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Abstract 
 
 
The aphid-transmitted Turnip yellows virus (TuYV) and the soil-borne fungus 
Verticillium longisporum are important, yield-robbing pathogens of oilseed rape. Both 
pathogens are poorly controlled by chemical treatments, either due to their inefficacy 
and/or bans on their usage, consequently host-resistance has become a necessary 
method for their control. Oilseed rape (Brassica napus) is an amphidiploid (genome 
AACC) resulting from interspecific hybridisations between Brassica rapa (genome 
AA) and Brassica oleracea (genome CC).  

Currently the only characterised sources of host-resistance to TuYV are in the 
resynthesised B. napus line ‘R54’ and variety ‘Yudal’, which in previous studies, were 
mapped to single dominant QTLs on B. rapa chr. A04. The ‘R54’ TuYV resistance 
has been introgressed into commercial varieties of oilseed rape and was fine mapped 
in this study in the oilseed rape variety Amalie. Polymorphic markers, which 
positioned on chr. A04, were identified and used to fine map TuYV resistance in a 
segregating backcross (BC1) population, produced by crossing Amalie to the 
susceptible B. napus line ‘R7011-AB’. TuYV resistance was mapped to a region on 
B. rapa chr. A04 where a homoeologous recombination or gene conversion event had 
occurred between the Brassica A and C genomes within a putative DHAR2 gene.  

Unpublished studies have suggested that B. napus lines possessing the TuYV 
resistance introgression from Amalie are also tolerant to V. longisporum. In this study, 
a V. longisporum inoculation assay to B. napus was developed by testing the 
pathogenicities of five V. longisporum isolates and the effect of inoculation method 
and concentration on disease severity. Following successful development of a V. 
longisporum inoculation assay, glasshouse experiments confirmed previous findings 
and showed that Amalie was tolerant to V. longisporum and this tolerance was not 
dependent on activation of its TuYV resistance following challenge with the virus.  

To broaden the TuYV resistance base in oilseed rape, resistance in the B. napus 
progenitor species were characterised. The TuYV-resistant B. rapa line ‘ABA15005’ 
and B. oleracea line ‘JWBo12’ were crossed to susceptible lines to produce 
segregating BC1 populations for QTL analysis. QTL interval mapping and modelling 
of a BC1 population segregating for the ABA15005 resistance, identified dominant, 
putative and novel TuYV resistance QTLs on chr. A07 and A09. TuYV resistance in 
JWBo12 was also shown to be dominantly inherited and a segregating BC1 population 
was produced for future QTL mapping. The identification of TuYV resistance-linked 
molecular markers will help accelerate the introgression of these resistances into 
commercial oilseed rape types by marker-assisted selection. The TuYV-resistant 
ABA15005 and JWBo12 were also crossed to produce resynthesised B. napus plants, 
which were subsequently phenotyped and shown to possess TuYV resistance that was 
similar in strength to the parental resistances and the ‘R54’ resistance in Amalie. 
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Chapter 1  
 

General introduction  
 
 
1.1 The Brassicaceae family 

 
The Brassicaceae family, formerly Cruciferae and more commonly known as the 

mustard family, is the youngest family in the order Brassicales and diverged from the 

Cleomaceaes approximately 41 million years ago (mya) (Lysak and Koch 2010). It 

comprises of 338 genera and 3709 species (Warwick et al. 2006) and its members are 

flowering dicots, identifiable by their white, yellow or purple flowers that are made 

up of four petals in the shape of a cross (cruciform) and six stamen, of which two are 

shorter than the others. Members of the Brassicaceae family has been domesticated 

and bred by humans and includes many species of agronomical importance such as 

oilseed rape, cabbage, broccoli and horseradish to name but a few, but also of scientific 

importance such as the model plant organism Arabidopsis thaliana (thale or mouse-

ear cress). 

 

1.2 The Brassica genus 

 
Brassica is the most cultivated and diverse genus of the Brassicaceae family and 

diverged from the Arabidopsis genus approximately 20 mya (Yang et al. 1999). After 

this divergence it underwent a whole genome triplication event ~15.9 mya (Liu et al. 

2014) which in turn lead to its speciation. There are 37 species (Gupta 2016) in the 

Brassica genus and the genomes of the six most agronomically import species have 

been comprehensively studied and their relationships are often depicted by the triangle 

of ‘U’ (Fig. 1.1) (U 1935).  

 

Of the six most studied Brassica species, there are three diploid species that form the 

corners of the triangle of ‘U’ (Fig. 1.1) and who’s genomes are denoted as letters ‘A’, 

‘B’ or ‘C’. B. nigra (2n = 16, BB) diverged from the other diploids, B. rapa (2n = 20, 

AA) and B. oleracea (2n = 18, CC) ~6.2 mya (Navabi et al. 2013). In comparison, B. 
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rapa and B. oleracea diverged from one other more recently ~3.8 mya (Inaba and 

Nishio 2002) and as a result their genomes are more similar to each other than they 

are to B. nigra. The allotetraploid species B. juncea (AABB, 2n = 36), B. napus 

(AACC, 2n = 38) and B. carinata (BBCC, 2n = 34) originated even more recently in 

evolutionary time and arose from hybridisation events between respective diploid 

Brassica species (Fig. 1.1). 

 

 

Figure 1.1. The triangle of ‘U’ representing the genomic relationships of six 
Brassica species and their commonly associated crop types. Modified from U 
(1935). 
 

 

AACC AA CC 

Brassica napus 
oilseed rape, swede, 

fodder, kale 

Brassica rapa 
Chinese cabbages, 

turnip 

Brassica oleracea 
cabbage, broccoli, kale, 

cauliflower, Brussels 
sprouts, kohlrabi 

BB 

Brassica nigra 
Black mustard 

AABB 

Brassica juncea 
Chinese or brown 

mustard 

BBCC 

Brassica carinata 
Ethiopian mustard 
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1.3 Brassica napus (oilseed rape) 

 
B. napus is grown mainly as an oilseed crop (spring, winter and semi-winter types) 

but swede, kale and fodder morphotypes also exist. A recent phylogenetic study of 

588 B. napus accessions determined that the earliest B. napus type was winter oilseed 

originating ~7500 years ago and that spring oilseed (~416 years ago), semi-winter 

oilseed (~60 years) and vegetable (~277 years ago) types developed more recently (Lu 

et al. 2019).  

 

Evidence suggests that B. napus (oilseed rape, AACC) is polyphyletic in origin and 

arose from multiple natural interspecific hybridisation events between ancestral types 

of B. rapa (genome AA) and B. oleracea (genome CC) (Song and Osborn 1992; 

Chalhoub et al. 2014; Lu et al. 2019). The B. napus A sub-genome has been shown to 

be most closely related to the European turnip and the C sub-genome to kohlrabi, 

cauliflower, broccoli and Chinese kale (Lu et al. 2019). However, the direction of the 

hybridisation events between ancestral B. rapa and B. oleracea types that resulted in 

B. napus are still not known and studies investigating this have had conflicting 

findings. Allender and King (2010) suggested that B. rapa was the likely maternal 

parent of extant B. napus types as the most prevalent chloroplast haplotype, in a panel 

of 94 B. napus lines, was only present in wild and cultivated B. rapa types and not in 

B. oleracea. However, Allender and King (2010) also identified B. oleracea 

chloroplast haplotypes in the B. napus panel (but only in kale types), supporting the 

earlier work by Erickson et al. (1983) and Song and Osborn (1992) that suggested that 

B. oleracea and B. montana (C genome relative of B. oleracea), respectively were the 

likely maternal parent of B. napus. These conflicting results could be explained by the 

polyphyletic origin of B. napus and differences in the B. napus lines tested in each of 

the studies.  

 

There are no known wild populations of B. napus only feral populations that have 

escaped cultivation (Gómez-Campo and Prakash 1999). This could be indicative of 

the species’ recent origin and could also suggest that it was born in cultivation. Due to 

the recent and limited hybridisation events between B. rapa and B. oleracea, there has 

been a genetic bottleneck within B. napus. On top of this, extensive breeding 
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programs, that aimed to reduce the erucic acid and glucosinolate content of the seed 

(described in more detail in Section 1.3.1), have further reduced the genetic diversity 

within B. napus. Both Fu and Gugel (2010) and Cowling (2007) reported a reduction 

in allelic variation in spring type B. napus as a result of these breeding programs. Lu 

et al. (2019) also reported that the major loss in nucleotide diversity in B. napus was 

a result of these breeding programs and to a lesser extent as a result of the initial 

interspecific hybridisation events between the progenitor species.  

 

In contrast to B. napus, its progenitor species B. rapa and B. oleracea are more 

morphologically and genetically diverse and have wild relatives (Gómez-Campo and 

Prakash 1999). European turnip lines representing the ancestral B. rapa parent of B. 

napus have been shown to have a nucleotide diversity of 7.23 x 10-4, which was not 

dissimilar to the nucleotide diversity of 7.45 x 10-4 calculated for kohlrabi, cauliflower, 

broccoli and kale lines representing the B. oleracea ancestral parent of B. napus (Lu 

et al. 2019). However, both species had a significantly greater nucleotide diversity 

than B. napus lines originating after the seed quality breeding programs (1.99 x 10-4). 

Such limited diversity in B. napus poses a problem when breeding for novel traits. So, 

in recent years there has been an increased effort to harness the genetic diversity within 

its progenitor species to broaden and improve the genetic base within B. napus. This 

is being achieved through interspecific crosses of B. napus with B. rapa and B. 

oleracea lines and their wild relatives that possess desirable traits (Rahman et al. 2015; 

Attri and Rahman 2017). Another approach is the resynthesis of B. napus which is 

involves crossing the progenitor species and subsequent regeneration of plants through 

tissue culture (Rahman 2013). This PhD research aimed to characterise novel sources 

of Turnip yellows virus (TuYV) resistance in B. rapa and B. oleracea (Chapter 4) and 

introgress these into B. napus via resynthesis (Chapter 5).  

 
1.3.1 Uses of oilseed rape 

 

Oilseed rape is grown as a winter, semi-spring or spring break crop in cereal rotations. 

In the UK, winter oilseed rape is more widely grown than spring and semi-spring 

oilseed rape; it is planted in the autumn, requires a winter vernalisation period before 

flowering in the spring and is then harvested in summer. In comparison, spring oilseed 
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rape is less commonly grown in the UK and is often done so after the failure of a 

winter oilseed rape crop as it is quick growing; it does not require vernalising and it is 

planted in early spring for harvest in summer.  

 

Rapeseed oil is the third most important oil crop after palm and soybean worldwide 

(FAO 2018). It is commonly produced by cold pressing which involves crushing the 

seed at low temperatures to release the oil which is then filtered and purified. The main 

constituent of rapeseed oil (~97%) are triacylglycerols which themselves comprise of 

three fatty acids bound to a glycerol molecule (Chernova et al. 2018). Numerous 

different fatty acids exist and they can occur in combination with one another on the 

glycerol, making the composition of rapeseed oil complex. Altering the fatty acids 

composition of the oil has been a driving force for oilseed rape breeding and is often 

dictated by the oils end use. For example, High Erucic Acid Rapeseed (HEAR) 

contains ~50% of the fatty acid erucic acid and it is used as non-food industrial 

lubricants. HEAR oil is not suitable for the food industry as erucic acid has been linked 

to cardiotoxicity in humans (Imamura et al. 2013). Instead, High Oleic acid and Low 

Linolenic acid (HOLL) rapeseed and Low Erucic Acid Rapeseed (LEAR) are used as 

cooking oil or in biofuels, as they both contain trace amounts of erucic acid and the 

former has low levels of linolenic acid making the oil more thermostable 

(Bocianowski et al. 2012).  

 

Oilseed rape is also grown for use as crushed or uncrushed animal meal. Crushed 

rapeseed meal (CRS) is the most common form and is a by-product of the oil 

extraction process; uncrushed whole rapeseed meal (WRS) remains intact not having 

been through the oil extraction process. Although not as high in protein as soybean 

meal, rapeseed meal still contains three-times as much protein as cereal meals and has 

a similar energy content of ~19.5MJ/Kg of dry matter (Li et al. 2017). Furthermore, 

rapeseed meal is higher in calcium than other cereal and oilseed meals and so is 

preferred by dairy farmers (Yun et al. 2018). Feeding with rapeseed meal also has 

potential health benefits to humans, dairy cows fed with WRS have been shown to 

produce milk with reduced ratios of saturated to monosaturated fatty acids (Moss 

2002). The main limitation of rapeseed meal quality is its glucosinolate content. 

Glucosinolates are defence compounds produced by cruciferous plants and they have 
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been shown to cause anti-nutritional effects in livestock (Nega and Woldes 2018). Due 

to their undesirable and toxic effects, intensive breeding programs were undertaken in 

the 1960’s to reduce the levels of glucosinolates and erucic acid in rapeseed. Professor 

Keith Downey and Professor Baldur Stefansson at the University of Manitoba, 

Canada, were the first to produce a variety that contained less than 2% erucic acid and 

less than 30$mole/g glucosinolates (Stefansson and Downey 1995). These low erucic 

acid and glucosinolate varieties now dominate the oilseed rape market and are termed 

‘LEAR’, ‘canola’ or ‘double low 00’ varieties.  

 

1.3.2 Oilseed rape production 

 

For the 2017/2018 growing period an estimated 67 million tonnes of oilseed rape was 

produced globally with the biggest contributors being the European Union (EU), 

Canada and China (Foreign Agricultural Service - USDA 2019). The UK is the fourth 

largest producer of oilseed rape in the EU after France, Germany and Poland (Carré 

and Pouzet 2014) and turns over an average annual crop value of £804 million 

(Nicholls 2016). 

 

There has been an increased demand for rapeseed oil reflecting its desirability as a 

healthy edible oil and its use in biofuels following the EU 2010 Renewable Fuel 

Objective (European Parliament and The Council of the European Union 2003). 

However, the EU oilseed rape growing area peaked in 2010 at seven million hectares 

(MHa) but has gradually declined since and is predicted to decline further to six Mha 

by 2030 (15% decline) (The European Commission 2017). The decline is thought to 

be a result of a volatile oilseed rape market brought on by a predicted increase in global 

soybean production, cheap imports of soybean to the EU and the uncertainty of the 

use of rapeseed oil in biofuels. A decline in oilseed rape growing area would mean 

that demand will begin to outweigh production and consequently there will be a 

heavier reliance on imports. In support of this, the EU increased rapeseed imports in 

the low-production year 2016-2017 by over two-fold compared to 2014-2015, where 

production was high (Fig. 1.2) (European Union Crop Market Observatory 2017). To 

meet demand without increasing growing area or relying on imports, the yield of 

rapeseed per hectare needs to be improved (Section 1.3.3). 
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Figure 1.2. The European Union’s production (p), consumption (¾), imports (�) 
and exports (Î) of rapeseed oil in million metric tonnes (MT) from 2012 to 2018. 
Data from European Union Crop Market Observatory (2017). 
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1.3.3 Factors affecting oilseed rape yield  

 

Oilseed rape is currently only achieving a third of its 9.2 tonne/hectare potential in the 

UK (Berry and Spink 2006). Not one factor contributes to this failure of oilseed rape 

to reach its yield potential but instead it is a complex interaction of many biotic and 

abiotic factors. For example, an increase in environmental temperature often 

accompanies periods of decreased rainfall and may directly impact yield through 

drought. These conditions can also indirectly affect yield, a lack of rainfall will make 

it difficult for plants to access and uptake nutrients in the soil and will also encourage 

insect pest migrations. Furthermore, insect pests not only damage oilseed rape by 

feeding on them but they also vector viruses and can cause opportunistic fungal 

diseases (Coleman 2013). Conversely, cooler wetter periods may hinder insect pest 

migration but are preferred by fungal pathogens. Another often forgotten contributor 

to oilseed rape yield losses are weeds (Table 1.1). Chickweed and cleavers are highly 

nitrophilic and outcompete oilseed rape crops for nitrogen as well as other nutrients, 

water and sunlight (Scottish Agricultural College 2001). 

 

Currently farmers are heavily reliant on agrochemicals for the control of the major 

weeds, pests and diseases of oilseed rape (Table 1.1). Agrochemicals are costly and 

damaging to the environment and are often routinely used by farmers even if there is 

no evidence of pest or disease. This regular and lax use of agrochemicals has rendered 

many of them ineffective due to evolution of resistance mechanisms in their target 

organisms. It has therefore become necessary to look for alternative control methods 

such as host genetic resistance and biocontrol methods. This study investigates host 

resistance to two important pathogens of oilseed rape, predominantly TuYV but also 

Verticillium longisporum introduced in more depth in Sections 1.4 and 1.5, 

respectively. 
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Table 1.1. The major weeds, pests and diseases of oilseed rape.  
 

 

Pest/disease  
(scientific name) 
 
 

 

Type 
 

Agrochemical control effective?  

 

Cabbage stem flea beetle 
(Psylliodes chrysocephalus) 

 

insect pest 
 

no - widespread pyrethroid insecticide 
resistance. 
 

 

Pollen beetle  
(Brassicogethes aeneus) 

 

insect pest 
 

no - widespread pyrethroid insecticide 
resistance. 

 

Peach-potato aphid  
(Myzus persicae) 

 

insect pest 
 

no - widespread organophosphate, 
carbamate and pyrethroid resistance. 

 

Seed weevil  
(Ceutorhynchus obstrictus) 

 

insect pest 
 

no - widespread pyrethroid insecticide 
resistance. 

 

Brassica pod midge 
(Dasineura brassicae) 

 

insect pest 
 

yes - insecticide resistances not 
identified. 

 

Phoma and stem canker 
(Leptosphaeria maculans) 

 

fungal disease 
 

yes - prothioconazole applied from 
first sign of infection 

 

Light leaf spot  
(Pyrenopeziza brassicae) 

 

fungal disease 
 

yes - prothioconazole applied from 
first sign of infection 

 

Clubroot 
(Plasmodiophora brassicae) 

 

protist disease 
 

no - chemical treatments not available 

 

Sclerotinia root rot 
(Sclerotinia sclerotiorum) 

 

fungal disease 
 

yes - prothioconazole applied from 
first sign of infection 

 

Verticillium wilt  
(Verticillium longisporum) 

 

fungal disease 
 

no - approved fungicides not available 

 

Turnip yellows virus 
 

viral disease 
 

no - viruses cannot be directly 
controlled with available 
agrochemicals. 

 

Black-grass 
(Alopecurus myosuroides) 

 

weed 
 

yes - pre- and post- emergence 
herbicides available. 

 

Chickweed 
(Stellaria media) 

 

weed 
 

yes - pre- and post- emergence 
herbicides available. 
 

 

Cleavers 
(Galium aparine) 
 

 

weed 
 
 

yes - pre- and post- emergence 
herbicides available. 
 

 

Information collated from Scottish Agricultural College (2001), Zhang et al. (2017) 
and Berry et al. (2018).  
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1.4 Turnip yellows virus (TuYV) 

 
1.4.1 TuYV classification and nomenclature  

 

TuYV is a plant virus belonging to the genus Polerovirus in the family Luteoviridae. 

At present and according to the International Committee for the Taxonomy of Viruses 

(ICTV) there are 23 families of virus that exclusively infect plants which are classified 

based on their genome sequence, morphology, serology and host interactions 

(Lefkowitz et al. 2018a). Within the Luteoviridae family there are 45 accepted virus 

species with most assigned to three genera (Table 1.2), Enamovirus (four species), 

Luteovirus (ten species) and Polerovirus (24 species) but there are seven species which 

remain unassigned to a genus. The ICTV 10th report (Lefkowitz et al. 2018b) identified 

14 new virus species within the Luteoviridae family since their 9th report in 2011 (King 

et al. 2011). 

 

Of the accepted poleroviruses, TuYV is most closely related to Beet mild yellowing 

virus (BMYV), Beet western yellows virus (BWYV) and Beet chlorosis virus (BChV) 

(Table 1.2) (Stevens et al. 2005) and collectively they are known as the beet 

poleroviruses. Distinguishing the beet viruses as unique species has been a difficult 

task and has been debated since their discovery. BMYV was first described in the UK 

in the 1950s as able to infect beet and the weed host Capsella bursa-pastoris (Russell 

1958). At around the same time, BWYV was described in the USA as causing the 

same symptoms in beet and C. bursa-pastoris as BMYV but having a much broader 

host range that included brassicas and lettuce (Duffus 1960). In the 1980s, BChV was 

identified in both the USA and UK and was thought to be an isolate of BMYV as it 

caused similar, but weaker symptoms in beet and had a narrower host range than 

BWYV (Stevens et al. 1994). However, BChV could not infect C. bursa-pastoris and 

did not react with the monoclonal antibody PAV-IL-1 like BMYV (D’Arcy et al. 

1989; Stevens et al. 1994). These differences in host range and serology meant that 

BChV isolates belonged neither with BWYV or BMYV and were thus classified as 

their own species in 2002 (Mayo 2002). To complicate things further, non-classical 

strains of BWYV were identified in the UK that were able to infect brassicas and 

lettuce but not beet (Russell and Duffus 1970). These non-beet infecting strains of 
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BWYV were reclassified in 2002 as TuYV (Mayo 2002). Genome sequencing of the 

beet viruses has since confirmed that they are four distinct species and molecular 

techniques have been developed to distinguish between them (Hauser et al. 2000). 

 

Table 1.2. Viruses belonging to the Luteoviridae family and their associated 
genera.  
 

 

Species 
 

Abbreviation 
 

Luteoviridae genus 
 

Alfalfa enamovirus - 1a AEV-1  Enamovirus 
Barley yellow dwarf virus 
-GPV, -SGV 

BYDV 
-GPV, -SGV 

unassigned 

Barley yellow dwarf virus 
-kerIIa, -kerIIIa, -MAV, -PAS, -PAV 

BYDV 
-kerII, -kerIII, -MAV, -PAS, -PAV 

Luteovirus 

Bean leafroll virus BLRV Luteovirus 
Beet chlorosis virus BChV Polerovirus 
Beet mild yellowing virus BMYV Polerovirus 
Beet western yellows virus BWYV Polerovirus 
Carrot red leaf virus CtLRV Polerovirus 
Cereal yellow dwarf virus 
-RPS, -RPV 

CYDV 
-RPS, -RPV 

Polerovirus 

Cherry-associated luteovirusa ChALV Luteovirus 
Chickpea chlorotic stunt virus CpCSV Polerovirus 
Chickpea stunt disease-associated virus CpSDaV unassigned 
Citrus vein enation virusa CVEV Enamovirus 
Cotton leafroll dwarf virus CLRDV Polerovirus 
Cucurbit aphid-borne yellows virus CABYV Polerovirus 
Grapevine enamovirus-1a GEV-1 Enamovirus 
Groundnut rosette assistor virus GRAV unassigned 
Indonesian soybean dwarf virus ISDV unassigned 
Maize yellow dwarf virus-RMVb MYDV-RMV Polerovirus 
Maize yellow mosaic virusa MaYMV Polerovirus 
Melon aphid-borne yellows virus MABYV Polerovirus 
Nectarine stem pitting-associated virusa NSPaV Luteovirus 
Pea enation mosaic virus-1  PEMV-1 Enamovirus 
Pepo aphid-borne yellows virus PABYV Polerovirus 
Pepper vein yellows virus 
- a 1, -2 a, -3 a, -4 a, -5 a, -6a 

PeVYV 
-1, -2, -3, -4, -5, - 6 

Polerovirus 

Potato leafroll virus PLRV Polerovirus 
Rose spring dwarf-associated virus RSDaV Luteovirus 
Soybean dwarf virus SbDV Luteovirus 
Suaka aphid-borne yellows virus SABYV Polerovirus 
Sugarcane yellow leaf virus ScYLV Polerovirus 
Sweet potato leaf speckling virus SPLSV unassigned 
Tobacco necrotic dwarf virus TNDV unassigned 
Tobacco vein distorting virus TVDV Polerovirus 
Turnip yellows virus TuYV Polerovirus 

 

Table modified from Lefkowitz et al. (2018b). 
a Newly classified viruses in the Luteoviridae family since 2018.  
b Renamed in 2018 was Barley yellow dwarf virus -RMV.  
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1.4.2 TuYV genome organisation 

 

TuYV forms non-enveloped icosahedral particles 24-30nm in diameter that contain a 

~5.6kb single-stranded, positive RNA genome which at its 5’ is covalently bonded to 

a Viral genome-linked protein (VPg). TuYV’s compact RNA genome encodes of 

seven genes that are complexly expressed through sub-genomic RNA (sgRNA), frame 

shifting and leaky scanning (Fig. 1.3) (King et al. 2011). 

 
Figure 1.3. Structure of the Turnip yellows virus (TuYV) positive-sense RNA 
genome. Figure from Smirnova et al. (2015). 
 

Open Reading Frame (ORF) 0 is specific to poleroviruses and enamoviruses but not 

to luteoviruses and is transcribed directly from the viral genomic RNA (Fig. 1.3). It 

encodes the P0 protein a suppressor of the RNA-induced silencing complex (RISC) - 

one of the host’s antiviral responses. It has been shown that P0 contains an F-box motif 

(Pazhouhandeh et al. 2006) that binds ARGONUATE1 a component of RISC and 

targets it for degradation (Bortolamiol et al. 2007) which in turn prevents RISC from 

degrading viral RNA. 

 

ORF1 and ORF2 are also transcribed directly from the viral genomic RNA (Fig. 1.3). 

In poleroviruses and enamoviruses ORF1 encodes a genome-linked viral protein 

(VPg) that is cleaved at its serine protease sites post-translation (Govind et al. 2013). 

Polerovirus VPgs have been shown to depend on A. thaliana eukaryotic initiation 

factors (eIFs) for viral replication (Reinbold et al. 2012). For luteoviruses, ORF1 does 

not encode a VPg but does contain RNA helicase motifs that are thought to be 

important in viral replication (King et al. 2011). A frameshift from ORF1 leads to 

transcriptional read-through from ORF1 into ORF2 and together they encode an RNA-

dependent RNA polymerase (Martin et al. 1990).  
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The untranslated region (UTR), downstream of ORF 2 (Fig. 1.3), has been shown to 

have sequence homology to sgRNA promoters of other virus families (Martin et al. 

1990) and all genes after this are expressed through sgRNAs. This UTR has also been 

shown to be a hotspot for 5’ and 3’ genome recombination and has been implicated in 

the evolution of the Luteoviridae family. The hypothesis is that ancestors of a 

Sobemovirus and Carmovirus recombined at this UTR, based on sequence homology 

of these viruses to existing Luteoviridae genomes (Martin et al. 1990; Gibbs 1995; 

Stevens et al. 2005). 

  

ORF3 is expressed from sgRNA1 and encodes the coat protein (CP), the major 

component of the viral capsid. The CP is the most conserved protein between genera 

of the Luteoviridae family and it is even more conserved within genera (Martin et al. 

1990). Antibodies used for the detection of viruses usually target their CP and 

therefore the close homology between the CP of Polerovirus species make them very 

difficult to distinguish serologically. The conservation of the CP is important to allow 

successful encapsulation of viral genomic RNA as modification could be fatal to the 

virus. 

 

ORF5 is expressed from sgRNA1 as a fusion protein with ORF3 and is known as the 

coat protein-readthrough domain (CP-RTD). The readthrough is a result of ribosomal 

leaky scanning of the amber stop codon at the end of ORF3 (Veidt et al. 1988). Both 

the CP and CP-RTD have been implicated in transmission efficiency and vector 

specificity of poleroviruses and luteoviruses (Section 1.4.4). 

 

ORF3a and ORF4 are also expressed from sgRNA1 but in a different reading frame 

to ORF3 and 5 and encode movement proteins (MPs) that are essential for the long-

distance movement and phloem specificity of TuYV. The ORF4 MP of Potato leafroll 

virus (PLRV), the type member of the Polerovirus genus, has been shown to share 

characteristics with other cell-to-cell MPs, including the ability to bind single-stranded 

RNA, target plasmodesmata and initiate cell signaling pathways through 

phosphorylation by host kinases (Tacke et al. 1991; Schmitz et al. 1997; Sokolova et 

al. 1997; Hipper et al. 2014). It was only recently that ORF3a was identified through 

sequence alignment of luteoviruses and poleroviruses and characterised as an MP 
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(Smirnova et al. 2015). ORF3a and ORF4 are not known to be present in enamoviruses 

(King et al. 2011). 

 

Finally, the TuYV genome possesses 5’ and 3’ UTRS which play an important role in 

viral gene expression and replication. It is thought that the 5’ UTR of TuYV is 

involved in VPg-mediated viral replication and expression, like other VPg-capped 

viruses (Jiang and Laliberté 2011; Reinbold et al. 2012). However, another method 

exists within the Luteoviridae family, Barley yellows dwarf virus (BYDV) does not 

have a VPg-capped genome, a characteristic of luteoviruses and instead has been 

shown to rely on the interaction between its cap-independent translation element 

(CITE), positioned in its 3’ UTR, with host eIFs for gene expression and replication 

(Wang et al. 2010; Miras et al. 2014). Another important property of the 3’UTR of 

TuYV is that it does not have a polyadenylated tail.  

 

1.4.3 Genetic diversity of TuYV 

Numerous studies that have investigated the genetic diversity between species of the 

Luteoviridae family (Martin et al. 1990; de Miranda et al. 1995; Schubert et al. 1998; 

Knierim et al. 2013). However, there have only been two comprehensive studies of 

genetic diversity within TuYV, based on whole and part genome sequence 

comparisons. 

The first study conducted phylogenetic analysis of TuYV isolates from oilseed rape in 

England using P0 and CP nucleotide and amino acid sequences (Fig. 1.3). These 

proteins were chosen because the CP is the most conserved of the TuYV genome 

whereas P0 was thought to be the most genetically diverse due to its role in host 

antiviral response suppression (Section 1.4.2). Analysis of CP nucleotide and amino 

acid sequences showed that TuYV isolates belonged to two distinct phylogenetic 

clades and analysis of the P0 showed, as expected, a more complex genetic 

relationship involving three distinct clades; a common clade (~80% isolates) an 

intermediate clade (~18% isolates) and a rare (~2% isolates) (Asare-Bediako 2011). 

Both analyses in this study showed that a clade was not defined by location of origin 

or time of TuYV isolation. The second study, which compared whole genome 

sequences of TuYV isolated from brassicas and weeds in Europe and Asia also 
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identified three phylogenetically distinct clades of TuYV and also showed that these 

clades were not geographically or temporally distinct (Newbert 2016). In 

contradiction, the second study found that P5, the RTD (Fig. 1.3), was the most 

genetically diverse protein of TuYV, not P0 and comparisons of its nucleotide and 

amino acid sequences were able to distinguish between isolates from different hosts 

and geography (Newbert 2016). Understanding the genetic diversity of TuYV will be 

important for the identification and deployment of broad-spectrum host resistance to 

all isolates.  

 

1.4.4 TuYV transmission  

 

TuYV is transmitted by aphids in a persistent, circulative and non-propagative manner 

(Fig. 1.4B) (Coleman 2013). This means that once an aphid has acquired TuYV they 

carry and can transmit the virus for life but the virus does not replicate within the aphid 

or pass to their progeny. This is different to other viruses such as potyviruses which 

are transmitted non-persistently (Fig 1.4A) or reoviruses that propagate in their insect 

vector (Fig. 1.4C). 

 

The CP and CP-RTD of viruses of the Luteoviridae family have been shown to play 

an important role in successful circulative vector transmission. The vector 

transmission cycle of TuYV starts with the aphid’s acquisition of the virus by feeding 

on infected sap. A recent study, in Brassica relatives showed that TuYV-infected 

plants emitted larger quantities of volatile compounds that more strongly attracted 

Myzus persicae (green peach-potato aphid) compared to healthy plants (Claudel et al. 

2018). This finding could suggest that TuYV can promote its own acquisition and 

transmission by aphids. Once TuYV is ingested it moves to the aphid gut and is then 

transcytosed to the hemolymph (Fig. 1.4). Gut tropism and transcytosis are mediated 

by the interaction the CP and CP-RTD of TuYV with membrane bound Ephrin 

receptors in the gut (Brault et al. 2005; Mulot et al. 2018). In the hemolymph TuYV 

virions may be protected from the aphid’s immune system by binding to Symbionin, 

a protein that is produced by the aphid endosymbiotic bacteria Buchnera. Symbionin 

from M. persicae and Rhopalosiphum padi (cherry-oat aphid) has been shown to 

interact with the CP-RTD of PLRV and BYDV, respectively (van den Heuvel et al. 

1994; Filichkin et al. 1997). Finally, by unknown mechanisms, TuYV virions are 
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transcytosed into the salivary gland and inoculated into plants in the saliva during 

aphid feeding. 

 

M. persicae is thought to be the primary vector of TuYV in the UK and up to 72% of 

the UK’s natural population has been reported to carry the virus (Stevens et al. 2008). 

However, over 16 other aphid species have been found to transmit TuYV with less 

efficiency (Table 1.3) (Schliephake et al. 2000). A study that exchanged the RTD of 

BWYV and Cucurbit aphid-borne yellows virus (CABYV) showed that the vector 

specificity of the recombinant viruses was altered to that of the RTD of the donor 

virus, thus suggesting that the CP-RTD influences vector specificity of species of the 

Luteoviridae family (Brault et al. 2005). 

 

Within its plant hosts, TuYV is restricted to the phloem and the immediate surrounding 

cell layers which comprise of companion, phloem parenchyma and sieve tube cells. 

Due to this, TuYV cannot be transmitted between plants mechanically and relies upon 

the sap-sucking feeding behavior of its aphid vector for successful infection. The CP, 

CP-RTD and the MPs (encoded for by ORF3a and 4) have been implicated in TuYV’s 

phloem tropism and long-distance movement within plant hosts (Section 1.4.2). 

Mutations in the TuYV CP that prevent virion formation also prevent systemic 

accumulation of the virus (Hipper et al. 2014) and mutations of the PLRV MP 

(encoded for by ORF4) have been shown to have a similar impact on viral systemic 

accumulation (Lee et al. 2002). 
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Figure 1.4. Modes of plant virus transmission by insect vectors. A. non-persistent 
virus transmission. B. circulative, non-propagative virus transmission. C. circulative, 
propagative virus transmission. Figure from Whitfield et al. (2015). 
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Table 1.3. Transmission efficiency of Turnip yellows virus (TuYV) by different 
aphid species.  
 

 

Species 
 

Common name 
 

TuYV transmission 
efficiency (%)a 
 

 

Acyrthosiphon pisum  
 

pea aphid 
 

            3.6 

Aphis gossypii cotton aphid             1.8 

Aulacorthum solani foxglove aphid           25.0 

Brachycorynella asparagi asparagus aphid           10.9 

Brevicoryne brassicae cabbage aphid           14.8 

Cavariella aegopodii carrot-willow aphid             3.7 

Macrosiphoniella sanborni chrysanthemum aphid             3.6 

Macrosiphum albifrons lupin aphid           16.1 

Macrosiphum euphorbiae potato aphid             8.9 

Myzus nicotianae tobacco aphid             7.7 

Myzus persicae green peach-potato aphid           96.4 

Nasonovia ribisnigri currant-lettuce aphid           17.9 

Neomyzus circumflexum lily aphid             5.4 

Pentatrichopus fragaefolii strawberry aphid             1.8 

Rhopalosiphum maidis corn leaf aphid             6.1 

Rhopalosiphum padi cherry-oat aphid             3.9 

Sitobion avenae 
 

grain aphid 
 

            9.3 
 

 

Table modified from Schliephake et al. (2000). 
a Percentage of 56 oilseed rape plants that tested positive for TuYV after challenge 
with associated aphid species that had been previously fed on oilseed rape known to 
be infected with TuYV. 
 

1.4.5 TuYV host range and symptoms  

 

TuYV has a very broad host range due to the highly polyphagous nature of its primary 

vector M. persicae. Species from over 13 plant families have been shown to be hosts 

for TuYV, many of which are important crop species like oilseed and vegetable 

brassicas and lettuce (Stevens et al. 2008). The broad host range of TuYV allows the 

virus to persist in weed species such as Capsella bursa-pastoris (shepherd’s purse) 

and Stellaria media (common chickweed) outside of crop growing season and during 

crop rotations. These weed species are not only a problem for oilseed rape growers in 
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their own right (Section 1.3.3, Table 1.1) but they also act as reservoirs for TuYV and 

can lead to outbreaks in the crop. 

 

In brassicas, TuYV infection can be symptomless or can cause a range of non-specific 

symptoms that are easily mistaken for stress-responses due to nutrient deficiency, 

drought or fertiliser burn (Fig. 1.5) (Stevens et al. 2008). Classic TuYV symptoms 

include, interveinal yellowing or reddening, purpling or reddening of the leaf margins 

and less commonly, stunting (Fig. 1.5B). As well as these symptoms, TuYV has been 

linked with tipburn disorder in stored white cabbage (Fig. 1.5C) (Hunter et al. 2002). 

The only definitive way to detect TuYV infection is to test plants using immunological 

or molecular methods such as Enzyme-Linked Immunosorbent Assay (ELISA) or 

Reverse Transcription - Polymerase Chain Reaction (RT-PCR), so often growers do 

not realise they have a problem with the virus until it comes to harvest. 

 
Figure 1.5. Symptoms of Turnip yellows virus (TuYV) infection and associated 
disorders in brassicas. A. Healthy oilseed rape plants not infected with TuYV. B. 
Oilseed rape plants infected with TuYV showing symptoms of reddening and purpling 
of the leaf margins and stunting. C. Stored white cabbage showing symptoms of 
tipburn, a disorder associated with TuYV infection, image from Hunter et al. (2002). 

A 

B 

C 
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1.4.6 TuYV incidence and impact on oilseed rape yields 

 

The incidence of TuYV is closely linked with the biannual migrations of its primary 

vector M. persicae, the number of aphids migrating in these events and whether these 

migration events coincide with crop growing seasons. M. persicae has two peak 

migrations a year, the first occurs May to July and the second less abundant migration 

occurs September to November. The autumn M. persicae migration event overlaps 

with winter oilseed rape emergence and is the primary source of TuYV infection in 

the crop (Asare-Bediako 2011). 

 

Milder and drier autumns have been shown to be closely associated with higher 

incidences of TuYV infection in oilseed rape, a result of longer and larger M. persicae 

migration events (Table 1.4). A trial carried out by Limagrain and Agrii in 2017 

detected a 90-100% incidence rate in oilseed rape from Lincolnshire and Sussex and 

record-breaking incidences of 75% in Scotland where previously, TuYV had not been 

considering a threat (de la Pasture 2017). The autumn of 2016 was mild and dry 

favouring M. persicae migration which in turn will have contributed to the high 

incidences reported in 2017 (Table 1.4). In comparison, the autumn of 2012 was colder 

and wetter than the autumn of 2016 and as a result the number of recorded M. persicae 

in the migration event was four and half times less (Table 1.4). Extraordinary numbers 

of M. persicae have been recorded in the UK for the autumns of 2017 and 2018 and it 

is expected that the TuYV incidence in oilseed rape in the following years would be 

as high as 2016. Unfortunately, high incidences of TuYV will become a common 

occurrence as increasing global temperatures and poorer differentiation between the 

seasons will see consistently high numbers of migrating M. persicae vectoring the 

virus.  

 

The impact of TuYV on oilseed rape varies and is dependent on incidence rates, 

oilseed rape genotype and timing of infection (Graichen and Schliephake 1999; 

Congdon et al. 2019). In the UK, it has been reported that the reduction in oilseed rape 

yield can be as high as 30%, costing the industry upwards of £69 million a year which 

equates to 9% of the total crop value. These figures were based on a five-year average 

of UK harvest area and market prices from 2008-2013 (Nicholls and Stoddart 2014). 

TuYV is not only a problem in the UK but also impacts yield in several other major 
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oilseed rape producing countries such as Germany, France, USA and Australia 

(Stevens et al. 2008). Oilseed rape yield losses to TuYV of 12-34% have been reported 

in Germany (Graichen and Schliephake 1999) and losses as high as 46% reported in 

Australia (Jones et al. 2007). Oilseed rape plants infected with TuYV have been shown 

to produce fewer, heavier seeds which have a lower oil and higher protein, 

glucosinolate and erucic acid content compared to uninfected plants (Jay et al. 1999; 

Jones et al. 2007). 

 

Table 1.4. Average temperature, rainfall, days of frost and recorded numbers of 
migrating Myzus persicae in the autumn months (September-November) of 2012-
2018 in the UK.  
 

 

Year 
 

Average 
temperature (oC) 

 

Average 
rainfall (mm) 

 

Average days of 
air frost 
 

 

Total number of 
M. persicae 

 

2012 
 

        8.7 
 

    124.9 
 

      2.9 
 

          64 

2013         9.8     108.7       2.7           91 

2014       10.9     101.7       1.0         455 

2015       10.0       99.2       1.2         146 

2016         9.8       83.0       3.3         298 

2017         9.9     109.5       2.2         734 

2018         9.8     110.5       2.1       1679 

 

M. persicae count data is based on the total number of aphids caught in 16 suction 
traps around the UK and was collected by Rothamsted Insect Survey (2012-2018). 
Weather data was from the Met Office UK (2012-2019). 
 

1.4.7 Controlling TuYV in Brassica crops 

 

Unlike fungal or bacterial plant pathogens, viruses cannot be directly controlled with 

agrochemicals. Instead chemical seed treatments and sprays target vectors that 

transmit viruses such as aphids. Until recently the only way to control TuYV within 

Brassica crops was to use insecticidal treatments that target the virus’ primary vector 

M. persicae. There are currently 11 different chemical groups that are used for the 

control of M. persicae but half of these have been compromised by metabolic or target-

site resistance in the aphid (Table 1.5) (Bass et al. 2014). The most common 

insecticide resistances present in M. persicae are modified acetylcholinesterase 
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(MACE), knockdown resistance (kdr) and super-kdr, which render the most widely 

available insecticides, the organophosphates, carbamates and pyrethroids ineffective. 

Less than 4% of the UK’s M. persicae population are not MACE, kdr or super-kdr 

resistant (Foster 2013), making insecticides a poor choice for control of M. persicae 

and TuYV. 

 

Table 1.5. Insecticide resistances in Myzus persicae by chemical group.  
 

 

Chemical group 
 

Year 
introduced 
 

 

Target site in M. persicae 
 

Resistance in M. 
persicae? 

 

Organophosphates 
 

1940s 
 

acetylcholinesterase 
 

MACE, metabolic  
Cyclodeines 1950s gamma-aminobutyric acid--

gated chlorine channels 
 

Rdl 

Carbamates 1950s acetylcholinesterase MACE, metabolic  

Pyrethroids 1970s voltage-gated sodium channels kdr, super-kdr, 
MACE, metabolic  
 

Pyridine 
azomethines 
 

1990s chordotonal organs none 

Neonicotinoids 1991 nicotinic acetylcholine receptor Nic-R, metabolic 

Tetramic acids 2007 acetyl coenzyme A carboxylase none 

Carboxamides 2010 chordotonal organs none 

Sulfoximines 2012 nicotinic acetylcholine receptor none 

Diamides 2013 ryanodine receptors none 

Butenolides 2014 nicotinic acetylcholine receptor none 
 

 

Table modified from Bass et al. (2014). MACE - modified acetylcholinesterase 
resistance, kdr - knockdown resistance, Rdl - resistance to dieldrin and Nic-R - 
neonicotinoid resistance.  
 

In the 1990s the release of neonicotinoids and pyridine azomethines (Table 1.5) 

provided an alternative for controlling M. persicae with insecticides. However, 

resistance to neonicotinoids has already been reported in southern Europe (Bass et al. 

2011) and in 2013 the EU banned neonicotinoid usage on field crops after their 

association with decline in bee populations (Cresswell 2011; The European 

Commission 2013). Two new neonicotinoids, thiacloprid and acetamiprid were 

approved in 2018 for use on oilseed rape as they were considered to be less toxic to 

bees. Currently, these two neonicotinoids and pyridine azomethines are the only 

available insecticides that are effective in controlling M. persicae but there are strict 

regulations on their usage; only one treatment of pyridine azomethine and two 
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treatments of thiacloprid or acetamiprid are permitted per season in winter oilseed rape 

(Health and Safety Executive 2019; Syngenta UK 2019; Bayer Crop Science UK 

2019a). Furthermore, these insecticides have very limited persistence after 

application, meaning the crop will be left unprotected from M. persicae and TuYV for 

much of the growing season and so growers have the difficult task of timing their 

insecticide treatments with peak aphid migrations. Only a single M. persicae is 

required for the transmission of TuYV and a study in vegetable brassicas showed that 

insecticide treatments are able to reduce and limit TuYV titre but not prevent infection 

(Walsh et al. 2012). 

 

Due to the limitations of insecticide treatments it has become necessary to identify 

sources of host genetic resistance to control TuYV in oilseed rape. In 2001, the first 

variety of oilseed rape possessing TuYV resistance, Caletta was released in Italy 

(Lüders 2017). Resistance in Caletta originated from the resynthesised B. napus line 

‘R54’ which itself was produced from the interspecific cross between B. rapa and B. 

oleracea (Graichen 1994; Lüders 2017). It wasn’t until over ten years later, when the 

seed company Limagrain (the industrial sponsor of this project) released the second 

variety of oilseed rape possessing the same ‘R54’ TuYV resistance (Lüders 2017). 

This variety, Amalie, made the AHDB recommended list in 2016/2017 (AHDB 2016) 

and since then there has been a boom in the release of TuYV-resistant varieties; there 

are now over 30 resistant varieties on the market, marketed by seven seed companies. 

This increase in popularity of TuYV resistance in commercial oilseed rape crops 

probably reflects the recognition of TuYV as an important pathogen of oilseed rape 

and the success of Limagrain’s TuYV-resistant varieties. For example, the Limagrain 

TuYV-resistant variety, Aspire was top of the recommended list in 2019/2020 as the 

highest yielding (AHDB 2019a). Aspire on average, grossed 104% yield over the 

control varieties and performed particularly well in areas where TuYV incidence was 

above 50%, grossing an average yield of 111% over controls (Daubney 2019).  

 

It is believed that all the newly released TuYV-resistant oilseed rape varieties possess 

the same resistance from ‘R54’. This is because this resistance was identified as part 

of a public funded screening program and the resultant breeding programs involved a 

consortium of seed companies (Paetsch et al. 2003). The ‘R54’ TuYV resistance has 

been shown to be a quantitative, (Dreyer et al. 2001; Juergens et al. 2010) in other 
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words, TuYV is still able to infect varieties possessing the resistance but the resistance 

limits viral replication by an unknown method, controlled by gene(s) that are yet to be 

elucidated. Whilst the current resistance appears to be durable, having only a single 

source increases the selection pressure for resistance-breaking isolates of TuYV and 

so the resistance base needs to be expanded to avoid this.  

 

Currently, the only source of TuYV resistance identified in non-resynthesised B. 

napus is in the variety Yudal. TuYV resistance in Yudal was mapped to single QTL 

on B. rapa chromosome A04 that co-localised with the TuYV resistance QTL mapped 

in ‘R54’ (Hackenberg et al. 2020). This suggests that TuYV resistance in Yudal and 

‘R54’ might be controlled by the same gene(s). The limited TuYV resistance 

present/identified in non-resynthesised oilseed rape is probably due to the genetic 

bottle neck within the species caused by its recent origin from hybridisations of its 

progenitor species, B. rapa and B. oleracea as well as subsequent and extensive seed 

quality breeding programs (Section 1.3). This project has attempted to map the gene(s) 

responsible for ‘R54’ TuYV resistance in commercial oilseed rape varieties (Chapter 

3), as well as broaden the resistance base in oilseed rape by characterising and 

mapping TuYV resistance originating from its more genetically diverse diploid 

progenitors, B. rapa and B. oleracea (Chapter 4) and introgressing these into oilseed 

rape via resynthesis (Chapter 5). 

 
Limagrain UK Ltd. observed that oilseed rape varieties and breeding lines possessing 

TuYV resistance were more tolerant to V. longisporum infection during field trials. 

This project aimed to investigate the potential involvement of TuYV resistance in 

oilseed rape variety Amalie with resistance to V. longisporum (Chapter 6). 
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1.5 Association between Turnip yellows virus resistance (TuYV) and 

Verticillium longisporum resistance in Brassica napus 

 
Unpublished field and glasshouse trials by Limagrain UK Ltd. and ADAS observed 

that oilseed rape varieties and breeding lines possessing the ‘R54’ TuYV resistance 

were more tolerant to the fungal pathogen V. longisporum (Boor 2018). There are a 

number of hypotheses as to why this could be. The first, is that the gene(s) responsible 

for TuYV resistance in ‘R54’ could also confer resistance to V. longisporum. The 

second, is that that activation of the ‘R54’ TuYV resistance after challenge with the 

virus, leads to activation of broad-spectrum resistance and thus resistance to V. 

longisporum. The third and probably most likely hypothesis, is that separate genes 

control TuYV and V. longisporum resistance but they are genetically linked and 

therefore inherited together. This phenomena in breeding is known as linkage drag 

and usually refers to the inheritance of genes that confer undesirable traits, such as 

yield penalties, that are linked gene(s) of interest that are trying to be introgressed. 

This project aimed to investigate the involvement of the ‘R54’ TuYV resistance in 

oilseed rape variety Amalie with resistance to V. longisporum (Chapter 6). 

 
1.5.1 V. longisporum 

 

The Verticillium genus belongs to the family Plectosphaerellaceae and used to be 

extremely diverse, containing species of plant-infecting fungi, nematode and insect. 

The Verticillium genus was later reclassified by Gams and Zare (2001) and now only 

contains ten species of plant-pathogenic fungi which cause verticillium wilt disease in 

their hosts (Table 1.6) (Inderbitzin et al. 2011).  
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Table 1.6. Morphological characteristics and important crop hosts of Verticillium 
species.  
 

 

Species 
 

Ploidy 
 

Resting bodies 
 

Conidiospore 
shape 
 

 

Crop hosts 

 

V. longisporum 
 

diploid 
 

elongated 
microsclerotia 

 

elongated 
 

brassicas, 
horseradish, 
sugar beet, oat, 
wheat and pea. 

 

V. dahliae 
 

haploid 
 

oval microsclerotia 
 

oval 
 

very broad host 
range 

 

V. albo-atrum 
 

haploid 
 

mycelium 
oval/elongated 
microsclerotia 

 

oval 
 

potato 

 

V. alfalfaea 
 

haploid 
 

mycelium 
 

oval 
 

alfalfa 
 

V. nonalfalfaea 
 

haploid 
 

mycelium 
 

oval 
 

hops, potato, 
and spinach 

 

V. nibilum 
 

haploid 
 

chlamydospores 
 

oval 
 

mushroom and 
potato 

 

V. tricorpus 
 

haploid 
 

mycelium 
chlamydospores 
oval microsclerotia  

 

oval 
 

tomato and 
potato 

 

V. isaaciia 
 

haploid 
 

mycelium 
chlamydospores 
oval microsclerotia 

 

oval 
 

tomato, 
artichoke, 
lettuce and 
spinach 

 

V. kelbahniia 
 

haploid 
 

mycelium 
chlamydospores 
oval microsclerotia  

 

oval 
 

lettuce 

 

V. zaregamsianuma 
 

haploid 
 

chlamydospores 
oval microsclerotia 
 

 

oval 
 

lettuce 

 

Table based on findings from Inderbitzin et al. (2011). 
a newly classified Verticillium species. 
 

1.5.2 The reproductive cycles of Verticillium species  

 

Verticillium species are anamorphic, meaning that they do not have a known sexual 

reproductive cycle. It is not known whether Verticillium species ever had the ability 

to reproduce sexually or whether this ability was lost. Recent phylogenetic studies of 

V. dahliae isolates showed a highly clonal population structure but identified 

recombinant isolates and the maintenance and expression of sex-related genes 
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(Milgroom et al. 2014; Short et al. 2014). This suggests that V. dahliae, in rare cases 

and under unknown conditions can reproduce sexually. 

 

Principally, Verticillium species reproduce asexually via two different methods. The 

first method is used by all species and involves the formation of conidiospores from 

specialised hyphae called conidiophores (Fig. 1.6A) (Inderbitzin et al. 2011). The 

second method is through the formation of resting bodies a collective term used for 

resting mycelium (Fig. 1.6B), chlamydospores (Fig. 1.6C) and microsclerotia (Fig. 

1.6D) (Isaac and MacGarvie 1966). Different Verticillium species produce different 

types of resting bodies and so they can be used to distinguish between species (Table 

1.6) (Inderbitzin et al. 2011). Resting mycelium are a collection of melanised hyphal 

filaments and chlamydospores and microsclerotia are melanised spherical hyphal cells 

that form in chains and clusters, respectively. Unlike conidiospores, melanisation of 

the resting bodies makes them resistant to desiccation allowing them to persist in the 

soil without a host for many years. Melanisation also pigments the cells turning them 

dark-brown or black. The disease cycle of V. longisporum is described in more detail 

in Section 1.5.3. 

 

 
Figure 1.6. Tissues produced by Verticillium species for asexual reproduction. A. 
Conidiophore and conidiospores. B. Resting mycelia. C. Chlamydospores. D. 
Microsclerotia. 
 

 

 

A B C D 
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1.5.3 V. longisporum classification and nomenclature 

 

Verticillium species can be classified based on host range, morphology and more 

reliably by genome sequence. In 1997, the name V. longisporum was first used by 

Karapapa et al. (1997) to describe non-classical V. dahliae isolates that were severely 

pathogenic in oilseed rape and produced elongated conidiospores and microsclerotia 

(Table 1.6). Typically, true V. dahliae isolates are only mildly pathogenic in oilseed 

rape and produce oval conidiospores and microsclerotia. Prior to 1997, V. dahliae var. 

longisporum was also used to describe these non-classical isolates of V. dahliae.  

 

V. longisporum can be further differentiated from V. dahliae and all other Verticillium 

species based on differences in genome sequence. V. longisporum is a diploid hybrid 

of polyphyletic origin (Inderbitzin et al. 2011) and all other Verticillium species are 

haploid (Table 1.6). Molecular techniques based on differences in internal transcribed 

spacer regions (Morton et al. 1995a), small sub-unit ribosomal RNA (Karapapa and 

Typas 2001) and sub-repeat RNA intergenic regions (Morton et al. 1995b) have been 

developed to identify V. longisporum isolates and differentiate them from other 

species in the genus. 

 

1.5.4 V. longisporum host range  

 

After first being isolated from Brussels sprouts in the UK (Isaac 1957) and oilseed 

rape in Sweden in the 1960s (Kroeker 1970), V. longisporum has predominantly been 

known as a pathogen of brassicas. However, subsequent glasshouse experiments have 

shown that V. longisporum has a broader host range than first thought and is able to 

infect many crop and weed species outside of the Brassicaceae family. A study by 

Johansson et al. (2006b) showed that V. longisporum was the most pathogenic on 

oilseed rape but was also able to infect and cause permanent stunting of oat, spring 

wheat, scentless mayweed and charlock and although it did not cause obvious disease, 

was able to infect and produce microsclerotia on pea. Other studies have isolated V. 

longisporum from sugar beet and have shown that it can infect horseradish (Babadoost 

et al. 2004) and the model organism Arabidopsis thaliana (Fradin et al. 2011). These 

studies suggest that V. longisporum, although not always pathogenic can use multiple 
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plant species as reservoirs outside of the growing season of its preferred host oilseed 

rape. 

 

1.5.5 V. longisporum disease cycle and symptoms in oilseed rape 

 

V. longisporum causes premature ripening of oilseed rape crops and high yield losses 

can be attributed to the overlap of the pathogen’s disease cycle with the growth pattern 

of winter and spring oilseed rape (Fig. 1.7A). V. longisporum can survive in the soil 

without a host for 10-15 years as microsclerotia (Section 1.5.1) (Gladders 2009). 

Approaching spring, when oilseed rape is growing in the field and temperature 

increases, the microsclerotia germinate and colonise the roots of the plant. Once in the 

roots and as the plant elongates, V. longisporum replicates and travels up through the 

xylem producing black microsclerotia that cause stem streaking symptoms (Fig. 1.7B). 

Fungal growth and microsclerotia production in the xylem restricts water flow 

throughout the plant causing stunting and premature ripening of the seed pods. In 

severe cases, the pathogen clogs the xylem and blocks water flow in the leaves leading 

to their asymmetric chlorosis and wilting (Fig. 1.7C). However, these symptoms are 

rarely seen in the field and are more commonly observed in glasshouse experiments 

(Johansson 2006a; Rygulla et al. 2007). Infected crop residues that fall from the plant 

during the growing season return V. longisporum to the soil, providing inoculum for 

the next growing season and thus starting the disease cycle again. 

 

1.5.6 V. longisporum incidence and impact on oilseed rape yields 

 

V. longisporum is the most important pathogen of oilseed and turnip rape in Sweden, 

where it was first described in the 1960s (Kroeker 1970). Since then, V. longisporum 

has become a problem for other major oilseed rape growing countries in Europe 

including Germany, France and Poland (Karapapa et al. 1997) but it is only a relatively 

new pathogen of oilseed rape in the UK. V. longisporum was first detected in UK 

oilseed rape displaying wilting disease in 2007 (Gladders et al. 2011) and the causal 

isolate was shown to be distinct to the one detected in Brussels sprouts displaying 

wilting disease many years earlier in the UK, which was short-spored and only mildly 

pathogenic to oilseed rape (Isaac 1957; Gladders 2009).  
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The impact of V. longisporum on oilseed rape yield fluctuates and is dependent on 

many agronomical and environmental factors. In Sweden, oilseed rape yield losses 

due to V. longisporum have generally been reported as 50% (Eastburn and Paul 2007).  

 

 
Figure 1.7. Verticillium longisporum disease cycle and symptoms of infection in 
Brassica napus (oilseed rape). A. V. longisporum disease cycle in winter oilseed rape, 
figure from Gladders (2009). B. Stem streaking symptoms of V. longisporum infection 
of winter oilseed rape in the field, image from Depotter et al. (2016). C. Asymmetrical 
chlorosis of a winter oilseed rape leaf infected with V. longisporum in the glasshouse. 
 

 

 

A 

C B 
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Field experiments in the UK and Germany have reported lower yield losses of 12-24% 

(AHDB 2019b) and 11%, respectively (Dunker et al. 2008). Differences in yield 

decline can be attributed to differences in disease incidence and severity between the 

experiments. The three-year trial by AHDB (2019b) identified an average incidence 

of 16% in 292 plots whereas the two-year trial by Dunker et al. (2008) identified and 

average incidence of 10% in a single plot. However, Dunker et al. (2008) also found 

that increased disease incidence and severity was associated with warmer air and soil 

temperatures and higher levels of inoculum in the soil. Short cropping rotations are 

one of the major contributors to the build-up of inoculum in the soil, increased V. 

longisporum incidence and disease severity and the decline of oilseed rape yields. 

 

1.5.7 Controlling V. longisporum in oilseed rape 

 

V. longisporum is a difficult pathogen to control due its ability to produce 

microsclerotia that can live in the soil for many years without a host. Currently, the 

control of V. longisporum in brassica crops is attempted through the improvement of 

farm practices as there are no approved fungicides. Agricultural companies and 

advisory boards suggest that growers increase rotation periods so that at a minimum a 

brassica crop is grown only once every three years, that they uphold good farm 

hygiene by cleanings field equipment and machinery and that they do not sow seed 

from an infected crop (AHDB 2019b; Bayer Crop Science UK 2019b). Together these 

prevent the buildup of microsclerotia in the soil and cross contamination of fields. 

 

Other control methods such a chemical soil fumigation, heat treatment and solarisation 

have been shown to reduce V. dahliae microsclerotia density in the soil (Powelson and 

Carter 1973; Pullman et al. 1981). Solarisation is currently only practiced in tropical 

climates where solar energy is powerful enough for the method to be effective. As 

oilseed rape is grown mainly in temperate regions the use of solarisation would not be 

suitable and fumigation and heat treatments are costly, consume a lot of energy and 

are damaging to the environment.  

 

An alternative and preferred method of V. longisporum control is host resistance. The 

first Verticillium resistance genes, Ve-1 and Ve-2, were cloned from tomato and 

independently are effective against V. dahliae and V. albo-atrum (Diwan et al. 1999; 
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Kawchuk et al. 2001). Unfortunately, the tomato Ve genes are not suitable for 

controlling verticillium wilt in oilseed rape because they do not confer resistance to 

the causal agent V. longisporum which lacks Ve-recognised effectors (Fradin et al. 

2011). Unlike tomato, no extreme verticillium resistance genes have been identified 

in brassica plants, only multigenic tolerance originating mainly from the Brassica C 

genome (Happstadius et al. 2003; Rygulla et al. 2007). This means that currently there 

are no commercially available oilseed rape varieties that possess complete resistance 

to V. longisporum, only varieties that claim tolerance.  

