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Abstract 

Brassica napus, oilseed rape (OSR), is a worldwide cultivated crop belonging 

to the family Brassicaceae, broadly used in crop rotations with cereals. 

Production is focused on oil for human consumption, biodiesel and feedstock. 

OSR has undergone intensive breeding for optimization of oil content, disease 

resistance and augmentation of yields, and today is considered one of the most 

profitable crops. Nonetheless, oilseed rape is the primary host for the 

necrotrophic soil-borne pathogen Rhizoctonia solani anastomosis group (AG) 

2-1.  Infection of seedlings causes damping off disease and decreases crop 

establishment and yields. AG 2-1 is the most prevalent AG of R. solani in 

wheat fields in the UK. Currently there is no OSR germplasm resistant to R. 

solani AG 2-1. Available control methods include cultural practices and 

chemical seed treatments, which aim to postpone the infection and hence 

improve crop establishment. Changes in agronomic practices and crop 

management, including choice of cultivars, tillage, application of fertilisers and 

pesticides, mean that there is a danger of future outbreaks of diseases that in 

the past were not considered as major problem. This includes R. solani AG 2-1 

which can infect other rotational crops as well and due to its saprophytic nature 

remains in the fields for years. The aim of the PhD was to elucidate 

interactions between R. solani AG 2-1 and B. napus, by identifying potential 

resistant traits and understanding how the pathogen counteracts OSR plant 

defences. 

The first objective was to develop and compare different high-throughput 

screening methods that could be used for the phenotyping of OSR germplasm 

interactions with R. solani AG 2-1. Four methods were developed and 

compared: (1) nutrient media plates, (2) compost trays, (3) light expanded clay 

aggregate (LECA) trays and (4) a hydroponic pouch and wick system. 

Inoculation of LECA was the most suitable method for screening disease 

caused by AG 2-1 to OSR germplasm, because it allowed the detection of 

differences in disease severity between the tested OSR genotypes 5 days post 

infection (dpi) and also to conduct measurements in whole plants.  



xvii 

The second objective was to identify any sources of disease resistance by 

screening a diversity of OSR germplasm. To start the screening, I selected 

randomly germplasm from commercial cultivars and parental lines of mapping 

populations that was available in our seed bank. Overall, the germplasm tested 

consisted of commercial cultivars, genotypes from diversity sets and a 

mapping population. All genotypes tested appeared to be susceptible to AG 2-1 

infection as shown by high disease levels, reduced emergence and survival. 

Additionally, I tested if any induced defence responses from exposure to 

disease could be inherited in the next generation through an epigenetic stress 

response. However, all progeny plants were also highly susceptible indicating 

that there was no evidence for transgenerational induction of resistance in this 

system. 

The third objective was to gain insight into OSR plant defences when exposed 

to a combination of attacking organisms, as this often occurs in real field 

situations. I investigated the role of M. persicae infestation on OSR 

susceptibility to R. solani AG 2-1.  There was no effect of AG 2-1 infection on 

aphid performance. However, M. persicae infestation resulted in significantly 

more disease symptoms in B. napus cv. ‘Canard’ plants although there were no 

significant differences in the amount of fungal DNA. Marker genes LOX3 and 

MYC2 had an augmented expression under AG 2-1 treatment but were 

downregulated in plants exposed to both aphids and pathogen. Hence, it 

appears that aphid infestation induced changes in the jasmonic acid (JA) 

signalling pathway, which resulted in the increased susceptibility to AG 2-1.  

In conclusion, the present work provided a new high-throughput screening 

method suitable to phenotype disease by AG 2-1 in the early seedling stage 

within a short time period. Unfortunately, the current results confirm previous 

studies indicating that AG 2-1 is an extremely aggressive isolate to OSR 

germplasm that lacks genetic resistance. Nonetheless, the observed differences 

between the germplasm tested in the present work suggest that there are 

potential tolerant traits. For the first time, the current work provided evidence 

that M. persicae infestation can negatively affect plant defences against R. 

solani AG 2-1, through suppression of genes involved in JA signalling. 

Additionally, it was demonstrated that R. solani AG 2-1 induces the activation 
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of defence mechanism related to both JA and salicylic acid (SA) pathways. 

Future studies aiming to identify resistant/tolerant traits should screen wider 

Brassica germplasm, including wild species. Additionally, it will be 

particularly interesting to explore how R. solani overcomes OSR defences by 

examining the expression of a broader array of genes involved in plant defence 

mechanisms. 
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Chapter 1. Rhizoctonia solani AG 2-1 and Brassica napus – 

a review of current knowledge 

 

This chapter presents a review of literature of Rhizoctonia solani AG 2-1 and 

oilseed rape, focusing on pathogen’s global distribution, the available control 

methods the absence of resistance and AG 2-1 ability to manipulate plant 

defences. This chapter is a manuscript in preparation for publication.  

1.1 Author contribution 

This manuscript is composed and researched by F. Drizou. Editing and 

supervision guidance was provided by N. Graham and T. Bruce.   
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1.2 Abstract 

Rhizoctonia solani is a globally distributed necrotrophic fungus with a wide 

range of crop-hosts including cereals, legumes and brassicas. Brassica napus, 

oilseed rape (OSR), is the primary host of R. solani anastomosis group (AG) 2-

1. Infection by AG 2-1 causes seed decay and damping off disease in young 

seedlings which reduce crop establishment and yields. In our view, R. solani 

AG 2-1 due to its global distribution and prevalence, its saprophytic nature and 

its high virulence to OSR could be a potential threat for future epidemics. As 

there is no recent review of the R. solani AG 2-1 – OSR system, we provide 

here an update on knowledge of the global occurrence of the pathogen, the 

available control methods, the lack of genetic resistance in OSR and the 

mechanisms used by AG 2-1 to trigger plant defences.  

Key words: Rhizoctonia solani, Brassica napus, control, resistance 
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1.3 Introduction 

The Brassicaceae plant family includes some of the most important cultivated 

crops worldwide including Brassica oleracea, Brassica rapa and Brassica 

napus. The latter is a tetraploid species (AACC) and the result of crossing 

between B. oleracea (CC) and B. rapa (AA) (Mason and Snowdon, 2016). It is 

considered as a recent crop; its cultivation started in Europe and extended 

worldwide (Chalhoub et al., 2014). Today it is one of the most profitable and 

cultivated crops in Canada, China, India and EU (Carré and Pouzet, 2014, 

USDA, 2017). Oilseed rape has undergone intensive breeding for the 

elimination of eluric acid and glucosinolates (GSL), improvement of oil 

content and quality and disease resistance (Chalhoub et al., 2014). Advances in 

breeding and agronomy are expected to improve production and increase 

yields in the future (Hu et al., 2017). However, so far breeding strategies for 

disease management target specific plant pathogens without taking into 

account the potential risk of others that also occur in the field. In addition, the 

increasing global demand for food, the need to minimise the negative impact 

of intensive agriculture on the environment and climate changes have resulted 

in changes to crop management practices (Kremen and Miles, 2012, Stavi et 

al., 2016); these include alterations to crop rotations, choice of cultivars, 

tillage, fertilisation and pesticides application (Hannukkala et al., 2016, 

Kremen and Miles, 2012, Stavi et al., 2016). These changes can directly and 

indirectly affect the environment for many pathogens, leading to outbreaks of 

diseases that previously were not considered significant problems and can 

decrease productivity (Hannukkala et al., 2016).  

1.4 Rhizoctonia spp. 

The fungal complex of the Rhizoctonia genus comprises many important soil-

borne necrotrophic plant pathogens worldwide. Rhizoctonia species are 

primarily allocated in three groups according to the number of nuclei per cell; 

the multinucleate Rhizoctonia solani Kühn with sexual morph Thanatephorus 

cucumeris Donk, the binucleate Rhizoctonia cerealis with sexual morph 

Ceratobasidium cereale and Rhizoctonia oryzae and Rhizoctonia zeae, both 

multinucleate with sexual morph in the genus Waitea (Ogoshi, 1987, Vilgalys 

and Cubeta, 1994). Moreover their pathogenicity, morphology and genetic 
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similarities lead to further classification into anastomosis groups (AG) based 

on their ability for hyphal fusion (Cubeta and Vilgalys, 1997, Vilgalys and 

Cubeta, 1994). Rhizocotnia solani consists of 13 AGs (AG 1 to AG 13) 

(Carling et al., 2002) and molecular methods have identified more subsets 

within AG 1, -2, -3 and -4 (Guillemaut et al., 2003, Stodart et al., 2007) 

(Figure 1.1). 

 

Figure 1.1 Rhizoctonia spp. colonies in petri dishes: (a) R. cerealis, (b) R. solani 

AG 4 and (c) R. solani AG 2-1.  

 Rhizoctonia solani host plants include many important agricultural crops such 

as wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), brassica 

species, sugar beet (Beta vulgaris), peas (Pisum sativum L. and other members 

in the Fabaceae family), cotton (Gossypium spp.), potato (Solanum 

tuberosum), corn (Zea mays) and soybean (Glycine max). However, there is 

variability in the pathogenicity of each AG to these crops, with some isolates 

more specialised to certain plant species while others have a wider range of 

hosts (Anderson, 1982). For example AG 8 is known to be mostly pathogenic 

to wheat and barley (Ogoshi et al., 1990) and AG 2-1 to brassicaceous species 

(Babiker et al., 2013),  whereas AG 4 is more generalised with a wider range 

of hosts (Tomaso-Peterson and Trevathan, 2007). Despite the high virulence 

and specialisation of some AGs towards certain hosts, they can still infect 

other crops causing less severe symptoms if the plant is able to effectively 

defend against them. Pannecoucque et al., showed a difference between 

pathogenic and non-pathogenic AGs in their interaction with B. oleracea, 

driven by the effectiveness of basal plant defences (Pannecoucque and Hofte, 

2009). The non-pathogenic interaction with AG 3 and AG 5 resulted in less 

severe disease compared to the pathogenic interactions with AG 2-1 
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(Pannecoucque and Hofte, 2009). The diversity of R. solani and its wide plant-

host range in combination with its saprophytic nature, which enables its 

survival in crop residues, makes it an important crop pathogen. However, its 

presence in fields may not be immediately apparent due to its cryptic nature 

that does not result in visual symptoms in non host plants. In precise, the build-

up of the pathogen may occur slowly over time due to changes in crop 

management and/or environmental factors but in the absence of the primary 

host plant infection could be asymptomatic (Hannukkala et al., 2016, Melzer et 

al., 2016). Crop losses can be high, for example, yield losses of marketable 

onion bulbs could be reduced by 25% to 60% due to stunting caused by 

Rhizoctonia complex including R. solani AG 3, AG 4, AG 2-1, AG 8, within 

diseased patches (Sharma-Poudyal et al., 2015). Infection of sugar beet with 

AG 2-2, negatively affects 5-10% of European and U.S. fields (Buttner et al., 

2004) and R. solani infections in oilseed rape can result in significant losses as 

root rot can lead to 17% yield loss (in a single plant) which can further increase 

up to 65% if the roots are completely damaged compared to healthy plants or 

plants with low disease incidence (Klein-Gebbinck and Woods, 2002). In the 

present review we are interested in the interaction between AG 2-1 and 

Brassica napus (oilseed rape, OSR), its primary host. 

1.5  Rhizoctonia solani AG 2-1 

Rhizoctonia solani AG 2-1 is an asexual Basidiomycetes that does not form 

spores compared to its sexual morph T. cucumeris. It survives in soil, crop 

debris or/and on seeds, in the form of hyphae or sclerotia (survival structures 

consisted of a dense mass of harden hyphae). Infection process occurs as 

hyphae growing on plant tissues, adhere on the surface of plant stem and forms 

T-shaped branches, followed by the formation of infection cushions 

(Pannecoucque and Hofte, 2009). Penetration occurs soon after either by 

infection cushions or through stomata and within 3 days AG 2-1 colonises 

cortex and vascular tissues. During this process, AG 2-1 is able to strongly 

degrade pectin and alter plant cell walls (Pannecoucque and Hofte, 2009). AG 

2-1 infects germinating seeds and young oilseed rape seedlings causing seed 

decay, pre- and post-emergence damping off (Agrios, 2005) (Figure 1.2).  
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Figure 1.2. Life cycle of Rhizoctonia solani AG 2-1 on oilseed rape; pathogen 

remains as active hyphae or forms sclerotia in soil, crop debris and/or seeds. 

Under the presence of the host-plant and favourable environmental conditions, 

sclerotia germinate and hyphae penetrate plant tissues causing disease.  

Characteristic symptoms of the disease are root rot and hypocotyl rot 

(damping-off), where dark brown lesions are formed on the hypocotyl of the 

young seedlings near the soil surface (Figure 1.3). Hypocotyls eventually 

become thinner, dry out and unable to support the seedling (Figure 1.3) 

(Agrios, 2005, Khangura et al., 1999, Lamichhane et al., 2017). Rhizoctonia 

solani AG 2-1 is favoured by cool temperatures during the establishment phase 

of the crop but during later growth stages and warmer temperatures AG 4 is 

also pathogenic to OSR causing stem rot (Yitbarek et al., 1988).  

 

Figure 1.3 Damping-off disease on oilseed rape seedlings with the characteristic 

brown lesions on the hypocotyl near the soil surface, caused by R. solani AG 2-1 

infection. 

1.6 Geographical distribution of AG 2-1 

Rhizoctonia solani AG 2-1 is known to be a cosmopolitan species, it has been 

isolated from fields in Canada, USA, Australia, Europe and Asia (Brown et al., 

2014, Goll et al., 2014, Hannukkala et al., 2016, Jaaffar et al., 2016, Khangura 
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et al., 1999, Melzer et al., 2016, Tewoldemedhin et al., 2006, Zhang et al., 

2016). Surveys of cereal fields, in Washington State (USA), between 2000 and 

2011 showed that AG 2-1 was consistently the most frequent AG (32%) 

isolated. Although AG 8 was the second most isolated group (14%), it had 

considerable variation between the years surveyed compared to the consistency 

observed with AG 2-1 (Jaaffar et al., 2016). Extensive research has been 

carried out in Canada and studies from the 1980’s identified AG 2-1 as the 

main AG in oilseed rape fields. Gugel et al., found that AG 2-1 represented the 

92.8% of the Rhizoctonia spp. isolated from fields in Peach River Region 

during the summer of 1987 Gugel et al., 1987). Also, another study identified 

AG 2-1 (36%) to be the second most isolated group after AG 4 (53%) in 

oilseed rape fields in Saskatchewan during the summer of 1984 (Yitbarek et 

al., 1987). Additionally, surveys conducted in 2009-2011 in different crop 

fields in Canada identified AG 2-1 as the most frequent AG isolated in 

Western Canada (Melzer et al., 2016). Taken together, these studies indicate 

the stable occurrence of AG 2-1 in Canada where canola is a major crop 

grown. Moreover, Tewoldemedhin et al., also identified AG 2-1 as the second 

most isolated AG from crops in a rotational program between 2000 and 2003, 

in South Africa (Tewoldemedhin et al., 2006). Surveys in Europe have also 

revealed the presence of AG 2-1; Goll et al., found that AG 2-1 represented 7% 

of the R. solani isolates from soil samples collected in Germany, Poland and 

UK (Goll et al., 2014). Additionally, Brown et al., found AG 2-1 to be the 

most prevalent AG isolated from 69% of  soil samples collected from wheat 

fields across the UK (Brown et al., 2014) and Hannukkala et al., also found 

that R. solani AG 2-1 is the most frequent isolated pathogen in OSR during the 

late 2000s compared to surveys during 1980s in Finland (Hannukkala et al., 

2016). Recently Zhang et al., identified AG 2-1 as the main agent causing 

damping-off in oat (Avena sativa) seedlings in China (Zhang et al., 2016). 

These studies show that despite the differences of its occurrence between 

countries, AG 2-1 it is present in cultivated areas throughout the world. 

1.7 Pathogenicity and epidemiology of AG 2-1 

Pathogenicity studies have consistently confirmed that, although AG 2-1 is 

extremely aggressive to B. napus and other brassica species, it is also able to 
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infect and cause disease in other plant species. Meltzer et al., revealed that AG 

2-1 isolates (isolated from OSR, pea and wheat seedlings) were pathogenic to 

lentil (Lens culinaris), pea, soybean and wheat (56%, 36%, 28% and 29% of 

AG 2-1 isolates respectively) (Melzer et al., 2016). Additionally, 

Tewoldemedhin et al., demonstrated that AG 2-1 infection caused damping-off 

not only in oilseed rape but also in medic (annual Medicago spp.), lupin 

(Lupinus spp.) and lucerne (Medicago sativa L.) (Tewoldemedhin et al., 2006). 

However, the virulence of AG 2-1 was different for other crops and only very 

low levels of damping-off were observed for clover (Trifolium spp.) , barley 

and wheat (Tewoldemedhin et al., 2006). Similarly, AG 2-1 has been shown to 

be pathogenic but is less virulent to wheat (Jaaffar et al., 2016, Sturrock et al., 

2015). A factor that affects pathogenicity of AG 2-1 is the source of the isolate, 

with isolates from young seedlings known to be more aggressive to OSR than 

isolates from adult plants (Verma, 1996). In addition there is variability in the 

pathogenicity between isolates even within AG 2-1 and isolates from non-

symptomatic plants in the field could be pathogenic and cause disease under 

control conditions to other crop hosts (Melzer et al., 2016). Considering the 

different epidemiological factors that influence disease severity, it is expected 

that there will be variation in pathogenicity between isolates of AG 2-1 and in 

their aggressiveness towards different hosts and different regions. Furthermore, 

due to its saprophytic capabilities and the formation of sclerotia in adverse 

environmental conditions AG 2-1 is capable of maintaining its presence in 

crop fields without being a significant problem to other non-host crops grown 

in the rotation, but when the primary plant host, OSR, is present it can cause 

severe disease, reducing crop establishment and yields.  

1.8 Control methods 

Due to the great variability in the R. solani complex, available control methods 

are not designed specifically for AG 2-1 and therefore here we discuss general 

control methods that are used. Control methods against R. solani aim to 

eliminate pathogen occurrence in the field or postpone infection of plants in 

the young seedling stage.  
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1.8.1 Chemical control 

Chemical control is probably the most efficient available control method 

against R. solani. Seed treatments with fungicides are a preventative method 

that protect young seedlings against pre-emergence damping off leading to 

increased establishment (Kataria and Verma, 1992). Several broad spectrum 

fungicides are available to control R. solani, including sedaxane, metalaxyl, 

iprodione and carboxin (Cook, 2001, Lamichhane et al., 2017, Yang and 

Verma, 1992, Zeun et al., 2013). Sedaxane belongs to the class of fungicides 

known as succinate dehydrogenase inhibitors (SDHI). This class of fungicides, 

bind to the SDH complex and inhibits the action of enzymes interfering with 

the TCA cycle and respiration chain (Zeun et al., 2013). Sedaxane, have been 

shown to be effective against a range of R. solani AGs: isolates of different 

AGs collected from different soils across Europe were all found to be sensitive 

(in vitro) to sedaxane with EC50 values ranging between 0.001 and 0.093 

p.p.m. indicating that sedaxane could be used for the control of multiple AGs 

(Goll et al., 2014). Additionally, in vitro experiments have demonstrated that 

different AGs of R. solani, isolated from soybean fields (from soybean and 

sugar beet plants), were extremely sensitive (EC50 values less than 1 p.p.m.) to 

penflufen and sedaxane, while they were extremely or moderately sensitive 

(EC50 values between 1 p.p.m. and 10 p.p.m.) to ipconazole and 

prothioconazole (DMI class of fungicides that interfere with the C14-

demethylase, a vital ezyme for the biosynthesis of sterols in plasma 

membrane), indicating that SDHI fungicides are better for the control of R. 

solani (Ajayi-Oyetunde et al., 2017). Following on from this, positive results 

from the use of those four fungicides were also obtained from glasshouse 

experiments, with seed-treated soybean plants showing less disease compared 

to non-treated controls (Ajayi-Oyetunde et al., 2017). Although none of the 

seed-treatments completely controlled the disease in soybean, seed treatments 

can aid the establishment of the crop in the field despite the presence of the 

pathogen. Research has shown that a combination of fungicides with different 

modes of action gives better results in terms of seedling survival, emergence 

and reduced damping-off disease. Seed treatments with a combination of 

difenconazole, fludioxonil, metalaxyl-M and thiamethoxam or metalaxyl, 
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thiram and iprodione one day prior to sowing in inoculated medium (mix of 

soil, perlite and sand) have been shown to result in reduced disease incidence 

and improved oilseed rape survival and growth against AG 2-1 and AG 4 

(Lamprecht et al., 2011). Xu et al., demonstrated that seed treated with 

metalaxyl alone was not sufficient to control AG 4 infection in soybean, but 

when combined with other fungicide chemicals (e.g. carbathin, fludioxonil, 

trifloxystrobin, HEC5725) both emergence and yield were improved compared 

to the untreated control (Xue et al., 2007). Nonetheless, the authors stated that 

none of the seed treatments provided the same emergence and yields as non-

inoculated control treatment and that a more holistic approach that takes into 

account environmental conditions and agricultural practices is needed for the 

control of R. solani (Xue et al., 2007).  

In addition to seed treatments, although rarely used, application of fungicide in 

the field can also control R. solani infection but its efficacy depends on 

epidemiological factors such as pathogen’s spread which should define the site 

and method of application (Le Cointe et al., 2016). Considering that R. solani 

exists in the soil either as mycelia or sclerotia and targets host-plant’s roots or 

seeds, general surface application of the fungicide will not be effective. Le 

Cointe et al., studied the chemical control of AG 4 in Raphanus sativus with 

pencycuron (a fungicide primary developed to have a selective mode of action 

to R. solani on rice and potato) and they found that the fungicide was not 

effectively controlling the pathogen if the latter was in close proximity to or 

had reached the plant (Le Cointe et al., 2016). However, localised application 

of pencycuron eliminated pathogen growth and the best approach to prevent 

infection was to apply the fungicide in thin strips between plants/seeds in order 

to protect the rhizosphere of the plant (Le Cointe et al., 2016).  

Overall, chemical control of R. solani to prevent early infection is promising 

but factors such as the specificity of the AGs towards the crop host and the 

environmental conditions that exist in the field should be considered prior to 

application of any fungicide. However, chemical control should not be the sole 

method of controlling R. solani but part of an integrated control strategy that 

also includes cultural and biological practices.  
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1.8.2 Cultural control 

Cultural practices such as soil tillage, fertilisation and sowing date are 

important factors that can alter the population dynamics of the pathogen in the 

field. Considering the saprophytic nature of R. solani, the presence of crop 

residues could be deleterious as they will enable pathogen survival and spread 

in the soil in the absence of a host (Papavizas et al., 1975). Tillage is another 

practice that influences the incidence and severity of R. solani, as the plant 

residues and the undisturbed soil enable the survival of the pathogen (Cook, 

2001). Contrary to this, a recent interesting study found that the change from 

conventional or reduced tillage to no tillage in combination with fertilisation 

seemed to reduce the risk of R. solani disease in oilseed fields in Finland 

(Hannukkala et al., 2016). The authors however, stated that the higher risk of 

disease incidence was due to a combination of risk factors (Hannukkala et al., 

2016). Fertilisation is considered as an essential cultural practice to manage 

damping-off disease (Lamichhane et al., 2017). Providing young seedlings 

with nutrients improves their emergence and growth and helps them to escape 

the pathogen infection (Lamichhane et al., 2017). It has also been found that 

direct application of nitrogen, phosphorus and sulphur beneath the seed is 

beneficial because it promotes the availability of nutrients to young seedlings 

lacking a developed root system (Cook, 2001, Lamichhane et al., 2017). 

Removal of the ‘green bridge’ (living plants between cultivations) is argued to 

be an efficient way to control R. solani, as it minimises the available living 

plant material that can serve as host for the pathogen (Cook, 2001). 

Nonetheless, considering the saprophytic nature of this pathogen, even with the 

removal of the ‘green bridge’ R. solani would still be present in the field.  

