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ABSTRACT 

Winter cereals can be colonised by a number of different soil-borne organisms, including 

crown rot and common root rot pathogens which can have a devastating economic impact on 

associated industries. These diseases damage the tissues of the sub-crown internode (SCI) and 

the stem, and result in subsequent yield losses. In Australia, crown rot disease is predominantly 

caused by Fusarium pseudograminearum and Fusarium culmorum. In different parts of the 

world, such as the United States of America (USA), Fusarium graminearum has also been 

associated with crown rot. In Australia, Bipolaris sorokiniana is the soil-borne pathogen 

causing common root rot. The current study aims to examine the ability of these four pathogens 

to induce crown rot and common root rot symptoms in five winter cereals in the glasshouse 

and field.  

Seedling inoculation tests were conducted, in the glasshouse, to examine disease severity on 

leaf sheaths and SCIs, specifically the impacts on shoot length and shoot dry weight. Two 

strains each of F. pseudograminearum, F. culmorum, F. graminearum, and B. sorokiniana 

were inoculated across a single cultivar of a range of winter cereals: barley (Hordeum vulgare), 

bread wheat (Triticum aestivum), durum wheat (Triticum durum), oat (Avena sativa), and 

triticale (xTriticasecale). A significant variation in disease severity (p < 0.05) among the four 

crown rot and common root rot pathogens was observed, including variation between pathogen 

strains. Significant differences amongst the cereal cultivars were observed in the disease 

severity of the leaf sheaths and SCIs. Furthermore, a significant reduction in the shoot length 

of all cultivars was observed when inoculated with F. pseudograminearum (p < 0.05), while 

dry shoot weight was only significantly reduced (p < 0.05) in the barley variety Grimmett.  

Field inoculation trials using three strains of crown rot pathogens and one strain of common 

root rot pathogen were conducted to compare the visual disease symptoms on the stems and 

SCIs of all five winter cereals at three harvest stages (tillering, flowering, and maturity). 

Significant differences in the disease severities on the SCI (p < 0.001) and stems were observed 

(p = 0.002) for the crown rot and common root rot pathogens across the five winter cereals. 

Variation in disease severity was observed among the cultivars depending on the pathogen 

inoculum. There was a significant effect for pathogens on plant height (p < 0.001) for both 

years. A significant difference was observed in plant weight between harvest time and pathogen 

for 2016 trial (p < 0.05), and significant impact between the pathogens in plant weight for 2017 

experiment (p < 0.001). Fusarium pseudograminearum and F. culmorum DNA were most 
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frequently detected in all cereal cultivars, while F. graminearum and B. sorokiniana DNA were 

detected the least. Oat had low or no disease severity, although the DNA of each pathogen was 

detected.  

Oat is a potential host to crown rot pathogens and is considered an asymptomatic crop. The 

reaction of forage oat cultivars to inoculation with a range of F. culmorum strains has not 

previously been examined in Australia. The virulence of eight strains of F. culmorum collected 

from different regions of Australia (northern, southern, and western) across five forage oat 

cultivars and one bread wheat cultivar were tested. A positive control of mixed inoculum of F. 

pseudograminearum was included in this experiment, along with a negative/non-inoculated 

control for each cultivar. A significant interaction between strains and cultivars (p < 0.001) was 

observed for the disease severity on the leaf sheaths. One F. culmorum strain caused greater 

disease severity on forage oat cultivars Coolabah, Genie, and Drover compared to the other 

strains.  

Yield losses of bread wheat due to crown rot can be more severe when drought conditions 

occur during grain fill. Studies have shown that drought alters the root architecture of bread 

wheat resulting in changes to the root system including root angle, length and biomass which 

have a negative impact on crop yield. The impact of crown rot infection on the root architecture 

of bread wheat has not been investigated. Root angle, length, number, fresh weight, and root 

dry weight of a bread wheat cultivar inoculated with the crown rot pathogens F. 

pseudograminearum and F. culmorum were examined in a controlled environment. Fresh shoot 

and dry weight, leaf area of the oldest and the youngest fully-formed leaf, leaf number, and 

disease severity of the first leaf sheath were recorded. All aspects of the root system were 

reduced when inoculated with F. pseudograminearum, excluding root angle which exhibited 

no difference between the inoculated and non-inoculated treatments. In contrast, no impact was 

observed on the root characteristics of bread wheat when inoculated with F. culmorum.  

In conclusion, this research explored the host reaction of different winter cereals species 

inoculated with four crown rot and common root rot pathogens at different stages of 

development. In this study, F. pseudograminearum was generally more pathogenic on barley, 

bread wheat, durum wheat and triticale cultivars than on oat. Whilst oat was considered to be 

more tolerant to crown rot and common root rot pathogens, some F. culmorum strains caused 

infection on a range of oat cultivars. This suggests that oats may not be suitable in a crop 

rotation system to reduce crown rot pathogens in the field. This study has led to a better 

understanding of the infection potential of some crown rot and common root rot pathogens 

across a range of winter cereal species. The results of this study will provide valuable 
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information for management strategies targeting crown rot and common root rot diseases in 

crop rotations.  
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CHAPTER 1: LITERATURE REVIEW  

Crops such as maize, wheat, and rice, are vital for feeding the ever-increasing global population 

and play a major role in the agriculture sector, contributing to economies worldwide. Many 

countries rely on grain cereals such as wheat, rice, barley, maize, sorghum, rye and triticale for 

food consumption (Pitts et al. 2017). World grain production in 2018/19 including rice, wheat 

and coarse grain was 2,625.4 mt (USDA 2019). Recently, the global production of grains, 

specifically wheat, has been decreasing partly due to the significant increase in global 

temperature and drought that has occurred in several regions of the world (FAO 2018). Crop 

diseases are also major contributors to the reduction in crop production (FAO 2018). As a 

result, the 2017/18 wheat production estimate of 761.9 mt was reduced by 31 mt during the 

2018/19 season (USDA 2019).  

1.1 GRAINS INDUSTRY IN AUSTRALIA   

In Australia, grain production including rice, wheat and coarse grain totalled 78.9 mt in 2018 

which is considered small in comparison to world production (USDA 2019). However, due to 

Australiaôs relatively small population, grain crops can be used both for local consumption, as 

well as contributing a significant portion to the global trade (approximately 77% of Australian 

grain production is exported) (Pitts et al. 2017; White et al. 2018). In 2017 a report from the 

Department of Agriculture and Water and the Australian Bureau of Agricultural and Resource 

Economics and Sciences Resources (ARESR) showed that grains (wheat, barley, sorghum, oat 

and coarse grains) worth $17.313 billion and oilseeds and pulses worth $6.688 billion are 

Australiaôs largest category of food production, representing 26% ($24 billion) of the 

Australian agricultural production (McKeon et al. 2016). Australia produced up to 63 mt of 

grain (wheat, coarse grains and oilseeds) in 2015/16 (White et al. 2018), with an average 14 mt 

consumed domestically and 49 mt exported (White et al. 2018). Across Australia, on average 

20 to 22 million ha are planted annually to commercial grains (McKeon et al. 2016).  

Geographically, the grains industry is located in the ócropping beltô of Australia and is defined 

by three regions: the northern, southern and western regions (Murray & Brennan 2009; 

McKeon et al. 2016; GRDC 2019a) (Fig.1). The northern region encompasses Queensland 

(QLD) through to New South Wales (NSW) (GRDC 2019a) (Fig.1). Most rainfall occurs over 

the summer months. The high moisture storing capacity of the clay-based soils of this region, 

enhanced by some winter rainfall, allow winter crops to be grown (Backhouse & Burgess 2002; 
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Murray & Brennan 2009; GRDC 2019a). In winter, this region produces barley (Hordeum 

vulgare L.), canola (Brassica Napus), chickpeas (Cicer arietinum), faba beans (Vicia faba), 

field peas (Pisum sativum), linseed (Linum usitatissimum), lupine (lupins), millet/panicum 

(Pennisetum glaucum), oat (Avena sativa L.), safflower (Carthamus tinctorius), triticale (x 

Triticosecale wittmack) and wheat (Triticum aestivum L.). In summer it produces cotton 

(Gossypium), maize (Zea mays), mung beans (Vigna radiata), peanuts (Arachis hypogaea),  

sorghum (Sorghum bicolor), soybeans (Glycine max) and sunflowers (Helianthus) (McKeon 

et al. 2016). The southern region covers south-eastern Australia including Victoria (VIC), 

South Australia (SA) and Tasmania (GRDC 2019a) (Fig.1) and has an even rainfall pattern 

through summer to winter (Backhouse & Burgess 2002; Murray & Brennan 2009; GRDC 

2019a). This region produces barley, canola, cereal rye (Secale cereal), chickpeas, faba beans, 

field peas, lupins, oat,  safflower, triticale, vetch (Vicia), lentils and wheat in the winter and 

maize and irrigated rice (Oryza sativa) in the summer (McKeon et al. 2016). The western region 

is located in the south-western corner of Western Australia (WA), where soil fertility is 

generally low to very low (GRDC 2019a) (Fig.1). This region has a moderate climate with very 

dry summers and reliable winter rainfall (Backhouse & Burgess 2002; Murray & Brennan 

2009; GRDC 2019a) and barley, canola, lupins and wheat are the most common grains grown 

in winter (McKeon et al. 2016). 
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1.1.1 Economically important winter cereals in Australia  

Winter cereals have many industrial uses and provide nutrition for humans and animals. The 

most important winter cereals in Australia include wheat, barley, durum wheat, triticale, rye, 

and oat. The following sections will describe the major uses of winter cereals in Australia. 

 Bread wheat (Triticum aestivum L.) 

Bread wheat (Triticum aestivum) is considered one of the most important grain crops in 

Australia, with 21.2 mt produced in 2018/19 (ABARES 2019). Bread wheat is processed to 

produce bread, flour and pastries. Commercially, the Australian wheat industry accounts for 

10 to 15% of the worldôs 100 mt annual global wheat trade (AEGIC 2015). 

 Barley (Hordeum vulgare L.) 

Barley (Hordeum vulgare) is the second most important grain crop in Australia. More than 8.9 

mt of barley were produced in 2018/19, with almost 3.4 t/ha of barley grown across the southern 

region of Australia (ABARES 2019). Barley is used in livestock feed, malt and alcoholic 

beverages (ABARES 2019). 

 Durum wheat (Triticum turgidum L. var. durum) 

In 2005/06, durum wheat production in Australia was 0.5 mt (Kneipp 2008). NSW accounted 

for around 56% and SA 41% of production (Kneipp 2008). Durum wheat is used to produce 

pasta. The Australian durum grain is known to be of high quality and is exported across the 

world (McKeon et al. 2016). 

 Oat (Avena sativa L.)  

Australia is a world leader in the production of milling oats and they are considered an 

important product for the international market with 1 mt produced in 2018/19 (ABARES 2019). 

Oat is used as animal feed, but also for human consumption in cereals, like oat flour, oatmeal 

and bread. 

Figure 1. Australian grains regions including the Northern region (QLD and NSW), 

Southern region (VIC, SA and Tasmania) and the Western region (South west of WA) 

(GRDC 2019a). 

Source: http://www.agriculture.gov.au/abares/research-topics/surveys/grains  

http://www.agriculture.gov.au/abares/research-topics/surveys/grains
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 Triticale ( x Triticosecale Wittmack )  

Triticale is a cereal crop that was artificially created in the late 19th century from crosses 

between bread wheat (hexaploid) and rye (Castleman 1996). In Australia, in 2018/19, 0.255 mt 

of triticale was produced. Triticale is often used as livestock feed because the soft grain makes 

it more palatable than wheat and barley. Small amounts of triticale are also used for human 

consumption (Castleman 1996). 

