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CHAPTER FIVE

DETECTION OF PNRSV IN AUSTRALIAN HOP CULTIVARS

5.1. INTRODUCTION

Viruses infecting hops in Australia are potential causes of significant reductions in yield
and levels of bittering compounds (chapter one). To aid in control, these viruses must be
accurately and rapidly identified to ensure the continued production -of high yields and

quality hop products.

Traditional methods of virus detection, such as mechanical inoculation to herbaceous
indicator species, are unreliable without the use of purified preparations. In addition,
there is often a significant delay between time of inoculation and symptom expression,
which is often inconspicuous. Indexing is a commonly used technique for the detection of
PNRSV-C in Prunus spp. Graft inoculation of infected samples to P. serrulata Lindl
(shirofugen flowering cherry) results in the development of characteristic tissue necrosis
symptoms. It is unknown whether P. serrulata is sensitive to the PNRSV serotypes
infecting hop. Immunological detection by ELISA (Clark and Adams, 1977) continues to
be considered the most convenient and sensitive method for the routine detection of
viruses infecting hop (Thresh et al., 1977). This technique has made possible the rapid
screening of mother plants prior to propagation and has provided a valuable tool for
researchers studying the aetiology and epidemiology of hop viruses. The uptake of more

recently developed nucleic acid based methods for the detection of viruses infecting hops
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has been slowed by the lack of sequence information and expertise to handle nucleic acid

extracts efficiently for routine screening, added cost, and they are more labour intensive.

Optimisation of ELISA for the detection of viruses infecting hop cultivars requires a
detailed knowledge of fluctuations in virus titre throughout the growing season, relative
levels in a range of tissues in chronically infected plants, and the variation in serological

reactions within viruses.

To date, two serotypes of PNRSV have been identified infecting hops throughout the
world (Bock, 1967; Thresh et al., 1977). The apple (PNRSV-A) serotype is identical to
apple mosaic virus (ApMV), found infecting Malus spp. The intermediate (PNRSV-I), or
hop serotype is related to both ApMV, and the PNRSV cherry serotype infecting Prunus
spp. (PNRSV-C) (Fulton, 1970; Barbara et al., 1978), but more closely related to the
former (Ong and Mink, 1989; Crosslin and Mink, 1992; Klein and Husfloen, 1995).

Several studies have shown the highest virus titres to occur in young hop shoots early in
the season, and consequently virus testing was more reliable using succulent tissue
following emergence (Thresh and Ormerod, 1974; Thresh, et al., 1977, Anonymous,
1980). PNRSV has also been detected in hop roots and rhizomes with comparable
reliability to young leaves (Anonymous, 1980). However, changes in virus titre

throughout the season are likely to be cultivar specific and influenced by local climate.
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The objective of this study was to determine which serotypes of PNRSV infected hop
cultivars in commercial Australian gardens, and the most suitable time and types of tissue

for detection of PNRSV by ELISA.

5.2. MATERIALS AND METHODS

Detection of PNRSV (A & I) was by DAS-ELISA (Appendix 2). Absorbance values
from different microtitre plates were compared by standardisation to a common positive
control. The positive control (dried infected leaves of Cucumis sativus) was kindly
supplied by Dr. D.J. Barbara, HRI, UK, and was used to develop a standard curve for
each antiserum (absorbance values at exponentially increasing dilutions from 1:10 to
1:1280, and subsequently used on each plate. The shape of the standard curve for each

antiserum, was examined to determine whether data transformation was necessary.

PNRSYV serotype survey

The incidence and serological variation within PNRSV serotypes in a range of cultivars
at two commercial hop farms in Tasmania and one in Victoria, Australia was

investigated.

Blocks one and two were planted in 1989 and 1994 respectively, with virus tested
material of ‘Victoria’. Block one (#=1275) was situated at Bushy Park and block two
(n=500) at Myrtleford (chapter two). Block three was a cultivar x row spacing trial

situated at Bushy Park, Tasmania. It was planted in 1989 with virus tested material of
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cultivars ‘T11°, ‘Opal’, ‘T25’, and “Victoria’ (#>700 for each cultivar). “T25’ was not
tested as a significant but unknown proportion of the planting material was infected by

PNRSV through propagation.

Block four was a cultivar collection block (#=99), also situated at Bushy Park, consisting
of cultivars of varying ages bred in Australia and overseas. The virus status of the
material at planting was unknown. Surveys were also conducted in gardens of ‘Pride of
Ringwood’ (»=20), ‘Victoria’ (n=20), ‘Tettnang’ (n=20), and ‘Nugget’ (»=20), ranging
between seven and twenty years in age, at Forrester River hop farms (FRF) in north east
Tasmania. Two further gardens of ‘Pride of Ringwood’ (n=40 at each site) and one
‘Victoria’ (n=40) were also sampled. These gardens were situated on private properties,
also in north east Tasmania (X and Y). They were selected as the oldest ‘Pride of
Ringwood’ gardens (planted in 1970’s) in Tasmania, and considered most likely to be
infected by a wide range of PNRSV serotypes.

Young leaves from individual plants in blocks one and three were collected in the spring
of 1997, and in block two in the spring of 1998. Dormant buds from individual plants in
block four, and gardens in north east Tasmania were collected in mid-winter of 1997.
Dormant buds were tested by ELISA for PNRSV (A & I) (Appendix 2) concurrently
using antisera to PNRSV-A, PNRSV-IL, and rose mosaic virus 3 (RMV-3) (kindly
supplied by Dr. D.J. Barbara) (Appendix 2). Leaf samples (blocks one, two, and three)
were tested using antisera to PNRSV-A, and RMV-3. Plants infected by either PNRSV-

A or PNRSV-], from block one (n=100), block two (n=30), ‘T11’, “Victoria’, and ‘Opal’
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in block three (»=30 from each cultivar), and all infected plants in block four and gardens
in north east Tasmania were included in comprisons to assess serotype variation within

serotypes.

All positive samples were separated into serotypes (either PNRSV-A or PNRSV-I) by
graphical comparison of the standardised absorbance values using PNRSV-A and RMV-3
antisera. Isolates with high values (>0.450) with PNRSV-A antiserum and low values
(<0.300) with RMV-3 antiserum were considered PNRSV-A. Isolates with high values
for RMV-3 antiserum (>0.450) and low values for PNRSV-A antiserum (<0.450) were
considered PNRSV-I (Figure 5.4). The log ratio of standardised absorbance values of
reactions to PNRSV-A and RMV-3 antisera was used to differentiate positive samples
into groups. Those with ratios greater than 0.350 and less than 1.20 were considered
PNRSV-A, while those with ratios less than -0.50 and greater than -0.55 were considered
PNRSV-L The ratios in the majority of positive samples ranged between 0.450 and
Q.650, and between -0.20 and -0.30 with PNRSV-A and PNRSV-I, respectively (Figure
5.5). The mean standardised absorbance values for PNRSV-A serotypes were 0.614 -
0.825, 0.106 - 0.209, and 0.580 - 0.614 using antisera prepared against PNRSV-A,
PNRSV-], and RMV-3 respectively, while those for PNRSV-I serotypes were 0.296 -

0.424, 0.549 - 0.801, and 0.344 - 0.859.
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Reliability of PNRSYV detection

Thirty-three plants infected by PNRSV in block one in 1990 (chapter two) were selected.
Dormant buds were taken in August 1996 and from April to July the following year.
Young leaf samples from laterals were taken from August 1996 for the remainder of the
growing season, in the first week of every month. Each time, three leaf samples were
selected from bines trained upon each each string, and subsamples tested by ELISA.
After twelve months, ten plants were selected (five infected by either PNRSV serotype).
Young leaf tissue was collected from them at monthly intervals, for seven months. Each

sample was tested concurrently using both PNRSV-A and RMV-3 antisera.

Detection of PNRSYV in different tissues

Four plants each of ‘Victoria’ and ‘Opal’ infected by PNRSV (two of either serotype)
were randomly selected from block three (chapter two). Strings were divided into four

even sections (approximately 1.5 m long), and old and young leaf samples selected from

each section, prior to harvest (March, 1998).

The following season, four plants each of ‘Victoria’, and of ‘Nugget’ (two of either
serotype), two plants of ‘Pride of Ringwood’ infected with PNRSV-A, and two PNRSV-I
infected ‘Opal’ plants were arbitrarily selected from chronically infected plants in the
yield trial at Bushy Park (chapter six). Strings were divided vertically into three equal
sections (approximately 1.8 m long). Samples of old and young leaves were selected

from each section, along with four different portions of the basal growth, when plants had
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reached the top of the trellis (late December 1998). These samples were tested by ELISA

for PNRSV (A & I) (Appendix 2) concurrently using both PNRSV-A and RMV-3

antisera.

Shirofugen flowering cherry assay of PNRSV serotypes infecting hop

Budsticks (30 cm in length) were selected prior to harvest (February, 1998) from PNRSV
(A & I) infected “Victoria’ and ‘Pride of Ringwood’ plants, and plants of both cultivars
with no detectable infection by either serotype of PNRSV. Shirofugen cherry virus
indexing was conducted by Dr. Michael Barkley, New South Wales Department of
Agriculture, in Camden, New South Wales, Australia. Three chips per sample were graft
inoculated by budding onto a vigorously growing branch. After six weeks the area

surrounding the bark pieces was examined for tissue necrosis.
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5.3. RESULTS

Standard curves for PNRSV-A, PNRSV-I, and RMV-3 are in Figures 5.1 to 5.3
respectively. All ELISA absorbance values from positive field samples fell within the
linear section of the curves and therefore did not require transformation. Absorbance
values between ELISA plates were standardised by dividing each by the absorbance of

the common positive control dilution included on each plate.

PNRSYV serotype survey

In 1997, nine years after planting block one, 92 % of plants were infected by PNRSV (A
& 1), and the incidence of PNRSV-I (62 %) was double that of PNRSV- A (30 %). In
block two, four years after planting, 31 % of plants were infected by PNRSV (A & I).
The incidence of PNRSV-A was higher (19 %) than that of PNRSV-I (13 %) (chapter
two) (Table 5.1).

In cultivar ‘Opal’ in block three, the incidence of PNRSV-A (77 %) in 1996 was three
times higher than that of PNRSV-I (23 %). However, in the following year the incidence
of PNRSV-] had risen to 52 % of total PNRSV infection (11 %). In ‘T11’ at the same
site, the incidence of PNRSV-A (73 %) in 1996 was also three times higher than PNRSV -
I (28 %), and again in the following year the incidence of PNRSV-I increased giving an

incidence of PNRSV-A double that of PNRSV-I. In “Victoria’,
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Figure 5.1. Absorbance values (405nm) versus logistic dilution of PNRSV-A control using
PNRSV-A antiserum.
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Figure 5.2. Absorbance values (405nm) versus logistic dilution of PNRSV-A
control using PNRSV-I antiserum.
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Figure 5.3. Absorbance values (405nm) versus logistic dilution of PNRSV-A
control using RMV-3 antiserum.
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the incidence of PNRSV-I was consistently higher than that of PNRSV-A in both years,

with a ratio of PNRSV-A to PNRSV-I of 1:4 (Table 5.1).

Under half (44 %) of plants in the cultivar collection (block four) were infected by either
serotype of PNRSV (Table 5.1). The majority of these infections were PNRSV-I (58 %).
Surveys in hop gardens in north east Tasmania found differing levels of PNRSV
incidence. In one ‘Victoria’ garden at Forrester River Hop Farms, PNRSV-I incidence
was 70 %, however in a ‘Victoria’ garden on the property of private grower, ‘X’, only 1
% of plants were infected by PNRSV-A. A similar level of incidence (all PNRSV-A)in a
‘Pride of Ringwood’ garden at ‘X’ was also identified. In a ‘Pride of Ringwood’ garden
at the property of private grower, ‘Y’, 43 % of plants were infected by PNRSV (A & I).
The majority of these infections were PNRSV-A (82 %). A survey of gardens at
Forrester River Hop Farms found 20% of ‘Tettnang’ plants were infected by PNRSV-],
and 30 % of ‘Nugget’ plants by PNRSV (A & I). Half of the ‘Nugget’ plants were

infected by PNRSV-A and halfby PNRSV-I (Table 5.1).

The smaller absorbance values from PNRSV-A and PNRSV-] antisera, and greater values
with RMV-3 antiserum with PNRSV-I from ‘Nugget’ suggested it was serologically

different from PNRSV-I infecting other cultivars (Table 5.2; Appendices 4.1 to 4.7).
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Table 5.1. Incidence of PNRSV serotypesin a range of hop cultivars and sites.

Block Year i % Incidence Incidence of each serotype Ratio of
(Cultivar) PNRSV (A& 1) (%) PNRSV-Ato
PNRSV-A PNRSV-I PNRSV-I
1 (*Victoria’) 1996 | 1275 66 41 59 2:3
1 (‘Victoria’) | 1997 | 1275 92 32 68 1:2
2 (‘Vrtoria’) 1598 500 31 60 40 3:2
3 (“@pal’) 1596 764 5 77 23 3:1
I(@pal) | 1957 | 764 11 23 52 o1
3 (‘Vtoria’) 1596 760 65 19 81 1:4
3 (‘Vrtoria’) 1657 760 51 19 81 1:4
(TS 1996 774 14 73 27 3:1
3 (T 1997 774 17 67 33 2§11
4 (‘Museum’) 1997 69 44 43 58 253
FRF 1697 20 70 0 100 0:1
(*Vrtoria’)
X-(“Victoria’) 1997 40 | 100 0 1: 0
FRF 1697 20 20 0 100 0:1
(‘Tettnang’)
FRF 1997 20 30 50 50 1:1
(‘Nugget)
X (‘Pride 1657 40 43 82 18 S
of Ringwood’)
Y (‘Pride 1657 40 \ 100. 0 1: 0
of Ringwood’)

FRF — Forrester River Hop Farms X = private grower 1; Y = private grower 2.
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Table 5.2. Mean and standard deviation of standardised absorbarce values for randomly selected plants

infec ted by either PNRSV-A or PNRSV-I in a range of cultivars at different sites.

Plot (Cultivar) PNRSV n Mean (standard deviation) of Ayys values'
Serotype PNRSV-A PNRSV-I RMV-3
1 (*Vtoria’) PNRSV-A 100 0.62 (0.12) NA 0.20 (0.01)
1 (*Vctoria’) PNRSV -1 100 0.36(0.04) NA 0.65 (0.02)
2 (*Vrtoria’) PNRSV-A 30 0.83(0.10) NA 0.11(0.01)
2 (‘Vctoria’) PNRSV-I 30 0.41 (0.04) NA 0.75(0.02)
3 (‘@pal’) PNRSV-A 30 0.67 (0.03) NA 0.21(0.02)
3 (‘@pal’) PNRSV-I 30 0.29(0.03) NA 0.68(0.05)
3 (‘Vctoria’) PNRSV-A 30 0.81 (0.22) NA 0.15 (0.01)
3 (*Victoria’) PNRSV -1 30 0.31 (0.03) NA 0.78 (0.01)
3(TL D) PNRSV-A 30 0.76 (0.08) NA 0.19 (0.01)
3(T1) PNRSV-I 30 0.42(0.04) NA 0.78 (0.01)
4 (‘Museum’) PNRSV-A 42 0.61 (0.08) 0.61 (0.07) 0.15(0.03)
f4 (‘Museum’) PNRSV-I 42 0.29 (0.07) 0.75 (0.16) 0.55(0.17)
F RF (*Victoria’) PNRSV-I 14 0.37 (0.08) 0.77 (0.10) 0.68 (0.03)
X (*Victoria’} PNRSV-A 2 0.65 (0.04) 0.58 (0.04) 0.21 (0.01)
FRF (‘Tettnang’) PNRSV-I 4 0.42 (0.04) 0.86 (0.01) 0.78 (0.02)
FRF (‘Nugget’) PNRSV 1 6 0.28 (0.05) 0.34 (0.12) 0.80 (0.01)
X &Y (‘Pride PNRSV-A 15 0.76 (0.09) 0.57 (0.06) 0.23 (0.03)
of Ringwood’)

! values from each antiserum standardised to common positive controls (hop) on each plate.

F RF = Forrester River Hop Farms; X = private grower |; Y = private grower 2; NA —not applicable.
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Figure S.4. Standardised absorbance reactions of PNRSV infections in a range of cultivars using PNRSV-A and
RMYV-3 antisera.
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Figure 5.5. Frequency distribution of PNRSV serotypes in a range of hop cultivars.
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Reliability of PNRSYV detection

The temporal fluctuations in standardised absorbance values, corresponding to PNRSV

levels in chronically infected ‘Victoria’ plants were monitored.

Changes in the levels of PNRSV-A were consistent in all plants in 1996/97 (Figures 5.6
& 5.7). Testing with RMV-3 antiserum produced average standardised absorbance
values of 0.20 throughout the 12 month period. The levels of PNRSV-A were generally
high, and equal to levels in young leaves in early spring (September-October). PNRSV
levels in dormant buds were highest in the month following harvest (May). PNRSV
levels remained high in young leaves throughout the growing season until prior to harvest
(March), where no virus infection was detectable in some plants using PNRSV-A

antiserum (Figures 5.6 & 5.7; Appendix 5.8).

Changes in the levels of PNRSV-I were also consistent in all plants in 1996/97 (Figures
5.8 & 5.9). Minimal fluctuations in standardised absorbance values were obtained with
PNRSV-A and RMV-3 antisera. Dormant buds were also a reliable indicator of infection
by PNRSV, but a slight decline in absorbance value was observed in June and July.
Levels of PNRSV-I remained high throughout the growing season, with only a marginal
decrease prior to harvest (March-April) with RMV-3 antiserum (Figures 5.8 & 5.9;

Appendix 5.8).
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Figure 5.6. Monthly fluctuations in mean standardised absorbance reactions

(405nm) to PNRSV-A antiserum in PNRSV-A infected 'Victoria' plants at

Bushy Park in 1996/97
(bars = standard error).
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Figure 5.7. Monthly fluctuations in mean standardised
absorbance reactions (405nm) to RMV-3 antiserum in PNRSV-

A infected "Victoria' plants.
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Figure 5.8. Monthly fluctuations in mean standardised
absorbance reactions (405nm) to PNRSV-A antiserum in
PNRSV-I infected plants

(bars = standard error).
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Figure 5.9. Monthly fluctuations in mean standardised
absorbance reactions (405nm) to RMV-3 antiserum in PNRSV-
I infected 'Victoria' plants
(bars = standard error).
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Fluctuations in PNRSV levels throughout the 1997-98 growing season were consistent
with patterns in the previous season. Concurrent testing with PNRSV-A and RMV-3
antisera clearly differentiated isolates in all plants throughout the season. PNRSV levels
in young leaves throughout the growing season remained high. In two of the five plants
infected by PNRSV-A, a sharp increase in levels was detected in mid season (December)

(Figures 5.10 & 5.11; Appendix 5.9).

Detection of PNRSYV in different tissues

The relative ability to detect PNRSV in different tissues of chronically infected plants of

arange of cultivars was studied.

Samples were collected from ‘Victoria’ and ‘Opal’ plants already known to be infected
by either PNRSV-A or PNRSV-I prior to harvest in February 1997. PNRSV was
detected in all samples collected from ‘Victoria’ plants infected by either serotype.
PNRSV was detected in approximately half of samples collected from ‘Opal’ plants

infected by either serotype. No spatial pattern could be attributed to the detection of

either serotype of PNRSV in ‘Opal’ plants (Tables 5.3 & 5.4).

The following season, samples were collected from ‘Victoria’, ‘Nugget’, ‘Opal’, and
‘Pride of Ringwood’ plants infected by either PNRSV-A or PNRSV-I in December 1997
(mid-season). PNRSV was again detected in all samples collected from both ‘Victoria’

plants infected by either serotype. The detection of PNRSV-A in ‘Nugget’ plants varied
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with the position of the sample. In one plant, samples testing positive were in the upper
third of each swing. In the second plant, samples testing positive originated from the
upper third of one string, the middle third of the remaining swings, and from 75% of the
basal growth. The detection of PNRSV-I in ‘Nugget’ plants also varied with sample
position. Likewise, the detection of PNRSV-A in ‘Pride of Ringwood’ plants was also
found to be tissue dependent. In one plant, the only sample testing positive to infection
was from one portion of the basal growth, but in the second plant the only sample testing
negative to infection was from the lower third of one string. The detection of PNRSV-I
in ‘Opal’ plants also varied with sample position. In one plant, PNRSV-I was detected in
the upper third of one stwing, and the middle third of another. In another plant, PNRSV-I
was detected in the upper third of each string and in all samples taken from the basal

growth (Tables 5.5 to 5.8).
Concurrent testing of plants with antisera to PNRSV-A and RMV-3 showed that samples

from different areas of the same plant tested positive to both serotypes. All samples with

no detectable virus infection gave low readings to both antisera.
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Table 5.3. Mean standardised absorbance values for samples from various parts of ‘Victoria’ and ‘Opal’

plants in December 1996, infected by PNRSV-A and PNRSV-I, using antiserum produced against

PNRSV-A.
Plant Mean standardised absorbance values of A 45 values'
Section (PNRSV-A antiserum)
*Victoria’ ‘Victoria’ ‘Opal’ ‘Opal’
(PNRSV-A) (PNRSV-I) (PNRSV-A) (PNRSV-I)
n=2 m=2 n=2 n=2

String 1 0.71 (+) 0.39(+) 0.73 (+) 0.54 (+)
0-1.8m

String 1 0.85(+) 0.41 (+) 072 (+) 0.19 (-)
1.8-3.6m

String 1 0.78 (+) 0.42 (+) 0.13(-) 0.08 (-)
3.6-55m

String 2 0.82 (+) 0.56 (+) 0.62(+) 0.44 (+)
0-18m

String 2 0.77 (+) 0.45 (+) 0.12 (5 0.13 (-)
1.8-3.6m

String 2 . 0.79 (+) 0.37(+) 0.65(+) 0.12 (-)
3.6-5.5m

String 3 0.80 (+) 0.39(+) 0.21(-) 0.42 (+)
0-1.8m

String 3 0.82(+) 044 (+) 0.72 (+) 0.18 (~)
1.8 -3.6m

String 3 077 (+) 0.52(+) 0.63 (+) 0.54 (+)
36-55m

" values from each antiserum standardised by dividing absorbance by coinmon positive controls (hop).
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Table 5.4. Mean standardised absorbance values for samples from various parts of ‘Victoria’ and ‘Opal’

plants in February 1996, infected by PNRSV-A and PNRSV-I, using antiserum produced against

RMV-3.
Plant Mean standardised absorbance values of Ay values'
Section (RMV-3 antiserum)
‘Victori 2’ ‘Victori 2’ ‘Opal® ‘Opal’
(PNRSV-A) (PNRSV-I) (PNRSV-A) (PNRSV-I)
n=2 n=2 n=2 p=2
String 1 0.09 (-) 0.79 (+) 0.18 (-) 0.75 (+)
0-18m
String 1 0.10 (-) 0.81 (+) 0.19 (-) 0.19 (-)
1.8—3.6m
String | 0.20 () 0.80 () 013 () 0.08 ()
36-55m
String 2 0.20 (-) 0.76 (1) 0.17 (-) 0.65 (1)
0-18m
Swing 2 0.28 (7) 0.79 () 0.16 () 0.13 (1)
1.8—-3.6m
String 2 0.23 (-) 0.77 (¥ 0.12 (-) 0.12(-)
3.6-55m
Stong 3 0.24 () 0.95 () 0.14 (<) 0.66 (+)
0-1.8m
String 3 0.25() D) 0.16 (-) 0.18 (1)
1.8-3.6m
String 3 0.21 (9 0.93 (9 0.12 () 0.62 (1)
3.6-55m

" values from each antiserum standardised by dividing absorbance by common positive controls (hop).
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Table 5.5. Mean standardised absotbance values for samples from various parts of ‘Victoria’, ‘Nugget’, and
‘Pride of Ringwood’ plants in December 1997, infected by PNRSV-A, using antiseum p nduced

against PNRSV-A,

Plant Section Mean standardised absorbance values of Ay values’
(PNRSV-A antiserumy)
‘Victoria’ | ‘Victoria’ ‘Nugget’ ‘Nugget’ ‘Pride of ‘Pride of
n=1 n=1 n=1 n=1 Ringwood’ Ringwood’
n=1 n=1

String 1 1.18 (+) 1.21 (+) 0.12 (-) 0.11(-) 1.19(+) 1.14 (+)
0-14m

String 1 0.76 (+) 1.01 (+) 0.12 (-) 0.11 (- 1.39 (%) 1.26 (+)
1.4-28m

String 1 1.17 (%) 1.23 (%) 0.45(+) 0.79 (+) 12 (+} 1.20 (+)
28-4.2m

String 1 0.89 (%) 0.99 (%) 0.12 (-) 0.11 (-) 1.36 (+) 1.19 (%)
42-55m

String 2 1.25(+) 1.05 (+) 0.12(-) 0.63 (+) 1.36 (+) 1.34 (+)
0-14m

String 2 0.79 (+) 0.87 (+) 0.45 (+) 0.13 (-) 1.23 (+) 113 (+)
1.4-28m

String 2 0.54 (+) 0.95 (+) 0.12(-) 0.11 (-} 0.99 (+) 0.25(-)
28-42m

String 2 0.90 (+) 0.89 (+) 0.12 (-) 0.67 (+) 1.10 (+) 1.28 (+)
42-55m
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String 3 1.14 (+) 1.06 (+) 0.57 (+) 0.11(-) 1.26 (+) 0.77 (+)
0-14m
String 3 L1220 T10(H) 0.11 () 0.130) BRI 124 (%)
14-2.8m
String 3 T16 (D 102 (H 011 () 0.28() ol BCIE)
28-4.2m
String 3 BCEE) 1200 0.20() 039 (9 104 (4 105 (M
4.2-55m
Basal growth | 0.74 (+) | 0.8 (+) 0.11 () 0.45 (%) 0.14 (-) 0.93 (1)
south
Basal growth | 0.78 (V) | 0.74 (1) 056(1) | 0.47(H TWRRE] 0.16 ()
north
Basal gowth | 0.79 (1) | 087 (+) 0.12() 0.19() 0.19 () 023 ()
east
Basal growth | 0.85 (+) | 0.82 (%) 0.16 () 0.23() 021 () 025()
west

-

! values from eachantiserumstandardised to common positive controls (hop) on each plate.
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Table 5.6. Mean standardised absorbance values for samples from various parts of ‘Victoria’, ‘Nugget’,

and ‘Pride of Ringwood’ plants in December 1997, infected by PNRSV-A, using antiserum

produced against RMV-3.

Plant Mean standardised absorbance values of A 45 values'
Section (RMV-3 antiserum)
‘Victoria’ ‘Victoria’ ‘Nugget’ ‘Nugget’ ‘Pride of ‘Pride of
n=1 n=1 n=1 n=1 Ringwood’ Ringwood’
n=1 n=1

String 1 0.10 (-) 0.20 (-) 0.12(-) 0.11 () 0.12(-) 0.16 (-)
0-14m

String 1 0.14 (-) 0.09 (-) 0.12 0.11(-) 0.11(-) 012 (-)
14-28m

String 1 0.14 (-) 0.09 (-) 0.13 0.16 (-) 0.13 (-) 0.14 ()
28 -42m

String 1 0.11(-) 0.08 (-) 0.12 (-) 0.11 () 0.15(-) 0.15 ()
42-55m

String 2 0.19 (-) 0.16 (-) 0.12(-) 0.19 () 0.16 () 0.16 (-)
0-1.4m

String 2 0.16 (-) 0.17(-) 0.16 () 0.13 (-) 0.12(-) 0.15(-)
1.4-28m

String 2 0.16 (-) 0.19 () 0.12(-) 0.11 () 0.09 (-) 0.20(-)
28-42m

String 2 0.12 (1) 0.20 (-) 0.12(-) 0.18 (-) 0.19 () 0.13 (-)
42-55m

String 3 0.15(-) 0.18(5) 0.19(-) 0.11 (-) 0.15 (-) 0.14 (-)
0-14m
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String 3 0.15() 0.17() 011 () 0.13 () 0.17 (9 0.14 (9
14-28m
String 3 0.14 () 020(-) 011 (") 0.14 (5 0.18 () 0.19(9)
2.8-4.2m
String 3 0.14 (3 021 () 0.20(9) 0.15 () 0.13 (9 0.18 ()
42-55m
Basal growth | 0.14 (-) 0.19(9) 0.11(9) 0.19(-) 0.14 (1) 011 ()
south
Basal growth | 0.15 () 0.21 () 0230 025 () 024 () 021 ()
north
Basal growth | 0.16 (-) 0.23 () 0.17 () 0.18 (1) 026 (-) 0.25(-)
east
Basal growth | 0.17 (-) 0.190) 0.15 () 0.14 (9 0.16 (-) 017 ()

west

! values from each antiserum standardised to common positive (hop) controls on each plate.
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Table 5.7. Mean standardised absorbance values for samples from various parts of ‘Victoria’, ‘Nugget’,

and ‘Opal’ plants in December 1997, infected by PNRSV-I, using antiserum produced against

PNRSV-A.
Plant Section Mean standardised absorbance values of A 445 values'
(PNRSV-A antiserum)
‘Victoria’ | ‘Victoria’ ‘Nugget’ ‘Nugget’ ‘Opal’ ‘Opal’
n=1 n=1 n=1 n=1 n=1 n=1
String 1 0.434 (+) 0.52 (+) 0.34 (+) 0.30(+) 0.19 () 0.09 (-)
0-14m
String 1 0.38 (+) 0.53 (+) 0.33 (+) 0.32(+) 0.13 (-) 0.09 ()
14-28m
String 1 041 (+) 037 (4) 0.12 (-) 029 (+) 0.21(-) 042 (+)
28-42m
String 1 0.42(+) 0.38 (+) 035(+) 033(+) 0.15(-) 0.09 (-)
42-55m
String 2 0.45 (+) 0.49 (+) 0.19(-) 0.32(+) 0.16 (-) 0.09 ()
0-14m
String 2 0.46 (+) 0.35() 033(+) 0.45(+) 0.46 (+) 0.36 (+)
14-28m
String 2 0.49 (+) 041 (+) 0.41 (+) 0.34 (+) 0.13(-) 0.12 ()
28-42m
String 2 0.56 (+) 047 (+) 0.49 (+) 0.12(-) 0.39(+) 0.13 (-)
42-55m
String 3 0.52 (+) 0.41(+) 0.46 (+) 0.13(-) 0.09 (-) 0.35(+)
0-14m
String 3 0.48 (+) 0.45 (+) 0.42 (+) 0.41 (+) 0.09 (- 022 (+)
1.4-28m
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String 3 049(+) | 051 (H 039 (%) 0.10() 0.08(-) 027 (®
28-42m
String 3 055(H) | 052(H 0.12(9) 0.36 (+) 0.10() 030(+)
42-55m
Basal growth | 0.56(+) | 0.50(+) 0.11 (-) 035 (+) 0.12(9) 031 (%)
south
Basal growth | 0.55(+) | 0.57 (+) 0.14 (-) 017 () 0.17() 027 (%
north
Basal growth | 054 (+) | 0.59 (+) 0.15 () REI0) 0.18 () 021()
east
Basal growth | 0.52 (+) 0.58 (1) 0.16 (-) 0.19() 0.13 () 0.19 (9

west

! values from each antiserum standardised by common positive controls (hop).
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Table 5.8. Mean standardised absorbance values for samples from various parts of ‘Victoria’, ‘Nugget’,

and ‘Opal’ plants in December 1997, infected by PNRSV-I, using antiserum produced against

RMV-3,
Plant Mean standardised absorbance values of A ;45 values’
Section (RMYV-3 antiserum)
‘Victoria’ ‘Victoria’ ‘Nugget’ ‘Nugget’ ‘Opal’ ‘Opal’
n=1 n=1 n=1 n=1 n=1 n=1

String 1 041 (+) 043 (+) 0.53 (+) 0.59 (+) 0.12 (-) 0.16 (-)
0-14m

String 1 0.42 (+) 042 (+) 0.56 (+) 0.48 (+) 0.11 () 0.12 (-)
14-28m

String 1 0.39(+) 0.42 (+) 0.13 (-) 0.52 (+) 0.13 (-) 042 (+)
28-42m

String 1 029 (+) 0.43 (+) 0.62(+) 043 (+) 0.15(-) 0.15(-)
42-55m

String 2 041 (+) 044 (+) 0.12 (-) 0.50 (+) 0.16 (-) 0.16 ()
0-14m

Swing 2 0.49 (+) 0.46 (+) 0.65(+) 049 (+) 0.44 (+) 0.46 (+)
14-28m

String 2 032(+) 0.38 (+) 0.55(+) 0.54 (+) 0.99 (+) 0.20 ()
28-42m

String 2 0.46 (+) 0.39 (+) 0.56 (+) 0.18 (-) 0.42 (+) 0.13 (-)
42-55m

String 3 0.43 (+) 041 (+) 0.63(+) 0.11(-) 0.15(-) 044 (+)
0-14m

String 3 0.39(+) 0.40 (+) 0.61(+) 0.13 (-) 0.17 () 042 (+)
14 -28m
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String 3 0.47 (+) 0.42(+) 0.62 (+) 0.60 (+) 0.18 (-) 0.31(+)
28-42m
String 3 0.55 (1) 043 (+) 0.20() 0.63 () 0.13 (-) 037 (+)
42-55m
Basal growth | 0.56 (+) 0.43 (4) 0.19 () 062(H 015() 0.40 (+)
south
Basal growth | 0.55 (+) 0.43 (+) 0.15 () 0.17(9) 0.19 () 0.18 (9
north
Basal growth | 0.51 (+) 0.49 (1) 0.17 () 0.18 () 0.16 (1) 0.17 ()
east
Basal growth | 0.54 (+) 044 (+) TRIE 0.19(-) 0.14 () 0.37 (+)

west

! values from each antiserum standardised by common positive controls (hop).
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Shirofugen flowering cherry assay of PNRSYV serotypes infecting hop

The reaction of shirofiigen flowering cherry to PNRSV serotypes infecting hop was
investigated. After six weeks, only PNRSV-I samples from ‘Victoria’ induced tissue

necrosis (Table 5.9).

Table 5.9. Shirofugen flowering cherry assay of (‘Victoria’ and ‘Pride of Ringwood’) budsticks infected

by either PNRSV-A or PNRSV-I.

Cultivar (PNRSYV serotype) Shirofugen Index’
‘Victoria’ (PNRSV-A) Negative
‘Victoria’ (PNRSV-A) Negative
‘Victoria’ (PNRSV-I) Positive
‘Victoria’ (PNRSV-I) Positive

‘Pride of Ringwood’ (PNRSV-A) Negative

‘ Pride of Ringwood’ (PNRSV-A) Negative

©  ‘Pride of Ringwood’ (PNRSV-I) Negative
‘Pride of Ringwood’ (PNRSV-I) Negative
‘Victoria’ (virus free) Negative
‘Victoria’ (virus free) Negative

‘Pride of Ringwood’ (virus free) Negative
‘Pride of Ringwood’ (virus free) Negative

! Samples testing positive to shirofugen assay produced a necrotic reaction in tissue surrounding budchips.
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5.4. DISCUSSION

This study focussed on optimising the ELISA procedure for routine diagnosis of PNRSV,
by characterising sample variation within serotypes, temporal fluctuations in virus levels,

and the relative efficiencies of virus detection in various tissues.

The relative incidence of PNRSV-A and PNRSV-I serotypes within gardens varied with
cultivar and site, (e.g. the difference in the infection ratios of PNRSV-A to PNRSV-I
between ‘Victoria’ gardens). Differences in the spread of either serotype may rely upon
several factors including a) inoculum load, b) the initial inoculum assuming a certain
percentage of the planting material was infected, c) local climatic effects influencing
plant vigour and hence susceptibility to virus infection, d) cultural practices influencing
the mode of virus transmission (chapter three), and e) the spatial arrangements of
particular serotypes which may exclude spread by the other serotype or particular strains
of each serotype. All positive samples were clearly separated into either PNRSV-A or
PNRSV-I serotypes. PNRSV-A samples reacted strongly to PNRSV-A antiserum,
weakly to PNRSV-I antiserum, and failed to react to RMV-3 antiserum. PNRSV-I
samples reacted weakly to PNRSV-A antiserum, and strongly with PNRSV-I and RMV-3
antiserum. PNRSV-C samples would have reacted swongly to RMV-3 and failed to react
to the PNRSV-A and PNRSV-I antiserum. The only serological variation to this pattem
was with PNRSV-I infected samples from ‘Nugget’ plants in gardens in the north east of

Tasmania. These gave no reaction to PNRSV-A antiserum, a relatively weak reaction
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with PNRSV-I antiserum and a swong reaction to RMV-3 antiserum. Further surveys of

‘Nugget’ gardens are required to determine the extent of is serological variation.

Some PNRSV-A and PNRSV-I reactions to PNRSV-A antiserum overlapped at the lower
end of the PNRSV-A group. Concurrent testing with RMV-3 was essential for the
differentiation of these isolates into serotypes. Therefore, for the routine detection of
PNRSV infection by either serotype, testing with PNRSV-A antisera would be suitable.
Aetiological and epidemiological studies necessitating the differentiation of serotypes
would require concurrent testing with at least one other antiserum able to detect PNRSV-
[ Antiserum to RMV-3 was selected as the most suitable for concurrent use in further
studies (chapter two) because of its failure to react to PNRSV-A, providing an easy
method for determining whether weaker reactions to PNRSV-A antisera resulted from

lower virus titre or serological differences.

The'presence of mixed infections of PNRSV-A and PNRSV-I within a plant still cannot
be resolved by serological testing using currently available antisera. Nucleic acid based
studies rely upon the provision of sequence information for PNRSV-I. Probes designed
specifically to target sequences unique to the individual serotypes would aid in the
determination of mixed infections in the field. Nucleic acid based methods would also be
usefial in studying variation within serotypes for the preliminary identification of strain

variants.
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PNRSV was detected in all samples from ‘Victoria’ plants tested over a period of 20
months. Dormant buds were a reliable indicator of PNRSV infection. However, the need
to dig up buds using clean blades in between each plant to prevent possible cross-
contamination reduced the number of plants easily sampled. PNRSV was successfully
detected in young leaves sampled throughout the season, despite a marginal decline in
virus titre prior to harvest (march). This is unlike the decline in virus titre after mid-
season (late December), in ‘Pride of Ringwood’, which made virus detection less reliable
(D. Munro, pers. comm.). However, studies on cultivars grown in the United Kingdom
(Thresh et al., 1977) and New Zealand (F. Hay, pers. comm.) were equally successful in

detecting PNRSV infection early and late in the season.

The ability to detect PNRSV reliably in different tissues varied with cultivar. PNRSV-A
and PNRSV-I were detected in all tissues at various positions around chronically infected
(infection detected the previous year) ‘Victoria’ plants, suggesting a symmetrical virus
distlfibution within the plant. In chronically infected ‘Nugget’, ‘Pride of Ringwood’, and
‘Opal’ plants, infected by either serotype, the probability of detecting infection varied
with the part of the plant sampled, suggesting an asymmetric virus distribution within the
plant. The high levels of PNRSV throughout the season and even distribution within
‘Victoria’ may influence the rate of virus spread in this cultivar, by increasing the
probability of PNRSV transmission. The asymmetric virus distributions in certain
cultivars may also explain the typically “random” appearance of PNRSV infected plants
(primary foci) in the first year following planting with virus tested material. For

example, if mother plants for propagation were selected on the basis of test results using
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only leaf samples from bines from one string, virus infection may be missed. Therefore,
a certain proportion of the cuttings taken from the mother plant may be virus infected and
planted out randomly in the field. These studies selected samples only from various zones
on strings on which various numbers of bines were wained. To investigate virus
distributions within plants in more detail, samples could be taken from specific bines. In
addition, softwood cuttings could be taken from each section and rooted plantlets tested
for virus infection following a dormancy period. This would verify that the sections with
no detectable virus infection the previous season were infected but virus titre was not

high enough for detection by ELISA or that some sections were healthy.

The PNRSV-I isolate infecting ‘Victoria’ was found to induce a tissue necrosis reaction
in shirofugen flowering cherry, similar to that induced by samples infected by PNRSV-C.
This was the first attempt at assessing the reactivity of PNRSV-I isolates to this assay and
the first incidication of a close relationship between these isolates and PNRSV-C as
suggested by immunology. The negative reaction to PNRSV-I isolates infecting ‘Pride of
Ringwood’ may suggest isolate differences among cultivars, or lower virus titre in ‘Pride
of Ringwood’ when budsticks were selected later in the season, or possibly selection of
healthy bud sticks in ‘Pride of Ringwood’ due to an asymmetric diswibution of the virus
within the source plant. Considering the biophysical and serological differences between
PNRSV-A and PNRSV-C (Ong & Mink, 1989), a negative reaction to PNRSV-A in
either cultivar was expected. Further experiments are necessary to investigate the
differences in reaction of both serotypes from different cultivars at various times

throughout the season.
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In conclusion, all PNRSV positive samples evaluated were clearly separated into either
PNRSV-A or PNRSV-I serotypes by testing with PNRSV-A, PNRSV-I, and RMV-3
antisera. The tiwve of PNRSV remained high in all tissues in “Victoria’ throughout the
season, which may confibute to increasing the probability of transmission between plants
through the aerial tissues and at least partially explain the higher incidence of plants

infected by PNRSV in this cultivar.
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CHAPTER SIX

EFFECT OF VIRUSES ON YIELD AND QUALITY

OF HOP CULTIVARS IN AUSTRALIA

6.1. INTRODUCTION

A detailed knowledge of the effect of viruses on the yield and levels of brewing acids of
individual cultivars is vital for detertnining whether infection poses a significant
constraint to Australian hop production, thereby requireing the implementation of control

measures.

