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SUMMARY
White rust caused by Albugo candida, is a serious pathogen of Brassica juncea
(Indian mustard) and one posing a potential hazard to the presently developing canolaquality B. juncea industry in Australia. This PhD project was aimed at identifying the
races/pathotypes of A. candida, its pathogenic behaviour on B. juncea to better
understand its pathogenic potentials and to explore the mechanisms of resistance to the
pathogen by B. juncea.
Nine isolates of Albugo candida, representing strains collected from Brassica
juncea, B. rapa, B. oleracea, B. tournefortii, Raphanus raphanistrum, R. sativa, Eruca
vesicaria ssp. sativa, Capsella bursa-pastoris and Sisymbrium irio from different
locations in Western Australia (W.A.) were tested on cruciferous host differentials to
characterize their pathogenicity. In particular, these studies were aimed to determine the
hazard to the newly emerging B. juncea industry in Australia from races/pathotypes of
A. candida present. Pathogenicity tests with appropriate differentials demonstrated the
presence in W.A. of a unique strain from B. rapa that did not show characteristics of
either Race 7A or 7V and clearly is a distinct new pathotype within Race 7. Different
strains collected from W.A. differed in their host range, with the strains from B.
tournefortii and S. irio being highly host specific, failing to be pathogenic on any other
differentials. B. tournefortii was host to a strain attacking B. juncea and E. vesicaria ssp.
sativa. The strain from R. raphanistrum showed a relatively wide host range among the
differentials tested. B. tournefortii, C. bursa-pastoris, R. raphanistrum and S. irio are
common weeds within grainbelt and/or horticultural regions in Australia. The B.
oleracea isolate (Race 9) was pathogenic to B. juncea cv. Vulcan whereas the isolate
from B. juncea (Race 2V) was not pathogenic on B. oleracea. Similarly, the strain from
C. bursa pastoris (Race 4) was pathogenic on B. juncea cv. Vulcan but the B. juncea
strain was not pathogenic on C. bursa-pastoris. In contrast, the strain from R. sativus
(Race 1) was pathogenic on B. juncea and the B. juncea strain (Race 2V) was also
pathogenic on R. sativus. Field isolates from B. rapa, B. tournefortii, E. vesicaria ssp.
sativa, and S. irio were all non-pathogenic on B. juncea. Isolates from B. juncea and R.
raphanistrum were pathogenic on B. napus (FAN 189). It is noteworthy that the isolate
from S. irio was non-pathogenic on all of the other hosts tested. For the nine A. candida
isolates from W.A., complete rDNA-ITS region nucleotide sequence analysis showed a
nucleotide identity range of 72.4 to 100% in comparison with previous Australian
collections of A. candida and also those previously reported in Europe and Asia. The B.
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tournefortii isolate of A. candida from W.A. formed a distinct clade on its own, with an
identity range of 77.4 to 80.5% compared with the other isolates. Isolates from R.
raphanistrum and R. sativus from W.A. were least similar to the other isolates, with a
nucleotide identity similarity of only 72.4 %.
Investigations were carried out to determine if there were any differences in the
symptom expression following spot inoculation of the cotyledon, leaf lamina or the
growth apex at different stages of plant growth and, also to determine the specific
reproductive stage during development of B. juncea at which the flowers have to be
inoculated with A. candida to maximise development of pod hypertrophies. Spot and
growing point inoculations performed at the cotyledon or true leaf stages caused clear
differences in disease progression and the eventual severity of disease occurring at
subsequent stages of plant growth. In this test, only growing point inoculations at the
true leaf stage [GS 2.1] resulted in pod hypertrophies. Among the different reproductive
stages tested, only inoculations of the flower buds just changing colour [GS 3.3] and
just opening flowers [GS 4.1] resulted in pod hypertrophies, with earlier or later
inoculations of the flower buds or flowers, respectively, failing to result in pod
hypertrophies. These studies have, for the first time, not only defined the particular
reproductive stages of plant development at which infection results in pod
hypertrophies, but, have also shown that in relation to infections of shoot tissues, it is
only inoculation of the growing point at the first true leaf stage that leads to systemic
development of disease rather than inoculations of the cotyledon or leaf laminae. The
findings of this study will not only allow both targeting fungicide applications to the
specific plant growth stages in order to suppress development of severe leaf disease
and/or pod hypertrophies, but also lead to the identification of the resistance
factors/mechanisms associated with reduced systemic movement of the pathogen which
results in the most severe leaf infection and the greatest incidence of pod hypertrophies.
White rust caused by A. candida and downy mildew caused by
Hyaloperonospora parasitica are two economically important diseases of Brassica and
other cruciferous taxa. Two experiments were conducted to test the effect of inoculation
with an incompatible strain of H. parasitica on symptoms caused by a compatible strain
of A. candida on B. juncea and if the sequences of arrival of inoculum of the two
pathogens affect the outcome of the inoculations. Severity of symptoms caused by the
white rust pathogen increases when a host highly susceptible to A. candida but resistant
to H. parasitica is pre-inoculated with H. parasitica. When the inoculations with A.
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candida were followed 10 days after the inoculations (dpi) with H. parasitica on a
variety resistant to downy mildew but highly susceptible to white rust, not only were
white rust symptoms significantly more severe compared with other treatments, but
symptoms appeared earlier, at 6-7 dpi, instead of 10-11 dpi. Symptoms of downy
mildew did not appear in any of the treatments, including that with H. parasitica alone.
DNA extractions of tissues, not only those harvested from the site of inoculation with
H. parasitica [viz: growing point near the axils of the first true leaves or the apices of
flower buds before they changed colour (GS 3.2)] but also of the tissues above where
they were inoculated, indicated that the downy mildew pathogen had colonized the
plants systemically. These are first reports of (a) the systemic colonization of H.
parasitica in a host known to be resistant to downy mildew disease, and (b) the increase
in susceptibility of a Brassica to white rust disease as a result of the asymptomatic
colonization by the downy mildew pathogen.
A comparative proteomic study was undertaken to explore the molecular
mechanisms that underlie the defense responses of B. juncea to white rust disease
caused by A. candida. Proteome-level changes in response to the pathogen were
investigated using two-dimensional (2D) gel electrophoresis. Nineteen proteins showed
reproducible differences in expression between the susceptible (RH 819) and the
resistant variety (CBJ 001) of B. juncea following inoculation with A. candida. The
identities of all 19 proteins were successfully established through Q-TOF MS/MS. Five
of these proteins were only detected in the resistant variety and showed significant
differences at various time points following inoculation with the pathogen in
comparison to mock-inoculated plants. Among these was a thaumatin-like protein (PR5), a protein not previously associated with resistance of B. juncea towards A. candida.
One protein, peptidyl-prolyl cis/trans isomerase (PPIase) isoform CYP20-3, was only
detected in the susceptible variety and increased in response to the pathogen, but was
not detected in the resistant variety. PPIases have recently been discovered to play an
important role in pathogenesis by suppressing the host cell’s immune response. For all
19 proteins examined, an increase in transcript abundance always preceded the
induction at the proteome level. These findings are discussed within the context of the
A. candida-B. juncea pathosystem, especially in relation to host resistance to this
pathogen.
The determination of the races/pathotypes of A. candida in Western Australian
oilseed crops is expected to help in the development of cropping systems with cultivars
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resistant to the prevalent pathogen races/pathotypes. The determination of the stage of
plant development at which the host is pre-disposed to systemic infection leading to pod
hypertrophies could help to better time fungicide applications if they should become
necessary. Screening of downy mildew resistant germplasm in B. juncea should in
future also consider the potential hazard in choosing downy mildew “resistant cultivars”
that allow systemic and asymptomatic colonization by downy mildew of host tissues
which not only enhances severity of white rust but also helps survival of the downy
mildew inoculum in the field even in the absence of a crop susceptible to downy
mildew. Finally, the discovery of the proteins conferring resistance to white rust in B.
juncea could lead to not only the use of these anti-pathogen proteins as genetic markers
in selecting resistant germplasm but also as valuable genes for introgression into
commercial cultivars of B. juncea.
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INTRODUCTION
B. juncea (Indian mustard) is a species of the plant family Brassicaceae. It is an
allotetraploid species that has arisen by hybridisation between Brassica nigra (2n = 16)
as the female parent and Brassica rapa (2n = 20) as the male parent, followed by
chromosome doubling of the F1 (Oram et al. 2005). Cultivars of this species are
generally grown for oilseed production or as green vegetables or as forage and
sometimes for their medicinal properties as well. Brassica spp. oil is the third-most
important vegetable oil after soybean and oil palm (Schippers and Mnzava 2004).

During the past eight years, canola (Brassica napus) has become an integral component
of the cropping systems of the Western Australian grainbelt. But, its adoption in the low
rainfall regions is hindered by its low and variable yields, high input cost and the
relative high risk of crop failure due to drought and blackleg fungal disease (Macroft
1997). In Australia, a small proportion of oilseed Brassica area (about 3000 ha) is sown
to B. juncea mainly for use as condiments (Oram et al. 2005). In the early 1990’s canola
quality B. juncea with low erucic acid and low glucosinolate was first developed and
has since been deployed into commercial production in Canada by the Saskatchewan
Wheat Pool in collaboration with Agriculture and Agri. Food Canada (Love et al. 1991).
Subsequently, canola-quality B. juncea is being developed to extend Brassica oilseed
production to the lower rainfall areas in Australia, particularly for the drier half of the
southern Australian wheatbelt, as it is better adapted than canola to hotter and drier
areas. Unfortunately, most of the cultivated varieties of B. juncea are highly susceptible
to white rust (Burton et al. 1999), including the newly released cv. Dune which is
susceptible to the strain of white rust currently predominant in Australia (Anon. 2007).

1.2. WHITE RUST DISEASE
(a) Symptoms
Amongst various diseases, white rust, also known as white blister and caused by
Albugo candida, is a devastating disease of rapeseed and mustard which occurs in
different parts of the world (Sokhi and Khangura 1992). It causes both local and
systemic infections on plants of various cruciferous species. In local infections, the
disease mainly infects parts of Brassica plants that contain chlorophyll (i.e. green
parts), however, systemic infections can cause any part of the plant to be affected
(Rachel 2006). Local infection produces white blisters which are white to cream2
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coloured pustules on the underside
underside of the leaves during the early stages but as the
disease progresses, circular areas of leaf discolouration (light green to yellow)
appear on the corresponding upper surface and pustules on stems and pods can also
develop. With systemic or flower bud infections, where the disease grows
throughout the plant’s tissue, extensive distortion, hypertrophy, hyperplasia and
sterility of the inflorescences occurs. Infection of the entire flower stalk can result in
a spiny swollen structure similar to the antlers
antlers of a deer, hence the name “staghead”
(Kaur 1992; Verma and Petrie 1980).

(b) Host range
The pathogen (A.
A. candida)
candida) causes considerable damage both in many economically
important agricultural crops and in common weeds (Farr et al. 1989), and its hosts
have been reported to include as many as 63 genera and 241 species of cruciferous
plants (Biga 1955; Saharan and Verma 1992), among which Brassica and Raphanus
species are the most important cultivated host genera. White rust, caused by one or
more species of Albugo,, occurs globally on beet (garden and sugar-beet
sugar
types),
brussels sprouts, cabbage, cauliflower, chinese cabbage, collards, garden cress,
horseradish, kale, lettuce, mustards, parsnip, radish, rape, salsify (black and white),
spinach, sweet potato, turnip, watercress, and possibly waterwater-spinach. Additionally,
various common weeds and herbaceous ornamentals are
are attacked (Table 1) (Anon.
1990).
3
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TABLE 1 Common ornamental and weed hosts attacked by A. candida (Anon.
1990).
SPECIES

HOSTS

Albugo candida

Brussels sprouts, bittercress (Cardamine spp), cabbage,
candytuft, caper, jamaica, cauliflower, charlock, Chinese
cabbage, collards, dames-rocket, false flax, garden cress,
hedge mustard, tall horseradish, kale, marshcress,
mignonette, white mustards (black, leaf, and white),
nasturtium, pennycress peppergrass, pigweed, radish,
garden and wild rape, rockcress (Arabis spp) salsify, scurvy
weed, shepherd’s-purse, stock, sweet alyssum, tansy
mustard toothwort, turnip, wallflower, common and,
western, water cress or yellow rocket, whitlow grass, worm
weed mustard

In Australia, it has been reported on 20 different plant genera, although it is
generally restricted to introduced cultivated and weedy plants (Petkowski et al.
2010). White blister disease in Australia was first reported on shepherd’s purse
(Capsella bursa-pastoris) in 1894, on Chinese cabbage (Brassica rapa) in 1895, and
on radish (Raphanus sativus) in 1903. The first report of white blister recorded on
the B. oleracea group (cauliflower) was in 1980, so A. candida on this important
group of vegetables is perhaps a relatively recent introduction. White blister also
occurs on other crops such as horseradish (Armoracia rusticana), broccoli, Brussels
sprouts and kale (B. oleracea), turnip, bokchoy, Shanghai and choysum (B. rapa),
rocket (Eruca sativa), Indian mustard (B. juncea), mustard weed (Sysymbrium spp.),
and water cresse (Rorippa spp.). So far A. candida has not been recorded on B.
oleracea in Queensland, nor on cabbage (B. oleracea) in Australia (Minchinton et
al. 2005).

White rust is an important disease in Western Australia (WA) (Barbetti 1978;
Barbetti 1981; Barbetti 1988a,b; Barbetti and Carter 1986; Li et al. 2007a,b 2008)
and weedy cruciferous species are widespread throughout the oilseed rape growing
regions of WA. It was first recorded in WA on R. raphanistrum in 1929 (MacNish
1963), B. napus var. napobrassica and B. rapa var. rapa in 1940 (Chambers 1959),
R. sativus in 1944 (Chambers 1959), B. oleracea var. botrytis in 1965 (MacNish
1967), B. napus in 1970 (Anon. 1972; Shivas 1989), B. tournefortii in 1974 (Anon.
4
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1974; Shivas 1989), and on B. rapa var. chinensis in 1984 (Anon. 1984; Shivas
1989). Symptoms have been recorded on cauliflower and broccoli and the disease
has been found in all major vegetable Brassica growing regions in Australia
(Rachel, 2006). White rust has also been observed on a few experimental genotypes
of B. napus (particularly ‘Norin’ lines) from Japan several decades ago (M.J.
Barbetti, unpubl.) and more recently in a few experimental B. napus genotypes
introduced from China (Li et al. 2007a). B. juncea cultivars previously reported as
being resistant to A. candida race 2 (now designated as pathotype 2A) were
subsequently found to be susceptible to a more virulent form of this race in Canada
(designated as pathotype 2V) (Petrie 1994) including newly developed canolaquality B. juncea which is widely sown across the Canadian prairies (Gurung et al.
2007). Pathotype 2V has also been reported in WA (Kaur et al. 2008).

(c) Geographical distribution
White rust on cultivated Brassica and other cruciferous species is prevalent in
various localities throughout the world (Saharan and Verma 1992). Although the list
is not exhaustive, countries where the disease occurs include the U.K. (Berkeley
1848), U.S.A. (Walker 1957), Brazil (Viegas et al. 1943), Canada (Conners 1967;
Greelman 1963; Petrie 1973), Germany (Klemm 1938); India (Chowdhary 1944),
Japan (Hirata 1954), Pakistan (Perwaiz et al. 1969), Palestine (Rayss 1938),
Romania (Savulescu 1946.), Turkey (Bremer et al. 1947), Fiji (Parham 1942), New
Zealand (Hammett 1969) and China (Zhang et al. 1984).

(d) Extent of damage
Severe yield losses are caused by A. candida in B. rapa (syn. campestris) (Turnip
rape), B. juncea (mustard), and some B. napus (rapeseed) (Fan et al. 1983; Harper
and Pittman 1973; Kumari et al. 1970) with reductions in yield of 30-60 % in
severely infested fields in Canada (Bernier 1972). The combined infection of leaf
and inflorescence causes yield losses up to 60 % or more in India (Lakra and
Saharan 1989), and losses of up to 20 % in Australia (Barbetti 1981). In B. juncea,
most of the available commercial varieties are highly susceptible to A. candida. In
the most disease prone situations, it has been estimated that combined infection of
leaf and inflorescence causes yield loss to the extent of 89.8 %, with up to 62.7 % of
this yield loss because of the high level of staghead formation in susceptible
cultivars (Lakra and Saharan 1989). It is clear that while appreciable yield loss can
5
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occur from leaf infection, infection of the racemes resulting in malformed structures
can constitute the major portion of the yield losses that occur (Kolte 1985). The
relationship between yield loss and the extent of staghead infection in white rust
disease was expressed by Harper and Pittman (1974) as:

Yield loss (%) = 100 × Number of stems systemically infected
Total number of stems examined

1.3 THE PATHOGEN
The filamentous oomycete A. candida is considered to have descended from an aquatic
non-fungal ancestor and belongs to the Kingdom Stramenopiles (along with brown
algae and diatoms) (Sogin and Silberman 1998). Despite the separate phylogeny of
oomycetes and true fungi (Kingdom Eumycota), the biotroph A. candida causes plant
disease in a manner similar to the biotrophic rust fungi, including penetration by
germtubes arising from asexual inoculum via stomata, mesophyll colonization of a
compatible host tissue, and sporulation within spore-bearing pustules. Hence, the
disease caused by A. candida has been referred to as white blister rust (Holub et al.
1995).

(a) Life cycle
A. candida is an obligate parasite that can develop only in living host tissues. It
reproduces by asexual sporangia or zoospores and thick-walled sexual spores
(oospores). The presence of oospores in crop residues and/or perennial mycelium in
living host (including weeds) tissues enables A. candida to over-season. A few
infected plants may serve as an effective primary source of inoculum to establish a
disease epidemic. In systemically infected plants, such as horseradish, the white rust
pathogen resumes growth early in the spring, invades the shoot primordia, develops
along with the growing shoots, and produces pustules on all aerial parts (Anon.
1990). However, in Australia, it appears that oospores provide the sole source of
carryover of A. candida, especially in regions with Mediterranean-type climate
where dry hot summers prevail (Anon. 1990).

6
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FIG. 1 Life cycle of Albugo candida (adapted from Saharan and Verma 1992)
Colourless, nearly spherical to globose sporangia are borne on short, club-shaped
club
stalks (sporangiophores), which produce a chain of sporangia
spor
with distinct
thickening between the sporangia (Figures 2A and B).. The host epidermis
eventually ruptures leading to the release of sporangia. The powdery sporangia are
usually dispersed by air currents, splashing rain, farm implements, workers, and
insects.
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FIG. 2 Albugo candida, a common white rust pathogen, as it would appear under
a high- power light microscope. A. Cross section of a typical sorus showing
chains of sporangia borne on short stalks (sporangiophores), which have burst
through the host epidermis and are being released. The mycelium of the
pathogen is intercellular except for the small, spherical haustoria in the host
cells; B. close-up of three sporangiophores with sporangial chains and two
loose sporangia; C. two oospores, the upper one is mature within a persistent,
thin oogonial wall (drawing by Lenore Gray, Anon. 1990).
Each sporangium can germinate directly by producing a germ tube (behaving like a
conidium) or, more commonly, by forming 4 to 18 motile zoospores (swarm
spores) under low temperatures and free water on the host tissue. These zoospores
swim for a few minutes in the water film with the help of two (one whip and one
tinsel-like) flagella. Then the zoospores come to rest, become spherical, form a cell
wall, lose their flagella, encysts and produce a germ tube. The germ tubes grow and
penetrate leaf or other host tissue through the stomata. Cool dewy nights and
slightly warmer days are found ideal for disease development, but the presence of
free water in the form of light drizzly rain, heavy dew or fog is necessary for
germination by sporangia and zoospores (Anon. 1990). However, heavy rains and
irrigation tend to wash the sporangia off the foliage. The first external symptoms of
white rust usually appear 5 to 20 days after infection depending on the temperature
and other environmental conditions prevailing and within 3 to 14 days a new crop
of sporangia are released, starting a secondary disease cycle. Many secondary
cycles may occur during a growing season. Under ideal conditions (cool and moist),
a complete cycle may be completed in every 8 to 10 days (Anon. 1990). Brown,
globose oospores are produced within the leaves, petioles, stems, and roots of
thoroughly invaded plants as they approach maturity. Oospores are especially in
8
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large numbers in distorted swellings and galls (including stagheads) in infected
stems and pods. The oospores form among the dying host cells. These thick-walled,
over wintering spores (Figure 2C) can resist drying as well as temperature
extremes. The oospores are responsible for over-seasoning in the plant debris and
are liberated when the host tissues decay. The oospores germinate in the spring by
producing several zoospores precisely like those formed by the sporangia (Anon.
1990).

Mature stagheads consist entirely of oospores and serve as the main survival and
dispersal propagules (Petrie 1975). In addition, white rust is spread through sowing
seeds contaminated with oospores and by wind and rain-borne zoosporangia, and
occasionally perennial mycelium in infected live plants may also initiate disease
epidemics (Shukla et al. 2003). In Western Australia white rust has been recorded
on shepherd’s purse, wild mustard, wild radish and wild turnip but the role of these
weeds in spreading the disease has not been determined (Bokor 1972). Moist and
cool weather i.e. >75% RH and 5-12 oC temperature with short and cloudy days (26 hrs sunshine) favours the disease development (Shukla et al. 2003).

(b) Infection process
In all species of Albugo oospores are the primary source of inoculum (Verma et al.
1975; Saharan and Verma 1992). Secondary spread is by means of sporangia, which
are readily carried short distances by splashed water droplets or, to a certain degree,
by air currents. Moisture on the host surface is essential for germination of
sporangia and infection by zoospores. The most likely primary infection sites are the
emerging cotyledons (Verma et al. 1975). Zoospores derived from oospores
(primary inoculum) are capable of causing infection (Verma et al. 1975), but no
evidence exists of infection arising directly by germ tubes derived from oospores
(Verma and Petrie 1975). Sporangia and oospores germinate to give biflagellate
zoospores, about 4-12 per sporangium (Verma and Petrie 1975). After swimming
for a time, a zoospore encysts and forms a germ tube, which enters the host through
a stoma (Verma et al. 1975). Germ tubes enter the stomata of resistant hosts as
readily as those of susceptible hosts (Verma et al. 1975). In the former, mycelial
growth of the pathogen ceases in the substomatal chamber and a marked
encapsulation forms around each single haustorium (Verma et al. 1975). In the
9
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congenial or susceptible host, the mycelium advances intercellularly with the
production of haustoria (Liu and Rimmer 1990; Liu et al. 1989; Verma et al. 1975).

In mycelial development, the sequence of events appeared to be the same from
different types of inoculum in the studies by Verma et al. (1975). Until the
formation of the first haustorium, there appeared to be no difference in the infection
process in the susceptible (B. juncea, B. campestris), moderately susceptible (B.
hirta), and resistant (B. napus) hosts. Growth in B. napus stopped after 2-3 days of
inoculation and a marked encapsulation was formed around each single haustorium.
In contrast, mycelial development increased rapidly after the formation of first
haustorium in other hosts and up to 14 haustoria were observed in a single
mesophyll cell and encapsulation was rarely observed around haustoria in
susceptible host tissue. The massive amount of thallus produced by the pathogen
was tolerated by the susceptible host which emphasizes the highly specialized type
of parasitism evolved by A. candida (Verma et al. 1975).

Samples of whole cotyledons were examined by Liu et al. (1989) by differential
interference contrast microscopy after inoculating cotyledons of one resistant and
three susceptible rape lines/cultivars with zoospores of A. candida race 7. The time
course of the infection process for the trials conducted in growth cabinet at
day/night temperatures of 22/l7oC with a 16-h photoperiod showed that germination
of zoospore cysts happened 2-3 h after inoculation and the infection was initiated
with germ-tubes penetrating through stomata. Approximately 8 h after inoculation,
haustorium formation was first observed in the palisade mesophyll cells adjacent to
the substomatal chambers. Their studies also showed that the earliest event that
distinguishes a compatible from an incompatible interaction occurred only after the
formation of the first haustorium and that resistance was not manifested until the
host mesophyll cell had come into contact with the first haustorium. Most primary
hyphae produced single haustoria in the resistant cultivar and necrosis of the
invaded host cell was first observed 12 h after inoculation followed by cessation of
fungal growth. The death of host cells was largely restricted to the penetration site,
whereas the adjacent non-penetrated cells remained apparently unaffected. On the
contrary, in the susceptible hosts, necrosis of infected cells occurred only rarely, and
hyphal growth continued unabated, resulting in mycelial ramification into the
mesophyll and abundant haustoria were produced (Liu et al. 1989).
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(c) Physiological specialization
Biological specialization has long been noted in A. candida. Its isolates exhibit host
specificity and races have been classified based on their ability to infect different
Brassicaceae species (Pound and Williams 1963). Seventeen races of A. candida
have been reported from various Brassica species with isolates of A. candida from
different Brassica species normally most pathogenic on the host genotype or species
(Minchinton et al. 2005). These are nonetheless able to grow, although normally not
as well, on other Brassica species (Liu et al. 1996). Table 2 lists some of the key
designated races that have been reported.

Under experimental conditions, however, spores from some hosts have produced
white blister lesions on hosts other than those listed in Table 2, particularly on
seedling cotyledon leaves. This suggests that some race specificities for the
pathogen may not be clearly differentiated (Rachel 2006). Individual races do not
exhibit an absolute adaptation to one particular host species and often can also infect
heterologus hosts, especially those sharing a common genome (Tanhuanpaa and
Vilkki 1999). The genetic control of resistance in B. rapa towards A. candida is
governed by both major and minor genes (Delwiche and Williams 1974; Edwards
and Williams 1987; Kole et al. 1996). To date, 409 RAPD primers have been tested
for polymorphism but none have yielded suitable markers. Hence, an alternative
strategy, based on the existence of conserved structures among different resistance
genes, has been tested using amplified resistance gene analogs from resistant parents
using different PCR primer pairs. These PCR products of ca. 500 bp in size have
been cloned and sequenced and putative white rust resistance genes located
(Tanhuanpaa and Vilkki 1999).

In Australia, A. candida has been reported on 20 different plant genera, although it
is generally restricted to introduced cultivated and weedy plants (Petkowski et al.
2010). The classification of species within the genus Albugo, which infects the same
host family, has been often impossible based on the morphological characteristics.
Hiura (1930) and Eberhardt (1904) demonstrated the host specificity of A. candida
by predominately examining crop species, and initially resulted in classifying A.
candida into 10 races based on their specificity to different brassicaceous hosts (Hill
et al. 1988; Pound and Williams 1963). Recently, Minchinton et al. (2005) reported
11
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17 races of A. candida from various cruciferous species worldwide. The degree of
host specificity within A. candida, however, has not been clearly defined. Khunti et
al. (2000) showed that A. candida isolates from Brassica can infect Amaranthus
viridis (Amaranthaceae) and Cleome viscosa (Capparaceae, now included in
Brassicaceae; APG, 2003), as well as Brassica campestris var. rapa (Choi et al.
2006).

TABLE 2 Reported Races of Albugo candida and the hosts they infect *

Race
1
2
2V
3
4
5

Scientific name
Raphanus sativus
Brassica juncea
B. napus
Armoracia rusticana
Capsella bursa-pastoris
Sisymbrium officinale

6

Rorippa islandica

7

B. rapa (campestris)

7V
8
9

B. rapa cv. Reward
B. nigra
B. oleracea

10

Common name
radish
Indian mustard
canola
horseradish
shepherd’s purse
hedge/tumble
mustard
marsh/yellow
watercress
mustard, rape,
rapeseed, field
mustard, Chinese
cabbage, spinach
mustard, turnip
turnip rape
black mustard
broccoli, Brussels
sprouts, cauliflower,
kale, kohlrabi
charlock

Reference
Pound & Williams (1963)
Pound & Williams (1963)
Petrie (1994)
Pound & Williams (1963)
Pound & Williams (1963)
Pound & Williams (1963)
Pound & Williams (1963)
Verma et al. (1975)

Petrie (1994)
Delwiche & Williams (1977)
Hill et al. (1988), Williams
(1985)

B. kaber (Sinapis
Hill et al. (1988), Williams
arvensis)
(1985)
11
B. carinata
Ethiopian mustard Williams (1985)
12
B. juncea
Indian mustard
Verma et al. (1999)
13
B. campestris var. toria Toria
Verma et al. (1999)
14
B. juncea cv. RL 1359
Indian mustard
Gupta & Saharan (2002)
15
B. juncea cv. Kranti
Indian mustard
Gupta & Saharan (2002)
16
B. juncea cv. Kranti
Indian mustard
Gupta & Saharan (2002)
17
B. juncea cv. RH 30
Indian mustard
Gupta & Saharan (2002)
*Details of differentials used to classify these races are attached in the appendix I
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Assuming the current race designations, and allowing for interpretations of plant
taxonomy, the recorded pathotypes of A. candida in Australia are likely to belong to
Races 1, 2, 3, 4, 5, 6, 7, 9 and 10. Host records indicate that races 1, 2V, 3, 4, 5, 6, 7,
and 9 occur in New Zealand (Minchinton et al., 2005). Recent field observations in
New Zealand suggest that leafy turnip (B. rapa), grown for animal forage, is
particularly susceptible to white blister (probably Race 7 of A. candida). Race 9
infects B. oleracea, and this race is likely to have caused the recent outbreaks of
white blister that have occurred on broccoli in Australia and New Zealand.
Variations in severity of white rust epidemics could be due to changes in the
virulence of the pathogen population (Minchinton et al., 2005). The primary host of
race 7 is B. rapa (Verma et al. 1975) and race 2 is primarily compatible with B.
juncea (Pound and Williams 1963), but it has also been found to be pathogenic on
many genotypes of B. rapa (Petrie 1988).

It has been found that resistance to race 2 in B. rapa and other oilseed Brassica spp.,
including B. juncea, B. napus and B. carinata, is conferred by dominant alleles at
single loci (Delwiche and Williams 1974, 1981; Ebrahimi et al. 1976; Kole et al.
1996; Tiwari et al. 1988), although there is some evidence of minor genes also being
involved in the control and/or expression of resistance (Edwards and Williams 1987;
Kole et al. 1996). B. juncea cultivars which were previously resistant to white rust
race 2 (now designated as 2A) were subsequently susceptible to a more virulent
form of this race of the pathogen (now designated as race 2V) including newly
developed canola quality B. juncea which is widely sown across the Canadian
prairies.

By interspecific introgression of a resistance gene from B. napus, qualitative
hypersensitive response type resistance to A. candida race 2V has been developed
(Franke et al. 1999). B. napus, being highly resistant to race 2A and race 2V of
white rust, has been successively backcrossed to B. juncea and resistance to A.
candida race 2V has been successfully introgressed into the canola quality B.
juncea, and into oriental mustard and brown mustard, but only in Canada (Rimmer
et al. 2000). This material is now being used to develop improved canola quality B.
juncea, oriental mustard and brown mustard varieties in the Saskatoon Research
Centre breeding program (Gugel et al. 1999). Resistance to both the race 2A and 2V
13
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is an important requirement of all the future cultivars of B. juncea (Rimmer et al.
2000) for Canada and Australia.

1.4 HOST RESISTANCE TO A. CANDIDA
Recently, B. juncea germplasm from Australia, China, and India was tested in Australia
by Li et al. (2007) to identify sources of resistance to A. candida. Forty-four B. juncea
genotypes, viz. 22 from India, 12 from Australia, and 10 from China, were tested and
four Chinese genotypes (CBJ-001, CBJ-002, CBJ-003, CBJ-004) and one Australian
genotype (JR049) consistently showed high resistance to A. candida against a pathotype
prevailing in Australia across all the different plant growth stages. Similarly, the most
susceptible genotypes (viz. Indian genotypes RH781, RL1359, RH819) were extremely
susceptible irrespective of the plant growth stage. Although severity of disease on
cotyledons and leaves at the different growth stages was significantly and positively
correlated, no significant correlation between the number of stagheads and any of the
other disease parameters measured was found (Li et al. 2007). Similarly, in experiments
conducted earlier by Goyal et al. (1996) were unable to establish a relationship between
staghead and foliar disease for B. juncea. The relationship between foliage resistance
and staghead resistance to A. candida in Brassica species is an area warranting study.

In a screening of a B. oleracea core collection with 400 accessions representing the
genetic and geographic diversity of the species, identification of seedling resistance to
white rust of crucifers was performed in Portugal by Santos and Dias (2004). Fifty
seedlings per accession were tested against the Portuguese isolate Ac502 and sources of
resistance were found among the cauliflowers, broccoli and tronchuda cabbages gene
pools. Forty-seven accessions presented at least 20% of resistant seedlings. Nine
accessions (the kales INRA18 and INRA62, the cauliflowers HRI4856, HRI4866 and
HRI5424, the loose-head cabbage HRI11555, the savoy cabbage BRA848, the black
broccoli HRI6318 and the Portuguese tronchuda cabbage ISA207) presented 50–78% of
resistant seedlings (Santos and Dias 2004). Therefore, these could be considered as
potential and useful sources for direct use in breeding programs for white rust
resistance.

1.5 HOST PATHOGEN INTERACTIONS & BIOCHEMICAL STUDIES
The study of plant-pathogen interactions has enormous commercial importance as it can
lead to a better understanding of the mechanisms by which plants defend themselves
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against infection by the pathogens. Plants exhibit numerous responses when challenged
by pathogens, some of which involve the activation of host defense genes that bring
about physical and biochemical changes in the host (Jones and Dangl 2006). Such
changes can be studied through metabolome, transcriptome and proteome analyses.
Cellular signalling and metabolic events are driven by protein-protein interactions, posttranslational protein modifications, and enzymatic activities. In order to understand gene
function and to address biochemical and physiological questions, it is important to
include proteomic studies in any systems biological approach (Aebersold and Mann
2003). Proteomics have already been used to explore differentially expressed proteins in
many pathosystems (e.g. Islam et al. 2008; Sharma et al. 2007; Subramanian et al.
2005).

During incompatible host-pathogen interactions, damage caused by the pathogen
remains restricted as a result of the plant’s defensive response. This response is
associated with a coordinated and integrated set of metabolic alterations (Epple et al.
1998; Van Loon 1997). During this process various proteins are induced which are
collectively referred to as “pathogenesis-related proteins” (PRs). These PRs are defined
as proteins coded for by the host plant but induced specifically in pathological or related
situations (Antoniw and Pierpoint 1978; Van Loon et al. 1994), proteins which not only
accumulate locally in the infected tissues, but are also induced systemically, and
associated with the development of systemic acquired resistance (SAR) against further
invasion by plant pathogens. Resistance is associated with activation of signaling
pathways that leads to the expression of certain pathogenesis-related (PR) proteins
contributing to resistance. The synthesis and accumulation of PR proteins are typical
plant responses to pathogen infection (Selitrennikoff, 2001). While the precise
mechanism of action of PR-5 proteins is not yet completely understood, (Coca et al.,
2000, Ibeas et al., 2000, Richardson et al., 1987, Selitrennikoff et al., 2000 and Wang et
al., 1996), they most likely degrade the pathogen’s cell wall given that a number of PR5 proteins bind (1,3)-β-glucans and have detectable in vitro (1,3)-β-glucanase activity
(Grenier et al., 1993, Trudel et al., 1998). Several PR-5 proteins have been reported to
cause cell permeability changes in fungal cells with intact cell walls but not on naked
protoplasts (Roberts et al., 1990). The maize PR-5 protein, zeamatin, inhibits growth of
suspension cultures of Candida albicans, Neurospora crassa and Trichoderma reesei by
causing very rapid cell lysis, even at low temperatures (Roberts et al., 1990). Different
PR-proteins serologically related to those of tobacco (PR-S, Q and 2) were detected in
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B. napus and B. nigra after the exposure to different stress factors, like the fungal toxin
sirodesmin PL found in Leptosphaera maculans isolates (Dixelius 1994).

