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ABSTRACT
White leaf spot (Pseudocercosporella capsellae) occurs across many Brassicaceae including
oilseed, vegetable, condiment and fodder Brassica species and results in significant yield losses
worldwide. Current management of white leaf spot relies heavily upon chemical control options
that only provide partial control and are often cost-prohibitive. Utilizing host resistance offers the
most cost-effective long term prospect for successful management of white leaf spot disease in
Brassicaceae.
Differences in expression of host resistance across 368 diverse cruciferous genotypes, along
with a set of 54 Brassica napus lines carrying one or more B. carinata B genome introgressions,
were assessed in two field trials (in 2012 and 2013) following P. capsellae inoculation. High levels
of resistance were identified for the first time across oilseed, forage and vegetable cruciferous
varieties as assessed by two disease parameters viz. (i), Area Under Disease Progress Curve
(AUDPC) for percent leaves diseased and (ii) Percent Leaf Collapse Index (%LCI) values for leaf
collapse due to disease. B. carinata (with 21 genotypes totally immune) and B. oleracea var.
capitata (with five genotypes totally immune) were the most resistant species and B. oleracea var.
acephala (Tuscan kale) also demonstrated total resistance to white leaf spot disease. Crambe
abyssinica, Eruca sativa, E. vesicaria Yellow rocket, some B. napus varieties like Pioneer® 45Y22
(RR) Mystic and Wahoo, and B. napus genotypes carrying one or more B. carinata B genome
introgressions, also demonstrated high level resistance against this disease. In contrast, B.
juncea was highlighted as an overall highly susceptible species, with most Indian and Australian
derived genotypes extremely susceptible. It is noteworthy that field screening of 55 current and
historic Australian canola varieties demonstrated that there had been no improvement in white
leaf spot resistance over the past 22 years of varietal development and release in Australia.
However, while none of the Australian B. napus varieties was extremely susceptible, it was of
concern that several recently developed B. juncea varieties were highly susceptible to P.
capsellae. The new host resistances identified offer unique opportunities for plant breeders to
develop and deploy future oilseed and horticultural varieties with effective resistance against P.
capsellae.
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Screening to identify new host resistances across wide-ranging Brassicacea species was also
undertaken by inoculation of seedling cotyledons under controlled environment conditions. High
level resistance was found in B. carinata ATC 94129, B. napus Zhongyou 821 and Hyola 42.
Importantly, there was a high correlation between comparable field versus controlled environment
screening studies in terms of the expression of host resistance on leaves (field) with that on
cotyledons (controlled environment). For example, as in field trials, B. carinata ATC 94129 was
highly resistant while B. juncea genotypes such as Rohini and Vardan were highly susceptible to
white leaf spot disease in trials under controlled environment conditions. For differentiation of
relative host resistances across test genotypes, screening under controlled environment
conditions offers a rapid and cost-effective alternative means to the more costly and timeconsuming field screening.
Studies were undertaken to investigate infection processes and to compare susceptible and
resistant host responses to P. capsellae in cotyledons of B. carinata, B. juncea, and B. napus to
define mechanisms of resistance in these three species using light and scanning electron
microscopy. Studies of pathogen-host plant initial interactions showed that on both resistant and
susceptible hosts, hyphae penetrate through stomatal openings without developing infection pegs
or appressoria. Several different resistance mechanisms were identified on resistant B. carinata
ATC94129P. These included impedance of conidial germination and germtube extension, a lower
incidence of stomatal penetration, and increased disintegration of spores on the cotyledon
surface of resistant genotypes. In addition, induced stomatal closure such that the majority of
stomata are closed in the presence of P. capsellae and those remaining open only had a small
aperture. Further, epicuticular wax crystalloids were only present on resistant B. carinata
ATC94129P, suggesting both a physical and a chemical role in resistance expression against the
pathogen. Inhibition of conidial germination and low stomatal densities were highlighted as
important mechanisms of resistance in the more resistant genotypes of B. juncea (Dune) and B.
napus (Hyola 42). Stomatal densities differed across Brassica species and B. juncea was the
most susceptible species overall to this disease. B. juncea had greater density of stomata on
cotyledons compared with B. napus and B. carinata, suggesting that stomatal density was also
important in the expression of resistance in these species. These are the first studies ever to
define mechanisms of resistance to P. capsellae in any of these three oilseed Brassica species.
Subsequently, additional light microscope and scanning electron microscope studies were
undertaken to investigate host–pathogen interactions during initial infection stages on both
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resistant and susceptible genotypes within each of B. carinata, B. juncea and B. napus. Unique
brown structures produced in association with P. capsellae infection, containing the mycotoxin
cercosporin, were reported for the first time for P. capsellae. Under light microscopy, unique
brown areas and internal and external extrusion structures are reported, particularly on
susceptible genotypes, in two morphologically distinct formats. First, ‘thread-like’ structures were
observed within cortical tissue during the early post-inoculation period (e.g., 24, 36 hpi); and,
second, brown ‘ropy strand structures either within cortical tissues (internal ‘ropy strands’), or
extruded out through stomatal pores (i.e., ‘ropy strand’ extrusions onto cotyledon surface). Under
SEM, fine thread-like structures smaller than hyphae were evident forming both a network on the
cotyledon surface and also a highly branched network internally within cortical tissues. Liquid
chromatographic analyses of brown areas, internal ‘ropy strands’ within cortical tissues or ‘ropy
strand’ extrusions revealed that both consisted of the mycotoxin cercosporin.
The variation within P. capsellae populations had never been defined. Hence, 54 singlespored isolates of P. capsellae, collected from four different host species (B. juncea, B. napus, B.
rapa, Raphanus raphanistrum) across multiple locations within Western Australia were
investigated in terms of (i), differences in relation to their pathogenicity and virulence using
cotyledon screening tests under controlled environment conditions, (ii), their genetic differences
using Internal Transcribed Spacer (ITS) sequencing and phylogenetic analysis, and, (iii), their
growth rate characteristics using three different media, viz. potato dextrose, V8 juice and malt
extract agars. Isolates differed in terms of their levels of virulence but all were pathogenic across
the three different host species tested (B. juncea and B. napus and R. raphanistrum). Generally,
isolates recovered from all four host species were particularly highly virulent on B. juncea. ITS
sequencing and phylogenetic analysis clearly indicated the unique distinctiveness of isolates
collected from R. raphanistrum in comparison with isolates collected from cultivated cruciferous
crop species. The overall genetic distinctiveness of Western Australian isolates compared with
the rest of the world was also highlighted. In growth rate studies, half of the P. capsellae isolates
produced a purple-pink pigment on malt extract agar, indicative of production of cercosporin, and
isolates of R. raphanistrum grew faster than other isolates from cultivated crop species.
A series of experiments demonstrated, for the first time, that the purple-pink pigment produced
by P. capsellae on artificial media was in fact the toxin cercosporin. Chemical extraction with ethyl
acetate from growing hyphae followed by UV/visible spectrum, quantitative analysis by thin-layer
chromatography (TLC) and high-performance liquid chromatography (HPLC)] demonstrated an
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identical absorption spectrum, similar retardation factor (Rf) values on TLC papers and an
identical peak with the same retention time in HPLC as for a cercosporin standard. Additional
qualitative tests carried out also confirmed analogous results as with a cercosporin standard.
Further, confocal microscopy detected green autofluorescence of cercosporin-producing hyphae,
confirming, for the first time, the presence of cercosporin within P. capsellae hyphae.
The phytotoxicity and role of cercosporin in disease initiation and development across three
Brassicaceae host species (B. juncea, B. napus and R. raphanistrum) was also studied. Relative
sensitivity to cercosporin across the three host species varied and was analogous to their relative
susceptibilities to P. capsellae, viz., B. juncea the most susceptible, R. raphanistrum the least
susceptible and B. napus intermediate. The presence of cercosporin in the inoculum significantly
increased disease severity on highly cercosporin-sensitive B. juncea. The critical role of
cercosporin as a pathogenicity factor in initiation and development of white leaf spot disease on
Brassicaceae was highlighted both by the production of white leaf spot lesions on host plants by
the cercosporin-rich culture filtrate and also by the enhanced virulence of P. capsellae in the
presence of cercosporin. These are the first studies ever to definitively define a role for
cercosporin in the infection processes of P. capsellae.
In summary, these studies have not only highlighted the first immunity to white leaf spot
disease in B. carinata, B. oleracea var. capitata and var. acephala, but also a range of other new
and as yet unexploited sources of high level host resistance that can now be utilized by plant
breeders to produce new highly resistant varieties of oilseed and horticultural Brassicas. These
studies have also highlighted a range of different mechanisms of resistance within oilseed
Brassica spp., including germination inhibition, germtube impedance, resistance to stomatal
penetration and a chemical and/or a physical role in resistance expression from epicuticular wax
crystalloids that occurred only on the resistant genotype. These findings will not only provide the
foundation for future identification of associated QTLs for these different resistance components,
but also provide new understanding of the infection processes that can now be followed up at a
molecular level. The presence of cercosporin-containing brown inclusion and extrusion bodies
beneath the epidermis within the cortical layer and on the surface of the cotyledon is also
important new information on host–P. capsellae interactions and suggests a more complex series
of processes associated with infection than earlier postulated for P. capsellae. Further, these
studies have provided the first convincing evidence that cercosporin plays a critical role in
initiation of disease by P. capsellae, particularly in susceptible Brassica species/genotypes. In
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addition, differences detected among P. capsellae isolates and/or isolate groupings highlight, for
the first time, both the high variation in terms of their virulence and also the phylogenetic
distinctiveness of Western Australian isolates. Overall, these studies open up new avenues for
development of more cost-effective and long term sustainable strategies for management of white
leaf spot disease utilising host resistance as the foundation of disease management across
oilseed and horticultural Brassica spp.
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CHAPTER 1
GENERAL INTRODUCTION
Review of literature

