 0.08 -0.24 -0.14 0.05 -0.03 0.09 0.04 0.07 0.08 0.00 -0.02 -0.05 -0.03 0.02 0.13 0.00 -0.04 0.07 0.04 0.06 0.16 -0.20 -0.01 -0.01 0.01 0.02 0.12 -0.23 0.09 0.07 0.09 0.10 0.17
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QTL analysis 

Sex trait 

One sex-linked marker was detected in this study, identified for the first time in the New 

Zealand population and confirming its previous identification in the Slovenian population 

(Table 3.3; Figures 3.2 and 3.3).  In both cases, the microsatellite marker HLAGA7 

segregated from the male parent and showed complete linkage to the male character.  While 

highly significant in both populations, differences in the level of significance were apparent, 

with a higher significance observed in the Slovenian population (LOD 1441; Table 3.3b) than 

in the New Zealand population (LOD 14; Table 3.3a). 
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Table 3.3  Quantitative trait loci identified for sex, yield and cone chemistry traits in hop, in (a.) a New Zealand mapping population and (b.) a Slovenian mapping population. 

 

a. 

 

Chemical 

group 
Trait QTL 

Linkage 

group 

Seg. 
a Adjacent marker 

Position 

(cM) 

LOD 
b 

% exp 
c 

Add. 
d 

Kruskal-

Wallis
 

h
o

p
 a

ci
d
 

α
-a

ci
d
 

α-acid 
α-acid-1 Nugget 1 F D-hPb-718465-l-4af 0.0 2.91 8.6 0.43 P < 0.0005 

α-acid-2 Nugget 5 F D-hPb-618369-l-1f 34.4 2.62 7.1 0.40 P < 0.0005 

humulone + adhumulone 
humulone + adhumulone-1 Nugget 5 F D-hPb-618369-l-1f 34.4 4.26 11.3 0.39 P < 0.0001 

humulone + adhumulone-2 Nugget 1 F D-hPb-718465-l-4af 0.0 2.58 6.7 0.29 P < 0.001 

cohumulone 
cohumulone-1 Nugget 2 F D-hPb-364480-l-4c*f 1.8 8.14 21.9 -0.21 P < 0.0001 

cohumulone-2 Nugget 1 F D-hPb-718465-l-4af 0.0 3.29 8.1 0.12 P < 0.0005 

cohumulone (% of α-acid) cohumulone (% of α-acid)-1 Nugget 2 F S-GT4-J12-15-lf 3.5 24.78 43 -2.78 P < 0.0001 

β
-a

ci
d

  

β-acid 

β-acid -1 Nugget 5 F D-hPb-366221-l-1f 39.0 5.01 11.9 0.23 P < 0.0001 

β-acid -2 Nugget 2 F D-hPb-364480-l-4c*f 1.8 5.01 11.9 -0.23 P < 0.0005 

β-acid -3 S.B.L. 3/3 3 M S-HLGT14*-n*m 0.0 4.39 10.3 -0.28 P < 0.05 

β-acid-4 Nugget 8 F D-hPb-362051-l-4af 5.9 2.37 5.4 0.15 P < 0.05 

lupulone + adlupulone 

lupulone + adlupulone-1 Nugget 5 F D-hPb-366221-l-1f 39.0 5.72 14.7 0.13 P < 0.0001 

lupulone + adlupulone-2 S.B.L. 3/3 3 M S-HLGT14*-n*m 0.0 3.70 9.2 -0.13 P < 0.005 

lupulone + adlupulone-3 Nugget 8 F D-hPb-362051-l-4af 5.9 3.17 7.8 0.09 P < 0.005 

colupulone 
colupulone-1 Nugget 2 F D-hPb-364480-l-4c*f 1.8 8.40 21.8 -0.16 P < 0.0001 

colupulone-2 Nugget 5 F D-hPb-366221-l-1f 39.0 3.55 8.5 0.10 P < 0.0005 

colupulone (% of β-acid) colupulone (% of β-acid)-1 Nugget 2 F D-hPb-719407-l-4af 2.8 20.54 44.4 -2.4 P < 0.0001 

ra
ti

o
 

α-acid:β-acid 

α-acid:β-acid-1 Nugget 8 F D-hPb-362051-l-4af 5.9 4.44 10.5 -0.15 P < 0.0005 

α-acid:β-acid-2 Nugget 2 F D-hPb-364957-l-4af 2.3 4.40 10.4 0.15 P < 0.0005 

α-acid:β-acid-3 S.B.L. 3/3 3 M D-hPb-716654-n-1m 36.2 3.63 8.5 0.13 P < 0.001 

α-acid:β-acid-4 Nugget 1 F D-hPb-716855-l-4af 29.5 2.65 6.1 0.11 P < 0.01 
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Chemical 

group 
Trait QTL 

Linkage 

group 

Seg. 
a Adjacent marker 

Position 

(cM) 

LOD 
b 

% exp 
c 

Add. 
d 

Kruskal-

Wallis
 

es
se

n
ti

al
 o

il
 

es
te

r 

methyl decanoate 

methyl decanoate-1 Nugget 2 F D-hPb-364957-l-4af 2.3 6.91 17.2 0.04 P < 0.0001 

methyl decanoate-2 S.B.L. 3/3 3 M D-hPb-716654-n-1m 36.2 3.70 8.7 -0.03 P < 0.0001 

methyl decanoate-3 Nugget 1 F D-hPb-366735-l-1*f 0.0 2.45 5.6 -0.03 P < 0.001 

methyl dec-4-enoate methyl dec-4-enoate-2 Nugget 1 F D-hPb-366735-l-1*f 0.0 3.81 12.3 0.21 P < 0.0001 

methyl-4-methylhex-2-enoate methyl-4-methylhex-2-enoate-2 Nugget 5 F S-AP20_600-lf 50.4 2.36 6.1 0.07 P < 0.01 

k
et

o
n

e 

2-undecanone 
2-undecanone-1 S.B.L. 3/3 3 M D-hPb-716654-n-1m 36.2 25.1 53.8 0.14 P < 0.0001 

2-undecanone-2 Nugget 5 F S-AP20_600-lf 50.4 4.62 6.8 -0.05 P < 0.01 

et
h

er
 

humulene diepoxide a humulene diepoxide a-1 Nugget 2 F S-GA8-K15-4-lf 2.4 2.37 7.8 0.11 P < 0.05 

m
o

n
o

te
rp

en
e 

 a
lc

o
h

o
l 

linalool linalool-1 Nugget 5 F D-hPb-618369-l-1f 34.4 2.68 8.8 0.06 P < 0.005 

se
sq

u
it

er
p

en
e 

al
co

h
o

l humulol 
humulol-1 Nugget 2 F D-hPb-364957-l-4af 2.3 3.81 11.2 0.04 P < 0.0001 

humulol-2 S.B.L. 3/3 3 M D-hPb-716654-n-1m 36.2 2.80 8.1 -0.03 P < 0.0005 

t-cadinol t-cadinol-1 S.B.L. 3/3 3 M D-hPb-716654-n-1m 36.2 3.34 10.1 -0.03 P < 0.0005 

m
o

n
o

te
rp

en
e 

  

β-pinene β-pinene-1 Nugget 2 F D-hPb-364957-l-4af 2.3 5.42 16.1 -0.07 P < 0.0001 

limonene limonene-1 S.B.L. 3/3 3 M S-HLGT14*-n* 0.0 2.33 7.7 -0.17 P < 0.001 

myrcene 
myrcene-1 Nugget 2 F D-hPb-364957-l-4af 2.3 5.54 16 -5.61 P < 0.0001 

myrcene-2 Nugget 5 F D-hPb-618369-l-1f 34.4 3.56 9.9 4.43 P < 0.005 

ρ-cymene ρ-cymene-1 Nugget 5 F D-hPb-362315-l-1f 44.5 2.84 9.3 0.04 P < 0.0005 

terpinene 
terpinene-1 S.B.L. 3/3 6 M D-hPb-619280-n-1*m 14.2 3.19 9.3 0.14 P < 0.0001 

terpinene-2 Nugget 2 F D-hPb-719075-l-4a*f 0.0 2.73 7.9 -0.13 P < 0.0001 
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Chemical 

group 
Trait QTL 

Linkage 

group 

Seg. 
a Adjacent marker 

Position 

(cM) 

LOD 
b 

% exp 
c 

Add. 
d 

Kruskal-

Wallis
 

se
sq

u
it

er
p

en
e 

  

α-capaene α-capaene-1 S.B.L. 3/3 3 M D-hPb-619412-n-1m 35.1 3.52 11.4 -0.05 P < 0.0005 

α-selinene α-selinene-1 Nugget 1 F D-hPb-718465-l-4af 0.0 4.01 12.9 -0.19 P < 0.0001 

β-selinene β-selinene-1 Nugget 2 F D-hPb-364957-l-4af 2.3 3.88 11.5 0.07 P < 0.0001 

δ-cadinene δ-cadinene-1 Nugget 1 F D-hPb-618333-l-1f 45.2 6.05 18.8 0.23 P < 0.0001 

γ-cadinene 
γ-cadinene-1 Nugget 1 F D-hPb-618333-l-1f 45.2 7.87 22.6 0.41 P < 0.0001 

γ-cadinene-2 S.B.L. 3/3 3 M D-hPb-716654-n-1m 36.2 2.67 7 -0.23 P < 0.05 

caryophyllene 

caryophyllene-1 S.B.L. 3/3 3 M D-hPb-716654-n-1m 36.2 6.23 13.7 -1.45 P < 0.0001 

caryophyllene-2  Nugget 1 F D-hPb-715569-l-1 28.3 5.45 12.6 1.39 P < 0.005 

caryophyllene-3 Nugget 2 F D-hPb-364957-l-4af 2.3 5.10 11 1.32 P < 0.0001 

farnesene 
farnesene-1 S.B.L. 3/3 3 M D-hPb-716654-n-1m 36.2 39.78 71.3 6.45 P < 0.0001 

farnesene-2 Nugget 5 F S-AP20_600-lf 50.4 4.62 4.2 -1.62 P < 0.05 

humulene 

humulene-1 Nugget 1 F D-hPb-362665-l-1f 39.3 7.15 15.3 -3.67 P < 0.0001 

humulene-2 S.B.L. 3/3 3 M D-hPb-716654-n-1m 36.2 6.42 13.8 -3.45 P < 0.0001 

humulene-3 Nugget 2 F D-hPb-719075-l-4a*f 0.0 3.61 7.3 2.55 P < 0.01 

humulene-4 Nugget 5 F D-hPb-618369-l-1f 34.4 2.66 5.3 -2.22 P < 0.005 

muurolene 
muurolene-1 S.B.L. 3/3 3 M D-hPb-716654-n-1m 36.2 8.83 22.6 -0.15 P < 0.0001 

muurolene-2 Nugget 2 F D-hPb-364957-l-4af 2.3 5.17 12.4 0.11 P < 0.0001 

ra
ti

o
 

humulene:caryophyllene humulene:caryophyllene-1 Nugget 1 F D-hPb-362665-l-1f 39.3 38.44 66.9 -0.54 P < 0.0001 

p
o

ly
p

h
en

o
l 

p
o

ly
p

h
en

o
l 

xanthohumol 

xanthohumol-1 Nugget 2 F D-hPb-364957-l-4af 2.3 11.5 29.5 -0.05 P < 0.0001 

xanthohumol-2 Nugget 1 F D-hPb-715569-l-1f 28.3 2.46 5.4 -0.02 P < 0.01 
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Chemical 
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a Adjacent marker 

Position 
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essential oil content essential oil content-1 Nugget 2 F D-hPb-364957-l-4af 2.3 6.66 20.1 -0.16 P < 0.0001 

se
x

 

se
x

 

sex sex-1 S.B.L. 3/3 5 M S-HLAGA7-a*m 2.1 13.84 22.6 -0.28 P < 0.0001 

 

 

b. 

 

Chemical 

group 
Trait QTL 

Linkage 

group 

Seg. 
a Adjacent marker 

Position 

(cM) 
LOD

b % exp 
c 

Add. 
d 

Kruskal-

Wallis 

y
ie

ld
 

co
n

e 

dry cone weight dry cone weight-1 
Hallertauer 

Magnum 1 
F D-hPb-716855-l-4a*f 16.0 7.49 35.0 0.05 P < 0.0001 

se
x

 

se
x

 

sex sex-1 S.B.L. 2/1 5 M S-HLAGA7-e* 20.5 1441.23 81 0.50 P < 0.0001 

 

a   Seg. indicates the segregation of the QTL from either the maternal (F) or paternal (M) parent.   

b  LOD indicates the peak LOD score for the QTL at the genome-wide significance level. 

c  % exp. indicates the percentage of the phenotypic variation of the trait explained by the QTL. 

d  Add. indicates the estimated additive effect of the allele (i.e. (mean of the distribution of the quantitative trait associated with the female genotype – mean of the distribution of the 

quantitative trait associated with the male genotype)/2. 
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Figure 3.2 Location of QTL for sex, yield and secondary metabolite traits on (a.) maternal and (b.) paternal linkage groups of hop from the New Zealand mapping population.   
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Figure 3.3 Location of QTL for sex and yield traits on (a.) maternal and (b.) paternal linkage groups of hop from 

the Slovenian mapping population. 

 

Yield traits 

Of the four yield traits assessed in this study, QTL were identified for two: one QTL for 

essential oil content (Table 3.3a; Figure 3.2a) and one QTL for dry cone weight (Table 3.3b; 

Figure 3.3b).  Both QTL segregated from the female parent, explaining 20.1% and 35.0% of 

the phenotypic variation, respectively (Table 3.3).  QTL were not identified for cone harvest 

index or green cone weight. 

 

Secondary metabolite traits 

A total of 60 putative QTL were identified for hop secondary metabolite traits, above the 

genome-wide significance level (α < 0.05) (Table 3.3a).  For 33 of the 45 assessed secondary 

metabolite traits, between one and four QTL were identified, each explaining an estimated 4.2% 

to 71.3% of the phenotypic variance (Table 3.3a).  QTL were not identified for 12 essential oil 

components (camphene, caryolan-1-ol, caryophyllene oxide, geraniol, geranyl acetate, geranyl 

isobutyrate, humulene epoxide I, humulene epoxide II, humulene epoxide III, humulenol II, 

limonene-10-ol, tetradecanone).  QTL were also not identified for α-acid in the Slovenian 

population. 

 

The 60 putative QTL identified for hop secondary metabolite traits mapped to 13 discreet 

regions (defined as having QTL peaks separated by more than 5 cM) on six linkage groups 

(Table 3.4; Figure 3.2).  Five of the QTL regions were unique to specific traits, these being 
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humulene (QTL region 3) on „Nugget‟ linkage group (LG) 1 (39.3 cM); cadinene (both δ and 

γ isoforms) (QTL region 4) on „Nugget‟ LG1 (45.2 cM); terpinene (QTL region 14) on „S.B.L. 

3/3‟ LG6 (14.2 cM); ρ-cymene (QTL region 8) on „Nugget‟ LG5 (44.5 cM); and lupulone + 

adlupulone (QTL region 10) on „Nugget‟ LG7 (5.9 cM) (Table 3.4; Figure 3.2).  QTL region 

10, affecting lupulone + adlupulone, was also found to affect, by extension, the traits β-acid 

and α-acid:β-acid (Figure 3.2b), as lupulone + adlupulone is equivalent to β-acid.  QTL region 

3, affecting humulene was found to affect, by extension, humulene:caryophyllene (Figure 

3.2a), showing that the humulene:caryophyllene ratio is biased towards humulene.  The 

remaining eight QTL regions affected multiple traits (Table 3.4; Figure 3.2).  Two of these 

(QTL regions 2 and 6) were found to influence compounds from all three groups of secondary 

metabolites (hop acids, essential oils and polyphenols), affecting three and 18 different 

components, respectively (Table 3.4; Figure 3.2).  The other six QTL regions influenced 

compounds from one or two different secondary metabolite classes: (i) QTL region 5 

influenced four traits, three α-acid compounds and a sesquiterpene (relatively isolated in the 

biosynthetic pathway from the other sesquiterpenes included in this study); (ii) QTL region 7 

influenced eight traits from the hop acid and essential oil groups; (iii) QTL region 9 

influenced three traits: an ester, a ketone and a sesquiterpene (isolated in the biosynthetic 

pathway from the other secondary metabolites included in this study); (iv) QTL region 11 

influenced three traits: two from the β-acid group and one sesquiterpene; (v) QTL region 12 

influenced 11 traits from the hop acid and essential oil groups (Table 3.4; Figure 3.2); and (vi) 

QTL region 1 influenced two traits, both esters (Table 3.4; Figure 3.2).  Each of the QTL 

regions identified in this study were sex-specific; 10 of the 13 QTL regions segregated from 

the female parent „Nugget‟ (Table 3.4), a significant bias (χ
2

1 = 3.8, P < 0.05). 
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Table 3.4 Discrete QTL, both specific and pleiotropic/linked, identified in hop; and the sex, yield and cone 

chemistry traits affected by each locus. 

 

QTL region Specificity Linkage group No. traits Traits 

QTL region 1 pleiotropic Nugget 1 2 methyl decanoate; methyl dec-4-enoate 

QTL region 2 pleiotropic 
Nugget 1 &  

Hallertauer Magnum 1 
4 

α-acid:β-acid; caryophyllene; 

xanthohumol; dry cone weight 

QTL region 3 specific Nugget 1 2 humulene; humulene:caryophyllene 

QTL region 4 specific Nugget 1 2 δ-cadinene; γ-cadinene 

QTL region 5 pleiotropic Nugget 1 4 
α-acid; humulone + adhumulone; 

cohumulone; α-selinene 

QTL region 6 pleiotropic Nugget 2 18 

cohumulone; cohumulone (% of α-acid); 

β-acid; colupulone; colupulone (% of β-

acid); α-acid:β-acid; methyl decanoate; 

humulene diepoxide a; humulol;, β-pinene; 

myrcene; terpinene; β-selinene; 

caryophyllene; humulene; muurolene; 

xanthohumol; essential oil content 

QTL region 7 pleiotropic Nugget 5 8 

α-acid; humulone + adhumulone; β-acid; 

lupulone + adlupulone; colupulone; 

linalool; myrcene; humulene 

QTL region 8 specific Nugget 5 1 ρ-cymene 

QTL region 9 pleiotropic Nugget 5 3 
methyl-4-methylhex-2-enoate; 2-

undecanone; farnesene 

QTL region 10 specific Nugget 8 3 
β-acid; lupulone + adlupulone; α-acid:β-

acid 

QTL region 11 pleiotropic S.B.L. 3/3 3 3 β-acid; lupulone + adlupulone; limonene 

QTL region 12 pleiotropic S.B.L. 3/3 3 11 

α-acid:β-acid; methyl decanoate; 2-

undecanone; humulol; t-cadinol; α-

capaene; γ-cadinene; caryophyllene; 

farnesene; humulene; muurolene 

QTL region 13 specific 
S.B.L. 3/3 5 &  

S.B.L. 2/1 5 
1 sex 

QTL region 14 specific S.B.L. 3/3 6 1 terpinene 

 

Comparisons between QTL identified in the New Zealand and Slovenian populations were 

made using markers found in common between linkage maps constructed from the two 

populations.  The QTL for dry cone weight that was identified in the Slovenian population 

(Table 3.3; Figure 3.3a) co-located with QTL region 2, on „Nugget‟ LG1 (29.5 cM) of the 

New Zealand population, influencing the three traits α-acid:β-acid, caryophyllene and 

xanthohumol (Table 3.4).  Of the five markers based on candidate chalcone synthase genes 

(vps, chs_H1, chs2, chs3 and chs4) included in linkage analysis of the Slovenian population in 
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this study, four were mapped, in the maternal „Hallertauer Magnum‟ LG8 of the Slovenian 

population.  Although these genes encode enzymes involved in the biosynthesis of hop acids 

and poloyphenols, no QTL for α-acid was identified in the Slovenian population, associated 

with these chalcone synthase genes or on any other marker.  Two QTL were, however, 

identified for α-acid in the New Zealand mapping population (explaining 8.6% and 7.1% of 

the phenotypic variation, respectively), as well as an additional 19 QTL for other hop acid 

traits and two QTL for xanthohumol (Table 3.3).  None of the QTL identified were associated 

with the marker based on a candidate chalcone synthase gene (chs_H1) that mapped to „S.B.L. 

3/3‟ LG8 of the New Zealand population.    

 

DISCUSSION 

 

Marker discovery and linkage analysis 

Although linkage maps derived from four hop mapping populations have been published [88, 

95, 99, 114], a highly saturated linkage map is still to be constructed for this species.  The 

high resolution of such a map is an essential component for the identification of accurate and 

reproducible QTL, particularly those with small effects.  The goal of this study was to 

construct linkage maps for a new mapping population from New Zealand and to build upon a 

pre-existing linkage map from a Slovenian mapping population [95], through the addition of 

transferable DArT markers.  The 511 new DArT markers identified in this study were found 

to be of a similar high quality (in terms of PIC, reproducibility and call rate) to those 

identified in a previous hop study [210] and in other plant species [137, 156, 158, 160, 162].  

The use of these new DArT markers in linkage analysis of the Slovenian population, along 

with DArT, AFLP and microsatellite markers previously identified [94-95, 210], increased the 

number and density of markers, allowed the clear identification of ten linkage groups 

(corresponding to the haploid number of chromosomes in hop) and increased the 

transferability of the maps between mapping populations.  Our study used a conservative 

approach; accepting only markers within designated parameters (see Methods below).  This 

method, in combination with factors such as the amalgamation of some of the smaller groups 

and the exclusion of terminal markers, resulted in shorter map lengths compared with Cerenak 

et al. [95].  Where there were markers in common between the linkage maps of the Slovenian 

population constructed in this study and previous maps, marker order was mostly conserved 

and homologous linkage groups were identified (Appendix 3.3).  Linkage group homology 

and marker order was also consistent between linkage maps constructed using the Slovenian 
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population and the New Zealand population, and between maternal and paternal linkage maps 

of both populations (Appendix 3.3).  While ten linkage groups were identified in the maternal 

linkage map of the New Zealand population (Appendix 3.1), only eight were resolved in the 

paternal map (Appendix 3.2).  The maternal linkage map also contained nearly double the 

number of markers of the paternal linkage map.  These factors suggest that further addition of 

markers is required to achieve genome coverage in the paternal linkage map of the New 

Zealand population. 

 

In this study, a large number of markers demonstrated significant departure from expected 

Mendelian ratios (Table 3.1; Appendices 1 and 2).  Significant clustering of the markers was 

also observed (Appendices 1 and 2).  These phenomena have been previously identified in 

other species and were attributed to biological factors, rather than experimental limitations 

[211-219].  Several factors indicate that this was also the case in this study.  Both clustering 

of markers and segregation distortion (which has been identified in hop previously [95, 114]) 

was not limited to one marker type, but was evident in all marker types used, suggesting that 

they are not artefacts of genotyping error.  Marker clusters were associated with regions of 

segregation distortion, such that they were composed of either all distorted markers or all non-

distorted markers.  Clustering of markers is typically symptomatic of saturation of markers on 

the linkage map [220], yet marker saturation in this study is unlikely, for several reasons.  

Intervals of greater than 10 cM exist (Table 3.1); and in one of the four linkage maps the 

number of linkage groups identified was fewer than the number of hop chromosomes, while 

in the other three linkage maps several of the hop chromosomes were split into two or more 

linkage groups because of insufficient linkage.  These factors indicate that the linkage maps 

do not contain the maximal density of markers and suggest that additional markers are 

required if smaller sub-groups are to coalesce into a single linkage group.  Also, marker 

saturation in clustered groups may indicate low levels of recombination in hop, for which 

there is no reported evidence.  All of these factors suggest that marker clustering, as well as 

the segregation distortion of markers, shorter map length and lower marker density of the 

maps constructed in this study have a biological basis for which further investigation is 

required. 

 

The linkage maps constructed in this study provide a valuable resource for QTL analyses in 

hop.  The large number of QTL identified in this study (Table 3.3) provide an excellent 

starting point to begin to understand the complex genetic architecture underlying variation in 
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hop secondary metabolite composition, which is critical to the ultimate use of hop to provide 

bitterness, flavour and aroma in beer.  Comprising a large number of transferable markers, 

mapped with a conservative methodology, these linkage maps will provide a basis for further 

comparative mapping, facilitating the identification and validation of QTL that may 

ultimately be applied to successful application of molecular methods in selection programs. 

 

QTL analysis 

Sex trait 

In this study, the microsatellite marker HLAGA7 was linked to the sex phenotype (Table 3.3; 

Figures 3.2 and 3.3).  The association of this marker with sex has been previously reported in 

two mapping populations grown in Slovenia [176], one of which was the same mapping 

population as used in this study.  In this study the segregation of the sex-linked marker 

(HLAGA7) was detected for the first time in a New Zealand mapping population (Table 3.3; 

Figure 3.2), extending the utility of this marker.  In both the New Zealand and Slovenian 

populations this sex-linked marker segregated from the male parent and showed complete 

linkage to the male sex phenotype.  This is consistent with the specificity of the Y 

chromosome to the male sex, male plants with the heteromorphic XY configuration and 

female plants with homomorphic XX [10, 175, 181-182].  In both populations the significance 

of association of the HLAGA7 marker with sex was very high (Table 3.3); however, a greater 

level of significance was identified in the Slovenian population.  The greater significance in 

the Slovenian population is likely to reflect differences such as greater map length and 

number of markers on the linkage group of the Slovenian population (Table 3.1; Figures 3.2b 

and 3.3b) as well as the smaller size of the Slovenian population, since inflation of QTL 

effects increases with decreasing population size [221].  Sex-linked molecular markers have 

been identified in hop previously [116, 173-176]; however, the HLAGA7 marker is the most 

definitive sex-linked marker identified in hop to date, having now been verified in multiple 

populations.  This study has confirmed the potential for the HLAGA7 marker to be used for 

routine screening, allowing for the rapid identification of sex in hop breeding programs in 

diverse environments and populations.  Further studies are required, however, to understand 

the influence of autosomal regions on sex differentiation, as no sex-linked markers were 

identified on autosomes in this study.  This may be due to the existence of numerous regions, 

each with small effects of too low significance to be detected by this QTL analysis, or the 

autosomal regions may not contain polymorphism linked to sex differentiation. 
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Yield traits 

Three traits related to hop cone yield were examined in this study.  Of these, dry cone weight 

was the only trait for which a QTL was identified.  One QTL, stable over the five year period, 

was detected, segregating from the female parent of the Slovenian population, explaining 35% 

of the phenotypic variation (Table 3.3; Figure 3.3).  QTL were not identified for either green 

cone weight (New Zealand population) or cone harvest index (Slovenian population).  The 

potential reasons for the failure to detect QTL differ between these two yield metrics.  

Quantification of green cone weight is a method used for the rapid experimental assessment 

of hop yield.  The lack of detectable QTL influencing this trait may be due to the variable 

moisture content of green cones (which typically contain ~75 – 80% moisture) compared to 

dry cones (which contain ~8 – 10% moisture).  Moisture content of harvested commercial 

product varies in other species [222-224] and where this is the case, most suggest that it 

should be corrected for.  The lack of QTL for this trait suggest that caution should be applied 

to using green cone weight as a metric for informing yield.   

 

Harvest index is likewise commonly used to evaluate crop yields and a number of QTL have 

been identified in various crop species [225-227].  Although heritability of cone harvest index 

has not been directly examined in hop, the heritability of another hop yield trait has been 

found to be high [79].  The high phenotypic variability for harvest index (Table 3.2) suggests 

that there should be potentially be enough power to detect QTL in this study.  However, 

despite the high variability and potentially high heritability, no QTL, stable over the five year 

period, were detected for cone harvest index.  This suggests that, unlike dry cone weight for 

which a strong QTL was detected, harvest index is influenced by multiple loci, each with 

small effects, which individually did not have high enough significance to be detected by this 

QTL analysis.  Further investigations are required to elucidate the heritability and genetic 

basis to variation in this commercially important trait. 

 

QTL for cone yields have been identified in a previous study in the Slovenian population [95], 

for both dry cone weight and cone harvest index.  That QTL analysis, designed to maximally 

exploit QTL potential, was based on phenotypic measurements of single years (five years 

examined in total) and identified more than 30 QTL across the years.  These QTL were found 

to be highly variable across the different years, probably due to seasonal variation.  The 

present study had the goal of identifying QTL with significant effects detectable over the 

entire five-year experimental period.  Using data averaged over five years, only a single QTL 
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was identified for dry cone weight that was stable across the five-year experimental period 

(Table 3.3; Figure 3.3).  This QTL is adjacent to a marker (A-PAGAMCAA222F*l*) 

identified as a putative QTL for dry cone weight in a previous study of the Slovenian 

population [95].  This QTL, based on five-year average data, is less likely to be affected by 

environmental conditions or horticultural practice (reflected in annual variation) than other 

putative QTL identified in the previous study [95].  This QTL is an excellent candidate for 

MAS and warrants further investigation outside of the Slovenian growing region. 

 

Hop essential oils are thought to be the primary contributing factors influencing the flavour 

and aroma of beer and as such, total essential oil content is an important yield trait.  Particular 

essential oil profiles have historically been targeted in the genetic improvement of hop [228-

229].  While it has long been understood that hop essential oil profiles have a genetic basis 

[230-233], the genetic control of total essential oil content has not been previously established 

in hop.  QTL have been previously identified for only two individual essential oil components, 

caryophyllene and farnesene [88], but not for total essential oil content.  This study is the first 

to report an underlying genetic basis to variation in the accumulation of essential oils in the 

hop cone, via the identification of a putative QTL for essential oil content (Table 3.3; Figure 

3.2).  The QTL identified segregated from the female parent of the New Zealand population, 

explaining a sizeable proportion (20.1%) of the phenotypic variation.  The loci underlying 

variation at this QTL has great potential for hop MAS, in situations where particular levels of 

essential oil are the target of genetic improvement efforts.  Validation outside the pedigree 

and experimental environment of New Zealand could provide the scope for definitive and 

heritable increases in yield of total essential oils. 

 

Secondary metabolite traits 

Although specific secondary metabolites constitute the commercially important hop 

commodity, our understanding of the genetic basis underlying their variation is in its infancy, 

with QTL identified for only eight traits related to the control of secondary metabolite content.  

In this study, we performed an extensive QTL analysis of hop secondary metabolites, 

investigating 45 hop secondary metabolite traits, 33 of which were found to have a significant 

genetic basis to their phenotypic variation.  A total of 60 putative QTL were identified (Table 

3.3; Figure 3.2).  Between one and four QTL were identified for each of the 33 traits, varying 

in both their significance (LOD scores ranging between 2.3 and 39.8) and the proportion of 

phenotypic variance of the trait explained (average 14.9% + 13.6 SD), suggesting that the 
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composition and concentration of secondary metabolites in hop is influenced by both 

Mendelian and quantitative inheritance.  This is consistent with the genetic studies of 

secondary metabolites in other genera, such as Mentha, Thymus and Eucalyptus [234-235].  

For example, the occurrence of a single highly significant QTL for individual compounds, 

such as cohumulone (expressed as percentage of α-acid) and colupulone (expressed as 

percentage of β-acid) (Table 3.3; Figure 3.2a), may be indicative of the influence of major 

loci with Mendelian inheritance; whereas a greater number of QTL of lesser significance were 

detected for other compounds, such as humulene, which is consistent with quantitative control 

(Table 3.3; Figure 3.2).  No QTL were detected for 12 of the secondary metabolite traits.  

These secondary metabolite traits all contributed a very low percentage of the secondary 

metabolite profile and as such may have been subject to inaccuracies in quantification. 

 

Two QTL were identified for α-acid content (New Zealand population) in this study, 

explaining 8.6% and 7.1%, respectively (Table 3.3; Figure 3.2).  Although α-acid was also 

examined in the Slovenian population in this study, we were unable to detect these QTL for α-

acid.  There may be several reasons for this, including a lack of polymorphism in this 

population, variable loci effects in different genetic backgrounds (i.e. epistasis), instability of 

the QTL over varying ontogenetic stages or seasonal conditions, or confounding 

environmental influences.  Evidence of environmental influence on the accumulation of α-

acid in hop glandular trichomes has been found in a previous study of the Slovenian 

population [95], where QTL analysis based on phenotypic measurements of five single years 

identified 13 QTL for α-acid, but none of these QTL was identified in more than three years, 

possibly due to seasonal variation.  This study re-examined QTL for α-acid in the Slovenian 

population, conducting QTL analysis on phenotypic data averaged over the five years, with 

the aim of identifying ontogenetically stable QTL.  However, such a QTL was not identified.  

These results highlight how different ontogenetic stages and seasonal environmental 

conditions influence the identification of reliable and reproducible QTL and reinforce the 

requirement for further validation in alternate populations and different environmental 

conditions to improve our understanding of the genetic basis to variation in this important 

agronomic trait. 

 

The QTL identified for α-acid in the New Zealand population in this study, as well as the 

QTL identified for other hop acids and polyphenols, may correspond to regulatory factors 

rather than genes encoding biosynthetic enzymes.  One marker based on a candidate chalcone 
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synthase gene (chs_H1) encoding an enzyme involved in the biosynthesis of hop acids was 

mapped in the New Zealand population in this study, but none of the QTL identified were 

associated with this gene.  Our findings were consistent with those of Cerenak et al. [95], who 

identified QTL for α-acid, but not associated with chalcone synthase genes.  This observation 

may support the conclusions of Matoušek et al. [206, 236], that variation in regulatory factors 

rather than chalcone synthase genes may have a greater effect on variation in hop acids and 

polyphenols. 

 

This study identified a sex bias in the inheritance of hop secondary metabolite phenotypes.  A 

total of 13 QTL regions were identified in this study, influencing the 33 secondary metabolite 

traits.  Each of these QTL regions were sex-specific, with 10 QTL regions associated with the 

female parent and three associated with the male parent (Table 3.4; Figure 3.2).  This 

significant partiality towards inheritance from the female parent may be due to several reasons.  

Firstly, inheritance of the maternal phenotype may be due to dominance of the female parent 

at these loci; for each of the secondary metabolite traits, segregation may have occurred in the 

female parent while the corresponding locus in the male parent was homozygous recessive.  

Secondly, the bias towards maternal inheritance of secondary metabolite traits may be due to 

epigenetic effects, where inheritable modifications to the activation of genes have occurred to 

promote the natural selective advantage of a female parent with a favourable secondary 

metabolite profile; the maternal control over the secondary metabolite profile is maintained in 

the offspring, passing on the advantage [237-239].  Thirdly, the bias towards inheritance from 

the female parent may be due to artificial selection, where hop breeders have shown selection 

bias towards the commercially-relevant female plants.  Artificial selection has not, however, 

been conducted as extensively in the male parents, which often perform as unknown 

pollinators (with open pollination) in the traditional crossing process [240]).  Further research 

is required to understand the underlying genetic basis for this sex bias in inheritance of 

secondary metabolite variation. 

 

Co-location of many of the putative QTL identified for secondary metabolites was a striking 

feature of this study.  Thirteen distinct QTL regions were detected, across six linkage groups 

in the New Zealand population (Table 3.4).  Of these 13 QTL regions, five displayed 

specificity for individual compounds (Table 3.4).  As hop secondary metabolites are derived 

from pathways of terpene metabolism and involve common precursors [196, 201-205, 241], 

the specificity of the QTL identified for single compounds suggests that these QTL may affect 
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genes, transcription factors or enzymes involved in later stages of biosynthesis and 

modification of these compounds.  Specific QTL for compounds arising from the same 

biosynthetic pathway have been identified amongst co-locating QTL in several other genetic 

analyses of secondary metabolites [234, 242].  The remaining eight QTL regions detected 

were found to affect multiple traits (Table 3.4).  Although several strong correlations existed 

between many of the secondary metabolites in these seven QTL regions (Figure 3.1), in most 

cases there were no clear patterns amongst these correlations to coincide with the co-locating 

QTL or functional grouping of secondary metabolites (Appendix 3.6).  Two of these QTL 

regions influenced compounds from all three groups of secondary metabolites (hop acids, 

essential oils and polyphenols), affecting three and 18 individual compounds, respectively 

(Table 3.4; Figure 3.2).  The other four QTL regions had a less extensive influence, affecting 

two to eleven traits and only some of the secondary metabolite groups at one time (Table 3.4; 

Figure 3.2).  Through comparisons between the New Zealand and Slovenian linkage maps, 

the QTL for dry cone weight identified in the Slovenian population was matched to one of the 

QTL regions on the New Zealand linkage map (QTL region 2 influencing the traits α-acid:β-

acid, caryophyllene and xanthohumol; Table 3.4).  Further research is required to elucidate 

the genetic basis of variation in these traits and the relationships between them. 

 

There may be an underlying genetic basis for the co-location of QTL observed in this study, 

reflecting pleiotropic effects of single loci influencing multiple secondary metabolite 

compounds.  Pleiotropy is consistent with the conclusion that all of the secondary metabolites 

of hop lupulin glands are derived from common precursors and pathways of terpene 

biosynthesis [196, 201-205, 241, 243].  Alternatively, the co-location of these QTL may be 

due to linkage between the loci associated with the secondary metabolite traits.  Loci 

influencing secondary metabolites often exist in gene families; secondary metabolite diversity 

is thought to have arisen by gene duplications and consequently, the genes responsible for 

significant effects on variation in secondary metabolites are likely to be located very close 

together on the genome [244-245].  Duplication events in secondary metabolite genes, 

resulting in genetic linkage, have been found in a diversity of species, including Vitis vinifera 

[246], Arabidopsis thaliana [247], Avena sativa [248] and also hop [209, 249].  Therefore, the 

co-location of QTL identified in this study is likely to reflect the influence of both pleiotropic 

and linked loci, consistent with the findings of genetic studies of secondary metabolites in 

other taxa [234, 242, 250].  The detection of pleiotropy/linkage on the scale determined in this 

study would not have been possible without the simultaneous examination of an extensive 
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number of traits.  Characterising the polymorphism and effects of pleiotropic/linked loci in 

diverse lineages of hop will be essential for effective application of markers linked to QTL in 

MAS. 

 

The occurrence of pleiotropic or linked loci in the genetic control of secondary metabolites 

may have played an important ecological and evolutionary role in hop.  The global hop 

population has been found to encompass limited levels of genetic diversity [4, 51, 124-125, 

210].  Prior to artificial selection of hop, the existence of pleiotropic or linked loci may have 

provided an adaptive strategy, assisting in the selective adaptation of hop, as a defensive 

mechanism against pathogens, for example.  Mutations in single genes from pleiotropic loci 

could affect the biosynthesis and profile of a large number of secondary metabolites, enabling 

a rapid diversification of secondary metabolite profiles and a broader defence response, 

compared to changes to single secondary metabolites by compound-specific genes.  

Alternatively, the occurrence of pleiotropic or linked loci may also be an artefact of selection 

during and since hop domestication.  Artificial selection of hops for particular brewing 

characteristics and distinct chemical profiles may have resulted in the inheritable linkage of 

particular combinations of secondary metabolites.  The effect of artificial selection on the 

genetic linkage of a number of different traits has been reported previously in a range of 

species [251-252]. 

 

The results obtained from these extensive QTL analyses have potentially significant 

implications for hop breeding.  The patterns of QTL co-location observed in this study (Table 

3.4) suggest that there are separate QTL regions influencing both early and late stages of 

secondary metabolite biosynthesis.  The detection of QTL involved in the early stages of the 

biosynthetic pathways, either linked or with pleiotropic effects on numerous secondary 

metabolites, suggests that there is potential for rapid change in the levels of multiple 

compounds simultaneously; however, the use of these QTL in molecular hop breeding 

programs may have undesirable consequences.  It may be difficult to select for specific 

secondary metabolites or combinations thereof, without causing a cascade of unpredictable 

changes to other secondary metabolites.  Where the same QTL affects different secondary 

metabolites relating to opposing objectives, MAS is unlikely to succeed [185].  However, 

greater confidence can be placed in the specificity of the QTL identified in this study found to 

influence only a single trait (Table 3.4; Figure 3.2).  Being compound-specific amongst a 

large number of secondary metabolites included in this study, these QTL may offer potential 
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to molecular breeding of hop, after validation in further pedigrees and a range of 

environmental conditions.  All of the putative QTL identified present a resource to further our 

understanding of the genetic basis of variation in traits that influence hop quality (bitterness, 

flavour and aroma) in beer. 

 

Conclusions 

The QTL analyses conducted in this study revealed several important findings relating to the 

genetic basis of variation in three issues of relevance to hop breeding programs: expedited 

plant sex identification, increased yield capacity and improved secondary metabolite profiles, 

with important implications for the future use of molecular selection methods in hop.  We 

verified a sex-linked marker in a third pedigree; and on the basis of its perfect association 

with the male sex in this and previous studies [95, 176] the HLAGA7 marker would be an 

effective tool for sex identification of hop plants, a key component of early stage selection in 

hop breeding programs.  We identified an ontogenetically stable QTL for a trait associated 

with cone yield (dry cone weight).  However, for two other metrics of cone yield (green cone 

weight and harvest index) currently used in routine screening of hop, no QTL were identified.  

The results for these traits highlight the difficulties of QTL detection for traits which may be 

controlled by many loci with small effects and for traits under a significant environmental 

influence.  We identified QTL contributing towards explaining the observed phenotypic 

variation in secondary metabolite accumulation in hop cones through the identification of a 

QTL for essential oil content.  We investigated a total of 45 secondary metabolite traits in this 

analysis and identified putative QTL affecting 33.  The broad range of secondary metabolite 

traits included in this study provided the first demonstration of extensive pleiotropy/linkage 

affecting many of these compounds in hop, including many which are apparently unrelated.  

Pleiotropic/linked loci may present significant complications for molecular breeding, 

impeding the selection of specific traits without causing undesired alterations to others.  In 

this study, we identified a number of QTL besides the pleiotropic/linked QTL that appeared to 

be specific to individual secondary metabolites.  These QTL potentially offer a direct path to a 

locus influencing the phenotypic variation of specific secondary metabolites.  The linkage 

maps constructed in this study incorporated a large number of new DArT markers.  As DArT 

markers are transferable, these linkage maps can be employed in other mapping populations, 

facilitating the identification and validation of further QTL, a crucial step for the broad 

success of molecular breeding methods in hop.  Furthermore, DArT markers can be 

sequenced to develop more informative co-dominant markers.  This study greatly expands our 
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understanding of the complex genetic architecture underlying variation in hop secondary 

metabolite composition and yield related traits and presents a step forward in hop molecular 

breeding. 

 

MATERIALS AND METHODS 

 

Mapping populations 

Two mapping populations were used in this study.  Both were F1 full-sib families.  The first 

population (New Zealand) consisted of 178 genotypes derived from the cross „Nugget‟ 

(female) x „Slovenian breeding line (SBL) 3/3‟ (male) made in 2005.  The population was 

placed in a randomised order, in rows spaced 2.5 m apart with 1 m between plants within each 

row.  Plants were grown up a 5 m trellis, with 1 string per plant and 2 bines trained up each 

string.  The mapping population was maintained by Plant & Food Research, Motueka, New 

Zealand.  The second population (Slovenian) consisted of 89 individuals derived from the 

cross „Hallertauer Magnum‟ (female) x „SBL 2/1‟ (male) made in 1999.  The population was 

planted in a randomised order, in rows spaced 2.4 m apart with 1.3 m between plants within 

each row.  Plants were grown up a 6.5 m trellis, with 2 strings per plant and 3 bines trained up 

each string.  The mapping population was maintained by the Slovenian Institute of Hop 

Research and Brewing, Žalec, Slovenia.  Both populations were treated with good agronomic 

practice, taking into consideration optimal fertilisation, irrigation and treatment against 

diseases and pests (based on prognosis).   

