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Abstract 

Pea black spot is the most devastating disease in field pea, causing yield loss up 

to 30 – 75%. The disease is caused by a complex of pathogens including Didymella 

pinodes, Phoma pinodella, Ascochyta pisi, and some other fungi recently found to be 

associated it, i.e. P. koolunga, P. herbarum, Boerema exigua var. exigua, and P. 

glomerata. Until now the progress in developing field pea varieties with effective 

resistance to the black spot complex has been slow, and no major genes for resistance 

have been identified for resistance against black spot. 

 Disease surveys carried out across pea-growing regions of Western Australia in 

1984, 1987, 1989, 1996, 2010, and 2012 revealed that composition and relative 

incidences of each of the pathogens in the black spot complex changed over time and 

across locations. During the surveys, four new pathogens associated with black spot 

symptoms on leaves or stems, i.e., P. koolunga, P. herbarum, Boeremia exigua var. 

exigua, and P. glomerata, were confirmed. D. pinodes was the predominant species in 

most years and locations. P. pinodella and P. koolunga also predominated at some 

particular times and locations, while A. pisi was not identified throughout the surveys, 

despite being reported in Western Australia in 1912 and again in 1968 and commonly 

associated with pea black spot in other states of Australia and elsewhere.  

 Field screening results of F8 and F9 derived lines for resistance against the black 

spot complex confirmed that some lines developed in the Australian breeding program 

show improvement in resistance over cultivars. These lines are an important source of 

resistance to be used to further enhance resistance in cultivars. The poor correlation of 

disease scores between years was likely related to the changing dynamics of the 

composition of the pathogens involved in the black spot complex. 
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 Studies under controlled environmental conditions, undertaken to assess resistance 

of 40 pea genotypes against D. pinodes, P. pinodella, and P. koolunga on both leaves and 

stems, highlighted how host resistance on field pea was largely dependent upon the 

individual test pathogen and whether the test was on stems or leaves. P. koolunga was found 

to cause significantly more severe stem disease than either D. pinodes or P. pinodella. 

Further, for the first time, host resistance on leaves and stems against P. koolunga was 

identified in these studies. The few genotypes found to possess resistance against more than 

one pathogen of the black spot complex, and those with combined resistance for leaves and 

stems will be of particular significance to pea breeding programs. 

D. pinodes, P. pinodella, and P. koolunga, the three well recognized devastating 

pathogens of field pea on leaves and stems, cause significant disease on epicotyls and 

roots. All isolates of D. pinodes caused consistently severe disease on epicotyl, tap root 

and lateral roots. In spite of variable levels of disease on epicotyls, isolates of P. pinodella 

also showed consistently high levels of disease on lateral and tap roots. For the first time, 

P. koolunga was shown to cause epicotyl and root disease on field pea, but less severe 

than that caused by D. pinodes and P. pinodella. Some isolates of P. koolunga caused 

severe disease on tap roots, similar to those caused by the two most virulent isolates of 

D. pinodes. The combination of all three tested pathogens, i.e. D. pinodes, P. pinodella, 

and P. koolunga, also caused particularly severe disease on epicotyls, lateral and tap roots. 

Histological studies investigating the early stages of the P. koolunga infection 

process were carried out on stems and leaves of resistant and susceptible pea genotypes 

across different time points. P. koolunga conidia could infect stem and leaf tissues either 

directly following formation of appressoria or via penetration through stomata, but there 

were more infection sites involving formation of appressoria on stems than on leaves. On a 

resistant genotype, P. koolunga conidia were found to penetrate mostly via stomata rather 
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than via formation of appressoria on leaves, while no preferred mode of infection was 

observed on stems. In contrast, for susceptible genotypes, the preferred mode of infection 

on both leaves and stems was direct penetration via appressoria formation. P. koolunga 

conidia germinating on both stems and leaves of the resistant genotypes had shorter germ 

tube lengths than those inoculated on susceptible genotypes. Fewer germ tubes emerged 

from conidia on resistant than from those on susceptible genotypes.  

In summary, findings in these studies have provided, for the first time, the reasons 

for the lack of reports of durable and/or fully effective resistance against black spot on field 

pea. There are many challenges that pea breeders have to deal with if new varieties with 

effective resistance are to be developed. Firstly, despite the fact that the composition of 

pathogens involved in the black spot complex change over time and across locations, pea 

breeders in Australia and elsewhere have wrongly based breeding for black spot resistance 

on the assumption that D. pinodes is the primary and overriding pathogen of the black spot 

complex in all situations. Secondly, pea breeders have not known that relative host 

resistance to black spot disease in field pea is not determined by responses to single 

pathogens, and that there are different resistances for leaf and stem. Thirdly, pea breeders 

have not known the important role of pathogens in black spot complex in being able to 

cause significant disease on epicotyls and roots, nor have they understood that there 

generally are different resistances associated with epicotyl and root to those on leaf and 

stem. A major outcome of these studies was to demonstrate for the first time, differences 

of the infection process of P. koolunga on stems versus leaves, as well as resistant against 

susceptible pea genotypes. These studies have provided the first understanding of the 

mechanisms of resistance operating in leaves and stems of field pea against P. koolunga, 

providing a foundation for future studies investigating the functioning of resistance 

mechanisms at a molecular and proteomic level against P. koolunga.  
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Concept and aims of work 

Black spot is a devastating disease on field pea, which has been also referred to 

as Ascochyta blight or Mycosphaerella blight. A complex of pathogenic fungi, belonging 

to the phylum Ascomycota, are reported to be the causal agents of the disease, including 

Ascochyta pinodes (teleomorph: Didymella pinodes, previously known as 

Mycosphaerella pinodes), Phoma pinodella (syn. Phoma medicaginis var. pinodella 

formerly known as Ascochyta pinodella), and A. pisi, (Onfroy et al. 1999; Davidson and 

Kimber 2007; McDonald and Peck 2009; Salam et al. 2011). It has been widely accepted 

that D. pinodes is the most important and damaging of the pathogens involved in the pea 

black spot complex (Bretag et al. 2006; Tivoli and Banniza 2007). In addition, recently 

there have been several additional pathogens reported to be associated to pea black spot, 

viz. Phoma koolunga (Davidson et al. 2009), Phoma herbarum (Li et al. 2011) Boerema 

exigua var. exigua (Li et al. 2012), and Phoma glomerata (Tran et al. 2013). 

There have been several approaches utilized to control pea black spot, including 

removal or avoidance of inoculum sources, seed treatment, utilizing available host 

resistance, sowing disease-free seed, manipulating sowing date to avoid the major 

ascospore showers, and application of fungicide sprays (Wallen et al. 1967; Warkentin et 

al. 1996; Warkentin et al. 2000; Bretag et al. 2006; Davidson and Kimber 2007). 

However, there are deficiencies in each of the mentioned control strategies in terms of 

their ability to reliably and successfully control black spot in field pea. For example, for 

the avoidance of inoculum sources, infested pea trash can be either burned or buried, but 

this does not completely eliminate the inoculum, instead rather minimising the amount of 

residues remaining on the soil surface and with overall negative environmental 

consequences (Davidson and Kimber 2007). Similarly, delaying sowing date by two to 

four weeks can greatly reduce the risk of severe infection by ascospore showers released 
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from crop residues in the early season (Peck et al. 2001). However, delayed sowing can 

also significantly decrease yield from the shorter growing season imposed on the field 

pea crop (Heenan 1994; Hwang et al. 2012). Again, seed treatment, while useful in 

reducing black spot severity, often provides only an inadequate and/or inconsistent level 

of black spot control, particularly in situations where black spot epidemics are 

overridingly driven by air-borne rather than seed-borne inoculum (Hwang et al. 1991; 

Bretag et al. 2006; Davidson and Kimber 2007; Gossen et al. 2011). Also, implementation 

of the required crop rotations can be restrictive in terms of overall farm profitability and 

may not sufficiently reduce the incidence and severity of black spot in areas where pea 

crops are grown frequently and where the disease is endemic (McDonald and Peck 2009). 

Even where fungicide sprays are utilized, multiple applications are required to attain 

significant disease suppression such that application of foliar fungicides are not 

economic in many commercial pea production situations (Davidson and Kimber 

2007); e.g., economic only in field pea crops yielding over 2 t/ha (McMurray et al. 

(2011). When the shortcomings of the above control measures are considered, it is 

clear that development and deployment of resistant cultivars is the most feasible and 

cost-effective long-term strategy for controlling black spot. Until now there have not 

been reports of high levels of or complete resistance to black spot in field pea despite 

considerable effort and resources targeting breeding of resistant field pea varieties 

against the black spot complex (Xue and Warkentin 2001; Zhang et al. 2006; 

Fondevilla et al. 2011; Khan et al. 2013; Tayeh et al. 2015). Hence, if significant 

progress is to be made towards better management of black spot in field pea, it is 

essential to find the answers as to why pea breeders have been struggling to make 

progress with developing new pea varieties that are more resistant to black spot. To 

resolve these latter questions, the following literature search and research investigations 

were undertaken and have been included in this thesis as follows: 
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1. Review of the literature on black spot disease on field pea. 

