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ABSTRACT

Pea seedborne mosaic virus (PSbMV) has been identified in'Western Australia, South

Australia and Victoria from pea and faba bean field trial material, pea breeder's germplasm

and in seed from commercially available pea cultivars. Sixteen PSbMV isolates were

collected between 1995 and 1998. These isolates were biologically distinct yet

serologically indistinguishable. These isolates were placed into the pathotypes P-1 and P-4

using specific pea differential genotypes.

Seqtrences obtained from 17 HC-Pro and 12 CI/6K2NPg regions for Australian, Pakistani

and typical pathotype P-1, P-2 and P-4 isolates, showed a range of. 88.6Vo to l00Vo amino

acid sequence simjlarity within the HC-Pro and84.47o to IOÙVo amino acid sequence

simila¡ity within theCV6K2NPg regions. Phylogenetic analysis of both genomic regions

placed isolates into groups represented by pathotype P-1 and pathotype P-4. One isolate

alone alternated between the two groups depending on the genomic region analysed.

Within the VPg region a variable region of 15 amino acids was identified at position 105-

119 which was specific for either pathotype P-1 or pathotype P-4 of PSbMV. The VPg has

been previously identified as an avirulence determinant in other potyviruses.

Two RT-PCR assays, targeting the HC-Pro and the CI/6K2/VPg region of PSbMV RNA

were developed for detecting all of the Australian, as well as a range of Pakistani and

typical pathotype P-1 and pathotype P-4 isolates. The specificity of the HC-Pro RT-PCR

for PSbMV was demonstrated in tests with seven legume infecting potyviruses. RFLP

analysis of the CA6K2/VPg RT-PCR amplicons placed PSbMV isolates into pathotype P-4

or pathotype P-1. This assay has potential use in pea breeding programs where genetically

controlled resistance to PSbMV is pathotype specific. Alternatively, RFLP analysis of the

HC-Pro RT-PCR amplicons allowed the PSbMV isolates to be placed into eight distinct

groups. The Australian PSbMV isolates showed less variability than the Pakistani isolates.

This grouping was not pathotype specific, but is potentially useful for identifying new

variants of the virus in quarantine and epidemiological research.

The RT-PCR and nucleic acid hybridisation assays developed for PSbMV detection, were

10 to 20 times more sensitive than the dot immunobinding assay (DIBA). A duplex

PSbMVÆMV RT-PCR assay was developed to detect false negative RT-PCR results,

because of the requirement for testing for freedom from PSbMV in diagnostic assays. The

duplex RT-PCR was shown to be template specific and did not adversely affect the

x



sensitivity of the PSbMV detection assay. This duplex RT-PCR was developed for batch

testing of dry pea seed and shown to detect infection of the embryo with PSbMV.

It is concluded that PSbMV is widespread and occurs at a low incidence in Australia.

There is, therefore, an opportunity to control the virus by the development of sensitive and

specific diagnostic assays particularly for seed testing. This thesis reports sequence

information on new isolates of PSbMV which has allowed genomic regions to be identified

which distinguish PSbMV pathotypes and isolates and led to the development of PSbMV

nucleic acid hybridisation and RT-PCR assays. The duplex RT-PCR diagnostic assay

developed for seed testing will aid in the identification and elimination of seed infection

from germplasm collections with applications in breeding, certification and control.
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Chapter 1

1.1 Introduction

Pea seed-borne mosaic virus (PSbMV) is an economically important seed-transmitted

potyvirus infecting pea(Pisum sativum L) that has been commonly found in pea

germplasm collections of many countries. The virus is suspected to have spread world-

wide via the exchange of infected germplasm material. Due to the secondary spread of the

virus in the field by aphid vectors, a low level of seed infection can lead to a high disease

incidence in subsequent generations.

Management and control of PSbMV requires sensitive, specific and reliable detection

systems for PSbMV, and knowledge of the biology, structure and composition of the virus.

This will allow the development of the optimal sampling and detection strategies. This

chapter reviews current information on the biological effects and molecular composition of

PSbMV.

1.2 Australian grain legume industry

Pea is grown world-wide and as a food source ranks next to cereals in importance

(Annonymous, 1994). The value of Australian grain legumes has grown from $74 million

in 1984/85 to $320 million In l99l/92: an increase of 330Vo. Export, as a percent of

production, has increased from 39Vo to 70Vo over the same period, representing an increase

in export earnings from $12 million to $223 million (Douglas, 1995).

There is significant regionalization in grain legume production in Australia due to

variations in climate. Lupins (Lupinus spp.), field peas, faba beans (Viciafaba) and

chickpeas (Cicer aerietinum) are grown in southern Australia, with field peas representing

the largest proportion of the grain legume crop within this region (Douglas, 1995).

1.3 Viral diseases of Pisum satívum

Twenty-nine viruses can naturally infect Pisum sativum, while another eight are capable of

infecting peas under experimental conditions (Boswell and Gibbs, 1983; Hagedorn, 1985;

Phillips and Chandrashekar, 1994; Murphy et aL,1995 (Table 1.1). All these viruses

contain single stranded RNA genomes. Of the twenty-nine naturally infecting pea viruses

I

i.-'
i/i
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Chapter 1 General Introduction

only fifteen have been reported in Australia (Buchen-Osmond et a1.,1988). The majority

of the viruses are transmitted by aphid vectors and are not seed transmitted.

Only two of the seed transmitted viruses, PSbMV andPea early browning virus(PEBV),

are reported to be transmitted at significant frequencies through seed (Khetarpal and

Maury, 1987; 'Wang and Maule, 1992; Kohnen et al., 1995; Ali and Randles 1998), of

which only PSbMV has been recorded in Australia (Phillips and Chandrashekar, 1994).

PSbMV belongs to the genus Potyvirus in the family Potyviridae (van Rcgcnmortcl et al.,

2000). Additional members of this group that naturally infect P. sativum are; Pea mosaic

virus (PMY); Bean yellow mosaic virus (BYMY); Clover yellow vein virus (CIYVV); Lettuce

mosaic virus (L}r4Y); Peanut mottle virus (PeMoY); Turnip mosaic vrrøs (TuMV); and

Watermelon mosaic 2 virus (\ryMV-2) (Hollings and Brunt, 1981).

1.4 Biological properties of PSbMV

1.4.1 Geographic dìstribution

PSbMV was first isolated from pea in Czechoslovakia by Musil In 1966 and named pea

leaf rolling virus (Musil, 1970). Subsequently, the virus was reported in Japan, Germany,

the United States of America and The Netherlands under the synonyms of pea seed-borne

mosaic virus, false pea leaf rolling virus and peafizzle top virus (Maury and Khetarpal,

1992). To date, PSbMV has been reported to occur in Australia, Canada, Czechoslovakia,

Germany,India, Japan, The Netherlands, New Zealand, Pakistan, Peru, Poland, Sweden,

Switzerland, USA, UK and Yugoslavia (Munro, I978;Ligat et aI.,I99I; Maury and

Khetarpal, 1992;Zimmq and Lamb, 1993;Wang et aL, 1993: Ali and Randles, 1997).

The virus is suspected to have spread world-wide through the international exchange of

infected pea germplasm. It is believed that PSbMV initially spread from India to Western

Europe via infected seed in breeders lines and subsequently to other parts of the world

(Maury and Khetarpal,1992). PSbMV was first reported in Australia in 1978 in pea seed

imported from Sweden (Munro, 1978).
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Table L.L: Viruses infecting Pisum sativum

S Seed transmissibility refers to viruses that have been reported to be transmitted through seed

but not necessarily through seed of P. sativum .

x Viruses that have been reported to occur in Australia.
# These viruses are believed to be transmitted by vectors, yet unidentified, and mechanically by
grazing animals.
(Boswell and Gibbs, 1983; Buchen-Osmond et a1.,1988; Hagedorn 1985; Phillips and

Chandrashekar, 1994; Murphy et al., 1995)
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unknown
no*
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no*

Aphididae
Aphididae
Aphididae
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Aphídidae
Aphididae
Aphididae
Aphididae

Potyvirus
Potyvirus
Potyvirus
Tymovirus
Potyvirus
Cucumovirus
Potyvirus
Potyvirus

Bean common mosaic virus
Beet mosaic virus
Cowpea aphid borne mosaic virus
D esmodíum yellow mottle virus
P as s ionfruit w oodines s v irus
Peanut stunt virus
Soybean mosaic virus
Zucchini yellow mosaic virus
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Viruses that infect P. sativum under experimental conditions
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Luteovirus
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Luteovirus
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Luteovirus
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Cucumovirus
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Potyvirus
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Potyvirus
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Potyvirus
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Pea seed-borne mosaic virus
Pea streak virus
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Red clover mottle virus
Red clover necrotic mosaic virus
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Soybean dwarf virus
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Tomato black ring virus
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Turnip mosaic virus
Watermelon mosaic virus 2
White clover mosaic virus
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Chapter 1 General Introduction

1,4.2 Syrnptomatology

Symptoms induced by PSbMV in peas range from: an inconspicuous mosaic; shortening of

the internodes, often producing a terminal rosette; downward rolling of the leaflets;

transient vein clearing and vein swelling; distortion of flowers and pods; splitting of seed

coats; failure to set pods in some pea cultivars; and chlorosis and stunting of the plants

(Hampton and Mink, 1975).

Symptoms can fade as plants approach flowering, and vary with both the pea cultivar

infected and the strain of PSbMV (Maury and Khetarpal, 1992). Symptomless PSbMV

infections have also been reported (Munro, 1978; Hampton, I972;Maury et aI., 1987:

Ligat and Randles, 1993).

PSbMV has been reported to be detectable by serological methods without inducing

symptoms in 5-l0Vo of plants from infected seed lots (Hampton, 1972). I|l4.aury et al.

(1937) observed that 54Vo of pea plants testing positive for PSbMV infection by the enyme

linked immunosorbent assay (ELISA) escaped detection on the basis of symptomatology.

9Vo of PSbMV infected pea seedlings detected by ELISA were symptomless 28 days after

emergence (Ding et a1.,1992). Ligat and Randles (1993) observed that primary inoculated

plants were symptomatic, however only a small proportion of seedlings raised from seed of

the first generation lwere symptomatic. Yet, symptomless plants from the second

generation showed a high incidence of infection in the seed by the dot immunobinding

assay (DIBA).

1.4.3 Host range

P. sativum cultivars are the main natural hosts of PSbMV, but the virus can also naturally

infect lentrl (Lens culinaris), faba bean (Vicia faba) and chickpea (Cicer arietinum)

(Khetarpal and Maury, 1987; Alconero et al.,1996; Makkouk et aI., I993a). PSbMV can

infect 47 species in 12 dicotyledonous families (Aapola et a1.,1974). Most non-

leguminous hosts are infected without producing symptoms.

1.4.4 Second.ary spread by vectors

PSbMV is easily transmitted (i) by mechanical inoculation and (ii) by several aphid species

in a non-persistent or semi-persistent manner. There are nine natural aphid vectors of

Ĵ



Chapter I General Introduction

PSbMV: Acyrthosiphon pisum, Aphis craccivora, Aphis fabae, Dactynotus escalanti,

Macrosiphum euphorbiae, Macrosiphum rosae, Myzus persicae, Ovatus crataegarius, and

Rhopalosiphum padi (Aapola and Mink, 1973; Hampton and Mink, 1975)'

Experimentally, the virus can be transmitted by 22 species in 13 genera (Maury and

Kheta¡pal, 1992). Different PSbMV isolates are aphid transmitted at different rates.

PSbMV NY pathotype P-4 is aphid transmitted at lower rates (4-167o) than PSbMV DPDI

pathotype P-1 (11-407o) and have distinct virus acquisition optima (Kohnen et a1.,1995).

1.4.5 Yíeld losses caused by PSbMV ín pea crops

PSbMV infection in commercial pea cultivars has resulted in yield losses of ll-36Vo

(Maury and Khetarp al, 1992). Yield reductions of 35Vo and 82Vo have been reported in

P.sativum cv Dundale infected with PSbMV US and 56 isolates respectively (Ali and

Randles, 1998). PSbMV infection also delays flowering, pod formation and plant

maturation (Ali and Randles, 1998) and reduces seed size and, hence seed weight per 1000

seeds by l0-28%o (Maury and Khetarpal,1992). PSbMV may also induce necrotic

symptoms on seed coats impacting directly on pea seed quality (Hampton and Mink, 1975)

The presence of PSbMV has a direct affect on the marketability of pea seed and infected

stocks are either destroyed, converted to stock feed, or exported at greatly reduced returns

(Maury and Khetarp al, 1992).

1.4.6 Røtes of seed transmission

Seed transmission of viruses results in a complex interaction between the host and the

virus, which may be influenced by a variety of environmental factors. These include:

occurrence of variants that are not seed transmitted; different genotypes of the same host

species can differ in their efficiencies of transmission of a single isolate; and effect of

temperature and daylength on transmission efficiencies (V/ang and Maule, 1992). The main

mode of spread of PSbMV is through infected pea seed. Efforts have been made to

eliminate PSbMV from2700 Plant Introduction accessions of P. sativum in the USA

(Hampton et aL,1993).

Rates of seed transmission ranging fromO.37o to t00%o have been reported, depending on

the pea cultivar and the strain of the virus (Maury and Khetarpal, 1992; Hampton et al.,

1993). PSbMV US and 56 have been reported to be seed transmitted at87o and3IVo

respectively in P. sativum cv Dundale (Ali and Randles, 1998). Seed transmission studies
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Chapter 1 General Introduction

of the PSbMV DPDl pathotype P-1 and pathotype NY P-4 isolates in 10 pea cultivars

indicated that PSbMV NY was seed transmitted at lower levels (O-O.7Vo) than PSbMV

DPD1 (0-32Vo) (Kohnen et al., 1995). Seed transmission rates of PSbMV-28 varied from

ÙVo to 74Vo depending on the pea cultivar tested (V/ang and Maule, 1992).

PSbMV has been reported in pea and lentil germplasm collections in Canada, France,

India, New Zealand, the United Kingdom and the United States of America (Khetarpal and

Maury, 1987). PSbMV has also been reported to be seed transmitted in lentil at rates of

32Vo to 45Vo (Hanpton and Muehlbaeur,I9TT; Makkouk et al.,l993a), in faba bean at

rates of 4l7o and chickpea at rates of 667o (Makkouk et al.,l993a). PSbMV is also seed

transmitted through a low percentage of seeds of Vicia articulata, V. narbonesis, V.

pannonica, andV. sativa (Hampton and Mink, 1975; Maury and Khetarpal, 1992).

L4.7 Mode of seed. transmissíon

For most seedborne viruses, establishment in host embryonic tissues is essential for their

transmission in seeds. Two routes for embryo invasion by viruses have been recognised: (i)

direct invasion of host embryo after fertilisation; (ii) and indirect invasion of zygotic

embryos through the fusion of infected gametes during fertilisation (Johansen et aI., 1994).

Analysis of PSbMV incidence and concentration in pea seed at different developmental

stages demonstrated that in a cultivar with a high incidence of seed transmission, PSbMV

directly invaded the immature embryo, multiplied in the embryonic tissues and persisted,

retaining its infectivity, during seed maturation and storage (Wang and Maule, 1992). Irr

contrast, pea cultivars without seed transmission did not show invasion of the immature

embryo by the virus or evidence for virus multiplication or persistence during embryo

development and seed maturation ('Wang and Maule, L992). PSbMV has been shown to

invade the pea embryo via the suspensor to the tip of the developing radicle (Wang and

Maule, 1994). PSbMV RNA replication in pea cotyledonary tissues is restricted to a zone

ofcells close to the infection front and transiently suppresses the expression ofhost genes

(V/ang and Maule, 1995).

PSbMV seed transmission is influenced by multiple viral determinants and seed

transmission frequency does not correlate with accumulation of virus in vegetative tissue

(Johansen et al., L996a). The 5'2.5kb of the 10 kb PSbMV genome has a major influence
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on the seed transmission frequency. The 5'NTR and HC-Pro are major determinants of

seed transmission with the P1 exerting no measurable influence (Johansen et al.,1996a).

1.4.8 Distributíon of PShMV ín infected. plants

Pollen transmission of the PSbMV-28 isolate did not occur in five susceptible cultivars of

P. sativum, and pollen grains from infected plants showed no detectable PSbMV by ELISA

or electron microscopy (Wang et a1.,1992). However, ELISA detected PSbMV in viable

pollen from PSbMV DPDl pathotype P-l infected plants but not PSbMV NY pathotype P-

4 plants (Kohnen et a1.,1992; Kohnen et a1.,1995).

PSbMV infection has been detected in floral tissues (sepals, petals, anther and carpel) but

not in ovules prior to fertilisation (Wang and Maule, 1992). PSbMV RNA has been

detected in nucleic acid extracts from infected leaves, roots, petals, and embryo axes from

immature and mature seeds (Kohneî et aI.,1992: Kohnen et aL,1995).

The testa from PSbMV infected seed has been shown by ELISA to contain PSbMV antigen

(Kohnen et al., 1992, Kohnen et aI., 1995; V/ang and Maule, 1992), although virus from

the testa was not infectious when bioassayed on Chenopodium amaranticolor. RT-PCR

with PSbMV pathotype P-l specific primers also failed to detect PSbMV DPDl in testa

samples, suggesting that the extracts did not contain functional PSbMV RNA (Kohnen er

aI., 1992, Kohnen et al., 1995). However, Phan et aI (1997) reported detection of PSbMV

RNA in testa by IC-PCR.

When examining whole plants infected with PSbMV the highest concentration of PSbMV

Pl protein was found in the youngest leaves, although the PSbMV CP concentration

remained the same throughout the plant (Albrechtsen &,Borkañt,1994).

1.4.9 PShMV Pathotypes

Three pathotypes of PSbMV (P-1, P-4 and L-1) have been characterised on the basis of

their ability to infect specific pea genotypes (Alconero et a1.,1986). A pathotype is defined

as an entity of a given virus that is controlled by a specific genetic factor in a given plant

species or family (Alconero et a1.,1986). However, a pathotype may include a range of

variants differing in virulence (Provvidenti and Alconero, 1988a). The three pathotype

isolates were obtained from seed-borne infections of single plants in the following
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germplasm accessions; PI432112 (isolated from Lens culinaris and labelled L-1), PI

179458 (isolated from P. sativum and labelled P- 1), and PI 47 II23 (isolated from P.

sativum and labelled P-4) (Alconero et a1.,1986). The PSbMV pathotype L-1 is also

referred to as pathotypeP-2 (Kasimor et a1.,1997)

Hampton et aI. (L98I) investigated the use of nineteen P. sativum lines as PSbMV strain

differentials. These plant introduction (PI) accessions were placed into five host groups (I-

V) based on range of response to PSbMV infection. Reactions to the PSbMV isolates were

best characterised by host groups I, III and V (Hampton et aL,1981). PIs prcviously

reported to distinguish PSbMV isolates (Hampton et aL,1981) have also been shown to

distinguish between PSbMV P-1, P-4 and L-1 pathotypes on the basis of symptom severity

(Alconero et a1.,1986). Other PIs have been reported to distinguish between the three

pathotypes on the basis of infection (Alconero et al., 1986) (Table 1.2).

Table 1.2: Reactions of plant introductions of P. sativumloP-I, P-4 and L-1 pathotypes of

PSbMV

R= resistant, S= susceptible, Rb= these lines include some susceptible plants

(Alconero et al., 1986).

Additional pathotypes have also been proposed. The Pi and Pv pathotypes have been

proposed since they break all known PSbMV resistance in P. sativuru (Khetarpal et al.,

1990). Two other pathotypes U-1 and U-2 have also been proposed based on their
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deviation from reported reactions on specific pea differential genotypes (Ali and Randles,

t997).

1.4.10 Resístance to PShMV in P, søtivum

Resistance to PSbMV in P. sativumwas initially proposed to result from a single recessive

gene in the homozygous state designated sbm (Hagedorn and Gritton, 1973). Resistance to

PSbMV pathotypes P-l,P-4and L-1 are pathotype specific in P. sør\rn, with each genetic

factor capable of controlling only a specific pathotype of the virus. PSbMV resistance in P.

sativum is controlled by four recessive genes; sbm- I , sbm-2 , sbm- 3 , and sbm-4 (Alconero ¿r

a1.,1986; Provvidenti and Alconero, 1988a; Provvidenti and Alconero, 1988b).

Resistance to PSbMV pathotype P-1 is confered by the sbm-l gene, identified in PI

193586 and PI 193835 (Gritton and Hagedorn, 1975). Resistance to PSbMV pathotype L-l

is conferred by two independently inherited single recessive genes, sbm-2 and sbm-3

(Provvidenti and Alconero, 1988a). The resistance gene, sbm-2, identified in P. sativum cv

Bonneville is closely linked to mo, which in the homozygous state conditions resistance to

BYMV and V/MV-2.The second PSbMV pathotype L-l resistance gene, sbm-3, was

identified inPI347492, a BYMV-susceptible line from India. Resistance to PSbMV

pathotype P-4 is conferred by sbm-4, identified inPI347492 (Provvidenti and Alconero,

1988b).

The sbm-L, sbm-3 and sbm-4 genes are clustered on chromosome 6 (Provvidenti and

Alconero, 1988a; Provvidenti and Alconero, 1988b; Khetarpal et a1.,1990 Timmerman et

al., 1993) and the sbm-2 gene is located on chromosome 2 of P. sativurø (Provvidenti and

Alconero, 1988a) The sbm-l gene is most closely linked to the restriction fragment length

polymorphic (RFLP) marker GS 185, being separated by a distance of approximately 8

centi-morgans (Timmeffnan et a1.,1993). This marker for sbm-l has potential value in

plant breeding programs for identifying PSbMV P-1 resistant material. Resistance to

PSbMV in lentils is conditioned by a single recessive gene designated sbv (Haddad et aL,

1978).

1.5 The family Potyvirídae

The family Potyvirida¿ is the largest of the 34 plant virus groups and families (Matthews,

1982). It contains over 180 definitive and possible members which cause significant losses
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in agricultural, pasture, horticultural, and ornamental crops (V/ard and Shukla, l99I;

Murphy et aL,1995). The Potyviridae includes six genera: Potyvirus (vectored by aphids);

Rymovirus (vectored by mites); and Bymovirus (vectored by fungi); Ipomovirus (vpþred

by whitefly); Macluravirus (vectored by aphids); and Tritimovirus (vectored by mites) (van

Regenmortel et aI., 2000).

1,6 The genus Potyvirus

1.6.1 Morphology

The virions of the potyviruses are monopartite, flexuous filaments, containing no envelope,

with particle modal lengths of 650-900 nm and diameter of 11-15 nm (van Regenmortel ef

a1.,2000). Potyviral virions are composed of approximately 2,000 copies of a single

structural coat protein (CP) subunit (Mr 30-47K) ananged in a helical manner, with a pitch

of approximately 3.4 nm, around a single copy of viral RNA (Dougherty and Carrington,

1988; Matthews, 1982: Milne, 1988).

Potyviruses have a single molecule of plus sense single stranded RNA, 8.5-10 kb in size

(Mr 3.0x10u¡ lttollings and Brunt, 1981; Murphy et a1.,1995). A viral protein genome

(VPg) of approximately 24 kDa is covalently linked to the 5'terminus of the RNA genome

(Murphy et a1.,1990) and a polyadenylated tract of 20-160 adenosine residues is present at

the 3'terminus (Hari et al., 1979; Dougherty et a1.,1985). (Regenmortel et a1.,2000).

1.6.2 Cytopathology

Members of the potyvirus group share common morphological and cytopathological

features. All definitive and possible members of the potyvirus group induce the formation

of characteristic cylindrical inclusions in the cytoplasm of infected cells (Lesemann, 1988).

These inclusions are formed by a single virus encoded protein, known as the cylindrical

inclusion (CI) protein, which aggregate to form cytoplasmic pinwheel-shaped inclusion

bodies. Many potyviruses also induce cytoplasmic amorphous inclusion bodies, composed

of a single protein related to the HC-Pro. Some potyviruses form nuclear inclusions

composed of two virus encoded proteins, NIa and NIb, found in equimolar amounts in the

nucleoplasm of infected cells (Lesemann, 1988).
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1.6.3 Genome organísation

The potyviral RNA contains one long open reading frame (ORF) which is translated into a

large polyprotein, with an Mr of approximately 340-368K, that is subsequently cleaved into

at least eight functional proteins (Riechmann et a1.,1992).

The different gene products into which the potyviral polyprotein is cleaved are, proceeding

from the N-terminus to the C-terminus of the polyprotein: first protein/protease (P1); the

helper component/protease (HC-Pro); third protein (P3); a putative 6K peptide (6K1); the

cylindrical inclusion protein with RNA helicase activity (CI); a second 6K peptide ç6K2);

the nuclear inclusion "a" protein (NIa) composed of the VPg and a protease (Pro); the

nuclear inclusion "b" protein (NIb) with presumed RNA polymerase activity; and the coat

protein (CP) (Riechmann et a1.,1992), The generalized potyviral genome organisation is

shown in Figure 1.1.

5, NTR 6Kr 6K, 3, UTR

P1 CPNIa-Prol NIbvPeCIP3HC-Pro yA

(5' NTR) 5' non-translated region; (3' UTR) 3' untranslated region

Figure L.1: Potyvirus genome organisation (Riechmann et a1.,1992)

1.6,4 Gene functions

1.6.4.1 Proteases

Three virus-encoded proteases, P1 (Verchot et al.,l99l), HC-Pro (Carrington et a1.,1989),

and NIa (Ghabrial et al,I99O) have been identified. These proteases process the large

precursor viral polyprotein, both co- and post-translationally.

The P1 cleaves at its own C-terminus (Carrington et a1.,1990; Verchot et a1.,1991) and is

related to the serine proteases (Verchot et a1.,1991). Mutations debilitating the Pl

proteolytic activity of TEV render the virus non-viable (Verchot & Canington, 1995).

The HC-Pro protease, which closely resembles members of the cysteine-type family of

proteases, autocatalytically cleaves at its own C terminus (Carrington et a1.,1989).
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The NIa protease is required for proteolytic maturation of the majority of viral proteins

(Canington et a1.,1988; Canington and Dougherty 1987a; Canington and Dougherty

1987b; Garcia et a1.,1989; Hellmaîn et a1.,1988) and is related to the trypsinJike family

of cellular serine proteases (Gorbalenya et aL, 1989). This enzyme exhibits cis-preferential

proteolytic activity in vitro at several sites, including the CI|6K2,6K2lìrila and NIa/NIb

cleavage sites, and trans proteolytic activity at the P3/CI an¿ NÞ¡Cp protein sites.

Additionally, NIa catalyzes cleavage at an internal site between the VPg and Pro domains

(Dougherty and Parks, I99l). Processing at the NIa internal site is inefficient due to a

suboptimal cleavage site motif flanking the scissile bond. Internal cleavage site inactivating

mutations, as well as mutations resulting in accelerated internal cleavage, are amplification

debilitated (Carington et a1.,1993; Schaad et a1.,1996), suggesting that the slow

processing characteristic of the internal site is an important regulatory feature.

1.6.4.2 Genes involved in the replication module

A set of core replication proteins catalyses the essential enzymatic steps during RNA

synthesis. These proteins include the CI helicase, the NIa and the NIb RNA dependent

RNA polymerase (Reichmann et a1.,1992). The CI, NIa and NIb potyviral proteins show

homology with proteins considered to be involved in the replication and expression of

picorna-, nepo- and comovirus RNA (Domier et a1.,1981:' Goldbach and Wellink, 1988).

The N- terminus of the CI protein is proposed to contain a nucleotide-binding motif

(NTBM) with RNA dependent ATPase helicase activity (Robaglia et a1.,1989;

Gorbalenya and Koonin, 1989; Lain et a1.,1990). The NIb protein is a potyviral RNA-

dependent RNA polymerase containing conserved motifs, including the GDD motif,

characteristic of these enzymes (Domier et al., 1987; Robaglia et al., 1989;Poch et al.,

1989).

Potyviral replication proceeds by the copying of the plus strand to the complementary

minus strand intermediate, followed by plus strand synthesis. This occurs in the membrane

associated cytoplasmic fraction (Martin and Garcia,l99l; Schaad et a1.,1997a).

Cytoplasmic localisation of the replication machinery is thought to be achieved by

direction of a subset of the potyviral NIa proteolytic precursor (including the amino

terminal adjacent 6K2 hydrophobic protein) towards the endoplasmic reticulum rather than

the nucleus (Schaad et al.,l99la). The NIb is, in turn, postulated to be recruited to the

membrane fraction via interaction with the 6Kz-NIa complex. The TEV 6K2protein is
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proposed to function as an anchor to secure part or all of the TEV RNA replication

apparatus to membranous sites (Schaad et aI., 1997b). Replication of the minus strand is

initiated at the 3' poly-A tail of the plus sense genomic RNA. The presence of a poly-A tail

is essential for potyvirus replication (Tacahashi and Uyeda, 1999).

1,6.4.3 Possíble translatíon mechanism

Cellular mRNA molecules have a 5' cap and3'poly-A tail; the two termini function

synergistically to promote translation through protein-protein interactions. At the 5'end the

translation eukaryotic initiation factor (elFaE) which is a subunit of elF4F (containing

subunits eIF4E, eIF4G and eIF4A), binds to the cap structure. EIF(iso)4E has been shown

to have an important role in the regulation and initiation of translation of mRNA

(Browning,1996; McKendrick et a1.,1999). At the 3'end PABP (poly A binding protein)

binds to the poly-A tail. PABP then binds to elF4G resulting in a circular mRNA molecule.

By bringing the 5' and 3' ends close to each other, translation of full length message is

promoted (Gallie, 1998; Sachs et aI., L997).

Although not cappedrthe potyviral 5' NTR of TEV has been shown to confer synergistic

enhancement of translation when in combination with a poly-A tail (Carrington and Freed,

1990; Nicolaisen et a\.,1992; Basso et a1.,1994; Gallie et a1.,1995). There is also

evidence that the 5'NTR contains an internal ribosome entry site (IRES) (Basso et aI.,

1994; Levis & Astier-Manifacier, 1993).

The VPg of TuMV has been shown to interact with elF(iso)48 of Arabidopsis thaliana

(Wittmann et a1.,1997) as well as the eIF4E isomer of A. thqliana and eIF(iso)4E of

Triticum aestivum (wheat) (Leonard et a1.,2000). The TUMV VPg region comprising

amino acids 59 to 93 is necessary for its interaction with elF(ios)4B and substitution of an

aspartic acid residue found at position 77 abolishes the interaction (Leonard et al.,2O0O).

The VPg-eIF(iso)4E interaction has been shown to be critical in TuMV production

(Leonard et a1.,2000) and NIa-eIF4E interaction has a positive effect on TEV genome

amplification. (Schaad et aL, 2000).
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1.6.4.4 Roles of the VPg

The 5' end of the potyviral RNA does not have a cap structure (m7GpppN, where N is any

nucleotide) but is covalently tinked to a virus-encoded protein (VPg) via a tyrosine residue

(Murphy et aL,1991, Murphy et al., 1996). VPg has several suggested roles in the virus

life cycle. Interaction of the VPg with the NIb polymerase (Hong et aI., 1995;Li et aI.,

1997; Fellers et aL,1998) suggests a role in viral RNA synthesis. VPg also performs a yet

to be defined function in the nucleus (Canington et al.,l99l; Hajimorad et a1.,1996:,

Restrepo et a1.,1990), and mutations in the VPg domain result in the inhibition of nuclear

transport and debilitates viral genome amplification (Schaad et a1.,1996).

Additionally, VPg has been implicated in overcoming resistance in some plant cultivars:

(i) A domain of four amino acids (Cys 1928, Ser1929,Lys L932 and Ser 1933) within

the VPg protein of TVMV-S is responsible for overcoming va resistance in N.

tabacum TN 86 (Nicolas et a1.,1997).

(ii) A single amino acid substitution (Lys105 or Arg105 to Glu105) in the VPg domain

of PVY-T was shown to be responsible for overcoming resistance in N. tabacum

VAM (Masuta et a1.,1999).

(iiÐ Specific amino acid substitutions in the 6K2 protein (Met5 to Val5) and the VPg

(Vall16 to Metl16 and Leu185 to Ser185) of PVA-M permitted the virus to

overcome resistance in Nicandra physaloides var. Black Pod (Rajamäki and

Valkonen, 1999).

(iv) Chimeric pathotype P-llP-4 PSbMV was used to demonstrate that a genomic

segment which encodes the NIa and partial NIb was responsible for symptom

induction in P. sativuru (Johansen et aI.,I996a).It has since been shown that the

VPg alone of PSbMV NY pathotype P-4 is capable of overcoming sbm-L/sbm-l

resistance in P. sativum (Keller et a1.,1998).

1.6.4.5 Genes involved in cell to cell ønd long distance movement

Four viral proteins, Pl, CI, HC-Pro and CP are involved in either cell-to-cell or plant-to-

plant virus movement. The Pl protein has been proposed to have a function in cell-to-cell

movement based on sequence similarity of the TVMV Pl with the 30K movement protein

of Tobacco mosaic virus (TMV) (Domier et a1.,1987). CP is required for both cell

to cell and long distance movement (Dolja et a1.,1994; Dolja et a1.,1995). The core

domain of CP, which is essential for flexuous rod-shaped virion assembly, is necessary for
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cell to cell movement. The N- and C-terminal domains of CP, which are exposed on the

virion surface, are required for efficient long distance movement through phloem. Cell to

cell movement also requires the CI protein (Riechmann et al., 1992; Canington et aI,

1998). The HC-Pro and a particular CP amino acid triplet (DAG) are required for aphid

transmission of potyviruses (Thornbury et aI., 1985; Berger and Pirone, 1986; Aytreya et

al., 1992) and the HC-Pro is needed for systemic spread in plants (Klein et aL, 1994;

Cronin et a1.,1995).

1.6.4.6 Potyvíral CP

The primary function of CP is to encapsidate the viral RNA. The central and C-terminal

region of the CP are highly conserved within the potyviral group (Shukla et aI., 1988;

Timmerman et a1.,1990). The C-terminal region of the CP also shares sequence similarity

with other filamentous plant viruses, such as the potex-, carla-, clostero- and tobamoviruses

(Lain et ø1., 1988). The N- and C- terminal residues of the CP are positioned on the exterior

of the virion (Allison et al., 1985; Shukla et al., 1988) and may be cleaved in vivo (Hiebert

et al., 1984) as well as during storage of purified virus preparations (Hiebert et al., 1984;

Michelin-Lansarot et al.,l9l5). Such cleavage induces important differences in

serological properties (Hiebert and McDonald,1976), because the N- terminus constitutes

the major virus specific epitopes. Mild trypsin treatment removes the N- and C- terminal

segments, leaving a trypsin resistant core of about 24kDa. All potyviruses display

significant amino acid homology in the trypsin resistant core, but little sequence homology

in their N- and C- terminal segments (Shukla et a1.,1988; Murphy et aL,1995;

Timmerman et al., 1990).

1.6.5 Sequence variability among potyvíruses

Protein sequence alignment of polyproteins from different potyviruses shows that the Pl,

P3 and the N-terminal region of the CP are the most variable regions among the potyviral

polyproteins (Shukla et al.,l99L). CP sequence similarities vary between 38-7IVo for

distinct potyviruses and 90-99Vo between strains of a given virus (Shukla and 'Ward, 1988)

Sequences from the 3'-terminal region of the genomic RNA may be used to differentiate

between distinct viruses and virus strains (Shukla and Ward, 1988; Frenkel et a1.,1989).
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Pair-wise comparisons of the conserved core region of the CP amino acid sequences also

differentiated between distinct virus species and strains of a single virus (Ward and Shukla,

l99L). The complete nucleotide sequence of 23 potyviruses, one ipomovirus, one

rymovirus and two tritimoviruses have been determined to date (Table 1.3).

1.7 PSbMV

1.7.1 Physicochemícal propertíes

PSbMV is a plus sense RNA virus with filamentous particles 770 nm long and 12 nm in

diameter (Hampton et a1.,1974; Hampton and Mink, I975). PSbMV vints preparations

usually contain one sedimenting component with a sedimentation coefficient Szo* of 154

and a buoyant density in CsCl of 1.329 glcm3 (Huttinga, 1975). The 426672s0 of PSbMV is

I.l4-1.18 and the absorbance of purified virus preparations at260nm (1 mg/ml,lcm light

path) is 2.5. Virions contain 57o RNA by weight and are composed of single coat protein

subunits of Mr 34 kDa (Huttinga, 1975; Timmeûnan et a1.,1990).

1.7.2 Sequence information

The complete nucleic acid sequence of three PSbMV pathotypes isolate, DPDl pathotype

P-l (Johansen et aL,l99l) NY pathotype P-4 (Johansen e/ aI.,l996b) and Ll pathotype P-

2 (AJ252242 direct submission, 2000) have been determined. All other PSbMV sequence

information available from genome databases EMBL and GenBank are for segments of the

CP gene and CP and NIb genes.

The PSbMV DPD1 pathotype P-l genomic RNA Is 9923 nucleotides in length, excluding

the polyadenylated tail (Johansen et a1.,1991). The RNA contains an ORF of 9618

nucleotides with the potential to encode a polyprotein with a calculated Mr of 364 kDa.

The ORF is flanked by a 5'NTR sequence of 143 nucleotides and a 3'UTR of 163

nucleotides. The PSbMV NY pathotype P-4 genomic RNA is 9853 nucleotides in length,

excluding the 3'-terminal poly(A) tail (Johansen ¿/ aI.,l996b). The sequence contained a

large ORF starting at the first AUG (100-102) and terminating with a UUA stop (9697-

9699). The ORF encodes a putative polyprotein of 3199 amino acids with a calculated

molecular mass of 363 kDa, The PSbMV Ll pathotypeP-2 genomic RNA is 9905

nucleotides in length including the 5'NTR and poly(A) tail.

15



Table L.3: Full-length sequences in the Potyviridae.