Another factor that significantly influences disease incidence and is linked 

with disease escape, is seeding depth. Shallow seeding enables faster 

emergence and reduces pre-emergence damping-off compared to seeding in 

deeper soil layers that increases the exposure time of the seed/seedling to R. 

solani (Kharbanda and Tewari, 1996). Sowing OSR seeds into AG 2-1 

inoculated soil mix at 3 cm depth reduced the emergence of seedlings by 58% 

compared to 15% at 2 cm, 12 % at 1 cm and the non-inoculated controls (79% 

at 3 and 2 cm and 85% at 1 cm), indicating that increased sowing depth 
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favours infection by AG 2-1 (Khangura et al., 1999). Moreover, shallow 

seeding in combination with fast growing cultivars could be very beneficial. It 

is known that AG 2-1 attacks OSR roots and significantly reduces their volume 

and surface area within 6 days which impairs the establishment of a strong root 

system and the acquisition of nutrients (Sturrock et al., 2015). The 

establishment of a long primary root in OSR is crucial as it is positively 

correlated with higher seed yields (Thomas et al., 2016b). Therefore, 

genotypes with faster growth of the primary root and more lateral roots will 

probably be able to escape AG 2-1 infection in the crucial seedling stage, 

without put at risk yields. A key factor is also the sowing date as it is linked 

with soil conditions such as temperature and moisture (Hannukkala et al., 

2016). It is known that AG 2-1 is favoured by lower temperatures and during 

cool weather disease incidence can increase (Yitbarek et al., 1988) and 

therefore earlier sowing is expected to benefit crop establishment. However, as 

AG 4 prefers warmer temperatures for infection of OSR (Yitbarek et al., 1988), 

planting time decisions should be made carefully. Although there is no direct 

effect of soil moisture on AG 2-1 and seedling emergence and infection, 

increased soil moisture benefits disease occurrence in adult plants (Teo et al., 

1988). Although it has been stated that crop rotations have a benefit and reduce 

soil-borne pathogens (Kharbanda and Tewari, 1996), in the case of R. solani 

they do not seem to be helpful due to their wide host range. As stated 

previously, despite AG 2-1 being very aggressive towards OSR, it is also 

pathogenic to other crops such as wheat, potatoes and peas that are used in 

crop rotations. Consequently, rotations are unable to control the pathogen 

population and they can actually benefit its build up in the field and even a 

long break with cereals are not sufficient; Hannukkala et al., demonstrated that 

a break with cereals for 4-6 years actually resulted in increased disease caused 

by AG 2-1 (Hannukkala et al., 2016).  

1.8.3 Biological control 

Over the last few decades interest in developing alternative control measures 

against pathogens has increased. This is not only due to the harmful effects of 

fungicides on the environment but also due to the ability of pathogens to 

evolve fungicide resistance. The genus Trichoderma consists of different 
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fungal species known to antagonise plant pathogens, directly attack them and 

also promote plant growth (Vinale et al., 2008). They produce a range of cell-

wall degrading enzymes, lytic enzymes and secondary metabolites during 

mycoparasitim which negatively affect pathogens growth (Benitez et al., 2004, 

Karlsson et al., 2017, Vinale et al., 2008). Additionally, these properties are 

known to vary according to the Trichoderma species. Atanasova et al., showed 

that Trichoderma species differ in their strategies when counteracting R. 

solani; for example when Trichoderma virens and Trichoderma atroviride 

sense the presence of R. solani, genes related with attack are regulated, while 

Trichoderma reesei modifies gene expression for competition of nutrients 

(Atanasova et al., 2013). Additionally, differences are also observed between 

T. virens and T. atroviride with the first preparing for direct attack and 

poisoning the pathogen with the production of gliotoxin and the second 

exploiting a less aggressive tactic towards parasitism with elements of 

antibiosis and the use of hydrolytic enzymes (Atanasova et al., 2013). 

Moreover, the presence of Trichoderma in the field and the colonisation of the 

plants is known to enhance plant growth and performance through bio-

fertilisation (Benitez et al., 2004). Currently several commercial products with 

Trichoderma are available across the world, however, as with other biocontrol 

agents, their effectiveness is variable and closely related to the interactions that 

are taking place within the soil environment (O’Brien, 2017, Vinale et al., 

2008). 

Another potential biocontrol agent is the non-pathogenic binucleate 

Rhizoctonia, which has been shown to reduce damping off and root rot, caused 

by AG 2-1 and AG 4, on oilseed rape (Verma, 1996). In addition, hypovirulent 

binucleate Rhizoctonia has been shown to induce systemic acquired resistance 

(SAR) and induce systemic resistance (ISR) in Arabidopsis thaliana plants 

against AG 4 infection, which resulted in a minor increase in plant protection 

(Sharon et al., 2011).  

Plant members of the Brassicaceae family contain chemical compounds 

known as glucosinolates (GSL) that have a major role in plant defences (van 

Dam et al., 2009). The hydrolytic products of GSL such as isothiocyanates 

(ITC) have antimicrobial activity and inhibit pathogen growth. Incorporation 
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of plant material from brassica plants as well as seed meals in the soil enables 

the release of these compounds and can be used as an alternative control 

method termed biofumigation (Kirkegaard et al., 2000). In the case of R. 

solani, an in vitro study showed that hyphal growth was eliminated when 

exposed to allyl ITC from Brassica juncea seeds at concentrations 100-400 

p.p.m. and repressed at higher concentrations (Chung et al., 2002). However, 

the authors did not observe a suppressive activity from the volatile compounds 

from B. oleracea and Brassica campestris seeds, indicating that there is 

probably a species specificity in their effectiveness against the pathogen 

(Chung et al., 2002). Moreover, variability exists within R. solani; Smith and 

Kirkegaard (Smith and Kirkegaard, 2002) found that R. solani exhibits an 

intraspecific variability, between different AGs, regarding its responses to 2-

phenylethyl ITC in vitro and they suggest that we need to be careful when we 

target specific pathogens. Although, there is a clear indication from in vitro 

studies that there is a suppressive effect of GSL and their hydrolytic products, 

field studies indicate that the reality is more complicated. For example, oilseed 

rape seed meal increased Streptomyces spp communities and reduced apple 

root infection by R. solani AG 5 in treated soils compared to untreated, but had 

no effect on hyphal growth and the authors concluded that these modifications 

were not due to GSL content in the seed meal but from another unknown 

mechanism (Cohen et al., 2005). In addition, soils treated with seed meal from 

B. juncea, B. napus and Sinapis alba reduced root rot incidence on wheat 

caused by R. solani AG 8 compared to untreated soils (Handiseni et al., 2013). 

Although, the three plants varied in the amount of GSL they produced, all 

reduced AG 8 incidence in wheat, hence probably other mechanisms 

contributed to the suppression of AG 8 (Handiseni et al., 2013). Another 

approach of biofumigation and seed meal application is the use of ITC 

compounds in seed coating, aiming to eliminate the pathogen infection during 

seeding; Chung et al., showed that ground seed meal from B. juncea with the 

appropriate carrier (biolan peat B3 mix), improved the control of damping-off 

in B. oleracea caused by AG 4 (Chung et al., 2002). So far, it is clear that 

biofumigation approaches have potential in the biocontrol of R. solani, 

nonetheless further research focusing on the variation between GSL from 
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different brassica plants and the specificity of each AG is vital for the efficient 

control of specific AGs.  

1.9 Resistance 

All current control methods and practices only provide a partial solution to 

control damping-off disease in OSR caused by AG 2-1. They aim to promote 

the faster emergence and growth of seedlings by suppressing the fungal 

growth, however, even the most efficient chemical control does not provide 

complete control of the pathogen. Thus, identifying resistant OSR germplasm 

to AG 2-1 would probably be the most sustainable and effective way to control 

damping-off disease. Identifying resistance can be divided in two components: 

identifying genetic resistance (true resistance) and identifying ‘escaping’ traits 

(tolerance) to overcome the infection. More than 30 years have passed since 

the first published research aimed at identifying resistance in B. napus to AG 

2-1 and yet no resistant germplasm has yet been identified. Acharya et al. 

(1984), were the first to screen B. napus lines for resistance to damping-off 

using AG 2-1. Among the 300 lines from B. napus and B. campestris that they 

screened during chamber experiments none were resistant, nevertheless they 

identified differences in their emergence and survival under control and field 

conditions. Overall they showed that there was no genetic resistance and 

variation existed even within the same plant genotype regarding response to 

AG 2-1 (Acharya et al., 1984).  

For the identification of resistance traits and their integration through breeding, 

screening of other Brassica species is also important. Another study attempted 

to identify resistance from a range of lines from B. napus, B. oleracea, B. rapa, 

B juncea, S. alba, Camelina sativa and other related species; the authors 

estimated the resistance based on seedlings emergence and survival but all 122 

genotypes were susceptible and only S. alba had better performance (Yang and 

Verma, 1992). Similarly to Acharya et al., they also identified differences in 

host-plant responses between and within the tested species including B. napus 

and B. campestris (Acharya et al., 1984). Furthermore, Babiker et al., tried to 

assess the responses of different genotypes of B. napus, B. rapa, B. juncea, B. 

carinata, S. alba and C. sativa to AG 2-1 but none of the genotypes were 
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resistant; survival of seedlings, shoot length and fresh weight were 

significantly reduced compared to the control seedlings (Babiker et al., 2013). 

Yet they were able to identify tolerance to AG 8 infection in some genotypes 

and through heritability experiments found that resistance could be improved 

(Babiker et al., 2013). This is also in correlation with Khangura et al., as they 

also found that progenies of AG 2-1 inoculated asymptomatic (or with few 

lesions) plants performed better than their parents (Khangura et al., 1999). 

Although, these are promising findings it is evident that the lack of genetic 

resistance remains as a major problem for controlling this pathogen. In the 

absence of suitable resistance traits in readily accessible germplasm, 

conventional breeding techniques may not be enough and transgenic 

approaches or ancestral introgression lines may be required. 

1.10 Plant defences 

An alternative approach to elucidate the lack of resistance and develop 

efficient control methods would be to understand the plant-host and pathogen 

interaction at the molecular level and identify how OSR interacts with AG 2-1. 

Considering the necrotrophic lifestyle of this pathogen, the understanding of 

the early stages of infection/interaction are important as they will help to 

prevent the colonisation by R. solani (Okubara et al., 2014). Unfortunately, so 

far it is not clear how AG 2-1 overcomes/manipulates plant defences and it 

seems that different mechanisms are used by AG 2-1 compared to other AGs. 

Studies in Arabidopsis showed that different AG induce different plant 

responses: Perl-Treves et al., indicated induction of glutathione S-transferase 

GSTF8 gene resulted from the infection of AG 8 but not from AG 2-1, which 

is very aggressive to Arabidopsis (Perl-Treves et al., 2004). The last 

observation together with the different infection structures that AG 2-1 used 

during colonisation indicated that this AG is capable of repressing 

Arabidopsis’s defence mechanisms (Perl-Treves et al., 2004). Additionally 

Foley et al., compared AG 8 and AG 2-1 induced defences in different 

Arabidopsis ecotypes; the two AGs differently regulated the expression of 

several plant-defence related genes with three PR genes to show a two-fold 

induction by AG 2-1 and oxidases to be exclusively induced by AG 8 (Foley et 

al., 2016). Furthermore, probably the most interesting outcome of their work 
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was that resistance of Arabidopsis to AG 8 was linked with NAPDH oxidases 

while AG 2-1 through an unknown mechanism is able to overcome or suppress 

them (Foley et al., 2016). The role of the major plant defence hormones 

salicylic acid (SA) and jasmonic acid (JA) are also unclear. It is generally 

known that upon necrotrophic fungi attack, JA related defences are induced 

whilst SA is related with biotrophic fungi (Glazebrook, 2005). When different 

Arabidopsis mutants for JA, SA, ET (ethylene) and ABA (abscisic acid) were 

used for the evaluation of the role of those hormones against AG 8 and AG 2-

1, it was revealed that they do not have a significant role in defences against 

these AGs, at least individually (Foley et al., 2016). Moreover, the expression 

of the Germin-Like Protein gene from sugar beet (BvGLP-1) in Arabidopsis 

resulted in the increase of both H2O2 and different marker genes related with 

SA and JA triggered plant defences. Additionally, in the same study expression 

of BvGLP-1 conferred resistance of the transgenic plants to AG 2-1, measured 

as reduced root colonisation and smaller and fewer lesions on the leaves 

compared to wild type plants (Knecht et al., 2010). Overall the authors 

concluded that BvGLP-1 has an important role in plant defences of 

Arabidopsis against AG 2-1 during the early stages of infection (Knecht et al., 

2010). Generally it seems that AG 2-1 has developed an advanced strategy to 

hijack plant defences in OSR probably via regulation of various genes in both 

JA and SA pathways. Okubara et al., reviewed the genetic basis of the 

interaction between R. solani and different host plants (rice, wheat and potato) 

and they concluded that considering the complexity of Rhizoctonia spp. and 

the different pathogenicity mechanisms exploited by the pathogen, it is 

expected that various components and genes are required for resistance 

(Okubara et al., 2014). Unfortunately, currently we are lacking a better insight 

in the molecular aspects of the interaction between AG 2-1 and OSR, hence 

more work to emphasize towards this direction is needed. Additionally, 

although Arabidopsis as a model plant is a great tool to explore the molecular 

basis of the interaction with AG 2-1, it is important to study the response of B. 

napus since the pathogen seems to use different strategies towards different 

hosts.  
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1.11 Conclusion  

In this review we provide an account of current knowledge regarding the 

interaction between R. solani AG 2-1 and OSR and current control strategies. 

The pathogen has a worldwide distribution but does not appear always to cause 

a major problem in every region where it is detected. Nonetheless, alterations 

in agriculture and crop management, including cultivated crops, tillage 

practices, crop rotation systems and fertilisation application, can change its 

prevalence in fields with detrimental effects to OSR. Currently, early infection 

of OSR seedlings could be prevented to some extent with seed treatments and 

cultural practices, whereas biofumigation and biocontrol methods need further 

investigation for this pathogen. However, the lack of genetic resistance as well 

as lack of knowledge of the molecular aspects of the interactions are two major 

constrains for the control of AG 2-1 and future research should aim to clarify 

why AG 2-1 is so specialised in B. napus and which are the mechanisms used 

to supress plant defence mechanisms.  

1.12 Abbreviations 

OSR: oilseed rape, AG: anastomosis group, GSL: glucosinolates, ITC: 

isothiocyanates, SA: salicylic acid, JA: jasmonic acid, ET: ethylene, ABA: 

abscisic acid, SDHI: succinate dehydrogenase inhibitors, DMI: demethylation 

inhibitors 
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Chapter 2. Development of high-throughput methods to 

screen disease caused by Rhizoctonia solani AG 2-1 in 

oilseed rape 

This chapter presents the development and comparison of four high-throughput 

screening methods and initial screening of commercial oilseed rape cultivars. It 

is published in Plant Methods.  

2.1 Author contribution:  

The experiments were designed by F. Drizou with the contribution of R. Ray 

and N. Graham. Experiments were performed by F. Drizou. Data analysed by 

F. Drizou with the contribution of R. Ray, production of figures and tables was 

performed by F. Drizou with the contribution of R. Ray and N. Graham. The 

manuscript was written by F. Drizou with the contribution of R. Ray, N. 

Graham and T. Bruce. All authors have read and approved the manuscript. 

Note: The work in this chapter was performed simultaneously or after the 

screening in chapter 3. 
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2.2 Abstract 

Rhizoctonia solani (Kühn) is a soil-borne, necrotrophic fungus causing 

damping off, root rot and stem canker in many cultivated plants worldwide. 

Oilseed rape (OSR, Brassica napus) is the primary host for anastomosis group 

(AG) 2-1 of R. solani causing pre- and post-emergence damping-off resulting 

in death of seedlings and impaired crop establishment. Presently, there are no 

known resistant OSR genotypes and the main methods for disease control are 

fungicide seed treatments and cultural practices. The identification of sources 

of resistance for crop breeding is essential for sustainable management of the 

disease. However, a high-throughput, reliable screening method for resistance 

traits is required. The aim of this work was to develop a low cost, rapid 

screening method for disease phenotyping and identification of resistance 

traits.  

Four growth systems were developed and tested: 1. nutrient media plates, 2. 

compost trays, 3. Light Expanded Clay Aggregate (LECA) trays, and 4. a 

hydroponic pouch and wick system. Seedlings were inoculated with virulent 

AG 2-1 to cause damping-off disease and grown for a period of 4-10 days. 

Visual disease assessments were carried out or disease was estimated through 

image analysis using Image J.  

Inoculation of LECA was the most suitable method for phenotyping disease 

caused by R. solani AG 2-1 as it enabled the detection of differences in disease 

severity among OSR genotypes within a short time period whilst allowing 

measurements to be conducted on whole plants. This system is expected to 

facilitate identification of resistant germplasm. 

 

Keywords: Rhizoctonia solani, oilseed rape, high-throughput phenotyping, 

disease, plant characteristics 
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2.3 Introduction 

Rhizoctonia solani (Kühn) [teleomorph Thanatephorus cucumeris (Donk)] is a 

necrotrophic soil-borne fungus belonging to the phylum Basidiomycota. The 

species is sub-divided into anastomosis groups (AG) based on genetic and 

biological characteristics, as well as host-specific pathogenicity (Anderson, 

1982, Ogoshi, 1987). Among the groups, AG 2-1 is the most destructive to 

oilseed rape (OSR, Brassica napus) and other members of the Brassicaceae 

(Babiker et al., 2013, Yang and Verma, 1992). Under favourable temperatures, 

ranging from 18 to 20oC, moist soil conditions and in the presence of the host, 

the growing hyphae infect young OSR seedlings causing pre- and post-

emergence damping-off and root rot (Acharya et al., 1984, Kataria and Verma, 

1992, Yang and Verma, 1992). Damping-off is characterised by the  formation 

of brown lesions and eventually rotting of the hypocotyl (Khangura et al., 

1999). The infection can also result in root rot and stem rot in older plants 

(Khangura et al., 1999, Verma, 1996). Brassica napus is a widely cultivated 

crop for oil production for human consumption and biodiesel, as well as for 

animal fodder. It is an amphiploid species derived from the crossing of 

Brassica rapa and Brassica oleracea and has undergone breeding for the 

optimisation of oil production and yields (Allender and King, 2010). Although 

many studies have attempted to identify resistant or tolerant genotypes of B. 

napus and related species, currently there are no known resistant OSR 

genotypes to AG 2-1 (Acharya et al., 1984, Babiker et al., 2013). Babiker et 

al., assessed the survival of 85 genotypes of B. napus and other Brassica 

species four weeks after sowing in inoculated soil (Babiker et al., 2013). Their 

results showed that all genotypes were susceptible, the majority of seedlings 

died and only 18 genotypes survived with survival rates ranging from 8.3% to 

88.3% (Babiker et al., 2013).  

The pathogen can be partially controlled using seed treatments prior to sowing 

(Lamprecht et al., 2011) and via cultural practices (Verma, 1996, Yang and 

Verma, 1992). However, these control measures only reduce the inoculum in 

the soil and thus delay the infection. The use of biofumigation and seed meals, 

from Brassicaceous plants, that usually suppress soil-borne pathogens (Cohen 

et al., 2005, Handiseni et al., 2013) or the application of beneficial biological 
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control organisms such as Trichoderma and binucleate Rhizoctonia (Verma, 

1996), are not effective against R. solani AG 2-1. Consequently, the 

identification of traits and genes associated with resistance to R. solani AG 2-1 

is an essential step towards the development of sustainable integrative control 

strategies for this pathogen.  

An important factor in developing a method is to consider the epidemiology of 

the pathogen and the specificity of the pathosystem. In the case of R. solani 

and B. napus seed germination, emergence and survival under inoculated 

conditions can potentially reveal phenotypic differences among genotypes that 

play a role in susceptibility or resistance towards AG 2-1. The developmental 

rate of genotypes is likely to influence disease outcome (Kataria and Verma, 

1992, Verma, 1996), therefore plants that emerge faster are expected to 

perform better. Additionally, plant characteristics such as hypocotyl length and 

root architecture may explain the ability of certain genotypes to escape 

infection. Furthermore, the progress of disease as well as its severity in 

different plant organs could potentially indicate genetic differences among 

different genotypes. At present the most popular method to assess disease 

severity and classify different genotypes and plant species to their 

susceptibility to R. solani is using pots with soil or soil-free media (Babiker et 

al., 2013, Khangura et al., 1999, Yang and Verma, 1992). Although screening 

in soil is realistic and provides an ideal environment for the fungi, it is time 

consuming, labour intensive and requires extensive controlled environment 

space. This limits the number of plants that can be screened quickly and 

cheaply. Another major bottleneck in identification of resistance to soil-borne 

pathogens, apart from the time and space required when using inoculated soil 

or compost to cause disease, is the uncertainty and/or reproducibility of 

moderate disease on which to detect consistent differences between genotypes.  

The aim of the present work was to develop a low cost, rapid and high-

throughput method to enable the screening of OSR genotypes for identification 

of R. solani AG 2-1 resistance. Four different methods were tested:  media 

nutrient plates, hydroponic growth in pouches and growth in trays with 

compost or Light Expanded Clay Aggregate (LECA). The methods were 

evaluated to screen disease and/or assess plant physiological characteristics 
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within a short period of time during the early stages of infection among 

different OSR genotypes. 

2.4 Methods 

2.4.1 Inoculum and seeds 

Rhizoctonia solani AG 2-1 (#1934 from the University of Nottingham isolate 

collection), originally isolated from OSR plants, was used to produce 

inoculum. The pathogenicity of this isolate to OSR was previously confirmed 

by Sturrock et al. (2015). The inoculum was grown on Potato Glucose Agar 

(PGA; Sigma-Aldrich, UK) at room temperature (18-20oC) for a period of 10 

to 14 days prior to the inoculation. In order to exclude contamination by other 

pathogens and ensure their germination, seeds were surface sterilised with 4% 

sodium hypochlorite (Parazone, Jeyes Limited, UK) for 5 min followed by 

three rinses with distilled autoclaved water and then pre-germinated on round 

filter paper (diameter 85 mm, GE Healthcare Whatman, UK) with 3 ml of 

sterile water and kept in dark at room temperature (18-20oC) for 2 days. A 

group of eight B. napus genotypes, not previously tested for AG 2-1 resistance, 

was used for the evaluation of the methods to evaluate their performance 

against AG2-1. The group consisted of seven commercial winter oilseed 

cultivars ‘Temple’(conventional), ‘Abaco’(conventional), 

‘Lioness’(conventional), ‘Grizzly’(conventional), ‘Galileo’(conventional), 

‘Sequoia’(semi-dwarf hybrid) and ‘ES Betty’(restored hybrid) and one fodder 

type (‘Canard’). 

2.4.2 Nutrient media plates 

Square petri dishes-plates (120 x 120 x 17 mm Greiner Bio-One International) 

were filled with sterile 50% Hoagland No. 2 Basal Salt Mixture (Sigma-

Aldrich, UK), pH= 5.8 and 1% w/v agar (Agar-Agar granular powder, Fisher 

Scientific, UK). On each plate 3 seedlings of each genotype were placed 2 cm 

from the top of the plate with equal distances between them. For the 

inoculation, 1 plug (5 x 5 mm) of R. solani AG 2-1 from a colony growing on 

PGA was placed below each seed and 1 cm above the bottom of the plate 

(Figure 2.1). The control plates were not inoculated. Inoculated and control 

plates were sealed with parafilm and kept in an upright position in a controlled 
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environment room at 18oC and 12 h light: 12 h dark. Photosynthetically active 

radiation (PAR) was 218.5 μmol s-1 m-2 at a height of 4 cm (LI-250A light 

meter, LI-COR Biosciences).  

 

Figure 2.1 Oilseed rape seedlings (a) under inoculation with AG 2-1 in nutrient 

media plates and (b) plates with seedlings during the experiment.  

2.4.3 Hydroponic growth in pouch and wick system  

A method previously developed for high-throughput phenotyping of roots in 

tanks (Atkinson et al., 2015, Thomas et al., 2016b) was modified for screening 

disease caused by R. solani AG 2-1. The construction of the tank consisted of a 

metal frame with 9 drip trays and 192 growth-pouch positions. Each pouch 

was made of an acrylic bar, onto which 2 filter papers (Anchor Paper 

Company, St Paul, MN, USA) were placed on each side and covered with a 

black polythene sheet (Cransford, Polyethylene Ltd, Suffolk, UK). The filter 

papers and the sheets were held on the bars with foldback clips (19mm). Prior 

to sowing, pouches were left to soak overnight in nutrient solution (25% 

Hoagland’s in 2 L of purified water per tray). During the experiment filter 

papers on growth pouches remained soaked by adding purified water in the 

trays in equal amounts. Filter papers and clips were autoclaved and acrylic bars 

were bleached and sprayed with 70% ethanol prior to their use, to eliminate 

contamination. One seedling was placed in each side of the growth pouch, in 

the middle and approximately 3 cm from the top of the filter paper and left to 

grow for 3 days in a controlled environment room (18 oC, 12 h light: 12 h 

dark). Then the seedlings were inoculated by adding 1 mycelia PGA plug (5 x 

5 mm) 3 cm below the tip of the primary root and another 2 plugs 

diametrically opposite to each other and 3 cm away from the top of the primary 
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root. For the control seedlings PGA plugs (5 x 5 mm) without inoculum were 

used (Figure 2.2). 

 

Figure 2.2 (a) Oilseed rape seedlings growing on the filter paper of pouches 

under control (left) and inoculated (right) conditions. (b) Hydroponic tanks with 

pouches during experiment.  