Studies on the host-parasite interactions in white rust diseases has focused on the level
of specificity among races of pathogens and genotypes of related host species (Saharan
and Verma 1992). Even within the confines of race-cultivar specificity, the studies have
been narrow in that no genetic information has been generated on Albugo, the causal
organism. Resistant, partially resistant, moderately susceptible, and susceptible oilseed
Brassica spp. (traditional and doubled haploid (DH) genotypes) to A. candida have been
compared for phenotypic development of host-pathogen interaction and histology of
host-pathogen interaction (Bansal et al. 2005). A partially resistant genotype developed
pinhead-size pustules, which were mainly on the upper surface of cotyledonary leaves.
Comparatively more mycelium was observed in the susceptible genotype compared
with the partially resistant genotype. There was neither pustule development nor any
mycelial growth in the resistant B. napus genotypes. In contrast, the pustules on leaves
were similar to those in the partially resistant genotype, were of pinhead-size, and
occasionally coalescing in the moderately susceptible genotype. However, mycelial
growth in the mesophyll tissue of the moderately susceptible genotype was comparable
to that in the susceptible B. rapa cv. Torch which showed large coalescing pustules. In
the non-host B. juncea cv. Commercial Brown, while some mycelial growth was
observed beneath the epidermal cell layer and in the mesophyll cell layer of the
cotyledonary leaf tissue, no pustules were formed (Bansal et al. 2005).

Genes for white rust resistance were introgressed into B. juncea cv. RL 1359 from B.
napus, B. carinata and B. tournefortii by Banga et al. (2004) following interspecific
hybridization. They found that seven genotypes had significantly higher resistance than
a susceptible check genotype. Backcrossing with these newly identified resistant stocks
for five generations led to the synthesis of near isogenic lines of B. juncea cv. RL 1359,
which were differing only for gene(s) for white rust resistance. Biochemical analysis of
the isogenic lines and the susceptible recurrent parent RL 1359 revealed association of
white rust resistance with peroxidase and polyphenol oxidase activities, particularly
under diseased conditions in comparison to disease free conditions. They found that
total phenols, sugars, flavonoids and waxes were higher in leaves of the resistant
genotypes. In contrast, cellulase activity was higher in the susceptible check,
particularly under diseased conditions (Banga et al. 2004).
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Prior to the penetration of the plant epidermal cells and eventual tissue colonization, the
life cycle of A. candida involves zoospore emergence from sporangia and the formation
of appressoria on germ tubes. The biotrophic interactions between A. candida and
certain crucifer species were studied by Gadagi and Pedras (2006) to determine the role
of various crucifer phytoalexins on zoospore emergence and the formation of
appressoria on germ tubes. A cellulose membrane impregnated with the solutions of test
compounds was incubated with sporangia of A. candida in a bioassay to determine their
inhibitory effects. They tested fifteen different phytoalexins and among these
brassilexin, cyclobrassinin, wasalexin and caulilexin A completely inhibited both
zoospore emergence and also the formation of appressoria of A. candida race 2V
(Gadagi and Pedras 2006).

1.6 ASSOCIATION

OF

EPIDEMICS

CAUSED

BY

A.

CANDIDA

AND

BY

HYALOPERONOSPORA PARASITICA
A.

candida

is

frequently

associated

with

the

downy

mildew

pathogen,

Hyaloperonospora parasitica. Numerous instances are known of considerable damage
from combined infection (Saharan and Verma 1992; Sansome and Sansome 1974;
Vanterpool 1958). Both of these pathogens infect all the aerial parts of the plant and
very often observed colonising host tissues intimately. Combined infection by these two
pathogens has been recorded as the cause of 17-37% yield losses in rapeseed-mustard
crops in India (Kolte 1985). These pathogens usually exist as specialised pathotypes on
different cruciferous species and on cultivars within species but, in general, asexual
reproduction is the greatest on host of origin (Mathur et al. 1995; Nashaat and Awasthi
1995; Petrie 1988; Pidskalny and Rimmer 1985; Saharan and Verma 1992; Sherriff and
Lucas 1987; Silue et al. 1996). H. parasitica is commonly found parasitizing tissues
colonized by A. candida (Bains and Jhooty 1985; Chaurasia et al. 1982).

It has been found that A. candida predisposes the host tissues towards susceptibility to
H. parasitica (Bains and Jhooty 1985). In a study on white rust resistance, loci on three
Arabidopsis thaliana chromosomes were found closely linked to downy mildew
resistance loci (Borhan et al. 2004). Severe A. candida infection culminates in systemic
‘staghead’ symptoms in the inflorescence usually in association with H. parasitica
(Awasthi et al. 1997).
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1.7 DISEASE MANAGEMENT
Various methods used for managing of white rust disease include cultural, chemical and
biological control and varietal resistance. Cultural practices, including good hygiene
practices, followed to manage this disease include crop rotation with non brassica hosts,
ploughing and cultivating of the ground to destroy the brassica host residue soon after
harvest, use of adequate phosphorus and potassium nutrients, and by avoiding excessive
irrigation etc. There are some registered fungicides also available which help to manage
the disease in conjunction with cultural management practices. Various protectant
fungicides have been reported to manage this disease in rapeseed and mustard (Bains
and Jhooty 1979; Gupta and Sharma 1981; Perwaiz et al. 1969; Srivastava and Verma
1989) and the systemic fungicide Ridomil MZ at 450 g a.i./ha is far superior to other
fungicides tested in reducing foliage and floral infections (Khangura and Sokhi 2000).
However, in addition to its relatively high cost, Ridomil MZ has the disadvantage that
A. candida can rapidly develop resistance against this fungicide (Khangura and Sokhi
2000). The development of resistant cultivars constitutes the most environmental
friendly and cost effective alternative for disease control, especially when used in
integrated crop protection strategies. Canola quality B. juncea was developed in Canada
through interspecific crosses of B. juncea with B. napus. While this lead to the
introgression of white rust resistance from B. napus into B. juncea (Somers et al. 2002),
this resistant germplasm is not yet available in Australia.

Note: Detailed coverage of literature relevant to my research will be presented as part of
the introduction of the relevant chapters in this thesis.

1.8 THESIS OUTLINE AND

KEY OBJECTIVES

The work was undertaken in this study was to give new insights and extend the current
knowledge of the racial structure of A. candida in WA. This was a further step towards
modern systematic classification of different strains of A. candida in WA. This work
aims not only to enhance the current understanding of the evolutionary radiation of A.
candida on its hosts in Western Australia but also generate information which is
expected to be useful in resolving the taxonomic and phylogenetic relationships of
Albugo species.
Studies were conducted to elucidate the mechanisms of host resistance against A.
candida which can give a better understanding of the host-pathogen relationship
resulting in better exploitation of host resistance by breeders for improved management
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of disease. The proteome and transcript studies are crucial tools in understanding both
the host-pathogen interactions and also the mechanisms of resistance of the plant hosts
studied. The present study investigated and analyzed the modifications in protein
patterns early after inoculation with A. candida in incompatible and compatible
interactions and identified some key regulators contributing to host resistance towards
A. candida. These can be used to design genetic markers to screen for resistance
available in B. juncea germplasm.

This PhD study provided insight into several old yet still “open” questions related to
biological mechanisms of resistance while offering the opportunity to discover novel
details at molecular levels. This study has both targeted and filled the key knowledge
gaps present in the literature and is an extension to work reported in the literature. The
key objectives were to carry out:

1. Detailed molecular systematic investigations within A. candida to better understand
the interrelationships of this complex from various host plants within Cruciferae
(Chapter 2).
2. Investigations to determine if site of inoculation and stage of plant development
does influence symptom type and expression in Brassica juncea following infection
with A. candida (Chapter 3)
3. To determine if pre-Inoculation with H. parasitica influences incubation time and
severity of disease caused by A. candida in a B. juncea variety resistant to Downy
mildew (Chapter 4).
4. Proteome analysis during the interaction of A. candida with resistant and susceptible
cultivars to identify any specific proteins involved in the resistance/susceptibility of
B. juncea to A. candida (Chapter 5).
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Abstract. White rust is caused by Albugo candida is a serious pathogen of Brassica
juncea (Indian mustard) and one posing a potential hazard to the presently developing
canola-quality B. juncea industry in Australia. The varieties of B. juncea available in
Australia are known to be susceptible to attack by race 2 of A. candida, a race that is
known to have two pathotypes viz. 2A and 2V. Two isolates of A. candida, representing
strains collected from B. juncea and Raphanus raphanistrum (wild radish) from two
sites in Western Australia were tested on cruciferous host differentials to characterize
their pathogenic behaviour. The results clearly show that the strains obtained from B.
juncea and R. raphanistrum are different in their host range. The isolate from B. juncea
showed significant levels of sporulation on both differential cultivars of B. juncea, viz.
Vulcan and Commercial Brown used for differentiating pathotype 2A from 2V,
confirming the presence of pathotype 2V in Western Australia (WA). This is the first
report of pathotype 2V in Australia. This same isolate was able to infect Brassica napus
from China (FAN 189), B. tournefortii (wild turnip) B. nigra and Raphanus sativus.
This serves as a caution to breeders when sourcing resistance against A. candida from B.
napus germplasm. The isolate from R. raphanistrum, tested against the same set of
cruciferous host differentials, caused significant sporulation on B. juncea differential
Commercial Brown, B. napus (FAN 189), B. nigra (90745) and R. sativus (White
Icicle). Our strain from R. raphanistrum, while being a direct threat to B. juncea, may
be a hazard, not only to any B. napus germplasm developed from B. napus breeding
lines from China, but also to B. nigra and R. sativus should these species be utilized
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commercially in Australia. The race delineations of these strains from the Western
Australia (WA) grainbelt are expected to be helpful for selecting appropriate genotype
resistance(s) for sowing in relation to the planned expansion of the B. juncea industry
and also if there is future development of alternative oilseed industries in WA.

White rust, also known as white blister, is caused by the oomycete pathogen Albugo
candida. It is a devastating disease of rapeseed and mustard and occurs worldwide
(Sokhi and Khangura 1992). It is an important disease in Western Australia (WA)
(Barbetti 1978; Barbetti 1981; Barbetti 1988a,b; Barbetti and Carter 1986; Li et al.
2007a,b, 2008) and is characterized by the formation of white to cream coloured
zoosporangial pustules on cotyledons, leaves, stems and inflorescences, with staghead
galls formed as the result of inflorescence infection (Verma and Petrie 1980). The
combined infection of leaf and inflorescence causes yield losses up to 60 % or more in
India (Lakra and Saharan 1989), and up to 20 % in Australia (Barbetti 1981; Barbetti
and Carter 1986). It was first recorded in WA on Raphanus raphanistrum in 1929
(MacNish 1963), B. napus var. napobrassica and B. rapa var. rapa in 1940 (Chambers
1959), R. sativus in 1944 (Chambers 1959), B. oleracea var. botrytis in 1965 (MacNish
1967), B. napus in 1970 (Anon. 1972; Shivas 1989), B. tournefortii in 1974 (Anon.
1974; Shivas 1989), and on B. rapa var. chinensis in 1984 (Anon. 1984; Shivas 1989).
White rust has also been observed on a few experimental genotypes of B. napus
(particularly Norin lines) from Japan several decades ago (M.J. Barbetti, unpubl.) and
more recently in a few experimental B. napus genotypes introduced from China (CX Li,
unpubl.).
Canola (Brassica napus) has become an integral component of the cropping
systems of the WA grainbelt. In Australia, a small proportion of the oilseed Brassica
area (about 3000 ha) is sown to B. juncea, mainly for use as condiments (Oram et al.
2005). Canola-quality B. juncea is being developed in Australia to extend oilseed
Brassica production into the lower rainfall areas (Burton et al. 2003), as it is more
drought resistant than B. napus (Downey, 1971; Woods et al. 1991; Oram et al. 2005).
The area sown to B. juncea in Australia is now set to increase rapidly as the first canolaquality B. juncea cultivar, cv. Dune, has just been released (Anon. 2007). However,
canola quality B. juncea has been developed with little regard for the potential
consequences from its susceptibility to white rust. Of the broad-acre oilseed crops in
WA, A. candida normally affects only B. rapa (turnip rape) and B. juncea and is not
generally found in commercial B. napus (Barbetti and Khangura 2000). The first signs
32

Chapter 2a: Racial status of Albugo candida in WA

of white rust inoculum build-up in the field on B. juncea are already evident in WA (Li
et al. 2007b; MJ Barbetti, unpubl.).
Weedy cruciferous species are widespread throughout the oilseed rape growing
regions of WA; R. raphanistrum has become widely distributed throughout the WA
cropping belt (Gioia 2004a) since being introduced into WA in the middle of the 19th
century (Anon. 2004). R. raphanistrum is frequently observed to be a host of A. candida
in WA (MJ Barbetti, unpubl.).
Seventeen races of A. candida have been reported from various cruciferous
species worldwide (Minchinton et al. 2005). B. juncea cultivars previously reported as
being resistant to A. candida race 2 (now designated as pathotype 2A) were
subsequently found to be susceptible to a more virulent form of this race in Canada
(designated as pathotype 2V) (Petrie 1994) including newly developed canola-quality B.
juncea which is widely sown across the Canadian prairies (Gurung et al. 2007).
Pathotype 2V has not yet been reported in Australia. The race that attacks R. sativus is
designated race 1 (Pound and Williams 1963), but there is no information on the strain
attacking R. raphanistrum in WA. Hence studies were undertaken to determine the
pathogenic behaviour on a variety of cruciferous hosts of A. candida isolates from B.
juncea and R. raphanistrum collected during a field survey in WA in autumn 2007.
Two isolates of A. candida representing populations on B. juncea and R.
raphanistrum at two different sites in WA (viz. leaves of B. juncea from the University
of Western Australia Field Station, Shenton Park, Perth, WA; and leaves of R.
raphanistrum from Department of Agriculture and Food Western Australia, Wongan
Hills Research Station, WA) were used in this study. A total of 13 cruciferous
differentials were used to characterize the pathogenic behaviour of A. candida (Table 1).
The selection of the differentials was made on the basis of the history of the occurrence
of white rust disease in WA (e.g., Shivas 1989). Seed of the 13 host differentials was
sown into steam treated potting mix (composted pine bark: coco peat: river sand, 2 : 1 :
1) in plastic trays with 8 cells, each cell 5 x 5 cm.
The A. candida infected leaves collected in the survey were stored at -80oC.
Prior to when inoculum was required, these leaves were removed from -80oC,
zoosporangia scraped from the leaves and a zoosporangial suspension was applied on
the cotyledons of growing plants. The leaves with pustules that developed on these
plants were collected 10 days post-inoculation (dpi) in order to bulk up inoculum that
was then stored at −80oC. For our study, A. candida infected leaves were removed from
-80oC storage and the zoosporangia dispersed in Deionised (DI) water and filtered
33

Chapter 2a: Racial status of Albugo candida in WA

through double cheesecloth to remove any plant debris. The concentration of the
zoosporangial suspension was adjusted using a haemocytometer to 105 zoosporangia
mL-1 before application to cotyledons (Li et al. 2007a).
Ten days after sowing, fully expanded cotyledons were inoculated by a dropinoculation technique where a single 10-µL drop of the zoosporangial suspension was
spotted onto the adaxial surface of each of the 2 lobes of each cotyledon (Li et al.
2007a). Plants were then subjected to 4 d of enhanced humidity (>98% RH) in a highhumidity chamber consisting of sealed clear plastic container where the inside of the lid
was sprayed with deionised water and 1 cm of free water maintained in the bottom of
container.
The experiment was carried out in a controlled environment room maintained at
18/13oC day/night, with a 16-h photoperiod at a light intensity of 150 µE m-2.s-1, at the
University of Western Australia, Perth, WA, and repeated. A completely randomized
design was used, with four replicates for each host differential. While the experiment
was repeated, only data from the first experiment are presented in Table 1.
At 10 dpi, disease severity was assessed using a 0–9 scoring system as used by
Williams (1985), where 0 = no symptoms on either leaf surface, 1 = small, pinpoint to
large brown necrotic flecks under the inoculation point on upper surface, occasionally
necrosis extending to lower epidermis but no sporulation, 3 = very sparse, 1-few,
minute scattered pustules on upper surface, none to very few pustules on lower surface,
5 = few to many scattered pustules on upper surface but either none or a few scattered
pustules on lower surface, 7 = many to few pustules on upper surface with many
scattered small to larger pustules on lower surface and, 9 = very few to no pustules on
upper surface with many large coalescing pustules on lower surface.
B. juncea cv. Vulcan, resistant to 2A and susceptible to 2V, and cv. Commercial
Brown, susceptible to pathotype 2A (Gurung et al. 2007), were tested to differentiate
pathotypes 2A and 2V of A. candida. Both B. juncea differentials, viz. cvs Commercial
Brown and Vulcan, showed significant sporulation from the B. juncea strain of A.
candida (Table 1). This confirmed the presence of pathotype 2V in WA. Rimmer et al.
(2000) used B. juncea cv. Cutlass as one of their differentials as it is susceptible to
pathotype 2V. However, the cv. Cutlass tested with Canadian isolates of A. candida and
the cv. Vulcan we used are related genotypes and so either can be used to designate the
2V pathotype (R Rimmer, personal communication). Hence it is likely that the 2V
pathotypes in Australia and Canada are similar. This is the first report of pathotype 2V
in Australia. This isolate from B. juncea also readily sporulated on the cotyledons of the
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B. napus test variety from China (FAN 189), on B. tournefortii, B. nigra and on R.
sativus (Table 1). The A. candida isolate obtained from R. raphanistrum readily
sporulated on B. juncea cv. Commercial Brown, B. napus FAN 189, R. raphanistrum,
B. nigra and on R. sativus. The results from the repeated trial confirmed the findings of
the first experiment.
These results show that the strains that infect B. juncea and R. raphanistrum are
different in terms of the host range, with the strain from R. raphanistrum able to infect
both R. raphanistrum and B. juncea while the strain from B. juncea was able to infect B.
juncea but not R. raphanistrum. A. candida from B. juncea will carryover on B.
tournefortii. B. tournefortii has potential to harbour B. juncea attacking strains of A.
candida, especially as this weed is endemic to the WA cropping belt (Gioia 2004b) and
the disease has been reported on this weed for a long period (Anon. 1974; Shivas 1989).
While A. candida has been recorded in WA on R. raphanistrum (MacNish 1963) and R.
sativus (Chambers 1959) since 1929 and 1944, respectively, this is the first time that its
host range has been evaluated for Australia. It appears that the race of A. candida on R.
raphanistrum in WA is the same as race 1 defined earlier by Pound and Williams
(1963) for R. sativus.
A. candida from B. juncea belongs to pathotype 2V and is a potential threat to
commercial B. juncea production in WA. A. candida from R. raphanistrum, while a
threat to B. juncea, could pose a potential threat to B. napus germplasm as well if B.
napus breeding lines from China were utilized in canola breeding programs.

It could

also be a potential threat to B. nigra and R. sativus if these species were to become
commercially utilized in WA in the future. It is clear that breeders need to be cautious,
when utilizing cruciferous species as a source of resistance for diseases, such as
blackleg (caused by Leptosphaeria maculans), so susceptibility to A. candida is not
inadvertently introduced.
The race delineations of these strains from the WA grainbelt should be helpful,
in selecting appropriate genotype resistance(s) for the planned expansion of the B.
juncea industry and also for development of alternative oilseed industries in WA.
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Table 1. Reactions of different cruciferous host differentials to Western Australian isolates of Albugo candida obtained from Brassica juncea (Indian
mustard) and Raphanus raphanistrum (wild radish) presented as a range for disease severity with the mean severity in parenthesis.
Host differential

Disease reaction

Mean Severity
0-9 scale*
B. juncea
R. raphanistrum
isolate
isolate
0-0 (0)
0-0 (0)

Brassica carinata 94024.2

B. juncea
isolate
-

R. raphanistrum
isolate
-

Brassica juncea cv. Vulcan

+

-

0-7 (3.4)

0-0 (0)

Brassica juncea cv. Commercial Brown

+

+

0-9 (5.7)

0-3 (3.0)

Brassica napus cv. FAN 189 (China)

+

+

0-3 (2.0)

0-3 (1.4)

Brassica napus cv. Surpass 501TT (Australia)

-

-

0-0 (0)

0-0 (0)

Brassica nigra 90745

+

+

0-7 (4.3)

0-1 (1.0)

Brassica oleracea var. italica cv. Broccoli Sprouts

-

-

0-0 (0)

0-0 (0)

Brassica rapa cv. Torch

-

-

0-0 (0)

0-0 (0)

Brassica rapa cv. Reward

-

-

0-0 (0)

0-0 (0)

Raphanus raphanistrum WARR25

-

+

0-0 (0)

0-3 (1.4)

Raphanus sativus cv. White Icicle

+

+

0-3 (3.0)

0-3 (1.5)

Brassica tournefortii BTO2

+

-

0-3 (1.5)

0-0 (0)

Eruca vesicaria MJB1-06

-

-

0-0 (0)

0-0 (0)

+ = Sporulation of the pathogen occurred
- = No sporulation occurred
* disease severity was assessed using a 0–9 scoring system as used by Williams (1985), where 0 = no symptoms on either leaf surface, 1 = small, pinpoint to large brown necrotic flecks under the
inoculation point on upper surface, occasionally necrosis extending to lower epidermis but no sporulation, 3 = very sparse, 1-few, minute scattered pustules on upper surface, none to very few pustules
on lower surface, 5 = few to many scattered pustules on upper surface but either none or a few scattered pustules on lower surface, 7 = many to few pustules on upper surface with many scattered small
to larger pustules on lower surface and, 9 = very few to no pustules on upper surface with many large coalescing pustules on lower surface.
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ABSTRACT
Kaur, P., Sivasithamparam, K., and Barbetti, M. J. 2011. Host range and phylogenetic
relationships of Albugo candida occurring on cruciferous hosts in Western Australia
with special reference to Brassica juncea. Plant Dis.
White rust, caused by Albugo candida, is a serious pathogen of Brassica juncea (Indian
mustard) worldwide and poses a potential hazard to the presently developing canolaquality B. juncea industry in Australia. Nine isolates of A. candida, representing strains
collected from B. juncea, B. rapa, B. oleracea, B. tournefortii, Raphanus raphanistrum,
R. sativa, Eruca vesicaria ssp. sativa, Capsella bursa-pastoris and Sisymbrium irio from
different locations in Western Australia (W.A.) were tested on cruciferous host
differentials to characterize their pathogenicity. In particular, these studies were aimed to
determine the hazard to the newly emerging B. juncea industry in Australia from
races/pathotypes of A. candida present. Pathogenicity tests with appropriate differentials
demonstrated the presence in W.A. of a unique strain from B. rapa that did not show
characteristics of either Race 7A or 7V and clearly is a distinct new pathogenic strain
within Race 7. Different strains collected from W.A. differed in their host range, with
the strains from B. tournefortii and S. irio being highly host specific, failing to be
pathogenic on any other differentials. B. tournefortii was host to a strain attacking B.
juncea and E. vesicaria ssp. sativa. The strain from R. raphanistrum showed a relatively
wide host range among the differentials tested. B. tournefortii, C. bursa-pastoris, R.
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raphanistrum and S. irio are common weeds within grainbelt and/or horticultural regions
in Australia. The B. oleracea isolate (Race 9) was pathogenic to B. juncea cv. Vulcan
whereas the isolate from B. juncea (Race 2V) was not pathogenic on B. oleracea.
Similarly, the strain from C. bursa pastoris (Race 4) was pathogenic on B. juncea cv.
Vulcan but the B. juncea strain was not pathogenic on C. bursa pastoris. In contrast, the
strain from R. sativus (Race 1) was pathogenic on B. juncea and the B. juncea strain was
also pathogenic on R. sativus. Field isolates from B. rapa, B. tournefortii, E. vesicaria
ssp. sativa, and S. irio were all non-pathogenic on B. juncea. Isolates from B. juncea and
R. raphanistrum were pathogenic on B. napus (FAN 189). For the nine A. candida
isolates from W.A., complete rDNA-ITS region nucleotide sequence analysis showed a
nucleotide identity range of 72.4 to 100% in comparison with previous Australian
collections of A. candida and those previously reported in Europe and Asia. The B.
tournefortii isolate of A. candida from W.A. formed a distinct clade on its own, with an
identity range of 77.4 to 80.5% compared with the other isolates. Isolates from R.
raphanistrum and R. sativus from W.A. were least similar to the other isolates, with a
nucleotide identity similarity of only 72.4 %. Characterization of the races of A. candida
in Western Australia adds to the current knowledge on the diversity of this pathogen,
allows choice of Brassica species/cultivars with resistance to race(s) across different
regions, and highlights the particular cruciferous weeds involved in pathogen inoculum
carryover between successive cruciferous crops, particularly B. juncea crops.

The filamentous oomycete Albugo candida is considered to have descended from
an aquatic non-fungal ancestor and belongs to the kingdom Straminipila (along with
brown algae and diatoms) (21). Despite the separate phylogeny of oomycetes and true
fungi (Kingdom Eumycota), the biotroph A. candida causes plant disease in a manner
similar to the biotrophic rust fungi, including penetration by germtubes arising from
asexual inoculum via stomata, mesophyll colonization of a compatible host tissue, and
sporulation within spore-bearing pustules. Hence, the disease caused by A. candida has
been referred to as white rust (29).
White rust is a serious disease of some types of rapeseed and mustard worldwide
(51), forming white to cream coloured zoosporangial pustules on cotyledons, leaves,
stems and inflorescences, with staghead galls formed as the result of inflorescence
infection (56). The combined infection of leaf and inflorescence causes yield losses up to
30-60 % in severely affected fields in Canada (5), 60 % or more in India (31) and losses
of up to 20 % in Australia (7,10). White rust is an important disease of cruciferous crops
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in Australia, including Western Australia (W.A.) (6,7,8,9,10,32,33,34,36). It is of
particular significance to B. juncea, as canola-quality B. juncea is being developed in
Australia to extend oilseed Brassica production into the lower rainfall areas (11,40).
A. candida has a wide host range, of some 63 genera and 241 species (4,48),
including some weedy species (23). Many of the forms of A. candida found in the
various crucifers exhibit a high level of host specificity (59). In Australia, it has been
reported on 20 different plant genera, although it is generally restricted to introduced
cultivated and weedy plants (41), including those that are widespread throughout the
broad-acre and vegetable Brassica growing regions. It was first recorded in W.A. on
Raphanus raphanistrum in 1929 (35), B. napus var. napobrassica and B. rapa in 1940
(12), R. sativus in 1944 (12), B. oleracea var. botrytis in 1965 (35), B. napus in 1970
(1,50), B. tournefortii in 1974 (2,50), and on B. rapa var. chinensis in 1984 (3,50).
White rust has also been observed on a few ’Norin’ type breeding lines of B. napus
from Japan several decades ago (M.J. Barbetti unpubl.) and more recently in a few B.
napus breeding lines introduced from China (32). B. juncea cultivars previously
reported as being resistant to A. candida Race 2 (now designated as 2A) were
subsequently found to be susceptible to a more virulent form of this race in Canada
(designated as 2V) (42) including newly developed canola-quality B. juncea in Canada
and Australia (26). A. candida Race 2V was reported in W.A. in 2008 (30).
Hiura (28) and Eberhardt (22) demonstrated the host specificity of A. candida by
examining isolates of A. candida across a variety of different crop species. A. candida
initially was classified into 10 races based on their specificity to different brassicaceous
hosts (27,44). Recently, Minchinton et al. (37) reported 17 races of A. candida from
various cruciferous species. While there has been a preliminary attempt to define races
in W.A. (30), the races currently prevalent on the cruciferous crop and weed species and
that have potential to become a threat to the newly emerging B. juncea industry in the
state, had not been determined.
Many studies have already proved the sequence analysis of the ITS region of
rDNA to be a very powerful tool for the comparison of closely related species or isolates
within the Oomycota (14,15,16,17,18,19,41,43,54,57). However, detailed molecular
systematic investigations within W.A. isolates of A. candida were lacking, hence in the
present study, sequence analysis of the ITS rDNA was carried out to better understand
the interrelationships of this species complex from various host plants. In addition,
molecular sequence and phylogeny data were evaluated in terms of relationship to the
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pathogenicity spectrum of the isolates of A. candida collected from a variety of different
cruciferous hosts during field surveys in W.A. from 2007-2009.

MATERIALS AND METHODS
Sample collection and inoculum preparation. Nine isolates of A. candida
representing populations on cultivated hosts such as B. juncea (Indian mustard), B. rapa
(Turnip rape), B. oleracea var. italica (Broccoli), Eruca vesicaria ssp. sativa (Arugula,
Rocketsalad), R. sativa (Radish), and weeds such as B. tournefortii (Wild turnip,
Mediterranean turnip), R. raphanistrum (Wild radish), Capsella bursa-pastoris
(Shepherd’s purse), and Sisymbrium irio (London rocket) from different sites in W.A.
(Table 1) were used in this study. The A. candida infected leaves collected in the
surveys were stored at -80oC. When inoculum was required, these leaves were removed
from -80oC, zoosporangia scraped from the leaves and a zoosporangial suspension
applied on the cotyledons of growing plants using a drop inoculation technique as
described in the section on pathogenicity tests. The leaves with pustules that developed
on these plants were collected 10 days post-inoculation (dpi) in order to bulk up
inoculum that was then stored at -80oC until needed.
Pathogenicity tests. A total of 16 cruciferous differentials were used to
characterize the pathogenic behaviour of A. candida (Table 1). The selection of the
differentials was made on the basis of the history of the occurrence of white rust disease
in W.A. (50). Seed of the 16 host differentials was sown into steam treated potting mix
(composted pine bark: cocoa peat: river sand, 2 : 1 : 1) in plastic trays with 8 cells, each
cell 5 x 5 cm. Specifically, four plants were used for each genotype x isolate
combination replicate and assessments were conducted separately on each cotyledon
lobe i.e. across the 16 cotyledon lobes/4 plants/replicate of each treatment combination.
For this study, A. candida infected leaves were removed from -80oC storage and
the zoosporangia dispersed in Deionised (DI) water and filtered through double
cheesecloth to remove any plant debris. The concentration of the zoosporangial
suspension was adjusted using a haemocytometer to 105 zoosporangia ml-1 before
application to cotyledons (32). Ten days after sowing, fully expanded cotyledons were
inoculated by a drop-inoculation technique where a single 10-µl drop of the
zoosporangial suspension was spotted onto the adaxial surface of each of the 2 lobes of
each cotyledon (32). Plants were then subjected to 4 d of enhanced humidity (>98%
RH) in a high-humidity chamber consisting of a sealed clear plastic container where the
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inside of the lid was sprayed with deionised water and 1 cm of free water maintained in
the bottom of container.
The experiment was carried out in a controlled environment room maintained at
18/13oC day/night, with a 16-h photoperiod at a light intensity of 520 µ E m-2s-1, at the
University of Western Australia, Perth, W.A. The experiment was repeated but only
data from the first experiment are shown (Table 2). A complete randomized block
design with four replications was used.
Disease assessments. At 12 days post inoculation (dpi), disease severity was
assessed using a 0-9 scoring system as used by Williams (58), where 0 = no symptoms
on either leaf surface, 1 = small, pinpoint to large brown necrotic flecks under the
inoculation point on upper surface, occasional necrosis extending to lower epidermis but
no sporulation, 3 = very sparse, 1-few, minute scattered pustules on upper surface, none
to very few pustules on lower surface, 5 = few to many scattered pustules on upper
surface but either none or a few scattered pustules on lower surface, 7 = many to few
pustules on upper surface with many scattered small to larger pustules on lower surface
and, 9 = very few to no pustules on upper surface with many large coalescing pustules
on lower surface.
DNA-extraction, PCR and sequencing. Genomic DNA was extracted using the
sporangiophores and sporangia formed on the upper or under surface of infected leaves.
The presence of the sporangiophores and sporangia of white rusts was confirmed under
the dissecting microscope (Olympus SZ, 100x magnification), which were then scraped
with a dissecting blade into 1.5ml tubes. DNA was extracted using the method
described by Cenis (13) where the material was washed first with 500 µl of TE buffer
and pelleted, supernatant discarded, and ground directly in a 1.5 ml eppendorf tube.
After grinding, 300 µl extraction buffer is added to the tube as described by Raeder and
Broda (45) (viz. 200 mM Tris HCL pH 8.5, 200 mM NaCl, 25 mM
Ethylenediaminetetraacetic acid (EDTA), 0.5% SDS). Subsequently, 150 µl of sodium
acetate was added and eppendorf tubes maintained at -20 oC for 10 min. Samples were
then centrifuged in a microfuge at 20,000 g for five min and the supernatant transferred
to another tube. Then, an equal volume of isopropanol was added to the supernatant and
after five min. at room temperature; the precipitated DNA was pelleted by
centrifugation in a microfuge. After a wash with 70 % ethanol the pellet was vacuum
dried for 10 min. and then resuspended in 50 µl of TE.
For the selective amplification of the complete ITS region of rDNA, the
oomycete specific forward primer DC6 (20) (5-GAG-GGA-CTT-TTGGGT-AAT-CA45
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3) and LR-0 (reverse complementary to LR-0R) (38) (5-GCT-TAA-GTT-CAGCGGGT-3) were used. PCRs were conducted in 40 µl reaction volumes, with each reaction
tube containing 2.4 µl of template DNA solution (approximately 100 ng), as prepared
above, 20 µl of GoTaq® Green Master Mix (Promega), 16 µl MQ water and 0.8 µl
(each) of 100 µM primers. The thermal cycling parameters were: denaturation for 1 min
at 95 °C, annealing for 1 min at 58 °C, and extension for 2 min at 72 °C. Thirty-five
cycles were performed with the first denaturation and last extension times extended to 5
and 10 min, respectively. The success of the amplification was monitored by using 5 µl
of the PCR product by electrophoresis on 2% agarose gels and visualized by ethidium
bromide staining. The remaining 35 µl of the PCR products were then sent to Macrogen
(South Korea) for purification and sequencing with the primers.
Sequence alignment and phylogenetic analysis. The evolutionary history was
inferred using the Minimum Evolution (ME) method (47). The percentage of replicate
trees in which the associated taxa clustered together in the bootstrap test (500 replicates)
is shown next to the branches (24). The evolutionary distances were computed using the
Maximum Composite Likelihood method (53) and are in the units of the number of base
substitutions per site. The ME tree was searched using the Close-Neighbor-Interchange
(CNI) algorithm (39) at a search level of 1. The Neighbor-Joining algorithm (49) was
used to generate the initial tree. All positions containing gaps and missing data were
eliminated from the dataset (complete deletion option). There were a total of 451
positions in the final dataset. Phylogenetic analyses were conducted in MEGA4 (52),
with alignment of the sequences performed using the CLUSTAL W (55) program.
Sequences from this study were deposited in GenBank and the sequence data for the
ITS rDNA region of thirty-eight full-length sequences of A. candida isolates from other
parts of the world used for comparison to the isolates in W.A. were retrieved from
GenBank (Table 1, Fig. 1). The complete ITS rDNA region sequences from nine W.A.
isolates and thirty-eight isolates from different parts of Australia and other continents
were also analyzed in direct pairwise comparisons to establish percent identities
between them (see supplementary Figure 1).