White leaf spot lesions on B. juncea leaves.
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1.1 Oilseed Brassicas
Oilseed Brassicas, are a group of crops from the genus Brassica belonging to family Brassicaceae,
primarily grown for vegetable oil production throughout the world. (Chauhan et al., 2011). Early
rapeseed types had high levels of erucic acid and undesirable levels of glucosinolates, considered
detrimental for human and livestock health (Przybylski and Mag, 2002). As a result of concerted
efforts by plant breeders, rapeseed varieties with low levels of erucic acid and glucosinolates were
first introduced into Canada and the term ‘canola’ adopted (Eskin and McDonald, 1991) in the
Americas and in Australia but not in Europe, China or India. For example, in Europe these varieties
are referred to as ‘00’ rapeseed to indicate that the levels of both erucic acid and glucosinolates are
low (Lamb, 1989). Over the past two decades, canola, or ‘00’ rapeseed, is second only to soybean
as a source of vegetable oil (Przybylski and Mag, 2002, Raymer, 2002), providing 13% of the
world’s vegetable oil supply (Raymer, 2002). Further, oilseed Brassicas are also grown for
production of animal feed and/or for biodiesel. The leading producers of oilseed Brassicas include
the European Union, Canada, the United States, Australia, China and India (Colton and Potter,
1999). In Australia, oilseed rape is the major oilseed crop, with >2 m ha sown in 2015 (AOF,
2015/16), and with potential for further expansion (AOF, 2012, AOF, 2011). However, oilseed rape
diseases reduce the productivity of this crop well below its full potential (Barbetti and Khangura,
2000).