1.2 WINTER CEREALS DISEASES 

Winter cereals may be infected with different root and foliar diseases, which can cause severe 

losses to the Australian economy. Diseases and pests that attack the roots of the plant are called 

soil-borne diseases. Root lesion nematode (Pratylenchus neglectus) is a significant soil-borne 

pest, which can cause great losses to the Australian wheat and barley industry with average 

losses of $73 million recorded for wheat and $21 million for barley (Murray & Brennan 2009; 

Murray & Brennan 2010). Other important soil-borne diseases which cause significant damage 

to the Australian wheat and barley industry are crown rot, common root rot and take-all 

(Murray & Brennan 2009; Murray & Brennan 2010). 

1.3  CROWN ROT: THE DISEASE   

In Australia, crown rot caused by Fusarium species is a significant disease of winter cereals 

such as wheat and barley, annually costing the wheat industry $79 million and the barley 

industry $18 million in lost yield (Murray & Brennan 2009; Murray & Brennan 2010). Crown 

rot was first reported in QLD in 1951 (McKnight & Hart 1966) and in VIC in 1965 (Purss 

1969). Burgess et al. (2001), however, suggested the disease could have been in Australia 

before this time. It is also an important disease worldwide, causing significant losses in North 

America (Smiley et al. 2005), South Africa (Lamprecht et al. 2006), West Asia and North 

Africa (Ammar 2004; Saremi 2011). 

1.3.1 Crown rot symptoms  

In seedlings, visual symptoms appear as small necrotic lesions on the coleoptile, followed by 

brown discolouration on the sub-crown internode (SCI),  leaf sheath and stem tissues (Burgess 

et al. 2001; Percy et al. 2012; Kazan & Gardiner 2018). Brown discolouration on roots is less 

severe than that found on the SCI and leaf sheaths (Knight & Sutherland 2013b). The symptoms 

of crown rot disease on a mature plant are a honey-brown discolouration on the base of the 
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stem and discolouration of the SCI (Burgess et al. 2001; Knight & Sutherland 2015). Brown 

lesions develop on the stem from the crown of the plant and can be seen up to the fifth node 

under drought condition (Burgess et al. 2001). At maturity, under moist conditions, a pink 

colour often occurs on diseased tissue, particularly around the nodes, and the lumina inside the 

stems can be filled with hyphae of the fungus (Purss 1969). Crown rot can lead to the formation 

of white heads, which have few or no grains, and sometimes the disease can become severe 

enough to cause premature death of the plant (Burgess et al. 2001). White heads develop during 

water stress, usually after flowering (Moore et al. 2005; Hollaway et al. 2013), and are 

hypothesised to occur due to disturbances in the vascular translocation system at the base of 

the plant (Burgess et al. 2001; Hollaway et al. 2013). Hollaway et al. (2013) indicated that the 

level of F. pseudograminearum and F. culmorum DNA was positively correlated with crown 

rot expression including the brown stem discolouration and the formation of white heads in 

barley, durum wheat, and spring wheat. Even when white heads do not occur, yield loss due to 

crown rot can still be observed (Moore et al. 2005; Hollaway et al. 2013).  

1.3.2 Crown rot: pathogens 

Several Fusarium species have been associated with crown rot on winter cereals, including 

Fusarium pseudograminearum, F. culmorum and F. graminearum (Backhouse & Burgess 

2002; Akinsanmi et al. 2004; Backhouse et al. 2004). During the 1950s a complex of fungal 

species was believed to be associated with crown rot and foot rot in Australia, with F. 

culmorum, considered the most important species (Butler 1961). Magee (1957) reported that 

crown rot caused by F. pseudograminearum was firstreported in QLD in 1951 and in NSW in 

1955. F. pseudograminearum is now the dominant pathogen responsible for crown rot disease, 

with other Fusarium species, such as F. avenaceum, F. crookwellense, F. culmorum and F. 

poae infrequently isolated from crown rot diseased tissue (Wearing & Burgess 1977b; Burgess 

et al. 2001; Backhouse et al. 2004; Obanor et al. 2013). Fusarium pseudograminearum has 

been found throughout the main cereal growing regions and its occurrence did not appear to be 

limited by climate within the Australian grain belt (Backhouse & Burgess 2002; Backhouse et 

al. 2004). However, the fungus has not been found in some areas including the Eyre Peninsula 

in South Australia, the western margins of the grain belt in central New South Wales, and an 

area north-east of Charleville in Queensland (Backhouse & Burgess 2002). The distribution of 

F. culmorum on cereals is more limited than that of F. pseudograminearum. This fungus most 

frequently occurs in colder high rainfall areas of SA, VIC and scattered localities of WA in 
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Australia and also, in the south-eastern Darling Downs, QLD (northern summer rainfall zone) 

(Backhouse & Burgess 2002; Backhouse et al. 2004). This suggests that there factors other 

than climate are responsible for the distribution of Fusarium species such as stubble retention 

practices in farming systems (Burgess et al. 2001).  

Fusarium graminearum (previously Fusarium roseum) is an important pathogen causing 

Fusarium head blight in several parts of the world including Asia, Canada, Europe, America, 

and Australia (Goswami & Kistler 2004; Akinsanmi et al. 2006; Hogg et al. 2010). This fungus 

has been reported to cause crown rot of wheat in southern Chile in South America  (Moya-

Elizondo et al. 2015) North America (Smiley et al. 2005; Dyer et al. 2009) and Australia 

(Akinsanmi et al. 2004; Akinsanmi et al. 2006). The importance of F. graminearum as a crown 

rot pathogen is not fully understood.  

1.3.3 Morphology and characteristics of Fusarium spp. 

For many years, a lot of confusion surrounded the identification of F. graminearum. Francis 

and Burgess (1975) divided F. graminearum into two groups: Group 1, the pathogen 

responsible for crown rot, and Group 2, the pathogen responsible for Fusarium head blight. 

Many other research groups tried to further subdivide F. graminearum based on pathogenicity/ 

virulence, culture morphology and zearalenone toxin production (Cullen et al. 1982; Carter et 

al. 2002; Desjardins et al. 2004).  Cullen et al. (1982) divided F. graminearum into two groups 

termed óAô and óBô, and also, Carter et al. (2002) and Desjardins et al. (2004) who identified 

three groups A and B and C in Europe, Nepal and the United States based on the same 

characteristics.  

Aoki and O'Donnell (1999b), stated that ñIt is hard to differentiate between the two groups 

morphologically, but there are important ecological and pathological differencesò. They 

concluded that the two pathogens could be distinguished based on the conidial shape and 

intensity of sporulation and absence of homothallic production of perithecia. The 

morphological differences between some Fusarium species are difficult to determine and 

cultures of F. graminearum can be easily confused with other Fusarium species such as F. 

pseudograminearum and F. crookwellense (Leslie & Summerell 2008). 

 Fusarium pseudograminearum Aoki & OôDonnell 

F. pseudograminearum (previously known as Fusarium graminearum Group 1) is a 

heterothallic pathogen (the condition of having male and female reproductive structures in 

different thalli) but predominantly reproduces asexually. Its sexual stage (or teleomorph) is 



7 
 

known as Gibberella coronicola (Aoki & O'Donnell 1999b). Both teleomorph and anamorph 

stages typically produce well developed branched, septate hyphae (Aoki & O'Donnell 1999b). 

Fusarium pseudograminearum produces macroconidia in pale orange sporodochia on 

Carnation Leaf Agar (CLA) (Leslie & Summerell 2008). On Potato Dextrose Agar (PDA), the 

colony colour ranges from a red, brownish yellow to white (Leslie & Summerell 2008). The 

macroconidia are falcate to fusiform and sometimes relatively slender, curved to almost straight 

with a curved apical cell and a foot-shaped basal cell (Fig. 2a) (Leslie & Summerell 2008). 

Fusarium pseudograminearum produces a thick-walled hyphal cell (chlamydospore) which 

functions as a spore and usually develops within four weeks on CLA culture (Leslie & 

Summerell 2008). Chlamydospores are rarely produced and when they occur usually are a pale, 

yellowish-grey (Aoki & O'Donnell 1999b). Fusarium pseudograminearum has been associated 

with winter cereals such as barley, bread wheat, rye, durum wheat, triticale, oat and grassy 

weeds (Burgess et al. 2001; Leslie & Summerell 2008). 

 Fusarium culmorum (W.G. Smith) Saccardo  

The sexual stage (teleomorph) of F. culmorum has not been found and it is still unknown if the 

fungus is heterothallic or homothallic (Mishra et al. 2003; Scherm et al. 2013). The 

macroconidia are formed in large quantities in orange sporodochia on CLA. On PDA, F. 

culmorum grows quickly creating numerous sporodochia in a large central spore mass (1 to 2 

cm diameter) (Leslie & Summerell 2008). Sporodochia are pale orange but become brown to 

dark brown with age. Most strains produce red pigments, but some can have olive-brown 

mycelium and pigment in the agar (Leslie & Summerell 2008). The macroconidia are short and 

falcate to fusiform and thick-walled, usually 3 to 5 septate (Fig. 2b) (Leslie & Summerell 2008; 

Scherm et al. 2013). The basal cell is foot-shaped or just notched; the apical cell is blunt or 

slightly papillate (Scherm et al. 2013). The chlamydospores usually take 3 to 5 weeks to form 

on CLA (Leslie & Summerell 2008).  F. culmorum has a large host range including barley, 

maize, oat, rye, sorghum, wheat and various grasses and has also been isolated from asparagus, 

bean, carnation, flax, pea, red clover and sugar beet (Scherm et al. 2013). 

 Fusarium graminearum Schwabe  

The sexual spores of F. graminearum (Gibberella zeae Schwein) (previously known as F. 

graminearum Group 2) are produced in small flask-shaped bodies called perithecia that enclose 

the asci. The fungus is homothallic and thus perithecia can be formed without the need to cross 

isolates (Leslie & Summerell 2008). Macroconidia are slim, thick-walled with 5 to 6-septate, 
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evenly curved to straight and the ventral side is straight, and the backside smoothly bent (Fig. 

2c) (Leslie & Summerell 2008). The sporodochia are faint orange on CLA (Leslie & Summerell 

2008). On PDA, the colonies grow quickly, producing large hyphae usually white to faint 

orange to yellow in colour (Leslie & Summerell 2008). F. graminearum has been found 

primarily in maize, wheat and barley, but also can be found in a variety of other crops (Leslie 

& Summerell 2008).  

                  

 

Figure 2. Macroconidia of Fusarium pseudograminearum (a), Fusarium culmorum (b), 

Fusarium graminearum (c). Scale bar = 25 ɛm (Leslie & Summerell 2008). 

1.3.4 Life cycle of Fusarium species  

The life cycles of F. pseudograminearum and F. graminearum are similar, whereby, both fungi 

can reproduce through sexual and asexual sporulation (Ma et al. 2013) (Fig. 3). While 

Fusarium species can survive for many years in the soil as chlamydospores, F. 

pseudograminearum predominantly survives as hyphae in the soil and on stubble remaining 

from the previous crops, which germinate to produce asexual macroconidia (Fig. 3) (Wearing 

& Burgess 1977a; Burgess et al. 2001; Ma et al. 2013; Kazan & Gardiner 2018). The stubble 

of the previous year acts as a source of inoculum for the next season (Burgess et al. 2001; 

Kazan & Gardiner 2018). Direct contact between host and stubble fragments has been shown 

to be necessary for infection to occur in F. pseudograminearum (Burgess et al. 2001; Ma et al. 

2013).  

Initial infection of F. pseudograminearum occurs through the crown region of the host 

including coleoptile, SCI, lower leaf sheaths, and subsequently moves into the basal internode 

of the stem (Purss 1966; Burgess et al. 2001; Kazan & Gardiner 2018). The pathogen then 

a b 

c 
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frequently persists to the stem epidermal tissue via stomatal openings, then moves into the 

hypodermis to induce typical browning discolouration on the stem and vascular tissues (Knight 

& Sutherland 2013a, 2013b; 2016). Both hyphae and spores can survive for years in the stubble 

residue in soil (Burgess et al. 2001). Environmental conditions and cultural practices play an 

important role in the survival of the inoculum in the field such as soil moisture, and cool 

conditions, in which the spores can survive longer (Burgess et al. 2001; Kazan & Gardiner 

2018). High temperatures between 25°C to 31°C are favourable for disease development in the 

field (Burgess et al. 2001; Backhouse & Burgess 2002). 