 

Marker discovery and genotyping 

DNA extraction 

For the development and genotyping of DArT markers, DNA was extracted from the two 

mapping populations.  For the Slovenian population, DNA extraction, as well as the 

estimation of DNA quality and concentration, was performed as described by Howard et al. 

[210].  For the New Zealand population, DNA was extracted as described by Buck et al. [173] 

and treated with RNase A (Life Technologies).  DNA was quantified using the Quant-IT
TM

 

Broad Range DNA Assay kit on a Qubit fluorometer (Life Technologies).  DNA quality was 

verified by digestion with RsaI.  DNA extractions and digests were run on a 1% agarose gel 

and stained with ethidium bromide for visualisation. 
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DArT marker discovery and genotyping 

A first round of DArT marker discovery was conducted in a previous study, whereby 6,144 

DArT clones were generated from 92 hop accessions sourced from Europe, Asia, North 

America and Australia [210].  From these DArT clones, 730 polymorphic markers were 

identified [210].  A second round of DArT marker discovery was conducted in this study to 

expand the array and incorporate hop material from New Zealand.  DArT markers were 

developed and their performance evaluated, as described previously [210].  A total of 405 hop 

accessions were included in the analysis, sourced from New Zealand (186 individuals), 

Slovenia (93 individuals) and the USA (126 individuals). 

 

A DArT microarray was constructed for the purpose of genotyping the two mapping 

populations used in this study (from New Zealand and Slovenia) and a third mapping 

population previously published (from the USA) [99].  The array was composed of markers 

from both the first and second rounds of markers discovery; only markers that were 

polymorphic within the mapping populations were included.  The microarray was prepared 

and the two populations genotyped following the method previously described by Howard et 

al. [210].  DArT genotyping scoring parameters were used to assess marker quality; these 

parameters included Q value, call-rate, reproducibility and polymorphism information content 

(PIC), as described previously [210]. 

 

Additional markers for the New Zealand population 

An additional 51 markers were used for linkage analysis of the New Zealand population in 

this study.  This included: 43 selected microsatellite markers developed by Brady et al. [93], 

Jakse et al. [101], Bassil et al. [253], Hadonou et al. [97], Stajner et al. [111], Jakse et al. [90]; 

four RAPD  based markers (Operon Technologies); three STS based markers developed by 

Danilova and Karlov [174]; and one intron-based DNA marker from the chalcone synthase 

gene chs_H1, produced using the CHSJ5 and CHSJ6 primers developed by Matoušek et al. 

2002 [206]. 

 

Microsatellite markers were genotyped using either of two methods: independent 

amplification and visualisation on a CePRO 9600 TM (Combisep, Ames, IA, USA) capillary 

analysis system, or by undertaking amplification and high resolution melting (HRM) analysis 

using a Roche Light-Cycler®.  Markers screened using the CePRO capillary system were 

initially amplified in a total volume of 15 μL containing 2 ng of DNA, 0.1 μM of each dNTPs, 
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1x PCR buffer (Invitrogen), 1.5 mM MgCl2, 0.2 μM of each forward and reverse primer, 0.5 

U Platinum TaqDNA polymerase (Invitrogen).  Amplifications were performed in either a 

9700 Geneamp Applied Biosystem or a Hybaid MBS 0.5G thermocycler.  Initial denaturation 

at 94°C for 2 min and 30 s was followed by four cycles of 94°C for 30 s, 60°C for 1 min 

(reduced by 1°C per cycle), 72°C for 1 min, then followed by 30 cycles of 94°C for 30 s, 

55°C for 1 min, 72°C for 1 min and a final 5 min 72°C extension.  Products were desalted in 

96- well microplate UNIFILTER (Whatman, Clifton, NJ, USA) using Sephadex G-75 

Superfine (Amersham, Uppsala, Sweden) before analysis on the CePRO capillary system.  

The alternative HRM genotyping method [254] utilised a 96-well Roche Light-Cycler® 480 

(Forester City, CA, USA).  Amplification reactions contained 2 ng DNA, 1x Roche master 

mix, 2.5 mM MgCl2 and 0.2 μM of each forward and reverse primer in a 10 μL total volume.  

These were subject to an initial denaturation step at 95°C for 5 min, followed by four cycles 

of 95°C for 10 s, 60°C for 30 s (reduced by 1°C per cycle) and 72°C for 15 s; and then 30 

cycles of 95°C for 10 s, 55°C for 30 s and 72°C for 15 s.  These reactions then underwent the 

HRM step of 95°C for 1 min (ramp rate 4.4°C/s) with an increase to 65°C (ramp rate 1°C/s) 

with 25 data acquisitions/°C for 20 min.  The melting curves were then analysed using the 

gene scanning module of the Roche Light-Cycler® 480 collection and analysis software. 

 

RAPD and STS markers were screened following the method outlined for RAPD markers by 

Buck et al. [255].  Only clear products were scored (fragment size in base pairs is indicated 

after primer name on linkage map).  The chalcone synthase gene based marker (chs_H1) was 

genotyped using the HRM analysis on the Roche Light-Cycler® 480, as outlined above. 

 

Additional AFLP and microsatellite markers for the Slovenian population. 

An additional 241 AFLP markers and 44 microsatellite markers were used for linkage 

analysis of the Slovenian population in this study.  Also included in this study were five 

markers based on microsatellites within candidate chalcone synthase genes (vps, chs_H1, chs2, 

chs3 and chs4), which encode enzymes directly involved in the biosynthesis of bitter acids 

[206-208].  These AFLP markers, microsatellite markers and candidate genes have been 

scored and mapped previously in the Slovenian population [94-95]. 

 

Linkage analysis 

A highly stringent linkage analysis method was conducted, using the double pseudo-testcross 

strategy [256], as in other linkage analyses of hop [88, 95, 99, 114].  This was deemed an 
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appropriate strategy, as hop typically displays a high level of heterozygosity [6], and being 

dioecious, it is the best alternative to a backcross.  It is also compatible with DArT markers as 

they are a dominant marker system [257].  Map construction was carried out using the 

JoinMap® 4 program [258].  All markers were re-coded by their segregation type according 

to the cross-pollinated coding scheme (CP) for analysis.  Markers were tested for goodness of 

fit to their assigned Mendelian segregation ratios using the χ
2 

segregation test in JoinMap® 4 

[258].  Those markers with significant amounts of segregation distortion (departure from 

expected Mendelian segregation ratios (α > 0.05)) are indicated with „*‟ at the end of the 

locus name (Appendices 1 and 2).  Marker type is indicated for each locus at the beginning of 

the locus name as either „D-‟ (DArT markers), „A-‟ (AFLP markers) or „S-‟ (other marker 

types) (Appendices 1 and 2).  For each population, markers with very low polymorphism 

(those markers for which one allele was represented by < 10% of the expected scores) and 

markers with high levels of missing data (> 5% of the scores) were eliminated from the 

analysis.  Individuals with high levels of missing data (> 10% of the scores) were also 

eliminated from the analysis. 

 

Separate maternal and paternal linkage maps were constructed from each of the mapping 

populations, based on the methods described by Keats et al. [259].  Using JoinMap® 4 [258], 

linkage maps were constructed by grouping significantly associated (linked) markers, 

statistically estimated through a logarithm (base 10) of odds (LOD) score.  Establishing 

linkage group associations, through the selection of LOD scores is an intuitive process; the 

theoretical basis for the selection of LOD scores is discussed by Freeman et al. [260].  In this 

study, linkage groups were generally assigned with a minimum LOD threshold of 4.0, at 

which the contents of most groups were relatively stable.  In unstable groups it was necessary 

to adjust the LOD threshold to achieve stability.  A higher LOD was selected when a linkage 

group consisted of weakly linked sub-groups, which were eliminated in the process of 

achieving a stable marker order.  The higher LOD threshold allowed the preservation of 

subgroups, within which there was significant association.  A lower LOD was selected when a 

single marker dropped out of the linkage group at LOD 4.0, in order to maintain as many 

markers in the analysis as possible. 

 

Within linkage groups, the optimal marker order was determined using JoinMap® 4 [258] 

default values of a minimum LOD threshold of 2.0, a maximum recombination threshold of 

0.35, a maximum χ
2
 goodness-of-fit jump threshold of 5.0 for removal of markers and a ripple 
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value of 1.0.  The Kosambi mapping function was used to determine the distance between 

markers.  The linkage phase of markers was determined automatically by the JoinMap® 4 

program. 

 

Linkage maps were constructed over several stages.  The first stage involved the 

establishment of a framework map with a reliable marker order, upon which all subsequent 

analysis was based.  This initial analysis was conducted with the highest quality markers, 

those segregating in a 1:1 ratio that did not show significant segregation distortion.  If 

necessary, markers were removed from the analysis until maps were achieved within two 

mapping rounds, and all markers had a mean χ
2 

contribution of < 2.0.  Markers were removed 

one at a time, in order of highest mean χ
2 

contribution.  Four subsequent stages of analysis 

were conducted, adding markers to the framework map in the following order of decreasing 

marker quality: (i) markers segregating in a 1:1 ratio with evidence of segregation distortion; 

(ii) markers segregating in a 3:1 ratio without evidence of segregation distortion; (iii) markers 

segregating in a 3:1 ratio with evidence of segregation distortion; and (iv) markers for which 

the genotype score of one parent was unknown and consequently estimated.  At each of these 

stages of analysis, markers were removed as before, to achieve maps within two mapping 

rounds and to ensure that all markers had a mean χ
2 

contribution of < 2.0.  Markers that 

contributed to the framework map were not removed and their established marker order was 

maintained.  Markers that instigated a re-ordering of the framework markers were removed.  

With each subsequent round, markers added to the map in the previous round were not 

removed and their marker order was maintained.  Iterative approaches of adding markers to a 

framework map, akin to the method used in this analysis, are commonly employed [261-264]. 

 

The numbering of linkage groups in all maps followed the numbering established in a 

previous linkage map of the Slovenian population [95].  Homology between linkage groups 

was inferred on the basis of shared markers.  Where a linkage group was homologous with 

several linkage groups from the previous linkage map [95], the linkage between these groups 

was verified at a lower LOD threshold in JoinMap® 4; and the lowest number of the 

corresponding linkage groups from the previous linkage map of the Slovenian population was 

assigned.  Linkage groups consisting entirely of the newly added markers were assigned the 

remaining numbers. 
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Significant clustering of the markers was observed in all maps constructed in this study.  For 

the purpose of QTL analysis, clusters of markers were removed to leave only one marker at 

each locus (taken as the map position to one decimal place).  At the completion of analysis, 

when all possible markers had been added to the map and the final marker order had been 

accepted, markers within each cluster were eliminated on the basis of high levels of missing 

data and then by lower Q values (a DArT quality measure).  This resulted in between 37 and 

73% of the polymorphic markers being removed from the maps. 

 

Phenotypic measurements 

Fifty traits were assessed in hop in this study, related to three issues relevant to the genetic 

improvement of hop: expediting plant sex identification, increasing yield capacity and 

improving secondary metabolite composition. 

 

Sex trait 

Sex was assessed as a binary character by field observation, as either plants bearing male 

flowers (“0”) or plants bearing female flowers (“1”).  Sex of the plants was confirmed over 

six seasons in the New Zealand population and for at least two years in the Slovenian 

population. 

 

Yield traits 

In this study, four yield traits were examined which quantify either the physical yield of cones 

per plant or the yield of brewing-relevant substance.  Three traits assessed cone yield: (i) cone 

harvest index, a measure of the ratio of fresh or „green‟ cone weight to the whole plant fresh 

weight, comparing the allocation of biomass to cone production with the allocation of 

biomass to vegetative growth; (ii) dry cone weight, a measure of the mass of cones per plant, 

after the removal of ~95% of the moisture content (leaving a moisture content of 9% by 

weight of the kiln-dried hop), reflecting the productive vigour of the plant; and (iii) green 

cone weight, also a measure of the mass of cones per plant, but of the fresh or „green‟ weight, 

without consideration of cone moisture content.  Cone harvest index and dry cone weight 

were assessed in the Slovenian population with the aim of identifying ontogenetically stable 

QTL.  Phenotypic measurements were made on every plant in the trial annually over five 

years, between 2002 and 2006 and the arithmetic mean was calculated from these 

measurements to give the data used in this analysis.  Dry cone weight was quantified 

according to the EBC 7.2 method for moisture content of hops and hop products [265], as 
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described by Cerenak et al. [95]; cone harvest index was also quantified as described by 

Cerenak et al. [95].  Green cone weight was assessed in the New Zealand population with the 

aim of identifying putative QTL.  Phenotypic measurements were made in one year, in 2009.  

The fourth yield trait examined was essential oil content, a measure of the total volume of 

essential oil secondary metabolites.  This trait was examined to determine whether variation 

in the accumulation of essential oil in hop glandular trichomes has a genetic basis.  Essential 

oil content was measured in the New Zealand population, quantified by steam distillation (see 

below).  Phenotypic measurements were made in one year, in 2009. 

   

The relationship between the two yield traits scored in the Slovenian population (dry cone 

weight and cone harvest index) and the secondary metabolite trait α-acid (see below) was 

examined by principal components analysis using the PRINCOMP function in R version 

2.11.1 [266].  The first and second vectors accounted for 30% and 10% of the variance, 

respectively.  A correlation matrix was produced, based on Pearson‟s product moment 

correlation coefficients using the COR function (method = “PEARSON”, use = 

“COMPLETE”)  in R version 2.11.1 [266] (n = 3).  For the purposes of this investigation, a 

Pearson‟s r value in the range of |0.5| to |0.79| was considered a strong correlation, with |0.8| 

to |1.0| considered a very strong correlation [267]. 

 

Secondary metabolite traits 

A total of 45 hop cone secondary metabolite traits were assessed in this study (see Appendix 

3.7 for International Union of Pure and Applied Chemistry (IUPAC) names of chemical 

compounds), from all significant hop secondary metabolite groups (hop acids, essential oils 

and polyphenols).  All secondary metabolite traits were assessed in the New Zealand 

population, with α-acid also assessed in the Slovenian population.  In the New Zealand 

population, phenotypic measurements were made in one year, in 2009, with the aim of 

identifying putative QTL.  In the Slovenian population, the aim was to identify 

environmentally and ontogenetically stable QTL and as such, phenotypic measurements were 

made annually over five years, between 2002 and 2006 and the data averaged.  With the 

exception of α-acid, none of the secondary metabolite traits have been previously assessed in 

either the New Zealand or Slovenian populations.  Hop acids comprise both α- and β-acids; a 

total of nine traits relating to hop acids were quantified in this study: (i) α-acid content; (ii) β-

acid content; (iii) the ratio of α-acid to β-acid; (iv) the percentage of α-acid that is 

cohumulone (a major constituent of α-acid); (v) the percentage of β-acid that is colupulone (a 
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major constituent of β-acid); (vi) cohumulone content; (vii) colupulone content; (viii) 

humulone + adhumulone (the other major constituents of α-acid) content; and (ix) lupulone + 

adlupulone (the other major constituents of the β-acid) content.  Essential oils comprise 

oxygenated compounds (esters, ketones, ethers, monoterpene alcohols and sesquiterpene 

alcohols) and terpenoid compounds (monoterpenes and sesquiterpenes).  A total of 33 

essential oil compounds were assessed in this study; these were five esters (methyl-4-

methylhex-2-enoate, methyl dec-4-enoate, methyl decanoate  geranyl acetate and geranyl 

isobutyrate), one ketone (2undecanone), four ethers (humulene diepoxide a, humulene 

epoxide I, II and III), three monoterpene alcohols (geraniol, linalool and limonene-10-ol), four 

sesquiterpene alcohols (caryolan-1-ol, humulenol II, humulol and t-cadinol), one alkane 

(tetradecane), six monoterpenes (β-pinene, camphene, limonene, myrcene, ρ-cymene, 

terpinene) and 10 sesquiterpenes (α-capaene, α-selinene, β-selinene, δ-cadinene, γ-cadinene, 

caryophyllene oxide, caryophyllene, farnesene, humulene, muurolene).  The ratio of 

humulene to caryophyllene was also assessed, as it is a reliable maturity indicator [6] and is 

often used for varietal characterisation.  One polyphenol, xanthohumol, was scored in this 

study. 

 

The relationships among the 45 hop secondary metabolite traits assessed in the New Zealand 

population were examined using principal components analysis.  The first and second vectors 

accounted for 55% and 26% of the total variance, respectively.  A correlation matrix was 

produced, as described above (n = 47). 

 

The hop acid and polyphenol components of the cone secondary metabolite profile of the 

New Zealand population were analysed by HPLC.  Extracts were prepared in 2009, by 

grinding 10 g hop cone tissue with 100 mL toluene using an Omni Macro ES homogeniser 

(Omni International, Marietta, GA) then filtered.  A volume of 3 ml of the filtrate was added 

to 47 ml methanol and inverted four times.  The extracts were fractioned by HPLC, on a 

system consisting of a Shimadzu LC 6A/LC 10AS pump, a Shimadzu SIL-10AF autosampler 

(10 μL sample loop) and a UV/UV-Vis Shimadzu SPD 10A detector at a wavelength of 314 

nm.  A Kinetix reversed-phase C18 column (100 x 4.6 mm; 2.6μm particle size) was used 

(Phenomenex, Torrance, CA, USA), heated to 30°C with a Shimadzu CTO 10A column oven.  

The mobile phase used for separation was a methanol-water-phosphoric acid mixture (in a 

ratio of 85:17:0.25 V/V/V), at a flow rate of 1.2 ml/min, for 16 min.  The sample volume 

injected was 10 μL.  A Shimadzu LC Solution software package was used for quantification.  
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Standardised hop extract (ICE-3) with known content of α- and β-acids and xanthohumol 

were injected for identification and quantitative analysis, and their retention times and spectra 

compared.  Five components (xanthohumol, cohumulone, humulone + adhumulone, 

colupulone, lupulone + adlupulone) were identified and quantified, with other traits derived 

by calculation from these five components (α-acid = cohumulone + ( humulone + 

adhumulone); β-acid = colupulone + (lupulone + adlupulone); percentage of α-acid that is 

cohumulone = cohumulone/α-acid; percentage of β-acid that is colupulone = colupulone/β-

acid; ratio of α-acid to β-acid = α-acid/β-acid). 

 

The essential oil content of harvested cones from the New Zealand population was estimated 

by steam distillation, following the EBC 7.10 method for hop oil content of hops and hop 

products [265]; and the individual essential oil components of the cone secondary metabolite 

profile were analysed by GCFID on a Shimadzu GC-2010 system fitted with an AOC20i 

autosampler.  Essential oil extracts were prepared in 2009 by steam-distillation of 100 g of 

ground hop cone tissue.  A volume of 100 μL of essential oil was added to 1 ml of double 

distilled diethyl ether for GC analysis.  The extracts were fractioned by GCFID, using 

Shimadzu GC Solution software.  Each of the 33 essential oil components targeted and 

quantified in this analysis were expressed as the percentage of their peak area to the total area 

of all essential oil peaks eluted.  The ratio of humulene to caryophyllene was additionally 

calculated. 

 

The hop acid trait α-acid was also measured in the Slovenian population, analysed by the lead 

conductance value (LCV) measure, following the EBC 7.4 method for LCV of hops, powders 

and pellets [265], as described by Cerenak et al. [95].  Although obtained through different 

extraction and quantification methods, α-acid content as assessed in the Slovenian population 

is analogous to α-acid content as assessed in the New Zealand population, allowing direct 

comparison of this trait across the two separate experiments. 

 

QTL analysis 

QTL analysis was conducted using the linkage maps constructed in this study.  MapQTL® 6 

[268] was used for this analysis.  Putative QTL were declared at the genome-wide 

significance level (α < 0.05).  The LOD threshold for genome-wide significance was 

estimated by permutation testing with 10000 iterations [269].  This method determines the 

LOD threshold for each phenotypic trait separately and, unlike other empirical methods, 
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makes no assumptions regarding probability distribution [269].  Interval mapping (IM) was 

conducted, using the regression algorithm and the default MapQTL® 6 parameters [268], to 

scan the genome for map intervals significantly associated with traits.  Where map intervals 

exceeded the genome-wide LOD threshold, single markers with the highest LOD value were 

selected as cofactors for multiple QTL model (MQM) mapping.  MQM mapping was 

performed using an iterative approach with the forward selection of cofactors until a stable set 

of cofactors was established. 

 

Due to the high proportion of dominant markers (in linkage groups where markers are 

segregating from one parent only), MapQTL® 6 [268] was unable to reach a unique solution 

to the probability of the QTL genotype due to the existence of more than one solution to the 

set of mathematical equations, as described by Van Ooijen [268].  To overcome this problem, 

the two-way pseudo-testcross analysis was undertaken, whereby the marker data was 

separated into the two meioses (markers segregating from respective parents only) and 

recoded from the CP population type to the doubled haploid population type (DH), as 

described by Van Ooijen [268].  IM and MQM then proceeded again, as described above. 

 

Identified QTL were confirmed with single marker non-parametric Kruskal-Wallis (KW) 

testing (P < 0.05).  KW testing is a particularly robust calculation in cases where the 

distribution of a trait departs from normality [268].  KW testing was also used to determine 

whether the QTL was segregating from the male or female parent.   

 

Male and female maps for each population were drawn using MapChart® 2.2 [270].  The 

QTL identified were indicated with solid bars representing 1-LOD support intervals and lines 

representing a 2-LOD support intervals.  The 2-LOD support interval corresponds to an ~95% 

confidence interval [271]. 
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CHAPTER 4 

Quantitative genetic parameters for yield, plant growth and cone chemical 

traits in hop (Humulus lupulus L.) 
 

 

ABSTRACT 

 

Most of the traits targeted in the genetic improvement of hop are quantitative in nature.  

Improvement based on selection of quantitative traits requires a comprehensive understanding 

of their inheritance.  This study estimated quantitative genetic parameters for 20 traits related 

to three key objectives for the genetic improvement of hop: cone chemistry, cone yield and 

agronomic characteristics.  Significant heritable genetic variation was identified for α-acid 

and β-acid, as well as their components and relative proportions.  The estimates of narrow-

sense heritability for these traits (h
2
 = 0.15 to 0.29) were lower than those reported in 

previous studies of hop, but were based on a broader suite of families (108 from European, 

North American and hybrid origins).  Narrow-sense heritabilities are reported for hop growth 

traits for the first time (h
2
 = 0.04 to 0.20), relating to important agronomic characteristics such 

as emergence, height and lateral morphology.  Cone chemistry and growth traits were 

significantly genetically correlated, such that families with more vigorous vegetative growth 

were associated with lower α-acid and β-acid levels.  This trend may reflect the underlying 

population structure of founder genotypes (European and North American origins) as well as 

past selection in the Australian environment.  Factors besides additive genetic effects were 

found to influence both trait variation and correlations between traits; this has implications for 

attempts to achieve genetic gain in hop, particularly where selection involves multiple traits.  

Although male and female hop plants are thought to be indistinguishable until flowering, sex 

was found to influence variation in many growth traits, with male and female plants 

displaying differences in vegetative morphology from emergence to cone maturity.  This 

study reveals important insights into the genetic control of quantitative hop traits, information 

which will be useful for the selective improvement of hop. 
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INTRODUCTION 

 

In the development of new crop cultivars, breeders are confronted with choosing among many 

potential selection criteria.  In hop (Humulus lupulus L.) these criteria include yield per 

hectare, agronomic suitability (which is based on morphological characteristics of the plant) 

and brewing quality (which is primarily based on the chemical characteristics of the cone).  

Making genetic improvements to these criteria is complex as many of the traits relevant to 

them are quantitative characters, likely controlled by a large number of genes, each with small 

effects.  For these traits, it is generally impossible to determine the specific genotype (or 

breeding value) of an individual simply by assessing its phenotype [46].  Phenotypic 

assessments also provide no indication of how much variation in the trait is the result of 

environmental influences [46]. 

 

Quantitative genetics is the study of the effect that genetics and the environment have on 

phenotypic variation, and provides extensive information on the inheritance of traits [49, 72].  

The basis of quantitative genetics is in statistical models, where the relative influences of 

genetic and environmental factors on traits are estimated from the phenotypic resemblance 

between relatives, usually in clonal or progeny trials [49, 72].  Quantitative genetic analysis 

can inform breeders as to the amount of heritable genetic variation in traits available for 

selection [48].  It can also provide an understanding of the genetic relationships between traits 

that both directly and indirectly affect the phenotype, indicating genetic correlations [49, 72].  

Understanding genetic correlations can be used to identify potential proxy selection indicators 

where it is difficult or expensive to measure traits directly, or to avoid potentially 

unfavourable consequences that would arise from the selection of seemingly unrelated traits 

[73].  Quantitative genetic analysis can determine the degree to which environmental factors 

influence trait variation and the correlations between traits [46].  This knowledge is essential 

for the accurate prediction of genetic gains and the development of breeding strategies, as 

well as to inform growers how a crop can be managed more efficiently through the control of 

environmental factors [48].  In hop, which is dioecious [10-11], quantitative genetic analysis 

of progeny trials has the added benefit of providing a means of assessing the genetic potential 

of male plants for traits expressed only in female plants.  These traits include those relating to 

the yield and the quality of the commercially important hop cones.  The information gained 

from quantitative genetic analysis can simplify the hop breeding process, improving estimates 

of the genetic gains that can be anticipated through selection methods as well as assisting with 
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the choice of breeding parents and the development of clearly defined aims for hop 

improvement. 

 

Hop is one of four essential ingredients of beer (the others being water, yeast and a 

carbohydrate source such as barley or wheat), added to provide bitterness, flavour and aroma 

as well as functioning as a natural preservative [17].  Female hop plants develop strobili 

(commonly called cones), which contain numerous glandular trichomes (lupulin glands) on 

their bracts [10, 12-13].  The lupulin glands contain many secondary metabolites, including 

resins, essential oils and tannins [6].  The resins found in hop lupulin glands have not been 

found in any other plant species [6]; they comprise hard resins (including xanthohumol, 

isoxanthohumol and flavones) and soft resins (also called hop acids), which are dominated by 

humulones (α-acids) and lupulones (β-acids) [195, 199].  It is the α-acids that provide the 

bitter taste to beer [6].  Β-acids also contribute to beer bitterness, as well as providing 

preservative activity [6, 18-20].  The flavour and aroma of beer is derived from the hop 

essential oils, the composition of which is diverse (with more than 500 different compounds 

identified), but typically consisting of 90% terpenoids, dominated by myrcene, humulene, 

caryophyllene and farnesene [6, 15, 195, 199-200].  Hop cultivars differ in their secondary 

metabolite profiles, in terms of the presence, amount and relative proportions of these 

compounds.  As such, different hop cultivars produce different levels of bitterness and a 

variety of flavours and aromas [23-24, 272].  Hop plants are perennial, wind-pollinated 

climbers, cultivated on strings suspended from a trellis [6].  Flowering is induced by 

shortening day length, after the plant has grown a minimum number of nodes [8-9].  Flowers 

develop at the terminal buds of lateral branches; female flowers develop into cones, which 

mature at the beginning of autumn [8, 10].  The vegetative parts of the plant die back each 

year; the underground rootstock remains dormant over winter and re-sprouts in spring [6].  

Hops have a native distribution between latitudes of approximately 35° and 70° North, from 

Western Europe, east to Siberia and Japan and across North America, except in highlands and 

deserts [2-3], but many hop cultivars are of European genetic origin, or are hybrids between 

European and North American germplasm [6, 36]. 

 

Since the 1950s, several studies have examined the inheritance of quantitative traits in hop [50, 

74-87].  Both clonal and progeny trials have been used to examine the heritability of traits 

relating to yield, including yield of cones (green or dry mass) per hectare and number of cones 

per plant [74, 77-81, 84]; cone chemistry and brewing quality, including α-acid, β-acid, their 
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components and their relative proportions, as well as several essential oils [74-76, 78-83, 85-

87, 273]; and agronomic attributes, including hop storage index, morphology of cones, leaves, 

lateral and lupulin glands, vigour, flowering and cone maturity times and disease 

susceptibility [50, 75-78, 80-81, 84-87].  These studies have documented a wide range of 

heritability estimates and variable genetic relationships between traits, and have generally 

found that hop cone chemistry, yield and plant morphology traits have a genetic basis.  Many 

of the earliest of these studies estimated the inheritance of traits on the basis of phenotypic 

observation of the transmission of traits from parent to offspring, using little statistical 

analysis [76, 81-82, 85-86, 273].  As such, these studies were unable to make full use of the 

information to separate genetic and environmental influences and therefore may be less 

reliable.  Of those studies based on more sophisticated statistical procedures, the majority 

report broad-sense heritability and describe correlations on the basis of the total genetic 

variation [50, 74-75, 80, 84, 87].  Although the estimation of broad-sense heritability is able 

to discern between variation resulting from genotypic and environmental factors, it does not 

partition the genetic factor into additive, dominance and epistatic components [49, 72].  The 

additive genetic component, which is based on the average effects of alleles, is the easiest 

type of genetic effect to predict and use in breeding [49, 72].  As such, it is the only portion of 

genetic variation that is relevant to selection in current hop breeding programs [274]. 

 

Four studies have examined additive genetic variation in hop traits and have reported 

estimates of narrow-sense heritability (based only on additive genetic variation) [77-79, 83].  

These studies have examined 13 traits: five relating to hop acids (α-acid, β-acid, α-acid:β-acid, 

cohumulone and colupulone), five relating to essential oils (essential oil content, myrcene, β-

caryophyllene, farnesene and humulene:β-caryophyllene) one relating to polyphenols 

(xanthohumol), one relating to yield (yield of dry cones) and one relating to agronomic 

attributes (hop storage index) [77-79, 83].  While these studies provide information for 

selection of cone chemistry, hop storage indes and yield, the inheritance of plant growth and 

agronomic suitability, as well as the relationship of these factors to cone chemistry and yield, 

has not been examined.  These four studies report heritability estimates and genetic 

correlations that are derived from more accurate methods of calculation, but they are based on 

progeny trials consisting of too few families (12-25) [77-79, 83] for the accurate estimation of 

quantitative genetic parameters [72, 275].  Additionally, the families examined in these four 

studies were derived from a narrow genetic base, using parents of primarily European genetic 

origin [72, 275].  As such, these results have to be treated carefully.  Further heritability 
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estimates and genetic correlations, from quantitative genetic analyses that includes a broader 

range of material and larger trials and those previously conducted, would expand our current 

understanding of the inheritance and genetic control of traits relating to cone chemistry, yield 

and agronomic characteristics in hop. 

 

QTL have been identified for a number of traits relating to hop cone chemistry and yield, 

including α-acid and β-acid, as well as their components and relative proportions; total 

essential oil content and a number of individual essential oils; the polyphenols xanthohumol 

and desmethylxanthohumol; yield of dry cones; cone harvest index; and powdery mildew 

susceptibility [88, 95, 99, 110, 117, 276].  These QTL indicate that variation in these traits has 

a genetic basis; but as many of these QTL have been identified in a single pedigree, 

environment and ontogenetic stage, a quantitative genetic analysis could offer insight into the 

degree of heritability of these traits in a broader range of hop material.  Many of the QTL that 

have been identified for hop traits have been found to co-locate [276].  A quantitative genetic 

analysis could provide additional information about genetic correlations between traits, 

furthering the understanding of the genetic control of hop and providing important 

information for selective improvement of hop. 

 

This study reports estimates of quantitative genetic parameters for 20 commercially important 

hop traits.  Traits were selected on the basis of their relevance to hop breeding programs, and 

included α-acid and β-acid, two key brewing chemicals that impart the bitter taste and 

preservative activity to beer [6, 18-20], as well as their components and relative proportions.  

Ten plant growth traits relating to agronomic features of the hop plant were evaluated, 

including traits related to emergence, height, lateral morphology and cone distribution.  These 

agronomic traits are important for the cultivation of the hop plant, as well as being possible 

proxy selection indicators for chemical traits, where a correlation occurs.  Yield of hop cones 

was evaluated by the weight of green cones per plant.  The quantitative genetic parameters 

that were assessed included additive genetic variance and narrow-sense heritability, as well as 

the genetic correlations between traits and the degree to which variation and correlation of 

traits was affected by factors other than additive genetic effects (including the environment, 

agricultural practice, dominance, epistasis and error).  Calculations of genetic parameters 

were based on a progeny trial consisting of the largest number of families (108) utilised for 

this purpose in hop, and families were derived from a broad genetic base of genotypes from 

European and North American genetic origins, as well as hybrids between the two.  This 
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study aims to increase our understanding of the inheritance of quantitative traits in hop as well 

as the genetic relationships between traits and the influence that elements besides additive 

genetic effects have on these factors.  Such results would provide hop breeders with important 

information to assist selection and genetic gain in key traits, and would be of use in the 

planning of breeding programs for the development of superior hop cultivars. 

 

MATERIALS AND METHODS 

 

Field trial 

The genetic control of hop cone chemistry, cone yield and agronomic characteristics were 

investigated using a field trial at Bushy Park, Tasmania (42°42΄33˝S 146°53΄54˝E).  The trial 

consisted of open pollinated seedlings from 160 female parents that included commercial 

cultivars and breeding lines from Australia, Europe and the USA.  The female parents were 

pollinated in January 2008 and the seedlots collected in March 2008.  The seeds were subject 

to stratification in July 2008 and were germinated in September 2008.  The trial, planted in 

December 2008, was established in a randomised incomplete block design [277], comprising 

five replicates of 16 incomplete blocks.  Each incomplete block contained 10 families in two-

plant contiguous plots, giving a total of 10 plants per family.  Plants were grown in rows 

spaced 2.8 m apart and with 0.9 m between plants within each row (a planting density of 

~3940 plants per hectare).  Plants were grown up a 6 m trellis, with one string per plant and 

three bines trained up each string.  Routine agricultural practice for hop in Australia was 

applied to the trial, including standard fertilisation, overhead irrigation and bine training by 

hand. 

 

Families in the trial displaying evidence of monoecy (assessed by field observation) or 

polyploidy (assessed by pedigree record) were excluded from analysis of genetic control.  

Analysis proceeded on the basis of 1049 individuals from 108 families (Appendix 4.1).  A 

pedigree of the female parents and their ancestors, to founders where possible, was 

constructed using records from California Fermentation Society [278], Freshops USDA 

named hop variety descriptions [279], Haunold et al. [280], Homer et al. [281], Jakše et al. 

[51], Kenny and Zimmermann [282], Miyata [283], Neve and Darby [284], Patzak [285], 

Reed [286], Roborgh [287], Simply Hops [288], The Germplasm Resources Information 

Network (GRIN) [289], Zimmermann et al. [290] and Hop Products Australia. 
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Trait measurements 

Twenty traits were assessed in this study, including ten plant growth traits related to 

agronomic suitability (three associated with emergence and seven with vegetative 

morphology), nine traits evaluating cone chemistry and one trait assessing cone yield (Table 

4.1).  Plant growth traits and cone chemical traits were assessed in the trial over two 

cultivation seasons, while cone yield was assessed in one season (Table 4.1).  Where 

necessary, power transformations were used to standardise the variance of traits (Table 4.1). 
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Table 4.1 Plant growth, yield and cone chemistry traits assessed over two seasons of the hop cultivation process.  „n individuals‟ refers to the number of individuals assessed for 

each trait.  „n families‟ refers to the number of families assessed for each trait.  „Age‟ refers to the age of the plants at the time that a trait was assessed in number of months after the 

trial was planted.  „Transformation‟ refers to the power transformation used to standardise the variance of each trait (x).  „Mean‟ refers to the backtransformed mean of all assessed 

individuals for each trait. 

 

Trait Description n individuals n families Age Transformation Mean 

p
la

n
t 

g
ro

w
th

 

number of shoots Number of shoots at emergence 
1049 108 11 months x

0.5
 5.51 

1049 108 24 months None 7.42 

length of the longest 

shoot 
Length (cm) of the longest shoot at emergence 

965 108 11 months x
0.5

 51.41 

823 108 24 months x
0.5

 11.67 

number of nodes on 

the longest shoot 
Number of nodes on the shoot of maximal length 

965 108 11 months None 7.11 

823 108 24 months x
0.5

 2.99 

height  

(at flower initiation) 

Height of the bine from the ground to the top of the 6 m trellis 

(m), assessed at flower initiation 

1046 108 13 months  None 3.68 

1047 108 25 months None 5.10 

height  

(mid-season) 

Height of the bine from the ground to the top of the 6 m trellis 

(m), assessed between flowering and cone maturity 

976 108 14 months  None 4.45 

1047 108 26 months None 5.68 

height  

(at cone maturity) 

Height of the bine from the ground to the top of the 6 m trellis 

(m), assessed at cone maturity 

1042 108 16 months None 4.53 

1039 108 28 months None 4.54 

lateral length Length of a lateral at shoulder height (cm) 
1012 108 16 months x

0.5
 48.22 

982 108 28 months x
0.5

 44.81 

number of nodes on 

lateral 
Number of nodes on the same lateral measured for lateral length 

1006 108 16 months x
0.5

 6.55 

1007 108 28 months x
0.5

 6.56 

internode length 
Internode length on the same lateral measured for lateral length.  

The third internode from the main bine was measured (cm) 

231 78 16 months x
0.5

 17.41 

339 96 28 months x
0.5

 26.86 

height to the cones 
Height of the bine from the ground up to where the bulk of the 

cones began (metres) 

663 108 16 months None 1.74 

588 108 28 months None 1.75 
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Trait Description n individuals n families Age Transformation Mean 

yield green cone weight Fresh weight of cones per plant (g) 204 107 28 months x
0.5

 1.02 

co
n

e 
ch

em
is

tr
y
 

cohumulone Cohumulone (% dry weight) 
397 108 16 months x

0.5
 2.71 

208 107 28 months x
0.5

 2.50 

humulone + 

adhumulone 
Humulone + adhumulone (% dry weight) 

397 108 16 months x
0.5

 6.41 

208 107 28 months x
0.5

 5.34 

colupulone Colupulone (% dry weight) 
397 108 16 months x

0.5
 2.31 

208 107 28 months x
0.5

 2.51 

lupulone + 

adlupulone 
Lupulone + adlupulone (% dry weight) 

397 108 16 months x
0.5

 2.16 

208 107 28 months x
0.5

 2.17 

α-acid 
Percentage of total resin that is α-acid [cohumulone + 

(humulone + adhumulone)] (% dry weight) 

397 108 16 months None 9.12 

208 107 28 months x
0.5

 7.84 

β-acid 
Percentage of total resin that is β-acid [colupulone + (lupulone 

+ adlupulone)] (% dry weight) 

397 108 16 months x
0.5

 4.48 

208 107 28 months x
0.5

 4.69 

cohumulone  

(% of α-acid) 

Percentage of α-acid that is cohumulone [cohumulone / 

(cohumulone + humulone + adhumulone)] (% dry weight) 

397 108 16 months x
0.5

 0.30 

208 107 28 months x
0.5

 0.32 

α-acid:β-acid 
Ratio of α-acid to β-acid [(cohumulone + humulone 

+adhumulone) / (adlupulone + lupulone + adlupulone)] ratio 

397 108 16 months x
0.5

 2.21 

208 107 28 months x
0.74

 1.80 

α-acid:total resin 

Ratio of α-acid to total resin [(cohumulone + humulone + 

adhumulone) / (cohumulone + humulone + adhumulone + 

colupulone + lupulone + adlupulone)] ratio 

397 108 16 months x
0.5

 0.67 

208 107 28 months x
0.5

 0.62 
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Cone samples for chemical analysis were collected at several days post commercial maturity 

of the majority of the trial, as hop chemistry is more stable after maturity is reached than 

before [197].  Hop samples were dried for eight to 12 hours at 55°C.  For each plant, hop cone 

chemical extracts were prepared by grinding 10 g of dried hop cone tissue using a domestic 

coffee grinder.  A quantity of 2 g of the ground tissue was then extracted with 20 ml toluene 

in a 30 ml glass vial with 3 x 6 mm stainless steel ball-bearings using a rotator at 75 rpm for 

30 min.  The samples were allowed to stand for 10 min; then diluted 1:20 with an 85% 

methanol solution.  An 800 μL aliquot of the dilution was placed in a 1 ml HPLC vial using a 

two syringe (2500 μL and 250 μL) Hamilton 500 series microdiluter.  Diluted samples were 

vortexed for 3 sec before placing into a Waters 717 autosampler.  Hop acids were fractionated 

by HPLC, on a system consisting of a Waters 1515 pump and column heater (29°C), a Waters 

717 autosampler and a Waters 2996 UV/UV-VIS photodiode array detector at wavelengths of 

325 nm (α-acids) and 342 nm (β-acids).  A Varian ChromSpher reversed-phase C18 column 

(100 x 4.6 mm; 3 μm particle size) was used, coupled with a Varian 10 x 2 mm ChromSep 

guard column.  Column temperature was maintained at 28°C.  The mobile phase used for 

separation comprised 86% methanol (containing 0.1 g/L dissolved tetra-sodium EDTA) and 

14% 0.05 M sulphuric acid; the flow rate was 1.2 ml/min, for 8 min per sample.  The sample 

volume injected was 10 μL.  Quantification was performed using the Waters Empower 

software package and the International Calibration Extract (ICE-3 ASBC) for reference.  ICE-

3 was prepared by dissolving 1.8 g of ICE-3 in 100 ml methanol; ICE-3 samples were then 

prepared for injection as per the methods for other samples.  Three standard vials were run 

with each batch of samples, with each standard vial sampled six times (three times at the start 

and three times at the end of each run).  Four components (cohumulone, humulone + 

adhumulone, colupulone, and lupulone + adlupulone) were identified and quantified.  The 

other five cone chemical traits (α-acid, β-acid, cohumulone (% of α-acid), α-acid:β-acid and 

α-acid:total resin) were derived by calculation from these four components (as described in 

Table 4.1). 

 

Statistical procedures 

ASReml [291] was used to conduct general linear mixed model analyses of the plant growth, 

cone yield and cone chemical data collected from the progeny trial.  Residual maximum 

likelihood estimates of variance and covariance were obtained for each trait.  The univariate 

model used was defined as: 
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y = Xβ + Z1c + Z2a + e 

where y is the vector of n observations for the dependent variable; β is the vector of fixed 

effects, which were sex (only for the plant growth traits) (as performed by Gilmour [292]) and 

replicate; c is the vector of random replicate.incomplete-block effects; a is the vector of 

random additive genetic effects; and e is the vector of random residuals.  X, Z1 and Z2 are 

incidence matrices relating observations to factors in the model.  The variance for each 

component was defined as: 

 

Var[c]=C=
2

cIσ  

Var[a]=G=
2

aAσ  

Var[e]=R =
2

eIσ
 

 

where C, G and R represent the random effects (family and the replicate.incomplete-block 

term), additive and residual covariance matrices between the observations respectively; A is 

the numerator relationship matrix for additive genetic effects; I is an identity matrix; and σ
2
x 

is the variance of x.  The expected values and variances of the model were as follows: 
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The phenotypic covariance matrix was: 

 

RZGZZCZV 2211   

 

For each trait student‟s t tests [150] were performed to determine whether additive genetic 

variance was significantly different from zero (P < 0.05).  The significance of the fixed effects 

(replicate and sex) were also tested for each trait with F-tests (P < 0.05).  The coefficient of 

additive genetic variance (CVA) was calculated for each trait as: 

 

𝑪𝐕𝐀 =  
 𝐚

𝑿 
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where 𝑿  is the phenotypic mean of the trait. 