All three viruses found commonly infecting commercial hop gardens in Australia, HpLV,
HpMYV, and PNRSV (A & I), (chapter two) have been reported to reduce production in at
least’ one hop cultivar overseas. PNRSV is the most damaging virus because it has been
found to significantly reduce production and quality of hop cultivars grown in the United
Kingdom (Neve and Thresh, 1984). Infection by PNRSV has also been associated with
significant reductions in cone yield and alpha acid content in cultivars in Germany
(‘Northemn Brewer’) (Krembheller et al., 1988), the U.S.A. (‘Chinook’) (Probasco and
Murphey, 1996), and New Zealand (‘Superalpha’) (Hay et «/., 1992). HpMYV has been
reported to significantly reduce cone yields in sensitive cultivars in the United Kingdom
(e.g. ‘Goldings’), Austwalia (‘J78’), the U.S.A. (‘Chinook’) (Probasco and Murphey,

1996), and in mixed infections in New Zealand (‘Superalpha’) (Hay et al., 1992). The
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sole report associating HpLV with significant reductions in cone yields and brewing
organic acid levels is from the U.S.A. in ‘Chinook’ (Probasco and Murphey, 1996).
Mixed infections between HpLV, PNRSV, HpMV, and ArMV also significantly reduced
cone yields in cultivars grown in New Zealand (Hay et al., 1992). Significant reductions
in cone yields and alpha acid levels from virus infection have also been reported in two
traditionally grown cultivars in Australia. PNRSV was found to significantly reduce
cone yields of ‘J78°, while HpMV was associated with significant reductions in plant
vigour, cone yields, and alpha acid levels in ‘Pride of Ringwood’. Infections by PNRSV
and HpLV + PNRSV have also been reported as detrimental to hop production of this
cultivar (G. Leggett, pers. comm.). No study has been conducted to indicate whether
these viruses pose an economically-significant constraint to the production of the newer,

triploid varieties, such as ‘Victoria’.

The objective of this study was to examine the effect of HpLV, HpMV, PNRSV-A, and
PNRSV-I, and mixed infections of these viruses on the yield and brewing acid

composition in four cultivars commonly grown in Australia.
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6.2. MATERIALS AND METHODS

Propagation of planting material and trial design

Mother plants for propagation were selected from surveys in the 1995-96 season, and
potted plants infected by a variety of virus combinations, established two years
previously (1993/94) from softwood cuttings. Potted plants were grown in the
glasshouse over winter under supplementary lighting. Plants infected by the same viruses
were separated from plants infected by different combinations of viruses (HpLV, HpMV,
HpLV + PNRSV-A, HpLV + PNRSV-I, HpMV + PNRSV-A, HpMV + PNRSV-I, HpLV
+ HpMV + PNRSV-A, HpLV + HpMV + PNRSV-I). Softwood cuttings were made
from these plants throughout winter and early spring, depending upon material
availability (Appendix 4). Samples from plants selected in the field in late summer were
re-tested early the following spring to verify the virus status of plants had not altered
betwcfaen seasons. Softwood cuttings were taken from these plants in spring (Appendix 4;
Plate 6.1). Mother plants free of detectable infection by all three viruses (“virus tested”)
were selected from field plants. These plants were separated from virus infected plants
by at least two virus tested plants both along and across rows. Cuttings from virus tested
plants were despatched to a commercial company, Hills Transplants Pty. Ltd., Devonport,

Tasmania the same day for further propagation (Plate 6.2).

The effects of virus infection was studied in four economically important cultivars,

‘Opal’, ‘Pride of Ringwood’, ‘Victoria’, and ‘Nugget’. Plots contained six virus infected
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(“treatment”) plants, arranged with three plants along two rows (Plate 6.2). These were
surrounded by 24 virus free plants of the same cultivar to monitor spread in the preceding
years and to slow the rate of infection by all viruses in control plots (containing virus free
treatment plants) and other virus infected treatment plants by other viruses. A lack of
field space and the inability to identify certain virus combinations in some cultivars in the
field, made the number of replicates for each combination different and resulted in the
absence of some virus combinations. This made the trial design unbalanced and
unorthogonal. The total number of plots was 151 and the overall field size was three
hectares and was planted on 15™ October 1996. The spacing between plants, both along

and across rows, was 2.1 m.

Plant death in the first year after planting and insufficient material to plant a small
proportion of plots meant that additional propagation was required the following season.
These plants were excluded from analyses in subsequent years. Treatment plants infected
by other viruses in subsequent years were also excluded from the analyses. All other

operations (e.g. fertiliser and herbicide application) were as for a commercial hop garden.
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Plate 6.1.

Plate 6.2.

Propagation of virus infected hop softwood cuttings for inclusion in yield

trial.




Serological assessment

‘Treatment plants’ (within each plot) were tested for infection by HpLV, HpMV, and
PNRSV (A & I), in the spring of 1997 by DAS-ELISA (Appendix 1), to ensure the virus
status had not altered from that in the original planting material. Randomly selected
expanding leaves were sampled from treatment plants in each plot, and a representative
sub-sample taken for serological testing. In the spring of 1998, treatment plants were
tested for only those viruses absent the previous season to monitor virus reinfection.
Randomly selected expanding leaves were sampled from each treatment plant in the

spring of 1998, and a representative sub-sample by DAS-ELISA (Appendix 1).

Virus infection in plants within buffer rows were also monitored in 1998. Randomly
selected expanding leaves were sampled from each of six buffer plants in rows one, four,
and five, and the three buffer plants in rows two and three. Sub-samples were taken from
each bulk sample for testing by DAS-ELISA for HpLV, HpMV, and PNRSV (A & )
(Appendix 1). When virus infection was detected, young leaves were re-sampled from
individual plants and tested by DAS-ELISA. The spatial pattern of infected plants was
mapped by row and column positions (Microsoft Excel®) and virus incidence compared

between cultivars (chapter two).
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Agronomic assessments

Height of the plants within each plot was measured in the growing seasons (1*' November
1997 and 2™ November 1998). The height of all treatment plants was measured (cm) to
the highest bine on any string (Plate 6.3). The height of virus infected and virus plants
were compared in both years by analysis of variance (Genstat 5; Version 3.1). Virus

associated symptoms were also described.

Harvest

Time of harvest of ‘treatment plants’ varied with cultivar. ‘Nugget’ was the earliest
maturing cultivar and plots were harvested in early March. A maximum of seven days
separated harvest of ‘Pride of Ringwood’, ‘Victoria’, and ‘Opal’ plots in that order.
Plants were manually removed from the top of the trellis (Plate 6.4 ) and all 6 treatment
plagts from each plot were transported together to an Allaeys picking machine. The
cones were bagged and weighed using Joey Avery scales, accurate to 0.1kg. Plots were
compared on the basis of green hops per string. The majority of plots were too immature
to produce sufficient cones to harvest in 1998. Treatment plants within all plots were

harvested in 1999.
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Plate 6.3. Quantitative measurement of plant height early in season (measured to

tallest trained bine).
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Plate 6.4. Hand removal of hop plants for transport to picking machines.

e e J
A
-
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Brewing organic acid analysis

Brewing acids were extracted from 10 gm of green hops. Samples were pulverized in
100 ml toluene by ball bearings in cylinders on a mechanical rotator. After 30 minutes,
0.5 ml of the solution was made up to 20 ml with methanol in a volumetric flask. A
portion (2 ml) of this solution was then passed through a 0.45 pum filter into a high

performance liquid chromatography (HPLC) vial (L.J. Sherriff, pers. comm).

Brewing acid composition was analysed by HPLC, on a liquid chromatograph equipped
with a filter photometer at 314 nm. The column was a 150 x 4.6 mm Allsphere ODS-1,
(5 micron). The guard column was a 7.5 x 4.6 mm Allsphere ODS-1 (5 micron). Both
columns were manufactured by Alltech Associated, Inc. (Deerfield, Illinois, USA). The
mobile phase was a solution of HPLC grade methanol:distilled water, and 88 % w/w
orthophosphoric acid in the ratio of 85:15:0.25. The wash solvent was 75 % methanol
solution. Both the mobile phase and wash solvent were filtered and degassed prior to
use. An aliquot (10 pL) of sample was injected into the column at a rate of 0.55 ml min™.
Concentrations were corrected for dilution in all four components by dividing the

component concentration by the weight of the sample and multiplying by ten.

Values for samples were compared to those on a standard curve, constructed using the
ICE-1 standard (composed of known quantities of cohumulone, humulone, colupulone,
and lupulone). A known amount of the ICE-1 standard was weighed (to four decimal

places) and dissolved in 150 ml methanol. Aliquots (3 ml, 4 ml, 5 ml, 6 ml, and 7 ml)
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were then made up to 20 ml using methanol in volumetric flasks, and filtered through a

0.45 pum filter into HPLC autosampler vials (L.J. Sherriff, pers. comm.).

Statistical analyses

Agronomic assessment data able to be expressed in binary form (e.g. burr development)
were analysed by likelihood chi-square analysis. A likelihood chi-square value was
calculated for a two-way contingency table using the log-linear regression model for that
data. A significant result, determined by comparison with the chi-square distribution,
indicated dependence between the row and column classification factors of the
contingency table (e.g. that the burr development response was dependent on the type of
virus infection). Significant results were isolated by examination of the adjusted
standardised residuals for the contigency table. Residuals with an absolute value greater
than 1.96 indicated virus responses were significantly different (P=0.05) from
expectations of the null hypothesis that there were no differences between the responses
for the different virus groups (Genstat 5; Version 3.1). Continuous data (e.g. harvest and

quality results) was analysed by analysis of variance (Genstat5; Version 3.1).
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Single plant harvests

Assessments of the yield and quality of individual virus infected single “Victoria’ plants
were made in 1997. Assessment of the effect of PNRSV-A and PNRSV-I infection on
yield and quality of ‘T11’, and ‘Opal’ plants were made in 1998. Plants were randomly

selected from surveys of commercial hop gardens at Bushy Park.

In 1997, eight year old ‘Victoria’ plants (»=6) infected by each of HpLV, HpMV, HpLV
+ HpMV, HpLV + PNRSV (A & I), HpMV + PNRSV (A & I), and HpLV + HpMV +

PNRSV (A & I) and healthy plants were selected.

In 1998, nine year old ‘Opal’ and ‘T11’ plants (#=5) infected by each of PNRSV-A,

PNRSV-], and healthy plants were selected.

Each’ plant was removed manually from the trellis top and transported to an Allaeys
picking machine. The cones per plant were bagged and weighed using Joey Avery
scales, accurate to 0.1 kg. Yield results from ‘Victoria’ plants in 1997 were compared by
the yield of cones per hectare (kg ha'l). Yield results from ‘Opal’ and ‘T11’ plants in
1998 were compared by the weight of green hops per string. Analysis of the relative

levels of brewing organic acids was performed by HPLC, as described previously.
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6.3. RESULTS

Propagation of virus infected plants

Minor losses (<10%) occurred in virus tested plants of all cultivars during propagation
(Table 6.1). In all cultivars, virus infection (except HpL V) reduced the number of plants
surviving propagation. Losses occurred from failing to produce extensive roots and
subsequent death in the hardening of f process. Substantial losses of plants from failure to

establish in the first year, were also associated with virus infection.

Infection by HpMV in ‘Nugget’ reduced the survival of cuttings by 44 %. Similar,
reductions in the number of surviving cuttings were also demonstrated in those infected
by PNRSV-I (36 %). The percentage of cuttings that survived, infected by HpLV and
HpLV + PNRSV-I was 25 and 24 % respectively. Infection by HpMV (42 %) and HpLV
+ PNRSV-I (58 %) were also associated with losses in plants in the field. No losses were
associated with infection by HpLV. Small proportions of plants infected by PNRSV-I (17

%) and virus free plants (8 %) also failed to establish in the field (Table 6.1).

The overall percentage of cuttings that did not survive of virus infected ‘Opal’ cuttings in
propagation was approximately 40 % and in the field approximately 50 %. Infection by
all three viruses had the greatest effect on cutting survival in propagation and plant
survival in the field. For example, infection by HpLV + HpMV + PNRSV-A reduced
cutting survival throughout propagation by 40 %, and a further 13 % failed to establish in

the field. A similar percentage of cuttings that did not survive was observed in cuttings
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infected by HpLV + HpMV + PNRSV-], while a further 50 % failed to establish in the
field. Infection by HpLV, HpMV, and PNRSV-I reduced survival of cuttings by 15 %,
27 %, and 17 %, respectively. A minority of plants infected by HpLV (7 %) and HpMV
(7 %), respectively also failed to survive in the first year in the field. No deaths in the
field were observed in plants infected by PNRSV-1. Infection by HpMV + PNRSV-I had
a greater negative impact on cutting survival as 37 % of cuttings failed to produce roots

(Table 6.1).

The incidence of dead ‘Pride of Ringwood’ cuttings was highest in those infected by
HpMV (72 % over two propagation attempts). Nevertheless, only 22 % of HpMV plants
failed to survive the first year in the field. The percentage of cuttings failing to survive
propagation was also high when infected by HpMV + PNRSV-I (63 %), however, all
plants established in the first year in the field. Infection by HpLV + HpMYV resulted in
losses in propagation (21 %) and in the field (25 %). Infection by HpLV was associated
with only minor losses of cuttings in propagation (7 %) and in the field (6 %). The
incidence of cuttings infected by PNRSV-A and PNRSV-I was 29 % and 35 %
respectively. Minor losses were found in plants infected by PNRSV-A (3 %). All plants
infected by PNRSV-I survived the first year. The incidence of cutting survival was low in
cuttings infected by HpLV + HpMV + PNRSV-A (25 %), while a further 15 % of plants

failed to survive the first year (Table 6.1).
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The incidence of survival of ‘Victoria’ cuttings infected by HpLV, PNRSV-A, and
PNRSV-I was 24 %, 16 %, and 19 % respectively. Minor losses were incurred in the field
in plants infected by HpLV (10 %) and PNRSV-I (5 %). All plants infected by PNRSV-A
established in the first year. Infection by HpMV + PNRSV-A substantially reduced
incidence of cutting survival (56 %) and incidence of plant survival in the field (50 %).
The incidence of surviving cuttings infected by HpLV + HpMV + PNRSV-A was low in
both propagation (10 %) and in the field (8 %). Infection by HpLV + HpMV + PNRSV-I

reduced cutting survival by 20 %, and plant survival in the field by 4 % (Table 6.1).
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Table 6.1. Incidence of plant death in virus infected and virus tested cuttings of the hop

cultivars ‘Nugget’, ‘Opal’, ‘Pride of Ringwood’, and ‘Victoria’, during propagation and

establishment of the trial examining effects of virus infection on yicld and levels of

brewing organic acids.

Virus cembinatiens Number of Incidence of dead Incidence of dead
cuttings cuttings (%) cuttings (%)
‘Nugget’

HpLV 100 25 0

HpMV 50 44 42

PNRSV-I 50 36 17

HpLV +PNRSV-I 50 24 58
Conrol 100 o 8

‘Opal’

HpLV 82 15 [/

HpMV 74 27 7

PNRSV-I 100 17 0

HpMYV + PNRSV-I 5 87 0
HpLV+ HpMV + PNRSV-A 95 40 13
HpLV + HpMV + PNRSV-I 100 39 50
Control 100 6 5
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Virus combinations Number of Incidence of dead Incidence of dead
Cuttings plants (%) plants (%)
“Pride of Ringwood’

HpLV 75 ] 6
HpMV 150 ° 72 22

HpMV + HpMV 100 2l 25
PNRSV-A 85 29 3
PNRSV-I 85 35 0

HpLV +PNRSV-A 100 43 78
HpLV +PNRSV-I 95 24 0
HpMV + PNRSV-I 40 63 0
HpLV+HpMV +PNRSV-A 100 25 15
Control 100 9 U/

‘Victoria’

HpLV 05 24 10

HpLV + HpMV 90 43 7
PNRSV-A 80 16 0
PNRSV-I 95 19 5

HpLV + PNRSV-A 95 19 0
HpLV +PNRSV-I 100 20 20
HpMV + PNRSV-A 45 56 50
HpLV + HpMV + PNRSV-A 80 10 8
HpLV + HpMV + PNRSV-1 100 20 4
Control 100 6 0

" Number of plants propagated over two batches of cuttings.
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Yield trial

Agronomic assessments

Height — 1* November 1997

On 1** November 1997, significant reductions in plant height were associated with virus

infection in all cultivars (Table 6.2).

In the hop cultivar, ‘Nugget’, single and mixed virus infections significantly reduced
plant height compared to that of control plants. Infection by HpMV had the greatest
effect on reducing plant height (14 % of virus tested plants), however these plants were
not significantly different from those infected by HpLV + PNRSV-L. The height of HpLV
infected plants was significantly less than control plants (61 % of virus tested plants).
The height of plants infected by PNRSV-I was significantly less than control plants (35%
of vi{us tested plants) and plants infected by HpLV, but significantly greater than plants

infected by HpMV (Table 6.2).

‘Opal’ plants infected by HpLV + HpMV + PNRSV-A were significantly taller (13 %
taller than control plants) than virus tested plants and plants infected by HpLV + HpMV
+ PNRSV-I, HpMV + PNRSV-], PNRSV-I, HpMV, and HpLV. The height of plants
infected by HpLV, HpMV, and PNRSV-I were not significantly different from virus
tested plants. The height of plants infected by HpMV + PNRSV-I (67 % shorter than

virus tested plants) were not significantly different from plants infected by HpLV +

HpMYV + PNRSV-I (75 % shorter than virus tested plants) (Table 6.2).
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Plant height was significantly reduced in ‘Pride of Ringwood’ plants infected by all
viruses and virus combinations compared to control plants (Table 6.2). Infection by
HpLV + PNRSV-I had the greatest effect on plant height (10% of control plants), but was
not significantly different from plants infected by HpMV + PNRSV-I, HpMV, HpLV +

HpMV, PNRSV-A, and PNRSV-I (Table 6.2).

In ‘Victoria’, all viruses and virus combinations significantly reduced plant height
compared to virus free plants (Table 6.2). Height was not significantly different between
plants infected by PNRSV-A or PNRSV-], and plants infected by HpLV, and HpLV +
HpMV. Infection by HpMV + PNRSV-I (24 % of control plants) had the greatest effect
on plant height, however these plants were not significantly different from those infected
by either HpLV + PNRSV-A, HpLV + PNRSV-I, HpLV + HpMV + PNRSV-A, and

HpLV + HpMV + PNRSV-I (Table 6.2).
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Table 6.2. Effect of virus infection on plant height (cm) in ‘Nugget’, ‘Opal’, ‘Pride of

Ringwood’, and ‘Victoria’ on 1°* November 1997.

Virus Cultivar
‘Nugget’ ‘Opal’ ‘Pride of ‘Victoria’
Ringwood’

HpLV 101 b 147 b 102 b 114 be

HpMV 23d 148 b 52 bed NA
HpLV + HpMV NA NA 53 bed 136 be
PNRSV-A NA NA 69 bed 141 be
PNRSV-I DE 170 b 74 bed 139 be
HpLV + PNRSV-A NA NA 86 bc 98 bed
HpLV + PNRSV-I] 45 cd NA 2d 79 cd
HpMV + PNRSV-A NA NA NA 114 be

HpMV + PNRSV-I NA 109 ¢ 51 bed 55d
HpL¥ + HpMV +PNRSV-A NA 208 a 19'be 81 cd
HpLV + HpMV + PNRSV-I NA 120 ¢ NA 93 bed
Control 167 a 161b 220 a Z8la

df 39 128 185 183

L.S.D. 88 23 56 B
2= 0.001 0.001 0.001 0.001

NA — No information available due to lack of material infected by these viruses or virus

combinations




Symptom appearance and burr development — 30'" December 1997

Virus infection had a significant effect on symptom appearance in “’Nugget’ (Table 6.3),
‘Opal’ (Table 6.4), ‘Pride of Ringwood’ (Table 6.5), and “Victoria’ (Table 6.6). Virus

infection failed to significantly effect burr development in any cultivar (Tables 6.3-6.6).

‘Nugget’

Infections by HpMV, and PNRSV-I were associated with virus symptoms. Control plants
exhibited significantly less virus symptoms than expected under the null hypothesis
(Table 6.3). PNRSV-I infection induced necrotic spots and vein-clearing (Plate 6.5).

Tissues of plants infected by either virus appeared brittle.
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Plate 6.5. Typical symptoms of PNRSV-I infection in the hop cultivar, ‘Nugget’

(inter-veinal chlorosis and some necrotic spots).

Plate 6.6. Typical symptoms of HpMV infection in the hop cultivar, ‘Pride of

Ringwood’ (downward rolli

ng of leaves)
" R ‘
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Table 6.3. Chi-square analysis of symptom incidence and burr development in virus

infected and virus free ‘Nugget’ plants on 30" December 1997.

Virus Symptom Incidence Burr Incidence
Standardised Adjusted Counts
Residnals'
Absent Present Absent Present
HpLV -1.2 12 0 12
HpMV -4.1 4.1 0 )
PNRSV-I -3.2 3.2 0 6
HpLV + PNRSV-I -1.5 1.5 1 5
Control 6.4 -6.4 8 24
X 56.8 3.3
df 4 4
g P 0.001 0.349 (ns)

' Residuals greaterthan an absolute value of 1.96 were inconsistent with the assumptien

of independence in the null hypothesis.

312




‘Opal’

Infections by HpLV + HpMV + PNRSV-A or HpLV + HpMV + PNRSV-I were
associated with significant development of virus associated symptoms. Infection by
HpLV, HpMV, PNRSV-A, or PNRSV-I failed to develop symptoms of virus infection
(Table 6.4). Symptoms in plants infected by all three viruses were necrotic spots and
larger angular lesions, downward rolling of the leaves, and bines which failed to climb on
strings. Symptoms among plants infected by all three viruses and either PNRSV serotype

were indistinguishable.
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Table 6.4. Chi-square analysis of symptom incidence and burr development in virus

infected ‘Opal’ plants on 30™ December 1997.

Virus Symptom Incidence Burr Incidence
Standardised Ad justed Counts
Residuals’
Absent Present Absent Present
HpLV -14 1.4 4 8
HpMV -1.1 1.1 4 11
PNRSV-I 1) -1.5 0 3
HpMV + PNRSV-I -1.4 1.4 0 6
HpLV + HpMV + PNRSV-A -3.3 3.3 0 7
HpLV + HpMV + PNRSV-I -2.8 2.8 1 fl
. Control 5.0 -5.0 6 45
X 42.5 9.3
df 6 6
P< 0.001 0.146 (ns)

" Residuals greater than an absolute value of 1.96 were inconsistent with the assumptions

of independence in the null hypothesis.
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‘Pride of Ringwood’

Infection with HpMV was also associated with the development of significantly more
severe virus assoclated symptoms than in the control (Table 6.5). Symptoms of HpMV

infection included necrotic spots, downward rolling of the leaves, and vein clearing (Plate

6.7).

‘Victoria’

Infection by HpL'V alone, and HpLV + PNRSV-I were associated with significantly more

severe virus associated symptoms than in the control (Table 6.6). Symptoms associated

with infection by HpLV were necrotic spots. Downward rolling of the leaves was

associated with infection by HpLV + PNRSV-L
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Table 6.S. Chi-square analysis of symptom incidence and burr development in virus

infected ‘Pride of Ringwood’ plants on 30" December 1997.

Virus Symptom Incidence Burr Incidence
Standardised Adjusted Counts
Residuals'
Absent Present Absent Present
HpLV -0.9 0.9 0 18
HpMV -2.7 2.7 5 13
PNRSV-A -1.5 1.5 1 11
PNRSV-I -1.5 145 0 6
HpLV + HpMV -1.5 1.5 1 5
HpLV + PNRSV-A -1.4 1.4 2 3
HpLV + PNRSV-I -1.0 1.0 1 8
HpMV + PNRSV-A 1.4 -14 2 4
., HpMV + PNRSV-I -1.0 1.0 ] 2
HpLV + HpMV + PNRSV-A 0.2 0.2 3 18
HpLV + HpMV + PNRSV-I -15 1.5 0 6
Control 8.5 -8.5 2 19
X’ 89.3 16.4
df 11 11
pP< 0.001 0.127 (ns)

" Residuals greater than an absolute value of 1.96 were incensistent with the assumptien

of independence in the null hypothesis.
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Table 6.6. Chi-square analysis of symptom incidence and burr development in virus

infected ‘Victoria’ plants on 30™ December 1997.

Virus Symptom Incidence Burr Incidence
Standardised Adjusted Counts
Residuals'
Absent Present Absent Present
HpLV 2.5 -2.5 0 23
PNRSV-A -1.7 1.7 0 7
PNRSV-I 1.0 -1.0 1 19
HpLV + PNRSV-A -0.7 0.7 1 6
HpLV + PNRSV-I -4.6 4.6 1 16
HpMYV + PNRSV-I J -1.5 | 8
HpLV + HpMV + PNRSV-A 0.5 -0.5 0 15
HpLV + HpMV + PNRSV-I 0.2 -0.2 2 10
Control 2.4 -24 0 21
X’ 457 9.5
df 8 8
P< 0.001 0.389

" residuals greater than an absolute value of 1.96 were inconsistent with the assumption

of independence in the null hypothesis.
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Height — 2" November 1998

Table 6.7. Effect of virus infection on plant height in the hop cultivars, ‘Nugget’, ‘Opal’,

‘Pride of Ringwood’, and “Victoria’ measured on 2™ November 1998.

Virus Cultivar
‘Nugget’ ‘Opal’ ‘Pride of ‘Victoria’
Ringwood’
HpLV 155 abc 208 251a 349 a
HpMV 165 abc NA 226 abc NA
PNRSV-A NA NA 216 abc 263 be
PNRSV-I 135 be 234 167 acd 293 abc
HpLV + HpMV NA NA 184 abc 272 abce
HpLV + PNRSV-A NA NA 256 a 271 abe
. HpLV + PNRSV-I] 161 abc NA 200 abc 245 ¢
HpMV + PNRSV-A NA NA NA 312ab
HpMV + PNRSV-] NA AY| 113 @ NA
HpLV + HpMV + PNRSV-A NA 214 232 ab 253 be
HpLV + HpMV + PNRSV-I NA 206 NA 295 abc
Virus tested 117 a 251 227 abc 312a
dr 289 509 654 684
L.S.D. 51 50 63 63
P< 0.001 0.05 (ns) 0.001 0.001
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Significant reductions in plant height were associated with virus infection in all cultivars,
except ‘Opal’ on 2™ November 1998 (Table 6.7). Infection by PNRSV-I significantly
increased plant height of ‘Nugget’ compared to virus free plants. Height in plants
infected by HpLV + PNRSV-I was not significantly different from plants infected by
only HpLV or PNRSV-I. The most deleterious infection in ‘Pride of Ringwood’ plants
was HpMV + PNRSV-I, which significantly reduced plant height by 48 % compared to
control plants. Infection by PNRSV-A, HpLV + PNRSV-], and HpLV + HpMV +

PNRSV-A significantly reduced height compared to ‘Victoria’ control plants (Table 6.7)
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Table 6.8. Incidence of virus symptoms in virus infected ‘Nugget’, ‘Opal’, ‘Pride of

Ringwood’, and “Victoria’ plants on 2" November 1998.

Virus ‘Nugget’ ‘Opal’
Standardised Adjusted
Residuals’
Absent Present Absent Present
HpLV 22 -2.2 1.6 -1.6
HpMV -0.6 0.6 2.1 -2.1
PNRSV-A NA NA NA NA
PNRSV-I -0.9 0.9 -0.7 0.7
HpLV + HpMV NA NA NA NA
HpLV + PNRSV-A NA NA NA NA
HpLV + PNRSV-I -1.3 1.3 NA NA
HpMV + PNRSV-A NA NA NA NA
HpMV + PNRSV-I NA NA -4.5 4.5
HpLV + HpMV + PNRSV-A NA NA 2.1 -2.1
HpLV + HpMV + PNRSV-I NA NA -1.1 1.1
o 11.1 34.8
df 3 5
P< 0.026 0.001
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Virus ‘Pride of Ringwood’ ‘Victoria’
Absent Present Absent Present
HpLV 2.4 -2.4 0.3 -0.3
HpMV -2.3 23 NA NA
PNRSV-A -1.6 1.6 1.1 -1.1
PNRSV-I 1.0 -1.0 0.6 -0.6
HpLV + HpMV 43 -4.3 0 0
HpLV + PNRSV-A -0.1 0.1 0.7 -0.7
HpLV + PNRSV-I -0.9 0.9 2.8 -2.8
HpMV + PNRSV-A NA NA 6.7 -0.7
HpMV + PNRSV-I 0.6 -0.6 NA NA
HpLV + HpMV + PNRSV-A -1.7 1.7 1.0 -1.0
HpLV + HpMV + PNRSV-I NA NA -5.9 9.9
df 8 8
x* 36.8 35.9
pP< 0.001 0.001

! Residual greater than an absolute value of 1.96 were inconsistent with the assumption of

independence in the null hypothesis.
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Significant differences were identified in symptom appearance between the different
virus combinations for all cultivars (Table 6.8). No virus associated symptoms were
observed in virus free plants of any cultivar. Infection by HpLV was associated with the
development of virus symptoms in ‘Nugget’. Symptoms of HpLV in ‘Nugget’ were
downward rolling of the leaves and marginal chlorosis. Symptoms of PNRSV-A in
‘Nugget’ were vein-assoclated necrotic spots and vein clearing. Infection by HpMV,
HpMV + PNRSV-I, and HpLV + HpMV + PNRSV-A were associated with the
development of virus associated symptoms in ‘Opal’. The most common symptom
associated with all these infections was downward rolling of the leaves. ‘Pride of
Ringwood’ plants infected by HpLV, HpMV, and HpLV + HpMV showed significantly
more symptoms than expected. Symptoms of HpLV and HpLV + HpMYV infection were
a subtle interveinal chlorosis. Symptoms of HpMV infections were strongly pronounced
downward rolling of the leaves, failure of the bines to climb on the string, necrotic spots,
and interveinal chlorosis. In ‘Victoria’ infection by HpLV + PNRSV-], and HpLV +
HpMV + PNRSV-I were associated with the significant development of virus associated
symptoms. Symptoms of both types of infection were mild interveinal chlorosis (Table

6.8).
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Significant changes in the beta acid congeners were also associated with virus infection
in ‘Opal’. Plants infected by HpLV + HpMV + PNRSV-A (19 %) and HpLV + HpMV +
PNRSV-I (13 %) had significantly higher colupulone levels than those in control plants.
Lupulone levels were marginally reduced in plants infected by HpLV (11 %), PNRSV-I
(9 %), and HpMV (4 %). No significant difference in lupulone levels was demonstrated
in plants infected by HpLV + HpMV + PNRSV-I, HpLV + HpMV + PNRSV-A, HpMV
+ PNRSV-I, HpMV, and PNRSV-I, compared to levels in control plants. Lupulone
levels were significantly lower in plants infected by HpLV (18 %) than in plants also
infected by HpMV and PNRSV-I. Subsequently, plants infected by HpLV + HpMV +
PNRSV-A (15 %) and HpLV + HpMV + PNRSV-I (14 %) had significantly higher beta
acid content than control plants. Beta acid levels were not significantly different from
those of control plants in plants infected by HpMV + PNRSV-I, HpMV, PNRSV-I, and
HpLV. Consequently, the alpha to beta acid ratio were significantly lower in plants
infected by HpLV + HpMV + PNRSV-A (35 %) and HpLV + HpMV + PNRSV-I (41 %)

(Table 6.9).
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Table 6.9. Effect of virus infection on yield (green weight per string) and levels of

brewing organic acids in ‘Opal’ in 1999.

Virus Gr.Wt./ [ CoH” | Hum.’ % CoL’> | Lup.® %e a/b®
String’ alpha® beta’

HpLV 0.7b 84.7bc | 2159ab | 12.0ab | 71.8d 64.6¢c 5.5b 2.2a

PNRSV- 1 1.2a 875a | 228.7a | 12.7a | 73.9cd | 67.0bc | S.6b 2.3a

HpMV 1.0a 91.0a | 223.4a | 12.6a | 78.1bcd | 67.5bc | S5.8b 2.2a

HpMV + 1.2a 87.4ab | 230.d4a | 12.7a | 79.1bc | 70.5abc | S.9b 2.1a

PNRSV-I
HpLV + HpMV 0.5b 77.7cd | 164.4b | 97bc | 97.1a 77.3a 6.9a 1.4b
+PNRSV - A
HpLV + HpMV 0.6b 66.3d | 145.5b | 8.5c 91.1a 79.0a 6.8a 1.3b
+ PNRSV-I

Control 1.2a 92.1a | 2239a | 12.6a | 809b |68.2abc | 5.9b 2.1a
o 23 23 73 ] 23 23 23 23
EsS.IN 0.4 5.8 27.4 1.2 6.6 11.3 0.6 02

s 0.001 0.001 | 0.001 | 0.001 | 0.001 0.043 | 0.001 | 0.001

‘Gr.Wt./String — Green weight per string (kg); “CoH — cohumulone; "Hum. — humulone;
* 9% alpha — alpha acid congeners (per plant basis); *CoL — colupulone; 6Lup. — lupulone;
’ % beta — beta acid congeners (per plant basis),"a/b — alpha to beta acid ratio — per plant

basis.
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‘Nugget’

Infection by HpLV, PNRSV-I, HpMV, and HpLV + PNRSV-I had no significant effect

on yield (green weight per string), levels of cohumulone, humulone, colupulone,

lupulone, and subsequent proportions of alpha and beta acid in ‘Nugget’ (Table 6.10).

Table 6.10. Effect of virus infection on yield (green weight per string) and levels of

brewing organic acids in ‘Nugget’ in 1999.

Virus Gr.Wt./ | CoH® | Hum.’ % CoL” | Lup.’ % a/b’
String' alpha® beta’
HpLV 1.8 81.0 21819 115 62.3 S0.7 4.5 2.6
PNRSV-1 1.3 82.8 221.6 12.2 65.2 D35 4.8 23
HpMV 1.8 82.9 234.0 12.7 65.4 56.5 4.9 2.6
HpLV + 1.9 82.8 22%9 12.4 68.5 59.3 5.1 2.4
PNRSV-I
Control 2.2 84.0 2068 12.4 67.2 96,8 4.9 .53
df 17 17 17 17 17 15 17 19
L.S-1). 1.0 5.8 23.1 151 4.5 3Z 0.4 0.2
P< 0.240 0.776 | 0.503 0.613 | 0.074 | 0.145 0.082 0.367
(ns) (ns) (ns) (ns) | (ns) (ns) (ns) (ns)

"Gr.Wt./String — Green weight per string (kg); “CoH — cohumulone; "Hum. — humulone;,
* % alpha - alpha acid congeners (per plant basis); >CoL — colupulone; ‘Lup. — lupulone;

7 % beta — beta acid congeners (per plant basis);*a/b — alpha to beta acid ratio — per plant

basis.
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‘Victoria’

Infection by HpLV, PNRSV-A, PNRSV-], HpLV + HpMV, HpLV + PNRSV-A, HpLV
+ PNRSV-], HpMV + PNRSV-I, HpLV + HpMV + PNRSV-A, and HpLV + HpMV +
PNRSV-I had no significant effect on the yield (green weight per string or other
parameters measured) of ‘Victoria’ plants in 1999. Furthermore, infection by one or
more viruses was not associated with significant reductions in alpha and beta acid

congener levels or the ratio between them (Table 6.11).

‘Pride of Ringwood’

Significant reductions in yield and levels of brewing organic acids were associated with
virus infection in ‘Pride of Ringwood’ (Table 6.12). Infection by HpMV alone and
PNRSV-I alone significantly reduced yield (green weight per string) by 55 % and 51 %
resp;ctively. However, the yields of plants infected by HpMV and PNRSV-], were not
significantly different from those of plants infected by other viruses or virus
combinations. Yield of plants infected by HpLV, HpLV + HpMV + PNRSV-A, HpLV +
PNRSV-], HpLV + PNRSV-A, HpLV + HpMV, and PNRSV-A was not significantly

different from that of control plants.

Plants infected by HpMV alone had significantly reduced cohumulone (14 %) and

humulone (12 %) levels compared to those of control plants. Infection by PNRSV-A (9

327



%), HpMV + PNRSV-I (9 %), and HpLV + PNRSV-I (11 %) also significantly reduced
cohumulone levels compared to those of control plants. Significant reductions in
humulone levels were associated with infection by HpMV + PNRSV-I (14 %), HpLV +
HpMV + PNRSV-A (14 %), and PNRSV-A (18 %). Consequently, significant
reductions in alpha acid levels were observed in plants infected by HpMV (19 %),
PNRSV-A (15 %), HpMV + PNRSV-I (12 %), HpLV + HpMV + PNRSV-A (12 %), and
HpLV + PNRSV-I (12 %) compared to those of control plants. The alpha acid levels of
plants infected by HpLV, HpLV + HpMV, PNRSV-], and HpLV + PNRSV-I were not

significantly different from those in control plants.

Significant reductions in beta acid congener levels were also associated with virus
infection. HpMYV infected plants had significantly reduced colupulone (13 %) and
lupulone (16 %) levels compared to those of control plants. This resulted in a significant
reduction (14 %) in the proportion of beta acid compared to those of control plants.
Infection by PNRSV-I, HpLV, HpMV + PNRSV-I, HpLV + HpMV + PNRSV-A, HpLV
+ H;3MV, HpLV + PNRSV-], PNRSV-A, and HpLV + PNRSV-A failed to significantly
change beta acid congener levels compared to those of control plants. No significant
change in the ratio of alpha to beta acids was associated with any virus or virus

combination (Table 6.12).
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Table 6.11. Effect of virus infection on yield (green weight per string) and levels of

brewing organic acids in ‘Victoria’ in 1999.

Virus Gr.Wt/St | CoH* | Hum.’ % Col’ Lup.” | % beta’ | a/b’®
ring’ alpha*
HpLV 1.4 103.0 162.2 10.6 94.0 52.1 5.8 1.8
PNRSV- A 25 106.6 167.7 10.9 96.1 52.5 5.9 1.8
PNRSV-I 1.4 106.0 166.7 10.9 96.9 53.6 6.0 1.8
HpLV + HpMV 1.4 108.8 174.0 11.3 98.2 55.0 6.1 1.9
HpLV + PNRSV-A 1.9 92.6 181.1 10.9 80.1 52.4 53 2]
HpLV + PNRSV-I 1.4 105.4 169.5 11.0 94.3 53.0 59 1.9
HpMV + PNRSV-A 2.0 90.3 163.8 10.2 91.8 64.1 6.2 1.6
HpLV + HpMV + 1.6 107.3 166.7 10.9 93.9 50.2 5.8 1.9
PNRSV - A
HpLV + HpMV + 1.6 113.2 178.0 11.7 103.8 57.4 6.5 1.8
PNRSV-I
Control 1.7 114.7 196.7 12.5 99.8 58.3 6.3 1.9
df 45 45 45 45 45 45 45 45
: L.S.D. 0.5 17.0 229 1.5 13.4 7.2 0.8 0.19
P< 0.083 (ns) | 0.754 0.227 0.608 0.601 0.513 0.775 0.156
(ms) | (ns) (ns) (ns) (ns) ) | ()
‘Gr.Wt/String — Green weight per string (kg); “CoH — cohumulone; "Hum. — humulone;

* % alpha — alpha acid congeners (per plant basis); *CoL — colupulone; *Lup. — lupulone; ’ % beta — beta

acid congeners (per plant basis);’a/b — alpha to beta acid ratio — per plant basis.
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Table 6.12. Effect of virus infection on yield (green weight per string) and levels of

brewing organic acids in ‘Pride of Ringwood’ in 1999.