RESULTS
B. juncea isolate. B. juncea cv. Vulcan, resistant to Race 2A and
susceptible to Race 2V, and cv. Commercial Brown, susceptible to Race 2A (26), were
tested to differentiate Races 2A and 2V of A. candida. Both B. juncea differentials, viz.
cvs Commercial Brown and Vulcan, showed significant sporulation from the B. juncea
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strain of A. candida (Table 2) confirming the presence of Race 2V in W.A. This isolate
from B. juncea also readily sporulated on the cotyledons of the B. napus test variety
from China (FAN 189), on B. tournefortii, B. nigra and on R. sativus (Table 2).
B. rapa isolate. B. rapa cv. Reward, resistant to Race 7A and susceptible to
Race 7V, and cv. Torch, susceptible to Race 7A (42), were tested to differentiate Races
7A and 7V of A. candida in addition to the Chinese B. rapa cv. Shi Huang. Both B.
rapa cvs Reward and Torch showed no sporulation from the B. rapa strain of A.
candida, whereas cv. Shi Huang showed significant sporulation (Table 2). This isolate
of A. candida from B. rapa also readily sporulated on the cotyledons of the E. vesicaria
ssp. sativa MJB1-06 (Table 2).
B. oleracea isolate. The A. candida isolate obtained from B. oleracea readily
sporulated on B. oleracea var. italica cv. Broccoli Sprouts as well on the B. juncea cv.
Vulcan (Table 2). Race 9 has been designated for strains attacking B. oleracea var.
Diggers (27,58).
B. tournefortii isolate. This isolate was pathogenic only on B. tournefortii
BTO2 and did not produce any sporulation on any of the other 15 differentials
(including B. juncea) exposed to it (Table 2). There are no published race designations
available for the pathogen on B. tournefortii.
Raphanus raphanistrum and R. sativus isolates. The A. candida isolate
obtained from R. raphanistrum readily sporulated on B. juncea cv. Commercial Brown,
B. napus FAN 189, R. raphanistrum, B. nigra and on R. sativus (Table 2), whereas the
R. sativus isolate sporulated not only on R. sativus cv. White Icicle but also on B. juncea
cv. Vulcan (Table 2). Race 1 has been designated for strains attacking R. sativus var.
Early Scarlet Globe (44) but no published race designation is available for strains
attacking R. raphanistrum.
Eruca vesicaria ssp. sativa isolate. The A. candida isolate obtained from E.
vesicaria ssp. sativa was not pathogenic to B. juncea and sporulated only on B.
tournefortii BTO2 apart from E. vesicaria ssp. sativa MJB1-06 (Table 2). There is no
published race designation for strains attacking E. vesicaria.
Sisymbrium irio and Capsella bursa-pastoris isolates. The A. candida isolate
obtained from the weed species S. irio only readily sporulated on the host isolated from
and did not attack any of the other 15 differentials (including B. juncea) inoculated with
these isolates. Whereas, A. candida isolate obtained from Capsella bursa-pastoris not
only readily sporulated on the host isolated from but also attacked B. juncea cv. Vulcan
when inoculated with this isolate (Table 2).
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The results from the repeated trial confirmed the findings for all of the above
isolates.
Phylogenetic analyses and nucleotide sequence identities. For the nine A.
candida isolates from W.A., complete rDNA-ITS region nucleotide sequence analysis
showed nucleotide identity range of 72.4 to 100% (see supplementary Figure 1) to the
isolates used for comparison with previous Australian collections of A. candida and also
those previously reported in Europe and Asia. The W.A. isolates from B. juncea showed
close identity to B. juncea isolates of A. candida from Korea. Isolates from B. juncea
from other states of Australia were not included in the phylogenetic studies of
Petkowski et al. (41) in Victoria, Australia. The B. tournefortii isolate of A. candida
from W.A. was the most distant to all others compared (Fig. 1) forming a distinct clade
on its own with an identity range of 77.4 to 80.5% compared with the rest of the
isolates. A. candida isolates from R. raphanistrum and R. sativus from W.A. were least
similar to others with nucleotide identity similarity of only 72.4 %.

DISCUSSION
There are various reports in the literature suggesting a range of biological races
within A. candida. The current study explores the biological specialization occurring
among the isolates collected from different host plants from various locations in W.A.
Screening of differential hosts identified nine races among the isolates studied. A
summary of the host specificity and variability in virulence of Albugo candida isolates
collected from nine different cruciferous host species in W.A. is presented in Fig. 3.
Pathogenicity tests indicated the presence of a different strain of B. rapa in W.A.
as compared to the Canadian isolates, one that was not pathogenic to B. juncea. This
confirms that the W.A. isolate from B. rapa neither belongs to Race 7A nor 7V and
needs to be defined as a separate strain within Race 7. Not only do the pathogenicity
tests also confirm the presence of Race 2V in W.A. (30), it is also likely that the Race
2V in Australia and Canada are similar. While, Rimmer et al. (46) used B. juncea cv.
Cutlass as one of their differentials as it is susceptible to Race 2V, the cv. Vulcan we
used and cv. Cutlass are related genotypes and so either can be used to designate the 2V
Race (R Rimmer personal communication). The results also showed that the strains
from B. tournefortii and S. irio are highly host specific and did not sporulate on any of
the other differentials other than the host isolated from. The strain from B. juncea had a
relatively wide host range that included B. tournefortii. As a weedy species, B.
tournefortii has therefore the potential to harbour B. juncea-attacking strains of A.
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candida, in addition to the strain from E. vesicaria ssp. sativa. B. tournefortii is an
endemic weed to the W.A. cropping belt (25) and white rust has been reported on this
weed for a long period (2,50). The strain from R. raphanistrum also showed a relatively
wide range of hosts among the differentials tested, as shown previously (30).
The strains attacking R. sativus and E. vesicaria ssp. sativa clearly warrant
separate race designation(s). Future studies involving a more diverse set of host
differentials should allow such designations which would be most helpful to plant
breeders in developing new cultivars with resistance to these new races and to
agronomists in allowing strategic deployment of those new host resistances.
White rust is a major threat to B. juncea which is expected to expand its area of
cropping in southern Australia especially in regions experiencing relatively drier
cropping seasons (11). Of the nine cruciferous taxa which yielded A. candida strains,
only strains isolated from B. juncea, C. bursa-pastoris, B. oleracea, R. raphanistrum
and R. sativus were pathogenic on B. juncea. This may be a reflection of B. juncea
being a relatively new crop compared with the more extensively cultivated B. napus
oilseed rape. With time, it is likely that new strains will appear in B. juncea with a wider
host range, especially to include the widespread weed R. raphanistrum and other
cruciferous weeds currently prevalent in oilseed cropping areas. Such cruciferous weeds
may play a role not only as carryover hosts in rotations but also as a reservoir for the
white rust pathogen to develop novel strains. The isolate from S. irio was unique
because it was not pathogenic on any other host tested nor was S. irio susceptible to any
of the other strains tested. Race 5 has been designated for S. officinale but the isolate
tested in present study was from S. irio, so further tests need to be conducted to confirm
whether or not the strain from S. irio belongs to Race 5. It should be noted that white
rust does not affect European cultivars of B. juncea, rather there it has been confined to
B. rapa types. This might well influence the debate about breeding for drought
resistance in B. napus knowing it has resistance to A. candida versus exploiting B.
juncea's drought resistance but having to manage its susceptibility to A. candida.
This study has established the prevalence of nine races in W.A. From comparing
the complete ITS rDNA nucleotide sequences of the nine A. candida isolates from W.A.
with those of 38 previously collected Australian isolates of A. candida and also of those
previously reported for isolates from Europe and Asia, it was possible to distinguish
distinct groups within these isolates based on ITS rDNA nucleotide sequences, despite
the small overall sequence divergence. Overall, the majority of these races have been
reported previously from Australia (41) and were found to be similar phylogenetically
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to those analyzed in the current study. However, the isolate we obtained from B.
tournefortii was phylogenetically the most distinct among those analyzed. The
phylogenetic relationships identified in this study are expected to overcome the
technical difficulties usually encountered with host range studies, allowing a better
understanding of host specialization.
The use in our study of a molecular systematic classification of different strains
of A. candida in conjunction with determining the pathogenic behaviour on a variety of
cruciferous hosts of A. candida isolates from different hosts in W.A., provides for the
first time, reliability and repeatability in relation to defining races of A. candida.
Defining the race status of A. candida in W.A. has provided a sound basis for the
selection and deployment of new cultivars of both oilseed and horticultural Brasssicas.
In particular, this new information is critical to the planned rapid expansion of the B.
juncea industry in Australia with resistance(s) to the races present in W.A. and in
relation to increased interest to develop alternative Brassica species for industrial oil
production.
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Table 1 Details of Albugo candida isolates obtained from surveys in Western Australia from 2007-2009 (in bold) and of the other isolates elsewhere to
which molecular comparison was made.
#
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

Host species
Brassica juncea
Brassica juncea
Brassica juncea
Brassica juncea
Brassica rapa
Brassica rapa var. pekinensis
Brassica rapa var. pekinensis
Brassica rapa var. pekinensis
Brassica oleracea var. italica
Brassica oleracea var. gemmifera
Brassica oleracea var. italica
Brassica oleracea var. italica
Brassica oleracea var. italica
Brassica oleracea var. italica
Brassica oleracea var. italica
Brassica oleracea var. italica
Brassica oleracea var. italica
Brassica oleracea var. italica
Brassica oleracea var. italica
Brassica oleracea var. italica
Brassica oleracea var. botrytis
Brassica oleracea var. botrytis
Brassica oleracea var. botrytis
Brassica tournefortii
Raphanus raphanistrum
Raphanus sativus
Raphanus sativus
Raphanus sativus
Raphanus sativus
Raphanus sativus

Genbank Accession no.
HM587260
AY929826
AY929827
AY929828
HM587261
GQ328843
GQ328841
GQ328842
HM587262
GQ328823
GQ328848
GQ328825
GQ328826
GQ328827
GQ328828
GQ328829
GQ328831
GQ328830
GQ328832
GQ328833
GQ328838
GQ328839
GQ328840
HM587266
HM587267
HM587265
AY929841
AY929843
GQ328844
GQ328845

Geographic origin
Perth, Western Australia
Namyangju, Korea
Namyangju, Korea
Jeju, Korea
Perth, Western Australia
Amiens, Queensland
Devon Meadows, Victoria
Ocean Grove, Victoria
Wongan Hills, Western Australia
Forth, Tasmania
Werribee South, Victoria
Dandenong South, Victoria
Dandenong South, Victoria
Cranbourne, Victoria
Werribee South, Victoria
Werribee South, Victoria
Munjimup, Western Australia
Forth, Tasmania
Harford, Tasmania
Lindenow, Victoria
Lindenow, Victoria
Werribee, Victoria
Gumeracha, South Australia
Perth, Western Australia
Wongan Hills, Western Australia
Perth, Western Australia
Seoul, Korea
Busan, Korea
Batemans Bay, New South Wales
Richmond, Tasmania

Collected Year
2007
1998
2003
2004
2007
2007
2006
2007
2007
2004
2005
2003
2003
2004
2007
2006
2007
2007
2007
2007
2007
2007
2007
2008
2007
2008
1990
2002
2007
2007

Reference
This study
15
15
15
This study
41
41
41
This study
41
41
41
41
41
41
41
41
41
41
41
41
41
41
This study
This study
This study
15
15
41
41
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Table 1 Continued
#
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.

Host species
Eruca vesicaria ssp. sativa
Eruca sativa
Capsella bursa-pastoris
Capsella bursa-pastoris
Capsella bursa-pastoris
Capsella bursa-pastoris
Capsella bursa-pastoris
Capsella bursa-pastoris
Capsella bursa-pastoris
Capsella bursa-pastoris
Capsella bursa-pastoris
Sisymbrium irio
Sisymbrium sp.
Sisymbrium luteum
Sisymbrium luteum
Sisymbrium loeselii
Amaranthus spinosus

Genbank Accession no.
HM587263
DQ418503
HM587268
AY929829
AY929831
AY929830
AF271231
GQ328834
GQ328835
GQ328836
GQ328837
HM587264
GQ328822
AY929844
AY929845
AY929846
AY929824

Geographic origin
Perth, Western Australia
Daudkhel, Pakistan
Wanneroo, Western Australia
Namyangju, Korea
Yongin, Korea
Seoul, Korea
CAN1, Wales
Werribee South, Victoria
Cranbourne, Victoria
Werribee South, Victoria
Werribee, Victoria
Wanneroo, Western Australia
Knoxfield, Victoria
Korea, Pyongchang
Korea, Pyongchang
Bulgaria
Chunchon, Korea

Collected Year
2008
1968
2008
1997
2000
1999
1997
2006
2004
2007
2007
2008
2003
2002
2003
2003

Reference
This study
15
This study
15
15
15
15
41
41
41
41
This study
41
15
15
15
54

Note: Common names of cruciferous hosts from which A. candida was isolated are as follows: Brassica juncea (Indian mustard), Brassica rapa
(Turnip rape), Brassica oleracea var. italica (Broccoli), Brassica tournefortii (Wild turnip, Mediterranean turnip), Raphanus raphanistrum (Wild
radish), Raphanus sativus (Radish), Eruca vesicaria (Arugula, Rocketsalad),Capsella bursa-pastoris (Shepherd’s purse), Sisymbrium irio (London
rocket)
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Table 2. Reactions of different cruciferous host differentials to Western Australian isolates of Albugo candida obtained from nine different isolates collected from Western Australia
in surveys 2007-2009, presented with the mean disease severity (0-9 scale) in parenthesis.
Disease reactionA (Mean Severity 0-9 scale)B
B. juncea
isolate

B. rapa
isolate

B. oleracea
isolate

B. tournefortii
isolate

R. raphanistrum
isolate

R. sativus
isolate

E. vesicaria
isolate

S.irio isolate

Trial I, II

Trial I, II

Trial I, II

Trial I, II

Trial I, II

Trial I, II

Trial I, II

Trial I, II

C. bursapastoris
isolate
Trial I, II

Brassica carinata 94024.2

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

Brassica juncea cv. Vulcan

+(3.4), +(3.8)

0, 0

+(2.4), +(2.3)

0, 0

0, 0

+(1.5) , +(2.6)

0, 0

0, 0

+(2.0), +(1.8)

Brassica juncea cv. Commercial Brown

+(5.7), +(5.3)

0, 0

0, 0

0, 0

+(3.0), 0

0, 0

0, 0

0, 0

0, 0

Brassica napus cv. FAN 189

+(2.0), +(1.0)

0, 0

0, 0

0, 0

+(1.4), +(1.0)

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

+(4.3), +(2.0)

0, 0

0, 0

0, 0

+(1.0), +(1.0)

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

+(3.9) , +(2.7)

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

Host differential

Brassica napus cv. Surpass 501TT
Brassica nigra 90745
Brassica oleracea var. italica cv. Broccoli Sprouts
Brassica rapa cv. Torch

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

Brassica rapa cv. Reward

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

Brassica rapa cv. Shi Huang

0, 0

+(4.3), +(3.9)

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

Raphanus raphanistrum WARR25

0, 0

0, 0

0, 0

0, 0

+(1.4), +(1.3)

0, 0

0, 0

0, 0

0, 0

Raphanus sativus cv. White Icicle

+(3.0), +(1.0)

0, 0

0, 0

0, 0

+(1.5), +(2.0)

+(4.1) , +(3.9)

0, 0

0, 0

0, 0

Brassica tournefortii BTO2

+(1.5), +(1.5)

0, 0

0, 0

+(3.5) , +(3.0)

0, 0

0, 0

+(2.0), +(1.8)

0, 0

0, 0

Eruca vesicaria ssp. sativa MJB1-06

0, 0

+(4.3), +(4.1)

0, 0

0, 0

0, 0

0, 0

+(3.7), +(3.9)

0, 0

0, 0

Sisymbrium irio

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

+ (2.3) , +(2.0)

0, 0

Capsella bursa-pastoris

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

0, 0

+(2.7) , +(2.1)

A

+, Occurrence of sporulation
Disease severity was assessed using a 0-9 scoring system as used by Williams (1985), where 0 = no symptoms on either leaf surface, 1 = small, pinpoint to large, brown, necrotic
flecks under the inoculation point on the upper surface, with occasional necrosis extending to the lower epidermis but no sporulation, 3 = very sparse, one to few, minute scattered
pustules on the upper surface, zero to very few pustules on the lower surface, 5 = few to many scattered pustules on the upper surface but either zero or a few scattered pustules on
the lower surface, 7 = few to many pustules on the upper surface with many scattered, small to larger pustules on the lower surface and 9 = very few to no pustules on the upper
surface with many large, coalescing pustules on the lower surface.

B
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Fig. 1. Minimum evolution tree from ITS sequences showing relationship among Albugo candida
collections of isolates from different hosts in Western Australia (in bold) (see Table 1 for details of
isolates). Bootstrap numbers are only those given above major nodes. The sequence of Albugo
amaranthi (AY929824) (54) from GenBank is included as outgroup.
38. GQ328834 (ex Capsella bursa-pastoris)
39. GQ328835 (ex Capsella bursa-pastoris)
0.05

AY929824 W. amaranthi ex
Amaranthus spinosus

32. DQ418503 (ex Eruca sativa)
46. AY929846 (ex Sisymbrium loeselii)
45. AY929845 (ex Sisymbrium luteum)
44. AY929844 (ex Sisymbrium luteum)
37. AF271231 (ex Capsella bursa-pastoris)
33. HM587268 (ex Capsella bursa-pastoris)
29. GQ328844 (ex Raphanus sativus)
40. GQ328836 (ex Capsella bursa-pastoris)
41. GQ328837 (ex Capsella bursa-pastoris)
18. GQ328830 (ex Brassica oleracea var. italica)
20. GQ328833 (ex Brassica oleracea var. italica)
7. GQ328841 (ex Brassica rapa var. pekinensis)
8. GQ328842 (ex Brassica rapa var. pekinensis)
6. GQ328843 (ex Brassica rapa var. pekinensis)
17. GQ328831 (ex Brassica oleracea var. italica)
19. GQ328832 (ex Brassica oleracea var. italica)
9. HM587262 (ex Brassica oleracea var. italica)
14. GQ328827 (ex Brassica oleracea var. italica)
85
73

25. HM587267 (ex Raphanus raphanistrum)
26. HM587265 (ex Raphanus sativus)

28. AY929843 (ex Raphanus sativus)
27. AY929841 (ex Raphanus sativus)
4. AY929828 (ex Brassica juncea)
13. GQ328826 (ex Brassica oleracea var. italica)
16. GQ328829 (ex Brassica oleracea var. italica)
22. GQ328839 (ex Brassica oleracea var. botrytis)
11. GQ328848 (ex Brassica oleracea var. italica)
34. AY929829 (ex Capsella bursa-pastoris)
98

36. AY929830 (ex Capsella bursa-pastoris)
35. AY929831 (ex Capsella bursa-pastoris)

5. HM587261 (ex Brassica rapa)
42. HM587264 (ex Sisymbrium irio)
21. GQ328838 (ex Brassica oleracea var. botrytis)
2. AY929826 (ex Brassica juncea)
10. GQ328823 (ex Brassica oleracea var. gemmifera)
1. HM587260 (ex Brassica juncea)
3. AY929827 (ex Brassica juncea)
12. GQ328825 (ex Brassica oleracea var. italica)
15. GQ328828 (ex Brassica oleracea var. italica)
23. GQ328840 (ex Brassica oleracea var. botrytis)
31. HM587263 (ex Eruca vesicaria ssp. sativa)
30. GQ328845 (ex Raphanus sativus)
43. GQ328822 (ex Sisymbrium sp.)
24. HM587266 (ex Brassica tournefortii)
0.02
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Supplementary Figure 1. Estimates of evolutionary
volutionary divergence between isolates of Albugo candida based on nucleotide sequence alignment of the
complete rDNA internal transcribed spacer region. (numbers in bold represent isolate numbers; see Table 1 for details).
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SUMMARY
Investigations were carried out firstly to determine if there were any differences in the
symptom expression following spot inoculation of the cotyledon, leaf lamina or the
growth apex at different stages of plant growth and, secondly, to determine the specific
reproductive stage during development of Brassica juncea at which the flowers have to
be inoculated with Albugo candida to maximise development of pod hypertrophies.
Spot and growing point inoculations performed at the cotyledon or true leaf stages
caused clear differences in disease progression and the eventual severity of disease
occurring at subsequent stages of plant growth. In this test, inoculations of only the
growing points at the true leaf stage [GS 2.1] resulted in systemic pod hypertrophies.
Whereas, among the different reproductive stages tested, only inoculations of the flower
buds just changing colour [GS 3.3] or just opening flowers [GS 4.1] resulted in pod
hypertrophies, with earlier or later inoculations of the flower buds or flowers,
respectively, failing to result in pod hypertrophies. These studies have, for the first time,
not only defined the particular reproductive stages of plant development at which
infection results in pod hypertrophies, but, have also shown that in relation to infections
of shoot tissues, it is only inoculation of the growing point at the first true leaf stage that
leads to systemic development of disease rather than inoculations of the cotyledon or
leaf laminae. The findings of this study indicate that fungicide applications, targeting
these critical stages of early plant development, and the associated plant sites, and also
to flower buds changing colour and/or just opening, present the best opportunities for
arresting infections that lead to systemic spread of the pathogen within the plant, and
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thus minimizing the extent and severity of both leaf disease and pod deformations.
These studies provide a basis for subsequent identification of the mechanisms
controlling the systemic spread of A. candida within the B. juncea host. Once identified,
such mechanisms could be exploited in developing and deploying new cultivars with
improved resistance against both white rust leaf disease and pod hypertrophies.

Key words: White blister rust, symptom expression, pod hypertrophy, staghead

INTRODUCTION

White rust, caused by the oomycete pathogen Albugo candida, is a serious disease of
various Brassicaceae species worldwide (Lakra and Saharan, 1989), including Western
Australia (W.A.) (Barbetti, 1981; Barbetti and Carter, 1986; Li et al., 2007b, 2008).
This disease is characterized by the formation of white to cream coloured zoosporangial
pustules on cotyledons, leaves, stems and inflorescences, with deformation and/or
stagheads formed as the result of inflorescence infection (Verma and Petrie, 1980).
Yield losses of 30-60% have been reported in severely infested fields of Brassica rapa
in Canada (Bernier, 1972) and of up to 20 and 60% on the same species in Australia
(Barbetti, 1981) and India (Lakra and Saharan, 1989), respectively. In India, combined
infection of leaves and inflorescences on B. juncea causes yield losses up to 90%, with
up to 63% of this yield loss attributable to the high level of staghead formation in
susceptible cultivars (Lakra and Saharan, 1989; Kolte, 1985). White rust has become a
concern in Australia as canola-quality B. juncea is now being utilized to extend oilseed
Brassica production into lower rainfall areas of southern Australia. This species is better
adapted to hotter and drier environments than canola (Brassica napus) (Downey, 1971;
Woods et al., 1991; Oram et al., 2005). The first canola-quality B. juncea cultivar,
Dune, has been released (Anon., 2007) with an estimated 40,000 hectares sown in 2009
(Anon., 2009). Unfortunately, most of the cultivated varieties of B. juncea in Australia
are highly susceptible to white rust (Burton et al., 1999).
Albugo candida causes both localized and systemic infections on plants of
various cruciferous species. In localized infections, the pathogen mainly infects plant
parts that contain chlorophyll (Sokhi and Khangura, 1992). With systemic infections,
extensive distortion, hypertrophy, hyperplasia and sterility of the stems, leaves, leaf
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petioles and inflorescences can occur (Verma and Petrie, 1980). Liu and Rimmer (1993)
succeeded in obtaining deformed inflorescences resulting in stagheads in 40% of
inoculated plants. However, Lakra and Saharan (1989) and Bains (1991) were unable to
produce deformed inflorescences following similar inoculations of flower buds of
susceptible B. juncea plants. To address such inconsistencies, Goyal et al. (1996)
undertook a study and reported that maximum staghead formation in 26-day-old
[growth stage (GS) 3.1; Harper and Berkenkamp, 1974] B. juncea plants occurs in
response to inoculating differentiating flower buds. In contrast, they found that
inoculation of 35- and 45-day-old plants (GSs 4.1 and 5.0, respectively) produced fewer
hypertrophies mainly in isolated flowers, while inoculation of the 7- and 13-day-old
plants (GSs 1.0 and 2.1, respectively) produce no hypertrophied flowers. However,
Goyal et al. (1996) did not undertake inoculations at GSs 3.2 nor at GS 3.3. We
undertook investigations that firstly defined the relative importance of the full spectrum
of the growth stages from cotyledon stage to young pods present (viz. GS 1.0, 2.1, 3.1,
3.2, 3.3, 4.1, 4.2 and 4.3) in terms of inoculation with and subsequent disease
development of white rust; and, secondly, that defined symptom expression following
inoculations of the leaf lamina vs the growing point at seedling (GS 1.0) and first true
leaf (GS 2.1) growth stages.

MATERIALS AND METHODS

A known highly susceptible variety of B. juncea, RH 819 (Li et al., 2007a), was
selected and its high susceptibility further confirmed in two additional screening tests
conducted under the same controlled environmental conditions as used previously by Li
et al. (2007a). For all experiments, seed was sown into steam treated potting mix
(composted pine bark: cocoa peat: river sand, 2 : 1 : 1) in plastic trays with 8 cells (2.5 x
2.5 cm), in a controlled-environment room maintaining 13/18oC night/day temperatures,
with a 16-h photoperiod at a light intensity of 520 µE m–2 s–1.

Pathogen inoculum. Cotyledons of B. juncea RH 819, with white rust pustules from
infection with a single isolate of Albugo candida race 2V isolated from B. juncea (Kaur
et al., 2008), were collected 10 days post-inoculation (dpi) and stored at -80 oC for
future use. Fully expanded cotyledons (10 days after sowing), were inoculated using a
drop-inoculation technique (Kaur et al., 2008) where a single 10 µL drop of the
zoosporangial suspension was spotted onto the adaxial surface of each of the 2 lobes of
64

Chapter 3: A. candida expression in B. juncea

each cotyledon. Plants were then subjected to 4 days of enhanced humidity (>95% RH)
by placing the pots in a high-humidity chamber [10 L plastic storage boxes (32 x 22 cm)
covered with clear plastic cling wrap].When required, the cotyledons with pustules were
removed from storage, thawed and the zoosporangia dispersed in deionised (DI) water
and filtered through cheesecloth to remove any plant debris. The concentration of the
zoosporangial suspension was adjusted using a haemocytometer to 105 zoosporangia
mL-1 before application to plants.

Controlled environment experiments. Two experiments were set up to determine the
development stages of the host most conducive to the establishment of systemic spread
by A. candida. The first experiment (Table 1) was set up to investigate the differences in
the symptom expression resulting from leaf lamina and growing point inoculations at
the early growth stages GS1.0 and GS 2.1 (Harper and Berkenkamp, 1974) of B. juncea,
using four different treatments and with eight replications for each GS. Treatments were
as follows: spot inoculation of lamina of the cotyledons (GS 1.0); spot inoculation of the
growing point at the cotyledon stage; inoculation of leaf lamina of the first pair of true
leaves (GS 2.1); and, inoculation of the growing point of the first pair of true leaves.
Inoculated plants were incubated as previously described. This experiment was repeated
once (experiment 1a and 1b).
The second experiment (Table 2) was set up to determine the most suitable
reproductive stages for inoculation that maximizes the number of pod hypertrophies
formed. Spot inoculation of the inflorescence was conducted at six different growth
stages: bud development (rosette stage where the inflorescence had just become visible
GS 3.1), young (before changing colour GS 3.2) and mature buds (lower buds just
changing to yellow colour GS 3.3), young (at opening GS 4.1) and mature flowers (4day-old GS 4.2) and pod development (petal senescence GS 4.3). Following
inoculations, plants were incubated as previously described.

Disease assessments. Disease severity at the cotyledon stage was assessed 12 dpi on a
0–9 scale where 0 = no disease and 9 = >75% of cotyledon area covered with pustules
(Li et al., 2007a). Similarly, for the inoculations done at true leaf stage, disease severity
was also assessed on the first two true leaves at 12 dpi according to the percentage of
leaf area covered with white rust pustules (Li et al., 2007a). The disease incidence
following cotyledon or leaf inoculation was recorded as the number of plants out of the
total number of plants that showed the particular disease symptoms being assessed. The
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growth stages (GS) of plants used was as per defined by Harper and Berkenkamp
(1974).
Disease severity for the second experiment was assessed at 14 dpi by estimating
the percentage of leaf area covered by white rust pustules on the leaves proximal to the
flower buds on the branch on which the flowers were inoculated (Li et al., 2007a) as
well as the mean number of pod hypertrophies for each plant by counting the total
number of hypertrophied pods and the number of plants. Disease incidence was
assessed at 14 dpi by recording the total number of plants showing disease symptoms.

Experimental layout and data analysis. All experiments included water-only controls,
and were arranged using a randomized complete block design. A single factor analysis
of variance was conducted using GENSTAT (8th edn, Lawes Agricultural Trust,
Hertfordshire, UK). Fisher’s least significant difference (L.S.D) at 95% significance
level was used to test the differences among the different treatments. A
  0.375 transformation was applied to raw data from both experiments as the data
were not normally distributed. Significant differences among means were assessed by
LSD tests. The correlation for disease severity and for disease incidence at the different
growth stages between experiments 1a and 1b was predicted by regression analysis.

RESULTS

In the first experiment, the treatments relating to the site of inoculation resulted in
significant differences in the symptom type and expression. Spot inoculations on the
cotyledon lamina resulted in the appearance of disease symptoms only on the
cotyledons, without the disease progressing to the leaves (Table 1). However,
inoculations of the growing point at the cotyledon stage led to the progression of the
disease onto subsequently emerging leaves. Inoculation of growing points at the first
true leaf stage not only led to the most severe disease of the treatments tested in this
experiment, but was the only treatment leading to pod hypertrophies. These results
suggest that it is the deposition of inoculum on the growing point of the plants at the
true leaf stage in the field that is most likely to lead not only to the most severe disease
symptoms but also to the pathogen spreading within the plant systemically leading to
pod hypertrophies. Although spot inoculation on first true leaf lamina led to the disease
progressing onto subsequently emerging leaves, it did not result in the deformation of
pods produced subsequently. There was significant and positive correlation for disease
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incidence (r=0.92, P<0.001, n=32) and disease severity (r=0.79, P<0.001, n=32)
between experiments 1a and 1b.
Among the different reproductive stages tested in the second experiment, during
the growth of the plants, only the inoculations of the young flowers at opening resulted
in hypertrophies of the pods (Table 2). Our studies showed that inoculations at GS 3.3
and GS 4.1 were the most conducive for the development of pod hypertrophies and that
as the inflorescences aged beyond the just opening of flowers, the occurrence of pod
hypertrophies ceased. There were significant differences in the severity of the symptom
expression among these six reproductive stages. Although the maximum disease
incidence was recorded at GS 3.1 no pod hypertrophies were recorded on plants
inoculated at this growth stage. While pod hypertrophies were recorded at GS 3.3 when
flower buds are just changing to yellow colour, the mean number of pod
hypertrophies/infested plant was not significantly different to treatments where no pod
hypertrophies were recorded.

DISCUSSION

The present study showed that between the different vegetative growth stages (GS 1.0
and GS 2.1) tested, it was the deposition of inoculum on the growing point of the plants
inoculated at the true leaf stage (GS 2.1) that in the field should lead not only to the
most severe disease symptoms but also to the pathogen spreading within the plant
systemically and leading to subsequent pod hypertrophies. In contrast, an earlier study
by Goyal et al. (1996) found that inoculation of the apical meristematic region at GS 1.0
and GS 2.1 led to formation of hypertrophied branches but not to development of
hypertrophied pods. However, Goyal et al. (1996) did not test if there were any
differences in the symptom expression and/or disease progression resulting from the
inoculation of the cotyledon/leaf laminae compared with the inoculation of the apical
meristematic region.
Goyal et al. (1996) found that inoculation of green (differentiating) buds (GS
3.1) led to more severe deformation of pods than when inoculations were carried out at
subsequent stages of flowering, as we confirmed in the present study. Furthermore,
Goyal et al. (1996) did not undertake inoculations at GS 3.2 nor at 3.3. The present
studies demonstrated for the first time that GS 3.3 and GS 4.1 are in fact the most
conducive growth stages for the development of pod hypertrophies and also that
inoculation beyond the just opening of flowers phase did not result in pod
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hypertrophies. Goyal et al. (1996) and Bains (1991) also obtained a significantly lower
frequency of inflorescence hypertrophy in plants inoculated at GSs 4.1 and 5.0
compared to the growth stages inoculated before GS 4.1. Goyal et al. (1996) suggested
a possible reason for this could be that most meristematic activity had ceased beyond
the site of infection and that the metabolic activities leading to the cellular hypertrophy
had been switched-off prior to infection. They also observed that inoculations at the
very early reproductive stages (GSs 1.0 and 2.1), up to the development of yellow
colour of the flower bud, failed to cause any pod hypertrophies. They suggested that this
could be due to the inability of the pathogen to reach the meristematic tissues or the
actively dividing parenchyma cells in time to be able to cause pod hypertrophies. The
lack of a relationship between incidence or severity of disease on B. juncea leaves and
the incidence of deformation of inflorescences in studies by Li et al. (2007a, b) and
Goyal et al. (1996), is likely a consequence of inoculation/infection of the growing
point not occurring at either the first true leaf stage (GS 2.1), nor when flower buds are
just-changing to yellow (GS 3.3) nor when flowers are just opening (GS 4.1).
Our study demonstrated that it was inoculations of the growing point at the first
true leaf stage that lead to systemic development of disease and that infection of the
flower buds either just as they change to yellow colour or when they are at the early
opening phase leads to the development of pod hypertrophies. Infection at these specific
growth stages is most likely to lead to the most severe disease and consequently the
greatest yield losses. This has significant implications in relation to both understanding
the epidemiology of this disease and for its effective management. For fungicide
applications (e.g. Barbetti, 1978, 1988a, 1988b) to be effective, they now need to be
targeted to these critical stages of early plant development, and the associated plant
sites, and also to flower buds changing colour and/or just opening, as these present the
best opportunities for minimizing infections that lead to systemic infections. This new
understanding of the disease systemic spread within the plant could now also be
exploited to identify the resistance factors/mechanisms in B. juncea associated with
reduced systemic spread of the pathogen. These mechanisms could then be subsequently
further exploited in developing and deploying new cultivars with improved resistance
against both leaf disease and pod hypertrophies.
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Table 1 The number of diseased plants (maximum possible = 8) and mean severity rating (0-9 scale) of localized symptoms, the number of pod
hypertrophies (maximum = 8) and the mean number of pod hypertrophies/infested plant on Brassica juncea plants following inoculations of different
tissues (cotyledon, or leaf lamina, or the growing point) and incubation under controlled environment conditions. The experiment was repeated once
(1a and 1b).
Experiment 1a
Localized
symptoms
Treatment
Disease
incidence

Disease
severity

Spot inoculation on cotyledon lamina
only (GS 1.0)

6

3.0 (1.49)

0 (0.61)

Spot inoculation on the growing
point at the cotyledon stage
(GS 1.0)

8

5.8 (2.40)

Spot inoculation on first true leaf
lamina only (GS 2.1)

5

Spot inoculation on the growing
point at first true leaf stage
(GS 2.1)

6

LSDb
a

Pod
hypertrophies
No. of plants
showing pod
hypertrophies

P value

Experiment 1b

Mean no. of
pod
hypertrophies/
infested plant

Localized
symptoms

Pod
hypertrophies
Mean no. of
pod
hypertrophies/
infested plant

Disease
incidence

Disease
severity

No. of plants
showing pod
hypertrophies

0 (0.61)

5

3.0 (1.30)

0 (0.61)

0 (0.61)

0 (0.61)

0 (0.61)

7

5.7 (2.26)

0 (0.61)

0 (0.61)

2.6 (1.27)

0 (0.61)

0 (0.61)

5

3.0 (1.35)

0 (0.61)

0 (0.61)

7.0 (2.13)

4.0 (0.89)

4.0 (1.07)

6

7.3 (2.22)

5.0 (0.96)

1.8 (1.14)

P < 0.05

P < 0.001

P < 0.001

P < 0.05

P < 0.001

P < 0.001

(0.82)

(0.15)

(0.27)

(0.81)

(0.14)

(0.25)

Data for statistical comparison are given in parentheses and have been x  0.375 transformed; b LSD = least significant difference at P = 0.05
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Table 2 The number of diseased plants (maximum possible = 6) and mean severity
rating (0-9 scale) of localized symptoms, the number of pod hypertrophies (maximum
= 6) and the mean number of pod hypertrophies/infested plant on Brassica juncea plants
following inoculations of different tissues (cotyledon, or leaf lamina, or the growing
point) and incubation under controlled environment conditions.
Localized symptoms
Plant growth
stage at inoculation

Pod hypertrophies

Disease
incidence

Disease
severity

No. of plants
showing pod
hypertrophies

Mean no. of
pod
hypertrophies/
infested plant

6

5.0 (2.25)

0 (0.61)

0 (0.61)

4

8.0 (2.13)

0 (0.61)

0 (0.61)

Flowers: When flower buds are
just changing to yellow colour
(GS 3.3)

4

6.7 (1.74)

2.0 (0.80)

2.0 (0.91)

Flowers: Just opening flowers
(GS 4.1)

3

4.3 (1.39)

3.0 (0.89)

2.3 (1.11)

Flowers: 4 days post opening
(GS 4.2)

3

2.0 (1.02)

0 (0.61)

0 (0.61)

Young pods: Senescence of
flower petals (GS 4.3)

2

3.0 (0.91)

0 (0.61)

0 (0.61)

P < 0.05

P < 0.05

P < 0.05

(0.97)

(0.20)

(0.38)

Bud stage (When inflorescence
become visible at the centre of
rosette) (GS 3.1)
Flowers: Prior to presence of
yellow colour of the flower buds
(GS 3.2)

P value

LSDb

a

Data for statistical comparison are given in parentheses and have been
  0.375 transformed.
b

LSD = least significant difference at P = 0.05.
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PRE-INOCULATION WITH HYALOPERANOSPORA
PARASITICA REDUCES INCUBATION TIME AND
INCREASES SEVERITY OF DISEASE CAUSED BY
ALBUGO CANDIDA IN A BRASSICA JUNCEA VARIETY
RESISTANT TO DOWNY MILDEW
This chapter has been published:
Kaur Parwinder, Hua Li, K. Sivasithamparam and M. J. Barbetti (2010)
Pre-Inoculation with Hyaloperanospora parasitica reduces incubation time
and increases severity of disease caused by Albugo candida in a Brassica
juncea variety resistant to Downy mildew. Journal of General Plant
Pathology doi: 10.1007/s10327-011-0293-2
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Pre-inoculation with Hyaloperonospora parasitica reduces incubation period and
increases severity of disease caused by Albugo candida in a Brassica juncea variety
resistant to downy mildew
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Abstract
White rust symptoms appeared 4 days earlier and were significantly more severe when
inoculations with Albugo candida were followed 10 days later with that of
Hyaloperonospora parasitica on a variety of Brassica juncea resistant to downy mildew
but highly susceptible to white rust. DNA extractions of tissues indicated H. parasitica
had colonized the asymptomatic plants systemically. These are the first reports of (a) the
systemic colonization by H. parasitica in a host resistant to downy mildew, and (b) the
increase in susceptibility of a Brassica to white rust disease from asymptomatic
colonization by H. parasitica.

