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ABSTRACT

Alternaria leaf spot of Brassicaceae is a devastating disease caused by
several species of Alternaria. Of these, A. brassicae is commonly associated with
rapeseed, categorized as the most virulent pathogen and can cause up to 90%
yield losses worldwide on some Brassicaceae hosts. In Australia, up to the time
of my studies, there had been no studies in relation to A. brassicae nor other
Alternaria spp. associated with rapeseed in terms of pathogen virulence, disease
epidemic development factors, yield loss, or host resistance/susceptibility.
Surveys of rapeseed (Brassica napus) crops across southern Australia in
2015-16, along with the morphological and phylogenetical identification, revealed
363 isolates of 12 Alternaria spp., A. alternata, A. arborescens, A. brassicae, A.
conjuncta, A. ethzedia, A. eureka, A. hordeicola, A. infectoria, A. japonica, A.
malvae, A. metachromatica and A. tenuissima. In 2015, 112 isolates of 7
Alternaria spp. were collected, with A. metachromatica predominating. In 2016,
251 isolates of 12 Alternaria spp. were collected, with A. infectoria predominating.
The pathogenicity on both B. napus (cv. Thunder TT) and B. juncea (cv. Dune)
confirmed all species, excluding A. conjuncta and A. eureka, were pathogenic,
on both Brassica species. Three species, A. ethzedia, A. hordeicola and A.
malvae, were ’first records’ in Australia on any host. The remaining Alternaria
spp., constituted ’first reports’ in some Australian states either on rapeseed or on
any host. It is evident that Alternaria leaf spot on Australian rapeseed is not solely
caused by A. brassicae, but a multi-Alternaria spp. is also involved to varying
degrees, subject to the year and the geographic locality.
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To examine the differences in virulence in causing Alternaria leaf spot from
Alternaria spp. collected from 2015-16 rapeseed cropping seasons, 101 isolates
across ten Alternaria spp. (A. alternata, A. brassicae, A. conjuncta, A. ethzedia,
A. eureka, A. hordeicola, A. infectoria, A. japonica, A. metachromatica, and A.
tenuissima) were evaluated on rapeseed cv. Thunder TT in terms of the disease
incidence, severity and consequent defoliation. While all isolates across
Alternaria spp. tested were virulent, the levels of virulence varied within and
between Alternaria spp. in relation to the disease parameter used. Alternaria
japonica showed the highest virulence, followed by A. brassicae, A. ethzedia and
A. alternata. The remaining Alternaria spp. species expressed varying levels of
virulence subject to the disease parameter assessed. Such variations in virulence
are not only indicative of the relative importance of different Alternaria spp.
pathogen populations on rapeseed, but highlight the potential of A. japonica and
A. ethzedia, along with A. brassicae and A. alternata, to be significant pathogens
of rapeseed in Australia.
The development of Alternaria leaf spot caused by the most virulent
species, A. japonica, as compared with A. brassicae, was evaluated at different
temperatures (14/10 °C and 22/17 °C day/night) on cotyledons and true leaves
(1st leaves) of rapeseed cv. Thunder TT and mustard cv. Dune. Both pathogens
caused less disease at the lower temperature of 14/10ºC, and expressed
significantly more disease at higher temperature of 22/17°C. At 14/10ºC, mustard
cotyledons showed less disease caused by A. japonica, but showed more
disease caused by A. brassicae. However, at 22/17°C, cotyledons and true
leaves of both rapeseed and mustard showed significantly more disease and
varied in expressing disease severity to the two pathogens; with true leaves of
mustard showing less disease caused by A. japonica, but showing more disease
v

caused by A. brassicae. At 22/17°C, rapeseed cotyledons expressed more
disease after inoculation with A. japonica than with A. brassicae. These are the
first studies to highlight the critical role played by temperature for A. japonica as
compared with A. brassicae in Alternaria leaf spot disease development and
severity. These findings explain how temperature differentially affects Alternaria
leaf spot severity caused by A. japonica as compared with A. brassicae on
different foliage components of rapeseed and mustard.
The development of Alternaria leaf spot caused by A. japonica as
compared with A. brassicae, was firstly evaluated under controlled conditions on
different foliage components (cotyledon, 1 st, 2nd, and 3rd leaf) at three plant ages
(3, 5 and 7-weeks-old) in rapeseed cv. Thunder TT and mustard cv. Dune. A.
japonica generally showed similar disease values as for A. brassicae across the
two Brassica species, different foliage components and plant ages. The disease
values from either pathogen were greater in older plants than younger plants for
the same foliage components in both Brassica species. Secondly, the disease
development of these same pathogens were evaluated under conducive field
conditions on different plant components (leaf, pod, and stem) and the
consequent adverse impact on seed yield on rapeseed cv. Thunder TT assessed.
A. japonica was more severe on leaves and stems than pods, while A. brassicae
was more severe on leaves than pods or stems. The high AUDPC values from A.
japonica resulted in a yield loss of 58.1%, as compared with A. brassicae where
AUDPC values caused a similar yield loss of 59.4%. These findings explain
observed Alternaria leaf spot severity acceleration from A. japonica, as in A.
brassicae, during the growing season as plants become more susceptible with
increasing age, and as more susceptible later-developed leaves become
abundant. For the first time, we demonstrate that under conducive field conditions
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for disease development, A. japonica can cause serious seed yield losses of a
similar magnitude as occurs with A. brassicae.
Screening for host resistance to A. japonica and A. brassicae of 103
Brassicaceae varieties, including 93 Australian rapeseed (B. napus), nine Indian
mustard (B. juncea), and a single variety of Ethiopian mustard (B. carinata)
revealed novel host resistance to A. japonica and the overall susceptibility of
Australian varieties to A. brassicae. Against A. japonica, B. napus Surpass 404
CL was most resistant; Hyola 635 CC, Oscar, AG-Outback and Rottnest also
showed strong resistance; and 46C03, 46C72, 47C02, ATR-Cobbler, ATRSignal, Clancy and Granite TT of B. napus showed a moderate level of
resistance. Against A. brassicae, while all varieties showed susceptibility, with B.
napus ATR-Grace the least susceptible. B. carinata ATC 95065 and all test B.
juncea varieties showed susceptibility to both pathogens. These findings highlight
for the first time, in Australia and elsewhere, the high levels of resistance across
rapeseed varieties against A. japonica, and also demonstrate the vulnerability of
Australian rapeseed and mustard varieties to A. brassicae.
In summary, these findings highlight for the first time Alternaria leaf spot on
Australian rapeseed is not solely caused by A. brassicae, but up to eleven other
Alternaria spp. are also involved, and that A. brassicae is not the predominating
spp. on Australian rapeseed. These studies not only demonstrate the variation in
relative levels of virulence within and between Alternaria spp. associated with leaf
spot on rapeseed, but also emphasize A. japonica and A. ethzedia to be
significant pathogens of rapeseed in Australia, along with A. brassicae and A.
alternata. Temperature studies highlight for the first time how changes in
temperature affect Alternaria leaf spot severity caused by A. japonica as
compared with A. brassicae, and may explain the observed increased disease
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from both pathogens during the growing season as temperatures increase in
spring. In relation to foliage component and plant age studies, these confirmed
that disease development caused by A. japonica was similar to that caused by A.
brassicae, while field studies confirmed the similarity between the two pathogens
in terms of disease progression and consequent yield reduction. However, the
differences between the two pathogens are expressed in the disease values on
pods and stems. These findings also located novel high level resistances across
Australian rapeseed varieties against A. japonica that can not only be directly
deployed where A. japonica is important, but can also be utilized by breeders to
ensure improved resistance in future varieties. In contrast, susceptibility across
Australian rapeseed and mustard varieties to A. brassicae is concerning,
highlighting a need to locate suitable resistances and, in the interim until effective
host resistance can be located, to develop and deploy cultural and chemical
options.
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CHAPTER 1

Literature review

1

CHAPTER 1: Literature review
1.1 Introduction
The Brassicaceae (Cruciferae or mustard family) have been of research
interest over many decades, not only for their benefits to human health (Traka
and Mithen 2009) but also in plant defence studies due to their production of
secondary metabolites such as glucosinolates and production of leaf surface
waxes (Ahuja et al. 2010). Moreover, they have been grown globally for human
food and animal forage, edible oil, biofuel industries, and biofumigants (Björkman
et al. 2011). The family Brassicaceae includes many crop plants (e.g., Brassica
oleracea, B. napus, B. juncea, Armoracia rusticana, and many more), ornamental
plants (e.g., Aubrieta, Iberis, Lunaria, Arabis, Draba and others) and plants used
as a model in botanical sciences such as Arabidopsis thaliana, A. lyrata, A.
halleri, B. napus, Capsella rubella, Thellungiella halophila, Arabis alpina, and
others (Schmidt and Bancroft 2011). Brassicaceae plants are affected by many
different types of pathogens that result in damaging yield losses and among these
are the Alternaria spp. (Kumar et al. 2014), mainly Alternaria brassicae, A.
brassicicola , A. raphani and A. alternata (Saharan et al. 2016). The Alternaria
spp. pathogens have a broad host range across the Brassicaceae, including
rapeseed (B. napus), cabbage (B. oleracea var. capitata), cauliflower (B. oleracea
var. botrytis), crambe (Crambe abyssinica), broccoli (B. oleracea var. italica),
garden stock (Matthiola incana), Indian mustard (B. juncea), radish (Raphanus
sativus), rutabaga (B. napus ssp. napobrassica), taramira (Eruca sativa), turnips
(B. campestris ssp. rapa) and weeds (Lepidium draba) (Saharan et al. 2016); and
causing different disease ‘types’, viz. damping-off seedlings in cabbage and
cauliflower (Linnasalmi 1952), root and foot rot in taramira (Eruca sativa)
(Bhargava et al. 1980), broccoli florets (Nowicki et al. 2012), leaf and stem spot,
2

siliquae blight, and seed infection in rapeseed (Saharan et al. 2016). Further, they
cause significant yield reductions, for instance, they are responsible for losses
>75% of rapeseed in Germany (Klemm 1938) and >70% in divers Brassica spp.
in India (Kumar et al. 2014).
In Australia, Alternaria blight caused by A. brassicae has been reported
periodically over the years across different states. It is frequently reported on
rapeseed (Shivas 1989; van de Wouw et al. 2016; APPD 2019) and cauliflower
(Shivas 1989). Further, You et al. (2005) were the first to report a serious
Alternaria leaf spot on C. abyssinicia caused by A. brassicae and as this particular
species has already been reported on other species of Australian Brassicaceae
it could present a threat to any potential Crambe spp. industry in this country and
elsewhere (You et al. 2005).

1.2 Brassicaceae (Cruciferae or mustard family)
The Brassicaceae family includes 338 genera and 3709 species and
contains many plants of economic importance as both vegetable or broadacre
food crops as well as industrial crops and animal feed crops. Firstly, B. napus is
one of world’s most significant food oil crops (Schmidt and Bancroft 2011). In
2012-2013, the world production of rapeseed surpassed 63.7 Mt making it the
second most important global source of vegetable oils (Salisbury and Barbetti
2011; Kumar et al. 2015). Secondly, B. juncea is both a condiment and an oilseed
crop, grown in areas with mild to high temperature, arid and short growing
season, such as in northern and Western China, Volgograd district of Russia and
arid areas of South Asia (Oram et al. 2005). Further, there are smaller areas of
condiment and oilseed mustard crops including mainly Indian mustard, but

3

smaller areas of brown mustard (B. nigra) and occasional plantings of Ethiopian
mustard (B. carinata) (Chauhan et al. 2006). Thirdly, before the 1950s, B. nigra
was a significant mustard crop. However, subsequently, it has been commercially
superseded by B. juncea in mustard production. In Ethiopia and Asia, B. nigra
has been a minor crop but has become more widespread in temperate areas
(Sauer 1993). In addition, there are several other species of Brassica that are
regionally important oilseed species including turnip rape, brown and yellow
sarson and toria (all B. campestris) (Chauhan et al. 2006), taramira and rucola
(E. sativa and/or E. vesicaria) (Warwick et al. 2007) and Camelina sativa
(Chauhan et al. 2006). There are also important Brassicaceae broad-acre dualpurpose, straight forage production and vegetable species including rapeseed (B.
napus) (Stefanski et al. 2010), kale (B. oleracea var. acephala), radish, turnip (B.
rapa var. glabra), swede or rutabaga, broccoli Brussel sprouts (B. oleracea var.
gemmifera), cabbage, cauliflower and Asian vegetables (B. rapa subsp. such as
subsp. rapa and var. pekinensis) (Ayres and Clements 2002; Rakow 2004).
Furthermore, Brassicaceae includes approximately 120 species of weedy types
and the majority of these are universal agricultural weeds such as wild mustard
(Sinapis arvensis), stinkweed (Thlaspi arvense), while various types of R. sativus
and wild radish (R. raphanistrum) form crop-weed complexes; some of these
weedy species naturally have the ability of gene exchange and formation of
transgenics with field crops (Warwick et al. 2003; Warwick et al. 2008).
In Australia, total rapeseed yield ranks third after wheat and barley, and the
area of rapeseed in Australia has increased from 1,060,000 to 2,150,000 ha
between 2008 to 2018 (AOF 2019). Southern, eastern and Western Australia
together constitute the major producing region for rapeseed in Australia, and, in
2018, Western Australia was the major national rapeseed producer with >70%
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(AOF 2019). In 2007, B. juncea was grown commercially on a larger scale for the
first time as a drought-hardy crop, as it is more tolerant than B. napus to high
temperature and low rainfall environment. (Oram et al. 2005; Elliott et al. 2015).
Also, B. juncea has been adopted, but only to a small extent, as an alternative to
B. napus in some of the dryer lands of the Western Australia cropping belt (Kaur
2013).

1.3 Alternaria blight of Brassicaceae
1.3.1 Classification of Alternaria spp.
Alternaria species belong to the classification “Fungi imperfecti” due to the
absence of a known telemorph stage (i.e., sexual reproduction) across the vast
majority of species of this genus. Therefore, they were traditionally classified into
the kingdom ‘Fungi’, sub-kingdom ‘Eumycotera’, phylum ‘Fungi Imperfecti’, form
class ‘Hypomycetes’, form order ‘Moniliales’, form family ‘Dematiaceae’, genus
Alternaria (Thomma 2003). More recently, Alternaria spp. classification was
revised to that of kingdom ’Fungi’, phylum ‘Ascomycota’, subdivision
‘Pezizomycotina’,

class

‘Dothideomycetes’,

order

‘Pleosporales’,

family

Pleosporaceae, subfamily mitosporic Pleosporaceae, genus Alternaria (Nowicki
et al. 2012). This genus contains 299 species (Kirk et al. 2008), conidial
production is the morphological classification key of this genus, and it produces
large, multicellular, dark-coloured (melanised) longitudinal conidia. These conidia
have extensive bases that gradually narrow to a linear beak such that they form
a ‘club-like’ appearance. Conidia are produced in single or branched chains on
short, vertical conidiophores (Thomma 2003).
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1.3.2 Host range of Alternaria spp.
The genus of Alternaria includes both saprophytes, that normally exist in
soil or on decomposed plant tissues, and plant pathogens (including post-harvest
pathogens) that cause a range of diseases on a wide range of important host
plant species including cereals, ornamentals, oilcrops, vegetables and weeds.
According to Farr and Rossman (2019), there were >1135 Brassicaceae
including Arabis, Armoracia, Barbarea, Brassica, Bunias, Cakile,

Camelina,

Cardamine, Capsella, Chartoloma, Crambe, Cochlearia, Descurainia, Diplotaxis,
Draba, Eruca, Erysimum, Iberis, Isatis, Lepidium, Lobularia, Lunaria, Matthiola,
Nasturtium, Neslia, Orychophragmus, Raphanus, Rorippa, Sinapis, Sisymbrium,
Stanleya and Thlaspi. A. brassicae (syn. A. brassicae var. macrospora and A.
herculea) is the most prevalent pathogen among Alternaria spp. complex with
571 concomitant hosts and including Arabis, Armoracia, Brassica, Bunias,
Camelina, Crambe, Descurainia, Eruca, Iberis, Lepidium, Lunaria, Neslia,
Raphanus, Rorippa, Sinapis, Sisymbrium and Thlaspi. A. brassicicola (syn. A.
circinans and A. oleracea) has 306 concomitant hosts including Armoracia,
Brassica, Cakile, Erysimum, Crambe, Eruca, Iberis, Isatis, Lunaria, Matthiola,
Orychophragmus, Raphanus and Thlaspi. Further, some Alternaria spp. produce
potent mycotoxins involved in the development of disease in both plants and
mammals (Thomma 2003); and also the spores of Alternaria spp. are common
airborne allergens (Meena et al. 2010).
In Australia, Alternaria spp. infection has been reported on 43
Brassicaceae hosts including the genera Brassica, Cakile, Crambe, Iberis,
Matthiola, Raphanus and Sisymbrium. In Australia, A. brassicae is the most
prevalent pathogen among Alternaria spp. complex with 22 concomitant hosts
including. Brassica, Crambe and Raphanus. Next most prevalent Alternaria sp.
6

is A. brassicicola with 8 concomitant hosts including Brassica and Cakile. 13
hosts of 5 genera, viz. Brassica, Cakile, Iberis, Raphanus and Sisymbrium, have
been reported for A. Alternaria, A. broccoli-italicae, and for an unidentified
species of Alternaria (Farr and Rossman 2019).

1.3.3 Severity and impact of Alternaria blight diseases
Alternaria blight diseases together constitute one of the most important
disease groups and are responsible for yield losses up to 47% of Indian mustard
(Kolte 1984) and are a problem on >70 % of Brassica spp. worldwide (Kumar et
al. 2014). One of the main reasons for their severity is that there is no proven high
level host resistance that can be reliably transferred into breeding programs, such
as in rapeseed-mustard against A. brassicae (Meena et al. 2010; Kumar et al.
2016). Further, Alternaria blight is responsible for yield losses in India of 26-45%
in brown sarson (Saharan 1984; Kumar 1997). In Canada, A. brassicae is
estimated to cause losses of >30% of rapeseed (Conn et al. 1990). Further,
Degenhardt et al. (1974) noted that the oil content B. campestris rapeseed can
decrease by >33% from either A. raphani or A. brassicae infections and in B.
napus by >34% from these same pathogens. Others, such as Ansari et al. (1988)
noted decreases in oil content in India of between 14-36% in rapeseed and
between 14-29% in mustard. In general, infections on siliques significantly
impede normal seed development, weight, colour, percent oil content and quality
(Meena et al. 2010). The adverse impact of Alternaria spp. pathogens on
Australian rapeseed still remains unknown. Therefore, addressing this paucity of
information was an important focus of my PhD studies.
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1.3.4 Pathogenic variability in Alternaria spp. pathogens
Pathogenic variability in Alternaria spp. is determined at biochemical,
cultural, genetical, morphological, nutritional, pathological, symptomatological,
molecular and proteome levels, and can also involve thermo and fungicidal
sensitivities (Saharan et al. 2016). At the biochemical level, the amount of
biochemical substances vary across A. brassicae isolates. For example, Khurana
et al. (2005) noticed variation in the amount of orthodihydric and total phenols,
total sugars, nonreducing and reducing sugars, RNA, proteins and free amino
acids across A. brassicae isolates. At the morphological and cultural level,
morphological features include conidial size, number of septa, and beak length,
such as vary across A. brassicae isolates. Mehta et al. (2003) categorised A.
brassicae into four groups according to conidial length, group-1 included small
conidia with <100 μm, group-2 had medium conidia with 101-150 μm, group-3
contained long conidia with 151-200 μm, and group-4 included very long conidia
>200 μm. The cultural variability within A. brassicae was addressed by Goyal et
al. (2011) who found variation in sporulation across 13 isolates of A. brassicae in
terms of responses to hydrogen ion concentration, nutrient media, relative
humidity, temperature and light duration/day.
In terms of genetic and molecular variability, no such variation across A.
brassicae isolates has been identified from sequencing the internal transcribed
spacer (ITS) region (Saharan et al. 2016). However, DNA markers have more
recently become a promising tool for taxonomic studies and, particularly for
studies involving molecular genetics across inter- and/or intra-specific variability,
across Alternaria spp. isolates (Pramila et al. 2014). Random amplified
polymorphic DNA (RAPD) analysis was initially seen as a more promising,
efficient and rapid among other analysis to detect the intraspecific variation in
8

pathogens concomitant Brassicaceae, A. brassicae, A. brassicicola, and A.
raphani. For example, using 26 RAPD primers, Pramila et al. (2014) found
significant genetic variability across ten isolates of A. brassicae isolated from
diverse B. juncea in India. Likewise, Deep et al. (2014) used 42 RAPD primers
and 12 inter-simple sequence repeat primers to show polymorphism in A.
brassicicola isolates collected from cauliflower.
In terms of nutritional variability, carbon (C) and nitrogen (N) sources are
determinant factors for different responses of Alternaria spp. isolates. For
example, Mehta et al. (2005) observed radial growth and sporulation of 14
isolates of A. brassicae across different sources of C (viz. sucrose, mannitol,
lactose, fructose and dextrose) and N (viz. KNO2 KNO3, NaNO3, NH4NO3) and
glycine, where isolates responded differentially depending upon C and N source.
In terms of pathological variability, pathotypes and variations in pathogenic
capability have been distinguished in A. brassicae (major pathogen of oilseed
Brassicas), A. brassicicola (major pathogen of Brassicaceae vegetable crops), A.
alternata (pathogen of vegetable crops), and A. raphani (major pathogen of
radish). Kumar et al. (2003b), using E. sativa, R. sativus and 15 Brassica spp.
highlighted the pathogenic diversity of 15 isolates of A. brassicae that could be
differentiated into eight races/pathotypes. For A. brassicicola, Stoll (1952)
distinguished three isolates from infected siliquae of cauliflower as nonpathogenic, less aggressive, or highly aggressive. A. alternata also showed
differences in physiological and pathological characteristics on C. abyssinicia,
where three strains were either moderately virulent (associated with leaves,
stems and siliquae), or highly virulent (associated with siliquae), or low virulence
(associated with leaves) (Czyżewska 1971). For A. raphani, across 312 isolates
collected from various geographical locations in Canada and obtained from
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infected radish, two types were identified, a ‘variant type’ that was less virulent,
and a ‘wild type’ that was more virulent (Atkinson 1950).
In terms of symptomatological variation, disease symptoms also vary
depending upon isolate. For example, Kolte et al (1991) characterised three
pathotypes of A. brassicae on rapeseed and mustard in relation to virulence and
lesion characteristics. At the proteome level, two isolates of A. brassicae have
been distinguished in terms of virulence in relation to protein abundance, where
a more virulent isolate showed 12 types of proteins as compared with six types
of proteins in a less virulent isolate; with the more virulent isolate containing
enolase, serine protease, malate dehydrogenase and conserved actin-related
protein 2/3 domain (Sharma et al. 2010). At a thermo-level, three groups of A.
brassicae were identified by Kumar et al. (2003a) to show different spore
viabilities dependent on temperature: group-1 included isolates with 90% of
unviable spores at 45 ºC, group-2 contained isolates with 90% of unviable spores
at 50 ºC, and group-3 had isolates with 5% of spores that survived at 55 ºC. In
terms of fungicidal sensitivity, pathotypes prevalent in a district/region can affect
the efficacy of fungicides to control Alternaria diseases in Brassicaceae (Saharan
et al. 2016). For example, Kumar et al. (2004) recognised eight groups across 15
A. brassicae isolates sampled from various locations in India, in terms of their
responses to neem and fungicide products.
In contrast to the above, the pathogenic, phenotypic and genetic variability
of Alternaria spp. complex associated with rapeseed in Australia was unknown,
despite A. alternata, A. brassicae and A. brassicicola reported on several hosts
within Brassicaceae (Shivas 1989; You et al. 2005; van de Wouw et al. 2016;
APPD 2019; Farr and Rossman 2019). Therefore, this also was an important
focus for my PhD studies as described in this thesis.
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1.3.5 Disease symptoms
Alternaria blight symptoms exhibit on each component/part of host plants
and at all growing stages. For example, both A. brassicicola and A. brassicae can
cause damping-off of Brassicaceae seedlings; elongated brown spots on subcotyledon portions of stems and on the cotyledons such as to cause tapering and
breakage of seedling stems leading to seedling damping-off (Nowicki et al. 2012).
A. raphani forms black stripes or dark brown, sharp-edged lesions on the
hypocotyl of seedlings of Chinese cabbage (B. pekinensis) (Valkonen and
Koponen 1990). Leaf spotting produced by A. brassicae is generally grey in
colour compared with the more black sooty velvety spots produced by A.
brassicicola while spots produced by A. raphani show distinct yellow halos around
them (Meena et al. 2010). Moreover, brown necrotic spots on leaves and brown
streaks on stems in Brassicaceae infected with A. brassicae can be the result of
toxin production of this pathogen, leading to additional yield loss (Aneja and
Agnihotri 2016). Infection normally occurs most frequently on the lower and older
leaves, such as head cabbage, Chinese cabbage, cauliflower and broccoli
(Kumar et al. 2014). Infections in cauliflower curds or broccoli florets create
brownish spot indentations covered by black Alternaria spores. Lesions generally
remain superficial and do not extend to inside the curd or the floret, resulting in
loss of commercial marketability if severe. In radish, turnip, or rutabaga, infections
can also result in root thickening and during post-harvest storage a brown rot can
appear (Meena et al. 2010; Nowicki et al. 2012). McDonald (1959) described A.
brassicae symptoms on B. napus rapeseed as black spots on the stems and
pods, beginning as small brown to black points that can change in colour while
enlarging and finally can appear as either entirely black or dark bordered lesions
11

with a greyish-white centre. Leaf spots also vary in both size and colour
depending on environmental conditions and can be entirely grey under moist
conditions, or grey with a black border or entirely black under less favourable
infection conditions, tissues around leaf spots can become chlorotic and
defoliation results. In severe infections, infected pods can become dry and
shrunken and split prematurely with a consequent loss in yield quantity and
quality (McDonald 1959).

1.4 Host-pathogen interactions
While A. alternata, A. brassicae and A. brassicicola exhibit overall similar
infection processes, they do vary in terms of both host range and environmental
conditions best suited for successful infection. This variation reflects differences
in pathogen behaviour during host colonisation (Macioszek et al. 2018). The
process of infection initiates on host surface through: (i) adherence of conidia, (ii)
penetration of the host, and (iii) colonisation with subsequent growth inside of
host tissues (Brown and Ogle 1997). In general, under humid conditions, the
conidial germination follows adherence to the host surface and a germ tube is
formed. Subsequently, the germ tube initiates a terminal appressorium and a
penetration peg grows through the underlying epidermal cell (Cho et al. 2009).
Fungal morphogenesis and physiological changes that occur during the
penetration stage are mostly are activated by host plant signals (Yang et al.
2005). Hyphal growth in host tissues results in a necrotic lesion on the host leaf
surface, with lesion formation enhanced by diffusion of phytotoxic fungal
metabolites (mycotoxins). This is followed by differentiation of aerial
conidiophores from hyphae within the lesions and, finally, production of conidia
that are subsequently released into the environment (Agrios 2005).
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According to Nowicki et al. (2012), there are three ways by which
Alternaria spp. can penetrate the host, viz. through the epidermis, through
stomata, and through host injury either by insects, physical, or mechanical injury.
However, penetration varies across the different species. For example, A.
brassicae penetrates the plant host mainly through stomata, whereas A.
brassicicola prefers direct penetration into plant tissue (McRoberts and Lennard
1996; Mandal et al. 2018; Nowakowska et al. 2019). The cuticle is the first
physical barrier between plant and pathogen invasion through the cell wall, and
it can suppress both initiation and subsequent spread of infection (Taj et al. 2016).
Alternaria spp. also produce enzymes capable of degrading the complex
polysaccharides (Thomma 2003). For instance, A. brassicicola has cutinase
genes that determine pathogen growth to be either saprophytic or pathogenic
(Yao and Koller 1995). Fan and Köller (1998) explained the action of cutinolytic
esterases of A. brassicicola in cabbage leaves. Actions begin with serine
esterases produced by germinating conidia during initial (24 h) contact of this
pathogen with both cutin on host surfaces free of wax, and with cutin in aqueous
suspensions, with such enzymes not stimulated by surface wax or cutin
monomers. Cutinase isozymes, which are encoded by CUTAB1 gene, are
important for cutin utilisation in the saprophytic stage but not directly stimulated
by cutin exposure, are not significantly involved in fungal pathogenesis (Thomma
2003). A. brassicicola produces a lipase enzyme that acts as a virulence factor
(Berto et al. 1997) on cauliflower leaves. It reacts with epicuticular leaf waxes for
adherence and/or penetration of this pathogen during the early stages of hostparasite interactions (Berto et al. 1999). In A. brassicae, while penetration in B.
juncea occurs mainly through stomata by forming an appressorium-like structure,
it can also penetrate directly through the epidermis by forming infection threads
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(Giri et al. 2013; Mandal et al. 2018). Epidermal entry is indicative that penetration
involves enzymatic activities (Tewari 1986).
Although several studies have been conducted to understand the hostpathogen interactions, host resistance in Brassica spp., especially in B. oleracea
and B. juncea against A. brassicicola and A. brassicae, respectively, remains
elusive (Sharma et al. 2014). Host-specific toxins (HSTs) play an important role
in both the specificity of the host and fungal pathogenicity. However, host
selective pathogenesis mechanisms are not yet well understood or precisely
defined (Taj et al. 2016). Host defence mechanisms have been recognized in
some wild species of Brassicaceae against Alternaria spp. These include
phytohormones (Taj et al. 2016) that play an important role during the natural
defence response by determining the susceptibility/resistance response(s) to a
specific pathogen (Bari and Jones 2009). For example, Mazumder et al. (2013)
illustrated the role of phytohormones in susceptible B. juncea and resistant
Sinapis alba against A. brassicicola. Here, in susceptible B. juncea, salicylic acid
(SA)-mediated biotrophic mode of defence response was induced upon invasion
by this pathogen, whereas in S. alba, abscisic acid (ABA) and jasmonic acid (JA)
responses were induced earlier at infection. However, the ABA responsible for
delaying the disease progression and inhibition of the pathogen-mediated
increase in SA response and enhanced JA levels relating to A. brassicicola
directed the defence response towards a biotrophic mode by effecting a SA
response in susceptible B. juncea (Mazumder et al. 2013). In contrast, the
induced ABA response of S. alba not only repeals the SA response but also
restores the necrotrophic resistance mode by inducing JA biosynthesis
(Mazumder et al. 2013). Ali et al. (2017) presented a new NPR1 (nonexpressor
of pathogenesis-related gene 1) homolog, BjNPR1, in transgenic lines of B.
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juncea that increased resistance to both A. brassicae and Erysiphe cruciferarum
as compared with non-transgenic lines. NPR1 operates the expression of
responsive genes of SA and regulates the perpetual response of SA (Ali et al.
2017).

1.5 Alternaria species mycotoxins
1.5.1 Secondary metabolites (mycotoxin) production
Alternaria species produce many types of secondary metabolites of a low
molecular weight that are mycotoxic but non-essential for normal fungal growth
or reproduction. These can be classified according to selectivity into two types,
either host-specific or non-host-specific toxins. Non-host-specific toxins (NSTs)
are mycotoxins that affect a wide range of plant species and are not only
important for virulence but also toxic to different plants distinct from the hostpathogen range (Ballio 1991) and examples include brefeldin A (Tietjen et al.
1983), curvularin (Robeson and Strobel 1981), tenuazonic acid (Meronuck et al.
1972), tentoxin (Andersen et al. 2002) and zinniol (Thuleau et al. 1988). Hostspecific toxins (HSTs) are fungal toxins that are crucial for both the specificity of
the host and fungal pathogenicity (Taj et al. 2016), and they are produced during
spore germination (Masunaka et al. 2005) and allow Alternaria spp. to directly
penetrate the host cell (forming a necrotic lesion) and breaking down the tissue
of the host by cell wall enzyme degradation (Cho et al. 2012). Examples of
Alternaria spp. HSTs include: AP- toxin produced by Alternaria panax (Whetzel)
(Quayyum et al. 2003); destruxin B and ABR toxin by A. brassicae, maculosin;
AS toxin by A. alternata (Taj et al. 2016); and AB toxin by A. brassicicola (Oka et
al. 2005). AB and ABR toxins result in ‘water soaked’ leaf spot symptoms followed
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by chlorosis in Brassica spp. (Parada et al. 2008). Further, there are various other
mycotoxin and phytotoxic metabolites produced by Alternaria spp. These include
cyclic depsipeptide phytotoxins like homodestuxin B (Ayer and Pena-Rodriguez
1987), destruxin B2 (Buchwaldt and Green 1992) and desmethyldestruxin
(Tewari and Bains 1997) produced by A. brassicae. They also include
depsipeptide and fusicoccin-like toxic compounds (Cooke et al. 1997; MacKinnon
et al. 1999) and proteinaceous brassicillin A (Pedras et al. 2009) produced by A.
brassicicola . However, not all Alternaria spp. produce toxins, for example, there
is no evidence of toxin production by A. raphani (Kumar et al. 2014).

1.5.2 Mycotoxin (NSTs and HSTs) modes of action
NSTs target different locations inside the host cell and since these
phytotoxins attack basic cellular function, they considered as potent mycotoxins
(Thomma 2003). Brefeldin A causes breaking apart of the Golgi complex and acts
as a secretion inhibitor (Fujiwara et al. 1988); curvularin is a cell division inhibitor
that disturbs microtubule assembly (Robeson and Strobel 1981); tenuazonic acid
works as a protein synthesis inhibitor (Shiqeura and Gordon 1963); zinniol affects
membrane permeabilization (Thuleau et al. 1988); and tentoxin works as a
photophosphorylation suppresser by specific binding to chloroplast ATP synthase
resulting in inhibition of ATP hydrolysis and ATP synthesis (Steele et al. 1978).
In contrast, HSTs, target chloroplasts, plasma membranes and mitochondria
(Otani et al. 1995). For example, destruxin B produced by A. brassicae in B.
juncea supresses nearly all macro-molecular biosynthesis, induces leaching of
ions, and causes disorder in chondriosomes and chloroplasts (Taj et al. 2016).
This particular toxin plays a significant role in signal transduction resulting in
programmed cell death, and inhibits the defence system (Taj et al. 2004). In
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general, at a biochemical level, although the toxin site action is known, the host
selective pathogenesis mechanisms have not been precisely understood or
defined as yet (Taj et al. 2016).