1.2 Diseases of oilseed Brassicas
Oilseed Brassicas are susceptible to number of fungal and viral diseases. Of these, the most
important fungal diseases in Western Australia are Blackleg, Sclerotinia stem rot, Seedling
hypocotyl rot and damping-off, White leaf spot and Downy mildew (Barbetti and Khangura, 2000).
Blackleg, caused by Leptosphaeria maculans mainly, but also by Leptosphaeria biglobosa to a
smaller extent, is the most serious disease threat affecting all growing stages of plants and results
in significant yield losses in Australia (Barbetti and Khangura, 2000) and elsewhere (Barbetti et al.,
2012, Hall et al., 1993, West et al., 2001, Zhou et al., 1999). Its management depends on selecting
and deploying varieties with high levels of resistance (Colton and Potter, 1999).
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Sclerotinia stem rot, caused by Sclerotinia sclerotiorum, is also a very important disease,
causing heavy yield losses not only in Australia (Barbetti and Khangura, 2000, Barbetti et al., 2014,
Uloth et al., 2015) but generally wherever oilseed Brassicas are grown, for example in India, China,
Europe and north America (Chauhan et al., 2011, Delourme et al., 2012).
Downy mildew, caused by the oomycete Hyaloperonospora parasitica, is a widespread disease
that is particularly severe on seedlings in Australia (Barbetti and Khangura, 2000, Li et al., 2011),
and elsewhere (e.g., India, (Nashaat et al., 2004). Rhizoctonia spp. have been associated with
serious seedling hypocotyl rot and damping-off in Western Australia (Barbetti and Khangura, 2000,
Khangura et al., 1999), particularly post-1994 (Barbetti and Khangura, 2000). White leaf spot,
caused by the pathogen Pseudocercosporella capsellae, is also an important disease on oilseed
rape and oilseed Brassicas and this is addressed in detail below.

