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ABSTRACT 

Pea seed-borne mosaic virus (PSbMV; Family Potyviridae, Genus Potyvirus) causes a 

serious, yet often inconspicuous, disease in field pea (Pisum sativum) crops in the south-

west Australian grainbelt. Following widespread sampling of semi-leafless field pea crops 

and trial plots growing in the Mediterranean-type environment of the grainbelt, PSbMV 

was found at incidences of up to 51% in crops, and 100% in cultivar and breeding line 

plots. Crops and plots of cvs Gunyah, Kaspa and Twilight were frequently infected, but 

none of resistance gene sbm1-carrying cv. Wharton were infected. From crop and plot 

samples, 14 new PSbMV isolates were obtained, sequenced and their partial coat protein 

(CP) nucleotide (nt) sequences analysed. Phylogenetic comparison with 39 previously 

sequenced isolates demonstrated at least three PSbMV introductions have occurred to the 

region, one previously unknown. When plants of pea cvs Wharton and Yarrum (which 

carry sbm1) were mechanically inoculated with a local PSbMV isolate, a small proportion 

became infected suggesting their resistance genes were overcome by variants in the culture. 

An improved management effort is required to diminish infection of seed-stocks, avoid sbm 

gene resistance being overcome in the field and mitigate the impact of PSbMV on seed 

yield and quality. 

The possibility of using seed fractionation to help diminish PSbMV infection in 

infected pea seed-stocks was investigated. When different field pea seed-lots were passed 

through sieves to obtain different size fractions, PSbMV seed transmission rates to 

seedlings were significantly higher in the <6.5 mm than the >6.5mm fraction.  Passing pea 

seed-lots through a 6.5 mm sieve can be used to (i) provide a useful indicator warning of 
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likely high seed infection levels, and (ii) contribute towards decreasing PSbMV infection 

levels below the % seed transmission risk threshold for sowing. 

Plant-to-plant wind-mediated contact transmission of PSbMV was investigated in 

glasshouse experiments using a pedestal fan to simulate wind. When pea plants were kept 

at 14 to 20°C, wind-mediated contact transmission of PSbMV occurred consistently and the 

rate of transmission was enhanced when plants were dusted with diatomaceous earth before 

blowing. In contrast, when plants were kept at 20 to 30°C, blowing rarely resulted in 

transmission (only one occasion). These findings suggest that contact transmission via 

wind-mediated wounding may play an important role in PSbMV epidemiology by 

expanding initial crop infection foci before aphid arrival. 

The PSbMV transmission efficiencies (i.e. % of individuals that transmitted) and 

alighting preferences of several aphid species previously found landing in south-west 

Australian pea crops in which PSbMV was spreading were studied. With plants of 

susceptible pea cv. Kaspa, the transmission efficiencies of Aphis craccivora, Myzus 

persicae, Acyrthosiphon kondoi and Rhopalosiphum padi were 27%, 26%, 6% and 3%, 

respectively. Lipaphis erysimi was a non-vector of isolate W1 used in this study. With 

plants of partially PSbMV resistant pea cv. PBA Twilight, transmission efficiencies of M. 

persicae, A. craccivora and R. padi were 16%, 12% and 1%, respectively, reflecting 

putative partial resistance to aphid inoculation. To examine aphid alighting preferences 

over time, alatae of M. persicae and R. padi were set free on multiple occasions amongst 

PSbMV-infected and mock-inoculated pea or faba bean plants. Following release, non-

viruliferous R. padi alatae exhibited a general preference for PSbMV-infected pea and faba 

bean plants after 30 min to 4 h, but preferred mock-inoculated plants after 24 h. In contrast, 
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non-viruliferous M. persicae alatae alighted on mock-inoculated pea plants preferentially 

for up to 48 h following their release. With faba bean, M. persicae preferred infected plants 

at the front of assay cages, but mock-inoculated ones their backs. When preliminary 

volatile analyses were performed to detect PSbMV-induced changes in the volatile organic 

compound profiles of pea and faba bean plants, higher numbers of volatiles representing a 

range of compound groups were found in the headspaces of PSbMV-infected than of mock-

inoculated pea or faba bean plants. This indicates PSbMV induces physiological changes in 

these hosts which manifests as altered volatile emissions. This information enhances 

understanding of virus-vector relationships in the PSbMV-pea and faba bean pathosystems. 

To collect aphid occurrence and PSbMV epidemic data under a diverse range of 

conditions, 23 field pea data collection blocks were set up over a six year period at five 

locations in the grainbelt. Throughout each growing season, rainfall data were collected, 

leaf and seed samples tested to monitor PSbMV incidence in the crop and transmission 

from harvested seed, and sticky traps used to monitor flying aphid numbers. The deductions 

made from collection block data illustrated how the magnitude of PSbMV spread prior to 

flowering is determined by two primary epidemic drivers: (i) PSbMV incidence in the seed 

sown which defines the magnitude of virus inoculum source for within-crop spread by 

aphids, and (ii) pre-sowing rainfall that promotes background vegetation growth which, in 

turn, drives early-season aphid populations and the time of first arrival of their winged 

migrants to field pea crops. An increase in PSbMV incidence at flowering time 

significantly increased transmission rate from harvested seed to seedlings. The data 

collected will be used for development and validation of a forecasting model that informs a 

decision support system for PSbMV control in field pea crops. 
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An empirical model was successfully developed to forecast PSbMV incidence at the 

critical phase of the annual growing season around flowering time to predict yield loss in 

field pea crops sown under Mediterranean-type conditions. The validated model uses pre-

growing season rainfall to calculate an index of aphid abundance in early-August which, in 

combination with PSbMV infection level in seed sown, is used to forecast virus crop 

incidence. It provides forecasts before sowing to allow sufficient time to implement control 

recommendations. These include having representative seed samples tested for PSbMV 

transmission rate to seedlings, obtaining seed with minimal PSbMV infection or of a 

PSbMV-resistant cultivar, and implementation of cultural management strategies. It 

provides a disease forecast risk indication using economic analysis. This takes into account 

predicted percentage yield loss from PSbMV infection and economic factors involved in 

field pea production. This disease risk forecast delivers location-specific recommendations 

via SMS regarding PSbMV management to end-users.  
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CHAPTER 1.  

General Introduction  
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1.1. Origin and development of pea production  

Wild pea (Pisum sativum) was used as a food source by hunter-gatherers before the dawn 

of agriculture. Cultivated pea most likely originated from its wild ancestors in its main 

center of domestication in south-west Asia. Pea is one of the oldest domesticated crops with 

evidence of its cultivation in Neolithic Turkey, Syria and Jordan dating back almost 10,000 

years. Archaeological evidence of pea cultivation (and other grain legumes) is constantly 

found accompanying wheat (Triticum spp.) and barley (Hordeum vulgare) cultivation. 

From south-west Asia, pea spread rapidly throughout central Asia and the Mediterranean 

region, and eventually worldwide (Zohary and Hopf 2000, references therein). It was an 

integral dietary component of many historical civilizations and was vigorously cultivated as 

a human diet staple and animal fodder by the Greeks and Romans (Sevey 1911). Human 

selection led to development of three main pea types: (i) arable field pea (used for dry seed 

and animal fodder); (ii) vegetable pea and (iii) garden pea (vining edible types) (Oelke et al. 

1991; Cousin 1997). Arable field pea consists of conventional-leafed and semi-leafless 

types, with the latter offering better standing ability due to their higher tendril to leaf ratio 

(Figure 1). Tendrils of the semi-leafless type inter-lock with those of neighbouring plants 

thereby supporting crop structure and reducing lodging, making it easier to harvest (Cousin 

1997). 

1.2. History and development of Australian field pea production  

Arable (hereafter referred to as ‘field pea’), garden and vegetable peas and are all grown in 

Australia. Field pea became a major crop in Australia in the mid 1980’s following poor 

returns from wheat (Triticum aestivum) and wool production. This increased production 

opened up human food markets in the Indian subcontinent and widespread use of field pea 
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in pig feed (Siddique and Sykes 1997). The national area sown to field pea peaked at over 

400,000 ha in the late 1980’s, but has since declined to its current level of approximately 

270,000 ha (Pulse Australia Limited 2015). From this growing area, Australia currently 

produces approximately 400,000 tonnes per annum. The majority is exported to Asia for 

human food consumption, or to Asia and Europe as livestock fodder. Some is used 

domestically in the stock feed market (Siddique and Sykes 1997). Based on seed 

appearance, four major types of field pea are grown in Australia: dun, blue, white and 

maple. Newer semi-leafless field pea cultivars have a number of other improved traits, such 

as resistance to pod shattering, higher yield, better adaptation to drier areas and superior 

grain quality (e.g. Pritchard 2014).  

 

Fig. 1. Comparison between conventional-leafed (left) and semi-leafless field pea (right) (from Seymour 2015). 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=VIVPlstMabq45M&tbnid=ph_NoyL0OZRx3M:&ved=0CAUQjRw&url=https://www.agric.wa.gov.au/field-peas/visual-guide-key-stages-growth-and-maturity-field-pea&ei=ogKYU7nQHoS7kgXy9YDwDA&bvm=bv.68693194,d.dGI&psig=AFQjCNGXKSxMzXsZj-g1tDvE4krpUdCSIg&ust=1402557472719658
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Field pea seed consists of approximately 25% protein with a high volume of soluble 

carbohydrates and low levels of fat making it a good source of energy and protein in 

livestock diets. It is also a good quality protein source in the human diet, especially as a 

replacement for meat in less developed countries (Oelke et al. 1991; Anderson et al. 2006; 

Pulse Australia Limited 2009). 

1.3. Field pea production in the south-west Australian grainbelt 

The south-west Australian grainbelt consists of approximately 19 million ha of largely 

arable land used for grain and animal production, and is the largest grain-growing region in 

Australia (Figure 2). The region has a Mediterranean-type environment with a cool, wet 

winter and a hot, dry summer. It was initially cleared for agricultural production following 

European colonization in 1829 until the 1980’s, and only 18% of the original native 

vegetation now remains. Its annual growing season spans mid to late-Autumn (April and 

May) to mid to late-spring (October and November). Of the total grain produced in the 

region, approximately 60% is wheat, 20% barley, 10% canola (Brassica napus), 4% oats 

(Avena sativa), 3% narrow-leafed lupin (Lupinus angustifolius) and <1% field pea (GIWA 

crop report, 2015). Over the last couple of decades, climate change has strongly influenced 

grainbelt production with lower than average rainfall presenting a significant challenge for 

grain growers.  

Grain legume production plays an important role in the sustainability of broadacre 

cropping in the grainbelt (Siddique and Sykes 1997). Previously, Siddique et al. (1999) 

identified field pea as the best non-lupin grain legume option in terms of yield and market 

consistency, and its ability to perform well in low to moderate rainfall areas. As with other 

grain legumes, it provides a valuable rotation crop with wheat providing improved weed 



P a g e  | 24 

 

 

and cereal fungal disease control, as well as nitrogen-fixing benefits (Stewart 1966; 

Siddique and Sykes 1997; Chalk 1998). In field experiments, field pea fixed approximately 

80 kg/ha of nitrogen (61% of total crop nitrogen requirement). The N fixed contributed to 

an increase in cereal yield and seed protein content in the following growing season and a 

decrease in N fertiliser expenses (Evans et al. 1989). The advantages of field pea as a 

rotation crop are often undervalued. This is because recently many growers have preferred 

to take the immediate benefits arising from sowing a higher value cereal or canola crop 

continuously, rather than taking a more long term view over production and the need to 

conserve soil fertility.  

Semi-leafless dun-type field peas, such as cvs Gunyah, Kaspa, Twilight and 

Wharton, currently account for 90% of field pea grown in broadacre production throughout 

the grainbelt (Pritchard 2014). However, the area sown to field pea has declined markedly 

over the past six years due to a number of constraints, one of which is market price 

volatility. Additionally, fungal blackspot disease (caused by Mycosphaerella pinodes), 

bacterial blight (Pseudomonas syringae), Pea seed-borne mosaic virus (PSbMV), crop 

lodging, waterlogging and frost all contribute to lower yield and seed quality (e.g. Cannell 

et al. 1979; Ridge and Pye 1985; Bretag et al. 1995; Lawyer and Chun 2001). Furthermore, 

as a result of climate change, there has been an increase in conservative farming 

approaches, such as continuous cereal and production, and chemical fallows. Furthermore, 

strong export market competition from Canada, USA and Europe has also hampered the 

growth of the local field pea industry (Siddique and Sykes 1997).  
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Fig. 2. The western Australian wheatbelt (=south-west Australian grainbelt) located between the 175 mm and 700 mm 
rainfall isohyets. The influence of climate change has resulted in below average rainfall over the past 14 years and has 
pushed the isohyets further towards the coast (black arrows) (image courtesy of Western Australia Agriculture Authority). 

 

1.4. PSbMV history, characteristics, occurrence in Australia and biological 

classification 

PSbMV (family Potyviridae, genus Potyvirus) was first discovered in Czechoslovakia in 

1966. It was also reported widely in the late 1960’s and early 1970’s in Japan (Inouye 

1967), the USA (Mink et al. 1969; Hampton 1972), the Netherlands (Bos 1970) and several 

other countries. Since then, it became disseminated worldwide by the international pea seed 

trade.  

In Australia, PSbMV was first reported in Australia in 1978 in pea germplasm 

imported from Sweden (Munro 1978), then later in field pea crops (Ligat et al. 1991). In 
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New Zealand, it was first reported in pea germplasm in 1978 (Fry and Young 1980), and 

then later in lentil (Lens culinaris) and faba bean (Vicia faba) crops (Fletcher 1993). It was 

first described under several names, such as pea leaf-rolling virus, pea fizzletop virus, pea 

leafroll mosaic virus and pea leaf-rolling mosaic virus (Khetarpal and Maury 1987). 

Subsequently, the name pea seed-borne mosaic virus was proposed (Mink et al. 1974) and 

soon became recognised internationally (Hampton and Mink 1975). It is a typical potyvirus 

with filamentous particles approximately 770 x 12 nm in size (Figure 3) (Hampton and 

Mink 1975).  

PSbMV has a narrow host range within the Fabaceae family, infecting field pea and 

other crop legumes, such as faba bean, chickpea (Cicer arietinum), lentil and various 

vetches (Vicia spp.) in different regions of the world (Aapola et al. 1974; Hampton and 

Mink 1975; Bos et al. 1988; Fletcher 1993; Latham and Jones 2001b; Coutts et al. 2008).  

 

Fig. 3. Electron microscope images of PSbMV particles negatively stained by sodium phosphotungstate. Black bar on 
bottom right-hand of image represents 250 nm (from Hampton and Mink 1975). 
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The existence of biologically distinct PSbMV strains was first demonstrated by 

Hampton et al. (1981) who inoculated 19 pea lines with seven PSbMV isolates from 

Czechoslovakia, USA and Japan, and then studied variations in the symptoms caused. 

Currently, PSbMV strains are classified biologically into four major pathotypes (P-1 to P-4) 

(Alconero et al. 1986). These pathotypes are distinguished by mechanical inoculation of 

differential pea genotypes with the PSbMV resistance genes sbm1, sbm1
1
 or sbm2 

(Provvidenti and Hampton 1992; Hjulsager et al. 2002; Gao et al. 2004; Makkouk et al. 

2014). The sbm1 gene confers resistance to all four PSbMV pathotypes, whereas sbm1
1
, a 

different allele of the sbm1 gene, confers resistance to pathotypes P-1 and P-2. The sbm2 

gene confers resistance to pathotypes P-2 and P-3 (Gao et al. 2004). However, strains that 

fell outside this classification occur in the Indian sub-continent, were classified tentatively 

as pathotypes U-1 and U-2 (Ali and Randles 1997). Currently, PSbMV partial coat protein 

nucleotide sequences fall into three phylogenetic clades; A (consisting of subclades Ai to 

Aiii), B and C. However, there is no consistent relationship between phylogenetic and 

biological classification systems for PSbMV strains (Wylie et al. 2011). 

1.5. PSbMV foliage symptoms in field pea and effect on seed yield and quality  

In pea crops, PSbMV-induced foliage symptoms and their severity vary with pea cultivar 

and PSbMV strain (Mink et al. 1969; Hampton and Baggett 1970), and symptoms 

sometimes develop more rapidly at higher temperatures (Stevenson and Rand 1970). In 

young infected pea plants, foliage symptoms characteristic of PSbMV infection include leaf 

vein clearing and swelling, leaf chlorosis and mosaic, downward rolling of leaf margins, 

tendril curling, flower distortion and plant stunting (Figure 4) (Khetarpal and Maury 1987, 

and references therein). In thriving older field pea plants, it causes subtle symptoms which 
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often result in its presence going unnoticed (Khetarpal and Maury 1987; Khetarpal et al. 

1988). Additionally, infection can be symptomless leading to significant underestimation of 

its incidence based on visual crop inspection (Hampton 1972; Munro 1978; Hampton and 

Braverman 1979; Hampton et al. 1981). Observing the crop canopy for depressions centred 

on a seed-infected plant in comparison to the even canopy of a crop sown with healthy seed 

can be more effective than close-up infection for plant symptoms (Figure 5) (Coutts et al. 

2009). 

 

Fig. 4. Healthy (left) and PSbMV-infected (right) pea plants. Leaf symptoms include leaf curling, slight mosaic and mild 
plant stunting (courtesy J.M. Bossennec). 

 

Recorded yield losses resulting from PSbMV infection vary from 11-82% with the 

higher yield losses being reached when plants are infected early under controlled 

environment cabinet and glasshouse conditions, and in single-row plots growing outside 

(Chiko and Zimmer 1978; Kraft and Hampton 1980; Ovenden and Ashby 1981; Khetarpal 

http://www.google.com.au/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&docid=K6Vbxz1TY_8vzM&tbnid=QSH1KnzpRHuNmM:&ved=0CAUQjRw&url=http://www7.inra.fr/hyp3/pathogene/6psbmov.htm&ei=2QaYU_60JIjWkAWgsYDgCw&bvm=bv.68693194,d.dGI&psig=AFQjCNFp-ZyJgQQVeICj7eS-R4XFYnIYYQ&ust=1402558430568693
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et al. 1988; Ali and Randles 1998). However, yield loss data obtained in large field plots 

where PSbMV spreads gradually during the growing season are more relevant to field crop 

situations. Coutts et al. (2009) established yield loss values following sowing seed with 

different levels of PSbMV infection ranging from 0.1% to 8%. They found that yield losses 

of 25%, which resulted from diminished seed weight and number, can occur when seed 

with 6.5% PSbMV infection is sown and high virus incidences are reached in the 

subsequent crop. Greater yield losses are expected when seed with higher levels of seed 

infection are sown. 

 

Fig. 5. Canopy depression and pale appearance of field pea plot sown with 6.5% infected seed resulting in widespread 
PSbMV infection (A), and with 0.3% infected seed resulting in vigorous growth, darker appearance with a uniform canopy 
(B) (from Coutts et al. 2009). 

 

PSbMV-infected field pea crops often produce shrivelled, split and deformed seed 

with necrotic rings visible on the seed coat, which results in price downgrading at market 

(Figure 6) (Kraft and Hampton 1980; Russell 1994; Latham and Jones 2001b; Coutts et al. 
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2008, 2009). These seed quality symptoms constitute a distinguishing feature of PSbMV. 

They have a different appearance which distinguishes them from seed symptoms caused by 

environmental staining or fungal disease damage with which they are often confused.  

 

Fig. 6. Pea seed without (left) and with (right) PSbMV-induced quality defects. Symptoms include necrotic rings, seed-
coat cracking, and seed shrivelling and deformation (courtesy B.A. Coutts). 

 

1.6. Seed transmission to seedlings 

PSbMV is transmitted through infected pea seed to seedlings at rates of <0.1 to 75% (i.e. % 

of infected seedlings), depending upon pea cultivar sown, virus incidence around crop 

flowering time, and virus strain (Hampton and Mink 1975; Bos 1977; Khetarpal and Maury 

1987; Bos et al. 1988; Khetarpal et al. 1988; Edwardson and Christie 1991; Wang et al. 

1993; Johansen et al. 1996; Latham and Jones 2001a; Albrechtsen 2006; Coutts et al. 

2008). In a young pea pod, invasion of developing seeds occurs via symplastic intercellular 

transport of the virus from infected maternal cells to the embryo. The virus is transported 

through cylindrical inclusions that pass through plasmodesmal openings in the testa-
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endosperm boundary. It then accesses pore-like structures between the endosperm-

suspensor boundaries. Next, PSbMV passes through the embryonic suspensor into the 

embryo. However, this process only occurs during a short period early in embryo 

development. It is blocked subsequently following programmed degeneration of the 

embryonic suspensor.  This means systemic spread that reached the developing seed after 

this event does not lead to any increase in seed transmission rates (Wang and Maule 1994; 

Roberts et al. 2003). Therefore, when there is widespread early PSbMV infection, seed 

transmission rates are mostly greater in harvested seed than in the source seed sown, but 

when spread starts late this relationship is often reversed (Coutts et al. 2009).  

Seed coat symptoms and viral concentration in pea vegetative tissues do not reflect 

infection of the embryo, so cannot be used as a reliable indicator of seed transmission rate 

(Khetarpal and Maury 1987; Fletcher et al. 1989; Latham and Jones 2001b; Astier et al. 

2007). Pollen transmission to seeds (i.e. pollen produced on infected plants landing on 

unfertilised flowers resulting in infected seeds through the fertilisation process) is only 

thought to contribute to <1% of total seed transmission (Stevenson and Hagedorn 1973). 

Seed transmission rate is polygenically controlled resulting in differences for this trait 

between pea cultivars, those with lower rates have partial resistance to PSbMV seed 

transmission (Wang and Maule 1992, 1997). Viral genotype also has a strong influence on 

seed transmission with significant variation in transmission rate exhibited when the same 

cultivar is infected by different PSbMV strains (Johansen et al. 1996). This variation 

between PSbMV strains is due to RNA nucleotide sequence variation within viral genes 

involved in expression of seed transmission (Astier et al. 2007). 
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Due to its seed transmissibility, PSbMV does not need to rely on persistence in 

infected herbaceous hosts for its survival outside the cropping period. This is particularly 

important in the grainbelt, in which the non-cropping period consists of a hot and dry 

summer in which vegetation is restricted almost entirely to irrigated farm homestead 

gardens and roadside ditches fed with moisture by overnight dew run-off from roads. 

Moreover, no weed or native legume PSbMV hosts have been identified (Latham and Jones 

2001b; Vincent et al. 2014). In the grainbelt, commercial seed-stocks of some frequently 

grown field pea cultivars were infected and had PSbMV transmission rates of up to 47% 

(Latham and Jones 2001a; Coutts et al. 2008). This widespread seed-stock contamination 

ensures extensive PSbMV carry-over between annual cropping periods. 

1.7. Aphid transmission  

PSbMV is transmitted from plant-to-plant by aphid vectors in a non-persistent manner in 

which the virus is rapidly acquired and transmitted via a brief probe to assess host 

suitability (<1 min) with no latent period (Pirone and Harris 1977; Khetarpal and Maury 

1987; Nault 1997; Ng and Falk 2006; Powell et al. 2006). Epidermal cells containing the 

virus stick to the aphid stylet during probing (Ng and Falk 2006). As with many other non-

persistently aphid-transmitted plant viruses, the most important aphid vectors of PSbMV 

are likely to be non-colonising species. This is because these aphids tend to cause greater 

spread of the virus when they move from plant-to-plant within the crop following shallow 

probes rather than settling and colonising (Berlandier et al. 1997; Nault 1997; Ng and Falk 

2006; Powell et al. 2006). Moreover, winged aphids (alatae) are more efficient PSbMV 

vectors than wingless aphids (apterae) (Gonzalez and Hagedorn 1971). Due to the mobile 

nature of alatae, these vectors spread PSbMV from infected internal seed-infected plant foci 
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scattered at random through the crop to non-infected plants within the same crop or to 

neighbouring crops (e.g. Berlandier et al. 1997).  

Pea aphid (Acyrothisiphon pisum), green-peach aphid (Myzus persicae), oat aphid 

(Rhopalosiphum padi), cowpea aphid (Aphis craccivora), corn aphid (Rhopalosiphum 

maidis), cabbage aphid (Brevicoryne brassicae), potato aphid (Macrosiphum euphorbiae), 

black-bean aphid (Aphis fabae) and cotton aphid (Aphis gossypii) are known to transmit 

PSbMV (Inouye 1967; Kvicala and Musil 1967; Gonzalez and Hagedorn 1970; Gonzalez 

and Hagedorn 1971; Aapola and Mink 1973; Karl and Schmidt 1978). Most of these aphid 

species colonise the main crops grown in the grainbelt (e.g. Berlandier et al. 1997) so are 

potential PSbMV vectors in the region. However, in grainbelt field pea crops, non-

colonising migrant aphids are the sole PSbMV vectors as field pea crops are rarely, if ever, 

colonised by aphids (White et al. 2005; Coutts et al. 2009). This means that PSbMV vector 

transmission is exclusively by migrant alatae flying over pea crops. 

Aphid species differ in their inherent capacity to transmit a virus. This is referred to 

as transmission efficiency and is quantified by the probability that a single aphid will 

transmit (Irwin and Ruesinck 1986; Jones 2006). This is a relative measure and therefore 

does not necessarily provide a true representation of vector species importance in the field, 

which is also influenced by other differences between species, such as their relative 

abundance (e.g. Berlandier et al. 1997; Jones et al. 2006). There has been no research into 

the PSbMV transmission efficiencies of different aphid species in the grainbelt (Coutts et 

al. 2009). However, among the species present in this region, Gonzalez and Hagedorn 

(1971) found M. euphorbiae to be a more efficient vector (40% of individuals transmit) 

than M. persicae (24%) which was in turn more efficient than A. pisum (21%). 
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Complicating this, they found that PSbMV transmission efficiencies differed between 

distinct clones of these species. In the grainbelt, when compared with other species that 

commonly occur (such as Lipaphis erysimi, A. craccivora and R. padi), M. persicae is a 

highly efficient vector of the non-persistently aphid-borne viruses Cucumber mosaic virus 

(CMV; Family Bromoviridae, Genus Cucumovirus) and Bean yellow mosaic virus (BYMV; 

Family Potyviridae, Genus Potyvirus) (Berlandier et al. 1997). Its major importance as a 

PSbMV vector in the region is strongly suspected, but as yet unproven. 

Recently, it was revealed that some plant viruses manipulate their insect vectors 

indirectly through altering the physiology of the infected host plant, or directly once the 

virus is acquired by altering the behavioural patterns of the vector. Aphid vectors of many 

persistently-transmitted viruses have faster growth rates, higher fecundity, enhanced 

production of alatae and greater longevity on virus-infected than healthy hosts. This is often 

due to physiological changes in the plant, such as increases in soluble nitrogen and sugars 

(Kennedy 1951; Markkula and Laurema 1964; Hodgson 1981; Araya and Foster 1987; 

Blua and Perring 1992; McMenemy et al. 2012). In many of these cases, volatile organic 

compounds emitted by the plant are responsible for this alteration in aphid behaviour. Most 

of the studies on this involved persistently aphid-borne viruses in which the virus circulates 

internally within the aphid before associating with the salivary glands. This close 

association with the vector allows the virus to have a direct influence in manipulating the 

aphid rather than just via changes in host plant physiology (Eigenbrode et al. 2002; Ngumbi 

et al. 2007; Werner et al. 2009; Bosque-Pérez and Eigenbrode 2011). There have also been 

similar studies with the non-persistently transmitted virus CMV, demonstrating vector 

manipulation indirectly via virus-induced physiological changes in the host plant (Mauck et 
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al. 2010; Carmo-Sousa et al. 2013). This suggests research into this phenomenon would be 

worthwhile with the PSbMV-pea pathosystem. This is because early in epidemic 

development, vector preference for virus-infected plants is likely to have a significant 

influence by accelerating rate of virus spread early in crop life, when infected plants are 

few. By contrast, vector preference for alighting on uninfected plants late in crop 

development, when healthy plants are rare, would promote greater late spread (McElhany et 

al. 1995; Sisterton 2008). Prior to this research, aphid host finding was assumed to be 

random. This knowledge has important implications for modelling virus pathosystems as 

this altered behaviour would greatly enhance the rate of virus spread. 

1.8. The possibility of contact transmission 

Successful mechanical inoculation of pea plants with PSbMV is achieved using infected 

plant sap, extraction buffer and an abrasive, and then rubbing the mixture onto healthy plant 

leaves to initiate contact between virus particles in the sap and exposed cell contents 

(Matthews 1981). Contact transmission commonly occurs in the field with stable viruses 

which reach high concentrations within their hosts, such as viruses in the genera Potexvirus 

(e.g. Hu et al. 1994; McKirdy et al. 1998), Carlavirus (e.g. Franc and Bantarri 2001), 

Sobemovirus (e.g. McKirdy et al. 1998) and Tobamovirus (e.g. Hu et al. 1994). Potyviruses 

such as PSbMV are typically less stable than these viruses and are present in plants at lower 

concentrations (Matthews 1981).  For many years, it was thought that contact transmission 

of potyviruses played a negligible role in their spread in the field (e.g. Rajamaki et al. 

2004). However, four members of the Potyviridae are now known to be transmitted by 

contact: (i) Wheat streak mosaic virus (WSMV) in wheat (Sill 1953; Brey et al. 1988); (ii) 

Potato virus Y (PVY) in potato and tomato (Wintermantel 2011; Coutts and Jones 2015); 
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(iii) Zucchini yellow mosaic virus (ZYMV) (Coutts et al. 2013) in cucurbit crops; and (iv) 

BYMV in gladiolus (Brierly 1962). In these cases WSMV spread seems mostly wind-

assisted, while spread of PVY, ZYMV and BYMV occurs via contaminated tools, clothes 

and machinery (materials commonly used in production of the crops they infect). Infective 

sap survives long enough on the material surface to infect healthy plants upon contact 

wounding (Brierly 1962; Wintermantel 2011; Coutts et al. 2013; Coutts and Jones 2015). 

Anecdotal evidence suggests that PSbMV can sometimes still approach 100% 

incidence in field pea crops in growing seasons when aphid flights are minimal (Coutts et 

al. 2009). This could be a consequence of PSbMV contact transmission from seed-infected 

to neighbouring healthy plants occurring early in crop life. Possibly, leaf-wounding caused 

by friction from wind could allow PSbMV to spread in the absence of aphids, effectively 

enlarging initial virus infection foci. Enlarged infection foci would provide a larger 

infection source for PSbMV acquisition and transmission by aphids once they arrive, 

effectively accelerating PSbMV spread even when aphid numbers are low. The use of 

machinery, such as spraying equipment, in the crop would also cause plant wounding 

within wheel tramlines, enabling contact transmission to occur. The contact transmission 

route has even greater implications for PSbMV spread in intensive garden and vegetable 

pea production than in broadacre field pea crops as the plants are handled and the use of 

tools is common. 

1.9. Climate effects on PSbMV epidemiology 

It is highly likely that the rate and magnitude of PSbMV spread and consequent seed yield 

and quality losses in field pea crops are driven by climatic factors which influence migrant 

alate vector number and activity. This is because in the south-west Australian grainbelt they 
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are already known to do this with other aphid-borne legume crop viruses, such as CMV and 

BYMV (Thackray et al. 2004; Maling et al. 2008). Climate change is therefore likely to 

alter climatic factors by influencing temperature and rainfall, and increasing the frequency 

of extreme weather events in the future, thereby altering PSbMV spread (Jones and Barbetti 

2012; Jones 2016). 

1.9.1. Rainfall 

As mentioned in Section 1.3, the grainbelt experiences hot and dry summer conditions 

typical of Mediterranean-types. Aphid survival over summer is restricted to isolated areas 

of vegetation, such as irrigated farm homestead gardens and roadside ditches, or on summer 

weeds growing after sporadic summer rainfall events (Hawkes and Jones 2005; Coutts et al. 

2006). Therefore, rainfall from late-summer to mid-autumn, which initiates annual weed 

and pasture growth causing a ‘green-bridge’ of vegetation before crops are sown, is crucial 

in determining the date of aphid first arrival in crops (Thackray et al. 1998, 2004; Jones 

2001; Maling et al. 2008, 2010; Jones et al. 2010). If little or no rain falls during this period 

or the ‘green-bridge’ dries up completely, aphids arrive in crops much later, as under such 

dry conditions there is little or no plant growth to support build-up of aphid populations 

before crops are sown. Early aphid arrival in crops, triggered by high amounts of rainfall 

before sowing, leads to earlier spread of virus during the vulnerable early growth stage of 

the crop which results in higher virus incidence prior to flowering, in turn leading to greater 

reductions in yield and seed quality, and higher levels of seed transmission (Jones 2001, 

2004; Thackray et al. 2004). However, heavy rainfall events during the growing season can 

disturb aphids causing dispersal and mortality due to entomopathogenic fungal infection of 

aphids and heavy rain knocking them off plants (e.g. Bwye et al. 1994; Thackray et al. 
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2000). Low rainfall during the early part of the growing season can decrease survival of 

infected seedlings growing from infected seed which significantly decreases the amount of 

primary virus source for secondary spread. Alternatively, high rainfall during this period 

can lead to higher rates of infected seedling survival, effectively increasing the amount of 

primary inoculum, as found in CMV infected lupin crops (Jones and Proudlove 1991; 

Bwye et al. 1994; Bwye et al. 1995; Jones 2004; Thackray et al. 2004; Jones et al. 2010).  

1.9.2. Temperature 

In the grainbelt, temperature affects aphid activity with aphid populations building up 

rapidly under the warm conditions of mid to late-autumn, and as temperature increases in 

early-spring (September). Build-up of aphids is slow in the cooler winter months (June and 

July) when daily maximum temperatures rarely exceed 20°C. However, during the cool 

winter months daily maximum temperatures often rise above 14°C in the middle of the day, 

enabling aphid flights (Jones et al. 2010). Following peak aphid activity in early-spring, in 

the mid to late spring period, temperatures begin to rise above 30°C with increasing 

frequency so aphid numbers decline (Thackray et al. 1998). Temperature also affects the 

aphid transmission efficiencies of many viruses (e.g. Thackray et al. 1998; Smyrnioudis et 

al. 2001; Anhalt and Almeida 2008) probably due to altered virus titres in infected plants or 

increased aphid probing activity when temperatures are higher. This suggests withinspecies 

transmission efficiencies under grainbelt conditions might vary somewhat during the 

growing season.  

1.9.3. Wind 

Similar to the effects of heavy rainfall, strong wind conditions can cause aphid dispersal 

and mortality (Mann et al. 1995). However, despite this tendency, some aphid species can 
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assume a crouching position to prevent dislodgement by wind (e.g. Ben-Ari et al. 2014). In 

the PSbMV-field pea pathosystem, in which non-colonising alatae are the insect vector 

under grainbelt conditions, wind speed and direction is important, as it can aid aphid 

dispersal from surrounding crops to field pea crops, as with other crops (Parry 2013). Wind 

direction can dictate which aphid species are brought into the field pea crop. In the 

grainbelt, the predominant wind direction is south-westerly throughout most of the growing 

season. As mentioned in Section 1.7, wind may also aid contact transmission by causing 

friction between leaves of healthy and PSbMV-infected plants. 