  

To examine the relationships between hop cone chemistry, yield and plant growth, residual 

maximum likelihood estimates of genetic correlation and phenotypic correlation between 

traits were calculated.  In these bivariate analyses y, c, a, and e consist of vectors containing 

observations for two traits such that:  

 

)y,y( 21
y , 

)c,c( 21
c , 

)a,a( 21
a , 

)e,e( 21
e , 

21 XXX  , 

21 11 ZZZ1  , 

21 22 ZZZ2  , 

οc CΙC  , 

oN RIR  and 

oGAG 
 

 

The variance-covariance matrices for the random effects (family and the replicate.incomplete-

block term), additive genetic effects and residuals were represented by Co, Go and Ro 

respectively: 

 














2

cc

c

2

c

o
σσ

σσ
C

1

11

22

2 , 













2

e

2

o
σσ

σσ
G

1

11

22

2

a

aa
 and 














2

ee

e

2

e

o

212

121

σσ

σσ
R  

 

The genetic and phenotypic relationships between plant growth and cone chemistry were 

investigated using the emergence traits number of shoots and length of the longest shoot (both 

measured in the first season, 11 months after the trial was planted); the vegetative morphology 

traits  height (at flower initiation), height (at cone maturity), height to the cones and lateral 

length (all measured in the second season, 28 months after the trial was planted, except for 

height (at flower initiation) which was measured 25 months after the trial was planted); and 
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cone chemical traits α-acid, β-acid, cohumulone (% of α-acid), α-acid:β-acid and α-acid:total 

resin (all measured in the second season, 28 months after the trial was planted).  The genetic 

and phenotypic relationships between yield and plant growth and yield and hop chemistry 

were investigated using the yield trait green cone weight (measured in the second season, 28 

months after the trial was planted) and the emergence, vegetative morphology and cone 

chemical traits listed above.  The consistency of measurements of each individual trait used in 

these bivariate analyses was assessed by examining the genetic and phenotypic correlations 

between the results obtained from seasons one and two.  Relationships between the different 

chemical traits were evaluated by investigating the genetic and phenotypic correlations 

between each chemical trait and every other chemical trait, with measurements from both 

seasons assessed.  Genetic correlations between chemical components (α-acid and β-acid) and 

ratios between components (α-acid:β-acid and α-acid:total resin) were examined to determine 

whether the genetic factors influencing the amounts of chemical components also influenced 

the proportions of these components relative to each other and total resin content.  

Relationships between the different plant growth traits were also evaluated through the 

examination of genetic correlations.  The significance of each genetic and phenotypic 

correlation were tested with student‟s t tests (P < 0.05) [150]. 

 

Narrow-sense heritability (h
2
) was calculated for each trait.  This was computed in ASReml as: 

 

22

2

2

ea

ah







 

 

Least squares mean for each family were computed.  These were estimated for every trait 

from the PREDICT statement in ASReml.  Where necessary the values were backtransformed; 

and for each trait the upper 95% and lower 95% limits were calculated. 

 

RESULTS 

 

Genetic variation 

Significant genetic variation was found between families for all cone chemical traits assessed 

(Table 4.2).  For some cone chemical traits (colupulone, α-acid and β-acid) genetic variance 

was significant in only the first growing season (Table 4.2).  No significant genetic variation 

was found between families for cone yield (assessed in only the second growing season) 



Chapter 4: Quantitative genetic analysis of hop 

 

 

90 

(Table 4.2); but significant genetic variation was found between families for all plant growth 

traits (Table 4.2).  For one plant growth trait (internode length) significant genetic variance 

was detected in only the first growing season.  For all traits, CVA ranged from 0 to 2.67 (mean 

0.12) (Table 4.2).  The family least squares mean for each trait is reported in Appendix 4.2. 
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Table 4.2 Genetic variation and heritability of traits associated with cone chemistry, cone yield and plant growth in hop.  „Age‟ refers to the time that each trait was assessed after 

the trial was planted.  „Rep.iblock‟ refers to the random effect of replicate.incomplete-block.  „Additive‟ refers to additive genetic variance.  „Error‟ refers to the random effect of 

residuals.  „VP‟ refers to the phenotypic variance.  „CVA‟ refers to the coefficient of additive genetic variance.  „t‟ refers to the t-value for Additive and „Pr > t‟ refers to its 

significance.  „Rep‟ and „Sex‟ refers to the fixed effects of replicate and plant sex on the trait, respectively; „P > F‟ refers to their significance in each case.  „h
2
’ refers to the narrow-

sense heritability and „SE‟ refers to standard error of h
2
. 

 

 

   
Variance components 

    
Fixed effects Heritability 

Trait Age Rep.iblock Additive Error VP CVA t Pr > t Rep P > F Sex P > F h
2
 SE 

p
la

n
t 

g
ro

w
th

 

number of shoots 
11 months 0.09 0.06 0.88 1.03 0.05 2.75 P < 0.005 8.53 P < 0.0001 885.16 P < 0.0001 0.06 0.02 

24 months 0.56 0.40 4.97 5.93 0.09 2.87 P < 0.005 3.22 P < 0.05 1556.87 P < 0.0001 0.07 0.02 

length of the longest 

shoot 

11 months 0.32 0.33 5.86 6.52 0.01 2.31 P < 0.05 2.84 P < 0.05 1674.14 P < 0.0001 0.05 0.02 

24 months 0.09 0.37 1.84 2.31 0.05 4.28 P < 0.0001 2.39 NS 661.01 P < 0.0001 0.16 0.03 

number of nodes on 

the longest shoot 

11 months 0.56 0.40 4.97 5.93 0.09 2.87 P < 0.005 3.22 P < 0.05 1556.87 P < 0.0001 0.07 0.02 

24 months 0.03 0.03 0.23 0.29 0.06 3.38 P < 0.0005 0.74 NS 1407.14 P < 0.0001 0.10 0.03 

height 

(at flower initiation) 

13 months 0.05 0.09 1.32 1.45 0.08 2.73 P < 0.005 11.27 P < 0.0001 2550.49 P < 0.0001 0.06 0.02 

25 months 0.00 0.10 0.81 0.91 0.06 3.91 P < 0.0001 2.36 NS 7621.12 P < 0.0001 0.11 0.03 

height 

(mid-season) 

14 months 0.51 0.07 1.21 1.79 0.06 2.30 P < 0.05 1.55 NS 1177.69 P < 0.0001 0.04 0.02 

26 months 0.00 0.03 0.33 0.36 0.03 3.57 P < 0.0005 1.08 NS 23768.91 P < 0.0001 0.09 0.02 

height 

(at cone maturity) 

16 months 0.01 0.07 0.60 0.68 0.06 3.77 P < 0.0001 2.72 P < 0.05 7756.84 P < 0.0001 0.10 0.03 

28 months 0.01 0.08 0.58 0.66 0.06 4.03 P < 0.0001 2.94 P < 0.05 7709.27 P < 0.0001 0.12 0.03 

lateral length 
16 months 0.10 0.38 7.17 7.65 0.01 2.28 P < 0.05 0.77 NS 3218.57 P < 0.0001 0.05 0.02 

28 months 2.58 0.21 2.96 5.74 0.01 2.50 P < 0.01 0.27 NS 511.01 P < 0.0001 0.04 0.01 

number of nodes on 

lateral 

16 months 0.01 0.02 0.32 0.35 0.02 2.11 P < 0.05 1.51 NS 4820.12 P < 0.0001 0.04 0.02 

28 months 0.01 0.02 0.32 0.35 0.02 2.06 P < 0.05 1.50 NS 4851.78 P < 0.0001 0.04 0.02 

internode length 
16 months 0.00 0.06 0.23 0.29 0.01 2.31 P < 0.05 1.51 NS 4477.69 P < 0.0001 0.20 0.08 

28 months 1.39 0.00 1.82 3.21 0.00 0.00 NS 0.06 NS 216.63 P < 0.0001 0.04 0.02 
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Variance components 

    
Fixed effects Heritability 

Trait Age Rep.iblock Additive Error VP CVA t Pr > t Rep P > F Sex P > F h
2
 SE 

height to the cones 
16 months 0.01 0.03 0.33 0.38 0.10 2.54 P < 0.005 612.18 P < 0.0001 NA NA 0.08 0.03 

28 months 0.01 0.04 0.32 0.37 0.12 2.86 P < 0.005 590.26 P < 0.0001 NA NA 0.11 0.04 

yield green cone weight 28 months 0.01 0.00 0.11 0.12 0.02 0.33 NS 243.57 P < 0.0001 NA NA 0.03 0.10 

co
n

e 
ch

em
is

tr
y

 

cohumulone 
16 months 0.00 0.03 0.07 0.10 0.06 4.14 P < 0.0001 1076.93 P < 0.0001 NA NA 0.29 0.06 

28 months NA 0.02 0.08 0.09 0.05 1.74 P < 0.05 895.61 P < 0.0001 NA NA 0.18 0.10 

humulone + 

adhumulone 

16 months 0.00 0.04 0.12 0.16 0.03 3.93 P < 0.0001 1714.16 P < 0.0001 NA NA 0.26 0.06 

28 months 0.00 0.02 0.12 0.15 0.03 1.72 P < 0.05 1250.91 P < 0.0001 NA NA 0.17 0.09 

colupulone 
16 months 0.00 0.02 0.07 0.09 0.06 3.39 P < 0.0005 1105.00 P < 0.0001 NA NA 0.21 0.06 

28 months 0.00 0.01 0.07 0.08 0.04 1.38 NS 950.66 P < 0.0001 NA NA 0.15 0.10 

lupulone + 

adlupulone 

16 months 0.00 0.02 0.07 0.09 0.07 3.60 P < 0.0005 1076.23 P < 0.0001 NA NA 0.23 0.05 

28 months 0.00 0.02 0.06 0.08 0.06 1.93 P < 0.05 868.60 P < 0.0001 NA NA 0.21 0.10 

α-acid 
16 months 0.00 2.00 5.41 7.41 0.16 3.99 P < 0.0001 503.89 P < 0.0001 NA NA 0.27 0.06 

28 months 0.01 0.02 0.11 0.14 0.02 1.45 NS 1051.50 P < 0.0001 NA NA 0.16 0.10 

β-acid 
16 months 0.00 0.03 0.12 0.15 0.04 3.34 P < 0.001 1320.40 P < 0.0001 NA NA 0.20 0.05 

28 months 0.00 0.03 0.17 0.21 0.04 1.56 NS 1319.15 P < 0.0001 NA NA 0.15 0.10 

cohumulone 

(% of α-acid) 

16 months 0.00 0.00 0.00 0.00 0.11 3.90 P < 0.0001 2855.30 P < 0.0001 NA NA 0.26 0.06 

28 months NA 0.72 0.00 0.72 2.67 2.72 P < 0.005 3333.97 P < 0.0001 NA NA 0.29 0.09 

α-acid:β-acid 
16 months NA 0.01 0.05 0.06 0.05 3.32 P < 0.001 1673.84 P < 0.0001 NA NA 0.20 0.05 

28 months 0.00 0.03 0.12 0.16 0.10 2.03 P < 0.05 500.11 P < 0.0001 NA NA 0.21 0.10 

α-acid:total resin 
16 months NA 0.00 0.00 0.00 0.04 3.52 P < 0.0005 11960.40 P < 0.0001 NA NA 0.22 0.05 

28 months 0.00 0.00 0.00 0.00 0.05 2.05 P < 0.05 5383.75 P < 0.0001 NA NA 0.22 0.10 
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The heritability of all traits assessed in the study ranged from 0.03 to 0.29 (mean 0.14) (Table 

4.2).  The heritability of cone chemical traits ranged from 0.15 to 0.29 (mean 0.22) and were 

generally higher than the heritability of growth traits, which ranged from 0.04 to 0.20 (mean 

0.08) (Table 4.2).  Cone yield displayed a very low heritability (h
2
 = 0.03) (Table 4.2).  

Estimates of heritability of cone chemical traits were generally higher in the first season of 

growth, along with plant growth traits related to lateral branch morphology (Table 4.2).  The 

remaining plant growth traits had higher heritability estimates in the second season (Table 

4.2). 

 

The effect of replicate was significant for all of the cone chemical traits and also for many of 

the plant growth traits assessed (Table 4.2).  The effect of sex was highly significant (P < 

0.001) in all traits that were assessed in both male and female plants (all plant growth traits 

except height to the cones) (Tables 4.2 and 4.3).  For all traits related to emergence, male and 

female phenotypes were similar in the first season of growth (assessed in the first month of 

spring), but in the second season (the last month of spring), male plants had significantly 

greater number of shoots, greater number of nodes on the longest shoot and a longer length of 

the longest shoot (Table 4.3).  The heights of male and female plants were also significantly 

different throughout the growing season, with female plants being taller than male plants 

(Table 4.3).  In terms of lateral morphology, female plants had significantly longer lateral 

lengths (in season one) and greater number of nodes on laterals (both seasons), but displayed 

similar internode lengths to male plants (Table 4.3). 
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Table 4.3 Differences between male and female hop plants for growth traits.  Each trait was assessed in two 

seasons of plant growth; „Age‟ refers to the age of the plants at the time that each trait was assessed after the trial 

was planted.  „Female plants n‟ refers to the number of female plants assessed for each trait.  „Female plants 

mean + SD‟ refers to the phenotypic mean and standard deviation of all female plants for each trait.  „Male plants 

n‟ refers to the number of male plants assessed for each trait.  „Male plants mean + SD‟ refers to the phenotypic 

mean and standard deviation of all male plants for each trait.  „P value‟ refers to the significance of similarity 

between phenotypic variances of female and male plants.  

 

Trait Age 
 Female 

plants n 

Female plants 

mean + SD 

Male 

plants n 

Male plants 

mean + SD 
P value 

number of shoots 
11 months 671 5.51 + 4.92 378 5.50 + 4.33 NS 

24 months 671 6.49 + 6.15 378 9.06 + 6.51 P < 0.0001 

length of the longest 

shoot 

11 months 606 51.15 + 33.79 359 51.84 + 31.32 NS 

24 months 496 10.66 + 10.79 327 13.21 + 12.05 P < 0.005 

number of nodes on 

the longest shoot 

11 months 606 7.04 + 2.44 359 7.21 + 2.44 NS 

24 months 496 2.80 + 1.76 327 3.28 + 1.90 P < 0.0005 

height  

(at flower initiation) 

13 months 670 3.74 + 1.29 376 3.58 + 1.13 P < 0.05 

25 months 669 5.15 + 1.00 378 5.03 + 0.87 P < 0.05 

height  

(mid-season) 

14 months 624 4.71 + 1.43 352 3.99 + 1.17 P < 0.0001 

26 months 669 5.87 + 0.46 378 5.34 + 0.80 P < 0.0001 

height  

(at cone maturity) 

16 months 666 4.77 + 0.79 376 4.10 + 0.90 P < 0.0001 

28 months 663 4.79 + 0.76 376 4.18 + 0.70 P < 0.0001 

lateral length 
16 months 650 50.12 + 26.57 362 44.80 + 21.37 P < 0.0005 

28 months 649 44.65 + 29.02 333 45.12 + 20.90 NS 

nodes on lateral 
16 months 650 6.73 + 3.89 356 6.01 + 2.41 P < 0.0005 

28 months 650 6.81 + 3.41 357 6.08 + 2.77 P < 0.0005 

internode length 
16 months 152 17.53 + 4.21 79 17.19 + 4.88 NS 

28 months 228 28.04 + 23.16 111 24.46 + 18.31 NS 

     

  

Genetic correlations 

Trait pairwise genetic correlations were used to investigate the genetic relationships between 

five cone chemical traits relevant to hop breeding.  α-acid and β-acid were positively 

genetically correlated in the first growing season, but were not correlated in the second season 

(Table 4.4).  In both seasons, α-acid was positively genetically correlated with α-acid:β-acid 

and α-acid:total resin, while β-acid was negatively genetically correlated with these traits 

(Table 4.4).  The genetic correlations between α-acid:β-acid and α-acid:total resin were 

strongly positive in both growing seasons (Table 4.4).  In both seasons, cohumulone (% of α-

acid) was positively genetically correlated with α-acid and negatively genetically correlated 

with β-acid; consistent with these findings, cohumulone (% of α-acid) was positively 

genetically correlated with α-acid:β-acid and α-acid:total resin (Table 4.4).  For all of the cone 
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chemical traits assessed, strong positive genetic correlations were identified between 

assessments in the two growing seasons (Appendix 4.3a). 

 

Table 4.4 Pairwise additive genetic (lower part of the matrix) and phenotypic (upper part of the matrix) 

correlations between hop cone chemical traits and also between plant growth traits in hop.  The standard error of 

each correlation is given.  Correlations statistically different from zero (P < 0.05) are shown in bold.  a. refers to 

traits assessed in the first year of plant growth (16 months after the trial was planted); and b. refers to traits 

assessed in the second year of plant growth (28 months after the trial was planted). 

 

a. 

 

 α-acid β-acid 
cohumulone  

(% of α-acid) 
α-acid:β-acid 

α-acid:total 

resin 

α-acid   0.44 + 0.04 0.02 + 0.06 0.37 + 0.05 0.39 + 0.05 

β-acid 0.48 + 0.15   0.00 + 0.06 -0.65 + 0.03 -0.63 + 0.03 

 cohumulone  

(% of α-acid) 
0.17 + 0.18 -0.13 + 0.20   0.02 + 0.06 0.02 + 0.06 

α-acid:β-acid 0.52 + 0.15 -0.50 + 0.15 0.29 + 0.20   0.97 + 0.00 

α-acid:total 

resin 
0.47 + 0.15 -0.55 + 0.14 0.27 + 0.19 1.00 + 0.01   

 

b. 

 

 α-acid β-acid 
cohumulone  

(% of α-acid) 
α-acid:β-acid 

α-acid:total 

resin 

α-acid   0.31 + 0.06 0.09 + 0.07 0.54 + 0.05 0.53 + 0.05 

β-acid -0.08 + 0.49   -0.05 + 0.07 -0.59 + 0.05 -0.20 + 0.10 

cohumulone  

(% of α-acid) 
0.17 + 0.33 -0.20 + 0.36   0.10 + 0.07 0.12 + 0.07 

α-acid:β-acid 0.78 + 0.25 -0.60 + 0.27 0.19 + 0.30   0.95 + 0.01 

α-acid:total 

resin 
0.78 + 0.26 -1.00 

+ 

38.48 
0.30 + 0.30 0.96 + 0.03   

 

Genetic relationships between hop cone chemistry and plant growth were also investigated in 

this study.  Limited genetic correlation was observed between the emergence traits and the 

cone chemical traits.  Number of shoots was negatively genetically correlated with β-acid and 

positively genetically correlated with cohumulone (% of α-acid) and α-acid:β-acid, but these 

correlations were only weakly significant (Table 4.5).  There was a weak positive genetic 

correlation between length of the longest shoot and α-acid:β-acid; and a stronger positive 

genetic correlation between length of the longest shoot and cohumulone (% of α-acid) (Table 

4.5).  There was a higher degree of genetic correlation between the other plant growth traits 

and cone chemistry.  Height, assessed at flowering and at cone maturity, was negatively 

genetically correlated with all chemical traits (Table 4.5).  Similar results were observed for 

the relationships between cone chemistry and the other two traits assessing plant growth at 

cone maturity: height to the cones and lateral length.  Height to the cones was negatively 
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correlated with all chemical traits, except cohumulone (% of α-acid) for which the correlation 

was not significantly different from zero (Table 4.5).  Lateral length was negatively 

genetically correlated with both α-acid and β-acid, but the negative correlation was stronger 

with β-acid than with α-acid (Table 4.5).  As a result, lateral length was positively genetically 

correlated with α-acid:total resin (Table 4.5).  Lateral length was not significantly genetically 

correlated with either cohumulone (% of α-acid) or α-acid:β-acid (Table 4.5).  

 

The genetic relationships between the different plant growth traits were assessed, with 

positive correlations found between most traits (Table 4.6).  Exceptions to this were negative 

correlations between number of shoots and height to the cones, and length of the longest shoot 

and height at cone maturity; and no correlation between length of the longest shoot and the 

traits height at flowering, height to the cones and lateral length (Table 4.6).  The consistency 

of family performance for each growth trait was also assessed across the two growing seasons 

in which measurements were made.  For all of the plant growth traits assessed, genetic 

correlations between different assessments of the trait were strongly positive (Appendix 4.3b). 
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Table 4.5 Genetic and phenotypic correlations between cone chemical traits and plant growth traits in hop.  Cone chemical traits were assessed in the second year of plant growth 

(28 months after the trial was planted).  The plant growth traits number of shoots and length of the longest shoot were assessed in the first year of plant growth (11 months after the 

trial was planted) while height (at flower initiation), height (at cone maturity), height to the cones and lateral length were assessed in the second year of plant growth (height (at 

flower initiation) at 25 months after the trial was planted and the remaining plant growth traits at 28 months after the trial was planted).  The standard error of each correlation is 

given.  Correlations statistically different from zero (P < 0.05) are shown in bold. 

 

 number of shoots 
length of the longest 

shoot 

height  

(at flower initiation) 

height  

(at cone maturity) 
height to the cones lateral length 

 
Genetic 

correlation 

Phenotypic 

correlation 

Genetic 

correlation 

Phenotypic 

correlation 

Genetic 

correlation 

Phenotypic 

correlation 

Genetic 

correlation 

Phenotypic 

correlation 

Genetic 

correlation 

Phenotypic 

correlation 

Genetic 

correlation 

Phenotypic 

correlation 

α-acid -0.05 + 0.34 0.06 + 0.07 0.03 + 0.34 0.09 + 0.07 -0.56 + 0.29 -0.09 + 0.07 -0.82 + 0.26 -0.08 + 0.07 -0.59 + 0.35 -0.26 + 0.08 -0.49 + 0.37 -0.03 + 0.07 

β-acid -0.11 + 0.34 -0.07 + 0.07 -0.07 + 0.34 -0.07 + 0.07 -0.42 + 0.28 -0.20 + 0.07 -0.55 + 0.25 0.04 + 0.07 -0.22 + 0.35 -0.16 + 0.08 -0.62 + 0.37 -0.14 + 0.07 

cohumulone  

(% of α-acid) 
0.16 + 0.25 0.10 + 0.07 0.45 + 0.24 0.25 + 0.06 -0.21 + 0.21 0.07 + 0.07 -0.39 + 0.19 0.03 + 0.07 -0.07 + 0.24 -0.01 + 0.08 -0.04 + 0.26 0.03 + 0.07 

α-acid:β-acid 0.17 + 0.29 0.11 + 0.07 0.18 + 0.29 0.13 + 0.07 -0.15 + 0.24 0.10 + 0.07 -0.22 + 0.23 -0.00 + 0.07 -0.22 + 0.28 -0.07 + 0.08 0.05 + 0.29 0.05 + 0.07 

α-acid:total 

resin 
0.04 + 0.29 0.10 + 0.07 0.01 + 0.29 0.13 + 0.07 -0.12 + 0.24 0.10 + 0.07 -0.13 + 0.22 -0.01 + 0.07 -0.30 + 0.30 -0.05 + 0.08 0.12 + 0.27 0.09 + 0.07 

 

Table 4.6 Pairwise genetic (lower) and phenotypic (upper) correlations between plant growth traits in hop.  The traits number of shoots and length of the longest shoot were assessed 

in the first year of plant growth (11 months after the trial was planted).  The traits height (at flower initiation), height (at cone maturity), height to cones and lateral length were 

assessed in the second year of plant growth (height (at flowering) at 25 months after the trial was planted and the remaining traits at 28 months after the trial was planted).  The 

standard error of each correlation is given.  Correlations statistically different from zero (P < 0.05) are shown in bold. 

 

 number of shoots 
length of the longest 

shoot 

height  

(at flower initiation) 

height  

(at cone maturity) 
height to the cones lateral length 

number of shoots   0.57 + 0.02 0.14 + 0.25 0.22 + 0.03 0.03 + 0.04 0.14 + 0.04 

length of the longest 

shoot 
0.87 + 0.12   0.28 + 0.03 0.23 + 0.03 -0.02 + 0.04 0.12 + 0.04 

height  

(at flower initiation) 
0.14 + 0.25 -0.01 + 0.23   0.42 + 0.03 0.13 + 0.04 0.18 + 0.03 

height  

(at cone maturity) 
0.18 + 0.21 -0.20 + 0.24 0.77 + 0.10   0.24 + 0.04 0.34 + 0.03 

height to the cones -0.22 + 0.25 -0.01 + 0.04 0.62 + 0.19 0.66 + 0.16   0.21 + 0.05 

lateral length 0.22 + 0.26 0.04 + 0.28 0.56 + 0.19 0.99 + 0.12 0.16 + 0.26   
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In addition, the genetic relationships between cone yield and both the cone chemical traits and 

plant growth traits were assessed.  Green cone weight was found to be negatively genetically 

correlated with α-acid, β-acid and cohumulone (% of α-acid), but positively genetically 

correlated with α-acid:β-acid and α-acid:total resin (Table 4.7).  Green cone weight was 

positively genetically correlated with the emergence trait number of shoots, but was 

negatively genetically correlated with another emergence trait length of the longest shoot 

(Table 4.8).  Green cone weight was negatively genetically correlated with height measured at 

flowering, but positively genetically correlated with height measured at cone maturity (Table 

4.8).  Green cone weight was negatively genetically correlated with both height to the cones 

and lateral length (Table 4.8). 

 

Table 4.7 Genetic and phenotypic correlations between cone chemical traits and cone yield in hop.  Traits were 

assessed in the second year of plant growth (28 months after the trial was planted).  The standard error of each 

correlation is given.  Correlations statistically different from zero (P < 0.05) are shown in bold. 

 

 green cone weight 

 Genetic correlation Phenotypic correlation 

α-acid -0.93 + 0.72 0.22 + 0.07 

β-acid -0.63 + 0.53 0.05 + 0.07 

cohumulone (% of α-acid) -0.44 + 0.09 0.05 + 0.07 

α-acid:β-acid 0.83 + 0.21 0.16 + 0.07 

α-acid:total resin 0.42 + 0.19 0.14 + 0.07 

 

 

Table 4.8 Genetic and phenotypic correlations between plant growth traits and cone yield in hop.  The traits 

number of shoots and length of the longest shoot were assessed in the first year of plant growth (11 months after 

the trial was planted).  The traits height (at flower initiation), height (at cone maturity), height to the cones, 

lateral length and green cone weight were assessed in the second year of plant growth (height (at flowering) at 25 

months after the trial was planted and the remaining traits at 28 months after the trial was planted).  The standard 

error of each correlation is given.  Correlations statistically different from zero (P < 0.05) are shown in bold. 

 

 green cone weight 

 Genetic correlations Phenotypic correlations 

number of shoots 0.62 + 0.30 0.24 + 0.82 

length of the longest shoot -0.27 + 0.79 0.05 + 0.07 

height (at flower initiation) -0.95 + 0.37 0.20 + 0.07 

height (at cone maturity) -1.00 + 0.19 0.21 + 0.07 

height to the cones -0.94 + 0.34 -0.94 + 0.34 

lateral length -0.93 + 0.25 -0.93 + 0.25 
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Phenotypic correlations 

The phenotypic relationships at the family level between cone chemistry, cone yield and plant 

growth traits in hop were also investigated to give an indication of the influence of factors 

other than additive effects (including environmental and agronomic factors, as well as non-

additive genetic effects and error) on these traits.  Pairwise testing of the chemical traits found 

positive phenotypic correlations between α-acid and β-acid in both growing seasons (Table 

4.4), indicating an influence of factors other than additive genetic effects in at least the second 

season (where no genetic correlation was identified).  Other combinations of traits for which 

factors other than additive genetic effects were found to have an influence on phenotypic 

correlations included cohumulone (% of α-acid) with each of the traits β-acid, α-acid:β-acid 

and α-acid:total resin (first season only); in each case, no significant phenotypic correlation 

was identified, despite there being a positive genetic correlation (Table 4.4).  Pairwise 

phenotypic correlations between all other cone chemical traits were similar to the genetic 

correlations identified earlier. 

 

Factors other than additive genetic effects were clearly found to influence hop plant growth, 

evidenced by the results of pairwise tests between cone chemical traits and the plant growth 

traits.  Either no significant phenotypic correlation was found between traits where a 

significant genetic correlation had been identified, or the significance of the phenotypic 

correlation was lower than the significance of the genetic correlation (Table 4.5).  The only 

exception to this was a significant phenotypic correlation between length of the longest shoot 

and α-acid:total resin, where no significant genetic correlation was identified (Table 4.5).  

This trend was generally true for phenotypic correlations between cone yield and cone 

chemical traits and cone yield and plant growth traits, with exceptions being the relationships 

between green cone weight and each of the traits α-acid, height at flowering and lateral length; 

all of these traits were found to be strongly negatively genetically correlated but positively 

phenotypically correlated with green cone weight (Tables 4.7 and 4.8).  

 

The phenotypic relationships between the different plant growth traits were generally similar 

to the genotypic correlations, indicating that factors besides additive genetic effects had a 

relatively small effect on the correlations between these traits (Table 4.6).  The exceptions to 

this were correlations between length of the longest shoot and the traits height at flowering, 

height at cone maturity and lateral length, where the traits were positively phenotypically 

correlated with length of the longest shoot, but no genotypic correlation was identified (Table 
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4.6).  The consistency of family performance for each growth trait was also assessed across 

the two growing seasons in which measurements were made.  For each of the plant growth 

traits assessed, the phenotypic correlations between the assessments of the trait were positive 

across the two growing seasons (Appendix 4.3b). 

 

DISCUSSION 

 

Genetic variation 

This study found heritable genetic variation between families in the key hop brewing 

substances α-acid and β-acid, as well as their components (cohumulone, humulone + 

adhumulone, colupulone and lupulone + adlupulone) and their relative proportions 

(cohumulone (% of α-acid) α-acid:β-acid and α-acid:total resin) (Table 4.2).  Heritable genetic 

variation between families was also identified for morphological features of hop plant growth 

fundamental to optimal agronomic management, including emergence, height, lateral growth 

and distribution of cones over the hop plant (Table 4.2).  Of those traits for which heritable 

variation was identified, the narrow-sense heritability estimates ranged from 0.04 to 0.29, 

with a mean of 0.15 (Table 4.2).  Cone chemical traits generally had higher heritability than 

growth traits (Table 4.2).  This may reflect the intense selection directed at hop cone chemical 

traits compared to growth traits.  Selection of hop cone chemical traits could be due to both 

artificial selection by breeding or natural selection as a result of the rapid co-evolution of 

chemical profiles and herbivore tolerance traits [295-296].  In addition, growth traits are likely 

to be more susceptible to environmental/agronomic influences.  The estimates of narrow-

sense heritability for cone chemical traits were generally lower in this study compared to 

those calculated for similar traits in previous studies of hop [78-79, 83] (Appendix 4.4a).  The 

exception to this was the value of zero for heritability of α-acid:β-acid reported by Murakami 

[83], compared to the estimate of 0.21 calculated in this study (Appendix 4.4a).  The 

variability of the estimates reported illustrates the fact that heritability is a function of the 

genetic material upon which the calculation is based.  There are several factors pertaining to 

the experimental design of this study that could explain the generally lower heritability 

estimates observed compared with the previous studies in hop.  Firstly, this study utilised 108 

families for estimation of heritability.  Perron et al. [275] and Lynch and Walsh [72] have 

found that at least 75 families are generally required for accurate estimation of genetic 

parameters.  Previous hop studies have used far fewer than 75 families [78-79, 83] (Appendix 

4.4a), potentially inflating estimates.  Secondly, the families used in this study were generated 
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from open-pollination (and open-pollination also occurred extensively within the pedigree of 

their ancestors), rather than controlled crosses as in the previous studies [78-79, 83].  This 

may have increased variability within half-sib families, decreasing heritability estimates.  

Thirdly, open-pollination may have reduced the accuracy of the relationship matrices, as the 

fathers of each family are unknown.  Besides the missing parental information, the models for 

the calculation of heritability assume that the unknown fathers are unrelated, which is highly 

unlikely.  These factors mean that the population size is likely to be smaller than that 

designated in our model, resulting in decreased heritability estimates.  Inaccuracies in the 

relationship matrix may also have arisen due to missing information in the pedigree, where 

the ancestry for particular individuals (e.g. founders) is unknown.  Fourthly, as suggested 

earlier, there is likely to be a high level of inbreeding among the parents of this study 

population.  The models for calculation of heritability assume that the founders in our 

pedigree are unrelated, but this is unlikely as it is well documented that most hop cultivars 

descend from relatively few common ancestors that were highly prized for their brewing 

properties [4, 6, 51]; these cultivars have been found to have relatively limited genetic 

variability between them [51].  Inbreeding within the population would again result in a 

smaller population size than that designated in our model, possibly resulting in decreased 

heritability estimates. 

 

While the heritability estimates reported in this study are possibly underestimates, the 

findings from this study may be more broadly applicable to hop as a species, as estimates 

were based on a larger number and greater diversity of families than any previous study [78-

79, 83] (Appendix 4.4a).  Studies which have examined the genetic diversity of hop have 

determined two primary genetic groupings: European and North American [89, 92, 104, 108, 

112-113, 124, 134, 210].  The genotypes used in previous hop studies [74, 78-79, 83] were 

largely of European genetic origin and from a relatively narrow genetic base.  In this study, 

genotypes of both European and North American origin were included, as well as hybrids 

between the two groups (Appendix 4.1).  The accuracy of estimates of genetic parameters 

from this study could be improved by classifying the genotypes in the pedigree into groups to 

reflect the European/North American population structure; however, while the families in this 

study were supported by extensive pedigree information (often going back as far as founders), 

the records were not adequate to classify every founder or genotype into a genetic group.  

Accurate genetic groups could be assigned in future studies with the aid of molecular data (as 

in Steane et al. [297]) to improve the estimation of genetic variance. 
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This study is the first to report estimates of narrow-sense heritability for growth traits in hop.  

This assessment of the potential heritable genetic variation in growth traits provides important 

information for the development of new hop cultivars with improved agronomic 

characteristics, such as timely emergence, appropriate growth and maximal distribution of hop 

cones on the bine.  This study also revealed an influence of sex on hop growth.  Male and 

female hop plants have been described as being indistinguishable until they switch from the 

vegetative phase to the reproductive phase [10]; however this study found, for the first time, 

significant phenotypic differences in the growth of male and female plants as early as the 

emergence of shoots, in terms of the number, length of the longest shoot and number of nodes 

on the longest shoot (Tables 4.2 and 4.3).  Male and female plants continued to display 

differences in morphology throughout the growing season and at maturity, for a range of plant 

growth traits, including height and elements of lateral morphology (Tables 4.2 and 4.3).  Only 

a few dioecious plant species have been described as sexually dimorphic in vegetative 

morphology, including Salix arctica, Acer negundo, Simmondsia chinensis and Phoradendron 

juniperinum [298].  In these species, differences in photosynthetic rate and transpiration (both 

key traits underlying agronomic performance) between male and female plants were the cause 

of the observed differences in morphology [298].  An early study in hop investigated the 

physiological differences between male and female plants, finding differences in transpiration 

rate, but not in photosynthetic rate [299], however further work is required to confirm this.  

The sexual dimorphism in growth found in this study, suggests that there might be differences 

in these key physiological traits in hop, providing an opportunity to further investigate the 

genetic control of photosynthetic rate and water use efficiency in hop. 

 

No significant heritable genetic variation was identified between families for yield of hop 

cones (green cone weight) (Table 4.2).  An explanation for this might be suboptimal 

agricultural management of the hop plants early in the cultivation process.  Hop cultivars 

produce uniform yields, but these yields are dependent on flowering at the optimum time, 

which is in turn dependent on bine control and training up the trellis at the appropriate time 

[8].  Flowering in hop is triggered by shortening daylength [8-9]; and different cultivars vary 

in their photoperiod requirements, as well as the optimum number of growing days from 

initial bine training to flowering and from flowering to cone maturity [8].  Yield may be 

significantly reduced where the bine training date is not optimal for a particular genotype on a 

particular site.  Backdating from cone maturity to determine the optimum training date for 
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each individual in progeny trials, such as this one, is not feasible.  This may have had a 

significant effect on yield, distorting the level of variation within families (Appendix 4.2d.) 

and resulting in no significant genetic variation between families (Table 4.2).  Heritable 

genetic variation for yield has been reported in previous studies of hop (Appendix 4.4a) [78-

79], but these trials consisted of fewer families derived from controlled crosses (reducing the 

genetic variability within families).  As such, it is highly likely that emergence times in these 

trials were more uniform.  Yield variance may also have been affected by inbreeding.  If there 

was a high level of inbreeding among the parents of the study, this may reduce the variability 

of yield in the progeny trial [293-294]. 

 

Genetic correlations 

The brewing properties of hop cultivars are defined by the chemical composition of hop cones 

[6, 18-20].  Of the chemical compounds that comprise hop resin, two of the most important 

are α-acid and β-acid.  α-acids are the key source of bitterness in beer, while β-acids also 

contribute bitterness, but to a lesser extent [6].  The relative proportion of these compounds to 

each other is of high importance to the way that hops are used in brewing, with hops that have 

higher α-acid relative to β-acid („high-alpha hops‟) used in bitter beers, and hops that have 

more equivalent levels of α-acid to β-acid („aroma hops‟) traditionally used for (non-bitter) 

flavour and aroma [33, 300].  This study examined the genetic interrelationships between α-

acid and β-acid and their relative proportions (α-acid:β-acid and α-acid:total resin).  α-acid 

and β-acid were found to be positively genetically correlated in the first season of plant 

growth, but no relationship between them was detected in the second season (Table 4.4).  The 

lack of correlation in the second year is a positive factor for hop breeders, as it suggests that 

when hop plnats reach maturity, the two compounds can be selected for independently, 

without changes to one compound influencing the other.  α-acid was positively genetically 

correlated with α-acid:β-acid and α-acid:total resin while β-acid was negatively genetically 

correlated with these traits (Table 4.4), reflecting the trend that as levels of α-acid in hop resin 

increase relative to β-acid, these ratios increase, but indicating that this trend has a genetic 

basis.  Accordingly, α-acid:β-acid was positively genetically correlated with α-acid:total resin 

(Table 4.4).  The relationships between α-acid and β-acid reported in previous studies vary.  

Negative genetic correlations between the two compounds were reported by Henning et al. 

[77] and Henning et al. [78], but positive genetic correlations were reported by Henning et al. 

[79] (Appendix 4.4b).  Murakami [83] examined the genetic relationships between α-acid, β-

acid and α-acid:β-acid, but did not find a significant correlation between any of the traits. 
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Traditionally, hops with lower levels of cohumulone, one of the secondary metabolites that 

comprise α-acid, were considered more desirable for brewing purposes as it was thought that 

it contributed a harsh and unpleasant bitterness to the brew [301].  This idea probably 

stemmed from the fact that most „noble hops‟ (traditional hops from Europe, prized for their 

mild bitterness and pleasant aroma) have relatively low levels of cohumulone [33-34].  More 

recently, the role of cohumulone has been called into question, with studies showing that 

quality of bitterness was not adversely affected by cohumulone [302]; and new hop varieties 

developed with higher levels of cohumulone that are considered not to impart a harsh 

bitterness.  This study found significant positive genetic correlations between α-acid and 

cohumulone (% of α-acid) and significant negative genetic correlations between β-acid and 

cohumulone (% of α-acid), despite there being a positive genetic correlation between α-acid 

and β-acid (Table 4.4).  Significant positive genetic correlations were found between 

cohumulone (% of α-acid) and both the traits α-acid:β-acid and α-acid:total resin (Table 4.4).  

These findings may reflect the history of selection for lower levels of cohumulone in „noble‟-

type hops, as where α-acid:β-acid and α-acid:total resin ratios are low, the proportion of 

cohumulone in α-acid is also low.  Previous studies have not examined the relationships 

between cohumulone as a percentage of α-acid and other chemical traits.  Strong positive 

genetic correlations between seasons were found for each of the chemical traits assessed 

(Appendix 4.3a), indicating that families are highly consistent season to season in their 

chemical profiles.   

 

While the analytical bitterness potential of hops are easily analysed, the bittering, flavour and 

aroma properties of hops are difficult to ascertain prior to brewing [303-304].  Attempts have 

been made to develop methods of selection (such as using molecular markers) that can be 

used to evaluate hop genotypes for particular chemical profiles prior to trial-brewing [88, 95, 

117, 276].  This study examined the genetic relationships between key cone chemical traits 

and plant growth traits, to determine whether morphological characteristics could be used as 

proxy selection indicators for particular chemical attributes.  A significant negative genetic 

relationship was found between plant vigour (characterised by a greater number of shoots at 

emergence, taller plants at both flower initiation and cone maturity, as well as plants with 

longer laterals) and α- and β-acids, where families with increased plant vigour tended to have 

decreased levels of α-acid and β-acid (Table 4.5).  Significant positive genetic correlations 

were found between all of these growth traits and between measurements across seasons, 

indicating that vigour is maintained throughout the growing season and over years (Table 4.6; 
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Appendix 4.3b).  These findings indicate that plant vigour could be used as an indicator of α-

acid and β-acid levels in hops, with selection of families that have low vigour likely to also 

have higher levels of α-acid and β-acid. 

 

The association of increased vigour with lower levels of α- and β-acids may reflect the 

underlying population structure of families included in this study, as well as the influence of 

past selection in the Australian environment.  As discussed earlier, the families included in 

this study consisted of genotypes from both European and North American genetic groups.  It 

has been observed that hops of European genetic origin tend to have more vigorous, leggy 

growth (i.e. greater heights and longer laterals) and lower levels of α-acid and β-acid when 

grown in the Australian environment, while hops of North American genetic origin tend to 

have less vigorous, more compact growth and higher levels of α-acid and β-acid when grown 

in the Australian environment.  The genetic relationship between vigour and α- and β-acid 

observed in this study may be a reflection of the binary population structure of founder 

genotypes of European or North American genetic groups, or it may be indicative of selection 

for more compact growth and higher α- and β-acid levels. 

 

Length of the longest shoot, one of the emergence traits assessed in this study, was not found 

to be associated with plant vigour.  No genetic relationship was identified between this trait 

and any of the other growth traits, except for height at cone maturity, where there was a 

significant negative genetic correlation (Table 4.6).  Length of the longest shoot was not 

significantly correlated with α-acid or β-acid, but did have a significant positive genetic 

relationship with cohumulone (% of α-acid) (Table 4.5).  This relationship may again be a 

reflection of past selection in the Australian environment.  Height to the cones was negatively 

genetically correlated with both α-acid and β-acid (Table 4.5), indicating that families that 

tend to have smaller distances between the ground and where the bulk of the hops begin on 

the bine also have greater levels of α-acid and β-acid in their cones.  Selection of plants with a 

shorter height to the cones would result in concomitant increases in α-acid and β-acid.  

Families that displayed a greater height to the cones tended to also have reached a greater 

height at flowering and at cone maturity (Table 4.6). 