2.4.4 Growth in compost trays  

Plastic trays (6143, Beekenkamp Verpakkingen, Netherlands) with 308 wells 

(3 x 3 cm) were filled with compost (Levington F2s, Everris Limited, UK) up 

to 2cm and then each well was inoculated with 1 mycelia PGA plug (5 x 5 

mm) of R. solani AG 2-1. A layer (0.5 cm) of compost was added above the 

inoculum and 3 pre-germinated surface sterilised seeds of OSR were placed in 

each well and covered with compost in order to fill up the well (1.5 cm layer). 

For the control wells 1 PGA plug without inoculum was added in each well. 

The trays were left in a controlled environment room (18oC, 12 h light: 12 h 

dark) (Figure 2.3).  

2.4.5 Growth in Light Expanded Clay Aggregate (LECA) trays  

Light Expanded Clay Aggregate (LECA) was used to develop a screening 

method that kept the roots of young seedlings intact. Each compartment of a 

plastic tray (6143, Beekenkamp Verpakkingen, Netherlands) with 308 wells (3 

x 3 cm) was filled with approximately 3 LECA particles (size 4-10 mm; Saint-

Gobain Weber Limited, UK) enough to block the bottom and then 1 mycelia 

PGA plug (5 x 5 mm) of AG 2-1was added for the inoculated treatment or 1 

PGA plug for the control treatment. LECA particles were added to fill each 

compartment up to the 75% of the well volume and then 2 pre-germinated 

seeds were added. Another layer of LECA was used to fill the wells to the top 
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(Figure 2.3). An equal amount of 25% Hoagland’s in 0.5 L of purified water 

was supplemented in each well of the tray.  

 

Figure 2.3 (a) Oilseed rape seedlings growing in compost trays and (b) trays with 

LECA during experiments.  

2.4.6 Assessments on disease and plant characteristics  

In nutrient media plates and in hydroponic pouches disease as well as plant 

characteristics (hypocotyl, primary root and lateral root length, lateral root and 

leaf number) were assessed using the same method but at different time points; 

Nutrient media plates were assessed at 4, 7 and 10 days post inoculation (dpi) 

while the seedlings in the hydroponic pouches only at 4 dpi. Disease 

assessment was made with disease severity categories modified from 

Khangura et al. (Khangura et al., 1999); for hypocotyl rot the seedlings were 

categorised on a scale of 0 to 3 (0 =  no lesions, 1 =  lesions on hypocotyls 

affecting <25% of the length of the hypocotyl, 2 =  lesions covering 26-75% of 

the length of the hypocotyl, 3 =  lesions covering >75% of the length of the 

hypocotyl), for primary root rot on a 0 to 6 scale (0 = no lesions, 1 = small 

lesions on primary root, 2 = discoloration up to 50% of primary root, 3 = 

discoloration 51-75% of the primary root, 4 = discoloration >75% and necrosis 

covering up to 30% of primary root, 5 = necrosis covering 31-60% of primary 

root, 6 = necrosis covering >61% or dead root) and for leaf disease on a 0 to 4 

scale (0 = no lesions, 1 = disease affecting up to 25% of total leaf area, 2 = 

disease affecting 25-50% of total leaf area, 3 = disease affecting 51-75% of 

total leaf area, 4 = completely necrotic leaves of total leaf area). Disease index 

(DI %) was calculated as: [S (no. plants in disease category) × numerical value 

of disease category) × 100] / [(no. plants in all categories) × (maximum value 

on rating scale)]. Plant images were taken from the plates using a digital SLR 

camera (Canon 1100D, EOS Utility software, Canon Inc., Tokyo, Japan) and 
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analysed with ImageJ (version 1.4.7, (Schneider et al., 2012)) software and 

used for the assessment of plant characteristics.  

In compost trays, emergence and survival were assessed daily, 2 days after 

planting and for a period of 5 days. Final counts of emergence and survival 

were taken on the 10 dpi and then seedlings were removed from the wells, 

washed and assessed for disease. For non-emerged seedlings, soil was removed 

and examined to ensure that control seedlings (or seeds) were healthy while the 

inoculated were heavily infected (dead). For the disease assessments, the above 

disease scale was modified by including another level for seedlings suffering 

from pre-emergence damping-off (not emerged) and those that they did not 

survive due to post-emergence damping-off. Thus for hypocotyl rot, seedlings 

were rated on a 0 to 4 scale (4 = completely dead or/and not emerged), for 

primary root rot on a 0 to 7 scale (7 = completely dead or/and not emerged) 

and for leaf disease on a 0 to 5 scale (5 = not emerged). The percentage of 

disease index was calculated as described before. Control seedlings that did not 

emerge were scaled as healthy, as they were found in the compost without any 

disease symptoms. 

Survival of seedlings in trays with LECA was estimated 5 dpi, then the 

seedlings were removed and images were taken to estimate disease (Canon 

1300D, EOS Utility software, Canon Inc., Tokyo, Japan) and analysed with 

ImageJ (version 1.4.7, software). Seedlings that had not emerged in the control 

treatment, were assessed in order to ensure that they were viable and not 

infected, contrary with seedlings that had not emerged in the inoculated 

treatment which were heavily infected. In contrast to the other methods, 

disease was estimated as a percentage of the infected plant area to the total 

plant area for hypocotyls and for roots.  

2.4.7 Experimental design and statistical analysis  

All statistical analysis was performed using GenStat (15th Edition, VSN 

International Ltd, Hemel Hempstead, UK). The experiments for each method 

were designed as randomized blocks with two factors; genotype and inoculum. 

Where appropriate disease development, seedling emergence, survival and 

plant characteristics were analysed using analysis of variance (ANOVA) for 

repeated measures. General ANOVA was used for variables assessed less than 
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three times. Each method consisted of two replicated experiments, analysed as 

replicates when there were no significant interactions detected. Disease 

progress on the genotypes was analysed by excluding the non-inoculated 

controls in each of the four methods. 

2.5 Results  

2.5.1 Nutrient media plates 

Disease development on the roots of inoculated seedlings in nutrient media 

plates revealed significant differences during the 10 days of the experiment (P 

= 0.006; Figure 2.4). Disease developed slower on the genotype ‘Grizzly’, 

which had consistently less disease compared to the other genotypes. ‘Abaco’ 

followed ‘Grizzly’ but did not have significantly different disease severity 

compared to the other genotypes (Figure 2.4). Disease on hypocotyl and leaves 

was inconsistent between the two replicate experiments (results not shown).  

Over time, AG 2-1 significantly reduced the length or the number of assessed 

plant characteristics apart from hypocotyl length (Table 2.1). Inoculated 

seedlings had significantly fewer leaves, smaller and fewer lateral roots, 

shorter primary roots and as a result total length of roots was also reduced 

(Table 2.1). However, hypocotyl growth was not different between inoculated 

and control seedlings (P = 0.216). There were no interactions between 

inoculum and genotype and in both inoculated and un-inoculated seedlings 

consistent differences were observed in the growth of each of these plant 

characteristic between the different days (Table 2.2). Lateral root length (P < 

0.001) and total root length (P = 0.001) were significantly different between 

the different genotypes over the 10 days. Hypocotyl length was different 

among the varieties for each of the 3 days, with ‘Grizzly’ always having 

shorter hypocotyl and longest lateral roots (Table 2.2). 
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Figure 2.4. Progress of disease caused by AG 2-1 on roots of seedlings of the eight 

varieties growing in media plates. 

 

Additionally, the number of lateral roots was also significantly different 

between the genotypes with ‘Canard’ always having more lateral roots. 

Significant differences for primary root length between varieties were observed 

for day 4 and 7 but not on day 10. Seedlings of ‘Grizzly’ had consistently 

shorter primary roots (Table 2.2). Significant differences between genotypes in 

total length of the roots and number of leaves were observed only on the 4th 

and 7th day, respectively.  
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Table 2.1 Plant characteristics under inoculated (AG 2-1) and un-inoculated (control) conditions during the 10 days of the experiment in nutrient 

media plates. RL: root lengths. Lengths are expressed as cm. P(time*inoculum) values and LSD(time*inoculum) (ANOVA) were used for the comparison 

between the two treatments and P(time) values and LSD(time) for the comparison among different days. 

 

  

 Hypocotyl Length Leaf Number Lateral RL Lateral Root Number Primary  RL Total  RL 

Treatment  4d 7d 10d 4d 7d 10d 4d 7d 10d 4d 7d 10d 4d 7d 10d 4d 7d 10d 

AG 2-1 1.99 2.30 2.37 2 3.14 1.97 1.27 2.26 2.63 12.21 21.64 23.1 7.09 7.57 7.48 8.37 9.83 10.07 

Control 1.78 2.06 2.37 1.99 3.12 3.84 1.16 2.37 3.30 10.79 22.42 26.72 7.98 10.60 11.51 9.13 12.97 14.81 

P(time*inoculum) 0.216 <.001 <.001 0.021 <.001 <.001 

LSD(time*inoculum) 0.26 0.23 0.44 3.15 1.07 1.20 

P(time) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

LSD(time) 0.15 0.15 0.18 1.76 0.30 0.35 
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Table 2.2 Plant characteristics of the tested genotypes, in nutrient media plates. RL: root length. Lengths are expressed in cm. Comparisons for each 

plant characteristic among genotypes were made by using P values and LSD (ANOVA). 

 Hypocotyl Length Leaf Number Lateral RL Lateral Root Number Primary RL Total RL  

Genotype 4d 7d 10d 4d 7d 10d 4d 7d 10d 4d 7d 10d 4d 7d 10d 4d 7d 10d 

Temple 2.25 2.34 2.87 2.00 3.25 3.14 1.11 1.61 2.76 9.28 18.94 20.92 7.59 9.46 9.03 8.71 11.06 11.79 

Canard 2.11 2.68 2.81 2.00 3.61 3.06 1.34 2.23 2.87 18.19 29.31 30.31 8.79 10.22 10.33 10.13 12.45 13.20 

Abaco 1.77 2.08 2.10 2.01 3.24 3.07 1.30 2.09 2.53 14.12 22.70 26.67 6.83 8.19 8.93 8.14 10.28 11.45 

Lioness 2.23 1.27 1.35 2.00 3.18 2.81 1.25 2.25 2.72 12.49 20.89 23.65 7.68 8.82 9.23 8.93 11.06 11.95 

Grizzly 1.18 1.27 1.35 2.00 2.97 3.07 1.16 3.11 4.23 6.71 18.32 24.00 4.65 7.16 7.92 5.81 10.26 12.16 

Galileo 1.73 1.99 2.27 2.00 2.78 2.49 1.04 2.34 2.76 11.78 25.00 29.94 8.08 9.91 10.43 9.12 12.24 13.19 

Sequoia 1.79 2.01 2.03 2.00 3.14 2.93 1.29 2.38 3.14 10.75 18.14 23.03 8.91 9.72 10.08 10.20 12.10 13.22 

ES Betty 1.99 2.31 2.52 2.00 2.86 2.69 1.23 2.51 2.73 8.69 22.97 20.78 7.74 9.22 9.85 8.97 11.73 12.58 

P <0.001 <0.001 <0.001 0.99 <0.001 0.254 0.781 0.041 0.043 <0.001 0.105 0.001 <0.001 0.021 0.186 <0.001 0.129 0.49 

LSD 0.39 0.39 0.59 0.07 0.32 0.57 0.41 1.15 1.02 3.26 8.04 5.35 1.35 1.59 1.86 1.40 1.57 1.88 
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2.5.2 Hydroponic growth in pouch and wick system 

Infection of seedlings with AG 2-1 did not result in significant differences in 

disease severity between the genotypes for any of the examined plant organs 

(Table 2.3). Inoculated seedling characteristics were all significantly affected 

by disease 4 dpi compared to their controls except for lateral root number (P = 

0.066; Table 2.4).  

Table 2.3 Disease Index on hypocotyls, roots and leaves of the tested genotypes 

after inoculation with AG 2-1 for four days on the hydroponic growth pouches. 

For the comparison of disease severity among genotypes within each plant part P 

values and LSD were used (ANOVA).  

 

 

 

 

 

 

 

 

 

 

 

Additionally, significant variation was observed between genotypes for some 

of their morphological characteristics (Table 2.4): hypocotyl length (P < 

0.001), lateral root length (P = 0.011) and lateral root number (P = 0.011) were 

significantly different. The length of the hypocotyl was significantly reduced 

in infected seedlings with ‘Grizzly’, ‘Galileo’ and ‘Sequoia’ being most 

affected. ‘Canard’ had the least reduction and ‘ES Betty’ had no reduction in 

hypocotyl length despite the disease (Table 2.4). In general, ‘Canard’ had 

 
Disease Index (%) 

Genotype Hypocotyl Root Leaves 

Temple 61.1 54.2 22.9 

Canard 69.4 68.1 35.4 

Abaco 66.7 54.2 18.8 

Lioness 69.4 54.2 18.8 

Grizzly 72.2 72.2 47.9 

Galileo 77.8 45.8 37.5 

Sequoia 75.0 52.8 35.4 

ES Betty 58.3 58.3 16.7 

P 0.935 0.663 0.533 

LSD 32.88 29.28 34.88 
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shorter hypocotyls compared to the rest while ‘Abaco’ and ‘Sequoia’ had 

longer ones. The number of leaves of inoculated seedlings was significantly 

reduced compared to controls for all genotypes but no differences were 

observed among the genotypes. Lateral roots of genotypes were significantly 

shorter under inoculation with ‘ES Betty’ and ‘Grizzly’ being more affected 

with reduction of length of 72.2% and 88.1% respectively. Although lateral 

root length was significantly reduced in infected seedlings, lateral root number 

was not affected. Nevertheless, genotypes differed in the number of lateral 

roots with ‘Canard’ having more lateral roots. The length of the primary roots 

was significantly reduced due to infection of AG 2-1 in all genotypes with 

more pronounced reduction in ‘Grizzly’ (61.8%), ‘Sequoia’ (55.9%) and ‘ES 

Betty’ (48.5%). The total length of roots was also significantly reduced due to 

the infection with AG 2-1 with ‘ES Betty’, ‘Sequoia’ and ‘Grizzly’ having the 

greatest reduction of length. Despite the effect of AG 2-1 infection the 

genotypes did not significantly differ in primary and total root lengths (Table 

2.4). 
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Table 2.4 Comparison of plant characteristics between inoculated (AG 2-1) and un-inoculated (Control) seedlings of different OSR genotypes 4 days 

after inoculation on hydroponic growth pouches. RL: root length. Lengths are expressed in cm. P (genotype) and LSD (genotype) were used for the 

comparison among genotypes and P (inoculum) and LSD (inoculum) for the comparison between treatments (ANOVA). 

 Hypocotyl Length Leaf Number Lateral RL Lateral Root Number Primary  RL Total RL 

Genotype AG 2-1 Control AG 2-1 Control AG 2-1 Control AG 2-1 Control AG 2-1 Control AG 2-1 Control 

   Temple 1.87 2.19 1.63 1.99 0.52 1.29 2.00 4.85 1.40 2.44 1.92 3.73 

   Canard 1.31 1.40 1.50 2.08 1.15 1.62 4.67 5.83 2.09 2.83 3.24 4.45 

   Abaco 2.79 2.93 2.00 2.00 0.49 0.91 2.33 3.17 1.85 2.40 2.34 3.30 

   Lioness 2.13 2.62 1.33 2.08 0.54 0.93 3.92 3.58 1.94 2.98 2.48 3.91 

   Grizzly 1.48 2.41 1.46 1.99 0.15 1.22 0.42 1.65 0.68 1.78 0.82 3.00 

   Galileo 1.81 2.54 1.54 2.00 0.32 0.49 1.33 1.08 1.39 2.55 1.70 3.04 

   Sequoia 2.50 3.16 1.54 2.00 0.33 1.18 2.33 3.25 1.50 3.40 1.83 4.58 

   ES Betty 2.50 2.34 1.71 2.00 0.47 1.69 2.75 5.08 1.74 3.38 2.21 5.07 

P(genotype) <0.001 0.721 0.011 0.011 0.299 0.115 

LSD(genotype) 0.56 0.32 0.49 2.34 1.13 1.37 

P(inoculum) 0.005 <0.001 <0.001 0.066 <0.001 <0.001 

LSD(inoculum) 0.28 0.16 0.25 1.17 0.57 0.68 
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2.5.3 Growth in Compost trays  

Inoculation of seedlings in compost trays with AG 2-1 resulted in significant 

differences in disease severity between the genotypes on hypocotyls (P = 

0.003) and leaves (P < 0.001) but not in roots (P = 0.073; Figure 2.5). ‘ES 

Betty’ and ‘Canard’ were consistently least affected, followed by ‘Abaco’ and 

‘Sequoia’, ‘Lioness’ and ‘Grizzly’ (Figure 2.5). ‘Galileo’ and ‘Temple’ were 

the genotypes with significantly more disease (Figure 2.5).  

 

Figure 2.5 Disease on hypocotyls, leaves and roots of the tested genotypes 10 days 

after inoculation in compost trays. 
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Emergence of seedlings was significantly different between genotypes (P < 

0.001) and inoculation with AG 2-1 reduced seedling emergence in almost all 

varieties apart from ‘Canard’, ‘Grizzly’ and ‘ES Betty’ (P < 0.001). However, 

there was no significant interaction between genotypes and treatment (P = 

0.186) (Table 2.5).  

Table 2.5 Comparison of emergence between inoculated (AG 2-1) and un-

inoculated (Control) seedlings of different OSR genotypes 10 dpi in compost 

trays. P(inoculum) and LSD (inoculum) were used for the comparison between 

treatments and P(inoculum*genotype) and LSD (inoculum*genotype) for the interaction 

between genotypes and treatments (ANOVA). 

Emergence (%) 

Genotype AG 2-1 Control 

   Temple 30.0 67.2 

   Canard 83.9 88.3 

   Abaco 60.0 98.3 

   Lioness 43.3 88.9 

   Grizzly 42.8 57.8 

   Galileo 11.7 64.4 

   Sequoia 63.3 98.9 

   ES Betty 53.3 77.2 

 P(genotype) < 0.001 

 LSD(genotype) 18.586 

 P(inoculum) < 0.001 

 LSD(inoculum) 9.293 

 P(inoculum*genotype) 0.186 

LSD(inoculum*genotype) 26.284 

 

Infection of seedlings with AG 2-1 enabled us to detect differences in survival 

between inoculated and non-inoculated control seedlings (P < 0.001) and there 

were significant differences between genotypes in seedling survival (P = 

0.004; Figure 2.6). ‘Canard’ was the genotype with significantly greater 

survival and the only one with no significant differences between inoculated 
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and control seedlings (Figure 2.6). ‘Sequoia’, ‘Abaco’, ‘ES Betty’ and 

‘Grizzly’ followed, with the first two not being significantly different from 

‘Canard’. The poorest survival was observed for ‘Galileo’, ‘Temple’ and 

‘Lioness’ (Figure 2.6).  

Figure 2.6 Percentage of survival of different OSR genotypes 10 days post 

inoculation in compost trays. Comparisons for the interaction between treatment 

and genotype were made with P values and LSD (ANOVA).  

2.5.4 Growth in LECA trays  

AG 2-1 was able to grow and infect seedlings grown in trays filled with 

LECA. The inoculation resulted in disease symptoms 5 days post inoculation 

(P < 0.001) and enabled assessment through image analysis. Screening for 

disease revealed significant differences between the tested genotypes for both 

disease on hypocotyls (P = 0.002) and on roots (P = 0.006). ‘Sequoia’ was the 

genotype with consistently less disease on both roots and hypocotyls followed 

by ‘ES Betty’ (Figure 2.7). ‘Canard’ and ‘Lioness’ ranked in the middle and 

had significantly lower disease than ‘Grizzly’ (P = 0.002). ‘Galileo’, ‘Temple’, 

‘Abaco’ and ‘Grizzly’ were the genotypes with the highest disease levels 

(Figure 2.7). Disease severity on roots indicated that genotypes had similar 

responses to AG 2-1 infection: ‘Sequoia’ was the genotype with the least 

disease followed by ‘ES Betty’ and ‘Lioness’; ‘Canard’ ranked in the middle, 

and ‘Temple’ was the genotype with the most severe disease symptoms on 

roots (P = 0.006; Figure 2.7). 
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Figure 2.7 Disease on hypocotyls and roots of the tested genotypes 5 dpi in trays 

with LECA.  

 

Inoculation with AG 2-1 reduced seedling survival (P < 0.001) 5 dpi but 

survival was not significantly different between genotypes (P = 0.107) and no 

significant interaction was observed between genotypes and treatment (P = 

0.716).  

2.6 Discussion  

The primary aim of this study was to develop a high throughput method for 

evaluation of OSR resistance to disease caused by R. solani AG 2-1, as a first 

step towards the identification of traits that could be used in future breeding 

programs. Early infection of OSR by R. solani AG 2-1 leads to pre- and post-
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emergence damping off which reduces crop establishment, but infection in 

later stages towards the maturity of plant is less damaging (Verma, 1996). 

Therefore, our objective was to develop methods to enable assessment of the 

early stages of disease progression. A key aspect of our work was to develop a 

low cost, rapid method that would enable screening of a large number of 

different OSR genotypes. The four developed methods here (nutrient media 

plates, hydroponic growth in pouches, trays with compost or LECA) lasted no 

more than 10 days and enabled the screening of up to 240 seedlings. We used a 

simple and cheap inoculation technique with mycelial plugs, which allows the 

induction of disease symptoms and minimises the time for inoculum 

production to 7 days.  

Plant growth in media plates is a commonly used method for the evaluation of 

seedling growth and root architecture phenotyping. We aimed to further test 

this for the assessment of initial infection and disease development. Our results 

indicated that nutrient media plates are a good method for disease phenotyping 

of roots: both fungal hyphae and root systems grew successfully on the surface 

of the media. All the steps of infection and disease development could be 

observed and differences in disease severity amongst different genotypes were 

detected. Also, due to the horizontal growth of the root system, root 

architecture was easily measured. Unfortunately, in contrast to roots, this 

method is not suitable for assessing disease in hypocotyls and leaves. There 

was no consistency in disease severity among genotypes between the two 

replicate experiments with hypocotyls. In many cases, hypocotyls escaped 

hyphae and tended to grow towards the lids of the plates. In the same way the 

leaves of these plants were also escaping the pathogen. Consequently, this 

variation in growth led to the uneven and inconsistent infection among 

genotypes and between experiments. Nonetheless, disease significantly 

affected both leaves and roots of inoculated seedlings compared to controls, 

with reduction of healthy leaf area, root length (both primary and lateral) and 

lateral root number. The results are in agreement with a recent study showing 

that AG 2-1 causes severe disease by significantly reducing root length and 

density of inoculated OSR plants and is capable of killing the seedling within 6 

dpi (Sturrock et al., 2015). The analysis of plant characteristics showed that 
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genotypes differ in lateral root and total root length as well as their growth 

rates. Among the genotypes, ‘Grizzly’ was the only one that consistently had 

significantly lower disease but also shorter hypocotyl and primary root 

compared to other genotypes. Therefore, it might be that the slower growth 

rate contributed to delay in infection and thus resulted in lower disease levels 

observed on plates. ‘Grizzly’ is a winter hybrid known to carry genes for stem 

canker resistance and for that reason is included in breeding programs (Jestin 

et al., 2015), however in our tests with 56.6% of root disease ‘Grizzly’ was 

susceptible to AG 2-1.  

 Advanced high-throughput methods have been developed to screen the root 

system (Hund et al., 2009) and to quantify traits and identify Quantitative Trait 

Loci (QTLs) (Atkinson et al., 2015). Atkinson et al., screened a mapping 

population of wheat seedlings aiming to identify QTLs linked with root traits 

in hydroponic pouch and wick system (Atkinson et al., 2015). Also Thomas et 

al., used this approach for screening a range of OSR genotypes under control 

environment and field conditions (Thomas et al., 2016b). Here we modified the 

method for screening disease caused by AG 2-1 in OSR. Our results showed 

that R. solani was able to grow on filter paper and infect young OSR seedlings 

causing disease symptoms 4 dpi. Within this time, disease developed on 

hypocotyls, roots and leaves and resulted in their reduction in inoculated plants 

compared to controls. However, no differences were detected between 

genotypes for disease and all were observed to be highly susceptible under this 

method of inoculation. It is likely that the tested genotypes are characterized by 

only minor differences and the present screening method could not detect them 

under the tested conditions. However, this is in contrast with the results of the 

other two methods, where significant differences on disease severity were 

observed. Different inoculum densities and length of inoculation periods were 

tested (results not shown) prior to the present experimental procedure, which 

appeared to be the most consistent. Possibly the moist environment of the filter 

paper and the polythene sheet as well as the lack of the soil environment 

altered hyphal growth and the infection process. Rhizoctonia solani is a soil-

borne pathogen, thus the presence of soil with nutrients, organic matter and 

aeration play a pivotal role in its epidemiology. In this growing system the 
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polythene sheet was attached to the filter paper but in the position of the 

seedlings, small aerate cavities were formed possibly enabling the pathogen to 

grow better. As a result, pathogen hyphae were denser close to the seedling and 

eventually led to greater disease on plants, whilst in the other methods 

pathogen growth was more even. Nonetheless, this method enabled us to detect 

differences in plant characteristics between inoculated and un-inoculated 

control seedlings, as well as differences among genotypes in a short period of 

time.  