93842000AF057533Sidney 8lWSMVWheat streak mosaic tritimovirus
96'72r 995248506BSIVBrome streak tritimovirus
95351991Y09854DanishRGMV
9542r 998AF0358 r 8AVRGMVRyegrass mosaic rymovlrus
9593l 998273124SPMMVSweet potato mild mottle ipomovirus
r08r8I 995L3 I 350CaliforniaZYl0,{V
96421995L29569Reunion IslandZYMV
96031997AFOI481lSinsaooreZYMYZucchini yellow mosaic virus
96081996u42596Ivory CoastYMVYam mosaic virus
94961996L38714Non-wiltinsTEV
949',71993i|lr5239TEV
94941986M11458HATTEVTobacco etch virus
95881992s42280G2SMVSovbean mosaic virus
97031993M95491HungarianPVY
97041989x12456NPVY
97011998x97895N (60s)PVY
97041994D00441NPVY
96981997u09509commonPVYPotato virus Y
9605t9994J131403TamMVPVA
95981999AIt3t402Y IU)PVA
9s9819994J131401AliPVA
9587t9994J131400HerPVA
9585t99522t670PVAPotato virus A
100861997u34972blotchPStV
100561996uo577tblotchPStVPeanut stripe virus
99052000¡^J252242LIPSbMV
9860t996x89997NYPSbMV
99241991D10930, D01152DPDlPSbMVPea seed borne mosaic virus
r03261998x67673HA (Hawaii)PRSV
103261992s46'722HawaiiPRSV
103261997x97251YK (Taiwan)PRSVPaoava rinssoot virus
97861993ÌM2280,X56759SK 68PPV
97871989xt6415DPPV
974tr989D1375t,D00424NATPPV
9786t994x81083SCPPV
9786t9994J243957M (PS)PPVPlum pox virus
9475t997u3862rSTVMV
94751987x04083TVMVTobacco vein mottline virus
9640t993it/496425CaliforniaPepMoVPepper mottle virus
95 151997AJ00l69lBulgarianMDMVMaize dwarf mosaic virus
100801997x97705ELMV
100801997x97704oLMVLettuce mosaic virus
108201996D86371SSPFMVSweet notato featherv mottle virus
98301992D10601, D01090TuMV
98341996D83184JaDaneseTuMVTurnio mosaic virus
95321996D83749MB4BYMV
95471996u47033SBYMVBean yellow mosaic virus
96121996u19287NL-3BCMVBean common mosaic virus
97091998AF023848MPeMoVPeanut mottle virus
9779t991226920JGMVJohnsonqrass mosaic virus
97601999A8027007mildJYMV
975''119994B016500Japanese yam IJYMVJaoanese vam mosaic virus
9584199848011819no. 30CIYVVClover yellow vein virus
9705t993A08776PVYPotato virus Y

Genome
length (bp)

YearGenBank
Accession no.

Strain/isolateAbbreviationPotyviridae
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The nucleotide and amino acid sequence identity of PSbMV DPD1 and NY werc SlVo and

887o respectively (Johansen et aL,1996b). The amino acid identity along the polyprotein

varied: 65Vo (Pl);927o (HC-Pro);827o (P3);98Vo (6Kr); 94Vo (CI); 89Vo (6K2):8IVo

(VPg); 957o (NIa-Pro);93Vo (NIb); 96Vo (CP) (Johansen et al., 1996b).

The PSbMV polyprotein has a high level of amino acid identity with other potyviruses,

except in the N-terminal region, which varies both in sequence and length (Johansen et al.,

1991). The variable region of the N-terminal region of PSbMV is between 93 and I42

amino acids longer than the conesponding regions of the other four potyviruses (Johansen

et a1.,1991).

The P3 protein of PSbMV showed only limited sequence similarity (26-28Eo) with the

corresponding proteins of other potyviruses (Johansen et aL, I99l).

The PSbMV CI protein showed 52-57Vo sequence similarity with the CI proteins of other

potyviruses. A possible nucleotide binding motif, (G/A)xxxxGK(SiT) (Gorbalenya et aI.,

1989), was also present in Clprotein of PSbMV (amino acid positions 1351 to 1359)

(Johansen et al., 1991).

The NIb protein of PSbMV showed a high degree of sequence similarity with the

corresponding proteins of other potyviruses (58Vo -63Vo). The GDD sequence motif found

in many replicase enzymes (Strauss and Strauss, 1988) was also present in the PSbMV NIb

protein, starting at amino acid position2744 (Johansen et aI., 1991).

PSbMV CP exhibits 43Vo-607o amino acid sequence idegtit¿with the CP of other

potyviruses (Johansen et aL,1991; Timmerrnan et a1.,1990). The CP of PSbMV DPDl

pathotype P-l (Johansen et al., I99l) and another PSbMV P-l isolate (Timmerman et al.,

1990) show 98% amino acid sequence similarity.

1.8 RNA virus evolution

Viruses containing RNA genomes constitute an extremely diverse group of pathogens. This

high degree of variability is the result of a combination of factors including: the

accumulation of mutations due to frequent errors in RNA synthesis (Domingo and Holland,

1994; Drake, 1993; Roossinck, 1997); RNA recombination (Simon and Burjarski, 1994;

?
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Lai,1995; V/hite and Morris,1995; Aranda et al.,1997); genome reassortment, gene

duplication, and de novo gene origin (Roossinck, 1997).

1.8.1 Mutatíon

Plant RNA viruses have a highly error prone replication mechanism, that result in

numerous mutations and a quasispecies nature (Roossinck, l99l). Quasispecies are a

population of viruses that share a common origin but which have distinct genomic

sequences as a result of mutation, drift and the impact of selection. A single virus isolate is

not a single sequence, but a swarm of mutant sequences that vary around a consensus

sequence. The consensus sequence can only be obtained by direct sequencing of viral

RNA.

1.8.2 Replication slippage

It has also been found that differences in length of the N-terminal portion of the CP of

different potyvirus species result from repetitions that are up to 17 amino acids in length

(Ward et aI., 1995). Such patterns of repetition suggest that replication slippage might be

involved in the evolution of genes encoding these proteins. Five of nine complete potyvirus

genomic sequences and L7 of 32 potyvirus CP genes were shown to have significant

sequence repetitions implicating replication slippage as a mode of virus evolution

(Hancock et a1.,1995).

1.8.3 Recombínatíon

Recombination between virus and host genetic material evidently occurs in plant viruses as

demonstrated by a luteovirus isolate with a S'-terminal sequence derived from a chloroplast

exon (Mayo and Jolly, 1991) and closteroviruses which have acquired host cellular protein-

coding genes (Dolja et al.,1994) which are non-essential for replication and virion

production (Paremyslov et a1.,1998). However, recombination has rarely been observed in

natural populations and has been reported for only a few viruses (Aranda et a1.,1997;

Fraile et a1.,1997; Garcia-Arenal et al.,1997).

Based on sequence analysis recombination has been proposed to occur among isolates of

various potyviruses (Pappu et aL,1994; Revers et a1.,1996; Bousalem et a1.,2000b).

Comparison between phylogenies reconstructed from different short regions of the
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genomes show incongruent topological positions for some PVY, BCMV, BYMV, ZYMY

and YMV isolates, suggesting the occurrence of recombination events during the evolution

of these potyviruses (Revers et a1.,1996; Bousalem et a1.,2000b). Complementary

statistical tests have highlighted the fact that recombination events contributed to the

evolution of these viruses. Unequal recombination within the genome is thought to have

contributed to the evolution of the CP of 'Dasheen mosaic virus (DMV) (Pappu et al.,

1994).

Apart from recombination being inferrecl from sequence analysis, a PPV recotnbinant has

been found in a natural population (Cervera et aL, 1993) and single and double

recombinants have been detected when squash plants were co-bombarded with mixtures of

engineered truncated constructs of ZYMV (Gal-On et a1.,1998).

I.9 Phylogenetics

The taxonomy within the Potyviridae was originally based on host range, symptomatology,

cross-protection, morphology of cytoplasmic inclusions and serology (Ward and Shukla,

L99I; Shukla et aI.,1994). This often led to conflicting or inconsistent taxonomic

classification of potyviruses. Phylogenetic analysis based on amino acid sequence

comparisons of the NIb and CP have helped establish new viruses as members of the

family Potyvirida¿, establish new genera within the Potyviridae and reclassify known

potyviruses (Hall et a1.,1998; Badge et aI., I99l;Drake et aI., 1998).

Within most virus genera different genes usually have the same phylogenies, indicating that

their evolution has been linked, that they have experienced the same speciation events and

have co-diverged (Gibbs et aI., 1997).In the case of the potyviruses phylogenetic trees

based on every cistron of the YMV potyvirus genome displayed a similar topology.

Phylogenetic analysis on six YMV isolates showed the same topology regardless of which

gene (Pl, HC-Pro, P3, NIb and partial CP region) was analysed (Aleman-Verdaguer et aI.,

1997). Comparisons of the nucleotide sequences of potyvirus genomes showed that the

degree of identity between equivalent genes of strains was greater than96Vo while between

distinct potyviruses the identity ranged from 42-657o suggesting that any extended

sequence could be considered representative of the whole genome (Frenkel et aI., 1992).
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Phylogenetic trees based on either 5' NTR or Pl sequences of PVY resulted in the same

clustering of the studied isolates into three groups (Tordo et aI., 1995). Phylogenetic

studies based on the CP and 3' UTR of PVY, however, have placed isolates into two

groups (Van der Vlugt et aI,1993). The similar phylogenetic trees obtained for the 5'NTR

and Pl region suggests that these two adjacent regions have evolved in a coordinate

manner. No correlation was observed between the CP and 3'UTR diversities and

phylogenties of 27 YMV isolates (Bousalem et al,2000b). Assessing phylogentic

relationships of potyviruses with the 3' UTR is not recommended, as there is a difference in

selection pressure between the coding and non-coding regions.

1.L0 Techniques for the detection of plant viruses

1.10.1 Serology

Several serological detection methods have been described for use in plant virus detection.

These include precipitin tests (Hamilton and Nichols, 1978; Walkey, 1985) and variants of

enzyme linked immunoassays including: ELISA (Clark and Adams,1977); single antibody

dot immunoassay (SADI) (Graddon and Randles, 1986); dot immunobinding assay (DIBA)

(Hibi and Saito, 1985; Ligat et aL,I99l): rapid immunofilter paper assay (RIPA) (Tsuda er

aL,1992); and tissue-blot immunoassays (Makkouk et aL,1993b).

1.10.2 Nucleic acid hybridisatíon

Nucleic acid hybridisation is a highly sensitive and specific procedure identifying RNA and

DNA viruses and plant viroids (Maule et a1.,1983; Owens and Diener, 1981). Nucleic

acid hybridisation has the advantage that once a diagnostic probe has been prepared to a

specific virus, the technique can be used to rapidly screen a large number of crude sap

samples. The limit of its sensitivity has been reported to be as low as 5-20 pg virus per

spot sample (Maule et a1.,1983).

V/hile there have been reports of cDNA hybridisation to successfully detect plant virus

strains, the use of probes synthesised by random priming has resulted in strong

hybridisation with heterologous viruses, including viruses from different groups (Koenig er

aI., 1988). Nucleotide sequence comparisons also revealed that some parts of the genome,

but not the 3'UTR, have local regions of high sequence identity and can lead to cross-

hybridisation between distinct potyviruses (Frenkel et a1.,1992). The 3UTR from a range
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of potyviruses that were strains of a virus showed sequence identity of 80Vo or more, while

distinct viruses showed less than 50% sequence identity (Frenkel et aL,1992). Nucleic

acid hybridisation with a complement of the 3'UTR of the potyvirus genome as the probe

has been shown to be a relatively simple means of distinguishing between distinct

potyviruses and their strains (Frenkel et a1.,1992).

Non-radioactive probes (biotin and Digoxigenin) are less sensitive than methods using 32P

labelled probes, and have been shown to cross react with mock inoculated plants giving

false positives (Borja and Ponz, 1992).

1.10.3 Polymerase chain reøction

The polymerase chain reaction (PCR) is a powerful technique used for the amplification of

specific nucleic acid sequences and is capable of enrichment by a factor of 106- 10e,

enabling the detection of a few target molecules (Saiki et a1.,1988). Several methods of

PCR have been outlined for use in plant pathology (Henson and French, 1993; Hadidi et

aI.,1995; Louws et al.,1999).

In the case of RNA genomes, reverse transcription is also combined with PCR. Reverse

transcription polymerase chain reaction (RT-PCR) from infected leaf tissues has been

reported to be more sensitive than ELISA in the detection of plant viruses (Vunsh et al.,

l99l; Borja and Ponz, 1992; Kohnen et al. 1992; Nolasco et a1.,1993; Bariana et a1.,1994;

Rosner, 1994; Palkovics et a1.,I994;Matthews ¿f aI.,I99l).

1.10,3.1 Tissue sample preparatíonfor RT-PCR

Plant tissues vary in the presence of inhibitory factors and the ease with which viral nucleic

acid can be released (Wang et a1.,1993; Thomson and Dietzgen, 1995).

The approaches adopted for sample preparation of infected plant material include

extraction of total plant nucleic acid, virus purification, or isolation of viral nucleic acids

(Kohnen et a1.,1992: Borja and Ponz, 1992; Peason et aI., L994). Total plant nucleic acid

extraction from infected plant material with guanidinium thiocyanate (Chirgwin et aI.,

1979; Chomczynski ¿f aI., 1987) has been reported to result in the failure of subsequent

PCR amplification (Kohnen et aL,1992). Protocols involving crude sap extracts have been
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described (Wety'el et al.,I99L). The simplest approach is to introduce the plant tissue

directly in to the PCR reaction mixture (Berthomieu and Meyer, 1991,). This method is

only likely to succeed in cases where the PCR can tolerate the presence of inhibitory plant

components that may be introduced. Procedural modifications to remove inhibitors from

samples to be tested by PCR have been reported (Levy et aI., 1994; Saiz et aI. 1994; Doyle

and Doyle, 1989).

1.10.3.2 RT-PCR ft.delíty

Both Reverse Transcriptase and Taq DNA polymerase have relatively high error rates, and

for Taq this is compounded by the multiple cycles of copying during PCR. The enor rate

for Taq ranges from0.2-2 x 10-a enors/bp (Lundberg et aI.,l99l Barnes, Igg2). The error

rates of the RNA d"p"nffitRNA polymerase of animal RNA viruses averaged about 10-a,

or one effor per 10 kb genome (Domingo and Holland, 1994).

Errors generated during PCR can be limited by minimising the number of PCR cycles,

avoiding nested PCR and optimising cycling parameters and conditions (Eckert and

Kunkel, 1990). Artifactual substitution occurring PCR can be reduced by using

polymerases wirh higher fideliry. P*"/å:'ìfrd:f,gf 10 fold increase in fidelity in DNA

synthesis compared to TaqDNA polyl"ru." (Annonymous, 1999a).

1.10.3.3 Internal controls for RT-PCR

The reverse transcription polymerase chain reaction (RT-PCR) is increasingly being used

for the detection of RNA viruses because of its high sensitivity and specificity. For

example, in plant virology new RT-PCR diagnostic methods have been recently described

(Raj e/ a1.,1998; Jacobi et a1.,1998; Grieco and Gallitelli, 1999;Eun et a1.,2000).

However, none of these methods describe the use of internal controls. This is important if
the RT-PCR assay is to be used as a routine diagnostic assay for indexing.

Previously described internal controls for plant virus PCR and RT-PCR have targeted

endogenously expressed genes. Thomson and Dietzgen (1995) used the primers of

Kolchinsky et aI., (1991) which target the spacer regions between multiple copy ribosomal

55 RNA genes as an internal amplification control in plant virus PCR detection. Genomic

DNA from each plant species produces one or more characteristic and reproducible

fragments.
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Primers to the 18S ribosomal gene have been used unsuccessfully as internal controls in

plant virus RT-PCR (Bariana et aI.,1994). The primer pair targeted to the ribosomal 18S

RNA in conjunction with the virus-specific primers resulted in numerous spurious bands in

uninfected samples. Other internal control primers targeting malate dehydrogenase (MDH)

and ribulose bisphosphate carboxylase oxygenase ßittcoL) mRNA also produce spurious 
I

bands when multiplexed with diagnostic primers (Nassuth et a1.,2000).

For medical cliagnostics with PCR and RT-PCR the issue of quality assurance has been

addressed. Several internal control methods have been developed including: co-

amplification with a second set of primers targeted to an endogenously expressed

"housekeeping" gene (Denis and Lustenberger, 1995); amplification with the same set of

primers targeting an exogenous internal control which has been structurally modified from

the target (Pallen et a1.,1992; Brightwell et aL,1998,); amplification with the same set of

primers targeting an exogenous internal control sequence which only has homology with

the target at the terminal primer recognition sites (Sachadyn and Kur, 1998); and

supplementing samples with a known amount of a control sequence prior to extraction

(Willhauck et al., 1998).

1.11 Potyvirus group specific RT-PCR

There are many published reports of the use of RT-PCR with degenerate primers that

produce specific DNA fragments from all species of a group, genus or even family of

viruses, including: potyviruses (Langeveld et a1.,1991, Colinet and Kummert, 1993,

Colinet et a1.,1993, Gibbs and Mackenzie,1997, Mackenzie et aI.,1998); carlaviruses

(Badge et a1.,1996); closteroviruses (Karasev et al.,1994,Tian et a1.,1996); tospoviruses

(Mumford et aL,1996); geminiviruses (Deng et aL,l994,Wyatt and Brown, 1996);

luteoviruses (Robertson et a1.,1991); and carmo-, diantho- and tombusvirus groups

(Morozov et aL,1995).

Potyvirus group-specific RT-PCR has also been described which target conserved regions

within the CP core domain and the NIb replicase proteins (Langeveld et aL, 1991). Two

sets of degenerate primers, U335/D335 and U1000/D10000 (Table 1.4), support potyvirus-

specific amplification, and do not amplify carlavirus or potexvirus RNA templates

(Langeveld et aL,l991). However, the Ul000/D1000 primers do not amplify all
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potyviruses tested (Langeveld et a1.,1991). The U335/D335 RT-PCR primers amplified

the expected 355 bp fragment from all potyviruses tested (Langeveld et aI.,I99l), however

these primers have also been reported to amplify host nucleic acids (Pearson et a1.,1994).

Redundant RT-PCR primers that are specific to members of the Potyvirida¿ have been

reported (Gibbs and Mackenzie,1997, Mackenzie et aI.1998). The degenerate Potyviridae

specific oligonucleotide primers (PVl and PV2, Table 1.4) amplify a L6-2.I kb fragment

from the 3' end of the Potyviridae genome, including part of the NIb, CP a,nd poly-A tail.

These primers have been successful in cletecting 18 species of the Potyvirfiuewhich'L
include species from the genus Poytyvirus, Rymovirus, Bymovirus,lpomovirus and

Macluravirøs (Gibbs and Mackenzie,I99J, Mackenzie et a1.,1998). Primer PVl is

targeted to the poly-A tail of the Potyviridae and primer PV2 is targeted to the conserved

GNNSGQP region found within the NIb gene of all members of the Potyviridae.

In addition to the 1.6-2.Ikb Potyviridae specific amplicon generated by PV1ÆV2, smaller

0.6-1 kb fragments are also produced (Gibbs and Mackenzie, L997, Mackenzie et al.,

1993). The I.6-2.1kb fragment from 4 Potyviridae have been sequenced and their identity

confirmed (Gibbs and Mackenzie,l99T). The smaller 0.6-1 kb fragments from five

potyviruses have also been sequenced and identified as a region between the NIb and the 5'

terminal part of the CP gene, which is A-rich (Gibbs and Mackenzie, 1997). By modifiying

the 5' ends of the PVl and PV2 primers, incorporating SP6 and T7 promotor sites and

using deoxyinosine at sites of 3 fold degeneracy, hence creating the PV1/SP6 and PV2I[7

primers (Appendix C), Mackenzie et aL (1998) have reported that only the full-length 1.6-

2.1 Potyviridae specific fragment is obtained.

1.12 RT-PCR for PSbI\4V detection

Immunocapture (IC)-PCR has been described for PSbMV detection using two different

primer pairs, DIID2 andFIlF2 (Table 1.4) targeting the 6Kz and NIø genes of PSbMV

(Phan et a1.,1997). RT-PCR primers DIIDZ amplify a654 bp product, while RT-PCR

primers FllF2 amplify a494 bp product (Phan et a1.,1997). Both the DllDz andFllF2

primer pairs amplify PSbMV from infected pea embryos and testas when virions are

immunocaptured with antiserum IgG 'H' (hyperimmune antisera to PSbMV antigen), but

only from embryos with antisera IgG 'K' (antisera to PSbMV coat protein) (Phan et aI.,

L991). However, primer pairFl/F2 do not amplify all PSbMV isolates tested (Phan et al.,
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1997).IC-PCR with primers D1/D2 andFI/F2 is not lÙOVo reproducible and

approximately 30 times less sensitive than DAS-ELISA for the detection of PSbMV in

seed (Phan et al., 1997).

PSbMV pathotype P-1 specific RT-PCR has been reported using two primers pairs

(Aopor/Cop¡1 ând Bnpor/Cop¡1, Table 1.4) targeting the NIa andNlb genes (Kohnen et aI.,

1992). Primers Aopor and Cppp1, amplify a 1200 bp product, while primers Bnpor and

Copor amplify a730 bp product from four PSbMV pathotype P-1 isolates but not from a

single PSbMV pathotype P-4 isolate (Kohnen et a1.,1992). Primer pair B¡pp¡/Copol

facilitated greater PCR-product amplification. A third primer pair Epror¡ /Floror) (Table

1.4), situated within the PSbMV CP gene, failed to amplify of the expected 576bp

sequence from PSbMV DPDl (Kohnen et aI.,1992).

PSbMV pathotype P-4 specific RT-PCR targeting the PL/HC-Pro genes has also been

described (Kohnen et a1.,1995). Primer A¡y and B¡y amplified a 850 bp product from

PSbMV NY pathotypeP-  but not from PSbMV DPD1 pathotype P-l (Kohnen et aI.,

1995). RT-PCR is25-250 fold more sensitive than ELISA in the detection of PSbMV

(Kohnen et a1.,1992, Kohnen et a1.,1995).

Significant PSbMV pathotype specific sequences have not yet been identified. Therefore,

the PSbMV primers which have been termed as PSbMV pathotype specific are only

PSbMV isolate specific. The PSbMV pathotype P-l specific RT-PCR primers (Kohnen er

a1.,1992) have only been shown to distinguish between four PSbMV pathotype P-1

isolates and one PSbMV pathotype P-4 isolate, while the PSbMV pathotype P-4 specific

RT-PCR primers have only distinguished between one PSbMV pathotype P-l isolate

(DPDI) and one PSbMV pathotype P-4 isolate (NY) (Kohîen et a1.,1995). The F1Æ2 IC-

PCR primers also reveal strain specificity in PSbMV detection, which is not observed with

DAS-ELISA (Phan et a1.,1997). Therefore,IC-PCR and RT-PCR are currently not

practical alternatives to ELISA in quality control of pea seed for PSbMV.

1.13 Current detection methods for PSbMV

Screening programs based primarily on symptomatology have not proven satisfactory in

detecting PSbMV infected plants both because certain pea cultivars used as indicators do

not show typical symptoms of PSbMV infection and because of the reported incidence of
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Table L.4: Potyvirus specific and PSbMV primer sequences reported.

Gibbs &
Mackenzie. 1997

Conserved GNNSGQP amino acid motif within
NIb of the Potvviridae

s, -GG(T/C/G)AA(CrD AA(C/T)AG
(C/DGG(G/T/A)CA(A/G)CC-3'

PY2

Gibbs &
Mackenzie, 1997

Poly-A tail of all Potyvirdiaes'-qeGGATegeGGG(T) | 7(A/G/C)-3'PVI

Phan et al.,1997Located within the VPg-NIa gene

complementary to nucleotide position 6395-
6413 of PSbMV (DPDI).

5' -CTTGAGTGCTGGCGTGGTT-3'F2

Phan et al., 199'7Located within the 6K2 corresponded to
nucleotide position 5916-5934 of PSbMV
(DPDI).

5' -GATTTCTTCGTTGTTTGTT-3'FI

Phan et al,, 1991Located within the NIa-Pro gene
complementary to nucleotide positions 6621-
6648 of PSbMV (DPDI) pathotype P- I and

6559-6586 of PSbMV (NY) pathotvpe P-4.

5'-GTCCTAGAGCTTGCGCAAT
(A/T)GGATTGTA-3'

D2

Phan et a1.,1997Located within the VPg-NIa gene corresponded
to nucleotide positions 5595-6028 of PSbMV
(DPDI) pathotype P-1 and 5933-5966 PSbMV
(NY) pahtotype P-4.

5' -GCTCTAGACTCGAGGGGAA
(A/G)TC(A/G)AAAGCTAAAC-3'

D1

Kohnenet al.,
1995

Located within the HC-Pro gene
complementary to nucleotide positions 1530-
1554 of PSbMV (NY) pathotype P-4.

5' -ATTCAAGTCCTGTATTTGCC
AGATGT-3'

B(Ny)

Kohnen et al,,
1995

Located within the Pl protease gene at

nucleotide positions 703-728 of PSbMV (NY)
oathotvoe P-4.

5' -TGCGTGAAGGTTAAACAAAA
CAGTAG-3'

At¡¡v)

Kohnen et al.,
1992

Located within the CP gene complementary to
nucleotide positions 9695-97 11 of PSbMV
(DPDI) pathotype P-1.

5' -CTTCTGCTGTGTGCCTC-3'Roporl

Kobnen et al.,
t992

Located within the CP gene at nucleotide
positions 9136-9152 of PSbMV (DPDI)
pathotype P- I .

5' -GCGGAGTGGCTATCAGC-3'Eopot)

Kohnen et al.,
1992

Located within the 5'region of the NIb (59K
replicase) gene complementary to nucleotide
positions 7379-7399 of PSbMV (DPDI)
oathotvoe P- I .

5' -TGTCCCGGGCAGCGGGCAAC
CACT-3'

Crppor)

Kohnen et al.,
1992

Located within the 5'region of the NIa-Pro
gene at nucleotide positions 6668-6692 of
PSbMV (DPDI) oathotvoe P-I.

5' -CGATTATGACCGATCAATCT
TTGGC-3'

B@pol)

Kohnen et al,,
1992

Located within the 5'region of the VPg-NIa
region at nucleotide positions 6185-6210 of
PSbMV (DPDI) oathotvoe P-l.

5' -TGTGCATGCTTTTGATCCAT
GTGAAT.3'

A(opor)

Langeveld et al.,
l99l

Conserved MVV/CIENG amino acid sequence
identified within the CP

5'.GTICC(A/G)TTITCIAT(A/G)CA
ccAIA(C/T)CAT-3'

D1000

Langeveld et al.,
1991

RNA-dependent RNA polymerase-related motif
TVVDNTLMV within NIb

5' -ACIGTIGTIGA(C/T)AA(C/T)
(A/DTI(C/DATGG-3'

u1000

Langeveld et al.,
1991

Conserved AHFQMKTA amino acid sequence
within the CP of nine potyviruses, Located at

amino acid residues 224-231 (nucleotide
positions 1195-1217\ of TBVJily

5'-GAGCTCGCNG(C/TXC/T)TI
CAT(CTT)TGN(A/GXA/CXA/GÆ)
(A/TXG/T)NGC-3'

D335

Langeveld et al.,
1991

Conserved MVWCIENG amino acid sequence
identihed within the CP of nine potyviruses.
Located at amino acid residues 124-131
(nucleotide positions 895-917) of TBV-lily

5'-GAATCATG(A/G)TNTGGTG
(crDAT(A/C)GANAA(C/T)GC-3'

u335
ReferenceLocation within senomeSequencePrimer

(N) A, C, T or G; (I) deoxyinosine. Restriction endonuclease sites are underlined
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symptomless infection in indicator plants (Maury et aI. 1987; Hampton,1972;Ding et aI.,

1992; Ligat and Randles, 1993).

Gel immunodiffusion can detect PSbMV infection when infected plant tissue is diluted 1:3

in healthy plant material. However, this method is not sensitive enough for detection of

low levels of PSbMV infection (Hamilton and Nichols, 1978).

Hamilton and Nichols (1978) developed an ELISA for bulk sample detection of PSbMV.

PSbMV could be detected in crude homogenates of artificial mixtures of infected and

healthy leaves containing S-lOVo infected leaves and in crude homogenate from seedlots

containing 257o infected seed. The inability to detect lower levels of PSbMV seed

infection by this method could be due to the relatively high A¿os (0.1-0.15) of healthy seed

homogenates when spectrophotometrically scanning ELISA samples (Hamilton and

Nichols, 1978). Purified PSbMV can be detected by ELISA at a concentration of 0.5 pg/mt

(HamiltonandNichols, 1978). Detectionof PSbMVinleaf andseedtissuebyELISAis

aided by the addition of cellulase or Triton X-100 in the extraction fluid at a concentration

of O.lVo (V/ang et aI., 1992).

The CP of PSbMV, analysed in mature pea seed, had a molecular weight of 33 kDa in

infected embryos and a molecular weight of only 29-27 kDa in seed testas (Masmoudi er

al., 1994b). Antisera specific to the deleted part of the CP protein enabled detection of

PSbMV in embryos only (Masmoudi et aL,I994b). Antisera raised to a26 kDa fragment

of PSbMV P1 protein was shown to be specific to PSbMV pathotype P-1 isolates but not

pathotype P-4 isolates (Albrechtsen & Borkhardt.,1994).

DIBA has a detection limit of 32 ng per 1 pl sample (Ligat et al.,I99l) and involves a

crucial blocking step with healthy sap and monosaccharides to eliminate non-specific

reaction due to lectins and host reacting antibodies. DIBA has advantages over ELISA in

that it can be performed in a short period of time, 3-5 hours, and is economical.

Potyvirus group-specific monoclonal antibodies, recognizing conserved epitopes in the coat

protein have been developed for the identification of uncharacterized potyviruses but is not

useful in detecting PSbMV specific infection (Jordan, 1989).
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Screening of pea germplasm for PSbMV is currently based on serological methods, such as

ELISA (Maury et al., 1987;Ding et aI., 1992; Hampton et al., 1993; Masmoudi et aI.,

1994a Masmoudi et aI.,l994b) and DIBA (Ligat et aL,1991).

1.14 Scope of this thesis

This thesis reports the collection and biological characterisation of PSbMV isolates from

southern Australia.

This thesis also reports the molecular characterisation of a range of Australian, Pakistani

and PSbMV pathotype P-1 and P-4 type isolates. RT-PCR and nucleic acid hybridisation

assays were developed to detect PSbMV. The HC-Pro and CI/6Kz/VPg genomic regions

of PSbMV were characterised by RFLP, sequence and phylogenetic analysis, allowing

grouping of isolates.

This thesis further reports the development of a sensitive and specific PSbMV RT-PCR

assay suitable for pea seed testing and the development of an exogenous internal RT-PCR

control, which in the duplex RT-PCR does not affect the sensitivity, or specificity of the

PSbMV assay. This method is suitable for pea seed batch testing and has potential as a

diagnostic assay.
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Chapter 2 Materials and Methods

2.1 Materials

2.1.1 Ptants and soít l, }'ffi:.'/-
All plants were grown under glasshouse conditions at2loc-25oC in pasteurizedQÇ,boil

(Plant Research Centre, SARDI, Australia) and fertilised fortnightly with Aquasol soluble

fertiliser (Hortico Pty Ltd, Australia). Table 2.1 shows the indicator and propagation plants

used.

Table 2.1: Sources of indicator and propagation plants used in this study

* WARI; Waite Agricultural Research Institute seed collection

# Yates; Arthur Yates & Co. Ltd., NSV/, Australia

2.1.2 Biochemícals and miscellaneous chemicals

The biochemicals and miscellaneous chemicals used in this study are listed in Appendix A

2,L3 Polyacrylamíde and agarose gels, bacteríal strains and media, and solutions and

buffers

Compositions and preparation of polyacrylamide and agarose gels, bacterial strains and

preparation of bacterial media, solutions and buffers are described in Appendix B.

2.1.4 Primers

WARIGlycine max
WARINicotiana clevelandii
V/ARINicotiana tabacum cv Samsun

V/ARICheno p odium amarantic olo r
WARIChenopodium quinoa
Yates #Phaseolus vulsaris cv Hawkesbury Wonder
V/ARI*Vicia faba

B. Badman, Yorke Peninsula, South AustraliaPisum sativum cv Dundale
Seed sourcePlant species

All oligonucleotide primers and their sources are listed in Appendix C
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2,2 Methods

2,2.1 Mecha.nícal inoculation

Inoculum was prepared by crushing fresh or dry infected leaf tissue in 50 mM sodium

borate buffer, pH 8.2. Plants were inoculated by rubbing inoculum onto all leaves of young

test plants (four-leaf stage) which had been lightly dusted with carborundum powder 400

mesh.

2.2.2 Calcìum chloríde method of preserving vírus ínfected tìssue

Virus infected leaf tissue was collected and cut into pieces with a sterile scalpel blade. Leaf

tissue was placed onto silica beads and desiccated in a vacuum chamber for 16 hrs at 4oC.

Dried leaf was stored over CaClz in a sealed McCartney bottle at 4oC for up to 6 months.

2.2.3 PShMV puriftcatíon

Approximately 150 Pisum sativum cv Dundale seedlings grown under continuous light and

constant temperature (20-25"C) were mechanically inoculated with PSbMV 10 days post

emergence. Infected plant material was harvested 3 weeks post-inoculation and used for

purification of virus particles by a modification of the method of Wang et ql. (1992). All

steps were done at 4oC unless otherwise stated. Infected plant material (200 gm) was

homogenised with 1 L extraction buffer (Appendix B). Homogenate was filtered through

cheesecloth and clarified with 2.5Vo Tritont X-100 for 20 min while stining. The sap was

centrifuged at 8000 g for 10 min and the supernatant mixed with 100 mM NaCl and 4Vo

(w/v) PEG eooo ând stirred for 45 min. Following centrifugation at 8000 g for 10 min the

pellet was resuspended in 50 mL BE buffer with stiningfor 45 min. Particulate material

was pelleted by low speed centrifugation at 8000 g for 10 min and the supernatant collected

and centrifuged through a 30Vo sucrose cushion at 85,600 g for 2 hrs at l0o C (TY 60Ti

Beckman, USA). The pellet was resuspended in 15 mL BE buffer and33%o w/v CszSO¿

added. An isopycnic gradient was formed by high-speed centrifugation at 137,000 g for 16

hrs (SV/ 65Ti Beckman, USA). The visible virus band was collected with a syringe and 18-

gauge needle. The virus was dialysed 3 times against BE buffer and pelleted by

ultracentrifugation at 85,600 g for 2 hrs (TLA 100.3 Beckman, USA). The pellet was

resuspended in 10 mM sodium borate buffer, pH 8.2.
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2.2.3.1 Calculation of vírus concentration

Virus concentration was determined by spectrophotometry (DU@-68 spectrophotometer

Beckman, USA) using the calculation:

c = Azdo x dilution factor mg/mL
lcm-O.l7o

F,zeo

For PSbMV Er6ot" 'o't'o=2.7.

2.2.3.2 Infectívíty test

Partially purified virus was tested for infectivity by mechanical inoculation onto pea

seedlings and observation of the development of systemic symptoms.

2.2.4 Total nucleíc øcid extractíon

2.2.4.1 CTAB method from leaf tissue

The CTAB method was modified from Doyle and Doyle (1989). Fresh leaf tissue (0.5 gm)

was crushed in 5 volumes of CTAB buffer containing 0.2Vo 2-mercaptoethanol and

incubated at 60oC for 30 min. An equal volume of chloroform:isoamyl alcohol (24:1) was

added and mixed, then centrifuged at 13,000 g (Hettich Mikrolitre centrifuge, Hettich,

Germany). The aqueous phase was collected and precipitated with 0.9 vol. isopropanol in

the presence of 0.3M sodium acetate,p[5.2, and incubated at -2OoC for 16 hrs. Total

nucleic acid was pelleted by centrifugation at 13,000 g for 30 min. The pellet was washed

with707o ethanol, dried in a SpeedVac (Selby Scientific Instruments, Australia), and
Y

resuspended in 20ÇpL sterile DEPC treated water.
4

2.2,4,2 CTAB methodfron, pea germplasm

Lots of 10 seeds were crushed in an ICARDA mill (Syria) and the seed coats removed in an

Aspirator (SK Engineering and Allied'Works, Bahraich, India). The individual seed lots

were ground into a course flour (Analysen Mühle, Janke and Kunkel IRA Labortechnik,

John Morris Scientific Pty. Ltd.) and 1 gm sub-samples were incubated in 10 mL CTAB

buffer containing 0.27o 2-mercaptoethanol at 60oC for 30 min in a plastic bag. Samples

were briefly crushed in the bag with a roller before transfer to a tube. An equal volume of

phenol:chloroform:isoamyl alcohol pH 6-7 (25:24:1) was added, samples were vortexed
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and centrifuged at 10,000 g for 10 min. The aqueous phase was extracted with one volume

of chloroform:isoamyl alcohol (24:l) and centrifuged at 10,000 g for 10 min. The

supernatant (1 mL) was taken and the nucleic acid was precipitated and resuspended as

above.

2.2.4.3 KlSDS method

Fresh leaf tissue (0.5 gm) was crushed in a plastic bag containing 1.5 mL IISDS solution

with a roller and 150 pL of 20 7o SDS added and left to stand for 15 min. One mL of slurry

was transferred into a 1.5 mL eppendorf tube and centrifuged at 10,000 g for 10 min at

room temperature.25O pL of 5 M potassium acetate was added and mixed thoroughly,

without resuspending the pellet, and incubated on ice for 30 min. Samples were gently

mixed and centrifuged at 10,000 g for 15 min. The supeÀatant was collected and 0.9 vol.

isopropanol added and incubated at -20oC for 16 hrs. Nucleic acids were pelleted by

centrifugation at 10,000 g for 10 min at room temperature and washed in 700 ¡tLl0%o

ethanol with gentle agitation for t hr. Pellets were resuspended in 150 pL sterile DEPC

treated HzO.

2.2.5 Agørose gel electrophoresís

DNA was electrophoretically separated on agarose gels (Appendix B) in a submarine gel

tank using 1 x TAE running buffer. Samples were loaded with 1 x gel loading buffer Itr
?)edt oorroe="cl

anþt5 V/bm.