2. Chapter reporting the changes in composition and relative incidences of 

pathogens within the black spot complex as isolated from diseased pea 

samples collected at different time and locations in Western Australia.  

3. Chapter presenting results of field screening of F8 and F9 derived pea lines 

for resistance against black spot.  

4. Chapter showing the relative leaf and stem resistance responses of 40 different 

field pea genotypes against three important pathogens associated with black 

spot, i.e. D. pinodes, P. pinodella, and P. koolunga. 

5. Chapter determining the relative importance of the three black spot pathogens, 

i.e. D. pinodes, P. pinodella, and P. koolunga, in causing epicotyl and root 

disease on two field pea varieties that differed in leaf and stem resistance 

against these same pathogens. 

6. Chapter investigating the early infection processes of P. koolunga on leaves 

and stems of resistant versus susceptible pea genotypes. 

7. General Discussion, including overall main conclusions and suggestions for future 

research.
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Literature review 

1.   Field pea and production  

Field pea (Pisum sativum L.), like other leguminous plants, is a valuable crop not 

only for human nutrition but also livestock feeding (Beeck 2006). Pea seed provides an 

important source of proteins and an exceptionally varied nutrient profile (Burstin et al. 

2011). Further, it is also an essential component of sustainable cropping systems where it 

is utilised as a means to fix nitrogen for its own uses and for the benefit of rotational 

crops, reducing the amount of nitrogen fertilizer needing to be purchased by farmers 

(Beeck 2006; Jensen et al. 2012; Nemecek et al. 2008). In addition, when rotated with the 

other crops, field pea can provide an effective disease-break in the disease cycles of some 

pathogens (Davidson and Kimber 2007).  

According to Lev-Yadun et al. (2000), field pea was domesticated approximately 

10,000 years ago originating from the Middle East and spreading from Abyssinia 

and Afghanistan to various parts of Europe and Asia (Cousin 1997). Today, pea 

is cultivated across most regions of the world. According to data recorded since 

1961 from FAOSTAT (2015), > 100 countries produce field pea. World field pea 

production peaked in 1990 at approximately 16.6 million tonnes (Tg), with the 

largest producers being USSR (7.7 Tg), France (3.6 Tg), and China (1.7 Tg). 

However, by 2010, production dropped to < 10.2 Tg (FAOSTAT 2015). In 2013, 

total world field pea production was almost 11 Tg with the largest producer being 

Canada (3.8 Tg) (FAOSTAT 2015). 

In Australia, from 1961 to 1983, field pea production was < 39,000 tonnes. In 

1986 the production increased dramatically to 512,631 tonnes but has since fluctuated 

wildly. The 2013 data from FAOSTAT (2015) showed that Australia ranked in sixth place 
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in field pea production (269,750 tonnes), after Canada (3,849,300 tonnes), China 

(1,380,000 tonnes), USA (708,512 tonnes), India (600,000 tonnes), and France (498,940 

tonnes), (FAOSTAT 2015). 

Throughout the world, there are thousands of pea cultivar that can be classified 

according to their usage (Cousin 1997), i.e. field peas, market peas, vining peas, and dried 

peas. In contrast to the green vegetable pea, field pea is described as a crop for broad acre 

cultivation for dry seed production (Beeck 2006). Field pea varieties can be classified by 

seed type and plant type (Department of Agriculture and Food Western Australia 2012). 

Based on the differences of seed shape, seed coat and cotyledon colours, there are four 

main groups of field pea varieties grown in Australia i.e. Blue, Dun, Maple, and White 

(Pulse Australia Limited 2012). In Western Australia, only Dun and White varieties are 

grown (Department of Agriculture and Food Western Australia 2012). “Conventional” 

and “semi-leafless” are also two important characteristics for the classification of field 

pea, with several genes controlling leaf area (Cousin 1997). These include the ‘af’ gene 

in ‘semi-leafless peas’ that contributes to the shifting from leaflets to tendrils; ‘af’ and 

‘st’ genes that in combination result in ‘leafless peas’; the ‘st’ gene, alone, that brings 

about reduced stipules (Cousin 1997). 

2.   Yield losses, black spot disease cycle, epidemiology and disease control 

Black spot is a disease known by several different names, including ascochyta 

blight, mycosphaerella blight, and black spot; for the purposes of this thesis, the disease 

will be referred to as black spot. Black spot is caused by one or more of a complex of 

pathogenic fungi belonging to the phylum Ascomycota, including Ascochyta pisi, 

Ascochyta pinodes (teleomorph: Didymella pinodes), Phoma pinodella (syn. P. 

medicaginis var. pinodella) that was latter formerly known as Ascochyta pinodella, and 

an additional Phoma species, P. koolunga shown to be important solely in Australia 
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(Beeck 2006; Davidson et al. 2009; Davidson and Kimber 2007; Davidson and Ramsey 

2000; Liu et al. 2013; McDonald and Peck 2009; Onfroy et al. 1999; Salam et al. 2011b; 

Salam et al. 2011c). Teleomorph stage of A. pinodes has historically also been referred 

to as Mycosphaerella pinodes. However, based on the investigation of evolutionary 

relationships among a worldwide sample of Ascochyta fungi from wild and cultivated 

legume hosts, Peever et al. (2007) found that A. pinodes clustered with Didymella species 

and not with the original genus. i.e., Mycosphaerella. Therefore, these authors proposed 

using the name Didymella pinodes to describe the fungus and this is generally becoming 

the name used, but not universally. Among the pathogens in the complex, D. pinodes is 

accepted as the most important and damaging of the pathogens involved (Bretag et al. 

2006; Moussart et al. 1998; Tivoli and Banniza 2007). In fact, D. pinodes is the dominant 

and most important pathogen in the black spot complex in Canada (Gossen et al. 2011), 

southern Australia (Bretag 1991), and even in France (Tivoli and Lemarchand 1992), 

despite A. pisi also co-occurring in southern France (Onfroy et al. 2007).  

2.1. Yield losses 

Black spot is a major constraint to pea production in Australia (Bretag et al. 1995; 

Davidson and Ramsey 2000) and worldwide (Bretag et al. 2006). Maximum yield loss 

caused by the disease ranges from 30 – 75% in Australia, France, and Canada (Kaiser et 

al. 2000; Roger et al. 1999b). In Canada, average yield losses are in the order of 10%, but 

can be > 50% in some situations (Xue et al. 1997). In many pea crops in Australia, the 

minimum yield loss is > 10% (Bretag et al. 2006; McDonald and Peck 2009). In Western 

Australia, Salam et al. (2011c) estimated yield loss due to black spot at up to 50%.  

Yield loss is a consequence of decreased seed number and/or seed weight (Garry 

et al. 1998; Tivoli et al. 1996; Xue et al. 1997). Both are reduced by severe black spot 

either on leaves or on internodes of basal plant parts (Tivoli et al. 1996), with seed weight 
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loss up to 20% where there was early infection and severe disease (Beasse et al. 1999). 

Using fungicide control experiments to investigate yield differences between field pea 

with and without disease, Bretag et al. (1995) found that disease severity was positively 

correlated with reductions in grain yield, with reductions of 5 – 6% in grain yield for 

every 10% of stem area affected by disease across the first 10 internodes of the main 

branch (Bretag et al. 1995). Further, Salam et al. (2011b) showed that a yield loss from 

black spot of 10.3% is predicted per unit of disease severity rated on a 0 to 5 scale, where 

5 means most severe disease. In addition, different environmental, varietal and 

geographical scenarios have become a focus in yield loss prediction, such that the level 

of infection on the leaves can be used to predict the level of infection at 48 days after 

sowing as precisely as later in the season (McDonald and Peck 2009). 

2.2. Disease cycle and epidemiology 

Black spot is a polycyclic disease (Davidson and Kimber 2007). Primary infection 

of pea black spot pathogens usually starts with very small “pin-prick” lesions or flecks 

on the leaf surface after rain events of as little as 0.2 mm or in humid conditions (Beeck 

2006; Bretag et al. 2006; Salam et al. 2011b). Uninterrupted wet conditions can bring 

about coalescence of expanding lesions, and eventually senescence of the leaf (Beeck 

2006). In the case of D. pinodes, primary infection occurs in autumn and early winter 

when ascospores are released from pseudothecia on pea stubble (Davidson and Ramsey 

2000; Salam et al. 2011c). High humidity and rainfall and/or heavy dew are necessary for 

triggering the ascospore release (Schoeny et al. 2007). Davidson et al. (2013) stated that 

black spot was not observed in South Australia when winter rainfall was less than 50 mm. 