 

The direct economic benefits of yield increases ensure that it is a core aim of every hop 

breeding program.  Previous reports of the relationships between yield and the chemical traits 

α-acid and β-acid vary, with both positive and negative correlations between the traits 
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reported [77-79] (Appendix 4.4b).  Yield was genetically correlated with a number of cone 

chemical and plant growth traits in this study (Tables 4.7 and 4.8); however, as yield was not 

found to be heritable in this study (Table 4.2), these genetic correlations should be treated 

with caution. 

 

Phenotypic correlations 

Differences between values of additive genotypic correlation and phenotypic correlation are 

indicative of the influence of factors other than additive genetic effects (such as the 

environment, agricultural practice, non-additive genetic effects and error) on the correlations 

between traits.  In this study environmental variation was likely to have been an influential 

factor on the progeny trial, evidenced by replicate having significant effects on the variance of 

many of the traits assessed and a large proportion of the total variation attributed to 

replicate.incomplete block effects, particularly for plant growth traits (Table 4.2).  Many of 

the correlations between cone chemical traits examined in this study appeared consistent at 

the phenotypic and additive genetic level (Table 4.4).  There was evidence of influences other 

than additive genetic effects causing a correlation between α-acid and β-acid in one of the 

growth seasons, where no additive genetic correlation between the two traits had been 

identified (Table 4.4).  There was also evidence of influences other than additive genetic 

effects masking the additive genetic correlations between cohumulone (% of α-acid) and all 

other cone chemical traits, with no phenotypic correlations but significant additive genetic 

correlations between the traits, identified (Table 4.4).  Similarly, many of the growth traits 

examined in this study were significantly genetically correlated but not phenotypically 

correlated.  The exceptions to this were relationships between length of the longest shoot and 

the traits height at flowering, height at cone maturity and lateral length, where factors besides 

additive genetic effects produced phenotypic correlations between the traits, where no 

additive genetic correlation had been identified (Table 4.6).  The influence of factors other 

than additive genetic effects was prominent in the correlations between plant growth and cone 

chemical traits, yield and cone chemical traits, and yield and growth traits, whereby traits that 

were significantly genetically correlated displayed no phenotypic correlation (Tables 4.5, 4.7 

and 4.8).  These results have important implications for the use of these traits as proxy 

selection indicators for a corresponding trait in hop, as the phenotype of a trait may not be a 

reliable indicator of genotype, except where plants are grown under conditions where factors 

other than additive genetic effects no longer influence the phenotype and variation between 

individuals can be attributed to the additive component of the genotype alone. 
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Conclusions 

This study presents estimates of quantitative genetic parameters for 20 hop traits related to 

cone chemistry, cone yield and plant growth.  Calculations were based on the largest number 

of families and on the broadest genetic base to be assessed in this kind of study in hop.  This 

study revealed heritable genetic variation in cone chemistry and plant growth traits in hop.  In 

comparison to previous findings, the heritability estimates were lower for cone chemical traits, 

but estimates were based on a greater number of families and a more diverse genetic 

background, improving the accuracy of findings and offering a broader perspective on the 

inheritance of traits of economic importance in hop.  This was the first study to report narrow-

sense heritability for growth traits in hop, which were found to be generally lower than that of 

cone chemical traits, likely reflecting a more intense selection for cone chemistry and the 

greater influence of environmental factors on hop growth.  Cone chemical traits were 

significantly genetically correlated with each other and with plant vigour, whereby increased 

vigour was associated with lower levels of α-acid and β-acid.  This trend may reflect an 

underlying population structure of plants with European or North American genetic origin and 

past selection in the Australian environment.  Factors other than additive genetic effects were 

found to have a significant impact on the correlations between traits, often masking genetic 

correlations.  This study was also the first to report the effect of sex on the phenotype of hop 

plants, as early as emergence.  Male and female plants displayed differences in morphology 

throughout the growing season and at maturity.  The findings from this study will provide 

breeders with a greater understanding of the additive genetic factors which affect selection of 

cone chemistry, yield and agronomic characteristics in hop, aiding in the future development 

of improved hop cultivars. 
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CHAPTER 5 

General conclusions and future perspectives 

 

The main objective of hop breeding programs is the development of new cultivars with 

improved or novel brewing character, higher yields and better agronomic performance.  An 

additional aim is to utilise methods that increase the likelihood of achieving these breeding 

aims, and to do so in less time and with reduced cost.  To date, hop breeding programs have 

delivered a number of new cultivars with improved properties, including increased hop acid 

content, new and improved flavour and aroma potential, resistance to a range of pests and 

diseases and adaptation to new environments [37-44].  The majority of hop breeding has been 

conducted using traditional phenotype-based selection methods and although these methods 

have successfully improved some traits, their application is difficult for traits with complex 

inheritance and for traits strongly influenced by environmental factors [45-48].  Recently, 

there has been increased interest in developing more sophisticated genetic-based technologies 

for hop breeding, to contend with these factors.  Uptake of these technologies in hop breeding 

programs has been limited due to the time and expense associated with their development and 

utilisation, relative to traditional methods.  In this thesis I investigated two genetic-based 

technologies, molecular analysis using DArT markers and quantitative genetic analysis, as 

high-throughput, cost-effective sources of information about the genetic architecture 

underlying phenotypic trait variation of hop, to aid in the selective improvement of the species. 

 

Development of genetic based technologies for hop breeding 

Identification of molecular markers 

In Chapter 2 of this thesis I evaluated the utility of DArT markers as a genotyping tool for hop.  

A number of different marker technologies have been used in hop, including RAPD, AFLP, 

STS, microsatellites, EST-based markers and candidate gene-based markers [51, 88-112], 

each having relative merits.  However, in comparison to these techniques DArT is higher 

throughput and provides genome-wide coverage, at very low cost per data point [118, 136-

139].  DArT markers have been particularly useful in crop species that, like hop, have 

relatively limited genetic resources [118, 138].  As a marker system, DArTs are dominant and 

so provide less segregation information compared to co-dominant markers; but unlike many 

other marker systems, DArT markers are transferable and easily deployed in different 

mapping populations [171]. 
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More than 1200 polymorphic DArT markers were identified in this study (Chapters 2 and 3).  

These markers were found to be as accurate and robust as other marker systems that have 

been used to genotype hop, as demonstrated by the capacity of the DArT markers to resolve 

the genetic groups of diverse hop accessions similar to previous analyses of hop genetic 

diversity (Chapter 2).  The capacity of DArT to rapidly generate numerous polymorphic 

markers at relatively low cost, as well as to capture the multiplicity of sequence information 

available makes it a valuable genotyping tool for hop research and breeding.  The hop 

markers discovered in this study have numerous potential applications.  Firstly, they can used 

for molecular fingerprinting, to confirm the identity of particular cultivars or to characterise 

individuals in breeding populations for which the pedigree is unknown.  Secondly, the DArT 

markers can be used to assess hop genetic diversity, which is important to avoid inbreeding 

within breeding populations and to identify individuals to introduce to improve the genetic 

variability of breeding programs.  Thirdly, the DArT markers can be incorporated into linkage 

maps and used to identify QTL, a type of marker-trait association, which can be utilised for 

marker assisted selection (MAS) of hop, as a more direct and efficient alternative to 

phenotypic-based selection methods. 

 

Molecular analysis 

In Chapter 3 of this thesis I utilised the DArT markers for QTL analysis, to identify marker-

trait associations for some commercially important traits in hop.  I constructed male and 

female linkage maps for two mapping populations using the DArT markers, as well as RAPD, 

STS, AFLP and microsatellite markers.  These maps were then used to detect QTL for 50 

traits related to expediting plant sex identification, increasing yield capacity and improving 

bittering, flavour and aroma chemistry. More than 60 QTL were identified.  One of these was 

for dry cone weight, a trait which assesses the yield of dry cones per plant.  This QTL, which 

explained 35% of the phenotypic variation in dry cone weight, was ontogenetically stable, 

being significant over a five year period.  Subject to testing in multiple environments and 

pedigrees, this QTL can be used in breeding programs to screen for hop plants with higher 

cone yield potentials.  QTL were identified for a second yield trait, essential oil content, as 

well as 33 secondary metabolites, including hop acids, essential oils and a polyphenol.  With 

validation in different environments, pedigrees and ontogenetic stages, these QTL have the 

potential to be used to screen hop plants for higher yields of total essential oil, as well as 

higher yields of individual secondary metabolites.  These QTL can also be used to select 

individuals that possess specific combinations or ratios of secondary metabolites, where a 
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particular secondary metabolite profile is identified as imparting favourable organoleptic 

character.  While a greater understanding of the complexities of hop secondary metabolite 

biosynthesis and the influence of particular compounds on beer characteristics is required 

before secondary metabolite QTL can be fully utilised in hop MAS, the QTL I identified in 

this study provide a valuable resource for the future development of hop cultivars with new 

and improved brewing character. 

 

In addition to QTL for yield and cone chemistry, in Chapter 3 I verified a putative sex-linked 

marker for hop, the microsatellite marker HLAGA7 (see Appendix 5.1 for sequence).  

Because hop is a dioecous species [10-11], sex determination is fundamental to breeding and 

cultivation, as only the female plants produce commercially relevant cones.  Currently, the 

sex of a hop plant is distinguished by phenotypic assessment at flowering [10].  While a 

number of sex-linked markers have been identified in hop, these markers have not been overly 

successful as screening tools in breeding programs, as many are incompletely linked to the 

male sex, or have not been verified in more than one pedigree or environment [115-116, 173-

176].   The sex-linked microsatellite, HLAGA7, now verified in three pedigrees and diverse 

environments as being completely linked to the male sex, can be used to distinguish male and 

female plants as early as the seedling stage.   

 

The QTL identified in this study can be used to facilitate the selection of hop traits on the 

basis of genotype, eliminating the confounding influence of maturation and environmental 

variation; thus considerably increasing the chances of obtaining particular phenotypes.  As 

hop population screens using QTL can be performed at a much earlier stage than traditional 

phenotypic-based screening, the QTL identified in this study may also help to reduce 

overhead costs and better utilise the cultivation area associated with breeding programs. 

 

Quantitative genetic analysis 

In addition to assessing the utility of DArT markers and performing QTL analysis, I 

investigated the potential of quantitative genetic analysis as an informative technology for the 

improvement of hop.  Quantitative genetic analysis calculates the potential additive 

(selectable) genetic variation present in traits, as well as the heritability of these traits [49, 72, 

274].  This information is very useful to hop breeders, since traits must be both heritable and 

possess variation due to additive genetic factors for selection to produce a desired phenotype 

[48].  Quantitative genetic analysis also calculates genetic correlations between traits and the 
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influence that environmental and non-additive genetic factors have on traits, which is useful 

for the accurate prediction of genetic gains [46, 49, 72].  Thus, quantitative genetic analysis 

would be a highly useful tool to assist with the development of breeding strategies for hop 

improvement.  In addition, quantitative genetic analysis requires only a progeny trial and 

pedigree (as well as statistical software) [49, 72] and so is very complementary to the current 

phenotypic-based hop selection systems.   

 

In Chapter 4 of this thesis I calculated quantitative genetic parameters for 20 traits related to 

three key selection criteria in hop: cone chemistry, cone yield and agronomic characteristics.  

I determined that significant heritable genetic variation occurs within hop acids (including α-

acid and β-acid, as well as their derivatives and relative proportions); and within agronomic 

characteristics (including plant growth traits related to emergence, height and lateral 

morphology).  Narrow-sense heritability (heritability based on the additive genetic component) 

was found to range between 0.15 and 0.29 for chemical traits, and 0.04 and 0.20 for 

agronomic traits.  Cone yield (assessed as mass of green cones per plant) did not display 

significant genetic variation between families in this study.  This information indicates that 

there is potential for hop improvement in terms of cone chemistry and agronomic 

characteristics through the selection of these hop acid and plant growth traits.  Using 

quantitative genetic analysis, I also identified significant genetic correlations between all of 

the cone chemical traits, as well as significant genetic correlations between cone chemical 

traits and agronomic traits.  Environmental and non-additive genetic factors were found to 

mask the effect of many of these genetic correlations and were also found to have a 

significant influence on the phenotype of individual traits.  The information gained from this 

research indicates several complexities that will impact the future selection of cone chemistry 

and agronomic characteristics for hop improvement.  This information is consequently 

invaluable for the development of effective breeding strategies. 

 

Understanding the genetic architecture of hop through molecular and quantitative genetic 

analyses 

I have shown that both molecular and quantitative genetic analyses can be directly utilised by 

breeding programs for hop improvement.  However, the application of these techniques is also 

able to provide significant insight into the genetic control of traits, as well as important 

information on aspects of the general biology of hop.  Molecular and quantitative genetic 

analyses can be used to better understand the genetic architecture of hop, which can feed back 
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into breeding programs, providing information on which breeding objectives can be achieved 

and how they can be realised.  This may involve developing more effective breeding 

strategies, where each trait is weighted appropriately in terms of anticipated genetic gain, as 

well as directing the choice of breeding parents.  An understanding of hop genetic architecture 

can better inform traditional phenotypic-based selection programs, as well as indicate when 

objectives could be achieved more effectively through molecular approaches, providing 

direction as to how best to use molecular markers to achieve hop improvement.  Through the 

application of molecular and quantitative genetics to hop, I revealed a number of important 

insights in this thesis about the genetic control of commercially important traits and general 

hop biology which contribute to the overall understanding of the genetic architecture of hop. 

  

Molecular analysis 

Although linkage maps have already been constructed for four hop mapping populations [88, 

95, 99, 114], in Chapter 3 of this thesis I constructed male and female linkage maps for a new 

hop mapping population and built upon the pre-existing linkage maps of one of the previous 

mapping populations through the addition of transferable DArT markers.  Linkage maps were 

constructed using a more conservative approach than previous studies, resulting in an 

increased number and density of markers on the maps, as well as an increased level of 

accuracy, with ten linkage groups (the haploid number of hop chromosomes) clearly 

identified.  The linkage analyses conducted in these two mapping populations add to our 

understanding of the organisation of the hop genome.  The high levels of marker clustering 

and segregation distortion observed in all maps constructed in this study are indicative of as 

yet unidentified biological phenomena in hop.  These linkage maps also provide novel sites of 

polymorphism that may be associated with commercially important traits and are thus a 

valuable resource for further investigations in the genetic control of hop. 

 

In Chapter 3 of this thesis, the polymorphisms located on linkage maps were explored to 

identify potential areas of the hop genome associated with cone chemistry and yield traits.  I 

showed for the first time that variation in total essential oil content, as well as many 

individual secondary metabolites has a genetic basis in hop.  The results of these QTL 

analyses revealed a wealth of novel and important information, including the number, location 

and magnitude of the effect of genetic regions associated with 50 commercially important 

traits.  Between one and four QTL were identified for 33 different secondary metabolite traits, 

varying in both significance and the proportion of the phenotypic variance they explained, 



Chapter 5: General conclusions and future perspectives 

 

 

113 

suggesting that the composition and concentration of secondary metabolites in hop is 

influenced by both Mendelian and quantitative inheritance.  This is particularly significant 

new knowledge for hop breeders, as it indicates which traits are likely to be more amenable to 

selection (i.e. those traits influenced by a major locus with Mendelian inheritance).  The 

extensive number of traits assessed in this study (the most ever assessed in a hop QTL 

analysis) enabled the identification of co-location between many secondary metabolites 

(which were mostly uncorrelated), which is indicative of pleiotropy or genetic linkage.  This 

is the first demonstration of extensive pleiotropy/linkage affecting secondary metabolites in 

hop and has significant implications for hop breeders.  Pleiotropy/linkage suggests that while 

there is potential for simultaneous and rapid changes in the levels of multiple secondary 

metabolites through the selection of these QTL, it may be difficult to select for specific 

secondary metabolites or particular profiles without causing adverse changes to others.  In 

addition to these pleiotropic/linked loci, I identified a number of QTL in this study that 

appeared to be specific to individual secondary metabolites.  As hop secondary metabolites 

are derived from common precursors, the specificity of the QTL identified for single 

compounds suggests that these QTL may affect genes, transcription factors or enzymes 

involved in later stages of biosynthesis or modification of these compounds.  These QTL 

specific to individual secondary metabolites potentially offer hop breeders with an 

opportunity to directly select for these secondary metabolites.  

 

The QTL analyses performed in Chapter 3 of this thesis also revealed a significant sex bias in 

inheritance of hop secondary metabolite phenotypes, where 10 of the 13 QTL regions 

identified were associated with the female parent.  This significant partiality towards 

inheritance from the female parent may be due to dominance of the female parent at these loci, 

epigenetic effects or artificial selection.  Although the nature of this sex bias is yet to be 

determined, the fact that it occurs has significant consequences for the choice of breeding 

parents for the selective improvement of hop. 

 

Besides secondary metabolite traits, in Chapter 3 I also investigated QTL for yield traits.  As 

mentioned earlier, I identified a significant QTL for one yield trait, dry cone weight, which 

explained 35% of the variation in this trait; but I did not find a QTL for two other yield traits, 

cone harvest index and green cone weight.  Both cone harvest index and green cone weight 

are commonly used in hop cultivation to evaluate crop yields, but these findings indicate that 

these traits may have a low heritability, may be influenced by multiple loci each with small 
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effects, or may be confounded by environmental factors.  The QTL identified for dry cone 

weight, however, has the potential to be used for direct selection to increase cone yield in hop. 

  

Quantitative genetic analysis 

The quantitative genetic analysis that I conducted in Chapter 4 of this study was the first 

quantitative genetics study (based only on additive genetic variation) that examined 

agronomic characteristics in hop.  Besides providing estimates of additive genetic variation 

and narrow-sense heritability for 10 traits relating to emergence, height and lateral 

morphology, I identified previously undescribed differences between these agronomic traits 

and cone chemical traits in terms of their inheritance, as well as novel genetic relationships 

between these agronomic traits and hop cone chemistry.  Significant genetic correlations 

between cone chemistry and agronomic traits were identified, such that families with more 

vigorous growth were associated with lower α-acid and β-acid levels and lower yields.  This 

trend may reflect an underlying population structure of founder genotypes of European or 

North American genetic groups, as well as past selection and adaptation to the Australian 

environment.  Regardless, it indicates that breeders can use low plant vigour as a proxy 

selection indicator of higher α-acid and β-acid levels in hop.  Chemical traits were found to be 

more heritable than growth traits in hop, which may reflect the more intense genetic selection 

of hop chemical traits compared to growth traits, as a result of artificial selection in breeding 

or natural selection against herbivore tolerance of chemical profiles.  This indicates that hop 

breeders can anticipate chemical traits to be more readily inherited than agronomic traits, 

which are likely to be influenced more by environmental factors.  Male and female plants 

displayed significant genetic and phenotypic differences in many vegetative morphology traits.  

Previous studies on the sexual development of hop plants have found male and female plants 

to be indistinguishable until flowering [10], but I show in this study that male and female 

plants in the Australian environment differ in form as early as emergence and that differences 

in vegetative growth extend through to cone maturity. 

 

Future perspectives 

This study provides several resources which could be used to further develop genetic-based 

tools for hop research and breeding.  The linkage maps I present in this study were 

constructed with a highly stringent method and incorporate a large number of transferable 

markers.  As such, they provide a solid framework for mapping additional markers to produce 

a saturated consensus map for hop.  In their current form, these maps can be employed in 
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other mapping populations, facilitating the environmental and ontogenetic validation of QTL 

identified in this study, as well as providing the means for further QTL analysis.  There are 

many commercially relevant traits for which the presence of QTL could be investigated, 

including agronomic traits (such as those investigated in Chapter 4), physiological traits, pest 

and disease resistance and more secondary metabolite traits.  With the addition of further 

markers, the linkage maps constructed in this study could also be used for further 

investigations of sex-linked markers located on autosomal regions of the hop genome.  The 

linkage maps could also facilitate more precise QTL location, by methods such as association 

mapping or candidate gene screening, increasing their applicability for MAS.  Despite early 

expectations that QTL could readily be used for MAS [54], successful application of QTL in 

many crops has mostly been with QTL that have large effects on traits and that have simple 

Mendelian inheritance [305].  If this is also found to be the case in hop, the markers 

developed in this study are still useful for genomic selection, a recently developed molecular 

selection technique.  Genomic selection is a method based on prediction of performance, 

where performance is not determined by the presence of QTL, but rather the joint effects of 

many markers fitted as random effects in a linear model, with trait values predicted from a 

weighted index calculated from each marker [306].  This method has reported success for 

complex traits and those with low heritability, but as it focuses solely on genetic improvement, 

it is unable to provide the level of insight into the genetic basis of traits that QTL analysis 

provides [305, 307]. 

 

The findings of this study present several further avenues for research into the genetic 

architecture of hop.  The genetic (and biological) basis for the high levels of marker clustering 

and segregation distortion in hop could be investigated further, to increase the understanding 

of genome organisation in hop.  The inheritance and genetic variation of yield traits, such as 

green cone weight and harvest index could be further examined to deduce the reasons why 

these traits do not appear to be heritable in the QTL and quantitative genetic analyses, despite 

there being readily observable differences in these traits between cultivars.  Genetic variation 

in α-acid could also be further investigated, as this trait was found to have heritable genetic 

variation in the quantitative genetic analysis, but a QTL was identified for this trait in only 

one of the mapping populations, suggesting that α-acid is polymorphic in only a limited range 

of germplasm.  Further research into the sexual differentiation of hop could also be conducted, 

focusing in particular on the reasons for the sex bias in QTL identification as well as the 

underlying genetic basis of the genetic and phenotypic differences between male and female 
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plants identified in quantitative genetic analysis.  Lastly, there is considerable scope for 

further quantitative genetic analysis of additional commercially relevant traits, such as 

essential oils, disease resistance and flowering, to provide information on the inheritance and 

genetic control of these traits. 

 

Through these studies, I have improved the understanding of the genetic architecture of hop 

underlying variation in cone chemistry and important agronomic traits.  Many of the findings 

can be incorporated into hop breeding programs for the development of more effective 

breeding strategies, or have the potential to be used directly for the selective improvement of 

hop.  This thesis also highlights many potential areas for further research into the genetic 

control and biology of hop and provides a number of resources (markers, linkage maps, QTL 

and data) to assist with future investigations. 
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APPENDIX 3.1 Maternal linkage map of the New Zealand hop mapping population 
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Appendix 3.1 Linkage map 

constructed for the female parent 

„Nugget‟ of the New Zealand 

mapping population.  There is 

evidence from homology to the 

linkage map of a Slovenian 

mapping population also 

constructed in this study that the 

two linkage groups from the 

maternal „Nugget‟ map can be 

linked to form „Nugget‟ LG1.  In 

our study, these linkage groups 

form one group at LOD 2.  Ten 

linkage groups (seven major, one 

triplet and two doublets) were 

identified in the maternal 

„Nugget‟ map. 
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APPENDIX 3.2 Paternal linkage map of the New Zealand hop mapping population 
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Appendix 3.2 Linkage map 

constructed for the male parent 

„S.B.L. 3/3‟ of the New Zealand 

mapping population.  Eight 

linkage groups (five major, one 

triplet and two doublets) were 

identified in the paternal „S.B.L. 

3/3‟ map. 
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APPENDIX 3.3 Homology between linkage maps constructed in this study and between 

linkage maps of a previous study 

 
Appendix 3.3 Homologous linkage groups were identified between maternal and paternal linkage maps of the 

New Zealand and Slovenian populations.  Homologous linkage groups were also identified between linkage 

maps of the Slovenian population constructed in this study and linkage maps of the Slovenian population 

constructed in a previous study. 
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APPENDIX 3.4 Maternal linkage map of the Slovenian hop mapping population 
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Appendix 3.4 Linkage map 

constructed for the female parent 

„Hallertauer Magnum‟ of the 

Slovenian mapping population.  

There is evidence from homology 

to a previous linkage map of the 

Slovenian mapping population 

[95] that several of the linkage 

groups from the maternal linkage 

map can be linked.  The two 

linkage groups that link to form 

the „Hallertauer Magnum‟ LG1 in 

this study form one group at LOD 

5.  The three linkage groups that 

link to form „Hallertauer 

Magnum‟ LG2 in this study form 

one group at LOD 3.  Ten linkage 

groups (eight major and two 

doublets) were identified in the 

maternal „Hallertauer Magnum‟ 

map. 
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APPENDIX 3.5 Paternal linkage map of the Slovenian hop mapping population 
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Appendix 3.5 Linkage map 

constructed for the male parent 

„S.B.L. 2/1‟ of the Slovenian 

mapping population.  There is 

evidence from homology to a 

previous linkage map of the 

Slovenian mapping population 

[95] that two linkage groups from 

the paternal linkage map can be 

linked.  The two linkage groups 

that link to form „S.B.L. 2/1‟ LG1 

in this study form one group at 

LOD 4.  Ten linkage groups (six 

major, one triplet and three 

doublets) were identified in the 

paternal „S.B.L. 2/1‟ map. 
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APPENDIX 3.6 Correlations between hop traits affected by each pleiotropic/linked locus 

 
 

Appendix 3.6 Correlation coefficients (Pearson‟s r) for the relationships between yield and secondary metabolite traits affected by pleiotropic/linked loci in hop. 

h.  QTL region 9g.  QTL region 7

a.  QTL region 3 c.  QTL region 3 d.  QTL region 4

e.  QTL region 5

a.  QTL region 1 b.  QTL region 2

f.  QTL region 6

Key

i.  QTL region 10

j.  QTL region 11
k.  QTL region 12
k.  QTL region 12
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Appendix 3.6 Correlation coefficients (Pearson‟s r) for the relationships between yield and secondary metabolite traits affected by pleiotropic/linked loci in hop.  (Continued) 

h.  QTL region 9g.  QTL region 7

a.  QTL region 3 c.  QTL region 3 d.  QTL region 4

e.  QTL region 5

a.  QTL region 1 b.  QTL region 2

f.  QTL region 6

Key

i.  QTL region 10

j.  QTL region 11
k.  QTL region 12
k.  QTL region 12
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APPENDIX 3.7 IUPAC naming of secondary metabolites quantified in hop 

 
Appendix 3.7 International Union of Pure and Applied chemistry (IUPAC) naming of 41 secondary metabolites 

quantified in hop, including hop acids, esters, ketones, ethers, monoterpene alcohols, sesquiterpene alcohols, 

monoterpenes and sesquiterpenes. 

 

Chemical group Trait name IUPAC name 

h
o

p
 a

ci
d

 

α
-a

ci
d
 

humulone 
(6R)-3,5,6-Trihydroxy-2-(3-methylbutanoyl)-4,6-bis(3-

methylbut-2-en-1-yl)cyclohexa-2,4-dien-1-one 

adhumulone 
3,5,6-trihydroxy-2-(2-methylbutanoyl)-4,6-bis(3-methylbut-

2-enyl)cyclohexa-2,4-dien-1-one 

cohumulone 
3,5,6-trihydroxy-4,6-bis(3-methylbut-2-enyl)-2-(2-

methylpropanoyl)cyclohexa-2,4-dien-1-one 

β
-a

ci
d

 

lupulone 
3,5-dihydroxy-2-(3-methylbutanoyl)-4,6,6-tris(3-methylbut-

2-enyl)cyclohexa-2,4-dien-1-one 

adlupulone 
3,5-Dihydroxy-2,6,6-tris(3-methyl-2-butenyl)-4-(2-methyl-

1-oxobutyl)-2,4-cyclohexadien-1-one 

colupulone 
3,5-dihydroxy-4,6,6-tris(3-methylbut-2-enyl)-2-(2-

methylpropanoyl)cyclohexa-2,4-dien-1-one 

es
se

n
ti

al
 o

il
 

es
te

r 

geranyl acetate [(2E)-3,7-dimethylocta-2,6-dienyl] acetate 

geranyl isobutyrate (2E)-3,7-dimethylocta-2,6-dienyl] 2-methylpropanoate 

methyl decanoate methyl decanoate 

methyl dec-4-enoate methyl dec-4-enoate 

methyl-4-methylhex-2-enoate (E)-4-methylhex-2-enoate 

k
et

o
n

e 

2-undecanone Undecan-2-one 

et
h

er
 

humulene diepoxide a 6,7-diepoxy-9-[2,6,6,9-tetramethylcycloundecatriene] 

humulene epoxide I 
(4E,7E,11R)-1,5,9,9-tetramethyl-12-

oxabicyclo[9.1.0]dodeca-4,7-diene 

humulene epoxide II 
(3E,7E,11R)-1,5,5,8-tetramethyl-12-

oxabicyclo[9.1.0]dodeca-3,7-diene 

humulene epoxide III 
(3E,7E)-3,7,10,10-tetramethyl-12-oxabicyclo[9.1.0]dodeca-

3,7-diene 

m
o

n
o

te
rp

en
e 

al
co

h
o

l 

geraniol (2E)-3,7-dimethylocta-2,6-dien-1-ol 

limonene-10-ol 2-[(1R)-4-methyl-1-cyclohex-3-enyl]prop-2-en-1-ol 

linalool 3,7-dimethylocta-1,6-dien-3-ol 
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Chemical group Trait name IUPAC name 

 

se
sq

u
it

er
p

en
e 

 

al
co

h
o

l 

caryolan-1-ol (1S,2R,5S,8R)-4,4,8-trimethyltricyclo[6.3.1.0]dodecan-1-ol 

humulenol II 
(1R,4E,8E)-6,6,9-Trimethyl-2-methylene-4,8-

cycloundecadien-1-ol 

humulol humulol 

t-cadinol 
(1S,4S,4aR,8aR)-1,6-dimethyl-4-propan-2-yl-3,4,4a,7,8,8a-

hexahydro-2H-naphthalen-1-ol 

al
k

an
e 

tetradecane tetradecane 

m
o

n
o

te
rp

en
e 

β-pinene 7,7-dimethyl-4-methylidenebicyclo[3.1.1]heptane 

camphene 6,6-dimethyl-5-methylidenebicyclo[2.2.1]heptane 

limonene 1-methyl-4-(1-methylethenyl)-cyclohexene 

myrcene 7-methyl-3-methylideneocta-1,6-diene 

ρ-cymene 1-methyl-4-propan-2-ylbenzene 

terpinene 1-methyl-4-propan-2-ylcyclohexa-1,3-diene 

se
sq

u
it

er
p

en
e 

α-copaene 8-isopropyl-1,3-dimethyl tricycle(4.4.0.02,7)dec-3-ene 

α-selinene 
5,8a-dimethyl-3-prop-1-en-2-yl-2,3,4,4a,7,8-hexahydro-1H-

naphthalene 

β-selinene 
(3S,4aR,8aS)-8a-methyl-5-methylidene-3-prop-1-en-2-yl-

1,2,3,4,4a,6,7,8-octahydronaphthalene 

δ-cadinene 
4,7-dimethyl-1-propan-2-yl-1,2,3,5,6,8a-

hexahydronaphthalene 

γ-cadinene 
7-methyl-4-methylidene-1-propan-2-yl-2,3,4a,5,6,8a-

hexahydro-1H-naphthalene 

caryophyllene 
(4Z)-4,11,11-trimethyl-8-methylenebicyclo(7.2.0)undec-4-

ene 

caryophyllene oxide 
[1R-(1R*,4R*,6R*,10S*)]-4,12,12-trimethyl-9-methylene-

5-oxatricyclo[8.2.0.04,6]dodecane 

farnesene (3E,6E)-3,7,11-trimethyldodeca-1,3,6,10-tetraene 

humulene 2,6,6,9-tetramethylcycloundecatriene 

muurolene 
(1S,4aS,8aR)-1-isopropyl-4,7-dimethyl-1,2,4a,5,6,8a-

hexahydronaphthalene 

p
o

ly
- 

p
h

en
o

l 

p
o

ly
- 

p
h

en
o

l 

xanthohumol 
(E)-1-[2,4-dihydroxy-6-methoxy-3-(3-methylbut-2-

enyl)phenyl]-3-(4-hydroxyphenyl)prop-2-en-1-one 
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APPENDIX 4.1 Hop accessions used as female parents for quantitative genetics progeny 

trial 

 
Appendix 4.1 The identity (cultivar name or accession number) of the hop accessions used as female parents of 

a progeny trial utilised for an investigation of quantitative genetic variation in hop.  „Origin‟ refers to the country 

where the hop accessions were produced. 

 

Hop accession Origin 

21055 USA 

21194 USA 

00-999 Australia 

15-72-1 unknown 

17/54/12 UK 

21055 (2n) USA 

27/70/4 UK 

30-74-32 Australia 

71-75-1 Australia 

8428-036 Australia 

8451-077 Australia 

89-012-017 Australia 

89-012-024 Australia 

89-012-052 Australia 

89-022-020 Australia 

89-022-033 Australia 

89-103-005 Australia 

89-123-001 Australia 

89-124-018 Australia 

89-134-022 Australia 

89-135-011 Australia 

89-135-016 Australia 

90-014-095 Australia 

91-004-013 Australia 

91-008-046 Australia 

91-021-020 Australia 

91-031-021 Australia 

94-138-006 (2n) Australia 

97-113-003 Australia 

AF 3/26 South Africa 

AHIL Slovenia 

AQUILA USA 

AURORA Slovenia 

B23 Australia 

B24/23 Australia 

BANNER USA 

BH 2/72 South Africa 

BOBEK Slovenia 

BREWERS GOLD UK 

BRUNY ISLAND Australia 

BUKET Slovenia 

BULLION UK 

C10 Australia 

CHINOOK USA 

CLUSTER USA 

COLUMBUS USA 

D6 Australia 

E2 USA 

E-85-16 Australia 

Hop accession Origin 

E-85-20 Australia 

EASTERN GOLD Japan 

ED-85-36 Australia 

EG-85-17 Australia 

EI-85-33 Australia 

ELSASSER France 

EN-85-32 Australia 

EP-86-4 Australia 

EROICA USA 

EX FRF Australia 

F-84-19 Australia 

FK21 Japan 

G-85-9 Australia 

GALENA USA 

GOLDING UK 

HALLERTAU Germany 

HERSBRUCKER Germany 

HERSBRUCKER G Germany 

JAPANESE ROGUE Japan 

K56 USA 

K-85-9 Australia 

L1 USA 

L1 EX FRF USA 

LA-85-70 Australia 

LB-85-2 Australia 

ME-85-33 Australia 

NORTHERN BREWER UK 

NUGGET USA 

OM26 UK 

PERLE Germany 

S-5524 Australia 

SAAZ 36 Czech Republic 

SHINSHUWASE Japan 

SMOOTHCONE New Zealand 

SOUTHERN BREWER South Africa 

STYRIAN Australia 

SWISS TETTNANG Germany 

TILLICUM USA 

U-85-10 Australia 

UNKNOWN 09 Australia 

V-85-9 Australia 

VOJVODINA Slovenia 

W-86-26 Australia 

WYE CHALLENGER UK 

WYE NORTHDOWN UK 

WYE TARGET UK 

YEOMAN UK 

ZENITH UK 

 

Each accession was used as a female parent once, except for accessions 21194, 21055(2n), NUGGET, 

CLUSTER and SWISS TETTNANG which were used twice; and individuals 21055 and 94-138-006 (2n) which 

were used four times. 
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APPENDIX 4.2 Least squares means by family for hop cone chemistry, yield and plant growth traits 

 
Appendix 4.2 Least squares means (lower 95% limit, upper 95% limit) for each family included in the quantitative genetic analysis, for traits relating to plant growth, yield and cone 

chemistry in hop.  „*‟ indicates traits for which the means have been backtransformed.  a. refers to the traits number of shoots, length of the longest shoot and number of nodes on 

the longest shoot, relating to the emergence stage of plant growth.  b. refers to the trait height, assessed at three different time points of the growing season (flower initiation, mid-

season and cone maturity).  c. refers to the traits lateral length, number of nodes on lateral and internode length, relating to the cone maturity stage of plant growth.  d. refers to the 

trait height to the cones, relating to the cone maturity stage of plant growth; and green cone weight, relating to cone yield.  e. refers to the cone chemical traits cohumulone, 

humulone + adhumulone, colupulone and lupulone + adlupulone.   f. refers to the cone chemical  traits α-acid and β-acid.   g. refers to the cone chemical traits cohumulone (% of α-

acid), α-acid:β-acid and α-acid:total resin.  All traits were assessed in two seasons of plant growth, except for green cone weight, which was assessed in only the second season. 

 

a. 

Family 
number of shoots  number of shoots 

length of the longest 

shoot 

length of the longest 

shoot 

number of nodes on 

the longest shoot 

number of nodes on 

the longest shoot 

11 months  * 24 months 11 months  * 24 months  * 11 months 24 months  * 

2008003 3.71 (2.98 , 4.51) 7.46 (6.04 , 8.89) 42.60 (36.53 , 49.13) 8.10 (5.97 , 10.56) 6.80 (6.30 , 7.30) 2.69 (2.28 , 3.13) 

2008190 4.44 (3.64 , 5.31) 8.17 (6.75 , 9.59) 44.93 (38.69 , 51.65) 8.94 (6.77 , 11.41) 7.26 (6.75 , 7.76) 2.68 (2.29 , 3.11) 

2008209 4.46 (3.65 , 5.36) 6.75 (5.29 , 8.22) 47.64 (41.10 , 54.67) 10.18 (7.56 , 13.18) 6.93 (6.42 , 7.44) 2.80 (2.36 , 3.28) 

2008151 4.12 (3.35 , 4.96) 5.67 (4.25 , 7.09) 32.71 (27.51 , 38.36) 8.40 (6.15 , 11.01) 6.01 (5.51 , 6.50) 2.77 (2.34 , 3.23) 

2008039 4.88 (4.04 , 5.80) 8.92 (7.50 , 10.34) 47.77 (41.43 , 54.56) 9.04 (6.86 , 11.52) 7.62 (7.13 , 8.11) 2.72 (2.32 , 3.15) 

2008152 3.76 (3.03 , 4.57) 5.72 (4.30 , 7.15) 48.41 (41.91 , 55.37) 8.51 (6.23 , 11.14) 7.28 (6.78 , 7.79) 2.82 (2.39 , 3.29) 

2008001 4.87 (4.00 , 5.82) 8.19 (6.68 , 9.70) 49.10 (42.45 , 56.23) 7.54 (5.56 , 9.81) 7.93 (7.42 , 8.45) 2.62 (2.24 , 3.05) 

2008073 3.36 (2.67 , 4.13) 5.68 (4.26 , 7.10) 40.51 (34.39 , 47.14) 5.38 (3.61 , 7.51) 6.63 (6.10 , 7.15) 2.34 (1.95 , 2.76) 

2008168 4.55 (3.74 , 5.43) 10.96 (9.54 , 12.38) 48.27 (41.90 , 55.09) 18.45 (15.38 , 21.80) 7.24 (6.75 , 7.73) 3.40 (2.96 , 3.86) 

2008161 4.32 (3.54 , 5.19) 7.86 (6.44 , 9.29) 45.66 (39.26 , 52.55) 7.39 (5.44 , 9.65) 6.69 (6.18 , 7.21) 2.92 (2.51 , 3.36) 

2008290 3.57 (2.83 , 4.39) 5.52 (4.01 , 7.03) 41.10 (34.81 , 47.92) 6.48 (4.33 , 9.05) 7.10 (6.57 , 7.64) 2.40 (1.98 , 2.87) 

2008208 3.72 (2.99 , 4.52) 6.35 (4.93 , 7.78) 38.16 (32.43 , 44.37) 10.07 (7.47 , 13.05) 6.66 (6.16 , 7.16) 2.74 (2.30 , 3.22) 

2008251 4.30 (3.52 , 5.17) 9.02 (7.60 , 10.44) 40.93 (34.99 , 47.35) 7.25 (5.38 , 9.41) 7.16 (6.66 , 7.66) 2.65 (2.27 , 3.06) 

2008052 5.83 (4.90 , 6.85) 10.93 (9.46 , 12.39) 54.08 (47.21 , 61.42) 13.46 (10.86 , 16.34) 7.34 (6.84 , 7.84) 3.08 (2.67 , 3.52) 

2008037 4.34 (3.54 , 5.22) 4.28 (2.82 , 5.74) 37.99 (32.18 , 44.29) 5.59 (3.70 , 7.86) 6.95 (6.44 , 7.46) 2.10 (1.72 , 2.52) 

2008154 4.42 (3.62 , 5.29) 9.19 (7.76 , 10.61) 45.27 (39.10 , 51.89) 10.47 (8.19 , 13.03) 7.13 (6.64 , 7.63) 2.93 (2.53 , 3.37) 

2008136 5.90 (4.98 , 6.90) 10.80 (9.37 , 12.22) 53.42 (46.70 , 60.60) 14.87 (12.21 , 17.79) 7.79 (7.30 , 8.28) 3.61 (3.17 , 4.08) 

2008096 4.52 (3.72 , 5.40) 9.69 (8.26 , 11.11) 44.13 (38.05 , 50.66) 15.55 (12.54 , 18.89) 7.40 (6.91 , 7.90) 3.31 (2.86 , 3.80) 

2008071 3.87 (3.12 , 4.69) 6.18 (4.75 , 7.60) 38.52 (32.65 , 44.87) 5.66 (3.91 , 7.74) 6.58 (6.07 , 7.09) 2.05 (1.70 , 2.44) 

2008124 5.20 (4.34 , 6.15) 10.72 (9.30 , 12.14) 51.69 (45.09 , 58.74) 13.43 (10.91 , 16.21) 7.79 (7.29 , 8.28) 2.90 (2.51 , 3.32) 

2008145 5.67 (4.77 , 6.66) 7.86 (6.44 , 9.29) 45.99 (39.76 , 52.66) 8.54 (6.49 , 10.87) 7.35 (6.86 , 7.84) 2.98 (2.58 , 3.42) 

2008084 5.14 (4.28 , 6.08) 7.05 (5.62 , 8.47) 45.31 (39.14 , 51.92) 6.13 (4.15 , 8.50) 7.09 (6.60 , 7.59) 2.14 (1.75 , 2.56) 

2008083 5.14 (4.28 , 6.07) 8.63 (7.21 , 10.05) 48.29 (41.92 , 55.12) 11.26 (8.81 , 14.01) 7.66 (7.17 , 8.15) 3.14 (2.71 , 3.59) 

2008056 4.17 (3.40 , 5.02) 6.11 (4.69 , 7.53) 41.81 (35.80 , 48.28) 8.12 (5.80 , 10.82) 6.55 (6.05 , 7.05) 2.97 (2.51 , 3.46) 
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Family 
number of shoots  number of shoots 

length of the longest 

shoot 

length of the longest 

shoot 

number of nodes on 

the longest shoot 

number of nodes on 

the longest shoot 

11 months  * 24 months 11 months  * 24 months  * 11 months 24 months  * 

2008261 3.80 (3.07 , 4.62) 5.62 (4.20 , 7.04) 43.02 (36.71 , 49.84) 6.08 (4.26 , 8.23) 7.19 (6.66 , 7.71) 2.21 (1.84 , 2.60) 

2008157 4.91 (4.07 , 5.82) 8.78 (7.36 , 10.20) 49.14 (42.72 , 56.02) 6.25 (4.57 , 8.18) 7.10 (6.61 , 7.59) 2.64 (2.27 , 3.04) 

2008006 4.92 (4.08 , 5.83) 10.98 (9.56 , 12.40) 53.38 (46.67 , 60.54) 15.78 (13.04 , 18.79) 7.58 (7.08 , 8.07) 3.78 (3.33 , 4.25) 

