EPIDEMIOLOGY OF VIRUSES

INFECTING HOP (Huwmulus lupulus1..)

IN AUSTRALIA

Sarah Jane Pethybridge

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

University of Tasmania, Hobart, Australia

May, 2000



Autherity ef Access

This thesis may be made available for loan and limited copying

in accordance with the Copyright Act, 1968.




This thesis contains no material which has been accepted for the award of any other
higher degree or diploma in any University, and to the best of my knowledge contains

no paraphrase of material written or published by any other person except where due

reference is made in the text of this thesis.

Sarah Jane Pethybridge
University of Tasmania
Hobart, Tasmania, Australia
May, 2000



List of Tables
List of Figures

List of Plates

List of Equations

1

4

12

38

46

TABLE OF CONTENTS

Acknowledgments

Abstract

Introduction

1.1.

11
14
18
24
2
83
34

1.2.

39
40
41
44

45

1.3.

47

50

CHAPTER ONE - LITERATURE REVIEW

Hops

1.1.1. Botany

1.1.2. Hop production in Australia

1.1.3. Hop cultivation

1.1.4. Hop harvesting and processing

1.1.5. Hop chemistry

1.1.6. Analytical methods for hop quality

1.1.7. Hop cultivars and breeding programmes

Carlaviruses

1.2.1. Hop latent virus

1.2.2. Hop mosaic virus

1.2.3. Transmission of carlaviruses in commercial hop gardens

1.2.4. Spatial pattern of carlavirus epidemics in
commercial hop gardens

1.2.5. Carlavirus strains infecting hop

Ilarviruses

1.3.1. Serological relationships between ilarviruses in
subgroup III

1.3.2. PNRSV isolates infecting Prunus spp.



61

73

96

111

51
52
54
55
57

1.4.

61
62
65
67
70
70
71
72
72
72

1.5.

73
77
79
81
82
92

1.6.

96
99

1.47.

112
113
114
114
115
116

1.3.3. Transmission of PNRSV between Prunus spp. trees

1.3.4. Control of PNRSV in Prunus spp.

1.3.5. PNRSV isolates infecting hop

1.3.6. Spread of PNRSV in commercial hop gardens

1.3.7. Incidence and spread of PNRSV in commercial hop
gardens

@ther viruses and vireids infecting heps

1.4.1. American hop latent virus

1.4.2. Arabis mosaic virus

1.4.3. Hop stunt viroid

1.4.4. Hop latent viroid

1.4.5. Humulus japonicus virus

1.4.6. Tobacco necrosis virus

1.4.7. Cucumber mosaic virus

1.4.7. Strawberry latent ringspot virus
1.4.7. “H-246" hop virus

1.4.8. Miscellaneous exotic virus reports

Diagnestic techniques fer hep viruses

Biological methods

Serological methods

Serological based precipitin reactions
Immunoelectron microscopy
Enzyme-linked immunosorbent assay
Nucleic acid based methods