1.6 The Impact of environmental factors on the development of Alternaria
blight diseases
The processes of Alternaria spp. pathogenesis, such as adhesiveness,
germination, penetration and pathogen colonisation of the host, are strongly
dependent upon environmental conditions. For example, temperature, humidity
and wetness period have an effect on the severity of A. brassicae on B. napus
(Hong and Fitt 1995; Kumar et al. 2014). Temperature affects the extent and
severity of Alternaria blight outbreak by affecting spore germination and germ
tube growth, penetration, pathogen colonisation within the host and extent of
subsequent secondary spore formation (Meena et al. 2010). Plant surface
wetness fosters spore germination and penetration of the host and fungal
secondary sporulation (Kumar et al. 2014). On leaves, the favoured weather
conditions for A. brassicae on B. juncea include 18-27°C as an upper limit
temperature, 8-12°C as an lower limit temperature, >10°C as an average
temperature, >92% for morning relative humidity (RH), >40% as for afternoon
RH and >70% as an average RH. In contrast, on pods, 20-30°C is an upper limit
temperature, >14°C an average temperature, >90% as a morning RH, >70% as
an average RH, >9 h as a sunshine period and >10 h of leaf wetness
(Chattopadhyay et al. 2005; Meena et al. 2010). Some Alternaria spp. require a
period of darkness for sporulation, as with A. brassicae on rapeseed leaves
where sporulation is inhibited by white light at 136 W/m2 (Humpherson‐Jones and
Phelps 1989). As a result of the climate change, the diseases affecting
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Brassicaceae crops are continuing to change in terms of their distribution, and
increasing variation in pathogen sub-specific diversity (Barbetti et al. 2012). In
future, this could increase the severity of Alternaria blight epidemics, especially
so as there is little evidence of effective host resistance(s) in either rapeseed or
mustard against Alternaria spp. (Kumar et al. 2015).

1.7 The Impact of host/plant age on the development of Alternaria blight
diseases
Alternaria spp. infect both root (Berkenkamp and Vaartnou 1972) and shoot
(Humpherson‐Jones and Maude 1982) tissues. Older leaf components are more
vulnerable to Alternaria blight than younger components (Doullah et al. 2006). In
terms of disease severity, the impact of host age is generally influenced by
cultivar and by environmental factors. For example, at favourable conditions,
severity of A. brassicae on Indian mustard peaks at 45 days after sowing (das)
for cv. Varuna (Meena et al. 2004) and 140 das on cv. RLM 619 (Bal and Kumar
2014), but on cauliflower at 60 das (Deep and Sharma 2012), and on B.
campestris var. toria and var. sarson at 71 das (Sinha et al. 1992). The severity
of A. brassicicola on B. rapa peaks at 30 das (Doullah et al. 2006) and on
cauliflower at 45 and 60 das (Deep and Sharma 2012). Although the influence of
environmental factors and host/plant age are well known for A. brassicae and A.
brassicicola, they are not defined for other Alternaria spp., and especially under
Australian conditions. Hence, I have highlighted and addressed these aspects in
my PhD studies as reported in this thesis.

1.8 Sources of resistance in Brassicaceae
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Host responses against Alternaria spp. infection are extremely varied (Thomma
2003). One mechanism of host defence is epicuticular wax providing the host with
a physical barrier that decreases the water splashed spore adhesion, and delays
germination and germ tube formation (Skoropad and Tewari 1977; Saharan
1992). B. carinata, B. napus and B. alba are less susceptible to Alternaria blight
than B. juncea and B. rapa due to the greater amount of epicuticle wax (Conn et
al. 1984; Tewari 1986). Another defence mechanism involves enzymes in leaf
tissues associated with the phenolic pathway, such as polyphenol oxidase,
peroxidase and catalase, besides higher leaf sugar contents (Singh et al. 1999).
Phytoalexin production is yet a further defence mechanism in some species of
Brassicaceae, where it is induced only in the more resistant plant species (Pedras
et al. 2001). For example, the phytoalexin camalexin as produced by C. sativa
(false flax) against A. brassicae supresses destruxin B production in A. brassicae
(Pedras et al. 1998). Other forms of host resistance expressed against one or
more Alternaria spp. include hypersensitive response (HR) and systematic
acquired resistance (SAR) (Meena et al. 2010). Transgenic approaches have
also been utilised to induce resistance in Brassicaceae (e.g., Thomma 2003).
However, there is no evidence of cultivated rapeseed or mustard having highly
effective resistances against Alternaria spp. (Kumar et al. 2015). This is in
contrast to S. alba, C. sativa, C. bursa-pastoris and E. sativa that are known to
exhibit significant ‘tolerance’ against A. brassicae despite there being no report
within Brassica spp. per se of highly effective resistance to this pathogen (Conn
and Tewari 1986; Conn et al. 1988). Similarly for A. brassicicola, there are few
instances identified despite several studies undertaken to determine the host
resistance mechanisms in the model plant Arabidopsis thaliana (Cramer and
Lawrence 2004). Not only is there little if any known highly effective resistance
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against Alternaria spp. in Brassica spp., and there are no studies to determine
relative susceptibilities/resistances of Australian Brassicaceae hosts against any
Alternaria spp. pathogens, including A. brassicae. Therefore, in my PhD studies,
I tested a diverse Australian rapeseed germplasm collection to identify novel
resistances against the most prevalent and virulent Alternaria spp. found in
Australia on rapeseed.

1.9 Concept and Aims of Work
As highlighted above, Alternaria blight pathogens/diseases together
constitute one of the most important disease groups of Brassicaceae. Despite
this, neither the incidence, severity and impact of the causal Alternaria spp.
association with Alternaria diseases on oilseed Brassicas in Australia nor their
phenotypic and genetic variation have been previously defined.

My studies include collecting diseased rapeseed leaves from surveys
across southern Australia, and then collecting isolates of Alternaria spp. from
these tissues. I then defined the different Alternaria spp. present, determined their
relative pathogenicities and virulences, defined these Alternaria spp. isolates
phylogenetically, then defined the role of plant age, foliage component and
environmental factors (e.g., temperature) in the development of Alternaria blight
epidemics in Australia. I also evaluated the disease impact on different plant
components and quantified the adverse yield impact of the two main Alternaria
spp. and, against these species, screened diverse Brassicaceae germplasm to
define relative host resistances/susceptibilities and identify novel host
resistances.
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The overall aim of these research studies is to assess and define the role
of different Alternaria spp. occurring in rapeseed in Australia, to define their
phenotypic and phylogenetic variability, to define the role of environmental factors
and host age in development of Alternaria blight epidemics on Australian oilseed
Brassicas, and to identify and define the potential for utilising novel host/plant
resistances to the two most important Alternaria spp. pathogens to provide
effective management strategies for Alternaria spp. leaf spot diseases in
rapeseed in Australia.
The specific objectives of my PhD studies are as follows:

1. Collect isolates of Alternaria species from across southern Australian
rapeseed fields; identify and define the Alternaria spp. present and define
these Alternaria spp. populations both phylogenetically and phenotypically
(pathogenicity).
2. Define the virulence (aggressiveness) variability across the collected
Alternaria spp. isolates.
3. Define the role of environmental factors (e.g., temperature) in the
development of Alternaria blight epidemics in rapeseed in Australia.
4. Define the roles of plant age and foliage component in the development of
Alternaria blight epidemics in rapeseed in Australia and estimate the
consequent rapeseed yield reduction in the field.
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5. Screen diverse Brassicaceae germplasm to define relative host
resistances/susceptibilities and identify host resistances against the two
most important pathogenic Alternaria spp. of rapeseed in Australia.

To achieve these objectives, the following experiments were undertaken:
1. Investigation of Alternaria blight pathogens associated with rapeseed in
the field in two cropping seasons, 2015 and 2016, to identify the different
Alternaria spp. associated with Alternaria blight on rapeseed in Australia;
then identify their genetic variation using two DNA markers, major allergen
Alt a1 and plasma membrane ATPase, and to examine their pathogenicity
on B. juncea and B. napus. (Chapter 2)

2. Testing of 101 isolates across (ten) different Alternaria spp. at 3rd leaf
stage on B. napus to identify their variability in terms of virulence under
glasshouse conditions. (Chapter 3)

3. Evaluation of Alternaria blight development on B. juncea and B. napus as
determined by two different temperatures (14/10⁰C and 22/17⁰C
day/night). (Chapter 4)

4. Evaluation of Alternaria blight development from the two most important
Alternaria spp. on different foliage components (cotyledon, 1 st, 2nd, and 3rd
leaf) at three plant ages (3, 5 and 7-weeks), and the evaluation of the
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disease effect on different plant components (leaf, pod, and stem) and
rapeseed yield reduction in the field. (Chapter 5)

5. Screening 103 Brassicaceae varieties at 3rd leaf stage, including nine
Indian mustards, 93 Australian rapeseed varieties, and a single variety of
Ethiopian mustard, to determine their relative levels of resistance to the
two most important Alternaria spp. blight pathogens under glasshouse
conditions. (Chapter 6).
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CHAPTER 2

Incidence, pathogenicity and diversity of Alternaria spp.
associated with Alternaria leaf spot of rapeseed (Brassica
napus) in Australia

This chapter focuses on Alternaria spp. concomitant with Alternaria leaf spot on
Australian rapeseed, their morphological and phylogenetical characteristics, and
their geographical distribution across southern Australia.
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Studies were undertaken to determine Alternaria spp. associated with leaf spot symptoms on canola (Brassica napus) in
two cropping seasons (2015, 2016) across southern Australia. Major allergen Alt a1 and plasma membrane ATPase
genes were used to identify Alternaria spp. In 2015, 112 isolates of seven Alternaria spp. were obtained, with
A. metachromatica predominating. In 2016, 251 isolates of 12 Alternaria spp. were obtained, with A. infectoria predominating. Alternaria spp. isolates were morphologically and phylogenetically identified and studies to determine their
pathogenicity on both B. napus (cv. Thunder TT) and B. juncea (cv. Dune) confirmed 10 species (A. alternata, A. arborescens, A. brassicae, A. ethzedia, A. hordeicola, A. infectoria, A. japonica, A. malvae, A. metachromatica and
A. tenuissima) as pathogenic on both Brassica species. Alternaria ethzedia, A. hordeicola and A. malvae were recorded
for the first time in Australia on any host and the record of A. arborescens was the first for New South Wales (NSW)
and South Australia (SA). Other first records included A. infectoria on B. napus in NSW; A. japonica on B. napus in
NSW and Western Australia (WA); A. metachromatica on any host in NSW, Victoria (VIC), WA and SA; and
A. tenuissima on B. napus in NSW, SA and WA. It is evident that alternaria leaf spot on canola across southern Australia is not solely caused by A. brassicae, but that a range of other Alternaria spp. are also involved to varying
degrees, depending upon the year and the geographic locality.
Keywords: alternaria leaf spot, Alternaria species, Brassica juncea, Brassica napus, canola, mustard

Introduction
Brassicaceae are grown worldwide for biofuel, edible oil,
biofumigants, human and animal food (Bj€
orkman et al.,
2011). In Australia, in terms of total yield, canola (Brassica napus) is the third most important crop after wheat
and barley (Elliott et al., 2015) and southern Australia is
the major canola-producing region. Furthermore, in
recent years, mustard (Brassica juncea) has also been
grown commercially as a thermal and drought tolerant
‘juncea canola’ as it is the most promising oleaceous
Brassica crop for low rainfall Australian regions, such as
the Mallee district of Victoria (VIC), parts of northern
New South Wales (NSW), Queensland (QLD) and the
northern cropping zone of Western Australia (WA)
(Elliott et al., 2015).
Diseases in Brassicaceae caused by Alternaria spp. can
cause significant yield loss (Degenhardt et al., 1974;
Kumar et al., 2014) and are considered one of the most
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critical global disease complexes, responsible, for
example, for losses up to 47% in Indian mustard
(B. juncea; Kolte, 1984) and even exceeding 70% in
some Brassica species (Kumar et al., 2014). In Canada,
Alternaria brassicae causes estimated losses of >30% in
canola (Conn et al., 1990). Furthermore, Degenhardt
et al. (1974) noted that oil content in Brassica campestris
‘Span’ rapeseed was decreased by >33% by either Alternaria raphani or A. brassicae infections and, in B. napus
‘Zephyr’, by >34% by these same two Alternaria spp. In
addition, Ansari et al. (1988) noted oil content decreases
of 14.6–36% in rapeseed and 14.1–29.1% in mustard in
India from alternaria leaf spot. However, despite the
importance of Alternaria spp. on Brassicaceae, there is
no effective host resistance against A. brassicae that is
transferable within rapeseed-mustard breeding programmes (Meena et al., 2010), nor is there sufficient
resistance to A. brassicae in Brassica oleracea or other
Brassica species with which it readily crosses (Hansen &
Earle, 1997).
Alternaria spp. have a wide host range within Brassicaceae, for example, attacking head cabbage (B. oleracea
var. capitata), Chinese cabbage (B. campestris var. chinensis), cauliflower (B. oleracea var. botrytis), broccoli
(B. oleracea var. italica), canola (B. napus), mustard
ª 2018 British Society for Plant Pathology
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(B. juncea) and other crucifers including cultivated and
wild grown plants. They are associated with a range of
different disease ‘types’ such as leaf spot and black spotting of cabbage heads, leaf blight in cauliflower and
broccoli florets, and leaf spotting in oilseed brassicas
such as canola and mustard (Delourme et al., 2011). Of
the Alternaria spp. attacking Brassicaceae, some of the
most damaging species include A. brassicae, A. brassicicola, A. raphani, A. alternata (Nowicki et al., 2012),
A. japonica and A. euphorbiicola (Kirk et al., 2008), and
A. tenuissima (Garibaldi et al., 2005). Alternaria brassicae is a devastating pathogen on canola/oilseed rape,
along with A. alternata, A. brassicicola and A. raphani,
but the latter three pathogens are considered more devastating for other vegetable crops (Saharan et al., 2016).
Alternaria brassicae is also an important pathogen on
B. campestris var. chinensis in Asia, both Brassica caulorapa and B. juncea subsp. rugosa in North America,
B. juncea subspp. integrifolia, megalorrhiza and tumida
in Asia and B. oleracea var. capitata in Asia, Europe and
North America. It is also important on B. oleracea var.
gemmifera in Africa, B. oleracea var. botrytis in Africa,
Asia, Europe, New Zealand, North America and South
America, on Lepidium sativum in Africa, Asia and Europe, and on Sisymbrium altissimum in North America
(Farr & Rossman, 2017). Alternaria leaf spot caused by
A. arborescens, A. conjuncta, A. infectoria, A. japonica,
A. metachromatica and A. tenuissima has also been
recorded across various hosts. For example, A. arborescens has been recorded on cabbage and cultivated
rocket (Eruca spp.) in Italy (Siciliano et al., 2017),
A. japonica on Diplotaxis tenuifolia in Italy (Garibaldi
et al., 2011) and Brassica rapa subsp. rapa in Spain
(Bassimba et al., 2013), and for A. ethzedia on B. napus
in Switzerland (Farr & Rossman, 2017).
In Australia, there have been reported incidences of
alternaria leaf spot on Brassicaceae. For example, in
WA, Shivas (1989) listed A. alternata on B. campestris
var. chinensis and B. oleracea var. botrytis and A. brassicae on B. napus, B. oleracea var. botrytis and Raphanus raphanistrum, and A. brassicicola on B. campestris
var. chinensis, B. napus, B. oleracea var. botrytis and
B. oleracea var. italica. Alternaria brassicae has also
been reported in WA on Crambe abyssinica (You et al.,
2005) and R. raphanistrum (APPD, 2017). Moreover,
A. brassicae leaf spot has been reported in VIC on both
B. napus and B. juncea (Van de Wouw et al., 2016) and
in Tasmania on B. napus var. napobrassica (Sampson &
Walker, 1982). The Australian Plant Pest Database
(APPD, 2017) lists A. alternata, A. infectoria, A. japonica and A. tenuissima as leaf spot pathogens on Brassicaceae; with A. alternata recorded in NSW, South
Australia (SA) and VIC on B. oleracea var. capitata,
B. napus and B. oleracea var. italica, respectively.
Alternaria infectoria has been reported in VIC on B. oleracea var. italica, and A. japonica reported in NSW,
VIC and WA on Matthiola incana, B. campestris
var. chinensis and R. raphanistrum, respectively, and

493

A. tenuissima has been reported in NSW on B.
campestris.
While Alternaria blight symptoms can exhibit on any
host plant component and at all growing stages, it is
the leaf spotting/blight that is of most concern. Symptoms can vary; for example, while leaf spotting produced by A. brassicae usually appears as grey-coloured
lesions (Meena et al., 2010), these may or may not be
surrounded by a distinct yellow halo (Siciliano
et al., 2017). Furthermore, McDonald (1959) described
A. brassicae leaf spot symptoms on canola in the field
as completely grey under humid conditions but grey
with black margins or totally black under less favourable conditions and can show chlorotic and defoliation
effects. Alternaria japonica leaf spot symptoms on
turnip (B. rapa subsp. rapa) appear as dark brown
spots surrounded by yellow halos (Bassimba et al.,
2013). Such variation makes it difficult to reliably
identify Alternaria spp. as a definitive cause without
extensive isolation and accurate pathogen identification
and this deficiency certainly applies in relation to
canola in Australia.
Surveys of canola crops across southern Australia in
2015 and 2016 showed a high level of easily distinguishable leaf spotting caused by either blackleg (Leptosphaeria
maculans) or downy mildew (Hyaloperonospora parasitica) and sometimes less distinctive leaf spotting caused
by white leaf spot (Pseudocercosporella capsellae) or
Alternaria spp. (authors’ unpublished observations). The
causal species of Alternaria and their incidence in association with alternaria leaf spotting on canola in Australia
have not been defined, an oversight of increasing importance as the area of canola has increased from 1 400 000
to 2 400 000 ha between 2009 and 2013 (Elliott et al.,
2015) and onwards. Therefore, this investigation was
undertaken to determine the Alternaria spp. associated
with leaf spot symptoms on leaves of canola across southern Australia over two consecutive cropping seasons
(2015, 2016). In addition, the pathogenicity of these
Alternaria spp. on both B. napus and B. juncea was determined under controlled environmental conditions. These
studies are the first to highlight how alternaria leaf spotting on canola in Australia is not solely caused by a single
widely recognized and assumed Alternaria species such as
A. brassicae, but that up to nine other Alternaria spp. may
also be associated, to varying degrees, with leaf spotting in
southern Australia.

Materials and methods
Fungal isolates
Isolates of Alternaria spp. were obtained from diseased leaves of
canola surveyed and sampled across southern Australia during
2015 and 2016. What appeared to be typical alternaria leaf spot
field symptoms were observed at four locations, NSW, SA, VIC
and WA, in 2016, but only in three locations, NSW, SA and
WA, in 2015 (i.e. no Alternaria spp. type symptoms observed in
VIC in 2015). Leaves showing these disease symptoms were
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sampled, placed into polyethylene bags, maintained at approximately 10 °C and transferred to the laboratory at the University
of Western Australia. Sections of 2 mm2 were removed from the
leading edge of each leaf lesion, placed in 2% NaOCl for 60 s
and then washed three times with sterile deionized water
(SDW). Subsequently, sections were plated onto 9 cm Petri
dishes containing water agar medium (2% w/v) containing
25 ppm aureomycin hydrochloride and incubated for 2 days at
22 °C under cool white fluorescent light. Emerging fungal colonies were transferred onto other Petri dishes containing potato
dextrose agar (PDA; Merck) supplemented with 15 ppm aureomycin hydrochloride and maintained at 23  2 °C. Isolates
were then hyphal tipped to produce pure cultures and these cultures were preserved in lyophilized ampoules until needed.

Fungal identification
DNA was extracted from 1-week-old cultures of 112 isolates of
Alternaria spp. from 2015 and 251 isolates from 2016 growing
on PDA. The procedure of Cenis (1992) was used for DNA
extraction. The concentration and quality of the extracted DNA
were determined using a NanoDrop 1000 spectrophotometer
(Thermo Scientific). DNA samples were held at 4 °C until
needed. A PCR-based assay was conducted by sequencing the
gene for the major allergen Alt a 1 (Alt-for 5ʹ-ATGCAGTT
CACCACCATCGC-3ʹ and Alt-rev 5ʹ-ACGAGGGTGAYG
TAGGCGTC-3ʹ; Hong et al., 2005) and the gene fragment of
plasma membrane ATPase (ATPDF1 5ʹ-ATCGTCTCCAT
GACCGAGTTCG-3ʹ and ATPDR1 5ʹ-TCCGATGGAGTTCAT
GATAGCC-3ʹ) as described by Lawrence et al. (2014). Amplification was performed in a volume of 50 lL with 2 lL of each
primer (10 pmol lL 1 final concentration of each primer), 2 lL
of 10 ng DNA template, 25 lL of GoTaq Green master mix 29
(Promega), and 19 lL of nuclease-free water. For Alt a 1 amplification, a denaturation step of 1 min at 94 °C was included;
followed by 35 cycles of 30 s at 94 °C, 30 s at 62 °C, and
1 min at 72 °C; and a final elongation step of 72 °C for
10 min. For ATPase amplification, the PCR conditions were followed as described by Lawrence et al. (2014). PCR products
were visualized by electrophoresis on a 1% (w/v) agarose gel
containing GelRed stain (diluted 10 0009; Fisher) and viewing
under UV light. PCR products (20 lL of each) were sequenced
by Macrogen Inc., Korea. The sequence editing and alignment
were conducted using GENEIOUS v. 9.1.4 (Biomatters Ltd). Consensus sequences were derived from de novo assembly of the

forward and reverse sequences of each of 363 isolates for each
primer and the basic local alignment search tool (BLAST) function
in GENEIOUS was used to compare the sequence data of the isolates from this study with available sequence data information
for type or representative isolates in GenBank of the National
Center for Biotechnology Information (NCBI). Pairwise alignment, using CLUSTALW alignment, and annotation of consensus
sequences of 12 isolates were conducted with closely related reference sequences from the GenBank database and submitted to
GenBank (Table 1). For phylogenetic analysis, a partition homogeneity test in PAUP v. 4.0a163 (Swofford, 2003) was performed
for the Alt a 1 and ATPase sequence alignment to examine the
congruency of a concatenated analysis of the two datasets. The
concatenated sequences of Alt a 1 and ATPase genes of 12 isolates (Table 1) and the representative isolates retrieved from
GenBank (Table 2) were aligned using MUSCLE alignment in
GENEIOUS. A maximum likelihood (ML) phylogeny was obtained
by using the nearest-neighbour-interchange (NNI) method and
Tamura–Nei model (Tamura & Nei, 1993) with a discrete
gamma distribution (TN93 + G), which provided the best fit
model in MEGA v. 7.0 (Kumar et al., 2016) with the lowest Bayesian information criterion (BIC) scores. A bootstrap of 1000
replications was used to assess the relative stability of branches.
An isolate of Pleospora tarda ATCC 42170 was selected as the
out-group of the ML tree.

Morphological characteristics
Morphological characteristics, including colony colour, conidial
shape, length, width and the number of septa and conidiophore
length, of the 12 selected isolates listed in Table 1 were recorded
on both PDA, where isolates were grown for 7 days at
23  2 °C under continuous, cool white, fluorescent light, for
colony colour observation and also on potato carrot agar (PCA;
20 g potatoes, 20 g carrots and 20 g Bacto agar (Difco) per L
of distilled water), where isolates were grown for 20–28 days at
23  2 °C with a 12 h photoperiod. Comparison was made
with descriptions by Simmons (1986, 2007). A minimum of 100
conidia and conidiophores for each isolate were examined and
measured.

Pathogenicity tests
Forty-seven isolates of Alternaria across the identified species
that readily produced conidia, including isolates shown in

Table 1 Isolates of Alternaria spp. used in morphological and phylogenetic analyses, their location, GPS coordinates, and GenBank accession
numbers of ATPase and Alt a 1 genes.
GenBank accession number
Species name

Isolate

Australian state

Location

Alternaria alternata
A. arborescens
A. brassicae
A. conjuncta
A. ethzedia
A. eureka
A. hordeicola
A. infectoria
A. japonica
A. malvae
A. metachromatica
A. tenuissima

WA2016-26.3.1
SA2016-90.2
WA2016-21.8
WA2016-26.1
SA2016-89.2
WA2016-11.9
WA2016-12.2.1
NSW2016-PSW.2
NSW2016.PSW.47
WA2016-11.2
WA2016-25
NSW2016-PS-1.13

Western Australia
South Australia
Western Australia
Western Australia
South Australia
Western Australia
Western Australia
New South Wales
New South Wales
Western Australia
Western Australia
New South Wales

Lat
Lat
Lat
Lat
Lat
Lat
Lat
Lat
Lat
Lat
Lat
Lat

32.0031,
34.0043,
31.5829,
32.0030,
34.2249,
30.4152,
30.3646,
31.5456,
31.5456,
30.4153,
32.2057,
31.3803,

long
long
long
long
long
long
long
long
long
long
long
long

117.1129
136.4217
117.2902
117.1129
136.1685
116.4636
116.4009
149.2483
149.2483
116.4636
117.2057
150.6424

ATPase

Alt a 1

MG570392
MG570385
MG570386
MG570395
MG570387
MG570394
MG570388
MG570393
MG570389
MG570391
MG586968
MG570390

MG586964
MG586958
MG586959
MG586967
MH468787
MG586966
MG586960
MG586965
MG586961
MG586963
MG553194
MG586962
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Table 2 Representative isolates of Alternaria spp. and the Genbank
accession numbers of ATPase and Alt a 1 genes used in this study.
GenBank accession
number
Species name

Sourcea

ATPase

Alt a 1

Alternaria alternata
A. arborescens
A. brassicae
A. conjuncta
A. ethzedia
A. eureka
A. hordeicola
A. infectoria
A. japonica
A. malvae
A. metachromatica
A. tenuissima
Pleospora tarda

EGS 34-016
EGS 39-128
EGS 38-032
EGS 37-139
EGS 37-143
EGS 36-103
EGS 50-184
EGS 27-193
EGS 41-158
CBS 447.86
EGS 38-132
EGS 34-015
ATCC 42170

JQ671874
JQ671880
JQ671847
JQ671824
JQ671805
JQ671771
JQ671812
JQ671804
JQ671840
JQ671878
JQ671809
JQ811989
JQ671767

AY563301
KY561836
AY563309
AY563281
AY563284
JN383507
JQ646372
FJ266502
AY563312
JQ646397
AY563285
AY563302
AY563274

a

ATCC, American Type Culture Collection, Manassas, VA 20108, USA;
CBS, Centraalbureau voor Schimmelcultures, Royal Netherlands Academy of Arts and Sciences, Uppsalalaan 8,3584 CT Utrecht, Netherlands; EGS, EG Simmons, Mycological Services, Crawfordsville, IN
47933, USA.

Table 1, were tested: four A. alternata, one A. arborescens, 22
A. brassicae, one A. conjuncta, one A. ethzedia, one A. eureka,
four A. hordeicola, two A. infectoria, four A. japonica, one
A. malvae, two A. metachromatica, and four A. tenuissima. For
inoculum preparation, 10 isolates of each Alternaria sp. identified were tested for conidial production by growing on PDA for
7 days at 23  2 °C under cool white fluorescent light. Discs of
growing mycelia measuring 4 mm2 were taken from the PDA
cultures, transferred onto V8-juice agar (20% V8 juice, 3 g
CaCO3 and 20 g Bacto agar (Difco) per L of distilled water)
and PCA, and incubated for 20–28 days at 23  2 °C with a
12 h photoperiod. Conidia of 47 isolates of Alternaria spp., as
described above, were collected by adding 10 mL of SDW to
each plate, brushing the colony surface gently with a sterile glass
rod and using muslin to filter any agar pieces from the conidia.
The mixture was centrifuged for 5 min at 756 g to concentrate
the conidial suspension, the supernatant was removed and the
conidial residue was washed twice in SDW and resuspended in
2–3 mL SDW. The final concentration was adjusted to 5 9 105
conidia mL 1 using a haemocytometer. Tween 20 (0.001%) was
added to each conidial suspension (Pethybridge et al., 2008).
The 12 species of Alternaria were pathogenicity tested under
controlled environmental conditions, on two host genotypes,
B. napus ‘Thunder TT’ and B. juncea ‘Dune’. Seeds were sown
in 7 9 7 9 18 cm pots, seedlings thinned to two plants per pot,
and plants maintained at 22 °C day and 18 °C night in a controlled environment room with a 12 h photoperiod (Suheri &
Price, 2000). Plants were placed into 770 mm (L), 570 mm (W),
475 mm (H) clear plastic boxes with lids and fully expanded
leaves were drop-inoculated (10 lL) with the conidial inoculum
(5 9 105 mL 1) of each isolate (or distilled water as a negative
control check). Plastic boxes were internally misted with deionized water and lids closed for 48 h after the inoculation to
maintain high humidity. Inoculated leaves were assessed from
14 days onwards for disease symptoms to determine the
pathogenicity of the tested Alternaria isolates. To complete
Koch’s postulates, Alternaria spp. were reisolated from all leaf
lesion symptoms and identities of isolates were reconfirmed as
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the inoculated Alternaria spp. both by morphological observations and by having each isolate sequenced by Macrogen Inc.
Plants were arranged in a fully randomized design with six
replicates for each genotype 9 Alternaria spp. isolate. The
experiment was repeated twice.

Results
Fungal isolates
In 2015, 112 isolates of Alternaria were obtained from
canola leaf spots from across NSW (26 isolates), SA (41
isolates), VIC (16 isolates) and WA (29 isolates) (Table 3).
In 2016, 251 Alternaria isolates were obtained from NSW
(88 isolates), SA (28 isolates) and WA (135 isolates), with
an absence of Alternaria spp. in VIC (Table 3).

Fungal identification
In total, 112 and 251 of the alternaria leaf spot isolates
of 2015 and 2016 cropping seasons, respectively, were
confirmed by sequencing a combination of the gene for
Alt a 1 (sequence length was approximately 473 bp) and
the gene fragment of the plasma membrane ATPase (sequences ranged from 1134 to 1224 bp). Of these, 12 isolates of Alternaria were selected for GenBank submission
(Table 1) after producing ‘composite sequences’ of isolates that were 100% identical across the two loci.
In 2015, the 112 Alternaria isolates associated with
canola leaf spots from across the four states (Table 3) were
grouped into seven species: A. alternata (2.6%), A. conjuncta (6.3%), A. ethzedia (13.4%), A. eureka (3.5%),
A. hordeicola (2.7%), A. infectoria (26.8%) and
A. metachromatica (44.6%). Of these species, A. metachromatica predominated, accounting for 50 of the total isolates
in 2015.
In 2016, 251 Alternaria isolates from the three states
grouped into 12 different species of A. alternata (9.6%),
A. arborescens (0.8%), A. brassicae (9.9%), A. conjuncta
(2.8%), A. ethzedia (11.5%), A. eureka (3.2%), A. hordeicola (7.6%), A. infectoria (23.5%), A. japonica (2.8%),
A. malvae (0.4%), A. metachromatica (21.9%) and
A. tenuissima (5.9%). Of these species, A. infectoria predominated, accounting for 59 of the total isolates in 2016.
The partition homogeneity test resulted in a P value of
0.2, where P ≤ 0.05 was significantly incongruent, revealing the congruent phylogenetic evolution of both genes in
Alternaria spp. isolates, making it appropriate to concatenate the two datasets. The ML tree (ln likelihood
3309.8989) of concatenated sequences of Alt a 1 and
ATPase genes of 12 isolates of Alternaria (WA2016-26.3.1,
SA2016-90.2, WA2016-21.8, WA2016-26.1, SA201689.2, WA2016-11.9, WA2016-12.2.1, NSW2016-PSW.2,
NSW2016-PSW.47, WA2016-11.2, WA2016-25 and
NSW2016-PS-1.13) and the representative isolates
retrieved from GenBank (Table 2) revealed five sections
strongly supported with bootstrap values (BVs) >98%
(Fig. 1): section Alternaria (BV = 98%) containing A. alternata, A. arborescens, A. malvae and A. tenuissima;
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Table 3 Incidence of Alternaria species across canola (Brassica napus) cropping areas of southern Australia (New South Wales, South Australia,
Victoria, Western Australia) in 2015 and 2016 cropping seasons and their other known occurrences with references.

Alternaria species
Alternaria alternataa

New
South
Wales

South
Australia

Victoria

Western
Australia

No.
isolates
obtained

Cropping
year

Australia/country
present
All Australian
states
Worldwide
Queensland and
WA
Italy
All Australian
states

1

0

1

1

3

2015

11
0

2
0

0
0

11
0

24
0

2016
2015

A. brassicaea

1
0

1
0

0
0

0
0

2
0

2016
2015

A. conjuncta

11
0

2
3

0
2

12
2

25
7

2016
2015

A. ethzediaa

2
3

0
10

0
0

5
2

7
15

2016
2015

A. eureka

6
1

3
1

0
1

20
1

29
4

2016
2015

0

0

0

8

8

2016

A. hordeicolaa

1

2

0

0

3

2015

A. infectoriaa

7
6

1
8

0
3

11
13

19
30

2016
2015

A. japonicaa

22
0

10
0

0
0

27
0

59
0

2016
2015

3

0

0

4

7

2016

0

0

0

0

0

2015

0
14
15
0

0
17
7
0

0
9
0
0

1
10
33
0

1
50
55
0

2016
2015
2016
2015

10
26
88

2
41
28

0
16
0

3
29
135

15
112
251

2016
2015
2016

A. arborescensa

A. malvaea

A. metachromaticaa
A. tenuissimaa

Total

Worldwide
SA + semi-arid
Australia
Poland
Not present in
Australia
Switzerland
VIC
Not present in
Australia
Not present in
Australia
Norway
NSW, SA, VIC,
WA and
Tasmania
Worldwide
NSW, VIC and
WA
Italy, Spain
Not present in
Australia
China
SA
Pakistan
NSW, SA,
Queensland,
WA and
Tasmania
Korea, India

Reference
APPD (2017)
Taj et al. (2016)
Harteveld et al. (2013), APPD (2017)
Siciliano et al. (2017)
Sampson & Walker (1982), Shivas
(1989), You et al. (2005), Van de
Wouw et al. (2016), APPD (2017)
Farr & Rossman (2017)
Fisher et al. (1994), APPD (2017)
Mułenko et al. (2008)
—
Farr & Rossman (2017)
Atlas of Living Australia (2017), APPD
(2017)
—
—
Farr & Rossman (2017)
Shivas (1989), Barkat et al. (2016),
APPD (2017), Moslemi et al. (2017)
Farr & Rossman (2017)
Atlas of Living Australia (2017), APPD
(2017)
Garibaldi et al. (2011), Bassimba et al.
(2013)
—
Farr & Rossman (2017)
APPD (2017)
Bashir et al. (2014)
Harteveld et al. (2013), You et al.
(2014), APPD (2017)

Lee et al. (2013), Sharma et al. (2012)

NSW, New South Wales; SA, South Australia; VIC, Victoria; WA, Western Australia.
a
Indicates pathogenic species.

section Eureka (BV = 100%) containing A. eureka; section
Infectoriae (BV = 99%) including A. conjuncta, A. ethzedia, A. hordeicola, A. infectoria and A. metachromatica;
section Japonicae (BV = 100%) with A. japonica; and the
section containing the monotypic lineage A. brassicae
(BV = 100%). Alternaria malvae WA2016-11.2 claded
with A. arborescens (SA2016-90.2 and EGS 39-128) with
BV of 51% while A. malvae CBS 447.86 claded with section Alternaria with BV of 98%.

Morphological characteristics
The morphological characteristics of one isolate each of A. alternata (WA2016-26.3.1), A. arborescens (SA2016-90.2),
A. brassicae (WA2016-21.8), A. conjuncta (WA2016-26.1),
A. ethzedia (SA2016-89.2), A. eureka (WA2016-11.9),
A. hordeicola (WA2016-12.2.1), A. infectoria (NSW2016PSW.2), A. japonica (NSW2016-PSW.47), A. malvae
(WA2016-11.2), A. metachromatica (WA2016-25) and
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Figure 1 Maximum likelihood tree (highest log likelihood 3370.3393) of the concatenated sequences of the Alt a 1 and ATPase genes of 12
isolates of Alternaria spp. and the representative isolates retrieved from GenBank. Numbers represent bootstrap values (BVs) from 1000 replications
(BVs <50 are not shown). The scale bar represents the number of substitutions per site. The tree is rooted to Pleospora tarda (ATCC 42170). ATCC,
American Type Culture Collection.