2008240 5.37 (4.49 , 6.33) 8.13 (6.71 , 9.55) 50.69 (44.16 , 57.68) 10.33 (8.07 , 12.87) 7.29 (6.80 , 7.78) 2.75 (2.36 , 3.17) 

2008103 4.57 (3.76 , 5.46) 8.56 (7.14 , 9.98) 45.20 (38.94 , 51.94) 12.20 (9.55 , 15.18) 7.24 (6.73 , 7.74) 3.27 (2.82 , 3.75) 

2008148 4.99 (4.14 , 5.91) 8.13 (6.70 , 9.55) 47.20 (40.89 , 53.96) 7.79 (5.84 , 10.02) 7.32 (6.83 , 7.81) 2.49 (2.12 , 2.89) 

2008236 4.83 (4.00 , 5.74) 7.35 (5.93 , 8.78) 51.08 (44.51 , 58.09) 8.14 (6.00 , 10.60) 7.39 (6.89 , 7.88) 2.55 (2.16 , 2.98) 

2008259 5.84 (4.92 , 6.84) 11.30 (9.88 , 12.72) 56.34 (49.33 , 63.82) 15.04 (12.28 , 18.08) 7.70 (7.20 , 8.20) 3.45 (3.02 , 3.92) 

2008191 4.79 (3.94 , 5.72) 7.95 (6.48 , 9.41) 44.62 (38.39 , 51.32) 6.48 (4.58 , 8.70) 6.78 (6.27 , 7.28) 2.28 (1.90 , 2.68) 

2008242 5.10 (4.24 , 6.04) 7.27 (5.85 , 8.70) 49.69 (43.10 , 56.74) 8.28 (6.26 , 10.57) 7.42 (6.91 , 7.92) 2.41 (2.05 , 2.81) 

2008248 4.29 (3.50 , 5.17) 7.84 (6.37 , 9.30) 45.79 (39.38 , 52.69) 9.20 (7.00 , 11.70) 6.84 (6.32 , 7.35) 2.95 (2.54 , 3.40) 

2008010 4.16 (3.39 , 5.01) 11.34 (9.91 , 12.76) 46.16 (39.82 , 52.96) 14.77 (12.12 , 17.68) 7.16 (6.66 , 7.66) 3.39 (2.97 , 3.85) 

2008263 4.55 (3.74 , 5.44) 8.57 (7.15 , 9.99) 40.04 (34.16 , 46.39) 10.80 (8.40 , 13.49) 6.75 (6.25 , 7.26) 3.03 (2.61 , 3.48) 

2008153 4.78 (3.95 , 5.69) 7.47 (6.05 , 8.90) 48.11 (41.52 , 55.18) 9.39 (7.23 , 11.83) 7.22 (6.70 , 7.73) 2.82 (2.42 , 3.24) 

2008119 4.67 (3.85 , 5.57) 6.55 (5.12 , 7.97) 42.45 (36.39 , 48.99) 10.54 (7.88 , 13.59) 7.19 (6.69 , 7.70) 2.75 (2.31 , 3.22) 

2008206 3.94 (3.19 , 4.77) 8.04 (6.62 , 9.47) 41.64 (35.63 , 48.11) 7.79 (5.84 , 10.03) 6.96 (6.46 , 7.47) 2.58 (2.20 , 2.98) 

2008139 3.83 (3.09 , 4.64) 5.22 (3.80 , 6.65) 43.25 (36.90 , 50.11) 5.68 (3.86 , 7.85) 6.78 (6.25 , 7.31) 2.27 (1.89 , 2.69) 

2008106 4.85 (4.02 , 5.76) 11.24 (9.82 , 12.66) 52.61 (45.83 , 59.84) 17.39 (14.41 , 20.64) 7.79 (7.29 , 8.30) 3.85 (3.39 , 4.35) 

2008122 4.44 (3.63 , 5.33) 8.34 (6.88 , 9.80) 50.86 (44.20 , 57.97) 12.51 (9.92 , 15.40) 7.24 (6.74 , 7.74) 3.30 (2.86 , 3.77) 

2008155 5.01 (4.16 , 5.93) 7.46 (6.04 , 8.88) 46.80 (40.53 , 53.53) 9.16 (6.89 , 11.75) 7.17 (6.68 , 7.66) 2.69 (2.28 , 3.12) 

2008088 4.62 (3.81 , 5.51) 10.42 (9.00 , 11.84) 45.09 (38.94 , 51.70) 10.03 (7.80 , 12.53) 7.48 (6.98 , 7.97) 3.08 (2.67 , 3.52) 

2008111 5.24 (4.37 , 6.19) 7.65 (6.23 , 9.07) 41.61 (35.72 , 47.96) 9.73 (7.45 , 12.31) 7.03 (6.54 , 7.53) 2.83 (2.42 , 3.27) 

2008202 4.49 (3.68 , 5.39) 5.88 (4.42 , 7.34) 50.82 (44.16 , 57.94) 7.75 (5.60 , 10.26) 7.74 (7.24 , 8.24) 2.63 (2.22 , 3.08) 

2008013 4.22 (3.45 , 5.08) 6.44 (5.02 , 7.86) 42.30 (36.36 , 48.70) 8.60 (6.32 , 11.23) 6.50 (6.01 , 6.99) 2.55 (2.14 , 2.99) 

2008279 4.88 (4.04 , 5.79) 8.09 (6.67 , 9.51) 47.95 (41.39 , 55.00) 9.27 (7.06 , 11.78) 7.48 (6.97 , 7.99) 2.76 (2.36 , 3.19) 

2008007 4.01 (3.25 , 4.84) 6.76 (5.34 , 8.18) 45.43 (39.15 , 52.17) 8.96 (6.72 , 11.53) 7.08 (6.58 , 7.58) 2.61 (2.21 , 3.04) 

2008090 6.13 (5.19 , 7.15) 10.14 (8.72 , 11.56) 49.15 (42.71 , 56.04) 13.97 (11.32 , 16.91) 7.93 (7.44 , 8.42) 3.29 (2.86 , 3.74) 

2008055 4.33 (3.54 , 5.19) 7.63 (6.21 , 9.05) 46.15 (39.92 , 52.84) 7.90 (5.87 , 10.24) 6.77 (6.28 , 7.27) 2.38 (2.01 , 2.79) 

2008271 3.74 (3.02 , 4.55) 6.58 (5.16 , 8.00) 47.14 (40.63 , 54.14) 9.61 (7.28 , 12.26) 7.26 (6.75 , 7.78) 2.96 (2.54 , 3.42) 

2008035 5.00 (4.15 , 5.92) 9.04 (7.62 , 10.46) 47.53 (41.11 , 54.42) 9.06 (6.95 , 11.45) 7.56 (7.06 , 8.06) 2.97 (2.56 , 3.40) 

2008212 3.79 (3.06 , 4.61) 8.19 (6.77 , 9.61) 38.59 (32.82 , 44.83) 8.78 (6.64 , 11.22) 6.76 (6.26 , 7.27) 2.57 (2.19 , 2.99) 

2008149 5.90 (4.98 , 6.90) 7.34 (5.92 , 8.76) 48.86 (42.45 , 55.72) 8.92 (6.68 , 11.48) 7.82 (7.32 , 8.31) 2.78 (2.37 , 3.22) 

2008170 5.50 (4.61 , 6.47) 8.08 (6.66 , 9.50) 49.04 (42.62 , 55.92) 9.30 (7.23 , 11.64) 7.47 (6.98 , 7.97) 2.62 (2.25 , 3.02) 

2008247 3.88 (3.14 , 4.70) 6.32 (4.90 , 7.74) 45.65 (39.35 , 52.41) 7.14 (5.22 , 9.36) 7.07 (6.56 , 7.57) 2.38 (2.01 , 2.78) 

2008110 4.12 (3.34 , 4.97) 6.60 (5.13 , 8.06) 42.46 (36.30 , 49.11) 6.87 (4.99 , 9.04) 6.83 (6.32 , 7.34) 2.03 (1.69 , 2.41) 
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Family 
number of shoots  number of shoots 

length of the longest 

shoot 

length of the longest 

shoot 

number of nodes on 

the longest shoot 

number of nodes on 

the longest shoot 

11 months  * 24 months 11 months  * 24 months  * 11 months 24 months  * 

2008043 3.34 (2.65 , 4.10) 6.51 (5.09 , 7.94) 41.99 (35.85 , 48.62) 6.72 (4.79 , 8.97) 6.76 (6.25 , 7.28) 2.43 (2.04 , 2.85) 

2008188 4.11 (3.35 , 4.95) 6.76 (5.34 , 8.18) 48.08 (41.62 , 55.01) 15.98 (12.80 , 19.52) 7.01 (6.51 , 7.51) 2.94 (2.50 , 3.41) 

2008080 4.75 (3.89 , 5.69) 6.80 (5.29 , 8.31) 43.43 (37.08 , 50.27) 6.81 (4.88 , 9.07) 6.75 (6.23 , 7.27) 2.50 (2.11 , 2.93) 

2008239 3.46 (2.77 , 4.24) 6.76 (5.34 , 8.18) 48.38 (41.79 , 55.46) 6.31 (4.57 , 8.32) 7.11 (6.59 , 7.62) 2.36 (2.00 , 2.74) 

2008075 4.62 (3.81 , 5.51) 9.55 (8.12 , 10.97) 46.55 (40.29 , 53.27) 13.03 (10.55 , 15.78) 7.43 (6.94 , 7.92) 2.66 (2.28 , 3.06) 

2008114 3.93 (3.15 , 4.79) 6.42 (4.91 , 7.93) 35.58 (29.95 , 41.69) 7.09 (5.03 , 9.50) 6.29 (5.77 , 6.80) 2.31 (1.93 , 2.74) 

2008166 5.26 (4.39 , 6.21) 10.07 (8.65 , 11.49) 41.17 (35.31 , 47.49) 10.74 (8.35 , 13.43) 6.80 (6.31 , 7.29) 3.21 (2.77 , 3.67) 

2008252 5.02 (4.17 , 5.95) 8.62 (7.19 , 10.04) 49.60 (43.14 , 56.52) 10.00 (7.77 , 12.51) 7.55 (7.06 , 8.04) 2.62 (2.24 , 3.03) 

2008150 4.40 (3.61 , 5.27) 5.55 (4.12 , 6.97) 39.32 (33.49 , 45.61) 6.30 (4.44 , 8.48) 6.90 (6.40 , 7.41) 2.51 (2.12 , 2.94) 

2008009 4.27 (3.49 , 5.13) 7.22 (5.80 , 8.65) 43.89 (37.72 , 50.53) 8.99 (6.74 , 11.56) 6.98 (6.47 , 7.48) 2.51 (2.11 , 2.93) 

2008081 3.61 (2.87 , 4.43) 8.61 (7.10 , 10.12) 44.69 (38.24 , 51.65) 10.59 (8.13 , 13.38) 6.98 (6.46 , 7.51) 3.10 (2.66 , 3.57) 

2008041 4.79 (3.96 , 5.70) 8.78 (7.36 , 10.21) 46.32 (40.07 , 53.02) 9.09 (6.90 , 11.58) 7.67 (7.18 , 8.16) 2.87 (2.46 , 3.31) 

2008061 5.40 (4.50 , 6.38) 8.98 (7.52 , 10.44) 47.55 (41.12 , 54.45) 9.51 (7.27 , 12.05) 7.13 (6.63 , 7.63) 3.01 (2.59 , 3.46) 

2008087 3.70 (2.98 , 4.50) 8.11 (6.69 , 9.53) 44.84 (38.61 , 51.54) 9.21 (7.01 , 11.71) 7.18 (6.68 , 7.69) 3.01 (2.59 , 3.46) 

2008147 4.53 (3.72 , 5.41) 9.22 (7.79 , 10.64) 44.49 (38.28 , 51.18) 12.65 (10.20 , 15.36) 7.28 (6.78 , 7.78) 3.09 (2.69 , 3.53) 

2008258 4.50 (3.70 , 5.38) 9.32 (7.90 , 10.74) 49.60 (42.92 , 56.76) 9.10 (6.91 , 11.59) 7.53 (7.02 , 8.04) 2.81 (2.41 , 3.25) 

2008130 4.20 (3.43 , 5.05) 6.45 (5.03 , 7.87) 41.98 (35.84 , 48.61) 9.17 (6.81 , 11.88) 6.98 (6.46 , 7.49) 2.85 (2.42 , 3.31) 

2008100 4.17 (3.38 , 5.03) 6.64 (5.18 , 8.10) 40.29 (34.40 , 46.66) 12.89 (10.26 , 15.82) 6.54 (6.04 , 7.05) 2.91 (2.50 , 3.36) 

2008132 5.03 (4.18 , 5.96) 10.03 (8.61 , 11.45) 48.35 (41.98 , 55.17) 13.24 (10.66 , 16.09) 7.62 (7.13 , 8.11) 3.14 (2.72 , 3.58) 

2008256 5.73 (4.82 , 6.72) 11.04 (9.62 , 12.46) 48.50 (42.12 , 55.33) 17.33 (14.46 , 20.47) 7.66 (7.17 , 8.15) 3.21 (2.80 , 3.65) 

2008093 4.12 (3.36 , 4.97) 6.04 (4.62 , 7.46) 40.20 (34.31 , 46.56) 5.21 (3.53 , 7.20) 6.59 (6.09 , 7.09) 2.01 (1.66 , 2.40) 

2008108 5.75 (4.84 , 6.74) 11.37 (9.95 , 12.79) 57.26 (50.30 , 64.67) 13.63 (11.09 , 16.43) 7.77 (7.28 , 8.26) 3.30 (2.89 , 3.75) 

2008179 4.11 (3.34 , 4.95) 6.67 (5.25 , 8.09) 42.08 (36.04 , 48.58) 5.68 (3.98 , 7.68) 7.18 (6.68 , 7.68) 2.02 (1.68 , 2.39) 

2008192 4.37 (3.57 , 5.25) 6.20 (4.74 , 7.67) 40.00 (34.13 , 46.35) 11.66 (8.73 , 15.02) 6.59 (6.09 , 7.10) 3.18 (2.70 , 3.71) 

2008089 3.69 (2.97 , 4.50) 6.91 (5.49 , 8.34) 37.48 (31.80 , 43.62) 9.00 (6.74 , 11.58) 6.43 (5.93 , 6.94) 2.57 (2.17 , 3.00) 

2008064 4.40 (3.61 , 5.27) 8.29 (6.87 , 9.71) 45.41 (39.24 , 52.03) 12.03 (9.58 , 14.76) 7.04 (6.55 , 7.53) 2.87 (2.47 , 3.29) 

2008269 4.82 (3.97 , 5.74) 7.86 (6.40 , 9.33) 46.21 (39.89 , 53.01) 6.68 (4.89 , 8.75) 7.48 (6.97 , 7.98) 2.59 (2.22 , 3.00) 

2008059 4.12 (3.36 , 4.97) 5.25 (3.83 , 6.67) 39.97 (34.19 , 46.19) 6.14 (4.31 , 8.31) 6.73 (6.24 , 7.22) 2.21 (1.85 , 2.62) 

2008047 4.98 (4.14 , 5.91) 5.98 (4.56 , 7.40) 42.84 (36.76 , 49.39) 3.88 (2.55 , 5.49) 6.98 (6.47 , 7.48) 1.86 (1.54 , 2.21) 

2008194 4.07 (3.31 , 4.91) 7.54 (6.12 , 8.97) 44.31 (38.22 , 50.86) 7.94 (5.91 , 10.27) 7.09 (6.60 , 7.59) 2.49 (2.11 , 2.90) 

2008232 3.87 (3.13 , 4.69) 7.20 (5.78 , 8.62) 39.21 (33.40 , 45.50) 8.82 (6.68 , 11.27) 6.41 (5.90 , 6.91) 2.41 (2.03 , 2.81) 

2008173 4.14 (3.37 , 4.98) 8.57 (7.15 , 10.00) 38.79 (33.10 , 44.94) 7.67 (5.68 , 9.96) 6.36 (5.87 , 6.85) 2.59 (2.20 , 3.01) 

2008120 3.78 (3.03 , 4.60) 6.54 (5.08 , 8.01) 43.80 (37.41 , 50.69) 7.62 (5.70 , 9.83) 6.98 (6.46 , 7.51) 2.50 (2.13 , 2.90) 

2008262 4.53 (3.71 , 5.43) 6.88 (5.42 , 8.35) 39.70 (33.85 , 46.01) 7.02 (5.11 , 9.23) 6.70 (6.20 , 7.20) 2.36 (1.98 , 2.76) 

2008187 4.56 (3.75 , 5.45) 8.55 (7.13 , 9.97) 45.77 (39.56 , 52.42) 10.89 (8.63 , 13.41) 6.79 (6.30 , 7.29) 2.95 (2.56 , 3.37) 
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Family 
number of shoots  number of shoots 

length of the longest 

shoot 

length of the longest 

shoot 

number of nodes on 

the longest shoot 

number of nodes on 

the longest shoot 

11 months  * 24 months 11 months  * 24 months  * 11 months 24 months  * 

2008051 3.87 (3.12 , 4.71) 7.16 (5.69 , 8.62) 42.20 (35.94 , 48.95) 12.41 (9.64 , 15.53) 6.82 (6.30 , 7.35) 3.16 (2.71 , 3.65) 

2008198 3.94 (3.15 , 4.82) 7.05 (5.48 , 8.61) 45.98 (39.18 , 53.32) 9.41 (6.91 , 12.29) 7.32 (6.77 , 7.87) 2.76 (2.32 , 3.24) 

2008054 4.84 (4.01 , 5.75) 7.12 (5.70 , 8.54) 47.29 (40.77 , 54.31) 7.25 (5.31 , 9.48) 7.58 (7.07 , 8.10) 2.57 (2.19 , 2.99) 

2008244 4.96 (4.11 , 5.88) 5.50 (4.07 , 6.92) 43.53 (37.40 , 50.14) 7.96 (5.77 , 10.49) 7.11 (6.60 , 7.61) 2.36 (1.97 , 2.78) 

2008177 3.40 (2.71 , 4.17) 5.09 (3.67 , 6.51) 42.07 (35.94 , 48.69) 5.78 (3.77 , 8.22) 6.71 (6.19 , 7.22) 2.27 (1.86 , 2.72) 

2008117 4.58 (3.77 , 5.47) 6.71 (5.28 , 8.13) 48.15 (41.77 , 54.98) 10.53 (7.86 , 13.58) 6.87 (6.38 , 7.36) 2.98 (2.52 , 3.48) 

2008016 5.09 (4.23 , 6.02) 6.54 (5.12 , 7.96) 45.67 (39.38 , 52.44) 13.02 (10.03 , 16.39) 7.00 (6.50 , 7.50) 3.12 (2.65 , 3.63) 

2008267 4.20 (3.42 , 5.07) 7.86 (6.40 , 9.33) 47.33 (40.81 , 54.34) 8.79 (6.72 , 11.15) 7.19 (6.67 , 7.70) 2.65 (2.27 , 3.06) 

2008040 4.00 (3.25 , 4.83) 7.69 (6.27 , 9.11) 47.76 (41.42 , 54.55) 10.43 (8.16 , 12.98) 6.98 (6.49 , 7.48) 2.84 (2.44 , 3.26) 

2008218 4.12 (3.35 , 4.96) 6.94 (5.51 , 8.36) 45.24 (38.85 , 52.11) 7.43 (5.12 , 10.17) 7.26 (6.74 , 7.77) 2.44 (2.01 , 2.90) 

2008070 4.49 (3.69 , 5.36) 5.70 (4.28 , 7.12) 42.74 (36.76 , 49.17) 10.24 (7.73 , 13.10) 6.81 (6.32 , 7.30) 2.54 (2.13 , 2.98) 

2008102 3.02 (2.36 , 3.76) 5.83 (4.36 , 7.30) 39.53 (33.24 , 46.36) 5.37 (3.59 , 7.50) 6.70 (6.15 , 7.25) 2.11 (1.74 , 2.51) 

2008078 6.22 (5.27 , 7.24) 10.85 (9.43 , 12.27) 45.74 (39.55 , 52.39) 10.67 (8.44 , 13.16) 7.32 (6.82 , 7.81) 2.79 (2.41 , 3.20) 

2008074 4.06 (3.29 , 4.92) 8.54 (7.07 , 10.01) 39.36 (33.32 , 45.91) 10.93 (8.43 , 13.76) 6.42 (5.89 , 6.94) 2.89 (2.46 , 3.34) 

   

 

b. 

Family 

height  

(at flower initiation) 

height  

(at flower initiation) 

height  

(mid-season) 

height  

(mid-season) 

height  

(at cone maturity) 

height  

(at cone maturity) 

13 months 25 months 14 months 26 months 16 months 28 months 

2008003 3.53 (3.30 , 3.77) 4.87 (4.66 , 5.09) 4.21 (3.97 , 4.44) 5.36 (5.23 , 5.49) 4.32 (4.14 , 4.50) 4.31 (4.13 , 4.50) 

2008190 3.78 (3.55 , 4.02) 5.00 (4.79 , 5.21) 4.42 (4.18 , 4.66) 5.67 (5.54 , 5.80) 4.55 (4.36 , 4.73) 4.56 (4.37 , 4.74) 

2008209 3.63 (3.40 , 3.87) 4.81 (4.59 , 5.02) 4.35 (4.09 , 4.61) 5.48 (5.34 , 5.61) 4.42 (4.24 , 4.61) 4.43 (4.24 , 4.62) 

2008151 3.45 (3.21 , 3.68) 5.03 (4.81 , 5.24) 4.25 (4.01 , 4.49) 5.75 (5.62 , 5.88) 4.38 (4.20 , 4.57) 4.55 (4.36 , 4.74) 

2008039 3.90 (3.66 , 4.13) 5.10 (4.89 , 5.32) 4.55 (4.31 , 4.78) 5.58 (5.45 , 5.71) 4.62 (4.44 , 4.81) 4.64 (4.45 , 4.82) 

2008152 3.69 (3.45 , 3.92) 5.13 (4.92 , 5.35) 4.45 (4.20 , 4.70) 5.67 (5.54 , 5.80) 4.65 (4.46 , 4.83) 4.66 (4.48 , 4.85) 

2008001 3.80 (3.56 , 4.05) 5.16 (4.94 , 5.39) 4.57 (4.32 , 4.81) 5.69 (5.55 , 5.83) 4.56 (4.36 , 4.75) 4.56 (4.37 , 4.76) 

2008073 3.64 (3.40 , 3.87) 4.80 (4.59 , 5.02) 4.37 (4.13 , 4.61) 5.68 (5.55 , 5.81) 4.47 (4.29 , 4.65) 4.47 (4.29 , 4.66) 

2008168 3.58 (3.35 , 3.82) 4.97 (4.75 , 5.18) 4.34 (4.10 , 4.58) 5.49 (5.36 , 5.62) 4.34 (4.16 , 4.53) 4.34 (4.15 , 4.53) 

2008161 3.77 (3.54 , 4.01) 5.40 (5.19 , 5.61) 4.42 (4.18 , 4.65) 5.70 (5.57 , 5.84) 4.51 (4.32 , 4.69) 4.51 (4.33 , 4.70) 

2008290 3.64 (3.39 , 3.88) 4.82 (4.59 , 5.05) 4.26 (4.02 , 4.50) 5.47 (5.33 , 5.61) 4.36 (4.17 , 4.56) 4.36 (4.17 , 4.56) 

2008208 3.62 (3.38 , 3.86) 5.02 (4.80 , 5.23) 4.29 (4.05 , 4.53) 5.70 (5.57 , 5.83) 4.32 (4.14 , 4.50) 4.31 (4.13 , 4.50) 

2008251 3.53 (3.30 , 3.77) 4.97 (4.76 , 5.19) 4.16 (3.92 , 4.40) 5.55 (5.42 , 5.68) 4.26 (4.08 , 4.44) 4.25 (4.07 , 4.43) 

2008052 4.04 (3.80 , 4.28) 5.27 (5.05 , 5.48) 4.54 (4.30 , 4.78) 5.77 (5.64 , 5.91) 4.56 (4.37 , 4.75) 4.57 (4.38 , 4.76) 
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Family 

height  

(at flower initiation) 

height  

(at flower initiation) 

height  

(mid-season) 

height  

(mid-season) 

height  

(at cone maturity) 

height  

(at cone maturity) 

13 months 25 months 14 months 26 months 16 months 28 months 

2008037 3.80 (3.56 , 4.04) 4.84 (4.62 , 5.05) 4.48 (4.24 , 4.73) 5.76 (5.62 , 5.89) 4.69 (4.50 , 4.88) 4.71 (4.52 , 4.90) 

2008154 3.55 (3.31 , 3.78) 4.88 (4.66 , 5.09) 4.10 (3.86 , 4.34) 5.50 (5.37 , 5.63) 4.13 (3.95 , 4.31) 4.11 (3.93 , 4.30) 

2008136 3.52 (3.29 , 3.76) 4.90 (4.69 , 5.11) 4.17 (3.93 , 4.41) 5.44 (5.31 , 5.57) 4.35 (4.16 , 4.53) 4.34 (4.15 , 4.52) 

2008096 3.65 (3.41 , 3.88) 4.94 (4.73 , 5.15) 4.43 (4.19 , 4.67) 5.45 (5.32 , 5.58) 4.27 (4.09 , 4.45) 4.26 (4.08 , 4.45) 

2008071 3.84 (3.61 , 4.08) 4.76 (4.54 , 4.97) 4.56 (4.32 , 4.81) 5.69 (5.56 , 5.83) 4.59 (4.41 , 4.77) 4.60 (4.42 , 4.78) 

2008124 3.76 (3.53 , 4.00) 5.40 (5.19 , 5.61) 4.46 (4.22 , 4.70) 5.76 (5.63 , 5.89) 4.55 (4.37 , 4.74) 4.56 (4.38 , 4.75) 

2008145 3.63 (3.39 , 3.86) 5.13 (4.92 , 5.34) 4.26 (4.02 , 4.51) 5.59 (5.46 , 5.72) 4.59 (4.41 , 4.77) 4.60 (4.42 , 4.79) 

2008084 3.82 (3.59 , 4.06) 4.88 (4.67 , 5.09) 4.57 (4.34 , 4.81) 5.66 (5.52 , 5.79) 4.77 (4.58 , 4.95) 4.79 (4.60 , 4.97) 

2008083 3.62 (3.39 , 3.86) 5.32 (5.11 , 5.54) 4.45 (4.21 , 4.68) 5.67 (5.54 , 5.80) 4.38 (4.20 , 4.57) 4.38 (4.20 , 4.56) 

2008056 3.73 (3.49 , 3.96) 5.24 (5.03 , 5.46) 4.46 (4.23 , 4.70) 5.85 (5.72 , 5.98) 4.68 (4.50 , 4.87) 4.70 (4.52 , 4.89) 

2008261 3.84 (3.61 , 4.08) 5.09 (4.88 , 5.31) 4.56 (4.32 , 4.79) 5.65 (5.52 , 5.78) 4.73 (4.55 , 4.92) 4.76 (4.57 , 4.94) 

2008157 4.07 (3.84 , 4.31) 5.54 (5.32 , 5.75) 4.54 (4.30 , 4.78) 5.71 (5.58 , 5.84) 4.61 (4.42 , 4.79) 4.62 (4.44 , 4.80) 

2008006 3.60 (3.37 , 3.84) 4.92 (4.71 , 5.14) 4.30 (4.06 , 4.55) 5.62 (5.49 , 5.75) 4.14 (3.96 , 4.33) 4.13 (3.94 , 4.31) 

2008240 3.84 (3.60 , 4.07) 5.28 (5.07 , 5.50) 4.36 (4.13 , 4.60) 5.62 (5.49 , 5.75) 4.47 (4.29 , 4.65) 4.47 (4.29 , 4.66) 

2008103 3.16 (2.92 , 3.39) 4.86 (4.65 , 5.07) 3.88 (3.65 , 4.12) 5.42 (5.29 , 5.55) 3.92 (3.73 , 4.10) 3.88 (3.70 , 4.06) 

2008148 3.56 (3.33 , 3.80) 5.05 (4.83 , 5.26) 4.23 (3.98 , 4.48) 5.69 (5.56 , 5.83) 4.38 (4.20 , 4.57) 4.38 (4.19 , 4.56) 

2008236 4.00 (3.77 , 4.24) 5.47 (5.26 , 5.68) 4.65 (4.41 , 4.89) 5.65 (5.52 , 5.79) 4.73 (4.54 , 4.91) 4.74 (4.56 , 4.93) 

2008259 3.68 (3.45 , 3.92) 5.02 (4.81 , 5.23) 4.43 (4.20 , 4.67) 5.49 (5.36 , 5.62) 4.36 (4.18 , 4.54) 4.36 (4.17 , 4.54) 

2008191 3.57 (3.33 , 3.81) 5.13 (4.91 , 5.35) 4.33 (4.09 , 4.57) 5.69 (5.56 , 5.83) 4.43 (4.24 , 4.62) 4.42 (4.24 , 4.61) 

2008242 3.79 (3.55 , 4.03) 5.41 (5.19 , 5.62) 4.43 (4.18 , 4.69) 5.65 (5.51 , 5.78) 4.46 (4.28 , 4.65) 4.47 (4.28 , 4.65) 

2008248 3.67 (3.43 , 3.91) 5.19 (4.97 , 5.41) 4.44 (4.20 , 4.69) 5.75 (5.62 , 5.89) 4.61 (4.42 , 4.80) 4.62 (4.43 , 4.81) 

2008010 3.35 (3.12 , 3.59) 5.00 (4.79 , 5.21) 4.19 (3.96 , 4.43) 5.65 (5.52 , 5.78) 4.44 (4.26 , 4.62) 4.43 (4.25 , 4.62) 

2008263 3.49 (3.25 , 3.72) 4.65 (4.43 , 4.86) 4.32 (4.09 , 4.56) 5.50 (5.37 , 5.63) 4.13 (3.94 , 4.31) 4.10 (3.92 , 4.29) 

2008153 3.72 (3.48 , 3.95) 5.20 (4.99 , 5.41) 4.50 (4.26 , 4.74) 5.65 (5.52 , 5.79) 4.48 (4.30 , 4.67) 4.49 (4.30 , 4.67) 

2008119 3.59 (3.35 , 3.82) 4.90 (4.69 , 5.12) 4.35 (4.11 , 4.60) 5.55 (5.41 , 5.68) 4.52 (4.34 , 4.70) 4.73 (4.54 , 4.92) 

2008206 3.54 (3.30 , 3.77) 5.39 (5.18 , 5.60) 4.34 (4.10 , 4.57) 5.70 (5.57 , 5.83) 4.26 (4.08 , 4.44) 4.24 (4.06 , 4.43) 

2008139 3.55 (3.31 , 3.78) 5.24 (5.03 , 5.45) 4.45 (4.21 , 4.70) 5.66 (5.53 , 5.79) 4.44 (4.26 , 4.62) 4.43 (4.25 , 4.62) 

2008106 3.52 (3.28 , 3.75) 5.12 (4.90 , 5.33) 4.45 (4.21 , 4.68) 5.53 (5.40 , 5.66) 4.44 (4.25 , 4.62) 4.44 (4.25 , 4.62) 

2008122 3.45 (3.21 , 3.69) 5.18 (4.97 , 5.40) 4.20 (3.96 , 4.44) 5.44 (5.31 , 5.58) 4.22 (4.03 , 4.41) 4.21 (4.02 , 4.40) 

2008155 3.74 (3.50 , 3.97) 5.13 (4.92 , 5.34) 4.33 (4.10 , 4.57) 5.61 (5.48 , 5.75) 4.43 (4.25 , 4.62) 4.43 (4.25 , 4.62) 

2008088 3.47 (3.24 , 3.71) 4.92 (4.71 , 5.13) 4.22 (3.98 , 4.45) 5.49 (5.36 , 5.63) 4.26 (4.08 , 4.45) 4.25 (4.07 , 4.44) 

2008111 3.38 (3.15 , 3.62) 4.61 (4.40 , 4.83) 4.28 (4.04 , 4.53) 5.08 (4.95 , 5.21) 4.19 (4.00 , 4.37) 4.17 (3.99 , 4.36) 

2008202 3.88 (3.64 , 4.12) 5.14 (4.92 , 5.36) 4.55 (4.31 , 4.79) 5.53 (5.40 , 5.67) 4.53 (4.35 , 4.72) 4.54 (4.35 , 4.73) 

2008013 3.76 (3.53 , 4.00) 5.37 (5.16 , 5.58) 4.53 (4.29 , 4.76) 5.66 (5.53 , 5.79) 4.79 (4.61 , 4.97) 4.82 (4.64 , 5.00) 

2008279 3.88 (3.64 , 4.11) 5.23 (5.02 , 5.45) 4.59 (4.36 , 4.83) 5.68 (5.55 , 5.81) 4.68 (4.50 , 4.86) 4.70 (4.52 , 4.89) 
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Family 

height  

(at flower initiation) 

height  

(at flower initiation) 

height  

(mid-season) 

height  

(mid-season) 

height  

(at cone maturity) 

height  

(at cone maturity) 

13 months 25 months 14 months 26 months 16 months 28 months 

2008007 3.75 (3.51 , 3.99) 4.85 (4.64 , 5.06) 4.19 (3.96 , 4.43) 5.48 (5.35 , 5.62) 4.26 (4.07 , 4.44) 4.25 (4.06 , 4.44) 

2008090 3.36 (3.13 , 3.60) 4.90 (4.69 , 5.11) 4.12 (3.88 , 4.36) 5.56 (5.43 , 5.69) 4.10 (3.92 , 4.28) 4.08 (3.89 , 4.26) 

2008055 3.85 (3.62 , 4.09) 5.38 (5.17 , 5.60) 4.57 (4.34 , 4.81) 5.72 (5.59 , 5.86) 4.62 (4.44 , 4.81) 4.63 (4.45 , 4.82) 

2008271 3.60 (3.36 , 3.83) 5.14 (4.93 , 5.35) 4.37 (4.13 , 4.61) 5.53 (5.40 , 5.66) 4.46 (4.27 , 4.64) 4.46 (4.27 , 4.64) 

2008035 3.65 (3.41 , 3.88) 5.30 (5.08 , 5.51) 4.35 (4.11 , 4.58) 5.73 (5.60 , 5.86) 4.44 (4.25 , 4.62) 4.60 (4.41 , 4.79) 

2008212 3.62 (3.39 , 3.86) 5.03 (4.82 , 5.25) 4.25 (4.01 , 4.48) 5.60 (5.47 , 5.73) 4.41 (4.22 , 4.59) 4.40 (4.22 , 4.59) 

2008149 3.67 (3.44 , 3.91) 5.12 (4.90 , 5.33) 4.33 (4.09 , 4.57) 5.65 (5.52 , 5.78) 4.54 (4.35 , 4.72) 4.54 (4.36 , 4.73) 

2008170 3.87 (3.63 , 4.10) 5.42 (5.21 , 5.63) 4.54 (4.30 , 4.77) 5.73 (5.60 , 5.86) 4.65 (4.47 , 4.84) 4.67 (4.48 , 4.85) 

2008247 3.64 (3.40 , 3.87) 4.86 (4.65 , 5.08) 4.25 (4.01 , 4.49) 5.62 (5.49 , 5.75) 4.25 (4.07 , 4.43) 4.23 (4.05 , 4.41) 

2008110 3.64 (3.40 , 3.88) 5.00 (4.78 , 5.22) 4.33 (4.09 , 4.57) 5.54 (5.41 , 5.68) 4.35 (4.15 , 4.54) 4.35 (4.15 , 4.54) 

2008043 3.65 (3.42 , 3.89) 5.14 (4.93 , 5.36) 4.47 (4.24 , 4.71) 5.70 (5.57 , 5.83) 4.55 (4.36 , 4.73) 4.55 (4.37 , 4.74) 

2008188 3.76 (3.53 , 4.00) 5.40 (5.19 , 5.61) 4.39 (4.16 , 4.63) 5.60 (5.47 , 5.74) 4.55 (4.36 , 4.73) 4.56 (4.37 , 4.74) 

2008080 3.77 (3.52 , 4.01) 5.01 (4.78 , 5.23) 4.47 (4.22 , 4.71) 5.69 (5.56 , 5.83) 4.49 (4.29 , 4.69) 4.50 (4.30 , 4.70) 

2008239 3.50 (3.27 , 3.74) 5.19 (4.97 , 5.40) 4.16 (3.92 , 4.40) 5.77 (5.64 , 5.90) 4.40 (4.22 , 4.59) 4.40 (4.22 , 4.59) 

2008075 3.59 (3.36 , 3.83) 5.27 (5.06 , 5.48) 4.29 (4.05 , 4.52) 5.55 (5.42 , 5.68) 4.45 (4.26 , 4.63) 4.45 (4.26 , 4.63) 

2008114 3.67 (3.42 , 3.91) 5.54 (5.31 , 5.76) 4.43 (4.19 , 4.67) 5.61 (5.47 , 5.75) 4.62 (4.43 , 4.82) 4.64 (4.44 , 4.83) 

2008166 3.69 (3.45 , 3.92) 5.09 (4.88 , 5.30) 4.44 (4.20 , 4.68) 5.73 (5.60 , 5.86) 4.65 (4.47 , 4.83) 4.67 (4.48 , 4.85) 

2008252 3.80 (3.56 , 4.03) 5.36 (5.15 , 5.57) 4.35 (4.11 , 4.59) 5.65 (5.52 , 5.78) 4.54 (4.35 , 4.73) 4.55 (4.36 , 4.74) 

2008150 3.77 (3.53 , 4.00) 5.25 (5.04 , 5.46) 4.35 (4.11 , 4.59) 5.76 (5.63 , 5.89) 4.40 (4.22 , 4.58) 4.40 (4.22 , 4.58) 

2008009 3.76 (3.53 , 4.00) 5.09 (4.88 , 5.31) 4.32 (4.09 , 4.56) 5.52 (5.39 , 5.66) 4.41 (4.23 , 4.60) 4.41 (4.23 , 4.60) 

2008081 3.37 (3.13 , 3.62) 4.73 (4.51 , 4.96) 4.27 (4.01 , 4.53) 5.47 (5.34 , 5.61) 4.18 (3.98 , 4.37) 4.16 (3.96 , 4.35) 

2008041 3.64 (3.40 , 3.88) 4.93 (4.72 , 5.14) 4.31 (4.07 , 4.55) 5.57 (5.44 , 5.70) 4.49 (4.31 , 4.67) 4.49 (4.31 , 4.68) 

2008061 4.14 (3.90 , 4.38) 5.43 (5.21 , 5.65) 4.64 (4.40 , 4.88) 5.75 (5.62 , 5.89) 4.90 (4.71 , 5.09) 4.93 (4.74 , 5.12) 

2008087 3.35 (3.12 , 3.59) 4.66 (4.45 , 4.88) 4.07 (3.84 , 4.31) 5.33 (5.20 , 5.46) 3.85 (3.66 , 4.03) 3.81 (3.63 , 4.00) 

2008147 3.58 (3.35 , 3.82) 4.95 (4.74 , 5.17) 4.49 (4.25 , 4.72) 5.59 (5.46 , 5.73) 4.42 (4.24 , 4.60) 4.42 (4.24 , 4.60) 

2008258 3.55 (3.31 , 3.78) 4.81 (4.60 , 5.02) 4.25 (4.01 , 4.49) 5.60 (5.47 , 5.73) 4.46 (4.27 , 4.64) 4.46 (4.27 , 4.64) 

2008130 3.79 (3.55 , 4.03) 5.07 (4.86 , 5.28) 4.41 (4.18 , 4.65) 5.54 (5.41 , 5.67) 4.38 (4.20 , 4.56) 4.38 (4.19 , 4.56) 

2008100 3.46 (3.22 , 3.70) 4.87 (4.65 , 5.09) 4.24 (3.99 , 4.49) 5.27 (5.14 , 5.41) 4.25 (4.06 , 4.44) 4.24 (4.05 , 4.43) 

2008132 3.53 (3.30 , 3.77) 4.76 (4.55 , 4.97) 4.32 (4.09 , 4.56) 5.43 (5.30 , 5.56) 4.39 (4.21 , 4.57) 4.39 (4.21 , 4.58) 

2008256 3.45 (3.21 , 3.68) 4.69 (4.47 , 4.90) 4.26 (4.02 , 4.49) 5.27 (5.14 , 5.40) 4.24 (4.06 , 4.43) 4.23 (4.05 , 4.42) 

2008093 3.60 (3.36 , 3.83) 5.42 (5.20 , 5.63) 4.31 (4.07 , 4.55) 5.68 (5.54 , 5.81) 4.40 (4.22 , 4.58) 4.40 (4.22 , 4.58) 

2008108 4.04 (3.81 , 4.28) 5.17 (4.96 , 5.38) 4.60 (4.36 , 4.83) 5.70 (5.57 , 5.83) 4.74 (4.56 , 4.93) 4.77 (4.59 , 4.95) 

2008179 3.83 (3.59 , 4.06) 5.27 (5.06 , 5.49) 4.48 (4.25 , 4.72) 5.73 (5.59 , 5.86) 4.57 (4.39 , 4.76) 4.58 (4.40 , 4.77) 

2008192 3.77 (3.53 , 4.01) 5.27 (5.05 , 5.49) 4.41 (4.17 , 4.65) 5.60 (5.46 , 5.73) 4.45 (4.27 , 4.64) 4.45 (4.26 , 4.64) 

2008089 3.34 (3.10 , 3.57) 4.79 (4.57 , 5.00) 4.06 (3.83 , 4.30) 5.54 (5.41 , 5.67) 4.13 (3.95 , 4.31) 4.12 (3.93 , 4.30) 
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Family 

height  

(at flower initiation) 

height  

(at flower initiation) 

height  

(mid-season) 

height  

(mid-season) 

height  

(at cone maturity) 

height  

(at cone maturity) 

13 months 25 months 14 months 26 months 16 months 28 months 

2008064 3.82 (3.58 , 4.05) 5.43 (5.21 , 5.64) 4.39 (4.15 , 4.62) 5.55 (5.42 , 5.68) 4.56 (4.37 , 4.74) 4.57 (4.38 , 4.75) 

2008269 3.78 (3.54 , 4.02) 5.18 (4.96 , 5.39) 4.46 (4.22 , 4.70) 5.72 (5.58 , 5.85) 4.60 (4.41 , 4.79) 4.62 (4.43 , 4.81) 

2008059 3.76 (3.52 , 3.99) 5.01 (4.79 , 5.22) 4.48 (4.25 , 4.72) 5.62 (5.49 , 5.76) 4.62 (4.44 , 4.80) 4.63 (4.45 , 4.82) 

2008047 4.04 (3.80 , 4.27) 5.32 (5.10 , 5.53) 4.61 (4.36 , 4.85) 5.80 (5.67 , 5.94) 4.68 (4.50 , 4.87) 4.70 (4.52 , 4.89) 

2008194 3.61 (3.38 , 3.85) 5.02 (4.81 , 5.23) 4.18 (3.93 , 4.42) 5.62 (5.49 , 5.75) 4.40 (4.22 , 4.58) 4.40 (4.22 , 4.59) 

2008232 3.67 (3.44 , 3.91) 5.14 (4.93 , 5.36) 4.43 (4.19 , 4.68) 5.68 (5.54 , 5.81) 4.44 (4.26 , 4.62) 4.44 (4.26 , 4.62) 

2008173 3.93 (3.69 , 4.16) 5.45 (5.24 , 5.66) 4.39 (4.15 , 4.64) 5.66 (5.53 , 5.79) 4.62 (4.44 , 4.80) 4.64 (4.45 , 4.82) 

2008120 3.53 (3.29 , 3.77) 5.24 (5.02 , 5.46) 4.15 (3.91 , 4.39) 5.59 (5.46 , 5.73) 4.32 (4.13 , 4.51) 4.32 (4.13 , 4.51) 

2008262 3.57 (3.33 , 3.81) 4.71 (4.50 , 4.93) 4.31 (4.07 , 4.55) 5.53 (5.40 , 5.67) 4.53 (4.34 , 4.72) 4.54 (4.35 , 4.73) 

2008187 3.67 (3.44 , 3.91) 4.98 (4.77 , 5.20) 4.29 (4.04 , 4.53) 5.50 (5.37 , 5.63) 4.16 (3.98 , 4.34) 4.14 (3.95 , 4.32) 

2008051 3.36 (3.13 , 3.60) 4.85 (4.64 , 5.07) 4.07 (3.83 , 4.31) 5.62 (5.49 , 5.76) 4.22 (4.03 , 4.41) 4.21 (4.02 , 4.40) 

2008198 3.41 (3.16 , 3.66) 4.61 (4.38 , 4.85) 4.00 (3.76 , 4.25) 5.20 (5.06 , 5.34) 3.98 (3.78 , 4.18) 3.94 (3.74 , 4.14) 

2008054 3.74 (3.51 , 3.98) 5.06 (4.84 , 5.28) 4.19 (3.95 , 4.43) 5.61 (5.48 , 5.74) 4.18 (3.99 , 4.36) 4.16 (3.98 , 4.34) 

2008244 4.01 (3.77 , 4.24) 5.45 (5.24 , 5.66) 4.55 (4.31 , 4.79) 5.78 (5.65 , 5.91) 4.63 (4.44 , 4.81) 4.64 (4.46 , 4.82) 

2008177 3.94 (3.70 , 4.18) 5.37 (5.16 , 5.58) 4.50 (4.24 , 4.75) 5.80 (5.67 , 5.94) 4.58 (4.40 , 4.76) 4.59 (4.41 , 4.77) 

2008117 3.73 (3.49 , 3.97) 5.13 (4.92 , 5.34) 4.26 (4.02 , 4.51) 5.52 (5.38 , 5.65) 4.48 (4.30 , 4.67) 4.49 (4.30 , 4.67) 

2008016 3.94 (3.71 , 4.18) 5.39 (5.18 , 5.60) 4.64 (4.40 , 4.89) 5.65 (5.52 , 5.78) 4.67 (4.49 , 4.86) 4.69 (4.51 , 4.87) 

2008267 3.80 (3.56 , 4.04) 5.49 (5.27 , 5.70) 4.57 (4.32 , 4.81) 5.70 (5.56 , 5.83) 4.59 (4.40 , 4.78) 4.60 (4.41 , 4.79) 

2008040 3.41 (3.18 , 3.65) 4.93 (4.72 , 5.15) 4.07 (3.83 , 4.31) 5.48 (5.35 , 5.61) 4.27 (4.08 , 4.46) 4.25 (4.07 , 4.44) 

2008218 3.63 (3.40 , 3.87) 5.16 (4.95 , 5.38) 4.37 (4.14 , 4.61) 5.73 (5.60 , 5.86) 4.37 (4.19 , 4.55) 4.36 (4.18 , 4.55) 

2008070 3.70 (3.46 , 3.93) 5.04 (4.83 , 5.26) 4.39 (4.15 , 4.64) 5.72 (5.59 , 5.85) 4.54 (4.35 , 4.72) 4.55 (4.36 , 4.73) 

2008102 3.36 (3.12 , 3.60) 4.75 (4.53 , 4.98) 4.13 (3.88 , 4.38) 5.51 (5.37 , 5.65) 4.05 (3.86 , 4.24) 4.03 (3.84 , 4.21) 

2008078 3.52 (3.28 , 3.75) 4.69 (4.47 , 4.90) 4.29 (4.05 , 4.52) 5.56 (5.43 , 5.69) 4.32 (4.14 , 4.51) 4.32 (4.14 , 4.50) 

2008074 3.52 (3.28 , 3.76) 5.25 (5.03 , 5.47) 4.20 (3.95 , 4.45) 5.72 (5.58 , 5.85) 4.45 (4.27 , 4.64) 4.46 (4.27 , 4.64) 
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c. 