Fusarium culmorum can survive in the soil for up to three years as chlamydospores (Bockus et 

al. 2010). However, the life cycle of Fc has not been fully examined.  

Figure 3. Generalised life cycle of Fusarium species (Ma et al. 2013). Abbreviations: Fg (F. 

graminearum); Fol (F. oxysporum f. sp. lycopersici); Fp (F. pseudograminearum); Fs (F. 

ósolaniô f. sp. pisi); Fv (F. verticillioides). 

1.3.5 Fusarium species identification and genetic diversity 

Comparing morphological characteristics is one method used to distinguish between Fusarium 

species (Leslie & Summerell 2008), however, this method is not always accurate. As 

mentioned previously, F. graminearum and F. pseudograminearum were considered to be one 

species until 1975, when F. graminearum was split into Group 1 and Group 2 by Francis and 

Burgess (1975) based on geographic distributions and pathological symptoms. These two 

groups are morphologically and culturally difficult to distinguish (Aoki & O'Donnell 1999b). 

In molecular studies, Random Amplified Polymorphic DNAs (RAPDs) were used to 
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differentiate and identify Group 1 and Group 2 strains of F. graminearum (Schilling et al. 

1996). Several Polymerase Chain Reaction (PCR) based assays were developed for the specific 

detection and identification of several Fusarium species using a unique marker for each 

species, including F. culmorum,  F. graminearum, and F. pseudograminearum  (Schilling et 

al. 1996; Niessen & Vogel 1997). Furthermore, molecular methods were used to identify the 

genetic diversity amongst the strains within the pathogen (O'Donnell & Cigelnik 1997; Aoki 

& OôDonnell 1999a; Aoki & O'Donnell 1999b). Aoki and O'Donnell (1999b) identified two 

groups of F. graminearum based on morphological, physiological characters and their 

molecular phylogenetic relationship by analysing 17 Group 1 (F. pseudograminearum) and 15 

Group 2 (F. graminearum) strains. In this assay, the DNA sequence data from the ɓ-tubulin 

gene was employed to examine the systematic and phylogenetic relationships of the two 

species. They found that F. pseudograminearum represents a phylogenetically distinct species 

but is related to the F. graminearum monophyletic groups.  

A high level of genetic variability has been reported within Fusarium populations (Mishra et 

al. 2003; Akinsanmi et al. 2004; Akinsanmi et al. 2006; Khudhair et al. 2019). These studies 

were carried out in different geographical ranges, or at a single field level, and have reported a 

wide genetic variability within a field, whereas relatively modest differences were detected 

among populations selected from different climatic regions (Miedaner et al. 2001; Akinsanmi 

et al. 2006; Chakraborty et al. 2006; Bentley et al. 2008). Akinsanmi et al. (2006) employed 

Amplified Fragment Length Polymorphism (AFLP) analysis to assess 72 F. 

pseudograminearum strains and 59 F. graminearum strains collected from QLD and NSW, 

Australia from crown rot (77) or head blight (52) affected plant materials. The ALFP analysis 

showed that 70 of the 72 F. pseudograminearum strains and 56 of the 59 F. graminearum 

strains had different haplotypes. An additional 27 F. graminearum strains collected from a 

single location revealed 18 different AFLP haplotypes. The results suggest that there is 

significant genetic diversity amongst F. pseudograminearum and F. graminearum strains 

collected from different geographical areas or from the same field (Akinsanmi et al. 2006).  In 

another study, the AFLP analysis within and between eight F. pseudograminearum populations 

(217 strains) from north-eastern (south QLD and north NSW), south-central (central and south 

NSW and VIC), and south-western (SA and WA) regions of the Australian grain belt were 

collected (Bentley et al. 2008). The results revealed high levels of genetic diversity with 176 

haplotypes identified. The analysis of the molecular variation of Bentley et al. (2008)ôs 

population study indicated 50% differences within the population of F. pseudograminearum 

strains from the Australian grain belt, and 32% between the populations and a further 18% 



11 
 

among the populations within regions. One cluster contained isolates from the north-eastern 

Australian populations and the other cluster contained isolates from the south-central and 

south-western Australian population. Within each cluster, isolates shared at least 78% 

similarity. In a recent study, Khudhair et al. (2019) investigated the genetic diversity of 297 F. 

pseudograminearum strains in years 2008 and 2015 from a total of seven different sites. In 

2008, three geographically distinct location sites were surveyed including Tammin, Karlgarin 

and Jerramungup in WA. In 2015, four other sites were surveyed including Merredin, Corrigin, 

Kondinin and Ongerup, WA. Twenty-one Cleaved Amplified Polymorphic Sequence (CAPS) 

primers were designed targeting potential Single Nucleotide Polymorphisms (SNPs). A high 

level of genotypic variation was observed within F. pseudograminearum populations, but a 

low level was observed between years. An analysis of molecular variance indicated that over 

91% of the variation in the SNP data was within the F. pseudograminearum 2008 and 2015 

populations, less than 1% accounted for differences in years and 8% accounted for the variation 

among populations.   

The genetic variability within a global collection of F. culmorum strains was determined using 

Inter-Simple Sequence Repeat (ISSR) analysis, along with an assessment of aggressiveness 

using three ISSR markers (Mishra et al. 2003). The ISSR analysis in this assay observed a high 

degree of intra-specific polymorphisms within the F. culmorum strains. The research further 

went on to test the aggressiveness of the F. culmorum strains, which was conducted on seeds 

of the wheat cv. Armada (moderately susceptible to F. culmorum). The analysis of variance 

revealed that there was a non-significant difference (P = 0.081) in the overall effect of ISSR 

clusters/groups for aggressiveness to wheat cultivar Armada. However, there was a significant 

variation (P < 0.001) in the aggressiveness of the strains within a particular ISSR clade, with 

59 different strains clustering into seven distinct clades amongst 75 isolates. For instance, the 

isolates belonging to ISSR clade C4 caused 76.1% mean root infection, comparatively higher 

than the isolates of any other ISSR clusters. Additionally, the analysis of variance showed that 

the geographical origins of the strains had a significant (P = 0.013) effect on the diversity. This 

indicates that the effect of geographical origins of the isolates was highly significant for 

pathogenicity to the wheat cultivar (Mishra et al. 2003). 

1.3.6 Crown rot inoculation and screening methods 

Visual disease screening of adult plants in the field is challenging due to cultivar environment 

interactions, the long growing season, the requirement for laborious hand-harvesting, cleaning 
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and rating of individual field-inoculated plants. Therefore, screening methods conducted first 

in a glasshouse provide a useful tool to study early symptom development and potential 

resistance in winter cereal genotypes. In Australia, many studies have utilised different 

methods for visually screening germplasm for assessing crown rot disease in a controlled 

environment, such as the layered pot design method (Wildermuth & McNamara 1994). 

Wildermuth and McNamara (1994) were the first to report the layered pot design as a seedling 

inoculation technique that could be used as an efficient method in breeding programs for 

screening resistance to crown rot. The layered pot design contains three layers of soil. In the 

first layer, the seeds are planted on top of moistened sterilised soil and covered with sieved 

soil. Next ground colonised grain inoculum of F. pseudograminearum is applied and additional 

sieved soil placed on top of the inoculum. The inoculum is activated after seven days by 

watering each pot to field capacity then watering pots daily, to field capacity. After 21 days the 

three-leaf sheaths are rated for disease severity using a 0 to 4 scale where 0= healthy and 4 is 

greater than 75% diseased. The result of the disease severity in the glasshouse of this method 

was positively correlated to the disease severity in the field (Wildermuth & McNamara 1994).  

Wallwork et al. (2004), tested the disease severity of bread wheat and durum wheat infected 

with F. pseudograminearum and F. culmorum using a terrace screening system to pursue 

alternative sources of resistance. In this system, plants are grown in open-ended tubes set into 

galvanised baskets which are then placed on sand in outdoor terraces. The seeds are planted in 

the surface of potting mix and covered with another layer of the potting mix. The inoculum in 

this system is applied as small propagules of inoculated wheat chaff with the potting mix in the 

last layer. This system can be used to screen large numbers of cultivars at a low cost and has 

the ability to detect adult plant resistance with reasonable reliability without conducting a field 

trial (Wallwork et al., 2004). In both the Terrace system and the layered pot design, the 

inoculum is applied as a colonised grain added to the soil in a layer above the seeds. Thus, the 

coleoptile grows through the soil and the inoculum, similar to a natural field infection. 

However, the Terrace method cannot distinguish the very high level of susceptibility observed 

in durum in the field (Wallwork et al., 2004). Purss (1966) also reported that there was no 

correlation between the seedling in the glasshouse and field reaction for the adult plants. 

Furthermore, Wildermuth et al. (2001) investigated sources of partial resistance to crown rot 

caused by F. pseudograminearum in wheat grown in artificially inoculated soil in the 

glasshouse and the field. The disease resistance could not be detected in all cultivars at the 

seedling stage. In this case, the depth of crown formation was determined to test the partial 

resistance of 13 cultivars/lines of wheat. There was a correlation between the depth of crown 
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formation in wheat cultivars and their reaction to crown rot in seedlings and mature plants. 

With the exception of cultivar Sunco, cultivars and lines with deeper crowns were less resistant 

than those with shallow crowns (Wildermuth et al., 2001).   

Mitter et al. (2006) developed a high-throughput germplasm screening method which 

inoculates the stem base of a wheat seedling with a macroconidia suspension of F. 

pseudograminearum. Mitter et al. (2006) used the application of a 10ml fungal inoculum to the 

stem base of a wheat seedling. The seedlings are held in a horizontal position for 2 days in 

100% humidity in the dark before being returned to normal growth conditions in the 

glasshouse. The disease measured was scored using the lesion length using the formula of 

Crown rot severity index = (length of stem discolouration/seedling height) × (number of leaf 

sheath layers with necrosis) (Mitter et al. 2006; Li et al. 2008). This method is useful for 

evaluating a large number of cultivars in breeding programs (Mitter et al. 2006; Li et al. 2008).  

To inoculate crown rot trials in the field the inoculum is added to a plot by either applying 

cereal seed inoculated with a macroconidia suspension of Fusarium species (Hollaway et al. 

2013), or by applying colonised grain inoculum such as colonised millet (Smiley et al. 2005) 

or colonised wheat/barley grain (Malligan 2009) into the farrow. Recently, a study by Smiley 

(2019) was conducted to assess the influences of Fusarium inoculation procedures on the 

development of crown rot under field conditions. They used a mechanized system to place 

exact inoculum units above the wheat seed. Two methods of inoculum were utilised in this 

study including a ground Fusarium-colonised (F. pseudograminearum or F. culmorum) wheat 

and oat mixture and a colonised whole millet. Wheat seeds and the inoculum were dropped 

from separate tubes at different depths in the soil. Both inoculation systems increased the 

incidence and severity of crown rot. The millet seed inoculation system was preferred for wheat 

production systems in the semi-arid Pacific Northwest, USA, because it was much safer to use 

than the ground inoculum placed with the wheat seed, and the number of inoculum units 

dispensed per unit area was much easier to quantify. 