Keywords: Albugo candida, Hyaloperonospora parasitica, Brassica juncea, biotrophic
pathogen, mustard, white rust.
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Vegetable oil from Brassica spp. represents one-third of all vegetable oils in the world
market. Diseases of Brassica spp. cause problems in most growing areas. Two very
important diseases affecting one or more Brassica species are white rust (Albugo
candida) (Kolte 1985; Liu et al. 1996) and downy mildew (Hyaloperonospora
parasitica) (Singh et al. 2002). Individually, both pathogens cause economically
important diseases of Brassica and other cruciferae and infect all aerial parts of the plant
(Bains and Jhooty 1985; Borhan et al. 2001; Holub et al. 1993). Crop yields are severely
affected, particularly when both diseases occur together, for example, in India where,
combined yield losses of 17–37% have been reported in B. juncea (Kolte 1985).
Disease caused by A. candida is characterized by the formation of white to cream
coloured zoosporangial pustules on cotyledons, leaves, stems and inflorescences
(Verma and Petrie 1980) as the result of sub-epidermal growth of zoosporangiophores
and proliferation of zoosporangia in sori that expand until the epidermis eventually
ruptures. In contrast, disease caused by H. parasitica infections are first apparent to the
naked eye as a carpet or 'down' of conidiophores covering the upper and lower surfaces
of leaves and petioles (Soylu et al. 2003), a symptom characteristic of downy mildew
diseases. The zoosporangiophores of H. parasitica subtending zoosporangia emerge in
profusion via stomata without forcible damage of host tissue (Borhan et al. 2001).
While both these pathogens usually exist as specialized pathotypes on different
cruciferous species, and even on different cultivars within a species, asexual
reproduction in general is most prolific on the particular host of origin (Mathur et al.
1995; Nashaat and Awasthi 1995; Petrie 1988; Pidskalny and Rimmer 1985; Saharan
and Verma 1992; Silu´e et al. 1996).
In cruciferae, A. candida commonly occurs in intimate association with H.
parasitica (Holub et al. 1991) including on ‘stagheads’ (Awasthi et al. 1997). Colonies
of H. parasitica commonly found occurring among those of A. candida on plant tissues
(Bains and Jhooty 1985).Bains and Jhooty (1985) studied the association of H.
parasitica with A. candida on B. juncea leaves and proposed that A. candida
biochemically pre-disposes the host plants to H. parasitica. However, as the incubation
period of H. parasitica was shorter than that of A. candida, they found that under
glasshouse conditions, H. parasitica colonies tended to develop first followed by A.
candida. In contrast, they found that under natural conditions the situation could be the
reverse (Bains and Jhooty 1985). Under field conditions, A. candida possesses the
capacity to elevate the incidence and severity of infection by H. parasitica in crucifers
(Constantinescu and Fatehi 2002) and a similar situations have been described for H.
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arabidopsis in both Arabidopsis thaliana (Holub et al. 1991) and in B. juncea (Cooper
et al. 2008) from pre-inoculation with A. candida . Studies of Singh et al. (2002)
showed that the infection of B. juncea with a compatible strain of H. parasitica
inhibited or adversely affected the development of the compatible isolate of A. candida
when B. juncea was simultaneously co-inoculated, while an incompatible isolate of A.
candida induced host resistance towards H. parasitica. Previous findings suggest that
the inoculation order of the two pathogens likely critically determines the outcome of
the inoculation. Studies we conducted to test this interaction demonstrated for the first
time that the inoculation of a variety of B. juncea with an asymptomatic strain of H.
parasitica and subsequently with a compatible strain of A. candida, not only reduced
the incubation period but also increased the severity of disease caused by the white rust
pathogen. We also determined that although H. parasitica is asymptomatic in the host,
it systemically colonized host tissues away from the site of inoculations.
B. juncea variety RH 819, known to be highly susceptible to race 2V of A.
candida (Kaur et al. 2008; Li et al. 2007), but resistant to the UWA DM-53 isolate of H.
parasitica (based on previous preliminary trials; data not presented), was selected for
this study. Two experiments were undertaken, and for both, seeds of variety RH 819
were sown 1 cm deep into steam treated potting mix (composted pine bark : coco peat :
river sand, 2 : 1 : 1) in 8 cm diameter plastic pots, in a controlled-environment room
maintaining 13/18oC night/day temperatures, with a 16-h photoperiod at a light intensity
of 520 µE/m2/s, at the University of Western Australia, Perth, Western Australia.
Seedlings that emerged were thinned to two plants per pot 10 days after sowing.
Cotyledons of B. juncea RH 819, with white rust pustules following inoculation with a
single isolate of A. candida race 2V isolated from B. juncea (Kaur et al. 2008), were
collected 10 days post-inoculation (dpi) and stored at -80oC. When required, the
pustules were removed from storage and the zoosporangia dispersed in deionised (DI)
water and filtered through cheesecloth to remove any plant debris. The concentration of
the zoosporangial suspension was adjusted to 1 x 105 zoosporangia/ml before
application to plants, using a haemocytometer. Isolate UWA DM-53 of H. parasitica
used was a single sporangium isolate made from the original field collection of affected
B. napus collected in 2007 from Esperance, Australia (S33º27'596, E121º44’069). The
isolate was maintained on 7 day-old cotyledons of B. napus cv. Thunder TT in a
controlled environment room maintained at 13 (night)-18 (day)oC, photoperiod 12/12 h,
and light intensity 520 µE/m2/s. Cotyledons that supported abundant sporulation by the
pathogen were collected and placed in 200 ml of distilled water in a 250 ml conical
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flask, and the flask shaken to dislodge the zoosporangia. The zoosporangial suspension
was then filtered through a single layer of cheesecloth to remove any plant debris and
the concentration adjusted to 1 x 105 zoosporangia/ml using a haemocytometer counting
chamber.
For experiment 1, the growing point of the first pair of true leaves at Growth
Stage (GS) 2.1 as defined by Harper and Berkenkamp (1974) was inoculated using a
drop-inoculation technique where a single 20 µl drop of the zoosporangial suspension
was spotted onto the growing point. Four treatments with four replications each were
tested where: 1) only A. candida was inoculated; 2) only H. parasitica was inoculated;
3) inoculations with A. candida on day 1 followed by H. parasitica inoculation 10 days
later; and, 4) inoculation with H. parasitica on day 1 followed by inoculation with A.
candida 10 days later. All inoculated plants were subjected to 4 days of enhanced
humidity (>95% RH) post-inoculation by covering them with moistened clear
polyethylene sheets. In experiment 2, spot inoculations were targeted at the apices of
flower buds [before they changed colour at GS 3.2, (Harper and Berkenkamp 1974)],
but using the same four treatments with four replications each and procedure as
described above for experiment 1. For both experiments, there were four treatments
with four replicates for each treatment arranged in a randomised complete block design.
Experiment 1 was repeated once (Experiment 2) to confirm key findings by only
changing the growth stage of the plant at which the inoculations were performed. For
the treatment involving inoculation only with H. parasitica, there were no white rust
symptoms and this treatment was excluded from the initial KruskalWallis one-way
analysis of variance by ranks conducted using GENSTAT (8th edn, Lawes Agricultural
Trust, Hertfordshire, UK). Fisher’s least significant difference (l.s.d) at 95%
significance level was used to test the differences among the different treatments.
Significant differences among means were assessed by LSD tests.
At 12 dpi, white rust disease severity was assessed using a 0–9 scoring system as
used by Williams (1985), where: 0 = no symptoms on either leaf surface; 1 = small,
pinpoint to large brown necrotic flecks under the inoculation point on upper surface,
occasionally necrosis extending to lower epidermis but no sporulation; 3 = very sparse,
1-few, minute scattered pustules on upper surface, none to very few pustules on lower
surface; 5 = few to many scattered pustules on upper surface but either none or a few
scattered pustules on lower surface; 7 = many to few pustules on upper surface with
many scattered small to larger pustules on lower surface; and, 9 = very few to no
pustules on upper surface with many large coalescing pustules on lower surface. The
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disease incidence was also recorded as the number of plants out of the total number of
plants inoculated that showed white rust symptoms.
Significant increases in the symptom development of white rust occurred where
the plants were pre-inoculated with H. parasitica (Table 1). As the host was resistant to
H. parasitica it showed no symptoms of downy mildew on inoculated plants, but it was
still important to determine whether H. parasitica had colonized the host following
inoculation. To determine this, in experiment1 , two samples (10 mg each) for DNA
extraction were taken from each plant, one from the leaf axil near where the
inoculations were performed and the other from the growing point of the same plant
well above the site of inoculation (approx. 8-10 nodes above). For experiment 2, one
sample was taken from the tissues of the tagged inflorescence axil (where the
inoculations were performed at GS 3.2) and the other from the apex of the inflorescence
axis of the same plant (position of the inflorescence axis approximately 25-30 cm above
the axil where the inoculation was performed). DNA was extracted using the method
described by Cenis (1992).
For the selective amplification of A. candida, primer DC6 (Cooke et al., 2000)
(5-GAG-GGA-CTT-TTGGGT-AAT-CA-3) and LR-0 (reverse complementary to LR0R) (Moncalvo et al. 1995) (5-GCT-TAA-GTT-CAGCGG-GT-3) and, for H.
parasitica, the forward (5'-CACTTTCTGCAGACCATCTT-3') and reverse (5'TCGATGATGAGTTTGACGAG-3')

primers

(Genbank

Accessions

AW737065,

AW737075) were used. PCRs were conducted in 20 µl reaction volumes, with each
reaction tube containing 1.2 µl of template DNA solution (approximately 100 ng), as
prepared above, 10 µl of GoTaq® Green Master Mix (Promega), 8 µl Milli-Q water and
0.4 µl (each) of 100 µM primers. The thermal cycling parameters for A. candida were:
denaturation for 1 min at 95 °C, annealing for 1 min at 58 °C, and extension for 2 min at
72 °C. Thirty-five cycles were performed with the first denaturation and last extension
times extended to 5 and 10 min, respectively. The thermal cycling parameters for H.
parasitica were: denaturation for 1 min at 95 °C, annealing for 1 min at 56 °C, and
extension for 1 min at 72 °C. Thirty-five cycles were performed with the first
denaturation and last extension times extended to 5 and 10 min, respectively. The
success of the amplification was monitored by electrophoresis on 2% agarose gels and
visualized by ethidium bromide staining.
In experiment 1, where the growing point near the first pair of true leaves (GS
2.1) was targeted for inoculation, an average disease rating of 5.7 at 10-11 dpi was
recorded when the plants were inoculated with A. candida alone or where A. candida
79

Chapter 4: White Rust-Downy Mildew interaction

had been inoculated on day 1 followed by H. parasitica on day 10. However, where
inoculations with H. parasitica were followed 10 days later with inoculations of A.
candida, despite a total lack of downy mildew symptoms, white rust pustules appeared
earlier after 6-7 dpi and with significantly increased (P<0.05) severity (disease score
8.5) compared to the other treatments. As the variety used was resistant to downy
mildew, no plants inoculated with H. parasitica showed any symptoms of this disease
(Table 1). Similar findings to experiment 1 were confirmed in experiment 2 when the
site of inoculation was changed to be the apices of the flower buds just prior to colour
change (GS 3.2). When inoculations with A. candida were followed 10 days later with
those of H. parasitica (although there was no downy mildew symptoms), white rust
symptoms appeared at 6-7 dpi rather than 10-11 dpi (in the absence of inoculation with
H. parasitica). The severity of disease (disease severity 8.0) was significantly (P<0.05)
higher than those recorded for other treatments (Table 1). Disease incidence was
significantly and positively correlated with disease severity in experiment 1 where
inoculations were made at GS 2.1 on the growing point near the first pair of true leaves
(r=0.87, P<0.001, n=16) and in experiment 2 at GS 3.2 on the apices of flower buds
before they changed colour (r=0.79, P<0.001, n=16). The disease severity when
inoculated at GS 2.1 on the growing point near the first pair of true leaves was
significantly and positively correlated with that on the plants inoculated at GS 3.2
targeting the apices of flower buds before they changed colour (r=0.69, P<0.001,
n=16).
The internal transcribed-spacer (ITS) region of the ribosomal RNA complex
from all fungi has sufficient sequence variation to allow for the design of species
specific primers to discriminate between different species. PCR amplification results a
single band of approximately 280 bp in length using H. parasitica specific primers
showed positive results for treatments involving plants inoculated at GS 2.1 and 3.2,
respectively, in relation to inoculations with H. parasitica only (Fig. 1a, b). These
treatments were: A. candida on day 1 followed by H. parasitica on day 10 and where
H. parasitica was inoculated on day 1 followed by A. candida on day 10. There were no
amplicons observed specific to H. parasitica where inoculations were made only with
A. candida at GS 2.1 or at 3.2 (lanes 1-8 of Fig. 1a). The tests for the presence of H.
parasitica using specific primers confirmed the presence of the pathogen not only in the
leaf axils near where H. parasitica was inoculated (amplicon observed in lanes 11, 13
and 15 of Fig. 1a) but also in parts of the plants well above the site of inoculation in
experiment 1 (amplicon observed in the lane 12 of Fig. 1a). Similar to experiment 1
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(Fig. 1a, b), the DNA of H. parasitica was detected not only from inoculated flower
buds but also from the inflorescence axis well above the inoculation site in experiment 2
(data not shown).
This paper reports for the first time (a) the systemic colonization of H. parasitica
in a host known to be resistant to downy mildew disease (b) and the increase in
susceptibility of a Brassica to white rust disease as a result of the asymptomatic
colonization by the downy mildew pathogen. This study demonstrated for the first time
that severity of symptoms caused by the white rust pathogen increases when a host
highly susceptible to A. candida but resistant to H. parasitica is pre-inoculated with H.
parasitica. Pre-inoculation of B. juncea variety RH 819 with an asymptomatic isolate of
H. parasitica not only reduced the incubation period for white rust to 6-7 dpi from 1011 dpi as occurred in the absence of H. parasitica, it is also significantly increased the
severity of the white rust symptoms. Singh et al. (2002), in their studies pre-inoculated
B. juncea with a compatible isolate of the white rust pathogen, found that this infection
enhanced subsequent pathogenicity of a compatible H. parasitica isolate. They also
showed that pre-inoculation with a compatible isolate of H. parasitica induced
resistance in the host to the compatible isolate of A. candida. But, in contrast, our
studies showed that pre-inoculation with an asymptomatic isolate of H. parasitica
enhanced susceptibility of the host to a compatible isolate of A. candida. Our results
complement the work of Singh et al. (2002) and further support the hypothesis that the
inoculation order of the two pathogens critically determines the outcome of the
interaction between these two pathogens, mediated by the plant host.
In the present study, no marked changes in the parasitic behavior of the
asymptomatic isolate of H. parasitica were evident (as visible symptoms) when the
plants were pre-inoculated with a compatible isolate of A. candida and then exposed to
the asymptomatic isolate of H. parasitica 10 days later. In contrast, in the studies
conducted by Singh et al. (2002), there was enhanced susceptibility of the plants to the
compatible isolate of H. parasitica when pre-inoculation was carried out with a
compatible isolate of A. candida. The differences in the outcomes of the two studies
may be attributed to the differential inductions caused by the compatible isolate of the
H. parasitica used by Singh et al. (2002) compared with the asymptomatic isolate of the
same pathogen used in our study. In our study, although the downy mildew pathogen
colonized the host asymptomatically, it appears not to have directly interfered with the
parasitic activity of the white rust pathogen. In this instance, it is possible that it may
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have caused the down-regulation of any residual factors related to resistance in the host
to white rust pathogen, resulting in enhanced severity of the white rust disease.
Behaviour of B. juncea variety RH 819 towards white rust in the presence or
absence of downy mildew is unique and interesting. The performance of this variety in
India showed that only white rust was consistently recorded on this variety with no
mention or the record of downy mildew occurring on this particular genotype (P. Kaur,
unpublished data). While this variety has been included in several studies dealing with
white rust, there is no previous record of it ever been used in trials dealing with downy
mildew. As an unusual form of a ‘disease complex’, that we observed in this study may
not be readily evident in the field. However, our findings have important implications in
the selection of B. juncea germplasm for deployment in most regions where B. juncea is
grown, as both downy mildew and white rust are ubiquitous pathogens that frequently
co-occur in the same crop.
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Table 1 Effect of sequential inoculations at two growth stages of Brassica juncea cultivar (RH 819), susceptible to A. candida (Ac) but resistant to
downy mildew (Hyaloperonospora parasitica [Hp]), on timing and severity of white rust symptoms
Stage

2.1

3.2

Inoculations
Day 1
Day 10
Ac
—
Ac
Hp
Hp
Ac
Ac
—
Ac
Hp
Hp
Ac

Initial symptoms
(dpi)

Severity

10–11
10–11
6–7
10–11
10–11
6–7

5.7
5.7
8.5
3.75
4.25
8.0

P value

LSD

<0.001

1.44

<0.002

3.32

Notes: Growth stages: GS 2.1= first true leaf expanded, GS 3.2 = inflorescence raised above level of rosette. dpi = days after first
inoculation. Average disease severity scores were obtained at 12 dpi using a 0–9 scale of B. juncea plants. LSD = least significant
difference at P = 0.05 for comparisons only between mean values within each growth stage.
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Fig. 1 Systemic infection confirmed by PCR detection of Hyaloperonospora parasitica
following spot inoculation on the growing point near the first pair of true leaves at GS
2.1 using Hyaloperonospora
yaloperonospora parasitica specific primers (produced
produced a single amplicon of
approximately 280 bp).
bp

a.

b.

Two samples from for DNA extractions were taken from four plants for each treatment
(first one from
m the tissue inoculated and the second one from the growing apex,
apex
respectively)
a, Albugo candida on day 1(Lanes:
1
1-8); H. parasitica on day 1 (Lanes: 9-16)
9
b, A. candida on day 1 followed by H. parasitica on day 10 (Lanes: 17-24); H.
parasitica on day 1 followed by A. candida on day 10 (Lanes: 25-32)
32)
M: 100 bp ladder
-ve: DI water instead
ad of sample
samp as a check for contamination
L: DNA extracted from leaf tissues of Brassica juncea plants as a check for primer
specificity
+ve: DNA extracted from Hyaloperonospora parasitica
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Abstract
White rust, caused by Albugo candida, is a serious pathogen of Brassica juncea (Indian
mustard) and poses a potential hazard to the presently developing canola-quality B.
juncea industry worldwide. A comparative proteomic study was undertaken to explore
the molecular mechanisms that underlie the defence responses of Brassica juncea to
white rust disease caused by the biotrophic oomycete Albugo candida. Nineteen
proteins showed reproducible differences in abundance between a susceptible (RH 819)
and a resistant variety (CBJ 001) of B. juncea following inoculation with A. candida.
The identities of all 19 proteins were successfully established through Q-TOF MS/MS.
Five of these proteins were only detected in the resistant variety and showed significant
differences in their abundance at various times following pathogen inoculation in
comparison to mock-inoculated plants. Among these was a thaumatin-like protein (PR5), a protein not previously associated with the resistance of B. juncea towards A.
candida. One protein, peptidyl-prolyl cis/trans isomerase (PPIase) isoform CYP20-3,
was only detected in the susceptible variety and increased in abundance in response to
the pathogen. PPIases have recently been discovered to play an important role in
pathogenesis by suppressing the host cell's immune response. For a subset of seven
proteins examined in more detail, an increase in transcript abundance always preceded
their induction at the proteome level. These findings are discussed within the context of
the A. candida–Brassica juncea pathosystem, especially in relation to host resistance to
this pathogen.

Key words: Albugo candida, biotic stress, Brassica juncea, host resistance, proteome
analysis, real-time PCR
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Introduction
The oomycete pathogen Albugo candida causes the globally devastating white
rust disease of mustard (Brassica juncea) and some types of rapeseed (e.g. Brassica
rapa, Brassica campestris) (Sokhi and Khangura, 1992). Filamentous oomycetes are
considered to have descended from an aquatic non-fungal ancestor and belong to the
kingdom Stramenopiles (along with brown algae and diatoms) (Sogin and Silberman,
1998). Despite the separate phylogeny of oomycetes and true fungi (kingdom
Eumycota), the biotroph A. candida causes plant disease in a manner similar to the
biotrophic rust fungi, including penetration by one or more germtubes arising from
asexual inoculum via stomata, mesophyll colonization of a compatible host tissue, and
sporulation within spore-bearing pustules. Hence, the disease caused by A. candida has
been referred to as white blister rust (Holub et al., 1995). The disease is characterized
by the formation of white to cream-coloured zoosporangial pustules on cotyledons,
leaves, stems, and inflorescences, with staghead galls formed as the result of
inflorescence infection (Verma and Petrie, 1980). The combined infection of leaves and
inflorescences causes yield losses of 20–60% (Barbetti, 1981; Bernier, 1972; Lakra and
Saharan, 1989). As deployment of host resistance offers the most cost-effective and
reliable means of managing this disease, studies have been undertaken to identify
sources of resistance (Li et al., 2007a, b, 2008). In particular, the recent identification of
race 2V of A. candida in Australia (Kaur et al., 2008), has opened the way for
investigation into the mechanism(s) associated with host resistance against this highly
virulent pathogen race.
Plants exhibit numerous responses when challenged by pathogens. Some of
these involve the activation of host defence genes that bring about physical and
biochemical changes in the host (Jones and Dangl, 2006). For example, during
incompatible host–pathogen interactions, damage caused by the pathogen remains
restricted as a result of the plant's defensive response. This response is associated with a
co-ordinated and integrated set of metabolic alterations (Van Loon, 1997; Epple et al.,
1998). During this process various proteins are induced which are collectively referred
to as ‘pathogenesis-related (PR) proteins’. These PR proteins are defined as proteins
coded for by the host plant but induced specifically in pathological or related stress
situations (Antoniw and Pierpoint, 1978; Van Loon et al., 1994). They not only
accumulate locally in the infected tissues, but are also induced systemically and are
associated with the development of systemic acquired resistance (SAR) against further
invasion by plant pathogens. The details of the biochemical and molecular events
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occurring in host plant tissues during disease progression are not clear in the A.
candida–Brassica juncea pathosystem, with no study describing the molecular changes
in the host that accompany infection as a result of either a compatible or incompatible
interaction.
The identification and characterization of host proteins whose abundance is
affected by pathogen challenge is important in elucidating their roles in mediating the
host response. In this study, proteome-level differences between a white-rust susceptible
(RH-819) and a resistant (CBJ-001) variety of B. juncea, selected after screening of
germplasm from Australia, India, and China, were examined at different time points
following inoculation with A. candida. Two-dimensional gel-electrophoresis and mass
spectrometry were utilized to identify 19 differentially expressed proteins followed by
quantitative real-time reverse transcriptase (qRT)-PCR to confirm the observed
proteome changes for seven of those at the transcriptome level. The present study
describes for the first time the possible involvement of a thaumatin-like protein (PR-5)
in the resistance mechanism in B. juncea towards A. candida. A differential peptide
match to the peptidyl-prolyl cis/trans isomerase (PPIase) isoform CYP20-3 that belongs
to the cyclophilin C-Cyp subfamily was found only in the susceptible variety and
showed no detectable expression at the protein level in the resistant variety. Its
abundance was up-regulated in the susceptible variety in the presence of the pathogen as
compared to mock-inoculated plants. While cyclophilins have been reported to play an
important role in pathogenesis by suppressing the host cell's immune response (Kromina
et al., 2008), to date they have not been reported to be involved in the B. juncea-Albugo
candida pathosystem.

Materials and methods
Plant growth
Five B. juncea varieties highly resistant to A. candida, three of which showed
some low level of hypersensitive response (HR), and six highly susceptible varieties
were selected from the screening trials of Li et al. (2007a) (Supplementary Table. S1).
Seed was sown into steam-treated potting mix (composted pine bark:coco peat:river
sand, 2:1:1 by vol.) in 8-cell plastic trays. Plants were grown at 13/18 oC night/day
temperatures with a 16 h photoperiod and a light intensity of 520 µmol m−2 s−1.
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Pathogen culture and inoculation method
Cotyledons of B. juncea variety RH-819 were infected with a clonal isolate of A.
candida race 2V isolated from B. juncea (Kaur et al., 2008). The white rust pustules
were collected 10 dpi and stored at –80 °C. For use as an inoculum, zoosporangia were
dispersed from infected cotyledons into deionized water and filtered through
cheesecloth to remove plant debris. The concentration of the zoosporangia was
determined using a haemocytometer and adjusted to 105 zoosporangia ml−1. Fully
expanded cotyledons from seedlings 10 d after sowing were inoculated by spotting 10
µl of the zoosporangial suspension onto the adaxial surface of each of the two lobes of
each cotyledon. Plants were then subjected to 4 d of enhanced humidity (=95% RH). As
a control, cotyledons were mock-inoculated with 10 µl deionized water and seedlings
treated as those inoculated with A. candida. Disease was assessed on a 0 (resistant) to 9
(highly susceptible) scale, based on the percentage of cotyledon surface area covered
with pustules (Williams, 1985). Inoculated cotyledons were collected for further
analysis, immediately frozen in liquid nitrogen, and stored at –80 °C. The cotyledon
stage was specifically chosen as the disease severity on cotyledons has been
significantly and positively correlated with disease progression in mature plants in work
by Li et al. (2007a).

Protein extraction
Cotyledon tissue (1 g) was ground to a fine powder in liquid nitrogen before
homogenizing in 10 ml cold 20% (w/v) trichloroacetic acid in acetone containing 0.2%
(w/v) dithiothreitol (DTT). Supernatants were incubated overnight at –20 °C to
precipitate the protein completely before collecting by centrifugation at 30 000 g for 20
min at 4 °C. The pellet was washed three times with ice-cold acetone containing 0.2%
(w/v) DTT, dried at room temperature for 30 min, and resuspended in 1 ml of
rehydration buffer [2 M thio-urea, 7 M urea, 2% (w/v) 3-[(3-cholamidopropyl)
dimethyl-ammonia]-1-propanesulphonate

hydrate

(CHAPS),

10%

(w/v)

phenylmethylsulphonyl fluoride (PMSF), and 0.2% (w/v) DTT]. The sample was mixed
using a vortex mixer and incubated with orbital shaking for 16 h at 4 °C to solubulize
the protein completely. The insoluble material was removed by centrifugation as above.
The concentration of the protein in the supernatant was determined (Peterson, 1983) and
samples were stored at –80 °C. Extracts from pooled cotyledon tissue were prepared
from at least three independent inoculation experiments.
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Two-dimensional gel electrophoresis
The method described by Yajima et al. (2004) for 2D separation of proteins was
used with some modifications. A solution containing 500 µg of total protein in 0.04%
(w/v) ampholytes in a total volume of 200 µl was used for passive rehydration of 11 cm
immobilized pH gradient strips (IPG), (ReadyStrip IPG strips pH 4–7, Bio-Rad, USA).
The IPG strips were exposed to a total of 30 kVh using the IEF program (PROTEAN
IEF unit, Bio-Rad): 300 V in linear mode for 1 h, 8 kV in linear mode for 3 h, and 8 kV
in rapid mode until 30 kVh were reached, before storing at –20 °C overnight. Proteins in
the IPG strips were reduced by gently agitating the strips in 6 M urea, 2% (w/v) SDS,
0.375 M TRIS-HCl, pH 8.8, 20% (v/v) glycerol, and 130 mM DTT at ambient
temperature for 30 min, replacing with fresh solution once. Proteins were alkylated in 6
M urea, 2% SDS, 0.375 M TRIS-HCl, pH 8.8, 20% (v/v) glycerol, and 135 mM
iodoacetamide (Aldrich, USA), with gentle agitation at ambient temperature for 30 min,
replacing the solution once. Each IPG strip was embedded at the top of an SDS-PAGE
in 0.5% (w/v) low-melting point agarose in 1× TRIS-Glycine-SDS (TGS) buffer
(Aldrich, USA). Precision wide-range standard proteins (Sigma, USA) were used for
molecular mass determinations. Proteins were separated by electrophoresis in 1× TGS
buffer (Protean II XI, Bio-Rad) at 150–200 V constant current. Gels were stained for at
least 3 h with Coomassie Brilliant Blue R250 (Aldrich, USA) and destained according
to the manufacturer's instructions.

2D gel analyses and protein identification
Images of the 2D gels were acquired (GS-800 calibrated densitometer, Bio-Rad,
USA) and recorded using a red filter (595–750 nm) and a resolution of 36.3×36.3 µm
before analysis (PD-Quest software, Bio-Rad). The software allowed the creation of
match-sets where replicate gels could be compared with corresponding gels from other
treatments. The analysis was re-evaluated by manual validation to include missing spots
and to eliminate artefacts. The mean value for the normalized spot volume and the
standard deviation (SD) were determined for each spot. Each set of 2D gels was
analysed using the Student's t test tool of the software to determine the statistically
significant differences (P =0.05) in protein amount between pathogen-inoculated and
mock-inoculated cotyledons. Among the differentially staining spots, only those protein
spots that were reproducibly unique to only one variety (susceptible or resistant) or that
showed reproducibly altered staining intensities compared with the control gel images
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(obtained from cotyledons mock-inoculated with DI water) in response to pathogen
infection were quantified (Spot quantification tool, PD-Quest software, Bio-Rad, USA).
Protein spots were removed from the gels, destained, trypsin digested, and analysed by
mass spectrometry (MS) (4800 MALDI TOF/TOF Analyzer, Proteomics International,
Perth, Australia) according to the method of Bringans et al. (2008). Mass spectra were
analysed using peptide sequence matching software (Mascot, Matrix Science Ltd.). For
the PR-5 protein, MS de novo sequence analysis was performed by further analysis of
the spectra (PEAKS Studio, Version 4.5, SP2 program, Bioinformatics Solutions,
Waterloo, ON, Canada) (Supplementary Table. S3). The ion score automatically
calculated by the software was –10×log (P) where P was the probability that the
observed match was a random event. Ion scores exceeding the threshold value for a
random event indicated sequence identity or extensive homology (P <0.05) (Sharma et
al., 2007). The identity of the spot was selected as the protein that produced the highest
score and, consequently, the best match with its peptide sequence. For the MS peptides
identified, database searches (BLAST, National Center for Biotechnology Information,
USA) were used to create protein sequence alignments. Searches were performed over
the full molecular weight and pI range and no species restriction was applied. Since the
full genome sequence of B. juncea is not yet available, only two sets of peptides could
be directly matched to B. juncea protein accessions. The rest of the peptide sets were
matched to the closest protein sequence in another species (Supplementary Table. S3).

Quantitative real-time PCR (qRT-PCR) primer design
Where available, B. juncea cDNA sequences were used for primer design. When
B. juncea peptides could only be matched to homologues in related Brassica species, it
was assumed that the corresponding cDNA sequences would have sufficient identity
with those from B. juncea to be useful in qRT-PCR (Sharma et al., 2007). To ensure
maximum sequence complementarity, primers were placed in those regions of the
cDNA that matched the B. juncea peptide sequences. Primers were designed (Primer
Express 3 software, Applied Biosystems) to generate amplicons of approximately 60 bp
(Supplementary Table. S2) using the default programme settings. Primer sequences
were cross-checked by database searches (National Center for Biotechnology
Information) to ensure that only the target of interest would be amplified in PCR
reactions. All primers were tested on B. juncea cDNA and the products analysed by
melt-curve analysis and agarose gel electrophoresis to ensure that a single PCR product
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was formed. The PCR efficiency of each primer pair was calculated (Supplementary
Table. S2) (LinRegPCR 7.0 program; Ramakers et al., 2003).

qRT-PCR
Total RNA was extracted (RNeasy Plant Mini Kit, Qiagen, Australia) from
pooled cotyledon samples of the inoculated and mock-inoculated plants and treated with
DNase I (RNase-free DNase I, Qiagen) to ensure the absence of contaminating genomic
DNA according to the manufacturer's instructions. First strand cDNA was synthesized
using oligo(dT) primers (iScript cDNA synthesis kit, Bio-Rad) according to the
manufacturer's directions. qRT-PCR was performed (ABI 7500 FAST cycler, Applied
Biosystems) using SYBR green (Power SYBR Green master mix, Applied Biosystems)
following the manufacturer's standard protocol. The relative abundance of mRNAs was
expressed as 40–∆Ct, with ∆Ct being the difference in the threshold cycle (Ct) number
of the gene-of-interest and a reference gene with 40 being randomly chosen since it
represents the highest possible Ct value (Bari et al., 2006). The actin gene (B. napus)
(GenBank accession no. AF111812) (Yang et al., 2007) was used as the reference gene
in all experiments.