 

1.6 Plant disease resistance and tolerance 

 

Plants rely on in-built defence strategies encoded for by their genes to protect them 

from pests and disease. There are two main defence strategies, the first is host 

resistance and has been defined as a hypersensitive response to a pathogen that results 

in its elimination but comes at a fitness cost to the host (Schafer 1971; Medzhitov et 

al. 2012). The second strategy, host tolerance, was defined more broadly by Schafer 

(1971) as an observable level of resistance somewhere between immunity and 

susceptibility and by Caldwell et al. (1958) as the ability of a plant to sustain attack 

from a pathogen without severe decrease in yield. In other words, host tolerance allows 

a pest or pathogen to persist but with minimised impact on host fitness in comparison 

to resistance and minimised impact on yield in comparison to susceptibility. Although 

the terms resistance and tolerance have different meanings in the context of disease, 

they are often used interchangeably. The mechanisms in which plant disease resistance 

and tolerance are achieved are discussed below. 

 

1.6.1 Passive immunity 

 

Passive immunity forms the first line of defence to pests and pathogens and includes 

pre-existing physical and chemical barriers such as cell walls, waxy leaf cuticles, 

absence of cell surface receptors, or the production of antimicrobials that prevent 

pathogen establishment and entry into host cells. Eynck et al. (2009) suggested that 

passive tolerance to V. longisporum in B. napus was due to the increased production 

of antifungal phenolic compounds and increased deposition of lignin that fortified cell 
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walls. Whilst chemical barriers are more difficult to overcome, physical barriers can 

be easily bypassed by a pathogen’s vector, such as the transmission of TuYV by M. 

persicae.  

 

Passive immunity also includes the alteration or absence of intracellular host proteins, 

so that a pathogen can no longer utlise them to cause disease, such proteins are termed 

susceptibility factors (S-factors) and are encoded for by dominant susceptibility genes 

(S-genes) (Eckardt 2002). This means that this type of passive resistance is recessively 

inherited, requiring both copies of the S-gene to be altered to confer resistance. An 

example of recessive passive resistance is the alteration of eIFs (Section 1.4.2) used 

by many viruses for replication. Plants lacking or possessing a truncated isoform of 

eukaryotic initiation factor 4E (eIFiso4E) were shown to be resistant to Tobacco etch 

virus (Lellis et al. 2002) and Turnip mosaic virus (Nellist et al. 2014). Furthermore, 

Arabidopsis mutants lacking functional copies of different eIFs were able to limit the 

replication of poleroviruses, including TuYV (Reinbold et al. 2012).  

 

1.6.2 Active immunity 

 

After overcoming passive immune defences, a host cell may have the ability to 

actively recognise a pathogen and trigger an immune response. There are three 

pathways involved in active immunity (Fig 1.8). The first is pathogen-triggered 

immunity (PTI) and involves the recognition of pathogen-associated molecular 

patterns (PAMPs), also known as microbial-associated molecular patterns (MAMPs), 

by cell-surface pattern recognition receptors (PRRs) (Fig. 1.8). PAMPs are a 

collection of molecules that are common between many different microbes, even those 

that are non-pathogenic, meaning that PTI is not a specific immune response (Jones 

and Dangl 2006). One of the most well characterised PAMP-PRR interactions is 

between a small 22 amino acid section of bacterial flagellin (flg22) and Flagellin 

Sensing 2 (FLS2) which elicits PTI in Arabidopsis (Felix et al. 1999; Gomez-Gomez 

and Boller 2000). 

 



 34 

If a pathogen is not recognised at the cell surface and is able to penetrate the cell a 

second line of active immunity exists. Effector-triggered immunity (ETI), is pathogen-

specific and involves the recognition of a pathogen-produced avirulence protein (Avr) 

by a host resistance protein (R-protein) (Fig. 1.8). Like PRRs, R-proteins are encoded 

for by resistance genes (R-genes) which confer dominant resistance to their recognised 

pathogen. In the absence of R-genes, Avr genes also known as effector genes, are 

beneficial to the pathogen as they promote their pathogenicity and conversely, 

promote effector triggered susceptibly in the host (ETS) (Han and Jung 2013). ETI is 

an amplified PTI response and is often associated with a hypersensitive reaction (HR) 

involving localised programmed cell death to limit the spread of the pathogen (Jones 

and Dangl 2006). The first R-gene to be cloned, Hm1, was from maize and conferred 

resistance to the fungal pathogen Cochliobolus carbonum (Johal and Briggs 1992) and 

the first identified viral R-gene was the tobacco N gene against Tobacco mosaic virus 

(Whitham et al. 1994).  

 
Figure 1.8. Active immunity pathways triggered by pathogen recognition in 
plants. Molecular-associated molecular patterns (MAMPs), pattern recognition 
receptors (PRR), pathogen-triggered immunity (PTI), effector-triggered immunity 
(ETI), effector-triggered susceptibility (ETS), resistance-protein (R-protein). Figure 
from Kazan and Lyons (2014). 
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Whilst the power and the site of pathogen recognition differs between PTI and ETI 

both pathways are able to elicit an immune response through the activation of 

signaling cascades, transcriptional regulation and the increased production of reactive 

oxygen species (ROS) and defence hormones (Fig 1.8) (Hammond-Kosack and Jones 

1996). PRRs and R-proteins also share structural homology and can be classified into 

five main categories based on the presence and complementation of leucine-rich repeat 

(LLR), nucleotide binding (NB), coiled-coiled (CC), Toll-like and mammalian 

interleukin receptor (TIR) and kinase domains (Dangl and Jones 2001).  

 

The third mechanism of active immunity is the suppression of pathogen gene 

expression and/or replication by host RNA silencing mechanisms. RNA-induced 

silencing of gene expression was first described in Caenorhabditis elegans (Fire et al. 

1998) and the mechanism by which it was a achieved is also used for host-induced 

gene silencing (HIGS) of pathogens. HIGS involves the recognition of double 

stranded RNA (dsRNA) that can arise from the replication of RNA viruses, 

hybridisation of complementary RNA transcripts or the formation RNA hairpins. 

Once recognised, these dsRNAs are cleaved by Dicer proteins to form small 

interfering RNAs (siRNAs) of 20-25bp that in complex with RISC, identify 

complementary single stranded RNA (ssRNA) sequences and target them for 

degradation. The involvement of host RISC-mediated silencing of TuYV has been 

discussed previously (Section 1.4.2) and has also been identified as a potential control 

mechanism for Fusarium head blight disease in cereals (Machado et al. 2018). 

However, HIGS is a mechanism that can limit pathogen replication and spread but 

may not be a powerful enough mechanism on its own to confer disease resistance or 

tolerance.  

 

1.7 Methods for identifying disease resistance genes in plants 

 
1.7.1 Identifying R-genes 

 

R-genes (Section 1.6.2) can be difficult to identify because they often occur in clusters 

and due to their homology can be masked or lost during genome sequencing and 

assembly (Michelmore and Meyers 1998; Bayer et al. 2018). Regions of repetitive 
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DNA, like R-gene clusters, can easily be lost because whole-genome shotgun, a 

traditional method of genome sequencing, involves the digestion of the genome and 

subsequent sequencing and assembly of small <1000bp fragments (Fig 1.9A). Recent 

development of long-read sequencing technologies like PacBio® are now allowing 

larger portions, in some cases whole chromosomes, of a genome to be sequenced in 

one fragment (PacBio 2019). Long-read sequencing thus preserves the order of the 

genome and prevents the loss of repetitive regions allowing the detection of novel R-

genes which previously had been omitted from the assembly (Fig 1.9B). However, 

long-read sequencing has its own unique problems such as high base error rate and it 

is costly in comparison to short-read sequencing. 

 

 
Figure 1.9. Short and long-read sequencing of repetitive DNA (red). A. Short-read 
shotgun sequencing and assembly. B. Long-read PacBio® sequencing. 
 

Despite improvements in genomic sequences, the successful annotation of their genes 

is still a major challenge. Resistance gene enrichment sequencing (RenSeq) is a 

technique that has been used to identify novel R-genes and relies on their sequence 

homology. The genome is first digested into small fragments and then baits 

complementary to R-gene domains (Section 1.6.2) promote the amplification of R-

genes by polymerase chain reaction (PCR), enriching them in the sample before 

sequencing. Not only has RenSeq been successful in identifying over 300 novel NB-

A 

B 

assembly 

Unassembled sequence 
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LRR R-genes in potato but it has also been used to map (Section 1.7.2) resistance to 

Phytophthora infestans (Jupe et al. 2013).  

 

Effector screens can also be used to identify novel R-genes which involve exposing a 

host to a repertoire of known or predicted pathogen effectors to identify those that 

elicit an ETI. Host genes that interact with ETI-eliciting effectors are then mapped to 

the genome (Section 1.7.2). This method has shown that potato can recognise a 

number of P. infestans effectors and can also be used to rapidly identify pathogen-

specific R-genes (Vleeshouwers et al. 2008). 

 

1.7.2 Resistance gene mapping  

 

Genetic mapping when used in conjunction with RenSeq and effector screens can 

identify pathogen-specific R-genes (Section 1.7.1) and on its own can be used to 

identify gene(s), that are not R-genes but still confer resistance to a pathogen. The 

process of resistance gene mapping in plants involves four main steps that are 

discussed below. 

 

The first step of resistance gene mapping involves the production of a population 

segregating for resistance. These segregating populations are called mapping 

populations and are derivatives of a parental cross between two or more diverse lines 

(Miles and Wayne 2008), for example a cross between a resistant and a susceptible 

line. There are many types of mapping populations that differ in genetic composition, 

ratio of genotypes and the number of generations required to produce them and so, the 

type of population used depends on the objective of the study (Singh and Singh 2015). 

The most commonly used are second filial (F2,) backcross (BC) and double haploid 

(DH) populations as they are quick to produce, taking only two generations, compared 

to other populations like near-isogenic (NILs) and recombinant inbred lines (RILs) 

that take several generations to create (Table 1.7) (Singh and Singh 2015). DH and F2 

populations have the advantage over a BC population as they allow the comparison of 

homozygous resistant and susceptible individuals (Table 1.7). However, a BC 

population does not require in vitro culture like DH production and has a better 

proportional ratio of genotypes compared to a F2 population (Table 1.7). The latter is 

important if you consider phenotype, for example a dominant resistance, in an F2 
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population (genetic composition AA:AB:BB) the ratio of resistant to susceptible 

individuals is 3:1 and in a BC population (genetic composition AA, AB) the ratio is 

1:1, allowing comparison of more individuals with an alternate phenotype and 

increased power for genetic mapping.  

 
Table 1.7. Characteristics of populations commonly used for genetic mapping in 
plants based on a single dominant pathogen resistance gene.  
 

 

Second filial (F2), backcross (BC), double haploid (DH), near-isogenic line (NIL), 
recombinant inbred line (RIL). The susceptibility allele is denoted as ‘A’ and the 
resistance allele is denoted as ‘B’ for a single gene. 
 

The second step of resistance gene mapping involves identifying regions of the 

genome that differ in sequence between the parental lines and that can be used as 

markers to genotype a mapping population. In the pre-sequencing era, identification 

of genetic markers was tedious and reliant on polymorphisms in restriction enzyme 

sites which lead to differences in digestion patterns called restriction fragment length 

polymorphisms (RFLPs) (Grover and Sharma 2016). The invention of PCR enabled 

the detection of additional markers such as random amplified polymorphic DNA 

(RAPD) and amplified fragment length polymorphisms (AFLPs). Then sequencing 

technologies allowed more sensitive identification of markers like sequenced 

characterised amplified regions (SCARs), simple sequence repeats (SSRs), 

insertion/deletions (INDELs) and single nucleotide polymorphisms (SNPs), to name 

but a few. Next-generation sequencing has now allowed the high-throughput detection 

of high volumes of many different genetic markers and the production of genotyping 

platforms. Genotype-by-sequencing (GBS) was designed to identify large numbers of 

 

Population 
 

Number of 
generations to 
create 
 

 

Genetic composition  
 

Ratio of genotypes 
(AA:AB:BB) 

 

F2 
 

2 
 

heterozygotes and homozygotes 
(AA, AB and BB) 
 

 

1:2:1 

 

BC 
 

2 
 

heterozygotes and homozygotes 
(AB and BB) or (AA and AB) 

 

0:1:1 or 1:1:0 

 

DH 
 

2 
 

homozygotes 
(AA and BB) 

 

1:0:1 

 

NIL 
 

>7 
 

homozygotes 
(AA and BB) 

 

1:0:1 

 

RIL 
 

>7 
 

homozygotes 
(AA and BB) 
 

 

1:0:1 
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genetic markers within complex genomes (Elshire et al. 2011) and unlike other high-

throughput genotyping platforms, like SNP array, isn’t reliant on prior knowledge of 

genome sequence. SNP arrays can genotype tens of thousands of SNP markers at once 

but are only available for organisms with sequenced genomes such as Arabidopsis and 

some Brassica species. Whilst SNP arrays are cheaper and their data outputs are easier 

to analyse, the downside is that they are developed based on reference and pseudo-

genome sequences (Clarke et al. 2016) and so there is a greater potential for less of 

the total genetic variation to be genotyped within a mapping population compared to 

GBS.  

 

Once polymorphic markers have been identified and genotyped within a mapping 

population the next step is to construct a genetic linkage map. A linkage map is created 

by calculating recombination fractions (!) between every possible combination of 

marker pairs (Griffiths et al. 2008a); the smaller the ! the more closely the two 

markers are linked. The logarithm of the odds (LOD) can also be used to determine if 

marker linkage determined by ! is indeed true or has occurred by chance; the higher 

the LOD score the more likely the markers are linked (Griffiths et al. 2008b). Genetic 

distance in centimorgans (cM) can then be calculated between markers, where 1cM 

equates to a 0.01 probability that a recombination event will occur between them in a 

single generation (Griffiths et al. 2008b).  

 

The final step is to identify regions of the linkage map, known as quantitative trait loci 

(QTLs), that are closely associated with disease resistance. QTLs can be identified in 

a number of ways. QTL interval mapping is most commonly used and works by 

considering the genotype of individuals at even intervals across the map and 

correlating this with variance in phenotype (resistance vs. susceptibility) (Broman and 

Sen 2009) for all individuals in the analysis. As for !, LOD scores are calculated at 

each interval and the higher the score the more closely associated the resistance to that 

interval. A disadvantage of interval mapping is that it attempts to associate the 

variation in phenotype with a single interval in the linkage map and so is less suitable 

for multigenic traits. Multiple QTL mapping (MQM) is a variation of interval mapping 

that accounts for known QTLs in the analyses by setting them as cofactors. MQM is 

better suited for multigenic traits as it allows the identification of additional, weaker 
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QTLs responsible for phenotypic variation not explained by the QTLs set as cofactors 

(Arends et al. 2014), but it does not describe the interactions (additive, synergistic or 

epistatic) between multiple QTLs. Stepwise mapping for a given dataset, considers the 

optimal number of QTLs and unlike MQM considers their interactions in comparison 

to the null hypothesis of no QTLs (Broman 2008). It is a more conservative method 

of QTL mapping as it accounts for each QTL effect and all pairwise interactions by 

subtracting penalties from the LOD known as penalised LOD (pLOD). When used 

first, stepwise mapping can help decide whether to use interval mapping or MQM for 

identification of QTLs. Both MQM and stepwise mapping assume the phenotype data 

is normally distributed and use parametric analyses like Expectation-Maximisation 

(Lander and Botstein 1989) and Haley-Knott regression (Haley and Knott 1992). An 

advantage of interval mapping is that non-normally distributed phenotype data can 

also be analysed using the non-parametric Kruskal-Wallis model (Kruglyak and 

Lander 1995). 

 

There are a number of alternative approaches to QTL mapping for the identification 

of resistance genes. For example, genome-wide associations studies (GWAS), like 

QTL mapping, involves correlating phenotype and genotype but on panels of 

unrelated individuals. Therefore, GWAS does not require the formation of mapping 

populations which can be time consuming. Another approach for resistance gene 

mapping is bulked segregant analysis (BSA), where usually, related individuals from 

a mapping population are ‘bulked’ or grouped based on their phenotype (resistant or 

susceptible) and then these bulks are subsequently genotyped and a correlation 

between genotype and phenotype is deduced. This approach is less costly than QTL 

mapping or GWAS as only the bulks are genotyped and not individuals.  

 

Resistance gene mapping can be used to identify markers that co-segregate with a 

disease resistance gene and in turn, these markers can be used to accelerate 

introgression of the resistance into commercial varieties, even if the resistance gene 

has not yet been identified. This process of trait introgression using co-segregating 

markers is called marker-assisted selection (MAS) and is reliant on co-segregating 

markers that are in very close proximity to the gene of interest as selection of the trait 

is based on these markers alone and not the trait itself (Ben-Ari and Lavi 2012). 

Resistance-linked markers either side of the gene of interest can also be used as 
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boundaries for positional cloning and subsequent sequencing and mutational analyses 

to identify candidate resistance genes (Miles and Wayne 2008). However, resistance 

or susceptibility may not always result from a change in gene sequence and instead 

could be due to differentiation in gene or protein expression and would therefore 

require investigation using transcriptomic and proteomic approaches. 

 

Despite the discovery of resistance genes against a number of different plant 

pathogens, resistance genes against viruses of the Luteoviridae family and V. 

longisporum are yet to be identified.  

 

1.8 Research aims and objectives 

 
The main aim of this study was to investigate and expand the existing TuYV resistance 

base in oilseed. The specific objectives were: 

• Fine map TuYV resistance in the commercial oilseed rape variety Amalie and 

identify candidate resistance genes. 

• Characterise and map new sources of TuYV resistance in B. rapa and B. 

oleracea. 

• Combine and introgress the new B. rapa and B. oleracea TuYV resistances into 

oilseed rape by resynthesising allotetraploid (genome AACC) plants from the 

interspecific cross between them. Then the strength of this combined resistance 

in resynthesised plants will be compared to the parental and commercial 

resistances. 

 

The second aim of the study was to determine if TuYV resistance in oilseed rape 

variety Amalie is also involved in tolerance to V. longisporum. The specific objectives 

were:  

• Determine Amalie’s resistance status to V. longisporum in comparisons to 

TuYV-susceptible and V. longisporum-resistant and -susceptible oilseed rape 

varieties.  

• Determine if co-infection with TuYV affects Amalie’s tolerance to V. 

longisporum. 
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Chapter 2 
 

General materials and methods 
 
 
2.1 Plant rearing and growth conditions  
 

Brassica plants were grown in FP7 (7cm diameter) pots with Levington® M2 compost 

in a pest- and disease-free glasshouse compartment at 18±2˚C with natural light 

supplemented to 16 hours in the winter with artificial light. 

 

2.2 Clonal propagation of brassicas 

 
Shoot cuttings were used to asexually propagate individual plants. Secondary shoots 

from brassica plants were cut from the primary shoot close their base using a scalpel. 

The base of the cuttings was then dipped in Strike2 rooting hormone (Bayer Garden) 

and planted in separate wells of 40-well trays filled with Levington® F2S compost. 

Cuttings were gown in the glasshouse and covered with a clear Perspex® lid to retain 

humidity until roots developed. Seedlings with well-developed roots were then 

transplanted into FP7 pots filled with Levington® M2 compost. 

 

2.3 Crossing strategy for Turnip yellows virus (TuYV) resistance 

mapping in Brassica 

 
Backcross populations (BC1 and BC2) segregating for TuYV resistance were used for 

mapping and were derived from the bi-parental cross of a TuYV-resistant line to a 

TuYV-susceptible line (Fig. 2.1).  

 

Many of the Brassica lines used for mapping TuYV resistance required a period of 

cold (vernalisation) before they would flower for crossing and so were kept in a growth 

chamber set at 4˚C and 16hrs/8hrs (light/dark) for four-eight weeks before being 
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moved back into the glasshouse. In most cases, this period of cold followed by warm 

triggered bolting and flowering. 

 

For cross-pollination, immature flower buds of the female parent were emasculated 

by removing their sepal and anthers and then pollen from the male parent was applied 

to the female’s pistil. The racemes the crosses were made on were then labelled and 

covered with a perforated bread bag to prevent cross-contamination. Self-pollination 

was carried out in a similar way but required the additional application of 2% NaCl 

solution to the pistil before self-pollination. Normally, for self-compatible plants, it is 

enough just to bag racemes before they flower. However, some brassicas are very poor 

inbreeders and are often self-incompatible (Sobotka et al. 2000). The use of weak 

NaCl solutions on immature flower buds has been shown by many studies to improve 

self-pollination efficiencies in Brassica and most recently by (Yang et al. 2018).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 2.1. Crossing strategy for characterising and mapping dominant Turnip 
yellows virus (TuYV) resistance in Brassica. TuYV resistance was characterised in 
parental self (S1), filial (F1 and F2), backcross (BC1 and BC2) and BC1 self (BC1S1) 
populations. TuYV resistance was mapped in segregating BC1, BC2 and BC1S1 
populations. 
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2.4 TuYV transmission and detection  

 
2.4.1 M. persicae and TuYV isolate culture  

 

TuYV requires aphids for transmission between plants and cannot be transmitted 

mechanically. Virus isolates were therefore maintained in plants with aphids feeding 

on them. Myzus persicae clone Mpn1 (Blackman et al. 2007) were grown on sugar 

beet (Beta vulgaris), a TuYV non-host, to produce a culture of TuYV-free aphids. M. 

persicae infested sugar beet was grown at 18±2˚C under 16hrs/8hrs (light/dark), in an 

insect-proof cage placed in a growth cabinet (SanyoTM MLR4-351). 

 

The TuYV isolate W2016FE was used to phenotype brassica plants for resistance and 

was isolated from cabbage grown in a field experiment held at Wellesbourne in 2016. 

Based on the sequence of its P0 gene it belonged to the largest and most common 

phylogenetic clade of the virus (Asare-Bediako 2011; Newbert 2016).  

 

TuYV-free M. persicae were fed on TuYV-infected plants in insect-proof cages at 

20±2˚C, 16hrs/8hrs (light/dark), in the insect rearing unit (IRU). To maintain the 

culture, healthy TuYV-susceptible oilseed rape variety Castille (DEKALB®) and 

Brussels sprouts variety Genius (Syngenta® Seeds BV) were transferred to the cages. 

Healthy Castille and Genius plants were raised at 18±2˚C, 16hrs/8hrs (light/dark), in 

a separate growth cabinet free of aphids (SanyoTM MLR2-351) prior to infection. 

Isolate cultures were checked regularly for viral titre and contamination using TAS-

ELISA (Section 2.4.3) and sequencing of the viral P0 gene (Section 2.6). 

 

2.4.2 Challenging brassica plants with TuYV  

 

To increase the number of M. persicae and the proportion of them carrying TuYV, 

additional Castille and Genius plants were added to W2016FE isolate cage (Section 

2.4.1) approximately four weeks before scheduled challenge of test brassica plants. 

Viral titre within these Castille and Genius inoculum plants was then quantified by 

TAS-ELISA (Section 2.4.3) one week before scheduled challenge, to identify those 

with the highest titre.  
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Brassica plants for TuYV challenge were transferred to a designated glasshouse 

compartment at four-five weeks old, whilst control plants were retained in the plant 

rearing compartment and were not challenged. Both glasshouse compartments 

operated at the same conditions (Section 2.1). To transmit TuYV, leaf discs with at 

least five aphids on were cut from Genius or Castille inoculum plants with the highest 

TuYV-titre and balanced on leaves of test plants. Where possible only one inoculum 

plant was used per phenotyping experiment. Overnight, the leaf discs dried up and the 

aphids moved onto the test plants. The following day the number of aphids on each 

plant were counted and if necessary, more aphids were added on leaf discs or removed 

with a paintbrush to ensure that there were five aphids per plant. The aphids were then 

monitored and allowed to feed on the test plants for two weeks before killing them 

with insecticidal foliar sprays of Plenum® (0.75mg/L, Pyridine azomethine) and 

Hallmark Zeon® (0.4ml/L, lambda-cyhalothrin) and a systemic drench of Actara® 

(0.166g/L, thiamethoxam) (all insecticides Syngenta®).  

 

2.4.3 Triple Antibody Sandwich-Enzyme-Linked Immunosorbent Assay (TAS-

ELISA)  

 

The youngest leaf greater than 5cm in length was collected from each plant four weeks 

post-challenge with TuYV and also from the healthy, unchallenged control plants. 

Leaves collected from each of the plants were of similar size.  

 

Viral titre was quantified in leaf samples using a TAS-ELISA protocol adapted from 

(D’Arcy et al. 1989) and briefly described below. All wash steps for the TAS-ELISA 

were carried out using the WellwashTM5000 plate washer (Denley) and involved 

washing with Phosphate Buffered Saline – Tween®20 (PBS-T, 130mM NaCl, 1.3mM 

KCL, 0.5mM KH2PO4, 3.2mM Na2HPO4, 0.05% Tween®20). The primary antibody 

(IgG-AS0049, DSMZ) was diluted 1:1000 in carbonate buffer (15mM Na2CO3 and 

350mM NaHCO3) and 200$l incubated in each well of a 96-well plate (Nunc 

MaxiSorpTM, Sigma-Aldrich®) for four hours at 36°C. During the primary antibody 

incubation, leaf samples were mechanically macerated between two metal rollers 

(Leaf Juice Press, Meku-Pollaehne) and sap from each leaf was collected in individual 

numbered 1.5 ml Eppendorf® 
tubes.  
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The plates were then washed three times to remove the primary antibody and 150$l 

sap was pipetted into duplicate wells for each sample following the layout in Figure 

2.2. Sap from a plant known to be infected with TuYV (usually the inoculum source) 

was used as a positive control (PC) and healthy plant sap was used as a negative 

control (NC). Both were pipetted into external wells of the plate. The experimental 

samples (1-30) were pipetted into inner wells and the remainder of the outside wells 

were filled with equal volumes of PBS-T to avoid edge effects during the incubation 

steps. When between plate comparisons were required, a negative control standard 

(NCS) was pipetted into the same six wells of each plate and was sap from a single 

healthy brassica plant. The plates were kept overnight at 4°C. 

 

  
Figure 2.2. Plate layout for Triple Antibody Sandwich – Enzyme-Linked 
Immunosorbent Assay (TAS-ELISA). Each cell represents an individual well of a 
96-well plate. Test samples (1-30) were pipetted into duplicate inner wells. Sap from 
a positive control plant (PC) known to be infected with Turnip yellows virus and sap 
from a healthy negative control plant (NC) were placed in duplicate external wells. 
All other outside shaded wells did not receive samples. When a negative control 
standard (NCS) was required for between plate comparisons, there was only space for 
27 experimental samples. 
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The following morning, the plates were washed three times to remove the sap. The 

secondary antibody (mouse Mab-AS0049/1, DSMZ) was diluted 1:1000 in PBS-T-

BSA (PBS-T with 2.5g/L Bovine Serum Albumin, Sigma-Aldrich®) and 150$l 

pipetted in to each well and incubated at 36°C for two hours. Both the primary and 

secondary antibody are specific to the major coat protein of BWYV which is 

serologically indistinguishable from TuYV (Duffus and Russell 1972). The plates 

were then washed and 150$l of the tertiary antibody (IgG anti-mouse-A3526, Sigma-

Aldrich®) diluted 1:5000 in PBST-BSA was pipetted in to each well and incubated 

for two hours at 36°C. The tertiary antibody is specific to the secondary antibody and 

is conjugated to alkaline phosphatase. The plates were washed for a final time and 

150$l of substrate solution [(1mg/1ml 4-Nitrophenyl phosphate disodium salt 

hexahydrate, Sigma-Aldrich®), 9% diethanolamine (Sigma-Aldrich®), titrated to 

pH9.8 with HCl)] was added to each well and incubated at room temperature.  

 

Absorbances (A405 values) were then read on a Biochem Anthos 2010 plate reader at 

405nm with a reference filter of 620nm. Plate readings were exported to Microsoft 

Excel for analysis. Duplicate readings were averaged to obtain a single A405 value per 

sample. To standardise plates and allow between plate comparisons, the absorbance 

values of experimental samples on a specific plate (y) were multiplied by factor (%), 

calculated using the formula below. 

 

% =
Mean	of	negative	control	standard	samples	on	all	plates
Mean	of	negative	control	standard	samples	on	plate	9	  

 
A405 values were graphically presented using R/ggplot2 (Wickham 2016) and for 

individuals within a phenotyping experiment, were statistically compared using IBM® 

SPSS® Statistics version 25 (IBM® Corporation 2017). A405 values were not 

comparable between individuals phenotyped in different experiments. Individuals 

were defined as TuYV-resistant if they had an A405 value within three standard 

deviations of the mean A405 value of the unchallenged controls for that experiment; 

individuals were classed as TuYV-susceptible if they had a value above this threshold 

(Classen et al. 1987). 
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2.5 Molecular techniques 

 
2.5.1 Nucleic acid extraction 

 

For small-scale nucleic acid extractions, plant leaf tissue was collected in 2ml 

Eppendorf® tubes and immediately flash frozen in liquid nitrogen. The tissue was then 

ground using a pre-cooled modified electric drill (Dremel® model 398). Total plant 

RNA was extracted from ground leaf tissue using the RNeasy® plant mini kit 

(QIAGEN®) following the manufacturer’s instructions or by TRIzol® extraction 

(InvitrogenTM) described by (Chomczynski 1993). Plant genomic DNA (gDNA) was 

extracted using the DNeasy® plant mini kit (QIAGEN®) following the manufacturer’s 

instructions.  

 

The Dellaporta protocol (Dellaporta et al. 1983) was used for large-scale gDNA 

extractions and is described below. All centrifugation steps were carried out at room 

temperature using a Sigma® 4-16KS centrifuge. Firstly, four leaf discs were collected 

from each plant using a 5mm diameter borer and then placed into a single well of a 

96-well block (1.2ml capacity/well, AB-0564, Thermo ScientificTM) containing a 

metal ball bearing. Blocks were then sealed with a silicone lid, flash frozen and tissue 

was ground for one minute at 22rs-1 using the MixerMill300 (Retsch®). Blocks were 

then centrifuged for one minute at 3700rpm to sediment tissue and 300$l Dellaporta 

Extraction Buffer (0.1M trishydroxymethylaminomethane (Tris)-HCl pH8.0, 0.05M 

EDTA pH8.0 and 0.5M NaCl with 0.7$l/ml b-mercaptoethanol) and 20$l 20% sodium 

dodecyl sulphate (SDS) were added to each well. The blocks were then shaken by 

hand and incubated at 65˚C for 25 minutes followed by incubation on ice for ten 

minutes and addition of 100$l 5M potassium acetate to each well. The blocks were 

shaken again and incubated on ice for a further 30 minutes. The blocks were then 

centrifuged at 6200rpm for 20 minutes and 125$l of the resulting supernatant was 

transferred to a clean 96-well block containing 200$l isopropanol in each well. The 

blocks containing the supernatant and isopropanol were incubated at -20˚C for at least 

one hour to precipitate the gDNA. To pellet the DNA the blocks were centrifuged at 

6200rpm for 20 minutes and then the supernatant was removed from the wells and 

discarded by gently inverting the blocks and blotting on tissue paper. The gDNA pellet 
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was then washed with 1ml 70% ethanol, spun at 6200rpm for a further ten minutes 

and the supernatant discarded as before. The gDNA pellet was then air dried at 36˚C 

for 15 minutes and eluted in 50$l dH2O containing 10$g/ml RNaseA (Roche). 

 

Nucleic acid concentration and integrity was assessed on a NanoDrop® 

spectrophotometer (Thermo ScientificTM) or by gel electrophoresis (Section 2.5.4). 

RNA and remaining leaf tissue was stored at -80˚C and gDNA was stored at -20˚C 

until use. 

 

2.5.2 Reverse Transcription (RT) of the TuYV genome  

 

To synthesise complementary DNA (cDNA), the complete TuYV RNA genome was 

reverse transcribed using a two-step protocol. For the first step, 1$g of total plant RNA 

(Section 2.5.1) and 2$l of 5$M reverse primer MN48 (Table 2.1) were diluted in dH2O 

to a total volume of 20$l and incubated at 70˚C for ten minutes, 25˚C for ten minutes 

and then put on ice. For the second step, 8$l 5X First-Strand Buffer, 4$"	0.1M 

diethiothreitol (DTT), 1$"	25mM dNTPs, 1$l RNaseOUTTM, 0.5$l SuperScriptTMII 

(all reagents InvitrogenTM) and 5.5$l dH2O were added to each reaction, making a 

total reaction volume of 40$l. The reaction mixture was then kept at 25˚C for ten 

minutes, 37˚C for 45 minutes, 42˚C for 45 minutes and 72˚C for 15 minutes. The RT 

reactions were performed in a GeneAmp® PCR System 9700 (Applied Biosystems®) 

and products were stored at -20˚C until use. 

 

2.5.3 Polymerase Chain Reaction (PCR) 

 

PhusionTM high-fidelity polymerase has 3’ to 5’ exonuclease proof-reading activity 

and a very small error rate of 4-9.5x10-7 compared to the 1-20x10-5 error rate of 

traditional Taq polymerases that have no proof-reading ability (McInerney et al. 

2014). PhusionTM polymerase was therefore used to carry out PCR reactions where 

the product was to be sequenced. PCR amplification was carried out on 2$l cDNA or 

50ng gDNA using 0.25$l PhusionTM high-fidelity polymerase, 5$l 5X GC Buffer, 

0.5	$l 50mM MgCl2, 0.75$l 100% dimethyl sulphoxide (DMSO) (all reagents Fisher 

ScientificTM), 2$l each of 5$M forward and reverse primers, 0.25$l 25mM dNTPs 
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(InvitrogenTM) made up to 25$l with dH2O. The reaction mixtures were amplified at 

98˚C for 30 seconds followed by 30-45 cycles of 98˚C for 15 seconds, an annealing 

temperature (Ta) specific to primer pair for one minute and 72˚C for an extension time 

specific to amplicon size (30 seconds/Kbp). The amplifications were finished with a 

hold at 72˚C for ten minutes and then 12˚C until storage at -20˚C. 

 

For products that were not amplified for sequencing the PCR was carried out on 2$l 

cDNA or 50ng gDNA using 0.2$l KAPATM Taq polymerase, 2.5$l 10X Buffer A, 

(both KAPA biosystemsTM), 2$l each of 5$M forward and reverse primers, 0.25$l 

25mM dNTPs (InvitrogenTM) made up to 25$l using dH2O. Reactions were amplified 

at 95˚C for five minutes followed by 30-45 cycles of 95˚C for one minutes, a Ta 

specific to the primer pair for one minute and 72˚C for an extension time specific to 

amplicon size (one minute/Kbp). The amplifications were then finished with a hold at 

72˚C for ten minutes followed by 12˚C indefinitely or until storage at -20 ˚C.  

 

All PCR reactions were performed in a GeneAmp® PCR System 9700 (Applied 

Biosystems®) and products were stored at -20˚C.  

 

2.5.4 Gel electrophoresis 

 

Gel electrophoresis was used to visualise PCR products based on size and also used 

to check the integrity of gDNA and RNA. Gels of approximately 1cm thickness were 

prepared by dissolving agarose in Tris Borate EDTA (TBE) buffer, adding 1$l/50ml 

GelRed® (Biotium) and setting in casts. GelRed® is a dye that binds to nucleic acids 

and allows their visualisation under Ultraviolet (UV) light. Depending on the size of 

the sample to be analysed different percentage agarose gels were prepared. For 

standard analyses 1% agarose gels were used, but for samples that had multiple bands 

which were difficult to separate, or that were under 400bp in size, a 2% agarose gel 

was used.  

 

Samples were prepared for electrophoresis by adding 1$l of 6X loading buffer 

(2.5mg/ml bromophenol blue in 40% sucrose solution) to each 5$l of sample. Samples 

were then loaded onto the gel alongside a 1Kb plus ladderTM (InvitrogenTM) diluted to 



 51 

50ng/$l and prepared in the same loading dye. Gels were run at room temperature 

between 80-140 volts for one-two hours and then visualised with a G:BOX UV 

transilluminator (Syngene) and GeneSnap v7.07 computer software. After 

electrophoresis, the size of band(s) within samples were determined by comparing 

them to bands of the 1Kb plus DNA ladderTM which are of known size (Thermo Fisher 

ScientificTM 2015). 

 

2.5.5 Sequencing and sequence comparisons 

 

Before sequencing, PCR products were cleaned to remove buffers and residual 

primers by ethanol precipitation. All centrifugation steps for this protocol were carried 

out at 13,000rpm and room temperature using an Eppendorf® 5415R centrifuge. 

Firstly, 10$l of PCR product was added to a 1.5ml Eppendorf® tube containing 120$l 

100% ethanol, 3$l 3M sodium acetate pH4.2 and 17$l dH2O. The tubes were vortexed 

and incubated at -20˚C for at least one hour to precipitate the PCR product and then 

pelleted by centrifugation for 20 minutes. The supernatant was discarded and the pellet 

was washed with 180$l 70% ethanol, centrifuged for a further five minutes and the 

supernatant discarded. The pellet containing the PCR product was then air dried at 

room temperature for five-ten minutes and eluted in 20$l dH2O. 

 

Reaction mixtures of 5$l 20-80ng cleaned PCR product and 5$"	5$M primer (10$l in 

total) were sent to GATC Biotech for sanger sequencing in 1.5ml Eppendorf® tubes. 

For products with strong secondary structure 1$l 100% DMSO was added to the 

sequencing reaction. 

 

Sequencing trace .abi files were analysed in SeqMan Pro® version 15.3 (DNASTAR 

2018) using the program’s default parameters. Sequences were trimmed by quality 

with ‘medium stringency’ and then assembled using the Classic Assembler function 

that allowed a minimum match percentage of 80% and a minimum match length of 

100bp, unless stated otherwise. 
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2.6 Phylogenetic analysis of TuYV  

 
To monitor TuYV isolates kept in culture and determine their phylogeny (Section 

2.4.1), leaf samples were collected from a plant in each culture and total plant RNA 

was extracted (Section 2.5.1). The viral P0 gene was then amplified from the RNA 

using RT-PCR (Section 2.5.2 and 2.5.3) and gene-specific primers AB1 and AB3 

(Table 2.1). The 773bp PCR product was analysed on a gel (Section 2.5.4), purified 

and then sent for sequencing (Section 2.5.5). 

 

Table 2.1. Primers and PCR conditions used to reverse transcribe the complete 
Turnip yellows virus genome and amplify its P0 gene.  
 

 

Name 
 

Orientation 
 

Sequence (5’ to 3’) 
 

Ta 

(˚C)a 

 

Extension 
time 

 

No. 
cycles 

 

AB1 
 

forward 
 

ACCAGGAGGGTATCCTTAGT 
50  45sec 35  

AB3 
 

reverse 

 

 

TCATACAAACATTTCGGTGTAGAC 
 
 

MN48 
 
 

reverse 
 

 
 

GTTTAATGTCTCTGGCTTGACTTTAT  
 

 

- 
 
 

 

           - 
 

 - 
 

 

a Ta - annealing temperature 
 

Sequence assembly and phylogenetic analysis was then carried out in MEGA7.0 

(Kumar et al. 2016) against 52 P0 sequences from TuYV isolated from oilseed plants 

between 2006-2009, in the UK (Asare-Bediako 2011) and rooted against a French 

lettuce TuYV sequence (X13063). Sequences were aligned using the ClustalW 

method and phylogenetic relations were determined using the Kimura 2-parameter 

Maximum Likelihood model (Kimura 1980) of 1000 bootstrap replicates. Discrete 

Gamma and invariant distributions were applied to allow for substitution rate 

differences at each nucleotide site and allow for evolutionary invariable sites, 

respectively. 
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2.7 Verticillium longisporum transmission and detection 

 
2.7.1 V. longisporum isolate culture 

 

V. longisporum isolates (Table 2.2) from ADAS (K/D1, K/D8, K/C3) and HM 

CLAUS (IPP0121) were received on potato dextrose agar plates (PDA) and 

maintained in sub-cultures, incubated at 18±2˚C and 24hrs dark in a growth cabinet 

(Labheat YR2000). To sub-culture, microsclerotia from a mature isolate culture were 

picked using a sterile pin and transferred to fresh PDA plates (39g/l, Merck) under 

aseptic conditions. Sub-cultures were grown for at least one month or until 

microsclerotia had reached the edge of the plate where then isolates were sub-cultured 

again or used for inoculation assays (Section 2.7.2). The V. longisporum isolate 

(VL43) from the University of Warwick was sub-cultured like the other isolates but 

first had to be revived from an archival conidial suspension which had been stored at 

-80˚C, by thawing and spreading 20$l of the suspension onto fresh PDA plates.  

 

Table 2.2. Verticillium longisporum isolates used to inoculate oilseed rape 
(Brassica napus). 
 

 

 

 

 

 

Isolate 
 

Isolated from 
 

 

Place isolated 
 

Year 
isolated 
 

 

Source 

 
 

K/D1 
 

Brassica napus 
(BX09/143) 
 

 

Cambridge, UK 
 

2009 
 

ADAS 

 

K/D8 
 

Brassica napus 
(BX09/143) 
 

 

Cambridge, UK 
 

2009 
 

ADAS 

 

K/C3 
 

Brassica napus 
(BX09/149) 
 

 

Cambridge, UK 
 

2009 
 

ADAS 

 

IPP0121 
 

unknown 
 

unknown 
 

unknown 
 

HM CLAUS 
 

VL43 
 

unknown 
 

unknown 
 

unknown 
 

University of Warwick 
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V. longisporum isolates were stored at -80˚C as conidial suspensions in a solution of 

50% Potato Dextrose Broth (PDB 12g/l, Sigma-Aldrich®) and 25% glycerol. Conidia 

were collected by spreading 1ml of 50% PDB/25% glycerol onto mature cultures and 

scraping them firmly with a sterile spreader. The spores were then collected by 

pipetting the 50% PDB/25% glycerol back up from the plate and transferring to a 

1.5ml Eppendorf® tube. 

 

2.7.2 Challenging oilseed rape with V. longisporum 

 

Root- and seed-dip methods (Koike et al. 1994) were used to inoculate oilseed rape 

with V. longisporum and both required the production of conidial suspensions of 

known numbers of conidia per ml. Conidia were collected using the method described 

in Section 2.7.1 but suspended in dH2O, counted using a haemocytometer and a light 

microscope under 20x magnification. After counting, conidia were further diluted in 

dH2O to the appropriate number per ml. 

For both methods, seeds were sterilised in 70% ethanol for 15 minutes followed by 

three five-minute washes in dH2O before sowing or inoculation with V. longisporum. 

For the root-dip method, sterilised seeds were sown in individual wells of a 40-well 

tray containing autoclaved horticultural grit sand (J. Arthur Bower) and reared in a 

growth cabinet at 18±2˚C and 16hrs/8hrs (light/dark). When the seedlings were thre 

weeks old their roots were washed from the sand using dH2O and immersed in a 

conidial suspension of known number of conidia/ml, or in dH2O (mock-inoculation 

control) for 30 minutes. For the seed-dip method, sterilised seeds were either 

immersed in a conidial suspension of known number of conidia/ml, or in dH2O (mock-

inoculation control) for 30 minutes. 

Inoculated seeds and plants were sown or repotted into Levington® M2 compost and 

reared in a growth cabinet at 18±2˚C and 16hrs/8hrs (light/dark) or a glasshouse 

compartment. 
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2.7.3 Scoring V. longisporum disease symptoms in oilseed rape 

 

The day after inoculation with V. longisporum, oilseed rape plants were scored for 

observable disease symptoms using a scale of 1-9, first described by (Table 2.3) (Zeise 

1992) and were then scored twice a week for at least six weeks. During the disease 

scoring period, oilseed rape plants had not yet bolted and so observable disease 

symptoms were limited to the leaves and included asymmetrical or interveinal 

chlorosis, blackening of veins and peripheral wilting (Fig. 2.3). Leaves showing any 

of these phenotypes were classed as expressing symptoms of V. longisporum disease. 

Furthermore, the number of leaves for each plant was counted, recorded and compared 

to the mock-inoculated controls prior to inoculation and at every scoring point after 

inoculation. This enabled accurate quantification of the percentage of leaves 

expressing symptoms and the percentage of leaves that had died as a result of V. 

longisporum infection and not just natural senescence. 

 

To allow statistical comparison of disease symptom scores between individuals, the 

Area Under the Disease Progression Curve (AUDPC) values were calculated after the 

completion of scoring for each plant. AUDPC was calculated using the formula below, 

where # is the number of scoring points,	9$ is the disease symptom score for scoring 

point : and ;$ is the number of days after inoculation at scoring point :.  
 

AUDPC =ABC
9$ + 9$%#

2 F × (;$%# − ;$)K
&

$'#
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Figure 2.3. Oilseed rape leaves displaying symptoms of Verticillium longisporum 
infection. A. Asymmetric chlorosis. B. Blacking of veins. C. Peripheral wilting. 
 

 

Table 2.3. Disease symptom assessment for oilseed rape plants artificially 
inoculated with Verticillium longisporum. 
 

 

Score: 
 

 

Symptom description: 
 

 

1 
 

 

no symptoms 
 

 

2 
 

 

slight symptoms on oldest leaves 
 

 

3 
 

 

slight symptoms on next younger leaves 
 

 

4 
 

 

about 50% of leaves show symptoms 
 

 

5 
 

 

>50% of leaves show symptoms 
 

 

6 
 

 

up to 50% of leaves dead 
 

 

7 
 

 

>50% of leaves dead 
 

 

8 
 

 

only apical meristem still alive 
 

 

9 
 

 

plant dead 
 

 

Table from Rygulla et al. (2007). 
 

 

 

 

A B C 
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2.8 Mapping TuYV resistance genes 

 
2.8.1 Genotyping 

 

Individual plants from mapping populations segregating for TuYV resistance were 

genotyped by one of three methods, single nucleotide polymorphism (SNP) array, 

kompetitive allele specific PCR (KASPTM) or PCR and gel electrophoresis. For 

genotyping carried out by Limagrain Europe and by LGC Ltd., fresh leaf tissue was 

sent in 96-well blocks (Section 2.5.1) and gDNA was extracted by the companies in-

house, unless stated that the gDNA was extracted using the large-scale protocol 

outlined in Section 2.5.1.  

 

SNP array genotyping was carried out by Limagrain Europe using the 60K B. napus 

AffymetrixTM array which is based on the B. napus 60K Illumina® Infinium array and 

assays the same SNPs. Both arrays were designed to genotype the allotetraploid B. 

napus but can also be used to genotype its diploid progenitors B. oleracea and B. rapa 

at 26.5K and 29.7K markers, respectively (Clarke et al. 2016). 

 

SNP markers were also genotyped by Limagrain Europe And LGC Ltd. using 

KASPTM, a PCR-based method that uses fluorescently labelled allele specific primers 

and competitive annealing to detect both SNPs and INDELs (He et al. 2014). LGC 

Ltd. designed KASPTM assays using their KrakenTM software and were based on SNP 

marker sequences from the B. napus 60K Illumina® Infinium SNP array. KASP 

markers genotyped by Limagrain Europe were from their genotyping pipeline and 

were designed based on unknown and confidential sequences. 

 

Genotyping by PCR (Section 2.5.3) and gel electrophoresis (Section 2.5.4) were used 

only on SSR and INDEL markers where the size difference between alleles was easily 

distinguishable on a gel (>30bp).  

 

Genotyping results from Limagrain Europe and LGC Ltd. were received as an excel 

file which was filtered following the criteria in Section 2.8.2. 
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2.8.2 Constructing genetic linkage maps 

 

Genetic map construction was carried out in R/qtl (Broman 2010). DNA markers 

identified as homozygous polymorphic between the parental lines, that did not deviate 

significantly (p < 0.001) from the expected segregation ratio of 1:1 in the backcross 

populations and that had less than 20% missing genotypes, were used to construct 

genetic linkage maps. Marker pairs with an associated LOD score >6 and a 

recombination fraction <0.35 were assigned to the same linkage group. Markers within 

linkage groups were ordered using likelihood analysis accounting for a genotyping 

error of p < 0.0001 and the genetic distance in centimorgans (cM) between the markers 

was then calculated using the Haldane function (Haldane 2008). The minimal 

spanning tree (MST) representing the total number of recombination events within the 

mapping populations was created using the ‘findDupMarkers’ and ‘drop.markers’ 

functions which worked by identifying markers with duplicate cM positions and 

dropping all but one of these markers from the full map.  

 

2.8.3 Quantitative Trait Locus (QTL) analysis 

 

The ‘scanone’ one-dimensional interval mapping (IM) function in R/qtl (Broman et 

al. 2003) was used to determine an association between low TAS-ELISA A405 values 

and genotype (MSTs) and thus identify TuYV resistance QTLs. The parametric 

methods Expectation-Maximisation (EM) (Lander and Botstein 1989) and Haley-

Knott regression (HK) (Haley and Knott 1992) and the non-parametric method 

Kruskal-Wallis (KW) (Kruglyak and Lander 1995) of one-dimensional IM were 

performed and compared. Genome-wide significance thresholds were calculated for 

each of these three statistical methods also using the ‘scanone’ function but specifying 

the number of permutations as 1000 and a 95% confidence interval of p = 0.05.  

 

For significant and putative QTLs identified by one-dimensional IM, intervals of 2-

LOD and 1-LOD around the QTL’s LOD maximum (Lander and Botstein 1989) were 

determined using the ‘lodint’ function in R/qtl. Percentage phenotypic variation 

explained (PVE) by genotype was also calculated for significant and putative QTLs 

using the below formula, where n is the number of individuals and LOD is the score 
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for a given marker. The marker with the highest LOD score within a QTL was used to 

calculate PVE. 
 

LMN = C1 − 10"(
)
&*×,-.F × 100 

 

Where the one-dimensional IM indicated multiple TuYV resistance QTLs within a 

population, the ‘stepwiseqtl’ (Broman 2008) and ‘scantwo’ two-dimensional IM 

(Broman et al. 2003) functions were used to determine the most probable QTL model 

(number of QTLs and their interactions). Only parametric analysis using HK 

regression was possible for these functions. The ‘stepwiseqtl’ function was 

programmed to consider all combinations and interactions of a maximum of four 

QTLs. ‘stepwiseqtl’ assigned each predicted QTL model a penalised LOD score 

(pLOD), where a positive pLOD was preferred over the null hypothesis of no QTLs 

detected. The ‘scantwo’ function calculated the probability, as a LOD score, of the 

following five models occurring: the full model (LODfull = two positively interacting 

QTLs), LODfull occurring over the best single QTL model (LODfv1), the additive 

model (LODadd = two non-interacting QTLs), LODadd occurring over the best single 

QTL model (LODav1) and the interactive model (LODint = two epistatic QTLs). The 

best single QTL model was determined previously using the ‘scanone’ one-

dimensional IM function. Genome-wide significance thresholds were calculated for 

two-dimensional IM also using ‘scantwo’ but specifying the number of permutations 

as 100 and a 95% confidence interval of p = 0.05.  
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Chapter 3  
 

Fine mapping Turnip yellows virus (TuYV) resistance 
in oilseed rape (Brassica napus) variety Amalie 
 
 
3.1 Introduction  

 
3.1.1 Resistance to TuYV in Brassica 

 

Brassica breeders have sought host resistance to TuYV, formerly known as Beet 

western yellows virus (BWYV), for many years but only recently has it become of 

particular interest and importance. This is because it has become increasingly more 

difficult to control TuYV using insecticide treatments that target its aphid vectors due 

to bans, strict regulations on their application and the development of vector 

resistances to them (Chapter 1, Section 1.4.7).  

 

One of the earliest studies investigating host resistance to TuYV was carried out by 

Thomas et al. (1990) on B. rapa (turnip types), B. oleracea (kale types) and B. napus 

(rape and swede types) forage cultivars. These cultivars showed a range of 

susceptibility to TuYV (2 - 99% incidence) under natural infection in the field and 

four cultivars, one from each of the crop types, were shown to have varying strengths 

of quantitative resistance to TuYV. A similar field study, by Coutts et al. (2010), also 

showed a range in susceptibly to TuYV of 18 Australian B. napus genotypes (0 - 63% 

incidence) but this time, complete resistance was detected in two cultivars, Tranby and 

Trigold. Both Thomas et al. (1990) and Coutts et al. (2010) carried out subsequent 

experiments that suggested low infection incidences, observed for cultivars in their 

experiments, were due to resistance mechanisms within the plant post-infection and 

were not a result of differences in vector feeding behaviour. 

 

The most commercially exploited source of TuYV resistance originated from the 

resynthesised B. napus line ‘R54’ (Chapter 1, Section 1.4.7). The first commercial 

varieties to possess this resistance were Caletta (Semundo Ltd.) and Amalie 
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(Limagrain UK Ltd.). ‘R54’ was resynthesised in the 1970s at Georg-August 

University, Göttingen as part of a glucosinolate screening program (Gland 1980) from 

the interspecific cross between ‘Stone Head’ (B. oleracea var. capitata) and ‘Nr. 67’ 

(B. rapa ssp. pekinensis) (Girke 2002). The ‘R54’ TuYV resistance has been well 

characterised and mapped. It was initially thought to be a polygenic, dominantly 

inherited, quantitative resistance (Graichen 1998). However, later studies by Dreyer 

et al. (2001) showed that a single quantitative trait locus (QTL) on chr. A04, 

explaining 50.7% of the phenotypic variation, was responsible for the TuYV 

resistance in ‘R54’. Another later study, by Juergens et al. (2010), also showed that a 

single QTL on chr. A04 was responsible for TuYV resistance originating from ‘R54’ 

and identified a number of DNA markers associated with the resistance (Fig. 3.1). 

From these studies, it can be concluded that TuYV resistance in ‘R54’ is dominantly 

inherited, quantitative and resides on chr. A04 of the B. napus A sub-genome.  

 

In a very recent study, TuYV resistance originating from the B. napus cultivar Yudal 

was mapped to a region on chr. A04 that co-located with the ‘R54’ TuYV resistance 

QTL (Hackenberg et al. 2020). Analysis of ‘R54’ resistance-linked markers, STS3-

e32m50-447-320 and STS1-e31m48-437bp (Fig. 3.1) suggested that the resistance in 

Yudal was different in origin to ‘R54’ as it did not possess the ‘R54’ resistance alleles. 

Until the gene(s) responsible for TuYV resistance are identified in ‘R54’, it is not 

possible to determine whether they are the same as those that control TuYV resistance 

in Yudal, or those responsible for the resistances identified in the forage brassicas 

(Thomas et al. 1990) and Australian B. napus genotypes (Coutts et al. 2010), discussed 

previously. 
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Figure 3.1. Genetic linkage map of DNA markers on chromosome A04 associated 
with Turnip yellows virus resistance (TuYV) in resynthesised Brassica napus line 
‘R54’. The map was constructed by Juergens et al. (2010) and was based on the 
analysis of 111 DH lines derived from the F1 of three crosses of TuYV-resistant 
(originating from ‘R54’) x TuYV-susceptible oilseed rape lines. Numbers represent 
the distance in centimorgans from the resistance locus (green).  
 

3.1.2 Chapter aims and objectives 

 

The research carried out in this chapter aimed to build upon the work of Dreyer et al. 

(2001)and Juergens et al. (2010) and further fine map the TuYV resistance originating 

from the resynthesised B. napus line ‘R54’. To do this, QTL mapping of the resistance 

on chr. A04 was carried out in a B. napus BC1 population segregating for the ‘R54’ 

resistance originating from the oilseed rape variety Amalie. Fine mapping will aid the 

identification of the first candidate resistance gene(s) to TuYV and genetic marker(s) 

that are more closely linked with the ‘R54’ resistance. In turn, these markers can be 

utilised by breeders to introgress the ‘R54’ TuYV resistance more efficiently in 

commercial crop types.  

A04 
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3.2 Materials and methods 

 
3.2.1 Producing B. napus populations for fine mapping TuYV resistance  

 

The seed company Limagrain crossed an oilseed rape line possessing the ‘R54’ TuYV 

resistance from the variety Amalie to the TuYV-susceptible B. napus breeding line 

R7011-AB, to produce the F1 hybrid line SEN16002 (Fig. 3.2). This F1 hybrid 

processes the ‘R54’ TuYV resistance introgression from Amalie and during this PhD 

project was backcrossed to R7011-AB, following the crossing strategy in Chapter 2, 

Section 2.3, to produce the BC1 population SEN17004 (Fig 3.2) . This BC1 population 

was used for fine mapping TuYV resistance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
Figure 3.2. Crossing strategy for characterising and mapping the ‘R54’ Turnip 
yellows virus (TuYV) resistance originating from the oilseed rape variety Amalie. 
The ‘R54’ TuYV resistance was characterised and fine mapped in the BC1, 
SEN17004. 
 

 

R7011-AB ♀ 
(TuYV-susceptible parental line) 

Oilseed rape line ♂ 
(parental line that possesses 
the ‘R54’ TuYV resistance 

from Amalie) 

SEN16002 ♂ 
(F1 hybrid line that possesses 
the ‘R54’ TuYV resistance 

from Amalie) 

R7011-AB ♀ 
(TuYV-susceptible 

parental line) 

SEN17004 
(BC1 population) 

x 

x 
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3.2.2 Phenotyping B. napus populations for TuYV resistance 

 

Following the protocol in Chapter 2, Section 2.4 six individuals from each of the 

populations, Amalie, R7011-AB and SEN16002 and 125 individuals from SEN17004 

were phenotyped for TuYV resistance. ELISA A405 values were standardised and 

calculated for individual plants (Chapter 2, Section 2.4.3) and statistically compared 

using IBM® SPSS® Statistics version 25 (IBM® Corporation 2017). For the 

experiment, one individual from each of Amalie, R7011-AB and SEN16002 were not 

challenged with aphids carrying TuYV and were used as healthy controls. Individuals 

could be assigned as TuYV-resistant if they had an A405 value within three standard 

deviations of the mean A405 value of these unchallenged controls; individuals were 

assigned as TuYV-susceptible if they had a value above this threshold (Classen et al. 

1987). 

 

3.2.3 Identifying polymorphic markers between the oilseeds rape variety Amalie 

and the B. napus breeding line R7011-AB for fine mapping TuYV resistance 

 

The simple sequence repeat (SSR) marker SSR-Na10-D09 and the sequence tagged 

site (STS) marker STS3-e32m50-447-320 (STS320) were used to flank the region of 

the B. rapa chromosome A04, said to be associated with TuYV resistance in Amalie. 

These two markers were chosen based on the genetic map produced by Juergens et al. 

(2010) (Fig. 3.1). Extant polymerase chain reaction (PCR) assays for DNA markers 

positioning at even intervals within the region between SSR-Na10-D09 and STS320 

were obtained from the online databases, Brassicadb and PGDB Japan. New PCR 

assays for single nucleotide polymorphism (SNP) markers in this region were also 

designed and were based on sequence information available for the B. napus 60K 

Illumina® Infinium SNP array (Clarke et al. 2016).  

 

A total of 43 DNA markers within the region of interest (between markers SSR Na10-

D09 and STS320) were amplified by PCR from genomic DNA (gDNA) extracted from 

leaf tissue of the TuYV- resistant and -susceptible parental lines, Amalie and R7011-

AB, respectively (Supplementary Table 1) (Chapter 2, Sections 2.5.1 and 2.5.3). The 

SSR markers SSR-CB10347 (CB10347) and SSR-CB10196 (CB10196) were also 
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amplified from Amalie and R7011-AB, despite positioning outside the region of 

interest as they were used by Juergens et al. (2010) to map TuYV resistance on chr. 

A04 (Fig. 3.1). SNP markers were amplified using high-fidelity PhusionTM 

polymerase whilst SSR, insertion deletion (INDEL) and cleaved amplified 

polymorphic sequence (CAPS) markers were amplified using KAPATM Taq 

polymerase.  

 

After amplification, PCR products were analysed by gel electrophoresis (Chapter 2, 

Section 2.5.4) and sequenced (Chapter 2, Section 2.5.5). The physical position of each 

marker within Brassica reference genomes was then determined using the Basic Local 

Alignment Search Tool (BLAST) on the Brassica database (BRAD) (Cheng et al. 

2011). It was assumed that the Brassica A sub-genome in Amalie could be more 

similar to that of B. rapa than B. napus due to it originating from the resynthesised 

oilseed rape line ‘R54’. For this reason, the latest B. rapa genome assembly, at the 

time of this work, Chiifu-401 (GCA_000309985.1) (Wang et al. 2011) was used. To 

check the markers correctly assayed the Brassica A sub-genome and not the C sub-

genome, marker sequences were also BLAST searched against the latest B. napus 

reference genome Darmor-bzh (GCA_000751015.1) (Chalhoub et al. 2014). 

