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Abstract 

Gaeumannomyces tritici is a soil-borne, highly destructive, wheat root pathogen, 

causing take-all disease. Some modern, elite, winter wheat cultivars possess a 

genetic trait promoting low take-all inoculum build-up (LowTAB). This leads to 

reduced disease if wheat is grown in the same field the next year. This PhD aimed 

to test if genetics (LowTAB) and chemistry will individually or synergistically 

influence take-all fungal inoculum build-up in first wheats as methods to control 

second wheat take-all disease. 

The underlying mechanism, epidemiology, agronomy and genetics of the TAB 

(take-all build-up) trait in eight first wheat field trials was investigated. This 

identified two minor QTLs conferring the LowTAB trait, in a doubled haploid 

mapping population. This PhD also confirms the highly complex cultivar-year-field 

interactions that underpin this trait. Root phenotyping experiments in the field and 

laboratory highlight that the TAB trait is not likely to be the result of root system 

architecture variation. Future field trials are planned to confirm the QTLs identified 

and to test for links between TAB and root-soil-microbial interactions. 

The effect of foliar applied chemistry (fungicide: Amistar, active ingredient: 

azoxystrobin and plant growth regulator: Moddus, a.i. trinexapac-ethyl) combined 

with genetics (TAB) on first wheat take-all inoculum build-up and second wheat 

disease was investigated. To complement this, laboratory screens were 

performed checking for common target site mutations to the azoxystrobin 

fungicide, in new and historic G. tritici isolates.  

For the first time, legacy effects of first wheat foliar chemistry on second wheat 

disease were identified, however no synergy with genetics were found. Early first 

wheat Amistar sprays reduced second wheat take-all disease, whilst later sprays 

and plant growth regulator, Moddus; had no effect. However, first wheat inoculum 

reduction by Amistar, could not be directly linked to the second wheat disease 

outbreaks observed. No evidence of fungicide resistance was found in 40 UK 

isolates, thus the varied efficacy of Amistar is linked to soil dose rate at the 

different application times. The collective PhD findings of the effect of first wheat 

chemistry and genetics make a significant contribution to the control of take-all 

disease in commercial second wheat crops.   
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Chapter 1. General Introduction 

Population growth and climate change are two of the greatest issues facing 

humanity (Godfray et al., 2010, Tilman and Clark, 2015). At the heart of these 

issues are global food security and agriculture. The United Nations (UN) define 

food security as a situation when all people can access safe, nutritious and 

affordable food sources in order to maintain healthy and active living (FAO et al., 

2015). Food security can make countries very wealthy, whereas food insecurity 

causes poverty, hunger and can rapidly decline countries into conflict (Breisinger 

et al., 2015). Productive agriculture is the basis of food security; however, this 

industry is currently one of the largest producers of greenhouse gas emissions 

(Berry et al., 2015). In the future, agriculture must become a net carbon sink 

(Rockström et al., 2017). Thus, in 2015, the UN set out 17 sustainable 

development goals. These include to end poverty and hunger; respond to climate 

change and to sustainably maintain our natural resources by 2030 

(http://www.fao.org/sustainable-development-goals). Food security and 

agriculture will be the largest driver of this agenda.  

Crop stress resilience is going to be of vital importance in the coming 30 years 

as we see local, regional and global weather patterns change (Tilman and Clark, 

2015, Godfray and Garnett, 2014). A rise in the number of climate shocks and 

stresses on the agriculture system is also going to occur (Rockström et al., 2017). 

The regionality of these climatic changes, means no one solution will be suitable 

and a plethora of crop resilience measures will need to be devised. To maintain 

high functioning global food production, threats to crops such as weather 

extremes, soil health, weeds, pests and diseases need to be continually 

monitored and investigated to provide informed solutions for future crop 

resilience. Whilst these threats can be targeted with crop improvement, rising 

world population will increase pressure on the food production network (Gerland 

et al., 2014). This problem will be worsened by changes in food consumption 

habits as nations become developed and globalisation occurs (Pingali, 2007). An 

increase in agricultural productivity is now vital, yet yields of the most highly 

consumed crops have been stagnating since 2002 (Grassini et al., 2013). Hence, 

agricultural research, development and innovation are greatly required to achieve 

http://www.fao.org/sustainable-development-goals
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two major goals: 1) increase sustainable production on less or the same amount 

of land area; 2) enhanced crop resilience to biotic and abiotic stress.   

1.1 Wheat 

Wheat (Triticum spp.) is one of four most produced and consumed crops 

worldwide, in addition to rice (Oryza sativa), maize (Zea mays) and soybean 

(Glycine max)(FAOSTAT, 2017). Collectively, these four crops represent two-

thirds of humanities total calorific consumption (FAOSTAT, 2017, Grassini et al., 

2013). In 2014, world wheat production was 729 million tonnes, of which over 16 

million tonnes were produced in the UK (FAOSTAT, 2017). Since the 1843 origin 

of the Broadbalk experiment at Rothamsted Research, UK, wheat yields have 

undergone significant increases resulting from agricultural innovations (Figure 

1.1)(Storkey et al., 2016). These include chemical fertiliser use, modern cultivars 

(produced by introducing the semi-dwarfing trait  in the green revolution) and the 

invention of agrochemistry for plant growth regulation and for controlling weeds, 

insects and pathogens (Knight et al., 2012). However, since 2002, global wheat 

productivity increase can only be attributed to expansion of land area, rather than 

increases in yield gain (Grassini et al., 2013). This is clearly marked in the UK, 

where wheat is the major arable crop, for which yearly average national yields 

have remained around 8 tonnes per hectare, since 1996 (Knight et al., 2012). 

There is now a concerted effort to understand the genetic traits which underpin 

dry matter accumulation and yield formation in wheat in order to further enhance 

yield gains (Reynolds and Langridge, 2016). This is because the theoretical 

harvest index is thought to be close to its limit for this crop (Foulkes et al., 2011). 

Common bread wheat (Triticum aestivum), is the most widely grown (over 95 % 

of wheat) and thus the most economically important of the wheat species (Lobell 

et al., 2011, Mayer et al., 2014). Due to population rise, it is expected that wheat 

production will need to increase 70 % by 2050, to meet the demand in a world 

predicted to be home to over 9 billion people (Foley et al., 2011). Wheat is a 

globally successful crop based on its adaptability to many climatic conditions. 

This is due in part to its possession of an allohexaploid genome, which resulted 

from two polyploidisation events (Mayer et al., 2014). Initially, several hundred 

thousand years ago, two diploids, a wild species Triticum urartu (2n = 14, AA) 

and a relative of Aegilops speltoides (2n = 14, BB) hybridised to give Triticum 
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turgidum (2n = 28, AABB) an allotetraploid (Petersen et al., 2006). This species 

then hybridised again more recently (~10,000 years ago), with the diploid 

goatgrass Aegilops tauschii (2n = 14, DD). This gave rise to the hexaploid 

ancestor of the currently commercialised common bread wheat, T. aestivum (2n 

= 6x = 42, AABBDD) (Petersen et al., 2006). This species of wheat was 

domesticated over 10,000 years ago. Over the course of the millennia that 

followed the crop was selectively breed for desirable traits including yield, grain 

quality and resistance to biotic and abiotic stresses (Strange and Scott, 2005).  

 

Figure 1.1 UK wheat yield increase since 1843 on the Rothamsted 
Broadbalk experiment. 
Figure is taken from the electronic Rothamsted Archive; e-RA: 
http://www.era.rothamsted.ac.uk/  

 

The sequential hybridisation events that gave rise to T. aestivum led to a 

reduction in its genetic diversity (Fu and Somers, 2009). However, significant 

variation is still present to select for many traits of interest which allow continued 

improvement of this highly domesticated crop, including for pest resistance and 

heat tolerance (Xu and Crouch, 2008). This work is an ever-continuing process 

which is largely fulfilled by academic and commercial wheat breeding activities. 

Today breeding is advanced by modern genetics, which enhanced in marker 

assisted selection (MAS) (Bassi et al., 2016). The high calorific and economic 

value of T. aestivum, has led to a huge global effort into producing a complete 

sequence for this species’ enormous genome. This was released as a draft, 

http://www.era.rothamsted.ac.uk/
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chromosome-based genome in 2014 (Mayer et al., 2014), with a continuing effort 

to sequence many current commercial cultivars underway (Bassi et al., 2016). It 

is hoped that a future in genomic selection will be achieved in this vital crop 

(discussed in Chapter 7). Despite the huge effort leading to improved yields over 

centuries of domestication, productivity is threatened continuously with abiotic 

(drought, heat stress and phenology) as well as biotic stresses (insects, weeds 

and diseases) (Bebber et al., 2014). In particular, biotic stresses have been 

estimated to cause loss of wheat in the region of 14 % in Northwest Europe, rising 

to 40 % globally (Oerke, 2006). The magnitude of the yield increase this could 

provide is evidenced not only in wheat, but in the fact that between 10 – 16 % of 

all crop produce is lost during growth to pests and disease, followed by the same 

value again resulting from post-harvest losses (Chakraborty and Newton, 2011, 

Oerke, 2006). To ensure global food security by enhancing and protecting yields 

these threats must be effectively monitored, researched and managed. 

1.2 Crop Pathogens 

The huge destructive force of crop pathogens has been observed many times in 

the history of domesticated crops. Perhaps the most famous is the oomycete 

Phytophthora infestans (the plant destroyer) which caused the devastating potato 

famine in Ireland in the 1840s (Strange and Scott, 2005) and continues to destroy 

millions of tonnes of potato crops (Solanum tuberosum) each year today (Cooke 

et al., 2012). Other examples are the Great Bengal Famine of 1943 resulting from 

the fungus Helminthosporium oryzae (Strange and Scott, 2005) or more recently 

the large yield losses of the highly virulent strains of rust fungi Puccinia graminis 

(Ug99) (Singh et al., 2011) or P. striiformis (Hovmøller et al., 2008). Microbial 

plant pathogens can be extremely destructive, with fungi and oomycetes alone 

predicted to cause enough losses to crops to feed 8.5 % of the world’s population 

in 2011 (Fisher et al., 2012). This is the result of a great diversity (over 8000) of 

species of phytopathogenic fungi which are known to exist (Hawksworth, 2001). 

In addition to fungi and oomycetes, crops are attacked by pathogenic bacteria, 

viroids, viruses and nematodes (Bebber et al., 2014). These organisms pose 

major constraints for achieving global food security (Strange and Scott, 2005).  

Crop biotic stress is currently worsened by the fact that the spatial ranges of 

pathogens and pest are being affected by climate change. Bebber et al. (2013) 
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predict that since 1960 there has been a 2.7 ± 0.8 km year-1 poleward shift of 

hundreds of pests and pathogens. This is highly concerning as these shifts occur 

generally towards the parts of the planet which have the highest crop productivity 

(Bebber et al., 2013). Globalisation is also encouraging the spread and shift of 

pathogen distribution, with more than half of all emergent plant diseases being 

anthropogenic (Anderson et al., 2004). A recent example being the outbreak of 

wheat blast (Magnaporthe oryzae, wheat-infecting) in Bangladesh of South 

American origin, which was most likely imported on infected grain (Islam et al., 

2016). 

For all crop pathogens, major control methods available to farmers include 

(though are not limited too): 1) good crop husbandry (through selection of suitable 

crop rotations, harvest/sowing timings,  removal of infected crop residues or 

sowing only healthy seeds), 2) improved disease resistance via genetics, 3) the 

use of preventative or curative fungicidal chemistry applications as either crop 

sprays or seed coats, and 4) biocontrol agents (Bourguet et al., 2016). These 

must be used together as integrated disease management approaches for crops 

to be resiliently protected against disease. In addition, effective control of plant 

disease is underpinned by understanding pathogen evolution and pathogen-host 

interactions. 

 Wheat pathology 

As a global crop, wheat is infected by many phytopathogenic species (Section 

1.1). The greatest impacts on yield result from fungal pathogens (Singh et al., 

2016). However, threats from oomycetes, bacteria, viruses and insects; whilst 

less impactful on yield (Oerke, 2006), should not be ignored. Rust species are 

potentially the greatest, common threat to worldwide wheat production 

(Chelkowski and Stepien, 2001). These include stem rust (Puccinia graminis f. 

sp. tritici), yellow rust (Puccinia striiformis f. sp. tritici) and brown rust (Puccinia 

triticina). A large global research effort has made significant progress in 

discovering host resistance genes (R genes) and introgressing these into current 

wheat lines (Chelkowski and Stepien, 2001). However, these and other 

pathogens are rapidly able to evolve and overcome host resistance (Singh et al., 

2011, Singh et al., 2016). Additional biotrophic pathogens of importance include 

powdery mildew (Blumeria graminis f. sp. tritici) and the distinct wheat infecting 
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form of Magnaporthe oryzae which causes wheat blast disease. The later 

pathogen problem  resulted from a host shift from rice in South America in 1985 

(Giraldo and Valent, 2013). The major outbreak in Bangladesh in 2016  of wheat 

blast caused up to 100 % crop destruction (Callaway, 2016). However, genomic 

analysis of isolates rapidly identified cultivars produced in South America in 

possession of resistance genes to the pathotypes present in Bangladesh, which 

are now being grown there (Islam et al., 2016). 

Wheat is also host to many hemibiotrophic and nectrophic pathogens. In Europe, 

perhaps the most important pathogen of wheat is the hemibiotroph, septoria leaf 

blotch (Zymoseptoria tritici) (Dean et al., 2012). There is now evidence for 

fungicide resistance formation to all the major classes in this pathogen, including 

the strobilurins, azoles and SDHIs (succinate dehydrogenase inhibitors) (Lucas 

et al., 2015). This is a major issue for Northern European wheat farmers, whilst 

some broad spectrum SDHIs are still active, there is an urgent need for new 

modes of action. Recently, a new active ingredient has been release from Dow 

AgroSciences, fenpicoxamid, a picolinamide fungicide with broad-spectrum 

activity, active against Z. tritici  and will be marketed as Inatreq Active (Jørgensen 

et al., 2017). The chemistry has no cross resistance to cereal fungicides, 

including triazoles, strobilurins and SDHIs. However, it is a target site inhibitor 

(single site), so is advised to be used in mixed fungicide applications only. The 

wheat ear is damaged extensively by Fusarium spp. forming a complex of species 

which cause fusarium ear blight (FEB) (Dean et al., 2012). Most commonly this 

includes F. graminearum and F. culmorum. This creates human and animal 

health concerns due to the mycotoxins produced by these species.   

Many major classes of pathogens which infect wheat crops are found to persist 

as spores that over winter/between crops (e.g. rusts and Fusarium spp.) or as 

solely soil-borne pathogens (Fisher et al., 2012, Cook, 2003). Current short crop 

rotation practices in wheat growing regions (Bennett et al., 2012) promote the 

build-up of soil-borne diseases and/or the persistence of resting spores (Larkin, 

2015). Two major soil-borne pathogens of wheat cause significant yield losses. 

One is eyespot caused by the combination of Oculimacula yallundae and O. 

acuformis (Vera and Murray, 2016). The other and most destructive soil-borne 

root pathogen is Gaeumannomyces tritici which causes take-all disease of wheat 

(Freeman and Ward, 2004). Take-all is arguably the worlds most investigated 



25 
 

root disease from which the study of root pathology originates (Cook, 2003). This 

research led to the discovery of suppressive soils, discussed in Section 1.5.  

For all major pathogens of wheat, a huge amount of time and money is invested, 

both publicly and privately to search for host resistance and fungicide 

production/mode of action research (Kushalappa et al., 2016, Gurr et al., 2011, 

Fisher et al., 2012, Bourguet et al., 2016). However, the threats of pathogens in 

all crop pathosystems are a continuous battle which must be constantly explored. 

This is due to: emergence of new virulent races of pathogens able to overcome 

R genes (in part resulting from breeding histories with single R genes deployed 

over vast geographical areas) (Giraldo and Valent, 2013, Kushalappa et al., 

2016); a lack of genetic diversity in many crop species (Fisher et al., 2012, Bebber 

et al., 2014); new pesticide regulations leading to pesticide withdrawals and multi-

drug resistant pest species (Lucas et al., 2015). Each pathogen/disease must be 

studied and tackled individually, whilst solutions should work across multiple 

problem species. In this PhD, genetic and chemical control methods for the soil-

borne fungi, Gaeumannomyces tritici have been researched. 

1.3 Gaeumannomyces tritici: Take-all Disease of Wheat  

Gaeumannomyces tritici is a homothallic, filamentous, soil-borne, ascomycete 

fungus of the Magnaporthaceae, which can be found in all arable crop systems 

globally (Garrett, 1981). The fungus causes take-all disease in several important 

cereal and grass species and has been recognised as a severe plant pathogen 

of wheat for over 160 years (Asher and Shipton, 1981). Whilst today the 

pathogens biology is relatively well understood, there are still many unknowns 

and over 100 years of active research has not been able to produce a completely 

effective genetic or chemical control method for elite winter wheat. This research 

has been extensively reviewed and described in several texts (Nilsson, 1969, 

Asher and Shipton, 1981, Hornby et al., 1998, Cook, 2003, Freeman and Ward, 

2004). The aim for this literature review is to summarise research specifically on 

the recently recognised species G. tritici (Hernandez-Restrepo et al., 2016). 

Focus will be given to scientific findings which remain important in the current 

management of the disease and major findings in the 13 years since the last 

review on the take-all fungus (Freeman and Ward, 2004). As a general summary, 

research topics on take-all disease (including all pathogenic members of the 
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Gaeumannomyces genus) and since 2005 have generally been dominated by 

investigations into potential biocontrol agents. Following this a significant amount 

of research into husbandry and population biology has been published. There are 

few recent (post-2004) research articles focussing on genetic resistance or 

chemical control of the disease and in vitro investigations into pathogenicity and 

biochemistry of G. tritici are now very rare. 

 Genus: Gaeumannomyces  

Take-all disease is a generic name for root disease caused by pathogenic fungi 

in the genus Gaeumannomyces (Magnaporthaceae) (Freeman and Ward, 2004, 

Walker, 1981). Gaeumannomyces spp. are infectious, non-infectious colonisers, 

endophytic or saprophytic on Poaceae (and rarely on dicotyledonous species); 

most importantly cereal crops and grass species of arable farming systems 

(Hernandez-Restrepo et al., 2016). Members of this genus have large host 

ranges (including all major cereal crop species), have varying degrees of 

pathogenicity and several defining morphological traits. These were used to place 

them into four varieties of Gaeumannomyces graminis: graminis, avenae, tritici 

and maydis (Turner, 1940, Walker, 1972, Yao et al., 1992, Fouly et al., 2011). 

However, these taxonomic classifications had ambiguities based on host range, 

disease symptoms and cultural characteristics (Ulrich et al., 2000, Freeman and 

Ward, 2004). Speciation of sexual and asexual morphs within this genus and 

other species with similar morphological characteristics designated as 

Magnaporthaceae, have also been disputed (Gams, 2000). Sexual 

Gaeumannomyces spp. morphs produce classical type ascomata with 

conical/cylindrical necks and hyaline ascospores (Hernandez-Restrepo et al., 

2016). Whilst the asexual morphs, previously referred to as Phialophora spp. or 

Harpophora spp., have phialidic conidiogenous cells in refractive collarettes, with 

lunate/phialophora-like conidia (Gams, 2000, Hernandez-Restrepo et al., 2016). 

These asexual species were later designated as Gaeumannomyces synonyms 

in the Gaeumannomyces- Harpophora (or Phialophora) species complex (Luo et 

al., 2015).  

In addition to morphology, the host range of the genus has caused controversy. 

One species has been reported to infect non-monocotyledonous plants, isolated 

from soybean (Glycine max) in Midwestern USA. This was typed as G. graminis 
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var. graminis (Roy et al., 1982). One is also known to infect the leaves (rather 

than exclusively roots) of wild ginger (Amomum siamense) and was given the 

name G. amomi (Bussaban et al., 2001). When the last review was published on 

G. graminis spp. there were seven recognised Gaeumannomyces spp. with 

several cryptic species (Freeman and Ward, 2004). These were based on 

morphology, host range and several molecular techniques including: RAPD, 

RFLP, sequencing of the amplified ITS nrDNA region or avenacinase-like genes 

(Wetzel et al., 1996, Ulrich et al., 2000, Bateman et al., 1992, Tan et al., 1994, 

Ward and Bateman, 1999, Bryan et al., 1995, Rachdawong et al., 2002). The 

unresolved phylogeny of these species has led to a recent effort to correctly place 

members of this genus by Hernandez-Restrepo et al. (2016). Genetics using 

multi-locus gene sequence alignments from four regions was used: LSU (28S 

nrDNA), ITS (internal transcribed spacers and intervening 5.8S nrRNA gene), 

tef1 (translation elongation factor 1-aplha) and rpb1 (RNA polymerase II large 

subunit) (Hernandez-Restrepo et al., 2016). This was paired with detailed 

morphological analysis.   

Nineteen species were assigned the genus Gaeumannomyces, including 12 new 

species and two new species combinations (Table 1.1) (Hernandez-Restrepo et 

al., 2016). Many previous studies have described the high level of genetic 

diversity in variety G. graminis var. graminis (Ward and Bateman, 1999, Ulrich et 

al., 2000). This was unravelled in the detailed phylogeny investigations, resulting 

in 14 cryptic species (morphological similar, but different species, Table 1.1). This 

explains the often-wide host range and varied interactions with the host which 

species previously designated this variety possess. In addition, two new genera 

were introduced to the Magnaporthaceae which had previously been included in 

the Gaeumannomyces genus, with different host associations. These include 

Falciphoriella solaniterrestris (isolated from potato fields) and 

Gaeumannomycella caricis (isolated from the sedge Carex rostrata) (Hernandez-

Restrepo et al., 2016). Two species were removed from the Gaeumannomyces 

genus, remaining classified as Magnaporthaceae but with unassigned genera: 

Phialophora sp. and G. caricis. Lastly, two other species had previously been 

removed from the species complex these include Slopeiomyces cylindrosporus 

(previously G. cylindrosporus and Phialophora graminicola) and Kohlmeyeriopsis 

medullaris (previously G. medullaris) (Klaubauf et al., 2014).  



28 
 

Table 1.1 Species in the genus Gaeumannomyces 
New species names, previous species names, host range and host-microbe 
interactions are given , based on the results presented by Hernandez-Restrepo 
et al. (2016) 

Species1 Previous species 
name(s) 

Host(s)2 Microbe-host 
interaction2 

Gaeumannomyces 
amomia 

(unchanged) Wild ginger (Amomum sp.) Leaf endophyte 
(Bussaban et al., 
2001) 

G. arxiic G. graminis var. graminis 
G. graminis var. avenae 

Buffalo grass (Stenotaphrum 
secundatum), kikuyu grass 
(Pennisetum clandestinum) 

Pathogenic/root 
coloniser 

G. australiensisc G. graminis var. graminis Wheat (Triticum aestivum) Pathogenic 

G. avenaeb G. graminis var. avenae Oats (Avena sativa), Wheat 
(Triticum aestivum), bent 
grass (Agrostis spp.), turf 
grass species 

Pathogenic 
(virulent on oats) 
(Turner, 1940) 

G. californicusc G. graminis var. graminis Buffalo grass (Stenotaphrum 
secundatum) 

Pathogenic/root 
coloniser 

G. ellisiorumc G. graminis var. graminis Tufted hair grass 
(Deschampsia caespitosa) 

Saprophyte 

G. floridanusc G. graminis var. graminis Buffalo grass (Stenotaphrum 
secundatum) 

Pathogenic/root 
coloniser 

G. fusiformisc G. graminis var. graminis Rice (Oryza sativa) Pathogenic 

G. glycinicolac G. graminis var. graminis Soy bean (Glycine max) Pathogenic (Roy 
et al., 1982) 

G. graminicolac G. graminis var. graminis Buffalo grass (Stenotaphrum 
secundatum), Ctenanthe sp. 
(ornamental monocot), 
centipedegrass (Eremochloa 
ophiuroides) 

Pathogenic 

G. graminisa G. graminis var. graminis Hybrid green couch 
(Cynodon dactylon × C. 
transvaalensis), barley 
(Hordeum vulgare) 

Pathogenic 
(Walker, 1972) 

G. hyphopodioidesc Phialophora radicicola 
G. graminis var. graminis 
Phialophora sp. lobed 
hyphopodia 
G. graminis var. graminis 

Wheat (Triticum aestivum), 
Oats (Avena sativa), maize 
(Zea mays) 

Root 
coloniser/low 
virulence 
pathogen 
(Walker, 1981) 

G. oryzicolac G. graminis var. graminis Rice (Oryza sativa) Pathogenic 
(Walker, 1972) 

G. oryzinusa G. graminis var. graminis Rice (Oryza sativa), Hybrid 
green couch (Cynodon 
dactylon × C. 
transvaalensis), 

Pathogenic 
(Walker, 1972) 

G. radicicolaa Phialophora zeicola 
Phialophora radicicola 
G. graminis var. maydis 

Maize (Zea mays), wheat 
(Triticum aestivum) 

Pathogenic (Yao 
et al., 1992) 

G. setariicolac G. graminis var. graminis 
G. graminis var. tritici 

Foxtail millet (Setaria italica) Pathogenic/root 
coloniser 

G. triticib G. graminis var. tritici Wheat (Triticum aestivum), 
triticale (xTriticosecale), 
barley (Hordeum vulgare), 
rye (Secale cereale), couch 
grass (Elymus repens), 
Brome grass (Bromus sp.), 
wheat grass species 
(Agropyron spp.) 

Pathogen (highly 
virulent on 
wheat) (Walker, 
1972) 

G. walkeric G. incrustans Buffalo grass (Stenotaphrum 
secundatum) 

Pathogenic/root 
coloniser 
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G. wongoonooa (unchanged) Buffalo grass (Stenotaphrum 
secundatum) 

Pathogenic 
(Wong, 2002) 

1 Species names are as designated by Hernandez-Restrepo et al. (2016) species marked with 
letters mean: a) existing species, b) new species name combination (previously G. graminis 
variety), c) new species name 
2 Reference for host and host-microbe interaction type given otherwise the reference is 
Hernandez-Restrepo et al. (2016). 

Thus, the Gaeumannomyces-Harpophora (or Phialophora) complex is now 

divided into designated genera based on phylogenetic analysis. The sequences 

defining the species best performed using the ITS and rpb1 loci which, together 

can distinguish members of this genus completely (Hernandez-Restrepo et al., 

2016). 

Of the 19 species, G. tritici (formerly G. graminis var. tritici) and G. avenae 

(formerly G. graminis var. avenae) are the most virulent pathogens (Walker, 

1972, Ward and Bateman, 1999, Saleh and Leslie, 2004). Largely, G. avenae is 

a problematic pathogen of oats, but can also infect wheat and turf grasses. 

Famously the most aggressive, widespread and destructive of the 19 species is 

G. tritici (Walker, 1972, Garrett, 1981). This species has the widest host range. 

In order of pathogenicity this fungus will infect: wheat, triticale, barley, rye and 

many other cereals and grasses (Table 1.1) (Freeman and Ward, 2004). In the 

wheat pathosystem G. tritici infections cause take-all disease. Take-all is 

regarded as the most destructive root disease of wheat, worldwide (physically 

and economically). Thus, of the Gaeumannomyces genus G. tritici is of the 

greatest global importance and thus is arguably most studied (Cook, 2003). 

 Gaeumannomyces tritici: infection biology 

Gaeumannomyces tritici occurs as a saprophytic pathogen found endemically in 

soil around the world (Garrett, 1981). Large phenotypic variation occurs in this 

species (Irzykowska and Bocianowski, 2008). This means inoculum can develop 

in hugely varied soil environments, with pH ranges of 5.5 – 8.5; temperature 

ranges of 5 °C – 30 °C (Hornby, 1981, Hornby et al., 1998) and both a wetland 

(Cook, 2003) and dryland (low rainfall) form of the disease is known to exist (Cook 

et al., 2002). Regardless of soil type and environmental conditions, the pathogen 

mounts an aggressive response to the roots of host plants when encountered, in 

particular wheat roots (Freeman and Ward, 2004). This results in primary 

infections in the early growing season when inoculum comes into contact with 



30 
 

seedling roots (Bailey and Gilligan, 1999). On contact, the pathogen will spread 

across the root tissue by means of highly pigmented runner hyphae and can also 

form hyphopodia for root penetration (melanised appressorium-like structures – 

used as taxonomical determinants in the Gaeumannomyces genus) (Skou, 

1981). Hyphopodia are produced from the end of hyphae rather than from conidia 

like in other fungi (Freeman and Ward, 2004). These penetrate the root cell wall 

using mechanical pressure and allow the fungus to invade the epidermis (Skou, 

1981). In addition, a large number of biochemical analyses have shown G. tritici 

to produce a range of cell wall-degrading enzymes including cellulases, 

xylanases and pectinases which are also used to gain entry with varying degrees 

of activity and/or pathogenicity (Hornby et al., 1998, Sivasithamparam and 

Parker, 1981). Within the root, G. tritici hyphae are able to invade the inner root 

cortex and block the vascular tissue (Holden, 1976). This prevents movement of 

water and vital nutrients to the above ground plant organs (Pillinger et al., 2005). 

This can kill young plants during severe disease outbreaks (Schoeny et al., 2001).  

When temperatures fall below 5 °C in wetland take-all or when soil dries in 

dryland take-all primary infections will cease to be the main source of infection 

(Bailey et al., 2005, Cook, 2003). At this point dryland take-all disease is thought 

to continue to invade the crop through growth within the vascular system of 

infected plants (Cook et al., 1972). In wetland soils, inoculum will decay with time 

since harvest of the previous crop. After this runner hyphae result in secondary 

root-to-root infections or through movement of the fungi in soil over short 

distances (millimetres) (Bailey et al., 2005, Gilligan et al., 1994). Secondary 

infections occur in the warmer months of spring and summer, though this varies 

hugely with the weather conditions and pathogen load in the soil at the start of 

the season (Hornby et al., 1998). During favourable conditions, the roots will 

become increasingly damaged with black necrotic lesions and in the most serious 

outbreaks, the fungus can grow upwards on the root system causing the stem 

base to blacken (Figure 1.2 a & b). Vascular water transport and assimilate 

translocation will be impeded (Pillinger et al., 2005). Stunting and whiteheads 

then form where severe disease occurs (Figure 1.2c). This places constraints on 

productivity resulting in grain quality reduction and yield losses of up to 3 tonnes 

per hectare are reported in the UK (AHDB, 2006). 
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Inoculum of the G. tritici pathogen comes from several sources. Severely 

diseased stem bases during high rainfall have been known to allow the production 

of perithecia, which release air-borne ascospores (Skou, 1981, Hornby, 1981). 

These can be wind dispersed, but have generally been considered an 

unimportant source of inoculum (Freeman and Ward, 2004). The fungus is poor 

at growing through the soil and is thought to only be capable of moving over 

millimetre distances (Gilligan et al., 1994). An effect of variant phenotype has 

been found on volume of soil around the root where a pathogen propagule must 

occur for infection to form (the pathozone). Gosme et al. (2013) describe G. tritici 

variants which differed in the maximum distance for infection of wheat roots to 

occur, ranging from 4.4 mm to 75.9 mm. This agreed with findings of 60 mm in 

two other research projects (Glenn and Parker, 1988, van Toor et al., 2015). 

Thus, once harvested, infected crop stubble (remaining stem base and root ball) 

becomes the main source of inoculum (Cook, 2003). These crop residues will 

remain in the soil and continue the G. tritici disease cycle primarily through direct 

contact with the roots of susceptible hosts.  

Many in vitro studies on the biology of G. tritici have been performed and are 

described in detail in past texts/reviews (Freeman and Ward, 2004, Hornby et al., 

1998). These studies are common because the fungus is easily cultured from 

infected roots and stored for long periods (Cunningham, 1981). The infection 

biochemistry of the pathogen formed a significant part of the literature in 1980’s 

and 1990’s, from which the cell wall degrading enzymes were introduced earlier 

in this section (Freeman and Ward, 2004). During this time melanin was also 

found to play a vital role in pathogenicity of G. tritici. Variants of the fungus which 

were heavily melanised were reportedly non-pathogenic (Goins et al., 2002). In 

other work, the role of melanin in host penetration was disputed, however the 

authors suggested the role was in fact more likely linked to runner hyphae 

production and thus was more closely related to environmental stress (Dufresne 

and Osbourn, 2001, Freeman and Ward, 2004). Melanin function is related to 

pathogenicity in some fungi and whilst in other it provides protection against 

environmental stresses (temperature, pH, redox relations, radiation, metals and 

host-defence) (Henson et al., 1999). Since the last review in 2004, much less 

research on the fungal enzymatics and the G. tritici disease process (in vitro) has 

occurred, including no further published research on melanin.  
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A) 

 

B) 

 

C) 

 

Figure 1.2 Take-all disease symptoms  
A) Healthy adult plant root system (GS 75). B) A root system severely 
infected with take-all (GS 75). C) Above ground take-all disease symptoms 
in a third wheat in Long Hoos 6 & 7 field on Rothamsted farm, Hertfordshire, 
UK on 8th July 2014, crop growth stage: 65 (anthesis). 

 

Only three publications have been produced on G. tritici biochemistry in this time. 

Beta-1,3-glucanases produced by the pathogen have been reported to be 
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involved in infection and root colonisation (Yu et al., 2009). The fungus has been 

shown to oxidise manganese (Mn) which was related to virulence of the pathogen 

in the past. This research highlighted an enzyme (Mn oxidising factor) with 

multicopper oxidase activity which is able to function as a laccase (and thus is 

linked with melanin synthesis) (Thompson et al., 2006). Lastly, G. tritici is also the 

origin of lipoxygenases capable of processing unsaturated fatty acids which are 

used in the chemical engineering processing industry (Villaverde et al., 2013).  

Using in vitro phenotyping investigations considerable variation in this species 

has been observed. Pathogenicity was found to vary through the season in 

Poland between 2000 and 2005 (Maczynska et al., 2006). Isolates tested in 

infection assays found pathogenicity was greatest when the fungus was collected 

in the vegetative stage of crop growth (pre-booting). This followed wide 

phenotypic variation in growth rates on agar plates (Irzykowska and Bocianowski, 

2008). The pathogen grew at a range of 3.15 to 6.94 mm per day, when measured 

on high nutrient agar. Increased growth rate was not related to the high degree 

of variation which was observed for pathogenicity of isolates. However, it was 

noted isolates collected from winter wheat grew faster than those from spring 

wheat (Irzykowska and Bocianowski, 2008). Lastly, with regard to pathogenicity, 

a significant effect of cultivar from which the isolate was passaged was found 

(Maczynska et al., 2009). This suggests there is a relationship with host cultivar 

types and virulence of G. tritici. Further research into the phenotypes of cultured 

G. tritici may provide more insight into its biology as many questions surrounding 

its infection process remain unanswered, however a recent focus on its genetics 

and population structure may begin to resolve some of these questions. 

 Gaeumannomyces tritici: population structure 

In the last two decades, the genetics of G. tritici have been well studied. This has 

resulted in detailed population studies of the pathogen (Daval et al., 2010, Li et 

al., 2014, Lebreton et al., 2014). As a globally endemic species, many G. tritici 

genotyping attempts, in numerous regions have been performed. These have 

used different molecular methods (briefly introduced in Section 1.3.1). 

Regardless of the tool used or location, two genotypes been found to occur 

consistently across studies (Daval et al., 2010). Bryan et al. (1995) used nuclear 

DNA sequencing to group to N/R; Bateman et al. (1997) used RFLP on ribosomal 
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mtDNA to group to T1/T2; Augustin et al. (1999) used A1/A2 based on RAPD; 

Lebreton et al. (2004) used RAPD and AFLP of nuclear DNA for G1/G2 and 

Freeman et al. (2005) performed ITS sequencing to define to A/B genotypes. Due 

to the a lack of a standard genotyping method, Daval et al. (2010) performed a 

comparative study to confirm two genetically different classes of G. tritici exist:  

A, G2, R and T2; in comparison to: B, G1, N and T2. In this review and in Chapter 

5 of this thesis, the two groups will be referred to as A or B using the system 

outlined by Freeman et al. (2005).  

The two G. tritici genotypes are generally found co-habited in the same fields 

(Lebreton et al., 2004, Freeman et al., 2005). The genotype frequency has been 

shown to change during consecutive wheat cropping (Lebreton et al., 2007). In 

first wheats, the B-type (G1) was dominant, following this A-type (G2) isolates 

increased in frequency in third – fifth wheats and were decreased in fields in 

continuous wheat (linked with take-all decline, see Section 1.5.1). This led to the 

discovery of a linear relationship with severity of disease and isolate genotype 

(Lebreton et al., 2007). The A-type isolates were reportedly more aggressive than 

B-type. An additional difference has been observed in the ability of the two 

genotypes to grow, dependent on the pH of growth media (Lebreton et al., 2014). 

Ten different growth profiles were identified, in a worldwide collection of 82 

isolates. Generally, A-type isolates were better able to grow at slight acidic pH 

(6) and neutral pH (7) than B type isolates (Lebreton et al., 2014). This research 

confirmed intraspecific variability in the intensity and persistence of alkalinisation 

of G. tritici (and thus soil-borne fungi generally) exists. However, both genotypes 

exhibited some overlap in habitat cohabitation. 

Lebreton et al. (2007) and Lebreton et al. (2004) suggest little or no recombination 

was occurring between genotypes, based on the robust divisions in genetic 

analyses of the species. Sexual recombination rates are low in G. tritici as a 

homothallic species, but have been show to occur in vitro (Bryan et al., 1999, 

Pilgeram and Henson, 1992). Additionally, population studies of Chinese G. tritici 

found evidence of gene flow between 116 isolates, however these isolates were 

not typed into two groups so may have comprised of one genotype only (Feng et 

al., 2013). Daval et al. (2010) and Irzykowska (2012) later suggested two cryptic 

G. tritici species are present, explaining the strong division into two major genetic 

groupings. However, no evidence for evolutionary pressure resulting from a 
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trade-off between pathogenicity (aggressiveness) and pathogen survival 

between crops, in the two genotypes of G. tritici could be found (van den Berg et 

al., 2010). Thus, currently the evolutionary forces which have led to two genotype 

variants in survival patterns and resource specialisation in the species, are 

currently unknown.  

Suggestions for the divergence have been proposed such as spatial spread 

(Willocquet et al., 2008), fungicide resistance (Freeman et al., 2005) or differential 

survival between seasons including: the amount and timing of sexual and asexual 

spores; alterations in the amount of inoculum resulting in secondary infections or 

the amount of free-living resting inoculum (van den Berg et al., 2010). These 

remain to be tested as does the sexual compatibility of A and B type isolates in 

vitro. In the recent Gaeumannomyces phylogeny, G. tritici isolates formed a 

strong clade giving one species only (G. tritici was also the most represented 

species by isolate number in this analysis) (Hernandez-Restrepo et al., 2016). 

Thus, currently there is no evidence for the presence of two species, suggesting 

at least some interbreeding between the two genotypes must occur occasionally. 

This low recombination rate is most likely due to the relatively uncommon 

occurrence of the correct climatic conditions for perithecia formation in this 

species (Skou, 1981)(Section 1.3.2). 