A. tenuissima (NSW2016-PS-1.13) were similar to the descriptions by Simmons (2007). Colonies of WA2016-26.3.1,
SA2016-90.2, WA2016-11.2 and NSW2016-PS-1.13 isolates,
concluded to be in section Alternaria, revealed pale olive to
olive colour on PDA (Table 4), primary conidial mean length
ranging from 20.7 to 36.5 lm, mean width 7.4–11.7 lm and
conidiophore mean length 52.3–77.4 lm. WA2016-21.8 isolate exhibited yellow-green colony colour with primary conidial mean length 112.1 lm, mean width 21.5 lm and
conidiophore mean length 48.3 lm. Isolates of WA2016-26.1,
SA2016-89.2, WA2016-12.2.1, NSW2016-PSW.2 and
WA2016-25, assumed to be in section Infectoriae (Lawrence
et al., 2014), showed various colony colours on PDA ranging
from pale yellow-green to yellow-green to pale olive to sky

blue; with primary conidial mean length ranging from 25.7 to
36.8 lm, mean width 6.5–10.7 lm and conidiophore mean
length 25.4–64.3 lm. WA2016-11.9 isolate showed pale grey
colony colour with primary conidial mean length 17.8 lm,
mean width 12.3 lm and conidiophore mean length 18.9 lm.
NSW2016-PSW.47 isolate showed olive-grey in colony colour
with primary conidial mean length, width and conidiophore
mean length of 37.8, 21.4 and 4.53 lm, respectively.

Pathogenicity tests
Of the 47 Alternaria spp. isolates tested, the proportion of pathogenic isolates from the total isolates tested
for each species were as follows: A. alternata (2/4),
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WA2016-26.3.1
SA2016-90.2
WA2016-21.8
WA2016-26.1

SA2016-89.2

WA2016-11.9
WA2016-12.2.1
NSW2016-PSW.2
NSW2016.PSW.47
WA2016-11.2
WA2016-25
NSW2016-PS1.13

Alternaria alternata
A. arborescens
A. brassicae
A. conjuncta

A. ethzedia

A.
A.
A.
A.
A.
A.
A.

Pale grey
Yellow-green
Pale olive
Olive-grey
Olive
Sky blue
Olive

Olive
Pale olive
Yellow-green
Pale yellowgreen
Yellow-green

Colony colour

Ovate or subspherical with a circular or tapered
apex
Ovate or spheroidal
Small width to wide-ovate
Spherical or long-ovate
Short to elongate oval-shaped
Spheroidal or wedge-shaped
Ovate or spherical
Ovate or clavate

Ovate
Oval-shaped or spheroidal
Long clavate
Circular to long-ovate

Shape

a

Numbers in parentheses represent means.
Colony colour for all isolates was recorded on potato dextrose agar.

eureka
hordeicola
infectoria
japonica
malvae
metachromatica
tenuissima

Isolate

Alternaria species

a

Primary conidia

Table 4 Morphological characteristics of 12 isolates of Alternaria growing on potato carrot agar medium.

15.2–25.7 (17.8)
25.3–37 (28.9)
35.3–38.7 (36.8)
36.2–39 (37.8)
34.7–39.2 (36.5)
26.3–33.4 (28.4)
33.6–38.7 (35.6)

19.4–32.6 (25.7)

25.2–27.6 (26.3)
11.7–30.1 (20.7)
73.4–163.1 (112.1)
30.7–39.2 (34.8)

Length (lm)

12–12.7 (12.3)
7.4–14.8 (9.4)
7.3–8.4 (7.6)
20.6–22.8 (21.4)
8.7–10.5 (9.6)
6.5–9.1 (7.9)
11.3–12.2 (11.7)

5.8–9.6 (6.5)

6.7–8.2 (7.4)
6.9–10.5 (7.9)
18.6–25.4 (21.5)
10.2–11.3 (10.7)

Width (lm)

4–6
7–8
1–7
2–3
4–10
3–5
2–5

1–4

4–7
1–4
10–12
4–7

Transverse

No. of septa

1
1–2
0–1
1–2
3–5
0–1
1–2

1

0–1
0–1
1–2
1

Longitudinal

(53.1)
(77.4)
(48.3)
(45.3)

8.9–24.3 (18.9)
22.4–63.6 (32.8)
50.3–78.8 (64.3)
3.2–6.5 (4.53)
35.7–68.3 (55.3)
23.2–29.7 (25.4)
49.6–55.4 (52.3)

21.3–48.5 (33.9)

41.6–65.1
45.6–98.3
29.8–95.4
25.4–70.6

Conidiophore length
(lm)
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A. arborescens (1/1), A. brassicae (18/22), A. conjuncta
(0/1), A. ethzedia (1/1), A. eureka (0/1), A. hordeicola
(3/4), A. infectoria (2/2), A. japonica (4/4), A. malvae
(1/1), A. metachromatica (2/2), and A. tenuissima (4/4).
Of the 12 species of Alternaria tested on B. napus and
B. juncea under controlled environmental conditions,
10 Alternaria spp. were pathogenic on both genotypes
(Table 3). These included A. alternata, A. arborescens,
A. brassicae, A. ethzedia, A. hordeicola, A. infectoria, A. japonica, A. malvae, A. metachromatica and
A. tenuissima, that all showed typical alternaria leaf
spot symptoms similar to field conditions (Fig. 2). Only
two of the Alternaria spp., A. conjuncta and A. eureka,
failed to cause leaf spot symptoms on either B. napus
or B. juncea. For all pathogenic isolates, Koch’s postulates were completed by successful reisolation of the
inoculated Alternaria spp. with identities confirmed
genetically by resequencing the Alt a 1 gene and the
plasma membrane ATPase gene fragment and also phenotypically through identifying morphological characters according to Simmons (1986, 2007), as described
above.
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Discussion
This is the first study to define Alternaria spp. associated
with canola in Australia. All 12 Alternaria spp. (A. alternata, A. arborescens, A. brassicae, A. conjuncta, A. ethzedia, A. eureka, A. hordeicola, A. infectoria, A. japonica,
A. malvae, A. metachromatica and A. tenuissima)
reported in the current study have been associated with
alternaria leaf spot either within or outside Australia on
one or more Brassicaceae or non-Brassicaceae hosts
(Sampson & Walker, 1982; Shivas, 1989; Fisher et al.,
1994; You et al., 2005, 2014; Mułenko et al., 2008;
Garibaldi et al., 2011; Sharma et al., 2012; Bassimba
et al., 2013; Harteveld et al., 2013; Lee et al., 2013;
Bashir et al., 2014; Barkat et al., 2016; Taj et al., 2016;
Van de Wouw et al., 2016; Atlas of Living Australia,
2017; APPD, 2017; Farr & Rossman, 2017; Moslemi
et al., 2017; Siciliano et al., 2017). It is evident that leaf
spotting on canola in Australia is not soley caused by a single widely recognized Alternaria species such as A. brassicae, but that a range of up to nine other Alternaria spp.
are also associated, to varying degrees, with leaf spotting
in southern Australia.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 2 Typical alternaria leaf spot disease symptoms on Brassica napus ‘Thunder TT’ under field (a) and controlled environmental conditions
(b–f). (a) Alternaria brassicae on B. napus under field conditions, (b) negative control (leaf inoculated with distilled water), (c) A. alternata, (d)
A. brassicae, (e) A. japonica, (f) A. malvae.
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It is noteworthy that the number and composition of
Alternaria spp. varied between the two consecutive cropping seasons. Compared with 2015, incidence of five
Alternaria spp. significantly increased in 2016, A. alternata, A. ethzedia, A. eureka, A. hordeicola and A. infectoria, by 8-, 1.9-, 2-, 9.5- and 1.9-fold, respectively.
More importantly, five additional Alternaria spp. were
identified in 2016, A. arborescens, A. brassicae,
A. japonica, A. malvae and A. tenuissima, across the
four states. Incidence of some species, such as A. conjuncta, showed similar incidence across the 2 years. Furthermore, no alternaria leaf spot symptoms were
detected on canola in VIC in 2015. One possible cause
of the incidence variation in Alternaria spp. across the
2 years may be seasonal variability, known to affect incidence and distribution of Brassica pathogens and their
consequent disease severities (Barbetti et al., 2012).
Three of the 10 Alternaria spp. found on canola,
A. ethzedia, A. hordeicola and A. malvae, constitute first
records for Australia on any host including B. napus. In
addition, A. arborescens was a first record in both NSW
and SA on any host including B. napus. Other first
records include A. infectoria on B. napus in NSW;
A. japonica on B. napus in NSW and WA; A. metachromatica in both NSW, VIC and WA on any host including B. napus, and on B. napus in SA; and A. tenuissima
on B. napus in NSW, SA and WA. While A. conjuncta
in VIC and WA and A. eureka in NSW and SA were isolated from leaf spotting on B. napus, neither species
proved to be pathogenic under the test conditions of the
current study. It was surprising that A. brassicae, while
generally common, was not the predominant pathogen as
occurs with many leaf spots across Brassicaceae outside
Australia (Farr & Rossman, 2017). For example,
A. brassicae occurs on B. campestris var. chinensis in
Taiwan, B. caulorapa in Canada, B. juncea subsp. rugosa in the USA, B. juncea subsp. integrifolia in Korea,
B. juncea subsp. megalorrhiza and B. juncea subsp. tumida in China, B. oleracea var. capitata in Azerbaijan,
Honduras, Macedonia, Pakistan, Panama and countries
of the former Yugoslavia, B. oleracea var. gemmifera in
Zimbabwe, B. oleracea var. botrytis in Bolivia, Brazil,
Canada, China, El Salvador, Greece, India, Malawi,
Malaysia, Mexico, Myanmar, New Zealand, Peru, the
Philippines, South Africa, Spain, Taiwan, Tanzania,
Thailand, Uruguay, the USA, Venezuela and Zimbabwe,
on L. sativum in Denmark, Ethiopia and India and on
S. altissimum in Canada (Farr & Rossman, 2017). In
another study, Sharma et al. (2013) tested 22 isolates of
A. brassicae on cauliflower and mustard under field conditions showing that all the isolates were pathogenic on
both crops. However, Stoll (1952) observed differences
in pathogenicity between three isolates of A. brassicae on
cauliflower siliques, varying from extremely pathogenic,
to slightly pathogenic to nonpathogenic. Hence, it is
probable that there could be a range of pathogenicity
across isolates of some or all of the Alternaria spp. found
in the current study if greater numbers of isolates were
tested. As the Alternaria spp. were pathogenic on

B. juncea in the current study, it is possible that many of
these same species occur on, and are associated with, leaf
spot in B. juncea plantings in Australia. However, additional surveys targeting mustard crops would be needed
to test this hypothesis.
Many different Alternaria spp. in the current study
were able to cause leaf spot disease on canola, which
may explain the occurrence of ‘typical’ alternaria leaf
spot symptoms in some field situations in Australia even
where A. brassicae is not present. Ten of the 12 different
species of Alternaria (A. alternata, A. arborescens, A. brassicae, A. ethzedia, A. hordeicola, A. infectoria, A. japonica, A. malvae, A. metachromatica and A. tenuissima)
were pathogenic on both B. napus and B. juncea. Previously, alternaria leaf spot on Brassicaceae in Australia
has been recorded as caused by A. alternata, A. brassicae, A. brassicicola, A. infectoria, A. japonica and
A. tenuissima (Sampson & Walker, 1982; Shivas, 1989;
You et al., 2005; Van de Wouw et al., 2016; APPD,
2017); A. brassicicola had not been isolated until
these current surveys. Alternaria arborescens, A. conjuncta, A. eureka, A. infectoria, A. metachromatica and
A. tenuissima are recorded leaf spot pathogens on nonBrassicaceae hosts in Australia; examples include: Fisher
et al. (1994) reported A. conjuncta on Opuntia stricta in
semi-arid non-cropping regions; Harteveld et al. (2013)
reported A. arborescens on Malus sp. in QLD; APPD
(2017) reported A. arborescens on Helianthus argophyllus in QLD and on Paulownia sp. in WA, A. conjuncta
on Geranium sp. in SA and A. eureka on Medicago
rugosa in VIC; Shivas (1989) reported A. infectoria on
Phaseolus vulgaris, Pisum sativum and Sorghum bicolor
in WA; Moslemi et al. (2017), also reported A. infectoria
but on Tanacetum cinerariifolium in Tasmania, while
Barkat et al. (2016) recorded it on Triticum aestivum
seed in NSW, SA, VIC and WA; APPD (2017) reported
A. metachromatica on T. aestivum in SA; and both You
et al. (2005) and Harteveld et al. (2013), reported
A. tenuissima on Vaccinium corymbosum in WA and on
Malus sp. in NSW, SA, WA, QLD and Tasmania.
Despite the current study finding that A. ethzedia,
A. hordeicola and A. malvae are first reports as canola
leaf pathogens in Australia, these and/or other Alternaria
spp. have been reported to cause alternaria leaf spot on
wide ranging hosts outside Australia. Perhaps the most
important example is the well known A. brassicae causing
leaf spot symptoms on Anagallis arvensis in India,
Armoracia lapathifolia in Korea, on A. rusticana in Iowa,
North Carolina, New Zealand, northeastern USA, Poland,
Serbia, Tanzania and Texas, and on Beta vulgaris in California, China, India, Mauritius and Poland (Farr & Rossman, 2017). Similarly, A. alternata has also been recorded
on Actinidia deliciosa in Italy and Turkey, Aloe vera in
Pakistan and Louisiana, Bruguiera gymnorrhiza in China,
Gypsophila paniculata in Bulgaria, Musa sp. in the USA,
Phoenix dactylifera in Spain, Prunus avium in Greece,
Prunus dulcis in California, Rumex vesicarius in India and
Solanum tuberosum in South Africa (Taj et al., 2016). In
addition, Siciliano et al. (2017) found that all tested
Plant Pathology (2019) 68, 492–503

47

Diversity of Alternaria spp. on canola

isolates of A. alternata, A. arborescens, A. brassicicola,
A. japonica and A. tenuissima were pathogenic across different hosts in the family of Brassicaceae; while Farr &
Rossman (2017) reported A. ethzedia on B. napus in
Switzerland, A. hordeicola on Hordeum vulgare in Norway and A. malvae on Malva sinensis in China. Furthermore, alternaria leaf spotting caused by A. conjuncta has
been recorded on Daucus carota in Poland (Mułenko
et al., 2008), A. infectoria on Malus domestica in South
Africa (Farr & Rossman, 2017), A. metachromatica on
Solanum lycopersicum in Pakistan (Bashir et al., 2014),
A. tenuissima on Farfugium japonicum in Korea (Lee
et al., 2013), and Cajanus cajan in India (Sharma et al.,
2012).
Perhaps one reason for the diversity of Alternaria spp.
associated with alternaria leaf spot in southern Australia,
rather than the anticipated dominance of A. brassicae, is
due to the unique environmental conditions that strongly
influence various aspects of Brassica diseases in that
region (Barbetti et al., 2012). For example, the Mediterranean-type environment of southern and southwest WA,
SA and VIC shows extreme variation in temperature and
rainfall within and between cropping seasons, with consequent adaptions of Brassica pathogens to both crop
and environmental confrontations (Barbetti et al., 2012).
Similarly, Van de Wouw et al. (2016) reported fluctuation in alternaria leaf spot incidence on canola caused by
A. brassicae across the Australian states during 2013–
2015 cropping seasons, with 48% of locations showing
alternaria leaf spot disease in 2013 but only 9% in 2014.
Saharan et al. (2016) also highlighted the influence of
environment, finding that favourable conditions for
A. brassicae leaf spot in Brassicaceae included low temperature, a highly humid environment and showering
rain; Meena et al. (2010) also noted the significance of
temperature as a determining factor in the extent and
severity of alternaria leaf spot disease outbreaks, primarily due to its effects on A. brassicae conidial germination,
growth, penetration, colonization within the host and
extent of subsequent secondary conidial formation.
Importantly, Dang et al. (1995) investigated the correlation between alternaria leaf spot of rapeseed-mustard
and environmental conditions during 1988–1990 crop
seasons in India, and showed that progression of disease
occurred at 16.3–25.7 °C (maximum temperature), 1.6–
9.7 °C (minimum temperature), 79.6–96.5% relative
humidity and 2.5–6.0 km h 1 wind speed. As with other
pathogens of Brassicaceae in Australia, it can be
expected that the composition of Alternaria spp. populations associated with canola leaf spots will also change
by way of adaptation to environmental challenges under
future climate scenarios (Barbetti et al., 2012).
Phylogenetic analysis of 12 Alternaria spp. isolates in
this study showed clustering of isolates into five sections
across the two loci. These findings support the previous
study by Hong et al. (2005) who showed Alt a 1 and
gpd loci provided strong support of Alternaria spp.
grouping, particularly, alternata, brassicicola, infectoria,
radicina and sonchi species-groups along with the genus
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Embellisia. Furthermore, Lawrence et al. (2014) showed
that both gpd and ATPase loci strongly supported alternata, alternantherae, brassicicola, porri, radicina, sonchi,
and infectoria species-groups. The five monophyletic sections of the Alternaria isolates studied here (section
Alternaria, section Eureka, section Japonicae, section
Infectoriae and the monotypic lineage A. brassicae)
across the two test genes support previous studies (Hong
et al., 2005; Lawrence et al., 2013, 2014; Woudenberg
et al., 2013; Poursafar et al., 2018). However, the representative isolate A. malvae CBS 447.86 was clustered
with section Alternaria rather than clustering with the
A. malvae isolate WA2016-11.2. This finding was similar
to the previous study of Lawrence et al. (2013) who
indicated that both Alt a 1 and ATPase genes resulted in
clading alternata species-groups into a monophyletic
group with BV of 100%/1.0 and ≥79%/1.0, respectively
for each of these two genes. However, these authors
found that the Alt a 1 locus was insufficient to demonstrate the divergence across the section Alternaria while
the ATPase gene showed sufficient divergence across the
section along with clustering of A. malvae CBS 447.86
with the section Alternaria including 30 Alternaria isolates with BV of 81%/1.0. The concatenated sequences
of both loci in the current study gave moderate to strong
support of the divergence of A. alternata, A. arborescens
and A. tenuissima but incompletely supported the divergence of A. malvae. Andrew et al. (2009) clarified that
the identification of the small-spored species within section Alternaria is challenging due to environmental influences that highly affect the morphological characters
used in taxa differentiation along with the invariant
protein coding loci that are commonly used in taxa
identification.
In conclusion, this study revealed that alternaria leaf
spot associated with canola in Australia is caused by a
multi-Alternaria spp. complex rather than solely A. brassicae. It constitutes the first reports of A. ethzedia,
A. hordeicola and A. malvae in Australia on any host
and the first reports for A. arborescens, A. infectoria,
A. japonica, A. metachromatica and A. tenuissima in
one or more different Australian states. Of the Alternaria
spp., A. metachromatica (44.6%) and A. infectoria
(23.5%) predominated in 2015 and 2016, respectively.
Despite alternaria leaf spot not currently being considered a major foliar disease on canola in Australia, the
diversity of Alternaria spp. found to be pathogenic on
both canola and mustard is cause for concern. It highlights a need to determine canola and mustard varietal
susceptibilities to Alternaria spp. and also a need to survey other Brassicaceae to assess the role of different
Alternaria spp. on these other crops.
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CHAPTER 3

Virulence variability across the Alternaria spp. population
determines incidence and severity of Alternaria leaf spot on
rapeseed

This chapter focuses on the differences in virulence levels within and between
Alternaria species associated with Alternaria leaf spot on seedlings of rapeseed.
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consequent defoliation were evaluated for 101 isolates across 10 Alternaria spp.
A. infectoria, A. japonica, A. metachromatica, and A. tenuissima) on seedlings of Brassica
napus ‘Thunder TT’. In terms of disease incidence, severity, and defoliation, all isolates tested were virulent, but levels of isolate virulence varied within and between
Alternaria spp. tested. Virulence also varied in relation to the disease assessment parameter used. A. japonica showed the highest virulence and overall mean values of
percentage leaf disease incidence (%LDI 97.5), percentage leaf area diseased (%LAD
90.0) and percentage leaf senescence index (%LSI 70.0), followed by A. brassicae with
65.0, 55.0, and 35.0, A. ethzedia with 50.9, 41.8, and 15.9, and A. alternata with 48.4,
41.1, and 14.8, for %LDI, %LAD, and %LSI, respectively. The remaining Alternaria
spp. also expressed varying levels of virulence in relation to the particular disease
parameter used. These findings highlight the variation in relative levels of virulence,
in terms of disease incidence, severity, and defoliation, within and between Alternaria
spp. associated with leaf spot on rapeseed and reflect the relative importance of
different pathogen populations of Alternaria spp. In particular, the potential of A. japonica and A. ethzedia to be significant pathogens of rapeseed in Australia, along with
A. brassicae and A. alternata, is highlighted.

KEYWORDS

Alternaria spp., alternaria leaf spot, Brassica napus, rapeseed, virulence

1 | I NTRO D U C TI O N

associated with vegetable brassicas (Saharan et al., 2016), are
most frequently reported. The disease severity of these patho-

Alternaria leaf spot/blight of Brassicaceae can be a devastat-

gens as well as favourable environmental conditions and host sus-

ing disease (e.g., mustard in India) and can be caused by several

ceptibility are responsible for significant yield losses on a broad

species of Alternaria. Of these, A. brassicae, which is commonly

range of Brassicaceae crops. For example, A. brassicae causes

associated with rapeseed, and A. alternata, which is commonly

yield losses of 21%–40% on B. juncea in India (Kolte et al., 1987;
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2 | M ATE R I A L S A N D M E TH O DS

Prasad et al., 2003) and, on rapeseed (B. napus), losses of 59% in
Australia (Al-lami et al., 2019b), 42% in Canada (Degenhardt et

2.1 | Alternaria spp. isolates and preparation of
inoculum

al., 1974), 17% in India (Kumar, 1997), and up to 60% in Europe
(Smith et al., 1988) have been reported. A. alternata causes yield
loss of 4%–18% on Raphanus sativus in India (Suhag et al., 1983),
while A. japonica causes yield loss up to 58% on rapeseed in

For this study, 101 hyphal tip isolates of 10 Alternaria spp. (A. alter-

Australia (Al-lami et al., 2019b). In addition, these species are re-

nata, A. brassicae, A. conjuncta, A. ethzedia, A. eureka, A. hordeicola,

ported to have varying levels of virulence on Brassicaceae. For

A. infectoria, A. japonica, A. metachromatica, and A. tenuissima) were

instance, A. brassicae demonstrated three distinct isolate ‘types’

used (Table 1). The isolates were originally obtained from leaf samples

prevalent in India, A. brassicae-A (highly virulent), A. brassicae-C

taken during 2015 and 2016 surveys of rapeseed crops across south-

(moderately virulent), and A. brassicae-D (avirulent) (Kolte et al.,

ern Australia (including Western Australia, South Australia, New South

1991). Similarly, A. alternata showed three distinct ‘types’ on

Wales, and Victoria; authors’ unpublished data). Representative iso-

Crambe abyssinicia: strain A that was moderately pathogenic (as-

lates of Alternaria spp. had previously been phylogenetically identified

sociated with leaves, stems and siliquae), strain B that was most

(Al-lami et al., 2019a) using sequencing of two loci, major allergen Alt

pathogenic (associated with siliquae), and strain C that was least

a 1 (Hong et al., 2005) and plasma membrane ATPase (Lawrence et al.,

pathogenic (associated with leaves) (Czyżewska, 1971). In gen-

2014), together with morphological (Simmons, 1986, 2007) and phe-

eral, A. brassicae is categorized as the most virulent pathogen

notypical identification. The majority of isolates were selected from

across Brassicaceae hosts (Nowicki et al., 2012; Saharan et al.,

Western Australia, as it recorded the highest number of Alternaria spp.

2016).

isolates, i.e. 29 and 135 isolates in 2015 and 2016 cropping seasons, re-

In Australia, two Alternaria spp. have been associated with al-

spectively (Al-lami et al., 2019a). The number of isolates used for each

ternaria leaf spot on rapeseed (B. napus), A. alternata (Australian

species was: 9 for A. alternata, 2 for A. brassicae, 8 for A. conjuncta, 19

Plant Pest Database, 2019) and A. brassicae (Sampson and Walker,

for A. ethzedia, 11 for A. eureka, 10 for A. hordeicola, 14 for A. infecto-

1982; Shivas, 1989; Van de Wouw et al., 2016). Most recently, a

ria, 4 for A. japonica, 18 for A. metachromatica, and 6 for A. tenuissima.

multi-Alternaria spp. population including A. arborescens, A. con-

Isolates were grouped and named based on original location and host

juncta, A. ethzedia, A. eureka, A. hordeicola, A. infectoria, A. japon-

as follows: NSW (1–16) collected from New South Wales; SA (1–19)

ica, A. malvae, A. metachromatica, and A. tenuissima, together with

collected from South Australia; VIC (1–3) collected from Victoria; and

A. alternata and A. brassicae, was found to be prevalent on rape-

WA (1–63) collected from Western Australia. ‘W’ refers to isolates col-

seed, with up to seven different Alternaria spp. associated in one

lected from the wild radish, whereas all other isolates were collected

location (Al-Lami et al., 2019a). In association with 2015–2016

from rapeseed. Two isolates each of A. brassicae (SA-2 and WA-7) and

surveys of rapeseed crops across southern Australia (authors’

A. japonica (WA-46 and WA-47) were included for comparison checks

unpublished data), 363 isolates of Alternaria spp. were collected

with earlier studies conducted on both B. napus (cv. Thunder TT) and

across four states, New South Wales, South Australia, Victoria,

B. juncea (cv. Dune) (Al-lami et al., 2019a).

and Western Australia. While these isolates have been phyloge-

For production of hyphal inoculum, isolates were preserved in

netically, morphologically, and phenotypically defined by Al-Lami

lyophilized ampoules and subsequently subcultured onto potato

et al. (2019a), there have been no studies on the virulence vari-

dextrose agar (PDA; Merck) for 7 days at 23 ± 2 °C under cool white

ability between or within the different Alternaria spp. associated

fluorescent light. Five agar plugs of 4 mm2 containing growing myce-

with this pathogen population, nor studies on how virulence vari-

lia were transferred from PDA into 150 ml of liquid growth medium

ability relates to the variable incidence and severity of alternaria

(24 g/L potato dextrose broth and 10 g/L peptone in water; Uloth et

leaf spot as observed on rapeseed across geographic locations.

al., 2015). Cultures were placed on a rotary shaker at 150 rpm at 25

Thus, we hypothesized, first, that the isolates across different

°C. After 5 days, actively growing mycelium was harvested by strain-

Alternaria spp. have variable levels of virulence between and

ing the broth through four layers of cheesecloth and washing well with

within the species depending upon the disease assessment pa-

sterile deionized water (SDW). The mycelium was macerated in SDW

rameter used, and, secondly, that species other than A. brassicae

using a Mega Blender (Kambrook) for 5 min; the initial inoculum con-

and A. alternata are the most virulent among the species found

centration was estimated using a haemocytometer counting chamber

on rapeseed in Australia. To investigate this, studies were un-

and then adjusted to obtain mycelial fragments of 90 ± 10 µm length

dertaken to determine the virulence based on disease incidence,

at a concentration of 4 × 106 fragments/ml (Gunasinghe et al., 2017).

severity, and consequent defoliation on rapeseed cv. Thunder TT

The hyphal inoculum was used immediately in virulence tests.

for 101 isolates across 10 different Alternaria spp. (A. alternata,
A. brassicae, A. conjuncta, A. ethzedia, A. eureka, A. hordeicola, A.

2.2 | Virulence tests

infectoria, A. japonica, A. metachromatica, and A. tenuissima). We
highlight the variations in virulence to explain the relative importance of different Alternaria spp. pathogen populations on rape-

A single susceptible genotype, B. napus ‘Thunder TT’, was used for

seed in Australia and elsewhere.

virulence tests (Al-lami et al., 2019a). Ten replicate pots of each
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TA B L E 1 Alternaria leaf spot severity of 101 isolates across 10 Alternaria species on Brassica napus ‘Thunder TT’ under glasshouse
conditions measured by leaf disease incidence (%LDI), leaf area diseased (%LAD), and leaf senescence index (%LSI), their virulence (H, M, L),
and the year of isolate collection
Leaf disease incidence
Species

Isolate identitya

Alternaria
alternata

SA-1

70.0

H

57.5

H

20.0

2016

WA-1

64.2

H

54.0

H

26.7

2016

A. brassicae

A. conjuncta

A. ethzedia

%LDI

Virulenceb

Leaf area diseased
%LAD

Virulencec

%LSI

Year

WA-2

62.5

H

57.5

H

12.5

2016

WA-3

58.7

M

50.0

H

16.2

2016

WA-4

55.0

M

46.2

M

12.5

2016

NSW-1

37.5

L

32.5

M

12.5

2016

WA-5W

32.5

L

27.5

L

12.5

2016

WA-6

27.5

L

22.5

L

10.0

2016
2015

NSW-2

27.5

L

22.5

L

10.0

Mean

48.4

M

41.1

M

14.8

Significance of isolates

p < .001

p < .001

p < .001

LSD (p > .05)

3.19

2.94

2.11

SA-2

72.5

H

62.5

H

50.0

2016

WA-7

57.5

M

47.5

M

20.0

2016

Mean

65.0

H

55.0

H

Significance of isolates

p < .001

LSD (p > .05)

1.31

NSW-3W

42.5

p < .001

35.0
ns

2.01
M

35.0

M

17.5

2016

WA-8

40.0

M

35.0

M

10.0

2016

VIC-1

37.5

L

30.0

M

15.0

2015

WA-9

35.0

L

30.0

M

15.0

2015

WA-10

35.0

L

25.0

L

12.5

2016

WA-11W

30.0

L

22.5

L

10.0

2016

VIC-2

25.0

L

12.5

L

0.0

2015

SA-3

17.5

L

12.5

L

0.0

2015

L

25.3

L

Mean

32.8

Significance of isolates

p < .001

LSD (p > .05)

0.99

WA-12W

67.5

p < .001
1.01
H

52.5

10.0
p < .001
0.77

H

17.5

2016

NSW-4

67.5

H

61.7

H

42.2

2015

WA-13W

62.5

H

37.5

M

12.5

2016

WA-14

62.5

H

57.5

H

17.5

2016

WA-15

62.5

H

47.5

M

22.5

2016

WA-16W

57.5

M

52.5

H

18.7

2016

NSW-5W

57.5

M

52.5

H

17.5

2016

WA-17

52.5

M

47.5

M

17.5

2016

WA-18W

52.5

M

37.5

M

12.5

2016

SA-4

52.5

M

37.5

M

12.5

2016

NSW-6

51.5

M

46.5

M

14.7

2015

WA-19

46.2

M

33.7

M

10.0

2016

WA-20

45.2

M

34.7

M

14.7

2016

WA-21W

42.5

M

37.5

M

12.5

2016

(Continues)
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(Continued)
Leaf disease incidence

Species

Isolate identity

a

WA-22

A. eureka

A. hordeicola

A. infectoria

509

%LDI

Virulence

42.5

M

Leaf area diseased
b

%LAD

Virulencec

%LSI

Year

37.5

M

12.5

2016

WA-23

42.5

M

32.5

M

10.0

2016

WA-24

35.7

L

30.7

M

13.7

2016

NSW-7

33.7

L

28.7

L

11.2

2016

SA-5

32.5

L

27.5

L

12.5

2016

M

41.8

M

Mean

50.9

Significance of isolates

p < .001

LSD (p > .05)

3.37

WA-25W

57.5

p < .001
3.37
M

42.5

15.9
p < .001
3.33

M

20.0

2016

WA-26

55.0

M

40.0

M

15.0

2016

SA-6

55.0

M

40.0

M

15.0

2015

WA-27W

50.0

M

40.0

M

15.0

2016

VIC-3

45.0

M

35.0

M

12.5

2015

WA-28

40.0

M

35.0

M

14.5

2016

WA-29W

40.0

M

33.5

M

13.5

2016

WA-30W

35.0

L

25.0

L

12.5

2016

WA-31W

30.0

L

20.0

L

7.5

2016

WA-32

30.0

L

20.0

L

10.0

2015

WA-33

27.5

L

20.0

L

7.5

2016

M

31.9

M

Mean

42.3

Significance of isolates

p < .001

LSD (p > .05)

1.50

WA-34W

42.5

p < .001
1.29
M

37.5

13.0
p < .001
1.25

M

22.5

2016

WA-35W

35.0

L

27.5

L

10.0

2016

SA-7

35.0

L

30.0

M

8.7

2016

NSW-8W

35.0

L

30.0

M

10.0

2016

WA-36

29.2

L

23.0

L

8.0

2016

SA-8

27.5

L

22.5

L

7.5

2016

WA-37W

26.2

L

21.0

L

3.0

2016

WA-38

20.0

L

15.0

L

5.0

2016

WA-39

20.0

L

15.0

L

0.0

2016

NSW-9W

20.0

L

12.5

L

2.5

2016

L

23.4

L

Mean

29.0

Significance of isolates

p < .001

LSD (p > .05)

2.23

WA-40

57.5

p < .001
2.43
M

37.5

7.7
p < .001
1.93

M

12.5

2016

WA-41W

47.5

M

42.5

M

17.5

2016

WA-42

47.5

M

32.5

M

7.5

2016

SA-9

42.5

M

32.5

M

10.0

2016

WA-43

37.5

L

32.5

M

10.0

2016

WA-44

37.5

L

32.5

M

15.0

2016

SA-10

37.5

L

32.5

M

12.5

2016

SA-11

35.0

L

30.0

M

11.2

2016

NSW-10W

32.5

L

27.5

L

12.5

2016

(Continues)
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(Continued)
Leaf disease incidence

Species

Isolate identity

a

NSW-11W

A. japonica

%LDI

Virulence

32.5

L

Leaf area diseased
b

%LAD

Virulencec

%LSI

Year

27.5

L

7.5

2016

SA-12

27.5

L

23.0

L

7.5

2015

SA-13

27.5

L

22.5

L

2.5

2016

WA-45

22.5

L

17.5

L

7.5

2016

SA-14

17.5

L

12.5

L

2.5

2016

L

28.8

L

mean

35.9

Significance of isolates

p < .001

LSD (p > .05)

2.07

WA-46

100

p < .001
2.09
H

95.0

1.39
H

A. tenuissima

77.5

2016

WA-47

100

H

95.0

H

77.5

2016

NSW-12W

95.0

H

85.0

H

62.5

2016
2016

NSW-13W

95.0

H

85.0

H

62.5

Mean

97.5

H

90.0

H

70.0

Significance of isolates

ns

ns

p < .001

LSD (p > .05)
A. metachromatica

9.7
p < .001

1.73

WA-48

47.5

M

37.5

M

15.0

2016

SA-15

47.5

M

42.5

M

12.5

2016

WA-49

42.5

M

32.5

M

12.5

2016

WA-50

42.5

M

37.5

M

10.0

2016

WA-51

40.0

M

30.0

M

15.0

2016

WA-52

40.0

M

32.5

M

12.5

2016

WA-53W

37.5

L

30.0

M

12.5

2016

WA-54

37.5

L

30.0

M

15.0

2016

SA-16

37.5

L

31.2

M

10.0

2016

SA-17

37.2

L

30.0

M

12.2

2015

WA-55W

35.0

L

30.0

M

12.5

2016

WA-56

35.0

L

25.0

L

12.5

2016

WA-57

35.0

L

25.0

L

10.0

2016

WA-58

35.0

L

30.0

M

9.7

2016

WA-59

30.0

L

25.0

L

10.0

2016

WA-60

25.0

L

12.5

L

5.0

2016

WA-61

22.5

L

17.5

L

7.5

2016
2016

SA-18

20.0

L

15.0

L

0.0

Mean

36.0

L

28.5

L

10.8

Significance of isolates

p < .001

p < .001

p < .001

LSD (p > .05)

1.90

1.95

1.32

SA-19

52.5

M

47.5

M

12.5

2016

NSW-14W

45.0

M

36.2

M

13.7

2016

WA-62

42.5

M

37.5

M

12.5

2016

NSW-15W

37.5

L

32.5

M

12.5

2016

NSW-16W

35.0

L

28.7

L

8.75

2016

WA-63

32.5

L

27.5

L

10.0

2016

Mean

40.8

M

35.0

M

Significance of isolates

p < .001

p < .001

11.7
p = 0.001

(Continues)
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(Continued)
Leaf disease incidence

Species

Isolate identity
LSD (p > .05)

a

%LDI

Leaf area diseased

Virulence

b

%LAD

Virulencec

%LSI

2.31

2.41

2.55

Overall mean

42.9

35.1

14.7

Overall significance of isolates

p < .001

p < .001

p < .001

Overall isolates LSD (p > .05)

2.32

2.32

2.02

Year

Note: Disease values represent 20 plants tested per isolate. LSD, least significant difference.
a

NSW, New South Wales; SA, South Australia; VIC, Victoria; WA, Western Australia; W, wild radish.

b

L, low virulence (≤39% of leaf disease incidence); M, moderate virulence (40%–59% of leaf disease incidence); H, high virulence (≥60% of leaf disease
incidence).
c

L, low virulence (≤29% of leaf area diseased); M, moderate virulence (30%–49% of leaf area diseased); H, high virulence (≥50% of leaf area diseased).

cultivar were used for each isolate, each pot sown with four seeds

area diseased (%LAD), and percentage leaf senescence index (%LSI)

(pots 6 × 6 × 9 cm) and the subsequent seedlings were thinned to

index based on the method described by McKinney and Davis (1923),

one plant per pot. Plants were maintained in a naturally lit green-

where:

house at 18 ± 4 °C, watered daily with deionized water and allowed

%LDI, %LAD or %LSI = {[(a × 0) + (b × 1) + (c × 2) + (d × 3) + (e × 4)

to drain to field capacity. Plants were fertilized weekly with Thrive
(Yates), a complete nutrient solution dissolved in water. At the 3-leaf

+ … (k × 10)] × 100}∕[(a + b + c + d + e + … k)

stage, plants were placed into clear plastic boxes with lids, measur-

× 10)]

ing 770 mm (L), 570 mm (W), 475 mm (H); both cotyledons and fully
expanded leaves were spray-inoculated with 6 ml per plant of a hy-

and where a, b, c, d, e … k are the number of plants with severity scores

phal suspension of each isolate with a concentration of 4 × 106 frag-

of 0, 1, 2, 3, 4, … 10, respectively.

ments/ml (or SDW as a control check) using a hand-held and operated

Subsequently, a distinct category of disease virulence (aggres-

aerosol sprayer. Plastic boxes were internally misted with SDW and

siveness) was allocated to the isolates according to each of the three

lids closed for 4 days post-inoculation (dpi) to maintain high humidity.

disease parameters. Virulences in relation to %LDI were classified

After 24 hr post-inoculation (hpi), the development of disease symp-

as follows: L, low virulence (≤39%); M, moderate virulence (40%–

toms was examined at 6 hr intervals.