1.3 White leaf spot
a) Introduction
White leaf spot, caused by fungal pathogen P. capsellae, has a sexual stage known as
Mycosphaerella capsellae that is yet to be identified for its presence in Australia. P. capsellae
produces stem and pod lesions and severe leaf infections result in premature leaf fall. Fungal
colonization on stems results in “Grey stem” disease. White leaf spot is not considered to be seedborne (Petrie and Vanterpool, 1978). P. capsellae can also produce co-existing leaf spots with its
sibling pathogen, Mycosphaerella brassicicola, on oilseed rape (Gudelj et al., 2004, Inman et al.,
1991).
In Western Australia, P. capsellae was first recorded in 1942 on B. napus, subsequently across
several vegetable Brassicas (Shivas, 1989), and most recently on B. juncea (Eshraghi et al., 2005).
b) Importance
White leaf spot occurs across many Brassicaceae including oilseed, vegetable, condiment and
fodder Brassica species and results in significant yield losses worldwide (Koike et al., 2007,
Barbetti and Khangura, 2000, Petrie and Vanterpool, 1978, Deighton, 1973, Penaud, 1987,
Crossan, 1954,). For example, in France Penaud (1987) and Brun and Tribodet (1991) reported
white leaf spot as a major threat to oilseed rape. In the UK, it is considered that global change in
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climate, where the winters in some regions are expected to become more warm and wet, will favour
spread of this disease, thereby increasing its future severity (Inman et al., 1997). Further, white leaf
spot is particularly severe where irrigation practices are used (Chandler, 1965).
In Australia, white leaf spot has been reported from all oilseed Brassica growing areas and is
considered an important disease across the different oilseed Brassicas (Hamblin et al., 2004,
Barbetti and Khangura, 2000, Barbetti, 1988, Barbetti and Sivasithamparam, 1981). While, it
thought by some that white leaf spot does not have a significant impact on yield (Hamblin et al.,
2004), severe loss in oilseed rape do occur in highly susceptible varieties (up to 30%) (Barbetti and
Khangura, 2000), or when favourable environmental conditions for disease development occur. In
both these situations and particularly when the conditions are favourable, white leaf spot can cause
significant defoliation and subsequent yield loses as indicated above for Western Australia, New
South Wales in 2003 (Hamblin et al., 2004) and as also recorded in Victoria 2013 (Henry and
Steve, 2014) .
It is also an important disease on species utilized as forage Brassicas (Petrie et al., 1985, Inman
et al., 1991, Penaud, 1987, Amelung and Daebeler, 1988) and/or on cruciferous vegetables, such
as in Canada (Cerkauskas et al., 1998, Reyes, 1979), USA (Sumner et al. 1978; 1991, Campbell
and Greathead 1978) and Australia (Lancaster 2006). Severe infections can result considerable
yield losses across a wider range of Brassicas (Brun and Tribodet, 1991). For example, P.
capsellae caused serious damage to radish (Raphanus sativus) and turnip (Brassica rapa) in
Argentina (Marchionatto, 1947) and to turnip in Belgium (Marchal, 1933). Similarly, in Western
Oregon, USA it seriously impacts commercial seed fields of forage Brassicas and “field” turnip
(Ocamb, 2014).
C) Distribution
While white leaf spot occurs over a wide range of environmental conditions, including different
temperature ranges (Amelung and Daebeler, 1988), and is most damaging in countries with
temperate climates (Inman, 1992). The pathogen thrives at 14-20oC in conjunction with frequent
precipitation, as rain is conducive for both disease development and spread (Fitt et al., 1992). The
pathogen is considered a common and widespread pathogen of crucifers, and particularly on
oilseed rape in Australia (Barbetti and Sivasithamparam, 1981), France (Perron and Souliac 1990,
Perron and Nourani, 1991), Canada (Cerkauskas et al., 1998, Petrie et al., 1985), Germany
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(Sochting and Verreet, 2004), United kingdom (Inman, 1992), Netherlands (Boerema and
Verhoeven, 1980), Belgium (Marchal, 1933) and the U.S.A. (Sumner et al., 1978).
D) The pathogen
i) Taxonomy, morphology and physiology
P. capsellae belongs to Family Mycosphaerellaceae that contains the causal agents of several
economically important crop and tree diseases. P. capsellae produces two types of mycelium in
host tissue; viz. hyaline, intercellular hyphae typically found in young lesions or at the margins of
older lesions; and dark brown, vacuolated hyphae with larger cells bearing large nuclei (Inman,
1992) present in older parts of the lesions and that can form stromatic mats (Petrie and Vanterpool,
1978) or stromatic knots (Reyes, 1979).
P. capsellae produces colourless, smooth, ampulliform conidiophores that in turn produce
conidia emerging through stomata or via erumpent cuticle (Deighton, 1973). Conidia are colourless,
cylindrical (or narrower towards the apex), most commonly 3-septate but can be 1-5 septate and
smooth–walled (Kirk, 2004). Further, the conidia are obtuse at the apex and truncate at the base
(Morris and Crous, 1994). Dispersal of conidia is by rain splash droplets (Fitt et al., 1992, Fitt et al.,
1989) and conidia usually germinate from apical cells, or less frequently from basal cells, to infect
the host through stomata (Inman, 1992)
ii) Growth and colony characters on artificial media
P. capsellae is slow growing fungus on artificial media. It takes three weeks for a colony to reach 12 cm in diameter (Crossan, 1954). On a variety of culture media, it produces dark olivaceous-grey
colonies (Inman, 1992) producing two types of hyphae as mentioned above, viz. thin-walled,
hyaline, young hyphae and thick walled, septate, brown hyphae with stroma-like or sclerotia-like
structures (Okullo'kwany, 1987). Optimum growth occurs between 20-240C and at pH 5.5-7.0.
Generally, P. capsellae doesn’t sporulate on a wide variety of commonly used artificial media,
including potato dextrose agar (PDA) (Crossan, 1954, Miller and McWhorter, 1948), but sporulates
at least minimally on V8 Juice agar (Inman, 1992) or Maize Meal Agar (Fitt et al., 1992). However,
P. capsellae produces conidia when PDA is modified by adding leaves of Raphanus sativus
(Immersed-Leaf-Potato Dextrose Agar; (Crossan, 1954) or by adding 25% lactic acid at a rate of 2
ml per L of agar (Acidified Potato Dextrose Agar; Koike, 1996). Although this fungus produces
conidia on V8 juice, the growth rate is comparatively slow when compared with growth on PDA
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(Okullo'kwany (1987). Reyes (1979) observed that conidia of P. capsellae were unable to
germinate or to produce colonies on 2% water agar, PDA or V-8 juice agar. However, production of
colonies with pink pigment near the edge of the colonies on water agar has been observed by
Eshraghi et al. (2005) and Okullo'kwany (1987). Petrie and Vanterpool (1978) extracted a
red/purple/pink pigment which resembles cercosporin from the mycelial mats of P. capsellae.
However, it has not been definitively determined that P. capsellae does in fact produce cercosporin.
iii) Life cycle
When present, the teleomorph stage of P. capsellae can be observed only at the end of the crop
season. This stage is primarily responsible for survival of the pathogen over the period between
crops and ensures production of primary ascosporous inoculum for the next season (Inman et al.,
1991). The air-borne ascospores are usually released in response to the dew or rain, and are able
to be dispersed for long distances in comparison with splash-dispersed conidia (Fitt et al., 1992).
For this reason, where both spore types occur, ascospores are the most likely to be responsible for
the first appearance of disease in crops in autumn (Inman et al., 1992). Ascospore release occurs
with a diurnal rhythm pattern that peaks in between 0500-1900 h and it requires both wetness and
light for induction. Splash-dispersed conidia produced on plant lesions are the main source of
inoculum where the teleomorph stage of P. capsellae does not occur, and even where it does,
conidia still contribute to further disease spread, particularly within the crop (Inman et al., 1999)
(Fig. 1).
However, there is no experimental data available to define the definitive roles of conidia and
ascospores in the pathogen’s life cycle in Australia, Canada or continental Europe. This is
particularly so for Australia where the teleomorph stage of the pathogen is yet to be confirmed and
clearly there is a more substantial role for spread by conidia than suggested by current literature.
Further, in the absence of the teleomorph stage in Australia, it is likely that survival over the
summer is by means of stromatic hyphae that are common on infested stubbles (Barbetti and
Khangura, 2000). Petrie and Vanterpool (1978) were the first to suggest a possible role for dark,
thick-walled, closely septate, matted hyphae as a survival mechanism to overcome extreme, and/or
unfavourable weather conditions in Canada. Similarly, in France, the fungus survives on crop
residues of infected plants and produces conidia under favourable conditions to infect
autumn/winter sown crops (Perron and Souliac 1990, Penaud, 1986) (Fig 2).
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Figure 2 Life cycle of Pseudocercosporella capsellae in the presence of (sexual stage - initial
infection is by ascospores) as adopted from Inman et al. (1999) on oilseed rape in the UK. First
symptoms on leaves is by contamination with air-borne ascospores produced by mature ascomata
and then mature lesions on leaves produce splash-dispersed conidia responsible for infections
within the crop. Sexual structures are produced during the summer on stem and pod lesions.
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Figure 3 Suggested life cycle for Pseudocercosporella capsellae, without forming a sexual stage
(initial infection is from conidia) as happens in Australia (Barbetti and Khangura, 2000), Canada
(Petrie and Vanterpool, 1978) and France (Penaud, 1987, Perron and Souliac 1990). In the
absence of any sexual stage, carryover to initiate new epidemics is likely from splash-dispersed
conidia produced on infested crop residues and secondary spread within crop is reliant upon
splash-dispersed conidia produced on mature lesions.
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In the U.S.A., Crossan (1954) showed that P. capsellae persists for at least nine months on leaf
residues of turnip during the summer and mid-winter months in North Carolina. However, the
influence of different environmental conditions on survival rate of these stromatic hyphae is
unknown. Infections from conidia are highly favoured by wet weather conditions. As P. capsellae
completes several life cycles during a cropping season, it is therefore, considered a polycyclic
disease (Fitt et al., 2006).
iv) Host range
As indicated earlier, P. capsellae is a pathogen with a wide host range (Gudelj et al., 2004,
Boerema and Verhoeven, 1980), infecting a range of cultivated crucifers including oilseed and
vegetable Brassica. In addition, P. capsellae has also been isolated from leaf lesions on number of
different ‘wild’ or ‘weedy’ crucifers (Maxwell and Scott, 2008, Francis and Warwick, 2003, Morris
and Crous, 1994, Deighton, 1973, Marchionatto, 1947,); and has also been recorded on false fax
(Camelina sativa), a more recent oilseed crop in Europe (Föller and Paul, 2002). In Australia,
Chinese cabbage, mustard type Brassica vegetables and cauliflower were recorded as common
hosts (Lancaster, 2006). A summary of recorded hosts for P. capsellae are listed below in Table 1.
Table 1: Different hosts recorded for the pathogen P. capsellae.