Ascospores are carried by wind and travel from 400 m to 2 km (Lawyer 1984 cited by 

Davidson et al. 2006; Davidson and Ramsey 2000). In contrast, water splashed conidia 

of D. pinodes, P. pinodella, and A. pisi infect only the immediately surrounding plants 
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(Bretag et al. 2006). After the primary infection, by 2 to 4 days (D. pinodes and P. 

pinodella) or by 6 to 8 days (A. pisi), symptoms are generally present on leaves; and 

subsequently, where there is enough moisture, secondary inoculum is formed from newly 

developed sporocarps (Bretag et al. 2006). These conidia are secondary inoculum that is 

rain-splashed onto lower leaves enabling the disease to spread throughout the plant 

canopy (Beeck 2006; Bretag et al. 2006). Davidson et al. (2013) reported that there is a 

threshold number of ascospores of D. pinodes above which severity of black spot on field 

pea does not increase; when the number of ascospores is below the threshold, the 

relationship between numbers of ascospores and maximum disease intensity is linear. In 

addition, based on the assumption of Salam et al. (2011b), Davidson et al. (2013) 

confirmed that the timing of peak release of ascospores, and sowing date are the two 

primary factors affecting black spot disease in field pea in southern Australia. In other 

words, to limit development of epidemics of the disease, crops should be sown after the 

peak release of ascospores from the stubble exceeds the threshold for maximum disease 

intensity (Davidson et al. 2013). 

Chlamydospores of all three pathogens survive in soil and in infected pea stubble, 

especially so for P. pinodella (Davidson and Ramsey 2000; Zhang et al. 2005b). 

Chlamydospores are formed by transformation of either pycnidiospores or ascospores 

contained within pycnidia and pseudothecia, respectively, when infected pea straw is 

buried (Dickinson and Sheridan 1968). These soil-borne spores may bring about foot rot 

by infecting epicotyls and stem bases of seedlings via rain splash (Clulow et al. 1991a; 

Kraft et al. 1982). D. pinodes is less associated with the foot rot symptom than P. 

pinodella (Lawyer 1984 cited by Davidson and Ramsey 2000). A. pisi is not routinely 

associated with foot rot symptoms because of its poor saprophytic capacity and survival 

in the soil environment (Dickinson and Sheridan 1968). Besides chlamydospores, D. 
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pinodes and P. pinodella can also survive in soil previously cropped to peas for several 

years as sclerotia as well as dormant mycelia (Dickinson and Sheridan 1968; Peck et al. 

2001; Zhang et al. 2005b). According to McDonald and Peck (2009), soil inoculum of 

pea black spot declines at a rate of 15% per year, on average taking > 6 years for the 

inoculum to reduce by 90%. Therefore, it is suggested that an interval of 4 to 6 years 

between successive pea crops is necessary to manage the risk of black spot epidemics 

occurring from previous disease carryover (Davidson and Kimber 2007; Davidson and 

Ramsey 2000). In contrast, in warm and moist regions, 1 to 2 years of rotation interval is 

sufficient (Kaiser et al. 2000). Peck et al. (2001) demonstrated that the soil-borne source 

of inoculum remains infective longer than the stubble-borne inoculum, with infection 

caused by soil-borne inoculum slowly reducing over three years while infection from 

stubble rapidly reduced within one year. Wallen and Jeun (1968) stated that D. pinodes 

could be isolated from soil that had not been cropped to pea within 20 years, while P. 

pinodella could be similarly isolated but only for up to 5 years.  

It is well documented that some pathogens in the black spot complex can also 

cause epicotyl (mentioned as foot rot) and root rot on field pea (Bretag et al. 2006; Bretag 

et al. 2001; Persson et al. 1997). Bretag et al. (2006) reported that epicotyl rot symptoms 

caused by P. pinodella were identical to black spot symptoms appearing on stem and leaf 

attacked by D. pinodes; in both cases the symptoms initially beginning as small purple 

spots that then turn brown to black and extend upward and downward from the point of 

attachment. Both D. pinodes and P. pinodella were suggested as a possible cause of root 

rot on field pea grown in fields recently cropped to peas (Bretag et al. 2006). Furthermore, 

according to Bretag et al. (2001), there was a strong correlation between the level of soil-

borne black spot fungi and decline in yield; however, they not did not mention any 

particular pathogen in the complex as the cause of the disease. Nevertheless, there have 
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been many contradictory reports on the role of black spot pathogens in causing epicotyl 

and root rot. For example, both D. pinodes and P. pinodella have been reported to be 

‘non-virulent pathogens’ (Tu 1986, 1987, 1992) or ‘occasionally isolated from root’ 

(Persson et al. 1997). In contrast, D. pinodes and P. pinodella were reported to be 

prevalent root rot pathogens in the Netherlands (Oyarzun 1993), and the latter fungus was 

mentioned as one of the two most frequently isolated pathogens from pea roots in Sweden 

and Denmark (Persson et al. 1997). 

2.3. Control  

Various control strategies for black spot have been well documented (Bretag et al. 

2006; Davidson and Kimber 2007; Wallen et al. 1967a; Warkentin et al. 1996; Warkentin 

et al. 2000). In general, the most effective approaches employ a combination of removal 

or avoidance of inoculum sources, seed treatment, utilizing available limited host 

resistance, sowing disease-free seed, manipulating sowing date to avoid the major 

ascospore showers, and application of fungicides (Davidson and Kimber 2007).  

Inoculum avoidance: The best way to control black spot is by avoiding and/or 

reducing the amount of primary inoculum such as infected seed, infested pea trash, and 

soils (Bretag et al. 2006). Spore production on residue can be reduced by either burying 

or burning infected pea trash (Davidson and Kimber 2007; Peck et al. 2001), but this 

needs to be done carefully to minimise the amount of residues remaining on the soil 

surface (Gossen and Miller 2004). Due to environmental concerns, burning pea stubble 

has been restricted in most areas (Davidson and Kimber 2007). 

Seed infection: The importance of seed infection has been well established in 

Australia (Bretag et al. 2006). It is recommended that seed lots with < 30% infection can 

still be utilised (Bretag et al. 2006). Several fungicides are effective in reducing the effects 

of seed infection, e.g. thiram, orthocide, panogen, spergon, benomyl, captan, and 
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thiabendazole (Gent 1988 cited by Bretag et al. 2006; Maude and Kyle 1970; Maude et 

al. 1969; Wallen et al. 1967a; Xue 2000). Seed can also be treated by immersing in hot 

water for a short period (Gadd 1950 cited by Bretag et al. 2006), but this is not practical 

on a large scale. Seed treatment can provide inconsistent control, most likely in situations 

where black spot epidemics are primarily driven by air-borne inoculum rather than seed-

borne inoculum in Australia (Davidson and Kimber 2007); which was also demonstrated 

for western Canada (Hwang et al. 1991; Gossen et al. 2011). It is clear that seed infection 

is of low relative importance in situations where there is an abundance of infested pea 

residue in close proximity to newly sown pea crops. Nonetheless, controlling seed 

infection remains important where levels of seed infection are high, e.g. in Ethiopia it is 

reported that levels of seed infection with D. pinodes are up to 70% (Gorfu and Sangchote 

2005).  

Manipulation of sowing date: Changing sowing date targets avoidance of the 

main period of peak airborne ascospore showers (Bretag et al. 2006; Davidson and 

Kimber 2007). Most ascospores land on earlier sown crops, leading to severe disease and 

the highest percentage of infected grain at harvest, (Davidson and Ramsey 2000). In 

Australia, delaying sowing by two to four weeks can greatly reduce the risk of severe 

infection by ascospore showers released from crop residues in the early season (Bretag 

1991 cited by Davidson and Kimber 2007; Peck et al. 2001). In addition, in late sown 

crops, epidemic intensity is reduced by the limitation of conidia cycles later in the season 

(Davidson and Kimber 2007). Nevertheless, in some situations, late sown crops still can 

be more severely infected by air borne spores emerging from infected plants in early sown 

crops nearby (Bhardwaj and Thakur 2000). The challenge with delayed sowing is that it 

can result in significantly decreased yield (Heenan 1994). For example, in Canada, 

Hwang et al. (2012) conducted field experiments that demonstrated that field pea seeded 
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later in the growing season had less severe symptoms of black spot in comparison to those 

seeded earlier, yet they found that late seeding reduced yield potential such that it offset 

the benefit of disease reduction. 

Crop rotation: Crop rotation with non-legume plants for a period of 3-6 years 

between successive pea crops is recommended (Bretag et al. 2006; Davidson and Ramsey 

2000; McDonald and Peck 2009). However, McDonald and Peck (2009) stated that 

implementing the required crop rotation can be restrictive and may not sufficiently reduce 

the incidence and severity of the disease in areas where there is a combination of nearby 

aerial inoculum as the primary source of infection, especially where pea crops are grown 

frequently, and the disease is endemic.  