59%); H, high virulence (≥60%). Virulences based on %LAD were
classified as follows: L, low virulence (≤29%); M, moderate virulence
(30%–49%); H, high virulence (≥50%). The %LSI was rated as low

2.3 | Disease assessment

level of senescence for ≤10% of leaves senesced, intermediate level
of senescence for 10%–20% of leaves senesced, and severe level of

The reactions of both cotyledons and fully expanded leaves were re-

senescence where there was ≥20% of leaves senesced.

corded at 7 and 10 dpi (Hong and Fitt, 1995). Plants were assessed
for disease reaction in three ways: (a) leaf disease incidence (by as-

2.4 | Experimental design and statistical analysis

sessing the percentage of leaves showing disease symptoms) on a
0–10 disease incidence scale (Barbetti, 1987) where 0 = nil disease,
1 = 1%–10%, 2 = 11%–20%, 3 = 21%–30%, 4 = 31%–40%, 5 = 41%–

The experiment was fully repeated twice. Each trial had 10 replicates

50%, 6 = 51%–60%, 7 = 61%–70%, 8 = 71%–80%, 9 = 81%–90%, and

arranged in randomized block design using the ‘Generate a Standard

10 = 91%–100% of leaves diseased; (b) the percentage of leaf area

Design’ function of GenStat 18th edition, (Lawes Agricultural Trust,

diseased, by calculating the leaf area diseased across all leaves of

Rothamsted Research). Normality of data and homogeneity of vari-

each plant as a percentage of the total leaf area using the same scale

ances from each experiment were tested before conducting analyses.

(0–10) but for percentage of leaf area affected instead of disease in-

A t test using GenStat was used to compare the disease indices (%LDI,

cidence (Eshraghi et al., 2007); and (c) the degree of leaf senescence,

%LAD, and %LSI) between the experiments. As no differences be-

by assessing the number of senescent leaves on plants diseased with

tween the experiments were detected (i.e. p > .05), data for both trials

alternaria leaf spot compared to control plants (the number of senes-

were combined and reanalysed as a single data set. The %LDI, %LAD,

cent leaves on control plants was subtracted from the number on

and %LSI were analysed using one-way ANOVA function of GenStat.

diseased plants), also on a 0–10 scale where 0 = no senescent leaves

Fisher's least significant differences (LSDs) were used to separate sig-

and 10 = >90% of leaves senesced from Alternaria spp. infection

nificant differences between treatments (p > .05). Multiple comparison

(Barbetti and Nichols, 2005). Subsequently, each 0–10 score for leaf

tests for means were performed using Bonferroni's method in GenStat.

disease incidence, leaf area diseased, and leaf senescence was con-

Bivariate Pearson's correlation coefficients (r values) using SPSS

verted into percentage leaf disease incidence (%LDI), percentage leaf

Statistics for Windows v. 25.0 (IBM Corporation) were computed for
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aggregates to test the relationships between the disease assessment
parameters across the Alternaria spp. overall and within each species.

3 | R E S U LT S
3.1 | Symptoms
The time of first appearance of alternaria leaf spot symptoms varied
across the isolates of Alternaria spp. Plants inoculated with isolates
causing ≥40% LDI expressed symptoms by 3 dpi, whereas plants inoculated with isolates causing ≤39% LDI expressed symptoms only
by 4–5 dpi (Figure 1a). There was no significant increment in disease
progression over time until 10 dpi (data not shown). Lesions on diseased plants were grey and generally showed an associated chlorotic
halo across isolates of the different Alternaria spp. (Figure 2). No disease symptoms occurred on any control plants.

3.2 | Virulence tests
For overall isolates and isolates within each Alternaria species, there
were significant (p < .001) differences across the isolates in terms of
the overall means of %LDI, %LAD, and %LSI (Table 1). Similarly, there
were significant (p < .001) differences across isolates within each
of the Alternaria species A. alternata, A. conjuncta, A. ethzedia, A. eureka, A. hordeicola, A. infectoria, A. metachromatica, and A. tenuissima
for %LDI, %LAD, and %LSI, within A. brassicae for %LDI and %LAD,
and within A. japonica for %LSI. In contrast, there were no significant
(p < .05) differences across isolates within A. brassicae for %LSI nor
within A. japonica for %LDI and %LAD.
Although all the isolates across Alternaria spp. tested were virulent,
the level of virulence varied across some isolates within each Alternaria
sp. as measured by %LDI, %LAD, and %LSI. For example, two isolates
of A. alternata (SA-1 and WA-2) showed high virulence in %LDI and
%LAD but showed intermediate senescence, whereas isolate NSW-1
showed low virulence in %LDI but demonstrated a moderate level of
virulence in %LAD and %LSI. In total, >50% of isolates of A. alternata
showed similar variation in the level of virulence across %LDI, %LAD,
and %LSI. Similarly, the variation in level of virulence was expressed

F I G U R E 1 Box plot of pathogenicity of 101 isolates of
10 Alternaria spp. (n = 9 for A. alternata, 2 for A. brassicae, 8
for A. conjuncta, 19 for A. ethzedia, 11 for A. eureka, 10 for
A. hordeicola, 14 for A. infectoria, 4 for A. japonica, 18 for A.
metachromatica, and 6 for A. tenuissima) on Brassica napus
‘Thunder TT’ under glasshouse conditions as measured by (a)
percentage leaf disease incidence (%LDI); boxes with different
letters indicate significant difference between species (p < .001);
mean LSD (p < .05) 2.45; (b) percentage leaf area diseased
(%LAD); significance of difference between species p < .001;
mean LSD (p < .05) 2.24; and (c) percentage leaf senescence
index (%LSI); significance of difference between species
p < .001; mean LSD (p = .05) 1.50. Statistical analysis was
performed using a one-way ANOVA followed by Bonferroni's
multiple comparison (experiment-wise error rate = 0.05,
comparison-wise error rate = 0.0011)

in >50% of isolates of A. conjuncta and A. ethzedia, >40% of isolates of
A. infectoria and A. metachromatica, 30% of isolates of A. hordeicola, and
one isolate for each of A. eureka and A. tenuissima. In contrast, there
was no variation in the level of virulence within the isolates of A. brassicae and A. japonica as measured by the three assessment parameters.
There was also variation in virulence (measured by %LDI, %LAD,
and %LSI) between Alternaria spp. isolates. All isolates of A. japonica
showed a high level of virulence (Table 1), whereas all the isolates
within A. brassicae expressed moderate to high levels of virulence.
Subsequently, isolates within A. alternata and A. ethzedia showed
similar levels of virulence, with >55.0% of isolates of these species
demonstrating moderate to high %LDI and >65.0% showing moderate
to high %LAD with accompanying senescence. A. conjuncta, A. eureka,
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F I G U R E 2 Alternaria leaf spot disease caused by different Alternaria spp. on Brassica napus ‘Thunder TT’ at 7 days post-inoculation
under glasshouse conditions. (a) Negative control (leaf inoculated with sterile deionized water); (b) Alternaria alternata; (c) A. brassicae; (d) A.
conjuncta; (e) A. ethzedia; (f) A. eureka; (g) A. hordeicola; (h) A. infectoria; (i) A. japonica; (j) A. metachromatica, and (k) A. tenuissima

A. infectoria, A. metachromatica, and A. tenuissima demonstrated similar

15.9, A. alternata with %LDI 48.4, %LAD 41.1, and %LSI 14.8. In

moderate/low levels of virulence; >35% of A. eureka and A. tenuissima

contrast, A. conjuncta, A. eureka, A. infectoria, A. metachromatica,

isolates, and >65.0% of A. conjuncta, A. infectoria, and A. metachromat-

and A. tenuissima expressed varying levels of virulence depen-

ica isolates showed low %LDI, whereas >50.0% of isolates of these

dent upon the disease parameter. For example, in relation to

species caused moderate %LAD with accompanying senescence.

%LDI, A. eureka showed highest virulence with %LDI of 42.3%,

Isolates within A. hordeicola caused least disease and senescence

followed by A. tenuissima with 40.8%, A. metachromatica with

across all isolates.

36.0%, A. infectoria with 35.9%, and A. conjuncta with 32.8%.

For Alternaria spp., there were significant (p < .001) differ-

However, in relation to %LAD, A. tenuissima showed the great-

ences across Alternaria spp. in terms of the disease incidence

est virulence with %LAD of 35.0%, followed by A. eureka with

(%LDI), area diseased (%LAD), and leaf senescence (%LSI)

31.9%, A. infectoria with 28.8%, A. metachromatica with 28.5%,

(Figure 1a,b,c). A. japonica was the most virulent species among

and A. conjuncta with 25.3%. Further, in terms of %LSI, A. eureka

the 10 tested Alternaria spp., with %LDI 97.5, %LAD 90.0, and

showed greatest senescence with %LSI 13.0%, then A. tenuissima

%LSI 70.0, followed by A. brassicae with %LDI 65.0, %LAD 55.0,

with 11.7%, A. metachromatica with 10.8%, A. conjuncta with

and %LSI 35.0, A. ethzedia with %LDI 50.9, %LAD 41.8, and %LSI

10.0%, and A. infectoria with 9.7%. The least virulent species was
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TA B L E 3 Bivariate Pearson's correlation coefficients (r values)
and their significance for comparisons between aggregates from
Table 1 for leaf disease incidence (%LDI), leaf area diseased (%LAD),
and leaf senescence index (%LSI) on Brassica napus ‘Thunder TT’ in
terms of overall Alternaria species

A. hordeicola with %LDI, %LAD, and %LSI values of 29.0%, 23.4%,
and 7.7%, respectively.

3.3 | Correlations

Species

%LAD

%LSI

Alternaria spp.

There was a significant positive correlation (at p < .01 and p < .05)
between the three different disease assessment parameters, %LDI,

%LDI

.98**

.87**

%LAD, and %LSI, across isolates of individual Alternaria spp., particu-

%LAD

1

.90**

larly those showing similar general patterns of virulence (Table 2).

**Significant at p < .01 level.

However, there was no correlation (p < .05) between %LAD and
%LSI for A. alternata nor for either %LDI or %LAD with %LSI for
A. tenuissima. Likewise, there was a significant positive correlation

leaf spot on rapeseed determines incidence, severity, and conse-

(at p < .01) between the three different disease assessment param-

quent defoliation. It is also the first to highlight the potential of A.

eters across the Alternaria spp. overall, expressing similar general

japonica and A. ethzedia to be significant pathogens of rapeseed in

patterns of virulence (Table 3).

Australia, in addition to A. brassicae and A. alternata. As hypothesized, all Alternaria spp. isolates tested were virulent and the level of
virulence varied across isolates within and between Alternaria spp.

4 | D I S CU S S I O N

in relation to the disease incidence, severity, and consequent defoliation. A. japonica was the most virulent among the species found

This is the first study to demonstrate how variability in virulence

on rapeseed in Australia, followed by A. brassicae, A. ethzedia, and

across the Alternaria spp. population associated with alternaria

A. alternata. The remaining Alternaria spp. expressed varying levels
of virulence dependent upon the disease assessment parameter,
i.e., disease incidence, severity, or defoliation. A. hordeicola caused

TA B L E 2 Bivariate Pearson's correlation coefficients (r values)
and their significance for comparisons between aggregates from
Table 1 for leaf disease incidence (%LDI), leaf area diseased (%LAD),
and leaf senescence index (%LSI) on Brassica napus ‘Thunder TT’ in
terms of individual Alternaria species
Species
Alternaria alternata

%LDI

least disease and defoliation across isolates of the 10 Alternaria spp.
In general, A. brassicae has been categorized as the most virulent
pathogen across Brassicaceae hosts (Nowicki et al., 2012; Saharan
et al., 2016). Furthermore, the variation across isolates of some

%LAD

%LSI

.99**

.72*

ticed the pathogenic variability of 13 isolates of A. brassicae on 12
differential host brassicas; tested isolates varied in aggressiveness

Alternaria spp. is well known. For example, Goyal et al. (2013) no-

%LAD

1

.67

%LDI

1**

1**

%LAD

1

1**

%LDI

.96**

.89**

%LAD

1

.89**

%LDI

.86**

.60**

%LAD

1

.74**

A. raphani on Brassicaceae in other studies (Atkinson, 1950; Stoll,

%LDI

.96**

.89**

1952; Czyżewska, 1971; Nowakowska et al., 2019).

%LAD

1

.91**

Of the Alternaria spp. investigated, it is noteworthy that A. japon-

A. hordeicola

%LDI

.99**

.89**

ica was the most virulent species and caused severe defoliation on

%LAD

1

.89**

rapeseed. This species has been frequently reported as a pathogen

A. infectoria

%LDI

.91**

.64*

on Brassicaceae in Australia—for example on rapeseed and mustard

%LAD

1

.82**

%LDI

1.**

1**

%LAD

1

1**

%LDI

.95**

.81**

%LAD

1

.73**

%LDI

.98**

.69

%LAD

1

.64

A. brassicae
A. conjuncta
A. ethzedia
A. eureka

A. japonica
A. metachromatica
A. tenuissima

across the differentials and produced different lesion symptoms on
different hosts. Furthermore, Siciliano et al. (2017) found three distinct virulences for A. alternata on cultivated rocket (high, moderate,
and low virulence) and two distinct of virulences for A. japonica on
wild rocket (high and moderate virulence). Finally, variability in virulence has also been demonstrated in A. alternata, A. brassicicola, and

(Al-lami et al., 2019a); on Chinese cabbage, hoary stock (Matthiola incana), wild radish (Australian Plant Pest Database, 2019)—and is considered a significant pathogen in Italy on wild and cultivated rocket
(Garibaldi et al., 2011; Gilardi et al., 2014; Siciliano et al., 2017), as
well as on turnip (B. rapa subsp. rapa) in Spain (Bassimba et al., 2013).
A. brassicae, A. alternata, A. brassicicola, and A. raphani are also significant pathogens on Brassicaceae and are virulent across different
plant stages resulting in significant yield loss, particularly for mature

*Significant at p < .05 level.

leaf, stem, and silique stage infections (Saharan et al., 2016). The se-

**Significant at p < .01 level.

vere disease caused by A. alternata and A. brassicae in the current

60

|

AL-LAMI et al.

515

study reconfirmed their importance as pathogens on Brassicaceae

(Australian Plant Pest Database, 2019), on Dactylis glomerata in

both in Australia (Sampson and Walker, 1982; Shivas, 1989; You et

Spain and Malus domestica in South Africa (Farr and Rossman, 2019).

al., 2005; Van de Wouw et al., 2016; Al-lami et al., 2019a; Australian

Likewise, for A. tenuissima in the current study, >50% of isolates

Plant Pest Database, 2019; Farr and Rossman, 2019) and elsewhere

showed moderate incidence and severity with accompanying defo-

(Farr and Rossman, 2019).

liation. In Australia, this pathogen has been reported on B. campes-

In the current study, for A. ethzedia, the levels of disease inci-

tris (Australian Plant Pest Database, 2019) and B. napus (Al-lami et

dence, severity, and consequent defoliation level of 84.1%, 89.5%,

al., 2019a); and on non-Brassicaceae hosts Vaccinium corymbosum

and 89.4%, respectively, were indicative of moderate to high viru-

(You et al., 2014) and Malus sp. (Harteveld et al., 2013). Elsewhere,

lence on rapeseed. This pathogen has only recently been reported in

A. tenuissima has been reported on various non-Brassicaceae hosts

Australia by Al-lami et al. (2019a), with >40 isolates collected from

(Farr and Rossman, 2019). A. tenuissima, together with A. alternata,

2015–2016 surveys of rapeseed crops across southern Australia.

are widespread pathogens without host specialization that are also

This highlights the capability of A. ethzedia to be an important patho-

known to be both saprophytic and pathogenic species (Farr and

gen of rapeseed. As Farr and Rossman (2019) recently reported for

Rossman, 2019). Smith et al. (1988) noted that A. alternata and A. te-

A. ethzedia on rapeseed in Switzerland, it is known to have a wide

nuissima were common saprophytic species on various plant mate-

host range, including Poaceae (Andersen et al., 2009; Farr and

rials, including infected flowers, fruits, leaves, and seeds, and they

Rossman, 2019).

noted the disease association between A. alternata (syn. A. tenuis)

In the present study, >50.0% of A. conjuncta and A. infectoria

and A. tenuissima with Pleospora spp.

and >65.0% of A. metachromatica isolates caused moderately se-

In conclusion, these findings highlight the variation in relative

vere disease. This is in agreement with the investigation by Al-lami

levels of virulence, in terms of disease incidence, severity and de-

et al. (2019a) where both A. metachromatica and A. infectoria were

foliation, within and between Alternaria spp. associated with leaf

the predominant Alternaria spp. recorded in 2015–2016 rapeseed

spot on rapeseed. These variations in virulence explain the relative

crop surveys, with 30 and 59 isolates of A. infectoria and 50 and

importance of different Alternaria spp. pathogen populations asso-

55 isolates of A. metachromatica recorded in 2015 and 2016, re-

ciated with rapeseed, not only in Australia but probably elsewhere.

spectively. However, in the current study >70.0% of A. hordeicola

Four Alternaria spp.—A. alternata, A. brassicae, A. ethzedia, and A. ja-

isolates showed only low virulence and little defoliation on rape-

ponica—were overall the most virulent species. In contrast, A. con-

seed, but this species was recently found to be relatively common

juncta, A. eureka, A. infectoria, A. metachromatica, and A. tenuissima

on rapeseed in the Australian 2016 rapeseed survey (Al-lami et

expressed varying levels of virulence according to the disease pa-

al., 2019a). It is likely that A. conjuncta, A. hordeicola, A. metachro-

rameter used: disease incidence, severity, or accompanying defoli-

matica, and A. infectoria are pathogens with little host specializa-

ation. A. hordeicola was the least virulent species. It is evident that

tion. This is perhaps due to their saprophytic and/or opportunistic

there is great fluidity within the Alternaria spp. population on rape-

growth, as observed by Thomma (2003), who found Alternaria spp.

seed, not just in terms of variation in virulence, but also in that the

in weakened plants and noted that alteration of Alternaria sp. be-

species population composition is strongly influenced by location

haviour from saprophytic to parasitic may not be distinguished.

and year (Al-lami et al., 2019a). Across these 10 Alternaria spp., there

Additionally, whereas Scheffer (1989) identified three types of

is clearly need for further investigation into Alternaria–host speci-

Alternaria spp., i.e. saprophytic, specialized opportunistic, and vir-

ficities, between-species interactions, within-species pathotypes,

ulent, he also highlighted them as opportunistic pathogens with a

and a need to understand the drivers that determine the changes in

broad host range on older and enervated plants, but still with abil-

pathogen components within the Alternaria spp. population in rela-

ity to initiate appressoria and penetrate living tissues. In a differ-

tion to rapeseed.

ent study, McRoberts and Lennard (1996) noted host specificity at
pre- and post-penetration stages of Alternaria spp. development.

AC K N OW L E D G E M E N T S

They also distinguished between Alternaria spp. associated with

The first author gratefully acknowledges a scholarship from

B. napus (A. brassicae, A. brassicicola, and A. raphani) and those as-

Higher Committee for Educational Development (HCED) and

sociated with Solanum lycopersicum (A. solani). This difference was

Mustansiriyah University in Iraq. We are grateful to the School

highlighted even for non-specialized species such as A. alternata

of Agriculture and Environment, University of Western Australia

and A. infectoria, where A. alternata showed a close association

for financial support of this work. We are also grateful to the

with S. lycopersicum but A. infectoria showed close association with

Grains Research and Development Corporation project GRDC

Papaver rhoeas.

UWA 170 project “Emerging foliar diseases of canola” for allow-

In the current study, >60% of A. eureka isolates showed mod-

ing access to some survey samples to collect pathogen isolates.

erate incidence and severity with accompanying defoliation. This

The authors appreciate the help of Robert Creasy and Bill Piasini

pathogen is also probably a nonspecialized species as there is no

in the UWA Plant Growth Facilities for their technical assistance

concomitant host specialization known for this species (Farr and

in plant growth facilities at UWA. All authors state that they have

Rossman, 2019). However, there are few reports of this patho-

no conflict of interest to declare with regard to the conduct or

gen, although it has been found on Medicago rugosa in Australia

publication of these studies.

61

516

|

AL-LAMI et al.

DATA AVA I L A B I L I T Y S TAT E M E N T
All critical data supporting the conclusions of this manuscript will be
made available by the authors, without undue reservation, to any
qualified researcher.
ORCID
Martin J. Barbetti

https://orcid.org/0000-0002-5331-0817

REFERENCES
Al-Lami, H.F.D., You, M.P. and Barbetti, M.J. (2019a) Incidence, pathogenicity and diversity of Alternaria spp. associated with alternaria
leaf spot of canola (Brassica napus) in Australia. Plant Pathology, 68,
492–503.
Al-Lami, H.F.D., You, M.P. and Barbetti, M.J. (2019b) Role of foliage component and host age on severity of alternaria leaf spot (caused by
Alternaria japonica and A. brassicae) in canola (Brassica napus) and
mustard (B. juncea) and yield loss in canola. Crop & Pasture Science,
70, 969–980.
Andersen, B., Sørensen, J.L., Nielsen, K.F., van den Ende, B.G. and de
Hoog, S. (2009) A polyphasic approach to the taxonomy of the
Alternaria infectoria species–group. Fungal Genetics and Biology, 46,
642–656.
Atkinson, R.G. (1950) Studies on the parasitism and variation of Alternaria
raphani. Canadian Journal of Research, 28, 288–317.
Australian Plant Pest Database, 2019. Available online at http://www.
appd.ala.org.au. Accessed 2019/08/12.
Barbetti, M.J. (1987) Effects of three foliar diseases on biomass and
seed yield for 11 cultivars of subterranean clover. Plant Disease, 71,
350–353.
Barbetti, M.J. and Nichols, P.G.H. (2005) Field performance of subterranean clover germplasm in relation to severity of Cercospora disease.
Australasian Plant Pathology, 34, 197–201.
Bassimba, D.D.M., Mira, J.L. and Vicent, A. (2013) First report of Alternaria
japonica causing black spot of turnip in Spain. Plant Disease, 97, 1505.
Czyżewska, S. (1971) Pathogenicity of Alternaria species isolated from
Crambe abyssinica Hochst. Acta Mycologica, 7, 171–240.
Degenhardt, K.J., Skoropad, W.P. and Kondra, Z.P. (1974) Effects of alternaria blackspot on yield, oil content and protein content of rapeseed.
Canadian Journal of Plant Science, 54, 795–799.
Eshraghi, L., Barbetti, M.J., Li, H., Danehloueipour, N. and
Sivasithamparam, K. (2007) Resistance in oilseed rape (Brassica
napus) and Indian mustard (Brassica juncea) to a mixture of
Pseudocercosporella capsellae isolates from Western Australia. Field
Crops Research, 101, 37–43.
Farr, D. and Rossman, A. (2019) Fungal Databases, US National Fungus
Collections, ARS, USDA. Available at: https
://nt.ars-grin.gov/funga
ldatabases [Accessed 2019/08/12].
Garibaldi, A., Gilardi, G., Bertoldo, C. and Gullino, M.L. (2011) First report of leaf spot of wild (Diplotaxis tenuifolia) and cultivated (Eruca
vesicaria) rocket caused by Alternaria japonica in Italy. Plant Disease,
95, 1316.
Gilardi, G., Demarchi, S., Ortu, G., Gullino, M.L. and Garibaldi, A. (2014)
Occurrence of Alternaria japonica on seeds of wild and cultivated
rocket. Journal of Phytopathology, 163, 419–422.
Goyal, P., Chattopadhyay, C., Mathur, A.P., Kumar, A., Meena, P.D., Datta,
S. et al. (2013) Pathogenic and molecular variability among Brassica
isolates of Alternaria brassicae from India. Annals of Plant Protection
Sciences, 21, 349–359.
Gunasinghe, N., You, M.P., Clode, P., Cawthray, G.R. and Barbetti, M.J.
(2017) Unique infection structures produced by Pseudocercosporella
capsellae on oilseed crops Brassica carinata, B. juncea and B. napus in
Western Australia. Plant Pathology, 66, 304–315.

62

Harteveld, D.O.C., Akinsanmi, O.A. and Drenth, A. (2013) Multiple
Alternaria species groups are associated with leaf blotch and fruit
spot diseases of apple in Australia. Plant Pathology, 62, 289–297.
Hong, C.X. and Fitt, B.D.L. (1995) Effects of inoculum concentration, leaf
age and wetness period on the development of dark leaf and pod
spot (Alternaria brassicae) on oilseed rape (Brassica napus). Annals of
Applied Biology, 127, 283–295.
Hong, S.G., Cramer, R.A., Lawrence, C.B. and Pryor, B.M. (2005) Alt a 1
allergen homologs from Alternaria and related taxa: analysis of phylogenetic content and secondary structure. Fungal Genetics and Biology,
42, 119–129.
Kolte, S.J., Awasthi, R.P. and Vishwanath, (1987) Assessment of yield
losses due to alternaria blight in rapeseed and mustard. Indian
Phytopathology, 40, 209–211.
Kolte, S.J., Bardoloi, D.K. and Awasthi, R.P. 1991. The search for resistance to major diseases of rapeseed mustard in India. In: McGregor
DI, ed. Proceedings of the 8th International Rapeseed Congress,
9–11 July 1991. Saskatoon, Canada: Organizing Committee of 8th
International Rapeseed Congress, 216–225.
Kumar, A. (1997) Assessment and economics of avoidable yield losses
due to alternaria blight in oilseed Brassicas. Plant Disease Research,
12, 152–156.
Lawrence, D.P., Gannibal, P.B., Dugan, F.M. and Pryor, B.M. (2014)
Characterization of Alternaria isolates from the infectoria species-group and a new taxon from Arrhenatherum. Pseudoalternaria
arrhenatheria sp. nov. Mycological Progress, 13, 257–276.
McKinney, H.H. and Davis, R.J. (1923) Influence of soil temperature and
moisture on infection of wheat seedlings by Helminthosporium sativum. Journal of Agricultural Research, 26, 195–218.
McRoberts, N. and Lennard, J.H. (1996) Pathogen behaviour and plant
cell reactions in interactions between Alternaria species and leaves
of host and nonhost plants. Plant Pathology, 45, 742–752.
Nowakowska, M., Wrzesińska, M., Kamiński, P., Szczechura, W., Lichocka,
M., Tartanus, M. et al. (2019) Alternaria brassicicola–Brassicaceae pathosystem: insights into the infection process and resistance mechanisms under optimized artificial bio-assay. European Journal of Plant
Pathology, 153, 131–151.
Nowicki, M., Nowakowska, M., Niezgoda, A. and Kozik, E.U. (2012)
Alternaria black spot of crucifers: symptoms, importance of disease,
and perspectives of resistance breeding. Vegetable Crops Research
Bulletin, 76, 5–19.
Prasad, R., Saxena, D. and Chandra, S. (2003) Yield losses by alternaria blight in promising genotypes of Indian mustard. Indian
Phytopathology, 56, 205–206.
Saharan, G.S., Mehta, N., Meena, P.D. and Dayal, P. (2016) Alternaria
Diseases of Crucifers: Biology, Ecology and Disease Management.
Singapore: Springer Verlag.
Sampson, P.J. and Walker, J. (1982) An Annotated List of Plant Diseases in
Tasmania. Hobart, Australia: Department of Agriculture, Tasmania.
Scheffer, R.P. (1989) Ecological consequences of toxin production by
Cochliobolus and related fungi. In: Graniti, A., Durbin, R.D. and Ballio,
A. (Eds.) Phytotoxins and Plant Pathogenesis. Berlin: Springer Verlag,
pp. 285–300.
Shivas, R.G. (1989) Fungal and bacterial diseases of plants in Western
Australia. Journal of the Royal Society of Western Australia, 72, 1–62.
Siciliano, I., Gilardi, G., Ortu, G., Gisi, U., Gullino, M.L. and Garibaldi, A.
(2017) Identification and characterization of Alternaria species causing leaf spot on cabbage, cauliflower, wild and cultivated rocket by
using molecular and morphological features and mycotoxin production. European Journal of Plant Pathology, 149, 1–13.
Simmons, E.G. (1986) Alternaria themes and variations. Mycotaxon, 25,
287–308.
Simmons, E.G. (2007) Alternaria: An identification manual. Utrecht,
Netherlands: CBS Fungal Biodiversity Centre.

|

AL-LAMI et al.

Smith, I.M., Dunez, J., Lelliott, R.A., Phillips, D.H. and Archer, S.A. (1988)
European handbook of plant diseases. Oxford, UK: Blackwell Scientific
Publications.
Stoll, K. (1952) The organ, injurious effect and control of Brasssica blackening. Nachrichtenblatt der Deutschen Pflanzenschutzdienstes Berlin N.
F., 6, 81–85.
Suhag, L.S., Singh, R. and Malik, Y.S. (1983) Assessment of losses caused
by Alternaria alternata on radish seed crop and its control by chemicals. Indian Phytopathology, 36, 758–760.
Thomma, B.P. (2003) Alternaria spp.: from general saprophyte to specific
parasite. Molecular Plant Pathology, 4, 225–236.
Uloth, M., Clode, P., You, M.P. and Barbetti, M.J. (2015) Attack modes
and defence reactions in pathosystems involving Sclerotinia sclerotiorum, Brassica carinata, B. juncea and B. napus. Annals of Botany, 117,
79–95.
Van de Wouw, A.P., Idnurm, A., Davidson, J.A., Sprague, S.J., Khangura,
R.K., Ware, A.H. et al. (2016) Fungal diseases of canola in Australia:
identification of trends, threats and potential therapies. Australasian
Plant Pathology, 45, 415–423.

517

You, M.P., Lanoiselet, V., Wang, C. and Barbetti, M.J. (2014) First report
of alternaria leaf spot caused by Alternaria tenuissima on blueberry
(Vaccinium corymbosum) in Western Australia. Plant Disease, 98,
423.
You, M.P., Simoneau, P., Dongo, A., Barbetti, M.J., Li, H. and
Sivasithamparam, K. (2005) First report of an alternaria leaf spot
caused by Alternaria brassicae on Crambe abyssinicia in Australia.
Plant Disease, 89, 430.