Statistical analyses
For statistical analyses of germplasm screening data a single factor analysis of
variance was conducted (8th edn, Lawes Agricultural Trust, Hertfordshire, UK).
Fisher's least significant difference (l.s.d) at 95% significance level was used to test the
differences among genotypes. The correlation between the two screening trials was
tested by regression analysis. For statistical analyses of proteomic data the Student's t
test was used and a significance level of (P <0.05) applied to test for differences.

Results
Identification of variable resistance to A. candida in B. juncea germplasm
Inoculation of A. candida onto the cotyledons of 14 B. juncea genotypes
(Supplementary Table. S1) caused disease symptoms to occur 10 days post-inoculation
(dpi). White rust pustules formed on the abaxial surface of the cotyledons, with
chlorosis appearing on the corresponding adaxial surface. Highly susceptible varieties
showed smaller numerous pustules on both sides of the cotyledon that ultimately
coalesced into larger pustules. By contrast, the resistant varieties showed only pinheadsized pustules. First visible symptoms appeared at 10–11 dpi, but the assessments were
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conducted at 14 dpi to be able to distinguish clearly between different degrees of
resistance. The tests were repeated and the results pooled for analysis. Regression
analysis demonstrated a strong correlation between the two tests (y=0.4039x+0.285; P
<0.05; r=0.61; n=14). Significant differences (P <0.001; Least Significant Difference
2.44) were found among the 14 genotypes in relation to cotyledon infestation by A.
candida by 14 dpi (Supplementary Table. S1). Based on the disease scoring system
used, different levels of host response were identified among the genotypes, with
Genotype RH-819 from India and CBJ-001 from China being the most susceptible and
resistant cultivar, respectively.

Pathogen-induced changes occurring in CBJ-001 and RH-819 plant proteomes
To understand the biochemical and molecular events occurring in the host
tissues in the A. candida–B. juncea pathosystem, proteome-level differences between
white rust-susceptible and -resistant varieties of B. juncea were examined as the A.
candida infestation progressed up to 72 hours post-inoculation (hpi). The CHAPS
soluble protein fractions of cotyledons of susceptible (RH-819) and resistant (CBJ-001)
varieties of B. juncea were characterized in response to A. candida using twodimensional gel electrophoresis (2DE). Plants from both cultivars were either inoculated
with the pathogen or mock-inoculated in triplicate. Tissues were harvested and the
protein samples from each biological replicate for both the mock- and the pathogeninoculated cotyledons separately subjected to isoelectric focusing (IEF) followed by
SDS-PAGE. Each of the six 2DE gels for each treatment pair showed hundreds of
proteins separated according to their molecular weight (MW) and isoelectric point (pI)
(Fig. 1A, B), thus providing an overall picture of pathogen-induced changes that
occurred in CBJ-001 and RH-819 plant proteomes.

Identification of differentially expressed proteins following pathogen infection
After normalization of spot intensities, comparison of gels showed a total of 19
proteins with reproducible differences in abundance between the pathogen-inoculated
and mock-inoculated control samples from RH-819 and CBJ-001 B. juncea varieties.
Some of the differences in abundance were due to the presence or absence of a protein
in either the resistant or the susceptible variety, while other differences were
quantitative (Fig. 1A, B; Table 1). In the CBJ-001 resistant variety, the abundance of
five proteins increased during the infection, while the amounts of three proteins
decreased. Of these eight proteins, five were not detectable in the susceptible variety
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over the time course (Table 1). On the other hand, in the susceptible variety, the
abundance of 11 proteins changed significantly in amount with seven increasing and
four decreasing in their steady state levels with infection. Protein spot 7, which
increased in intensity with infection, was not detected in the resistant variety during the
course of the experiment (Table 1).
The identities of 18 of the 19 differentially abundant proteins were successfully
established by ESI-Q-TOF-MS/MS, with the final spot (spot 1) being identified through
peptide de novo-sequence analysis (Table 1; see Supplementary Table S3 at JXB
online). These 19 proteins were classified as ‘significant hits’ based on individual
peptide ion scores. Of the 19 proteins identified, two could be directly matched to
known B. juncea proteins, while others could only be matched to putative orthologues
in other Brassicaceae due to the limited coverage of the B. juncea genome database.
Three proteins were matched to proteins from other Brassica spp., 13 proteins were
matched to Arabidopsis thaliana proteins, and one protein was matched to a Raphanus
sativus protein sequence (Table 1; Supplementary Table. S3).
A rigorous criterion was applied to the selection of differentially expressed
candidate protein spots for further analysis. A protein was only considered differentially
expressed if its abundance differed by at least 1.5-fold in all three replicates of at least
one time point between the inoculated and mock-inoculated plants. Surprisingly, many
candidate proteins were only detected either in the susceptible or resistant variety. To
keep the focus on the host–pathogen interaction this study concentrated on the
downstream analysis of the seven proteins that had statistically significant changes in
abundance (P <0.05) (Fig. 1C; Table 1). All of these proteins belong to protein families
that have already been identified in other pathosystems as important in mediating
resistance or susceptibility to plant pathogens.

Proteins detected only in the resistant variety that are differentially expressed
upon pathogen infection
Pathogen responsive protein 5 (PR-5) or plant-thaumatin-like protein
This protein was found to be expressed only in the resistant variety with a
1.9±0.21, 1.17±0.02, 2.12±0.10, 4.68±0.46, and 2.50±0.45-fold increased abundance in
the pathogen challenged as compared to the mock-inoculated plants at 2, 4, 8, 24, and
72 hpi, respectively (Table 1). There was no detectable expression of this protein
recorded at any of the time points in the susceptible variety, either in the mock97
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inoculated or the pathogen-inoculated plants. The peptide sequence obtained was found
to match a salicylic acid-induced thaumatin (PR-5) protein sequence of B. juncea (Table
1) (Genbank accession no. ABX10753).
Superoxide dismutase
Two isoforms of superoxide dismutase (SOD), one with closest similarity to
Cu/Zn-binding SODs, and the other with closest similarity to Fe/Mn-binding SODs,
were identified. Both enzymes catalyse the conversion of superoxide radicals to
molecular oxygen and H2O2. Both isoenzymes showed elevated expression in the
resistant variety challenged with A. candida compared with the mock-inoculated plants,
but the close homologue to the plastid-localized Cu/Zn SOD CSD2 in Arabidopsis
(At2g28190, Kliebenstein et al., 1998) showed a similar induction at 4 hpi and 8 hpi in
the susceptible variety. By contrast, the Fe/Mn-SOD with the highest homology to a
protein in Raphanus sativus that shares 93% identity to the plastid-localized, diurnally
regulated, Cu-binding FSD1 protein in Arabidopsis (At4g25100, Kliebenstein et al.,
1998) showed a steady increase in expression following the pathogen challenge of the
resistant cultivar from 2 hpi onwards steadily increasing to 37.33±2.63-fold at 72 hpi in
the pathogen-inoculated compared with the mock-inoculated plant with no detectable
expression in the susceptible variety in the presence or absence of the pathogen at any
of the analysed time points (Table 1).
Glutathione S-transferase
A jasmonic acid-inducible glutathione S-transferase (GST) in B. juncea with
96% sequence identity to the A. thaliana GSTF9 protein (At2g30860) from the plantspecific Phi (π) class of the GST C-terminal domain superfamily was identified as being
expressed only in the resistant variety. Its abundance was 4.44±0.50, 4.35±0.72, and
11.23±0.70-fold up-regulated in plants inoculated with A. candida as compared to the
mock-inoculated seedlings at 8, 24, and 72 hpi, respectively (Table 1), with no
detectable expression at the protein level during the early hours, i.e. 2 hpi and 4 hpi. The
protein could not be detected in either the pathogen-inoculated or in the mockinoculated samples of the susceptible variety.
Cysteine synthase
Expression of the B. juncea orthologue of the plastid localized isoform of
cysteine synthase in Arabidopsis, also called O-acetyl-L-serine(thiol)lyase B (OAS-TL
B, At2g43750) was only detected in the resistant variety and changed 0.80±0.11,
98

Chapter 5: Differential expression of proteins

1.01±0.22, and 1.67±0.13-fold in the pathogen-challenged compared with the mockinoculated control plants at 8, 24, and 72 hpi, respectively (Table 1). This enzyme
belongs to the β-substituted-alanine-synthase branch of the tryptophane synthase β II
superfamily. Similar to the expression profile of the GSTF9 homologue, there was no
detectable expression in the resistant cultivar at 2 hpi and 4 hpi, neither in the pathogeninoculated nor in the mock-inoculated treatments.
Red chlorophyll catabolite reductase
The closest match for spot 6 was the B. napus red chlorophyll catabolite
reductase (RCCR) protein. RCCR has 84% sequence identity to the plastid-localized
ACD2 (ACCELERATED CELL DEATH2, At4g37000) protein of Arabidopsis and was
expressed only in the resistant variety. Its expression was 2.23±0.88, 1.47±0.10, and
1.43±0.12-fold down-regulated in the pathogen-inoculated as compared to the mockinoculated plants at 8, 24, and 72 hpi, respectively (Table 1). Like GST and CSase no
expression was recorded during the early hours post-inoculation.

Proteins detected only in the resistant variety that are differentially expressed
upon pathogen infection
Peptidyl-prolyl cis/trans isomerase
Unlike the proteins identified above, a protein closely matching the peptidylprolyl cis/trans isomerase (PPIase) isoform CYP20-3/ROC4 (At3g62030) of
Arabidopsis thaliana that belongs to the cyclophilin C-CyP subfamily and is the only
Arabidopsis cyclophilin that is located in the chloroplast stroma, was only detected in
the susceptible variety and showed a transient 1.15±0.03, 0.97±0.16, 1.48±0.02,
1.10±0.03, and 1.04±0.06-fold up-regulation in the A. candida-inoculated compared to
the mock-inoculated susceptible variety at 2, 4, 8, 24, and 72 hpi, respectively (Table 1).
There was no expression detectable for this protein in the resistant variety.

Analyses of gene expression using Quantitative Real-Time PCR (qRT-PCR)
Given the sensitivity constraints of 2-D gels, the apparent absence of some of the
protein spots in one of the cultivars was further investigated by measuring relative
abundance of the cognate transcript using qRT-PCR. This allowed further investigation
as to whether the observed proteome changes are associated with changes in mRNA
levels or whether they are due to post-transcriptional regulation. qRT-PCR analysis was
performed using total RNA isolated from cotyledons of mock-inoculated or A. candida
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challenged plants using the same three biological replicates as for the proteomic
analysis. The differential gene expression data for the five candidate proteins that were
only detected in the resistant variety but not in the susceptible variety supported our
proteomic data (Fig. 2). Transcripts encoding orthologues of GSTF9, PR-5, ACD2,
OAS-TLB, and FSD1 mostly showed greater expression in the resistant compared with
the susceptible variety in both mock-inoculated and pathogen-inoculated samples. These
results suggest a higher constitutive expression of these genes in the resistant over the
susceptible variety even in the absence of the pathogen. Furthermore, the transcript
abundance for these genes was increased in the pathogen-challenged compared with the
mock-inoculated plants. The responses of GSTF9, FSD1, and PR-5 transcripts to the
presence of the pathogen were much less intense and relatively slow in the susceptible
variety. While GSTF9 and FSD1 transcripts were constitutively induced in all mocktreatments, PR-5 showed a transient induction in the resistant variety at the early timepoints of the mock inoculation. However, this early induction is more pronounced and
sustained in the presence of the pathogen in the resistant variety. In the susceptible
variety, there is no pre-induction of PR-5 by the mock treatment and a delayed weaker
response upon pathogen challenge. CSD2 transcript levels on the other hand were
elevated to a similar extent in both cultivars upon pathogen challenge. For the CYP20-3
homologue, significantly higher transcript amounts were observed in the susceptible
over the resistant variety in both the control and pathogen-inoculated plants. Its
expression increased transiently by 4–8-fold within 2–4 hpi in plants of the susceptible
variety challenged with A. candida. The very low overall expression level for this gene
in the resistant variety is in agreement with the absence of a detectable protein spot in
the 2-D gel analysis.

Discussion
To gain insight into the molecular mechanisms underlying activation of complex
plant defence responses that occur in resistant and susceptible varieties of B. juncea,
challenged with A. candida, a time-course protein profiling experiment followed by
transcript studies was conducted. The latter studies investigated whether the observed
proteome changes were substantiated by changes in mRNA levels. Our results revealed
a clear differentiation between resistant and susceptible interactions and led to the
identification of six differentially regulated proteins potentially involved in defence
reactions in the resistant variety. A seventh differentially expressed protein is potentially
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involved in suppressing the host defence system, as it was detected only in the
susceptible variety.
Plant defence responses often begin with gene-for-gene recognition of the
pathogen. Production of virulence effectors by a pathogen leads to its recognition by a
host plant (Jones and Dangl, 2006). Recognition results in the rapid activation of
defence responses which are usually accompanied by an oxidative burst, that is, the
rapid production of reactive oxygen species (ROS). ROS production is also required for
the hypersensitive response (HR), a type of programmed cell death thought to limit the
access of the pathogen to water and nutrients (Glazebrook, 2005).
In the present study the plastid localized RCCR protein was found to be downregulated in the pathogen-inoculated compared with the mock-treated resistant cultivar.
The protein was only detected from 8 hpi onwards in the mock-treated seedlings and, to
a lesser extent, the pathogen-inoculated resistant seedlings. RCCR transcript levels,
however, showed a transient up-regulation in both resistant and susceptible varieties
under both treatments at 2–8 hpi suggesting a diurnal control of gene expression. This
different trend in the 2-D gel-based proteome analysis compared with the observed
changes in transcript abundance recorded by qRT-PCR may be due to posttranscriptional or post-translational modifications which may have led to the altered
steady-state protein amounts in the two cultivars.
Pheophorbide (Pheide) α oxygenase (PaO) and RCCR catalyse the key reaction
of chlorophyll catabolism, the porphyrin macrocycle cleavage of Pheide α to a primary
fluorescent catabolite (pFCC) (Wuthrich et al., 2000). Disruption of RCCR activity is
likely to result in the accumulation of RCC and Pheide α which are phototoxic and
cause cell death by the light-dependent production of free oxygen radicals (Mach et al.,
2001). Alternatively, accumulation of RCC itself may cause a specific signal that
triggers cell death (Mach et al., 2001). Cell death and chlorophyll breakdown have been
related to plant senescence and disease progression (Rodoni et al., 1997; Wuthrich et
al., 2000; Mach et al., 2001; Pruzinska et al., 2007).
The Arabidopsis ACD2 gene encodes RCCR and was found to suppress the
spread of disease symptoms caused by Pseudomonas syringae (Mach et al., 2001).
Inoculated plants that lack RCCR/ACD2 activity show spreading cell death beyond the
initial containment zone around the initial lesion. On the other hand, plants expressing
high levels of the RCCR/ACD2 protein showed higher tolerance to infection with a
virulent Pseudomonas syringae strain. This suggests that an increase in RCCR/ACD2
protein amount may alter the flux of chlorophyll catabolites that normally accumulate
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during disease and trigger cell death (Mach et al., 2001). In the present study, the
inability to detect RCCR protein at any stage of the infection cycle in the susceptible
variety might point towards the inability of these seedlings to initiate a successful HR
during the early stages of pathogen attack.
The production of ROS presents a challenge to a plant because of the potential
of these compounds to damage cellular components. The plant must therefore maintain
a balanced system that produces ROS for defence at the same time as it produces
antioxidants to protect against ROS-mediated oxidative damage. One of the critical
metabolites for maintaining redox balance in the face of oxidative stress is glutathione,
which is a ubiquitous supplier of reducing power for cellular processes (Noctor and
Foyer, 1998). Glutathione (GSH) is a conjugate of glutamate, cysteine, and glycine. The
last two steps in cysteine biosynthesis are catalysed by a bi-enzyme complex of serine
acetyltransferase (SAT) and cysteine synthase, also called O-acetylserine (thiol) lyase
(OAS-TL). Our present study found that a B. juncea homologue of the plastid-localized
isoform AtOAS-TL B was present in the resistant variety, but not detectable in the
susceptible variety. The plastid-localized isoform of OAS-TL B contributes up to 65%
of the total OAS-TL enzyme activity in wild-type Arabidopsis plants (Heeg et al.,
2008).
Cysteine is incorporated into GSH by a two-step enzymatic reaction catalysed
by γ-glutamylcysteine synthetase, an enzyme localized exclusively to the plastid, and
GSH synthetase, an enzyme that shows dual targeting to both the cytosol and plastids
(Wachter et al., 2005). GSH biosynthesis is strongly regulated by cysteine availability
(Strohm et al., 1995). Overexpression of a plastidic OAS-TL isoform or an inactive
SAT isoform, caused moderate to very high increases of cysteine and GSH content in
tobacco, respectively (Noji et al., 2001; Wirtz and Hell, 2007). The pool size and redox
status of GSH are important for determining a plant's ability to control ROS production
and combat microbial pathogens (Noctor and Foyer, 1998).
Both primary and secondary sulphur metabolism were found to be induced at the
transcriptional, translational, and metabolite levels upon pathogen attack in Arabidopsis
when grown under sufficient sulphate supply, while basal resistance against
necrotrophic fungi was compromised under sulphate-limiting conditions (Kruse et al.,
2007). An increase in GSH content was also reported to occur in leaves attacked by
avirulent biotrophic pathogens (El-Zahaby et al., 1995; Fodor et al., 1997; Vanacker et
al., 1998, 1999). Together with our results, this suggests that a boost in cysteine and
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GSH levels is important for the incompatible interaction between A. candida and B.
juncea.
One of the processes consuming GSH could involve the B. juncea GSTF9
homologue. This GST is encoded by one of 13 phi-class GST genes in Arabidopsis. In
B. juncea, GSTF9 was detected only in the resistant variety and increased in abundance
as the infection progressed. The plant-specific phi-class GSTs are related to fungal and
bacterial proteins and little is known about their substrate specificities (Dixon et al.,
2010). The B. juncea peptides identified closely match a jasmonic-acid inducible B.
juncea GST, with close homology to the cytosolic dimeric GSTF9 protein from
Arabidopsis. Abundance of GSTF6, F9, U5, and U13 transcripts were found to be
methyl-jasmonate responsive in Arabidopsis (Jost et al., 2005). A quadruple knock-out
line of Arabidopsis lacking GSTF6, F7, F9, and F10 showed no impairment in growth
or development even under numerous stress conditions, but the subtle metabolic
changes observed suggest an impaired response to oxidative stress conditions (Sappl et
al., 2009). The endogenous products of oxidative damage, including membrane lipid
peroxides and products of oxidative DNA degradation, are highly cytotoxic. GSTs
conjugate GSH with such endogenously produced electrophiles, resulting in their
detoxification (Pickett and Lu, 1989; Dudler et al., 1991; Bartling et al., 1993; Berhane
et al., 1994). Some GSTs also function as glutathione peroxidases to detoxify oxidative
products directly (Williamson and Beverley, 1987; Bartling et al., 1993) and there are
many reports that suggest a central role for GSH in plant defence activation (Marrs,
1996; Dixon et al., 2010).
Our study also detected two plastid localized isoforms of SOD in the resistant B.
juncea variety that were absent from the susceptible variety. One of these SOD
isoforms, the FSD1 homologue, showed an early and sustained increase in abundance
only in the resistant B. juncea variety on both transcript and protein level. Interestingly,
the other isoform, the CSD2 homologue, was induced to a similar extent on transcript
level in both varieties under pathogen attack, but protein accumulation was only
detectable in the resistant cultivar upon pathogen challenge. This again suggests strong
post-transcriptional regulation of this particular isoform that is resulting in different
outcomes in the resistant and susceptible varieties. SODs are known to play an
important role in protecting cells against the toxic effects of ROS produced in various
subcellular compartments (Fridovich, 1986; Halliwell and Gutteridge, 1989). An
oxidative burst is a key feature underlying successful pathogen recognition at the site of
the initial infection (Alvarez et al., 1998; Van Breusegem and Dat, 2006). Rapid
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induction of SOD and accumulation of H2O2 are characteristic early features of the HR
following perception of avirulence signals from the pathogen (Lamb and Dixon, 1997).
ROS-detoxifying enzymes such as SOD catalyse the dismutation of ROS such as
superoxide, O2.−, to hydrogen peroxide, H2O2. H2O2 itself can trigger cell death, but at
the same time functions as a messenger in cellular communication demanding a finely
tuned adjustment of its cellular concentration (Foyer and Noctor, 2000). SODs therefore
play an important role in ameliorating stress during conditions such as pathogen
infection where overproduction of ROS is induced (De Gara et al., 2003).
Various ROS species have similar deleterious effects on plant cells but they each
activate different signalling pathways (Laloi et al., 2007). Moreover, the cellular
compartment in which ROS are generated determines the nature of this signal (Miller et
al., 2007). It was quite interesting to find the two plastid-localized SODs responding
differently to A. candida in our study. The CSD2 protein seems to accumulate
transiently in the resistant variety upon pathogen inoculation, while the FSD1 protein is
very strongly induced and keeps increasing throughout the experiment. There was a
transient increase in both FSD1 and CSD2 transcript abundances upon pathogen
inoculation in the susceptible variety but these are not sustained at the protein level.
Recently, a cyclophilin was found to be necessary for host–pathogen recognition
in Arabidopsis (Coaker et al., 2005). The PPIase subfamily of cyclophilins is known to
have chaperone function assisting in protein folding and the assembly of large protein
complexes (Kromina et al., 2008). One of the seven cytosolic cyclophilin isoforms of
Arabidopsis, ROC1, is the closest homologue of human cyclophilin A and yeast CPR1
and is required for activation of the Pseudomonas syringae effector protein AvrRpt2
(Coaker et al., 2005). However, many of the 29 cyclophilins in Arabidopsis are targeted
to the plastid. While most of these reside in the thylakoid lumen, one, CYP20-3/ROC4,
is found in the chloroplast stroma. In our study, CYP20-3 protein was detected only in
the susceptible B. juncea variety, and this was confirmed by a very low CYP20-3
transcript abundance in the resistant variety. This suggests that the B. juncea CYP20-3
protein might play an important role in the compatible interaction between A. candida
and B. juncea. But its subcellular localization makes it less likely that it is a direct target
for pathogen-derived effector proteins. Earlier studies suggest that its activity might be
sensitive to changes in redox balance and that it is induced by light. It was recently
demonstrated in Arabidopsis that CYP20-3 may play a role in the regulation of cysteine
biosynthesis in the chloroplast stroma through its interaction with the plastid isoform
SAT1. This interaction seems to be required for optimal enzyme activity under stress
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conditions, most likely by stabilizing the assembly of one SAT trimer and three OASTL dimers into the cysteine synthase complex. It was shown that cyp20-3 mutants do
not show an increase in thiol content in plants subjected to salt stress or high light
conditions (Dominguez-Solis et al., 2008). The authors suggest that ROS elicit the
transcriptional activation of SAT1 as well as the oxidation of CYP20-3 in a
peroxiredoxin-dependent manner. Thioredoxin would then be needed to regenerate
active CYP20-3 (Motohashi et al., 2003). It is interesting to note that the B. juncea
CYP20-3 protein could only be detected in leaves of the susceptible, but not the
resistant cultivar. This could indicate that oxidized CYP20-3 accumulates in this
cultivar due to a redox imbalance in the chloroplast rendering the cysteine synthase
complex inactive but this need to be investigated further.
Resistance to pathogens is associated with the activation of signalling pathways
that lead to the expression of certain pathogenesis-related (PR) proteins (Selitrennikoff,
2001). While the precise mechanism of action of the PR-5 protein is not yet completely
understood (Richardson et al., 1987; Wang et al., 1996; Coca et al., 2000; Ibeas et al.,
2000), it is most likely involved in the degradation of the pathogen cell wall. Several
PR-5 proteins have been reported to cause cell permeability changes in fungal cells with
intact cell walls (Roberts and Selitrennikoff, 1990). The maize PR-5 protein zeamatin
inhibits growth of suspension cultures of Candida albicans, Neurospora crassa, and
Trichoderma reesei by causing rapid cell lysis, even at low temperatures (Roberts and
Selitrennikoff, 1990). PR-5 proteins may have a direct role in cell wall degradation as
they bind (1,3)-β-glucans and have in vitro (1,3)-β-glucanase activity (Grenier et al.,
1993; Trudel et al., 1998). In the present study the induction of the PR-5 protein
following inoculation with A. candida in the resistant B. juncea variety suggests an antipathogenic role. This role is further indicated by its absence from the proteome profiles
of the susceptible variety and by the lower transcript abundance in the susceptible
variety compared with the resistant variety. The delayed induction of PR-5 transcript
accumulation in the susceptible line compared with the resistant line suggests that PR-5
needs to be present in the early stages of infection to exert its anti-pathogenic effect.
Thus, in the context of disease progression in the A. candida–B. juncea pathosystem, the
timing of the induction of PR-5 in resistant and susceptible varieties appears to be
crucial for mounting an effective defence response to this pathogen.
All but two of the candidate proteins identified in this study reside in the
chloroplast stroma and are directly or indirectly involved in redox homeostasis. This is
quite remarkable given that chloroplasts are increasingly being regarded as sensors of
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environmental changes and mediators of plant stress responses (Fernandez and Strand,
2008). Defence against pathogens might therefore require the activation of
photoinhibitory ROS production combined with the balancing power of the reactive
oxygen regulatory network of the chloroplast (Mittler et al., 2004; Dietz et al., 2006).
This may be important for generating an oxidative burst that limits the uncontrolled
spread of cell death once a HR has been triggered by the presence of a pathogen (Belhaj
et al., 2009). This is the first time that the host–pathogen interaction of the B. juncea–A.
candida pathosystem has been dissected on a molecular level to differentiate between
compatible and incompatible interactions. The results of the present study demonstrate
that the timing of the expression of defence-related genes plays a crucial role during
pathogenesis and incompatible interactions and that the redox balance within the
chloroplast may be of crucial importance for mounting a successful defence response.
These findings also indicate that synergistic and conserved strategies are utilized by the
resistant host to fight off the A. candida attack.
Determining the changes in protein expression patterns elicited by A. candida in
a resistant versus a susceptible variety of B. juncea has not only led to the likely
identification of key molecular components of this specific host–pathogen interaction,
but now opens the way for developing genetic markers that could be used to screen for
resistance within B. juncea germplasm collections. Such studies may also open novel
avenues for engineering durable resistance to this pathogen. The present study is the
first step in identifying the metabolic processes and defence-related proteins that are
required for mounting a successful defence response in B. juncea against A. candida.
Looking at functional relationships between different genes-of-interest using transgenic
over-expression and RNAi lines will probably be the next step in the characterization of
this pathosystem.
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Supplemental data
Supplementary Table S1 Mean disease severity ratings obtained using a scale of 0 to 9
for the different genotypes of Brassica juncea inoculated with Albugo candida at the
cotyledon stage.
Supplementary Table S2 Primer sequences for qRT-PCR analyses.
Supplementary Table S3 Summary of the Mascot results of the differentially
expressed proteins identified from resistant Brassica juncea (CBJ-001) and susceptible
B. juncea (RH-819) upon Albugo candida challenge.
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Table 1 Fold changes in intensity levels of 2D gel spots produced by Brassica juncea
CBJ-001 (resistant) and RH-819 (susceptible) varieties inoculated with Albugo candida,
as compared with the mock-inoculated plants at 2, 4, 8, 24 and 72 hours post inoculation
(hpi).
Spot
#

Protein

1

† Plant-Thaumatin-Like [TLP] (PR5) Protein [Brassica juncea]

2

† Glutathione S-transferase GSTF9
[B. juncea]

3

† Cysteine synthase OAS-TL B
[Arabidopsis thaliana]

4

Superoxide dismutase CSD2
(Cu/Zn) [A. thaliana]

5

† Superoxide dismutase (Fe/Mn)
[Raphanus sativus]

6

7

8

9

† Red chlorophyll catabolite
reductase [B. napus]

† Peptidyl-prolyl cis-trans
isomerase CYP20-3 [A. thaliana]

Carbonic anhydrase [A. thaliana]

Cytochrome b6-f complex ironsulfur subunit [A. thaliana]

Hpi

Status
Resistant variety
Susceptible variety
Fold change
± SE
Fold change
± SE

2
4
8
24
72

+1.99
+1.17
+2.12
+4.68
+2.50

±0.21
±0.02
±0.10
±0.46
±0.45

*
*
*
*
*

*
*
*
*
*

2
4
8
24
72

*
*
+4.44
+4.35
+11.23

*
*
±0.50
±0.72
±0.70

*
*
*
*
*

*
*
*
*
*

2
4
8
24
72

*
*
+0.80
+1.01
+1.67

*
*
±0.11
±0.22
±0.13

*
*
*
*
*

*
*
*
*
*

2
4
8
24
72

+1.34
+2.38
+2.11
+1.16
+1.25

±0.30
±0.06
±0.24
±0.04
±0.08

*
+1.09
+1.02
*
*

*
±0.04
±0.02
*
*

2
4
8
24
72

+2.03
+3.82
+6.67
+19.07
+37.33

±0.20
±0.01
±0.48
±1.00
±2.63

*
*
*
*
*

*
*
*
*
*

2
4
8
24
72

*
*
-2.23
-1.47
-1.43

*
*
±0.88
±0.10
±0.12

*
*
*
*
*

*
*
*
*
*

2
4
8
24
72

*
*
*
*
*

*
*
*
*
*

+1.15
+0.97
+1.48
+1.10
+1.04

±0.03
±0.16
±0.02
±0.03
±0.06

2
4
8
24
72

*
-1.28
-1.18
-1.27
-1.26

*
±0.09
±0.03
±0.42
±0.08

*
*
*
*
-1.17

*
*
*
*
±0.14

2
4
8
24
72

-0.54
-0.73
-1.96
-2.64
-1.72

±0.01
±0.21
±0.20
±0.55
±0.06

-0.72
-0.69
*
*
*

±0.05
±0.09
*
*
*
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Table 1 Continued.
Spot
#

Protein

10

Triosephosphate isomerase
[A. thaliana]

11

Triosephosphate isomerase
[A. thaliana]

12

Triosephosphate isomerase
[A. thaliana]

13

Malate dehydrogenase
[A. thaliana]

14

Chlorophyll a/b binding
protein [B. oleracea]

15

AT4g24770/F22K18_30
[A. thaliana]

16

Phosphoribulokinase
[A. thaliana]

17

Phosphoglycerate kinase
[A. thaliana]

18

Glutamine synthetase
[B. rapa]

Hpi

Status
Resistant variety
Susceptible variety
Fold change
± SE
Fold change
± SE

2
4
8
24
72

*
*
+1.03
+0.90
+0.99

*
*
±0.09
±0.00
±0.02

*
+1.65
+0.97
+1.28
+1.16

*
±0.09
±0.16
±0.04
±0.12

2
4
8
24
72

*
*
+1.03
+1.18
+1.19

*
*
±0.15
±0.03
±0.14

*
+1.55
+1.62
+1.45
+1.81

*
±0.18
±0.08
±0.10
±0.30

2
4
8
24
72

*
*
+1.87
*
+1.36

*
*
±0.10
*
±0.12

*
+1.78
+1.70
+1.51
+1.25

*
±0.51
±0.19
±0.06
±0.09

2
4
8
24
72

*
*
*
+1.44
+1.95

*
*
*
±0.30
±0.85

*
+2.11
+1.64
+1.34
+1.53

*
±1.53
±0.01
±0.01
±0.14

2
4
8
24
72

1.56
1.58
*
*
*

±0.17
±0.37
*
*
*

*
*
-1.28
-1.08
-2.66

*
*
±0.13
±0.12
±0.76

2
4
8
24
72

*
*
*
*
-0.75

*
*
*
*
±0.01

*
*
*
+1.21
+1.55

*
*
*
±0.10
±0.13

2
4
8
24
72

*
*
*
*
-1.58

*
*
*
*
±0.37

*
*
*
-2.04
-1.67

*
*
*
±0.83
±0.10

2
4
8
24
72

*
*
*
*
-1.89

*
*
*
*
±0.35

*
*
*
-1.93
-1.23

*
*
*
±0.11
±0.21

2
4
8
24
72

*
*
*
*
+1.36

*
*
*
*
±0.57

*
*
*
+2.42
+3.03

*
*
*
±0.19
±0.53
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Table 1 Continued.
Spot
#

19

Protein

ATP synthase subunit alpha
[Arabis hirsuta]

Hpi

2
4
8
24
72

Status
Resistant variety
Susceptible variety
Fold change
± SE
Fold change
± SE
*
*
-2.14
*
-1.88

*
*
±1.11
*
±0.82

*
*
-1.51
-2.65
-1.79

*
*
±0.77
±1.77
±0.85

* Spot not detected
† Protein spots only detected either in resistant variety or susceptible variety and not detectable in the
other variety
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Fig. 1. 2D gel analyses of Brassica juncea cotyledon samples from a resistant (CBJ
001) and susceptible (RH-819) variety in response to inoculation with Albugo candida.
A, representative image of the resistant variety of B. juncea cotyledon total proteins
separated by 2-DE and visualized with Coomassie Blue (proteins spots, selected for
MS/MS analyses, having intensities that were altered significantly (P < 0.05) as a result
of pathogen challenge are indicated by arrows and number). B, representative image of
the susceptible variety of B. juncea cotyledon proteins separated by 2-DE and visualized
with Coomassie Blue (proteins spots, selected for MS/MS analyses, having intensities
that were altered significantly (P < 0.05) as a result of pathogen challenge are indicated
by arrows and number). C, closer view of six spots either present in resistant or
susceptible variety and showing significant changes between mock-inoculated control
(C) and the pathogen-challenged seedlings (I)
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Fig. 2. qRT-PCR analysis of gene expression of identified candidate proteins. The
relative expression of genes encoding homologs of glutathione S-transferase GSTF9
[Brassica juncea] (A); cysteine synthase OAS-TL B [Arabidopsis thaliana] (B);
superoxide dismutase FSD1 [Raphanus sativus] (C); superoxide dismutase CSD2 [A.
thaliana] (D); plant-thaumatin-like protein PR-5 [B. juncea] (E); red chlorophyll
catabolite reductase ACD2 [B. napus] (F); peptidyl-prolyl cis-trans isomerase CYP20-3
[A. thaliana] (G) at 2, 4, 8, 24 and 72 hrs following inoculation with Albugo candida in
the mock-inoculated and pathogen-inoculated susceptible (RH-819) and resistant (CBJ001) varieties of B. juncea are shown. Expression levels are given on a log scale
expressed as 40-∆CT, 40 therefore equals the expression level of the actin isoform (acc.
no. AF111812) used as a reference gene. The fold difference in expression can be
deduced as 2∆∆CT assuming a PCR efficiency of 2 (e.g. an ordinate value of 42
represents 4-fold higher expression than for actin and a value of 38 represents a 4-fold
38
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Supplemental Table S1 Mean disease severity ratings obtained using a 0 to 9 scale* of
the different genotypes of Brassica juncea inoculated with Albugo candida at cotyledon
stage. Data shown represent mean values across two tests.
Cultivar

Mean Disease severity

CBJ-001

0.5

CBJ-002

1.3

CBJ-003

0.9

CBJ-004

0.7

JR-049

1.8

Sej-2

2.4

RH-8812

3.9

XinYou-5

4.8

RH-819

5.7

RH-781

3.6

RH-30

4.6

JN-032

2.9

RL-1359

4.4

Seeta

2.1

P
LSD

<0.001
2.4

LSD = least significant difference at P = 0.05
*Rating scale 0-9

Disease severity was assessed using a 0–9 scoring system as used by Williams (1985),
where 0 = no symptoms on either leaf surface, 1 = small, pinpoint to large brown
necrotic flecks under the inoculation point on upper surface, occasionally necrosis
extending to lower epidermis but no sporulation, 3 = very sparse, few, minute scattered
pustules on upper surface, none to very few pustules on lower surface, 5 = few to many
scattered pustules on upper surface but either none or a few scattered pustules on lower
surface, 7 = few to many pustules on upper surface with many scattered small to larger
pustules on lower surface and 9 = very few to no pustules on upper surface with many
large coalescing pustules on lower surface.
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Supplemental Table S2 Primer sequences for qRT-PCR analyses
Gene

Accession No.