Genus

Scientific name

Common name

Reference

Arabis

Arabis hirsuta

Hairy rock-cress

(Sandu-Ville et al., 1970)

Brassica

Brassica
oleracea var.
gemmifera

Brussels sprout

(Reyes, 1979, Campbell and
Greathead, 1978, Laundon, 1970,
Crossan, 1954)

Brassica
oleracea var.
botrytis

Cauliflower

(Reyes, 1979, Petrie and
Vanterpool, 1978, Campbell and
Greathead, 1978)

Brassica
oleracea var.
acephala

Collards

(Campbell and Greathead, 1978,
Crossan, 1954)

Chapter 1

10

Brassica

Brassica juncea

Red mustard

(Eshraghi et al., 2005, Koike,
1996, Amelung and Daebeler,
1988, Deighton, 1973, Crossan,
1954,)

Brassica napus

Rape

(Reyes, 1979, Amelung and
Daebeler, 1988, Petrie and
Vanterpool, 1978, Deighton, 1973)

Brassica hirta

White mustard

(Petrie and Vanterpool, 1978)

Brassica
campestris
pekinensis var.
cephalata

Chinese cabbage
(Won Bok)

(Koike et al., 2007, Cerkauskas et
al., 1998, Amelung and Daebeler,
1988, Reyes, 1979, Crossan,
1954)

Brassica
napobrassica

Swede,
Laurentian,
Rutabaga

(Reyes, 1979, Petrie and
Vanterpool, 1978, , Crossan,
1954)

Brassica
campestris
chinensis var.
communis

Thick petiole white (Cerkauskas et al., 1998, Reyes,
Chinese leaf
1979, Campbell and Greathead,
cabbage, Bok
1978)
Choy

chinensis var.
communis

Chinese leaf
cabbage, Bok
Choy
(Amelung and Daebeler, 1988,
Deighton, 1973)

Brassica nigra

Brassica
campestris
subsp. narinosa

Tah Ttsai

(Koike, 1996)

Brassica
oleracea var.
capitata

Cabbage

(Amelung and Daebeler, 1988,
Reyes, 1979, Petrie and
Vanterpool, 1978, Miller and
McWhorter, 1948)

Chapter 1

11

Brassica

(Amelung and Daebeler, 1988,
Okullo'kwany, 1987, Petrie and
Vanterpool, 1978, Campbell and
Greathead, 1978, Gangopadhyay
and Kapoor, 1976, Crossan, 1954,
Miller and McWhorter, 1948,)

Brassica rapa

Turnip

Brassica
campestris
subsp.
nipposinica

Japanese mustard (Koike, 1996)

Cakile

Cakile edentula

Sea rocket

(Crossan, 1954)

Camelina

Camelina sativa.

Camelina, Goldof-pleasure,
False flax, Wild
flax, Linseed
dodder, German
sesame, Siberian
oilseed

(Föller and Paul, 2002)

Capsella

Capsella bursapastoris

Shepherd's-purse

(Amelung and Daebeler, 1988,
Petrie and Vanterpool, 1978)

Chorispora

Chorispora
tenella

Beanpodded
mustard, Purple
mustard, Blue
mustard, Musk
mustard

(de Cock, 2004)

Conringia

Conringia
persica

Shepherd's-purse

(de Cock, 2004, Kirk, 2004,
Deighton, 1973)

Conringia
orientalis

Hare's ear
mustard

(Petrie and Vanterpool, 1978,
Marchionatto, 1947)
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Diplotaxis
erucifolius

White-flowered
Wallflower
cabbage

(de Cock, 2004)

Diplotaxis
muralis

Wall-rocket

(de Cock, 2004)

Draba

Draba verna

Whitlow-grass

(Crossan, 1954)

Goldbachia

Goldbachia
torulosa

Hugueninia

Hugueninia
tanacetifolia

Tansey-leaved
rocket

(de Cock, 2004)

Iberis

Iberis sp.