3

Virus Gr.Wt./St | CoH* Hum. % CoL>® Lup.® | % beta’ | a/b®
ring’ alpha*
HpLV 1.4ab 717.6a 181.0ab 10.3a 94.4ab 87.2ab 7.3ab 1.4
HpMV 0.9b 64.6d 144.3d 8.4d 77.0d 71.0c 5.9d 1.4
PNRSV-A 1.2ab 68.3cd 151.4cd 8.8cd 86.4abcd 76.9bc 6.5¢cd 13
PNRSV-1 0.9b 76.8ab 166.0abcd 9.7abc 99.1a 88.2a 7.5a 13
HpLV + HpMV 1.2ab 72.1abc 173.1abc 9.8abc 85.9abcd 80.6abc 6.7bc 1.5
d
HpLV + PNRSV-A 1.3ab 72.3abc 167.1abcd 9.6abc 86.2abcd 79.3abc | 6.6bcd 1.5
d
HpLV + PNRSV-I l.4ab 66.9cd 160.4abcd 9.1cd 81.5¢cd 76.9bc 6.3cd 1.4
HpMYV + PNRSV-1 1.04ab 68.2cd 158.7bcd 9.1cd 85.9abcd 83.0ab 6.8abc 1.3
HpLV + HpMV + 1.13ab 69.6abc 157.6¢cd 9.1cd 86.9abc 79.9abc 6.8abc 14
PNRSV - A d
Control 1.8a 74.7abc 183.6a 10.3ab 88.0abc 84.1ab 6.9abc 1.5
df 39 39 39 39 39 39 39 39
L.S.D. 0.7 8.3 23.0 1.2 9.8 11.1 0.7 0.2
P< 0.019 0.001 0.001 0.001 0.001 0.002 0.001 0.224
(ns)

"Gr.Wt/String — Green weight per string (kg);

* % alpha — alpha acid congeners (per plant basis); *CoL — colupulone; *Lup. — lupulone;

CoH — cohumulone; *"Hum. — humulone;

acid congeners (per plant basis);*a/b — alpha to beta acid ratio — per plant basis.
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Single plant harvests

No significant effect on yield of cones per hectare (Table 6.13), the levels of
cohumulone, humulone, colupulone, lupulone, alpha and beta acid content, and the alpha
to beta ratio were identified from infection by any virus or virus combination in eight
year old ‘Victoria’ plants (Table 6.14).

Table 6.13.  Effect of virus infection on cone yield per hectare (kg ha™) in eight year

old ‘Victoria’ plants in 1997.

Virus Yield (kg ha™)

HpLV 2883
HpMV 3022
PNRSV (A & I) 3600
HpLV & HpMV 7390
HpLV & PNRSV (A & I) 2711
HpMV & PNRSV (A & D) 3730
HpLV & HpMV & PNRSV (A & 1) 3328
Control 3248

af 47

L.S.D. 998

P< 0.17 (s)
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Table 6.14. Effect of virus infection on brewing organic acid composition in eight year

old “Victoria’ hop plants in 1997.

Virus CoH | Humulone % CoL | Lupulone | % a/b
alpha beta

HpLV 168.5 233.0 16.0 131.6 =) 8.3 1.9

HpMV 172.3 238.4 16.4 | 129.9 74.5 82 | 2.0

PNRSV (A & 1) 165.9 2308 159 | 128.4 739 30 [ 19

HpLV & HpMV 160.7 218.7 15.2 128.9 7248 8.1 )

HpLV & 167 .1 226.1 15:7 1825 75 8.4 1.9
PNRSV (A & 1)

HpMV & PNRSV | 169.2 230.7 16.0 130.8 73.8 8.2 1.9

(A&

HpLV & HpMV & | 161.3 %85 15.2 128.1 72.4 8.0 1.9
PNRSV (A&

Control 169.0 2354 1GE2 127.5 729 80 | 2.0

df 47 47 47 47 47 47 47

L.S.D. 15.8 20.3 1.4 10.0 5.8 0.6 | 0.1

P< 0.81 0.40 (ns) 0.57 0.97 092 (ms) | 0.95 | 0.35

(ns) (ns) | (ns) (ns) | (ns)
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Table 6.15. Effect of PNRSV-A and PNRSV-I infection on yield (green weight per

string) of nine year old ‘Opal’ and ‘T11’ hop plants in 1998.

Cultivar Virus Green weight/string
‘Opal’ PNRSV-A 1.5
‘Opal’ PNRSV-I 1.0
‘Opal’ Control la2
‘Opal’ ar 14
‘Opal’ L.S.D. 0.5
‘Opal’ P< 0.61 (ns)
‘T11” PNRSV-A 1.5
‘T11’ PNRSV-I 1.7
‘T11° Control 1.2
‘T11” df 14
CTLY L.S.D. 0.5
‘T1l’ B 0.63 (ns)
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Table 6.16.

composition of nine year old ‘Opal’ plants in 1998.

Effect of PNRSV-A and PNRSV-I infection on brewing organic acid

Virus % coHum % alpha % beta a/b
PNRSV-A 26,9 M B 6.4 1.8b
PNRSV-I 208 12.2b 5.8 2.1a

Control 28.0 13.8a 6.8 20a
dr 14 14 14 14
L8 3.9 14 Lzl 0.3
e 0.552 (ns) 0.001 0.249 (ns) 0.035
Table 6.17. Effect of PNRSV-A and PNRSV-I infection on brewing organic acid

composition of nine year old ‘T11’ plants in 1998.

Virus % coHum % alpha % beta a/b
PNRSV-A 30.4 11315 10.2 13
PNRSV-I 30.4 112b 10.3 15

Control 314 12.8 a 11.5 1.1
df 14 14 14 14

LaS:D 4.1 1.0 1.4 0.1
P< 0.82 (ns) 0.006 0.14 (ns) 0.76 (ns)
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Infection by either PNRSV-A or PNRSV-I did not significantly reduce yield (green
weight per string) in ‘T11° or ‘Opal’ plants (Table 6.15). Alpha acid content was
significantly reduced in ‘Opal’ plants infected by PNRSV-A (20 %) and PNRSV-I (12%)
(Table 6.16). Similar reductions were also found in ‘T11’ plants infected by PNRSV-A
(12 %) and PNRSV-I (13 %) (Table 6.17). PNRSV-A infection was also associated with
a 13 % reduction in the alpha to beta acid ratio compared to that of control ‘Opal’ plants
(Table 6.16). No significant change in the alpha to beta acid ratio was demonstrated in

‘T11° plants (Table 6.17).
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6.4. DISCUSSION

Virus infection was associated with significant decreases in yield (green weight per

string) and levels of brewing organic acids in cultivars ‘Opal’ and ‘Pride of Ringwood’.

In ‘Opal’, multiple infection by all three viruses was most detrimental to the success of
propagation and survival in the first year in the field, yield, levels of brewing organic
acids, and the alpha to beta acid ratio. Infection by any one of these viruses in isolation
failed to significantly reduce the latter two characteristics. However, HpLV alone and in
combination significantly reduced yield. Infection by HpLV + HpMV + PNRSV-A and
HpLV + HpMV + PNRSV-I was also associated with virus symptom development early
in both seasons. Significant reductions in plant height were not associated with infection
by any of the three viruses until the 1998/99 season. This was demonstrated in late
February of the same season. Harvest of single nine-year old ‘Opal’ plants infected by
either PNRSV-A or PNRSV-I produced similar results. Unfortunately in the main trial
the effect of infection by PNRSV-A was unable to be assessed. It is also likely that
multiple infection by all three viruses would significantly reduce yield and brewing
organic acid levels in older plants, and perhaps to a greater extent than in three year old
plants from compounded effects of infection on reducing vigour and carbohydrate storage

over winter. Alternatively, older established plants may be more tolerant.
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The effects of only a restricted nunber of virus combinations could be assessed in
‘Nugget’, due to the inability to identify suitable infected plants in the field. Infection by
HpLV, HpMV, PNRSV-], and HpLV + PNRSV-I did not significantly effect yield and
the levels of brewing organic acids in three year old plants. However, other viruses (e.g.
PNRSV-A) and virus combinations may have a significant effect on production. The
lack of observations of virus effects in older plants is also unfortunate. Viruses and virus
combinations found to have no significant effect on production and quality in younger
plants may have an effect on older plants, weakened from chronic virus infection.
Despite the absence of significant effects on yield and levels of brewing organic acids,
virus infection was associated with significant changes in some agronomic characteristics
through the two seasons. Early in the first season, HpMV had the greatest effect on plant

height.

Findings of significant reductions in yield and levels of brewing organic acids from
infection by HpMV, PNRSV-A, HpLV + PNRSV-I, HpMV + PNRSV-], and HpLV +
HpMV + PNRSV-A confirmed previous qualitative observations suggesting viruses
posed a significant constraint to production of ‘Pride of Ringwood’ (G. Leggett, pers.
comm.). HpMV was the most deleterious to production as anticipated. Unfortunately, no
assessments could be made on older plants. Infection by HpMV was also associated with
significant losses throughout propagation and in the first year in the field, and height
reductions early and half way throughout the first half of the season. However, later in
the first season no effect was identified from virus infection on qualitative ratings of

healthy, shape, height, and cone distribution. Lateral development was significantly
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altered by HpMV, and PNRSV-A suggesting that infection changes the plants metabolite
distribution. Flower development was hastened by HpMV + PNRSV-A. In the second
season, significant effects on height early in the season were associated only with
infection by HpMV + PNRSV-I, HpLV + HpMV, and PNRSV-IL. Studies in ‘Chinook’
have also identified HpMV as posing a significant constraint to production (Probasco and
Murphey, 1996), and in related cultivars, ‘J78 (G. Leggett, pers. comm.), and ‘Goldings’

(Keyworth, 1943).

The lack of significant effects on yield and levels of brewing organic acids in both three
and nine year old ‘Victoria’ plants from infection by HpLV, HpMV, PNRSV (A & I),
and virus combinations examined is encouraging for the hop industry. Despite this,
infection by HpMV + PNRSV-I reduced height early in the first season, In the second
season, the majority of virus infection (PNRSV-A, PNRSV-], HpLV + HpMV, HpLV +
PNRSV-A, HpLV + PNRSV-I, and HpLV + HpMV + PNRSV-A) significantly reduced
plant height, however later in the season these plants recovered and yield was not
significantly different from control plants. This is the first quantitative report of a hop
cultivar, being both highly susceptible to virus infection (chapter two) and highly tolerant
(no effect on yield and levels of brewing organic acids). The absence of effects on yield
and brewing organic acid levels is surprising considering the close relationship between

‘Pride of Ringwood’ and ‘Victoria’.

In both trials the presence of hop latent viroid (HLVd) was assumed to be ubiquitous.

Although no formal surveys were conducted in these trials, recent surveys conducted in
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Tasmanian hop gardens failed to find any trlansplant material free of HLVd (T. McGese,
pers. comm.), and considering, at least the designed yield trial were propagated from a
small number of plants infection is likely to be widespread. Considering that in some
cultivars infection by HLVd has been associated with 30 % decreases in yield, future
trials may should examine its effects on Australian cultivars and other cultivars grown in
Australian conditions and if the potential effects of mixed infections between viruses and
HLVd are synergistic on yield reductions. However, comparison of high yield and
bittering compound levels in virus tested plants of Australian cultivars compared to those
of overseas cultivars suggests that if HLVd is ubiquitous it is having a minimal impact on
production. Another limitation of the major trial is the assessment of only a small
number of virus variants and the possible presence of a wide spectrum of isolates varying
in pathogenicity. Further trials should assess whether different virus exist in Australian
hop gardens and their various effects on production and quality of hop products. If mild
and severe isolates could be identified this might also provide the basis for the assessment
and use of cross-protection as a potential control method in cultivars where the incidence

in infected plants following planting with virus tested material rapid.
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CHAPTER 7

INTERACTIONS OF PLANT VIRUSES AFFECTING

COMMERCIAL HOP GARDENS IN AUSTRALIA
7.1. INTRODUCTION

Patterns of association may result from interrelationships between organisms and from
environmental factors. They depend upon whether pathogens colonize or avoid the same
habitat, have some mutual attraction or repulsion, or have any interaction. Prior
knowledge of the ecology of host-pathogen interactions in a complex pathosystem is vital
to fully understanding how these interactions may influence the spatiotemporal

characteristics of epidemics and for implementation of economical control measures.

Interspecific (between viruses) associations quantify the frequency that two species are
found in the same ecological niche (host), and measure the affinity (or lack of it) for
coexistence between two species. Extrapolating this concept to viral epidemiélogy, we
refer to the frequency of mixed infections by two of more different viruses compared to
the frequency of plants infected by only one virus. An association between two viruses
may occur because; 1) both select or avoid the same host; 2) of similar abiotic and biotic
environmental requirements; or 3) individuals in one or both of the populations have an

affinity (either attraction or repulsion) for the other (Ludwig and Reynolds, 1988)
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If there is no association between two species and the interaction is negative they may
have resource requirements that are independent. If the process is positive the species
may have a common response to a supply of unlimited resources. If the interaction
between species is mutualistic and the process is positive the species enhance the
probability of each others survival. However, if the interaction is negative, a resource
factor is limiting. Competition interactions reflect an interference between species,
producing occasional exclusion, or population fluctuations in unison, responding to

limited resources (Schulter, 1984).

Multiple species comparisons, using statistical methods, test whether species in a group
are associated, and assess the strength of any association between two species (Ludwig
and Reynolds, 1988; Savary, et.al., 1988; Schulter, 1984). The technique proposed by
Schulter (1984) compare the observed variance in total number of species in samples
with the variance expected under the null hypothesis. The null hypothesis states that the
density or occurrence of each species in independent of other species. This method has
been applied to quantify the ecology of arthropods and verterbrate species (Savary, et.al.,
1988) and to assess associations between pathogens in a leaf spot fungal diseas;: complex

on Trifolium repens L. (white clover) (Nelson and Campbell, 1992).

The aim of this study was to investigate whether the incidence of HpLV, HpMV, and
PNRSV in commercial hop gardens in Australia suggests the presence of the concept of

intervirus (interspecies) associations among any of these viruses and to discuss the

341



epidemiological implications.

7.2. MATERIALS AND METHODS

Field surveys

The status of individual plants, infected by HpLV, HpMV, and PNRSV was converted to
binary (presence/absence) data in surveys conducted at three different sites each
involving a range of cultivars. To ensure that every plant had an equal probability of
becoming infected by each virus, the apple and intermediate serotypes of PNRSV were

not differentiated. Field blocks one to three were those described in chapter two.

Block one was located at Bushy Park and was planted in 1989 with virus tested material
of “Victoria’ (n=1275). In 1990, low disease incidence and lack of information regarding
the incidence of HpLV made assessment of intervirus associations impossible. Incidence

data from 1996 and 1997 was used to test for the presence of intervirus associations.

Block two was located at Myrtleford, Victoria, Australia, and was planted in 1994 with
virus tested material ‘Victoria’ (»=500). Incidence data from 1998 was assessed for the

presence of intervirus associations.

Block three was a replicated cultivar x row spacing trial, situated at Bushy Park,
Tasmania, Australia. The trial consisted of three Australian bred triploid commercial

cultivars, ‘T25° (n=774), ‘T11° (n=774), ‘Victoria’ (r=760), and a diploid sterile female,
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‘Opal’ (n=764). All plots were planted in 1989 with virus tested material, except for
‘T25’, where an unknown proportion of the planting material was infected with PNRSV.
Plots of each cultivar were duplicated in four different spacing treatments of four (three
rows per bay), three (four rows per bay), two and a half (five rows per bay), and two (six
rows per bay) metres between plants across rows, and a further treatment where row
spacing alternated between two and three (3 x 2 rows per bay) metres (Figure 1.1).
Spacing between plants within rows was two metres in all plots. Data was not analysed
for individual plants if disease incidence of one of more of the viruses was 100% or 0%

(indeterminate species).

Data analysis

Intervirus associations between the three viruses were assessed from binary
(presence/absence) data from individual plants (sampling units, SU) in each survey.
Analyses were performed by microcomputer software, SPASSOC, using the GWBASIC
language. This programme calculated overall associations between the three species
(multiple species case). If the overall association was significant, comparisons can be
made between each pair of viruses (two species case). The relative strength of each pair-

wise association is indicated.
The null hypothesis was that there was no association among the three viruses. This was

true if the viruses were independent or the positive and negative associations among

viruses were equal. Rejection of the null hypothesis infers a net positive or negative
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association exists among the viruses. The total sample variance (2) was calculated by

Equation 7.1.

1]

0'2-:

1

pi(1-p;) Equation 7.1
1

s =number of species (1...s)
pi = ni/n (n;=number of SU in which i species occurs; i = 1....s)
N =number of SU (i.e. plants)

Variance in total species number was calculated by Equation 7.2

T 2 :
sc=N"2 (T;-1) Equation 7.2
J=1

T; = number of species found in each SU (j=1....N)
T = mean number of species per sample
The variance ratio (VR) (Equation 7.3) combined equations 7.1 and 7.2, and depicted an

overall index of association.

VR=8%/c? Equation 7.3

Under the null hypothesis, the VR equaled one. Deviations greater than one suggest a net
positive association between viruses. Deviations less than one suggested a net negative
association between viruses. Examination of the W statistic (Equation 7.4) determines
whether a deviation from one was significant.

W =(N)VR) Equation 7.4
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This statistic approximates to a chi-square distribution, with degrees of freedom, N-1

(Equation 7.5) (Ludwig and Reynolds, 1988).

X& oy < W< on.gs, N Equation 7.5

Pair-wise associations

[f the deviation from one was significant (P<0.85), viruses were compared pairs. For
each virus pair, X and Y, statistics referring to the number of SU infected by both viruses
(a), the number of SU infected only by X (b), the number of SU infected only by Y (c),
the number of SU free from either (d), and the total number of SU (N) were calculated.
The null hypothesis in each case was no association between the viruses, tested by the

chi-square statistic described in equation 7.6.

X ,2 = N(ad - bc)* | mnrs Equation 7.6
m=a+b n=c+d r=a+t+c s=b+d
Expected values for each cell of the 2 x 2 contigency table were calculated by equation
7.7.

E(a)=(a+b)a+c)/N=rm/n Equation 7.7
This equation was simplified to Equation 7.8, and hence did not require the computation
of expected values and avoids associated rounding errors inherent in comparisons of

observed and expected values.

X2 =N(ad —bc)? I mnrs Equation 7.8
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The theoretical chi-square value for one degree of freedom is 3.84 (Sokal & Rohlf, 1981).

If the calculated value was greater than 3.84 (X ,2 >3.84), the null hypothesis was
rejected in favour of the alternative, a significant (P<0.05) association between the two
viruses. Positive associations between the two viruses were indicated if the observed
number of co-infections by the two viruses were greater than expected by random chance.
If the observed number of co-infections was less than expected by random chance this
suggested the association was negative (Equation 7.9).
a—E(a)=(ad —bc)IN Equation 7.9

If any cell of the 2 x 2 contingency table had an expected frequency less than one, or if
more than two of the cells had expected frequencies less than five the chi-square statistic
was concluded as biased. In these cases the Yate’s correction for continuity was applied

to ensure a closer fit to the chi-square distribution (Equation 7.10).

th = N[|(ad) — (bc)~ (N'/ 2))|/ mnrs Equation 7.10

Strength of'pair-wise associations

Three indices can be used to quantify the strength of significant pair-wise associations.
All indices were equal to zero when there was no association between the viruses and one
at “maximum association”, implying that a significant positive pair-wise comparison was
strongest when the indices approach one. Alternatively, when the pair-wise association
was strongly negative the indices approach zero. The Ochiai Index (0O1) was the

geometric mean of @/m and o/r (Equation 7.11). The Dice Index (D) was the harmonic
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mean of the same parameters (Equation (7.12). The Jaccard Index (JI) expressed the
proportion of SU infected by both viruses to the total number of SU infected by only one

virus (Equation 7.13).

Ol=a/Ja+b-Ja+c Equation 7.11
DI=2a/2a+b+c Equation 7.12
JA=ala+b+c Equation 7.13
The Jaccard and Dice Indices are biased when the number of SU is less than 10 and 20
respectively. Therefore, the Ochiai Index was used to report the strength of pair-wise

association in this study.

RESULTS

Significant overall associations between HpLV, HpMV, and PNRSV were identified in
block one at Bushy Park, Tasmania in 1996 and 1997. In both years, the overall
association between the three viruses was positive. Virus incidence levels ranged from
60 % (HpMV) and 66 % (PNRSV). Virus incidence in 1997 was highe_r, ranging
between 77 % (HpLV) and 92 % (PNRSV) (Table 7.1). In 1996 and 1997, pair-wise
comparisons between the three viruses identified a significant positive association
between HpLV and HpMV, and HpLV and PNRSV. In all cases, the Ochiai index was

greater than 0.69 (Table 7.2).

A significant positive association between HpLV, HpMV, and PNRSV was also

identified in ‘Victoria’, in plot two at Myrtleford in 1998. Virus incidence in this block
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was lower than block one and ranged between 12 % (HpMV to 31 % (PNRSV) (Table
7.1). Pair-wise comparisons between the three viruses identified a significant positive

association between HpLV and HpMV (Table 7.2).

Block three was segregated according to cultivar. When considering all ‘Victoria’ plots,
overall associations between the three viruses were significant and positive in 1996 and
1997 (Table 7.3). Pair-wise comparisons identified significant positive relationships
between HpLV and HpMV, and HpMV and PNRSV in both years. The strength of
association between HpLV and HpMV was high (>0.77) in both years. The strength of
association between HpMV and PNRSV was lower, ranging between 0.57 and 0.71

(Table 7.4).
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Table 7.1. Overall associations between HpLV, HpMV and PNRSV in hop blocks one

(1996 and 1997) and 2 (1998).

Plot(Cv.) | Year n W- Variance Virus Incidence (%)
Statistic' | Ratio’> [HpLV | HpMV | PNRSV’

1 (Victoria) | 1996 1274 1856.09 1.46 65 60 66

1 (Victoria) | 1997 1274 1823.22 0.89 77 38 92

2 (Victoria) | 1998 500 854.36 1471 17 13 31

" If the W-statistic 1s greater than the critical chi-square value at (1-1) degrees of freedom

the overall assoclation between the three viruses is significant, “*’ (P<0.05).

2If the association is significant variance ratios (VR) greater than one indicate a possible

positive association.

assoclation.

Variance ratios less than one indicate a negative overall

3 apple, ‘A’ and intermediate, ‘I’ serotypes of PNRSV were not differentiated
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Table 7.2. Pair-wise comparisons between HpLV, HpMV, and PNRSV (apple, ‘A’ and

intermediate, ‘I’ serotypes) in plots one (1996 and 1997) and two (1998).

Block Year Chi-square values for Pair-wise Comparisons’
(Cultivar) (Association; Ochiai Index?)
HpLV/HpMV | HpLV/PNRSV® | HpMV/PNRSV
One 1996 237.61 * 12,20 * NS*
(‘Victoria’) Positive (0.79) Positive (0.69)
One 1997 136,71 * 5.81.# NS
(‘Victoria’) Positive (0.88) Positive (0.91)
Two 1998 241.89 * NS NS
(‘Victoria’) Positive (0.74)

! Chi-square values greater than 3.84 ( 12 > 13..5’1) were significant, ‘*’ (P<0.05).

® If the association was positive, the relationship was stronger as the Ochiai index

approached one.

ochiai index approached zero.

3 apple, ‘A’ and intermediate, ‘I’ serotypes were not dif ferentiated

* not significant at P<0.05
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Multiple species comparisons of individual plots detected a significant and positive
association between all three viruses in all plots (Table 7.3). Pair-wise comparisons
identified significant positive associations between HpLV and HpMV in 85 % of plots.
The strength of association between HpLV and HpMV was high in both years, ranging
between 0.59 and 1.00 in 1996, and 0.56 and 0.94 in 1997. A significant positive
association was detected between HpMV and PNRSV in one plot with two metres
between plants across rows (six rows per bay) in 1996. A significant positive association
was detected between HpLV and PNRSV in two plots in 1997. The associations between
HpLV and PNRSV (0.71), and HpMV and PNRSV (0.59) were not as strong as the

associations between the two carlaviruses (Table 7.4).

Significant, positive associations were detected between the three viruses when
combining ‘T11’ plots in 1996 and 1997 (Table 7.5). Pair-wise comparisons identified
significant positive associations between HpLV and HpMV in both years. The
association between the two viruses was stronger in 1997 (0.82) than 1996 (0.61) (Table
7.6). Significant positive associations between the three viruses were identified in 88 %
of individual plots (Table 7.5). Pair-wise comparisons identified signiﬁcant positive
associations between HpLV and HpMV in all individual plots in both years. The relative
strength of the association (Ochiai index) ranged between 0.53 to 0.89 in 1996, and 0.43
to 96 in 1997. No significant associations were detected between either carlavirus and

PNRSV (Table 7.6).
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When combining ‘Opal’ plots in 1996 and 1997 (Table 7.7). Pair-wise comparisons of
contiguous ‘Opal’ plots identified a significant positive association between HpLV and
HpMYV, and HpMV and PNRSV in 1996. However, the association between the latter
two viruses was somewhat weak (0.31). In 1997, pair-wise comparisons identified a
significant positive association between HpLV and HpMV, HpLV and PNRSV, and
HpMYV and PNRSV. The association between the two carlaviruses wz;s stronger in 1996
(0.57) than 1997 (0.49). Ochiai indices were weak (less than 0.50) for both associations
between HpLV and PNRSV, and HpMV and PNRSV (Table 7.8). Significant positive
associations between the three viruses were identified in all individual plots (Table 7.7).
Pair-wise comparisons identified a significant positive association between HpLV and
HpMV in all plots in 1996 and 71 % of plots in 1997. The strength of the association
ranged between 0.29 and 1.00 in 1996, and 0.35 and 0.74 in 1997. A significant positive
association was detected between HpLV and PNRSV in 18 % of plots in 1997. These
plots had close spacings between plants across rows, two with equal spacings between
plants in either direction. The strength of association between HpLV and PNRSV was
low in all plots, ranging between 0.26 and 0.38. A signiticant positive association was
also detected between HpMV and PNRSV in 24 % of plots in 1997. Thes’e plots also had
close spacings between plants across rows, two with equal spacings between plants in
either direction, and one in plots with two (six rows per bay) and three (five rows per
bay) metres between plants across rows. The strength of association ranged between 0.28

and 0.53 (Table 7.8).
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Table 7.3. Overall associationsbetweenHpLV, HpMV, and PNRSV in ‘Victoria' plots (cultivar x row spacing trial) at Bushy Park, Tasmania

in 1996 and 1997,

Plot Year N W.stat.’ Variance Disease Incidence (%)
(Replicate) Ratio * HpLV HpMV PNRSV®
Ix2(1) 1996 90 133.82* 1.49 43 57 93
Ix2(1) 1957 £ NAT NA 50 67 100
3x2(2) 1996 30 142.51 % 1.58 24 10 23
Ix1(2) 1957 30 167.38* 1.86 29 54 62
6(1) 1996 102 142.64 * 139 86 68 79
6(1) 1557 102 126.12 * 1.24 [13 5 86
6(2) 1996 102 187.49 * 1.84 57 19 43
6(2) 1997 102 NA NA 74 66 100
5(1) 1996 75 101.00 * 1.35 21 12 93
5(1) 1597 75 106.59 * 1.42 39 40 99
5(2) 1996 [3] 122.79 % 1.45 15 24 [{]
5(2) 1997 [ 34.08 NA 25 41 98
4 (1) 1996 60 106.31 * 1.77 27 10 72
4(1) 1997 60 7224 NA 45 43 98
4(2) 1996 60 128.68 * 245 37 37 43
i02) 1997 60 116.95 * 1.95 43 42 67
3(1) 1996 5:1 36.69 * 1.89 24 33 73
3(0) 1997 51 62.58 NA 31 45 98
3Q2) 1996 45 3911 * 2] 49 53 71
3Q2) 1997 45 79.93 * 1.78 60 56 87
Contiguous Plots 1996 760 1332.74 * 1.75 4] 33 67
Contiguous Plots 1997 568 866.56 * 153 46 53 86

! Ifthe W-stalistic was greater than the critical chi-square value at (»-1) degrees of freedom, the overall association between the three viruses
was significant, ‘*' (P<0.05).

2 If the association was significant, variance ratios greater than one indicate a possible positive association. Variance ratios less than one
indicate a negative association,

* apple, ‘A’ and intermediate, ‘I’ serotypes of PNRSV were not dif ferentiated,

NA = not assessed due to one or more viruses being ‘indeterminate’ (disease incidence of one or more viruses was @ or 100%).
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Table 7.4. Pair-wise associations between HpLV, HpMV, and PNRSV in ‘Victoria’ plots (cultivar x row

spacing trial} at Bushy Park, Tasmania in 1996 and 1957.

Plot Year Chi-square values for Pair-wise Comparisons’
(Replicate) (Association; Ochiai Indexz)
HpLV/HpMV HpLV/PNRSV’ HpMV/PNRSV
3x2(1) 1996 26.05* NS NS
Positive (0.76)
I 2] 1567 NA NA NA
3x.2(Z) 1996 30.91 * NS NS
Positive (0.64)
3x2(2) 1997 7.45*% 8.08 * NS
Positive (0.56) Positive (0.71)
6(1) 1996 28.49 * NS NS
Positive (0.88)
6(1) 1997 47.09 * NS NS
- Positive (0.96)
6(2) 1996 14.21 * NS 16.24 *
Positive (0.59) Positive (0.59)
6 (2) 1997 NA’° NA NA
DiGLY 1996 27.81* NS NS
Positive (0.67)
T 1997 SHTSHM™ NS NS
Positive (0.92)
5(2) 1996 49,88 * NS NS
Positive (0.81)
5(2) 1997 NS NS NS
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4 (1) 1996 14.41 * NS NS
Positive (0.61)
3 1997 NS NS NS
4 (2) 1996 60.00* NS NS
Positive (1.00)
4(2) 1997 48.4]1 * 4.10 * NS
Positive (0.94) Positive (0.65)
3 (1) 1996 L7465 NS NS
Positive (0.70)
3 (1) 1997 NS NS NS
3 (2) 1996 2441 * NS NS
Positive (0.87)
3 (2) 1997 30.38 * NS NS
Positive (0.92)
Contiguous 1996 302.63 * NS 3423 *
Plots Positive (0.77) Positive (0.57)
Contiguous 1997 267.87 * NS 5.91 *
Plots Positive (0.84) Positive (0.71)

! Chi-square values greater than 3.84 (¥ b ZOZ,OS,I) were significant, ‘*’ (P<0.05).

ZIf the association was positive, the relationship was stronger as the ochiai index approached one. If the
assoclation was negative, the relationship was stronger as the ochiai index approached zero.

*apple, ‘A’ and intermediate, ‘I’ serotypes were not differentiated

* NS = not significant at P<0.05

* NA = not assessed due to one or more viruses being ‘indeterminate’ (disease incidence of one or more

viruses was 0 or 100%).

355




Table 7.5. Overall associations between HpLV, HpMV, and PNRSV in ‘T11’ plots (cultivar x row spacing trial) at Bushy Park, Tasmania in

1996 and 1997.

Plot Year N W-stat.! Variance Disease Incidence (%)
(Replicate) Ratio * HpLV HpMV PNRSV®

3Ix2(1) 1996 102 163.87 * 1.61 217 38 2
3x2(l) 1997 102 172.82 * 1.69 38 51 7
3x2(2) 1996 102 NA NA 11 8 0
3x2(2) 1997 102 140.89 * 1.33 18 35 7
6(1) 1996 102 139.23 * 1.36 65 44 6
6 (1) 1997 102 170.19 * 1.67 84 78 19
6(2) 1996 102 142.13 * 1.39 48 28 21
6(2) 1997 102 139.16 * 1.36 59 42 43
5(D 1996 75 NA NA 20 9 0
5(l) 1997 75 149.17 * 1.99 32 32 1
5(2) 1996 75 NA NA 9 11 0
5(2) 1997 75 147.54 % 1.97 13 19 5
4(1) 1996 60 89.39 * 1.49 28 17 8
4(1) 1997 60 124.77 * 2.08 40 37 10
4(2) 1996 60 89.78 % 1.49 13 7 7
4(2) 1997 60 9145 * 1.52 25 13 10
3(D) 1996 45 59:5% 132 40 4 24
3(1) 1997 45 40.83 0.91 62 44 47
3(2) 1996 51 NA NA 63 6 0
3(2) 1997 51 95.98 * 1.89 75 63 20
Contiguous Plots 1996 471 684.47 * 1.45 53 39 11
Contiguous Plots 1997 774 1352.16 * 1.75 44 43 15

UIf the W-statistic was greater than the critical chi-square value at (n-1) degrees of freedom, the overall association between the three viruses
was significant, ‘*’ (P<0.05).

? Ifthe association was significant, variance ratios greater than one indicate a possible positive association. Variance ratios less than one
indicate a negative association.

E apple, ‘A’ and intermediate, ‘I’ serotypes of PNRSV were not dif ferentiated.

NA = not assessed due to one or more viruses being ‘indeterminate’ (disease incidence of one or more viruses was 0 or 100%).
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Table 7.6. Pair-wise associations between HpLV, HpMV, and PNRSV in ‘T11’ plots (cultivar x row

spacing trial) at Bushy Park, Tasmania in 1996 and 1997.

Plot Year Chi-square values for Pair-wise Comparisons'
(Replicate) (Association; Ochiai Index?)
HpLV/HpMV HpLV/PNRSV’ HpMV/PNRSV
B2 Tl 1996 42.59 * NS NA
Positive (0.76)
3x2(1) 1997 54.67* NS NA
Positive (0.85)
3x2(2) 1996 NA NA NA
3x2(2) 1997 6.38 * NS NS
Positive (0.43)
6 (1) 1996 NS NS NS
6 (1) 1997 31.19* NS NS

Positive (0.92)

6 (2) 1996 1.68 NS NS

Positive (0.58)

6 (2) 1997 25.24 * NS NS
Positive (0.74)

5(1) 1996 NA NA NA

5(1) 1997 52.94 * NS NS
Positive (0.89)

5(2) 1996 NA NA NA

5(2) 1997 50.28 * NS NS

Positive (0.85)
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4 (1) 1996 25.39 * NS NS
Positive (0.71)

4 (1) 1997 52.11* NS NS
Positive (0.96)

4(2) 1996 14.11 * NS NS
Positive (0.53)

4 (2) 1997 19.23 * NS NS
Positive (0.63)

3(1) 1996 NS NS NS

3(1) 1997 NS NS NS

3(2) 1996 NA NA NA

3(2) 1997 29.39 * NS

Positive (0.92)

Contiguous 1996 81.64 * NS NS
Plots Positive (0.61)

Contiguous 1997 353.42* NS NS
" Plots Positive (0.82)

! Chi-square values greater than 3.84 (,1’2 > 753'05’1) were significant, ‘*’ (P<0.05).

2 If the association was positive, the relationship was stronger as the ochiai index approached one. If the
association was negative, the relationship was stronger as the ochiai index approached zero.

*apple, ‘A’ and intermediate, ‘I’ serotypes were not differentiated

*NS = not significant at P<0.05

* NA = not assessed due to one or more viruses being ‘indeterminate’ (disease incidence of one or more

viruses was 0 or 100%).
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Table 7.7. Overall associations between HpLV, HpMV, and PNRSV in ‘Opal’ plots
(cultivar x row spacing trial) at Bushy Park, Tasmaniain 1996 and 1997.

Plot Year N Westat.” Varianee Disease Incidence (%)
{Replicate) Ratio HpLV HpMV ~ PNRSV®
3x2(1) 1996 102 207.59 * 204 5 21 )
3x2(1) 1997 102 208.14 * 2.04 12 27 26
3x2(2) 1996 90 NA™ NA 0 2 0
3021(2) 1997 90 15149 ¥ 1.68 3 26 6
6(1) 1996 90 151.21 % 1.68 7 24 3
6 (1) 1997 950 204.88 * 2.28 11 29 8
6(2) 1996 90 160.94 * 1.79 7 7 3
6 (2) 1997 90 149.84 * 1.66 9 22 13
5 (1) 1996 85 NA NA 0 1 0
5 (1) 1997 85 NA NA 0 5 0
5(2) 1996 75 NA NA 7] 5 3
512) 1997 75 161.36 * 2.15 3 2] 12
4(1) 1996 68 NA NA 7 9 3
4(1) 1997 68 104.35 % 1.54 9 2] 10
4 (2) 1996 68 137.38 % 202 10 10 12
42} 1997 68 140.26 * 206 I3 19 16
J3( 19%6 45 NA NA 0 33 0
3(1) 1997 45 NA NA 0 33 0
3(2) 19%6 51 105.8 ¥ 207 13 31 22
3(2) 1997 51 106.57 ¥ 2.0% 22 35 71
Coatiguous Plots 1996 401 795.05 * 1.99 10 25 9
Contiguous Plots 1997 634 1262.41 * 1.99 10 30 18

'Ifehe W-statistic was greater than the critical chi-square value at (#-1) degrees of freedon, the overall association between the three visuses

wassignifieant, ** {P<0.05).

53 o« @ o T . B r i a Q= 9 g
If the association was significant, vartance ratios greater than one tndicate a possible positive associat'on. Variance ratios less than one

ind'cate a megative association.

* apple, ‘A’ and intermediate, ‘I’ serotypes of PNRSV were not differeatiated.

4 . o " P s . g
NA = not assessed due to one or more viruses being ‘indeterminate’ (disease incidence of one or more viruses was 0 or 106%).
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Table 7.8. Pair-wise associations between HpLV, HpMV, and PNRSV in ‘Opal’ plots (cultivar x row

spacing trial} at Bushy Park, Tasmania in 1996 and 1997.

Plot Year Chi-square values for Pair-wise Comparisons’
(Replicate) (Association; Ochiai Indexz)
HpLV/HpMV HpLV/PNRSV HpMV/PNRSV
3x2(1) 1996 4.96%* NS NS
Positive (0.29)
3x2(1) 1967 NS 6.51* 6.98 *
Positive (0.38) Positive (0.46)
3x2(2) 1996 NA NA NA
3x2(2) 1997 NS 4.56* Ba] -
Positive (0.26) Positive (0.28)
6 (1) 1996 6.21 * NS NS
Positive (0.35)
6 (1) 1657 27.69* 795 * 11.93 *
Positive (0.62) Positive (0.36) Positive (0.45)
6 (2) 1996 60.73 * NS NS
Positive (0.83)
6(2) 1657 30.74 * NS NS
Positive (0.63)
5(1) 1996 NA NA NA
5(1) 1657 NA NA NA
52 1996 NA NA NA
5(2) 1997 7:58* NS 13.75*
Positive (0.35) Positive (0.53)
4 (1) 1996 NA NA NA
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4 (1) 1997 NS NS NS

32 1996 57.61 NS NS

Positive (1.00)

4(2) 1997 32,66 * NS NS
Positive (0.74)

3() 1996 NA NA NA

3(1) 1997 NA NA NA

3.(2) 1996 23.91* NS NS

Positive (0.75)

3(2) 1997 18.99 * NS NS

Positive (0.71)

Contiguous 1996 109.23 * NS 18.84 *
Plots Positive (0.57) Positive (0.31)

Contiguous 1997 104.28 * 10.84 * 29.14 *
Plots Positive (0.49) Positive (0.24) Positive (0.37)

-~

! Chi-square values greater than 3.84 ( 12 > 13_05’1) were significant, ‘*’ (P<0.05).

2If the association was positive, the relationship was stronger as the ochiai index approached one. If the
association was negative, the relationship was stronger as the ochiai index approached zero.

*apple, ‘A’ and intermediate, ‘I’ serotypes were not dif ferentiated

* NS = not significant at P<0.05

> NA = not assessed due to one or more viruses being ‘indeterminate’ (disease incidence of one or more

viruses was 0 or 100%).
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DISCUSSION

Significant positive associations were detected between HpLV and HpMV in all
‘Victoria’, and over 85 % of all “T11” and ‘Opal’ plots. The absence of the dominant
aphid vector of HpLV and HpMV in Australia, Phorodon humuli Shrank, suggests that
spread of these viruses relies upon altemative aphid vectors. Alate and apterous forms of
Macrosiphum euphorbiae Thomas and Myzus persicae Sulzer (Adams & Barbara, 1980),
both commonly found species in Australia, also transmit HpMV. However, these aphids
have not shown to be vectors of HpLV (Adams and Barbara, 1980), and the mode of
spread of this virus in Australian hop gardens remains unknown. The random spatial
characteristics of carlavirus epidemics in block two (chapter three) strongly suggests
spread by alate aphid vectors. Autocorrelated along row spread of both HpLV and
HpMV in plot one in 1997 may also be indicative of common apterous or alate aphid
vectors. No studies have been conducted to identify aphid species in Australian hop
gardens and surrounding hosts throughout the year, nor detailed vector studies with local
virus variants and aphid biotypes. However, the results suggest, that in local hop

gardens, HpLV and HpMV have a common aphid vectors.

The presence of one virus may enhance the ability of the aphid vectors to acquire another
virus and/or may also enhance the successfial transmission of the other or both viruses.
Possible mechanisms include an encapsidation relationship between the two viruses or

influences on virus titre and virus acquisition efficiency. Transencapsidation involves the

362



encapsidation of one virus by the coat protein of another virus, or one virus may
incorporate coat protein subunits of the second virus into its capsid, resulting in
successful transmission by vectors of the second virus. In the case of HpMV and HpLV,
if HpLV is not naturally vectored by M. persicae and M. euphorbiae, whilst HpMV is, a
transencapsidation event could allow successful transmission of HpLV in co-infected
plants.  However, the presence of HpLV infected plants alone suggest that
transencapsidation may not be the mechanism involved in HpLV transmission. Mixed
infections between the two viruses in the same plant may result in higher virus titres of
one or both viruses, increasing acquisition efficiency or spread by other means (i.e.

contact transmission).

The positive association between HpLV and HpMV may also reflect enhanced
susceptibility of the plant to infection with one virus following previous infection of the
other, or that virus infected plants are more attractive to virus vectors. The former case
may result from either a drop in the level of inhibitors of transmission and increase in

virus titre, or drop in enzymes involved in the natural plant defence mechanisms.