 Gaeumannomyces tritici: genetics 

Sequencing using species specific genetic regions has provided some robust 

diagnostic methods for G. tritici DNA and for other members of the 

Gaeumannomyces genus. Recent development of a G. tritici qPCR method now 

allows for direct measurement of pathogen quantity from infected roots and soil 

(Keenan et al., 2015). This test will effectively distinguish G. tritici from other 

Gaeumannomyces spp. and was found to effectively discriminate from control 

soil-borne fungi and oomycetes such as Fusarium spp., Rhizoctonia solani and 

Pythium spp. Prior to the current direct DNA assay, the PreDicta B test was used 

to indirectly measure G. tritici DNA in comparison to G. avenae DNA (previously 

G. graminis var. avenae) (Ophel-Keller et al., 2008). Past investigations have 

compared the Predicta B method to pot-based disease soil core bioassays which 

are used as standard visual inspections of take-all disease caused by G. tritici. 
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These tests found a moderate to high level of correlation between methods 

(Gutteridge et al., 2008, Bithell et al., 2009).  

The Predicta B test has been effectively used to predict the risk of disease 

severity in consecutive wheat crops in New Zealand and Australia (Bithell et al., 

2012a). However, uptake of the technology by the ag-industry was not as positive 

as expected. Thus, the new method is hoped to decrease the cost of this assay, 

but also to increase the sensitivity. Keenan et al. (2015) show non-symptomatic 

(visually assessed) roots were found to detect G. tritici and the quantity of DNA 

was strongly related to the severity of disease once symptoms occurred. This 

method has since been implemented to show variation in susceptibility between 

different cereal hosts (van Toor et al., 2015). This method could effectively be 

used in many future take-all disease field experiments. 

The genome of G. tritici is now available (Okagaki et al., 2015, Okagaki et al., 

2016). The isolate R3-111a-1 collected in the USA in the 1980’s was sequenced 

using 25X coverage, which was annotated and released in 2011 by the Broad 

Institute (www.broadinstitute.org). This was part of a project developed by the 

International Rice Blast Genome Consortium and the Broad Institute, to 

sequence three members of the Magnaporthaceae. This included the rice blast 

fungus Magnaporthe oryzae (isolate 70-15) genome and a draft genome of 

Magnaporthe poae the causal agent of summer patch disease (isolate ATCC 

64411). In a later publication, Okagaki et al. (2016), performed a comparative 

analysis of the three genomes compared to 74 other fungal genomes to identify 

clusters of gene orthologues unique to the family. In the original analysis, G. tritici 

possessed 14,463 protein-coding genes (Okagaki et al., 2015). In the 

comparative analysis 1149 gene clusters were found unique to the 

Magnaporthaceae, 295 of which were found present in all three fungi (Okagaki et 

al., 2016). In total 5000 unique genes were found in G. tritici. The publicly 

available nature of the genome and annotation will be extremely helpful in future 

genetic and comparative genomic analyses of this species. 

The large amount of information available on G. tritici genetics is yet to lead to 

significant findings on the genetic basis of its pathogenicity. A comparative 

transcriptome analysis of G. tritici infected wheat roots and the fungus in culture 

has recently been released (Yang et al., 2015b). Differentially expressed gene 

http://www.broadinstitute.org/
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analysis identified several pathogenicity factors including cellulase, xylanase and 

pectinase (introduced in Section 1.3.2), in addition to guanin nucleotide-binding 

alpha-2 subunit. This allowed qRT-PCR to be used to identify changes in 

expression levels through the infection process of 12 pathogenicity factors (Yang 

et al., 2015b). In the future, this publicly available transcriptome for the species 

can be used as a resource to further elucidate the G. tritici infection process, 

potentially identifying targets for fungicidal chemistry and/or host resistance 

breeding.  

A major limitation in G. tritici genetic investigations is a lack of a stable 

transformation system for the species (Freeman and Ward, 2004). Several 

attempts in the Gaeumannomyces genus have had low success rates (Henson 

et al., 1988, Pilgeram and Henson, 1992, Pilgeram and Henson, 1990, Park et 

al., 2011). In the specific case of G. tritici phleomycin antibiotic resistant 

transformants were obtained, but transformation efficiency was extremely low 

and stability through meiosis did not correlate with resistance (Pilgeram and 

Henson, 1990, Pilgeram and Henson, 1992). For future research in gene function 

a stable and effective transformation system will need to be achieved. The 

Magnaporthaceae are known to have many repeat regions in their genomes 

(Dean et al., 2005, Okagaki et al., 2015) this could negatively affect the 

transformation process. More research, using modern transformation techniques 

will need to be tried before success is achieved for G. tritici. 

 The take-all disease cycle and epidemiology in wheat rotations 

Crop husbandry plays the most important part in both the disease cycle and 

control of take-all disease (for control see Section 1.4) (Freeman and Ward, 2004, 

Cook, 2003, Hornby et al., 1998). A schematic of the take-all disease cycle in 

consecutive wheat cropping and the associated rotation position risk level is 

shown in Figure 1.3. Gaeumannomyces tritici is a polyetic pathogen which 

causes disease epidemics which continue from one season to the next. In the 

initial year of growing wheat – the first wheat – take-all disease develops with a 

largely symptomless, non-destructive phase. Over this time, pathogenic inoculum 

builds in the soil (McMillan et al., 2011). However, little to no disease is (generally) 

witnessed in first wheats, provided a non-host was grown the year previous and 

grass weed hosts were properly controlled (Jenkyn et al., 2014). Post-harvest, 
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the pathogen survives saprotrophically on crop debris and ‘carry-over’ inoculum 

can cause destructive amounts of root disease if the next crop is a host species. 

In second wheat crops onwards (Figure 1.3), disease outbreaks are common 

though the risk is dependent on suitable weather conditions. The greatest take-

all disease incidence and severity will normally occur in the second, third and 

fourth year of consecutive wheat crops (Figure 1.3) (Hornby et al., 1998). After 

this reduced disease will usually occur. This natural phenomenon is known as 

take-all decline (TAD) (described in detail in Section 1.5.1). TAD was discovered 

after years of investigating continuous wheat trials on the Rothamsted 

experimental farm in Hertfordshire, UK (Slope and Cox, 1964). 

Gaeumannomyces tritici is a poor saprophyte and therefore is rapidly 

outcompeted in the soil (Shipton, 1981). Thus, host breaks or fallow periods are 

known to reduce inoculum levels dramatically. Whilst this is a viable disease 

control method this places restriction on the crop rotation and can have economic 

impacts on farmers who rely on the wheat grain price and harvest quality for their 

income. High proportions of winter wheat feature in global crop rotations due to 

high demand for, and the high price of wheat grain (Sieling and Hanus, 1992, 

Cook, 2003). Many recent cases of short rotations and continuous wheat, where 

take-all disease is a persistent problem can be found globally including: the UK 

(Jenkyn et al., 2014), Chile (Duran et al., 2016), New Zealand (van Toor et al., 

2016b), Australia (Bithell et al., 2012a), the USA (Cook, 2003) and China (Yun et 

al., 2012). This makes the risk of yield losses due to take-all disease significant 

and present in Asia, North America, South America, Australasia and Europe. 

Take-all disease is a famously difficult pathogen to control in consecutive wheat 

rotations and control options and research will be discussed below (Hornby et al., 

1998). 
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Figure 1.3 The take-all disease cycle. 
The risk of take-all disease is displayed as heat bars ranging from low (green) 
to high (red), these represent the two extremes of the take-all index which 
are observed (0-100). Important points in the cycle are also labelled on the 
periphery. 

 

1.4 Take-all Disease Control Methods i: Crop Husbandry 

Many years of research into husbandry which can enhance or decrease take-all 

disease have provided ‘best practise’ solutions. The most effective take-all 

control method is the use of non-cereal break crops (e.g. oilseed rape or beans) 

in cereal rotations (Figure 1.3). As outlined in Section 1.3.5, G. tritici persists as 

a poor saprotroph on dead residual crop biomass (Cook, 2003) and is rapidly out 

competed by other saprotrophs (Shipton, 1981). Consequently, the risk of 

disease after non-host break crops is negligible (Figure 1.3). This is provide that 

susceptible grass weeds and volunteer cereal plants are properly controlled 

(Jenkyn et al., 2014). Grass weeds and host-volunteers (wheat, barley, etc.) will 

continue the cycle of take-all disease. This is the result of the wide host range, of 

G. tritici to many members of the Poaceae (Table 1.1) (Nilsson, 1969). Good 

weed management in all crops is therefore recommended as a take-all deterrent 

(Hornby et al., 1998).  
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Sowing date of take-all risk crops can have a substantial effect on disease 

intensity. Delaying of sow date to the middle of October, compared to mid-

September has been shown to significantly reduce disease in second (Gutteridge 

and Hornby, 2003) and third wheats (Prew et al., 1986). Particularly in third 

wheats, where disease risk is very high, Prew et al. (1986), observed that percent 

plants infected in December, was 80 % in mid-September sown crops compared 

to 20 % of plants sown in mid-October. Late sowing takes advantage of the poor 

saprophytic nature of the G. tritici fungus. This leads to reduced inoculum load in 

the soil at sowing, because of the increased intercrop period. The crop also 

benefits from a shorter amount of time of active pathogenicity of the primary 

inoculum (in temperature, wetland take-all). However, yields in later sown crops 

can be negatively affected by the reduced season length (Cook, 2003). 

Fertiliser applications (as organic or chemical sources) are linked to changes in 

take-all disease severity and have important environmental consequences if the 

disease does unmanaged. Nitrogen effects have been reported several times to 

reduce disease when applied as ammonium compared to nitrate fertilisers 

(Sarniguet et al., 1992, Colbach et al., 1997). Thus, fertilizer use with a high 

ammonium content is best advised in disease risk crops. Recently, nitrogen 

application to soil cores taken from diseased crops enhanced the pathogenicity 

of take-all (van Toor et al., 2016a). However, this is likely to only increase crop 

disease if no break time was provided between the next wheat crop. Additionally, 

this was not tested under field conditions so this phenomenon would need to be 

further investigated. Pot ash has also been shown to increase take-all disease 

when incorporated into soils in Wroclaw, Poland (Waclawowicz, 2012). 

Deficiencies in phosphate, potassium, manganese and sulphur have also been 

linked with enhancing disease, if unmanaged (Hornby et al., 1998). These 

generally give minimal control (reductions in severity), so should be managed as 

part of a programme for disease control. From an environmental perspective, 

where take-all is high less nitrogen is used by the plants. Thus, take-all increases 

the propensity of soils to leach nitrogen (Macdonald and Gutteridge, 2012) and 

should be managed effectively to avoid destruction of the ecosystems within local 

watercourses through nitrification. 
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1.5 Take-all Disease Control Methods ii: Biological  

Take-all research in the last ten years has been dominated with studies 

investigating the biocontrol effects of bacterial (Pseudomonas spp), fungal 

(Trichoderma spp., Basillus spp. & Glomus spp.) and plant exudates (wheat, 

Lupinus albus,   extracts) (Zhang et al., 2017, Moya Elizondo et al., 2016, Warren 

et al., 2016, Yang et al., 2015a, Duran et al., 2014, Zhang et al., 2014, Shirzad et 

al., 2014, Ghanbari et al., 2014, Lagzian et al., 2013, Czaban et al., 2013, 

Schalchli et al., 2012, Babaeipoor et al., 2011, Daval et al., 2011, Liu et al., 2011, 

Castellanos-Morales et al., 2011, Bagheri et al., 2011, Ghahfarokhi and 

Goltapeh, 2010, Barret et al., 2009, Behn, 2008, Sari et al., 2007, Wu et al., 2006, 

Innocenti et al., 2006, Sari et al., 2006). Many promising results in supressing the 

in vitro growth of G. tritici were reported, however very few studies have been 

employed at field scale. Thus, to date none of these methods have led to a viable 

commercial disease control product.  

The large biocontrol research interest seemingly results from investigations 

transcending from classical experiments which were performed on the disease 

due to the findings of take-all decline and the biology of suppressive soil 

(Berendsen et al., 2012, Cook, 2003). In addition to the fact the disease is very 

difficult to control with chemistry (Section 1.6) and host resistance is not present 

(Section 1.7). A major limitation of these biocontrol agents is the lack of an 

effective method to apply them at the very large scale which will be required to 

control take-all disease (Weller et al., 1988). Thus, in this section, due to the low 

uptake of biocontrol technologies/methods only two will be described which are 

used or currently have the potential to be employed at field scale: take-all decline 

and G. tritici antagonistic members of Magnaporthaceae fungi which are found 

naturally and provide inhibition in some soils. 

 Take-all decline 

Take-all decline (TAD) was the first identified to provide disease suppressive soils 

(Slope and Cox, 1964). This biocontrol phenomena was described first on the 

Rothamsted farm in the 1960s (Slope and Cox, 1964, Hornby et al., 1998). TAD 

occurs after large outbreaks of take-all disease (normally for one or two 

consecutive years, Figure 1.3) in consecutive wheat or barley cropping systems 
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(Bithell et al., 2013). This process of high disease severity followed by natural 

suppression of take-all is known to occur across differing soil types and climates. 

It has been exploited/reported in Europe, the USA, Australia, New Zealand and 

more recently Chile (Duran et al., 2016, Andrade et al., 2011, Hornby et al., 1998, 

Cook, 2003, Bithell et al., 2013). Jenkyn et al. (2014) discuss the possibility of 

farmers using conservation crops/set asides with take-all hosts, instead of wheat 

crops in the earlier high disease years, to minimise loss in the pursuit of exploiting 

TAD. Take-all Decline is used by consecutive, low input, wheat farmers to 

maintain yields of wheat in monoculture, though disease outbreaks under 

favourable take-all conditions can still occur (Hornby et al., 1998).   

TAD is generally thought to result from shifts in soil microbiota composition  

(Weller et al., 2002). Increases in antagonistic fluorescent Pseudomonas spp. 

which suppress G. tritici have been observed in several TAD situations (Weller et 

al., 2007, Warren et al., 2016, van Toor et al., 2015, Behn, 2008). The fluorescent 

Pseudomonas spp. isolated from TAD soils have often been found to produce the 

antimicrobial compound: 2,4-DAPG (2,4-diacetylphloroglucinol) (Kwak et al., 

2009, Weller et al., 2007, Raaijmakers et al., 1997, Thomashow and Weller, 

1988). In addition to Pseudomonas spp., TAD is probably also explained by more 

complex soil microbiota and rhizobacteria interactions, particularly across 

different fields and soil types (Sanguin et al., 2009). These findings fit with a 

growing amount of evidence for strong relationships between soil disease and 

soil microbiota (Pieterse et al., 2016, Larkin, 2015). Other pathosystems have 

also been shown to be influenced by suppressive soils such as Fusarium wilt 

(Fusarium oxysporum) (Mazurier et al., 2009) and root rot caused by Pythium 

spp. (Knudsen et al., 2002). However, G. tritici and Pseudomonas spp. have often 

been used as a model suppressive soil system as reviewed by Berendsen et al. 

(2012) and Kwak and Weller (2013).  

 Take-all antagonistic Magnaporthaceae species 

Two Magnaporthaceae species have been found to be antagonistic to G. tritici 

under field conditions. These include G. hyphopoides (previously named 

Phialophora sp. lobed hyphopodia and Phialophora radicicola var. radicicola) and 

Slopeiomyces cylindrosporus (previously Gaeumannomyces cylindrosporus and 

Phialophora graminicola), introduced in Section 1.3.1 and Table 1.1. These 
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species were previously included in the Gaeumannomyces-Phialophora complex 

(Freeman and Ward, 2004), but have since been given newly assigned genera 

(Hernandez-Restrepo et al., 2016). Both are found naturally in soil of UK 

grasslands (Deacon, 1973b)  and can suppress/prevent the presence of G. tritici 

in the field (Gutteridge et al., 2007, Deacon, 1973a, Slope et al., 1979). By 

inhabiting the same ecological niche as G. tritici these fungi compete for root 

colonisation of wheat and appear to displace the pathogen prior to infection 

(Wong, 1981). However, the antagonists do not directly suppress the G. tritici  

fungi in vitro (Hornby, 1983).  By invading the outer cortical layer of the root only 

(Deacon, 1974), G. hyphopodioides is rarely pathogenic and S. cylindrosporus is 

completely non-pathogenic (Holden, 1976). It has been suggested these fungi 

increase host resistance by priming the plant and thus protect wheat roots from 

take-all infection (Holden, 1974). Grass leys in the rotation can encourage S. 

cylindrosporus over G. tritici and could be an important control method for the 

disease (Speakman et al., 1978). However, grass lays are currently uncommon, 

in UK agriculture and this would also impact farmers trying to promote TAD as 

these fungi are negatively associated with this trait (Jenkyn et al., 2014). 

The two potential biocontrol agents G. hyphopoides and S. cylindrosporus have 

been used in artificial inoculation trials and shown to reduce take-all (also 

artificially inoculated) in Australia (Wong et al., 1996, Wong and Southwell, 1980). 

However, this was sometimes found to give mixed results, which were attributed 

to the concentration of fungal inoculum added to fields. In addition, very high 

levels of the biocontrol agents need to be applied to fields to achieve any effect. 

Whilst both fungi show good antagonism in field trials, these fungi must be found 

to be naturally occurring to be effective. In recent work on the Rothamsted Farm, 

current UK elite winter wheat cultivars have been shown to differ in their ability to 

build-up natural populations of G. hyphopodioides (Osborne, 2016, unpublished 

data). These field trials reveal complex host genotype-G. hyphopodioides 

interactions. However, these findings may be very useful in fields which host 

natural populations of G. hyphopodioides. Alternatively, this may aid farmers 

wishing to exploit grass leys as a means to encourage such fungi for take-all 

control. Currently an artificial inoculation system has not been commercialised, 

which may, like all biocontrol agents, be difficult to exploit effectively (Weller et 

al., 1988). 
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1.6 Take-all Disease Control Methods iii: Chemical  

Fungicides are an essential disease control option for crops worldwide and will 

continue to form part of well-established integrated pest management 

programmes for the foreseeable future (Hirooka and Ishii, 2013, Hewitt, 2004). 

Fungicidal chemicals have been used in huge quantities for the last 50 years to 

prevent crop losses and successfully enhance productivity. This has in turn 

increased the economic viability of the agricultural industry, in order to meet the 

high demand for food (Fernández-Ortuño et al., 2010). However, to reduce 

environmental damage through sustainable agriculture, responsible and informed 

utilisation of chemistries is extremely important (Knight et al., 1997). Over a 

century of fungicide research has resulted in numerous chemical classes with 

widely varying modes of action. This portfolio enables the control of almost all 

plant pathogenic genera currently known (Morton and Staub, 2008, Russell, 

2005). However, this armoury of fungicides must be employed as mixed 

treatments in order to prevent mass resistance developing in pathogens 

(Fernández-Ortuño et al., 2010). Fungicide mixes also decrease the 

environmental impacts of agriculture, by lowering the volume and number of 

treatments crops require (Morton and Staub, 2008). The Fungicide Resistance 

Action committee (www.frac.org) monitor novel modes of action, in addition to 

fungicide resistance threat and incidence. 

Fungicides as foliar sprays in normal wheat rotation farm practice under 

UK/European conditions are applied at three or four set spray times or as seed 

coats. These have been devised to target the time points where the greatest 

amount of grain yield is at risk of loss from fungal or oomycete disease (AHDB, 

2016). If used correctly with good monitoring of fungicide resistance and with a 

continued push to discover new modes of action, these chemistries will continue 

to form a vital part of crop protection strategy (Lucas et al., 2015) and thereby 

increase food and feed security. Fungicidal chemistries can provide some take-

all disease control commercially, though such products give varied year-on-year 

protection (Jenkyn et al., 2000, Bailey et al., 2005, Bateman et al., 2008, Yun et 

al., 2012). 

http://www.frac.org/
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 Seed coats 

Currently the most effective fungicide is silthiofam, applied as a seed dressing 

(product name: Latitude) (Bailey et al., 2005, Spink et al., 2002). This take-all 

specific fungicide, is a thiophene carboxamide, with an unknown mode of action, 

which targets mitochondrial ATP production (Joseph-Horne et al., 2000). 

Silthiofam treated seed provides protection against take-all infection early in the 

season by breaking the disease cycle (Bailey et al., 2005, Pillinger et al., 2005). 

However, over time the chemical is degraded in the soil and the proportion of 

roots infected was greater at late season sampling points. Recent investigations 

have been testing the efficacy of 20 thiophene carboxamide derivatives, on 

Chinese isolates, in vitro, and highlighted five new functional structures which 

were capable of abating isolate growth (Xie et al., 2014). Several in vitro 

investigations have found G. tritici isolates which are naturally insensitive to 

silthiofam, with overall resistance varying between 10 and 41% of isolates tested 

(Freeman et al., 2005, Joseph-Horne et al., 2000, Yun et al., 2012).  

An additional seed treatment, fluquinconazole (Jockey), a sterol demethylation 

inhibitor, shows notable though less effective activity against the take-all fungus 

and disease formation (Bateman et al., 2008). The chemistry was found to be 

more persistent in the soil and act later than silthiofam, reducing severity of 

disease to a greater extent than incidence (Bateman et al., 2006). However, 

during the most severe disease years fluquinconazole was found to provide only 

limited yield increase and grain quality loss still occurred (Bateman et al., 2004). 

Due to recent change in legislation of fluquinconazole, this chemistry will no 

longer be available for use in the EU after 2017. Under the Plant Protection 

Products Regulation (EC) Act No. 1107/2009 fluquinconazole has been classified 

as an endocrine disrupter. However, the chemistry is still important in the control 

of take-all in continuous wheat rotations in Chile, where it has been show to 

effectively reduce the disease by 26 % and provide 38 % yield increase (Vera et 

al., 2014). Silthiofam and fluquinconazole have been tested as seed coats on 

wheat monocultures in Poland, were disease was often decreased but 

sometimes did not give yield benefits (Smagacz, 2007, Smagacz, 2006).  This 

highlights the major issue which is often encountered when trying to provide 

fungicide control of take-all. The cost associated with these chemistries and 
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varied results often led to a poor trade-off for profit. Assessment of disease risk 

before applying them should be considered.  

 Foliar sprays and soil drenches  

Soil drenches and fumigation have often been tested in the past for the control of 

take-all disease (Cook, 2003). However, these are not affordable solutions at the 

level of scale required for wheat. More recently the benefits of applying foliar 

fungicides active against take-all have been tested. The severity of take-all 

disease in consecutive wheat crops can be reduced by applying foliar fungicide 

sprays recommended at the spray time: T1 (AHDB, 2016). There are two foliar 

applied strobilurin fungicides currently recommended, at T1, by the Agriculture 

and Horticulture Development Board (AHDB) to treat take-all in second and third 

wheats: azoxystrobin (Amistar) and fluoxastrobin (Fandango) (AHDB, 2016). 

Strobilurins inhibit mitochondrial respiration through binding to the quinone 

outside site of the cytochrome bc1 complex (Gisi et al., 2002). Susceptibility of 

G. tritici isolates to strobilurins, in vitro, has not been published. Jenkyn et al. 

(2000) found in four field trials, over 2 years azoxystrobin significantly decreased 

take-all disease severity, but not incidence. In 1999, reduced severity gave yield 

benefits in 2 of 3 trials; however, in one trial the azoxystrobin had no effect on 

yield. An additional study into the use of Amistar against take-all, in crop 

sequence experiments found larger inconsistencies, some years again 

decreasing severity and increasing yield, whereas in several years no significant 

advantageous effects were noted (Bateman et al., 2006). With no suitable 

explanation for the variation arising from the study, the authors suggested a 

potential (unproven) link with soil moisture (Bateman et al., 2006). To date, all 

available chemical control methods for take-all can provide some protection when 

applied to high risk crops, either as seed dressing or foliar sprays. The impact of 

fungicidal chemistry on take-all inoculum build-up in first wheats is yet to be 

investigated.  

The plant growth regulator (PGR) Moddus (trinexapac-ethyl) transiently inhibits 

conversion of the inactive gibberellic acid precursor, GA20, to bioactive GA1. This 

PGR is known to increase wheat rooting depth. Moddus has been shown to have 

a fungistatic effect on G. avenae isolated from bent creeping bentgrass (Avison 

et al., 2005). It has also been found to decrease the amount of take-all disease 
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in second and consecutive wheats, via an unknown mechanism, which may be 

related to root architecture (unpublished data; Moddus product guide).  

1.7 Take-All Disease Control Methods iv: Crop Genetics 

 Resistant wheat cultivars  

One very attractive control method for take-all, due to the low environmental 

impact and reduced farm input cost is genetic resistance. Screens for resistance 

to take-all in T. aestivum, have historically identified no resistant or inconsistent 

semi-resistant germplasm in UK and European semi-elite and elite hexaploid 

wheat collections (Hornby et al., 1998, Scott, 1981). According to Cook (2003), 

there is presumed to be little or no selection pressure for wheat to evolve 

resistance to take-all due to: TAD, competition with other species and the 

patchiness of take-all disease resulting in generally variable severity of disease 

rather than consistent and uniform infection. Hence, the search for resistant elite 

hexaploid cultivars has largely stopped in the last ten years since the last review 

of take-all.  

Searches for resistance have since widened to wheat landraces, ancient 

progenitors, relative species and grass/cover crop susceptibility (McMillan et al., 

2014, Jenkyn et al., 2014). Investigating the effect of ancestral wheats seven 

accessions of diploid  wheat Triticum monococcum (A genome of T. aestivum) 

were found to have a good level of resistance to take-all disease (McMillan et al., 

2014). Moderate resistance to take-all has also been identified in hexaploid wheat 

landraces (McMillan, unpublished). However, Aegilops speltoides (B genome of 

T. aestivum) and T. durum (tetraploid wheat) were found to be highly susceptible 

(McMillan et al., 2014). In recent unpublished research, A. tauschii (D genome 

progenitor of T. aestivum) has also been found to be moderately to highly 

susceptible to the disease under high disease pressure (McMillan, unpublished). 

Surveying relative and ancient crops will help through encouraging genetic 

diversity. The current bottleneck of these investigations is transgressing genes 

from relatives into current lines, however, progress is being made via the attempts 

at many wheat research centres around the globe. For example, some major 

improvements into the production of early generation wheat hybrids (F1) with the 

http://www3.syngenta.com/country/uk/en/ProductGuide/Pages/Moddus.aspx
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genera Aegilops, Secale, Thinopyrum, and Triticum have been accomplished 

(Nemeth et al., 2015). 

 Resistance in other cereal species 

Take-all disease caused by G. tritici will primarily occur on  wheat, triticale, barley 

and rye as described in Table 1.1 (Asher and Shipton, 1981). However, a range 

of susceptibilities have been described for these species (van Toor et al., 2015). 

Of particular importance are oats, which are naturally resistant to G. tritici (Turner, 

1940, Scott, 1981). In cereal rotations, the growing of an oat crop has been known 

for a long time to lead to reduced take-all infections in the following crop. Growing 

oats results in higher wheat yields and this approach has been used as a take-all 

control measure (Turner, 1940). The pathogen will grow as an epiphyte in the oat 

root cortex but is unable to infect the inner, vascular zones (Huber and 

McCaybuis, 1993). Oat roots produce an antifungal inhibitor of G. tritici called 

avenacin (Turner, 1960). This secondary metabolite  is a mix of four antimicrobial 

triterpenoid glycoside molecules which are all structurally related: avenacin A-1, 

A-2, B-1 and B-2 (Crombie and Crombie, 1986). These compounds are only 

produced by species of the Avena genus and hence are not present in wheat, 

barley or rye roots (Osbourn, 2003). The most toxic to fungi and commonly 

extracted from seedling oat roots is avenacin A-1, which constitutes around 70 % 

of the active ingredient (Crombie and Crombie, 1986). Osbourn et al. (1994) 

found that the oat roots localise the A-1 compound in the epidermal cell layer of 

roots, which provides a barrier to soil-borne fungal pathogens, where present. 

Some species of oat, such as the diploid Avena longiglumis, have also been 

shown not to produce avenacin A-1 and thus are unable to prevent G. tritici 

infection (Osbourn et al., 1994). The biosynthetic pathway for these triterpenoid 

glycosides have been well studied (Wegel et al., 2009, Papadopoulou et al., 

1999), and are now the focus of transgenic approaches for take-all disease 

control (discussed in Chapter 7). The complexity of the biosynthesis of avenacin 

make introgression through traditional breeding not feasible. 

One major issue is that several fungi detoxify the avenacin produced by oat roots 

such as Fusarium avenaceum and the G. tritici relatives G. avenae (previously 

Gaeumannomyces graminis var. avenae) and S. cylindrosporus (previously 

Gaeumannomyces cylindrosporus and Phialophora graminicola, see Table 1.1) 
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(Crombie and Crombie, 1986). The oat pathogen, G. avenae, has been shown to 

produces an enzyme, avenacinase, which cleaves the glycosyl residues on 

avenacin compounds, this detoxification allows infection to occur (Turner, 1961, 

Osbourn et al., 1991). This makes control using oats problematic, because root 

infection by G. avenae could still occur. Additionally, should genetic 

transformation with avenacin biosynthesis genes occur, there would be selection 

pressure for isolates to become insensitive or even form an ability to detoxify this 

antibiotic (Cook, 2003). The oat attacking G. avenae has been found to be very 

low in population numbers in high wheat growing regions in New Zealand which 

means that oats can be used as a very good break crop for G. tritici (Bithell et al., 

2012b). This could also be the case in the south of the UK, however, oats are 

very uncommon in the arable rotation here. 

Other cereal species which are resistant or intermediately resistant are rye 

(Secale cereale) and the wheat x rye hybrid, triticale (McMillan et al., 2014, Bithell 

et al., 2011, Rothrock, 1988, Scott, 1981, Nilsson, 1969). Skou (1975) found that 

rye species are capable of escaping disease by producing additional roots in 

response to infection. In addition, tissue based resistance was also found in the 

same study, although since the genetic nature of this resistance has never been 

elucidated. Plant extracts from rye roots have been proposed to make them 

resistant to G. tritici with the combination of two compounds: 2,4-dihydroxy-7-

methoxy-1,4-benzoxazin-3-one (DIMBOA) and 2,4-dihydroxy-1,4-benzoxazin-3-

one (DIBOA) (Wilkes et al., 1999). Wheat on the other hand is only found to 

produce DIMBOA and in vitro assays G. tritici was only inhibited with media 

amended with both compounds. A recent investigation using pot bioassays to test 

the infection of G. tritici in multiple crop species found that under high disease 

pressure, resistance in rye is overcome later in the season (van Toor et al., 2015), 

hence growth stage of infection played an important role. Triticale, being a hybrid 

of both wheat and rye shows intermediate levels of resistance between the two 

(Scott et al., 1989). Lastly barley is thought to be less susceptible than wheat to 

G. tritici, and closer in susceptibility to triticale (Scott, 1981, Hornby et al., 1998). 

However, barley is also thought to avoid the greatest above ground stress and 

yield reductions resulting from take-all disease because barley matures earlier 

than wheat (Hornby et al., 1998). 



50 
 

 The TAB trait in wheat and its potential in take-all disease control 

The take-all inoculum build-up (TAB) trait was originally observed and 

theoretically suggested in the 1980’s (Widdowson et al., 1985). The take-all 

disease epidemic begins when wheat is first grown in Gaeumannomyces sp. 

naive soil – termed ‘first wheat’. This is after a non-host break crop, i.e. a non-

cereal (oil seed rape or beans) (Jenkyn et al., 2014) or oats which are naturally 

resistant (Carter et al., 1999). This reduces take-all inoculum to negligible levels. 

During growth of the first wheat the fungus begins to build-up inoculum in the soil 

around the roots, though negligible disease occurs on the crop (McMillan et al., 

2011). The amount of inoculum present in the soil at the end of the first wheat 

has a direct impact on the risk of disease which occurs if wheat is grown again in 

the same soil (second wheat) (Bailey and Gilligan, 1999). This is because the 

fungus survives as an uncompetitive saprophyte between crops and becomes 

highly virulent if wheat is encountered as the next crop (Cook, 2003).  

In the early 1980’s,  Widdowson et al. (1985), observed for the first time, wheat 

cultivars resulted in different amounts of inoculum present in the soil at the end 

of the first year. Notably, in 1983, soil from plots where cultivar, Norman, had 

been grown had 20 % roots infected in a soil core bioassay, compared to Avalon, 

where 41.9 % of roots were infected. This correlated with significantly decreased 

disease in the following second wheat after Norman. Thus, the authors suggest 

the two varieties were equally susceptible to take-all but were varying in an ability 

to increase first wheat populations of the take-all fungus in the soil. 

The TAB trait has now been extensively studied in southern UK arable cropping 

systems. Between 2003-2008, McMillan et al. (2011) provided consistent 

evidence in four field seasons, Cadenza promoted low take-all inoculum build-up 

(LowTAB). Whilst Hereward and Avalon promoted high take-all inoculum build-

up (HighTAB). The trait was then genetically mapped to two quantitative trait loci 

(QTL) in an Avalon x Cadenza doubled haploid mapping population (WGIN, 

2011). Furthering this in a series of rotation trials on the Rothamsted Farm 

between 2009 and 2013, the TAB trait has been showed to consistently lower 

second wheat take-all disease and increase yields. Cadenza resulted in less 

second wheat take-all disease in all 4 years, when grown as a first wheat 

compared to the HighTAB cultivar Hereward. This gave yield benefits of 0.2 to 
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2.4 tonnes per hectare, varying dependent upon disease severity (paper 

submitted, McMillan et al. (2017); data in WGIN (2013). The genetics and biology 

of this trait in modern elite cultivars, in current Syngenta breeding populations, 

will form a major part of this thesis described in Chapters 3, 4 and 5. 

1.8 Aims and Objectives 

The major aim of this PhD was to explore the ability of crop genetics (TAB) and 

foliar chemistry application(s) (fungicide: Amistar and plant growth regulator: 

Moddus) to limit take-all build-up in first wheats and subsequently reduce second 

wheat disease. Additionally, the mechanistic basis of TAB and a newly 

discovered partial disease resistance trait in an elite winter wheat cultivar was 

studied. The main objectives were: 

1) Genetics: investigate the TAB trait in current, elite Syngenta wheat germplasm. 

Studying the cultivars Hereford, Duxford and Player in the field in eight first wheat 

field trials and three second wheat trials, to quantify their ability to limit the build-

up of take-all inoculum. Attempt genetic mapping of the trait using a suitable 

double haploid mapping population. Study the biological mechanism through 

observing root system structure in the laboratory and in a shovelomics approach. 

Hypothesis: Hereford possesses the LowTAB trait and can reproducibly 

prevent the build-up of take-all fungal inoculum in first wheats and promote 

reduced second wheat disease. 

Hypothesis: LowTAB is a genetically encoded trait and can be mapped in a 

doubled haploid population to discrete major/minor QTL(s). 

Hypothesis: The mechanistic basis of the LowTAB trait is the result of reduced 

root number, reduced mass in the top 10-20 cm of soil or a propensity to 

penetrate hard soil layers (deep rooting). 

2) Chemistry: to examine if foliar applied agrochemicals can prevent take-all 

inoculum build up. Investigate whether the take-all active fungicide, Amistar 

and/or PGR Moddus; applied at different times as foliar sprays to first wheat field 

trials can reduce take-all inoculum build-up and second wheat disease. Study the 

synergy of Amistar/Moddus with the LowTAB trait. Screen a collection of historic 

and modern fungal isolates for the possession of target site mutations conferring 

resistance to the quinone outside inhibitor (QoI) fungicides (including Amistar). 
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Hypothesis: Foliar applied Amistar can reduce the build-up of take-all 

inoculum and subsequent second wheat take-all disease levels and this will 

protect second wheat yields. 

Hypothesis: Amistar and Hereford (putative LowTAB) will work 

synergistically to reduced take-all inoculum build-up and reduce second 

wheat disease. 

Hypothesis: QoI target site resistance has evolved in some G. tritici 

populations from southern UK fields due extensive application of this class of 

fungicide since 1996. 

3) Investigating partial tissue based take-all disease resistance. Perform detailed 

take-all epidemiology studies in third wheat field trials by comparing a susceptible 

(Duxford) and a partially root resistant cultivar (Hereford). 

Hypothesis:  The partially resistant cultivar consistently has 10 % disease 

reduction due to reduced primary root infection of seminal roots which results 

in a reduced lateral spread and secondary infections. 

N.B. Phenotypes identified will be used to inform future investigations in a 

Duxford x Hereford double haploid (DH) mapping population. The phenotyping 

and genotyping was originally planned to be included in the Ph.D. but due to 

failure of the DH production resulting from contamination of the haploid embryos 

at Syngenta’s Whitlesford breeding station, UK, this activity could not be 

performed during the thesis. However, QTL mapping of the LowTAB trait in 

another Syngenta generated DH population of Hereford x Player was performed 

on existing field trials which were initiated to investigate physiological and 

photosynthetic traits in another Syngenta sponsored project (Chapter 5). 
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Chapter 2. General Materials and Methods 

In this Chapter, general methods are described of standardised procedures which 

are used in more than one Chapter of this thesis.  

2.1 Field Trials 

 Field trial design and preparation 

All field trials were designed by consultant statistician Rodger White (Rothamsted 

Research) and given a unique trial code (Table 2.1). A randomised block design 

was produced for each trial using CycDesigN (VSN International Ltd, Hemel 

Hempstead, UK). Seed was supplied by Syngenta Seeds, UK (seed rates given 

in relevant chapter) and trials were drilled and managed by the Rothamsted Farm 

team using, current and standardised farm practices, including plant growth 

regulators, pesticides and fertilisation regimes – except for take-all active 

chemistry (unless otherwise stated). All trials were established on the Harpenden 

site in Hertfordshire, UK, with flinty clay loam soils of which can be classified in 

to 20 soil series (Avery and Catt, 1995). In total, 14 field trials were investigated 

in this study which are listed, with the field soil type, in Table 2.1. The trials were 

established in the first, second or third wheat rotation position. Prior to growth of 

first wheat trials, one or two-year non-take-all host break crops were grown 

including oilseed rape (winter or spring) (Brassica napus) or spring beans (Vicia 

faba). This was to lower residual take-all inoculum biomass to negligible levels 

(Hornby et al., 1998). The trial sites were then used to study the amount of take-

all inoculum build-up resulting from first wheat treatments (Chapters 3, 4 & 5). 

Second wheat field trials were established, in the crop sequence experiments to 

study the effect on disease resulting from first wheat treatments (Chapter 4).  

 



54 
 

Table 2.1 Field trials carried out in this PhD study.  
Field trial aim, rotation position, year, field and trial codes are provided. 

Field trial title 
Aim 

Field trial code Harvest year Rothamsted 
Field 

Soil type1 

First wheat Amistar and LowTAB trails for take-all build-up  
Investigate the direct, in season/post-harvest effect of applying Amistar and 
growing LowTAB cultivars on take-all build-up and crop phenotypes. 

13/R/CS/742 2013 Great Knott 2 Typical Carstens 
14/R/CS/749 2014 Stackyard Typical Batcombe 
15/R/CS/763 2015 Drapers Typical Carstens or 

Panholes 
Second wheat oversow of Amistar and LowTAB for take-all disease  

Investigate second wheat take-all disease which resulted from first wheat 
treatments of Amistar and LowTAB cultivars and a range of second wheat 
crop phenotypes. 