Candytuft

(Crossan, 1954)

Isatis

Isatis
emarginata

(de Cock, 2004)

Litvinovia

Litvinovia
tenuissima

(Kirk, 2004, Deighton, 1973,)

Lunaria

Lunaria annua

Honesty

(Crossan, 1954)

Malcolmia

Malcomia
africana

African mustard

(Daebeler, 1988 and Deighton,
1973, Amelung)

Neslia

Neslia
paniculata

Ball mustard

(Francis and Warwick, 2003,
Petrie and Vanterpool,
1978,Deighton, 1973)

Raphanus

Raphanus
sativus

Radish

(Amelung and Daebeler, 1988,
Crossan, 1954)

Raphanus
raphanistrum

Wild radish
Jointed Charlock

(Maxwell and Scott, 2008, Morris
and Crous, 1994, Deighton, 1973)

Rapistrum

Rapistrum
perenne

Perennial Bastard
cabbage Steppe
Cabbage

(Amelung and Daebeler, 1988,
Deighton, 1973)

Sinapis

Sinapis alba

White mustard

(Kirk, 2004)

Diplotaxis

(Kirk, 2004, Amelung and
Daebeler, 1988, Deighton, 1973)
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Sisymbrium

Sinapis arvensis

Wild mustard,
charlock, Field
mustard

(Amelung and Daebeler, 1988,
Deighton, 1973)

Sisymbrium
officinale

Hedge mustard

(de Cock, 2004)

Sisymbrium
thalianum
Lepidium

Thelypodium

(Crossan, 1954)

Lepidium draba
(formerly
Cardaria draba)

Hoary Cress
White top

(de Cock, 2004)

Lepidium
verginicum

Peppergrass

(de Cock, 2004)

Thelypodium
integrifolium

Entire leaved
thelypody

(de Cock, 2004)

e) Cercosporin
i) Cercosporin toxin
Eight plant pathogenic genera including Cercospora are known as producers of light-activated
perylenequinone toxins, which generate activated oxygen species, particularly singlet oxygen that
is toxic to plants (Daub and Ehrenshaft, 2000). This photodynamic, nonspecific fungal pigment is
believed to play a critical role in plant pathogenic process in the genus Cercospora (Daub and
Ehrenshaft, 2000, Hartman et al., 1988). This pigment, commonly known as cercosporin, viz. 4,9dihydroxyperylene-3,10-quinon (Fig. 1), is a major toxic product studied extensively in relation to
biology of Cercospora spp. (Daub and Ehrenshaft, 2000) and modes of action (Hartman et al.,
1988, Daub, 1982, Leisman and Daub, 1992, Dobrowolski and Foote, 1983). Further, cercosporin
contribution to pathogenesis (Upchurch et al., 1991, Daub, 1987, Steinkamp et al., 1981), toxin
related expression of genes (Shim and Dunkle, 2002, Choquer et al., 2007) including resistance
genes (Daub and Ehrenshaft, 2000), and the in vitro regulation of toxin production (Jenns et al.,
1989) have all been investigated previously; but not for P. capsellae.
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Fig. 1: Chemical Structure of Cercosporin
Production of a purple–pink pigment by P. capsellae in vitro had been assumed as cercosporin a
red pigment produced by Cercospora spp. by Petrie and Vanterpool (1978) and later by others
(Eshraghi et al. 2005; Okullo'kwany 1987). Several Cercospora spp. are confirmed to produce
cercosporin and extensive studies on toxin cercosporin have documented an important role for this
toxin in pathogenesis of host plants (Daub, 2000). However, evidence have also been reported that
red pigments produced by Cercospora spp. are not always cercosporin (Fore et al. 1988). This lack
of information on the chemical nature of the pigment produced by P. capsellae is puzzling, given
that relevant methodologies are available.