1.3.7 Crop root system characteristic  

Drought is one of the principal factors that have an impact on plant growth and contribute to 

yield losses (Bray 1997; Manschadi et al. 2006; Palta & Watt 2009). A crop root system that is 

deep and abundant at depth contributes to maintaining yield stability in dry seasons and dry 

environments, particularly where periods of drought occur during the season (Palta & Watt 

2009; Palta & Yang 2014). Drought also has an impact on water efficiency and osmotic 

adjustment (Munns 1988). Root system characteristics are of fundamental importance to soil 
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exploration and below-ground resource possession which can be the key to improve crop 

adaptation to drought (Manschadi et al. 2006; Manschadi et al. 2008; Christopher et al. 2013). 

A large root system, classified by root dry weight, length, density and root angle, plays a major 

role in adapting grain crops to dry environments (Manschadi et al. 2006; Manschadi et al. 2008; 

Palta et al. 2011). Root characteristic formation can be reflected to some extent in the genetic 

background and the environmental adaptation of genotypes. For instance, Manschadi et al. 

(2008) indicated that wheat cultivars that grow in the southern and western regions generally 

had a wider growth angle and lower number of seminal roots. However, wheat cultivars with 

higher performance on deep clay soils in the northern region revealed a narrower root angle. In 

addition, Manschadi et al. (2008) also suggested that some cultivars grown in the northern 

region of Australia expressed conflicting combinations of seminal root angle and number of 

the seminal roots.  That may be due to other factors such as resistance to various diseases and 

improved grain quality along with possessing drought-adaptive root systems (Manschadi et al. 

2008). 

 Crown rot and root characteristic interaction 

The incidence of crown rot disease is greater in areas with high levels of soil moisture at the 

start of the season (Burgess et al. 2001; Kazan & Gardiner 2018). During the season, the 

increased growth of the plants depletes the sub-soil moisture, making the plant more 

susceptible to water stress late in the season and more vulnerable to disease infection (Burgess 

et al. 2001; Kazan & Gardiner 2018). Thus, yield losses due to crown rot pathogens are 

intensified by limited rainfall and drought conditions at the end of the season (Burgess et al. 

2001; Hollaway et al. 2013). Drought conditions may have an impact on water efficiency, 

osmotic adjustment and the root architecture of the plant. Several studies have inspected the 

colonisation of crown rot pathogens on the roots (Knight & Sutherland 2013b; Knight & 

Sutherland 2017; Xu et al. 2018), with a focus on examining the visual symptoms and the 

presence of DNA of crown rot pathogens (Knight & Sutherland 2013b; Knight & Sutherland 

2017). However, there has been no research published which has examined the root physiology 

in plants affected by crown rot. 

1.3.8 Disease control and management 

Crown rot is a difficult disease to manage, as the fungus can survive for years in soil and stubble 

residues (Wildermuth et al. 1997; Kazan & Gardiner 2018). For many years, the disease has 

become more widespread in Australian cereal growing environments because of the adoption 
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of minimum tillage and stubble retention practices in farming systems (Burgess et al. 2001; 

Bovill et al. 2006; Kazan & Gardiner 2018). Susceptible cultivars, duration of cropping and 

favourable environmental conditions are other factors associated with an increase in crown rot 

in the field. Furthermore, stubble burning or incorporating stubble into the soil may reduce 

inoculum levels (Burgess et al. 1996), but this practice may have a negative effect on the yield 

by removing moisture that would otherwise be available to the crop, especially during early 

development stages (Burgess et al. 2001). Crop rotation is another method to reduce the 

inoculum levels of the disease (Burgess et al. 2001; Kazan & Gardiner 2018). A non-host crop 

such as chickpea, canola, and sorghum can be helpful in reducing crown rot levels in 

subsequent plantings (Purss 1966; Burgess et al. 1996). A study by Burgess et al. (1996) 

indicated that the inoculum levels of F. pseudograminearum were reduced in sorghum (non-

crown rot host)/wheat rotations compared to continuous wheat rotations.  

Early studies showed that seed treatments with fungicides or the application of fungicides to 

stem bases did not seem to provide sufficient protection from crown rot (Serafin et al. 2011). 

However, more recently it has been reported that fungicides have been used effectively against 

F. culmorum by reducing incidence by 29 to 96% in glasshouse experiments, either as a seed 

treatment (Moya-Elizondo & Jacobsen 2016) or as a foliar spray (applied twice at Zadoks 

growth stages 31 and 45 with either fluquinconazole or tebuconazole, or with epoxiconazole 

and carbendazim) (Akgül & Erkilic 2016). It is not clear whether these fungicides are suitable 

for crown rot caused by F. pseudograminearum. 

Agronomic practices are useful tools to reduce crown rot in the field, however, they are not 

always compatible with economical and practical considerations. Hence, improving the genetic 

resistance of cereal cultivars to crown rot is an important breeding objective. To date cultivars 

with complete resistance to this disease for both wheat and barley are not available. Currently, 

in Australia, varieties are moderately susceptible (MS), which is a measurement of visual 

disease symptoms and the fungal biomass (Zaicou-Kunesch et al. 2017; GRDC 2018, 2019b). 

In Queensland (QLD), Australia, the wheat cultivars most resistant to crown rot are Mitch, 

Sunguard, Baxter, and LongReach Spitfire which are moderately susceptible. For barley, the 

cultivars most resistant are RGT Planet, Rosalind, and Shepherd, which are moderately 

susceptible to susceptible (MSS) to crown rot (GRDC 2019b). Durum wheat cultivars are 

considered susceptible to very susceptible to crown rot (GRDC 2019b).  

In Australia, quantifying the level of fungal DNA in the soil has become possible due to access 

to the commercial PreDicta B test (Ophel-Keller et al. 2008). This test is an important tool for 

growers to assist with managing the risk of crown rot pathogens in the paddock. This assay 
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uses a quantitative real-time polymerase chain reaction (qPCR) technology to determine DNA 

concentrations of different pathogens, including crown rot pathogens (Hollaway et al. 2013). 

In Australia, a low risk category for crown rot are reported at 0.6 ï 1.4 log Fusarium DNA/g 

soil, medium and high levels are reported as 1.4 ï 2.0 and >2.0 log Fusarium DNA/g soil, 

respectively (Simpfendorfer & McKay 2015). 

1.3.9 Resistance to crown rot and the host responses  

Crown rot research in Australia is most frequently carried out using F. pseudograminearum 

due to the widespread distribution of F. pseudograminearum across Australian cereal growing 

regions (Burgess et al. 2001; Backhouse et al. 2004).  Barley and wheat cultivars have been 

assessed for crown rot reactions in most of these studies, in which their reaction to F. 

pseudograminearum ranged from partially resistant to very susceptible (Wildermuth & 

McNamara 1994; Percy et al. 2012; Knight & Sutherland 2017; Kazan & Gardiner 2018). The 

first study on host responses to crown rot was conducted in glasshouses by Purss (1966), with 

the crown rot reactions of wheat, oat, barley and maize assessed after inoculation with F. 

graminearum (at which time F. graminearum was not divided into two groups but presumably 

F. pseudograminearum was the pathogen that was causing the disease in this study). The 

general conclusion reached from this study was that bread wheat was less resistant to crown 

rot and oat showed high levels of resistance. Since then extensive research has focused on the 

identification of genetic resistance to this pathogen, particularly in bread wheat (Wildermuth 

& McNamara 1994; Wildermuth et al. 1999; Bovill et al. 2006; Collard et al. 2006; Bovill et 

al. 2010; Percy et al. 2012). Wildermuth and McNamara (1994), examined wheat cultivars and 

breedersô lines for potential resistance to crown rot caused by F. pseudograminearum in both 

field and glasshouse trials. Initial results indicated that Puseas was more susceptible then 

Vasco, Hartog, Gala, and 2-49, respectively. Further experimentation on 28 wheat 

cultivars/lines, tested in both the field and glasshouse, demonstrated that cultivars/lines Gluyas 

Early, Mexico 234, and IRN497 showed partial resistance to F. pseudograminearum, while 

Puseas, King, and Vasco indicated high susceptibility. Nelson and Burgess (1994) also assessed 

the inoculation of F. pseudograminearum on bread wheat, barley, oat, and durum wheat 

cultivars in both field and glasshouse experiments. Each host exhibited varying resistance to 

F. pseudograminearum, with lower visual symptoms observed in the oat cultivars compared to 

wheat and barley cultivars. Recently, however, oat plants suffering severe crown rot disease 

were recorded on the Darling Downs QLD (Personal communication Percy C.), with F. 
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culmorum isolated from the diseased stem bases. While F. culmorum has been shown to cause 

crown rot in winter cereals (Backhouse et al. 2004; Scherm et al. 2013), there is only one study 

that has reported yield losses to this pathogen in Australia (Hollaway et al. 2013). Hollaway et 

al. (2013) found that F. culmorum caused less or similar yield losses compared to F. 

pseudograminearum in bread wheat and barley. In this study, F. pseudograminearum caused 

greater disease severity in barley, bread wheat, and durum wheat than F. culmorum. The F. 

culmorum DNA concentrations in the soil correlated positively with the crown rot disease 

discolouration and whiteheads incidence and negatively related to grain yield of barley, bread 

wheat, and durum wheat.  

1.4 COMMON ROOT ROT: THE DISEASE   

 Common root rot caused by Bipolaris sorokiniana (Sacc. in Sorok) Shoem [(teleomorph 

Cochliobolus sativus (Ito and Kurib. Drechsel. ex Dastur)] is a significant soil-borne disease in 

Australia which cost the wheat and barley industry $30 and $13 million, respectively (Murray 

& Brennan 2009; Murray & Brennan 2010). Common root rot can be found in any winter cereal 

growing region in Australia and worldwide (Wildermuth 1986; Kumar et al. 2002). In 

Australia, particularly in NSW, common root rot was severe during the 1920s and 1930s due 

to wheat monoculture practises (Hynes 1932). The first recorded incident of common root rot 

in QLD was in 1964 (Simmonds 1966). Disease incidences were reduced when ley farming 

was introduced, in which the paddock is used for pasture or left fallow for a period between 

cropping (Butler 1961). A survey was conducted by Wildermuth (1986) in 1978, 1979, and 

1980 indicating that common root rot was found in all areas of QLD (Darling Downs, Western 

Downs, South-Western Downs Dawson, Callide Central Highlands, Maranoa, and far West 

QLD) and was most severe on the Darling Downs and least severe in the Central Highlands of 

QLD, Australia. The combined incidence of all areas studied changed from 77% in 1978, to 

65% in 1979, and to 57% in 1980. The reduction of common root rot incidence observed in 

1980 was more likely due to the lower rainfall in that year (Wildermuth 1986).  

1.4.1 Common root rot: symptoms  

The symptoms of common root rot can be similar to crown rot and it is difficult to distinguish 

the two diseases without pathogen isolation and identification tests being conducted. 

Symptoms first appear as small brown necrotic lesions on the coleoptile and roots (Kumar et 

al. 2002), then lesions also develop on the SCI and lower parts of the leaf sheaths. B. 

sorokiniana infections in seedlings can lead to the death of tissues in the roots, crown and the 
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base of the leaf sheaths. In the mature plant, brown discolouration may also be observed on 

stem bases. Severely infected plants are stunted and have fewer tillers, and produce pinched 

grain at harvest (Kumar et al. 2002; Moore et al. 2005). 

1.4.2 Common root rot: pathogens 

The fungus B. sorokiniana is distributed worldwide causing common root rot, leaf spots, and 

spot blotch (Kumar et al. 2002; Bockus et al. 2010). In Australia, common root rot is caused 

by B. sorokiniana and is associated with some Fusarium species, including F. 

pseudograminearum and F. culmorum  (Purss 1970; Wildermuth et al. 1997). In dryland 

regions in North America, the pathogens most frequently associated with common root rot are 

B. sorokiniana and F. culmorum  (Hill & M eshane 1983;  Smiley et al. 2005).  

 Bipolaris sorokiniana: morphology and characteristics 

B. sorokiniana is a heterothallic pathogen. The fruiting body (perithecium) of the sexual stage 

is round and 300ï400ɛm in diameter. A small aperture allows sexual spores (ascospores) to be 

released (Mathre 1982). The mycelium of B. sorokiniana on PDA culture varies from olive-

brown colour to white thick growth. This has been shown to depend on the aggressiveness of 

the strain (Jaiswal et al. 2007). The conidiophores are olive-brownish in colour and at the early 

development stage, they have a light grey colour (Fig. 4a) (Acharya et al. 2011). The 

conidiophores are 6-10 × 110-220 ɛm in size. The conidia are 15-28 × 40-120 ɛm in size, 

falcate to fusiform, with a slight curve, and pointed at the basal and apical cell (Acharya et al. 