14/R/CS/742 2014 Great Knott 2 Typical Carstens 
15/R/CS/749 2015 Stackyard Typical Batcombe 
16/R/CS/763 2016 Drapers Typical Carstens or 

Panholes 
First wheat Hereford and Duxford phenotyping trials: take-all build-up epidemiology and root architecture   

Perform a detailed study of take-all inoculum build-up and compare this to 
root architecture phenotypes in the top 10-20 cm soil layer. 

14/R/WW/1431 2014  Great Field 4 Typical Batcombe 
15/R/WW/1517 2015 Long Hoos 4 Batcombe-Carstens 
16/R/WW/1617 2016 Long Hoos 5 Batcombe-Carstens 

Third wheat Hereford and Duxford phenotyping trials: take-all disease susceptibility epidemiology and root architecture  
Investigate a partial root resistance trait in Hereford in fields naturally infested 
with take-all disease and test if variation in root architecture was present. 

14/R/WW/1409 2014 Long Hoos 5 Batcombe-Carstens 
15/R/WW/1520 2015 Bylands  Typical Batcombe 
16/R/WW/1618 2016 Long Hoos 6 & 7 Batcombe-Carstens 

First wheat Hereford x Player doubled haploid genetic mapping population phenotyping trials for take-all build-up  
Test the feasibility of using the Hereford x Player population for genetically 
mapping the LowTAB trait. 

15/R/WW/1509 2015 Pastures Typical Batcombe 
16/R/WW/1609 2016 Delafield Typical Batcombe  

1 Soil types from Avery and Catt (1995), all soils are clay, flinty loams, with varying clay content (18-35 %), Panholes differs from Batcombe-Carstens by 
having a greater chalk content. 
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To study the susceptibility of two cultivars of interest to take-all disease, third 

wheat trials were used (Chapter 3). These were drilled after two years of 

consecutive winter wheat crops typically cultivar Conqueror (KWS, UK) or Crusoe 

(LG Seeds, UK). Both cultivars were expected to give high levels of natural take-

all disease pressure. 

 Soil core bioassay for take-all build-up 

A soil core bioassay method (Slope and Gutteridge, 1979, Gutteridge et al., 2008) 

was used to measure the infectivity of the soil in response to the treatments/traits 

applied (chemistry or root genetics). Soil cores were taken from beneath the row 

at roughly 45 ° angle, during crop growth at selected time points or as post-

harvest samples, taken from all plots within 1 or 2 weeks of harvest. Each time 

coring was performed three or five soil cores were taken from each individual plot 

by hand, over a w-shaped transect using an auger (10 cm deep x 5.5 cm 

diameter). Individual soil cores were inverted into plastic cups (11cm tall, with four 

drainage holes of 4 mm diameter) with a 50 cm3 layer of damp coarse sand. Cores 

were then stored at 5 °C in a cold room for processing at later dates. 

Gaeumannomyces tritici will survive and remain viable in soil cores when stored 

either wet or dry at below 15 °C, viable levels of the fungus have been found 

when stored up to 45 weeks (Mac Nish, 1973). Ten wheat seeds of the fully take-

all susceptible control cultivar Hereward (RAGT, Cambridge, UK) were then sown 

on the top of each core and covered with horticultural  grit. Plants were grown in 

a controlled environment room (16 h day, ambient RH, d/n temperature 15/10 °C, 

watered twice per week, 250 µ mol light).  After 5 weeks, the seedlings were 

washed free from soil and all roots examined under water in a white dish, visually 

scoring for characteristic black take-all lesions. Percent plants and roots infected 

in the soil bioassay were calculated as a measure of take-all infectivity of the soil. 

 Plant sampling for take-all disease 

Field assessments of take-all disease was performed through sampling the root 

systems of the growing crop. Sampling of plants was performed through the 

season (Chapter 3), in spring (Chapter 4) and in all field trials in summer (Chapter 

3, 4 & 5). This was to test for the presence of residual disease in first wheat crops 
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as a control or to quantify the amount of disease in second (response to first 

wheat treatments) and third wheat crops (susceptibility of cultivars). Samples 

were taken using forks and tied with string or sampling bags labelled with unique 

experiment code, plot number and subsample number where relevant. 

Through season sampling (March to June) 

Samples which took place between March to June (Chapter 3 & 4) were 

performed using a fork to lift 15 cm wide lengths of row, normally five samples 

per plot. These were securely fastened using labelled cloth bags (March & April) 

or string (May & June), excess soil was shaken free in the field. The root systems 

were washed free from soil and then stored at 5 ° C, until take-all disease 

assessments could be performed (no longer than three weeks). The roots were 

submersed in water in a white dish and examined for characteristic take-all 

necrotic lesions. Counts of disease as number of plants, seminal and crown roots 

infected were then performed (Bateman et al., 2008). These values were 

converted to percent infection or total roots infected in several disease 

incidence/severity measures depending on the desired purpose of the trial, 

described in each Chapter.   

Summer sampling at crop maturation (July) 

During grain filling (GS 71+), larger forks, of 20 cm width, were used to extract 

root systems from the plot. In first wheats five samples were collected in a 

transect per plot (Chapter 3 & 4) and in second/third wheats 10 samples per plot 

were lifted from the ground. Due to time constraints in the summer months, July 

samples were dried for storage and assessments carried out over the autumn 

and winter. After soaking in water and washing the samples free from soil, the 

above ground sections were removed and the root systems and stem base were 

air dried in a poly-tunnel for 4-5 days, after which they were stored at room 

temperature until assessment over winter months (once dry, samples can be 

assessed for take-all disease indefinitely). The dried plants were soaked in water 

for approx. 15-20 minutes and then assessed under water in a white dish to check 

for take-all symptoms. The number of plants with take-all was recorded and each 

plant root system scored for disease severity to calculate the take-all index (TAI) 

per split plot as described below (Bateman et al., 2004, Bateman et al., 2008). 
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Proportion of roots infected was estimated and graded slight 1 (1-10% roots 

infected), slight 2 (11-25%), moderate 1 (26-50%), moderate 2 (51-75%) and 

severe (> 75%). TAI was then calculated as: (1 x percentage plants slight 1) + (2 

x % slight 2) + (3 x % moderate 1) + (4 x % moderate 2) + (5 x % severe); divided 

by the number of categories (5); maximum TAI = 100. TAI assesses both 

incidence and severity of take-all through classifying plant systems from split plots 

by the proportion of roots infected by take-all into categories (slight 1 to severe). 

TAI is defined as a measure of take-all disease intensity (Bateman et al., 2008). 

 General field phenotyping 

From establishment to harvest, field trials were regularly monitored to check for 

irregularities and good crop development. Key growth stages were regularly 

observed and recorded at each sampling point using the standardised, Zadoks 

decimal code of cereal growth stage (Zadoks et al., 1974). In addition to growth 

stage/crop assessments, several above ground phenotypes were measured. 

Days to anthesis (ear emergence) was measured in first and third wheat trials 

(Chapter 3 & 4). A visual evaluation through the middle of each plot every two to 

three days, estimated the average growth stage (GS) after the ear had begun to 

appear (GS 51) until the ear was completely emerged and flowering had begun 

(GS 61). Plant height was measured during grain filling for all trials (GS 71+). A 

centimetre rule was used to measure height from the base of the plant to either 

the base of the ear or the tip of the awn to the nearest 0.5 cm of five plants from 

each plot. Leaf senescence was measured as days to senescence from an 

arbitrary date normally set as 1st July. This was recorded every two to three days 

at the same time of day (in the afternoon), through visual estimation of the centre 

of the plot using a senescence key provided by Simon Orford (John Innes Centre, 

UK). A scale of 0 (green leaves, no senescence) to 10 (fully senesced) was used 

(Figure 2.1).  
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Figure 2.1 Leaf senescence scoring scale.  
Provided by Simon Orford, John Innes Centre, Norwich, UK. 

2.2 Photography 

Images captured in the PhD were taken using a Canon EOS1100D digital SLR 

camera or an iPhone 5S phone camera. Root images in Chapter 1 were collected 

using a Nikon D3x digital SLR camera, fitted with a 60 mm macro lens, by Graham 

Shephard (Rothamsted Research Photographer). 

2.3 Statistics 

Data management and manipulation were carried out in Microsoft Excel and 

GenStat 16th, 17th or 18th Edition software (VSN International Ltd., Hemel 

Hampstead, UK). Statistical analysis of all field trial data was performed in 

GenStat 16th, 17th or 18th Edition software (VSN International Ltd., Hemel 

Hampstead, UK) by Rodger White, Stephen Powers or the author. All values were 

tested for homogeneity of variance and rightfully transformed, to ensure equal 

variance before analysis. All values as percentages were logit transformed. Field 

data was tested for differences using analysis of variance (ANOVA) and/or 
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residual maximum likelihood (REML). For large scale field trials or analysis 

performed over multiple years, auto-regressive models were fitted and spatial 

adjustment of observed means was applied with details given in the Chapter 

where applied (Chapter 4 & 5). Pearson’s Product Momement correlation 

analyses were performed in GenStat (VSN International Ltd., Hemel Hampstead, 

UK). Spearmans correlation analysis and graphical representations of data were 

produced using SigmaPlot 13th Edition 2016 (Systat Software Inc, San Jose, 

USA). In all cases, significant effects were supposed when P ≤ 0.05, specific 

details are given in each Chapter. 
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Chapter 3. Take-all Disease Epidemiology and Root 

Phenotyping in Duxford and Hereford Parent Lines 

3.1 Author Contribution 

Summer students Joseph Earley (2014) and Erin Baggs (2015) were employed 

using British Society for Plant Pathology 10-week summer bursary grants to 

assist with obtaining some of the data for the research presented in this chapter. 

The students contributed to field sampling, disease assessments, root counts, 

dry weight measurements and WinRHIZO scanner operation/image analysis for 

samples taken in June each year. The results from these investigations were 

added into the final datasets for the associated field trials and statistically 

analysed for the thesis by the author. The author wrote the chapter. 

3.2 Introduction 

Genetic control methods for crop pathogens are highly desirable due to their low 

environmental impact, low cost and the efficacy that localised disease prevention 

offers (Chakraborty and Newton, 2011, Hammond-Kosack and Jones, 1997). 

Take-all disease is a highly devastating root disease of wheat caused by the soil-

borne fungus Gaeumannomyces tritici, as reviewed in Chapter 1 (Freeman and 

Ward, 2004, Cook, 2003). Screening for resistance to soil-borne pathogens and 

for root traits in general, is inherently difficult. This is due to the physical nature 

of soil and the highly variable distribution of subterraneous pathogen populations 

(Poorter et al., 2016, De Coninck et al., 2015). Many years of extensive research 

have presented little opportunity to breed for resistance to take-all disease in elite 

hexaploid wheat (Shipton, 1981, Hornby et al., 1998, McMillan et al., 2014). 

Current, commercially available, elite hexaploid wheat cultivars are all considered 

to be completely susceptible to the pathogen (Freeman and Ward, 2004).   

In the many field trials and pot tests searching for take-all resistance, variation in 

susceptibility to the disease has sometimes been found in elite winter wheat 

cultivars (Weller et al., 2002, Hornby et al., 1998). However, any partial resistance 

identified has always been considered too inconsistent for commercial breeding 

(Scott et al., 1989, Freeman and Ward, 2004). Inconsistencies arise when 
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screening for take-all due to the highly variable nature of disease outbreaks in 

the field and the problems associated with assessing root disease. Thus, disease 

severity varies widely between years, between field locations in the same year 

and even within individual field trial sites. This makes statistical tests for treatment 

effects difficult due to ‘background noise’ or large residual variances in the 

datasets (Bateman and Hornby, 1995). This is often resolved through statistical 

analysis of spatiotemporal variation and applying suitable models for adjustment 

such as row by column and/or geospatial adjustments. Despite the difficulties in 

investigating take-all disease, recent findings have highlighted two consistent 

traits which hold potential for take-all disease control. These are the take-all build-

up (TAB) trait in 1st wheat crops (reviewed in detail in Chapter 1, McMillan et al., 

2011, McMillan et al., 2017, submitted) and a highly consistent partial resistance 

trait discovered in an AHBD Ph.D. project (Project 3480, McMillan, 2012). An 

exciting opportunity has arisen as both traits are thought to be potentially present 

in the high yielding, modern elite cultivar: Hereford (McMillan, 2012). This high 

yielding cultivar has been used as a parent in many of Syngenta’s current 

breeding lines (David Feuerhelm, Syngenta Wheat Breeder, pers. comms.). 

Therefore, this presents an exciting and unpreceded opportunity for breeding of 

take-all disease control traits using an elite commercial cultivar. 

In a recently submitted paper, post-harvest take-all build-up, in 2014 and 2015, 

was measured across multiple Agriculture and Horticulture Development Board 

(AHDB) UK recommended list trial sites across the south of England (McMillan 

et al., 2017, submitted). This project highlighted the complex nature of the TAB 

trait, with interaction effects in the analysis between year, trial site and cultivar. 

This is potentially indicative of multiple, biological mechanisms for the TAB trait 

present in UK elite wheat germplasm. However, the results show that at least two 

consistent LowTAB cultivars are present on the UK recommended list trials. The 

biological mechanism of LowTAB is currently unknown, but several hypotheses 

have been suggested. These include variation in top soil root architecture (10-20 

cm depth), root exudates, microbial activity around the root or differences in root 

decomposition rates.   

Two elite hexaploid cultivars, Hereford and Duxford, were selected to study in 

detail in this Chapter. Hereford was selected as it putatively possesses both 

LowTAB and tissue based resistance to take-all disease. Conversely, Duxford is 
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absent of both traits meaning the two are ideal candidates to study the disease 

control methods in future genetic mapping populations. In a previous series of 

field trials investigating TAB in 45 elite winter wheat cultivars, Hereford was 

suggested to possess the LowTAB trait, in one repeat only, whereas Duxford was 

classified as a HighTAB (BBSRC PhD studentship with support from AHDB 

Project 3480; McMillan, 2012). Hereford, was not placed on UK recommended 

list due to extreme susceptibility to brown rust, Puccinia recondita, in the trial year 

2009 and therefore had been only included in one previous TAB trial. Therefore, 

the first major aim for the PhD was to confirm that Hereford possesses the 

LowTAB trait, across multiple years and trial sites on the Rothamsted farm.  

In addition to its putative LowTAB designation, Hereford has been found to 

possess a consistent partial resistance trait. This is the first time that a resistance 

trait in an elite winter wheat cultivar has been identified in field trials. As part of 

the AHDB PhD (McMillan, 2012), 45 recommended list cultivars were tested for 

resistance to take-all disease. This was done by exposing the cultivars to high 

natural take-all disease situations as third wheats. Fields can be artificially 

inoculated with sterilised wheat/oat seeds infested with take-all (Hornby and 

Bateman, 1990, Cotterill and Sivasithamparam, 1989). However, this can cause 

more severe disease than in natural infections and has been suggested to 

provide inconsistent simulations of pathogenicity (Gutteridge et al., 2003, 

Bateman and Hornby, 1995). Therefore, field trials are done in the third wheat 

rotation position because these provide a high natural inoculum source which has 

been suitable to identify take-all disease resistance in hexaploid wheat and other 

cereal species (McMillan et al., 2014). Two repeats of the AHDB PhD third wheat 

trials, found Hereford to be partially resistant to take-all, always being the least 

susceptible compared to all other cultivars (McMillan, 2012). Additionally, 

Hereford was consistently 10 % less infected, than the next lowest infected 

cultivar in 2009 and 2011 (not included in 2010 because no seed was available). 

Therefore, this research set out to study in detail the take-all disease epidemic, 

throughout the season, in roots of Hereford grown in the third wheat position. 

Duxford was used to compare, because whilst this cultivar was on the lower end 

of susceptibility to take-all in the AHDB RL third wheat trials (McMillan, 2012), 

Duxford roots had been found to consistently be more infected than Hereford. 
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Hereford and Duxford are unrelated genetically. Figure 3.1 and Figure 3.2 show 

the pedigrees of the two cultivars. In a recently submitted study, two of the lowest 

and most consistent take-all inoculum build-up cultivars have Cadenza in their 

parentage (McMillan et al., 2017, submitted). However, this is not the case for 

Hereford (Figure 3.1). LowTAB is suggested to originate from multiple genetic 

lineages in McMillan et al. (2011) and to have multiple biological mechanisms 

(McMillan, et al., 2017, submitted). 

 

Figure 3.1 Pedigree of elite winter wheat cultivar Hereford – continued 
overleaf. 
Pedigree adapted from http://wheatpedigree.net. The take-all build-up status for 
Norman was studied by Widdowson et al. (1985) and Avalon has been 
extensively studied in McMillan (2012), McMillan et al. (2011) and genetically 
mapped as detailed in WGIN (2011) 

http://wheatpedigree.net/
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Figure 3.1. continued from previous page. 
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Figure 3.2 Pedigree elite winter wheat cultivar Duxford. 
Pedigree adapted from http://wheatpedigree.net. Solstice is designated as a 
medium take-all build-up cultivar in McMillan 2017, submitted. The take-all build-up 
status for Norman was studied by Widdowson et al. (1985) and Avalon has been 
extensively studied in McMillan (2012), McMillan et al. (2011) and genetically 
mapped as detailed in WGIN (2011). 

http://wheatpedigree.net/
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The fact Hereford does not have Cadenza in its pedigree suggests that if Hereford 

is confirmed to be a consistent LowTAB cultivar, the trait will likely result from an 

alternative genetic origin and/or mechanism. The cultivar Haven is nearest joint 

relative cultivar shared by both Hereford and Duxford. This is two generations 

back in Hereford and three generations back in Duxford. Interestingly, the parents 

of Haven are a three way cross (Moulin (Norman x Hedgehog)) and both lines 

have the Norman background which was the first identified  to be a low take-all 

building cultivar in the 1980s (Widdowson et al., 1985). These pedigrees show 

that a genetic cross between Hereford and Duxford may give suitable genetic 

variants to investigate both the TAB and partial resistance trait. However, the 

pedigrees do not give any indication of the lineage of either trait. 

The structure of the wheat root system has been implicated in take-all disease 

escape and/ or tolerance in other cereal species. Skou (1975) present evidence 

that rye produces additional crown roots in response to disease. Barley is also 

thought to escape disease by having a larger number of crown roots than wheat 

(Hornby et al., 1998). With the finding of two new root genetic traits which can 

reduce take-all build-up and disease in the winter wheat cultivar Hereford, this 

research investigated the cultivars root system development and architecture. 

Roots are difficult to study in the field, requiring destructive sampling and 

commonly do not relate to laboratory based studies (Poorter et al., 2016). One 

method which in recent years has gained increasing use is a ‘shovelomics’ 

approach (Trachsel et al., 2010). This process uses field excavation and 

evaluation of maturing or adult plants. This rapid analysis allows crude root 

architecture genetic variants to be identified in relatively high throughput way 

(Bucksch et al., 2014). I implemented a shovelomics approach to study Hereford 

roots in comparison to Duxford in the field. In addition, with the help of the two 

BSPP sponsored summer students Joseph Earley and Erin Baggs, the 

WinRHIZO scanner was used to perform image analysis of field collected root 

samples in June in two successive years. The associated image analysis 

measured root diameter and root length using a previously defined method 

(Bouma et al., 2000). 

To investigate root architecture under laboratory conditions, a controlled 

environment experiment was carried out to tested the hypothesis that differences 

in root number, biomass or deep rooting existed between the cultivars. 
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Phenotyping root traits in laboratory settings have previously been investigated 

by growing plants in pots of sieved field topsoil, sand, potting soil, or artificial 

media, but the findings obtained have always been notoriously difficult to relate 

to field grown root samples (Wojciechowski et al., 2009, Whalley et al., 2013, 

Poorter et al., 2016). However, growing plant samples in sand columns with thin 

paraffin wax layers can be used to distinguish deep and shallow rooting traits and 

has been found to correlate with field findings for both rice and wheat (Clark et 

al., 2002, Botwright Acuna et al., 2007). The laboratory method originally 

developed for  rice (Clark et al., 2000) and has reproducibly transferred to wheat 

to identify wheat genotypes which are better able to penetrate strong subsurface 

layers of soil (Kubo et al., 2004, Botwright Acuna et al., 2007). We therefore 

performed a wax layer penetration laboratory screen to investigate if either 

Hereford or Duxford possessed a deep rooting phenotype. In this experiment, we 

also included three previously studied cultivars, described in Table 3.1, with 

varying TAB and take-all disease susceptibility traits: Cadenza (LowTAB), 

Hereward (HighTAB) and Avalon (HighTAB). The final cultivar Player has been 

designated as LowTAB as part of the PhD, and is studied in detail in Chapter 5. 

The hypothesis under investigation is that deep rooting would result in less root 

material in shallow soil and thus reduce take-all inoculum build-up in a first wheat 

situation due to their greater spatial isolation.  

The aim of this chapter was to confirm and investigate in detail, Hereford’s 

possession of two key resistance traits: LowTAB and root resistance. Duxford 

was used for comparison, as a consistent HighTAB cultivar in addition to its 

increased susceptibility to take-all in third wheat trials compared to Hereford 

(McMillan, 2012). The two cultivars are known to possess other traits of interest 

and both produce high yields (David Feuerhelm, Syngenta Wheat Breeder, pers. 

comms.). Thus, the initial plan at the onset of the PhD was to use the data 

produced in these experiments to then phenotype and genetically map the traits 

in a new Hereford x Duxford doubled haploid (DH) mapping population. However, 

due to contamination of the embryos in the initial DH production process, this 

population was not complete within the four-year time frame of the PhD project.   

Small scale field trials on the Rothamsted Farm in Hertfordshire, UK were 

employed to study take-all epidemiology and monthly root phenotypes in Duxford 

and Hereford.  
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Table 3.1 Six cultivars included in the sand column and wax layer root penetration experiments. 
Details on take-all build-up, breeding companies, parentages and general notes are given. 

Cultivar Take-all 
build-up1 

Take-all disease 
susceptibility3 

Original Breeder  
(now represented by)4 

Parentage4 Other notes 

Hereford LowTAB Potential take-all root 
resistance 

Sejet Planteforædling, Denmark 
(Not commercially available -
represented by Syngenta Seeds) 

Deben x Solist Main cultivar of interest. Parent 
in two DH population with 
Player (soon with Duxford) 

Duxford HighTAB Susceptible to take-all New Farm Crops, UK 
(Syngenta Seeds) 

Solstice x Scorpian 25 Cultivar of interest - future DH 
population with Hereford 

Hereward HighTAB Highly susceptible to 
take-all 

Plant Breeding Institute, UK 
(RAGT) 

Norman ‘sib’ x Disponent Control cultivar in take-all 
bioassays and consistent 
HighTAB 

Avalon HighTAB Susceptible to take-all Plant Breeding Institute, UK 
(No longer commercially produced) 

TJB 30/148 x TL 365A/34 Used to QTL map the TAB trait 
in Avalon x Cadenza mapping 
population5 

Cadenza LowTAB Susceptible to take-all CPB Twyford, UK 
(No longer commercially produced) 

Axona x Tonic Used to QTL map the TAB trait 
in Avalon x Cadenza mapping 
population5 

Player LowTAB2 Not previously studied 
in the public domain 

Syngenta Seeds, France Inoui x H00143 DH population with Hereford, 
assessed for take-all build-up in 
Chapter 6 

1 Low take-all build-up (LowTAB) or high take-all build-up (HighTAB), first wheat take-all inoculum build-up was classified in McMillan (2012), McMillan et 
al. (2011), WGIN (2013), except for Player. 
2 Player’s LowTAB trait possession has been investigated in as part of the current PhD, data presented in chapter 6. 
3 Take-all susceptibility investigated in McMillan (2012) 
4 Breeder information and parentage taken from: http://wheatpedigree.net/ except for Player (pers. comms. David Feuerhelm, Wheat Breeder, Syngenta). 
5 Avalon x Cadenza population discussed in WGIN (2011);  

 

http://wheatpedigree.net/
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The trials were drilled and performed simultaneously, in both the first wheat and 

the third wheat position in each year. Samples were taken monthly from March 

to post-harvest (August), to study disease build-up in the soil (first wheat), 

disease of whole plant samples in the growing crop and root architecture, 

including WinRHIZO scanner image analysis in June 2014/15.  

The first major hypothesis tested in this chapter was that Hereford roots conferred 

a lower level of take-all inoculum build-up, possessing the LowTAB genetic trait 

and that this trait was active only at the end of the season. The second, major 

hypothesis was that Hereford roots possessed a root resistance trait which would 

be measurably compared to Duxford, to allow potential mapping in a future DH 

population. Additionally, we hypothesised that Hereford’s root resistance trait 

would be the result of reduced secondary take-all root infection. The final major 

hypothesis was that variation in root architecture traits was occurring between 

Hereford and Duxford which could be measured in field and laboratory 

experiments. We hypothesised that this variation could be influencing the amount 

of take-all inoculum build-up or susceptibility of the cultivars to take-all in the field, 

dependant on root phenotypes identified in the first and third wheat position.  

3.3 Materials and Methods 

 Field trial design  

Replicated winter wheat trials were done in harvest years 2014, 2015 and 2016 

on the Rothamsted Farm, Hertfordshire, UK. Each year one first wheat and one 

third wheat trial were drilled on the same day in different fields on the Rothamsted 

Farm. (Table 3.2). Except for 2014, when commercially supplied Hereford seed 

had a reduced germination rate (60 %) compared to Duxford (98 %). In this year, 

a new first wheat trial was drilled in December (14/R/WW/1431), however the 

original third wheat trial (14/R/WW/1409) was continued because no additional 

site in the third wheat position was available. First wheat trials were drilled after 

a one-year break crop with spring or winter oil seed rape (Table 3.2). The third 

wheat trials were sown after two consecutive winter wheat crops (cv. Hereward). 

Each trial had eight plots, drilled with winter wheat cultivar Duxford (4 plots) or 

Hereford (4 plots), in a complete randomised block design (Figure 3.3). A different 



70 
 

randomisation was produced for each trial, by consultant statistician, Rodger 

White, using CycDesigN (VSN International Limited, Hemel Hempstead, UK). 

Plot size was 9 x 1.8 m, with a 0.5 m gap between plots, except for the trial which 

was re-drilled (14/R/WW/1431) which had the increased plot size of 28 x 2.8 m, 

with no gap between plots. The standard Rothamsted Farm practise was applied, 

in each year, to all plots for plant growth regulators, fertilisers, herbicides, 

pesticides and fungicides – excluding any take-all active compounds. 

 Field trial sampling 

Sampling occurred monthly through the season from March to July, normally 

towards the end of each month. An additional post-harvest sample in the first 

wheat trials was also performed to test for take-all build-up. Sampling dates and 

crop growth stages are given in Table 3.3. In the first wheat field trial soil cores 

were collected each month (5 per plot) to measure the development of take-all 

inoculum through the season. The soil core bioassay, described in Chapter 2, 

was used at each sampling point to measure soil infectivity (Slope and 

Gutteridge, 1979). 

 

Figure 3.3 Representative schematic of Hereford and Duxford root 
phenotyping first and third wheat field trials on the Rothamsted Farm 
between 2014-2016.  
First wheat trials: 15/R/WW/1517 and 16/R/WW/1617. Third wheat trials: 
14/R/WW/1409, 15/R/WW/1520 and 16/R/WW/1618. The 2014 first wheat 
field trial, 14/R/WW/1431, had an altered plot size of 28 x 2.8 m with no gap 
between plots. 
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Table 3.2 Details of field trials used in this chapter. 
Details of the field trials used to study the effect of Amistar and LowTAB on take-all inoculum build-up and second wheat disease. 

Harvest year 
(Rothamsted field trial code) 

Rothamsted 
Field 

Cropping history Sowing 
date 

Seed rate 
(seeds / m2) 

Date 
harvested 1 year previous 2 years previous 

Field trials in the first wheat position  
2014 (14/R/WW/1431)1,2 Great Field 4 Spring Oilseed Rape Spring Beans 09/12/13 400 08/09/143 

2015 (15/R/WW/1517) Long Hoos 4 Winter Oilseed Rape Winter Wheat 20/10/14 350 07/09/15 
2016 (16/R/WW/1617) Long Hoos 5 Winter Oilseed Rape Winter Wheat  05/10/15 350 09/08/16 
       
Field trials in the third wheat position 
2014 (14/R/WW/1409)1 Long Hoos 5 Winter Wheat Winter Wheat 14/11/13 350 18/08/14 
2015 (15/R/WW/1520) Bylands Winter Wheat Winter Wheat 20/10/14 350 18/08/15 
2016 (16/R/WW/1618) Long Hoos 6&7 Winter Wheat Winter Wheat 05/10/15 350 90/08/16 
1 In 2014 there was an issue with the germination rate of commercially supplied Hereford seed, a germination test found that Hereford 
seeds on wetted tissue paper was 60% compared to 98% in Duxford. 
2 Due to poor germination the first wheat trial was drilled at the later time of December. 
3 A major error with the Sampo combine harvester software system lead to no yield data for this field trial. 
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At each time point plant samples were also taken, to measure take-all disease 

and root architecture phenotypes (5 x 15 cm row length per plot, March-June and 

in July, 5 x 20 cm for first wheat trials and 10 x 20 cm for the third wheat trials; 

Table 3.3). A fork was used to dig up plant samples from the top 0-10 cm of the 

soil horizon at each time point. The roots were then washed free from soil and 

either assessed immediately (March-June) or air dried in a polytunnel for 4-5 days 

(July). Take-all disease assessments were carried out, by examining roots for 

take-all lesions in a white dish under water. The total number of plants and the 

number of plants and roots (crown and seminal) infected with take-all was 

counted each month. These values were used to calculate the percent plants 

infected with take-all, number of infected seminal and crown roots per plant 

(incidence). The take-all index (TAI) was also assessed for plants sampled in July 

(described in Chapter 2 and by Bateman et al. (2008)). In 2014 and 2016, third 

wheat trials, take-all patches were observable in the crop and thus, the take-all 

patch score visual assessment was performed in these years (Table 3.4, method 

described in chapter 2). 

In addition to disease assessments, measures of crop heath and development 

were taken including ear emergence, plant heights and leaf senescence (Table 

3.4). Grain yield was measured in tonnes/ha at 15 % moisture content, after 

combine-harvesting of individual plots at maturity, from a 1 m strip through the 

centre of each plot. 

 Root architecture: shovelomics approach 

Root architecture measurements of seminal and crown root number and biomass 

were measured at each sampling point, using the samples taken to assess for 

take-all disease (Section 3.3.2). Five subsamples of plants were taken from each 

plot (10 in third wheat trials in July). From each subsample, two plants were 

selected at random (10 plants per plot or 20 plants per plot in July, 3rd wheat 

sample) and the total number of seminal and crown roots were counted. The root 

system dry weight of all plants in each subsample (5 per plot) were then 

measured after a minimum of 48 h at 80 ° C. The dry weight for above ground 

biomass of all plants sampled in each plot was also measured after 48 h at 80 ° 

C.  
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Table 3.3 Monthly sampling dates and growth stages for take-all build-up and disease sampling of phenotyping experiments. 
 

 Date and Growth Stage 

 March April May June July August (post-harvest) 

First wheat trials: soil bioassay1 and plant samples2 

14/R/WW/1431 10/03/14 20-21 24/04/14 23-25 21/05/14 37 18/06/14 62 21/07/14 85 02/09/14 - 

15/R/WW/1517 23/03/15 23 27/04/15 30 27/05/15 43-45 25/06/15 69 23/07/15 83 10/09/15 - 

16/R/WW/1617 22/03/16 23-25 25/04/16 32 26/05/16 51 24/06/16 71 22/07/16 85 22/08/16 - 

Third wheat trials: plant samples only2 

14/R/WW/1409 10/03/14 20-21 24/04/14 23 21/05/14 43 18/06/14 65 21/07/14 87 - - 

15/R/WW/1520 23/03/15 23 27/04/15 31 27/05/15 49-51 25/06/15 71 23/07/15 85 - - 

16/R/WW/1618 22/03/16 21-23 25/04/16 31 26/05/16 49-51 24/06/16 71 22/07/16 87 - - 
1 5 x soil cores per plot 
2 Plant samples were taken with a 15 cm fork March to June and a 20 cm fork in July. Five samples per plot were taken except in the July, third 
wheat sample where 10 samples per plot were collected. 

 

Table 3.4 Sampling details for additional crop health measurements for field trials in this study 2014-2016. 
  

 Date and Growth Stage1 

Sampling method Plant heights2 Leaf senescence3 Ear emergence Take-all patch score4 

Units per plot 5 plants per plot (cm) Scale 1-10 Growth Stage Percent infected (%) 
First wheat trials     
14/R/WW/1431 23/06/14 68-69 17/07/14-01/08/14 83-93 29/05/14-17/06/14 43-61 - - 
15/R/WW/1517 14/07/15 75 14/07/15-06/08/15 75-92 29/05/15-15/06/15 43-61 - - 
16/R/WW/1617 13/07/16 77 11/07/16-01/08/16 73-92 26/05/16-09/06/16 51-61 - - 
Third wheat trials     
14/R/WW/1409 25/06/14 75 08-28/07/14 75-92 29/05/14-13/06/14 45-61 04/07/14 77-83 
15/R/WW/1520 14/07/15 77 14-24/07/15 77-87 29/05/15-12/06/15 49-61 - - 
16/R/WW/1618 13/07/16 77-83 11-26/07/16 73-87 26/05/16-09/06/16 51-61 11/07/16 77 
1 Zadoks decimal code for cereals (Zadoks et al., 1974) 
2 Plant height measured to base of ear in 2015 and 2016, measured to tip of awn in 2014, 2015 and 2016 
3 Leaf senescence measured on a scale of 1 – 10 over the whole plot, scale key in Chapter 2. 
4 Take-all patch not recorded for first wheats and in 2015 a lack of above ground symptoms meant that take-all patch was not recorded 
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 Root architecture: laboratory approach 1 WinRHIZO scanner 

Scans of root samples collected from the field were used to perform more detailed 

analysis of root structure. In June 2014, in first wheat field trial 14/R/WW/1431, 

an additional set of soil cores were taken as described in Section 3.3.2 (3 per 

plot, 5.5 diameter x 10 cm deep, taken in a diagonal transect). The wheat roots 

present in the soil cores were washed free from soil and collected in a 1 mm 

sieve. In June 2015, root samples were cut from the plant samples used for 

disease assessments for the first (15/R/WW/1517) and third (15/R/WW/1520) 

field trials, (three out of five subsamples per plot). The samples were extensively 

cleaned in a 1 mm sieve. 

The resulting root samples were then suspended in water, in a clear Perspex root 

scanning container. The roots were carefully arranged in the dish to produce 

minimal overlap. The WinRHIZO scanner (Regent Instruments Inc., Sainte-Foy-

Sillery-Cap-Rouge, Canada) was then used to take images of each sample 

(Bouma et al., 2000). The built-in software analysed each image producing 

measurements of root diameter, length, surface area, volume and length per 

volume. Using the following parameters:  image acquisition: 30cm width, 40cm 

length; resolution: medium; debris and rough edges: removing <1mm area and 

length:width ratio of 4. Root dry weights were taken for roots sieved from soil 

cores in June 2014 and those from plant samples as described in Section 3.3.3. 

 Root architecture laboratory approach 2: controlled environment, sand 

column and wax layer 

Under controlled environment conditions root growth of six cultivars was 

evaluated in a sand column, wax layer, root penetration experiment (Figure 3.4 

a-d). Three cultivars possessed the LowTAB trait and three, HighTAB (Table 3.1). 

Methods for the use of paraffin wax to provide hard layers for resistance to root 

penetration were developed and implemented in rice by Clark et al. (2000, 2008a, 

2008b). This method has more recently been used to study UK wheat root 

penetration by Whalley et al. (2013) and was implemented in the present study 

with the exception of growth tube size (110 mm internal diameter, 450 mm length) 

and wax diameter (102 mm). Wax layers (3 mm x 102 mm) were produced by 
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melting a mixture of soft paraffin wax (Saftey first aid group, London, UK) with 

hard pastillated paraffin wax pellets (Poth Hille & Co Ltd, Rainham, UK: 56 - 60°C 

melting point). Two strengths of wax layer were used at concentrations of 30 % 

(strong wax layer, Figure 3.4a) and 5 % (weak wax layer) pastillated paraffin wax, 

which were previously found to have penetrometer resistances of 3.15 and 0.024 

MPa, respectively (Whalley et al., 2004).  

As described by Clark et al. (2000) and Whalley et al. (2013) wax layers were 

installed 50 mm below the surface of plastic growth tubes, filled with sand 

(Chelford T grade silica sand from WBB Minerals, Sandbach, UK) and nutrient 

solution. The altered tube and wax diameter used in this study had an annular 

ring of 4 mm, allowing for movement of nutrient solution up and down the tube. 

Growth tubes were arranged in tanks in a fully randomised design of four blocks, 

designed using CycDesigN (VSN International Limited, Hemel Hempstead, UK). 

One seeding (cultivars in Table 3.1) was planted per tube. Individual blocks 

contained 4 tubes with each cultivar being challenged by a weak or strong wax 

layer, giving a total of 4 repeats per cultivar at each wax strength. Seeds were 

pre-germinated in darkness, on damp tissue, 2 d before planting 20 mm below 

the sand surface. The tanks were filled to 30 cm below the sand surface with 

nutrient solution, which was maintained by topping up with dH2O every 2 days. 

The nutrient solution was replaced after 3 weeks. 

Root growth at tillering was measured after 6 weeks’ growth at day/night 14/8 h, 

22/18 °C and 70/80 % relative humidity. Light was supplied at 450 μmol m-2 s-1 

photosynthetic photon flux density (Figure 3.4b). At harvest, number of roots 

penetrating the wax layer were counted, maximum rooting depth in cm was 

measured (Figure 3.4c), as was total root number (both seminal and crown), 

growth stage and number of tillers. The distance of the penetration points from 

the centre of the wax layer were measured (Figure 3.4d). These were then 

converted to number of roots penetrating in three concentric zones with 

diameters: zone A, 44 mm; zone B, 45 to 80 mm and zone C 81 to 102 mm. Root 

dry weight above and below the wax layer, in addition to shoot dry weight, were 

measured after 48 h at 80 °C.  
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A) 

 

B) 

 
C) 

 

D) 

 
 

Figure 3.4 Photographs of the sand column, wax layer root penetration 
experiment. 
A) Sand filled tubes with hard wax discs fitted (30 % pastillated paraffin wax 
disc). B) Wheat plants, one per tube, at harvest. C) Sand column removed 
from tube, measuring deepest root with a 1 m rule. D) Wheat roots 
penetrating the hard-wax layer, with above ground parts removed. 
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 Statistical analysis 

All values as percentages were logit transformed and root count data (n) were 

square root transformed to stabilise variance before analysis. Percentages and 

the take-all index were logit transformed to stabilise the variance and to account 

for the additivity of effects when using data on a scale of 0-100. Measurements 

which were taken at monthly intervals were analysed with repeated measures 

ANOVA. Whilst measurements which were taken only once were analysed with 

general ANOVA. Statistical analysis, of repeated measures ANOVA or general 

ANOVA were carried out using 16th or 17th Edition of GenStat 2016 (VSNI, Hemel 

Hempstead, UK). SigmaPlot 13th Edition 2016 (Systat Software Inc, San Jose, 

USA) was used to perform all Spearmans rank correlations. Statistical analysis 

of yield data was performed by Rodger White, all other statistics were performed 

by the author and validated by Rodger White, where necessary. 