1.10. Management of non-persistently aphid-borne viruses 

Control has to be focussed on prevention as direct elimination of plant virus infection with 

‘anti-viral’ chemicals is not yet possible. To achieve optimal control of plant viruses, it is 

necessary to employ an integrated disease management (IDM) regime in which multiple 

individual control measures that target different components of the pathosystem are used 

simultaneously. Although with persistently insect-transmitted viruses, chemicals that 

control vectors are generally effective at decreasing virus spread, they are ineffective with 

non-persistently aphid-transmitted viruses or may even increase virus spread by agitating 

aphids (e.g. Jones 2004, 2006; Jones et al. 2007). A mixture of cultural, phytosanitary and 

host resistance (if available) approaches work best for non-persistently aphid-borne viruses 

in field crops. However, control options may be limited depending on prevailing climatic 

factors which drive virus spread and the combined ‘cost’ of deploying several different 

individual measures.  
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1.10.1. Phytosanitary control 

Phytosanitary (=hygiene) measures aim to minimise or remove the initial source of virus 

infection within and outside the crop, e.g. by sowing seed-stocks with minimal virus 

content, weed control to remove alternative hosts and isolating crops from others of the 

same type (e.g. Jones 2006). With PSbMV, obtaining and sowing seed with minimal virus 

content is critically important in restricting its early spread in the crop. When conditions are 

conducive to spread, sowing seed with as little as 1% infection can lead to seed yield losses 

of 15 to 20%, so a <0.5% PSbMV infection threshold is recommended. For seed 

production, a <0.1 % PSbMV infection threshold is recommended when seed crops are 

sown (Coutts et al. 2009). However, in the grainbelt, it is often difficult to source seed with 

minimal virus content in high-risk areas. Growers are therefore recommended to obtain 

seed with minimal PSbMV content from low rainfall zones where aphid numbers are 

normally low and the growing season is shorter. 

1.10.2. Cultural control 

Cultural (=agronomic) control measures are often a good ‘first port of call’ when 

implementing an IDM approach as they are generally relatively cheap to use and don’t 

require drastic changes to the growers overall program. Cultural control measures 

supported by field experimentation are used to target specific components of the 

pathosystem in question (Jones 2006). There are many types of measures that are effective 

with other non-persistently aphid-borne viruses. These are best deployed in combination 

with each other, as they synergistically work in different ways, optimising the control 

achieved. Maximising available groundcover decreases aphid landing rates prior to canopy 

closure thereby restricting early virus spread. Aphids are attracted to the contrast between 
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bare-earth and foliage, and are more likely to land on plants than when groundcover is 

absent. Maximising groundcover is achieved by retaining residual stubble which also 

creates a reflective surface that ‘dazzles’ aphids thereby repelling them. Such repulsion is 

also achieved by promoting early canopy cover through sowing at high seeding rates with 

narrow row spacing as this generates high plant densities and promotes rapid canopy 

closure (Jones 1994; Berlandier and Bwye 1998; Jones 2001, 2004, 2006). Canopy cover 

promotion can also help ‘shade-out’ stunted seed-infected plants thus limiting aphids from 

accessing these internal virus infection foci within the crop (Jones 1993; Bwye et al. 1994; 

Bwye et al. 1995; Jones 1997, 2004). Sowing seed at greater depth can reduce the 

emergence of infected seedlings, thereby decreasing the number of infection foci for aphids 

to acquire the virus for transmission (Jones and Proudlove 1991). Non-host barriers are also 

an effective control option to use against non-persistently transmitted viruses which are 

introduced to the crop from an external source. This is because aphids probe them and lose 

the virus from their mouthparts before they reach the host crop (Jones 1993). For example, 

entry of BYMV into a lupin crop is reduced when a strip of cereals is sown around the 

perimeter of the crop. Also, mixed-cropping is a possible control measure, in which a non-

host crop is sown between rows of the susceptible crop. However, this option is limited in 

its usefulness as applying selective herbicides for weed control becomes difficult, so its use 

is likely to be restricted to hay production. Also, the non-host crop may out-compete the 

more valuable primary crop (Jones 2001). 

1.10.3. Chemical control 

As mentioned above, the use of insecticides against aphid vectors is generally ineffective 

with non-persistently aphid-transmitted viruses, especially when non-colonising aphid 
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vectors are involved. This is because insecticides do not act fast enough to take effect on 

aphids before virus spread can occur. Also, their presence can irritate aphids causing them 

to move around more, thus increasing aphid probes and subsequent virus spread (Aapola et 

al. 1974; Raccah 1986; Proudlove et al. 1997; Perring et al. 1999; Thackray et al. 2000). 

Additionally, M. persicae, which is likely to be an important PSbMV vector in the grainbelt 

(Coutts et al. 2009), has developed high levels of resistance to synthetic pyrethroids, 

carbamates, and organophosphates in this region (Thackray et al. 2000), and neonicotinoids 

in other regions of Australia (Umina et al. 2014).  

1.10.4. Host resistance 

PSbMV resistance was first found in Pisum accessions in USA (Stevenson and Hagedorn 

1971). Currently, there are only two PSbMV-resistant ‘dun-type’ field pea cultivars with 

comprehensive sbm1 gene resistance (see section 1.2) available in Australia, cvs Yarrum 

and Wharton (van Leur et al. 2013). However, cv. Yarrum has proven unsuitable for 

commercial field pea production under grainbelt conditions, while cv. Wharton has only 

recently been released so its suitability is as yet unknown. Cv. Gunyah carries the sbm2 

gene, conferring resistance to PSbMV pathotypes P-2 and P-3. However, pathotypes P-1 

and P-4 which overcome sbm2 also occur in Australia (Wylie et al. 2011), so there is a risk 

of contamination of its seed-stocks. In the future, there is also a need for further field pea 

breeding for PSbMV resistance involving incorporation of sbm resistance genes, whilst 

maintaining cultivar adaptability and performance, so more PSbMV-resistant cultivar 

options become available. Also, partial (quantitative) PSbMV resistance occurs in some 

Australian pea genotypes and is most likely controlled polygenically. However, it has not 
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been a focus of pea resistance research or breeding anywhere as yet (Hampton 1980; 

Latham and Jones 2001b; Coutts et al. 2008; van Leur et al. 2013). 

1.10.5. Biological control 

Although biological control of aphid vectors by release and promotion of their predators or 

parasitoids is widely used to control virus spread in protected cropping, it is generally 

ineffective in the open-field, especially in large-scale broadacre situations (Jones 2004, 

2006). 

1.11. Forecasting epidemics and streamlining IDM 

To (i) avoid incurring unnecessary expenses by implementation of control measures in a 

prophylactic manner when the risk of damaging virus spread is low, and (ii) ensure that 

control measures are deployed when needed, growers or their advisers benefit considerably 

from access to decision support systems (DSS’s) informed by robust forecasting models. 

Using data that represent a wide range of climatic scenarios and virus inoculum levels is 

required to calibrate and validate such models. Developing a forecasting model requires an 

understanding of the ‘three corners’ of the virus epidemic triangle, host, vector and virus 

(Figure 7), and how climatic factors affect them (e.g. Jones et al. 2010). In addition, an 

understanding of how each of these factors affect each other is now also known to be 

important (e.g. Jones and Barbetti 2012; Jones 2016). Use of location-specific climatic data 

also allows predictions of yield loss risk. It is important that a forecasting model not only 

predicts risk accurately but also delivers the prediction early enough for end-users to 

prepare and execute control measures, especially when these are phytosanitary or cultural 

measures applied at or before sowing time (Jones et al. 2010). Four forecasting models 

have been developed for aphid-borne virus diseases of grainbelt crops: (i) CMV in lupin 



P a g e  | 44 

 

 

(Thackray et al. 2004); (ii) BYMV in lupin (Maling et al. 2008); (iii) Beet western yellows 

virus (BWYV; family Luteoviridae, genus Polerovirus) in canola (Maling et al. 2010); and 

(iv) Barley yellow dwarf virus (BYDV; family Luteoviridae, genus Luteovirus) in wheat 

(Thackray et al. 2009). Moreover, many other virus predictive models have been developed 

elsewhere in the world for a diverse range of pathosystems (Jones et al. 2010). 

 

Fig. 7. The ‘virus disease triangle’ representing the three-cornered nature of the PSbMV-field pea pathosystem studied in 
this project. The blue arrows outside the triangle refer to the various interactions that exist between virus, vector and host. 

 

Field pea is often a minor crop for growers in the grainbelt so recommendations for 

disease control should ideally be simple, clear, accurate, and backed up by economic 

analysis to which confirms that their implementation is worthwhile. A PSbMV forecasting 

model that delivers outputs to end-users in a user-friendly and readily accessible way would 
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create an improved awareness of the impacts of PSbMV-induced losses and how to prevent 

or minimise losses. Such a PSbMV-field pea forecasting model would need to take into 

account other field pea diseases, such as pea blackspot, so the control recommendations for 

each of them are compatible and advice regarding their control can be delivered 

simultaneously.  

1.12. Conclusions 

PSbMV infection poses a serious challenge for growers of field pea crops in the south-west 

Australian grainbelt and requires urgent attention. Due to limited availability of suitable 

PSbMV-resistant cultivars, a combination of phytosanitary and cultural control options 

must be employed to minimise virus spread in epidemic years. By developing an improved 

understanding of PSbMV epidemiology in field pea, and using this to develop a forecasting 

model and DSS, it is expected that this project will improve PSbMV control, and thereby 

not only increase field pea yields and the area sown but also the stability and profitability of 

its production in the region.  

1.13. Project aims 

i. Undertake sampling of field pea crops and plots in the south-west Australian 

grainbelt to establish PSbMV crop and seed infection levels in currently-used and 

potential new cultivars.  

ii. Obtain new PSbMV isolates from field pea in the region to evaluate its genetic 

diversity, and identify introductions of new virus genotypes and any sbm gene 

resistance-breaking strains. 

iii. Investigate the likelihood of PSbMV contact transmission between pea plants, 

whether wind assists in such spread and the implications of its occurrence. 
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iv. Establish the PSbMV transmission efficiencies of the predominant aphid species 

visiting field pea crops and investigate possible virus-vector interactions, such as 

indirect virus manipulation of aphid vectors via infected host plants to enhance its 

spread. 

v. Identify critical epidemiological drivers of the PSbMV-field pea pathosystem under 

the Mediterranean-type environment of the region by collecting climatic, aphid and 

virus incidence data within large data collection blocks at diverse sites over different 

years.  

vi. Investigate the possibility of seed fractionation as a phytosanitary control measure 

against PSbMV infection of field pea. 

vii. Develop a forecasting model that delivers accurate PSbMV risk forecasts in the 

region. Translate this forecast into a DSS that delivers location-specific 

recommendations to end-users in a simple, clear and convenient way. 
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Pea seed-borne mosaic virus in field pea: widespread infection, genetic diversity and 

resistance gene effectiveness 

B.S. Congdon, B.A. Coutts, M. Renton, M. Banovic and R.A.C. Jones
 

2.1. Abstract 

From 2013 to 2015, incidences of PSbMV infection were determined in semi-leafless field 

pea crops and trial plots growing in the Mediterranean-type environment of south-west 

Australia. PSbMV was found at incidences of 2 to 51% in 9/13 crops, 1 to 100% in 20/24 

cultivar plots, and 1 to 57% in 14/21 breeding line plots. Crops and plots of cvs Gunyah, 

Kaspa and Twilight were frequently PSbMV-infected, but none of PSbMV resistance gene 

sbm1-carrying cv. Wharton were infected. In 2015, 14 new PSbMV isolates obtained from 

these various sources were sequenced and their partial coat protein (CP) nucleotide (nt) 

sequences analysed. Sequence identities and phylogenetic comparison with 39 other 

PSbMV partial CP nt sequences from GenBank demonstrated that at least three PSbMV 

introductions have occurred to the region, one of which was previously unknown. When 

plants of pea cvs Greenfeast and Gunyah (which both carry resistance gene sbm2), and 

Wharton and Yarrum (which carry sbm1) were inoculated with PSbMV pathotype P-2 

isolate W1, resistance was overcome in a small proportion of plants of each cultivar 

showing that resistance-breaking variants were likely to be present. Improved management 

effort by pea breeders, advisors and growers is required to diminish infection of seed-

stocks, avoid sbm gene resistance being overcome in the field and mitigate the impact of 

PSbMV on seed yield and quality. A similar management effort is likely to be needed in 

field pea production elsewhere in the world. 
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2.2. Introduction 

PSbMV infects field pea, other types of pea and several other legume crops in most 

cropping regions around the world. Sowing infected pea seed stocks produces infected 

plants scattered arbitrarily throughout the crop which act as the primary inoculum source 

for plant-to-plant spread by aphid vectors in a non-persistent manner throughout the 

growing season (e.g. Khetarpal and Maury 1987; Coutts et al. 2009) and wind-mediated 

contact transmission early in the growing season (Congdon et al. 2016). PSbMV causes 

substantial seed yield and quality losses in field pea, especially when the seed sown has 

infection levels >0.5% and incidences reach high levels early in the life of the crop (Ali and 

Randles 1998; Coutts et al. 2008, 2009). However, despite the magnitude of such losses, 

the foliar symptoms caused by PSbMV infection in the field are often subtle and difficult to 

observe such that the importance of PSbMV infection tends to be underestimated or its 

presence overlooked (Khetarpal and Maury 1987; Latham and Jones 2001b). Looking 

across the field pea crop canopy for depressions containing partially stunted pea plants, 

mostly centred on a seed-infected plant, often provides a better approach than close-up 

inspection for symptoms of PSbMV infection in individual plants (Coutts et al. 2009).  

PSbMV isolates are classified biologically into four pathotypes which correspond to 

the responses of plants belonging to pea differentials carrying resistance genes sbm1, sbm1
1
 

or sbm2 to inoculation with the virus: sbm1 confers resistance to pathotypes P-1 to P-4, 

sbm1
1
 (an allele of sbm1) to pathotypes P-1 and P-2, and sbm2 to pathotypes P-2 and P-3 

(Gao et al. 2004; Makkouk et al. 2014). Isolates not distinguished by any of these 

differentials also occur and therefore fall outside pathotypes P-1 to P-4, such as those from 

the Indian subcontinent classified as pathotypes U-1 and U-2 (Ali and Randles 1997). 
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Additionally, partial PSbMV resistance occurs in some pea genotypes which seems 

polygenically controlled (Hampton 1980; Latham and Jones 2001b; Coutts et al. 2008; van 

Leur et al. 2013). Pathotypes have differing levels of virulence and some still decrease seed 

yield despite causing symptomless infection (Ali and Randles 1998).  

In the grainbelt of south-west Australia, which has a Mediterranean-type climate, 

field pea is an important crop legume grown between late autumn and early spring (May-

September). It is mainly sown in finely textured neutral to alkaline soils to which the 

predominant grain legume narrow-leafed lupin is poorly adapted (Gladstones 1998; 

Siddique et al. 1999). Field pea is grown in rotation with wheat and canola crops to which it 

provides several benefits, including nitrogen fixation, and weed and fungal disease breaks 

(Evans et al. 1989; Siddique et al. 1999). No alternative weed or volunteer crop PSbMV 

hosts have been found (Latham and Jones 2001b). However, due to its seed-borne nature in 

field pea, in Mediterranean-type environments it is still able to persist effectively between 

growing seasons to infect rain-fed pea crops in the following growing season (Coutts et al. 

2009). Sowing seed-stocks with as little as 0.1% infection can cause seed yield losses in 

high PSbMV risk years when high pre-sowing rainfall levels result in substantial migrant 

aphid numbers during the growing season (Coutts et al. 2009). In 1999, PSbMV was 

detected in field pea at incidences of 1 to 9% in 26/62 commercial crops and 0.1 to 10% in 

10/16 commercial seed-stocks (Latham and Jones 2001a). Cultivars sampled at that time 

consisted of conventional-leafed types, such as cvs Dundale, Magnet, Cooke and Parafield, 

few of which are sown now. Such cultivars have gradually been replaced by semi-leafless 

types with improved performance traits, including increased yield and improved standing 

ability for ease of harvesting. In 2007, surveys of commercial seed-stocks revealed 0.3 to 
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30% PSbMV infection in 33/33 semi-leafless cv. Kaspa and 0.5 to 47% in 12/12 

conventional-leafed cv. Parafield seed-lots, indicating a substantial increase in infection 

(Coutts et al. 2008). However, no large-scale sampling of semi-leafless cultivar pea crops 

has been performed. Also, PSbMV pathotype P-2 is the only pathotype confirmed (isolate 

W1) to be present in south-west Australia (Wylie et al. 2011).  

Field pea cultivars differ in PSbMV susceptibility, seed transmission rate and yield 

and quality loss (Chiko and Zimmer 1978; Kraft and Hampton 1980; Ovenden and Ashby 

1981; Wang et al. 1993; Latham and Jones 2001b; Coutts et al. 2008; van Leur et al. 2013). 

Therefore, it is important to monitor recently released cultivars to assess these 

characteristics so that losses can be foreseen and managed. In Australia, although partial 

PSbMV resistance was identified in some pea genotypes (e.g. Latham and Jones 2001b; 

Coutts et al. 2008) and presence of pathotypes P-1, P-2 and P-4 was confirmed (Wylie et al. 

2011), no breeding for PSbMV resistance had been undertaken until recently (van Leur et 

al. 2013). Also, no research has been performed to establish which genomic regions confer 

partial PSbMV resistance or decrease symptom severity. Currently, the only cultivars with 

the comprehensive sbm1 PSbMV-resistance gene available are cvs Wharton and Yarrum 

(van Leur et al. 2013). Cv. Wharton was only introduced in 2014 and cv. Yarrum is 

generally unsuitable for south-west Australian growing conditions. The sbm2-carrying cv. 

Gunyah (J.A.G. van Leur, personal communication) is currently sown in south-west 

Australia but the effectiveness of its resistance is yet to be evaluated fully.  

This chapter describes studies designed to fill crucial knowledge gaps about 

PSbMV occurrence and genetic diversity, and the effectiveness of sbm resistance genes in 

the main pea production area of south-west Australia. Firstly, PSbMV incidence data were 
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obtained from: (i) commercial field pea crops and seed-stocks in 2015, and (ii) cultivar and 

breeding line trial plots in 2013 to 2015. Secondly, the nucleotide (nt) sequence diversity of 

the coat protein (CP) gene of 14 new PSbMV isolates was evaluated. Thirdly, the reaction 

to PSbMV inoculation of some currently grown field pea cultivars with or without sbm1 

and sbm2 was determined. 

2.3. Materials and Methods 

Plants, sap inoculation and virus cultures. All plants were maintained at 19 to 23°C in 

insect-proof air-conditioned glasshouses. For use as PSbMV culture hosts, plants of field 

pea cvs Kaspa and ‘PBA’ Twilight, and faba bean cv. Fiord, were grown in a sand/potting 

mix (50:50 blend). For use in experiments, healthy plants of semi-leafless field pea cvs 

‘PBA’ Gunyah, Kaspa, ‘PBA’ Twilight, ‘PBA’ Wharton and Yarrum, and conventional-

leafed garden pea cv. Greenfeast, were each grown individually in separate pots in the same 

sand/potting mix blend. For mechanical inoculations, 0.1 g of leaf material from 

systemically PSbMV-infected plants was ground in 25 mL 0.1M phosphate buffer, pH 7.2, 

and the infective sap mixed with diatomaceous earth before being rubbed onto leaves. A 

culture of PSbMV isolate W1 obtained from infected pea in 1998 in south-west Australia 

(Latham and Jones 2001b) was maintained by serial mechanical inoculation to pea and faba 

bean plants. Isolate Kaspa was obtained from an infected field pea cv. Kaspa plant grown 

from a 2010 seed-lot and maintained temporarily by a single mechanical inoculation to 

healthy cv. Kaspa plants. Infected leaf samples containing isolates W1 and Kaspa were 

used as PSbMV inoculum in the experiments. Leaf samples from pea or faba bean plants 

infected with isolate W1 were used as the positive control in enzyme-linked 



P a g e  | 72 

 

 

immunosorbent assay (ELISA).  All plants were sprayed regularly with the insecticide 

imidacloprid (0.125g/L) to ensure aphids were absent.      

PSbMV incidence in field pea crops and plots. In 2015, 13 commercial field pea crops 

were sampled from five sites (Scaddan, West Scaddan, Beaumont, North Cascade and 

Grass Patch) located in high (>450 mm per year), medium (325 to 450 mm) or low (250 to 

325 mm) rainfall zones in the Esperance region of south-west Australia (Figure 1). From 

each crop, 100 shoot tips, each taken from a separate plant, were collected by taking a 

single sample every five paces. Samples were collected in a ‘V-shaped’ pattern starting 20 

m inside the perimeter of each crop. Leaf samples from cultivar or breeding line trial plots 

(Australian National Variety Trial Program) were collected from sites in medium rainfall 

zones: Bolgart in 2013 and 2014, Muresk in 2015 and Grass Patch in 2013 to 2015. Shoot 

tips of 100 plants were collected across a single plot of cvs Bundi, Parafield, Percy and 

Oura and 21 breeding lines in 2013, and from three to four plot replicates of cvs Gunyah, 

Kaspa and Twilight in 2013 to 2015, and cv. Wharton in 2014 to 2015. Additionally, shoot 

tips of 100 cv. Kaspa plants were collected in 2015 from one 50 x 50 m field trial block at 

Muresk. To attain a late PSbMV incidence value, sampling was done in early spring (late 

September) when crops or plots were at a late flowering stage or podding and beginning to 

senesce., All samples were tested for PSbMV individually by ELISA except for cv. 

Wharton samples which were tested in groups of ten. Representative seed samples from 

three commercial seed stocks sown in 2015 were tested for PSbMV transmission by 

ELISA. For this, seed was sown in trays and leaf samples from 1,000 seedlings were tested 

in groups of ten by ELISA. Virus incidence from grouped sample tests was estimated using 
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the formula of Gibbs and Gower (1960):  ̂      –    –   ⁄  
 

 ⁄  (x = number of positive 

wells, g = total number of wells, k = sample grouping level).   

 

Fig. 1. Locations of commercial field pea crops sampled in 2015, and trial plots (Australian National Variety Trial 
Program) sampled in 2013 to 2015, in south-west Australia. Insert to the south-west Australian map shows locations 
sampled in the Esperance region.  

 

ELISA. To test for virus infection, leaf samples were extracted singly or in groups of10 (1g 

per 20ml) in pH 7.4 phosphate-buffered saline (10mM potassium phosphate, 150mM 

sodium chloride, Tween 20 at 5 ml/litre, and polyvinyl pyrrolidone at 20g/litre) using a 

mixer mill (Retsch, Germany). Sample extracts were tested for PSbMV by double-antibody 

sandwich ELISA (Clark and Adams 1977). The PSbMV polyclonal antiserum used was 

from DSMZ (Braunschweig, Germany). All samples were tested in duplicate wells in 

microtitre plates. Sap from PSbMV-infected and healthy field pea leaf samples were always 

included in paired wells to provide positive and negative controls, respectively. The 
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substrate was p-nitrophenyl phosphate at 1.0 mg/ml in diethanolamine, pH 9.8, at 

100ml/litre. Absorbance values (A405) were measured in a microplate reader (Bio-Rad 

Laboratories, USA). Positive absorbance values were always at least 10 times those of the 

healthy sap.  

RNA extraction, RT-PCR and sequencing. In 2015, 14 new PSbMV isolates were 

obtained from field pea shoot tip samples, one each from: (i) seven infected commercial 

crops growing at Grass Patch, North Cascade, Scaddan and West Scaddan; (ii) six infected 

cultivar trial plots at Grass Patch and Muresk; and (iii) one field trial block at Muresk 

(Table 2 and 3). Total RNA extraction was conducted with each isolate using a QIAGEN 

RNeasy plant mini-kit according to manufacturer instructions. RT-PCR was performed 

using a QIAGEN OneStep RT-PCR Kit (QIAGEN, Australia), and primers LegPotyF and 

LegPotyR (Webster et al. 2007). The resulting amplicons were sequenced directly with 

these primers by The Australian Genome Research Facility using an Applied Biosystems 

3730 DNA analyser with BigDye Terminator 3.1 chemistry producing partial CP gene nt 

sequences that were analysed using Geneious 8.0.5 (Biomatters, New Zealand). Final nt 

sequences were submitted to the European Nucleotide Archive (ENA) with accession 

numbers LT220180 to LT220193. 

Sequence identities and phylogenetic analysis. The 14 new sequences were aligned with 

12 Australian and 27 other (from nine countries in four continents) partial length PSbMV 

CP sequences obtained from GenBank (Table 1) using clustal W in MEGA 6.06 (Tamura et 

al. 2011). Average and pairwise comparisons of nt percentage identities were calculated by 

dividing the number of differences by the sequence length as determined in MEGA 6.06 

using the pairwise deletion option and standard parameters. Phylogenetic analysis 
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compared the 14 new PSbMV partial CP sequences from this study with (i) the 39 

sequences obtained from GenBank, with all 53 trimmed to the length of the shortest 

sequence (400 nt); and (ii) the 10 longest sequences from (i) with these 24 trimmed to the 

length of the shortest sequence (600 nt). Plum pox virus (PPV) isolate SoC was used as an 

outgroup.  Neighbor-joining trees were constructed using the number of differences model, 

Maximum Likelihood trees using the Tamura-Nei model, and Minimum Evolution trees 

using the number of differences model. A bootstrap value of 1,000 was used with all three 

models.  

Cultivar reaction to PSbMV. In experiment 1, 10 healthy plants each of cvs Gunyah, 

Kaspa, Twilight and Yarrum were inoculated twice on two consecutive days with PSbMV 

isolate Kaspa, and 10 plants of each cultivar were mock-inoculated twice with healthy cv. 

Kaspa sap at the same time (control). Experiment 2 was a repeat of experiment 1 except cv. 

Greenfeast was also included. In experiment 3, 15 healthy field plants each of cvs 

Greenfeast, Gunyah, Kaspa, Twilight, Wharton and Yarrum were inoculated twice on two 

consecutive days with PSbMV isolate W1, and 15 plants of each cultivar were mock-

inoculated twice with healthy cv. Kaspa sap at the same time (control). Experiment 4 was a 

repeat of experiment 3 except 30 plants of each cultivar were inoculated for each treatment. 

For each experiment, inoculum was used immediately after preparation and within each 

experiment always came from the same culture hosts. All plants were inoculated at the 

three to four node growth stage. To test for PSbMV infection, shoot tip samples from each 

plant were tested individually by ELISA 21 and 28 days after inoculation.  
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Table 1. PSbMV isolates and their GenBank accession numbers of used in coat protein nucleotide sequence 
comparisons. 

Isolate Geographical origina Host Pathotypeb Accession code 

7-4.20 Wagga Wagga, NSW, Australia Pea cv. Bluey P-1 HQ185577 

DPD1c Denmark Pea P-1 NC_001671 

NZ New Zealand Pea P-1 D10453 

PSB117CZ Czech Republic Pea P-1 EU293758 

PSB118CZ Czech Republic Pea P-1 EU293759 

PSB141CZ Czech Republic Pea P-1 EU293760 

PSB178CZ Czech Republic Pea P-1 EU293761 

PSB329CZ Czech Republic Pea P-1 EU293762 

PSBDCZ Czech Republic Pea P-1 EU293763 

PSBECZ Czech Republic Pea P-1 EU293764 

US USA N/A P-1 AF127768 

PSbMV-28 Rothamsted, UK Pea P-1 AF023146 

China1 China Faba bean P-2 HQ185580 

W1 Medina, WA, Australia Pea P-2 HQ185581 

7-6.19 Wagga Wagga, NSW, Australia Pea P-2 HQ185579 

L1c Washington, USA Lentil P-2 AJ252242 

NEP1 Nepal Faba bean P-3 AJ311841 

NYc New York, USA Pea P-4 X87938 

7-1.35 Ballarat, Vic, Australia Pea cv. Kaspa P-4 HQ185574 

7-2.33 NSW, Australia Pea cv. Kaspa P-4 HQ185575 

7-3.26 Deniliquin, NSW, Australia Pea cv. Kaspa P-4 HQ185576 

7-4.22 Wagga Wagga, NSW, Australia Pea cv. Bluey P-4 HQ185578 

S6 SA, Australia Pea P-4 AF127767 

PSB58CZ  Czech Republic Pea P-4 EU293765 

PK9 Pakistan N/A U-2 AF127769 

Idaho Idaho, USA N/A N/A U16215 

07/5088 Esperance, WA, Australia Pea cv. Kaspa N/A HQ185570 

07/5458 Esperance, WA, Australia Pea cv. Kaspa N/A HQ185571 

07/5772 Esperance, WA, Australia Pea cv. Kaspa N/A HQ185572 

07/6303 Esperance, WA, Australia Pea cv. Kaspa N/A HQ185573 

WI-1 Wisconsin, USA Pea N/A AF023143 

Can Canada N/A N/A Z48508 

Egyptian Egypt Pea N/A AF522162 

Ger Germany N/A N/A Z48509 

WA-1 Washington, USA Pea N/A AF023144 

Sv Versailles, France N/A N/A AF023151 

PsP2 Czech Republic Pea N/A AF023145 

EG-1 N/A N/A N/A AF023152 

SL-25 N/A N/A N/A AF023147 

PPV-SoC Moldova Prunus cerasus - X97398 
aWA=Western Australia, NSW=New South Wales, SA=South Australia, Vic=Victoria, N/A=Not available. 
bPathotype given where known. 
cComplete genome sequence. 
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2.4. Results 

PSbMV incidence in field pea crops and plots. In 2015, PSbMV incidences of 2 to 51% 

were detected in 9/13 commercial field pea crops at 4/5 locations (Table 2). The crops 

found infected were at Grass Patch, North Cascade, Scaddan and West Scaddan. Of the 

PSbMV-infected crops sampled, five were cv. Gunyah with incidences of 2 to 7%, two cv. 

Twilight with incidences of 13 to 15%, one cv. Kaspa with 49% incidence, and one cv. 

Parafield with a 51% incidence. The four crops without infection were two each of cvs 

Gunyah at Beaumont and Wharton at Grass Patch. When the samples of seed sown were 

tested for PSbMV seed-borne infection, 0.6% was found for the cv. Kaspa crop from West 

Scaddan with a crop incidence of 49%, 0.1% for the cv. Gunyah crop from Scaddan with a 

crop incidence of 2%, and a 0.2% each in the two cv. Gunyah crops from Grass Patch with 

crop incidences of 2% and 3%, respectively.  

From 2013 to 2015, PSbMV incidences of 1 to 100% and 1 to 57% were detected in 

20/24 cultivar trial plots and 14/21 breeding line trial plots, respectively (Table 3). In each 

year of sampling, cultivar trial plots were found infected at Bolgart, Grass Patch and 

Muresk. PSbMV incidences were 13 to 100% in cv. Kaspa, 8 to 27% in cv. Twilight and 1 

to 52% in cv. Gunyah. In cultivars sampled in 2013 only, PSbMV incidences were 100% in 

cv. Parafield, 63% in cv. Percy, 23% in cv. Oura, and 1% in cv. Bundi. All four of the 

cultivar trial plots without PSbMV infection were of cv. Wharton. In 21 breeding line trial 

plots at Bolgart in 2013, 14 had PSbMV incidences of 1 to 57% but no infection was found 

in seven breeding lines. 
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Table 2. PSbMV incidences in 2015 and details of new isolates collected, from field pea crops growing in the Esperance 
region of south-west Australia 

Cultivar Location 
Infection (%) in 

seed sowna 

Incidence (%) in 
cropb 

Isolate 
name 

Sequence 
accession no.c 

Phylogenetic 
claded 

Gunyah Scaddan - e 2 DCG LT220186 Aiii 
Gunyah Scaddan - 7 - - - 

Gunyah Scaddan 0.1 2 KCG LT220187 Aiii 

Gunyah Beaumont - 0 - - - 
Gunyah Beaumont - 0 - - - 
Twilight North Cascade - 15 MATL LT220189 Aiii 

Twilight North Cascade - 13 - - - 

Wharton Grass Patch - 0 - - - 

Wharton Grass Patch - 0 - - - 

Gunyah Grass Patch 0.2 3 RLG1 LT220185 Aiii 

Gunyah Grass Patch 0.2 2 RLG2 LT220188 Aiii 

Kaspa West Scaddan 0.6 49 GRK LT220180 C 

Parafield West Scaddan - 51 GRPara LT220181 C 
aFor seeds, 1,000 were grown in trays and samples from seedlings tested in groups of 10 by ELISA. 
bFor leaf samples, 100 were collected at late flowering/podding time, tested individually by ELISA, except with cv. Wharton for which samples were 
tested in groups of 10. 
cAccession number in European Nucleotide Archive. 
dClade from phylogenetic analysis. 
e - = No virus detected or isolate not sequenced. 
 