How to cite this article: Al-Lami HFD, You MP, Mohammed
AE, Barbetti MJ. Virulence variability across the Alternaria
spp. population determines incidence and severity of
alternaria leaf spot on rapeseed. Plant Pathol. 2020;69:506–
517. https://doi.org/10.1111/ppa.13135

63

CHAPTER 4

Temperature drives contrasting Alternaria Leaf Spot epidemic
development in rapeseed and mustard rape from Alternaria
japonica and A. brassicae

This chapter demonstrates and highlights how differences in temperature affect
epidemic development of Alternaria leaf spot caused by A. japonica as compared
with A. brassicae.
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Abstract
Recent surveys of canola (Brassica napus) crops across southern Australia highlighted that Alternaria leaf spot on canola is not solely caused
by Alternaria brassicae but that other Alternaria spp. are also involved,
including A. japonica. Studies were undertaken into the effects of different temperatures (14 and 10°C [day and night] or 22 and 17°C [day and
night]) on development of Alternaria leaf spot caused by A. japonica as
compared with A. brassicae in cotyledons (embryonic leaves) and true
leaves (first leaves) of canola (B. napus ‘Thunder TT’) and mustard rape
(B. juncea ‘Dune’). Both pathogens expressed less disease at lower temperatures of 14 and 10°C with percent disease index (%DI) of 19.1 for A.
japonica and 41.8 for A. brassicae, but expressed significantly more disease at higher temperatures of 22 and 17°C with %DI of 80.8 and 88.2 for
the same pathogens, respectively. At 14 and 10°C, mustard rape cotyledons showed less disease (percent cotyledons disease index [%CDI] =
18.1) from A. japonica but showed more disease (%CDI = 75.0) from
A. brassicae. However, at 22 and 17°C, cotyledons and true leaves of
both canola and mustard rape showed significantly more disease and
varied in expressing the disease severity to the two pathogens; true leaves

of mustard rape showed less disease (percent true leaf disease index
[%TDI] = 48.4) from A. japonica but showed more disease (%TDI =
92.0) from A. brassicae. At 22 and 17°C, cotyledons of canola expressed
more disease from A. japonica (%CDI = 99.1) than from A. brassicae
(%CDI = 70.7). At the lower temperature, both host species showed
the least disease, with mean %DI of 27.3 and 33.5 for canola and mustard rape, respectively, as compared with the higher temperatures,
where there was a greater DI, with %DI values of 87.9 and 81.2 for these
same host species, respectively. We believe that these are the first studies to highlight the critical role played by temperature for A. japonica as
compared with A. brassicae in Alternaria leaf spot disease development
and severity. These findings explain how temperature affects Alternaria
leaf spot severity caused by A. japonica as compared with A. brassicae
on different foliage components of canola and mustard rape.

Alternaria leaf spot, caused by Alternaria brassicae, is a major
pathogen of oilseed Brassicas (Saharan et al. 2016) and highlighted
as a significant issue in Canada (Degenhardt et al. 1974), France
(Marchegay et al. 1990), India (Saharan and Kadian 1983), and the
United Kingdom (Evans and Gladders 1981). In Lithuania, 87 to
100% and 100% of winter and spring oilseed rape siliques (Brassica
napus), respectively, can be damaged (Brazauskiene and Petraitiene
2006). In India, reported yield losses in Indian mustard (mustard
rape, B. juncea) include 20 to 22% (Kumar 1997; Prasad et al.
2003) and, in Canada, yield losses of 42% in canola (B. napus) have
been reported (Degenhardt et al. 1974). In Australia, Alternaria leaf
spot caused by A. brassicae has been widely reported on species of
Brassicaceae, including in Western Australia on cauliflower (B. oleracea var. botrytis), canola, wild radish (Raphanus raphanistrum)
(Shivas 1989), and crambe (Crambe abyssinicia) (You et al.
2005); in Victoria on both canola and mustard rape (Van de Wouw
et al. 2016); and in Tasmania on rutabaga (B. napus var. napobrassica) (Sampson and Walker 1982). A. japonica has been reported
in Western Australia on wild radish; in New South Wales on canola,

mustard rape, and hoary stock (Matthiola incana) (Al‐lami et al.
2019a; APPD 2019); and in Victoria on pak-choi (B. chinensis)
(APPD 2019). Recent surveys of canola crops across southern Australia highlighted that Alternaria leaf spot on canola across southern
Australia is not solely caused by A. brassicae but that a range of other
Alternaria spp. are also involved to varying degrees, including A. japonica (Al‐lami et al. 2019a). Furthermore, the range of Alternaria
spp. involved also depends upon the year and the geographic locality
(Al‐lami et al. 2019a).
A. brassicae, along with A. alternata, A. brassicicola, and A.
raphani, cause symptoms across different plant organs, including
cotyledons (embryonic leaves), true leaves, petioles, stems, florescences, siliquae, and seed (Humpherson‐Jones and Maude 1982;
Saharan et al. 2016). In the field, conidia are distributed through
the air and by rain splash and the initial infections, that can begin
on the cotyledons, become a source for secondary infections across
the crop (Verma and Saharan 1994). Providing there is favorable
temperature and moisture, the entire crop can become infected
(Humpherson‐Jones and Maude 1982; Humpherson‐Jones and
Phelps 1989; Verma and Saharan 1994).
Both temperature and relative humidity (RH), along with the photoperiod, play significant roles in Alternaria leaf spot development
caused by A. brassicae (Humpherson‐Jones and Phelps 1989; Meena
et al. 2010). For example, the severity of Alternaria leaf spot on mustard rape cultivar Varuna leaves under field conditions is correlated
with a maximum temperature range of 18 to 27°C, minimum temperature of 8 to 12°C, and >92 and 40% RH morning and afternoon, respectively (Chattopadhyay et al. 2005). However, this can vary with
host or host species. For example, on mustard rape, cauliflower, and
cabbage (B. oleracea var. capitata), severity of Alternaria leaf spot
(A. brassicae) is correlated with average field maximum and minimum temperatures of 10 to 28 and 1.5 to 15.3°C, respectively
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eliminate any potential pathotype-specific responses on the two inoculated test Brassica cultivars, as has been done with other Brassica
pathogen studies such as Pseudocercosporella capsellae (Gunasinghe
et al. 2017a,b) and Hyaloperonospora brassicae (Mohammed et al.
2017, 2018a), including temperature studies for the latter pathogen
(Mohammed et al. 2018b).
Inoculum preparation and inoculation method. For production
of hyphal inoculum, isolates were subcultured onto potato dextrose
agar (PDA; Merck) for 7 days at 23 ± 2°C under cool white fluorescent light. Five agar discs of 4 mm2 containing growing mycelia from
PDA were transferred into 150 ml of liquid growth medium (24 g of
potato dextrose broth and 10 g of peptone per liter of water) (Uloth
et al. 2015a). Cultures were placed on a rotary shaker at 150 rpm
at 25°C. After 5 days, actively growing mycelium was harvested
by straining the broth through four layers of cheesecloth and washing
well with sterile deionized water (SDW). The mycelium was macerated in SDW using a hand-held blender for 5 to 10 min; the initial
inoculum concentration was estimated using a hemocytometer
counting chamber and then adjusted to obtain mycelial fragments
of 90 ± 10 mm in length at a concentration of 4 × 106 fragments/ml
(Gunasinghe et al. 2017b). This hyphal inoculum was then used
to initiate production of conidial inoculum as described below.
Production of conidial inoculum was carried out as described by
Gunasinghe et al. (2017b) for the white leaf pathogen, P. capsellae.
Seed of susceptible canola cultivar Thunder TT (Al‐lami et al. 2019a)
were sown in 7-by-7-by-18-cm pots (six seeds per pot), seedlings
thinned to 1 plant per pot, and pots maintained at 22°C (day) and
18°C (night) in a controlled-environment room with a 12-h photoperiod. Plants were fertilized weekly with Thrive (Yates) at the manufacturer’s recommended rate, a complete nutrient solution dissolved
in water. At 6 weeks of age, plants were separated into two groups
and spray inoculated with either a mixture of A. brassicae isolate mycelial suspension for one group or a mixture of A. japonica isolate
mycelial suspension for the second group, using a hand-held and operated aerosol sprayer. Inoculated plants were covered with clear
plastic bags for 96 h postinoculation (hpi) to maintain high humidity
and misted with a SDW spray applied once per 24 h for 4 days. When
disease symptoms became apparent, by approximately 7 to 14 days
postinoculation (dpi), leaves with typical Alternaria leaf spot symptoms were collected and washed gently under SDW to remove any
surface contamination. Lesions were then cut and placed into glass
vials containing 20 to 30 ml of SDW, and shaken vigorously by hand
for 4 min to release conidia. The conidial mixture was then centrifuged for 5 min at 400 × g and the supernatant discharged to concentrate conidia. Conidia were washed twice in SDW and resuspended in
2 to 3 ml of SDW. Conidial concentration was adjusted to 5 × 105
ml−1 using a hemocytometer counting chamber.
Effect of two different temperature regimes on Alternaria leaf
spot disease. Two susceptible Brassica sp. genotypes, canola cultivar Thunder TT and mustard rape cultivar Dune (Al‐lami et al.
2019a), were used for each pathogen (A. japonica and A. brassicae).
Four seeds each per pot were sown in 6-by-6-by-9-cm pots; seedlings
were thinned to one plant per pot after germination. Plants were
maintained at 22°C (day) and 18°C (night) in a controlledenvironment room with a 12-h day length and fertilized weekly with
Thrive, as described above. Seven days after seedling emergence,
half of the pots were shifted into a growth chamber maintained at
14 and 10°C day and night, respectively, and the other half into a
growth chamber at 22 and 17°C day and night, respectively, with average RH of 70% in both chambers. These temperatures were similar
to those used by Mohammed et al. (2018b) for temperature studies
with the downy mildew pathogen H. brassicae. Plants in both chambers were placed into clear plastic boxes (770 by 570 by 475 mm,
length by width by height) with lids; 2 days later, cotyledons (embryonic leaves) were drop inoculated (10 ml), two drops per leaf, with the
conidial inoculum (5 × 105 ml−1) of either pathogen (or SDW as a
negative control check). At 21 days after sowing, the true leaves (first
leaves) were also inoculated with either pathogen (or SDW). Plastic
boxes were internally misted with deionized water and lids closed for
96 hpi to maintain high humidity (wet period duration). Disease

(Selvamani et al. 2014). On yellow sarson cultivar T-151 (B. campestris) and mustard rape cultivar Varuna, severity of Alternaria leaf
spot caused by A. brassicae was correlated with maximum and minimum temperatures of 20 to 23°C and 7 to 10°C, respectively, with
>67% RH, more than six total rainy days, and rainfall > 70 mm
(r = 0.51 to 0.81) (Awasthi and Kolte 1990). In another study on mustard rape cultivar RLM 619, disease development from A. brassicae
was most severe across a temperature range of 13.5 to 19.3°C with
>70% RH (Bal and Kumar 2014). Temperature effects have also
been reported for other Alternaria spp. such as A. brassicicola, with
disease most severe in the spring season (17 to 32°C, average daily
mean) as compared with the winter season (7 to 23°C, average daily
mean) of three cultivars of cabbage (viz., Abbott & Cobb No. 5,
Gourmet, and Market Prize) in the field (Fontem et al. 1991). For
A. japonica, Alternaria leaf spot disease development at the particularly favored temperature of 23°C was correlated with disease development, while 13 to 31°C was correlated with spore germination and
secondary conidial production for A. japonica (Rimmer et al. 2007).
Disease from A. japonica was first reported on turnip cultivar
Virtudes-Martillo (B. rapa subsp. rapa) in fields of Alicante Province in Spain when the temperature ranged from 20 to 30°C
(Bassimba et al. 2013), and also on wild and cultivated rocket
(Diplotaxis tenuifolia and Eruca vesicaria, respectively) under
greenhouse conditions during autumn and winter in northern Italy
(Garibaldi et al. 2011).
In Australia, canola production increased from 3,900,000 metric
tons (t) in 2013–14 to 4,200,000 t in 2016–17 (AOF 2018). Quality
mustard rape is also considered a promising oleaceous Brassica crop
for low-rainfall Australian regions, where it was first grown commercially in 2007 as a more thermal and drought tolerant “juncea canola”
(Elliott et al. 2015; Oram et al. 2005) along with smaller areas of condiment mustard rape (Oram et al. 2005). However, although Van de
Wouw et al. (2016) and Al‐lami et al. (2019a) both highlighted that
Alternaria leaf spot occurs widely on canola in Australia, no information was available in relation to mustard rape. Furthermore, Al-lami
et al. (2019a, 2020) showed that Alternaria leaf spot in Australia is
not solely caused by A. brassicae but also by a range of other Alternaria spp., including A. japonica, which displayed variation in relative levels of virulence. A. japonica was never previously studied in
terms of disease development on canola. More importantly, both A.
brassicae and A. japonica caused adverse field yield losses of >58%
on canola (Al-lami et al. 2019b). Hence, studies were undertaken
into the effects of temperature (14 and 10°C day and night,
respectively, or 22 and 17°C day and night, respectively) on development of Alternaria leaf spot as relevant to A. japonica versus A. brassicae. We believe that these are the first studies to highlight the
critical roles played by temperature for A. japonica as compared
with A. brassicae in Alternaria leaf spot disease development and
severity.

Materials and Methods
Alternaria isolates. A mixture of five different hyphal-tipped isolates of A. brassicae and six different hyphal-tipped isolates of A. japonica were used. All isolates were obtained during a southern
Australian 2016 canola disease survey, and were chosen to represent
a wide geographical area affected by Alternaria leaf spot. For A. brassicae, isolates utilized included three isolates (viz., WA-21.8, WA47.6, and WA-I) isolated from different locations in Western Australia
(WA), a single isolate (SA-84.4) from South Australia (SA), and a
single isolate (NSW-PSW.20) from New South Wales (NSW). For
A. japonica, isolates utilizes included three isolates (viz., WA45.2.1, WA-46.8.A, and WA-47.1) from Western Australia derived
from diseased canola leaves and three isolates (NSW-PSW.47,
NSW-PSW.60, and NSW-PSW.77) from New South Wales collected
from infected wild radish leaves. Isolates were chosen based on their
high virulence either in tests conducted earlier on both canola cultivar
Thunder TT and mustard rape cultivar Dune (Al‐lami et al. 2019a) or in
tests conducted for A. japonica isolates NSW-PSW.60 and NSWPSW.77 in another study (Al-lami et al. 2020). For each Alternaria
sp., isolates were mixed in equal proportions for use as inoculum to
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true leaves showing symptoms after 8 dpi; however, 25 and 5% of
cotyledons and true leaves, respectively, never showed any disease
symptoms. On mustard rape, the first appearance of the symptoms
was 8 dpi across different foliage components but only 20% of cotyledons showed symptoms after 3 dpi and 15% of true leaves showed
no symptoms. For A. brassicae, the first appearance on both host species was at 3 dpi across different foliage components, with 5% of cotyledons of canola showing symptoms after 8 dpi but with 45% of
cotyledons showing a hypersensitive reaction at that same time period. At 22 and 17°C, the first appearance of Alternaria leaf spot of
either pathogen (A. brassicae or A. japonica) on both host species
and across different foliage components was 3 dpi. With both A. japonica and A. brassicae, the lesions appeared as gray to dark-gray in
color at different temperatures but with an associated chlorotic effect
at 22 and 17°C (Fig. 1).
Cotyledons versus true leaves and their response in relation to
canola and mustard rape. Data showed no significant difference at
P # 0.05 between canola (mean %DI = 57.6) and mustard rape
(mean %DI = 57.4) (Fig. 2A). There was a statistically significant
difference at P = 0.015 between foliage components. Cotyledons
showed overall more disease (overall mean of %CDI = 61.5) compared with the true leaves (%TDI = 53.5) (Fig. 2B). Subsequently, a
significant difference at P < 0.001 was noted in cotyledons and true
leaves across host species. On canola, the true leaves exhibited the
greatest overall mean %DI (61.6) compared with %DI = 53.7 for
cotyledons. In contrast, cotyledons of mustard rape showed the
greatest %DI (69.4) compared with the true leaves (%DI = 45.3)
(Fig. 2E).
Virulence of pathogens. There was a statistically significant
difference at P < 0.001 across pathogens. A. japonica caused less
disease (overall mean %DI = 49.9) compared with A. brassicae
(%DI = 65.0) (Fig. 2C), and there was a statistically significant difference at P < 0.001 between pathogens in terms of their virulence
on canola and mustard rape, where A. japonica caused the most
disease on canola (%DI = 58.3) as compared with mustard rape
(%DI = 41.6), whereas A. brassicae caused more disease on mustard rape (%DI = 73.1) than on canola (%DI = 57.0) (Fig. 2F). In

reactions on cotyledons and true leaves were recorded at 14 dpi to accommodate the slower disease development at 14 and 10°C.
Disease assessment. A 0-to-5 scale developed by Kolte (1999)
was used to assess the disease, where 0 = no visible symptoms,
1 = 1 to 10% leaf or pod area covered with small spots, 2 = 11 to
25% leaf or pod area covered with spots >3 mm, 3 = 26 to 50% leaf
or pod area covered with spots >3 mm but with initiation of coalescing of lesions on leaves and deep lesions on pods, 4 = 51 to 75% leaf
or pod area covered with commonly coalescing lesions, and 5 = 76 to
100% leaf or pod area covered with very large spots producing a typical blighted appearance. Each 0-to-5 diseased leaf score was converted into a percent cotyledon disease index (%CDI) or percent
true leaf disease index (%TDI), with each disease index (DI) calculated
based on the method described by McKinney (1923), where %DI =
{[(a × 0) + (b × 1) + (c × 2) +…(f × 5)] × 100}/[(a + b + c +…f) × 5]
and where a, b, c,…f are the number of plants with severity scores of
0, 1, 2,…0.5, respectively.
Experiment design and statistical analyses. The experiment was
fully repeated once. Each experiment had 10 replicates arranged in a
randomized complete block design by using the ‘Generate a Standard
Design’ function of GenStat Release 18.1 (VSNi 2019). A ShapiroWilk test was conducted to test the normality of the data and showed
nonnormal distribution. Although several logarithmic transformations
were conducted to normalize the data, they failed to apply normality to
the data. Therefore, nonparametric analyses were performed using
XLSTAT. The homogeneity of initial and repeat experiments was
assessed using a Mann-Whitney U test. These tests showed no significant difference (P > 0.05) between initial and repeated experiment
data; hence, data sets from initial and repeat experiments were combined and reanalyzed as a single data set. Friedman’s test was performed to calculate means and P value of variables. Multiple
pairwise comparisons were made using the Nemenyi procedure and
two-tailed test (Hollander and Wolfe 1999; Nemenyi 1963).

Results
Symptoms. At 14 and 10°C, the first appearance of Alternaria leaf
spot symptoms from A. japonica on canola was 3 dpi, with 40% of

Fig. 1. Alternaria leaf spot disease symptoms on canola (Brassica napus ‘Thunder TT’) at different temperatures under controlled environmental conditions. A and B, Negative
control of cotyledons and true leaves, respectively (inoculated with sterile deionized water). C and D, Alternaria brassicae on cotyledons and true leaves at 14 and 10°C. E and F, A.
brassicae on the same foliage components, respectively, at 22 and 17°C. G and H, A. japonica on the same foliage components, respectively, at 14 and 10°C. I and J, A. japonica
on the same foliage components, respectively, at 22 and 17°C.
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(%DI = 88.6 and 80.5, respectively) compared with the lower
temperature (%DI = 34.5 and 26.4, respectively) (Fig. 2J). At
the lower temperature, both host species showed the least disease with mean %DI = of 27.3 and 33.5 for canola and mustard
rape, respectively, as compared with the higher temperatures,
where there was a greater disease incidence with %DI = values
of 87.9 and 81.2 for these same host species, respectively, (Fig.
2H). In relation to different foliage components across cultivars
at the P < 0.001 significance level, cotyledons and true leaves
expressed more disease across cultivars at 22 and 17°C day
and night, respectively, compared with the low disease incidence
of the same foliage components at 14 and 10°C. On canola, the disease severity on cotyledons and true leaves (%DI = 84.9 and 90.9,
respectively) was greater at the higher temperatures compared with
the lowest %DI values of 22.44 and 32.3, respectively, at the
lower temperatures (Fig. 2M). Similarly, on mustard rape, the highest %DI values on cotyledons and true leaves (%DI = 92.2 and
70.2, respectively) were at the higher temperatures compared
with %DI values of 46.6 and 20.5, respectively, at the lower
temperatures.
Influence of temperature on disease severity across different
foliage components of canola and mustard rape. At the P <
0.001 significance level, the disease severity of either A. japonica
or A. brassicae was much less at 14 and 10°C compared with 22
and 17°C across different foliage components. At 14 and 10°C, A. japonica displayed very low %DI values of 22.6 and 15.5 on cotyledons and true leaves, respectively, as compared with at 22 and
17°C, where there were much greater %DI values of 95.4 and 66.2
on these same foliage components, respectively (Fig. 2K). Similarly,

terms of the foliage component at the P < 0.001 significance level,
A. japonica caused more disease on cotyledons (%CDI = 59.0)
than on true leaves (%TDI = 40.9). In contrast, A. brassicae caused
more disease on true leaves (%TDI = 66.1) compared with cotyledons (%CDI = 64.0) (Fig. 2G). In relation to host species across different foliage components at the P < 0.001 significance level,
A. japonica caused severe disease on cotyledons of canola (%
CDI = 63.1) and mustard rape (%CDI = 54.9) and on the true
leaves of canola (%TDI = 53.4), whereas the least disease was
on the true leaves of mustard rape (%TDI = 28.31). In contrast,
for A. brassicae, disease was most severe on cotyledons of
mustard rape (%CDI = 83.8) and on true leaves of both canola
(%TDI = 69.7) and mustard rape (%TDI = 62.4), whereas
canola cotyledons showed the least disease (%CDI = 44.2)
(Fig. 2N).
Day and night temperatures of 14 and 10°C, respectively, versus 22 and 17°C, respectively, and their influence on pathogen.
Across the two temperatures at the P < 0.001 significance level,
lower temperatures (14 and 10°C day and night, respectively)
resulted in the least disease (mean %DI = 30.4) compared with %
DI = 84.5 at the higher temperatures (22 and 17°C day and night, respectively) (Fig. 2D). The disease severity across low and high temperatures showed similarity between A. japonica and A. brassicae;
both caused significantly less disease at 14 and 10°C (%DI values
of 19.1 and 41.8, respectively) as compared with more severe disease
at 22 and 17°C (%DI values 80.8 and 88.2, respectively) (Fig. 2I).
Influence of temperature on foliage components of canola and
mustard rape. At the P < 0.001 significance level, cotyledons
and true leaves at the higher temperature exhibited more disease

Fig. 2. Impact of two different temperatures (14 and 10°C day and night, respectively, versus 22 and 17°C day and night, respectively) on Alternaria leaf spot development caused
by Alternaria japonica versus A. brassicae across different foliage components (cotyledons and true leaves) of canola (Brassica napus ‘Thunder TT’) and mustard rape (B. juncea
‘Dune’) at 14 days postinoculation. Data represent means ± standard deviation of disease incidence (%) in relation to A, host species or cultivar; B, foliage component; C, pathogen;
D, temperature; E, cotyledons and true leaves across cultivars; F, A. brassicae and A. japonica across cultivars; G, A. brassicae and A. japonica across different foliage
components; H, 14 and 10°C day and night, respectively, versus 22 and 17°C day and night, respectively, across cultivars; I, A. brassicae and A. japonica at low and high
temperatures; J, 14 and 10°C, respectively, versus 22 and 17°C day and night, respectively, across foliage components; K, A. brassicae and A. japonica at low and high
temperatures on cotyledons and true leaves; L, A. brassicae and A. japonica at low and high temperatures across cultivars; M, influence of low and high temperatures on
cotyledons and true leaves of canola and mustard rape; N, pathogenic capability of both pathogens on cotyledons and true leaves of canola and mustard rape; and O,
disease development at low and high temperature in relation to foliage components of canola and mustard rape. Bars labeled with different letters across factors show the
significant difference with multiple pairwise comparisons using Nemenyi’s procedure and two-tailed test at P < 0.05.
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and pathogen, temperature was a dominant determinant of disease
development by A. japonica, as it is with A. brassicae. At the lower
temperatures, despite A. brassicae being highly pathogenic on cotyledons of mustard rape, neither pathogen caused severe disease until
the temperature increased; however, this effect was not independent
of foliage component or the causal Alternaria sp. Degenhardt et al.
(1982), working with different pathotypes of three Alternaria spp.
also noticed a strong effect of different temperatures (11, 15, 19,
23, and 27°C) on the third leaf of 4-week-old canola cultivar Zephyr
and that the effect was dependent on the Alternaria sp. They found
that A. brassicae was pathogenic across these different temperatures,
that A. raphani was pathogenic at 17°C and above, that A. brassicicola was pathogenic at 19°C and above; and that most severe disease
was at 19 to 23, 23, and 23 to 25°C for A. brassicae, A. raphani, and
A. brassicicola, respectively. Likewise, Fontem et al. (1991) observed similar effects of different temperatures (spring and winter
seasons) on three cultivars of cabbage (Abbott & Cobb No. 5, Gourmet, and Market Prize) in the field from A. brassicicola. They distinguished the disease progression and epidemic development between
spring (17 to 32°C, average daily mean) and winter (7 to 23°C, average daily mean) seasons, with area under disease progress curve values of 13.0, 24.6, and 25.7 in spring, and 7.7, 8.5, and 12.3 in winter
for the same cultivars, respectively. They showed that the disease epidemic was slower in winter than in warmer springtime. Furthermore,
Mridha and Wheeler (1993) noted that, although optimal infection
temperature of A. brassicae on B. napus ‘Jet Neuf’ third, fourth,
and fifth leaves was 25°C, infection also was observed at 15, 20,
and 29°C, with very slight infections at 10°C. Bassimba et al.
(2013) first reported A. japonica leaf spot on turnip in Alicante
Province in Spain when the temperature ranged from 20 to 30°C,
with approximately 20% disease infestation. Furthermore, Garibaldi et al. (2011) first reported A. japonica leaf spot on wild and
cultivated rocket under greenhouse conditions during autumn and
winter in northern Italy, with 30 to 40% disease infestation. Moreover, Rimmer et al. (2007) demonstrated that a temperature of 23°C
was correlated with disease development and 13 to 31°C was correlated with spore germination and secondary conidial production
for A. japonica. In contrast, Humpherson‐Jones and Phelps
(1989) illustrated that temperature ranging from 5 to 30°C resulted
in no significant differences in the average sporulation duration
of A. brassicae in lesions generated on canola cultivar Bienvenue
or sweede cultivar Best of All. Despite this, in general, the abundance
of spores likely increased the disease epidemic in field crops
once the favorable conditions for infection were available. Alternaria
leaf spot development and severity caused by A. brassicae disease on species of Brassicaceae is strongly affected by
environmental conditions (Awasthi and Kolte 1990; Bal and
Kumar 2014; Chattopadhyay et al. 2005; Selvamani et al. 2014)
and this likely explains the highly variable nature of Alternaria leaf
spot epidemics, including in Australia, regardless of the Alternaria
spp. involved.
The current study not only highlights how temperature, host species, and foliage component influence Alternaria leaf spot development on oilseed Brassicas but also shows that this occurs across
different species of Alternaria (namely, A. japonica as compared
with A. brassicae). Despite A. japonica not being as pathogenic at
lower temperatures on either cotyledons or true leaves across tested
cultivars, the greater disease incidence in the current study of mustard
rape from A. brassicae at an earlier stage (cotyledons) and at lower
temperatures implies both a greater overall crop risk of severe infection by the latter species and its ability to be a significant inoculum
source for infecting other oilseed and horticultural crops growing
in the same vicinity. In Australia, the Mediterranean regions of southwestern and southern Australia are highly variable in terms of environmental conditions, and this variability greatly and differentially
influences the development of a range of Brassica diseases (Barbetti
et al. 2012). That Alternaria spp. are not generally regarded as
particularly major pathogens of oilseed Brassicas in Australia
is likely due to these variable environmental conditions, which
are less conducive to epidemics there than in some other countries

A. brassicae showed relatively low %DI values of 46.3 and 37.3 on
cotyledons and true leaves, respectively, at 14 and 10°C as compared
with 22 and 17°C, where the %DI values were 81.7 and 94.8 for the
same foliage components, respectively. Subsequently, in relation to
the virulence of two pathogens across host species at the P < 0.001
significance level, A. japonica caused more disease on canola (%
DI = 91.6) compared with mustard rape (%DI = 70.1) at 22 and
17°C, whereas A. brassicae caused more disease on mustard rape
(%DI = 92.3) compared with canola (%DI = 84.2) at the same high
temperatures. At 14 and 10°C, despite both A. japonica and A. brassicae causing significantly less disease on mustard rape (%DI = 13.2
and 53.9, respectively) and canola (%DI = 24.9 and 29.7, respectively), A. brassicae showed more disease on mustard rape and canola compared with A. japonica (Fig. 2L).
Disease development at low and high temperatures in relation
to foliage components of canola and mustard rape. There was significant difference at P < 0.001 in terms of the effect of the two pathogens at low and high temperatures on different foliage components
across host species. At the lower temperature, cotyledons (%CDI =
27.1 and 17.6) and true leaves (%TDI = 22.7 and 41.9) of canola
showed less disease from A. japonica and A. brassicae (Fig. 2O).
On mustard rape, low disease incidence was also observed on cotyledons (%CDI = 18.1 from A. japonica) and the true leaves (%TDI =
8.2 and 32.7 from A. japonica and A. brassicae, respectively). However, at higher temperatures, the disease severity was significantly
greater. On canola and mustard rape, high disease severity was observed across different foliage components; namely, cotyledons (%
CDI = 99.1 and 70.7 for canola and %CDI = 91.7and 92.6 for mustard rape) and true leaves (%TDI = 84.1 and 97.6 for canola and %
TDI = 48.4 and 92.0 for mustard rape) from A. japonica and A. brassicae, respectively. Cotyledons of mustard rape showed more disease
(%CDI = 75.0) from A. brassicae at the lower temperatures but
expressed greater disease at the higher temperatures (%CDI =
92.6) (Fig. 2O). Subsequently, there was significant difference at
P < 0.0001 in terms of the effect of the two pathogens on cotyledons
of mustard rape at the low temperatures; A. japonica produced less
disease (%CDI = 18.1) as compared with more disease (%CDI =
75.0) from A. brassicae (Fig. 2O).

Discussion
We believe that these are the first studies to highlight the critical roles
played by temperature for A. japonica as compared with A. brassicae in
Alternaria leaf spot disease development and severity on canola and
mustard rape. A. brassicae is globally considered the most significant
Alternaria sp. on canola and has been widely studied for infection requirements as related to different temperatures, RH, and host age (Humpherson‐Jones and Phelps 1989; Saharan et al. 2016). In contrast, A.
japonica has not been previously studied in terms of disease development on canola or mustard rape. Because both diseases co-occur on canola in Australia (Al‐lami et al. 2019a), it was important that
comparison be made between A. japonica and A. brassicae. Furthermore, for Australia, prior to this study, there was little understanding
as relates to temperature for A. brassicae in terms of disease severity
on canola or mustard rape. A. brassicae has been widely highlighted
as a major and common pathogen of oilseed Brassicas, while A. alternata, A. brassicicola, and A. raphani are of more concern in relation to
vegetable crops (Saharan et al. 2016). However, A. japonica was not
only isolated from surveys of canola crops across southern Australia
in 2016 (M. P. You and M. J. Barbetti, unpublished data) but was pathogenic on both canola and mustard rape (Al‐lami et al. 2019a). The
current study emphasizes the potential for A. japonica to become a significant pathogen on members of the Brassicaceae family, along with
the previously described Alternaria spp. pathogens, especially because
A. japonica is pathogenic on both Brassicaceae and non-Brassicaceae
hosts, both in Australia and elsewhere (Farr and Rossman 2019).
The current study revealed how temperature affects the development and severity of Alternaria leaf spot caused by A. japonica on
both canola and mustard rape, as compared with A. brassicae. Although the effect of temperature showed significant differences
across tested variables, including host species, foliage component,
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such as India, where Alternaria leaf spot is considered a very serious and, at times, almost “unmanageable disease” (Chattopadhyay
et al. 2005; Saharan et al. 2016). However, the finding that A. japonica and A. brassicae infections in both canola and mustard rape
were favored by warmer temperatures in the current study is important for both crops, because temperatures readily reach or exceed 18
to 24°C during the latter part of the growing season in many regions
in Australia and worldwide. Furthermore, temperature affects the
disease severity of a range of other Brassicaceae diseases. Among
other examples, Li et al. (2006) highlighted how Phoma stem canker (blackleg; Leptosphaeria maculans) is strongly influenced by
temperature, with more severe crown canker at higher temperatures
(18 to 24°C) compared with lower temperatures (11 to 18°C);
Mohammed et al. (2018b) studied downy mildew at 22 and 17°C
versus 14 and 10°C and showed that higher temperatures accelerated the disease severity, well illustrated with B. napus ‘Atomic’ that
showed less disease at 14 and 10°C but greater disease at 22 and
17°C; and Uloth et al. (2018) studied powdery mildew development
and severity on different B. napus cultivars and found a similar
pattern of high disease severity at 22 and 17°C compared with
low disease severity at 14 and 10°C. These latter studies on other
Brassicaceae pathogens highlight the concern that temperature
increases from climate change will increase severity of some Brassicaceae diseases, as highlighted earlier by Barbetti et al. (2012). It
is likely that the same applies for Alternaria leaf spot under future
warming climate predictions for Australia and elsewhere. However,
it remains to be determined if there are temperature phenotypes for
A. japonica or A. brassicae as exist for Sclerotinia sclerotiorum
where, for example, isolates collected from warmer or cooler areas
show adaptation to higher or lower temperatures, respectively,
when infecting B. carinata (Uloth et al. 2015b).
In conclusion, this study demonstrates the important influence of
temperature across different Brassica host species and foliage components on the development and severity of Alternaria leaf spot
caused by A. japonica versus A. brassicae. The findings show that
disease severity from A. japonica increases with warmer temperatures and decreases with colder temperatures, as in A. brassicae,
but the cold temperature effect was not independent of host species,
foliage component, or causal Alternaria sp. Furthermore, the current study suggests likely greater Alternaria leaf spot development
and severity in future decades during the spring season across
southern Australia, where temperatures are rising due to climate
change (Barbetti et al. 2012). In addition, precautions are needed
for canola and mustard rape breeders to avoid inadvertently selecting for genotypes more susceptible to one or more Alternaria spp.,
as can easily occur in screening programs intently focused on
maximizing resistance to blackleg and where other diseases are
“masked” by extremely severe blackleg. The increasing temperatures
along with any inadvertent selection for heightened susceptibility to
A. japonica or A. brassicae would significantly enhance their opportunity to become much more important and damaging pathogens to
both canola and mustard rape.
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CHAPTER 5

Role of foliage component and host age on severity of Alternaria
leaf spot (caused by Alternaria japonica and A. brassicae) in
rapeseed (Brassica napus) and mustard (B. juncea) and yield
loss in rapeseed