3.4 Results 

 First wheat trials: take-all build-up and root phenotyping 

Take-all build-up was only significantly different for the effect of month, in the 

through season repeated measurements ANOVA, in all three repeat trials (Table 

3.5). The greatest amount of inoculum build-up was witnessed in July 2014, with 

an average of 24 % roots infected in the bioassay (back-transformed from the 

logit mean). Inoculum build-up in all three seasons was never greater than 2 % 

roots infected before May. Fungal biomass increased from June onwards, in 2014 

and 2015; however, in 2016 notable amounts of inoculum were not witnessed 

until post-harvest (Table 3.5). The interaction term for cultivar*month was not 

significantly different in all three seasons (Table 3.6).  

The effect of cultivar was not significant in any of the field seasons observed (data 

not shown). Take-all inoculum build-up fluctuated through the season, although 

it was always less in soil from underneath Hereford, compared to Duxford, with 

the greatest difference at the post-harvest sampling point in all three years (Table 

3.6). However, take-all inoculum build-up was statistically significantly different 

for the effect of cultivar when assessing post-harvest cores. In previous 
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investigations into the possession and efficacy of the LowTAB trait, soil cores 

have almost exclusively been taken post-harvest (Slope and Gutteridge, 1979, 

McMillan et al., 2011, McMillan: submitted). Therefore, an additional combined 

three-year ANOVA, with a block structure term for year, was carried out to test 

for the effect of cultivar on post-harvest take-all inoculum build-up (Table 3.7). 

Over three seasons (2014-2016), Hereford had a significantly different (P < 

0.001) post-harvest mean take-all inoculum build-up of 7.76 % roots infected in 

the bioassay compared to Duxford, 22.2 % (back-transformed from the logit 

mean). Thus, Hereford was consistently a lower, post-harvest, take-all inoculum 

build-up cultivar compared to Duxford. 
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Table 3.5 Monthly mean take-all inoculum build-up in first wheat trials 14/R/WW/1431, 15/R/WW/1517 and 16/R/WW/1617. 
 

 Logit % roots with take-all in soil core bioassay (back-transformed mean) 

 Month Repeated measures ANOVA – within year effects 

Year March April  May June July 

August (post-

harvest) F Pr Month SED d.f.1 

Correction 

factor2 

2014 -5.33 (0.0) -5.07 (0.13) -3.78 (1.75) -2.69 (5.92) -1.14 (24.0) -1.60 (16.5) <0.001 0.36 12.10 0.403 

2015 -4.47 (0.64) -3.67 (2.01) -3.78 (1.75) -2.60 (6.48) -2.13 (10.2) -1.99 (11.7) 0.012 0.44 7.10 0.236 

2016 -5.23 (0.04) -5.22 (0.04) -5.12 (0.10) -4.17 (1.04) -4.26 (0.91) -1.89 (12.8) <0.001 0.43 11.85 0.395 
1 d.f. were multiplied by the correction factors before calculating F probabilities 
2 Correction factor based on Greenhouse-Geisser epsilon test result 

 

Table 3.6 Cultivar mean take-all inoculum build-up per month in first wheat field trials 14/R/WW/1431, 15/R/WW/1517 and 16/R/WW/1617. 
 

  Logit % roots with take-all in soil core bioassay (back-transformed mean) 

  
Month 

Repeated measures ANOVA  
– within year effects 

Year Cultivar March April  May June July 
August (post-
harvest) 

F Pr 
Cultivar*Month SED d.f.1 

Correction 
factor2 

2014 Duxford -5.33 (0.00)  -4.84 (0.29)  -3.78 (1.75)  -1.83 (13.5)  -0.90 (28.6)  -0.75 (31.9)  0.126 0.54 14.59 0.403 
Hereford -5.33 (0.00)  -5.33 (0.00)  -3.78 (1.76)  -3.54 (2.34)  -1.37 (20.0)  -2.46 (7.45)      

2015 Duxford -4.01 (1.29)  -3.99 (1.34)  -3.80 (1.71)  -2.66 (6.13)  -1.51 (17.9)  -1.77 (14.2)  0.305 0.58 7.78 0.236 
Hereford -4.94 (0.22)  -3.35 (2.93)  -3.75 (1.82)  -2.55 (6.84)  -2.76 (5.54)  -2.20 (9.57)      

2016 Duxford -5.33 (0.00)  -5.14 (0.09)  -4.94 (0.22)  -3.84 (1.62)  -3.83 (1.64)  -1.19 (23.0)  0.458 0.58 14.09 0.458 
Hereford -5.15 (0.08)  -5.33 (0.00)  -5.33 (0.00)  -4.49 (0.62)  -4.69 (0.42)  -2.59 (6.52)      

1 d.f. were multiplied by the correction factors before calculating F probabilities 
2 Correction factor based on Greenhouse-Geisser epsilon test result 
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Table 3.7 Three year combined post-harvest take-all inoculum build-up 
means for the effect of cultivar in first wheat trials 14/R/WW/1431, 
15/R/WW/1517 and 16/R/WW/1617. 

 

Plant samples were taken from the field, each month and used to test for the 

presence of take-all disease in the crop and for root architecture analysis. As 

expected, take-all disease was negligible in all three first wheat trials (2014-2016, 

always > 3.9% plants infected). No significant differences were found for the 

percent plants infected with take-all, in the repeated measures ANOVA, for the 

effect of cultivar nor the interaction effect of cultivar*month, in all three years (data 

not shown). A significant effect for month, was however found, in all three years 

(Table 3.8). This was due to very small but significant increases in the percent 

plants infected, from less than 0.1 % plants infected in March to the greatest 

infection of 3.94 % plants infected in June 2015 (Table 3.8). For both the number 

of seminal and crown roots infected with take-all per plant, no significant effects 

(month or cultivar) or interaction effects could be found (data not shown). The 

amount of root infection witnessed was always very low, the greatest values were 

in 2015 when a maximum of 0.118 seminal roots infected per plant and 0.502 

crown roots infected per plant, was observed. Plants infected at these extremely 

low levels would have had limited or no effect on the health of plants or yield. This 

confirms, as a control method, that the soil was free from any residual take-all 

inoculum resulting from the previous year’s crop, in all three first wheat trials.  

Logit % roots with take-all in soil core 
bioassay (back-transformed mean) 

Three years combined ANOVA 
Block structure: Year/Block/Mainplot 

Cultivar F Pr Cultivar SED d.f. 

Duxford -1.24 (22.2) <0.001 0.238 11 

Hereford -2.42 (7.76)    
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Table 3.8 Percent crop plants infected with take-all disease per month in first wheat trials: 14/R/WW/1431, 15/R/WW/1517 and 
16/R/WW/1617. 
 

 Logit % plants with take-all (back-transformed mean) 

 Month Repeated measures ANOVA – within year effects 

Year March April  May June July F Pr Month SED d.f.1 Correction factor2 

2014 -5.22 (0.04)  -5.22 (0.04)  -5.33 (0.00)  -4.82 (0.31)  -4.37 (0.76)  0.002 0.221 84.8 0.558 

2015 -5.12 (0.1)  -4.79 (0.33)  -3.74 (1.83)  -3.08 (3.94)  -3.87 (1.56)  <0.001 0.425 116.24 0.765 

2016 -5.33 (0.00)  -5.13 (0.09)  -5.09 (0.12)  -5.15 (0.08)  -4.48 (0.63)  0.006 0.206 97.23 0.64 
1 d.f. were multiplied by the correction factors before calculating F probabilities 
2 Correction factor based on Greenhouse-Geisser epsilon test result 

 

 
 
Table 3.9 Mean number of seminal roots for Duxford and Hereford per month in first wheat field trials: 14/R/WW/1431, 15/R/WW/1517 and 
16/R/WW/1617. 
 

 Square root average number of seminal roots (back-transformed mean)  

 Month Grand Mean Repeated measures ANOVA – within year effects 

Year March April  May June July  F Pr Month SED d.f.1 Correction factor2 

2014 2.14 (4.57)  2.04 (4.16)  2.15 (4.61)  2.06 (4.23)  2.06 (4.26)  2.09 (4.36) 0.046 0.0434 133.84 0.881 
2015 2.04 (4.16)  2.11 (4.47)  2.13 (4.53)  2.12 (4.5)  2.34 (5.47)  2.15 (4.61) <0.001 0.043 144.43 0.950 
2016 2.11 (4.44)  2.05 (4.2)  2.08 (4.32)  2.18 (4.73)  1.92 (3.7)  2.07 (4.28) <0.001 0.068 122.81 0.808 
1 d.f. were multiplied by the correction factors before calculating F probabilities 
2 Correction factor based on Greenhouse-Geisser epsilon test result 
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Investigating the effect of cultivar and monthly interval on total crown and seminal 

root numbers showed very little difference between the two cultivars. Counts of 

seminal roots found no significant effects for cultivar or for the interaction of 

cultivar*month (data not shown). However, the effect of month was significant in 

each year (Table 3.9). In 2014, seminal root number varied only by 0.45 but was 

significant (P = 0.046). Seminal root counts in July for 2015 and 2016 produced 

anomalies, with a slight increase to 5.47 and decrease to 3.7; respectively. This 

is thought to be linked with soil moisture (unmeasured) and hardness of the soil 

at the time of sampling. Particularly in July 2016, the soil was extremely dry and 

difficult to remove plants without damaging fine roots during sampling. Thus, 

seminal roots had often been visibly damaged during counting. In all three trials, 

slight deviations from the grand mean seminal root numbers are unlikely to be 

due to biologically significant changes in seminal root number. 

Crown root numbers per plant were very similar when comparing the two 

cultivars, through each of the three seasons (Figure 3.5. a-c). This resulted in 

non-significant interaction effects for time and cultivar in 2015 and 2016. In 2014, 

a trend for an interaction was observed (P = 0.05) which was the result of 

Hereford possessing slightly less crown roots on average per plant, in June 

compared to Duxford (26.1 and 32.3; crown roots respectively, back transformed 

from mean square root, Figure 3.5a). A clear and expected, significant effect of 

month was observed in each year (P < 0.001, in each year, data not shown). The 

average number of crown roots reached a peak in May/June each year. The 

mean number of crown roots the plants had produced at the first sampling point 

in March varied between years, from 0.7 crown roots per plant in 2014 compared 

to 13.2 crown roots per plant in 2016 (Figure 3.5 a-c). This is the result of weather 

patterns before the first sampling, most likely due to warm winter temperatures in 

November and December 2015 (Table 3.10). The effect of cultivar, presented in 

Figure 3.6 a was statistically significant in 2015 and 2016 (P < 0.05). However, 

when back transformed, only very small variations of 1.43 and 2.54 crown roots 

between the two cultivars were observed in 2015 and 2016, respectively. The 

growth stage of the crop at each sampling time point is provided in Table 3.3  
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Table 3.10 A comparison of seasonal weather patterns in 2009 to 2016. 
Showing average monthly temperatures (tmax°C) and monthly rainfall (mm) recorded at the Rothamsted Farm from March to August and for the 
whole season. (Data is taken from the electronic Rothamsted Archive; e-RA). Take-all build-up data for 2009-2011 from McMillan (2012) and for 
2012 is unpublished data from Vanessa McMillan, personal communication and from 2013 is data measured in the current work. 

Harvest Year (post-
harvest take-all build 
up) Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul 

Harvest 
Aug 

Sep to 
Mar 

Mar to 
Aug Season 

Rainfall (mm)             Total Total Total 

2009 (high) 66 74 91 42 70 74 37 47 25 68 73 63 418 314 732 
2010 (low) 16 39 146 105 47 77 45 19 38 23 32 128 431 285 716 

2011 (high) 60 85 55 35 85 57 10 5 24 83 45 81 376 248 624 

2012 (high) 38 25 36 82 58 25 35 169 53 166 128 55 265 606 871 

2013 (low) 40 116 100 114 63 43 83 33 56 25 47 58 477 301 778 

2014 (low) 50 109 60 123 176 142 28 32 83 30 37 113 660 323 983 
2015 (low) 15 96 108 64 82 55 26 31 68 27 133 83 419 368 787 

2016 (high) 45 65 84 82 92 47 84 62 39 85 27 30 415 328 743 
                
Max Temperature 
(tmax°C)             Mean Mean Mean 

2009 (high) 17.1 13.6 9.5 5.9 5.2 6.4 11.3 14.7 17.1 20.0 20.8 22.0 9.6 17.6 13.6 

2010 (low) 18.8 14.7 11.3 5.4 3.2 5.4 9.8 14.1 15.4 20.8 22.8 19.8 9.8 17.1 13.5 
2011 (high) 17.7 13.7 7.5 2.0 6.0 8.8 10.7 17.6 17.4 19.0 19.9 19.9 9.3 17.4 13.4 

2012 (high) 19.6 16.6 12.4 8.6 8.5 6.4 12.8 11.5 16.1 17.6 19.8 21.7 12.0 16.6 14.3 

2013 (low) 18.3 12.7 9.4 7.5 4.9 5.2 5.2 12.2 14.8 18.0 24.5 22.1 9.7 16.1 12.9 

2014 (low) 17.8 15.3 8.9 9.1 8.5 9.0 12.7 14.8 16.5 20.1 23.9 20.0 11.4 18.0 14.7 

2015 (low) 20.1 16.0 11.3 8.1 7.5 6.7 10.2 14.5 15.5 19.5 21.4 20.5 11.6 16.9 14.3 
2016 (high) 16.9 14.2 12.3 12.5 8.1 8.0 9.2 11.9 17.4 19.0 22.2 22.7 12.0 17.1 14.5 
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Figure 3.5 Crown root number and root system dry weight for first 
wheat field trials 14/R/WW/1431, 15/R/WW/1517 and 16/R/WW/1617. 
Results of repeated measures ANOVA are shown, *degrees of freedom were 
multiplied by a correction factor based on a Greenhouse-Geisser epsilon test 
result. A-C) Square root average number of crown roots per plant for 2014-
2016, Greenhouse-Geisser epsilon correction factors: 2014 = 0.837; 2015 = 
0.733 and 2016 = 0.887. D-F) Average dry weight per plant, Greenhouse-
Geisser epsilon correction factors: 2014 = 0.588; 2015 = 0.619 and 2016 = 
0.556. 

Dry weight of the whole root system was also measured each month. In 2015 and 

2016, there was no significant interaction between month and time (Figure 3.5 e 

& f). However, in 2014, a significant difference for cultivar and time was observed 

(Figure 3.5d). After the May sampling point the dry weight of Hereford was 
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significantly reduced compared to Duxford. In June 2014, the root systems, per 

plant, of Hereford were almost half the weight of Duxford, 0.169 g compared to 

0.29 g. The difference in average dry weight was slightly less in July of 0.181 g 

and 0.267 g respectively (Figure 3.5 d). 

Correlations of root system dry weight and the square root of the total number of 

roots (average per plant) were performed for each cultivar at each sampling point 

(Table 3.11). This shows that in June 2014 no significant correlation between total 

root number and dry mass could be observed for either cultivar. When 

investigating the spread of data for June 2014 the dry weights are very variable 

in both cultivars, however, many Hereford samples have average weights around 

the 0.1 g region compared to Duxford where root system weight clustered around 

0.3 g. The P value of 0.05 in the cultivar*month interaction observed in 2014 for 

crown root number is explained by Hereford plants possessing a reduced number 

of roots in June. Therefore, this seems to be a phenomenon of the 2014 season 

which was not replicated in 2015 or 2016. In the 2014 trial the late sowing in 

December (Table 3.2) cannot be ruled out as an influencing factor in these 

results. Whilst dry weight was significantly different in July 2014 (Figure 3.5 d), 

there was also highly significant correlation for both cultivars between root dry 

weight and total root number (P < 0.001, Rs: Duxford: 0.64 and Hereford: 0.841). 

Suggesting that difference in weight was explained by changes in total root 

number.  

Table 3.11 Total root number and root dry weight Spearman’ s rank 
correlation, for month and cultivar for first wheat trials: 14/R/WW/1431, 
15/R/WW/1517 and 16/R/WW/1617. 

  Rs – Spearman’ s rank correlation coefficient1 

  Month 

Year Cultivar March April  May June July 

2014 Duxford 0.441 0.745*** 0.745*** 0.36 0.64*** 
 Hereford 0.278 0.459* 0.759*** 0.378 0.841*** 

2015 Duxford 0.231 0.503* 0.692*** 0.468* 0.252 
 Hereford 0.621*** 0.710*** 0.116 0.693*** 0.451* 

2016 Duxford 0.00352 0.432 0.723*** 0.703*** 0.506* 
 Hereford 0.501* 0.521* 0.402 0.738*** 0.454* 

1 Symbols represent p values in Spearman’s correlation coefficient; * = P < 0.05; ** = 
P < 0.01; *** = P < 0.001. N = 20 except for Duxford in March 2014, where n = 19.  
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A) 

 
B) 

 
Figure 3.6 Number of crown roots and mean root system dry weight per 
plant averaged over the season for first wheat trials 14/R/WW/1431, 
15/R/WW/1517 and 16/R/WW/1617. 
Error bars show the SED from individual years repeated ANOVA for the effect 
of cultivar, * = significantly different bars for the effect of cultivar which were 
all significant at P < 0.05. A) Square root crown root number per plant for 
2014-2016. In 2014 P = 0.287. SEDs: 2014 = 0.0859, 2015 = 0.0360 and 
2016 = 0.0724. B) Average dry weight of roots system per plant in grams. In 
2014, P = 0.074 and 2016, P = 0.433. SED: 2014 = 0.0149, 2015 = 0.0079 
and 2016 = 0.0168. 

 

Root system dry weight averaged of the season in 2014 and 2016, found no 

significant difference between Hereford and Duxford. Whilst in 2015 Hereford had 

a reduced average root system dry weight compared to Duxford (Figure 3.6). This 

was explained by highly significant positive correlation between total root number 

and dry weight in both cultivars, which was observed across in all three seasons 
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(Table 3.12). Suggesting that the root systems had a small but not notably 

different root system phenotypes. 

Table 3.12 Total root number and root system dry weight Spearman’ s 
rank correlation for the effect of cultivar averaged over the season for first 
wheat trials 14/R/WW/1431, 15/R/WW/1517 and 16/R/WW/1617. 

 Rs – Spearman’ s rank correlation coefficient1 

 Cultivar 

Year Duxford Hereford 

2014 0.92*** 0.863*** 
2015 0.807*** 0.823*** 
2015 0.821*** 0.753*** 
1Symbols represent p values in Spearman’s correlation 
coefficient; * = P < 0.05; ** = P < 0.01; *** = P < 0.001. N = 
20 except for Duxford in March 2014, where n = 19.  
 

 

Plant development assessments of leaf senescence and ear emergence were 

not different between the two cultivars for all three trials. Whilst, Hereford yielded 

higher compared to Duxford in 2015 and 2016, although this was only significant 

in 2016 (Table 3.13). Yields were not available in 2014 due to a combine 

harvester error.  

Table 3.13 First wheat field trials cultivar yields.  

 Yield @ 85% dry matter (tonnes/ha) 

 Cultivar means ANOVA – within year effects 

Year Duxford Hereford  F Pr Cultivar SED d.f. Grand mean 

20141 - - - - - - 
2015 12.82 13.50 0.142 0.345 1 13.16 
2016 13.87 15.25 0.001 0.119 1 14.56 
1 A major error with the Sampo combine harvester software system lead to no yield 
data for the 2014 field trial. 

 Third wheat trials: take-all disease and root phenotyping 

Take-all disease progression was very different in all three years/trials. The 2014 

trial could not be used to study take-all disease epidemiology as the number of 

Hereford plants was too low to sample through season. However, Duxford plants 

were taken monthly to monitor disease progression and Hereford plants were 

sampled at the standard take-all disease sampling point of July (GS 83+). 

Disease incidence, measured as percent plants infected with take-all, was not 

significant for the interaction effect of month*cultivar in either 2015 or 2016 (Table 

3.15). The effect of month was significant as expected (2015 p = 0.01 and 2016 

p < 0.001, data not shown). It is of note that the amount of disease already 

present in March was also very different in each year (Table 3.15). In 2014, 8.9 
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% of Duxford plants were infected, in 2015 less than 1 % of plants were infected 

and over 70 % plants infected in 2016. This is linked to weather conditions before 

the first sampling point (Table 3.10). The very warm winter months of November 

and December in 2015 (harvest season 2016), would have greatly encouraged 

take-all disease primary infections.  In contrast, December and January 2014-

2015 (harvest season 2015) were very cold which would have prevented the 

disease progressing at all through the winter months. 

In 2016, the number of Hereford plants infected was always less than Duxford, 

however the interaction effect of time and cultivar was not significant. This was 

most pronounced in March 2016, when 92 % of Duxford plants were infected 

compared to 71 % in Hereford. Resulting in a significant effect of cultivar in the 

2016 repeated ANOVA result. Averaged over the season this difference is very 

small (3.34 % average increased number of plants infected in Duxford). In 2014, 

general ANOVA for the effect of cultivar for percent plants infected with take-all 

in July was not significant (P = 0.924, data not shown). In all three years, by the 

final sampling point, in July, the percent of Hereford plants infected was nearly 

equal to that of Duxford (Table 3.15). 

Numbers of seminal and crown roots infected per plant were counted each year 

(Figure 3.7). No through season interaction effect for month or cultivar on the 

number of seminal nor crown roots infected could be identified in 2015 and 2016. 

In July 2014, no effect of cultivar was observed in a general ANOVA analysis 

(data points shown in Figure 3.7 a & d, statistics not presented). Disease was 

extremely low in 2015 and therefore the effect of cultivar could not be effectively 

tested (Figure 3.7 b & e). In the final repeat of the trial, when disease was 

extremely high, seminal root infection presented a trend for an interaction effect 

between cultivar and time (P = 0.083).  

Table 3.14 Percent plants infected with take-all disease for the effect of 
cultivar in third wheat trials 15/R/WW/1520 and 16/R/WW/1618.  
 

 Logit % plants with take-all (back-transformed mean) 

 Cultivar Repeated measures ANOVA – within year effects 

Year Duxford Hereford  F Pr Cultivar SED d.f. 

2015 -3.21 (3.41) -3.28 (3.15) 0.881 0.434 3 

2016 3.98 (98.64) 2.91 (95.3) 0.016 0.215 3 
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Table 3.15 Percent plants infected with take-all disease by month and cultivar for third wheat trials 14/R/WW/1409, 15/R/WW/1520 and 
16/R/WW/1618. 
 

  Logit % plants with take-all (back-transformed mean) 

  Month Repeated measures ANOVA – within year effects 

Year Cultivar March April  May June July F Pr Cultivar* Month SED d.f.1 Correction 
factor2 

2014 Duxford -2.27 (8.93) -1.10 (24.7) 0.90 (71.2) 1.82 (86.5) 1.49 (81.9) - - - - 

 Hereford - - - - 1.43 (81.0)     

2015 Duxford -4.40 (0.72) -3.29 (3.13) -3.15 (3.63) -2.32 (8.50) -2.89 (4.81) 0.754 0.705 12.72 0.526 

 Hereford -4.72 (0.39) -3.48 (2.51) -2.77 (5.47) -2.73 (5.66) -2.71 (5.81)     

2016 Duxford 2.44 (92.4) 4.18 (99.0) 2.66 (93.9) 5.30 (100) 5.30 (100) 0.145 0.528 10.89 0.351 

 Hereford 0.84 (70.1) 1.96 (88.0) 1.94 (87.9) 4.49 (99.4) 5.30 (100)     
1 d.f. were multiplied by the correction factors before calculating F probabilities 
2 Correction factor based on Greenhouse-Geisser epsilon test result 
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Figure 3.7 Third wheat field trials number of seminal and crown roots 
infected with take-all per plant for trials 14/R/WW/1409, 15/R/WW/1520 
and 16/R/WW/1618. 
In 2014 plant samples were not taken May-June as the Hereford plots did not 
germinate correctly, thus plant number was too low to sample. Additionally, 
in 2016, due to time constraints in July disease was counted on a two-plant 
subsample only. In 2015 and 2016 the results of repeated measures ANOVA 
are shown, *degrees of freedom were multiplied by a correction factor based 
on a Greenhouse-Geisser epsilon test result. A-C) Number seminal roots 
infected per plant for 2014-2016 respectively, Greenhouse-Geisser epsilon 
correction factors: 2015 = 0.274 and 2016 = 0.491. D-F) Number of crown 
roots infected per plant for 2014-2016 respectively. Greenhouse-Geisser 
epsilon correction factor: 2015 = 0.265 and 2016 = 0.51. 
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Notably at the fist sampling point in March, Duxford plants had almost double the 

average number of seminal root infection (not significantly different). However, 

this resulted in a significant through season effect of cultivar on the number of 

seminal root infected per plant. Duxford plants had on average 2.57 seminal roots 

infected compared to Hereford which had 1.94 averaged over the season (P = 

0.004). This reduction is explained by the early season reduction in Hereford 

seminal root infection compared to Duxford, which was then overcome by July 

(Figure 3.7c). By the end of the season both cultivars had a similar number of 

seminal root infection. In 2016, the crown roots in Hereford and Duxford 

progressed at nearly equal rates and thus no difference in cultivar was found. As 

is to be expected there was a month effect for both seminal root infection (P < 

0.001) and crown root infection (P < 0.001) in 2016, but not in 2015 (data not 

shown).  

The take-all index was calculated at grain maturation, in July, in all three trials 

(Table 3.16). No significant effect of cultivar could be identified in 2014 or 2015, 

though in 2016 when disease pressure was highest, a trend (P = 0.055) was 

observed for Duxford plots to have a higher TAI than Hereford (Table 3.16). 

Hereford plants had a lower TAI than Duxford in 2014 and 2016. In 2016, when 

disease pressure was the greatest this was reduced from 87.7 in Duxford to 78.0 

in Hereford. In a combined ANOVA with a block term for year, a significant effect 

of cultivar, averaged over the three seasons could be identified (P = 0.039). 

Averaged over the three years, Hereford plants had a reduction in the observed 

TAI of 10.4 compared to Duxford (Table 3.17). 

Table 3.16 July take-all index for third wheat field trials 14/R/WW/1409, 
15/R/WW/1520 and 16/R/WW/1618.  

 Logit TAI (back-transformed mean) 

 Cultivar Repeated measures ANOVA – within year 
effects 

Year Duxford Hereford  F Pr Cultivar SED d.f. Grand mean 

20141 0.052 (51.3) -0.626 (34.7) 0.265 0.496 1 -0.29 (42.7) 
2015 -3.70 (1.93) -3.8 (1.71) 0.779 0.33 1 -3.75 (1.82) 
2016 1.93 (87.7) 1.25 (78.0) 0.055 0.223 1 1.59 (83.4) 
1 In 2014 there was an issue with the germination rate of commercially supplied 
Hereford seed, a germination test found that Hereford seeds on wetted tissue paper 
was 60% compared to 98% in Duxford. This may have influence the TAI. 
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Table 3.17 Three year combined July take-all index from field third wheat 
trials 14/R/WW/1409, 15/R/WW/1520 and 16/R/WW/1618. 

 

Take-all patch score was measured in 2014 and 2016 when above ground take-

all disease symptoms were observable (Table 3.18). However, take-all patch was 

not significantly different in either year. In 2014, there was a trend of increased 

percent area infected with take-all in Duxford (11.1 %, back transformed from 

logit) compared to Hereford (0.037 %, P= 0.079). In 2016, when disease was 

highest, the average take-all patch was very low in both cultivars (Table 3.18). 

Correlations of TAI, take-all patch and leaf senescence was performed in each 

year. None of these measures correlated in 2016. In 2014, TAI and take-all patch 

score did not correlate (P = 0.139, Rs = 0.544). However, towards the midpoint 

of senescence scoring in 2014, plot leaf senescence score correlated with both 

TAI (P = 0.005, Rs 0.822) and take-all patch score (P = 0.005, Rs = 0.841). When 

the plots ranged from a leaf senescence score of 6 to 10 at GS: 87, on 21st July 

2014, there was also a significant effect of cultivar on this data. Duxford plants 

had an average score of 9 (almost completely senesced) compared to Hereford, 

6.75 (over half way to senesced), P = 0.018. All other measurements of 

senescence in all three years were not significantly different. 

Table 3.18 Take-all disease patch scores for third wheat field trials 
14/R/WW/1409 and 16/R/WW/1618.  

 Logit take-all patch score (back-transformed %) 

 Cultivar means One-way ANOVA – within year effects 

Year Duxford Hereford  F Pr Cultivar SED d.f. 

2014 -2.04 (11.1)  -4.74 (0.367) 0.079 1.03 1 

2015 No patches visible 

2016 -4.07 (1.18) -4.51 (0.592) 0.572 0.691 1 

 

No interaction effects could be found for month and cultivar for the number of 

crown and seminal roots (data not shown). An effect of cultivar was observed for 

the number of seminal roots in 2015 (Figure 3.8a). When back transformed, this 

was the result of less than 1 seminal root difference across the field season 

between the two cultivars, Duxford had 4.05 average seminal roots compared to 

4.64 in Hereford. Other than the small difference in seminal roots in 2015, no 

Logit % roots with take-all in soil core 
bioassay (back-transformed mean) 

Three years combined ANOVA 
Treatment structure: Year/Block/Mainplot 

Cultivar F Pr Cultivar SED d.f. 

Duxford -0.57 (35.9) 0.039 0.209 1 
Hereford -1.06 (25.5)    
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other variation could be found for cultivar or month. The reduced number of 

Hereford plants in 2014, resulting from poor germination lead to greatly increased 

number of crown roots counted on Hereford plants (Figure 3.8b). This is likely the 

result of reduced competition for space in the soil. Thus, the number of crown 

roots were significant for the effect of cultivar in 2014, when Duxford plants had 

23.6 crown roots compared to 60.4 in Hereford (back transformed from square 

root, P < 0.001). In 2016, there was also a significant effect of cultivar (P = 0.04) 

when Hereford plants had an average of 22.1 crown roots compared to 19.5 

Duxford average over the season.  

Each year an expected effect of month on the number of crown roots was 

observed (Figure 3.9 a-c). As with the first wheat trials, the number of roots 

reached a peak in May or June each year. This followed with a monthly increase 

in dry weight of the root systems until May each year (Figure 3.9 d-f). No effect 

of cultivar on dry weight of the root system per plant were observed in 2015 and 

2016 (data not shown and not performed in 2014). However, in 2015 a trend for 

the interaction of time and cultivar was observed (Figure 3.10). Whilst not 

significant a similar pattern to the first wheat trials was observed where the weight 

of Hereford plants was less in July. 

Yield was significant for the effect of cultivar only in 2016 (P = 0.001), when 

Hereford yielded 11.09 tonnes per hectare compared to 9.69 produced by 

Duxford (Table 3.19). A similar trend was apparent in the first wheat field trial in 

this year where Hereford yielded 15.25 t/ha and Duxford 13.07 t/ha (Table 3.13). 

In 2015, when there was very little take-all disease, there was no difference 

between the two cultivars and in 2014 the poor germination in Hereford resulted 

in a reduced yield due to the lower plant number in the plots. 

Table 3.19 Third wheat field trials cultivar yields. 
 

 Yield @ 85% dry matter (tonnes/ha) 

 Cultivar One-way ANOVA – within year effects 

Year Duxford Hereford  F Pr Cultivar SED d.f. Grand mean 

20141 10.56 8.93 0.093 0.67 1 9.74 

2015 11.11 11.46 0.273 0.262 1 11.28 

2016 9.69 11.08 0.001 0.118 1 10.38 
1 In 2014 there was an issue with the germination rate of commercially 
supplied Hereford seed, a germination test found that Hereford seeds on 
wetted tissue paper was 60% compared to 98% in Duxford. This would have 
negatively influenced Hereford yield. 
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A) 

 
B)  

 
Figure 3.8 Number of seminal and crown roots per plant averaged over 
the season for third wheat trials 14/R/WW/1409 (July only), 
15/R/WW/1520 and 16/R/WW/1618. 
Error bars show the SED from individual years repeated ANOVA for the effect 
of cultivar, stars denote significantly different bars for effect of cultivar (* = P 
< 0.05, *** = P < 0.001). A) Square root seminal root number per plant for 
2014-2016. In 2014 P = 0.408 and 2016 P = 0.223. SEDs: 2014 = 0.021, 
2015 = 0.041 and 2016 = 0.015. B) Square root crown root number per plant 
for 2014-2016. In 2015, P = 0.356. SED: 2014 = 0.201, 2015 = 0.122 and 
2016 = 0.0832. 
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Figure 3.9 Number of crown roots and root system dry weight for third 
wheat field trials 14/R/WW/1409, 15/R/WW/1520 and 16/R/WW/1618. 
Results of repeated measures ANOVA are shown for the effect of month, 
*degrees of freedom were multiplied by a correction factor based on a 
Greenhouse-Geisser epsilon test result. A-C) Square root average number 
of crown roots per plant for 2014-2016, Greenhouse-Geisser epsilon 
correction factors: 2015 = 0.496 and 2016 = 0.42. D-F) Average dry weight 
per plant, Greenhouse-Geisser epsilon correction factors: 2015 = 0.3 and 
2016 = 0.566. 
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Figure 3.10 Root system dry weight per month for third wheat trial 
15/R/WW/1520. 
Results of repeated measures ANOVA for the interaction effect of Cultivar*Month 
were: F Pr = 0.052, SED = 0.0215, d.f. = 7.53, Greenhouse-Geisser epsilon 
correction factor applied to d.f. = 0.3  

 Laboratory root architecture experiments 

Image analysis of scans of roots suspended in water identified little difference 

between the roots of Hereford and Duxford from sieved soil cores in June 2014 

and roots cut from whole plants in June 2015. Table 3.20 shows a summary of 

ANOVA results from image analysis performed by the WinRHIZO scanner 

software. Out of all the parameters measurement, the average diameter of roots 

collected by sieving soil cores in June 2014, was the only statistically different 

variable for the effect of cultivar. Here a small increase in average diameter of 

Hereford roots of 0.28 mm compared to 0.26 mm was observed (P = 0.016, Table 

3.20). Other than this, in all three experiments performed, including first and third 

wheat in 2015, no differences in root diameter, length, surface area, volume or 

length per volume could be identified. 

In the controlled environment sand column experiment, no effects of cultivar could 

be observed for ability to penetrate hard wax layers (Table 3.21). The only 

significant effects observed were for the effect of wax strength, where a greater 

number roots penetrated the soft rather hard layer as expected (data no shown). 

Several root architecture measures were taken, in addition to wax layer 

penetration and the effects of cultivar are presented in Table 3.22. 
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Table 3.20 WinRHIZO scanner root system architecture image analysis ANOVA results table.  
Variables: root diameter, length, surface area, length per volume and volume. In June 2014 for experiment 14/R/WW/1431 sieved soil core samples 
were scanned and in June 15 roots cut from plant samples taken from experiments 15/R/WW/1517 and 15/R/WW/1520. 

 Analysis of variance F Probability for effect of cultivar 

Experiment Month - sample type 

Average 
diameter (mm) 

Root length 
(cm) 1 

Root surface 
area (cm2) 1 

Root length per 
volume (cm/m3) 1 

Root volume 
(cm3) 1 

Average dry 
weight (g) 1 

14/R/WW/1431 June - sieved soil cores 0.016 0.469 0.988 0.469 0.557 0.686 

15/R/WW/1517 June - plant samples 0.391 0.352 0.259 0.352 0.221 - 

15/R/WW/1520 June - plant samples 0.248 0.329 0.926 0.730 0.802 - 

1 Averaged by the number of plants in the sample for 15/R/WW/1517 and 15/R/WW/1520 sample. 
2 Dry weight is only included for the sieve soil cores as dry weight for 15/R/WW/1517 and 15/R/WW/1520 are displayed in Figures ## and ## 
respectively. 

 

Table 3.21 Sand column root penetration of wax layer experiment results ANOVA summary table. 
Number of roots penetrating the wax layer, maximum root depth and radii zones of penetration in a controlled environment wax layer experiment 
comparing root growth between Cadenza and Hereward in sand columns challenged with either strong or soft paraffin wax layers at 5 cm depth from 
the surface. 

  Analysis of variance F Probability 

Variable 

Square root number 
of penetrating roots 
per plant 

Maximum 
root depth 

Radial distance from the seed – square root number of 
roots penetrating zone per plant1 

A: ≤ 22 mm B: >22≤40 mm C: >40≤52 mm 

Cultivar 
0.123 0.557 0.223 0.341 0.101 

Strength of wax layer <0.001 0.003 0.119 <0.001 <0.001 

Interaction  0.392 0.143 0.259 0.502 0.057 

1 Zone A: diameter 44 mm; zone B: diameter 45-80 mm and zone C: diameter 81-102 mm 
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Table 3.22 Measures of root architecture at tillering in controlled environment wax layer root penetration experiment. 
Average tiller number, number of roots (crown and seminal), dry weight of roots (total, above and below the wax layer), dry weight of shoots and root 
to shoot ratio. Data averaged across strong and weak wax layer strengths as there was no significant main effect of wax strength or interaction 
between wax strength and cultivar. 

Cultivar1,2 Number of 
tillers (n) 

Square root of the 
number of seminal 
roots per plant 
(Bt3 mean) 

Square root of the 
number of crown 
roots per plant  
(Bt3 mean) 

Dry weight of 
roots above 
the wax layer 
(g) 

Dry weight of 
roots below 
the wax layer 
(g)4 

Total root 
biomass 
dry weight 
(g) 

Dry weight 
of shoots 
(g) 

Root to 
shoot 
ratio 

Avalon (HighTAB) 6.50  2.37 (5.62)   5.53 (30.6)  0.74 0.61 1.36 2.62 0.524 

Cadenza (LowTAB) 5.38  2.31 (5.34)   5.41 (29.3)  0.87 0.52 1.39 2.98 0.467 

Duxford (HighTAB) 7.75  2.31 (5.34)   5.66 (32.0)  0.77 0.76 1.52 3.10 0.505 

Hereford (LowTAB) 6.25  2.22 (4.93)   5.24 (27.5)  0.60 0.93 1.53 3.03 0.508 

Hereward (HighTAB) 7.75  2.11 (4.45)   5.12 (26.2)  0.57 0.55 1.11 2.25 0.511 

Player (LowTAB) 6.50  2.31 (5.34)   5.10 (26.0)  0.55 0.50 1.05 2.61 0.401 

SED (df=33) 0.669 0.098 0.218 0.085 0.169 0.164 0.32 0.0469 

Effect of cultivar  
F Probability 

0.008 0.153 0.077 0.003 0.108 0.022 0.088 0.120 

1 Low take-all build-up (LowTAB) or high take-all build-up (HighTAB), first wheat take-all inoculum build-up was classified in McMillan (2012), McMillan 
et al. (2011), WGIN (2013), except for Player. 
2 Player’s LowTAB trait possession has been investigated in as part of the current PhD, data presented in chapter 6. 
3 Bt = back-transformed 
4 This includes any roots which grew in the space between the wax layer and column – i.e. those which did not penetrate the wax. 
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The only value which was significantly different for the effect of cultivar was the 

dry weight of the root system above the wax layer (P = 0.003), which in turn gave 

an overall significant effect in total dry weight (P = 0.022). Whilst there was a 

cultivar effect on the dry weight, this did not provide evidence for a link with the 

TAB trait as the dry weights observed were spread throughout the TAB 

phenotypes of the cultivars. The other root variables measured had no significant 

main effect of cultivar, wax layer or interaction effects. 