Soil and compost are most commonly used for the evaluation of plant 

resistance against soil-borne pathogens. In the case of R. solani, the vast 

majority of studies focussing on plant responses to pathogen exposure, have 

used soil (Acharya et al., 1984, Babiker et al., 2013), soil free media (Yang and 

Verma, 1992) or a combination of both (Lamprecht et al., 2011). In this way, 

the experiments simulate more realistic conditions that occur in the field and a 

better evaluation of the plants response to the pathogen is observed. Therefore 

we decided as a suitable alternative that the third method should be developed 

with compost. In contrast to other studies, we used multiple cell-trays which 

save space and time by enabling us to screen more than 100 different 

genotypes per tray in a single experiment. The trays were also ideal to assess 

the early stages of infection in young seedlings that are less than 10 days old. 

An additional benefit of this method is that it enabled the recording of 

emergence and survival of seedlings and hence record pre- and post-emergence 

damping off. Low emergence of inoculated seedlings compared to controls, 

indicated susceptibility of those cultivars to pre-emergence damping off and 

confirmed the detrimental effect of AG 2-1 to OSR during early growth stages.  

Disease screening on hypocotyls and leaves was easily conducted, but in 

contrast the extraction and assessment of the delicate roots of seedlings 

damaged by root rot was difficult and time consuming. Despite meticulous 

work, it was hard to keep the roots intact. We were unable to detect significant 

differences in root disease between cultivars in this method but we were able to 

detect differences in disease severity of hypocotyls and leaves. ‘ES Betty’ and 

‘Canard’ were consistently the two genotypes with the lowest disease while 

‘Temple’ and ‘Galileo’ were the most susceptible. This is in agreement with 



50 
 

emergence and survival data and it can be an indication that these genotypes 

may carry both quantitative and qualitative traits allowing them to perform 

better against AG 2-1. In this research all genotypes were pre-germinated in 

order to standardise our methods, and therefore their germination rates under 

inoculated conditions were not assessed. However, it is possible that some 

genotypes are able to germinate and emerge faster and therefore escape and/or 

be less affected by the infection. Indeed, Sturrock et al., suggested that rapid 

germination of OSR seedlings may enable the early establishment of a strong 

root system allowing better nutrient uptake and growth and consequent 

recovery from AG 2-1 infection (Sturrock et al., 2015).  

We aimed to improve the method by eliminating high inoculum pressure and 

most importantly by reducing damage to roots to be able to better discriminate 

the genotypes in our disease assessments. Therefore we decided first to reduce 

the time that the seedlings were exposed to the pathogen from 10 to 5 dpi. 

Secondly we used a medium that would not affect seedling growth but would 

minimise the damage to the root system upon removal. In this respect, LECA 

particles with the addition of nutrient solution appeared to be an appropriate 

medium. LECA has been receiving a growing acceptance as an environmental 

friendly natural material with great benefits in civil engineering and gardening. 

Currently there is a limited number of published studies examining the use of 

LECA as a growing medium (Graber and Junge, 2009, Laznik et al., 2011, 

Trdan et al., 2007) and to the best of our knowledge only one study has 

examined the growth of a fungi in LECA (Douds et al., 2014). In this study the 

authors showed that arbuscular mycorrhizal fungi (AMF) were not able to 

colonise their tested plant, Paspalum notatum, when grown in LECA and 

consequently concluded that LECA was not colonised effectively by AMF 

(Douds et al., 2014). However, the results of the current study show that the 

necrotrophic pathogen R. solani AG 2-1 was able to grow on the surface of 

LECA particles, observed as hyphal mass and infect OSR seedlings. The 

inoculation period of 5 days was sufficient to induce disease symptoms 

without killing the seedlings. At the same time differences in disease severity 

of the tested genotypes were detected for both hypocotyls and roots. The use of 

LECA preserved the roots intact during their collection from the trays and 
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therefore allowed more accurate disease assessments. Taking images of the 

seedlings and analysing them with Image J not only allowed us to complete the 

experiments faster but also to estimate the disease more objectively compared 

to more subjective visual assessments which are not taking into account 

differences in growth and development of the seedlings. The OSR genotypes 

had different responses to AG 2-1 infection: ‘Sequoia’ was the least affected 

for both damping off and root rot, followed by ‘ES Betty’. Although disease 

affected the survival of inoculated OSR seedlings compared to the controls, we 

were not able to detect significant differences in survival of seedlings between 

the different genotypes at 5 dpi.  

Comparison of different methods  

Assessing the severity of disease caused by AG 2-1 on hypocotyls and/or roots 

of young seedlings is the most important measure for the identification of 

active genetic resistance. Nonetheless, other traits related to rapid development 

and growth for crop establishment such as root architecture and emergence or 

survival are important for the identification of disease escape. Each of the four 

methods we developed has positive and negative aspects: Nutrient media plates 

enabled the recording of the infection progress and the collection of data on 

root traits but were not suitable for disease screening of hypocotyls and leaves. 

Growth in hydroponic pouches can be high-throughput, fast screening method 

but the moist environment altered R. solani growth and we could not detect 

any difference in disease severity among the tested OSR genotypes. Screening 

on trays with compost was more realistic approach that makes available 

holistic disease screens for the plant as well as measurements of emergence 

and survival. Nevertheless, damage to the root system prevented accurate 

disease assessment and measurements of root architecture traits and a longer 

time was required to detect differences. However, the use of LECA holds the 

benefits of screening in compost trays but also enables the roots to be intact 

and detect differences between genotypes in root rot disease. We were unable 

to detect differences in survival most likely due to short infection period of 5 

dpi. Most importantly 5 dpi screening in LECA resulted in moderate disease of 

seedlings compared to screening in compost and this might be the reason that 

we have small differences in in the ranking of genotypes between the two 
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methods. Considering the severity of disease 5 dpi and the lack of resistance in 

the tested genotypes, further screening for a longer period for detection of 

differences in survival using this method was not pursued here. In Table 2.6 

we provide a basic estimation of the cost of screening 100 genotypes by each 

method, based on the cost of consumables and equipment used; the hydroponic 

pouch and wick system was the most expensive method as the requirements for 

building the system were high compared to the other methods that use petri 

dishes and well trays. As mentioned previously, the choice of method should 

be based on the scientific aim; in the present study we aimed to identify a low 

cost high-throughput screening method which would enable the detection of 

potential resistant OSR genotypes to root diseases such as AG 2-1. Therefore, 

we required a method that allowed the detection of differences in disease 

severity and resultant changes to plant morphological characteristics. 

Screening in trays with LECA fulfilled these criteria it enables fast and high-

throughput screening with the assessment of early infection stages. Therefore it 

is an applicable method for the detection of resistant OSR cultivars to AG 2-1.  

Table 2.6 Estimation of cost for the screen of 100 genotypes in the developed 

methods. The estimation excludes the cost for the camera that was used in the 

hydroponic pouch and wick system, on nutrient media plates and trays with 

LECA. 

Method Cost (£) for 100 genotypes 

Hydroponic pouch and wick system 348 

Nutrient media plates 27.3 

Trays with compost 1.05 

Trays with LECA 2.14 

 

2.7 Conclusion 

The present study provides a new low cost, high-throughput screening method 

for the identification of potential OSR cultivars that are resistant to root 

diseases such as R. solani AG 2- 1. This method can be used as an early step 

for the evaluation of germplasm prior to testing under field conditions. 
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Additionally, it confirms that AG 2-1 is an extremely pathogenic isolate to 

OSR (Acharya et al., 1984, Babiker et al., 2013, Kataria and Verma, 1992, 

Yang and Verma, 1992); the inoculum density used resulted in low survival of 

young seedlings 10 dpi in compost trays and high disease levels ranked from 

30% to 85% 5 dpi in trays with LECA. None of the genotypes tested in the 

current study were resistant. Future screening of diverse populations of B. 

napus and Brassica species is essential to elucidate if there is any resistance 

against this destructive pathogen.  

2.8 Abbreviations 

OSR: oilseed rape, AG: anastomosis group, LECA: light expanded clay 

aggregate, PGA: potato glucose agar, dpi: days post inoculation, DI: disease 

index, LSD: least significant difference of means, RL: root length, QTL: 

quantitative trait loci, AMF: arbuscular mycorrhizal fungi 
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Chapter 3. Screening of germplasm for resistance to 

Rhizoctonia solani AG 2-1 

3.1 Author contribution 

Experimental work was designed by F Drizou with the contribution of R Ray 

and performed by F Drizou with the help of S Grange for the screening of the 

TCDH population. Analysis of data was performed by F Drizou. The chapter 

was composed by F Drizou with the contribution of N Graham, T Bruce and R 

Ray. 

 

Note: The screening in this chapter was performed simultaneously or before 

the development of methods in chapter 2. Therefore it was performed in trays 

with compost and not with LECA.  
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3.2 Abstract 

Oilseed rape (Brassica napus, OSR) is an important crop which has undergone 

intensive breeding for improved yield and oil quality. The soil-borne pathogen 

Rhizoctonia solani Anastomosis Group (AG) 2-1 is extremely aggressive to 

OSR seedlings, causing damping-off disease and eventually death of seedlings. 

OSR genotypes with resistance to AG 2-1 have not yet been identified. In the 

current study, we aimed to identify resistance by screening a range of OSR 

germplasm. The screening was conducted in multi-well trays filled with 

compost for 5 or 10 days post inoculation. The pathogenicity of AG 2-1 to 

seedlings was assessed by measuring emergence, survival and disease index on 

hypocotyls and roots. Additionally, we also tried to identify if resistance could 

be induced in the next generation through an epigenetic stress response, by 

comparing multigenerational seedling performance to AG 2-1 under 

inoculation with AG 2-1. Our results indicated that within the OSR germplasm 

tested there is no resistance to AG 2-1, because all genotypes had high disease 

levels and reduced emergence and survival.  

Keywords  

Oilseed rape, Rhizoctonia solani AG 2-1, resistance, screening, inheritance  
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3.3 Introduction  

The plant family of Brassicaceae comprises important species for agriculture 

including Brassica napus, oilseed rape (OSR). This species is probably the 

youngest member of the family and the result of hybridisation between 

Brassica rapa and Brassica oleracea. Oilseed rape consists of two 

subgenomes; subgenome A from B. rapa and subgenome C from B. oleracea. 

(Chalhoub et al., 2014). As with other members of the Brassicaceae family, it 

is known for its glucosinolates (GSL) secondary metabolites, which when 

hydrolysed produce active compounds that are used as defensive weapons 

against herbivorous insects (Bruce, 2014). Due to this unique chemistry, plant 

material from oilseeds also has a potential in biofumigation against soil-borne 

pathogens (Kirkegaard et al., 2000, Kirkegaard et al., 1996). OSR is a 

profitable crop and has undergone intensive breeding for optimisation of yield, 

oil quality and resistance against pathogens and pests (Gupta, 2012, Li et al., 

2016). Nonetheless, to date there is no reported resistant variety against 

Rhizoctonia solani anastomosis group (AG) 2-1 (Acharya et al., 1984, Babiker 

et al., 2013). This species consists of different AGs, each genetically and 

morphologically different and with different pathogenicity against different 

host plants (Anderson, 1982, Cubeta and Vilgalys, 1997). Oilseed rape is the 

primary host for AG 2-1 during the early seedling stage, whilst at later growth 

stages it is more susceptible to AG 4 (Verma, 1996). Infection of young 

seedlings causes damping-off disease which eventually leads to death of 

seedlings, impairment of crop establishment and consequently yield losses 

(Stodart et al., 2007). Currently the most common methods to eliminate the 

pathogen are cultural practices and chemical seed treatments usually with 

fungicides including sedaxane, penflufen and ipconazole (Ajayi-Oyetunde et 

al., 2017, Ghorbani et al., 2009, Lamprecht et al., 2011, Zeun et al., 2013). 

However, considering the increase in demand for more sustainable control 

methods against pathogens and pest, the identification of resistant or tolerant 

traits in oilseed rape against AG 2-1 is essential.  

Another aspect for the development of advanced pest management and plant 

breeding that gains a lot of interest the last decades is the understanding of 

transgenerational defence induction. Holeski et al., in their review define 
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transgenerational induction as ‘A change in offspring phenotype that is cued by 

an environmental signal in the parental generation, and it is expressed 

independently of changes in the offspring genotype.’ (Holeski et al., 2012). 

Many studies have shown that exposure of a parental plant to an attacker or a 

compound results in increased resistance of the progeny plant (reviewed in 

Bruce et al., 2007, Hématy et al., 2009, Holeski et al., 2012). One of the 

possible mechanisms that leads to this outcome are epigenetic changes that 

mainly include DNA methylation and histone modification (Bruce et al., 2007, 

Hématy et al., 2009, Holeski et al., 2012). For example Luna et al., showed 

that systemic acquired resistance (SAR), a type of induced defence 

mechanism, after inoculation with Pseudomonas syringae bacteria, was carried 

on to the next generation of Arabidopsis plants. In precise, progeny of 

inoculated parents were less colonised by Hyaloperonospora arabidopsidis 

compared to progeny of control plants (Luna et al., 2012). Additionally, the 

authors found that this phenomenon was epigenetically controlled via 

hypothelation and histone modifications of marker genes of jasmonic and 

salicylic acid (Luna et al., 2012). Yang, and Verma, stated that resistance to 

AG 2-1 could be improved through selection (Yang and Verma, 1992). In their 

study, symptomless plants 21 dpi were collected. Seeds were sown with seeds 

from the original parental lines under growth room and field conditions. 

Progenies appeared to have improved emergence in growth room conditions 

and for some of them also in the field. Nonetheless, no further research was 

published to show if resistance could have been gained as a transgenerational 

defence induction effect.  

We aimed to i) identify resistant or tolerant traits by screening a number of 

OSR lines including commercial cultivars, selected genotypes from diversity 

sets and a mapping population; ii) evaluate the findings of Yang and Verma 

(1992) and examined if previous infection of B. napus and Arabidopsis 

thaliana plants with AG 2-1, resulted in better performance of their progeny as 

a result of transgenerational defence induction. We assessed emergence and 

survival of seedlings, as this could indicate the ability of the plant to escape the 

disease and also damping-off disease on hypocotyls and roots.  
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3.4 Material and Methods 

3.4.1 Inoculum and seeds 

Rhizoctonia solani AG 2-1, originally isolated from OSR plants was used to 

produce inoculum (Isolate collection at the University of Nottingham: #1934). 

For the experiments 10 to 14 days old inoculum was used, growing on Potato 

Glucose Agar (PGA; Sigma-Aldrich, UK) at room temperature (18-20oC). 

MINELESS and Westar seeds obtained from Ishita Ahuja (Norwegian 

University of Science and Technology). Seeds were sown and plants left to 

flower, self-pollinate and produce seeds. All seeds were surface sterilised with 

4% sodium hypochlorite (Parazone, Jeyes Limited, UK) for 5 min followed by 

three rinses with distilled autoclaved water and then pre-germinated on round 

filter paper (diameter 85mm, GE Healthcare Whatman, UK) with 3 ml of 

sterile water and kept in dark at room temperature (18-20oC) for 2 days.  

Arabidopsis thaliana, Columbia 0 (Col.0), seeds were surface sterilised with of 

5% sodium hypochlorite (Parazone, Jeyes Limited, UK)  for 3min followed by 

three washes with distilled autoclaved water. The seeds were kept in 1.5 ml of 

distilled autoclaved water in dark, at 4 oC for 3 days, to break their dormancy. 

For the screening of the progeny, seeds were pre-germinated on round filter 

paper (85mm, GE Healthcare Whatman, UK) with 2 ml of distilled autoclaved 

water for 2 days prior to the experiment. 

3.4.2 Phenotyping different germplasm groups 

The screening was separated into four different groups of germplasm: 1. 

germplasm including commercial cultivars from (Tantal, Nugget, Verona, 

Westar, Tapidor and Comet), a choice of genotypes from two diversity panels: 

ASSYST-224 from the ERANET-ASSYST consortium diversity population 

(Bus et al., 2014, Bus et al., 2011, Körber et al., 2015, Körber et al., 2012) and 

DFFS-68 from the Diversity Fixed Foundation Set (DFFS) (Pink et al., 2008). 

Also, a genetically modified plant of cv. Westar, named MINELESS, in which 

the specialist myriosin cells and myriosinase enzyme have been removed 

making the plant unable to hydrolyse glucosinolates (GSL) to the active 

defensive compounds (Borgen et al., 2010) and one genotype of B. rapa. 2. a 

selection of genotypes from the ASSYST diversity population (ASSYST 
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genotypes: 209, 210, 194, 279, 269, 224, 447, 187) and Westar as susceptible 

control. 3. the TCDH (Temple x Canard Doubled Haploid) mapping 

population.  

3.4.2.1 Phenotyping of group 1- Commercial cultivars and group 2-

Selection of ASSYST population 

The screening was performed in 308-well plastic trays (6143, Beekenkamp 

Verpakkingen, Netherlands) with compost (Levington F2s, Everris Limited, 

UK) as described in Drizou et al. (2017). For the inoculated treatment 1, 

mycelia PGA plug (5 x 5mm) of R. solani AG 2-1 was added in each well 

(Drizou et al., 2017) whilst for the control treatment 1 PGA plug without 

inoculum was added in each well. The trays were left in a controlled 

environment room (18 oC, 12h light: 12h dark).  

Emergence and survival were assessed daily, 2 days after planting and for a 

period of 5 days on the final day (10 dpi) seedlings were removed from the 

wells, washed and assessed for disease with the following scale (Drizou et al., 

2017): for hypocotyl rot the seedlings were categorised on a scale of 0 to 4 (0 = 

no lesions, 1 = lesions on hypocotyls affecting <25% of the length of the 

hypocotyl, 2 = lesions covering 26-75% of the length of the hypocotyl, 3 = 

lesions covering >75% of the length of the hypocotyl, 4 = completely dead 

or/and not emerged), for primary root rot on a 0 to 7 scale (0 = no lesions, 1 = 

small lesions on primary root, 2 = discoloration up to 50% of primary root, 3 = 

discoloration 51-75% of the primary root, 4 =  discoloration >75% and 

necrosis covering up to 30% of primary root, 5 = necrosis covering 31-60% of 

primary root, 6= necrosis covering >61% or dead root, 7 = completely dead 

or/and not emerged). Disease index (DI %) was calculated as: [S (no. plants in 

disease category) × numerical value of disease category) × 100]/ [(no. plants in 

all categories) × (maximum value on rating scale)]. Control seedlings that did 

not emerge were scaled as healthy, as they were found in the compost without 

any disease symptoms. 

3.4.2.2 Phenotyping group 3 -TCDH population 

The screening of this population was first performed for 10 days as described 

above on groups 1 and 2. Due to high disease levels, it was difficult to 

compare lines and therefore a collection of genotypes (TCDH: 130, 124, 42, 
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150, 11, 48, 100, 92 and the parents Temple and Canard) of this population 

were screened again for a period of 5 dpi using the same protocol. Following 

this, genotypes TCDH 42 and TCDH 24 were screened again with the parents 

but with a different protocol for disease assessments: On the fifth day post 

inoculation (dpi) seedlings were removed and images were taken (Canon 

1300D, EOS Utility software, Canon Inc., Tokyo, Japan) and analysed with 

ImageJ (version 1.4.7, software). Instead of estimating disease as DI%, disease 

was estimated as follow: Disease% = [(plant area affected by disease)/(total 

plant area)] * 100. 

3.4.3 Identifying if there is a transgenerational induction of resistance to 

AG 2-1 

From the available germplasm we chose cultivars that were also screened by 

Yang and Verma: Westar, which was used in their study as a susceptible 

control and Nugget. Comet which appeared to be highly susceptible to AG 2-1 

during the screening of group 1 in the present work and ES Betty, a hybrid that 

in previous screening shown to be relatively tolerant (Drizou et al., 2017). We 

chose to include experiments with A. thaliana firstly because plant’s life cycle 

is significantly quicker compared to B. napus, so we would obtain progenies 

much earlier and secondly because as a model plant would enabled us to 

investigate if our hypothesis was supported by changes in transcriptional level. 

3.4.3.1 Phenotyping OSR and A. thaliana  

Oilseed rape cultivars were screened in trays with compost, as in group 1 and 

2, but only emergence and survival were assessed for a period of 10 days. Then 

seedlings that had survived from inoculation with AG 2-1 were removed from 

the trays and transplanted in pots with compost (Levington F2s, Everris 

Limited, UK). Plants were left to grow in a glasshouse with controlled 

environmental conditions (20 oC day and 15 oC night, 16h light: 8h dark). 

Winter OSR cultivars were vernalised for a period of 6 weeks at 6 oC, 12h 

light: 12h dark and then moved to the glasshouse and left to flower, self-

pollinate and produce seeds. Seeds were harvested to proceed with the 

screening of their progeny. The screening of progeny plants was performed in 

the same way as has been stated before for a period of 10 dpi. 
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To obtain seeds of progeny of A. thaliana seeds were sown in plastic trays 

(6143, Beekenkamp Verpakkingen, Netherlands) and each of the 308 well 

compartments was half filled with compost (Levington M3 Everris Limited, 

UK) and then 1 mycelia PGA plug (5 x 5mm) of R. solani AG 2-1, or a PGA 

plug for the control treatment, was added and covered with compost to fill all 

the well compartment. Approximately 50 seeds were placed on the top of the 

compost by pipetting and allowed to germinate and grow in a room (18 oC, 12h 

light: 12h dark). Plants that survived from AG 2-1 inoculation 21 dpi, as well 

as control plants were removed from the wells and transplanted to pots with 

compost and allowed to grow, produce flowers, self-pollinate and set seeds. 

Harvested seeds of those plants were used to proceed with the experiments.  

For the screening of progeny, seeds were separated into two groups; those 

produced from inoculated plants (P+) and those produced from control plants 

(P-) and exposed in both treatments (AG 2-1 inoculation and control). The 

screening performed as described before in trays with compost but in each well 

compartment 10 pre-germinated seeds were placed on the top of the compost 

using forceps. Emergence was assessed 10 and 13 dpi and survival 21 dpi.  

3.4.4 Experimental design and statistical analysis  

All statistical analysis was performed using GenStat (17th Edition, VSN 

International Ltd, Hemel Hempstead, UK). The experiments were designed as 

randomized blocks with two factors; genotype and inoculums or origin and 

inoculum for group 4 with A. thaliana. Seedling emergence and survival were 

analysed using analysis of variance (ANOVA) for repeated measures or 

general ANOVA if were analysed for individual days. Seedling survival on the 

TCDH population lines 5 dpi was analysed with generalised linear model 

(GLM) with binomial distribution and logit link function. General ANOVA 

was used to analyse disease. For comparisons between the parents Temple and 

Canard, two-sample t-test with group factor was performed. To evaluate the 

affect origin in OSR on group 4, survival and emergence means from ANOVA 

were analysed with two sample t-test for each treatment. Each method 

consisted of two replicated experiments, analysed as replicates when there 

were no significant interactions detected. Disease on the genotypes was 

analysed by excluding the non-inoculated controls. 
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3.5 Results 

3.5.1 Group 1 – OSR germplasm 

Inoculation with AG 2-1 significantly reduced emergence (P< 0.001, LSD= 

10.696) and survival (P< 0.001, LSD= 7.686) of seedlings compared to non-

inoculated control on group 1 (Table 3.1); B. rapa, Comet and DFFS- 68 

Conqueror Bronze top, were the genotypes with the lowest emergence and 

survival under inoculation, while Tantal had the highest emergence (75.83%) 

and survival (73.75%). Verona was the second best emerged genotype 

(71.11%) and ASSYST 224 wild accession had the second highest survival 

(67.5%) and very similar to Verona (67.29%) which was third. The tested 

genotypes differed significantly in their emergence and survival independently 

from the inoculation treatment (emergence P= 0.002, LSD= 23.917, survival 

P= 0.015, LSD= 17.187), with B. rapa having the lowest followed by Comet 

and ASSYST 224, Verona and Tantal have the highest emergence. However, 

no significant interactions were observed neither in emergence between 

genotype and inoculum treatment (P= 0.119, LSD= 33.824) nor in survival 

(P= 0.182, LSD= 24.307) with all genotypes being similarly affected in their 

survival under inoculation with AG 2-1 at 10 dpi. 
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 Table 3.1 Emergence (%) and survival (%) of seedlings of different genotypes, in 

group 1, under inoculation for 10 days. Comparison between genotypes were 

made with P(genotype) and LSD (genotype), comparison between treatments with 

P(inoculum) and LSD(inoculum) and comparison between genotypes and treatments with 

P(genotype*inoculum) and LSD(genotype*inoculum) (ANOVA). 