Fungicide application: Foliar sprays of fungicides can be effective in 

controlling pea black spot in many countries (Bretag et al. 2006). Recently, several 

organic broad-spectrum fungicides, such as mancozeb or chlorothalonil, have been 

used successfully as foliar sprays to control this disease (Chongo et al. 2003; Jeger 

2004; Shtienberg et al. 2006; Warkentin et al. 1996; 2000). However, foliar fungicides 

are only economic in field pea crops yielding over 2 t/ha (McMurray et al. 2011). For 

this reason, foliar fungicides are not likely to be economic in many situations for 

commercial pea production in Australia (Davidson and Kimber 2007), as multiple 

applications are required to attain significant disease suppression (Bretag et al. 2006; 

Salam et al. 2011b). Efficacy of fungicide application, also depends on environmental 

conditions and the level of resistance of pea varieties (Shtienberg et al. 2006). Despite 

this, fungicide sprays are still widely used by pea growers in many regions, probably 

because of the potential agronomic yield penalty incurred from severely delaying 

sowing to prevent severe epidemics (McMurray et al. 2011; Salam et al. 2011c). There 

is a tendency for many growers to combine relatively early sowing with strategic 
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fungicide use (McDonald and Peck 2009). For the management of seed-borne root and 

foot rot diseases of field pea Gaurilcikiene et al. (2012) reported that seed treatment 

with a combination of fungicides, i.e. tebuconazole, thiram, triticonazole, and 

prochloraz, brought about significant reduction of the disease until flowering stage. 

Host resistance: Despite numerous studies, there have not been any reports on 

high levels or complete resistance to black spot in field pea (Ali-Khan et al. 1973 cited 

by Conner et al. 2012; Fondevilla et al. 2011; Kraft et al. 1998; Xue and Warkentin 2001; 

Zhang et al. 2006). According to Adhikari et al. (2014), the reasons of slow development 

of resistance germplasm include low level of resistance found in the available germplasm, 

poor reliability of screening methods and the polygenic nature of inheritance. These 

authors also highlighted a breeding method enhancing the level of resistance against black 

spot in field pea in southern Australia (Adhikari et al. 2014). In some commercial varieties 

and wild pea accessions, there have been some reports regarding partial resistance 

(Clulow et al. 1991b; Conner et al. 2007; Fondevilla et al. 2007; Wroth 1996; Xue and 

Warkentin 2001). While higher levels of resistance have been identified in wild Pisum 

species; the polygenic nature of resistance has made it challenging for such resistance to 

be utilised widely in breeding programs (Clulow et al. 1991c; Fondevilla et al. 2005; 

Wroth 1998). In addition, slow progress in developing more resistant varieties may be a 

result of both the failure of many breeding programs to combine available minor genes 

from numerous sources (Beeck 2006), and the challenges in identifying genes controlling 

resistance in wild varieties by traditional approaches (Fondevilla et al. 2011). However, 

a number of released pea varieties show a moderate level of resistance (Table 1). Im South 

Australia, alternative fungicides were tested to improve black spot control (McMurray et 

al. 2015). The tested fungicides (thiram, thiabendazole, chlorothalonil, azoxystrobin, 

bixafen + prothioconazole) showed greater efficacy, improved blackspot control and 
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significant yield increases over the control and mancozeb treatment (McMurray et al. 

2015)  

Quantitative Trait Loci (QTL) analysis has been employed to identify genomic 

regions involved in resistance to pea black spot (Table 2). Using composite interval 

mapping (CIM) and multiple interval mapping (MIM) in the recombinant inbred line 

(RIL) population derived from the cross P665 x Messire, Carrillo et al. (2014) also found 

quantitative trait loci for resistance to D. pinodes. According to Xue et al. (1998), in spite 

of the genetic variability within the population of D. pinodes, improving the levels of 

partial resistance would be a useful long-term strategy. Recently, by employing 

‘deepSuperSAGE’ transcriptome profiling, some genes involved in resistance against D. 

pinodes were identified by Fondevilla et al. (2014). The authors proposed that there are 

quite a large number genes contributing to resistance against D. pinodes in the wild pea 

accession P665, in which genes encoding protease inhibitors are activated, and the 

corresponding proteins may contribute to a lower penetration success. Associated single 

nucleotide polymorphism (SNPs) within candidate genes reported by Prioul-Gervais et 

al. (2007) were identified by Jha et al. (2015). The identified SNPs are useful in marker-

assisted selection strategies for the development of pea cultivars with improved disease 

resistance (Jha et al. 2015). 

Integrated Disease Management: Integrated disease management can 

improve disease control in comparison to a single control approach. A strategy 

suggested by McDonald and Peck (2009) was to combine relatively early sowing with 

fungicide application, enabling potential achievement of the dual goals of disease 

reduction and yield improvement. Modelling approaches have had a varied impact on 

practical disease management. Jeger (2004) stated that there is potential to better utilise 

models to predict epidemic outcomes and better evaluate control practices, while other 
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authors have demonstrated critical role of models in predicting and forecasting risks for 

growers (McMurray et al. 2011; Salam et al. 2011a; Salam et al. 2011c). Beasse et al. 

(2000) developed a model that could be utilised for disease management by defining 

damage thresholds for fungicide application and criteria for tolerant variety selection. 

Models enable a better way of evaluation and wider deployment of improved integrated 

disease management strategies (Khan et al. 2013). One of the most important components 

of integrated disease management is to deploy the best available resistant varieties. 

However, lack of high levels of host resistance makes this challenging. 

 

Table 1: Named pea varieties reported to have some resistance to D. pinodes 

Source: With permission from Khan et al. (2013) 

Named 
variety Country Reference 

Allround Germany Nasir and Hoppe (1997) 
Austrian 
Winter Pea 

USA, 
Australia Stuckey (1940), Wroth (1999) 

Baccara Canada Xue and Warketin (2001) 
Badminton Canada Hwang et al. (2006) 
Bravo Canada Hwang et al. (2006) 
Carman Canada Xue et al. (1996) 

Carneval Canada Wang et al. (2000), Xue and Warketin (2001), Banniza (2005), 
Hwang et al. (2006) 

CDC Striker Canada Banniza et al. (2005) 
Century Canada Ali-Khan et al. (1989) 
Champagne France Prioul et al. (2003) 
Danto Canada Xue and Warketin (2001) 
Express Canada Ali-Khan et al. (1989) 
Gome Germany Nasir and Hoppe (1997) 
Integra Canada Banniza et al. (2005) 
Jurand Poland Boros and Wawer (2009) 
Karina Germany Nasir and Hoppe (1997) 
Logan Canada Hwang et al. (2006) 
Majoret Canada Xue and Warketin (2001) 
Melrose France Prioul et al. (2003) 
Mieszko Poland Boros and Wawer (2009) 
Miko Canada Xue and Warketin (2001), Hwang et al. (2006) 
Montana Canada Wang et al. (2000) 
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Named 
variety Country Reference 

Radley Canada Xue and Warketin (2001), Zhang and Gossen (2007), Hwang et al. 
(2006), Kraft et al. (1998) 

Rondo Australia, 
Algeria Bretag (1989), Setti et al. (2009) 

Salute Canada Hwang et al. (2006) 
Tara Canada Zimmer and Sabourin (1986) 
Trend Germany Nasir and Hoppe (1997) 
Triumph Canada Zimmer and Sabourin (1986) 
Voyageur Canada Wang et al. (2000) 
Yellowhead Canada Xue and Warketin (2001) 

 

Table 2. Quantitative trait loci (QTL) in Pisum sativum associated with resistance to 

D. pinodes or Black spot disease that includes D. pinodes. QTL designations 

made by the authors of the respective studies and their maximum estimated 

effect sizes (R2) are indicated. Robust QTL that have been identified in 

multiple environments or populations are indicated in bold face type 

Source: Adapted from reviews of Khan et al. (2013) and Tayeh et al. (2015) 

Studies Original cross 
 

QTL (maximum R2) 
LG I LG II LG III LG IV LG V LG VI LG VII 

Timmerman-
Vaughan et 
al. 2002, 
2004 

A88 × Rovar 
(2002) 
A26 x Rovar 
(2004) 

Asc1.1 
(0.36) 

Asc2.1 
(0.19) 
Asc2.2 
(0.34) 

Asc3.1 
(0.16) 
Asc3.2 
(0.16) 

Asc4.1 
(0.10) 
Asc4.2 
(0.17) 
Asc4.3 
(0.13) 

Asc5.1 
(0.28) 

 Asc7.1 
(0.14) 
Asc7.2 
(0.13) 
Asc7.3 
(0.12) 

Tar’an et 
al.2003 

Carneval × 
MP1401 

 II 
(0.05) 

 IV 
(0.19) 

 VI 
(0.17) 

 

Prioul et al. 
2004 

JI296 × DP  mpII-1 
(0.06) 
mpII-2 
(0.09) 

mpIII-1 
(0.20) 
mpIII-2 
(0.09) 
mpIII-3 
(0.07) 
mpIII-4 
0.29) 
mpIII-5 
(0.11) 

 mpVa-
1 (0.11) 
mpVa-
2 (0.16) 

mpVI-1 
(0.20) 

mpVII-
1 (0.09) 
mpVII-
2 (0.08) 

Fondevilla et 
al. 2008, 
2011 

P665 × Messire  mpII.1 
(0.13) 

mpIII.1 
(0.29) 
mpIII.2 
(0.14) 
mpIII.3 
(0.52) 

mpIV.1 
(0.14) 

mpV.1 
(0.29) 

  

3.   The black spot pathogens 



 
Chapter 1 - 16 
 

3.1. Pathogens in the black spot complex 

The pathogens causing pea black spot belong to Ascomycota; they have 

worldwide distribution and are predominantly host-specific (Davidson and Kimber 2007). 