3.5 Discussion 

In this chapter, two cultivars (Hereford and Duxford) were phenotyped for several 

traits: take-all build-up in first wheats, take-all disease in third wheats, crop health, 

yield and root architecture traits both in the laboratory and field. The purpose of 

this work was to investigate the putative possession of both the LowTAB and a 

partial root resistance trait in the high yielding cultivar Hereford. We also set out 

to examine if either of these traits had beneficial or detrimental effects on yield 

and crop health. Lastly, variation in root architecture was investigated in detail to 

test if any difference in macroscopic root system traits was the mechanism behind 

TAB and/or partial root resistance. Hereford is genetically dissimilar to Cadenza, 

which is currently the source from which the best performing lines in the AHDB 

recommended list trials is come from (McMillan et al., 2017, submitted). Thus, it 

was important to follow this genetically novel source of the TAB trait in these 

experiments.  

 Hereford is a source of LowTAB and root tissue based resistance 

Hereford was shown to promote both a reduced amount of first wheat take-all 

inoculum build-up and to have less third wheat disease than Duxford. Three 

repeat field trials, in 2014-2016, were used to grow the two elite winter wheat 

cultivars simultaneously in the first and third wheat rotation.   

The soil core bioassay method (Slope and Gutteridge, 1979), measured in the 

first wheat trial, revealed that post-harvest, take-all inoculum was always less in 

Hereford than Duxford. Averaged over the three years, Hereford had 7.8 % roots 

infected in the bioassay, compared to 22.2 % in Duxford. Thus, in these 

experiments Hereford can be confirmed as LowTAB compared to Duxford. 
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Caution must be taken when comparing between seasons and locations, due to 

the large environmental effects, however these can be used as ball park figures 

to rank cultivars. The Hereford three year average, is greater than the lowest 

builder Cadenza where 3.4 % average infection was observed (four year average, 

2004, 2006-08) in McMillan et al. (2011). However, it is in the region of the 

average build-up witnessed in two Cadenza relatives, Gallant and Grafton, which 

performed consistently, in the AHDB RL, Southern UK, trials in 2014 and 2015 

(McMillan, submitted). Grafton had an average of 6.52 % in 5 trials and Gallant 

10.35 % in 6 trials. These were on the lowest end of the build-up phenotypes 

witnessed compared to HighTAB averages of KWS Santiago 23.3 % and KWS 

Lili 21.1 %, both in 6 trials, over two years.  

Through season soil cores confirmed the hypothesis that the TAB trait only 

becomes significantly different for the effect of cultivar, post-harvest. In two of 

three years, inoculum began to build from June, with the percent roots infected in 

the bioassay fluctuating greatly in June and July in these years. Often the two 

cultivars presented similar infection rates within the season. However, post-

harvest the infection in Duxford was greater than Hereford and only at this point 

could cultivar effects be observed. The through season fluctuation gave no clear 

pattern of build-up in either of the two cultivars.  

In the AHDB PhD, a subsample of cultivars (including Cadenza, Hereward and 

Avalon) was used to test the epidemiology of the TAB trait, in a large trial of 45 

cultivars (McMillan, 2012). Similarly, to the results observed here through season 

effects for cultivar or interaction effects for month and cultivar; were not observed 

in 2009 and 2010 between April and post-harvest sampling. An in-season effect 

of cultivar was witnessed in 2011. However, this was unreliable due to the 

presence of the take-all antagonist Phialophora sp. giving uneven fungal 

inoculum distribution across the field. In the 2009 trial a post-harvest effect of 

cultivar was present. We therefore propose, that the TAB trait becomes effective 

at some time after growth stage 83-85 (dough development), and is then 

measurable at or within two weeks of harvest (3 days was the shortest gap 

between harvest and sampling, in 2015).  

The LowTAB trait in Hereford does not appear to have a negative effect on yield, 

with Hereford having higher first wheat yield compared to Duxford in both 2015 
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and 2016 (only significantly different in 2016). Comparisons between TAB and 

yield in a segregating mapping population between the two parents would be 

suitable to test this further (See Chapter 5). Crop maturation in both cultivars was 

very similar when measured using ear emergence and leaf senescence. In all 

three years, no or extremely limited take-all disease was witnessed in the first 

wheat trials as expected. Meaning that the effects of TAB were not influenced by 

residual take-all inoculum remaining in the soil from previous crops. These results 

confirm that a Hereford x Duxford doubled haploid population will be useful for 

investigating the genetic basis of the LowTAB trait. Hereford is genetically 

dissimilar to Cadenza (Figure 3.1) which confirms that the LowTAB trait has 

multiple genetic origins as previously suggested in McMillan et al. (2011). This 

provides an exciting opportunity to genetically map the trait with the assistance 

of Syngenta using current elite cultivars, a topic addressed Chapter 5. 

In the third wheat experiments, Hereford was confirmed to have reduced root 

infection compared to Duxford. A three-year average analysis showed that 

Hereford roots were around 10 % less infected than Duxford (TAI of 35.9 

compared to 25.5 for Duxford and Hereford respectively). TAI is a measure of 

both incidence and severity of disease (Bateman et al., 2008). This agrees with 

previous findings when Hereford was consistently the least susceptible to take-

all disease out of 45 elite winter wheat varieties (McMillan, 2012). This lead the 

authors to suggest that Hereford possessed a root resistance trait. We aimed to 

study the take-all disease epidemic and root growth in this work to try to further 

elucidate Hereford’s reduced overall infection rates which are observed during 

grain filling.  

Take-all disease severity is highly variable year on year (Hornby et al., 1998). 

This was very evident in the current research with final infection rates in the third 

wheats varying greatly. When studying the percent of plants infected each year, 

the final incidence of disease in July, varied from 5.31 % plants infected in 2015, 

to 81.5% in 2015 and 100 % plants infected in 2016. Unfortunately, only the 

through season effects of 2016 provide an effective study of the take-all disease 

epidemic. This is due to the seasonal low levels of take-all disease witnessed in 

2015 and the issues with the Hereford reduced germination in 2014. However, 

the incidence and severity of disease measured through the 2016 season may 

begin to elucidate Hereford’s reduced overall final disease. 
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In March 2016, at the first sampling point a large difference in the percent plants 

infected was observed. With the incidence of take-all reduced in Hereford plants 

from 70.1 % compared to 92.4 % in Duxford. Continuing through the season the 

numbers of Hereford plants which were infected were increasingly similar to 

Duxford. By the final time point this meant both presented 100 % of plants 

infected. With a high degree of fluctuation in percent plants infected through the 

season there was no interaction of month and cultivar but there was however a 

significant effect of cultivar averaged over the season. This can be linked to the 

early season reduced percent plants infected in Hereford, which had been 

overcome by the final sampling point. Similar results of disease resistance being 

overcome after an initial pathogen establishment phase have been found in the  

resistant crop species rye (van Toor et al., 2015).  

In the 2016 season, Hereford seminal roots resisted take-all infection early on but 

this was overcome by the end of the season. When measured as either incidence 

of disease (seminal roots infected per plant) or as severity (seminal roots infected 

per infected plant) Hereford seminal roots were less infected. Averaged over the 

season this lead to significant effects of cultivar but no interaction of cultivar and 

time. Like with percent plants infected, at the early time point Hereford was less 

infected, but by the final sampling point seminal root infection was equal in both 

cultivars. This was not the case for crown root infection, where both incidence 

and severity of disease progressed with an almost identical pattern through the 

season for both cultivars. Take-all disease begins with primary infections of young 

roots and then spreads via root-to-root spread of infective hyphae causing 

secondary infections (Brown and Hornby, 1971, Bailey and Gilligan, 1999, Skou, 

1981). The results collected in this project suggest that in the very severe disease 

year of 2016, Hereford seminal roots resisted to some degree the primary root 

infection. But, secondary disease was not slowed and thus adult roots were not 

resistant. Therefore, the reduced starting infection/fungal load in March was the 

only explanation of the reduced final TAI in Hereford in 2016. 

Reduced seminal root infection was also observed in Hereford in 2011 in previous 

PhD research (McMillan, 2012). In this earlier study, the numbers of Hereford 

roots were significant for the interaction effect of cultivar and month. Here the 

number of seminal roots infected per plant were lower at the first sampling point 

in March (around 0.5 seminal roots per plant). Hereford then maintained a lower 
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number of seminal roots through the season finishing in July with around 1 

seminal root infected per plant compared to 2.5 in the cultivar Hereward. The 

lower disease at the start may be indicative of later primary infections in the 2011 

year. Therefore, reduced seminal root infection in Hereford seems to be a 

common theme.  

In an inoculated pot test, Hereford seedling roots were no less infected than any 

other of the 45 elite winter wheat cultivars included in the AHDB PhD (McMillan, 

2012). However, this may be due to the fact the inoculum levels are very high 

and infection is calibrated at around 50% root infection. Alternatively, this could 

be a pot phenomenon and different to the infection patterns observed in the field. 

It would be very exciting if the Hereford reduced seminal root infection could be 

replicated in a large pot bioassay, lower temperature and potentially by using 

lower doses of the fungal inoculum. Recently the transcriptome for wheat seeding 

roots with and without take-all infection has been published (Yang et al., 2015b). 

This may allow comparative transcriptomics approach between Hereford infected 

roots and infected roots of other highly susceptible cultivars like Hereward. This 

could provide a molecular or biochemical basis for primary root infection 

resistance in Hereford. 

In 2016, in the third wheat experiment a large increase in yield was observed for 

Hereford which yielded 1.39 ton/ha more than Duxford. It is hard to determine if 

this is the result of reduced take-all disease. Notably, the same increase of 1.38 

ton/ha was also observed in the first wheat position, in 2016. This suggests that 

there was not a beneficial yield increase resulting from the reduced take-all 

disease in Hereford. Most likely due to the small reduction in overall final disease 

of 10 %. In the 2015 third wheat experiment, there was no difference between 

Hereford and Duxford. However, this is very likely to be a seasonal effect as no 

significant difference in Hereford yield was witnessed in two other field trials on 

the Rothamsted farm. Thus, 2015 was a poor season for Hereford. 

The take-all patch score in third wheat experiments carried out here was an 

unreliable measure of disease. The take-all patch score failed to give correlations 

nor significant differences related to cultivar effects in 2014 or 2016. This, may 

be the result of several factors. Firstly, the difference between Hereford and 

Duxford is relatively small at 10 %, therefore variation in above ground symptoms 
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is not likely to present. This could also be influenced by differences in tolerance 

of take-all infection/drought symptoms between cultivars. In the very high disease 

year in 2016, the plots were all very similar considering the reduced disease from 

TAI of 88 to 78 (Duxford vs Hereford). In this season, there was a relatively large 

amount of rainfall in June 2016 (Table 3.10), which would have meant that the 

soil was saturated with water, reducing stress on the plants which is known to 

influence above ground symptoms (Hornby et al., 1998). This highlights the 

difficulty of measuring take-all in the field. Take-all patch score is generally a 

reliable measure in second wheat oversown trials (see Chapter 4). It has also 

been used in the past to successfully measure disease in a specific area 

(Gutteridge et al., 2006). However, the results from this project suggest this 

measurement may be unreliable in third wheat situations. In 2014, leaf 

senescence strongly correlated with TAI, therefore perhaps this is a more 

effective measurement than the take-all patch score, in third wheats in the future. 

Previous studies have suggested that there is not a link between LowTAB and 

the partial root resistance trait. For example, Cadenza contains the LowTAB trait 

but is still highly susceptible to disease. Hereford’s lack of Cadenza in its pedigree 

mean that the genetics are potentially very unrelated as could be the mechanism. 

Therefore, it cannot be ruled out that the partial resistance trait could be linked to 

Hereford’s LowTAB status in this case. 

 Root architecture is not related to TAB or tissue based resistance 

The root systems of the two cultivars measured in the field and the six cultivars 

measured in the laboratory were remarkably similar. Wheat and other crop 

species are reported to have genotypic differences in root system traits, including 

root number and biomass (Manschadi et al., 2008, Christopher et al., 2013, 

Nichols et al., 2007, Crush et al., 2007, Whalley et al., 2013). Abiotic stress is the 

central focus of root system architecture research. It is also likely that differences 

in root phenotypes between genetic variants could influence biotic stresses 

during host-pathogen interactions. Increased root number/biomass could for 

example enhance take-all inoculum build-up in soil through provision of a greater 

carbon source for the fungus. Similarly, a greater root number, early in the season 

may increase the ability for secondary disease spread (Colbach et al., 1997).  
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In this study, we found no evidence that root number or biomass differ between 

Hereford and Duxford during active root growth of first and third wheats under 

field conditions. The numbers of crown and seminal roots on the two cultivars 

were very similar throughout each season. This was most similar in the third 

wheat position. The only trial in which a slight difference was observed was the 

first wheat trial in 2014, when Duxford roots continued to increase in number 

slightly in June. However, this trial was drilled at the much later time of December, 

so the effect of the late drilling on the root development cannot be ruled out. A 

huge effect was seen resulting from the poor germination in the third wheat trial 

in 2014. This resulted in extremely high Hereford crown root numbers. The effect 

of competition for space in the soil is clearly very high (Tian and Doerner, 2013), 

thus with reduced competition, we must assume that Hereford increased root 

number in the top soil, this may also have been an adaption to the increased tiller 

number. The final average number of crown roots was different in each season. 

Final root counts between first and third wheats were similar in the same season, 

though some field variation could be observed. Root number is known to fluctuate 

between fields and seasons. This is because the root system will respond based 

on genotypic and adaptive responses to conditions of the environment the crop 

is growing in. Thus, temporal and spatial variation is known to result from the 

physical properties of the soil, including moisture and nutrient content in addition 

to other abiotic and biotic influences like infection with take-all disease (Bingham 

and Bengough, 2003, Sun et al., 2016, Vacheron et al., 2013, Bailey et al., 2006). 

One trend which was noticed was for Hereford roots to show a reduction in 

biomass after May/June, when they had finished increasing in number each year. 

Whilst this was often not significant, it may suggest that Hereford roots decay at 

a faster rate than Duxford. This was observed significantly in 2014 first wheat 

(late sown), with a trend in 2015 third wheat and with nonsignificant reductions in 

first wheats in 2015 and 2016. However, when studying the WinRHIZO scanner 

results the roots sampled from soil cores or whole plants in June in 2014 and 

2015 did not present any differences in the average diameter, length or surface 

area which could explain the reduction in dry weight later in the season. This may 

provide a potential mechanism where saprophytic survival is decreased on the 

roots of Hereford due to a faster rate of decomposition. This could be effectively 

measured using plants grown in the field under tents enthused with 14C gaseous 



106 
 

isotopes (Hirte et al., 2017). This may allow the investigation of root decay 

between Low and High TAB cultivars in the future.  

To investigate root traits in the laboratory, a controlled environment growth assay 

was performed. A wax layer penetration method was used, as this has been 

found to reliably identify genotypic variation in root traits (Clark et al., 2000, Kubo 

et al., 2004, Whalley et al., 2013). Most notably this method has also identified 

phenotypes which are maintained under field conditions, particularly for 

separating wheat cultivars into shallow or deep rooting categories (Botwright 

Acuna et al., 2007). None of the six cultivars, with varying TAB and take-all 

susceptibility traits, showed increased ability to penetrate strong layers. This 

indicates that the six tested cultivars (five winter wheats and one facultative 

wheat) would not possess deep rooting phenotypes in the field. This agrees with 

previous investigations where variation in the ability to penetrate strong layers in 

six modern UK wheat varieties, could be linked only to increased root number 

(Whalley et al., 2013). In the present study, in addition to finding no overall 

variation in ability to penetrate the wax layer we also find that root number did not 

significantly differ.  

Botwright Acuna et al. (2007) identified an Australian wheat cultivar which was 

unable to penetrate strong wax in the controlled environment experiment and had 

a relatively shallow rooting phenotype in the field. All six cultivars could penetrate 

the strong wax layer, with no cultivars presenting an enhanced or decrease 

ability. This indicates that they also do not possess particularly shallow rooting. 

The sand column experiment has effectively identified variation in root 

phenotypes of penetration ability and root number in modern wheat cultivars in 

previous screens (Kubo et al., 2004, Whalley et al., 2013, Botwright Acuna et al., 

2007). In this project, no variation in these important root traits could be found in 

the three LowTAB and three HighTAB cultivars tested. However, it is encouraging 

that these findings match the field results observed for Hereford and Duxford, 

were no notable variation in the growing roots could be found in five field trials, in 

both the first and third wheat position. 

Genotypic differences in dry weight of wheat have been identified using the wax 

layer penetration assay, with a range values being observed across genetic 

backgrounds (Whalley et al., 2013, Botwright Acuna et al., 2007). Total root 
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biomass in the controlled environment experiment varied for the effect of cultivar. 

This was the result of varied above wax dry weight, mass below the wax was not 

significantly different. This differs from previous findings for UK wheat varieties 

where dry weight both above and below the wax layer was significantly different 

(Whalley et al., 2013). However, the differences observed in the current work do 

not relate to the TAB or susceptibility traits. The total dry weight of Hereford and 

Duxford was very similar as was Cadenza and Avalon. Hereford and Duxford are 

more recently bred cultivars and their root masses were heavier, than Cadenza 

and Avalon. This suggests that modern cultivars have greater root mass than 

earlier commercially released hexaploid wheat cultivars. The results from the 

controlled environment wax layer penetration assay provide no evidence for any 

marked difference in rooting depth, number or overall root system dry weight 

between the LowTAB and HighTAB cultivars. Indeed, all six cultivars have 

markedly similar root phenotypes in the field and in the laboratory.  

 Summary 

Hereford possesses both the LowTAB and a partial root resistance trait, 

compared to Duxford. These two traits now provide an exciting opportunity to 

further research and commercially implement potential take-all disease solutions 

with Syngenta. The Hereford x Duxford DH mapping population (currently being 

produced) will be very useful for further mapping the LowTAB trait. The trait is 

clearly expressed differently between the two cultivars and this was measurable 

in two of three years and in a combined analysis. However, the root resistance 

trait may be more difficult to map for QTL. This is because the difference is quite 

small and take-all disease is a very variable disease across fields. Averaged over 

three years, significant differences between the two cultivars were observed, but 

within years this was not different. The root resistance trait may be linked to 

resistance which is expressed in seminal roots. This has been found once in 2011 

(McMillan, 2012) and once in 2016. This reduced primary infection may reduce 

the fungal load of the soil and/or slow the rate at which take-all disease forms 

secondary infections. With no resistance in the crown roots this means that by 

the end of the season disease incidence (percent plants infected) is the same but 

overall root system infection (take-all index) is reduced. Both Hereford and 

Duxford are high yielding cultivars. The root resistance trait did not provide 
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enhanced yield, other than the normal yield increase between the two cultivars. 

In 2016, both cultivars produced high yields considering the severity of take-all 

disease in that season – most likely linked to the availability of water through the 

season and late spread of the disease. The results of root architecture studies in 

the field and laboratory encouragingly agreed with each other. However, the root 

systems of Hereford and Duxford did not vary in any notable attributes. Thus, it 

is concluded that macroscopic root architecture phenotypes are very unlikely to 

provide a mechanism for either the TAB trait or root resistance trait possessed 

by the cultivar Hereford. 
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Chapter 4. Field Investigations of Chemistry and 

Genetics in Take-all Inoculum Build-up Situations to 

Reduce the Risk of Second Wheat Take-all Disease 

4.1 Introduction 

To preserve the effectiveness of crop pathogen protection methodologies, it is 

extremely important to provide combined and durable strategies for disease 

control (Bourguet et al., 2016, Ratnadass et al., 2012).  However, theoretical and 

empirical investigations, which combine the use of multiple disease control 

strategies are extremely limited (Bourguet et al., 2016). One recent example is 

Lo Iacono et al. (2013) where the effect of recurrent fungicide applications on 

pathogen demographic stochasticity was modelled. This provided evidence for 

increased crop host resistance durability, when combined with fungicide sprays. 

Such practices, whilst known to be beneficial, must be investigated on a case-by-

case basis in the field (Vanloqueren and Baret, 2008). This is due to the 

particularities of individual pathosystems, local environmental effects, costs of 

applying chemical control products and organisational factors involved 

(Ratnadass et al., 2012, Vanloqueren and Baret, 2008). Commercially available 

chemical and genetic control methods for take-all disease of wheat are currently 

extremely limited (introduced in Chapter 1). Therefore, to date there is no 

combined genetic resistance and fungicide application strategy for the disease.  

In most crop pathosystems, applying fungicides as foliar sprays is a highly 

effective method of controlling disease (Morton and Staub, 2008). However, the 

effectiveness of such control methods is often limited in soil-borne pathosystems 

(Okubara et al., 2014). In standard UK/EU wheat farming practice, fungicides are 

applied at three or four set spray times, presented in Table 4.1 (AHDB, 2016). 

These were devised to target the main time points where the greatest amount of 

grain yield is at risk of loss from pathogen attack (van den Berg et al., 2013). In 

the case of take-all disease, foliar applied, strobilurin fungicide sprays, at T1, of 

azoxystrobin or fluoxstrobin, are currently recommended for disease control in 

high risk situations (normally second and third wheats) (AHDB, 2016, AHDB, 

2006). However, overall these chemistries are considered to only provide partial 
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and inconsistent take-all disease control (Bateman et al., 2006, Jenkyn et al., 

2000, Jenkyn and Gutteridge, 2002). 

 

Table 4.1 Foliar applied fungicide spray times for small grain crops. 
 

Spray 
time 

Crop growth stage 
(GS)1 

Plant organ protection target 

T0 2-4 weeks pre-31  Seedlings – optional spray for years with high 
disease pressure predicted 

T1 31 Third leaf and stem during elongation 

T2 39 Flag leaf to maintain photosynthetic capacity 

T3 61-65 Ear during flowering to protect grain and quality 

1 Zadoks decimal code for cereals (Zadoks et al., 1974) 

 

The effect of Amistar (a.i. azoxystrobin) on second and third wheat disease has 

been well studied on the Rothamsted farm in Hertfordshire, UK. Here it was found 

to significantly decrease take-all disease severity, but not incidence in second 

and third wheat field trials (Jenkyn et al., 2000). In four trials, over two seasons, 

disease was reduced by at least half in azoxystrobin compared to untreated plots. 

In 1999, reduced disease severity gave yield benefits in two of the three trials. 

However, in the remaining trial no yield benefit was observed. Over time, larger 

inconsistencies have been found for the control of take-all with Amistar in 

continuous wheat field experiments (Bateman et al., 2006). In three third wheats, 

in crop sequence experiments, there was a reduction in disease severity, one trial 

in 2004 and two in 2005. However, in second wheats and one third wheat trial 

there were no significant advantageous effects of applying Amistar. No 

explanation has been found for varied Amistar efficacy. A potential link with soil 

moisture at the time of application (and thus soil mobility of the active ingredient) 

has been suggested (Bateman et al., 2006, Jenkyn and Gutteridge, 2002, Jenkyn 

et al., 2000). As an alternative to Amistar (or in addition to), a foliar application of 

Fandango (a.i. fluoxastrobin) at T1, is also recommended in take-all disease 

situations (AHDB, 2016). However, there is no published data on the efficacy of 

this foliar fungicide in field trials. The effect of foliar strobilurin fungicide 

application(s) on take-all inoculum build-up in first wheats has never been 

investigated.  
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Another foliar take-all chemical control strategy, recommended by Syngenta, is a 

spray at T1, of the plant growth regulator (PGR) Moddus (a.i. trinexapac-ethyl). 

Moddus has been found to have an off-target effect of decreasing take-all disease 

in second and third wheats, with an unknown mechanism, which may be related 

to root architecture (unpublished data, Moddus product guide). This PGR 

transiently inhibits conversion of the inactive gibberellic acid precursor, GA20, to 

bioactive GA1 and is commercially advised to increase wheat rooting depth 

(unpublished data, Moddus product guide). Whilst GA has been implicated in 

plant immunity (Denancé et al., 2013), this involves gibberellins which are 

precursors to GA20, thus plant immunity is unlikely to explain the take-all control 

provided by Moddus. However, trinexapac-ethyl has been shown to have an in 

vitro fungistatic effect on the Gaeumannomyces avenae (a relative species of G. 

tritici) isolated from creeping bent grass (Agrostis stolonifera)  in the USA, which 

may form an explanation for the take-all control provided by Moddus (Avison et 

al., 2005). Similarly, to foliar fungicides, the effect of applying Moddus on take-all 

build-up in first wheat has never been studied. 

Recently a novel genetic control trait for take-all disease has been discovered for 

the first time – the LowTAB trait (paper submitted: McMillan et al., 2017, McMillan 

et al., 2011, WGIN, 2013). The TAB trait has been introduced in detail in Chapter 

1 and the mechanism, epidemiology and genetics are investigated in Chapter 3 

and 5 of this thesis. The potential to control the build-up of take-all inoculum to 

prevent disease with a genetic trait raises the question of whether active 

chemistries can also prevent take-all biomass production in first wheats. 

Additionally, this provides an opportunity to research a combined take-all control 

strategy for the first time. This is particularly timely, because investigations are 

already underway to test the prevalence of the LowTAB trait in current, UK elite 

winter wheat in Agriculture and Horticulture Development Board (AHDB), UK 

recommended list field trials (in 2014 and 2015) (paper submitted, McMillan et 

al., 2017). The eventual aim of these screens for TAB, is to provide a commercial 

use of the LowTAB trait in UK wheat crop rotations. Additionally, the potential for 

breeding of this trait in current elite winter wheat lines is also underway as part of 

this PhD (Chapter 5) and in a BBSRC-TSB project with Rothamsted and four 

breeding companies. Thus, it would be highly beneficial to have a combined 

strategy of disease control, namely genetics and chemistry, against take-all 

http://www3.syngenta.com/country/uk/en/ProductGuide/Pages/Moddus.aspx
http://www3.syngenta.com/country/uk/en/ProductGuide/Pages/Moddus.aspx
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inoculum build-up, ahead of the commercialisation of this genetic trait. Should 

Amistar or Moddus be effective at preventing take-all build-up, this has potential 

to be used in the future to promote and/or protect the durability of the LowTAB 

trait – though this will not be assessed in the current work.   

The research presented in this chapter has investigated the effect of combined 

chemistry (Amistar and Moddus) application and the LowTAB genetic trait on first 

wheat take-all inoculum build-up and subsequent second wheat disease. An 

epidemiology and agronomical study was carried out to assess the influence(s) 

on take-all inoculum build-up in the soil resulting from the timing of single and 

multiple Amistar applications, one application of the PGR Moddus and the TAB 

trait in first wheat crops. The occurance of disease (both severity and incidence) 

and yield within second wheat oversow field trials was then studied to observe 

the effect of the first wheat treatments. Two hexaploid cultivars, Hereford and 

Duxford, were selected from previous screens to study the combined effect of 

TAB and Amistar. Hereford, was designated as a LowTAB cultivar and Duxford 

as HighTAB in a series of field trials investigating TAB in 45 elite winter wheat 

cultivars (BBSRC PhD studentship with support from AHDB Project 3480; 

McMillan, 2012). However, after 2009, Hereford was removed from the UK 

recommended list due to Puccinia triticina (brown rust) susceptibility. Hence, 

Hereford was only included in one repeat of the previous trials. Thus, Hereford’s 

LowTAB status has been investigated each year, in 2013-2016 in this thesis 

(Chapters 3, 4 &5) and findings are used in the analysis of this cultivar in this 

Chapter and Chapter 5.  

Through implementing a series of multifactorial wheat cultivar rotation field trials, 

the aim of this research was firstly to invesigate if Amistar (in multiple spray timing 

regimes) or Moddus (at T1) could be used to limit take-all inoculum build-up in 

the soil during year 1 of wheat cropping. The trials were then oversown with the 

take-all suseptible cultivar, Gallant, as second wheat trials, to test if first wheat 

chemistry effects could be carried over to influence second wheat disease and 

yield. The hypothesis was that take-all active fungicide and/or PGR, would be 

effective at preventing inoculum build-up during first wheat growth and that this 

would lead to decreased second wheat take-all disease and increased yield. 

Secondly the combined effect of these chemistries with the TAB genetic trait was 

investigated, in order to investigate synergistic, additive or negative effects. We 
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hypothised that the genetics and chemistry would work synergistically, to lower 

take-all inoculum and that the level of disease in the following second wheat 

oversow experiments would subequently be reduced to levels lower than with the 

TAB treatment alone. In addition to disease measurements, indicators of crop 

health were measured including plant heights, leaf sencence and yield. The 

overarching aim of this Chapter was to identify if an integrated take-all disease 

solution combining genetics and chemistry, through targeting first wheat inoculum 

build-up, could be used as a means to reduce second wheat disease and protect 

wheat yields, in the field. 
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4.2 Materials and Methods 

 Year 1: Field trials to measure the effect of chemistry and TAB genetic trait 

on take-all inoculum build-up 2013-2015 

Replicated winter wheat trials, in harvest years 2013, 2014 and 2015 were sited 

on the Rothamsted farm, Hertfordshire, UK on flinty clay loam soil of the 

Batcombe or Carsten or Panholes soil series (Table 4.2) (Avery and Catt, 1995). 

The first wheat trials were sown after a one-year non-cereal break crop of either 

winter oilseed rape or spring beans. A fully randomised design with four repeated 

blocks was used. A schematic of an individual block design is shown in Figure 

4.1 whilst full field plans for all three trials can be found in Appendix 1. Whole plot 

size was 9 x 6 m with a 1.5 m gap between plots to prevent soil movement 

between year 1 and year 2 experiments – described in Section 4.2.3. Each whole 

plot was divided into split plots of two 9 x 3 m plots sown with cultivars Hereford 

or Duxford; at 325 or 350 seeds per meter square (Table 4.2).  

 

Figure 4.1 Schematic of first and second wheat trial design. 

Basic schematic of one block of the field trial design for first and second 
wheat rotation trials to study the combined effect of chemistry and the 
LowTAB genetic trait on take-all build-up and second wheat take-all disease. 
Year one plot labels correspond to chemistry treatments described in Table 
4.3. 
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Table 4.2 Details of field trials used in this chapter. 
Details of the field trials used to study the effect of Amistar and LowTAB on take-all inoculum build-up and second wheat disease  

Harvest year 
(Rothamsted trial code) 

Rothamsted 
Field 

Cropping history Sowing 
date 

Seed rate 
(seeds / m2) 

Date 
harvested 

Soil type2 

1 year previous 2 years previous 
Year 1: Effect of 1st wheat chemistry and root genetics on take-all inoculum build-up   
2013 (13/R/CS/742) Great Knott 2 Winter Oilseed Rape Winter wheat 29/09/12 350 08/08/13 Typical Carstens 
2014 (14/R/CS/749)1 Stackyard Spring beans Winter wheat  10/10/13 350 21/08/14 Typical Batcombe 
2015 (15/R/CS/763) Drapers Winter Oilseed Rape Winter wheat 01/10/14 325  18/08/15 Typical Carstens or 

Panholes  
        
Year 2: Effect of year 1 chemistry and root genetics on disease in take-all susceptible 2nd wheat – cultivar Gallant  
2014 (14/R/CS/742) Great Knott 2 13/R/CS/742 Winter Oilseed Rape 27/09/13 300 21/08/14 Typical Carstens 
2015 (15/R/CS/749) Stackyard 14/R/CS/749 Spring beans 31/10/14 400 17/08/15 Typical Batcombe 
2016 (16/R/CS/763) Drapers 15/R/CS/763 Winter Oilseed Rape 26/09/15 300 09/08/16 Typical Carstens or 

Panholes 
1 In 2014 there was an issue with the germination rate of commercially supplied Hereford seed, a germination test found that Hereford seeds on wetted 
tissue paper was 60% compared to 98% in Duxford.  
2 As described in Avery and Catt (1995) 

 

Table 4.3 Chemistry treatments applied and application timing structure for year one combined effect of chemistry and 
LowTAB field trials: 2013-2015 

  Spray inclusion 

Treatment Chemistry T1 T2 T3 

A  

Amistar1 

- - - 
B + - - 
C - + - 
D - - + 
E + + - 
F - + + 
G + - + 
H + + + 

I  Moddus2,3 + - - 
1 Amistar applied at rate of 1 l/ha at each time point 
2 Moddus applied at T1 at rate of 0.2 l/ha 
3 When analysing the data for the timing effect of Amistar application 
the PGR treatment of Moddus becomes the control treatment due to 
different chemistry being used, in unrelated structure to Amistar 
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Plant growth regulators, fertiliser and herbicides were applied as per the standard 

Rothamsted farm practice. Field trial design was carried out by consultant 

statistician Rodger White. To test the effect of chemistry on take-all build-up nine 

different regimes were applied to whole plots (Figure 4.1; Appendix 1). Amistar 

at 1.0 l/ha (22.9 % azoxystrobin) was applied to 7 of the 9 whole plot treatments 

at varying time points through the season (Table 4.3). These were designed to 

incorporate all standard timed fungicide sprays (described in Section 1.1) to 

highlight any temporal effect of chemistry application. One treatment group 

received the farm fungicide base treatment only, the final group received a T1 

spray of the PGR Moddus at 0.2 l/ha (20% trinexapac-ethyl). 

To control major pathogens, all plots were treated with a standard broad spectrum 

farm base fungicide regime, as designated by David Ranner, Syngenta Crop 

Protection (excluding take-all active compounds, full details Appendix 2. In 2014 

and 2015, due to high winter foliar disease pressure, an additional T0 spray of 

Cherokee (chlorothalonil, propiconazole and cyproconazole) to target yellow rust 

was applied to all plots in March. Plots were sampled several times through the 

season and post-harvest (Table 4.4). Individual plots were combine-harvested 

from a 2 m x 9 m strip from the centre of the plot at maturity and grain yield in 

tonnes/ha at 15% moisture content was calculated. 

 Measuring take-all inoculum build-up 

A soil core bioassay method, (Slope and Gutteridge, 1979, Gutteridge et al., 

2008) was used to measure the infectivity of the soil in response to the different 

chemistry and cultivar regimes applied to the trials 13/R/CS/742; 14/R/CS/749 

and 15/R/CS/763. At each sample point five soil cores were taken per plot in a 

w-shaped transect. A through season subsample of treatments A (no Amistar) 

and H (three sprays of Amistar) was taken before and after each spray at T1, T2 

and T3 (Figure 4.1, Table 4.3 & Table 4.4). Post-harvest in each season all plots 

were soil cored. The soil core bioassay method was then performed as described 

in the general methods Chapter 2. 
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Table 4.4 Sampling details of first wheat effect of Amistar and LowTAB on take-all inoculum build-up field trials: 2013-2015. 
 

Harvest year (Trial code) Sampling method  Units per plot Month or time point Date of sample Growth Stage (GS)2 
2013 (13/R/CS/742) 

Epidemiology study1 

Treatments A & H 
Soil bioassay 5 cores Pre-T1  07/05/2013 31 
Soil bioassay 5 cores Pre-T2 03/06/2013 39 
Soil bioassay 5 cores Pre-T3 18/06/2013 59 
Soil bioassay 5 cores Post-T3 27/06/2013 64-65 

All plots/treatments Soil bioassay 5 cores Post-harvest – August  15/08/2013 After harvest3 
Plant samples (subset)4 5 x 20 cm fork July 09/07/2013 71-73 
Plant heights5 5 plants per plot (cm) July 08/07/2013 71-73 
Leaf senescence6 Scale 1-10  July 22/07-01/08/2013 77-91 

2014 (14/R/CS/749)  

Epidemiology study1 

Treatments A & H 
Soil bioassay 5 cores Pre-T1  14/04/2014 31 
Soil bioassay 5 cores Pre-T2 15/04/2014 39 
Soil bioassay 5 cores Pre-T3 03/06/2014 59 
Soil bioassay 5 cores Post-T3 20/06/2014 69 

All plots/treatments Soil bioassay 5 cores Post-harvest – August 29/08/2014 After harvest3 
Plant samples (subset)4 5 x 20 cm fork July 10/07/2014 83 
Plant heights5 5 plants per plot (cm) July 25/06/2014 71 
Leaf senescence6 Scale 1-10 July 17-28/07/2014 77-91 
Ear emergence Growth Stage2 May-June  29/05-10/06/2014 Up to 61 

2015 (15/R/CS/763)  

Epidemiology study1 

Treatments A & H 
 

Soil bioassay 5 cores Pre-T1  22/04/2015 31 

Soil bioassay 5 cores Pre-T2 15/05/2015 39 

Soil bioassay 5 cores Pre-T3 03/06/2015 59 

Soil bioassay 5 cores Post-T3 18/06/2015 69 

All plots/treatments Soil bioassay 5 cores Post-harvest – August  28/08/2015 After harvest3 

Plant samples (subset)4 5 x 20 cm fork July 23/07/2015 87 

Plant heights5 5 plants per plot (cm) July 15/07/2015 77 

Leaf senescence6 Scale 1-10 July 16-30/07/2015 83-91 

Ear emergence Growth Stage2 May-June  29/05-08/06/2015 Up to 61 
1 Epidemiology study only on plots with treatments A (no Amistar) & H (T1, T2 & T3 Amistar spray) sampled; Amistar was applied at 1 l/ha. 
2 Zadoks decimal code for cereals (Zadoks et al., 1974). 
3 Harvest dates in Table 4.2. 
4 Subsampled both cultivars from chemistry treatments A (no Amistar), H (T1, T2 & T3 Amistar spray) and I (T1 Moddus PGR). 
5 Plant height measured to base of ear in 2013 and 2015, measured to tip of awn in 2014 and 2015 
6 Leaf senescence measured on a scale of 1 – 10 (10 = fully senesced) over the whole plot see Chapter 2 for scale key. 
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 Year 2 Oversow: Effect of year 1 chemistry and genetics on disease in 

take-all susceptible wheat 

All field trials outlined above (Section 4.2.1) were oversown as second wheats in 

harvest years 2014, 2015 and 2016, as shown in Figure 4.1. Full field plans for 

each trial can be found in Appendix 3. The whole trial site was stubble cultivated 

in the direction of the previous years’ plots. In 2015 and 2016, the trial site was 

additionally ploughed, also in the direction of the plots. After preparation of the 

seed bed the whole site was drilled with winter wheat cv. Gallant (fully susceptible 

to take-all), in the autumn at a seed rate of 300-400 m2 (Table 4.2). PGR, 

herbicides, fertiliser and fungicides (excluding take-all active compounds) were 

applied over the whole trial site as per standard Rothamsted Farm practice. The 

original plot areas from the previous trial were individually sampled at several 

time points through the season detailed in Table 4.5. At grain maturity, a 2 m x 9 

m strip from the centre of each plot was combine-harvested. Grain yield in 

tonnes/ha at 15% moisture content and thousand-grain weight were calculated.  