Phylogenetic analysis and sequence identities. When the 14 new and 39 previously 

sequenced PSbMV CP isolate nt sequences trimmed to 400 nt were subjected to 

phylogenetic analysis, they clustered into three groups, sub-clades Ai and Aiii, and clade C 

(Figure 2). The new isolates from cvs Gunyah (NVTMG) and Twilight (NVTMTL) trial 

plots at Muresk, and cv. Gunyah trial plots at Grass Patch (NVTGPG) were genetically 

homogenous (100% nt identity). They fitted into clade Ai which also included previously 

sequenced south-west Australian isolate W1 originally from Medina, Perth (99.7% nt 

identity) and 7.420 from New South Wales (99.7% nt identity).  
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Table 3. PSbMV incidence and new isolates collected from field pea cultivar and breeding line plots growing in south-
west Australia 

Cultivar or breeding 
linea 

Year 
collected 

Location 
Incidence (%) in 

plots 
Isolate 
nameb 

Sequence 
accession no.c Claded 

Cultivar       

Parafield 2013 Bolgart 100 - - - 

Kaspa 2013 Bolgart 93 - - - 

Twilight 2013 Bolgart 23 - - - 

Gunyah 2013 Bolgart 20 - - - 

Percy 2013 Bolgart 63 - - - 

Oura 2013 Bolgart 23 - - - 

Bundi 2013 Bolgart 1 - - - 

Kaspa 2014 Bolgart 100 - - - 

Twilight 2014 Bolgart 27 - - - 

Gunyah 2014 Bolgart 23 - - - 

Wharton 2014 Bolgart 0 - - - 

Kaspa 2014 Grass Patch 13 - - - 

Twilight 2014 Grass Patch 10 - - - 

Gunyah 2014 Grass Patch 1 - - - 

Wharton 2014 Grass Patch 0 - - - 

Kaspa 2015 Muresk 82 NVTMK LT220184 C 

Twilight 2015 Muresk 26 NVTMTL LT220190 Ai 

Gunyah 2015 Muresk 52 NVTMG LT220192 Ai 

Wharton 2015 Muresk 0 - - 
 

Kaspa 2015 Grass Patch 78 NVTGPK LT220183 C 

Twilight 2015 Grass Patch 8 NVTGPTL LT220182 C 

Gunyah 2015 Grass Patch 5 NVTGPG LT220191 Ai 

Wharton 2015 Grass Patch 0 - - - 

Kaspad 2015 Muresk 57 ValMK LT220193 C 

Breeding line     
  

  OZP1202 2013 Bolgart 57 - - - 

OZP1206 2013 Bolgart 40 - - - 

OZP1210 2013 Bolgart 37 - - - 

OZP1208 2013 Bolgart 27 - - - 

OZP1101 2013 Bolgart 20 - - - 

OZP1311 2013 Bolgart 20 - - - 

OZP1302 2013 Bolgart 17 - - - 

OZP1301 2013 Bolgart 13 - - - 

OZP1304 2013 Bolgart 13 - - - 

OZP1308 2013 Bolgart 10 - - - 

OZP1309 2013 Bolgart 7 - - - 

OZP1310 2013 Bolgart 7 - - - 

OZP1306 2013 Bolgart 2 - - - 

OZP1001 2013 Bolgart 1 - - - 

OZP1305 2013 Bolgart 0 - - - 

OZP0903 2013 Bolgart 0 - - - 

WAPEA2211 2013 Bolgart 0 - - - 

OZP1104 2013 Bolgart 0 - - - 

OZP1209 2013 Bolgart 0 - - - 

OZP1307 2013 Bolgart 0 - - - 

OZP1303 2013 Bolgart 0 - - - 
aFor cultivar plots, 100 leaf samples from 3-4 replicate plots, tested individually by ELISA, except cv. Kaspa (infected with isolate ValMK) where the 100 
samples came from a single field trial block. For breeding line plots, 100 leaf samples from one breeding line plot tested individually by ELISA. 
b - = Isolate unavailable or not sequenced. 
cAccession number in European Nucleotide Archive and GenBank. 
dClade from phylogenetic analysis. 
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All new isolates from crops of cv. Gunyah from Scaddan (DCG and KCG) and Grass Patch 

(RLG1 and RLG2) and of cv. Twilight from North Cascade (MATL) were also all 

genetically homogenous (100% nt identity). They fitted into sub-clade Aiii which 

previously had not included any sequenced south-west Australian isolates but included 

previously sequenced New South Wales isolate 7-6.19 (99.7% nt identity) and German 

isolate Ger (99.5% nt identity). New isolates from crops of cvs Kaspa and Parafield from 

Scaddan (GRK and GRPara), the cv. Kaspa field trial block from Muresk (ValMK), cv. 

Kaspa trial plots at Grass Patch (NVTGPK) and Muresk (NVTMK), and cv. Twilight plots 

from cultivar trials at Grass Patch (NVTGPTL) were genetically homogenous (98.7 to 

100% nt identity). They all fitted into clade C which included previously sequenced south-

west Australian isolates 7.5088, 7.5772, 7.5458 and 7.6303 from Esperance (99% to 99.7% 

nt identity), 7-3.26, 7-4.22 and 7-2.33 from New South Wales (99% to 99.7% nt identity) 

and 7-1.35 from Victoria (99% to 99.7% nt identity). Sub-clade Ai contained previously 

sequenced isolates belonging to pathotypes P-1, P-2 and U-2, sub-clade Aii contained P-1 

isolates, and sub-clade Aiii contained a P-2 isolate. Clade B contained a pathotype P-2 

isolate and Clade C contained isolates belonging to P-4. When the CP nt sequences of the 

14 new isolates and 10 previously sequenced isolates with lengths >600 nt were trimmed to 

600 nt and analysed, the new isolates fitted into the same groups as before (Supplementary 

Figure 1). 
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Fig. 2. Phylogenetic relationships among the nucleotide (nt) sequences of partial coat protein (CP) genes of 53 PSbMV 
isolates. CP gene sequences of 14 new isolates and 39 previously sequenced isolates obtained from GenBank trimmed 
to 400 nt in length. New isolates from this study are denoted with the symbol ▲. The tree was inferred using maximum-
likelihood based on calculations from the Tamura-Nei model with a bootstrap value of 1,000. Numbers at nodes indicate 
bootstrap scores >50%. Branch lengths indicate the number of substitutions per site. Isolate SoC of PPV was used as an 
outgroup. Where known, the pathotype each isolate belongs to is shown in parentheses beside the isolate name. 
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Supplementary Fig. 1. Phylogenetic relationships among the nucleotide (nt) sequences of partial coat protein (CP) 
genes of 14 new and 10 previously sequenced (from GenBank) PSbMV isolates trimmed to 600 nt in length. New isolates 
from this study are denoted with the symbol ▲. The tree was inferred using maximum-likelihood based on calculations 
from the Tamura-Nei model with a bootstrap value of 1,000. Numbers at nodes indicate bootstrap scores >50%. Branch 
lengths indicate the number of substitutions per site. Isolate SoC of PPV was used as an outgroup. Where known, the 
pathotype group each isolate belongs to is shown in parentheses beside the isolate name. 

 

Cultivar reaction to PSbMV. Following double inoculation with isolate Kaspa in 

experiments 1 and 2, PSbMV was detected in shoot tip samples from 9/10 to 10/10 cv. 

Kaspa plants and 5/10 to 8/10 cv. Twilight plants (Table 4). No infection was detected in 

shoot tip samples from cvs Greenfeast, Gunyah and Yarrum in either experiment. 

Following double inoculation with isolate W1 in experiments 3 and 4, PSbMV was 

detected in shoot tip samples of 13/15 and 21/30 cv. Kaspa, and 5/15 and 16/30 cv. 

Twilight plants. Infection was also detected in shoot tip samples of 2/15 and 0/30 cv. 
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Greenfeast, 1/15 and 2/30 cv. Gunyah, 1/15 and 1/30 cv. Wharton and 1/15 and 1/30 cv. 

Yarrum plants. PSbMV-infected plants in all experiments were slightly stunted with leaf 

curling and chlorosis. No infection was detected in mock-inoculated plants in any 

experiment. 

Table 4. PSbMV detection in plants of five field pea cultivars with or without single-gene resistances following mechanical 
inoculation with two isolates  

    Isolate 

  
Kaspaa W1a 

  
Expt 1 Expt 2 Expt 3 Expt 4 

Cultivar Resistance gene VIb MIb VI MI VI MI VI MI 

Kaspa -c 9/10d 0/10 10/10 0/10 13/15  0/15 21/30  0/30 

Twilight - 5/10 0/10 8/10 0/10 5/15 0/15 16/30  0/30 

Gunyah sbm2 0/10  0/10 0/10  0/10 1/15 0/15 1/30 0/30 

Greenfeast sbm2 - - 0/10  0/10 2/15 0/15 0/30  0/30 

Wharton sbm1 - - - - 1/15 0/15 1/30 0/30 

Yarrum sbm1 0/10  0/10 0/10  0/10 1/15 0/15 1/30 0/30 
aNewly emerged leaf samples from all plants were tested by ELISA individually up to 28 days after inoculation. Control plants mock-inoculated with 
healthy cv. Kaspa sap. Experiment 2 was a duplicate of experiment 1, and experiment 4 was a duplicate of experiment 3. 
bVI = virus-inoculated, MI = mock-inoculated. 
c - = no resistance gene present or not tested. 
dNumber of PSbMV-infected plants/total number of plants. 
 
 

2.5. Discussion 

This study revealed far higher PSbMV incidences in field pea crops and plots growing in 

south-west Australia in 2013 to 2015 than those found previously in a survey undertaken in 

1999 in the same region (Latham and Jones 2001a). This difference coincided with a 

change from growing conventional-leafed to semi-leafless field pea types, principally cvs 

Gunyah, Kaspa and Twilight. Phylogenetic analysis of partial CP nt sequences of 14 new 

PSbMV isolates showed they belonged to three distinct phylogenetic groupings 

demonstrating a third introduction (sub-clade Aiii) to the region has occurred since the two 

identified previously (Wylie et al. 2011). This introduction was mostly likely from sowing 

seed of cvs Gunyah and Twilight since their commercial release in 2011. Continued 
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surveillance of further pea germplasm entering the region is required to prevent additional 

introductions of distinct PSbMV strains. When isolate W1 was inoculated to cvs Greenfeast 

and Gunyah which carry resistance gene sbm2, and cvs Wharton and Yarrum carrying 

resistance gene sbm1, these resistances were overcome in a small proportion of inoculated 

plants. This suggests that the combination of increased PSbMV genetic diversity and 

selection pressure arising from growing cultivars with sbm1 or sbm2 is likely to cause 

single-gene resistance to be overcome in the field.  These findings in south-west Australia 

are likely to have broad implications for field pea production worldwide regarding the need 

to improve PSbMV management in breeding programs and healthy seed production, and 

avoid inadvertent introduction and distribution of PSbMV strains that overcome sbm 

resistance genes. 

PSbMV infection was detected in commonly sown field pea cultivars at six of seven 

locations sampled. The high PSbMV incidences found in cvs Gunyah (0 to 52%), Kaspa 

(49 to 100%) and Twilight (3 to 27%) suggests widespread PSbMV contamination of seed-

stocks sown. For cv. Kaspa, this was not unexpected as PSbMV incidences of 0.5 to 47% 

were detected previously in commercial seed-stocks (Coutts et al. 2008).  This cultivar is 

suited to growing in higher rainfall zones than cvs Gunyah or Twilight (Pritchard 2014). 

However, as mentioned in the Introduction, levels >0.5% PSbMV infection in cv. Kaspa 

seed-lots can result in substantial seed yield and quality losses in a high-risk year (Coutts et 

al. 2009) which tends to negate the yield benefits obtained from growing it in higher 

rainfall zones. The relationship between % PSbMV infection in seed sown, crop incidence 

and yield loss is illustrated by two commercial seed-lots of cvs Gunyah and Kaspa both 

sown simultaneously at the same location. These had seed-borne infection levels of 0.1% 
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(cv. Gunyah) and 0.6% (cv. Kaspa) resulting in crop incidences of 2% and 49% at 

flowering time, respectively. Consequently, PSbMV-induced yield losses would be 

expected to have been substantial in the cv. Kaspa crop, but negligible in the cv. Gunyah 

crop.  

Comparison of PSbMV CP nt sequences available on GenBank with nt sequences 

from this study allowed a snapshot of the current PSbMV genetic diversity present in the 

south-west Australian grainbelt. Previous phylogenetic analysis indicated two PSbMV 

introductions with isolates in sub-clade Ai and clade C (Wylie et al. 2011). Since one 

isolate from cv. Twilight and four from cv. Gunyah fitted into sub-clade Aiii, our analysis 

demonstrated another introduction has occurred to the region. Moreover, sowing annual 

cultivar and breeding line trial plots with infected seed originating from field pea breeding 

programs at multiple sites around Australia is a likely contributor to increased PSbMV 

genetic diversity. Phylogenetic analysis indicates the 14 new PSbMV isolates potentially 

belong to pathotypes P-1, P-2 or P-4 as they fitted into either of subclades Ai or Aii, or 

clade C (Wylie et al. 2011). However, the relationship between CP nt sequence and 

pathotype groupings based on resistance gene reactions is insufficiently clear to be sure. To 

establish pathotypes, the new isolates would need to be tested for reactions following 

inoculation to plants of pea differentials carrying sbm genes (e.g. Provvidenti and Alconero 

1988; Makkouk et al. 2014). Moreover, complete genome sequencing along with use of 

biological data is needed to provide more information on phylogeny and whether any 

relationship exists between it and biological properties (Kehoe et al. 2014; Jones and Kehoe 

2016; Kehoe and Jones 2016).  
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As mentioned in the Introduction, the sbm2 gene confers resistance to PSbMV 

pathotype P-2, previously identified in south-west Australia (Wylie et al. 2011), and P-3, 

only been reported in faba bean in Nepal (Hjulsager et al. 2002).  Incidences of up to 3% in 

crops and 52% in trial plots of cv. Gunyah were found in the region suggesting presence of 

pathotypes P-1 or P-4. It is likely that strains belonging to pathotype P-2, and another 

pathotype to which cv. Gunyah is susceptible, are present in the trial plots. This may 

account for the low PSbMV incidences sometimes found in plots growing in close 

proximity to plots of other cultivars with high incidences. 

When inoculated with PSbMV isolate Kaspa, no plants of single-gene resistance 

carrying cvs Greenfeast, Gunyah and Yarrum became infected. However, when plants of 

these cultivars and cv. Wharton were inoculated with isolate W1, resistance was overcome 

as a small proportion of plants of each cultivar became infected. Cvs Greenfeast and 

Gunyah carry sbm2, isolate Kaspa and the majority of the virus population within W1 

belong to pathotype P-2. However, despite being predominantly pathotype P-2, a low level 

of  isolate W1 infection was found not only in cvs Greenfeast and Gunyah, but also in cvs 

Wharton and Yarrum which, as mentioned in the Introduction, carry sbm1 conferring 

resistance to pathotypes P1 to P4 (van Leur et al. 2013). The high disease pressure 

associated with mechanical inoculation exposes the plant to a broader swarm of variants 

than the ‘bottleneck’ effect imposed on virus populations during aphid and seed 

transmission (Moury et al. 2007; Fabre et al. 2014). Since it was first isolated in 1998, 

isolate W1 was maintained for 12 years via serial mechanical inoculation, so it would be 

expected to consist of a wider range of variants than isolate Kaspa as described by Fabre et 

al. (2014), which was obtained directly from a seed-infected plant. Therefore, the selection 
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pressure arising from sbm gene resistance would be more likely to select a variant able to 

overcome sbm1 or sbm2 from isolate W1 than from isolate Kaspa. Alternatively, the failure 

to detect variants with isolate Kaspa might reflect the smaller number of plants inoculated 

with it. Whichever is the case, selection pressure arising from increased use of PSbMV-

resistant cv. Wharton in the region would increase the potential of PSbMV to overcome 

sbm1. However, in the field component of this study, no infection was detected in crops or 

plots of cv. Wharton suggesting it is still effective against PSbMV strains currently 

widespread in the region. Continued monitoring of PSbMV isolates may result in 

identification of new resistance breaking strains, strains that cause yield losses despite lack 

of symptom expression (Ali and Randles 1998), and other pathotypes such as U-1 and U-2 

(Ali and Randles 1997) should they become introduced inadvertently. An additional finding 

from this study was that cv. Twilight plants were only moderately susceptible when 

inoculated with both PSbMV isolates. This suggests cv. Twilight has partial resistance 

despite lacking sbm resistance genes. Such partial resistance was demonstrated previously 

in other locally grown field pea cultivars (Latham and Jones 2001b; Coutts et al. 2008).  

The widespread occurrence of PSbMV infection in commercial crops, and cultivar 

and breeding line trial plots, of field pea in the south-west Australian grainbelt suggests the 

need for an increased awareness of PSbMV among pea breeders and a renewed effort to 

manage the virus more effectively. Not only is the release of new cultivars with high seed-

borne infection levels undesirable for production, but also yield data from cultivar and 

breeding line trial plot sites are likely to be compromised due to PSbMV-induced losses not 

being taken into account. To help account for such errors, yield losses from PSbMV in each 

cultivar and breeding line would need to be estimated after testing seed samples prior to 
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planting and leaf samples around flowering time to establish PSbMV incidence (Coutts et 

al. 2009). A loss adjustment could then be made to their final yields to calculate what 

values would be expected in the absence of PSbMV infection. There is an urgent need to 

reduce PSbMV infection levels in commercial seed-stocks of locally-adapted-higher 

yielding field pea cultivars. In high risk years, sowing seed-lots of cvs Gunyah, Kaspa and 

Twilight with >0.5% PSbMV infection could result in substantial yield losses. Moreover, 

PSbMV incidences in commercial seed-stocks of newer cultivars, such as cvs Gunyah and 

Twilight, are likely to amplify following re-sowing over multiple years. An increased effort 

toward obtaining and sowing seed with <0.5% infection is vital in limiting spread and 

maintaining healthy seed-stocks of these cultivars. This would be preferable to sowing 

sbm1-carrying cvs Wharton or Yarrum, especially when they are less suited to local 

conditions. Also, using sbm1-carrying cultivars non-prophylactically would decrease the 

potential for resistance-breaking strains to develop and become widespread. Quantifying 

the likely effect of climatic conditions on aphid population build-up and subsequent 

PSbMV spread would support management decisions, such as cultivar choice, and the need 

to source healthy seed and deploy cultural control measures (Coutts et al. 2009; Congdon et 

al. 2014).  Further research is needed to deliver a forecasted risk rating specific to each pea-

growing district. Similar research is likely to be required in many other field pea production 

regions worldwide where PSbMV-induced losses are not being taken into account. 
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Seed fractionation as a phytosanitary control measure for Pea seed-borne mosaic virus 

infection of field pea seed-stocks 

B.S. Congdon, B.A. Coutts, M. Renton, J.A.G. van Leur and R.A.C. Jones
 

3.1. Abstract 

In field pea crops worldwide, sowing seed with minimal PSbMV infection is crucial in 

preventing its spread, and the seed yield and quality losses it causes. The possibility of 

using seed fractionation to help diminish PSbMV infection in infected seed-stocks used for 

sowing crops was investigated. When six PSbMV-infected seed-lots of Australian field pea 

cvs Kaspa or Twilight were passed through sieves of different mesh sizes to obtain different 

size fractions, PSbMV seed transmission rates to seedlings were significantly higher in the 

<6.5 mm than the >6.5mm fractions.  Passing pea seed-lots through a 6.5 mm sieve can be 

used to (i) provide a useful indicator warning of likely high seed infection levels, and (ii) 

contribute towards decreasing PSbMV infection levels below the % seed transmission risk 

threshold for sowing. 

 

3.2. Introduction 

Field pea crop production is decreased globally by infection with PSbMV, which causes 

serious seed yield and quality losses when crop infection incidences are high (Khetarpal et 

al. 1988; Ali and Randles 1998; Coutts et al. 2008, 2009). Its control relies primarily upon 

sowing seed with minimal infection to diminish subsequent virus spread from infected 

seedlings by aphids which occurs in a non-persistent manner, or, to a lesser extent, by 

wind-mediated contact transmission (Khetarpal and Maury 1987; Coutts et al. 2009; 
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Congdon et al. 2016a,c). Two studies reported that PSbMV seed transmission to seedlings 

was significantly higher in smaller than larger pea seed fractions, but another found no 

difference. In one such study, PSbMV transmission rate was higher in seed categorized as 

small, abnormal or with growth cracks than in seed of ‘normal’ appearance. However, the 

seed size was not quantified using sieves and used a wide range of garden pea cultivars 

(Stevenson and Hagedorn 1973). In a second study using conventional-leafed field pea cvs 

Amino, Belinda and Finale, PSbMV transmission rate was significantly higher in the <6.5 

mm fraction than in the >6.5 mm (cv. Amino) or >7 mm (cv. Belinda) seed fractions. 

However, although a similar trend was observed in cv. Finale, this difference was not 

statistically significant (Khetarpal et al. 1988). In a third and earliest study when a small 

quantity of seeds harvested from plants of conventional leafed ‘Perfection-type’ garden pea 

were used, there was no difference in PSbMV transmission rates between seed fractions of 

a wide range of different seed sizes (4.8 to 7.5 mm) (Stevenson and Hagedorn 1970). These 

three studies all used seed harvested from mechanically inoculated plants. Also, rather than 

test whether seed fractionation could be useful as a PSbMV control measure, they were 

designed primarily to test intrinsic PSbMV transmission rates in different cultivars from 

maternal vegetative tissue to the seed embryo, and investigate relationships between seed 

transmission to seedlings and seed quality defects. Moreover, the cultivars used in these 

early studies are no longer sown. No research has been done to (i) establish whether a 

relationship exists between seed size fraction and PSbMV seed transmission rate in seed 

harvested from naturally PSbMV-infected crops of semi-leafless field pea cultivars 

currently sown in large-scale production systems worldwide, or (ii) explore the use of 

sieving as a possible measure to help diminish PSbMV infection in seed-stocks.  
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In the south-west Australian grain-growing region (grainbelt), which has a 

Mediterranean-type climate, semi-leafless field pea is grown in rotation with wheat and 

canola crops to which it provides several benefits such as nitrogen fixation and weed/fungal 

disease breaks (Chalk 1998; Siddique et al. 1999). Currently, widespread PSbMV infection 

causes considerable seed yield and quality losses in field pea cultivars frequently grown in 

the grainbelt (Coutts et al. 2008, 2009; Congdon et al. 2016b). This suggests an urgent need 

for improved control of the virus. This study reports assessment of PSbMV transmission 

rates from sieved seed fractions of three semi-leafless field pea cultivars currently grown in 

the grainbelt, and discusses the possibility of using seed fractionation as a phytosanitary 

control measure for the virus. 

3.3. Materials and Methods 

Seed samples (500 g) from each of nine seed-lots of field pea cvs ‘PBA’ Gunyah, Kaspa or 

‘PBA’ Twilight (semi-leafless ‘dun’ types) were used. Of these, cv. Gunyah carries the 

sbm2 resistance gene (resistant to pathotypes P-2 and P-3), cv. Twilight has partial 

resistance to infection by aphids (likely to be polygenically controlled) and cv. Kaspa is 

highly susceptible (Congdon et al. 2016b). For each sample, details of cultivar, locations 

and seed sources are shown in Table 1. The seed was sieved into three fractions, <6.0 mm, 

6.0 to 6.5 mm and >6.5 mm, by passing it through sieves of different mesh sizes and 

shaking for 45 s each time. Each fraction was weighed and the fractionated seeds sown into 

trays containing potting mix in an insect-proof, air-conditioned glasshouse kept at 18° to 

20°C. Tip leaf samples were taken from each seedling two weeks after sowing. A 

maximum of 600 seedling samples from each fraction were tested in groups of five or ten 

for PSbMV infection by enzyme-linked immunosorbent assay (ELISA). The seedling 
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samples tested in groups of 10 were from the 6 to 6.5 mm and >6.5 mm fractions of seed-

lots K5, G1 and G2 after initial tests revealed very low levels of PSbMV infection in them.  

For ELISA, sap was extracted from leaf samples from seedlings (1g per 20ml) in 

pH 7.4 phosphate-buffered saline (10mM potassium phosphate, 150mM sodium chloride, 

Tween 20 at 5 ml/litre, and polyvinyl pyrrolidone at 20g/litre) using a mixer mill (Retsch, 

Germany). Sample extracts were tested for PSbMV by double-antibody sandwich ELISA, 

as described by Clark and Adams (1977). The antiserum to PSbMV used was from DSMZ 

(Braunschweig, Germany). All samples were tested in duplicate wells in microtitre plates. 

Sap from PSbMV-infected and healthy field pea leaf samples were always included in 

paired wells to provide positive and negative controls, respectively. The substrate was p-

nitrophenyl phosphate at 1.0 mg/ml in diethanolamine, pH 9.8, at 100ml/litre. Absorbance 

values (A405) were measured in a microplate reader (Bio-Rad Laboratories, USA). Positive 

absorbance values were always at least 10 times those of the healthy sap. Virus incidence 

was estimated from grouped sample results using the formula of Gibbs and Gower (1960). 

The 95% confidence intervals were estimated for the differences in PSbMV transmission 

rate between each seed fraction from each seed-lot using the R package binGroup 1.0-7 

(Bilder et al. 2010). These were considered to be significant when the confidence interval 

did not include zero (corresponding to a standard significance level α = 0.05).  Linear 

regression was performed to test the relationship between the weight of the <6.5 mm seed 

fraction and PSbMV seed transmission rate. 
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Table 1. Field pea seed-lot samples sieved and tested for PSbMV transmission to seedlings  

Labela Cultivar Location Source 

G1 Gunyah Grass Patch Crop 
G2 Gunyah Scaddan Crop 
K1 Kaspa Bolgart Data collection blockb 

K2 Kaspa York Data collection block 
K3 Kaspa Mukinbudin Crop 
K4 Kaspa Bolgart Crop 
K5 Kaspa Scaddan Crop 
T1 Twilight Bolgart Data collection block 
T2 Twilight Grass Patch Data collection block 

aThe label of each seed-lot was used for their identification in Figure 1 and throughout the text.   
bData collection blocks refer to blocks used by Congdon et al. (2016c). 
 

3.4. Results 

In six of the nine seed-lots tested for PSbMV seed transmission, the transmission rate to 

seedlings found was significantly higher (P<0.05) in the <6.5 mm seed fraction than in the 

>6.5 mm fraction (Figure 1). These were four cv. Kaspa (K1, K3, K4 and K5) and the two 

cv. Twilight seed-lots (T1 and T2). However, except in K4, there were no significant 

differences in % PSbMV infection between the <6 mm and 6 to 6.5mm seed fractions. The 

three exceptions in which seed transmission rate was not significantly higher in the <6.5 

mm fraction were cv. Kaspa seed-lot K2, in which the <6 mm seed fraction still had a 

significantly higher PSbMV seed transmission rate (21%) than the >6.5 mm seed fraction 

(12%), and cv. Gunyah seed-lots G1 and G2 which both had minimal PSbMV transmission 

rates of 0.06 to 0.15%. In G1 and G2, only one to two seedlings   were infected so no 

significant differences in PSbMV transmission rate were expected. 
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Fig. 1. PSbMV transmission rate to seedlings grown from seed fractions of <6.0 mm    , 6 to 6.5 mm    and >6.5 mm     
from nine different field pea seed-lots 

aSee Table 1 for seed-lot codes. Seed-lots G1, G2, K3 and K5 were from crops, whereas K1, K2, T1 and T2 were from data collection blocks used by 
Congdon et al. (2016c); 500 g of each seed-lot was passed through different mesh sized sieves by shaking for 45 s. The seed of each fraction was 
sown into trays of potting mix. Shoot tip samples of up to 600 two-week-old seedlings tested for PSbMV infection by ELISA. 
bLetters refer to significant differences at P=0.05. 

 

The total weight of the <6.5 mm seed fraction increased when seed transmission 

levels increased (P=0.008) in all seed-lots sourced from Grass Patch (T2 and G1), Scaddan 

(G2 and K5), York (K2) and Bolgart (K1, T1 and K4) (Figure 2). Seed-lot K3, from 

Mukinbudin, was omitted from linear regression analysis as an outlier because it originated 

from a crop that endured a drought-affected growing season, which diminished overall seed 

size. The proportion of small pea seed is much higher than normal in such conditions 

(Sorensen et al. 2003). 
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Fig. 2. Relationship between the % PSbMV seed transmission rate to seedlings and weight of the <6.5 mm seed fraction 
in eight seed-lots of field pea cvs Gunyah, Kaspa and Twilight. 

 

3.5. Discussion 

This study demonstrated that in 4 of 5 seed-lots of semi-leafless field pea cvs Kaspa and 2 

of 2 Twilight PSbMV seed transmission rates were higher in the <6.5 mm than the >6.5 

mm seed fraction but in both cv. Gunyah seed-lots tested the rates detected were too low to 

establish this relationship. The three cultivars studied here have different levels of PSbMV 

resistance/susceptibility involving either presence or absence of the sbm2 resistance gene or 

partial resistance to infection by aphid transmission. No information is available whether 

they also have differences in PSbMV transmission rate from maternal vegetative tissue to 

the seed embryo so further research, like the early study conducted by Stevenson and 

Hagedorn (1973), is required to establish this. Growers should establish PSbMV 

transmission rates in their seed-stocks by having a representative seed sample tested by a 

diagnostic laboratory (Congdon et al. 2016c). Moreover, increased weight of the <6.5 mm 

fraction can provide them an indicator warning of high PSbMV transmission rates in seed-
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stocks. Provided seed-stocks do not originate from crops with sub-optimal growth e.g. 

drought stress, sieving a representative seed sample of a seed-stock to be sown through a 

6.5 mm sieve and calculating the weight of the small seed fraction can act as an initial step 

to provide an estimation of PSbMV infection levels. In the sub-optimal growth situation, 

data from smaller fractions might provide a similar estimation, but further research is 

needed to establish this. Removing the <6.5 mm fraction using industrial sized graders 

would be feasible in large-scale commercial field pea seed production provided that 

fractionation decreases PSbMV infection in the remaining seed-stock to an acceptable 

level, i.e. <0.5% infection (Coutts et al. 2009). Such sieving could be included as an 

additional phytosanitary control measure to minimize virus spread within integrated 

PSbMV management tactics like those employed in south-west Australia (Congdon et al. 

2016b). Also, sieving to remove the <6.5 mm seed fraction in seed-stocks of high 

commercial value, or from new cultivars and breeding lines produced in pea breeding 

programs, would help reduce PSbMV levels in them. Furthermore, the use of seed 

fractionation would be worth investigating with pathosystems involving other seed-borne 

viruses around the world. 
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Pea seed-borne mosaic virus: stability and wind-mediated contact transmission in field 

pea 

B.S. Congdon, B.A. Coutts, M. Renton
 
and R.A.C. Jones

 

4.1. Abstract 

PSbMV stability in sap and its contact transmission between field pea plants were 

investigated in glasshouse experiments. When infective leaf sap was kept at room 

temperature and mechanically inoculated to plants in absence of abrasive, it was still highly 

infective after 6 h and low levels of infectivity remained after 30 h. PSbMV was 

transmitted from infected to healthy plants by direct contact when leaves were rubbed 

against each other. It was also transmitted when intertwining healthy and PSbMV-infected 

plants were blown by a fan to simulate wind. When plants kept at 14 to 20°C were blown, 

contact transmission of PSbMV occurred consistently and the extent of transmission was 

enhanced when plants were dusted with diatomaceous earth prior to blowing. In contrast, 

when plants were kept at 20 to 30°C, blowing rarely resulted in transmission. No passive 

contact transmission occurred when healthy and infected plants were allowed to intertwine 

together. This study demonstrates that PSbMV has the potential to be transmitted by 

contact when wind-mediated wounding occurs in the field. This may play an important role 

in the epidemiology of the virus in field pea crops, especially in situations where contact 

transmission expands initial crop infection foci before aphid arrival.  
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4.2. Introduction 

PSbMV causes a serious disease in pea crops worldwide. It also infects several other cool 

season crop legumes, causing diseases in faba bean, chickpea, lentil and various vetches 

(Bos et al. 1988; Fletcher 1993; Makkouk et al. 2014). From the pea’s original 

domestication centers in the Mediterranean basin and Near East, PSbMV has been 

disseminated worldwide by international trade in pea seed, facilitated by its seed-borne 

nature which gave rise to its name (Hampton and Mink 1975; Khetarpal and Maury 1987). 

Seed infection levels of up to 47% occur in commercial seeds stocks resulting in 

widespread PSbMV incidence in crops and harvested seed (e.g. Latham and Jones 2001a; 

Coutts et al. 2008). When pea seed with high PSbMV infection levels is sown and the 

subsequent crop becomes infected at high incidences at an early growth stage, substantial 

seed yield losses and quality defects occur (Ali and Randles 1998; Coutts et al. 2009). 

Sowing infected pea seed produces infected plants that act as a primary inoculum source for 

plant-to-plant spread by aphid vectors in a non-persistent manner throughout the growing 

season (Khetarpal and Maury 1987). Aphid transmission has been considered the only form 

of plant-to-plant PSbMV transmission occurring in the field. However, the possibility of 

PSbMV spread by plant-to-plant contact has not been investigated. 

Contact transmission from infected to healthy plants occurs readily with highly 

stable viruses that reach high titres within their host plants (Bawden 1964; Matthews 1981). 

This allows transmission to occur without the presence of a vector. Viruses in the genera 

Potexvirus (e.g. Hu et al. 1994; McKirdy et al. 1998), Carlavirus (e.g. Franc and Bantarri 

2001), Sobemovirus (e.g. McKirdy et al. 1998) and Tobamovirus (e.g. Hu et al. 1994) all 

spread commonly by contact. Wounding of the host plant is a prerequisite for this to occur, 
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as it allows particles of the virus to cross the leaf cuticle, penetrate the cell wall and enter 

cells in which they replicate (Bawden 1964; Matthews 1981). Such spread between infected 

and healthy plants in the field can occur by the transfer of infective sap from crushed 

infected plant material to healthy plants on the mouthparts or hooves of livestock, farm 

machinery, pruning and cutting tools, and human clothes and hands (Jensen and Gold 1955; 

Todd 1958; Broadbent and Fletcher 1963; Hu et al. 1994; Cleugh et al. 1998; McKirdy et 

al. 1998; Franc and Bantarri 2001; Kamenova and Adkins 2004; Coutts et al. 2013; Coutts 

and Jones 2015). It can also occur by leaf abrasion due to plant-to-plant contact induced by 

wind (Loughnane and Murphy 1938; Sill 1953; Broadbent and Fletcher 1963; Brey et al. 

1988; Sarra et al. 2004).  

Four members of the Potyviridae are contact-transmitted with varying levels of 

efficiency: (i) ZYMV in cucurbit species (Cucurbita pepo and C. maxima) (Coutts et al. 

2013) and (ii) PVY in potato and tomato, both by contaminated tools, clothes and 

machinery (Wintermantel 2011; Coutts and Jones 2015); (iii) BYMV in gladiolus by 

contaminated tools (Brierly 1962); and (iv) WSMV in wheat by wind-mediated leaf contact 

(Sill 1953; Brey et al. 1988). Their transmission still occurs despite the relatively lower 

stability and titre of Potyviridae compared to typical contact transmitted viruses (Matthews 

1981). Contact transmission of these Potyviridae is usually aided by features of host plant 

leaf morphology, i.e. large soft leaves and/or leaves with abrasive hairs as on Cucurbita sp. 

and potato plants (Coutts et al. 2013; Coutts and Jones 2015).  

As mentioned above, stability is a prerequisite for a virus to be contact 

transmissible. In one report, PSbMV-infected sap diluted with distilled water remained 

infective for at least 96 h (Knesek et al. 1974), but further studies on the stability of 
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PSbMV infectivity are needed, especially using undiluted sap. Additionally, PSbMV spread 

still occurs readily when no aphids colonize pea crops and when few non-colonizing 

migrant aphids are present (Coutts et al. 2009). This provides anecdotal evidence that 

contact transmission following leaf wounding by friction caused by wind may also occur. 

This could be enhanced by increased abrasion due to the presence of airborne dust or sand 

(Cleugh et al. 1998). No attention has been paid to this potentially important PSbMV 

transmission route. Early PSbMV spread by contact transmission before aphids arrive 

would expand infection foci within the crop for subsequent aphid transmission to occur 

later in the growing season, effectively accelerating the rate of virus spread. There is, 

therefore, a need to determine if wind-mediated contact transmission occurs with PSbMV 

and, if so, under what conditions it might play a significant role in spreading infection in 

the field.  

This chapter describes a series of glasshouse experiments undertaken to establish 

whether PSbMV is: (i) stable in infective sap; (ii) transmitted passively from infected to 

healthy pea plants by intertwining; (iii) transmitted from infected to healthy pea plants by 

leaf-rubbing; and (iv) transmitted from infected to healthy pea plants when blown by fans 

(simulating wind) with or without previous dusting with an abrasive. 