2,2.6 Formaldehyde gel electrophoresis

RNA was electrophoretically separated on formaldehyde agarose gels according to the

method of Sambrook et aI. (1989). Agarose gel were prepared in 1 x formaldehyde gel

running buffer and2.2 M formaldehyde at 60oC in a fumehood. Gels were submerged in 1

x formaldehyde gel running buffer and pre-run at 5 V/cm for 5 min prior to loading

samples and then run at 3-4Ylcm.

2.2.6.1 RNA sample preparation

RNA samples in a final volume of 20 ¡tL were incubated in 0.5 x formaldehyde gel running

buffer, 2.2Mformaldehyde and 50Vo formamide at 65oC for 15 min then chilled on ice.
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Samples were mixed with I x formaldehyde gel-loading buffer and loaded onto pre-run

formaldehyde agarose gels.

2.2.6.2 Ethidium bromíde staíníng

Formaldehyde gels were stained in 0.5 ¡tgltnL EtBr in 0.1M ammonium acetate for 30-45

min. Gels were destained if required, visualized by UV excitation at254-302 nm and

photographed.

2.2.7 Dot Immunobínding Assay

2.2.7.1 Preparation of sa.mples

2.2.7.1J Seed

V/hole or dehusked pea seeds were ground in groups of 10 (Analysen mühle, Janke and

Kunkel IRA Labortechnik, John Monis Scientific Pty. Ltd.). The coarse pea flour was

incubated in 5 mL of 1 x PBS, pH 7 .4buffer at 4oC for 16 hrs. Samples were lightly

macerated with a roller before the extract was transferred to a 1.5 mL eppendorf tube.

2.2.7.1.2 Leaf

Leaf samples were collected and crushed in 1:1 (w:v) PBS, pH 7.4btfifer. Sap extracts

were transferred to 1.5 mL eppendorf tubes.

Both seed and sap extracts were centrifuged at 10,000 g for 2 minutes. One pL of the

resulting supernatant was spotted in duplicate onto nitrocellulose membrane (Schleicher &

Schuell, BA85/20, Germany).

2.2.7.2 Preparatíon of blockíng buffer

2.2.7.2.1\eed

Coarsely ground flour from seed of virus-free pea plants was added to 10 vol. 1 x PBS, pH

7.4 (w:v), shaken and left to stand for 16 hrs at 4oC. The solution was briefly macerated in

a blender and particulate material removed by centrifugation at 5,000 g for 5 min.
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2.2.7.2.2Leaf

Leaf tissue from healthy pea was crushed in 9 vol. I x PSB, p}l7 .4 (w:v) and centrifuged

at 10,000 g for 5 min.

Blocking buffer was used immediately or after storage at -ZO'C

2.2.7.3 Blockíng, incubation and development of nitrocellulose membrane

Nitrocellulose membranes (50 c-2¡ *er" incubated with gentle agitation for t hr in either

10 mL seed or leaf blocking buffer containing 0.5 M glucose and 0.5 M mannose. The type

of blocking buffer used depended on the type of samples being tested; seed blocking buffer

was used when testing seed and leaf blocking buffer was used when testing leaf tissue. All

incubation steps were done at 25oC unless otherwise stated. Blocking buffer was replaced

with 10 mL of PSbMV antibody solution (healthy blocking buffer containing 0.5 M

glucose, 0.5 M mannose and 1/1000 PSbMV antibody, Waite Agricultural Research

Institute antiserum collection) and incubated with gentle agitation for thr. PSbMV

antibody solutions were prepared t hr before use and left to stand until required. The

PSbMV antibody solution was removed and the membrane washed twice in wash buffer

AP, pH 7.5 for 5 min each, then twice in wash buffer AP, pH 9.5 for 2 minutes each. The

membrane was then incubated with gentle agitation for t hr in 10 mL BSA blocking buffer

containing 0.5 M glucose,0.5 M mannose and 1/2000 goat anti-rabbit conjugated alkaline

phosphatase antibody (Appendix A). The membrane was washed as before then incubated

in 10 mL substrate buffer at37oC in the dark for 3 minutes. The reaction was stopped by

transferring the membrane into stop buffer for 15 minutes.

2.2.8 Moleculørcloning

2.2,8.1 Preparation of competent cells

A single colony of DH5cr cells was grown in 10 mL LB for 16 hrs with shakin g at 37oC.

Two mL of the culture was added to 50 mL LB and grown for 2.5 hrs or until an OD at

Aooo of 0.6 was reached. Cells were pelleted by centrifugation at 4,000 g for 10 min at 8oC,

resuspended gently in 50 mL cold 0.1 M MgC12, then again pelleted by centrifugation.

Cells were resuspendedin25 mL cold 0.1 M CaCIz and incubated on ice for 25 min. Cells

were pelleted by centrifugation at 4,000 g for 10 min at 8oC and finally resuspended in 1.6
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mL cold 0.1 M CaClz containing I57o vlv glycerol. Competent cells were stored in 200 pL

aliquots at -80oC.

2.2.8.2 A-Tailing

Blunt ended PCR products generated by proof-reading Pwo DNA polymerase were A-

tailed to allow cloning into the pGEM@-T vector. {Vf tpurified PCR product was added

to 5 U Tø4 DNA polymerase (Promega), 2.5 mM MgCl2,0.2 mM dATP in 1 x Zaq DNA

polymerase reaction buffer (Promega) and incubated at 70oC for 30 min.

2.2.8.3 Lígatíon

Ligations were set up in a final volume of l0 pL containing 50 ng pGEM@-T vector

(Promega, Madison, WI), 3 pL A-tailed PCR product and 3 U (Weiss) T4 DNA ligase in

the manufacturers rapid ligation buffer. The ligation reaction was incubated at 4oC for 16

hrs.

2.2.8.4 Transþrmation of competent cells (heat shock method)

50 pL of thawed competent DH5cr cells was added to 2 ¡tL of ligation reaction mixture and

incubated on ice for 20 min. Cell were heat shocked at 42oC for 50 sec and immediately

returned to ice for 2 min. 950 pL of SOC medium was added to the transformed cells and

incubated shaking at37oC for 1.5 hrs. Cells were pelleted by centrifugation at 4,000 g for

l0 min and resuspended in 100 pL LB. 100 pL of cells were spread onto

LB/ampicillin/IPTc/X-Gal plates and incubated at37oC for 16 hrs.

2.2.9 Isolatíon of recombinant plasm¡d DNA

DH5o colonies containing recombinant plasmid were identified using blue/white colour

selection on LB/ampicillin/IPTG/)(-Gal plates. Single colonies containing recombinant

plasmids were used to inoculate 10 mL LB containing 50 ¡tglnl- ampicillin and grown with

shaking at37oC for 16 hrs. Plasmid was purified from 3 mL of overnight culture using the

JETquickrM plasmid miniprep spin kit (Astral Scientific, Australia).
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2.2.13.2 5' end tabelling of oligonucleotides wíth gammø-ttP ATP

End labelling was done in a reaction volume of 15 pL containing 125 pmol

oligonucleotide,2S ¡tCiy-32Y ATP, 5U T4 PNK and I x T4 PNK buffer (50 mM Tris-HCl,

pH 7 .5, 10 mM MgCl2, 5 mM DTT, 0.1 mM spermidine, 0.1 mM EDTA) and incubated at

37oC for t hr.

2.2.13.2.1 Puriftcatíon of oligonucleotídes by polyacrylamide gelfractionøtíon

To the 5'-end labelled oligonucleotide probe reaction mix an equal volume of formamide

loading dye (Appendix B) was added, heated at 80oC for 90 sec, then chilled on ice.

Samples were loaded onto a 400 x200 x 0.5 mm 20Vo denaturing polyacrylamide gel

(Appendix B) and electrophoresed in 1 x TBE at25 mA and 1200 V for 2.5 hrs.

2.2.13.2.2 Elution of labelled olìgonucleotídes from polyacrylamide gels

V/et polyacrylamide gels still attached to one glass plate were covered in GLAD@'Wrap

polyethylene film (GLAD Products, Australia) and exposed to autoradiographic film

(Eastman KODAK Company, Rochester, N.Y., USA) for 30 sec. Autoradiographic film

was developed (X-ray film developer CP1000 AGFA Gevaert, Germany) and the position

of full-length oligonucleotides in the gel identified, cut out with a scalpel blade and sliced

into small fragments. Gel slices were incubated in 800 pL 0.lmM EDTA for 16 hrs with

agitation at37oC. The solution containing the eluted probe was recovered and dried under

vacuum in a SpeedVac (Selby Scientific Instruments, Australia). Labelled probe was re-

dissolved in 200 pL SDDV/, precipitated with the addition of 20 pL 3 M sodium acetate

and 550 pL cold ethanol/acetone (1:1) and incubated for 16 hrs at -20oC. The labelled

oligonucleotide probe was pelleted by centrifugation at 13,000 g for 45 min and

resuspended in SDDW to equal2000 cps/pl.

2.2. 1 3. 2. 3 Re mov al of unin c o rp orat e d ra dio nucl e o ti.d e s

A sterile glass bead was placed inside a sterile 6" pasteur pipette (Chase instruments, Glens

Falls, NY, USA) and3/¿ filled with Sephadex@ G-25 medium (Pharmacia, Sweden) in TE

(Appendix B). The column was washed through with TE. The labelling reaction mix was

diluted to 400 pL with TE and loaded onto the column. The column was washed through

with 400 pL TE and fractions each collected in a separate eppendorf tube. This was

repeated until 10 fractions were collected. Radioactivity of fractions were measured using a
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hand held series 900 mini monitor (Mini Instruments Ltd., UK) and fractions

coffesponding to the second peak pooled.

2.2.14 Determínation of radioactivíty olttP labelled probes

The radioactivity of labelled probes were determined in a liquid scintillation system (LS

5000TD, Beckman, USA). Probes were added to hybridisation assay at 106 cpm/ml

hybridisation solution.

2.2. 1 5 D eoxyrib onucleic acid from hening testes

One gm DNA from hening testes type XIV (Sigma, USA) was dissolved in 100 mL 0.4 M

NaOH by stining for 16 hrs at RT. The DNA solution was boiled for 45 min, chilled on ice

and neutralised with acetic acid to pH 4.7. Particulate matter was removed by

centrifugation at 5,000 g for 10 min, and the DNA precipitated by addition of 2 vol. l00Vo

ethanol and incubated at -20oC for 16 hrs. DNA was pelleted by centrifugation at 8,000 g

for 30 min, the pellet was washed inTOVo ethanol and dried (SpeedVac Selby Scientific

Instruments, Australia). The pellet was resuspended in 50 mL TE, DNA concentration

determined using a DU@-68 spectrophotometer (Beckman, USA) and the final

concentration adjusted to 10 mg/ml. This single stranded sonicated herring testes DNA

was stored in 10 mL aliquots at -2OoC.

2.2.16 Nucleíc acid blotting protocols

2.2.16.1 Southern blottíng (DNA capíllary transfer)

DNA was transferred from agarose gels to nylon membranes by a modified method of

Southern (I975). DNA was denatured by incubating agarose gels in 0.5 M NaOH, I M

NaCl for 30 min, shaking gently at room temperature, and then neutralised in 1.5 M Tris-

HCl, pH 7.4,3 M NaCl for 30 min. Two 3 mm thick sponges (small pore size) were placed

onto each other inside a transfer container and filled to saturation with 10 x SSC buffer.

Five sheets of 'Whatman@ 3MM chromatography paper ('Whatman, England) and one sheet

of 7,eta-Prcbe@ blotting membrane (BIO-RAD Laboratories, USA) were cut to the

dimensions of the gel. The Zeta-Probe@ membrane was soaked in SDDV/ for 5 min. Three

sheets of pre-cut 'Whatman@ paper were placed onto the sponges, flooded with l0 x SSC

buffer, and the gel placed onto it. All bubbles were removed. A plastic template was

prepared from an A4 projection transparency (Audio Visual Importers, Australia) by

37



Chapter 2 Materials and Methods

cutting a hole slightly smaller than the dimensions of the gel. The template was placed over

the gel. The nylon membrane was placed onto the surface of the gel, followed by two layers

of pre-wet'Whatman@ paper, 10 cm of absorbent paper towel and a 500 gm weight.

Transfer proceeded for 4-16 hrs. Following transfer the membrane was rinsed in 2 x SSC

and blotted on filter paper.

2.2.16.2 Northern blotting (RNA capilløry transfer)

RNA from agarose gels was transfered to nylon membranes using the same method as for

DNA, however the gels were not denatured and neutralised prior to transfer.

2,2.17 Cross-linking nucleíc aci.ds to nylon mebrane

Nucleic acids were UV fixed to7-eta-Probe@ blotting membrane (BIO-RAD, USA) using a

GS Gene LinkerrM UV Chamber (BIO-RAD,USA) with an energy setting of 125 mJoules.

2.2. I 8 Hybrìdis atíon with radioløb elled prob e s

Dot blots and capillary blots on nylon membrane (Zeta-Probe) were pre-hybridised and

hybridised in 5 x SSPE, 2 x Denhardt's,2.5%o (v:v) SDS, 100 pglml- single stranded

sonicated hening sperm DNA, and50Vo (v:v) deionised formamide. Pre-hybridisation was

done for t hr at 42oC. Fresh hybridisation solution was added following pre-hybridisation.

Probes were denatured by heating at 95oC for 5 min, quenching on ice and added to the

hybridisation solution at 106 cpm/ml. Hybridisation was done for 16-24 hrs at 42"C.

Following hybridization, membranes were washed once in 3 x SSC, 2.5Vo SDS for 15 min

each at 37oC as low stringency followed by one wash in 0.5 x SSC, 2.57o SDS for 15 min

each at 37oC as high stringency. Filters were blotted on filter paper, wrapped in GLAD@

Wrap polyethylene film (GLAD Products, Australia) and exposed to autoradiographic film

(Eastman KODAK Company, USA) in an autoradiographic cassette with two intensifying

screens at -80oC. Autoradiographic film was developed as above.

2.2.19 Hybrídisation wíth DIG labelled oligonucleotide probes

2. 2. 1 9. I P r e -hy b rídis atio n and hy b ridis atio n

Pre-hybridisation and hybridisation of nylon membranes (Zeta-Probe@, BIO RAD, USA)

was done in 5 x SSC, 0.IVo (wlv) N-lauroylsarcosine, 0.O2Vo (v/v) SDS, 2Vo (v:v) blocking

reagent, and 50Vo (v:v) deionised formamide. Pre-hybridisation was done for t hr at 42oC.
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Fresh hybridisation solution was added following pre-hybridisation containing 10 pmol/ml

5' DIG labelled VT05 oligonucleotide primer (Appendix C) used as a probe. Hybridisation

was done at 42"C for l6-24hrs.

2.2.19.2 Washes

Following hybridisation, membranes were washed twice in 3 x SSC,2.5Vo SDS for 15 min

each at 37oC followed by two washes in 0.5 x SSC, 2.5% SDS for 15 min each.

2.2.19.3 Detectíon

Membranes were briefly rinsed in DIG washing buffer (Appendix B) and incubated for 30

min in DIG blocking solution (Appendix B). Membranes were incubated in 20 mL DIG

blocking solution containing 75 mU/mL anti-digoxigenin-AP-conjugated Fab fragment for

30 min. The antibody solution was removed and the membrane washed twice for 15 min

each in 100 mL DIG washing buffer (Appendix B). Membranes were equilibrated for 5

min in 20 mL DIG detection buffer (Appendix B) and incubated in I mL DIG detection

buffer containing 250 pM CSPD@ for 5 min in a sealed hybridisation bag. Excess solution

was removed by blotting membrane nucleic acid side up on'Whatman@ 3MM

chromatography paper ('Whatman, England), the damp membrane was sealed in a

hybridisation bag and incubated for 5-15 min at37oC. Membranes were exposed to X-ray

film (Eastman KODAK Company, Rochester, N.Y., USA) for 15-25 min at room

temperature and the film developed as above.

2.2.20 Sequencíng

PCR products and plasmids containing cloned inserts were sequenced with appropriate

primers using an automated sequencer at the Flinders University of South

Australia/Flinders Medical Centre DNA Sequencing Core Facility

2.2.20.1 Sequence analysís

Sequence data was analysed using the ABI automated DNA sequence viewer EditView

ABI PrismrM version 1.0 (Perkin-Elmer Corporation, USA) and edited using SeqEdrM

version 1.0.3 (Applied Biosytems Inc., USA). All sequencing results were confirmed by

comparing forward and reverse orientation sequencing runs.
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Chapter 3 Biological Characterisation of Australian PSbMV isolates

3.1 Introduction

PSbMV is a quarantinable pathogen within Australia. Its presence in Australia was first

reported in 1978 in imported pea germplasm from Sweden (Munro, 1978). Three

pathotypes of PSbMV (P-1, P-4 and L-1) have been characterised on the basis of their

ability to infect specific pea genotypes (Alconero et a1.,1986). A pathotype is defined as an

entity of a given virus that is controlled by a specific genetic factor in a given plant species

(Alconero et al., 1986). However a pathotype may include a range of variants differing in

virulence (Provvidenti and Alconero, 1988a). PSbMV pathotypes are serologically

indistinguishable (Alconero et aL,1986; Ligat et a1.,1991). The PSbMV pathotype L-1 has

also been referred to as pathotypeP-2 (Kasimor et a1.,1997).

Resistance to PSbMV in P. sativurø is based on four homozygous recessive genes: sbmI,

sbm2, sbm3 and sbm4 (Prowidenti, 1987; Provvidenti, 1990). Resistance to PSbMV

pathotypes P-l, P-4 andP-Z is pathotype specific (Alconero et a1.,1986). sbml, sbm3 and

sbm4 are located on chromosome 6 of P. sativum and confer resistance to PSbMV

pathotypes P-l,P-2 and P-4 respectively (Gritton and Hagedorn, 1975; Timmerman et aI.,

1993; Provvidenti and Alconero, 1988a; Provvidenti and Alconero, 1988b) . sbm2 is

located on chromosome 2 of P.sativum and confers resistance to PSbMV pathotype P-2

(Provvidenti and Alconero, 1988a). In addition to the three PSbMV pathotypes, P-l, P-4

andP-2, Khetarpal et al. (1990) have described two new pathotypes, Pi and Pv, which are

symptomless on peas carrying the homozygous sbml gene (PI 193586) but multiply at a

low level and can be detected by ELISA. Both PSbMV Pi and Pv strains multiply normally

on pea genotypes carrying homozygous sbm2, sbm3 and sbm4 on which they produced

well-marked symptoms. Two additional PSbMV pathotypes, U-l and U-2, originating from

PSbMV isolates collected in Pakistan have been proposed due to variations in infectivity

observed on PI 347329 and P I347422lines used by Alconero et al. (1986) for assigning

pathotype groups (Ali and Randles, L997).

A number of PSbMV isolates have been characterised using differential pea lines with a

major emphasis on symptomatology (Hampton et a1.,1981; Khetarpal et al., 1990; Ligat et

aL,l99l; Ali and Randles, 1997). For pea breeding purposes, isolates of PSbMV should

instead be classified on the basis of genes able to control them (pathotype groups). Much

work has been done on testing pea, faba bean, chickpea and lentil cultivars and plant
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introductions in an effort to identify PSbMV resistance (Hampton, 1980a; Hampton,

1980b; Alconero et a1.,1986; Provvidenti and Alconero, 1988c; Wang et a1.,1993;

Boulton et a1.,1996; Kasimor et aI.,1991; and Lebeda et aL,1999). The resistant material

identified would be a valuable resource for developing breeding programs for resistance to

PSbMV. However, many of these studies have only used a single isolate of PSbMV

representing only one of the three pathotypes in identifying resistance (Hampton, 1980a;

Hampton, 1980b;V/ang et a1.,1993; Boulton et a1.,1996; and Lebeda et a1.,1999). As

resistance to PSbMV is pathotype specific it is important to be able to classify PSbMV

isolates into pathotype groups.

It was an aim of this chapter to determine whether PSbMV is widespread in southern

Australia and try to characterise isolates biologically by placing them into the three

pathotype groups (P-1, P-4 andP-Z) using pea differential genotypes (Alconero et aI.,

1986).

3.2 Materials and Methods

3.2,1 Collectíon of Australian PSbMV isolates

Australian PSbMV isolates were collected from pea breeders' germplasm, both pea and

faba bean field trial material and commercially available pea cultivars. These PSbMV

isolates were collected from'Western Australia, South Australia and Victoria during 1995-

1998 (Table 3.1).

3.2.2 Survey of Yorke Peninsulø regíon for legume ínfecting viruses

In 1995, pea crops in eight paddocks in the vicinity of Kulpara, Paskeville, Kadina and

Alford on the Yorke Peninsula, South Australia were surveyed for the potyviruses PSbMV,

BYMV and CIYVV.

3.2.2.1 Collection of samples.

Each of the eight paddocks was surveyed twice. The first survey was done in late June

(1995), two to three weeks after emergence of the pea crop and the second survey was done

in early September (1995) at the time of flowering. Leaf samples from the tips of plants

were collected from single plants selected every l0 m in a linear transect across the
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Table 3.1,: Source of studied PSbMV isolates

o Oregon State University, Corvallis

b Department of Agriculture, South Australia

t Pea, unless otherwise indicated

1998SAseedbreeder's lineleafless

r991SAseedbreeder's lineP503-4-2

r991SAseedbreeder's lineP515-l-1
1991SAseedbreeder's lineM257-7-3
r997WA - PerthleafFaba beanFFD

t996SA - Turretfieldseedbreeder's lineN 20-5

t996Vic - Horshamseedbreeder's lineVIDA
r995SA - Strathalbynleaffield trial43(r)
I 995SA - Strathalbynleafcommercia[ cultivar2t(r)
r 995SA - Strathalbynleaffield trial19(1)

l 995SA - Strathalbynleaffield trial26(6)

t995SA - Strathalbynleaffield trial23(r)
r995SAseedbreeder's line190)
r995SAseedbreeder's line3(6)

1995SAseedbreeder's line2(s)

r995SAleafcommercial cultivarUK4
t992SAvirus cultureD Cartwright b

S4

t992SAvirus cultureD Cartwright b
56 pathotypeP-4

r992USAvirus cultureR O Hampton aUS pathotype P-l

Year
isolated

Geographic
region

TissueSource'PSbMV Isolate
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paddock (Barnett, 1986). Samples were placed in l0 * 15É- plastic bags and stored on ice,^
for transportation to the laboratory. Samples were assayed by DIBA (section 2.2.1).

3.2.3 Local lesíon isolates of PShMV

PSbMV inoculum was used to mechanically inoculate leaves of Chenopodium quinoa or C,

amaranticolor (section 2.2.I). Single local lesions were isolated using a sterile 4 mm disk

cutter. Individual leaf disks were placed in a 1.5 nìl eppendorf tube and crushed in 200 ¡rL

of 50 mM sodium borate buffer pH 8.1. Serial passage of single local lesions on C. quinoa

or C. qmaranticolor was done three times for each PSbMV isolate before inoculation onto

the systemic host P. sativum cv. Dundale.

3.2.4 Maíntenance of PShMV cultures

All PSbMV isolates were maintained by mechanical passage (section 2.2.I) to P. sativum

cv Dundale every six to eight weeks and maintained in a glasshouse (21-24oC).

3.2.5 Source of pea dffirentials

The seven pea differentials, their sources and susceptibility to PSbMV pathotypes P-1, P-4

andP-Z are shown in Table 3.2

3.2.6 Biological pathotyping

Two to five seedlings of each of the seven pea differential genotypes (PI I743I9,PI

193586, PI 193835, PI 193836, PI269774,P[347329,PI347422) were mechanically

inoculated at the four leaf stage (section2.2.l) with each of the 15 Australian PSbMV and

two PSbMV type isolates (US pathotype P-1 and 56 pathotype P-4).

3.2.7 Determínatíon of ínfectíon on pea dffirentials

Infection of PSbMV isolates on the seven pea differentials was determined by three

different methods.

3.2.7.1 Symptomatology

Inoculated plants were observed for the development of symptoms at two and four weeks

post-inoculation and the symptoms recorded.
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Table 3.2zPea differentials and their susceptibility to PSbMV pathotypes P-1, P-4 and

P-2. (Alconero et al.,1987 and Provvidenti and Alconero, 1988c)

R = resistant, S = susceptible

A 
= Seed held within the Department of Applied and Molecular Ecology, University of

Adelaide and multiplied by M. Ali (SARDI) in 1996. J. Fletcher (Crop and Food

Research, Christchurch, New Zealand) originally supplied seed in 1995.

F 
= Seed re-imported from J. Fletcher in 1997

# 
= Reported or found to contain some susceptible plants. Due to the heterozygosity of

many PI seed lots, lines reported to be fully resistant may also include some susceptible

plants (Provvidenti and Alconero, 1988c)

x = Seedline contained some susceptible plants (Hagedorn and Gritton, l9l3)

RRSPr347422 ^e'
RRSPr347329 ^*'
RSRPr269774 ^
SSR #PI 193836'
RRR**PI 193g35 A&ts
RRRxPI 193586 A

S (stunting)S (moderate)S (necrosis)PII743I9 ^
Pathotype P-2Pathotype P-4PathotYpe P-1,Pea differential
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3.2.7.2 DIBA

Individual plants were tested twice by DIBA (section 2.2.7) at2-3 weeks post-inoculation

and again one week later.

3.2.7.3 Nucleíc acíd. hybrìdísatíon

Nucleic acid was extracted from individual plants at three weeks post-inoculation using the

CTAB (section 2.2.4.1) and IISDS (section 2.2.4.3) methods and spotted ontoZetaprobe

rM nylon membrane (Bio-Rad) and probed with 5'labelled VT02 oligonucleotide probe

(2.2.13.2). The hybridisation and washing conditions were as described (section 2.2.18).

3.3 Results

3.3.1 Sources of Australian PSbMV ísolntes

Table 3.1 shows the sources of all Australian PSbMV isolates collected between 1995-

1998. Fourteen PSbMV isolates were collected within South Australia: 2 from leaf samples

of commercially available pea cultivars; 8 from pea breeders' seed; and 4 from pea field

trial leaf samples. One PSbMV isolate came from Victoria from pea breeder's seed and one

PSbMV isolate came from Western Australian from a faba bean leaf sample.

3.3.2 Pea crops on Yorke Peninsula Survey

The survey of the eight pea crops in the vicinity of Kulpara, Paskeville, Kadina and Alford

(Figure 3.1) showed that three cultivars of P. sativum were grown (cvs Dundale, Early Dun

and Alma). Farmers grew and maintained their own seed. Pea crops were grown in a three

or five year rotation cycle with cereal crops such as wheat and barley. No colonisation of

crops by aphids was noted in the 1995 growing season.

3.3.2.1 Incìdences of viruses

Table 3.3 shows the results of the first and second field surveys. PSbMV infection was not

detected by DIBA in the eight properties surveyed on the Yorke Peninsula in the 1995

growing season. BYMV was also not detected, however, CIYVV infection was detected in

two pea crops in the first survey at a level of 0.3Vo.
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Table 3.3: Survey of pea crops on Yorke Peninsula for PSbMV, CIYW and BYMV

TOTAL

Property H:
Trevor Pridham

Property G:
Jeff Ayles

Property F:

Jeff Ayles

Property E:
Jeff Millard

Property D:
Paul Rowan

Property C:
Barrv Rodda

Property B:
David & Tony Sluggett

Property A:
David & Tony Sluggett

Yorke Peninsula

properties

Alma

Early Dun

Early Dun

Early Dun

Dundale

Early Dun

Early Dun

Early Dun

Pea cultivar
grown

r99

48

67

2 1

1 8

11

7

11

1 6

no.
samples

First Survey (June 1995)

0

0

0

0

0

0

0

0

0

DIBA
PSbMV CIYVV BYMV

2

0

0

0

1

1

0

0

0

0

0

0

0

0

0

0

0

0

403

39

54

45

50

56

5 1

5 i

5l

no.
samples

Second Survey (September 1995)

0

0

0

0

0

0

0

0

0

DIBA
PSbMV C1WV BYMV

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
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3.3.3 Dffirential reactíons of PShMV ísolates on C.quínoa

C. quinoaand C. a.maranticolor inoctlated wiù ail PSbMV isolates developed chlorotic or

necrotic local lesions on inoculated leaves (nigure 3.2a).However, two isolates, 56 and 54,

also showed a systemic reaction on C. quinoø producing vein chlorosis and leaf distortion

and chlorotic local lesions on uninoculated leaves (Figure 3.2b).

3.3.4 Variation in symptoms induced on pea d.ffirentinl genotypes by the Australìan

PSbMV isolates

Table 3.4 shows the range of symptoms induced by 15 Australian PSbMV isolates and2

PSbMV type isolates (US pathotype P-1 and 56 pathotype P-4) on 7 pea differential

genotype lines. Pea differentials PI 174319 and PI 193836 were susceptible to all PSbMV

isolates tested but varied in the symptoms induced by different PSbMV isolates. The

greatest range of symptom variation was observed on PI174319, where symptoms induced

by individual PSbMV isolates ranged from a mild leaf roll to whole plant necrosis.

Two of the PSbMV isolates, 2(5) and 43(l), showed symptom variability within the PI

l74319line with some plants showing whole plant necrosis and others leaf rolling.

All other PSbMV isolates expressed identical symptoms within the group of test plants for

each pea differential. PI 193586 and PI 193835 were immune to all PSbMV isolates tested.

All plants within the PI269774 tested group appeared either completely symptomless or

symptomatic to the tested PSbMV isolates, except PSbMV isolates 2(5),M251-7-3,19(I)

and P503-4-2, which exhibited both symptomless and symptomatic plants within the test

group. PI347329 and PI 347422 were the most variable in their response to the PSbMV

isolates within test groups, showing both symptomless and symptomatic plants,

Figure 3.3 shows symptom variability among PSbMV isolates on P. sativum cv Dundale.

Symptoms observed varied from vein clearing and mild mosaic to leaf curling, distortion

and severe mosaic.

3.3.5 Comparíson of symptomatology wíth DIBAfor detecting infection

DIBA detected more PSbMV infected plants than symptomatology alone (Table3.5).89Vo

of DIBA positive plants were symptomatic. All symptomatic plants were DIBA positive.
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A

Figure 3.2: Symptoms induced by PSbMV on C. quinoa.

(A) C quinoa inoculated with PSbMV US. (B) C.

(I) Inoculated leaf; (U) Uninoculated leaf.

B

n"lú""inoculated with PSbMV 56. I
i



Table 3.4: Symptoms observed on various pea differentials inoculated with various PSbMV isolates.

LR (severe leafroll); lr (mild leafroll); M (severe mosaic); m (mild mosaic); VC (vein clearing); N (whole plant necrosis); - (symptomless); s (stunting)

The numbers in parenthesis indicated the proportion of plants within the test group displaying the observed symptoms.
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Figure 3.3: Variation in symptoms induced by a range of PSbMV isolates on

P.sativum cv Dundale.

(A) Healtþ pea; (B) PSbMV 23(I); (C) PSbMV FFD; (D) PSbMV le(l);

(E) PSbMV uS; (F) PSbMV zt(t); (c) PSbMV 56



Table 3.5: Comparison of detecting PSbMV infection by symptomatology and DIBA

X : each X represents a separate pea plant inoculated with PSbMV

l: u symptomatic plant (refer to Table 3.4)

: plant pSbMV positive by DIBA (Figure 3.4A shows examples of DIBA results obtained for some samples used in the tabulation of this table.)

N/A = not applicable as reactions of listed PSbMV isolates were not tested on indicated pea differentials.

Pathotype
l¡ke Eroup

Pl347422

P1347329

Pt 269774

Pt 193836

Pt 193835

Pt 193586

Pl l7¡+:ll9

Pea
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P-l

xxxx
xxxx

xxxx
xxxx

xxxx
xxxx

xx
xx
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xxxxx
xxxxx

xxxxx
xxxxx

xxx
xxx

s6

?
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PSbMV M257-7-3,43(l) and FFD caused rapid whole plant necrosis on PI 174319 (Table

3.4), therefore DIBA could not be used to accurately assay these plants.

3.3.6 Comparison of DIBA with nucleic acid hybrídisationfor detecting infection

Figure 3.4 shows a direct comparison of PSbMV inoculated pea differentials assayed by

DIBA and nucleic acid hybridisation. Table 3.6 is an interpretation of data presented in

Figure 3.4. The same results were generally obtained using each of the three assay

methods. A PSbMV positive was scored when two out of three assays gave apositive

reaction. The level of sensitivity of DIBA and nucleic acid hybridisation with radiolabelled

VT02 was similar. DIBA signal strengths varied from strong to weak (Figure 3.4). Plants

showing a strong PSbMV positive signal by DIBA also showed a strong nucleic acid

hybridisation signal and weak positives by DIBA were also weak by hybridisation.

PI174319 plants inoculated with PSbMV isolates 2(5),M257-l-3,43(I),21(I),19(7),

UK4 and FFD gave weak positive or no signal by DIBA and hybridisation. These PSbMV

isolates were observed to cause whole plant necrosis on PI I14319 (Table 3.4), therefore

DIBA and nucleic acid hybridisation could not be used to accurately assay these plants.

Weak hybridisation signals were observed to PSbMV isolates 2(5),23(l), 19(1) and P503-

4-2, although strong DIBA positives were observed to the same PSbMV isolates.

3.3.7 Placíng Australian PShMV ísolates into potentinl bíologícal pathotype groups

The results of challenging the seven pea differentials with 15 Australian and two PSbMV

type isolates (Table 3.5) were used to place the PSbMV isolates into pathotype groups as

described (Table 3.2).H ll43l9, PI 193586, PI 193835 and PI 269774 were the only pea

differentials out of the seven tested which reacted in the way summarised (Table 3.2) to

type isolates PSbMV US (pathotype P-l) and PSbMV 5-6 (pathotype P-4). Therefore, only

these pea differentials were considered when placing PSbMV isolates into pathotype like

groups (Table 3.5).

The PI 193836, PI347329 and PI 347422 did not behave as predicted (Table 3.2) to the

PSbMV type isolates (US pathotype P-l and 56 pathotype P-4) and therefore were not used

in establishing PSbMV pathotype grouping of tested PSbMV isolates.
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Figure 3.4: Testing infectivity of PSbMV isolates on pea differentials.

All samples were tested in duplicate. (A) DIBA on pea extracts. (B) Nucleic acid

hybridisation with radiolabelled VT02 oligonucleotide primer on total nucleic acid

extracted by the CTAB method. (C) Nucleic acid hybridisation with radiolabelled VT02

oligonucleotide on total nucleic acid extracted by the IISDS method. (a) Represents

each pea differential plant tested. (b) Represents the same plant with a different loading

order between the DIBA and hybridisation membranes. All other samples were loaded

in the same order on all three membranes.
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Table 3.6: Direct comparison of DIBA and hybridisation methods for determining PSbMV infection

X : individual pea plants inoculated with PSbMV

: PSbMV positive plants by DIBA

: PSbMV positive plants by nucleic acid hybridisation method (CTAB extraction)

X: PSbMV positive plants by nucleic acid hybridisation method (K/SDS extraction)

The results of DIBA and nucleic acid hybridisation are shown in Figure 3.4.
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Chapter 3 Biological Characterisation of Australian PSbMV isolates

PI 193836 was completely susceptible to all PSbMV isolates including the pathotype P-l

and P-4 type isolates.PI347329 was completely resistant to PSbMV 56, VIDA, UK4, FFD,

54 and P515-1-1 (Table 3.5). No complete susceptibility was observed in this pea line to any

other tested PSbMV isolates.

PI347422 was completely resistant to PSbMV US, P503-4-2, FFD and P515-1-1.

Complete susceptibility in this pea differential was only observed to M257-7-3 and 21(1).

PSbMV 2(5) and 43(l) were not assigned potential pathotype groups as they both showed

symptom variability within the PI 114319 test group and the PI269774 test group showed

a mixture of symptomless and symptomatic plants not observed for any of the other 15

PSbMV isolates.

3.4 Discussion

The limited field survey of eight pea growing properties on the Yorke Peninsula failed to

detect PSbMV or BYMV in field samples in the 1995 growing season, although CIYVV

was detectable in two crops at an overall level of 0.3Vo. However, between 1995-1998

fifteen PSbMV isolates were collected from field samples of pea and faba bean, pea

breeders' germplasm and commercially available pea cultivars from South Australia,

Victoria and'Western Australia. This is the first report of the widespread distribution of

PSbMV in South Australian pea crops and confirms that it is present in other states of

Australia.

The 15 Australian PSbMV isolates are biologically distinct as observed by the range of

symptoms induced on several pea differentials. PSbMV 2(5) and 43(l) showed varied

reactions on PI 174319 suggesting that they may consist of a mixture of isolates

representing several pathotypes. Most PSbMV isolates were observed to produce chlorotic

or necrotic local lesions on C. quinoa and C. amaranticolor inoculated leaves only.

PSbMV isolates 56 and 54 were also observed to produce vein yellowing, leaf distortion

and chlorotic local lesions on uninoculated leaves. Systemic infection of certain PSbMV

isolates, including PSbMV 56, on selected C. quinoa genotypes has been previously noted

(Johansen et al.,I996b; Andersen and Johansen, 1998).
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Chapter 3 Biological Characterisation of Australian PSbMV isolates

Serologically the Australian PSbMV isolates were indistinguishable when using the

PSbMV US polyclonal antiserum. Although the VT02 oligonucleotide probe did detect all

Australian PSbMV isolates it did show variability in strength of hybridisation signal

between PSbMV isolates. Therefore, DIBA is a reliable and rapid method of PSbMV

detection in leaf tissue.

In this study biological pathotyping of PSbMV isolates using select pea differentials was

not reliable because the pattern of susceptibility did not match the published reactions for

PI 193836, PI347329 and PI 347422 to the PSbMV pathotype P-l and P-4 type isolates

used (Table 3.2). Therefore the reactions on PI Ll43I9, PI 193586, PI 193835 and PI

269774 were only considered in assigning PSbMV isolates to tentative pathotype P-l and

P-4like groups. Using these pea differentials alone it is not possible to distinguish PSbMV

pathotype P-l from P-2 (Table 3.2). Moreover, a PSbMV pathotype P-2 type isolate was

not available for this study and the possibility exists that isolates grouped in pathotype P-1

may repres ent P -2 pathotypes.