 Plant sampling to assess field trials for take-all disease 

In the first wheat experiments where take-all disease infection on the adult plant 

roots was not expected, the whole trial was sampled initially in July by taking five 

samples per plot, with 20 cm fork (Table 4.4 field trials: 13/R/CS/742, 

14/R/CS/749 and 15/R/CS/763). However, only a subsample of treatments were 

assessed for take-all disease (chemistry treatments A, H and I). This subsample 

was a control to check that negligible take-all disease had infected the crop, in 

order to confirm the previous break crop had led to no carry over of disease.  In 

the second wheat oversow trials plant samples were taken in April (GS 25-32) 

and July (GS 75-83) to the assess amount of disease resulting as an effect of first 

wheat treatments (Figure 4.1). In April, five samples per plot, with a 15 cm wide 

fork were taken and in July an increased number of ten samples per plot were 

taken with a 20 cm wide fork (Table 4.5) field trials: 14/R/CS/749, 15/R/CS/749 

and 16/R/CS/763). Forks were used to dig samples, which were shaken free of 

dirt, soaked in water for 15 min minimum and then washed free from remaining 

soil. The roots of April samples were then stored at 4 °C until being assessed. 

Disease assessments were done as described in Chapter 2.
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Table 4.5 Sampling details for second wheat Gallant oversow field trials to study take-all infection: 2014-2016. 
 

Harvest year  
(Field trial code) 

Sampling method or 
measurement 

Units per plot Month or time point Date of sample Growth Stage 
(GS) at sampling1 

2014 (14/R/CS/742) 

All plots/treatments Spring plant samples 5 x 15 cm fork April 22/04/2014 32 
Summer plant samples 10 x 20 cm fork June-July 30/06-01/07/2014 77 
Plant heights2 5 plants per plot (cm) July 08/07/2014 85 
Leaf senescence3 Scale 1-10 July 08-21/07/2014 83-91 
Take-all patch score4 Percent infected (%) Not assessed   

2015 (15/R/CS/749)  

All plots/treatments Spring plant samples 5 x 15 cm fork April 14/04/2014 25 
Summer plant samples 10 x 20 cm fork June-July 30/06-01/07/2015 75 
Plant heights2 5 plants per plot (cm) July 09/07/2015 77 
Leaf senescence3 Scale 1-10 July 16-30/07/2015 77-92 
Take-all patch score4 Percent infected (%) Not assessed   

2016 (16/R/CS/763)  

All plots/treatments Spring plant samples 5 x 15 cm fork April 12/04/2016 31-32 

Summer plant samples 10 x 20 cm fork June-July 13-14/07/2016 77-83 

Plant heights2 5 plants per plot (cm) July 12-13/07/2016 77-83 

Leaf senescence3 Scale 1-10 July 11-18/07/2016 77-87 

Take-all patch score4 Percent infected (%) July 11/07/2016 77-83 
1 Zadoks decimal code for cereals (Zadoks et al., 1974) 
2 Plant height measured to base of ear in 2015 and 2016, measured to tip of awn in 2014, 2015 and 2016 
3 Leaf senescence measured on a scale of 1 – 10 over the whole plot, scale key in Chapter 2. 
4 In 2014 and 2015 a lack of above ground symptoms meant that take-all patch was not recorded 
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 Additional crop growth, development and health measurements 

In addition to measures for take-all inoculum build-up and take-all disease, 

general crop health/phenotyping assessments were made (Table 4.4 & Table 

4.5). All methods are described in detail in Chapter 2. Plant height was measured 

each year for each individual split plot during grain filling (GS: 71+). Five plants 

were selected at random using a w-transect sampling system. A meter rule was 

then used to measure the height either to the base of the ear and/or the tip of the 

awn depending on sampling year. For measures estimated by eye (leaf 

senescence, ear emergence and take-all patch score) the measurements were 

taken at each sampling point at roughly the same time of day and by observing 

the central area of the split plot, lengthwise. To minimise the effect of the angle 

of the sun the trials were assessed by walking the field in the afternoon, starting 

at the same plot each sampling time. Leaf senescence was measured roughly 

twice a week from the onset of grain ripening (GS: 80+) using a scale of 1-10 

(where 10 is completely senesced; key in Chapter 2). Prior to statistical analysis, 

leaf senescence was converted to rate to senescence, in days, using an arbitrary 

start date, normally 1st July. Ear emergence was recorded in the first wheat trials 

14/R/CS/749 and 15/R/CS/763 (Table 4.4) by recording the growth stage of each 

split plot from the start of ear emergence (GS: 51) to the point at which the ear 

was fully emerged and flowering had started (GS: 61). Ear emergence was 

converted to days to flowering, using an arbitrary start date, normally 1st May. 

Lastly, for the second wheat oversow trials where disease symptoms for take-all 

were being observed, a take-all patch score was used to estimate the percent 

area of above ground disease symptoms – premature ripening of grain and 

stunted growth (Table 4.5)  (Bateman and Hornby, 1999). However, no patches 

were observed in 14/R/CS/742 or 15/R/CS/749 due to low disease pressure. 

 Statistical analysis 

All statistical analysis was performed using 16th or 17th Edition of GenStat 2016 

(VSN International Ltd, Hemel Hempstead, UK). Significant effects were 

supposed when p ≤ 0.05. Percentages and the take-all index were logit 

transformed to stabilise the variance and to account for the additivity of effects 

when using data on a scale of 0-100. The mean values were then back 



121 
 

transformed to the 0-100 scale. Values, within season and within the same year 

were compared by analysis of variance (ANOVA) including: percent roots 

infected in the soil core bioassay, TAI and plot yields. ANOVA results were used 

to observe the main effect of cultivar, main effect of chemistry treatment and any 

interaction effect between chemistry and cultivar. When studying multiyear TAB 

and TAI, REML analysis was used on logit transformed data.  

To study the timing effect for the presence or absence of Amistar at the different 

applications, T1, T2 and T3; a more complex factorial structured analysis for 

ANOVA and REML was designed and implemented. This output provides 

observations of any interaction effects of the varying fungicide spray timing 

regimes and isolates the effects of when each of the times Amistar was included 

or absent from the spray, a full description of the contrasts tested and the 

inference on treatment effects is given in Appendix 4. This test also assesses the 

main effects of cultivar, overall chemistry treatment and the interaction effect 

between cultivar and chemistry absence/presence at each time point. Spearmans 

rank correlation, in SigmaPlot 13th Edition 2016 (Systat Software Inc, San Jose, 

USA) was used to assess associations between year 1 TAB and year 2 TAI. This 

was also used to compare additional crop measurements to TAB and TAI where 

relevant. Design and statistical analysis of field trials was performed by consultant 

statistician Rodger White, Rothamsted Research. All percentages presented are 

back-transformed from the logit mean value produced in the statistical analysis. 

4.3 Results 

 In-season effect of chemistry and cultivar on take-all build-up 

During the growing season a subsample of the farm base only treated plots and 

plots receiving three Amistar sprays was carried out. An in-season effect of 

Amistar spray on take-all inoculum was evident at the post-T3 spray sampling 

point in trials 13/R/CS/742 and 14/R/CS/749. Subsampled Amistar treated plots 

had significantly less infected roots in the bioassay (ANOVA for the effect of 

chemistry, p=0.028 and p=0.041, in 2013 and 2014 respectively, Table 4.6 & 

Table 4.7). However, this was only of biological importance in the 2014 trial when 

the mean percent roots infected were 12.61 % in plots treated with no Amistar, 
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compared to 2.34 % in Amistar treated plots. In 2013, post-T3 soil cores less than 

1 % root infection was observed. In the third repeat of the trial in 2015 

(15/R/CS/763,) post-T3 soil core root bioassay results were not different in the 

presence or absence of the Amistar spray with an almost identical amount of root 

infection being observed in the bioassay (10.3 % and 9.9 % respectively, p = 

0.915, Table 4.8).  

An in-season effect of earlier Amistar application could also be seen, pre-T3 in 

2014 (14/R/CS/749). Here, a low overall root infection in the bioassay was 

witnessed, 5.71 % in non-Amistar treated and 1.34% in Amistar treated plots (p 

= 0.043) (Table 4.7). At this time point the effect of cultivar on percent roots 

infected was also significant (p = 0.013). Soil sampled from Hereford plots had 

1.95 % roots infected compared to 4.22 % in Duxford (data not shown). This was 

the only in season sampling point in all three repeats of this experiment where an 

effect of cultivar on root infection in the soil core bioassay was observed. A more 

detailed epidemiological study of build-up and disease in Hereford and Duxford 

has been carried as part of the PhD, in field trials absent of any Amistar treatment 

(Chapter 3). Interaction effects between cultivar and chemistry were not observed 

at any point through season (Table 4.6, Table 4.7, Table 4.8). 

 Summary: post-harvest take-all build-up in first wheat trials 

Post-harvest soil core bioassay results for all three first wheat field trials 

(13/R/CS/742; 14/R/CS/749 and 15/R/CS/763) are shown in Table 4.9. Take-all 

inoculum build-up is extremely weather dependant (McMillan et al., 2011, Hornby 

et al., 1998). Thus, each field experiment had different amounts of inoculum 

present post-harvest due to varied weather conditions experienced in each 

growing season. A weather summary for all four years is presented in Chapter 3, 

Table 3.10. In 2013, a very cold spring followed by a hot, dry summer prevented 

take-all inoculum build-up, with a grand mean of 0.008 % roots infected in the soil 

core bioassay. A low level of build-up was observed across all take-all field trials 

on the Rothamsted farm in 2013 (Vanessa McMillan, Rothamsted, pers comms). 

The milder seasons in 2014 and 2015, allowed take-all fungal biomass to build-

up by post-harvest sampling. However, in 2014, a peak of high temperature in 

July, is thought to have limited inoculum to low levels, a grand mean of 2.35 % 

roots infected in the bioassay was observed (Table 4.9).   
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Table 4.6 Through season take-all inoculum build-up in 2013 first wheat field trial 13/R/CS/742. 
Soil core bioassay results for through season subsampled treatments of treatments A (no Amistar) and H (T1, T2 & T3 Amistar 
application).  

 Logit of percent roots infected with take-all (back transformed means, %)1 

Spray application, sample date2 

Pre-T1 7th May Pre-T2 3rd June Pre-T3 18th June Post-T3 27th June 

Cultivar Amistar None Amistar None Amistar None Amistar None 

Duxford  -2.66 (0.00) -2.66 (0.00) -2.36 (0.38) -2.49 (0.19) -2.82 (0.00) -2.19 (0.74) -3.02 (0.00) -2.21 (0.68) 

Hereford  -2.77 (0.00) -2.78 (0.00) -2.59 (0.07) -2.66 (0.00) -2.44 (0.26) -2.91 (0.00) -2.60 (0.00) -2.55 (0.11) 

Mean -2.71 (0.00) -2.72 (0.00) -2.47 (0.21) -2.57 (0.08) -2.63 (0.02) -2.55 (0.11) -2.86 (0.00) -2.38 (0.35) 

Chemistry F Pr, SED 0.987, 0.28 0.713, 0.24 0.759, 0.27 0.028, 0.12 

Cultivar F Pr, SED 0.486, 0.15 0.519, 0.29 0.523, 0.27 0.969, 0.25 

F Pr cultivar*chemistry, SED 0.979, 0.32 0.932, 0.37 0.092, 0.38 0.234, 0.28 

Grand mean -2.716 (0.00) -2.522 (0.15) -2.588 (0.07) -2.619 (0.03) 
1 Logit (P) = Log(P/(100-P)) where P = percentage (%);  
2 2013 spray date: T1 13th May; T2 3rd June & T3 20th June 

 

Table 4.7 Through season take-all inoculum build-up in 2014 first wheat field trial 14/R/CS/749. 
Soil core bioassay results for through season subsampled treatments of treatments A (no Amistar) and H (T1, T2 & T3 Amistar 
application). 

 Logit of percent roots infected with take-all (back transformed means, %)1 

Spray application, sample time2 

Pre-T1 14th April Pre-T2 14th May Pre-T3 3rd June Post-T3 20th June 

Cultivar Amistar None Amistar None Amistar None Amistar None 

Duxford  -2.65 (0.00) -2.59 (0.063) -1.85 (1.91) -1.70 (2.71) -1.70 (2.17) -1.21 (7.72) -1.50 (3.43) -0.78 (16.98) 

Hereford  -2.54 (0.13) -2.83 (0.00) -1.95 (1.47) -1.48 (4.46) -2.18 (0.77) -1.51 (4.16) -1.94 (1.54) -1.12 (9.202) 

Mean -2.50 (0.052) -2.71 (0.00) -1.90 (1.68) -1.59 (3.49) -1.99 (1.34) -1.36 (5.71) -1.77 (2.34) -0.95 (12.61) 

Chemistry F Pr, SED 0.756, 0.33 0.066, 0.11 0.043, 0.19 0.041, 0.24 

Cultivar F Pr, SED 0.735, 0.19 0.729, 0.17 0.013, 0.097 0.063, 0.15 

F Pr cultivar*chemistry, SED 0.371, 0.38 0.362, 0.20 0.713, 0.21 0.996, 0.28 

Grand mean -2.65 (0.00) -1.75 (2.46) -1.67 (2.96) -1.36 (5.74) 
1 Logit (P) = Log(P/(100-P)) where P = percentage (%),  
2 2014 spray date: T1 24th April; T2 15th May & T3 6th June. 
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Table 4.8 Through season take-all inoculum build-up in 2015 in first wheat field trial 15/R/CS/763. 
Soil core bioassay results for through season subsampled treatments of treatments A (no Amistar) and H (T1, T2 & T3 Amistar 
application). 

 Logit of percent roots infected with take-all (back transformed means, %)1 

Spray application, sample time2 

Pre-T1 22nd April Pre-T2 15th May Pre-T3 3rd June Post-T3 18th June 

Cultivar Amistar None Amistar None Amistar None Amistar None 

Duxford -1.69 (2.79) -1.41 (5.09) -1.74 (2.48) -1.66 (3.0) -1.78 (2.24) -1.76 (2.4) -1.09 (9.67) -1.0 (11.50) 

Hereford -1.80 (2.14) -1.90 (1.68) -1.43 (4.94) -1.5 (4.24) -1.77 (2.29) -1.87 (1.84) -1.03 (10.90) -1.16 (8.46) 

Mean -1.75 (2.45) -1.66 (3.0) -1.58 (3.54) -1.58 (3.58) -1.78 (2.27) -1.81 (2.11) -1.06 (10.30) -1.08 (9.89) 

Chemistry F Pr, SED 0.769, 0.28 0.981, 0.19 0.918, 0.28 0.915, 0.17 

Cultivar F Pr, SED 0.489, 0.40 0.496, 0.33 0.841, 0.24 0.805, 0.20 

F Pr cultivar*chemistry, SED 0.658, 0.49 0.819, 0.38 0.814, 0.37 0.583, 0.26 

Grand mean -1.708 (2.71) -1.581 (3.6) -1.795 (2.21) -1.068 (10.1) 
1 Logit (P) = Log(P/(100-P)) where P = percentage (%), 
2 2015 spray date: T1 27th April; T2 22nd May & T3 4th June. 
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Mild and wet conditions through the summer months in 2015, favoured the take-

all fungus. Thus, of the three growing seasons studied here, 2015 had the highest 

levels of inoculum build-up, 20.1 % grand mean seedling root infection in the 

bioassay. In all three field trials, no interaction effects between cultivar and 

chemistry were observed, as tested in both the standard ANOVA (Table 4.9) and 

the extended timing structure ANOVA (Appendix 5). Therefore, no specific 

combination of cultivar and chemistry treatment had a statistically significant 

interaction (synergistic) effect on take-all inoculum build-up. Any effect of either 

cultivar or chemistry observed within each field trial or in combined analyses were 

therefore, additive.  

 Analyses of post-harvest take-all build-up 

2013 

In 2013, the lack of fungal biomass which developed, due to the weather 

conditions, meant that there was no post-harvest variation for the effect of cultivar 

(p = 0.092) nor chemistry (p = 0.547) (Table 4.9). Similarly, no interaction effects 

for the extended treatment Amistar timing structure ANOVA were found for any 

of the tested contrasts (output not shown). 

2014 

Post-harvest take-all inoculum build-up in the 14/R/CS/749 field trial was 

significantly affected by both cultivar (p <0.001) and chemistry (p = 0.004) (Table 

4.9). Duxford on average had 4.82 % roots infected in the bioassay compared to 

0.9 % in Hereford. There were germination issues in this trial, due to commercially 

provided seed, where Hereford had a germination rate of 60% compared to 98% 

in Duxford (Table 4.2). The Hereford plants/plots recovered through additional 

growth, most likely through growth of increased tiller and root numbers (See 

Chapter 3). Although sampling was performed under the row, where plant 

material would be present, the lower plant number in Hereford compared to 

Duxford may have influenced this result. 
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Table 4.9 Year 1 post-harvest take-all inoculum build-up results for effect of Amistar and LowTAB field trials 2013-2015. 
The percent roots infected in a post-harvest soil core bioassay experiment are presented for the main effects of cultivar and chemistry. 

 Logit of percent roots infected with take-all (back transformed mean, %)1 

 
2013 13/R/CS/742 2014 14/R/CS/749 2015 15/R/CS/763 

 Cultivar Chemistry 

effect 

mean3 

Cultivar Chemistry 

effect 

mean3 

Cultivar Chemistry 

effect 

mean3 Chemistry treatment2 Duxford Hereford Duxford Hereford Duxford Hereford 

A) No Amistar spray -2.53 (0.13) -2.63 (0.02) -2.58 (0.07) -1.05 (10.5) -1.30 (6.36) -1.18 (8.19) -0.76 (17.5) -0.77 (17.2) -0.76 (17.4) 

B) T1 -2.82 (0.00) -2.31 (0.48) -2.56 (0.09) -1.52 (4.03) -2.02 (1.22) -1.77 (2.29) -0.76 (17.4) -0.76 (17.6) -0.76 (17.5) 

C) T2 -2.45 (0.24) -2.96 (0.00) -2.71 (0.00) -1.01 (11.2) -1.87 (1.82) -1.44 (4.83) -0.80 (13.7) -0.58 (23.3) -0.74 (18.1) 

D) T3 -1.92 (1.60) -2.76 (0.00) -2.34 (0.42) -2.03 (1.18) -2.24 (0.61) -2.14 (0.87) -0.30 (30.6) -0.46 (28.1) -0.43 (29.4) 

E) T1 + T2 -2.96 (0.00) -3.12 (0.00) -3.04 (0.00) -2.02 (1.25) -2.72 (0.00) -2.37 (0.37) -0.45 (28.5) -1.03 (10.7) -0.74 (18.0) 

F) T2 + T3 -2.49 (0.18) -2.94 (0.00) -2.72 (0.00) -1.12 (9.14) -2.20 (0.71) -1.66 (2.98) -0.86 (14.8) -0.79 (16.5) -0.82 (15.7) 

G) T1 + T3 -2.70 (0.00) -2.77 (0.00) -2.74 (0.00) -1.18 (8.17) -2.05 (1.12) -1.62 (3.30) -0.45 (28.4) -0.62 (21.8) -0.54 (25.0) 

H) T1 + T2 + T3 -2.47 (0.21) -2.78 (0.00) -2.63 (0.02) -1.64 (3.11) -2.76 (0.00) -2.20 (0.71) -0.81 (16.1) -0.88 (14.1) -0.84 (15.1) 

I) T1 Moddus -2.54 (0.12) -2.70 (0.00) -2.62 (0.03) -1.39 (5.34) -1.66 (2.99) -1.53 (4.02) -0.31 (34.3) -0.68 (20.0) -0.40 (26.5) 

Cultivar mean4 -2.54 (0.12) -2.77 (0.00)  -1.44 (4.82) -2.09 (0.9)  -0.63 (21.5) -0.73 (18.3)  

F Pr chemistry, SED 0.547, 0.28 0.004, 0.28 0.569, 0.23 

F Pr cultivar, SED 0.092, 0.13 <.001, 0.11 0.240, 0.08 

F Pr cultivar*chemistry, 

SED 
0.546, 0.40 0.404, 0.37 0.391, 0.29 

Grand mean (back 

transformed mean) 
-2.66 (0.008) 5 -1.77 (2.35) -0.681 (20.1) 

1 Logit (P) = Log(P/(100-P)) where P = percentage (%). 
2 Amistar spray time unless otherwise stated. 
3 Mean percent roots for chemistry treatment (pooled average of both cultivars). 
4 Mean percent roots for cultivar (pooled average of all chemistry treatments). 
5 2013 TAB was restricted across whole trial site due to dry weather. 
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When studying individual effects of chemistry treatment in 2014, plots which 

received no Amistar (treatment A) had the highest level of inoculum build-up (8.19 

%). Several of the Amistar treated plots had very low inoculum build-up, ranging 

from 0.37 % roots infected in treatment E (T1+T2) to 4.83 % roots infected in 

treatment C (T2 spray only). Using pairwise comparison of the logit values with 

LSD applied, the no Amistar spray, Amistar T2 only spray and Moddus 

(treatments A, C & I) were significantly more infected than the T3, T1+T2 and 

T1+T2+T3 Amistar sprays (D, E & H) (Table 4.9). As pairwise comparisons can 

be misleading and due to the fact the same treatment (Amistar) was applied 

repeatedly at different time points in some treatments; an extended timing 

structure analysis was done to test for interaction effects of Amistar timing (and 

to partition the unrelated Moddus treatment). The spray timing contrasts tested 

are outlined in Appendix 4. 

The extended timing structure ANOVA for presence or absence of Amistar at 

each spray application identified significant interactions in the 14/R/CS/749 field 

trial. Pooled means, in several combinations of Amistar application timings had 

significantly reduced inoculum post-harvest. These were in chemistry treatments 

B, D, E and H (Amistar application times: T1; T3; T1+T2 and T1 + T2 +T3). 

Significant contrasts for the interaction effect of T1*T2 Amistar spray times (p = 

0.021) and T1*T3 spray times interaction (p = 0.013) were observed (full 

statistical output, Appendix 5). Table 4.10 and Table 4.11 show the back-

transformed mean percent root infection from the significant pooled interaction 

effects. Pooled bioassay root infection from plots which received both a T1 and a 

T2 Amistar spray (treatments E, T1+T2 and H, T1+T2+T3) had significantly 

reduced take-all inoculum build-up, compared to the three other pooled treatment 

groups (Table 4.10). Interaction effects for T1 and T3 Amistar timings were 

explained by significantly reduced root infection in the bioassay when Amistar 

was applied at these times, as singular sprays and in treatments where both T1 

and T3 were present (Table 4.11). In both pooled analyses, a significantly greater 

mean build-up was observed from plots which received no Amistar and an 

Amistar T2 spray only (treatments A and C). Taking both the individual effects 

and the timing effects ANOVA results into account (Table 4.9 and Appendix 5), 

the T2 individual treatment and the nil Amistar treatment plots in 2014 had a 

greater amount of root infection in the post-harvest bioassay. Whilst plots 
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receiving a T1; T3; T1+T2 and T1 + T2 +T3 Amistar spray had reduced root 

infection in the bioassay (and thus, post-harvest take-all build-up). 

Table 4.10 14/R/CS/749 Effect of inclusion or absence of Amistar at T1 and 
T2 spray times on post-harvest take-all inoculum build-up in the 2014 trial. 
Interaction effect of Prod.A1.A2  p = 0.021,  SED: 0.199 (where Prod=Moddus 
and A= Amistar application time 1 (T1) and 2 (T2)). A full explanation of 
extended timing structure contrasts tested is given in Appendix 4 and full 
ANOVA output table in Appendix 5. 

Logit percent roots infected in the bioassay (back transformed mean, %) 
[Chemistry treatment code(s)] 

Spray inclusion 
T1 

+ - 

T2 

+ 
-2.284 (0.53) 

[E+H] 
-1.550 (3.81) 

[C+F] 

- 
-1.695 (2.76) 

[B+G] 
-1.657 (3.00) 

[A+D] 

Effect of Moddus 
-1.525 (4.02) 

[I] 

 

 

Table 4.11 14/R/CS/749 Effect of inclusion or absence of Amistar at T1 and 
T3 spray times on post-harvest take-all inoculum build-up in the 2014 trial. 
Interaction effect of Prod.A1.A3 p = 0.013,  SED: 0.199 (where Prod=Moddus 
and A= Amistar application time 1 (T1) and 3 (T3)). A full explanation of 
extended timing structure contrasts tested is given in Appendix 4 and full 
ANOVA output table in Appendix 5. 

Logit percent roots infected in the bioassay (back transformed mean, %) 
[Chemistry treatment code(s)] 

Spray inclusion 
T1 

+ - 

T3 

+ 
-1.909 (1.65) 

[G+H] 
-1.900 (1.69) 

[D+F] 

- 
-2.070 (1.07) 

[B+E] 
-1.307 (6.31) 

[A+C] 

Effect of Moddus 
-1.525 (4.02) 

[I] 

 

 

2015 

In the final repeat of the trial in 2015 there was no significant variation in post-

harvest take-all build-up in response to either cultivar (p = 0.24) nor chemistry (p 

= 0.569), despite having the highest net take-all inoculum build-up of all three trial 

repeats (Table 4.9). The pooled average percent roots infected in the bioassay 

for soil under Duxford was 21.5 % compared to 18.3 % in Hereford. In the 

extended ANOVA for Amistar timing effects there were no statistically significant 

timing interaction effects observed (ANOVA output not shown). 
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 Combined three-year post-harvest take-all build-up analysis 

A combined analysis for post-harvest effects of cultivar and chemistry on take-all 

inoculum build-up was carried out using REML, using the extended structure to 

partition the effects of repeated Amistar sprays (full contrast list Appendix 4). This 

analysis includes the individual effect of cultivar, the partitioned effect of the 

singular Moddus T1 application and the timing structure contrasts for the 

presence or absence of Amistar at each of the three spray application times. The 

analysis was carried out using logit percent roots infected in the soil core 

bioassay, post-harvest, for each year. The statistical output from the combined 

three-year analysis is displayed in full in Appendix 6. The REML analysis 

considers the variability observed in each year and weights the result accordingly. 

Thus, year 3, the 2015 trial, most heavily dominates the response with the least 

background variability observed in this trial. Whilst 2015 had the highest level of 

observed inoculum build-up, it also has the lowest level of residual variance. The 

tables of means which are produced in the analysis for each effect and interaction 

are formed from weighted combinations of the three years, these weights are 

inversely proportioned to the size of variability observed. Therefore, the least 

weight is added for the 2014 trial, in which the highest residual variance was 

observed (table of residual model for each experiment is provided in Appendix 

6). Due to the large number of statistical contrasts carried out in this analysis 

results are only presented where they are of statistical significance and biological 

importance. 

In agreement with the individual trials analysis, no interaction effects of cultivar 

and chemistry were found in the combined three-year analysis (p = 0.437).  The 

effect of cultivar on percent roots infected in the bioassay was highly significant 

in the combined analysis (p < 0.001) (Table 4.12). Hereford had a lower number 

of roots infected in the pooled soil core bioassay results over 3 years with a 

modelled mean of 2.01 % roots infected compared to 3.61 % for Duxford.  

A significant main effect of the T2 Amistar application time was found (REML 

output: Appendix 6). In this analysis, the effect of T1 Moddus application 

(treatment I) is partitioned as a standalone treatment - having no Amistar timing 

structure. Table 4.13 shows the output for the significant interaction term detected 

for the contrast of Moddus*T2 and displays the associated modelled means (test 
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contrast: control*A2 in REML output Appendix 6, where control = Moddus). Plots 

which received an Amistar spray at T2 had significantly less take-all inoculum 

build-up, post-harvest, in all three years than all other treatments (P = 0.014). The 

pooled results for all four chemistry treatments where a T2 spray was included 

had a collective modelled mean of 2.06 % roots infected in the bioassay 

compared to 3.26 % in the plots which did not receive a T2 Amistar spray (Table 

4.13). The modelled three year T1 Moddus mean percent roots was 3.86 %. The 

pooled mean for effect of T2 Amistar inclusion was significantly different from 

both the Moddus treatment and the mean from plots absent of a T2 Amistar spray, 

using pairwise comparison with the LSD (marked in Table 4.13). 

Table 4.12 Combined analysis of three-year effect of cultivar on TAB in 
field trials 13/R/CS/742; 14/R/CS/749 and 15/R/CS/763. 
Table of significant interactions from combined REML analysis for timing 
structure of Amistar. Full explanation of the test contrasts can be found in 
Appendix 4. Full REML analysis in Appendix 6. 

Cultivar 

Logit % roots infected in soil core 
bioassay (back-transformed mean) 

Duxford -1.574 (3.61) 

Hereford -1.828 (2.01) 

d.f. 1 

SED (Average) 0.064 

Wald statistic 15.71 

F Probability (effect of cultivar) <0.001 

 

Table 4.13 Combined analysis of three-year effect of chemistry on TAB in 
field trials 13/R/CS/742; 14/R/CS/749 and 15/R/CS/763. 
Table of significant interactions from combined REML analysis for timing 
structure of Amistar. Full explanation of the test contrasts can be found in 
Appendix 4. Full REML analysis in Appendix 6. 

Fungicide 

Logit % roots infected in soil core bioassay 
(back-transformed mean) 
 

Spray inclusion 

T1 T2 

No Amistar present at spray time  -1.644 (3.11) -1.621 (3.26)a 

Amistar present at spray time  -1.797 (2.17) -1.820 (2.06)b 

T1 Moddus  -1.544 (3.86) -1.544 (3.86)a 

d.f. 1 1 

SED (Average) 0.0793 0.0793 

Wald statistic 3.74 6.26 

F Probability (effect of spray presence) 0.057 0.014 

a,b= groups with the same later are non-significantly different 
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A trend for the effect of inclusion of Amistar at T1 was also found in the Amistar 

timing structure analysis (p = 0.057). This shows that combined over three years 

an early spray of Amistar at T1 had a trend towards having less roots infected 

post-harvest. Pooled plots which received a T1 spray had 2.17 % roots infected 

compared to 3.11 % roots infected (Table 4.13). No significant effect could be 

found for the effect Moddus, the Amistar T3 spray, nor were any complex 

interaction effects between Amistar spray timing identified (Appendix 6).  

 First wheat trial yields and crop phenology 

Grain yield in all three first wheat experiments were not influenced by chemistry 

treatment (Table 4.14). This indicates that the farm base fungicide treatment 

(Appendix 2) applied to all plots was sufficient in controlling fungal disease. No 

impact of the varied Amistar application rate or Moddus on crop yield occurred, 

as intended. There was however an effect of cultivar on yield in 2013 and 2014 

(Table 4.14). Hereford yielded around 1 tonne/ha more than Duxford each year 

(p<0.001). This was not witnessed in the 2015 trial where Hereford yielded 13.52 

tonnes/ha compared to 13.65 tonnes/ha in Duxford (effect of cultivar: p = 0.19). 

There were no obvious issues in the 2015 season which resulted in this change. 

The seasons progressed at slightly different rates, with crop phenology outlined 

in Table 4.15. Whilst, 2014 and 2015 progressed at relatively similar rates, the 

2013 trial progressed at a different rate due to the extremely cold spring (see 

Chapter 3, Table 3.10 for weather summary). Sowing and harvest dates were 

similar in each season. 

Table 4.14 Average plot yields for cultivars Hereford and Duxford in first 
wheat trials from 2013-2015. 

 Yield @ 85% dry matter (tonnes/ha) 

 

13/R/CS/742  
8th August 2013 

14/R/CS/749 
22nd August 2014 

15/CS/763 
18th August 2015 

Duxford Hereford Duxford Hereford Duxford Hereford 

Cultivar Mean 11.32 12.20 14.48 15.52  13.65  13.52 

Chemistry F Pr, SED 0.892, 0.27 0.076, 0.26 0.518, 0.84 

Cultivar F Pr, SED <0.001, 0.065 <0.001, 0.068 0.190, 0.59 

Cultivar*chemistry,  
F Pr, SED 

0.539, 0.31 0.498, 0.29 0.186, 0.61 

Grand mean 11.76 15.00 13.58 

 



132 
 

Table 4.15 Dates of key time points reached through each first wheat trial 
(2013-2015). 

Key crop/season time point Date(s) applied/time point reached 

 
2013 
13/R/CS/742 

2014 
14/R/CS/749 

2015 
15/R/CS/763 

Drill date (Year previous, 2012, 2013, 2014) 29th Sep 10th Oct 1st Oct 

Double top fertiliser (27% N and 12 % S) 7th Mar 7th Mar 10th Mar 

Nitram (34.5% N) application 1 17th Apr 2nd Apr 2nd Apr 

Nitram (34.5% N) application 2 - 25th Apr 28th Apr 

T0 Cherokee  - 11th Mar 8th Apr 

T1 Field trial treatments (GS 31) 13th May 24th Apr 27th Apr 

T2 Field trial treatments (GS 39) 3rd Jun 15th May 22nd May 

T3 Field trial treatments (GS 61-65) 20th Jun 6th Jun 4th Jun 

Ear emergence all plots complete (GS 61+) - 10th Jun 8th Jun 

Plant sample (date and GS) 9th Jul (71-73) 10th Jul (83) 23rd Jul (87) 

Harvest 8th Aug 21st Aug 18th Aug 

Post-harvest soil coring 15th Aug 29th Aug 28th Aug 

 

Crop health measures/phenotypes presented very few significantly different and 

biologically relevant observations between treatments in all three first wheat field 

trials. Plant height was found to be greater in Hereford (69.5 cm) than Duxford 

(68.8 cm) in the 2013 field trial (p < 0.001, data not presented). In all other cases 

where plant height was found to be significantly different this was always with 

around 1 cm difference or less. As measurements were taken to the nearest 0.5 

cm these effects were not of biological importance. Days to ear emergence was 

significant for the effect of cultivar in 2014 only, when Duxford ears emerged 0.9 

days later than Hereford (P < 0.005, data not presented). No effects of chemistry 

were observed. Lastly, Hereford leaves senesced 1 day faster than Duxford in 

both 2013 and 2014 (P = 0.002, P = 0.007, respectively), however no difference 

was observed in 2015 (P = 1.00). No significant effects of chemistry on days to 

leaf senescence were observed indicating that there were no phytotoxic effects 

of increased fungicide/PGR dose. 

 Summary: second wheat take-all disease in oversow field trials 

As expected, based on the previous year’s take-all build-up, the trials 

14/R/CS/742 and 15/R/CS/749 both had low levels of disease at the spring and 

the summer sampling points (Table 4.16 & Table 4.19). Spring in 2014 and 2015 

had grand mean values of 1.58 % and 1.96 % plants infected with take-all 

respectively. Whilst in summer the 2014 trial had a grand mean of just under 8 % 

plants infected and a mean take-all index (TAI) of 2.4. In 2015, was very similar, 
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7.5 % plants were infected in the summer with a grand mean TAI of 1.87. The 

final repeat of the oversow field trial in 2016 had an extremely high overall level 

of disease (Table 4.20). In spring 97.1 % of plants were infected, with this number 

rising to 99.7 % plants infected in July with a grand mean TAI of 92.9. No or small 

positive correlations between first wheat take-all build-up and second wheat TAI 

was observed (Figure 4.2). There was no correlation between the previous year’s 

take-all build-up and second wheat TAI in 2014 and 2015, due most likely to the 

very low levels of take-all inoculum build-up in the previous year. Whilst in 2016 

a weak positive correlation was observed p < 0.05, Rs = 0.274. The higher level 

of inoculum build-up in 15/R/CS/763 may have allowed for the mild positive 

relationship between build-up and TAI in 16/R/CS/763.  

When observing the effect of the previous year’s treatments of chemistry and 

cultivar in each of the three oversow experiments, interaction effects for chemistry 

and cultivar were observed only once in the disease parameters measured. Thus, 

in the following sections, significant effect on second wheat disease are 

presented as individual means for year 1 chemistry and year 1 cultivar effects on 

year 2 disease in each trial. Except for one chemistry*cultivar interaction in the 

timing structure in 14/R/CS/742. 

 Second wheat oversow 2014 results in response to first wheat treatments 

Significant effects of first wheat treatments were witnessed on second wheat 

take-all disease in the 14/R/CS/742 second wheat trial (Table 4.16). In spring 

2014, there was a significant effect of the cultivar grown on the plots in the year 

previous, on percent of plants infected with take-all (p = 0.007). Second wheat 

plots cropped with Duxford the year previously had 2.9 % plants infected 

compared to 0.76 % in plots after Hereford (Table 4.16). No significant effect of 

cultivar on number of infected roots per plant could be found. Similarly, there was 

no effect of the previous year’s foliar applied chemistry regime present at the 

spring sampling point in 2014. The effect of first wheat cultivar carried through to 

the summer sample when again the incidence of disease and the TAI were both 

less in plots grown after Hereford (Table 4.16). Gallant plants grown after Duxford 

had 11.2 % mean plants infected where as those after Hereford had 5.5 % plants 

infected.  A reduction in disease intensity (incidence and severity) as measured 

by the TAI from 3.63 in plots after Duxford to 1.59 after Hereford was observed.  
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Figure 4.2 Take-all build-up against subsequent take-all disease, by 
individual plots, n = 72 in three repeated field trials. 2013-2016. 
Correlation was measured using Spearmans rank coefficient displayed in 
each figure. A) contrast of Great Knott 2 field experiment 13/R/CS/742 vs 
14/R/CS/742. B) contrast of Stackyard field experiments 14/R/CS/749 vs 15/ 
R/CS/749. C) contrast of Drapers field experiments 15/R/CS/763 vs 
16/R/CS/763. 

.
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Table 4.16 Take-all disease and yields in Gallant oversow, in response to year 1 chemistry and cultivar treatments in second 
wheat 14/R/CS/742 field trial.  