L hunn

P Pk Prh ek P P
A B W=

Viral epidemielegy

1.6.1. Principles of pathogen spread
1.6.2. Spatial analysis of discrete data

Effects of viruses en yield and quality ef hep cultivars

1.7.1. United Kingdom

1.7.2. Germany

1.7.3. United States of America (U.S.A))

1.7.4. New Zealand

1.7.5. Australia

1.7.6. Difficulties of examining the effects of viruses on hop
production



CHAPTER TWO - VIRUS INCIDENCE IN AUSTRALIAN HOP GARDENS

119 2.1. Introduction
122  2.2. Materials and Methods
128 2.3. Results

136 2.4. Discussion

CHAPTER THREE - SPATIAL PATTERNS OF VIRAL EPIDEMICS

IN AUSTRALIAN HOP GARDENS

143  3.1. Introduction
146  3.2. Materials and Methods
152 2j Results

200 3.4. Discussion

CHAPTERFOUR - MECHANISMS OF SPREAD OF PNRSV

INAUSTRALIAN HOP GARDENS

205 4.1. Introduction
207 4.2. Materials and Methods
220 4.3. Results

243 4.4, Discussion



VOLUME TWO

CHAPTER FIVE - DETECTION OF PNRSYV IN

AUSTRALIAN HOP CULTIVARS

249 5.1 Introduction
251 5.2. Materials and Methods
256 5.3. Results

285 5.4. Discussion

CHAPTER SIX —EFFECT OF VIRUSES ON YIELD AND QUALITY

OF HOP CULTIVARS IN AUSTRALIA

290 6.1. Introduction
292  6.2. Materials and Methods
302 6.3 Results

336 6.4. Discussion



CHAPTER SEVEN - INTERACTIONS OF PLANT VIRUSES AFFECTING

COMMERCIAL HOP GARDENS IN AUSTRALIA

340 7.1. Introduction
342 7.2. Materials and Methods
347 7.3. Results

362 7.4. Discussion

366 8. DISCUSSION

M2 9. SUGGESTIONS FORFURTHER STUDIES

372 9.1.  Effectof viruses on yield and quality

373 9.2, Transmission of PNRSV in hop

376  9.3.  Carlavirus spread

377 9.4. Role of viroid pathogens

378 10. REFERENCES

400 11. Appendices

400  Appendix 1: Immunoglobulin Purification and Enzyme
Conjugation

403  Appendix 2: Serological Testing

407  Appendix 3 (1 - 12): Spatial analysis of viral epidemics in
Australian hop gardens.

435  Appendix 4: Propagation and Mechanical Inoculation

438  Appendix 5 (1 - 9): Standardised absorbance reactions to antisera.



ACKNOWLEDGEMENTS

I would like to thank the Australian Research Council for financial support and
Australian Hop Marketers for their financial and generous in-kind support during this
project, including provision and management of field sites, help with sample collection,
analysis of bittering compounds, and providing survey data prior to 1996. Thanks for
financial support is also extended to the Young Australian of the Year Awards, the
Queen’s Trust of Australia, the International Society of Plant Pathology, the American
Society of Plant Pathology, and the Rural Industries Research and Development
Corporation which has allowed me to present this work at several international

conferences and form important links with scientists overseas.

I would like to especially thank Ms. Leanne Sherriff of Australian Hop Marketers, for her
help with all aspects of this work, including bittering compound analysis, harvest of the

yield trial, and for making data and sample collection so entertaining.

I would like to thank Mr Darby Munro, Mr Peter Cross, and the late Mrs Margaret
Stroman, Department of Primary Industries, Water, and Environment of Tasmania for
their training in serological techniques. Thanks is also extended to Ms. Lisa Gibson, Mrs
Diana Munro, and Mr Wayne Williams, Department of Primary Industries, Water and
Environment of Tasmania for their help with the taming of potted hops and glasshouse

trials.



I am grateful to Dr Des Barbara, Horticultural Research International, United Kingdom,
and Dr Robert Klein and Dr Mark Nelson, Washington State University at Prosser,
United States of America (U.S.A.) for their generous gifting of antisera and their valuable
contributions to the direction of my research. Valuable virology discussions were also
held with Dr Ame Eppler, Germany, and Dr Jaroslav Polak, Research Institute of Crop
Production, Czech Republic. Special thanks to Dr Jerry Uyemoto, University of

California at Davis, U.S.A., for advice and encouragement.

Thanks to Dr Scot Nelson, Co-operative Extension Service, Hawaii, U.S.A., Professor
Larry Madden, Ohio State University, and Dr Frank Ferrandino, The Connecticut
Agricultural Experiment Station, U.S.A., for their invaluable advice on spatial analysis.
Special thanks to Dr Frank Ferrandino for his patience and time spent reprogramming
“2DCORR’, for putting up with me asking silly questions in Connecticut twice this year,
and fostering my interest in spatial and temporal analysis. Thanks also to Dr Ferrandino
for the production of many inspiring pearls of wisdom, such as “beware people who
sound like they know everything, ...., the buming need to endlessly re-explain are the
surest sign of true genius”. Without the help of Dr Ferrandino this thesis would be

considerably smaller.

Thanks is also extended to Mr Bruce McCorkell, Department of Primary Industries,
Water and Environment, Tasmania for his ability to statistically analyse copious

quantities of unbalanced, unorthogonal data.



[ would like to thank my supervisors, Mr Grey Leggett, Australian Hop Marketers, for his
continual support and invaluable help, and my long suffering university supervisor, Dr
Calum Wilson for his patience, direction, and mentoring which inspired me to pursue a

career in disease epidemiology.

Special thanks to my friends, especially Lisa Gibson, Susan Archer, Kim Manton, and
Annette Blanchfield for their entertainment in the laboratory through long hours of
sample grinding, my family for their endurance (yes, I have finally finished studying, you
can retire now!), and most of all my husband, Frank Hay for his advice, care, help in

editing this thesis, washing dishes whilst I “wrote my thesis”, love, and support.



ABSTRACT

The objectives of this study were to quantify the rate and means of spread of hop mosaic
carlavirus (HpMV), hop latent carlavirus (HpLV), and Prunus necrotic ringspot
ilarvirus, apple (PNRSV-A) and intermediate (PNRSV-I) serotypes in Australian-bred
cultivars of hop (Humwulus lupulus L.), and to determine if viruses posed a significant

constraint to the yield and quality of hop products from these cultivars.