Plant-Thaumatin-Like [TLP]

U239370.1

(PR-5) Protein [Brassica juncea]
Glutathione S-transferase GSTF9
[B. juncea]
Cysteine Synthase OAS-TL B
[A. thaliana]
Superoxide dismutase CSD2 (Cu-Zn)
[A. thaliana]
Superoxide dismutase (Fe/Mn)
[Raphanus sativus]
Red Chlorophyll Catabolite Reductase
[B. napus]
Peptidyl-prolyl cis-trans isomerase
CYP20-3 [A. thaliana]
Actin [B. napus]

EF173460.1

NM_129937.2

AJ238522.1

AF061583.1

AM233529.1

NM_001161212.1
AF111812.1

Primers

Tm
o

( C)

F-5’ -CGTGTGGCCCGGAACTC-3’

60

R-5’ -CGCCTGGATTCAGTTGATATCC-3’

59

F-5’ -TCTCCTTAACCTCACACTCCACATC-3’

60

R-5’ -TCTCCTCGCTCTCCTTGATCA-3’

59

F-5’ -GCAAAAGGTATGACTGGAGCAATT-3’

59.5

R-5’ -CAGGACCAGTCGTCTCATAATGAAT-3’

59.4

F-5’ -TGTATCTCAACAGGACCACATTTCA-3’

59

R-5’ -GCATGACGGCACTCGTCTT-3’

58

F-5’ -ACCTCCTCCCTCCTTTCAACA-3’

59

R-5’ -ACCACCTGGTTTCATTGATTCC-3’

59

F-5’ -AAGCTCCCCGAGATCAAACC-3’

59

R-5’ -CATCGAAGCTGTGGGAGAGAA-3’

59

F-5’ -GGTTAGATAACAAGCATGTCGTGTTT-3’

58.6

R-5’ -CGCAGGCATAGATTCTACAACCT-3’

58.5

F-5’ -ACGAGCTACCTGACGGACAAG-3’

60

R-5’ -GAGCGACGGCTGGAAGAGTA-3’

60

Product

Avg.

size (bp)

PCR efficiency

74

1.93

86

1.99

127

1.97

74

2.07

77

1.99

75

2.01

126

1.99

80

1.98
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Supplemental Table S3 Summary of the Mascot results of the differentially expressed proteins identified from resistant Brassica juncea (CBJ-001)
and susceptible B. juncea (RH-819) to Albugo candida
Spot
#

Name of the protein + Gene name
PM
(%)a

Score

b

MS/MS ESI-Q-ToF
NPc
Sequenced

Accession #e

Mr/pIf

1

*Plant-Thaumatin-Like [TLP] (PR-5) Protein [Brassica juncea]

-

-

-

TGCNFDGSGAGR
SSVTGDCGNKLK
GAQTGDCGNKLK

ABX10753

N/A

2

Glutathione S-transferase GSTF9 [B. oleracea]

8

251

4

K.RALVTLIEK.G
K.VYGPHFASPK.R
K.GVPFETVPVDLMK.G
K.LAAVLDVYEAHLSK.S

B2D2J8

59422/8.48

3

Cysteine synthase OAS-TL B [Arabidopsis thaliana]

10

280

3

K.LIAVVFPSFGER,
R.AFGAELVLTEPAK,
K.IHYETTGPEIWEDTR

P47999

41915/8.13

4

Superoxide dismutase CSD2 (Cu-Zn) [A. thaliana]

12

290

3

R.AFVVHELK,
K.GGHELSLTTGNAGGR,
R.AFVVHELKDDLGK.G

Q9SUJ7

22407/6.74

5

Superoxide dismutase [Raphanus sativus]

19

276

6

R.DFTSYEK, R.AYVDNLKK,
K.QTLEFHWGK,
K.QTLEFHWGKHHR,
K.TFMNNLVSWEAVSSR,
K.TFMNNLVSWEAVSSR

O65327

23791/5.96

6

Red chlorophyll catabolite reductase [Brassica napus]

4

56

1

K.SIEEDLDLQFPR

Q1ELT7

34175/5.6
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Supplemental Table S3 Continued.
Spot
#

Name of the protein + Gene name
PM
(%)a

Score

b

MS/MS ESI-Q-ToF
NPc
Sequenced

Accession #e

Mr/pIf

7

Peptidyl-prolyl cis-trans isomerase CYP20-3
[A. thaliana]

14

292

5

R.IVMGLFGEVVPK,
R.IVMGLFGEVVPK,
K.HVVFGQVIEGMK,
K.HVVFGQVIEGMK,
K.VYFDVEIGGEVAGR

P34791

28532/
8.83

8

Carbonic anhydrase [A. thaliana]

27

491

9

K.DVATILHWK, K.DVATILHWKL,
K.YMVFACSDSR,
K.YETNPALYGELAK,
R.NIANMVPPFDKVK,
K.YGGVGAAIEYAVLHLK,
K.EKYETNPALYGELAK,
K.VISELGDSAFEDQCGR,
R.EAVNVSLANLLTYPFVR

P27140

37825/5.74

9

Cytochrome b6-f complex iron-sulfur subunit [A. thaliana]

11

75

2

K.VLFVPWVETDFR,
K.FLCPCHGSQYNAQGR

Q9ZR03

24635/8.8

10

Triosephosphate isomerase [A. thaliana]

9

180

4

K.FFVGGNWK, R.KFFVGGNWK,
K.VASPAQAQEVHDELR,
K.VASPAQAQEVHDELRK

P48491

27380/5.39

11

Triosephosphate isomerase [A. thaliana]

14

290

5

K.FFVGGNWK, R.KFFVGGNWK,
K.NVSADVAATTR,
K.VASPAQAQEVHDELR,
K.VASPAQAQEVHDELRK

P48491

27380/5.39
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Spot
#

Name of the protein + Gene name
b

PM
(%)a

Score

MS/MS ESI-Q-ToF
NP
Sequenced

Accession #e

c

Mr/pIf

12

Triosephosphate isomerase [A. thaliana]

33

447

9

K.FFVGGNWK, K.WVILGHSER,
K.WVILGHSERR, R.HVIGEKDEFIGK,
K.GGAFTGEISVEQLK,
K.VASPQQAQEVHVAVR,
K.SSLTDRIDISGQNSWVGK,
K.GGAFTGEISVEQLKDLGCK,
K.AAYALSEGLGVIACIGEKLEER

P48491

33553/7.67

13

Malate dehydrogenase [A. thaliana]

23

391

7

K.AGMYDEK, K.LFGVTTLDVVR,
R.DDLFNINAGIVK,
K.KLFGVTTLDVVR,
K.RTQDGGTEVVEAK,
K.ALEGADLVIIPAGVPR,
K.VAILGAAGGIGQPLALLMK

Q9ZP06

36010/8.54

14

Chlorophyll a/b binding protein [B. oleracea]

17

193

5

K.FGEAVWFK,
R.ELEVIHCR, K.GPSGSPWYGSER,
R.NRELEVIHCR,
R.WAMLGALGCVFPELLAR

Q7Y1A1

29142/5.96

15

AT4g24770/F22K18_30 [A. thaliana]

7

96

3

R.VYEPAFR,
R.VVYDRETGR,
K.FNRYDLNGR

Q94EH5

44721/5.71

16

Phosphoribulokinase [A. thaliana]

20

243

6

K.FYGEVTQQMLK,
R.KPDFDAFIDPQK,
K.IRDLYEQLIANK,
R.ANDFDLMYEQVK,
K.ILVIEGLHPMFDER,
K.HADFPGSNNGTGLFQTIVGLK

P25697

44721/5.71
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Spot
#

Name of the protein + Gene name
PM
(%)a

Score

b

MS/MS ESI-Q-ToF
NP
Sequenced

Accession #e

c

Mr/pIf

17

Phosphoglycerate kinase [A. thaliana]

21

443

8

K.FSLAPLVPR, K.RPFAAIVGGSK,
K.VILSTHLGRPK,
K.FLKPSVAGFLLQK,
K.LASLADLYVNDAFGTAHR,
R.ADLNVPLDDNQTITDDTR,
K.KLASLADLYVNDAFGTAHR,
K.GVSLLLPTDVVVADKFAPDANSK

Q9LD57

50195/5.91

18

Glutamine synthetase [B. rapa]

16

319

7

R.AAEIFSNK, R.AAEIFSNKK,
R.TLEKPVEDPSELPK,
R.HMEHISAYGEGNER,
R.VESLLNLDTKPFTDR,
R.HMEHISAYGEGNERR,
K.HETASIDQFSWGVANR

B3TJX9

47715/5.84

19

ATP synthase subunit alpha [Arabis hirsuta]

27

773

13

R.IEQYNR, R.KFLVQLR,
R.ADEISNIIR, K.EGIQEQLER,
R.ERIEQYNR, K.TLTAEAESFLK,
R.VINALANPIDGR,
R.LIESPAPGIISRR,
K.IAQIPVSEAYLGR,
K.ASSVAQVVTSLQER,
R.EAYPGDVFYLHSR,
R.EQHTLIIYDDLSK,
R.EVTIVNTGTVLQVGDGIAR

A4QK03

55365/5.19

a Percent sequence coverage; b Mascot score for the most significant hit calculated; c Number or peptide(s) matched; d Sequence of the peptide(s) that were matched; e Accession
numbers for the proteins generated by the Mascot search; f Theoretical molecular weight and pI values
*Identified using peptide de novo sequence analysis
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This project identified the races/pathotypes of white rust currently affecting B. juncea in
Western Australian (WA) environment. In addition to reporting the first record of A.
candida race 2V on B. juncea for Australia, it also indicated the occurrence of five new
races/pathotypes of white rust associated with other cruciferous hosts in Western
Australia. This study also characterised several aspects of the pathogenic behaviour of
white rust on B. juncea. It also successfully identified the characteristics of the proteins
of a resistant cultivar (CBJ-001) of B. juncea, which points to the mechanisms of
resistance to white rust in this host species. In Australia, white rust is seen as a greater
threat to B. juncea production than to any other cruciferous crops, either oilseed or
vegetable (Burton et al. 1999; Anon. 2007). The study on races and their phylogenetic
relationships explores the potentials for the introduction and/or evolution of new or
exotic races that can challenge large scale cropping of B. juncea in WA. Of the
races/pathotypes isolated, only those from weeds common in the WA grainbelt pose the
greatest and immediate threat as sources of novel strains. In WA to date, B. juncea has
been grown essentially as a condiment crop with only limited areas under cultivation
(Oram et al. 2005). Currently, however there is a trend for B. juncea to replace B. napus
in areas where low or reduced rainfall prevents profitable B. napus cropping. In such
situations the cruciferous weeds currently prevalent in B. napus fields may play a role
not only as carryover hosts in rotations but also as a reservoir for the white rust
pathogen to develop novel strains. R. raphanistrum is currently the commonest
cruciferous weed in and nearby to canola crops. As a weed introduced into WA over
150 years ago, it has acted effectively as an alternate host especially for Leptosphaeria
maculans which was recorded in WA about 80 years ago (Sivasithamparam et al. 2005).
For blackleg disease, it has served not only as an alternative host but possibly also as a
host for evolution and perpetuation of novel strains even in the absence of B. napus
crops, as occurred during the 1970s and 1980s following the initial onslaught of
blackleg epidemic south-west of WA in the early 1970s. The phylogenetic studies
conducted clearly show that the white rust isolate on R. raphanistrum is not only the
first record on this host anywhere in the world, but that it sits phylogenetically close to
R. sativus isolates. It is likely that strains of white rust may develop on R. raphanistrum
that will severely attack commercial cultivars of B. juncea with more extensive
cropping of this host in the future. This is expected as a pathotype from R. raphanistrum
was indeed virulent on B. juncea cv. Commercial Brown which was also attacked by the
B. juncea isolate currently prevalent in WA. Although the B. oleracea isolate can also
attack B. juncea, the hazard is minimal to B. juncea as B. oleracea is a vegetable crop
127

Chapter 6: General Discussion

rarely commercially cultivated in the proximity of the rainfed grainbelt of WA.
Although B. rapa may be cropped in the grainbelt, the strain from this species (a novel
pathotype from race 7) was incapable of attacking B. juncea.

Currently, Capsella bursa-pastoris is the only weed prevalent in WA that is carrying a
strain that can attack B juncea varieties utilized in Australia. B. tournefortii, although
susceptible to the strain from B. juncea and E. vesicaria ssp. sativa, carries a strain that
can affect only itself. This strain shows strong variation phylogenetically to other strains
of A. candida compared with it. The strain from B. tournefortii, which is incapable of
attacking any other host tested, clearly sits isolated from other strains in phylogenetic
comparisons. However, it is possible under B. juncea cultivation, that B. tournefortii
and S. irio could develop other pathotypes that pose a threat to B. juncea crop. S. irio
also a widespread weed in WA, is again unique as it is not attacked by any of the other
strains tested nor does the strain from this host attack any of the other hosts screened in
this study.

Overall, there are two major potential sources of new pathotypes for B. juncea in WA.
First, is of course the potential for imported seeds especially of B. juncea that may carry
oospores of A. candida (Barbetti 1981) resulting in the introduction of new strains into
WA. Imported seeds can be contaminated by A. candida strains from crops and/or
weedy species overseas and thus introduce new races/pathotypes which currently do not
occur in Australia. Secondly, the potential for the development of new strains
originating from weeds in the grainbelt, as occurred with L. maculans strains on the
weed populations of south-west of WA (Sivasithamparam et al. 2005). It should be
noted that with the changes in cropping practices, especially in relation to the
introduction of herbicide tolerant oilseeds, the spectrum and occurrence of flora of
cruciferous weeds may change drastically, affecting both the survival and evolution of
pathotypes capable of developing on cruciferous weeds functioning as alternative hosts.
It should be also noted that volunteer plants from crops from previous rotations can also
serve as weeds, as was pointed by Rieger et al. (1999). For example, volunteer plants of
B. rapa or B. campestris may serve as weeds in B. juncea crops providing carry-over
hosts for the pathogen.

Host-pathogen interactions in the B. juncea-white rust pathosystem are currently poorly
understood. There are many reports indicating that there is poor correlation between the
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extent of white rust on foliage and pod-deformation/stagheads including one (Li et al.
2007) where some plants of certain cultivars of B. juncea that showed almost immune
response in leaves, subsequently developed severe pod hypertrophies as the crop
matured. My work indicated for the first time that infection of specific parts of plants at
different stages of plant development can dictate if pod hypertrophies would appear
subsequently in mature plants. The most severe and destructive attack of white rust
results in the deformations of the reproductive plant parts leading to the deformation of
pods and loss of seed production. Thus the development of such symptoms in plants
during their reproductive phase poses the greatest threat to crop yield. Earliest infection
resulting in hypertrophies arose from infections of the growing point, not laminae, even
at the first true leaf stage. This suggests that genes that determine resistance to foliar
damage are different to those controlling pod hypertrophies. This phenomenon, and the
development of hypertrophies following inoculation of buds as they change colour or
just after they open, resulting in pod hypertrophies, may have significant agronomic
implications. Goyal et al. (1996) proposed that the infection has to occur while there is
the presence of meristematic tissues on which the biotrophic pathogen can establish
itself as a systemic coloniser. These findings are particularly significant in relation to
targeting of fungicide applications to maximise reduction of the advance impact of
disease on yield, with fungicide applications needing to be targeted either at the
emerging growing point at the initial true leaf stage and/or subsequently at a later stage,
during specific stages of early flowering. This could result in reduced and strategic
application of fungicides for the effective management of the disease.

My study also showed that although the co-occurrence of downy mildew caused by H.
parasitica and white rust have been reported previously, resulting in severe penalties on
yields, none of the previous studies actually identified the role of H. parasitica on the
severity white rust on a host that is known to be resistant to downy mildew. The
interaction of downy mildew and white rust displayed that even the levels of
susceptibility showed in cultivars susceptible to white rust can be enhanced by the
presence of the other biotrophic pathogen. The co-occurrence of white rust and downy
mildew on B. juncea in my study was the first to show the role of infection by downy
mildew on a host known to be resistant to it where the downy mildew was still able to
enhance the severity of white rust in the plant. This is a significant discovery in relation
to the epidemiology of downy mildew. Stagheads of plants co-inoculated with both
pathogens showed that H. parasitica can infect, survive and multiply in B. juncea crops
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resistant to downy mildew. It is noteworthy that stagheads (with oospores) tend to be
woody and hence able to harbour the oospore inoculum over a long period of time in the
absence of a living host.

The proteomic studies gave a clear indication of the host proteins involved in the
expression of resistance to white rust in the resistant cultivar (CBJ-001) tested. The
expressions of most cascades of these particular proteins were detected only in the
resistant cultivar. These expressions were noted in a time frame which could be related
to zoospore germination, formation of haustoria and subsequently in relation to the
reproductive phase of the invading pathogen.

The earliest expressions, by 2 h post-inoculation (hpi), were of the pathogen-responsive
protein 5 (PR-5) and the two isoforms of superoxide dismutase (SODs) (especially
Fe/Mn-binding isoform). These were also expressed at 4 hpi by which time, germination
of zoospore of this pathogen is known to occur (Liu et al. 1989). This indicates that the
resistant host is able respond to the presence of the pathogen at or even prior to the entry
of the pathogen in to the host tissue. Similar early activation of host genes has also been
reported for Phytophthora clandestina on a resistant host cultivar of Trifolium
subterraneum (Ma et al. 2010). It is noteworthy that in my study, there is no evidence of
the expression of glutathione S-transferase (GST) or O-acetyl-L-serine(thiol)lyase
(OAS-TL) related to stress management by the host, during this period although the
transcription valuations for these proteins were evident both at 2 and 4 hpi for these
proteins. Proteins expressed only in the resistant cultivar at 8 hpi when haustorium
formation has been noted for this pathogen (Liu et al. 1989), included PR-5, GST, OASTL and SODs (especially Fe/Mn-binding isoform). These proteins may play significant
roles in the abortion of the parasitic phase in the resistant host. Recent studies with
downy mildew (Li et al. 2010) showed that both resistant and non-host effects against
H. parasitica were clearly and initially evident at a critical phase where the number and
size of the haustoria were evident. This was also the phase when there was significant
drop in the activity of red chlorophyll catabolite (RCC) reductase (RCCR) and an
increase in the activity of peptidyl-prolyl cis/trans isomerase (PPIase), both favouring
susceptibility. Thus, it is highly likely that the activities of these proteins had a
significant role in the progression or suppression of the infection process of the white
rust pathogen. The assessment of the expression of proteins at 24 hpi is considered to
coincide with necrosis of the invaded host cells by white rust (Liu et al. 1989) which
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wass restricted in the resistant host. The resistant host at this point of time continued to
express
press proteins associated with suppression of infection through the expression of PR5 peaking at this time. Expression of SODs (especially Fe/MnFe/Mn-binding isoform) also
increased significantly at this time and together could have helped to reduce the extent
of cell death associated with the expression of the disease in the resistant host.

Appresorium

Fig. 1 Major elicitor-induced
elicitor
changes proposed to occur during the interaction of
Brassica juncea and Albugo candida to indicate the sites of activities and the outcomes
resulting in the progression or suppression of the infection processes.
The assessment of protein expression at 72 hpi coincides with the timing reported for
the initiation of the reproductive phase of the pathogen (Anon. 1990).
1990) The expression of
the GST (helping the host to deal with the pathogenic stress) and the SODs (especially
Fe/Mn-binding
binding isoform) were highest at this time for these proteins,
proteins during the period
monitored. These, with activities
activit
of other proteins favouring resistance and reducing
susceptibility could well together be responsible for the suppression of sporulation.
Pustule formation associated with sporulation is related to the reduction of the active
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photosynthetic area of the host, hence reduction in the sporulation could not only be
very significant in maintaining host productivity and/or yield, but also be important in
curtailing the rate of secondary spread of white rust within a crop.

The increased expression of these defence related proteins and the concurrent reduction
of RCCR associated with susceptibility could explain the host-parasite interactions in
this resistant pathosystem. In contrast, the increased activity of PPIase when haustoria
formation occurs in susceptible cultivars could further support the view that haustorial
formation is critical for pathogenesis. While, I have focused mainly on the proteins to
understand the host-parasite interactions in this B. juncea-A. candida pathosystem, one
cannot exclude other factors involved in the suppression of infection processes that may
have also enhanced the expression of resistance in this pathosystem.

The identification of races/pathotypes of A. candida in Western Australian oilseed crops
is expected to help in the developing of cropping systems with B. juncea cultivars
resistant to the prevalent pathogen races/pathotypes. The determination of the stage of
plant development at which the host is pre-disposed to systemic infection leading to pod
hypertrophies will help to better time fungicide applications if they should become
necessary. Screening of downy mildew resistant germplasm should in future also
consider the potential hazard in choosing downy mildew “resistant” cultivars that allow
systemic but asymptomatic colonization by the downy mildew pathogen of host tissues,
which not only enhances severity of white rust but also perpetuates and multiplies
downy mildew inoculum in the field even in the absence of a crop susceptible to downy
mildew. Finally, the discovery of the proteins conferring resistance to white rust in B.
juncea could lead to not only in the use as genetic markers in selecting resistant
germplasm, but also as valuable genes for introgression into commercial cultivars of B.
juncea.
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APPENDIX I
DETAILS OF DIFFERENTIALS USED TO CLASSIFY 17
RACES OF A. CANDIDA
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S. No.

Cultivar

Plant Taxon

1

Armoracia rusticana

N/A

2

Brassica carinata

94024.2

3

Brassica hirta Moench

Canadian Yellow

4

Brassica jnucea

2V

3

4

5

6

7A

7V

8

9

10

11

12

13

14

15

16

17

—

—

NT

†

—

—

—

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

This study
†

†

NT

†

†

†

†

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

Southern Giant Curled

—

†

NT

—

—

—

—

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

NT

†

†

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

Cutlass

NT

†

†

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Petrie, 1994
NT Petrie, 1994

Seimitar

NT

†

†

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Petrie, 1994

EC-129126-1

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

—

—

—

—

Gupta and Saharan, 2002

EC-322090

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

—

—

—

—

Gupta and Saharan, 2002

EC-322092

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

—

—

—

—

Gupta and Saharan, 2002

EC-322093

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

—

—

—

—

Gupta and Saharan, 2002

Varuna

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

†

†

†

†

Gupta and Saharan, 2002

EC-287711

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

—

—

—

—

Gupta and Saharan, 2002

ZEM-1

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

—

†

—

—

Gupta and Saharan, 2002

RC 781

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

—

†

†

—

Gupta and Saharan, 2002

RH 30

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

†

†

†

†

Gupta and Saharan, 2002

RH 8113

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

†

†

†

—

Gupta and Saharan, 2002

Rajat

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

†

†

—

†

Gupta and Saharan, 2002

Vulcan

This study

Commercial Brown

This study

Brassica k aber (Sinapis arvensis ) N/A

6

Brassica napobrassica Mill.

7

Brassica napus

Brassica nigra

2A

Domo

5

8

References

Races
1

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

†

NT

NT

NT

NT

NT

NT

NT Hill et al., 1988

N/A

†

—

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

Dwar Essex

—

—

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

FAN 189 (Chinese)

This study

501-TT (Australian)

This study

N/A

†

—

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

90745

This study
This study

9

Brassica oleracea

Digger's variety

10

Brassica perviridis

Tendergreen

†

†

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963
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S. No.

Plant Taxon

Cultivar

References

Races
1
—

2A
†

2V
NT

3
NT

4
NT

5
NT

6
NT

7A
NT

7V
NT

8
NT

9
NT

10
NT

11
NT

12
NT

13
NT

14
NT

15
NT

16
NT

17
NT Pounds and Williams, 1963

11

Brassica pek inensis

Michili

12

Brassica rapa

P.I. 254358

†

†

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

White Egg

—

†

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

Tobin

NT

NT

NT

NT

NT

NT

NT

†

†

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Petrie, 1994

Parkland

NT

NT

NT

NT

NT

NT

NT

†

†

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Petrie, 1994

Reward

NT

NT

NT

NT

NT

NT

NT

†

†

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Petrie, 1994 & This study

Torch

This study

Shui Hong

This study
This study

13

Brassica tournefortii

43

14

Capsella bursa-pastoris

N/A

—

—

NT

—

†

—

—

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

15

Descurania sophia

N/A

†

†

NT

†

—

—

—

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

16

Eruca sativus

N/A

—

—

—

—

—

—

—

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

MJB1-06

This study

17

Erysimum cheiranthoides

N/A

†

—

NT

†

†

—

—

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

18

Nasturtium officinale

N/A

—

—

NT

†

—

—

—

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

19

Raphanus sativus

Early Scarlet Globe

†

—

—

—

—

—

—

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

White icicle

This study
This study

20

Raphanus raphanistrum

WARR 25

21

Rorippa islandica

N/A

—

—

—

†

†

—

†

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

22

Sisymbrium altissimum

N/A

—

—

—

—

†

—

—

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

23

Sisymbrium officinale

N/A

†

†

†

†

†

†

†

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

24

Thlaspi arvense

N/A

—

—

—

†

†

†

—

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT

NT Pounds and Williams, 1963

†
—

Sporulation of A. candida on the host
No sporulation
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Pathogenic behaviour of strains of Albugo candida from
Brassica juncea (Indian mustard) and Raphanus raphanistrum
(wild radish) in Western Australia
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Abstract. White rust caused by Albugo candida is a serious pathogen of Brassica juncea (Indian mustard) and one posing a
potential hazard to the presently developing canola-quality B. juncea industry in Australia. The varieties of B. juncea
available in Australia are known to be susceptible to attack by race 2 of A. candida, a race that is known to have two
pathotypes, 2A and 2V. Two isolates of A. candida, representing strains collected from B. juncea and Raphanus
raphanistrum (wild radish) from two sites in Western Australia (WA) were tested on cruciferous host differentials to
characterise their pathogenic behaviour. The results clearly show that the strains obtained from B. juncea and R. raphanistrum
are different in their host range. The isolate from B. juncea showed significant levels of sporulation on both differential
cultivars of B. juncea, Vulcan and Commercial Brown, used for differentiating pathotype 2A from 2V, confirming the
presence of pathotype 2V in WA. This is the first report of pathotype 2V in Australia. This same isolate was able to infect
Brassica napus from China (FAN 189), B. tournefortii (wild turnip) B. nigra and R. sativus. This serves as a caution to
breeders when sourcing resistance against A. candida from B. napus germplasm. The isolate from R. raphanistrum, tested
against the same set of cruciferous host differentials, caused significant sporulation on B. juncea differential Commercial
Brown, B. napus (FAN 189), B. nigra (90745), R. raphanistrum and R. sativus (White Icicle). Our strain from
R. raphanistrum, while being a direct threat to B. juncea, may be a hazard, not only to any B. napus germplasm developed
from B. napus breeding lines from China, but also to B. nigra and R. sativus, should these species be utilised commercially in
Australia. The race delineations of these strains from the WA grainbelt are expected to be helpful for selecting appropriate
genotype resistance(s) for sowing in relation to the planned expansion of the B. juncea industry and also if there is future
development of alternative cruciferous oilseed industries in WA.

White rust, also known as white blister, is caused by the oomycete
pathogen Albugo candida. It is a devastating disease of rapeseed
and mustard and occurs worldwide (Sokhi and Khangura 1992).
It is an important disease in Western Australia (WA) (Barbetti
1978, 1981, 1988a, 1988b; Barbetti and Carter 1986; Li et al.
2007a, 2007b, 2008) and is characterised by the formation of
white to cream coloured zoosporangial pustules on cotyledons,
leaves, stems and inflorescences, with staghead galls formed as
the result of inflorescence infection (Verma and Petrie 1980).
The combined infection of leaf and inflorescence causes yield
losses up to 60% or more in India (Lakra and Saharan 1989)
and up to 20% in Australia (Barbetti 1981; Barbetti and Carter
1986). It was first recorded in WA on Raphanus raphanistrum
in 1929 (MacNish 1963), Brassica napus var. napobrassica and
B. rapa var. rapa in 1940 (Chambers 1959), R. sativus in 1944
(Chambers 1959), B. oleracea var. botrytis in 1965 (MacNish
1967), B. napus in 1970 (Anon. 1972; Shivas 1989),
B. tournefortii in 1974 (Anon. 1974; Shivas 1989), and on
B. rapa var. chinensis in 1984 (Anon. 1984; Shivas 1989).
 Australasian Plant Pathology Society 2008

White rust has also been observed on a few experimental
genotypes of B. napus (particularly Norin lines) from Japan
several decades ago (M. J. Barbetti, unpubl. data) and more
recently in a few experimental B. napus genotypes introduced
from China (C. X. Li, unpubl. data).
Canola (B. napus) has become an integral component of the
cropping systems of the WA grainbelt. In Australia, a small
proportion of the oilseed Brassica area (~3000 ha) is sown to
B. juncea, mainly for use as condiments (Oram et al. 2005).
Canola-quality B. juncea is being developed in Australia to
extend oilseed Brassica production into the lower rainfall
areas (Burton et al. 2003), as it is more drought resistant than
B. napus (Downey 1971; Woods et al. 1991; Oram et al. 2005).
The area sown to B. juncea in Australia is now set to increase
rapidly as the first canola-quality B. juncea cultivar, Dune, has
been released (Anon. 2007). However, canola-quality B. juncea
has been developed with little regard for the potential
consequences from its susceptibility to white rust. Of the
broad-acre oilseed crops in WA, A. candida normally affects
10.1071/AP08008

0815-3191/08/040353

354

Australasian Plant Pathology

P. Kaur et al.

only B. rapa (turnip rape) and B. juncea and is not generally
found in commercial B. napus (Barbetti and Khangura 2000).
The first signs of white rust inoculum build-up in the field
on B. juncea are already evident in WA (Li et al. 2007b;
M. J. Barbetti, unpubl. data).
Weedy, cruciferous species are widespread throughout the
oilseed rape-growing regions of WA; R. raphanistrum has
become widely distributed throughout the WA cropping belt
(Gioia 2004a) since being introduced into WA in the middle
of the 19th century (Anon. 2004). R. raphanistrum is frequently
observed to be a host of A. candida in WA (M. J. Barbetti,
unpubl. data).
Seventeen races of A. candida have been reported from
various cruciferous species worldwide (Minchinton et al.
2005). B. juncea cultivars previously reported as being
resistant to A. candida race 2 (now designated as pathotype
2A) were subsequently found to be susceptible to a more
virulent form of this race in Canada (designated as pathotype
2V) (Petrie 1994) including newly developed canola-quality
B. juncea, which is widely sown across the Canadian prairies
(Gurung et al. 2007). Pathotype 2V has not yet been reported in
Australia. The race that attacks R. sativus is designated race 1
(Pound and Williams 1963), but there is no information on the
strain attacking R. raphanistrum in WA. Hence, studies were
undertaken to determine the pathogenic behaviour on a variety
of cruciferous hosts of A. candida isolates from B. juncea
and R. raphanistrum collected during a field survey in WA in
autumn 2007.
Two isolates of A. candida representing populations on
B. juncea and R. raphanistrum at two different sites in WA
(leaves of B. juncea from the University of Western Australia
Field Station, Shenton Park, Perth, WA, and leaves of
R. raphanistrum from the Department of Agriculture and Food
Western Australia, Wongan Hills Research Station, WA) were

used in this study. A total of 13 cruciferous differentials were used
to characterise the pathogenic behaviour of A. candida
(Table 1). The selection of the differentials was made on the
basis of the history of the occurrence of white rust disease in
WA (e.g. Shivas 1989). Seed of the 13 host differentials was
sown into steam-treated potting mix (composted pine bark : cocoa
peat : river sand, 2 : 1 : 1) in plastic trays with eight cells, with
each cell being 5 5 cm.
The A. candida-infected leaves collected in the survey were
stored at 80 C. Before inoculum was required, these leaves
were removed from 80 C, zoosporangia were scraped from the
leaves and a zoosporangial suspension was applied on the
cotyledons of growing plants. The leaves with pustules that
developed on these plants were collected 10 days post
inoculation (dpi) in order to bulk up inoculum that was then
stored at 80 C. For our study, A. candida-infected leaves were
removed from 80 C storage and the zoosporangia dispersed in
deionised water and filtered through double cheesecloth to
remove any plant debris. The concentration of the
zoosporangial
suspension
was
adjusted
using
a
haemocytometer to 105 zoosporangia/mL before application to
cotyledons (Li et al. 2007a).
Ten days after sowing, fully expanded cotyledons were
inoculated by a drop-inoculation technique where a single
10-mL drop of the zoosporangial suspension was spotted
onto the adaxial surface of each of the two lobes of each
cotyledon (Li et al. 2007a). Plants were then subjected to
4 days of enhanced humidity (>98% relative humidity) in a
high-humidity chamber consisting of a sealed, clear plastic
container where the inside of the lid was sprayed with
deionised water and 1 cm of free water was maintained in the
bottom of the container.
The experiment was carried out in a controlled environment
room maintained at 18/13 C day/night, with a 16-h photoperiod

Table 1. Reactions of different cruciferous host differentials to Western Australian isolates of Albugo candida obtained from Brassica juncea
(Indian mustard) and Raphanus raphanistrum (wild radish) presented as a range for disease severity with the mean severity in parentheses
Host differential
B. juncea
isolate
Brassica carinata 94024.2
B. juncea cv. Vulcan
B. juncea cv. Commercial Brown
B. napus cv. FAN 189 (China)
B. napus cv. Surpass 501TT (Australia)
B. nigra 90745
B. oleracea var. italica cv. Broccoli Sprouts
B. rapa cv. Torch
B. rapa cv. Reward
R. raphanistrum WARR25
R. sativus cv. White Icicle
Brassica tournefortii BTO2
Eruca vesicaria MJB1--06
A

Disease reactionA
R. raphanistrum
isolate

+
+
+

+
+

+

+

+
+

+
+

Mean severity 0--9 scaleB
B. juncea
R. raphanistrum
isolate
isolate
0--0 (0)
0--7 (3.4)
0--9 (5.7)
0--3 (2.0)
0--0 (0)
0--7 (4.3)
0--0 (0)
0--0 (0)
0--0 (0)
0--0 (0)
0--3 (3.0)
0--3 (1.5)
0--0 (0)

0--0 (0)
0--0 (0)
0--3 (3.0)
0--3 (1.4)
0--0 (0)
0--1 (1.0)
0--0 (0)
0--0 (0)
0--0 (0)
0--3 (1.4)
0--3 (1.5)
0--0 (0)
0--0 (0)

+, sporulation of the pathogen occurred; , no sporulation occurred.
Disease severity was assessed using a 0--9 scoring system as used by Williams (1985), where 0 = no symptoms on either leaf surface, 1 = small, pinpoint to
large, brown, necrotic flecks under the inoculation point on the upper surface, with occasional necrosis extending to the lower epidermis but no sporulation,
3 = very sparse, one to few, minute scattered pustules on the upper surface, zero to very few pustules on the lower surface, 5 = few to many scattered pustules
on the upper surface but either zero or a few scattered pustules on the lower surface, 7 = few to many pustules on the upper surface with many scattered, small to
larger pustules on the lower surface and 9 = very few to no pustules on the upper surface with many large, coalescing pustules on the lower surface.
B