 

2014 14/R/CS/742 

Spring Summer 

 

Logit of percent plants 
with take-all (back 
transformed mean, %)1 

Number of 
infected roots 
per plant (n) 

Logit of percent plants 
with take-all (back 
transformed mean, %)1 

Logit of take-all index 
(TAI) (back transformed 
mean, 0-100)1,2 

Yield @ 85% 
dry matter 
(tonnes/ha)3 

Year 1 chemistry treatment 
mean4      

A) No Amistar spray -1.792 (2.23) 0.13 -1.19 (7.98) -1.84 (1.96)a 14.09 
B) T1 -1.985 (1.37) 0.03 -1.433 (4.88) -1.94 (1.53) a 13.98 
C) T2 -1.954 (1.49) 0.05 -1.052 (10.4) -1.58 (3.57) 14.29 
D) T3 -2.016 (1.26) 0.15 -0.823 (15.7) -1.26 (6.94) b 14.36 
E) T1 + T2 -1.798 (2.20) 0.18 -1.296 (6.47) -1.90 (1.69) a 13.89 
F) T2 + T3 -1.830 (2.03) 0.05 -1.231 (7.36) -1.84 (1.96) a 14.04 
G) T1 + T3 -1.869 (1.85) 0.11 -1.456 (4.65) -1.93 (1.57) a 14.62 
H) T1 + T2 + T3 -2.282 (0.54) 0.05 -1.265 (6.88) -1.92 (1.62) a 13.84 
I) T1 Moddus -1.844 (1.96) 0.04 -1.005 (11.3) -1.53 (4.02) 13.64 

Year 1 cultivar mean5      

Duxford -1.674 (2.93) 0.12 -1.011 (11.2) -1.57 (3.63) 14.16 
Hereford -2.186 (0.76) 0.06 -1.378 (5.48) -1.92 (1.59) 14.00 

      

F Pr year 1 chemistry, SED 0.952, 0.39 0.753, 0.1 0.039, 0.18 0.007, 0.18 0.019, 0.244 

F Pr year 1 cultivar, SED 0.007, 0.17 0.152, 0.05 0.002, 0.11 0.004, 0.11 0.130, 0.105 

F Pr year 1 
cultivar*chemistry, SED 

0.616, 0.54 0.649, 0.14 0.132, 0.29 0.396, 0.29 0.685, 0.330 

Grand mean (back 
transformed) 

-1.930 (1.58) 0.09 -1.195 (7.97) -1.747 (2.48) 14.08 

1 Logit (P) = Log(P/(100-P)) where P = percentage (%) 
2 Take-all Index (TAI) in year 2 Gallant crop in response to year 1 Amistar/Moddus spray time 
3 An error at harvest meant that treatment H for one repeat in a Hereford plot was missing, therefore 2014 treatment H only has 7 replicates. 
4 Mean year 2 Gallant TAI for effect of year 1 chemistry treatment (pooled average effect of both year 1 cultivars treatments), treatment means 
which share a letter were not significantly different. 
5 Mean year 2 Gallant TAI for effect of year 1 cultivar (pooled average of effect of all year 1 chemistry treatments) 
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Take-all disease in 14/R/CS/742 in July was also significantly affected by year 1 

chemistry application. The main effect of year one chemistry led to a significant 

difference in the percent plants infected (p = 0.035) and TAI (P = 0.007) (Table 

4.16). Using pairwise comparisons the percent plants infected with take-all was 

significantly reduced in treatments B and G (Amistar at T1 and T1+T3), with 4.88 

% and 4.65 % respectively compared treatments I and D (T3 Amistar and the 

Moddus) where 11.3 % and 15.7 % of plants were infected, respectively (Table 

4.16). All other treatments were in the middle range of the dataset including the 

no Amistar treatment. As with the first wheat trials, a timing structure ANOVA was 

implemented to test the effect of Amistar presence/absence at each spray in the 

previous year (Appendix 7). In this more complex analysis an interaction effect 

between cultivar and Amistar timing was identified with an interaction effect of 

Amistar T1*T2, P = 0.045 (test contrast Prod.A1.A2.varitey). The table of means 

from this interaction are presented in Table 4.17. 

Table 4.17 14/R/CS/742 July percent plants infected interaction effect of 
first wheat cultivar and inclusion or absence of Amistar at T1 and T2 spray 
times. 
Interaction effect of Prod.A1.A2.Varitey, p = 0.045,  SED: 0.2049 (where 
Prod=Moddus; A= Amistar application time 1 (T1) and 2 (T2) and 
Variety=Cultivar). A full explanation of extended timing structure contrasts 
tested is given in Appendix 4 and full ANOVA output table in Appendix 7. 

 14/R/CS/742 – Summer  

Logit of percent plants with take-all  
(back transformed mean, %) 

 Spray time  Cultivar 

Chemistry T1 T2 
Treatment 

code(s) Duxford Hereford 

Moddus + - I -0.961 (12.25) -1.048 (10.44) 

Amistar 

- - A & D -0.829 (15.49) -1.183 (8.08) 

+ - C & F -0.937 (12.79) -1.952 (1.48) 

- + B & G -1.011 (11.18) -1.272 (6.78) 

+ + E & H -1.291 (6.53) -1.27 (6.82) 

 

The variation in 2014 second wheat oversow percent plants infected, is caused 

by year 1 Hereford plots which received an Amistar spray at T1 or T1+T3 which 

had a significantly lower pooled mean of 1.48 % plants infected (Table 4.17). This 

is in comparison to all other treatments which ranged from 6.53 % to 15.49 % 

which were not significantly different from one another (applying the LSD). This 

result shows that in 2013 growing Hereford in combination with a T1 Amistar 

spray application lead to a significantly reduced incidence of take-all disease in 

2014 in the Gallant oversow. The overall mean incidence of disease was 7.9 % 
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plants infected in this trial which is low compared to other seasons. No interaction 

of cultivar and chemistry was observed in the main effects ANOVA, although the 

value of probability is notably low for the interaction of chemistry*cultivar for 

percent plants infected in summer (p = 0.132). This highlights the power of the 

extended timing structure analysis. 

Take-all index, in July 2014, was also significantly different between chemistry 

treatments (p = 0.007) but no interaction of chemistry and cultivar was observed 

(Table 4.16). In the timing structure analysis, a three-way interaction was 

observed for all three Amistar application times (data not shown, test contrast 

A1*A2*A3, structure explained in Appendix 4). This level of interaction is identical 

to the main effect of chemistry shown in Table 4.16. This is the result of a 

significant main effect of year 1 Amistar T3 treatment plots having a greater TAI 

of 6.93. This treatment has a significantly greater TAI than all other treatments 

except for T1 Moddus and Amistar T2 treatment with TAIs of 4.02 and 3.57. 

Excluding treatment D (T3 Amistar) all other chemistry regimes were not 

significantly different from one another including a no Amistar treatment. Thus, 

year 1 T3 Amistar application, enhanced take-all disease intensity in second 

wheat in 2014. It should be noted that similarly to the percent plants infected the 

overall level of take-all intensity was low in this trial. 

Gallant yield in the second wheat oversow experiment of 2014 was significantly 

affected by first wheat chemistry (P = 0.019) but not cultivar (P = 0.13) treatment. 

An interaction effect between Amistar application times of T2*T3 occurred in the 

extended spray timing analysis (Appendix 8, test contrast Prod.A2.A3). The table 

of pooled means are displayed in Table 4.18. Second wheat yield was greatest 

in plots which received year 1 Amistar sprays at T3 and T1+T3. This was 

significantly greater (14.48 tonnes/ha) than all other spray combinations. The 

partitioned effect of year 1 Moddus treatment had a negative impact on year 2 

yield where a reduced mean yield of 14.04 tonnes/ha was witnessed. The 

Moddus yield was significantly less than all other spray applications apart from 

the spray which received all three Amistar applications (T1+T2+T3) and the 

T2+T3 spray combination. The variation observed in plot yield did not relate to 

the patterns which were identified for take-all disease (Table 4.18). At the level of 

take-all disease which occurred in this trial no yield effect would normally be 

expected. Thus, the variation in yield is likely to be the result of other influences 
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of chemistry on the soil and/or due to unknown cause(s). Grain quality, measured 

as thousand-grain weight, was not notably affected chemistry, but was mildly 

increased in plots grown after Hereford (51 g) compared to Duxford (50g) (P < 

0.001), in 2014 (data not shown). 

Table 4.18 Gallant grain yield interaction effects in trial 14/R/CS/742, 
second wheat oversow resulting from first wheat Amistar 
inclusion/absence at T2 and T3 spray times. 
Interaction effect of Prod.A2.A3 p = 0.022,  SED: 0.173 (where Prod=Moddus 
and A= Amistar application time 2 (T2) and 3 (T3)). A full explanation of 
extended timing structure contrasts tested is given in Appendix 4 and full 
ANOVA output table in Appendix 8. 

Yield @ 85% dry matter (tonnes/ha) 
[Chemistry treatment code(s)] 

Spray inclusion 
T2 

+ - 

T3 

+ 
13.94 
[F&H] 

14.48 
[D&G] 

- 
14.09 
[C&E] 

14.04 
[A&B] 

Effect of Moddus 
13.64 

[I] 

 

Plant height in this trial in plots after Moddus was significantly reduced compared 

to all other treatments p = 0.023 (measured to the tip of the awn), at 85.8 cm 

compared to 87.3 cm in the pooled result from all other plots. Therefore, Moddus 

applied to first wheat resulted in reduced plant height in the following second 

wheat crop and lowered year 2 yield in the 14/R/CS/742 trial. Leaf senescence in 

the 2014 trial was uniform across all plots, with no significant effects observed. 

 Second wheat oversow 2015 results in response to first wheat treatments 

In the 2015, trial 15/R/CS/749, whilst similar overall disease pressure was 

witnessed to the 2014 season, the effects of year 1 treatments on second wheat 

disease were less pronounced. In both spring and summer plots of Gallant grown 

after Hereford had less take-all infection than those after Duxford. However, at 

no point were these differences statistically significant for the effect of year 1 

cultivar (Table 4.19). The final take-all disease incidence was higher in plots 

grown after Duxford, 9.1 % plants infected compared to 6.0 % after Hereford, with 

a non-significant trend (p = 0.085). Similarly, disease intensity was higher in 

second wheat plots after Duxford with a TAI of 2.33 and 1.43 in plots after 

Hereford (p = 0.075). 
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Table 4.19 Take-all disease and yields in Gallant oversow, in response to year 1 chemistry and cultivar treatments in second 
wheat field trial 15/R/CS/749. 

 

2015 15/R/CS/749 

Spring Summer 

 

Logit of percent plants 
with take-all (back 
transformed mean, %)1 

Number of 
infected roots 
per plant (n) 

Logit of percent plants 
with take-all (back 
transformed mean, %)1 

Logit of take-all index 
(TAI) (back transformed 
mean, 0-100)1,2 

Yield @ 85% 
dry matter 
(tonnes/ha) 

Year 1 chemistry 
treatment mean3 

     

A) No Amistar spray -1.248 (7.19)a 0.16a -1.169 (8.31) -1.82 (2.05) 11.51 
B) T1 -2.311 (0.48)b 0.04b -1.178 (8.16) -1.83 (2.04) 11.66 
C) T2 -1.598 (3.47) 0.08a,b -1.172 (8.26) -1.77 (2.33) 11.69 
D) T3 -1.804 (2.17) 0.06b -1.05 (10.40) -1.76 (2.37) 11.53 
E) T1 + T2 -1.827 (2.05) 0.05b -1.269 (6.82) -1.92 (1.62) 12.16 
F) T2 + T3 -1.702 (2.75) 0.05b -1.235 (7.3) -1.87 (1.82) 11.55 
G) T1 + T3 -2.324 (0.46)b 0.01b -1.342 (5.90) -1.99 (1.33) 11.79 
H) T1 + T2 + T3 -2.168 (0.80)b 0.02b -1.2 (7.81) -1.85 (1.91) 11.98 
I) T1 Moddus -1.630 (3.24) 0.06b -1.44 (4.82) -1.99 (1.35) 11.5 

Year 1 cultivar mean4 
     

Duxford -1.706 (2.73) 0.07 -1.121 (9.1) -1.77 (2.33) 11.63 
Hereford -1.986 (1.37) 0.05 -1.335 (5.97) -1.96 (1.43) 11.78 

      

F Pr year 1 chemistry, 
SED 

0.022, 0.30 0.09, 0.04 0.558, 0.17 0.727, 0.15 0.482, 0.332 

F Pr year 1 cultivar, SED 0.086, 0.16 0.152, 0.019 0.085, 0.12 0.075, 0.11 0.122, 0.094 

F Pr year 1 
cultivar*chemistry, SED 

0.201, 0.45 0.436, 0.059 0.906, 0.31 0.857, 0.27 0.262, 0.388 

Grand mean (back 
transformed) 

-1.846 (1.96) 0.06 -1.228 (7.48) -1.865 (1.87) 11.71 

1 Logit (P) = Log(P/(100-P)) where P = percentage (%) 
2 Take-all Index (TAI) in year 2 gallant crop in response to year 1 Amistar/Moddus spray time 
3 Mean year 2 Gallant TAI for effect of year 1 chemistry treatment (pooled average effect of both year 1 cultivars), results marked with letters 
are non-significantly different. 
4 Mean year 2 Gallant TAI for effect of year 1 cultivar (pooled average of effect of all year 1 chemistry treatments) 
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In spring of the 2015 trial, there was a main effect of chemistry on percent plants 

infected with take-all (P = 0.022) (Table 4.19). Second wheat plants grown on 

plots where no Amistar spray treatment had been applied in the year previous 

had significantly more disease in April 2015 (7.2 % plants) than three of the 

Amistar treated plots in the previous year. These included the T1 Amistar spray 

(0.48 %), T1+T3 (0.46 %) and the T1+T2+T3 spray (0.8 %). This was also seen 

in number of infected roots per plant which were counted in the spring sample as 

a measure of disease severity. In this case, non-Amistar treated plots in the year 

previous were more severely infected than those from after all other chemistry 

treatments except for the plots which received a T2 Amistar spray (Table 4.19). 

At the summer sampling in 2015, no significant variation in take-all disease was 

observed resulting from the chemistry treatments applied to the first wheat in the 

year prior to the oversow field trial. Both the percent plants infected with take-all 

(P = 0.558) and TAI (P = 0.727) were not significantly different. The yield in 

15/R/CS/749 was slightly lower than in the 2014 trial with an average grain yield 

of 11.71 tonnes/ha. No effect of either year one chemistry nor cultivar on second 

wheat yield or grain quality were observed. No significant variation on leaf 

senescence or plant height was found in this trial. 

 Second wheat oversow 2016 results in response to first wheat treatments 

A very large outbreak of take-all disease was witnessed in the third repeat of the 

trial in 2016, 16/R/CS/763. By spring, a high incidence and severity of disease 

was already present with 97.1 % plants infected and an average of 7 roots 

infected per plant sampled. The main effects analysis for spring and summer did 

not find significant variation for take-all disease in response to first wheat 

treatments of cultivar or chemistry, with one exception, percent roots infected in 

July 2016 (Table 4.20). In the main effects analysis, in July percent plants infected 

with take-all in plots grown after year 1 Moddus had a 1% reduction compared to 

all other treatments (P < 0.001). TAI in this trial presented no variation for the 

main effect of year 1 chemistry (p = 0.174). However, by partitioning the effect of 

Moddus to study the Amistar timing structure an effect of chemistry on TAI in this 

trial was discovered, once again highlighting the power of the timing structure 

analysis.
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Table 4.20 Take-all disease and yields in Gallant oversow, in response to year 1 chemistry and cultivar treatments in second 
wheat field trial 16/R/CS/763. 

 

2016 16/R/CS/763 

Spring Summer 

 

Logit of percent plants 
with take-all (back 
transformed mean, %)1 

Number of 
infected roots 
per plant (n) 

Logit of percent plants 
with take-all (back 
transformed mean, %)1 

Logit of take-all index 
(TAI) (back transformed 
mean, 0-100)1,2 

Yield @ 85% 
dry matter 
(tonnes/ha)3 

Year 1 chemistry treatment 
mean4     

 

A) No Amistar spray 1.480 (95.5) 6.78 2.498 (98.8) 1.40 (93.8) 8.70 
B) T1 1.995 (98.7) 8.13 2.359 (98.6) 1.29 (92.4) 8.53 
C) T2 1.369 (94.4) 6.98 2.473 (98.8) 1.50 (94.8) 8.47 
D) T3 2.270 (99.4) 8.5 2.479 (98.8) 1.76 (96.6) 7.99 
E) T1 + T2 1.125 (90.9) 5.55 2.473 (98.8) 1.09 (89.4) 9.16 
F) T2 + T3 1.798 (97.8) 7.12 2.506 (98.8) 1.47 (94.4) 8.52 
G) T1 + T3 1.716 (97.3) 6.64 2.387 (98.7) 1.16 (90.5) 8.48 
H) T1 + T2 + T3 1.343 (94.1) 5.26 2.395 (98.7) 1.04 (88.3) 9.20 
I) T1 Moddus 2.125 (99.1) 8.44 1.965 (97.6) 1.24 (91.7) 8.56 

Year 1 cultivar mean5     
 

Duxford 1.68 (97.1) 7.23 2.393 (98.6) 1.37 (93.4) 8.63 
Hereford 1.703 (97.3) 6.86 2.425 (98.3) 1.28 (92.4) 8.61 

      

F Pr year 1 chemistry, SED 0.319, 0.50 0.177, 1.30 <0.001, 0.093 0.174, 0.26 0.463, 0.456 

F Pr year 1 cultivar, SED 0.889, 0.17 0.400, 0.43 0.352, 0.69 0.39, 0.1 0.887, 0.123 

F Pr year 1 
cultivar*chemistry, SED 

0.760, 0.61 0.368, 1.59 0.618, 0.17 0.818, 0.33 
0.136, 0.524 

Grand mean (back 
transformed) 

1.691 (97.1) 7.04 2.393 (99.7) 1.325 (92.9) 
8.62 

1 Logit (P) = Log(P/(100-P)) where P = percentage (%) 
2 Take-all Index (TAI) in year 2 gallant crop in response to year 1 Amistar/Moddus spray time 
3 2016 plot yields not yet available 
4 Mean year 2 Gallant TAI for effect of year 1 chemistry treatment (pooled average effect of both year 1 cultivars) 
5 Mean year 2 Gallant TAI for effect of year 1 cultivar (pooled average of effect of all year 1 chemistry treatments) 
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In 2016, summer TAI was influenced by a significant interaction for spray timing 

T1. Table 4.21 shows the table of means output for this interaction (output 

presented in Appendix 9). A reduction in TAI occurred in plots where a first wheat 

T1 Amistar or T1 Moddus was applied, compared to all plots were Amistar was 

not applied at T1 (p = 0.006). In the analysis of days to leaf senescence in this 

trial, a significant interaction effect for the effect of Amistar T1 presence was also 

found. This analysis found that plots which received a T1 Amistar treatment in the 

year previous senesced 1.6 days later than those absent of a T1 Amistar spray 

(P = 0.016), and 1.3 days later than the Moddus treatment (data not shown). In 

2016, take-all patches were also visible in the crop and an estimation of percent 

area with take-all symptoms was carried out. A significant main effect for 

chemistry was found (p = 0.049), results in Table 4.22 (an interaction of three 

spray times was also found in the timing ANOVA, not shown). Here, plots which 

followed a first wheat T3 or T2 spray had significantly greater percent area with 

above ground take-all disease symptoms than the T1+T2 spray. No significant 

effects on yield or plant height from year 1 treatments could be witnessed. 

However, a significant effect of chemistry timing on thousand-grain weight was 

observed in 2016. Plots sown after receiving a T1 Amistar spray in the year 

previous had a very small increase in grain quality in year two. This increase was 

from 42.0 g in all the plots receiving no Amistar at T1 to 43.5 g in the plots grown 

after a year 1 T1 Amistar treatment (P = 0.018, data not shown). 

 

Table 4.21 16/R/CS/763 year 1 Amistar inclusion/absence at T1, interaction 
effect on Gallant TAI in second wheat oversow. 
Interaction effect of Prod.A1 p = 0.006, SED: 0.127 (where Prod=Moddus and 
A= Amistar application time 1 (T1) and 3 (T3)). A full explanation of extended 
timing structure contrasts tested is given in Appendix 4 and full ANOVA output 
table in Appendix 9 

Fungicide 

Logit of take-all index (TAI) (back 
transformed mean, 0-100) 

Spray inclusion 

T1 

No Amistar present at spray time  1.531 (95.0) 

Amistar present at spray time  1.143 (90.3) 

T1 Moddus  1.236 (91.7) 

 

 

 



143 
 

Table 4.22 16/R/CS/763 year 1 Amistar main effect on Gallant take-all patch 
% area in second wheat oversow. 

Year 1 chemistry treatment 
Logit percent take-all patch 
(back-transformed (%)) 

E) T1+T2 -0.283 (35.7) 

B) T1 -0.230 (39.5)  

H) T1+T2+T3 -0.203 (39.5)  

A) No Amistar -0.182 (40.5)  

G) T1+T3 -0.178 (40.7)  

F) T2+T3 -0.151 (42.0)  

I) T1 Moddus -0.125 (43.3)  

C) T2 -0.075 (45.7)  

D) T3  0.025 (50.8)  

F Pr year 1 chemistry, SED 0.049, 0.081 

F Pr year 1 cultivar, SED 0.685, 0.026 

F Pr year 1 cultivar*chemistry, SED 0.826, 0.098 

 

  Combined analysis of second wheat take-all disease in response to first 

wheat treatments 

A three-year combined REML analysis for three key measurements of second 

wheat take-all disease was carried out. This included: spring percent plants 

infected, summer take-all index and grain yield from the second wheat oversown 

experiments in 2014-2016. This was to test for the effects of year 1 cultivar and 

year 1 chemistry regimes applied to the first wheat preceding all three trials. In 

addition, the timing structure for Amistar was applied to the REML analysis 

(description of contrasts in Appendix 4). For the spring and summer disease 

measurements, a statistically significant effect of both cultivar and chemistry were 

found. For spring disease and summer TAI, the full REML statistical output can 

be found in Appendices 10 and 11, respectively. Notably, no statistically 

significant interaction effects were identified, this indicates the effects of year 1 

chemistry and cultivar on final disease are individual and therefore could be 

additive.  In both analyses, the three trials had different residual variances, with 

the 2016 final repeat having the most residual variance and therefore these 

results were least heavily weighted in both analyses. Additionally, unequal 

distribution of percent plants infected in spring and summer TAI across the 2016 

trial site meant that a column spatial adjustment had to be performed before the 

REML analysis could be performed. The second repeat of the trial, 15/R/CS/749, 
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in 2015, had the lowest residual variance and therefore was the most heavily 

weighted in the REML analysis.  

The choice of first wheat cultivar was found to have a significant effect on second 

wheat spring disease and summer TAI over the three years. The table of 

estimated means and the statistics for the main effect of cultivar from the REML 

outputs are given in Table 4.23. In spring, Gallant plants sown after Hereford 

were on average 8.58 % less infected than after Duxford (P = 0.006). This 

reduction was then less pronounced in the summer sampling time point. Gallant 

second wheat plots grown after Hereford as a first wheat had a three-year 

combined modelled mean TAI of 15.03 whereas plots grown after Duxford had a 

score of 20.88 (p < 0.001, Table 4.23). 

Table 4.23 Combined three-year REML analysis for year 1 cultivar effect 
on spring percent plants infected and summer take-all index (TAI), table 
of means for field trials 14/R/CS/742; 15/R/CS/749 and 16/R/CS/763. 
Table of significant interactions from combined REML analysis on spring 
percent plants infected and summer TAI for effect of cultivar. Full explanation 
of the test contrasts can be found in Appendix 4. Full REML analysis outputs 
can be found in Appendix 10 & 11. 

Year 1 Cultivar 

Logit spring percent plants 
infected  
(back-transformed mean, %) 

Logit summer TAI in Gallant 
crop  
(back-transformed mean) 

Duxford -0.563 (24.48) -0.666 (20.88) 

Hereford -0.843 (15.59) -0.866 (15.03) 

d.d.f. 92.1 96.8 

SED (Average) 0.0973 0.0587 

Wald statistic 8.01 11.76 

F Probability (effect of 
cultivar) 

0.006 <0.001 

 

In spring the average percent plants infected was highly significantly affected by 

the inclusion of a T1 Amistar spray in the combined REML analysis (P < 0.001). 

On average plants grown in plots which had received a T1 spray of Amistar in the 

year previous had 11.5 % less plants infected compared to plots absent of this 

spray Table 4.24. The plots receiving no T1 Amistar spray or Moddus (5 

treatments in total) had almost equal amounts of average spring disease. The 

effect of chemistry on summer TAI in the REML analysis for Amistar spray timing 

structure was more complex. A three-way interaction between all three 

applications was found, p = 0.009 (test contrast Prod.A1.A2.A3, Appendix 4 & 

Appendix 11). A three-way interaction in this output means that there was an 

overall main effect of year 1 chemistry and therefore the chemistry treatments 
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must be viewed as individual treatments. The combined TAI table of means for 

each year 1 chemistry treatment is provided in Table 4.25 in ascending order of 

TAI. The combined analysis for the effect of year 1 Amistar spray at T3 had the 

greatest mean second wheat oversown TAI at 27.49. The lowest take-all disease 

intensity was promoted by a year 1 T1+T3 Amistar spray with a mean TAI of 

13.25. The no Amistar treatment in year 1 had average year 2 TAI of 18.69, which 

in this analysis the result can be compared directly to the other treatments.  

Table 4.24 Combined three-year REML analysis for year 1 chemistry effect 
on spring percent plants infected in second wheats, table of means for 
field trials 14/R/CS/742; 15/R/CS/749 and 16/R/CS/763. 
Interaction effect of Prod.A1 P < 0.001, SED: 0.146 (where Prod=Moddus and 
A= Amistar application time 1 (T1)). A full explanation of extended timing 
structure contrasts tested is given in Appendix 4 and full ANOVA output table 
in Appendix 10. 

Fungicide 

Logit percent plants infected in spring 
(back transformed mean, %) 

Spray inclusion 

T1 

No Amistar present at spray time  -0.535 (25.56) 

Amistar present at spray time  -0.568 (14.01) 

T1 Moddus  -0.907 (24.31) 

 

Table 4.25 Combined three-year analysis for effect of year 1 chemistry on 
July TAI in field trials 14/R/CS/742; 15/R/CS/749 and 16/R/CS/763. Table of 
means. 
Table of significant interactions from combined REML analysis for timing 
structure of Amistar interaction of Prod.A1.A2.A3. Displayed in ascending order 
for back transformed TAI. Full explanation of the test contrasts can be found in 
Appendix 6. Full REML analysis in Appendix 12. 

Year 1 chemistry treatment 
Logit TAI in Gallant crop  
(back-transformed TAI (0-100)) 

G) T1 + T3 -0.939 (13.25) 

E) T1 + T2 -0.866 (15.02) 

H) T1 + T2 + T3 -0.852 (15.37) 

B) T1 -0.816 (16.34) 

I) T1 Moddus -0.789 (17.08) 

F) T2 + T3 -0.780 (17.35) 

A) No Amistar spray -0.735 (18.69) 

C) T2 -0.629 (22.11) 

D) T3 -0.484 (27.49) 

d.d.f. 77.3 

SED (Average) 0.101 

Wald statistic 7.13 

F Probability (effect of 
cultivar) 

0.009 
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Applying the LSD to the logit TAI data as pairwise comparisons, the year 1 

Amistar T3 spray treatment resulted in significantly more take-all disease than all 

treatments, except for the T2 spray. Therefore, it seems that a T3 inclusion of 

Amistar in year 1 promoted more disease in year 2 even compared to when no 

Amistar was applied. The T1+T3 individual treatments were the best at reducing 

year two disease promoting a significantly lower TAI than the T3, T2 and the no 

Amistar treatment. The mean logit TAI for the T1+T3 treatment was significantly 

different from the no Amistar treatment by a very small margin of 0.002 logit TAI, 

therefore the result of this reduction from a TAI of 13.25 to 18.69 is on the 

boundary of significant difference. Noticeably all of the sprays which included a 

T1 Amistar in year one had the lowest disease in year 2 ranging from a TAI of 

13.25 (T1+T2) to 16.34 (T1). The PGR Moddus had no effect on second wheat 

summer disease over the three years, with a mean value similar to the farm based 

treatment which received no Amistar Table 4.25. 

A pooled analysis of grain yield for all three years was also performed (output in 

Appendix 12). In this analysis, year effects were very large, thus year was 

included as a random effect. The mean yield was 14.02, 11.64 and 8.50 

(tonnes/ha) in 2014, 2015 and 2016, respectively. This in part follows the increase 

in disease in the final trial compared to the other two years. The reduced yield in 

2015, is not explained by high disease. Both 2015 and 2016, showed high degree 

of variation so are less heavily weighted in the REML analysis than 2014. These 

two years also required row by column spatial adjustment to account for field 

effects. This analysis showed that there was no combined years effect of first 

wheat cultivar on the yields of the second wheat plots. However, a very mild effect 

of chemistry was identified. The T1 Amistar spray inclusion promoted a very small 

average increase in yield. This was from 11.58 tonnes/ha where plots had 

received a T1 Amistar spray the year before, compared to 11.38 tonnes to those 

without, an increase of 0.2 tonnes/ha (P = 0.045, see Appendix 12 for statistical 

output). Moddus as a T1 first wheat spray lead to mean second wheat yields of 

11.23 tonnes/ha.  
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4.4 Discussion 

The complexities of studying the efficacy of combined control methods for plant 

pathogens, means that empirical studies of this kind are rare (Bourguet et al., 

2016). However, due to the very difficult nature of controlling soil-borne 

nectrophic fungi (Okubara et al., 2014), in particular take-all disease (Freeman 

and Ward, 2004), we have attempted a combined approach in this research. The 

first and major aim of this Chapter was to investigate the effect of foliar applied 

chemistry on take-all build-up in first wheat and subsequent take-all disease in 

second wheat. Secondly, the effect of take-all disease control genetics (LowTAB) 

in combination with foliar applied chemistry, was assessed. This was to identify if 

first wheat agronomy could influence second wheat disease and overall 

performance. The results from this project highlight the complexities of working 

with multiple control strategies in one experiment (in this case genetics and 

chemistry), in addition to the difficult task of studying soil-borne crop pathogens 

in the field (Bateman and Hornby, 1995). However, through performing detailed 

and complex analyses of both first wheat take-all build-up and second year 

disease, several important findings have been identified in this research.  

The results presented in this Chapter show that first wheat foliar chemistry 

applications can have legacy effects on second wheat take-all disease and can 

also very mildly influence yield. In the final combined analysis, from three years 

of second wheat trials, there was good statistical evidence (P < 0.01, or less) for 

reduced take-all disease in both spring and summer which resulted from the 

previous year’s application of take-all active fungicide: Amistar. The first wheat, 

early-season, T1 spray of Amistar, which is applied at stem elongation, was 

identified several times, to be effective at lowering second wheat disease, in both 

combined and individual analyses. The effect was greatest in spring, when plants 

grown in plots which received a T1 spray the year previous had 11 % less plants 

infected with take-all compared to those absent of a first wheat T1 spray (Table 

4.24). This effect seems to be slightly overcome by continued take-all attack in 

the months which follow. In the July combined analysis of take-all index, the T1 

Amistar effect, was less pronounced. TAI was reduced from 18.8 in the farm base 

treatment to 13.3 in the most effective treatment of T1 + T3 Amistar (Table 4.25). 

Further evidence for an effect of first wheat T1 Amistar, on reduced second wheat 

disease, were significant effects on take-all patch, leaf senescence and thousand 
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grain weight, in the extremely high disease year of 2016 (trial 16/R/CS/763, 

Section 4.3.10). These findings suggest for the first time that targeting first wheat 

with foliar fungicide sprays could lead to a reduced disease intensity in the 

following year. However, it is not clear from our findings if there was a direct link 

to reducing inoculum by applying fungicide or if the fungicide was active in the 

soil for prolonged periods of time.  

Whilst this is the first time a beneficial effect of a foliar chemistry applied to a first 

wheat has been proven to effect second wheat disease, an influence of first wheat 

seed treatments has also been reported once in the past. Bateman et al. (2003) 

tested crop sequence experiments for the effect of repeated years of take-all 

fungicide control using seed dressing Jockey (active ingredient: fluquinconazole). 

Second wheat disease, in plots treated with the fungicide seed coat in the 

previous wheat crop, had a reduced take-all index and significantly increased 

yields. This is an important effect as this treatment was applied at drilling of the 

first wheat, yet an effect was witnessed at harvest in the second wheat, just under 

two years later. This was only studied in one year because after this initial trial, 

Jockey was no longer included in the first wheat year due to lack of reduction of 

first wheat disease (as expected). Bateman et al. (2003) did not measure take-all 

inoculum build-up. 

Take-all disease progression is dictated by weather conditions. This influences 

initial fungal biomass development in first wheats, the extent of disease 

epidemic(s) and development of take-all decline (TAD) (Slope and Gutteridge, 

1979, Bailey et al., 2005, Ennaifar et al., 2007, Pillinger et al., 2005). In this study 

second wheat take-all disease was observed at extremes, i.e. very low in 2014 

and 2015, then exceptionally high in 2016. Severe take-all disease outbreaks are 

linked to high rainfall in the spring and summer (Clarkson and Polley, 1981), 

which seemingly increases soil water potential, which is required for growth of the 

fungus (Cook, 1981). Generally warm, damp conditions through the growing 

season (autumn to early summer) promote take-all disease (Hornby, 1978, 

Ennaifar et al., 2007), whilst hot dry weather in the late summer enhances the 

damaging effects of an infected, non-functioning root system (Hornby et al., 

1998). Take-all disease intensity is also greatly affect by the levels of infective 

take-all inoculum present in the soil at the time of drilling. This has previously 

been related to the amount of primary infection which occurs (Bailey and Gilligan, 
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1999). Thus, starting inoculum quantity is highly related to final disease severity 

(Gutteridge et al., 2008). Mild temperatures and higher levels of rainfall in the 

spring and summer are associated with increased first wheat take-all inoculum 

build-up (Hornby et al., 1998).  

In this study take-all inoculum build-up was observed at very low, low and high 

levels, respectively, in the first wheat trials (Table 4.9). Varying amounts of 

inoculum build-up were expected based on previous findings, where large 

variation has been described in response to the seasonal weather conditions 

(McMillan et al., 2011).The third repeat in 2015 (first wheat trial: 15/R/CS/763) 

was the most conducive to take-all build-up, with the highest March-August 

temperatures and rainfall, compared to 2013 and 2014 (Chapter 3, weather 

summary). This followed with a very mild autumn (during the primary infection 

period) with mean temperatures remaining around 12 °C in November and 

December 2015. This explains the huge outbreak of disease in 2016, when 97 % 

of plants were already infected in spring. Conversely, peaks of high temperatures 

in the summer months of 2013 and 2014 (first wheat trials: 13/R/CS/742 and 

14/R/CS/749, respectively) prevented high levels of inoculum build-up. The low 

level of inoculum at drilling of the second wheat was followed in both seasons 

with periods of low temperatures in the winter, leading to final take-all infection 

rates below 10 % of plants infected. Disease at this low level does not normally 

significantly effect final yield (Gutteridge et al., 2008, Bateman et al., 2006). 

Conversely, in the final year, disease pressure was extremely high across the 

whole trial site, this lead to an average yield of 8.5 tonnes/ha in 2016, which is 

dramatically reduced compared to 14.0 tonnes/ha in the low disease year of 

2014. 

When studying the individual second wheat trials in this research, a common 

trend of reduced disease in plots receiving the first wheat T1 Amistar spray was 

often found. However, this was not in just one common disease parameter. 

Disease was reduced in summer percent plants infected in 2014, (Table 4.17), 

spring percent plants in 2015 (Table 4.19) and summer TAI in 2016 (Table 4.21). 

This varied response is the result of different yearly disease pressure. This played 

a large role in determining the parameter of disease which was controlled, the 

extent of the control provided and the effect on yield. No significant yield effects 

related to take-all control, were identified in the individual year’s analyses. 
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However, in the final combined analysis, a very small beneficial effect of first 

wheat T1 spray inclusion was found. Yield was raised by 0.2 tonnes/ha, averaged 

over the three second wheat trials (Section 4.3.10). The very mild increase in 

yield, is most likely the result of the extreme limits of take-all outbreaks which 

occurred in these experiments. Thus, yield effects may have been less 

pronounced in these trials, than they potentially could have been under more 

middling take-all conditions. Trials testing the first T1 effect on second wheat 

disease will need to be repeated, hopefully in years when more moderate disease 

build-up and disease occurs. 

The results in this chapter, highlight the difficulties when studying take-all disease 

in the field. Nevertheless, controlled experiments for examining take-all inoculum 

build-up using field soil in pots or laboratory conditions have never been achieved 

(V. McMillan & R. Gutteridge, unpublished data). As part of this PhD project, large 

pot experiments were used to test the inoculum build-up which occurred in a 

semi-natural, netted sand bed area at Rothamsted, in 2014 and 2015. Plants of 

Hereford and Duxford were grown in take-all naive soil from fields grown with 

oats, which are naturally resistant to take-all (Carter et al., 1999). All the plants 

were severely infected with take-all after one year’s growth. This suggests that 

growth in a pot enhances the progression of the take-all disease cycle to include 

inoculum build-up and disease within one season (data not shown). Hence, 

investigations of take-all build-up are currently restricted to field trials only. 

Given the very high or low take-all disease pressures which occurred, it is 

encouraging that significant reductive effects on second wheat disease were 

found. However, when the effect of Amistar on first wheat take-all inoculum were 

investigated, there was not a clear pattern of a chemistry regime which prevented 

build-up and directly led to second wheat disease reduction. In the final combined 

analysis of the post-harvest results, the T2 Amistar spray had the greatest 

reductive effect on take-all inoculum build-up, whilst T1 had a trend (p= 0.057) of 

less roots infected in the soil core bioassay. The T3 spray had no positive or 

negative effects on post-harvest inoculum. Immediate in-season effects on 

inoculum development resulting from Amistar treatment were witnessed by the 

T3 spray time in the 2014, first wheat trial (14/R/CS/749, Table 4.6). However, a 

major flaw of these in-season investigations is that it is not possible to determine 

which treatment was acting to reduce/prevent build-up, as only the T1+T2+T3 
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plots were sampled due to the time constraints. This does confirm however, that 

Amistar can directly influence take-all inoculum production. Overall when 

studying the inoculum build-up response, it can be concluded that the effects of 

the T1 trend were more persistent than the significant reductive effect of T2. This 

is based on second wheat oversow data, where T2 had no significant effect on 

disease. These inconsistencies are potentially due to the extremes of disease 

encountered, the very patchy nature of the disease within some trials, 

complicated chemistry-wheat-pathogen interaction and/or the dose rates of the 

chemistries which reached the soil. 

Historically, the efficacy of foliar Amistar has only ever been found to decrease 

take-all, in disease risk situations, when the chemistry was applied at T1. This 

was observed in numerous studies and years, focusing mainly on second and 

third wheats (with highly varied efficacy) (Jenkyn et al., 2000, Jenkyn and 

Gutteridge, 2002, Bateman et al., 2006). It is intriguing that the effect of Amistar 

observed in this research, this time on take-all inoculum build-up, was significant 

again at the early spray time of T1. Particularly, as take-all build-up in first wheat 

is only normally detected to a significant degree until May or June at the earliest 

(McMillan, 2012). However, build-up in the soil can begin to some degree in 

March/April, for example this was witnessed in the through season analysis of the 

third repeat of this trial (Table 4.8). In the previously published studies there has 

been much discussion around the unusual mechanism of lowered soil-borne 

disease resulting from a foliarly applied chemistry. However, these have 

generally lead to no conclusive answers.  