 

4.3. Materials and Methods 

Plants, sap inoculation and virus isolates. Except when specified otherwise, all plants 

were maintained at 19 to 23°C in insect-proof glasshouses. For use as PSbMV culture hosts 

and in experiments, plants of field pea cvs ‘PBA’ Twilight and Kaspa (semi-dwarf, semi-
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leafless type) and faba bean cv. Fiord were grown in a sand/potting mix (50:50 blend) or 

potting mix, respectively. For mechanical inoculation of culture hosts and experiment 

infector plants, leaves from systemically PSbMV-infected plants were ground in 0.1M 

phosphate buffer, pH 7.2, and the infective sap mixed with diatomaceous earth before being 

rubbed onto leaves. A culture of PSbMV isolate W1 obtained from infected pea in 1998 in 

Western Australia (Latham and Jones 2001b) was maintained by serial mechanical 

inoculation of infective sap to plants of pea or faba bean. Leaf samples from pea or faba 

bean plants infected with isolate W1 were used as the positive control in enzyme-linked 

immunosorbent assay (ELISA), and as inoculum for experiments. All plants were sprayed 

with the insecticide imidacloprid (0.125 g/L) to ensure no aphids were present.      

ELISA. To test for virus infection, leaf samples were extracted (1g per 20 ml) in pH 7.4 

phosphate-buffered saline (10 mM potassium phosphate, 150mM sodium chloride, Tween 

20 at 5 ml/litre, and polyvinyl pyrrolidone at 20 g/litre) using a mixer mill (Retsch, 

Germany). Sample extracts were tested for PSbMV by double-antibody sandwich ELISA as 

described by Clark and Adams (1977). The polyclonal antiserum to PSbMV used was from 

DSMZ (Braunschweig, Germany). All samples were tested in duplicate wells in microtitre 

plates. Sap from PSbMV-infected and healthy pea or faba bean leaf samples were always 

included in paired wells to provide positive and negative controls, respectively. The 

substrate was p-nitrophenyl phosphate at 1.0 mg/ml in diethanolamine, pH 9.8, at 100 

ml/litre. Absorbance values (A405) were measured in a microplate reader (Bio-Rad 

Laboratories, USA). Positive absorbance values were always at least ten times those of the 

healthy sap.  
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Stability in sap. Five experiments were done to establish the stability of PSbMV 

infectivity in sap. Sap was extracted from faba bean leaves infected with isolate W1 using a 

leaf press. The undiluted sap extracts were allowed to stand at room temperature for nine 

time periods ranging from 5 min to 30 h. For each time period, 2 ml aliquots of infective 

sap extracts were placed into individual porcelain bowls. The infective sap was left for 5 or 

30 min or 1, 2, 3, 6, 12, 24 or 30 h before 2 ml of distilled water was added. Once the sap 

was resuspended, it was immediately mechanically inoculated without addition of buffer or 

abrasive onto leaves of five faba bean plants (four leaves per plant). Five plants were left 

uninoculated as controls. A single newly emerged leaf was sampled from each plant 21 and 

28 days after inoculation and tested individually for PSbMV by ELISA.      

Transmission by leaf-rubbing and passive contact. Eight glasshouse experiments with 

pea cvs Twilight and Kaspa (four experiments each) were undertaken to establish whether 

PSbMV could spread from infected to healthy plants by (i) leaf-rubbing or (ii) passively by 

plant intertwining. For leaf rubbing, there were ten pots each with one healthy and one 

PSbMV-infected pea plant allowed to grow and intertwine for the duration of the 

experiment. A leaf from a separate pea plant infected with PSbMV isolate W1 was rubbed 

onto the leaf surface of the healthy pea plant in such a way as to induce moderate 

wounding. This was performed on the upper leaf surfaces of the top six leaves of ten 3-

week-old healthy pea plants once a day for 3 days. For passive contact transmission, ten 

pots each containing one healthy and one infected pea plant were allowed to grow and 

intertwine for the duration of the experiment with no leaf-rubbing. For controls, ten pots 

each containing two intertwining healthy pea plants were rubbed in the same way with a 

leaf from a separate healthy pea plant. All plants were examined for symptom development, 
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and a single newly emerged leaf sampled from each plant 21 and 28 days after rubbing was 

tested individually by ELISA. A significant difference in transmission rates between the 

two pea cultivars was tested for using a two-tailed Z-test.  

Simulated wind-mediated contact transmission. To investigate the impact of wind in 

mediating PSbMV contact transmission, oscillating fans were used to blow groups of 

healthy 3-week-old pea plants growing with 5-week-old pea plants infected with PSbMV 

isolate W1 (infector plant). The fans were placed 30 cm from the pea plants and exerted 

effective wind speeds of 3 to 4 ms
-1

, measured using an anemometer. Four types of 

experiments were done, with duplicates (A and B) of each type:                                                                                                      

Experiment 1. Six pots (160 mm diameter) each containing one central pea infector plant 

(cv. Kaspa) with two healthy pea (cv. Kaspa) plants (one on either side) were blown once a 

day for 2 h at a time for 12 days. An identical set of six pots were dusted with diatomaceous 

earth prior to each blowing, such that all leaves on each plant were covered. Another 

identical set of six pots were left unblown to test for passive transmission and a further set 

of six pots each containing three healthy pea plants (but no infector plant), were blown in 

the same way as a control. The pots were blown in groups of three without fan oscillation.  

The arrangement of the three pots was altered after each blow so each pot had equal time in 

each position.  

Experiment 2. Six pots (160 mm diameter) containing either a pea (cv. Twilight) or a faba 

bean (cv. Fiord) infector plant with two healthy pea (cv. Twilight) plants  (one on either 

side) were blown once a day for 2 h at a time for 12 days. An identical set of six pots were 

left unblown to test for passive transmission and a further set of six pots each containing 
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four healthy pea plants (but no infector plant), were blown in the same way as a control. 

The six pots in each treatment were all blown together each time with fan oscillation and 

the pot arrangement was altered after each blow so each pot had equal time in each 

position.  

Experiment 3. Six tubs (30 x 15 x 15 cm) each containing one row of 10 healthy pea (cv. 

Twilight) plants with a pea (cv. Twilight) infector plant in the middle of the row were 

blown at 2 day intervals for 1 h at a time over 12 days (Figure 1). An identical set of six 

tubs were left unblown to test for passive transmission. Six tubs containing rows of 11 

healthy pea plants without infector plants were blown in the same way as a control. The 

tubs were blown in groups of three at a time with fan oscillation and the tub arrangement 

was altered after each blow so each tub had equal time in each position.  

Experiment 4. This was a repeat of experiment (3), except that there were five tubs per 

treatment and each tub was blown at 2 day intervals for 2 h at a time over 12 days.     

In all these experiments, a single newly emerged leaf from each plant from each pot 

or tub was sampled 21, 28 and 35 days after the first blowing time and tested individually 

by ELISA.  
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Fig. 1. An oscillating pedestal fan blowing rows of ten field pea plants with one PSbMV infector plant mid-row within each 
tub (Experiment 3A).                                                                      

 

Experiments 1A, 1B and 3A were undertaken under cooler glasshouse temperatures 

during winter (14 to 20°C) whilst experiments 2A, 2B, 3B, 4A and 4B were undertaken in 

warmer glasshouse temperatures during summer (20 to 30°C). In experiments 1A, 1B and 

2B, the PSbMV titre in leaf tip samples from each infector plant in the unblown treatment 

was determined at the midway point of the experiment. A healthy pea plant leaf was used 

as a control. ELISA optical density (O.D.) values (A405) for each sample were exponentially 

transformed (e
x 

= ‘antiloge’= ‘inverse log e’) before being subjected to analysis of variance 

(ANOVA, equivalent to a t-test) to test for any significant difference in titre between 

warmer and cooler conditions. Exponential transformation was done to obtain a linear 
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relationship between O.D. values and virus titre (Wilson and Jones 1993). Additionally, a 

one-tailed Z-test was used to test whether PSbMV transmission rates under warmer 

glasshouse conditions (20 to 30°C) were significantly different from those obtained under 

cooler glasshouse conditions (14 to 20°C), and also to test whether transmission rates were 

higher when plants were dusted with diatomaceous earth than when the abrasive was absent 

(experiment 1A and 1B). 

4.4. Results  

Stability in sap. In 5/5 experiments, PSbMV-infected leaf sap remained infective for up to 

6 h with PSbMV being detected in leaf samples in up to 5/5 faba bean plants (Table 1). In 

2/5 experiments, some infectivity was still detected after 24 h and 30 h in leaf samples (1/5 

to 2/5 plants). Foliar symptoms developed in infected faba bean plants consisting mainly of 

leaf distortion and chlorosis, and mild plant stunting. None of the control plants became 

infected.  

Table 1. Survival of PSbMV infectivity in sap incubated for different time periods before inoculation to plants 

Expt.  
No. 

Incubation time periods prior to inoculationb 

5 min 30 min 1 h 2 h 3 h 6 h 12 h 24 h 30 h 

1 2/5c 4/5 2/5 4/5 5/5 1/5 - 0/5 - 

2 5/5 2/5 4/5 5/5 3/5 4/5 - 2/5 - 

3 5/5 - 5/5 4/5 3/5 4/5 - 0/5 - 

4 5/5 - - - - 5/5 1/5 0/5 2/5 

5 4/5 - - - - 5/5 4/5 1/5 1/5 
aFive faba bean (cv. Fiord) plants were inoculated per time period. In each experiment, for each time period five additional faba bean plants were left 
uninoculated as controls, but none ever became infected.  
bSap extracted from PSbMV-infected leaf samples from each plant was left at room temperature in porcelain mortars for each incubation period, then 
resuspended in distilled water (1:1) and inoculated immediately onto test plants without an abrasive. Newly emerged leaf samples from all plants were 
tested individually by ELISA for up to 28 days after inoculation by ELISA. 
cNumber of PSbMV-infected plants/total number inoculated, - = not tested. 

 

Transmission by leaf-rubbing and passive contact. In all eight experiments, transmission 

occurred when a PSbMV-infected pea leaf was rubbed onto leaves of healthy pea plants 
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(Table 2). In four experiments, 1/10 to 4/10 plants (cv. Kaspa) or 2/10 plants (cv. Twilight) 

became infected. There was no significant difference in numbers of plants infected between 

the two cultivars (P=0.79). Symptoms in infected plants were leaf rolling, mosaic and 

chlorosis, and moderate plant stunting. These symptoms were visible approximately 15 

days after rubbing. When a healthy pea plant was allowed to grow and intertwine with an 

infected pea plant and no rubbing occurred, there was no evidence of passive contact 

transmission of PSbMV.  None of the control plants became infected. 

Table 2. Contact transmission of PSbMV by leaf-rubbing onto leaves of pea plantsa 

 
Twilight Kaspa 

Expt. 
No. 

Leaf-
rubb 

Passivec Control 
Leaf-rub 

Passive Control 

1 2/10 d 0/10 0/10 4/10 0/10 0/10 

2 2/10 0/10 0/10 3/10 0/10 0/10 

3 2/10 0/10 0/10 1/10 0/10 0/10 

4 2/10 0/10 0/10 1/10 0/10 0/10 

aThere were four experiments each with pea cvs Twilight and Kaspa, each with ten plants per treatment. Newly emerged leaf samples from all plants 
were tested by ELISA individually for up to 28 days after rubbing. 
bA leaf from a separate PSbMV-infected pea plant was rubbed onto the leaf surface of the top 5-6 leaves of the healthy pea plant. 
cHealthy and PSbMV-infected field pea plants were allowed to intertwine naturally for 27 days to test for any passive transmission. 
dNumber of PSbMV-infected plants/total number of plants. 
 

Simulated wind-mediated contact transmission. In three of the four types of experiments 

using a fan to simulate windy conditions, PSbMV transmission occurred at varying levels. 

In experiments 1A and 1B where plants were blown for 2 h, transmission occurred in 1/6 

pots (both experiments) and 4/6 (1A) to 5/6 (1B) pots when plants were dusted with 

diatomaceous earth prior to blowing (thereby giving significantly higher values than the 

former at P=0.02) (Table 3). No transmission occurred in experiments 2A and 2B. In 

experiment 3A where plants were blown for 1 h, plants in 3/6 tubs became infected and in 

experiment 4A where plants were blown for 2 h, 1/5 became infected. No plant-to-plant 

transmission occurred in experiments 3B and 4B.  Transmission rates were significantly 

higher (P=0.008) in experiments undertaken under cooler glasshouse conditions (1A, 1B 
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and 3A) than experiments undertaken in warmer glasshouse conditions (2A, 2B, 3B, 4A 

and 4B). In the experiments in which PSbMV transmission was detected, only one of the 

plants immediately adjacent to the infector plant ever became infected, except on two 

occasions. These occasions were: (i) one of the 3/5 tubs with transmission in experiment 

3A in which both immediately adjacent plants became infected; (ii) five of the combined 

9/12 pots dusted with diatomaceous earth in which transmission occurred in experiments 

1A and 1B in which both immediately adjacent plants also became infected. There was no 

evidence that pea cultivar (cvs Kaspa and Twilight) affected transmission. Symptoms on 

plants infected by wind-mediated contact transmission were leaf rolling, mosaic and 

chlorosis, and moderate plant stunting (Figure 2). These symptoms were visible 

approximately 21 days after the first blow. No passive contact transmission of PSbMV 

occurred in pots or tubs left unblown in any of the experiments and none of the control 

plants ever became infected.  

The transformed O.D. (A405) values for PSbMV titre in the pea infector plants from 

Experiment 2B had a significantly lower mean (1.14) than the transformed O.D. values 

from those in experiment 1A and 1B (1.59) (P<0.001). 
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Table 3. Simulated wind-mediated contact transmission of PSbMV to field pea plants 

Expt. No. a Treatment Duplicate 

 
Infector plantb Wind duration 

(hours) 
A B 

1 

+ (P) 2 1/6d 1/6e 

- 2 0/6 0/6 

+ (P) - 0/6 0/6 

+ (P) 2 (+ DE)c 4/6 5/6 

2 

+ (P) 2 0/6 0/6 

- 2 0/6 0/6 

+ (FB) 2 0/6 0/6 

+ (FB) - 0/6 0/6 

3 

+ (P)b 1 3/6 0/6 

- 1 0/6 0/6 

+ (P) - 0/6 0/6 

4 

+ (P) 2 1/5 0/5 

- 2 0/5 0/5 

+ (P) - 0/5 0/5 

aEach experiment was duplicated (A and B). Experiment 1 consisted of pots each containing two healthy field pea cv. Kaspa plants. Single infector 
plants of cv. Kaspa were transplanted in between them. There were three treatments depending on presence (+) or absence (-) of an infector plant, the 
occurrence of blowing (= simulated wind) with six pots per treatment. An additional treatment was included in which plants were dusted with 
diatomaceous earth prior to blowing. Experiment 2 was similar but the diatomaceous earth treatment was excluded and consisted of pots each 
containing two healthy field pea cv. Twilight plants. A single infector plant of cv. Twilight or faba bean cv. Fiord was transplanted in between them. 
Experiments 3 and 4 consisted of tubs each containing a row of healthy field pea cv. Twilight plants. Single infector plants of cv. Twilight were 
transplanted into the middle of each row. There were six tubs (Expt. 3) or five tubs (Expt. 4) per treatment. A newly emerged leaf was sampled from 
each plant and tested by ELISA 21, 28 and 35 days after the first blowing. 
bPSbMV isolate W1 infector plant, P = field pea, FB = faba bean.  
cDE=diatomaceous earth. 
dnumber PSbMV-infected/total number of pots or tubs.    
eExperiments 1A, 1B and 3A were undertaken under cooler glasshouse conditions, and the others under warmer conditions. 
 

4.5. Discussion 

This study demonstrated that contact transmission of PSbMV can occur from infected to 

healthy field pea plants following leaf-rubbing and simulated wind blowing. It also 

demonstrated that some PSbMV infectivity can survive in undiluted sap for at least 30 

hours. This level of stability is a prerequisite for contact transmission to occur. The wounds 

created by leaf-rubbing and simulated wind allowed contact transmission of PSbMV to take 

place. This suggests that contact transmission might play an important role in spread of 

PSbMV early in the life of a pea crop by expanding infection foci before aphid arrival. As 

mentioned above, prior to this study only anecdotal evidence existed of possible PSbMV 
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spread occurring in the absence of aphids (Coutts et al. 2009). This research also found that 

PSbMV spread assisted by simulated wind was favoured by (i) cooler temperatures, 

presumably reflecting adaptation of this virus to cool conditions, and (ii) presence of 

abrasive, suggesting a possible role for airborne dust and sand in increasing abrasion 

thereby enhancing wind-mediated spread. 

 

Fig. 2. PSbMV transmission from a central infector plant to neighbouring healthy plants when blown with a fan (left) 
compared with no transmission when not blown with a fan (right) (Experiment 1B). Infected plants show stunting, 
chlorosis and leaf distortion. 
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Our findings regarding PSbMV stability in sap support previous findings by Knesek 

et al. (1974) on its survival in diluted sap which did not specify whether an abrasive was 

used for inoculation. We found that infective sap retained high levels of infectivity after 6 h 

and lower levels still remained after 30 h of incubation. This resembles previous findings 

with PVY and ZYMV which remained infective in sap for at least 24 h (Coutts et al. 2013; 

Coutts and Jones 2015). As in these recent studies, by not using water during sap extraction 

and not using abrasive or buffer for inoculation, we attempted to reproduce a situation that 

resembled a field scenario. This was not done in earlier stability studies (Broadbent and 

Fletcher 1963; Knesek et al. 1974; Wright 1974). Our findings indicate that PSbMV would 

be likely to retain infectivity on contaminated equipment such as tools, clothes, boots and 

machinery tyres used in production of garden and vining peas. This is less likely to be an 

issue in field pea production because machinery use is much more limited and there is no 

manual handling. Further research with garden and vining peas would be needed to explore 

this possibility.  

No passive transmission of PSbMV occurred by intertwining of infected and healthy 

plants during this study showing that contact transmission cannot occur without an external 

force to cause friction and wounding, which is a prerequisite for such transmission to occur 

(Bawden 1964; Matthews 1981). When an infected pea leaf was rubbed manually onto 

leaves from a healthy pea plant, transmission occurred in 1/10 to 4/10 plants. When pots or 

tubs containing an infector plant and 2 to 10 healthy plants were blown with a fan, over the 

four duplicated types of experiments occurrence of simulated wind-mediated contact 

transmission was favoured by cool conditions. Transmission occurred consistently when 

the glasshouse was at cooler temperatures (14 to 20°C), but only once when it was at 



P a g e  | 126 

 

 

warmer temperatures (20 to 30°C). The most likely explanation for this is that PSbMV was 

at higher titre in infector plant leaves in the cooler conditions than the warmer conditions. 

This explanation is supported by the significantly higher O.D. values generated by leaf 

samples of infector pea plants under cooler conditions. It is unlikely that drying of sap 

during the rubbing process created by wind from fans would have reduced transmission 

under warmer conditions as transmission would have been instantaneous and the 

glasshouse conditions under which the experiments were done were kept equally humid at 

both times of the year. Moreover, when plants were dusted with diatomaceous earth prior to 

blowing, contact transmission of PSbMV was enhanced, indicating that airborne dust and 

sand particles might play a role in accentuating wounding and so increase contact 

transmission under field conditions.  

Simulated wind-mediated contact transmission occurred in this study despite field 

pea leaves being small, lacking abrasive hairs, and having interlocking tendrils which 

decrease motion within rows due to the firmer connections between plants (Holland et al. 

1991). Pea leaves are smooth with a small surface area, indicating the force exerted by 

wind would need to be significant to initiate wounding for contact transmission of PSbMV 

to occur. In our experiments, PSbMV transmission occurred early when plants were 

younger which was before extensive tendril interlocking.  In older plants this interlocking 

seems likely to diminish wind-mediated contact transmission in the field. Further research 

with conventional-leafed field pea (i.e. non semi-leafless) cultivars is needed to determine 

whether their fewer tendrils would permit spread to continue in older plants. Such cultivars 

have larger leaves which could also favour transmission by wind because of a greater 
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surface area for contact between leaves of neighbouring plants. The same applies to garden 

and vining pea production in which conventional-leafed cultivars are used. 

There is likely to be little difference in PSbMV susceptibility to contact 

transmission between pea cultivars as its ability to be mechanically inoculated is uniform 

over a wide range of cultivars (Aapola et al. 1974). Also, our leaf-rubbing data showed no 

significant differences in susceptibility between cvs Kaspa and Twilight. The PSbMV 

isolate we used, W1, belongs to pathotype P-2 which is a prominent pathotype in Australia 

(Wylie et al. 2011). It would be worthwhile to determine whether different PSbMV 

pathotypes vary in their contact transmissibility. Furthermore, young plants in the field are 

succulent and therefore still vulnerable to contact transmission (Bawden 1964). Field 

experiments using aphid-proof nets and higher-powered fans with intermittent action to 

simulate gusty winds could be used to investigate PSbMV contact transmission outside the 

glasshouse. Plots of pea containing known infection sources monitored over the length of a 

growing season would be needed for this.  

In the field, contact transmission between initial seed-infected and healthy pea 

plants would increase the inoculum source for PSbMV acquisition by aphids by expanding 

infection foci prior to aphid arrival during the critical early phase of the epidemic shortly 

after germination, thereby accelerating PSbMV spread. Spread could also occur soon after 

aphid arrival from plants infected by contact or aphid PSbMV transmission to neighbouring 

healthy plants, further expanding infection foci for aphids to acquire and spread the virus. If 

conditions are favourable for aphid build-up, a higher final PSbMV incidence would then 

occur resulting in increased yield and seed quality losses (Coutts et al. 2009). Management 

practices that minimise PSbMV contact transmission would be likely to help reduce the 
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overall PSbMV spread in a field pea crop by minimising expansion of infection foci from 

seed-infected plants prior to aphid arrival. Lower sowing rates would result in a lower plant 

density, in turn resulting in less contact between plants in the critical early phase of the 

growing season. However, by analogy with lupin studies with Cucumber mosaic virus 

(CMV),  a lower plant density would also favour increased aphid landings due to the 

presence of bare earth between plants before canopy closure (e.g. Jones 2001, references 

therein). Therefore, in the presence of high aphid numbers prior to canopy closure, this 

would probably outweigh any benefit from sowing at lower seeding rates. Exploiting 

natural windbreaks, such as remnant bush land, to shelter a pea crop would provide a 

simple way to minimise wind-mediated contact transmission of PSbMV. Use of artificial 

wind breaks would be effective in intensive garden or vining pea production but not 

feasible in broadacre field pea production.  

In conclusion, the information provided by this study is important to enable accurate 

modelling of the PSbMV-field pea pathosystem to predict PSbMV epidemics and support 

development of a DSS allowing more appropriate and efficient use of management 

practices (Congdon et al. 2014). Additionally, this study and the studies done previously by 

Coutts et al. (2013) and Coutts and Jones (2015) highlight the importance of undertaking 

research into contact transmission of additional potyviruses which infect other crops. 
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Establishing alighting preferences and species transmission differences for Pea seed-

borne mosaic virus aphid vectors 

B.S. Congdon, B.A. Coutts, M. Renton, G.R. Flematti and R.A.C. Jones
 

5.1. Abstract 

PSbMV infection causes a serious disease of field pea crops worldwide. The PSbMV 

transmission efficiencies of five aphid species previously found landing in south-west 

Australian pea crops in which PSbMV was spreading were studied. With plants of 

susceptible pea cv. Kaspa, the transmission efficiencies of A. craccivora, M. persicae, 

Acyrthosiphon kondoi and R. padi were 27%, 26%, 6% and 3%, respectively. L. erysimi 

was a non-vector. The transmission efficiencies found for M. persicae and A. craccivora 

resembled earlier findings, but PSbMV vector transmission efficiency data were 

unavailable for A. kondoi, R. padi and L. erysimi. With plants of partially PSbMV resistant 

pea cv. PBA Twilight, transmission efficiencies of M. persicae, A. craccivora and R. padi 

were 16%, 12% and 1%, respectively, reflecting putative partial resistance to aphid 

inoculation. To examine aphid alighting preferences over time, free-choice assays were 

conducted with two aphid species representing efficient (M. persicae) and inefficient (R. 

padi) vector species. For this, alatae were set free on multiple occasions (10 to 15 

repetitions each) amongst PSbMV-infected and mock-inoculated pea or faba bean plants. 

Following release, non-viruliferous R. padi alatae exhibited a general preference for 

PSbMV-infected pea and faba bean plants after 30 min to 4 h, but preferred mock-

inoculated plants after 24 h. In contrast, non-viruliferous M. persicae alatae alighted on 

mock-inoculated pea plants preferentially for up to 48 h following their release. With faba 

bean, M. persicae preferred infected plants at the front of assay cages, but mock-inoculated 
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ones their backs, apparently due to increased levels of natural light there. When preliminary 

volatile analyses were performed to detect PSbMV-induced changes in the volatile organic 

compound profiles of pea and faba bean plants, higher numbers of volatiles representing a 

range of compound groups were found in the headspaces of PSbMV-infected than of mock-

inoculated pea or faba bean plants. This indicates PSbMV induces physiological changes in 

these hosts which manifests as altered volatile emissions. Information from this study 

enhances understanding of virus-vector relationships in the PSbMV-pea and faba bean 

pathosystems. 

 

5.2. Introduction 

PSbMV infects a narrow range of Fabaceae hosts naturally. These hosts include the cool-

season crop legumes pea, chickpea, faba bean, lentil and various vetches (Bos et al. 1988; 

Fletcher 1993; Latham and Jones 2001a,b; Makkouk et al. 2014). It is spread from plant-to-

plant mainly by aphid vectors transmitting the virus in a non-persistent manner (Hampton 

and Mink 1975; Khetarpal and Maury 1987), and to a lesser extent by wind-mediated 

contact transmission (Congdon et al. 2016a). In pea crops, either type of spread is initiated 

from internal virus infection foci consisting of randomly distributed PSbMV-infected pea 

plants growing directly from infected seeds. With aphid transmission, PSbMV is acquired 

and transmitted by migrant alatae via brief probes undertaken to assess host suitability 

(Pirone and Harris 1977; Nault 1997; Ng and Falk 2006; Powell et al. 2006). Aphid species 

reported to transmit PSbMV include A.pisum, A. craccivora, A. gossypii, B.brassicae, M. 

euphorbiae, M. persicae, R.  maidis and R. padi (Kvicala and Musil 1967; Gonzalez and 

Hagedorn 1970; Aapola and Mink 1973; Karl and Schmidt 1978; Ashby et al. 1986; 



P a g e  | 139 

 

 

Khetarpal and Maury 1987). However, apart from for A. craccivora, A. pisum, M. 

euphorbiae and M. persicae, information on PSbMV transmission efficiencies is lacking. 

Early studies demonstrated M. persicae and A. craccivora were efficient PSbMV vectors to 

pea plants (Kvicala and Musil 1967; Gonzalez and Hagedorn 1971; Ashby et al. 1986). In 

one such early study, transmission efficiency differed with PSbMV isolate and USA M. 

persicae colony (Gonzalez and Hagedorn 1971). These differences suggest such studies 

may not provide a reliable estimation of transmission efficiencies by aphid colonies and 

PSbMV isolates found in different geographical regions. 

To enhance their spread, many persistently aphid-transmitted plant viruses 

manipulate their vectors behaviour via physiological changes in the host plant, commonly 

manifesting as alterations to its volatile organic compound (VOC) profile. In these cases, 

non-viruliferous aphids are attracted to infected plants and/or viruliferous aphids to healthy 

plants (Eigenbrode et al. 2002; Jiménez-Martínez et al. 2004; Alvarez et al. 2007; Medina-

Ortega et al. 2009; Werner et al. 2009; Bosque-Pérez and Eigenbrode 2011; Ingwell et al. 

2012; Rajabaskar et al. 2013; Eigenbrode and Bosque-Pérez 2016). Furthermore, by 

improving host nutritional quality so that aphids perform better and reproduce at higher 

rates, infection with these viruses promotes extended feeding which is required for 

successful virus acquisition of a persistently transmitted virus followed by dispersal of high 

numbers of viruliferous aphids due to overcrowding (e.g. Kennedy 1951; Castle and Berger 

1993; Jiménez-Martínez et al. 2004; Srinivasan et al. 2008). Despite not interacting with 

their vectors at the same cellular level as a persistently aphid-transmitted virus (Nault 

1997), non-persistently transmitted viruses are also capable of vector manipulation. To 

enhance its spread, CMV manipulates the behavior of M. persicae and A. gossypii alatae 
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indirectly via alterations in physiology of infected squash (Cucurbita pepo) and cucumber 

(Cucumis sativus) host plants (Mauck et al. 2010). Virus-induced alterations elevate the 

VOC profiles of infected plants that attract alatae which subsequently select and alight on 

them. Following alighting, a combination of an increased number of superficial probes, and 

rejection of sustained phloem feeding, further increases the probability of CMV acquisition. 

Furthermore, with colonizing aphids, virus-induced changes that reduce host plant 

nutritional quality promote rapid emigration to healthy plants with higher nutritional quality 

(Mauck et al. 2010; Carmo-Sousa et al. 2013). Similarly, PVY induces elevation of some 

VOC’s that arrest its M. persicae vector in headspaces of potato (Solanum tuberosum) 

plants (Eigenbrode et al. 2002). A less intimate relationship occurs between non-

persistently transmitted Soybean mosaic virus (SMV; Family Potyviridae, Genus 

Potyvirus), its R. maidis vector and soybean (Glycine max). R. maidis remains for less time 

on SMV-infected than on healthy soybean plants thereby enhancing SMV spread. In 

contrast, no such relationship occurs with M. persicae and the same virus and host 

combination (Fereres et al. 1999). PSbMV-induced changes to host plants that attract 

aphids to infected plants followed by their rapid emigration to healthy plants would 

accelerate virus spread, but random aphid alighting within the crop would not. However, no 

research has been done to see whether such manipulation occurs with PSbMV. 

In the south-west Australian grainbelt (grain-growing region), which has a 

Mediterranean-type climate, field pea is sown in late-autumn and harvested in late-spring. 

Its production is limited by widespread PSbMV infection in seed-stocks of frequently sown 

cultivars. This seed infection is associated with high virus incidences resulting in serious 

seed yield and quality losses (Coutts et al. 2008, 2009; Congdon et al. 2016b,c). As aphids 
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rarely, if ever, colonize grainbelt field pea crops, migrant alatae of non-colonizing species 

are mostly responsible for PSbMV spread. Such transmission by migrant, non-colonizing 

alatae is ideally suited to spread non-persistently aphid-transmitted viruses. This is because 

they move on rapidly from one plant to another rather than staying on the first plant they 

land on and colonizing it (Berlandier et al. 1997; Nault 1997; Ng and Falk 2006; Powell et 

al. 2006). The aphid species previously found landing in grainbelt pea crops in which 

PSbMV was  spreading were M. persicae, L. erysimi, R. padi and Acyrthosiphon kondoi 

(Coutts et al. 2009; Congdon et al. 2017a), but whether A. kondoi and L. erysimi are 

PSbMV vectors is unknown. Extensive vector transmission efficiency studies were done 

previously using these and other aphid species, with two other non-persistently aphid-

transmitted viruses, BYMV and CMV, which cause crop losses in narrow-leafed lupin 

crops in the grainbelt (Berlandier et al. 1997). However, the relative importance of potential 

PSbMV aphid vector species that commonly colonize crops, annual mixed-species pasture 

plants, and weeds in the grainbelt is unknown.  

This chapter describes a series of experiments designed to investigate: (i) the 

relative PSbMV transmission efficiencies of five aphid species found landing in grainbelt 

pea crops in which PSbMV was spreading; (ii) the effect of host plant partial resistance on 

aphid transmission efficiencies; (iii) the alighting preferences of M. persicae and R. padi 

alatae on mock-inoculated versus infected plants; and (iv) PSbMV-induced changes on the 

VOC profiles of infected plants.  
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5.3. Materials and Methods 

Plants, sap inoculation, virus isolates and aphid colonies. All plants were maintained at 

16 to 20°C (daily min. to max.) in an insect-proofed, air-conditioned glasshouse. For use as 

PSbMV culture or aphid colony hosts, and in experiments, plants of field pea cvs Kaspa 

and PBA Twilight (both semi-dwarf, semi-leafless types), faba bean cv. Fiord, canola cv. 

Cobbler, subterranean clover (Trifolium subterraneum L.) cv. Woogenellup, and wheat cv. 

Calingiri were grown in potting mix. For mechanical inoculation of culture hosts and 

experimental infector plants, leaves from systemically infected plants were ground in 0.1M 

phosphate buffer, pH 7.2, and the infective sap mixed with diatomaceous earth before being 

rubbed onto leaves. For mock-inoculated plants used in experiments, the same method was 

employed except using leaves from uninfected plants. A culture of PSbMV isolate W1 

obtained from infected pea in 1998 in south-west Australia (Latham and Jones 2001b) was 

maintained by serial mechanical inoculation of infective sap to plants of pea or faba bean. 

Leaf samples from pea or faba bean plants infected with isolate W1 were used as positive 

controls in enzyme-linked immunosorbent assay (ELISA). Virus culture host plants were 

sprayed regularly with the insecticide imidacloprid (0.125 g/litre) to ensure aphids were 

absent from the glasshouse.  

Aphid colonies were maintained on healthy plants untreated by insecticide and kept 

inside aphid rearing cages (Bugdorm, Australia) in air-conditioned controlled environment 

rooms (maintained at 19°C with a 16 h photo-period) and glasshouses (maintained at 16 to 

20°C). R. padi colonies were maintained on wheat plants, M. persicae and L. erysimi on 

canola, A. craccivora on faba bean and A. kondoi on subterranean clover. These colonies 
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were originally collected from field sites in the south-west Australian grainbelt 

(Supplementary Figure 1).  

 

Supplementary Fig. 1. Specimens of A. craccivora (A), B: A. kondoi (B), L. erysimi (C), M. persicae (D) and R. padi (E) 
clones collected from field sites in the south-west Australian grainbelt and used in experiments. 

 

ELISA. To test for virus infection, leaf samples were extracted (1 g per 20 ml) in pH 7.4 

phosphate-buffered saline (10 mM potassium phosphate, 150 mM sodium chloride, Tween 

20 at 5 ml/litre, and polyvinyl pyrrolidone at 20 g/litre) using a mixer mill (Retsch, 

Germany). Sample extracts were tested for PSbMV by double-antibody sandwich ELISA as 

described by Clark and Adams (1977). The polyclonal antiserum to PSbMV used was from 

DSMZ (Braunschweig, Germany). All samples were tested in duplicate wells in microtitre 

plates. Sap from PSbMV-infected and healthy pea or faba bean leaf samples were always 

included in paired wells to provide positive and negative controls, respectively. The 

substrate was p-nitrophenyl phosphate at 1.0 mg/mL in diethanolamine, pH 9.8, at 100 
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ml/litre. Absorbance values (A405) were measured in a microplate reader (Bio-Rad 

Laboratories, USA). Positive absorbance values were always at least ten times those of 

healthy sap.  