Albugo candida in Western Australia

at a light intensity of 150 mE/m2.s at the University of
Western Australia, Perth, and repeated. A completely
randomised design was used, with four replicates for each
host differential. While the experiment was repeated, only data
from the first experiment are presented in Table 1.
At 10 dpi, disease severity was assessed using a 0--9 scoring
system as used by Williams (1985), where 0 = no symptoms
on either leaf surface, 1 = small, pinpoint to large, brown,
necrotic flecks under the inoculation point on the upper
surface, with occasional necrosis extending to the lower
epidermis but no sporulation, 3 = very sparse, one to few,
minute scattered pustules on the upper surface, zero to very
few pustules on the lower surface, 5 = few to many scattered
pustules on the upper surface but either zero or a few
scattered pustules on the lower surface, 7 = few to many
pustules on the upper surface with many scattered, small to
larger pustules on the lower surface and, 9 = very few to no
pustules on the upper surface with many large, coalescing
pustules on the lower surface.
B. juncea cv. Vulcan, resistant to 2A and susceptible to
2V, and cv. Commercial Brown, susceptible to pathotype
2A (Gurung et al. 2007), were tested to differentiate
pathotypes 2A and 2V of A. candida. Both B. juncea
differentials, viz. cvv. Commercial Brown and Vulcan,
showed significant sporulation from the B. juncea strain of
A. candida (Table 1). This confirmed the presence of
pathotype 2V in WA. Rimmer et al. (2000) used B. juncea
cv. Cutlass as one of their differentials as it is susceptible
to pathotype 2V. However, the cv. Cutlass tested with
Canadian isolates of A. candida and the cv. Vulcan we used
are related genotypes, thus either can be used to designate the
2V pathotype (R. Rimmer, pers. comm.). Hence, it is likely
that the 2V pathotypes in Australia and Canada are similar.
This is the first report of pathotype 2V in Australia. This
isolate from B. juncea also readily sporulated on the
cotyledons of the B. napus test variety from China (FAN 189),
on B. nigra, B. tournefortii and on R. sativus (Table 1). The
A. candida isolate obtained from R. raphanistrum readily
sporulated on B. juncea cv. Commercial Brown, B. napus
FAN 189, R. raphanistrum, B. nigra and on R. sativus. The
results from the repeated trial confirmed the findings of the
first experiment.
These results show that the strains that infect B. juncea and
R. raphanistrum are different in terms of the host range, with
the strain from R. raphanistrum able to infect both
R. raphanistrum and B. juncea while the strain from B. juncea
was able to infect B. juncea but not R. raphanistrum. A. candida
from B. juncea will carry over on B. tournefortii. B. tournefortii
has the potential to harbour B. juncea-attacking strains of
A. candida, especially as this weed is endemic to the WA
cropping belt (Gioia 2004b) and the disease has been
reported on this weed for a long period (Anon. 1974; Shivas
1989). While A. candida has been recorded in WA on
R. raphanistrum (MacNish 1963) and R. sativus (Chambers
1959) since 1929 and 1944, respectively, this is the first time
that its host range has been evaluated for Australia. It appears
that the race of A. candida on R. raphanistrum in WA is the
same as race 1 defined earlier by Pound and Williams (1963)
for R. sativus.
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A. candida from B. juncea belongs to pathotype 2V and is
a potential threat to commercial B. juncea production in WA.
A. candida from R. raphanistrum, while a threat to B. juncea,
could pose a potential threat to B. napus germplasm as well if
B. napus breeding lines from China were utilised in canola
breeding programs. It could also be a potential threat to
B. nigra and R. sativus if these species were to become
commercially utilised in WA in the future. It is clear that
breeders need to be cautious when utilising cruciferous species
as a source of resistance for diseases, such as blackleg (caused
by Leptosphaeria maculans), so susceptibility to A. candida is
not inadvertently introduced.
The race delineations of these strains from the WA grainbelt
should be helpful in selecting appropriate genotype resistance(s)
for the planned expansion of the B. juncea industry and also
for development of alternative cruciferous oilseed industries
in WA.
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Abstract Studies were undertaken to determine any
interaction of an asymptomatic isolate of Hyaloperonospora parasitica (downy mildew) with a virulent isolate of
Albugo candida (white rust) and Brassica juncea. White
rust symptoms appeared 4 days earlier and were significantly more severe when a variety of B. juncea resistant to
downy mildew but highly susceptible to white rust was first
inoculated with A. candida followed 10 days later with
H. parasitica. DNA extractions of tissues indicated
H. parasitica had colonized the asymptomatic plants systemically. These are the first reports of (a) the systemic
colonization by H. parasitica in a host resistant to downy
mildew, and (b) the increase in susceptibility of a Brassica
to white rust disease from asymptomatic colonization by
H. parasitica.
Keywords Albugo candida  Hyaloperonospora
parasitica  Brassica juncea  Biotrophic pathogen 
Mustard  White rust

Vegetable oils from Brassica spp. represent one-third of all
vegetable oils on the world market, but diseases of Brassica spp. cause problems in most growing areas. Two very
important diseases affecting one or more Brassica species
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are white rust (Albugo candida) (Kolte 1985; Liu et al.
1996) and downy mildew (Hyaloperonospora parasitica)
(Singh et al. 2002). Individually, both pathogens cause
economically important diseases of Brassica and other
cruciferae and infect all aerial parts of the plant (Bains and
Jhooty 1985; Borhan et al. 2001; Holub et al. 1993). Crop
yields are severely affected, particularly when both diseases occur together; for example, in India, combined yield
losses of 17–37% have been reported for B. juncea (Kolte
1985).
Disease caused by A. candida is characterized by the
formation of white to cream-coloured zoosporangial pustules on cotyledons, leaves, stems and inflorescences
(Verma and Petrie 1980) as the result of sub-epidermal
growth of zoosporangiophores and proliferation of zoosporangia in sori that expand until the epidermis eventually
ruptures. In contrast, disease caused by H. parasitica
infections are first apparent to the naked eye as a carpet or
‘‘down’’ of conidiophores covering the upper and lower
surfaces of leaves and petioles (Soylu et al. 2003), a
symptom characteristic of downy mildew diseases. The
zoosporangiophores of H. parasitica that subtend zoosporangia emerge in profusion from stomata without forcible
damage of host tissue (Borhan et al. 2001). While both
these pathogens usually exist as specialized pathotypes on
different cruciferous species, and even on different cultivars within a species, asexual reproduction in general is
most prolific on the particular host of origin (Mathur et al.
1995; Nashaat and Awasthi 1995; Petrie 1988; Pidskalny
and Rimmer 1985; Saharan and Verma 1992; Silué et al.
1996).
In Cruciferae, A. candida commonly occurs in intimate
association with H. parasitica (Holub et al. 1991) including
on stagheads (Awasthi et al. 1997). Colonies of H. parasitica are commonly found occurring among those of
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A. candida on plant tissues (Bains and Jhooty 1985). Bains
and Jhooty (1985) studied the association of H. parasitica
with A. candida on B. juncea leaves and proposed that
A. candida biochemically pre-disposes the host plants to
H. parasitica. However, because the incubation period of
H. parasitica is shorter than that of A. candida, they found
that under glasshouse conditions, H. parasitica colonies
tend to develop first, followed by A. candida. In contrast,
they found that under natural conditions, the situation could
be the reverse (Bains and Jhooty 1985). Under field conditions, A. candida possesses the capacity to elevate the
incidence and severity of infection by H. parasitica in
crucifers (Constantinescu and Fatehi 2002), and similar
situations have been described for H. arabidopsis in Arabidopsis thaliana (Holub et al. 1991) and in B. juncea
(Cooper et al. 2008) after pre-inoculation with A. candida.
Studies of Singh et al. (2002) showed that the infection of
B. juncea with a virulent isolate of H. parasitica inhibited
or adversely affected the development of a virulent isolate
of A. candida after simultaneous coinoculation of B. juncea, while an avirulent isolate of A. candida induced host
resistance toward H. parasitica. Previous findings suggest
that the inoculation order of the two pathogens likely
critically determines the outcome of the inoculation.
Studies we conducted here to test for such an interaction
demonstrated for the first time that the inoculation of a
variety of B. juncea with an asymptomatic isolate of
H. parasitica and subsequently with a virulent isolate of
A. candida, not only reduced the incubation period but also
increased the severity of disease caused by the white rust
pathogen. We also determined that although H. parasitica
is asymptomatic in the host, it systemically colonized host
tissues away from the site of inoculations.
Brassica juncea variety RH 819, known to be highly
susceptible to race 2 V of A. candida (Kaur et al. 2008; Li
et al. 2007) but resistant to isolate UWA DM-53 of
H. parasitica (based on previous preliminary trials; data
not presented), was selected for this study. Two experiments were undertaken, and for both, seeds of variety RH
819 were sown 1 cm deep into steam-treated potting mix
(composted pine bark:cocoa peat:river sand, 2:1:1) in
8-cm-diameter plastic pots in a controlled-environment
room maintaining 13°C/18°C night/day temperatures, with
a 16-h photoperiod at a light intensity of 520 E/m2/s, at the
University of Western Australia, Perth, Western Australia.
Seedlings that emerged were thinned to two plants per pot
at 10 days after sowing. Cotyledons of B. juncea RH 819,
with white rust pustules after inoculation with a single
isolate of A. candida race 2 V isolated from B. juncea
(Kaur et al. 2008), were collected 10 days post-inoculation
(dpi) and stored at -80°C. When required, the cotyledons
with pustules were removed from storage, and the zoosporangia dispersed in deionised (DI) water and filtered
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through cheesecloth to remove any plant debris. The concentration of the zoosporangial suspension was adjusted to
105 zoosporangia/mL before application to plants, using a
haemocytometer. Isolate UWA DM-53 of H. parasitica,
used for all tests, is a single-sporangium isolate from the
original 2007 field collection from affected B. napus in
Esperance, Australia (S33°270 596, E121°440 069). The
isolate was maintained on 7-days-old cotyledons of B. napus
cv. Thunder TT in a controlled environment room
maintained at 13°C (night)/18°C (day), photoperiod 12 h/
12 h, and light intensity 520 E/m2/s. Cotyledons that
supported abundant sporulation by the pathogen were
collected and placed in 200 mL of distilled water in a
250 mL conical flask, and the flask shaken to dislodge
the zoosporangia. The zoosporangial suspension was then
filtered through a single layer of cheesecloth to remove
any plant debris and adjusted to 105 zoosporangia/mL
using a haemocytometer.
For experiment 1, the growing point of the first pair of
true leaves at growth stage (GS) 2.1 as defined by Harper
and Berkenkamp (1975) was inoculated using a dropinoculation technique where a 20-lL drop of the zoosporangial suspension was spotted onto the growing point.
Four treatments with four replications each were tested: (1)
only A. candida as the inoculum, (2) only H. parasitica as
the inoculum, (3) inoculation with A. candida on day 1
followed by H. parasitica 10 days later, and (4) inoculation
with H. parasitica on day 1 followed by A. candida
10 days later. All inoculated plants were subjected to
4 days of enhanced humidity ([95% RH) post-inoculation
by covering them with moistened clear polyethylene
sheets. In experiment 2, the apices of flower buds were spot
inoculated [before they changed colour at GS 3.2 (Harper
and Berkenkamp 1975)], using the same four treatments
with four replications each and the procedure described for
experiment 1.
For both experiments, there were four treatments with
four replicates for each treatment arranged in a randomised
complete block design. Experiment 1 was repeated once
(experiment 2) to confirm key findings by only changing
the growth stage of the plant at which the inoculations were
performed. For the treatment involving inoculation only
with H. parasitica, there were no white rust symptoms, and
this treatment was excluded from the initial Kruskal–
Wallis one-way analysis of variance by ranks conducted
using the program GENSTAT (8th ed., Lawes Agricultural
Trust, Hertfordshire, UK). Fisher’s least significant difference (LSD) at 95% significance level was used to test the
differences among the different treatments. Significant
differences among means were assessed by LSD tests.
At 12 dpi, white rust disease severity was assessed using
a 0–9 scoring system as used by Williams (1985), where:
0 = no symptoms on either leaf surface; 1 = small,

J Gen Plant Pathol

pinpoint to large, brown, necrotic flecks under the inoculation point on the upper surface, occasionally necrosis
extending to lower epidermis but no sporulation; 3 = very
sparse, 1 to few, minute, scattered pustules on the upper
surface, none to very few pustules on lower surface;
5 = few to many scattered pustules on the upper surface
but either none or a few scattered pustules on the lower
surface; 7 = many to few pustules on the upper surface
with many scattered, small to larger pustules on the lower
surface; and, 9 = very few to no pustules on the upper
surface with many large, coalescing pustules on the lower
surface. The disease incidence was also recorded as the
number of plants out of the total number of plants inoculated that showed white rust symptoms.
Significant increases in white rust symptoms developed
when the plants were pre-inoculated with H. parasitica.
Because the host is resistant to H. parasitica, no symptoms
of downy mildew developed on inoculated plants, but it
was still important to determine whether H. parasitica had
colonized the host following inoculation. To assay for
colonization, in experiment 1, we extracted DNA from two
samples (10 mg each) from each plant, one from the leaf
axil near the inoculation site and the other from the
growing point of the same plant well above the site of
inoculation (ca. 8–10 nodes above). For experiment 2, one
sample was taken from the tissues of the tagged inflorescence axil (the inoculation site at GS 3.2) and the other
from the apex of the inflorescence axis of the same plant
(position of the inflorescence axis ca. 25–30 cm above the
axil site of inoculation). DNA was extracted using the
method described by Cenis (1992).
For selective amplification of A. candida, primer DC6
(Cooke et al. 2000) (50 -GAG-GGA-CTT-TTGGGT-AATCA-30 ) and LR-0 (reverse complementary to LR-0R)
(Moncalvo et al. 1995) (50 -GCT-TAA-GTT-CAGCG
G-GT-30 ) and, for H. parasitica, the forward (50 -CACTTT
CTGCAGACCATCTT-30 ) and reverse (50 -TCGATG
ATGAGTTTGACGAG-30 ) primers (GenBank accessions
AW737065, AW737075) were used. PCRs were conducted
in 20-lL reaction volumes, with each reaction tube containing 1.2 lL of template DNA solution (approximately
100 ng), prepared as described, 10 lL of GoTaq Green
Master Mix (Promega, Madison, WI, USA), 8 lL Milli-Q
water and 0.4 lL (each) of 100 lM primers. The thermal
cycling parameters for A. candida were denaturation for
1 min at 95°C, annealing for 1 min at 58°C, and extension
for 2 min at 72°C. Thirty-five cycles were performed with
the first denaturation and last extension times extended to 5
and 10 min, respectively. The thermal cycling parameters
for H. parasitica were denaturation for 1 min at 95°C,
annealing for 1 min at 56°C, and extension for 1 min at
72°C. Thirty-five cycles were performed with the first
denaturation and last extension times extended to 5 and

10 min, respectively. The success of the amplification was
monitored by electrophoresis on 2% agarose gels and
visualized by ethidium bromide staining.
In experiment 1, in which the growing point near the
first pair of true leaves (GS 2.1) was targeted for inoculation, an average disease rating of 5.7 at 10–11 dpi was
recorded when the plants were inoculated with A. candida
alone or when plants were inoculated with A. candida on
day 1 followed by H. parasitica on day 10. However, when
inoculations with H. parasitica were followed 10 days
later with inoculations of A. candida, despite a total lack of
downy mildew symptoms, white rust pustules appeared
earlier, only 6–7 dpi, and with significantly increased
(P \ 0.05) severity (disease score 8.5) compared to the
other treatments. Because the variety was resistant to
downy mildew, no plants inoculated with H. parasitica had
any symptoms of this disease (Table 1). Similar findings to
experiment 1 were confirmed in experiment 2 when the site
of inoculation was changed to the apices of the flower buds
just before colour change (GS 3.2). When inoculations with
A. candida were followed 10 days later with those of
H. parasitica (although there was no downy mildew
symptoms), white rust symptoms appeared at 6–7 dpi
rather than at 10–11 dpi (in the absence of inoculation with
H. parasitica). The severity of disease (disease severity
8.0) was significantly (P \ 0.05) higher than those recorded for other treatments (Table 1). Disease incidence was
significantly and positively correlated with disease severity
in experiment 1 when plants at GS 2.1 were inoculated on
the growing point near the first pair of true leaves
(r = 0.87, P \ 0.001, n = 16) and in experiment 2 at GS
3.2 on the apices of flower buds before they changed colour

Table 1 Effect of sequential inoculations at two growth stages of
Brassica juncea cultivar (RH 819), susceptible to Albugo candida (Ac)
but resistant to downy mildew (Hyaloperonospora parasitica [Hp]),
on timing and severity of white rust symptoms
Stage

Inoculations
Day 1

2.1

3.2

Day 10

Initial
symptoms
(dpi)

Severity

P value

LSD

\0.001

1.44

\0.002

3.32

Ac

–

10–11

5.7

Ac

Hp

10–11

5.7

Hp

Ac

6–7

8.5

Ac

–

10–11

3.75

Ac

Hp

10–11

4.25

Hp

Ac

6–7

8.0

Growth stages: GS 2.1 = first true leaf expanded, GS 3.2 = inflorescence raised above level of rosette. Average disease severity scores
were obtained at 12 dpi using a 0–9 scale of B. juncea plants
dpi days after first inoculation, LSD least significant difference at
P = 0.05 for comparisons only between mean values within each
growth stage
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(r = 0.79, P \ 0.001, n = 16). Disease severity after
inoculation at GS 2.1 on the growing point near the first
pair of true leaves was significantly and positively correlated with that on the plants inoculated at GS 3.2 to target
the apices of flower buds before they changed colour
(r = 0.69, P \ 0.001, n = 16).
The internal transcribed-spacer (ITS) region of the
ribosomal RNA complex from all fungi has sufficient
sequence variation to allow for the design of species-specific primers to discriminate between different species.
PCR amplification resulted in a single band of ca. 280 bp
in length using primers specific for H. parasitica with
positive results for treatments involving plants inoculated
at GS 2.1 and 3.2, respectively, in relation to inoculations
with H. parasitica only (Fig. 1a, b). These treatments were
A. candida on day 1 followed by H. parasitica on day 10
and when H. parasitica was inoculated on day 1 followed
by A. candida on day 10. No amplicons were observed
specific to H. parasitica after inoculations with only
A. candida at GS 2.1 or at 3.2 (lanes 1–8 of Fig. 1a). The
tests for the presence of H. parasitica using specific
primers confirmed the presence of the pathogen not only in
the leaf axils near where H. parasitica was inoculated
(amplicon observed in lanes 11, 13 and 15 of Fig. 1a), but
also in parts of the plants well above the site of inoculation
in experiment 1 (amplicon observed in lane 12 of Fig. 1a).
Similar to experiment 1 (Fig. 1a, b), the DNA of H. parasitica was detected not only from inoculated flower buds,

but also from the inflorescence axis well above the inoculation site in experiment 2 (data not shown).
This paper reports for the first time (a) the systemic
colonization of H. parasitica in a host known to be resistant
to downy mildew disease (b) and an increase in susceptibility of a Brassica to white rust disease as a result of the
asymptomatic colonization by the downy mildew pathogen.
This study demonstrated for the first time that severity of
white rust increases when a host highly susceptible to
A. candida but resistant to H. parasitica is pre-inoculated
with H. parasitica. In addition, pre-inoculation of B. juncea
variety RH 819 with an asymptomatic isolate of H. parasitica reduced the incubation period for white rust to 6–7
dpi from 10–11 dpi as occurred in the absence of H. parasitica. Singh et al. (2002), in their studies pre-inoculated
B. juncea with a virulent isolate of the white rust pathogen,
found that infection with this pathogen enhanced subsequent
pathogenicity of a virulent isolate of H. parasitica. They
also showed that pre-inoculation with a virulent isolate of
H. parasitica induced resistance in the host to the virulent
isolate of A. candida. But, in contrast, our studies showed
that pre-inoculation with an asymptomatic isolate of
H. parasitica enhanced susceptibility of the host to a virulent isolate of A. candida. Our results complement the work
of Singh et al. (2002) and further support the hypothesis that
the order in which the two pathogens are inoculated critically determines the outcome of the interaction between
these two pathogens, mediated by the plant host.

Fig. 1 Systemic infection confirmed by PCR detection of Hyaloperonospora parasitica following spot inoculation of Brassica juncea
on the growing point near the first pair of true leaves at GS 2.1 using
primers specific for H. parasitica (a single amplicon of ca. 280 bp
was produced). DNA was extracted from four plants for each
treatment (first one from the tissue inoculated and the second one
from the growing apex). a Inoculated with Albugo candida on day 1

(Lanes 1–8); H. parasitica on day 1 (Lanes 9–16). b Inoculated with
A. candida on day 1 followed by H. parasitica on day 10 (Lanes
17–24); H. parasitica on day 1 followed by A. candida on day 10
(Lanes 25–32). M 100 bp ladder, -ve deionised water instead of
sample as a check for contamination, L DNA extracted from leaf
tissues as a check for primer specificity, ?ve DNA extracted from
H. parasitica
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In the present study, no marked changes in the parasitic
behavior of the asymptomatic isolate of H. parasitica were
evident (as visible symptoms) when the plants were preinoculated with a virulent isolate of A. candida and then
exposed to the asymptomatic isolate of H. parasitica
10 days later. In contrast, in the studies conducted by Singh
et al. (2002), there was enhanced susceptibility of the
plants to the virulent isolate of H. parasitica when they
were pre-inoculated with a virulent isolate of A. candida.
The differences in the outcomes of the two studies may be
attributed to the differential inductions caused by the
virulent isolate of the H. parasitica used by Singh et al.
(2002) compared with the asymptomatic isolate of the
same pathogen used in our study. In our study, although the
downy mildew pathogen colonized the host asymptomatically, it appears not to have directly interfered with the
parasitic activity of the white rust pathogen. In this
instance, it may have caused the down-regulation of any
residual factors related to resistance in the host to the white
rust pathogen, resulting in enhanced severity of the white
rust disease.
Behaviour of B. juncea variety RH 819 toward white
rust in the presence or absence of downy mildew is unique
and interesting. In the performance of this variety in India,
only white rust was consistently recorded on this variety,
with no mention or record of downy mildew occurring on
this particular genotype (P. Kaur, unpublished data). While
this variety has been included in several studies dealing
with white rust, there is no previous record of it ever being
used in trials dealing with downy mildew. As an unusual
form of a disease complex, what we observed in this study
may not be readily evident in the field. However, our
findings have important implications in the selection of
B. juncea germplasm for deployment in most regions
where B. juncea is grown, because both downy mildew and
white rust are ubiquitous pathogens that frequently co-occur
in the same crop.
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Abstract
White rust, caused by Albugo candida, is a serious pathogen of Brassica juncea (Indian mustard) and poses
a potential hazard to the presently developing canola-quality B. juncea industry worldwide. A comparative proteomic
study was undertaken to explore the molecular mechanisms that underlie the defence responses of Brassica juncea
to white rust disease caused by the biotrophic oomycete Albugo candida. Nineteen proteins showed reproducible
differences in abundance between a susceptible (RH 819) and a resistant variety (CBJ 001) of B. juncea following
inoculation with A. candida. The identities of all 19 proteins were successfully established through Q-TOF MS/MS.
Five of these proteins were only detected in the resistant variety and showed significant differences in their
abundance at various times following pathogen inoculation in comparison to mock-inoculated plants. Among these
was a thaumatin-like protein (PR-5), a protein not previously associated with the resistance of B. juncea towards
A. candida. One protein, peptidyl-prolyl cis/trans isomerase (PPIase) isoform CYP20-3, was only detected in the
susceptible variety and increased in abundance in response to the pathogen. PPIases have recently been discovered
to play an important role in pathogenesis by suppressing the host cell’s immune response. For a subset of seven
proteins examined in more detail, an increase in transcript abundance always preceded their induction at the
proteome level. These findings are discussed within the context of the A. candida–Brassica juncea pathosystem,
especially in relation to host resistance to this pathogen.
Key words: Albugo candida, biotic stress, Brassica juncea, host resistance, proteome analysis, real-time PCR.

Introduction
The oomycete pathogen Albugo candida causes the globally
devastating white rust disease of mustard (Brassica juncea)
and some types of rapeseed (e.g. Brassica rapa, Brassica
campestris) (Sokhi and Khangura, 1992). Filamentous
oomycetes are considered to have descended from an
aquatic non-fungal ancestor and belong to the kingdom
Stramenopiles (along with brown algae and diatoms) (Sogin
and Silberman, 1998). Despite the separate phylogeny of
oomycetes and true fungi (kingdom Eumycota), the bio-

troph A. candida causes plant disease in a manner similar to
the biotrophic rust fungi, including penetration by one or
more germtubes arising from asexual inoculum via stomata,
mesophyll colonization of a compatible host tissue, and
sporulation within spore-bearing pustules. Hence, the disease caused by A. candida has been referred to as white
blister rust (Holub et al., 1995). The disease is characterized
by the formation of white to cream-coloured zoosporangial
pustules on cotyledons, leaves, stems, and inflorescences,
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have been reported to play an important role in pathogenesis
by suppressing the host cell’s immune response (Kromina
et al., 2008), to date they have not been reported to be
involved in the B. juncea-Albugo candida pathosystem.

Materials and methods
Plant growth
Five B. juncea varieties highly resistant to A. candida, three of
which showed some low level of hypersensitive response (HR), and
six highly susceptible varieties were selected from the screening
trials of Li et al. (2007a) (see Supplementary Table. S1 at JXB
online). Seed was sown into steam-treated potting mix (composted
pine bark:cocoa peat:river sand, 2:1:1 by vol.) in 8-cell plastic
trays. Plants were grown at 13/18 oC night/day temperatures with
a 16 h photoperiod and a light intensity of 520 lmol m2 s1.
Pathogen culture and inoculation method
Cotyledons of B. juncea variety RH-819 were infected with a clonal
isolate of A. candida race 2V isolated from B. juncea (Kaur et al.,
2008). The white rust pustules were collected 10 dpi and stored at
–80 C. For use as an inoculum, zoosporangia were dispersed from
infected cotyledons into deionized water and filtered through
cheesecloth to remove plant debris. The concentration of the zoosporangia was determined using a haemocytometer and adjusted
to 105 zoosporangia ml1. Fully expanded cotyledons from seedlings 10 d after sowing were inoculated by spotting 10 ll of the
zoosporangial suspension onto the adaxial surface of each of the
two lobes of each cotyledon. Plants were then subjected to 4 d of
enhanced humidity (¼95% RH). As a control, cotyledons were
mock-inoculated with 10 ll deionized water and seedlings treated
as those inoculated with A. candida. Disease was assessed on a
0 (resistant) to 9 (highly susceptible) scale, based on the percentage
of cotyledon surface area covered with pustules (Williams, 1985).
Inoculated cotyledons were collected for further analysis, immediately frozen in liquid nitrogen, and stored at –80 C. The cotyledon
stage was specifically chosen as the disease severity on cotyledons
has been significantly and positively correlated with disease
progression in mature plants in work by Li et al. (2007a).
Protein extraction
Cotyledon tissue (1 g) was ground to a fine powder in liquid
nitrogen before homogenizing in 10 ml cold 20% (w/v) trichloroacetic acid in acetone containing 0.2% (w/v) dithiothreitol (DTT).
Supernatants were incubated overnight at –20 C to precipitate the
protein completely before collecting by centrifugation at 30 000 g
for 20 min at 4 C. The pellet was washed three times with ice-cold
acetone containing 0.2% (w/v) DTT, dried at room temperature
for 30 min, and resuspended in 1 ml of rehydration buffer [2 M
thio-urea, 7 M urea, 2% (w/v) 3-[(3-cholamidopropyl) dimethylammonia]-1-propanesulphonate hydrate (CHAPS), 10% (w/v)
phenylmethylsulphonyl fluoride (PMSF), and 0.2% (w/v) DTT].
The sample was mixed using a vortex mixer and incubated with
orbital shaking for 16 h at 4 C to solubulize the protein completely. The insoluble material was removed by centrifugation as
above. The concentration of the protein in the supernatant was
determined (Peterson, 1983) and samples were stored at –80 C.
Extracts from pooled cotyledon tissue were prepared from at least
three independent inoculation experiments.
Two-dimensional gel electrophoresis
The method described by Yajima et al. (2004) for 2D separation of
proteins was used with some modifications. A solution containing
500 lg of total protein in 0.04% (w/v) ampholytes in a total
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with staghead galls formed as the result of inflorescence
infection (Verma and Petrie, 1980). The combined infection
of leaves and inflorescences causes yield losses of 20–60%
(Barbetti, 1981; Bernier, 1972; Lakra and Saharan, 1989).
As deployment of host resistance offers the most costeffective and reliable means of managing this disease, studies have been undertaken to identify sources of resistance
(Li et al., 2007a, b, 2008). In particular, the recent identification of race 2V of A. candida in Australia (Kaur et al.,
2008), has opened the way for investigation into the mechanism(s) associated with host resistance against this highly
virulent pathogen race.
Plants exhibit numerous responses when challenged by
pathogens. Some of these involve the activation of host
defence genes that bring about physical and biochemical
changes in the host (Jones and Dangl, 2006). For example,
during incompatible host–pathogen interactions, damage
caused by the pathogen remains restricted as a result of the
plant’s defensive response. This response is associated with
a co-ordinated and integrated set of metabolic alterations
(Van Loon, 1997; Epple et al., 1998). During this process
various proteins are induced which are collectively referred
to as ‘pathogenesis-related (PR) proteins’. These PR proteins are defined as proteins coded for by the host plant but
induced specifically in pathological or related stress situations (Antoniw and Pierpoint, 1978; Van Loon et al., 1994).
They not only accumulate locally in the infected tissues, but
are also induced systemically and are associated with the
development of systemic acquired resistance (SAR) against
further invasion by plant pathogens. The details of the biochemical and molecular events occurring in host plant tissues
during disease progression are not clear in the A. candida–
Brassica juncea pathosystem, with no study describing the
molecular changes in the host that accompany infection as
a result of either a compatible or incompatible interaction.
The identification and characterization of host proteins
whose abundance is affected by pathogen challenge is
important in elucidating their roles in mediating the host
response. In this study, proteome-level differences between
a white-rust susceptible (RH-819) and a resistant (CBJ-001)
variety of B. juncea, selected after screening of germplasm
from Australia, India, and China, were examined at different time points following inoculation with A. candida.
Two-dimensional gel-electrophoresis and mass spectrometry
were utilized to identify 19 differentially expressed proteins
followed by quantitative real-time reverse transcriptase
(qRT)-PCR to confirm the observed proteome changes for
seven of those at the transcriptome level. The present study
describes for the first time the possible involvement of a
thaumatin-like protein (PR-5) in the resistance mechanism
in B. juncea towards A. candida. A differential peptide
match to the peptidyl-prolyl cis/trans isomerase (PPIase)
isoform CYP20-3 that belongs to the cyclophilin C-Cyp
subfamily was found only in the susceptible variety and
showed no detectable expression at the protein level in the
resistant variety. Its abundance was up-regulated in the
susceptible variety in the presence of the pathogen as
compared to mock-inoculated plants. While cyclophilins
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volume of 200 ll was used for passive rehydration of 11 cm
immobilized pH gradient strips (IPG), (ReadyStrip IPG strips pH
4–7, Bio-Rad, USA). The IPG strips were exposed to a total of
30 kVh using the IEF program (PROTEAN IEF unit, Bio-Rad):
300 V in linear mode for 1 h, 8 kV in linear mode for 3 h, and 8 kV
in rapid mode until 30 kVh were reached, before storing at –20 C
overnight. Proteins in the IPG strips were reduced by gently
agitating the strips in 6 M urea, 2% (w/v) SDS, 0.375 M TRISHCl, pH 8.8, 20% (v/v) glycerol, and 130 mM DTT at ambient
temperature for 30 min, replacing with fresh solution once.
Proteins were alkylated in 6 M urea, 2% SDS, 0.375 M TRISHCl, pH 8.8, 20% (v/v) glycerol, and 135 mM iodoacetamide
(Aldrich, USA), with gentle agitation at ambient temperature for
30 min, replacing the solution once. Each IPG strip was embedded
at the top of an SDS-PAGE in 0.5% (w/v) low-melting point
agarose in 13 TRIS-Glycine-SDS (TGS) buffer (Aldrich, USA).
Precision wide-range standard proteins (Sigma, USA) were used
for molecular mass determinations. Proteins were separated by
electrophoresis in 13 TGS buffer (Protean II XI, Bio-Rad) at 150–
200 V constant current. Gels were stained for at least 3 h with
Coomassie Brilliant Blue R250 (Aldrich, USA) and destained
according to the manufacturer’s instructions.

qRT-PCR
Total RNA was extracted (RNeasy Plant Mini Kit, Qiagen,
Australia) from pooled cotyledon samples of the inoculated and
mock-inoculated plants and treated with DNase I (RNase-free
DNase I, Qiagen) to ensure the absence of contaminating genomic
DNA according to the manufacturer’s instructions. First strand
cDNA was synthesized using oligo(dT) primers (iScript cDNA
synthesis kit, Bio-Rad) according to the manufacturer’s directions.
qRT-PCR was performed (ABI 7500 FAST cycler, Applied Biosystems) using SYBR green (Power SYBR Green master mix,
Applied Biosystems) following the manufacturer’s standard protocol. The relative abundance of mRNAs was expressed as 40–
DCt, with DCt being the difference in the threshold cycle (Ct)
number of the gene-of-interest and a reference gene with 40 being
randomly chosen since it represents the highest possible Ct value
(Bari et al., 2006). The actin gene (B. napus) (GenBank accession
no. AF111812) (Yang et al., 2007) was used as the reference gene
in all experiments.
Statistical analyses
For statistical analyses of germplasm screening data a single factor
analysis of variance was conducted (8th edn, Lawes Agricultural
Trust, Hertfordshire, UK). Fisher’s least significant difference
(l.s.d) at 95% significance level was used to test the differences
among genotypes. The correlation between the two screening
trials was tested by regression analysis. For statistical analyses of
proteomic data the Student’s t test was used and a significance
level of (P <0.05) applied to test for differences.

Results
Identification of variable resistance to A. candida
in B. juncea germplasm
Inoculation of A. candida onto the cotyledons of 14
B. juncea genotypes (see Supplementary Table. S1 at JXB
online) caused disease symptoms to occur 10 days postinoculation (dpi). White rust pustules formed on the abaxial
surface of the cotyledons, with chlorosis appearing on the
corresponding adaxial surface. Highly susceptible varieties
showed smaller numerous pustules on both sides of the
cotyledon that ultimately coalesced into larger pustules. By
contrast, the resistant varieties showed only pinhead-sized
pustules. First visible symptoms appeared at 10–11 dpi, but
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2D gel analyses and protein identification
Images of the 2D gels were acquired (GS-800 calibrated densitometer, Bio-Rad, USA) and recorded using a red filter (595–750 nm)
and a resolution of 36.3336.3 lm before analysis (PD-Quest
software, Bio-Rad). The software allowed the creation of matchsets where replicate gels could be compared with corresponding
gels from other treatments. The analysis was re-evaluated by manual validation to include missing spots and to eliminate artefacts.
The mean value for the normalized spot volume and the standard
deviation (SD) were determined for each spot. Each set of 2D gels
was analysed using the Student’s t test tool of the software to
determine the statistically significant differences (P ¼0.05) in protein amount between pathogen-inoculated and mock-inoculated
cotyledons. Among the differentially staining spots, only those
protein spots that were reproducibly unique to only one variety
(susceptible or resistant) or that showed reproducibly altered staining intensities compared with the control gel images (obtained
from cotyledons mock-inoculated with DI water) in response to
pathogen infection were quantified (Spot quantification tool, PDQuest software, Bio-Rad, USA).
Protein spots were removed from the gels, destained, trypsin
digested, and analysed by mass spectrometry (MS) (4800 MALDI
TOF/TOF Analyzer, Proteomics International, Perth, Australia)
according to the method of Bringans et al. (2008). Mass spectra
were analysed using peptide sequence matching software (Mascot,
Matrix Science Ltd.). For the PR-5 protein, MS de novo sequence
analysis was performed by further analysis of the spectra (PEAKS
Studio, Version 4.5, SP2 program, Bioinformatics Solutions,
Waterloo, ON, Canada) (see Supplementary Table. S3 at JXB
online). The ion score automatically calculated by the software
was –103log (P) where P was the probability that the observed
match was a random event. Ion scores exceeding the threshold
value for a random event indicated sequence identity or extensive
homology (P <0.05) (Sharma et al., 2007). The identity of the spot
was selected as the protein that produced the highest score and,
consequently, the best match with its peptide sequence. For the
MS peptides identified, database searches (BLAST, National
Center for Biotechnology Information, USA) were used to create
protein sequence alignments. Searches were performed over the
full molecular weight and pI range and no species restriction was
applied. Since the full genome sequence of B. juncea is not yet
available, only two sets of peptides could be directly matched to
B. juncea protein accessions. The rest of the peptide sets were
matched to the closest protein sequence in another species (see
Supplementary Table. S3 at JXB online).