 

Family 
lateral length lateral length 

number of nodes on 

lateral 

number of nodes on 

lateral 
internode length internode length 

16 months  * 28 months  * 16 months  * 28 months  * 16 months  * 28 months  * 

2008003 43.18 (38.64 , 47.98) 38.57 (33.70 , 43.77) 6.43 (5.91 , 6.98) 6.42 (5.90 , 6.96) 15.41 (14.08 , 16.79) 22.56 (20.40 , 24.83) 

2008190 42.65 (38.14 , 47.42) 35.04 (30.41 , 40.00) 5.55 (5.07 , 6.06) 5.57 (5.09 , 6.07) 17.60 (16.19 , 19.07) 22.56 (20.40 , 24.83) 

2008209 41.69 (36.97 , 46.68) 35.65 (30.85 , 40.79) 5.94 (5.41 , 6.49) 5.94 (5.42 , 6.49) 15.67 (14.24 , 17.17) 22.56 (20.40 , 24.83) 

2008151 47.61 (42.83 , 52.64) 39.59 (34.59 , 44.91) 5.89 (5.39 , 6.42) 5.90 (5.41 , 6.42) 18.41 (16.74 , 20.16) 22.56 (20.40 , 24.83) 

2008039 45.53 (40.86 , 50.45) 47.60 (42.17 , 53.36) 6.39 (5.86 , 6.94) 6.39 (5.86 , 6.93) 17.30 (15.90 , 18.77) 22.56 (20.40 , 24.83) 

2008152 47.20 (42.43 , 52.21) 42.21 (37.11 , 47.64) 5.98 (5.48 , 6.51) 5.99 (5.49 , 6.51) 17.88 (16.45 , 19.37) 22.56 (20.40 , 24.83) 

2008001 39.52 (35.02 , 44.29) 33.27 (28.65 , 38.23) 5.41 (4.91 , 5.93) 5.43 (4.94 , 5.94) 18.48 (16.94 , 20.10) 22.56 (20.40 , 24.83) 

2008073 46.44 (41.73 , 51.41) 40.86 (35.85 , 46.20) 6.73 (6.20 , 7.29) 6.72 (6.19 , 7.27) 19.24 (17.53 , 21.03) 22.56 (20.40 , 24.83) 

2008168 42.44 (37.94 , 47.20) 37.71 (32.76 , 43.01) 6.16 (5.65 , 6.70) 6.17 (5.66 , 6.69) 17.96 (16.69 , 19.29) 22.56 (20.40 , 24.83) 

2008161 44.27 (39.67 , 49.13) 38.26 (33.42 , 43.42) 6.06 (5.55 , 6.59) 6.07 (5.56 , 6.59) 17.95 (16.51 , 19.45) 22.56 (20.40 , 24.83) 

2008290 41.10 (36.51 , 45.96) 34.88 (30.14 , 39.98) 5.83 (5.31 , 6.37) 5.84 (5.33 , 6.37) 16.69 (15.10 , 18.36) 22.56 (20.40 , 24.83) 

2008208 44.52 (39.91 , 49.40) 37.67 (32.87 , 42.80) 5.82 (5.32 , 6.34) 5.83 (5.34 , 6.34) 16.47 (15.10 , 17.90) 22.56 (20.40 , 24.83) 

2008251 39.91 (35.47 , 44.62) 32.89 (28.35 , 37.75) 5.76 (5.26 , 6.29) 5.78 (5.28 , 6.30) 17.61 (15.83 , 19.49) 22.56 (20.40 , 24.83) 

2008052 45.01 (40.29 , 50.00) 37.74 (32.78 , 43.05) 6.06 (5.55 , 6.60) 6.07 (5.56 , 6.60) 20.78 (19.24 , 22.37) 22.56 (20.40 , 24.83) 

2008037 45.77 (41.00 , 50.79) 39.61 (34.60 , 44.96) 6.13 (5.61 , 6.67) 6.13 (5.62 , 6.67) 18.45 (16.78 , 20.21) 22.56 (20.40 , 24.83) 

2008154 44.73 (40.10 , 49.61) 39.11 (34.21 , 44.34) 5.96 (5.46 , 6.49) 5.97 (5.47 , 6.49) 15.81 (14.27 , 17.44) 22.56 (20.40 , 24.83) 

2008136 45.17 (40.43 , 50.17) 36.52 (31.66 , 41.73) 5.83 (5.32 , 6.36) 5.84 (5.34 , 6.36) 13.89 (12.70 , 15.12) 22.56 (20.40 , 24.83) 

2008096 42.06 (37.58 , 46.80) 37.32 (32.55 , 42.41) 5.88 (5.38 , 6.40) 5.89 (5.39 , 6.40) 14.93 (13.63 , 16.29) 22.56 (20.40 , 24.83) 

2008071 45.61 (40.92 , 50.55) 37.05 (32.21 , 42.23) 5.77 (5.28 , 6.29) 5.78 (5.29 , 6.30) 19.49 (17.76 , 21.29) 22.56 (20.40 , 24.83) 

2008124 50.90 (45.96 , 56.09) 43.91 (38.70 , 49.44) 6.32 (5.80 , 6.86) 6.32 (5.80 , 6.85) 19.71 (17.98 , 21.53) 22.56 (20.40 , 24.83) 

2008145 44.37 (39.75 , 49.24) 38.45 (33.59 , 43.65) 5.97 (5.46 , 6.49) 5.97 (5.47 , 6.50) 18.63 (17.16 , 20.16) 22.56 (20.40 , 24.83) 

2008084 43.41 (38.85 , 48.21) 37.45 (32.49 , 42.77) 6.15 (5.63 , 6.68) 6.15 (5.64 , 6.68) 16.01 (14.65 , 17.43) 22.56 (20.40 , 24.83) 

2008083 44.62 (40.00 , 49.49) 38.13 (33.31 , 43.28) 6.33 (5.81 , 6.87) 6.33 (5.81 , 6.86) 16.20 (14.84 , 17.61) 22.56 (20.40 , 24.83) 

2008056 48.87 (44.04 , 53.96) 40.93 (35.93 , 46.26) 7.11 (6.56 , 7.68) 7.09 (6.54 , 7.65) 19.30 (17.82 , 20.84) 22.56 (20.40 , 24.83) 

2008261 47.59 (42.81 , 52.61) 40.62 (35.63 , 45.93) 6.04 (5.53 , 6.57) 6.04 (5.54 , 6.56) 17.60 (16.34 , 18.91) 22.56 (20.40 , 24.83) 

2008157 49.31 (44.45 , 54.43) 43.31 (38.17 , 48.77) 6.12 (5.61 , 6.65) 6.12 (5.62 , 6.65) 16.96 (15.35 , 18.64) 22.56 (20.40 , 24.83) 

2008006 37.71 (33.31 , 42.37) 31.99 (27.46 , 36.87) 5.53 (5.03 , 6.05) 5.55 (5.05 , 6.06) 17.21 (15.59 , 18.90) 22.56 (20.40 , 24.83) 

2008240 47.24 (42.48 , 52.25) 41.20 (36.17 , 46.56) 6.92 (6.37 , 7.48) 6.90 (6.36 , 7.46) 14.92 (13.42 , 16.50) 22.56 (20.40 , 24.83) 

2008103 36.81 (32.46 , 41.42) 32.13 (27.56 , 37.04) 5.61 (5.11 , 6.14) 5.63 (5.13 , 6.15) 15.37 (14.05 , 16.75) 22.56 (20.40 , 24.83) 

2008148 41.28 (36.83 , 45.98) 36.04 (31.34 , 41.06) 5.80 (5.30 , 6.32) 5.81 (5.32 , 6.33) 15.37 (13.84 , 16.98) 22.56 (20.40 , 24.83) 

2008236 49.00 (44.15 , 54.10) 40.65 (35.64 , 45.99) 6.59 (6.06 , 7.14) 6.58 (6.06 , 7.13) 17.49 (16.07 , 18.96) 22.56 (20.40 , 24.83) 

2008259 43.98 (39.32 , 48.90) 39.81 (34.80 , 45.16) 5.89 (5.38 , 6.42) 5.90 (5.40 , 6.42) 16.73 (15.50 , 18.01) 22.56 (20.40 , 24.83) 

2008191 45.48 (40.72 , 50.50) 41.44 (36.32 , 46.91) 5.97 (5.46 , 6.51) 5.98 (5.47 , 6.51) 16.63 (15.39 , 17.92) 22.56 (20.40 , 24.83) 
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Family 
lateral length lateral length 

number of nodes on 

lateral 

number of nodes on 

lateral 
internode length internode length 

16 months  * 28 months  * 16 months  * 28 months  * 16 months  * 28 months  * 

2008242 43.02 (38.39 , 47.92) 35.83 (31.08 , 40.92) 6.20 (5.68 , 6.75) 6.20 (5.69 , 6.74) 16.16 (14.59 , 17.81) 22.56 (20.40 , 24.83) 

2008248 44.44 (39.74 , 49.39) 38.16 (33.25 , 43.42) 6.18 (5.66 , 6.73) 6.18 (5.67 , 6.72) 16.83 (15.45 , 18.27) 22.56 (20.40 , 24.83) 

2008010 45.81 (41.13 , 50.75) 39.65 (34.72 , 44.90) 6.39 (5.87 , 6.94) 6.39 (5.87 , 6.93) 16.48 (14.90 , 18.15) 22.56 (20.40 , 24.83) 

2008263 45.54 (40.87 , 50.46) 40.06 (35.10 , 45.35) 6.41 (5.89 , 6.96) 6.41 (5.89 , 6.95) 18.09 (16.66 , 19.59) 22.56 (20.40 , 24.83) 

2008153 43.95 (39.36 , 48.80) 37.29 (32.51 , 42.41) 6.12 (5.61 , 6.65) 6.12 (5.61 , 6.65) 16.41 (15.04 , 17.85) 22.56 (20.40 , 24.83) 

2008119 44.96 (40.32 , 49.86) 38.80 (33.85 , 44.09) 6.01 (5.50 , 6.54) 6.01 (5.51 , 6.54) 16.10 (14.74 , 17.52) 22.56 (20.40 , 24.83) 

2008206 41.40 (36.95 , 46.11) 37.55 (32.75 , 42.68) 6.06 (5.55 , 6.59) 6.06 (5.56 , 6.59) 17.09 (15.48 , 18.79) 22.56 (20.40 , 24.83) 

2008139 43.74 (39.07 , 48.66) 37.24 (32.40 , 42.42) 6.02 (5.51 , 6.56) 6.03 (5.52 , 6.56) 17.90 (16.25 , 19.63) 22.56 (20.40 , 24.83) 

2008106 43.96 (39.37 , 48.80) 37.68 (32.89 , 42.81) 5.98 (5.48 , 6.51) 5.99 (5.49 , 6.51) 18.06 (16.63 , 19.55) 22.56 (20.40 , 24.83) 

2008122 40.53 (35.97 , 45.36) 34.81 (30.07 , 39.90) 6.13 (5.60 , 6.68) 6.13 (5.61 , 6.68) 15.52 (13.99 , 17.13) 22.56 (20.40 , 24.83) 

2008155 44.54 (39.92 , 49.41) 39.05 (34.16 , 44.26) 6.19 (5.67 , 6.72) 6.19 (5.68 , 6.72) 16.49 (15.12 , 17.92) 22.56 (20.40 , 24.83) 

2008088 41.00 (36.49 , 45.77) 35.14 (30.38 , 40.25) 5.74 (5.23 , 6.26) 5.75 (5.25 , 6.27) 15.41 (13.74 , 17.18) 22.56 (20.40 , 24.83) 

2008111 41.25 (36.82 , 45.94) 36.27 (31.42 , 41.47) 5.83 (5.34 , 6.35) 5.84 (5.35 , 6.36) 15.98 (14.64 , 17.38) 22.56 (20.40 , 24.83) 

2008202 46.69 (41.88 , 51.77) 40.23 (35.19 , 45.60) 6.50 (5.96 , 7.05) 6.49 (5.96 , 7.04) 16.67 (15.09 , 18.34) 22.56 (20.40 , 24.83) 

2008013 49.25 (44.39 , 54.36) 43.68 (38.51 , 49.18) 6.34 (5.82 , 6.88) 6.33 (5.82 , 6.87) 18.37 (17.08 , 19.71) 22.56 (20.40 , 24.83) 

2008279 44.75 (40.13 , 49.63) 39.27 (34.37 , 44.50) 5.98 (5.47 , 6.50) 5.98 (5.48 , 6.50) 19.10 (17.40 , 20.88) 22.56 (20.40 , 24.83) 

2008007 52.02 (46.83 , 57.48) 44.75 (39.34 , 50.50) 6.48 (5.94 , 7.04) 6.47 (5.93 , 7.03) 17.00 (15.40 , 18.68) 22.56 (20.40 , 24.83) 

2008090 42.79 (38.18 , 47.67) 36.77 (31.96 , 41.92) 6.27 (5.75 , 6.82) 6.27 (5.75 , 6.82) 16.66 (15.08 , 18.33) 22.56 (20.40 , 24.83) 

2008055 47.09 (42.33 , 52.10) 38.91 (33.96 , 44.19) 6.57 (6.04 , 7.13) 6.56 (6.04 , 7.11) 16.66 (15.07 , 18.32) 22.56 (20.40 , 24.83) 

2008271 45.48 (40.81 , 50.41) 38.13 (33.23 , 43.36) 6.27 (5.75 , 6.81) 6.27 (5.76 , 6.80) 17.90 (16.25 , 19.64) 22.56 (20.40 , 24.83) 

2008035 44.68 (39.97 , 49.64) 40.60 (35.54 , 46.00) 5.89 (5.38 , 6.42) 5.89 (5.39 , 6.42) 16.90 (15.51 , 18.35) 22.56 (20.40 , 24.83) 

2008212 45.09 (40.45 , 49.99) 38.92 (34.04 , 44.13) 6.35 (5.83 , 6.89) 6.35 (5.83 , 6.88) 17.56 (15.93 , 19.28) 22.56 (20.40 , 24.83) 

2008149 42.83 (38.31 , 47.61) 36.11 (31.41 , 41.13) 6.06 (5.55 , 6.59) 6.06 (5.56 , 6.58) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008170 48.87 (44.03 , 53.97) 41.92 (36.85 , 47.32) 6.27 (5.75 , 6.81) 6.27 (5.75 , 6.80) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008247 39.06 (34.74 , 43.63) 32.53 (28.02 , 37.38) 5.63 (5.14 , 6.14) 5.64 (5.16 , 6.15) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008110 37.49 (33.11 , 42.15) 32.22 (27.66 , 37.12) 5.57 (5.06 , 6.10) 5.67 (5.16 , 6.19) 15.16 (13.64 , 16.75) 22.56 (20.40 , 24.83) 

2008043 45.44 (40.68 , 50.46) 39.85 (34.84 , 45.20) 6.17 (5.65 , 6.72) 6.17 (5.66 , 6.71) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008188 43.19 (38.64 , 47.98) 36.28 (31.52 , 41.38) 6.55 (6.02 , 7.10) 6.54 (6.02 , 7.09) 17.37 (15.75 , 19.08) 22.56 (20.40 , 24.83) 

2008080 45.10 (40.29 , 50.18) 38.14 (33.19 , 43.44) 6.12 (5.59 , 6.67) 6.12 (5.60 , 6.66) 17.42 (15.65 , 19.29) 22.56 (20.40 , 24.83) 

2008239 43.64 (38.90 , 48.65) 38.58 (33.59 , 43.91) 6.21 (5.67 , 6.76) 6.21 (5.68 , 6.75) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008075 45.03 (40.38 , 49.93) 39.53 (34.60 , 44.78) 6.20 (5.69 , 6.74) 6.20 (5.69 , 6.74) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008114 41.47 (36.85 , 46.36) 35.90 (31.08 , 41.06) 5.95 (5.43 , 6.49) 5.95 (5.44 , 6.49) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008166 45.54 (40.87 , 50.46) 38.58 (33.71 , 43.78) 6.37 (5.85 , 6.92) 6.37 (5.86 , 6.91) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008252 45.87 (41.18 , 50.82) 39.46 (34.54 , 44.70) 6.19 (5.67 , 6.72) 6.19 (5.68 , 6.72) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008150 45.34 (40.68 , 50.26) 39.25 (34.35 , 44.48) 6.18 (5.66 , 6.71) 6.18 (5.67 , 6.71) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 
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Family 
lateral length lateral length 

number of nodes on 

lateral 

number of nodes on 

lateral 
internode length internode length 

16 months  * 28 months  * 16 months  * 28 months  * 16 months  * 28 months  * 

2008009 41.42 (36.96 , 46.12) 35.53 (30.88 , 40.51) 5.95 (5.45 , 6.48) 5.96 (5.46 , 6.48) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008081 44.80 (40.00 , 49.87) 39.04 (33.93 , 44.51) 6.15 (5.62 , 6.70) 6.15 (5.63 , 6.69) 17.09 (15.48 , 18.79) 22.56 (20.40 , 24.83) 

2008041 42.81 (38.29 , 47.60) 36.95 (32.17 , 42.05) 6.00 (5.49 , 6.53) 6.01 (5.51 , 6.53) 17.32 (15.70 , 19.02) 22.56 (20.40 , 24.83) 

2008061 50.19 (45.20 , 55.45) 43.53 (38.29 , 49.11) 6.68 (6.14 , 7.24) 6.66 (6.13 , 7.22) 17.69 (16.26 , 19.18) 22.56 (20.40 , 24.83) 

2008087 36.18 (31.80 , 40.84) 31.63 (26.96 , 36.68) 5.29 (4.80 , 5.81) 5.31 (4.82 , 5.83) 15.44 (13.91 , 17.05) 22.56 (20.40 , 24.83) 

2008147 48.46 (43.54 , 53.64) 40.04 (34.94 , 45.50) 6.49 (5.95 , 7.04) 6.48 (5.95 , 7.03) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008258 43.12 (38.58 , 47.92) 33.62 (29.10 , 38.47) 6.10 (5.59 , 6.64) 6.11 (5.60 , 6.63) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008130 40.86 (36.44 , 45.53) 33.78 (29.23 , 38.65) 5.80 (5.30 , 6.32) 5.81 (5.32 , 6.33) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008100 38.27 (33.92 , 42.87) 33.85 (29.25 , 38.79) 5.48 (4.99 , 6.00) 5.50 (5.01 , 6.01) 17.64 (16.01 , 19.35) 22.56 (20.40 , 24.83) 

2008132 44.66 (40.04 , 49.53) 36.65 (31.78 , 41.86) 6.35 (5.83 , 6.89) 6.35 (5.83 , 6.88) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008256 37.40 (33.19 , 41.87) 33.95 (29.34 , 38.89) 5.39 (4.91 , 5.89) 5.40 (4.93 , 5.90) 17.86 (16.22 , 19.59) 22.56 (20.40 , 24.83) 

2008093 39.23 (34.91 , 43.81) 33.21 (28.72 , 38.03) 5.93 (5.43 , 6.46) 5.94 (5.44 , 6.46) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008108 51.32 (46.36 , 56.54) 40.98 (35.96 , 46.33) 6.41 (5.89 , 6.95) 6.40 (5.89 , 6.94) 15.88 (14.33 , 17.51) 22.56 (20.40 , 24.83) 

2008179 46.36 (41.64 , 51.33) 40.81 (35.81 , 46.14) 6.87 (6.33 , 7.43) 6.85 (6.32 , 7.41) 18.54 (16.86 , 20.29) 22.56 (20.40 , 24.83) 

2008192 43.89 (39.23 , 48.82) 38.56 (33.65 , 43.81) 5.84 (5.33 , 6.37) 5.85 (5.35 , 6.37) 17.29 (15.52 , 19.16) 22.56 (20.40 , 24.83) 

2008089 38.04 (33.71 , 42.64) 32.29 (27.80 , 37.12) 5.78 (5.27 , 6.30) 5.79 (5.29 , 6.31) 17.11 (15.71 , 18.57) 22.56 (20.40 , 24.83) 

2008064 44.82 (40.11 , 49.79) 38.75 (33.82 , 44.02) 6.45 (5.92 , 7.00) 6.44 (5.92 , 6.99) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008269 44.80 (40.09 , 49.77) 39.54 (34.38 , 45.05) 6.23 (5.70 , 6.79) 6.23 (5.71 , 6.78) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008059 49.83 (44.94 , 54.97) 43.34 (38.17 , 48.84) 6.05 (5.54 , 6.58) 6.05 (5.55 , 6.57) 16.63 (15.04 , 18.30) 22.56 (20.40 , 24.83) 

2008047 44.58 (39.88 , 49.54) 36.46 (31.52 , 41.76) 5.78 (5.27 , 6.30) 5.79 (5.29 , 6.31) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008194 41.09 (36.66 , 45.77) 34.55 (29.89 , 39.56) 5.90 (5.39 , 6.42) 5.90 (5.41 , 6.42) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008232 39.94 (35.58 , 44.56) 34.31 (29.60 , 39.37) 6.50 (5.97 , 7.05) 6.50 (5.97 , 7.04) 17.09 (15.47 , 18.78) 22.56 (20.40 , 24.83) 

2008173 45.47 (40.80 , 50.39) 39.90 (34.95 , 45.17) 6.21 (5.69 , 6.76) 6.21 (5.69 , 6.75) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008120 38.12 (33.70 , 42.82) 31.61 (27.10 , 36.46) 5.46 (4.96 , 5.98) 5.48 (4.98 , 5.99) 16.60 (15.13 , 18.14) 22.56 (20.40 , 24.83) 

2008262 49.57 (44.61 , 54.79) 45.03 (39.69 , 50.72) 6.47 (5.94 , 7.03) 6.46 (5.94 , 7.01) 18.49 (17.04 , 20.00) 22.56 (20.40 , 24.83) 

2008187 39.11 (34.71 , 43.77) 35.79 (31.05 , 40.87) 5.72 (5.22 , 6.24) 5.73 (5.23 , 6.25) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008051 41.25 (36.73 , 46.02) 36.02 (31.26 , 41.10) 6.02 (5.49 , 6.56) 6.02 (5.50 , 6.56) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008198 38.81 (34.17 , 43.75) 32.91 (28.16 , 38.03) 5.57 (5.05 , 6.12) 5.59 (5.07 , 6.12) 16.79 (15.05 , 18.63) 22.56 (20.40 , 24.83) 

2008054 39.64 (35.29 , 44.25) 35.98 (31.29 , 40.99) 5.70 (5.21 , 6.22) 5.71 (5.23 , 6.22) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008244 43.15 (38.61 , 47.94) 37.33 (32.55 , 42.45) 6.56 (6.03 , 7.11) 6.56 (6.03 , 7.10) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008177 48.94 (44.01 , 54.13) 41.28 (36.12 , 46.80) 6.37 (5.84 , 6.92) 6.37 (5.85 , 6.91) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008117 42.08 (37.59 , 46.83) 33.10 (28.59 , 37.94) 5.88 (5.38 , 6.40) 5.88 (5.39 , 6.40) 17.98 (16.32 , 19.71) 22.56 (20.40 , 24.83) 

2008016 47.87 (42.99 , 53.01) 44.12 (38.84 , 49.74) 6.42 (5.89 , 6.98) 6.42 (5.89 , 6.97) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008267 45.94 (41.17 , 50.98) 41.40 (36.29 , 46.84) 6.23 (5.71 , 6.78) 6.23 (5.71 , 6.77) 19.65 (17.92 , 21.45) 22.56 (20.40 , 24.83) 

2008040 44.73 (39.93 , 49.81) 38.96 (33.94 , 44.34) 5.83 (5.31 , 6.36) 5.84 (5.33 , 6.37) 17.14 (15.53 , 18.83) 22.56 (20.40 , 24.83) 
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Family 
lateral length lateral length 

number of nodes on 

lateral 

number of nodes on 

lateral 
internode length internode length 

16 months  * 28 months  * 16 months  * 28 months  * 16 months  * 28 months  * 

2008218 44.14 (39.54 , 48.99) 33.74 (29.20 , 38.61) 6.23 (5.71 , 6.77) 6.23 (5.72 , 6.76) 17.51 (15.88 , 19.22) 22.56 (20.40 , 24.83) 

2008070 43.65 (39.09 , 48.47) 38.39 (33.49 , 43.64) 6.37 (5.85 , 6.91) 6.36 (5.85 , 6.90) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008102 38.90 (34.35 , 43.74) 33.03 (28.35 , 38.08) 6.16 (5.62 , 6.72) 6.16 (5.63 , 6.72) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

2008078 42.14 (37.66 , 46.87) 36.55 (31.83 , 41.59) 6.03 (5.52 , 6.55) 6.03 (5.53 , 6.55) 16.00 (14.80 , 17.24) 22.56 (20.40 , 24.83) 

2008074 43.86 (39.19 , 48.79) 35.62 (30.88 , 40.70) 6.06 (5.54 , 6.61) 6.07 (5.55 , 6.61) 17.12 (15.15 , 19.21) 22.56 (20.40 , 24.83) 

 

d. 

 

Family 
height to the cones height to the cones green cone weight 

16 months 28 months 28 months  * 

2008003 1.68 (1.54 , 1.83) 1.68 (1.52 , 1.84) 0.94 (0.82 , 1.08) 

2008190 1.80 (1.66 , 1.94) 1.82 (1.67 , 1.97) 0.91 (0.78 , 1.04) 

2008209 1.85 (1.70 , 1.99) 1.87 (1.71 , 2.04) 0.90 (0.78 , 1.03) 

2008151 1.76 (1.61 , 1.91) 1.71 (1.54 , 1.88) 0.89 (0.77 , 1.03) 

2008039 1.88 (1.73 , 2.02) 1.91 (1.75 , 2.06) 0.93 (0.80 , 1.07) 

2008152 1.86 (1.72 , 1.99) 1.89 (1.75 , 2.04) 0.86 (0.74 , 0.99) 

2008001 1.86 (1.71 , 2.00) 1.89 (1.72 , 2.05) 0.93 (0.81 , 1.07) 

2008073 1.90 (1.75 , 2.05) 1.95 (1.79 , 2.12) 0.92 (0.79 , 1.06) 

2008168 1.62 (1.47 , 1.76) 1.59 (1.43 , 1.74) 0.93 (0.80 , 1.06) 

2008161 1.78 (1.64 , 1.92) 1.77 (1.61 , 1.94) 0.93 (0.81 , 1.06) 

2008290 1.72 (1.58 , 1.87) 1.73 (1.57 , 1.89) 0.85 (0.73 , 0.98) 

2008208 1.61 (1.47 , 1.75) 1.59 (1.44 , 1.74) 0.95 (0.82 , 1.09) 

2008251 1.84 (1.69 , 1.98) 1.86 (1.71 , 2.02) 0.88 (0.76 , 1.01) 

2008052 1.83 (1.68 , 1.98) 1.86 (1.69 , 2.02) 0.87 (0.74 , 1.00) 

2008037 1.77 (1.61 , 1.92) 1.79 (1.62 , 1.96) 0.92 (0.80 , 1.06) 

2008154 1.61 (1.47 , 1.75) 1.63 (1.47 , 1.79) 0.94 (0.82 , 1.08) 

2008136 1.63 (1.49 , 1.77) 1.63 (1.47 , 1.79) 0.84 (0.72 , 0.97) 

2008096 1.76 (1.62 , 1.91) 1.78 (1.62 , 1.93) 0.94 (0.81 , 1.08) 

2008071 1.85 (1.72 , 1.99) 1.88 (1.74 , 2.03) 0.93 (0.81 , 1.07) 

2008124 1.83 (1.69 , 1.98) 1.86 (1.70 , 2.03) 0.91 (0.78 , 1.04) 

2008145 1.60 (1.47 , 1.74) 1.57 (1.43 , 1.72) 0.93 (0.81 , 1.07) 

2008084 1.85 (1.71 , 2.00) 1.91 (1.74 , 2.08) 0.91 (0.78 , 1.05) 

2008083 1.79 (1.64 , 1.93) 1.96 (1.79 , 2.13) 0.88 (0.75 , 1.01) 

Family 
height to the cones height to the cones green cone weight 

16 months 28 months 28 months  * 

2008056 1.84 (1.68 , 2.00) 1.89 (1.71 , 2.06) 0.92 (0.79 , 1.06) 

2008261 1.80 (1.65 , 1.95) 1.83 (1.67 , 1.99) 0.91 (0.78 , 1.04) 

2008157 1.75 (1.60 , 1.89) 1.76 (1.60 , 1.92) 0.91 (0.78 , 1.04) 

2008006 1.79 (1.64 , 1.93) 1.81 (1.63 , 1.98) 0.85 (0.73 , 0.98) 

2008240 1.62 (1.47 , 1.76) 1.60 (1.44 , 1.75) 0.87 (0.74 , 1.00) 

2008103 1.67 (1.53 , 1.80) 1.66 (1.50 , 1.81) 0.94 (0.81 , 1.07) 

2008148 1.79 (1.65 , 1.92) 1.82 (1.68 , 1.96) 0.93 (0.81 , 1.06) 

2008236 1.96 (1.82 , 2.10) 1.88 (1.72 , 2.04) 0.88 (0.76 , 1.01) 

2008259 1.65 (1.49 , 1.81) 1.63 (1.45 , 1.80) 0.94 (0.81 , 1.08) 

2008191 1.91 (1.77 , 2.05) 1.98 (1.83 , 2.13) 0.85 (0.73 , 0.98) 

2008242 1.81 (1.68 , 1.94) 1.85 (1.70 , 1.99) 0.92 (0.80 , 1.05) 

2008248 1.87 (1.72 , 2.01) 1.90 (1.75 , 2.06) 0.88 (0.76 , 1.01) 

2008010 1.63 (1.49 , 1.77) 1.62 (1.47 , 1.77) 0.86 (0.74 , 0.99) 

2008263 1.61 (1.47 , 1.75) 1.58 (1.43 , 1.73) 0.91 (0.79 , 1.05) 

2008153 1.48 (1.34 , 1.61) 1.44 (1.30 , 1.58) 0.92 (0.80 , 1.05) 

2008119 1.68 (1.54 , 1.81) 1.59 (1.44 , 1.74) 0.91 (0.79 , 1.05) 

2008206 1.69 (1.56 , 1.82) 1.66 (1.51 , 1.81) 0.90 (0.77 , 1.03) 

2008139 1.85 (1.72 , 1.98) 1.87 (1.73 , 2.01) 0.88 (0.75 , 1.01) 

2008106 1.65 (1.51 , 1.80) 1.64 (1.49 , 1.80) 0.88 (0.76 , 1.01) 

2008122 1.80 (1.64 , 1.95) 1.81 (1.64 , 1.99) 0.89 (0.76 , 1.02) 

2008155 1.70 (1.56 , 1.85) 1.69 (1.54 , 1.85) 0.87 (0.75 , 1.00) 

2008088 1.52 (1.38 , 1.66) 1.53 (1.37 , 1.69) 0.91 (0.78 , 1.04) 

2008111 1.74 (1.57 , 1.90) 1.74 (1.55 , 1.92) 0.87 (0.75 , 1.00) 
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Family 
height to the cones height to the cones green cone weight 

16 months 28 months 28 months  * 

2008202 1.69 (1.54 , 1.83) 1.69 (1.54 , 1.85) 0.89 (0.77 , 1.03) 

2008013 1.85 (1.70 , 2.00) 1.87 (1.71 , 2.03) 0.87 (0.75 , 1.00) 

2008279 1.76 (1.60 , 1.92) 1.77 (1.59 , 1.94) 0.91 (0.79 , 1.05) 

2008007 1.61 (1.46 , 1.75) 1.59 (1.43 , 1.74) 0.89 (0.77 , 1.02) 

2008090 1.69 (1.55 , 1.83) 1.76 (1.60 , 1.92) 0.94 (0.81 , 1.07) 

2008055 1.65 (1.51 , 1.78) 1.83 (1.67 , 2.00) 0.92 (0.80 , 1.06) 

2008271 1.77 (1.63 , 1.91) 1.77 (1.62 , 1.93) 0.92 (0.80 , 1.06) 

2008035 1.88 (1.74 , 2.03) 1.92 (1.76 , 2.08) 0.94 (0.81 , 1.07) 

2008212 1.74 (1.59 , 1.88) 1.73 (1.57 , 1.89) 0.94 (0.81 , 1.07) 

2008149 1.70 (1.56 , 1.85) 1.70 (1.54 , 1.86) 0.88 (0.76 , 1.01) 

2008170 1.75 (1.60 , 1.89) 1.77 (1.62 , 1.93) 0.98 (0.85 , 1.12) 

2008247 1.66 (1.51 , 1.80) 1.65 (1.49 , 1.81) 1.00 (0.87 , 1.14) 

2008110 1.82 (1.66 , 1.97) 1.84 (1.67 , 2.01) 0.90 (0.78 , 1.04) 

2008043 1.77 (1.64 , 1.90) 1.79 (1.65 , 1.93) 0.91 (0.79 , 1.05) 

2008188 1.77 (1.62 , 1.92) 1.79 (1.62 , 1.95) 0.89 (0.76 , 1.02) 

2008080 1.76 (1.60 , 1.92) 1.77 (1.59 , 1.94) 0.91 (0.79 , 1.05) 

2008239 1.80 (1.66 , 1.94) 1.82 (1.67 , 1.97) 0.89 (0.77 , 1.03) 

2008075 1.63 (1.49 , 1.76) 1.61 (1.45 , 1.76) 0.84 (0.72 , 0.97) 

2008114 1.81 (1.67 , 1.96) 1.83 (1.67 , 1.98) 0.88 (0.75 , 1.01) 

2008166 1.74 (1.59 , 1.88) 1.76 (1.59 , 1.92) 0.91 (0.78 , 1.04) 

2008252 1.85 (1.72 , 1.99) 1.88 (1.74 , 2.03) 0.89 (0.77 , 1.02) 

2008150 1.57 (1.43 , 1.71) 1.54 (1.39 , 1.69) 0.93 (0.80 , 1.06) 

2008009 1.80 (1.67 , 1.94) 1.82 (1.67 , 1.96) 0.88 (0.76 , 1.01) 

2008081 1.80 (1.64 , 1.96) 1.78 (1.58 , 1.97) 0.87 (0.74 , 1.00) 

2008041 1.67 (1.53 , 1.81) 1.67 (1.53 , 1.82) 0.89 (0.77 , 1.03) 

2008061 1.61 (1.46 , 1.76) 1.58 (1.42 , 1.74) 0.95 (0.82 , 1.09) 

2008087 1.61 (1.45 , 1.77) 1.58 (1.40 , 1.76) 0.89 (0.76 , 1.02) 

2008147 1.63 (1.49 , 1.77) 1.66 (1.51 , 1.81) 0.92 (0.79 , 1.05) 

2008258 1.58 (1.44 , 1.72) 1.63 (1.46 , 1.81) 0.89 (0.77 , 1.03) 

2008130 1.87 (1.73 , 2.01) 1.93 (1.76 , 2.09) 0.90 (0.78 , 1.03) 

2008100 1.68 (1.53 , 1.83) 1.68 (1.51 , 1.84) 0.92 (0.79 , 1.06) 

2008132 1.66 (1.50 , 1.82) 1.65 (1.47 , 1.82) 0.90 (0.78 , 1.04) 

Family 
height to the cones height to the cones green cone weight 

16 months 28 months 28 months  * 

2008256 1.79 (1.63 , 1.94) 1.78 (1.61 , 1.96) 0.93 (0.80 , 1.07) 

2008093 1.86 (1.72 , 2.00) 1.89 (1.74 , 2.05) 0.88 (0.76 , 1.01) 

2008108 1.73 (1.58 , 1.87) 1.70 (1.53 , 1.86) 0.91 (0.79 , 1.05) 

2008179 1.97 (1.83 , 2.10) 2.00 (1.84 , 2.15) 0.88 (0.75 , 1.01) 

2008192 1.61 (1.46 , 1.75) 1.58 (1.43 , 1.74) 0.90 (0.77 , 1.03) 

2008089 1.57 (1.43 , 1.71) 1.53 (1.38 , 1.68) 0.88 (0.76 , 1.01) 

2008064 1.69 (1.54 , 1.83) 1.68 (1.52 , 1.84) 0.89 (0.77 , 1.03) 

2008269 1.73 (1.56 , 1.89) 1.74 (1.56 , 1.92) 0.90 (0.77 , 1.04) 

2008059 1.76 (1.61 , 1.90) 1.76 (1.60 , 1.91) 0.86 (0.74 , 0.99) 

2008047 1.78 (1.63 , 1.94) 1.79 (1.62 , 1.96) 0.89 (0.77 , 1.02) 

2008194 1.77 (1.63 , 1.92) 1.78 (1.61 , 1.94) 0.88 (0.76 , 1.02) 

2008232 1.76 (1.62 , 1.91) 1.78 (1.62 , 1.93) 0.89 (0.77 , 1.02) 

2008173 2.09 (1.96 , 2.23) 2.25 (2.09 , 2.40) 0.88 (0.76 , 1.01) 

2008120 1.80 (1.65 , 1.94) 1.81 (1.65 , 1.96) 0.89 (0.77 , 1.02) 

2008262 1.66 (1.50 , 1.81) 1.65 (1.48 , 1.82) 0.89 (0.76 , 1.02) 

2008187 1.72 (1.57 , 1.86) 1.65 (1.49 , 1.81) 0.90 (0.78 , 1.04) 

2008051 1.67 (1.52 , 1.82) 1.66 (1.50 , 1.82) 0.90 (0.77 , 1.04) 

2008198 1.58 (1.44 , 1.73) 1.55 (1.40 , 1.71) 0.97 (0.84 , 1.11) 

2008054 1.78 (1.64 , 1.91) 1.75 (1.60 , 1.91) 0.89 (0.77 , 1.02) 

2008244 1.71 (1.56 , 1.85) 1.71 (1.55 , 1.86) 0.88 (0.75 , 1.01) 

2008177 1.86 (1.71 , 2.01) 1.80 (1.64 , 1.97) 0.86 (0.74 , 0.99) 

2008117 1.76 (1.63 , 1.89) 1.94 (1.78 , 2.10) 0.90 (0.78 , 1.04) 

2008016 1.86 (1.72 , 2.00) 1.89 (1.74 , 2.04) 0.88 (0.76 , 1.02) 

2008267 1.72 (1.58 , 1.87) 1.72 (1.56 , 1.87) 0.90 (0.78 , 1.04) 

2008040 1.82 (1.67 , 1.96) 1.85 (1.68 , 2.01) 0.86 (0.73 , 0.99) 

2008218 1.58 (1.44 , 1.72) 1.72 (1.55 , 1.89) 0.93 (0.80 , 1.06) 

2008070 1.68 (1.52 , 1.83) 1.69 (1.52 , 1.87) 0.91 (0.79 , 1.05) 

2008102 1.79 (1.66 , 1.92) 1.74 (1.59 , 1.89) 0.88 (0.76 , 1.01) 

2008078 1.77 (1.62 , 1.93) 1.78 (1.62 , 1.95) 0.96 (0.83 , 1.09) 

2008074 1.66 (1.52 , 1.80) 1.55 (1.38 , 1.73) 0.96 (0.84 , 1.10) 
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e. 