This chapter highlights Alternaria leaf spot development on different foliage
components and at different plant ages under both controlled conditions and
under conducive field conditions, and also defines the reduction in seed yield
caused by A. japonica compared with A. brassicae.
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Abstract. Studies were undertaken under controlled conditions into the effects of different foliage components
(cotyledon, ﬁrst, second and third leaf) at three plant ages (3, 5 and 7 weeks old) on development of Alternaria leaf
spot disease, caused by Alternaria japonica or A. brassicae, in canola (Brassica napus cv. Thunder TT) and mustard
(B. juncea cv. Dune). Alternaria japonica generally showed percentage disease index (%DI) values similar to A. brassicae
across the two Brassica species, different foliage components and plant ages. %DI from either pathogen was greater in older
plants than younger plants for the same foliage components in both cultivars. Field studies were then undertaken with canola
to compare disease development from A. japonica and A. brassicae across different plant components (leaf, pod and stem)
and the consequent adverse impact on seed yield. Alternaria japonica was more severe in terms of leaf area diseased (%LAD
62.6) and stem area diseased (%SAD 69.8) than pod area diseased (%PAD 25.5), whereas A. brassicae was more severe on
leaves (%LAD 61.9) than on pods (%PAD 47.4) or stems (%SAD 41.0). Stem disease incidence was greater for A. japonica
(%SDI 94.0) than for A. brassicae (%SDI 56.5), but pod disease incidence was greater for A. brassicae (%PDI 93.5) than for
A. japonica (%PDI 86.1). For A. japonica, AUDPC values of leaf disease incidence (LDI, 283.5), leaf area diseased
(LAD, 253.3) and leaf collapse (LCI, 149.5) resulted in a yield loss of 58.1%, similar to A. brassicae, where AUDPC values
of LDI (277.8), LAD (247.2) and LCI (111.0) caused a yield loss of 59.4%. These ﬁndings explain observed acceleration of
Alternaria leaf spot severity from A. japonica, as from A. brassicae, through the growing season as plants become more
susceptible with increasing age, and as more susceptible, later developing leaves become abundant. For the ﬁrst time, we
demonstrate that under conducive ﬁeld conditions for disease development, A. japonica can cause serious seed-yield losses
of a magnitude similar to those occurring with A. brassicae.
Additional keyword: host age.
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Introduction
Oilseed brassicas are the second most important group of oilseed
crops worldwide (Snowdon et al. 2007) and extend across
> 29 Mha, yielding 53 Mt on a mean of 1700 kg ha–1 (Saharan
et al. 2016). Among Alternaria species, A. brassicae (Berk)
Sacc. is the major signiﬁcant pathogen of oilseed brassicas
(Saharan et al. 2016) and is a signiﬁcant pathogen in Canada
(Degenhardt et al. 1974), France (Marchegay et al. 1990), India
(Saharan et al. 2016) and the United Kingdom (Evans and
Gladders 1981). By contrast, A. japonica Yoshii is a signiﬁcant
pathogen of wild rocket (Diplotaxis tenuifolia (L.) DC.) and
cultivated rocket (Eruca vesicaria subsp. sativa (Mill.) Thell) in
Italy (Garibaldi et al. 2011; Gilardi et al. 2015; Siciliano et al.
2017), but has also recently been shown to be prevalent on
canola (Brassica napus L.) in Australia (Al-Lami et al. 2019).
Journal compilation  CSIRO 2019
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Alternaria brassicae is well known as a cause of Alternaria
leaf spot, a major disease of oilseed brassicas, on cotyledons,
leaves, petioles, stems, inﬂorescences, siliquae and seeds
(Humpherson-Jones and Maude 1982; Saharan et al. 2016),
resulting in signiﬁcant yield loss (Saharan et al. 2016). Much
less well known and reported on oilseed brassicas is A. japonica,
which causes disease symptoms on turnip (Brassica rapa
L. subsp. rapa) roots (Bassimba et al. 2013), and on wild and
cultivated rocket leaves and stems (Garibaldi et al. 2011) and
pods (Gilardi et al. 2015). However, recent surveys of canola
crops across southern Australia highlighted that Alternaria leaf
spot on these crops is not solely caused by A. brassicae, but that
several other Alternaria species are involved to varying degrees,
including A. japonica (Al-Lami et al. 2019), with the range of
species depending on the year and geographic locality (Al-Lami
www.publish.csiro.au/journals/cp
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et al. 2019). In the ﬁeld, air movement and rain splash are the
main environmental factors determining conidial distribution of
A. brassicae and other Alternaria species causing cotyledon and
seedling leaf infections; these infections provide an abundant
source for secondary infections (Verma and Saharan 1994). When
there are favourable temperature and moisture conditions,
severe disease occurs (Humpherson-Jones and Maude 1982;
Humpherson-Jones and Phelps 1989; Verma and Saharan 1994).
For Alternaria leaf spot caused by A. brassicae, host age plays
a critical role in disease epidemiology, with increasing age
generally fostering an increase in disease severity, partly
through the increasing abundance of available susceptible host
materials for both primary and secondary infections (Verma and
Saharan 1994), and partly as a result of disease severity
increasing as the plants age during the progression of the
growing season. However, the impact of plant age can depend
on Brassica species and/or cultivar. For example, the greatest
severity of Alternaria leaf spot caused by A. brassicae occurs at
55–85 days after sowing (DAS) for mustard (Brassica sp.)
(Sarkar and Sen-Gupta 1978), 60 DAS for cauliﬂower
(B. oleracea var. botrytis L.) (Deep and Sharma 2012), 71
DAS for rapeseed mustard (B. campestris (now B. rapa) var.
toria and var. sarson (Sinha et al. 1992), 45 and 75 DAS for
Indian mustard (B. juncea (L.) Czern.) cv. Varuna (Meena et al.
2004) and cv. Rohini (Meena et al. 2011), and 140 DAS for
Indian mustard cv. RLM 619 (Bal and Kumar 2014). Plant-age
effects have also been reported for other Alternaria species such
as A. brassicicola, with disease most severe at 30 DAS on B. rapa
(Doullah et al. 2006) and at 45 and 60 DAS in cauliﬂower (Deep
and Sharma 2012). By contrast, for A. japonica, the only
information relates to the observation that Alternaria leaf spot
disease ﬁrst occurs in wild and cultivated rocket under
greenhouse conditions at 60 DAS (Garibaldi et al. 2011).
Alternaria leaf spot caused by A. brassicae on oilseed
brassicas greatly reduces seed yield, oil content and quality of
the chemical composition of seed (Saharan et al. 2016).
Examples of yield losses caused by A. brassicae include
26–45% in B. campestris (and 11% in B. carinata) in India
(Saharan 1984; Kumar 1997) and 63% in Canada (Degenhardt
et al. 1974); 11–49% in B. juncea in India (Saharan 1984; Prasad
et al. 2003) and 32–57% in Nepal (Shrestha et al. 2005); and 42%
in B. napus in Canada (Degenhardt et al. 1974), 60% in Europe
(Smith et al. 1988), 17% in India (Kumar 1997), and 87–100% in
Lithuania (Brazauskiene and Petraitiene 2006). Other Alternaria
species have been reported to cause yield reduction on
Brassicaceae. These include A. alternata on Raphanus sativus
(4–18%) in India (Suhag et al. 1983); A. brassicicola on B. napus
(55%) in Germany (Daebeler et al. 1986), B. oleracea (80%) in
Europe (Smith et al. 1988) and (50%) in Germany (Stoll 1948);
and A. raphani on B. campestris (42%) and B. napus (34%)
(Degenhardt et al. 1974). Despite A. japonica being prevalent on,
and highly pathogenic to, canola in Australia (Al-Lami et al.
2019), there was no evidence of its potential impact on seed yield.
In Australia, canola is the third most signiﬁcant crop after
wheat and barley (Elliott et al. 2015), with production having
increased almost two-fold in the last decade (AOF 2019).
Drought-hardy mustard (B. juncea) is grown commercially,
both as a productive oilseed crop and as a specialised
condiment mustard crop (Oram et al. 2005). Although
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Alternaria leaf spot caused by A. brassicae has been reported
on a range of Brassicaceae hosts in Australia (Sampson and
Walker 1982; Shivas 1989; You et al. 2005; Van de Wouw et al.
2016; APPD 2019), it has historically been considered only a
minor disease there. However, the ﬁnding of a multi-Alternaria
spp. complex afﬁliated with Alternaria leaf spot of canola in
Australia (Al-Lami et al. 2019) highlighted the need to
investigate and determine the role of one of the more
prevalent and pathogenic species, A. japonica, compared with
A. brassicae in the severity and consequent yield impact of
Alternaria leaf spot. Therefore, studies were undertaken to
determine: (i) the effects of different foliage components
(cotyledon, ﬁrst, second and third leaf) at three plant ages
(3, 5 and 7 weeks) on the development of Alternaria leaf spot
related to A. japonica compared with A. brassicae in canola
(B. napus cv. Thunder TT) and mustard (B. juncea cv. Dune); and
(ii) the effects of the disease associated with A. japonica v.
A. brassicae on different plant components (leaf, pod, and stem)
and seed yield losses in canola in the ﬁeld. These studies are the
ﬁrst to highlight and compare the vital roles played by foliage
components at different plant ages of canola and mustard for
A. japonica compared with A. brassicae in Alternaria leaf spot
disease development and severity, and the ﬁrst to determine the
comparative effects of the two pathogens in the ﬁeld across
different plant components and consequent yield loss.
Materials and methods
Isolates of Alternaria
A mixture of ﬁve different hyphal-tipped isolates of A. brassicae
and six different hyphal-tipped isolates of A. japonica was used.
All isolates were obtained during a canola disease survey in
southern Australia during 2016, and were chosen to represent a
wide geographical area affected by Alternaria leaf spot. For
A. brassicae, isolates utilised included: WA-21.8, WA-47.6 and
WA-I, isolated from different locations in Western Australia
(WA); a single isolate SA-84.4 from South Australia (SA); and a
single isolate NSW-PSW.20 from New South Wales (NSW). For
A. japonica, isolates utilised included: WA-45.2.1, WA-46.8.A
and WA-47.1 from WA, derived from diseased B. napus leaves;
and NSW-PSW.47, NSW-PSW.60 and NSW-PSW.77 from
NSW, collected from infected wild radish (R. raphanistrum)
leaves. Isolates were chosen based on their high virulence, either
in tests conducted earlier on both B. napus (cv. Thunder TT) and
B. juncea (cv. Dune) (Al-lami et al. 2019) or, for A. japonica
isolates NSW-PSW.60 and NSW-PSW.77, in other tests (HFD
Al-lami, MP You, MJ Barbettis, unpubl. data). For each
Alternaria species, isolates were mixed in equal proportions
for use as inoculum to eliminate any potential pathotype-speciﬁc
responses on the two inoculated test species, as has been done in
studies with other Brassica pathogens including the white leaf
spot pathogen, Pseudocercosporella capsellae (Gunasinghe
et al. 2017a, 2017b), and Hyaloperonospora brassicae
(Mohammed et al. 2017, 2018a), and in studies involving
plant age for H. brassicae (Mohammed et al. 2018b).
Mycelial inoculum preparation
For production of hyphal inoculum, isolates were subcultured
onto potato dextrose agar (PDA; Merck, Kenilworth, NJ, USA)
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for 7 days at 238C  28C under cool white ﬂuorescent light. Five
agar discs (each 4 mm2) containing growing mycelia from PDA
were transferred into 150 mL liquid growth medium (24 g potato
dextrose broth and 10 g peptone L–1 water) (Uloth et al. 2016).
Cultures were placed on a rotary shaker at 150 rpm at 258C. After
5 days, actively growing mycelium was harvested by straining
the broth through four layers of cheesecloth and washing
thoroughly with sterile deionised water (SDW). The
mycelium was macerated in SDW by using a hand-held
blender for ~10 min, and the ﬁnal mycelial concentration of
each mixture was adjusted to 4  106 hyphal fragments mL–1.
This hyphal inoculum was then used to produce conidial
inoculum for the pot experiment and to inoculate plants in the
ﬁeld studies (see details below).
Conidial inoculum preparation
Production of conidial inoculum was carried out as described by
Gunasinghe et al. (2017a) for P. capsellae. Seeds of susceptible
B. napus cv. Thunder TT (Al-Lami et al. 2019) were sown in pots
7 cm by 7 cm by 18 cm (six seeds per pot). Seedlings were thinned
to one per pot, and pots were maintained at 228C day and 188C
night in a controlled environmental room with a 12-h
photoperiod. Plants were fertilised weekly with Thrive (Yates,
Sydney), a complete nutrient solution that is dissolved in water, at
the manufacturer’s recommended rate. At 6 weeks of age, plants
were separated into two groups and spray-inoculated with
mycelial suspensions, one group with of a mixture of
A. brassicae isolates, and the other group with a mixture of
A. japonica isolates. A hand-held and -operated aerosol sprayer
was used. Inoculated plants were covered with clear plastic bags
for 96 h post-inoculation to maintain high humidity and were
misted with SDW spray applied once every 24 h for 4 days. When
disease symptoms became apparent, by ~7–14 days postinoculation (DPI), leaves with typical Alternaria leaf spot
symptoms were collected and washed gently under SDW to
remove any surface contamination. Lesions were then cut and
placed into glass vials containing 20–30 mL SDW, and shaken
vigorously by hand for 4 min to release conidia. The conidial
mixture was then centrifuged for 5 min at 756g, and the
supernatant was discharged to concentrate conidia. Conidia
were washed twice in SDW and resuspended in 2–3 mL
SDW. Conidial concentration was adjusted to 5  105 mL–1,
using a haemocytometer counting chamber.
Pot experiment seedling preparation and inoculation method
Two susceptible Brassica genotypes, B. napus cv. Thunder TT
and B. juncea cv. Dune (Al-Lami et al. 2019), were used for each

pathogen (A. brassicae and A. japonica). Plants were maintained
at 228C day and 188C night in a controlled-environmental room
with a 12-h daylength and were fertilised weekly with Thrive as
described above. For each host species  pathogen combination,
pots were sown at 14-day intervals to obtain three different plant
ages at the time of inoculation (ages 14, 28 and 42 DAS)
(Table 1). Six seeds were sown in each pot (7 cm by 7 cm by
18 cm), and seedlings were thinned after germination to one per
pot. At 42 days after the ﬁrst sowing, plants were placed in clear
plastic boxes (770 mm long by 570 mm wide by 475 mm high)
with lids, and foliage components were drop-inoculated (10 mL),
two drops per leaf, with the conidial inoculum (5  105 mL–1) of
either pathogen or with SDW as a negative control check.
Inoculum was applied once on cotyledons and fully expanded
leaves (ﬁrst, second and third leaf) of each plant across the
different ages (i.e. 14, 28 and 42 DAS, age at inoculation) with
approximate Sylvester-Bradley stages of 1.03, 2.04 and 3.3,
respectively (Sylvester-Bradley 1984). Plastic boxes were
internally misted with deionised water and lids closed for
96 h post-inoculation to maintain high humidity (wet-period
duration).
Field studies
To prepare ﬁeld inoculum for each pathogen, four seeds of
B. napus cv. Thunder TT were sown into each pot (6 cm by
6 cm by 9 cm) in the glasshouse; seedlings then thinned to one per
pot. At 34 DAS (24 July 2018), plants were transplanted into an
experimental ﬁeld at the University of Western Australia,
Crawley, WA. The plants were grown in an area of 32 m2
(8 m long by 4 m wide) divided into three equal blocks with
0.5 m between bocks. For each block, there were 25 replicate
individual rows, each 1 m long and sown with six plants, and with
0.3 m between rows. Plants were fertilised weekly with Thrive as
described above. Plants were ﬁrst inoculated at 56 DAS by sprayinoculation of mycelial inoculum (4  106 hyphal fragments
mL–1) of either pathogen (or SDW as a negative control check),
using a hand-held and -operated aerosol sprayer. At 94 DAS, a
second inoculum application was applied. Seed was harvested on
20 November 2018 by collecting pods into paper bags and
maintained under dry glasshouse conditions (~288C) for
2 weeks to allow thorough drying. Seed yield per plant was
determined (g plant–1). Overhead sprinkler irrigation was used in
the ﬁeld as required when natural rainfall was considered
inadequate. The control block was sprayed with the fungicide
mancozeb 80W at a rate of 0.5 kg ha–1 a.i. at ~3-week intervals to
impede any disease development.

Table 1. Times of planting and inoculation for three different plant ages of canola (Brassica napus cv. Thunder TT) and
mustard (B. juncea cv. Dune), the time and age at which disease assessments were made, and their Sylvester-Bradley
developmental stage at the time of inoculation with Alternaria brassicae or A. japonica
DAS, Days after sowing. Leaf components of all ages showed symptoms of infection
Date of
planting

11 Dec.
27 Nov.
13 Nov.

Age at
inoculation
(DAS)

No of days between
inoculation and
ﬁrst appearance
of disease

Age when disease
ﬁrst appeared
(DAS)

Age when Alternaria
leaf spot recorded
(DAS)

14
28
42

3
3
3

17
31
45

21 (3 weeks)
35 (5 weeks)
49 (7 weeks)

75

971

Approx. Sylvester-Bradley
stage:
At inoculation At recording
1.01
2.02
3

1.03
2.04
3.3

972
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Disease assessment
Pot experiment
Disease reactions on cotyledons and fully expanded leaves
were recorded once, at 7 DPI (Hong and Fitt 1995) when plants
reached ages 3, 5 and 7 weeks (Table 1). A 0–5 scale developed
by Kolte (1999) was used to assess the disease: 0, no visible
symptoms; 1, 1–10% leaf area covered with small spots; 2,
11–25% leaf area covered with spots >3 mm; 3, 26–50% leaf
area covered with spots >3 mm but with initiation of coalescing of
lesions on leaves; 4, 51–75% leaf area covered with commonly
coalescing lesions; 5, 76–100% leaf area covered with very large
spots producing a typical blighted appearance. Each 0–5 diseased
leaf score was converted into a percentage cotyledon disease
index (%CDI) or percentage leaf disease index (%LDI), with
each disease index calculated using the method described by
McKinney (1923):
% DI ¼ ððða  0Þ þ ðb  1Þ þ ðc  2Þ þ . . . ðf  5ÞÞ
 100Þ=ðða þ b þ c þ . . . fÞ  5ÞÞ
where a–f are the number of plants with severity scores of
0–5, respectively.
Field studies
Disease reactions on leaves were recorded at 14 DPI and
thereafter bi-weekly after each inoculation until four assessments
were made. For each assessment, plants were examined
individually across the 20 replicate rows within each of the
three treatment blocks for disease development, using three
separate methods. The ﬁrst method assessed the percentage of
leaf disease incidence on a 0–10 scale (Barbetti 1987): 0, nil
disease; 1, 1–10%; 2, 11–20%; 3, 21–30%; 4, 31–40%; 5,
41–50%; 6, 51–60%; 7, 61–70%; 8, 71–80%; 9, 81–90%; 10,
91–100% of leaves diseased. The second method assessed the
percentage leaf area diseased, by visually estimating the leaf area
affected across all leaves of each plant as a percentage of the total
leaf area, also using a 0–10 scale, but for percentage of leaf area
affected instead of disease incidence (Eshraghi et al. 2007). The
third method assessed the degree of leaf collapse of diseased
plants from Alternaria leaf spot disease, also on a 0–10 scale,
where 0 is nil collapse, and 10 is >90% of leaves collapsed
from Alternaria infection (Barbetti and Nichols 2005). Each
0–10 leaf disease incidence, leaf area diseased and leaf
collapse–defoliation score was converted into percentage leaf
disease incidence index (%LDI), percentage leaf area diseased
index (%LAD) and percentage leaf collapse–defoliation index
(%LCI) based on the method described by (McKinney 1923):
% LDI or % LAD or %LCI ¼ ððða  0Þ þ ðb  1Þ þ ðc  2Þ
þ ðd  3Þ þ ðe  4Þ þ . . . ðk  10ÞÞ  100Þ=
ðða þ b þ c þ d þ e þ . . . kÞ  10ÞÞ
where a–k are the number of plants with severity scores of
0–10, respectively.
Disease assessments were also made for pods and stems, once
at 132 DAS, using assessments with the ﬁrst and second methods
described above. Disease scores were converted into a
percentage disease incidence (%SDI, %PDI) or percentage
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area diseased (%SAD, %PAD) index for stems and pods,
respectively, as described above (McKinney 1923).
Values of area under disease progress curve (AUDPC) for
each assessment method were then calculated from the
independent scores, using:
X
Y¼
½ðXi þ Xiþ1 Þ=2 ðtiþ1  ti Þ
where Y is the AUDPC, Xi is the Alternaria leaf spot disease of
evaluation i, Xi+1 is the Alternaria leaf spot disease of evaluation
i+1, and (ti+1 – ti) is the number of days between two evaluations
(Campbell and Madden 1990). The seed yield per plant
(g plant–1) was recorded for each treatment, and seed-yield
loss calculated by using:
YL ¼ ððYC  YT Þ=YC Þ  100
where YL is percentage yield loss, YT is yield in treated plants,
and YC is yield in control plants (Bal and Kumar 2014).
Experiment design and statistical analyses
The pot study was fully repeated once. Each experiment had 10
replicates arranged in a randomised complete block design by
using the ‘Generate a Standard Design’ function of GENSTAT
Release 18.1, 18th Edition (VSN International, Hemel
Hempstead, UK). For ﬁeld studies, the experiment was
arranged as a split-plot design with three treatment blocks
(A. brassicae, A. japonica and control sprayed with the
fungicide mancozeb), using the ‘Generate a Standard Design’
function of GENSTAT.
A Shapiro–Wilk test was conducted to test the normality of
the data and showed non-normal distribution for both controlledenvironment (pot) and ﬁeld studies. Therefore, nonparametric
analyses were performed using XLSTAT (Addinsoft,
New York). The homogeneity of initial and repeat controlledenvironment experiments was assessed by using the
Mann–Whitney U test. These tests showed no signiﬁcant
difference (P > 0.05) between initial and repeated
experimental data; hence, datasets from initial and repeat
experiments were combined and reanalysed as a single
dataset. Friedman’s test was performed to calculate means and
P-value of variables. Multiple pairwise comparisons were made
using Nemenyi’s procedure–two-tailed test (Nemenyi 1963).
Nonparametric regression also computed to assess the r2
values across different variables.
Results
Pot experiment
Symptoms
First appearance of Alternaria leaf spot symptoms from either
A. japonica or A. brassicae was at 3 DPI, with lesions appearing
as grey to dark grey in colour and with associated chlorotic
halo effects appearing after 3–5 DPI across the different foliage
components at different plants ages. Developed lesion symptoms
from A. japonica are shown in Fig. 1m–t and from A. brassicae
in Fig. 1e–l. In general, there were no obvious associations of
the appearance of chlorotic effects with particular plant
ages; however, the severity of chlorosis was greater on the
third leaf across both pathogens.
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Fig. 1. Alternaria leaf spot disease symptoms on canola (Brassica napus cv. Thunder TT) and mustard (B. juncea
cv. Dune) on different foliage components in a pot experiment under controlled environmental conditions: (a–d)
negative control (leaf inoculated with sterile deionised water), including cotyledon and true leaf, respectively, of
(a, b) canola and (c, d) mustard; Alternaria brassicae on cotyledon, ﬁrst, second and third leaf, respectively, of (e–h)
canola and (i–l) mustard; A. japonica on the same foliage components, respectively, of (m–p) canola and (q–t)
mustard.

Inﬂuence of foliage component and plant age on
disease severity
There were signiﬁcant effects (P < 0.001) of plant age and
foliage component and a signiﬁcant plant age  foliage
component interaction. In terms of the effects of foliage
components, both cotyledons and mature leaves were more
susceptible to A. japonica and A. brassicae on older plants
than on younger plants across both Brassica species.
Speciﬁcally, cotyledons of 5-week-old plants displayed
greater susceptibility to A. japonica and A. brassicae on
mustard (%CDI 56.1 and 53.6) and on canola (%CDI 62.6
and 61.4) than cotyledons of 3-week-old plants (%CDI 54.0
and 51.5 on mustard, and 59.3 and 59.0 on canola) (Fig. 2a).
Similarly, the ﬁrst leaf of 7-week-old plants showed greater
susceptibility to A. japonica and A. brassicae on mustard (%LDI

77

58.1 and 55.6) and on canola (%LDI 71.9 and 65.2) than the ﬁrst
leaf of 5-week-old plants (%LDI 56.2 and 53.9 on mustard and
70.0 and 63.3 on canola) (Fig. 2b). The second leaf of 7-week-old
plants also expressed greater susceptibility to A. japonica and
A. brassicae, with %LDI values of 62.1 and 59.7 on mustard and
77.0 and 69.8 on canola, respectively, than the second leaf of
5-week-old plants (%LDI 59.3 and 57.5 on mustard and 74.9 and
67.8 on canola) (Fig. 2c).
In terms of effects of plant age, average data for both
pathogens and both host species indicate that disease from
A. japonica and A. brassicae increased with plant age for
different foliage components (Fig. 2d). For example, for
7-week-old plants, ﬁrst, second and third leaves showed the
highest %LDI values of 62.7, 67.2 and 80.8, respectively. By
contrast, 5-week-old plants displayed lower %DI values on
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Fig. 2. Impact of Alternaria leaf spot disease caused by Alternaria brassicae and or A. japonica on four foliage components
(cotyledon, ﬁrst, second and third leaf) at three different plant ages (3, 5 and 7 weeks) of canola (Brassica napus cv. Thunder
TT) and mustard (B. juncea cv. Dune) under controlled environmental conditions. Data represent means  s.d. of disease
indices (%) in relation to: (a) cotyledons of plants at 3 and 5 weeks; (b) ﬁrst leaf at 5 and 7 weeks; (c) second leaf at 5 and
7 weeks; and (d) cotyledon, ﬁrst, second and third leaf across both cultivars in terms of plant age. Means with different letters
are signiﬁcantly different for multiple pairwise comparisons using Nemenyi’s procedure–two-tailed test at P < 0.05.

cotyledons (%CDI 57.0), ﬁrst leaf (%LDI 60.8) and second leaf
(%LDI 64.9). Lowest %DI values were for 3-week-old plants
(%CDI 55.9). The third leaf displayed the highest disease
incidence (%LDI 80.8) across different plant ages and foliage
components investigated.
Correlation
There was a signiﬁcant (P < 0.05) correlation between the
different foliage components at different plant ages in relation to
%DI from either A. japonica or A. brassicae inoculation on both
host species. For example, %CDI for 3-week-old plants was
highly correlated (r2 = 0.98) with that of 5-week-old plants.
Similarly, %LDI for ﬁrst and second leaves at 5 weeks old were
highly correlated (r2 = 0.99 for each foliage component) with the
respective leaves at 7 weeks.
Field studies
Symptoms
In terms of the ﬁrst appearance, Alternaria leaf spot symptoms
from A. brassicae (Fig. 3d–f) and A. japonica (Fig. 3g–i)
appeared on leaves after 5 DPI (61 DAS), and on pods and
stems after 66 DPI (122 DAS). On pods, the colour of lesions was
similar for both pathogens, being dark brown to black (Fig. 3f, i),
whereas lesion shapes differed, being either circular or
concentric for A. brassicae but more irregular-shaped for
A. japonica. On stems, lesion shape and colour were similar
for both pathogens, commencing as dark brown to black spots
that became elongated with dark brown to black borders around

brown to light brown centres (Fig. 3e, h). Lesion appearance
on leaves was similar to that in the pot experiment (Fig. 3d, g).
No symptoms of other diseases were observed in the ﬁeld
(Fig. 3a–c).
Cumulative (AUDPC) incidence, severity and
accompanying leaf collapse, and seed yield
There were signiﬁcant differences (P < 0.001) among plants
inoculated with the two pathogens and control plants in relation
to Alternaria leaf spot incidence and severity, accompanying
defoliation, and seed yield. In terms of AUDPC for disease
incidence, A. japonica resulted in a slightly higher value
(AUDPC 283.5) than A. brassicae (AUDPC 277.8), with
control plants showing little disease incidence (AUDPC 25.5)
(Table 2). In terms of AUDPC for disease severity, A. japonica
again resulted in a slightly higher value (AUDPC 253.3) than
A. brassicae (AUDPC 247.2), with control plants showing little
disease severity (AUDPC 18.7). Considering AUDPC for leaf
collapse, A. japonica resulted in a higher value (AUDPC 149.5)
than A. brassicae (AUDPC 111.0), with control plants showing
little leaf collapse (AUDPC 24.7). Both pathogens caused a large
reduction in seed yield, yielding only 12.8 and 12.6 g plant–1 for
plots inoculated with A. japonica and A. brassicae, respectively,
compared with 30.1 g plant–1 for the control.
Disease incidence and severity on different plant
components
There were signiﬁcant differences (P < 0.001) in relation
to disease incidence and severity across different foliage
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Fig. 3. Severity of Alternaria leaf spot on Brassica napus cv. Thunder TT under ﬁeld conditions: (a–c) negative
control of a whole plant, stem and pod, respectively (plants sprayed with the fungicide mancozeb); (d–f) Alternaria
brassicae and (g–i) A. japonica on the same plant components; and (j) part of the ﬁeld yield-loss experiment showing
a block inoculated with A. japonica (marked ‘a’), one inoculated with A. brassicae (‘b’), and one of negative control
(plants sprayed with the fungicide Mancozeb, ‘c’).
Table 2. Effect of Alternaria leaf spot disease caused by Alternaria
brassicae or A. japonica as measured by area under disease progress
curve (AUDPC) for leaf disease incidence (LDI), leaf area diseased
(LAD) and leaf collapse (LCI) (0–10 scale) on seed yield of Brassica
napus cv. Thunder TT under ﬁeld conditions
Within columns, means followed by the same letter are not signiﬁcantly
different with multiple pairwise comparisons using Nemenyi’s
procedure–two-tailed test at P = 0.05
Treatment
Control
A. brassicae
A. japonica

AUDPC
for LDI

AUDPC
for LAD

AUDPC
for LCI

Seed yield
(g plant–1)

25.5a
277.8b
283.5c

18.7a
247.2b
253.3b

24.7a
111.0b
149.5c

30.1b
12.6a
12.8a
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components. In terms of disease incidence, A. japonica
showed higher values for stems (%SDI 94.0) than for pods
(%PDI 86.1) or leaves (%LDI 70.2) (Fig. 4a). By contrast,
A. brassicae displayed higher incidence for pods (%PDI 93.5)
than leaves (%LDI 69.2) and stems (%SDI 56.5) Fig. 4a). In
terms of disease severity, A. japonica showed higher values for
stems (%SAD 69.8) than leaves (%LAD 62.6) or pods (%PAD
25.5) (Fig. 4b), whereas A. brassicae displayed higher values
for leaves (%LAD 61.9) than pods (%PAD 47.4) or stems
(%SAD 41.0) (Fig. 4b). Control plants had low disease levels,
with values of %LDI 6.0 and %LAD 4.4, %PDI 15.0 and %
PAD 10.0, and %SDI 10.0 and %SAD 5.0 (Fig. 4a, b). It was
evident that severe leaf disease caused by either pathogen was
the main instigator of yield losses, particularly in combination
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with the severe disease on stems and pods as the season
progressed (Fig. 5).

seed yield in relation to both A. japonica and A. brassicae.
For disease incidence from A. japonica, there was a
signiﬁcant (P < 0.05) correlation between leaves and stems
(r2 = 0.97) but not between leaves and pods or between pods
and stems. For disease severity from A. japonica, there was
signiﬁcant (P < 0.05) correlation between leaves and stems
(r2 = 0.70) and between pods and stems (r2 = 0.81), but there
was no correlation between leaves and pods. For disease
incidence from A. brassicae, there was a signiﬁcant
(P < 0.05) correlation between leaves and pods (r2 = 0.97)
and between leaves and stems (r2 = 0.81), but there was no
correlation between pods and stems. For disease severity from
this pathogen, there was signiﬁcant (P < 0.05) correlation
between leaves and pods (r2 = 0.81) and between leaves and
stems (r2 = 0.47), and a weak correlation between pods and stems
(r2 = 0.16). For disease progression with A. japonica, AUDPC
values for LDI, LAD and LCI were highly correlated with seed
yield (r2 = 0.97, 0.89 and 0.77, respectively). Similarly, for
A. brassicae, AUDPC values for LDI, LAD, and LCI were highly
correlated with seed yield (r2 = 0.97, 0.96 and 0.77, respectively).