2011).  

 

Figure 4. (a) Conidiophores and conidia of Bipolaris sorokiniana (100X); (b) a single conidia 

(400X). 

a b 
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1.4.3 Lifecycle of Bipolaris sorokiniana 

Bipolaris sorokiniana survives in the form of mycelia and asexual conidia which can be found 

within the top 10 cm of soil (Wildermuth et al. 1997). This fungus can also be associated with 

seed infections (Kumar et al. 2002). This pathogen occurs as mycelium, and colonisation of 

live tissue is important in the disease cycle, while the saprophytic stage has not been shown to 

be important (Bockus et al. 2010).  The conidia produced by the anamorphic stage can also 

survive for years in the soil or as mycelia in the host residues (Bockus et al. 2010). The first 

step of infection on the host root tissue is adhesion which occurs with the germination of the 

conidia within one hour of watering (Apoga et al. 2001). The fungus then grows and colonises 

on the plant surface and invades the epidermal cells of the host tissue. It colonises the host 

tissue intracellularly by forming a specialised structure called an appressorium, which is the 

swelling of a hyphal tip pressed firmly against the tissue surface (Horne, 2015; Kumar et al., 

2002). The appressorium enables invasion by forming a penetration peg, an outgrowth at the 

base of the appressorium, that penetrates the cuticle and the epidermal cells, parenchyma cells 

and both the external and internal cortex of root or leaf tissue (Han et al. 2010; Horne 2015). 

First infections occur on coleoptiles, SCI and primary and secondary roots (Bockus et al. 2010).  

1.4.4 Bipolaris sorokiniana genetic diversity  

High levels of genetic variability were observed among B. sorokiniana populations (Kumar et 

al. 2002; Oliveira et al. 2002; Arabi & Jawhar 2007; Knight et al. 2010). Most of these studies 

investigated the genetic variability in B. sorokiniana populations causing spot blotch disease 

(Zhong & Steffenson 2001; Oliveira et al. 2002; Knight et al. 2010). To our knowledge, in 

Australia, there is no study to date that has examined the genetic diversity in B. sorokiniana 

populations that cause common root rot. Using RAPDs and ITS-RFLP Arabi and Jawhar 

(2007) assessed the pathogenicity of 22 B. sorokiniana strains causing common root rot and 

originating from diverse geographical sources within Syria. The results of this study showed a 

high level of variability within B. sorokiniana strains identifying 11 unique haplotypes. The 

strains clustered into three groups due to their different haplotypes detected by a similarity 

index of 0.56 for RAPD and 0.47 for ITS-RFLP. There was no relationship observed between 

the genetic profiles, pathogenicity and geographic origin. The pathogenicity test on barley 

cultivars ranged from susceptible to resistant, to these B. sorokiniana strains.  
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1.4.5 Inoculation and screening methods 

To determine the disease severity caused by the common root rot pathogen, the degree of lesion 

development on the SCI in both glasshouse and field trials was measured (Wildermuth et al. 

1992). Wildermuth and McNamara (1987) developed a screening method to test the 

susceptibility of winter and summer crop cultivars infected with B. sorokiniana in glasshouse 

experiments. The inoculum used in this test is soil amended with wheat and barley grain 

colonised by B. sorokiniana. The amended soil is added to clay pots and seeds are planted on 

the top of the soil surface. The soil is watered to the field capacity 39% and subsequently 

rewatered every 2-3 days. All plants are harvested after flowering. After harvesting, the roots 

of five plants per treatment are washed and the SCIs removed. Roots are plated onto CZA for 

seven days. The growth of B. sorokiniana from all roots is recorded. The SCIs are rated 

individually for disease severity using a 1 to 5 scale (Wildermuth 1986). In this study, there 

was a negative correlation between the SCI lesions and the infection of the root. In general, 

recovery of B. sorokiniana was higher from SCIs than from roots (Wildermuth 1986). Syrian 

researchers Arabi and Jawhar (2001, 2013) proposed multiple methods in separate studies 

including in-vitro experiments, in which Gibberellins hormone (GA3) was employed to 

enhance elongation of the SCI to measure the degree of common root rot severity on barley 

cultivars. The advantage of this method is that it can be harvested in two weeks (Arabi & 

Jawhar 2001). In the sandwich filter paper method that was conducted by Arabi and Jawhar 

(2013) ten SCIs per genotype were inoculated with a mixture of five strains of B. sorokiniana 

and the seedlings incubated for five days in sandwich filter paper placed into polyethylene 

transparent envelopes. After 48hrs, the initial disease symptoms were detected. In the pot assay 

that was conducted in the same study of Arabi and Jawhar (2013), the seeds were inoculated 

by mixing them thoroughly with a conidial suspension of B. sorokiniana. After inoculation, 

seeds were grown in pots and incubated in a growth chamber at 22 Ñ 1  (day) and 17 Ñ 1  

(night) with a day length of 12 h. Plants harvested after seven weeks and the SCI for each 

seedling was rated using the 0ī5 scales. A positive correlation was identified in the sandwich 

filter paper method and the pot assays, that were conducted, indicating that this testing 

procedure was reliable. 

1.4.6 Disease control and management 

In Australia, B. sorokiniana can be found in black earths, grey, brown clays and red-brown 

earths or wherever wheat and barley are grown (Wildermuth et al. 1992). Common root rot can 
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cause the most damage to plants at higher temperatures (above 29°C) and when plants are 

suffering water stress conditions (Wildermuth, 1986, Hill and Blunt, 1994). Similar to crown 

rot, common root rot needs wet conditions to initiate the infection, while drier conditions 

towards the end of the season lead to severe disease (Purss, 1970). Common root rot is a 

difficult disease to manage as the pathogen can survive in the soil for years (Wildermuth 1986; 

Wildermuth et al. 1997). Several methods have been used to try to manage common root rot in 

Australia including ley farming with a non-host crop (Butler 1961; Wildermuth & McNamara 

1991) stubble management (Wildermuth et al. 1997), and use of fungicides (Murray & Brennan 

2010). Wildermuth et al. (1997) reported a reduction in the disease severity of common root 

rot in wheat when the stubble was removed and also lower in a no-tillage treatment in Billa 

Billa in southern QLD. Ley farming or crop rotation is a useful tool to reduce the level of B. 

sorokiniana in the field (Wildermuth & McNamara 1991). Lower levels of B. sorokiniana have 

been recorded in buffel grass, cocksfoot, lucerne, mung bean, snail medic, sorghum, sunflower 

and White French millet-wheat rotation (Wildermuth & McNamara 1991). 

Testing the DNA concentration of B. sorokiniana in the soil before planting utilising the 

PreDicta B testing service is a useful tool for the growers to identify the risk of the CRR 

pathogen in the field (McKay et al. 2018). Risk categories for B. sorokiniana are still under 

development. In Australia, preliminary results have indicated 1 log B. sorokiniana DNA/g soil 

represents a low risk while >2 log B. sorokiniana DNA/g soil considered to be a high risk 

(McKay et al. 2018).    

Breeding for resistance is the most effective method of B. sorokiniana disease control. 

However, to date, there are no available wheat and barley cultivars highly resistant to common 

root rot. Currently, varieties only have moderate resistance to this disease (DPIRD 2017; 

Zaicou-Kunesch et al. 2017; GRDC 2018, 2019b). The wheat cultivars grown in QLD with the 

highest level of resistance to common root rot are Strzelecki and Lang which are Moderately 

Resistant ï Moderately Susceptible (MRMS) (GRDC 2019b). The durum cultivar Jandaroi is 

Moderately Resistant (MR) to common root rot (GRDC 2019b) and barley cultivars Compass, 

Scope CL, and Spartacus CL are MS (GRDC 2019b). 

1.4.7 Resistance to common root rot/host response  

In Australia, Wildermuth and McNamara (1987) examined the susceptibility of 24 winter and 

17 summer crops to B. sorokiniana infection in glasshouse and field experiments. Infections of 

both lesioned and randomly selected root segments of crowns were confirmed by plating them 
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on CZA. For this test, the infection in winter cereals was higher than in summer crops. Among 

the summer crops, the perennial grass Cocksfoot had high levels of infection in the roots (85%), 

while white panicum had high levels of infection on the crowns (32%). Among the winter 

crops, wheat, barley, oat, rye and canary grass had the greatest infection on roots and crowns 

(44 to 100%) in seedling assays. The recovery of B. sorokiniana was higher from crowns and 

stems than from the roots. For the field trials, wheat (36.8 to 93.8%), barley (84.2 to 87.1%) 

and triticale (53.1 to 83.8 %) were equally susceptible, while oat was more resistant (17.7 to 

32.2%) to common root rot. 

Wildermuth et al. (1992), reported significant yield losses when examining disease infection 

of wheat cultivars inoculated with common root rot. The Australian wheat varieties Timgalen, 

Songlen, and Hartog were susceptible to common root rot with yield losses ranging between 

23.9 and 40% whereas yield loss in the partially resistant lines 1008 C16 and ISWYN 32 ranged 

between 6.8 and 13%.  

1.5 SIGNIFICANCE OF THE STUDY  

Multiple fungal species can be associated with crown rot and common root rot, including F. 

pseudograminearum, F. culmorum, F. graminearum, and B. sorokiniana. Barley, bread wheat, 

durum wheat, oat, and triticale have been identified as potential hosts of these fungal species. 

The comparative ability of F. pseudograminearum, F. culmorum, F. graminearum and B. 

sorokiniana to cause significant crown and common root rot disease in these winter cereal 

species has not been examined in detail. Extensive research on crown rot has focused on F. 

pseudograminearum including host response, genetic resistance, and yield loss mostly on 

wheat and barley, while there are few studies on F. culmorum and F. graminearum causing 

crown rot. 

 The rankings of F. pseudograminearum, F. culmorum, F. graminearum, and B. sorokiniana 

on different hosts and the ranking of barley, bread wheat, durum wheat, oat, and triticale 

according to visual discolouration of each pathogen have not been thoroughly compared. 

Knight and Sutherland (2017) and Hollaway et al. (2013) compared the disease symptoms of a 

single strain each of  F. pseudograminearum and F. culmorum in a range of winter species. In 

these studies, F. culmorum showed the same or less disease severity on winter cereals as F. 

pseudograminearum. Furthermore, F. graminearum has not been considered an important 

pathogen causing crown rot in Australia. However, with a changing climate, F. graminearum 

could be a significant pathogen causing crown rot on a large number of hosts such as barley, 
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bread wheat, durum wheat, oat and triticale. This knowledge is critical to designing effective 

disease management strategies to crown rot and common root rot. 

In Australia, oat has been associated with crown rot and has been described as either a 

completely resistant or symptomless host. However, the capability of F. culmorum strains to 

cause crown rot on Australian forage oat cultivars has not been investigated. The result of this 

study will extend our knowledge to understand the role of oat cultivars in crop rotation to crown 

rot.  

Crown rot disease occurs under water stress conditions (drought) which can lead to yield loss 

and death of the host (Burgess et al. 2001). Characteristics such as increased transpiration 

efficiency, osmotic adjustment and adapted roots may assist in reducing the disease severity of 

the host. Investigating the root health system under crown rot disease pressure may be useful 

to understand some of the mechanisms involved in disease resistance. Breeding for these 

characteristics may minimise disease susceptibility and thus yield losses. To the best of our 

knowledge, no study to date has investigated the effect of crown rot pathogens on the root 

architecture of wheat in a controlled environment. 