PI 19383ó was susceptible to all 17 PSbMV isolates tested (Table 3.5). Provvidenti and

Alconero (1988c) reported that PI 193836 was resistant to pathotype P-1, but susceptible to

pathotypes P-4 and P-2 (Table 3.2). However, they also reported that PI 193836 contained

some susceptible plants. This could explain why PI 193836 was not resistant to our

PSbMV US pathotype P-1.If inadvertently some heterozygous PI 193836 susceptible

plants were used for the multiplication of the seed lot then there would be a selection

pressure towards the reduction of resistant genotypes/phenotypes. Dr Elizabeth Johansen

(Danish Institute of Agricultural Sciences, Frederiksberg, Denmark) was also supplied with

PI 193836 by John Fletcher and failed to find resistance in this line (personal

communication).

PI347329 and PI 347422 are reported to be completely resistant to pathotypes P-2 and P-4,

and susceptible to pathotype P-1 (Alconero et aI.,1986: Provvidenti and Alconero, 1988c).

In this study PI347329 and PI 341422 only showed complete resistance to PSbMV FFD

and P515-1-1, while no complete susceptibility was observed to any of the PSbMV isolates

on both pea differential genotypes.
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Chapter 3 Biological Characterisation of Australian PSbMV isolates

The pathotyping experiments were repeated twice. The unexpected reaction of the PSbMV

isolates on PI 347 432 and PI 347 422 multiplied by Mushraf Ali from seed held within the

Department of Applied and Molecular Ecology waranted the reimportation of these pea

differentials from John Fletcher in 1997. However, the PI 347432 and PI 347422

germplasm also appeared not to be true to type. Dr E Johansen (personal communication)

also observed deviations from the published reactions (Alconero et a1.,1986) when using

the PI 347432 and PI 347422 pea differentials (supplied by J. Fletcher) to pathotype

PSbMV isolates.

Provvidenti and Alconero (1988c) reported that of 40 plant introductions of Pisum sativum

found to be resistant to PSbMV, 29 lines were resistant to all three pathotypes (P-l,P-2

and P-4). However, they also reported that in 14lines for which resistance was shown to

one or all of the pathotypes, some susceptible plants had also been found. This is believed

to be due to heterogeneity in many PI seed lots. Occasional susceptible plants have been

reported in the fully PSbMV resistant lines P193835 and PI 193586 (Hagedorn and Gritton,

1973). Timmerman et aI. (1993) reported a difference in susceptibility of PI 193835 to

PSbMV pathotype P-l in seed obtained from USDA-PGRU, Pullman'Washington and

USDA-PGRU, maintained in the DSIR Crop Research collection, Christchurch, New

Zealand. They also reported that PI347464 was resistant to PSbMV pathotype P-1,

whereas Provvidenti and Alconero (1988c) had reported this line to be susceptible to

PSbMV pathotype P-1. Ali and Randles (1997) have tentatively reported two new

pathotypes, U-1 and U-2, based on the deviation from expected reactions of pathotypes P-

l,P-z and P-4 on PI347329 and PI347422 (Alconero et a1.,1986). However, the study

had a limited sample size of three seedlings per pea differential.

Discrepancies in reported responses of pea introduction to infections by PSbMV may be

due to inadvertent changes in the germplasm accessions. It has previously been observed

that genetic changes in pea accessions have occurred as a result of possible inadvertent

mixtures and the elimination of PSbMV infected individuals from the gene pool (Alconero

et a1.,1985). Alconero et aI. (1986) have stated that accessions used to distinguish PSbMV

pathotypes should be as genetically stable as possible to avoid problems in identification. It

has been shown through crossing susceptible and resistance cultivars and backcrossing F1

plant to parents that resistance to the three PSbMV pathotypes is monogenically recessive

(Hagedorn and Gritton, 1973; Gritton an Hagedorn 19'75; Provvident and Alconero, 1988a;
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Chapter 3 Biological Characterisation of Australian PSbMV isolates

Provvidenti and Alconero, 1988b). Therefore, it is important that pea differentials being

used for pathotyping be tested to ensure they remain true to type and are not inadvertently

changed by mixing, incorrect labelling or multiplying from small seed lots which may

contain heterozygous susceptible plants creating a selection pressure for susceptible

phenotypes.

Placing PSbMV isolates into pathotype groups is important for establishing the prevalence

of particular pathotypes within a geographic region and, therefore in developing resistant

pea cultivars suitable for cultivation in those geographic region.

However, biological pathotyping is time consuming and reliant on pea differential that are

true to genotype. Therefore, testing of pea differential following each round of

multiplication with known PSbMV pathotypes would be necessary to ensure the line

remains true to type over time. It is important to use a large number of test plants, 10-15

seed per genotype, for testing PSbMV infection so as to detect variation/consistency in

responses. Our study was unable to use a larger number of test plants due to time

constrictions involved in reimportation of seedlots, multiplication of seed and testing.

Hence it would be more useful to try to group PSbMV isolates by molecular techniques.
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Chapter 4 Developing nucleic acid based diagnostics for PSbMV

4.I Introduction

Several serological and nucleic acid based methods have been described for plant pathogen

detection (Putnam, 1995; Randles et al., 1996) with a range of PCR based (Henson and

French, 1993; Hadidi et a1.,1995; Louws et a1.,1999) and nucleic acid hybridisation (Hull,

1993; Randles et al., 1996) assays being developed. Nucleic acid based assays have the

advantage of being more specific and sensitive than the corresponding serological assay for

plant virus detection (Vunsh et aI.,l99l; Borja and Ponz, L992; Nolasco et aL,

1993;Rosner,l994i Palkovics et a1.,1994; Mathews et a1.,1997).

Although several serological based assays, such as DIBA (Ligat et a1.,1991) and ELISA

(Stevenson and Hagedon,1973; Hamilton and Nichols, 1978; Maury and Khetarpal,I99l;

Masmoudi et al.,1994a) have been described. Few nucleic acid based assays have been

described for PSbMV (Kohnen et a1.,1992;Kohnen et a1.,1995;Phan et a1.,1997; Ali et

al., L998) but these have limitations for use as a diagnostic test for PSbMV. For example

the RT-PCR (Kohnen et a1.,1992; Kohnen et a1.,1995) and IC-PCR (Phan et a1.,1997)

were shown to be PSbMV isolate specific and the hybridisation assay (Ali et a1.,1998) did

not test the specificity of probes to a broad range of PSbMV isolates.

This chapter describes the development of both nucleic hybridisation and RT-PCR assays

for PSbMV detection and compares their sensitivities with each other and the serological

PSbMV DIBA.

4.2 Methods

4.2.1 Potyvirus genorne sequence comparísons

Twenty-five complete potyvirus genome sequences (Table 4.1), representing 14 species

from the genus potyvirus and 1 species from the genus tritimovirus, were extracted from

the GenBank database and aligned with the multiple sequence alignment program

EClustALV/ (Thompson et a1.,1994) through the WebANGIS interface

(http ://www. angis.org. au).
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Table 4.1,: List of Potyviridae sequences used in the multiple sequence alignment

Wisler ef a/., 1995L29569Zucchini vellow mosaic virus

Nicolas and Lalibefte,
1 992

D10927Turnip mosaic virus

adirect submission
bDomier et a/.. 1986

u38621 a

x04083b

Tobacco vein mottling virus

aAllison et a1.,1986
bd¡rect submission
cAllison etal.. 1985

M152394

Lg8714b

M11458c

Tobacco etch virus

adirect submissiom
bRobaglia ef a/., 1989
cThole ef a/., 1993

A087764

x12456tDOO441b

M95491c

Potato virus Y
Puurand et a1..1994221670Potato virus A

adirect submission
bMaiss etal.,'1989
cTeycheney etal,, 1989
dPalkov¡cs et a|.,1993

x810834,

D1g751lDOO424b

x1 641 5c

M9228od

Plum pox potyvirus
Vance et a\.,1992M96425Peooer mottle virus

aGfrasingh e et at.,1994
bd¡'rect submission

u057714
u34g74b

Peanut stripe virus

adirect submission
bJohansen et at.,1991

x899974
D1 093O/D001 52b

Pea seedborne mosaic virus
direct submissionx67673Paoava rinospot virus
Gouqh and Shukla. 1993226920Johnsonorass mosaic virus
Gotz and Maiss. 1995Z48506Brome streak mosaic tritimovirus
direct submissionD83749Bean vellow mosaic virus
direct submissionu19287Bean common mosaic virus

ReferenceGenBank accession
number

Potyviridae



Chapter 4 Developing nucleic acid based

4.2.2 Selection ol PShMV genotne regions for PCR primer ünd hybridisation

desígn

Regions conserved between the PSbMV sequences, DPD1 pathotype P-l (D10930) and

NY pathotype P-4 (X89997), yet distinct from other potyvirus sequences were chosen for

primer and probe design. Primers and probes were tested using Oligo@ 4.01 primer

analysis software (Rychlik, 1992) and Amplify 1.0 for analysing PCR experiments

(Engels, 1992).

4.2.3 Extraction of PShMV RNAfrom purift.ed virus

PSbMV-US RNA was extracted from purified PSbMV (section 2.2.3) stored at -70oC in

50Vo glycerol. The glycerol stock of PSbMV was diluted to contain less than lOVo (vlv)

glycerol. Purified PSbMV at lmg/ml- was incubated with lmg/ml- Proteinase K

(Appendix A) in Proteinase K buffer (Appendix B) for 3 hrs at 3'7oC. The aqueous phase

was extracted once with an equal volume of 500 mM Tris saturated phenol, pH 6-7

(Appendix B) or biotechnology grade phenol saturated solution, pH 6.6-7.9 (Amresco,

USA) and once with an equal volume of DEPC SDDW saturated chloroform. RNA was

precipitated with 1/10 (v/v) 3 M CH3COONa, pH 5.2 and 3vol. biotechnology grade

ethanol (Amresco, USA) and incubated at -70oC for 16 hrs. RNA was pelleted by

centrifugation at 13000 g for 45 min at 4oC. The pellet was washed with TOVo ethanol

prepared in DEPC SDDV/ and centrifuged at 13000 g for 30 min. The pellet was dried in a

SpeedVac (Selby Scientific Instruments, Australia) and then resuspended in 30 pL DEPC

SDDV/ (Appendix B). The concentration of RNA was determined by spectrophotometry

(DU@-68 spectrophotometer Beckman, USA) and RNA integrity was determined by

formaldehyde gel electrophoresis (secti on 2.2.6).

4,2.4 Total nucleic acíd extractíon

Total nucleic acid was extracted by the CTAB method (section 2.2.4.1)

4.2.5 RT-PCR

4.2.5J Prímers

The VT04 primer (Figure 4.1) was used to prime the RT from PSbMV-US RNA and

VT01/VT02,VT0LNT04, VT03|YTO} or VT03A/T04 primer pairs (Figure 4.1) were used

for PCR.

PSbMV

riD
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P3HC-ProP1 CPNIbCI

5'NTR \ì,|' C,-"?" ó*$.^$n.* .".$S$'C dud .nu- ,^*""r"ù''.*

6KzvPg

VTO1 VTO3 VTO2VTO4

AAA
3'UTR

VTO5

3kb

2.2kb

1085 bp

1.8 kb

VT01 (5'-ATG ACC ATG GCG CGT CCT GTG AAT C-3') position 26'7-291

VT02 (5'-GCA GTT GCT ACA TCC ATC ATT GTT GGC CAT-3') position 2500-2411

VT03 (5'-GTG TTG GAG GAA TCA CAC CAG AAG AAT GTG-3') position t4t1-1446

VT04 (5'-CTC CAA AAC CAT GCT TCA CTC TTG A-3') position 3291'3213

VT05 (S'-GCC CTA CTG CCA CCA AAC CGA AGT CAA AGA CTC-3') position 9910-9878

Figure 4.1: Genome organisation of PSbMV and positions and sequences of RT-PCR

primers and hybridisation probes.

The primer and probe positions refer to the PSbMV DPDl sequence. The positions of

gene junctions are indicated above the diagram for published PSbMV DPDl and NY

sequences respectively.



Chapter 4 Developing nucleic acid based diagnostics for PSbMV

4.2.5.2 RT

PSbMV cDNA was produced by reverse transcription of 150 pg PSbMV-US RNA with

0.6 pM VT04 primer labelled at the 5'end with yP32 (section 2.2.13.3),using either

RetrothermrM RT (Epicentre Technologies,UsA), MMLV RT (Epicentre

Technologies,USA), AMV RT (GeneV/orks,Australia) or Tth polymerase (Epicentre

Technologies, USA) following the manufacturer's recommendations. Radiolabelled cDNA

was electrophoresed on l%o agarose gels in TAE then dried between GelAir cellophane

support (Bio-Rad, USA) on a slab drier model443 (Bio-Rad, USA). The dried agarose gel

was exposed to X-ray film and developed.

4.2.s.3 PCR

Different DNA polymerases were tested on PSbMV cDNA generated from PSbMV-US

RNA by RT with VT04. PCR was done with 0.5 pM of each of the VT02 and VT03

primers and either Zøq DNA polymerase (Promega, USA), Deep Vent@ (exo-) DNA

polymerase (New England Biolabs, USA), Deep Vent@ (exo+) DNA polymerase (New

England Biolabs, USA), eLONGaserM enzyme mix (GIBCO BRL, Life Technologies,

USA), RetrothermrM RT (Epicentre Technologies, USA), Tth thermostable DNA

polymerase (Epicentre Technologies, USA), Tth DNA polymerase (Boehringer Mannheim,

Germany), or AmpliTaq DNA polymerase (Perkin Elmer, USA) according to the

manufacturer' s recommendations.

4.2.5.4 PCR cyclíng conditions

RT-PCR was done in a GeneAmp PCR System 2400 (Perkin Elmer, USA)

For the PSbMV PCR, mixtures were initially incubated at 94oC for 3min followed by 30

cycles consisting of: denaturation at 94oC for I min; annealing at 60-70oC for I min; and

extension at72oC for 1 min, with a final extension step of 72oC for 2 min. RT-PCR

products were analysed by electrophoresis in a 1.57o agarose gel containing O.5pg/ml EtBr

and buffered in I x TAE.
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Chapter 4 Developing nucleic acid based diagnostics for PSbMV

4.2.6 Nucleíc acid hybridízatíon

4.2.6.1 Dot blottíng

Total nucleic acid preparations were spotted onto Zeta Probe TM nylon membrane (BIO-

RAD, USA) and UV cross-linked (section 2.2.17).

4.2.6.2 Probepreparation

The VT02 (30 mer), VT03 (30 mer) and VT05 (33 mer) primers were radiolabelled for use

as probes. Each primer was 5'end-labelled with yP32ATP (section 2.2.13.3) and purified

from polyacrylamide (section 2.2.13.5) following fractionation (section 2.2.13.4). The

VT05 5' DIG probe was purchased from Genset, Singapore.

4.2.6.3 Calculation of Tm of probes

To calculate the Tm of the oligonucleotide probes for DNA:RNA hybrids the following

formula was used:

Tm = 79.8oC + 18.5(loglolNa*l) + 0.58(fraction G+C) + 1l.8(fraction G+C)2 - 0.50(Vo

formamide) - (8201l,) (Casey and Davidson, 1977).

The Tm of the oligonucleotide probes in hybridisation mix containing 5 x SSPE and SOVo

formamide was 56oC (VT02), 56"C (VT03), and 64"C (VT05).

4.2.7 Hybridisation condítions for radío-labelled probes

Dot blots probed with radiolabelled VT02, VT03 or VT05 were pre-hybridised and

hybridised as described in section 2.2.18.

4.2.7.1 Wøshíng conditions

Membranes probed with radiolabelled probes were washed as described (section2.2.l8).

4.2.8 Hybridísation condítíons for DIG labelled probes

Dot blots to be probed with DIG labelled VT05 were pre-hybridised and hybridised,

washed and probe was detected as described in sections 2.2.19.I,2.2.19.2, and2.2.L9.3

respectively.
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Chapter 4 Developing nucleic acid based diagnostics for PSbMV

4.2.9 DIBA

PSbMV US dilutions were spotted (1 pL) onto nitrocellulose membrane and air dried. The

DIBA was done as described (section 2.2.7 .3) with leaf blocking buffer (section 2.2.7 .2.2),

4,3 Results

4.3.1 DevelopìngRT-PCR

4.3.1,1 Testing Reverse Transcriptøse efficiency

Figure 4.2 shows PSbMV-US RNA extracted from purified PSbMV. The migration of

the PSbMV RNA was consistent with its previously estimated size of 9.9 kb with some

smaller material possibly produced by degradation.

Figure 4.3 A shows the amount of cDNA generated from a constant amount of PSbMV-US

RNA with the VT04 RT primer and four different Reverse Transcriptases, Figure 4.3 B

shows the product of PCR done with cDNAs generated above, using the VT02/VT03

primer pair. AMV Reverse Transcriptase was the most efficient in generating full-length

oDNA. This was the only cDNA that was amplified to the expected 1085 bp product.

4,3.1.2 Testing primer specíftcity

Figure 4.4 shows RT-PCR from PSbMV-US cDNA generated with VT04 RT primer and

AMV Reverse Transcriptase and PCR with combinations of the PSbMV primers (VT01,

VT02, VT03 and VT04). Each of the VT01/VT04, VT01/VT02,YTO2[VT03 and

VT03/VT04 primer pairs produced the expected sized fragment (3.0 kb,2.2 kb, 1085 bp

and 1.8 kb respectively) from the PSbMV-US cDNA. However, the VT01/VT04 and

VT03A/T04 primer pairs generated additional fragments. The VT02/VT03 primer pair

produced the strongest amplification signal under the PCR conditions tested.

4.3.1.3 Testíng DNA polymerase fficíency

Figure 4.5 shows the effect of different DNA polymerases on the efficiency of the

VT02/VT03 PCR from PSbMV-US cDNA. Of the eight different polymerases tested the

Deep Vent@ (exo*) DNA polymerase failed to produce an amplification product. The

Deep Vent@ (exo-) DNA Polymerase had a low efficiency of amplification and resulted in

non-specific amplification. The Taq,Tth (Boehringer Mannheim, Germany), Pwo,

AmpliTaq, Tth (Epicentre Technologies, USA) and eLONGaserM DNA polymerases all
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Figure 4.2: PSbMV RNA electrophoresis in formaldehyde agarose gel.

(M) 0.24-9.s kb RNA Ladder. (1) PSbMV US RNA
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X'igure 4.3: Effect of different Reverse Transcriptases on the efficiency of PSbMV

amplification.

(A) Autoradiograph of radiolabelled PSbMV oDNA produced with various Reverse

Transcriptases and VT04 (note: distortion due to cracking of gel during drying).

cDNA transcribed with: (1) AMV RT; (2) Retrotherm RT; (3)Tth (Epicentre

Technologies, USA); and (a) MMLV RT.

(B) PCRwith VT02A/T03 primers on the above cDNA products.

(M) 1 kb Ladder. (xcx) position of xylene cyanol dye.
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Figure 4.4: Testing combinations of PSbMV RT-PCR primers.

PCR on PSbMV oDNA generated with VT04. (l) PCR with VT01 NT04. (2) PCR

with VT01 NT02. (3) PCR with VT02A/T03. (4) PCR with VT03A/T04.

(M) I kb Ladder.
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F'igure 4.5: Effect of DNA polymerases on PCR.

PCR from PSbMV VT04 generated oDNA with VT02A/T03 primers and:

(l) Taq; (2) Tth @oehringer Mannheim, Germany); (3) Pwo; (4) AmpliTaq;

(5) Tth (Epicentre Technologies, USA); (6) Elongase; (7) Deep Vent (exo-); and

(8) Deep Vent (exo+) DNA polymerases.

(M) I kb ladder.
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Figure 4.7: Hybridisation with radiolabelled and DlG-labelled oligonucleotide probes

to PSbMV-RNA and comparison with RT-PCR detection of PSbMV-RNA.

(A) Autoradiographs of nylon membranes probed with radiolabelled VT02 probe,

radiolabelled VT03 probe, radiolabelled VT05 probe and DlG-labelled VT05 probe.

Boxed areas on autoradiograph indicate nucleic acid samples which tested positive for

PSbMV by RT-PCR with VT04 RT and VT02/VT03 PCR primers. (B) RT-PCR on

nucleic acid samples tested by hybridisation. Sample identities are shown on the table.

Multiple PSbMV samples were tested from different sources ie fi'esh leaf tissue (leaf),

seed from PSbMV infected mother plant (seed), dried PSbMV leaf tissue stored at 4oC

on CaClz for six months (dry), infected leaf tissue stored at 4oC for two weeks (fridge),

or frozen sap from PSbMV infected plants (frozen). (x) Nucleic acid extracts which

tested positive for potyvirus RNA by RT-PCR with the PV1/SP7 andPYZUTT primers

(section 5.3.2).
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Chapter 4 Developing nucleic acid based diagnostics for PSbMV

4.3.3 Sensitivity of nucleic acíd and serologícal PShMV detection methods

4.3.3.1 Nucleic hybridisation

Figure 4.8 shows a dilution series of PSbMV-US RNA hybridised with the VT02 and

VT03 radiolabelled probes and the VT05 DIG and radiolabelled probes. VT02 detected

approximateLy 507 pg of PSbMV-US RNA. The genome sense VT03 did not detect

PSbMV-US RNA. The VT05 DlG-labelled and radiolabelled probes detected 256pg and

126 pgPSbMV-US RNA respectively.

4.3.3.2 RT-PCR

Figure 4.9 shows RT with VT04 and a dilution series of PSbMV-US RNA and PCR with

VT02/VT03. The level of sensitivity of RT-PCR was approximately 111 pg of PSbMV-US

RNA in a 10 pL RT reaction of which 1 pL cDNA was added to a 10 ¡rL PCR mixture.

4.3.3.3 DrBA

Figure 4.l0 shows DIBA of a dilution series of PSbMV US. The limit of detection of

DIBA was 5.4 ngl¡tL PSbMV.

4.4 Discussion

This chapter describes a PSbMV RT-PCR assay for detecting several PSbMV isolates from

total nucleic acid extracts of infected plants. The best combination of PSbMV primers was

RT with VT04, and PCR with VT02A/T03, generating a single amplicon of 1085 bp. This

RT-PCR successfully amplified the expected fragment from nucleic extracts of pea leaf

tissue infected with 17 different Australian PSbMV isolates, as well as the PSbMV US

pathotype P-1 and PSbMV 56 pathotype P-4 type isolates.

The success of the RT-PCR was mostly dependent on the RT step. RT with VT04 was

dependent on the type of Reverse Transcriptase used with only AMV Reverse

Transcriptase producing sufficient cDNA for successful PCR. The effect of different DNA

polymerases on amplification of the PSbMV was minor with only Deep Vent@ (exo-)

failing to generate a product and Deep Vent@ (exo*) giving a faint and non-specific

amplification signal. Therefore, Taq DNA polymerase was chosen because it generated

sufficient and specific amplification product and was the most cost effective DNA

polymerase available. Varying the annealing temperature did affect PCR. Some PSbMV
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Chapter 4 Developing nucleic acid based diagnostics for PSbMV

isolates were successfully amplified at an annealing temperature of 68oC but not '|O"C,

while other PSbMV isolates were successfully amplified at both annealing temperatures.

This suggests that there is genome sequence variability among the PSbMV isolates within

either one or both VT02/VT03 primer binding sites.

Nucleic acid hybridisation with radiolabelled VT02 and VT05 oligonucleotide probes and

the DlG-labelled VT05 oligonucleotide probe detected RNA in some PSbMV infected

nucleic acid extracts. Not all the nucleic acid extracts that tested positive by RT-PCR were

positive by hybridisation. The VT02 and VT05 probes did not hybridise non-specifically to

host nucleic acid or other legume infecting potyviruses or TMV. Hybridisation signal

varied between samples from different plants infected with the same PSbMV isolate

indicating that the level of PSbMV varied between samples. These probes also hybridised

to some PSbMV nucleic acid extracts that tested RT-PCR negative. This could be because

the PSbMV template may have been partially degraded and unable to support RT-PCR, or

contained inhibitors to RT-PCR. RT-PCR and hybridisation generally did not detect

template extracted from dried leaf tissue suggesting that the PSbMV RNA was degraded.

The VT05 probe was more sensitive, giving stronger hybridisation signals than the VT02

probe.

The radiolabelled VT03 oligonucleotide probe failed to hybridise extracts from PSbMV

infected tissue but did hybridise non-specifically to PeMoV, BCMV, WMV-2 and TMV

extracts. As VT03 is a sense probe it would be expected to only detect the replicative form

of PSbMV. This result suggests that either the PSbMV replicative form is in low

abundance compared with the PSbMV sense RNA or the extraction procedure used did not

allow efficient extraction of double stranded RNA.

RT-PCR was the most sensitive method developed, approximately 10 times more sensitive

than hybridisation with VT02 or VT05. The PSbMV PCR detected cDNA equivalent to the

amount transcribed from l1 pg PSbMV RNA, while the VT05 and VT02 probes detected

126 pg and 507 pg PSbMV RNA respectively. RT-PCR was 20 times more sensitive than

DIBA, detecting 5.4 ng/¡tL PSbMV which is equivalent to 250 pgllLL of PSbMV RNA.
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Figure 4.8: Sensitivity of PSbMV hybridisation assay with radiolabelled and DIG-

labelled oligonucleotide probes on PSbMV-US RNA. PSbMV-US RNA was diluted

either two or four fold. The table indicates the amount of PSbMV RNA per I uL spot

probed with: (A) radiolabelled VT02; (B) radiolabelled VT03; (C) radiolabelled VT05;

(D); and DlG-labelled VT05.
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Figure 4.9: Sensitivity of RT-PCR with VT04 RT primer and VT02A/T03 PCR

primers on PSbMV RNA.

PSbMV RNA was diluted either two or four fold and used as template in RT-PCR.

Numbers refer to amount to PSbMV RNA added to a 10 uL RT reaction of which

1 uL was added to a l0 uL PCR.

(M) lkb ladder
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Figure 4.10: Sensitivity of DIBA.

PSbMV US was diluted either two or four fold. The table indicates the amount of

PSbMV per I uL spot. Samples were tested in duplicate.
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Chapter 5 Detection of PSbMV isolates by RT-PCR and RFLP analysis

5.1 Introduction

PCR has been shown to be very useful for detecting and characterising plant pathogens and

is more sensitive than direct probing or serological techniques (Hadidi et a1.,1995;

Randles et al., 1996). RT-PCR using specific primers enables small numbers of viral RNA

molecules to be detected in nucleic acid mixtures. Degenerate potyvirus primers

U335/D335 (Langeveld et ø1.,1991) have been used to detect PSbMV in total nucleic acid

extracts from infected pea, but also produce non specific amplification from healthy pea

extracts (Pearson et a1.,1994). Unlike the U335/D335 primers which target a small

conserved region of the CP gene, the Potyviridae specific primers PV1/SP6 andPY2I/[T

(Gibbs and Mackenzie,l99J; Mackenzie et aL,1998) amplify a larger (L6-2.1 kb) more

variable region from the 3' end of the genome of viruses in the Potyviridae, including the

NIb, entire CP and poly-A tail. This allows differentiation between species in the

Potyvirida¿ on the basis of size of the PV1/SP6 and PV2Iï7 amplicon. The PV1/SP6 and

PVZIT7 primers have not been evaluated for amplifying PSbMV, but the theoretical size

of the RT-PCR amplicon would be 1674 bp. This has been inferred from nucleic acid

sequence data for PSbMV DPDI pathotype P-l (GenBank accession number D10930).

No reliable PSbMV specific RT-PCR assay has yet been developed. RT-PCR (Kohnen er

al., 1992, Kohnen et al., 1995) and IC-PCR (Phan et al., 1997) have been described for

PSbMV but these methods have limitations. They are isolate specific (Kohnen et a1.,1992,

Kohnen et al.,1995,Phan et al.,1997), not always reliable, and IC-PCR is less sensitive

than DAS-ELISA (Phan et aL,1997). However, the PSbMV pathotype P-1 specific RT-

PCR primers Aopor/Copnr (Kohnen et aI., 1992) and PSbMV pathotype P-4 specific

primers ANv/BNv (Kohnen et a1.,1995) have been useful tools for studying: PSbMV

distribution in infected pea plants; long distance movement of PSbMV DPDl pathotype P-

1, PSbMV NY pathotype P-4 and PSbMV DPDl/l{Y chimeras in Chenopodium quinoa cv.

Willd (Anderson and Johansen, 1998); and the mechanism of P. sativumpathotype specific

resistance to PSbMV (Keller et a1.,1998).

The only reliable method of identifying PSbMV infection has been by serology (Maury e/

aI.,1987,Ligat et al.,l99l,Ding et a1.,1992, Masmoudi et al.,l994a) with biological

pathotyping being used to further distinguish between PSbMV isolates (Hampton et al.,

1981; Alcoîero et aL,1996; Provvidenti and Alconero, 1988). Serology is not as sensitive

as RT-PCR (Kohnen et a1.,1992, Kohnen et aL,1995) and may show cross reactivity with
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Chapter 5 Detection of PSbMV isolates by RT-PCR and RFLP analysis

related viruses or host plant antigens (Derks,1992: Elliot et a1.,1996; Torrance, 1998).

Furthermore, biological pathotyping is time consuming and does not allow PSbMV

pathotypes to be further distinguished at the isolate level. RT-PCR based RFLPs have

allowed strain discrimination for other viruses (Nemchinov and Hadidi, 1996; Yang and

Mirkov 1997; Offringa et aL,2000)

The aim of this chapter was to develop a specific PSbMV RT-PCR diagnostic assay. For

RT-PCR to be successfully used in a diagnostic assay several criteria need to be met. These

were: (1) that the assay will be specific to PSbMV and not any other legume infecting

potyviruses; (2) that the RT-PCR will detect all known PSbMV isolates; and (3) that the

assay will be reliable and reproducible. It was also an aim to develop a rapid and simple

method for distinguishing between PSbMV isolates at the molecular level by RFLP

analysis of the PSbMV RT-PCR product.

5.2 Materials and Methods

5,2.1 Total nucleíc acid extraction from leaf tissue

Total nucleic acids were extracted from 0.5 gm fresh tissue using a modified CTAB

method (section 2.2.4.1).

5.2.2 Vírus isol.ates

Fourteen Pakistani PSbMV isolates (Ali and Randles, 1997) were provided by Dr A Ali,

Department of Applied and Molecular Ecology, University of Adelaide, Waite Campus,

Australia.:íìAustralian PSbMV isolates were collected during the course of this study

(Table 3.1). PSbMV type isolates US (pathotype P-l) and 56 (pathotype P-4) and virus

isolates BYMV-S, PMV, TMV were provided from the Waite Campus plant virus

collection. BCMV isolate 295 and PeMoV isolate 133-E were provided by Dr J Thomas,

Department of Primary Industries, Indooroopilly, Queensland. CIYVV and LMV were

provided by Mr D Graetz,Field Crops Pathology Unit, South Australian Research and

Development Institute, South Australia, Australia. TuMV was provided by Dr J F

Laliberte, INRS-Institut Armand-Frappier, Université du Québec, Québec, Canada. All

virus isolates were mechanically inoculated (section 2.2.1) to the indicated host species

(Table 5.1) and maintained under glasshouse conditions at2loC.
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Table 5.1: Virus isolates and host plants

Nicotiana tabacum cv SamsunTMV
Chenopodium quinoaTuMV
Pisum sativum cv. DundaleBYMV-S
Pisum sativum cv. DundalePMV
Chenopodium quinoaLMV
Chenopodium quinoaCIYVV
Phaseolus vulgaris cv Hawkesbury V/onderPeMoV isolate 133-E
Phaseolus vul?aris cv Hawkesbury'WonderBCMV isolate 295
Pisum sativum cv. DundalePSbMV

HostVirus

5.2,3 RT.PCR

5.2.3.1 Primers

For PSbMV RT-PCR the RT was primed with VT04 (Appendix C), targeted to a region

within the Pi gene of PSbMV corresponding to position 3297 -3273 of PSbMV DPD 1. The

PCR was done with primers VT02 and VT03 (Appendix C) both located within the HC-

Pro gene of PSbMV and coruesponding to positions I4l7 -1446 and 2500-2471 of PSbMV

DPDI respectively.

Pea infecting potyviruses were tested with the Potyviridae specific RT-PCR primers of

Mackenzie et aI. (1998). PV1/SP6 (Appendix C) conesponding to position 9936-9919 of

PSbMV DPDI was used as both the RT and reverse PCR primers. PV2VT7 (Appendix C)

corresponding to position 8250-8266 of PSbMV DPD1 was used as the forward PCR

primer.

5.2.3.2 RT-PCR condítíons

RT-PCR was done in a two step reaction. RT was done in a reaction volume of 10 pL

containing 1 pL CTAB extract, RT primer,25 mMTris-HCl, pH 8.3, 50 mM KCl, 5 mM

MgCl2,2 mM DTT,0.8 mM dNTPs, IUI¡uL RNase Inhibitor, and 5 U AMV RT. The RT

reaction contained 0.4 pM VT04 primer for the PSbMV RT or 0.6 pM PV1/SP6 primer for

the Potyviridae specific RT. Total nucleic acid and primer were incubated in a volume of 5

[rL at 70oC for 10 min and then quenched on ice. The remainder of the RT components

were added and the reaction incubated at 42oC for 40 minutes.
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PCR was done in a 10 pL reaction volume containing I pL cDNA from the RT step,

reverse and forward primers, 1.5 mM MgCl2, 50 mM KCl, l0 mM Tris HCl, pH 9.0,0.1Vo

Triton@ X-100, 0.8 mM dNTPs, and lU Taq DNA polymerase. The PSbMV specific PCR

contained 0.4 ¡rM each of the VT02 and VT03 primers and the Potyviridae specific PCR

contained 0.3 pM PV1/SP6 primer and 0.6 pM PV2UT7 primer.

5.2.3.3 PCR cyclíng conditions

RT-PCR was done in a GeneAmp PCR System 2400 (Perkin Elmer, USA).

For the PSbMV specific PCR, mixtures were initially incubated at94oC for 3min followed

by'2b-lcyslss consisting of: denaturation at 94oC for 30 sec; annealing at 68oC for 30 sec;

and extension at T2oCfor 30 sec, with a final extension step of 72oC for 2 min. RT-PCR

I :',

products were analysed by electrophoresis in a l.5Vo agarose gel containing 0

and buffered in 1 x TAE.

sþzlmtøtur I

For the Potyviridae specific PCR, mixtures were initially incubated at94oC for 3 min foll-

owed by 30 cycles consisting of: denaturation at 94oC for 30 sec; annealing at 58oC for 1

min; and extension at72oC for 3 min, with a final extension step of 72oC for 8 min. RT-

PCR products were analysed by electrophoresis in a IVo agarose gel containing 0.5 ¡tglml

EtBr and buffered in 1 x TAE.

5.2.4 RFLP analysis of PSbMV RT-PCR products

The 1085 bp HC-Pro amplicon from 15 Australian PSbMV isolates, 14 Pakistani isolates

and2 PSbMV type isolates (US pathotype P-l and 56 pathotype P-4) were restricted with

7 unique four base pair recognition sequence restriction endonucleases (AluI, Haefr., HhaI,

Rsal, Sau3AI,TaquIandTru9l) according to the manufacturer's instructions (Appendix

A). Table 5.2 shows the recognition sites of the restriction endonucleases used. RFLP

products were analysed by electrophoresis in a2.5Vo agarose gel containing 0.5 ¡tglÍtL

EtBr and buffered in 1 x TAE. RFLP products resulting from the Sau3{lrestriction were

analysed in a3Vo agarose gel.
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Table 5.2: Restriction enzymes used in the RFLP analysis of the PSbMV HC-Pro gene

TTTAA
AATTT

Tru9l

T,CGA
AGCTT

Taqul

*GATC

CTAGT
Sau3ÃI

GT*AC
CATTG

RsaI

GCGJC
CTGCG

Hhal

GG,CC
CCTGG

HaeIII

AG¿CT
TCTGA

AIuI

Recognition sequenceRestriction Endonuclease

5.2.5 Cloníng of the 1085 bp RT-PCR ampliconÍrom the HC-Pro of representative

PShMV isolates

The 1085 bp PSbMV HC-Pro RT-PCR fragments from PSbMV US, 56, 19(1), P515-1-1,

VIDA, PK6, PK7, PK10, PK13 were cloned. PCR with VT02/VT03 was done (section

5.2.3.2) using@ DNA polymerase instead of Taq DNA polymerase according to the I ijol,.¿,

manufacturer's recommendations. The 1085 bp amplicon was excised from agarose gels

following electrophoresis and purified (section 2.2.12). Blunt end PCR fragments were A-

tailed (section 2.2.5.2) and ligated into pGEM@-T vector (section 2.2.8.3) and transformed

into competent DH5cr cells (section2.2.8.4). Recombinant plasmids were purified (section

2.2.9) and analysed for the presence of insert (section 2.2.10.1).

5.3 Results

5.3.1 Specífícíty of the PShMV primers

Figure 5.1 shows the PSbMV specific RT-PCR done with RT primer VT04 and PCR

primers VT02 and VT03 on total nucleic acid extracts from leaf tissue of healthy pea

plants and plants infected with PSbMV US pathotype P-1, CIYVV, BYMV, PMV,

PeMoV, TuMV, BCMV, LMV, and TMV. RT-PCR was also done on the above extracts

which had been supplemented with 900 pg purified PSbMV-RNA (section 4.2.3) per RT

reaction. No amplicon was produced from total nucleic acid extracted from healthy pea or

CIYVV, BYMV, PMV, PeMoV, TuMV, BCMV, LMV or TMV infected plants. A single
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1085 bp amplicon was produced from total nucleic acid extracted from PSbMV infected

plants and nucleic acid samples which had been supplemented with PSbMV-RNA.

Figure 5.2 shows RT-PCR amplification of 15 Australian and 14 Pakistani PSbMV isolates

with the VT04 RT primer and VT02A/T03 PCR primers. All PSbMV isolates tested

produced a single amplicon of 1085 bp in size.