 Emergence (%) Survival (%) 

Genotype AG 2-1 Control AG 2-1 Control 

ASSYST-224 56.67 90 67.5 92.5 

Tantal 75.83 80 73.75 81.87 

DFFS-68 43.61 82.22 53.54 86.67 

Nugget 52.5 73.33 60.83 80.62 

Verona 71.11 84.44 67.29 90.42 

MINELESS 49.17 64.72 55.42 81.25 

Westar 65 62.78 62.92 73.75 

Tapidor 60.28 70 59.17 77.5 

Comet 10 48.89 30 67.5 

B. rapa 8.33 79.44 29.37 88.54 

P(genotype) 0.002 0.015 

LSD (genotype) 23.917 17.187 

P(inoculum) < 0.001 < 0.001 

LSD(inoculum) 10.696 7.686 

P(genotype*inoculum) 0.119 0.182 

LSD(genotype*inoculum) 33.824 24.307 
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Disease levels on hypocotyl of seedlings at 10 dpi was significantly different 

between genotypes (P= 0.004, LSD= 10.81); ASSYST 224, Tantal and DFFS 

68 had the lowest disease levels (79.6 %, 86.7% and 89.6% respectively) 

compared to the other genotypes and Tapidor, Comet and B. rapa the highest; 

98.7% for Tapidor and 100% for Comet and B. rapa (Figure 3.1). Nonetheless, 

the DIH was extremely high even for the least affected varieties. Similar 

results obtain from disease screening of roots, with significant differences 

between genotypes (P= 0.002, LSD= 18.77). DIR, ASSYST 224 and Tantal 

had the least disease (62.9% and 76.9% respectively) and Comet and B. rapa 

the highest (100%) (Figure 3.1).  

Figure 3.1 Disease Index (%) on hypocotyls (top) and roots (bottom) of different 

genotypes in group 1, 10 dpi with AG 2-1. For the comparison between genotypes 

P values and LSD were used (ANOVA).  
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3.5.2 Group 2 – ASSYST population 

Significant interactions were observed for seedling emergence between 

genotypes and treatments (P= 0.034, LSD= 31.636) on the selection of the 

ASSYT population; inoculation with AG 2-1 significantly reduced seedlings 

emergence in all genotypes except ASSYST-194, -269 and -279 (Table 3.2).  

Contrary to that, with seedlings survival there was no significant interaction 

between genotypes and inoculation treatment (P = 0.164, LSD= 21.224) and 

only ASSYST 269 Tantal had similar survival between treatments (Table 3.2). 

Survival was significantly reduced in all tested genotypes (P< 0.001, LSD= 

7.075) with ASSYST 447 Rotabaggeue and ASSYST 209 Ragged Jack to be 

the most affected by AG 2-1 10 dpi (Table 3.2). No significant interactions 

were observed between genotypes under inoculation treatment during disease 

assessments for both hypocotyls (P= 0.75, LSD= 18.05) and roots (P= 0.86, 

LSD= 20.87) (Supplementary Table 3.1). On hypocotyls DI ranged from 

83.3% (ASSYST 224) to 98.6% (ASSYST 209, 210) and for roots from 83.3% 

(ASSYST 224) to 97.6% (ASSYST 209, 210). Westar was also susceptible 

with 100% of DI in both hypocotyls and roots (Supplementary Table 3.1).  
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Table 3.2 Emergence (%) and survival of seedlings during 10 days of inoculation, 

in ASSYST population with Westar as test. For the comparison between 

genotypes P(genotype) and LSD (genotype) were used, for the comparison between 

different treatments P(inoculum) and LSD(inoculum) were used and for the comparison 

of between genotypes and different treatments P(genotype*inoculum) and 

LSD(genotype*inoculum) were used (ANOVA). 

 

 

 

 Emergence (%) Survival (%) 

Genotype AG 2-1 Control AG 2-1 Control 

ASSYST 209 27.8 96.3 39.6 90.3 

ASSYST 210 36.1 78.7 45.1 84.7 

ASSYST 194 76.8 84 68.8 100 

ASSYST 279 71.3 90.7 70.8 95.8 

ASSYST 269 71.3 75.9 68.1 87.5 

ASSYST 224 45.4 79.6 52.1 87.5 

ASSYST 447 21.3 95.4 39.6 100 

ASSYST 187 52.8 85.2 67.4 96.5 

Westar 50 86.1 45.1 91.7 

P(genotype) 0.246 

22.37 

<0.001 

10.545 

0.034 

31.636 

0.034 

LSD (genotype) 15.008 

P(inoculum) < 0.001 

LSD(inoculum) 7.075 

P(genotype*inoculum) 0.164 

LSD(genotype*inoculum) 21.224 
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3.5.3 Group 3: Temple x Canard population 

Screening of the TCDH population for 10 days under inoculation with AG 2-1 

showed significant differences between genotypes for both emergence (P= 

0.03, LSD= 38.25) and survival (P= 0.016, LSD= 24.17) (Table 3.3). 

Emergence ranged from 5.56 - 89.92%, although Canard emerged better than 

Temple, this was not statistically significant (Table 3.3). Similarly, survival 

ranged from 28.47-87.5%, again mean survival of Canard was better than 

Temple but this was not significantly different (Table 3.3). However, no 

differences were detected for disease either on hypocotyls (P= 0.906, LSD= 

7.98) or roots (P= 0.686, LSD= 12.81) (Table 3.3).  

Table 3.3 Emergence (%) and survival (%) and Disease index (%) on hypocotyls 

(DIH) and roots (DIR), of TCDH population and parental lines Temple and 

Canard under inoculation with AG 2-1 for 10 days. For the comparison between 

the parents and between different genotypes P values and LSD were used 

(ANOVA). 

 

Temple had more disease compared to Canard for both traits but not 

statistically different (DIH: t= 0.45, d.f.= 10, P= 0.661 and DIR: t= 0.70, d.f.= 

10, P= 0.501). When the population was screened under non-inoculated 

conditions for 10 days, significant differences were observed between 

genotypes for emergence (P< 0.001, LSD= 17.41) and survival (P< 0.001, 

LSD= 11.16), emergence varied from 30.53-100% and survival from 54.17-

100% (Table 3.4).  

As it is explained in the material and methods section (Phenotyping group 3 -

TCDH population), due to increased disease levels under inoculation with AG 

2-1 for 10 days, a random selection of genotypes was screened again for 5 

Trait Parents TCDH population 

 Temple Canard Mean Range P  LSD d.f. 

Emergence 33.33 49.07 38.85 5.56-89.82 0.030 38.25 122 

Survival 38.19 46.53 48.76 28.47-87.5 0.016 24.17 122 

DIH 95.83 93.06 96.97 91.7-100 0.906 7.98 122 

DIR 96.03 91.27 94.86 83.3-100 0.686 12.81 122 
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days. Although, emergence as well survival of seedlings for 5 days was not 

significantly different between genotypes, were on the limit to be significant 

(emergence: P= 0.058, LSD= 37.338, survival: P= 0.055, LSD= 21.56) (Table 

3.5).  

Table 3.4 Emergence (%) and survival (%) of TCDH population and parental 

lines Temple and Canard under control (non-inoculated) conditions for 10 days. 

For the comparison between the parents and between different genotypes P 

values and LSD were used. 

 

Table 3.5 Emergence (%) and survival (%) of different genotypes of TCDH 

population and their parental genotypes, Temple and Canard, under inoculation 

with AG 2-1 for 5 days. For the comparison between genotypes P values and LSD 

were used (ANOVA). 

  

Trait Parents TCDH population 

 Temple Canard Mean Range P  LSD d.f. 

Emergence 85.19 96.37 90.34 30.56-100 < 0.001 17.41 116 

Survival 99.31 100 96.68 54.17-100 <0.001 11.16 116 

Genotype Emergence (%) Survival (%) 

TCDH 100 44.44 65.6 

TCDH 92 48.15 61.1 

TCDH 11 55.56 68.9 

TCDH 48 72.22 81.1 

TCDH 124 83.33 87.8 

TCDH 150 83.33 86.7 

TCDH 42 92.59 90 

TCDH 130 100 92.2 

Temple 66.67 75.6 

Canard 77.78 76.7 

P 0.058 0.055 

LSD 37.338 21.56 
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However, inoculation for 5 days revealed significant differences between the 

tested genotypes for both disease in hypocotyls (P< 0.001, LSD= 15.85) and 

roots (P= 0.004, LSD= 22.75) (Figure 3.2). Disease on hypocotyls was lower 

on genotypes TCDH 130 (58.3 %), -124 (59.7 %) and -42 (70.8 %) while 

genotype TCDH 92 had the highest level (94.4 %). The parents, Temple and 

Canard were not significantly different from each other (t= 0.82, d.f.= 10, P= 

0.430). Disease on roots was similar; TCDH 130, -124, -42 and -48 had the 

least disease (49.2 %, 53.2 %, 61.9 % and 58.7 % respectively) and genotype 

TCDH 92 the most (96 %). Again Temple and Canard were not significantly 

different from each other (t= -1.20, d.f.= 10, P= 0.259) (Figure 3.2). 

 

 

Figure 3.2 Disease index (DI) (%) on hypocotyls and roots of TCDH genotypes 

and their parents, Temple and Canard, 5dpi with AG 2-1. For comparison 

between genotypes P values and LSD were used (ANOVA). 
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When Temple and Canard were screened for 5 dpi with genotypes TCDH 24 

and TCDH 42, with altered protocol on disease assessment (material and 

methods, Phenotyping group 3 -TCDH population), neither disease on 

hypocotyls (P= 0.23, s.e.d.= 3.43, d.f.= 227) nor roots (P= 0.18, s.e.d.= 5.46, 

d.f.= 227) (Table 3.6) was significantly different between them.  

Table 3.6 Percentage of disease on hypocotyls (DH) and roots (DR) and survival 

5 dpi with AG 2-1. For identification of differences between genotypes P values 

and standard errors of differences (s.e.d) were used (disease: ANOVA, survival: 

GLM) 

However, survival was different between genotypes and parents (P= 0.04, 

s.e.d= 0.52, d.f.= 286). Genotype TCDH 24 (0.15) had the lowest survival 5 

dpi, TCDH 42 (0.28) and Temple (0.22) had similar survival and Canard had 

the best survival (0.40) and statistically significant different from Temple (t= -

1.98, d.f.= 118, P= 0.05) (Figure 3.3). Temple and Canard were not 

significantly different for disease on hypocotyls (t= 0.67, d.f.= 118, P= 0.507) 

and roots (t= 1.47, d.f.= 118, P= 0.143).  

 

Figure 3.3 Seedlings of Temple (left), Canard (middle) and TCDH 48 (right) 5 

dpi with AG 2-1.  

Genotype DH (%) DR (%) Survival 

TCDH 24 94.4 89.7 0.15 

TCDH 42 93.5 84.4 0.28 

Temple 90.6 86.3 0.22 

Canard 88 77.9 0.40 

P 0.23 0.18 0.04 

s.e.d 3.43 5.46 0.52 

d.f. 227 227 286 
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3.5.4 OSR and A. thaliana in inherited resistance experiment 

Screening of the 4 OSR genotypes for 10 dpi did not show significant 

interactions between genotypes and treatments for emergence (P= 0.79, LSD= 

18.56). Seedlings emergence in each genotype was similar between the two 

treatments (Figure 3.4) (P= 0.76, LSD= 9.28) but significant differences were 

observed between genotypes (P< 0.001, LSD= 13.12) with Comet having the 

lowest emergence compared to the other 3 genotypes (Table 3.7). Survival of 

seedlings over 10 dpi did not reveal any significant interaction between 

genotypes and treatments (P= 0.085, LSD= 16.66), with genotypes having 

similar survival (Table 3.7). However, when we analyse the survival on the last 

day of the experiment, it was clear that inoculation with AG 2-1 had 

significantly reduced seedlings survival by 37% (P= 0.0013, LSD= 19.23).  

 

Figure 3.4 OSR seedling under inoculation and control conditions during the 

first experiment of group 4 (in order to obtain survivors) (a). OSR seedling with 

hypocotyl rot 10 dpi next to healthy seedling (b). A. thaliana seedlings on 21st dpi 

during the screening of progeny and parents (c).  
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Table 3.7 Emergence and survival of OSR seedlings under inoculation with AG 2-1 for 10 days. Responses of parental plants or plants derived from 

plants previously inoculated with AG 2-1 (P+) under inoculation (AG 2-1) or control treatment. For the comparisons P values and LSD were used 

(ANOVA).  

 

 

 

 

 

 

 

 

 

 

 

 Emergence (%) Survival (%) 

Genotype Parents Progeny of (P+) Parents Progeny of (P+) 

 AG2-1 Control AG2-1 Control AG2-1 Control AG2-1 Control 

Westar 99.31 99.31 8.33 30.56 94.79 95.83 29.17 46.87 

Nugget 95.83 95.83 71.53 73.61 85.42 94.79 73.44 77.6 

Comet 49.31 52.78 48.61 75.69 55.73 65.62 53.65 81.25 

ES Betty 83.33 74.31 42.36 48.61 76.56 85.42 53.65 61.46 

P(genotype) < 0.001 0.004 0.001 0.008 

LSD(genotype) 13.12 27.84 11.78 21.02 

P(inoculum) 0.76 0.144 0.083 0.058 

LSD(inoculum) 9.28 19.68 8.33 14.86 

P(inoculum*genotype) 0.79 0.75 0.085 0.66 

LSD(inoculum*genotype) 18.56 39.37 16.66 29.73 
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Screening of plants derived from the inoculated survivors, showed no 

interaction between genotypes and treatments neither on emergence (P= 0.75, 

LSD= 39.37) nor on survival (P= 0.66, LSD= 29.73) (Table 3.7). Although 

survival was on the limit to be significant between treated and inoculated 

seedlings over 10 dpi (P= 0.058, LSD= 14.86), when was analysed only for the 

last day of the experiment significant difference was observed between 

treatments, with AG 2-1 to significantly reduce survival of seedlings by 59.6% 

(P= 0.006, LSD= 19.94). 

When we compared emergence and survival of progeny plants to their 

ancestors no significant interaction was observed between treatment and origin 

for emergence (P= 0.507, LSD= 35.58) and survival (P= 0.673, LSD= 25.16) 

(Supplementary Table 3.2). However, origin alone did affect emergence of 

seedlings and survival with progeny seedlings having 38.63% reduced 

emergence (P= 0.019, LSD= 25.16) and 27.2% reduced survival (P= 0.018, 

LSD= 17.68) compared to their parents (Supplementary Table 3.2). Emergence 

between progeny and parental plants on AG 2-1 treatment was significantly 

different (t= 2.26, d.f.= 6, P= 0.032) with progeny having reduced emergence 

compared to parental plants. However, this effect was lost on the control 

treatment where both had similar emergence (t= 1.54, d.f.= 6, P= 0.088). 

Under inoculation with AG 2-1 survival of progeny was significantly reduced 

(t= 2.08, d.f.= 6, P= 0.041) while on the control treatment there was no 

significant difference between them (t= 1.76, d.f.= 6, P= 0.064).  

Similarly to OSR, no significant interaction was observed between treatment 

and origin of A. thaliana seedlings neither for emergence (Figure 3.4) (P= 

0.579, LSD= 8.54) nor for survival (P= 0.813, LSD= 7.819) (Table 3.8). 

Survival on the last day (21 dpi) (Figure 3.4) show that inoculation with AG 2-

1 reduces seedling survival compare to control seedlings (P= 0.009, LSD= 

6.82) but it is independent from seedlings origin (P= 0.219, LSD= 6.82).  
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Table 3.8 Emergence and survival of A. thaliana seedlings from plants derived 

from plants under inoculation (Parent +) or non-inoculated control (Parent -) 

under inoculation (AG 2-1) and control treatment. For the comparisons P values 

and LSD were used (ANOVA). 

 Emergence (%) Survival (%) 

Origin AG2-1 Control AG2-1 Control 

Parent (+) 13.62 12.5 33.5 37 

Parent (-) 16 18.25 37 41.25 

P 0.579 0.893 

LSD 8.54 7.819 

 

3.6 Discussion  

Identification of resistant OSR germplasm to R. solani AG 2-1 has been a 

challenge for many years. Brassica species are characterized by close genetic 

relations and therefore many studies have also included other cultivated or wild 

species such as B.rapa, B. oleracea, B. carinata, B. juncea, Sinapis alba, 

Camelina sativa (Acharya et al., 1984, Babiker et al., 2013, Yang and Verma, 

1992). However, no complete resistance has been identified in OSR but only 

differences between and within species susceptibility to AG 2-1 (Acharya et 

al., 1984, Yang and Verma, 1992). Here we attempted to identify 

resistance/tolerance of OSR to AG 2-1 by screening a number of different 

commercial cultivars, a selection of germplasm from diversity sets and a 

mapping population. 

Our screening was separated into different groups; we first screened (group 1) 

a range of different genotypes that have been in the recommended lists for UK 

in addition with two genotypes from two populations, one B. rapa genotype, 

MINELESS and Westar. All of these genotypes were highly susceptible to AG 

2-1. Emergence and survival of seedlings was negatively affected by AG 2-1 

during the 10 dpi and although genotypes were different on their emergence 

and survival, we were unable to detect significant interactions between them 

under inoculation. Additionally, disease symptoms were severe in hypocotyls 

and in roots, although in general roots seem to have less disease compared to 

hypocotyls. There was variation between genotypes with ASSYST 224 having 

the least disease and Comet and B. rapa having the highest. Westar has been 



78 
 

used previously as a control cultivar during screening against AG 2-1 (Yang 

and Verma, 1992), here was also susceptible. The choice for screening 

MINELESS was made based on the fact that the direct role of GSL as 

defensive compounds against R. solani is debatable; in in vitro experiments, 

both aliphatic and aromatic isothiocyanates (ITCs) were toxic to five cereal 

pathogens, including R. solani (although the authors did not specify which AG 

was tested) and Gaeumanomyces graminis var. tritici which were very 

sensitive (Sarwar et al., 1998). Also seed coating with seed meal of B. juncea 

and a chemical carrier was sufficient to eliminate damping-off disease in B. 

oleracea caused by AG 4 (Chung et al., 2002). Nonetheless, Smith and 

Kirkegaard showed that the variability within R. solani is also reflected on its 

responses to 2-phenylethyl ITC in vitro (Smith and Kirkegaard, 2002). Thus, 

the response of a certain AG to GSL compounds is vague. That said, there is 

no study focusing on the effect of GSL from OSR on AG 2-1. Here we aimed 

to identify if GSL have a role the interaction with AG 2-1 and we hypothesised 

that GSL will enhance defence towards AG 2-1, therefore we expected that the 

transgenic genotype would be more susceptible compared to the background 

Westar. Unfortunately, Westar’s susceptibility to AG 2-1 infection was a 

drawback and no differences were observed between Westar and MINELESS, 

thus we did not proceed with further experiments with these genotypes. 

ASSYST 224 had the least disease for both hypocotyls and roots and the 

highest survival of seedlings. This genotype is from a well-defined population 

of diverse B. napus genotypes, hence screening other genotypes of this 

population was a logical step forwards, as the potential identification of 

tolerance or resistance could lead to the discovery of quantitative trait loci 

(QTL). We proceeded with screening of group 2, a selection of different 

ASSYST genotypes with Westar and ASSYST 224 as control genotypes. 

However, all genotypes were highly susceptible to infection of AG 2-1 when 

exposed for 10 days. Disease symptoms in hypocotyls and roots were severe 

and no differences were detected between genotypes. ASSYST 224 was the 

genotype with the least disease, although still high (83.3% for both hypocotyls 

and roots) and Westar was the genotype with the most disease reaching 100% 

both in hypocotyls and roots. Nevertheless, emergence of seedlings between 
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genotypes was different and genotypes ASSYST 269, -194 and -279 emerged 

equally well with their control seedlings. However, these genotypes had 

significant lower survival compare to their controls, despite the fact that these 

genotypes had the highest survival under inoculation compare to other 

genotypes. Regarding ASSYST 224 and Westar emergence and survival was 

slightly altered compare to their previous screening but with similar responses 

to AG 2-1 infection.  

In previous screening (Drizou et al., 2017) we identified that genotypes 

Temple and Canard had contrasting survival under inoculation with AG 2-1 at 

10 dpi. These genotypes have been used to produce the doubled haploid 

mapping population (TCDH: Temple Canard Doubled Haploid) 

(https://www.jic.ac.uk/staff/ian-bancroft/mapping.html). Considering that the 

parental genotypes had contrasting responses we decided to screen the 

population under the same conditions. Screening for 10 dpi showed significant 

differences between genotypes’ emergence from 5.7 % to 89.8 % and similar 

survival from 28.5 % to 87.5 %. Nonetheless, Temple and Canard had similar 

emergence and survival. We also screened the genotypes under non-inoculate 

conditions to obtain any genotype differences on emergence and survival. 

Genotypes differed in emergence and survival but in general their performance 

was good with mean emergence of 90.3% and mean survival of 96.7 %, 

compared to 38.8 % and 48.8 % respectively under inoculation. Similarly to 

groups 1 and 2, inoculation with AG 2-1 for 10 days resulted in high disease 

level and we were unable to discriminate any tolerance. Thus, we decided to 

reduce the inoculum pressure by eliminating the time that the seedlings were 

exposed to the pathogen.  

Minimising the days of exposure to the pathogen resulted in better emergence 

and survival and less disease. Although, we could not detect significant 

differences in emergence and survival of the selected genotypes, there was a 

variation of 55.6 % and 31.2 % respectively and genotypes TCDH 130 and -42 

had the best performance. Disease, however was significantly reduced 

compared to the 10 dpi screening, with rates starting from <60% for disease on 

hypocotyls and 50% for disease on roots. Tested genotypes responded 

significantly different to inoculation with AG 2-1, with TCDH 130 and -124 

https://www.jic.ac.uk/staff/ian-bancroft/mapping.html
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having the least disease on hypocotyls and roots, followed by TCDH 42. In 

contrast, TCDH 92 (DIH= 94.4 % and DIR= 96 %). Temple and Canard were 

not significantly different from each other for neither DIH nor DIR. Although 

in hypocotyls Temple had more severe symptoms compared to Canard this was 

different when we looked at disease symptoms on roots. These results showed 

that screening for 5 dpi is a more suitable method for the detection of 

differences in disease symptoms and therefore we decided to screen all the 

population with this protocol. By the time that the first experimental replicate 

completed, we were acknowledged that the two thirds of the population were 

not segregating and that they were identical with the parent Temple, thus we 

only present the results from this experimental replicate (Supplementary Table 

3.3). Nevertheless, we used these results and selected TCDH 24 and TCDH 42, 

belonging to the one third of the TCDH population that was segregating and 

screened them with the parents. From this screening, no significant differences 

were observed between the two genotypes and the parents for disease both on 

hypocotyls and roots. Survival of seedlings however, was significantly 

different, with Canard having the best survival, two times better than Temple 

(Canard: 0.40, Temple: 0.22). TCDH 42 survived similar to Temple and 

TCDH 24 had the worst survival (0.15). 

Overall, screening of genotypes in these groups confirmed previous studies 

that AG 2-1 is extremely pathogenic to OSR and there is no resistance 

(Acharya et al., 1984, Babiker et al., 2013, Kataria and Verma, 1992, 

Khangura et al., 1999, Sturrock et al., 2015, Yang and Verma, 1992). In these 

studies screening was conducted with different methods for both inoculation 

and assessment of response to infection. Here exposure of seedlings for 10 

days in combination with the highly pathogenic AG 2-1 resulted in increased 

disease level. Our choice to reduce the exposure to AG 2-1 to 5 dpi, during the 

screening of TCDH population, appeared to be good. Probably screening of 

genotypes in the other two groups for 5 days would have enabled us to identify 

more striking differences on group 1 and significant differences between 

genotypes on group 2. Even with this possibility, the current data prove that 

there is lack of resistance in the tested germplasm. Nonetheless, the significant 

differences in emergence (group 1 and group 3) and survival (group 3) of 
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tested germplasm may indicate the existence of traits that may be help to 

escape disease by AG 2-1. It is known that infection by AG 2-1 prevents 

seedlings germination (pre-emergence damping-off) and seedlings 

development due to root and hypocotyl rot (post-emergence damping-off) 

(Kataria and Verma, 1992). An infection process that has been shown, using 

X-ray computed tomography, to result in complete maceration of roots and 

hypocotyls within 6 dpi (Sturrock et al., 2015). Therefore, it is expected faster 

emergence and growth of seedlings to benefit OSR to escape infection by AG 

2-1. 