Transmission efficiencies. In experiment 1, adult apterae were starved for 24 h in a pint-

sized insect cage (BugDorm, Australia), given 3 to 5 min acquisition access feeds on a 

single PSbMV-infected field pea cv. Kaspa plant, and then transferred individually using a 

fine tipped paint brush to ten healthy cv. Kaspa plants for 20 to 30 min inoculation access 

feeds. This was done with each aphid species and repeated at three to four different aphid 

grouping levels: M. persicae (0, 1, 2 and 4 per plant), R. padi (0, 8, 10 and 15 per plant), A. 

craccivora (0, 2, 4 and 6 per plant), A. kondoi and L. erysimi (both 0, 6 and 8 per plant). 

Two controls were included: (i) 10 plants without aphids transferred and (ii) apterae of each 

species were starved, transferred to a healthy pea plant for 5 min and then transferred, at the 

highest grouping level for each species to a set of ten healthy pea plants for 20 to 30 min. 

All transmission experiments were done in an air-conditioned controlled environment room 

maintained at 19°C. Following inoculation access feeds, all plants were sprayed with 

pirimicarb insecticide (0.5 g/litre) to eliminate aphids and terminate feeding. Tip leaf 

samples from all plants were tested for PSbMV infection by ELISA 21 and 28 days after 

the end of each experiment.  

Effect of partial resistance on transmission efficiency. Experiment 2 was a repeat of 

experiment 1, except that plants of partially PSbMV-resistant cv. PBA Twilight were used 

instead of susceptible cv. Kaspa plants, and A. kondoi and L. erysimi were omitted. The 

experiment was also repeated. 
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Alighting preferences. Aphid rearing cages (47 x 47 x 93 cm, BugDorm, Australia) were 

kept in an air-conditioned controlled environment room (maintained at 19°C with a 16 h 

photo-period), positioned with their backs facing a window which allowed infiltration of 

natural light (Figure 1). In experiment 3, 35 M. persicae alatae were starved for 2 h in a 

single black cylindrical tube (height 12 cm x diameter of 3 cm) inserted into a black 

cardboard platform positioned in the middle of a cage at a height of 15 cm. The cage also 

contained two mock-inoculated and two PSbMV-infected pea cv. PBA Twilight plants (10 

node growth stage inoculated at the three node growth stage) arranged so that one PSbMV-

infected and one mock-inoculated plant were present on each of the four sides of the cage 

(15 cm apart). Following their release from the tube, numbers of alatae present on each 

plant were counted after 30 min, 1, 2, 3, 4, 24 and 48 h. Experiment 4 was a repeat of 

experiment 3, except faba bean cv. Fiord plants (6 node growth stage) were used instead. 

Both experiments 3 and 4 were each repeated 10 times. Experiments 5 and 6 were repeats 

of experiment 3 and 4 respectively, except that R. padi alatae were used instead of M. 

persicae, their numbers were counted up to 24 h after release and each experiment was 

repeated 15 times. Aphids that chose not to land on any plant were excluded from the 

counts. At the end of each experiment, plants were removed from cages and sprayed with 

pirimicarb insecticide (0.5 g/litre). Tip leaf samples from every mock-inoculated (i.e. 

originally uninfected) plant in each experiment were tested individually for PSbMV 

infection by ELISA 21 and 28 days after the end of each experiment.  
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Fig. 1. Free-choice assay consisting of an aphid rearing cage containing two PSbMV-infected and two mock-inoculated 
faba bean plants. In the center of the cage is a black cylindrical tube inserted into a black carboard platform containing 35 
aphid alatae before their release. 

 

Volatile analysis. For volatile extraction, a divinylbenzene /carboxen/polydimethylsiloxane 

(p/n 57328-U, Supelco, USA) headspace solid phase microextraction (SPME) fiber 

assembly in a manual SPME holder (Supelco, USA) was used as described by Díaz et al. 

(2002). Before its use, the fiber was conditioned following manufacturer’s instructions. 

Prior to adsorption of plant VOC’s, a ‘blank’ was run by inserting the fiber into an 

aluminium foil sealed glass beaker (8 cm diameter, 30 cm height) without a plant inside for 

1 h to ensure no contaminants were present from other sources. 
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To determine if PSbMV infection induced changes in the VOC profiles of pea cv. 

PBA Twilight (experiment 7) and faba bean (experiment 8) plants, two treatment groups 

were used: (i) plants inoculated with PSbMV isolate W1 as described above; and (ii) plants 

mock-inoculated with healthy sap. Pea plants were used at the 10 node growth stage 

(inoculated at the three node growth stage) and faba bean at the six node growth stage 

(inoculated at the two node growth stage). Each plant was cut at the base of the stem, 

removed from the pot and placed into a glass beaker in groups of four (field pea) or 

individually (faba bean). The beakers were sealed with aluminium foil and allowed to sit 

for 5 min. The SPME fiber was then inserted into the sealed beaker to adsorb for 1 h, before 

analysing by GC-MS. Immediately following headspace collections, the fresh weight of 

plant material was recorded. This experiment was repeated eight and six times for field pea 

and faba bean, respectively. 

For headspace volatile analysis, an Agilent-6890 gas chromatography system 

coupled to an Agilent-5973 mass spectrometer fitted with a HP-5ms column (30 m x 0.25 

mm x 0.25 um) was used. Thermal desorption of the compounds from the SPME fiber 

coating took place in the GC injector at 250°C for 2 min and then in splitless mode. Other 

operating conditions were as follows: detector temperature, 250 °C; oven temperature 

program, from 40 to 250°C at 10°C min
-1

. Helium was used as carrier gas with a flow rate 

of 1.0 mL/min. Chromatogram peaks were putatively identified by comparison of electron 

mass spectra to matches in the National Institute of Standards and Technology (NIST) 2011 

database. The numbers of compounds identified belonging to eight compound groups for 

each sample were counted. 
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Statistical analyses. Except where single aphids were transferred, % transmission 

efficiency in experiments 1 and 2 was estimated at each aphid grouping level (i.e., 2/plant, 

4/plant, etc.) adapting the maximum likelihood estimator formula of Gibbs and Gower 

(1960):  ̂      –    –   ⁄  
 

 ⁄  (x = total number of plants infected, g = total number of 

plants tested, k = aphid grouping level). The overall % transmission efficiency for each 

aphid species was obtained using the average values obtained at each aphid grouping level. 

For transmission efficiencies at each aphid grouping level and the overall species average, 

95% confidence intervals were estimated using the pooledBinDiff function (Biggerstaff 

2008) from R package binGroup 1.0-7 (Bilder et al. 2010).  

To test for significance of differences between the number of alatae found on mock-

inoculated versus PSbMV-infected plants in experiments 3 to 6, generalised linear mixed 

effects models (GLMMs) were used in the R software environment, with the lme4 package 

(R Core Team, 2014; Bates et al 2014). Fixed effects were used for time period, plant 

position in cage (front or back) and infection status, as well as their two-way interactions. 

Time period was defined as either early (30 mins to 4 h) or late (24 h or greater). A random 

effect for replicate was also included, to avoid pseudo-replication. P-values were obtained 

from using the model summary function, based on Z-tests. Where there was a significant 

interaction between time period and infection status, separate models were fitted for the 

early versus late data, with fixed effects for infection status and position, and their 

interaction. Then, if there was a significant interaction between infection status and 

position, we fitted final models for each time, with infection status as the only fixed effect.  
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 For experiments 7 and 8, a one-tailed two-sample t-test was performed to test for 

differences in mean numbers of volatile compounds found within each compound group 

between PSbMV-infected and mock-inoculated pea and faba bean plants. 

5.4. Results 

Transmission efficiencies. In experiment 1, A. craccivora, A. kondoi, M. persicae and R. 

padi all transmitted PSbMV from infected to healthy field pea cv. Kaspa plants but L. 

erysimi did not (Table 1). The overall PSbMV transmission efficiencies (highest to lowest) 

found were A. craccivora (27%), M. persicae (26%), A. kondoi (6%), and R. padi (3%). 

Symptoms on plants confirmed by ELISA to be PSbMV-infected were stunting, and leaf 

rolling, mosaic and chlorosis. No control plants ever developed symptoms and PSbMV was 

never detected by ELISA in any of their tip leaf samples. 

Effect of partial resistance on transmission efficiency. In experiment 2, A. craccivora, 

M. persicae and R. padi all transmitted PSbMV from infected to healthy field pea cv. PBA 

Twilight plants (Table 1). Their overall PSbMV transmission efficiencies (highest to 

lowest) were all lower than with cv. Kaspa in experiment 1. They were: M. persicae (16%), 

A. craccivora (12%) and R. padi (1%). Symptoms in plants were as in experiment 1 and no 

control plants ever developed symptoms. 
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Table 1. Relative PSbMV transmission efficiencies of five aphid species to pea plants.  

 
No.  Exp. 1 Transmission  Exp. 2 Transmission  

 aphids/ Kaspa efficiency PBA Twilight efficiency 

Species plant
a
 A

b
 B (%)

c
 A B (%) 

Acyrthosiphon 0 0/10 0/10 - - - - 

kondoi 6c 0/10 0/10 - - - - 

 6 2/10 5/10 7 (3-13) - - - 

 8 4/10 4/10 6 (3-11) - - - 

     Average 6 (4-10)    

Aphis  0 0/10 0/10 - 0/10 0/10 - 

craccivora 6c 0/10 0/10 - 0/10 0/10 - 

 2 4/10 6/10 29 (16-46) 3/10 1/10 10 (3-23) 

 4 7/10 7/10 26 (15-40) 3/10 7/10 16 (8-27) 

 6 9/10 9/10 +
c
 6/10 3/10 9 (5-17) 

     Average 27 (18-38)
 

 Average 12 (8-17) 

Lipaphis 0 0/10 0/10 - - - - 

erysimi 8c 0/10 0/10 - - - - 

 6 0/10 0/10 0 - - - 

 8 0/10 0/10 0 - - - 

     Average 0  Average - 

Myzus  0 0/10 0/10 - 0/10 0/10 - 

persicae 4c
d
 0/10 0/10 - 0/10 0/10 - 

 1
 

1/10 3/10 20 (7-41) 2/10 2/10 20 (7-41) 

 2 6/10 4/10 29 (16-46) 4/10 3/10 19 (9-34) 

 4 9/10 5/10 25 (15-40) 5/10 4/10 14 (7-24) 

     Average 26 (18-35)  Average 16 (11-24) 

Rhopalosiphum  0 0/10 0/10 - 0/10 0/10 - 

padi 15c 0/10 0/10 - 0/10 0/10 - 

 8 1/10 1/10 1 (0-4) 0/10 1/10 1 (0-3) 

 
10 4/10 3/10 4 (2-8) 1/10 0/10 1 (0-2) 

 
15 4/10 5/10 4 (2-7) 1/10 2/10 1 (0-3) 

    
 

Average 3 (2-5) 

 

Average 1 (0-2) 
aApterae of each species were transferred from a single PSbMV-infected pea plant to ten healthy pea plants.  
bEach aphid grouping level repeated for each species (A and B). Tip leaf sample from each plant tested 21 and 28 days after inoculation in each 
experiment by ELISA.  
cTransmission efficiency % calculated using the maximum likelihood estimator, point estimate shown, with 95% confidence interval in parentheses 
(Gibbs and Gower 1960; Biggerstaff 2008). + denotes level of infection too high over both replicates to apply the maximum likelihood estimator in 
determining transmission efficiency. 
dc denotes control treatment in which apterae were transferred individually from a single healthy pea plant to ten healthy pea plants (at the highest 
grouping level for each species). 
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Alighting preferences. In experiment 3 with field pea, when 35 M. persicae alatae were 

released, there were significant differences in alighting preference between the two 

PSbMV-infected and mock-inoculated plants over the 10 replicates (Figure 2). Early on (30 

min to 4 h), significantly more alatae were found on mock-inoculated than infected plants 

at the back of the cage (P<0.001), but not at the front (P=0.09). Subsequently (24 and 48 

h), significantly more alatae were present on mock-inoculated plants at both positions 

(P<0.001). In experiment 4 with faba bean, when 35 M. persicae alatae were released, 

significantly more alatae were found on mock-inoculated than infected plants early on (30 

min to 4 h) at the back (P<0.001), and infected plants at the front (P=0.008) (Figure 3). 

Subsequently (24 and 48 h), significantly more alatae were found on mock-inoculated than 

infected plants in both positions (P<0.001).  

 

Fig. 2. Average number of M. persicae alatae on mock-inoculated (black) or PSbMV-infected (red) field pea plants at the 
front (solid lines) and back (dashed lines) of the cage at different times following their release. Number of test plants that 
became infected after 10 repeat experiments in top left corner of each graph.  
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Fig. 3. Average number of M. persicae alatae on mock-inoculated (black) or PSbMV-infected (red) faba bean plants at the 
front (solid lines) and back (dashed lines) of the free-choice assay cage at different times following their release. Number 
of test plants that became infected after 10 repeat experiments in top left corner of each graph.  

 

In experiment 5 with field pea, when 35 R. padi alatae were released, a significantly 

higher number of alatae were present on infected than mock-inoculated plants early on (30 

min to 4 h) at both positions (P=0.01) (Figure 4). By contrast, at the 24 h time-step, 

significantly more were found on mock-inoculated plants at both positions (P=0.02). 

 

Fig. 4. Average number of R. padi alatae on mock-inoculated (black) or PSbMV-infected (red) field pea plants at the front 
(solid lines) and back (dashed lines) of the free-choice assay cage at different times following their release. Number of 
test plants that became infected after 15 repeat experiments in top left corner of each graph.  
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In experiment 6, when 35 R. padi alatae were released, a significantly higher 

number of alatae were present on infected than mock-inoculated faba bean plants early on 

(30 min to 4 h) at the back (P<0.001) but not the front (P=0.39) (Figure 5). After 24 h, 

significantly more alatae were found on mock-inoculated plants at both positions 

(P=0.004). The numbers of mock-inoculated (i.e. originally uninfected) plants that became 

PSbMV-infected post-experiment as detected by ELISA were 5/20 (Expt. 3), 19/20 (Expt. 

4), 11/30 (Expt. 5) and 10/30 (Expt. 6). Symptoms on pea plants that became PSbMV-

infected were stunting, and leaf rolling, mosaic and chlorosis. Symptoms on infected faba 

bean plants were leaf rolling, mosaic and chlorosis with no discernible stunting. No 

symptoms developed on uninfected plants. 

 

Fig. 5. Average number of R. padi alatae on mock-inoculated (black) or PSbMV-infected (red) faba bean plants at the 
front (solid lines) and back (dashed lines) of the free-choice assay cage at different times following their release. Number 
of test plants that became infected after 15 repeat experiments in top left corner of each graph.  
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Volatile analysis. Following putative chromatogram peak analysis in experiment 7, the 

total number of headspace volatile compounds (alkenes, esters, ketones, alkanes, aldehydes, 

dienes and alcohols) identified per gram of fresh weight per plant with PSbMV-infected 

pea plants was higher than for mock-inoculated plants in each of the eight repeats (Figure 

6). Of these, the numbers of alkenes, aldehydes, ketones and esters were significantly 

different at P=0.05. Terpenes occurred in equal amounts between the PSbMV-infected and 

mock-inoculated plants. For faba beans in experiment 8, alcohols, aldehydes, alkenes, 

esters, dienes and ketones were found in greater numbers per gram of fresh weight per plant 

from the headspaces of PSbMV-infected plants than from mock-inoculated plants. Of these, 

the numbers of alkenes, esters and dienes were significantly different at P=0.05. In contrast, 

alkanes and terpenes were found in greater numbers per gram per plant from headspaces of 

mock-inoculated faba bean plants than PSbMV-infected plants, although these differences 

were not statistically significant (Figure 7). 

 

 

Fig. 6. Counts of volatile compounds identified in headspace of PSbMV-infected and mock-inoculated pea cv. Twilight 
plants following eight replicates of headspace collections with SPME fibres. 
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Fig. 7. Counts of volatile compounds identified in headspace of PSbMV-infected and mock-inoculated faba bean cv. Fiord 
plants following six replicates of headspace collections with SPME fibres. 

 

5.5. Discussion 

This study provides important new information which enhances understanding of virus-

vector relationships in the PSbMV-pea pathosystem. For the five aphid species often found 

landing in pea crops in which PSbMV was spreading, it revealed marked differences 

between their inherent abilities to transmit PSbMV between infected and healthy field pea 

plants. A. craccivora and M. persicae were efficient vectors, but A. kondoi and R. padi were 

inefficient, and L. erysimi was not a vector. A. kondoi was shown to transmit PSbMV for 

the first time. Transmission efficiencies of M. persicae, A. craccivora, and R. padi were 

lower with a partially PSbMV-resistant pea cultivar than with a susceptible one reflecting 

putative incomplete infection resistance to aphid inoculation. In free-choice assays, there 

was a general preference of R. padi alatae to alight on PSbMV-infected pea and faba bean 

plants at early times (30 min to 4 h) after their release, followed by a shift to alighting 

preferentially on mock-inoculated plants after 24 h. Although R. padi was an inefficient 

vector, its ability to transmit PSbMV to healthy plants would be enhanced by this behavior 
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in the field, as in the experiments >30% of mock-inoculated pea and faba bean plants 

became infected. In contrast, M. persicae alatae exhibited a preference to alight on mock-

inoculated over PSbMV-infected pea plants at all times tested (30 min to 48 h) after their 

release. Despite being an efficient vector, this would likely decrease its role as a vector in 

the field, as in the experiments only 25% of mock-inoculated pea plants became infected. 

Analysis of headspace volatiles found aphid attraction or repulsion to infected plants was 

associated with PSbMV-induced alterations in number of compounds found in the VOC 

profiles of pea and faba bean plants. This finding indicates that PSbMV infection induces 

physiological changes resulting in altered VOC emissions in the plant that, depending on 

the aphid species and host combination, can either arrest or repel aphid vector alatae.  

In other pathosystems involving non-persistently aphid-transmitted viruses, alatae 

of colonizing species are likely to engage in longer periods (>30 min) of phloem feeding 

before choosing to move on or settle, thereby lessening their potential to acquire and 

transmit a virus (Bradley 1964; Ng and Perry 2004). Therefore, setting aside the issue of 

relative species abundance, in the PSbMV-pea pathosystem % transmission efficiency is 

likely to provide a truer representation of relative aphid vector species importance than in 

pathosytems involving aphid colonization in the field. In an earlier study, colonies of M. 

persicae, A. pisum and M. euphoribae were more efficient PSbMV vectors in their alate 

than apterous forms (Gonzalez and Hagedorn 1971). Moreover, colonies of these species 

transmitted an isolate maintained by aphid inoculation more efficiently than one maintained 

by mechanical inoculation (Gonzalez and Hagedorn 1971), likely due to selection of more 

aphid transmissible variants (Moury et al. 2007). Aphid apterae and a PSbMV isolate 

maintained for 17 years by mechanical inoculation were used in this study. Therefore, our 
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transmission efficiency values may underestimate species transmission efficiency 

somewhat in the field when naturally inoculated PSbMV strains are spread by aphid vector 

alatae. Also, colonies of all species should ideally be reared on the same host species for 

consistency in experiments. However, due to the specific host preferences of some species 

used in this study, this was not possible.    

Evidence of partial (or moderate) resistance to aphid inoculation already exists with 

pea genotypes growing in the field in south-west Australia (Latham and Jones 2001b; 

Coutts et al. 2008; Congdon et al. 2017a). This type of resistance is known to reduce rate of 

early virus spread in crops and with aphid-borne viruses it reflects its resistance to infection 

(e.g. Padgett et al. 1990; Wilson and Jones 1993; Jones 2006). The partial resistance to 

mechanical inoculation reported previously in cv. PBA Twilight (Congdon et al. 2016b) 

was reflected by the lower PSbMV transmission efficiencies obtained with A. craccivora, 

M. persicae and R. padi with this cultivar than with susceptible cv. Kaspa. This difference 

was consistent with the findings of a previous study that used field blocks sown with cv. 

PBA Twilight seed in which its partial resistance to aphid inoculation was found operating 

under natural conditions (Congdon et al. 2017a). However, it is possible the differences in 

this study could also be attributable to differences in virus titre between the two 

experiments influencing virus acquisition efficiency. 

As mentioned in the Introduction, CMV infection induces elevated plant VOC 

emissions that attract M. persicae to alight on infected squash plants (Mauck et al. 2010). In 

our study, the increased number of pea headspace VOC’s induced by PSbMV infection was 

associated with non-viruliferous alatae of R. padi, but not of M. persicae, alighting on 

infected plants preferentially. After a longer period of headspace VOC exposure, they 
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moved on to mock-inoculated plants, presumably after acquiring PSbMV. These findings 

resemble those of Fereres et al. (1999) in which the behavior of R. maidis, but not of M. 

persicae, was manipulated by SMV infection of soybean plants. Virus manipulation of R. 

padi occurs in many pathosystems involving persistently transmitted viruses (Jiménez-

Martínez et al. 2004; Medina-Ortega et al. 2009; Ingwell et al. 2012). In our study, aphids 

exhibited phototaxis to natural light filtering in through the backs of cages. This altered 

alighting preferences between infected plants located at the front or back, especially when 

M. persicae alatae were released amongst faba bean plants. In the future, undertaking this 

kind of free-choice assay with PSbMV would be preferable using cages subjected to even 

distribution of natural light to limit the influence of phototaxis and ensure plants release a 

consistent volatile blend. Such future volatile analysis could also confirm VOC identities 

using an authentic standard to quantify VOC concentration. This would help provide 

additional conclusions on the relationships between infection status, VOC alterations and 

aphid alighting preferences. Additionally, this work would preferably involve uncut plants 

because mechanical damage is known to induce plant VOC profile alterations (e.g. Smith 

and Beck 2013). Furthermore, to confirm the role of VOC’s, darkened bioassays designed 

to isolate VOC cues from visual and contact cues could be used (e.g. Eigenbrode et al. 

2002; Mauck et al. 2010). With potato infection by the persistently aphid-transmitted 

Potato leafroll virus (PLRV; Genus Polerovirus, Family Luteoviridae), VOC release and 

aphid responses to them were governed by complex interactions between plant age at time 

of inoculation and stage of plant disease progression (Werner et al. 2009; Rajabaskar et al. 

2013). These relationships could also be considered with PSbMV pathosystems. 

Furthermore, PSbMV might induce other physiological changes that enhance its 
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transmission by altering probing behavior and inducing synthesis of chemical elements that 

prevent phloem feeding in pea and faba bean phloem. To investigate this, further research 

using electro-penetration graphs and leaf chemical analysis would be needed (Carmo-Sousa 

et al. 2013). 

Together with transmission efficiency and vector manipulation, aphid abundance is 

also a key factor in vector species importance in the field (e.g. Irwin and Ruesinck 1986, 

Thackray et al. 2004). Which aphid species fly over a pea crop largely depends on the 

composition of surrounding background vegetation (Congdon et al. 2017a). In recent 

studies using field pea data collection blocks and experimental plots, M. persicae alatae 

coming from canola crops, broadleaf annual pasture and weed hosts frequently landed in 

aphid traps and on pea plants early in the life of the crop, but R. padi landed later (Coutts et 

al. 2009; Congdon et al. 2017a). This kind of aphid abundance and species arrival data, 

together with the information on transmission efficiency and virus manipulation of vector 

transmission obtained in this study, provide greater understanding over which vector 

species are most important at a given location in a particular growing season. Moreover, 

knowledge of vector manipulation has significant implications for pathosystem simulation 

models because the former assumption, of randomness in plant selection, is now known to 

be incorrect (McElhany et al. 1995; Sisterton 2008; Roosien et al. 2013; Jones 2014). 

Many aspects of virus-vector relationships remain unexamined in the PSbMV-field 

pea pathosystem. Gaining a deeper understanding of these may open up new angles for 

PSbMV control. Currently, using aphicide to kill aphids directly and herbicides to kill their 

alternative host plants are important methods of managing aphids in large-scale cropping in 

the grainbelt. Where aphid build-up occurs on host plants that grow under high pre-sowing 
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rainfall conditions, widespread use of insecticides to eliminate aphid populations on 

background vegetation (volunteers, pasture and weeds) before sowing peas would help 

delay first aphid arrival to the crop, thereby diminishing early PSbMV spread (Congdon et 

al. 2017a). However, controlling background M. persicae populations effectively would be 

difficult due to its wide host range, and its growing resistance to insecticides, such as 

pyrethroids, carbamates and organophosphates (Thackray et al. 2000), and, more recently, 

neonicotinoids (Umina et al. 2014). Moreover, when applied within crop, these insecticides 

are generally ineffective at preventing spread of non-persistently transmitted viruses 

(Aapola et al. 1974; Raccah 1986; Proudlove et al. 1997; Perring et al. 1999; Thackray et 

al. 2000). Using herbicides to kill background weeds and volunteer crop plants provides 

another approach to decrease background aphid populations, but needs to be done well 

before sowing time so aphids do not migrate from dying weeds to the crop (Jones 2001, 

references therein). Therefore, the principle focus with PSbMV control remains reducing 

the seed-borne infection source by sowing healthy pea seed (Coutts et al. 2009; Congdon et 

al. 2017a) and removing the <6.5 mm seed fraction from infected seed-stocks (Congdon et 

al. 2016c). Manipulation of sowing date to avoid peak autumn aphid flights and 

deployment of cultivars with single gene or partial resistance are additional strategies that 

form part of an integrated disease management program for PSbMV control in field pea 

crops in the grainbelt (Congdon et al. 2017a; Coutts et al. 2016). A forecasting model 

which informs a DSS which advises end-users over the need to implement control 

strategies is currently in use in the region (Congdon et al. 2017b).  
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Pea seed-borne mosaic virus pathosystem drivers under Mediterranean-type climatic 

conditions: deductions from 23 epidemic scenarios 

B.S. Congdon, B.A. Coutts, M. Renton and R.A.C. Jones
 

6.1. Abstract 

Drivers of PSbMV epidemics in rainfed field pea crops were examined under autumn to 

spring growing conditions in a Mediterranean-type environment. To collect aphid 

occurrence and PSbMV epidemic data under a diverse range of conditions, 23 field pea 

data collection blocks were set up over a six year period (2010 to 2015) at five locations in 

the south-west Australian grain-growing region. PSbMV infection levels in seed sown (0.1 

to 13%), time of sowing (22 May to 22 June) and cultivar (cvs Kaspa or Twilight) varied 

with location and year. Throughout each growing season, rainfall data were collected, leaf 

and seed samples tested to monitor PSbMV incidence in the crop and transmission from 

harvested seed, and sticky traps used to monitor flying aphid numbers. Winged migrant A. 

kondoi, L. erysimi, M. persicae, and R. padi were identified in green tile traps in 2014 and 

2015. However, no aphid colonization of field pea plants ever occurred in the blocks. The 

deductions made from collection block data illustrated how the magnitude of PSbMV 

spread prior to flowering is determined by two primary epidemic drivers: (i) PSbMV 

infection incidence in the seed sown which defines the magnitude of virus inoculum source 

for within-crop spread by aphids, and (ii) pre-sowing rainfall that promotes background 

vegetation growth which, in turn, drives early-season aphid populations and the time of first 

arrival of their winged migrants to field pea crops. Likely secondary epidemic drivers 

included wind-mediated PSbMV plant to plant contact transmission and time of sowing. 

PSbMV incidence at flowering time strongly influenced transmission rate from harvested 
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seed to seedlings. The data collected are well suited for development and validation of a 

forecasting model that informs a DSS for PSbMV control in field pea crops. 

 

6.2. Introduction 

PSbMV infects field pea crops worldwide causing substantial yield and seed quality losses, 

especially when the seed sown has infection levels of >0.5% and incidences reach high 

levels early in the life of the crop (Kraft and Hampton 1980; Ali and Randles 1998; Latham 

and Jones 2001b; Coutts et al. 2008, 2009). However, late infection typically induces 

minimal or no yield losses (Chiko and Zimmer 1978; Kraft and Hampton 1980; Ali and 

Randles 1998). Despite its detrimental effects on seed yield and quality, PSbMV foliage 

symptoms are often subtle in pea crops causing its impact to be underestimated or go 

unnoticed (Khetarpal and Maury 1987). Sowing PSbMV-infected seed-stocks produces 

seed-infected plants scattered at random throughout a pea crop. These act as the primary 

inoculum source for plant-to-plant transmission by both aphid vectors in a non-persistent 

manner (e.g. Khetarpal and Maury 1987) and wind-mediated contact transmission 

(Congdon et al. 2016a). Several aphid species are known to transmit PSbMV, including A. 

craccivora, A. pisum, B. brassicae, M. persicae and R. padi (e.g Inouye 1967; Gonzalez 

and Hagedorn 1971; Aapola and Mink 1973; Khetarpal and Maury 1987; Coutts et al. 

2009). PSbMV spread by wind-mediated contact transmission is also likely to be important 

due to its role in enlarging initial PSbMV infection foci each centered on a seed-infected 

plant prior to aphid arrival in pea crops (Congdon et al. 2016a).  
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In the Mediterranean-type climate of the south-west Australian grainbelt (grain-

growing region), field pea is an important crop legume. It is sown mainly in finely textured 

neutral to alkaline soils to which narrow-leafed lupin, the predominant crop legume grown, 

is poorly adapted (Gladstones 1998; Siddique et al. 1999). In the rainfed autumn to spring 

(May to October) annual growing season, legumes are grown in rotation with wheat  and 

canola crops providing them with several benefits, such as nitrogen fixation and weed and 

fungal disease breaks (Chalk 1998; Siddique et al. 1999). Currently, PSbMV infection is 

widespread in commercial seed-stocks of semi-leafless field pea cultivars widely sown in 

this region (Coutts et al. 2008; Congdon et al. 2016b). Although rarely sown in the 

grainbelt in recent years, PSbMV also infects the grain legume crops chickpea, faba bean, 

lentil and other vetches. However, narrow-leafed lupin is a non-host (Latham and Jones 

2001a,b). PSbMV is a specialist virus with a narrow host range in the Fabaceae and no 

alternative weed hosts have been found in the grainbelt (e.g. Vincent et al. 2014), but its 

seed-borne nature allows it to persist in harvested seed-stocks over the hot and dry summer 

period between annual growing seasons. 

Research on other non-persistently aphid-borne viruses infecting narrow-leafed 

lupin crops found that time of aphid arrival in the crop was an important primary driver of 

virus spread in the grainbelt (Thackray et al. 2004; Maling et al. 2008). High amounts of 

rainfall during early to mid-autumn (March and April) prior to sowing allow background 

vegetation (weeds, pasture plants and crop volunteers) to build-up, enabling aphid 

populations to do the same before migrating to crops. When this occurs, winged aphids 

arrive early in the life of the crop, causing virus spread in young plants and widespread 

crop infection by the end of the growing season (Thackray et al. 1998; Jones 2001; 
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Thackray et al. 2004; Maling et al. 2008; Thackray et al. 2009; Jones et al. 2010; Maling et 

al. 2010). The PSbMV-field pea pathosystem differs from these others in which aphids 

colonize the crops as aphid colonization of field pea has never been recorded in the 

grainbelt (e.g. Coutts et al. 2009). Control strategies effective for non-persistently aphid-

borne grain legume viruses and also advised for PSbMV management in the region include: 

(i) using stubble retention, narrow-row spacing and higher sowing rates to decrease aphid 

landing rates and/or increase canopy cover to ‘shade out’ seed-infected plants; (ii) sowing 

later in some locations to avoid coinciding with early autumn aphid populations; and (iii) 

sowing at a greater depth to decrease survival of virus-infected seedlings (Jones and 

Proudlove 1991; Jones 2001; Coutts 2016). High PSbMV incidences found in commercial 

crops of frequently grown field pea cultivars in the grainbelt combined with knowledge of 

their likely effect on seed yield and quality demonstrates a need for more effective 

management of the virus (Latham and Jones 2001a; Coutts et al. 2008, 2009; Congdon et 

al. 2016b). 

To provide the information needed to calibrate and validate forecasting models for 

several other aphid-borne viruses of annual crops grown in the region, data collection 

blocks consisting of large square plots were sown at different locations over sufficient years 

to ensure that they represented a wide range of climatic scenarios. Forecasts from these 

models were used to inform DSSs which assisted growers and advisors in making virus and 

aphid management decisions prior to sowing (Thackray et al. 2004; Maling et al. 2008; 

Thackray et al. 2009; Maling et al. 2010). The PSbMV-field pea pathosystem is likely to 

share many characteristics with these other grainbelt pathosystems, but might also differ in 

some important aspects. To understand these similarities and differences, and generate data 
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for a PSbMV forecasting model, sowing large square plots (data collection blocks) with 

field pea seed with a range of known infection levels at different sites over several growing 

seasons is required. While some of this kind of data are already available (Coutts et al. 

2009), the aim of this study was to provide additional compatible data from a wider range 

of sites, growing seasons and PSbMV infection levels in seed sown. This chapter describes 

the use of 23 field pea data collection blocks sown in five locations over a six year period in 

the grainbelt to collect data throughout the growing season including rainfall, winged 

migrant aphid numbers and PSbMV incidence, as well as PSbMV transmission rates from 

harvested seed to seedlings.  

6.3. Materials and Methods 

Glasshouse-grown culture plants, sap inoculations and virus isolates. All plants were 

maintained at 18° to 22°C in insect-proof glasshouses. For use as PSbMV culture hosts, 

plants of field pea cvs Kaspa and ‘PBA’ Twilight (both semi-dwarf, semi-leafless types) 

and faba bean cv. Fiord were grown in a sand/potting mix (50:50 blend) or potting mix 

alone, respectively. All plants were sprayed regularly with the insecticide imidacloprid 

(0.125 g/L) to ensure aphids were absent. A culture of south-west Australian PSbMV 

isolate W1 originally obtained from infected pea in 1998 (Latham and Jones 2001b) was 

maintained by serial mechanical inoculation of infective sap to plants of pea and faba bean. 

For mechanical inoculations, leaves from systemically PSbMV-infected plants were ground 

in 0.1M phosphate buffer, pH 7.2, and the infective sap mixed with diatomaceous earth 

before being rubbed onto leaves. In enzyme-linked immunosorbent assay (ELISA), leaf 

samples from pea or faba bean plants infected with isolate W1 were used as the positive 

control and leaves from healthy plants as the negative control.  
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ELISA. To test for virus infection, pea leaf samples from data collection blocks or 

glasshouse-grown seedlings were extracted singly or in groups of 2 to 10 (1g per 20ml) in 

pH 7.4 phosphate-buffered saline (10mM potassium phosphate, 150mM sodium chloride, 

Tween 20 at 5 ml/litre, and polyvinyl pyrrolidone at 20g/litre) using a mixer mill (Retsch, 

Germany). Sample extracts were tested for PSbMV by double-antibody sandwich ELISA as 

described by Clark and Adams (1977). The polyclonal antiserum to PSbMV used was from 

DSMZ (Braunschweig, Germany). All samples were tested in duplicate wells in microtitre 

plates. Sap extracts from known PSbMV-infected and healthy field pea or faba bean leaf 

samples were always included in paired wells to provide positive and negative controls, 

respectively. The substrate was p-nitrophenyl phosphate at 1.0 mg/ml in diethanolamine, 

pH 9.8, at 100ml/litre. Absorbance values (A405) were measured in a microplate reader 

(Bio-Rad Laboratories, USA). Positive absorbance values were always at least 10 times 

those of the healthy sap. Virus incidence was estimated from grouped sample test results 

using the formula of Gibbs and Gower (1960).  