5.3,2 Detection of potyviruses by RT-PCR

Figure 5.3 shows the Potyviridae specific RT-PCR done with the PV1/SP6 and PYZIrI7

primers (Mackenzie et. al., 1998) on total nucleic acid extracted from leaf tissue of healthy

pea plants and plants infected with PSbMV US pathotype P-1, CIYVV, BYMV, PMV,

PeMoV, TuMV, BCMV, LMV, and TMV. No amplification was observed from healthy

pea nucleic acid. A distinct amplicon ranging in size from 1636-2036bp was produced

from PSbMV, CIYVV, BYMV, PMV, PeMoV, TuMV, BCMV, and LMV infected plant

total nucleic acid extracts. Amplicons smaller than 1000 bp were also produced from the

PSbMV, BYMV, PMV, PeMoV, BCMV and LMV infected plant nucleic acid samples. No

specific product was observed for the total nucleic acid sample from the TMV infected

plant.

5.3.3 RFLP analysís of 1085 bp HC-Pro generated ampliconfrom PShMV

Figure 5.4 shows the different RFLP patterns generated from the 1085 bp HC-Pro

amplicon of 31 Australian, Pakistani and type PSbMV isolates with each of seven

restriction 
"ny^""{Table 

5.2). Trugl generated the most RFLPs with six distinct

patterns observed among the 31 PSbMV isolates tested. AItI generated four distinct

RFLPs, whereas Taqul generated only two distinct RFLPs. HaenI, HhaI, RsøI and

Sau3AI each generated three distinct RFLPs.

Table 5.3 shows the individual RFLP profile of each of the 3l PSbMV isolates obtained

with each of the seven restriction enzymes. PSbMV isolates were grouped according to the

different combinations of RFLP patterns observed from the seven restriction digests. Eight

different groups were observed. Group 1 only contained one PSbMV isolate, the PSbMV

US pathotype P-1 type isolate. Group 2 contained four PSbMV isolates, including the

PSbMV 56 pathotype P-4 type isolate and three PSbMV Australian isolates, 3(6), N zo s

and VIDA. Group 3 contained seventeen PSbMV isolates: eleven Australian PSbMV
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Figure 5.1: Specificity of RT-PCRprimers targeted to HC-Pro region of PSbMV.

RT with VT04 and PCRwith VT02 and VT03 primers on: (A) total nucleic acids from

healtþ pea and PSbMV, CIYW, BYMV, PMV, PeMoV, TuMV, BCMV, LMV and

TMV infected plants; (B) the above nucleic acids which had been previously

supplemented with PSbMV-RNA.
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X'igure 5.3: Detection of pea infecting potyviruses with Potyvirídae specific RT-PCR

pflmers.

RT-PCRwith PVI/SP6 and PV2UT7 primers on total nucleic acid extracted from

healthy pea and virus infected plants.
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Figure 5.4: Examples of the RFLP patterns generated from the RT-PCR 1085 bp HC-Pro amplicon for the 31 PSbMV isolates.

(M) lkb DNAPlus Ladder. (a) Shows the u¡resficted RT-PCR generated amplicon from the HC-Pro region of PSbMV'

(b-h) Summarise the different RFLP pattems observed from 31 PSbMV isolates with each of the 7 REs.

Each of the RFLP patterns produced with a given RE are identified with an aþhabetically ordered capital letter (4, B, C, etc.) which is independent

of that assigned for another RE. The RFLP patterns described here are identical to those referred to in Table 5.3.
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Table 5.3: RFLP analysis of HC-Pro regions of 31 PSbMV isolates from Australia and

Pakistan

* RFLP patterns observed for each RE are identified alphabetically and directly

correlate to those described in Figure 5.4.

# PSbVtV isolates were placed into numerical groups (1-8) based on the different

combinations of RFLP patterns observed with the seven different REs. These eight

groups have also been colour coded.

(X) Identifies the RFLP patterns observed in PK14 which was not placed in any group.
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isolates (S4, M257-7-3,P515-I-1,43(l),26(6),19(7),2(5),21(l), FFD, UK4 and leafless)

and six Pakistani PSbMV isolates (PKl, PKZ,PK4, PK9, PKl1 and PK12). Group 4 only

contained one PSbMV isolate the Australian 19(1). Group 5 contained three Pakistani

isolates (PK3, PK5 and PK7) and was similar to Group 1, but was distinguished from it by

Tru9l. Group 6 contained two Pakistani PSbMV isolates (PK6 and PK 8) and was similar

to Group 2, differing only in the RsaI RFLP pattern produced. Groups 7 and 8 each

contained one Pakistani PSbMV isolate (PK10 and PK 13 respectively) and were similar to

Group 3, differing only in the Tru9l RFLP patterns produced. The Pakistani PSbMV

isolate PK14 showed two distinct RFLP patterns with HaenI, HhaI and Søø3AI and

therefore, was not placed in any of the above groups described.

5.3.4 PShMV representatíve clones for each of the RFLP groups

Figure 5.5 shows the clones produced from PSbMV isolates representative of each of the

eight groups described for RFLP analysis (Table 5.3). The PSbMV US, PK7, PKl0 and

PK13 isolates contain an additional EcoRI site internal to the 1085 bp HC-Pro RT-PCR

amplicon, whereas PSbMV 56, 19(1), P515-1-1, PK6 and VIDA do not.

5.4 Discussion

The PSbMV RT-PCR developed in this chapter is specific to a 1085 bp region of the

PSbMV HC-Pro but not to any other tested pea infecting potyvirus or TMV. This PSbMV

RT-PCR appears,o U. ffi"foecific detecting all 3l PSbMV isolates tested. Total nucleic

acid extracts tested were shown not to contain inhibitors to RT-PCR as extracts

supplemented with PSbMV US RNA all produced a 1085 bp amplicon following PSbMV

RT-PCR.

The PV1/SP6 and PV2IT7 Potyviridae specific primers amplified a 1.6-2 kb fragment

from total nucleic acid extracted from PSbMV, CIYVV, BYMV, PMV, PeMoV, TUMV,

BCMV, BCMV and LMV infected plants indicating potyviral RNA had been successfully

extracted by our CTAB extraction method. RT-PCR products smaller than 1 kb were also

produced from PSbMV, CIYVV, BYMV, PMV, PeMoV, BCMV and LMV. These

observations are consistent with those of Mackenzie et al., 1998 when using the PV1/SP6

and PV2VT7 primers to amplify the genomes of other species in the Potyvirida¿. Of the

potyviruses tested this is the first report of PSbMV, CIYVV, BYMV, PMV, PeMoV,

BCMV and LMV being amplified with the PV1/SP6 and PV2VT7 primers.
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RFLP analysis of the 1085 bp PSbMV specific amplicon has allowed the 31 PSbMV

isolates to be partially characterised at the molecular level. Since the PSbMV specific RT-

PCR does not differentiate between PSbMV isolates, RFLP analysis has been combined

with RT-PCR to differentiate between isolates. This is the first report of an assay for

discriminating between strains of PSbMV that does not require interpretation of symptoms

on inoculated pea differential genotypes. This method should, therefore facilitate rapid

identification and discrimination of strains, new field isolates, and introduction of new

isolates of PSbMV into new regions. PSbMV clones of the HC-Pro region have also been

produced for each of the RFLP patterns described and can act as standards for comparison

with future PSbMV isolates identified.

By analyzing the RFLP results individually it was shown that Tru9l differentiated the

PSbMV isolates with the largest number of groups, producing six distinct RFLP patterns,

three of which were unique to the Pakistani PSbMV isolates. Alulproduced four RFLP

patterns with one being unique to an Australian PSbMV isolate. Hael\ HhaI, RsaI and

Sau3AI each produced three distinct RFLP patterns, with one of the RsøI patterns being

unique to an Australian PSbMV isolate. TaquI showed least discrimination among the

PSbMV isolates producing only two RFLP patterns.

By analysing the combined RFLP data generated with each of the seven restriction

enzymes for individual PSbMV isolates it was possible to place the 31 PSbMV isolates

into eight distinct groups. Groups 2 and 4 were specific to Australian PSbMV isolates,

while Groups 5,6,7 and 8 were specific to the Pakistani PSbMV isolates. Group 3 was the

most common group found, containing 17 PSbMV isolates and was the only group

representative of both Australian and Pakistani PSbMV isolates. Group I only contained

one representative, PSbMV US pathotype P-1, which could be an indication of its

geographically unique origin as the only PSbMV isolate from the United States of

America. Group 1, however, is similar to the Pakistani Group 5 only differing from Group

1 in the Trugl RFLP pattern. PSbMV 56 pathotypeP-4 has been placed in Group 2

containing three other Australian PSbMV. The Pakistani PSbMV isolate PK14 was not

placed in a group as two different RFLPs were observed with Hae[I, Hhaland Sau3AI,

probably due to a mixed PSbMV infection in the plant sampled.
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Since Australian PSbMV isolates are only represented in three of the eight groups it is

suggested that a limited number of PSbMV isolates have been introduced in to Australia

and have subsequently become widespread. Of the three Australian PSbMV isolates in

Group 2,two were isolated from South Australian breeders seed lines in 1995 and 1996

and one from Victorian breeders seed lines in 1996. Of the 11 Australian PSbMV isolates

in Group 3; five were isolated from South Australian breeders seed lines between 1995-

1998, two from pea field trial material in 1995, two from commercially available pea

cultivars in 1995, one from a PSbMV virus culture collected in 1992, and one from faba

bean field trial material from Western Australia in 1997. The one representative of Group 4

was collected from South Australian pea field trial material in 1995 and may have

remained localized.
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Chapter 6 Developing an internal control for PSbMV RT-PCR

6.1 Introduction

The reverse transcription polymerase chain reaction (RT-PCR) is increasingly being used

for the detection of RNA viruses because of its high sensitivity and specificity. New RT-

PCR diagnostic methods have been recently described in the field of plant virology (Raj er

aL,1998; Jacobi et a1.,1998; Grieco and Gallitelli,I999;Ew et a1.,2O00). However, none

of these methods describe the use of internal controls. Assays usually include a positive

(with added control template) and negative (no sample added to the reaction mix) reaction.

For quality assurance purposes it is important that diagnostic RT-PCR assays also have an

internal standard for detecting false negative reactions. This is because negative RT-PCR

results may either be real due to the absence of the target template, or false due to the

failure of the RT-PCR.

For medical diagnostics with PCR and RT-PCR the issue of quality assurance has been

addressed and several internal control methods have been developed (Denis and

Lustenberger,1995; Pallen et aL,1992; Brightwell et a1.,1998; Sachadyn and Kur, 1998;

V/illhauck et aI.,1998). A disadvantage ofusing endogenously expressed "housekeeping"

genes as internal controls is that their level of expression can vary so that amplification

conditions for the control may not be suitable for detection of the pathogen. The

construction of internal controls by altering the size or sequence of PCR products using

cloning techniques is laborious and system specific. Other complications can arise from the

formation of heteroduplexes during PCR due to sequence similarity between the target ancl

control templates, or variable efficiency of extraction of added control sequence.

This chapter describes the development of an exogenous internal control based on TMV

for use in a PSbMV diagnostic RT-PCR assay.

6.2 Materials and Methods

6.2.1 Purification of TMV

TMV Ul was partially purified from systemically infected Nicotiana tabacum leaves.

Leaves (20 gm) were crushed in an equal volume of O.2 M phosphate buffer (pH 7)

containing O.lVo monothioglycerol, fibre was removed and the extract was clarified by

heating at 60oC for 10 min and centrifugation at 10,000 g for 10 min, followed by a single

chloroform extraction. Virus was concentrated by precipitation for 30 min with 0.5 volume
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of saturated ammonium sulphate and pelleted by centrifugation at 10,000 g for 10 min. The

pellet was resuspended in 20 mM phosphate buffer, pH7, and dialysis against SDDW at

4oC for 16 hrs. This was repeated 2more times. It was then clarified by centrifugation at

10,000 g and sedimented by ultracentrifugation at 87,000 g for 45 min in an

Ultracentrifuge TL-100 (Beckman, USA). Pellets were resuspended in 10 mM Na borate

buffer (pH S.2) and stored at 4oC. Using a value fot E0'r7o 1"^ at 26O nm of 3 concentration

was adjusted to 10 mg/ml,

6.2.1.1 TMV RNA extrøctìon

TMV (lmg/ml) was incubated with lmg/ml Proteinase K in Proteinase K buffer (Appendix

B) for 3-5 hrs at37oC. The aqueous phase was extracted once with an equal volume of

phenol saturated with 100 mM Tris-HCl (pH 7) and once with an equal volume of

chloroform saturated DEPC SDDW. RNA was recovered by precipitation with 3 vol.

biotechnology grade ethanol (Amresco, USA) in the presence of 0.3 M sodium acetate (pH

5.2). The pellet was washed once withToVo ethanol and dried. It was resuspended in 30 pL

water and the TMV-RNA concentration was determined by spectrophotometry and its size

and quality was determined by agarose gel electrophoresis.

6.2.2 PShMV RNA extraction

PSbMV RNA was extracted as above from purified PSbMV (section 2.2.3)

6.2.3 Sources of PShMV infected seed

Pea seedlots infected with PSbMV at rates of l-4 7o ware supplied by D. Graetz (Plant

Pathology Unit, South Australian Research and Development Institute, Australia).

6.2.4 Extra.ction of total nucleíc acidfrom pea seeds

Total nucleic acid was extracted from pea seeds (section 2.2.4.2)

6.2.5 DIBA

Both pea seed and leaf tissue were tested by DIBA (section 2.2.7).
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6.2.6 TMV primers

The TMV RNA sequence (variant 1) (GenBank accession numbers V01408; JO24l5;

Goelet et a1.,1982) was used to design all TMV RT-PCR primers. Figure 6.1 shows the

position and sequence of all TMV primers.

6.2.7 PShMV specífic RT-PCR

This was as described in section 5.2.3

6,2.8 TMV RT.PCR

RT-PCR was done in a two step reaction. Reverse transcription was done in a 10 ¡tL

reaction volume containing 1 pL TMV-RNA or partially purified TMV, 0.4 pM TMVRI,

TMVR2 or TMVR3 RT primer, 25 mM Tris HCI (pH 8.3), 50 mM KCl, 5 mM MgCl2, 2

mM DTT, 0.8 mM dNTPs, I Ul¡tL RNase Inhibitor and 5 U AMV Reverse Transcriptase.

Reverse primer and the TMV template were initially incubated at 70oC for l0 min and then

quenched on ice. The remainder of the reagents were added and the RT done at 45oC for 40

mln.

6.2.9 Conditions for combíned TMV and PShMV "duplex" RT-PCR

RT-PCR was done in a two step reaction. RT was done in a 15 pL reaction volume

containing 2 ¡tLtotal nucleic acid from pea seed, 0.4 pM VT04, 0.2 pM TMVR3, l0 pg

TMV-RNA,25 mM Tris HCI (pH 8.3),50 mM KCl, 5 mM MgClz,2rxtMDTT,0.8 mM

dNTPs, I Ul¡tL RNase Inhibitor and 7.5 U AMV Reverse Transcriptase. RT was done at

45oC for 40 min. PCR was done in aZO ¡tL reaction volume containing 2 pL cDNA from

the RT step, 1.5 mM MgClz, 50 mM KCl, 10 mM Tris HCI (pH 9.0), 0.l%o Triton@ X-100,

0.8 mM dNTPs,0.4 pM each VT02 and VT03 primers,0.2 pM each TMVFI and TMVR3

primers and lU Tøq DNA polymerase.

6.2.9.1 PCR cyclíng conditions

RT-PCR was done either in a PTC-225 DNA Engine Tetrad (MJ Research Inc., USA) or

GeneAmp PCR System2400 (Perkin Elmer, USA). PCR mixtures were initially incubated

at94oC for 3min followed by 2O cycles consisting of, denaturation at 94oC for 30 sec,

annealing at 68oC for 30 sec and extension atlToC for 30 sec, with a final extension step of
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TMVR2 (5'-AAT TGT CAG GCA AGT TCC ACT CGC CCG-3') position 5152-5126

TMVR3 (5'-TTC CAA TGA ACG TCG TGA CGT C-3') position4428-4407

Figure 6.1: TMV genome organisation (Matthews, 1992) showing positions and sequences of RT-PCR primers used for developing
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72oC for 2 min. RT-PCR products were analyzedby electrophoresis in l.5%o agarose gels

buffered in I x TAE, pH 8, and containing 0.5 tlgln,l- ethidium bromide.

6.2.10 Calculøtion of seed infection rate for batch testing

PSbMV seed infection rate was calculated using:

L = 100(1 - "r/f -c ) (Gibbs and Gower, 1960).

Where L - percentage seed transmission, 11= number of seeds in each batch, and G =

decimal percentage of positive batches.

6.3 Results

6.3.1 Testíng TMV RT-PCR prímer combinatíons

To determine the best TMV primers for incorporation into a duplex TMV/PSbMV RT-

PCR the TMV RT-PCR was done under the same conditions as used for the PSbMV RT-

PCR. Figure 6.2 shows RT-PCR of TMV RNA with combinations of TMVRI, TMVR2,

TMVF1 and TMVF2 primers. RT with TMVR1 and PCR with TMVF1ÆMVR1 on TMV

RNA generated a single band of predicted size,392 bp (Figure 6.2lane 1). RT with

TMVR2 and PCR with TMVFI/TMVRI generated the expected3gz bp fragment in

addition to three other fragments, 1 100 bp, 900 bp and 200 bp (Figure 6.2lane 2). RT with

TMVR2 and PCR with TMVFI/TMVR2 also generated four bands, the expected 1131 bp

fragment, and smaller 800 bp,400 bp and 200 bp fragments (Figure 6.2Iane 3). RT with

TMVR2 and PCR with TMVF2/TMVR2 generated the expecte d 67 I bp fragment in

addition to a 900 bp and 400 bp fragment (Figure 6.2lane 4).

6.3.2 Incorporating the TMV and PShMV RT-PCR

As only the TMVFI/TMVRI primer pair amplified a single product from TMV RNA it

was tested in combination with the PSbMV RT-PCR (Figure 6.3). When total nucleic acid

extracted from healthypea was used as a template for amplification with the

TMVFI/TMVRI RT-PCR primers, a faint 200 bp product was observed (Figure 6.3

lanel). When total nucleic acid from healthy pea was used as a template for amplification

with the PSbMV VT04 RT and VT02/VT03 PCR primers, no product was detected (Figure

6.3 lane 5). When PSbMV RNA was used as a template for the TMV primers a faint 400

bp product was detected ( Figure 6.3 lane 2) This was also observed in the TMV/PSbMV
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Figure 6.2: Testing different primer combinations in RT-PCR on TMV RNA.

(1) RT with TMVRI and PCRwith TMVFI/TMVRI.

(2) RT with TMVR2 and PCR with TMVFI/TMVRI.

(3) RT with TMVR2 and PCR with TMVFI/TMVR2.

(4) RT with TMVR2 and PCR with TMVF2/TMVR2.

(M) 1 Kb ladder.
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Figure 6.3: Testing duplex RT-PCRprimers VT02/VT03 and TMVFI/TMVRI.

RT with TMVRI and PCR with TMVFI/TMVRI for:

(1) TNA from healthy pea;

(2) PSbMV US RNA;

(3) rMV RNA;

(4) Partially purified TMV.

RT with TMVRI and VT04 and PCR with TMVFI/TMVRI and VT02A/T03 for:

(5) TNA from healtþ pea;

(6) PSbMV US RNA;

(7) rMV RNA;

(8) Partially purified TMV.

RT with VT04 and PCR with VT02A/T03 for:

(e) PSbMV US RNA.

(M) 1 kb Ladder.
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duplex RT-PCR containing PSbMV RNA template only (Figure 6.3 lane 6) in which the

expected 1085 bp PSbMV fragment was produced. A single 392bp fragment was

produced either when TMV RNA or partially purified TMV was used as a template with

TMVF1ÆMVRI primers (Figure 6.3 lanes 3 and 4, respectively) or when TMV RNA or

TMV alone was used as a template in the TMV/PSbMV duplex RT-PCR (Figure 6.3 lanes

7 and 8, respectively).

6.3.3 Modífyíng the TMV and PShMV RT-PCR

As the TMVFI/TMVRI primers were found to produce non-specific amplification from

healthy pea extracts and PSbMV RNA template a new TMV reverse primer was tested

(TMVR3) for incorporation into the duplex RT-PCR system. Figure 6.4 shows RT-PCR

with TMV primers only, PSbMV primers only and duplex TMV/PSbMV primers with

PSbMV RNA, TMV RNA or mixtures of both templates. PSbMV VT04 RT and

VT02/VT03 PCR primers alone amplified the expected 1085 bp product from PSbMV

RNA (Figure 6.4lanes 1 and2). TMVFI/TMVR3 primers alone amplified the expected

406 bp product from TMV template (Figure 6.4 lanes 3 and 4). PSbMV-RNA with all four

TMVÆSbMV primers amplified the 1085 bp product alone (Figure 6.4lane 6), and TMV-

RNA template with all four TMViPSbMV primers amplified a406 bp product only (Figure

6.4 lane 7). In the duplex PSbMV/TMV RT-PCR both the PSbMV template RNA and the

TMV control RNA were amplified without apparent interference from each other (Figure

6.4lane 8).

6.3.4 Sensitívíty of duplex PShMV|TMV RT-PCR

Figure 6.5 shows the effect on the sensitivity of PSbMV RT-PCR when the TMV internal

control RT-PCR is added. Figure 6.5 A shows that the level of detection of PSbMV by

duplex RT-PCR was approximately 125 pg of PSbMV RNA per 15 pL RT reaction. 'When

10 pg of TMV RNA was added to the 15 pL RT reaction the level of PSbMV detection

was still approximately 125 pg of PSbMV RNA per 15 pL RT reaction (Figure 6.5 B).

This level of sensitivity remained approximately the same when 100 pg of TMV RNA was

added to the RT reaction (Figure 6.5 C). However, when 1 ng TMV RNA was added to the

RT the level of sensitivity for PSbMV detection dropped to approximately 500 pg of

PSbMV RNA per 15 pl RT (Figure 6.5 D).
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Figure 6.4: Duplex RT-PCRwith TMVFI/TMVR3 and VT02A/T03.

RT with VT04 and PCR with VT02A/T03 from:

(1) PSbMV US RNA;

(2) rMV RNA.

RT with TMVR3 and PCR with TMVFI/TMVR3 from:

(3) PSbMV US RNA;

(4) rMV RNA;

(5) PSbMV US and TMV RNA mixtures.

RT with TMVR3 and VT04 and PCR with TMVFI/TMVR3 and VT02A/T03 from:

(6) PSbMV US RNA;

(7) rMV RNA;

(8) PSbMV US and TMV RNA mixtures.

(M) 1 Kb ladder.



Figure 6.5: Duplex PSbMV/TMV RT-PCR with differing concentrations of PSbMV

and TMV RNA template.

(A) Duplex RT-PCR on a dilution series of PSbMV RNA template.

(B) Duplex RT-PCR on a dilution series of PSbMV RNA tempiates containing l0 pg of

TMV RNA control per 15 pL RT reaction.

(C) Duplex RT-PCR on a dilution series of PSbMV RNA template containing 100 pg of

TMV RNA control per 15 PL reaction.

(D) Duplex RT-PCR on a dilution series of PSbMV RNA template containing lng of

TMV RNA control per 15 pL RT reaction.

Amount of PSbMV RNA per 15 pL RT reaction: (1) I ne; Q) 500 pg; (3) 250 pg; (4)

125 pg; (5) 63 ps; (6) 31 ps.

(M) lkb Plus Ladder.
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Chapter 6 Developing an internal control for PSbMV RT-PCR

6.3.5 Using the TMV ínternal control in batch testing of pea seed

Figure 6.6 shows the use of the TMV internal standard in batch testing of pea seed for

PSbMV. Figure 6.6 A shows that the amounts of nucleic acids extracted from 25 batches

of pea seed (each consisting of 10 seeds per batch) by the extraction procedure were

approximately the same for each batch. Figure 6.6 B shows the use of the TMV internal

control in the testing of pea seeds for PSbMV. Each of the 25 RT-PCR reactions contained

a sample from 10 pea seeds and the TMV internal control. The figure shows that 24 of the

25 duplex RT-PCR reactions contained a406 bp TMV amplicon indicating that these RT-

PCR reactions had been successful. Lane 5 lacked the 406bp TMV amplicon indicating

that this RT-PCR reaction had failed. A 1085 bp PSbMV specific amplicon was present in

lanes 7, I0,14,17,2I (Figure 6.6 B) indicating that these samples were positive for

PSbMV.

6,3.6 Direct comparison of RT-PCR and DIBA for seed testíng

To determine if RT-PCR testing of pea seeds was an accurate representation of PSbMV

positive samples, each batch of pea flour was divided in two and half was tested by RT-

PCR while the other half was tested by DIBA.

Figure 6.7 shows the duplex RT-PCR testing of 940 pea seeds in batches consisting of 10

seeds each. Three of the 94 RT-PCRs failed (samples 61,72 and 84) as shown by the

absence of the 406 bp TMV amplicon. Thirty-nine of the successful9l RT-PCRs were

positive for PSbMV as indicated by the presence of a 1085 bp PSbMV specific amplicon.

The intensity of the PSbMV positive signal varied from strong to weak.

Figure 6.8 shows the result of DIBA done on a sub-sample of pea flour from the same pea

seed batches as tested by RT-PCR (Figure 6.7). Thirty PSbMV positive samples were

detected by DIBA with signals varying from weak to strong. The threshold level of

detection of PSbMV by DIBA was 44 ng of PSbMV per 1 pL spot.

Table 6.1 shows the conelated results obtained by RT-PCR and DIBA and calculates a

seed infection rate for each method. All 30 samples that were DIBA positives also tested

positive by RT-PCR, except sample 40. Nine additional samples tested positive by RT-

PCR which were negative by DIBA. These positives, however, were all weak positive RT-
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Figure 6.6: Total nucleic acid extraction from 25 batches of 10 pea seeds each and

duplex PSbMV/TMV RT-PCR from those nucleic acid extracts.

(Ð CTAB TNA extracts from 25 batches consisting of 10 dry pea seeds each.

@) Duplex RT-PCRwith above TNA extracts (1-25).

(+) Positive control containing PSbMV RNA and TMV RNA.

(-) Negative control containing TMV RNA only.

PSbMV positive samples are indicated by a 1085 bp amplicon and TMV positive

samples are indicated by a 406 bp amplicon. Note that lane 5 lacks the 406 bp TMV

specific amplicon indicating that the RT-PCR reaction had failed.

(M) lkb Plus Ladder.
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Figure 6.7: Batch testing pea seeds for PSbMV by duplex PSbMV/TMV RT-PCR.

Duplex RT-PCR was done on94 batches of l0 pea seeds each.

PSbMV positive reactions are numbered.

(61F,72F and 84F) are failed RT-PCRreactions.

(+) PSbMV positive RT-PCR control.

(-) RT-PCR negative control (no template).

(M) lkb Plus Ladder.
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Table 6.1: Comparing RT-PCR and DIBA in the detection of PSbMV from germplasm

3.\Vo5.4%oPSbMV seed infection rate

30/9439t9rTotal number of positives

+++94

++92

++++89

+88

+++81

+86

+++83

+81

+t9
++78

+++++76

++++t5
+++++++74

++13

++++++67

++65

++++59

++58

++56

+++++52

+49

++++46

+40

+++3l
++++36

+++35

+++34

++JJ

+32

+++++27

+++++24
++++23

+++++22

+++++I7
++t6

++++15

+++++t4
+++11

+I
++++4

Positive by DIBAPositive bv RT-PCRPSbMV positive batches

Range of positive reactions from weak (+) to very strong (++++).

(-) Negative reaction observed by a particular testing method.



Chapter 6 Developing an internal control for PSbMV RT-PCR

PCR reactions. Seed infection rates calculated from RT-PCR were 5.4Vo and from DIBA

were3.8Vo.

6.3.7 Testing pea seedling for PShMV ínfectíon by DIBA

Two hundred individual pea seeds from the same seed lot tested by RT-PCR and DIBA

were genninated and leaf tissue tested three weeks post emergence for PSbMV infection

by DIBA. Figure 6.9 shows the results of the DIBA. Of the 200 seeds sown, 179

germinated and were subsequently tested. Nine seedlings tested positive giving a

calculated seed infection rate of 5.ÙVo.

6.4 Discussion

An exogenous TMV internal control for testing pea germplasm for PSbMV has been

developed. Several TMV primers were designed and tested to determine those which

would not give spurious products (bands not representing the expected PCR producQ with

templates in the duplex RT-PCR. The internal TMV RNA standard was designed to be

amplified under the same conditions as the PSbMV specific RT-PCR assay but to produce

a specific amplicon differing in size from the PSbMV amplicon. The TMV

TMVF1ÆMVR3 primers were shown to be better than other combinations for RT-PCR

analysis of PSbMV RNA.

Thus, the RT-PCR of TMV-RNA with the TMVF1ÆMVR3 primers produced a 406 bp

amplicon from the 3' region of the 183K polymerase gene of TMV. TMV primers did not

amplify PSbMV RNA and the PSbMV primers did not amplify TMV RNA. TMV RT-PCR

was also successful when partially purified intact TMV was added at 1 pg per 10 pL RT as

the template rather than RNA. The duplex RT-PCR assay allowed distinction between

false negative reactions (failed RT-PCR) and true negative reactions (absence of pathogen

template). This is important when using RT-PCR as a diagnostic method for certifying

freedom from a specific seedborne pathogen.

TMV-RNA template can compete with the PSbMV-RNA template and limit the sensitivity

of the test if its concentration is not accurately determined. When the concentration of the

TMV-RNA template was 10 pg per 15 pL RT reaction, the sensitivity of the PSbMV assay

was not affected. Under these conditions the reliable limit of PSbMV detection was 100 pg

PSbMV-RNA per 15 pL RT reaction. This level of sensitivity was the same as for the
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Chapter 6 Developing an internal control for PSbMV RT-PCR

PSbMV duplex RT-PCR assay lacking TMV template. However, when the TMV-RNA

control template was increased to I ng per 15 pL RT reaction the level of sensitivity for

PSbMV was reduced to 500 pg PSbMV-RNA per 15 pL RT reaction.

Initially a larger TMV amplicon closer in size to the PSbMV amplicon was considered to

be preferable because smaller PCR amplicons are expected to be amplified more efficiently

than larger ones (Pallen et a1.,1992; Brightwell et a1.,1998) and may compete with the

target template. Alternative TMV primers were designed to produce larger TMV

amplicons, but these primers produced spurious bands in the TMV RT-PCR. It was

concluded that by limiting the amount of TMV-RNA control added to the duplex RT-PCR,

TMV would not be amplified in preference to PSbMV, overcoming the expected

difficulties associated with the co-amplification of differently sized products. This method

allows the concentration of control template to be optimised, unlike methods which use an

endogenous control (Denis and Lustenberger, 1995; Nassuth et a1.,2000).

RT-PCR is more sensitive than DIBA as RT-PCR detected all but one of the DIBA

positive reaction, however DIBA failed to detect 10 of the RT-PCR positive reactions. This

therefore, resulted in a higher calculation for seed infection rates by the batch testing

method based on RT-PCR results (5.4Vo by RT-PCR as compared with 3.8%oby DIBA).

These results when compared with testing of individual seedlings from the same seedlot

(infection rate of 5.07o) suggest that RT-PCR yields a more accurate result. Testing by

DIBA may therefore, underestimate seed infection rates due to its lower sensitivity. DIBA

also has the disadvantage of not having an internal control and often producing

background, making identification of weak positive reaction difficult. The possibility of

detecting non-infectious PSbMV from testa was eliminated by the removal of seed coats

prior to testing.
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Figure 6.9: Testing pea seedlings by DIBA for PSbMV infection.

Two hundred pea seeds taken from the same seedlot as tested by RT-PCR and DIBA

(Figure 6.7 andFigure 6.8) were germinated and emerged plants tested individually

three weeks post-emergence by DIBA.
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Chapter 7 Molecular analysis of the VPg

7.1 Introduction

The VPg protein of PSbMV has been identified as the avirulence determinant of PSbMV

DPDl pathotype P-1 and has a putative function in virus replication (Keller et a1.,1998).

This was determined by generating PSbMV chimeras between DPDI pathotype P-1 and

NY pathotypeP-4 and testing their infectivity on the sbm-l homozygous pea line PI

269818. The determinant region has been further narrowed down to 13 amino acids within

the central part of the VPg (Borgstrom et a1.,1998). The potyviral VPg has also been

shown to overcome resistance in certain other plant cultivars (Masuta et a1.,1999; Nicolas

et aL,1997; Rajamaki and Valkonen,1999; Schaad et aL,I997b).

The primary aim of this chapter was to characterise the VPg of PSbMV US pathotype P-1

and PSbMV 56 pathotype P-4 and compare them with those of PSbMV DPD1 pathotype

P-1 and PSbMV NY pathotype P-4. No PSbMV pathotype P-2 isolates were identified in

the available PSbMV collection and PSbMV Ll pathotypeP-Z sequence data became

available after completion of this study. A second aim was to identify variable genomic

regions between the PSbMV P-l and P-4 pathotypes and develop a molecular method for

differentiating between pathotypes. A third aim was to generate VPg sequence information

from selected PSbMV isolates.

7.2 Materials and Methods

7.2.1 PSbMV isolates

Twenty-nine PSbMV isolates previously described and tested were used in this study: 15

Australian PSbMV isolates (Table 3.I), L2 Pakistani PSbMV isolates (Ali and Randles,

1997) and two PSbMV type isolates (PSbMV-US pathotype P-l and PSbMV-S6 pathotype

P-4).

7.2.2 RT-PCR

7.2.2.1 Primers

Primers were designed to amplify the CI, NIa, and NIå genes of two pathotypes of PSbMV

(PSbMV DPD1 pathotype P-1; GenBank accession number D10930 and PSbMV NY

pathotype P-4;EMBL accession number X89997) (section 2.2.11). Reverse transcription

and PCR was done with VTNIa (5' CTA CAC ACG GCT TGC GCA AT 3') located

within the PSbMV proteinase domain of the NIa gene, position 6649-6630 of PSbMV
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DPDI, or VTNIb (5' CAC AAT ACA GCC AAC CGT CAG GTA G 3') located within

the NIb gene, position 8064-8040 of PSbMV DPDI. PCR was also done with VTCI (5'

TCG CAG GTT TAG TCA ACA GAT TGC G 3') located within the PSbMV CI gene,

position 5674-5798 of PSbMV DPDI or VTVPg (5' TAT CGC AGA CCC TCA TTG

GAT T 3') located within the PSbMV VPg domain of the NIa gene, position 6453-6432 of

PSbMV DPDI.

7.2.2.2 RT-PCR conditions

RT-PCR was done in a two step reaction. RT was done in a reaction volume of l0 pL

containing I pL CTAB extract (section 2.2.4.1) or 40 ng purified PSbMV-RNA (section

4.2.3),0.4 pM VTNIa or VTNIb primer, 25 mM Tris-HCl, pH 8.3, 50 mM KCl, 5 mM

MgCl2, 2ml0l{ DTT,0.8 mM dNTPs, IUI¡uL RNase Inhibitor, and 5 U AMV RT. Nucleic

acid and primer were incubated in a volume of 5 ¡rL atTO'C for 10 min and then quenched

on ice. The remainder of the RT components were added and the reaction incubated at

42"Cfor 40 minutes.

PCR was done in a 10 pL reaction volume containing 1 pL cDNA from the RT step, 0.4

pM each forward and reverse primers, 1.5 mM MgCl2, 50 mM KCl, 10 mM Tris HCl, pH

9.0,0.1Vo Triton@ X-100, 0.8 mM dNTPs, and lU Ta4 DNA polymerase.

Alternatively, PCR fragments generated for cloning were done with the proof-reading

DNA polymerase, Pwo. PCR was done in a20 ¡tL reaction volume containing 2 pL cDNA

from the RT step, 10 mM Tris-HCl, pH 8.85, 25 mM KCl, 5 mM (NH4)zSO¿, 2 mM

MgSOa,0.8 mM dNTPs,0.4 ¡tM each primer and2.5 U Pwo DNA polymerase.

7.2.2.3 PCR cyclíng conditíons

RT-PCR was done in a GeneAmp PCR System 2400 (Perkin Elmer, USA)

For PCR with (VTNIa and VTCI) or (VTNIb and VTCI) primer pairs mixtures were

initially incubated at94oC for 3 min followed by 30 cycles consisting of: denaturation at

94oC for 45 sec; annealing at 60oC for 1 min; and extension at72oC for 1 min 30 sec, with

a final extension step of 72oC for 8 min.
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For PCR with the VTVPg and VTCI primer pair mixtures were initially incubated at94oC

for 3 min followed by 30 cycles consisting of: denaturation at 94oC for 1 min; annealing at

55oC for 1 min; and extension at72"C for I min, with a final extension step of.72"C f.or 2

mrn.

RT-PCR products were analysed by electrophoresis in 1.57o agarose gels containing 0.5

lLghnI- EtBr and buffered in 1 x TAE.

7.2.3 RFLP anølysis

The VTCWTVPg generated amplicon from PSbMV were restricted with MfeI

(C.LAATTIG) restriction endonuclease/ (New England Biolabs, USA) according to the

manufacturer's instructions. RFLP products were analysed by electrophoresis in a27o

agarose gel containing 0.5 ¡tglmL EtBr and buffered in I x TAE.

7.2.4 Cloning and sequencing

PCR fragments generated with Pwo polymerase were excised from agarose gels following

electrophoresis and purified (section 2.2.12). Blunt end PCR fragments were A-tailed

(section 2.2.8.2) and ligated into pGEM@-T vector (section 2.2.8.3) and transformed into

competent DH5a cells (section2.2.8.4). Recombinant plasmids were purified (section

2.2.9) and analysed for the presence of insert (section 2.2.10.1). Purified plasmid DNA was

sequenced (section 2.2.20) using T7 (Appendix C), SP6 (Appendix C), and VTVPgseq, (5'

ATA GGG TGT CTA TCA TAA GTC AAC CC 3' located at position 6268-6243 of

PSbMV DPDI) HPLC purified primers.