Significant reductions in yield and levels of brewing organic acids were associated with
virus infection in 'Opal’ and ‘Pride of Ringwood’. Infection by HpLV + HpMV +
PNRSV-A and HpLV + HpMV + PNRSV-], had the most significant impact on yield and
levels of bittering compounds in ‘Opal’. Yield of cones (ripe flowers) was reduced by 48
%, and 53 %, respectively, alpha acid content by 23 %, and 33 %, respectively, beta acid
content by 15 % and 14 %, and the alpha to beta acid ratio by 35 % and 41 %,
respectively. Infection by HpMV and PNRSV-I had the most significant impact on yield
of cones and levels of bittering compounds in ‘Pride of Ringwood’. Yield of cones was
reduced by 55 % and 51 % respectively, and alpha acid content by 19 % and 15 %,
respectively. Virus infection in ‘Pride of Ringwood’ caused no significant reduction in
beta acid content. No significant reductions in yield of cones and levels of brewing
organic acids were associated with viruses or combinations of viruses in ‘Victoria’, or

from infection by HpLV, HpMV, PNRSV-I, and HpLV + PNRSV-I in ‘Nugget’.



Significant differences in virus incidence were consistently demonstrated between
cultivars. ‘Victoria’ gardens planted with elite (virus-tested) material became almost
totally re-infected with PNRSV within eight years. Mechanical inoculation of PNRSV
into a range of hop cultivars suggested ‘Victoria’ was more susceptible than traditional
ones. In contrast, the spread rate of HpLV, HpMV, and PNRSV was consistently slower
in ‘Opal’ gardens, and this was found to be the most field resistant cultivar to infection by

all three viruses.

PNRSV was detected by double antibody sandwich enzyme-linked immunosorbent assay
(DAS-ELISA) in chronically infected ‘Victoria’ plants throughout the growing season.
Testing of a range of tissues from ‘Victoria’ plants suggested a symmetrical distribution
of PNRSV within the plant. Similar testing of ‘Nugget’, ‘Pride of Ringwood’, and ‘Opal’
plants suggested an asymmetrical distribution of PNRSV within the plant. The longer
period of elevated virus levels in all tissues in ‘Victoria’ may increase the probability of
virus transmission and be responsible for the accelerated transmission of PNRSV in this
cultivar. The asymmetric virus distribution in ‘Nugget’, ‘Pride of Ringwood’, and ‘Opal’
suggested that accurate virus testing relies upon sampling from several bines from each

string.

Spatial analysis of PNRSV epidemics by ordinary run and radial correlation analyses in
‘Victoria’ gardens in Myrtleford, Victoria and Bushy Park, Tasmania associated PNRSV
transmission with mechanical mowing of basal growth. Transmission was reduced in

field trials by preventing basal growth contact between infected and virus-free plants



along rows early in the season. This demonstrated that plant contact early in the season
increases the probability of transmitting PNRSV to virus-free plants by decreasing the
distance infective virions have to travel to infect new plants. Glasshouse trials also
confirmed PNRSV to be transmitted by contact and simulated slashing between infected
and virus-free plants. Root grafting was also successful at transmitting PNRSV between
infected and virus-free plants. The presence of root grafts in Tasmanian hop gardens was
suggested by injection of the translocatable herbicide marker, glyphosate. However,
quantification of the extent to which root grafts contribute to transmission of all three

viruses requires further work.

Spatial analysis of carlavirus epidemics showed different distributions between
‘Victoria’ gardens in Myrtleford and Bushy Park. Random distributions of both HpLV
and HpMV at Myrtleford suggested transmission by alatae aphid vectors. Autocorrelated
along row distributions of both viruses at Bushy Park suggested transmission by either
mechanical transmission through basal growth mowing, and/or aphid vectors (alatae or
apterous) directed along rows from basal growth bridges formed through basal growth
mowing between rows. A significant positive association between HpLV and HpMV
was consistently demonstrated in several cultivars. This may suggest transmission by
common aphid vector species, transencapsidation, or the possibility that infection by one

virus makes the plant more susceptible to infection by the other.



In most hop cultivars grown in Australia the slow rate of virus transmission and
significant effect of some viruses on yield of cones and levels of brewing organic acids
suggested the continued use of a virus certification scheme for planting stock is
warranted. However, in ‘Victoria’, the usefulness of certification schemes is uncertain

because of the rapid spread of viruses in this cultivar and its tolerance to infection.