Positive associations were also found between HpLV and PNRSV in ‘Victoria’ (blocks
one and three) and in ‘Opal’ (block three) in 1997. This association is surprising
considering HpLV and PNRSV are from two very different genera vectored in different
ways. Analysis of the spatial characteristics of HpLV and PNRSV epidemics in blocks
one and three (chapter three) suggested spread of both viruses along rows. PNRSV

spread is almost certainly (chapters three and four) related to cultural practices such as
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mowing and plant contact. Alate or apterous aphids may be responsible for the spread of
HpLV, preferentially directed along rows by basal growth “bridges”. The positive
association between the two viruses may be because HpLV is also contact transmitted
with greater ease. Alternatively, the association may suggest an enhanced susceptibility
of specific hop cultivars to infection with either PNRSV or HpLV following previous

infection with the other virus.

The positive association between HpMV and PNRSV in ‘Victoria’ in block three in 1997,
and ‘Opal’ in 1996 and 1997 may also reflect an enhanced susceptibility of plants to
infection by other viruses from after infection by one virus. However, the lack of
association of both associations between HpLV and PNRSV, and HpMV and PNRSV

with cultivar and individual plots infers these results should be interpreted with caution.

More weight could be attributed to these observations if trials conducted under controlled
conditions had been done to mimick those found in the field. Further investigations into
the identification of aphid species in Australian hop gardens and virus transmission
studies are needed to increase our knowledge regarding hop carlavirus mtransmission in
the absence of P. humuli. Transencapsidation hypotheses for HpLV and HpMV would
also be interesting to pursue, particularly if alternative vectors for HpLV cannot be
identified. Enhanced susceptibility with PNRSV due to previous infection between the
carlaviruses and PNRSV could be studied by inoculation of a range of hop cultivars,
propagated from HpLV or HpMV infected material. Virus tested plants of the same

cultivar and age could be used as controls. A significant increase in the rate of PNRSV
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infection in those plants pre-infected with either carlavirus would support the theory of
enhanced susceptibility to virus infection when previously infected by other related or

unrelated viruses.

To my knowledge, this study is the first to adopt the ecological principles of intervirus
associations and apply them to the incidence of virus infection of plants. The advantage
of this method is that it measures an association, from which interactions can be
hypothesized without measuring the association directly. Intervirus associations between
viral pathogens imply spatial relationships between them. However, this may also reflect
environmental and/or dispersal gradients. The relationships suggested from this study
support the need for detailed aphid vector studies and molecular investigations into the

mechanisms underlying associations such as transencapsidation.
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8. DISCUSSION

High virus incidence was consistently demonstrated in ‘Victoria’ hop gardens (the most
important triploid cultivar in Australia) at sites in Tasmania and Victoria, Australia. In
block plot at Bushy Park, infection by all three viruses approached 100 %, and PNRSV
infected 92 % of plants only eight years after planting with virus tested material. The
incidence of viruses in this cultivar was significantly higher than in ‘Opal’, ‘T11’, and the
traditionally grown cultivar ‘Pride of Ringwood’. This made traditional control methods
such as establishing gardens with virus tested material and roguing of infected plants
soon after establishment ineffective. The lack of conspicuous symptoms associated with
virus infection in ‘“Victoria’ also makes rapid and reliable identification of infected plants

for roguing difficult.

Mechanical inoculation of PNRSV to a range of hop cultivars suggested “Victoria’ was
significantly more susceptible to infection by PNRSV and that the rapid spread was likely
to result from the highly susceptible nature of this cultivar to infection. The ability to
detect PNRSV in ‘Victoria’ throughout the growing season may influence the ability to
transmit for longer periods throughout the growing season, and a higher virus titre. This
is unlike other cultivars where detection is often unreliable after mid-season, which is
assumed to result from a drop in virus titre (Munro, pers. comm.). PNRSV was also
detected in all tissues tested from various positions around the plant in ‘Victoria’
suggesting a symmetrical virus distribution. However, in less suceptible cultivars, the

detection of PNRSV indicated an asymmetric distribution. These factors may increase
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the probability of virus transmission from infected to virus tested plants by extending the
window of opportunity for transmission and increasing the amount of available tissue

with levels that are sufficent for effective transmission.

The lack of significant reductions in yield and levels of brewing organic acids from
infections by HpLV, HpMV, PNRSV (A & 1), and from various co-infections between
them in both three and nine year old ‘Victoria’ plants, suggested that this cultivar may be
tolerant to virus infection. These findings question the continued need for virus control
by planting with virus tested material of ‘Victoria’. However, the significant effects of
virus infection on propagation suggest the use of virus tested material as mother plants
would be beneficial. Nevertheless, establishing gardens with virus tested material would
reduce the number of infected plants, able to act as sources of inoculum for adjacent
gardens containing cultivars in which viruses pose a significant constraint to production.

‘Opal’ was the least susceptible of the newly developed hop cultivars. Consistently low
incidence of all three viruses was recorded in ‘Opal’ gardens of varying ages. Virus
incidence in ‘Opal’ was similar to that of ‘Pride of Ringwood’ gardens, ’both in this and
previous studies in Tasmania (Munro, 1987). Mechanical inoculation with PNRSV failed
to establish infection of ‘Opal’ plants, which suggests that low PNRSV incidence in the
field may decrease infection of new plants. Testing in mid-season of a range of tissues of
‘Opal’ plants, chronically infected by either PNRSV-A or PNRSV-], failed to detect virus

in some sections within the plant. This suggested an asymmetric distribution and
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possibly it indicates translocation resistance, decreasing further the probability of virus

transmission, by decreasing the amount of tissues containing sufficient inoculum.

Significant reductions in three year old ‘Opal’ plants, in yield, alpha acid content, and the
alpha to beta acid ratio, and increases in beta acid content were demonstrated in plants
infected by HpLV + HpMV + PNRSV-A, and HpLV + HpMV + PNRSV-I. Plants
infected by only HpLV had significantly reduced yield and alpha acid levels compared to
healthy plants. However, significant reductions in beta acid content in nine year old
plants infected by PNRSV-A or PNRSV-I alone suggested with time other virus infection
may become detrimental to levels of brewing organic acids. This information, together
with the slow rate of virus infection after establishing gardens with virus tested material
suggested that virus control by traditional methods in this cultivar remains important to
minimise losses.

The transmission of PNRSV in Australian hop gardens was associated with mowing of
basal growth and contact between plants early in the growing season. Glasshouse trials
were successful at transmitting PNRSV between plants by simulating mowing and plant
contact. However, the low infection frequencies in these trials meant that the results were
difficult to extrapolate to the field because of differences in inoculum pressure, tissue
type, susceptibility to infection, and environmental factors. The reduction in spread when
plant contact was restricted early in the season suggested that plant contact from
midseason onwards at the trellis top did not significantly contribute to virus transmission.

The lack of significant temporal fluctuations in virus titre during the season and ability to

368



detect PNRSV in all tissues in ‘Victoria’ suggested this may be related to a rise in
inhibitors or decrease in the physical succulence of tissues, making mechanical
transmission through plant contact less likely. This also suggested that the majority of
transmission occurred because of the large amount of succulent basal growth present
until sheep grazing, starting approximately in mid season. Superfluous intertwined basal
growth between adjacent plants may increase the prt.)bability of virus transmission by
providing a large source of inoculum, and by ensuring intimate contact between infected
and healthy plants through contact transmission. Contact transmission may occur from
small wounds created through the action of mowing blades or the indirect and direct

result of plant contact.

Transmission of PNRSV between plants through root grafting in the glasshouse
suggested this may also provide a route for virus transmission. The existence of root
gfaﬁs in Australian hop gardens was suggested by injection of a translocatable herbicide
marker. However, the extent to which root grafts contribute to transmission of all three
viruses is yet to be confirmed. It is unlikely that sufficient time would elapse for root
grafts to form in the annual roots, leaving only the chance of their formation in the
perennial roots. This may be a random event and is likely to be influenced by the ability
of certain cultivars to form grafts, and external factors such as inconsistencies in the soil
profile forcing roots from two plants together. As root grafts are direct links between the
vascular tissue of two plants, this would be expected to prove sufficient for virus

transmission. However, in some cultivars asymmetric virus distributions within the plant
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and the inability of certain virus strains to cross phloem links may reduce the

effectiveness of root grafts in virus transmission.

Despite the apparent lack of aphid species capable of transmitting HpLV in Australia, the
temporal increase in incidence in several cultivars suggested a vector species exists. The
significant prevalence in hop plants of mixed infections between HpLV and HpMV
compared to plants infected by these two carlaviruses alone suggested these aphid
species may be the same as those responsible for the transmission of HpMV. M.
euphorbiae and M. persicae are vectors of HpMV in other countries and are assumed to
be vectors in Australia. However, aphid biotypes may differ in their efficiencies in
transmission and the capability of Australian biotypes to transmit HpLV and HpMV
needs to be investigated. The predominance of co-infections may also suggest spread of
HpLV by transencapsidation with HpMV, allowing spread of HpLV by vectors of
HpMYV. This mechanism would involve either the incorporation of HpLV nucleic acid
within the coat protein of HpMV, or the incorporation of HpLV coat protein subunits into
the capsid of HpMV. However, the existence of a small proportion of plants infected by

HpLV alone suggested a vector for HpLV may also exist.

Spatial analyses of carlavirus epidemics at hop garden sites in Bushy Park and
Myrtleford depicted different distributions, which may reflect differences in dominant
spread mechanisms. Random distributions of both HpLV and HpMV in a ‘Victoria’
garden in Myrtleford suggested the dominant vectors were alate aphid species. However,

the autocorrelated along row spread of HpLV and HpMYV in 1997 in a ‘Victoria’ garden
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in Tasmania was indicative of contact transmission by basal growth mowing, or spread
by either apterous or alate aphid vectors preferentially directed along rows by extensive

basal growth contact early in the season.

In conclusion, this study was apparently the first to quantify the accelerated spread rate of
viruses in a newly developed Australian hop cultivar, to spatially characterise viral
epidemics in hop gardens, to identify a hop cultivar tolerant to virus infection and other
cultivars with low susceptibility, and to use the principles of interspecific association
analysis in plant viral epidemiology. The spread of PNRSV in hop gardens in Australia
was associated with basal growth mowing and resulting extensive plant contact early in
the season. In Tasmania, the spread of carlaviruses may also be influenced by mowing.
Significant reductions in yield and levels of brewing organic acids in three year old plants
from infection by HpMV of ‘Pride of Ringwood’ and ‘Nugget’, and from infection by all
t}}ree viruses in ‘Opal’ demonstrated that viruses continue to pose significant constraints
to production. Slow rates of virus infection following planting with virus tested material
in ‘Pride of Ringwood’ and ‘Opal’ gardens means that the continued policy of
establishing gardens with virus tested material should \provide adequate control.
However, as both three and nine year old ‘Victoria’ plants appear tolerant of infection by
individual viruses and co-infections between them, this suggests that for this cultivar the
higher costs involved in establishing gardens with virus tested material appear not
worthwhile for this cultivar. However, the continued use of this policy reduces inoculum

for other cultivars.
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9. SUGGESTIONS FOR FURTHER STUDIES

Some aspects of the epidemiology of viruses infecting hops in Australia were not covered

in detail. Findings from these studies may also be the precursor for further trials.

9.1. Effect of viruses on yield and quality

Despite the time and costs involved in establishing the yield trial, the benefits of having a
properly, designed layout with controls, trial outweighed these factors. The trial made
possible examination of certain virus combinations in particular cultivars, inclusion of
buffer plants to reduce the rate of infection of control plots, ability to assess effects of
agronomic characteristics and production over an extended period of time, and the
capability to measure virus spread to plants of several cultivars. However, the inability to
d?tect certain virus infections in some cultivars and field size constraints made the trial
design unbalanced and unorthogonal, making results difficult to statistically analyse. An
insufficient supply of virus tested plants and varying mortality rates of virus infected
plants also made the trial difficult to analyse because of the rvequirement to exclude plots
containing plants of different ages. Time constraints over the course of this study also
meant that only one preliminary harvest of suitable plots, and one full harvest the
following season could be conducted. Further investigationsof the significant effects of
viruses found in some cultivars requires the continued monitoring of this trial for at least
an additional two seasons, depending upon virus re-infection in control plots. Moreover,

considering the commercial life of a hop garden can extend to approximately 20 years,
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full assessment of the effects of virus infection requires additional assessments in older
plants. Viruses may have a significant effect on yield and quality of products early when
plants are becoming established or later in life when plants have become debilitated by
chronic infection and other stresses. This was overcome to some extent with harvests of
single plants infected by certain virus combinations in older ‘Victoria’, ‘Opal’, and ‘T11’

plants.

This study assessed the effect of viruses on brewing organic acids. Further studies should
include the effect on essential oil profiles of aroma hop cultivars and the effect of viruses
on new and promising hop cultivars prior to wide scale release. Due to the poor
mechanical inoculation techniques for all three viruses in the majority of cultivars, the
latter would rely upon the detection of infection in the field, and either subsequent single
plant harvests or propagation of specific virus combinations for small scale screening,
M_echanical inoculation could also be used to assess relative susceptibility of breeding
material to virus infection prior to further investigation. However, as found in ‘Victoria’
greater susceptibility to virus infection does not necessarily translate into significant

effects on yield and quality of products.

9.2. Transmission of PNRSV in hop

The transmission of PNRSV was strongly associated with basal growth mowing in hop

gardens, and in Tasmania, mowing is exclusively used for basal growth control. Further

trials could examine alternative methods for basal growth control, which might reduce
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the spread of PNRSV. Methods used in hop gardens in other parts of the world, such as
dessicant herbicide sprays (United Kingdom and Europe) or cross-cultivation (U.S.A.,

and Victoria, Australia) could be trialled.

However, the prohibitively high fixed costs involved in changing trellis systems and the
lack of significant reduction in yield and quality of products in cultivars where PNRSV
spread is rapid (e.g. ‘Victoria) tends to negate the usefulness of such investigations to the
Australian hop industry. Nevertheless, ‘Victoria’ would provide a useful model system
for assessment of other basal growth control options, which could be implemented if a
cultivar were to be bred in the future in which PNRSV transmission is rapid and infection

poses a significant constraint to production.

This project has detailed the intra-garden transmission of PNRSV, however we still know
very little regarding the appearance of primary PNRSV foci in the field. We hypothesise
that this appearance may relate to a certain proportion of cuttings from mother plants
being infected, which despite testing negative to virus infection, the asymmetric
distribution of the virus and selection of only one leaf from one bine for routine testing.
Further studies into virus distribution within the hop plant would be useful to determine
the best means of sampling. Leaf samples could be taken at various positions from the
same bine and tested by ELISA. Softwood cuttings could then be made from each
section and rooted plants tested. This would help determine whether plant parts testing
negative to infection prior to propagation remained negative or had undetectable virus

infection that subsequently multiplied to detectable levels following propagation.
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The extent to which viruses are transmitted by root grafting in hops is also an issue.
Further trials could involve glyphosate injection of plants of a range of cultivars and ages.
Trials could also be designed to monitor PNRSV transmission in plots where root contact
was discouraged using barriers such as herbicide impregnanted mesh. However, even if
root grafting was shown to contribute significantly to virus transmission, the design of
economically viable control measures would prove difficult. Root grafting may be
discouraged by changing from a minimum tillage system to weed control by ground
disturbance through minimising soil compaction. However, the depth of ground
disturbance required is difficult to estimate. Cross-cultivation systems would further
discourage anisotropic soil compaction and allow the roots to grow equally in all
directions, which could improve nutrient uptake by increasing the exploitable volume of
soil available to the plant.

Further field trials could extend some of the findings from glasshouse trials. All
successful transmissions of PNRSV by mechanical inoculation in this study were
between plants of like cultivar. This may reflect the presem;e of different virus variants
adapted to certain cultivars, making transmission between plants of one cultivar easier
than between different cultivars. Such trials would mechanically inoculate PNRSV (A or
I) between like and unlike cultivars and compare inoculation success. Examinations of
strain variation (serological and molecular) between Australian isolates and comparisons
between Australian and overseas isolates of PNRSV would also be beneficial.

Identification of severe isolates would justify a re-examination of the effects of PNRSV

375



on yield and quality. Should severe isolates be shown to have a significant effect on
production control by cross-protection by a mild isolate could be investigated. However,

this cross-protection phenomena may already exist naturally in the field.

Molecular characterisation of the PNRSV-A and PNRSV-I serotypes infecting hop would
increase our understanding of the relationships between these serotypes and those
infecting other species (e.g. PNRSV-C infecting Prunus spp.). Clarification of whether
mixed infections between PNRSV-A and PNRSV-I occur together in the same plant

would greatly increase our epidemiological and aetiological knowledge of these viruses.

9.3.  Carlavirus spread

Significant deficiencies exist in our knowledge regarding the spread of both carlaviruses
in‘ Australian hop gardens. Further studies are needed to determine a) which aphid
species are responsible for virus transmission, b) if a transencapsidation relationship
exists between the two, ¢) if transmission occurs from contact transmission as a result of
basal growth mowing, d) when spread by aphids is occ-urring, and e) the factors
influencing spread. Field work investigating such issues should include a) intensive
monitoring of infection in a range of cultivars at different sites, b) tracking of aphid
populations throughout the growing season on hops, ¢) identification of alternative hosts

outside the growing season surrounding the gardens.

376



9.4. Role of viroid pathogens

Recent surveys in Australian hop gardens suggested infection with HLVd was ubiquitous
(G. Leggett, pers. comm.), and hence it was assumed to be present in all hop planting
material used in the yield comparison (chapter six). Recent studies in the United
Kingdom found HLVd significantly reduced yield of ‘Omega’ (Barbara, et al,, 1992).
Trials investigating the effect of HLVd on production and quality of Australian hop
cultivars are vital to determine whether the use of viroid tested material may significantly
increase production. Assuming the viroid did pose a significant constraint to production,
elucidation of which cultural practices are involved in transmission, and/or transmission
by transencapsidation involving any of three viruses commonly found would prove
useful.

It would also be helpful to determine whether Australian HSVd strains ubiquitously
infecting grapes are capable of infecting and causing significant reductions in yield of
hop. This is particularly important because of the exponent{al increase in vineyards in

Tasmania and Victoria in recent years. In some cases both are on the same properties.

3l



REFERENCES

Adams, A.N. (1991) Transmission of plant viruses by fungi. Anrals of Applied Biology,
118: 479-492.

Adams, ANN. & Barbara, D.J. (1980) Host range, purification and some properties of hop
mosaic virus. Annals of Applied Biology, 96: 201-208.

Adams, A.N. & Barbara, D.J. (1982) Host range, purification and some properties of two
carlaviruses from hop (Humulus lupulus): hop latent and American hop latent. Annals of
Applied Biology, 101: 483-494.

Adams, A.N. & Barbara, D.J. (1988) Some properties of an ILAR-virus isolated from
Humulus japonicus originating from the Peoples Republic of China. In: Eppler, A. (ed.)
Proceedings of the International IWorkshop on Hop Virus Diseases, Rauischholzhausen
Castle, Pp. 33-42.

Adams, AN, Barbara, D.J. & Blake, V.S.A. (1983) Viruses and virus diseases ofhops -
carlaviruses. Report of the East Malling Research Station for 1952, Pp. 82-89.

Adams, A.N., Barbara, D.J. & Clark, M.F. (1982) The occurrence and some properties of
three carlaviruses infecting hop plants (Humulus lupulus) in England. Acta Horticulturae,
130: 243-247.

Ai_ams, A.N., Barbara, D.J., Clark, M.F. & Davies, D.L. (1986) Association of arabis
mosaic virus with hop chlorotic disease. Acta Horticulturae, 193: 59-60.

Adams, AN, Barbara, D.J., Clark, M.F., Flegg, C.L. & Thresh, .M. (1977) Virus
discases of hop. Report of the East Malling Research Station for 1976, Pp.147.

Adams, A.N., Barbara, D.J., Clark, M.F., Manwell, W.F. & Thresh, ].M. (1979) Virus
discases of hop. Report of the East Malling Research Station for 1978, Pp. 102-103.

Adams, A.N., Barbara, D.J., Morton, A. & Darby, P. (1996) The experimental
transmission of hop latent viroid and its elimination by low temperature treatment and
meristem culture. Annals of Applied Biology, 128: 37-44.

Adams, AN, Clark, M.F. & Barbara, D.J. (1989) Host range, purification and some
properties of anew ilarvirus from Humulus japonicus. Annals of Applied Biology, 114:
497-508.

378



Adams, A.N., Morton, A., Barbara, D.J. & Ridout, M.S. (1992) The distribution and
spread of hop latent viroid within two commercial plantings of hop (Humulus lupulus L.)
Annals of Applied Biology, 121: 585-592.

Albrechtova, L., Chod, J, Kriz, & Fencl. (1979) Detection of apple mosaic and tobacco
necrosis viruses in hop. Phytopathologische-Zeitschrift, 94: 45-55

Anonymous, (1976) The breeding and development of new hop varieties — diseases. In:
Proceedings of the Scientific Commission of the International Hop Growers Convention
at Wye College, 12-13 August, 1976. p.30.

Anonymous, (1980) Research results of the Bavarian institute for soil culture and plant
production, division hops. Bavarian Institute for Soil Culture and Plant Production and
German Society for Hop Research Annual Re port for 1980, p.10.

Anonymous, (1996) Secrets of a hidden hop disease. Grower, 12.

Anonymous. (1999) Hops: in Tasmanian Rural and Fishing Industry Profiles, Department
of Primary Industries, Water and Environment, Tasmania, Australia, February, Pp. 58-62.

Astruc, N., Marcos, J.F., Macquaire, G., Candresse, T. & Pallas, V. (1996) Studies on the
diagnosis of hop stunt viroid in fruit trees: Identification of new hosts and application of a
nucleic acid extraction procedure based on non-organic solvents. European Journal of
Plant Pathology, 102: 837-846.

Barbara, D.J. & Adams, A.N. (1981) Hop mosaic virus. CMI/AAB Descriptions of plant
viruses, number 241.

Barbara, D.J. & Adams, A.N. (1983) American hop latent virus. CMI/AAB descriptions
of plant viruses, number 262.

Barbara, D.J., Adams, A.N., Morton, A. & Ridout, M.S. (1992) The distribution of hop
latent viroid within a commercial planting of hop (Humulus lupulus L.), cultivar Wye
Challenger. Acta Horticulturae, 308: 87-94.

Barbara, D.J. & Clark, M.F. (1982) A simple indirect ELISA using F(ab’), fragments of
immunoglobin. Journal of General Virology, S8: 315-322.

Barbara, D.J., Clark, M.F. & Thresh, J.M. (1978) Rapid detection and serotyping of
prunus necrotic ringspot virus in perennial crops by enzyme-linked immunosorbent assay.
Annals of Applied Biology, 90: 395-399.

Barbara, D.J., Morton, A. & Adams, A.N. (1990a) Assessment of UK hops for the
occurrence of hop latent and hop stunt viroids. Annals of Applied Biology, 116: 265-272.

g0



Barbara, D.J., Morton, A., Adams, A.N. & Green, C.P. (1990b) Some effects of hop
latent viroid on two cultivars of hop (Humulus lupulus L.) in the UK. Annals of Applied
Biology, 117: 359-366.

Barth, J. & Sohn. (1988) The Barth Report: hops 1997/98. Joh. Barth & Sohn,
Nuremberg, Germany.

Bauske, E.M., Hewings, A.D., Kolb, F.L. & Carmer, S.G. (1994) Variability in enzyme-
linked immunosorbent assays and control of experimental error by use of experimental
designs. Plant Disease, 78: 1206-1210.

Blackman, R.L. & Eastop, V.F. (1984) Aphids of the worlds crops: An identification and
information guide. John Wiley & Sons, Chichester.

Bock, K.R. (1966) Arabis mosaic and Prunus necrotic ringspot viruses in hop (Humulus
lupulus L.). Annals of Applied Biology, 57: 131-140.

Bock, K.R. (1967a) Strains of prunus necrotic ringspot virus in hop (Humulus lupulus
L.). Annals of Applied Biology, 59: 437-446.

Bock, K.R. (1967b) Hop mosaic virus. Report of East Malling Research Station for
1966, Pp. 163-165.

Bogusch, L.J., Verderevskaja, T.D. & Schuster, F. (1985) Freeing sweet and sour cherry
trees from prunus necrotic ringspot virus by injection of2,4 dioxahexahydro-1,3,5-
triaxine (DHT). Phytopathologische-Zeitschrift, 114: 189.

British Mycological Society (1953) Some further definitions of terms used in plant
pathology. Transactions of the British Mycological Society, 31: 140-141.

Brown, D.F.J. (1975) Short report: geographical distribution of Xiphenema and
Longidorus in the British Isles. In: Lamberti, F. & Roca, F. (Ed.’s) Nematode vectors of
plant viruses. NATO Advanced Study Institute Series, Vol. 2, Plenum Press.

Brunt, A.A,, Crabtree, K., Dallwitz, M.J., Gibbs, A.J., Watson, L. & Zurcher, E.J. (eds.)
(1996 onwards) ‘Plant Viruses Online: Descriptions and Lists from the VIDE Database.

Version: 16th January 1997.” URL http:/biology.anu.edu.aw/Groups/MES/vide/

Burgess, A.H. (1964) Hops, botany, cultivation, and utilization. World Crop Books,
Interscience Publication, New York.

Burrows, P.M., Scott, S.W., Bammett, O.W. & McLaughlin, M.R. (1984) Use of

experimental designs with quantitative ELISA. Journal of Virological Methods, 8: 207-
216.

380



Cameron, R.R., Milbraith, J.A. & Tate, L.A. (1973) Pollen transmission of prunus
necrotic ringspot in prune and sour cherry orchards. Plant Disease Reporter, ST: 241-243.

Campbell, C.L., Jacobi, W.R., Powell, N.T. & Main, C.E. (1984) Analysis of disease
progression and the randomness of occurrence of infected plants during tobacco black
shank epidemics. Phytopathology, 74: 230-235.

Campbell, C.L. & Noe, J.P. (1985) The spatial analysis of soilbome pathogens and root
diseases. Annual Review of Phytopathology, 23: 129-148.

Candresse, T., Kofalvi, S.A., Lanneau, M. & Dunez, J. (1997) A PCR-ELISA protocol
for the simultaneous detection and identification of prunus necrotic ringspot and apple
mosaic ilarviruses. In: Hadidi, A. (Ed.) Proceedings of the 17th International Symposium
on Virus and Virus-like Diseases of Temperate Fruit Crops, June 23-27, 1997, Bethesda,
MD, U.S.A. p.35.

Cartledge, E.G. (1956) An investigation into the diseases of Tasmanian hops. Tasmanian
Journal of Agriculture, 27: 210-219.

Casper, R. (1973) Serological properties of prunus necrotic ringspot and apple mosaic
virus isolates from rose. Phytopathology, 63: 238-240.

Chambers, D.A., Highnett, R.C., Carder, J.H., Marks, M.J., & Adams, A.N., Blake,
V.S.A. (1986) Diseases ofhop. Report of the East Malling Research Station for 1985,
Pp. 137-140.

Cla;-rk, M.F. & Adams, A.N. (1977) Characteristics of the microplate method of enzyme-
linked immunosorbent assay for the detection of plant viruses. Journal of General
Virology, 34: 475-483.

Clark, M.F. & Bar Joseph, M. (1984) Enzyme immunosorbent assays in plant virology.
Pp.51-85. In: Maramorosch, K. & Koprowski, H. (ed’s). Methods in plant virology,
volume 7. Academic Press, New York.

Clark, M.F., Flegg, C.L. & Bates, D. (1979) Hop nettlehead disease. Report of the East
Malling Research Station for 1978. Pp. 100-101.

Cliff, A.D. & Ord, J.K. (1981) Spatial processes: models and applications. Pion Ltd.,
London.

Cochran, L.C. & Hutchins, L.M. (1941) A severe ringspot virosis on peach.
Phytopathology, 31: 860. Abstract.

Cole, A. & Mink, G.I. (1984) An agent associated with bee-stored pollen that degrades
intact virus. Phytopathology, 74: 1320-1324.

381



Cole, A., Mink, G.I., & Regev, S. (1982) Location of prunus necrotic ringspot virus on
pollen grained from infected almond and cherry trees. Phytopathology, 72: 1542-1545.

Converse, R.H. (1985) Latent viruses: harmful or harmless? In: Weintraub, M. Virus
diseases - a dilemma for breeders. HortScience, 20: 845-847.

Converse, R.H., Seely, J. & Martin, L.W. (1979) Evidence for random local spread of
aphid-borme mild yellow-edge virus in strawberries. Phytopathology, 69: 142-144.

Cooper, J.I. & Jones, A.T. (1983) Responses of plants to viruses: proposals for the use of
terms. Phytopathology, 73: 127-128.

Crosse, J.E. (1967) Plant pathogenic bacteria in the soil. In: Gray, T.R. & Parkinson, D.
The ecology of soil bacteria. University Press, Liverpool. Pp. 552-572.

Crosslin, .M., Hammond, R.W. & Hammerschlag, F.A. (1992) Detection of prunus
necrotic ringspot virus serotypes in herbaceous and Prunus hosts with a complementary

RNA probe. Plant Disease, 76: 1132-1136.

Crosslin, J.M. & Mink, G.I. (1992) Biophysical differences among prunus necrotic
ringspot ilarviruses. Phytopathology, 82: 200-206.

Crowther, J.R. (1995) ELISA: theory and practice. Methods in molecular biology,
number 42. Humana Press, New Jersey.

Cyéter, R.J. (1981) A view of the Australian hop scene 1980. English Hops, p. 10.
Dale, C.J. & Shardlow, J.A. (1986) Hops and foam lacing. English Hops, p. 5.
Davies, J.R. (1973) The hop industry. Tasmanian Journal of Agriculture, Pp.247-253.

Davies, D.L. & Clark, M.F. (1983) A satellite-like nucleic acid of arabis mosaic virus
associated with hop nettlehead disease. Annals of Applied Biology, 103: 439-448.

Derrick, K.S. & Brlansky, R.H. (1976) Assay for viruses and mycoplasmas using
serologically specific electron microscopy. Phytopathology, 66: 815-820.

De Sequeira, O.A. (1966) Purification and serology of an apple mosaic virus. Virology,
31:314-322.

Dolinar, M. (1988) ILAR-viruses in hop gardens in Slovenia, Yugoslavia. In: Eppler, A.
(Ed.) Proceedings of the International Workshop on Hop Virus Diseases,
Rauischholzhausen Castle, Pp. 83-88.

382



Eastop, V.F. (1983) The biology of the principal aphid virus vectors. In: Plumb, R.T. &
Thresh, J.M. Plant virus epidemiology - the spread and control of insect-bome viruses.
Blackwell Scientific Publications, Oxford. Pp. 115-132.

Edwardson, J.R. (1952) Hops - their botany, history, production and utilization.
Economic Botany, 6: 160-175.

Eggers-Schumacher, H.A. (1988). Studies on the population genetics of the vector
Phorodon humuli Schrk. in the German hop growing regions. In: Eppler, A. (Ed.)
Proceedings of the International Workshop on Hop Virus Diseases, Rauischholzhausen
Castle, Pp. 212.

Eppler, A. (1983) Transmission of hop viruses and the role of wild and escaped hops as
sources of virus spread. Medelingen van de Faculteit Landbouwwetenschappen
Rijksunivesitent Gent,48: 883-892.

Eppler, A. (1988a) Presence of viruses in the hop growing region of Alsace (France). In:
Eppler, A. (Ed.) Proceedings of the International Workshop on Hop Virus Diseases,
Rauischholzhausen Castle, Pp.209.

Eppler, A. (1988b) Sensitivity, tolerance and resistance in the hop-CARLA-virus
relationship. In: Eppler, A. (Ed.) Proceedings of the International Workshop on Hop
Virus Diseases, Rauischholzhausen Castle, Pp. 99-107.

Eppler, A. (1988c) Settling behaviour of Phorodon humuli in relation to virus spread. In:
Eppler, A. (Ed.) Proceedings of the International Workshop on Hop Virus Diseases,
Rauischholzhausen Castle, Pp. 113-119.

Eppler, A. (1992) Untersuchungen zur ubertragung von hopfenviren durch seiden
Cuscuta spp. Medelingen van de Faculteit Landbouwwetenschappen Rijksunivesitent
Gent, 57: 341-349. ;

Eppler, A. (1994) Ecology of aphids on hops and its significance on spread of hop
viruses. Zeitschrift fur Pflanzenkrankheiten und Pflanzenschutz,102: 2-15.

Eppler, A. & Dahdahbiglou, R. (1991) Experiments on the non-vectorial transmission of
PNRYV in hops. Medelingen van de Faculteit Landbouwwetenschappen Rijksunivesitent
Gent,56: 577-587

Eppler A. & Sander, E. (1981) The infection of German hops with prunus necrotic

ringspot virus. Medelingen van de Faculteit Landbouwwetenschappen Rijksunivesitent
Gent,46: 1115-1121.

383



Everett, K.R., Milne, K.S. & Forster, L.S. (1993) Sap-transmissible viruses in flowering
cherry in New Zealand. New Zealand Journal of Crop and Horticultural Science, 21:
311-316.

Fenlon, J.S. & Sopp, P.I. (1991) Some statistical considerations in the determination of
thresholds in ELISA. Annals of Applied Biology, 119: 177-1809.

Ferrandino, F.J. (1996a) Length scale of disease spread: fact or artifact of experimental
geometry. Phytopathology, 86: 806-811.

Ferrandino, F.J. (1996b) Two-dimensional distance class analysis of disease-incidence
data: problems and possible solutions. Phytopathology, 86: 685-691.

Ferrandino, F.J. (1998) Past nonrandomness and aggregation to spatial correlation:
2DCORR, a new approach for discrete data. Phytopathology, 88: 84-91.

Fleisher, Z., Blodgett, E.C. & Aichele, M.D. (1964) Presence of virus (necrotic ringspot
group) in mazzard and mahaleb cherry seedlings grown in the Pacific Northwest from
various seed sources. Plant Disease Reporter, 48: 280. Abstract.

Fonseca, M.E.N., Marinho, V.L.A. & Nagata, T. (1993) Hop latent viroid in hop
germplasm introduced into Brazil from the United States. Plant Disease, 77: 952.
Abstract.

Francki, R.I.B., Fauquet, C.M., Knudson, D.L. & Brown, F. (1991) Classification and
nomenclature of viruses. Fifth report of the Intemational Commission of Viruses.

Archives of Virology Supplement. Springer-Verlag, Wien.

Fridlund, P.R. (1954) The reaction of Prunus tomentosa seedlings to latent Prunus virus
cultures. Phytopathology, 44: 488.

Fridlund, P.R. (1959) A latent virus of hops detected by cucumber inoculation. Plant
Disease Reporter, 43: 594.

Fridlund, P.R. (1965) Symptoms of necrotic ringspot and prune dwarfin several Prunus
species. Plant Disease Reporter, 49: 288.

Fritzsche, R. & Kegler, H. (1968) Nematoden als vectoren von viruskrankheiten der
obstgehotze. Tag. Ber. D. Akad. Land. Wiss. DDR, 97: 289-295.

Frost, A.A. (1983) Plant Breeding in New Zealand. in: Wratt, G.S. & Smith, H.C. (ed.)
Butterworths of New Zealand in association with DSIR, Auckland.

Fulton, R.W. (1967) Purification and serology ofrose mosaic virus. Phytopathology, 57:
1197-1201.

384



Fulton, R.W. (1970) Prunus necrotic ringspot virus. CMI/AAB Descriptions of plant
viruses, number 5.

George, J.A. (1962) A technique for detecting virus-infected Montmorency cherry seeds.
Canadian Journal of Plant Science, 43: 193-203.

George, J.A. & Davidson, T.R. (1963) Pollen transmission of necrotic ringspot and sour
cherry yellows viruses from tree to tree. Canadian Journal of Plant Science, 43: 276-288.

George, J.A. & Davidson, T.R. (1964) Further evidence of pollen transmission of necrotic
ringspot and sour cherry yellows viruses in sour cherry. Canadian Journal of Plant
Science, 44: 383-384.

Gibbons, J.D. (1976) Nonparametric methods for quantitative analysis. Holt, Rinehart,
and Winston, New York.

Gonsalves, D. & Fulton, R.W. (1977) Activation of Prunus necrotic ringspot virus and
rose mosaic virus by RNA 4 components of some ilarviruses. Virology, 81: 398-407.

Gottwald, T.R., Richie, S.M. & Campbell, C.L. (1992) LCOR2 — spatial correlation
analysis software for the personal computer. Plant Disease, 76: 213-215.

Gough, K.H. & Shukla, D.D. (1980) Further studies on the use of protein A in immune
electron microscopy for detecting virus particles. Journal of General Virology, S1: 415-
419.

Goﬁlter, K. & Randles, J.W. (1997) Serological and molecular techniques to detect and
identify plant pathogens. In: Brown, J.F. & Ogle, H. (Eds.) Plant Pathogens and Plant
Disease. Rockvale Publications, Armidale. Pp. 172-194.

Gray, S.M., Moyer, J.W., & Bloomfield, P. (1986) Two-dimensional distance class model
for quantitative description of virus-infected plant distribution lattices. Phytopathology,
76: 243-248.

Greber, R.S., Klose, M.J., Milne, R.S. & Teakle, D.S. (1991) Transmission of prunus
necrotic ringspot virus using plum pollen and thrips. Annals of Applied Biology, 118:
589-593.

Greber, R.S., Teakle, D.S. & Milne, R.S. (1992) Thrips-facilitated transmission of prune
dwarf and prunus necrotic ringspot viruses from cherry pollen to cucumber. Plant

Disease, 76: 1039-1041.

Green, P. (1986) Gas-liquid chromatography, hop oils and variety identification.
English Hops, Pp.10-11.

385



Gross, R.W. & Schwiesow, M.H. (1982) High performance liquid chromatographic
analysis of hop alpha and beta acids. Journal of the American Society of Brewing
Chemists, 40: 116-117.

Hammond, R. W, Crosslin, J.M., Howell, H.E. & Mink, G.I. (1997) The design of strain-
specific polymerase chain reactions for discrimination of prunus necrotic ringspot virus
isolates. In: Hadidi, A. (ed.) Proceedings of the 17th International Symposium on Virus
and Virus-like Diseases of Temperate Fruit Crops, June 23-27, 1997, Bethesda, MD,
U.S.A. p.37.

Harrison, B.D. & Murant, A.F. (1977) Nepovirus group. CMI/AAB Descriptions of Plant
Viruses, Number 185.

Hartmann, H.H. & Kester, D.E. (1975) Plant propagation, principles and practice. Third
Edition. Prentice-Hall Inc., New Jersey.

Hastings, A. & Harrison, S. (1994) Metapopulation dynamics and genetics. Annual
Review of Ecology Systematics, 25: 267-288.

Haunold, A. (1980) Hop. In: Fehr, R. & Hadley, H.H. (ed.) Hybridization and Crops
Plants. American Society of Agronomy, Madison, Wisconsin, U.S.A.

Haunold, A. (1981) Hop production, breeding and variety developments in various
countries. Journal of the American Society of Brewing Chemists , 39: 27-34.

Hay, F.S., Close, R.C. & Beatson, R. (1988) The effect of virus infections on the yield
and alpha/beta-acid content of the hop variety Superalpha. In: Eppler, A. (ed.)
Proceedings of the International Workshop on Hop Virus Diseases, Rauischholzhausen
Castle, Pp. 137-148.

Hay, F.S., Close, R.C., Fletcher, J.D. & Ashby, J.W. (1992) Incidence and spread of
viruses in hop (Humulus lupulus L.) in New Zealand. New Zealand Journal of Crop and
Horticultural Science, 20: 319-327.

Hebert, C.N., Edwards, S., Bushnell, S., Jones, P.C. & Perry, C.T. (1985) Establishment
of a statistical base for use of ELISA in diagnostic serology for infectious bovine

rhinotracheitis. J. Biol. Stand.,13: 243-253.

Helton, A.W. (1962) Relative merits of shirofugen and peach trees as indicators for
prunus ringspot virus in prune trees. Phytopathology, 52: 846. Abstract

386



Heuss-LaRosa, K., Hammond, R., Crosslin, J.M., Hazel, C. & Hammerschlag, F.A.
(1995) Monitoring prunus necrotic ringspot virus infection by hybridization with a cRNA

probe after in vitro micrografting. Journal of the American Society for Horticultural
Science, 120: 928-931.

Hough, J.S. (1985) The biotechnology of malting and brewing. Cambridge studies in
biotechnology, 1. Cambridge University Press, Cambridge.

Howell, W.E. & Mink, G.I. (1984) Control of natural spread of cherry rugose mosaic
disease by a symptomless strain of Prunus necrotic ringspot virus. Phytopathology, 74:
1139. Abstract.

Howell, W.E. & Mink, G.I. (1988) Natural spread of cherry rugose mosaic disease and
two prunus necrotic ringspot virus biotypes in a central Washington sweet cherry orchard.
Plant Disease, 72: 636-640.

Hsu, Y., Chen, W. & Owens, R.A. (1994) Nucleotide sequence of a hop stunt viroid
variant isolated from citrus growing in Taiwan. Virus Genes, 9: 193-195.

Huttinga, H. (1996) Sensitivity of indexing procedures for viruses and viroids. In:
Advances in Botanical Research, volume 23, Academic Press Ltd.