Besides the three well-known pathogens (A. pisi, D. pinodes, and P medicaginis var. 

pinodella), three other Phoma species have been recently found to be associated with the 

pea black spot complex in Australia, viz. Phoma koolunga (Davidson et al. 2009), P. 

herbarum (Li et al. 2011b), Boeremia exigua var. exigua (also known as Phoma exigua 

Desm. var. exigua) (Li et al. 2012) (Table 3), and P. glomerata (Tran et al. 2013). While 

lesions can include one or more of the above pathogens (Davidson et al. 2012), D. pinodes 

plays the major role in the disease complex (Bretag et al. 2006; Tivoli and Banniza 2007). 

Except for A. pisi, which was reported to be seldom isolated from infected pea plants in 

Australia (Davidson et al. 2009), DNAs of D. pinodes, P. pinodella, and P. koolunga were 

detected in soil collected from different states across Australia, e.g. New South Wales, 

South Australia, Victoria, and Western Australia (Davidson et al. 2011). Particularly, for 

P. koolunga, it is common to detect the fungus in soil in South Australia, but rarely in the 

other states, i.e. of the total 1,042 soil samples collected, 6% of P. koolunga incidence 

was observed in South Australia, while less than 3% incidence occurred in the other states 

(Davidson et al. 2011). According to Liu et al. (2013), D. pinodes and P. pinodella isolates 

were also found in Alberta, Canada, but there are no records of P. koolunga having been 

detected there.  
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Table 3: Basal and distinguishing characteristics of pea black spot pathogens 

Black spot 
complex pathogen 

Symptoms and diagnosis 
features 

Distinguishing 
features 

Reference 

Didymella pinodes 
(anamorph 
Ascochyta pinodes) 

Leaf: initially appears as small 
purplish black spots; enlarged 
lesions are round to oval in 
shape, and contain brown 
concentric rings 
 
Seed: either no symptom or 
range from shrinkage to dark 
brown discoloration; foot rot at 
the seed attachment position.  
 
Stem: coalesced lesions bring 
about blue-black appearance of 
the lower stem areas.  

 

The presence of 
pseudothecia  
 
Light buff spore 
masses on oat 
meal agar (OA) 
medium 

Koike et al. (2006); 

Bretag et al. (2006), 

Onfroy et al. (2007) 

Phoma medicaginis Symptoms similar to those 
caused by D. pinodes¸ but less 
severe on leaves, stems, and 
pods. More severe damage as a 
foot rot is usually observed.  

Light buff spore 
masses on OA 
 
Conidia are 
smaller than that 
of D. pinodes and 
A. pisi 

Koike et al. (2006); 

Bretag et al. (2006); 

Davidson et al. (2009), 

Davison and Ramsey 

(2000) 

Didymella pisi 
(anamorph 
Ascochyta pisi) 

Leaf: Lesions are sunken, tan 
to light brown, and surrounded 
by a darker or brown border. 
 
Stem: does not cause a foot rot 
symptom 

Small black 
pycnidia often 
appear on leaves 
 
Carrot red spore 
masses on OA  
 
Cannot 
overwinter or 
survive in soil 

Koike et al. (2006); 

Bretag et al. (2006); 

Chilvers et al. (2009) 

Phoma koolunga Leaf: lesions1-3 mm 
diameter, chlorotic or necrotic 

Pale coloured 
mycelia on malt 
agar 

 
Large aseptate 

conidia  

Davidson et al. (2009) 

B. exigua var. 
exigua 
 
 

Leaf: lesions1-3 mm 
diameter, brown  

N/A Jones et al. (2011); Li et 

al. (2012) 

Phoma herbarum Leaf: Pale brown lesions, 1.5 
- 2 mm, 1 to 1.5 mm wide 

Distinct 
chlorotic halo 
extending 1- 2 
mm outside the 
boundary of the 
lesion. 

 
Chlamydospores 

absent 

Li et al. (2011a) 

Kinsey (2002) 
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3.2. Reproduction of pathogens 

Didymella pinodes undergoes both sexual and asexual reproduction, with sexual 

production of pseudothecia discharging ascospores, and asexual formation of pycnidia 

exuding conidia (Bretag et al. 2006; Punithalingam and Holliday 1972). D. pinodes and 

P. medicaginis also produce chlamydospores able to survive in soil for a minimum of 5 

years (Wallen and Jeun 1968 cited by Davidson and Kimber 2007; Davidson and Ramsey 

2000). Under field conditions, the period from infection to formation of sporocarps is a 

minimum of 6 days for pycnidia and 13 – 14 days for pseudothecia, allowing multiple 

generations of fruiting body production within a short period of time (Jones 1927, cited 

by Bretag et al. 2006). Throughout the growing season, these two types of fruiting bodies 

develop on infected plants, and also after harvest on pea stubble and on infected volunteer 

pea plants (Bretag 1991, Bretag et al. 2006). Pycnidia are produced on green as well as 

senescent plant tissues, and their development and quantity relate to the initial inoculum 

concentration and the developmental stage of the plant. In contrast, pseudothecia 

generally only appear on senescent host tissues (Roger and Tivoli 1996).  

3.3. Environmental effects on pathogen reproduction 

Moisture and temperature are the two main factors affecting disease severity and 

development of fruiting bodies (Huber and Gillespie 1992). Dry conditions slow fruiting 

body development and maturation (Roger and Tivoli 1996; Roger et al. 1999b). For 

example, while pycnidia can form within 3 to 4 days at 20°C (Roger et al. 1999b), at 

higher or lower temperatures, it requires longer wetting periods, from 48 to 192 hours. 

Roger et al. (1999b) also found that from 5 to 20°C the number of pycnidia formed on 

leaves increased but decreased from 20 to 30°C. Development of both pycnidia and 

pseudothecia of D. pinodes on artificial media is optimum at 16°C, taking only 3 weeks 

for pseudothecia to develop at 16°C but 5 weeks at 24°C (Hare and Walker 1944, cited 
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by Bretag et al. 2006). Under field conditions, mature pseudothecia of D. pinodes can be 

formed in infected plants within 13 – 14 days from the initial infection (Carter 1963, 

Bretag et al. 2006). Moisture is also important for release of ascospores associated with 

rainfall events ≥ 2 mm during the first 27 days after infestation but not with rainfall events 

after 27 days (Zhang et al. 2005b). In general, the largest concentration of ascospores 

occurs early in periods of rainfall, and moisture from dew is sufficient for sporulation 

(Schoeny et al. 2007; Zhang et al. 2005a). Mature pycnidia release conidia during rainfall 

periods or heavy dew (Roger and Tivoli 1996).  

3.4. Environmental effects on spore germination and infection 

Germination of spores depends on temperature and moisture (Roger et al. 1999b). 

Conidia can survive dry periods of up to 21 days; and rewetting restores their infection 

capacity (Roger et al. 1999a). In the wet-dry-wet cycles, dry periods play the most crucial 

role in the infection process, as no disease symptoms appear when dry periods occur 

during spore germination (Roger et al. 1999a). For infection to occur, the ideal 

temperature range is similar to that for spore germination, but with an optimum usually a 

few degrees lower than for germination (Wallen et al. 1967b). At 10°C, leaf wetness of 

12 hours is necessary for infection, but only 6 hours is needed at 20°C (Bretag 1991, cited 

by Bretag et al. 2006). These same authors also reported a large increase in the severity 

of disease symptoms when the duration of leaf wetness was increased from 6 to 12 hours 

at 20°C. After infection, temperature still impacts disease development, as lesions 

appearing at 5-10°C are often larger and more numerous than those occurring at 15 – 

25°C (Brewer 1960).  