 

3.2.4 Fine mapping TuYV resistance in oilseed rape variety Amalie 

 

Makers identified as polymorphic between the parental lines, Amalie and R7011-AB 

(Section 3.2.3), were genotyped in 125 individuals from the B. napus BC1 population 

SEN17004. SSR and INDEL markers were genotyped in house, using PCR and gel 

electrophoresis (Chapter 2, Section 2.8.1) (Supplementary Table 1). SNP markers 

were first converted in KASP assays and then genotyped in SEN17004 by LGC UK 

Ltd. (Chapter 2, Section 2.8.1). Lastly, SEN17004 was genotyped using a KASP 

marker, BS004741, by Limagrain UK Ltd. This marker was developed by Limagrain 

UK Ltd., is closely linked with TuYV resistance in Amalie and is used by the company 

to follow the trait through their breeding lines. The sequence of BS004741 remains 

unknown and confidential. 

 

Genetic linkage between the genotyped markers was then calculated using R/qtl 

(Broman 2010) and the parameters defined in Chapter 2, Section 2.8.2. The resulting 
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genetic linkage map was then compiled with ELISA A405 values for the segregating 

BC1 population, SEN17004 (Section 3.2.2) and input to R/qtl for identification of 

TuYV resistance QTL(s) using the one-dimensional interval mapping (IM) function 

‘scanone’ (Broman et al. 2003). Two parametric methods, Expectation-Maximisation 

(EM) and Haley-Knott (HK) regression and one non-parametric method, Kruskal-

Wallis (KW) of one-dimensional IM were implemented and compared (Chapter 2, 

Section 2.8.3).  

 

1-LOD and 2-LOD support intervals (Lander and Botstein 1989) representing a 

confidence interval of 95% and 99%, respectively were calculated for significant 

QTL(s) using the ‘lodint’ function in R/qtl (Chapter 2, Section 2.8.3) The percentage 

phenotypic variation explained (PVE) by a QTL was calculated using the formula 

outlined in Chapter 2, Section 2.8.3. The software MapChart2.2 (Voorrips 2002) was 

used to display genetic linkage and interval mapping data calculated by R/qtl. 

 

3.2.5 Molecular characterisation of a putative Dehydroascorbate reductase 2 

(DHAR2) gene in B. napus 

 

gDNA was extracted from oilseed rape lines that possess the ‘R54’ TuYV resistance, 

Amalie and Caletta and TuYV-susceptible oilseed rape lines, Darmor and R7011-AB, 

following the protocol in Chapter 2, Section 2.5.1. gDNA was extracted from leaf 

tissue of Amalie, Darmor and R7011-AB, or from seed of Caletta. This was because, 

at the time of analysis, seed stocks for Caletta failed to germinate. DHAR2 was then 

amplified and characterised using PCR and gel electrophoresis (Chapter 2, Sections 

2.5.3 and 2.5.4). PCRs were carried out using high-fidelity PhusionTM polymerase, the 

primers outlined in Table 3.1 and the conditions outlined in Table 3.2. The primers 

used to amplify and characterise DHAR2 were aligned to the B. napus reference 

genome Darmor-bzh (GCA_000751015.1) (Chalhoub et al. 2014) using BLAST, to 

ensure that they were specific to the target Brassica A and C sub-genome sequences 

and not to paralogous sequences. Amplicons were sequenced and aligned to Brassica 

A and C sub-genome sequences of DHAR2 from appropriate B. rapa Chiifu-401 

(GCA_000309985.1) (Wang et al. 2011) and B. napus Darmor-bzh 

(GCA_000751015.1) (Chalhoub et al. 2014) reference genomes. Alignments were 
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carried out using SeqMan Pro® version 15.3 (DNASTAR 2018) and an adjusted 

minimum match percentage of 55% (Chapter 2, Section 2.5.5). 

 

Table 3.1. Primers used to amplify and characterise a putative Dehydroascorbate 
reductase 2 (DHAR2) gene in Brassica napus by PCR. 
 

 

Primer 
 

Orientation 
 

Sequence (5’ to 3’) 
 

Target 
Brassica 
genome 

 

Position 
(bp)a 

 

DHAR2.FOR 
 

 

Forward 
 

GAGGCACGGAAAGACATTTGA 
 

A 
 

- 74 
 

DHAR2.REV 
 

 

Reverse 
 

GAAAACATYGGACATTGGTCAGG 
 

A 
 

+ 389 
 

DHAR2.AF 
 

 

Forward 
 

AACGACCAGACTATCCAGC 
 

A 
 

- 452 
 

DHAR2.AR 
 

 

Reverse 
 

GTGAGTCTTGAGGTGATTGT 
 

A 
 

+ 250 
 

DHAR2.CF 
 

 

Forward 
 

ATAAACCTCACACATCAAGGC 
 

C 
 

- 84 
 

DHAR2.CR 
 

 

Reverse 
 

ATATAGCATATGGAGACTGTC 
 

C 
 

+ 745 
 
a Positions of primers are in relation to the start codon of the reference Brassica A or 
C genome DHAR2 gene sequences, GSBRNA2T00044004001 and 
GSBRNA2T00064535001, respectively, from the B. napus reference genome 
Darmor-bzh (GCA_000751015.1) (Chalhoub et al. 2014). 
 

 

Table 3.2. Primer combinations and conditions used to amplify and characterise 
a putative Dehydroascorbate reductase 2 (DHAR2) gene in Brassica napus by 
PCR. 
 

 

Forward primer 
 

 

Reverse primer 
 

Ta (˚C)a 
 

Extension time 
 

No. cycles 
 

DHAR2.FOR 
 

 

DHAR2.REV 
 

63 
 

30secs 
 

40 
 

DHAR2.AF 
 

 

DHAR2.AR 
 

58 
 

1min 
 

35 
 

DHAR2.CF 
 

 

DHAR2.CR 
 

55 
 

1min 
 

35 
  

DHAR2.CF 
 

 

DHAR2.AR 
 

58 
 

1min 
 

35 
 
a Ta - annealing temperature 
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3.3 Results 

 
3.3.1 Characterising TuYV resistance in oilseed rape variety Amalie 

 

The B. napus BC1 population SEN17004 was phenotyped for TuYV resistance 

alongside the TuYV-resistant variety Amalie, the susceptible parental line R7011-AB 

and the F1 hybrid line SEN16002, that possesses the ‘R54’ TuYV resistance 

originating from Amalie (Fig. 3.2). Amalie, R7011-AB and SEN16002 individuals 

were not challenged with aphids carrying TuYV and were healthy controls for the 

experiment.  

 

Amalie and the F1 hybrid line SEN16002 both had a narrow range of the low A405 

values 0.274 - 0.354 and 0.236 - 0.344, respectively (Fig. 3.3). Only two of the five 

(40%) individuals from Amalie and one of the five individuals from SEN16002 had 

an A405 value within three standard deviations of the mean A405 value of the 

unchallenged parental and F1 hybrid lines (%̅ ± 3SD = 0.300), but all individuals had 

an A405 value very close to this threshold (within 0.054). In comparison, the TuYV-

susceptible parental line R7011-AB had a broader range of higher A405 values (0.517 

- 1.243) (Fig. 3.3) and all individuals had an A405 values much greater than the 

threshold of 0.300.  

 

The BC1 population SEN17004 segregated for TuYV resistance and had a broad range 

of A405 values (0.176 - 3.162); some individuals had an A405 value as low as the TuYV-

resistant parental line and some individuals had an A405 value higher than the TuYV-

susceptible parental line (Fig. 3.3). Furthermore, 35.2% of the individuals from 

SEN17004 had an A405 value within three standard deviations of the mean A405 value 

of the unchallenged parental and F1 hybrid lines (%̅ ± 3SD = 0.300). Segregation of 

TuYV-resistance within SEN17004 and uniform resistance within the F1 hybrid line 

SEN16002 confirmed TuYV resistance in Amalie is dominantly inherited.  
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Figure 3.3. ELISA results for Brassica napus populations challenged with Turnip 
yellows virus (TuYV) isolate W2016FE. The TuYV-susceptible B. napus breeding 
line, R7011-AB ♀ (r) (n = 5) was crossed to an oilseed rape line possessing the ‘R54’ 
TuYV-resistance from the variety Amalie ♂ (£) (n = 5) to produce the F1 hybrid 

population SEN16002 (Í) (n = 5). SEN17004 is a BC1 population produced from the 
cross R7011-AB ♀ x SEN16002 ♂. Amalie (¢) (n = 1), SEN16002 (Í) (n = 1) and 
R7011-AB (p) (n = 1) were unchallenged, healthy controls.  
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3.3.2 Fine mapping TuYV resistance in oilseed rape variety Amalie using the 

BC1 population SEN17004 

 

Identifying polymorphic markers between Amalie and R7011-AB 

 

Of the 45 markers assayed (Section 3.2.3), 22 were monomorphic and eight were 

polymorphic between the parental TuYV-resistant line Amalie and the -susceptible 

line R7011-AB (Table 3.3). An additional 12 marker assays failed, two markers 

(ACMP00854 and CB10448) positioned on B. napus chr. A09 and not on chr. A04 as 

expected and one marker (Scaffold000104_p502698) assayed the B. napus C sub-

genome.  

 

Two markers showed unexpected polymorphisms. For marker A04_p2753824, both 

Amalie and R7011-AB were monomorphic at the expected SNP site (Table 3.3) but 

an SNP, 34bp downstream of the expected SNP site, was identified which was 

polymorphic between Amalie (T) and R7011-AB I. For the SSR marker ACMP00176, 

both Amalie and R7011-AB were monomorphic at the expected AAC repeat but an 

unexpected INDEL was detected; a single band was amplified for Amalie containing 

a 48bp insert whereas two bands were amplified for R7011-AB, one band containing 

the 48bp insert and the other without. 

 

Identifying genetic markers closely associated with TuYV resistance in Amalie 

 

A total of 125 individuals from the B. napus BC1 population SEN17004 were 

genotyped at seven of the eight polymorphic markers identified between the parental 

lines, Amalie and R7011-AB (Section 3.3.2). Of these markers, three were SSR (SSR 

Na10-D09, CB10347 and CB10196), two were INDEL (STS320 and STS437) and 

two were SNP (A04_p2753824 and A06_p5232488) markers. SEN17004 was not 

genotyped at marker ACMP00176, despite the identification of an 48bp INDEL 

between the parental lines, Amalie and R7011-AB (Table 3.3). This was because the 

R7011-AB and F1 (SEN16002) individuals crossed to produce SEN17004 (Fig. 3.2) 

were monomorphic for the INDEL and so it was no possible to trace alleles through 

the BC1 population. SEN17004 was also genotyped at an additional KASP marker, 

BS004741, of unknown sequence, by Limagrain UK Ltd.



  

Table 3.3. Genotype of two Brassica napus lines, Amalie [Turnip yellows virus (TuYV)-resistant] and R7011-AB (TuYV-susceptible) at 
markers located in a region on chromosome A04 that had previously been shown to be associated with TuYV resistance.  

 

Marker 
 

Type 
 

Expected 
polymorphism 

 

Observed polymorphism in 
 

     Physical position on chr.  
   A04 in reference genomesa 
 

Amalie R7011-AB 
 

     B. rapa               B. napus 
 

SSR Na10-D09 
 

 

SSR 
 

 

(GT) repeat 
 

 

(GT)7 
 

 

(GT)11 
 

 

1364527 
 

 

1106365 
 

 

ACMP00754 
 

 

SSR 
 

 

(GGA) repeat 
 

 

(GGA)4 
 

 

(GGA)4 
 

 

1806977 
 

 

1524463 
 

 

BrID90277 
 

 

INDEL 
 

 

Unknown 
 

 

No INDEL 
 

 

No INDEL 
 

 

1878104 
 

 

1591528 
 

 

A04_p1976999 
 

 

SNP 
 

 

(T/C) 
 

 

(T) 
 

 

(T) 
 

 

1986718 
 

 

- 
 

 

A04_p2037077 
 

 

SNP 
 

 

(A/G) 
 

 

(G) 
 

 

(G) 
 

 

2046838 
 

 

1944122 
 

 

A04_p2149214 
 

 

SNP 
 

 

(T/G) 
 

 

(T) 
 

 

(G/T) 
 

 

2158914 
 

 

1832909 
 

 

A04_p2353879 
 

 

SNP 
 

 

(A/G) 
 

 

(G) 
 

 

(G) 
 

 

2363581 
 

 

2069088 
 

 

BrID10321 
 

 

INDEL 
 

 

Unknown 
 

 

No INDEL 
 

 

No INDEL 
 

 

2427677 
 

 

2109519 
 

 

A04_ p2753824 
 

SNP 
SNP 

 

(T/G) 
- 
 

 

(T) 
 

(T) 
 

2763474 
 

2456722 
(T) 34bp downstream of 
expected SNP 
 

(C) 34bp downstream of 
expected SNP 
 

 

ACMP00743 
 

 

SSR 
 

 

(AGG) repeat 
 

 

(AGG)5 
 

 

(AGG)5 
 

 

2904482 
 

 

2561180 
 

 

A04_p3116993 
 

 

SNP 
 

 

(A/T) 
 

 

(A/T) 
 

 

(A/T) 
 

 

3127819 
 

 

USGA 
 

 

A04_p3225119 
 

 

SNP 
 

 

(A/G) 
 

 

(G) 
 

 

(G) 
 

 

3234769 
 

 

2897306 
 

 

A04_p3272740 
 

 

SNP 
 

 

(A/G) 
 

 

(A) 
 

 

(A) 
 

 

3282507 
 

 

USGA 
 

 

A04_p3448682 
 

 

SNP 
 

 

(T/C) 
 

 

(C) 
 

 

(C) 
 

 

3458478 
 

 

3103679 
 

 

A04_p3563096 
 

 

SNP 
 

 

(T/C) 
 

 

(C) 
 

 

(C) 
 

 

3572882 
 

 

3238842 
 

 

A04_p3724573 
 

 

SNP 
 

 

(A/G) 
 

 

(G) 
 

 

(G) 
 

 

3739222 
 

 

3372142 
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Table 3.3. (continued) 
 

 

cnu_m225a 
 

 

SSR 
 

 

(AG) repeat 
 

 

(AGG)10 
 

 

(AGG)10 
 

 

3824845 
 

 

3432576 
 

 

A04_p3915978 
 

 

SNP 
 

 

(T/C) 
 

 

(C) 
 

 

(C) 
 

 

3939639 
 

 

3522691 
 

 

ACMP00176 
 

SSR 
 

(ACC) repeat 
 

(ACC)4 
 

(ACC)4 
 
 

4130270 
 
 

3739377 
INDEL 
 

- 
 

48bp insert 
 

heterozygous for 48bp INDEL 
 

 

ACMP00103 
 

 

SSR 
 

 

(GGA) repeat 
 

 

(GGA)5 
 

 

(GGA)5 
 

 

4153213 
 

 

3760126 
 

 

A06_p5232488  
 

 

SNP 
 

 

(A/G) 
 

 

(G) 
 

 

(A) 
 

 

4294747 
 

 

USGA 
 

 

STS320 
 

 

INDEL 
 

 

41bp INDEL 
 

 

40bp deletion 
 

 

40bp insert 
 

 

4490654 
 

 

USGA 
 

 

CB10347 
 

SSR 
 

(CT) repeat 
 

Heterozygous for (CT)19 and 
(CT)14 
 

 

(CT)14 
 

4611733 
 

4349661 
 

CB10196 
 

SSR 
 

(CA) repeat 
 

Heterozygous for (CA)14 and 
(CA)6 
 

 

(CA)14 
 

13718194 
 

14837715 
 

STS437 
 

 

INDEL 
 

 

61bp INDEL 
 

 

55bp insertion 
 

 

55bp deletion 
 

 

USGA 
 

 

USGA 
 

 

Scaffold000104_p98567 
 

 

SNP 
 

 

(A/G) 
 

 

(A) 
 

 

(A) 
 

 

USGA 
 

 

USGA 
 

 

Scaffold000104_p202019 
 

 

SNP 
 

 

(T/C) 
 

 

(C) 
 

 

(C) 
 

 

USGA 
 

 

6691755 
 

 

nrc937 
 

 

SSR  
 

 

(TCT) repeat 
 

 

Two bands (~ 200bp and 230bp) 
 

 

Two bands (~ 200bp and 230bp) 
 

 

- b 
 

 

- b 
 

 

nrc785 
 

 

SSR 
 

 

(CT) repeat 
 

 

Two bands (~ 380bp and 400bp) 
 

 

Two bands (~ 380bp and 400bp) 
 

 

- b 
 

 

- b 
 

 

cnu_m439a 
 

 

SSR 
 

 

(TA) repeat 
 

 

Two bands (~ 300bp and 320bp) 
 

 

Two bands (~ 300bp and 320bp) 
 

 

- b 
 

 

- b 
 

 

Markers polymorphic between Amalie and R7011-AB are highlighted in bold.  
Some markers had a physical position on an unassigned scaffold of genome assembly (USGA) and not on the expected chromosome A04.  
a Physical positions were determined against the B. rapa Chiifu-401 (GCA_000309985.1) (Wang et al. 2011) and B. napus Darmor-bzh 
(GCA_000751015.1) (Chalhoub et al. 2014) reference genomes. 
b Two fragments of identical size were amplified from Amalie and R7011-AB. These fragments have not been sequenced so genotype is unknown. 
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A genetic linkage map was constructed from the genotype data of SEN17004, in R/qtl 

(Section 3.2.4). All eight markers genotyped fell on a single linkage group which had 

a total length of 140.5cM (Fig. 3.4B). This is much longer than the linkage group 

produced using the same markers by Juergens et al. (2010) which had a total length of 

14.7cM (Fig. 3.4A). The order of markers on the linkage group constructed in my 

study were similar to the physical order of markers on chr. A04 of the B. rapa Chiifu-

401 (GCA_000309985.1) (Wang et al. 2011) and B. napus Darmor-bzh 

(GCA_000751015.1) (Chalhoub et al. 2014) reference genomes, except markers 

STS437 and BS004741, which fell on a unassigned scaffold of genome assembly 

(USGA) and the inversion of markers STS320 and CB10347 (Table 3.3). The order 

of markers in the map constructed by Juergens et al. (2010) did not match the order of 

markers in the linkage group produced in my study or the physical map due to an 

inversion of markers between and including SSR Na10-D09 and STS320 (Fig. 3.4). 

 

The marker STS437 positioned on an USGA in both the B. rapa and B. napus 

reference genomes but based on the linkage maps constructed in my study (Fig. 3.4B) 

and by Juergens et al. (2010) (Fig. 3.4A), this marker/scaffold assigns to chr. A04 

between markers SSR Na10-D09 and CB10347. The physical position of the 

Limagrain marker BS0047471 could not be determined due to its sequence being 

confidential but linkage analysis of SEN17004 showed that BS0004741 co-segregates 

with marker STS437 at 13.9cM (Fig. 3.4B). 
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Figure 3.4. Genetic linkage analysis of DNA markers on chromosome A04 and 
one-dimensional interval mapping (IM) of Turnip yellows virus resistance 
(TuYV) originating from resynthesised Brassica napus line ‘R54’. A. Linkage map 
constructed by Juergens et al. (2010) based on the analysis of 111 DH lines derived 

from the F1 of three crosses of TuYV-resistant (‘R54’ resistance originating from 
Caletta) x TuYV-susceptible oilseed rape lines. B. Linkage map constructed from the 

analysis of 125 individuals from BC1 population SEN17004 derived from the parental 
cross of R7011-AB (TuYV-susceptible) x Amalie (possesses ‘R54’ TuYV resistance). 

One-dimensional IM was carried using two parametric methods, Expectation-
Maximisation (black) and Haley-Knott regression (green) and a non-parametric 

method, Kruskal-Wallis (red). Genome-wide significance LOD thresholds were 
calculated using each of the IM methods, 1000 permutations and a significance of p = 

0.05 and are represented by colour-coded, dashed, vertical lines. Numbers represent 
the distance in centimorgans (cM). The markers most closely associated with TuYV 

resistance in both maps are highlighted in red. 

A B LOD 



 75 
 

One-dimensional interval mapping (IM) was carried out using the genetic linkage map 

of chr. A04 and ELISA data produced for SEN17004 (Section 3.2.4). In accordance 

with the study by Juergens et al. (2010), marker STS437 was most closely associated 

with TuYV resistance in Amalie. Where all three statistical methods of one-

dimensional IM were considered, marker STS437 and the co-segregating Limagrain 

marker BS004741 had the highest associated LOD score of all eight markers tested 

(Fig. 3.4B). Yet, all markers except CB10196, were significantly associated with 

TuYV resistance and had an associated LOD score above the genome-wide 

significance thresholds for each statistical method (Fig. 3.4B). When the Kruskal-

Wallis (KW) method of one-dimensional IM was considered (due to the non-

parametric nature of the ELISA phenotype data for SEN17004) markers BS0004741 

and STS437 had a LOD score of 12.95, nine and half times higher than the genome-

wide significance threshold of 1.36. The percentage phenotypic variation explained 

(PVE) by genotype at these two markers was subsequently calculated to be 37.9% 

(Chapter 2, Section 2.8.3). Lastly, 1-LOD and 2-LOD QTL intervals were calculated 

for the QTL detected on chr. A04 in SEN17004 using the ‘lodint’ function (Section 

3.2.4). The 2-LOD interval spanned from 9.0cM to 18.0cM on chr. A04 (total length 

9.0cM) and the 1-LOD interval spanned from 11.0cM to 15.5cM on chr. A04 (total 

length 4.5cM) (Fig. 3.4B). 

 

A KW test showed that there was a significant difference in A405 values between B. 

napus populations with a different genotype at the co-segregating markers STS437 

and BS004741, H (4) = 68.8 , p < 0.001; Amalie (genotype BB) (mean rank = 55.0), 

R7011-AB (genotype AA) (mean rank = 104.9), SEN16002 (genotype AB) (mean 

rank = 58.8), SEN17004 (genotype AA) (mean rank = 98.1) and SEN17004 (genotype 

AB) (mean rank = 40.0) (Fig. 3.5). Individuals from the BC1 population SEN17004 

that were homozygous for the TuYV-susceptibility allele (genotype AA, mean rank = 

98.1) (Fig. 3.5) at STS437 and BS004741, had a broad range of ELISA A405 values 

(0.182 - 3.162) that were significantly higher than A405 values for individuals from the 

same population that were heterozygous for the resistance/susceptibility allele 

(genotype AB, mean rank = 40.0) (p < 0.001), but they were not significantly different 

from A405 values for individuals from the TuYV-susceptible parental line R7011-AB, 

which had the same genotype at these markers (genotype AA, mean rank = 104.9) (p 

= 1.000). In comparison, individuals from SEN17004 that were heterozygous at these 
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markers (genotype AB, mean rank = 40.0) (Fig. 3.5) had a narrower range of lower 

A405 values (0.176 - 0.446, excluding individual SE9.170 that had an outlying A405 

value of 1.318) that were significantly lower than A405 values for individuals from the 

TuYV-susceptible parental line R7011-AB (genotype AA, mean rank = 104.9) (p = 

0.006), but were not significantly different from A405 values for individuals from The 

TuYV-resistant parental line Amalie, which was homozygous for the resistance allele 

(genotype BB, mean rank = 55.0) (p = 1.000) or the F1 hybrid population SEN16002, 

which had the same genotype at these markers (genotype AB, mean rank = 58.8) (p = 

1.000). 

 
3.3.3 Molecular characterisation of marker STS437 that co-segregates with 

TuYV resistance in Amalie 

 

The marker STS437 was shown to be closely associated with TuYV-resistance 

originating from the oilseed rape variety Amalie (Section 3.3.2). The nucleotide 

sequences of STS437 were previously amplified from Amalie and R7011-AB and 

BLAST searched against the B. rapa Chiifu-401 (GCA_000309985.1) (Wang et al. 

2011) and B. napus Darmor-bzh (GCA_000751015.1) (Chalhoub et al. 2014) 

reference genomes to determine the marker’s physical position (Table 3.3, Section 

3.3.2). These BLAST results showed that STS437 positions within a putative 

Dehydroascorbate reductase 2 gene (DHAR2) (Fig. 3.6A) on an USGA. The ID for 

this gene on Brassicadb in B. rapa Chiifu-401 is Bra035356 and in B. napus Darmor-

bzh A sub-genome is GSBRNA2T00044004001.  

 

In comparison to the Bra035356, the reference B. napus A sub-genome sequence, 

GSBRNA2T00044004001, is truncated at the 5’ end and the C sub-genome sequence, 

GSBRNA2T00064535001, is truncated at 5’ and 3’ ends. It is possible that these genes 

have been incorrectly annotated in the B. napus Darmor-bzh reference genome and so 

for the purpose of comparison to Bra035356, the B. napus A and C genome sequences 

were extended to include the missing sequences. For GSBRNA2T00044004001, an 

82bp sequence upstream was added and for GSBRNA2T00064535001, a 47bp 

upstream sequence and a 320bp downstream sequence were added. These extended 

sequences are now on referred to as GSBRNA2T00044004001.FLANK and 

GSBRNA2T00064535001.FLANK (Supplementary Fig. 1).  
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Figure 3.5. ELISA values for individuals from Brassica napus populations by 
their genotype at markers STS437 and BS004741 which co-segregate with Turnip 
yellows virus (TuYV) resistance originating from resynthesised B. napus line 
‘R54’. The BC1 population SEN17004 (�) (total n = 125, AA n = 65, AB n = 60) was 

produced from the cross R7011-AB ♀ (r) (n = 5) x SEN16002 (x) (n = 5) ♂. 

SEN16002 is an F1 hybrid line possessing TuYV resistance and was produced from 

crossing R7011-AB ♀ to an oilseed rape line possessing the ‘R54’ TuYV-resistance 
from the oilseed rape variety Amalie ♂ (£) (n = 5). Genotype AA is the homozygous 

TuYV-susceptibility allele from R7011-AB, genotype BB is the homozygous TuYV-
resistance allele from Amalie and AB is the heterozygous genotype. Populations with 

mean ranks that were not significantly different from one another are represented by 
the same lowercase letter (Dunn’s pairwise comparisons with the Bonferroni 

correction at significance level p = 0.05). 

  

ab ab 

a 

a 

b 
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To obtain sequences of the putative DHAR2, it was amplified from gDNA of Amalie 

and Caletta, (both possess the ‘R54’ TuYV resistance) and R7011-AB and Darmor 

(both TuYV-susceptible) by PCR, using primers DHAR2.FOR and DHAR2. REV and 

subsequently sequenced (Section 3.2.5). These sequences were then aligned with the 

reference sequence of the gene from B. rapa Chiifu-401 (Bra035356) and the extended 

reference sequences from the B. napus Darmor-bzh A and C sub-genome 

(GSBRNA2T00044004001.FLANK and GSBRNA2T00064535001.FLANK, 

respectively) (Supplementary Fig. 1).  

 

DHAR2 sequences amplified from the TuYV-susceptible oilseed rape lines R7011-

AB and Darmor shared 73.8% and 74.4% identity to Bra035356, 97.6% and 96.6% 

identity to GSBRNA2T00044004001.FLANK and 62.1% and 62.3% to 

GSBRNA2T00064535001.FLANK, respectively (Table 3.4). DHAR2 sequences 

amplified from the TuYV-resistant lines, Amalie and Caletta, were unusual in that 

they had a lower percentage identity to the reference A genome sequences (58.8 - 

63.7%) and a higher percentage identity with the C genome sequence (86.1 - 86.3 %) 

than R7011-AB and Darmor did (Table 3.4). On closer inspection of the alignment, 

DHAR2 amplified from Amalie and Caletta appeared to be a recombinant of both A 

and C genome sequences. Both lines possessed an additional 73bp and 55bp at 

positions 113-185bp and 346-400bp in the sequence alignment, respectively 

(Supplementary Fig. 1) which were present in the reference C genome sequence but 

absent in the A genome sequences. Yet, towards the 3’ end of the sequence, both 

Amalie and Caletta possessed an additional 25bp (region 457-481bp in the sequence 

alignment, Supplementary Fig. 1) which was present in the reference A genome 

sequences but absent in the C genome sequence. 

 

To confirm that the B. napus A sub-genome copy of DHAR2 in Amalie and Caletta 

was a recombinant of both Brassica A and C genome sequences, three PCRs were 

carried out. The first PCR used A genome specific primers DHAR2.AF and 

DHAR2.AR (Fig. 3.6A). This PCR successfully amplified the expected fragment of 

~700bp from Darmor and R7011-AB but this was not amplified from Amalie and 

Caletta (Fig. 3.6D). The reverse primer DHAR2.AR, is complementary to sequences 

in both the non-recombinant and recombinant gene sequence (Fig. 3.6A and 3.6C). 

So, failure to amplify a fragment from Amalie and Caletta could be because the 
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sequence upstream of recombinant DHAR2 in these lines is homoeologous to the 

Brassica C genome, preventing the forward primer DHAR2.AF, from binding. The 

second PCR used C genome specific primers DHAR2.CF and DHAR2.CR (Fig. 

3.6B). For all four lines, the expected fragment of ~830bp was amplified (Fig. 3.6E). 

The third PCR used primers DHAR2.CF and DHAR2.AR, that were specific to the 

recombinant DHAR2 sequence only (Fig. 3.6C). As expected, a fragment of ~480bp 

was amplified from Amalie and Caletta but not from R7011-AB or Darmor (Fig. 3.6F). 

All amplicons were sequences and confirmed to be the target sequences.  

 

Table 3.4. Similarity of nucleotide sequences of a putative Dehydroascorbate 
reductase 2 (DHAR2) gene amplified from genomic DNA of four Brassica napus 
lines to reference Brassica rapa Chiifu-401 (GCA_000309985.1) (Wang et al. 
2011) and B. napus Darmor-bzh (GCA_000751015.1) (Chalhoub et al. 2014) 
sequences. 
 

 
 
 
 

B. napus 
line 

 

Percentage (%) nucleotide sequence similarity to: 
 
 

B. rapa 
(Bra035356) 
 

 

B. napus A genome 
(GSBRNA2T00044004001
.FLANK) 

 

B. napus C genome 
(GSBRNA2T00064535001 
.FLANK) 
 

 

Amalie 
 

     63.5 
 

              58.8 
 

              86.1 
 

Caletta 
 

     63.7 
 

              58.8 
 

              86.3 
 

Darmor 
 

     74.4 
 

              96.6 
 

              62.3 
 

R7011-AB 
 

     73.8 
 

              97.6 
 

              62.1 

 

 

 

 
 

 
 



  

Figure 3.6. Characterisation of a putative Dehydroascorbate reductase 2 (DHAR2) gene co-segregating with Turnip yellows virus (TuYV) 
resistance in Brassica napus by PCR. A. Relative position (in base pairs) of PCR primers in relation to the start codon of a B. napus reference A 
genome DHAR2 sequence (solid orange). Flanking gene sequences are depicted as striped regions B. Relative position (in base pairs) of PCR 
primers in relation to the start codon of a B. napus C genome DHAR2 sequence (solid blue). Flanking gene sequences are depicted as striped 
regions C. Relative position (in base pairs) of PCR primers in relation to the start codon of a recombinant DHAR2 sequence. Reference sequences 
were taken from the B. napus Darmor-bzh assembly (GCA_000751015.1) (Chalhoub et al. 2014). D. PCR amplification of DHAR2 from the 
Brassica A genome of B. napus lines, using primers DHAR2.AF and DHAR2.AR and E. PCR amplification of DHAR2 from the Brassica C 
genome of B. napus lines, using primers DHAR2.CF and DHAR2.CR, F. PCR amplification using primers DHAR2.CF and DHAR2.AR to amplify 
recombinant DHAR2 from B. napus lines. 1Kb+ - 1Kb plus DNA ladder (InvitrogenTM), R7011-AB (R) and Darmor (D) are TuYV-susceptible B. 
napus lines, Amalie (A) and Caletta (C) are B. napus lines possessing the ‘R54’ TuYV resistance and WC - water control. 
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3.4 Discussion 

 
3.4.1 Characterisation and fine mapping of TuYV resistance in oilseed rape 

variety Amalie 

 

The B. napus BC1 population, SEN17004, was produced by crossing the F1 hybrid 

line, SEN16002, that possesses the ‘R54’ TuYV resistance introgression from the 

oilseed rape variety Amalie, to the TuYV-susceptible line R7011-AB. When 

phenotyped, SEN17004 segregated for TuYV resistance and had a broad range of 

ELISA A405 values (0.176 - 3.162), suggesting that TuYV-resistance in Amalie is 

dominantly inherited and quantitative in nature. Amalie possesses TuYV-resistance 

originating from the resynthesised B. napus line ‘R54’ (Lüders 2017) which has 

previously been shown to be quantitative and dominantly inherited (Dreyer et al. 2001; 

Juergens et al. 2010), in accordance with the findings of my study.  

 

Previous studies by Dreyer et al. (2001) and Juergens et al. (2010) also showed that 

TuYV resistance in ‘R54’ is controlled by a single QTL mapped to chr. A04. In the 

study by Juergens et al. (2010), this resistance was mapped to a ~3.2Mbp interval, on 

chr. A04 between markers SSR-Na10-D09 and CB10347/STS320. The ~3.2Mbp 

interval in B. rapa contains 423 genes and in B. napus contains 391 genes. The interval 

size and gene number were calculated based on the physical position of the flanking 

marker’s sequences in the B. rapa Chiifu-401 (GCA_000309985.1) (Wang et al. 

2011) and B. napus Darmor-bzh (GCA_000751015.1) (Chalhoub et al. 2014) 

reference genomes. Unfortunately, the other markers shown to be associated with the 

‘R54’ TuYV resistance by Juergens et al. (2010) and also by Dreyer et al. (2001) were 

AFLP markers of unknown sequence and so their physical positions in relation to a 

reference genome could not be determined for use in my study.  

 

The aim of the research in this chapter was to refine the ~3.2Mbp interval on chr. A04, 

previously shown to be associated with the ‘R54’ TuYV resistance (Juergens et al. 

2010), by developing a segregating BC1 population (SEN17004) and fine mapping. 

This initially proved difficult as out of the 45 markers assayed, that positioned on chr. 

A04, only eight were identified as polymorphic between the parental lines of 
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SEN17004 (Amalie and R7011-AB) and could be used for fine mapping. However, 

using just these eight markers, the region of interest on chr. A04 was refined in size 

by almost half, from ~3.2Mbp to a 2-LOD QTL interval of ~1.9Mbp. This refined 

interval positioned between markers A04-p2753824 and CB10347 and contains 226 

and 202 predicted genes in B. rapa and B. napus, respectively.  

 

In this study, the effect of genotype at the QTL interval was calculated to explain 38% 

of the variation in TuYV resistance phenotype observed in the BC1 population 

SEN17004. In comparison, Dreyer et al. (2001) calculated that genotype at the QTL 

detected for the same resistance explained more of the of the phenotypic variation 

(51%). This difference is most likely explained by experimental differences between 

the two studies; in this study, TuYV resistance phenotyping was carried out under 

glasshouse conditions on a BC1 population whereas in the Dreyer et al. (2001) study, 

it was carried out in the field on double haploid populations. However, in both studies 

a percentage of the resistance phenotype could not be explained by genotype, but 

instead by environment. Previous studies have shown that environment factors have a 

considerable influence on the ‘R54’ resistance. In particular, higher temperatures have 

been shown to facilitated the accumulation of higher viral titres and the breakdown 

and diminution in the strength of the ‘R54’ resistance (Graichen 1998; Dreyer et al. 

2001). 

 

Of the eight markers used to fine map TuYV-resistance in SEN17004, STS437 and 

BS004741, were shown to be most closely linked with the resistance; they had 

associated LOD of 12.95, much greater than the genome-wide threshold for 

significance (1.36). STS437 was also shown to be most closely linked marker to TuYV 

resistance in the Juergens et al. (2010) study. BS004741 is a marker developed by 

Limagrian UK Ltd and is used by them to follow TuYV resistance through their 

breeding lines. The sequence of BS004741 is confidential, so its physical position 

could not be determined in relations to the reference genomes. However, it co-

segregated with STS437 at 13.9cM on the linkage map produced in my study, 

suggesting that the markers are physically very close or possibly identical.  

 

There were differences in the order of markers in the linkage groups produced in my 

study and the Juergens et al. (2010) study, in comparison to the physical map for chr. 
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A04. For the linkage map produced in my study, there had been an inversion of 

markers STS320 and CB10347 and for the linkage map constructed by Juergens et al. 

(2010), there had been an inversion of markers between and including SSR Na10-D09 

and STS320, in comparison to the physical map. These differences could represent 

genomic inversions that had occurred within the plant lines used in these studies which 

are not present in the lines (Chiifu-401 and Darmor) used to construct the reference 

genomes. These differences could also be due to inaccurate assembly of the reference 

genomes in this region on chr. A04. Supporting the latter, the marker STS437, shown 

to be most closely associated with TuYV resistance in my study and the Juergens et 

al. (2010) study, falls on an unassigned scaffold of genome assembly (USGA). In the 

B. rapa Chiifu-401 (GCA_000309985.1) (Wang et al. 2011) reference genome, this 

USGA has the ID Scaffold000104, is ~0.8Mbp in length and contains 60 genes. In the 

B. napus reference genome Darmor-bzh (GCA_000751015.1) (Chalhoub et al. 2014), 

this USGA does not have a unique ID and is pooled with all the other USGAs. It was 

therefore not possible to determine the length and the number of genes this particular 

USGA carried in B. napus. Based on the linkage analysis carried out in my study and 

the Juergens et al. (2010), the USGA containing marker STS437 positions between 

SSR-Na10-D09 and CB10347/STS320 on chr. A04. This means that the genes 

positioning on the USGA should be considered alongside the genes positioning with 

the ~1.9Mbp interval on chr. A04 as candidate gene(s) for TuYV resistance originating 

from ‘R54’. 

 

3.4.2 Recombination between the Brassica A and C genome in TuYV-resistant 

oilseed rape varieties Amalie and Caletta 

 

Alignment of the nucleotide sequence of the marker STS437, that co-segregates with 

TuYV resistance in Amalie and Caletta, to the B. rapa and B. napus reference genomes 

identified that it positioned within a putative Dehydroascorbate reductase 2 (DHAR2) 

gene. DHAR2 belongs to the superfamily of enzymes called glutathione S-transferases 

(GSTs) which have been shown to play important and diverse roles in cell metabolism, 

redox and detoxification reactions, herbicide tolerance and stress responses, to name 

a few (Marrs 1996; Kumar and Trivedi 2018). GSTs have also been implicated in 

pathogen tolerance. For example, reduced expression or knock- of NbGSTU4 in 

Nicotiana benthamiana was shown to reduce negative strand synthesis of the RNA 
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virus Bamboo mosaic virus and thus provide tolerance to it (Chen et al. 2013). 

Similarly, reduced expression of a GST in Nicotiana tabacum provided tolerance to 

the fungal pathogen Phytophthora parasitica var. nicotianae (black shank) 

(Hernández et al. 2009).  

 

Implication of GSTs in pathogen tolerance made DHAR2 a possible candidate gene 

for TuYV resistance originating from ‘R54’ and so, it was further characterised in 

oilseed rape varieties Amalie and Caletta that possess this resistance, by PCR and 

sequencing. Results suggested that DHAR2 was a recombinant of Brassica C genome 

sequence at its 5’ end and Brassica A genome sequence at its 3’ end in Amalie and 

Caletta but not in TuYV-susceptible B. napus lines Darmor and R7011-AB. 

Characterisation by PCR also suggested that the upstream sequence of DHAR2 in 

Amalie and Caletta was Brassica C genome.  

 

To confirm that DHAR2 amplified from Amalie and Caletta was a recombinant of 

Brassica A and C genome sequences and not a result of an unintentional amplification 

of a paralogous gene, recombinant and non-recombinant DHAR2 amplicons and the 

primers used to amplify them, were BLAST searched against the B. napus reference 

genome Darmor-bzh (GCA_000751015.1) (Chalhoub et al. 2014). No DHAR2 

paralogues were identified in either sub-genome suggesting that the other copies of 

this gene, which arose from the genome triplication event, had been lost. This finding 

also suggests that amplification of paralogous genes does not explain the presence of 

recombinant DHAR2 in Amalie and Caletta. Alternatively, recombinant DHAR2 could 

be a result of a gene conversion event, whereby all or part of a sequence of a gene is 

converted to that of its homologue in the partnered sub-genome. For example, 

conversion of a gene from the Brassica A genome to that of its C genome homeolog 

in B. napus. Gene conversion is thought to result from the repair of double stranded 

breaks, where a homoeologous sequence is used as a template for the repair (Bayer et 

al. 2015). However, the more likely explanation for recombinant DHAR2, based on 

the origin of the ‘R54’ resistance, is that there has been a homoeologous exchange 

between the Brassica A and C sub-genomes on chr. A04. Both chr. A04 and chr. C04 

share large stretches of homoeologous sequence making the region a hotspot from 

homoeologous exchange (Cheng et al. 2014). Homoeologous exchange between the 

sub-genomes in B. napus is not an uncommon phenomenon and has been reported 
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previously at a higher frequency in resynthesised B. napus than non-resynthesised B. 

napus (Sharpe et al. 1995; Hurgobin et al. 2018). Both Amalie and Caletta possess 

TuYV resistance originating from the resynthesised B. napus line ‘R54’. It is possible, 

that during the resynthesis of ‘R54’, homoeologous exchange between the sub-

genomes resulted in a Brassica C genome introgression on chr. A04, where one point 

of recombination occurred within DHAR2 and the other occurred upstream of the gene 

at a hitherto unidentified location. Unfortunately, due to discrepancies between the 

annotations of the Brassica A and C genome copies of DHAR2 in the B. napus 

reference genome, it was not possible to determine if this homoeologous 

recombination/gene conversion event had altered the coding sequence of DHAR2 in 

Amalie and Caletta, based on sequence of the PCR products alone. To do this, 

additional transcript sequencing and expression data would be needed. 

 
In a conference report, found in light of the identification of the homoeologous 

recombination/gene conversion event on chr. A04 associated with the ‘R54’ TuYV 

resistance, the Brassica A genome parent of ‘R54’, ‘Nr. 67’ (B. rapa ssp. pekinensis) 

and the Brassica C genome, ‘Stone Head’ (B. oleracea var. capitata) were phenotyped 

for TuYV resistance (Graichen and Peterka 1995). Nr. 67 was shown to be uniformly 

resistant to TuYV whereas ‘Stone Head’ was shown to be uniformly susceptible 

(Graichen and Peterka 1995). These findings strongly suggest that TuYV resistance in 

‘R54’ is encoded for by gene(s) originating from the Brassica A genome, that are in 

close proximity to the homoeologous recombination/gene conversion event identified 

in DHAR2 on chr. A04. The identification of a homoeologous recombination/gene 

conversion event and a genomic inversion within the ‘R54’ TuYV resistance QTL, 

shows the complexity of the region and may explain why candidate genes for the 

resistance have not yet been identified. It may also explain why it was so difficult to 

identify polymorphic markers for fine mapping in my study, as if a homoeologous 

recombination event has occurred, it is likely that a proportion of the resistance QTL 

is made up of a Brassica C genome introgression and only Brassica A genome markers 

were assayed. Determining the length and position of the Brassica C genome 

introgression on chr. A04 would help further fine map the ‘R54’ TuYV resistance. It 

would help to determine which of the genes, positioning within the resistance QTL, 

originate from the Brassica A sub-genome or the C genome introgression, where those 
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originating from the A sub-genome would be candidate resistance genes and those 

originating from the C genome introgression would not. 

 

Based on the sequences of the eight markers used to fine map SEN17004 and their 

physical position in the new B. rapa Chiifu-401 v3.0 reference genome, the pattern of 

homoeologous exchange between the Brassica A and C sub-genomes on chr. A04 has 

been modelled (Fig. 3.7). B. rapa Chiifu-401 v3.0 and was released in 2017/2018, 

towards the end of this research, after reassembly of the old reference genomes with 

additional sequencing data (Zhang et al. 2018). Marker STS437 previously fell on an 

USGA in the old B. rapa and B. napus reference genomes. In the new reference 

genomes this USGA has now been assembled to chr.A04 but in a different position to 

that which is suggested by the linkage maps produced in my study and by Juergens et 

al. (2010). When compared, there has been an inversion of markers STS437, CB10347 

and STS320 between the linkage maps and the physical maps (Fig 3.7A). In the 

linkage map produced in my study, the 5’ point of this inversion has occurred between 

markers A06-p5232488 and STS320 and the 3’ point of inversion has occurred at an 

unidentified location somewhere downstream of STS437 and before CB10196. There 

are two possible models of homoeologous exchange between the Brassica A and C 

sub-genomes on chr. A04 depending on where the 3’ point of this inversion occurred. 

If the 3’ point of inversion occurred within the C genome introgression, then this 

introgression is split in two with one portion changing position and the other remaining 

in situ, giving model A (Fig. 3.7A and B). Alternatively, if the 3’ point of inversion 

occurred in the A genome after the C genome introgression, then the introgression 

remains whole but changes position giving model B (Fig. 3.7A and C).  
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Figure 3.7. Models of homoeologous exchange from the Brassica C genome (blue) 
to the Brassica A genome chromosome A04 (orange) shown to be associated with 
Turnip yellows virus resistance from resynthesised B. napus line ‘R54’. A. 
Genetic linkage map constructed from the analysis of 125 individuals from BC1 
population SEN17004 derived from the parental cross of R7011-AB (TuYV-
susceptible) with an oilseed rape line possessing the ‘R54’ TuYV resistance from the 
oilseed rape variety Amalie. Genetic distance in the linkage map is measured in 
centimorgans (cM). Comparison of the order of markers in the linkage map to their 
physical position (in base pairs) in the new Brassica rapa Chiifu-401 v3.0 (Zhang et 
al. 2018) reference genomes suggests an inversion. Points of inversion are highlighted 
in red and depending on the 3’ point of inversion the model for Brassica C genome 
introgression on chr. A04 changes. B. Model if the 3’ point of inversion occurred 
within the C genome introgression. C. Model if the 3’ point of inversion occurred 
within the A genome after the C genome introgression.  
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3.4.3 Conclusions and future work 

 

Fine mapping carried out in this study suggested that a homoeologous recombination 

or gene conversion event had occurred between the Brassica A and C sub-genomes in 

B. napus within the ‘R54’ TuYV resistance QTL detected on chr. A04. A 

homoeologous recombination/gene conversion event between the Brassica A and C 

genomes was identified in a putative DHAR2 gene of oilseed rape varieties Amalie 

and Caletta, that possess TuYV resistance from ‘R54’. However, it is unlikely that a 

homoeologous recombination/gene conversion event is responsible for TuYV 

resistance in ‘R54’. This is because, evidence found in light of this project, suggested 

the ‘R54’ TuYV resistance was controlled by genes originating from the Brassica A 

genome; the Brassica A genome parent of ‘R54’, ‘Nr.67’ was resistant to the TuYV 

and that its Brassica C genome parent ‘Stone Head’ was susceptible.  

 

To further fine map the ‘R54’ TuYV resistance, it will be necessary to determine 

whether a homoeologous recombination event or gene conversion event had occurred 

on chr. A04 and if the former, locate the unidentified A/C genome recombination 

event. This in turn, would help determine the length and position of the Brassica C 

introgression, that resulted from these homoeologous recombinations , on chr. A04 

and would narrow down the list of candidate resistance genes, where genes positioning 

in the ‘R54’ resistance QTL and originating from the Brassica A genome would be 

candidates and those originating from the Brassica C genome introgression would not. 

These would be the first candidate genes implicated in TuYV resistances. 

Unfortunately, due to time and financial constraints it was not possible to further 

investigate the homoeologous recombination/gene conversion event on chr. A04 in 

Amalie. Given more time, it would be interesting to carry out long-read sequencing of 

the region as well as transcript sequencing and expression analysis of candidate 

resistance genes.  

 
 
 
 
 



 89 

Chapter 4 
 

Characterising and mapping novel Turnip yellows 
virus (TuYV) resistance in Brassica rapa and Brassica 
oleracea 
 
 
4.1 Introduction 

 
4.1.1 Resistance to TuYV and other species of the Luteoviridae family  

 

There are currently only two commercially available sources of TuYV resistance in 

oilseed rape, resistance originating from the resynthesised Brassica napus line ‘R54’ 

(Graichen 1994) and from the variety Yudal (Hackenberg et al. 2020). The former has 

been widely introgressed into ~30 varieties of oilseed rape. The ‘R54’ TuYV 

resistance has been discussed and fine mapped in Chapter 3 but briefly, it is a 

quantitative resistance controlled by a single, dominantly inherited quantitative trait 

locus (QTL) on chromosome A04 of the Brassica A genome (Dreyer et al. 2001; 

Juergens et al. 2010). The Yudal TuYV resistance was also mapped to a single QTL 

on chr. A04, that co-located with the ‘R54’ TuYV resistance QTL (Hackenberg et al. 

2020). It is therefore likely that both TuYV resistances are controlled by the same 

gene(s). However, this cannot be said with any certainty until the gene(s) responsible 

for TuYV resistance in ‘R54’ and Yudal have been elucidated. At present, no genes 

have been identified that give dominant resistance to TuYV or to other species within 

the Luteoviridae family. 

 

Many studies have attempted to identify resistance genes to species of the Luteoviridae 

family, using gene modelling, marker association, QTL mapping, genome-wide 

association studies (GWAS) and bulked segregant analysis (BSA) (Chapter 1, Section 

1.7.2). In the majority of these studies (Table 4.1), resistance to poleroviruses such as 

Cereal yellow dwarf virus (CYDV), Sugarcane yellow leaf virus (ScYLV) and 

Cucurbit aphid-borne yellows virus (CABYV) has been shown to be quantitative and 
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controlled by dominantly inherited QTLs with major influence or smaller additive 

effects (Table 4.1).  

 

Perhaps the closest attempts at identifying a dominant resistance gene to a Polerovirus 

species is to Potato leafroll virus (PLRV), the type member of the genus (Table 4.1). 

Like TuYV resistance originating from resynthesised B. napus line ‘R54’, two 

different resistances to PLRV have been shown to be quantitative and controlled by a 

major dominant QTL in potato (Marczewski et al. 2001; Velásquez et al. 2007). For 

one of these PLRV resistances, a gene, similar in sequence to the first viral R-gene, 

the tobacco N-gene, was identified within the QTL on potato chromosome XI, but its 

direct association with PLRV resistance has yet to be proven (Marczewski et al. 2001). 

 

Another example of well characterised resistance to a virus in the same family as 

poleroviruses, is to the luteovirus, Barley yellow dwarf virus (BYDV). Three 

resistances (Ryd2, 3 and 4), identified in Ethiopian barley landraces and the wild 

relative, Hordeum bulbosum, have been implicated in resistance to different serotypes 

of BYDV (Table 4.1). As well as targeting different serotypes, the Ryd resistances 

have been shown to vary in dominance and strength (Collins et al. 1996; Niks et al. 

2004; Scholz et al. 2009) (Table 4.1). Of the Ryd resistances, Ryd2 is most commonly 

used in barley breeding programs as it gives resistance to the most common BYDV 

serotypes -PAV and -MAV (Kosová et al. 2008). It has been closely mapped to a gene 

encoding a vacuolar proton-translocating ATPase (Ford et al. 1998), but like the 

tobacco N-gene homologue thought to be involved in resistance to PLRV (Marczewski 

et al. 2001), this ATPase is also yet to be directly implicated in resistance to BYDV.  

 

Less commonly, recessive resistances to Luteoviridae species have been identified. 

For example, mutations in eukaryotic initiation factors (eIFs) have been shown to 

reduce replication of poleroviruses in Arabidopsis, including TuYV (Reinbold et al. 

2012). PhD research carried out by Wallace-Gallagher (2013) later supported the 

findings of Reinbold et al. (2012) and showed that Arabidopsis Sna-1 mutants, with a 

knock-out in eIF4E, were resistant to Beet mild yellowing virus (BMYV) but not 

TuYV (Table 4.1). Another example includes Ryd1, which unlike the other Ryd 

resistances to BYDV, is recessive and was initially identified in barely variety ‘Rojo’ 

(Suneson 1955). 



 

Table 4.1. Host genetic resistance to plant viruses of the Luteoviridae family. 
 

 

Virus species 
 

Resistant origin 
 

Method(s) 
 

Description 
 

References 
 

 

Barley yellow 
dwarf virus 
(BYDV) 

 

Hordeum vulgare ‘Rojo’ 
 

Ethiopian Hordeum vulgare 
landraces 
 

Hordeum bulbosum 

 

marker 
association/QTL 
mapping 
 

 

recessive, quantitative, Ryd1 locus unknown chr.a position 
 

semi-dominant, quantitative, Ryd2 locus on chr. 3H  
dominance unknown, quantitative, Ryd3 locus on chr. 6H 
 

dominant, extreme, Ryd4 locus on chr. 3H 
 

 

Suneson (1955) 
 

Collins et al. (1996) 
Niks et al. (2004) 
 

Scholz et al. (2009) 
 

 

Beet mild 
yellowing virus 
(BMYV) 
 

 

Arabidopsis thaliana 
 

gene knock-out 
 

recessive, knock-out mutation of eIF4E 
 

Reinbold et al. (2012) 
 

Wallace-Gallagher (2013) 
 

 

Cereal yellow 
dwarf virus 
(CYDV) 

 

Hordeum vulgare 
‘Madre Selva x Butta 12’ 
 

 

QTL mapping 
 

dominance unknown, quantitative, two major QTLs from 
‘Madre Selva’ on chrs. 2H and 7H and four minor QTLs 
from ‘Butta 12’ on chrs. 2H, 3H, and 4H 
 

 

del Blanco et al. (2014) 
 

 

Curcubit aphid-
borne yellows 
virus (CABYV) 
 

 

Cucumis melon ‘PI124112’ 
 

Cucumis melon ‘TGR-1551’ 
 

 

gene modelling 
 

a two recessive gene model predicted 
 

quantitative, one dominant and two additive genes predicted 
 

 

Dogimont et al. (1997) 
 

Kassem et al. (2015) 
 

 

Potato leafroll 
virus (PLRV) 

 

Solanum population Erwinia 
 
 

Solanum tuberosum spp. 
andigena 
 

 

marker 
association/ QTL 
mapping 

 

dominant, quantitative, one major QTL on chr. XI and two 
minor QTLs on chrs. V and VI 
 

dominant, quantitative, one major locus on chr. V 

 

Marczewski et al. (2001) 
 
 

Velásquez et al. (2007) 
 

 

Sugarcane 
yellow leaf virus 
(ScYLV) 

 

Saccharum population  
‘R570 x MQ76-53’ 
 

Saccharum diversity set 

 

GWAS/QTL 
mapping 
 
 

 

dominant, quantitative, one major QTL on chr. HGIII 
 
 

dominance unknown, identified six resistance-associated 
markers 
 

 

Costet et al. (2012) 
 
 

Debibakas et al. (2014) 

 

Turnip yellows  
virus (TuYV) 

 

resynthesised Brassica napus 
line ‘R54’ 
 
 

B. napus variety Yudal 
 

 

QTL mapping 
BSA 
QTL mapping 

 

dominant, quantitative, one major QTL on chr. A04 with 
additional smaller contributing QTLs 
 

dominant, quantitative, one major QTL on chr. A04 

 

Dreyer et al. (2001) 
Juergens et al. (2010) 
 

Hackenberg et al. (2020) 

 

QTL - quantitative trail locus, chr. - chromosome, GWAS - genome-wide association study, BSA - bulked segregant analysis. 
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4.1.2 Chapter aims and objectives 

 

To ensure the durability of TuYV resistance within oilseed rape and to safeguard 

against resistance breaking, novel sources of TuYV resistance need to be identified in 

addition to the currently deployed ‘R54’ resistance and the resistance identified in 

Yudal. In this chapter, TuYV resistance in the B. rapa line ABA15005 has been 

characterised and mapped to determine if it is different to the ‘R54’ and Yudal 

resistances, which also originate from the Brassica A genome. Additionally, TuYV 

resistance in B. oleracea line JWBo12 has been characterised and is the first example 

of TuYV resistance originating from the Brassica C genome. Due to the quantitative 

nature of resistance to different Polerovirus species, QTL analysis (Chapter 1, Section 

1.7.2) was implemented to map TuYV resistance in B. rapa line ABA15005. 

Identification of candidate TuYV resistance gene(s) and resistance-linked genetic 

markers, by QTL analysis, will help accelerate the introgression of the resistances 

from ABA15005 and JWBo12 into oilseed rape using marker-assisted selection 

(Chapter 1, Section 1.7.2) and B. napus resynthesis (Chapter 5). 

 

4.2 Materials and methods 

 
4.2.1 Producing B. rapa and B. oleracea populations for TuYV resistance 

characterisation and mapping  

 

Brassica populations segregating for TuYV resistance were used for trait 

characterisation and mapping. These populations were produced for both B. rapa and 

B. oleracea from the bi-parental cross between a TuYV-resistant and -susceptible line 

(Chapter 2, Section 2.3). For trait mapping in B. rapa, the TuYV-resistant line, 

ABA15005 (B. rapa ssp. pekinensis) was crossed to the TuYV-susceptible line, R-o-

18, a rapid-cycling, inbred line of yellow sarson (B. rapa ssp. trilocularis). This cross 

was carried out prior to the start of this PhD research to produce an F1 population 

(Table 4.2) and subsequent reciprocal BC1 populations, following the crossing 

strategy in Chapter 2, Section 2.3 (Table 4.2). During this PhD project and following 

the same crossing strategy, subsequent self-populations of the B. rapa parental lines, 

two BC2 and two BC1S1 populations were created (Fig. 4.1) (Table 4.2).  
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For trait mapping in B. oleracea, the TuYV-resistant line, JWBo12 (B. oleracea) was 

crossed to the TuYV-susceptible line, DHSL150, a rapid-cycling, F1 double haploid 

line of the cross between A12DHd (Chinese kale) and GDDH33 (Green Duke F1 

broccoli). Subsequent self-populations of the B. oleracea parental lines, an F1 and a 

BC1 population were created following the crossing strategy in Chapter 2, Section 2.3 

(Fig. 4.2) (Table 4.2).  

 

Due to plant senescence after TuYV resistance phenotyping, cuttings were taken from 

individuals (Table 4.2) (Chapter 2, Section 2.2) to propagate them for subsequent 

crossing and production of B. rapa BC2 and BC1S1 populations. Cuttings were also 

taken from DK1.134, a TuYV-resistant individual from the B. oleracea line JWBo12 

to stimulate flowering and commence production of the F1 and BC1 populations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.1. Crossing strategy for mapping dominant Turnip yellows virus 
(TuYV) resistance in Brassica rapa line ABA15005. 
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Figure 4.2. Crossing strategy for mapping dominant Turnip yellows virus 
(TuYV) resistance in Brassica oleracea line JWBo12. 
 

4.2.2 Phenotyping Brassica populations for TuYV resistance 

 

Brassica populations (Section 4.2.1, Table 4.2) were phenotyped for TuYV resistance 

in six experiments (4.1 to 4.6). Details of the plant lines and the number of individuals 

sown for each phenotyping experiment are summarised in Table 4.2. Populations were 

phenotyped for TuYV resistance following the protocol in Chapter 2, Section 2.4. 

Viral titre was quantified in B. oleracea populations five weeks post challenge with 

aphids carrying TuYV compared to four weeks post challenge for B. rapa populations, 

due to slower accumulation of TuYV within plants.  

 

ELISA A405 values were standardised and calculated for each individual within an 

experiment (Chapter 2, Section 2.4.3) and capped at 3.5 due to the limits of the 

Biochem Anthos 2010 plate reader. A405 values for individuals within a phenotyping 

experiment were then statistically compared using IBM® SPSS® Statistics version 25 

(IBM® Corporation 2017). A405 values for individuals were not comparable for 

individuals phenotyped in different experiments. For each experiment, individuals 

usually from the TuYV-resistant and -susceptible parental lines, were not challenged 

with aphids and were used as healthy controls. Individuals were defined as TuYV-

resistant if they had an A405 value within three standard deviations of the mean A405 

value of the unchallenged controls for that experiment; individuals were classed as 

TuYV-susceptible if they had a value above this threshold (Classen et al. 1987). 

DHSL150 (TuYV-susceptible) ♀ 
 

JWBo12 (TuYV-resistant) ♂ 
 

SEC17004 
SEC18032 

 

SEC17008 
 

SEC17010 
 

 

DHSL150 (TuYV-susceptible) ♀ 
 

SEC18031 

x 
Ä Ä 

x 



  

Table 4.2. Turnip yellows virus resistance phenotyping experiments of Brassica rapa and Brassica oleracea populations. 
 

 

a A cutting (C) was taken from this individual and subsequently used as the parent of the cross.