Ikin, R. & Frost, R.R. (1974) Virus diseases of roses. I. Their occurrence in the United
Kingdom. Phytopathologie Zeitschrift, 79: 160-168.

Jeger, M.J., Kenerley, C.M., Gerik, T.J., & Koch, D.O. (1987) Spatial dynamics of
Phymatotrichum root rot in row crops in the Blackland region of north central Texas.
Phytopathology, 77: 1647-1656.

Johansen, E., Edwards, M.C. & Hampton, R.O. (1994) Seed transmission of viruses:
current perspectives. Annual Review of Phytopathology, 32: 363-386.

Johnstone, G.R. (1965) Hop nettlehead — field spread and effect on yield. Tasmanian
Journal of Agriculture, 36: 277-279.

Johnstone, G.R., Munro, D., Brown, G.S. & Skotland, C.B. (1995) Serological detection,
occurrence and spread of Ilarviruses in temperate fruit crops, hops and roses in Tasmania.
Acta Horticulturae, 386: 132-135.

Kanno, Y., Yoshikawa, N. & Takahashi, T. (1993) Some properties of hop latent and

apple mosaic viruses isolated from hop plants and their distributions in Japan. Annals of
the Phytopathological Society of Japan, 59: 651-658.

387



Keane, P. J. & Kerr, A. (1997) Factors affecting disease development. In: Brown, J.F. &
Ogle, H. (Eds.) Plant Pathogens and Plant Disease. Rockvale Publications, Armidale.
Pp. 287-298.

Kelley, R.D. & Cameron, H.R. (1986) Location of prune dwarf virus and prunus necrotic
ringspot virus in sweet cherry pollen and fruit. Phytopathology, 76: 317-322.

Kenny, S. & Haunold, A. (1984) Breeding new hop varieties: requirements of farmers
and breweries. Proceedings of the Scientific Commission of the International Hop
Growers Convention, Novi Sad, Yugoslavia, July 31-August 3, 1984.

Keyworth, W.G. (1945) Three important hop diseases. Journal of the Ministry of
Agriculture of the United Kingdom, 51: 556-561.

Klein, R.E. & Husfloen, S.D. (1995) Incidence of five viruses in hop (Humulus lupulus
L.) in the Pacific Northwest. Plant Disease, 79: 425. Abstract.

Koenig, R. (1981) Indirect ELISA methods for the broad specificity detection of plant
viruses. Journal of General Virology, SS: 53-62.

Koenig, R. (1982) Carlavirus group. CMI/AAB Descriptions of plant viruses, number
259:

Kohm, B. & Sander, E. (1988) Reverse passive haemagglutination, a rapid and simple
assay for large-scale assessment of arabis mosaic virus and prunus necrotic ringspot virus
in hop, cucumber and Nicotiana clevelandii. In: Eppler, A. (ed.) Proceedings of the
International Workshop on Hop Virus Diseases, Rauischholzhausen Castle, p.210.

Koltunow, A.M., Krake, L.R., Rezaian, M.A. (1988) Hop stunt viroid in Australian
grapevine cultivars: potential for hop infection. Australasian Plant Pathology, 17: 7-10.

Kremheller, H.T., Rossbauer, G., Ehrmaier, H. (1988) Reinfection of virus-free planted
hop gardens with Prunus necrotic ringspot and hop mosaic virus. Effects of the virus
infection upon the yield, alpha acids, and the disease symptoms of the various hop
varieties. In: Eppler, A. (ed.) Proceedings of the International Workshop on Hop Virus
Diseases, Rauischholzhausen Castle, Pp.133-136.

Legg, J.T. (1959) The effect of split leafblotch and nettlehead virus diseases on the yield
of Fuggle hops. Journal of Horticultural Science, 34: 122-125.

Legrand, G. & Maroquin, C. (1988) Health improvement of the hop grown in Belgium

and use of virus free material. In: Eppler, A. (ed.) Proceedings of the International
Workshop on Hop Virus Diseases, Rauischholzhausen Castle, Pp. 123-126.

388



Legg, J.T. & Ormerod, P.J. (1959) Research on hop virus diseases at East Malling.
Report of East Malling Research Station, Pp. 157-160.

Lewis, G.K. (1985) Australian hop research report, Carlton and United Breweries Ltd.,
Melboume, Victoria. Produced on behalf of the AHM-CUB hop research committee.

Lewis, T. (1969) Factors affecting primary patterns of infestation. Annals of Applied
Biology, 63: 315-344.

Likens, S.T. & Nickerson, G.B. (1967) Identification of hop varieties by gas
chromatographic analysis of their essential oils. Constancy of oil composition under

various environmental influences. Journal of Agriculture and Food Chemistry, 15: 525-
530.

Loening, U.E. (1967) The fractionation of high-molecular-weight ribonucleic acid by
polyacrylamide-gel electrophoresis. Biochemistry Journal, 102: 251-257.

Lommel, S.A., McCain, A.H. & Morris, T.J. (1982) Evaluation of indirect enzyme-linked
immunosorbent assay for the detection of plant viruses. Phytopathology, 72: 1018-1022.

Ludwig, J.A. & Reynolds, J.F. (1988) Statistical ecology. A primer on methods and
computing. John Wiley & Sons, New York.

Macovei, A. (1988) A survey of the Romanian hop viruses and their characterisation by
electron microscopy. In: Eppler, A. (ed.) Proceedings of the International Workshop on
Hop Virus Diseases, Rauischholzhausen Castle, Pp. 19-22.

Ma_ckenzie, D., Salmon, E.S., Ware, W.M. & Williams, R. (1929) The mosaic disease of
the hop. Annals of Applied Biology, 16: 359-381.

Madden, L.V. (1989) Dynamic nature of within field disease and pathogen distributions.
In: Jeger, M.J. Spatial components of plant disease epidemics. Prentice-Hall, New Jersey.

Madden, L.V, Louie, R., Abt, J.J. & Knoke, J.K. (1982) Evaluation of tests for
randomness of infected plants. Phytopathology, 72: 195-198.

Madden, L.V., Louie, R. & Knoke, J.K. (1987) Temporal and spatial analysis of maize
dwarfmosaic epidemics. Phytopathology, 77: 148-156.

Martin, R.R. (1985) Recent advances in virus detection. In: Weintraub, M. Virus diseases
- adilemma for breeders. HortScience, 20: 837-844.

Massee, A.M. (1943) Insect pests of the hop. Journal of the Institute of Brewing, 49:
136-139.

389



Maton, A. (1986) Cultivation of hop shoots in winter. English Hops, May 1986, Pp. 8-9.

Matousek, J., Tmena, L., Svoboda, P., Ruzkova, P. (1994) Analysis of hop latent viroid
(HLVd) in commercial hop clones in Czech Republic. Rostlinna Vyroba, 973-984.

Mayer, D.F. & Cone, W.W. (1985) Insect pests of hop. In: Evans, R.G. Hop production
in the Yakima Valley, Washington State University Co-operative Extension. Pp.16-20.

McNamara, D.G. & Eppler, A. (1988) The Longidoridae occuring in the German hop-
growing regions. In: Eppler, A. (ed.) Proceedings of the International Workshop on Hop
Virus Diseases, Rauischholzhausen Castle, Pp. 195-197.

Mink, G.I. (1983) The possible role of honeybees in long distance spread of prunus
necrotic ringspot virus from California to Washington sweet cherry orchards. In: Plumb,
R.T., & Thresh, J.M. (eds.) Plant Virus Epidemiology. Blackwell Scientific Publications,
Oxford, Pp. 85-91.

Mink, G.I. (1992a) Prunus necrotic ringspot virus. In: Kumar, R., Chaube, H.S., Singh,
U.S. & Mukhopadhyay, A.N. (ed). Plant diseases of international importance, volume
III. Diseases of fruit crops. Prentice-Hall, Englewood Cliffs, U.S.A.

Mink, G.I. (1992b) Ilarvirus vectors. In: Advances in Disease Vector Research, Volume
9. Springer-Verlag, New York.

Modjeska, J.S. & Rawlings, J.O. (1983) Spatial correlation analysis of uniformity data.
Biametrics, 39: 373-384.

Molyneux, R.J. & Wong, Y.I. (1975) Nuclear magnetic resonance spectroscopic
determination of alpha and beta acid homolog composition in hops. Journal of
Agricultural Food Chemistry, 23:1201-1204.

Morton, A., Barbara, D.J. & Adams, A.N. (1993) The distribution of hop latent viroid
within plants of Humulus lupulus and attempts to obtain viroid-free plants. Annals of
Applied Biology, 123: 47-53.

Munro, D. (1987) Viruses infecting hop, Humulus lupulus L. in Australia. Australian
Journal of Agricultural Research, 38: 83-90.

Munro, D. (1988) Spread of hop latent and hop mosaic virus in the absence of Phorodon
humuli. In: Eppler, A. (ed.) Proceedings of the International Workshop on Hop Virus
Diseases, Rauischholzhausen Castle, Pp. 109-112.

Munro, D. (1995) Hops. In: Coombs, B. (ed.) Horticulture Australia. The complete

reference of the Australian horticultural industry. Morescope Publishing, Victoria,
Australia. Pp.579-586.

390



Munro, D. & Johnstone, G.R. (1993) Incidence and control of prunus necrotic ringspot
virus in hops in Australia. Annual Report of the Department of Primary Industries and
Fisheries, Tasmania.

Nelson, S.C. (1995a) Spatiotemporal distance class analysis of plant disease epidemics.
Phytopathology, 85: 37-43.

Nelson, S.C. (1995b) STCLASS — Spatiotemporal distance class analysis software for the
personal computer. Plant Disease, 79: 643-648.

Nelson, S.C. (1996) A simple analysis of disease foci. Phytopathology, 86: 332-339.

Nelson, S.C. & Campbell, C.L. (1992) Incidence and patterns of association of pathogens
in a leaf spot disease complex on white clover in the Piedmont region of North Carolina.
Phytopathology, 82: 1013-1021.

Nelson, S.C. & Campbell, C.L. (1993) Comparative spatial analysis of foliar epidemics
on white clover caused by viruses, fungi, and a bacterium. Phytopathology, 83: 288-301.

Nelson, S.C., Marsh, P.L. & Campbell, C.L. (1992) 2DCLASS, a two-dimensional
distance class analysis software for the personal computer. Plant Disease, 76: 427-432.

Neve, R.A. (1991) Hops. Chapman & Hall, London.

Neve, R.A. & Lewis, G.K. (1977) Plant breeding section, the year’s work. Wye College
Department of Hop Research Annual Report for 1976, Pp. 7-9.

Neve, R.A. & Thresh, J.M. (1984) Prunus necrotic ringspot virus in hops. English Hops,
May 1984, Pp. 6-7.

Newbury, H.J. & Possingham, J.V. (1977) Factors affecting the extraction of intact
ribonucleic acid from plant tissues containing interfering phenolic compounds. Plant
Physiology, 60: 543-547.

Nickerson, G.B. & Likens, S.T. (1978) Stepwise elution of hop resin constituents from
QAE sephadex A-25 ion-exchange resin. Journal of the American Society of Brewing
Chemists, 36: 23-27.

Nickerson, G.B. & Likens, S.T. (1979) Hop storage index. Journal of the American
Society of Brewing Chemists, 37: 184-187.

Nyland, G. (1960) Heat inactivation of stone fruit ringspot virus. Phytopathology, 50:
380.

351



Ong, C.A. & Mink, G.I (1989) Evaluation of agarose gel electrophoresis for resolving
nucleoprotein components of prunus necrotic ringspot virus. Phytopathology, 79: 613-
619.

Otter, G.E. & Taylor, L. (1978) The high performance liquid chromatography of hop
resins. Journal of the Institute of Brewing, 84: 160-164.

Owens, R.A. & Diener, T.O. (1984) Spot hybridization for detection of viroids and
viruses. In: Maramorosch, K. & Koprowski, H. (eds.) Methods in Virology, Volume 7.
Academic Press, New York.

Paine, J. (1953) Insect vector studies with mosaic and other virus diseases of the hop.
Re port of East Malling Research Station for 1952, Pp. 120-123.

Paine, J. & Legg, J.T. (1953) Transmission of hop mosaic by Phorodon humuli
(Schrank). Nature, 171: 263-264.

Palamand, S.R. & Aldenhoff, J.M. (1973) Tasting compounds of beer: chemistry and
taste properties of some hop compounds. Journal of Agricultural Food and Chemistiy,
21: 535-543.

Pallas, V., Navarro, A. & Flores, R. (1987) Isolation of a viroid-like RN A from hop
different from hop stunt viroid. Journal of General Virology, 68: 3201-3205.

Patrakosal, P. (1985) Detection and heat therapy of Prunus necrotic ringspot virus and
prune dwarfvirus in peach trees. Memoirs of the Tokyo University of Agriculture, 27:
36.

Pitcher, R.S., Siddiqi, M.R. & Brown, D.F.J. (1974) Xiphenema diversicaudatum,
Commonwealth institute of helminthology - plant parasitic nematodes, set 4, number 60.

Polak, J. (1994) Distribution of apple mosaic virus in hop gardens of the Czech
Republic. Ochrana Rostlin, 30: 85-89.

Polak, J. & Svoboda, P. (1988) The first results of screening hop clones and varieties for
the presence of some viruses in Czechoslovakia using ELISA. In: Eppler, A. (ed.)
Proceedings of the International Workshop on Hop Virus Diseases, Rauischholzhausen
Castle, Pp. 27-32.

Poll,J. (1986) New crops, hop shoots. Southern Horticulture April 1986, Pp. 15.

Proeseler, G. (1968) Ubertragungsverusche mit dem latenten prunus-virus und der
Gallmilbe Vasates fockeiu Nal.,, Phytopathologische. Zeitschrift, 63: 1-9.

300



Probasco, E.G. & Murphey, J.M. (1996) The effects of hop viruses on brewing and
agronomic characteristics in the hop variety Chinook. MBAA Technical Quarterly, 33:
160-165.

Probasco, E.G. & Skotland, C.B. (1976a) A technique for the differential isolation of hop
mosaic virus and hop latent virus. Canadian Journal of Microbiology, 22: 1160-1162.

Probasco, E.G. & Skotland, C.B. (1976b) Host range and general properties of the third
rod-shaped virus from hops. PA 26. Proceedings of the American Phytopathological
Society, 3: 319.

Probasco, E.G. & Skotland, C.B. (1978) Host range, general properties, purification and
electron microscopy of hop latent virus. Phytopathology, 68: 277-281.

Puchta, H., Ramm, K., Sanger, H.L. (1988a) Hop latent viroid (HLVd), a new viroid
occurring worldwide in hops. In: Eppler, A. (ed.) Proceedings of the International
Workshop on Hop Virus Diseases, Rauischholzhausen Castle, Pp. 181-191.

Puchta, H., Ramm, K., Sanger, H.L. (1988b) The molecular structure o fhop latent viroid
(HLVA), a new viroid occurring worldwide in hops. Nucleic Acids Research, 16: 4197-
4216.

Randles, J.W. (1986) Strain identification for monitoring virus distribution and spread
with special reference to molecular hybridization analysis. In: McLean, G.D., Garrett,
R.G. & Ruesink, W.G. (eds.) Plant virus epidemics: monitoring, modelling and predicting
outbreaks. Academic Press, Sydney.

Reynolds, K.M. & Madden, L.V. (1988) Analysis of epidemics using spatio-temporal
autocorrelation. Phytopathology, 718: 240-246.

Rohloff, H. (1988) ILAR-viruses in German hops. In: Eppler, A. (ed.) Proceedings of the
International Workshop on Hop Virus Diseases, Rauischholzhausen Castle, Pp. 89-92.

Romanko, R.R. & Skotland, C.B. (1964) The status of virus and viroid diseases of the
Clusters hop in Idaho and Washington. Plant Disease reporter, 48: 311-315.

Rosner, A., Maslenin, L. & Spiegel, S. (1997) Improved detection of prunus necrotic
ringspot virus in woody plant by using a primer pair in RT-PCR that yields a short (200
bp) product. In: Hadidi, A. (ed.) Proceedings of the 17th International Symposium on
Virus and Virus-like Diseases of Temperate Fruit Crops, June 23-27, 1997, Bethesda,
MD, U.S.A. p.36.

393



Rowhani, A., Maningas, M.A., Lile, L.S., Daubert, S.D. & Golino, D.A. (1995)
Development of a detection system for viruses of woody plants based on PCR analysis of
immobilized virions. Phytopathology, 85: 347-352.

Salmon, E.S. (1923) The mosaic disease of the hop. Journal of the Ministry of
Agriculture, 29: 1-7.

Salmon, E.S. & Ware, H.M. (1930) The chlorotic disease of the hop. Annals of Applied
Biology, 17: 241-247.

Sano, T. & Shikata, E. (1988) Hop stunt viroid diseases. In: Eppler, A. (ed.) Proceedings
of the International Workshop on Hop Virus Diseases, Rauischholzhausen Castle, Pp. 71-
82.

Sano, T., Sasaki, M. & Shikata, E. (1985) Apple mosaic virus isolated from hop plants in
Japan. Annals of Applied Biology, 106: 305-312.

Sasaki, M. & Shikata, E. (1980) Hop stunt disease, a new viroid disease occurring in
Japan. Review of Plant Protection Research, 13: 97-109.

Savary, S., Bosc, J.P., Noirot, M. & Zadoks, J.C. (1988) Peanut rustin West Africa: A
new component in a multiple pathosystem. Plant Disease: 72: 1001-1009.

Schmidt, H.E. & Klinkowski, M. (1965) Virosen des hopfens in Europa.
Phytopathologische Zeitschrift, 54: 122-146.

Sc-hmidt, H.E., Schmidt, H.B. & Eisbein, K. (1966) Die mechanische ubertragung eines
stabchenformingen hopfenvirus aufkrautige testpflanzen. Zentbl. Bakt. ParasitKole
(Abst. IT). 120: 461-466. Cited by Adams, et.al., 1982.

Schulter, D. (1984) A variance test for detecting species associations, with some example
applications. Ecology, 65: 998-1005.

Sharpe, F.R. & Laws, D.R.J. (1981) The essential oil of hops, a review. Journal of the
Institute of Brewing, 87: 96-107.

Skerritt, J.H. & Appels, R. (1995) An overview of the development and application of
diagnostic methods in crop sciences. In: Skerritt, J.H. & Appels, R. (eds.) New
diagnostics in crop sciences. Biotechnology in agriculture, number 13. CAB
International, UK.

Shikata, E. (1985) Hop stunt viroid and hop viroid disease. In: Maramorosch, K. &

McKelvey Jnr., J.J. (eds.) Subviral pathogens of plants and animals: viroids and prions.
Academic Press, Orlando. Pp. 101-121.

394



Skotland, C.B. (1967) Hop viruses III. Modern Brewery, November.

Smith, D.R. & Skotland, C.B. (1986) Host range and serology of prunus necrotic ringspot
virus serotypes isolated from hops (Humulus lupulus L.) in Washington. Plant Disease,
70: 1019-1023.

Smith, K.M., Dunez, J., Lelliot, R.A., Phillips, D.H. & Archer, S.A. (1988) (eds.)
European handbook of plant diseases. Blackwell Scientific Publications, Oxford.

Smith, K.M. & Markham, R. (1944) Two new viruses affecting tobacco and other plants.
Phytopathology, 34: 324-329.

Sokal, R.R. & Rohlf, F.J. (1981) Biometry, second edition. W.H. Freeman & Co., San
Francisco. Pp. 716-721.

Spetsig, L. O. (1958) Rearrangement products of humulone. Acta Chemica
Scandanavia, 12: 592.

Spiegel, S., Scott, S.W., Bowman-Vance, V., Tam, Y., Galiakparov, N.N. & Rosner, A.
(1996) Improved detection of prunus necrotic ringspot virus by the polymerase chain
reaction. European Journal of Plant Pathology, 102: 681-685.

Stein, A., Levy, S. & Loebenstein, G. (1987) Detection of prunus necrotic ringspot virus
in several rosaceous hosts by enzyme-linked immunosorbent assay. Plant Pathology, 36:
1-4.

Sutula, C.L., Gillett, .M., Morrissey, S.M. & Ramsdell, D.C. (1986) Interpreting ELISA
data and establishing the positive-negative threshold. Plant Disease, 70: 722-726.

Sward, R.J. & Eagling, D.R. (1995) Antibody approaches to plant viral diagnostics. In:
Skerritt, J.H. & Appels, R. (eds.) New diagnostics in crop science, Biotechnology in
Agriculture, Number 13. CAB International, UK.

Swenson, K.G. & Milbraith, J.A: (1964) Insect and mite transmission tests with the
prunus necrotic ringspot virus. Phytopathology, 54: 399-404.

Taylor, J.A., Williams, H.E., Weiberger, J.H. & Wagnon, H.K. (1963) Studies on the
passage of prunus necrotic ringspot virus complex through plum seed. Phytopathology,
53: 1143.

Thomas, B.J. (1981) Studies on rose mosaic disease in field grown roses producted in the
United Kingdom. Annals of Applied Biology, 98: 419-429.

895



Thomas, G.G. (1982a) Stages of annual growth cycle of the perennial hop (Humulus
lupulus L.) under English conditions. Wye College Department of Hop Research Annual
Report for 1981, Pp. 35-39.

Thomas, G.G. (1982b) Flowering and dormancy of the hop (Humulus lupulus L.) in
relation to the environment. Wye College Department of Hop Research Annual Report
for 1981, Pp. 40-43.

Thomas, G.G. (1982c¢) Crop physiology. Wye College De partment of Hop Research
Annual Report for 1981, Pp. 14-17.

Thomas, B.J. (1984) Rose mosaic disease: symptoms induced in roses by graft
inoculation with both prunus necrotic ringspot and apple mosaic viruses. Plant
Pathology, 33: 155-160.

Thomas, G.G. & Darby, P. (1984) Seasonal variation in alpha-acid content of hops in
relation to environmental factors. Wye College Department of Hop Research Annual
Report for 1983, Pp. 45-49.

Thompson, F.C. & Neve, R.A. (1971) The effect of arabis mosaic virus on yield and
alpha acid content of the variety Bullion. Wye College Department of Hop Research
Annual Report for 1970, Pp. 47-49.

Thresh, J.M. (1969) Hop latent virus. Report of East Malling Research Station for 1968.
Pp. 41.

Tl;resh, J.M. (1976) Gradients ofplant virus diseases. Annals of Applied Biology, 82:
381-406.

Thresh, J.M. (1978) The epidemiology of plant virus diseases. In: Scott, P.R. &
Bainbridge, A. (ed). Plant disease epidemiology. Blackwell S¢ientific Publications,
Oxford.

Thresh, J.M. (1980) Virus diseases of hop - prunus necrotic ringspot virus (NRSV).
Report of East Malling Research Station for 1979, Pp. 103.

Thresh, J.M. (1982) Cropping practices and virus spread. Annual Review of
Phytopathology, 20: 193-218.

Thresh, J.M. (1985) Hop viruses and current grubbing/replanting policy. Re port of East
Malling Research Station for 1984. Pp.227-229.

Thresh, J.M. (1987) The population dynamics of plant virus diseases. In: Wolfe, M.S. &

Caten, C.E. (eds.) Populations of plant pathogens: their dynamics and genetics.
Blackwell Scientific Publications, Oxford.

396



Thresh, .M. & Adams, A.N. (1983) Hop mosaic disease. Report of East Malling
Research Station for 1984, Pp. 173-175.

Thresh, J.M., Adams, A.N., Barbara, D.J. & Clark, M.F. (1977) The detection of three
viruses of hop (Humulus lupulus L.) by enzyme-linked immunosorbent assay (ELISA).
Annals of Applied Biology, 87: 57-65.

Thresh, J.M., Barbara, D.J. & Ormerod, P.J. (1988) The incidence and spread of prunus
necrotic ringspot virus in English hop plantings. In: Eppler, A. (ed.) Proceedings of the
International Workshop on Hop Virus Diseases, Rauischholzhausen Castle, Pp. 71-82.

Thresh, J.M. & Ormerod, P.J. (1973) Virus diseases of hop - spread of prunus necrotic
ringspot virus in hop. Report for East Malling Research Station for 1972, Pp. 163-164.

Thresh, J.M. & Ormerod, P.J. (1976) Virus diseases of hop. Report for East Malling
Research Station for 1975, Pp. 122-123.

Thresh, J.M., Pitcher, J.S., McNamara, D.G. & Ormerod, P.J. (1972) The spread and
control of nettlehead and related diseases of hop. Report for East Malling Research
Station for 1971, Pp. 155-162.

Thresh, J.M. & Pitcher, J.S. (1978) The spread of nettlehead and related virus diseases of
hop. In: Scott, P.R. & Bainbridge, A. (eds.) Plant disease epidemiology, Blackwell
Scientific Publications, Oxford.

Tréylor, J.A., Williams, H.E. & Nyland, G. (1966) Symptoms caused by strains of prunus
necrotic ringspot virus in rose resemble typical rose mosaic. Phytopathology, 56: 152.
Abstract.

Uyemoto, J.K. (1981) Tobacco necrosis and satellite viruses. Int: Kurstak, E. (Ed.)
Handbook of plant virus infections and comaparative diagnosis. Elsevier, North-Holland
Biomedical Press.

Uyemoto, J.K. (1991) In: Ogawa, J.M. & English, H. (ed’s.) Diseases of temperate zone
tree fruit and nut crops. University of California, Division of Agriculture and Natural
Resources, U.S.A.

Uyemoto, J.K. & Scott, S.W. (1992) Important diseases of Prunus caused by viruses and
other graft-transmissible pathogens in California and South Carolina. Plant Disease, 76:
5-11.

Vanderplank, J.E. (1946) A method for estimating the number of random groups of

adjacent diseased plants in a homogeneous field. Transactions of the Royal Society in
South Africa, 31: 269-278.

397



Venkatesan, P. & Wakelin, D. (1993) ELISAs for parasitologists: or lies, damned lies and
ELISAs. Parasitology Today, 9: 228-232.

Verzele, M. (1979) The chemistry of hops. In: Pollock, J.R.A. (ed.) Brewing Science,
Volume 1. Academic Press, London.

Verzele, M. (1986) Centenary review: 100 years of hop chemistry and its relevance to
brewing. Journal of the Institute of Brewing, 92: 32-48.

Verzele, M. & De Keukeleire, K. (1991) Chemistry and analysis of hop and beer bitter
acids. Elsevier Publishing, Amsterdam.

Voller, A., Bartlett, A., Bidwell, D.E., Clark, M.F. & Adams, A.N. (1976) The detection
of viruses by enzyme-linked immunosorbent assay (ELISA). Journal of General
Virology, 33: 165-167.

Von Weschmar, W.B., Brits, G., & Coleman, T. (1988) Viruses in hops and aspects of
virus epidemiology and hop production in South Africa at 34° southern latitude. In:
Eppler, A. (ed.) Proceedings of the International Workshop on Hop Virus Diseases,
Rauischholzhausen Castle, Pp. 33-42.

Wade, G.C. (1962) Hop diseases in Tasmania. Tasmanian Journal of Agriculture, 7:
261-268.

Waterhouse, P.M. & Chu, P.W.G. (1995) Nucleic-acid-based approaches to plant virus
and viroid diagnostics. In: Skerritt, J.H. & Appels, R. (eds.) New diagnostics in crop
science. Biotechnology in agriculture, number 13. CAB International, UK.

Wong, S.M. & Horst, R.K. (1988) Comparison of antigen and antibody-coated enzyme-
linked immunosorbent assay procedures for the detection of three isolates of purified
apple mosaic virus or prunus necrotic ringspot virus. Acta Horticulturae, 234: 249-256.

Xie, H. & Tian, B. (1984) A strain of tobacco mosaic virus infecting hops in the Xinjiang
province. Symposium on viruses and agriculture in China, Pp. 7.

Yaguchi, S. & Takahashi, T. (1984) Survival of hop stunt viroid in the hop garden.
Phytopathologische Zeitschrift, 109: 32-44. In: Review of Plant Pathology, 63: 380.
(Abstract Number 4024).

Yamamoto, H., Kagami, Y., Kurokawa, Y., Nishimura, M., Kubo, S., Inoue, M.,

Murayama, D. (1970) Studies on hop stunt disease I. Memoirs of the Faculty of
Agriculture, Hokkaido University, 7: 491-515.

398



Yang, X.B. & TeBeest, D.O. (1992) Dynamic pathogen distribution and logistic increase
of plant disease. Phytopathology, 82: 380-383.

Yu, J. & Liu, Y. (1987) The occurrence of three viruses in hop (Humulus lupulus L.) in
China. Plant Pathology, 36: 38-44.

Yuan, W.Q., Bamett, O.W., Westcott III, S.W. & Scott, S.W. (1990) Tests for
transmission of prunus necrotic ringspot and two nepoviruses by Criconomella xenoplax.
Journal of Nematology, 22: 489-495.

399



APPENDIX 1:

IMMUNOGLOBULIN PURIFICATION AND ENZYME CONJUGATION

Raw polyclonal antiserum to HpMV was kindly supplied by R. Klein, Washington State
University, U.S.A. Antisera to HpLV, chestnut mosaic virus (ChMV), and rose mosaic
virus 3 (RMV 3), used to detect both serotypes of PNRSV, were kindly supplied by D.

Barbara, Horticultural Research Intemational, U.K.

Immunoglobulins were purified from crude antiserum using a two-step procedure, CM
Affi-Gel Blue followed by ammonium sulphate precipitation (Clark & Bar-Joseph, 1984).
The first step involved chromatography aimed at selectively absorbing both albumin and
plasminogen from the serum to prepare antiserum free from albumin and protease
activity. A column was prepared with a bed volume of 3.1 mL per mL of crude
antiserum. The column was prewashed with five bed volumes of pre-wash buffer,
followed by seven bed volumes of deionised water and equilibrated with two bed
volumes of running buffer. Serum was eluted from the colun;n with one bed volume of
running buffer. The optical densities (OD) of individual eluted fractions were read by a
spectrophotometer using an absorbance of 280 nm. Concentrated fractions (those with
high readings) were pooled and diluted using running buffer to 1 mg per mL (OD=1.4).
The column was regenerated by two bed volumes of 1.5 M sodium thiocyanate, followed

by five bed volumes of buffer A and two bed volumes of running buffer.
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Ammonium sulphate precipitation was used subsequently to obtain a globulin fraction
free of protease and serum complement proteins. Ammonium sulphate was added to the
eluted protein, forming a 45 % saturated solution. The solution was stirred at room
temperature for one hour prior to centrifugation at 4°C at 1000 g for 20 minutes. Pellets
were resuspended in 45 % saturated ammonium sulphate and centifugation repeated.
Pellets were resuspended in a minimum volume of PBS (Appendix 2). The remaining

ammonium sulphate was removed by dialysis to half strength PBS (1mL:1L).

Antisera were stored in silicone-coated bottles at 4 °C. Sodium azide (0.02 %) was added

as a preservative.
ENZYME CONJUGATION OF PURIFIED IMMUNOGLOBULINS

Enzyme conjugates were prepared by linking purified immunoglobulins to alkaline
phosphatase. This enzyme has advantages of stability, the simple conjugation process to
protein by a glutaraldehyde connection and linear reaction kinetics with substrates (Clark
& Bar-Joseph, 1984). Immunoglobulins (0.8 mL) were coml;ined with 2 mg of alkaline
phosphatase, prior to addition of 25 % glutaraldehyde (2.4 pL), forming a final
concentration of 0.06%. The solution was incubated at 37 °C for four hours prior to
dialysis with three washes of half strength PBS (1mL:1L). Enzyme conjugates were
stored in silicone coated bottles with 5mg per mL of bovine serum albumin and 20 pL

per mL of 1 % sodium azide solution.
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BUFFERS FOR IMMUNOGLOBULIN PURIFICATION

1. Pre-wash buffer

Glacial acetic acid (CH3;COOH) 57.35ml
Sodium chloride (NaCl) 81.82¢g
Isoproponal 400.00 ml
Distilled Water 542.65 ml

A few drops of 10N sodium hydroxide (NaOH) was added to alter the pH from 2.55

to 3.0.

2. Running Buffer

Potassium phosphate dibasic (K;HPO4) 1.10 g
Potassium phosphate monobasic (KH,PO4) 0.50 g
Sodium chloride (NaCl) 877 ¢g
Sodium azide (preservative) (NaN3) 0.10 g

Make up to one litre with distilled water
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APPENDIX 2:

SEROLOGICAL TESTING

Tissues were tested for virus infection by double-antibody sandwich enzyme-linked
immunosorbent assay (DAS-ELISA) (Clark & Adams, 1977), using polyclonal antisera
to HpMV, HpLV, ChMV, and RMV-3 (Barbara et al., 1978). Microtitre plates (Greiner
Labortechnik) were coated with polyclonal antisera diluted in carbonate coating buffer
and incubated at either 4 °C for 12 hours or 37 °C for four hours. The volume of reactant
in each step was 100 pL per well. Leaf tissue was subsampled and 0.1 g of plant material
homogenised in a smooth rotary press in 1 mL phosphate-buffer saline (PBS) extraction
buffer (1:10 dilution). Samples were tested in duplicate in a “criss-cross” format to
decrease within-plate variation, with appropriate hop positive, negative, and buffer only
controls on individual plates. Enzyme conjugates were diluted in PBS extraction buffer
and incubated at either 4 °C for 12 hours or 37 °C for four hours. Substrate (4, p-
nitrophenol phosphate, Sigma 104 - 5mg tablets) was diluted at 5 mg per 10 mL of
substrate buffer. Between steps plates were washed three tiines with PBS-Tween wash

buffer containing 1 % skim milk powder as a blocking agent.

ELISA results were recorded using a Titertek Multiskan MCC spectrophotometer (405
nm filter). Results were summarised graphically through “Genesis” software, version
2.12 (Life Sciences [UK] Ltd) through an IBM PC. Positive samples were those with

absorbance values greater than the upper negative critical limit, defined as the mean of
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the negative controls plus three times the standard deviation of the negative samples.
Samples reacting to ChMV antisera with absorbance values greater than 35 times the
mean of the negative controls (0.D.>1.0) and failing to react to RMV-3 antisera were
considered the apple serotype. Samples reacting with absorbance values 15 to 25 times
the mean of the negative controls (1.4<0.D<1.6) to both RMV-3 and ChMV antisera

were considered the intermediate serotype (Barbara et al., 1978).

Criss-cross plate layout (boxes represent wells on ELISA plate):
Numbers represent individual samples;VF = negative hop controls; BF = buffer only

controls; PS = positive hop controls (4 dilutions at 1:10, 1:30, 1:90, 1:270)

1 2 3 4 5 6 7 8 9 10 11 12

VF BF PElL |Ps2 | 13 14 15 16 PS3 | PS4 [BF VF

17 18 19 20 21 22 z 24 25 26 20 28

28 30 31 32 33 34 35 36 37 38 39 40

Y/ 8 9 10 11 12 1 2 > 4 ) 6

15 16 PS3 | PS4 |BF VF | VF |[BF BSI |RS2 |18 14

23 24 25 26 27 28 17 18 19 20 Pl 22

35 36 37 38 39 40 29 30 31 32 33 34

In this layout, duplicate samples never appear in the same row or column, all samples
appear in peripheral wells no more than once (except for samples 6,7, 29 and 40), and

allows healthy controls to appear in peripheral wells.
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BUFFERS FOR SEROLOGICAL TESTING

1. Carbonate Coating Buffer (pH 9.6)

Sodium carbonate (Na,;COs) 1489

Sodium bicarbonate (NaHCO;) 293¢

Make up to one litre with distilled water.

2. Phosphate buffer saline (PBS) (pH 7.4)

Sodium chloride (NaCl) 8.00 g
Potassium phosphate monobasic (KH,PO,) 020 g
Disodium hydrogen phosphate dibasic (Na,HPO42H,0) 144 ¢
Potassium chloride (KCl) k 020 g

Make up to one litre with distilled water. PBS was made up as a 10x concentrate and

diluted as necessary.
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3. PBS Extraction Buffer (pH 7.4)

PVP 40,000 (Polyvinyl pyrrolidone)

Bovine Serum Albumin (BSA)

Make up to one litre with PBS.

4. Washing Buffer (pH 7.4)

Tween 20 (Polyoxyethylene (20) sorbitan monolaurate)

Skim Milk Powder (Sunshine Brand)

Make up to one litre with PBS.

S. Substrate Buffer (pH 9.8)

Diethanolamine [CH,(OH)CH,]

20.00 g

2.00 g

0.50 ml

1.00 g

97.00 ml

Add 5N hydrochloric acid (HCI) drop-wise until pH falls to 9.8. Make up to one litre

with distilled water.
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APPENDIX 3:

SPATIAL ANALYSIS OF VIRUS EPIDEMICS IN
AUSTRALIAN HOP GARDENS

Appendix 3.1. Ordinary runs analysis of HpLV distribution in block one (‘Victoria’)
in Bushy Park, Tasmania on 10® October 1996.

AlongRows Virus m N E(U) o(U) | S(U) Z
(Individually)

HpLV 28 51 26.25 21 350 | -1.36
HpLV 28 Sl 26.25 25 3.50 | -0.22
HpLV 27 51 26.41 19 352 | -1.96*
HpLV 22, 51 26.02 18 3.47 | -2.17*
HpLV 30 Bl 26.02 20 3.47 | -1.59
HpLV 34 51 22.96 18 3.03 | -1.47
HpLV 357 51 2103) 19 280 | -0.65
HpLV 29 Sk 26.02 18 3.47 | -2.17*
HpLV 29 51 26.02 22 347 | -1.02
HpLV 13 Sjl 2181 15 2.80 | -2.08*
HpLV 38 Sl 20.37 15 2.67 | -1.83*
HpLV 43 51 14.49 )7/ 1.84 1.64
HpLV 43 Sil 14.49 13 1.84 | -0.54
HpLV 43 51 14.49 12 1.84 | -1.08
HpLV 47 51 8.37 8 0.97 0.13
HpLV 43 51 14.49 16 1.84 1.09
HpLV 31 51 25.31 1y7 3.37 | -2.32%
HpLV 38 51 20.37 13 2.67 | -2.58*
HpLV 42 51 15.82 13 202 | -1.15
HpLV 40 51 19.35 17 252 | -0.73
HpLV 30 8] 26.02 20 347 | -1.59
HpLV 31 1] 25%31 27 13837 0.65
HpLV 24 51 26.41 23 3.52 | -0.83
HpLV 31 SHE 25131 18 3.37 | 22.02*
25 HpLV 23 51 26.25 16 3.50 | -2.79*
Along Rows HpLV [ 824 | 1275 | 584.52 425 16.33 | -9.74*
(Contiguous')

[SSANS] I S ) [ 567 [y NEDY Ay R RS e e e e B
W] —| S| vl ool || v B8] w| o] —| of O P N | W B W ) —

o
£
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Across Rows Virus m N E(U) o(U) S(U) 2
(Individually)

1 HpLV 18 25 11.08 12 1.95 0.73
2 HpLV 12 25 13.48 12 2.44 | -0.40
3 HpLV 14 25 13.32 12 2.41 | -0.34
4 HpLV 16 25 12.52 10 225 | -0.50
5 HpLV 14 25 13.32 14 2.41 0.45
6 HpLV 18 25 11.08 6 195 | -2.35%
7 HpLV 19 25 10.12 8 1.76 | -0.92
8 HpLV 16 25 12.52 11 225 | -0.45
9 HpLV 17 25 11.88 8 2.12 | -1.60
10 HpLV 11 25 13.32 16 2.41 1.32
11 HpLV 14 25 13.32 11 2.41 -0.76
12 HpLV 11 25 13.32 13 241 0.07
13 HpLV 15 25 13.00 10 235 | -1.07
14 HpLV 20 25 5.00 9 1.53 0.33
15 HpLV 17 25 11.88 11 2.12 | -0.18
16 HpLV 17 25 11.88 10 2.12 | -0.65
17 HpLV 19 25 10.12 12 1.76 1.35
18 HpLV 17 25 11.88 12 2.12 0.29
19 HpLV 16 25 12.52 12 225 | -0.01
20 HpLV 17 25 11.88 11 212 | -0.18
21 HpLV 15 25 13.00 12 235 | -0.21
22 HpLV 14 25 13.32 11 2.41 | -0.76
23 HpLV 12 25 13.48 11 244 | -0.81
24 HpLV 15 25 13.00 9 235 | -1.45
25 HpLV 16 25 12.52 12 225 | -0.01
26 HpLV 14 25 13.32 9 2.41 -1.58
27 HpLV 17 25 11.88 11 212 | -0.18
28 HpLV 16 25 12.52 11 225 | -0.45
29 HpLV 14 25 13.32 13 2.41 0.07
30 HpLV 16 25 12.52 10 225 | -0.90
31 HpLV 18 25 11.08 10 1.55 | -0.30
32 HpLV 17 25 11.88 14 2.12 1.24
33 HpLV 18 25 11.08 10 1.95 | -0.30
34 HpLV 16 25 12.52 12 225 | -0.01
35 HpLV 15 25 13.00 13 2.35 0.21
36 HpLV 17 25 11.88 10 2.12 | -0.65
37 HpLV 18 25 11.08 12 1.95 0.73
38 HpLV 18 25 11.08 9 1.95 | -0.81
35 HpLV 14 25 13.32 14 2.41 0.45
40 HpLV 16 25 12.52 10 225 | -0.50
41 HpLV 15 25 13.00 9 235 | -1.49%
42 HpLV 15 25 13.00 11 235 | -0.64
43 HpLV 17 25 11.88 15 2,12 1.71
44 HpLV 13 25 13.48 11 244 | -0.81
45 HpLV 19 25 10.12 8 1.76 | -0.52
46 HpLV 16 25 12.52 13 225 0.44
47 HpLV 14 25 13.32 12 2.41 -0.34
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48 HpLV 17 | 25 11.88 12 212 | 0.29

49 HpLV 22 | 25 6.28 % 007 | W%

350 HpLV 2 | 25 6.28 6 0.57 | 0.23

51 HpLV 19 | 25 | 10.12 11 1.76 | 0.79
Across rows HpLV 823 | 1275 | 584.52 523 16.33 | -3.74*
(Contiguous')

! rows combined by last plant of row i contiguous with first plant of row i+1

* Z-statistics less than —1.64 indicate significant aggregation of infected plants (P=0.05)

m = number of infected plants; N = total number of plants; E(U) = expected number of runs; O(U)
observed number of runs; S(U) = standard deviation of runs; Z = z-statistic

g B
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Appendix 3.2. Ordinaryruns analysis of HpMV distribution in block one (‘Victoria’)
in Bushy Park, Tasmania on 10% October 1996.