1.6  FOCUS AND AIMS OF THE STUDY 

This study will conduct detailed experimentation to measure disease development and impacts 

caused by the crown rot and common root rot pathogens F. pseudograminearum, F. culmorum, 

F. graminearum, and B. sorokiniana on bread wheat, barley, durum wheat, oat, and triticale.  

Aim 1: Examine the host responses to F. pseudograminearum, F. culmorum, F. graminearum, 

and B. sorokiniana and the disease development at the seedling stage in glasshouse tests.  

The disease severity will be recorded by scoring the brown discolouration on the SCI and three-

leaf sheaths. The host reaction to the four pathogens will be examined by measuring the shoot 

height and dry weight.  

Aim 2: Determine the differences in crown rot and common root rot disease severity and host 

response across a range of winter cereals in field trials.  

The rate of infection spread through the plants will be examined by rating the lesions on the 

SCI, leaf sheaths and stem tissue. Differences in disease reactions between cultivars and species 

will be described to determine potential resistance to crown rot and common root rot.  

Aim 3: Assess the susceptibility of forage oat cultivars to different F. culmorum strains in a 

controlled environment. 
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The visual discolouration will be recorded by rating the browning discolouration on first leaf 

sheath. The presence and absence of the Fusarium DNA will be identified using PCR assay.   

Aim 4: Examine the effect of crown rot disease on the root development of a susceptible bread 

wheat cultivar in a controlled environment. 

The impact of F. pseudograminearum and F. culmorum on root system characteristics will be 

examined by measuring the root angle, root length, root number and root fresh and dry weights. 

Above ground disease reaction will be described to determine whether there is an association 

between the above ground and below ground response during crown rot infection. 
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CHAPTER 2 

COMPARISON OF DISEASE SEVERITY CAUSED BY FOUR SOIL -

BORNE PATHOGENS IN WINTER CEREAL SEEDLINGS 

In this study, two strains each of Fusarium pseudograminearum, F. culmorum, F. 

graminearum, and Bipolaris sorokiniana were compared across a range of winter cereal 

species: barley, bread wheat, durum wheat, oat, and triticale in glasshouse tests  for  visual 

symptoms on the leaf sheaths and sub-crown internode . The host reaction including shoot 

height and dry weight of the five winter cereals infected with the crown rot and common root 

rot pathogens was recorded. 

 

Saad A., Macdonald B., Martin A., Knight N. L., & Percy C. (2019a). Comparison of disease 

severity caused by four soil-borne pathogens in winter cereal seedlings. This chapter was 

prepared according to the instructions to authors given by the European Journal of Plant 

Pathology. 
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Abstract 

In Australia, crown rot of cereals is predominantly caused by Fusarium pseudograminearum 

and Fusarium culmorum, and common root rot by Bipolaris sorokiniana. Fusarium 

graminearum is an important pathogen causing Fusarium head blight worldwide and has also 

been reported to cause crown rot of wheat. The comparative ability of F. pseudograminearum, 

F. culmorum, F. graminearum and B. sorokiniana to cause crown rot and common root rot 

across a range of winter cereal species requires investigation. One cultivar each of barley, bread 

wheat, durum wheat, oat, and triticale were inoculated with two strains of each of the four 

pathogens in glasshouse trials. At 21 days after inoculation, the sub-crown internode and leaf 

sheaths of each plant were visually rated for disease severity. Shoot length and dry weight of 

inoculated plants were compared to non-inoculated controls. Barley and bread wheat had the 

greatest disease severity ratings on leaf sheaths and sub-crown internode (64.7 to 99.6%) 

whereas oat had the lowest disease severity ratings across all pathogens (less than 5%). The 

shoot length of all cultivars was significantly reduced (12.2 to 55%, p < 0.05) when exposed 

to F. pseudograminearum, while only barley dry shoot weight was significantly reduced (45.1 

to 57%, p < 0.05) when inoculated with F. pseudograminearum. This study provides a 

comparison of pathogenicity of crown rot and common root rot pathogens and demonstrates 

significant variation in disease severity and host response across a range of winter cereals. 

These results will contribute to the search for resistance in these cereal species. 

Keywords: Bipolaris sorokiniana, Fusarium culmorum, F. graminearum, F. 

pseudograminearum, winter cereals 

Introduction  

Crown rot and common root rot of cereals are of key economic significance worldwide (Kazan 

and Gardiner 2018; Kumar et al. 2002). In Australia, crown rot results in estimated annual 
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losses of $21 and $79 million for the barley and bread wheat industries, respectively (Murray 

and Brennan 2009; Murray and Brennan 2010). In comparison, common root rot resulted in 

estimated annual losses of $13 and $30 million for the barley and bread wheat industries, 

respectively (Murray and Brennan 2009; Murray and Brennan 2010).  

Fusarium pseudograminearum is the predominant fungus associated with crown rot of cereals 

in Australia (Backhouse et al. 2004; Burgess et al. 1975). Fusarium culmorum also occurs in 

all regions but has been described as the dominant crown rot pathogen in cooler, high rainfall 

areas of South Australia and Victoria (Backhouse and Burgess 2002; Backhouse et al. 2004).  

Fusarium graminearum is considered the most important Fusarium head blight pathogen 

worldwide (Obanor et al. 2013), and has been associated with crown rot in the USA (Dyer et 

al. 2009), South America (Moya-Elizondo et al. 2015) and China (Zhang et al. 2015). In 

Australia, F. graminearum has been reported to cause epidemics of Fusarium head blight 

(Burgess et al. 1975; Obanor et al. 2013), and F. graminearum strains have been shown to 

cause crown rot of wheat following artificial inoculation, however, they were less aggressive 

than F. pseudograminearum strains (Akinsanmi et al. 2004). Other Fusarium species 

associated with winter cereals include F. avenaceum, F. crookwellense, and F. poae, however, 

these fungi are infrequently isolated from crown rot diseased tissue (Backhouse et al. 2004; 

Obanor and Chakraborty 2014). 

The fungus Bipolaris sorokiniana causes seedling blight and the disease common root rot 

(Wildermuth 1986). Bipolaris sorokiniana is often associated with Fusarium species such as 

F. pseudograminearum, F. culmorum and F. graminearum as part of a general dryland root rot 

complex. This complex has been given several other common names including dryland foot 

rot, Fusarium foot rot, crown rot, and common root rot (Smiley et al. 2005) and is viewed as 

one disease affecting the same plant (Smiley et al. 2005; Moya-Elizondo et al. 2011).  
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Crown rot and common root rot pathogens have been isolated from all small grain and winter 

cereals including barley (Hordeum vulgare), bread wheat (Triticum aestivum), durum wheat 

(Triticum turgidum var. durum), oat (Avena sativa), and triticale (× Triticosecale) (Burgess et 

al. 2001; Kumar et al. 2002; Backhouse and Burgess 2002). Bread wheat and barley cultivars 

range from moderately susceptible to very susceptible to crown rot (Lush et al. 2018; Sturgess 

2014), while durum wheat is considered susceptible to very susceptible (Lush et al. 2018). 

Klein et al. (1989) included one triticale genotype in their study, which was considered 

susceptible to F. pseudograminearum. Oat exhibited low levels of discolouration following 

infection with F. pseudograminearum (Burgess et al. 2001; Nelson and Burgess 1994; Percy 

et al. 2012). 

Barley and bread wheat cultivars have varying levels of resistance to the common root rot 

pathogen B. sorokiniana (Wildermuth et al. 1992), where bread wheat cultivars range from 

moderately resistant to very susceptible (Lush et al. 2018). In Australia, Wildermuth et al. 

(1992) reported significant yield losses associated with common root rot infection of bread 

wheat cultivars ranging from susceptible to partially resistant. The yield losses in the 

susceptible cultivars ranged between 13.9 and 23.9%, whereas those in partially resistant 

cultivars ranged from 6.8 to 13.6% depending on the cultivar. Wildermuth and McNamara 

(1991) reported a significant increase in B. sorokiniana levels in wheat that followed plantings 

of barley, oat, and triticale in the field (p<0.05) (naturally field infection), thus, increasing the 

disease severity in wheat.  

The symptoms of crown rot and common root rot are similar, and it is, therefore, difficult to 

distinguish between the two diseases without conducting pathogen isolation and identification 

tests. Crown rot symptoms caused by different Fusarium species are also indistinguishable. 

The symptoms of crown rot begin as small necrotic lesions on the coleoptile, followed by a 

browning of the sub-crown internode and leaf sheath tissue (Burgess et al. 2001). The first 
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obvious symptom of crown rot in the field is browning of stem bases, which is usually observed 

after flowering (Burgess et al. 2001). Subsequent discolouration can reach up to the fifth node 

in stem tissue (Butler 1961; Burgess et al. 2001). Similar to crown rot, common root rot 

symptoms first appear as small brown necrotic lesions on the coleoptile and roots (Wegulo and 

Klein 2010). As the disease progresses, lesions also develop on the sub-crown internode and 

lower parts of the leaf sheaths and the stem (Burrage and Tinline 1960). The sub-crown 

internode has typically been used for rating common root rot disease, while leaf sheaths and 

stems have been used for rating crown rot (Wildermuth et al. 1992; Burgess et al. 2001). A 

strong association occurs between sub-crown internode browning and resistance to common 

root rot (Wildermuth et al. 1992) however, this has not been demonstrated for crown rot (Percy 

et al. 2012; Wildermuth and McNamara 1994). 

The aim of the current study was to determine and compare the abilities of F. 

pseudograminearum, F. culmorum, F. graminearum and B. sorokiniana to cause crown rot and 

common root rot diseases in a single commercially important cultivars of barley (cv. 

Grimmett), bread wheat (cv. Livingston), durum wheat (cv. Hyperno), oat (cv. Genie), and 

triticale (cv. Endeavour). The response to inoculation with the four pathogens was assessed 

using disease severity, shoot length and dry weight measurements of each cereal species. 

Knowledge of the disease-causing abilities of each pathogen species informs strategies for 

disease management and future breeding goals.  

Materials and methods 

Strains and inoculum preparation 

Two strains of each pathogen (F. pseudograminearum, F. culmorum, F. graminearum, and B. 

sorokiniana) were used for inoculations (Table 1). Colonised grain inoculum was produced 

using a modified method described by Malligan (2009) and Percy et al. (2012). A single spore 
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from each strain was grown on Czapek-Dox Agar (CZA) (Leslie and Summerell 2008) and 

incubated for seven days at 25  for Fusarium species and 22   for B. sorokiniana. Mycelium 

was scraped off two CZA plates for each strain and mixed into 1kg bags of sterilised (twice 

autoclaved) bread wheat (650g) and barley (350g) grains and incubated at 25  in the dark. 

After seven days, the bags were shaken manually every two to three days over 21 days to 

encourage uniform colonisation of the grain. After the 28-day period, colonised grain was air-

dried between sheets of blotting paper and subsequently kept in the dark at 25  for a further 

14 days and stirred every two days. Individual inoculums were then ground using an electric 

8-inch Laboratory Mill (Christy & Norris Ltd) to pass through a 2mm sieve. All inoculum bags 

were sealed and stored at 4  for future use. 