 

Species 
 

Phenotyping 
experiment 

 

Line 
 

Population 
 

Female 
parental 
line 

 

Female 
parent 
individual 

 

Male 
parental 
line 

 

Male  
parent 
individual 

 

Number 
of seeds 
sown 
 

B. rapa 

 

rapaF1 
 

ABA15005 
 

resistant parental line 
 

- 
 

- 
 

- 
 

- 
  

       5 
R-o-18 susceptible parental line - - - -        5 
ABA15010 F1 

 
R-o-18 R-o-18.3 ABA15005 ARB4-177      20 

 

rapaBC1s 
 

SEA16001 
 

S1, resistant parental line 
 

ABA15005 
 

SE1.2 
 

- 
 

- 
 

       2 
SEA16003 S1, susceptible parental line R-o-18 R-o-18.4 - -        2 
ABA15022 BC1 ABA15010 ARB7-5 ABA15005 ARB7-72    112 
ABA15024 BC1 

 
R-o-18 ARB7-91 ABA15010 ARB7-20    110 

 

rapaBC2/BC1S1(121) 
 

SEA16009 
 

S1, resistant parental line 
 

ABA15005 
 

SE1.3 
 

- 
 

- 
 

     10 
SEA17014 S2, susceptible parental line R-o-18 R-o-18.8 - -      15 
SEA17011 BC1S1 ABA15024 SE4.121(C)a - -      40 
SEA17017 BC2 

 
R-o-18 R-o-18.8 ABA15024 SE4.121(C)    200 

 

rapaBC2/BC1S1(114) 
 

SEA16011 
 

S1, resistant parental line 
 

ABA15005 
 

SE1.9 
 

- 
 

- 
 

     10 
SEA17013 S2, susceptible parental line R-o-18 R-o-18.7 - -      15 
SEA17010 BC1S1 ABA15024 SE4.114(C) - -      44 
SEA17016 
 

BC2 R-o-18 R-o-18.7 ABA15024 SE4.114(C)    203 

B. oleracea 

 

oleraceaF1 
 

SEC17010 
 

S1, resistant parental line 
 

JWBo12 
 

DK1.134(C) 
 

- 
 

- 
 

     12 
SEC17004 S1, susceptible parental line DHSL150 DHSL150.5 - -      20 
SEC17008 F1 

 
DHSL150 DHSL150.5 JWBo12 DK1.134(C)      20 

 

oleraceaBC1 
 

SEC17010 
 

S1, resistant parental line 
 

JWBo12 
 

DK1.134(C) 
 

- 
 

- 
 

     12 
SEC18032 S1, susceptible parental line DHLS150 DHSL150.10 - -      20 
SEC18031 BC1 

 
DHSL150 DHSL150.10 SEC17008 SE11.51    200 
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4.2.3 Identification of TuYV resistance QTL(s) in B. rapa  

 

A total of 82 individuals from the B. rapa BC1 population ABA15024 (Table 4.2) were 

sent for genotyping to Limagrain Europe using 735 B. napus kompetitive allele-

specific PCR (KASPTM) markers and the B. napus 60K AffymetrixTM SNP array 

(Clarke et al. 2016) (Chapter 2, Section 2.8.1). 

 

A total genetic map and a minimal spanning tree (MST) were calculated for each of 

three genotype datasets (KASP data only, SNP array data only and combined KASP 

and SNP array data) for ABA15024, using R/qtl (Broman 2010) and the parameters 

defined in Chapter 2, Section 2.8.2. The software MapChart2.2 (Voorrips 2002) was 

used to display MSTs based on genetic linkage data calculated by R/qtl.  

 

ELISA A405 values for ABA15024 were compiled with each of the three MSTs and 

input to R/qtl for identification of TuYV resistance QTL(s) using the one-dimensional 

interval mapping (IM) function ‘scanone’ in R/qtl (Broman et al. 2003). Two 

parametric methods, Expectation-Maximisation (EM) and Haley-Knott (HK) 

regression and one non-parametric method, Kruskal-Wallis (KW) of one-dimensional 

IM were implemented and compared (Chapter 2, Section 2.8.3). QTL modelling and 

two-dimensional IM was then carried out on all three MSTs using the ‘stepwiseqtl’ 

and ‘scantwo’ functions, respectively, also in R/qtl (Broman 2006; Broman 2008) 

(Chapter 2, Section 2.8.3).  

 

1-LOD and 2-LOD support intervals (Lander and Botstein 1989) representing a 

confidence interval of 95% and 99%, respectively were calculated for significant and 

putative QTL(s) using the ‘lodint’ function in R/qtl (Chapter 2, Section 2.8.3) The 

percentage phenotypic variation explained (PVE) by a QTL was calculated using the 

formula outlined in Chapter 2, Section 2.8.3. 
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4.3 Results 

 
4.3.1 Characterising TuYV resistance in B. rapa line ABA15005 

 

Phenotyping B. rapa parental and F1 populations for TuYV resistance 

 

Prior to the start of this PhD project, the TuYV-resistant B. rapa parental line 

ABA15005 was phenotyped for TuYV resistance and an individual, with a low A405 

value, was subsequently crossed to the rapid-cycling, inbred and TuYV-susceptible 

parental line R-o-18, to produce the F1 population ABA15010 (Fig. 4.1) (Table 4.2). 

This F1 population was then phenotyped for TuYV resistance and individuals with a 

low A405 value from the population were backcrossed to parental lines ABA15005 or 

R-o-18, to produce the reciprocal BC1 populations ABA15022 and ABA15024, 

respectively (Table 4.2). Phenotyping of the F1 and creation of the BC1 populations 

was also carried out before the start of this PhD project. 

 

During this PhD project, the F1 population ABA15010 and the parental lines were 

phenotyped for TuYV resistance for a second time, in phenotyping experiment 

‘rapaF1’. For experiment ‘rapaF1’, all of the 20 seeds sown for ABA15010 and all of 

the five seeds planted for each of the TuYV-resistant and -susceptible parental lines, 

ABA15005 and R-o-18, respectively, germinated and were phenotyped for TuYV 

resistance (Table 4.2). As a positive control for experiment ‘rapaF1’, an individual 

from the TuYV-susceptible B. napus variety Castille was also challenged with TuYV 

and as a negative control, another individual of the same variety was not challenged.  

 

The TuYV-resistant parental ABA15005 had a narrow range of the low A405 values 

(0.110 - 0.390) compared to the TuYV-susceptible parental line R-o-18, which had a 

narrow range of high A405 values (1.134 - 1 .367) (Fig. 4.3). The F1 population 

ABA15010 segregated for TuYV resistance and had a broad range of A405 values 

(0.209 - 1.099); some individuals had an A405 value as low as the TuYV-resistant 

parental line and some individuals had an A405 value nearly as high as the TuYV-

susceptible parental line (Fig. 4.3). Segregation of TuYV-resistance within 
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ABA15010 in this experiment, agreed with the findings of the previous phenotyping 

experiment of ABA15010, that was carried out before the start of this PhD project. 

 

Sharpiro-Wilks (SW) tests showed that A405 values for the F1 population ABA15010 

(p = 0.294) and the parental lines ABA15005 (p = 0.144) and R-o-18 (p = 0.508), were 

normally distributed. A Levene’s test showed that the variance between all three 

populations was homogenous (p = 0.77). A subsequent one-way analysis of variance 

(ANOVA) strongly supported a difference in the mean A405 values between the three 

populations in phenotyping experiment ‘rapaF1’ (Fig. 4.3), F (2, 27) = 36.1, p < 0.001. 

Post-hoc pairwise comparisons using Tukey’s Honestly Significant Difference (HSD), 

identified that the TuYV-resistant parental line ABA15005 (!̅ ± SD = 0.202 ± 0.113) 

had a significantly lower mean A405 value than the TuYV-susceptible parental line R-

o-18 (!̅ ± SD = 1.287 ± 0.095) (p < 0.001) and the F1 population ABA15010 (!̅ ± SD 

= 0.542 ± 0.243) (p = 0.009) and that ABA15010 had a significantly lower mean A405 

value than R-o-18 (p < 0.001). 
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Figure 4.3. ELISA results for Brassica rapa F1 and parental populations 
challenged with Turnip yellows virus (TuYV) isolate W2016FE in phenotyping 
experiment ‘rapaF1’. R-o-18 (B. rapa ssp. trilocularis, TuYV-susceptible) (r) (n = 
5) ♀ x ABA15005 (B. rapa ssp. pekinensis, TuYV-resistant) (£) (n = 5) ♂ were 
crossed to produce the F1 population ABA15010 (n = 20) (�). As a positive control, 
the B. napus variety Castille (TuYV-susceptible) was also challenged with TuYV (á) 
(n = 1). Unchallenged Castille (á) (n = 1) was used as the healthy control. Populations 
with mean A405 values that were not significantly different from one another are 
represented by the same lowercase letter (Tukey’s HSD at significance level p = 0.05). 
 
 

 

 

 

a 

b 

c 
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Phenotyping B. rapa BC1 populations for TuYV resistance  

 

The BC1 populations ABA15022 and ABA15024 were produced, prior to the start of 

this PhD project, by crossing individuals with a low A405 value from the F1 population 

ABA15010 to the TuYV-resistant parent line ABA15005 or to the TuYV-susceptible 

parent line R-o-18, respectively (Fig. 4.1) (Table 4.2). During this PhD project, these 

reciprocal BC1 populations were phenotyped for TuYV resistance alongside one 

another in phenotyping experiment ‘rapaBC1s’ (Table 4.2). For experiment 

‘rapaBC1s’, all 112 seeds germinated for the BC1 population ABA15022 but a reduced 

germination rate (74.5%) in the reciprocal BC1 population ABA15024, meant that out 

of the 110 seeds sown for this population, only 82 germinated for subsequent 

phenotyping. ABA15022 and ABA15024 were phenotyped alongside a challenged an 

unchallenged control plant from each of the S1 populations SEA16001 and SEA16003, 

derived from the TuYV-resistant and -susceptible parental lines, respectively.  

 

ABA15022 did not segregate for TuYV resistance; the population had a narrow range 

of low A405 values (0.102 - 0.522) (Fig. 4.4) and 70.5% of the individuals had an A405 

value within three standard deviations of the mean A405 value of the unchallenged 

parental lines SEA16001 and SEA16003 (!̅ + 3SD = 0.206). Individual SE4.11 had 

the highest A405 value (0.522) within ABA15022 but was still over four-fold lower 

than the challenged individual from the S1 population SEA16003 (2.263), derived 

from the TuYV-susceptible parental line. Conversely, ABA15024 segregated for 

TuYV resistance and had a broader range of A405 values (0.114 - 2.837); some 

individuals had an A405 value higher than the challenged individual from SEA16003 

and some individuals had an A405 value lower than the unchallenged parental lines 

(Fig. 4.4). Furthermore, only 12.2% of the individuals from ABA15024 had an A405 

value within three standard deviations of the mean A405 value of the unchallenged 

parental lines (!̅ + 3SD = 0.206); an approximate ratio of one resistant: seven 

susceptible individuals. SW tests identified that A405 values for both BC1 populations 

were not normally distributed (p < 0.001). A subsequent Mann-Whitney U (MWU) 

test, U = 982.5, p < 0.001, indicated that A405 values were significantly higher in 

ABA15024 (mean rank = 141.5) than ABA15022 (mean rank = 65.3). 
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Figure 4.4. ELISA results for two Brassica rapa BC1 populations challenged with 
Turnip yellows virus (TuYV) isolate W2016FE in phenotyping experiment 
‘rapaBC1s’. ABA15022 (n = 112) (�) and ABA15024 (n = 82) (�) are BC1 
populations. ABA15022 was produced from the cross ABA15010 (F1 population) ♀ 
x (B. rapa ssp. pekinensis, TuYV-resistant) ABA15005 ♂ and ABA15024 was 
produced from the cross R-o-18 (B. rapa ssp. trilocularis, TuYV-susceptible) ♀ x 
ABA15010 ♂. ABA15010 is an F1 population was produced from the cross R-o-18 ♀ 
x ABA15005 ♂. R-o-18 (SEA16003) (p) (n = 1) and ABA15005 (SEA16001) (�) (n 
= 1) S1 populations were challenged with TuYV alongside the BC1 populations. 
SEA16003 (p) (n = 1) and SEA16001 (�) (n = 1) were unchallenged, healthy 
controls. Populations with mean ranks that were not significantly different from one 
another are represented by the same lowercase letter (Dunn’s pairwise comparisons 
with the Bonferroni correction at significance level p = 0.05). 
 
 

 

a 

b  
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Phenotyping B. rapa BC2 and BC1S1 populations for TuYV resistance 

 

By the end of the phenotyping experiment ‘rapaBC1s’ (Table 4.2), individuals from 

the BC1 population ABA15024, which segregated for TuYV resistance, had stopped 

flowering and begun to senesce. For this reason, a cutting was taken from each of two 

BC1 individuals from ABA15024 that had low A405 values to propagate them for 

subsequent crossing. The two BC1 cuttings were backcrossed to the TuYV-susceptible 

parental line, R-o-18 to produce the BC2 populations SEA17016 and SEA17017 (Fig. 

4.1) (Table 4.2). The two BC1 cuttings were also self-pollinated to produce the BC1S1 

populations SEA17010 and SEA17011 (Fig. 4.1) (Table 4.2). SEA17017 (BC2) and 

SEA17011 (BC1S1) were derived from a cutting of the BC1 individual SE4.121 and 

were phenotyped for TuYV resistance alongside SEA16009, an S1 population derived 

from the TuYV-resistant parental line and SEA17014, an S2 population derived from 

the TuYV-susceptible parental line, in phenotyping experiment 

‘rapaBC2/BC1S1(121)’ (Fig. 4.1) (Table 4.2). SEA17016 (BC2) and SEA17010 

(BC1S1) were derived from a cutting of the BC1 individual SE4.114 and were 

phenotyped for TuYV resistance alongside SEA16011, an S1 population derived from 

the TuYV-resistant parental line and SEA17013, an S2 population derived from the 

TuYV-susceptible parental line, in phenotyping experiment ‘rapaBC2/BC1S1(114)’ 

(Fig. 4.1) (Table 4.2). 

 

For phenotyping experiment ‘rapaBC2/BC1S1(121)’ (Table 4.2), only 152 plants from 

the BC2 populations SEA17017 were successfully phenotyped. This was because out 

of the 200 seeds sown only 189 germinated (94.5%) and a further 37 plants could not 

be phenotyped due to plant senescence and lack of leaf material for the ELISA. A 

reduced germination rate in the BC1S1 population SEA17011 also meant that out of 

the 40 seed sown, only 32 (80%) germinated for phenotyping. Of the ten seeds sown 

of the S1 population SEA16009, derived from the TuYV-resistant parental line, only 

eight germinated (80%) and of the 15 seeds planted for the S2 population SEA17014, 

derived from the TuYV-susceptible parental line, 14 germinated (93.3%) and a further 

two plants could not be phenotyped due to plant senescence. Two individuals from 

both SEA16009 and SEA17014 were not challenged with aphids carrying TuYV and 

remained as healthy controls for experiment ‘rapaBC2/BC1S1(121)’ (Table 4.2). 
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For phenotyping experiment ‘rapaBC2/BC1S1(114)’, all 203 seeds sown for the BC2 

population SEA17016 and all 44 seeds sown for the BC1S1 population SEA17010 

germinated. Of the ten seeds sown of the S1 population SEA16011, derived from the 

TuYV-resistant parental line, only seven germinated (70%) and all of the 15 seeds 

planted for the S2 population SEA17013, derived from the TuYV-susceptible parental 

line germinated. Two individuals from SEA16011 and three individuals from 

SEA17013 were not challenged with aphids carrying TuYV and remained as healthy 

controls for experiment ‘rapaBC2/BC1S1(114)’. Plants from phenotyping experiment 

‘rapaBC2/BC1S1(114)’, were challenged with viruliferous aphids three weeks after 

germination, instead of the normal four weeks, due to the early plant senescence 

experienced in the prior phenotyping experiment ‘rapaBC2/BC1S1(121)’. 

 

Like the BC1 population ABA15024 (one resistant: seven susceptible individuals), the 

BC2 populations segregated for TuYV resistance in a similar ratio and had a broad 

range of A405 values, SEA17017 (0.105 - 3.383) and SEA17016 (0.185 - 2.984) (Fig. 

4.5 and 4.6). Some individuals within the BC2 populations had an A405 value higher 

than challenged individuals from SEA17014 or SEA17013 (S2 populations derived 

from the TuYV-susceptible parental line) and some individuals had an A405 value 

lower than the unchallenged parental lines (Fig. 4.5 and 4.6). Only 12.5% of the 

individuals from SEA17017 had an A405 value within three standard deviations of the 

mean A405 value of the unchallenged parental lines SEA16009 and SEA17014 (!̅ + 

3SD = 0.180), a ratio of one resistant: seven susceptible individuals (Fig. 4.6). 

Similarly, only 10.8% of the individuals from SEA17016 had an A405 value within 

three standard deviations of the mean A405 value of the unchallenged parental lines 

SEA16011 and SEA17013 (!̅ + 3SD = 0.274), a ratio of one resistant: eight susceptible 

individuals (Fig. 4.6).  
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Figure 4.5. ELISA results for Brassica rapa BC2, BC1S1 and parental populations 
derived from a cutting of the BC1 individual SE4.121 challenged with Turnip 
yellows virus (TuYV) isolate W2016FE in phenotyping experiment 
‘rapaBC2/BC1S1(121)’. SEA16009 (£) (n = 6) is an S1 populations of the TuYV-
resistant parental line ABA15005 (B. rapa ssp. pekinensis) and SEA17014 (r) (n = 
10) is an S2 populations of the TuYV-susceptible parental line R-o-18 (B. rapa ssp. 
trilocularis). SEA17011 (Í) (n = 32) is a BC1S1 population produced by self-
pollinating a cutting of SE4.121 [SE4.121(C)], a TuYV-resistant individual from the 
BC1 population ABA15024. SEA17017 (�) (n =152) is a BC2 populations produced 
from the cross R-o-18 ♀ x SE4.121(C) ♂. ABA15024 was produced from the cross 
R-o-18 ♀ x ABA15010 (F1 population) ♂. The F1 population ABA15010 was 
produced from the cross R-o-18 ♀ x ABA15005 ♂. SEA17014 (p) (n = 2) and 
SEA16009 (¢) (n = 2) were unchallenged, healthy controls. The ELISA plate reader 
cannot read A405 values above 3.5 and so readings were capped at this value. 
Populations with mean ranks that were not significantly different from one another are 
represented by the same lowercase letter (Dunn’s pairwise comparisons with the 
Bonferroni correction at significance level p = 0.05). 

b 

b 

c 

a 
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Figure 4.6. ELISA results for Brassica rapa BC2, BC1S1 and parental populations 
derived from a cutting of the BC1 individual SE4.114 challenged with Turnip 
yellows virus (TuYV) isolate W2016FE in phenotyping experiment 
‘rapaBC2/BC1S1(114)’. SEA16011 (£) (n = 5) is an S1 populations of the TuYV-
resistant parental line ABA15005 (B. rapa ssp. pekinensis) and SEA17013 (r) (n = 
12) is an S2 populations of the TuYV-susceptible parental line R-o-18 (B. rapa ssp. 
trilocularis). SEA17010 (Í) (n = 44) is a BC1S1 population produced by self-
pollinating a cutting of SE4.114 [SE4.114(C)], a TuYV-resistant individual from the 
BC1 population ABA15024. SEA17016 (�) (n = 203) is a BC2 populations produced 
from the cross R-o-18 ♀ x SE4.114(C) ♂. ABA15024 was produced from the cross 
R-o-18 ♀ x ABA15010 (F1 population) ♂. ABA15010 is an F1 population was 
produced from the cross R-o-18 ♀ x ABA15005 ♂. SEA17013 (p) (n = 3) and 
SEA16011 (¢) (n = 2) were unchallenged, healthy controls. The ELISA plate reader 
cannot read A405 values above 3.5 and so readings were capped at this value. 
Populations with mean ranks that are not significantly different from one another are 
represented by the same lowercase letter (Dunn’s pairwise comparisons with the 
Bonferroni correction at significance level p = 0.05). 

a 

a 

b 

c 
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The BC1S1 populations had a narrower range of lower A405 values, SEA17011 (0.113 

- 1.238) and SEA17010 (0.143 - 0.575) in comparison to their associated BC2 

populations SEA17017 (0.105 - 3.383) and SEA17016 (0.185 - 2.984), respectively 

(Fig. 4.5 and 4.6). None of the BC1S1 individuals in SEA17011 or SEA17010 had an 

A405 value as high as the mean A405 value of challenged S2 individuals derived from 

the TuYV-susceptible parental lines SEA17014 (!̅ = 1.655) or SEA17013 (!̅ = 1.164). 

Despite SEA17011 having a narrower range of A405 values compared to its associated 

BC2 population SEA17017, the percentage of the individuals which had an A405 value 

within three standard deviations of the mean A405 value of the unchallenged parental 

lines SEA16009 and SEA17014 (!̅ + 3SD = 0.180), was similar between the two 

populations, SEA17011 (18.8%) and SEA17017 (12.5%). SEA17011 appeared to 

segregate for TuYV resistance into two distinct clusters (Fig. 4.5); individuals with a 

A405 value lower than challenged individuals from the S1 population SEA16009, 

derived from the TuYV-resistant parental line or individuals that had an A405 value as 

high as challenged individuals from the S2 population SEA17014, derived from the 

TuYV-susceptible line (Fig. 4.5). The cluster with the lowest A405 values had a mean 

A405 value (!̅ = 0.289, n = 23) over a third smaller than the second cluster (!̅ = 0.970, 

n = 9). Based on number of individuals within these clusters there is an approximate 

ratio of three resistant : one susceptible individual within SEA17011 but when the 

percentage of individuals with an A405 value within three standard deviations of the 

mean A405 value of the unchallenged parental lines is considered (18.8%), the 

approximate ratio is one resistant : four susceptible individuals. SEA17010 also had a 

narrower range of low A405 values compared to its associated BC2 population 

SEA17016, but a larger percentage (56.8%) of its individuals had an A405 value within 

three standard deviations of the mean A405 value of the unchallenged parental lines 

SEA16011 and SEA17013 (!̅ +3SD = 0.274) compared to SEA17016 (10.8%) and it 

did not segregate into distinct clusters like SEA17011. Based on these percentages 

there was an approximate ratio of nine resistant : seven susceptible individuals within 

SEA17010.  

 

The S2 populations, SEA17014 and SEA17013, derived from the inbred TuYV-

susceptible parental line R-o-18 showed a broad range of A405 values, SEA17014 

(0.784 - 3.054) (Fig. 4.5) and SEA17013 (0.455 - 2.320) (Fig. 4.6). However, none of 
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the TuYV-challenged individuals from these populations had an A405 value as low as 

the mean A405 value of unchallenged individuals from the same line SEA17014 (!̅ = 

0.145) and SEA17013 (!̅ = 0.175) and none had an A405 value within three standard 

deviations of these mean A405 values SEA17014 (!̅ +3SD = 0.155) and SEA17013 

(!̅	+3SD = 0.261). 

 

SEA16009 and SEA16011 are sibling S1 populations that were produced by self-

pollinating two individuals from the TuYV-resistant parental B. rapa line ABA15005 

that had low A405 values. The S1 populations derived from the TuYV-resistant parental 

line had the narrowest and lowest range of A405 values, SEA16009 (0.124 - 0.227) and 

SEA16011 (0.146 - 0.222) out of all populations tested in both phenotyping 

experiments 4.3 (Fig. 4.5) and 4.4 (Fig. 4.6). Of the TuYV-challenged individuals 

from SEA16009 and SEA16011, 66.7% and 100% had an A405 value within three 

standard deviations of the mean A405 value for unchallenged individuals from the same 

line, respectively, SEA16009 (!̅ + 3SD = 0.153) and SEA16011 (!̅ + 3SD = 0.315).  

 

SW tests identified that A405 values for the BC2 population SEA17017 (p < 0.001) and 

BC1S1 population SEA17011 (p = 0.001) were not normally distributed but they were 

for the S1 population SEA16009 (p = 0.099), derived from the TuYV-resistant parental 

line and the S2 population SEA17014 (p = 0.481), derived from the TuYV-susceptible 

parental line. A Kruskal-Wallis (KW) test strongly supported the observable 

differences in the distribution of A405 values between the four populations in 

phenotyping experiment ‘rapaBC2/BC1S1(121)’ (Fig. 4.5), H (3) = 30.5, p < 0.001; 

SEA17017 (mean rank = 103.1), SEA17011 (mean rank = 81.1), SEA16009 (mean 

rank = 20.2) and SEA17014 (mean rank = 171.5). Dunn’s pairwise comparisons 

identified that the BC2 population SEA17017 had significantly higher A405 values than 

and S1 population SEA16009 derived from the TuYV-resistant parental line (p = 

0.001) but significantly lower A405 values than the S2 population SEA17014 derived 

from the TuYV-susceptible line (p < 0.001). Furthermore, the BC2 population did not 

have significantly different A405 values to the BC1S1 population SEA17011 (p = 0.51). 

The BC1S1 population was shown to have significantly lower A405 values than the 

SEA17014 (p < 0.001) and significantly higher A405 values than SEA16009 (p = 

0.018). Lastly, SEA17014 had significantly higher A405 than SEA16009 (p < 0.001). 
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SW tests identified that A405 values for BC2 population SEA17016 (p < 0.001) and 

BC1S1 population SEA17010 (p = 0.002) were not normally distributed but they were 

for the S1 population SEA16011 (p = 0.934), derived from the TuYV-resistant parental 

line and the S2 population SEA17013 (p = 0.406), derived from the TuYV-susceptible 

parental line. A Kruskal-Wallis (KW) test strongly supported the observable 

differences in the distribution of A405 values between the four populations in 

phenotyping experiment ‘rapaBC2/BC1S1(114)’ (Fig. 4.6), H (3) = 71.9, p < 0.001; 

SEA17016 (mean rank = 146.9), SEA17010 (mean rank = 59.3), SEA16011 (mean 

rank = 11.9) and SEA17013 (mean rank = 208.1). Dunn’s pairwise comparisons 

identified that the BC2 population SEA17016 had significantly higher A405 values than 

the BC1S1 population SEA17010 (p < 0.001) and the S1 population SEA16011 derived 

from the TuYV-resistant parental line (p < 0.001) but significantly lower A405 values 

than the S2 population SEA17013 derived from the TuYV-susceptible line (p = 0.007). 

The BC1S1 population SEA17010 was also shown to have significantly lower A405 

values than the SEA17013 (p < 0.001) but did not have significantly different A405 

values to SEA16011 (p = 0.189). Lastly, SEA17013 had significantly higher A405 than 

SEA16011 (p < 0.001).  

 

4.3.2 Mapping TuYV resistance in B. rapa line ABA15005 

 

Genetic map construction 

 

TuYV resistance was mapped in the BC1 population ABA15024, which was 

previously shown to segregate for TuYV resistance (Section 4.3.1) (Fig. 4.4). In total, 

72 out of 82 individuals from the BC1 population ABA15024 were successfully 

genotyped by Limagrain Europe, using 735 KASP markers and the B. napus 60K 

AffymetrixTM SNP array (Section 4.2.4). After filtering the genotype data using the 

parameters described in Chapter 2, Section 2.8.2, a total of 433 KASP markers and 

562 SNP array markers remained for genetic map construction in R/qtl.  

 

Three MSTs were constructed from the genotype data (Table. 4.3), the first map was 

constructed with the KASP data only (Fig. 4.7A), the second with the SNP array data 

only (Fig. 4.7C) and the third with combined KASP and SNP array data (Fig. 4.7B) 

(Section 4.2.4). For the MST constructed using both KASP and SNP array data (Fig. 
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4.7C), 137 KASP markers with a duplicate position to a SNP array marker were 

dropped from the map. The reason for retaining SNP array markers in preference to 

KASP markers was because sequence information was available for the SNP array 

markers and so, their physical positions could be determined by BLAST searching 

their sequences against reference B. rapa genomes. Conversely, sequence information 

for the KASP markers was unknown as they are part of Limagrain Europe’s 

confidential genotyping pipeline.  

 

The MST constructed using the KASP data only, had a total length of 964.4cM and 

comprised of 218 markers (Fig. 4.7A). In comparison, the MST constructed from the 

SNP array data only was smaller with a total length of 908.3cM, but was made up of 

a larger number of 236 markers (Fig. 4.7B). The MST constructed using both genotype 

datasets had an intermediate total length of 945.9cM compared to the MSTs 

constructed from the KASP only or SNP array only data, but was made up of the 

largest number of markers. It consisted of 317 markers in total and included 81 KASP 

markers and 103 SNP array markers with unique positions within the MST and 133 

KASP and SNP array markers that shared positions within the MST (Fig. 4.7C).  

 

All three MSTs (Fig. 4.7) consisted of 11 linkage groups instead of the expected 10 

for B. rapa. This was because there was segregation distortion of markers positioning 

in the middle of chr. A05. These markers were severely distorted towards the 

heterozygous genotype (~100%) instead of the expected genotype ratio of 1:1 for a 

backcross population and so, they were routinely removed during construction of the 

MSTs (Chapter 2, Section 2.8.2). Removal of theses distorted markers resulted in the 

formation of two smaller linkage groups, A05.1 and A05.2, that represented the ends 

of the chromosome (Table 4.3). The two A05 linkage groups were the smallest in 

length in all three MSTs; linkage group A05.1 had the smallest average distance 

between markers in all three MSTs and A05.2 had the largest (Table 4.3.). 

Furthermore, linkage group A03 was the largest in all three MSTs and comprised of 

the most markers. 
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Table 4.3. The distribution and density of markers in total genetic maps and 
minimal spanning trees (MSTs) constructed in R/qtl from genotyping Brassica 
rapa BC1 population ABA15024 (n = 72) with kompetitive allele-specific 
polymerase chain reaction (KASPTM) and the Brassica napus 60K AffymetrixTM 
single nucleotide polymorphism (SNP) array. 
 

 

Dataset 
 

Linkage 
group/ 
chromosome 

 

Total 
number of 
markers 

 

Number of 
markers 
in MST 

 

Length of 
MST (cM) 
 
 

 

Average 
distance between 
markers in MST 
 

 

KASP only 
 

A01 
 

     40 
 

      21 
 

   85.7 
 

           4.3 
A02      46       20  114.1            6.0 
A03      96       44  133.3            3.1 
A04      41       20    72.3            3.8 
A05.1      10         8    18.4            2.6 
A05.2        2         2    19.0          19.0 
A06      49       25  136.7            5.7 
A07      59       31  101.7            3.4 
A08      20       11    72.6            7.3 
A09      27       18  115.9            6.8 
A10      43       18    94.7            5.6 

 All chrs. 
 

   433 
 

    218 
 

 964.4 
 

           4.7 
 

 

SNP array 
only 

 

A01 
 

     61 
 

      27 
 

 104.5 
 

           4.0 
A02      38       18    92.4            5.4 
A03    124       42  134.0            3.3 
A04      54       19    60.6            3.4 
A05.1        8         6    12.8            2.6 
A05.2        3         3    21.0          10.5 
A06      79       32  111.1            3.6 
A07      81       32  103.7            3.3 
A08      32       17    57.9            3.6 
A09      28       16  118.8            7.9 
A10      54       24    91.5            4.0 

 All chrs. 
 

   562     236 
 

 908.3 
 

           4.0 
 

 

KASP and 
SNP array 
combined 

 

A01 
 

   101 
 

      32 
 

   98.0 
 

           3.2 
A02      84       30  116.9            4.0 
A03    220       57  132.5            2.4 
A04      95       27    69.6            2.7 
A05.1      18       11    17.7            1.8 
A05.2        5         4     19.8            6.6 
A06    128       37  116.9            3.2 
A07    140       42  102.2            2.5 
A08      52       23    70.0            3.2 
A09      55       24  109.5            4.8 
A10      97       30    92.8            3.2 

 All chrs. 
 

   995 
 

    317 
 

 945.9 
 

           3.1 
 

 

chrs.- chromosomes 
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Figure 4.7. Minimal spanning trees (MSTs) constructed in R/qtl from genotyping 
the Brassica rapa BC1 population ABA15024 (n = 72) with kompetitive allele-
specific polymerase chain reaction (KASPTM) and the Brassica napus 60K 
AffymetrixTM single nucleotide polymorphism (SNP) array. A. MST constructed 
from KASP markers only (red). B. MST constructed from SNP array markers only 
(black). C. MST constructed from KASP (red) and SNP array markers (black); KASP 
and SNP markers with a shared map position are highlighted in green. 

A A01 A02 A03 A04 A05.1 A05.2 A06 A07 A08 A09 A10 

B A01 A02 A03 A04 A05.1 A05.2 A06 A07 A08 A09 A10 

C A01 A02 A03 A04 A05.1 A05.2 A06 A07 A08 A09 A10 
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Identifying TuYV resistance QTLs 

 

ELISA phenotype data for ABA15024 was then compiled with the three MSTs (Table 

4.3) (Fig 4.7) and subsequent one-dimensional interval mapping (IM) and QTL 

modelling was carried out in R/qtl, using the ‘scanone’ and. ‘stepwiseqtl’ functions, 

respectively (Section 4.2.4). QTL modelling was carried out on ABA15024, despite 

the phenotype data being non-normally distributed due to negligible differences in 

‘scanone’ outputs between parametric and non-parametric methods for each MST 

(Fig. 4.8). Unfortunately, there are no non-parametric methods available for QTL 

modelling.  

 

For the MST constructed from KASP markers only, the null hypothesis of no QTLs 

detected was preferred, as no positive pLOD values were obtained during QTL 

modelling (Table 4.4). This supported the output of the one-dimensional IM (Fig. 

4.8A), where similarly no significant QTLs were detected. Although not preferred 

over the null hypothesis, eight different models were predicted during QTL modelling. 

Two of the most likely models after the null hypothesis are reported (Table 4.4). The 

first model predicted was an interaction between QTLs on chr. A07 and chr. A09 

(pLOD = -0.21). The second less likely model predicted a single QTL on chr. A09 

(pLOD = -0.24). One-dimensional IM using all three statistical methods, identified the 

highest LOD scores on chrs. A07 and A09 but none surpassed the genome-wide 

significance LOD thresholds (GWS). Using the KW method of IM due to the non-

parametric nature of the ELISA phenotype data for ABA15024, the largest LOD 

scores were identified on chr. A09 at 114.0cM (LOD = 2.52) and chr. A07 at 30.0cM 

(LOD = 1.66) and at 45.7cM (LOD = 1.53) but none reached significance (GWS LOD 

= 2.57).  
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Table 4.4. Quantitative trait locus (QTL) modelling of Turnip yellows virus 
resistance using three minimal spanning trees (MSTs) constructed for Brassica 
rapa BC1 population ABA15024 (n = 72) and the ‘stepwise’ function in R/qtl.  
 

QTL modela 

 

pLOD score 
 

 

KASP only MST 
 

SNP array only 
MST 

 

KASP and SNP 
array MST 

 
 

A07a 
  

                - 
 

            0.08 
 

             0.08 
A07a:A09           -0.21             0.50              1.03 
A03, A07a:A09                 -            -0.12              0.32 
A03, A07b, A07a:A09                 -                   -             -0.61 
A09 
 

          -0.24 
 

           -0.07 
 

            -0.03 
 

 
a A07a, A09, A03 and A07b are QTLs on chromosomes A07, A09, A03 and A07, 
respectively, which were identified using Haley-Knott regression and the ‘stepwise’ 
function in R/qtl. QTL models with a positive penalised LOD (pLOD) score are 
preferred over the null hypothesis of no QTLs detected. Not all QTL models are 
reported, only QTL models with a positive pLOD and the two next likely models after 
the null hypothesis are reported. In a QTL model, individual, non-interacting QTLs 
are separated by ‘,’ and interactions between QTLs are represented by ’:’. Due to the 
differences in length between the three MSTs, the centimorgan (cM) position of 
modelled QTLs varied between each analysis. For consistency QTLs with roughly the 
same cM position (within 10cM) were given the same name. Where there were two 
QTLs on a chromosome that had distinct cM positions (>20cM), QTLs were 
differentiated by lower case letters. 
MSTs were constructed from kompetative allele-specific polymerase chain reaction 
(KASPTM) markers only, B. napus 60K AffymetrixTM single nucleotide polymorphism 
(SNP) array markers only and combined KASP and SNP array markers. 
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Figure 4.8. One-dimensional interval mapping (IM) of Turnip yellows virus 
resistance quantitative trait loci using three minimal spanning trees (MSTs) 
constructed for Brassica rapa BC1 population ABA15024 (n = 72) and the 
‘scanone’ function in R/qtl. One-dimensional IM was carried using two parametric 
methods, Expectation-Maximisation (black) and Haley-Knott regression (green) and 
a non-parametric method, Kruskal-Wallis (red). Genome-wide significance LOD 
thresholds were calculated using each of the IM methods, 1000 permutations and a 
significance of p = 0.05 and are represented by colour-coded, dotted horizontal lines. 
IM was carried out on MSTs for ABA15024 constructed from A. Kompetative allele-
specific polymerase chain reaction (KASP) markers only B. B. napus 60K 
AffymetrixTM single nucleotide polymorphism (SNP) array markers only. C. KASP 
and SNP array markers combined. 
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For the MST constructed from SNP array markers only, four QTL models were 

predicted, two of which were preferred over the null hypothesis of no QTLs (Table 

4.4). As for the KASP only MST, these preferred models involved QTLs on chrs. A07 

and A09 at similar cM positions. Again, the most likely model, was an interaction of 

a QTL on chr. A07 with a QTL on chr. A09 (pLOD = 0.50). The second, less likely 

model, was a single QTL on chr. A07 (pLOD = 0.08). The findings of the QTL 

modelling were further supported by one-dimensional IM (Fig. 4.8B), where using the 

KW method, the highest LOD scores were identified on chr. A09 at 118.0cM (LOD = 

2.69) and chr. A07 at 34.4cM (LOD = 2.39). However, unlike the KASP only MST, 

the QTL on chr. A09 surpassed the GWS during IM and thus significantly associated 

with TuYV-resistance (GWS LOD = 2.58). Interestingly, the significant QTL on chr. 

A09 detected from IM mapping of the SNP array only MST was not preferred over 

the null hypothesis during QTL modelling (pLOD = -0.07) and conversely, the QTL 

on chr. A07 predicted by modelling was not significant by IM. 

 

For the MST constructed by combining KASP and SNP array markers, five QTL 

models were predicted, three of which were preferred over the null hypothesis of no 

QTLs (Table 4.4). As for the other MSTs, the most likely QTL model involved 

interaction between a QTL on chr. A07 and a QTL on chr. A09 (pLOD = 1.03). By 

combining both KASP and SNP array markers in the MST, the pLOD for this QTL 

model was significant over the null hypothesis, unlike its prediction from the KASP 

only MST (pLOD = -0.21) and its probability of occurrence had doubled in 

comparison to its prediction from the SNP array only MST (pLOD = 0.50). Again, 

this QTL model was supported by one-dimensional IM of the combined MST (Fig. 

4.8C), where using the KW method, the highest LOD scores were identified on chr. 

A09 at 108.0cM (LOD = 2.72) and chr. A07 at 33.7cM (LOD = 2.39). Like the SNP 

array only MST, the QTL on chr. A09 surpassed the GWS during IM (GWS LOD = 

2.60) but was not preferred over the null hypothesis during QTL modelling (pLOD = 

-0.03). With equal probability to the SNP array only MST, a single QTL model on chr. 

A07 was also preferred over the null hypothesis for the combined MST (pLOD = 

0.08), although a significant QTL on chr. A07 was not detected by one-dimensional 

IM. The last QTL model to be preferred over the null hypothesis and predicted from 

the combined MST, involved the interaction of the QTLs on chrs. A07 and A09, 

discussed above, but with an additional non-interacting QTL on chr. A03 (pLOD = 
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0.32), This model was also predicted from the SNP only MST but was not preferred 

over the null hypothesis (pLOD = -0.12). An additional QTL on chr. A03 was not 

supported by IM, the largest LOD score for a position on this chromosome, using the 

KW method, was 0.617, over four-fold lower than the GWS (GWS LOD = 2.60).  

 

One-dimensional IM and QTL modelling of the SNP array only and combined MSTs 

suggested that two interacting QTLs on chr. A07 and A09 were the most probable 

model of TuYV resistance originating from B. rapa line ABA15005 (Table 4.4). 

Based on these findings, two-dimensional IM was carried out on all three MSTs using 

the ‘scantwo’ function, in R/qtl (Section 4.2.4). Like QTL modelling, ‘scantwo’ 

assumes normality of the phenotype data. It was used to calculate the probability of 

the following five models occurring, the full model (LODfull), LODfull occurring over 

the best single QTL model (LODfv1), the additive model (LODadd), LODadd occurring 

over the best single QTL model (LODav1) and the epistatic interactive model 

(LODint).In this instance, LODfull was the probability of the two QTLs on chrs. A07 

and A09 interacting, LODadd was the probability of these two QTLs occurring without 

them interacting, LODint is the probability of them occurring with an epistatic 

interaction between them and the best single QTL model was a QTL on chr. A09 

previously identified by one-dimensional IM (Table 4.4). 

 

As expected, no significant two-QTL models were detected using ‘scantwo’ analysis 

of the KASP only MST (Table 4.5), supporting the findings of the previous QTL 

modelling (Table 4.4), where the null hypothesis of no QTLs was preferred. For both 

the SNP array only and the combined MSTs, a significant LODfull model between 

QTLs on chrs. A07 and A09 was detected (SNP only MST, LODfull = 7.06, GWS 

LODfull = 5.9) (combined MST, LODfull = 7.51, GWS LODfull = 6.6). Additionally, the 

epistatic interaction (LODint) between these two QTLs was not significant in both 

analyses thus suggesting a positive interaction between the QTLs in the full model. 

For the SNP array only MST, the full model was preferred over the best single QTL 

model (LODfv1 = 4.33, GWS LODfv1 = 4.74), supporting the results of the QTL 

modelling. However, the single QTL model was slightly preferred for the combined 

MST (LODfv1 = 4.78, GWS LODfv1 = 4.48), contradicting the results of the QTL 

modelling. Furthermore, the additive model for the combined MST was significant, 

suggesting that the QTLs on chrs. A07 or A09 did not interact and either was able to 
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confer TuYV resistance without the presence of the other. Finally, for the combined 

MST, two-dimensional scanning detected a significant additive QTL model for TuYV 

resistance including QTLs on chrs. A04 and A09 (LODadd = 4.85, GWS LOD = 4.50), 

but this was not significant for analysis of the other MSTs.  

 
Table 4.5. Two-dimensional interval mapping of Turnip yellows virus resistance 
quantitative trait loci (QTLs) using three minimal spanning trees (MSTs) 
constructed for Brassica rapa BC1 population ABA15024 (n = 72) and the 
‘scantwo’ function in R/qtl.  
 

 

MSTs were constructed from kompetative allele-specific polymerase chain reaction 
(KASP) markers only, Brassica napus 60K AffymetrixTM single nucleotide 
polymorphism (SNP) array markers only and combined KASP and SNP array 
markers. Haley-Knott regression was used for two-dimensional QTL interval mapping 
and calculation of genome-wide significance (GWS) LOD thresholds of 100 
permutations and a significance of p = 0.05.The probability (LOD) of five, two-QTL 
models and their GWS thresholds are reported, LODfull is the probability of two 
interacting QTLs occurring, LODfv1 is the probability of LODfull occurring over the 
best single QTL model, LODint is the probability of two epistatically interacting QTLs 
occurring, LODadd is the probability of two non-interacting QTLs occurring and 
LODav1 is the probability of LODadd occurring over the best single QTL model. The 
best single QTL, a QTL on chromosome A09, was previously identified by one-
dimensional IM. 
 

 

MST 
 

QTLs 
 

LODfull 
 

LODfv1 
 

LODint 
 

LODadd 
 

LODav1 
 

 

KASP 
only 

 

- 
 

- 
 

- 
 

- 
 

- 
 

- 
GWS 5.83 

 
4.59 

 
4.26 

 
4.63 

 
2.64 

 
 

SNP array 
only 

 

A07@33cM, A09@118cM 
 

7.06 
 

4.33 
 

2.09 
 

4.97 
 

2.24 
GWS  5.90 

 
4.74 

 
4.30 

 
5.08 

 
2.35 

 

KASP and 
SNP array 
combined 

 

A07@32cM, A09@109cM 
 

7.51 
 

4.78 
 

2.49 
 

5.02 
 

2.29 
A04@56cM, A09@108cM 4.87 2.21 0.02 4.85 2.19 
GWS 
 

6.60 
 

4.48 
 

4.14 
 

4.50 
 

2.34 
 



 

Table 4.6. Putative Turnip yellows virus resistance quantitative trait loci (QTL) intervals identified using the ‘lodint’ function in R/qtl, in 
three minimal spanning trees (MSTs) constructed for Brassica rapa BC1 population ABA15024 (n = 72). 
 

 

QTL 

location 

(chr.) 

 

MST 
 

Total chr. 

length 

(cM) 

 

1-LOD interval 
 

2-LOD interval 
 

Peak 

LOD 

     

Genome-wide 

significance 

LOD 

 

PVE (%) 

 

Position (cM) 
 

Size 
 

Position (cM) 
 

Size  
 

A07 
 

KASP only 
 

     101.7 
 

        21.0 - 61.7 
 

40.7 
 

        5.5 - 87.0 
 

81.5 
 

     1.63 
 

2.57 
 

         9.9 

SNP array only      103.7         26.0 - 50.0 24.0       18.0 - 74.0 56.0      2.39 2.58        14.2 

KASP and SNP array combined      102.2         26.0 - 56.0 30.0       18.0 - 73.0 55.0      2.39 2.60        14.2 

 Average             -                 - 31.6               - 64.2           - -        12.8 
 

A09 
 

KASP only 
 

     115.9 
 

      104.0 - 115.9 
 

11.9 
 

      97.0 - 115.9 
 

18.9 
 

     2.44 
 

2.57        14.4 
 

SNP array only 
 

     118.8       107.0 - 118.8 
 

11.8 
 

    100.0 - 118.8 
 

18.8      2.67 2.58        15.7 
 

KASP and SNP array combined      109.5         99.0 - 109.5 10.5       93.3 - 109.5 16.2      2.71 2.60        15.9 

 Average             -                 - 11.4               - 18.0           - -        15.3 
 

MSTs were constructed from kompetative allele-specific polymerase chain reaction (KASP) markers only, Brassica napus 60K AffymetrixTM 
single nucleotide polymorphism (SNP) array markers only and combined KASP and SNP array markers. 1-LOD and 2-LOD intervals were 
calculated around the chromosome-wide LOD maximum and represent a confidence interval of 95% and 99%, respectively. chr. - chromosome, 
PVE - phenotypic variation explained.
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QTL mapping of the BC1 population ABA15024 suggested that TuYV resistance 

originating from B. rapa line ABA15005 is controlled by two, possibly interacting 

QTLs on chrs. A07 and A09. 1-LOD and 2-LOD intervals were calculated for each of 

these putative QTLs (pQTLs) using the ‘lodint’ function in R/qtl (Table 4.6) (Section 

4.2.4). For all three MSTs, the putative QTL (pQTL) 2-LOD interval on chr. A07 

(64.2cM) was on average, three and half times the size of the 2-LOD interval 

calculated for the pQTL on chr. A09 (18.0cM) (Table 4.6). Similarly, the 1-LOD 

interval for the pQTL on chr. A07 (31.6cM) was three times the size of the 1-LOD 

interval for the p QTL on A09 (11.4cM). These differences are due to the pQTL on 

chr. A09 positioned at the end of the chromosome, whereas the pQTL on chr. A07 

positioned in the middle of the chromosome (Table 4.6). Intervals calculated for both 

pQTLs were similar in length and position between all three MSTs, except for the 

pQTL on chr. A07 in the KASP only MST (Table 4.6). A double LOD peak occurred 

within the 1-LOD interval on chr. A07 (Fig 4.8A) causing the interval to be larger (1-

LOD = 40.7cM, 2-LOD = 81.5) in comparison to the SNP array only MST (1-LOD = 

24.0cM, 2-LOD = 56.0) and the combined MST (1-LOD = 30.0cM, 2-LOD = 55.0). 

 

The SNP array markers R60K_Bn-A07-p11175937 and R60K_Bn-scaff_16445_1-

p898556 had the highest associated LOD scores within the pQTLs, on chrs. A07 and 

A09, respectively (Table 4.6). BS009534 and BS002018 were the equivalent KASP 

markers to these SNP array markers on chrs. A07 and A09, respectively (Table 4.6). 

Using LOD scores associated with these markers, the percentage phenotypic variation 

explained by genotype was calculated for each of the two pQTLs in the three MSTs 

(Section 4.2.4) (Table 4.6). The pQTLs on chrs. A07 and A09, on average between 

the three MSTS, explained 12.8% and 15.3 % of the phenotypic variation, respectively 

and combined explained on average 28.1%.  

 

A dominant, additive model between pQTLs on A07 and A09 was predicted by two-

dimensional IM of the combined MST. This model is supported when A405 values are 

compared between individuals from ABA15024 with a different genotype at the 

markers (mentioned above) that position these pQTLs (Fig. 4.9). A KW test 

comparing the A405 values of individuals with a different genotype at R60K_Bn-A07-

p11175937 and R60K_Bn-scaff_16445_1-p898556 was significant, H (3) = 25.2, p < 

0.001; AA/AA (mean rank = 51.1), AA/AB (mean rank = 23.4), AB/AA (mean rank 
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= 28.6) and AB/AB (mean rank = 25.3) (Fig. 4.9A). Where genotype AA is 

homozygous for the parental TuYV susceptibility allele, genotype BB is homozygous 

for the parental TuYV resistance allele and AB is a heterozygous genotype, at markers 

R60K_Bn-A07-p11175937/R60K_Bn-scaff_16445_1-p898556. Dunn’s pairwise 

comparisons showed that individuals with a heterozygous genotype (AA/AB or 

AB/AA) at either marker, had significantly lower A405 values compared to those that 

were homozygous (AA/AA) for the parental TuYV susceptibility allele at both 

markers (p < 0.001) However, individuals heterozygous (AB/AB) at both markers did 

not have any significant further reduction in viral titre compared to those heterozygous 

at either marker. Analyses of A405 values for individuals with different genotypes at 

the KASP markers BS009534/BS00218 showed the same significant differences as 

the SNP array markers, H (3) = 23.7, p < 0.001; AA/AA (mean rank = 51.3), AA/AB 

(mean rank = 22.3), AB/AA (mean rank = 29.7) and AB/AB (mean rank = 27.9) (Fig. 

4.9B). Individuals, heterozygous at either or both pQTL had lower mean rank A405 

values in comparison to individuals homozygous for the susceptibility allele. Yet, 

there was still a broad range of A405 values within each genotype group; there were 

AA/AA individuals that had a low ‘resistant’ A405 values and AA/AB, AB/AA and 

AB/AB individuals that had a high ‘susceptible’ A405 values (Fig 4.9). 
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Figure 4.9. ELISA values for individuals from the Brassica rapa BC1 population 
ABA15024 (n = 72) by their genotype at markers positioning within putative Turnip 
yellows virus resistance (TuYV) quantitative trait loci on chromosomes A07 and A09. 
Genotype AA is homozygous for the parental TuYV susceptibility allele, genotype BB is 

homozygous for the parental TuYV resistance allele and AB is a heterozygous genotype. A. 
ELISA values for individuals by their genotype at markers R60K_Bn-A07-p11175937 and 

R60K_Bn-scaff_16445_1-p898556 that position on chromosomes A07 and A09, respectively. 

One individual has been omitted from the analysis due to missing genotype data B. ELISA 

values for individuals by their genotype at markers BS009534 and BS002018 that position on 

chromosomes A07 and A09, respectively. Populations with mean ranks that were not 

significantly different from one another are represented by the same lowercase letter (Dunn’s 

pairwise comparisons with the Bonferroni correction at significance level p = 0.05). 
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4.3.3 Characterising TuYV resistance in B. oleracea line JWBo12  
 

Phenotyping B. oleracea parental S1 and F1 populations for TuYV resistance  

 

Production of populations for TuYV resistance characterisation and mapping in B. 

oleracea was difficult and time consuming because the TuYV-resistant B. oleracea 

parental line, JWBo12 did not flower readily. JWBo12 took over two and half years 

into this PhD project to flower, compared to the TuYV-resistant B. rapa line 

ABA15005 which flowered readily after four weeks of vernalisation. 

 

A phenotyping experiment carried out before the start of this project showed that 

JWBo12 segregated for TuYV resistance and so based on these findings an S1 

population SEC17010 was produced by self-pollinating a cutting of an individual from 

JWBo12 that had a low A405 value (Fig. 4.2). This same individual from JWBo12 was 

crossed to the rapid cycling TuYV-susceptible double haploid line DHSL150 to 

produce the F1 population SEC17008 (Fig. 4.2). SEC17004 is an S1 population 

produced by self-pollinating the TuYV-susceptible parental line DHSL150 and was 

phenotyped for TuYV resistance alongside SEC17010 and SEC17008 in phenotyping 

experiment ‘oleraceaF1’ (Fig. 4.2) (Table 4.2). For experiment ‘oleraceaF1’, 18 out of 

the 20 seeds (90%) sown for SEC17008, nine out of 12 seeds (75%) sown for 

SEC17010, and 12 out of the 20 seeds (60%) sown for SEC17004 germinated for 

TuYV resistance phenotyping. Two individuals from SEC17004 and SEC17010 were 

not challenged with aphids carrying TuYV and remained as healthy controls for 

experiment ‘oleraceaF1’. 

 

The F1 population SEC17008 appeared to segregate for TuYV resistance and had a 

broad range of A405 values (0.838-2.154) with individuals falling into one of two 

clusters; those with an A405 value lower than the unchallenged parental lines and those 

that had an A405 value as high as SEC17004 (the S1 population derived from the TuYV-

susceptible parental line) (Fig. 4.10). The cluster of F1 individuals with the lowest A405 

values had a mean A405 value (!̅ = 0.942, n = 8) almost half that of the second cluster 

(!̅ = 1.822, n = 10). Furthermore, roughly half (55.6%) of the individuals from the F1 

population had an A405 value within three standard deviations of the mean A405 value 
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of the unchallenged parental lines SEC17004 and SEC17010 (!̅ + 3SD = 1.801); an 

approximate ratio of one resistant: one susceptible individual. 

 

Figure 4.10. ELISA results for Brassica oleracea F1 and parental populations 
challenged with Turnip yellows virus (TuYV) isolate W2016FE in phenotyping 
experiment ‘oleraceaF1’. SEC17010 (£) (n = 7) is an S1 population of the TuYV-
resistant parental line JWBo12 (B. oleracea) and SEC17004 (r) (n = 10) is an S1 
population of the TuYV-susceptible parental line DHSL150 (B. oleracea). SEC17008 
(�) (n = 18) is an F1 population produced from the cross DHSL150 ♀ x JWBo12 ♂. 
SEC17004 (p) (n = 2) and SEC17010 (¢) (n = 2) were unchallenged, healthy controls. 
The ELISA plate reader cannot read A405 values above 3.5 and so readings were 
capped at this value. Populations with mean ranks that were not significantly different 
from one another are represented by the same lowercase letter (Dunn’s pairwise 
comparisons with the Bonferroni correction at significance level p = 0.05). 

a 

a 

b 
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Challenged individuals from SEC17010 (the S1 population derived the TuYV-resistant 

parental line) appeared to segregate for TuYV resistance in a similar ratio (one 

resistant: one susceptible individual) and into similar clusters as the F1 population (Fig. 

4.10). The cluster of challenged individuals from SEC17010 with the lowest A405 

values had a mean A405 value (!̅ = 1.114, n = 4) compared to the second cluster (!̅ = 

1.782, n = 3). Similar to the F1 population, 57.1% of the challenged individuals from 

SEC17010 had an A405 value within three standard deviations of the mean A405 value 

of the unchallenged individuals of the same line (!̅ + 3SD = 1.428); an approximate 

ratio of one resistant: one susceptible. 

 

All of the challenged individuals, except SE11.27, from the S1 population SEC17004 

derived of the TuYV-susceptible parental line had an A405 value higher than the 

unchallenged individuals from the same line (Fig. 4.10). SEC17004, did not segregate 

into two clusters like SEC17010 and SEC17008 and only SE11.27 (10% of 

individuals) had an A405 value within three standard deviations of the mean A405 value 

of the unchallenged individuals of SEC17004 (!̅ + 3SD = 1.632).  

 

SW tests showed that A405 values for parental lines SEC17004 (p = 0.142) and 

SEC17010 (p = 0.164) were normally distributed but they were not for SEC17008 (p 

= 0.005). A KW test strongly supported the observable differences in the distribution 

of A405 values between the three populations in phenotyping experiment ‘oleraceaF1’ 

(Fig. 4.10), H (2) = 10.3, p = 0.006; SEC17004 (mean rank = 26.8), SEC17008 (mean 

rank = 14.6) and SEC17010 (mean rank = 14.1). Dunn’s pairwise comparisons 

identified that the S1 population SEC17004 derived from the TuYV-susceptible 

parental line had significantly higher A405 values than the F1 population SEC17008 (p 

= 0.003) and the S1 population SEC17010 derived from the TuYV-resistant parental 

line (p = 0.012) but there was no significance difference in A405 values between 

SEC17008 and SEC17010 (p = 0.918). 
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Phenotyping a B. oleracea BC1 population for TuYV resistance  

 

An F1 individual from SEC17008 that had a low A405 value was crossed back to the 

TuYV-susceptible parental line DHSL150 to produce the BC1 population SEC18031 

and to the TuYV-resistant parental line JWBo12 to produce the BC1 population 

SEC18029 (Fig. 4.2). The presence of TuYV-resistant individuals in the F1 population 

SEC17008 (Fig. 4.10) suggested that TuYV-resistance gene(s) from JWBo12 are 

dominantly inherited. Therefore, the BC1 population SEC18031 was phenotyped for 

TuYV resistance alongside S1 populations SEC17010 and SEC18032, derived from 

the TuYV-resistant and -susceptible parental lines respectively, in phenotyping 

experiment ‘oleraceaBC1’ (Table 4.2) (Fig 4.11). Ideally, both BC1 populations would 

have been phenotyped simultaneously but this was not possible due to limited time 

and glasshouse space. For experiment ‘oleraceaBC1’, all 200 seeds sown for 

SEC18031, all 20 seeds sown for SEC18032 and nine out of 12 seeds sown (75%) for 

SEC17010 germinated for phenotyping. Two individuals from SEC17010 and 

SEC18032 were not challenged with aphids carrying TuYV and remained has healthy 

controls for experiment ‘oleraceaBC1’. 

 

The BC1 population SEC18031 segregated for TuYV resistance in a similar way to 

the B. rapa BC1 and BC2 populations (Section 4.3.1). It had a broad range of A405 

values (0.566 - 3.500), some individuals had an A405 value as high as the challenged 

S1 population, SEC18032, derived from the TuYV-susceptible parental line and some 

individuals had an A405 value lower than the unchallenged parental lines (Fig. 4.11). 

Despite having a broad range of A405 values, a large percentage of individuals from 

SEC18031 (78%) had an A405 value within three standard deviations of the healthy 

control mean of the unchallenged parental lines SEC17010 and SEC18032 (!̅ + 3SD 

= 1.430), an approximate ratio of three resistant : one susceptible individual. 
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Figure 4.11. ELISA results for a Brassica oleracea BC1 population and parental 
populations challenged with Turnip yellows virus (TuYV) isolate W2016FE in 
phenotyping experiment ‘oleraceaBC1’. SEC17010 (£) (n = 7) is an S1 population 
of the TuYV-resistant parental line JWBo12 (B. oleracea) and SEC18032 (r) (n = 
18) is an S1 population of the TuYV-susceptible parental line DHSL150 (B. oleracea). 
SEC18031 (�) (n = 200) is a BC1 population produced from the cross DHSL150 ♀ x 
SEC17008 (F1 population) ♂. The F1 population SEC17008 was produced from the 
cross DHSL150 ♀ x JWBo12 ♂. SEC18032 (p) (n = 2) and SEC17010 (¢) (n = 2) 
were unchallenged, healthy controls. The ELISA plate reader cannot read A405 values 
above 3.5 and so readings were capped at this value. Populations with mean ranks that 
were not significantly different from one another are represented by the same 
lowercase letter (Dunn’s pairwise comparisons with the Bonferroni correction at 
significance level p = 0.05). 
 