AlongRows | Virus | m N E(U) [OWU)| S(U) zZ

(Individ ually)

1 HpMV| 45 | 51 11.59 [ 11 | 1.42 | -0.06
2 HpMV | 31 51 2531 | 21 | 337 | -1.13
3 HpMV | 27 | 51 2641 | 27 | 352 | 0.31
4 HpMV| 24 | 51 2641 |21 | 352 | .39
5 HpMV | 21 51 2571 | 25 | 3.42 | -0.06
6 HpMV| 42 | 51 1582 | 16 | 2.02 [ 0.33
7 HpMV| 32 | 51 2484 | 26 | 3.30 | 0.50
8 HpMV| 30 | 51 2571 | 22 | 342 | -094
9 HpMV | 31 51 2531 [ 19 [ 337 [-1.73*
10 HpMV | 24 | 51 26.41 | 23 | 3.52 | -0.83
11 HpMV | 38 51 2087 | 16 | 26R | -145
12 HpMV| 42 | 51 1582 | 15 | 2.02 | -0.16
13 HpMV| 46 | 51 1002 | 9 | 1.20 | -043
14 HpMV| 40 | 51 1825 | 19 | 2.37 | 0.53
15 HpMV | 42 | 51 1582 | 12 | 2.02 | -1.64
16 HpMV| 22 | 51 26.02 | 24 | 347 | -044
17 HpMV | 11 51 1825 | 14 | 2.37 | -1.59
18 HpMV| 35 51 2296 | 13 | 3.03 | -3.12¢
19 HpMV| 38 | 51 2037 | 15 | 2.67 | -1.83*
20 HpMV| 37 | 51 21.31 | 17 | 280 | -1.36
21 . |HpMV][ 36 | 51 22.18 | 20 | 2.92 | -0.57
22 HpMV | 35 51 2296 | 21 | 3.03 | -0.48
23 HpMV| 24 | 51 2641 | 13 | 3.52 | -3.67°
24 HpMV| 11 S 17.08 | 13 | 2.20 | -1.63
L] HpMV| 1 51 2.96 3 | 0.19 | 2.78

Along Rows | HpMV | 765 1275 | 613.40 | 422 | 17.14 |-11.14*
(Contiguous")
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Across Rows Virus m N Z

(ndividually) v om e
] HpMV 16 25 12.52 10 225 -0.50
2 HpMV 20 25 3.00 6 1.53 164
3 HpMV 16 25 12.52 10 2.25 2050
4 HpMV 14 25 13.32 14 2.4] 049
5 HpMV 10 25 13.00 2 2.35 -0.21
6 HpMV 13 25 13.43 16 2.44 124
7 HpMV 14 25 13.32 g 2.4 138
8 HpMV 14 25 13.32 T4 2.4 0.49
g HpMV 16 B 1 1252 1 12 225 -0.01
10 HpMV T 25 13.32 13 2.41 0.07
1 HpMV 15 25 13.00 12 2.35 -0.21
12 HpMV 14 25 13.32 10 2.4 117
13 HpMV 16 25 12.52 12 225 -0.01
4 HpMV 16 25 12.52 10 2.25 20.90
15 HpMY 17 25 11.88 10 2.12 065
16 HpMV 14 25 13.32 12 2.4 034
17 ApMY 20 25 3.00 3 153 033
18 HpMV 18 25 1108 11 195 022
19 HpMV 15 25 13.00 12 2.35 021
20 HpMV 16 25 12.52 14 2.25 0.88
21 ApMY 7 25 11.88 16 2.12 2.18
72 HpMV 15 25 13.00 14 2.35 064
73 12EITAY 7 25 T1.88 12 2.12 0.29
24 HpMV 15 25 1300 14 235 0.64
25 HpMV 18 25 11038 14 1.95 1.75
26 HpMV 15 25 13.00 12 235 -0.21
27 HpMV 15 25 13.00 14 235 0.64
28 HpMV 16 25 12.52 14 2.25 0.88
29 HpMV 16 25 12.52 12 2.25 -0.01
30 HpMV 15 25 13.00 8 235 -192¢
31 HpMV 16 25 12.52 11 225 045
32 HpMV 15 25 13.00 T 2.35 -0.64
33 HpMV 13 25 13.48 12 2.44 040
34 HpMV 16 25 12.52 6 225 363 |
35 * HpMV 16 25 12.52 12 225 -0.01
36 HpMV 17 25 1133 g 2.12 112
37 HpMV 13 25 13.43 14 2.44 0.42
38 HpMV 15 25 13.00 12 235 2021
39 HpMV 12 25 13.48 14 243 042
40 HpMV 14 25 13.32 12 241 034
41 HpMV 12 25 13.43 13 743 042
42 HpMV 13 25 13.48 12 244 2040
43 HpMV 13 25 13.48 12 234 042
44 HpMV ) 25 13.00 14 235 064
45 HpMV Y7 25 1252 10 723 .00
a6 HpMV 12 25 13.43 11 743 031
47 HpMV 14 25 13.32 10 2.4 T.I7
a8 HpMV 13 25 13.48 12 2.49 040
49 HpMV 14 25 13.32 2 2.4 -034
50 HpMV 20 25 300 6 153 164
51 HpMV 16 25 12.52 2 2.25 0.0

Across Rows || HpMV 765 1275 613.40 554 17.13 344°

. (Contiguous')

' rows combined by last plant of row i contigdous with first plant of row 41

¥ Z-statstics less than —1.64 indicate significant aggegation of infected plants (P=0.05)

m = nuenber o finfected plants; N = total number of plants; E {U) = expected nwuber of runs; O{U) = observed number of runs: S{U) = standard
deviation of rums; Z — z-statisfic
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Appendix 3.3. Ordinary runs analysis of PNRSV (A & I) distribution
in block one (‘Victoria’) in Bushy Park, Tasmania on 10* Qctober 1996.

AlongRows | Virus [ m [ N [ E(U) [ O(U) | S(O) Z

(Individually)
l PNRSV* | 19 51 24.84 13 330 -3.44*
2 PNRSV | 18 51 24.29 18 322 -1.80*
3 PNRSV 27 Sil 26.41 21 3152 -1.39
4 PNRSV | 31 51 25.31 24 3.37 -0.24
5 PNRSV | 26 51 26.49 29 3.53 0.85
6 PNRSV | 40 51 18.25 19 DY 0.53
Z PNRSV | 31 51 25.31 18 3434 -2.02*
8 PNRSV | 24 b} 26.41 17 359 22353%
5 PNRSV | 30 51 25.71 22 3.42 -0.94
10 PNRSV | 32 51 24.84 16 3.30 -2.53*
11 PNRSV | 37 51 21.31 24 2.80 1.14
12 PNRSV | 42 51 15.82 6 2.02 -4.61*
13 PNRSV | 46 51 10.02 11 1.20 1923
14 PNRSV | 44 51 13.08 13 1.64 0.26
15 PNRSV | 48 SN 6.65 i 0.72 1.18
16 PNRSV | 31 51 25.31 24 3.37 -0.24
17 PNRSV | 31 51 2531 15 3.37 2201
18 PNRSV | 47 51 8.37 8 0.97 0.13
19 PNRSV | 31 51 25.31 12 3.37 -3.81*
20 PNRSV | 28 51 26.25 L6 3.50 -2.79*
21 PNRSV | 33 51 24.29 14 3:22 -3.04*
22 PNRSV | 21 51 25.71 19 3.42 -1.81
23 ¢ PNRSV | 35 51 22.96 15 3.03 -2.46*
24 PNRSV | 45 51 11.59 11 1.42 -0.06
25 PNRSV | 50 5 2.96 3 0.19 2.78

Along Rows | PNRSV | 847 [ 1275 | 565.65| 384 1562 | -11.63*

(Contiguous")
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Across Rows Virus m N E(U) o) S(U) z
(Individually)
1 PNRSV s 25 13.00 g 2.35 -1.92%
2 PNRSV 14 25 13.32 10 2.4 107
3 NRSV 14 25 13.32 12 2.4 -0.33
4 PNRSV 18 25 1108 10 1.95 -0.30
S PNRSV 19 | 25 10.12 10 176 0.22
6 PNRSV 15 25 | 13.00 8 235 -1.92¢
i PNRSV 17 25 11.88 12 | 212 0.29
8 PNRSV 16 25 12.52 10 225 -0.90
9 PNRSV 13 25 13.48 12 244 -0.40
10 PNRSV 15 25 13.00 14 2.35 0.64
11 PNRSV 16 25 12.52 12 725 ~0.01
12 PNRSV 14 25 1332 | 14 2.4] 0.49
13 PNRSV 16 25 P g 2.25 179+
14 PNRSV 18 25 11.08 11 1.95 0.22
15 PNRSV 17 25 11.88 10 2.12 -0.65
16 PNRSV 18 25 11.08 11 1.95 022
17 PNRSV 15 26 13.00 12 2.35 -0.21
18 PNRSV 16 25 12.52 12 225 -0.01
19 PNRSV 20 25 9.00 11 1.53 1.64
20 PNRSV 17 25 11.88 11 5F1) -0.18
21 PNRSV 14 25 13.32 16 2.4] 1.32
22 FNRSV 17 25 11.88 10 2.12 0.65
23 PNRSV 17 2S5 11.88 g 212 -1.60
23 FNRSV 12 25 13.48 12 2.44 -0.40
25 PNRSV 14 25 13.32 10 2.4] 117
26 PNRSV 17 25 11.88 ] 2.12 -1.60
27 PNRSV 15 25 13.00 1 235 0.64
28 PNRSV 20 25 900 S 1.53 2.29*
29 PNRSV 15 25 13.00 9 2.35 1.49
30 PNRSV 12 25 13.48 9 2.44 1.63
31 PNRSV 16 25 12.52 7 225 2.23¢
32 PNRSV 22 25 6.28 77 0.97 1.26
38 = PNRSV 17 25 | 1188 13 212 0.77
34 PNRSV 16 25 12.52 11 225 045
35 PNRSV 19 25 10.12 11 176 0.79
36 PNRSV 16 25 12.52 11 225 -0.45
37 PNRSV 20 25 9.00 7 153 098
38 PNRSV 21 25 7.72 9 1.27 I.41
39 PNRSV 20 25 9.00 7 133 098
40 PNRSV 19 25 10.12 10 176 0.22
41 PNRSV 17 25 11.88 12 ST 0.29
a2 FNRSV 17 25 11.88 11 212 018
a3 PNRSV 20 25 9.00 g 153 033
a4 FNRSV 17 25 11.88 6 212 250*
45 PNRSV F) 25 1332 10 241 3
46 PNRSV 14 25 13.32 16 241 1.32
[l 47 PNRSV 17 25 11.88 11 212 | -0.18
48 PNRSV 20 25 9.00 11 153 164
49 . PNRSV 17 25 11.88 8 2.12 1.60
S0 PNRSV 17 25 | 11388 10 2512 -0.65
51 PNRSV 15 25 | 13.00 14 235 064%
Across Rows PNRSV 847 1275 | 569.65 484 15.92 -535¢
(Cortiguous')

! tows cornbined by lastplant of row icontiguous with first plant of row i+]

* apple and intennediate serotypes not dif ferentiated

* Z-statistics less than —1.64 indicate significant aggregation of infected plants (P=0.05)

NA results from ordinary runanalysis invalid due to either low (<5%) or high (>95%) disease in¢idence

M —number of infected plants; N — total number of plants; E(U) — expected number ofruns; O(U) - observed number of runs, S{U) -
standard deviation of runs; Z - 2-statistic
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Appendix 3.4. Ordinary runs analysis of HpLV distribution in block one (‘Victoria’)
in Bushy Park, Tasmania on 15" October 1997.

Across Rows Viras m N E(U) o) S(U) z
(Individaally)
l HpLV 42 25 15.82 13 2.02 -1.15
2 HpLV 44 25 13.08 11 1.64 -0.96
3 HpLV 44 25 13.08 9 1.64 | -2.19*
4 HpLV 390 25 16.35 12 252 | =272*
5 HpLV 42 25 15.82 10 2.02 | -2.63*
6 HpLV 47 25 8.37 o 0.57 1.16
P HpLV 47 25 8.37 ) 0.97 1.16
8 HpLV 44 25 13.08 7 1.64 | -3.41*
9 HpLV 43 25 14.49 10 1.84 | -2.17*
1o HpLV 28 25 26.25 10 3.50 | -4.50*
11 HpLV 47 25 8.37 9 0.97 1.16
12 HpLV 51 25 NA 1 NA NA
13 HpLV 49 25 4.84 5 0.47 1.41
14 HpLV 49 25 4.84 2 0.47 | -5.01*
15 HpLV 50 25 2.96 2 0.19 | -2.37*
16 HpLV 49 25 4.84 5 0.47 1.41
17 HpLV 46 25 10.02 11 1.20 1.23
18 HpLV 45 25 11.59 11 1.42 -0.06
19 HpLV 438 25 6.65 3 0.72 | -4.34*
20 HpLV 48 25 6.65 5 0.72 -1.58
2 HpLV 49 25 4.84 3 0.47 | -2.87*
22 HpLV 47 25 8.37 7 0.97 -0.90
23 . HpLV 42 25 15.82 11 2.02 | -2.14*
24 HpLV 43 25 14.49 12 1.84 -1.08
25 HpLV 40 25 18.25 7 2.37 | -4.54*
Aleng Rews HpLV 1123 25 268.76 175 7.49 |-12.46*
(Centigueus')
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Across Rows Virus m N E(U) o) S(U) A
(Individually)
1 HpLV 21 25 772 7 .27 -0.17
2 HpLV 21 [ 25 772 9 127 T4l
3 HpLV 7 1R85 1188 10 2.12 -0.65
3 HpLV 2] 25 7.72 g 127 0.62
S HpLV 22 75 6.28 7 0.97 1.26
6 HpLV 22 25 6.28 7 097 126
77 HpLV 24 [ 25 2.97 3 0.27 714
3 HpLV 23 75 468 3 0.64 1238
9 HpLV 22 75 6.28 3 0.97 ~0.80
10 HpLV 19 25 1012 3 1.76 092
11 HpLV 21 | 25 7.72 9 127 T4l
12 HpLV 18 25 11.08 9 1.95 0.81
13 HpLV 20 25 9.00 3 1.53 -0.33
14 HpLV 22 25 628 7 0.97 1.26
15 HpLV 24 25 2.92 3 027 2.14
16 HpLV 22 25 628 3 097 -0.80
17 HpLV 22 25 6.28 7 0.97 126
18 HpLV 23 25 468 3 0.64 1.84¢
19 HpLV 22 25 628 5 0.97 0.80
20 HpLV 22 25 6.28 6 0.97 0.23
21 HpLV 20 25 9.00 g 1353 -0.33
22 HpLV 18 25 11.08 7 1.95 -1.83%
23 HpLV 18 25 11.08 I3 1.95 1.24
23 HpLV 18 25 11.08 11 1.95 022
25 HpLV 22 25 6.28 6 0.97 0.23
76 HpLV 22 25 628 3 0.97 1.83*
27 HpLV 23 25 4.68 3 0.64 -0.28
28 HpLV 21 25 7.72 3 1.27 062
29 HpLV 20 25 9.00 9 1.53 0.33
30 HpLV 23 25 4.68 5 0.64 1.28
31 HpLV 23 25 4.68 3 0.64 1.28
32 HpLV 23 25 4.68 5 0.64 128
33 HpLV 23 25 4.68 4 0.64 0.28
34 . HpLV 24 25 292 2 0.27 1.55
35 HpLV 22 25 628 5 0.97 0.80
36 HpLV 24 25 2.92 3 0.27 214
37 HpLV 24 25 292 3 0.27 214
38 HpLV 24 25 292 3 0.27 2.14
39 HpLV 22 25 6.28 3 097 0.80
40 HpLV 22 25 6.28 7 0.97 1.26
41 HpLV 22 25 628 3 0.97 2 B6*
4?2 HpLV 23 25 3.63 3 0.64 T1.83%
33 HpLV 23 25 3.63 3 064 - -1.84°
44 HpLV 23 25 4.68 5 064 1.28
45 HpLV 25 25 NA I NA NA
46 HpLV 24 25 2.92 3 027 7.14
47 HpLV 24 25 292 3 0.27 2.14
43 HpLV 25 25 NA ] NA NA
49 HpLV 24 25 292 3 0.27 714
50 « HpLV 24 25 2.92 3 027 214
51 HpLV 22 25 628 77 0.97 126
ACross Rows HpLV 1123 | 1275 | 268.76 243 749 337
(Contiguous')

' rows combined by last plant of row i contiguous with first plant of row i+1

* Z-statistics less than —1.64 indicate significant aggregation of infected plants (P=0.05)

NA results from ordinary run analysis invalid due to either low (<5%) or high (>95%) disease incidence

m = number of infected plants; N = total number of plants; E (U) = expected number of runs; Q(U) = observed number of runs; S(U) = standard
deviation of 1uns; Z — z-statistic
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Appendix 3.5. Ordinary runs analysis of HpMV distribution in block one (‘Victoria®)
in Bushy Park, Tasmania on 15% October 1997.

Along Rows | Virus m N E(U) | O(U) | S(U) V4
(Individually)

HpMV | 48 51 6.65 7 0.72 1.18
HpMV | 40 51 18.25 17 137 -0.32
HpMV | 32 51 | 24.84 19 3.30 -1.62
HpMV | 42 51 15.82 10 2.02 -2.63*
HpMV | 34 51 | 23.67 19 3.13 -1.33
HpMV | 47 51 8.37 9 0.97 1.16
HpMV | 44 51 13.08 12 1.64 -0.35
HpMV | 33 51 | 24.29 17 3.22 -2.11*
HpMV | 35 51 22.96 19 3.03 -1.14
HpMV | 43 51 14.49 11 1.84 -1.63
HpMV | 45 51 11.59 10 1.42 -0.76
HpMV | 46 51 10.02 11 1.20 1.23
HpMV | 46 51 10.02 9 1.20 -0.43
HpMV | 44 51 13.08 12 1.64 -0.35
HpMV | 48 51 6.65 6 0.72 -0.20
HpMV | 36 51 | 2218 | 21 2.92 -0.23
HpMV | 28 51 | 26.25 19 3.50 -1.93*
HpMV | 40 51 18.25 12 2.37 -2.43%
HpMV | 42 51 15.82 11 2.02 -2.14*
HpMV | 45 51 11.59 9 1.42 -1.47
HpMV | 41 51 17.08 13 2.20 -1.63
« | HpMV | 39 51 19.35 17 2.52 -0.73
HpMV | 37 51 | 21.31 23 2.80 0.78
HpMV | 38 51 2037 | 20 2.67 0.05
25 HpMV | 12 51 19.35 11 2.52 -3.11%
Along Rows | HpMV | 985 | 1275 | 449.08 | 327 12.54 | -9.70*
(Contiguous ")

(Y] { 1G] I ) [ O] [ \S] [IUiy pruiy jrisiy pritin) [y Uiy VY [rUEN S g
& 0| =] S| 0] oo| | | L] 1] O o —=| o O | N | L ]| W ] —
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Across Rows Virus m N E(U) o) S(U) Z
(Individually
1 ' HpMV 19 25 10.12 9 1.76 -0.35
2 HpMV 23 25 4.68 3 0.64 1.28
3 HpMV 19 25 10.12 1} 1.76 0.79
q HpMV 19 25 10.12 11 1.76 0.79
5 HpMV 14 25 13.32 5 2.4) 0.90
] HpMV 19 25 10.12 11 1.76 0.79
7 HpMV 19 25 10.12 11 1.76 0.79
8 HpMV 16 25 12.52 12 2.25 -0.01
9 HpMV 2] 25 772 i 1520 -0.17
10 HpMV 15 25 13.00 1) 235 -0.64
11 HpMV 20 25 9.00 8 1.53 -0.33
12 HpMV 19 25 10.12 7 1.76 -1.49
13 HpMV 21 25 7.72 7 1.27 -0.17
14 HpMV 18 25 11.08 10 1.95 -0.30
15 HpMV 19 25 10.12 8 1.76 -0.92
16 HpMV 15 25 13.00 10 285 -1.07
17 HpMV 21 75 142 6 12, -0.96
I8 HpMV 22 25 6.28 g 0.97 1.26
19 HpMV 18 25 11.08 8 1.95 -1.32
20 HpMV 21 25 7.72 8 1.27 0.62
21 HpMV 13 25 11.08 14 1.95 1.75
22 HpMV 13 25 11.08 12 1.95 0.73
23 HpMV 21 25 7.72 8 1.27 0.62
24 HpMV 20 25 9.00 8 1.53 -0.33
25 HpMV 2] 25 7.72 8 1.27 0.62
26 HpMV 21 25 7.72 8 1.27 0.62
27 HpMV 19 25 10.12 12 1.76 135
28 HpMV 19 25 10.12 12 1.76 1.35
29 HpMV 21 25 7.72 8 152% 0.62
30 HpMV 18 25 11.08 10 1.95 -0.30
31 HpMV 20 25 9.00 9 1.53 0.33
32 HpMV 18 25 11.08 10 1.95 -0.30
33 HpMV 17 25 11.88 12 2.12 0.29
34 " | HpMV 20 25 9.00 8 1553 -0.33
gs HpMV 18 25, 11.08 8 1.95 -1.32
36 HpMV 21 25! 7.72 8 1.27 0.62
37 HpMV 20 25 5,00 10 1.53 0.98
38 HpMV 19 235 10.12 12 1.76 1:35
39 HpMV 17 25 11.88 12 2.12 0.29
40 HpMV 20 25 9.00 10 1.53 0.98
41 HpMV 15 25 13.00 i0 235 -1.07
42 HpMV 19 25 10.12 10 1.76 . 022
43 HpMV 147 25 1188 15 22 1.71
4 HpMV 20 25 9.00 10 1.53 098
45 HpMV 20 25 9.00 8 1.53 -0.33
46 HpMV 20 25 9.00 10 1.53 0.98
47 HpMV 21 25 7.72 6 1.27 -0.96
48 HpMV 22 25 0.28 ] 097 023
49 HpMV 22 25 0.23 6 097 0.23
50 HpMV 23 25 4,08 2 0.64 -3.40%
51 HpMV 22 25 6.28 7 057 126
Across Rows HpMV 985 1275 449.08 429 12.54 -1.56
(Contiguous')

' rowscembined by last plant of row ¢ contiguous with first plant of row i +1

* Z-stanstics less than —1.64 indicate significant aggregation of infected plants (P=0.05)

m = nuatber of infected plants; N = total number of plants; E (U} = expected number of runs; O(U) = observed number of runs; §(L!) = standard
dewviation of runs; £ — z-statistic
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Appendix 3.6. Ordinary runs analysis of PNRSV (A & I} distribution
in block one (‘Victoria’) in Bushy Park, Tasmania on 15" October 1997.

AlongRows | Virus | m N | E(U) | O(U) [ S(U) (2

(Individually)
| PNRSV*| 47 51 8.37 2 0.7 1.16
2 PNRSV | 44 51 13.08 8 1.64 -2.19*
3 PNRSV [ 49 51 4.84 3 0.47 -2.87*
4 PNRSV | 50 51 2.96 3 0.19 2.78
5 PNRSV | 39 51 156.35 18 2.52 -0.34
6 PNRSV | 51 51 NA 1 NA NA
7 PNRSV | 36 51 22.18 20 2.52 -0.57
8 PNRSV | 40 51 18.25 8 2737 -3.70*
5 PNRSV | 44 51 13.08 10 1.64 -1.58
10 PNRSV | 50 51 2.96 B8 0.19 2.78
11 PNRSV | 46 51 10.02 8 1.20 -1.26
12 PNRSV | 45 51 11.59 10 1.42 -0.76
13 PNRSV | 46 51 10.02 11 1.20 1.23
14 PNRSV | 45 51 11.59 8 1.42 -2.17*
15 PNRSV | 50 51 2.96 3 0.15 2.78
16 PNRSV | 50 51 2.96 3 0.15 2.78
17 PNRSV | 48 51 6.65 5 0.72 -1.58
18 PNRSV | 51 51 NA 1 NA NA
19 PNRSV | 47 51 8.37 5 0.57 -2.96*
20 PNRSV | 51 51 NA \ NA NA
21 PNRSV | 50 51 2.96 3 0.19 2.78
22 PNRSV | 47 51 8.37 3 0.7 -5.03*
23 PNRSV | 45 51 11.59 11 1.42 -0.06
24 PNRSV | 47 51 8.37 ) 0.97 1.16
25 PNRSV | 51 51 NA 1 NA NA

Along Rows | PNRSV [1169| 1275116538 | 151 5.43 -8.08*

(Contiguous')
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Across Rows Virus m N E(U) o) S(U) z
{Individually)
1 PNRSV 20 25 9.00 | 7 1.53 -0.98
2 PNRSV 21 2:5 772 S 1.27 -1.75*%
3 PNRSV 21 25 192 6 127 -0.96
4 PNRSV 23 25 4.68 5 0.64 1.28
5 PNRSV 24 25 2.92 3 0.27 2.14
6 PNRSV 23 25 4,68 5 0.64 1.28
7 PNRSV 23 25 4,68 5 0.64 1.28
8 PNRSV 22 25 6.28 3 0.97 -2.86*
9 PNRSV 23 25 4 68 5 0.64 1.28
10 PNRSV 22 25 6.28 7 0.97 1.26
11 PNRSV 20 25 9.00 9 1.53 0.33
12 PNRSV 23 25 4,68 5 0.64 1.28
13 PNRSV 24 25 2.92 3 0.27 2.14
14 PNRSV 25 25 NA 1 NA NA
15 PNRSV 7% 25 4.68 5 0.64 1.28
16 PNRSV 23 25 4.68 5 0.64 1.28
1 PNRSY 24 25 292 3 027 2.14
18 PNRSV 23 25 4,68 5 0.64 1.28
19 PNRSV 2 25 6.28 7 0.97 1.26
20 PNRSV 24 25 2.92 3 0.27 2.14
21 PNRSV 22 25 6.28 6 0.97 0.23
22 PNRSV 93 25 4,68 5 0.64 1.28
23 PNRSV 23 25 4.68 5 0.64 1.28
24 PNRSV 23 25 4.68 S 0.64 1.28
25 PNRSYV 23 25 4.68 5 0.64 1.28
26 PNRSV 24 25 292 3 027 2.14
27 PNRSV 22 25 6.28 4 0.97 -183*
28 PNRSY 2l 25 772 9 I 2,7 1.41
29 PNRSV 21 25 772 9 1.27 1.41
30 PNRSV 24 % 292 3 027 2.14
31 PNRSV 24 S, 2.92 3 0.27 2.14
32 PNRSV 25 P43 NA 1 NA NA
33 PNRSV 24 25 2.92 3 027 2.14
34 PNRSV 25 25 NA 1 NA NA
35 PNRSV 24 25 2.92 3 027 2.14
36 PNRSV 22 25 6.28 5 0.97 -0.80
37 PNRSV 24 25 292 3 0.27 2.14
38 PNRSV 25 25 NA 1 NA NA
39 PNRSYV 25 25 NA 1 NA NA
40 PNRSV 23 25 468 4 064 -0.28
41 PNRSV 22 25 6.28 7 097 1.26
42 PNRSV 25 25 NA 1 NA - NA
43 PNRSV 24 25 2.92 3 027 2.14
44 PNRSV 24 25 2.92 3 0.27 2.14
45 PNRSV 21 25 o 9 9 1.27 1.41
46 PNRSV 20 25 9.00 11 1.53 1.64
47 PNRSV 23 25 468 5 0.64 1.28
48 PNRSYV = 25 468 5 0.64 .28
29 PNRSY | 24 25 2.92 3 027 214
50 PNRSYV 23 25 468 3 0.64 A1 B4%
51 PNRSY 20 25 9.00 11 1.53 1.64
Across Rows PNRSV 1169 1275 19538 191 543 -0.71
(Contiguous")

! rows combined by last plant of rew i contiguous with f.rstplantof row i+1

? apple and intermediate serotypes notdifferentiated

* Z-statistics less than —1 .64 indicate significant aggregation ofinfected plants (P=0.05)

NA results fromordinary run analysis invalid due to either low (<5%) orhigh (>95%)disease incidence

m = nunber of infected plants; N = total number ofplants; E (U) = expected munber of runs; @(U) = observed number of nunis; S(U) = standard
deviation of runs; Z ~ z-statistic
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Appendix 3.7. Ordinary runs analysis of HpLV distribution sn block two (‘Victona')
in Myrtleford, Victona on 21* October 1998.

Along Rows Virus m N E(U) om S(U) Ad
(Individually)
1 HpLV 3 20 610 7 105 133
2 HpLV 3 20 6.10 3 105 057
3 HpLV 2 20 460 5 070 128
4 HpLV 2 20 | 460 5 070 128
5 HpLV 4 20 740 8 135 082
6 HpLV 5 20 8.50 9 160 062
7 HpLV 4 20 740 9 135 156
8 HpLV 1 20 290 2 030 2133
9 HpLV 2 20 4.60 8 070 -1.57
10 HpLV 3 20 6.10 5 105 -0 57
i1 HpLV %) 20 6.10 6 1 0s 038
12 HpLV 2 20 4.60 5 070 128
13 HpLV 1 20 290 3 030 200
14 HpLV 2 20 4.60 5 0.70 128
15 HpLV 5 20 850 6 160 -1 25
16 HpLV 4 20 7.40 8 135 0.82
17 HpLV 3 20 6.10 4 105 -1.53
18 HpLV 7 20 10.10 8 197 -0.81
19 HpLV 3 20 6.10 7 105 133
20 HpLV 3 20 6.10 5 105 -0.57
2] HpLV 1 20 290 2 030 -1 33
22 HpLV 5 20 8.50 8 160 | 000
23 HpLV 5 20 850 7 1 60 062
24 HpLV J 20 4.60 5 070 128
25 HpLV 9 20 10.90 13 2.15 121
Along Rows HpLV 84 500 140.78 130 623 -1 65°
(Connguous')
Across Rows Virus m N E(U) o) S(u) Z
(Individually)
] HpLV 3 25 7.72 6 ki 096
2) HpLV { 25 292 2 0127 -1 55
3 HpLV 4 25 772 9 127 141
4 HpLV 3 25 6.28 6 097 023
5 HpLV 1 25 292 2 0127 -155
[} HpLV p) 25 468 4 064 -0 28
T HpLV 3 25 6.28 5 097 -0 80
8 HpLV 6 25 10.12 10 176 022
9 HpLV 4 25 %12 7A 227 -017
10 HpLV 4 25 772 i 15287 -0 17
11 HpLV 3 25 628 S 097 -0 80
12 HpLV 4 25 2 S, 127 475
13 HpLV 4 25 77 9 127 141
14 HpLV 10 25 13 14 a5 064
15 HpLV 3 25 628 7 097 126
16 HpLV 6 25 10 12 10 176 0122
17 HpLV S 25 9 ¥ 153 -0 98
13 HpLV S 25 9 8 153 033
19 HpLV 3 25 628 5 097 0 80
20 HpLV 9 25 1252 10 225 090
| Across Rows — HpLV 84 500 140.776 129 623 -181¢
{Conuiguous')

! rows combined by last plant of row 1 contiguous with first plant of row i+1

? Z-staustics less than —1,64 indicate sigmificant aggregation of infected plants (P=8 05)

m = number of infected plants; N = tatal nurmber of plants; E (U) = expected number of runs, O(U) = obsersed number of runs, S(U) = standard
deviauon of runs, € - Z-statistic
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Appendix 3.8. Ordinary run analysis of HpM Vdistribution in block two (*Victoria')
in Myrtleferd, Victoria on 21 ® October 1998.

Along Rows Virus m N £(0) o) 8(0) Z
{Individually)
! HpMV 2 20 4.60 5 0.70 128
2 HpMV 3 20 6.10 3 1.05 -0.57
3 HpMV ] 20 4.60 ES 0.70 1.28
4 HpMV 2 20 4.60 5 0.70 1.28
S HpMV 3 20 6.10 6 1.05 0.38
6 HpMV 5 20 8.50 9 1.60 0.62
7 HpMV 2 20 4.60 5 0.70 1.28
8 HpMV 1 20 2.90 2 0.30 -1.33
9 HpMV 2 20 4.60 3 0.70 -1.57
10 HpMV 3 20 6.10 S 1.05 -0.57
11 HpMV 2 20 4.60 5 0.70 128
12 HpMV 2 20 4.60 4 0.70 -0.14
13 HpMV 1 20 290 3 0.30 2.00
14 HpMV 1 20 2.90 3 0.30 2.00
15 HpMV ) 20 2.90 2 0.30 -1.33
16 HpMV S 20 8.50 8 1.60 0.00
17 HpMV 3 20 6.10 4 1.05 -1.53
18 HpMV 5 20 8.50 10 1.60 1.25
19 HpMV 3 20 6.10 i/ 1.05 1.33
20 HpMV 2 20 4.60 5 0.70 128
21 HpMV 0 20 NA ! NA NA
2.2 HpMV 2 20 4.60 5 0.70 1.28
23 HpMV 4 20 7.40 7 1.35 0.07
24 HpMV 1 20 290 3 0.30 200
25 HpMV 1 20 2.90 3 0.30 2.00
Along Rows HpMV 58 500 103.54 101 4.57 -0.45
(Contiguous"
Across Rows Virus m N E(U) o) S(U) 2
(Individually)
1 HpMV 2 25 4.68 5 0.64 128
2 HpMV 0 25 NA 1 NA NA
3 HpMV 3 25 6.28 iZ 097 1.26
4 HpMV 1 25 2.92 3 0.27 2.14
5 HpMV 0 25 NA 1 NA NA
6 HpMV 2 25 468 4 0.64 -0.28
7 HpMV 2 25 4.68 3 0.64 -1.84%
8 HpMV 4 25 72 8 1.27 062
9 HpMV 3 25 628 S 097 -030
10 HpMV 4 25 7.72 7 1.27 -0.17
W HpMV 3 25 6.28 3 097 -0.80
12 HpMV 3 25 628 4 097 -1.83+
13 HpMV 3 25 6.28 7 097 1.26
14 HpMV 8 25 11.88 ) 2.12 077
15 HpMV 3] pL3 6.28 7 097 1.26
16 HpMV 3 25 6.28 7 097 1.26
17 HpMV 3 25 628 7 097 1.26
) 18 HpMV 7 25 4.68 5 0.64 1.28
19 HpMV 2 25 4.68 5 0.64 1.28
20 HpMV 7 25 11.08 9 1.95 -0.81
Across Rows HpMV 58 500 103.544 97 457 -1.32
(Contiguous')

' rows combined by last plant of row i contiguous with first plant of row i +1

* Z-statistics less than —1.64 indicate significant aggregation of infected plants (P=0.05)

NA results from erdinary run analysis invalid due to either low (<5%) or high (>95%) disease incidence

m = number of infected plants; N = total number o f plants; E {U) = expected number o fruns; O{U) = observed number o f runs; S{U) = standard
deviation of runs; Z - z-statistic
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Appendix 3.9. Ordinary run analysis of PNRSV (apple, ‘A’ and intermediate, ‘1’ serotypes)
in block two (‘Victoria’) in Myrtleford, Victoria on 21* October 1998.

Along Rows Virus m N E(U) o) S(U) 7z
(Individually)
I PNRSV? 10 20 11.00 12 2.18 - 069
2 PNRSV 11 20 10.90 8 2.15 -1
3 PNRSV 7 20 10.10 7 1.97 -1.32
4 PNRSV 6 20 9.40 10 1.81 0.61
5 PNRSV 9 20 10.90 il 2.15 0.28
6 PNRSV 7 20 10.10 8 1.97 -0.81
7 PNRSV 7 20 10.10 4 1.97 -2.84¢
8 PNRSV i0 20 11.00 5 2.18 -2.53+
9 PNRSV 10 20 11.00 Si 2.18 -2.53+
10 PNRSV 8 20 10.60 3 2.08 -3.41*
11 PNRSV 7 20 10.10 9 1.97 -0.30
12 PNRSV 6 20 9.40 7 1.81 -1.05
i3 PNRSVY 3 20 6.10 4 1.05 -1.53
14 PNRSV 7 20 10.10 6 1.97 -1.83+
15 PNRSV 5 20 8.50 3 1.60 -3.12¢
16 PNRSV 3 20 6.10 7 1.05 1338
17 PNRSV i) 20 8.50 6 1.60 -1.25
18 PNRSV 1 20 2.90 2 0.30 -1.33
19 PNRSVY 8 20 10.60 4 208 -2.93¢
20 PNRSV 5 20 8.50 6 1.60 -1.25
20 PNRSV 2 20 4.60 4 0.70 -0.14
22 PNRSVY 8 20 10.60 4 2.08 -2.93¢
23 PNRSV 2 20 460 2 0.70 -2.99¢
24 PNRSV 3 20 6.10 5 1.05 -0.57
75 PNRSV 7 20 10.10 9 1.97 -0.30
Along Rows PNRSV 157 500 216.40 136 9.62 -8.31*
(Contiguous')
Across Rows Virus m N E(U) o) S(U) 7z
(Individually)
1 PNRSV i8 25 11.08 8 1.95 -1.32
2 PNRSV 12 %S 13.48 7 244 -2.45%
3 PNRSV 12 25 13.48 9 2.44 -1 63
4 PNRSV 15 25 13 11 2.35 -0.64
5 PNRSV 9 25 12.52 4 2.25 2357
6 PNRSV 4 25 772 6 1.27 -0.96
i7 PNRSV 2 25 4.68 4 0.64 -0.28
8 PNRSV 4 25 FuT2 [ 27 -1.75%
9 PNRSV 4 25 747 ] 127 L3 3.
10 PNRSVY 7 25 11.08 6 1.95 -2.35¢
11 PNRSV 7 25 11.08 10 .98 -0.30
12 PNRSV 2 25 468 3 0.64 -1.84%
i3 PNRSV 5 25 9 9 153 033
i4 PNRSV 8 25 1188 10 2R -U65
15 PNRSV 9 25 12.52 12 225 -0.01
16 PNRSV 8 25 11.88 14 2.12 1.24
17 PNRSV 5 25 9 11 1.58 1.64
" 18 PNRSV - 10 25 13 6 238 D77
19 PNRSV 6 25 10.12 6 1.76 -2.06*
20 PNRSV i0 25 i3 1 2.35 -0.64
Across Rows PNRSV 157 ' 500 216.404 144 9.62 -747%
(Contiguous')

' rows combined by last plant of row ¢ contiguous with first plant of row i+1
% apple and intermediate serotypes not dif ferentiated
Z-statistics less than —1.64 indicate significant aggregation of infected plants (P=0.05)
NA results from ordinary run analysis invaliddue to either low (<5%) or high (>95%) disease incidence
m = number of infected plants; N = total number of plants; E (U) = expected number of runs; O(U) = observed number of runs; S(U) = standard
deviation of tuns; Z - z-statistic
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Appendix 3.10. Ordinary run analysis of HpLV distributions
in block three (cultivar x row spacing trial} in Bushy Park, Tasmania on 1* November 1996 and
4" November 1957.