Field pea data collection blocks. From 2010 to 2015, square 60 x 60 m data collection 

blocks of field pea were set up annually at two to three of five sites in the south-west 

Australian grainbelt (Figure 1). The blocks were located at Bolgart (31° 32ʹS, 116° 54ʹE) in 

2013 to 2014, Grass Patch (33° 26ʹS, 121° 56ʹE) in 2010 to 2015, Muresk (31° 75ʹS, 116° 

68ʹE) in 2010, 2011 and 2015, Wittenoom Hills (33° 41ʹS, 122° 15ʹE) in 2010 to 2012, and 

York (31° 82ʹS, 116° 80ʹE) in 2012. Details of year, locations, cultivars, sowing dates and 

PSbMV infection levels in seed sown are given in Table 1. The blocks were sown between 

22 May and 22 June each year at a seeding rate of 100kg/ha with 22 cm row spacing. They 

consisted of cv. Kaspa alone from 2010 to 2011. However, from 2012 to 2015, a block of 
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cv. Twilight was also present at each location. This made 23 blocks overall. With the 

exception of cv. Twilight at Bolgart in 2014 which was sown in presence of residual wheat 

stubble on the soil surface (~75% groundcover), every block was sown into bare earth. 

Rainfall data was obtained for each block from the nearest Bureau of Meteorology 

weather station. For sites located at Muresk, Bolgart, York and Wittenoom Hills, local 

stations (located <10km from each site) were used. For the Grass Patch site, a station 

located at Circle Valley located ~25 km from this site was used.  

 

Fig. 1. Map of Australia showing where the south-west Australian grain-growing region (grainbelt) is located. Insert shows 
the 175 and 750 mm rainfall isohyets that makes the grainbelt boundaries and the locations of the field pea data collection 
blocks (●) sown there from 2010 to 2015. 

 

To monitor aphid movement at all sites, a double-sided rectangular (15 x 7 cm) 

yellow sticky trap (Bugs for Bugs, Australia) was positioned vertically on a metal stake 1.5 

m off the ground at two opposite corners of the central 20 x 20 m square within each block 

(Supplementary Figure 1). With the exception of the blocks of cvs Kaspa and Twilight 

located at Bolgart in 2014 and Muresk in 2015, yellow sticky traps were not set facing the 
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prevailing wind direction and were susceptible to movement by wind currents. These 

yellow sticky traps were changed weekly and the total aphid numbers caught on each 

counted, those caught on sticky traps were mostly damaged so no species identification was 

done. The beginning of migrant winged aphid activity over the blocks (i.e. first aphid 

arrival) was determined by the date when aphids were first caught. To check for any aphid 

colonization of field pea, plants in the central 20 x 20 m square were observed generally for 

nymphs during every visit. In addition, six leaves (from a mixture of bottom, middle and 

top nodes) of each of 20 plants chosen at random from each block were examined in detail 

in the field for nymphs at four week intervals. In 2014 at Bolgart (K12 and T6) and 2015 at 

Muresk (K14 and T7), green tile traps consisting of a 16 x 12 x 10 cm container half-filled 

with a 30% dilution of polyethylene glycol in water were positioned in the center of each 

block to catch aphids. To accommodate increasing canopy height resulting from crop 

growth, a retort stand that held each trap in place was raised every week as described by 

Thackray et al. (2005). The aphid specimens caught were collected once a week and 

examined to obtain overall aphid counts and identify the species present. For the purposes 

of site comparison, aphid counts from each of the two green tile traps were added together 

for each site.  
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Table 1. Details of the field pea PSbMV data collection blocks. 

Block I.D.a Year Location Cultivar Sowing date 
PSbMV seed 
infection (%)b 

K1 2010 Wittenoom Hills Kaspa 31-May 7 

K2 2010 Grass Patch Kaspa 2-Jun 7 

K3 2010 Muresk Kaspa 1-Jun 7 
K4 2011 Wittenoom Hills Kaspa 30-May 2 

K5 2011 Grass Patch Kaspa 26-May 2 

K6 2011 Muresk Kaspa 30-May 2 

K7 2012 Wittenoom Hills Kaspa 10-Jun 10 

K8 2012 Grass Patch Kaspa 10-Jun 10 
K9 2012 York Kaspa 28-May 10 

T1 2012 Wittenoom Hills Twilight 10-Jun 0.1 

T2 2012 Grass Patch Twilight 10-Jun 0.1 

T3 2012 York Twilight 28-May 0.1 

K10 2013 Bolgart Kaspa 5-Jun 13 

K11 2013 Grass Patch Kaspa 1-Jun 13 

T4 2013 Bolgart Twilight 5-Jun 2 

T5 2013 Grass Patch Twilight 1-Jun 2 
K12 2014 Bolgart Kaspa 11-Jun 2 
K13 2014 Grass Patch Kaspa 22-Jun 2 
T6c 2014 Bolgart Twilight 11-Jun 4 
K14 2015 Muresk Kaspa 29-May 1 
K15 2015 Grass Patch Kaspa 22-May 2 
T7 2015 Muresk Twilight 29-May 1 

T8 2015 Grass Patch Twilight 22-May 2 
aEach data collection block consisted of a 60 x 60 m square sown with field pea seed. The ‘Block I.D.’ is referred to throughout the text, tables and 
figures. 
bPSbMV infection level in seed sown established by growing 1000 seeds from each seed-stock in trays and testing seedling shoot tip samples in groups 
of 2 to 10 by ELISA. 
cResidual wheat stubble from previous year present (~75% groundcover) on soil surface. 

 

To monitor virus spread, every two weeks from post-emergence until the beginning 

of crop senescence (final incidence), 100 shoot tip samples each from a different plant were 

collected arbitrarily in a ‘Z’ shaped pattern from within the central 20 x 20 m square inside 

each 60 x 60 m block, and tested individually or in groups of 2 to 10 for PSbMV by 

ELISA. To check for PSbMV-induced symptoms, individual plants and the crop canopy 

were inspected every two weeks. At the end of the growing season, the central 20 x 20 m 

squares within each block were harvested. Then, 1,000 seeds taken from a representative 

seed sample representing each block were sown in trays in an insect-proof glasshouse 

(maintained at 18° to 22°C), and shoot tip samples taken from seedlings at the 2 node 

growth stage and tested in groups of 10 for PSbMV by ELISA.  
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Supplementary Fig. 1. A: Yellow sticky trap on a metal stake in 2014 data collection block T6 in which residual wheat 
stubble was present, B: green tile trap held at canopy height by a retort stand in a data collection block, C: insects 
(including migrant aphids) caught on yellow sticky trap, D: intact winged M. persicae migrant caught in green tile trap. 

 

Statistical analysis. Linear regression was performed to test for a relationship between 

total March and April rainfall and date of first aphid arrival at each site (when both 

cultivars were present at the same site an average arrival date was used). A log-

transformation of rainfall was used to ensure assumptions of normality and homogeneity of 

variance were met. Multiple linear regression was performed to test whether (i) PSbMV 
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incidence at flowering could be explained by day of first aphid arrival (day number in a 365 

day year) and PSbMV infection level in seed sown and (ii) transmission rate from harvested 

seed could be explained by PSbMV incidence at flowering and cultivar sown (as a factor). 

For these, assumptions of normality and homogeneity of variance were checked using 

Shapiro test and through regression of residuals against fitted values, respectively, in all 

analyses. 

6.4. Results  

Field pea data collection blocks 

Virus symptoms. Plants infected with PSbMV, via infected seed, or early aphid or wind-

mediated contact transmission, were stunted (most severely in seed-infected plants) and 

their foliage showed signs of leaf chlorosis, mosaic and curling. Plants that became infected 

at later growth stages rarely showed visible symptoms. Canopy depressions consisting of 

patches of stunted plants centered on seed-infected plants occurred within blocks. These 

were more noticeable when seed-stocks with higher PSbMV infection levels were sown 

(Figure 2).  

 

Fig. 2. Canopy depressions (white arrows) in blocks of field pea cvs Twilight (left) and Kaspa (right) at flowering time. 
These blocks were sown at Bolgart in 2013 with 2% (cv. Twilight) and 13% (cv. Kaspa) infected seed. They had 24% (cv. 
Twilight) and 90% (cv. Kaspa) PSbMV incidences at flowering. There were more obvious canopy depressions in the cv. 
Kaspa block.  
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Aphid arrival. When for each site, total March and April rainfall data were compared with 

total aphid numbers caught at different times on sticky traps, date of first aphid arrival was 

significantly influenced by  rainfall (P<0.001) (Figure 3). High amounts of rainfall during 

this period resulted in early first aphid arrival and low rainfall in late first aphid arrival. For 

example, when March and April rainfall was <30 mm, first aphid arrival was delayed until 

late-August to mid-September whereas when March and April rainfall was >50 mm, first 

aphid arrival occurred from late-July to early-August. Data on numbers of aphids caught 

per trap per day at each block are discussed below in the ‘Block climatic, aphid and 

PSbMV incidence data’ section. 

 

Fig. 3. Effect of total March and April rainfall on the date when winged aphids were first caught on yellow sticky traps, i.e. 
date of first aphid arrivala.  

aAt sites in which two cultivar blocks were sown, the mean first aphid arrival date was used. 

 

Aphid species. In 2014 at the Bolgart site (K12 and T6), which was surrounded by fields 

containing canola and wheat crops, and mixed species (legume/grass) annual pasture, total 

winged migrant aphid numbers caught in both green tile traps commenced at 42 days after 
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sowing (DAS). They then rose rapidly, peaking at 77 DAS before rapidly declining to low 

numbers after 90 DAS (Figure 4a). 

After commencing at 42 DAS, M. persicae numbers caught remained minimal 

before rapidly peaking at 77 DAS (104 aphids) then rapidly declining. Smaller numbers of 

three other species were caught: R. padi, L. erysimi and A. kondoi. Catches of these species 

commenced and peaked at 77 DAS with 13, 8 and 4 aphids caught, respectively, before 

rapidly declining. In K12 which lacked residual stubble on the soil surface, aphid numbers 

caught by sticky traps were similar to the numbers caught in green tile traps. However, in 

T6 which was sown into residual stubble, aphid numbers caught in green tile traps were 

much smaller than those caught by sticky traps (Supplementary Figure 2). In 2015 at the 

Muresk site (K14 and T7), which was surrounded by fields containing canola crops and 

mixed species (legume/grass) annual pasture, numbers of aphids caught were much lower. 

Overall winged migrant aphid numbers caught in green tile traps commenced at 31 DAS, 

rose slowly until 94 DAS before rising to a sharp peak at 105 DAS then declining. After 

commencing at 45 DAS, M. persicae numbers caught rose slowly until 94 DAS then 

rapidly peaked at 107 DAS (16 aphids) before rapidly declining (Figure 4b). L. erysimi 

catches commenced earlier at 31 DAS, but then fluctuated at low levels until 100 DAS 

before again rapidly peaking at 107 DAS when they reached the same numbers as M. 

persicae before rapidly declining. A. kondoi numbers caught commenced much later at 87 

DAS, but then rapidly rose before peaking at 107 DAS (13 aphids) then rapidly declining. 

In both K14 and T7, aphid numbers caught in green tile traps were similar to those caught 

on yellow sticky traps. 

Aphid colonization. No nymphs were ever found on field pea plants in any of the blocks. 
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Supplementary Fig. 2. Non-cumulative aphid numbers caught in green tile traps and on yellow sticky traps in blocks K12 
sown into bare earth and T6 into residual wheat stubble (~75% groundcover). 

 

Block climatic, aphid and PSbMV incidence data. Multiple regression analysis 

demonstrated that both PSbMV infection level in seed sown and day of first aphid arrival 

significantly influenced PSbMV incidence at flowering (P<0.001 and P=0.005 respectively, 

R
2
=0.83).  

In 16 of the 23 blocks, PSbMV incidence at earliest sampling was lower than the 

infection input level in sown seed (Table 2). Greater mortality in infected than healthy 

seedlings is a likely cause. Alternatively, faster growth of healthy than infected seedlings or 

delayed germination of infected seedlings might have biased leaf sampling in favour of 

healthy seedlings as these grew quicker so the seed-infected ones might have been missed 

beneath them. A combination of both of these seems the most likely explanation for the 

unexpected 0% initial incidences in K1 and K2 which were sown with 7% infected seed 

following exceptionally dry March and April conditions. 
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Fig. 4. Non-cumulative numbers of migrant winged aphid species caught in green tile traps at different times after sowing 
at a) Bolgart in 2014 (K12 and T6 combined) and b) Muresk in 2015 (K14 and T7 combined). There was one green tile 
trap in the center of each cultivar block. 
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Table 2. Rainfall, PSbMV incidence and aphid data obtained from field pea data collection blocks. 

Block 
I.D.a 

March-
April 

rainfall 
(mm) 

Initial PSbMV 
seed infection 

(%) 

Date of aphid 
arrival (DAS)b 

Peak aphid numbers 
caught (DAS)b 

PSbMV 
incidence at 

earliest 
sampling (%)c 

PSbMV 
incidence at 

flowering (%)c 

Final PSbMV 
incidence (%)c 

Seed 
transmission 

rate (%)c 

T5 125 2 3-Jul (33) 22 (102) 0 32 44 14 

K11 125 13 3-Jul (33) 27 (102) 2 98 100 21 

T8 86 2 17-Aug (87) 16 (116) 5 5 37 2 
K15 86 2 17-Aug (87) 17 (125) 2 20 89 4 
T1 62 0.1 23-Jul (44) 3 (107) 0 0 3 1 

K7 62 10 23-Jul (44) 2 (101) 11 53 73 10 

T7 58 1 21-Jul (54) 6 (81) 0 9 35 1 

K14 58 1 21-Jul (54) 8 (81) 1 16 57 1 

T6d 58 4 30-Jul (50) 28 (77) 2 13 57 7 

K12 58 2 30-Jul (50) 19 (77) 1 29 94 10 

T2 58 0.1 7-Aug (58) 26 (71) 1 11 24 8 
K8 58 10 7-Aug (58) 25 (71) 11 90 90 27 
T4 55 2 7-Aug (63) 5 (77) 1 24 37 8 

K10 55 13 7-Aug (63) 7 (70) 4 90 96 19 
K1 31 7 16-Sep (108) 12 (129) 0 9 24 3 

K4 29 2 30-Aug (92) 1 (128) 1 4 5 2 

K5 26 2 30-Aug (96) 3 (120) 4 8 9 4 

K3 17 7 15-Sep (108) 10 (120) 5 38 72 9 

K13 14 2 27-Aug (66) 20 (110) 1 24 82 3 

K2 14 7 16-Sep (106) 26 (127) 0  11 90 6 

K6 13 2 7-Sep (100) 7 (128) 4 4 47 1 

T3 11 0.1 22-Aug (86) 15 (128) 1 8 24 1 

K9  11 10 22-Aug (86) 25 (156) 7 80 77 11 
aBlock I.D. is explained in Table 1. Each data collection block consisted of a 60 x 60 m square sown with a single field pea seed-stock. 
bDate or days after sowing (DAS) migrant aphids first recorded on yellow sticky traps or highest number of aphids caught. 
cFor leaf shoot tip samples collected at first sampling, flowering and final sampling (i.e. beginning of crop senescence), 100 were collected at random and tested individually or in groups of 2 to 5 by ELISA. For seeds 
harvested from central 20 x 20 m square, a sample of 1,000 were grown in trays and shoot tip samples from seedlings tested in groups of 2 to 10 by ELISA. 
dResidual wheat stubble from previous year present (~75% groundcover) on soil surface. 
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High pre-sowing rainfall scenarios (>60 mm). High levels of March and April rainfall 

preceded sowing of blocks K7, K11, K15, T1, T5, and T8 (Table 2). These ranged from 62 

to 86 mm in K7, K15, T1 and T8, but reached 125 mm in K11 and T5. First aphid arrival 

based on sticky trap catches occurred on 3 July in K11 and T5, 23 July in K7 and T1, and 

17 August in K15 and T8. By 100 DAS (i.e. approximately when flowering time began), 

PSbMV spread was very rapid and incidence soon reached 100% in K11 (Figure 5Ai). This 

spread was associated with sowing seed with 13% infection, and a rapid increase to a high 

level in aphid numbers. Virus spread was also rapid and incidence reached moderately-high 

levels (53%) in K7 (Figure 5Aii). This spread was associated with sowing seed with 10% 

infection and occurred despite aphid numbers remaining low. In contrast, virus spread was 

slower but incidence eventually reached 44% by 100 DAS in T5 (Figure 5Aiii). This spread 

was associated with sowing seed with 2% infection representing a much lower virus 

inoculum source, despite presence of high aphid numbers. In K15 (Figure 5iv), virus spread 

from an initial 2% seed infection source only reached 16% by 100 DAS. However, a rapid 

increase occurred between then and the final sampling which reached 89%, and was 

associated with a sudden late increase in aphid numbers. In the relatively early sown T8 (22 

May) also sown with 2% infected seed, only low levels of virus spread occurred by 100 

DAS and this was associated with exceptionally low aphid numbers (Figure 5Av). 

Subsequently, following a late increase in aphid numbers after flowering, virus spread 

increased rapidly to 37% incidence at final sampling. Virus spread only reached 3% 

incidence in T1 (Figure 5Avi). This low level of spread was associated with sowing seed 

with very little infection (0.1%) and presence of very low aphid numbers throughout the 

growing season. 
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Fig. 5A. PSbMV incidence % (solid line) and aphid numbers caught on sticky traps (dashed line) during the growing 
season in field pea data collection blocks following high (>60 mm) March and April rainfall. Block I.D., % PSbMV infection 
in seed sown and total March and April rainfall at top left of each graph. 
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Moderate pre-sowing rainfall scenarios (40-60 mm). Moderate levels of March and April 

rainfall preceded sowing of blocks K8, K10, K12, K14, T2, T4, T6 and T7 (Table 2). This 

resulted in aphid arrival occurring between 21 July and 7 August in these blocks. By 100 

DAS, PSbMV spread reached moderate levels (20 to 50%) in T4 (Figure 5Bi), K14 (Figure 

5Bii) and T7 (Figure 5Biii). Aphid numbers remained low in all three blocks which were 

sown with seed with 1 to 2% infection. A moderate level of virus spread that reached 57% 

incidence by 100 DAS occurred in T6 (Figure 5Biv), associated with sowing 4% infected 

seed and a marked but brief peak in aphid numbers at 85 DAS. A much higher level of 

spread that reached 93% incidence by 100 DAS occurred in K10 (Figure 5Bv) despite aphid 

numbers remaining moderately low. This spread was associated with sowing seed with a 

high infection level of 13%. Virus spread also reached a similar level of 90% incidence by 

100 DAS in K8 (Figure 5Bvi), and was associated with both high early aphid numbers 

which peaked at 71 DAS and sowing seed with 10% infection. By 100 DAS, a high level of 

virus spread of 94% incidence occurred in K12 (Figure 5Bvii) despite this block only being 

sown with seed with 2% infection. This spread was associated with exceptionally late 

sowing (11 June) and an early brief peak in aphid numbers at 77 DAS. In contrast, despite 

aphid numbers being high, only low levels (15%) of PSbMV spread by 100 DAS occurred 

in T2 (Figure 5Bviii). This low level of spread was associated with sowing seed with 

exceptionally low (0.1%) seed infection. 
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Fig. 5B. PSbMV incidence % (solid line) and aphid numbers caught on sticky traps (dashed line) during the growing 
season in field pea data collection blocks sown following moderate March-April rainfall (40 to 60 mm). Block I.D., % 
PSbMV infection in seed sown and total March and April rainfall at top left of each graph. 
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Low pre-sowing rainfall scenarios (<40mm). Low levels of March and April rainfall 

preceded sowing of blocks K1 to K6, K9, K13 and T3 (Table 2). This resulted in aphid 

arrival being delayed until after August 20 in them. By 100 DAS, only low levels (<10%) 

of PSbMV spread had occurred in K4 (Figure 5Ci), K5 (Figure 5Cii), K6 (Figure 5Ciii) and 

T3 (Figure 5Civ), which were sown with seed with 2% or 0.1% infection. Virus incidence 

remained very low after 100 DAS (<10%) in K4 and K5. However, in K6 and T3 a late 

increase in PSbMV spread that reached 47% and 24% incidence respectively by final 

sampling, was associated with a late increase in aphid numbers. The same pattern of spread 

to that in K6 and T3 also occurred in blocks K1 (Figure 5Cv) and K2 (Figure 5Cvi) which 

differed in being sown with 7% seed infection. The late virus spread after 100 DAS reached 

24% incidence in K1 but 90% in K2. The level of spread from this greater virus source was 

associated with a moderately high late increase in aphid numbers in K1, but a very high late 

increase in them in K2. In contrast, despite low early numbers of aphids and sowing seed 

with 7% (K3) and 10% (K9) infection, only moderate levels of early virus spread (21 and 

38%) occurred by 100 DAS in K3 (Figure 5Cvii) and K9 (Figure 5Cviii). Subsequently 

however, high levels of virus spread reaching 72% (K2) and 80% (K9) incidence occurred 

after 100 DAS associated with late increases in aphid numbers. Despite being sown with 

seed with 2% PSbMV infection, a high level of 70% virus incidence occurred by 100 DAS 

in K13 (Figure 5Cix). This spread was associated with extremely late sowing (22 June) and 

a sharp increase in aphid numbers just before 100 DAS. Moreover, the PSbMV spread in 

K2, K3, K9 and K13 occurred ahead of increases in aphid numbers recorded on their sticky 

traps. 
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Fig. 5C. PSbMV incidence % (solid line) and aphid numbers caught on sticky traps (dashed line) during the growing 
season in field pea data collection blocks sown following low March and April (<40 mm) rainfall. Block I.D., % PSbMV 
infection in seed sown and total March and April rainfall at top left of each graph. 
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Seed transmission. When the relationship between % PSbMV incidence at flowering, 

cultivar and % PSbMV transmission rate from harvested seed in all blocks was examined 

by multiple regression, incidence at flowering significantly influenced seed transmission 

rate (P<0.001) (Figure 6). However, there was no significant effect of cultivar on seed 

transmission rate (P=0.23). 

 
Fig. 6. Relationship between the % PSbMV seed transmission rate from harvested seed and incidence at flowering in 
blocks of cvs Kaspa (●) and Twilight (○)a. 

aNo significant effect of cultivar found so data from both cvs Kaspa and Twilight were included in the figure. 

 

Deductions from epidemic scenarios and conceptual model. The predominant 

importance of March and April rainfall in driving first aphid arrival date and PSbMV 

spread in the early growth stage of the crop before flowering (i.e. prior to 100 DAS) was 

illustrated by comparing data collected from blocks K6 and T5. Both were sown with 2% 

PSbMV-infected seed. T5 provided a high-risk situation as it received very high levels of 

pre-sowing rainfall (125 mm) so there was substantial growth of background vegetation by 

sowing time which supported rapid aphid population growth. Consequently, first migrant 

aphid arrival was early (on 3 July) resulting in considerable PSbMV spread (32%) by 
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flowering time. By contrast, K6 was a low-risk situation in which conditions during March 

and April were very dry (only 13 mm rainfall) which meant there was minimal growth of 

background vegetation by sowing time that was sufficient to support only minimal aphid 

populations. Therefore, aphid arrival was delayed by two months (until 7 September), as 

was their subsequent build-up. Consequently, PSbMV spread was still very low (only 4%) 

by flowering time at ~100 DAS. Also in contrast to the T5 scenario, low March and April 

rainfall in K1 (31 mm), K4 (29 mm), K6 (13 mm) and T3 (11mm) resulted in late aphid 

arrival (30 August to 16 September) and negligible levels of PSbMV spread by flowering 

(4 to 9%). Where late spread occurred after flowering following late aphid arrival (e.g. T3, 

T8 and K15), this was associated with substantial late migrant numbers caught on yellow 

sticky traps in these blocks.  

The predominant importance of PSbMV infection levels in seed sown was 

illustrated by the scenarios that unfolded in blocks K3 and K6 sown with cv. Kaspa seed 

with 7% (K3) and 2% (K6) infection. Despite both blocks being sown in low-risk situations 

following 13 to 17 mm of March and April rainfall resulting in late first aphid arrival (7 to 

15 September), by flowering time K3 had far higher PSbMV spread (38%) than K6 (4%). 

Thus, even when rainfall during March and April was minimal, and aphid arrival was late, 

substantial PSbMV spread still occurred when seed with a higher level of infection was 

sown. The effect of sowing seed with minimal infection in a high-risk situation was 

illustrated by the scenarios that occurred blocks T1 and T2, both sown following 58 to 62 

mm of March and April rainfall. In both, the cv. Twilight seed sown had only 0.1% 

PSbMV infection, so despite early aphid arrival (23 July to 7 August) and subsequent aphid 

abundance, by flowering time PSbMV spread was still minimal with no spread detected in 
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T1 and only 11% incidence in T2. In contrast, K8, K10 and K11 represented worst case 

scenarios as they were sown with 10 to 13% PSbMV infected seed in high-risk situations 

following 55 to 125 mm of March and April rainfall. In consequence, PSbMV incidence 

reached 90 to 98% by flowering time in these blocks.  

The suspected occurrence of wind-mediated contact transmission was illustrated by 

the scenarios in K15 and T8, which were high-risk situations with high levels of rainfall in 

March and April (86 mm). However, first aphid arrival was delayed until mid-August. 

Despite absence of aphid catches during the early part of the growing season, some PSbMV 

spread still occurred (20% in K15 and 5% in T8). High increases in virus spread also 

occurred in the presence of exceptionally low aphid numbers in K7 (high pre-season 

rainfall scenario) and in K2, K3, K9 and K13 (low pre-season rainfall scenarios). In the 

latter cases, this spread preceded the corresponding late increase in aphid numbers. 

Although wind-speed data were unavailable for these sites to help support this deduction, 

such scenarios are consistent with the possibility of wind-mediated contact transmission.  

The likely influence of sowing date on PSbMV spread was illustrated by comparing 

scenarios involving sowing in late May in K5 (sown 26 May)  as opposed to mid to late 

June in K13 (22 June). Despite both being sown with seed with 2% PSbMV infection in 

low-risk situations following 14 to 26 mm of March and April rainfall, K13 developed a 

much higher incidence by flowering time (24%) than K5 (8%). This is consistent with 

delayed flowering in K13 which was sown >3 weeks later. The suspected effect of 

groundcover in reducing aphid landing rates was illustrated by the reduced aphid numbers 

caught landing in green tile traps in presence of stubble on the soil surface in T6 than to the 

neighboring K12 which lacked stubble.  
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The possibility of partial PSbMV resistance in reducing PSbMV spread was 

illustrated by PSbMV incidences in cv. Kaspa and cv. Twilight in blocks K14 and T7. 

Spread was greater in K14 (16 to 57% between flowering and final sampling) than T7 (9 to 

35%) despite both these blocks being sown with 1% PSbMV seed infection and located 

next to each other. 

These deductions on primary (seed-infection, March and April rainfall) and likely 

secondary (wind, sowing date, groundcover, partial resistance) epidemic drivers were used 

to develop general conceptual models of PSbMV-field pea epidemiology in high and low-

risk situations (Figure 7). 
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Fig. 7. Conceptual model for epidemiology of the PSbMV-field pea pathosystem in a Mediterranean-type environment in 
a) high-risk and b) low-risk situations. Red lines signify drivers of high PSbMV incidence, and green lines signify low 
PSbMV incidence drivers. 
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6.5. Discussion 

This study revealed that, despite lack of crop colonization by aphids, the PSbMV-field pea 

pathosystem exhibits similar epidemiological characteristics to those of other aphid-borne 

virus pathosystems of broad-scale, annual, rainfed crops examined previously in the south-

west Australian grainbelt. The predominant influences on the rate and magnitude of 

PSbMV spread in field pea crops deduced were (i) magnitude of virus infection in seed 

sown, and (ii) rainfall in early to mid-autumn (March and April). These were illustrated by 

data obtained from 23 field pea data collection blocks sown over six years at five locations 

representing diverse climatic scenarios in the same region. The first major epidemic driver 

was PSbMV infection in seed sown as it dictated the number of initial PSbMV infection 

foci for (i) migrant aphids to acquire and spread the virus, and (ii) likely spread to 

neighboring plants by wind-mediated contact transmission. The second major epidemic 

driver was date of first aphid arrival which, in turn, depended upon the amount of March 

and April rainfall. High amounts of rainfall (>60 mm) during this period resulted in early 

first aphid arrival to the blocks resulting in early virus spread from within-crop infection 

foci originating from seed-infected plants, and depending on the magnitude of these 

infection foci, potentially high PSbMV incidences by flowering time. In contrast, low 

amounts of March and April rainfall (<40 mm) resulted in late first aphid arrival which 

limited PSbMV spread by aphids to later in the growing season. Likely secondary epidemic 

drivers indicated by some of the data collection block data were wind (by mediating contact 

transmission) and sowing date (by altering the growth stage exposed to migrant aphids). 

Possible other secondary drivers were presence of groundcover (by reducing aphid landing 
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rates) and partial resistance. Moreover, PSbMV transmission rate from harvested seed was 

significantly influenced by its incidence at flowering time.  

The critical influence of seed-borne infection on the epidemiology of PSbMV in 

field pea illustrated in this study is consistent with the findings of Coutts et al. (2009), 

where field pea seed-lots with a range of different PSbMV seed infection levels were sown 

in plots in replicated field experiments. In their study, crop PSbMV incidence towards the 

end of the growing period depended upon the virus infection level in the seed sown and 

determined the magnitude of subsequent yield loss and transmission rate from harvested 

seed. For example, in high-risk situations involving early aphid arrival, seed infection 

levels of 6.5% led to 97% final incidence which resulted in seed yield losses of 25%, while 

sowing seed with 0.3% infection led to 9% final incidence which resulted in negligible seed 

yield losses. A similar relationship between amount of initial seed infection, magnitude of 

virus spread, yield loss and seed transmission rate from harvested seed occurred with the 

CMV-narrow-leafed lupin pathosystem (Bwye et al. 1994). In our study on PSbMV in the 

same region, which used multiple data collection blocks rather than the large-scale 

replicated field experiment approach used in these two earlier studies, seed was sown with 

0.1 to 13% infection. Sowing seed with higher levels of PSbMV infection (>6.5%) in a 

high-risk situation often resulted in >90% incidence by flowering time. Therefore, yield 

losses would be expected to be >25%, which would in practice, eliminate grower profit 

margin. High incidence at flowering has a greater impact on the magnitude of yield loss 

than when such incidences are only reached by the end of the growing season. This is 

because substantial early spread results in greater reduction in plant growth leading to 

greater seed yield and quality losses (Kraft and Hampton 1980; Ali and Randles 1998; 
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Coutts et al. 2009). The significant relationship between PSbMV incidence around the time 

of flowering and PSbMV transmission rate from harvested seed shown in our study also 

agrees with the findings of Coutts et al. (2009).  

As with other aphid-borne virus pathosystems studied previously in the south-west 

Australian grainbelt, such as CMV and BYMV in narrow-leafed lupin, BYDV in wheat, 

and BWYV in canola (Jones 2001; Thackray et al. 2004; Maling et al. 2008; Thackray et al. 

2009; Maling et al. 2010), March and April rainfall prior to sowing strongly influenced 

time of first aphid arrival to the field pea data collection blocks. These migrant aphids were 

a primary epidemic driver as they spread the virus originating from internal infection 

sources to nearby healthy plants within the blocks. As mentioned in the Introduction, 

background aphid populations that develop in the pre-sowing period produce winged 

migrants consisting of crop colonizing and non-colonizing species, both of which are 

important for virus spread. The aphid data obtained in these earlier studies with other 

pathosystems came from a combination of large-scale field experiments and data collection 

blocks (then referred to as ‘validation’ or ‘calibration’ blocks. Our studies with PSbMV 

differed in that (i) data collection blocks alone were used to obtain aphid data and (ii) 

PSbMV spread was only by non-colonizing migrant winged aphids with no contribution 

from aphids that might have colonized the field pea crop. Despite these differences, the 

predominant influence of March and April rainfall on the magnitude of virus spread was the 

same. However, in a few instances late aphid arrival and low aphid numbers occurred in 

blocks sown following high March and April rainfall. This could be due to: (i) aphid 

mortality from heavy rain during storm events that occurred before sowing time, (ii) 

insecticide applications to nearby crops that restricted background aphid populations, (iii) 
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abundance of entomopathogenic fungi or natural aphid predators, or (iv) a combination of 

these. 

Surrounding crops influenced which winged migrant aphid species were caught in 

green tile traps. For example, blocks K14 and T7 were surrounded by fields containing 

canola crops and mixed species (legume/grass) annual pasture. L. erysimi which colonizes 

canola in the grainbelt (e.g. Jones et al. 2007), A. kondoi which colonizes annual pasture 

legume plants (e.g. Jones 2004) and M. persicae which colonizes both (e.g. Jones 2004; 

Jones et al. 2007), were present in the traps. In K12 and T6, R. padi were also found in the 

traps and were probably coming from a nearby wheat crop (e.g. Thackray et al. 2009). R. 

padi and M. persicae both transmit PSbMV (Gonzalez and Hagedorn 1971; Karl and 

Schmidt 1978). In an earlier study, USA clones of M. persicae were efficient PSbMV 

vectors. However, in the same study, transmission efficiency varied between biotypes of 

the same species (Gonzalez and Hagedorn 1971). Therefore, to establish their relative roles 

as PSbMV vectors, transmission efficiency studies need to be done using biotypes of M. 

persicae, R. padi, and other prominent species, found in the grainbelt. Furthermore, it is 

unknown whether A. kondoi and L. erysimi transmit PSbMV, so their transmission abilities 

need to be evaluated. They are both vectors of two other common non-persistently 

transmitted aphid-borne viruses, CMV and BYMV, in narrow-leafed lupin crops in the 

grainbelt (Berlandier et al. 1997). 

Rice yellow mottle virus (RYMV; Family Sobemoviridae, Genus Sobemovirus) is 

transmitted by wind-mediated contact between infected and healthy rice (Oryza sativa) 

plants. This was demonstrated in field experiments in which transmission occurred in wind-

exposed rice plots but not in wind-protected plots. Contact transmission occurred via small 
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leaf wounds caused by wind-assisted friction between RYMV-infected and healthy rice 

plants (Sarra et al. 2004). Wind-mediated PSbMV contact transmission between infected 

and heathy field pea plants was only demonstrated under glasshouse conditions (Congdon 

et al. 2016a). Anecdotal evidence, in which high levels of PSbMV spread occurred before 

migrant aphids arrived in large-scale, field, replicated field experiments (Coutts et al. 