Correlations
There was signiﬁcant (P < 0.05) correlation across plant
components, between different disease parameters, and with
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Discussion
We believe that these are the ﬁrst studies to highlight and
compare the vital roles played by foliage component at
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relative humidity (e.g. Humpherson-Jones and Phelps 1989;
Saharan et al. 2016). Clearly, A. japonica, similar to
A. brassicae, infects plants at a very early stage (3 weeks
old), with disease severity peaking on 7-week-old plants.
Leaves showed greater susceptibility than cotyledons,
especially the third leaf. Further, the severity of the disease
was greater over time on older foliage components
(e.g. cotyledons, ﬁrst and second leaves) than on the same
foliage components when younger. Determining these critical
effects of plant age, foliage component and the time of ﬁrst
appearance of disease symptoms brings new understanding of
Alternaria leaf spot epidemiology for A. japonica compared with
A. brassicae, information essential for developing effective ﬁeld
management strategies. For example, Chattopadhyay et al.
(2005) used a regression model for A. brassicae to anticipate
crop age associated with the ﬁrst appearance of Alternaria leaf
spot on leaves and pods. While they found greatest disease
severity on older leaves and pods, they also found that
one week post the ﬁrst appearance of the disease symptoms
was the best time to apply fungicide to manage the disease in
the ﬁeld. However, although neither cultivar nor host age
affects sporulation duration of A. brassicae or A. brassicicola
(Humpherson-Jones and Phelps 1989), there is a similar rapid
increase in the disease epidemic for either species under
favourable conditions (Humpherson-Jones 1989), as occurred
for A. japonica and A. brassicae under ﬁeld conditions in the
present study.
Although the ﬁndings of the present study are the ﬁrst in
relation to A. japonica, those for A. brassicae conﬁrm previous
reports for A. brassicae and other Alternaria species including
A. alternata, A. brassicicola and A. raphani, where leaf spot
symptoms are exhibited throughout different plant stages starting
with cotyledons and onward to seed production (Saharan et al.
2016). Dang et al. (1995) noticed that after 10 DAS, the
percentage disease intensity of Alternaria leaf spot caused by
A. brassicae on mustard varieties RH30, RH8113 and Prakash
reached 3%, 3% and 2%, respectively, but values increased
with age, reaching 22%, 15% and 30%, respectively, by 70
DAS. Importantly, Dang et al. (1995) showed that disease
severity was greater on older leaves than youngest leaves.
Severity of Alternaria leaf spot caused by A. brassicae and
A. brassicicola on Brassicaceae is known to increase with
plant ageing (e.g. Sarkar and Sen-Gupta 1978; Awasthi and
Kolte 1990; Sinha et al. 1992; Meena et al. 2004, 2011; Deep and
Sharma 2012; Bal and Kumar 2014). Moreover, Deep and
Sharma (2012) showed that at 15 or 30 DAS, three varieties
of cauliﬂower (Pusa Deepali, Pusa Meghna and Pusa Shara) were
symptomless in the presence of both A. brassicae and
A. brassicicola, but at 60 DAS for A. brassicae and 45–60
DAS for A. brassicicola, symptoms were evident. In addition,
Awasthi and Kolte (1990) reported that at <30 DAS, no disease
symptoms were caused by A. brassicae on yellow sarson
(B. campestris cv. T-15) or mustard (B. juncea cv. Varuna
T-59). In addition, Bal and Kumar (2014) noted that the ﬁrst
appearance of Alternaria leaf spot symptoms from A. brassicae
did not occur until after 61 DAS on Indian mustard (B. juncea cv.
RLM 619). Effects of plant age on disease caused by A. japonica
or A. brassicae were evident in the present study; however, it is
likely that seasonal inﬂuences on Alternaria leaf spot expression
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are also a component. For example, Meena et al. (2004) found
that disease symptoms from A. brassicae appeared on mustard
leaves after 36–61, 69–83 and 39–60 DAS in 2001, 2002 and
2003 cropping seasons, respectively.
Signiﬁcant effects of plant age on disease development were
observed for both Alternaria species in the present study. Such
effects of plant age have been demonstrated for other pathogens
of canola and mustard, including downy mildew (H. brassicae)
(Mohammed et al. 2018b) and powdery mildew (Erysiphe
cruciferarum) (Uloth et al. 2018), the latter study ﬁnding that
the speed of powdery mildew development increased as plants
aged, peaking at 42 DAS. However, Mohammed et al. (2018b)
found the opposite for the severity of downy mildew disease,
which decreased over time on older plants across B. juncea cv.
Dune and B. napus cv. Surpass 402 and Hyola 450 TT, with
greatest disease severity at 15 DAS. The critical plant and plantcomponent age(s) associated with symptom appearance and with
peak of the disease epidemic is information central to designing
and implementing efﬁcient management of Brassicaceae foliar
diseases, and as previously demonstrated for Alternaria leaf spot
epidemics by Chattopadhyay et al. (2005).
The present study also compared the ﬁeld disease incidence
and severity from A. japonica with that from A. brassicae on
leaves, pods and stems. Although both Alternaria species
showed high disease incidence and severity on leaves,
A. japonica showed higher disease incidence and severity on
stems, but lower disease severity on pods, than A. brassicae,
which is widely accepted as a devastating disease of oilseed
brassicas throughout the cropping season from early seedling
stage onwards onto seed production (Saharan et al. 2016). It is
evident that A. japonica has similar potential to be devastating
under conducive ﬁeld conditions. Although seed infestation was
not assessed in our study, such assessment has been conducted by
several other researchers. For example, McDonald (1959) noted
that moderate pod spotting from A. brassicae on young pods of
Argentine rape (B. napus) in the ﬁeld resulted in 11% of seeds
infested. Turner et al. (2003) surveyed 95 crops of oilseed rape
across England and Wales for leaf spot caused by disease from
both A. brassicae and A. brassicicola and found that during
1992–2001 the mean disease incidence on leaves was 3% in
autumn and 2% in spring, and on pods was 24% in summer, but
there was no stem infection. Further, Brazauskiene and
Petraitiene (2006), during 2001–03 in Lithuania, found the
degree of association between Alternaria leaf spot disease
incidence on pods with that on stems, ranged from 11% to 100%.
The present study is the ﬁrst to demonstrate the impact of
disease progression of A. japonica, compared with A. brassicae,
on canola yield losses. We found that A. japonica was similar to
A. brassicae and showed high levels of disease in terms of leaf
disease incidence, severity and accompanying defoliation,
resulting in yield losses of 58.1%, similar to the 59.4% yield
loss from A. brassicae. Seed yield losses from either pathogen
were strongly correlated with AUDPC for LDI, LAD and
LCI. McDonald (1959) had earlier noted that 11% of seeds
infested by A. brassicae in the ﬁeld resulted in a yield
reduction of 30 g plant–1. Similarly, disease caused by
A. brassicae, A. brassicicola or A. raphani across leaves,
stems and siliquae is known to cause signiﬁcant yield losses
(Saharan et al. 2016). For example, Degenhardt et al. (1974)
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found yield losses of 63% and 42% for B. campestris cv. Span and
B. napus cv. Zephyr, respectively, from A. brassicae, and 42%
and 34%, respectively, from A. raphani. Shrestha et al. (2005)
found that disease from A. brassicae on three cultivars of mustard
presenting AUDPC values of 143 and 122 for leaves and 77 and
71 for pods for consecutive cropping seasons resulted in yield
losses of 32% and 57%. Further, Prasad et al. (2003) associated
A. brassicae disease intensities of 35%, 30%, 36%, 35% and 44%
with yield losses of 17%, 10%, 18%, 16% and 21% across ﬁve
cultivars of mustard (B. juncea cvv. PAB 9534, PAB 9511, JMM
915, RN 490 and Varuna, respectively). Likewise, Bal and
Kumar (2014) associated a DI of 49% with a yield loss of
37% for mustard cv. RLM 619. Clearly, just as disease from
A. alternata, A. brassicae or A. brassicicola has a devastating
impact on yield of Brassicaceae (Stoll 1948; Suhag et al. 1983;
Saharan 1984; Daebeler et al. 1986; Smith et al. 1988; Kumar
1997; Brazauskiene and Petraitiene 2006), disease from
A. japonica has the same potential to be devastating to canola
under conducive conditions, as demonstrated in our study.
In the present study, Alternaria leaf spot disease caused by
either pathogen increased on older leaves and as plants aged (pot
experiment), and in the ﬁeld, leaves provided a source for
secondary infections onto stems and pods. There were strong
correlations between disease on leaves and on stems for
A. japonica and between disease on leaves and on stems or
pods for A. brassicae. The correlation between stem and pod
disease for either pathogen in terms of disease incidence and/or
severity suggests that infested stems could provide an important
inoculum source of infection for pods. Garibaldi et al. (2011)
noted that lesions from A. japonica on wild and cultivated
rocket initiated on the margins and tips of older leaves and
then developed to infect the leaf veins and stems. In general,
in our study, severe leaf disease caused by either pathogen was
the main instigator of the yield losses, particularly in combination
with severe disease on stems and pods.
In conclusion, A. japonica, as with A. brassicae, infected
plants at a very early stage (cotyledonary leaves) and the disease
severity increased on older foliage components compared with
the same (but younger) foliage components and as plants aged.
Leaves showed greater susceptibility than cotyledons, especially
the third leaf. Further, A. japonica caused more severe disease on
stems, whereas A. brassicae caused more severe disease on pods,
in addition to the severe leaf disease caused by both pathogens.
The disease progression in terms of incidence and severity across
the different foliage components, along with the accompanying
defoliation on leaves, resulted in large yield losses of 58% for
both species. These ﬁndings explain observed acceleration of
Alternaria leaf spot severity from either pathogen during the
growing season as the same plant foliage components become
more susceptible with increasing age, and as more susceptible,
later developed leaves become abundant. In relation to
A. japonica, the present study is the ﬁrst to provide critical
information in relation to timing of symptom appearance,
susceptibility of different foliage components, disease
progression and associated yield loss, and lays a foundation
for future studies with this pathogen involving other
Brassicaceae hosts. Clearly, A. japonica has the capacity to be
a devastating disease on Brassicaceae in the same way as occurs
with A. brassicae.
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CHAPTER 6

Relative host resistance to Alternaria leaf spot in rapeseed and
mustard varieties is defined by Alternaria species

This chapter demonstrates the levels of resistance identified against A.
japonica compared with the high levels of susceptibility against A.
brassicae across a range of Australian rapeseed and mustard varieties.
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Abstract. Both Alternaria japonica and A. brassicae cause severe Alternaria leaf spot on canola (Brassica napus)
and mustard (B. juncea). We tested 103 Brassicaceae varieties including 93 Australian canola, nine Indian mustard, and
a single variety of Ethiopian mustard (B. carinata) under greenhouse conditions to identify host resistance to Alternaria
leaf spot caused by A. japonica and A. brassicae in terms of disease incidence (percentage leaf disease incidence,
%LDI), disease severity (percentage leaf area diseased, %LAD) and defoliation (percentage leaf collapse index, %LCI).
Against A. japonica, across the three parameters, B. napus Surpass 404 CL was the most resistant (%LDI 7.5, %LAD
5.0, %LCI 0). Varieties Hyola 635 CC, Oscar, AG-Outback and Rottnest, with %LDI 15.6–19.4 and %LAD 12.5–15.6,
also showed strong resistance, and with %LCI 10. Varieties 47C02, ATR-Signal and Clancy of B. napus showed a
moderate level of resistance across %LDI (21.2–25.6) and %LAD (15.0–20.6), along with a low level of defoliation
(%LCI 10). Varieties 46C03, 46C72, ATR-Cobbler and Granite TT of B. napus also showed a moderate level of
resistance, with %LDI 23.1–28.7, %LAD 18.1–20.6 and %LCI 11.2–14.4. The signiﬁcance of this resistance against
A. japonica is highlighted by the severe disease on B. napus Thunder TT (%LDI 78.8, %LAD 72.5, %LCI 47.5).
Against A. brassicae, all varieties showed susceptibility; however, B. napus ATR-Grace was the least susceptible in
relation to disease incidence (%LDI 41.2) and severity (%LAD 36.2), and B. napus Hyola 450 TT the most susceptible
(%LDI 90.0, %LAD 82.5). Variety Hurricane of B. napus was the least susceptible in terms of consequent defoliation
(%LCI 11.2) and B. napus CBTM Tribune the most susceptible (%LCI 81.2). The B. carinata variety BCA 1 (ATC
95065) and all test B. juncea varieties showed susceptibility to both pathogens. These ﬁndings demonstrate high levels
of resistance across Australian canola varieties against A. japonica that can be directly deployed where A. japonica is
important and can be utilised by breeders for improving resistance in future varieties. By contrast, susceptibility across
Australian canola and mustard varieties to A. brassicae is concerning, highlighting a need to locate suitable resistances
and, until effective host resistance can be located, to develop and deploy cultural and chemical options.
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Introduction
Together, canola (Brassica napus) and mustard (B. juncea)
constitute the largest area of Brassica oilseed crops globally,
followed by crops of lesser importance such as B. rapa and
B. carinata (Salisbury and Barbetti 2011). Canola and mustard
combined represent the third major oilseed crop worldwide after
oil palm (Elaeis spp.) and soybean (Glycine max) (Oram et al.
2005), and provide the second most important source of
vegetable oil (Kumar et al. 2015).
Alternaria brassicae is a major causative agent of
Alternaria blight in canola and has a wide host range across
Brassicaceae oilseeds, vegetables and weeds (Saharan et al.
2016). In particular, it is a major pathogen of oilseed brassicas
(Saharan et al. 2016), being highlighted as a signiﬁcant
problem in France (Marchegay et al. 1990), India (Saharan
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and Kadian 1983), the UK (Evans and Gladders 1981) and
Canada (Degenhardt et al. 1974). The Canadian brassicas
B. carinata cv. Dodola, B. juncea cv. Commercial Brown,
B. napus subsp. rapifera cv. Laurentian and subsp. oleifera cv.
Westar, B. nigra line Type 3, B. oleracea subsp. capitata cv.
Danish Ballhead and subsp. gongylodes cv. Early Purple
Vienna, and B. rapa subsp. pekinensis cv. Chihli, subsp.
oleifera cv. Polish and subsp. trilocularis cv. R500 were
found to be susceptible to A. brassicae (Jasalavich et al.
1993). Alternaria brassicae infests all plant foliar
components (Humpherson-Jones and Maude 1982; Saharan
et al. 2016), and reduces photosynthetic area and causes
defoliation and early induction of senescence (Sharma et al.
2002), with consequent severe yield loss (Saharan et al. 2016).
Examples of losses include 87–100% of winter and spring
www.publish.csiro.au/journals/cp
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oilseed rape siliques damaged in Lithuania (Brazauskiene
and Petraitiene 2006); yield losses in B. juncea in India of
20–22% (Prasad et al. 2003) and 0–28.6% (Kumar and Kolte
2018); and yield losses in B. napus in western Canada of up
to 30% in 1987 (Tewari and Conn 1988). Yet, there is
no effective transferable and effective host resistance within
canola–mustard breeding schemes against A. brassicae
(Meena et al. 2010). In general, allotetraploid species such
as B. napus and B. carinata are less susceptible to the pathogen
than diploid species such as B. rapa (Saharan et al. 2016). In
Australia, A. brassicae has been frequently reported on canola
(e.g. Sampson and Walker 1982; Shivas 1989; Van de Wouw
et al. 2016; Al-Lami et al. 2019a; APPD 2019), and its
presence was particularly highlighted during recent
Australia-wide canola disease surveys in New South
Wales, South Australia and Western Australia (Al-Lami
et al. 2019a).
Alternaria japonica can also be a serious pathogen
causing Alternaria leaf spot on foliage of B. rapa (subsp.
rapa) in Spain (Bassimba et al. 2013), and on wild (Diplotaxis
tenuifolia) and cultivated (Eruca vesicaria) rocket in Italy
(Garibaldi et al. 2011; Gilardi et al. 2015; Siciliano et al.
2017). In Australia, A. japonica occurs on B. campestris var.
chinensis, Matthiola incana and Raphanus raphanistrum
(APPD 2019). As with A. brassicae, during recent
Australia-wide disease surveys of canola crops, A. japonica
was frequently reported in association with Alternaria leaf
spot symptoms and emphasised as an important pathogen
within the Alternaria leaf spot pathogen complex (Al-Lami
et al. 2019a).
Recent studies not only demonstrated the virulence of
Australian A. brassicae and A. japonica isolates (Al-Lami
et al. 2019a), but also conﬁrmed their ability to cause yield
losses of >58% under ﬁeld conditions (Al-Lami et al. 2019b).
Hence, there is a need to deﬁne the relative responses of
Australian varieties of canola and mustard to A. japonica,
for which there are no studies on varietal responses in
Australia or elsewhere, and to compare the responses with
those to A. brassicae. Consequently, studies were undertaken
to deﬁne the resistance–susceptibility reactions of 103
Australian canola and mustard varieties in terms of the
disease incidence, disease severity and consequent
defoliation caused by A. japonica and A. brassicae. We
discuss the implications of varietal high-level resistance
against A. japonica and the contrasting high susceptibility
to A. brassicae in relation to endeavours to provide growers
affected by Alternaria leaf spot with effective management
options.
Materials and methods
Varieties
The 103 varieties of Brassicaceae examined included
93 Australian varieties of canola (B. napus), nine varieties
of Indian mustard (B. juncea), and a single variety of Ethiopian
mustard (B. carinata) (Table 1). Brassica napus Thunder TT
and B. juncea Dune were included as controls because
both had previously been identiﬁed as susceptible to
Alternaria leaf spot (Al-Lami et al. 2019a). Information on
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the approximate year in which each Australian variety was
released (or, if not commercially released, the year the
selection was available for testing) was compiled from
various commercial sources.
Alternaria isolates
A mixture of ﬁve different hyphal-tipping isolates of
A. brassicae and a mixture of six different hyphal-tipping
isolates of A. japonica were used. All isolates were obtained
during a southern Australian canola disease survey in 2016,
and were chosen to represent a wide geographical area affected
by Alternaria leaf spot. For A. brassicae, isolates utilised
included three from different locations in Western Australia
(WA-21.8, WA-47.6, WA-I), a single isolate from South
Australia (SA-84.4), and a single isolate from New South
Wales (NSW-PSW.20). For A. japonica, isolates utilised
included three from WA derived from diseased B. napus
leaves (WA-45.2.1, WA-46.8.A, WA-47.1), and three
isolates from NSW collected from infected wild radish
(R. raphanistrum) leaves (NSW-PSW.47, NSW-PSW.60,
NSW-PSW.77). Isolates were chosen based on their high
virulence in tests conducted earlier on both B. napus
Thunder TT and B. juncea Dune (Al-Lami et al. 2019a) or,
for A. japonica isolates NSW-PSW.60 and NSW-PSW.77, in
other tests (Al-Lami et al. 2020). For each species of
Alternaria, isolates were mixed in equal proportions for
use as inoculum so as to eliminate any potential pathotypespeciﬁc responses on test varieties; this procedure was
used in other studies of Brassica pathogens such as
Neopseudocercosporella capsellae (Gunasinghe et al.
2017a,
2017b)
and
Hyaloperonospora
brassicae
(Mohammed et al. 2017, 2018).
Inoculum preparation
Isolates were grown on potato dextrose agar (PDA) for 7 days
at 238C  28C under cool white ﬂuorescent light. Discs
(4 mm2) of growing mycelia from PDA cultures were
transferred onto V8 juice agar (20% V8 juice, 3 g CaCO3
and 20 g Bacto agar (Difco; BD, Franklin Lakes, NJ, USA) L–1
distilled water) and incubated for 20–28 days at 238C  28C
with a 12-h photoperiod. Conidia were collected by adding
10 mL sterile deionised water (SDW) to each plate, brushing
the colony surface gently with a sterile glass rod, then using
muslin to ﬁlter any agar pieces from the conidial suspension.
The mixture was centrifuged to concentrate the conidia, the
supernatant was removed, and the conidial residue was washed
twice in SDW and centrifuged again to concentrate the conidia,
and then resuspended in 2–3 mL SDW. The ﬁnal concentration
was adjusted to 5  105 mL–1 using a haemocytometer
counting chamber.
Screening for resistance under glasshouse conditions
Four replicate pots (6 by 6 by 9 cm) of each variety were used
for each pathogen. Each pot was sown with four seeds, and
seedlings were thinned to one plant per pot. Plants were
maintained in a naturally-lit greenhouse maintained at 188C
 48C and watered daily with deionised water then allowed to
drain to ﬁeld capacity. Plants were fertilised weekly with
Thrive (Yates), a complete nutrient solution dissolved in
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Table 1. Varietal responses under glasshouse conditions following inoculation of Alternaria brassicae and A. japonica measured as percentage
leaf disease incidence (%LDI), percentage leaf area diseased (%LAD) and percentage leaf collapse index (%LCI) for 103 Australian canola and
different mustard varieties, also showing approximate year of release
Disease reaction classiﬁcations for incidence (I): HR(I), highly resistant (%LDI <15); R(I), resistant (%LDI 15–20); MR(I), moderately resistant
(%LDI 21–30); MS(I), moderately susceptible (%LDI 31–40); S(I), susceptible (%LDI 41–60); HS(I), highly susceptible (%LDI >60). DR classiﬁcations
for severity (S): HR(S), highly resistant (%LAD <5); R(S), resistant (%LAD 5–10); MR(S), moderately resistant (%LAD 11–20); MS(S), moderately
susceptible (%LAD 21–30); S(S), susceptible (%LAD 31–50); HS(S), highly susceptible (%LAD >50). For level of leaf collapse–defoliation: %LCI 0
indicates nil; %LCI <10 indicates a low level; %LCI 10–20 an intermediate level; and %LCI >20 severe. Highlighted cells represent the most resistant
varieties against A. japonica within each of %LDI, %LAD and %LCP. Signiﬁcance for %LDI: pathogen P < 0.001, l.s.d. (P = 0.05) 0.53; pathogen 
variety P < 0.001, l.s.d. (P = 0.05) 5.36. Signiﬁcance for %LAD: pathogen P < 0.001, l.s.d. (P = 0.05) 0.52; pathogen  variety P < 0.001, l.s.d. (P  0.05)
5.32. Signiﬁcance for %LCI: pathogen P < 0.001, l.s.d. (P = 0.05) 0.63; pathogen  variety P < 0.001, l.s.d. (P = 0.05) 6.43. †NCR, No commercial release
Brassica sp. Variety
%LDI
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. juncea
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. juncea
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus
B. napus

ATR-Grace
Warrior CL
Rivette
ATR-Wahoo
Oscar
Hyola 500 RR
Surpass 603 CL
Bravo TT
AG-Outback
46C72
CBTM Trilogy
Hyola 635 CC
Archer
Georgie
Crusher TT
Hyola 60
47C02
Scoop
Xceed Oasis CL
Tranby
Hyola 433
Pioneer 45Y77
Hyola 404 RR
ATR-Eyre
Surpass 404 CL
AG-Castle
Insignia
Trooper
ATR-Signal
Rocket CL
ATR-Hyden
AV-Ruby
Hyola 50
Hyola 76
Hyola 401
AG-Muster
AG-Spectrum
Flinders
JM06001
Atomic
AV-Opal
CB Telfer TT
Lantern
Ripper
Granite TT
Skipton
45C75
Hyola 400 RR
Hyola 505 RR

41.2
50.0
53.1
54.4
54.4
55.0
55.6
56.2
56.9
59.4
60.6
60.6
61.2
61.2
61.9
62.5
63.1
63.7
66.2
66.9
68.1
68.1
68.7
69.4
69.4
70.6
70.6
70.6
71.2
71.2
71.9
71.9
71.9
71.9
71.9
72.5
72.5
72.5
73.1
73.1
73.1
73.1
73.1
73.1
73.7
73.7
74.4
74.4
74.4

Alternaria brassicae
%LDI %LAD %LAD
S(I)
S(I)
S(I)
S(I)
S(I)
S(I)
S(I)
S(I)
S(I)
S(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)

36.2
45.6
48.1
48.7
49.4
50.0
50.6
51.2
51.9
48.7
55.0
55.6
55.0
55.6
56.9
56.2
57.5
58.7
57.5
58.7
63.1
60.0
60.0
62.5
63.1
63.7
62.5
64.4
65.0
63.1
66.9
64.4
62.5
61.9
60.0
66.9
62.5
66.9
66.2
66.2
68.1
66.9
62.5
65.6
66.2
65.6
69.4
65.6
66.2

S(S)
S(S)
S(S)
S(S)
S(S)
S(S)
HS(S)
HS(S)
HS(S)
S(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)

%LCI

%LDI

13.7
30.6
36.9
43.1
28.7
33.7
35.6
30.6
40.6
15
45
44.4
46.2
12.5
43.7
31.2
49.4
46.2
29.4
24.4
49.4
37.5
26.2
35
33.7
30.6
36.2
63.7
38.1
37.5
39.4
35
35.6
41.2
36.2
27.5
40
26.2
33.1
29.4
38.7
30.6
30.6
32.5
42.5
35.6
35
37.5
45

32.5
40.0
39.4
45.0
17.5
31.9
59.4
60.0
17.5
28.7
48.1
15.6
56.9
31.9
50.0
42.5
25.6
32.5
40.6
37.5
47.5
32.5
38.7
61.3
7.5
32.5
37.5
38.1
21.2
32.5
27.5
35.6
52.5
42.5
42.5
37.5
37.5
37.5
52.5
58.1
39.4
31.2
29.4
42.5
23.1
52.5
37.5
35.6
38.1

Alternaria japonica
%LDI %LAD %LAD
MS(I)
MS(I)
MS(I)
S(I)
R(I)
MS(I)
S(I)
S(I)
R(I)
MR(I)
S(I)
R(I)
S(I)
MS(I)
S(I)
S(I)
MR(I)
MS(I)
MS(I)
MS(I)
S(I)
MS(I)
MS(I)
HS(I)
HR(I)
MS(I)
MS(I)
MS(I)
MS(I)
MS(I)
MS(I)
MS(I)
S(I)
S(I)
S(I)
MS(I)
MS(I)
MS(I)
S(I)
S(I)
MS(I)
MS(I)
MR(I)
S(I)
MR(I)
S(I)
MS(I)
MS(I)
MS(I)

27.5
30.0
34.4
40.0
14.4
26.9
54.4
54.4
15.6
20.0
43.1
13.7
51.9
27.5
45.0
37.5
20.6
28.1
35.6
32.5
42.5
27.5
30.6
54.4
5.0
27.5
32.5
33.8
15.0
27.5[
21.9
29.4
47.5
37.5
37.5
32.5
30.6
31.3
47.5
51.9
32.5
26.2
24.4
36.3
18.1
47.5
32.5
29.4
32.5

MS(S)
MS(S)
S(S)
S(S)
MR(S)
MS(S)
HS(S)
HS(S)
MR(S)
MR(S)
S(S)
MR(S)
HS(S)
MS(S)
S(S)
S(S)
MR(S)
MS(S)
S(S)
S(S)
S(S)
MS(S)
MS(S)
HS(S)
R(S)
MS(S)
S(S)
S(S)
MR(S)
MS(S)
MS(S)
MS(S)
S(S)
S(S)
S(S)
S(S)
MS(S)
S(S)
S(S)
HS(S)
S(S)
MS(S)
MS(S)
S(S)
MR(S)
S(S)
S(S)
MS(S)
S(S)

%LCI

Release
year

12.5
13.1
13.1
12.5
10
10
31.3
23.1
10
11.2
25.6
10
13.1
17.5
11.3
20
10
10
20
21.2
10
12.5
21.9
25.6
0
12.5
15
10
10
16.2
13.1
13.7
27.5
20
22.5
21.2
13.1
10
20
20.6
20
10
12.5
15
12.5
27.5
17.5
18.1
21.3

2001
2006
2002
2013
1992
2013
2001
2005
2001
2000
2004
2014
2012
2000
2010
2001
1999
1996
2009
2004
2010
2007
2010
2002
2003
2002
2000
2000
2007
2005
2001
2006
2007
2008
1991
2007
2004
2008
NCR†
2004
2006
2009
2002
2000
2015
2005
2001
2013
2010

(continued next page)
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Table 1. (continued )
Brassica sp. Variety
%LDI
B. napus
Maluka
74.4
B. napus
Marlin
74.4
B. napus
Marnoo
74.4
B. juncea
JM06018
75.0
B. napus
ATR-Summit
75.0
B. napus
AV-Jade
75.0
B. napus
Grouse
75.0
B. napus
Hyola 42
75.0
B. napus
Hyola 575 CL
75.0
B. napus
Wamus
75.0
B. napus
44C73
75.6
B. napus
46C03
75.6
B. napus
Fighter TT
75.6
B. napus
Mystic TT
75.6
B. juncea
Muscan 963
76.2
B. juncea
JM06006
76.9
B. napus
AV-Sapphire
76.9
B. napus
Hyola 61
76.9
B. napus
Hyola 656 TT
76.9
B. carinata BCA 1 (ATC 95065)
77.5
B. napus
ATR-Cobbler
77.5
B. napus
Hyola 504 RR
77.5
B. napus
Hyola 577C
77.5
B. napus
Pioneer 46Y78
77.5
B. napus
Rottnest
77.5
B. napus
ATR-Barra
78.1
B. napus
Hyclean
78.1
B. napus
Wesbarker
78.1
B. napus
ATR-Banjo
78.7
B. napus
Hyola 43
78.7
B. napus
RT108
78.7
B. napus
Tornado TT
78.7
B. napus
CBTM Tanami
79.4
B. napus
Jackpot TT
79.4
B. napus
CBTM Boomer
80.0
B. napus
Hyola 432
80.0
B. napus
Hyola 444 TT
80.0
B. napus
TI 1-Pinnacle
80.0
B. napus
44C76
80.6
B. napus
ATR-Stubby
80.6
B. juncea
397.23.2.3.3
82.5
82.5
B. napus
CBTM Trigold
B. napus
Clancy
82.5
B. napus
Hyola 650 TT
82.5
B. napus
Sturt TT
82.5
B. juncea
Xceed X121 CL
83.1
B. napus
Hurricane
83.7
B. juncea
JM06016
85.0
B. napus
Hyola 559 TT
85.0
B. juncea
Dune
86.9
B. napus
Beacon
86.9
B. napus
CBTM Tribune
87.5
B. napus
Thunder TT
89.5
B. napus
Hyola 450 TT
90.0
Mean
73.08
Signiﬁcance of varieties
P < 0.001
l.s.d. (P =0.05)
3.79

Alternaria brassicae
%LDI %LAD %LAD
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)
HS(I)

67.5
67.5
69.4
68.7
69.4
68.1
68.7
67.5
66.2
70.0
70.0
69.4
65.6
70.6
68.7
71.2
70.0
71.2
68.1
72.5
70.0
71.9
72.5
72.5
72.5
71.2
69.4
71.9
71.9
72.5
72.5
72.5
70.6
68.1
75.0
73.1
74.4
71.9
74.4
71.2
72.5
75.0
75.0
77.5
77.5
75.6
78.1
74.4
80.0
78.7
81.9
82.5
81.9
82.5
66.3
P < 0.001
3.76

HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)
HS(S)

%LCI

%LDI

41.2
36.9
45
32.5
55.6
35.6
37.5
56.3
32.5
32.5
40
38.7
41.2
47.5
43.7
42.5
41.9
45.6
39.4
33.7
60
30.0
46.3
26.2
55.6
40.0
34.4
53.8
42.5
62.5
34.4
57.5
38.7
37.5
40.6
42.5
36.9
37.5
55
32.5
43.1
24.4
38.7
47.5
47.5
50.6
52.5
33.1
42.5
19.4
36.9
52.5
46.3
56.3
46.9
42.5
41.9
62.5
53.8
62.5
45
48.7
53.1
58.8
49.4
30.6
39.4
48.7
57.5
41.9
47.5
37.5
38.7
52.5
54.4
37.5
49.4
46.3
31.2
52.5
56.9
55.0
50
28.7
58.1
23.1
47.5
37.5
61.3
32.5
65
59.4
11.2
42.5
60
33.1
62.5
32.5
61.3
73.1
80
50.0
81.2
36.3
67.5
78.8
63.1
52.5
42.18
40.96
P < 0.001 P < 0.001
4.55
3.79
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Alternaria japonica
%LDI %LAD %LAD
MS(I)
MS(I)
MS(I)
S(I)
MS(I)
MS(I)
S(I)
S(I)
S(I)
MS(I)
MR(I)
MR(I)
MS(I)
S(I)
HS(I)
S(I)
MS(I)
S(I)
MS(I)
MS(I)
MR(I)
S(I)
S(I)
MS(I)
R(I)
S(I)
S(I)
S(I)
HS(I)
HS(I)
S(I)
S(I)
MR(I)
S(I)
S(I)
MS(I)
S(I)
MS(I)
S(I)
S(I)
S(I)
MR(I)
MR(I)
MS(I)
MS(I)
S(I)
S(I)
MS(I)
MS(I)
HS(I)
S(I)
MS(I)
HS(I)
S(I)

31.2
27.5
29.4
50.6
25.6
31.9
42.5
37.5
40.6
26.9
25.6
20.6
33.7
44.4
57.5
52.5
32.5
37.5
32.5
27.5
18.1
42.5
45.0
28.1
12.5
47.5
50.0
37.5
56.3
57.5
42.5
51.9
25.0
42.5
35.6
32.5
47.5
32.5
40.0
47.5
48.1
23.1
15.6
32.5
27.5
53.1
37.5
28.1
27.5
66.9
45.0
31.2
72.5
47.5
35.47
P < 0.001
3.76

S(S)
MS(S)
MS(S)
HS(S)
MS(S)
S(S)
S(S)
S(S)
S(S)
MS(S)
MS(S)
MR(S)
S(S)
S(S)
HS(S)
HS(S)
S(S)
S(S)
S(S)
MS(S)
MR(S)
S(S)
S(S)
MS(S)
MR(S)
S(S)
S(S)
S(S)
HS(S)
HS(S)
S(S)
HS(S)
MS(S)
S(S)
S(S)
S(S)
S(S)
S(S)
S(S)
S(S)
S(S)
MS(S)
MR(S)
S(S)
MS(S)
HS(S)
S(S)
MR(S)
MS(S)
HS(S)
S(S)
S(S)
HS(S)
S(S)

%LCI
20.6
22.5
16.2
24.4
11.2
12.5
22.5
17.5
21.9
11.9
100
14.4
16.3
11.9
32.5
22.5
15
15
22.5
12.5
15
21.3
20.6
13.1
10
22.5
21.9
21.3
25
32.5
18.7
25.6
16.9
20.6
18.1
15
17.5
16.9
16.3
25
22.5
10.6
10
10
21.2
11.3
14.4
14.4
17.5
36.3
10
10
47.5
25
17.32
P < 0.001
4.55

Release
year
1988
2006
1980
NCR
2006
2006
1996
1991
2010
NCR
2001
2000
2007
NCR
NCR
NCR
2003
2004
2012
NCR
2007
2016
2013
2007
2007
2007
NCR
1987
2006
2003
NCR
2004
2007
2011
2006
2000
2013
1996
2004
2004
NCR
2004
1996
2013
2012
2013
2008
NCR
2012
2007
2002
2004
2005
2013
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water. At the third-leaf stage, plants were placed in clear
plastic boxes (770 mm long, 570 mm wide, 475 mm high)
with lids. Cotyledons and fully expanded leaves were sprayinoculated with 5  105 mL–1 of conidial suspension of either
pathogen or SDW as a control check, using a hand-held and
operated aerosol sprayer. Plastic boxes were internally misted
with SDW and lids were closed for 4 days after inoculation to
maintain high humidity.
Disease assessment
Both cotyledon and fully expanded leaf reactions were
recorded at 7 and 10 days post-inoculation (DPI) (Hong and
Fitt 1995). Plants were assessed for disease reaction and
symptoms via three separate assessments. The ﬁrst was the
leaf disease incidence (LDI) on the whole plant, quantiﬁed as
the percentage of leaves showing disease symptoms on a 0–10
disease-incidence scale (Barbetti 1987): 0, nil disease; 1,
1–10%; 2, 11–20%; 3, 21–30%; 4, 31– 40%; 5, 41–50%; 6,
51–60%; 7, 61–70%; 8, 71–80%; 9, 81–90%; 10, 91–100% of
leaves diseased. The second was the proportion of leaf area
diseased (LAD) on the whole plant, calculating the area
diseased across all leaves of each plant and quantiﬁed as
percentage of the total leaf area, using the same 0–10 scale
but for percentage of leaf area affected instead of disease
incidence (Eshraghi et al. 2007). The third was the degree of
leaf collapse–defoliation on the whole plant as a result of
Alternaria leaf spot disease (compared with control plants),
also quantiﬁed on a 0–10 scale where 0 is nil collapse or
defoliation, and 10 is >90% of leaves collapsed and/or
dehisced as a consequence of infection (Barbetti and
Nichols 2005). Any leaf collapse–defoliation on control
plants was subtracted from that on diseased plants.
Subsequently, for each replication of each variety, 0–10
scores for LDI, LAD and leaf collapse–defoliation score
were converted into percentage LDI (%LDI), percentage
LAD (%LAD) and percentage leaf collapse–defoliation
index (%LCI) based on the method described by
(McKinney 1923), where:
%LDI or %LAD or %LCI ¼ ððða  0Þ þ ðb  1Þ þ ðc  2Þ
þ . . . :ðk  10ÞÞ  100Þ=ðða þ b þ cþ . . . kÞ  10ÞÞ
and where a, b, c, . . .k are the number of plants with severity
scores of 0, 1, 2, . . .10. Subsequently, the disease reactions
were allocated across each of the three disease-assessment
parameters as follows. Reactions based on %LDI were
classiﬁed: HR(I, incidence), highly resistant, %LDI <15; R
(I), resistant, %LDI 15–20; MR(I), moderately resistant, %LDI
21–30; MS(I), moderately susceptible, %LDI 31–40; S(I),
susceptible, %LDI 41–60; and HS(I), highly susceptible, %
LDI >60. Reactions based on %LAD were classiﬁed: HR(S,
severity), highly resistant, %LAD <5; R(S), resistant, %LAD
5–10; MR(S), moderately resistant, %LAD 11–20; MS(S),
moderately susceptible, %LAD 21–30; S(S), susceptible, %
LAD 31–50; and HS(S), highly susceptible, %LAD >50.
Levels of leaf collapse–defoliation were classiﬁed: nil, %
LCI 0; low, %LCI <10; intermediate, %LCI 10–20; and
severe, %LCI >20.
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Experimental design and statistical analyses
The experiment was fully repeated once. Each experiment had
four randomised replicated blocks and was analysed by twoway analysis of variance (ANOVA), using GENSTAT Release
18.1 (VSN International, Hemel Hempstead, UK). A t-test
was performed in GENSTAT to compare the disease indices
(%LDI, %LAD and %LCI) from original and repeat
experiments. Because no differences were detected between
the experiments (i.e. P > 0.05), data for both experiments were
combined and reanalysed as a single dataset. The %LDI,
%LAD and %LCI data were analysed by using the one-way
ANOVA function of GENSTAT. Fisher’s least signiﬁcant
differences (l.s.d.s) were used to separate signiﬁcant
differences between treatments (P  0.05). Bivariate
Pearson correlation coefﬁcients (r values) were computed
using SPSS Statistics for Windows version 25.0 (IBM,
Armonk, NY, USA) to test the relationships between the
disease assessment parameters for each species of Alternaria.
Results
Symptoms
Time of ﬁrst appearance of Alternaria leaf spot symptoms
varied between the two pathogens and across the test varieties.
For A. brassicae, symptoms appeared by 3 DPI across test
varieties. For A. japonica, varieties showing %LAD 21
expressed symptoms by 3 DPI, whereas varieties showing
%LAD <21 expressed symptoms only by 4–5 DPI
(Table 1). There was no signiﬁcant increment in disease
progression over time until 10 DPI (data not shown).
Lesions were grey in colour and showed an accompanying
chlorotic halo across test varieties. By contrast, varieties
demonstrating %LAD <5 showed necrotic ﬂecks, and with
a chlorotic halo effect rarely observed. The range of symptoms
observed on selected Brassica varieties is shown for
A. brassicae (Fig. 1b–f) and A. japonica (Fig. 1g–k).
Varietal responses overall
There were signiﬁcant (P < 0.001) differences across varieties
in relation %LDI, %LAD and %LCI from both A. brassicae
and A. japonica (Table 1). Over the 103 Brassicaceae varieties,
ranges were %LDI 41.2–90.0, %LAD 36.2–82.5 and %LCI
13.7–81.2 from A. brassicae, and %LDI 7.5–78.8, %LAD
5.0–72.5 and %LCI 0–47.5 from A. japonica.
Varietal responses as %LDI for A. brassicae
For A. brassicae, 10 varieties of canola (46C72, AG-Outback,
ATR-Grace, ATR-Wahoo, Bravo TT, Hyola 500 RR, Oscar,
Rivette, Surpass 603 CL and Warrior CL) were classiﬁed S(I),
with Alternaria leaf spot %LDI ranging from 41.2 to 59.4
(Fig. 2a, Table 1). All other entries (B. carinata BCA 1 (ATC
95065), all varieties of B. juncea and the remaining 83
varieties of B. napus) were classiﬁed HS (I), with %LDI
ranging from 60.6 to 90.0. Of these, B. napus CBTM
Tribune, Thunder TT and Hyola 450 TT were the most
susceptible, with %LDI values of 87.5, 89.5 and 90.0,
respectively.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

Fig. 1. Incidence and severity of Alternaria leaf spot disease on Australian rapeseed under glasshouse conditions: (a) negative control
(leaf inoculated with sterile deionised water); Alternaria brassicae on (b) various Brassica spp., (c) B. juncea Muscan 963, (d) B. napus
ATR-Eyre, (e) B. napus ATR-Grace, and (f) B. napus Surpass 404 CL; (g–k) A. japonica on the same varieties.