1996 Along Rows (Replicate 1) — Contiguous’

Row Cultivar [ Virus m N | (N-m) | 2*m* E(U) |O(U)| S(U) z
Spacing (N-m)

3x2 Opal HpLV 5 102 97 970 10.51 9 0950 | -1.69*

3x2 TI1 HpLV 28 | 102 74 4144 4163 | 28 3.99 | -3.41*

3x2 TS HpLV 28 90 62 3472 3558 | 28 4.04 | -2.87*

3x2 Victoria | HpLV 39 [ 50 51 3978 4520 [ 31 4.63 [ -3.07*
6 Opal HpLV 6 90 84 1008 12.20 | 11 1.13 -1.06
6 TI1 HpLV 66 | 102 36 4752 47.59 | 39 459 | -1.87*
6 T25 HpLV 33 | 50 Sil 3762 42.80 | 26 438 | -3.84*
6 Victoria | HpLV 88 | 102 14 2464 25.16 | 16 235 | -3.86*
5 Opal HpLV 0 85 85 0 1.00 0 0.00 NA
5 TIl HpLV 15| 75 60 1800 2500 [ 25 2.73 0.00
5 T25 HpLV 31 85 54 3348 40.39 [ 18 4.24 | -5.28*
5 Victoria | HpLV 16 | 75 59 1888 26.17 | 27 2.87 0.29
4 Opal HpLV 5 68 63 630 10.26 | 11 1.07 0.69
4 TIl HpLV 17 | 60 43 1462 2537 [ 19 3.11 | -2.05*
4 T25 HpLV 9 68 59 1062 16.62 7 1.8% | =5.21*
4 Victoria | HpLV 16 [ 60 44 1408 2447 | 21 2859 -1.16
3 Opal HpLV 0 45 45 0 1.00 0 0.00 NA
3 TI1 HpLV 18 | 45 27 972 2260 | 21 3.18 -0.50
3 T25 HpLV 20 | sl 31 1240 25.31 18 3.37 | -2.17*
3 Victoria | HpLV 12 | 51 39 936 19.35 17 2.52 -0.93

1996 Across Rows (Replicate 1) - Contigunus‘

3x2 Opal HpLV 5 102 97 970 10.51 7 050 [ -3.92*

3x2 T1l HpLV 28 | 102 74 4144 4163 | 30 395 | -2.91*

3x2 T25 HpLV 28 90 62 3472 39.58 | 24 404 | -3.86*

3x2 Victoria | HpLV 39 90 S 3978 4520 | 31 463 | -3.07*
6 Opal HpLV 6 50 84 1008 1220 | 11 1.13 -1.06
6 T1l HpLV 66 | 102 36 4752 47.59 | 45 4.59 -0.56
6 T25 HpLV 33 90 B/ 3762 42.80 | 30 438 | -2.92*
6 Victoria | HpLV 88 | 102 14 2464 25.16 | 19 235 | -2.62*
5 Opal HpLV 0 85 85 0 1.00 0 0.00 NA
5 Tl HpLV 15 75 60 1800 2500 [ 23 2573 -0.73
5 T25 HpLV 31 85 54 3348 4035 | 27 424 | -3.16*
5 Victoria | HpLV 16 | 75 59 1888 26.17 | 25 2.87 -0.41
4 Opal HpLV 5 68 63 630 10.26 9 1.07 -1.18
4 TIl HpLV 17 | 60 43 1462 2531 | 23 3.11 -0.76
4 T25 HpLV 9 68 59 1062 1662 | 15 1.85 -0.88
4 Victoria | HpLV 16 [ 60 44 1408 2447 | 25 299 0.18
3 Opal HpLV 0 45 45 0 1.00 0 0.00 NA
3 TI1 HpLV 18 | 45 27 972 22,60 [ 21 3.18 -0.50
3 T25 HpLV 20 | 51 31 1240 2531 | 20 3.37 -1.58
3 Victoria | HpLV 12! |25l 39 936 19.35 | 23 252 1.45
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1997 Along Rows (Replicate 1} — Contiguous’

Row |Cultivar | Virus | m N (N-m}) Z=m" E(D) o) | s(uy | Z
Spacing (N-m)

3x2 Opal HpLV 12 102 90 2160 22.18 15 206 | -1.54

3x2 T HpLV 35 102 63 4914 45.18 38 4.74 | -2.36*

3x2 T25 HpLV 39 50 51 3978 45.20 34 4.63 | -2.42*

3x2 Victoria | HpLV 45 950 45 4050 46.00 31 4.72 | -3.18*
6 Opal HpLV 10 90 80 1600 18.78 15 1.83 | -2.06*
6 Til HpLV 86 102 16 2752 27.98 25 263 | -1.13
6 T25 HpLV 41 50 49 4018 45.64 25 4.68 | -3.56*
6 Victoria | HpLV 90 102 12 2160 22.18 10 2.06 | -5.92*
5 Opal HpLV 1 85 84 168 2.98 3 0.15 NA
5 T HpLV 24 75 51 2448 33.64 29 374 | -1.24
3 T25 HpLV 43 85 42 3612 43.49 24 4.58 | -4.25*
5 Victoria | HpLV 25 75 46 2668 36.57 41 4.08 1.09
4 Opal HpLV 6 68 62 744 11.94 11 1.27 | -0.74
4 TIl1 HpLV 24 60 36 1728 29.80 20 3.68 | -2.66*
4 T25 HpLV 18 68 50 1800 2747 15 3.17 |3267"
4 Victoria | HpLV 27 60 33 1782 30.70 16 380 [-3.87*
3 Opal HpLV 0 45 45 0 1.00 0 0.00 NA
3 T11 HpLV 28 45 17 952 22.16 20 3.11 | -0.69
3 T25 HpLV 33 51 18 1188 24.25 14 322 |&3.19F
3 Victoria | HpLV 16 51 35 1120 22.96 22 3.03 | -0.32

1997 Across Rows (Replicate 1) - Contiguous'

3x2 Opal HpLV 12 102 90 2160 22.18 21 2.06 | -0.57

3x2 Tll HpLV 39 102 63 4914 49.18 42 474 | -1.51

3x2 T25 HpLV 35 950 51 3578 45.20 27 4.63 | -3.93*

3x2 Victoria | HpLV [ 45 90 45 4050 46.00 35 4.72 | -2.33*
6 Opal HpLV 10 90 80 1600 18.78 17 1.83 | -0.57
6 Tll HpLV 86 102 16 2752 27.98 21 263 | -2.65*
6 T25 HpLV 41 90 49 4018 45.64 28 4.68 | -3.77*
6 Victoria | HpLV 90 102 12 2160 22.18 16 2.06 | -3.00*
5 Opal HpLV 1 85 84 168 2.58 3 0.15 NA
5 Tl HpLV 24 75 51 2448 33.64 37 3.74 | 0.50
5 T25 HpLV 43 85 42 3612 43.45 28 4.58 | -3.38*
5 Victoria | HpLV 29 75 46 2668 36 5% 31 4.08 | -1.37
4 Opal HpLV 6 68 62 744 11.94 11 1.27 | -0.74
4 TI1 HpLV 24 60 36 1728 25.80 24 3.68 | -157
4 T25 HpLV 18 68 50 1800 27.47 29 3.17 | 0.48
4 Victoria | HpLV 2 60 33 1782 30.70 30 3.80 | -0.18
3 Opal HpLV 0 45 45 0 1.00 0 0.00 NA
3 Tl HpLV 28 45 17 952 22.16 29 3.11 0.27
3 T25 HpLV 33 51 18 1188 24.25 27 322 | 034
3 Victoria | HpLV 16 51 35 1120 2296 25 3.03 0.67
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1996 Alon

Rows (Replicate 2)— Contiguous”

Row Cultivar Virus m N | (N-m) 2*m* E(U) | O(U) | S(U) zZ
Spacing (N-m)

3x2 Opal HpLV 1 50 89 178 2.98 3 0.15 NA

3x2 Tl HpLV 11 | 102 91 2002 2063 | 19 1.50 -0.86

3x2 T25 HpLV 8 102 94 1504 1575 | 11 1.42 -3.35%

3x2 Victoria | HpLV 22;[-790 68 2092 3424 | 25 3.47 -2.66*
6 Opal HpLV 6 50 34 1008 12.20 6 1.13 -5.47*
6 TI1 HpLV 45 | 102 53 5194 51.92 | 36 5.02 -3.17%
6 T25 HpLV 17 | 50 73 2482 28.58 | 21 2.87 -2.64*
6 Victoria | HpLV 58 | 102 44 5104 51.04 | 47 4.93 -0.82
5 Opal HpLV 2 75 73 292 4.89 3 0.39 NA
5 TI1I HpLV 7 75 68 952 13.69 9 1.42 -3.31*
5 T25 HpLV 13 | 85 72 1872 23.02 | 16 2.35 -2.99*
5 Victoria | HpLV 13 | 85 72 1872 23.02 [ 19 235 -1.71*
4 Opal HpLV 7 68 61 854 13.56 | 10 1.47 -2.42%
4 Tl1l HpLV 8 60 52 832 1487 | 13 1.74 -1.07
4 T25 HpLV 21 | 68 47 1974 30.03 | 15 3.48 -4.31*
4 Victoria | HpLV 22 | 60 38 1672 28387 | 15 3.56 -3.89*
3 Opal HpLV 5 51 42 756 15.82 5 2.02 -3.37*
3 Tl1l HpLV 32 | »1 15 1216 2484 | 11 3.30 -4.19%
3 T25 HpLV 23 | 45 22 1012 2349 | 13 331 -3.16*
3 Victoria HpLV 22 45 23 1012 23.49 14 3531 -2.86*

1996 Across Rows (Replicate 2) — Contiguous'

3x2 Opal HpLV 1 90 89 178 2.98 3 0.15 0.15

3x2 Tl1l HpLV 1L | 102 91 2002 2063 | 17 1.50 -1.91*

3x2 T25 HpLV 8 102 94 1504 1575 | 15 1.42 -0.53

3x2 Victoria | HpLV 22 | 90 68 2962 3424 | 29 3.47 -1.51
6 Opal HpLV 6 90 84 1008 1220 | 12 1.13 -0.18
6 Tl1l HpLV 45 | 102 53 5194 51.92 | 46 5.02 -1.18
6 T25 HpLV 17 | 50 73 2482 28.58 | 21 2.87 -2.64*
6 Victoria | HpLV 58 | 102 44 5104 51.04 | 50 4.93 -0.21
5 Opal HpLV 2 75 73 252 4.89 5 0.39 NA
5 Tl HpLV 7/ 75 68 952 1365 | 13 1.42 -0.49
5 T25 HpLV 13 85 77 1872 23.02 | 24 2.35 0.42
5 Victoria | HpLV 13 | 85 2 1872 23.02 | 27 235 1.69
4 Opal HpLV 7 68 61 854 13.56 | 13 1.47 -0.38
4 Tl HpLV 8 60 52 832 14.87 9 1.74 337
4 T25 HpLV 21 | 68 47 1974 30.03 | 21 3.48 -2.59*
4 Victoria HpLV 22 60 38 1672 28.87 26 3.56 -0.80
3 Opal HpLV. 9 51 42 756 1582 | 15 2.02 -0.41
3 TI11 HpLV 32 | sl 15 1216 2484 | 19 3.30 -1.77*
3 T25 HpLV 23 45 22 1012 23.45 23 3.31 -0.15
3 Victoria | HpLV 22 | 45 23 1012 23.49 18 331 -1.66*
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1997 Along Rows (Replicate 2) — Contiguous’
Row Cultivar | Virus m N (N-m) 2*m* (D) oD S(O) 72
Spacing (N-m)

3x2 Opal HpLV 3 50 87 522 6.80 9 0.56 NA

3x2 TI1 HpLV 18 102 84 3024 30.65 23 2.90 | -2.64*

3x2 T25 HpLV 8 102 04 1504 15.75 11 142 | -3.35%

3x2 Victoria | HpLV 26 950 64 3328 37.98 24 3.87 | -2.84*%
6 Opal HpLV 8 90 82 1312 15.58 10 149 | -3.74*
6 TIl1 HpLV 60 102 42 5040 50.41 42 487 | -1.73*
6 T25 HpLV 30 50 60 3600 41.00 34 4.19 | -1.67*
6 Victoria | HpLV 75 102 27 4050 40.71 32 3.90 | -2.23%
5 Opal HpLV ) 75 73 292 4.89 3 0.39 NA
5 TII HpLV 10 75 65 1300 18.33 15 1.96 | -1.70*
5 T25 HpLV 24 85 61 2928 35.45 24 3.70 | -3.06*
5 Victonia | HpLV 21 85 64 2688 32.62 29 3.40 | -1.07
4 Opal HpLV 9 68 59 1062 16.62 12 1.85 | -2.50*
4 T1l HpLV 15 60 45 1350 23.50 18 286 | -1.92%
4 T25 HpLV 23 68 45 2070 31.44 15 3.66 | -4.50*
4 Victoria | HpLV 26 60 34 1768 30.47 14 377 | -4.37*
3 Opal HpLV 11 51 40 880 18.25 11 2.37 | -3.06*
3 TI1 HpLV 38 51 13 588 2037 13 267 | -2.76*
3 T25 HpLV 26 45 19 688 22.96 15 3.23 | -2.46*
3 Victoria | HpLV 27 45 18 972 22.60 16 3.18 | -2.08*

1997 Across Rows (Replicate 2) — Contiguous’

3x2 Opal HpLV 3 90 87 522 6.80 9 0.56 NA

3x2 T1l1 HpLV 18 102 84 3024 30.65 29 290 | -0.57

3x2 T25 HpLV 8 102 94 1504 1575 15 142 | -0.53

3x2 Victoria | HpLV 26 50 64 3328 37.98 31 387 | -1.80*
6 Opal HpLV 8 50 82 1312 15.58 14 149 | -1.06
6 TI1 HpLV 60 102 42 5040 50.41 38 487 | -2.55%
6 T25 HpLV 30 50 60 3600 41.00 35 419 | -143
6 Victoria | HpLV 75 102 27 4050 40.71 30 390 [ -2.74*
5 Opal HpLV 2 75 73 292 4.89 5 0.39 NA
5 TIl1 HpLV 10 75 65 1300 18.33 21 1.96 1.36
5 T25 HpLV 24 85 61 2528 35.45 34 370 | -0.39
5 Victoria | HpLV 21 85 64 2688 32.62 33 340 [ 0.11
4 Opal HpLV 9 68 59 1062 16.62 11 1.85 | -3.04*
4 TI1 HpLV 15 60 45 1350 23.50 20 286 | -122
4 T25 HpLV 23 68 45 2070 31.44 21 3.66 | -2.85*
4 Victoria | HpLV 26 60 34 1768 30.47 26 377 | -1.18
3 Opal HpLV 11 51 40 880 18.25 16 237 | -0.55
3 Til HpLV 38 51 13 988 20.37 15 267 | -2.01*
3 - T25 HpLV 26 45 19 988 22.96 26 323 | 054
3 Victoria | HpLV 27 45 18 972 22.60 7 3.18 | -1.76*

! rows combined by last plant of row i contiguous with first plant of row i+l
* Z-statistics less than —1.64 indicate significant aggregation of infected plants (P=0.05)

NA results from ordinary run analysis invalid due to either low (<5%) or high (>95%) disease incidence
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Appendix 3.11. Ordinary run analysis of HpMYV distributions

in block three (cultivar x row spacing trial) in Bushy Park, Tasmania on 1* November 1996
and 4™ November 1597.

1996 Along Rows (Replicate 1)— Contiguous'

Row Cultivar | Virus m N (N-m) 2*m* E(U) o) | S(U) Z
Spacing (N-m)
3x2 Opal HpMV | 21 102 81 3402 34.35 28 3.27 | -1.54*
3x2 T11 HpMV | 39 102 63 4514 45.18 34 4.74 | -3.20*
3x2 T25 HpMV | 29 90 61 3538 40.31 34 4.11 | -1.53
3x2 Victoria | HpMV | 51 50 35 3978 45.20 31 4.63 | -3.07*
6 Opal HpMV | 22 50 68 2952 34.24 35 3.47 | 022
6 Tl11 HpMV | 45 102 57 5130 51.25 33 4.95 | -3.65*
6 T25 HpMV | 22 50 68 2952 34.24 30 347 | -1.22
6 Victoria | HpMV | 70 102 32 4480 44.52 30 4.32 | -3.45*%
5 Opal HpMV 1 85 84 168 2.98 3 0.15 NA
5 T1l HpMV 7 75 68 952 13.65 13 1.42 | -0495
5 T25 HpMV | 32 85 53 3352 40.91 22 4.30 | -4.40*
5 Victoria | HpMV 5 75 66 1188 16.84 15 1.78 | -1.03
4 Opal HpMV 6 68 62 744 11.94 11 1.27 | -0.74
4 TI1 HpMV | 10 60 50 1000 17.67 13 2.10 | -2.22*%
4 T25 HpMV 7 68 61 854 13.56 5 1.47 | -3.10*
4 Victoria | HpMV 6 60 54 648 11.80 5 134 |-2.05*
3 Opal HpMV | 15 45 30 9500 21.00 15 2.54 |-2.04*%
3 T11 HpMV 2 45 43 172 4.82 5 0.50 NA
3 T25 HpMV [ 12 51 39 936 19.35 20 252 | 026
3 Victoria | HpMV | 17 51 34 1156 23.67 15 3.13 | -1.45
1996 Across Rows (Replicate 1) - Contiguous'
3x2 Opal HpMV | 21 102 81 3402 | 3435 28 327 | -1.94*%
3x2 Tl11 HpMV | 39 102 63 4914 45.18 38 474 | -236*
3x2 T25 HpMV | 29 50 6l 3538 40.31 32 4.11 | -202*
3x2 Victoria | HpMV | 51 50 35 3578 45.20 39 463 | -1.34
6 Opal HpMV | 22 90 68 2992 34.24 33 3.47 | -0.36
6 T11 HpMV | 45 102 57 5130 51.25 44 495 | -1.47
6 25 HpMV [ 22 90 68 2592 3424 | - 28 3.47 | -1.80*
6 Victoria | HpMV | 70 102 32 4480 44.92 33 432 | -2.76*
S Opal HpMV 1 85 84 168 2.58 3 0.15 NA
S Tl1 HpMV 7 75 68 952 13.65 13 1.42 | -0.45
5 T25 HpMV | 32 85 53 3352 40.51 25 430 | -2.77*
5 Victoria | HpMV 9 75 66 1188 16.84 15 1.78 | -1.03
4 Opal HpMV *| 6 68 62 744 11.94 5 1.27 | -2.31%
4 T11 HpMV | 10 60 50 1000 17.67 15 2.10 | -1.27
4 T25 HpMV % 68 61 854 13.56 11 1.47 | -1.74
4 Victoria | HpMV 6 60 54 643 11.80 13 1.34 | 0.50
3 Opal HpMV | 15 45 30 500 21.00 15 254 | -0.68
3 T11 HpMV 2 45 43 172 4.82 5 0.50 NA
3 T25 HpMV | 12 51 39 936 15.35 16 252 | -1.33
3 Victoria | HpMV | 17 51 34 1156 23.67 27 3.13 1.06
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1997 Along Rows (Replicate 1) — Contiguous’

Row

Cultivar

Virus

: m N (N-m) 2*m* E(U) | O(U) | S(U) Z
Spacing (N-m)

3x2 Opal | HpMV | 28 102 74 4144 31.63 33 359 | -1.01%

3x2 Tll HpMV | 52 102 50 5200 51.98 36 502 | -3.18%

3x2 T25 | HpMV | 43 50 47 4042 45.01 33 T [ 802

3x2 Victoria | HpMV | 60 50 30 3600 41.00 31 4.19 [ -2.39*
6 Opal | HpMV | 26 50 64 3328 37.58 39 387 | 0.26
6 ml HpMV | 80 102 22 3520 35.51 31 338 | -1.33
6 T25 |HpMV | 35 50 355 3850 43.78 33 4.48 | -2.41*
6 Victoria | HpMV | 87 102 15 2610 26.59 21 2.50 | -2.24"
3 Opal | HpMV 3 85 81 648 8.62 9 0.78 | 049
5 TI1 HpMV | 24 75 51 2448 33.64 30 374 | -0.97
5 T25 | HpMV | 42 85 43 3612 43.49 26 458 | -3.82*
3 Victoria | HpMV | 30 75 45 2700 37.00 37 413 | 000
4 Opal | HpMV | 14 68 54 1512 23.24 1l 2.65 | -4.61*
4 TII HpMV | 22 60 38 1672 28.87 16 356 | -3.60*
g T25 | HpMV | 18 68 50 1800 27.47 T/ 3.17 | -3.30*
3 Victoria | HpMV | 26 60 34 1768 30.47 24 320 | LoF
3 Opal | HpMV | 15 45 30 500 21.00 15 2.94 | -2.04"
3 TII HpMV | 20 45 25 1000 25122, I3 327 | -1.60%
3 T25 HpMV | 30 51 21 1260 28] 20 342 | -167*
3 Victoria | HpMV | 23 31 28 1288 26.25 ™ 350 | -2.64*

1997 Across Rows (Replicate 1) — Contiguous’

3x2 Opal | HpMV | 28 102 74 4144 41.63 40 3.99 | -0.41

3x2 TII HpMV | 52 102 50 5200 51.98 48 507 | =074

3x2 T25 | HpMV | 43 50 47 4042 45.91 37 471 | -1.89*

3x2 Victoria | HpMV*| 60 50 30 3600 41.00 34 4.19 | -1.67*
6 Opal | HpMV | 26 90 64 3328 37.58 33 387 | -129
6 TIl HpMV | 80 102 22 3520 35.51 3] B38 | «l®B
6 T25 HpMV | 35 50 55 3850 43.78 34 4.48 | -2.18%
6 Victoria | HpMV | 87 102 15 2610 26.59 23 2,50 | D%
3 Opal | HpMV 4 85 81 648 8.62 9 0.78 0.49
5 Ll HpMV | 24 75 51 2448 33.64 36 374 0.63
5 T25 | HpMV | 42 85 43 3612 43.49 29 458 | :3.16*
5 Victoria | HpMV | 30 75 45 2700 37.00 29 413 | -1.54%
4 Opal | HpMV | 14 68 54 1612 23.24 25 265 | 066
4 TI1 HpMV | 22 60 38 1672 28.87 26 356 | -0.80
4 T25 HpMV | 18 68 50 1800 27.47 27 Bl | w08
4 Victoria | HpMV | 26 60 34 1768 30.47 34 377 | 0054
E Opal | HpMV | 15 45 30 500 21.00 19 294 | -0.68
3 Tl HpMV | 20 45 25 1000 22 ] 877 I.15
3 T25 | HpMV | 30 51 21 1260 2571 28 342 | 067
3 Victoria | HpMV | 23 51 28 1288 26.25 2v 350 | 0.21
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1996 Along Rows (

Replicate 2) — Contiguous’

Row Cultivar | Virus m N (N-m) Z*m* E(U) o(U) | S(U) Z
Spacing (N-m)

3x2 Opal HpMV 2 90 88 352 4.91 5 0.36 NA

3x2 TI11 HpMV S 102 93 1674 17.41 17 1.58 | -0.26

3x2 T25 HpMV 6 102 96 1152 12.25 W] 1.07 | -1.21

3x2 Victoria | HpMV 9 50 81 1458 17.20 19 1.66 1.08
6 Opal HpMV 6 50 84 1008 12.20 8 1.3 |=3.71*
6 TIl HpMV 25 102 73 4234 42.51 23 4.08 | -4.78*
6 T25 HpMV 14 90 76 2128 24.64 17 2.45 | -3.12*
6 Victoria | HpMV 19 102 83 3154 81972 40 3.03 2.67
5 Opal HpMV 4 75 71 568 8.57 7 0.82 | -1.92*
3 Tl1 HpMV 8 0] 67 1072 1529 13 1.60 | -1.43
5 525 HpMV 4 85 81 648 8.62 8 0.78 NA
5 Victoria | HpMV 20 85 65 2600 31.59 27 328 | -1.40
4 Opal HpMV 7 68 61 854 13.56 10 1.47 | -2.42*
4 TI1 HpMV 4 60 56 443 8.47 5 0.50 | 0.55
4 T25 HpMV 11 68 57 1254 19.44 9 2.19 | -477*
4 Victoria | HpMV 22 60 38 1672 28.87 14 3.56 | -4.17*
3 Opal HpMV 16 51 35 1120 2256 18 3.03 | -1.63
3 TI1 HpMV 30 51 2L 1260 25.71 10 3.42 |[-4.55*
3 T25 HpMV 20 45 25 1000 23.22 17 3.27 | -1.50*
3 Victoria | HpMV [ 24 45 21 1008 23.40 18 330 | -1.64

1996 ‘Across Rows (Replicate 2) — Contiguous’

3x2 Opal HpMV 2, 50 88 352 4.91 3 0.36 NA

3x2 TI1 HpMV 5 102 93 1674 17.41 11 1.58 | -4.05*

3x2 T25 HpMV 6 102 96 1152 12.29 9 1.07 |-3.07*

3x2 Victoria | HpMV 9 50 81 1458 17.20 13 1.66 |[-2.53*
6 Opal HpMV 6 50 84 1008 12.20 12 1.13 | -0.18
6 T11 HpMV 25 102 73 4234 4251 43 4.08 0.12
6 T25 HpMV 14 950 76 2128 24.64 23 245 | -0.67
6 Victoria | HpMV 19 102 83 3154 31.92 38 3.03 2.01
5 Opal HpMV 4 75 Al 68 8.57 5 082 | 052
5 TI1 HpMV 8 7S 67 1072 15.29 15 1.60 | -0.18
5 T25 HpMV 4 85 81 648 8.62 8 0.78 NA
5 Victoria | HpMV 20 85 65 2600 3159 29 3.28 |.-0.79
4 Opal HpMV i 68 61 854 13.56 12 1.47 | -1.06
4 T1l HpMV 4 60 56 448 8.47 5 0.50 | 059
4 T25 HpMV 11 68 57 1254 19.44 13 2.19 | -2.94*
4 Victoria | HpMV 22 60 38 1672 28.87 25 3.56 | 0.04
3 Opal HpMV | 16 51 35 1120 22.96 24 3.03 0.34
3 T11 HpMV 30 51 21 1260 25.71 12 3.42 | -4.00*
3 T25 HpMV 20 45 25 1000 23122 22 327 | -0.37
3 Victoria | HpMV 24 45 21 1008 23.40 18 3.30 | -1.64
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1997 Along Rows (Replicate 2) — Contiguous’

Row | Cultivar | Virus m N (N-m) 2*m* E() [ o) [ S(U) Z
Spacing (N-m)
3x2 Opal HpMV [ 23 50 67 3082 35.24 36 3.58 0.21
3x2 TI11 HpMV 36 102 66 4752 47.55 45 4.59 -0.56
3x2 T25 HpMV [ 31 102 71 4402 44.16 34 4.24 -2.39*
3x2 Victoria | HpMV | 49 50 41 4018 45.64 50 4.68 0.93
6 Opal HpMV 20 950 70 2800 32.11 26 3.24 -1.88*
6 Tl11 HpMV 43 102 55 5074 50.75 26 450 | -5.05*
6 T25 HpMV [ 31 50 59 3658 41.64 38 4.25 | -2.03*
6 Victoria | HpMV 67 102 35 4650 46.98 89 4,53 | -1.76*
5 Opal HpMV 16 75 59 1388 26.17 19 2.87 | -2.50*
5 Tl HpMV 14 75 6l 1708 23:77 23 2.59 -0.30
5 T25 HpMV 30 85 55 3300 36.82 28 4.18 -2.83*
5 Victoria | HpMV 35 85 50 3500 42.18 45 4.44 0.64
4 Opal HpMV 13 68 55 1430 22.03 16 2.51 | -2.40*
4 T11 HpMV 8 60 52 832 14.87 16 1.74 0.65
4 T25 HpMYV | 23 68 45 2070 31.44 15 3.66 | -4.50*
4 Victoria | HpMV | 25 60 35 1750 30.17 12 373 -4.87*
3 Opal HpMV 18 51 33 1188 24.29 14 322 | -3.15*
3 eyl HpMV 32 51 19 1216 24.34 13 330 | -3.50*
3 T25 HpMV 23 45 22 1012 23.49 17 383)1 -1.96*
3 Victoria | HpMV [ 25 45 20 1000 23.22 18 3524, -1.60
1997 Across Rows (Replicate 2) — Contiguous'
3x2 Opal HpMV | 23 50 67 3082 35.24 33 3.58 -0.63
3x2 Tl11 HpMV | 36 102 66 4752 47.59 40 4.59 -1.65*
3x2 T25 HpMV | 31 102 71 4402 44.16 46 4.24 0.43
3x2 Victoria | HpMV 49 950 41 4018 45.64 45 4.68 -0.14
6 Opal | HpMV | 20 90 70 2800 32.11 30 324 | -0.65
6 T11 HpMV | 43 102 59 5074 50.75 54 4.90 0.66
6 T25 HpMV 31 50 59 3658 41.64 35 425 -1.56
6 Victoria | HpMV | 67 102 35 4650 46.98 45 4.53 -0.44
5 Opal HpMV 16 75 59 1888 26.17 27 287 0.29
5 T11 HpMV 14 75 61 1708 23.77 27 2.55 1.25
5 T25 HpMV | 30 85 55 3300 39.82 42 4.18 |, 0.52
5 Victoria | HpMV [ 35 85 50 3500 42.18 43 4.44 0.15
4 Opal HpMV 13 68 55 1430 22.03 16 2454 -2.40*
4 T11 HpMV 3 60 52 832 14.87 14 1.74 -0.50
4 T25 HpMV | 23 68 45 2070 31.44 21 3.66 | -2.85*
4 Victoria | HpMV 25 60 35 1750 30.17 30 3.73 -0.04
3 Opal HpMV | “18 51 33 1188 24.29 24 3e22 -0.05
3 Tl HpMV 32 51 19 1216 24.84 13 330 | -3.59*
3 V25 HpMV 23 45 22 1012 23.49 22 3.31 -0.45
3 Victoria | HpMV | 25 45 20 1000 23.22 16 M2y | E2ra

' rows combined by last plant of row i contiguous with first plant of row i+1
* Z-statistics less than —1.64 indicate significant aggregation of infected plants (P=0.05)
NA results from ordinary run analysis invalid dueto either low (<5%) or high (>95%) disease incidence
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Appendix 3.12. Ordinary run analysis of PNRSV (apple, ‘A’ and intermediate, ‘I’ serotypes) distributions
in block three (cultivar x row spacing trial) in Bushy Park, Tasmania on

1* November 1996 and 4 November 1997.

1996 Along Rows (Replicate 1) — Contiguous’

Row Cultivar Virus m N (N-m) 2*m¥* E(U) | O@) S(U) Z
Spacing (N-m)

3x2 Opal PNRSV* 5 102 93 1674 17.41 11 1.58 | -4.05*

3x2 TI1 PNRSV 3 102 99 594 6.82 5 0.53 NA

3x2 T25 PNRSV 83 50 7 1162 13.91 13 1.31 -0.65

3x2 Victoria PNRSV 84 50 6 1008 12.20 6 1.13 | -5.47*
6 Opal PNRSV 3 90 87 522 6.80 7 0.56 NA
6 TIi PNRSV 6 102 96 1152 12.25 11 1.07 | -1.21
6 T25 PNRSV 57 50 33 3762 4280 | 27 438 |-3.61*
6 Victoria PNRSV 81 102 21 3402 34.35 12 3.27 |-6.84*
5 Opal PNRSV 0 85 85 0 1.00 0 0.00 NA
5 TIl PNRSV 1 75 74 148 2.97 3 0.16 NA
5 T25 PNRSV 85 85 0 0 1.00 1 0.00 NA
5 | Victoria PNRSV 70 75 5 700 10.33 8 1.03 [-2.28*
4 Opal PNRSV 2 68 66 264 4.88 5 0.41 NA
4 TH PNRSV 5 60 55 550 10.17 5 1.13 |-4.59*
4 T25 PNRSV 67 68 1 134 2.97 3 0.17 NA
4 Victoria PNRSV 43 60 17 1462 25.37 9 3.1 |-5.27*
3 Opal PNRSV 0 45 45 0 1.00 0 0.00 NA
3 Tl PNRSV 11 45 34 748 17.62 14 2.43 -1.49
3 T25 PNRSV 30 51 21 1260 25.71 15 342 [-3.13*
3 Victoria PNRSV 37 51 14 1036 21.31 23 2.80 0.60

1996 Across Rows (Replicate 1) — Contiguous’

3x2 Opal PNRSV 9 102 93 1674 17.41 19 1.58 1.00

3x2 TI1 PNRSV 3 102 95 594 6.82 9 0.53 NA

3x2 T25 PNRSV 83 50 7 1162 13.91 11 1.31 | -2.21*

3x2 Victoria PNRSV 84 50 6 1008 12.20 7 1.13 | -4.56*
6 Opal PNRSV 3 50 87 522 6.80 7 0.56 NA
6 TI1 PNRSV 6 102 96 1152 12.29 11 1.07 | -1.21
6 T25 PNRSV 57 50 33 3762 42.80 50 4.38 1.64
6 Victoria PNRSV 81 102 21 3402 3435 29 327 | -l.64
5 Opal PNRSV 0 85 85 0 1.00 0 0.00 NA
5 TI1 PNRSV 1 75 74 148 2.97 3 0.16 NA
5 T25 PNRSV 85 85 0 0 1.00 1 0.00 NA
5 Victoria PNRSV 70 75 5 700 10.33 11 1.03 0.65
4 Opal PNRSV 2 68 66 264 4.88 5 0.41 NA
4 TI1 PNRSV’ 5 60 55 550 10.17 11 1.13 0.74
4 T25 PNRSV 67 68 1 134 2.97 3 0.17 NA
4 Victoria PNRSV 43 60 17 1462 2537 21 3.11 -1.41
3 Opal PNRSV 0 45 45 0 1.00 0 0.00 NA
3 TI1 PNRSV 11 45 34 748 17.62 18 2.43 0.16
3 T25 PNRSV 30 51 21 1260 25.71 30 3.42 1.25
3 Victoria PNRSV 37 51 14 1036 21.31 15 280 | -0.83
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1997 Along Rows (Replicate 1) — Contiguous’

Row Cultivar Virus m N (N-m) 2*m* E(U) Oo(U) | S(U) Z
Spacing (N-m)

3x2 Opal PNRSV* | 27 102 75 4050 40.71 25 3.50 | -4.03*

3x2 TIl PNRSV 7 102 95 1330 14.04 11 1.25 | -2.44*
3x2 T25 PNRSV | 89 90 | 178 2.98 3 0.15 NA
3x2 Victoria | PNRSV | 50 50 0 0 1.00 1 0.00 NA
6 Opal PNRSV 7 90 83 1162 13.91 13 1.31 -0.69
6 TIl PNRSV 19 102 83 3154 31.92 17 3.03 | -4.93*
6 T25 PNRSV 39 50 1 178 2.58 3 0.15 NA
6 Victoria | PNRSV 88 102 14 2464 2516 12 2.35 | -5.59%
5 Opal PNRSV 0 85 85 0 1.00 0 0.00 NA
5 TI1 PNRSV 1 75 74 148 2.97 3 0.16 NA
5 T25 PNRSV 85 85 0 0 1.00 1 0.00 NA
5 Victoria | PNRSV | 74 75 1 148 2.97 3 0.16 NA
4 Opal PNRSV 7 68 6l 854 13.56 13 1.47 -0.38
4 TI1 PNRSV 6 60 54 648 11.80 7 1.34 | -3.58*
4 T25 PNRSV | 68 68 0 0 1.00 1 0.00 NA
4 Victoria | PNRSV 55 60 | 118 2.97 3 0.18 NA
3 Opal PNRSV 0 45 45 0 1.00 0 0.00 NA
3 TI1 PNRSV | 21 45 24 1008 23.40 6 330 | -5.27*
3 T25 PNRSV | 51 51 0 0 1.00 1 0.00 NA
3 Victoria | PNRSV | 50 51 1 100 2.56 3 0.19 NA

1997 Across Rows (Replicate 1) — Contiguous’

3x2 Opal PNRSV | 27 102 75 4050 40.71 47 3.50 1.61

3x2 TIl1 PNRSV 7 102 95 1330 14.04 13 1.25 -0.83

3x2 T25 PNRSV | 85 90 1 178 2.58 3 0.15 NA

3x2 Victoria | PNRSV 90 90 0 0 1.00 1 0.00 NA
6 Opal PNRSV 7 90 83 1162 13.51 15 L3 0.83
6 TIl PNRSV 19 102 83 3154 31.92 27 3.03 -1.63
6 T25 PNRSV 85 950 1 178 2.98 3 0.15 NA
6 Victoria | PNRSV 88 102 14 2464 25.16 23 2.35 -0.92
5 Opal PNRSV 0 85 85 0 1.00 0 0.00 NA
5 T11 PNRSV 1 75 74 148 2.97 3 0.16 NA
5 T25 PNRSV 85 85 0 0 1.00 1 0.00 NA
5 Victoria | PNRSV [ 74 75 1 148 2.97 3 0.16 NA
4 Opal PNRSV i 68 61 854 13.56 13 1.47 -0.38
4 T11 PNRSV 6 60 54 648 11.80 13 1.34 0.90
4 T25 PNRSV 68 68 0 0 1.00 1 0.00 NA
4 Victoria [ PNRSV | 59 60 \ 118 2.97 3 0.18 NA
3 Opal PNRSV- 0 45 45 0 1.00 0 0.00 NA
3 TIl PNRSV | 21 45 24 1008 23.40 20 3.30 -1.03
3 T25 PNRSV | 5l 51 0 0 1.00 1 0.00 NA
3 Victoria | PNRSV | 50 51 | 100 2.96 3 0.19 NA
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1996 Alon

> Rows (Replicate 2) — Contiguous’

Row Cultivar [ Virus | m N (N-m) 2*m* E(U) | O(U) S(U) Z
Spacing (N-m)

3x2 Opal PNRSV 0 50 50 0 1.00 0 0.00 NA

3x2 T1l1 PNRSV 0 102 102 0 1.00 0 0.00 NA

3x2 T25 PNRSV 101 102 1 202 2.98 3 0.14 NA

3x2 Victoria | PNRSV 21 950 69 2898 33.20 23 336 | -3.04*
6 Opal PNRSV 3 90 87 522 6.80 i 0.56 NA
6 TIl PNRSV 21 102 81 3402 34.35 13 327 -6.53*
6 T25 PNRSV 46 50 44 4048 45.98 22 4.71 -5.09*
6 Victoria | PNRSV 44 102 58 5104 51.04 25 4.93 -5.28%*
5 Opal PNRSV 2 75 73 292 4.89 4 0.39 NA
5 T11 PNRSV 0 75 75 0 1.00 0 0.00 NA
5 T25 PNRSV 81 85 4 648 8.62 ) 0.78 NA
5 Victoria | PNRSV 68 85 17 23112 28.20 17 251 -3.85*
4 Opal PNRSV 8 68 60 960 15.12 6 1.66 -5.48%*
4 T11 PNRSV 4 60 56 448 8.47 3 0.50 -6.04*
4 T25 PNRSV 68 68 0 0 1.00 l 0.00 NA
4 Victoria | PNRSV 26 60 34 17638 30.47 18 3.77 -3.31*
3 Opal PNRSV 11 51 40 880 18.25 13 2.3 -2.22%*
3 T1l PNRSV 0 51 51 0 1.00 0 0.00 NA
3 T25 PNRSV 43 45 2 172 4.82 E; 0.50 NA
3 Victoria | PNRSV 872 45 13 | 832 15.45 8 2.71 -4.24*

1996 Across Rows (Replicate 2) — Contiguous'

3x2 Opal PNRSV 0 50 50 0 1.00 0 0.00 NA

3x2 Tll PNRSV 0 102 102 0 1.00 0 0.00 NA

3x2 T25 PNRSV | 101 102 1 202 2.98 3 0.14 NA

3x2 Victoria | PNRSV 21 950 65 2898 33.20 27 336 | -1.85*
6 Opal PNRSV 3 50 87 522 6.80 il 0.56 NA
6 TIl PNRSV 21 102 81 3402 34.35 21 327 -4.09*
6 T25 PNRSV 46 50 44 4048 45.98 40 4.71 -1.27
6 Victoria | PNRSV 44 102 58 5104 51.04 49 4.93 -0.41
5 Opal PNRSV 2 75 73 292 4.85 4 039 | -NA
5 Til PNRSV 0 U 75 0 1.00 0 0.00 NA
5 T25 PNRSV 81 85 4 648 8.62 il 0.78 NA
5 Victoria | PNRSV 68 85 17 2312 28.20 25 2.91 -1.10
4 Opal PNRSV 8 68 60 960 15.12 17 1.66 1.13
4 Tl11 PNRSV 4 60 56 448 8.47 S 0.50 0.59
4 T25 PNRSV 68 68 0 0 1.00 | 0.00 NA
4 Victoria | PNRSV 26 60 34 1768 30.47 39 3.77 2.26
3 Opal PNRSVY. 11 51 40 880 18.25 21 2.37 1.16
3 Tl PNRSV 0 51 51 0 1.00 0 0.00 NA
3 T25 PNRSV 43 45 2 172 4.82 5 0.50 NA
3 Victoria | PNRSV 32 45 13 832 15.45 26 2.71 2.40
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1997 Along Rows (Replicate 1) - Contiguous’

Row Cultivar Virus m N (N-m) 2*m* E(0) o) [ sy 7
Spacing (N-m)
3x2 Opal | PNRSV- | 27 102 75 4050 30.71 25 300 | -4.03*
3x2 R PNRSV | 7 102 95 1330 14.04 I1 125 | -2.44%
3x2 T25 | PNRSV | 89 [ 90 I 178 2.98 3 [ 0I5 | NA
3x2 Victoria | PNRSV | 90 90 0 0 1.00 I 0.00 NA
6 Opal PNRSV 7 90 83 1162 13.91 13 1.31 | -0.69
6 g PNRSV | 19 102 33 3154 31.92 17 3.03 | -4.93*
6 T25 PNRSV | 89 90 1 178 2.98 3 0.15 NA
6 Victoria | PNRSV | 88 102 14 2464 2516 12 2.35 | -5.59%
5 Opal PNRSV | 0 g5 85 0 .00 0 0.00 | NA
5 TII PNRSV 1 75 74 148 2.97 3 0.16 NA
5 s PNRSV | 85 85 0 0 1.00 1 0.00 | NA
5 Victoria | PNRSV | 74 75 I 1438 297 3 0.16 NA
4 Opal PNRSY | 7 | 68 61 854 13.56 13 1.47 | -0.38
4 TII PNRSV 6 60 54 648 11.80 | 7 1.34 [ -3.58*
B T35 PNRSV | 68 68 0 1.00 it 0.00 NA
4 Victoria | PNRSV | 59 60 1 118 2.97 3 0.18 NA
3 Opal PNRSV | 0O 45 45 0 1.00 0 000 | NA |
3 TI1 PNRSV | 21 5 24 1008 23.40 6 330 | -5.27*
3 T25 PNRSV | 51 51 0 0 1.00 [ 0.00 NA
3 Victoria | PNRSV | 30 51 [ 100 2.96 3 0.19 NA
1997 Across Rows (Replicate 1) - Contiguous'
3x2 Opal PNRSV | 27 102 75 4050 | 40.71 47 360 | 161
3x2 TII PNRSV 7 102 95 1330 14.04 13 125 | -0.83
3x2 T25 PNRSV | 89 90 1 178 2.98 3 0.15 NA
3x2 Victoria | PNRSV | 90 90 0 0 T.00 1 000 | NA
6 Opal PNRSV | 7 50 83 1162 13.91 15 1.31 | 083
6 i PNRSV [ 19 102 83 3154 31.92 27 303 | -1.63
6 T25 PNRSV | 89 90 1 178 2.98 3 0.15 NA
6 Victoria | PNRSV | 88 102 14 2464 25.16 23 2.35 | 0.92
5 Opal PNRSV | 0 85 85 0 100 | 0 0.00 NA
5 TR PNRSV I 75 74 148 2.97 3 016 | NA
5 T25 PNRSV [ 85 85 0 0 1.00 I 0.00 NA
5 Victoria | PNRSV [ 74 75 1 148 2.97 3 0.16 NA
4 Opal PNRSV | 7 68 61 854 13.56 3 1.47 | -0.38
] FAN PNRSV 6 60 53 648 11.80 13 T34 | 090
4 T25 PNRSV | 68 68 0 0 1.00 T 0.00 NA
4 Victoria | PNRSV | 99 60 1 118 2.97 3 0.18 NA
3 Opal PNRSV | 0O 45 35 0 .00 0 0.00 NA
3 T PNRSV | 21 45 24 1008 2340 | 20 330 | -1.03
3 T25 PNRSV | 5l 51 0 0 1.00 1 0.00 NA
3 Victoria | PNRSV 50 51 1 100 2.96 3 0.19 NA

' rows combined by last plant of row i contiguous with first plant of row i+1

% apple, ‘A’ and intermediate, ‘I’ serotypes of PNRSV were not differentiated
* Z.statistics less than —1.64 indicate significant aggregation of infected plants (£=0.05)
NA results from ordinary run analysis invalid due to either low (<5%) or high (>95%) disease incidence
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APPENDIX 4: PROPAGATION AND MECHANICAL INOCULATION

APPENDIX 4.1: SOFTWOOD CUTTING PROPAGATION

Mother plants in commercial gardens were selected from field surveys. Virus tested
mother plants had no detectable infection by HpLV, HpMV, and PNRSV (A & I) after
ELISA testing twice early in the season, and were surrounded by two virus tested plants
in all directions. Virus-infected mother plants had detectable infection by the specific

virus in a number of shoots early in the season.