2009), suggested that wind-mediated PSbMV contact transmission also occurs under 

natural conditions. In our study, PSbMV spread by wind-mediated contact transmission 

was a likely explanation in scenarios in which PSbMV spread occurred despite aphids 

being absent or in exceptionally low numbers, or where rapid increases in PSbMV 

incidence occurred well before corresponding increases in migrant aphid numbers. 

Although not yet demonstrated in replicated field experiments like those of Sarra et al. 

(2004), as mentioned in the Introduction, such spread would accelerate epidemics by 

enlarging initial PSbMV infection foci before subsequent spread by migrant aphids arriving 

later in the growing season (Congdon et al. 2016a). Scenarios that involve an increase in 

virus incidence prior to a corresponding aphid number increase are unusual. In similar 

pathosystems where aphids colonize the crop, a sharp increase in colonizing aphid numbers 

precedes a corresponding increase in virus incidence (e.g. Thackray et al. 2000; Jones et al. 

2003). In addition to wind-mediated contact transmission, another possible factor in these 

PSbMV epidemic scenarios was whether sticky traps in these blocks were fixed so that they 

faced parallel to the predominant wind direction as this might tend to delay the recorded 

date of first aphid arrival and diminish the total numbers caught. However, this alone would 

be insufficient to explain such large ‘lags’ between incidence and recorded aphid numbers 

as those in blocks K3, K9 and K13.  
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Sowing at a later stage of the growing season (mid to late June) creates more 

opportunity for PSbMV to spread while the crop is at its vulnerable early growth stage prior 

to flowering which, as mentioned above, results in greater seed yield losses. This is because 

later sowing reduces the period between sowing date and aphid arrival such that plants are 

younger when this occurs. Although not explored in this study, sowing even earlier than the 

earliest times in our study, and so exposing young plants to high autumn aphid populations 

when conditions are warm, can result in first aphid arrival and consequent widespread 

CMV spread very early in the life of narrow-leafed lupin crops (Jones 2001), so this might 

have a similar effect in the PSbMV-field pea pathosystem. The impact of groundcover in 

the form of residual stubble on the soil surface, in reducing aphid landings prior to canopy 

closure observed at Bolgart in 2014 is consistent with findings with stubble groundcover in 

large-scale field experiments with the BYMV-narrow-leafed lupin pathosystem in the same 

region. In those studies, aphid landing rates were reduced by straw groundcover which in 

turn reduced BYMV spread (Jones 1994; Jones 2001).  

Currently, cvs Wharton and Yarrum are the only Australian semi-leafless field pea 

cultivars available with comprehensive sbm1 gene PSbMV-resistance (van Leur et al. 

2013). However, cv. Yarrum is unsuitable for south-west Australian grainbelt growing 

conditions, while cv. Wharton was only introduced commercially in 2014 so its suitability 

is yet to be established. Also, a small proportion of cvs Wharton and Yarrum plants became 

infected following mechanical inoculation with a local PSbMV isolate suggesting their 

resistance effectiveness in the field needs to be monitored and using cv. Wharton 

prophylactically every season should be avoided (Congdon et al. 2016b). Presence of 

partial resistance to PSbMV infection in cv. Twilight deduced in this study is consistent 
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with earlier findings demonstrating its partial resistance to mechanical inoculation with 

PSbMV (Congdon et al. 2016b). Therefore, cv. Twilight might be worth sowing in 

preference to cv. Kaspa when a high-risk situation is forecasted and healthy seed-stocks are 

unavailable.  

This study also illustrates the dangers inherent in retaining seed from field pea crops 

grown in high-risk situations for sowing the following growing season. The PSbMV 

transmission rates from harvested seed were >5% in 11/23 data collection blocks and, 

therefore, such seed is likely be too risky to sow in the following growing season regardless 

of the anticipated risk level based on amount of March and April rainfall. In 3/11 of these 

cases, seed transmission rates were >19%. Even in a low-risk situation, sowing seed with 

such high levels of seed-borne infection would likely lead to unacceptably high PSbMV-

induced losses. Occurrence of such high infection levels demonstrates how rapidly PSbMV 

infection can build up in field pea seed-stocks resulting in substantial losses when they are 

sown in a high-risk year. This reinforces the importance of (i) having representative seed 

samples tested to establish seed infection levels in seed-stocks to be used for sowing and 

(ii) sourcing healthy (i.e. <0.5% infected) seed (see Introduction). 

The data collected in this study provide ideal information to use to calibrate and 

validate a predictive model for PSbMV epidemics in field pea crops. This would use March 

and April rainfall data to forecast aphid numbers, in combination with PSbMV infection 

levels in seed-stocks to be sown, to forecast subsequent virus incidences in crops. As 

mentioned in the Introduction, this was done previously with other annual crop 

pathosystems involving aphid-borne viruses in the same region. Utilizing such a model to 

inform a DSS that forecasts a high PSbMV risk season prior to sowing would forewarn an 
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end-user to obtain healthy seed, i.e. <0.5% infection depending on the risk level, implement 

control strategies that minimize spread and economic impact of PSbMV and potentially 

employ host resistance. Location-specific critical thresholds for seed PSbMV infection 

could also be provided to optimize PSbMV management. In contrast, a low-risk season 

forecast would permit the same end-user to avoid taking unnecessary precautions and so 

avoid wasting their resources without compromising production (Congdon et al. 2014, 

2016b,c). Such forecasts would assist greatly with controlling PSbMV in field pea crops 

thereby minimizing the financial losses experienced by growers. 
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7.1. Abstract 

An empirical model was developed to forecast PSbMV incidence at a critical phase of the 

annual growing season to predict yield loss in field pea crops sown under Mediterranean-

type conditions. The model uses pre-growing season rainfall to calculate an index of aphid 

abundance in early-August which, in combination with PSbMV infection level in seed 

sown, is used to forecast virus crop incidence. Using predicted PSbMV crop incidence in 

early-August and day of sowing, PSbMV transmission from harvested seed was also 

predicted, albeit less accurately. The model was developed so it provides forecasts before 

sowing to allow sufficient time to implement control recommendations, such as having 

representative seed samples tested for PSbMV transmission rate to seedlings, obtaining 

seed with minimal PSbMV infection or of a PSbMV-resistant cultivar, and implementation 

of cultural management strategies. The model provides a disease forecast risk indication 

using economic analysis, taking into account predicted percentage yield loss to PSbMV 

infection and economic factors involved in field pea production. This disease risk forecast 

delivers location-specific recommendations regarding PSbMV management to end-users. 

These recommendations will be delivered directly to end-users via SMS alerts with links to 

web support that provide information on PSbMV management options. This modelling and 

DSS approach would likely be suitable for use in other world regions where field pea is 

grown in similar Mediterranean-type environments. 
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7.2. Introduction 

Field pea is an important annual grain legume crop in the south-west Australian grainbelt 

(i.e. grain-growing region) which has a May to October (autumn to spring) rainfed growing 

season and a Mediterranean-type environment. It is grown in rotation with wheat, barley or 

canola crops to which it provides many benefits, including nitrogen fixation, and weed and 

fungal disease breaks (Chalk 1998; Siddique et al. 1999). However, its production in the 

grainbelt is limited by pathogens that cause significant economic losses (Salam et al. 

2011a). One such pathogen, PSbMV, causes a serious disease of field pea crops resulting in 

substantial seed yield and quality losses, which occur despite its symptoms being subtle and 

therefore it often remains undetected (Bos et al. 1988; Latham and Jones 2001; Coutts et al. 

2008; Coutts et al. 2009; Makkouk et al. 2012). PSbMV infection levels of up to 47% occur 

in commercial seed-stocks of field pea cultivars frequently sown in the grainbelt, resulting 

in widespread infection in crops sown with them (Latham and Jones 2001; Coutts et al. 

2008; Congdon et al. 2016b). Sowing infected pea seed produces infected plants that act as 

a primary inoculum source for plant-to-plant spread by (i) aphid vectors in a non-persistent 

manner (see Hampton and Mink 1975; Khetarpal and Maury 1987), and (ii) wind-mediated 

contact transmission. The latter is likely to play an important role by enlarging PSbMV 

infection foci prior to aphid arrival (Congdon et al. 2016a). Aphids rarely, if ever, colonize 

grainbelt field pea crops (Coutts et al. 2009; Congdon et al. 2016c), but are still effective 

vectors. This is because their non-colonizing migrants make brief host recognition probes 

and move on quickly, which is ideal for spread of non-persistently aphid-borne viruses (e.g. 

Berlandier et al. 1997) such as PSbMV. The primary drivers of the PSbMV-field pea 

pathosystem under grainbelt conditions were found to be (i) rainfall in March and April 
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(early to mid-autumn) which determines the timing of winged migrant aphid arrival and 

their numbers flying over crops, and (ii) PSbMV infection level in seed sown which 

determines the magnitude of virus infection foci for spread by non-colonizing aphid 

vectors. Secondary drivers also likely to play a role include day of sowing, wind (mediating 

contact transmission), groundcover, plant density and cultivar sown (Coutts et al. 2009; 

Congdon et al. 2016a,c). 

Outside the annual grainbelt growing season, aphids survive during the hot dry 

summer period on host plants which persist in damp locations, such as roadside ditches, 

creek banks, and irrigated gardens (Hawkes and Jones 2005; Coutts et al. 2006). Following 

March and April rainfall, aphids proliferate from these damp locations to the weed, annual 

pasture and crop volunteers that begin to grow, initiating build-up of a ‘background’ aphid 

population (i.e. population outside the field pea crop) prior to sowing and throughout the 

growing season. The background aphid population density determines the magnitude and 

timing of winged migrant flights. High amounts of March and April rainfall provide ample 

soil moisture for background vegetation growth facilitating rapid aphid population build-

up. This is followed by subsequent early first migrant aphid arrival and relatively high 

aphid numbers flying over field pea crops. Minimal amounts of March and April rainfall 

limit background vegetation and consequent aphid population growth, thereby resulting in 

late first migrant aphid arrival and relatively low numbers flying over crops (Jones et al. 

2010, references therein).  

Sowing pea seed with minimal PSbMV infection (below a threshold of 0.5% 

infection) is crucial in minimizing virus spread and subsequent losses. When seed with high 

PSbMV infection levels is sown and prevailing conditions are conducive to its spread 
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during the growing season, incidences can reach 100% prior to crop flowering (late-

August) resulting in substantial seed yield (>25%) and quality losses. In contrast, when pea 

seed with minimal PSbMV infection levels is sown and prevailing conditions are not 

conducive to spread, virus incidences and subsequent seed yield and quality losses are 

negligible (Coutts et al. 2009; Congdon et al. 2016c). Also, PSbMV incidence around crop 

flowering and podding strongly influences virus transmission rate from harvested seed. 

Therefore, in most scenarios in which a high PSbMV crop incidence is reached, virus 

transmission rate from harvested seed is higher than in the original seed sown (Coutts et al. 

2009; Congdon et al. 2016c). Thus, sowing it in the following growing season puts the 

subsequent pea crop at high risk of considerable seed yield and quality losses. If harvested 

seed is to be sown in the following growing season, sowing seed with <0.1% PSbMV 

infection is recommended (Coutts et al. 2009; Congdon et al. 2016c).  

In contrast to many other crop pests, such as weeds, fungi and insects, no chemicals 

are available that control viruses directly. Also, insecticide application to eliminate aphid 

vectors is ineffective at suppressing spread of non-persistently aphid transmitted viruses, 

such as PSbMV, as they act too slowly to prevent virus acquisition and inoculation during 

brief probes (Raccah 1986; Perring et al. 1999; Thackray et al. 2000; Jones 2004). 

Therefore, minimization of virus spread must be based on a combination of control 

measures deployed when crops are sown (Garret 1986; Jones 2004, 2006; Jones et al. 

2010). Obtaining and sowing pea seed-stocks with minimal virus infection provides a good 

‘first port of call’ for PSbMV control, as does avoiding sowing crops next to other field pea 

or grain legume crops which might act as an external virus source (e.g. Coutts 2016). If 

healthy seed is unavailable, removing the <6.0 mm seed fraction to remove PSbMV-
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infected seed from a seed-stock provides an alternative phytosanitary control measure that 

can be of assistance (Congdon et al. 2016d). In addition to these phytosanitary control 

measures, cultural control measures used to minimize spread of PSbMV and other non-

persistently aphid-borne viruses, such as BYMV and CMV in legume crops (Jones 2001, 

references therein). High levels of groundcover, achieved by stubble retention and 

promotion of a thick canopy, deter aphid landings in the crop. Moreover, promoting early 

canopy development by sowing early, using high seeding rates (80–120 kg/ha) and narrow 

row spacing (<20 cm), ‘shades-out’ seed-infected source plants and helps decrease the 

proportion of plants that become infected (Jones 2001, references therein). In terms of host 

resistance deployed in the grainbelt, field pea cv. Wharton is currently the only Australian 

semi-leafless cultivar with comprehensive sbm1 gene PSbMV-resistance (resistant to 

pathotypes P-1 to P-4) (van Leur et al. 2013). However, it was only released in 2014, so its 

agronomic suitability and the effectiveness of its PSbMV resistance under grainbelt 

conditions remain unclear. Furthermore, cv. Wharton plants became infected following 

mechanical inoculation with a local PSbMV isolate, suggesting its resistance can be 

overcome. Therefore, judicious use of sbm1-carrying cultivars is needed to prevent 

resistance-breaking strains appearing in field pea crops (Congdon et al. 2016b).  

Ability to forecast PSbMV epidemics would enable delivery of a DSS that supports 

efficient use of available control measures. If forewarned of a high-risk year, end-users 

could acquire and sow seed-stocks with minimal PSbMV infection, or of a PSbMV-

resistant cultivar, and employ cultural control measures. If forewarned of a low-risk year, 

they could avoid wasting resources implementing unnecessary control strategies and sow 

seed-stocks of higher yielding cultivars with acceptably low PSbMV infection levels 
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(Coutts et al. 2009; Congdon et al. 2016b). Development and validation of a useful PSbMV 

forecasting model would be assisted by data representing a wide range of climatic and seed 

infection level scenarios from uniform field pea blocks sown at different locations over 

several years (Congdon et al. 2016c). Using such data, four forecasting models were 

developed successfully for other aphid-borne viruses that infect different crops grown in the 

grainbelt (Thackray et al. 2004, 2009; Maling et al. 2008, 2010).  

The aim of this study was to develop a model that predicts aphid numbers, PSbMV 

crop incidence and, ultimately, yield and economic loss, to inform end-user decisions about 

the need to source seed with minimal infection, which cultivar to use and the utilization of 

cultural control measures. The model needs to be based on information available to the end-

user at a time before sowing when such choices are still possible. Also, it needs to represent 

a scenario with (i) an annual grain legume crop growing under cool, late autumn to spring 

conditions in a Mediterranean-type climate, (ii) an initial internal virus source within the 

crop arising from sown infected seed, (iii) subsequent polycyclic spread within the crop via 

non-persistent vector transmission by different aphid species, none of which colonize the 

crop.  

 

7.3. Material and Methods 

Data sources  

Data set one. A wide range of climatic, aphid number and PSbMV incidence data were 

obtained from 23 field pea data collection blocks sown at five locations over a six year 

period in the south-west Australian grainbelt (Congdon et al. 2016c). PSbMV infection 
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level in seed sown, sowing date, cultivar, location and year were all varied so that many 

diverse PSbMV epidemic scenarios were generated. To obtain a measure of first migrant 

aphid arrival date and migrant aphid numbers during the growing period, yellow sticky 

traps (Bugs for Bugs, Australia) were set up at each site and the total number of migrant 

aphids caught per trap per day calculated. This data did not provide a reliable indication of 

absolute aphid population size due to the positive attraction effect of yellow sticky traps 

and their lack of fixed position resulting in movement by wind currents. However, it 

provided a good measure of relative aphid abundance between data collection blocks that 

could be used as an index of aphid abundance for modelling (aphid index). Also, although 

these data were not used in model development, green tile traps were used to obtain data on 

relative abundance of different aphid species in four blocks only. For each block, PSbMV 

incidence was measured at regular intervals throughout the growing season and PSbMV 

seed transmission from harvested seed to seedlings at the end of the growing season. The 

data collected were used both to identify primary and secondary epidemic drivers, and both 

calibrate and validate the model. 

Data set two. Data for model calibration and extrapolated yield loss estimates were 

obtained from three replicated field experiments sown at two locations over a two year 

period (Coutts et al. 2009). Seed-lots with a range of PSbMV infection levels (0 to 8%) 

were sown to quantify the relationships between initial seed infection, crop incidence, yield 

losses and transmission from harvested seed to seedlings.  
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Model development 

Firstly, a conceptual framework was formulated to illustrate how different factors would 

interact to drive PSbMV crop incidence, yield loss and seed transmission rates. Secondly, 

using data set one, the relationships assumed in the conceptual framework were tested to 

see (i) if they were useful for predictive purposes, (ii) what functional forms best described 

the relationships, and (iii) which specific variables (Table 1) gave the best predictive 

power. Thirdly, using data set two, to further improve it, the model was refitted based on 

these best variables. Finally, ‘leave-one-out’ cross-validation (LOOCV) (see Arlot and 

Celisse 2010) was used to test the predictive ability of the model by omitting and then 

predicting individual data points. The model was developed, calibrated and validated using 

R 3.0.2 (R Core Team 2016). 

Conceptual framework and assumptions. Based on the current knowledge of PSbMV 

epidemiology discussed in the Introduction, it was deduced that (i) magnitude of yield loss 

and PSbMV transmission rate from harvested seed would likely depend on PSbMV 

incidence at some critical points in time, (ii) this incidence would in turn largely depend on 

PSbMV infection level in seed sown and migrant aphid numbers flying over the crop at 

another critical point in time; and (iii) time of aphid arrival and subsequent migrant aphid 

numbers flying over the crop could be predicted based on rainfall over a critical period 

before sowing (Figure 1). In this framework, day of sowing (DOS) would dictate the crop 

growth stage at the critical incidence time in (i). For example, sowing very late would mean 

the crop is exposed to PSbMV spread at an earlier growth stage at this critical incidence 

time.  
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Fig. 1. A simplified conceptual model outlining the key parameters (inputs in blue and outputs in red) and relationships 
used in the PSbMV-field pea epidemiological forecasting model. The general relationships were deduced in advance, 
based on knowledge of PSbMV epidemiology in the Mediterranean-type climate of the south-west Australian grainbelt. 
The specific parameter periods and dates to use were determined through the model calibration process. 

 

Choice of variables for predicting yield loss risk. The findings of Coutts et al. (2009) 

concerning the effect of PSbMV level in seed sown and subsequent spread on yield loss 

demonstrated that PSbMV crop incidence between calendar day 230 to 250 (just prior to 

flowering to first podding) is a useful predictor of subsequent yield loss. Therefore, 

incidence was predicted at various points close to and within this period. 
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Table 1. Explanation of variable codes used in PSbMV forecasting model development 

Code Description of variable 

rf1 Rainfall from February to May 

rf2 Rainfall from March to May 15th 

rf3 Rainfall from March to April 

rf4 Rainfall from February to April 

rf5 Rainfall from February to May 15th 

aphid213 Aphid index at day 213a 

aphid220 Aphid index at day 220 

aphid227 Aphid index at day 227 

aphid236 Aphid index at day 236 

SI % PSbMV infection level in seed sown 

inc236 % PSbMV crop incidence at day 236 

inc250 % PSbMV crop incidence at day 250 

inc264 % PSbMV crop incidence at day 264 

incfin % PSbMV crop incidence at final sampling 

DOS Day of sowing 

ST % PSbMV transmission from harvested seed 
aday of calendar year. 

 

Choice of variables and functional forms for predicting PSbMV crop incidence. Using data 

set 1, aphid index at days 213, 220, 227 and 236 and infection level in seed sown (SI) was 

used to predict PSbMV crop incidence at days 236, 250 and 264, and at final sampling. 

Final sampling incidence was included for comparison but was not expected to be a useful 

predictor of yield loss because plants that become infected at late growth stages after 

flowering incur minimal yield losses. A linear model provided a good description of the 

relationship between aphid index and PSbMV incidence (e.g. Figure 2). This model was 

fitted with and without SI (incidence ~ aphids*SI or incidence ~ aphids) to describe this 

relationship for each combination of the four aphid indices and the four PSbMV incidence 

measures (Table 2). Since SI would not be expected to have impact in the absence of aphids 

and vice versa, the model without the interaction (incidence ~ aphids+SI) was expected to 

be inferior, which early testing supported, so was not considered further. Incidence at day 
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236 (inc236) provided the best measure of incidence for the model because it was within 

the critical period for when yield was affected and also could be predicted well by aphid 

index. The relationship between inc236, aphid index and SI was described well by a linear 

functional form. Aphid numbers at day 213 (aphid213), 220 (aphid220) or 227 (aphid227) 

were all good predictors of inc236.  

Choice of variables and functional forms for predicting aphid index. Using data set 1, 

rainfall totals during five different periods, February to May, February to May 15
th

, March 

to April, February to April and March to May 15
th

, were used to predict aphid index at days 

213, 220, 227, and 236. A linear model with normal errors and an exponential model with 

Poisson errors were both evaluated for this relationship, and as were all combinations of the 

five rainfall periods and the four aphid indices. March-May 15
th

 rainfall (rf2) was the best 

predictor of aphid213 and aphid220, and the exponential functional form proved much 

better than the linear functional form. 

Choice of variables and functional forms for predicting seed transmission. Using data set 1, 

PSbMV crop incidence at days 236, 250, 264 and final sampling, and DOS were used to 

predict PSbMV transmission from harvested seed to seedlings. Previous information from 

Coutts et al. (2009) and Congdon et al. (2016c) combined with visual data inspection (e.g. 

Figure 4) found a linear model described the relationship between PSbMV incidence and 

seed transmission well. Therefore a linear model was evaluated for this relationship, 

considering all of the incidence measures with and without DOS as predictors of seed 

transmission (ST ~ incidence*DOS or ST~incidence). Inc236 with DOS proved the best 

predictor of ST in a linear functional form. 
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Final direct optimized incidence model. Using data set 1, inc236 was found to be the best 

measure of PSbMV crop incidence, and this was best predicted using aphid213 or aphid220 

and SI with a linear functional form. The main effect of SI was significant, as was the 

interaction between SI and aphid index, but the main effect of aphid index was not. This 

showed that aphid numbers only had an impact when SI was greater than zero. Both 

aphid213 and aphid220 were best predicted using rf2 with an exponential functional form, 

although rf3 with an exponential functional form was also a reasonable predictor. A new 

model predicting virus crop incidence directly from rainfall and SI was then fitted based on 

the relationships already identified using the available aphid data, but dropping the 

intermediate step of predicting aphid index. This was done for several reasons: (i) a direct 

model would have to be at least as good a predictor as the two step model; (ii) our 

confidence in the accuracy of the aphid data within dataset 1 was lower than for other 

variables, meaning a direct model would likely be a better predictor than the two step 

model; (iii) a direct model would be simpler to validate, present and use in a DSS;  (iv) 

when end-users are making sowing decisions, aphid numbers at that future stage in the 

growing season cannot be measured and rainfall and SI are the only predictors available; 

and (v) a direct model allowed inclusion of data set 2 in model calibration as well as in 

validation which was impossible with a two-step model, as there were no data on aphid 

numbers in data set 2. Therefore, using the relationships already identified using the 

available aphid data, a new model was formulated predicting incidence directly from rf2 

and SI (a and b are coefficients, c is the intercept): 

 inc236 = c+a.SI+b.exp(d.rf2).SI     (Eqn. 1) 
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It was assumed that rf2 would generally be used for rf, but also that rf3 might be used 

instead if an earlier prediction was required.  

Following optimization, the intercept and the main effect of SI were not significantly 

different so the equation was simplified as follows: 

inc236=b.exp(d.rf2).SI    (Eqn. 2) 

For comparison, this relationship was also fitted using a standard linear model:  

inc236=c+a.SI+b.rf2+d.rf2.SI     (Eqn. 3) 

Validation. ‘Leave-one-out’ cross-validation (LOOCV) was used for validation of final 

model performance. This was done by omitting each individual data point from the model 

in turn, refitting the final model to the reduced data set, and using the refitted model to 

predict PSbMV incidence for each specific omitted data point. This gave an independent 

prediction for each of the data points. The absolute error in comparison to the observed 

value was calculated for each of these predictions and the mean of these was calculated to 

obtain the mean absolute error (MAE).  

Economic analysis for risk assessments. Economic analysis (using United States Dollars - 

USD) was done to assess the risk of profit loss and the benefits of control in a number of 

scenarios using (i) field pea yield potential (1, 2, 3 or 4 t/ha), (ii) field pea price ($220 or 

$370/t), (iii) yield loss from PSbMV (2.5, 5, 10, 25%) as estimated from model incidence 

predictions, and (iv) the cost of full phytosanitary control (diagnostic lab testing of seed, 

and sourcing new seed). Seeding rate was assumed to be 100 kg/ha and the analysis was 

done for 1000 ha of field pea crop. 
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7.4. Results 

Model development 

Choice of variables and functional forms for predicting incidence. The strongest 

relationship was inc236~aphid227*SI (R
2
=0.95) and the two second strongest relationships 

were inc236~aphid213*SI and inc236~aphid220*SI (both R
2
=0.91) (Table 2, Figure 2). 

The Akaike information criterion (AIC) values revealed that it was always important to 

include interaction with SI in the model (dropping the interaction always increased the AIC, 

indicating an inferior model) and R
2
 was always much higher when the interaction was 

included (Table 2).  

Table 2.  Proportion of variance (R2) explained by linear models predicting incidence at various days from aphid index at 
various days, with and without PSbMV infection level in seed sown. 

Aphid PSbMV incidence day 

index day 236 *SIa 250 *SI 264 *SI final *SI 

213 0.63 0.91 0.46 0.73 0.17 0.50 0.06 0.40 

220 0.69 0.91 0.49 0.72 0.17 0.48 0.07 0.40 

227 0.55 0.95 0.53 0.85 0.26 0.57 0.07 0.41 

236 0.25 0.69 0.22 0.62 0.11 0.49 0.02 0.40 
a*SI = PSbMV infection level in seed sown included in the model. 
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 Fig. 2. Actual (○) and predicted (●) % PSbMV incidence at day 236 plotted against aphid index at day 213 (R2 = 0.91). 
Predictions come from the fitted linear model inc236~aphid213*SI. Lines represent model predictions with SI (seed 
infection level)=13 (dotted line), SI=5 (dashed line) and SI=1 (solid line). 

 

Choice of variables and functional forms for predicting aphid index. Rainfall from March 

1
st
 to May 15

th 
(rf2) proved the strongest predictor of aphid index at days 213 (R

2
=0.94) and 

220 (R
2
=0.93) in the exponential model (Table 3). Rainfall from March to April (rf3) was 

also a strong and earlier predictor of aphid213 (R
2
=0.90). All rainfall periods assessed were 

poor at predicting aphid index after day 220 (R
2
<0.62). The exponential model was better 
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than the linear model for all relationships at all aphid index days and all rainfall periods, 

reflecting the exponential relationship apparent in the data (e.g. Figure 3).  

Table 3.  Proportion of variance (R2) explained by linear and exponential models predicting aphid index at various days 
from total rainfall during various periods. 

 

arf1=February-May, rf2=March-May 15th, rf3=March-April, rf4=February-April, rf5=February-May 15th. 

 

Choice of variables and functional forms for predicting seed transmission. The strongest 

relationship was ST~inc236*DOS (R
2
=0.80) with AIC values indicating that it was 

essential to include the interaction with DOS in this model (Figure 4). The later the PSbMV 

crop incidence day the less difference DOS made to the model (Supplementary Table 1).  

Supp. Table 1.  Proportion of variance (R2) explained by a linear model predicting PSbMV transmission rate from 
harvested seed (ST) at various crop incidence days with and without day of sowing (DOS) included as a predictor. 

PSbMV incidence day ST *DOSb 

236 0.58 0.80 

250 0.67 0.72 

264 0.60 0.61 

Final sampling 0.36 0.39 
aDay of sowing included in the model. 

 

 
Aphid index day 

Rainfall datesa 213 220 227 236 

 Linear   

rf1 0.34 0.30 0.32 0.06 

rf2 0.48 0.45 0.48 0.26 

rf3 0.57 0.53 0.56 0.28 

rf4 0.50 0.48 0.50 0.25 

rf5 0.43 0.40 0.43 0.23 

Exponential 

rf1 0.60 0.63 0.37 0.07 

rf2 0.94 0.93 0.62 0.30 

rf3 0.90 0.90 0.62 0.30 

rf4 0.89 0.90 0.61 0.29 

rf5 0.90 0.91 0.57 0.29 
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Fig. 3. Rainfall from March 1st to May 15th plotted against aphid numbers at day 213, fitted with an exponential relationship 
with Poisson errors (R2=0.94). 
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Fig. 4. Actual (○) and predicted (●) percentage PSbMV seed transmission plotted against incidence at day 236 (R2 = 
0.80).  

 

Final direct optimized incidence model and validation  

Model 1 

When Equation 1 was fitted using rf2 (the later and longer rainfall period) as the predictor, 

the following model was obtained:  

inc236 = 2.272 - 1.184 (SI) + 0.95.exp(0.017.rf2).SI 
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In this case, the fit between observed and predicted incidence was very strong (Figure 5, R
2
 

= 0.94). However, parameter a and c were not significant. Following LOOCV, the MAE 

was 4.84. 

Model 2 

When Equation 2 was fitted using rf2 as the predictor, the model obtained was:  

inc236 = 0.535.exp(0.021.rf2).SI 

In this case, the fit between observed and predicted incidence was also very strong (Figure 

5, R
2
 = 0.94). All parameters were highly significant. Following LOOCV, the MAE was 

4.59. 

Model 3 

When Equation 2 was fitted using rf3 (the earlier and shorter rainfall period) as the 

predictor, the model obtained was:  

inc236 = 1.859.exp(0.012.rf3).SI  

In this case, the fit between observed and predicted incidence was reasonable, but weaker 

than with rf2 (Fig 5, R
2
=0.60). Following LOOCV, the MAE was 13.1. 

Model 4 

When Equation 3 was fitted using rf2 as the predictor, the model obtained was:  

inc236 = -3.441 (SI) + 0.085 (rf2.SI) 
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In this case, the fit between observed and predicted incidence was strong, but not as strong 

as with Equation 1 (Figure 5, R
2
 = 0.90). Following LOOCV, the MAE was 5.38. 

  

Fig. 5. Actual PSbMV incidence at day 236 (from data set 1 and 2) plotted against predicted incidence using models 1 to 
4. 
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Economic analysis for risk assessments. The economic benefit (in USD) of phytosanitary 

seed infection control (i.e. getting seed PSbMV tested by a diagnostic laboratory and 

sourcing new seed-stock with minimal infection) increased as predicted PSbMV crop 

incidence increased (Table 4). When predicted PSbMV crop incidence (at day 236) was 

>40%, full control was economically beneficial in all scenarios tested, but when it was 

<10% it was never economically beneficial. For intermediate levels of incidence, economic 

benefits of phytosanitary seed-infection control were dependent on crop value (price of 

field pea seed x expected yield).  

Table 4. Marginal profit (US$/ha) from implementing phytosanitary seed infection control (getting seed virus tested and 
sourcing new pea seed-stock) under different PSbMV incidence (inc236) predictions and crop value scenarios.  

  
Expected value of crop ($/ha) 

Predicted inc236 Predicted yield loss (%) 370 740 1110 1480 

100 26 60a 155 250 347 

40 10.3 0 37 78 115 

20 5 -18 0 18 37 

10 2.6 -30 -18 -7 0 

0 0 -37 -37 -37 -37 
aGreen shows when control measures are recommended because of clear economic benefits (high virus risk), yellow when the economic benefits are 
borderline (moderate virus risk) and red when control is not recommended because the economic costs exceed benefits (low virus risk). 

 

For example, when predicted PSbMV incidence was 40% and subsequent yield loss 

estimate was 10%, implementing full control (cost of $37/ha) resulted in economic benefits 

of $115/ha when the expected yield of the crop was 4 t/ha and the value of field pea was 

$370/t. This was assessed as a high virus risk year as not controlling PSbMV in this 

scenario would cost $152/ha in lost yield (pay $37/ha for $115/ha benefit). In contrast in 

the same scenario, comprehensive phytosanitary control resulted in no economic benefits 

when the expected yield of the crop was only 1 t/ha. This was assessed as a low risk year. 
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Similarly, as the value of field pea increases the benefits from control became greater as the 

risk of profit loss increased. 

7.5. Discussion 

This study achieved its aim of developing a forecasting model to predict PSbMV epidemics 

in field pea crops growing under the Mediterranean-type environment of the south-west 

Australian grainbelt. Based on information available to the end-user before sowing time, 

the model accurately predicted aphid numbers, PSbMV crop incidence, and ultimately yield 

and income loss. Therefore, its predictions can help inform decisions over deploying 

phytosanitary and cultural control measures, and cultivar choice. The model was developed 

to provide an accurate risk forecast, simple management recommendations and convenient 

delivery to end-users. It was calibrated and validated using data involving a wide range of 

scenarios obtained from published research (Coutts et al. 2009; Congdon et al. 2016c). 

Firstly, total rainfall from March 1
st
 to mid-May was used to predict an aphid number index 

in early-August. Secondly, in combination with PSbMV infection level in seed sown, aphid 

index was used to predict crop incidence in mid to late-August (just prior to flowering 

time). These two functions were combined and refitted to optimise the final forecasting 

model. When predicting PSbMV incidence just before flowering time, our forecasting 

model explained 94% of the variation, and more importantly, gave a mean absolute error of 

only 4.6% during validation when predicting independent incidence data. The low 

validation error suggests that it will play a critical role as a PSbMV epidemic predictor for 

grainbelt field pea production in the future, by advising over the need for PSbMV 

management when the risk scenario warrants it. Use of this model will support management 

decisions by forewarning end-users of low and high-risk growing seasons in their locality, 
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optimizing the cost effectiveness of their operations by deploying control measures only 

when necessary. Such models are likely to become increasingly important as the climate 

becomes more unstable, and virus epidemics become more severe and increasingly difficult 

to control, due to global warming (Jones 2016). 

Initially, a more mechanistic approach to modelling was considered, similar to that 

used to represent the CMV-narrow-leafed lupin pathosystem in the model of Thackray et al. 