Plant growth and inoculation  

Two replicated seedling tests were conducted in a glasshouse at the Leslie Research Facility 

Department of Agriculture and Fisheries (LRF-DAF-Qld), Toowoomba, Australia. The plant 

growth medium consisted of self-mulching black Vertosol of the Irving clay soil association, 

obtained from the Darling Downs in Queensland, Australia (Thompson and Beckmann 1959), 

mixed with river sand (50% sand:50% soil). This mixture was steam-sterilised at 80  for 40 

minutes and air-dried for seven days. No fertiliser was added to the mix. The two seedling tests 

were planted on 5th April 2016 and 5th May 2016, respectively (Australian autumn). Three 

replicate pots each of barley (cv. Grimmett) (moderately susceptible to F. pseudograminearum) 

(GRDC 2018), bread wheat (cv. Livingston) (susceptible to B. sorokiniana and F. 

pseudograminearum) (Lush et al. 2018), durum wheat (cv. Hyperno) (moderately resistant to 

moderately susceptible to B. sorokiniana and susceptible to very susceptible to F. 

pseudograminearum) (Lush et al. 2018)., oat (cv. Genie), and triticale (cv. Endeavour) were 

inoculated individually with two strains of each of the four pathogens, along with a non-

inoculated control treatment. The two experiments were arranged as a randomised complete 
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block design, where each treatment (combination of pathogen, strain, and cultivar) was 

randomly allocated to a pot within each replicate block. The seedling inoculation method 

described by Wildermuth and McNamara (1994) was used with slight modifications. Briefly, 

280g of moist soil (38% moisture content) was added to 5×5×10 cm pots. Fifteen seeds were 

planted at a depth of 5.5 cm from the top of the pot and covered with a layer of sieved dry soil 

(160g). Inoculum (0.45g) was applied in an even layer to the soil surface of all pots excluding 

the non-inoculated control. The inoculum was covered with 40g of dry soil. All pots were 

placed in a water bath at 25oC with natural day lengths in a glasshouse. The inoculum was 

activated after seven days by watering each pot to field capacity (38% moisture content) by 

weight, after which the pots were watered daily up to field capacity. Plants were harvested 21 

days after planting, up to ten plants from each pot were rated for disease severity and assessed 

for shoot length and shoot dry weight. 

Disease severity ratings  

Disease severity was assessed using a 0 to 100% rating scale based on the visual discolouration 

of the sub-crown internode and the first three leaf sheaths. Rating of each tissue occurred in 

5% increments where 0 = no discolouration and 100% = completely discoloured tissue. The 

disease symptoms of the inoculated plants were assessed relative to the background 

discolouration of the non-inoculated control plants of the respective cultivars.  Following 

disease severity ratings, all roots and sub-crown internode were removed, and shoot length of 

each plant was measured from the base of the crown to the tip of the longest leaf. Individual 

shoots were placed in paper bags and dried in a 65°C oven (UF160, Memmert) for 48 h, after 

which dry weights were recorded. 

Data analysis  

The percentage of disease severity on the first three leaf sheaths were totalled and divided by 

three to give a combined leaf sheath percentage. To ensure homogeneity of variance an arcsine 
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square root transformation was applied to the sub-crown internode and the combined leaf 

sheath rating data. The analysis of each variable was performed using a linear mixed model. 

The model included fixed effects for pathogen, strain within pathogen, cultivar, experiment, 

and their interactions. Terms to account for the replicate blocks, plots, and plants within plots 

were included as random effects, with these variances estimated separately for each 

experiment. Estimates of variance parameters were generated using Residual maximum 

likelihood (REML) estimation (Patterson and Thompson 1971). Predictions for each trait were 

generated from their respective models as empirical Best Linear Unbiased Estimators 

(eBLUEs). Where a transformation had been used, predicted means were back transformed to 

the original scale, and approximate standard errors were calculated using the Taylor series 

approximation. All analyses were performed using ASReml-R (Butler et al. 2009) in the R 

software environment (R Core Team 2016). Significance of fixed effects were assessed using 

a Wald test with a significance level of 0.05. 

Data for disease severity of the leaf sheaths and the sub-crown internode have each been 

presented graphically in two ways to allow comparison of significant differences detected 

between cultivars and strains in this study.   

Results  

Comparison of leaf sheath disease severity 

The appearance of visual symptoms caused by the four pathogens on the first three leaf sheaths 

of each symptomatic cultivar were similar (Fig. 1). A significant interaction between 

experiment, pathogen, strain and cultivar (p = 0.017) was observed in the leaf sheath ratings 

(Supplementary Table 1). This interaction meant the two experiments could not be combined. 

Fusarium pseudograminearum caused significantly greater disease severity than F. culmorum, 

F. graminearum and B. sorokiniana in barley (cv. Grimmett), triticale (cv. Endeavour) and 
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durum wheat (cv. Hyperno) (Fig. 2). The greatest disease severity rating was observed for F. 

pseudograminearum in Grimmett (99.6% disease severity). Significant differences were 

observed between some strains of the same pathogen, for example, strain Fc2 and Fg2 had a 

significantly higher leaf sheath rating than strain Fc1 and Fg1, respectively, for Grimmett, 

Livingston, and Endeavour and strain Fp1 had a greater leaf sheaths rating than Fp2 in 

Livingston (Fig. 2).  

For most of the strains, the disease severity on Grimmett leaf sheath tissue was significantly 

greater than Livingston, Hyperno, Endeavour and oat cultivar Genie, respectively, ranged from 

0.33 to 99.6%, yet Livingston was greater than Grimmett for B. sorokiniana (19.6%) (Fig. 3). 

Hyperno (ranged from 0.09 to 30%) and Endeavour (ranged from 0.002 to 30%) had lower 

disease severity when infected by all pathogens compared to Grimmett (ranged from 0.33 to 

99.6%) and Livingston (ranged from 1.14 to 51.53 %). Oat cultivar Genie exhibited 

significantly lower disease severity (p > 0.05) across all pathogens (0.03 to 2.5%) (Fig 3). 

Comparison of sub-crown internode disease severity 

There was a significant pathogen by strain by cultivar interaction for the sub-crown internode 

rating (p < 0.001) (Supplementary Table 2). The highest disease severity ratings were observed 

in Grimmett infected with F. pseudograminearum (100%), followed by F. culmorum (97.6%) 

and one strain of F. graminearum (59.8%) (Fig. 4a). The sub-crown internode disease severity 

in Livingston infected with F. pseudograminearum strains ranged from 32.3 to 64.7%, B. 

sorokiniana strains from 16.5 to 58.2% and a 31% disease severity rating was observed with 

F. culmorum strains (Fig. 4a). Significant variation between strains was observed in the sub-

crown internode disease severity of Grimmett inoculated with F. culmorum and F. 

graminearum, Livingston inoculated with F. pseudograminearum, and Genie inoculated with 

F. culmorum (Fig. 4a).  
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Grimmett (0.5 to 100%) and Livingston (0.9 to 64.7%) had the greatest disease severity on 

the sub-crown internode, whereas Genie (0 to 12%), Endeavour and Hyperno (0 to 13.7%) had 

low levels of sub-crown internode disease severity (Fig. 4b).  

Shoot length 

Shoot length of cultivars varied significantly (p < 0.001) (Supplementary Table 3) in response 

to pathogen inoculation (Fig. 5). In most instances, the inoculated treatments had a reduced 

shoot length compared to the controls. The greatest reduction in shoot length occurred in all 

cultivars inoculated with F. pseudograminearum, where shoot length was reduced by 12% for 

Genie, 13% for Hyperno, 20% for Endeavour, 34.3% for Livingston, and 55% for Grimmett 

compared to the control (Fig. 5). Oat cultivar Genie had the lowest levels of reduction in shoot 

length across all pathogens (6 to 12%) (Fig. 5).   

Shoot dry weight 

A significant interaction between cultivars and strains within the pathogens was observed for 

shoot dry weight (p = 0.035) (Supplementary Table 4). The reduction of dry shoot weight 

between the control and inoculated plants was significant for Grimmett infected with both F. 

pseudograminearum strains (45.1 to 57%), Fc2 (11.6%) and Fg2 (10.7%) (Fig. 6). Genie 

seedlings inoculated with strain Fg1 also had a significant 11% decrease in dry shoot weight 

compared to the control. The dry shoot weight of Livingston was significantly lower (17.2%) 

than the control when inoculated with Fp1.  

Discussion 

In Australia, extensive research on crown rot has focused on F. pseudograminearum. In these 

studies, host response, genetic resistance and yield loss were assessed mostly on bread wheat 

and barley cultivars (Percy et al. 2012; Wildermuth and McNamara 1994; Burgess et al. 1975). 
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In the present study, the focus was expanded to assess the pathogenicity of four crown rot and 

common root rot pathogens across a range of a single cultivar of five winter cereals species. 

Fusarium pseudograminearum strains caused greater disease symptoms than any of the other 

pathogens in Grimmett, Livingston, Hyperno and Endeavour. Similar results to our study were 

observed by Knight and Sutherland (2017), who reported a comparison of visual disease 

symptoms on the leaf sheaths and fungal biomass of a single strain of F. pseudograminearum 

and F. culmorum in seedlings of six winter cereals and three summer cereals. Fusarium 

pseudograminearum caused greater discolouration than F. culmorum in all the cereals, except 

oat, rye, maize, and rice, where the only minimal disease was reported by Knight and 

Sutherland (2017).  

Greater leaf sheaths discolouration was observed on barley cultivar Grimmett (15 to 25%) 

and bread wheat cultivar Livingston (22.4 to 23.5%) when infected with Fg2. In addition, the 

disease severity on the sub-crown internode of Grimmett was also high with this strain (59.8%). 

Fusarium graminearum has not historically been considered an important crown rot pathogen 

in Australia (Obanor & Chakraborty 2014). However, Dyer et al. (2009) and Obanor & 

Chakraborty (2014) suggested that the ability of F. graminearum to cause crown rot might 

increase in areas where Fusarium head blight is more common. In Australia, the fungus has 

been associated with crown rot in areas where head blight occurred in northern NSW and in 

the warm to subtropical areas with moderate to high rainfall in Queensland (Akinsanmi et al. 

2004; Backhouse and Burgess 2002). The F. graminearum strains that were used in our 

glasshouse experiments were isolated from Fusarium head blight affected grain. This suggests 

that F. graminearum may contribute to crown rot disease in Australia under favourable 

conditions. 

Low disease severity ratings (0.07 to 9%) were observed on the leaf sheaths of most hosts 

inoculated with B. sorokiniana strains, except for Livingston where B. sorokiniana strains were 
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equivalent to F. culmorum strains in disease severity. High levels of disease severity (58.2%) 

were only observed on the sub-crown internode of Livingston infected with strain Bs2. This 

finding confirms previous studies that suggested that B. sorokiniana is more effective at 

causing disease on the lower part of the plant (Burrage and Tinline 1960; Wildermuth et al. 

1992).  

Variation between strains within the pathogen species was observed for combined leaf sheath 

and sub-crown internode ratings in some of the cultivars. Fusarium culmorum strain Fc2 

caused greater disease severity on the leaf sheaths than Fc1 on Endeavour, Grimmett and 

Livingston. Also, strain Fg2 frequently caused greater disease severity than Fg1 across the 

cultivars. Fusarium pseudograminearum has been described to vary in aggressiveness between 

strains, depending on several factors including, farming system, geographical factors, and the 

genetic diversity of each strain (Akinsanmi et al. 2004).  

Low levels of disease were observed in durum wheat cultivar Hyperno on the leaf sheaths 

and the sub-crown internode after inoculation with each of the pathogens. Wallwork et al. 

(2004) reported lower than expected disease severity in durum wheat cultivars Gundaroi, 

Tamaroi and Yallaroi with a terrace system. These results are in contrast to the result of Knight 

and Sutherland (2017), where durum wheat cultivars EGA Bellaroi and Jandaroi had similar 

disease severity ratings to the most diseased cultivars of barley. This could be due to some 

cultivars exhibiting resistance in the early stages of growth, with the disease symptoms 

becoming more pronounced in the advanced stages. Yang et al. (2010) suggested that different 

genes can be responsible for crown rot resistance at early developmental stages of wheat and 

barley cultivars and this resistance might disappear throughout growing stages. In addition, the 

inoculation techniques could have had an impact on disease progression. Knight and Sutherland 

(2017) applied 6ɛL of a 106 conidia/mL to the coleoptile, which may have elevated the disease 

severity. In both our system and that of Wallwork et al. (2004), the inoculum was applied as a 
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colonised grain added to the soil in a layer above the seeds. Thus, the coleoptile grows through 

the soil and the inoculum, similar to a natural field infection. 