7.2.5 Sequenceanalysìs

All sequence analysis was done using the V/ebANGIS (Australian National Genomic

Information Services) interface (http://www.angis.org.auA. Protein sequences were

deduced from nucleotide sequences using the "Etranslate" program. Both nucleotide and

amino acid sequences were aligned using the multiple sequence alignment program

"EClustALW" (Thompson et a1.,1994). Percentage sequence similarity was calculated

from multiple sequence alignments using the "Gendoc" program. Hydrophobicity profiles

were generated with "Pepwindow" (Kyte and Doolittle, 1982). Restriction endonuclease

sites were predicted or confirmed from known nucleotide sequences using the "Map"

program.
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7.3 Results

7.3.1 Comparisons of published PShMV pathotype P-7 and P4 VPg peptide sequences

Figure 7.1 shows the alignment of the VPg amino acid sequence for PSbMV DPDI

pathotype P-1 and PSbMV NY pathotype P-4. Both were 194 amino acids in length.

Thirty-six amino acid differences were identified between the two pathotypes. Thirteen of

these changes (amino acids 20, 23,28,55,70,105, 106, I17,I29,130,I49,161, and 172)

were conservative changes (chemically similar residues), while 23 were non-conservative

amino aciddifferences (amino acids 29,35,36,52,86,96,109, 112,114,115, 116, 118,

1L9,I39,150, 160, 168,I73, L76,179,186, 187 and 190). Most of the amino acid

differences were located within the central and carboxy- terminus of the VPg, with the

highest proportion of changes found within the central region of the VPg (position 105 to

1 1e).

7.3.2 RT-PCR ampffication of CI, NIa and NIb of PShMV US and 56

Figure 7.2 shows the RT-PCR amplification products from PSbMV RNA with the

VTCWTNIa and VTCWTNIb primer pairs and the effects of using different DNA

polymerases (Taq and Pwo) under identical reaction conditions. Ta4 DNA polymerase

failed to amplify PSbMV US and 56 oDNA generated with VTNIb RT primer and

amplified with the VTCVVTNIa primer pair (Figure7.2lane2 and 6 respectively). Taq

DNA polymerase had a low efficiency of amplification from PSbMV US cDNA and failed

to amplify PSbMV 56 cDNA generated with VTNIa RT primer and amplified with the

VTCWTNIa primer pair (FigureT.2lanes 1 and 5 respectively). However, Pwo DNA

polymerase, under identical reaction conditions, gave amplification products from both

PSbMV US and 56 cDNA generated with VTNIa RT primer and amplified with the

VTCWTNIa primer pair (FigureJ.2lanes 3 and 7 respectively). Pwo also gave

amplification products for PSbMV US and 56 cDNA generated with VTNIb RT primer

and amplified with VTCYVTNIb primer pair (Figure 2lanes 4 and 8 respectively).

Reverse transcription with VTNIa and PCR with VTCI and VTNIa amplified a single 976

bp fragment of expected size from PSbMV US RNA (FigureT.2lane 3), and9l6 bp and

350 bp fragments from PSbMV 56 RNA (Figure 7.2lane 7). RT with VTNIb and PCR

with VTCI and VTNIb amplified a2390 bp band of expected size and smaller (< 500 bp)
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Figure 7.L: Amino acid comparison of the VPg from PSbMV DPD1 pathotype P-l and PSbMV NY pathotypeP-4.

* Indicates the position of conservative amino acid changes such as (D,N), (E,Q), (S,T), (K,R), (F,Y,'W), (L,I,V,M).

# Indicates the position of non-conservative amino acid changes.

Underlined area indicates a highly variable region within the VPg.

(Pl) PSbMV DPD1 pathotype P-1.

(P4) PSbMV NY pathotype P-4.
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Figure 7.2: RT-PCR amplification of PSbMV CI, 6K2, NIa andNlb regions.

RT with VTNIa primer and PCR with VTCI/VTNIa primer pair for:

(l) PSbMV US RNA with Taq DNA polymerase;

(3) PSbMV US RNA with Pwo DNA polymerase;

(5) PSbMV 56 RNA withTaq DNApolymerase;

(7) PSbMV 56 RNA with Pwo DNA polymerase.

RT with VTNIb primer and PCR with VTCIA/TNIa primer pair for:

(2) PSbMV US RNA withTaq DNA polymerase;

(6) PSbMV 56 RNA withTaq DNA polymerase.

RT with VTNIb primer and PCR with VTCIA/TNIb primer pair for:

(4) PSbMV US RNA with Pwo DNA polymerase;

(8) PSbMV 56 RNA with Pwo DNA polymerase.

(M1) lkb Ladder. (M2) 100 bp DNA Ladder.
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non specific fragments from PSbMV US RNA (Figure 7.2lane 4), while only non specific

fragments (< 700 bp) were amplified from PSbMV 56 RNA (Figure 7.2lane 8).

7.3.2.1 Cloníng of the 976 bp CI/NIa RT-PCRfragmentfrom PSbMV US and PSbMV

s6

Figure 7 .3 A shows the 976 bp agarose gel purified RT-PCR products generated from

PSbMV US and 56 RNA with the VTNIa RT and VTCWTNIa PCR primers using Pwo

DNA polymerase. Figure 7.3 B shows the size of inserts recovered from PSbMV US and

56 976 bp CIlI.{Ia recombinant pGEM@-T plasmids following EcoRI restriction. The

PSbMV US CIlNIa clone generated two fragments (850 bp and 150 bp), in addition to the

vector fragment (3000 bp), indicating that there is an internal EcoRI restriction site in the

US CVNIa insert. The PSbMV 56 CIAIIa clone generated a single 1000 bp fragment of

expected size in addition to the 3000 bp vector fragment.

7.3.2.2 Comparísons of CINPg peptide from PShMV pathotype P-l and P-4 isolates.

Figure 7.4 shows the 297 amino acid sequence alignment from the carboxy terminus of the

CI, 6K2 and entire VPg of PSbMV DPD1 pathotype P-1, PSbMV US pathotype P-1,

PSbMV NY pathotype P-4 and PSbMV 56 pathotype P-4. The VPg from all four PSbMV

isolates is 194 amino acids in length. All 36 amino acid differences described between

PSbMV DPDI and PSbMV NY (Figure 7.1), with the exception of amino acid positions 28

and 150, were also found between PSbMV US and 56 (Figure 7.4). Amino acid positions

28 and 150 in both PSbMV US and 56 were identical to PSbMV NY pathotypeP-4. Three

additional conservative changes were identified at amino acid positions 50,78 and 81. VPg

amino acid positions 50 and 81 differed in PSbMV 56 only, whereas amino acid position

78 differed in PSbMV US only. The VPg amino acid sequences of PSbMV NY and 56

(both pathotype P-4) were identical except for amino acid positions 50 and 81 and the VPg

amino acid sequences of PSbMV DPDI and US (both pathotype P-1) were identical with

the exception of amino acid positions 28, 78 and 150. There was a high level of amino acid

variability within the central region of the VPg, position 105 to 119, between the pathotype

P-1 (DPDI and US) and pathotypeP-4 (NY and 56) PSbMV representatives.

The297 amino acid sequence representing the carboxy terminus of the CI, 6K2 and entire

VPg showedgT%o similarity between PSbMV US and DPDI, 987o similarity between

PSbMV 56 and NY, 857o similarity between PSbMV US and NY and 84Vo similarity
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Figure 7.3: Amplification and cloning of PSbMV US and 36 976bp CI/ltlIa

amplicon.

(A) RT-PCR from purified PSbMV US and 56 RNA with VTNIa RT primer and

VTCIA/TNIa PCR primer pair. (US) PSbMV US pathotype P-1. (56) PSbMV 56

pathotype P-4.

(B) Cloning of the 976bp CI/NIa fragment from PSbMV US and 56 into pGEM-T

vector. (1) Unrestricted pGEM-T containing CIAüa insert from PSbMV US. (2)

pGEM-T containing CIA{Ia insert from PSbMV US restricted with EcoRI. (3)

Unrestricted pGEM-T containing CI/Ì.üa insert from PSbMV 56. (a) pGEM-T

containing CIA{Ia insert from PSbMV US restricted with EcoRI.
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Chapter 7 Molecular analysis of the VPg

between PSbMV US and NY, and PSbMV DPD1 and NY. The 194 amino acid sequence

of the VPg showed9SVo similarity between PSbMV DPD1 and US and PSbMV NY and

S6,8lVo similarity between PSbMV DPDI and NY, and PSbMV US and NY and 807o

similar between PSbMV DPD1 and 56, and PSbMV US and 56.

Figure 7.5 shows the hybrophobicity plots of the 297 amino acids corresponding to the

carboxy- terminus of the CI, entire 6Kz and VPg of PSbMV US and 56 compared with

those for the PSbMV DPDl and NY isolates. A region of high ty is observed

in each of the four PSbMV isolates between amino acid residue 70 to 90 corresponding to

the central region of the 6þ protein. Overall all the PSbMV isolates gave similar profiles.

7.3.3 Targeting regíons of the VPg for RFLP analysis

Figure 7.6 shows the nucleotide sequence alignment for the 891 nucleotides representing

the CI3'end, 6Kz and entire VPg coding regions from PSbMV DPDI, US, NY, and 56.

Codons within the VPg corresponding to the amino acid changes identified between the

PSbMV pathotype P-l and P-4 isolates are numbered. The high proportion of amino acid

changes identified within the central region of the VPg (positions 105-119) corresponded

to a variable nucleotide sequence between the pathotype P-l and P-4 representatives.

However, the nucleotide sequence within this region was conserved among the PSbMV

pathotype P-1, and P-4 isolates. The "Map" program was used to identify restriction sites

conesponding to this variable region which would differentiate between the PSbMV P-1

and P-4 pathotypes . A MfeI site corresponding to amino acids 1l3lll4 was identified in

the PSbMV pathotype P-1 (DPDI and US) isolates but was absent in the PSbMV P-4 (NY

and 56) isolates. A second Mfelsite was identified in the VPg coding region corresponding

to amino acid positions 120/l2l/122 in PSbMV pathotype P-1 isolates (DPD1 and US)

which was also absent in PSbMV pathotype P-4 isolates (NY and 56). The PSbMV

pathotype P-4 isolates had a single Mfelsite corresponding to the VPg amino acid position

l52ll53ll54 which was absent in the PSbMV pathotype P-l isolates. An additional MfeI

site was identified outside the VPg coding region. This site was only present in the PSbMV

US isolate and corresponded to the 3' end of the CL

The 891 nucleotide sequence spanning the CI,6K2 andVPg of PSbMV Pl and US was

96Vo similar, PSbMV P4 and 56 were 987o similar, PSbMV Pl and P4, and PSbMV Pl

and 56 and PSbMV US and 56 were eachT9%o similar, and PSbMV US and P4 were 80%o

similar. The 582 nucleotide VPg sequence of PSbMV Pl and US were 96Vo similar,
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F,igure 7.6: Nucleotide sequence alignment of PSbMV pathotype P-l (DPDI and us)

and P-4 (NY and 56) partial cI3' end, complete 6Kz and complete vPg.

+ VTVPg primer position'

(-) Boundaries between the genes with the gene indicated above the alignment.

Each codon of the VPg is indicated with a vertical line and numbers refer to the

positions of amino acid changes described in Figure 7.4.
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Chapter 7 Molecular analysis of the VPg

PSbMV P4 and 56 were 997o similar, PSbMV Pl and 56, and PSbMV US and P4 and

PSbMV US and 56 were eachTS%o similar and PSbMV Pl and P4 were 79Vo similar.

7.3.4 RT-PCR ofthe PShMV CI and VPg

Figure 7.7 shows the comparison of PCR with VTCWTNIa and VTCWTVPg primer

pairs on dilutions of recombinant pGEM@-T plasmid containin gthe 976 bp CIlNIa inserts

from PSbMV US and 56. Primer pair VTCIVTVPg gave a stronger amplification signal

than the VTCVVTNIa primer pair on identical plasmid dilutions. The VTCWTNIa primer

pair detected both the 1/100 and 1/1000 dilutions from the recombinant PSbMV US CIlNIa

pGEM@-T plasmid producing a976 bp amplicon, but only detected the 1/100 dilution of

the recombinant PSbMV 56 CIA{Ia pGEM@-T plasmid. Primer pair VTCWTVPg

amplified both the 1/100 and 1/1000 PSbMV US and 56 recombinant plasmid dilutions,

producing a 780 bp amplicon.

7.3.5 RFLP ønalysis of the 780 bp CINPg RT-PCR atnplìconfrom 29 PShMV ísolates

Figure 7.8 shows the schematic representation of MfeI sites and RFLP fragment sizes

expected from the 780 bp VTCíVTVPg RT-PCR amplicon from PSbMV pathotype P-l

and P-4 isolates. PSbMV pathotype P-4 isolates (NY and 56) have no Mfelrecognition

sites within this region. PSbMV pathotype P-1 isolates (DPDl and US) have two Mfelsites

at identical positions located within the variable central region of the VPg. PSbMV US has

an additional MfeI site within the CI region which is absent in PSbMV DPDl. Therefore,

the restriction fragments expected in PSbMV DPDI would be 672bp,22 bp and 86 bp,

whereas, in PSbMV US they would be 87 bp, 585 bp,22 bp and 86 bp.

Figure 7.9 shows the RFLP patterns generated from the 780 bp VTCWTVPg RT-PCR

amplicon from the 29 PSbMV isolates restricted with MfeI. Three distinct RFLP patterns

were observed among the 29 PSbMV isolates. PSbMV US generated the predicted 585 bp

and 86i87 bp fragments (the expected 22bp fragment was not visible) and will be referred

to as the "PSbMV US like pattern". PSbMV 56 contained no MfeI restriction sites and will

be referred to as the "PSbMV 56 like pattern". The third RFLP pattern observed was a 672

bp and 86 bp fragment (expected 22bp fragment was not visible) as predicted from the

PSbMV DPD1 sequence data and will be referred to as the "predicted PSbMV DPD1 like

pattern". Among the 15 Australian PSbMV isolates two patterns were observed: the

"PSbMV 56 like pattern" represented by P503-4-2,43(I),3(6), 19(1) and VIDA and the
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Figure 7.72 Comparison of PCR primer pairs VTCIA/TNIa and VTCI/VTVPg.

PCR with VTCIA/TNIa primer pair for:

(l) pGEM-T containing 976bp CIA{Ia insert from PSbMV US diluted 1/100;

(2) pGEM-T containing 976bp CIA{Ia insert from PSbMV US diluted l/1000;

(3) pGEM-T containinggTí bp CIÀüa insert from PSbMV 36 diluted 1/100;

(a) pGEM-T containing 976bp CIA{Ia insert from PSbMV 56 diluted l/1000.

PCR with VTCIA/TVPg primer pair for:

(5) pGEM-T containing 976bp CIÀ{Ia insert from PSbMV US diluted l/100;

(6) pGEM-T containinggTí bp CIAüa insert from PSbMV US diluted l/1000;

(7) pGEM-T containinggTí bp CIAüa insert from PSbMV 56 diluted 1/100;

(8) pGEM-T containing 976bp CIA{Ia insert from PSbMV 56 diluted l/1000.

(M) 1 kb Plus Ladder.
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PSbMV Pathotype P-l

CI 6Kt ++

87 bp

PSbMV pathotype P-4

CI
I

672bp

6K,

585 bp

6K, vPg

+ CI ++vPg

22bp 86 bp

22bp 86 bp

PSbMV DPDI

PSbMV US

PSbMV NY and 56I

780 bp

Figure 7.8: Mfel restriction sites present in the 780 bp CI/6K/VPg region of PSbMV pathotype P-1 (DPDI and US) and P-4

(NY and 56) isolates. r VTCI primer. r VTVPg primer. + tr(felrecognition site.

Highly variable central region of the VPg identified between PSbMV pathotype P-l and P-4

(corresponding to amino acid position 105-119).
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Chapter 7 Molecular analysis of the VPg

"predicted PSbMV DPD1 like pattern" represented by 54,M257-7-3,P5ß-I-I,26(6),

l9(7),2(5),21(l), FFD, UK4 and leafless. Among the 12 Pakistani isolates three RFLP

patterns were observed: the "PSbMV US like pattern" represented by PK3, PK5 and PK7;

the "predicted PSbMV DPD1 like pattern" represented by PKl, PK2, PK4, PK9, PK10,

PKl1 and PK 12: and the "PSbMV 56 like pattern" represented by PK6 and PK8.

7.3.6 Sequence analysis of the 780 bp CINPg RT-PCR ampliconfrom three

Australian andfour Pakßtaní PShMV isolates

The 780 bp RT-PCR fragment amplified with VTNIa RT and VTCWTVPg PCR primers

were cloned from three Australian PSbMV isolates, 19(l), M257-7-3 and P515-l-1, and

four Pakistani PSbMV isolates, PK4, PK6, PK7 and PK 9, representing the three different

MfeIRFLP patterns observed. The nucleotide and amino acid sequences from these clones

were determined.

Figure 7.10 shows the alignment of the 244 amino acid sequence from the carboxy

terminus of the CI, 6K2 and the first 141 amino acid residues of the VPg from the three

Australian PSbMV isolates, four Pakistani PSbMV isolates compared with the PSbMV US

pathotype P-1 and PSbMV 56 pathotype P-4 type isolates and published PSbMV DPDl

pathotype P-1, PSbMV NY pathotype P-4 and PSbMV Ll pathotypeP-2 (EMBL

accession number A1252242) sequences.

All the amino acid changes previously identified within the VPg between PSbMV

pathotype P-1 (DPD1 and US) and PSbMV pathotype P-4 (NY and 56) isolates were also

present in the first 141 amino acids among the three Australian and four Pakistani PSbMV

isolates. No additional amino acid changes within the VPg were identified. The

conservative amino acid changes identified at positions 20, 23,55,70, 105, 106, 117,I29,

and 130 and non-conservative amino acid changes at positions 29, 35,36, 52,86,96, lO9,

lI2,lI4,ll5,116,I18, 119, and 139 were identical to PSbMV DPD1 and US in the

M257-7-3, P515-1-1, PK4, PK7 and PK9 PSbMV isolates and identical to PSbMV NY and

56 in the 19(1) and PK6 PSbMV isolates. The conservative amino acid change identified at

position 28 of the VPg was either a threonine or serine among all the PSbMV isolates but

was not pathotype specific. The additional changes identified between PSbMV DPD1, US,

NY and 56 at positions 50, 78 and 81 were isolate specific and only identified in PSbMV

56, US and 56 respectively. Tyrosine and aspartic acid residues were present in all 12

PSbMV isolates at position 61 and 75 respectively.
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Figure 7.10: Amino acid sequence alignment of CI carboxy- terminus, entire 6Kz and

partial VPg.

(Y61) Tyrosine residue at VPg amino acid position 61.

(D75) Aspartic acid residue at amino acid position 75.

(a, b, c) Non-conservative amino acid changes in the VPg at position 42,95, and 108

between PSbMV Ll phototypeP-2 and all other PSbMV isolates.

A p"l"tion of three amino acids in the VPg of PSbMV L1 pathoty peP-Z

corresponding to residue positions 103-105.
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The VPg of the PSbMV Ll pathotypeP-2 isolate had a deletion of three amino acids

coresponding to positions 103, 104 and 105 and was also highly variable from PSbMV

pathotype P-1 and P-4 isolates within the central VPg region (amino acid position 106-

119). At amino acid positions 20, 23,29,52,55,70, 86, ll2, 114, 118, ll9, 129, and 130

PSbMV Ll pathotype P-2 was identical to PSbMV DPDI and US. At amino acid positions

35,36,96, and 139 PSbMV Ll was identical to PSbMV NY and 56. PSbMV Ll had

unique amino acid changes at positions 42,95, 106, 107, 108, 109, 115, 116 and 1 17.

Figure 7.1 1 shows the predicted MfeI restriction sites present in the 780 bp VTCWTVPg

RT-PCR amplicon of PSbMV L1 pathotypeP-2, compared with those of the PSbMV

pathotype P-l and P-4 isolates. PSbMV Ll contained a single Mfel restriction site within

the variable central VPg region corresponding to amino acid position lI3/114 in PSbMV

DPDI and US and I 10/11 1 in PSbMV L1 (due to a deletion of three amino acids at

positions 103, 104 and 105). Therefore, in PSbMV Ll the expected RFLP fragment lengths

would be 663 bp and 108 bp.

Table 7.1 shows the amino acid sequence similarity within the first 141 amino acids

residues of the VPg among 12 PSbMV isolates. PSbMV DPDI and US (pathotype P-1)

and PSbMV NY and 56 (pathotype P-4) were each 987o similar. PSbMV Ll and DPDI

and PSbMV Ll and US were eachS6Vo similar. PSbMV Ll and NY, and PSbMV Ll and

56 were 80Vo andT9%o similar, respectively. PSbMY M257-7-3, P515-1-1,PK4, PK7 and

PK9 were all98-1007o similar to PSbMV DPD1 and US, as well as each other, 8l-82%o

similar to PSbMV NY and 56 and 86-87Vo similar to PSbMV Ll. PSbMV 19(1) and PK6

were 98-1007o similar to PSbMV NY and 56, as well as each other, 82Vo similar to

PSbMV DPDl and US andSOVo similar to PSbMV Ll

7.4 Discussion

As the VPg has been identified as an avirulence determinant for PSbMV DPD1 pathotype

P-1 in sbm-I/sbm-1 pea plants (Keller et aL,1998) the VPg amino acid sequences of

PSbMV DPD1 pathotype P-1 and PSbMV NY pathotype P-4 were compared. The VPg

from both isolates was 194 amino acids in length with thirty-six amino acid changes (13

conservative and 23 non-conservative) being identified. High proportions of changes were

observed within the central region of the VPg (amino acid position 105-119).
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Table 7.1: Percentage similarity of the first 141 amino acids from the VPg of 12 PSbMV isolates

PSbMV isolates (amino acid similarity)

P-1 IIS

987o

1OO4"

M251-7-2

IOOVo

987o

IOOVo

P51 5-1 -1

IOOVo

IOOVo

9\Vo
l00Vo

PK4

99Vo

99Vo

99Vo

99Vo

997o

PK7

997o

1007o

lO0Vo

lO0Vo

987o

1OOV"

PK9

86Vo

SlVo

867o

86Vo

86Vo

86Vo

86Vo

P-2

80Vo

82Vo

83Vo

82Vo

827o

82Vo

827o

82Vo

P-4

98Vo

79Vo

8r%
827o

SlVo

SlVo

8l7o
SlVo
8l7o
S6

98Vo

l00Va
80Va

827o

83Vo

82Vo

827o

82Vo

82Vo

8?,4"

19fl)

I009o
99Vo

1007o

807o

827o

837o

82Vo

82Vo

82Vo

827o

82Vo

PK6

PK6
19(1)

S6

P-4
P-2
PK9
PK7
PK4

P5 15-1-l
M257-1-3

US
P-1
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To determine whether the amino acid sequence differences identified were pathotype or

isolate specific, theVPg from PSbMV US pathotype P-1 and PSbMV 56 pathotype P-4

were cloned, sequenced and compared with those of PSbMV DPD1 pathotype P-l and

PSbMV NY pathotype P-4. Thirty-four of the 36 amino acid changes identified between

PSbMV DPDI pathotype P-1 and PSbMV NY pathotype P-4 were also identified between

PSbMV US pathotype P-l and PSbMV 56 pathotypeP-4, with an additional three amino

acid changes identified in PSbMV US and 56 only. Therefore, only 34 of the 39 amino

acid changes identified can be described as pathotype specific changes. The highly variable

central region of the VPg (position 105-119) was conserved within the PSbMV pathotype

P-1 (DPD1 and US) and P-4 (NY and 56) groups and, therefore possibly could be used to

distinguish between PSbMV pathotype P-l and P4 isolates. Thirteen amino acids within

the central region of the VPg have been implicated as the avirulence determinant region in

PSbMV DPDI pathotype P-l (Borgstrom et al., 1998).

A reliable RT-PCR assay was developed to amplify the variable central VPg region from

total nucleic acid extracts. RT with VTNIa and PCR with the VTCWTVPg primer pair

amplified a single 780 bp amplicon from all 29 PSbMV isolates tested without the need for

further purification. This primer pair did not, however amplify the entire VPg (only

amplifying the first 423bp of the 582 bp VPg. Other RT-PCR primers tested that would

allow the amplification of the entire VPg were not reliable or PSbMV isolate sensitive. The

RT-PCR primer pair VTCWTNIb only amplified the expected 2300 bp product from

PSbMV US RNA. Although the RT-PCR primer pair VTCWTNIa did amplify the

expected 976bp amplicon from PSbMV US and 56 RNA, they only amplified from a high

concentration of PSbMV RNA or recombinant plasmid templates and produced additional

fragments from PSbMV 56 RNA template. These primers were useful in amplifying

PSbMV RNA from purified virus preparations with Pwo DNA polymerase but not for

amplifying PSbMV from total nucleic extracts withTaq DNA polymerase.

To further examine molecular differences within the VPg of PSbMV, RFLP analysis

targeting the variable central VPg region was done on the 29 PSbMV Australian, Pakistani

and type isolates. RFLP analysis of the 780 bp VTCWTVPg ampliconwith MfeI

produced three distinct patterns: an unrestricted PSbMV pathotype P-4 like pattern; and

two PSbMV pathotype P-1 like patterns, identical to the predicted PSbMV DPDI (672bp,

86 bp and2}bp) and PSbMV US (585 bp, 86/87bp and 22bp) patterns. Among the 15

Australian PSbMV isolates only the PSbMV 56like and predicted PSbMV DPDI like

84
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patterns were observed, whereas among the 12 Pakistani PSbMV isolates all three RFLP

pattern types were observed.

The partial CA6K2/VPg from seven PSbMV isolates representing the three distinct RFLP

patterns observed were cloned, sequenced and compared with the PSbMV pathotype P-1

and P-4 isolates and confirmed as being similar to PSbMV pathotype P-1 or P-4, as

predicted from the RFLP analysis. At the amino acid sequence level M257-7-2, P515-l-1,

PK4, PK7 and PK9 were all 98-IO0Vo similar to PSbMV pathotype P-1 isolates (DPD1 and

US) and 8I-837o similar to PSbMV pathotype P-4 (NY and 56) isolates, while 19(1) and

PK6 are 98-I0OVo similar to PSbMV pathotype P-4 isolates and 82Vo similar to PSbMV

pathotype P- 1 isolates.

No PSbMV pathotype P-2 type isolates were available for inclusion in the study, although

fullJength PSbMV Ll pathotypeP-2 sequence information did become available (April,

2000) following completion of this study. The VPg of PSbMV Ll pathotype P-2 has a

deletion of three amino acids, which was not observed in any of the 11 PSbMV isolates

studied. The central VPg region (amino acid positions 106-119) of PSbMV Ll pathotype

P-2 was also highly variable, differing from both the PSbMV pathotype P-1 and P-4

isolates. The variable central region of the VPg (amino acid positions 105-119) was

conserved between the PSbMV pathotype P-l (DPDI, US) and M257-7-3, P515-1-1, PK4,

PK7, and PK9 isolates and the PSbMV pathotype P-4 (NY and 56) and 19(1) and PK6

isolates. No PSbMV pathotype P-2 like isolates were identified on this basis. Sequence

data showed that the first 141 amino acids of the PSbMV L1 pathotypeP-2was79-81Vo

similar with the 1 I other PSbMV isolates studied. PSbMV L1 pathotype P-2 was more

similar to the PSbMV pathotype P-1 (DPD1 and US) isolates (867o similar) than the

pathotype P-4 (NY and 56) isolates (79-80Vo similar).

Predicted MIeIRFLP sites were identified from PSbMV Ll pathotypeP-2 sequence data

for the region corresponding to the 780 bp VTCWTVPg amplicon. One Mfelsite was

predicted at amino acid position 110/111 of the VPg, which corresponded to the one found

at position ll3lII4 in the PSbMV pathotype P-l isolates. This would generate a663bp

and 108 bp fragment, which under our conditions would be almost indistinguishable from

the predicted PSbMV DPDI like pattern (672bp,22bp,86 bp). This could, however be

overcome by running restriction products on higher percentage agarose gels or

polyacrylamide gels to better visualise the differences.
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Hydrophobicity plots of the 297 amino acids from the carboxy- end of the CI, entire 6Kz,

and entire VPg were produced for PSbMV US pathotype P-1, PSbMV 56 pathotypeP- ,

PSbMV DPDI pathotype P-l and PSbMV NY pathotype P-4 and compared. All the

hydrophobicity plots were similar and exhibited a region of high hydrophobicity

corresponding to a stretch of approximately 20 amino acid from the central region of the

6K2 peptide. The 6Kz of TEV has been shown to be a membrane binding protein with the

central 23 amino acid residues, consisting of a hydrophobic domain, required for this

interaction (Schaad et al., 1997 a).

A tyrosine residue at position 61 and an aspartic acid at position 15 of the VPg was

conserved in all 12 PSbMV isolates studied. A conserved tyrosine residue at position 1860

of the polyprotein in TVMV is responsible for the covalent attachment of the VPg to the 5'

terminus of the potyviral RNA (Murphy et a1.,1991). Aspartic acid at residue 7l of the

VPg is necessary for binding of the TuMV VPg to the translation eukaryotic initiation

factor (elF9iso)4E and shown to be conserved among eight different potyviruses (Leonard

et a1.,2000).
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Chapter 8 PSbMV sequence and phylogenetic analysis

8.1 Introduction

Computer assisted comparative studies of genome sequences have greatly contributed to

the understanding of the taxonomic relationships between families (Koonin and Dolja,

1993), genera (Badge et aI., 1997; Stenger et a1.,1998; Hall et al., 1998) and virus species

(Revers et al., 1996).In addition, at the virus strain or isolate level phylogenetic analysis

has allowed the correlation of sequence information with host range (Wang and Sanfacon,

2000), geographical distribution (BousaIem et a1.,2000a) and biological classification or

genotype groups (Tordo et a1.,1995; Bousalem et al,2000b).

Since little PSbMV sequence information is available a primary aim for this chapter was to

obtain sequence data from various PSbMV isolates within the Australian and Pakistani

collection and to compare their sequences and phylogeny with PSbMV sequences available

from genome databases. Furthermore, because decisive biological pathotype groups have

not been established for the Australian PSbMV isolates, a second aim was to determine

whether pathotypes previously described could be identified from sequence data.

8.2 Materials and Methods

8.2.1 Potyvírus isolates

Seven Australian PSbMV isolates (19(1), 43(I), VIDA, P515-1-1, 3(6),M257-7-3, and

FFD; see Table 3.1 for origin), six Pakistani PSbMV isolates (PK4, PK6, PK7, PK9, PK10,

PKl3; Ali and Randles, 1997) and two PSbMV type isolates (US pathotype P-1 and 56

pathotype P-4) were analysed for sequence information. Sequences of PSbMV (DPD1;

D10930, NY; X89997 andLl; AJ252242) and BYMV (strain MB4;D83749) were

obtained from the GenBankÆMBL databases.

8.2.2

8.2.2.1

RT-PCR and direct sequencing PShMV HC-Pro region

Primers

RT was done with VT04 (Appendix C) and PCR was done with either: the VT02/VT03

primer pair (Appendix C); or with VTHCFoT (5'-ATT TCC ATC AGC ACA TCA TGT-

3'), position 1602-1621 of PSbMV DPDI, and VTHCRev (5'-ACG CAT GAG CAA GGA

TAC AC-3'), position 2221-2202 of PSbMV DPDI. Both primer pairs were targeted to the

HC-Pro gene with VTHCFoT/VTHCRev being internal to the VT02/VT03 primers.
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Chapter 8 PSbMV sequence and phylogenetic analysis

8.2.2.2 RT-PCR condítíons

RT-PCR was done in a two step reaction. Complementary DNA was generated from total

nucleic acid with VT04 as previously described (section 5.2.3.2). PCR fragments generated

for direct sequencing were amplified with the proof-reading DNA polymerase, Pwo. PCR

was done in a20 ¡rL reaction volume containing 2 pL cDNA from the RT step, 10 mM

Tris-HCl, pH 8.85, 25 mM KCl, 5 mM (NH4)zSO¿, 2 mM MgSOa, 0.8 mM dNTPs, 0.4 pM

each (VT02 and VT03) or (VTHCFoT and VTHCRev) HPLC purified primer and 2.5 U

Pwo DNA polymerase.

8.2,2.3 PCR cyclíng conditions

PCR cycling conditions with the VT02/VT03 primer pair were as previously described

(section 5.2.3.3). For PCR with the VTHCFoT/VTHCRov primer pair, mixtures were

initially incubated at94oC for 3 min followed by 30 cycles consisting of: denaturation at

94oC for 1 min; annealing at 50oC for 1 min; and extension at72"C for 1 min, with a final

extension step of 72oC for 2 min.

RT-PCR products were analysed by electrophoresis in 1.57o agarose gels containing 0.5

¡tglmL EtBr and buffered in I x TAE.

8.2.2.4 Direct sequencíng of PCR products

The VT02A/T03 PCR reaction was purified using the QlAquick PCR purification kit

(QIAGEN, Germany) and the VTHCFoT/VTHCRev PCR product was purified from

agarose matrix with the QlAquick gel extraction kit (QIAGEN, Germany). Both strands of

the purified RT-PCR products were directly sequenced with HPLC purified VT02, VT03,

VTHCFoT, or VTHCRev primers.

8.2.3 Cloníng and sequencing the PShMV CI-6Kz-VPg region

The 780 bp region representing the 3'-terminus of the CI, entire 6Kz and about three

quarters of the VPg were amplified by RT with VTNIa and PCR with VTCI/VTVPg, then

cloned and sequenced (section 7 .4.2).
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8.2.4 Sequence a.nalysis

All sequence analysis was done through the V/ebANGlS-Australian National Genomic

Information Service interface (http://www.angis.org.aul). Multiple sequence alignments of

the 853 bp partial HC-Pro nucleotide and corresponding 284 amino acid sequences, and

732bp partial CI,6K2 and partial VPg nucleotide and corresponding244 amino acid

sequences were obtained using Eclust(lM (Thompson et aI.,lg94). Pair-wise distances

(without conection) and sequence similarity were calculated within a group of aligned

sequences with the program Homologies.

8.2.5 Phylogenetíc analysis

All phylogenetic analysis was done through the WebANGIS interface. Phylogenetic

analyses were performed using the parsimony, neighbor-joining and fitch methods with

BYMV defined as the outgroup. ESeqBoot was used to produce 1000 bootstrapped data

sets from alignments. Parsimony analysis was done with EDnaPars or EProtPars with 1000

sets of data. Distance matrices were calculated for nucleotide sequence alignments with

EDnaDist using the Kimura "2-parameter" model with a transition/transversion ratio of 2.0

and 1000 data sets. Distance matrices were calculated for amino acid sequence alignments

with EProtDist using maximum likelihood estimates based on the Categories model,

transition/transversion ratio of 2.0 and 1000 data sets. Phylogenies were estimated from

distance matrices with ENeighbor using the Neighbor-Joining method and EFitch using the

least squares formula of the Fitch-Margoliash method with 'P' value of 2.0 and 1000

replicate data sets. A majority-rule consensus tree was constructed with EConsense.

Phylogenetic trees were viewed in TreeView 1.5.0.

8.3 Results

8,3.1 RT-PCR of HC-Pro region for sequencing

Figure 8.1 shows the RT-PCR amplification of a 1085 bp region of a representative group

of PSbMV HC-Pro and internal62lbp region for direct sequencing. PCR with primer pair

VT02/VT03 on cDNA generated with VT04 produced a single 1085 bp product from the

PSbMV isolates, while PCR with primer pair VTHCFoT/VTHCRev from the same cDNA

template produced a 621bp fragment. Direct sequencing of these two RT-PCR products

allowed the elucidation of the partial HC-Pro sequence from all PSbMV isolates tested.

Q.c
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Figure 8.1: RT-PCP.ofl HC-Pro from PSbMV isolates for direct sequencing.

Amplification of a 1085 bp region of the HC-Pro from seven Australian and two

PSbMV type isolates by RT-PCR for direct sequencing analysis. RT-PCR on cDNA

generated from total nucleic acid with VT04 RT primer and (A) PCR of the HC-Pro

with VT02A/T03 primer pair or (B) PCR of the internal HC-Pro with

VTHCFoTA/THCRev primer pair. (l) PSbMV 56; (2) PSbMV a3(l); (3) PSbMV FFD;

(4) PSbMV uS; (5) PSbMV 3(6); (6) PSbMV vIDA; (7) PSbMV le(l); (8) PSbMV

P515-1-l; (9) PSbMV M257-7-3; (M) I kb Plus DNA Ladder.
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8.3.2 Sequence alígnments

The nucleotide and coffesponding amino acid multiple sequence alignments produced from

the HC-Pro andCAíKz/VPg regions with EClustALW are shown in Appendix D.

8.3.3

8.3.3.1

Sequence simihrtty

HC-Pro

Table 8.1 shows the amino acid and nucleotide sequence similarity between the HC-Pro

region of 17 PSbMV and one BYMV isolate. The amino acid similarity (having the same

or similar structure and./or function) was generally lower than the corresponding nucleotide

sequence similarity for the comparisons between each of the PSbMV isolates and BYMV.

The amino acid sequence similarity between BYMV and the 17 PSbMV isolates were in

the range 37.3-39.87o and the nucleotide sequence similarities were in the range 48.2-

50.IVo. For the comparisons between the PSbMV isolates the amino acid sequence

similarities were higher than the corresponding nucleotide sequence similarities. Among

the PSbMV isolates amino acid sequence similarities ranged from 88.7-1007o and

nucleotide sequence similarities were in the range 19.4-99.8Vo.

Comparisons of the published PSbMV sequences representative of the three pathotypes

showed that PSbMV Ll pathotypeP-2 and PSbMV DPD1 pathotype P-l are 94.0Vo and

87.5Vo similar at the amino acid and nucleotide sequence level respectively. PSbMV Ll
pathotype P-2 and PSbMV NY pathotype P-4 are 89.87o and79.77o similar, and PSbMV

DPD1 pathotype P-l and PSbMV NY pathotypeP-4 are 9O.5Vo and79.8Vo similar at the

amino acid and nucleotide sequence level respectively.