 
 

a 

a 
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The S1 population SEC17010, derived from the TuYV-resistant parental line had a 

narrower range of lower A405 values (0.669 - 1.631) in comparison to the BC1 

population (0.566 - 3.500) and the S1 population SEC18032, derived from the TuYV-

susceptible parental line (1.471 - 3.500) (Fig. 4.11). In the previous phenotyping 

experiment ‘oleraceaF1’ (Fig. 4.10), SEC17010 appeared to segregate into two clusters 

of individuals that either had an A405 value lower than the unchallenged individuals of 

the same line or those that has an A405 value as high as the S1 population SEC17004, 

derived from the TuYV-susceptible parental line. In this phenotyping experiment 

‘oleraceaBC1’, individuals from SEC17010 did not fall into two clusters and instead 

85.7% of the challenged individuals had an A405 value within three standard deviations 

of the mean A405 value of the unchallenged individuals of the same line (!̅ + 3SD = 

1.632), an approximate ratio of six resistant : one susceptible individual. Like 

phenotyping experiment ‘oleraceaF1’, the S1 populations SEC18032, derived from the 

TuYV susceptible had a broad range of high A405 values (1.471-3.500) and 0% of 

individuals had an A405 value within three standard deviations of the unchallenged 

individuals of that same line (!̅ + 3SD = 1.227). 

 

SW tests showed that A405 values for parental lines SEC17010 (p = 0.495) and 

SEC18032 (p = 0.130) were normally distributed but they were not for SEC18031 (p 

< 0.001). A KW test strongly supported the observable differences in the distributions 

of A405 values between the three populations in phenotyping experiment 

‘oleraceaBC1’ (Fig. 4.11), H (2) = 45.0, p < 0.001; SEC17010 (mean rank = 77.2), 

SEC18031 (mean rank = 105.5) and SEC18032 (mean rank = 210.3). Dunn’s pairwise 

comparisons identified that the S1 population SEC18032 derived from the TuYV-

susceptible parental line had significantly higher A405 values than the BC1 population 

SEC18031 (p < 0.001) and the S1 population SEC17010 derived from the TuYV-

resistant parental line (p < 0.001) but there was no significance difference in A405 

values between SEC18031 and SEC17010. 

 

4.3.4 Mapping TuYV resistance in B. oleracea line JWBo12 

 

Funding obtained from a BBSRC Impact Acceleration Award (IAA) towards the end 

of this PhD, meant that 115 individuals from the BC1 population SEC18031 and the 

parental lines have been genotyped on the Illumina® Infinium Brassica ABC SNP 
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array by Jacqueline Batley’s group at the University of Western Australia. The 

genotyping results have only recently been received and so could not be analysed for 

inclusion in this thesis. 

 
4.4 Discussion 

 
4.4.1 Characterising novel TuYV resistances in B. rapa and B. oleracea 

 

Phenotyping of B. rapa and B. oleracea F1 populations (ABA15010 and SEA17008, 

respectively) showed that both segregated for TuYV resistance (Table 4.7). The 

presence of resistant individuals (those with an A405 value within three standard 

deviations of the mean A405 value of the healthy controls) within these F1 populations 

suggested that TuYV resistance in ABA15005 and JWBo12 is dominantly inherited. 

Segregation in the F1 populations could be a result of the quantitative nature of the 

resistance in these lines, whereby TuYV is still able to replicate within resistant 

individuals but to a much lesser extent than susceptible individuals. It could also be 

explained by gene-dosage effect (partial dominance of the resistance), where F1 

individuals are heterozygous for the resistance allele and have an intermediate 

phenotype to the resistant and susceptible parental lines which are homozygous for 

the resistance and susceptibility alleles, respectively. This intermediate phenotype was 

particularly apparent in the B. rapa F1 population ABA15010. Furthermore, the 

TuYV-resistant parents of the F1 populations may have been heterozygous for the 

gene(s) controlling the resistances, resulting in segregation in the F1 populations. This 

would not be unlikely, as both ABA15005 and JWBo12 are landraces, which typically 

have highly heterozygous genomes due to being good outbreeders and poor 

inbreeders.  

 

 

 

 

 

 

 



  
 

Table 4.7. Summary of Turnip yellows virus (TuYV) resistance phenotyping results for Brassica rapa and Brassica oleracea populations.  
 

 

Species 
 

Experiment 
 

Plant population 
 

No. of individuals a 
 

Observed ratio 
(resistant : susceptible)  

Resistant 
 

Susceptible 
 

Total 
 

B. rapa 
 

‘rapaF1’ 
 

ABA15010 (F1) 
 

0 
 

20 
 

20 
 

0:1 

 
 

‘rapaBC1s’ 
 

ABA15022(BC1) 
 

79 
 

33 
 

112 
 

5:2 
  ABA15024 (BC1) 10 72 82 1:7 

 
 

‘rapaBC2/BC1S1(121)’ 
 

SEA17017 (BC2) 
 

19 
 

133 
 

152 
 

1:7 
  SEA17011 (BC1S1) 6 26 32 1:4 

 
 

‘rapaBC2/BC1S1(114)’ 
 

SEA17016 (BC2) 
 

22 
 

181 
 

203 
 

1:8 
  SEA17010 (BC1S1) 25 19 44 9:7 
 

B. oleracea 
 

‘oleraceaF1’ 
 

SEC17008 (F1) 
 

10 
 

8 
 

18 
 

5:4 

 ‘oleraceaBC1’ SEC18031 (BC1) 158 42 200 4:1 
 

a Individuals were classed as resistant to TuYV if they had an A405 value within three standard deviations of the mean A405 value of the healthy 
controls. Individuals were classed as susceptible to TuYV if they had an A405 value higher than the mean A405 value plus three standard deviations 
of the healthy controls. 
 

 

 

129 



 130 
 

To test the hypothesis of heterozygosity of the resistance gene(s) within the parents of 

the F1 populations, S1 populations were produced from them and phenotyped. 

Supporting this hypothesis, the S1 population (SEC17010) derived from the B. 

oleracea TuYV-resistant parent, appeared to segregate for resistance in phenotyping 

experiment ‘oleraceaF1’ and the founder line JWBo12 was also shown to segregate 

for TuYV resistance, when phenotyped prior to the start of this project. However, 

SEC17010 did not segregate for TuYV resistance when phenotyped for a second time 

in experiment ‘oleraceaBC1’ and instead was uniformly resistant. This difference 

could be explained by a difference in the build-up of viral titre in test plants between 

the two experiments. In phenotyping experiment ‘oleraceaF1’, the viral titre had not 

accumulated to as high levels in the TuYV-susceptible parental line DHSL150 as in 

experiment ‘oleraceaBC1’, which meant that there was not such clear differentiation 

between resistant and susceptible individuals in experiment ‘oleraceaF1’. In hindsight, 

it would have been useful to have carried out a second, later ELISA for experiment 

‘oleraceaF1’ to see whether the viral titre would have risen in DHSL150 in relation to 

SEC17010 and the F1. This in turn, would have helped to determine whether 

SEC17010 and the F1 were truly segregating for resistance. Unfortunately, the B. rapa 

F1 population was produced before the start of this PhD project and an S1 population 

was not produced from the TuYV-resistant parent of the F1. It was therefore not 

possible to directly test the hypothesis of heterozygosity of the resistance gene(s) 

within the parents of the F1 population for B. rapa. However, S1 populations 

(SEA16009 and SEA16011) were produced from individuals from ABA15005 that 

had the lowest ELISA A405 values and when phenotyped had a similar range of A405 

values (SEA16009 = 0.112 - 0.227, SEA16011 = 0.146 - 0.223) compared to the 

founder line ABA15005 (0.110 - 0.390), although it is not possible to directly compare 

between phenotyping experiments. This suggests that the resistance was not 

segregating in ABA15005 and that the segregation in phenotype observed in the F1 

population ABA15010 was due to other reasons, such as the quantitative nature of the 

resistance and/or gene-dosage effect.  

 

Reciprocal BC1 populations were produced for both B. rapa and B. oleracea by 

crossing F1 individuals with a low A405 value back the TuYV-resistant and -susceptible 

parental lines. For B. rapa, the BC1 population ABA15022 (F1 ♀ x TuYV-resistant 

parent ♂) was shown to be uniformly resistant to TuYV, the majority of individuals 
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from the population had an A405 value within three standard deviations of the mean 

A405 value of the healthy controls (Table 4.7). In contrast, the reciprocal BC1 

population ABA15024 (TuYV-susceptible parent ♀ x F1 ♂) segregated for resistance. 

This further supported a dominant resistance in B. rapa. Of the individuals from 

ABA15024, 12.2% had an A405 value within three standard deviations of the mean 

A405 value of the healthy controls, which equates to an approximate phenotype ratio 

of one resistant : seven susceptible individuals within the population (Table 4.7). This 

ratio could not be fitted to any Mendelian model of inheritance, this could be due to 

the quantitative nature of the trait, gene-dosage effect and the associated difficulty in 

classifying individuals as resistant, or susceptible. TuYV resistance was mapped in B. 

rapa using ABA15024 and is discussed in more detail in Section 4.4.2. For B. 

oleracea, only the BC1 population SEC18031 (TuYV-susceptible parent ♀ x F1 ♂) 

was phenotyped due to time limitations. SEC18031 was phenotyped in preference to 

the reciprocal BC1 population SEC18029 (F1 ♀ x TuYV-resistant parent ♂) because 

presence of TuYV-resistant individuals within the F1 suggested a dominant trait and 

so it was hypothesised and later shown that SEC18031 would segregate for resistance 

and be suitable for QLT mapping. Of the individuals from SEC18031, 78.8% had an 

A405 value within three standard deviations of the mean A405 value of the healthy 

controls (Table 4.7). This ratio was shown not to be significantly different from the 

ratio associated with a two additive gene model (three resistant : one susceptible 

individual), !2 (1, 200) = 1.707, p = 0.192. 

 

Two individuals from the B. rapa BC1 population ABA15024 with low A405 values 

were backcrossed again to the TuYV-susceptible parent R-o-18, to produce BC2 

populations (SEA17016 and SEA17017). They were also self-pollinated to produce 

BC1S1 populations (SEA17010 and SEA17011). In further support of a dominant 

resistance, the B. rapa BC2 populations SEA17016 and SEA17017 were shown to 

segregate for TuYV resistance and in roughly the same phenotypic ratio (one resistant 

: seven susceptible individuals) as for the BC1 population ABA15024 (Table 4.7). A 

narrower range of lower A405 values were obtained for the B. rapa BC1S1 populations 

SEA17010 (0.143 - 0.575) and SEA17011 (0.113 - 1.238) in comparison to their 

respective BC2 populations, SEA17016 (0.185 - 2.984) and SEA17017 (0.105 - 

3.383). BC1S1 population SEA17011 segregated for TuYV resistance, in two clusters 

with in an approximate ratio of three resistant : one susceptible individual. However, 
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when the percentage of individuals with an A405 value within three standard deviations 

of the mean A405 value of the healthy controls was considered for SEA17011, the ratio 

was one resistant : four susceptible individuals (Table 4.7). The other BC1S1 

population SEA17010 did not segregate for resistance into clear clusters like 

SEA17011 and appeared to be uniformly resistant. Of the individuals from SEA17010, 

56.8% of individuals had an A405 value within three standard deviations of the mean 

A405 value of the healthy controls, an approximate ratio of nine resistant : seven 

susceptible individuals (Table 4.7). The difference in segregation ratios between the 

BC1S1 populations could be explained by a two additive gene model, where both 

resistance genes had been passed to SEA17010, !2 (1, 44) = 3.220, p = 0.073 (based 

on all individuals being resistant) and where only one of these genes had been passed 

to SEA17011, !2(1, 32) = 0.167, p = 0.280 (based on the number of individuals within 

the resistant/susceptible clusters). This is worth remembering when using the BC2 

populations for fine mapping TuYV resistance in B. rapa line ABA15005.  

 

There was a broad range of viral titres for both the B. rapa and B. oleracea TuYV-

susceptible parental self-populations, R-o-18 (SEA16003, SEA17013 and SEA17014) 

and DHSL150 (SEC17004 and SEC18032). This was surprising as R-o-18 is heavily 

inbred and DHSL150 is a double haploid and so individuals within these lines are 

genetically very similar, or identical. This suggests that viral titre is heavily influenced 

by environment or that the phenotyping is not uniform. Abiotic factors, particularly 

high temperatures, have been associated with higher TuYV titres (Graichen 1998; 

Juergens et al. 2010) and in turn increased yield losses in oilseed rape (Congdon et al. 

2019). High temperatures have also been implicated in the breakdown of resistances 

to TuYV (Dreyer et al. 2001) and other plant viruses belonging to the Potyviridae 

(Seifers et al. 2007; Ohki et al. 2018) and Bromoviridae (Hobbs et al. 2012) virus 

families. All populations discussed in this chapter were phenotyped for TuYV 

resistance under the same glasshouse conditions (18±2˚C) and so temperature cannot 

account for the broad range of titres within the TuYV-susceptible parental self-

populations. The broad range of viral titres could be due to the inoculation method. 

Unpublished work at the University of Warwick showed that the number of aphids 

used to challenge plants affected the viral titer within them (Katschnig, unpublished). 

Whilst the number of aphids per plant was kept constant within and between 

experiments (five aphids/plant) and inoculum plants were tested for TuYV infection 
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prior to use (Chapter 2, Section 2.4), it is possible that some aphids were not carrying 

the virus. Unfortunately, TuYV, like other poleroviruses, is not transmissible by 

mechanical means and hence aphids have always got to be used to challenge and 

phenotype plants. 

 

The TuYV resistances characterised in ABA15005 and JWBo12 behave similarly to 

resistances to other poleroviruses, which have also been shown to be dominantly 

inherited and quantitative (Table 4.1). Examples include resistance to TuYV 

originating from the resynthesised B. napus line ‘R54’ and variety Yudal (Dreyer et 

al. 2001; Juergens et al. 2010; Hackenberg et al. 2020), resistances to PLRV in potato 

(Marczewski et al. 2001; Velásquez et al. 2007) and to ScYLV in sugarcane (Costet 

et al. 2012). The similar characteristics of these resistances could suggest that they 

might be controlled by homologous genes. However, no genes have been identified 

that give resistance to viruses of the Luteoviridae family and so this cannot yet be 

proved. A study by Marczewski et al. (2001) identified a PLRV resistance QTL that 

was tightly linked to a tobacco N-gene homolog, the first viral R-gene identified 

(Whitham et al. 1994). R-genes are dominantly inherited, classically accompanied by 

a hypersensitive response (HR) (Chapter 1, Section 1.6) and confer extreme resistance. 

Yet the resistance described by Marczewski et al. (2001) was quantitative and did not 

elicit a HR. In fact, apart from resistance to BYDV, no extreme resistances have been 

identified to a Luteoviridae species and none of the published resistances, or the 

resistance characterised in this chapter, elicit a HR. Therefore, it is unlikely that 

resistance to TuYV and other members of the Luteoviridae family are controlled by 

R-genes.  

 
4.4.2 Mapping TuYV resistance QTLs in B. rapa line ABA15005 

 

The B. rapa BC1 population ABA15024 was shown to segregate for TuYV resistance 

and was used for QTL mapping. A total of 72 individuals from ABA15024 were 

successfully genotyped by Limagrain Europe using KASP and the B. napus 60K 

AffymetrixTM SNP array. From the genotype data three MSTs were constructed, an 

MST made of KASP markers only, SNP array markers only and both KASP and SNP 

array markers combined. Each of the three MSTs had good marker coverage, the 



 134 
 

average number of markers per chromosome was 22, 24, and 32 and the average 

distance between markers was 4.7cM, 4.0cM and 3.1cM for the KASP only, SNP array 

only and combined MST, respectively. Polymorphic markers between the parental 

lines ABA15005 and R-o-18 that positioned within the middle of chr. A05 had 

severely distorted segregation ratios, meaning that in each of the MSTs this 

chromosome was represented by two terminal linkage groups (A05.1 and A05.2). 

Distorted segregation of markers on chr. A05 in B. rapa, particularly distortion 

towards the heterozygous genotype, has been reported previously and although the 

reasons for this is not unclear it is thought to be a result of embryonic or zygotic 

selection (Kitashiba et al. 2016). It may be a result of the parental cross between 

different subspecies; a B. rapa ssp. pekinensis (ABA15005) was crossed to a B. rapa 

ssp. trilocularis, which are quite different to one another morphologically and 

genetically. The issue with distorted marker segregation is that it diminishes the power 

of the QTL analysis in the region of distortion, as fewer comparisons between 

genotypes can be made (Zhang et al. 2010). Therefore, to overcome this it would be 

necessary to create a new mapping population by crossing ABA15005 to a more 

closely related and TuYV-susceptible B. rapa line. Each of the other nine B. rapa 

chromosomes were well represented by markers in each MST. 

 

One-dimensional IM of all three MSTs identified putative, or significant QTLs on 

chrs. A07 and A09. The QTL mapped on chr. A07 was close to significance in the 

SNP array only and combined MSTs but was substantially below the GWS threshold 

in the KASP only MST. QTL modelling supported the findings of the one-dimensional 

IM and suggested that interacting QTLs on chrs. A07 and A09 most likely explained 

TuYV resistance in ABA15005 when the SNP array only (pLOD = 0.50) and the 

combined MSTs (pLOD = 0.81) were analysed. However, no significant QTL models 

were identified when the KASP only MST was analysed and the pLOD scores 

obtained for the other MSTs were low and only just preferred over the null hypothesis 

of no QTLs detected. This could be due to the inability to carry out non-parametric 

QTL modelling (the ELISA phenotype data for the mapped population ABA15024 

was non-normally distributed) or could be because the predicted QTLs on chrs. A07 

and A09 only explained a small percentage of the phenotypic variation in the 

population. Two-dimensional IM further supported the findings of one-dimensional 

IM and QTL modelling and identified a significant additive model (no interaction 
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between QTLs) for QTLs on chrs. A07 and A09 when the combined MST was 

analysed (LODadd = 5.02, GWS LODadd = 4.50). This model was also very close to 

significance for the SNP array only MST (LODadd = 4.97, GWS LODadd = 5.08) and 

was supported when ELISA A405 values were compared between individuals with a 

different genotype at these QTLs; individuals possessing the parental TuYV resistance 

allele at either QTL had a reduced viral titre and no further significant reduction in 

titre was identified in individuals possessing the parental resistance allele at both 

QTLs. Yet again though, no significant two QTL models were identified for the KASP 

only MST. The lack of significant findings during QTL analyses of the KASP only 

MST could be due to the MST comprising of the smallest total number of markers 

(218) compared to the SNP array only (236 markers) and combined (317 markers) 

MSTs and so, the analysis lacked statistical power in comparison.  

 

Based on ELISA phenotype data, an approximate ratio of one resistant : seven 

susceptible individuals was determined for the B. rapa BC1 population ABA15024 

and the BC2 populations SEA17016 and SEA17017 (Table 4.7) (Section 4.4.1). This 

ratio could not be fitted to the three resistant : one susceptible ratio associated with a 

two dominant additive gene model predicted by QTL analyses, !2(1, 82) = 178.8, p < 

0.001 or Chi-squared analysis of the BC1S1 (SEA17010 and SEA17011) phenotypes. 

However, a two dominant additive gene model does fit the ratio obtained from 

analysing the phenotype data of the B. oleracea BC1 population SEC18031 (Table 

4.7). Unfortunately, due to time and financial limitations, it was not possible to map 

SEC18031 during this PhD project to see if the resistance in B. oleracea is explained 

by this predicted model. However, BBSRC IAA funding, secured towards the end of 

this PhD research, has been used to do this.  

 

For all three MSTs, the putative TuYV resistance QTLs on chr. A07 and A09 had an 

average 2-LOD interval (99% confidence interval) of 64.2cM and 18.0cM, 

respectively. The 2-LOD interval on chr. A07 was large, approximately two thirds of 

the total chromosome length. In the KASP only MST, this interval was much larger 

(81.5cM) than the other MSTs (55.0 - 56.0cM) and was a result of a double LOD peak 

occurring within the 1-LOD interval. Based on the physical position of flanking SNP 

array markers, the 2-LOD QTL interval on chr. A07 is approximately 11.5 million 

base pairs (Mbp) in length and contains 1969 genes and the 1-LOD interval is 3.8 Mbp 
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and contains 624 genes. In comparison, the 2-LOD QTL interval on chr. A09 was 

smaller due to the QTL occurring at the end of the chromosome. Based on the physical 

position of the SNP array marker closest to the upper 2-LOD interval boundary and 

the total length of the chromosome, the 2-LOD interval on chr. A09 was 6.7 Mbp in 

length and contained 1354 genes, the 1-LOD interval was 3.8 Mbp and contained 806 

genes. As no resistance genes have been identified to any member of the Luteoviridae 

family, it is very difficult at this point to suggest candidate TuYV resistance genes 

from such a large subset. It will therefore be necessary to test if the predicted pQTLs 

on chr. A07 and A09 are correct and if so, fine map the pQTLs to reduce their interval 

sizes and the number of potential candidate genes. This will be done by mapping 

TuYV resistance in the BC2 populations SEA17016 and SEA17017, produced and 

phenotyped in this chapter using BBSRC IAA funding obtained after towards the end 

of this PhD research. 

 

The pQTLs on chrs. A07 and A09 explained an average of 12.8% and 15.3% of the 

phenotypic variation and if the predicted additive model is correct there is no 

additional variation explained when both QTLs are present. The pQTLs explained a 

relatively small amount of phenotypic variation relative to the ‘R54’ TuYV resistance 

QTL which explained up to 50% (Dreyer et al. 2001) and resistances to other 

poleroviruses such as ScYLV, where the resistance QTL explained 32% (Costet et al. 

2012). TuYV replication and resistance to the virus has been shown to be heavily 

influenced by environment (Graichen 1998; Dreyer et al. 2001; Juergens et al. 2010) 

and similar small percentage phenotypic variation has been associated with resistances 

QTLs to other poleroviruses, such as CYDV (del Blanco et al. 2014). Moreover, the 

advantage of an additive model is that either QTL on chrs. A07 or A09 can confer 

resistance and there is no dependence on one or other for resistance. This means that 

they could behave more like monogenic traits and this would therefore make them 

particularly appealing to breeders, as they are easier to integrate in comparison to 

polygenic traits. 

 

QTL mapping of resistance originating from B. rapa line ABA15005 suggests that it 

is different to the commercially available ‘R54’ and Yudal resistances, which have 

been mapped to the B. rapa genome but to chr. A04 (Dreyer et al. 2001; Juergens et 

al. 2010; Hackenberg et al. 2020)(Chapter 3). For TuYV resistance in ABA15005, a 
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significant, additive two-QTL model involving QTLs on chrs. A04 and A09 (LODadd 

= 4.85, GWS LODadd = 4.50) was identified by two-dimensional IM of the combined 

MST. However, this model was not identified in any of the other MSTs and a QTL on 

chr. A04 was not identified during one-dimensional IM or QTL modelling. 

Segregation of TuYV resistance in the BC2 populations SEA17016 and SEA17017 

and identification of a large proportion of resistant individuals within the BC1S1 

population SEA17010 and SEA17011 (Section 4.3.1) suggests that the BC1 

individuals, SE4.114 and SE4.121, crossed to produce these populations, carried the 

resistance allele(s) in the pQTLs identified on chrs. A07 and A09. When the genotype 

of SE4.114 is considered (Fig. 4.12), it is heterozygous for the TuYV-resistant parental 

allele (blue) within the pQTLs on chrs. A07 and A09 and is homozygous for the 

TuYV-susceptible parental allele (yellow) over the ‘R54’ TuYV resistance QTL on 

chr. A04, further confirming a novel resistance. Unfortunately, genotyping of SE4.121 

was unsuccessful so could not be compared over the TuYV resistance QTLs like 

SE4.114. By identifying novel resistance QTLs in ABA15005, the resistance base for 

oilseed rape has been broadened and this novel resistance can be introgressed into 

oilseed rape varieties and stacked with the ‘R54’ resistance to enhance its durability. 

Stacking resistance genes to safeguard against resistance breaking is a suggested 

technique in plant breeding (Shehryar et al. 2019). 
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Figure 4.12. Genotype of Turnip yellows virus (TuYV)-resistant individual 
SE4.114 from Brassica rapa BC1 population ABA15024 across a minimal 
spanning tree (MST) constructed in R/qtl. The MST was constructed by genotyping 
ABA15024 with the B. napus 60K AffymetrixTM single nucleotide polymorphism 
(SNP) array. Putative TuYV resistance quantitative trait loci (QTLs) were mapped in 
B. rapa line ABA5005 using ABA15024 and their locations in the MST are depicted 
in black; a solid black bar indicates the 1-LOD QTL support interval (95% confidence 
interval) and the whiskers represent the 2-LOD support interval (99% confidence 
interval). The commercially available TuYV resistance originating from resynthesised 
B. napus line ‘R54’ has been previously mapped and its approximate position in the 
MST is shown in red. The genotype of SE4.114 across the MST is shown, 
homozygous for the parental TuYV susceptibility allele (yellow), heterozygous for the 
parental TuYV susceptibility/resistance alleles (blue) and unknown genotype (white).  
 

4.4.3 Conclusions and future work 

 
TuYV resistance originating from B. rapa line ABA15005 and B. oleracea line 

JWBo12 have been shown to be quantitative and dominantly inherited like previously 

characterised resistances to other viruses of the Luteoviridae family. Interval mapping 

and QTL modelling of the B. rapa BC1 population ABA15024, identified two putative, 
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additive QTLs on chrs. A07 and A09, responsible for TuYV resistance in ABA15005. 

The resistance in ABA15005 differs from the commercially available ‘R54’ resistance 

in oilseed rape which is controlled by a single QTL also originating from the Brassica 

A genome but on chr. A04. Markers co-segregating with TuYV resistance in 

ABA15005 were identified and two BC2 populations were produced and phenotyped. 

These BC2 populations have now been genotyped on the Illumina® Infinium Brassica 

ABC SNP array, using BBSRC IAA funding obtained towards the end of this PhD 

research. Mapping TuYV resistance in these BC2 populations will test the QTL models 

predicted from mapping of the resistance in the BC1 population and will further fine 

map TuYV resistance in ABA15005. This in turn, will help identify markers that are 

more tightly linked with the resistance and could suggest candidate TuYV-resistance 

gene(s). TuYV resistance could not be mapped in B. oleracea line JWBo12 due to 

time and financial limitations. However, BBSRC IAA funding has been used to 

genotype individuals from the BC1 population SEC18031, shown to segregate for 

TuYV resistance. 

 

Identification of TuYV-resistance linked markers in ABA15005 and JWBo12 will 

help accelerate the introgression of these novel resistances into commercial Brassica 

types (oilseed and vegetable) using marker-assisted selection and will broaden the 

resistance base in the crop. Moreover, identifying candidate TuYV resistance genes 

will allow the implementation of targeted gene-editing techniques in oilseed rape 

breeding as well as help identify homologous resistance genes to other members of 

the Luteoviridae family.  
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Chapter 5  

 

Introgression of novel sources of Turnip yellows virus 
(TuYV) resistance into oilseed rape (Brassica napus) 
by resynthesis 
 
 
5.1 Introduction 

 
It is thought that B. napus (genome AACC) arose from a limited number of 

hybridisation events between the diploid species, B. rapa (genome AA) and B. 

oleracea (CC), relatively recently in evolutionary time (~7500 years ago) (Chalhoub 

et al. 2014) (Chapter 1, Section 1.3). Due to its recent origin and extensive breeding 

programs aimed at improving seed quality (Chapter 1, Section 1.3), the genetic 

diversity within B. napus is limited relative to its progenitor species, which diverged 

from one another ~3.8 mya (Inaba and Nishio 2002) (Chapter 1, Section 1.2). 

Resynthesis provides a direct method to utilise and combine components of the 

genetically diverse B. rapa and B. oleracea genomes to overcome the genetic 

bottleneck present in B. napus. However, resynthesis has been associated with a 

number of problems. For example, increased incidences of homoeologous exchange 

between the sub-genomes (Sharpe et al. 1995; Hurgobin et al. 2018), incompatibly 

issues between the nuclear and plastid genomes, activation of transposable elements 

and epigenetic alterations (Ferreira de Carvalho et al. 2019) have all been identified 

within resynthesised lines. This means that, more often than not, undesirable and 

unviable lines are produced by this method. 

 

5.1.1 The process of B. napus resynthesis 

 

The process of B. napus resynthesis is summarised in Fig. 5.1. The first stage of 

resynthesis involves the interspecific crossing of the diploid species, B. rapa (genome 

AA) with B. oleracea (genome CC) (Fig. 5.1). In the second stage, the resulting 

embryos, which have the diploid genome AC, are rescued on media usually whilst still 

in their ovules at 12-15 days after pollination (DAP) (Zhang et al. 2004) (Fig. 5.1). 
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Embryo rescue is required to overcome incompatibly barriers associated with 

interspecific crossing. The most common problem, is the degeneration of embryos due 

to abnormal endosperm development and/or poor embryo-endosperm interaction 

(Inomata 1993). The media used in embryo rescue replaces the endosperm and 

provides essential nutrients for successful embryo development. The third stage 

involves the regeneration of plants from rescued embryos on media, which induces 

leaf and root development. The fourth stage involves treating the regenerated plants, 

produced from the interspecific cross (genome AC), with a chromosome 

multiplication agent such as colchicine, to produce true allotetraploids like B. napus 

(genome AACC) (Fig. 5.1). In the final step, colchicine-treated plants are ploidy tested 

to determine the success of the resynthesis process and whether individuals with the 

B. napus genome, AACC have been produced.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 5.1. The process of Brassica napus resynthesis. 
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5.1.2 Introgression of desirable traits into B. napus via resynthesis 

 

Interspecific crossing and resynthesis are techniques which can be used to introgress 

desirable traits into B. napus and other polypoid crop species from their more 

genetically diverse progenitor species. An example of trait introgression into B. napus 

via resynthesis includes the ‘Mendel’ resistance to clubroot (Plasmodiophora 

brassicae). It was introgressed into B. napus from the interspecific cross between he 

B. rapa line, ECD-04 and B. oleracea line, ECD-15, which both possessed resistance 

to clubroot (Diederichsen and Sacristan 2006). Resistance to Verticillium longisporum 

has also been introgressed into B. napus via the interspecific crossing of various 

resistant B. rapa and B. oleracea lines (Rygulla et al. 2007). Another example of trait 

introgression into B. napus, via resynthesis includes TuYV resistance. The 

interspecific cross between B. oleracea ‘Stone Head’ and B. rapa ‘Nr. 67’, carried out 

by Gland (1980), unknowingly lead to the introgression of TuYV resistance into the 

resynthesised B. napus line ‘R54’. This resistance was later introgressed into 

commercial oilseed rape varieties (Paetsch et al. 2003) and has been fine mapped in 

Chapter 3 of this PhD research. I showed that the ‘R54’ TuYV resistance was 

controlled by gene(s) positioning in close proximity to a homoeologous 

recombination/gene conversion event on chr. A04. Recombination between the 

Brassica A and C genome is a common phenomenon in B. napus and is thought to 

enhance the genetic diversity within them through gene gain or loss (Hurgobin et al. 

2018).  

 

5.1.3 Chapter aims and objectives 

 

The research described in this chapter aimed to introgress and combine TuYV 

resistances from the B. rapa A genome line ABA15005 and B. oleracea C genome 

lines, JWBo1 and JWBo12 into B. napus, via resynthesis. TuYV resistance in 

ABA15005 and JWBo12 have been characterised and mapped (Chapter 4). TuYV 

resistance in JWBo1 was characterised and mapped as part of BBSRC HAPI 

(Horticulture and Potato Initiative) funded research project that was carried out 

separate to this PhD research. If successful, the resynthesised B. napus plants will have 

a dual TuYV resistance from both the Brassica A and C genomes. It is hypothesised 

that this dual resistance will be superior in strength to that of single TuYV resistances 
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and potentially more durable. To test this hypothesis, the resynthesised B. napus plants 

(thought to possess dual TuYV resistance) produced in this study, were phenotyped 

for TuYV resistance alongside single resistances present in the parental lines and the 

single ‘R54’ resistance present in commercial oilseed rape varieties. The research 

described here, also aimed to introgress resistance to clubroot from the B. rapa line 

VR2017 and combine it with TuYV resistance from the B. oleracea lines JWBo1 and 

JWBo12 using B. napus resynthesis. Ultimately, the introgression of novel resistances 

will broaden and strengthen the durability of the TuYV and clubroot resistance bases 

in oilseed rape. 

 

5.2 Materials and methods 

 
5.2.1 B. napus resynthesis  

 

Interspecific crossing and embryo rescue 

 

B. napus resynthesis was carried out as described by Zhang et al. (2004) but with the 

modified media described below. Firstly, reciprocal interspecific crosses were carried 

out; two Brassica A genome lines, ABA15005a (S1 population of TuYV-resistant B. 

rapa ssp. pekinensis line ABA15005) and VR2017 (clubroot-resistant B. rapa 

Limagrain breeding line) were crossed to two Brassica C genome lines, JWBo1 

(TuYV-resistant B. alboglabra) and JWBo12 (TuYV-resistant B. oleracea). In total, 

six out of the eight possible permutations of the interspecific crosses were carried out 

between the four plant lines (Table 5.1). The two permutations that were excluded 

were the reciprocal crosses between VR2017 and JWBo12 (Table 5.1). This was 

because there was only a single plant from JWBo12 that was flowering at the time of 

crossing and so, priority was given to crosses that would combine TuYV resistance 

from both the Brassica A and C genomes, which was the primary focus of this 

chapter’s research. Siliquae produced from the interspecific crosses were then 

collected 12-15 DAP and under aseptic conditions, were sterilised in 75% ethanol for 

30 seconds, 5% hypochlorite solution for 15 minutes followed by three washes in 

sterile distilled water. Immature ovules were excised from the sterlised siliquae using 

scalpel and forceps on damp filter paper and plated on to Murashige and Skoog (MS) 
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regeneration media, which comprised of 1x MS basal salt media and 3% sucrose 

adjusted to pH 5.8 with 1M KOH, solidified with 7g/L phytoagar (Duchefa 

Biochemie) and after autoclaving supplemented with 1x MS vitamin solution, 

400mg/L glutamine (Acros Organics), 2mg/L 6-benzylaminopurine and 0.1mg/L 

naphthylacetic acid. Unless stated otherwise, all reagents were from Sigma-Aldrich®. 

Petri dishes containing ovules were sealed with micropore tape and left in the dark for 

24 hours at 20±2°C. Ovules were then transferred to a growth cabinet (Labheat 

YR2000) and cultured at 16hrs/8hrs (light/dark) and 20±2°C (Fig. 5.2A). To 

accelerate regeneration, ovules that had germinated and produced a callus of 2-4mm 

in diameter, were re-plated on the fresh MS regeneration media and returned to the 

growth cabinet (Fig. 5.2B).  

 

Table 5.1. All possible permutations of interspecific crosses of two diploid 
Brassica A genome lines (VR2017 and ABA15005a) with two diploid Brassica C 
genome lines (JWBo1 and JWBo12) for the introgression of Turnip yellows virus 
(TuYV) and clubroot resistance into Brassica napus via resynthesis. 
 

 

Cross permutation 
 

 

Cross 
 

Cross carried out? 
 

1 
 

 

VR2017 ♀ x JWBo1 ♂ 
 

yes 
2 
 

JWBo1 ♀ x VR2017 ♂ yes 
 

3 
 

 

VR2017 ♀ x JWBo12 ♂ 
 

no 
4 
 

JWBo12 ♀ x VR2017 ♂ no 
 

5 
 

 

ABA15005a ♀ x JWBo1 ♂ 
 

yes 
6 
7 

JWBo1 ♀ x ABA15005a ♂ yes 
 

7 
 

 

ABA15005a ♀ x JWBo12 ♂ 
 

yes 
8 
 

JWBo12 ♀ x ABA15005a ♂ yes 
 

ABA15005a, JWBo1 and JWBo12 are TuYV resistant lines and VR2017 is a clubroot 
resistant line.  
 

Stimulating root growth 

 

Once the calluses had produced their first true leaves, they were transplanted to 

PhytatraysTM (Sigma-Aldrich) containing MS rooting media which comprised of ½x 

MS basal salt media and 2% sucrose adjusted to pH 5.8 with 1M KOH, solidified with 

7g/L phytoagar (Duchefa Biochemie) and after autoclaving was supplemented with 

½x MS vitamin solution and 1mg/L Indole-3-butyric acid. Unless stated otherwise, all 

reagents were from Sigma-Aldrich®. The base of PhytotraysTM containing a callus 
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were wrapped in foil to mimic the darkness of soil and returned to the growth cabinet 

to stimulate root development. 

 

Once abundant roots had developed and regenerated plants had produced at least eight 

to 12 true leaves (Fig. 5.2C) they were removed from the PhytatraysTM, excess media 

was washed from their roots using distilled water and they were re-potted into FP9 

pots containing Levington® M2 compost. Re-potted plants were capped with clear 

plastic bags fastened to the pots using an elastic band and every one to two days, 

corners of the plastic bags were cut off until plants were acclimatised to atmospheric 

humidity (Fig. 5.2D). If severe wilting occurred, plastic bags were resealed or 

replaced. Once acclimatised, plants were transferred to the glasshouse (Chapter 2, 

Section 2.1). 

 

Chromosome multiplication 

 

If successful, the regenerated plants produced from the interspecific crosses will have 

a diploid Brassica genome of AC. To produce true allotetraploids, like B. napus 

(genome AACC), the regenerated plants were treated with the chromosome 

multiplication agent colchicine. To do this, regenerated plants were firstly propagated 

by taking cuttings (Chapter 2, Section 2.2). Once established, the cuttings were 

removed from their pots and soil was washed from their roots using distilled water. 

The cleaned roots were then incubated in 0.34% colchicine for 90 minutes, as 

described by Fletcher et al. (1998) (Fig. 5.2E), followed by three washes in distilled 

water before being re-potted into Levington® M2 compost and returned to the 

glasshouse (Fig. 5.2F). Due to the toxicity of colchicine to humans, treatment was 

carried out in the fume hood using appropriate personal protective equipment. 

Furthermore, all treated plants were clearly labelled and subsequently handled wearing 

gloves. 

 



 

 

Figure 5.2. The experimental stages of Brassica napus resynthesis. A. Embryos produced from interspecific crosses between B. rapa and B. 
oleracea lines, rescued on Murashige and Skoog (MS) regeneration media, 12-15 days after pollination. B. Regeneration and callus formation of 
rescued embryos on fresh MS regeneration media. C. Transfer of regenerated plants to PhytatraysTM containing MS rooting media to stimulate 
root development. D. Transfer of regenerated plants with developed roots to Levington® M2 compost. Plants were bagged to retain humidity; these 
bags were then gradually removed to allow plants to acclimatize to atmospheric humidity. E. Treatment of the roots of regenerated plants with 
0.34% colchicine to induce chromosome multiplication. F. Colchicine-treated, regenerated plants which had been re-potted into Levington® M2 
compost and transferred to the glasshouse ready for ploidy testing. 
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Ploidy testing 
 
Flow cytometry was used to determine the ploidy of regenerated plants not treated 

with colchicine, colchicine-treated cuttings and plants belonging to an S1 population 

(SER19001) produced by self-pollinating a colchicine-treated cutting (Table 5.2). 

Ploidy testing was carried out by Plant Cytometry Services in The Netherlands. It 

involved staining nuclei with a fluorescent DNA specific dye, suspending cells in a 

stream of fluid and running them through a flow cytometer. The flow cytometer 

subsequently measured the fluorescence intensity omitted by each individual nucleus 

in a sample and compared the average to a standard, to produce a ratio.  

 

The ploidy ratios of regenerated plants and those from SER19001 were determined 

against Plant Cytometry Services’ internal standards, Vinca minor or Chlorophytum 

comosum. In the same way, ploidy ratios were determined for control lines which 

included the parental lines of the interspecific crosses (ABA15005a and JWBo12) and 

standard plant lines, R-o-18, A12DHd and Anastasia, which represented the B. rapa 

(genome AA), B. oleracea (genome CC) and B. napus (genome AACC) genomes, 

respectively.  

 

To determine the success of colchicine treatment, the fluorescence intensity of nuclei 

from treated cuttings was compared to the fluorescence produced by nuclei that had 

the diploid ploidy AC. In this way, the percentage of nuclei with a certain AC ploidy 

level (1x, 2x, 3x …) within a sample could be calculated. For example, those nuclei 

from colchicine-treated plants that had a florescence twice as intense as nuclei that 

had the ploidy AC, would be classed as having a ploidy level of AACC. In the same 

way, regenerated plants were tested for spontaneous chromosome multiplication. This 

method also allowed the detection of mixoploid samples i.e. those that possess nuclei 

with a different AC ploidy level. 

 

For ploidy testing, fresh leaf samples were sent to Plant Cytometry Services on damp 

filter paper sealed in individual plastic bags. When ploidy ratios were to be 

determined, two leaves from each plant were sent, unless stated otherwise. Where 

percentage AC ploidy level was to be calculated, four leaves from each plant were 

sent. Results were returned in an Excel file. 
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5.2.2 Phenotyping resynthesised B. napus plants for TuYV resistance 
 

A colchicine-treated cutting produced from the interspecific cross between the TuYV-

resistant B. rapa line ABA15005a (an S1 population from the founder line ABA15005) 

and resistant B. oleracea line JWBo12, was self-pollinated to produce the S1 

population SER19001 (Table 5.2). Individuals from SER19001 were phenotyped for 

TuYV resistance alongside TuYV-resistant or -susceptible B. rapa, B. oleracea and 

B. napus plant lines, including S1 populations derived from the parental lines 

(ABA15005 and JWBo12) and F1 populations produced from within species crossing 

of the resistant and susceptible plant lines (Table 5.2). This was to determine if TuYV 

resistance had been successfully introduced into population SER19001 via resynthesis 

and if successful, compare the strength of its resistance to the other lines. 

 

Following the protocol in Chapter 2, Section 2.4 and unless stated otherwise, 20 plants 

from each of the lines listed in Table 5.2 were phenotyped for TuYV resistance. Due 

to limited seed stock, only 12 plants were phenotyped for SER19001 and eight plants 

and 12 plants were phenotyped for the B. rapa S1 parental populations, ABA15005a 

and ABA1500b, respectively. For each line, two of the 20 individuals were not 

challenged with aphids carrying TuYV and were used as healthy controls. Viral titre 

was quantified within all plants at four weeks and in a subset of plants at 11 weeks 

post-challenge with viruliferous aphids, using TAS-ELISA (Chapter 2, Section 2.4).  

 

ELISA A405 values were standardised between plates and means were calculated for 

each individual (Chapter 2, Section 2.4.3). Then, for each line, the average A405 value 

of the healthy controls was subtracted from the average A405 value of challenged 

individuals in the same line. Statistical differences in A405 values between populations 

were then determined using IBM® SPSS® Statistics version 25 (IBM® Corporation 

2017).  

 
 
 



 

Table 5.2. Brassica plant lines phenotyped for Turnip yellows virus (TuYV) resistance alongside the resynthesised Brassica napus 
population SER19001. 
 

 

Plant line 
 

Brassica 
genome 
 

 

TuYV resistance status 
 

 

Description 

 

ABA15005a 
 

AA 
 

resistant 
 

 

S1 population produced by self-pollinating individual SE1.10 from the B. rapa founder line ABA15005 
 

ABA15005b 
 

AA 
 

resistant 
 

 

S1 population produced by self-pollinating individual SE1.1 from the B. rapa founder line ABA15005 
 

R-o-18a 
 

AA 
 

susceptible 
 

 

S1 population produced by self-pollinating an individual from the inbred B. rapa line R-o-18 
 

ABA15010 
 

AA 
 

segregating for resistance 
and susceptibility 

 

B. rapa F1 population produced from the cross R-o-18 ♀ x ABA15005 ♂ 
 

JWBo12a 
 

CC 
 

resistant/segregating for 
resistance and susceptibilitya 

 

S1 population produced by self-pollinating individual DK1.134.1 from the B. oleracea founder line  
JWBo12 

 

DHSL150a 
 

CC 
 

susceptible 
 

S1 population produced by self-pollinating an individual from the from the B. oleracea double haploid line 
DHSL150 

 

SEC17008 
 

CC 
 

segregating for resistance 
and susceptibility 
 

 

B. oleracea F1 population produced from the cross DHSL150 ♀ x JWBo12 ♂ 

 

Amalie 
 

AACC 
 

resistant 
 

 

oilseed rape variety developed by the seed company Limagrain that possesses the ‘R54’ TuYV resistanceb. 
 

R7011-AB 
 

AACC 
 

susceptible 
 

 

B. napus breeding line developed by the seed company Limagrain 
 

SEN16002 
 

AACC 
 

resistant 
 

F1 hybrid line developed by the seed company Limagrain from the cross R7011-AB ♀ x oilseed rape line 
possessing the ‘R54’ TuYV resistance from Amalie ♂ 

 

SER19001 
 

predicted 
AACC 

 

unknown 
 

Resynthesised B. napus S1 population produced from self-pollinating a colchicine-treated cutting (C10) of 
individuals SE7.4, which was regenerated from the interspecific cross ABA15005a ♀ x JWBo12 ♂ 
 

 
a This population was phenotyped for TuYV resistance twice previously. On the first occasion the population appeared to segregate for TuYV 
resistance and on the second occasion, it was uniformly resistant to the virus. 
b The ‘R54’ TuYV resistance originated from the resynthesised B. napus line ‘R54’Graichen (1994). 
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5.3 Results 

 
5.3.1 Introgression of TuYV and clubroot resistance into B. napus via resynthesis 
 

In total, nine interspecific crosses were carried out between the Brassica A genome 

lines ABA15005a (possesses TuYV resistance) and VR2017 (possesses clubroot 

resistance) and the Brassica C genome lines JWBo1 and JWBo12 (both possess TuYV 

resistance). From all nine crosses, a total of 994 ovules were rescued of which only 82 

germinated (8.2%) and eight regenerated into rooted plants (0.8%) (Table 5.3). 

 

The cross between JWBo1 ♀ x ABA15005a ♂ produced the greatest number of ovules 

per siliqua (8.1 ovules/siliqua) but of the 105 ovules cultured from this cross, none 

germinated for subsequent embryo rescue. The interspecific cross of ABA15005a ♀ 

x JWBo12 ♂ had the second-best pollination efficiency (7.4 ovules/siliqua) and of the 

243 ovules cultured for this cross, five germinated (2.1%) and four regenerated into 

rooted plantlets (1.6%) (Table 5.3). The most ovules (595) were collected from the 

interspecific crosses between JWBo1♀x VR2017 ♂. This cross had the third best 

pollination efficiency (6.9 ovules/siliqua), 11.1% of the ovules germinated and three 

went on to develop into rooted plants (0.5%).  

 

The least productive interspecific crosses were when JWBo1 was used as the male 

parent and crossed with VR2017 and ABA15005a. Only a small number of ovules 

were suitable for rescue from these crosses because the majority of the siliquae and 

ovules prematurely degenerated and died. When JWBo1 was used as the male parent 

and crossed to VR2017 (individuals VR2.2 and VR3.1), an average of 1.5 

ovules/siliqua were obtained and when it was crossed to ABA15005a, no ovules were 

obtained (Table 5.3). However, despite its lack of productivity, one regenerated rooted 

plant was produced from the cross of VR2017 ♀ x JWBo1 ♂ (Table 5.3). Conversely, 

crosses were more productive when JWBo1 was used at the female parent; an average 

of 6.9 ovules/siliquae were obtained from the cross JWBo1 ♀ x VR2017 ♂ and an 

average of 8.1 ovules/siliqua were obtained from the cross JWBo1 ♀ x ABA15005a 

♂. Unlike JWBo1, when the other Brassica C genome line, JWBo12 (TuYV-resistant) 

was used as the female parent in the cross JWBo12 x ABA15005a, it was unproductive 
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and only an average of 0.7 ovules/siliqua were obtained. Yet, when JWBo12 was used 

as the male parent in the cross ABA15005a x JWBo12, it was more productive and an 

average of 7.4 ovules/siliqua were obtained (Table 5.3). 

 
Unfortunately, due to a growth cabinet malfunction, only three out of the eight 

regenerated and rooted plants produced from the interspecific crosses described in 

Table 5.3, survived for subsequent colchicine treatment. The three surviving plants, 

SE7.1, SE7.4 and SE7.7, were produced from the cross ABA15005a (genome AA, 

TuYV-resistant) ♀ x JWBo12 (genome CC, TuYV-resistant) ♂ and were propagated 

by taking cuttings. Five cuttings were taken from SE7.1 (C1 - C5) and SE7.4 (C6 - 

C10) and two cuttings were taken from SE7.7 (C11 and C12). The roots of these 

cuttings were then treated with colchicine to induce chromosome multiplication 

(Chapter 5.2.1). 

 
5.3.2 Ploidy of resynthesised B. napus plants 
 

Colchicine-treated cuttings of the regenerated plants SE7.1, SE7.4 and SE7.7 

[regenerated from the interspecific cross ABA15005a (genome AA, TuYV-resistant) 

♀ x JWBo12 (genome CC, TuYV-resistant) ♂] were kept in the greenhouse after 

colchicine treatment to allow new leaf growth (Section 5.2.1). Then, four newly 

emerged leaves from each of the colchicine-treated cuttings were sent for ploidy 

testing alongside two leaf samples from the regenerated individuals, SE7.1 and SE7.4, 

which were not treated with colchicine (Section 5.2.1). The third regenerated 

individual, SE7.7, perished before ploidy testing but cuttings were taken and treated 

with colchicine prior to this. Four leaves from each of the parental lines (ABA15005a 

and JWBo12) and each of the B. rapa, B. oleracea and B. napus standard lines, R-o-

18, A12DHd and Anastasia, respectively (Section 5.2.1) were also sent for ploidy 

testing, alongside the regenerated plants and colchicine-treated cuttings. 

 
 
 
 



 

Table 5.3. The number of ovules collected, germinated and regenerated from reciprocal interspecific crosses of diploid Brassica A genome 
lines VR2017 and ABA15005a with diploid Brassica C genome lines JWBo1 and JWBo12. 
 

 

Cross 
 

 

No. of ovules 
collected 
 

No. of germinated 
ovules  
 

No. of rooted 
regenerated plants 
 

Genome 
 

 

Female 
 

 

Male 
 

 

Individual 
 

 

Population 
 

 

Individual 
 

 

Population 
 

No. of siliquae 
collected 
 

AA♀ x CC♂ 

 

VR2.2 
 

 

VR2017a 
 

 

DK1.9 
 

 

JWBo1b 
 

 

          7 
 

 

          8 
 

 

               1 
 

 

          1 
 

 

VR3.1 
 

 

VR2017 
 

 

DK1.6.1 
 

 

JWBo1 
 

 

        15 
 

 

        26 
 

 

               0 
 

 

          0 
 

 

SE4.222 
 

 

ABA15005ab 
 

 

DK1.134.1 
 

 

JWBo12b 
 

 

        33 
 

 

      243 
 

 

               5 
 

 

          4 
 

 

SE4.226 
 

 

ABA15005a 
 

 

DK1.6.2 
 

 

JWBo1 
 

 

        24 
 

 

          0 
 

 

               0 
 

 

          0 
 

CC♀ x AA♂  

 

DK1.6.1 
 

 

JWBo1 
 

 

VR2.2 
 

 

VR2017 
 

 

        29 
 

 

      178 
 

 

             10 
 

 

          1 
 

 

DK1.9 
 

 

JWBo1 
 

 

VR2.2 
 

 

VR2017 
 

 

          4 
 

 

        31 
 

 

               8 
 

 

          0 
 

 

DK1.9 
 

 

JWBo1 
 

 

VR2.3 
 

 

VR2017 
 

 

        53 
 

 

      386 
 

 

             48 
 

 

          2 
 

 

DK1.134.1 
 

 

JWBo12 
 

 

SE4.222 
 

 

ABA15005a 
 

 

        23 
 

 

        17 
 

 

             10 
 

 

          0 
 

 

DK1.6.2 
 

 

JWBo1 
 

 

SE4.226 
 

 

ABA15005a 
 

 

        13 
 

 

      105 
 

 

               0 
 

 

          0 
 

 

a B. rapa line VR2017 possesses resistance to Plasmodiophora brassicae (clubroot). 
b B. rapa line, ABA15005a and B. oleracea lines, JWBo1 and JWBo12 possess resistance to Turnip yellows virus. 
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The parental lines of the interspecific cross had average ploidy ratios, ABA15005a (!̅ 

± SD = 0.609 ± 0.006) and JWBo12 (!̅ ± SD = 0.813 ± 0.005), similar to those of the 

B. rapa (R-o-18, !̅ ± SD = 0.606 ± 0.008) and B. oleracea (A12DHd, !̅ ± SD = 0.818 

± 0.006) standards, respectively (Table 5.4). This confirms that, ABA15005a and 

JWBo12, are both diploid Brassica A and C genome lines, respectively. The offspring 

of the cross between the ABA15005a and JWBo12 should have a diploid genome of 

AC and a predicted ploidy ratio of 0.712. This ratio was calculated by halving the 

average ploidy ratios of ABA15005a (0.305) and JWBo12 (0.407) and adding them 

together (0.712). The surviving regenerated plants SE7.1 and SE7.4, produced from 

this interspecific cross between ABA15005a and JWBo12, had average ploidy ratios 

± SD of 0.712 ± 0.004 and 0.704 ± 0.007, respectively (Table 5.4), confirming the 

success of the cross and the production of individuals with the diploid genome AC. 

 

Cuttings of the regenerated plants (C1 to C12) had been treated with colchicine and 

were predicted to have the genome AACC and a ploidy ratio ~ 1.400, similar to that 

obtained for the B. napus standard, Anastasia (Table 5.4). Instead ploidy testing 

identified that colchicine treated cuttings (C1 to C12) were in fact mixoploid, with 

nuclei from some individuals (C9 and C10) having a ploidy ratio indicative of 8xAC 

and 16xAC genomes. Mixoploidy was detected within and between leaf samples taken 

from the same cutting. Ploidy testing also identified mixoploidy and spontaneous 

chromosome multiplication in regenerated plants (SE7.1 and SE7.4) not treated with 

colchicine (Table 5.4). 

 

Regenerated plants (SE7.1 and SE7.4) and colchicine-treated cuttings (C1 to C12) 

were self-pollinated and crossed to the B. napus standard, Anastasia, to stabilise ploidy 

and obtain individuals with the genome AACC. To do this, plants were vernalised for 

six to eight weeks before being returned to the glasshouse. Of the 14 plants in total, 

three did not flower, ten flowered but were sterile (under-developed anthers that did 

not produce pollen) (Fig. 5.3) and only one plant, C10 produced fertile flowers for 

subsequent crossing. The fertile cutting, C10 was cut from regenerated plant, SE7.4 

and subsequently treated with colchicine. Individual C10 was successfully self-

pollinated to produce the S1 population SER19001 but unfortunately, no seed was 

obtained when crossed to the B. napus variety Anastasia.  



 

Table 5.4. Ploidy test results for colchicine-treated cuttings (C1-C12) of individuals, SE7.1 (C1-5), SE7.4 (C6-C10) and SE7.7 (C11 and 
C12) which were produced from the interspecific cross between Turnip yellows virus-resistant diploid Brassica lines ABA15005a (genome 
AA) ♀ and JWBo12 (genome CC) ♂. 
   

 

Plant 
line/individual 
 

 

Genome 
 

Average ± SDa ploidy 
ratio to Vinca minorb 

 

Percentage ± SD of nuclei with ploidyc 
 

              1xAC                2x AC                 4x AC               8x AC                 16x AC 
R-o-18 AA 0.606 ± 0.008             -             -            -            -                - 
A12DHd CC 0.818 ± 0.006             -             -            -            -                - 
Anastasia AACC 1.375 ± 0.006             -             -            -            -                - 
ABA15005a AA 0.609 ± 0.006             -             -            -            -                - 
JWBo12 CC 0.813 ± 0.005             -             -            -            -                - 
SE7.1 predicted AC 0.712 ± 0.004    39.5 ±   8.4 52.3 ±   8.6 8.2 ±   0.2 0.0 ±   0.0 0.0 ± 0.0 
SE7.4 predicted AC 0.704 ± 0.007    75.6 ± 17.2 22.3 ± 16.6 2.1 ±   0.7 0.0 ±   0.0 0.0 ± 0.0 
C1 predicted AACC -    29.6 ± 28.3 58.4 ± 20.7 12.0 ±   8.9 0.0 ±   0.0 0.0 ± 0.0 
C2 predicted AACC -    56.4 ± 11.9 37.7 ± 10.6 5.9 ±   2.3 0.0 ±   0.0 0.0 ± 0.0 
C3 predicted AACC -    17.8 ± 21.3 60.1 ±   7.4 22.1 ± 16.0 0.0 ±   0.0 0.0 ± 0.0 
C4 predicted AACC -    34.0 ± 20.9 51.2 ± 15.4 14.8 ± 12.8 0.0 ±   0.0 0.0 ± 0.0 
C5 predicted AACC -    10.2 ± 17.7 67.4 ± 13.2 22.4 ±   6.5 0.0 ±   0.0 0.0 ± 0.0 
C6 predicted AACC -    31.5 ± 20.0 53.1 ± 11.2 15.4 ±   9.9 0.0 ±   0.0 0.0 ± 0.0 
C7 predicted AACC -    51.2 ± 19.7 44.5 ± 17.6 4.3 ±   2.3 0.0 ±   0.0 0.0 ± 0.0 
C8 predicted AACC -    50.4 ± 23.3 43.7 ± 20.2       5.9 ±.  4.2 0.0 ±   0.0 0.0 ± 0.0 
C9 predicted AACC -    10.4 ± 20.8 18.9 ± 23.0 36.4 ± 19.9 27.7 ± 22.8 6.6 ± 9.2 
C10 predicted AACC -    20.1 ± 24.3 32.1 ± 23.2 29.9 ± 25.7 16.6 ± 17.7 1.3 ± 1.5 
C11 predicted AACC -    49.1 ± 14.6 45.4 ± 13.5 5.2 ±   1.6 0.3 ±   0.5 0.0 ± 0.0 
C12 predicted AACC -    25.5 ± 19.6 41.6 ±   6.2 27.2 ± 10.0 5.7 ±   8.6  0.0 ± 0.0 

 

a SD - standard deviation. 
b The fluorescence intensity omitted by nuclei in a sample was measured by flow cytometry, averaged and then compared to that of an internal 
standard, V. minor to produce a ploidy ratio. Ploidy ratios were then averaged for all samples tested from a given plant line/individual.  
c The percentage of nuclei with a certain AC ploidy was determined against the ratio ~0.7 which was obtained for nuclei with 1xAC ploidy. For 
example, those nuclei with a ratio of ~1.4 were 2xAC, those with a ratio of ~2.8 were 4xAC etc. Percentages were then averaged for all samples 
tested from a given plant line/individual. 
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Figure 5.3. Non-fertile flowers of a colchicine-treated cutting produced from the 
interspecific cross between Turnip yellows virus resistant diploid Brassica lines 
ABA15005a (genome AA) ♀ and JWBo12 (genome CC) ♂. Flowers had under-
developed anthers and/or anthers which did not produce pollen.  
 

For the each of the eight plants from S1 population SER19001, two leaves were sent 

for ploidy testing alongside two leaves from each of the parental lines (ABA15005a 

and JWBo12) and two leaves from each of the B. rapa, B. oleracea and B. napus 

standard lines (R-o-18, A12DHd and Anastasia, respectively) (Section 5.2.1). Most 

individuals from SER19001 had an average ploidy ratio similar to that of the B. napus 

standard, Anastasia (!̅ ± SD = 0.138 ± 0.001) (Table 5.5) which suggests that they 

have the desired alloteraploid Brassica genome AACC. Exceptions to this included 

individual SE18.184, which had an average ploidy ratio (!̅ ± SD = 0.084 ± 0.002) 

identical to the diploid Brassica C genome parent of the cross (JWBo12, !̅ ± SD = 

0.084 ± 0.000), suggesting it also had a diploid Brassica C genome. This plant was 

different in morphology to the other S1 plants and looked more like the Brassica C 

genome parent JWBo12 (Fig. 5.4) Additionally, individual SE18.187 had an average 

ploidy ratio (!̅ ± SD = 0.130 ± 0.001) which was slightly lower than the other S1 plants 

and the B. napus standard (~0.140). It could be that this plant had a triploid Brassica 

C genome which would have the predicted ploidy ratio of 0.126 (C = 0.042, CC = 

0.084). Alternatively, the individual could be allotetraploid AACC, like the other S1 

plants and the smaller ploidy ratio may be due to technical variation of flow cytometry. 

Lastly, mixoploidy was not detected in any of the S1 plants suggesting that crossing 

had stabilised ploidy as it was intended to do. 

 

 

 

 

 

 
Figure 5.3. Non-fertile flowers of a colchicine-treated cutting produced from the 
interspecific cross between Turnip yellows virus resistant diploid Brassica lines 
ABA15005a (genome AA) ♀ and JWBo12 (genome CC) ♂. Flowers had under-
developed anthers and/or anthers which did not produce pollen.  
 