 

Family 
cohumulone cohumulone 

humulone + 
adhumulone 

humulone + 
adhumulone 

colupulone colupulone 
lupulone + 
adlupulone 

lupulone + 
adlupulone 

16 months  * 28 months  * 16 months  * 28 months  * 16 months * 28 months  * 16 months  * 28 months  * 

2008003 2.95 (2.57 , 3.36) 2.56 (2.22 , 2.91) 6.59 (5.86 , 7.35) 5.22 (4.62 , 5.85) 2.35 (2.04 , 2.69) 2.58 (2.27 , 2.90) 2.03 (1.75 , 2.33) 2.12 (1.83 , 2.44) 

2008190 2.03 (1.74 , 2.34) 2.08 (1.78 , 2.40) 5.30 (4.70 , 5.94) 4.80 (4.23 , 5.41) 1.94 (1.68 , 2.22) 2.29 (2.00 , 2.59) 1.87 (1.61 , 2.14) 2.12 (1.83 , 2.44) 

2008209 3.09 (2.66 , 3.55) 2.56 (2.22 , 2.92) 7.24 (6.40 , 8.12) 5.39 (4.78 , 6.03) 2.16 (1.84 , 2.51) 2.49 (2.19 , 2.81) 2.04 (1.73 , 2.38) 2.11 (1.81 , 2.42) 

2008151 2.91 (2.50 , 3.36) 2.41 (2.09 , 2.76) 7.06 (6.23 , 7.93) 5.65 (5.03 , 6.31) 2.40 (2.06 , 2.77) 2.51 (2.21 , 2.83) 2.24 (1.92 , 2.59) 2.38 (2.07 , 2.71) 

2008039 2.79 (2.38 , 3.22) 2.45 (2.09 , 2.83) 5.59 (4.86 , 6.37) 5.36 (4.71 , 6.06) 1.95 (1.64 , 2.28) 2.42 (2.11 , 2.76) 1.60 (1.33 , 1.90) 2.07 (1.76 , 2.42) 

2008152 2.76 (2.45 , 3.10) 2.09 (1.79 , 2.42) 7.30 (6.64 , 7.99) 4.73 (4.17 , 5.33) 2.56 (2.27 , 2.86) 2.47 (2.17 , 2.78) 2.28 (2.01 , 2.56) 2.11 (1.82 , 2.43) 

2008001 2.73 (2.40 , 3.09) 2.54 (2.21 , 2.90) 6.26 (5.60 , 6.95) 5.73 (5.11 , 6.39) 2.13 (1.85 , 2.42) 2.39 (2.10 , 2.70) 1.88 (1.63 , 2.16) 2.07 (1.78 , 2.38) 

2008073 2.03 (1.72 , 2.37) 2.29 (1.94 , 2.66) 4.86 (4.24 , 5.52) 4.86 (4.24 , 5.52) 1.97 (1.69 , 2.28) 2.36 (2.05 , 2.69) 1.79 (1.52 , 2.07) 1.91 (1.61 , 2.24) 

2008168 2.58 (2.19 , 3.00) 2.11 (1.81 , 2.44) 6.84 (6.03 , 7.71) 4.72 (4.16 , 5.32) 2.59 (2.24 , 2.97) 2.47 (2.17 , 2.78) 2.59 (2.24 , 2.96) 2.15 (1.85 , 2.46) 

2008161 2.63 (2.28 , 3.02) 2.23 (1.93 , 2.54) 7.03 (6.28 , 7.82) 5.24 (4.69 , 5.83) 2.11 (1.82 , 2.43) 2.51 (2.23 , 2.81) 2.09 (1.80 , 2.40) 2.34 (2.06 , 2.65) 

2008290 2.59 (2.26 , 2.94) 2.38 (2.06 , 2.73) 7.01 (6.32 , 7.74) 5.46 (4.85 , 6.10) 2.00 (1.73 , 2.29) 2.27 (1.99 , 2.58) 2.01 (1.75 , 2.30) 2.01 (1.72 , 2.31) 

2008208 2.63 (2.23 , 3.05) 2.22 (1.91 , 2.56) 6.79 (5.98 , 7.66) 5.27 (4.67 , 5.90) 2.10 (1.78 , 2.44) 2.37 (2.08 , 2.68) 2.06 (1.74 , 2.39) 2.20 (1.90 , 2.52) 

2008251 2.46 (2.08 , 2.87) 2.17 (1.86 , 2.51) 6.31 (5.53 , 7.13) 5.05 (4.46 , 5.67) 2.31 (1.98 , 2.67) 2.36 (2.07 , 2.67) 2.34 (2.01 , 2.70) 2.21 (1.91 , 2.53) 

2008052 2.19 (1.91 , 2.49) 2.32 (2.00 , 2.66) 5.43 (4.86 , 6.03) 4.81 (4.24 , 5.42) 1.80 (1.56 , 2.06) 2.16 (1.89 , 2.46) 1.70 (1.47 , 1.95) 1.74 (1.47 , 2.02) 

2008037 1.87 (1.57 , 2.20) 2.12 (1.82 , 2.45) 5.36 (4.70 , 6.05) 5.15 (4.56 , 5.78) 1.76 (1.50 , 2.05) 2.16 (1.88 , 2.46) 1.82 (1.55 , 2.11) 1.98 (1.70 , 2.29) 

2008154 3.53 (3.11 , 3.97) 3.13 (2.75 , 3.52) 6.60 (5.87 , 7.37) 5.51 (4.90 , 6.16) 2.60 (2.27 , 2.95) 2.71 (2.40 , 3.05) 1.99 (1.71 , 2.29) 1.99 (1.70 , 2.29) 

2008136 2.84 (2.54 , 3.16) 2.47 (2.16 , 2.80) 7.27 (6.65 , 7.92) 5.39 (4.83 , 5.99) 2.31 (2.05 , 2.58) 2.45 (2.17 , 2.75) 2.36 (2.10 , 2.63) 2.15 (1.87 , 2.44) 

2008096 2.27 (2.00 , 2.56) 2.31 (1.99 , 2.65) 5.11 (4.59 , 5.66) 4.89 (4.32 , 5.51) 1.97 (1.74 , 2.23) 2.27 (1.99 , 2.58) 1.84 (1.61 , 2.08) 1.90 (1.63 , 2.20) 

2008071 2.80 (2.48 , 3.14) 2.27 (1.98 , 2.59) 6.78 (6.14 , 7.45) 5.01 (4.47 , 5.58) 2.13 (1.87 , 2.41) 2.23 (1.97 , 2.52) 2.14 (1.88 , 2.41) 1.98 (1.72 , 2.26) 

2008124 2.64 (2.25 , 3.07) 2.35 (2.00 , 2.73) 6.52 (5.73 , 7.36) 5.01 (4.38 , 5.68) 2.27 (1.94 , 2.62) 2.33 (2.02 , 2.66) 2.21 (1.89 , 2.56) 1.95 (1.64 , 2.29) 

2008145 3.17 (2.87 , 3.49) 2.57 (2.26 , 2.91) 7.43 (6.83 , 8.05) 5.68 (5.10 , 6.29) 2.56 (2.30 , 2.83) 2.50 (2.22 , 2.80) 2.39 (2.14 , 2.64) 2.17 (1.90 , 2.47) 

2008084 2.20 (1.92 , 2.50) 2.47 (2.11 , 2.85) 5.93 (5.33 , 6.56) 5.39 (4.74 , 6.09) 2.17 (1.91 , 2.45) 2.59 (2.26 , 2.93) 2.21 (1.95 , 2.49) 2.32 (1.98 , 2.68) 

2008083 2.72 (2.36 , 3.11) 2.61 (2.27 , 2.98) 7.09 (6.34 , 7.89) 5.86 (5.23 , 6.52) 2.25 (1.95 , 2.57) 2.34 (2.05 , 2.65) 2.30 (2.00 , 2.63) 2.03 (1.74 , 2.33) 

2008056 2.55 (2.19 , 2.93) 2.30 (1.95 , 2.67) 6.02 (5.32 , 6.75) 5.06 (4.43 , 5.74) 2.49 (2.17 , 2.83) 2.54 (2.22 , 2.89) 2.29 (1.99 , 2.62) 2.33 (1.99 , 2.70) 

2008261 2.93 (2.58 , 3.31) 2.49 (2.16 , 2.84) 6.62 (5.94 , 7.33) 5.29 (4.69 , 5.92) 2.32 (2.03 , 2.63) 2.40 (2.11 , 2.71) 2.10 (1.83 , 2.39) 2.03 (1.74 , 2.34) 

2008157 2.61 (2.22 , 3.03) 2.21 (1.89 , 2.54) 6.24 (5.46 , 7.06) 4.73 (4.17 , 5.33) 2.16 (1.84 , 2.51) 2.27 (1.99 , 2.58) 2.07 (1.75 , 2.40) 1.90 (1.62 , 2.20) 

2008006 2.29 (1.96 , 2.65) 2.74 (2.39 , 3.11) 6.06 (5.36 , 6.79) 5.63 (5.01 , 6.28) 2.08 (1.79 , 2.40) 2.47 (2.18 , 2.79) 2.38 (2.07 , 2.71) 2.08 (1.79 , 2.40) 

2008240 2.65 (2.34 , 2.97) 2.72 (2.38 , 3.09) 5.88 (5.28 , 6.50) 5.83 (5.20 , 6.50) 2.57 (2.28 , 2.87) 2.46 (2.16 , 2.77) 2.08 (1.83 , 2.35) 2.13 (1.83 , 2.44) 

2008103 2.29 (1.93 , 2.69) 2.61 (2.29 , 2.95) 6.35 (5.57 , 7.18) 5.69 (5.11 , 6.30) 2.01 (1.70 , 2.35) 2.57 (2.29 , 2.88) 2.14 (1.82 , 2.48) 2.35 (2.07 , 2.66) 

2008148 2.65 (2.34 , 2.98) 2.54 (2.22 , 2.87) 6.18 (5.57 , 6.82) 5.18 (4.63 , 5.77) 2.28 (2.01 , 2.57) 2.49 (2.21 , 2.79) 2.08 (1.82 , 2.35) 2.05 (1.78 , 2.33) 

2008236 2.90 (2.60 , 3.22) 2.38 (2.05 , 2.72) 5.04 (4.52 , 5.58) 4.49 (3.94 , 5.08) 2.20 (1.95 , 2.46) 2.36 (2.07 , 2.67) 1.51 (1.31 , 1.73) 1.72 (1.46 , 2.00) 

2008259 2.48 (2.10 , 2.89) 2.39 (2.04 , 2.77) 6.02 (5.26 , 6.83) 5.22 (4.58 , 5.90) 2.11 (1.80 , 2.46) 2.34 (2.03 , 2.67) 1.95 (1.65 , 2.28) 1.99 (1.68 , 2.33) 

2008191 3.05 (2.70 , 3.43) 2.58 (2.27 , 2.92) 4.85 (4.27 , 5.46) 4.37 (3.86 , 4.91) 2.36 (2.07 , 2.67) 2.51 (2.23 , 2.81) 1.59 (1.36 , 1.85) 1.70 (1.46 , 1.96) 



Appendix 4.2 

 

 

152 

Family 
cohumulone cohumulone 

humulone + 
adhumulone 

humulone + 
adhumulone 

colupulone colupulone 
lupulone + 
adlupulone 

lupulone + 
adlupulone 

16 months  * 28 months  * 16 months  * 28 months  * 16 months * 28 months  * 16 months  * 28 months  * 

2008242 2.35 (2.04 , 2.68) 1.99 (1.71 , 2.28) 5.13 (4.54 , 5.75) 4.55 (4.03 , 5.10) 2.61 (2.30 , 2.93) 2.34 (2.07 , 2.63) 2.24 (1.96 , 2.53) 2.11 (1.84 , 2.40) 

2008248 1.63 (1.37 , 1.91) 2.04 (1.74 , 2.36) 4.58 (4.02 , 5.17) 4.94 (4.37 , 5.56) 1.76 (1.51 , 2.03) 2.18 (1.90 , 2.48) 1.90 (1.64 , 2.17) 2.08 (1.79 , 2.39) 

2008010 2.58 (2.25 , 2.92) 2.54 (2.21 , 2.90) 6.32 (5.66 , 7.01) 5.13 (4.54 , 5.75) 1.91 (1.65 , 2.19) 2.37 (2.08 , 2.68) 1.90 (1.64 , 2.17) 1.99 (1.71 , 2.29) 

2008263 2.58 (2.25 , 2.92) 2.54 (2.21 , 2.90) 6.62 (5.95 , 7.33) 5.36 (4.76 , 6.00) 2.26 (1.98 , 2.57) 2.50 (2.21 , 2.82) 2.23 (1.95 , 2.53) 2.18 (1.88 , 2.50) 

2008153 2.70 (2.40 , 3.01) 2.39 (2.09 , 2.71) 6.76 (6.16 , 7.38) 5.26 (4.71 , 5.85) 2.08 (1.84 , 2.34) 2.37 (2.09 , 2.66) 2.04 (1.80 , 2.29) 2.08 (1.81 , 2.37) 

2008119 2.44 (2.10 , 2.81) 2.31 (1.99 , 2.65) 5.77 (5.10 , 6.49) 4.94 (4.36 , 5.55) 1.96 (1.68 , 2.26) 2.28 (2.00 , 2.59) 1.85 (1.58 , 2.14) 1.92 (1.64 , 2.22) 

2008206 3.02 (2.66 , 3.39) 2.63 (2.31 , 2.97) 5.87 (5.23 , 6.54) 5.31 (4.75 , 5.90) 2.31 (2.02 , 2.62) 2.55 (2.26 , 2.85) 1.85 (1.60 , 2.12) 2.05 (1.79 , 2.34) 

2008139 1.82 (1.57 , 2.10) 2.02 (1.73 , 2.35) 4.70 (4.17 , 5.25) 4.55 (4.00 , 5.14) 2.39 (2.11 , 2.68) 2.31 (2.03 , 2.62) 2.41 (2.14 , 2.70) 2.11 (1.82 , 2.42) 

2008106 2.42 (2.11 , 2.76) 2.33 (2.01 , 2.68) 5.77 (5.15 , 6.44) 4.98 (4.40 , 5.59) 1.90 (1.64 , 2.17) 2.51 (2.21 , 2.82) 1.84 (1.59 , 2.11) 2.27 (1.97 , 2.60) 

2008122 2.38 (2.00 , 2.78) 2.55 (2.21 , 2.91) 5.40 (4.68 , 6.17) 5.49 (4.88 , 6.13) 2.35 (2.01 , 2.71) 2.61 (2.30 , 2.93) 2.15 (1.84 , 2.50) 2.26 (1.95 , 2.58) 

2008155 2.95 (2.60 , 3.32) 2.60 (2.26 , 2.96) 5.18 (4.59 , 5.81) 5.37 (4.77 , 6.01) 2.31 (2.03 , 2.62) 2.61 (2.30 , 2.93) 1.60 (1.37 , 1.85) 2.16 (1.86 , 2.47) 

2008088 2.70 (2.36 , 3.05) 2.81 (2.46 , 3.19) 6.66 (5.99 , 7.37) 5.94 (5.30 , 6.61) 2.31 (2.02 , 2.62) 2.65 (2.34 , 2.97) 2.17 (1.90 , 2.46) 2.38 (2.07 , 2.71) 

2008111 2.31 (1.94 , 2.71) 2.34 (1.99 , 2.72) 6.18 (5.41 , 7.01) 5.27 (4.63 , 5.96) 2.18 (1.86 , 2.53) 2.52 (2.20 , 2.87) 2.18 (1.86 , 2.53) 2.28 (1.95 , 2.64) 

2008202 3.18 (2.86 , 3.52) 2.64 (2.30 , 3.01) 6.28 (5.70 , 6.89) 5.17 (4.57 , 5.79) 2.19 (1.94 , 2.46) 2.51 (2.21 , 2.83) 1.81 (1.59 , 2.05) 1.92 (1.64 , 2.22) 

2008013 2.03 (1.75 , 2.34) 2.13 (1.83 , 2.46) 5.93 (5.30 , 6.60) 4.98 (4.40 , 5.59) 1.96 (1.69 , 2.24) 2.24 (1.96 , 2.54) 2.14 (1.87 , 2.43) 2.06 (1.77 , 2.37) 

2008279 3.38 (2.93 , 3.86) 2.43 (2.07 , 2.81) 7.00 (6.18 , 7.87) 4.92 (4.29 , 5.58) 2.57 (2.22 , 2.95) 2.37 (2.06 , 2.71) 2.15 (1.83 , 2.49) 1.89 (1.59 , 2.22) 

2008007 2.97 (2.59 , 3.37) 2.62 (2.28 , 2.99) 6.57 (5.84 , 7.34) 5.43 (4.83 , 6.07) 2.10 (1.81 , 2.42) 2.28 (1.99 , 2.58) 1.88 (1.61 , 2.18) 1.90 (1.62 , 2.20) 

2008090 3.15 (2.82 , 3.51) 2.75 (2.42 , 3.09) 6.73 (6.10 , 7.40) 5.74 (5.15 , 6.35) 2.18 (1.91 , 2.46) 2.39 (2.12 , 2.69) 1.99 (1.75 , 2.26) 2.04 (1.78 , 2.33) 

2008055 2.40 (2.11 , 2.71) 2.22 (1.91 , 2.56) 6.27 (5.66 , 6.92) 4.95 (4.37 , 5.56) 2.44 (2.16 , 2.74) 2.48 (2.19 , 2.80) 2.54 (2.26 , 2.84) 2.22 (1.92 , 2.55) 

2008271 2.67 (2.36 , 3.00) 2.49 (2.16 , 2.85) 6.33 (5.71 , 6.97) 5.16 (4.57 , 5.79) 2.04 (1.79 , 2.31) 2.28 (1.99 , 2.58) 1.80 (1.57 , 2.05) 1.85 (1.58 , 2.15) 

2008035 2.32 (2.01 , 2.65) 2.38 (2.05 , 2.73) 6.01 (5.37 , 6.69) 5.33 (4.73 , 5.97) 2.05 (1.78 , 2.35) 2.41 (2.12 , 2.73) 2.09 (1.82 , 2.38) 2.13 (1.84 , 2.45) 

2008212 2.38 (2.04 , 2.75) 2.56 (2.20 , 2.96) 5.75 (5.07 , 6.47) 5.40 (4.74 , 6.09) 2.63 (2.30 , 2.98) 2.63 (2.30 , 2.99) 2.43 (2.12 , 2.77) 2.25 (1.92 , 2.61) 

2008149 3.93 (3.53 , 4.36) 2.41 (2.08 , 2.76) 6.87 (6.18 , 7.59) 4.98 (4.40 , 5.60) 2.86 (2.54 , 3.20) 2.44 (2.14 , 2.75) 2.19 (1.92 , 2.49) 2.04 (1.75 , 2.35) 

2008170 2.30 (2.01 , 2.61) 2.45 (2.12 , 2.80) 6.31 (5.69 , 6.95) 5.38 (4.78 , 6.02) 1.94 (1.69 , 2.21) 2.19 (1.91 , 2.49) 2.03 (1.78 , 2.29) 1.86 (1.59 , 2.16) 

2008247 2.31 (1.95 , 2.71) 2.73 (2.38 , 3.10) 6.11 (5.35 , 6.93) 5.46 (4.85 , 6.10) 1.93 (1.63 , 2.26) 2.40 (2.10 , 2.71) 1.89 (1.59 , 2.21) 1.90 (1.62 , 2.20) 

2008110 2.84 (2.43 , 3.28) 2.41 (2.05 , 2.79) 6.17 (5.40 , 6.99) 5.03 (4.40 , 5.70) 2.30 (1.96 , 2.65) 2.51 (2.19 , 2.86) 2.00 (1.70 , 2.34) 2.09 (1.77 , 2.43) 

2008043 1.85 (1.62 , 2.09) 2.16 (1.87 , 2.46) 5.03 (4.54 , 5.54) 4.61 (4.09 , 5.16) 2.01 (1.78 , 2.26) 2.14 (1.88 , 2.42) 2.01 (1.79 , 2.25) 1.78 (1.53 , 2.05) 

2008188 2.57 (2.19 , 3.00) 2.43 (2.07 , 2.81) 5.93 (5.18 , 6.74) 4.86 (4.24 , 5.52) 2.54 (2.19 , 2.92) 2.60 (2.28 , 2.95) 2.18 (1.86 , 2.53) 2.07 (1.75 , 2.41) 

2008080 2.21 (1.85 , 2.60) 2.28 (1.93 , 2.65) 5.94 (5.19 , 6.74) 5.01 (4.38 , 5.68) 2.18 (1.86 , 2.53) 2.29 (1.98 , 2.62) 2.34 (2.01 , 2.70) 1.97 (1.66 , 2.31) 

2008239 2.50 (2.12 , 2.91) 2.49 (2.16 , 2.85) 5.52 (4.79 , 6.30) 5.11 (4.53 , 5.74) 2.50 (2.15 , 2.87) 2.78 (2.46 , 3.11) 2.11 (1.80 , 2.45) 2.29 (1.98 , 2.62) 

2008075 2.77 (2.43 , 3.13) 2.27 (1.97 , 2.58) 7.58 (6.86 , 8.34) 5.12 (4.57 , 5.70) 2.34 (2.05 , 2.65) 2.45 (2.17 , 2.74) 2.49 (2.20 , 2.81) 2.28 (2.00 , 2.58) 

2008114 2.12 (1.79 , 2.46) 2.01 (1.72 , 2.34) 6.40 (5.69 , 7.16) 4.82 (4.25 , 5.42) 2.04 (1.75 , 2.35) 2.42 (2.12 , 2.73) 2.36 (2.05 , 2.69) 2.46 (2.15 , 2.80) 

2008166 3.09 (2.70 , 3.50) 2.27 (1.95 , 2.61) 5.35 (4.70 , 6.04) 4.67 (4.11 , 5.27) 2.18 (1.88 , 2.50) 2.18 (1.90 , 2.48) 1.60 (1.35 , 1.87) 1.70 (1.44 , 1.98) 

2008252 2.51 (2.16 , 2.88) 2.17 (1.86 , 2.50) 6.37 (5.65 , 7.12) 5.22 (4.62 , 5.85) 2.09 (1.80 , 2.40) 2.31 (2.02 , 2.61) 2.07 (1.78 , 2.38) 2.20 (1.90 , 2.52) 

2008150 2.97 (2.68 , 3.28) 2.45 (2.09 , 2.83) 6.54 (5.98 , 7.12) 5.08 (4.45 , 5.76) 2.01 (1.78 , 2.25) 2.40 (2.09 , 2.74) 1.69 (1.48 , 1.91) 2.00 (1.69 , 2.34) 
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Family 
cohumulone cohumulone 

humulone + 
adhumulone 

humulone + 
adhumulone 

colupulone colupulone 
lupulone + 
adlupulone 

lupulone + 
adlupulone 

16 months  * 28 months  * 16 months  * 28 months  * 16 months * 28 months  * 16 months  * 28 months  * 

2008009 2.61 (2.28 , 2.96) 2.39 (2.08 , 2.71) 7.51 (6.79 , 8.26) 5.81 (5.22 , 6.43) 1.83 (1.57 , 2.10) 2.11 (1.85 , 2.39) 1.97 (1.71 , 2.25) 1.90 (1.65 , 2.18) 

2008081 3.21 (2.77 , 3.68) 2.72 (2.34 , 3.12) 8.22 (7.33 , 9.16) 6.19 (5.49 , 6.93) 2.58 (2.22 , 2.96) 2.59 (2.26 , 2.93) 2.54 (2.19 , 2.91) 2.43 (2.08 , 2.80) 

2008041 3.54 (3.19 , 3.92) 2.41 (2.11 , 2.74) 6.61 (5.98 , 7.27) 5.66 (5.08 , 6.27) 2.45 (2.17 , 2.74) 2.29 (2.02 , 2.58) 1.73 (1.50 , 1.97) 1.98 (1.72 , 2.26) 

2008061 2.22 (1.94 , 2.53) 2.36 (2.01 , 2.74) 5.81 (5.22 , 6.43) 5.20 (4.56 , 5.89) 2.01 (1.76 , 2.28) 2.37 (2.06 , 2.71) 2.00 (1.75 , 2.27) 2.01 (1.70 , 2.35) 

2008087 2.73 (2.33 , 3.16) 2.68 (2.31 , 3.08) 6.41 (5.62 , 7.24) 5.27 (4.62 , 5.95) 2.15 (1.83 , 2.50) 2.64 (2.31 , 2.99) 2.02 (1.71 , 2.35) 2.22 (1.89 , 2.57) 

2008147 3.31 (3.00 , 3.64) 2.74 (2.41 , 3.09) 7.30 (6.71 , 7.92) 5.95 (5.36 , 6.58) 2.18 (1.94 , 2.43) 2.61 (2.32 , 2.92) 1.94 (1.72 , 2.17) 2.25 (1.97 , 2.55) 

2008258 2.82 (2.51 , 3.13) 2.43 (2.10 , 2.78) 7.89 (7.25 , 8.57) 5.49 (4.88 , 6.14) 3.12 (2.82 , 3.44) 3.17 (2.84 , 3.53) 3.35 (3.05 , 3.67) 3.09 (2.73 , 3.47) 

2008130 2.62 (2.29 , 2.97) 2.74 (2.39 , 3.11) 6.45 (5.79 , 7.15) 5.71 (5.08 , 6.36) 1.97 (1.71 , 2.25) 2.38 (2.08 , 2.69) 1.92 (1.67 , 2.20) 1.98 (1.70 , 2.29) 

2008100 2.61 (2.28 , 2.96) 2.53 (2.17 , 2.92) 7.12 (6.42 , 7.86) 5.58 (4.91 , 6.28) 2.14 (1.87 , 2.44) 2.71 (2.38 , 3.07) 2.28 (2.00 , 2.58) 2.51 (2.16 , 2.88) 

2008132 2.99 (2.60 , 3.40) 2.27 (1.92 , 2.64) 7.07 (6.32 , 7.87) 4.93 (4.31 , 5.59) 2.47 (2.15 , 2.81) 2.45 (2.13 , 2.79) 2.28 (1.98 , 2.60) 2.12 (1.80 , 2.47) 

2008256 2.89 (2.51 , 3.30) 2.14 (1.81 , 2.50) 6.66 (5.93 , 7.43) 4.64 (4.04 , 5.29) 3.31 (2.94 , 3.70) 3.01 (2.66 , 3.39) 2.91 (2.56 , 3.27) 2.77 (2.40 , 3.16) 

2008093 2.24 (1.97 , 2.53) 2.17 (1.88 , 2.48) 5.45 (4.92 , 6.02) 4.70 (4.18 , 5.26) 1.75 (1.52 , 1.99) 2.18 (1.92 , 2.46) 1.65 (1.44 , 1.88) 1.90 (1.65 , 2.18) 

2008108 2.26 (1.99 , 2.55) 2.14 (1.83 , 2.47) 5.54 (5.00 , 6.11) 4.71 (4.15 , 5.31) 2.28 (2.02 , 2.55) 2.36 (2.07 , 2.67) 2.31 (2.06 , 2.58) 2.17 (1.87 , 2.48) 

2008179 2.13 (1.85 , 2.42) 2.29 (1.97 , 2.63) 6.57 (5.94 , 7.23) 5.52 (4.91 , 6.17) 2.23 (1.96 , 2.51) 2.47 (2.17 , 2.78) 2.52 (2.24 , 2.82) 2.36 (2.05 , 2.70) 

2008192 3.13 (2.74 , 3.55) 2.20 (1.87 , 2.57) 5.82 (5.14 , 6.54) 4.77 (4.16 , 5.42) 3.38 (3.00 , 3.77) 2.48 (2.16 , 2.82) 2.43 (2.12 , 2.76) 2.09 (1.77 , 2.43) 

2008089 2.90 (2.53 , 3.30) 2.46 (2.13 , 2.81) 6.97 (6.22 , 7.76) 5.27 (4.67 , 5.90) 2.25 (1.94 , 2.57) 2.35 (2.06 , 2.66) 2.17 (1.88 , 2.49) 2.04 (1.75 , 2.35) 

2008064 2.66 (2.27 , 3.09) 2.35 (2.00 , 2.72) 6.52 (5.73 , 7.37) 5.28 (4.64 , 5.97) 2.02 (1.71 , 2.36) 2.34 (2.03 , 2.67) 1.89 (1.60 , 2.22) 2.08 (1.76 , 2.42) 

2008269 2.81 (2.40 , 3.25) 2.40 (2.01 , 2.82) 5.30 (4.59 , 6.07) 5.18 (4.48 , 5.93) 2.42 (2.08 , 2.79) 2.43 (2.09 , 2.80) 1.91 (1.61 , 2.24) 2.10 (1.74 , 2.49) 

2008059 2.73 (2.32 , 3.17) 2.38 (2.05 , 2.72) 6.47 (5.68 , 7.31) 4.98 (4.40 , 5.59) 2.30 (1.96 , 2.66) 2.61 (2.30 , 2.93) 2.12 (1.81 , 2.47) 2.25 (1.94 , 2.57) 

2008047 2.78 (2.41 , 3.18) 2.46 (2.13 , 2.81) 5.90 (5.21 , 6.63) 4.81 (4.24 , 5.41) 2.21 (1.90 , 2.53) 2.27 (1.99 , 2.57) 1.82 (1.55 , 2.11) 1.70 (1.43 , 1.98) 

2008194 3.27 (2.87 , 3.70) 2.27 (1.95 , 2.61) 7.70 (6.91 , 8.52) 5.20 (4.60 , 5.82) 2.75 (2.42 , 3.11) 2.47 (2.17 , 2.79) 2.55 (2.23 , 2.89) 2.25 (1.95 , 2.57) 

2008232 2.06 (1.74 , 2.40) 2.03 (1.73 , 2.35) 5.58 (4.91 , 6.28) 4.64 (4.08 , 5.23) 2.26 (1.96 , 2.59) 2.61 (2.30 , 2.93) 2.36 (2.05 , 2.69) 2.45 (2.14 , 2.79) 

2008173 2.17 (1.81 , 2.56) 2.33 (2.01 , 2.68) 6.28 (5.50 , 7.11) 5.12 (4.53 , 5.75) 2.20 (1.87 , 2.55) 2.39 (2.10 , 2.70) 2.45 (2.11 , 2.82) 2.14 (1.84 , 2.45) 

2008120 2.29 (1.95 , 2.65) 2.47 (2.14 , 2.83) 6.36 (5.65 , 7.12) 5.69 (5.07 , 6.35) 2.45 (2.13 , 2.79) 2.72 (2.40 , 3.05) 2.20 (1.91 , 2.52) 2.38 (2.07 , 2.72) 

2008262 2.67 (2.31 , 3.05) 2.31 (1.96 , 2.68) 6.42 (5.70 , 7.18) 5.10 (4.46 , 5.77) 2.17 (1.87 , 2.49) 2.40 (2.09 , 2.74) 1.96 (1.68 , 2.26) 2.11 (1.79 , 2.46) 

2008187 2.16 (1.84 , 2.51) 2.11 (1.80 , 2.43) 5.52 (4.86 , 6.23) 4.80 (4.23 , 5.40) 1.76 (1.49 , 2.05) 2.16 (1.88 , 2.46) 1.81 (1.54 , 2.10) 1.89 (1.61 , 2.19) 

2008051 3.11 (2.72 , 3.53) 2.54 (2.18 , 2.93) 6.54 (5.82 , 7.30) 5.27 (4.62 , 5.95) 2.75 (2.42 , 3.11) 2.58 (2.25 , 2.93) 2.25 (1.95 , 2.57) 2.09 (1.77 , 2.44) 

2008198 2.36 (2.03 , 2.73) 2.23 (1.92 , 2.57) 5.38 (4.73 , 6.08) 4.74 (4.17 , 5.34) 2.04 (1.75 , 2.35) 2.19 (1.91 , 2.49) 1.74 (1.48 , 2.03) 1.78 (1.51 , 2.07) 

2008054 1.89 (1.65 , 2.15) 2.20 (1.91 , 2.51) 4.87 (4.36 , 5.41) 4.68 (4.15 , 5.23) 1.60 (1.39 , 1.83) 2.36 (2.09 , 2.65) 1.57 (1.36 , 1.79) 2.01 (1.75 , 2.30) 

2008244 2.64 (2.33 , 2.97) 2.49 (2.16 , 2.85) 6.81 (6.18 , 7.48) 5.38 (4.78 , 6.02) 2.26 (1.99 , 2.55) 2.66 (2.35 , 2.99) 2.05 (1.80 , 2.32) 2.22 (1.92 , 2.54) 

2008177 2.66 (2.26 , 3.09) 2.13 (1.82 , 2.46) 6.41 (5.62 , 7.24) 4.98 (4.40 , 5.60) 2.20 (1.88 , 2.56) 2.45 (2.15 , 2.76) 2.08 (1.76 , 2.42) 2.41 (2.10 , 2.75) 

2008117 3.07 (2.71 , 3.45) 2.70 (2.38 , 3.04) 5.84 (5.21 , 6.51) 5.01 (4.46 , 5.58) 2.26 (1.98 , 2.57) 2.52 (2.24 , 2.82) 1.68 (1.44 , 1.94) 1.84 (1.59 , 2.11) 

2008016 2.14 (1.88 , 2.42) 2.59 (2.25 , 2.95) 5.79 (5.24 , 6.38) 5.61 (4.99 , 6.26) 2.29 (2.03 , 2.56) 2.60 (2.29 , 2.92) 2.46 (2.20 , 2.73) 2.29 (1.99 , 2.62) 

2008267 2.41 (2.07 , 2.78) 2.53 (2.19 , 2.89) 6.83 (6.09 , 7.61) 5.29 (4.69 , 5.92) 2.06 (1.77 , 2.37) 2.32 (2.03 , 2.63) 2.13 (1.84 , 2.44) 1.91 (1.63 , 2.21) 

2008040 3.20 (2.76 , 3.67) 2.41 (2.06 , 2.79) 7.26 (6.42 , 8.15) 5.02 (4.39 , 5.69) 2.38 (2.04 , 2.75) 2.28 (1.97 , 2.61) 2.14 (1.82 , 2.48) 1.87 (1.57 , 2.20) 
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Family 
cohumulone cohumulone 

humulone + 
adhumulone 

humulone + 
adhumulone 

colupulone colupulone 
lupulone + 
adlupulone 

lupulone + 
adlupulone 

16 months  * 28 months  * 16 months  * 28 months  * 16 months * 28 months  * 16 months  * 28 months  * 

2008218 2.95 (2.62 , 3.29) 2.70 (2.36 , 3.07) 7.94 (7.25 , 8.66) 5.94 (5.30 , 6.61) 2.22 (1.96 , 2.51) 2.39 (2.10 , 2.70) 2.23 (1.97 , 2.51) 2.06 (1.77 , 2.37) 

2008070 2.64 (2.28 , 3.02) 1.94 (1.62 , 2.28) 6.38 (5.67 , 7.14) 5.11 (4.47 , 5.78) 2.53 (2.20 , 2.87) 2.03 (1.74 , 2.34) 2.50 (2.18 , 2.84) 2.05 (1.74 , 2.39) 

2008102 3.29 (2.85 , 3.76) 2.47 (2.14 , 2.83) 7.20 (6.36 , 8.08) 5.23 (4.64 , 5.86) 2.50 (2.15 , 2.88) 2.52 (2.22 , 2.84) 2.29 (1.96 , 2.64) 2.19 (1.89 , 2.51) 

2008078 2.93 (2.51 , 3.38) 2.43 (2.07 , 2.81) 7.58 (6.72 , 8.48) 4.97 (4.34 , 5.64) 2.41 (2.07 , 2.78) 2.57 (2.24 , 2.91) 2.38 (2.04 , 2.74) 2.07 (1.75 , 2.41) 

2008074 2.52 (2.22 , 2.84) 2.59 (2.27 , 2.92) 6.47 (5.85 , 7.13) 5.87 (5.28 , 6.49) 1.94 (1.69 , 2.20) 2.27 (2.00 , 2.55) 2.04 (1.79 , 2.31) 2.10 (1.83 , 2.39) 

 

f. 

 

Family 
α-acid α-acid β-acid β-acid 

16 months 28 months  * 16 months  * 28 months  * 

2008003 9.74 (8.76 , 10.72) 7.78 (6.94 , 8.66) 4.40 (3.86 , 4.98) 4.71 (4.17 , 5.29) 

2008190 7.50 (6.60 , 8.41) 6.97 (6.18 , 7.82) 3.85 (3.37 , 4.36) 4.42 (3.89 , 4.98) 

2008209 10.58 (9.50 , 11.66) 7.95 (7.10 , 8.85) 4.22 (3.65 , 4.84) 4.62 (4.08 , 5.19) 

2008151 10.24 (9.16 , 11.32) 8.06 (7.21 , 8.97) 4.65 (4.04 , 5.29) 4.86 (4.31 , 5.44) 

2008039 8.58 (7.50 , 9.66) 7.82 (6.92 , 8.78) 3.62 (3.09 , 4.19) 4.52 (3.95 , 5.13) 

2008152 10.29 (9.45 , 11.13) 6.92 (6.13 , 7.76) 4.84 (4.33 , 5.37) 4.59 (4.05 , 5.16) 

2008001 9.19 (8.29 , 10.09) 8.24 (7.38 , 9.15) 4.05 (3.57 , 4.57) 4.48 (3.95 , 5.04) 

2008073 7.17 (6.19 , 8.15) 7.22 (6.35 , 8.14) 3.80 (3.30 , 4.34) 4.33 (3.77 , 4.92) 

2008168 9.70 (8.62 , 10.78) 6.92 (6.13 , 7.76) 5.15 (4.51 , 5.83) 4.62 (4.08 , 5.19) 

2008161 9.82 (8.85 , 10.80) 7.51 (6.74 , 8.33) 4.22 (3.69 , 4.79) 4.82 (4.30 , 5.36) 

2008290 9.75 (8.85 , 10.66) 7.86 (7.01 , 8.75) 4.04 (3.55 , 4.56) 4.31 (3.79 , 4.86) 

2008208 9.60 (8.52 , 10.68) 7.54 (6.72 , 8.41) 4.18 (3.61 , 4.80) 4.56 (4.03 , 5.13) 

2008251 8.92 (7.84 , 10.00) 7.28 (6.47 , 8.14) 4.65 (4.05 , 5.30) 4.56 (4.03 , 5.13) 

2008052 7.85 (7.00 , 8.69) 7.19 (6.39 , 8.04) 3.55 (3.12 , 4.01) 3.98 (3.48 , 4.51) 

2008037 7.56 (6.58 , 8.54) 7.35 (6.53 , 8.21) 3.64 (3.14 , 4.16) 4.18 (3.67 , 4.72) 

2008154 10.38 (9.40 , 11.36) 8.58 (7.70 , 9.51) 4.64 (4.08 , 5.23) 4.76 (4.21 , 5.34) 

2008136 10.32 (9.53 , 11.11) 7.87 (7.08 , 8.70) 4.67 (4.20 , 5.17) 4.61 (4.10 , 5.14) 

2008096 7.55 (6.76 , 8.35) 7.26 (6.45 , 8.12) 3.85 (3.42 , 4.30) 4.23 (3.71 , 4.77) 

2008071 9.74 (8.89 , 10.58) 7.33 (6.56 , 8.13) 4.29 (3.81 , 4.79) 4.24 (3.76 , 4.75) 

2008124 9.32 (8.24 , 10.40) 7.41 (6.53 , 8.34) 4.48 (3.89 , 5.12) 4.33 (3.77 , 4.93) 

2008145 10.75 (10.00 , 11.50) 8.22 (7.41 , 9.08) 4.95 (4.49 , 5.43) 4.67 (4.17 , 5.21) 

2008084 8.26 (7.42 , 9.10) 7.87 (6.96 , 8.83) 4.39 (3.91 , 4.90) 4.88 (4.28 , 5.51) 

2008083 10.02 (9.04 , 11.00) 8.42 (7.55 , 9.34) 4.56 (4.01 , 5.15) 4.39 (3.87 , 4.95) 

Family 
α-acid α-acid β-acid β-acid 

16 months 28 months  * 16 months  * 28 months  * 

2008056 8.73 (7.75 , 9.71) 7.42 (6.54 , 8.35) 4.79 (4.22 , 5.40) 4.84 (4.25 , 5.47) 

2008261 9.65 (8.75 , 10.56) 7.78 (6.94 , 8.67) 4.44 (3.93 , 4.99) 4.46 (3.93 , 5.02) 

2008157 9.01 (7.93 , 10.09) 7.02 (6.22 , 7.86) 4.25 (3.67 , 4.87) 4.22 (3.71 , 4.77) 

2008006 8.56 (7.58 , 9.54) 8.32 (7.46 , 9.24) 4.48 (3.93 , 5.06) 4.58 (4.05 , 5.15) 

2008240 8.82 (7.98 , 9.66) 8.50 (7.63 , 9.43) 4.69 (4.20 , 5.21) 4.60 (4.06 , 5.17) 

2008103 8.85 (7.77 , 9.93) 8.28 (7.47 , 9.14) 4.18 (3.61 , 4.79) 4.91 (4.39 , 5.46) 

2008148 9.18 (8.33 , 10.02) 7.73 (6.95 , 8.56) 4.39 (3.91 , 4.90) 4.57 (4.07 , 5.10) 

2008236 8.20 (7.41 , 8.99) 6.99 (6.20 , 7.83) 3.79 (3.36 , 4.23) 4.18 (3.67 , 4.73) 

2008259 8.68 (7.60 , 9.76) 7.64 (6.75 , 8.59) 4.10 (3.53 , 4.70) 4.37 (3.81 , 4.97) 

2008191 8.20 (7.29 , 9.10) 7.06 (6.31 , 7.85) 4.02 (3.54 , 4.54) 4.32 (3.84 , 4.84) 

2008242 7.67 (6.76 , 8.57) 6.64 (5.92 , 7.41) 4.87 (4.33 , 5.43) 4.47 (3.97 , 4.99) 

2008248 6.57 (5.66 , 7.47) 7.08 (6.28 , 7.92) 3.71 (3.24 , 4.20) 4.27 (3.76 , 4.82) 

2008010 9.10 (8.19 , 10.00) 7.69 (6.86 , 8.57) 3.85 (3.38 , 4.36) 4.40 (3.88 , 4.96) 

2008263 9.36 (8.45 , 10.26) 7.90 (7.05 , 8.79) 4.50 (3.99 , 5.05) 4.69 (4.15 , 5.26) 

2008153 9.62 (8.82 , 10.41) 7.68 (6.89 , 8.50) 4.14 (3.70 , 4.61) 4.47 (3.97 , 4.99) 

2008119 8.44 (7.46 , 9.42) 7.30 (6.49 , 8.16) 3.85 (3.34 , 4.39) 4.24 (3.73 , 4.79) 

2008206 9.08 (8.17 , 9.98) 7.94 (7.14 , 8.78) 4.20 (3.70 , 4.73) 4.62 (4.11 , 5.15) 

2008139 6.74 (5.89 , 7.58) 6.69 (5.92 , 7.52) 4.79 (4.29 , 5.33) 4.43 (3.91 , 4.99) 