3.5. Interaction and coexistence of the pathogens 

It has been well documented that pea black spot is a disease often caused by 

various complexes of up to three or more pathogens, and several of the different 
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pathogens can be isolated from the same lesion on either leaves, stems, or pods of pea 

plants (Bretag et al. 2006; Davidson and Kimber 2007; Davidson et al. 2012; McDonald 

and Peck 2009; Onfroy et al. 1999). However, there have been only two significant recent 

studies on the interactions of these pathogens. The first was a study conducted by Le May 

et al. (2009b), who showed that simultaneous presence of D. pinodes and P. pinodella on 

the same host plant organ restricted disease development and reproduction of both 

pathogens. With sequential inoculations, however lesions caused by D. pinodes increased 

when it was inoculated on leaves pre-inoculated 3 or 6 days earler with P. pinodella. The 

time interval between two sequential inoculations and which was the first inoculated 

species did not affect the number of pynidia produced by D. pinodes, but where D. 

pinodes was pre-inoculated 3 days prior to the inoculation with P. pinodella, pycnidial 

production of the latter was decreased while lesion diameter caused by the former was 

increased. Other aspects of the interaction among these same two pathogens along with 

P. koolunga showed that culture filtrate of P. koolunga reduced the colony diameter of P. 

medicaginis var pinodella and D. pinodes, while the colony diameter of P. koolunga was 

not affected by filtrates of the two other species (Davidson et al. 2012). The latter research 

also demonstrated that under paired co-inoculation with P. koolunga, the quantity of DNA 

from either D. pinodes or P. medicaginis var pinodella was reduced, but that the quantity 

of DNA of P. koolunga was not affected by either of the other two species. Overall, 

Davidson et al. (2012) concluded that there was both antagonism and self-antagonism 

among P. koolunga, D. pinodes, and P. medicaginis var pinodella, decreasing lesion size 

and quantity of DNA for each of these individual pathogens. 

4.   Host – pathogen interactions 
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4.1. Infection processes 

Morphological and physiological characteristics of plants, as well as 

environmental conditions, are all factors affecting the reaction of pea to D. pinodes 

(Fondevilla et al. 2008; Wroth 1999). Indeed, its infection and development can be 

influenced by plant height, growth habit, canopy morphology, lodging and precocity that 

bring about changes in micro-climate within the canopy and conidial splash dispersal 

(Fernandez-Aparicio et al. 2010; Le May et al. 2009a; Schoeny et al. 2008). According 

to Le May et al. (2009a), pea varieties showing architectural features conducive to dense 

canopies, i.e. short stem height, branching and high leaf area index, provide a favourable 

micro-climate for pathogen spread and disease development, with faster progress of D. 

pinodes on such varieties. Conner et al. (2012) reported that the change in black spot 

disease severity is likely influenced by differences in leaf morphology, since semi-leafless 

and leafless accessions in their experiment had smaller changes in the disease than the 

‘traditional’ control varieties used as a comparison. Similarly, it is well documented that 

susceptibility to D. pinodes increases with earliness of flowering (Fondevilla et al. 2008; 

Prioul et al. 2004; Timmerman-Vaughan et al. 2004) and maturity (Zimmer and Sabourin 

1986). The latter authors stated that disease progress was greater in older leaves than in 

younger ones, possibly as a result of reduced production of pisatin in older leaves. In 

addition, working on the relationship between pea plant growth stage and/or organ age, 

and black spot on whole plants and detached stipules and pods, Richard et al. (2012) 

reported that before the appearance of the first visual signs of senescence (beginning of 

yellowing) the receptivity to black spot was not influenced by plant stage. Furthermore, 

as long as the stipules were green, regardless of plant stage, there was no difference in 

disease receptivity, except that the youngest stipules(s) at the top of the plant were more 
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disease receptive. In other words, visual senescence has a more important role on disease 

receptivity than the plant growth stage (Richard et al. 2012) 

The infection process of D. pinodes on resistant and susceptible lines of field pea 

was first described by Clulow et al. (1991a), Clulow et al. (1992) and Nasir et al. (1992). 

According to Nasir et al. (1992), the infection process of high- and low-virulence isolates 

of D. pinodes on pea leaves commences with germination of conidia and the forming of 

one or more germ tubes that frequently branched and formed appressorium-like structures 

on the leaf surface. Subsequently, a structure similar to an infection vesicle was formed, 

lying partly in the epidermal wall and partly in the cell lumen (Nasir et al. 1992). A 

penetration hypha, which initiated the development of the intra- and inter-cellularly 

growing fungal colony, was formed from the infection vesicle-like structure. On the 

epicotyl, differences in reactions of epidermal cells in susceptible and resistant stems of 

field pea were identified by Clulow et al. (1992) viz. immediate auto-fluorescence under 

UV light of the underlying epidermal cells in resistant stems after development of the 

appressorium, and delayed auto-fluorescence in epidermal cells of susceptible epicotyls 

until hyphae had developed within the outer wall. At 30 hours after inoculation, the host 

cells were still alive and live infection structures of D. pinodes were visible inside the 

epidermis above fluorescing cells (Clulow et al. 1992) At the site of penetration on 

resistant epicotyls, the cells below fluoresced brightly. Clulow et al. (1992) stated that 

lignin and callose are not involved in the early phase of resistance as there was no 

accumulation of these compounds at that phase. These authors also recognized “striking 

differences between stems and leaves” for the infection process of D. pinodes (Table 4). 
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Table 4: Summary of infection of D. pinodes on susceptible and resistant pea lines  

Source: adapted from Clulow et al. (1991a); Clulow et al. (1992) 

 Leaf infection Epicotyl infection 
32 h after 

inoculation 
41 h after 

inoculation 
8-10 days 

after 
inoculation 

30 h after 
inoculation 

48 h after 
inoculation 

Susceptible 
lines 

Direct 
penetration of 
the cuticle by 
germ-tube tips, 
without 
appressorium 
formation 
approximately 32 
h after 
inoculation, and 
then a short 
period (7 – 9 h) of 
growth in the leaf 

Epidermal and 
mesophyll cells 
adjacent to the 
fungal hyphae 
and up to 2-3 
cells in advance 
of the colonized 
area were dead 

A 
macroscopic 
spreading 
lesion 
developed, 
usually 
reaching 
about 10 mm 
in diameter  
 
The infected 
area had a 
central 
brown spot 
6-8 mm 
across 

Within this 
phase, most 
germ tubes 
produced an 
appressoriu
m and 
penetrated 
the cuticle  

A conspicuous 
ridge in the 
cuticle surface 
extending from 
the penetration 
site could be 
observed, 
indicating 
growth of the 
infection hypha 
beneath the 
surface 

Resistant 
lines 

No reactions 
occurred at this 
time, but 3-4 h 
later 2-3 
epidermal cells 
at the site of 
primary 
penetration 
were dead 

Colonization 
of leaves 
remained 
localized 
within about 
1 mm of the 
site of 
penetration, 
but the 
fungus had 
not been 
killed by the 
host 

Hyphae grew extensively over 
the surface, but appressoria 
formed on less than 10% of the 
hyphae. Less than 10% of the 
appressoria succeeded in 
penetrating the cuticle. The 
remainder often formed a new 
hyphal apex and continued to 
grow across the surface 

 

4.2. Defense responses 

There are many defense responses in field pea induced by D. pinodes acting as an 

elicitor (Shiraishi et al. 1992). These include: accumulation of pisatin (Castillejo et al. 

2010); and activation of the genes necessary for defense such as PAL - phenyl ammonia 

lyase, chalcone synthase, PR proteins (β-1,3- glucanase, chitinase) and 

polyphosphoinositide metabolism (Kiba et al. 1997; Toyoda et al. 1992; Yamada et al. 

1996; Yoshioka et al. 1990). D. pinodes reportedly produces two suppressors of pisatin 

production, namely ‘Supprescin A’, and ‘Supprescin B’ (mucin-type glycopeptides) 



 
Chapter 1 - 24 
 

(Shiraishi et al. 1992). Furthermore, in the conidial germination fluid of D. pinodes, there 

is a ‘suppressor’ able to “block the defense responses and induces local susceptibility 

(accessibility) in pea plants to agents that are not pathogenic in pea” via specific 

temporary inhibition of the ATPase activity in pea cell membranes (Shiraishi et al. 1991). 

Recently, the mechanism underlying resistance against D. pinodes infection in Pisum spp. 

was characterized by Carrillo et al. (2013), and this included the effects of cell death, 

protein cross-linking, H2 O2  accumulation and peroxidase activity in colony 

establishment and development. Accordingly, resistant accessions showed lower colony 

establishment and smaller lesion size. Reduced lesion size is said to be associated with 

higher frequency of epidermal cell death and protein cross-linking, while the lower colony 

establishment in resistant accessions might be the consequence of protein cross-linking 

and H2 O2  accumulation (Carrillo et al. 2013). In a study employing M. truncatula 

microarrays to identify differentially expressed genes in the resistant P. sativum ssp. 

syriacum accession P665 when compared with the susceptible pea variety Messire after 

inoculation with D. pinodes, Fondevilla et al. (2011) found 346 differentially regulated 

sequences belonging to almost all functional categories and including genes involved in 

defense, such as genes involved in cell wall reinforcement, phenylpropanoid and 

phytoalexin metabolism, pathogenesis-related (PR) proteins and detoxification processes. 

In addition, the authors also noted that there were transcriptional factors associated with 

jasmonic acid (JA) and ethylene (ET) among those differentially regulated proteins, 

suggesting that the response in pea to D. pinodes is regulated via JA and ET pathways. 

Based on results of proteomic analysis of pea in response to D. pinodes, Castillejo et al. 