(2004). In this model, infection level in seed sown also determines the magnitude of virus 

inoculum source, and the dynamics of soil moisture, background vegetation, background 

aphid population, and winged aphid flights are all modelled explicitly with a daily time 

step. Such an approach could have allowed us to include secondary epidemic drivers, such 

as wind (mediating contact transmission), plant density, ground cover, time of sowing and 

aphid transmission efficiency. However, the data on soil moisture, background vegetation, 

and background aphid populations through time required to validate these mechanisms 

were unavailable. Furthermore, the detailed daily predictions for each day through the 

whole growing season were unnecessary for our purposes as PSbMV management 

decisions are made solely before sowing. Finally, our initial explorations with this approach 

indicated a poor prediction accuracy compared to what was obtained with the more 

empirical approach finally employed. This is supported by arguments that suggest even 

though mechanistic approaches are useful for providing insight and understanding, 

empirical approaches tend to be more accurate when sufficient data are available (Haefner 

2005). For these reasons, we conclude that the more empirical approach we finally utilized 

was better suited to the aims of this study.  
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 In our PSbMV model, an aphid index was used as an intermediate variable to help 

understand and explain the effect of pre-sowing rainfall on virus incidence just prior to 

flowering. It was not used as a direct predictor of this incidence, as it cannot be measured 

before sowing. Once the relationships between rainfall and aphid index, and aphid index 

and virus incidence were understood, we could construct a more useful and accurate model 

by predicting final virus incidence directly from rainfall. This is because our aphid index 

only provided a relative and approximate measure of true aphid numbers, and was, by its 

nature, less accurate than PSbMV seed and crop incidence, which could be determined with 

precision by serological laboratory methods. Nonetheless, the non-linear functional form of 

the final direct model depended on our initial modelling of the relationship between rainfall 

and aphid index. The importance of getting this functional form right was highlighted by 

the much better fit achieved by our non-linear direct model versus the linear direct model 

with the same predictors. 

Despite the fact that aphid index is only implicitly included in the final version of 

the model, it is important to consider what influences it. We presumed that aphid index was 

directly influenced by the size of the background aphid population, which was driven by 

the quantity of background vegetation, which was in turn driven by rainfall quantity. As 

there was no measure of background vegetation or background aphid population to relate to 

aphid index, rainfall was used as its sole predictor despite its indirect influence. This is 

consistent with the four previous aphid-virus-crop pathosystems modelled previously in the 

region (Jones et al. 2010). Moreover, other factors outside the scope of this model may 

have affected aphid index. Heavy rainfall events cause aphid mortality by knocking them 

off plants or promoting entomopathogenic fungal infection (Bwye et al. 1994; Thackray et 
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al. 2000; Jones 2001). For example, an extreme storm event occurring in late-March could 

cause high aphid mortality yet contribute significantly to high pre-sowing rainfall values 

which, when used in the model, might over-predict aphid index. Also, aphid mortality 

could be caused by insecticide applications to surrounding crops or pastures during the 

growing season. Furthermore, these aphid populations might also be limited by the 

herbicide use to kill weeds before sowing earlier-sown crops or in chemical fallows. In 

each of these cases, the model would tend to overestimate instead of underestimate PSbMV 

incidence. This is an important characteristic because if it biases in this way, in practice, the 

main potential financial loss would be from employing control measures when the losses 

obtained are smaller than anticipated, not from failing to control heavy losses resulting 

from an incorrect forecast. Nonetheless, the model could potentially be improved in future 

by better accounting for these factors. 

In combination with day of sowing, incidence at day 236 (late-August) proved the 

best predictor of PSbMV transmission rate from harvested seed to seedlings. However, seed 

transmission rate was not predicted as well as crop incidence. Our results show that the 

later the incidence date used to predict seed transmission rate, the less important day of 

sowing was. This reflected the brief window during pod development in which PSbMV 

invades the embryo resulting in seed transmission to seedlings (Roberts et al. 2003). Due to 

this factor, model predictions of seed transmission in this framework are less accurate as 

incidence is predicted on a set day of the year, rather than at a set growth stage, as used by 

Coutts et al. (2009). Although unrelated to seed quality defects (Coutts et al. 2008), 

forecasting PSbMV transmission rate from harvested seed is important, especially if end-

users intend to retain their seed for sowing in the following growing season.  
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Economic analysis of likely predicted incidences demonstrated how the predicted 

economic impact of PSbMV changed depending on crop value. This should always be 

considered when evaluating model outputs because economic factors are of primary 

importance for end-users. Furthermore, the analysis demonstrated the economic 

consequences of a prophylactic approach to control as phytosanitary control often resulted 

in a net loss in years of low PSbMV spread. Cultivar choice can also be important in certain 

scenarios. In general, seed-stocks of cultivars best suited to a given area are sown, 

preferably with minimal PSbMV infection incidences. However, in high-risk situations, 

sowing seed-stocks with >0.5% infection is, due to the consequent yield losses, likely to 

negate the benefits of sowing higher yielding, susceptible field pea cultivars. In high-risk 

situations, if seed of better suited cultivars with <0.5% infection is lacking, PSbMV-

resistant cultivars carrying sbm1 could provide an alternative option, even if they are less 

suited to regional conditions (Congdon et al. 2016b). Moreover, partial PSbMV-resistance 

occurs in field pea cv. Twilight so this cultivar might be used instead (Congdon et al. 

2016b,c). When high PSbMV incidences are reached early in the life of the crop, seed 

quality can be affected to the extent that the harvested seed is downgraded at market 

(Coutts et al. 2008). The economic impact of these seed quality losses was not added to our 

economic analysis. This needs to be considered when assessing the benefits arising from 

control measures, particularly in high-risk situations, otherwise economic loss will be 

underestimated.  

The model will inform a DSS for PSbMV management in field pea crops. Prior to a 

PSbMV risk forecast being provided, our aim is to advise end-users to have their seed-

stocks tested for PSbMV infection by sending a representative seed sample to a diagnostic 
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laboratory (Coutts et al. 2009; Congdon et al. 2016b). Following this, a location-specific 

risk rating, together with a seed infection threshold, will be provided. These will be based 

on (i) predicted PSbMV incidence and subsequent yield loss at that location, (ii) crop value 

(expected yield and price of field pea seed), (iii) the assumption the end-user has to source 

new seed for future sowings. Therefore, the seed infection threshold recommended will 

decrease as predicted incidence and crop value increase, and be higher if the end-user has to 

source new seed as its cost is taken into account. When extreme situations eventuate, such 

as rainfall amounts exceeding those used to calibrate the model, the model output would 

forecast a high-risk year and recommend sowing seed with <0.1% seed infection.  

A successful model is one that becomes accepted by growers and agronomists. An 

example of this is the forecasting model for pea blackspot disease which also causes 

economically important losses in field pea in the grainbelt (Salam et al. 2011b). Based on 

this model’s predictions, end-users receive SMS alerts and have access to web support 

regarding optimal time of sowing. The model predicts when ~60% of fungal spores have 

been released in a given location and advises end-users to delay sowing until this point. In 

the case of very late spore release, these alerts continue to advise end-users not to sow until 

eventually the alerts advise them not to sow at all for agronomic reasons. Adoption of this 

model has been effective and widely adopted due to (i) forecast accuracy, (ii) convenience 

of delivery and (iii) simplicity of recommendations (Watson and Watson 2016). However, 

control of any major pest or disease of a given crop is best not considered in isolation. 

Therefore, the PSbMV recommendations will be delivered by SMS at the same time as a 

combined field pea disease control package covering both pathogens, providing concise 

information for two important field pea diseases on one platform. Furthermore, combining 
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with an existing well-used system will not only improve uptake of the PSbMV DSS but 

also add value to the existing pea blackspot disease system. This modelling and DSS 

approach would likely be suitable for use in other world regions where field pea is grown in 

similar Mediterranean-type environments. 
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CHAPTER 8. 

Project summary and future research  
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8.1. Project evolution 

During my candidature, this PhD project evolved considerably, diversifying from its initial 

conception and proposal. Although only one PhD student was eventually funded, in its 

initial conception as a submission to the Australian Research Council, the project was set 

up for two PhD students to achieve the following outcomes: 

1) Apply Illumina Next Generation Sequencing to measure expression of viral genes in 

various tissues and sequence whole genomes of PSbMV isolates from diverse 

origins, pathotype the isolates and determine the relationships between whole 

genome phylogeny and PSbMV pathotype defined by resistance genes. 

2) Determine the effectiveness of virus resistance genes in pea cultivars and advanced 

breeding lines. 

3) Provide information on factors that influence populations of potential aphid vector 

species outside and inside the annual growing season, establish their transmission 

efficiencies, and determine species importance in the field. 

4) Monitor field pea data collection plots planted annually at WA and NSW sites to 

relate climatic effects to epidemic scenarios. 

5) Use historical weather data for situations in which there were minor or major 

PSbMV epidemics and published data on effects of initial seed-borne virus 

inoculum levels, along with new epidemic data, to determine their effects on aphid 

activity, and virus risk. 

6) Devise a predictive model and DSS to help understand the pathosystem, and assist 

growers to make management decisions, combining its delivery with that of the 

existing pea fungal blackspot disease forecasting model and DSS. 
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Originally, I aimed to cover outcomes 3 to 6. However, I eventually ended up covering 

significant portions of the scope within outcomes 1 and 2 (Chapter 2). For outcomes 3 to 6, 

my aim was to investigate and attempt to quantify the possible effects on PSbMV spread: 

(i) contact transmission, (ii) transmission efficiencies of different aphid species, and (iii) 

collate PSbMV spread and aphid arrival and number data from historical data and new data 

collection blocks. These factors were to be integrated into development of a forecasting 

model.  

Further comments on the conception and evolution of each section as they were 

completed chronologically are as below: 

In the initial ARC project proposal, contact transmission was not an element. 

However, I decided that this could be a potentially important method of spread, based on 

previous research demonstrating contact transmission of other potyviruses (e.g. Coutts et al. 

2013 and Coutts and Jones 2015). This study constituted my very first research paper. 

The study presented in Chapter 2 was not a proposed element of my UWA research 

proposal, but involved elements of the initial ARC project proposal. It allowed me to get 

more experience sampling in the field and learn molecular techniques to obtain sequences 

of the PSbMV isolates found. 

Data collection blocks and epidemic scenarios: managing the blocks for the 3 years of 

my candidature gave me continued opportunity to get out of the city and experience field 

work. Originally, this data was never to be published, but only explained through the 

modelling process. However, we thought it appropriate to share this information to an 

international audience as it is a good methodology template for future work of its kind. 
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The seed fractionation work was originally going to be added into the study’s presented 

in Chapter 2 or 6. However, we decided it did not belong to those narratives and was well 

suited to publish as a short communication in European Journal of Plant Pathology. 

My research with aphids began in the first few months of my candidature and finished 

in the last few weeks. It was put on the ‘backburner’ when another study was given priority. 

This was because of my decision to not use transmission efficiencies in model 

development. There was a slim chance this work was not going to get done but I am 

pleased it did, as the vector manipulation story is one of great interest. 

By using the existing predominantly mechanistic forecasting model for predicting CMV 

epidemics in narrow-leafed lupin in the south-west Australian grainbelt (Thackray et al. 

2004) as a template, I could add or reshape individual mechanisms to develop a model 

suited to the PSbMV-field pea pathosystem in the same region. As discussed in Chapter 

3.5, occurrence of wind-mediated contact transmission could play an important role by 

enlarging initial PSbMV infection foci before aphids arrive, thereby accelerating virus 

spread by them. It should therefore constitute an important component in a PSbMV-field 

pea model. Additionally, I postulated that PSbMV transmission efficiencies of individual 

aphid vector species and vector manipulation resulting from virus infection of plants could 

also be incorporated into the model as they would influence rate of virus spread. In theory, 

these additions to a mechanistic model for forecasting PSbMV epidemics would increase its 

accuracy as a predictive tool. However, after several attempts to adapt the data from data 

collection blocks presented in Chapter 5 to this template, I realised a different approach was 

needed to develop a useful PSbMV epidemic forecasting model. Although a mechanistic 

model would be a great way of explaining how each component of the pathosystem 
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influences PSbMV epidemiology, for the purpose of creating a management tool, this 

approach would not suffice. The three main problems arising when trying to develop a 

mechanistic PSbMV forecasting model were:  

1. Aphid data from PSbMV data collection blocks were incompatible with the CMV 

model template. In 19 of 23 blocks, the only aphid data obtained were from yellow 

sticky traps. These provided a relative representation of aphids flying over the pea 

blocks but attracted aphids to them because of their intense yellow colour thereby 

offering a biased estimate of background aphid population. Furthermore, controlled 

positioning of these traps to face the predominant wind direction was not considered 

until 2014. Prior to 2014, traps were not fixed in positions and therefore susceptible 

to movement by wind currents in unrecorded directions. This is a particular issue 

encountered when using two-sided traps that move with the wind. The use of fixed 

position cylindrical sticky traps, as used with previous studies with other virus 

pathosystems in the grainbelt, or green tile traps in each block would be preferable 

for future work of this kind. 

2. The mechanistic model makes daily predictions throughout the growing season but, 

since insecticides are ineffective against non-persistently aphid-borne viruses, a 

grower can only implement control measures prior to sowing. There is little that can 

be done to mitigate spread following sowing. Unlike some other crop diseases, such 

as those caused by fungal pathogens, the likelihood of a substantial PSbMV 

epidemic occurring is largely determined by factors that take effect prior to sowing. 

Being able to predict yield loss risk more accurately using data collected up to July 

is completely useless for PSbMV management. 
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3. I was unable to conduct the field work needed to quantify possible new elements 

such as wind-mediated contact transmission and aphid vector manipulation under 

natural conditions. This was more of a logistical issue as field experiment costs fell 

outside my budget. Moreover, major time constraints would have been involved in 

doing this research. Therefore, if a mechanistic approach had been taken these 

mechanisms could only be quantified theoretically as their impact in the field would 

be unknown. 

For these reasons, a mechanistic model neither explained the six years of aphid and 

virus spread data we accumulated or represented what occurs in the field realistically. As 

illustrated in Chapter 6, our solution was to take an empirical approach in which pre-

sowing variables were used to predict virus incidence at a critical point in the growing 

season. Using this approach, I was making best-use of the data, predicting epidemics 

accurately and reliably, and developing a DSS that was simple, effective, convenient and 

sustainable to enable end-users to control PSbMV in field pea crops.  

8.2. Summary of key findings 

This project unveiled several important characteristics of the PSbMV-field pea 

pathosystem. It also provided valuable information on seed and crop infection levels and 

susceptibility or resistance of currently grown cultivars in the grainbelt. The main elements 

of PSbMV epidemiology established were: (i) PSbMV can spread by wind-mediated 

contact, (ii) the PSbMV transmission efficiencies of prominent grainbelt vectors, (iii) 

PSbMV infection can induce physiological changes in the host plant that repel or attract 

aphids, (iv) total March and April rainfall determines first aphid arrival in pea crops, and 

(v) initial seed-borne infection is crucial to PSbMV spread. Importantly, these findings 
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have led to a practical outcome with the development of a forecasting model that informs a 

DSS for PSbMV management decisions in the future. The highlights and possibilities of 

future research are discussed below for each study presented in this thesis. 

8.2.1. Increased infection and genetic diversity in the grainbelt and sbm-carrying 

cultivars can be infected 

In the study presented in Chapter 2, sampling field pea crops over one year, and cultivar 

and breeding line trial plots over a three year period unveiled the current widespread 

occurrence of PSbMV infection in prominent pea growing areas of the grainbelt. Its 

distribution and incidence has increased considerably since previous survey work was done. 

PSbMV incidences were particularly high in National Variety Trial (NVT) breeding line 

and cultivar plots indicating yield data being obtained from them and used by pea breeders 

are severely compromised. To ensure breeding programs produce healthy pea seed-stocks, 

a healthy seed multiplication system is required like that used with CMV in narrow-leafed 

lupin (Jones 2001). Parent plants used to make crosses need to be tested for PSbMV and 

multiplication of F1, F2 etc generations, and field selections need to be done at isolated 

locations away from external PSbMV sources where infected seed-lots are never planted. In 

current trials where PSbMV is widespread, breeders should get samples of the seed to be 

sown and each plot around flowering time laboratory tested for PSbMV incidence. Using 

yield loss estimates from Coutts et al 2009, a PSbMV yield loss adjustment can be made to 

each breeding line to better establish their true yields.  

By sequencing the PSbMV isolates found in infected samples and performing 

phylogenetic analysis on the nucleotide (nt) sequences of their coat protein (CP) genes, not 

only high genetic diversity but also a new PSbMV introduction to the grainbelt was 
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identified. This new introduction consisted of isolates that fell into phylogenetic group Aiii 

and were from PSbMV-infected cv. Gunyah and Twilight crops. These two cultivars were 

released concurrently in 2010, so it is likely that the new PSbMV introduction occurred 

when grainbelt field pea growers obtained these new seed-stocks. The only other previously 

sequenced Australian isolate in sub-clade Aiii was from Wagga Wagga, NSW (Wylie et al. 

2011). Originally, it was thought that the sbm2 gene, conferring resistance to pathotypes P-

2 and P-3, in cv. Gunyah would offer PSbMV resistance because P-2 was the only 

pathotype found previously in the grainbelt. However, as cv. Gunyah frequently turned out 

to be PSbMV-infected, it became clear that one or both of pathotypes P-1 and P-4 must be 

present.  

No infection was ever found in crops or plots of the sbm1-carrying (resistant to 

pathotypes P1 to P4) 2014 released cv. Wharton suggesting its resistance may currently be 

effective against PSbMV strains present in the region. However, when plants of cvs 

Wharton and Yarrum (also sbm1-carrying) were challenged by double mechanical 

inoculation with PSbMV isolate W1, a small proportion of plants of each cultivar became 

infected. Thus, their resistances were likely overcome when a culture that had been 

passaged many times in the glasshouse was used. Such breakdown could happen in the 

field if (i) further introductions occur and genetic diversity increases, and (ii) a monoculture 

of sbm1-carrying cultivars is sown, imposing a strong selection pressure on the virus to 

overcome this gene. Alternatively, these cultivars might be impure due to presence of a 

small proportion of contamination with a susceptible field pea cultivar. However, there was 

no evidence of such contamination when cv. Wharton was grown in NVT trials in close 
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proximity to a wide range of cultivars with high PSbMV incidences as it never became 

infected, despite the intense PSbMV epidemics occurring in nearby plots.   

An additional finding was that cv. Twilight was partially resistant to PSbMV 

infection. Such resistance is likely to be polygenically controlled (Hampton 1980). Ideally, 

breeding programs should develop new field pea cultivars with a mix of single gene and 

polygenically controlled quantitative resistance. In the future, this type of research I 

undertook will be required again in the grainbelt when additional new cultivars are released 

and new PSbMV strains that overcome sbm gene resistance are introduced inadvertently. It 

is also needed in other field pea growing regions worldwide. Furthermore, with the advent 

of Next Generation Sequencing, complete genomes of PSbMV isolates should be 

sequenced and made available internationally. More complete genome sequences are also 

needed so that increased understanding of the relationships, if any, between biological 

classification and phylogenetic PSbMV strain grouping systems can be obtained.  

8.2.2. Seed fractionation as a control measure 

In the absence of therapeutic chemicals which control plant viruses directly, integrated 

disease management (IDM) will continue to be crucial to optimise PSbMV control. 

Therefore, a combination of novel control measures and on-farm diagnostics should 

continuously be identified, investigated and validated as these can add to the cumulative 

strength of an IDM program. In the study presented in Chapter 3, we identified a potential 

new phytosanitary control measure for PSbMV infection in seed-stocks. PSbMV 

transmission rate from seed to seedlings was significantly higher in the <6.5 mm than >6.5 

mm fraction in currently sown cultivars. This finding suggests (i) seed-stocks can be sieved 

to decrease their content of PSbMV-infected seed and (ii) sieving a representative seed-
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stock sample through a 6.5 mm screen and weighing the small fraction may provide an 

initial warning of high infection levels. To confirm its effectiveness, its usefulness to the 

end-user needs to be demonstrated on a larger-scale using industrial-sized graders fitted 

with a 6.5 mm screen. As with any virus control measure, fractionation would be included 

into an IDM program thereby complementing other control measures that target different 

components of the disease cycle. Fractionation should also be investigated as a 

phytosanitary control measure for other seed-borne viruses around the world.  

8.2.3. Wind-mediated contact transmission  

In the study presented in Chapter 3, we investigated PSbMV contact transmission, a 

previously unexplored component of the PSbMV-field pea pathosystem. Firstly, we 

demonstrated that PSbMV has high stability in infective sap (up to 72 h) when rubbed onto 

leaves of healthy plants. This is a prerequisite virus characteristic for contact transmission 

to occur (Bawden 1964). This supported previous findings where indicator plants 

(Chenopodium amaranticolor) reacted to inoculation with diluted PSbMV-infective sap 

after long periods of incubation (Knesek et al. 1974). Next, as proof of concept, I 

demonstrated PSbMV contact transmission could occur when PSbMV-infected pea leaves 

were rubbed onto a leaves of healthy pea plants. Finally, I demonstrated that contact 

transmission of PSbMV from infected to healthy pea plants was mediated by simulated 

wind. This was done in the glasshouse using a pedestal fan to blow rows of healthy plants, 

containing a central PSbMV-infected plant. These findings resemble those of Sarra et al. 

(2004) on wind-mediated spread of RYMV in irrigated rice in glasshouse and field 

conditions. Wind generates friction between leaves causing small wounds that allow 

PSbMV to penetrate the wounded cells. In this study, this process was enhanced by the 
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presence of an abrasive suggesting airborne dust and sand particles may play a role in 

increasing wounding and therefore PSbMV spread in the field. Further research could use 

sand or dust to provide evidence that these can act similarly in the glasshouse and field 

enhancing PSbMV spread further. To achieve this in the field with the PSbMV-field pea 

pathosystem, research needs to be undertaken that reflects its occurrence under natural 

conditions. This could be done using high-powered fans blowing small field plots (i) 

sheltered by aphid-proof netting, or (ii) each containing an infector plant infected with a 

non-aphid-transmissible PSbMV isolate.  

An incidental finding from this study was that wind-mediated contact transmission 

of PSbMV occurred almost exclusively under cool conditions (14 to 20°C). This is 

presumably due to the higher virus titre exhibited by a cool-season adapted virus being 

absent at higher temperatures and so being insufficient to contact transmission to occur. 

Further research could confirm this by using controlled environment rooms to enable 

specific temperature-varied treatments in simulated wind experiments. 

This study, along with those demonstrating contact transmission of other 

potyviruses such as ZYMV (Coutts et al. 2013) and PVY (Wintermantel 2011; Coutts and 

Jones 2015), strongly suggest this mode of transmission needs to be investigated with many 

other pathosystems, especially those involving viruses with high stability and reach a high 

titre in the host plant. Under climate change scenarios increased wind speeds are anticipated 

in the future so wind-mediated contact transmission is likely to increase in importance 

(Jones 2016). 
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8.2.4. Transmission efficiencies of predominant aphid species and their alighting 

preferences 

In the study presented in Chapter 4, the vector transmission efficiencies and alighting 

preferences of five aphid species commonly associated with the PSbMV data collection 

blocks were examined. Previously, only limited information was available on the PSbMV 

transmission efficiency of individual aphid species. The most extensive study, published in 

1971, examined the differences in transmission efficiencies between two PSbMV strains 

among different biotypes of M. persicae, M. euphorbiae and A. pisum, and their alate and 

apterate forms. Significant differences between biotypes of the same species indicated that 

their results did not provide a reliable estimation for grainbelt biotypes (Gonzalez and 

Hagedorn 1971). My study demonstrated the transmission efficiencies of grainbelt biotypes 

of five different aphid species (A. craccivora, A. kondoi, L. erysimi, M. persicae and R. 

padi) comprehensively, two of which (A. kondoi and L. erysimi) were previously unknown 

to transmit PSbMV. Establishing PSbMV transmission efficiencies of other significant 

grainbelt aphid species likely to occur where field pea crops are grown, such as B. 

brassicae, R. maidis, Therioaphis trifolii and A. pisum (Berlandier et al. 1997), would 

contribute further to our expanding knowledge of this pathosystem.  

Vector manipulation had never been explored with the PSbMV-pea pathosystem. Our 

results suggest that non-viruliferous alatae of R. padi are attracted to PSbMV-infected 

plants. Also, after 24 h of exposure to infected plants, they changed their landing preference 

to healthy plants. Despite its low transmission efficiency, such a ‘pull-push’ mechanism 

would enhance the ability of R. padi to transmit PSbMV to a greater number of plants in 

the field. Due to its abundance this is likely to be important. Conversely, M. persicae alatae 
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were repelled by PSbMV-infected pea plants preferring to land on healthy plants at all 

times. Volatile analysis suggested that PSbMV-induced volatile organic compound (VOC) 

profile alterations are responsible for R. padi attraction to infected plants, and M. persicae 

repulsion. Future research into the potential virus-vector relationships of this pathosystem 

would constitute an extremely interesting field of investigation that could open up new 

avenues to achieving virus control. These include: 

 Elucidate the mechanisms behind aphid attraction or repulsion involving PSbMV-

infected plants, such as the use of dual-choice bio-assays (e.g. Carmo-Sousa et al. 

2013) and then isolating the cues responsible (e.g. Rajabaskar et al. 2013). 

 The use of electro-penetration graphs to monitor aphid probing behaviour 

differences between PSbMV-infected and healthy pea plants, as done previously 

with A. gossypii in the CMV-cucumber pathosytem (Carmo-Sousa et al. 2013). 

 The likelihood that vector related stresses induce major switches in behaviour of 

viruses in planta affecting virus transmission efficiencies by insect vectors 

(Gutierrez et al. 2013). 

 The impact of plant age and time of inoculation on PSbMV-induced VOC 

alterations and aphid arrestment, as demonstrated with M. persicae in the PLRV-

potato pathosystem (Werner et al. 2009) 

 The possibility of environmentally dependent host-pathogen and vector pathogen 

interactions, e.g. drought enhancing acquisition and transmission of viruses (Davis 

et al. 2015; Blanc and Michalakis 2016). The effect of drought is particularly 

relevant to the grainbelt which is experiencing a drying climate resulting from 

climate change. 
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 Influence of previous experience of aphids on aphid feeding behaviour, i.e. do 

intrinsic characteristics of the aphid’s original host affect its ability to transmit a 

virus of a different host species (Ramirez and Niemeyer 2000).  

8.2.5. Comprehensive epidemiological information 

In the study presented in Chapter 6, providing 23 unique PSbMV epidemic scenarios, 

arising from sowing field pea data collection blocks at five locations over a six year period, 

allowed us to make informed deductions over primary and likely secondary 

epidemiological drivers.  

 Two primary drivers were identified: (i) PSbMV infection levels in seed sown and 

(ii) total March and April rainfall which dictated date of first aphid arrival. These findings 

confirmed previous research by Coutts et al. (2009) showing that seed infection levels 

determined the magnitude of primary PSbMV inoculum for spread by aphids. Originally, to 

isolate the impact of climatic factors, it was intended to sow each field pea data collection 

blocks with a uniform seed infection level as done previously with CMV in narrow-leafed 

lupin (Thackray et al. 2004). The data obtained would then complement the PSbMV data 

generated by Coutts et al. (2009). However, during this study, logistical issues prevented 

attainment of seed-lots with uniform PSbMV infection levels for sowing. Consequently, 

seed-lots with a wide range of PSbMV seed infection levels had to be used instead. For the 

PSbMV-pea pathosystem in the grainbelt, trapping aphids on yellow sticky traps allowed 

me to establish the relationship between March and April rainfall and first aphid arrival 

found in previous work for other pathosystems (Thackray et al. 2004, 2009; Maling et al. 

2008, 2010). Large amounts of March and April rainfall (>60 mm) support high quantities 

of background vegetation and the aphid populations that colonise it. 
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In addition to primary drivers, secondary epidemic drivers were identified with 

varying strength of support. Our data illustrated the risk of PSbMV spread before flowering 

arising from sowing too late so exposing the pea crop to PSbMV epidemics at the 

vulnerable early growth stage. Additionally, there were a few situations in which spread 

occurred in the absence of aphids being detected and when a sharp increase in PSbMV 

spread preceded a corresponding increase in aphid numbers. This suggested early wind-

mediated contact transmission could have been expanding initial PSbMV infection foci 

before aphid arrival in the data collection blocks. Furthermore, the data collection blocks 

provided preliminary evidence of the partial resistance of cv. Twilight operating in the field 

supporting data presented in Chapter 2, and the impact of sowing into stubble decreasing 

landing rates of aphids supporting previous research with the BYMV-narrow-leafed lupin 

pathosystem (Jones 1994; Jones 2001).  

Importantly, the field pea data collection blocks generated data for development of 

an empirical PSbMV forecasting model. In the future, similar work of this kind should 

strive to use more reliable aphid trapping techniques than two-sided yellow sticky traps. 

These were not fixed in place so they were susceptible to movement by wind currents and 

therefore may have underestimated aphid numbers flying over the crop. Also, their yellow 

colour attracts some species but not others, affecting the mix and numbers caught. Green 

tile traps are more reliable as they remain in constant orientation regardless of wind 

direction, preserve aphid specimens for better species identification. These have coloured 

tiles that resemble the colour of the pea crop so they do not distort aphid numbers. This will 

provide a more accurate representation of true estimation of the background aphid 

population and migrant aphid alatae landing in the crop. Also, the use of 360° cylindrical 
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sticky traps would be useful as they do not move in the wind and bias the aphid numbers 

caught. 

8.2.6. Forecasting model for epidemics 

As mentioned at the beginning of this chapter, following comprehensive initial attempts at 

adapting data from field pea blocks to the CMV-narrow-leafed lupin mechanistic/empirical 

hybrid model template, I decided to employ a more empirical approach to use the data best 

(see Chapter 7). The aim was to develop an accurate model to inform a DSS that delivers 

management recommendations in a convenient manner. Using this approach, I calibrated a 

forecasting model using field pea block data and replicated field experiment data from 

Coutts et al. (2009). By identifying primary and secondary variables based on deductions 

about PSbMV epidemiology (see Chapter 6), I was able to develop such a model that 

predicts PSbMV crop incidence in late-August (just prior to flowering) using seed infection 

level and pre-sowing rainfall data. The model explained 94% of variation and had just a 4% 

mean absolute error following ‘leave-one-out’ cross validation. This demonstrates its 

potential as a predictive tool for use in field pea production in the future. For decision 

support, we extrapolated this predicted incidence to a measure of ‘risk’, based on yield loss 

data from Coutts et al (2009). Furthermore, we demonstrated that marginal costs and 

benefits of PSbMV control was highly dependent on expected crop value.   

 A successful delivery system for pea blackspot disease forecasts (Salam et al. 2011) 

is already established and widely employed by end-users Western Australian and South 

Australian pea-growing regions. We were able to collaborate with its developers to 

incorporate our PSbMV forecasting model and DSS. Pea blackspot disease DSS 

subscribers will receive an SMS in February each year to remind them to get representative 
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samples of their seed-stocks to be sown tested for PSbMV infection. Testing representative 

samples of growers’ seed-stocks for PSbMV is vitally important and will be communicated 

as such. Additionally, subscribers will be informed over what constitutes a PSbMV 

infection level that is (i) too high for any risk scenario, (ii) risk dependent or (iii) acceptable 

to sow in any risk situation. They can then make an early decision to source new healthier 

seed for sowing or a PSbMV resistant field pea cultivar. Following this, in mid-May, a 

location-specific risk forecast SMS will be sent to subscribers. For example: 

 Scaddan - HIGH risk: sow seed with <0.5% PSbMV infection and use cultural 

control package, or sow cv. Wharton. 

 Grass Patch – MEDIUM risk: sow seed with <2% PSbMV infection. Use cultural 

control package, especially if using seed with 1 to 2% infection.  

 Salmon Gums – LOW risk: sow seed with <5% infection. Sow using agronomically 

best practice. 

As mentioned above, the pea blackspot model delivery system has had great success 

leading to its longevity and sustainability. Years of work went into not only developing it 

but also its extension with close attention paid to the method and timing of its delivery. In 

the case of PSbMV infection in grainbelt field pea crops, growers would be unlikely to 

have sufficient time to use a web-based model application on their PC. In contrast, growers 

are more likely to be willing to do this with some other diseases affecting more widely 

sown crops. Also, it is important to communicate how control measures actually work to 

growers. Combined with tangible benefits, this helps build trust in forecasts. Furthermore, 

the successful adoption of a DSS is maximized by its cohesion with the overall disease 

management and agronomic package for the crop in question rather than its isolated 
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delivery (Jones et al. 2010). Combining the PSbMV model forecast delivery with those 

currently established for pea blackspot disease greatly enhances its exposure and thus its 

likelihood of success. Future plant virus epidemic modelling must take into account that 

successful delivery relies on a sound understanding of the farming system. The importance 

of a given virus disease in relation to the overall farming system should reflect the 

expansiveness of model delivery. 

8.3. Closing remarks 

PSbMV was identified approximately 50 years ago, yet the disease it causes still presents a 

widespread disease problem in field pea growing regions, such as the south-west Australian 

grainbelt. Integrating research results into sustainable practice is vitally important for 

continued field pea industry improvement. When research is not implemented into practice, 

the benefits that excellent research provides remain unrealised. This is especially pertinent 

when problems are not perceived to be as significant as they actually are. PSbMV infection 

in field pea crops is one such example because many growers are either unaware of it, or 

underestimate its significance and assign it a low priority. This is predominately due to 

PSbMV causing subtle observable symptoms and being misdiagnosed for other causes, i.e. 

nutrient deficiencies and water logging. Furthermore, field pea is grown as a rotation crop 

in the grainbelt. A large part of its purpose is to provide nitrogen benefits, and fungal 

disease and weed breaks, to subsequent wheat, barley and canola crops. However, through 

simple economic analysis it is obvious that ignoring PSbMV is financially irresponsible. 

For example, with just 10% of yield lost to PSbMV over 1000 ha of field pea crop in an 

area with a yield potential of 4 t/ha means losses of $200/ha will occur ($200,000). This is a 

considerable amount, if not the entirety, of the grower’s pea crop profit margin. If adequate 
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attention is paid to its delivery and longevity, the DSS developed in this project will 

increase grower awareness of the disease PSbMV causes and support management 

approaches that prevents heavy losses from epidemics, thereby increasing field pea 

production, area sown and overall profitability.  
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2016     Rottnest Postgraduate Summer School, School of Plant Biology, UWA Oral 

Presentation: Pea seed-borne mosaic virus: stability in sap and contact transmission   

2016    PhD exit seminar. Held at University of Western Australia. Oral presentation: 

Understanding, forecasting and managing Pea seed-borne mosaic virus in field pea. 

Extension articles: 

2015    GRDC Crop Updates. B.S. Congdon, B.A. Coutts, M. Renton and R.A.C. Jones, 

2015. Developing a forecasting model for Pea seed-borne mosaic virus epidemics 

in field pea crops. (Available online)  

2016    GRDC Grains Research Updates B.S. Congdon, B.A. Coutts, M. Renton and R.A.C. 

Jones, 2016. Pea seed-borne mosaic virus: occurrence and management in field pea 

crops in Western Australia. (Available online).  