Comparison of the PSbMV US pathotype P-l and PSbMV 56 pathotypeP-4 type isolates

with published sequences of known pathotypes showed that PSbMV US was most similar

to PSbMV DPD1 pathotype P-l and PSbMV 56 was most similar to PSbMV NY

pathotype P-4. The PSbMV US type isolate is 94.0Vo (amino acid) and 86.9Vo (nucleotide)

similar with PSbMV Ll pathotypeP-2;97.5Vo (amino acid) and 96.8Vo (nucleotide) similar

with PSbMV DPDl pathotype P-1; and 90.5Vo (amino acid) and 79.87o (nucleotide) similar

with PSbMV NY pathotype P-4. The PSbMV 56 type isolate is 88.7Vo (amino acid) and

79.6Vo (nucleotide) similar with PSbMV Ll pathotypeP-2;89.47o (amino acid) and 79.57o

(nucleotide) similar with PSbMV DPDl pathotype P-l; and 97.9Vo (amino acid) and 98.5Vo

(nucleotide) similar with PSbMV NY pathotype P-4.
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Tabte 8.L: Sequence similarity of HC-Pro region

Pair-wise sequence similarity within the group of aligned sequences were determined using the program Homologies with uncorrected values.

Numbers above the diagonal line represent percentage amino acid sequence similarity and numbers below the diagonal represent percentage

nucleotide sequence similarity. x Nucleotide sequences extracted from the GenBankÆMBL databases.
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PSbMV DPDI and US showed greater than9TVo amino acid sequence similarity with

PSbMV FFD, PSbMV M257-7-3, PSbMV PKIO, PSbMV PK13, PSbMV PK4, PSbMV

PK7 and PSbMV PK9. PSbMV NY and 56 showed greater tban9TVo amino acid similarity

wirh PSbMV 19(1), PSbMV 3(6), PSbMV 43(1), PSbMV P515-1-1, and PSbMV VIDA.

The amino acid sequence similarity between PSbMV Ll pathotypeP-2 and the other

PSbMV isolates varied from 88.7-94.47o.

8.3.3.2 CI-6K2-VPg

Table 8.2 shows the amino acid and nucleotide sequence similarity O"r-""1|f;,:..,,.

CAíKzlYPg region of 12 PSbMV and one BYMV isolate. The amino aciÇ/siriúlarity was

lower than the corresponding nucleotide sequence similarity for the comparisons between

each of the PSbMV isolates and BYMV. The amino acid sequence similarity between

BYMV and the 12 PSbMV isolates were in the range 38.9-41.3%o and the nucleotide

sequence similarities were in the range 49.8-51.4Vo. For the comparisons between the

PSbMV isolates, amino acid sequence similarities were higher than the corresponding

nucleotide sequence similarities. Among the PSbMV isolates amino acid sequence

similarities were in the range 84.4-l00%o and nucleotide sequence similarities were in the

range 77.7-IOOVI. Nucleotide sequence similarity of l00%o was observed between the

PSbMV 257-7-3, PSbMV PK4, PSbMV PK9, and PSbMV DPD1 isolates.

Comparisons of the published PSbMV sequences representative of the three pathotypes

showed that PSbMV L1 pathotypeP-2 and PSbMV DPDI pathotype P-l are 91.OVo and

85.OVo similar at the amino acid and nucleotide sequence level respectively. PSbMV Ll
pathotype P-2 and PSbMV NY pathotype P-4 are 85.7Vo andTl .7Vo similar, and PSbMV

DPDI pathotype P-l and PSbMV NY pathotype P-4 are86.5%o and79.8Vo similar at the

amino acid and nucleotide sequence level respectively.

Comparison of the PSbMV US pathotype P-1 and PSbMV 56 pathotype P-4 type isolates

with published sequences of known pathotypes showed that PSbMV US was most similar

to PSbMV DPD1 pathotype P-l and PSbMV 56 was most similar to PSbMV NY

pathotype P-4. The PSbMV US type isolate is 9l.ÙVo (amino acid) and 83.6Vo (nucleotide)

similar with PSbMV Ll pathotypeP-2;97.5Vo (amino acid) and 97.OVo (nucleotide) similar

with PSbMV DPDl pathotype P-1; and 87.3Vo (amino acid) and 80.7Vo (nucleotide) similar

with PSbMV NY pathotype P-4. The PSbMV 56 type isolate is 84.4Vo (amino acid) and

9l



Table 8.2: Sequence identity of CA6KzNPg region

1. le(1)
2. BYMVX
3. Llx
4.M257-7-3
5. DPDI*
6. NY*
7. P515-1-1
8. PK4
9. PK6
10. PK7
11. PK9
12. 56
13. US

13I 2 3 4 5 6 7 I 910L112

49.9

71.9
79.6
79.6
98.9
19.5
79.6
99.7
80.5
19.6
99.2
80.3

40.9

50.1

5r.4
5r.4
50.1

5t.4
5r.4
49.9
51.1

5r.4
49.8

51.0

84.8
38.9

85.0
85.0
77.7
84.8
85.0
77.9
83.7

85.0
77.9
83.6

86.s
4r.3
91.0

86.5
41.3

91.0
100.0

79.8
99.9
100.0
19.6
91.r
100.0
79.4
97.0

98.8
40.9
85.7
86.5
86.5

19.6
79.8
99.2
80.9
19.8
98.6
80.7

86.1
41.3

90.6
99.6
99.6
86.1

99.9
79.5
91.0
99.9
79.2
96.9

86.5
4r.3
91.0
100.0
100.0
86.s
99.6

79.6
97.1

100.0
79.4
97.0

99.6
40.9

85.2
86.9
86.9
99.2
86.5
86.9

80.5
19.6
99.s
80.3

86.5
41.3

9r.4
98.0
98.0
87.1
9t.5
98.0
86.9

91.1
80.2
99.9

86.5
41.3

91.0
100.0
100.0
86.5
99.6
100.0
86.9
98.0

98.8
40.r
84.4
86.1

86.1

98.4
85.7
86.1

99.2
86.1

86.1

86.1

40.9

91.0
91.5
97.5
81.3

97.r
9t.s
86.5
99.6
91.s
85.1

100.0
79.8
99.9
100.0
79.6
97.r
100.0
79.4
97.0

79.4
97.O 80.1

1 2* 3*< 4 5* 6{< 7 I 9 10 11 12 13

Pair-wise similarity within the group of aligned sequences were determined using the program Homologies with uncorrected values. Numbers

above the diagonal line represent percentage amino acid sequence similarity and numbers below the diagonal represent percentage nucleotide

sequence similarity. * Nucleic acid sequences extracted from the GenBank/EMBL databases.
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77.9Vo (nucleotide) similarwithPSbMVLl pathotypeP-2;86.lvo (amino acid) and 79.4Vo

(nucleotide) similar with PSbMV DPD1 pathotype P-1; and 98.4Vo (amino acid) and 98.6Vo

(nucleotide) similar with PSbMV NY pathotype P-4.

PSbMV DPD1 and US showed greater than9TVo amino acid sequence similarity with

PSbMV M257-7-3, PSbMV 515-1-1, PSbMV PK4, PSbMV PK7, and PSbMV PK9.

PSbMV NY and 56 showed greater than9TVo amino acid sequence similarity with PSbMV

l9(1) and PSbMV PK6. The amino acid sequence similarity between PSbMV Ll
pathotype P-2 and the other PSbMV isolates varied from 84.4-91.4Vo.

8.3.4 Phylogenetic trees

HC-Pro8.3.4.r

Figure 8.2 shows the cladograms obtained from phylogenetic analysis done on the 853 bp

region of the partial HC-Pro nucleotide sequences by the parsimony, neighbor-joining and

fitch methods. All three methods resulted in the same topologies of the PSbMV isolates

within the cladograms. Three clades were produced for each of the three methods: one

containing the BYMV; the second containing the PSbMV 19(1), 43(l), P515-1-1, NY

pathotype P-4, VIDA, 3(6) and 56 pathotypeP-4 isolates; and the third containing the

PSbMV Ll pathotypeP-2, US pathotype P-l, PK7, PKl3, FFD, M257-7-3, DPDI

pathotype P-1, PK4, PK10 and PK 9. Within the third clade the PSbMV Ll isolate was the

most distantly related to the other isolates within the group.

Figure 8.3 shows the cladograms obtained from phylogenetic analysis done on the partial

HC-Pro amino acid sequences by the parsimony and neighbor-joining methods. The two

methods result in slightly different topologies of the PSbMV isolates. The parsimony

method resulted in four clades: one containing the BYMV isolate; the second containing

the PSbMV Ll pathotypeP-2 isolate; the third containing the PSbMV NY pathotypeP-4,

P515-1-1, 3(6),43(1), l9(1), VIDA and 56 pathotype P-4; and the fourth containing the

PSbMV PK7, US pathotype P-l, FFD, PK10, DPD1 pathotype P-l,M25l-7-2,PK13,

PK4, and PK9. Due to the lower bootstrap confidence values in the neighbor-joining tree

(less than 5O7o) branches would be collapsed producing five clades. The neighbor-joining

method resulted in five clades: one containing BYMV, the second containing PSbMV Ll
pathotype P-2;the third containing PSbMV FFD, PK10, PK4, DPDI pathotype P-1, PK13,

PK9 and M257-7-3; the fourth containing PSbMV PK7 and US pathotype P-1; and the
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Figure 8.2: Phylogenetic analysis of PSbMV isolates based on HC-Pro nucleotide

sequences.

Phylogenetic relationships of PSbMV isolates based on multiple alignments of a 853 bp

region of the HC-Pro. Trees were obtained by (A) parsimony, (B) neighbor-joining and

(C) fitch methods. The numbers above the branches indicate the percentage of bootstrap

analyses that supported the grouping at each node. BYMV was used as the outgroup.
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Figure 8.3: Phylogenetic analysis of PSbMV isolates based on HC-Pro amino acid

sequences.

Phylogenetic relationships of PSbMV isolates based on multiple alignments of a284

amino acid region of the HC-Pro. Trees were obtained by (A) parsimony or (B)

neighbor-joining methods. The numbers above the branches indicate the percentage of

bootstrap analyses that supported the grouping at each node. BYMV was used as the

outgroup.
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fifth containing PSbMV NY pathotype P-4, 56 pathotype P-4,3(6), VIDA, P515-1-1,

43(l) and 19(1). The extra clade containing the PSbMV PK7 and US isolates observed is

combined with the isolates of group three (neighbor-joining tree) in the parsimony

analysis.

8.3.4.2 CI-6K2-VPg

Figure 8.4 shows the cladograms obtained from phylogenetic analysis done on theT4lbp

region of 3' end of the CI, entire 6Kz and partial VPg nucleotide sequences by the

parsimony, neighbor-joining and fitch methods. All three methods resulted in the same

topologies of PSbMV isolates. Three clades were produced: one containing the BYMV;

the second containing the PSbMV NY pathotypeP-4,19(1), 56 pathotypeP-4, and PK6

isolates; and the third containing the PSbMV Ll pathotypeP-Z, US pathotype P-1, PK7,

M257-7-3, P515-l-1, DPDI pathotype P-1, PK4 and PK9.

Figure 8.5 shows the cladograms obtained from phylogenetic analysis done on the

corresponding amino acid sequence from theCUíKzlVPg region by parsimony and

neighbor-joining methods. The same topologies of PSbMV isolates were obtained with

both methods. Three clades were produced: one containing BYMV; the second containing

PSbMV NY pathotype P-4, 19(1), 56 pathotype P-4 and PK6 isolates; and the third

containing PSbMV Ll pathotypeP-2, US pathotype P-1, PK7,M257-3, P515-1-1, DPD1

pathotype P-1, PK4 and PK9.

8.4 Discussion

New PSbMV sequence results have been presented in this chapter. Nucleotide and amino

acid sequence data was obtained for the partial HC-Pro (853 bp) from seven Australian,

five Pakistani and two PSbMV type isolates (US and 56). Sequence data was also obtained

from the CA6K2NPS Q32 bp) region of three Australian, four Pakistani and two PSbMV

type isolates. These were compared with three other PSbMV sequences, extracted from

sequence databases and representative of the three known pathotypes.

This allowed sequence and phylogenetic analysis to be done on the PSbMV isolates, The

values obtained for nucleic and amino acid sequence similarities between PSbMV isolates

were similar regardless of whether the HC-Pro (79.4-99.8Vo and 88.7-100Vo respectively)

or CIlíKzNPg (77 .7-l00%o and84.4-l00Vo respectively) regions were compared.
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Figure 8.4: Phylogenetic analysis of PSbMV isolates based on CI/íKzNPg nucleotide

sequences.

Phylogenetic relationships of PSbMV isolates based on multiple alignment of a74Ibp

region of the CI/6K2/VPg. Trees were obtained by (A) parsimony, (B) neighbor-joining

and (C) fitch methods. The numbers above the branches indicate the percentage of

bootstrap analyses that supported the grouping at each node. BYMV was used as the

outgroup.
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Figure 8.5: Phylogenetic analysis of PSbMV isolates based on CUíKz|VPg amino acid

sequences.

Phylogenetic relationships of PSbMV isolates based on multiple alignment of a244

amino acid region of the CAíKzNPg.Trees were obtained by (A) parsimony and (B)

neighbor-joining methods. The numbers above the branches indicate the percentage of

bootstrap analyses that supported the grouping at each node. BYMV was used as the

outgroup.
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Comparison of BYMV with the PSbMV isolates showed approximately 4OVo amino acid

and 50Vo nucleotide sequence similarity for both the HC-Pro and CUíKzlVPg regions.

Previous comparisons of the nucleotide sequences of potyvirus genomes have shown that

the degree of identity between equivalent genes of strains is greater than96Vo while

between distinct potyviruses the identity ranged from427o to 657o suggesting that any

extended genome sequence can be considered representative of the whole genome (Frenkel

et al.,1992).

This overall high level of sequence similarity between PSbMV isolates made

distinguishing between possible pathotypes difficult. Known PSbMV pathotype P-l

isolates (DPDI and US) showed 97.5Vo amino acid similarity within HC-Pro and

CV6K2/VPg, while PSbMV pathotype P-4 isolates (NY and 56) showed 97.9Vo and98.4%o

amino acid sequence similarity within HC-Pro andCAíKz/VPg respectively. No PSbMV

isolate showed greater than94.4%o and9l.4%o amino acid sequence similarity to PSbMV

Ll pathotypeP-Z within the HC-Pro andCAíKz/VPg regions respectively. Therefore,

PSbMV isolates were grouped on the basis of greater than9T%o similarity at the amino acid

level. PSbMV isolates sequenced in both the HC-Pro andCUíKzlYPg region were always

found in the same group, PSbMV pathotype P-l and pathotype P-4like, with the exception

of PSbMV P515-1-1 which was PSbMV pathotype P-4like based on HC-Pro sequence and

PSbMV pathotype P-l like based onCUíKz/VPg sequence data.

Phylogenetic analysis done on nucleotide and amino acid sequence data generated the

same tree topologies of PSbMV isolates, regardless of the method of analysis. The

neighbor-joining method resulted in a slightly different tree topology for the HC-Pro amino

acid sequence data however this tree was not robust due to bootstrap values of less than

507o for major branches. When PSbMV isolates were analysed in both the HC-Pro and

CAíKzNPg region their topologies were identical except for PSbMV P515-1-1. Other

studies have also observed that phylogenies generally remain the same regardless of

genomic region being analysed (Tordo et a1.,1995; Gibbs et a1.,1997: Aleman-Verdaguer

et al., 1997; V/ang and Sanfacon, 2000). The shift in the toplogy of PSbMV P515-1-1 in

relation to the other PSbMV isolates could be a result of recombination. Analysis of

sequence data and phylogenetic studies have indicated that recombination has occurred

among other potyvirus isolates (Revers et a1.,1996; Bousalem et a1.,2000a).
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The cladograms showed an absence of a correlation between sequence and geographic

region, which would support the view that these seed transmitted viruses have become

widely disseminated. However, PSbMV isolates did cluster into two major groups from

phylogenetic analysis of both genomic regions. One group contained the PSbMV NY and

56 pathotype P-4 isolates in addition to 19(1), 43(l), P515-1-1, VIDA and 3(6) (HC-Pro

analysis) or 19(1) and PK6 (CU6K2NPg analysis). The second major group contained the

PSbMV DPDI and US pathotype P-l isolates in addition to PSbMV Ll pathotypeP-2,

PK7, PK13, FFD, PK4, PKlO and PK9 (HC-Pro analysis) or PSbMV Ll pathotypeP-2,

PK7, P5I5-I,M257-7-3, PK9 and PK4 GA6K2NPg analysis). The PSbMV Ll pathotype

P-2 isolate, however was always the most distantly related within this group.
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Chapter 9 General Discussion

9.1 Introduction

PSbMV is a potyvirus which infects pea and is seed transmitted (Maury and Khetarpal,

L992). Due to secondary spread by aphid species (Hampton and Mink, 1975), a low level

of seed infection can cause significant yield losses in the field (Zimmer and Lamb, 1993).

PSbMV has been reported from several countries and is believed to have spread world-

wide through the international trade of infected seed (Maury and Khetarpal, 1992). PSbMV

has been detected in pea germplasm collections (Hampton et a1.,1993). Detection of

PSbMV has been by grow out experiments and visual inspection (Hampton et a1.,1993) or

serological techniques such as ELISA (Maury et a1.,1987: Ding et a1.,1992; Hampton e/

a1.,1993; Masmoudi et aL,1994a; Masmoudi et aI.,l994b). PSbMV isolates have been

placed into three pathotype groups (Alconero et a1.,1986) based on their reactions on pea

differential genotypes. Four recessive genes control resistance to the three PSbMV

pathotypes P-1, P-4 andP-Z in pea (Provvidenti and Alconero, 1988a; Provvidenti and

Alconero, 1988b). Four additional pathotypes U-l andU-2 (Ali and Randles, 1997) and Pi

and Pv (Khetarpal et a1.,1990) have been identified which do not fit into the grouping of

PSbMV isolates on the pea differential genotypes.

The first report of PSbMV in Australia was in 1978 in seed imported from Sweden

(Munro, 1978). Although PSbMV is a quarantinable pathogen in Australia occasionally

new isolates have been reported (Ligat et a1.,1991).

9.2 Distribution of PSbMV in Australia

This thesis reports the distribution, collection and characterisation of PSbMV isolates from

southern Australia. Two limited field surveys in 1995 of pea crops on the Yorke Peninsula,

South Australia failed to detect PSbMV, although CIYVV was detected at an incidence of

0.3Vo. However, between 1995 and 1998, sixteen PSbMV isolates were collected from

South Australia, Victoria and Western Australia: nine PSbMV isolates were identified in

seed from South Australian and Victorian pea breeding lines; four were identified in South

Australia in leaf tissue of pea field trial material; two PSbMV isolates were detected in

plants from commercially available pea cultivars; one isolate was identified in a faba bean

crop in Western Australia. Therefore, PSbMV is widespread in both pea seed lines and in

field material in southern Australia. No quantitative survey was attempted.
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9.3 Biologicalcharacterisation

Chapter 3 described the biological characterisation of PSbMV isolates on pea differential

genotypes. The Australian PSbMV isolates and two PSbMV type isolates (PSbMV US

pathotype P-l and PSbMV 56 pathotype P-4) were shown to be indistinguishable

serologically yet were distinct biologically as observed by symptom variability on a range

of pea differential genotypes, P. sativum cv Dundale and C. quinoa.

The Australian PSbMV isolates were placed in biologically defined groups represented by

PSbMV pathotypes P-1 and P-4, based on their reactions on the four pea differential

genotypes, PIL743l9, PI 193586, PI 193835, and PI269774 (Alconero et a1.,1986). These

four pea differential genotypes do not distinguish between PSbMV pathotypes P-I andP-2,

but as no PSbMV pathotype P-2 type isolate was available for comparison in this study,

isolates in the pathotype P-1 group may contain some pathotype P-2 isolates. Of the seven

pea differential genotypes used in the biological pathotyping experiments, three (PI

193836, PL347329, and PI 347422) did not react as previously described for PSbMV

pathotype P-1 and P-4 type isolates. Evidence was obtained (Table 3.5) that these three pea

differential genotypes were not true to type and that data from these tests were not reliable.

Other researchers have also reported discrepancies from expected results with PSbMV

pathotype isolates when using described pea differential genotypes (Timmerman et al.,

1993).

Future biological pathotyping work should test the pea differential genotypes following

each round of multiplication to ensure that the genotypes remain true to type as

heterogeneity has been reported in some pea differential seed lines (Hagedorn and Gritton,

l9l3; Alconero et a1.,1986; Provvidenti and Alconero, 1988c). A larger sample size (10-

15 seed) should also be used to detect discrepancies in seed lines. However, in this study

larger numbers of test plants for biological pathotyping were unavailable due to limited

availability of seed. Biological pathotyping was found to be time consuming and unreliable

in this study.

Only two PSbMV isolates, 56 and 54, were shown to become systemic in C. quinoa

producing leaf distortion, vein yellowing and chlorotic local lesion on uninoculated leaves

Systemic spread of PSbMV on C. quinoa has been previously reported (Johansen et al.,

I996b; Andersen and Johansen, 1998).

97



Chapter 9 General Discussron

9.4 Nucleic acid based diagnostics

Chapters 4,5, and 7 report the development of nucleic acid based detection assays for

PSbMV. Nucleic acid hybridisation with radiolabelled and DlG-labelled oligonucleotide

probes VT02 and VT05 targeting the HC-Pro and 3'-UTR respectively showed positive

signals with a range of PSbMV isolates. Both probes were PSbMV specific and did not

detect a range of other legume infecting potyviruses. VT02 gave variable signal strength

depending on the isolate tested. Hybridisation was ca. 10 fold less sensitive than RT-PCR

for PSbMV HC-Pro detection and did not allow further discrimination of PSbMV isolates

This thesis describes two RT-PCR assays for PSbMV detection which detect all PSbMV

isolates tested from total nucleic acid extracts of leaf. Previously reported PSbMV RT-

PCR (Kohîen et a1.,I992; Kohnen et a1.,1995) and IC-PCR (Phan et al., t997) assays

have been isolate specific. RT with VT04 and PCR with VT02/VT03 primers amplified a

1085 bp amplicon from the HC-Pro gene of all of the 31 PSbMV isolates tested and RT

with VTNIa and PCR with VTCWTVPg primers amplified a780 bp amplicon from the

CI/6K2NPg region of all of the 29 PSbMV isolates tested. This is the first report that a

RT-PCR for PSbMV can detect a range of PSbMV isolates representing pathotype P-l and

P-4.

The HC-Pro RT-PCR did not detect a range of other legume infecting potyviruses

(CIYVV, BYMV, PMV, PeMoV, TuMV, BCMV, and LMV) or TMV. This requires

further testing but appears to be a PSbMV specific assay. The HC-Pro RT-PCR has

detected PSbMV infection in dry pea seed and shown to be ca. 20 fold more sensitive than

DIBA. This assay has an advantage over the reported IC-PCR for PSbMV detection from

seed, which is less sensitive than ELISA and shown not to detect all isolates tested (Phan et

a1.,1997).

Chapter 6 described the development of an exogenous internal control for use in a duplex

RT-PCR with the PSbMV specific HC-Pro RT-PCR for detection of PSbMV from pea

seed. An internal control in diagnostic RT-PCR assays is important for distinguishing a

false negative reaction (failed RT-PCR) from a true negative reaction (absence of pathogen

template). The internal control developed was based on a TMV RNA supplemented to the

RT reaction. Conditions were optimised so that the PSbMV RT-PCR sensitivity was not

compromised and non-specific products were not generated in the duplex RT-PCR. The

TMVR3ÆMVFl primers amplify a406 bp amplicon from TMV particles or TMV RNA.
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By removing testas prior to testing the RT-PCR assay developed for seed testing avoided

the possibility of detecting non-infectious PSbMV (Johansen et aI., 1994). An endogenous

internal control for the RT-PCR detection of GVA, GVB and GLRaV-3 has been

described, however non-specific amplification products and competition interfered with the

reliability of the multiplex RT-PCR (Nassuth et a1.,2000). This is therefore the first

reliable and specific RT-PCR internal control developed for use in a plant virus RT-PCR

diagnostic assay.

The duplex RT-PCR assay has been shown to report PSbMV seed infection rates more

accurately than DIBA, which under-estimated seed infection rates. The limit of detection

of the PSbMV duplex RT-PCR was approximately 125 pgPSbMV RNA per 15 pL RT

reaction volume which is the equivalent of cDNA generated from 17 pg PSbMV RNA in a

20 ¡uLPCR mixture. This test would therefore be approximately 10-100 fold more

sensitive than DIBA. Further work needs to be done to determine the detection threshold of

RT-PCR for a single PSbMV infected seed in batches of healthy test seed. It was

demonstrated that the duplex TMV/PSbMV RT-PCR could be done in a 96 well plate

format, allowing the test to be automated.

9.5 MolecularCharacterisation

Chapters 5 and 7 describe the molecular characterisation of a range of PSbMV isolates.

RFLP analyses of both the HC-Pro and CI/6Kz/VPg RT-PCR amplicon have provided the

first report of molecular discrimination and grouping of PSbMV isolates without the neecl

for biological pathotyping or sequencing.

Extensive RFLP analysis of the 1085 bp HC-Pro amplicon was done on 31 Australian,

Pakistani and PSbMV type isolates with seven restriction enzymes (AIuI, Haefr., Hha\

RsaI, Sau3AI, Taqal and Trugl). Tru9I gave maximum discrimination between isolates

producing six RFLP patterns, andTaqul gave least discrimination between PSbMV

isolates, producing two RFLP patterns. When the RFLP results generated with each of the

seven restriction enzymes for each PSbMV isolate were considered together the 3l

PSbMV isolates could be placed into eight distinct groups.

The 15 Australian PSbMV isolates were represented in three of the groups, one of which

was unique to a single Australian isolate. The 14 Pakistani PSbMV isolates were

represented in five of the groups, four of which were unique to the Pakistani isolates.
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Chapter 9 General Discussion

RFLP analysis of the HC-Pro suggests that the Pakistani isolates are more variable than the

Australian PSbMV isolates and that the Australian PSbMV isolates may have originated

from few introductions. The single group represented in both the Australian and Pakistani

collections contained the largest number of isolates suggesting this virus group has spread

through trade of infected seed and become established in different geographic locations.

Clones of the HC-Pro from PSbMV isolates representing the eight groups described in this

thesis have been produced for future characterisation of new PSbMV isolates.

Chapter 7 describes the characterisation of the PSbMV VPg. The VPg has been identified

as the avirulence determinant in PSbMV pathotype P-1 on sbm-l/sbm-1 peaplants (Keller

et a1.,1998; Borgstrom et aL,1998). The VPg has also been implicated as the avirulence

determinant for other potyviruses on certain plant cultivars (Masuta et a1.,1999; Nicolas ¿r

a1.,1997; Rajamaki and Valkonen, 1999). The VPgs of PSbMV US pathotype P-l and

PSbMV 56 pathotype P-4 have been cloned, sequenced and compared with the VPg from

PSbMV DPD1 pathotype P-l and PSbMV NY pathotypeP-4. A variable region at amino

acid position 105-119 of the VPg was found to discriminate between the pathotype P-l and

P-4 isolates. This region contained an MfeI site which allowed pathotype P-1 and P-4

isolates to be distinguished by RFLP analysis. RFLP analysis of the 780 bp CU6K2NPg

with MfeI for all 29 PSbMV isolates tested produced three distinct RFLP patterns: one

uncut PSbMV pathotype P-4like pattern and two PSbMV pathotype P-1 like patterns.

Sequence analysis of seven PSbMV isolates representative of these three patterns

confirmed that they were either pathotype P-1 or P-4.

The variable central region identified in the VPg specific for pathotype P-l and P-4 was

also conserved among the seven sequenced PSbMV isolates. The pathotype P-1 sequence

was MWNDELDKQLFVTRP and the pathotype P-4 sequence was

VFNDTLDSQAVRSNH. In addition the VPg of the PSbMV Ll pathotypeP-Z was shown

by sequence comparisons to have a deletion of three amino acids corresponding to position

103-105, not observed in any of the other PSbMV isolates. The variable central region also

differed in pathotype P-2 (-ADEDLDKQLWWARP). On this basis no PSbMV pathotype

P-2 isolates were identified among the seven sequenced PSbMV isolates.

Future work could develop primers or probes targeting the variable central VPg region

identified for establishing pathotype groups.
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An aspartic acid residue was identified at amino acid position 75 of the VPg from 12

PSbMV isolates. Aspartic acid at residue 77 of the VPg is necessary for binding of the

TuMV VPg to the translation eukaryotic initiation factor (eIF9iso)4E and shown to be

conserved among eight different potyviruses (Leonard et a1.,2000).

9.6 Sequence and phylogenetic analysis

Chapters 8 and 9 describe new PSbMV sequence data for the CI/6Kz/VPg and HC-Pro

regions. Published PSbMV sequence data is limited and mainly targeted to the CP gene.

Three full-length sequences have been described for PSbMV DPD1 pathotype P-l

(GenBank D10930), PSbMV NY pathotype P-4 (EMBL X89997) and PSbMV Ll
pathotype P-2 (EMBL AJ252242). Shorter sequences representin g a 418 bp region of the

CP (EMBL AFO23I34-AF023152: Anderson and Johansen, 1998) and other regions of the

CP andNlå genes have also been reported (EMBL D10453, U16215,7A8508,7A8509 and

X87938). This is the first report of PSbMV sequence data from HC-Pro and CU6K2/VPg

for a range of PSbMV isolates. Sequence data are presented for a 853 bp region of the HC-

Proftoml4isolates andT32bpregionof the3'endof the Cl,entire6KzandpartialVPg

from 9 isolates. PSbMV isolates showed greater sequence similarity in the HC-Pro region

than the CI/6K2/VPg region. PSbMV isolates showed 88.7-lOOVo similarity at the amino

acid sequence level and79.4-99.8% similarity at the nucleotide sequence level for the I1C-

Pro region and 84.4-1007o similarity at the amino acid sequence level and77.7-I00Vo

similarity at the nucleotide sequence level for the CI/6Kz/VPg region.

Chapter 8 describes the phylogenetic analysis of Australian and Pakistani PSbMV isolates.

Phylogenies produced from PSbMV isolates from both the HC-Pro and CI/6K2/VPg

sequence data produced the same grouping for all isolates except one (PSbMV P515-1-1).

This isolate may represent a recombinant, however statistical analysis (Revers et al., 1996;

'Worobey and Holme, 1999) would be required to confirm this hypothesis. Recombination

has been shown to occur among other potyvirus isolates (Revers et a1.,1996; Bousalem ¿/

aI.,2O0O). The PSbMV isolates were placed into two clades, which were either PSbMV

pathotype P-4like or PSbMV pathotype P-l like. The PSbMV Ll pathotypeP-Z isolate

was more closely related to the PSbMV pathotype P-l isolates.

Table 9.1 summarises the results obtained by biological pathotyping, RFLP analysis of the

CA6K2NPg, and phylogenetic analyses of HC-Pro and CI/6Kz/VPg for the Australian
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Chapter 9 General Discussion

PSbMV isolates. Ten of the 14 Australian PSbMV isolates tested by at least two of the

methods were in agreement. Pathotype grouping of PSbMV M257-7-3, UK4, and 54

differed between the biological grouping and molecular grouping. This incongruity could

be due to possible incorect assignment to biological pathotype groups as biological

pathotyping was observed to be inconsistent when done with some pea differential

genotypes, and only limited tests were used for this comparison. PSbMV UK4 and 54 were

only compared by two methods, biological pathotyping and RFLP analysis of the

CA6K2NPg. PSbMV M257-7-3 was placed into pathotypeP-4 by the three molecular

methods described and pathotype P-1 by the biological pathotyping method. PSbMV P515-

1-1 was the only isolate that varied in its assignment of pathotype group with the molecular

test analysed. However, only the VPg has been indicated as a pathotype specific

determinant (Keller et a1.,1998; Borgstrom et a1.,1998) and HC-Pro sequence data may

not be reliable in establishing pathotype groups.

The Pakistani PSbMV isolates used in these molecular studies have been placed into

biological pathotype groups using pea differential genotypes (Ali and Randles,1997).

Based on their results PK4 is pathotype U-1, PK6 is pathotype P-1, PK7 is pathotype P-l

and PK9 is pathotypeU-2.In this thesis PK4, PK7 and PK9 were placed into pathotype P-

1 and PK6 into pathotypeP-4 groups based on the RFLP analysis of the 780 bp

CA6K2/VPg, comparison of the variable central VPg region and phylogenetic analysis of

the HC-Pro and CI/6Kz/VPg. Therefore, the results presented in this thesis, with the

exception of PK7 are not consistent with the biological pathotyping results of Ali ancl

Randles (1997).

9.7 Conclusions

This thesis makes the following original contributions to the knowledge of PSbMV

characterisation and detection:

(a) PSbMV has been detected in field trial and breeders germplasm material in South

Australia, Victoria and Vy'estern Australia.

(b) Sixteen PSbMV isolates have been collected and shown to be biologically variable.

(c) Hybridisation assays have been developed which detect the Australian PSbMV

isolates.

(d) A PSbMV specific RT-PCR targeting the HC-Pro was developed which detected all

31 biologically variable PSbMV isolates but not a range of other legume infecting

potyviruses.
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Chapter 9 General Discussion

(e) RFLP analysis of the HC-Pro region of 31 PSbMV isolates has allowed isolates to be

placed into eight groups.

(Ð RT-PCR targeting the CI/6Kz/VPg was developed which detected all29 PSbMV

isolates tested.

(g) RFLP analysis of the 780 bp CilíKz/VPS region allowed PSbMV isolates to be placed

into PSbMV pathotype P-l or P-4like groups.

(h) A method for duplex RT-PCR using an exogenous TMV internal control as a quality

control measure was developed for the detection of PSbMV in pea seed.

(i) Sequence of the complete VPg of PSbMV pathotype P-1 and pathotype P-4 was

obtained and a region identified which distinguished pathotypes P-1 and P-4 from each

other and from pathotypeP-2.

(j) Sequences have been obtained for a 853 bp region of the HC-Pro from 14 isolates and

732bp region of the 3' end of the CI, entfue 6Kz and partial VPg from 9 isolates and

used for phylogenetic analysis.
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Table 9.L: Placing Australian PSbMV isolates into pathotype like groups based on biological and molecular investigations

u Results described in Chapter 3

b Results described in Chapter 7

" Results described in Chapter 8

- not tested

c 
Phylogenetics
CI/6KlVPp

cPhylogenetics

HC-Pro

RFLP

a
Biological

Method of
analysis

P-1

P-1

P-1

P-1

US

PSbMV isolates

P-4

P-4

P-4

P-4

S6

P-1

P-l
P-1

P-4
M257-7-3

P-4

P-4

P-4

3(6)

P-4

P-4

43(t)

P-4

P-4

P-4

VIDA

P-4

P-4

P-4

P-4
19(1)

P-1

P-1

2t(r\

P-4

P-4

Pso3-4-2

P-1

P-1

r9(7\

P-l

P-4

UK4

P-1

P-1

P-1

FFD

P-1

P-4

P-1

P-4
P5 15-1-1

P-1

P-4
S4
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APPENDIX A

Biochemicals and miscellaneous chemicals

Biochemical

y-3'P ATP

cr-"P urP

0.24-9.5kb RNA ladder

lkb DNA ladder

lkb DNA Plus ladder

100 bp DNA Ladder

AIUI

Ampicillin

AmpliTaq DNA Polymerase

AMV Reverse Transcriptase

Anti-digoxigenin-AP Fab fragments

CSPD@

dATP

dCTP

Deep Vent@ (exo-) DNA Polymerase

Deep Vent@ DNA Polymerase

dGTP

dTTP

EcoR.I

eLONGaserM Enzyme Mix

Goat anti-rabbit IgG-alkaline phosphatase

conjugate

Herring Testes DNA (Type XIV)

HaeIII

HhaI

MboI

MfeI

MMLV Reverse Transcriptase

pGEM@-T Vector system

Proteinase K

Pwo DNA Polymerase

Source

Gene'Works, Australia

Gene'Works, Australia

GIBCO BRL Life Technologies, USA

GIBCO BRL Life Technologies, USA

GIBCO BRL Life Technologies, USA

Promega, USA

Boehriger Mannheim, Germany

Progen, Australia

Perkin Elmer, USA

GeneWorks, Australia

Boehriger Mannheim, Germany

Boehriger Mannheim, Germany

Promega, USA

Promega, USA

New England Biolabs, USA

New England Biolabs, USA

Promega, USA

Promega, USA

Promega, USA

GIBCO BRL Life Technologies, USA

Sigma,USA

Sigma, USA

Promega, USA

Boehriger Mannheim, Germany

Boehriger Mannheim, Germany

New England Biolabs, USA

Epicentre Technologies, USA

Promega, USA

Amresco, USA

Boehriger Mannheim, Germany
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RetrothermrM RT

RNase Inhibitor Human

RNasin@

RQl RNase-free DNase

Rsal

Sau3Al

SP6 RNA Polymerase

T4 PNK

Taqa\

Tøq DNA Polymerase in storage buffer A

Tru9I

Tth DNA Polymerase

Tth DNA Polymerase

Epicentre Technologies, USA

Gene'Works, Australia

Promega, USA

Promega, USA

Promega, USA

Promega, USA

Promega, USA

GeneWorks, Australia

New England Biolabs, USA

Promega, USA

Boehriger Mannheim, Germany

Boehriger Mannheim, Germany

Epicentre Technologies, USA

Chemical

2-mercaptoethanol

8-hydroxyquinoline

Acetic acid

Acetone

Acrylamide

Agar Bacteriological (Agar No.1)

Agarose 1

Ammonium acetate

APS

BCIP

Blocking reagent

Bis

Boric acid

Bromphenol blue (sodium salt)

BSA (Fraction V)

CaClz (dihydrate)

CaClz dried

carborundum

Chloroform

Source

Riedel-deHaën, Germany

M&B Pronalys, Australia

BDH AnalaR, Australia

BDH AnalaR, Australia

RIO-RAD, USA

Oxoid, England

Amresco, USA

UNIVAR, Australia

Amresco, USA

Sigma, USA

Boehringer Mannheim, Germany

BIO-RAD, USA

UNIVAR, Australia

Probing & Structure, USA

Sigma, USA

BDH AnalaR, Australia

Unilab, Australia

Shelley's lapidary supplies, Mile End, Australia

BDH AnalaR, Australia
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CszSO¿

CTAB

D(+) Mannose

DEPC

D-Glucose

DIG blocking reagent

EDTA

EtBr

Ethanol

Ficoll (Type 400)

Formaldehyde

Formamide

Gycerol

IPTG

Isoamyl alcohol

Isopropanol

KCI

KHzPO¿

Maleic acid

MgCl2

MgClz.6Hz0

MgSO¿.7H20

MOPS

N,N- dimethylformamide

NazHPO¿.7H20

Na2S03

NaCl

NaN¡

NaOH

NBT

NJauroyl sarcosine

PEGoooo

Phenol

Potassium acetate

Potassium acetate

BDH, England

Merck, Germany

Sigma, USA

Sigma,USA

BDH AnalaR, Australia

Boehringer Mannheim, Germany

BDH AnalaR, Australia

Amresco, USA

BDH AnalaR, Australia

Pharmacia, Sweden

M&B Pronalys, Australia

Boehringer Mannheim, Germany

BDH AnalaR, Australia

Sigma, USA

UNIVAR, Australia

UNIVAR, Australia

BDH AnalaR, Australia

BDH AnalaR, Australia

BDH AnalaR, Australia

UNIVAR, Australia

UNIVAR, Australia

UNIVAR, Australia

Sigma,USA

Sigma, USA

BDH AnalaR, Australia

BDH AnalaR, Australia

BDH AnalaR, Australia

Sigma, USA

BDH AnalaR, Australia

Sigma, USA

Sigma, USA

Sigma, USA

UNIVAR, Australia

UNILAB, Australia

UNILAB, Australia
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PVP

SDS

Sephadex G-25

Sodium acetate

Sucrose

TEMED

Tri sodium citrate

Tris

Triton@ X-loo

Tryptone

Tween@ 2o

Urea

X-Gal

Xylene cyanol

Yeast Extract

Sigma, USA

BDH, England

Pharmacia, Sweden

UNIVAR, Australia

UNIVAR, Australia

BIO-RAD, USA

BDH AnalaR, Australia

Amresco, USA

Amresco, USA

Oxoid, England

BIO-RAD, USA

BDH AnalaR, Australia

Amresco, USA

LABCHEM, Australia

Oxoid, England
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APPENDIX B

Polyacrylamide and agarose gels, bacterial strains and media, solutions and buffers

Polvacrvlamide and agarose gels

40Vo Ãcrylamide (19:1) solution

38 g acrylamide

2gbis-útcr{frFìid{

Make up to 100 mL with SDDV/, sterilize filtration through a0.45 pm filter (Schleicher &

Schuell, Germany) and store in dark

207o denaturing polyacrylamide gel (45 mL solution)

Urea 18.9 g

40Vo Acrylamide solution 22.5 mL
10 X TBE 4.5 mL
10% APS 450 ¡tL
TEMED 45 ¡tL
SDDW 8.0 mL

Agarose gels

To 400 mL of sterile I X TAE add agarose to desired percentage and heat in microwave

until dissolved. Add EtBr to a final concentration of 0.5 pg/ml. Allow to cool to 60oC

before pouring into gel cast.