ii) Cercosporin production
In vitro: Cercosporin biosynthesis on artificial media is markedly affected by temperature, light and
nutrient conditions (Fajola, 1978, Jenns et al., 1989, You et al., 2008). Of these, light is the
essential factor for production of cercosporin by all Cercospora isolates, while the other two factors
may show isolate-to-isolate variability (Daub and Ehrenshaft, 2000). In addition, You et al. (2008)
documented altering of cercosporin production by salts, metal ions and by buffers, but not by
changes in pH. Composition of the growth medium has a strong effect on cercosporin production,
which is highly isolate-specific (Daub and Ehrenshaft, 2000, Fajola, 1978, Jenns et al., 1989).
However, in general, PDA is the best medium for toxin accumulation (Jenns et al., 1989, Fajola,
1978). The optimum temperature for toxin production is 20-25oC and much higher levels of
cercosporin were produced in cultures grown in the light than in the dark (You et al., 2008, Jenns et
al., 1989). Nevertheless, temperature, light conditions and growth medium interact significantly to
regulate cercosporin accumulation and the patterns of regulation vary among different species or
even among isolates of the same species (Jenns et al., 1989).
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In vivo: Cercospora species secrete cercosporin into the host tissue during the infection process
(Daub and Ehrenshaft, 2000). Fajola (1978) isolated cercosporin from diseased lesions from 16
different hosts. Studies of Upchurch et al. (1991) demonstrated that while some isolates do not
produce cercosporin on artificial culture media, they do produce it in planta. Therefore, conclusions
on production of cercosporin cannot be made based on cultural studies alone (Daub and
Ehrenshaft, 2000).
iii) Cercosporin mode of action
Cercosporin produced by Cercospora spp. plays a prominent role in the interactions with other
organisms in nature, combatting and competing with other species present on the leaf surface
and/or assisting with invasion of susceptible hosts (Hartman et al., 1988). It belongs to a group of
photosensitizing molecules that absorb light energy to convert it into a long-lived electronically
excited triplet state that produces activated oxygen species (Daub and Ehrenshaft, 2000, Leisman
and Daub, 1992, Hartman et al., 1988). For this reason, light is critical for toxic action and the
majority of the toxicity is attributed to production of singlet oxygen ( 1O2) and superoxide (Oꜙ2) (Daub
and Ehrenshaft, 2000, Hartman et al., 1988). Macri and Vianello (1979) demonstrated such light
dependency of cercosporin and compounds with marked anti-oxidative power or chelating agents
could decrease the activity of irradiated cercosporin.
iv) Role of cercosporin in disease expression
Cercosporin contributes actively to pathogen establishment on/in the host and to disease
development (Steinkamp et al., 1981, Daub and Ehrenshaft, 2000, Daub, 1982). Primarily, this
toxin is produced in response to environmental light; then the light-activated cercosporin damages
host tissue through peroxidation of cell membranes resulting in rapid cell death and nutrient
leakage. It is this leakage of nutrient into the intercellular spaces that facilitates the pathogen’s
initial establishment on the plant host (Daub, 1982). Disease symptoms induced by the fungus and
by cercosporin alone are similar, suggesting a significant role of cercosporin in pathogenesis
(Steinkamp et al., 1981). For example, the role of cercosporin in disease development on soybean
leaves was established by positive correlation between disease severity and light exposure.
Despite the availability of substantial information on cercosporin from various cercosporinproducing fungi, and despite it being known that P. capsellae does produce an unidentified toxin, it
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was unknown if P. capsellae actually produces cercosporin and, if so, what is its role in the infection
processes and/or development of white leaf spot symptoms.
f) Disease symptoms and development
White leaf spot disease symptoms on Brassicas can vary depending upon the degree of waxiness
of leaf surface or the particular host species (Crossan, 1954). For example, on oilseed rape in
particular, P. capsellae initiates infections on mature lower leaves observable as numerous brown,
elongated spots that later become white or pale beige. These leaf lesions can be up to one cm in
diameter, and can subsequently coalesce to form large irregular shaped lesions. On some hosts,
mature lesions can be surrounded by a chestnut-brown margin with a distinct delimitation between
healthy and diseased tissues. Lesions can be visible on both leaf surfaces and amphigenous
whitish caespituli can also be found within mature lesions (Deighton, 1973). Caespituli are tufts of
conidiophores which can be distributed on the upper surface (epiphyllous), lower surface
(hypophyllous) or both leaf surfaces (amphigenous). These conidiophores can be either evenly
distributed across the lesion or aggregated along the margins of lesions (To-Anun et al., 2011).
White leaf spot lesions are easily distinguished from blackleg lesions as they do not contain the
pycnidia evident as small black fungal fruiting bodies in blackleg lesions (Henry and Steve, 2014).
P. capsellae subsequently colonizers the stems and pods as the crop matures. Infection of
stems results in large purple to grey-speckled areas on stems within which are displayed numerous
tiny dark specks due to formation of the sexual stage (Petrie and Vanterpool, 1978). Pod lesions
could be mistaken as Alternaria lesions easily. However, P. capsellae lesions are distinguishable
from Alternaria lesions by dark reticulation within the brown pod-spot and the less well defined
margin (Lane and Gladders, 2008). These pod lesions can expand rapidly and by harvest plants
can become completely discoloured and even with the entire field turning a purple or grey colour
(Anonymous, 2015).
g) Disease resistance mechanisms
Disease resistance mechanisms associated with P. capsellae infection have not been previously
studied. This is in stark contrast to other important pathogens of Brassicaceae species. For
example, in a histological study including 10 cruciferous hosts against the downy mildew pathogen,
Hyaloperonospora parasitica, (Li et al., 2011) found that resistance was expressed by differences in
the frequency and timing of haustorial formation and the final size of haustoria; and that the
hypersensitive reaction was the key resistance response observed. Histological studies involving
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the stem rot pathogen, Sclerotinia sclerotiorum, (Garg et al., 2010) or the blackleg pathogen,
Leptosphaeria maculans, (Sharma et al., 2008) susceptible and resistant genotypes of B. napus
differed in terms of colonization process and rate and in f formation of pathogen reproductive
structures. Other studies with L. maculans on B. napus defined the importance of the
hypersensitive reaction in resistance of different phenotypes of B. napus (Sharma et al., 2008, Li et
al., 2008). Such host resistance responses can involve formation of lignin (Uloth et al., 2016)
and/or condensation of cytoplasm, shrinkage in cell size, and fragmentation of nuclear DNA as
reported (Li et al., 2008) in B. napus cv. Surpass 400 against L. maculans. In addition to localized
cell death, the hypersensitive reactions can also involve an oxidative burst and synthesis of
hydrolytic enzymes, a common strategy employed by plants to resist invading pathogens (Heath,
2000). It has long been recognized that some chemical compounds are toxic to certain fungi,
including phenolics and peroxidases, formed in response to infection by pathogens. Therefore, the
appearance of such compounds is considered part of an active defence response (Flott et al.,
1989, Mohammadi & Kazemi, 2002). A frequent resistant response across many different hostpathogen combinations involves early accumulation of phenols within host cell walls (Nicholson &
Hammerschmidt, 1992) and as observed in B. carinata by (Sharma et al., 2008). In oilseed
Brassicas, accumulation of polyphenolic compounds have been observed in resistant oilseed rape
when challenged with L. maculans (Li et al., 2007) or Macrophomina phaseolina (Srivastava, 1987)
in comparison to their susceptible counterparts. Further, specific proteins induced under specific
pathological conditions [i.e., pathogenesis related (PR) proteins] (Van Loon, 1985) play an
important role in plant defence against Brassica pathogens such as in the white rust pathogen,
Albugo candida,(Kaur et al., 2011) , L. maculans (Marra et al., 2010, Sharma et al., 2008) and the
black spot pathogen, Alternaria brassicae (Sharma et al., 2007).
h) Disease - management
Fungicide treatments, crop rotation and good hygiene practices can all be utilized as control
measures to manage white leaf spot disease if conditions are not conducive for severe disease to
develop. However, generally, fungicide treatment is not recommended to control white leaf spot
disease in the absence of any other disease as this may not be cost effective (Inman, 1992). For
this reason, Prochloraz®, carbedazim-based fungicides and iprodione are generally utilized for
control of white leaf spot on oilseed rape (Inman, 1992) in situations where multiple diseases cooccur. Similarly, in France, Sportac® and Benlate® have been effective in controlling white leaf spot
(Penaud, 1987). In Australia, Impact® on oilseed rape cv. 501TT (Hamblin et al., 2004) and sprays
containing mancozeb can provide disease reduction across different genotypes of B. napus
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(Barbetti, 1988). Elsewhere, Chandler (1965) and Sumner et al. (1991) found maneb controlled the
disease on turnip; while Amelung and Daebeler (1988) also found that Prochloraz® provided
effective control.
Crop rotation and good hygiene practices are also recommended as control measures for white
leaf spot in Australia (Barbetti and Khangura, 2000, Fitt et al., 1992, Duff et al., 2006) and
elsewhere (Koike et al., 2007, Fitt et al., 1992). With the increasing significance of the pathogen
over the decades (Penaud, 1987, Amelung and Daebeler, 1988, Inman, 1992), it is evident that
more effective and reliable control measures are needed if this disease is to be successfully
managed in the future, particularly if climate changes were to foster more conducive conditions for
development of severe white leaf spot epidemics in some regions.
Breeding for disease resistance in oilseed rape offers the best avenue for cost-effective control
of white leaf spot. However, this objective has not been given priority either in past breeding
programs (Inman, 1992) or in current breeding programs due to other pathogens being considered
of greater economic significance. For this reason, there is only limited information on resistant
genotypes against P. capsellae to date. Not only would there be large benefits ‘in crop’ from
effective host resistance, but it has also been suggested that increased stem resistance in
particular, where pathogen survives for long periods during the intercrop season, could also play an
important role in disease management by also reducing extent of pathogen survival between
seasons and subsequent inoculum pressure new crops (Inman, 1992). Therefore, there is an
urgent need to (i) locate effective sources of resistance to P. capsellae, (ii) to understand the
infection processes including any role for toxin production by P. capsellae, (iii) to understand the
mechanisms of host resistance in oilseed Brassicas, and (iv) to identify phenotypic and genetic
variability of the pathogen isolates from Western Australia and elucidate possible relationships with
virulence. These knowledge gaps need addressing if development and deployment of effective host
resistance is to become the basis for developing and implementing successful management
strategies for this pathogen. Addressing these knowledge gaps is the focus of the studies in this
thesis.
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CHAPTER 2
Screening for resistant sources