2008106 8.32 (7.42 , 9.23) 7.37 (6.55 , 8.23) 3.77 (3.30 , 4.27) 4.76 (4.22 , 5.34) 

2008122 7.96 (6.88 , 9.04) 8.02 (7.17 , 8.92) 4.51 (3.92 , 5.15) 4.85 (4.30 , 5.44) 

2008155 8.41 (7.50 , 9.31) 7.96 (7.12 , 8.86) 3.98 (3.50 , 4.49) 4.77 (4.22 , 5.35) 

2008088 9.55 (8.65 , 10.45) 8.68 (7.79 , 9.61) 4.49 (3.98 , 5.04) 4.98 (4.43 , 5.58) 

2008111 8.70 (7.62 , 9.78) 7.65 (6.75 , 8.59) 4.38 (3.79 , 5.01) 4.78 (4.19 , 5.41) 



Appendix 4.2 

 

 

155 

Family 
α-acid α-acid β-acid β-acid 

16 months 28 months  * 16 months  * 28 months  * 

2008202 9.68 (8.89 , 10.47) 7.82 (6.98 , 8.71) 4.06 (3.62 , 4.52) 4.49 (3.96 , 5.05) 

2008013 8.22 (7.32 , 9.12) 7.19 (6.38 , 8.04) 4.13 (3.64 , 4.65) 4.32 (3.80 , 4.87) 

2008279 10.65 (9.57 , 11.73) 7.40 (6.52 , 8.33) 4.73 (4.12 , 5.38) 4.33 (3.77 , 4.92) 

2008007 9.69 (8.71 , 10.66) 8.04 (7.18 , 8.94) 4.02 (3.50 , 4.57) 4.22 (3.71 , 4.77) 

2008090 10.23 (9.39 , 11.07) 8.44 (7.62 , 9.30) 4.20 (3.73 , 4.70) 4.45 (3.96 , 4.97) 

2008055 8.85 (8.01 , 9.69) 7.24 (6.43 , 8.09) 4.98 (4.46 , 5.52) 4.70 (4.15 , 5.27) 

2008271 9.19 (8.35 , 10.03) 7.69 (6.86 , 8.57) 3.88 (3.43 , 4.36) 4.20 (3.68 , 4.74) 

2008035 8.71 (7.81 , 9.61) 7.73 (6.90 , 8.62) 4.17 (3.68 , 4.70) 4.55 (4.02 , 5.12) 

2008212 8.29 (7.31 , 9.27) 7.95 (7.04 , 8.92) 5.04 (4.46 , 5.66) 4.87 (4.28 , 5.51) 

2008149 11.00 (10.10 , 11.90) 7.44 (6.62 , 8.30) 5.07 (4.52 , 5.65) 4.50 (3.97 , 5.06) 

2008170 8.74 (7.90 , 9.58) 7.84 (7.00 , 8.73) 3.99 (3.54 , 4.48) 4.11 (3.60 , 4.64) 

2008247 8.61 (7.53 , 9.69) 8.16 (7.30 , 9.07) 3.86 (3.31 , 4.45) 4.35 (3.83 , 4.91) 

2008110 9.17 (8.09 , 10.25) 7.48 (6.60 , 8.42) 4.33 (3.75 , 4.95) 4.63 (4.05 , 5.24) 

2008043 7.10 (6.35 , 7.85) 6.85 (6.11 , 7.63) 4.05 (3.64 , 4.49) 3.99 (3.52 , 4.48) 

2008188 8.68 (7.60 , 9.76) 7.36 (6.48 , 8.29) 4.73 (4.12 , 5.38) 4.72 (4.14 , 5.34) 

2008080 8.33 (7.25 , 9.41) 7.35 (6.47 , 8.28) 4.53 (3.94 , 5.17) 4.30 (3.75 , 4.90) 

2008239 8.25 (7.17 , 9.33) 7.64 (6.81 , 8.52) 4.62 (4.02 , 5.27) 5.06 (4.50 , 5.66) 

2008075 10.53 (9.63 , 11.44) 7.43 (6.66 , 8.24) 4.82 (4.29 , 5.38) 4.71 (4.20 , 5.25) 

2008114 8.74 (7.76 , 9.73) 6.94 (6.15 , 7.77) 4.42 (3.87 , 5.00) 4.83 (4.28 , 5.41) 

2008166 8.57 (7.59 , 9.55) 7.02 (6.23 , 7.87) 3.84 (3.34 , 4.39) 3.98 (3.48 , 4.51) 

2008252 9.11 (8.14 , 10.09) 7.44 (6.62 , 8.31) 4.18 (3.66 , 4.75) 4.50 (3.97 , 5.07) 

2008150 9.65 (8.90 , 10.40) 7.56 (6.68 , 8.51) 3.73 (3.33 , 4.16) 4.44 (3.87 , 5.04) 

2008009 10.31 (9.40 , 11.21) 8.18 (7.38 , 9.04) 3.84 (3.37 , 4.35) 4.06 (3.59 , 4.56) 

2008081 11.79 (10.71 , 12.87) 8.81 (7.85 , 9.82) 5.08 (4.45 , 5.76) 4.96 (4.36 , 5.60) 

2008041 10.41 (9.57 , 11.25) 8.08 (7.28 , 8.93) 4.22 (3.75 , 4.72) 4.31 (3.82 , 4.82) 

2008061 8.23 (7.39 , 9.07) 7.60 (6.71 , 8.55) 4.04 (3.58 , 4.53) 4.42 (3.86 , 5.02) 

2008087 9.36 (8.28 , 10.44) 7.95 (7.04 , 8.91) 4.20 (3.63 , 4.82) 4.85 (4.26 , 5.48) 

2008147 10.76 (10.01 , 11.51) 8.63 (7.80 , 9.50) 4.14 (3.71 , 4.58) 4.85 (4.33 , 5.40) 

2008258 11.04 (10.25 , 11.84) 7.92 (7.08 , 8.82) 6.40 (5.85 , 6.98) 6.09 (5.47 , 6.74) 

2008130 9.30 (8.39 , 10.20) 8.40 (7.52 , 9.32) 3.93 (3.45 , 4.43) 4.40 (3.88 , 4.96) 

2008100 10.00 (9.09 , 10.90) 8.08 (7.17 , 9.06) 4.43 (3.92 , 4.98) 5.15 (4.54 , 5.80) 

2008132 10.25 (9.27 , 11.23) 7.27 (6.40 , 8.19) 4.74 (4.17 , 5.34) 4.58 (4.00 , 5.19) 

Family 
α-acid α-acid β-acid β-acid 

16 months 28 months  * 16 months  * 28 months  * 

2008256 9.77 (8.79 , 10.75) 6.89 (6.04 , 7.79) 6.16 (5.51 , 6.84) 5.65 (5.01 , 6.33) 

2008093 7.92 (7.13 , 8.71) 6.96 (6.21 , 7.74) 3.44 (3.04 , 3.87) 4.13 (3.65 , 4.63) 

2008108 8.14 (7.35 , 8.93) 6.94 (6.15 , 7.78) 4.60 (4.13 , 5.09) 4.53 (4.00 , 5.09) 

2008179 8.88 (8.03 , 9.72) 7.84 (7.00 , 8.73) 4.75 (4.25 , 5.27) 4.79 (4.25 , 5.37) 

2008192 9.10 (8.12 , 10.08) 7.06 (6.21 , 7.97) 5.81 (5.18 , 6.47) 4.59 (4.01 , 5.20) 

2008089 10.09 (9.11 , 11.07) 7.74 (6.90 , 8.62) 4.43 (3.88 , 5.01) 4.41 (3.88 , 4.96) 

2008064 9.40 (8.32 , 10.48) 7.66 (6.77 , 8.61) 3.96 (3.41 , 4.56) 4.44 (3.87 , 5.04) 

2008269 8.55 (7.47 , 9.63) 7.61 (6.65 , 8.65) 4.38 (3.80 , 5.01) 4.54 (3.92 , 5.21) 

2008059 9.38 (8.29 , 10.46) 7.40 (6.58 , 8.27) 4.44 (3.85 , 5.07) 4.85 (4.30 , 5.43) 

2008047 8.81 (7.82 , 9.79) 7.33 (6.51 , 8.19) 4.07 (3.54 , 4.63) 4.06 (3.56 , 4.60) 

2008194 11.39 (10.41 , 12.36) 7.51 (6.68 , 8.38) 5.29 (4.69 , 5.92) 4.71 (4.16 , 5.28) 

2008232 7.86 (6.88 , 8.83) 6.77 (5.99 , 7.60) 4.62 (4.06 , 5.21) 5.01 (4.45 , 5.60) 

2008173 8.67 (7.58 , 9.75) 7.50 (6.68 , 8.38) 4.65 (4.04 , 5.30) 4.54 (4.00 , 5.10) 

2008120 8.80 (7.82 , 9.78) 8.15 (7.29 , 9.06) 4.66 (4.09 , 5.26) 5.07 (4.50 , 5.66) 

2008262 9.42 (8.44 , 10.40) 7.45 (6.57 , 8.39) 4.16 (3.63 , 4.72) 4.53 (3.96 , 5.14) 

2008187 8.12 (7.14 , 9.10) 6.99 (6.19 , 7.83) 3.61 (3.12 , 4.14) 4.10 (3.59 , 4.63) 

2008051 9.94 (8.96 , 10.92) 7.81 (6.91 , 8.77) 5.01 (4.43 , 5.63) 4.70 (4.12 , 5.32) 

2008198 7.98 (7.00 , 8.95) 7.06 (6.26 , 7.90) 3.84 (3.33 , 4.38) 4.05 (3.55 , 4.59) 

2008054 7.04 (6.25 , 7.84) 6.95 (6.21 , 7.74) 3.22 (2.83 , 3.63) 4.40 (3.91 , 4.92) 

2008244 9.62 (8.77 , 10.46) 7.88 (7.03 , 8.77) 4.33 (3.86 , 4.84) 4.88 (4.33 , 5.47) 

2008177 9.23 (8.15 , 10.32) 7.19 (6.38 , 8.04) 4.31 (3.73 , 4.94) 4.82 (4.27 , 5.40) 

2008117 9.15 (8.25 , 10.06) 7.75 (6.96 , 8.57) 4.01 (3.53 , 4.53) 4.43 (3.94 , 4.96) 

2008016 8.14 (7.35 , 8.94) 8.17 (7.31 , 9.08) 4.74 (4.27 , 5.24) 4.87 (4.32 , 5.46) 

2008267 9.47 (8.49 , 10.45) 7.82 (6.98 , 8.71) 4.20 (3.67 , 4.77) 4.28 (3.76 , 4.82) 

2008040 10.73 (9.65 , 11.81) 7.48 (6.60 , 8.42) 4.54 (3.94 , 5.18) 4.22 (3.67 , 4.81) 

2008218 11.13 (10.29 , 11.97) 8.58 (7.69 , 9.51) 4.46 (3.98 , 4.97) 4.46 (3.93 , 5.02) 

2008070 9.32 (8.34 , 10.30) 7.20 (6.34 , 8.12) 5.07 (4.48 , 5.69) 4.14 (3.60 , 4.73) 

2008102 10.77 (9.69 , 11.85) 7.72 (6.88 , 8.60) 4.80 (4.19 , 5.46) 4.72 (4.18 , 5.29) 

2008078 10.84 (9.76 , 11.92) 7.45 (6.57 , 8.39) 4.78 (4.17 , 5.43) 4.67 (4.09 , 5.29) 

2008074 9.17 (8.33 , 10.01) 8.41 (7.59 , 9.27) 4.01 (3.55 , 4.49) 4.39 (3.89 , 4.91) 
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g. 

 

Family 

cohumulone  

(% of α-acid) 

cohumulone  

(% of α-acid) 
α-acid:β-acid α-acid:β-acid α-acid:total resin α-acid:total resin 

16 months  * 28 months  * 16 months  * 28 months  * 16 months  * 28 months  * 

2008003 0.31 (0.28 , 0.33) 0.33 (0.31 , 0.36) 2.29 (2.03 , 2.55) 1.78 (1.55 , 2.01) 0.68 (0.65 , 0.71) 0.62 (0.58 , 0.66) 

2008190 0.28 (0.25 , 0.30) 0.29 (0.27 , 0.32) 2.04 (1.81 , 2.27) 1.61 (1.39 , 1.84) 0.66 (0.63 , 0.69) 0.60 (0.56 , 0.63) 

2008209 0.30 (0.27 , 0.32) 0.32 (0.30 , 0.35) 2.43 (2.15 , 2.73) 1.80 (1.57 , 2.03) 0.70 (0.66 , 0.73) 0.63 (0.59 , 0.67) 

2008151 0.29 (0.26 , 0.32) 0.29 (0.27 , 0.32) 2.16 (1.90 , 2.44) 1.73 (1.50 , 1.96) 0.67 (0.64 , 0.71) 0.62 (0.58 , 0.66) 

2008039 0.33 (0.30 , 0.36) 0.31 (0.28 , 0.34) 2.47 (2.18 , 2.77) 1.83 (1.58 , 2.09) 0.70 (0.67 , 0.73) 0.63 (0.59 , 0.67) 

2008152 0.27 (0.25 , 0.29) 0.30 (0.28 , 0.33) 2.11 (1.90 , 2.34) 1.54 (1.32 , 1.77) 0.67 (0.64 , 0.69) 0.59 (0.55 , 0.62) 

2008001 0.30 (0.28 , 0.33) 0.30 (0.28 , 0.33) 2.29 (2.05 , 2.54) 1.97 (1.73 , 2.21) 0.69 (0.66 , 0.71) 0.65 (0.61 , 0.69) 

2008073 0.30 (0.27 , 0.32) 0.32 (0.30 , 0.35) 1.95 (1.72 , 2.20) 1.74 (1.49 , 1.99) 0.65 (0.62 , 0.68) 0.62 (0.58 , 0.66) 

2008168 0.28 (0.25 , 0.30) 0.31 (0.28 , 0.33) 1.95 (1.70 , 2.21) 1.59 (1.37 , 1.82) 0.64 (0.61 , 0.67) 0.58 (0.54 , 0.61) 

2008161 0.27 (0.25 , 0.30) 0.29 (0.27 , 0.31) 2.32 (2.06 , 2.59) 1.63 (1.42 , 1.84) 0.69 (0.66 , 0.72) 0.59 (0.56 , 0.62) 

2008290 0.27 (0.25 , 0.29) 0.30 (0.27 , 0.32) 2.45 (2.20 , 2.71) 1.93 (1.70 , 2.17) 0.70 (0.67 , 0.73) 0.64 (0.61 , 0.68) 

2008208 0.28 (0.25 , 0.30) 0.28 (0.26 , 0.31) 2.34 (2.06 , 2.63) 1.71 (1.48 , 1.94) 0.69 (0.66 , 0.72) 0.61 (0.58 , 0.65) 

2008251 0.28 (0.26 , 0.31) 0.29 (0.27 , 0.32) 1.97 (1.72 , 2.24) 1.63 (1.41 , 1.86) 0.65 (0.62 , 0.68) 0.61 (0.57 , 0.64) 

2008052 0.29 (0.27 , 0.31) 0.33 (0.30 , 0.35) 2.32 (2.09 , 2.56) 1.95 (1.72 , 2.19) 0.69 (0.66 , 0.71) 0.65 (0.61 , 0.68) 

2008037 0.26 (0.24 , 0.28) 0.28 (0.25 , 0.30) 2.13 (1.89 , 2.39) 1.85 (1.62 , 2.09) 0.67 (0.64 , 0.70) 0.64 (0.60 , 0.68) 

2008154 0.33 (0.31 , 0.36) 0.37 (0.35 , 0.40) 2.24 (1.99 , 2.51) 1.89 (1.66 , 2.13) 0.68 (0.65 , 0.71) 0.64 (0.60 , 0.68) 

2008136 0.28 (0.26 , 0.30) 0.31 (0.29 , 0.34) 2.21 (2.00 , 2.43) 1.77 (1.56 , 1.98) 0.68 (0.66 , 0.71) 0.63 (0.59 , 0.66) 

2008096 0.31 (0.29 , 0.33) 0.32 (0.30 , 0.35) 1.99 (1.80 , 2.20) 1.83 (1.60 , 2.07) 0.66 (0.63 , 0.68) 0.63 (0.60 , 0.67) 

2008071 0.29 (0.27 , 0.31) 0.31 (0.29 , 0.33) 2.31 (2.09 , 2.55) 1.81 (1.60 , 2.03) 0.69 (0.66 , 0.71) 0.63 (0.60 , 0.67) 

2008124 0.29 (0.26 , 0.31) 0.32 (0.29 , 0.35) 2.14 (1.88 , 2.42) 1.80 (1.55 , 2.06) 0.67 (0.64 , 0.70) 0.63 (0.59 , 0.67) 

2008145 0.30 (0.28 , 0.32) 0.31 (0.29 , 0.33) 2.15 (1.95 , 2.36) 1.83 (1.62 , 2.05) 0.67 (0.65 , 0.70) 0.64 (0.60 , 0.67) 

2008084 0.27 (0.25 , 0.29) 0.31 (0.28 , 0.34) 1.99 (1.78 , 2.20) 1.69 (1.44 , 1.94) 0.65 (0.62 , 0.67) 0.61 (0.57 , 0.65) 

2008083 0.28 (0.25 , 0.30) 0.31 (0.28 , 0.33) 2.18 (1.93 , 2.44) 2.08 (1.84 , 2.33) 0.68 (0.65 , 0.71) 0.66 (0.62 , 0.70) 

2008056 0.29 (0.26 , 0.31) 0.31 (0.28 , 0.33) 1.89 (1.66 , 2.13) 1.59 (1.35 , 1.85) 0.64 (0.61 , 0.67) 0.59 (0.55 , 0.63) 

2008261 0.31 (0.29 , 0.33) 0.32 (0.30 , 0.35) 2.19 (1.95 , 2.43) 1.82 (1.59 , 2.05) 0.68 (0.65 , 0.71) 0.63 (0.60 , 0.67) 

2008157 0.29 (0.27 , 0.32) 0.32 (0.30 , 0.35) 2.18 (1.92 , 2.47) 1.72 (1.49 , 1.95) 0.67 (0.64 , 0.71) 0.62 (0.59 , 0.66) 

2008006 0.27 (0.25 , 0.30) 0.33 (0.31 , 0.36) 1.93 (1.69 , 2.17) 1.96 (1.73 , 2.21) 0.65 (0.62 , 0.68) 0.64 (0.61 , 0.68) 

2008240 0.32 (0.30 , 0.34) 0.32 (0.29 , 0.34) 1.93 (1.73 , 2.15) 1.98 (1.74 , 2.22) 0.64 (0.61 , 0.66) 0.65 (0.61 , 0.69) 

2008103 0.26 (0.24 , 0.29) 0.30 (0.28 , 0.33) 2.17 (1.90 , 2.45) 1.73 (1.52 , 1.95) 0.67 (0.64 , 0.71) 0.62 (0.59 , 0.66) 

2008148 0.31 (0.28 , 0.33) 0.33 (0.31 , 0.36) 2.13 (1.91 , 2.36) 1.80 (1.59 , 2.02) 0.66 (0.63 , 0.68) 0.61 (0.58 , 0.65) 

2008236 0.36 (0.34 , 0.38) 0.36 (0.34 , 0.39) 2.20 (2.00 , 2.42) 1.70 (1.48 , 1.94) 0.68 (0.66 , 0.70) 0.61 (0.58 , 0.65) 

2008259 0.29 (0.26 , 0.32) 0.31 (0.28 , 0.34) 2.16 (1.90 , 2.44) 1.86 (1.61 , 2.12) 0.67 (0.64 , 0.71) 0.64 (0.59 , 0.68) 

2008191 0.38 (0.35 , 0.41) 0.39 (0.37 , 0.42) 2.09 (1.86 , 2.33) 1.69 (1.48 , 1.90) 0.67 (0.64 , 0.69) 0.62 (0.58 , 0.65) 
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Family 

cohumulone  

(% of α-acid) 

cohumulone  

(% of α-acid) 
α-acid:β-acid α-acid:β-acid α-acid:total resin α-acid:total resin 

16 months  * 28 months  * 16 months  * 28 months  * 16 months  * 28 months  * 

2008242 0.31 (0.29 , 0.34) 0.30 (0.28 , 0.32) 1.69 (1.49 , 1.90) 1.51 (1.31 , 1.72) 0.61 (0.58 , 0.64) 0.58 (0.55 , 0.61) 

2008248 0.26 (0.24 , 0.28) 0.27 (0.25 , 0.30) 1.88 (1.66 , 2.10) 1.76 (1.53 , 2.00) 0.63 (0.61 , 0.66) 0.61 (0.57 , 0.64) 

2008010 0.28 (0.26 , 0.30) 0.34 (0.31 , 0.36) 2.43 (2.18 , 2.68) 1.87 (1.64 , 2.11) 0.70 (0.67 , 0.73) 0.64 (0.60 , 0.67) 

2008263 0.28 (0.25 , 0.30) 0.32 (0.30 , 0.35) 2.11 (1.88 , 2.35) 1.76 (1.53 , 1.99) 0.67 (0.64 , 0.70) 0.63 (0.59 , 0.66) 

2008153 0.28 (0.26 , 0.30) 0.31 (0.29 , 0.33) 2.34 (2.13 , 2.57) 1.79 (1.58 , 2.01) 0.69 (0.67 , 0.72) 0.63 (0.60 , 0.67) 

2008119 0.30 (0.27 , 0.32) 0.32 (0.29 , 0.34) 2.29 (2.03 , 2.55) 1.79 (1.56 , 2.03) 0.69 (0.66 , 0.72) 0.63 (0.59 , 0.67) 

2008206 0.34 (0.31 , 0.36) 0.33 (0.31 , 0.36) 2.22 (1.99 , 2.47) 1.79 (1.58 , 2.01) 0.68 (0.65 , 0.71) 0.63 (0.60 , 0.66) 

2008139 0.28 (0.26 , 0.30) 0.30 (0.28 , 0.33) 1.53 (1.35 , 1.72) 1.53 (1.31 , 1.76) 0.57 (0.55 , 0.60) 0.58 (0.55 , 0.62) 

2008106 0.29 (0.27 , 0.31) 0.32 (0.29 , 0.34) 2.26 (2.02 , 2.51) 1.59 (1.37 , 1.82) 0.69 (0.66 , 0.71) 0.59 (0.56 , 0.63) 

2008122 0.31 (0.28 , 0.34) 0.32 (0.29 , 0.34) 1.85 (1.60 , 2.11) 1.76 (1.54 , 2.00) 0.63 (0.60 , 0.66) 0.61 (0.58 , 0.65) 

2008155 0.36 (0.33 , 0.38) 0.33 (0.30 , 0.35) 2.20 (1.96 , 2.44) 1.74 (1.52 , 1.98) 0.68 (0.65 , 0.70) 0.62 (0.58 , 0.66) 

2008088 0.29 (0.26 , 0.31) 0.32 (0.30 , 0.35) 2.13 (1.90 , 2.37) 1.81 (1.58 , 2.05) 0.67 (0.64 , 0.70) 0.63 (0.59 , 0.67) 

2008111 0.27 (0.25 , 0.30) 0.30 (0.27 , 0.33) 2.02 (1.77 , 2.30) 1.66 (1.42 , 1.92) 0.66 (0.63 , 0.69) 0.61 (0.57 , 0.65) 

2008202 0.33 (0.31 , 0.35) 0.35 (0.32 , 0.37) 2.38 (2.17 , 2.61) 1.82 (1.59 , 2.05) 0.70 (0.67 , 0.72) 0.63 (0.59 , 0.67) 

2008013 0.25 (0.23 , 0.28) 0.29 (0.26 , 0.31) 2.11 (1.89 , 2.35) 1.75 (1.52 , 1.99) 0.66 (0.63 , 0.69) 0.61 (0.57 , 0.65) 

2008279 0.31 (0.29 , 0.34) 0.34 (0.31 , 0.37) 2.20 (1.93 , 2.48) 1.79 (1.54 , 2.05) 0.68 (0.65 , 0.71) 0.63 (0.59 , 0.67) 

2008007 0.31 (0.29 , 0.34) 0.33 (0.30 , 0.35) 2.46 (2.20 , 2.74) 2.10 (1.86 , 2.35) 0.70 (0.67 , 0.73) 0.66 (0.62 , 0.70) 

2008090 0.32 (0.30 , 0.34) 0.33 (0.30 , 0.35) 2.39 (2.16 , 2.63) 2.02 (1.80 , 2.24) 0.70 (0.67 , 0.72) 0.66 (0.62 , 0.69) 

2008055 0.27 (0.25 , 0.29) 0.30 (0.28 , 0.33) 1.82 (1.63 , 2.03) 1.59 (1.37 , 1.82) 0.63 (0.60 , 0.65) 0.59 (0.55 , 0.62) 

2008271 0.30 (0.28 , 0.32) 0.33 (0.30 , 0.35) 2.41 (2.18 , 2.65) 1.98 (1.75 , 2.23) 0.69 (0.67 , 0.72) 0.65 (0.61 , 0.69) 

2008035 0.28 (0.26 , 0.30) 0.31 (0.28 , 0.33) 2.07 (1.85 , 2.31) 1.78 (1.55 , 2.02) 0.66 (0.63 , 0.69) 0.63 (0.59 , 0.66) 

2008212 0.29 (0.27 , 0.32) 0.32 (0.29 , 0.35) 1.73 (1.51 , 1.97) 1.70 (1.46 , 1.96) 0.61 (0.58 , 0.64) 0.61 (0.57 , 0.65) 

2008149 0.36 (0.33 , 0.38) 0.33 (0.31 , 0.36) 2.15 (1.92 , 2.39) 1.71 (1.48 , 1.94) 0.67 (0.65 , 0.70) 0.61 (0.58 , 0.65) 

2008170 0.27 (0.25 , 0.29) 0.31 (0.28 , 0.33) 2.29 (2.06 , 2.52) 2.09 (1.85 , 2.33) 0.68 (0.66 , 0.71) 0.66 (0.62 , 0.70) 

2008247 0.27 (0.25 , 0.30) 0.34 (0.31 , 0.37) 2.28 (2.01 , 2.57) 2.03 (1.79 , 2.27) 0.69 (0.65 , 0.72) 0.65 (0.62 , 0.69) 

2008110 0.31 (0.28 , 0.34) 0.33 (0.30 , 0.36) 2.18 (1.91 , 2.46) 1.68 (1.44 , 1.94) 0.67 (0.64 , 0.71) 0.61 (0.57 , 0.65) 

2008043 0.27 (0.25 , 0.29) 0.32 (0.30 , 0.34) 1.84 (1.66 , 2.04) 1.79 (1.58 , 2.01) 0.63 (0.61 , 0.66) 0.63 (0.60 , 0.67) 

2008188 0.30 (0.27 , 0.33) 0.35 (0.32 , 0.38) 1.89 (1.65 , 2.16) 1.62 (1.38 , 1.88) 0.64 (0.61 , 0.67) 0.60 (0.56 , 0.64) 

2008080 0.27 (0.25 , 0.30) 0.31 (0.28 , 0.34) 1.96 (1.71 , 2.23) 1.80 (1.55 , 2.06) 0.64 (0.61 , 0.67) 0.63 (0.59 , 0.67) 

2008239 0.31 (0.29 , 0.34) 0.34 (0.31 , 0.36) 1.86 (1.62 , 2.13) 1.56 (1.34 , 1.78) 0.63 (0.60 , 0.66) 0.58 (0.55 , 0.62) 

2008075 0.27 (0.25 , 0.29) 0.30 (0.28 , 0.33) 2.15 (1.92 , 2.39) 1.62 (1.42 , 1.84) 0.68 (0.65 , 0.70) 0.60 (0.57 , 0.64) 

2008114 0.25 (0.23 , 0.27) 0.28 (0.26 , 0.31) 2.08 (1.84 , 2.33) 1.47 (1.25 , 1.69) 0.66 (0.63 , 0.69) 0.57 (0.53 , 0.60) 

2008166 0.36 (0.33 , 0.39) 0.33 (0.31 , 0.36) 2.33 (2.07 , 2.60) 1.93 (1.70 , 2.17) 0.69 (0.66 , 0.72) 0.64 (0.60 , 0.68) 

2008252 0.28 (0.26 , 0.30) 0.28 (0.26 , 0.31) 2.27 (2.02 , 2.53) 1.75 (1.52 , 1.99) 0.67 (0.64 , 0.70) 0.61 (0.58 , 0.65) 

2008150 0.31 (0.29 , 0.33) 0.33 (0.30 , 0.36) 2.59 (2.38 , 2.82) 1.79 (1.54 , 2.05) 0.72 (0.69 , 0.74) 0.63 (0.59 , 0.67) 
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Family 

cohumulone  

(% of α-acid) 

cohumulone  

(% of α-acid) 
α-acid:β-acid α-acid:β-acid α-acid:total resin α-acid:total resin 

16 months  * 28 months  * 16 months  * 28 months  * 16 months  * 28 months  * 

2008009 0.26 (0.24 , 0.28) 0.28 (0.26 , 0.30) 2.76 (2.50 , 3.03) 2.26 (2.03 , 2.49) 0.72 (0.69 , 0.75) 0.67 (0.64 , 0.71) 

2008081 0.28 (0.25 , 0.31) 0.30 (0.27 , 0.33) 2.26 (1.99 , 2.54) 1.88 (1.62 , 2.14) 0.68 (0.65 , 0.71) 0.64 (0.60 , 0.68) 

2008041 0.34 (0.31 , 0.36) 0.29 (0.26 , 0.31) 2.48 (2.24 , 2.72) 2.01 (1.79 , 2.23) 0.70 (0.68 , 0.73) 0.66 (0.62 , 0.69) 

2008061 0.28 (0.26 , 0.30) 0.31 (0.28 , 0.34) 2.10 (1.89 , 2.33) 1.82 (1.57 , 2.08) 0.67 (0.64 , 0.70) 0.63 (0.59 , 0.67) 

2008087 0.30 (0.27 , 0.33) 0.34 (0.32 , 0.37) 2.24 (1.97 , 2.53) 1.71 (1.46 , 1.96) 0.68 (0.65 , 0.72) 0.61 (0.57 , 0.66) 

2008147 0.31 (0.29 , 0.33) 0.32 (0.29 , 0.34) 2.61 (2.39 , 2.84) 1.87 (1.66 , 2.09) 0.71 (0.69 , 0.74) 0.64 (0.60 , 0.67) 

2008258 0.26 (0.24 , 0.28) 0.30 (0.28 , 0.32) 1.74 (1.56 , 1.94) 1.41 (1.20 , 1.64) 0.61 (0.59 , 0.64) 0.55 (0.51 , 0.58) 

2008130 0.29 (0.26 , 0.31) 0.32 (0.30 , 0.35) 2.39 (2.15 , 2.65) 2.10 (1.86 , 2.34) 0.70 (0.67 , 0.72) 0.66 (0.62 , 0.70) 

2008100 0.27 (0.24 , 0.29) 0.31 (0.28 , 0.34) 2.26 (2.03 , 2.51) 1.65 (1.40 , 1.91) 0.68 (0.66 , 0.71) 0.60 (0.57 , 0.65) 

2008132 0.30 (0.27 , 0.32) 0.31 (0.28 , 0.34) 2.13 (1.89 , 2.39) 1.63 (1.39 , 1.89) 0.67 (0.64 , 0.70) 0.60 (0.56 , 0.64) 

2008256 0.30 (0.28 , 0.33) 0.32 (0.29 , 0.35) 1.67 (1.45 , 1.90) 1.37 (1.14 , 1.62) 0.60 (0.57 , 0.63) 0.51 (0.47 , 0.54) 

2008093 0.30 (0.28 , 0.32) 0.32 (0.30 , 0.34) 2.40 (2.18 , 2.62) 1.80 (1.59 , 2.02) 0.70 (0.67 , 0.72) 0.63 (0.59 , 0.66) 

2008108 0.29 (0.27 , 0.31) 0.31 (0.29 , 0.33) 1.83 (1.64 , 2.02) 1.59 (1.37 , 1.82) 0.61 (0.59 , 0.64) 0.59 (0.55 , 0.62) 

2008179 0.24 (0.22 , 0.26) 0.28 (0.26 , 0.30) 1.95 (1.74 , 2.17) 1.72 (1.49 , 1.95) 0.65 (0.62 , 0.67) 0.61 (0.58 , 0.65) 

2008192 0.34 (0.31 , 0.37) 0.32 (0.29 , 0.34) 1.67 (1.46 , 1.90) 1.58 (1.34 , 1.83) 0.60 (0.57 , 0.63) 0.58 (0.54 , 0.62) 

2008089 0.29 (0.27 , 0.31) 0.32 (0.29 , 0.34) 2.25 (2.00 , 2.52) 1.81 (1.58 , 2.04) 0.68 (0.66 , 0.71) 0.63 (0.60 , 0.67) 

2008064 0.28 (0.26 , 0.31) 0.30 (0.27 , 0.33) 2.42 (2.14 , 2.72) 1.81 (1.56 , 2.07) 0.70 (0.66 , 0.73) 0.63 (0.59 , 0.67) 

2008269 0.34 (0.31 , 0.36) 0.31 (0.28 , 0.35) 1.94 (1.69 , 2.21) 1.77 (1.49 , 2.06) 0.64 (0.61 , 0.67) 0.62 (0.57 , 0.67) 

2008059 0.30 (0.27 , 0.32) 0.33 (0.30 , 0.35) 2.14 (1.88 , 2.42) 1.57 (1.35 , 1.80) 0.67 (0.64 , 0.70) 0.59 (0.55 , 0.63) 

2008047 0.32 (0.30 , 0.35) 0.35 (0.33 , 0.38) 2.21 (1.96 , 2.48) 1.92 (1.69 , 2.16) 0.68 (0.65 , 0.71) 0.64 (0.60 , 0.68) 

2008194 0.29 (0.27 , 0.32) 0.30 (0.27 , 0.32) 2.05 (1.81 , 2.31) 1.64 (1.42 , 1.87) 0.66 (0.63 , 0.69) 0.61 (0.57 , 0.64) 

2008232 0.27 (0.25 , 0.29) 0.30 (0.27 , 0.32) 1.79 (1.57 , 2.03) 1.38 (1.17 , 1.60) 0.62 (0.59 , 0.65) 0.54 (0.51 , 0.58) 

2008173 0.26 (0.23 , 0.28) 0.31 (0.29 , 0.34) 1.91 (1.66 , 2.18) 1.73 (1.50 , 1.96) 0.64 (0.61 , 0.68) 0.62 (0.58 , 0.65) 

2008120 0.26 (0.24 , 0.29) 0.30 (0.27 , 0.32) 1.96 (1.72 , 2.21) 1.67 (1.45 , 1.91) 0.65 (0.62 , 0.68) 0.61 (0.57 , 0.65) 

2008262 0.29 (0.27 , 0.32) 0.31 (0.28 , 0.33) 2.28 (2.03 , 2.55) 1.71 (1.46 , 1.97) 0.69 (0.66 , 0.72) 0.61 (0.57 , 0.65) 

2008187 0.28 (0.26 , 0.30) 0.30 (0.27 , 0.32) 2.23 (1.98 , 2.50) 1.78 (1.55 , 2.01) 0.68 (0.65 , 0.71) 0.63 (0.59 , 0.66) 

2008051 0.32 (0.29 , 0.34) 0.33 (0.30 , 0.36) 1.98 (1.74 , 2.23) 1.74 (1.49 , 2.00) 0.65 (0.62 , 0.68) 0.62 (0.58 , 0.66) 

2008198 0.30 (0.28 , 0.33) 0.32 (0.29 , 0.34) 2.13 (1.89 , 2.39) 1.85 (1.62 , 2.09) 0.67 (0.64 , 0.70) 0.64 (0.60 , 0.67) 

2008054 0.28 (0.26 , 0.30) 0.31 (0.29 , 0.34) 2.22 (2.01 , 2.44) 1.62 (1.41 , 1.83) 0.68 (0.66 , 0.71) 0.59 (0.56 , 0.62) 

2008244 0.28 (0.26 , 0.30) 0.31 (0.29 , 0.34) 2.27 (2.05 , 2.50) 1.71 (1.49 , 1.95) 0.68 (0.66 , 0.71) 0.61 (0.57 , 0.65) 

2008177 0.29 (0.26 , 0.32) 0.29 (0.26 , 0.31) 2.16 (1.90 , 2.44) 1.53 (1.31 , 1.75) 0.67 (0.64 , 0.71) 0.58 (0.55 , 0.62) 

2008117 0.34 (0.31 , 0.36) 0.36 (0.34 , 0.39) 2.28 (2.04 , 2.53) 1.79 (1.58 , 2.01) 0.69 (0.66 , 0.71) 0.63 (0.60 , 0.67) 

2008016 0.27 (0.25 , 0.29) 0.31 (0.29 , 0.34) 1.75 (1.57 , 1.95) 1.74 (1.52 , 1.98) 0.62 (0.60 , 0.64) 0.62 (0.58 , 0.66) 

2008267 0.26 (0.24 , 0.28) 0.32 (0.30 , 0.35) 2.22 (1.97 , 2.49) 1.92 (1.69 , 2.16) 0.68 (0.65 , 0.71) 0.64 (0.61 , 0.68) 

2008040 0.30 (0.27 , 0.33) 0.33 (0.30 , 0.36) 2.35 (2.08 , 2.65) 1.92 (1.67 , 2.19) 0.69 (0.66 , 0.72) 0.64 (0.60 , 0.68) 
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Family 

cohumulone  

(% of α-acid) 

cohumulone  

(% of α-acid) 
α-acid:β-acid α-acid:β-acid α-acid:total resin α-acid:total resin 

16 months  * 28 months  * 16 months  * 28 months  * 16 months  * 28 months  * 

2008218 0.27 (0.25 , 0.29) 0.31 (0.29 , 0.33) 2.42 (2.19 , 2.66) 2.07 (1.83 , 2.31) 0.70 (0.67 , 0.73) 0.66 (0.62 , 0.70) 

2008070 0.28 (0.26 , 0.31) 0.24 (0.21 , 0.26) 1.93 (1.70 , 2.18) 1.87 (1.61 , 2.13) 0.64 (0.61 , 0.67) 0.64 (0.59 , 0.68) 

2008102 0.30 (0.28 , 0.33) 0.32 (0.30 , 0.35) 2.19 (1.93 , 2.48) 1.72 (1.49 , 1.95) 0.68 (0.65 , 0.71) 0.62 (0.58 , 0.66) 

2008078 0.28 (0.25 , 0.31) 0.34 (0.31 , 0.37) 2.20 (1.93 , 2.48) 1.66 (1.41 , 1.91) 0.68 (0.64 , 0.71) 0.61 (0.57 , 0.65) 

2008074 0.28 (0.26 , 0.30) 0.30 (0.28 , 0.32) 2.30 (2.08 , 2.54) 2.07 (1.85 , 2.30) 0.69 (0.66 , 0.72) 0.66 (0.63 , 0.70) 
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APPENDIX 4.3 Genetic and phenotypic correlations between growing seasons in which 

the quantitative genetic analysis was conducted 

 
Appendix 4.3 Genetic and phenotypic correlations between the two growing seasons in which hop cone 

chemical traits and plant growth traits were assessed.  The standard error of each correlation is given.  

Correlations statistically different from zero (P < 0.05) are shown in bold.  a. refers to cone chemical traits, 

which were all measured at 16 months (season 1) and 28 months (season 2) after the trial was planted.  b. refers 

to plant growth traits.  The traits number of shoots and length of longest shoot were assessed 11 months (season 

1) and 24 months (season 2) after the trial was planted.  The trait height (at flower initiation) was assessed at 13 

months (season 1) and 25 months (season 2) after the trial was planted.  The traits height (at cone maturity), 

height to the cones and lateral length were assessed at 16 months (season 1) and 28 months (season 2) after the 

trial was planted. 

 

a. 

 

 Genetic correlations Phenotypic correlations 

α-acid 1.00 + 0.24 0.61 + 0.07 

β-acid 0.99 + 0.09 0.85 + 0.02 

cohumulone (% of α-acid) 0.99 + 0.10 0.86 + 0.02 

α-acid:β-acid 0.97 + 0.12 0.81 + 0.03 

α-acid:total resin 0.95 + 0.09 0.86 + 0.02 

 

b. 

 

 Genetic correlations Phenotypic correlations 

number of shoots 0.80 + 0.12 0.42 + 0.03 

length of the longest shoot 0.78 + 0.15 0.40 + 0.03 

height (at flower initiation) 0.94 + 0.12 0.45 + 0.03 

height (at cone maturity) 1.00 + 0.01 1.00 + 0.01 

height to the cones 1.00 + 0.28 1.00 + 0.02 

lateral length 1.00 + 0.03 0.69 + 0.03 
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APPENDIX 4.4 Quantitative genetic parameters calculated for hop in this study compared to results of previous studies 

 
Appendix 4.4 Comparisons between the results of this study and results of previous studies for estimates of quantitative genetic parameters of hop cone chemical traits and yield.  a. 

refers to the number of families and estimates of narrow-sense heritability calculated for cone chemical traits and yield.  The values reported from this study are averages of data 

from two seasons for cone chemical traits and one season for yield.  b. refers to additive genetic correlations between the traits α-acid, β-acid and cone yield from previous studies of 

hop, compared to the values determined in this study.  Correlations statistically different from zero (P < 0.05) are shown in bold. 

 

a. 

 

Study n families cohumulone colupulone α-acid β-acid α-acid:β-acid yield 

This study
 

107-108 0.23 0.18 0.22 0.18 0.21 0.00 

Henning et al. (2005) 25 0.87 0.89 0.76 0.57 - 0.71 

Murakami (1999) 12 - - 0.50 0.75 0.00 - 

Henning et al. (1997a) 14 - - 0.88 0.35 - 0.20 

    
b. 

 

Study α-acid x β-acid α-acid x yield β-acid x yield 

This study – season 1
 

0.48 - - 

This study – season 2
 

-0.08 -0.93 -0.63 

Henning et al. (2005) 0.71 0.28 0.73 

Murakami (1999) - - - 

Henning et al. (1997a) -0.42 -0.66 0.84 

Henning et al. (1997b) -0.74 -0.12 0.04 
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APPENDIX 5.1 Genetic sequence for the sex-linked microsatellite marker HLAGA7 

 
Appendix 5.1 The genetic sequence of the sex-linked microsatellite marker HLAGA7, verified in three 

pedigrees and diverse environments as being completely linked to the male sex. 

  

>ENA|EF175945|EF175945.1 Humulus lupulus microsatellite HLAGA7 sequence. 

 
TCCAAGTCTCTCAATTAGGAATTCTACATCCTCTTCTTCATTTACATTCTTCATTTCCAA 

TTCTTTCAATTTGGGCAAAGGTGAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAA 

GAAGAAGAAGAAGAAGAATAAGAAGAAGAAGAAGAAGAGGATGCTTTTGATGTTGATGAT 

CCTACATAATTCCTCATCATTACTGCTTGT 

 

Jakse J., Stajner N., Kozjak P., Cerenak A., Javornik B. Submitted (10-DEC-2006) to the International 

Nucleotide Sequence Database Collaboration (INSDC). Agronomy Department, University of Ljubljana, 

Biotechnical faculty, Jamnikarjeva 101, Ljubljana SI-1000, Slovenia. 