Quantitative real-time PCR (qRT-PCR) primer design
Where available, B. juncea cDNA sequences were used for primer
design. When B. juncea peptides could only be matched to
homologues in related Brassica species, it was assumed that the
corresponding cDNA sequences would have sufficient identity with
those from B. juncea to be useful in qRT-PCR (Sharma et al.,
2007). To ensure maximum sequence complementarity, primers
were placed in those regions of the cDNA that matched the
B. juncea peptide sequences. Primers were designed (Primer
Express 3 software, Applied Biosystems) to generate amplicons of
approximately 60 bp (see Supplementary Table. S2 at JXB online)
using the default programme settings. Primer sequences were
cross-checked by database searches (National Center for Biotechnology Information) to ensure that only the target of interest
would be amplified in PCR reactions. All primers were tested on
B. juncea cDNA and the products analysed by melt-curve analysis
and agarose gel electrophoresis to ensure that a single PCR
product was formed. The PCR efficiency of each primer pair
was calculated (see Supplementary Table. S2 at JXB online)
(LinRegPCR 7.0 program; Ramakers et al., 2003).
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the assessments were conducted at 14 dpi to be able to
distinguish clearly between different degrees of resistance.
The tests were repeated and the results pooled for analysis.
Regression analysis demonstrated a strong correlation
between the two tests (y¼0.4039x+0.285; P <0.05; r¼0.61;
n¼14). Significant differences (P <0.001; Least Significant
Difference 2.44) were found among the 14 genotypes in
relation to cotyledon infestation by A. candida by 14 dpi
(see Supplementary Table. S1 at JXB online). Based on the
disease scoring system used, different levels of host response
were identified among the genotypes, with Genotype RH819 from India and CBJ-001 from China being the most
susceptible and resistant cultivar, respectively.

Pathogen-induced changes occurring in CBJ-001 and
RH-819 plant proteomes
To understand the biochemical and molecular events
occurring in the host tissues in the A. candida–B. juncea

pathosystem, proteome-level differences between white rustsusceptible and -resistant varieties of B. juncea were examined as the A. candida infestation progressed up to 72 hours
post-inoculation (hpi). The CHAPS soluble protein fractions of cotyledons of susceptible (RH-819) and resistant
(CBJ-001) varieties of B. juncea were characterized in
response to A. candida using two-dimensional gel electrophoresis (2DE). Plants from both cultivars were
either inoculated with the pathogen or mock-inoculated
in triplicate. Tissues were harvested and the protein
samples from each biological replicate for both the mockand the pathogen-inoculated cotyledons separately subjected to isoelectric focusing (IEF) followed by SDS-PAGE.
Each of the six 2DE gels for each treatment pair
showed hundreds of proteins separated according to their
molecular weight (MW) and isoelectric point (pI) (Fig. 1A,
B), thus providing an overall picture of pathogen-induced
changes that occurred in CBJ-001 and RH-819 plant
proteomes.
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Fig. 1. 2D gel analyses of Brassica juncea cotyledon samples from a resistant (CBJ 001) and susceptible (RH-819) variety in response to
inoculation with Albugo candida. (A) representative image of the resistant variety of B. juncea cotyledon total proteins at 24 hpi separated
by 2-DE and visualized with Coomassie Blue (proteins spots, selected for MS/MS analyses, having intensities that were altered
significantly (P <0.05) as a result of pathogen challenge are indicated by arrows and number). (B) Representative image of the
susceptible variety of B. juncea cotyledon proteins at 24 hpi separated by 2-DE and visualized with Coomassie Blue (proteins spots,
selected for MS/MS analyses, having intensities that were altered significantly (P <0.05) as a result of pathogen challenge are indicated
by arrows and number). (C) Closer view of six spots either present in the resistant or susceptible variety and showing significant changes
between the mock-inoculated control (C) and the pathogen-challenged seedlings (I).
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Identification of differentially expressed proteins
following pathogen infection

Proteins detected only in the resistant variety that
are differentially expressed upon pathogen infection
Pathogen responsive protein 5 (PR-5) or plant-thaumatinlike protein: This protein was found to be expressed only in
the resistant variety with a 1.960.21, 1.1760.02, 2.1260.10,
4.6860.46, and 2.5060.45-fold increased abundance in the

Superoxide dismutase: Two isoforms of superoxide dismutase
(SOD), one with closest similarity to Cu/Zn-binding SODs,
and the other with closest similarity to Fe/Mn-binding SODs,
were identified. Both enzymes catalyse the conversion of
superoxide radicals to molecular oxygen and H2O2. Both
isoenzymes showed elevated expression in the resistant variety
challenged with A. candida compared with the mockinoculated plants, but the close homologue to the plastidlocalized Cu/Zn SOD CSD2 in Arabidopsis (At2g28190,
Kliebenstein et al., 1998) showed a similar induction at
4 hpi and 8 hpi in the susceptible variety. By contrast, the Fe/
Mn-SOD with the highest homology to a protein in Raphanus
sativus that shares 93% identity to the plastid-localized,
diurnally regulated, Cu-binding FSD1 protein in Arabidopsis
(At4g25100, Kliebenstein et al., 1998) showed a steady increase in expression following the pathogen challenge of the
resistant cultivar from 2 hpi onwards steadily increasing to
37.3362.63-fold at 72 hpi in the pathogen-inoculated compared with the mock-inoculated plant with no detectable
expression in the susceptible variety in the presence or absence
of the pathogen at any of the analysed time points (Table 1).
Glutathione S-transferase: A jasmonic acid-inducible glutathione S-transferase (GST) in B. juncea with 96% sequence
identity to the A. thaliana GSTF9 protein (At2g30860) from
the plant-specific Phi (p) class of the GST C-terminal domain
superfamily was identified as being expressed only in the
resistant variety. Its abundance was 4.4460.50, 4.3560.72,
and 11.2360.70-fold up-regulated in plants inoculated with
A. candida as compared to the mock-inoculated seedlings at
8, 24, and 72 hpi, respectively (Table 1), with no detectable
expression at the protein level during the early hours, i.e.
2 hpi and 4 hpi. The protein could not be detected in either
the pathogen-inoculated or in the mock-inoculated samples
of the susceptible variety.
Cysteine synthase: Expression of the B. juncea orthologue of
the plastid localized isoform of cysteine synthase in Arabidopsis, also called O-acetyl-L-serine(thiol)lyase B (OAS-TL
B, At2g43750) was only detected in the resistant variety and
changed 0.8060.11, 1.0160.22, and 1.6760.13-fold in the
pathogen-challenged compared with the mock-inoculated
control plants at 8, 24, and 72 hpi, respectively (Table 1).
This enzyme belongs to the b-substituted-alanine-synthase
branch of the tryptophane synthase b II superfamily. Similar
to the expression profile of the GSTF9 homologue, there was
no detectable expression in the resistant cultivar at 2 hpi and
4 hpi, neither in the pathogen-inoculated nor in the mockinoculated treatments.
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After normalization of spot intensities, comparison of gels
showed a total of 19 proteins with reproducible differences
in abundance between the pathogen-inoculated and mockinoculated control samples from RH-819 and CBJ-001
B. juncea varieties. Some of the differences in abundance
were due to the presence or absence of a protein in either the
resistant or the susceptible variety, while other differences
were quantitative (Fig. 1A, B; Table 1). In the CBJ-001
resistant variety, the abundance of five proteins increased
during the infection, while the amounts of three proteins
decreased. Of these eight proteins, five were not detectable
in the susceptible variety over the time course (Table 1). On
the other hand, in the susceptible variety, the abundance of
11 proteins changed significantly in amount with seven
increasing and four decreasing in their steady state levels
with infection. Protein spot 7, which increased in intensity
with infection, was not detected in the resistant variety
during the course of the experiment (Table 1).
The identities of 18 of the 19 differentially abundant
proteins were successfully established by ESI-Q-TOF-MS/
MS, with the final spot (spot 1) being identified through
peptide de novo-sequence analysis (Table 1; see Supplementary Table S3 at JXB online). These 19 proteins were
classified as ‘significant hits’ based on individual peptide ion
scores. Of the 19 proteins identified, two could be directly
matched to known B. juncea proteins, while others could
only be matched to putative orthologues in other Brassicaceae due to the limited coverage of the B. juncea genome
database. Three proteins were matched to proteins from
other Brassica spp., 13 proteins were matched to Arabidopsis thaliana proteins, and one protein was matched to
a Raphanus sativus protein sequence (Table 1; see Supplementary Table. S3 at JXB online).
A rigorous criterion was applied to the selection of
differentially expressed candidate protein spots for further
analysis. A protein was only considered differentially expressed if its abundance differed by at least 1.5-fold in all three
replicates of at least one time point between the inoculated
and mock-inoculated plants. Surprisingly, many candidate
proteins were only detected either in the susceptible or
resistant variety. To keep the focus on the host–pathogen
interaction this study concentrated on the downstream
analysis of the seven proteins that had statistically significant
changes in abundance (P <0.05) (Fig. 1C; Table 1). All of
these proteins belong to protein families that have already
been identified in other pathosystems as important in
mediating resistance or susceptibility to plant pathogens.

pathogen challenged as compared to the mock-inoculated
plants at 2, 4, 8, 24, and 72 hpi, respectively (Table 1).
There was no detectable expression of this protein recorded
at any of the time points in the susceptible variety, either in
the mock-inoculated or the pathogen-inoculated plants. The
peptide sequence obtained was found to match a salicylic
acid-induced thaumatin (PR-5) protein sequence of
B. juncea (Table 1) (Genbank accession no. ABX10753).
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Table 1. Fold changes in intensity levels of 2D gel spots produced by Brassica juncea CBJ-001 (resistant) and RH-819 (susceptible)
varieties inoculated with Albugo candida, as compared with the mock-inoculated plants at 2, 4, 8, 24 and 72 hours post inoculation (hpi)
Spot no.

Protein

hpi

Statusb
Resistant variety

Plant-Thaumatin-like (PR-5) Protein [Brassica juncea]a

2

Glutathione S-transferase GSTF9 [B. juncea]a

3

Cysteine synthase OAS-TL B [Arabidopsis thaliana]a

4

Superoxide dismutase CSD2 (Cu/Zn) [A. thaliana]

5

Superoxide dismutase FSD1 (Fe/Mn) [Raphanus sativus]a

6

Red chlorophyll catabolite reductase ACD2 [B. napus]a

7

Peptidyl-prolyl cis-trans isomerase CYP20-3 [A. thaliana]a

8

Carbonic anhydrase [A. thaliana]

9

Cytochrome b6-f complex iron-sulphur subunit [A. thaliana]

10

Triosephosphate isomerase [A. thaliana]

11

Triosephosphate isomerase [A. thaliana]

2
4
8
24
72
2
4
8
24
72
2
4
8
24
72
2
4
8
24
72
2
4
8
24
72
2
4
8
24
72
2
4
8
24
72
2
4
8
24
72
2
4
8
24
72
2
4
8
24
72
2
4
8
24
72

Fold change

6SE

Fold change

6SE

+1.99
+1.17
+2.12
+4.68
+2.50
*
*
+4.44
+4.35
+11.23
*
*
+0.80
+1.01
+1.67
+1.34
+2.38
+2.11
+1.16
+1.25
+2.03
+3.82
+6.67
+19.07
+37.33
*
*
–2.23
–1.47
–1.43
*
*
*
*
*
*
–1.28
–1.18
–1.27
–1.26
–0.54
–0.73
–1.96
–2.64
–1.72
*
*
+1.03
+0.90
+0.99
*
*
+1.03
+1.18
+1.19

60.21
60.02
60.10
60.46
60.45
*
*
60.50
60.72
60.70
*
*
60.11
60.22
60.13
60.30
60.06
60.24
60.04
60.08
60.20
60.01
60.48
61.00
62.63
*
*
60.88
60.10
60.12
*
*
*
*
*
*
60.09
60.03
60.42
60.08
60.01
60.21
60.20
60.55
60.06
*
*
60.09
60.00
60.02
*
*
60.15
60.03
60.14

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
+1.09
+1.02
*
*
*
*
*
*
*
*
*
*
*
*
+1.15
+0.97
+1.48
+1.10
+1.04
*
*
*
*
–1.17
–0.72
-0.69
*
*
*
*
+1.65
+0.97
+1.28
+1.16
*
+1.55
+1.62
+1.45
+1.81

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
60.04
60.02
*
*
*
*
*
*
*
*
*
*
*
*
60.03
60.16
60.02
60.03
60.06
*
*
*
*
60.14
60.05
60.09
*
*
*
*
60.09
60.16
60.04
60.12
*
60.18
60.08
60.10
60.30
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1

Susceptible variety
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Table 1. Continued
Spot no.

Protein

hpi

Statusb
Resistant variety

Triosephosphate isomerase [A. thaliana]

13

Malate dehydrogenase [A. thaliana]

14

Chlorophyll a/b binding protein [B. oleracea]

15

AT4g24770/F22K18_30 [A. thaliana]

16

Phosphoribulokinase [A. thaliana]

17

Phosphoglycerate kinase [A. thaliana]

18

Glutamine synthetase [B. rapa]

19

ATP synthase subunit alpha [Arabis hirsuta]

a
b

2
4
8
24
72
2
4
8
24
72
2
4
8
24
72
2
4
8
24
72
2
4
8
24
72
2
4
8
24
72
2
4
8
24
72
2
4
8
24
72

Fold change

6SE

Fold change

6SE

*
*
+1.87
*
+1.36
*
*
*
+1.44
+1.95
+1.56
+1.58
*
*
*
*
*
*
*
–0.75
*
*
*
*
-1.58
*
*
*
*
–1.89
*
*
*
*
+1.36
*
*
–2.14
*
–1.88

*
*
60.10
*
60.12
*
*
*
60.30
60.85
60.17
60.37
*
*
*
*
*
*
*
60.01
*
*
*
*
60.37
*
*
*
*
60.35
*
*
*
*
60.57
*
*
61.11
*
60.82

*
+1.78
+1.70
+1.51
+1.25
*
+2.11
+1.64
+1.34
+1.53
*
*
–1.28
–1.08
–2.66
*
*
*
+1.21
+1.55
*
*
*
–2.04
–1.67
*
*
*
–1.93
–1.23
*
*
*
+2.42
+3.03
*
*
–1.51
–2.65
–1.79

*
60.51
60.19
60.06
60.09
*
61.53
60.01
60.01
60.14
*
*
60.13
60.12
60.76
*
*
*
60.10
60.13
*
*
*
60.83
60.10
*
*
*
60.11
60.21
*
*
*
60.19
60.53
*
*
60.77
61.77
60.85

Protein spots only detected either in resistant variety or susceptible variety and not detectable in the other variety.
* Spot not detected.

Red chlorophyll catabolite reductase: The closest match for
spot 6 was the B. napus red chlorophyll catabolite reductase
(RCCR) protein. RCCR has 84% sequence identity to the
plastid-localized ACD2 (ACCELERATED CELL DEATH2,
At4g37000) protein of Arabidopsis and was expressed only
in the resistant variety. Its expression was 2.2360.88,
1.4760.10, and 1.4360.12-fold down-regulated in the
pathogen-inoculated as compared to the mock-inoculated
plants at 8, 24, and 72 hpi, respectively (Table 1). Like GST
and CSase no expression was recorded during the early
hours post-inoculation.

Proteins detected only in the susceptible variety that
are differentially expressed upon pathogen infection
Peptidyl-prolyl cis/trans isomerase: Unlike the proteins
identified above, a protein closely matching the peptidylprolyl cis/trans isomerase (PPIase) isoform CYP20-3/ROC4
(At3g62030) of Arabidopsis thaliana that belongs to the
cyclophilin C-CyP subfamily and is the only Arabidopsis
cyclophilin that is located in the chloroplast stroma, was
only detected in the susceptible variety and showed a transient 1.1560.03, 0.9760.16, 1.4860.02, 1.1060.03, and
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Fig. 2. qRT-PCR analysis of gene expression of identified candidate proteins. The relative expression of genes encoding homologues of
glutathione S-transferase GSTF9 (Brassica juncea) (A); cysteine synthase OAS-TL B (Arabidopsis thaliana) (B); superoxide dismutase
FSD1 (Raphanus sativus) (C); superoxide dismutase CSD2 (A. thaliana) (D); plant-thaumatin-like protein PR-5 (B. juncea) (E); red
chlorophyll catabolite reductase ACD2 (B. napus) (F); and peptidyl-prolyl cis-trans isomerase CYP20-3 (A. thaliana) (G), at 2, 4, 8, 24,
and 72 h following inoculation with Albugo candida in the mock-inoculated and pathogen-inoculated susceptible (RH-819) and resistant
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1.0460.06-fold up-regulation in the A. candida-inoculated
compared to the mock-inoculated susceptible variety at 2, 4,
8, 24, and 72 hpi, respectively (Table 1). There was no
expression detectable for this protein in the resistant variety.

Analyses of gene expression using quantitative real-time
PCR (qRT-PCR)

To gain insight into the molecular mechanisms underlying
activation of complex plant defence responses that occur in
resistant and susceptible varieties of B. juncea, challenged
with A. candida, a time-course protein profiling experiment
followed by transcript studies was conducted. The latter
studies investigated whether the observed proteome changes
were substantiated by changes in mRNA levels. Our results
revealed a clear differentiation between resistant and susceptible interactions and led to the identification of six
differentially regulated proteins potentially involved in defence reactions in the resistant variety. A seventh differentially expressed protein is potentially involved in suppressing
the host defence system, as it was detected only in the
susceptible variety.
Plant defence responses often begin with gene-for-gene
recognition of the pathogen. Production of virulence effectors by a pathogen leads to its recognition by a host plant
(Jones and Dangl, 2006). Recognition results in the rapid
activation of defence responses which are usually accompanied by an oxidative burst, that is, the rapid production of
reactive oxygen species (ROS). ROS production is also
required for the hypersensitive response (HR), a type of
programmed cell death thought to limit the access of the
pathogen to water and nutrients (Glazebrook, 2005).
In the present study the plastid localized RCCR protein
was found to be down-regulated in the pathogen-inoculated
compared with the mock-treated resistant cultivar. The
protein was only detected from 8 hpi onwards in the mocktreated seedlings and, to a lesser extent, the pathogeninoculated resistant seedlings. RCCR transcript levels,
however, showed a transient up-regulation in both resistant and susceptible varieties under both treatments at
2–8 hpi suggesting a diurnal control of gene expression.
This different trend in the 2-D gel-based proteome analysis
compared with the observed changes in transcript
abundance recorded by qRT-PCR may be due to posttranscriptional or post-translational modifications which may
have led to the altered steady-state protein amounts in the
two cultivars.
Pheophorbide (Pheide) a oxygenase (PaO) and RCCR
catalyse the key reaction of chlorophyll catabolism, the
porphyrin macrocycle cleavage of Pheide a to a primary
fluorescent catabolite (pFCC) (Wuthrich et al., 2000). Disruption of RCCR activity is likely to result in the accumulation of RCC and Pheide a which are phototoxic and
cause cell death by the light-dependent production of free
oxygen radicals (Mach et al., 2001). Alternatively, accumulation of RCC itself may cause a specific signal that triggers
cell death (Mach et al., 2001). Cell death and chlorophyll
breakdown have been related to plant senescence and

(CBJ-001) varieties of B. juncea are shown. Expression levels are given on a log scale expressed as 40-DCT, 40 therefore equals the
expression level of the actin isoform (accession no. AF111812) used as a reference gene. The fold difference in expression can be
deduced as 2DDCT assuming a PCR efficiency of 2 (e.g. an ordinate value of 42 represents 4-fold higher expression than for actin and
a value of 38 represents a 4-fold lower expression level than for actin).
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Given the sensitivity constraints of 2-D gels, the apparent
absence of some of the protein spots in one of the cultivars
was further investigated by measuring relative abundance of
the cognate transcript using qRT-PCR. This allowed
further investigation as to whether the observed proteome
changes are associated with changes in mRNA levels or
whether they are due to post-transcriptional regulation.
qRT-PCR analysis was performed using total RNA isolated
from cotyledons of mock-inoculated or A. candida challenged plants using the same three biological replicates as
for the proteomic analysis. The differential gene expression
data for the five candidate proteins that were only detected
in the resistant variety but not in the susceptible variety
supported our proteomic data (Fig. 2). Transcripts encoding orthologues of GSTF9, PR-5, ACD2, OAS-TLB, and
FSD1 mostly showed greater expression in the resistant
compared with the susceptible variety in both mockinoculated and pathogen-inoculated samples. These results
suggest a higher constitutive expression of these genes in the
resistant over the susceptible variety even in the absence of
the pathogen. Furthermore, the transcript abundance for
these genes was increased in the pathogen-challenged
compared with the mock-inoculated plants. The responses
of GSTF9, FSD1, and PR-5 transcripts to the presence of
the pathogen were much less intense and relatively slow in
the susceptible variety. While GSTF9 and FSD1 transcripts
were constitutively induced in all mock-treatments, PR-5
showed a transient induction in the resistant variety at the
early time-points of the mock inoculation. However, this
early induction is more pronounced and sustained in
the presence of the pathogen in the resistant variety. In the
susceptible variety, there is no pre-induction of PR-5 by the
mock treatment and a delayed weaker response upon
pathogen challenge. CSD2 transcript levels on the other
hand were elevated to a similar extent in both cultivars
upon pathogen challenge. For the CYP20-3 homologue,
significantly higher transcript amounts were observed in the
susceptible over the resistant variety in both the control and
pathogen-inoculated plants. Its expression increased transiently by 4–8-fold within 2–4 hpi in plants of the
susceptible variety challenged with A. candida. The very
low overall expression level for this gene in the resistant
variety is in agreement with the absence of a detectable
protein spot in the 2-D gel analysis.

Discussion
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attacked by avirulent biotrophic pathogens (El-Zahaby et al.,
1995; Fodor et al., 1997; Vanacker et al., 1998, 1999).
Together with our results, this suggests that a boost in
cysteine and GSH levels is important for the incompatible
interaction between A. candida and B. juncea.
One of the processes consuming GSH could involve the
B. juncea GSTF9 homologue. This GST is encoded by one
of 13 phi-class GST genes in Arabidopsis. In B. juncea,
GSTF9 was detected only in the resistant variety and increased in abundance as the infection progressed. The plantspecific phi-class GSTs are related to fungal and bacterial
proteins and little is known about their substrate specificities (Dixon et al., 2010). The B. juncea peptides identified
closely match a jasmonic-acid inducible B. juncea GST, with
close homology to the cytosolic dimeric GSTF9 protein
from Arabidopsis. Abundance of GSTF6, F9, U5, and U13
transcripts were found to be methyl-jasmonate responsive in
Arabidopsis (Jost et al., 2005). A quadruple knock-out line
of Arabidopsis lacking GSTF6, F7, F9, and F10 showed no
impairment in growth or development even under numerous
stress conditions, but the subtle metabolic changes observed
suggest an impaired response to oxidative stress conditions
(Sappl et al., 2009). The endogenous products of oxidative
damage, including membrane lipid peroxides and products
of oxidative DNA degradation, are highly cytotoxic. GSTs
conjugate GSH with such endogenously produced electrophiles, resulting in their detoxification (Pickett and Lu, 1989;
Dudler et al., 1991; Bartling et al., 1993; Berhane et al.,
1994). Some GSTs also function as glutathione peroxidases
to detoxify oxidative products directly (Williamson and
Beverley, 1987; Bartling et al., 1993) and there are many
reports that suggest a central role for GSH in plant defence
activation (Marrs, 1996; Dixon et al., 2010).
Our study also detected two plastid localized isoforms of
SOD in the resistant B. juncea variety that were absent
from the susceptible variety. One of these SOD isoforms,
the FSD1 homologue, showed an early and sustained
increase in abundance only in the resistant B. juncea variety
on both transcript and protein level. Interestingly, the other
isoform, the CSD2 homologue, was induced to a similar
extent on transcript level in both varieties under pathogen
attack, but protein accumulation was only detectable in the
resistant cultivar upon pathogen challenge. This again suggests strong post-transcriptional regulation of this particular isoform that is resulting in different outcomes in the
resistant and susceptible varieties. SODs are known to play
an important role in protecting cells against the toxic effects of ROS produced in various subcellular compartments
(Fridovich, 1986; Halliwell and Gutteridge, 1989). An oxidative burst is a key feature underlying successful pathogen
recognition at the site of the initial infection (Alvarez et al.,
1998; Van Breusegem and Dat, 2006). Rapid induction of
SOD and accumulation of H2O2 are characteristic early
features of the HR following perception of avirulence signals
from the pathogen (Lamb and Dixon, 1997).
ROS-detoxifying enzymes such as SOD catalyse the
dismutation of ROS such as superoxide, O.
2 , to hydrogen
peroxide, H2O2. H2O2 itself can trigger cell death, but at the
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disease progression (Rodoni et al., 1997; Wuthrich et al.,
2000; Mach et al., 2001; Pruzinska et al., 2007).
The Arabidopsis ACD2 gene encodes RCCR and was
found to suppress the spread of disease symptoms caused by
Pseudomonas syringae (Mach et al., 2001). Inoculated plants
that lack RCCR/ACD2 activity show spreading cell death
beyond the initial containment zone around the initial
lesion. On the other hand, plants expressing high levels of
the RCCR/ACD2 protein showed higher tolerance to infection with a virulent Pseudomonas syringae strain. This
suggests that an increase in RCCR/ACD2 protein amount
may alter the flux of chlorophyll catabolites that normally
accumulate during disease and trigger cell death (Mach
et al., 2001). In the present study, the inability to detect
RCCR protein at any stage of the infection cycle in the
susceptible variety might point towards the inability of these
seedlings to initiate a successful HR during the early stages
of pathogen attack.
The production of ROS presents a challenge to a plant
because of the potential of these compounds to damage
cellular components. The plant must therefore maintain
a balanced system that produces ROS for defence at the
same time as it produces antioxidants to protect against
ROS-mediated oxidative damage. One of the critical metabolites for maintaining redox balance in the face of oxidative
stress is glutathione, which is a ubiquitous supplier of reducing power for cellular processes (Noctor and Foyer,
1998). Glutathione (GSH) is a conjugate of glutamate,
cysteine, and glycine. The last two steps in cysteine biosynthesis are catalysed by a bi-enzyme complex of serine
acetyltransferase (SAT) and cysteine synthase, also called
O-acetylserine (thiol) lyase (OAS-TL). Our present study
found that a B. juncea homologue of the plastid-localized
isoform AtOAS-TL B was present in the resistant variety,
but not detectable in the susceptible variety. The plastidlocalized isoform of OAS-TL B contributes up to 65% of
the total OAS-TL enzyme activity in wild-type Arabidopsis
plants (Heeg et al., 2008).
Cysteine is incorporated into GSH by a two-step
enzymatic reaction catalysed by c-glutamylcysteine synthetase, an enzyme localized exclusively to the plastid, and
GSH synthetase, an enzyme that shows dual targeting to
both the cytosol and plastids (Wachter et al., 2005). GSH
biosynthesis is strongly regulated by cysteine availability
(Strohm et al., 1995). Overexpression of a plastidic OAS-TL
isoform or an inactive SAT isoform, caused moderate to
very high increases of cysteine and GSH content in tobacco,
respectively (Noji et al., 2001; Wirtz and Hell, 2007). The
pool size and redox status of GSH are important for determining a plant’s ability to control ROS production and
combat microbial pathogens (Noctor and Foyer, 1998).
Both primary and secondary sulphur metabolism were
found to be induced at the transcriptional, translational,
and metabolite levels upon pathogen attack in Arabidopsis
when grown under sufficient sulphate supply, while basal
resistance against necrotrophic fungi was compromised under sulphate-limiting conditions (Kruse et al., 2007). An increase in GSH content was also reported to occur in leaves

Proteome analysis of the mustard–white rust pathosystem | 11 of 14
the susceptible, but not the resistant cultivar. This could
indicate that oxidized CYP20-3 accumulates in this cultivar
due to a redox imbalance in the chloroplast rendering the
cysteine synthase complex inactive but this needs to be
investigated further.
Resistance to pathogens is associated with the activation
of signalling pathways that lead to the expression of certain
pathogenesis-related (PR) proteins (Selitrennikoff, 2001).
While the precise mechanism of action of the PR-5 protein
is not yet completely understood (Richardson et al., 1987;
Wang et al., 1996; Coca et al., 2000; Ibeas et al., 2000), it is
most likely involved in the degradation of the pathogen cell
wall. Several PR-5 proteins have been reported to cause cell
permeability changes in fungal cells with intact cell walls
(Roberts and Selitrennikoff, 1990). The maize PR-5 protein
zeamatin inhibits growth of suspension cultures of Candida
albicans, Neurospora crassa, and Trichoderma reesei by
causing rapid cell lysis, even at low temperatures (Roberts
and Selitrennikoff, 1990). PR-5 proteins may have a direct
role in cell wall degradation as they bind (1,3)-b-glucans
and have in vitro (1,3)-b-glucanase activity (Grenier et al.,
1993; Trudel et al., 1998). In the present study the induction
of the PR-5 protein following inoculation with A. candida in
the resistant B. juncea variety suggests an anti-pathogenic
role. This role is further indicated by its absence from the
proteome profiles of the susceptible variety and by the lower
transcript abundance in the susceptible variety compared
with the resistant variety. The delayed induction of PR-5
transcript accumulation in the susceptible line compared
with the resistant line suggests that PR-5 needs to be present
in the early stages of infection to exert its anti-pathogenic
effect. Thus, in the context of disease progression in the
A. candida–B. juncea pathosystem, the timing of the induction of PR-5 in resistant and susceptible varieties
appears to be crucial for mounting an effective defence
response to this pathogen.
All but two of the candidate proteins identified in this
study reside in the chloroplast stroma and are directly or
indirectly involved in redox homeostasis. This is quite
remarkable given that chloroplasts are increasingly being
regarded as sensors of environmental changes and mediators of plant stress responses (Fernandez and Strand, 2008).
Defence against pathogens might therefore require the
activation of photoinhibitory ROS production combined
with the balancing power of the reactive oxygen regulatory
network of the chloroplast (Mittler et al., 2004; Dietz et al.,
2006). This may be important for generating an oxidative
burst that limits the uncontrolled spread of cell death once
a HR has been triggered by the presence of a pathogen
(Belhaj et al., 2009). This is the first time that the host–
pathogen interaction of the B. juncea–A. candida pathosystem has been dissected on a molecular level to differentiate
between compatible and incompatible interactions. The
results of the present study demonstrate that the timing of
the expression of defence-related genes plays a crucial role
during pathogenesis and incompatible interactions and that
the redox balance within the chloroplast may be of crucial
importance for mounting a successful defence response.
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same time functions as a messenger in cellular communication demanding a finely tuned adjustment of its cellular
concentration (Foyer and Noctor, 2000). SODs therefore
play an important role in ameliorating stress during conditions such as pathogen infection where overproduction of
ROS is induced (De Gara et al., 2003).
Various ROS species have similar deleterious effects on
plant cells but they each activate different signalling pathways (Laloi et al., 2007). Moreover, the cellular compartment in which ROS are generated determines the nature of
this signal (Miller et al., 2007). It was quite interesting to
find the two plastid-localized SODs responding differently
to A. candida in our study. The CSD2 protein seems to
accumulate transiently in the resistant variety upon pathogen inoculation, while the FSD1 protein is very strongly
induced and keeps increasing throughout the experiment.
There was a transient increase in both FSD1 and CSD2
transcript abundances upon pathogen inoculation in the
susceptible variety but these are not sustained at the protein
level.
Recently, a cyclophilin was found to be necessary for
host–pathogen recognition in Arabidopsis (Coaker et al.,
2005). The PPIase subfamily of cyclophilins is known to
have chaperone function assisting in protein folding and
the assembly of large protein complexes (Kromina et al.,
2008). One of the seven cytosolic cyclophilin isoforms of
Arabidopsis, ROC1, is the closest homologue of human
cyclophilin A and yeast CPR1 and is required for activation
of the Pseudomonas syringae effector protein AvrRpt2
(Coaker et al., 2005). However, many of the 29 cyclophilins
in Arabidopsis are targeted to the plastid. While most of
these reside in the thylakoid lumen, one, CYP20-3/ROC4, is
found in the chloroplast stroma. In our study, CYP20-3
protein was detected only in the susceptible B. juncea
variety, and this was confirmed by a very low CYP20-3
transcript abundance in the resistant variety. This suggests
that the B. juncea CYP20-3 protein might play an important
role in the compatible interaction between A. candida and
B. juncea. But its subcellular localization makes it less likely
that it is a direct target for pathogen-derived effector
proteins. Earlier studies suggest that its activity might be
sensitive to changes in redox balance and that it is induced
by light. It was recently demonstrated in Arabidopsis that
CYP20-3 may play a role in the regulation of cysteine
biosynthesis in the chloroplast stroma through its interaction with the plastid isoform SAT1. This interaction seems
to be required for optimal enzyme activity under stress
conditions, most likely by stabilizing the assembly of one
SAT trimer and three OAS-TL dimers into the cysteine
synthase complex. It was shown that cyp20-3 mutants do
not show an increase in thiol content in plants subjected to
salt stress or high light conditions (Dominguez-Solis et al.,
2008). The authors suggest that ROS elicit the transcriptional activation of SAT1 as well as the oxidation of
CYP20-3 in a peroxiredoxin-dependent manner. Thioredoxin would then be needed to regenerate active CYP20-3
(Motohashi et al., 2003). It is interesting to note that the B.
juncea CYP20-3 protein could only be detected in leaves of
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These findings also indicate that synergistic and conserved
strategies are utilized by the resistant host to fight off the
A. candida attack.
Determining the changes in protein expression patterns
elicited by A. candida in a resistant versus a susceptible
variety of B. juncea has not only led to the likely identification of key molecular components of this specific host–
pathogen interaction, but now opens the way for developing
genetic markers that could be used to screen for resistance
within B. juncea germplasm collections. Such studies may
also open novel avenues for engineering durable resistance
to this pathogen. The present study is the first step in identifying the metabolic processes and defence-related proteins
that are required for mounting a successful defence response
in B. juncea against A. candida. Looking at functional relationships between different genes-of-interest using transgenic over-expression and RNAi lines will probably be the
next step in the characterization of this pathosystem.

Supplementary data can be found at JXB online.
Supplementary Table S1. Mean disease severity ratings
obtained using a scale of 0 to 9 for the different genotypes
of Brassica juncea inoculated with Albugo candida at the
cotyledon stage.
Supplementary Table S2. Primer sequences for qRT-PCR
analyses.
Supplementary Table S3. Summary of the Mascot results
of the differentially expressed proteins identified from resistant Brassica juncea (CBJ-001) and susceptible B. juncea
(RH-819) upon Albugo candida challenge.
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