(2010) concluded that the observed differences between non-inoculated varieties could 

be related to “efficiency in energy utilization for growth and fitness purpose”. That 

conclusion was inferred from an observation, in which either proteins involved in 

energetic and amino acid metabolism in the resistant cultivar or the amounts of protein 
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belonging to the defense and stress related category in both resistant and susceptible 

varieties increased simultaneously up to the moment the pathogen had reached the pea 

leaf mesophyll.  

5.   Approach and hypotheses 

My research aimed to seek answers for the question why pea breeders in Australia and 

elsewhere have not succeeded in developing cultivars that consistently express resistance 

against pea black spot. There has been a general and widespread assumption by both 

pathologists and breeders that D. pinodes is consistently and overridingly the most 

important pathogen in the black spot complex, to the extent that resistance against the 

other pathogens within the complex have been largely ignored, particularly by breeders. 

This being so, then it is likely, first, that breeders have been unable to establish and utilize 

appropriate screening methodologies that accommodate the dynamics of pathogen(s) 

population(s) shifts over time (e.g., different cropping seasons) and across geographic 

locations and, second, that breeders have not accommodated significant role(s) for one or 

more pathogens other than D. pinodes.  

 

The following hypotheses were raised: 

1. That the population of the individual pathogens involved within the black spot 

complex change over time and/or between different geographic locations, such 

that different speices predominate at different times and/or in different locations. 

2.  That in addition to the well-known pathogens assumed to predominate such as D. 

pinodes, there are one or more other pathogens that play a significant role within 

the black spot complex in Western Australia.  
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3. That resistance against each of the major pathogens within the black spot complex 

is controlled by different host resistance(s), such that partial resistances deployed 

commercially and in breeding programs against D. pinodes are not necessarily 

effective against the other pathogens within the black spot complex. 

4. That pathogens involved in pea black spot complex are able to cause disease not 

just on the leaves and stems, but also on below-ground parts of the pea plant, and, 

if so, host responses of different pea genotypes to inoculation of below ground 

components will vary.  

Specifically, these hypotheses were tested through studies investigating: 

1. The dynamics of individual pathogen components within the overall black spot 

population complex on field pea across different years and different locations 

across Western Australia.  

2. The comparative host responses across different seasons of F8/F9 derived pea 

genotypes in the Australian pea breeding program targeting development of 

cultivars with greater resistance to natural infection by black spot. 

3. The comparative host responses on both leaves and stems of a selection of these 

same F8/F9 derived pea genotypes against individual pathogens within the black 

spot complex under controlled environment conditions. 

4. The response of pea varieties in terms of disease development on the epicotyls and 

roots to inoculation with isolates of the different individual pathogens associated 

with the black spot disease complex. 
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5. The infection process of P. koolunga, a new pathogen recently identified to be 

associated with black spot, on both leaves and stems of resistant and susceptible 

pea genotypes  
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Chapter 7. General discussion 

This study has provided insights into the distribution, resistance, and biology of 

the fungi associated with black spot disease on field pea in Western Australia. For the 

first time, it was demonstrated that the composition and relative incidences of pathogens 

involved in the pea black spot complex in Western Australia have changed over time and 

across locations (Chapter 2). This is an important finding of particular significance to pea 

breeders in Australia and elsewhere, who until now have focused on locating and 

deploying resistance only against Didymella pinodes, largely ignoring other pathogens 

within the black spot complex. Field screening of F8/F9 derived pea genotypes (Chapter 

3) against black spot showed a difference in results across two consecutive trials that 

could be explained by changes of pathogen species composition. In addition, an important 

finding was that some of these pea genotypes showed significant improvement of field 

resistance to black spot in comparison with commercial cultivars (Chapter 3). These latter 

pea genotypes are important sources of resistance to be further utilized in pea breeding 

programs. It was also demonstrated, for the first time, that the resistance response of field 

pea leaves and stems across different genotypes varies depending on the particular 

pathogen inoculated (Chapter 4); where, for example, a particular genotype showing 

resistance on leaf infection from a particular pathogen in the black spot complex was 

generally not necessarily resistant to the same pathogen on stems nor to a different 

pathogen on leaves and/or stems. Differences in resistance in leaves and stems were 

dependent on the pathogen inoculated and clearly influenced by the dynamics of pathogen 

population composition over time and across locations. This explains why pea breeding 

programs in Australia have not developed varieties that consistently express resistance to 

black spot. Moreover, even more challenging for pea breeders is the fact that the most 

devastating black spot pathogens causing disease on leaves and stems in Western 
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Australia, i.e. D. pinodes, Phoma pinodella, and P. koolunga, were also shown to be able 

to cause severe epicotyl and root disease (Chapter 5). That these three pathogens can 

cause disease on both above and below ground parts of field pea further explains the 

severe negative impact of black spot, as has been well-documented. P. koolunga has only 

recently been found associated with black spot disease on field pea, particularly in 

Western Australia. Findings from the histological study investigating the infection 

process of P. koolunga on both leaves and stems (Chapter 6) provide the first 

understanding of resistant mechanisms operating in leaves and stems of field pea against 

this pathogen. This new understanding of mechanisms of resistance in field pea against 

P. koolunga is of particular importance for breeders, especially when P. koolunga is wide-

spread or rapidly spreading, such as in Western Australia. Further, for Western Australia, 

my studies have highlighted the ability of P. koolunga to cause equivalent or even greater 

disease levels than those caused by D. pinodes and P. pinodella.  

The fluctuation of composition of individual pathogens within the black spot 

complex across time and between locations in Western Australia highlights the need for 

pea breeding programs seeking resistance against black spot to also target and include 

resistance to other pathogens within the black spot complex rather than the historical and 

current focus on D. pinodes. Further, the historical focus of breeders on resistance only 

to D. pinodes has likely radically shifted the composition of the pathogen complex 

population toward pathogen species less sensitive to any particular D. pinodes host 

resistance(s) identified and/or utilized. Similarly, fungicides targeting one particular 

pathogen of the black spot complex could also change the pathogen population more 

towards the pathogen(s) that are less affected by the fungicide. Therefore, it is not 

surprising that resistant genotypes identified in large scale field screening for resistance 

against pea black spot have failed to show consistency in resistance expression when 

grown at different locations where there are different pathogen compositions within the 
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black spot complex. Computer modelling offers opportunity to predict and/or monitor 

changes in pathogen composition within the blackspot complex. While there are models 

utilized for managing black spot disease, e.g. the ‘G1 Black spot Manager’ model for 

predicting the maturity and release of ascospores of D. pinodes, and the ‘G2 Black spot 

Manager’ to guide field pea sowing (Salam et al. 2011a; Salam et al. 2011b), there have 

to date not been any attempts utilizing modelling to better understand or manage the 

consequences of changes in pathogen composition.  

The composition of the black spot pathogen complex in Western Australia has 

some unique differences to compositions reported in the other states of Australia and 

elsewhere (Chapter 2). Besides the well-known pathogens, there were other pathogens 

associated with black spot in Western Australia, including P. koolunga, Phoma 

glomerata, Boerema exigua var. exigua, and Phoma herbarum. Despite relatively low 

incidences of some of these pathogens detected, some, such as P. glomerata, B. exigua 

var. exigua, and P. herbarum were reported the first time on field pea in Australia. In 

contrast, Ascochyta pisi, reported in Victoria, South Australia, and elsewhere (Bretag et 

al. 1995; Tivoli and Banniza 2007; Davidson et al. 2009) was not found in Western 

Australia over the period 1984 – 2012. The reason for this absence of A. pisi in Western 

Australia warrants further studies since it was expected to have been introduced multiple 

times into Western Australia via importation of infested seeds from outside the state. It is 

noteworthy that the phylogenetic analysis results in Chapter 2 highlight that P. koolunga 

isolates from Western Australia appear genetically distinct from those in South Australia. 

As suggested by Davidson (2012), phylogenetic comparisons across P. koolunga isolates 

and with other causal agents of black spot such as Phoma, Didymella, and Ascochyta 

species, may additionally enhance our understanding of relationship of P. koolunga 

isolates in Western Australia with those from other states in Australia. It is likely that P. 

koolunga originates from Australia as until now there have not been any reports of P. 
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koolunga from other countries. Recently, Liu et al. (2013) conducted a survey of fungi 

associated with black spot disease in Alberta, Canada, but did not detect P. koolunga. 

Moreover, in Western Australia, throughout observations across 1984 – 2012 and the 

study of Davidson et al. (2011) in 2008 - 2009, DNA of P. koolunga in soil was first 

detected in 2008 - 2009 (Davidson et al. 2011) at Esperance and Katanning, suggesting 

its recent introduction into Western Australia.  

P. koolunga was shown to be an important pathogen within the black spot 

complex in Western Australia. Comparisons of disease caused by the three main 

pathogens, i.e. D. pinodes, P. pinodella, and P. koolunga (Chapter 4) highlighted that 

disease on both leaves and stems from P. koolunga was more severe than from D. 

pinodella, despite the latter having been widely accepted as the most important pathogen 

of the black spot complex in Australia (Bretag et al. 2006; Tivoli and Banniza 2007). 