Varietal responses as %LDI for A. japonica
For A. japonica, B. napus Surpass 404 CL was classiﬁed HR
(I), with %LDI 7.5 (Fig. 2d, Table 1). Four more varieties of
B. napus (AG-Outback, Hyola 635 CC, Oscar and Rottnest)
were classiﬁed R(I), with %LDI ranging from 15.6 to 19.4.
Twelve varieties of B. napus (44C73, 46C03, 46C72, 47C02,
ATR-Cobbler, ATR-Hyden, ATR-Signal, CBTM Trigold,
CBTM Tanami, Clancy, Granite TT and Lantern) were
classiﬁed MR(I), with %LDI ranging from 21.2 to 30.6.

Brassica carinata BCA 1 (ATC 95065), B. juncea JM06016
and Xceed Oasis CL, and 38 varieties of B. napus were
classiﬁed MS(I), with %LDI values of 31.2–40.6. By
contrast, ﬁve varieties of B. juncea (397.23.2.3.3, JM06001,
JM06006, JM06018 and Xceed X121 CL) and 34 varieties of
B. napus were classiﬁed S(I), with %LDI ranging from 41.9 to
60.0. Brassica juncea Dune and Muscan 963, and B. napus
ATR-Banjo, ATR-Eyre, Hyola 43 and Thunder TT were
classiﬁed HS(I) and showed %LDI values of 61.3–78.8. Of
these, B. napus Hyola 43, B. juncea Dune and B. napus
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Varieties
Fig. 2. Percentage leaf disease incidence (%LDI), percentage leaf area diseased (%LAD) and percentage
leaf collapse–defoliation index (%LCI) values for Australian rapeseed varieties (genotypes) inoculated
with: (a–c) Alternaria brassicae, and (d–f) A. japonica in relation to the variety released.

Thunder TT were the most susceptible varieties tested, with %
LDI values of 62.5, 73.1 and 78.8, respectively.
Varietal responses as %LAD for A. brassicae
For A. brassicae, seven varieties of B. napus (46C72,
ATR-Grace, ATR-Wahoo, Hyola 500 RR, Oscar, Rivette
and Warrior CL) were rated S(S), with %LAD values of
36.2–50.0 (Fig. 2b, Table 1). All other entries (B. carinata
BCA 1 (ATC 95065), all varieties of B. juncea and the
remaining 86 varieties of B. napus) were rated HS(S), with
%LAD ranging from 50.6 to 82.5. Of these, B. napus Thunder
TT, CBTM Tribune and Hyola 450 TT were the most
susceptible, with %LAD values of 81.9, 82.5 and 82.5,
respectively.
Varietal responses as %LAD for A. japonica
For A. japonica, B. napus Surpass 404 CL was the most
resistant variety, classiﬁed R(S), with %LAD 5.0 (Fig. 2e,
Table 1). Eleven varieties of B. napus (46C03, 46C72, 47C02,
AG-Outback, ATR-Cobbler, ATR-Signal, Clancy, Granite TT,
Hyola 635 CC, Oscar and Rottnest) were rated MR(S), with %
LAD values 12.5–20.6. By contrast, B. carinata BCA 1 (ATC
95065), B. juncea JM06016 and 25 varieties of B. napus were
classiﬁed MS(S), with %LAD ranging from 21.9 to 30.6.
Brassica juncea 397.23.2.3.3, JM06001 and Xceed Oasis
CL, and 47 varieties of B. napus were classiﬁed S(S), with
%LAD ranging from 31.2 to 50.0. The remaining ﬁve varieties
of B. juncea (JM06006, JM06018, Dune, Muscan 963 and
Xceed X121 CL) and nine varieties of B. napus (Archer,
Atomic, ATR-Banjo, ATR-Eyre, Bravo TT, Hyola 43,
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Surpass 603 CL, Thunder TT and Tornado TT) were
classiﬁed HS(S), with %LAD of 50.6–72.5. Of these,
B. napus Hyola 43, B. juncea Dune and B. napus Thunder
TT were the most susceptible, with %LAD values of 57.5, 66.9
and 72.5, respectively.
Varietal responses as %LCI for A. brassicae
Four varieties of B. napus (46C72, ATR-Grace, Georgie and
Hurricane) showed intermediate levels of collapse or
defoliation after inoculation with A. brassicae, with %LCI
values of 13.7–15.0 (Fig. 2c, Table 1). All other entries
(B. carinata BCA 1 (ATC 95065), all varieties of B. juncea
and the remaining 89 varieties of B. napus) demonstrated
severe levels of collapse or defoliation, with %LCI values
of 24.4–81.2. Of these, B. napus Thunder TT, Beacon and
CBTM Tribune showed the most severe levels of collapse or
defoliation, with %LCI values of 67.5, 80.0 and 81.2,
respectively.
Varietal responses as %LCI for A. japonica
Brassica napus Surpass 404 CL was the variety most resistant
in terms of LCI after inoculation with A. japonica, showing no
collapse or defoliation. Seventeen varieties of B. napus
(44C73, 47C02, AG-Outback, ATR-Signal, Beacon, CB
Telfer TT, CBTM Tribune, Clancy, Flinders, Hyola 433,
Hyola 500 RR, Hyola 635 CC, Hyola 650 TT, Oscar,
Rottnest, Scoop and Trooper) showed a low level of
collapse or defoliation, with %LCI 10 (Fig. 2f,
Table 1). Brassica carinata BCA 1 (ATC 95065), four
varieties of B. juncea (JM06001, JM06016, Xceed Oasis
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Table 2. Correlation coefﬁcients (r values) for varietal responses to
Alternaria leaf spot pathogens as measured between percentage diseased
incidence (%LDI), percentage leaf area diseased (%LAD) and
percentage leaf collapse–defoliation index (%LCI) under glasshouse
conditions following inoculation with Alternaria brassicae or A. japonica
**P < 0.01
Pathogen

% LDI

%LAD

Alternaria brassicae

%LAD
%LCI

0.98**
0.57**

0.60**

A. japonica

%LAD
%LCI

0.99**
0.75**

0.75**

CL and Xceed X121 CL) and 45 varieties of B. napus showed
intermediate levels of collapse or defoliation, with %LCI
values of 10.6–20.0. By contrast, ﬁve varieties of B. juncea
(397.23.2.3.3, Dune, JM06006, JM06018 and Muscan 963)
and 30 varieties of B. napus expressed severe levels of collapse
or defoliation, with %LCI values 20.6–47.5. Of these, B. napus
Hyola 43, B. juncea Dune and B. napus Thunder TT showed
the most severe level of collapse or defoliation, with %LCI
values of 32.5, 36.3 and 47.5, respectively.
Correlations
There were signiﬁcant (P < 0.01) positive correlations between
pairs of the three different disease assessment parameters
across test varieties in relation to either A. brassicae or
A. japonica (Table 2). This correlation between assessment
parameters suggests scope for use of a reduced number of
assessment parameters in future screening of host genotypes.
Discussion
This is the ﬁrst study to highlight the comparative host
resistance–susceptibility reactions across Australian canola
and mustard varieties to A. japonica and A. brassicae as
related to disease incidence, disease severity and consequent
defoliation. It is the ﬁrst study of the reaction of any canola or
mustard varieties to A. japonica. The study identiﬁed varieties
with high levels of resistance against A. japonica, as well as
contrasting high susceptibility to A. brassicae, and revealed
the varieties susceptible to both pathogens that are unsuitable
for deployment where Alternaria leaf spot is prevalent or for
use in canola and/or mustard breeding programs where
Alternaria leaf spot resistance is sought.
Most varieties expressed host resistance–susceptibility to
A. brassicae versus A. japonica differentially, as shown by the
signiﬁcant interaction between pathogen identity and test
variety. Varieties showing resistance against A. japonica
showed susceptibility to A. brassicae. For example,
B. napus Surpass 404 CL was resistant to highly resistant
against A. japonica, with no accompanying defoliation, but
was highly susceptible to A. brassicae with severe
accompanying defoliation. Likewise, B. napus AG-Outback,
Hyola 635 CC, Oscar and Rottnest were resistant to
moderately resistant against A. japonica, with low
accompanying defoliation, but were susceptible to highly
susceptible to A. brassicae with severe accompanying
defoliation. The fact that high resistance levels could be

found against only A. japonica but not A. brassicae and
that these two pathogens co-occur in the ﬁeld in association
with Alternaria leaf spot in Australia (Al-Lami et al. 2019a)
highlights the signiﬁcant challenge to locating and deploying
host resistance to manage Alternaria leaf spot unless effective
resistance to A. brassicae is also located.
In the present study, across the three disease-assessment
parameters, the highest level of resistance against A. japonica
was expressed in B. napus Surpass 404 CL, and this will be a
particularly valuable resistance for canola and mustard
breeding programs. In addition, varieties such as Hyola 635
CC, Oscar, AG-Outback and Rottnest, which were resistant to
A. japonica in relation to disease incidence and showed low
accompanying defoliation, will also be valuable despite
showing only moderate resistance in relation to disease
severity. Even varieties ATR-Signal, Clancy, Granite TT,
ATR-Cobbler, 46C03, 46C72 and 47C02, which showed
moderate resistance in terms of disease incidence
and severity in combination with low to intermediate
accompanying defoliation, will be useful. The vulnerability
of B. carinata, 100% of B. juncea varieties and >85% of
B. napus varieties not only emphasises the destructive nature
of A. japonica on canola and mustard under favourable
conditions, but also demonstrates the high value of the
resistance located in the study. Alternaria japonica is
already a signiﬁcant pathogen of wild and cultivated rocket
in Italy (Garibaldi et al. 2011; Gilardi et al. 2015; Siciliano
et al. 2017), and causes severe disease on B. rapa in Spain
(Bassimba et al. 2013) and, most recently, on canola in
Australia (Al-Lami et al. 2019a).
In contrast to A. japonica, little resistance was expressed
against A. brassicae across test varieties, with >92.5% of
B. napus varieties proving highly susceptible, and the
remaining varieties still susceptible. Likewise, 100% of
B. juncea varieties and B. carinata were highly susceptible to
A. brassicae. The least susceptible of the test varieties to
A. brassicae, in relation to the disease incidence and
severity, and with intermediate accompanying defoliation,
was B. napus ATR-Grace. This is not surprising, because
there is little effective transferable host resistance against
A. brassicae within rapeseed, canola and mustard breeding
programs (Meena et al. 2010).
In the present study, greater levels of resistance against
A. brassicae and A. japonica were generally found in
B. napus than in B. juncea. Allotetraploid species such as
B. napus and B. carinata are usually less susceptible to
A. brassicae than are diploid species such as B. rapa (Saharan
et al. 2016), and within allotetraploid species, B. napus is less
susceptible to A. brassicae than is B. juncea (Bansal
et al.1990). For example, studies by Bansal et al. (1990)
showed B. carinata with smallest lesion diameter, followed
by B. oleracea and B. napus, but with B. campestris, B. juncea
and B. nigra showing increasingly larger lesions.
Further, Sharma et al. (2002) investigated the host
resistance–susceptibility reaction in 38 varieties of
Brassicaceae against A. brassicae and found that B. napus
had lower disease severity score (23) than B. carinata cv.
Wicrida (40), and especially B. juncea cvv. Pusa Bold and
Pusa Jai Kisan (>45). Moreover, Jasalavich et al. (1993) found
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that 11 Canadian commercial varieties showed different
degrees of susceptibility to 64 isolates of A. brassicae, 24
isolates of A. raphani, 17 isolates of A. brassicicola and three
isolates of A. alternata, with B. rapa subsp. trilocularis cvv.
R500 and Polish and B. juncea cv. Commercial Brown some of
the most susceptible, whereas B. napus canola cv. Westar,
B. oleracea subsp. capitata cv. Danish Ballhead and B. rapa
subsp. pekinensis cv. Chihli were less susceptible. Host
resistance–susceptibility reaction differences between
B. napus and B. juncea against A. brassicae may relate to
differences in epicuticular wax on leaves. For example,
Skoropad and Tewari (1977) found that leaves 5–8 of
B. napus produce greater amounts of epicuticular wax than
those of B. juncea and this was involved in the greater
resistance of B. napus against this pathogen. In another
study involving ﬁeld testing of rapeseed, canola and
mustard varieties in India, Singh et al. (2010) conﬁrmed
the susceptibility of B. juncea varieties JM06001, JM06006
and JM06018 to A. brassicae.
Singh et al. (2010) found two Australian mustard varieties
(JM06014 and JM06015) that not only showed a degree of
ﬁeld resistance in India against A. brassicae, but also showed a
disease severity 10% to three other diseases: white rust
(caused by Albugo candida), downy mildew (caused by
Hyaloperonospora brassicae), and powdery mildew (caused
by Erysiphe cruciferarum). Varieties with resistance to
multiple diseases are particularly valuable for growers in
regions prone to these and/or other co-occurring diseases.
Some varieties in the present study that showed some level
of resistance to Alternaria leaf spot caused by A. japonica are
known to have other resistances. For example, Surpass 404
CL, the most resistant variety in the present study, has a high
level resistance to some races of Leptosphaeria maculans
(causal agent of blackleg) (Li et al. 2004); Rottnest, Oscar,
Granite TT and Hyola 635 CC have moderate to high
resistance to downy mildew (Mohammed et al. 2017); and
AG-Outback has moderate resistance to white leaf spot
(caused by Neopseudocercosporella capsellae) (Gunasinghe
et al. 2014, 2016). Such varieties are particularly valuable to
breeding programs for improving the levels of resistance
against multiple canola diseases. The biggest challenge will
be in regions where A. brassicae is important both in Australia
and elsewhere, because no high-level resistance was found in
the present study against this pathogen, and Saharan et al.
(2016) highlighted the overall absence of high level resistance
in B. juncea.
In conclusion, varieties with high-level resistance against
A. japonica, as determined in this study, will be of
signiﬁcance both for direct deployment in areas most prone
to this pathogen and for developing new cultivars of canola
with improved resistance. Such an approach should not only
slow or delay the build-up and spread of A. japonica inoculum
across southern Australia as a consequence of reduced disease
pressure, but also prolong and maximise the effectiveness of
even moderate levels of resistance currently being utilised. The
high susceptibility to A. brassicae across Australian canola and
mustard varieties is concerning, and emphasises an urgent
need to locate effective resistance(s) to A. brassica. Toward
this aim, a focus on diverse cruciferous species may be a
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productive area of investigation, that approach having been
proven successful with other diseases of Brassicaceae
including Sclerotinia stem rot (caused by Sclerotinia
sclerotiorum) (Uloth et al. 2013, 2014; You et al. 2016;
Rana et al. 2019), blackleg (Salisbury 1991; Marcroft et al.
2002), downy mildew (Mohammed et al. 2019), white leaf
spot (Gunasinghe et al. 2016, 2017b) and white rust (Barbetti
et al. 2016). Until effective host resistance against A. brassicae
can be located, a need remains to utilise alternative cultural and
chemical control options, such as, for example, used in India
against A. brassicae in mustard (Saharan et al. (2016).
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CHAPTER 7: General Discussion

My studies highlighted the incidence, diversity, pathogen phenotypic (e.g,
morphology and virulence) and phylogenetic variation of Alternaria spp. complex
concomitant rapeseed (Brassica napus) across southern Australia. It also
highlighted the resistance, rapeseed yield reduction, and the role of
environmental factors, host/plant age and foliage components in the development
of Alternaria leaf spot (Alternaria brassicae and A. japonica) epidemics on
Australian

rapeseed

and

mustard.

These

investigations

give

a

new

understanding of Alternaria spp. complex associated with B. napus in Australia,
and is also likely to be similarly relevant elsewhere. Further, these are the first
studies to investigate Alternaria leaf blight development of A. japonica, as
compared with A. brassicae, in relation to temperature, host/plant age and foliage
components on rapeseed and mustard. These are also the first studies to address
the impact of the two pathogens on yield losses on Australian rapeseed.
Moreover, the current studies not only highlight novel host resistances to A.
japonica but also identify different levels of resistance/susceptibility within
Australian varieties to this pathogen, but also high level of expression of
susceptibility within Australian varieties to A. brassicae.

7. 1 Alternaria leaf blight concomitant with rapeseed in Australia
Before 2015, A. brassicae, A. brassicicola and A. alternata were
considered to be the main causative pathogens of Alternaria blight on
Brassicaceae in Australia (Sampson and Walker 1982; Shivas 1989; Van de
Wouw et al. 2016; ALA 2019; APPD 2019; Farr and Rossman 2019). In 2015-16
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cropping season surveys, and for the first time across Alternaria leaf blight
pathogens concomitant with rapeseed in Australia, my research confirmed
Alternaria leaf blight disease is not solely caused by A. brassicae, but that a wide
range of Alternaria spp. complex, A. arborescens, A. conjuncta, A. ethzedia, A.
eureka, A. hordeicola, A. infectoria, A. japonica, A. malvae, A. metachromatica
and A. tenuissima along with A. alternata can be involved to varying degrees
(Chapter 2). I report for the first time in Australia three spp. of Alternaria, A.
ethzedia, A. hordeicola and A. malvae, on any host, including Brassicaceae or
non-Brassicaceae. Further, I report some Alternaria spp. as a first record for
several Australian states either on B. napus or on any host. More importantly, A.
brassicicola and A. raphani were not isolated or detected in my studies, despite
these species known to be major-causal pathogens of Alternaria blight on
Brassicaceae vegetable crops (Saharan et al. 2016). I also demonstrate that all
the test species, excluding A. conjuncta and A. eureka, were pathogenic on B.
napus and B. juncea, and I confirm later in Chapter 3 that both these species can
show different levels of virulence on B. napus.
I highlight for the first time the variation in the number and complexcomposition of Alternaria spp. concomitant with Australian rapeseed across two
cropping seasons (Chapter 2). The total number of Alternaria spp. isolates
increased in 2016 by 2.2-fold. Further, additional new Alternaria spp. were
identified in 2016. I also highlight that A. brassicae was not the predominant
species in Australian rapeseed despite this pathogen being commonly associated
leaf blight in Brassicaceae outside Australia (e.g., Farr and Rossman 2019).
Furthermore, no incidence of Alternaria leaf blight disease was detected on B.
napus in Victoria in 2015. Such variation in the incidence, distribution and
diversity of Alternaria pathogens in Australia may be due to the seasonal
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variability, as it is known to affect the distribution and diversity of Brassica
pathogens, their consequent disease severities, and breaching the host
resistance (Barbetti et al. 2012). The Mediterranean-type climate of southern and
southwest Western Australia, South Australia and Victoria are highly variable in
terms of temperature and rainfall, thus affecting the pathogen diversity on
Brassica (Barbetti et al. 2012). The variation in the incidence of the disease over
the years was similarly noted for A. brassicae by (Van de Wouw et al. 2016) on
rapeseed across Australian states, where the locations where the disease was
detected fluctuating between 48% in 2013 and 9% in 2014.
The phylogenetic analysis of concatenated sequences of two genes, Alt a
1 and ATPase, of 12 isolates of Alternaria revealed clustering of these isolates
into five monophyletic sections, section Alternaria, section Eureka, section
Japonicae, section Infectoriae and the monotypic lineage A. brassicae. These
findings support previous studies (Hong et al. 2005; Lawrence et al. 2013, 2014;
Woudenberg et al. 2013; Poursafar et al. 2018). In my studies, the concatenated
sequences of both genes gave moderate to strong support of the divergence of
both A. alternata, A. arborescens and A. tenuissima, but provided insufficien
support for the divergence of A. malvae. These results also support previous
studies by Lawrence et al. (2013). Clearly, it is challenging to identify the smallspored species in section Alternaria as the morphological characters used in taxa
differentiation are highly affected by the environmental influences, and as the
invariant protein coding genes are often used in taxa identification (Andrew et al.
2009).
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7. 2 Virulence variability of Alternaria leaf blight pathogens
For the first time, my studies not only clearly confirm a range of Alternaria
spp. associated with Alternaria leaf blight on Australian rapeseed, but that there
is much variability in virulence within and between these species (Chapter 3). I
highlight for the first time the potential for A. japonica and A. ethzedia to be
significant pathogens on rapeseed, particularly A. japonica as this was the most
virulent species across all test species. A. japonica has been frequently reported
as a pathogen on Brassicaceae in Australia (APPD 2019; Chapter 2) and
elsewhere (Garibaldi et al. 2011; Bassimba et al. 2013; Gilardi et al. 2014;
Siciliano et al. 2017). Generally, virulence variability has also been highlighted in
A. japonica on cultivated rocket by Siciliano et al. (2017)
For the first time, in Australia or elsewhere, I emphasize the significance of
A. ethzedia to be a causative agent of Alternaria leaf blight on rapeseed. More
than 80% of A. ethzedia test isolates showed moderate to high levels of virulence
on rapeseed. This pathogen has only recently been reported in Australia (Chapter
2), and constituted >40 isolates collected from 2015-16 surveys of rapeseed
crops across southern Australia. Farr and Rossman (2019) reported A. ethzedia
on rapeseed in Switzerland, and it is assumed to have a wide host range,
including Poaceae (Andersen et al. 2009).
The severe disease observed from A. alternata and A. brassicae (Chapter
3) reconfirmed their importance as pathogens on Brassicaceae both in Australia
(Sampson and Walker 1982; Shivas 1989; You et al. 2005; Van de Wouw et al.
2016; APPD 2019; Farr and Rossman 2019) and elsewhere (Farr and Rossman
2019). The virulence variability for A. brassicae (as a major pathogen of
rapeseed) and A. alternata (as a pathogen primarily of of vegetable crops) had
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been previously highlighted (Czyżewska 1971; Kolte et al. 1991; Goyal et al.
2013).
My studies also illustrate, for the first time, that A. conjuncta, A. eureka, A.
hordeicola, A. infectoria, A. metachromatica and A. tenuissima have varying
levels of virulence in terms of the different disease assessment parameter used.
Further, I demonstrate that A. conjuncta and A. eureka isolates have varying
levels of virulence on rapeseed, as their isolates test were not virulent on B. napus
and B. juncea in Chapter 2. I also highlight A. conjuncta, A. eureka, A. hordeicola,
A. infectoria, A. metachromatica and A. tenuissima are pathogens with little/no
host specialization. This is perhaps due to their saprophytic and/or opportunistic
growth, as Thomma (2003) observed for Alternaria spp. in weakened plants and
that Alternaria sp. behaviour altering from saprophytic to parasitic may be
indistinguishable. Finally, host specialization/specialization of species has been
highlighted for A. alternata, A. brassicae, A. brassicicola, A. infectoria, A. raphani
and A. tenuissima in other studies (e.g., Smith et al. 1988; McRoberts and
Lennard 1996).

7. 3 Effect of temperature on Alternaria leaf blight severity
My studies highlight for the first time that temperature is a dominant
determinant of disease development by A. japonica, as with A. brassicae
(Chapter 4). At low temperature, despite A. brassicae being highly pathogenic on
cotyledons of mustard, neither pathogen caused severe disease until
temperature increased, but this effect was not independent of foliage component
nor which was the causal Alternaria sp. Importantly, A. japonica was not
pathogenic at lower temperature either on cotyledons or true leaves across tested

101

varieties. However, there was a greater disease incidence on mustard to A.
brassicae at an earlier stage (cotyledons) and at lower temperatures. Hence,
there is both a greater overall crop risk of severe infection by A. brassicae ,
especially as it displays ability to be a significant inoculum source for infecting
other oilseed and horticultural crops growing in the same vicinity. In Australia, the
Mediterranean regions of south-western and southern Australia are highly
variable in terms of environmental conditions, and this variability greatly and
differentially influences the development of a range of Brassica diseases (Barbetti
et al. 2012). That Alternaria spp. are not generally regarded as the most important
and major pathogens of oilseed Brassicas in Australia is likely due to these
variable environmental conditions, conditions that are less conducive to
epidemics there than in some other countries, as in India, where Alternaria leaf
blight is considered a very serious and, at times, an almost unmanageable
disease (Chattopadhyay et al. 2005; Saharan et al. 2016). That we grow the
generally more resistant B. napus in Australia compared with the more
susceptible B. juncea in India is also likely a cause. However, that A. japonica
and A. brassicae infections in both rapeseed and mustard were favoured by
warmer temperature in the current study is important for both crops as
temperatures readily reach or exceed 18/24ºC during the latter part of the growing
season in many regions in Australia and elsewhere.

7. 4 The role of foliage component and host age on Alternaria leaf blight
severity
My studies confirm for the first time A. japonica is similar to A. brassicae in
infecting plants at earlier stage (cotyledons), disease severity peaking on older
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plants, and demonstrating greater susceptibility on leaves rather than cotyledons
(Chapter 5). In general, the disease severity from A. japonica, as with A.
brassicae, increases over time on older foliage components. This high level of
severity on older leaves may be due to the opportunistic parasitic pathotype of
Alternaria spp. that requires an weakened plant tissue for the infection (Doullah
et al. 2006). As my studies are the first in relation to A. japonica, the current
findings for A. brassicae confirm those for A. brassicae along with other Alternaria
spp., including A. alternata, A. brassicicola and A. raphani, where leaf blight
symptoms are expressed throughout different plant stages, viz. cotyledons and
onwards to seed production (Saharan et al. 2016). Clearly, indicating these
critical effects of the time of first appearance of disease symptoms, plant age and
foliage component brings new understanding of Alternaria leaf blight
epidemiology for A. japonica, information essential for developing effective field
management strategies, as has already been well illustrated for A. brassicae by
Chattopadhyay et al. (2005). These authors used a regression model to anticipate
crop age associated with the first appearance of Alternaria leaf blight on leaves
and pods, the greatest disease severity and the ideal crop age for targeting
fungicides for the most efficient management of the disease in the field.

7. 5 Alternaria leaf blight development under field conditions and yield loss
My studies demonstrate for the first time A. japonica has the same
potential, as with A. brassicae, to be a devastating disease of rapeseed under
conducive conditions (Chapter 5). Alternaria japonica is similar to A. brassicae in
showing high levels of disease, resulting in yield losses of 58.1%, equivalent with
the 59.4% yield loss from A. brassicae. I found a strong correlation between seed
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yield reduction from either pathogen with disease progression. Clearly, my
findings for A. brassicae confirm those for A. brassicae and other Alternaria spp.,
including A. alternata, A. brassicicola and A. raphani, where Alternaria diseases
have a devastating impact on yield of Brassicaceae (Stoll 1948; Degenhardt et
al. 1974; Suhag et al. 1983; Saharan 1984; Daebeler et al. 1986; Smith et al.
1988; Kumar 1997; Brazauskiene and Petraitiene 2006).
My studies also compare, for the first time, A. japonica with A. brassicae in
terms of the field disease incidence and severity on leaves, pods and stems.
While both Alternaria species expressed high disease values on leaves, A.
japonica showed greater disease on stems, but lower severity on pods, than A.
brassicae. A. brassicae is widely known as a devastating disease of oilseed
Brassicas throughout the cropping season, from early seedling stage onwards
onto seed production (Saharan et al. 2016). However, from my studies it is now
evident that A. japonica has similar potential to be devastating under diseaseconducive field conditions.
My studies suggest that not only infected leaves by either pathogen provide
a source for secondary infections onto stems and pods, but also suggest that
infested stems from A. japonica, as in A. brassicae, could also provide an
important inoculum source of infection for pods as demonstrated in the
correlations between stem and pod disease from this pathogen. This finding was
perhaps not surprising, as, in general, lesions from A. japonica on wild and
cultivated rocket initiated on the margins and tips of older leaves and then
developed to infect the leaf veins and stems (Garibaldi et al. 2011).
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7. 6 Relative host resistance to Alternaria leaf blight
My studies highlight, for the first time, novel high-level host resistance
against A. japonica across Australian rapeseed varieties (Chapter 6). There had
previously not been any studies on the varietal responses for this pathogen in
Australia or elsewhere. This high-level of host resistance can be directly deployed
where A. japonica is important and can also be utilized by breeders to ensure
improved resistance in future varieties. Further, I demonstrate varieties with
moderate levels of resistance against A. japonica, that, if deployed commercially,
should enable comparable or even better disease management as compared
with the cultural/chemical management (Chapter 2). I also highlight particular
Australian rapeseed and mustard varieties with high susceptibility against A.
japonica that are best discarded from breeding programs (Chapter 6). In contrast,
I confirm for the first time the high levels of susceptibility of Australian rapeseed
and mustard varieties to A. brassicae, there being no effective host resistance
expressed across test varieties. This was not surprising, there is no effective
transferable host resistance within rapeseed-mustard breeding schemes against
this pathogen (Meena et al. 2010). Despite this, my studies highlight the need to
locate suitable resistances against A. brassicae and, in the interim until effective
host resistance can be located, the need to develop and deploy cultural and
chemical options.
Importantly, my studies confirm that most varieties differentially expressed
their host resistance/susceptibility to A. brassicae versus A. japonica. This was
highlighted by the significant interaction between pathogen identity with test
variety. High level resistance could only be found against A. japonica but not
against A. brassicae, less than ideal as these two pathogens co-occur in the field
in association with Alternaria leaf blight in Australia (Chapter 2). Together, this
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highlights the significant challenge to locating and deploying host resistance to
manage Alternaria leaf blight in Australia unless effective resistance to A.
brassicae is also located.

7. 7 Conclusion and future research
My studies have important implications, both underlining Alternaria leaf
blight as an important concomitant pathogen of rapeseed in Australia and
highlighting the cause as a multi-Alternaria spp. population rather than solely A.
brassicae. My studies also highlight how this Alternaria spp. population, their
numbers and complex-composition, varied over the years. More importantly, it is
evident that A. brassicae is not the most virulent nor the predominant
species across Australian rapeseed. Alternaria diseases are not, to date,
considered as major diseases of oilseed Brassicas in Australia. However, the
level of virulence expressed in my studies across Alternaria pathogens
population emphasise the potential of some of these species to be
devastating pathogens on Australian rapeseed

given

disease-conducive

conditions. Clearly, my findings provide foundational information for future
investigations into Alternaria-host specificities, between-species interactions,
and within-species pathotypes. Additionally, my studies highlight a need to
survey other Brassicaceae to assess the role of different Alternaria spp. on
these other crops and a need to understand the drivers that determine the
changes in pathogen components and complexes within the Alternaria spp.
population in relation to rapeseed.
It is noteworthy that the epidemiological studies, along with the differential
vulnerability of different plant ages, explain for the first time the Alternaria leaf
blight epidemiology of A. japonica on rapeseed and mustard in current and
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predicted future climates. In particular, as temperatures readily reach or exceed
the 18/24ºC, as I used, it is likely that Alternaria leaf blight will become more
severe in the latter part of the growing seasons across many regions in Australia
and elsewhere. Further, my findings provide information essential for developing
effective field management strategies to A. japonica. Importantly, the outcomes
of current results highlight the impact of A. brassicae on rapeseed and mustard
in Australia, as prior to this study, there was very little understanding as relates
to A. brassicae in terms of disease severity on either host species.
My studies also have field implications in relation to A. japonica versus A.
brassicae, as they provide critical information in relation to timing of symptom
appearance, susceptibility of different foliage components, disease progression
and associated yield loss, and lay a foundation for future studies with A. japonica
involving other Brassicaceae hosts.
Finally, my studies have major implications in relation to host resistant
against A. japonica, they identify varieties with novel and high-level resistance
against this pathogen that will be of significance both for direct deployment in
areas most prone to this pathogen and also for developing new cultivars of
rapeseed with improved resistance. Such an approach should not only slow or
delay the build-up and spread of A. japonica inoculum across southern Australia
as a consequence of reduced ‘disease pressure’, but also prolong and maximise
the effectiveness of even moderate levels of resistance currently being utilized.
Further, the high susceptibility to A. brassicae across Australian rapeseed and
mustard varieties is concerning, highlighting an urgent need to not only locate
effective resistance(s) to A. brassicae, but in the interim the need to explore the
development of effective alternative chemical and/or cultural control measures.
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Appendix
Scientific conference/presentation from this project
1. 2017 Rottnest Postgraduate Summer School
The University of Western Australia, School of Agriculture and Environment. 6
Feb 2017.
Oral Presentation: Alternaria Blight on Brassicaceae: understanding
epidemiology and types and mechanisms of host resistance.

2. AusCanola 2018
20th Australian Research Assembly on Brassicas, Perth.
Poster oral presentation: Alternaria spp. leaf spot incidence associated with
canola (Brassica napus) in Australia.
http://www.australianoilseeds.com/conferences_workshops/ARAB/AusCanola_
2018/auscanola_2018_presentations

3. ICPP 2018: Plant Health in A Global Economy
11th International Congress of Plant Pathology, Boston, USA.
Abstract and poster: The incidence and pathogenicity of Alternaria leaf spot
associated with canola (Brassica napus) in southern Australia.
https://apsnet.confex.com/apsnet/ICPP2018/meetingapp.cgi/Paper/6995
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