Bacterial strains and media

DH5cr@

þSOdlacZLMl3,recAl,end{l,gyr{96,thïl,hsdRl7(rs-,my+),supE44,relAldeoR,L(lacZYA-argÐU169

LB medium (per L)

l0 g Tryptone

5 g Yeast extract

5 g NaCl

Adjust pH to 7.0 with NaOH

Sterilise by autoclaving
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LBA/ampicillin plates

Add 15 g Agar Bacteriological to 1 L of LB medium. Autoclave and allow to cool to 60oC

before adding ampicillin to 100 ¡tg/rnl- then pour into petri dishes. Can be stored for 1

month at 4oC in the dark.

LBA/ampicillin/X- GaVIPTG plates

To LBA/ampicillin plate add 40 ¡tL of X-Gal stock (20 mg/ml.) and 4 pL IPTG stock (200

mg/ml-) and spread over the surface. Allow to absorb for 30 min before use.

SOC medium (L00 mL)

2 g Tryptone

0.5 g Yeast extract

1 mL lM NaCl

250 ¡tL1M KCI

Adjust pH to 7.0 with lN NaOH and sterilize by autoclaving. Cool to RT before adding 1

mL of zMrMrg2* filter sterilised stock and I mL of 2Mfilter sterilised glucose. Sterilize the

by filtration through 0.2 pM filter (Schleicher & Schuell, Germany)

zl'[l.{Lú* stock (100 mL)

20.33 g MgCl2.6H2O

24.65 g MgSOa.TH2O

Sterilize by filtration

Solutions and buffers

BCIP stock

50 mg BCIP

I 000 pL N,N-dimethylformamide

Store at -20"C

BE buffer

10 mM sodium borate pH 8.2

I mM EDTA

Sterilize by autoclaving
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CTAB buffer

1.4 M NaCl

0.1 M Tris HCI pH 8.0

2Vo CTAB

20 mM EDTA

Sterilize by autoclaving

100 X Denhardt's

27o BSA

2VoPYP

2Vo Ficoll

Sterilize by filtration and store at -20oC

DEPC treated HzO

O.lVo (v:v) DEPC was added to HzO and shaken vigorously. The solution was allowed to

stand for 16 hrs in a fume hood and then autoclaved.

DIBA BSA Blocking Buffer

1 X PBS, pIJ7.4

17o w/v BSA

DIBA Wash Buffer AP 7.5

100 mM Tris-HCl p}J7.5

100 mM NaCl

2 mM MgCl26H2O

0.057o v/v Triton@ X-100

0.02Vo w/v Nal.{3

DIBA Wash Buffer AP 9.5

100 mM Tris-HCl pH 9.5

100 mM NaCl

5 mM MgCl26H2O

O.02Vo w/v NaN3
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DIBA substrate buffer

10 mL wash buffer AP 9.5

44 ¡tL NBT stock

33 ¡tL BCIP stock

DIBA Stop Buffer

l0 mM Tris-HCl pH7.5

5 mM EDTA

Sterilise by autoclaving

DIG Buffer 1, (Maleic acid buffer)

0.l MMaleic acid

0.15 M NaCl

Adjust pH to 7.5 with NaOH

Sterilise by autoclaving

DIG Washing buffer

Maleic acid buffer with0.3Vo Tween@ 20 (vlv)

Do not autoclave

DIG Blocking stock solution (10 X conc)

107o Blocking reagent (w/v) in maleic acid buffer. Dissolve blocking reagent with heat.

Sterilise by autoclaving and store at 4oC.

DIG Buffer 2 @locking solution)

Dilute blocking stock solution 1:10 in maleic acid buffer

DIG Buffer 3 (Detection buffer)

0.1 M Tris-HCl pH 9.5

0.1 M NaCl

Sterilise by autoclaving
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10mM dNTP stock

2.5 ¡tL of 100 mM dATP

2.5 ¡tL of 100 mM dCTP

2.5 ¡tL of 100 mM dGTP

2.5 ¡tL of 100 mM dTTP

90 pL sterile HzO.

Store in 50 pL aliquots at -80oC

Extraction buffer

1 M Urea

100 mM ammonium acetate pH7.2

20 mM EDTA

l%o wlv NazSO¡

5 X Formaldehyde gel-running buffer

0.1 M MOPS pH 7.0

40 mM sodium acetate

5 mM EDTA

DEPC treated DDW

Filter sterilize solution through 0.2 pm filter (Schleicher & Schuell, Germany) and store in

dark.

10 X Formaldehyde gelJoading buffer

5O7o glycerol

I mM EDTA

0.257o bromophenol blue

O.25Vo xylene cyanol FF

Formamide loading dye

8O7o vlv formamide

10 mM EDTA

O.25Vo w/v bromophenol blue

O.25Vo w/v xylene cyanol FF
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6 X Gel loading buffer III
30Vo glycerol in water

O.25Vo w/v bromphenol blue

O.25Vo w/v xylene cyanol FF

NBT stock (75mglml-)

75 mg NBT

700 pL N,N-dimethylformamide

300 pL SDDW

Store at -20"C

MDS solution

0.5 M NaCl

100 mM sodium acetate

10 mM EDTA pH 8.0

ZVo soluble PVP 40

0.257o vlv 2-mercaptoethanol (add just before use)

20 X PBS Buffer

2.74trI NaCl

60 mM KCI

200 mM NazHPO¿

40 mM KHzPO+

0.47o NaNr

Adjust pH to 6.8. Sterilise by autoclaving

Preparation of Phenol Solution

of crystalline phenol was melted in a 65oC water bath and 8-hydroxyquinoline

added to a final concentration of O.lVo. Once melted an equal volume of 0.5 M Tris-HCl,

pH 7.0 was added and stirred for 30 min at room temperature. The phases were allowed to

separate and the aqueous phase removed by aspiration. An equal volume of 0.1 M Tris-

HCl, pH 7.0 was added and stirred for 30 min. The phases were allowed to separate and the

aqueous phase removed. This was repeated until the pH of the phenolic phase was pH 6-

7.6. The pH was measured with pH paper. Once the phenol was equilibrated the final

sooLm/Y
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aqueous phase was removed and replaced with 0.1 vol. of 0.1 M Tris-HCl, pH 7.0

containing O.ZVo þ-mercaptoethanol. Phenol was stored in a light tight bottle at 4oC.

Phenol: Chloroform:Isoamyl Alcohol (25 224:l)

Equal parts of equilibrated phenol and chloroform:isoamyl alcohol (24:I) were added.

0.2 M Phosphate buffer pH 7.0

115.4 mL I MNazHPO¿

84.6 mL lM NaHzPO¿

Make upto lL with SDDW

L0XProteinaseKbuffer

100 mM Tris-HCl pH 7.8

50 mM EDTA

57o SDS

Sterilise by autoclaving

50 X TAB

2 M Tris

950 mM acetic acid

50 mM EDTA (pH 8.0)

Sterilise by autoclaving

TE Buffer

10 mM Tris-HCl pH 7.5

1 mM EDTA

Sterilise by autoclaving

10 X TBE

900 mM Tris

900 mM boric acid

20 mM EDTA (pH 8.0)

Sterilise by autoclaving
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Sephadex@ G-25

Add 10 g Sephadex@ G-25 (Pharmacia, Sweden) to distilled sterile HzO.IVash the swollen

resin several times with SDDW. Equilibrate resin in TE pH7.6. Sterilise by autoclaving.

50 mM Sodium borate buffer

50 mM boric acid

Adjust pH to 8.2 with 1N NaOH and sterilise by autoclaving.

20 x ssc
3 M NaCl

0.2 M Tri-sodium citrate

Sterilise by autoclaving

20 X SSPE

3.6 M NaCl

0.3 M NazHPO¿.7HzO

20 mM EDTA

Sterilise by autoclaving
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5' -d(GATTTAGGTGACACTATAG(T) r ?(A/G/C))-3'37merPVI/SP6 O

5', -d(TAATACGACTCACTATAGGGTAA(C/T)AA(CÆ)AG(C/T)GGTCA(A/G)CC)-3'38merPVzrn7 0

5'-d(TAA TAC GAC TCA CTA TAG GG)-3'20merT'r. "

s',-d(TAT T'tA GGT GAC ACT ATA G)-3'19merSP6 
C

5'-d(AAT TGT CAG CCA AGT TCC ACT CCC CCG)-3',27merTMVR2 
A

5'-d(ATC AAA GGA GCC TTT TGC GGT GAC GAT AG)-3'29merTMVF2 
A

5'-d(GTG ACG TCC CCG CTC TTT CTT TGA TAC CA)-3',29merTMVR1 A

5'-d(TAC CCG GCT TTG CAG ACG ATT GTG TAC CA)-3',29merTMVF1 
A

s'-d(TTC CAA TGA ACG TCG TGA CGT C)-3',22merTMVR3 D

s'-d(cAc AAT ACA GCC AAC CGT CAG GTA G)-3'25merVTNIb D

s'-d(cTA CAC ACG GCT TGC GCA AT)-3'20merVTNIa D

5'-d(TCG CAG GTT TAG TCA ACA GAT TGC G)-3'25merVTCI b

5'-d(ATA GGG TGT CTA TCA TAA GTC AAC CC)-3'26merVTVPgseq
a

5'-d(TAT CGC AGA CCC TCA TTG GAT T)-3'22merVTVPg a

5'-d(ACG CAT GAG CAA GGA TAC AC)-3'20merVTHCRev 
a

5'-d(ATTTCC ATC AGC ACA TCA TGT)-3'2lmerVTHCFoT 
a

5'-d(GCC CTA CTG CCA CCA AAC CGA AGT CAA AGA CTC)-3'33merVTO5 
A

s'-d(cTc CAA AAC CAT GCT TCA CTC TTG A)-3',25merVTO4 
â

5'-d(GTG TTG GAG GAA TCA CAC CAG AAG AAT GTG)-3'3OmerVTO3 
A

5'-d(GCA GTT GCT ACA TCC ATC ATT GTT GGC CAT)-3'3OmerVTO2 
A

s',-d(ATG ACC ATG GCG CGT CCT GTG AAT C)-3'25merVTOI A

SequenceLensth (nt)Name

APPENDIX C

Oligonucleotides used as primers and"/or probes

u Genset, Singapore Biotech. Pty. Ltd., Singapore
o GBCO BRL, Life Technologies Pty. Ltd., Mulgrave, Victoria, Australia
t Promega, Madison, WI, USA
d Supplied by Anne Mackenzie, Research School of Biological Science, The Australian

National University, Canberra, Australia.

Underlined regions indicate T7 primer sequence irPYZATT and SP6 primer sequence in

PVI/SP6.
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APPENDD( I)

Nucleotide sequence alignment of 732 bp region of the 3' end CI, entire 6Kz andpartial

VPgfor 12 PSbMV isolates andBYMV.

DPD].
US
N1257 -7 -3
P51_5-l_-t_
PK4
PK7
PK9
LL
NY
s6
19 (1)
PK6
BYMV

DPDl
US
M257 -7 -3
P515 -1- t_

PK4
PK7
PK9
Ll_
NY
s6
r_e (r_)
PK6
BYMV

DPD]-
US
Nr257 -7 -3
P51_5-1_-l-
PK4
PK7
PK9
L1-
NY
s6
L9 (1)
PK6
BYMV

42
42
42
42
42
42
42
42
42
42
42
42
45

87
87
87
87
87
87
87
87
87
87
ót
87
90

L32
]-32
t32
L32
L32
L32
L32
t32
t32
t32
t32
L32
l_3 s

Atì¡ì!(ií-lCATGtìAT
AGÀG{.;CATGGAA
AGhCi[]CATGt-lAT
AGÀ'JI]CAT'.;(]AT

ÀGGCA'IGGAT
TTAGÀGT.]CATGGAT
TTACÀGGCATGGAT
TTAT-ìÀG{;CATG(JAT

A
ATL;GAT

ATGGAT

c'_t

CT
(-r'l

CT
C'I

A
A
A

rr7



DPDl
US
M257 -7 -3
P51_5-1_-1
PK4
PK7
PK9
Ll_
NY
s6
1e (1)
PK6
BYMV

DPDl-
US
r'4257 -7 -3
P5 t_5 - 1-1_
PK4
PK7
PK9
L1_

NY
s6
l_9 (1)
PK6
BYMV

DPDl
US
v1257 -7 -3
P515-1--l_
PK4
PK7
PK9
Ll-
NY
s6
]_e (1)
PK6
BYMV

L77
L77
L77
t77
L77
L77
L77
L77
177
1,'7 7
1,'7 1
1-'7 7
1_80

222
222
222
222
222
222
222
222
222
222
222
') a')
41tr

267
267
261
267
26'7
267
267
26 I
267
267
267
267
270

AGÂGTÀÀÀ

A\:É(r IAAA
A,ÀÀ

AGÀGT¡.ÀÄ

Ar-iÀGT¡-Àir
AL]i.GT

AG,åGT

ÃCTG
AAI,À'-]ÃCTG

àCÀCTGA{-lÀG'i.qÀå
AGÀGTÀÀÀ
A rì.¡i(,1'i.z!ÀÀ

.4tu¡iÀC¡-CTG
AAÀÃ.'JÃCTG
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DPD]-
US
M257 -7 -3
P515 - 1--1
PK4
PI(7
PK9
IJ l-
NY
s6
Le (r-)
PK6
BYMV

DPDl-
US
M257 -7 -3
P5t 5-L-1
PK4
PK7
PK9
Ll_
NY
s6
]-e (1)
PK6
BYMV

DPDl
US
M257 -7 -3
P5 t_5 -l_ -1_
PK4
PK7
PK9
Ll_
NY
s6
19(1)
PK6
BYMV

3L2
3]-2
3t2
3L2
3L2
3L2
3L2
3L2
3t2
3L2
3L2
31_2

3 r_5

3 5l-
351
35r_
351
3s1
3 51-

3 51_

3s1
3 51_

35L
3sL
3 51_

360

396
396
396
396
396
396
396
396
396
396
396
396
40s

C

C

C

C

CT

1'

a

T
T
T
T

',1(:f:t - i

TT
T'r
ll

TT.

fT

T]T
TT

AAGC(I

ATGG(]T

GAÀC'

GACAÃTJ
GACAÀ(]AA

trALAlilL
CACAÀC
GAC,A?\'J
GACAÀC

GACAA(]AA

AÀCAA

GAC
lJAL-

119



DPD]-
US
t'4257 -1-3
P515 - 1- 1-

PK4
PK7
PK9
L1_

NY
S6
l_9 (1)
PK6
BYMV

DPD]-
US
vr257 -l -3
P51_5 - 1- 1-

PK4
PK7
PK9
LL
NY
s6
t_9 (1)
PK6
BYMV

DPDl.
US
M257 -7 -3
P51-5-l_-1-
PK4
PK7
PK9
L1_

NY
S6
]_e (1)
PK6
BYMV

44L
44L
44L
44L
44L
44L
44r
44r
44r
44]-.
44r
44r
450

486
486
486
486
486
486
486
486
486
486
486
486
495

s31
531
531-
531
53 t-

531_

531_

53l-
531
531
531
53 r_

540

TT
TlI'ATTTTGC

A.T'I"AT']'T"-I'GG

A'I.TATT'
êl aB

À..¡-\1rAG

TAC

TTAT'I'
'UTAT't' A1'AC

ATAC
AT'AC

A'l
A'.t'

AT

A't'

T
,l
T
T

A
A

IGGG

IGGG

T

T
T
T
T
T
T

TGAAT
f.L-JAA'I
'i(-_rAAT

T(]AAT
TGAAT

GTGTATGGTTT

GTGTATGGTT

C

apccrr'

TGT

ATGGTT

'rGT-À'l'GGTT
T'AITGGTT

è.TCGT'

¡.
CA
CA
Cê,

ATGG'I
ATGG'T'

ULUI
GTGT'

r20



DPDl-
US
M257 -7 -3
P51_5-1_-1
PK4
PK7
PK9
L1_

NY
s6
le (1_ )

PK6
BYMV

DPDl
US
M257 -7 -3
P515-L-l_
PK4
PK7
PK9
Ll-
NY
S6
1e (L)
PK6
BYMV

DPD].
US
M257 -7 -3
P5t 5-1-1
PK4
PK7
PK9
L1
NY
s6
]_e (1_)

PK6
BYMV

576
576
576
576
576
576
576
576
576
576
576
576
s85

62]-
62!
62t
62r
62r
62r
62I
619
62r
62r
621
62]-
630

666
666
666
666
666
666
666
657
666
666
666
666
675

GA
GA
Gê
GA

GA
CA

À
À
À

À
rì
À
À
l\
À

À
À

T(.]G¡LÀ^(]

T(:(i]Ltr-(--
T1 :(ìrì,fcla'

T'L.rG'¡r,¡\C

Ti_ì(ì¡r,¡,(l

rlal'¡:

rllf 'f' ;i

'I',(:(ì,{À(l

TGê.

j'!.'GAC'i'T

ACT'GCGT"içAC'rf i'

1l

TT

fl, !^ln:/rì¡11
I rh a rltf-'au

CTCC(.]T?T.ìAC'T,T
C'tcGrl r''r'i-ìA (,' T'T

TC-A-T
.IC¡-T

I rAi

'IGÄ,1i

TCAT

! tF,l

].GA'I

12l



DPDl
US
t'r257 -7 -3
P5 t_5 -1- L
PK4
PK7
PK9
L1_

NY
S6
19 (1)
PK6
BYMV

DPDl
US
M257 -7 -3
P515-t_-1
PK4
PK7
PK9
L1
NY
s6
]-e (1)
PK6
BYMV

711_
'7Il
7LL
7 1_L

7 1-L
7tL.7IL
'7 02
'7tL
7 1,r
7tL
7LI
'720

732
732
732
732
732
732
732
723
732
732
732
732
74L

lrrit
TT
Trl
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Amino acid sequence alignment of 244 amino acids from the carboxy terminus of CI,

entire 6Kz and amino terminus VPg for 12 PSbMV isolates and BYMV.

DPDl
US
M257 -7 -3
P515-l_-1-
PK4
PK7
PK9
L1_

NY
s6
1_9 (1)
PK6
BYMV

DPD].
US
M257 -7 -3
P51_5 - 1-1
PK4
PK7
PK9
L1_

NY
S6
]_e (1-)
PK6
BYMV

DPD]-
US
M257 -7 -3
P515-l_-1-
PK4
PK7
PK9
Ll_
NY
s6
l-9 (1)
PK6
BYMV

44
44
44
44
44
44
44
44
44
44
44
44
45

89
89
89
89
89
89
89
89
89
89
89
89
90

]-32
1,32
L32
t32
1_32

1-32
L32
]-32
t32
L32
L32
L32
1_3 5IS

VI I LÇ)N ARSQ L L E F'R GMDI NLÐ] )\/E S trF:KF'GCA
I IiL,Ç]NAR :]QLLEFRG MDI \T,ÐDVESF¡:K}.'G(. j\
VliLçl\lAR SQLL EF'RGMljI NX.ÐDVES Fìì:K:FGCA
\,T I.I,QNAR'IQI,L}]Þ'RGMI]I NLÐDVfi SJ Fìì:JdFCC.Ã
\,i I. ],ç NAR SQ t, 1, Ii F' RGMD I \]L.)DVZ fI F ¡:KF'GC' À
] i.L,-Ç]NAR,SQLLEI,.RGMD I NÌ-ÐDVE S¡¡ilKFGC'.$,

I.Lç.¡4ç gç"LEF'RGMDI NLDDVE S,FJ:iI{FG(,':i
i:LÇT\AR SQLLEtrRGMD T NI-ÐDVIES.f 5:KFGC-\
1;LL]NAR SQLL EF'RG MD T N]L DDVÐ S,F¡:KFGCÄ
1 i L Ç] }'] A R.S Q L L E F R Cì M D I \TL D DVÐ S IF' F: K F' G C' i{

i i"Lçt¡IARSQLLF,FRGMDf \lLDD\/iES!'FIKFGC'À
ENI I I'Li)NAR,çQLLI]F'RGMDI NL

K1ù1¡,iVDH

Ktdt-i'fDH
I IñL]

VDH

ENI LLEF
SIFii:KF-GCÃ

KlrlÌuir,¡DH

K1',llvivDI-l

K1':lM'r,rI)H r
r

ETVF:CQSIiSEVSKTLQL
FTVtr:iJ Q Sli,S trVS KTLQL
ETV.F:cesKsevsx!r,çl
ETVihCQSK*{ E]VSKTLQL
E.f V.F:C Q S K,-< trV S KT I, Q I,
ETVECQ SK,-C EVS KTL,Q I,

3C'rVr,MY
.la'vvr,MY
-/'Ìtt¡t \¡\/

CC'VVLMY
GC'IVt,MY
GC''.,I,'I,MY
GC:V\.ILMY
CCII LMY
CC'}1ILMY
GCI"lILMY
CCi{ILMYI t¡

TT
]T

rT.s
]T

I'ISD

I,YE
ST.:,SEVSKTLQL

E TVRa-' Q.S,I'i.S EV S KT L Q L

ITS
LlT

L IIIS
L]TS

F.TVS:CQ SK.-{ trV S IiTI,
F'TVi-:C Q S'ti.s EV S KrII-,

ET VF.íJQ S K. 
-C 

E \/ S K T LQ L KGKWN
ETVRCQ Sfí:S EVS KTLQLKCKWN

Ç I F'lvlÄKV,lhiÊ

çf Ft"t:iürn$e
Qrr,'MAr.ivtr'li
Q I F'!1À1..i(l'J E

Q I FI4Àfi!'11$E

QIFM:i\,r.@ali,r

I FÞ1ÀF,.1¡lltFli¡ì;

F',Ûil\fìv'llli.l P\"¡

f. i ¡ l.(rI

Ñ!q]NEPVQT I.'MA
FT1Ã li!,,t¡IEa r
F¡ll it Ç t¡ll\'l

r23



DPDl.
US
M257 -7 -3
P51_5-l_-1_
PK4
PK7
PK9
LL
NY
S6
1_9 (1)
PK6
BYMV

DPDl
US
M257 -7 -3
P5L5-1--1
PK4
PK7
PK9
Ll-
NY
S6
19 (1)
PK6
BYMV

DPD].
US
M257 -7 -3
P515 - 1- 1-

PK4
PK7
PK9
L1
NY
S6
]_e (r_)
PK6
BYMV

AASP

L77
177
L77
L77
L77
t77
L77
L77
L77
L77
L77
L77
1_80

222
222
222
222
222
222
222
2L9
222
222
222
222
225

244
244
244
244
244
244
244
24L
244
244
244
244
247

1' K K F'VNVYG F D PC E Y S I. V R IlV
,I' K K I,'VNVYG F' IJ PC EY SL VR Þ'V
,I' K K I,'V NVYG F' D PC E Y S L VR F'V
TK K F\,INVYGI.'D PCFJY SLI./ R FV
Tì KKFT.¡NVY(; FD PT] E]Y SLVRFV
' llKKtr\¡INVYGFD PC trY S.]- VRF'V
1]KKF'."i NVYG}'ì) PC FìY SL I,,¡Rþ'V

T KK F-V NVYG T' D P C F] Y S i. VR F'V
TRKF'VNVYC F'D P'JF]Y S I T,¡RFV

'IRKFVNVYG trD PC FiY S f r.,IRlJV

TRKF¡.¿NVYGFDPCEYS i VRFV
TRI(FVNVYG trD P{-'' EY S i \,I RFV

ì

I

H

YI,F'I)

G

'tKKCT_¡i jiG1(.¡!ì

SC1<..J,

R

F.

f.

(ì

arfìiìÞÞFa\:F

:¡F.
GDÐRRf,ÄJ..'F
GDDRREAV

ilMI,ilv
DPLTCI]T'IDP.

DP
DPL'IG,L
DPI.,'I'Ctr, ]

]-)PL,TG'LSYDF.
DPLTG,IJ
DPI,TGLTYDil.

DPLTGL
DPLTGL

DPL'ICìL
I]M}{ÐV
iiMlvia\/

DPL'1'GLIY
DPLS(-]Ir]'Y

TI EÀYY1 KDIi,.I'T !ìÀI,KI
TI EAYY] KDI,II'T IÀLKI
TI EAYYI KDI'.T1' IlÀLKf
T' I. !]AYY I KDI.iTT' PÀI, K 1.

T I EAYY I KDI\'I'-1' P1ìL K I
T I trAYY I KDjh.'Ì"I P-¡iLK I
TI EAYYI KDIii"IPÀLKI
T'VEAYY T KD].:?T P,q L K I
T'TEAYYf KI)RS.i.IÀI,KI
TT EAYYT KDtr<.IiT IIÀI.KI
T ] E]AYY 1 KDF.IJ.I PIiL K ]
.I T EAYYT KD¡i.:J'I !-'ÀLKT
S Ì trAYF

DI
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Nucleotide sequence alignment of 853 bp region from the HC-Pro for 17 PSbMV isolates

and BYMV.

DPDl
US
L1
NY
S6
Nr257 -7 -3
P5l_5 - 1--1
L9_L
3 (6)
VIDA
43 (r_)
FFD
PK4
PK7
PK9
PK]-O
PK]-3
BYMV

DPD]-
US
L1_

NY
S6
N1257 -7 -3
P51_5-1-l-
19-1_
3 (6)
VTDA
43 (l-)
FFD
PK4
PK7
PK9
PKlO
PK13
BYMV

DPDl
US
Ll-
NY
S6
14257 -7 -3
P51-5-l_-1_
r_9-1
3 (6)
VIDA
43 (1)
FFD
PK4
PK'7
PK9
PKl.O
PK].3
BYMV

47
47
47
47
47
47
47
47
4'7
47
47
47
47
47
47
4'7

47
47

95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95
95

L43
L43
L43
L43
L43
L43
L43
L43
L43
143
L43
L43
L43
]-43
t43
L43
L43
L43

CAACAAGTGAGC

CAACAAGTGAGC
CAAC]AA(ìTIIA(ì( ]

CAATJAACTGAGC

CAAT.-'AAGITGAGC
CAATJAAC

CAACAA(]

AACAACTGACC
AAC
AACAAGTGACìC
AAC'AACTGAG
AACAACTGAG'J

AÃCACÀ

AÃCAfi^¡!
AaÃ

AC;i

Ar'À
4L.".
Àl'r:

A

ATCA
ATCê,
ATCA

ATC
TCA

À(_ì

¡{ACÀ
AACÀ
ÀACÀ

ÀACÀ
AACÀ
ÃACÀ
ÀACÀ

ÀC'ÃACÀ
(.ÀACÀ

Àc'AACÀ
C'AACÀT

ÀACÀ
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ÀÀ(-'
t-ti\L
ÀAC
ê,.4C

ÀÀc
ÀAC
àAC
ÀAC
À4c
ÀAC

r-'A
C

CA
CA
CA

À-¡!C
ÀAC

¡.ÀGA
,Ë-AGA

¡-ÀGA
IåÀGA
;i,\GA
¿'ÀGA

DPD]-
US
L1_

NY
s6
M257 -7 -3
P5t_5-1-1_
t_9 - t_

3 (6)
VIDA
43 (L)
FFD
PK4
PK7
PK9
PKlO
PK13
BYMV

DPDl.
US
LL
NY
s6
vr257 -7 -3
P515-1_-1-
19 -1
3 (6)
VIDA
43 (1)
FFD
PK4
PK7
PK9
PKl.O
PKl-3
BYMV

DPDl.
US
Ll_
NY
s6
N125'7 -7 -3
P515-t_-1_
l_9 - 1_

3 (6)
VIDA
43 (1)
FFD
PK4
PK7
PK9
PKlO
PK13
BYMV

1,91
L9t
1_9 1_

1_9 1_

t9L
191
1_9r-

]-9t
1_91_

191
1_91_

19 t_

1_9r
L91-
191-
1_91_

1_91_

191

239
239
239
239
239
239
239
239
239
239
239
239
239
239
239
239
239
239

287
287
287
287
287
287
287
287
287
287
287
287
287
287
287
287
281
287

GGC

r.:GC

lr-rU

1r-:(:
TGG

TLìG
TGG
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DPDl
US
L1_

NY
S6
14257 -7 -3
P5l_5-1-1-
L9-L
3 (6)
VIDA
43 (1)
FFD
PK4
PK7
PK9
PKl-O
PK1.3
BYMV

DPDl
US
LL
NY
s6
M257 -7 -3
P515-1-1
19-L
3 (6)
VIDA
43 (1)
FFD
PK4
PK7
PK9
PKlO
PK13
BYMV

DPDl
US
L1
NY
S6
M257 -7 -3
P5r_5-l--l_
r_9 - r_

3 (6)
VIDA
43 (1_)

FFD
PK4
PK7
PK9
PKlO
PK]-3
BYMV

T

335
335
335
335
335
335
335
335
335
335
335
335
33s
335
335
335
33s
33s

383
383
3 83
3 83
3 83
383
383
383
383
383
383
383
383
383
383
383
383
383

43L
43t
43t
431
43L
43r
43L
43L
43t
43r
43\
43L
431
43L
43L
43L
43L
43r

GC

CC'IG
CCTG
GTJTC]
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DPDl-
US
L1_

NY
S6
v1257 -7 -3
P515 -l_-t_
19 -t_
3 (6)
VIDA
43 (1)
FFD
PK4
PK7
PK9
PKl.O
PK]-3
BYMV

DPDl.
US
LL
NY
S6
Nr257 -7 -3
P5L5-1-1-
L9-1,
3 (6)
VIDA
43 (1)
FFD
PK4
PK7
PK9
PKl-O
PK1.3
BYMV

DPDl
US
L1
NY
s6
M257 -7 -3
P5L5-1-L
L9-L
3 (6)
VÏDA
43 (1)
FFD
PK4
PK7
PK9
PKlO
PK13
BYMV

479
479
479
479
479
479
479
479
479
479
479
479
479
479
479
479
479
479

527
527
527
527
527
527
52'7
527
527
527
527
527
527
52'l
527
527
527
527

575
575
575
575
575
57s
575
575
575
575
575
575
575
575
575
575
575
575

A
A
A

A

;

TTGATC
TEIGATC
1'TGATC
1IUå!J

TTGATC
TTGATC
TTGATC
TTGATC
TTGATC
TTGATC
r$ierc
TTGATC
TTGATC
r[!cerc
TTGATC
f f UC T L

TTGATC

A
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DPDl
US
Ll-
NY
s6
Nr257 -7 -3
P515-1--1-
l_9 -l_
3 (6)
VIDA
43 (1)
FFD
PK4
PK7
PK9
PK]-O
PK].3
BYMV

DPD]-
US
L1
NY
s6
Nr257 -7 -3
P515-1_-1
19 -1
3 (6)
VIDA
43 (1_)

FFD
PK4
PK7
PK9
PKlO
PKl-3
BYMV

DPDl
US
L1_

NY
S6
M257 -1 -3
P515 - t_-t
r.9 -r-
3 (6)
VIDÀ
43 (1)
FFD
PK4
PK7
PK9
PKl-O
PK1.3
BYMV

623
623
623
623
623
623
623
623
623
623
623
623
623
623
623
623
623
623

CA

670
670
670
670
670
670
670
670
670
670
670
670
670
670
670
670
670
67L

7L8
7L8
7L8
7t8
7]-8

'1 1"
7L8
7L8
7L8
7L8
7L8
7L8
7t8
7L8
7 1_8

7L8
7 1_8

7L8

ÀATCÀC
ÀATCÀC

ÀATCÀC
AAT,CÀC

TCÀATC
1'GTCÀA']]C
ar:ILdâtL

TGT'C,+A
TCìT'CÀATC
TGTCÀA'IC
TGT'CÀATC

rcgc

AAT'C

ÀATC
TC

ÄA'1'C

ÀATC

öf\-

CTTGC'ICA
ATC
åtu

CTTGC]'CÀ

CTTGC'I'CÀ
CCT'I'GC'i'CÀ

ATC

ATCCTTGCTCÀ

TTG

TTG
C

C

ATC
ATC
ATC

CTTGCT[À
CT'TCCl'CÀ

TTG
TTG
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DPDl-
US
L1_

NY
S6
M257 -7 -3
P5r.5-l_-1
L9-1
3 (6)
VIDA
43 (l_)
FFD
PK4
PK7
PK9
PKl-O
PKl3
BYMV

DPD]-
US
L1_

NY
s6
M257 -7 -3
P5t_5-1-1
19-1
3 (6)
VIDA
43 (1)
FFD
PK4
PK7
PK9
PKl-O
PK]-3
BYMV

DPDl-
US
IJ l-
NY
s6
M257 -7 -3
P515 - 1- l-
1_9 - 1_

3 (6)
VIDA
43 (1)
FFD
PK4
PK7
PK9
PKl.O
PK13
BYMV

766
766
766
766
766
766
766
766
766
766
766
766
766
766
766
766
766
766

I r_4

8]-4
814
I 1_4

8 1_4

8 1_4

8L4
814
814
8]-4
8t4
I l-4
8 1_4

8 t-4
I 1_4

8 1_4

I l_4
814

8s3
853
8s3
853
853
853
853
853
853
853
853
853
853
853
853
853
853
853

TCATTTGG
TCATT'IGG
TCATTTGG
T(IATTTGG
TCAT.TTGG
TCAT'ITGG

TTTT TC'A

A

ATTTG
ATT'I'G G

TCATTl'GG

CATT'I'GG

A

^
A

T'

TGTGGA
TGT(JT: A
TGTGGA
TGTGGA
T'GTGGA
TGTGGA
TGTGGA

TAT
T.ÀT

TAT
TAT
T.4T
aôt
TAT'
TAT

A
A
A

130



Amino acid sequence alignment for 284 amino acids from the HC-Pro for 17 PSbMV

isolates and BYMV.
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P.9,L28-29 Many potyviruses also induce cytoplasmic amorphous inclusion bodies,

composed of a single protein antigenically related to the HC-Pro.

P.59,L.23 Fifteen Australian PSbMV isolates were collected during the course of this study

(Table 3.1).

Table 1.3 Names of all virus species except Peanut stripe virus should be in italics.

p.64,L.20-21 This PSbMV RT-PCR appears to be species-specific detecting all 31 PSbMV

isolates tested.

Comments on points raised bv the examiners

Figure 4.6 - Total nucleic acid from TMV infected leaf did not product a specific

amplification product in the potyvirus RT-PCR, but did produce non-specific products

observed as a smear in agarose gel electrophorebis (Figure 5.3).

Figure 4.lO - Shows slight differences in the limit of detection of PSbMV by DfBA between

thã two and four fold dilution series. Ten nanograms of PSbMV was faintly detectable in the

two fold dilution but negative in the four fold dilution, These differences could be due to

errors introduced in preparing the two dilution series.

Figure 5.4 - The AlzI RFLp pauerns (A) and (c) are slightly different with the larger fragment

ln (C) running faster than the larger fragment in (A) and the smaller fragment in (C) running

slower than the smaller fragme.nt in (A). These differences in AIzIRFLP were confirmed by

checking cloned ,"qu"n"", of the 1085 bp HC-Pro from PSbMV isolates representative of the

different RFLPs for RE recognition sites.

p.91, L10-14 - The amino acid similarities between BYMV and the PSbMV isolates were low

(3g.9 - 41.37o). These values represent similarity (chemically similar) and not identity

iidentical). Therefore, it is possible when such distantly related sequences are compared at the

nucleic acid sequence leveithat a slightly higher similarity (in this case also identity) value

. rnay be obtaineã by chance in the pair-wise comparison. The nucleic acid sequence
' 
similarities were aiso low between BYMV and the PSbMV isolates (49.8 - 51.47o)'
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