In order to evaluate the findings from Yang and Verma (1992) and our 

hypothesis that resistance to AG 2-1 could be a transgenerational defence 

induction, we screened four OSR cultivars: Westar, Nugget, Comet and ES 

Betty. Initial screening of the genotypes, detected no significant difference on 

their emergence and survival 10 dpi and all they performed equally well to 

their non-inoculated controls, also all had better emergence and survival 

compare their screening on group 1. Although these results implied that 

inoculation did not affect their survival, the analysis on the last day show that 

AG 2-1 infection actually had negative impact by reducing it significantly 

compared to the controls. When progenies were screened again, no significant 

interactions were observed between genotypes and treatments but survival was 

significantly reduced on the last day of the experiment on inoculated seedlings. 

When we compared the results of the progenies to the original parental lines, 

we did not detect any significant interaction between treatment and origin of 

the seeds on emergence and survival. However, origin of seeds alone appeared 

to be a significant factor for both seedlings emergence and survival; seedlings 

originating from previously AG 2-1 infected plants had significantly reduced 

emergence and survival. 

Rhizoctonia solani AG 2-1 has been shown to be highly pathogenic to A. 

thaliana; a range of 36 ecotypes had been screened previously and all appeared 

to be susceptible to AG 2-1 7 dpi with survival rates less than 33% (Foley et 

al., 2013). However, similar to OSR, A. thaliana seedlings did not show 

improved performance as the result of previous infection of parental plants. 

Our results do not support neither our hypothesis, that AG 2-1 infection can 
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result in improved performance/ transgenerational defence induction nor the 

argument that selection could potentially result in improved resistance to AG 

2-1, at least for the tested OSR germplasm and A. thaliana Col. 0 under these 

experimental conditions. A recent study showed that although exposure of A. 

thaliana plants to volatile organic compounds (VOCs) from R. solani AG 2-2 

IIB primes plant growth, does not affect disease resistance to the pathogen 

(Cordovez et al., 2017). Also, this priming effect of VOC-triggered plant 

growth was not transgenerational, as seedlings originated from VOC-exposed 

parents had not different root weight compared to seedlings from control 

parents and had slightly reduced shoot weight (Cordovez et al., 2017). 

Although this study partly supports the finding of the present work, it is 

important to take into account that they examined the effect of VOCs on 

priming and resistance and not the direct contact with the pathogen.  

The fact that the 4 OSR genotypes were susceptible from the first screening 

and they had only minor differences between them in addition to the increased 

inoculum pressure, as we stated before, probably also affected this outcome. 

Although, the parental plants were survivors, they were suffering due to 

infection even in later stages and probably this affected their ability to set 

healthy seeds; seeds of progenies were smaller compare to parental seeds. It is 

known that small seed size is linked with lower emergence and seedlings 

survival (Wei and Darmency, 2008), so it is likely that OSR progenies 

performed worse compared to their parents because of the quality of the seeds. 

Following this we need to point out that a transgenerational induction also can 

be a result of maternal effect (Holeski et al., 2012), where maternal plants 

affect the seed quality and therefore the offspring. If this is the case it seems 

that we have a transgenerational induction of susceptibility rather resistance, 

although such a conclusion is largely hypothetical. Nonetheless, the fact that in 

both OSR and A. thaliana, there was no interaction between treatment and 

seeds’ origin leads to the conclusion that previous infection with AG 2-1 does 

not result in better performance of progenies and therefore induced defence in 

this case seems not to be an inherited trait. Future work could confirm the 

strength of this observation by testing more generations.  
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3.7 Conclusions 

The present study confirms that AG 2-1 is a very pathogenic isolate for OSR 

germplasm and results in high disease level and reduced seedling performance. 

However, we consider that the increased inoculum pressure probably 

prevented us to detect differences that could indicate tolerance. Future work 

could be benefited from this and perform screenings under 5 dpi. Additionally, 

it seems that resistance of OSR to AG 2-1 is unlikely to be the result of a 

transgenerational defence induction, inherited as result of epigenetic stress 

responses.  

3.8 Abbreviations  

OSR: oilseed rape, AG: anastomosis group, TCDH: Temple x Canard Doubled 

Haploid, cv: cultivar, PGA: potato glucose agar, dpi: days post inoculation, 

GSL: glucosinolates, P+: plants produced from inoculated plants, P- : plants 

produced from control plants, ANOVA: analysis of variance, GLM: 

generalised linear model, s.e.d: standard errors of differences, d.f.: degrees of 

freedom, ITCs: isothiocyanates, QTL: quantitative trait loci, VOCs: volatile 

organic compounds. 
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3.10 Supplementary data 

Supplementary Table 3.1 Disease index in hypocotyls (DIH) and roots (DIR) 10 

dpi of tested genotypes on ASSYST population and cultivar Westar. For the 

comparison between the genotypes P values and LSD were used (ANOVA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Table 3.2 Emergence and survival of parental OSR seedlings and 

progenies of inoculated parents (progeny) under inoculation with AG 2-1 for 10 

days. For the comparisons P values and LSD were used (ANOVA).  

 Emergence (%) Survival (%) 

Origin AG2-1 Control AG2-1 Control 

Parent  81.9 80.6 78.1 85.4 

Progeny  42.7 57.1 52.5 66.8 

P(origin) 0.019 0.0018 

LSD(origin) 25.16 17.68 

P(treatment) 0.583 0.208 

LSD(treatment) 25.16 17.68 

P(origin*treatment) 0.507 0.673 

LSD(origin*treatment) 35.58 25 

Genotype DIH DIR 

ASSYST 209 98.6 97.6 

ASSYST 210 98.6 97.6 

ASSYST 194 93.1 92.9 

ASSYST 279 93.1 89.7 

ASSYST 269 94.4 92.1 

ASSYST 224 83.3 83.3 

ASSYST 447 97.2 89.7 

ASSYST 187 94.4 92.9 

Westar 100 100 

P 0.75 0.86 

LSD 18.05 20.87 
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Supplementary Table 3.3 Percentage of disease on hypocotyls (DH) and roots 

(DR) and survival 5 dpi with AG 2-1. For identification of differences between 

genotypes P values and standard errors of differences (s.e.d) were used (disease: 

ANOVA, survival: GLM) 

 

Trait Parents TCDH population 

 Temple Canard Mean Range P  s.e.d d.f. 

Survival 0.725 0.726 - 0-1 0.055 67.5 108 

DH (%) 91.33 80.44 86.34 58.65-100 <0.001 8.95 108 

DR (%) 83.51 91.22 90.56 71.34-100 <0.001 8.18 108 
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Chapter 4. Infestation by Myzus persicae increases 

susceptibility of Brassica napus cv. ‘Canard’ to 

Rhizoctonia solani AG 2-1  

 

This chapter presents the indirect interaction between AG 2-1 and M. persicae 

on OSR cultivars ‘Temple’ and ‘Canard’. Also examines plant defences in cv 

‘Canard’ against AG 2-1 and M. persicae estimated as induced changes on 

gene expression. This chapter is in preparation to be submitted.  

4.1 Author contribution 

Practical work was designed and performed by F Drizou under the supervision 

of N Graham, R Ray and T Bruce. The manuscript was composed by F Drizou 

with the contribution of N Graham, R Ray and T Bruce.  
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4.2 Abstract 

Plants have the ability to defend themselves against herbivorous insects and 

plant pathogens. Understanding the complicated interactions triggering plant 

defence mechanism is of great interest as it may allow the development of 

more effective and sustainable disease control methods. Myzus persicae and 

Rhizoctonia solani anastomosis group (AG) 2-1 are two important organisms 

attacking oilseed rape (OSR), causing disease and reduced yields. At present, 

is unclear how these two interact with each other and with OSR defences and 

therefore the aim of the present study was to gain a better insight into the 

indirect interaction between aphids and pathogen. In separate experiments, we 

assessed the effect of AG 2-1 infection on aphid performance, measured as 

growth rate and population increase and then the effect of aphid infestation on 

AG 2-1 by quantifying disease and the amount of fungal DNA in plant stems 

and compost for two OSR varieties, ‘Canard’ and ‘Temple’. Additionally, we 

examined the expression of genes related to jasmonic acid (JA) and salicylic 

acid (SA) defence pathways. There was no significant effect of AG 2-1 

infection on M. persicae performance. However, aphid infestation in one of the 

varieties, ‘Canard’, resulted in significantly increased disease symptoms 

caused by AG 2-1, although, the amount of fungal DNA was not significantly 

different between treatments. Expression of LOX3 and MYC2 was elevated 

under AG 2-1 treatment but downregulated in plants with both aphids and 

pathogen. Therefore it seems plausible that alterations in the JA signalling due 

to aphid infestation resulted in the increased susceptibility to AG 2-1. 

Key words: R. solani AG 2-1, Myzus persicae, oilseed rape, indirect 

interaction, plant defences, jasmonic acid, salicylic acid 
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4.3 Introduction 

Plants are exposed to a variety of attacking organisms aboveground and 

belowground, including pathogens and herbivorous insects. Due to natural 

selection, host plants and their enemies have coevolved and are subjected to a 

constant arms race for their survival (Occhipinti, 2013). Plants are able to 

defend themselves either with constitutive or with more energy-effective 

inducible defences, additionally in response to plant defence mechanisms, 

enemies have also evolved counteracting defences (Bruce, 2015, Glazebrook, 

2005, Pieterse and Dicke, 2007). The interactions between an attacker and a 

host plant embrace the recognition of herbivore associated molecular patterns 

(HAMPs) or pathogen associated molecular patterns (PAMPs) (for herbivorous 

insects and pathogens respectively) by the plant which lead to plant triggered 

immunity (PTI). However, herbivores and pathogens are able to overcome this 

first layer of plant defences, by the secretion of effectors and plants respond 

with a second layer of defences named effectors triggered immunity (ETI) 

(Bruce, 2015, Jaouannet et al., 2014, Wang et al., 2014). Chemical defences 

and secondary metabolites also have a crucial role in plant defences (Bruce, 

2015). Plant hormones salicylic acid (SA), jasmonic acid (JA), ethylene (ET) 

and abscisic acid (ABA) are known to play a key role. JA and SA signalling 

are thought to be the most important with JA to be activated against herbivory 

by chewing insects, wounding and necrotrophic pathogens, whilst SA against 

biotrophic pathogens and phloem feeding insects (Glazebrook, 2005, Vos et 

al., 2013). Although SA and JA often act antagonistically through a cross-talk, 

recent studies provide evidence that SA and JA can also act in a synergistic 

way (Liu et al., 2016) and their activation is highly dependent on the nature of 

the attacker (feeding guild of herbivore and lifestyle of the pathogen) as well as 

the plant species (Bari and Jones, 2009, Glazebrook, 2005). More complex 

interactions are taking place when different attackers share the same host as 

these organisms interact with each other indirectly through the induced 

changes in host-plant’s biochemistry, chemistry and nutritional status 

(Lazebnik et al., 2014, Schultz et al., 2013).  A study showed that when Aphis 

fabae fed on Vicia faba plants infected with Botrytis cinerea (necrotroph) 

individual aphids development was negatively affected but when the plants 
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were infected with Uromyces viciae-fabae (biotroph) aphids had a better 

performance, nonetheless during simultaneously infection aphids performed 

equally well as on the control plants (Al-Naemi and Hatcher, 2013). These 

results were related with the induced-alterations in nitrogen content after 

pathogen infection and the authors also speculated that possibly a cross talk 

occurred between JA botrytis-induced defences and SA U. viciae fabae- 

induced defences (Al-Naemi and Hatcher, 2013). Another study by Drakulic et 

al., showed that when Sitobion avenae aphid and Fusarium graminearum fungi 

share the same wheat plant, the fungi is benefited whilst the aphids are not: the 

authors detected that during dual attack disease severity was increased but 

aphid survival was decreased (Drakulic et al., 2015). However, in both studies 

the authors did not examine the changes in the JA and SA signalling pathways 

and their role in the observed interactions. 

Considering that in agroecosystems plants are exposed to multiple attackers, 

the fine-tuning of their defences is a key factor determining their fitness (Vos 

et al., 2013). Understanding the fundamental mechanisms and evolution of 

plant defences is a crucial step for the development of sustainable control 

methods in agriculture. This is of great importance considering that chemical 

control methods are either failing, due to the ability of pests to gain resistance 

against them (Bass et al., 2011, Puinean et al., 2010) or are restricted due to 

their harmful effects on non-target beneficial organisms in the ecosystem 

(Simon-Delso et al., 2015). 

The plant family Brassicaceae consists of many important agricultural crops 

including, oilseed rape (OSR), Brassica napus, a polyploid species result of 

crossing Brassica rapa and Brassica oleracea (Chalhoub et al., 2014). OSR is 

one of the most cultivated and profitable crops worldwide (FAOSTAT). 

Additionally, as with the other members of this plant family, OSR has 

specialised chemistry due to the production of glucosinolates (GSL) and their 

breakdown products that are involved in plant defences against herbivorous 

insects and pathogens (Schoonhoven et al., 2005, van Dam et al., 2009). OSR 

is the host for the soil-borne necrotrophic pathogen Rhizoctonia solani (Kühn). 

This pathogen is characterized by great genetic variability: it is divided into 13 

anastomosis groups (AG), each specialised to a certain plant host (Ogoshi, 
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1987, Parameter, 1970). Isolates belonging to AG 2-1 are the most pathogenic 

for OSR; under favourable environmental conditions they infect seedlings and 

cause damping off disease (Kataria and Verma, 1992, Khangura et al., 1999). 

Disease in this early stage leads to reduced crop establishment and 

consequently yield loss. Although, many studies have attempted to identify 

resistance traits in B. napus, resistant germplasm has not been identified and it 

remains a mystery how AG 2-1 suppresses or avoids plant defences (Babiker et 

al., 2013, Sturrock et al., 2015). Oilseed rape is one of the secondary hosts of 

the peach-potato aphid Myzus persicae (Sulzer). This aphid is a particularly 

important pest, not only because of the direct damage it causes but also 

because it is the vector for more than 100 plant viruses (Blackman and Eastop, 

2000). It is a very effective plant herbivore, able to gain resistance against 

plant defences and even the most effective insecticides, including 

neonicotinoids (Bass et al., 2011). Currently it is unknown how and if M. 

persicae and R. solani AG 2-1 indirectly interact with each other when they 

share the same host-OSR and how host-plant responds to this dual attack. 

The aim of the present study was to identify if there is an interaction between 

herbivory by M. persicae and infection by AG 2-1 in B. napus and 

consequently gain a better insight into OSR defences against two major 

attacking organisms. We first explored if infection with AG 2-1 had a negative 

effect on aphid performance, measured in relation to growth and population 

increase. Secondly, we examined if infestation of M. persicae affects the 

plant’s ability to defend itself against AG 2-1 infection, by assessing the 

disease level and quantifying fungal DNA in plants and compost. Plant 

performance was estimated by measuring the fresh weight. Additionally, in 

order to obtain a better insight of the interaction, we examined the expression 

of genes involved JA and SA signalling. 

4.4 Materials and Methods 

4.4.1 Plant growth 

Brassica napus plants of cultivars (cv) ‘Temple’ and ‘Canard’, were grown in 

a controlled environment room (18 oC ± 2, 12 h light: 12 h dark) for 3-4 weeks 

prior to experiments. Seeds originally sown in a mixture of 50% perlite 
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standard (Sinclair Pro UK) and 50% traysubstrat (Klasmann-Deilmann GmbH, 

Germany), a week later transplanted in pots (9 cm) with Levington M3 

compost (Everris Limited UK).  

4.4.2 Aphids and inoculum 

Peach-potato aphid, M. persicae (ISIL clone), originally obtained from a 

colony maintained at Rothamsted Research was reared on oilseed rape plants, 

cultivar ‘Westar’ under controlled conditions (18 oC ± 2, 12 h light: 12h dark). 

Rhizoctonia solani AG 2-1 (#1934 from the isolate collection at the University 

of Nottingham), with known pathogenicity to OSR (Sturrock et al., 2015), was 

used to produce inoculum. The inoculum was grown on Potato Glucose Agar 

(PGA; Sigma-Aldrich, UK) for a period of 10-14 days prior to inoculation, at 

room temperature (18-20oC). 

4.4.3 Effect of AG 2-1 infection of plants on M. persicae 

In order to assess if AG 2-1 infection affects aphid performance, one inoculum 

plug (5 mm) was used to inoculate each plant. The plug was cut into two equal 

parts and each of them was placed 1.5 cm away from the stem, opposite to 

each other at a depth of ~6 cm. For the control treatment, plants were not 

inoculated. Inoculated (PA) and control (A) plants were kept in a controlled 

environment room with 18 oC ± 2, 12 h light: 12 h dark. A week later, three 

alate (winged) adult aphids were placed with a fine brush on a developed leaf 

of each of the inoculated and control plants and then a clip cage was adjusted 

on each leaf to ensure that the aphids were kept on the leaves. Plants were 

watered every two days. 

4.4.3.1 Aphid performance and reproduction 

One day after infestation, adult aphids were removed and any nymphs laid 

were counted. If no nymphs had been laid or the adults had died, new adults 

were used to replace them. The young nymphs were collected and weighed on 

a micro balance (Precisa XB 120A, Presica Instruments Ltd Switzerland) and 

then placed back on the plants. Seven days later they were collected and 

weighed again in order to estimate their Mean Relative Growth Rate (MRGR) 

(Leather and Dixon, 1984, Radford, 1967): 

MRGR = (lnW2- lnW1) / 7 
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Where W1 is the weight at birth and W2 is the weight at 7th day.  

In order to estimate the intrinsic rate of population increase (rm), the bigger 

nymph (or adult) from each clip cage was placed back on the plant to lay new 

nymphs. For a period of a week, the number of new nymphs was recorded 

daily. The nymphs were removed from the plant to prevent crowding in the 

clip cage and to allow the adult to lay more nymphs. Intrinsic rate of 

population increase was estimated by the following formula, where D = the 

time taken from the birth of the aphid to the production of the first nymph, 

which was kept constant in the present study as 7 days, FD = the number of 

nymphs produced over a period equal to time D, 0.74 constant of Wyatt and 

White (Wyatt and White, 1977): 

rm = 0.74 (ln(FD) / D) 

On the last day (14th day), the above ground plant part was collected and fresh 

weight was measured (Precisa 12.400 DG-FRSCS, Precisa Instruments Ltd 

Switzerland) to estimate if there was any difference between treatments and 

varieties. All AG 2-1 inoculated plants were checked for disease symptoms. 

4.4.4 Effect of M. persicae on plant susceptibility to AG 2-1 

For this experiment OSR plants, (cv ‘Canard’ and ‘Temple’) were first infested 

with aphids and then, three days later, infected with AG 2-1 (AP) in the same 

way as described above and kept in a room with controlled conditions (18 oC ± 

2, 12 h light: 12 h dark). For the control (P) treatment, plants without previous 

aphid infestation were inoculated with AG 2-1. Thirteen days post inoculation 

(dpi) with AG 2-1, plants from both treatments were removed from the 

compost and the above ground plant parts were washed and disease on plant 

stems was visually assessed using a scale of 0-3 (0= no symptoms, 1= light 

disease less than lesions occupying <50%, 2= moderate disease 50-70%, and 

3= severe >70%) and weighed (Precisa 12.400 DG-FRSCS, Precisa 

Instruments Ltd Switzerland). For the extraction of fungal DNA, stems of each 

plant were cut and freeze dried (at -40 oC for 4 days). Additionally, the 

compost was left to dry at room temperature (18 oC ± 2) for a period of 6-8 

days and then kept in sealed bags in a cold room (5 oC ± 2) until extraction.  
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4.4.4.1 Extraction of fungal DNA from compost 

The method of Woodhall et al., for extraction of fungal DNA from soil 

(Woodhall et al., 2012) was adjusted for the present study: compost from two 

plants was combined into one sample for each treatment of each variety. For 

homogenization of the sample and extraction of fungal DNA each sample was 

placed in a 50 ml falcon tube with three 1/4 in. ceramic spheres (MP 

Biomedicals, USA), 15 ml of CTAB buffer (cetyltrimethylammonium 

bromide) and 0.45 ml of Antifoam B in a FastPrep-24™ homogeniser (MP 

Biomedicals, USA). Further extraction was performed as described in the 

technical protocol of Wizard Magnetic DNA Purification System for Food 

(Promega Wizard Food Kit, Southampton, UK). 

4.4.4.2 Extraction of fungal DNA from plant material 

Freeze dried stems were cut into small pieces with scissors and weighed. They 

were milled by adding some (approximately a volume of 0.2 ml) Lysing matrix 

D Bulk (MP Biomedicals, USA) to each sample tube and mechanically shaken 

in a FastPrep-24™ homogeniser (MP Biomedicals, USA). For the extraction, 

the method described by Ray et al. was used (Ray et al., 2004); because the 

weight of the stem samples were less than 2 g of the amount of CTAB (15 ml 

for 2 g of plant sample) was adjusted.  

4.4.4.3 Quantification of fungal DNA  

Before quantitative Real-time PCR, using species-specific primers (Budge et 

al., 2009) (Supplementary Table 4.1) for R. solani AG 2-1 all DNA samples 

were amplified in an ITS (Internal Transcribed Spacer) PCR (White, 1990) to 

ensure that fungal and plant DNA was present and amplifiable within a 

sample. Amplification using 2x MangoMix (Bioline, UK) was performed in 

Gene Amp PCR System 9700, Applied Biosystems, USA programmed for: 

94°C for 1min and 15 sec, followed by 35 cycles of 94°C for 15 sec, 50°C for 

15 sec and 72°C for 45 sec and finished on 72°C for 4 min and 25 sec and hold 

at 10°C. Amplicon gel electrophoresis was carried out in 1% agarose gels 

stained with ethidium bromide (0.05%). PCR products were viewed on a Gel 

Doc 2000 system (Bio-Rad, Buckinghamshire, UK) under UV light. Real-time 

PCR was performed using SsoAdvanced™ Universal SYBR® Green Supermix 

(BioRad, USA) with primers specific for R. solani AG 2-1 (Budge et al., 2009) 
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(Supplementary Table 4.1). The amplification protocol was 10 min at 95°C 

followed by 40 cycles of 15 sec at 95°C and 30 sec at 64°C and then followed 

by 5 sec at 60°C and 95°C (1000 Thermo Cycle, BioRad Laboratories Ltd., 

UK). For the quantification of the amplified DNA, a standard curve was 

created using 6 standard dilutions from 10 to 10-5 ng/μl. The concentration of 

DNA on pure samples was calculated using a nanodrop (NanoDrop®) at the 

ratios of wavelengths 260 nm /230 nm and 260 nm /280 nm and estimated as 

ng/μl (Nanodrop 1000 V3.8.1 software). DNA samples from OSR stems were 

diluted (10-1 ng/μl) in TE Buffer and their concentration was calculated by 

estimating the absorbance on wavelengths 260 nm, 280 nm, 328 nm and 360 

nm on a spectrophotometer (Cary 50 Probe, Varian, Australia). Based on pure 

sample’s concentration 20 ng/μl dilutions were prepared and used for RT PCR 

as described previously. 

4.4.4.4 Gene expression  

4.4.4.4.1 Selection of target genes 

The choice of the target genes was based on their role as marker genes in the 

two major signalling pathways JA and SA and/or on their role in plant 

defences against M. persicae and necrotrophic fungi. Five genes were selected: 

LIPOXYGENASE 3 (LOX3), MYC2, NON EXPRESSOR OF PATHOGENESIS-

RELATED GENES 1 (NPR1), PATHOGENESIS RELATED 1 (PR1) and 

WRKY38. The LOX family is known to comprise marker genes for JA 

signalling and also to be related with MYC2 transcription factor, which has a 

unique role between the two branches of JA signalling in Arabidopsis 

(Lorenzo et al., 2004). Moreover, NPR1 is a receptor of SA and regulates the 

expression of PR1 marker gene in Arabidopsis (Wu et al., 2012). The family of 

WRKY transcription factors is also known to play diverse roles in basal plant 

defenses and it has been shown that WRKY38 negatively regulates SA 

responses in Arabidopsis (Kim et al., 2008). 

4.4.4.4.2 Collection of samples 

Based on our results obtained from the experiments of M. persicae effect on 

plant susceptibility to AG 2-1, we decided to proceed with cv ‘Canard’ for this 

experiment. Plants were grown, infested with M. persicae and inoculated with 

AG 2-1 as described above. Samples were collected from five different 
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treatments: Aphid (A), pathogen (P) and aphid with pathogen (AP) and two 

control treatments (control 1 and control 2), with two different time points per 

treatment. We chose two time points to examine an early and a later stage of 

infection (personal observations showed that at 72 h AG 2-1 hyphae reaches 

the plant). Based on the sampling times for the pathogen we estimated the time 

points after aphid infestation. The selection of time points had 24 h intervals to 

exclude the effect of circadian cycle in the expression of genes. Hence, control 

1 samples were collected from plants prior to aphid infestation. Aphid samples 

were collected at 52 and 76 h post infestation. Control 2 samples were 

collected from plants, 3 days older than control 1, prior to AG 2-1 infection. 