 

A B C D 
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Table 5.5. Ploidy test results for individuals from the S1 population SER19001 
produced by self-pollinating a colchicine-treated cutting of individual SE7.4 
which was regenerated from the interspecific cross between Turnip yellows 
virus-resistant diploid Brassica lines ABA15005a (genome AA) ♀ and JWBo12 
(genome CC) ♂. 

 
 

Plant line/individual 
 

 

Genome 
 

 

Average ± SDa ploidy ratio to 
Chlorophytum comosumb 

 

R-o-18 AA 0.062 ± 0.000 

A12DHd CC 0.082 ± 0.000 

Anastasia AACC 0.138 ± 0.001 

ABA15005a AA 0.060 ± 0.001 

JWBo12 CC 0.084 ± 0.000 

SE18.181 Predicted AACC 0.137 ± 0.002 

SE18.182 Predicted AACC 0.137 ± 0.000 

SE18.183 Predicted AACC 0.137 ± 0.000 

SE18.184 Predicted AACC 0.084 ± 0.002 

SE18.186 Predicted AACC 0.140 ± 0.001 

SE18.187 Predicted AACC 0.130 ± 0.001 

SE18.191 Predicted AACC 0.135 ± 0.001 

SE18.192 Predicted AACC 0.136 ± 0.002 
 

a SD - standard deviation. 
b The fluorescence intensity omitted by nuclei in a sample was measured by flow 
cytometry, averaged and then compared to that of an internal standard, C. comosum to 
produce a ploidy ratio for each sample. Ploidy ratios were then averaged for all 
samples tested from a given plant line/individual. 
 

Figure 5.4. Morphology of leaves from plants from the resynthesised Brassica 
napus S1 population SER19001 and its parental lines ABA15005 (Brassica rapa) 
and JWBo12 (Brassica oleracea). SER19001 was produced by self-pollinating a 
colchicine-treated cutting of individual SE7.4 which was regenerated from the 
interspecific cross between Turnip yellows virus-resistant diploid Brassica lines 
ABA15005a (genome AA) ♀ and JWBo12 (genome CC) ♂. A. Leaf from Brassica A 
genome parental line, ABA15005a. B. Leaf from Brassica C genome parental line, 
JWBo12. C. Leaf from a plant from SER19001 with a ploidy identical to the Brassica 
C genome parental line, JWBo12. D. Leaf from a plant from SER19001 with a ploidy 
similar to Brassica napus (genome AACC). 
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5.3.3 Investigating whether TuYV resistance had been successfully introduced 

into the resynthesised B. napus S1 population SER19001 

 

ELISA four weeks post-challenge with TuYV 

 

The S1 population, SER19001 was produced by self-pollinating a colchicine-treated 

cutting of individual SE7.4, which was regenerated from the interspecific cross 

between the TuYV-resistant diploid Brassica lines, ABA15005a (genome AA) ♀ and 

JWBo12 (genome CC) ♂ (Section 5.3.1). Individuals from SER19001 were ploidy 

tested (Section 5.3.2) and in parallel, were phenotyped for TuYV resistance alongside 

ten other Brassica lines, to determine if the trait had been successfully introduced via 

resynthesis (Table 5.2) (Section 5.2.2). SER19001 was phenotyped alongside S1 

populations of its TuYV-resistant parental lines (ABA15005a/ABA15005b and 

JWBo12a), a resistant oilseed rape variety Amalie (possessing TuYV resistance from 

the resynthesised B. napus line ‘R54’), susceptible B. rapa, B. oleracea and B. napus 

lines (R-o-18a, DHSL150a and R7011-AB, respectively) and F1 populations produced 

from within species crossing of the resistant and susceptible plant lines of B. rapa 

(ABA15010), B. oleracea (SEC17008) and B. napus (SEN16002). 

 

TuYV titre was quantified within SER19001 and the other ten Brassica lines four 

weeks post-challenge with viruliferous aphids, by TAS-ELISA (Section 5.2.3) (Fig. 

5.5A) (Table 5.6). Sharpiro-Wilks (SW) tests identified that ELISA A405 values were 

not normally distributed for ABA15005b (p < 0.001), R-o-18a (p < 0.001), Amalie, (p 

= 0.003) and SER19001 (p = 0.029). So, the non-parametric Kruskal-Wallis (KW) test 

with Dunn’s pairwise comparisons (including the Bonferroni correction for multiple 

comparisons) was used to determine statistical differences in the distribution of A405 

values between lines at the significance level p = 0.05.  
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Figure 5.5. Turnip yellows virus (TuYV) phenotyping of resynthesised Brassica napus S1 
population SER19001 alongside TuYV-resistant and susceptible Brassica lines. 
SER19001 was produced by self-pollinating a colchicine-treated cutting of individual SE7.4 

which was regenerated from the interspecific cross between TuYV-resistant diploid Brassica 

lines ABA15005a (B. rapa, genome AA) ♀ and JWBo12 (B. oleracea, genome CC) ♂. 

SER19001 (n = 6) was phenotyped for TuYV resistances alongside sibling S1 populations of 

the parental B. rapa line [ABA15005a (n = 3), ABA15005b (n = 9)], an S1 populations of the 

parental B. oleracea line [JWBo12a (n = 18)], an oilseed rape variety possessing the ‘R54’ 

TuYV resistance [Amalie (n = 14)], TuYV-susceptible B. rapa [R-o-18a (n = 18)], B. oleracea 

[DHSL150a (n = 12)] and B. napus [R7011-AB (n = 20)] lines and F1 populations produced 

from within species crossing of the TuYV-resistant and -susceptible plants lines of B. rapa 
[ABA15010 (n = 17)], B. oleracea [SEC17008 (n = 18)] and B. napus [SEN16002 (n = 18)]. 

Two plants from each line were not challenged with TuYV and were used as healthy controls 

(o) A. ELISA results for populations phenotyped for TuYV resistance four weeks post-

challenge with viruliferous aphids. B. ELISA results for populations phenotyped for TuYV 

resistance 11 weeks post-challenge with viruliferous aphids. Some lines were not phenotyped 

at this time (NP). 
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Table 5.6. Comparison of ELISA results for Turnip yellows virus (TuYV)-resistant and -susceptible Brassica lines at four weeks and 11 
weeks post-challenge with viruliferous aphids. 
 
   ELISA four weeks   ELISA 11 weeks  
 

Populations 
 

Genome 
 

TuYV resistance 
status 
 

 

  n 
 

HC 
meana 

 

Min. 
 

Max. 
 

Mean 
rank 

 

 
 

    n 
 

HC 
mean 

 

Min. 
 

Max. 
 

Mean 
rank 

 

 

ABA15005a AA resistant 5 0.729 0.672 0.786   15.00 a 0 - - - - - 

ABA15005b AA resistant 11 0.813 0.781 1.537   26.88 a 0 - - - - - 

R-o-18a AA susceptible 20 0.680 0.964 3.500 133.86 b 0 - - - - - 

ABA15010 AA segregating 19 0.727 1.214 3.133 109.71 c 0 - - - - - 

JWBo12a CC resistant 20 0.890 0.802 1.751   71.50 ac 20 0.545 0.385 0.642   14.89 a 

DHSL150a  CC susceptible 14 1.034 0.833 1.360   21.33 a 20 0.727 0.721 3.500   46.50 b 

SEC17008 CC resistant/segregating 20 0.734 0.905 1.379   61.08 ac 14 0.554 0.444 1.209   31.00 c 

Amalie AACC resistant 16 0.419 0.440 1.183   41.18 a 0 - - - - - 

R7011-AB AACC susceptible 20 0.764 1.447 3.500 124.39 bc 0 - - - - - 

SEN16002 AACC resistant 20 0.558 0.530 1.725   63.06 ac 0 - - - - - 

SER19001 AACC/CC unknown 8 1.084 1.180 1.473   53.58 ac 8 0.693 0.523 0.865   16.83 ac 
 

SER19001 was produced by self-pollinating a colchicine-treated cutting of individual SE7.4 which was regenerated from the interspecific cross 

between TuYV-resistant diploid Brassica lines ABA15005a (B. rapa, genome AA) ♀ and JWBo12 (B. oleracea, genome CC) ♂. SER19001 (n = 

6) was phenotyped for TuYV resistances alongside sibling S1 populations of the parental B. rapa line [ABA15005a (n = 3), ABA15005b (n = 9)], 

an S1 population of the parental B. oleracea line [JWBo12a (n = 18)], an oilseed rape variety possessing the ‘R54’ TuYV resistance [Amalie (n = 

14)], TuYV-susceptible B. rapa [R-o-18a (n = 18)], B. oleracea [DHSL150a (n = 12)] and B. napus [R7011-AB (n = 20)] lines and F1 populations 

produced from within species crossing of the TuYV-resistant and -susceptible plants lines of B. rapa [ABA15010 (n = 17)], B. oleracea [SEC17008 

(n = 18)] and B. napus [SEN16002 (n = 18)]. Mean ranks that were not significantly different from one another are followed by the same lowercase 

letter (Dunn’s test with Bonferroni correction for multiple pairwise comparisons at significance level p = 0.05). 
a Two plants from each line were not challenged with TuYV and were used as healthy controls (HC). 

 

1
5
9
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A KW test showed that there was a statistically significant difference in A405 values 

between the 11 different Brassica lines phenotyped at four weeks post-challenge with 

aphids carrying TuYV (Fig. 5.5A), H (10) = 113.9, p < 0.001, mean rank A405 values 

for each line are summarised in Table 5.6. SER19001 (mean rank = 53.6) did not have 

significantly different A405 values to S1 populations of the TuYV-resistant parental 

lines ABA15005a (mean rank = 15.0), ABA15005b (mean rank = 26.9) and JWBo12a 

(mean rank = 71.5) or the resistant oilseed rape variety, Amalie (mean rank = 41.2) (p 

= 1.000), suggesting that TuYV resistance had been successfully introduced into the 

population via resynthesis. In further support of successful introduction of TuYV 

resistance, SER19001 (mean rank = 53.6) had significantly lower A405 values than the 

TuYV-susceptible B. rapa line, R-o-18a (mean rank = 133.9) (p = 0.005) and 

susceptible B. napus line, R7011-AB (mean rank = 124.4) (p = 0.003). However, it 

did not have significantly lower A405 values than the susceptible B. oleracea line, 

DHSL150a (mean rank = 21.3) (p = 1.000). Previous phenotyping experiments have 

shown that TuYV titre takes longer to develop in B. oleracea compared to B. rapa and 

B. napus (Chapter 4) and so, at four weeks post-challenge, TuYV titre may not yet 

have accumulated to detectable levels in DHSL150a for comparison to SER19001.  

 

There were no significant differences in the mean ranks between the resistant brassica 

lines, ABA15005a, ABA15005b, JWBo12a, Amalie and SER19001 (Table 5.6). All 

of these resistant lines had a narrow range of low A405 values ABA15005a (0.672 - 

0.786), ABA15005b (0.781 - 1.517), JWBo12a (0.802 -1.751), Amalie (0.440 -1.183) 

and SER19001 (1.180 - 1.473), which were all within 0.9 of their healthy control mean 

(Table 5.6). In comparison, the TuYV-susceptible lines had broader ranges of higher 

A405 values, R-o18a (0.964 - 3.500) and R7011-AB (1.447 - 3.500) and none, except 

two individuals, had an A405 value within 0.9 of their healthy control mean; 

DHSL150a was excluded from the statistical analysis due to limited viral 

accumulation in the line (Table 5.6). A405 values in these susceptible lines had to be 

capped at 3.5 due to the limitations of the ELISA plate reader. 

  

The B. rapa F1 population ABA15010 (mean rank = 109.7) had A405 values 

significantly higher than sibling S1 populations of its resistant parental lines 

ABA15005a, (mean rank = 15.0) (p = 0.030) and ABA15005b (mean rank = 26.9) (p 

< 0.001) but they were not significantly different from the A405 values of its susceptible 
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parental line R-o-18a (mean rank = 133.9) (p = 1.000). In contrast, the B. napus F1 

population, SEN16002 (mean rank = 63.1), did not have significantly different A405 

values from its resistant parental line, Amalie (mean rank = 41.8) (p = 1.000) but did 

have significantly lower A405 values than its susceptible parental line, R7011-AB 

(mean rank = 124.4) (p = 0.001). The B. oleracea F1 population, SEC17008 (mean 

rank = 61.1) did not have significantly different A405 values to its resistant parental 

line JWBo12a (mean rank = 71.5) (p = 1.000) or its susceptible parental line, 

DHSL150a (mean rank = 21.3) (p = 0.810) because viral titre had not yet accumulated 

to detectable levels in DHSL150a, as mentioned previously. 

 

ELISA 11 weeks post-challenge with TuYV 

 

The ELISA at four weeks post-challenge with viruliferous aphids (Fig. 5.5A) 

suggested that viral titre within the Brassica C genome lines JWBo12a, DHSL150a 

and SEC17008 had no yet accumulated to levels detectable by ELISA. For this reason, 

a second ELISA was carried out, 11 weeks post-challenge with viruliferous aphids, on 

the Brassica C genome lines (Fig. 5.5B). The resynthesised B. napus S1 population, 

SER19001 was phenotyped alongside the Brassica C genome lines, at 11 weeks post-

challenge, to determine if it was truly TuYV-resistant or whether it would accumulate 

higher viral titres over time, as was expected for the susceptible line, DHSL150a. The 

other lines were not included in this phenotyping experiment because they had either 

senesced or inadequate amounts of leaf material were available for ELISA.  

 

An SW test showed that of the lines tested in phenotyped at 11 weeks post-challenge 

with TuYV, JWBo12a was not normally distributed (p = 0.011). A non-parametric 

KW test (at significance level p = 0.05) was therefore carried out and showed that 

there was a statistically significant difference in A405 values between the four Brassica 

lines phenotyped at 11 weeks post-challenge with aphids carrying TuYV (Fig. 5B), H 

(3) = 32.7, p < 0.001, mean rank A405 values for each line are summarised in Table 

5.6. At 11 weeks post-challenge, viral titre had increased in the TuYV-susceptible B. 

oleracea line DHSL150a (mean rank = 46.5) and it now had significantly higher A405 

values than the resistant B. oleracea line JWBo12a (mean rank = 14.9) (p < 0.001), 

the F1 population, SEC17008 (mean rank = 31.0) (p = 0.049) and the resynthesised B. 

napus S1 population SER19001 (mean rank = 16.8) (p = 0.001). SER19001 (mean 
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rank = 16.8) continued to have a resistant phenotype at 11 weeks post-challenge; it did 

not have significantly different A405 values to its resistant parental line, JWBo12a 

(mean rank = 14.9) (p =1.000) or the F1 population, SEC17008 (mean rank = 31.0) (p 

= 0.336) and had significantly lower A405 values than DHSL150a (mean rank = 46.5.) 

(p = 0.001). This further supports that TuYV resistance had successfully been 

introduced into SER19001 via resynthesis. The F1 population, SEC17008 (mean rank 

= 31.0) had significantly lower A405 values than DHSL150a, its susceptible parent 

(mean rank = 46.5) (p = 0.049) but had A405 values that were significantly higher than 

its resistant parent, JWBo12a (mean rank = 14.9) (p = 0.013). 

 

The resistant lines JWbo12a (0.385 - 0.642), and SER19001 (0.523 - 0.865) had a 

narrow range of low A405 values, which were all within 0.2 of their healthy control 

means (Table 5.6). In comparison, the TuYV-susceptible line DHSL150a (0.721 - 

3.500) had a broader range of higher A405 values and only one, had an A405 value 

within 0.2 of the healthy control mean (Table 5.6). A405 values for DHSL150a had to 

be capped at an A405 value = 3.5 due to the limitations of the ELISA plate reader.  

 

5.4 Discussion 

 
5.4.1 Resynthesis of B. napus lines for trait introgression 

 

Reciprocal interspecific crosses were carried out between two diploid Brassica A 

genome lines [ABA15005a (TuYV-resistant) and VR2017 (clubroot-resistant)] and 

two diploid Brassica C genome lines [JWBo1 and JWBo12 (both TuYV-resistant)]. 

Of the nine interspecific crosses carried out between these lines, some were more 

productive than others. The most productive cross in terms of ovules produced/siliqua 

was JWBo1 ♀ x ABA15005a ♂ (8.1 ovules/siliqua) and the least productive was the 

cross ABA15005a ♀ x JWBo1 ♂ (0 ovules/siliqua). The most productive cross in 

terms of the percentage number of embryos obtained from cultured ovules was 

JWBo12 ♀ x ABA15005a ♂ (58.5%) and the least effective crosses were ABA15005a 

♀ x JWBo1 ♂ (0%) and the reciprocal cross JWBo1 ♀ x ABA15005a ♂ (0%). 

Differences in the number of ovules/siliqua and embryo rescue efficiencies between 

interspecific crosses of different B. rapa and B. oleracea lines has been previously 
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reported and attributed to the parental genotypes of the interspecific cross (Lu et al. 

2001; Zhang et al. 2004; Hilgert-Delgado et al. 2015). In other words, the 

success/efficiency of B. napus resynthesis is dependent on the lines used (and their 

compatibility) for the interspecific cross.  

 

In previous studies there has been evidence to suggest that B. napus resynthesis is 

more efficient when the Brassica A genome line is used as the female parent and 

Brassica C genome lines is used as the male parent in the interspecific cross (Lu et al. 

2001; Malek et al. 2012). In research reported here, results were conflicting and 

dependent on the parental lines used in the interspecific cross. For example, when the 

Brassica A genome line, ABA15005a was the female parent in the cross to JWBo12, 

the cross was more productive (7.4 ovules/siliqua, 4 regenerated plants) than when it 

was the male parent in the reciprocal cross (0.7 ovules/siliqua, 0 regenerated plants). 

Oppositely, when the Brassica A genome line, VR2017 was the female parent in the 

cross to JWBo1, the cross was less productive (1.5 ovules/siliqua, 0 regenerated 

plants) than when it was the male parent in the reciprocal cross (6.9 ovules/siliqua, 3 

regenerated plants). 

 

Of all the 994 ovules cultured in this experiment, only eight regenerated into plants 

(0.8%) and of these only three survived a growth cabinet malfunction for subsequent 

colchicine treatment. These three regenerated plants (SE7.1, SE7.4 and SE7.7) were 

from the cross of TuYV-resistant lines, ABA15005a ♀ x JWBo12 ♂. A total of 12 

cuttings were taken from the three regenerated plants of this cross and their roots were 

subsequently treated with 0.34% colchicine to induce chromosome multiplication. The 

regenerated plants and colchicine treated cuttings were ploidy tested using flow 

cytometry alongside the parental lines and B. rapa, B. oleracea and B. napus 

standards. The regenerated plants were shown to be true hybrids (genome AC) of the 

parental lines ABA15005a (genome AA) and JWBo12 (genome CC) and the 

colchicine-treated cuttings were shown to be mixoploidy; they had varying multiples 

of the AC genome (from 1xAC to 16xAC) within and between leaf samples from the 

same cutting. Surprisingly, mixoploidy has not been widely reported in resynthesised 

B. napus but is a very common phenomena in non-resynthesised brassicas (Kunakh et 

al. 2008). Ploidy testing also identified that spontaneous chromosome multiplication 

in non-colchicine treated regenerated plants (SE7.1 and SE7.4) had occurred. 
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Spontaneous chromosome multiplication or endopolyploidy in resynthesised B. napus 

and B. napus double haploid culture has been well noted (Chen et al. 1994; Hilgert-

Delgado et al. 2015)  

 
Resynthesised B. napus plants were self-pollinated or crossed to the TuYV-susceptible 

oilseed rape variety Anastasia in an attempt to stabilise ploidy and obtain seed. 

Unfortunately, only one of twelve colchicine-treated cuttings produced fertile flowers 

with visible pollen. The other colchicine-treated cuttings and the untreated regenerated 

plants, either did not flower, or if they did, produced sterile flowers that had 

underdeveloped anthers which did not produce pollen. Sterility in these plants was 

probably due to failure in chromosome multiplication either spontaneously, or after 

colchicine treatment. Hybrids possessing a diploid AC genome have been reported to 

be 99-100% sterile (Malek et al. 2012). One fertile cutting (SE7.4) was successfully 

self-pollinated to produce the S1 population SER19001, but unfortunately no seed was 

obtained when crossed to the oilseed rape variety Anastasia. The majority of 

individuals from SER19001 were shown to have a ploidy similar to the B. napus 

standard, suggesting that ploidy had been stabilised through self-pollination and that 

allotetraploids, with genome AACC, had been successfully produced. However, there 

were two individuals from SER19001 that had unusual ploidy. One individual 

(SE18.184) had identical ploidy and more similar morphology to the diploid parental 

Brassica C genome line (JWBo12). The other individual (SE18.187) had a ploidy 

similar to a triploid Brassica C genome, but looked morphologically similar to other 

individuals from SER19001 which had the allotetraploid genome AACC. These 

unusual ploidies could be due to the parental plant being mixoploid and the 

development of C and CC gametes instead the of expected AC gametes.  

 

5.4.2 TuYV resistance in resynthesised B. napus line SER19001 

 

The resynthesised B. napus S1 population, SER19001 was shown to be uniformly 

resistant to TuYV when phenotyped alongside resistant and susceptible B. rapa, B. 

oleracea and B. napus lines at four weeks and 11 weeks post-challenge with 

viruliferous aphids. There were no significant differences in the strength of resistances 

between SER19001 and the S1 populations of its resistant parental lines ABA15005a 
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and JWBo12a and the commercial oilseed rape variety Amalie (possesses TuYV 

resistances from the resynthesised B. napus line ‘R54’). If TuYV resistance has been 

successfully introduced into SER19001from both ABA15005a and JWBo12, then it 

is the first example of a B. napus population possessing a dual resistance from both 

the Brassica A and C genomes. To date, the only characterised sources of resistance 

to TuYV are in the resynthesised B. napus line ‘R54’ and variety Yudal. Both have 

been shown to be single resistances; they are controlled by single dominant QTLs on 

B. rapa chromosome A04 (Dreyer et al. 2001; Hackenberg et al. 2020), the former 

having been introgressed into commercial oilseed rape varieties.  

 

If SER19001 does possess dual resistance, the phenotyping results suggest that it may 

be no stronger, in terms of reducing viral titre, than the single resistances in 

ABA15005, JWBo12 and Amalie. However, it may be more durable as by having a 

dual or ‘stacked’ resistance, the evolutionary pressure for resistance-breaking isolates 

of TuYV will be reduced, as it is not targeted against a single resistance. For this 

reason, gene stacking is a common technique suggested by breeders to produce 

durable resistance to plant pests and pathogens (Shehryar et al. 2019). 

 

TuYV resistance in ABA15005, JWBo12 and Amalie was shown to be dominant as 

resistant individuals, with a low A405 value, were present in the F1 populations 

produced by crossing these resistant lines to susceptible lines. This supports the 

findings of previous phenotyping results for these populations (Chapters 3 and 4). The 

three F1 populations ABA15010, SEC17008 and SEN16002, generally had a range of 

intermediate A405 values that were broader and higher than their resistant parent but 

lower than their susceptible parent, suggesting that the resistances may be influenced 

by gene-dosage (partially dominant). If this is the case, the phenotyping results suggest 

that the resistances originating from ABA15005, JWBo12 and Amalie could be 

affected by gene-dosage to different extents. For example, the B. napus F1 population, 

SEN16002, was least affected by gene-dosage, as it had A405 values that were not 

significantly different from its resistant parent (Amalie) but were significantly lower 

than its susceptible parent (R7011-AB). The B. oleracea F1 population, SEC17008, 

was affected more by gene-dosage as it had A405 values that were significantly higher 

than its resistant parent (JWBo12) but significantly lower than its susceptible parent 

(DHSL150). The B. rapa F1 population, ABA15010, was most affected by gene-



 166 

dosage as it had significantly higher A405 values than its resistant parent (ABA15005) 

but not significantly lower than its susceptible parent (R-o-18). Gene dosage-

dependent resistance to plant pathogens has been described in the literature in the 

context of dominantly inherited R-genes as well as recessively inherited resistances 

(Crute and Pink 1996). 

 

It is important to note that the differences in A405 values between the F1 populations 

could be due to a segregation of genotypes and phenotypes and not just varying gene-

dosage effects. For example, Amalie is an oilseed rape variety which is homozygous 

for the TuYV resistance allele (genotype BB) and was crossed to the inbred B. napus 

line R7011-AB, which is homozygous for the susceptibility allele (genotype AA). 

Considering a single dominant gene model, the F1 offspring of this cross (SEN16002) 

would not segregate for resistance, as they will all be heterozygous for the resistance 

allele (genotype AB). On the other hand, TuYV-resistant lines, ABA15005 and 

JWBo12, are landraces which are typically very heterogenous and could therefore 

segregate for the TuYV resistance allele (genotype AA or AB). So, when these lines 

were crossed to the inbred susceptible lines, R-o-18 and DHSL150 (presumed 

genotype AA), there could be segregation of genotypes (AA and AB) and phenotypes 

(resistant and susceptible) in the F1 offspring. 

 

5.4.3 Conclusions and future work 

 

In this chapter, TuYV resistance has been successfully introduced into the 

resynthesised B. napus population SER19001, from either or both of its parental lines, 

ABA15005a (genome AA) and JWBo12 (genome CC) by resynthesis. If TuYV 

resistance has been successfully introduced into SER19001 from both of its parents, it 

is the first example of a B. napus population possessing a dual TuYV resistance from 

both the Brassica A and C genomes. TuYV resistance in ABA15005a and JWBo12 

were characterised and mapped in Chapter 4. Further fine mapping of these resistances 

is required to identify resistance-linked markers that can be used to assay SER19001 

and determine if it possesses resistance from both parents. Resistance-linked markers 

will also allow breeders to more easily introgress the resistance(s) in SER19001 into 

commercial varieties of oilseed rape by marker-assisted selection. Ultimately, the 

successful introgression of novel TuYV resistances into B. napus via resynthesis, 
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described in this chapter, has broadened the resistance base which currently comprises 

of just two single resistances from B. napus lines ‘R54’ and ‘Yudal’ (Graichen 1994; 

Hackenberg et al. 2020). It is thought that a dual TuYV resistance will be more durable 

than these single resistances. 
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Chapter 6 
 

Investigating the Verticillium longisporum resistance 
in Turnip yellows virus (TuYV)-resistant oilseed rape 
(Brassica napus) variety Amalie  
 
 
6.1 Introduction 
 
6.1.1 General introduction to V. longisporum  

 

Verticillium longisporum is a soil-borne fungal pathogen that causes vascular wilting 

disease in many important crop species but is particularly pathogenic in oilseed rape. 

V. longisporum is described in detail in Chapter 1, Section 1.5 but is briefly described 

below. It was first identified in oilseed rape in Sweden in the 1960’s (Kroeker 1970) 

and was later detected in UK oilseed rape in 2007 (Gladders et al. 2011). The pathogen 

causes premature ripening of oilseed rape crops and yield loses of up to 50% have 

been reported (Eastburn and Paul 2007). Such high yield losses can be attributed to 

the overlap of V. longisporum’s life cycle with the growth pattern of oilseed rape, as 

well as its ability to survive in the soil for 10-15 years without a host (Gladders 2009). 

V. longisporum infection is difficult to detect in the field as often the only noticeable 

symptom is stem steaking, which does not occur until ripening. In severe cases, V. 

longisporum can cause asymmetrical chlorosis and wilting of the leaf tissue. However, 

these latter symptoms are more readily observed in glasshouse experiments rather than 

in the field (Johansson 2006a; Rygulla et al. 2007).  

 

There are no effective fungicides against V. longisporum and so control of the 

pathogen in oilseed rape currently relies on good farm practices and hygiene. The most 

promising control for V. longisporum, like other pests and diseases, is host resistance. 

However, no extreme resistance to V. longisporum has yet been identified, only 

quantitative resistance or tolerance (Happstadius et al. 2003; Rygulla et al. 2007). 

Therefore, there are no commercial oilseed rape varieties that possess extreme 

resistance to V. longisporum, only partial resistance or tolerance.  
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6.1.2 Unpublished work on V. longisporum tolerance in TuYV-resistant oilseed 

rape lines 

 

The seed company Limagrain UK Ltd. (the industrial sponsors of this PhD project) 

observed in their UK field trials, that oilseed rape lines possessing the ‘R54’ Turnip 

yellows virus (TuYV) resistance introgression from the variety Amalie, performed 

better in areas where V. longisporum was a problem, compared to lines that did not 

possess this introgression. Furthermore, research by ADAS, identified that the 

Limagrain oilseed rape varieties, Amalie and Annalise (which possesses TuYV 

resistance from Amalie), were the most tolerant varieties to V. longisporum in 

glasshouse and field trails (Boor 2018). From these findings it is hypothesised that V. 

longisporum resistance is controlled by gene(s) positioned within the TuYV resistance 

introgression, or possibly even by the same gene(s) that confer TuYV resistance in 

Amalie. TuYV resistance in Amalie was fine mapped in Chapter 3. 

 

6.1.3 Chapter aims and objectives 

 

This chapter aims to determine if TuYV resistance in the oilseed rape variety Amalie 

is also involved in resistance to V. longisporum. This connection was hypothesised 

based on the previous findings of Limagrain UK Ltd. and ADAS (Section 6.1.2). To 

do this, Amalie’s resistance status to V. longisporum was determined in the 

presence/absence of co-infection with TuYV. Co-infection of V. longisporum with 

TuYV was included to determine if the proposed V. longisporum resistance in Amalie 

is triggered by activation of its TuYV resistance, or whether the resistances are 

independent of one another. Amalie was infected with V. longisporum and challenged 

with TuYV alongside the TuYV-susceptible and V. longisporum-resistant variety 

Catana and TuYV- and V. longisporum-susceptible variety Anastasia in two replicates 

of a large-scale glasshouse experiment. V. longisporum disease severity, TuYV titre 

and agronomic performance were then compared between the varieties and different 

treatment groups. Prior to these glasshouse experiments, I developed a V. longisporum 

inoculation assay by testing inoculation methods and pathogenicity of five different 

pathogen isolates. 
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6.2 Materials and methods 

 
6.2.1 Pathogenicity testing of V. longisporum isolates in B. napus using different 

inoculation methods  

 

The TuYV- and V. longisporum-susceptible B. napus variety, Anastasia (Table 6.1) 

was inoculated with five different V. longisporum isolates, K/D1, K/D8, K/C3, 

IPP0121 and VL43 (Chapter 2, Table 2.2). K/D1, K/D8 and K/C3, were received from 

ADAS and were isolated from oilseed rape grown in Cambridgeshire in 2009. 

IPP0121 and VL43 were from HM CLAUS and the University of Warwick, 

respectively but the species, location and date when they were isolated are unknown. 

For each isolate, eight plants were inoculated, four by the root-dip method and four by 

the seed-dip method (Chapter 2, Section 2.7.2). As controls, four Anastasia plants 

were mock-inoculated with water using the root-dip method and four plants were 

mock-inoculated using the seed-dip method. Seeds and three-week old plants were 

simultaneously inoculated with 25ml 1x106 spores/ml or water using the seed- and 

root-dip methods, respectively. Inoculated material was planted into P24 trays 

containing Levington® M2 compost and transferred to a growth cabinet (18±2˚C and 

16hrs light/8hrs dark). All plants inoculated with the same isolate shared the same 

water source. Disease symptoms were then scored three times a week for a total of six 

weeks (Chapter 2, Section 2.7.3, Table 2.3). After the scoring period, Area Under the 

Disease Progression Curve (AUDPC) values were calculated for each individual plant 

(Chapter 2, Section 2.7.3). AUDPC values were subsequently standardised by 

subtracting the average AUDPC value of the mock-inoculated control, averaged for 

each treatment group (e.g. isolate and inoculation method) and then statistically 

compared using IBM® SPSS® Statistics version 25 (IBM® Corporation 2017). The 

higher the AUDPC the more severe the disease symptoms. 
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Table 6.1. Resistance status of winter oilseed rape (Brassica napus) varieties to 
Verticillium longisporum and Turnip yellows virus (TuYV). 
 

 
 

 Resistance status to: 
 

Oilseed rape variety 
 

 

Source 
 

 

V. longisporum 
 

 

TuYV 
 

 

Amalie 
 

 

Limagrain UK Ltd. 
 

 

under investigation 
 

 

resistant 
 

 

Anastasia 
 

 

Limagrain UK Ltd. 
 

 

susceptible 
 

 

susceptible 
 

 

Catana 
 

 

Limagrain UK Ltd. 
 

 

resistant 
 

 

susceptible 
 

 

6.2.2 Testing the effect of spore concertation on the severity of V. longisporum 

infection in B. napus 

 

The winter B. napus varieties, Amalie, Anastasia and Catana (Table 6.1) were 

inoculated with the V. longisporum isolate K/D8 using the root-dip method (Chapter 

2, Section 2.7.2). For each variety, five plants were inoculated at three weeks old with 

25ml of inoculum at five different spore concentrations (1x104, 1x105, 1x106, 1x107, 

1x108 spores/ml). As a control for the experiment, five plants from each variety were 

mock-inoculated with water using the root-dip method. After inoculation, plants were 

re-potted into P24 trays containing Levington® M2 compost and transferred to a 

growth cabinet (18±2˚C and 16hrs light/8hrs dark). Plants receiving the same 

concentration of inoculum shared the same water source. Disease symptoms were then 

scored twice a week for a total of six weeks (Chapter 2, Section 2.7.3, Table 2.3). 

AUDPC values were calculated, standardised and statistically compared as described 

previously (Section 6.2.1). 

 

6.2.3 Design of the large-scale V. longisporum and TuYV infection glasshouse 

experiments 

 

Two replicates of a large-scale glasshouse experiment were carried out to determine 

Amalie’s resistance status to V. longisporum and investigate its association with 

TuYV resistance. The replicates were carried out at approximately the same time each 

year (April to May/June the following year), in years 2017/18 and 2018/19. For each 

replicate, eight plants of three B. napus varieties, Amalie (V. longisporum resistance 

under investigation and TuYV-resistant), Anastasia (V. longisporum- and TuYV-
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susceptible) and Catana (V. longisporum- resistant and TuYV-susceptible) were 

allocated to each of four treatment groups. These treatment groups were no treatment 

(00), V. longisporum infection only (V0), TuYV challenge only (T0) and V. 

longisporum infection and TuYV challenge (VT). Co-infection with TuYV was 

included to determine if Amalie’s V. longisporum resistance was triggered by 

activation of its TuYV resistance. The two replicates were carried out blind by 

anonymising the varieties.  

 

V. longisporum inoculation  

 

Plants belonging to the V0 and VT treatment groups were inoculated with 25ml of 

1x105 spores/ml of V. longisporum isolate K/D8, at three weeks old, using the root-

dip method (Chapter 2, Section 2.7.2). Plants belonging to the 00 and T0 treatment 

groups were mock-inoculated with water, at three weeks old, using the same method. 

Inoculated plants were re-potted into singular pots, cut from a P24 tray, containing 

Levington® M2 compost and placed into individual petri dishes. This was to ensure 

that each plant had its own separate water sources. Plants were then placed into a 

growth cabinet (18±2˚C and 16hrs light/8hrs dark) and disease symptoms were scored 

twice a week for a total of six weeks. AUDPC values were calculated, standardised 

and statistically compared as described previously (Section 6.2.1). 

 

TuYV challenge 

 

At five weeks old (approximately two weeks after V. longisporum inoculation), 

seedlings were moved from the growth cabinet to a designated glasshouse for TuYV 

challenge (Chapter 2, Section 2.4). Non-viruliferous aphids were used to challenge 

plants belonging to the 00 and V0 treatment groups and aphids carrying TuYV isolate 

W2016FE, were used to challenge plants belonging to the T0 and VT treatment 

groups. Treatment groups were separated by insect-proof cages (Fig. 6.1). Viral titre 

was first quantified by ELISA, four weeks post-challenge with aphids and later at 19 

weeks post-challenge (Chapter 2, Section 2.5).  
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Figure 6.1. Oilseed rape (Brassica napus) plants belonging to different treatment 
groups, separated by insect-proof cages in the glasshouse. 00 - no treatment, V0 - 
V. longisporum inoculation only, T0 - Turnip yellows virus challenge (TuYV) only 
and VT - V. longisporum inoculation and TuYV challenge. 
 
Measuring the agronomic performance of B. napus  

 

After the first ELISA (at four weeks post-challenge), plants were transferred to 

vernalisation for eight weeks. They were then re-potted into 3L pots filled with 

Levington® M2 compost, placed onto individual saucers in an insect- proof polytunnel 

compartment and left to flower. The number of days from sowing to flowering (DTF) 

was recorded. Toward the end of September, day length and temperature began to 

decrease and effect flowering so, plants were transferred to a glasshouse compartment 

at 18±2˚C with day length of 16hrs. On transfer to the glasshouse, plants were tied to 

canes and individually wrapped in cellophane tubes (Fig. 6.2). This was to prevent 

tangling of the plants and pod shattering which in turn would allow accurate yield 

measurements when harvested. 

 

When the plants had completely senesced (lost all their leaves and turned brown), they 

were harvested. For each plant, the number of days from planting to harvest (DTH) 

was recorded as well as their height at harvest, dry weight, number of pods, number 

of seeds, total seed weight and 100 seed weight. Plant height was measured 

horizontally from the base (soil level) to the tallest part of the plant, using a tape 

measure. To calculate dry weight, plants were cut at their base, stored in perforated 

bread bags in the glasshouse for two weeks and subsequently weighed. The number 

of pods per plant was counted manually, but seed numbers were calculated using the 

Pfeuffer Contador automatic seed counter. For 100 seed weight, 300 seeds from each 

individual were counted and weighed in batches of 100 seeds and subsequently 

00 V0 T0 VT 
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averaged. If plants did not have 100 seeds, they were not included in the analysis for 

100 seed weight. Averages for each of the four treatments within each variety were 

calculated using measurements from surviving individuals only. An exception to this 

was for average seed yield per variety/treatment group (g/plant), where the total yield 

of a dead plant was recorded as 0g and included alongside surviving plant values in 

calculating average seed yield per variety/treatment. Averages were statistically 

compared using IBM® SPSS® Statistics version 25 (IBM® Corporation 2017).  

 

Figure 6.2. Oilseed rape (Brassica napus) plants in the glasshouse that had been 
tied to canes and individually wrapped in cellophane tubes. 
 

Seed content and oil composition analysis 

 

Near Infrared Spectroscopy (NIRS) was used to analyse seed content and oil 

composition of seeds produced by individual plants in both replicates of the large-

scale glasshouse experiment. Equal volumes of seed from each individual were loaded 

into separate glass cylinders of a NIRFlex® Solids N-500 spectrometer. Percentage 

moisture, protein, oil and glucosinolate content were then calculated by NIRS using 

the Ingot NIR analysis software and the ‘Rapeseed Breeders Calibration 2009’ 

algorithm (Barker, unpublished). Simultaneously, the oleic, linolenic and erucic acid 

content of seed oil was analysed for each individual. Averages for each of the four 

treatments within each variety were calculated and then statistically compared using 

IBM® SPSS® Statistics version 25 (IBM® Corporation 2017).  
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6.3 Results 

 
6.3.1 Development of a V. longisporum inoculation assay to B. napus 

 

To determine Amalie’s resistance status to V. longisporum and its association with 

TuYV resistance, a V. longisporum inoculation assay first needed to be developed. 

The aim was to identify a V. longisporum isolate, inoculation method and inoculation 

concentration that would elicit symptoms of infection in B. napus but would not cause 

significant plant death. This was because Amalie’s resistance status to V. longisporum 

would be determined based on its agronomic performance in comparison to the V. 

longisporum-susceptible variety Anastasia and the V. longisporum-resistant variety 

Catana (both varieties are TuYV-susceptible), in the presence/absence of co-infection 

with TuYV. 

 

Pathogenicity testing of V. longisporum isolates using the root- and seed-dip 

inoculation methods 

 

The V. longisporum-susceptible B. napus variety, Anastasia was inoculated with five 

different isolates of V. longisporum (K/D1, K/D8, K/C3, IPP0121 and VL43) via two 

different inoculation methods (root-dip and seed-dip) (Section 6.2.1). Severity of V. 

longisporum disease was scored in the inoculated plants, three times a week for a total 

of six weeks. After the scoring period, AUDPC values were calculated for each 

individual and subsequently standardised by subtracting the average AUDPC value of 

the mock(water) -inoculated controls. The higher the AUDPC values the more severe 

the V. longisporum disease symptoms. 

 

A two-way ANOVA was conducted, which showed that there was no significant 

interaction between the effects of isolate and inoculation method on AUDPC 

values, F (4, 24) = 1.6, p = 0.200 (Supplementary Table 2). Furthermore, there was 

only one significant difference in AUDPC values between the two inoculation 

methods for a given isolate; plants inoculated with isolate VL43 by the seed-dip 

method (!̅	± SD = 201.5 ± 0.0) had significantly higher AUDPC values than those 

inoculated with the same isolate but by the root-dip method (!̅ ± SD = 59.4 ± 98.4) (p 
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= 0.037) (Fig. 6.3). In general, plants inoculated by the seed-dip method had higher 

average AUDPC values than those inoculated by the root-dip method (Fig. 6.3) and 

all the seed-dip inoculated plants had died, seven weeks post-inoculation, whereas 

55% of the plants inoculated by the root-dip method were still alive at this time point. 

Moreover, only 75% of seeds inoculated by the seed-dip method germinated, 

compared to 100% of uninoculated seeds (which subsequently went on to be 

inoculated via the root-dip method).  

Figure 6.3. Pathogenicity testing of five Verticillium longisporum isolates 
inoculated to the susceptible Brassica napus variety Anastasia by the root-dip 
(RD) and seed-dip (SD) methods. K/D1, K/D8, K/C3, IPP0121 and VL43 are V. 
longisporum isolates. Disease symptoms were scored three times a week for a total of 
six weeks after inoculation with 25ml of 1x106 spores/ml by the root- and seed-dip 
methods. Disease severity scores were then calculated for each individual as Area 
Under the Disease Progression Curve (AUDPC) values. The higher the AUDPC value 
the more severe the disease symptoms. Once calculated, AUDPC values for 
individuals were standardised by subtracting the average AUDPC value of the mock 
(water)-inoculated controls. Mean AUDPC values ± standard deviations are reported. 
Means that were not significantly different from one another are represented by the 
same lowercase letter (Tukey’s HSD at significance level p = 0.05). 
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Isolate K/D1 appeared to be the most pathogenic isolate to Anastasia when inoculated 

by the root-dip method (!̅ ± SD = 158.3 ± 82.9) and was significantly different from 

the mock (water)-inoculated control (!̅ ± SD = 0.0 ± 0.0) (p = 0.006) (Fig. 6.3). Isolate 

VL43 was the most pathogenic to Anastasia when inoculated by the seed-dip method 

(!̅ ± SD = 201.5 ± 0.0) and was significantly different from the mock-inoculated 

control (p = 0.001). The least pathogenic isolate for both inoculation methods was 

K/D8 (root-dip !̅ ± SD = 12.5 ± 5.7; seed-dip !̅ ± SD = 38.7 ± 41.2) which had AUDPC 

values that were not significantly different to the mock-inoculated control.  

 

There were only two significant differences in the pathogenicity of isolates inoculated 

by the same method. Isolate K/D1 (root-dip !̅ ± SD = 158.3 ± 82.9; seed-dip !̅ ± SD 

= 145.5 ± 36.1) was significantly more pathogenic in Anastasia than isolate K/D8 

(root-dip !̅ ± SD = 12.5 ± 5.7; seed-dip !̅ ± SD = 38.7 ± 41.2), when inoculated by the 

root-dip method (p = 0.014) but not the seed-dip method (p = 0.134). Isolate VL43 

(root-dip !̅ ± SD = 59.4 ± 98.4; seed-dip !̅ ± SD = 201.5 ± 0.0) was significantly more 

pathogenic than isolate K/D8 (root-dip !̅ ± SD = 12.5 ± 5.7; seed-dip !̅ ± SD = 38.7 

± 41.2), when inoculated by the seed-dip method (p = 0.020) but not by root-dip 

method (p = 0.972).  

 

Overall, there was a broad range of AUDPC values for individuals inoculated by the 

same isolate and method, indicated by their large standard deviations. The isolate 

causing the lowest AUDPC values (least pathogenic) in Anastasia, K/D8 was taken 

forward to further develop a root-dip inoculation assay for the large-scale glasshouse 

experiments (Section 6.3.2). This was because the isolate gave visible symptoms 

within Anastasia (V. longisporum-susceptible) that could be used to score disease 

severity but it did not cause significant plant death. 

 

The effect of spore concentration on the severity of V. longisporum infection in B. 

napus 

 

The B. napus varieties, Amalie, (V. longisporum resistance status under investigation), 

Anastasia (V. longisporum-susceptible) and Catana (V. longisporum-resistant) were 

inoculated with 25ml of five different concentration (1x104, 1x105, 1x106, 1x107 and 
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1x108 spores/ml) of V. longisporum isolate K/D8, using the root-dip method. Severity 

of V. longisporum disease was scored in the inoculated plants, twice a week for total 

of six weeks. After the scoring period, AUDPC values were calculated for each 

individual and standardised against the mock (water)-inoculated controls. The higher 

the AUDPC values the more severe the V. longisporum disease symptoms. 

 

A two-way ANOVA was conducted, which showed there was no significant 

interaction between variety and inoculum concentration on AUDPC values, F (8, 50) 

= 0.8, p = 0.641 (Supplementary Table 3). There was only one significant difference 

in AUDPC values between varieties inoculated with the same spore concentration; 

There was a significant difference in AUDPC values between varieties inoculated with 

1x107 spores/ml, Amalie had significantly higher AUDPC values (!̅ ± SD = 171.3 ± 

44.2) than Catana (!̅ ± SD = 46.2 ± 35.1) (p = 0.022) (Fig. 6.4). Although not 

significant, Amalie had the highest mean AUDPC values at each concentration 

compared to the other varieties, except at 1x104 spores/ml and 1x108 spores/ml, where 

the V. longisporum-susceptible variety, Anastasia had the highest mean AUDPC. 

Catana had the lowest AUDPC values at each concentration. There was a significant 

increase in the severity of disease (AUDPC values) for each of the three varieties when 

the concentration of spores/ml increased as would be expected (Fig. 6.4A); Amalie, F 

(5, 24) = 9.4, p < 0.001, for Anastasia, F (5,23) = 9.0, p < 0.001 and for Catana, F 

(5,14) = 7.4, p = 0.001. The increase in disease severity caused by increased spores/ml 

was clearly visible (Fig. 6.4B to G); plants inoculated with 1x104 spores/ml (Fig. 6.4B) 

displayed minimal symptoms compared to plants inoculated with 1x108 spores/ml 

(Fig. 6.4G), which were all dead ten weeks post-challenge.  

 

Symptoms of V. longisporum infection were observed at 1x105 spores/ml and no plants 

died as a result of infection. Furthermore, there was a difference (although not 

significant) between AUDPC values for varieties inoculated at this concentration. For 

these reasons, inoculation with isolate K/D8 via the root-dip method at 25ml of 1x105 

spores/ml, was chosen for the large-scale glasshouse experiments which aimed to 

determine Amalie’s resistance status to V. longisporum. 
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Figure 6.4. Comparisons of disease severity in three Brassica napus varieties, 
following inoculation with different spore concentrations of Verticillium 
longisporum isolate K/D8 via the root-dip method. The B. napus varieties tested 
were, Amalie (resistance status to V. longisporum under investigation), Anastasia (V. 
longisporum-susceptible) and Catana (V. longisporum-resistant). A. Disease severity 
scores were calculated as Area Under the Disease Progression Curve (AUDPC). The 
higher the AUDPC value the more severe the disease symptoms. Disease symptoms 
were scored twice a week for a total of six weeks. The AUDPC value for each 
individual was standardised by subtracting the average AUDPC value of the mock 
(water)-inoculated controls. Mean AUDPC values ± standard deviations are reported. 
Means that were not significantly different from one another are represented by the 
same lowercase letter (Tukey’s HSD at significance level p = 0.05). B-G. Anastasia 
(1st column of each tray), Amalie (2nd column) and Catana (3rd column) plants, ten 
weeks post-challenge with B. mock-inoculated with water or inoculated with 25ml of 
C. 1x104 spores/ml, D. 1x105 spores/ml, E. 1x106 spores/ml, F. 1x107 spores/ml or G. 
1x108 spores/ml, of V. longisporum isolate K/D8 by the root-dip method. 
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6.3.2 Determining the V. longisporum resistance status of the oilseed rape variety 

Amalie and its association with TuYV resistance 

 

Amalie’s resistance status to V. longisporum in the presence/absence of co-infection 

with TuYV was determined in two replicates of a large-scale glasshouse experiment 

(Section 6.2.3). Co-infection with TuYV was included to determine if Amalie’s 

proposed V. longisporum resistance was triggered by activation of its TuYV 

resistance, or whether the resistances are independent of one another. Amalie’s V. 

longisporum resistance status was determined by comparing its V. longisporum 

disease severity, TuYV susceptibility and agronomic performance to that of two other 

oilseed rape varieties Anastasia (V. longisporum- and TuYV-susceptible) and Catana 

(V. longisporum-resistant and TuYV-susceptible), in four treatment groups [no 

treatment (00), V. longisporum inoculation only (V0), TuYV challenge only (T0) or 

V. longisporum inoculation and TuYV challenge (VT)]. 

 

Comparison of V. longisporum disease severity in three B. napus varieties under 

the presences/absences of TuYV co-infection 

 

For both replicates of the large-scale experiment, plants were scored for V. 

longisporum disease symptoms twice a week for a total of six weeks (Section 6.2.3). 

Average AUDPC values were then calculated for plants belonging to same variety 

(Amalie, Anastasia or Catana) and treatment group (00, V0, T0 and VT). Before 

statistical comparisons were made between replicates, AUDPC values were 

standardised by calculating the average AUDPC value for the treatments groups not 

inoculated with V. longisporum (00 and T0) and then subtracting this average from 

average AUDPC values for the V. longisporum inoculated treatment groups (V0 and 

VT) for each replicate (Section 6.2.1). There were no significant differences in 

AUDPC values between replicates for individuals of the same variety and treatment 

group. Therefore, the AUDPC values from both replicates were combined and 

statistically analysed together. The higher the AUDPC values the more severe the V. 

longisporum disease symptoms. 

 

A two-way ANOVA showed that there was a statistically significant interaction 

between variety and treatment group on AUDPC values, F (2, 86) = 4.3, p = 0.016 
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(Supplementary Table 4). Simple main effects (SME) analysis using Tukey’s HSD, 

showed that when inoculated with V. longisporum only (V0 treatment group), Amalie 

had significantly lower AUDPC values (less severe disease) (!̅ ± SD = 53.2 ± 24.9) 

than V. longisporum-susceptible line Anastasia (!̅ ± SD = 103.4 ± 36.0) (p < 0.001) 

but did not have significantly lower AUDPC values from the resistant line Catana (!̅ 

± SD = 77.5 ± 26.6) (p = 0.213) (Fig. 6.5) and interestingly, Catana did not have 

significantly lower AUDPC values than Anastasia (p = 0.245), as would be expected. 

No significant differences in AUDPC values between varieties were detected in the V. 

longisporum inoculation and TuYV challenge treatment group (VT). SME analysis 

did show that Amalie had significantly lower AUDPC values when inoculated with V. 

longisporum only (V0 treatment group) (!̅ ± SD = 53.2 ± 24.9) than when inoculated 

with V. longisporum and challenged with TuYV (VT treatment group) (!̅ ± SD = 93.0 

± 26.3) (p = 0.003). However, there was no significant differences in AUDPC values 

between the V0 and VT treatments groups for Anastasia and Catana.  

 

Comparison of TuYV susceptibility of three B. napus varieties under the 

presence/absence of V. longisporum co-infection 

 

TuYV infection does not cause obvious and specific disease symptoms like V. 

longisporum and so TuYV susceptibility was measured using viral titre, where a 

higher viral titre was associated with increased susceptibility to TuYV. For each 

replicate of the large-scale experiment, two ELISAs were carried out to measure 

TuYV viral titre in each of the three varieties (Amalie, Anastasia and Catana) and four 

treatment groups (00, T0, V0 and VT). The first ELISA was carried out before plants 

were vernalised, at four weeks post-challenge with the virus and the second was 

carried out post-vernalisation, when plants were elongating at 19 weeks post-challenge 

with TuYV. In replicate one, five Anastasia plants in the V0 treatment group and one 

Amalie plant and five Anastasia plants in the VT treatment group, died before the 

second ELISA. In replicate two, one Anastasia plant in the V0 treatment group and 

two Amalie and four Anastasia plants in the VT treatment group, died before the 

second ELISA. 
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Figure 6.5. Comparison of Verticillium longisporum disease severity between 
three Brassica napus varieties in the presence/absence of co-infection with Turnip 
yellows virus (TuYV) in two replicates of the large-scale glasshouse experiment. 
Amalie is TuYV-resistant but its resistance status to V. longisporum is under 
investigation, Anastasia is TuYV- and V. longisporum-susceptible and Catana is 
TuYV-susceptible and V. longisporum-resistant. Plants from each variety were 
allocated to four treatment groups in two experimental replicates, 00 - not inoculated 
with V. longisporum or challenged with TuYV, T0 - challenged with TuYV only, V0 
- inoculated with V. longisporum only and VT - inoculated with V. longisporum and 
challenged with TuYV. The two experimental replicates were carried out in the 
glasshouse in consecutive periods 2017/18 and 2018/19. In both experimental 
replicates, V. longisporum disease symptoms were scored twice a week for a total of 
six weeks after inoculation with 25ml of 1x105 spores/ml with isolate K/D8 by the 
root-dip method. Disease severity scores were then calculated, for each individual, as 
Area Under the Disease Progression Curve (AUDPC) values. The higher the AUDPC 
value the more severe the disease symptoms. Once calculated, AUDPC values for 
individuals from the same experimental replicate were standardised by subtracting the 
average AUDPC value of the 00 and T0 treatment groups for that replicate. There was 
no statistical difference in standardised AUDPC values between the two experimental 
replicates and so AUDPC values were combined for individuals of the same variety 
and treatment group. Mean AUDPC values ± standard deviations are reported. Means 
that were not significantly different from one another are represented by the same 
lowercase letter (Tukey’s HSD at significance level p = 0.05). 
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For all four ELISAs, A405 values were not normally distributed and were carried out 

at different time points. So, Kruskal-Wallis tests followed by Dunn’s pairwise 

comparisons (including the Bonferroni correction for multiple comparisons) were 

carried out on each of the four ELISAs, separately (Fig. 6.6). Kruskal-Wallis tests 

showed that there was a significant difference in A405 values between varieties and 

treatments within each ELISA. For replicate one of the large-scale experiments, at 

four weeks post-challenge with TuYV, H (11) = 81.1, p < 0.001 and at 19 weeks post-

challenge with TuYV, H (11) = 64.5, p < 0.001. For replicate two of the large-scale 

experiment, at four weeks post-challenge, H (11) = 67.5, p < 0.001 and 19 weeks post-

challenge H (11) = 60.4, p < 0.001. Pairwise significant differences in mean rank A405 

values between varieties and treatments for each experiment are summarised (Fig. 

6.6). Although analysed separately, all four ELISAs showed the same trends. Firstly, 

the TuYV-resistant variety, Amalie did not have A405 values that were significantly 

different between the TuYV-challenged (T0 and VT) and -unchallenged (00 and V0) 

treatment groups. Secondly, the TuYV-susceptible varieties, Anastasia and Catana 

had significantly higher A405 values in the TuYV-challenged (T0 and VT) than -

unchallenged (00 and V0) treatments groups. Lastly, there was no significant 

difference in A405 values between the T0 and VT groups for all varieties, suggesting 

difference that co-infection with V. longisporum does not increase TuYV-

susceptibility.  

 

Unfortunately, in the second replicate of the large-scale experiment there had been 

cross contamination of the treatment groups with TuYV. For the no treatment (00) 

group, four Anastasia plants and one Catana plant became infected with TuYV and 

were subsequently reclassified to the TuYV infection only (T0) treatment group. For 

the V. longisporum (V0) only treatment group, five Anastasia plants became infected 

with TuYV and were subsequently reclassified to the V. longisporum and TuYV 

infection (VT) treatment group. 

 



 184 

Figure 6.6. Quantification of Turnip yellows virus (TuYV) titre by ELISA in three 
Brassica napus varieties in the presence/absences of co-infection with Verticillium 
longisporum in two replicates of the large-scale glasshouse experiment. Amalie is TuYV-
resistant but its resistance status to V. longisporum is under investigation, Anastasia is TuYV- 
and V. longisporum-susceptible and Catana is TuYV-susceptible and V. longisporum-
resistant. Plants from each variety were allocated to four treatment groups in two experimental 
replicates. 00 - not inoculated with V. longisporum or challenged with TuYV, T0 - challenged 
with TuYV only, V0 - inoculated with V. longisporum only and VT - inoculated with V. 
longisporum and challenged with TuYV. The two experimental replicates were carried out in 
the glasshouse in consecutive periods 2017/18 and 2018/19. Mean ranks that were not 
significantly different from one another are represented by the same lowercase letter (Dunn’s 
pairwise comparisons with the Bonferroni correction at significance level p = 0.05). A. ELISA 
results for replicate one of the large-scale experiment at four weeks post-challenge with 
TuYV. B. ELISA results for replicate one of the large-scale experiment at 19 weeks post-
challenge with TuYV. C. ELISA results for replicate two of the large-scale experiment at four 
weeks post-challenge with TuYV. D. ELISA results for replicate two of the large-scale 
experiment at 19 weeks post-challenge with TuYV. 
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Comparison of the agronomic performance of three B. napus varieties when 

infected with V. longisporum and/or TuYV 

 

The agronomic performance of the three oilseed rape varieties Amalie, Anastasia and 

Catana, in each of four treatment groups, no treatment (00), V. longisporum 

inoculation only (V0), TuYV challenge only (T0) and V. longisporum inoculation and 

TuYV challenge (VT), were assessed by measuring developmental, yield and seed 

content traits. For developmental traits, plant survival, days to flowering (DTF), days 

to harvest (DTH), plant height and dry weight were measured (Section 6.2.2). For 

yield traits, number of pods, number of seeds, total seed weight per plant, 100 seed 

weight and total seed yield per variety/treatment group were measured (Section 

6.2.2).For seed content traits, NIRS was used to measure the moisture, protein, oil and 

glucosinolate content of the seed as well as analyse the seed oil composition (Section 

6.2.2). 

 

Developmental traits 

 

The percentage survival, average DTF, average DTH, average plant height (cm) and 

average dry weight (g) for each variety, treatment group and experimental replicate 

are summarised in Table 6.2. There were significant differences in these 

developmental traits between the two experimental replicates for individuals of the 

same variety and treatment group (Supplementary Table 5). For this reason, the 

replicates were statistically analysed separately.  

 



  

Table 6.2. Developmental traits of three Brassica napus varieties infected with Verticillium longisporum and/or Turnip yellows virus 
(TuYV) in two replicates of the large-scale glasshouse experiment. 
 