Basal shoots were cut from selected plants using sterile scalpel blades soon after the
second ELISA testing and kept in cool storage, regularly sprayed with water, for no
longer than an hour for transport from the field. Basal shoots were separated into
individual cuttings consisting of approximately 5 cm of stem below one node. Cuttings
were dipped in rooting powder (Rootex"), and placed in individual cells containing
propagation soil mixture containing equal quantities of sand and peat, under mist.
Cuttings remained under mist until sufficient roots had developed (usually six to eight
weeks), after which the mist was gradually reduced. After plants were hardened off
(approximately two weeks) they were transferred to larger pots for approximately three
weeks before use in glasshouse experiments, or hardened off further outside for another

two months before planting in the field (chapter six).
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APPENDIX 4.2:

SOIL AND PASTEURISATION

Soil mixture

Peat 2 parts
Pine bark 5 parts
Sand 3 parts
Dolomite 415 g
Fertiliser mixture
Ferrous sulphate 03 kg
Micromax 03 kg
Nutricote (4-5 month) 1.5kg
Osmocote (8-9 month) 2.5kg

Nutricote (12-14 month) 2.5kg

Dolomite 7.0kg

Soil was exposed to 60°C for one hour and allowed to cool prior to use in pots.
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APPENDIX 4.3:

MECHANICAL INOCULATION BUFFER

Di-potassium hydrogen orthophosphate
Potassium di-hydrogen orthophosphate
Cysteine

Distilled water

Celite was sprinkled over the plants as an abrasive.
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Appendix 5.1. Standardised absorbance reactions to PNRSV-A and RMV-3 antisera from PNRSV
infected ‘Victoria’ plants in block one in Bushy Park, Tasmania.

Serotype Absorbance Values (Ayps) ° Serotype Absorbance Values (A s) '
PNRSV-A RMV-3 PNRSV-A RMV-3
PNRSV-A 0.575 0.209 PNRSV-I 0.344 0.651
PNRSV-A 0.645 0.196 PNRSV-I 0.373 0.704
PNRSV-A 0.683 0.186 PNRSV-I 0.368 0.657
PNRSV-A 0.582 0.198 PNRSV-I 0.382 0.703
PNRSV-A 0.549 0.200 PNRSV-I 0.342 0.680
PNRSV-A 0.595 0.208 PNRSV-I 0.413 0.681
PNRSV-A 0.615 0.205 PNRSV-I 0.317 0.652
PNRSV-A 0.805 0.195 PNRSV-I 0.412 0.704
PNRSV-A 0.603 0.197 PNRSV-I 0.358 0.725
PNRSV-A 0.674 0.204 PNRSV-I 0.345 0.759
PNRSV-A 0.580 0.199 PNRSV-I 0.382 0.713
PNRSV-A 0.772 0.196 PNRSV-I 0.275 0.725
PNRSV-A 0.579 0.186 PNRSV-I 0.382 0.698
PNRSV-A 0.574 0.198 PNRSV-I 0.407 0.776
PNRSV-A 0.568 0.208 PNRSV-I 0.419 0.668
PNRSV-A 0.498 0.203 PNRSV-I 0.341 0.744
PNRSV-A 0.579 0.197 PNRSV-I 0.401 0.682
PNRSV-A 0.598 0.188 PNRSV-I 0.378 0.670
PNRSV-A 0.770 0.200 PNRSV-I 0.407 0.684
PNRSV-A 0.666 0.201 PNRSV-I 0.385 0.714
PNRSV-A 0.647 0.208 PNRSV-I 0.415 0.713
PNRSV-A 0.618 0.195 PNRSV-I 0.375 0.723
PNRSV-A 0.588 0.197 PNRSV-I 0.325 0.701
PNRSV-A 0.575 0.158 PNRSV-I 0.408 0.709
PNRSV-A 0.516 0.203 PNRSV-I 0.367 0.704
PNRSV-A 0.564 0.205 PNRSV-I 0.348 0.714
PNRSV-A 0.556 0.211 PNRSV-I 0.333 0.735
PNRSV-A 0.562 0.240 PNRSV-I 0.331 0.747
PNRSV-A 0.486 0.234 PNRSV-I 0.330 0.733
PNRSV-A 0.556 0.242 PNRSV-I 0.345 0.#12
PNRSV-A 0.642 0.196 PNRSV-I 0.374 0.729.
PNRSV-A 0.549 0.159 PNRSV-I 0.353 0.736
PNRSV-A 0.554 0.219 PNRSV-I 0.371 0.719
PNRSV-A 0.589 0.222 PNRSV-I 0.351 0.710
PNRSV-A 0.582 0.188 PNRSV-I 0.328 0.699
PNRSV-A 0.614 0.209 PNRSV-I 0.359 0.696
‘PNRSV-A 0.498 0.193 PNRSV-I 0.375 0.702
PNRSV-A 0.565 0.195 PNRSV-I 0.362 0.753
PNRSV-A 0.563 0.203 PNRSV-I 0.332 0.701
PNRSV-A 0.603 0.198 PNRSV-I 0.385 0.690
PNRSV-A 0.700 0.212 PNRSV-I 0.356 0.651
PNRSV-A 0.582 0.217 PNRSV-I 0.400 0.692
PNRSV-A 0.667 0.207 PNRSV-I 0.362 0.702
PNRSV-A 0.528 0.201 PNRSV-I 0.506 0.679
PNRSV-A 0.609 0.208 PNRSV-I 0.438 0.681
PNRSV-A 0.681 0.216 PNRSV-I 0.354 0.691
PNRSV-A 0.721 0.221 PNRSV-I 0.358 0.705
PNRSV-A 0.635 0.195 PNRSV-I 0.329 0.670
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PNRSV-A 0.612 0211 PNRSV-I 0.337 0.680
PNRSV-A 0.648 0.222 PNRSV-I 0.366 0.671
PNRSV-A 0.664 0.225 PNRSV-I 0.350 0.682
PNRSV-A 0.655 0.194 PNRSVI 0.374 0.706
PNRSV-A 0.659 0.157 PNRSV-I 0.514 0.697
PNRSV-A 0.644 0.211 PNRSV-I 0.375 0.696
PNRSV-A 0.575 0.136 PNRSV-I 0.350 0.674
PNRSV-A 0.556 0.214 PNRSV-I 0.335 0.665
PNRSV-A 0.587 0.189 PNRSV-I 0.376 0.684
PNRSV-A 0.615 0.186 PNRSV-I 0.356 0.682
PNRSV-A 0.590 0.150 PNRSV-I 0.365 0.692
PNRSV-A 0.605 0.177 PNRSV-I 0.356 0.702
PNRSV-A 0.636 0.178 PNRSV-I 0.357 0.713
PNRSV-A 0.645 0.212 PNRSV-I 0.338 0.716
PNRSV-A 0.658 0.222 PNRSV-I 0.343 0.735
PNRSV-A 0.550 0.187 PNRSV-I 0.365 0.693
PNRSV-A 0.559 0.188 PNRSV-I 0.358 0.650
PNRSV-A 0.049 0.200 PNRSV-I 0.356 0.687
PNRSV-A 0.513 0.205 PNRSV-I 0.352 0.662
PNRSV-A 0.529 0.215 PNRSV-I 0.340 0.690
PNRSV-A 1.092 0.207 PNRSV-I 0.359 0.651
PNRSV-A 1.075 0.227 PNRSV-I 0.390 0.692
PNRSV-A 0.625 0.231 PNRSV-I 0.363 0.695
PNRSV-A 0.570 0.199 PNRSV-I 0.387 0.702
PNRSV-A 0.544 0.206 PNRSV-I 0.359 0.704
PNRSV-A 0.568 0.214 PNRSV-I 0.382 0.658
PNRSV-A 0.550 0.216 PNRSV-I 0.372 0.695
PNRSV-A 0.454 0.210 PNRSV-I 0.347 0.674
PNRSV-A 0.482 0224 PNRSV-I 0.348 0.689
PNRSV-A 0.586 0.226 PNRSV-I 0.365 0.651
PNRSV-A 0.513 0.195 PNRSV-I 0.337 0.704
PNRSV-A 0.494 0223 PNRSV-I 0.402 0.705
PNRSV-A 0.507 0.185 PNRSV-I 0.345 0.735
PNRSV-A 0.559 0.182 PNRSV-I 0.355 0.723
PNRSV-A 0.529 0.188 PNRSV-I 0.366 0.734
PNRSV-A 0.550 0.212 PNRSV-I 0.370 0.668
PNRSV-A 0.558 0.192 PNRSV-I 0.350 0.650
PNRSV-A 0.594 0.150 PNRSV-I 0.346 0.676
PNRSV-A 0.668 0.210 PNRSV-I 0372 0.684
PNRSV-A 1.051 0.221 PNRSV-I 0.347 0.693
PNRSV-A 1.127 0.236 PNRSV-I 0.387 0.695
PNRSV-A 0.577 0.184 PNRSV-I 0.298 0.708
PNRSV-A 0.565 0.174 PNRSV-I 0.338 0.708
PNRSV-A 0.603 0.206 PNRSV-I 0.378 0.706
PNRSV-A 0.603 0.228 PNRSV-I 0.353 0.687
PNRSV-A 0.670 0.217 PNRSV-I 0.371 0.684
PNRSV-A 0.638 0.207 PNRSV-I 0.310 0.675
PNRSV-A 0.608 0.202 PNRSV-I 0.296 0.672
PNRSV-A 0.638 0.199 PNRSV-I 0.342 0.684
PNRSV-A 0.591 0.154 PNRSV-I 0.251 0679
PNRSV-A 0.634 0.157 PNRSV-I 0.358 0.687

| . w,
absorbance values standardised to a cormmon positive control
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Appendix 5.2. Standardised absorbance reactions to PNRSV-A and RMV-3 antisera from PNRSV
infected ‘Victoria® plants in block two in Myrtleford, Victoria.

Serotype Absorbance Values (Ays) © Serotype Absorbance Values (Ays) |
PNRSV-A RMV-3 PNRSV-A RMYV-3
PNRSV-A 0.532 0.095 PNRSV-I 0.343 0.756
PNRSV-A 0.935 0.091 PNRSV-I 0.354 0.768
PNRSV-A 1.043 0.090 PNRSV-I 0.418 0.780
PNRSV-A 1.060 0.054 PNRSV-I 0.436 0.792
PNRSV-A 0.780 0.100 PNRSV-I 0.463 0.793
PNRSV-A 0.781 0.102 PNRSV-I 0.472 0.803
PNRSV-A 0.922 0.092 PNRSV-I 0.494 0.814
PNRSV-A 0.906 0.097 PNRSV-I 0.433 0.813
PNRSV-A 0.895 0.098 PNRSV-I 0.453 0.818
PNRSV-A 0.527 0.100 PNRSV-I 0.454 0.809
PNRSV-A 0.996 0.103 PNRSV-I 0.383 0.794
PNRSV-A 0.761 0.123 PNRSV-I 0.377 0.798
PNRSV-A 0.749 0.118 PNRSV-I 0.381 0.770
PNRSV-A 0.688 0.114 PNRSV-I 0374 0.752
PNRSV-A 0.783 0.125 PNRSV-I 0.395 0.792
PNRSV-A 0775 0.126 PNRSV-I 0.373 0.795
PNRSV-A 0.782 0.127 PNRSV-I 0.403 0.785
PNRSV-A 0.688 0.089 PNRSV-I 0.407 0.783
PNRSV-A 0.702 0.102 PNRSV-1 0.373 0.776
PNRSV-A 0.749 0.101 PNRSV-I 0.371 0.796
PNRSV-A 0.720 0.108 PNRSV-I 0.378 0.784
PNRSV-A 0.695 0.117 PNRSV-I 0.375 0.786
PNRSV-A 0.747 0.125 PNRSV-1 0.381 0.775
PNRSV-A 0.756 0.096 PNRSV-I 0.395 0.771
PNRSV-A 0.762 0.093 PNRSV-I 0.432 0.751
PNRSV-A 0.784 0.097 PNRSV-I 0.417 0.752
PNRSV-A 0.780 0.111 PNRSV-I 0.389 0.794
PNRSV-A 0.918 0.114 PNRSV-I 0.385 0.784
PNRSV-A 0.866 0.118 PNRSV-I 0.392 0.776
PNRSV-A 0.875 0.119 PNRSV-I 0.398- 0.782

! absorbance values standardised to a common positive control
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Appendix 5.3. Standardised absorbance reactions 1o PNRSV-A and RMV-3 antisera from PNRSV
infected ‘Victoria’ plants in block three (cultivar x row spacing trial) in Bushy Park, Tasmania.

Serotype Absorbance Values (Ays) | Serotype Absorbance Values (Ays) |
PNRSV-A RMV-3 PNRSV-A RMV-3
PNRSV-A 0.635 0.197 PNRSV-I 0.268 0.769
PNRSV-A 0.695 0.201 PNRSV-I 0.273 0.763
PNRSV-A 0.698 0.203 PNRSVI 0277 0.781
PNRSV-A 0.676 0.205 PNRSV-I 0.348 0.751
PNRSV-A 1.262 0.209 PNRSV-I 0.322 0.754
PNRSV-A 1.I68 0.196 PNRSV-I 0.315 0.784
PNRSV-A 1.019 0.188 PNRSV-I 0.252 0.783
PNRSV-A M2 0.184 PNRSV-I 0273 0.774
PNRSV-A 1.233 0.182 PNRSV-I 0.281 0.781
PNRSV-A 1.322 0.187 PNRSV-I 0.292 0.792
PNRSV-A 0.993 0.180 PNRSV-I 0.326 0.792
PNRSV-A 1.0I8 0.192 PNRSV-I 0.327 0.797
PNRSV-A 0.621 0.151 PNRSV-I 0.311 0.791
PNRSV-A 0.626 0.199 PNRSV-I 0.337 QT
PNRSV-A 0.654 0.205 PNRSV-I 0.309 0.783
PNRSV-A 0.658 0.213 PNRSV-I 0.250 0.784
PNRSV-A 0.562 0.216 PNRSV-I 0.298 0.790
PNRSV-A 0.651 0.210 PNRSV-I 0.321 0.782
PNRSV-A 0.714 0.153 PNRSV-I 0.256 0.774
PNRSV-A 0916 0.197 PNRSV-I 0.302 0.775
PNRSV-A 0.818 0.188 PNRSV-I 0.309 0.772
PNRSV-A 0.641 0.191 PNRSV-I 0.294 0.770
PNRSV-A 0.618 0.193 PNRSV-I 0329 0.792
PNRSV-A 0.612 0.182 PNRSV-I 0.347 0.798
PNRSV-A 0.708 0.180 PNRSV-I 0.275 0.774
PNRSV-A 0.761 0.178 PNRSV-I 0.247 0.789
PNRSV-A 0.752 0.155 PNRSV-I 0.314 0.788
PNRSV-A 0.768 0.189 PNRSV-I 0.343 0.757
PNRSV-A 0.778 0.199 PNRSV-I 0.362 0.785
PNRSV-A 0.780 0.203 PNRSV-I 0.328 0.783

' absorbance values standardised to a common positive control
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Appendix 5.4. Standardised absorbance reactions to PNRSV-A and RMV-3 antisera from PNRSV
infected ‘T 11’ plants in block three (cultivar x row spacing trial) in Bushy Park, Tasmania.

Serotype Absorbance Values (Ayqs) Serotype Absorbance Values (A ps)
PNRSV-A RMV-3 PNRSV-A RMYV-3
PNRSV-A 0.953 0.199 PNRSV-I 0.375 0.763
PNRSV-A 0.505 0.200 PNRSV-I 0.397 0.770
PNRSV-A 0.504 0.208 PNRSV-I 0.400 0772
PNRSV-A 0.918 0.198 PNRSV-I 0.405 0.795
PNRSV-A 0.768 0.197 PNRSV-I 0.408 0.791
PNRSV-A 0.832 0.188 PNRSV-I 0.410 0.785
PNRSV-A 0.692 0.186 PNRSV-I 0.355 0.784
PNRSV-A 0.670 0.210 PNRSV-I 0.438 0.787
PNRSV-A 0.780 0.206 PNRSV-I 0.422 0.774
PNRSV-A 0.803 0.199 PNRSV-I 0.442 0.772
PNRSV-A 0.808 0.202 PNRSV-I 0.431 0.771
PNRSV-A 0.767 0.210 PNRSV-I 0.446 0.770
PNRSV-A 0.768 0.208 PNRSV-I 0.519 0.784
PNRSV-A 0.803 0.195 PNRSV-I 0.471 0.793
PNRSV-A 0.665 0.192 PNRSV-I 0.472 0.792
PNRSV-A 0.737 0.151 PNRSV-I 0.402 0.801
PNRSV-A 0.761 0.185 PNRSV-I 0.425 0.797
PNRSV-A 0.702 0.184 PNRSV-I 0.463 0.792
PNRSV-A 0.711 0.151 PNRSV-I 0.521 0.754
PNRSV-A 0.628 0.188 PNRSV-I 0.355 0.795
PNRSV-A 0.615 0.202 PNRSV-I 0.405 0.785
PNRSV-A 0.703 0.19% PNRSV-I 0.442 0.783
PNRSV-A 0.735 0.207 PNRSV-I 0.414 0.775
PNRSV-A 0.760 0.205 PNRSV-I 0.415 0.765
PNRSV-A 0.759 0.201 PNRSV-I 0.3595 0.792
PNRSV-A 0.679 0.208 PNRSV-I 0.402 0.770
PNRSV-A 0.795 0.210 PNRSV-I 0.408 0.793
PNRSV-A 0.756 0.193 PNRSV-I 0.412 0.800
PNRSV-A 0.737 0.195 PNRSV-I 0.396 0.775
PNRSV-A 0.782 0.199 PNRSV-I 0.392 0.774

!absorbance values standardised to a common positive control
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Appendix 5.5. Standardised absorbance reactions to PNRSV-A and RMV-3 antisera from PNRSV
infected ‘Opal’ plants in block three (cultivar x row spacing trial} in Bushy Park, Tasmania.

Serotype Absorbance Values {Ags) | Serotype Absorbance Values (A ) |
PNRSV-A RMV-3 PNRSV-A RMV-3
PNRSV-A 0.607 0.251 PNRSV-I 0.252 0687
PNRSV-A 0.655 0.209 PNRSV-I 0.239 0.693
[ PNRSV-A 0.668 0.208 PNRSV-I 0.262 0.691
— PNRSV-A 0.657 0.231 PNRSV-I 0.242 0630
PNRSV-A 0.702 0.228 PNRSV-I 0.255 06 30
PNRSV-A 0.756 0.209 PNRSV-I 0.230 0689
PNRSV-A 0.700 0.222 PNRSV-I 0.317 0.679
PNRSV-A 0.654 0.200 PNRSV-I 0.327 0.779
PNRSV-A 0.663 0.196 PNRSV-I 0.331 0.713
PNRSV-A 0.672 0.197 PNRSV-I 0.362 0.702
PNRSV-A 0.638 0.204 PNRSV-I 0.307 0630
PNRSV-A 0.682 0.187 PNRSV-I 0.274 0647
PNRSV-A 0.633 0.193 PNRSV-I 0.290 0.624
PNRSV-A 0.655 0.198 PNRSV-I 0.306 0.634
PNRSV-A 0.668 0.204 PNRSV-I 0.307 0.632
PNRSV-A 0.681 0.199 PNRSV-I 0.308 0.644
PNRSV-A 0.692 0.198 PNRSV-I 0.315 0.593
PNRSV-A 0.686 0.201 PNRSV-I 0.363 0395
PNRSV-A 0.698 0.190 PNRSV-I 0.358 0.592
PNRSV-A 0. 700 0.192 PNRSV-I 0.306 0.677
PNRSV-A 0.702 0.154 PNRSV-I 0.281 0.666
PNRSV-A 0.659 0.196 PNRSV-I 0.298 0.716
PNRSV-A 0.669 0.199 PNRSV-I 0.286 0.755
PNRSV-A 0.680 0.150 PNRSV-I 0.288 0.691
PNRSV-A 0.652 0.188 PNRSV-I 0.298 0.705
PNRSV-A 0.697 0.202 PNRSV-I 0.265 0735
PNRSV-A 0.681 0.207 PNRSV-I 0.259 0.772
PNRSV-A 0.692 0.201 PNRSV-I 0.301 0.761
PNRSV-A 0.699 0.204 PNRSV-I 0.305 0735
PNRSV-A 0.682 0.205 PNRSV-I 0.258 0.677

" absorbance vaiues standardised to a common pesitive centrol
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Appendix 5.6. Standardised absorbance reactions to PNRSV-A, PNRSV-I, and RMV-3 antisera from
PNRSYV infected plants in the Museum block.

Cultivar Absorbance Values (Aqs) | Serotype
PNRSV-A PNRSV-[ RMV.3

Southem Brewer 0.387 0.925 0.796 PNRSV-!

K56 0.343 0.949 0.593 PNRSV-!

Fuggle 0.252 0.8i0 0.675 PNRSV-{

Hallertau MF (Tas) 0.345 0.827 0.693 PNRSV-!

30-74-32 0.350 0.825 0.687 PNRSV-!

96-76-44 0.427 0.954 0.942 PNRSV-!

BH 2/72 0.360 0.918 0.675 PNRSV-!

D6 0.336 0.849 0.678 PNRSV-!

N-81-43 0.315 0.875 0.626 PNRSV-{

81-76-2 0.353 i 0.879 0.666 PNRSV-!

N-81-79 0.279 0.875 0.518 PNRSV-!

30-74-58 0.362 1.007 0.672 PNRSV-!

AH 1471 0.284 0.760 0.337 PNRSV-!

OM26 0.298 0.816 0.492 PNRSV-{

AF 3726 0.378 0.915 0.713 PNRSV-!

E2 EX FRF 0.264 0.431 0.190 PNRSV-!

L1 EX FRF 0.184 1.297 0.447 PNRSV-!

N-81-21 0.335 0.967 0.712 PNRSV-

V-85-9 0.385 0.946 0.791 PNRSV-!

E-85-16 0.347 0.910 0.579 PNRSV-]

Cascade 0.383 1.147 0.544 PNRSV-!

Huller Bitterer 0.482 1.021 0.766 PNRSV-!

T1-84-20 0.395 0.900 0.587 PNRSV-!

G-85-9 0.238 0.903 0.595 PNRSV-!

4 x Ringwood Special 0.224 0.641 0.235 PNRSV-]

SK30 0.375 0.803 0.737 PNRSV-!

4 x Pride of Ringwood 0.68% 0.594 0.174 PNRSV-A

T-86-21 0.662 0.655 0.197 PNRSV.A

. E-85-20 | 0.626 0.681 0.234 PNRSV-A

Eastem Gold 0.518 0.491 0.162 PNRSV-A

Brewers Gold 0.663 0.613 0.219 PNRSV-A

E2 0.715 0.667 0.211 PNRSV-A

Yeoman 0.591 0.645 0.179 PNRSV-A

Zenith 0.548 0.626 0.193 PNRSV-A

4 x Southem Brewer 0.802 0.695 0.205 PNRSV-A

Wye Target 0.584 0.620 0.184 PNRSV-A

Wye Northdown 0.527 0.56% 0.196 PNRSV-A

Williamette 0.455 0.538 0.181 PNRSV-A

Shinshuwase 0.559 0.598 0.212 PNRSV-.A

LA-85-70 0.686 0.477 0.150 PNRSV-A

WS 0.578 0.595 0.189 PNRSV-A

Styrian 0.621 0N7%55 0.264 PNRSV-A

" absorbance values standardised to a common positive control
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Appendix 5.7. Standardised absorbance reactions to PNRSV-A, PNRSV-I, and RMV-3 antisera from
PNRSV infected ‘Victoria’, ‘Tetinang’, ‘Nugget’, and ‘Pride of Ringwood’ plants in gardens in north east
Tasmania.

Cultivar Absorbance Values (Aqs) | Serotype Farm
PNRSV-A PNRSV.I RMV-3
Victoria 0.328 0.893 0.72! PNRSV-I FRF
Victoria 0.515 0.976 0.784 PNRSV-I FRF
Victoria 0.211 0.560 0.798 PNRSV-I FRF
Victoria 0.480 0.918 0.802 PNRSV-I FRF
Victoria 0.430 0.920 0.765 PNRSV-I FRF
Victoria 0.471 0.857 0.777 PNRSV-I FRF
Victoria 0.338 0.881 0.784 PNRSV-I FRF
Victoria 0.467 0.963 0.709 PNRSV-I FRF
Victoria 0.465 0.925 0.809 PNRSV-{ FRF
Victoria 0.463 0.907 0.803 PNRSV-I FRF
Victoria 0.398 0.839 0812 PNRSV-I FRF
Victoria 0.460 0.978 0.800 PNRSV-I FRF
Victoria 0.424 0.872 0.799 PNRSV-I FRF
Victoria 0.435 0.889 0.768 PNRSV-I FRF
Tettnang 0.437 0.863 0.754 PNRSV-I FRF
Tettnang 0.424 0.842 0.783 PNRSV-I FRF
Tettnang 0.366 0.857 0.769 PNRSV-I FRF
Tettnang 0.455 0.872 0.802 PNRSV-I FRF
Nugget 0.242 0.488 0.804 PNRSV-[ FRF
Nugget 0.230 0.393 0.809 PNRSV-I FRF
Nugget 0.248 0.467 0.793 PNRSV-] FRF
Nugget 0.333 0.276 0.794 PNRSV-A FRF
Nugget 0.263 0.262 0.798 PNRSV-A FRF
Nugget 0.342 0.179 0.809 PNRSV-A FRF
Pride of Ringwood 0.698 0.655 0.216 PNRSV-A X
Pride of Ringwood 0.836 0.617 0.281 PNRSV-A Y
Pride of Ringwood 0.747 0.563 0.219 PNRSV-A Y
Pride of Ringwood 0.839 0.505 0.198 PNRSV-A Y
Pride of Ringwood 0.698 0.637 0.276 PNRSV-A Y
Pride of Ringwood 0.922 0.653 0.289 PNRSV-A Y
Pride of Ringwood 0.657 0.574 0.236 PNRSV-A Y
Pride of Ringwood 0.70! 0.560 0.225 PNRSV-A Y
Pride of Ringwood 0.730 0.574 0.235 PNRSV-A Y
Pride of Ringwood 0.681 0.533 0.194 PNRSV-A Y
Pride of Ringwood 0.678 0.591 0.249 PNRSV-A Y
Pride of Ringwood 0.684 0.516 0.203 PNRSV-A Y
Pride of Ringwood 0.787 0.563 0.220 PNRSV-A Y
Pridc of Ringwood 0.981 0.438 0.182 PNRSV-A Y
Pride of Ringwood 0.772, 0.503 0.193 PNRSV-A Y
Victoria 0.664 0.609 0.208 PNRSV-A X
Victoria 0.726 0.552 0.20! PNRSV-A X
" absorbance values standardised to a common positive control
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Appendix §.8. Standardised absorbance values (A s)' for "Victoria' plants infected by PNRSV-A or PNRSV-I from August 1996 to July 1997.

Aug-96 Sep-96 Oct-96 Noy-96 Dec-%6 Jan-97
PNRSV Serotype PNRSV-A RMV-3 PNRSV-A RMV-3 PNRSV-A RMYV-3 PNRSV-A RMV-3 PNRSV-A RMV-3 PNRSV-A RMV-3
PNRSV-A 1.16 0201 0.75% 0.204 0.455 0.203 0317 0 204 0644 0.201 0.724 8.212
PNRSV-A 1.211 0.205 0.824 0.203 09828 0.221 0912 0.207 0904 0206 0821 8.213
PNRSV-A 0 %66 9208 0824 0.209 1.312 0.224 0.997 0.206 0639 0.205 0.721 0218
PNRSV-A 1.278 0.20% 9.951 9.213 1161 9217 9 987 0 21 0776 021 9.701 0216
PNRSV-A 1.088 0.211 0.290 0.198 1.006 0223 0925 0.221 0.744 0214 0.761 0.205
PNRSV-A 1 093 0.20% 1.101 0.199 1.093 0.215 0.903 0.21% (X1t} 0.243 0.817 0.203
PNRSV-A 1.164 0213 1.019% 0.19 1.131 0.239 0.929 0.215 0.702 0.235 0854 0.199
PNRSV-A 1.412 0.2245 0.915 0.191 1.215 0.214 0.945 0.206 0.369 0213 0.349 0.197
PNRSV-A 1.291 0.202 0982 0188 0832 021% 0.932 0 208 0.83% 0219% 0.963 0.1%99%
PNRSV-A 1.15 020% 0.797 0.201 1.082 0.198 0.919 0.21 0.866 0217 0857 0 1%
PNRSV-A 0.812 0.207 0.855 0.2 0825 0.1%6 0854 0.199 0994 0.199 0.804 0 196
PNRSV-A 1.081L 0.1%5 0.8371 0.21 1.856 0.207 0.308 0.195 0864 0.1%5 0.904 0 196
PNRSV-A 093¢ 0.194 0.741 0.212 0.927 0.205 0.13¢ 0.21 0.839 0.196 0.977 0197
PNRSV-A 1.142 0.199 0.785 0211 1113 0203 0.805 0.215 0.811 0193 0.86% 0.1%4
PNRSV-A 0943 0198 0.845 0219 0674 0.201 [ X { ] 0.215 0.904 0211 0.838 0.201
PNRSV-A | 084 0.202 0.832 0217 1144 0.206 0.991 0.21% 0.339 0214 0862 0205
PNRSV-A 0.983 0.202 0.929 0215 0 %07 0216 0.927 0.221 0.229 0215 0837 0.197
PNRSV-A 1.143 0.206 0.779 0.217 1.103 0197 093¢ 0213 092 0218 0.835 0 195
PNRSV-A 1.512 0.214 0.830 0207 1.194 0 1%4 0.853 0215 0.718 0216 0.841 0216
PNRSV-A 1.654 0232 0.831 0208 1.162 0.1%¢ 0.84% 0222 0.84 0.223 0991 0224
PNRSV-A 0987 0.20% 0.778 0.201 1.04 0 195 0.307 0 229 0702 9227 0 94) 0.228
PNRSV-A 1.239 0.217 0879 0.209% 0 963 0.205 0.801 0.209 0867 0198 0.851 0195
PNRSV-A 1139 0.21% [ R{ L] 0215 093¢ 0.213 0917 0205 0.987 0.1%4 0879 0223
PNRSV-A 1.286 022 8 756 0.213 1.145 0.218 0847 0.199% 0.719 02 0958 0.227
PNRSV-A 0.929 0235 0827 0219 1.036 [ [ R ¥11 9.195 0.79¢% 9 201 0947 0229
PNRSV-A | 006 0209% 0502 0.221 1.017 0 204 0848 0217 0.798 0203 0 969 023
PNRSV-A 1.09¢ 0.1%6 0.365 0.226 0962 0206 0924 0219 0394 0 197 0873 0198
PNRSV-I 8 625 0789 0.236 0777 0 226 0756 0.337 0759 0258 0 785 0266 0.745
PNRSV-I 0.686 079 0.308 0.7% 0239 0789 0.207 0791 0.301 0769 0.233 0.768
PNRSV-1 0.722 0.781 0.366 0784 9235 0.79 0.296 (X1 0383 8 745 0255 0723
PNRSV-1 0.757 0.765 0.302 077¢ 03 0.802 0266 0792 0.36% 022l 0341 (L]l
PNRSV-1 0.6%7 0.743 0.337 0.801 0216 0.79%4 8302 0.76% 0.404 0823 0 304 0.721
PNRSV-1 0.63% 0.766 0.402 0.743 0.304 0747 0.322 0.75 0.321 0.763 0.37 0746

"'absorbance values standardised to a common positive control
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Feb-97 Mar-97 Apr-97 May-97 Jun-97 Jul-9
PNRSV-A RMV-3 PNRSV-A RMYV-3 PNRSV-A RMYV-3 PNRSV-A RMV.-3 PNRSV-A RMV-3 PNRSV-A RMV-3
9.937 0.207 9.514 0.205 0864 9.20] 1.54 9.205 0.768 9202 (1111 9203
0895 0.203 0.507 0.215 1.599 9.2 1.38 0.206 0.906 0204 0347 9 206
0.368 0.205 9.512 9.222 1.024 9.221 1.659 0.207 9841 9201 1.079 9208
0.304 9.212 9559 9236 0.387 9.236 9539 9.212 1.025 021 0903 9.214
0.934 0.206 0.547 0.205 0.272 0.204 1.51% 0.205 035 0205 0977 0205
0.872 9.203 9.498 0.202 0.374 9.206 1.619% 9203 9 641 0205 0.925 0.203
0.874 0.207 9.519 9.2 1.146 0.206 1.487 9199 9.54 9.206 0307 92
9.919 0.205 0.537 9.203 9.492 9207 1.484 9.197 9.874 9.20% 0.399 9.199
0.964 9.222 0578 0.214 0543 0.198 1.504 9.195 0.887 0.21 0.941 0.196
9.962 9.221 0.544 9231 14l %7 9.199 0.937 0.199 9.913 9.211 1.035 9.1%7
0.575 9.202 0.264 0212 1.16 9199 1.544 0.196 9.492 9.212 0.469 9.215
9.953 0.206 9.597 9.213 1.612 9.193 1.498 9.197 9.872 0.199 9 969 9226
9.332 0.204 9424 9.228 0302 9.194 1.776 9.232 1.027 9.198 993 9.227
0761 0.194 9.389 0.226 1.478 9.216 1.558 9225 0.86 9.137 0964 0197
0.8366 0.196 0.515 9.193 1.104 9.213 1.797 9226 1.087 0.188 1.013 0229
9.741 9.193 9.518 9.215 1.268 9.214 9.72 9.224 0.359% 9.1% 1.047 9203
0.841 0205 9.309 0.204 1.545 9.212 1.376 9.204 9.838 9.20] 0611 9225
0.971 9.222 9.51 9.203 0.266 92 1.183 9.194 0.955 0205 9903 9206
0.9 9.223 0404 0.196 9.301 9.212 1.158 9.196 9.79% 9.203 (111 0211
0.945 0.229 0.484 9.199 9.283 9203 1.551 9.19 0313 9202 0868 9.212
0.969 9.199 0.536 0.1%7 9952 9205 1.569 9.214 9371 9.192 0.965 9222
0.958 0197 0.555 0.205 9.712 0.20% 1.75% 021 0943 9193 9377 92
0.956 0225 9.509 9.206 1.162 9.2] 1.682 9203 9936 9.196 0986 9215
0.749 9.215 0.399 0.214 1.427 0207 1.6%6 0208 9358 9.194 9.302 0226
0359 9223 0.308 9.213 1.087 9212 1.418 9202 .93 9.199 1.106 9229
9.327 9.214 9.449 9.217 1.097 9213 1.385 9.20! 0.974 92 9.928 9.225
0826 0.195 0.558 9225 9.193 9218 152012 0.207 1.084 920! 0855 9223
0.407 0.769 0.267 9.742 0.221 0.756 0494 0.789 0.953 0786 0.446 0.766
0.417 9.788 9.26 0.762 1.35 0.778 0797 9.30! 9.401] 9.798 9.359 0.30!
0.466 0.798 9.378 0.665 0.392 9.79 9.749 9.309 9.413 9.799 0.547 0805
9.533 0.805 0287 0.663 0.367 9.7%96 0.725 0.311 0875 0765 0.631 0798
0.55% 0.309 9273 0.661 9.456 0.3 9.475 9.812 9.459% 9.752 0561 0.79%
0.531 0755 0322 0.623 1.279 [} 0.701 9.302 0472 0.30] 0561 0.764
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Appendix S.9. Standardised absorbance vajues (A4D5)l for 'Victoria’' plants infected by PNRSV -A or PNRSV-I from August 1997 to February 1998.

Aug-97 Sep-Sﬁ Oct-97 Nov-97 Dec-97 Jan-98 Feburary 1998
Sample Number | PNRSV-A| RMV-3 | PNRSV-A| RMV-3 |PNRSV-A| RMV-3 |PNRSV-A| RMV-3 |PNRSV-A| RMV-3 |PNRSV-A] RMV-3 | PNRSV-A| RMV-3
PNRSV-A 0.789 0.211 0.798 0.215 0.882 0.213 0.824 0.201 1.452 0.201 0.797 0.201 1.129 0.205
PNRSV-A 0.745 0.213 0.801 0.212 0.884 0.205 0.826 0.203 1.513 0.232 0.68! 0.207 1.049 0.206
PNRSV-A 1.665 0.216 0.756 0.209 0.98! 0.2 0.976 0.204 1,057 0.222 0.85 0.214 1,169 0.199
PNRSV-A 1.588 0.214 0.792 0.203 0.965 0.199 0.965 0.206 1,055 0.236 0.699 0.225 1,159 0.197
PNRSV-A 1.611 0.199 0.701 0.201 0.932 0.154 1.012 0.21 0.946 0.214 0.912 0.243 1.107 0.158
PNRSV-I 0413 0.748 0.401 0.746 0.456 0.765 0.501 0.754 0.504 0.756 0.445 0.509 0.557 0.752
PNRSV-I 0.509 0.801 0.398 0.769 0.42] 0.789 0.476 0.694 0.541 0.789 0.359 0.556 0.627 0.777
PNRSV-I 0.657 0.8 0.375 0.785 0.426 0.801 0.586 0.698 0.544 0.801 0.352 0.685 0.592 0.774
PNRSV-I 0.652 0.809 0.385 0.763 0.436 0.809 0.596 0.697 0.561 0.802 0.432 0.742 0.66! 0.746
PNRSV-I 0.746 0.798 0.368 0.741 0.425 0.805 0.601 0.685 0.578 0.695 0.435 0.723 0.545 0.687

) : o
absorbance values standardised to a common positive control
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