While P. koolunga causes disease on both above- and below-ground parts of field peas 

(Chapter 5), and caused less severe disease than D. pinodes and P. pinodella on epicotyls 

and lateral roots, two isolates of it caused severe disease on tap roots, similar to that 

caused by these other two pathogens. It is now evident that P. koolunga is a major 

pathogen within the black spot complex, and should be considered equivalent to D. 

pinodes and P. pinodella in terms of both its role within the black spot complex and its 

adverse impact on field pea productivity in Australia. In Western Australia, since the first 

identification of P. koolunga DNA in soil in the Esperance and Katanning areas 

(Davidson et al. 2011), P. koolunga has clearly spread further to other locations; for 

example, Northam, Nyabing and Dalwallinu. That P. koolunga is now widespread in 

Western Australia and that it is clearly a major pathogen of the black spot complex, 

together suggest an urgency for more studies to identify additional and highly effective 

sources of host resistance. Furthermore, that two isolates of P. koolunga caused severe 

disease on tap roots and that the four isolates utilized in studies reported in Chapter 5 
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caused low to moderate disease on epicotyls and lateral roots, suggests further 

investigations are needed. In particular, there is a need to utilize a larger number of P. 

koolunga isolates and pea genotypes to determine if the variation within the P. koolunga 

population is such that specific pathotypes exist and whether some such pathotypes have 

a preference for one particular pea plant component over another. Moreover, since P. 

koolunga is a recently identified pathogen, further studies on factors driving the disease 

epidemic on different plant parts, e.g., temperature, abiotic stress, moisture, plant age, the 

infection and host-pathogen interactions, would be valuable. 

Results presented in Chapter 4 highlight the differential responses of pea 

genotypes to each of the three main black spot pathogens in Western Australia, viz. D. 

pinodes, P. pinodella, and P. koolunga. Resistance against each individual pathogen 

seems governed by different gene(s); as has been demonstrated for field pea leaf and stem 

resistances against D. pinodes that are controlled by Rmp1 and Rmp2 for stem resistance 

and Rmp3 and Rmp4 for leaf resistance (Clulow et al. 1991b). Additional studies to 

confirm and/or identify the QTLs and/or genes involved in the resistance against each of 

the three pathogens in the black spot complex as well as on stems, leaves epicotyls and 

roots would be beneficial. Further, such an approach could be utilized to enable successful 

breeding of new pea genotypes with durable resistance against the blackspot disease 

complex in terms of protecting all plant components (i.e., leaves, stem, roots and 

epicotyls). It is noteworthy that there were a few pea genotypes identified to possess 

combined resistance to more than one pathogen, and such genotypes are particularly 

valuable to breeding programs in Australia and elsewhere. Moreover, when F8 and F9 

derived lines developed in the Australian pea breeding program were screened for 

resistance against the black spot complex, as reported in Chapter 3, some lines showed 

improvement in in the level of resistance compared with commercial cultivars, and these 

will also be of high value to pea breeding programs. Despite being reported to be 
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susceptible to D. pinodes (Gurung et al. 2002; Adhikari et al. 2014), Dundale, a formerly 

primary pea cultivar of pea production in Western Australia, was found to be resistant to 

P. pinodella as well as P. koolunga (Chapter 4). Cultivars like Dundale with combined 

resistance to both P. pinodella and P. koolunga offer a particular opportunity to pea 

breeding programs in developing new cultivars, as the resistance is already in an 

agronomically suitable background. 

The role of black spot pathogen in causing epicotyl and root disease has been long 

a controversial topic and their suggested roles have been differently reported. For 

example, D. pinodes and P. pinodella have been reported to be ‘non-virulent pathogens’ 

in relation to epicotyl and root disease in Canada (Tu 1986, 1987, 1992). In contrast, there 

are numerous reports that D. pinodes and P. pinodella cause disease on root and epicotyl; 

and, in some instances, they have been reported as ‘prevalent root rot pathogens’ and/or 

the ‘most frequently isolated pathogens from pea roots’ (Oyarzun et al. 1993; Persson et 

al. 1997; Bretag et al. 2001; Bretag et al. 2006). In addition, MacLeod et al. (2005) stated 

that “black spot does not persist in soil in Western Australia” but did not qualify the 

statement in terms of which particular pathogen(s) of the black spot complex they were 

referring to. Overall, the findings presented in Chapter 5 highlight how D. pinodes or P. 

pinodella, alone or in combination with P. koolunga, caused severe disease on roots and 

epicotyls in addition to typical leaf and stem disease of field pea. Furthermore, 

comparisons made between epicotyl rot and root rot (Chapter 5) and leaf and stem disease 

(Chapter 4) caused by D. pinodes, P. pinodella and P. koolunga, have highlighted how 

above- and below- ground components of pea plants can respond differently to each of 

these pathogens. For example, the most virulent pathogen on leaves and stems was P. 

koolunga, while on epicotyls and roots D. pinodes was the most virulent, suggesting that 

heritable resistance to black spot is different for above- and below- ground parts. 

According to Beeck et al. (2008), a number of minor genes have an additive effect on the 
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improvement of black spot resistance, hence, resistance against black spot would be 

enhanced by inter-crossing diverse genotypes to bring different combinations of resistant 

alleles together. Therefore, further studies are required to locate additional host 

resistances against epicotyl disease and root disease, and subsequently develop pea 

genotypes with combined resistances against black spot in terms of both above and below 

ground parts of pea plants.  

There have been several studies investigating the infection process of D. pinodes 

and A. pisi (Brewer and MacNeill 1953; Heath and Wood 1969; Clulow et al. 1991a; 

Clulow et al. 1992; Nasir et al. 1992). The histological studies reported in Chapter 6 are 

the first to show differences in the infection process of P. koolunga conidia on either 

leaves or stems, and the first to better define the expression of resistance against P. 

koolunga on resistant vs susceptible pea genotypes. On a resistant genotype, the most 

striking difference was that P. koolunga conidia penetrated mostly via stomata rather than 

via formation of appressoria on leaves, while on stems there was no preferred mode of 

infection. In contrast, for a susceptible genotype, direct penetration via appressoria 

formation was the preferred mode of infection on both leaves and stems. While these 

findings highlight differences in the early infection process (6 – 72 hai) of P. koolunga 

on leaves and stems of susceptible and resistant genotypes, further studies are needed to 

clarify factors affecting this predominance of different infection modes on resistant vs 

susceptible genotypes. Future studies could also include investigation of any role of 

lignin, phenolic compounds, cross-linking proteins and other proteins in operation of 

these resistance mechanisms and towards this studies of differential expression of defence 

related genes would also be useful to better understand both the infection process and 

defence factors/mechanisms involved. In addition, recently the systems are now set for 

up for a genome-wide association study (GWAS) of the responses of pea to all the 

pathogens in the pea black spot complex. The analysis would help to identify 
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chromosome regions associated with these responses, and whether any of the responses 

are allelic. 

 

Conclusion 

Until now the progress in developing field pea varieties with effective resistance to the 

black spot complex has been slow due to a combination of the low level of resistance in 

available field pea germplasm, the inconsistent screening methods, and the polygenic 

nature of inheritance. In addition, the assumption and confidence that D. pinodes is the 

primary and overriding pathogen of the black spot complex has been misplaced, resulting 

in pea breeding programs in Australia and elsewhere to have focused on developing 

resistance against D. pinodes, largely ignoring other pathogens in the black spot complex. 

The present studies have shown that the composition and relative prevalence of each of 

the individual pathogens in the black spot complex are dynamic over time and across 

different locations. It is now essential that pea breeding programs breed new cultivars that 

can accommodate both the temporal and spatial dynamics of the black spot pathogen 

populations, as well as a wider diversity of species within the pathogen complex than first 

thought. The, findings of the present studies have added additional challenges for pea 

breeders in developing resistance against the black spot complex. Not only is the 

composition of pathogens within the black spot complex dynamic, but the present studies 

highlight how expression of host resistance responses in field pea genotypes is determined 

by the particular individual pathogen or combinations present at disease screening sites, 

as well as by particular plant component responses. That the three primary pathogens 

within the black spot complex, viz. D. pinodes P. pinodella and P. koolunga, not only 

cause disease on leaves and stems but also bring about severe disease on epicotyls and 

roots of field pea, demonstrates why pea breeders have been unable to develop field pea 

cultivars with effective resistance to black spot. In addition, findings from the histological 
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studies have highlighted differences in the infection process of P. koolunga on stems 

compared with leaves, as well as resistant versus susceptible pea genotypes. These latter 

findings have provided the first insights into the mechanisms of resistance operating in 

leaves and stems of field pea, and laid a foundation for further detailed studies 

investigating the functioning of resistance mechanisms at a molecular and proteomic level 

against P. koolunga.  
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