 

Experimental 
replicate (date) 

 

Varietya 
 

Treatment 
groupb 

 

  n 
 

n survived 
(%) 

 

Average number of days 
to flowering (DTF) ± SD 

 

 

Average number of days 
until harvest (DTH) ± SD 

 

Average plant height at 
harvest ± SD (cm) 

 

Average dry weight ± SD 
(g) 

 

1 (2017/18) 

 

Amalie 
 

       00 
 

8 
 

8 (100.0) 
 

198 ± 24 
 

ac 
 

367 ±   7 
 

ad 
 

83.8 ± 12.0 
 

ac 
 

10.101 ± 2.822 
 

ad 
       T0 8 8 (100.0) 196 ± 35 ab 378 ±   7 d 72.1 ± 10.3 a 7.765 ± 2.623 ac 
       V0 8 8 (100.0) 187 ± 27 ab 327 ± 41 abcd 89.9 ± 15.1 ad 7.236 ± 3.118 ac 
       VT 8 7   (87.5) 226 ± 42  ab 342 ± 18 ac 77.6 ± 10.5  a 3.896 ± 1.014 c 

Anastasia        00 8 8 (100.0) 188 ± 23 ab 358 ±   6 a 138.1 ± 22.8  b 12.779 ± 2.040 bd 
       T0 8 8 (100.0) 196 ± 19 a 370 ±   7 ad 112.8 ± 19.9 bcd 9.339 ± 1.849 ade 
       V0 8 3   (37.5) 186 ± 21 ab 337 ± 49 abcd 73.1 ± 10.8 ac 4.062 ± 2.268 ce 
       VT 8 1   (12.5) 175 ±   0 a 281 ±   0 b 72.9 ±   0.0 ad 1.669 ± 0.000 c 

Catana        00 8 8 (100.0) 158 ±   4 b 360 ± 17 ad 136.6 ± 14.3 b 14.593 ± 1.303 b 
       T0 8 8 (100.0) 159 ±   3 b 368 ± 12 ad 118.5 ± 14.4 d 14.760 ± 3.918 b 
       V0 8 8 (100.0) 162 ±   5  bc 295 ± 17 be 99.7 ± 20.5 ad 4.834 ± 2.547 c 
       VT 8 8 (100.0) 166 ±   7  ab 313 ± 18 ce 91.8 ± 28.5 ad 5.925 ± 2.700 

 

ac 
 

2 (2018/19) 
 

Amalie 
 

       00 
 

8 
 

8 (100.0) 
 

140 ± 37  
 

a 
 

414 ± 17 
 

ac 
 

125.6 ± 16.5 
 

ac 
 

9.653 ± 2.169 
 

ac 
       T0 8 8 (100.0) 75 ± 23 bce 421 ±   9 a 143.6 ±   7.4 ac 16.656 ± 1.963 b 
       V0 8 8 (100.0) 91 ± 26 ae 336 ± 20 b 138.9 ± 20.0 ac 14.020 ± 3.104 bc 
       VT 8 6   (75.0) 132 ± 48 ab 371 ± 47 abc 118.7 ± 21.9 bc 10.498 ± 4.057 ac 

Anastasia        00 4 4 (100.0) 113 ± 45  ab 391 ± 34 abc 153.4 ±   6.3 a 12.291 ± 1.953 bc 
       T0 12 11 (91.7) 100 ± 36 ae 398± 18 ac 143.6 ± 12.4 a 12.184 ± 3.243 cd 
       V0 3 2   (66.7) 127 ± 50 ab 375± 64 abc 141.8 ±   4.7 ac 10.774 ± 1.153 abc 
       VT 13 7   (53.8) 140 ± 39 ac 368± 30 abc 96.6 ± 17.4 b 5.311 ± 1.918 a 

Catana        00 5 5 (100.0) 60 ± 13 be 395 ±   9  c 134.2 ±   7.2  ac 12.874 ± 3.808 bc 
       T0 7 7 (100.0) 47 ± 13 bd 396 ± 24 ac 143.8 ±   9.5 ac 16.418 ± 2.666 bd 
       V0 6 6 (100.0) 59 ± 10 be 323 ±   3 b 140.8 ± 14.9 ac 14.150 ± 2.195 bc 
       VT 6 6 (100.0) 63 ± 11 be 

 

338 ± 16 b 145.7 ± 11.5 ac 13.520 ± 3.156 bc 
 

a Amalie is TuYV-resistant but its resistance status to V. longisporum is under investigation, Anastasia is TuYV- and V. longisporum-susceptible and Catana is TuYV-susceptible 
and V. longisporum-resistant. 
b 00 - not inoculated with V. longisporum or challenged with TuYV, T0 - challenged with TuYV only, V0 - inoculated with V. longisporum only and VT - inoculated with V. 
longisporum and challenged with TuYV.  
Mean values ± standard deviations (SD) are reported. Replicates were statistically analysed separately. Means that were not significantly different from one another within a 
replicate are represented by the same lowercase letter using using Games-Howell at significance level p = 0.05 for DTF and DTH and using Tukey’s HSD at significance level 
p = 0.05 for height and dry weight.
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TuYV infection only (T0 treatment group) did not cause significant plant death in 

either replication of the large-scale experiment; only one Anastasia plant in replicate 

two died before harvest (Table 6.2). V. longisporum infection only (V0 treatment 

group) did not cause the death of any Amalie or Catana plants in either replicate of the 

large-scale experiment. However, it did cause significant plant death in the V. 

longisporum-susceptible variety Anastasia; only 37.5% and 66.7% of Anastasia plants 

survived in replicates one and two, respectively (Table 6.2). In both replicates, co-

infection with TuYV and V. longisporum (VT treatment group) did not exacerbate 

plant death in the V. longisporum-resistant variety Catana (100% of plants survived) 

but it did in Amalie and Anastasia (Table 6.2). In the VT treatment group, only 87.5% 

and 75% of Amalie plants and 12.5% and 53.8% of Anastasia plants survived in 

replicates one and two, respectively.  

 
Two-way ANOVAs showed that there was no significant interaction between variety 

and treatment group for the average number of DTF in replicate one, F (6, 71) = 1.2, 

p = 0.315 or in replicate two, F (6, 66) = 1.7, p = 0.136 of the experiment. In both 

replicates, there was no obvious effect of TuYV and/or V. longisporum infection on 

DTF for any variety. To support this, there were no differences in average DTF 

between treatment groups within a variety that were significant in both replicates. 

Catana was the quickest variety to flower in both replicates (Table 6.2). It flowered 

quicker than Amalie and Anastasia but there was no obvious difference in flowering 

times between Amalie and Anastasia.  

 

Two-way ANOVAs showed that there was a significant interaction between variety 

and treatment group for the average number of (DTH) in replicate one, F (6, 71) = 2.5, 

p = 0.024 but not in replicate two, F (6, 66) = 1.9, p = 0.094 of the experiment. There 

was no significant impact of TuYV infection only (T0 treatment group) on DTH but 

generally, for both replicates, infection with V. longisporum (the V0 and VT treatment 

groups) caused plants of all three varieties to prematurely ripen (Table 6.2). 

Surprisingly, this effect was only significant in the V. longisporum-resistant variety 

Catana (Table 6.2). In both replicates, Catana plants infected with V. longisporum in 

the V0 (replicate one !̅ ± SD = 295 ± 17; replicate two !̅ ± SD = 323 ± 3) and VT 

(replicate one !̅ ± SD = 313 ± 18; replicate two !̅ ± SD = 338 ± 16) treatment groups 

had significantly shorter DTH than those not infected with V. longisporum in the 00 



 188 

(replicate one !̅ ± SD = 360 ± 17; replicate two !̅ ± SD = 395 ± 9) and T0 (replicate 

one !̅ ± SD = 368 ± 12; replicate two !̅ ± SD = 396 ± 24) treatment groups. Although 

V. longisporum infection did not cause a reduction in DTH in Amalie and Anastasia 

that was significant in both replications, it did cause an increase the variability (larger 

SDs) in DTH compared plants of the same variety in the 00 and T0 treatment groups 

(Table 6.2). This variability was particularly prominent in replicate one of the 

experiment. For all three varieties, there was no additive negative impact on DTH 

when plants were co-infected with TuYV and V. longisporum compared to when 

infected with V. longisporum only.  

 

Two-way ANOVAs showed that there was a significant interaction between variety 

and treatment group for the average height of plants at harvest in replicate one, F (6, 

71) = 5.7, p < 0.001 and in replicate two, F (6, 66) = 6.7, p < 0.001. In replicate one 

of the experiment, TuYV infection only (T0 treatment group) caused a small reduction 

in average plant height in all varieties in comparison to the no treatment groups (00 

treatment group) but in replicate two, it did not impact average plant height of any of 

the varieties (Table 6.2). Infection with V. longisporum only (V0 treatment group) 

caused a significant reduction in the height of Anastasia and Catana plants but not 

Amalie plants in replicate one, in comparisons to the no treatment group for that 

variety. Yet, like TuYV infection only, V. longisporum infection only did not impact 

on the average plant height of any of the varieties in replicate two (Table 6.2). In both 

replicates, co-infection with TuYV and V. longisporum did not cause an additive 

negative impact on average plant height for any variety compared to when infected 

with V. longisporum only. An exception to this was the V. longisporum-susceptible 

variety Anastasia in replicate two. SME analysis identified that the only difference 

significant in both replicates, was that Anastasia plants co-infected with both V. 

longisporum and TuYV (VT) (replicate one !̅ ± SD = 72.9 ± 0.0cm; replicate two !̅ ± 

SD = 96.6 ± 17.4cm) were shorter than those of the same variety in the no treatment 

group (00) (replicate one !̅ ± SD = 138.1 ± 22.8cm, p = 0.001; replicate two !̅ ± SD 

= 153.4 ± 6.3cm, p < 0.001).  

 

Two-way ANOVAs showed that there was a significant interaction between variety 

and treatment group for the average dry weight of plants in replicate one, F (6, 71) = 
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5.7, p < 0.001 and in replicate two, F (6, 66) = 3.2, p = 0.009 of the experiment. For 

replicate one, TuYV infection only (T0 treatment group) caused a reduction in dry 

weight of Amalie and Anastasia, but not Catana plants in comparison to the no 

treatment groups (00 treatment group) (Table 6.2). Infection with V. longisporum only 

(V0 treatment group) caused a reduction in dry weight in all varieties in replicate one, 

compared to the no treatment groups and it generally caused a greater reduction in dry 

weight than TuYV infection only (Table 6.2). Moreover, in replicate one, co-infection 

with TuYV and V. longisporum (VT treatment group) caused an exacerbated reduction 

in dry weight compared to when varieties were infected with TuYV or V. longisporum 

only. However, in replicate two of the experiment, TuYV or V. longisporum infection 

only did not affect the dry weight of any variety and co-infection only caused a 

reduction in dry weight of Anastasia. In both replicates, Anastasia plants in the VT 

group (replicate one !̅ ± SD = 1.669 ± 0.000g; replicate two !̅ ± SD = 5.311 ± 1.918g) 

had significantly lighter dry weights than those of the same variety in the 00 treatment 

group (replicate one !̅ ± SD = 12.779 ± 2.040g, p < 0.001; replicate two !̅ ± SD = 

12.291 ± 1.953g, p = 0.010) and the T0 treatment group (replicate one !̅ ± SD = 9.339 

± 1.849g, p = 0.011; replicate two !̅ ± SD = 12.184 ± 3.243g, p < 0.001).  

 
Yield traits 

 

The average number of pods per plant, average number of seeds per plant, average 

seed weight per plant (g) and 100 seed weight (g) for each variety, treatment group 

and experimental replicate are summarised in Table 6.3. There were significant 

differences in these yield traits between the two experimental replicates for individuals 

of the same variety and treatment group (Supplementary Table 6). For this reason, the 

replicates were statistically analysed separately.  

 

 

 



  

Table 6.3. Yield traits of three Brassica napus varieties infected with Verticillium longisporum and/or Turnip yellows virus (TuYV) in two 
replicates of the large-scale glasshouse experiment. 
 

 

Experimental 
replicate (date) 

 

Varietya 
 

Treatment 
groupb 

 

  n 
 

n survived 
(%) 

 

Average number of pods 
per plant ± SD 

 

 

Average number of seeds 
per plant ± SD 

 

Average total seed weight 
per plant ± SD (g) 

 

Average 100 seed weight 
± SD (g) 

 

1 (2017/18) 

 

Amalie 
 

       00 
 

8 
 

8 (100.0) 
 

64 ± 22 
 

ac 
 

822 ± 340 
 

ac 
 

3.269 ± 1.508 
 

ac 
 

0.409 ± 0.021 
 

adf 
       T0 8 8 (100.0) 57 ± 22 ac 591 ± 270 ab 2.200 ± 0.940 bcd 0.417 ± 0.040 aef 
       V0 8 8 (100.0) 48 ± 16 ac 478 ± 215 bcd 1.876 ± 0.911 bcd 0.426 ± 0.058 aef 
       VT 8 7   (87.5) 28 ±   5  a 256 ±   64 b  0.952 ± 0.297 b 0.398 ± 0.073 adf 

Anastasia        00 8 8 (100.0) 65 ± 19 ac 703 ± 265 ade  2.161 ± 0.942 bcd 0.382 ± 0.036 acg 
       T0 8 8 (100.0) 69 ± 11 c 718 ±   73 ade 2.389 ± 0.265 bcd 0.372 ± 0.027 acg 
       V0 8 3   (37.5) 27 ±   9 ac 220 ±   62 be 0.635 ± 0.366 b 0.296 ± 0.078 cd 
       VT 8 1   (12.5) 16 ±   0 ac 180 ±     0 be 0.452 ± 0.000 b 0.256 ± 0.000 c 

Catana        00 8 8 (100.0) 132 ± 12 b 838 ± 158 ad 3.548 ± 0.811 ad 0.495 ± 0.044 be 
       T0 8 8 (100.0) 140 ± 40 b 909 ± 376 a 4.149 ± 1.843 a 0.513 ± 0.045 b 
       V0 8 8 (100.0) 49 ± 32  ac 285 ± 165 b 1.277 ± 0.779 b 0.466 ± 0.063 bf 
       VT 8 8 (100.0) 62 ± 26 ac 309 ± 133 b 1.299 ± 0.660 b 0.443 ± 0.050 

 

bfg 
 

2 (2018/19) 
 

Amalie 
 

       00 
 

8 
 

8 (100.0) 
 

62 ± 18  
 

ac 
 

847 ± 205 
 

ad 
 

3.066 ± 0.673 
 

ad 
 

0.406 ± 0.047 
 

abc 
       T0 8 8 (100.0) 116 ± 17 b 1376 ± 296 b 5.820 ± 0.732 b 0.471 ± 0.049 bc 
       V0 8 8 (100.0) 94 ± 22 bc 1162 ± 309 bd 4.041 ± 1.313 ad 0.392 ± 0.069 ac 
       VT 8 6   (75.0) 82 ± 37 bc 1052 ± 523 bde 3.351 ± 1.767 ad 0.372 ± 0.051 ac 

Anastasia        00 4 4 (100.0) 78 ± 43  ab 718 ± 286 acd 3.014 ± 1.028 aef 0.492 ± 0.089 bc 
       T0 12 11 (91.7) 88 ± 35  bc 878 ± 249 ad 3.452 ± 1.058 ad 0.425 ± 0.045 abc 
       V0 3 2   (66.7) 61 ±   2 ab 576 ± 192 acd 2.482 ± 1.047 aef 0.460 ± 0.012 abc 
       VT 13 7   (53.8) 35 ± 13 a 347 ± 182 c 1.125 ± 0.710 ce 0.329 ± 0.124 a 

Catana        00 5 5 (100.0) 120 ± 15 b 805 ± 168 acd 2.685 ± 0.500 aef 0.362 ± 0.037 ac 
       T0 7 7 (100.0) 125 ± 33 b 998 ± 285 bde 4.658 ± 1.174 bdf 0.515 ± 0.070 b 
       V0 6 6 (100.0) 105 ± 22 bc 882 ± 338 bde 2.888 ± 0.461 acf 0.411 ± 0.081 abc 
       VT 6 6 (100.0) 99 ± 16 bc 

 

632 ± 125 ace 3.047 ± 0.894 ad 0.516 ± 0.051 b 
 

a Amalie is TuYV-resistant but its resistance status to V. longisporum is under investigation, Anastasia is TuYV- and V. longisporum-susceptible and Catana is TuYV-susceptible 
and V. longisporum-resistant. 
b 00 - not inoculated with V. longisporum or challenged with TuYV, T0 - challenged with TuYV only, V0 - inoculated with V. longisporum only and VT - inoculated with V. 
longisporum and challenged with TuYV.  
Mean values ± standard deviations (SD) are reported. Replicates were statistically analysed separately. Means that were not significantly different from one another within a 
replicate are represented by the same lowercase letter (Tukey’s HSD at significance level p = 0.05). 
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Two-way ANOVAs showed that there was a significant interaction between variety 

and treatment on the average number of pods produced per plant in replicate one, F 

(6, 71) = 5.3, p < 0.001 and in replicate two, F (6, 66) = 2.4, p = 0.039 of the 

experiment. Generally, for both replicates, plants infected with TuYV only (T0 

treatment group) produced more pods and plants infected with V. longisporum only 

(V0 treatment group) produced fewer pods, than those of the same variety in the no 

treatment group (00) (Table 6.3). Moreover, plants co-infected with V. longisporum 

and TuYV (VT treatment group) generally produced the fewest pods per plant 

compared to the other treatment groups for a given variety. Despite these observable 

trends (Table 6.3). SME analysis did not detect any differences in average pod number 

per plant between treatments within a variety that were significant in both 

experimental replicates. SME analysis did show that in both replicate in the no 

treatment (00) group, Catana plants produced significantly more pods (replicate one !̅ 

± SD = 132 ± 12; replicate two !̅ ± SD = 120 ± 15) than Amalie (replicate one !̅ ± SD 

= 64 ± 22, p < 0.001; replicate two !̅ ± SD = 62 ± 18, p = 0.034). There were no other 

significant differences in average pod number per plant between varieties within a 

treatment in both replicates.  

 

Two-way ANOVAs showed that there was no significant interaction between variety 

and treatment on the average number of seeds produced per plant in replicate one, F 

(6, 71) = 1.8, p = 0.109 or in replicate two, F (6, 66) = 1.3, p = 0.289 of the experiment. 

However, there was a significant interaction between variety and treatment on the 

average total seed weight per plant in replicate one, F (6, 71) = 2.4, p = 0.039 but not 

in replicate two, F (6,66) = 2.1, p = 0.060 of the experiment. Generally, for replicate 

one, plants infected with TuYV only (T0 treatment group) did not produce a different 

amount of seed (in number and total weight) than plants of the same variety in the no 

treatment group (00). Plants infected with V. longisporum only (V0 treatment group) 

tended to produce less seed (in number and total weight) than those of the same variety 

in the no treatment group (00). Plants co-infected with V. longisporum and TuYV (VT 

treatment group) produced the least amount of seed (in number and total weight) of 

all four treatment groups (Table 6.3). However, the effects of TuYV and/or V. 

longisporum infection on average total number of seeds per plant and average total 

seed weight per plant observed in replication one, were only observed in Anastasia in 
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replicate two. No differences in average seed number per plant and average total seed 

weight per plant were detected between treatments within variety, or between varieties 

within treatment, that were significant in both replicates of the experiment.  

 

Two-way ANOVAs showed that there was no significant interaction between variety 

and treatment on the average 100 seed weight per plant in replicate one, F (6, 69) = 

1.6, p = 0.150 but there was a significant interaction between the two variables in 

replicate two, F (6, 65) = 6.1, p < 0.001 of the experiment. Unlike the average number 

of pods per plant, average total seed number per plant and average total seed weight 

per plant, there was not a general trend in differences of average 100 seed weight 

between treatment groups within a variety. SME analysis confirmed this, as there were 

no significant differences in average 100 seed weight per plant between treatments 

within a variety in both experimental replicates. SME analysis did show that in both 

replicates in the VT treatment group, Catana plants produced significantly heavier 

seeds (greater 100 seed weight) (replicate one !̅ ± SD = 0.443 ± 0.050g; replicate two 

!̅ ± SD = 0.516 ± 0.051g) than Anastasia (replicate one !̅ ± SD = 0.256 ± 0.000g, p = 

0.001; replicate two !̅ ± SD = 0.329 ± 0.124g, p < 0.001) but there were no other 

significant differences in average 100 seed weight per plant between varieties within 

a treatment in both replicates.  

 

In addition to the above yield traits, average total seed yield per variety/treatment 

group was measured (Fig. 6.7). To do this, dead plants were recorded as having a total 

seed yield of 0g and were included alongside total seed yield measurements from 

surviving plants, in calculating averages. This is unlike the previous yield traits, where 

only measurements from surviving individuals were used for calculating averages. 

Two-way ANOVAs showed that there was a significant interaction between variety 

and treatment on the average total seed yield per variety/treatment group in replicate 

one, F (6, 84) = 2.8, p = 0.017 and in replicate two, F (6, 76) = 2.4, p = 0.036 of the 

experiment. In both replicates, TuYV infection only (T0 treatment group) did not 

reduce total seed yield per variety/treatment group in comparison to the no treatment 

group (00) for any variety (Fig. 6.7). In replicate one, V. longisporum infection only 

(V0 treatment group) caused a large reduction in the average total seed yield per 

variety/treatment for all varieties compared to those in the no treatment group (00) 
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(Fig. 6.7A); the greatest reduction was observed in Anastasia (-89%), followed by 

Catana (-64%) and then Amalie (-43%). However, in replicate two, V. longisporum 

infection only reduced (although not significantly) the average seed yield per 

variety/treatment of Anastasia compared to the no treatment group (-45%) (Fig. 6.7B). 

In replicate one, co-infection with V. longisporum and TuYV (VT treatment group) 

caused an exacerbated loss in total seed yield per variety/treatment in Amalie and 

Anastasia in comparison to when the varieties were infected with V. longisporum only 

(V0 treatment group). In replicate two, this exacerbated yield loss was only observed 

in Anastasia (Fig. 6.7). The only significant differences that were detected in both 

replicates were that Anastasia plants in the VT treatment group (replicate one !̅ ± SD 

= 0.057 ± 0.160g; replicate two !̅ ± SD = 0.606 ± 0.770g), yielded significantly less 

than those of the same variety in T0 treatment group (replicate one !̅ ± SD = 2.389 ± 

0.265g, p < 0.001; replicate two !̅ ± SD = 3.164 ± 1.418g, p = 0.002) and that in the 

VT treatment group, the V. longisporum-resistant variety, Catana yielded significantly 

more (replicate one !̅ ± SD = 1.300 ± 0.660g; replicate two !̅ ± SD = 3.047± 0.894g) 

than the susceptible variety, Anastasia (replicate one !̅ ± SD = 0.057 ± 0.160g, p = 

0.021; replicate two !̅ ± SD = 0.606 ± 0.770g, p = 0.008). 

 

Seed content traits 

 

NIRS was used to analyse the content of the seed and the composition of the seed oil 

produced from each plant in the two replicates of the large-scale experiment (Section 

6.2.3). Seed moisture (%), protein content (%), oil content (%) and glucosinolate 

content (#mole/g) were analysed. Oil composition was analysed by measuring the 

percentage content of oleic acid, linolenic acid and erucic acid. There were significant 

differences in seed content and oil composition between the two replicates of the large-

scale experiment for individuals of the same variety and treatment group 

(Supplementary Tables 7 and 8). For this reason, the replicates were statistically 

analysed separately (Table 6.4). Significant differences in seed content and oil 

composition between the different varieties and treatment groups are summarised for 

each of the experimental replicates, separately, in Table 6.4 and Fig. 6.8, respectively. 

 



 

Figure 6.7. Average total seed yield per plant of three Brassica napus varieties infected with Verticillium longisporum and/or Turnip yellows 
virus (TuYV) in two replicates of the large-scale glasshouse experiment. Amalie is TuYV-resistant but its resistance status to V. longisporum 
is under investigation, Anastasia is TuYV- and V. longisporum-susceptible and Catana is TuYV-susceptible and V. longisporum-resistant. 
Treatment groups are 00 - not inoculated with V. longisporum or challenged with TuYV, T0 - challenged with TuYV only, V0 - inoculated with 
V. longisporum only and VT - inoculated with V. longisporum and challenged with TuYV. The two experimental replicates were carried out in the 
glasshouse in consecutive periods A. replicate one carried out 2017/18 and B. replicate two carried out 2018/19. For average total seed yield per 
variety/treatment group, dead plants were recorded as having a total seed yield of 0g and were included alongside total yield measurements from 
surviving plants in calculating averages. Mean values ± standard deviations (SD) are reported. Means that are not significantly different from one 
another are represented by the same lowercase letter (Games-Howell at significance level p = 0.05). 
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Two-way ANOVAs showed that there was a significant interaction between variety 

and treatment on average percentage seed moisture content in replicate one, F (6, 71) 

= 4.4, p < 0.001 and in replicate two, F (6, 66) = 3.1, p = 0.031 of the experiment. 

There was a significant interaction between variety and treatment on average 

percentage seed protein content in replicate one (F = 4.4, p <0.001) but not in replicate 

two (F = 2.0 p = 0.085) of the experiment. There was no significant interaction 

between variety and treatment on average percentage seed oil content in replicate one 

(F =1.6, p = 0.162) but there was in replicate two (F = 2.8, p = 0.018) of the 

experiment. Finally, there was no significant interaction between variety and treatment 

on average seed glucosinolate content in replicate one (F = 1.1, p = 0.375) or in 

replicate two (F = 0.7, p = 0.687) of the experiment. 

 

Overall, there were no obvious differences in seed content (moisture, protein, oil and 

glucosinolate) between the different treatments within a variety (Table 6.4). SME 

analysis confirmed this as there were no differences in average moisture, protein, oil 

or glucosinolate content between treatments within a variety that were significant in 

both replicates. There were two differences between varieties within treatment groups 

that were significant in both replications. The first, was that Anastasia seeds had a 

significantly higher average percentage moisture content (replicate one !̅ ± SD = 5.30 

± 0.15%; replicate two !̅ ± SD = 6.26 ± 0.24%) than Catana seeds (replicate one !̅ ± 

SD = 4.63 ± 0.27%, p = 0.004; replicate two !̅ ± SD = 5.75 ± 0.33%, p = 0.030) in the 

T0 treatment group. The second, was that Anastasia seeds had a significantly higher 

average percentage seed moisture content (replicate one !̅ ± SD = 6.10 ± 0.00%; 

replicate two !̅ ± SD = 6.51 ± 0.33%) than Catana seeds (replicate one !̅ ± SD = 5.18 

± 0.19%, p = 0.024; replicate two !̅ ± SD = 5.56 ± 0.30%, p < 0.001) in the VT 

treatment group.  

 

 
 
 
 



 

Table 6.4. Seed content of three Brassica napus varieties infected with Verticillium longisporum and/or Turnip yellows virus (TuYV) in 
two replicates of the large-scale glasshouse experiment.  
 

 

Experimental 
replicate (date) 
 

 

Varietya 
 

Treatmentb 
 

n survived (%) 
 

Average % moisture 
content ± SD 

 

 

Average % protein content 
± SD 

 

Average % oil content 
± SD 

 

 

Average glucosinolate 
content ± SD (!mole/g) 

 

1 (2017/18) 
 

Amalie 
 

00 
 

8 (100.0) 
 

4.95 ± 0.60  
 

ac 
 

 20.37 ± 2.49  
 

a 
 

43.45 ± 5.08  
 

ab 
 

23.32 ±   4.03  
 

ab 
T0 8 (100.0) 5.03 ± 0.31  ac  21.34 ± 1.04  ab 43.37 ± 1.84  ab 23.86 ±   4.03  ab 
V0 8 (100.0) 4.91 ± 0.33  ac  21.59 ± 2.03   ab 42.27 ± 2.50  ab 24.44 ±   3.62  ab 
VT 7   (87.5) 4.74 ± 0.46    ac  20.13 ± 2.96   a  44.07 ± 5.41  ab 25.63 ±   7.12  ab 

Anastasia 00 8 (100.0) 4.98 ± 0.27  ac  20.63 ± 1.71  a  40.91 ± 5.34   ac 26.38 ±   4.61  a 
T0 8 (100.0) 5.30 ± 0.15  bc  21.99 ± 1.43    ab 42.91 ± 1.59  ab 27.13 ±   2.92  a 
V0 3   (37.5)  5.05 ± 0.24    ac  19.66 ± 2.00    a 43.66 ± 0.61  ab 21.38 ±   3.76  ab 
VT 1   (12.5) 6.10 ± 0.00    b  23.41 ± 0.00      ab 35.27 ± 0.00  a 32.33 ±   0.00  a 

Catana 00 8 (100.0)  5.00 ± 0.17 ac  23.28 ± 1.51  ab 44.26 ± 2.42  bc 22.82 ±   3.46  ab 
T0 8 (100.0) 4.63 ± 0.27 a  20.34 ± 1.52  a 46.64 ± 1.77  b 22.15 ±   3.36  ab 
V0 8 (100.0)  4.72 ± 0.24  a  21.68 ± 2.09  ab 46.45 ± 2.83  bc 19.22 ±   3.98  b 
VT 8 (100.0) 5.18 ± 0.19 cd  24.23 ± 1.02  b 43.08 ± 2.23  ab 22.81 ±   2.67 

 

ab 
 

2 (2018/2019) 
 

Amalie 
 

00 
 

8 (100.0) 
 

5.92 ± 0.26  
 

ac 
 

20.75 ± 1.97  
 

a 
 

43.11 ± 2.64  
 

ab 
 

 23.26 ±   5.58  
 

ab 
T0 8 (100.0)  5.84 ± 0.19  ac  21.04 ± 1.82  ab  43.66 ± 2.03  ab  21.74 ±   4.69  bc 
V0 8 (100.0)  5.92 ± 0.28  ac  22.01 ± 1.85  ab  41.02 ± 3.14  bc  26.43 ±   3.88  ab 
VT 6   (75.0)  6.02 ± 0.52  bce  21.99 ± 1.98  ab  41.94 ± 4.10  ab  31.84 ±   7.50 ac 

Anastasia 00 4 (100.0)  6.36 ± 0.16  bcd  23.47 ± 1.30  ab  40.11 ± 2.00  bc  31.12 ±   6.73  ab 
T0 11 (91.7)  6.26 ± 0.24  bc  23.13 ± 1.54  ab  41.36 ± 2.28  bc  27.76 ±   4.53  ab 
V0 2   (66.7)  5.98 ± 0.56    bce  20.57 ± 1.18  ab  42.90 ± 2.27  ab  31.77 ±   7.55  ab 
VT 7   (53.8) 6.51 ± 0.33  b  21.83 ± 1.74  ab  39.14 ± 3.36   b  33.20 ± 10.42  a 

Catana 00 5 (100.0) 6.18 ± 0.27  bcd  23.76 ± 1.00  ab  41.36 ± 1.89  ab 18.19 ±   1.76  b 
T0 7 (100.0)  5.75 ± 0.33  ade  22.98 ± 1.28  ab  45.85 ± 2.34  a 20.23 ±   5.03  b 
V0 6 (100.0)  6.06 ± 0.20  bce  23.85 ± 0.73  b   40.82 ± 1.20  bc  21.99 ±   2.62  bc 
VT 6 (100.0)  5.56 ± 0.30  ae 

 
 22.56 ± 1.91  ab  45.81 ± 2.56  ac  23.05 ±   5.78  ab 

 

a Amalie is TuYV-resistant but its resistance status to V. longisporum is under investigation, Anastasia is TuYV- and V. longisporum-susceptible and Catana is TuYV-
susceptible and V. longisporum-resistant. 
b 00 - not inoculated with V. longisporum or challenged with TuYV, T0 - challenged with TuYV only, V0 - inoculated with V. longisporum only and VT - inoculated 
with V. longisporum and challenged with TuYV.  
Seed content was determined by near infrared spectrometry. Mean values ± standard deviations (SD) are reported. Replicates were statistically analysed separately. 
Means that were not significantly different from one another within a replicate are represented by the same lowercase letter (Tukey’s HSD at significance level p = 
0.05). 
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Two-way ANOVAs showed that there was no significant interaction between variety 

and treatment on average percentage oleic acid content of seed oil in replicate one, F 

(6, 71) = 1.4, p = 0.236 or in replicate two, F (6, 66) = 1.1, p = 0.386 of the experiment. 

However, there was a significant interaction between variety and treatment on average 

percentage linolenic acid of seed oil content in replicate one (F = 4.4, p <0.001) but 

not in replicate two (F = 2.0 p = 0.085) of the experiment. Overall, there were no 

obvious differences in oleic and linolenic acid composition between the different 

treatments within a variety, or between varieties within a treatment (Fig. 6.8). SME 

analysis confirmed this as there were no differences in oleic or linolenic acid 

composition between the different varieties and treatments that were significant in 

both replicates. Furthermore, there were no differences in oleic and linolenic 

composition between the different varieties within treatment groups that were 

significant both replicates (Fig. 6.8) 

 

In both replicates, no erucic acid was detected in Catana plants but it was, surprisingly, 

detected in Anastasia plants, in both replicates and in Amalie plants, in replicate two 

of the experiment (Fig. 6.8). Erucic acid was not linked to V. longisporum or TuYV 

infection, as it was detected in Anastasia and Amalie plants in the healthy no treatment 

group (00). However, despite its detection it was only present in very low percentages, 

the highest average content was 6.33% in Anastasia plants in the 00 treatment group. 

Moreover, KW tests showed there were no significant differences in its concentration 

between the different varieties and treatment groups in replicate one, H (11) = 16.6, p 

= 0.121 or in replicate two, H (11) = 11.9, p = 0.374 of the experiment.  



  

Figure 6.8. Composition of oil from seeds produced by three Brassica napus varieties infected with Verticillium longisporum and/or Turnip yellows 
virus (TuYV) in two replicates of the large-scale glasshouse experiment. Amalie is TuYV-resistant but its resistance status to V. longisporum is under 
investigation, Anastasia is TuYV- and V. longisporum-susceptible and Catana is TuYV-susceptible and V. longisporum-resistant. Treatment groups are 00 - not 
inoculated with V. longisporum or challenged with TuYV, T0 - challenged with TuYV only, V0 - inoculated with V. longisporum only and VT - inoculated 
with V. longisporum and challenged with TuYV. The two experimental replicates were carried out in the glasshouse in consecutive periods A. replicate one 
was carried out in 2017/18 and B. replicate two was carried out in 2018/19. Seed oil composition was determined by near infrared spectrometry. Mean values 
are reported for oleic acid (green), linolenic acid (blue) and erucic acid (red). The remaining ‘unknown’ oil content are in white. Means that were not significantly 
different from one another are represented by the same lowercase letter in green for oleic acid, blue for linolenic acid (both Tukey’s HSD at significance level 
p = 0.05) and red for erucic acid (Dunn’s pairwise comparisons with the Bonferroni correction, at significance level p = 0.05). 
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6.4 Discussion 

 
6.4.1 V. longisporum inoculation assay development 
 

In the pathogenicity testing experiment, 25ml of 1x106 spores/ml of five different 

isolates of V. longisporum were inoculated to the V. longisporum-susceptible oilseed 

rape variety, Anastasia using either the root- or seed-dip method (Section 6.3.1). 

Overall, the seed-dip method caused the most severe symptoms (highest AUDPC 

values) within Anastasia and reduced the germination rate of Anastasia seeds, for all 

isolates tested, in comparison to the root-dip method. The V. longisporum isolate K/D1 

was shown to be the most pathogenic isolate in Anastasia, when inoculated by the 

root-dip method and isolate VL43, was shown to be the most pathogenic isolate when 

inoculated via the seed-dip method. Isolate K/D8 was the least pathogenic when 

inoculated by both methods, but was still able to cause clear, scorable symptoms of 

infection in Anastasia.  

 

The pathogenicity of the five V. longisporum isolates included in the study have not 

been previously investigated. Overall, there were only two significant differences in 

pathogenicity of the five isolates; isolate K/D1 was significantly more pathogenic in 

Anastasia than isolate K/D8, but only when inoculated by the root-dip method and 

isolate VL43 was significantly more pathogenic in Anastasia than isolate K/D8, but 

only when inoculated by the seed-dip method. Interestingly, K/D1 and K/D8 were 

originally isolated from the same B. napus plant but show different pathogenicities. 

Previous investigations into the pathogenicity of V. longisporum isolates have had 

differing outcomes. A study in horseradish showed that there was no significant 

difference in the pathogenicity of the isolates tested (Yu et al. 2016). Yet, a study in 

B. napus showed, like this study, that there was a range of significant differences in 

the pathogenicity of V. longisporum isolates (Karapapa et al. 1997). 

 

As the root-dip method and isolate K/D8 caused the mildest symptoms in Anastasia, 

they were taken forward to develop an assay that would investigate whether TuYV 

resistance in the oilseed rape variety Amalie was associated with resistance to V. 

longisporum. Prior to this, a second experiment was carried out to first determine the 
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concentration of V. longisporum inoculum that would cause scorable infection in 

oilseed rape varieties, Anastasia (V. longisporum-susceptible), Amalie (V. 

longisporum resistance under investigation) and Catana (V. longisporum-resistant) but 

would not cause death of all the plants in the assay. The latter was important as 

Amalie’s resistance status to V. longisporum, was to be determined based on its 

agronomic performance in comparison to Anastasia and Catana and not just on the 

severity of disease symptoms. All three varieties were inoculated by the root-dip 

method and 25ml of five different spore concentrations (1x104, 1x105, 1x106, 1x107, 

1x108 spores/ml) of isolate K/D8. 

 

As expected, disease symptoms became more severe as the concentration of V. 

longisporum spore load in the inoculum increased. Surprisingly, Amalie had the most 

severe symptoms (highest AUDPC scores) at nearly all concentrations, except at 

1x104 and 1x108 spores/ml, suggesting that at the time, Amalie was no more tolerant 

to V. longisporum than the susceptible variety Anastasia. However, Amalie only had 

significantly more severe disease symptoms than Catana when inoculated with 1x107 

spores/ml. Otherwise, there were no other significant differences in disease severity 

between all three varieties at given inoculum concentrations. From this experiment it 

was determined that 25ml of 1x105 spores/ml was the best concentration for 

inoculation, as it caused noticeable symptoms of infection, but did not cause any plants 

to die during the symptom scoring period. 

 
6.4.2 The relationship between TuYV resistance and V. longisporum resistance in 
Amalie 

 
To assess whether TuYV resistance in Amalie was associated with V. longisporum 

resistance, two replicates of a large-scale glasshouse experiment were carried out in 

consecutive periods 2017/2018. and 2018/19. In this experiment, V. longisporum 

disease severity, TuYV susceptibility and the agronomic performance of three oilseed 

rape varieties, Amalie, Anastasia and Catana were compared after challenge with V. 

longisporum only (V0), TuYV only (T0) or V. longisporum and TuYV (VT). Healthy 

plants of each variety, were not challenged with either pathogen and were used as a 

control group (00). The aim of the experiment was to determine Amalie’s resistance 
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status to V. longisporum and its association with TuYV resistance, in comparison to 

the V. longisporum-resistant and TuYV-susceptible variety Catana and TuYV- and V. 

longisporum-susceptible variety Anastasia. Co-infection of V. longisporum with 

TuYV was included to determine if V. longisporum resistance in Amalie was 

dependent on any TuYV associated activation of its virus resistance. Significant 

effects on development and yield measurement between treatment groups within 

variety are summarised in Table 6.5 and between varieties within treatment group in 

Table 6.6 

 
V. longisporum disease severity in B. napus varieties when infected with V. 

longisporum and/or TuYV 

 

When infected with V. longisporum only (V0 treatment group), Amalie had the least 

severe disease symptoms (lowest AUDPC) which, in both replicates of the large-scale 

experiment, were significantly less severe than those displayed by the V. longisporum-

susceptible variety, Anastasia but not the resistant variety, Catana. However, co-

infection with TuYV and V. longisporum (VT treatment group), caused a significant 

increase in the severity of disease symptom in Amalie compared to when Amalie was 

infected with V. longisporum only (V0 treatment group). For Anastasia and Catana, 

this increase in the severity of disease symptoms, between the V0 and VT treatment 

groups, was not observed or minimal. This may be because the disease severity 

symptoms were already at, or were approaching saturation in the V0 treatment group 

for Anastasia and Catana. There was also no significant difference in the severity of 

disease symptoms between the three varieties in the VT treatment group. Amalie’s 

tolerance to V. longisporum in the absence of TuYV infection, suggests that its V. 

longisporum resistance works independently to its TuYV resistance and is not reliant 

on TuYV resistance activation, as hypothesised.  

 



 

Table 6.5. Significant differences in the agronomic performance of three Brassica napus varieties infected with Verticillium longisporum 
and/or Turnip yellows virus (TuYV), relative to unchallenged plants of the same variety in two replicates (R1 and R2) of a large-scale 
glasshouse experiment. 
 
 
 

Amalie (R1/R2)  Anastasia (R1/R2)  Catana (R1/R2) 

T0 V0 VT  T0 V0 VT  T0 V0 VT 
Average DTF x/Ôa x/x x/x  x/x x/x x/x  x/x x/x x/x 
Average DTH x/x x/Ô x/x  x/x x/x Ô/x  x/x Ô/Ô Ô/Ô 
Average height x/x x/x x/x  x/x Ô/x Ô/Ô  Ô/x Ô/x Ô/x 
Average dry weight x/x x/x Ô/x  x/x Ô/x Ô/Ô  x/x Ô/x Ô/x 
Average no. pods/ plant x/Ó x/x x/x  x/x x/x x/x  x/x Ô/x Ô/x 
Average no. seed/plant x/Ó x/x Ô/x  x/x x/x x/x  x/x Ô/x Ô/x 
Average total seed weight/plant x/Ó x/x Ô/x  x/x x/x x/x  x/x Ô/x Ô/x 
Average 100 seed weight x/x x/x x/x  x/x x/x x/Ô  x/Ó x/x x/Ó 
Average total seed yield per variety/treatment group x/Ó x/x Ô/x  x/x Ô/x Ô/x  x/x Ô/x Ô/x 

 

B. napus varieties, Amalie (TuYV-resistant, V. longisporum resistance under investigation), Anastasia (TuYV-susceptible, V. longisporum-
susceptible), Catana (TuYV-susceptible, V. longisporum-resistant). 
T0 - challenged with TuYV only, V0 - inoculated with V. longisporum only and VT - inoculated with V. longisporum and challenged with TuYV.  
R1/R2 - replicate one/replicate two. 
DTF - days to flowering, DTH - days to harvest. 
Ó - significant increase, Ô - significant decrease and x - no significant difference compared to healthy, healthy, unchallenged plants of the same 
variety in the no treatment group 00 (Tukey’s HSD at significance level p = 0.05). Differences significant in both replicates are highlighted in red.  
a Example: There was no significant difference in DTF between Amalie plants in the T0 treatment group and those of the same variety in the 
healthy, unchallenged no treatment group (00) in replicate one, but Amalie plants in the T0 treatment group has significantly fewer DTF than those 
of the same variety in the 00 treatment group in replicate two. 
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Table 6.6. Significant differences in the agronomic performance between three Brassica napus varieties within four treatment groups and 
two replicates (R1 and R2) of a large-scale glasshouse experiment. 
 
 00 (R1/R2)  T0 (R1/R2)  V0 (R1/R2)  VT (R1/R2) 

 Am. v. An. Am. v. Ca. An. v. Ca.  Am. v. An. Am. v. Ca. An. v. Ca.  Am. v. An. Am. v. Ca. An. v. Ca.  Am. v. An. Am. v. Ca. An. v. Ca. 

Average DTF x/x Ó/Ó x/x  x/x x/x Ó/Ó  x/x x/x x/x  x/x x/x  x/Óa 

Average DTH x/x x/x x/x  x/x x/x x/x  x/x x/x x/x  Ó/x x/x Ô/x 
Average height Ô/x Ô/x x/x  Ô/x Ô/x x/x  x/x x/x x/x  x/x x/x x/Ô 
Average dry weight x/x Ô/x x/x  x/Ó Ô/x x/x  x/x x/x x/x  x/x x/x x/Ô 
Average no. pods/ plant x/x Ô/Ô Ô/x  x/x Ô/x Ô/x  x/x x/x x/x  x/Ó x/x x/Ô 
Average no. seed/plant x/x x/x x/x  x/Ó x/x x/x  x/x x/x x/x  x/Ó x/x x/x 
Average total seed 
weight/plant x/x x/x x/x  x/Ó Ô/x Ô/x  x/x x/x x/x  x/Ó x/x x/Ô 
Average 100 seed weight x/x Ô/x Ô/x  x/x Ô/x Ô/x  Ó/x x/x Ô/x  Ô/x x/Ô Ô/Ô 
Average total seed yield per 
variety/treatment group 

x/x x/x x/x  x/x x/x x/x  Ó/x x/x Ó/x  Ó/x x/x Ô/Ô 

 

B. napus varieties: Am. - Amalie [Turnip yellows virus (TuYV)-resistant, Verticillium longisporum resistance under investigation], An. - Anastasia 
(TuYV-susceptible, V. longisporum-susceptible), Ca.- Catana (TuYV-susceptible, V. longisporum-resistant). 
00 - not inoculated with V. longisporum or challenged with TuYV, T0 - challenged with TuYV only, V0 - inoculated with V. longisporum only 
and VT - inoculated with V. longisporum and challenged with TuYV.  
R1/R2 - replicate one/replicate two. 
DTF - days to flowering, DTH - days to harvest. 
Ó - significant increase, Ô- significant decrease and x - no significant difference (Tukey’s HSD at significance level p = 0.05). Differences 
significant in both replicates are highlighted in red.  
a Example: no significant difference in DTF between Anastasia and Catana in the VT treatment group in replicate one, but Anastasia had 
significantly more DTF than Catana in the VT treatment group in replicate two. 
 

203 



 204 

TuYV susceptibly of B. napus varieties when infected with TuYV and/or V. 

longisporum 

 

When challenged with TuYV (T0 and VT treatment groups), the TuYV-resistant 

variety, Amalie, not surprisingly had the lowest viral titres (A405 values), which in both 

replicates of the experiment, at four and 19 weeks post-challenge, were not 

significantly different from the viral titres of control Amalie plants not infected with 

the virus (00 and V0 treatment groups). Whereas, the TuYV-susceptible varieties, 

Anastasia and Catana, did have significantly higher viral tires in the T0 and VT 

treatment groups than the 00 and V0 treatment groups, in both replicates, at four and 

19 weeks post-challenge with the virus. There were no significant differences in viral 

titres between Anastasia and Catana in the T0 and VT treatment groups and in most 

cases, both varieties had significantly higher viral titres than Amalie. Plants of all 

varieties, co-infected with V. longisporum and TuYV (VT treatment group) did not 

have a significantly higher viral titre than those of the same variety infected with 

TuYV only (T0 treatment group). 

 

It is not known why V. longisporum disease symptoms in Amalie and to a lesser extent 

in Catana, were more severe under co-infection (VT treatment group) than infection 

with V. longisporum alone (V0 treatment group). It could be that the plant defence 

system had to divide its resources to control infection by multiple pathogens and as a 

result this led to an increased susceptibility to them. However, there none of the 

varieties showed an increase in TuYV susceptibly, in terms of viral titre, when co-

infected with V. longisporum. It could also be that TuYV infection works 

synergistically with V. longisporum, promoting its pathogenicity within B. napus 

(Lamichhane and Venturi 2015). However, this is just a speculation and whilst 

pathogen mono-species infection is well studied in plant pathology the concept of 

‘complex’ multi-species/multi-strain infection is less well understood. 
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Effects of V. longisporum and/or TuYV infection on the agronomic performance 

of B. napus  
 

In both replicates of the large-scale glasshouse experiment, TuYV and/or V. 

longisporum infection did not alter the number of days it took plants of all three 

varieties to flower (DTF). Previously, accelerated flowering in Arabidopsis thaliana 

has been linked to its susceptibility to Verticillium dahliae (Veronese et al. 2003). The 

initiation of flowering has also been shown to be an important stage for the 

colonisation and spread of V. longisporum in spring and winter oilseed rape types 

(Zhou et al. 2006; Zheng et al. 2019). Despite these findings, the V. longisporum-

resistant variety, Catana was the first variety to flower in both replicates of this 

experiment. 

 

As for DTF, TuYV infection only (T0 treatment group), was not shown to alter the 

number of days it took any variety to ripen for harvest (DTH). However, infection 

with V. longisporum (V0 and VT treatment group), did cause a reduction in DTH and 

increase its variability (larger standard deviations), in all three varieties. The findings 

of this experiment support the idea that V. longisporum causes yield losses through 

the premature ripening of oilseed rape plants before harvest. Gladders (2009) 

attributed yield losses as high as 60% to premature ripening. However, the reduction 

in DTH caused by V. longisporum infection (V0 and VT treatment groups) was only 

significant in both replicates in Catana (Table 6.5). This again, is surprising, as Catana 

is considered a V. longisporum-resistant variety. There was no difference in DTH 

between the V0 and VT treatment groups for any variety, in both replicates. There was 

also no significant difference in DTH between varieties in any given treatment group 

in both replicates (Table 6.6).  

 

TuYV and V. longisporum infection are known to independently cause stunting 

(reduction in height and dry weight) in B. napus (Karapapa et al. 1997; Jay et al. 1999; 

Eastburn and Paul 2007). However, in both replicates, TuYV infection only (T0) did 

not significantly reduce plant height, or dry weight of any variety. Asare-Bediako 

(2011) showed that reduction in dry weight caused by TuYV infection was dependent 

on B. napus variety and that TuYV-susceptibility did not necessarily result in 

reduction in dry weight. Unlike TuYV infection, V. longisporum infection only (V0 
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treatment group), significantly reduced the height and dry weight of Anastasia and 

Catana plants, but not Amalie plants in replicate one. Moreover, co-infection with 

TuYV did not cause an additional reduction in plant height in any of the varieties, but 

did cause an additional reduction in dry weight in Amalie (insignificant) and Anastasia 

(significant). However, in replicate two, V. longisporum infection only (V0 treatment 

group) did not affect the height or dry weight of any variety. It did cause a significant 

reduction in Anastasia but only when co-infected with TuYV (VT treatment group) 

(Table 6.5). There were also no differences between varieties within any given 

treatment group that were significant in both replicates (Table 6. 6) 

 

TuYV infection has been reported to cause yield losses of 12 - 46% in oilseed rape 

(Graichen and Schliephake 1999; Jones et al. 2007). However, in this study, TuYV 

infection only (T0 treatment group) was not shown to reduce the yield of any of the 

three varieties (except Amalie in replicate one) (Table 6.7), even in the TuYV-

susceptible varieties, Anastasia and Catana, despite them accumulating high viral 

titres. Previously, TuYV infection has been linked to B. napus plants producing fewer 

but heavier seeds (Jay et al. 1999; Jones et al. 2007) but in this study, TuYV infection 

only (T0 treatment group) did not cause any differences in the number of pods, number 

of seeds, total seed weight, 100 seed weight or total seed yield, that were significant 

in both replicates. Also, no differences in any yield measurements between varieties 

infected with TuYV only (T0 treatment group) were significant in both replicates 

(Table 6.6).  

 

In this study, infection with V. longisporum caused plants to prematurely die, whereas 

no plants died from TuYV infection. In both replicates, over half (55%) of Anastasia 

plants infected with V. longisporum only (V0 treatment group) died, resulting in 

significant yield loses (replicate one = 89%; replicate two = 45%) (Table 6.7). In 

comparison, no Amalie or Catana plants died when infected with V. longisporum only 

(V0 treatment group) and so losses in their yield (43% and 64%, respectively) were 

not as severe as Anastasia in replicate one and no yield losses were observed for these 

varieties in replicate two (Table 6.7). In previous studies, V. longisporum infection has 

been reported to cause yield losses of 11 - 50% (Eastburn and Paul 2007; Dunker et 

al. 2008). The greater yield losses observed in this experiment are likely due to 
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experimental difference, such as inoculation with higher spore concentrations to those 

present in the field. The reduced survival rate of Anastasia plants infected with V. 

longisporum only (V0 treatment group), confirm that the variety is V. longisporum-

susceptible and in comparison, Amalie has a tolerance to V. longisporum like Catana. 

In both replicates, the surviving Anastasia plants infected with V. longisporum only 

(V0 treatment group), tended to produce, although not significantly, fewer pods, thus 

fewer seeds and reduced total seed weight. These effects of V. longisporum infection 

only (V0) were only seen in Amalie and Catana in replicate one of the experiment and 

not in replicate two (Table 6.5). Despite the noticeable differences in yield between 

varieties, no differences in any yield trait were significant between varieties infected 

with V. longisporum only, in both replicates (Table 6.6). 

 

Table 6.7. Percentage change in the total seed yield of three Brassica napus 
varieties infected with Verticillium longisporum and/or Turnip yellows virus 
(TuYV) from their healthy, unchallenged controls. 
 

 
Varietya Treatment 

groupb 

 

% change in total seed yield  
 

Replicate 1 (2017/2018) 
 

Replicate two (2018/2019) 
 

Amalie 
 

T0 
 

-  32 
 

+ 90 
V0 -  43 + 32 
VT -  75 -  18 

Anastasia T0 + 11 +   5 
V0 -  89 -  45 
VT -  97 -  80 

Catana T0 + 17 + 74 
V0 -  64 +   8 
VT -  63 + 14 

 

a Amalie is TuYV-resistant but its resistance status to V. longisporum is under 
investigation, Anastasia is TuYV- and V. longisporum-susceptible and Catana is 
TuYV-susceptible and V. longisporum-resistant. 
b T0 - challenged with TuYV only, V0 - inoculated with V. longisporum only and VT 
- inoculated with V. longisporum and challenged with TuYV.  
 

In both replicates, co-infection with V. longisporum and TuYV (VT treatment group), 

exacerbated yield losses in all varieties, except Catana (Table 6.7). This was again 

through causing premature death of infected plants; 62% of Anastasia, 19% of Amalie 

and no Catana plants died when co-infected with both pathogens. In comparison, fewer 

Anastasia (55%) and no Amalie plants died when infected with V. longisporum only 

(V0 treatment group). Co-infection exacerbated the reduction in the number of pods, 
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number of seeds, total seed weight and total seed yield in Amalie and Anastasia in 

replicate one, relative to plants of the same variety infected with V. longisporum only 

(V0). However, in replicate two, co-infection only exacerbated loss in Anastasia. Not 

surprisingly, the V. longisporum-resistant variety Catana had significantly higher total 

seed yield and produced significantly heavier seeds (100 seed weight) than the -

susceptible variety, Anastasia when co-infected with V. longisporum and TuYV (VT 

treatment group) in both replicates (Table 6.6). However, the 100 seed weight of the 

three varieties was not affected when they were infected with TuYV or V. longisporum 

only (T0 or V0 treatment groups).  

 

Previous research has suggested that TuYV infection lowers oil and increases protein, 

glucosinolate and erucic acid content of B. napus seeds (Jay et al. 1999; Jones et al. 

2007). However, investigations into the effect of V. longisporum infection on B. napus 

seed content and oil composition have not been reported before now. Dunker et al. 

(2008) and Depotter et al. (2018) focussed solely on seed oil content (%) and showed 

that V. longisporum had no effect on oil content of the seed. This experiment showed 

that there was no significant effect of TuYV infection and/or V. longisporum infection 

on seed content (moisture, protein, glucosinolate or oil) or oil composition (oleic, 

linolenic and erucic acid) of any of the three oilseed rape varieties. These particular 

seed and oil contents were analysed as Amalie, Anastasia and Catana are classified as 

double low ‘00’ UK varieties, meaning they are low in glucosinolates and erucic acid 

(Chapter 1, Section 1.3.1). Interestingly, in both replicates of this experiment, 

glucosinolate concentrations were found to be >20!mole/g which is just above the 

accepted threshold of 18!mole/g for a ‘00’ variety (British Society of Plant Breeders 

2015). Furthermore, erucic acid was detected in Anastasia and Amalie plants, but was 

not linked to TuYV or V. longisporum infection. Erucic acid had been associated with 

cardiotoxicity and so its detection poses a potential concern, if the oil is used for 

human/animal consumption (Imamura et al. 2013). It is likely however, that the 

detection of erucic acid in these varieties was a result of cross contamination; the 

plants under investigation were open-pollinated in a glasshouse compartment and 

polytunnel where other wild brassicas, not part of the experiment were also growing. 

Wild brassicas characteristically produce seed which is high in erucic acid and 

glucosinolates. Furthermore, as the plants were grown in the controlled environments, 

it is not known whether the glucosinolate and erucic acid contents detected, reflect 



 209 

those that would be seen in the field. Despite these findings, the total seed oil content 

for each variety in this experiment (Amalie "̅ = 43%, Anastasia "̅ = 41% and Catana 

"̅ = 43%, averages calculated from plants in the 00 treatment groups of both replicates) 

was found to be similar to those reported by the technical summaries (~45%) (HGCA 

2013; LG seeds 2019a; LG seeds 2019b) and although not officially classified as such, 

appeared to be HOLL varieties (High Oleic acid and Low Linolenic).  

 

6.4.3 Conclusions and future work 

 

Both replicates of the large-scale glasshouse experiment showed that B. napus variety, 

Amalie had a tolerance to V. longisporum, which was not dependent on the activation 

of its TuYV resistance and was of a similar strength to the tolerance possessed by the 

variety, Catana. However, the strength of Amalie’s V. longisporum resistance was 

weakened when co-infected with V. longisporum and TuYV. In both replicates, V. 

longisporum infection only (V0 treatment group) was shown to negatively impact 

development (survival, DTH, plant height, dry weight) and yield (number of pods, 

number of seed and total seed weight/yield) traits of all three B. napus varieties, 

particularly the susceptible variety Anastasia. These impacts were seen more 

prominently in replicate one of the experiment and less so, or not at all, in the second 

replicate and they were exacerbated by co-infection with TuYV (VT treatment group). 

Differential impacts of V. longisporum infection on oilseed rape yield between 

experimental replicates have been reported previously (Depotter et al. 2017). 

Temperature, precipitation (soil moisture) and inoculum concentration were thought 

to be responsible for these differences but little research has been carried out 

investigating the effect of environmental conditions on V. longisporum disease 

incidence and severity in oilseed rape. For this experiment, the plants were primarily 

reared in a glasshouse compartment, where most of these factors, except soil moisture 

(watering regimes), were stringently controlled. However, plants in both replicates 

were also reared for approximately two months in a polytunnel (August-October) and 

during this time there was less control over the environmental conditions. 

Additionally, differences between the replicates could be due to cross contamination 

of the treatment groups with TuYV in replicate two, which meant there were fewer 

plants in the healthy (00) no treatment groups, compared to replicate one, for 

subsequent statistical comparisons of agronomic performance. 
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In contradiction of the literature, TuYV infection was not shown to have an impact on 

the agronomic performance of any of the three B. napus varieties, in either replicate 

of the experiment. As stated previously, both experimental replicates were carried out 

in a controlled environment. Perhaps, under these conditions, TuYV cannot impact on 

the development and yield of B. napus, but in the field, it may play a role in more 

complex disease (Lamichhane and Venturi 2015). For example, TuYV may 

weaken/divert the plant’s defence system, making it more susceptible to 

environmental changes, opportunist pathogens and less able to withstand pre-existing 

disease. Fitting with this hypothesis, B. napus plants co-infected with TuYV and V. 

longisporum (VT treatment group) in this experiment, generally caused exacerbated 

yield losses compared to those infected with V. longisporum only. There was also no 

impact of TuYV and/or V. longisporum infection on seed or oil content in both 

replicates.  

The findings of this experiment support the observations of Limagrain UK Ltd. and 

the unpublished work of ADAS (Boor 2018), which suggested that Amalie, and B. 

napus lines possessing the Amalie TuYV resistance introgression were tolerant to V. 

longisporum. However, this experiment did not directly address whether V. 

longisporum resistance in Amalie is encoded by the same gene(s) that encode TuYV 

resistance, other gene(s) within the TuYV resistance introgression or gene(s) 

completely unrelated to the TuYV introgression. To explore this, the V. longisporum 

resistance in Amalie would have to be genetically mapped using a population 

segregating for this resistance. One could then see if the V. longisporum and TuYV 

resistance QTLs co-locate. The position of the Amalie TuYV resistance introgression 

is already known; it was fine mapped, in Chapter 3, to a region in close proximity to 

a homoeologous recombination/gene conversion event between the sub-genomes on 

chr. A04. This is interesting as most of the published examples of V. longisporum 

resistance in Brassica originate from the Brassica C genome and a resistance QTL has 

been mapped to chr. C04 in B. napus (Happstadius et al. 2003; Rygulla et al. 2007; 

Rygulla et al. 2008; Eynck et al. 2009). Ultimately, it would be necessary to identify 

the TuYV and V. longisporum resistance genes in Amalie in order to determine 

whether they are one and the same. 
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Chapter 7  
 

General discussion 
 
 
7.1 Background and aims of this PhD research 
 
Oilseed rape (Brassica napus) is grown in the UK as a break crop in cereal rotations 

and is the third most important oilseed crop worldwide after palm and soybean (FAO 

2018). Oilseed rape is grown primarily for its oil, which depending on its composition, 

is used in biofuels, as specialised industrial lubricants or as edible oils. It is also grown 

for protein- and energy-rich animal feed (Li et al. 2017). The aphid-transmitted Turnip 

yellows virus (TuYV) and soil-borne fungus Verticillium longisporum are major 

yield-robbing pathogens of oilseed rape. Yield losses caused by TuYV and V. 

longisporum have been reported to be in the region of 12 - 46% and 11 - 50%, 

respectively (Graichen and Schliephake 1999; Eastburn and Paul 2007; Jones et al. 

2007; Dunker et al. 2008). These yield losses equate to large economic losses. In the 

UK, losses to TuYV have been reported to cost the industry upwards of £69 million a 

year, approximately 9% of the crop value (Nicholls and Stoddart 2014). However, the 

economic losses due to V. longisporum are currently unknown/not reported, possibly 

because it is an emerging pathogen of oilseed rape; it was first detected in the UK in 

2007 (Gladders et al. 2011).  