Pathogen samples were collected at 72 and 120 h post infection with AG 2-1. 

For the AP treatment, plants were harvested at 72 and 120 h post AG 2-1 

infection (Supplementary Figure 4.1) 

4.4.4.4.3 RT-qPCR (Real Time Quantitative PCR) 

For each sample one fully developed leaf was collected, immediately frozen in 

liquid nitrogen and stored at –80oC. Five biological samples were collected for 

each time point /treatment. Leaf samples were ground to fine powder and RNA 

was isolated using RNeasy® Plant Mini Kit (QIAGEN, Germany) and treated 

with DNAase I (RNase-free) (New England Biolabs, UK) following 

manufacturers’ instructions. For assessing the purity of the RNA, samples used 

for RT-PCR (program: 3 min at 95°C followed by 35 cycles of 30 sec at 95°C, 

30 sec at 60°C, followed by 30 sec at 72°C and then for 100 mins at 72°C) 

(T100TM Thermal Cycle, BioRad Laboratories Ltd., UK) and the 

amplifications were used to run a 1.5% agarose gel and visualised in 

InGenius3 with GeneSys image acquisition software (Syngene, Synoptics 

Ltd.). The amount of the RNA in the samples was quantified in a nanodrop 

(NanoDrop®). First strand of cDNA synthesis was performed using qScriptTM 

cDNA SuperMIX (Quanta BioSciences, USA) and the obtained cDNA was 

quantified using a nanodrop (NanoDrop®). RT-qPCR was carried out with 

three technical replicates per sample, using LuminoCt® SYBR© Green qPCR 

Ready Mix™ (Sigma-Aldrich, UK), in the following program; 1 min at 95°C 

followed by 60 cycles of 5 sec at 95°C, 8 sec at 62°C and then followed by 30 

sec on 72°C (1000 Thermo Cycle, BioRad Laboratories Ltd., UK). For each of 
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the target genes primers were designed and tested (Supplementary Table 4.1). 

ACTIN was used as reference gene (Körber et al., 2015).  

4.4.5 Statistical analysis  

For each of the two experiments 10 plants of each variety were used as 

biological replicates in each of the treatments. When testing the effect of AG 

2-1 infection on M. persicae, two experimental replicates were used. When 

testing the effect of M. persicae on AG 2-1, three experimental replicates were 

used for disease assessments, plants fresh weight and the extraction of fungal 

DNA from plants and two experimental replicates for the extraction of fungal 

DNA in compost. General ANOVA (GenStat 17th Edition) was used to detect 

significant interactions between treatments and varieties for MRGR of aphids, 

fungal DNA in compost and fresh weight. Two sample t-test was used for the 

detection of any significant differences within varieties and within treatments 

for disease, fungal DNA in plant stems and the intrinsic rate of population 

increase and fresh weight. Fungal DNA data were logarithmically transformed 

prior to the analysis. For the gene expression analysis, for each treatment point 

four to two biological replicates were used. The expression of the target genes 

and ACTIN was estimated individually for each using the technical replicates 

and then an average for each biological replicate in each treatment was 

calculated. Then the given value of each gene was expressed in relation to the 

value of the ACTIN for the same treatment. General ANOVA was used to 

estimate if they were significant differences different treatments and time 

points. In order to detect if there was an interaction between pathogen and 

aphid-pathogen treatment at the two tested time points, a general ANOVA with 

two factors (treatment and time) was performed. 

4.5  Results  

4.5.1 Effect of AG 2-1 plant infection to M. persicae 

Although, the growth of nymphs during the first week after their birth, 

measured as MRGR, was not different between varieties and treatments (P= 

0.848; Table 4.1), significant differences were observed in population increase 

between varieties in both treatments (Figure 4.1). M. persicae adults laid more 

nymphs on ‘Temple’ compared to ‘Canard’ both for plants that had been 
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previously inoculated with AG 2-1 (PA), 89% more nymphs (two sample t-

test: t= -2.94, d.f. = 24.81, P = 0.0007) and for the non-inoculated control 

plants (A), 32% more nymphs (two sample t-test: t= -2.56, d.f. = 35, P = 

0.0015; Figure 4.1). The intrinsic population growth of M. persicae aphids was 

not different between treatments either on ‘Canard’ (two sample t-test: t= 1.39, 

d.f. = 25.59, P = 0.178) or ‘Temple’ (two sample t-test: t= -0.08, d.f. = 34, P = 

0.938; Figure 4.1). However, more nymphs were laid in ‘Temple’ compared to 

‘Canard’.  

Table 4.1 Mean Relative Growth Rate (MRGR) and Fresh Weight (F.W) of 

Canard and Temple under pathogen and aphid inoculation (PA) and only aphid 

infestation (A). For the comparison between treatments and varieties P value and 

LSD were used (ANOVA). 

 

 

 

 

 

 

 

 

No interaction was detected between treatments and varieties for the fresh 

weight of above ground plant parts (P= 0.111, ANOVA; Table 4.1). However, 

when we used two-sample t-test to detect if there were differences within each 

treatment, an effect was observed in ‘Canard’ with AG 2-1 inoculated plants 

being significantly lighter (31%) compared to aphid-only control plants (two-

sample t-test: t= 2.36, d.f. = 26.06, P = 0.026). Additionally, a significant 

difference was observed between the two varieties in the control plants, with 

‘Canard’ being heavier compared to ‘Temple’ (two-sample t-test: t= 2.86, d.f. 

= 37, P = 0.003). 

  MRGR F.W (g) 

Canard PA 0.26 7.96 

A 0.25 11.54 

Temple PA 0.20 8.47 

A 0.18 9.01 

P(t*v)  0.848 0.111 

LSD(t*v)  0.114 2.891 
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Figure 4.1 Mean of intrinsic rate of population increase (rm) (±SE) of M. persicae 

aphids in Canard (C) and Temple (T), previously inoculated with AG 2-1 (PA) or 

non- inoculated controls (A). ** P ≤ 0.01 (two-sample t-test). 

4.5.2 Myzus persicae effect on plants susceptibility to the AG 2-1 

Disease assessment on stems of OSR plants revealed significant differences 

between treatments and varieties (Figure 4.2). Aphid infestation prior to AG 2-

1 infection (AP) resulted in significant higher disease severity (48.7% increase) 

in ‘Canard’ plant stems compared to AG 2-1 only infected (P) controls (two-

sample t-test: t= 3.11, d.f. = 58, P = 0.001; Figure 4.2). In addition to this, in 

the aphid-pathogen treatment, ‘Canard’ plants had significantly more disease 

(45.2% increase) compared to ‘Temple’ plants (two-sample t-test: t= 3.02, d.f. 

= 58, P = 0.002). Nonetheless, disease severity between the two varieties was 

not different in the controls (P) (two-sample t-test: t= 0.31, d.f. = 58, P = 

0.380; Figure 4.2). Also, no differences were detected in disease between the 

two treatments in Temple plants (two-sample t-test: t= 0.47, d.f. = 58, P = 

0.320). 

Fungal DNA was significantly higher with a 56.7% increase in ‘Canard’ plants 

compared to ‘Temple’ under aphid infestation (AP) (two-sample t-test: t= 1.73, 

d.f. = 50.17, P = 0.045) but no significant differences were detected when we 

compared the varieties in the control (P) treatment (two-sample t-test: t= 0.85, 

d.f. = 57, P = 0.20; Figure 4.3).  Also, no significant differences were observed 

between the two treatments within either ‘Canard’ (two-sample t-test: t= 0.651, 
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d.f. = 58, P = 0.306) or ‘Temple’ (two-sample t-test: t= -0.21, d.f. = 57, P = 

0.58; Figure 4.3).  

 

Figure 4.2 Mean of disease (±SE) caused by AG 2-1 13 dpi on OSR stems (n=30) 

under the following treatments AP: aphid and pathogen infection, P: only 

pathogen infection. The letters C and T next to treatments indicate Canard and 

Temple respectively. ** P ≤ 0.01, *** P ≤ 0.001 (two-sample t-test). 

 

 

Figure 4.3 Mean of R. solani DNA (ln (DNA pg ng-1 total DNA)) (±SE) extracted 

from stems of OSR plants 13 dpi. Treatments; AP: aphid and pathogen infection, 

P: only pathogen infection, with C: Canard and T: Temple. * P ≤ 0.05, (two-

sample t-test). 

The amount of AG 2-1 extracted from the compost of the tested plants was not 

different either between varieties or between treatments and there were no 

significant interaction between them (P = 0.669, LSD = 0.446; Supplementary 
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Table 4.2). Similarly, the fresh weight of above ground plants was not 

significantly between treatments, varieties and neither was their interaction (P 

= 0.693, LSD = 1.53; Supplementary Table 4.2). 

4.5.3 Gene expression  

Both infestation with M. persicae and inoculation with AG 2-1 induced several 

alterations in the expression of the tested genes (Figure 4.4). M. persicae 

infestation downregulated the expression of LOX3 76 h post infestation (P 

<0.001, LSD = 0.0004) while AG 2-1 infection significantly increased LOX3 

expression 72 h post infection (P <0.001, LSD= 0.0004; Figure 4.4). In the 

presence of both M. persicae and AG 2-1 LOX3 expression was downregulated 

at 120 h (P <0.001, LSD = 0.0004). The expression of the two controls and 

aphid treatment at 52 h, pathogen treatment and aphid-pathogen at 72 h was 

similar (Figure 4.4). AG 2-1 infection significantly upregulated MYC2 at 72 h 

and expression was further increased 120 h post infection (P <0.001, LSD= 

0.00006), while MYC2 expression during M. persicae infestation alone or 

aphid and pathogen infection was similar to that of the controls (Figure 4.4). 

The expression of NPR1 was only significantly increased in the presence of 

both M. persicae and AG 2-1, 72 h after infection (P <0.001, LSD= 0.0005). 

NPR1 expression with aphid infestation at 52 h was significantly higher 

compared to control 2 and significantly lower compared to pathogen infection 

at 72 h (P <0.001, LSD= 0.0005) but there were no other significant 

differences between the other treatments, or between the two controls (Figure 

4.4). The expression of PR1 was significantly upregulated under pathogen and 

aphid-pathogen treatments at both 72 h and 120 h (P = 0.014, LSD= 0.0223) 

while expression during aphid treatment was similar to both controls and the 

other treatments (Figure 4.4). The expression of WRKY38 was similar and only 

significantly different between aphid treatment at 76 h and aphid-pathogen 

treatment at 120 h with aphid-pathogen treatment at 72 h (with the latter to be 

significantly lower) (Figure 4.4).  
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Figure 4.4 Relative expression of (i) LOX3, (ii) MYC2, (iii) NPR1, (iv) PR1 and (v) WRKY38 at different treatments and time points: control 1 and 

control 2, aphid (A); 52 and 76 hours post infestation with aphids, pathogen (P); 72 and 120 hours post inoculation with AG 2-1 and aphid and 

pathogen (AP); at 72 and 120 hours post infection with AG 2-1. For the comparison between the different treatments P value and LSD were used, 

different letters indicate significant differences (ANOVA). 
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The comparison between pathogen and aphid-pathogen treatment at 72 h and 

120 h revealed that for LOX3 there was a significant interaction between 

treatments at 120 h; with expression of the gene downregulated in the presence 

of M. persicae (P = 0.009, LSD= 0.00057). Following this, significant 

interaction was found between the two different time points tested within 

aphid-pathogen treatment, where the expression of LOX3 was significantly 

reduced at 120 h compared to 72 h (P = 0.0013, LSD= 0.0004). Additionally, 

significant differences were observed in the expression of MYC2 between 

treatments at both 72 h and 120 h with the aphid-pathogen treatment having 

significantly lower expression compared to that of the pathogen treatment (P 

<0.001, LSD= 0.000056). Lastly, significant interaction was also observed 

between treatment and time at the expression of the NPR1 gene (P <0.001, 

LSD= 0.00065): at 72 h there was significantly increased expression under 

aphid-pathogen treatment compared to pathogen treatment (P <0.001, LSD= 

0.00046). The expression of NPR1 within aphid-pathogen treatment was also 

changed over time, decreasing at 120 h compared to 72 h (P = 0.003, LSD= 

0.00046). 

4.6 Discussion  

Inducible plant defences embrace a combination of strategies against a range of 

pathogens and herbivores that are activated in a species specific manner (van 

Loon et al., 2006). These defences involve three main pathways with three 

phytohormones playing a major role: JA, SA and ET (Bari and Jones, 2009, 

Dicke and van Poecke, 2002, Dicke et al., 2003). There is a complex network 

of interactions between JA, ET, SA and other hormones such as ABA that 

allows composition of effective plant defence strategies (Vos et al., 2013). 

Plant-pathogen and insect interactions become more complicated if we 

consider that pests and pathogens are able to take advantage of these defences 

for their own benefit, for example by inducing SA to supress JA. At the same 

time evidence is building that plants are able to fine-tune their defences with 

co-activation of those phytohormone signalling pathways (Li et al., 2006, Liu 

et al., 2016, Novakova et al., 2014). In the present study, we have investigated 

how B. napus responds to belowground infestation by AG 2-1 and 

aboveground herbivory by M. persicae and how each attacker affects the other 
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when sharing the same host. We also tested the role of JA and SA in these 

interactions by analysing alterations in expression of genes involved in those 

signalling pathways. 

Our results illustrate that infection with AG 2-1 seemed not to have an effect 

on aphid performance as no significant differences were observed for both 

their growth (MRGR) and their population increase (rm). The peach-potato 

aphid is a generalist herbivore able to supress defence mechanisms of its host 

plants and interfere with both SA and JA responses (De Vos et al., 2005, 

Thompson and Goggin, 2006). Hence, it is possible that the aphids were able 

to overcome the defence responses induced by AG 2-1. Nonetheless, as no 

differences were observed between pathogen-aphid (PA) and aphid treatment, 

it seems that infection with AG 2-1 and changes induced do not affect M. 

persicae.  

The fact that M. persicae adults laid more nymphs on ‘Temple’ plants, 

regardless of the treatment, compared to ‘Canard’ implies that ‘Temple’ serves 

as a better host for this aphid. It might be that these cultivars differ in their 

GSL profile and therefore there is a difference in their suitability for the 

generalist M. persicae. ‘Temple’ is a commercial oilseed cultivar and as such 

is expected to have lower GSL concentration compare to ‘Canard’, which is 

fodder type. However, in a study assessing M. persicae performance in 

different brassicaceous plants, population growth was not related with GSL, as 

aphids had significantly lower population growth in B. napus which has the 

lowest GSL levels compare to other Brassica species (Le Guigo et al., 2011). 

The lack of information on the GSL profile of the tested varieties does not 

allow us to draw an accurate conclusion.  

Regarding the fresh weight of the aboveground plant tissues of the controls, 

‘Temple’ plants were about 22% lighter compare to ‘Canard’. However, under 

the presence of both AG 2-1 and M. persicae ‘Canard’ plants weighed less 

than their controls, which probably implies that this variety is more susceptible 

to AG 2-1 infection at this growth stage. Previous screening of these varieties 

has shown contrasting responses regarding survival and disease during the 

early seedling stage (Drizou et al., 2017). In the present study, the tested plants 
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were 3-4 weeks old during inoculation which probably alters their ability to 

defend themselves against AG 2-1. It is known that, AG 2-1 virulence differs 

based on growing stage of the plant, and that is less pathogenic to older plants 

(Teo et al., 1988, Yitbarek et al., 1988). 

When we looked on the reverse effect, with M. persicae infestation prior to AG 

2-1, we were able to detect significant differences; although, the two varieties 

had similar disease levels when they were exposed only to AG 2-1 (control 

treatment), when aphids were included in the treatment (AP) ‘Canard’ plants 

had significantly more disease compared to their controls. This result implies 

that aphid infestation alters the ability of plants of this variety to defend 

themselves effectively against AG 2-1. However, this was not observed with 

‘Temple’ plants which had similar disease levels in both aphid–pathogen (AP) 

and P treatments. Continually, in aphid-pathogen treatment, ‘Canard’ plants 

also had significantly more disease compared to ‘Temple’. Therefore it seems 

that this effect is more pronounced in ‘Canard’.  

Extracted AG 2-1 DNA from the compost did not show any significant 

interaction. Hence, we can conclude that the possible induced changes are not 

expressed as alterations in the rhizosphere. It is known that aboveground 

herbivory results in translocation of nutrients as well as changes to the root 

exudate profile which consequently affect belowground communities (Bardgett 

et al., 1998). In the present study, the amount of fungal DNA was the same 

between treatments, so it is unlikely that alteration of exudates, if any, is 

stimulating AG 2-1 accumulation in the rhizosphere. Nonetheless, the 

extracted fungal DNA from plant stems show that although there was a 

tendency with the AP treatment having more fungal DNA compared to P 

treatment in ‘Canard’, this was not statistically significantly different. 

Consequently, it seems that the main reason for increased disease in ‘Canard’ 

under aphid-pathogen treatment is the induced changes by M. persicae rather 

the actual amount of AG 2-1 in the plant. Between the two varieties, ‘Canard’ 

tended to have more fungal DNA compared to ‘Temple’, something that could 

be probably explained by the fact that in general ‘Canard’ had more disease 

compared to ‘Temple’ and as a result higher amount of AG 2-1. Although, the 

difference between the two varieties was not statistically significant within the 



109 
 

control treatment, in the AP treatment ‘Temple’ had significantly less fungal 

DNA compared to ‘Canard’.  

In order to gain a better insight into which factors altered ‘Canard’ response to 

AG 2-1 under aphid infestation, we decided to examine the expression of 

genes related to JA and SA signalling. M. persicae induces both SA- and JA- 

related defences. Moran and Thompson, showed that M. persicae infestation in 

Arabidopsis resulted in the transcription of PR1 and LOX2 but not LOX1 

(Moran and Thompson, 2001). Moreover, although herbivory by M. persicae 

did not alter SA, JA and ET levels, it induced changes in the expression of 

2,181 genes in Arabidopsis, including PR1 (De Vos et al., 2005). However, in 

Brassica oleracea, M. persicae did not induce the expression of BoLOX, a 

cloned LOX gene from B. oleracea sharing similarities with AtLOX2 in 

Arabidopsis thaliana and BnLOX2fl in B. napus (Zheng et al., 2007). In the 

present work, M. persicae downregulated the expression of LOX3 76 h after 

infestation but the expression of the other genes was not significantly different 

compared to control 1, although there were small differences in the actual 

amounts of the genes between different times. It is tempting to speculate that 

M. persicae induced changes suppress or overcome defences in B. napus such 

as LOX3. In this regard, the peach-potato aphid is known to have the ability to 

deploy host plant defences for its own benefit by effectors in saliva secretions 

(Elzinga et al., 2014); it is suggested that depending on its host plant, M. 

persicae changes the expression of these effectors to overcome defences (such 

as GSL compounds of Brassica species) to enable colonisation of the plant. 

Therefore it might be the case that similar activation of salivary effectors 

resulted in the observed gene expression in the present study. 

There is limited work focusing on the molecular interaction between R. solani 

and its hosts. In a recent study the authors discovered that VOCs from R. 

solani AG 2-2 IIB primed A. thaliana plants for improved growth but did not 

affect disease resistance while improved Mamestra brassicae caterpillars 

performance above ground (Cordovez et al., 2017). To understand the 

underlying molecular mechanism of these observations they performed wide 

transcriptome analysis and found that AG 2-2 IIB VOCs triggered the 

upregulation of genes involved with auxin and ABA but downregulated ET- 
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and JA- responsive genes, indicating that the observed growth-promoting 

effect by VOCs is facilitated by other signalling pathways (Cordovez et al., 

2017).  

Screening of different Arabidopsis ecotypes and mutants in signalling 

pathways with AG 8 and AG 2-1 by Foley et al., revealed that resistance to AG 

8 and susceptibility to AG 2-1 was not related to the major signalling pathways 

(Foley et al., 2013). The authors argued that the final outcome of the 

interaction between Arabidopsis and these AGs should be due to the 

combination of JA, SA and ET (Foley et al., 2013). Additionally, in the same 

work both AGs induced changes in the expression of several genes including 

several PR genes (with only AG 2-1 to induce PR1) and transcription factors. 

The  major finding of that study was that although NAPDH oxidases played a 

key role for resistance to AG 8, this was not the case with AG 2-1 which 

probably overcomes host defences (Foley et al., 2013). Another study in 

Arabidopsis (Perl-Treves et al., 2004) showed that plants respond to R. solani 

infection by inducing the glutathione S-transferase GSTF8 gene promoter 

independently from SA signalling and this induction was only mediated by the 

least pathogenic AG 8. AG 2-1 did not induce the promoter and actually killed 

the plants. The authors stated that AG 2-1 might be able either to escape or 

suppress plant defence mechanism (Perl-Treves et al., 2004). From those two 

studies it becomes evident that AG 2-1 is a particularly interesting pathogen 

which possibly has an ability to manipulate plant host defences.  

In the present study AG 2-1 induced the expression of three genes: LOX3 72 h 

post infection, and MYC2 and PR1 at both 72 h and 120 h after infection. 

MYC2 is known to negatively regulate the expression of the ERF 

(ETHYLENE RESPONSE FACTOR) branch of the JA signalling pathway 

that is responsible for defence against necrotrophic pathogens (Dombrecht et 

al., 2007) and Foley et al. showed that ERF transcription factors were induced 

by R. solani (Foley et al., 2013). Additionally, MYC is known to regulate the 

increase of wounding/herbivory induce genes such as LOX (Dombrecht et al., 

2007, Lorenzo et al., 2004). The increase of MYC2 in our experiments does not 

correlate with these findings. However, we have to take into account that this 
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study is in B. napus and not in Arabidopsis hence different interactions in the 

signalling pathways may occur.  

Additionally, it might be the case that AG 2-1 actually induces the expression 

of MYC2 and in this way interferes with the ERF branch of JA and escapes an 

efficient plant defence against necrotrophic fungi. There is some evidence 

supporting this hypothesis from studies with other necrotrophic fungi: 

Alternaria brassicola is known to deploy defences of the susceptible host 

Brassica juncea and induce SA-regulated responses and block JA responses, 

while in the resistant Sinapis alba induction of ABA leads to JA response and 

efficient plant resistance (Mazumder et al., 2013). In another pathosystem, 

Sclerotinia sclerotiorum induced responses in B. napus that were related to 

both JA and SA signalling pathways; there was an increase in the level of plant 

hormones and the expression of marker genes including LOX3 and PR1 

(Novakova et al., 2014). Moreover, the WRKY family of transcription factors 

is known to have a role in basal plant defences and AG 2-1 and AG 8 are 

known to induce the expression of this family in Arabidopsis (Foley et al., 

2013). Here the expression of WRKY38 was similar and not significantly 

different from the controls. WRKY38 has been shown to negatively regulate 

SA-related defence and result in susceptibility of Arabidopsis to Pseudomonas 

syringae bacteria (Kim et al., 2008). However, the induced expression of PR1 

in our experiments contrasts with that, so it seems that either this effect is not 

present in our study system or that unknown interactions within the signalling 

pathways resulted in this outcome.  

Furthermore, when OSR plants were exposed to both attackers, we found that 

although LOX3 expression was similar to controls 72 h post inoculation, it was 

downregulated at 120 h, whereas MYC2 had no significant induction at either 

72 h or 120 h post inoculation. Expression of NPR1 was significantly increased 

at 72 h but was reduced and was similar to the control at 120 h post 

inoculation. Expression of PR1 increased at both examined time points and 

WRKY38 had an increase only at 120 h. So there was a differentiation in gene 

expression when plants were under dual attack compared to when attacked by 

aphids or pathogen alone. As our main aim was to understand how M. persicae 

affects plant responses to AG 2-1, we compared the P treatment with the AP 
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treatment; the expression of LOX3 and MYC2 was significantly downregulated 

by the AP treatment compared to the P treatment at both examined times 

indicating that M. persicae induces changes that suppress the expression of AG 

2-1 induced genes. Considering the hypothesis that AG 2-1 increases MYC2 in 

order to block the ERF branch and overcome plant defences, we would expect 

that in the presence of aphids disease symptoms would be reduced and not 

increased. Therefore it seems that the interactions that are taking place and 

shape the final outcome are more complicated. The increased expression of 

NPR1 72 h post-inoculation under dual attack is also interesting as this gene is 

known to be a SA receptor regulating the expression of many defence-induced 

genes (Wu et al., 2012). Taking these results together, we can conclude that 

during dual attack M. persicae infestation suppresses JA-responsive genes and 

promotes the increase of SA- related genes through unknown interactions 

which make B. napus more susceptible to AG 2-1. 