Inoculated cotyledons with P. capsellae during cotyledon screening test in controlled environment
conditions (upper): cruciferous plants sprayed with P. capsellae under field screening conditions.

Chapter 2

27

CHAPTER 2a
High level resistance to Pseudocercosporella capsellae offers new
opportunities to deploy host resistance to effectively manage white leaf
spot disease across major cruciferous crops

This chapter has been published in the European Journal of Plant Pathology:
Gunasinghe N, You MP, Banga SS, Barbetti MJ, 2013. High level resistance to
Pseudocercosporella capsellae offers new opportunities to deploy host resistance
to effectively manage white leaf spot disease across major cruciferous crops.
European Journal of Plant Pathology 138, 873-90.

White leaf spot lesions on canola (Brassica napus) leaf.
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CHAPTER 2b

New host resistances to Pseudocercosporella capsellae and implications
for white leaf spot management in Brassicaceae crops

This chapter has been published in journal Crop Protection:
Niroshini Gunasinghe, Ming Pei You, Xi Xiang Li, Surinder S. Banga, Shashi K.
Banga and Martin J. Barbetti, 2015. New host resistances to Pseudocercosporella
capsellae and implications for white leaf spot management in Brassicaceae crops,
Crop Protection 86, 69-76.

White leaf spot on B. oleracea var. capitata (cabbage).
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CHAPTER 3

Mechanisms of resistance in Brassica carinata, B. napus and B. juncea
to Pseudocercosporella capsellae

This chapter has been published in the journal Plant Pathology:
Gunasinghe N, You M, Clode P, Barbetti M, 2016. Mechanisms of resistance in
Brassica carinata, B. napus and B. juncea to Pseudocercosporella capsellae. Plant
Pathology, DOI: 10.1111/ppa.12484.

Surface of the cotyledons inoculated with P. capsellae under SEM. Left hand side: Highly resistant
genotype B. carinata ATC94129P. Right hand side: Susceptible genotype B. carinata UWA#012.
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