Triticale cultivar Endeavour had low levels of visual symptoms on the leaf sheaths (0 to 30%) 

and sub-crown internode (0 to 13.7%) compared to Grimmett (0.33 to 99.6%) and Livingston 

(1.1 to 51.5%). Knight and Sutherland (2017) reported that triticale cultivars Hawkeye and 

Berkshire had a high level of disease severity with similar responses to F. pseudograminearum 

and F. culmorum as spring wheat, barley and durum wheat cultivars. This difference may be 

due to the different inoculation methods used or genetic variation between cultivars.  

Oat is considered a resistant or an asymptomatic host of F. pseudograminearum (Percy et al. 

2012; Knight and Sutherland 2017). Low levels of disease, significantly greater than the 

controls, were observed on the sub-crown internode of Genie when inoculated with one strain 

of F. culmorum (12%) and on the leaf sheaths when inoculated with strains of each pathogen, 

with the exception of F. pseudograminearum strain Fp1 (2.5%). While disease levels were low, 

the capacity of oats to host all of these pathogens was confirmed and further supports 

recommendations that oat should not be used as a rotational crop for crown rot (Nelson and 

Burgess 1994) nor common root rot management (Wildermuth and McNamara 1991). 

The physiological impact of disease caused by these four crown rot and common root rot 

pathogens has not extensively been detailed. Fusarium pseudograminearum resulted in the 

greatest reduction of shoot length across all cultivars. Grimmett and Livingston had significant 

shoot length reductions across all pathogens, except B. sorokiniana with Grimmett. While oat 

cultivar Genie had low or no symptoms, there was a significant reduction in the shoot length 

of Genie across all pathogens (p < 0.05). The reduction in the shoot length indicates that each 

pathogen had a negative effect on the development of the host. Similarly, Smiley et al. (2005) 

indicated that disease severity was negatively correlated with plant height for F. 

pseudograminearum, F. culmorum, and F. graminearum but not for B. sorokiniana.  
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Differences in host shoot dry weight were observed but varied according to pathogen or strain. 

Strain Fp1 significantly reduced the dry shoot weight in Grimmett and Livingston while Fg1 

significantly decreased the dry shoot weight in Genie (p < 0.05). This outcome is in contrast to 

Knight et al. (2012), who indicated a significant increase in dry weight of the individual leaf 

sheath up to the fourth leaf for four bread wheat cultivars colonised by F. pseudograminearum, 

compared to non-inoculated controls. This difference between the two studies could be due to 

the dry shoot weight of the entire seedling, including leaf blade, being included in our study. 

A negative impact on the dry shoot weight of plant tissue indicates that each pathogen has a 

detrimental effect on plant growth, however, this level in reduction was not as significant as 

that for shoot length. Further assessment of plant height and weight in the field is crucial for 

investigating the physiological impact of these pathogens. 

This study identified significant differences in disease severity caused by infection with F. 

pseudograminearum, F. culmorum, F. graminearum, and B. sorokiniana in five winter cereals 

species. Fusarium pseudograminearum caused the greatest disease severity on both the sub-

crown internode and leaf sheaths followed by F. culmorum, B. sorokiniana, and F. 

graminearum. The most severe disease symptoms were observed on Grimmett and Livingston, 

while Genie showed low or no symptoms. Significant differences were observed in the host 

response (shoot dry weight and shoot length) to all pathogens with the reduction in the shoot 

length being more significant than the shoot weight. The reactions observed across the cereal 

hosts demonstrate the comparative disease impacts of each of these fungi, which will inform 

improved management strategies for crown rot and common root rot diseases by crop rotation. 

A field test will facilitate further investigation of the impact of these four pathogens on the five 

winter cereals at different stages of plant growth. 
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Table Heading 

Table 1 Location and source of each strain of Fusarium pseudograminearum, F. culmorum, F. 

graminearum, and Bipolaris sorokiniana. 

Figure Headings 

Fig. 1 Example of disease symptoms observed on the first leaf sheaths and sub-crown internode 

of triticale (cv. Endeavour) after inoculation. Treatments include non-inoculated control, 

Bipolaris sorokiniana (Bs), Fusarium culmorum (Fc), F. graminearum (Fg), and F. 

pseudograminearum (Fp). This is representative of symptoms observed on barley, bread wheat, 

durum wheat, and oat. 

Fig. 2 Mean combined leaf sheath disease severity ratings for each experiment by strain by 

cultivar interaction. Treatments include Fusarium pseudograminearum (strains Fp1 and Fp2), 

F. culmorum (strains Fc1 and Fc2), F. graminearum (strains Fg1 and Fg2), Bipolaris 

sorokiniana (strains Bs1 and Bs2), and non-inoculated control for each host. Different letters 

represent significant differences within a cultivar and experiment at Ŭ < 0.05.  

Fig. 3 Mean combined leaf sheath disease severity ratings for each experiment by cultivar by 

strain interaction. Treatments include Fusarium pseudograminearum (strains Fp1 and Fp2), F. 

culmorum (strains Fc1 and Fc2), F. graminearum (strains Fg1 and Fg2), Bipolaris sorokiniana 

(strains Bs1 and Bs2), and non-inoculated control for each host. Different letters represent 

significant differences within a strain and experiment at Ŭ < 0.05. 

Fig. 4 Mean values of the sub-crown internode disease severity rating for the pathogen by 

cultivar interaction (a) and the cultivar by pathogen interaction (b). Treatments include 

Fusarium pseudograminearum (strains Fp1 and Fp2), F. culmorum (strains Fc1 and Fc2), F. 

graminearum (strains Fg1 and Fg2), Bipolaris sorokiniana (strains Bs1 and Bs2), and non-

inoculated control for each host. Different letters indicate significant differences between 

strains within a cultivar (a) and between cultivars for a strain (b) at Ŭ < 0.05. 

Fig. 5 Mean values of shoot length for the pathogen by cultivar interaction. Treatments include 

Fusarium pseudograminearum (Fp), F. culmorum (Fc), F. graminearum (Fg), Bipolaris 

sorokiniana (Bs), and non-inoculated control. Different letters indicate significant differences 

within a cultivar at Ŭ < 0.05. 

Fig. 6 Mean values of cultivar dry shoot weight for the pathogen by strain by cultivar 

interaction. Treatments include Fusarium pseudograminearum (strains Fp1 and Fp2), F. 

culmorum (strains Fc1 and Fc2), F. graminearum (strains Fg1 and Fg2), Bipolaris sorokiniana 

(strains Bs1 and Bs2), and non-inoculated control for each host. Different letters indicate 

significant differences within a cultivar Ŭ < 0.05. 

Supporting Information Headings 

Supplementary Table 1 ANOVA table for analysis of combined leaf sheath disease severity 

ratings of five winter cereals colonised by the four crown rot and common root rot pathogens 

used for this study. Mean separations were described using Ŭ <0.05.  
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Supplementary Table 2 ANOVA table for analysis of sub-crown internode rating of five 

winter cereals colonised by the four crown rot and common root rot pathogens used for this 

study. Mean separations of Ŭ <0.05. 

Supplementary Table 3 ANOVA table for analysis of shoot length of five winter cereals 

colonised by the four crown rot and common root rot pathogens used for this study. Mean 

separations of Ŭ <0.05.  

Supplementary Table 4 ANOVA table for analysis of dry shoot weight of five winter 

cereals colonised by four crown rot and common root rot pathogens used for this study. Mean 

separations of Ŭ <0.05. 
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Table and Figure Headings 

Table 1 Location and source of each strain of Fusarium pseudograminearum, F. culmorum, F. 

graminearum, and Bipolaris sorokiniana. 

Figure 1 Example of disease symptoms observed on the first leaf sheaths and sub-crown 

internode of triticale (cv. Endeavour) after inoculation. Treatments include non-inoculated 

control, Bipolaris sorokiniana (Bs), Fusarium culmorum (Fc), F. graminearum (Fg), and F. 

pseudograminearum (Fp). This is representative of symptoms observed on barley, bread wheat, 

durum wheat, and oat. 

Figure 2 Mean combined leaf sheath disease severity ratings for each experiment by strain by 

cultivar interaction. Treatments include Fusarium pseudograminearum (strains Fp1 and Fp2), 

F. culmorum (strains Fc1 and Fc2), F. graminearum (strains Fg1 and Fg2), Bipolaris 

sorokiniana (strains Bs1 and Bs2), and non-inoculated control for each host. Different letters 

represent significant differences within a cultivar and experiment at Ŭ < 0.05.  

Figure 3 Mean combined leaf sheath disease severity ratings for each experiment by cultivar 

by strain interaction. Treatments include Fusarium pseudograminearum (strains Fp1 and Fp2), 

F. culmorum (strains Fc1 and Fc2), F. graminearum (strains Fg1 and Fg2), Bipolaris 

sorokiniana (strains Bs1 and Bs2), and non-inoculated control for each host. Different letters 

represent significant differences within a strain and experiment at Ŭ < 0.05. 

Figure 4 Mean values of the sub-crown internode disease severity rating for the pathogen by 

cultivar interaction (a) and the cultivar by pathogen interaction (b). Treatments include 

Fusarium pseudograminearum (strains Fp1 and Fp2), F. culmorum (strains Fc1 and Fc2), F. 

graminearum (strains Fg1 and Fg2), Bipolaris sorokiniana (strains Bs1 and Bs2), and non-

inoculated control for each host. Different letters indicate significant differences between 

strains within a cultivar (a) and between cultivars for a strain (b) at Ŭ < 0.05. 

Figure 5 Mean values of shoot length for the pathogen by cultivar interaction. Treatments 

include Fusarium pseudograminearum (Fp), F. culmorum (Fc), F. graminearum (Fg), 

Bipolaris sorokiniana (Bs), and non-inoculated control. Different letters indicate significant 

differences within a cultivar at Ŭ < 0.05. 

Figure 6 Mean values of cultivar dry shoot weight for the pathogen by strain by cultivar 

interaction. Treatments include Fusarium pseudograminearum (strains Fp1 and Fp2), F. 

culmorum (strains Fc1 and Fc2), F. graminearum (strains Fg1 and Fg2), Bipolaris sorokiniana 

(strains Bs1 and Bs2), and non-inoculated control for each host. Different letters indicate 

significant differences within a cultivar Ŭ < 0.05.
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Table 1 Location and source of each strain of Fusarium pseudograminearum, F. culmorum, F. graminearum, and Bipolaris sorokiniana. 1 

Species Strain 

designation 

BRIP 

accession 

no.a 

Collection 

year 

Collection location Source of strain 

F. pseudograminearum Fp1 

 

Fp2 

64949 

 

64952 

2009 

2012 

Emerald, 

Queensland (Qld) 

Irvingdale, Qld 

Crown rot 

affected stem  

F. culmorum 

 

Fc1 

 

Fc2 

64973 

 

64974 

2010 

 

2010 

Unknown location, 

New South Wales  

Crown rot 

affected stem  

 

F. graminearum 

 

 

Fg1 

 

Fg2 

 

64975 

 

64976 

 

2010 

 

2010 

 

Tolga, Qld 

 

Clifton, Qld 

 

Fusarium Head 

blight affected 

grain 

 

B. sorokiniana 

 

 

Bs1 

 

Bs2 

 

64970 

 

 64972 

 

2005 

 

2006 

 

Moonie, Qld 

 

Wallumbilla, Qld 

 

Common root rot 

affected sub-

crown internode 

a 
BRIP: Queensland Plant Pathology Herbarium (Australia) 2 

 3 

 4 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
















































































































































































































