4.7 Conclusion 

This work provides, for the first time, information about the interaction 

between two major enemies of OSR: M. persicae and R. solani AG 2-1. Our 

data show that aphid infestation induced changes in OSR that increased 

susceptibility of ‘Canard’ plants to AG 2-1 infection, likely due to the 

suppression of JA signalling pathway. Additionally, I found that R. solani AG 

2-1 induced the activation of both JA- and SA-responsive genes. However, due 

to the complexity between the signalling pathways we cannot draw any further 

conclusion. Future studies should focus on the transcriptomic analysis of 

marker genes as well as the quantification of all major plant hormones and test 

the possible role of ET and ABA in the interaction. 

4.8 Abbreviations  

OSR: oilseed rape, AG: anastomosis group, JA: jasmonic acid (JA), SA: 

salicylic acid, ET: ethylene, ABA: abscisic acid, HAMPs: herbivore associated 

molecular patterns, PAMPs: pathogen associated molecular patterns, ETI: 

effectors triggered immunity, GSL: glucosinolates, cv: Cultivars, PGA: Potato 

Glucose Agar, PA: pathogen infected plants followed by aphid infestation, A: 

aphid infested plants, P: pathogen inoculated plants, AP: aphid infested plants 
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followed by pathogen inoculation, MRGR: Mean Relative Growth Rate, rm: 

population increase, h: hours, dpi: days post inoculation, RT-qPCR: Real Time 

Quantitative PCR, ITS: Internal Transcribed Spacer, ANOVA: Analysis of 

variance,  LSD: least significant difference, d.f.: degrees of freedom, FW: fresh 

plant weight, VOCs: volatile organic compounds. 
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4.10 Supplementary data 

 

 

Supplementary Figure 4.1 Sampling method for different treatments for gene 

expression: (i) Control 1 samples collected from plants prior to aphid infestation, 

M. persicae (A) samples 52 h and 76 h after infestation with aphids (ii) Control 2 

samples collected prior to infection with the pathogen, AG 2-1 (P) samples 

collected 72 h and 120 h after infection with the fungi. (iii) From plants that had 

been infested with M. persicae for 72h and then with R. solani AG 2-1 (AP), 

collected samples at 72 h and 120h after the infection with the later.  
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Supplementary Table 4.1 Sequence of forward and reverse primers for the ribosomal ITS1 region of the R. solani used in ITS and RT-PCR in the 

compost extractions, the target genes and ACTIN (reference gene) 

 

 

 

 

 

 

 

 

 

Gene Forward primer Reverse primer 

ITS1 5’-CTTCCTCTTTCATCCCACACA-3’ 5’-TGAGTAGACAGAGGGTCCAATAACCTA-3’ 

LOX3 5’-GGCCTTACCCTAGACGGTGT-3’ 5’-TTCAAATTGCTCGTCTCGTG-3’ 

MYC2 5’-TGCGTGAGCTCAATTCTTTG-3’ 5’-GCTCTGTGTCATCGAAACCA-3’ 

NPR1 5’-AGGGGATATACGGTGCTTCA-3’ 5’-GAGAGCCGTTCTACCTTCCA-3’ 

PR1 5’-ATGTCAACGCTCACAACCAA-3’ 5’-TCTTAGTCGGTCGGCGTAGT-3’ 

WRKY38 5’-GGACCAGTACCGTGGGATAA-3’ 5’-GGGATAACCGGTGACGATAA-3’ 

ACTIN 5’- TCAGGCCGTTCTTTCTCTTTAC-3’ 5’-GAGCATAACCCTCGTAGATTGG-3’ 
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Supplementary Table 4.2 Fungal DNA (log10 (DNA pg ng-1 of total DNA)) 

extracted from compost and Fresh weight (F.W.) of Canard and Temple under 

treatment with aphids and pathogen (AP) and pathogen only (P). For the 

comparison between treatments and varieties P value and LSD (for treatment-

variety interaction) were used (ANOVA). 

 

 

 

 

 

 

 

 

  

 DNA ( pg ng-1) F.W (g) 

Canard AP 2.16 11.98 

P 2.00 11.30 

Temple AP 2.06 11.45 

P 2.16 11.20 

P(t*v)  0.669 0.693 

LSD(t*v)  0.446 1.537 
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Chapter 5. General Discussion  

Disease management has been an important part of agriculture through the 

centuries and one of the vital aspects ensuring food security. The increasing 

global food demand as a result of the global population increase in 

combination with the climate change and the negative effects of intensive 

agriculture highlights the need of new sustainable strategies for disease 

management (Savary, 2014, Tilman et al., 2011). This approach requires good 

understanding of the fundamental interactions occurring between pathogens 

and crops within the environment, as well as the impact of other organisms 

within the ecosystem to their interaction.  

Globally there is a high demand for the cultivation of Brassica napus, however 

it has been addressed that in UK the achieved yields are behind the estimated 

potential yields (HGCA, 2014). Although the effect of individual agronomical 

factors alone is unclear, it is stated that one important restricting factor is the 

intensive cultivation of OSR, which is linked with higher disease pressure 

(HGCA, 2014). Oilseed rape is under pressure of many pathogens such as 

Leptosphaeria maculans and L. biglobsa (phoma leaf spot and stem canker 

respectively), Sclerotinia sclerotiorum (stem rot), Plasmidiophora brassicae 

(clubroot) and Verticillium longiosporum (verticillium wilt). Nonetheless, as I 

mentioned before the high frequency of OSR cultivation in combination with 

alterations in agricultural practises (cultivated varieties, crop rotations, 

pesticide application) could result in the emergence of new diseases that 

previously were not considered a major problem (Hannukkala et al., 2016). For 

example it has been recently shown that this was the case for R. solani AG 2-1 

in OSR fields in Finland (Hannukkala et al., 2016). Rhizoctonia solani AG 2-1 

is known to be present in UK fields (Brown et al., 2014). This in combination 

with the lack of genetic resistance of OSR germplasm to this pathogen 

(Babiker et al., 2013) makes it a potential threat for OSR cultivation.  

The present study aimed to provide a better understanding of the interaction 

between R. solani AG 2-1 and OSR. While confirming that R. solani AG 2-1 is 

a highly virulent pathogen to a wide range of OSR germplasm (Chapter 2 and 
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3), improvements to disease measurement protocols were made. Insights were 

obtained into plant defence responses with preliminary evidence suggesting 

that AG 2-1 is capable of inducing both JA and SA related plant defences and 

overcome them through an unknown mechanism (Chapter 4). Also, for the first 

time, it is shown that M. persicae infestation indirectly increases susceptibility 

to AG 2-1, through the suppression of JA related plant defences (Chapter 4). 

The current lack of genetic resistance in OSR is a great drawback for the 

development of sustainable control methods against this pathogen (Babiker et 

al., 2013). Identifying resistance traits could be a particularly challenging task 

in the absence of a suitable high-throughput screening method. Hence, the 

initial objective of this study was to develop and compare different high-

throughput phenotyping methods to screen disease caused by AG 2-1 in OSR 

(Chapter 2). Considering that AG 2-1 infects seeds and the early seedling stage 

of OSR causing seed decay, root rot and damping off disease (Kataria and 

Verma, 1992, Khangura et al., 1999), the aim was to develop a method that 

would enable the screening of the early stages of disease progression. Apart 

from the identification of robust genetic resistance, which is the main target in 

breeding programs, other traits linked with the rapid growth of the plant which 

enable faster establishment of a strong root system and disease escape are also 

important (Sturrock et al., 2015). For example it has been shown that there is a 

correlation between root morphology, nutrient concentration and OSR type 

(winter or spring) (Thomas et al., 2016a), with winter OSR and fodder types to 

have larger roots and lower concentration of micronutrients in their leaves 

compared to spring OSR (Thomas et al., 2016a). The four methods (1- nutrient 

media plates, 2- hydroponic growth in pouch and wick system, and growth in 

multi-well trays with 3- compost or 4- LECA) developed here, were assessed 

for their ability to screen for disease resistance and tolerance. Out of the four 

methods, the most suitable appeared to be trays with LECA: this method 

embraced the majority of the benefits of screening in compost but also enabled 

disease assessments of the root system. It thus provided a high-throughput and 

low-cost method to assess disease in roots and hypocotyls of OSR seedlings 

during the early infection stages.  
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Here it needs to be mentioned that although screening under controlled 

environmental conditions tries to simulate field conditions, infection in the 

field it is expected to be different. This is related not only with the amount and 

the source of inoculum but also with the interactions within the ecosystem and 

environment that affect the epidemiology of the pathogen and disease 

progression. Therefore, identification of resistant and/or tolerant germplasm 

should be also tested under field conditions.  

All genotypes tested during the development of these methods, were 

susceptible to the pathogen; although differences among them were observed, 

overall disease severity was elevated even within 5 dpi, ranking from 

approximately 30-85 % (disease on hypocotyl; Chapter 2). Among the set of 8 

genotypes tested were ‘Temple’ and ‘Canard’, parental lines of the ‘Temple’ x 

‘Canard’ mapping population (TCDH). In both tray methods with compost and 

LECA, those genotypes had contrasting responses, with ‘Canard’ to 

performing better in terms of disease resistance.  

For the identification of R. solani resistance in Brassica germplasm, studies so 

far have tested a wide range of B. napus, B. rapa, B. oleracea and other 

Brassica species (Acharya et al., 1984, Babiker et al., 2013, Yang and Verma, 

1992). Despite the diverse screening that has been performed, no resistant 

genotype has been identified yet (Babiker et al., 2013). The present study 

aimed to screen a diversity of B. napus genotypes (Chapter 3) starting with a 

selection of commercial cultivars and genotypes from two diversity sets (group 

1), then a selection of genotypes from the ASSYST population (group 2) and 

the TCDH mapping population (group 3; based on the results from Chapter 2). 

The screening was performed in trays with compost. That was because the 

LECA material, and its suitability for the screening method, was only found 

after the completion of screening (Chapter 3) and towards the end of the third 

year of the project. Nonetheless, as discussed previously, screening in compost 

is the second most suitable screening method developed in this study. 

Additionally, the results from Chapter 3 show a correlation between the 

responses of the genotypes between trays with compost and LECA; confirming 

that compost trays do provide valid data.  
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Overall, screening of a range of different germplasm showed that there was no 

genetic resistance to AG 2-1 infection, confirming our current knowledge 

(Babiker et al., 2013, Yang and Verma, 1992). However, an important aspect 

that needs to be taken into account is that 10 dpi was a very long exposure 

period to the pathogen, considering the increased susceptibility of the 

germplasm and the high virulence of AG 2-1. Perhaps screening again with a 

selection of this germplasm in trays with LECA under 5 dpi might enable the 

detection of more pronounced differences with respect to disease severity.  

Differences between genotypes regarding their response to AG 2-1 were 

observed (Chapter 3): For example in group 1, ASSYST 224 had lower disease 

levels compared to the other genotypes at 10 dpi. Also, variation in emergence 

and survival was observed in group 2, where genotypes ASSYST 269, -194 

and -279 had equally good emergence with compared to non-inoculated 

controls. Similarly, during the screening of the TCDH population, emergence 

and survival was significantly different within 10 dpi and when the 

experimental protocol altered from 10 dpi to 5 dpi, differences on disease 

within the group of selected genotypes were also observed. Therefore, 

potentially tolerance traits related to plant growth could be identified. In order 

to evaluate this it would be useful to screen these genotypes on nutrient media 

plates (Chapter 2). That method would provide information regarding their 

root length and lateral root density, data that could be correlated with 

emergence and survival and identify if these genotypes had better emergence 

and/or survival because of the early establishment of their root system which 

promote their growth and disease escape (Sturrock et al., 2015). Considering 

the increased susceptibility and the lack of resistance in B. napus germplasm to 

AG 2-1, breeding programs should also focus on the screening of a wide range 

of wild relative species. Wild Brassica germplasm is likely to obtain resistant 

traits that have been lost under domestication. Furthermore, probably a 

phylogenetic approach, taking into account the polyploid events that resulted 

in the current genetic variation of Brassicas (Renny-Byfield and Wendel, 

2014, Soltis et al., 2009) it is also important for the identification of resistant 

traits. Studies so far have screened a range of B. napus, B. oleracea and B. 

rapa (genomes C and A respectively), as well as other Brassica species 
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(Babiker et al., 2013, Yang and Verma, 1992). However, as no resistance to 

AG 2-1 has identified within these close related species probably a wider 

selection of germplasm needs to be screened, including different genera and 

species from Brassicales. Potential differences of germplasm, to their response 

to AG 2-1, could be further analysed with transcriptomic approaches for the 

identification of genetic traits of resistance.   

Another aspect that was examined was to test the hypothesis that induced 

defence could be a transgenerational trait. It has been established that exposure 

to biotic stresses or compounds can induce plant resistance, which could be 

also expressed in future generations (Bruce et al., 2007, Holeski et al., 2012). 

For example exogenous treatment with JA as well as herbivory by the small 

cabbage butterfly Pieris rapae on Raphanus raphanistrum induced 

transgenerational resistance to their progeny compared to control plants 

(Agrawal, 2002). Additionally, infection of tobacco seedlings (Nicotiana 

tabacum) with the tobacco mosaic virus resulted in resistance of progeny 

plants to infection by the same virus and also Pseudomonas syringae 

bacterium and to the oomycete Phytophthora nicotiannae (Kathiria et al., 

2010). Regarding R. solani AG 2-1 and OSR, it has been suggested that 

resistance could be achieved via selection (Yang and Verma, 1992) and 

therefore it could be a result of transgenerational induction. However, the 

results in the present work from both OSR germplasm and A. thaliana do not 

support this hypothesis (Chapter 3). Conflicting with our hypothesis, the origin 

of the seeds had a negative effect on plant’s susceptibility to the pathogen with 

progeny of infected plants emerging and surviving worse than their parents. It 

might be that inoculation of parental plants compromised seeds’ health and this 

affected progeny performance or simply that lack of any induced defence in 

the parental germplasm did not enable the identification of such a 

transgenerational effect. Probably testing more generations will enable to 

validate this finding. Nonetheless, the present results do not support that 

resistance, could be passed to the next generation or even that it exists in the 

first generation. 

When no resistance exists, understanding plant defence mechanisms could be a 

useful tool for the development of alternative methods of disease management. 
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In addition, when studying plant defence mechanisms it is essential to take into 

account that in natural ecosystems, plant are exposed to an array of attackers 

(Dicke et al., 2003, Pieterse and Dicke, 2007). This is of great importance 

when considering that different organisms sharing the same host indirectly 

affect one another (Lazebnik et al., 2014). The present work aimed to gain a 

better insight into B. napus plant defences against AG 2-1 and illustrate if and 

how these are altered when the plant is also attacked by M. persicae aphids 

(Chapter 4). Experiments were firstly performed to establish if there was an 

indirect interaction between AG 2-1 and M. persicae, where it was shown that 

‘Canard’ plants exposed to herbivory (AP) had increased disease on their 

stems, whilst in ‘Temple’ the disease was similar between the two treatments. 

Additionally, the amount of fungal DNA was not different between aphid and 

pathogen (AP) combined treatments compared to treatment with pathogen (P) 

alone in both cultivars, indicating that the observed increase in disease in 

‘Canard’ plants with AP treatment was possibly due to alterations in plant 

defence status induced by M. persicae. For a different study system, it is 

known that during simultaneous attack, aphid infestation can alter plant 

response and benefit the pathogen but not the aphids (Drakulic et al., 2015). In 

our study M. persicae aphids were not affected by AG 2-1 infection and aphid 

infestation affected only the response of one cultivar, ‘Canard’, to AG 2-1, 

which highlights not only the interspecific variability of plant defences that is 

already known (Sarwar and Sattar, 2013), but also the variability within the 

same plant species. As it is discussed before (Chapter 4), the different response 

of the two cultivars could be due to their potentially different GSL profile. So 

it would be interesting for future work to establish if there are differences in 

the GSL profiles of those cultivars and if these are linked with the observed 

differences.  

For a better understanding of the interaction and the alterations that take place, 

the expression of different marker genes related with JA and SA signalling and 

plant defences was examined. Infection by R. solani alone upregulated the 

expression of LOX3, MYC2 and PR1 indicating the involvement of both JA 

and SA signalling. As a necrotrophic fungus R. solani is expected to induce JA 

related plant defences (Glazebrook, 2005) but considering that JA signalling 
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pathway is separated into two branches, with the MYC branch negatively 

affecting defence against necrotrophic fungi, it is surprising that there was an 

upregulation of MYC2. This could potentially indicate that AG 2-1 suppresses 

plant defences for its own benefit. Regarding the upregulation of PR1 by AG 

2-1, it has been shown previously in Arabidopsis (Foley et al., 2016) and also 

more evidence states that there is a coordination of signalling pathways and 

hormones (Liu et al., 2016), thus SA signalling is likely to be also activated for 

necrotrophic pathogens. Overall, this study showed that M. persicae induced 

changes in the JA signalling pathway, expressed as downregulation of MYC2 

and LOX3 under AP treatment. The upregulation of NPR1 in AP treatment 

implies a role of SA signalling during dual attack. Negative crosstalk between 

JA- and SA-signalling pathways is well known (Bruce et al., 2007) and 

therefore it is expected that suppressing of JA-signalling will increase SA-

signalling. It is well established that these interactions are characterised by 

great complexity with other plant hormones to interfere with JA and SA and 

affect the final outcome (Shigenaga and Argueso, 2016, Vos et al., 2015). 

Therefore future transcriptomic work will enable the better understanding of 

the observed plant responses. Following to this, transcriptomic analysis on 

‘Temple’ could also help us to understand why this cultivar had a different 

response compared to ‘Canard’, under aphid infestation. Nonetheless, this 

study provided for the first time an indication of how B. napus, the primary 

host of AG 2-1 responds to infection by this elegant pathogen and how this 

response changes in the presence of M. persicae. This knowledge is 

particularly useful considering the increase pressure of pest such as M. 

persicae in OSR fields, after the changes on pesticides legislation and the need 

to develop integrated methods for disease control. Additionally, further 

research on this field could also benefit breeding programs aiming to develop 

resistant genotypes for multiple attackers.  

5.1 Summary of Conclusions 

 Multi-well trays with LECA provide a new low cost, high-throughput 

screening method for the identification resistant OSR germplasm to R. 

solani AG 2- 1. This method can be used as an early step for the 

evaluation of germplasm prior to testing under field conditions. 
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 AG 2-1 is very pathogenic to OSR germplasm and results in high 

disease level and reduced seedling performance.  

 Differences in emergence, survival and disease severity of OSR 

germplasm, could potentially indicate tolerance.  

 Resistance of OSR to AG 2-1 is unlikely to involve transgenerational 

induction of resistance, inherited as result of epigenetic stress 

responses.  

 AG 2-1 infection induces the upregulation of marker genes from both 

JA and SA signalling pathways. 

 AG 2-1 infection does not indirectly affect M. persicae performance 

but M. persicae infestation increases susceptibility to AG 2-1 in a 

cultivar specific manner.  

 Induced changes and suppression of the JA signalling pathway by M. 

persicae is probably the reason for increased susceptibility to AG 2-1.  

5.2 Future work 

 Important aspect that needs to be considered in future screening for 

resistance to AG 2-1, should be the phylogenetic relationship between 

B. napus and other Brassica species. Future work will be highly 

benefited from the screening of a collection with accessions of both B. 

rapa (genome A) and B. oleracea (genome C). In addition to this, 

further screening of diverse populations of B. napus and wild Brassica 

species is another essential step to elucidate if there is any resistance 

against this destructive pathogen.  

 Based on the finding of this PhD, screening of germplasm should be 

conducted with the LECA method and under 5 dpi, for the detection of 

differences in disease severity even with highly susceptible germplasm.  

 Alternative method to elucidate the interaction between OSR and AG 

2-1, could be the screening of different fungal isolates within AG 2-1. 

It could be very interesting to obtain and test a global collection of 

isolates. In this way it could be identified if there is variation within 

AG 2-1 and understand the phylogenetic link in their global 

distribution.   
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 Following the previous point, development of impaired mutants and 

their ability to infect or/and cause disease in OSR, could also illustrate 

the role of key genes in plant-pathogen communication and plant 

defences and potentially enable the development of novel control 

strategies for AG 2-1.  

 Examination of additional genes from JA and SA signalling pathway, 

as well as genes related with ET and ABA will provide a better 

understanding on the M. persicae-AG 2-1 indirect interaction. A better 

approach would be to perform transcriptomic analysis, as it will 

unravel the role of multiple signalling pathways providing the profile of 

an array of genes.    

 Elucidation of plant defences in cultivar ‘Temple’, regarding its 

response to M .persicae and AG 2-1, will potentially reveal 

intraspecific differences between ‘Canard’ and ‘Temple’.  

 Detection of alterations in the expression of virulent genes in AG 2-1, 

is also an interesting aspect, as it would enable us to understand how 

the pathogen overcome/ manipulates plant defence mechanisms. 
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Professional Internships for PhD Students Reflection Form  

Name of Organization 

 

Details of Placement 

Please describe your main activities during the placement (150-200 words) 

The main aim of the placement was to work in the field of chemical ecology of 

herbivorous insects and learn how to perform electroantennography (EAG).  

My PIP supervisor and I designed the project and the main research questions 

were 1.How Tuta absoluta feeding on tomato plant changes the emission of 

plant volatile organic compounds (VOCs) and 2. How these affect the 

oviposition choice of conspecific females. 

The first period of the PIP and in order to get familiar with the study system, I 

helped the technical team with the rearing of insects: T. absoluta, 

Trichogramma species, Lobesia botrana and Ephestia kuehniella. I was also 

responsible for the sowing and growth of the experimental tomato plants. 

During this period, the research team demonstrated to me the lab equipment 

related to my work (air entrainments, gas chromatography –GC) and taught me 

how to perform the EAG technique.  

Additionally, I was able to practice with the EAG, develop my skills on 

handling insect antennae (different species) and test their activity on collected 

VOC blends and synthetic compounds. Finally, I designed and performed the 

experimental work, which included choice-experiments (bioassays), the 

collection and analysis of VOCs (air entrainment collection and GC analysis) 

and performance of EAD-GC. 

 

 

Benaki Phytopathological Institute (BPI), 8 Stefanou Delta Street, Kifissia, 

Athens, Greece 
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Placement Achievements 

Please detail all outcomes from the placement, including any publications, 

presentations given and reports written etc. (150-200 words) 

The scientific outcome of this study was the demonstration that female 

moths understand through their antennae, conspecifics’ herbivory/presence 

and choose to oviposit on un-infested plants. The findings support the theory 

‘Mother knows the best’, stating that females choose to lay eggs on plants 

that will be more suitable hosts for their progenies. Additionally, in natural 

ecosystems, this behaviour of ovipositing females seems to protect the 

progenies from natural enemies that are recruited from plants under 

herbivory. Future work with identification and synthetic production of key 

compounds will enable us to develop more suitable control methods for this 

pest. 

After the completion of the PIP, the group identified with Mass 

Spectrometry (MS), which compounds were altered in the emitted blend. 

The combined results from bioassays, EAD-GC and MS were used to 

produce the following manuscript submitted to the Journal of Chemical 

Ecology: Anastasaki E., Drizou F., Milonas PG., Electrophysiological and 

oviposition responses of Tuta absoluta females on herbivore induced 

volatiles in tomato plants. 

 

Skill development 

Has this Placement helped you developed any new skills or enhanced your 

previous skill set? (100-150 words) 

The PIP mainly helped me to improve my knowledge on techniques used in 

chemical ecology. Having not used gas-chromatography for three years, this 

PIP gave me the opportunity to gain a better technical knowledge on the 

functions of the GC machine and I understood how these could affect the 

output of the EAG. Additionally, the most important aspect was that learned 
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how to perform GC-EAD with two different methods (micropipettes with 

saline solution and metal electrodes with electrically conductive gel). 

Furthermore, although I was familiar with the headspace volatile collection, 

samples concertation and their analysis, through the placement I learned to 

perform them with different protocols and alternative methods. Another 

important outcome is that I developed my professional network in Greece 

(my home country) and that I also experienced the working environment of 

an institutional organisation. 

 

Future Work 

Has this Placement influenced your future career aspirations? If so, in what 

way? (150-200 words) 

I believe that the placement overall had a very positive impact by enabling 

me not only to work in an interesting research field but also to consider the 

direct application of knowledge for the development of pest control methods.  

Since my MSc I was convinced that my scientific interest is on plant 

defences and plant-insect interactions. With my PhD I added another aspect 

(that of plant-pathogen interaction) but I felt that I would like to discover 

more in the field of chemical ecology.  

Additionally as my work so far was based mainly in the understanding of the 

fundamental aspects, I wanted to search the potential application of this 

knowledge for the development of more sustainable integrated control 

methods. BPI, through its role as the primary governmental institute for plant 

health and plant protection was an ideal place to explore applied science. 

The last impact of the PIP is that through the working experience of the 

institute, I can also see myself being outside academia. 

Therefore, the aim of my future career, would be to combine the different 

fields of insect chemical ecology with plant pathology and plant defences for 

the understanding of multi-interactions between host-plants and different 

enemies. 