 

To maintain oilseed rape’s popularity as a break crop, it is necessary to control pests 

and diseases (including TuYV and V. longisporum) which prevent the crop from 

reaching its potential yield of 9.2 tonne/hectare (Berry and Spink 2006). Currently, 

insecticide treatments that target the aphid vectors of TuYV are ineffective due to the 

evolution of vector resistances and bans on their usage (neonicotinoids) (The 

European Commission 2013; Bass et al. 2014). Furthermore, there are currently no 

fungicides available for the control of V. longisporum. Due to the lack and inefficacy 

of chemical treatments for the control of TuYV and V. longisporum, it has become 

necessary to exploit host resistances to these pathogens. Currently the only permitted 

method to do this, is by identifying and introgressing resistances into oilseed rape that 
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naturally occur within the crop or its relatives. Alternative, targeted gene editing 

approaches and the introgression of genes from non-related species by transformation 

for the improvement of commercially grown crops, are not permitted in many 

countries worldwide, including those in EU. Oilseed rape is an allotetraploid (genome 

AACC) which arose from interspecific hybridisations between Brassica rapa and 

Brassica oleracea. These hybridisation events occurred relatively recently in 

evolutionary time (Chalhoub et al. 2014) and consequently, the genetic diversity 

within oilseed rape is restricted relative to its progenitors (Lu et al. 2019). Moreover, 

extensive breeding programs, aimed at reducing seed glucosinolate and erucic acid 

content, have further reduced the genetic diversity within B. napus (Cowling 2007; Fu 

and Gugel 2010). Therefore, the genetic diversity within B. rapa and B. oleracea can 

be utilised to identify novel resistances to TuYV that can be introgressed into oilseed 

rape.  

 

The main aim of this study was to investigate and expand upon the existing TuYV 

resistance base in oilseed rape. To do this, extant TuYV resistance in the oilseed rape 

variety Amalie was fine mapped and new, naturally occurring resistances to the virus 

were characterised and mapped in B. rapa line ABA15005 and B. oleracea line 

JWBo12. These new resistances were introgressed into B. napus by resynthesis. The 

second aim of the study was to determine whether the TuYV resistance in the oilseed 

rape variety Amalie was involved with resistance to V. longisporum.  

 

7.2 Summary of findings 
 

7.2.1 Fine mapping TuYV resistance in the oilseed rape variety Amalie  

 

The oilseed rape variety Amalie, is one of many TuYV-resistant varieties on the 

market that possesses TuYV resistance originating from the resynthesised B. napus 

line ‘R54’(Lüders 2017). This line was produced from the interspecific cross between 

‘Stone Head’ (B. oleracea var. capitata) and ‘Nr. 67’ (B. rapa ssp. pekinensis) (Girke 

2002). In previous studies, TuYV resistance in ‘R54’ was shown to be dominantly 

inherited and controlled by a single QTL on B. napus chr. A04, which explained 

roughly 50% of the phenotypic variation (Dreyer et al. 2001; Juergens et al. 2010).  
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The findings of this study (Chapter 3) confirm those found previously. The ‘R54’ 

TuYV resistance in Amalie was shown to be dominantly inherited as it segregated in 

the BC1 population SEN17004, which was produced by crossing an F1 hybrid plant 

possessing the Amalie TuYV resistance introgression (SEN16002) back to the TuYV-

susceptible parental line (R7011-AB). Moreover, when TuYV resistance in Amalie 

was fine mapped in SEN17004, using eight DNA markers that positioned on chr. A04, 

a single QTL was identified on the chromosome, which overlapped with the ‘R54’ 

resistance QTLs identified in previous studies and which explained 38% of the 

phenotypic variation (Dreyer et al. 2001; Juergens et al. 2010). Additionally, the 

physical order of markers used to map the ‘R54’ resistance in this study and the 

Juergens et al. (2010) study were deduced by aligning their sequences to the B. rapa 

Chiifu-401 GCA_000309985.1) (Wang et al. 2011) and B. napus Darmor-bzh 

(GCA_000751015.1) (Chalhoub et al. 2014) reference genomes. There were 

differences in the order of these markers between the physical and linkage maps, 

which suggested that there had been an inversion of genetic sequence in the region of 

the ‘R54’ TuYV resistance QTL.  

 

The TuYV resistance QTL interval identified in Amalie was 2.7Mbp in length 

(1.9Mbp interval on chr. A04 and a 0.8Mbp unassigned scaffold of genome assembly) 

and contained ~300 genes based on the B. rapa Chiifu-401 and B. napus Darmor-bzh 

genome annotations. Currently no genes have been identified that confer resistance to 

TuYV or any other members of the Luteoviridae family and as a result, it is very 

difficult to identify candidate TuYV resistance genes from such a large subset. In this 

study, the marker STS437 co-segregated with the ‘R54’ TuYV resistance, as in the 

Juergens et al. (2010) study and was shown to position within a putative 

Dehydroascorbate reductase 2 (DHAR2) gene. When sequenced in Amalie and 

Caletta (oilseed rape varieties that both possess TuYV resistance from ‘R54’), DHAR2 

was shown to be a recombinant of both Brassica A and C sub-genome sequences. It 

was hypothesised that recombinant DHAR2 may be a result of gene conversion or 

more likely, a homoeologous recombination event between the Brassica A and C sub-

genomes in ‘R54’. DHAR2 belongs to a superfamily of enzymes called glutathione-S-

transferases (GSTs) and reduced expression, or knock-out of particular GSTs have 

been linked with increased resistance to Bamboo mosaic virus in Nicotiana 

benthamiana and black shank in Nicotiana tabacum (Hernández et al. 2009; Chen et 
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al. 2013). At the time, these findings suggested that DHAR2 could be a potential 

candidate for TuYV resistance originating from ‘R54’. However, in a study found in 

light of this finding, the parents of ‘R54’ were phenotyped for TuYV resistance. The 

B. rapa parent ‘Nr. 67’ was found to be uniformly resistant and the B. oleracea parent 

‘Stone Head’ was shown to be uniformly susceptible to the TuYV (Graichen and 

Peterka 1995). This strongly suggests that the ‘R54’ TuYV resistance is controlled by 

genes originating from the Brassica A genome and not a result of gene conversion 

event or homoeologous recombination between the sub-genomes within a gene, like 

DHAR2, in B. napus.  

 

Recently, a TuYV resistance QTL was identified in the B. napus variety Yudal that 

co-localised with the ‘R54’ TuYV resistance QTL (Hackenberg et al. 2020). It was 

suggested that TuYV resistance originating from Yudal and ‘R54’ could therefore be 

controlled by the same gene(s). However, when marker STS437 was sequenced in 

Yudal, no recombination event between the Brassica A and C sub-genomes was 

detected within it and its sequence was identical to TuYV-susceptible varieties 

(Hackenberg et al. 2020). This is not surprising, as unlike ‘R54’, Yudal is a not a 

resynthesised B. napus and recombination between the Brassica A and C sub-genomes 

has been reported to occur less frequently in extant B. napus types (Sharpe et al. 1995; 

Hurgobin et al. 2018). This finding suggests, that TuYV resistance in Yudal and ‘R54’ 

originated from different sources and that DHAR2 is not involved with TuYV 

resistance as previously hypothesised. Ultimately, the identification of candidate 

TuYV resistance genes will allow the implementation of targeted gene-editing 

techniques in oilseed rape breeding (in regions of the world where it is permitted) as 

well as help identify homologous resistance genes to other members of the 

Luteoviridae family. 

 

7.2.2 Characterising and mapping novel sources of TuYV resistance  

 

At present, there are limited sources of TuYV resistance in commercially grown 

oilseed rape. The most commercialised source of TuYV resistance originated from the 

resynthesised B. napus line ‘R54’ and is thought to be controlled by a single, major 

gene (Dreyer et al. 2001; Juergens et al. 2010). The problem with the overuse of 

single, major gene resistances is that it can lead to ‘resistance breakdown’, whereby 



 215 

isolates evolve to overcome the resistance. An example of this, was the breakdown of 

a major gene resistance to black leg (Leptosphaeria maculans), shortly after its 

introgression into commercial oilseed rape crops in Australia (Sprague et al. 2006). In 

order to reduce the evolutionary pressure for ‘R54’ resistance breaking isolates of 

TuYV and to ensure the durability of TuYV resistance in oilseed rape, it is therefore 

necessary to identify and introgress novel sources of TuYV resistance into the crop. 

Prior to this PhD research, TuYV resistance was identified in the progenitor species 

of oilseed rape, B. rapa and B. oleracea lines ABA15005 and JWBo12, respectively.  

 

In this study (Chapter 4), TuYV resistance in ABA15005 and JWBo12 were 

characterised and shown to be dominantly inherited as they segregated in BC1 

populations (ABA15024 and SEC18031) which were produced by crossing the F1 

back to the TuYV-susceptible parental line. Other TuYV resistances have been 

previously shown to be dominantly inherited, for example TuYV resistances 

originating from the B. napus line ‘R54’ and the variety Yudal (Dreyer et al. 2001; 

Juergens et al. 2010; Hackenberg et al. 2020). The majority of resistances to other 

viruses of the Luteoviridae family, like Barley yellow dwarf virus, (BYDV), Potato 

leafroll virus (PLRV) and Sugarcane yellow leaf virus (ScYLV) have also been shown 

to be dominantly inherited (Table 4.1) (Marczewski et al. 2001; Scholz et al. 2009; 

Costet et al. 2012). In further similarity to these previously characterised resistances, 

TuYV resistance in ABA15005 and JWBo12 were shown to be quantitative (partial) 

and they did not stimulate a hypersensitive response in plants challenged with the 

virus. It therefore seems unlikely that TuYV resistance in these lines is controlled by 

classical R-genes. It has been suggested that breeders should focus on the introgression 

of quantitative resistances over monogenic, extreme resistances (like R-genes), as they 

are more likely to confer resistance to all pathogen strains and are less likely to elicit 

resistance breakdown (McDonald and Linde 2002).  

 

TuYV resistance in B. rapa line ABA15005 was mapped by genotyping the BC1 

population ABA15024 with the B. napus 60K AffymetrixTM SNP array (Clarke et al. 

2016) and kompetitive allele-specific PCR (KASPTM) markers. TuYV resistances 

originating from the B. napus line ‘R54’ and variety Yudal have been previously 

mapped to an overlapping region on chr. A04 (Dreyer et al. 2001; Juergens et al. 2010; 

Hackenberg et al. 2020). However, no QTL was detected on chr. A04 in ABA15005, 
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rather two putative and novel QTL intervals were identified on chrs. A07 and A09, 

that were 11.5Mbp and 3.8Mbp in length and explained 13% and 15% of the 

phenotypic variation, respectively, based on a relatively small populations size of 72 

plants. Modelling suggested that possession of the resistance allele at either of these 

QTLs on chr. A07 or chr. A09 was enough to confer resistance to TuYV and 

possession at both loci had a mild additive effect. The QTL intervals identified on chr. 

A07 and chr. A09 were large and contained ~2000 and ~ 800 genes, respectively. As 

mentioned previously, no genes have been identified that confer resistance to TuYV 

or any other members of the Luteoviridae family and as a result, it is very difficult to 

suggest candidate TuYV resistance genes from such a large subset. 

 

The TuYV resistance QTLs on chr. A07 and chr. A09 identified in ABA15005 from 

mapping of the BC1 population (ABA15024) were putative, they had associated LOD 

scores that were just under or only just reached the genome-wide thresholds for 

significance. Unfortunately, due to time and financial constraints, these putative QTLs 

could not be confirmed and further investigated in BC2 populations SEA17016 and 

SEA17017, that were produced during this study and shown to segregate for 

resistance. Furthermore, JWBo12 could not be mapped, again due to time and 

financial constraints. JWBo12 took two and half year to flower into this PhD project 

and so the development of mapping populations was delayed. However, funding 

obtained from a BBSRC IAA towards the end of this PhD, meant individuals from the 

B. rapa BC2 populations (SEA17016 and SEA17017) and a B. oleracea BC1 

population (SEC18031) have now been genotyped on the Illumina® Infinium Brassica 

ABC SNP array. The genotyping results have only recently been received and so could 

not be analysed for inclusion in this thesis. Ultimately, mapping will allow the 

identification of TuYV resistance-linked markers in ABA15005 and JWBo12 that in 

turn, will help accelerate the introgression of these novel resistances into commercial 

B. napus types using marker-assisted selection (MAS) and will broaden the resistance 

base.  
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7.2.3 Introgression of novel sources of TuYV resistance into oilseed rape  

 

Interspecific crossing and resynthesis is a technique used for the introgression of 

desirable traits into B. napus from its more genetically diverse progenitor species, B. 

rapa and B. oleracea. Resynthesis has previously been used to introgress resistance to 

clubroot (Plasmodiophora brassicae) and V. longisporum into oilseed rape 

(Diederichsen and Sacristan 2006; Rygulla et al. 2007). The ‘R54’ TuYV resistance 

also originated from the resynthesis of B. napus (Gland 1980; Graichen 1994).  

 

In this study (Chapter 5), B. napus plants were successfully resynthesised from the 

interspecific cross ABA15005 ♀ (B. rapa) x JWBo12 ♂ (B. oleracea). TuYV 

resistance in the parental lines was characterised in Chapter 4 (Section 7.2.2). 

Resynthesised plants were self-pollinated and backcrossed to the TuYV-susceptible 

B. napus variety Anastasia, in an attempt to produce seed and stabilise their ploidy 

after they had been treated with the chromosome multiplication agent (colchicine). 

Unfortunately, the majority of the resynthesised plants were sterile and only one 

resynthesised B. napus S1 population SER19001 was produced. SER19001 was 

phenotyped and shown to possess TuYV resistance that was similar in strength to its 

diploid parental lines ABA15005 and JWBo12 and the oilseed rape variety Amalie 

(possesses ‘R54’ TuYV resistance). This suggests that TuYV resistance had been 

successfully introduced into SER19001 from either, or both of its parental lines. If 

TuYV resistance has been introgressed into SER19001 from both ABA15005 and 

JWBo12, it is the first B. napus line possessing dual resistance. To confirm this, 

SER19001 should be genotyped with resistance-linked markers, once they have been 

identified from the mapping of the B. rapa BC2 populations (SEA17016 and 

SEA17017) and B. oleracea BC1 population (SEC18031).  

 

Whilst the strength of TuYV resistances in Amalie, ABA15005 and JWBo12 were not 

significantly different from one another in the parental populations they were shown 

to be affected by gene-dosage to varying extents in their F1 populations (produced by 

crossing these resistant lines to susceptible lines). TuYV resistance in ABA15005 was 

most affected by gene-dosage; the F1 population ABA15010 had a broad range of viral 

titres and some individuals in the population had titres as high as the susceptible 

parental line. Alternatively, the plant from ABA15005, that was crossed to produce 
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the F1 population could have been heterozygous for the resistance. TuYV resistance 

in Amalie and JWBo12 were less affected by gene-dosage; their F1 populations had a 

broader range of viral tires than their resistant parental lines but no individuals in the 

population had titres as high as their susceptible parental line. Gene dosage-dependent 

resistance to plant pathogens has been described in the literature in the context of 

dominantly inherited R-genes as well as recessively inherited resistances (Crute and 

Pink 1996). The effect of gene-dosage will be important for breeders to consider when 

they introgress TuYV resistances from ABA15005 and JWBo12 into commercial 

oilseed rape types, as some, particularly the resistance from ABA15005, may not be 

effective in F1 hybrid types (unless the resistance is introgressed into both inbred 

parental lines).  

 

7.2.4 Potential durability of the novel TuYV resistances 

 

In this study, TuYV resistances were characterised against viral isolate W2016FE. 

Based on the sequence of the viral P0 gene of isolate W2016FE, it belongs to the 

largest and most common phylogenetic clade of the virus (Asare-Bediako 2011; 

Newbert 2016). It would be interesting to compare the effectiveness and strength of 

the resistances in ABA15005 and JWBo12 to the commercialised ‘R54’ resistance, 

when challenged with viral isolates that represent the other two phylogenetic 

(intermediate and rare) clades (Asare-Bediako 2011; Newbert 2016). Although it will 

need to be confirmed, it is likely that the TuYV resistances characterised in this study 

will be effective against all strains of TuYV as they are quantitative (partial) 

resistances and thus do no exert such a pressure on pathogen evolution as extreme 

resistances (McDonald and Linde 2002). Furthermore, dual or ‘stacked’ resistances, 

like that possibly possessed by the resynthesised B. napus line SER19001, are more 

durable, as again, the evolutionary pressure for resistance-breaking isolates will be 

reduced, as it is not targeted against a single resistance. For this reason, gene stacking 

is a recommended technique for the production of durable resistances within crops 

(Shehryar et al. 2019). 

 

Additionally, in this study, TuYV resistances were characterised under controlled 

glasshouse conditions. It will therefore be important to assess the effectiveness and 

strength of the resistance in ABA15005, JWBo12 and the resynthesised B. napus line 
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SER19001 under field conditions, where biotic and abiotic factors will fluctuate. High 

temperatures, have previously been associated with higher TuYV titres (Graichen 

1998; Juergens et al. 2010) and in turn increased yield losses in oilseed rape (Congdon 

et al. 2019). They have also been implicated in the breakdown of the ‘R54’ resistance 

to TuYV (Dreyer et al. 2001). Furthermore, unpublished work at the University of 

Warwick has shown that the number of aphids used to challenge plants affects the 

viral titre in within them (Katschnig, unpublished). Aphid numbers are increasing due 

to the inefficacy and bans on insecticide treatments and increasing global 

temperatures. So, whilst dual resistance appeared to be no stronger than single 

resistance in the glasshouse it could be that under variable field conditions, dual 

resistance is superior and theoretically more durable.  

 

In summary, this study has broadened the TuYV resistance base in oilseed rape by the 

successful introgression of novel resistance(s) from B. rapa line ABA15005 and/or B. 

oleracea line JWBo12. If TuYV resistance has been introgressed from both 

ABA15005 and JWBo12, then this is the first example of dual resistance in B. napus. 

 

7.2.5 Investigating whether TuYV resistance in the oilseed rape variety Amalie is 

associated with V. longisporum resistance  

 

Varieties possessing TuYV resistance from Amalie have been observed to be more 

tolerant to V. longisporum in UK field trails carried out by the seed company 

Limagrain UK Ltd. (the industrial sponsors of this project) and in glasshouse 

experiments carried out by ADAS (Boor 2018). It was therefore hypothesised that the 

same gene(s) conferring TuYV resistance or genes positioning within the TuYV 

resistance introgression in Amalie, confer resistance to V. longisporum. In this study, 

two large-scale replications of a glasshouse experiment were carried out to investigate 

this hypothesis by determining Amalie’s resistance status to V. longisporum (in terms 

of V. longisporum disease severity, TuYV susceptibly and agronomic performance), 

in the presence and absence of TuYV infection, in comparison to the V. longisporum-

resistant and TuYV-susceptible variety Catana and V. longisporum and TuYV-

susceptible variety Anastasia. Co-infection with TuYV was included to determine if 

Amalie’s V. longisporum resistance was trigged by activation of it TuYV resistance 

after exposure to the virus. 
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Prior to the large-scale glasshouse experiments, a V. longisporum inoculation assay 

needed to be developed. Firstly, the pathogenicity of five different V. longisporum 

isolates in Anastasia, when inoculated by the root- or seed-dip methods were tested. 

Minor differences in the pathogenicity of isolates inoculated by the same method were 

identified, in particular, isolate K/D8 was shown to be the least pathogenic isolate 

when inoculated by both methods. Furthermore, inoculation by the seed-dip method 

resulted in a reduced germination rate of Anastasia seeds. It could be that germination 

is directly affected or that infection with V. longisporum immediately after 

germination causes plant death before seedling emergence. V. longisporum is a soil-

borne pathogen and so in the field, it is most likely that the seed rather than the root, 

will first come into contact with the pathogen. However, a previous experiment has 

shown that seeds contaminated with V. longisporum are not likely to contribute to 

major disease in oilseed rape (Zheng et al. 2019). Isolate K/D8 was the least 

pathogenic but was still able to cause visible symptoms of infection in Anastasia 

without significant plant death, when inoculated by the root-dip method. For these 

reasons, this isolate and this inoculation method were taken forward determine the 

correct inoculum concentration for the large-scale glasshouse experiments. For this 

this, Amalie, Anastasia and Catana plants were inoculated via the root-dip method 

with 25ml of varying concentrations (1x104, 1x105, 1x106, 1x107, 1x108 spores/ml) of 

isolate K/D8. Not surprisingly, disease severity in all varieties increased with 

increased spore concentration in the inoculum. From this experiment, it was 

determined that inoculation with 25ml of 1x105 spores/ml was the best concentration 

for the large-scale glasshouse experiment as at this concentration, symptoms of 

infection were visible in all three varieties but there was no significant plant death. 

 

In replicate one of the large-scale experiment, infection with V. longisporum only was 

shown to negatively impact on the agronomic performance of all three varieties. 

Infected plants ripened prematurely, were shorter, had lighter dry weights and 

produced fewer pods and thus fewer seeds. These findings support the findings of 

previous studies assessing the impact of V. longisporum on B. napus development and 

yield (Karapapa et al. 1997; Eastburn and Paul 2007; Gladders 2009). However, these 

particular impacts on agronomic performance were not seen in any variety in replicate 

two. The only repeatable finding between replicates, was that V. longisporum infection 

caused the premature death of some plants before harvest. Over half (55%) of 
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Anastasia plants died in both replicates, which contributed to significant yield losses 

in the variety. In comparison, Amalie appeared to be tolerant to V. longisporum, like 

Catana, as in both replicates no plants from either variety died and so their yield losses 

were non-existent or minimal. Amalie’s tolerance to V. longisporum in the absences 

of TuYV infection, suggests that it’s V. longisporum and TuYV resistances are 

independent of one another. Previous studies have reported yield losses of 11-50% in 

B. napus due to V. longisporum infection in the field (Eastburn and Paul 2007; Dunker 

et al. 2008). The higher yield losses reported in this experiment may be because plants 

were inoculated with a higher spore concentration than would be present in the field. 

As V. longisporum is an emerging pathogen of oilseed rape (Gladders et al. 2011), 

little research has been carried out on the spore concentrations present in the field, or 

the minimum concentrations required to cause yield reductions in oilseed rape.  

 

In replicate one, co-infection with TuYV and V. longisporum was shown to have an 

additive, negative impact on the agronomic performance of all three oilseed rape 

varieties, compared to when they were infected with V. longisporum only. This effect 

was only seen in Amalie and Anastasia in replicate two. In particular, co-infection 

with both pathogens was shown to reduce Amalie’s tolerance to V. longisporum; 19% 

of Amalie plants died when co-infected, whereas no Amalie plants died when infected 

with TuYV or V. longisporum only. In comparison, 62% of Anastasia plants and no 

Catana plants died when coinfected. This suggests that the possession of TuYV 

resistance in Amalie had no added benefit when challenged with both pathogens. The 

effect seen with co-infection could be a result of the plant defence system having to 

divide its resources to control infection by both pathogens and as a result, this has led 

to an increased susceptibility to them. However, this is just a hypothesis and whilst 

pathogen mono-species infection is well studied, the concept of ‘complex’ multi-

species/multi-strain infection is less well understood (Lamichhane and Venturi 2015). 

 

In both replicates of the large-scale glasshouse experiment, TuYV infection was not 

shown to impact on the agronomic performance of any of the three varieties, despite 

high viral titres accumulating in Anastasia and Catana (both TuYV-susceptible). 

Previously, TuYV infection has been reported to cause yield losses of between 12 - 

46% (Graichen and Schliephake 1999; Jones et al. 2007). One difference is that, these 

reported yield losses were calculated from field trials and this experiment was carried 
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out in the glasshouse. It could be that TuYV did not impact on the development and 

yield of B. napus under controlled conditions but in the field, it may play a role in 

more complex disease (Lamichhane and Venturi 2015). For example, TuYV may 

weaken/divert the plant’s defence systems making them more susceptible to 

environmental changes, opportunist pathogens and less able to withstand pre-existing 

disease. This later hypothesis is supported in that, B. napus plants co-infected with 

TuYV and V. longisporum in this experiment, generally showed exacerbated yield 

losses compared to those infected with V. longisporum only. However, a recent 

glasshouse experiment by Congdon et al. (2020) showed that two isolates of TuYV 

(originally isolated from B. napus plants) were able to cause yield losses of between 

26% and 36% in two B. napus lines when inoculated at a similar growth stage to those 

in this experiment (seven true leaves, GS17). However, in the Congdon et al. (2020) 

study, the effect of aphid feeding was not accounted for when calculating yield losses 

to TuYV; the yield of plants challenged with aphids carrying TuYV were compared 

to healthy plants not challenged with any aphids. However, my experiment the effect 

of aphid feeding was considered; the yield of plants challenged with aphids carrying 

TuYV were compared to ‘healthy’ plants challenged with non-viruliferous aphids.  

 

Previous research has suggested that TuYV infection causes B. napus plants to 

produce fewer, heavier seeds that have a reduced oil content and increased protein, 

glucosinolate and erucic acid content (Jay et al. 1999; Jones et al. 2007). Other studies 

by Dunker et al. (2008) and Depotter et al. (2018) showed that V. longisporum 

infection had no impact on seed oil content (%) but a study by Zhou et al. (2006) 

showed that infection caused plants to produce smaller seeds. In this study, TuYV 

and/or V. longisporum infection were not shown to have an effect on 100 seed weight 

or the content and fatty acid composition of seeds.  

 

In summary, the oilseed rape variety Amalie was shown to be tolerant to V. 

longisporum isolate K/D8. This tolerance was not dependent on the activation of 

Amalie’s TuYV resistance when co-infected with the virus. Instead, co-infection with 

TuYV reduced Amalie’s tolerance to V. longisporum. Further work is required to 

determine whether V. longisporum tolerance in Amalie is conferred by gene(s) within 

its TuYV resistance introgression. However, tolerance to V. longisporum in Amalie 
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and can be used as a source of host resistance to the pathogen, which currently cannot 

be controlled with fungicidal treatments. 

 

7.2.6 Summary of key findings 

 

In summary, the key findings of this study were: 
 

1. TuYV resistance in the oilseed rape variety Amalie originated from the 

resynthesised line ‘R54’ and in this study, was fine mapped to single dominant QTL 

interval on chr. A04 which explained 38% of the phenotypic variation. Marker 

analysis identified that a chromosomal inversion and a homoeologous 

recombination or gene conversion event between the Brassica A and C sub-

genomes had occurred in the region of the QTL. A homoeologous 

recombination/gene event between the Brassica A and C sub-genomes was 

identified within a putative DHAR2 gene, that positioned within the TuYV 

resistance QTL.  

2. For TuYV resistance in B. rapa line ABA15005, two dominant, novel and putative 

QTLs were identified on chrs. A07 and A09, which independently conferred TuYV 

resistance and explained 13% and 15% of the phenotypic variation, respectively. 

Two BC2 populations were produced and shown to segregate for TuYV resistance. 

They have since been genotyped with funding received from a BBSRC IAA. 

3. TuYV resistance in B. oleracea line JWBo12 was shown to be dominantly inherited 

and a BC1 population was produced and shown to segregate for the resistance. 

However, due to time and financial constraints, TuYV resistance in JWBo12 could 

not be mapped during the PhD. The BC1 population has since been genotyped with 

funding received from a BBSRC IAA. 

4. Resynthesised B. napus plants were successfully produced from the interspecific 

cross between the TuYV-resistant B. rapa line ABA15005 and TuYV-resistant B. 

oleracea line JWBo12. Resynthesised B. napus plants were shown to possess 

TuYV resistance that was similar in strength to the parental resistances and the 

commercialised ‘R54’ resistance in the oilseed rape variety, Amalie.  

5. When homozygous, TuYV resistance within the commercial oilseed rape variety 

Amalie, B. rapa line ABA15005 and B. oleracea line JWBo12, were of comparable 

strength. However, when these resistances were heterozygous, in F1 populations, 
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they were shown to be affected by gene dosage to differing extents; ABA15005 > 

JWBo12 ≈ Amalie.  

6. The pathogenicity of five different V. longisporum isolates were shown to differ 

when inoculated to the V. longisporum-susceptible variety Anastasia. Inoculating 

with V. longisporum via the seed-dip method was shown to cause more severe 

disease symptoms and reduce germination in Anastasia more than inoculation via 

the root-dip method.  

7. Increased V. longisporum inoculum spore concentration caused increased disease 

severity within all three B. napus varieties assayed, Amalie (V. longisporum 

susceptibility unconfirmed prior to this experiment), Anastasia (V. longisporum-

susceptible) and Catana (V. longisporum-resistant).  

8. In the glasshouse, the oilseed rape variety Amalie was shown to be tolerant to V. 

longisporum isolate K/D8 and this tolerance was not dependent on the activation 

of Amalie’s TuYV resistance. 

9. Also, V. longisporum infection in the glasshouse was shown to have a varying 

negative impact on the agronomic performance of the three oilseed rape varieties, 

Amalie, Anastasia and Catana. Co-infection with TuYV exacerbated these impacts 

but on its own, TuYV infection had no impact on the agronomic performance of 

any of the varieties.  

 

7.3 Critical analysis of materials and methods 

 
7.3.1 TuYV resistance phenotyping  

 

TuYV is a phloem limited virus and as result, is reliant on the sap-sucking feeding 

behaviour of aphids for transmission. This means that TuYV cannot be transmitted 

mechanically and therefore, the TuYV resistance phenotyping experiments carried out 

in this thesis, are subject to the limitations of aphid transmission assays. Previous, 

unpublished studies at the University of Warwick have shown that TuYV titre within 

a plant increased, as the number aphids used to challenge the plant increased 

(Katschnig, unpublished). To minimise this effect during the TuYV resistance 

phenotyping experiments, plants were challenged with the same number of aphids 

(five aphids per plant) and the inoculum plants used to rear the viruliferous aphids 
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were tested for TuYV before use; aphids from a single plant with the highest viral titre 

were used in each phenotyping experiment. However, there was no way of knowing, 

without killing the aphids, whether they all carried TuYV for transmission. Despite 

this, TuYV infection of brassicas can be achieved by just one M. persicae in 15 

minutes (Stevens et al. 2008). In my phenotyping experiments, aphids were left to feed 

on the test plants for two weeks before being removed by insecticides. Another 

advantage to the experimental design, was that plants in the phenotyping experiments 

were challenged with more aphids than would likely occur in the field and so, any 

plants identified as resistant, were so under high virus inoculum pressure.  

 

Unlike some other plant viruses, TuYV infection does no cause obvious and specific 

symptoms in its host. As a result, determining a plants susceptibility to TuYV is reliant 

on quantification of viral titre opposed to visual symptom scoring. In this PhD 

research, TuYV titre was quantified by TAS-ELISA and previous studies have 

successfully used this phenotyping method for mapping TuYV resistance (Dreyer et 

al. 2001; Juergens et al. 2010). ELISA allows relative quantification of viral titre 

compared to positive and negative controls included in the experiment. As an 

alternative approach, quantitative real-time PCR could have been used, as it would 

have allowed the absolute quantification of TuYV titre but would have been 

considerably more time consuming and expensive. For the ELISAs carried out in this 

study, a threshold, calculated as the mean of the healthy controls plus three standard 

deviations, was used to categorise individuals as resistant (viral titre ≤	threshold) or 

susceptible (viral titre ≥ threshold). This threshold is routinely used in ELISA 

experiments (Classen et al. 1987) and works well when phenotyping extreme 

resistances. However, this threshold was found to be unreliable for the quantitative 

resistances characterised in this thesis, as the virus was still able replicate in resistant 

individuals but to a lesser extent than in susceptible individual. This meant that in 

some cases, none, or very few individuals had a viral titre within the threshold, despite 

clear segregation of the trait in a population. Instead, it may have been better to have 

used a threshold calculated from the mean plus three standard deviations of the 

challenged resistant parental lines included in each phenotyping experiment.  
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7.3.2 TuYV resistance mapping  

 

In this study and a follow on BBSRC IAA project, the ‘R54’ TuYV resistance in the 

B. napus variety Amalie and novel TuYV resistances in B. rapa line ABA15005 and 

B. oleracea line JWBo12 were mapped in BC populations using QTL analysis. BC 

populations were used as they have a more proportional representation of phenotypes 

than F2 populations. For a dominant resistance, a BC population will have an expected 

ratio of one resistant individual to one susceptible individual (1:1) whereas, an F2 

population will have an expected ratio of three resistant individuals to one susceptible 

individual (3:1). Therefore, more genotype comparisons can be made between 

resistant and susceptible individuals in a BC population than and F2 population, giving 

more power to the QTL analysis (Chapter 1, Section 1.7.2). The downside of using 

BC populations is that for dominant traits, like the TuYV resistances described in this 

thesis, only heterozygote resistant individuals (genotype AB) can be compared to 

homozygous susceptible individuals (genotype AA). This reduces the power of the 

QTL analysis to that which is carried out between homozygous resistant (genotype 

BB) and homozygous susceptible (genotype AA) individuals, as in an F2 population. 

This limitation of BC populations is particularly important to remember when the trait 

is affected by gene-dosage, such that heterozygous individuals (genotype AB) have an 

intermediate phenotype to that of homozygous susceptible (genotype AA) and 

homozygous resistant (genotype BB) individuals. In hindsight, the use of double 

haploid (DH) populations for QTL mapping of the TuYV resistances, particularly the 

B. rapa ABA15005 resistance which was heavily influenced by gene dosage, would 

have been preferential over the use of BC1 populations. This is because DH 

populations have a proportional representation of phenotypes (1:1) like BC1 

populations, but have the added advantage that they comprise of only homozygous 

susceptible (genotype AA) and homozygous resistant (genotype BB) individuals. 

However, the disadvantages of using DH populations is that they are time consuming 

to produce as they require tissue culture and plant regeneration steps. Furthermore, the 

use of chromosome multiplication agents, like colchicine, during DH production has 

been implicated in causing genomic rearrangements such as translocations and 

homologues exchanges between the sub-genomes in B. napus, which can add 

complications to the trait mapping process (He et al. 2017). 
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Three linkage maps for the B. rapa BC1 population ABA15024 were produced from 

a KASP, SNP array or both KASP and SNP array marker sets. For each linkage map, 

polymorphic markers between the parental lines of the population (ABA15005 and R-

o-18), which positioned within the middle of chr. A05, had severely distorted 

segregation ratios, meaning that the chromosome was represented by two terminal 

linkage groups (A05.1 and A05.2). Marker distortion in B. rapa has been reported 

previously (Kitashiba et al. 2016) and has been shown to reduce the power of QTL 

analysis in the region of distortion (Zhang et al. 2010). It may have resulted from the 

parental cross between different subspecies; a B. rapa ssp. pekinensis (ABA15005) 

was crossed to a B. rapa ssp. trilocularis, which are quite different to one another 

morphologically and genetically. Therefore, to overcome marker distortion it would 

be necessary to create a new mapping population by crossing ABA15005 to a more 

closely related and TuYV-susceptible B. rapa line. However, it is unlikely that TuYV 

resistance is linked with this region of distortion as segregation of the trait was 

observed in the BC1 population ABA15024, which would not occur if it was linked. 

Instead, nearly all of the individuals within ABA15024 would be resistant to the virus 

as the distortion observed was towards the heterozygous genotype. 

 

The ongoing improvement of next generation sequencing technologies have allowed 

the development of affordable genotyping platforms such as SNP array and genotype-

by-sequencing. In conjunction with the development of optical mapping and 

chromosome capture techniques, the Brassica reference genome assemblies (Bayer et 

al. 2017; Zhang et al. 2018) have been improved during the time of this PhD research. 

This has revolutionised trait mapping in Brassica, particularly in the more complex 

allotetraploid genome of B. napus. In recent years associative transcriptomics has been 

developed and validated in B. napus and provides an alternative to traditional mapping 

technologies such as QTL analysis. It utilises both transcript sequence and abundance 

and has been used in B. napus to successfully map traits of interest that are located in 

regions of genomic complexity, such as regions of homoeologous exchange (He et al. 

2017) (Hejna et al. 2019). This approach would be particularly useful to further fine 

map the ‘R54’ TuYV resistance which was shown, in Chapter 3 of this thesis, to be 

closely associated with a region on chr. A04 in Amalie, where a homoeologous 

exchange/gene conversion event and genomic inversion had occurred. 
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7.3.3 B. napus resynthesis for trait introgression 

 

TuYV resistance was introgressed into B. napus via resynthesis from B. rapa line 

ABA15005 and B. oleracea line JWBo12 (Chapter 5). B. napus resynthesis provides 

a direct method to combine and introgress traits from the progenitor species into B. 

napus. However, like DH production, B. napus resynthesis uses chromosome 

multiplication agents and therefore, there is a risk of producing individuals with 

genomic rearrangements (He et al. 2017). In Chapter 4 of this thesis, the TuYV 

resistances were individually characterised and mapped in B. rapa line ABA15005 

and B. oleracea line JWBo12. It would be interesting to also map the two resistances 

in the resynthesised B. napus lines (Chapter 5), to determine if the resistance QTLs 

locate to the same region as those mapped in the diploid progenitors, or whether they 

will have changed locations due to genomic rearrangements caused by the resynthesis 

process. To overcome undesirable genomic rearrangements and successfully 

introgress TuYV resistances from the resynthesised B. napus lines into commercial 

types, it will be necessary to identify markers that are closely linked with the 

resistances which can be used to trace them through breeding programs (MAS). As an 

alternative to B. napus resynthesis for trait introgression, gene transformation and 

targeted gene editing technologies can be used. These can be implemented in 

established commercial varieties removing the need for the lengthy trait introgression 

and commercialisation processes required with resynthesised B. napus. However, they 

require prior identification of the resistance genes involved and the techniques are not 

legal in many countries worldwide. 

 

7.3.4 Experimental design of the V. longisporum and TuYV infection experiment 

 

The involvement of Amalie’s TuYV resistance with resistance to V. longisporum was 

investigated in two replicates of a large-scale glasshouse experiment (Chapter 6). The 

experiment was designed to closely reflect natural infection in the field. As V. 

longisporum is a soil-borne pathogen, oilseed rape plants in the experiment were 

infected with the fungus before they were challenged with TuYV which in the field, 

would occur after seedling emergence and aphid contact. The effect of both the V. 

longisporum root-dip inoculation process and aphid feeding behaviour on the 

agronomic performance of the oilseed rape varieties was accounted for in the 
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experiment, by mock inoculating the non-V. longisporum treatment groups with water 

and challenging the non-TuYV treatments groups with non-viruliferous aphids. 

However, some suggested improvements to the experimental design are discussed 

below. Firstly, it would have been beneficial to carry out the experiments during the 

growing period of oilseed rape (September-July) but due to the lengthiness of the 

experiment and time constraints, the experimental replicates were carried out April to 

June the following year. As a result, the light levels and day lengths were not reflective 

of field conditions and instead, were supplemented in the glasshouse to 16hours of 

light. Secondly, soil moisture has been implicated in differential V. longisporum 

disease severity (Depotter et al. 2017) and so in hindsight, it would have been 

beneficial to control this. Lastly, in replicate two of the experiment, the treatment 

groups for some of the varieties became cross contaminated with the TuYV, ideally 

the experiment would have been repeated to avoid this but again, due to time 

constraints this was not possible.  

 

7.4 Future research 

 
From this study, suggested future work includes: 
 

1. Carry out long-read sequencing of chr. A04 in oilseed rape variety Amalie to 

determine whether gene conversion or a homoeologous recombination event had 

occurred within DHAR2. If a homoeologous recombination event had occurred, 

long-read sequencing will help locate the unidentified A/C recombination event. 

This in turn, would help determine the length of the Brassica C genome 

introgression on chr. A04 that resulted from these recombination events and would 

determine what proportion of the ‘R54’ resistance QTL is made up of this 

introgression. Then, the list of candidate TuYV resistance genes can be refined, 

where genes positioning within the QTL interval but not within the Brassica C 

genome introgression are candidates.  

2. Carry out transcript sequencing and expression analysis of candidate ‘R54’ TuYV 

resistance genes after long-read sequencing of Amalie. 

3. Carry out further mapping of TuYV resistance in B. rapa line ABA15005 by 

analysing the genotype data of the two BC2 populations SEA17016 and SEA17017, 

which were produced in this study and shown to segregate for resistance. This will 
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help confirm and further investigate the putative TuYV resistance QTLs identified 

on chrs. A07 and A09 from the mapping of the BC1 population (ABA15024). 

Ultimately, this will help identify TuYV resistance-linked markers that can be used 

to accelerate the introgression of this novel resistance into commercial oilseed rape 

types by MAS.  

4. To overcome the issue of marker distortion observed in B. rapa BC1 population 

ABA15024, a new mapping population will need to be created from an alternative 

parental cross of the TuYV-resistant line ABA15005 to a more closely related, 

TuYV-susceptible line. 

5. Map the TuYV resistance in B. oleracea line JWBo12, using phenotype and 

genotype data for the BC1 population SEC18031, which was produced in this study 

and shown to segregate for resistance. Like the resistance in ABA15005, mapping 

will help identify TuYV resistance-linked makers that can be used to accelerate the 

introgression of this resistance into commercial oilseed rape types by MAS. 

6. Once TuYV resistance-linked markers have been identified for ABA15005 and 

JWBo12, use them to genotype resynthesised B. napus plants (SER19001), that 

were produced from the interspecific cross between the two lines. This will help 

determine if TuYV resistance has been introgressed into resynthesised B. napus 

plants from one, or both of the parental lines. 

7. Determine the strengths of TuYV resistance in ABA15005, JWBo12 and 

resynthesised B. napus plants (SER19001) under field conditions and against viral 

isolates belonging to the three different TuYV phylogenetic clades.  

8. Introgress the novel TuYV resistances from ABA15005 and JWBo12 into 

commercial oilseed rape types. 

9. Carry out genetic mapping of V. longisporum resistance in Amalie to identify 

resistance QTL(s) and determine if any co-locate with its TuYV resistance QTL on 

chr. A04. This would confirm whether V. longisporum resistance in Amalie is 

controlled by gene(s) locating within its TuYV resistance introgression, or others 

positioning elsewhere in the genome. 
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Appendices 
 
 



  
 

Supplementary Table 1. Primers and polymerase chain reaction conditions for DNA markers assays used to fine map Turnip yellows virus 
resistance in oilseed rape variety Amalie. 
 

 

Marker 
 

Primer 
orientation 
 

 

Primer sequence (5’ to 3’) 
 

Ta (oC) a 
 

Extension 
time (seconds) 
 

 

Number 
of cycles 
 

 

Origin 

 
ACMP00103 

 

forward 
 

ATGGTTGTTGCGAAGGATCT 55 30 35 Ramchiary et al. (2011) 
 reverse 

 

CCGCTCAACACTATCATCCA 
 

ACMP00176 
 

forward 
 

CACCACGGAGACACAGAAAC 58 30 35 Ramchiary et al. (2011) reverse 
 

CTCCTCTCCCTCCTCTCCTT 
 

ACMP00503 
 

forward 
 

AGGTAACGCTCCTCGATGTT 63 30 30 Ramchiary et al. (2011) reverse 
 

CTGTCACCATCCTCTCCAAA 
 

ACMP00714 
 

forward 
 

CCGACTACGAAGCTCTCCTC 55 30 35 Ramchiary et al. (2011) reverse 
 

GCTCACTCCGATCATCTCAA 
 

ACMP00743 
 

forward 
 

AGGAGCTTGTGATGATGCAG 58 30 35 Ramchiary et al. (2011) reverse 
 

TTTGGTCGGAATAACCCATC 
 

ACMP00754 
 

forward 
 

TTGGATGAACGGTAGGGATT 55 30 35 Ramchiary et al. (2011) reverse 
 

GCCTCCTCCGATAAGATTCA 
 

ACMP00854 
 

forward 
 

GTTTATGCGGAGATGGGTTC 65 30 30 Ramchiary et al. (2011) reverse 
 

TAGTCCCATGACGATGCCTA 
 

BrID10321 
 

forward 
 

TGTGTTTCCTAGTGTGTTGG 57 60 45 Wang et al. (2011) reverse 
 

ATCAGTCTGAGGGTTCATCA 
 

BrID90277 
 

forward 
 

TGAAACAAAATGAAAAATTCACGA 62 60 45 Wang et al. (2011) reverse 
 

CAGGAACGCATTAACGTCATTA 
 

CB10196 
 

forward 
 

TTGTAGGCAATGATGAGGA 57 60 45 
 

CeleraAgGen, Piquemal 
et al. (2005) reverse GAGAGAAGGGCTCCTTTG 

2
5
3
 



  
 

Supplementary Table 1. (continued) 
 

CB10347 
 

forward 
 

ATCTGAACACTTTCGGCA 62 30 30 CeleraAgGen, Piquemal 
et al. (2005) reverse 

 

GGAAGCACCATGTCAGC 
 

CB10448 
 

forward 
 

GGGTTTGTCGGAAGAATC 54 30 30 CeleraAgGen, Piquemal 
et al. (2005) reverse 

 

TGTTCGTTCGAAAGGTGT 
 

cnu_m225a 
 

forward 
 

TTGCGTTTTCTCGTCGTCAA 62 60 45 Kim et al. (2009)  reverse 
 

CCCCGAGATAAATGGCACAC 
 

cnu_m439a 
 

forward 
 

CCCTACGGACGGATGAGTAA 59 60 35 Kim et al. (2009) reverse 
 

TCTGAGTGGCACCAGCATTA 
 

KBrH006P22p 
 

forward 
 

GGAGATTGCTAGGGACACCA 58 60 35 Li et al. (2009)  reverse 
 

GGAACTTTCGTGGAGAGCTG 
 

nrc785 
 

forward 
 

CCGTACAATAACCGAAACAGGT 55 30 35 Kebede et al. (2012)  reverse 
 

CGTCCAGACAGATCCATAAACA 
 

nrc937 
 

forward 
 

ATACTACTTCTCATGCCTTCCACAC 58 30 35 Kebede et al. (2012) reverse 
 

GTAAAGTGGCTCTCTCACTCAACTC 
 

SSR Na10-D09 
 

forward 
 

AAGAACGTCAAGATCCTCTGC 65 30 30 Lowe et al. (2004)  reverse 
 

ACCACCACGGTAGTAGAGCG 
 

STS320 
 

forward 
 

GATCCGTTTGGGTCTTGGTA 60 120 45 Juergens et al. (2010) reverse 
 

TTGATGTGAAACGCACATTG 
 

STS437 
 

forward 
 

ATCGGACATTGGTCAGGTTC 60 120 45 Juergens et al. (2010) reverse 
 

CATACCCCACTGGTTCTTGG 
 

Scaffold000104_p98567 
 

forward 
 

TCTACAATGACATTACCTC 54 30 35 Shannon Greer 
reverse 
 

CGCTTGTTAGTGGCTTTTG 
 

 

2
5
4
 



  
 

Supplementary Table 1. (continued) 
 

Scaffold000104_p137870 
 
 

forward 
 
 

GGAAGCGAAATGTTAATC 54 30 35 Shannon Greer 
reverse 
 

TGATCCAACCATACAAG  
 

Scaffold000104_p202019 
 

forward 
 

CCGAATCAACAGAAAATC 54 30 35 Shannon Greer 
reverse 
 

TAATGCATCAGTAGTACATC  
 

Scaffold000104_p502698 
 

forward 
 

CCTTAGATCCTCGAAAAC 54 30 35 Shannon Greer 
reverse 
 

TGATTTCTGTATTTGCTAC  
 

Scaffold002687_p134 
 

forward 
 

CTCTCCTTCTACAGCACG 59 30 35 Shannon Greer reverse 
 

TGAGAGAAACGGGAAGTG 
 

A04_p1722346 
 

forward 
 

GGATGAAAGTCCACTAAG 52 30 35 Shannon Greer 
reverse 
 

GGTGAGATAAGAACTTCC 
 

A04_p1976999 
 

forward 
 

CAAACGAGAGTATCCAGC 55 30 35 Shannon Greer 
reverse 
 

GTGGAAAGGAACCTAGC 
 

A04_p2037077 
 

forward 
 

GAGGAATGTGGAAACTCG 57 30 35 Shannon Greer 
reverse 
 

TGTCGATCATTGACTTCG 
 

A04_p2149214 
 

forward 
 

GTCTTGGACCATCAGTACC  57 30 35 Shannon Greer 
reverse 
 

AGGAGAAGTAGATGCGTGAG 
 

A04_p2353879 
 

forward 
 

CCAGAGCACGAGTTTCGAC 65 30 35 Shannon Greer 
reverse 
 

TGGAAGCTCATCGCTCTG  
 

A04_p2753824 
 

forward 
 

CCGATCTCTACCAGAAAC 54 30 35 Shannon Greer 
reverse 
 

CGAAATAGATCACAAATACC 
 

A04_p2889239 
 

forward 
 

TCGAATCCACGATAAAGC 58 30 35 Shannon Greer 

reverse CCTGATGGAACGAAGAAGG 

2
5
5
 



  
 

Supplementary Table 1. (continued) 
 

A04_p2960723 
 

forward 
 

TCCGATCCTGGCCTTATCACG 67 30 35 Shannon Greer reverse 
 

GTGACCCAACCTGTGTGGCTC 
 

A04_p3116993 
 

forward 
 

TGAAGATCTGGGGAAAAATCG  63 30 35 Shannon Greer 
reverse 
 

ATTCCATCGAAGAAACCAGAAG  
 

A04_p3118075 
 

forward 
 

CAAAACCATTTAGGAAACGG 58 30 35 Shannon Greer 
reverse 
 

CGCGTTAAAGCTAAATATGCG 
 

A04_p3225119 
 

forward 
 

AACCCTAATCGCCTTGTG 55 30 35 Shannon Greer 
reverse 
 

GTCCTTGTGAGTCCAATG 
 

A04_p3272740 
 

forward 
 

GGAGATTCAGACCATTGGTTC 61 30 35 Shannon Greer 
reverse 
 

AAGCTCATGCACGTAGCCAG 
 

A04_p3448682 
 

forward 
 

GACAAGCTTGACGAGCTGTTG 65 30 35 Shannon Greer 
reverse 
 

CTCGCTCAGTTAGTCCCTGTG 
 

A04_p3563096 
 

forward 
 

TCGAGACTTGATAAGAAAG 54 30 35 Shannon Greer 
reverse 
 

GACTTTGTAGAGTCGATTCC 
 

A04_p3618090 
 

forward 
 

TATGCGACTCATTTGACG 58 30 35 Shannon Greer reverse 
 

TCGATTTTCTGGTTTTGGC 
 

A04_p3724573 
 

forward 
 

CGTTGTGAAAGTCTTCTCATC 58 30 35 Shannon Greer 
reverse 
 

TTTCTACAACCGGATCTTG  
 

A04_p3757486 
 

forward 
 

CTTACAATAGTCAGCTGC 52 30 35 Shannon Greer 
reverse 
 

ACTATGAGATGACATCGTTAG 
 

A04_p3915978 
 

forward 
 

GCAACTTCACTGAAAACACAC 61 30 35 Shannon Greer 
reverse 
 

AAGCAGTGGCGTCTTTGTTC 
 

 

2
5
6
 



  
 

Supplementary Table 1. (continued) 
 

A04_p5300943 
forward CTAAGAACTCCAGTTATGAG 

56 30 35 Shannon Greer reverse 
 

GAAGCACTCAAAAGAGACC 
 

A06_p5232488 

 

forward 
 

AGTTTCAGTCAAGGAATATTC 
54 30 35 Shannon Greer 

reverse 
 
 

ATATTTGGCTTATGGAATC 
 
 

 

a Ta - annealing temperature. 

Marker assays designed by Shannon Greer were done so based on the Brassica napus 60K Illumina® Infinium single nucleotide polymorphism 

array (Clarke et al. 2016). Markers pre-fixed ‘CB’ followed by five numbers were developed by Celera AgGen, a consortium of seed companies 

including the following: Advanta, Koipesol, Calgene, Caussade, Danisco, DLF, Euralis, Limagrain, KWS, Syngenta, Pioneer, PGS, Monsanto, 

Seminis, Serasem and SW seeds.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2
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Supplementary Figure 1. Sequence alignments of a putative Dehydroascorbate reductase 2 (DHAR2) gene amplified from Brassica napus 
lines that were Turnip yellows virus (TuYV)-resistant (Amalie and Caletta) and -susceptible (Darmor and R7011-AB). Amplified sequences 

were aligned against Brassica A genome sequences, Bra035356 and GSBRNA2T00044004001 from the B. rapa Chiifu-401 (Wang et al. 2011) 

and B. napus Darmor-bzh (Chalhoub et al. 2014) reference genomes, respectively and also against a Brassica C genome sequence, 

GSBRNA2T00064535001 from the B. napus Darmor-bzh reference genome. 

Darmor 
R7011-AB 

Amalie 
Caletta 

Bra035356 
GSBRNA2T00044004001 
GSBRNA2T00064535001 

Darmor 
R7011-AB 

Amalie 
Caletta 

Bra035356 
GSBRNA2T00044004001 
GSBRNA2T00064535001 

Darmor 
R7011-AB 

Amalie 
Caletta 

Bra035356 
GSBRNA2T00044004001 
GSBRNA2T00064535001 
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Supplementary Figure 1. (continued) 
 

Darmor 
R7011-AB 
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R7011-AB 

Amalie 
Caletta 

Bra035356 
GSBRNA2T00044004001 
GSBRNA2T00064535001 

Darmor 
R7011-AB 

Amalie 
Caletta 

Bra035356 
GSBRNA2T00044004001 
GSBRNA2T00064535001 

2
5
9
 



 260 

Supplementary Table 2. Analysis of variance for the effect of isolate and 
inoculation method on Area Under the Disease Progression Curve (AUDPC) 
values for Brassica napus plants in the Verticillium longisporum isolate 
pathogenicity testing experiment.  
 
 

 

Average AUDPC value 
 

 

df 
 

F - value 
 

P - value 
 

Main effects    

A: Isolate 4 4.66 0.006 

B: Inoculation method  1 8.28 0.008 

Interactions    

A:B 4 1.63 0.200 

Residual 24   

Total 33   
 

Individuals mock inoculation with water were not included in the ANOVA.  
 
 
Supplementary Table 3. Analysis of variance for the effect of variety and 
inoculum concentration on Area Under the Disease Progression Curve (AUDPC) 
values for Brassica napus plants in the Verticillium longisporum inoculum 
concentration experiment. 
 
 

 

Average AUDPC value 
 

 

df 
 

F - value 
 

P - value 
 

Main effects    

A: Variety 2 6.38 0.003 

B: Inoculum concentrationa 4 14.22 < 0.001 

Interactions    

A:B 8 0.76 0.641 

Residual 50   

Total 64   
 

Individuals mock inoculation with water were not included in the ANOVA. 
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Supplementary Table 4. Analysis of variance for the effect of variety, treatment 
and experimental replication on Area Under the Disease Progression Curve 
(AUDPC) values for Brassica napus plants in the large-scale glasshouse 
experiment.  
 
 

 

Average AUDPC value 
 

 

df 
 

F - value 
 

P - value 
 

Main effects 
   

A: Variety 2 7.34 0.001 

B: Treatmenta  1 7.98 0.006 

C: Replication 1 0.12 0.725 

Interactions    

A:B 2 4.48 0.014 

A:C 2 0.10 0.904 

B:C 1 1.70 0.196 

A:B:C 2 1.76 0.179 

Residual 80   

Total 91   
 

a Only the treatment groups infected with Verticillium longisporum (V0 and VT 
treatment groups) were included in the ANOVA. 
 



  

Supplementary Table 5. Analysis of variance for the effect of variety, treatment and experimental replication on developmental traits of 
Brassica napus plants in the large-scale glasshouse experiment. 
 
  

Average number of days to 

flower (DTF) 

 

Average number of days 
until harvest (DTH) 

 

Average plant height at 
harvest (cm) 

 

Average dry weight (g) 

 
 

df 
 

F - value 
 

P - value 
 

df 
 

F - value 
 

P - value 
 

df 
 

F - value 
 

P - value 
 

df 
 

F - value 
 

P - value 
 

Main effects          
 

  

A: Variety 2 47.66 < 0.001 2 13.20 < 0.001 2 22.30 < 0.001 2 18.00 < 0.001 

B: Treatment  3 3.84 0.011 3 57.63 < 0.001 3 15.02 < 0.001 3 30.97 < 0.001 

C: Replication 1 318.47 < 0.001   1 80.15 < 0.001 1 168.99 < 0.001 1 77.34 < 0.001 

Interactions             

A:B 6 2.24 0.043 6 2.93 0.010 6 6.07 < 0.001 6 5.13 < 0.001 

A:C 2 4.21 0.017 2 1.44 0.241 2 6.65 0.002 2 1.81 0.168 

B:C 3 3.19 0.026 3 1.11 0.347 3 6.94 < 0.001 3 15.56 < 0.001 

A:B:C 6 1.12 0.355 6 1.69 0.128 6 3.81 0.002 6 2.78 0.014 

Residual 137   137   137   137   

Total 160   160   160   160   
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Supplementary Table 6. Analysis of variance for the effect of variety, treatment and experimental replication on yield traits of Brassica 
napus plants in the large-scale glasshouse experiment. 
 
 

 

Average number of pods 
per plant 

 

Average number of 
seeds per plant 

 

Average total seed 
weight per plant (g) 

 

Average 100 seed 
weight (g) 

 

Average total seed yield 
per plant (g) 

 
 

df 
 

F - value 
 

P - value 
 

df 
 

F - value 
 

P - value 
 

df 
 

F - value 
 

P - value 
 

df 
 

F - value 
 

P - value 
 

df 
 

F - value 
 

P - value 
 

Main effects                

A: Variety 2 46.04 < 0.001 2 10.86 < 0.001 2 11.35 < 0.001 2 23.26 < 0.001 2 27.01 < 0.001 

B: Treatment  3 22.67 < 0.001 3 18.42 < 0.001 3 26.46 < 0.001 3 7.44 < 0.001 3 45.77 < 0.001 

C: Replication 1 35.15 < 0.001 1 49.94 < 0.001 1 48.96 < 0.001 1 4.79 0.030 1 51.00 < 0.001 

Interactions                

A:B 6 4.04 0.001 6 1.05 0.394 6 1.53 0.172 6 4.68 < 0.001 6 2.12 0.044 

A:C 2 4.19 0.017 2 8.18 < 0.001 2 5.70 0.004 2 10.62 < 0.001 2 4.53 0.012 

B:C 3 5.15 0.001 3 6.82 < 0.001 3 7.44 < 0.001 3 1.30 0.278 3 6.17 0.001 

A:B:C 6 2.53 0.024 6 1.76 0.111 6 2.81 0.013 6 4.28 0.001 6 3.24 0.005 

Residual 137   137   137   134   160   

Total 160   160   160   157   183   
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Supplementary Table 7. Analysis of variance for the effect of variety, treatment and experimental replication on the content of Brassica 
napus seeds produced in the large-scale glasshouse experiment. 
. 
  

   Average % moisture 
content 

 

      Average % protein 
content 

 

     Average % oil content 
 

Average glucosinolate 

content (!mole/g) 

 
 

df 
 

F - value 
 

P - value 
 

df 
 

F - value 
 

P - value 
 

df 
 

F - value 
 

P - value 
 

df 
 

F - value 
 

P - value 
 

Main effects          
 

  

A: Variety 2 18.66 < 0.001 2 13.19 < 0.001 2 11.84 < 0.001 2 21.35 < 0.001 

B: Treatment  3 3.22 0.025 3 0.93 0.429 3 4.14 0.008 3 4.08 0.008 

C: Replication 1 300.26 < 0.001 1 5.82 0.017 1 1.99 0.161 1 3.10 0.080 

Interactions             

A:B 6 3.86 0.001 6 3.40 0.004 6 2.48 0.028 6 0.78 0.586 

A:C 2 0.22 0.806 2 0.12 0.888 2 0.82 0.441 2 2.33 0.102 

B:C 3 3.02 0.032 3 1.29 0.282 3 1.84 0.142 3 2.49 0.063 

A:B:C 6 3.72 0.002 6 2.89 0.011 6 1.91 0.083 6 0.89 0.505 

Residual 137   137   137   137   

Total 160   160   160   160   

 
 
 
 
 
 

264 



 265 

Supplementary Table 8. Analysis of variance for the effect of variety, treatment 
and experimental replication on oil composition of Brassica napus seeds 
produced in the large-scale glasshouse experiment. 
 
 

 

Average % oleic acid 
content of oil 

 

Average % linolenic acid 
content of oil 

 
 

df 
 

F - value 
 

P - value 
 

           df 
 

F - value 
 

P - value 
 

Main effects       

A: Variety 2 18.76 < 0.001 2 34.21 < 0.001 
B: Treatment  3 1.46 0.228 3 1.31 0.275 
C: Replication 1 0.373 0.543 1 5.30 0.023 
Interactions       
A:B 6 0.469 0.831 6 1.09 0.374 
A:C 2 0.883 0.416 2 1.78 0.173 
B:C 3 1.61 0.189 3 0.96 0.414 
A:B:C 6 1.77 0.109 6 2.36 0.034 
Residual 137   137   
Total (corrected) 160   160   
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