Amistar is xylem systemic, but is not translocated via the phloem (Bartlett et al., 

2002). Therefore, movement to the roots is not likely. No link between soil 

moisture or rainfall could be proven for any of the Amistar trials, even when 

Bateman et al. (2006) performed retrospective weather analysis on the highly 

effective Amistar trials carried out by Jenkyn et al. (2000). In this early work the 

fate of Amistar in soil was cited as having a half-life of >28 days and as being 

easily sorbed (the take up and retention of chemistry in soil by absorption or 

adsorption) (Jenkyn and Gutteridge, 2002). However, Amistar is now described 

as having a half-life in soil of 80 days (Amistar safety data sheet, Syngenta UK) 

and as having low to high mobility in soil. A recent study on UK soils found that 

the time for azoxystrobin (Amistar a.i.) dissipation to 25 % ranged from 39 – 120 
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days varying both with fields and between soil types (Bending et al., 2006). The 

rate of sorption was also highly variable, but linked to soil pH. It is thus unclear 

how long Amistar would have persisted in the soil of the current field trials, though 

it is likely to be in the range of 80 days’ soil half-life. In the three first wheat 

experiments tested here T1 was applied 87, 120 and 113 days before harvest in 

each year in 2013, 2014 and 2015, respectively. Gisi (2014) reviews the 

maximum exposure concentrations (MEC) of fungicides which hit the soil (which 

will differ based on the field application rate). The T1 spray time is cited as having 

the highest MEC, compared to T2 and T3, due to the fact the canopy is least 

developed. Thus, much fungicide will hit the soil. Therefore, the most likely 

conclusion for the now commonly described effects of Amistar at T1 against the 

take-all fungus, is very likely related to MEC in the soil at this time point. Based 

on the label information for Amistar and the research done on UK soils (Bending 

et al., 2006), it is likely that Amistar would have persisted in the soil long enough 

from the first spray to when take-all inoculum build-up was occurring in the soil 

and very likely onwards into post-harvest and the next growing season, even at 

very low doses. The sensitivity and effective does for 50 % control (EC50) of the 

wheat take-all fungus (G. tritici) has been studied in detail in this thesis in Chapter 

6. 

In the final combined analysis, the T3 and T2 singular sprays had increased 

disease. This may further support the argument that dose is required for take-all 

control as these singularly sprays, latest in the season, led to larger outbreaks of 

disease in the following year, suggesting lower control. However, this does raise 

some concern where disease was exacerbated by the T3 spray (Table 4.25). 

Fungicides, used for the control of take-all have been found to cause irregular 

disease progression in previous studies. Bateman et al. (2008) describe in fourth 

wheats receiving no chemistry targeting take-all but which had been treated in 

the third wheat preceding, that there was a significant increase in disease after 

seed treatments Jockey and Latitude. This was linked to the offset of disease 

epidemics causing more severe disease in the next crop (i.e. later shifts towards 

the high peak of disease required before TAD will occur, see disease cycle figure 

in Chapter 1, Figure 1.3).  

In the current work, where first wheat Amistar applied at T3 significantly enhanced 

disease in the following crop, the situation is slightly different as no take-all 
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disease was observed in the first wheats where Amistar was applied (as 

expected). This effect is unlikely to be linked to changes in microbial activity, a 

recent paper found no activity of azoxystrobin (a.i. in Amistar) on micro-eukaryote 

communities, when applied at field rates (Alvarez-Martin et al., 2016). In other 

studies, where changes in microbial diversity have been observed (Bacmaga et 

al., 2015, Adetutu et al., 2008), to elicit a change in the microbiology of the soil, 

the doses were much higher than field application rates. Additionally, if the effect 

of Amistar on microbial diversity resulted in changes in the take-all epidemic, the 

greatest change would be expected in the repeated spray treatments where the 

most active ingredient will be entering the soil. Thus, these increases in intensity 

of take-all in the second wheat are thought to be linked to the highly patchy nature 

of disease (Hornby, 1978). Where take-all growth was not reduced, due to the 

lower dose in the singular, late sprays of T2 and T3, outbreaks would be subject 

to greater variation due to the inherent randomness of take-all disease in the field. 

To back this up, no increase in second wheat spring disease was observed 

resultant from these spray applications.  

Two unexplained yield effects were identified in the 2014 oversow (14/R/CS/742). 

Plots where a first wheat T3 spray was applied as a single spray or as T1+T3, 

had increased yield (Table 4.18). The amount of disease in this year would likely 

be too low to effect yield (Gutteridge et al., 2008, Bateman et al., 2006). Further 

evidence for this was the unexpected negative effect of Moddus on yield in the 

same trial (Table 4.18). This result is very surprising given that Moddus is not 

very biologically active and has low soil persistence (David Ranner and Jason 

Tatnell, Syngenta Crop Protection UK, personal communications). The half-life of 

the chemistry is 3.9 to 5.5 days in water and less than 0.2 days in soil (Moddus 

product label, Syngenta UK). Effects induced by Moddus in plants are almost 

immediate, and new tissue produced more than one month to six weeks after the 

application is not normally impacted (Jason Tatnell, Syngenta Crop Protection 

UK, personal communications). Findings of a similar nature were described for 

relationships with the previous year’s fungicide treatments, in the next untreated 

crop, in past experiments (Bateman et al., 2003). The seed treatment Jockey 

sometimes had negative effects on yield greater than could be explained for the 

effects of take-all in the year that followed treatments. The year 2 yield results in 

2014 must have been caused by an unknown altered physical/biological attribute 
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of the soil/crop and cannot be explained by any observations made. However, 

year 1 Moddus did not have any effect on second wheat take-all disease. 

A major aim of this research was to identify any potential synergism with 

chemistry and genetics. Based on the many complex interactions studied in this 

Chapter synergy is unlikely. This is because only one statistically significant 

interaction between chemistry and genetics (cultivar) was witnessed across all 

six trials implemented. In the 2014, second wheat oversow experiment 

(14/R/CS/742) a statistically significant reduction in percent of plants infected 

resulted from first wheat treatments of Hereford combined with a T1 Amistar 

treatment (Table 4.17). This result indicates that in the 2014 season only, there 

was a requirement for the combination of Hereford and Amistar applied as either 

a T1 only or T1+T3 spray in the year previous, to give a statistically significant 

reduction of take-all disease in the next year. In all other cases, reductive effects 

of first wheat chemistry were always independent from the effect of genetics. This 

is due to the lack of statistically significant interaction effects between the two 

variables. Thus, any effects of the treatments on disease are standalone and 

when applied collectively should have additive effects, though this will need to be 

further tested in future. This is particularly important in the combined analysis of 

final second wheat disease as the chemistry and genetic effects were not 

synergistic, but had additive trends (Appendices 10 and 11). This disproves our 

hypothesis, that first wheat genetics and chemistry will work synergistically to 

reduce second wheat disease. However, this means that in future, if farmers are 

to implement these treatments there is not a requirement of a strict combination 

of cultivar and chemistry. This means these treatments can be easily applied to 

any take-all control regime system, working individually and potentially additively. 

This would also give the chemistry effects the benefit of potentially enhancing the 

LowTAB trait and could be a mechanism to enhance the durability of this trait – 

though this would also need to be tested in future research.  

First wheat genetics have once again in this project been shown to influence 

second wheat take-all disease. Whilst the chemistry legacy effects were quite 

unpredictable and were not always easily related between first and second wheat, 

the TAB genetic trait has been shown to be more robust between seasons. First 

wheat inoculum which built-up under the two cultivars, Hereford and Duxford, was 

significantly different in the combined analysis. Hereford promoted a reduced 
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amount of inoculum compared to Duxford (Table 4.12). This followed with 

reduced second wheat spring and summer disease in plots grown after Hereford 

compared to Duxford (Table 4.23). This allows the conclusion to be drawn that 

first wheat Hereford consistently promotes less second wheat disease than 

Duxford. However, Hereford is clearly influenced by complex year and field trial 

site effects. In the last repeat of this trial (15/R/CS/763) Hereford built-up a high 

amount of take-all inoculum which was only slightly reduced compared to Duxford 

(Table 4.9). This highlights the importance of studying this complex trait in 

multiple field locations and seasons. This result was also found in first wheat 

AHDB recommended list trials, when over 70 cultivars tested were found to have 

complex year, field location and cultivar effects (McMillan et al. 2017, submitted). 

A detailed analysis of the TAB status of Hereford, across all the field trials in this 

thesis, is discussed in detail in Chapter 5. Importantly these results highlight that 

whilst also under high levels of variability across fields and years, the TAB trait is 

more consistent than the chemistry effects witnessed in this set of trials. 

 Summary 

Take-all build-up (2013-2015) and take-all disease (2014-2016) in these 

experiments occurred at two extremes, low in the first two trials and high in the 

final trial. Overall there was a significant effect of Amistar and cultivar applied to 

first wheats on second wheat take-all disease which have the potential to provide 

new control methods. Variability in efficacy of fungicides on take-all disease 

control is a recurring issue which has arisen in all trials when studying foliar 

applied Amistar and the seed coats Latitude and Jockey (Bateman et al., 2006). 

Here we give evidence for the first time that first wheat T1 Amistar foliar sprays 

can reduce second wheat spring take-all disease incidence and summer take-all 

index. This also lead to very mild increase in yield (0.2 tonnes/ha). However, later 

year 1 Amistar sprays, particularly the individual T3 spray and the plant growth 

regulator had no significant reductive effects.  

Hereford is shown to promote a reduced amount of take-all inoculum and second 

wheat disease compared to Duxford. However, this cultivar is subject to complex 

year and/or field effects. The effects of first wheat cultivar and chemistry on 

second wheat identified here are additive and therefore will work independently, 

thus if implemented together should work to further reduce disease. However, 
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future work is required to identify if early Amistar and Hereford applied to first 

wheats can provide yield benefits by reducing second wheat disease, in more 

moderate disease pressure years. Large control and yield effects are not thought 

to have been found in these trials as the weather caused extremes of disease 

which is an inherent issue when doing field work to explore genetic and chemistry 

soil-borne disease control. However, these would be the same conditions for 2nd 

wheat fields grown by farmers in these years. Therefore, whilst evidence for 

reduced disease was present, at the pressures observed there would not be any 

evidence for a beneficial use of the treatments applied. It will now be important to 

test these in average years to see if they are effective at providing yield benefits.  
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Chapter 5. Hereford x Player Doubled Haploid 

Population 

5.1 Author Contribution 

The photosynthesis group at Rothamsted Research designed the field trials used 

in this chapter. Measurements of crop physiology and lab root architecture were 

done at Rothamsted Research by the photosynthesis group and the root 

architecture groups, respectively. The author and Vanessa McMillan produced 

the statistical design and sampling strategy for investigating post-harvest take-all 

build-up. The author performed all take-all build-up phenotyping. Clémence 

Malbouyres (Syngenta) performed the QTL analysis. The author, Rodger White, 

Stephen Powers, Joao Pennacchi and Caihong Bai analysed the data. 

Correlations of the different data sets presented here were done by the author 

and the chapter was written by the author. 

5.2 Introduction 

Molecular tools are now standard practice in plant breeding programmes, helping 

to accelerate selection of crop plants for important genetic traits (Bassi et al., 

2016). Particularly, marker-assisted selection (MAS) has been used to increase 

the rate of yield gain (Xu and Crouch, 2008). This technology uses DNA markers 

to highlight breeding lines with allelic variation, which are underpinned by specific 

gene sequences (Collard and Mackill, 2008, Xu and Crouch, 2008). Quantitative 

target traits such as disease resistance or grain yield can be phenotyped and 

then mapped to discrete quantitative trait loci (QTL) to which diagnostic DNA 

markers can be associated (Kuchel et al., 2007). These methods have been used 

extensively in wheat, with many examples of introgression of important traits 

(Bassi et al., 2016). One major example, is for resistance to Fusarium Head Blight 

(FHB), where over 50 major and minor QTL have been mapped (Buerstmayr et 

al., 2009). Many of these traits have been stably applied in resistance breeding 

programmes, highlighting the important role that developing QTL for MAS can 

have in enhancing plant protection against pathogens. 
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Take-all root disease is extremely difficult to control in wheat rotations. This is 

enhanced by the fact that no genetic resistance traits have been found in elite 

winter wheat which are considered consistent enough to be used in breeding 

programs (Freeman and Ward, 2004). Thus, MAS for take-all disease control has 

to-date not been possible. In this PhD, the potential use of a novel genetic trait 

which can reduce the first stage of the disease, known as the take-all inoculum 

build-up (TAB) trait, has been investigated in detail in the cultivar Hereford 

(Chapters 3 and 4). The TAB trait (described in detail in Chapter 1) is the first 

ever genetic control trait in elite hexaploid wheat to provide, consistent, take-all 

disease reduction (McMillan, submitted, McMillan et al., 2011). Some cultivars 

promote a low level of take-all inoculum build-up (LowTAB) and some high levels 

(HighTAB). The TAB trait results in reduced take-all disease in second wheats, 

where LowTAB cultivars have been grown the year previous. Research into over 

70 winter wheat cultivars has confirmed that LowTAB is a highly complex trait, 

likely to have many lineages (McMillan, submitted). Although highly complex, and 

exhibiting both site and year interaction effects, some current UK elite 

recommended list varieties possess the trait capable of functioning consistently 

across multiple trial sites in the south of the UK. 

An attempt to genetically map the TAB trait was carried out in an Avalon 

(HighTAB) x Cadenza (LowTAB) doubled haploid (DH) mapping population 

(WGIN, 2010, WGIN, 2009). QTL mapping was performed using above ground 

symptom scoring (take-all patch score) and yields. These were assessed in a 

second wheat oversow experiment (cv. Oakley) grown after a first wheat trial with 

62 Avalon x Cadenza DH lines. Two major QTL were identified which collectively 

accounted for over 70 % of the TAB phenotype variation. The two QTL positions 

were later confirmed in further studies of 16 lines from the population, in the 

LowTAB BBSRC-TSB project in 2012 (unpublished data, McMillan, 2012). The 

location of these QTL will not be discussed due to the continuing status of the 

project with other stakeholders and the fact the data is not in the public domain. 

When the TAB trait was confirmed to be present and consistent in UK cultivars 

for the first time (McMillan et al., 2011) it was noted that there was potentially 

multiple genetic origins and biological mechanisms. In this PhD it has been 

confirmed that Hereford promotes a lower amount of take-all build-up than a 

confirmed high take-all build-up cultivar, Duxford (McMillan, 2012)(Chapter 3 & 
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4). In Chapter 3, the possibility that the LowTAB trait in Hereford is genetically 

distinct from Cadenza was discussed. Therefore, the Hereford parentage 

provides a novel opportunity to further explore the genetic basis of the TAB trait 

in a different genetic background and/or potentially identify novel major loci or 

QTLs conferring the LowTAB trait in this cultivar. The original plan to investigate 

this in a Hereford (LowTAB) x Duxford (HighTAB) DH mapping population was 

abandoned in 2014 due to the failure in the production of the population (David 

Feuerhelm, Syngenta, pers. comms. November 2014). However, at the same 

time a large mapping population with parents of Hereford and the French cultivar 

Player was being used in several studies at Rothamsted both in the field and the 

laboratory. 

Hereford was selected in a glasshouse screen of parents with pre-existing 

mapping populations to be used in field studies for physiology. This work was 

done at Rothamsted Research by Dr Elizabeth Carmo-Silva (unpublished data). 

In this screen, Hereford exhibited high levels of net photosynthesis and increased 

early stage biomass production. This coincided with low specific leaf area, 

indicating that the cultivar was high performing for photosynthetic efficiency. 

Hereford was already known to be a very high yielding cultivar based on internal 

Syngenta testing, however the cultivar never made the UK AHDB recommended 

list due to brown rust susceptibility (David Feuerhelm, Syngenta, pers. comms.). 

The cultivar Player was found to be contrasting for biomass, net photosynthesis 

and specific leaf area. Thus, the existing DH population between these two 

parents with 119 lines was chosen to examine the relationship of crop physiology 

and yield in large field trials on the Rothamsted farm. Similarly, to Hereford, 

Player is not related to Cadenza (pers. comms. David Feuerhelm, wheat breeder, 

Syngenta).  

The French cultivar, Player had not previously been investigated for take-all 

inoculum build-up. The presence of a Hereford parentage DH population, which 

was being extensively studied on the Rothamsted farm provided an invaluable 

opportunity to attempt a genetic mapping experiment on the TAB trait. This was 

furthered by the fact the population had also been selected to be investigated for 

root system architecture traits in a laboratory seedling screen by the root 

architecture group (research performed by Drs Richard Whalley and Caihong 

Bai). 



160 
 

In this chapter, we set out to investigate the feasibility of using the Hereford x 

Player DH mapping population to genetically map the TAB trait. Due to the limited 

timeframe of the PhD, in addition to the highly time and labour intensive process 

of phenotyping for this singular trait, we set out an experimental strategy 

presented in the flowchart in Figure 5.1. This was important as sampling for this 

trait is only possible once a year within two weeks of harvesting the crop 

(discussed in Chapter 3). The field trials designed to investigate crop physiology 

by the photosynthesis group were carried out as two repeated mapping 

population trials in 2015 (15/R/WW/1509) and 2016 (16/R/WW/1609). Thus, we 

planned to initially test the parents in 2015 to compare their post-harvest TAB 

status using the soil core bioassay (Slope and Gutteridge, 1979). Following this 

we would make decisions and implement experiments as laid out in the flowchart 

(Figure 5.1). We also set out to correlate the results collected by the other 

research groups investigating this population against our findings for take-all 

build-up. With the aim of highlighting links with TAB and important yield, 

physiology or root architecture traits which were segregating in the population. 

We tested the hypothesis that Hereford would promote a lower level of take-all 

inoculum build-up compared to Player. Following this, using the 20 most 

genetically diverse lines of the population (designated by David Feuerhelm, 

Syngenta), we tested the hypothesis that the lines were segregating for the TAB 

trait. We finally hypothesised that the parents and breeding lines would present 

significant statistical differences in the levels of take-all inoculum build-up. The 

observed variation between them would then allow for QTL mapping of the TAB 

trait in the doubled haploid population. The major aim of this work was for future 

development of genetic markers for the TAB trait to be employed in commercial 

wheat breeding MAS. 
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Figure 5.1 Experiment strategy flowchart for Hereford x Player population.  

5.3 Materials and Methods 

 Field experiments 

Two mapping population field trials were performed on the Rothamsted Farm, 

Hertfordshire, UK in harvest years 2015 and 2016. A DH mapping population was 

developed from the parent cultivars Hereford and Player by Syngenta. From this, 

119 lines were grown in the field trial, in addition to the parents and a suite of five 

other cultivars which included: Avalon, Cadenza, Brompton, Gatsby and 
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Gladiator. Both field trials were drilled as first wheats after oil seed rape break 

crops and are detailed in Table 5.1. In both years, a complete randomised block 

design of three repeated blocks was used. Six plots of the parent lines, one plot 

of each DH line and one plot of the five additional cultivars were grown in each 

repeated block. In 2015, Syngenta supplied the seed and plots were drilled as 1 

x 2 m plots. In 2016, seed was collected by hand from the previous year’s plots 

and drilled in larger 1 x 4 m plots. Fungicide, insecticide, herbicide, plant growth 

regulators and fertilisers were applied as per the standard Rothamsted Farm 

practise. Plots were sampled through the season by John Andralojc, Elizabete 

Carmo-Silva and Joao Pennacchi to measure crop physiology and 

photosynthesis. Plots were soil cored post-harvest to test for differences in take-

all inoculum build-up (Table 5.2).  

 Take-all inoculum build-up phenotyping 

To measure take-all inoculum build-up post-harvest in each year the soil core 

bioassay was used as detailed in the general methods, Chapter 2 (Slope and 

Gutteridge, 1979). Sampling dates and details are displayed in Table 5.2. In 2015, 

only the parent plots were sampled as described in the experimental sampling 

flowchart (Figure 5.1). Due to the small plot size (1 x 2 m) three soil cores were 

taken from each of the six parent plots in each block. In 2016, two post-harvest 

soil core sample sets were taken (Figure 5.1). For the first experiment a subset 

of samples were taken from all parent plots, the 20 most genetically diverse DH 

lines, plus Avalon (HighTAB) and Cadenza (LowTAB) plots. The final two 

cultivars were used as bench marks due to their previously designated TAB 

status  (McMillan et al., 2017 submitted, McMillan et al., 2011). In a second 

experiment, all plots were sampled. In 2016, the larger plot size allowed sampling 

of 5 soil cores per plot. Due to the large number of cores required sampling took 

place over 2 or 3 days (Table 5.2). Soil cores were then randomised and the soil 

core bioassay was performed as detailed in the general methods, Chapter 2. In 

the 2016 full sample the bioassay was performed by setting up the soil cores in 

the three replicate blocks as designed in the field trial. This was due to the large 

number of samples. The cores were randomised in the growth room within each 

replicate. 
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Table 5.1 Details of field trials used in this study. 
 

Harvest year 
(Field trial code) 

Rothamsted 
Field 

Soil type1 Cropping history Sowing 
date 

Plot size 
(m) 

Seed rate 
(seeds / m2) 

Date 
harvested 1 year previous 2 years previous 

2015 (14/R/WW/1509)2 Pastures Typical Batcombe Winter Oilseed Rape Winter Wheat 20/10/14 1 x 2 350 22/08/15 
2016 (16/R/WW/1609) Delafield Batcombe  Winter Oilseed Rape Winter Wheat 12/10/15 1 x 4 350 26/08/16 
1 Soil type described in Avery and Catt (1995). 
2 Phialophora species were present in this field in 2011 as identified in McMillan (2012), this gave rise to uneven take-all inoculum build-up. 

 

 

Table 5.2 Soil core sampling details. 
 

Harvest year  
(Field trial code) 

Sampling method or 
measurement 

Units per plot Month or time point Date of sample Growth Stage (GS) 
at sampling1 

2015 (15/R/WW/1509) 

Parent lines only Soil bioassay 3 cores Post-harvest – August 28/08/15 N/A 

2016 (16/R/WW/1609)  

Crop discard area Summer plant samples 5 x 20 cm fork June 24/06/16 75 
Subsample2 Soil bioassay 5 cores Post-harvest – August 31/08/16 - 01/09/16 N/A 
All plots Soil bioassay 5 cores Post-harvest – August 05 - 07/09/16 N/A 
1 Zadoks decimal code for cereals (Zadoks et al., 1974) 
2 For the 2016 trial a subset of soil cores were taken first from the parent lines and 20 most diverse lines as designated by David Feuerhelm – 
wheat breeder for Syngenta. 
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 Quantitative trait loci analysis 

QTL analysis was performed at Syngenta by Clémence Malbouyres. The 

Hereford x Player DH population was genetically mapped with Diversity Array 

Technology (DArT), Simple Sequence Repeat (SSR), Illumina 6K chip and 

KASPar. This gave rise to 425 markers which were used in the analysis. QTL 

detection was performed on 90 of the DH lines. For the analysis, the take-all build-

up data as percent roots infected and percent plants infected in the bioassay was 

used. In addition, the data as both logit and back transformed was used. To check 

for influences of the REML model the data was input in several formats. The non-

spatially adjusted, random spatial effects adjusted (row by column and power 

effects) in addition to the final nugget geospatial adjustment. The final QTLs were 

based on the final model as different QTLs were not identified between models. 

The genotyping data was input using Carthagene 1.2 (de Givry et al., 2005). An 

internal software used by Syngenta (confidential) was used to run the QTL 

analysis using composite interval mapping.  According to the LOD and r2 

(measure of phenotypic variation) values QTLs were kept or disregarded using a 

threshold of LOD with 300 permutations. 

 Field phenotyping of multiple crop traits 

In the 2016 season the field trial was tested for several crop physiology 

phenotypes. Leaf cover was measured weekly from growth stage (GS) 24 to 

August (crop maturation). Horizontal pictures were taken using a digital camera. 

Image analysis was performed using BreedPix software to give the green tissue 

percent area (Casadesus et al., 2007). These values were used to measure early 

vigour (accumulated green area from first sampling until plots had reach 90 % 

leaf cover), accumulated green area (accumulated green area from first sample 

until anthesis), maximum leaf cover and stay green (accumulated green area 

from anthesis to harvest). Leaf area index was measured at ground height using 

a LI-COR LAI-2200 plant canopy analyser (LI-COR, Lincoln, US). This was 

performed at booting (GS 45), 7 d post-anthesis (GS 65), twice during milk 

development (GS 75 & 79) and at ripening (GS 94). Each time three 
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measurements were collected in the second or third row, taken at 25 %, 50 % 

and 75 % of the plot length. 

Reflectance was measured 75 cm above canopy height by a reflectance meter, 

HandySpec System (TEC5, Oberursel, Germany). Multiple traits were calculated 

by the associated software, definition of indices and equations can be found in 

(Pietragalla et al., 2012). Reflectance at different wavelengths was used to 

calculate: Normalized Difference Vegetation Index (NDVI), Simple Ratio (Sra), 

Ratio Analysis of Reflectance Chlorophyll a (RARSa), Ratio Analysis of 

Reflectance Chlorophyll b (RARSb), Ratio Analysis of Reflectance Carotenoid 

(RARSc), Normalized Pheophytinization Index (NPQI), Structural Independent 

Pigment Index (SIPI) and Photochemical Reflectance Index (PRI). These were 

measured at stem elongation (GS 37), post-anthesis (GS 65), multiple milk 

development time points (GS: 71, 75, 78 & 79) and twice at ripening (GS 94 & 

97).  

Detailed end of season biomass analysis was carried out on a 25 cm sample of 

the third row in the third quarter of each plot. This was manually harvested before 

measuring: tiller number, grain number, grain moisture and dry weight after 48 h 

at 80 °C of straw, spike and grain. These values were used to calculate the 

harvest index, thousand grain weight, estimated yield, estimated biomass 

production and for grain: weight and number per ear. At maturity, whole plots 

were harvested, by the Rothamsted farm team, using the Haldrup-C85 plot 

combine (Haldrup, Le Mans, France). Grain yield was measured in tonnes/ha at 

15 % moisture content. 

 Laboratory root phenotyping 

The Hereford x Player population was also screened for seedling root traits in the 

lab. This screen used a ‘cigar roll’ system (Bai et al., 2013, Zhu et al., 2005). 

Seeds (uniform in shape and size) of the parent and DH lines were surface-

sterlised using 0.5 % hypochlorite for 30 min, then washed three times with sterile 

water. The seeds were geminated in the dark in petri dishes on tissue wetted with 

sterile water. A paper culture system was then used with 28 x 38 cm germination 

paper (Anchor Paper Company, St. Paul, MN, USA). Four, uniformly germinated 

seeds were placed on the paper, which was then rolled resulting in a 2 cm 
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diameter and 38 cm long roll which was contained in a metal mesh with 2 x 2 cm 

holes. Six rolls of parent lines and three rolls of DH lines were performed (giving 

24 seedlings total for parents and 12 seedlings per line). The experiment was 

carried out in an unbalanced block design. A nutrient solution was produced: 1.5 

mM Ca(NO3)2, 5 mM KNO3, 2 mM NaNO3, 1 mM MgSO4, 1 mM KH2PO4, 25 μM 

FeEDTA, 160 nM CuCl2, 9.2 μM H3BO3, 3.6 μM MnCl2, 16 nM Na2MoO4, 5 μM 

KCl, and 770 nM ZnCl2, at pH 5.8. The rolls were place in a tray so the base was 

suspended in half strength nutrient solution for the first three days. After this, full 

strength solution was used and was replaced each day. 

The seedlings were grown for 12 days under the following conditions: 12 / 12 h, 

d / n, 20 / 16 °C, 70 / 80 % relative humidity with a 500 μmol m-2 s-1 light intensity. 

Plants were harvested at the two-leaf stage with one leaf unfurled and were 

stored in 30 % ethanol until they could be imaged. Whole root system architecture 

was then analysed using 2-dimensional WinRHIZO scans (11000XL, Regent 

Instruments Inc., Sainte-Foy-Sillery-Cap-Rouge, Canada). The associated 

software was used to calculate measurements of the roots: length, surface area 

and volume. Seminal axes and seminal laterals were distinguished with a 0.25 

mm dimeter. Roots and shoot dry weight was performed after 48 h at 80 °C. The 

experiment was performed once. 

 Statistical analysis 

For take-all inoculum build-up, data as percent roots or plants infected from the 

bioassay was logit transformed prior to analysis, to ensure equal variance. In 

2015, as only the parent lines were sampled, no spatial variation across the site 

could be measured therefore general ANOVA was used to test for differences. In 

2016, the subsample, full screen, physiology and yield data were analysed using 

REML. A mixed linear model was used for each variable, testing for variation due 

to spatial trends across the field. The REML predicted means produced for the 

model of best fit for each variable was used to test for correlations and for QTLs.  

Traits were grouped into five categories to test for correlations: take-all build up 

(percent roots and plants infected with take-all in this study); leaf and canopy (leaf 

cover, leaf area index, green area); biomass (grain and straw yields, by hand and 

combine); reflectance (reflectance indices) and root traits (all root traits measured 
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in the laboratory). Correlations between take-all build-up and physiology 

phenotyping from the field and root paper culture in the laboratory was performed 

using Pearson Product Moment coefficients. Rodger White and Stephen Powers 

(Rothamsted consultant statisticians) performed ANOVA and REML analysis. 

The author performed correlation analysis. All data was analysed using the 

GenStat 17th Edition software (VSN International Ltd., Hemel Hampstead, UK). 

5.4 Results  

 Take-all inoculum build-up screens 

Player had significantly less infection in the soil core bioassay in 2015 than 

Hereford (Table 5.3). In 54 soil cores per parent, Hereford had 8.26 % roots 

infected compared to Player 1.91 % (P = 0.006). REML analysis revealed no 

statistically significant spatial component, this is due to the fact the plots were 

sparsely distributed across the trial site. Therefore, general ANOVA was used. In 

previous years, Pastures field at Rothamsted was found to have a resident 

Phialophora species population (now G. hyphopodioides, G. radicicola or 

Phialophora sp., see Chapter 1) – a natural take-all antagonist (Gutteridge et al., 

2007, Deacon, 1973a). In 2011, this caused uneven take-all inoculum build-up 

across the field (McMillan, 2012). This was not witnessed in the post-harvest soil 

cores taken from field trial 15/R/WW/1509. During the disease assessments, 

seedling roots were assessed for the presence of Phialophora spp., under 

guidance of Sarah-Jane Osborne (specialist in performing Phialophora spp. root 

colonisation counts). No roots possessing Phialophora spp. were identified. 

Table 5.3 take-all inoculum build-up in the parent  lines field trial 
15/R/WW/1509. 

Cultivar 
Logit % roots infected 
(back-transformed mean)1 

Hereford -2.31 (8.26) 

Player -3.59 (1.91) 

Grand mean -1.51 (4.18) 

SEDa 0.233 
F Pr (effect of cultivar) 0.006 
1 Average of 18 replicate plots per parent line; from field 
trial in 2015; df = 35 

In 2016, two sample sets of soil cores were collected from 16/R/WW/1609. An 

initial subset was taken to test the reproducibility of the 2015 trial findings (Figure 
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5.1). In the subsample, REML was used to adjust the trial for spatial trends across 

column and row (Table 4). In this analysis, Player was found to have a reduced 

take-all build-up in the soil core bioassay than Hereford. In the subsample, 

Hereford had 14.6 % roots infected compared to Player which had 3.62 % (Table 

4). Due to the unbalanced replication, the minimum SED was used. Performing 

a pairwise comparison of the LSD Hereford and Player were significantly different 

(95 % CI: 0.33, 0.97). Avalon and Cadenza produced values of root infection in 

the bioassay similarly to previous years. Avalon produced a high amount of take-

all infection and Cadenza low (Table 4). Player and Cadenza had very similar 

levels of infection in the assay of 3.6 % and 3.3 %, respectively. Avalon had the 

highest root infection in the bioassay which was 6.7 % higher than Hereford. 

Table 5.4 Take-all inoculum build-up for parent lines and the 20 most 
genetically diverse lines in field trial 16/R/WW/1609. 

Line1 

Logit % roots infected with 
take-all (Bt2 mean) 

Avalon -0.66 (21.3) 

Hereford  -0.88 (14.6) 
HP185 -1.03 (11.4) 

HP126 -1.10 (9.90) 

HP315 -1.18 (8.64) 
HP279 -1.23 (7.91) 

HP397 -1.26 (7.47) 
HP226 -1.33 (6.51) 

HP175 -1.42 (5.51) 
HP265 -1.48 (4.94) 

HP143 -1.50 (4.71) 

HP335 -1.53 (4.45) 
HP183 -1.58 (4.10) 

Player -1.64 (3.62) 
Cadenza -1.70 (3.26) 

HP234 -1.73 (3.06) 

HP208 -1.77 (2.84) 
HP306 -1.84 (2.46) 

HP391 -1.91 (2.15) 
HP334 -1.91 (2.13) 

HP355 -1.97 (1.91) 
HP013 -1.97 (1.90) 

HP034 -2.00 (1.82) 

HP394 -2.17 (1.30) 

d.f. 23 

SED (Maximum) 0.5073 
SED (Minimum) 0.2070 
SED (Average) 0.4867 

Wald statistic  42.37 
F Probability 0.025 
1 Doubled haploid lines = HP### are the progeny 
from crossing of Hereford and Player. 
2 Bt = back transformed mean 
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Included in the subset of soil cores were the 20 most genetically diverse lines in 

the mapping population (Table 5.4). The bioassay values obtained for these lines 

presented a continuous spread of root infection values spanning and also 

exceeding the results found in the parent lines. These ranged from close to 

Hereford, 11.4 % in line HP185, to values lower than Player, the lowest being 1.3 

% (line HP394). These results suggested that there could be genetic segregation 

of the TAB trait between Hereford and Player, thus we continued with our genetic 

mapping experiment to assess the full sample for take-all build-up (Figure 5.1). 

All plots were assessed for the amount of take-all inoculum which had built-up 

(Table 5.5). In the full screen, the results of the bioassay were highly significantly 

different (P < 0.001). In the REML analysis, the model of best fit in the variance 

components analysis was corrected for random spatial effects witnessed across 

the field and an additional nugget geospatial measurement error correction was 

also applied. From this the Hereford and Player plots were significantly different 

when compared pairwise using the minimum SED (95 % CI: 0.25, 0.74). As 

observed in the subsample Player and Cadenza had similar levels of build-up of 

5.9 % and 5.2 % infection. Avalon produced a very high level of inoculum with 

33.7 % of roots infected.  

The 119 doubled haploid lines presented a continuous distribution of infection 

which was less than Player and greater than Hereford. Evidence was also shown 

for transgressive segregation for the TAB trait (phenotypic values beyond the 

values of parents). The population have a maximum of 27.3 % (HP282) and a 

minimum of 0.66 % (HP389). Applying the maximum SED to test for differences, 

many of the doubled haploid lines were found to be significantly different from 

one another. This spread of take-all build-up phenotypes was deemed to be 

suitable for QTL analysis (Section 5.4.2). To test for correlation between the 

subsample and the full sample a Pearson’s correlation was done. This gave a 

significant correlation between the plots sampled at the first time point and the 

second timepoint, which were 4 days apart (Figure 5.2). Hereford, Player, Avalon 

and Cadenza presented less variation between time points than the doubled 

haploid lines, in the analysis of all lines a positive correlation was found (r = 0.481, 

P < 0.05).  
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Table 5.5 Take-all inoculum build-up results from full screen of Hereford 
x Player doubled haploid mapping population post-harvest trial 
16/R/WW/1609. 

Doubled 
haploid 
line or 
cultivar1 

Logit % roots 
infected 
with take-all 
(Bt2 mean) 

 Doubled 
haploid 
line or 
cultivar1 

Logit % roots 
infected 
with take-all 
(Bt2 mean) 

 Doubled 
haploid 
line or 
cultivar1 

Logit % roots 
infected 
with take-all 
(Bt2 mean) 

Avalon -0.339 (33.65)  HP225 -0.960 (12.78)  HP014 -1.247 (7.62) 

HP282 -0.490 (27.27)  HP177 -0.966 (12.64)  HP209 -1.257 (7.48) 

HP349 -0.508 (26.59)  HP175 -0.967 (12.62)  HP184 -1.260 (7.45) 

HP020 -0.524 (25.97)  HP373 -0.972 (12.52)  HP313 -1.260 (7.45) 

HP080 -0.547 (25.11)  HP069 -0.997 (11.98)  HP368 -1.276 (7.22) 

HP118 -0.576 (24.01)  HP022 -1.009 (11.73)  HP253 -1.305 (6.85) 

Brompton -0.609 (22.84)  HP104 -1.012 (11.67)  HP140 -1.306 (6.83) 

HP129 -0.681 (20.4)  HP365 -1.013 (11.66)  HP382 -1.307 (6.82) 

HP363 -0.689 (20.14)  HP189 -1.019 (11.53)  HP394 -1.311 (6.78) 

HP219 -0.691 (20.07)  HP348 -1.021 (11.49)  HP155 -1.342 (6.40) 

HP217 -0.710 (19.45)  HP403 -1.024 (11.43)  HP397 -1.356 (6.22) 

HP264 -0.727 (18.94)  HP091 -1.025 (11.41)  HP228 -1.373 (6.03) 

HP079 -0.750 (18.23)  HP223 -1.030 (11.30)  HP208 -1.381 (5.94) 

HP239 -0.757 (18.03)  Gatsby -1.031 (11.28)  Player -1.383 (5.92) 

HP230 -0.773 (17.56)  HP103 -1.040 (11.10)  HP204 -1.409 (5.64) 

HP035 -0.777 (17.45)  HP158 -1.047 (10.97)  HP211 -1.420 (5.52) 

HP036 -0.802 (16.74)  HP339 -1.052 (10.87)  HP395 -1.430 (5.42) 

HP246 -0.803 (16.73)  HP405 -1.066 (10.60)  HP210 -1.443 (5.29) 

HP327 -0.803 (16.72)  HP244 -1.067 (10.58)  HP008 -1.446 (5.25) 

HP226 -0.809 (16.54)  HP224 -1.075 (10.43)  Cadenza -1.454 (5.17) 

HP016 -0.815 (16.38)  HP404 -1.078 (10.39)  HP033 -1.495 (4.79) 

HP337 -0.819 (16.27)  HP294 -1.084 (10.27)  HP200 -1.547 (4.33) 

Hereford -0.820 (16.25)  HP331 -1.096 (10.05)  HP399 -1.551 (4.30) 

HP097 -0.822 (16.18)  HP335 -1.102 (9.95)  HP031 -1.583 (4.05) 

HP179 -0.823 (16.17)  HP381 -1.109 (9.81)  HP039 -1.588 (4.01) 

HP237 -0.829 (15.99)  HP316 -1.131 (9.42)  HP345 -1.599 (3.93) 

HP306 -0.840 (15.72)  HP216 -1.150 (9.12)  HP314 -1.683 (3.34) 

HP364 -0.844 (15.60)  HP391 -1.153 (9.06)  HP315 -1.696 (3.25) 

HP174 -0.851 (15.41)  HP344 -1.154 (9.04)  HP398 -1.740 (2.99) 

HP297 -0.883 (14.61)  HP034 -1.156 (9.01)  HP068 -1.768 (2.83) 

HP192 -0.884 (14.57)  HP302 -1.161 (8.92)  HP013 -1.778 (2.77) 

HP411 -0.886 (14.54)  HP188 -1.167 (8.83)  HP143 -1.789 (2.72) 

HP279 -0.887 (14.51)  HP134 -1.183 (8.59)  HP234 -1.816 (2.58) 

HP415 -0.904 (14.09)  HP191 -1.191 (8.45)  HP330 -1.857 (2.38) 

HP166 -0.911 (13.93)  HP366 -1.197 (8.37)  HP026 -1.931 (2.06) 

HP248 -0.911 (13.92)  HP010 -1.201 (8.30)  HP207 -1.935 (2.05) 

HP265 -0.918 (13.75)  HP347 -1.205 (8.24)  HP289 -1.943 (2.01) 

Gladiator -0.922 (13.66)  HP167 -1.209 (8.18)  HP367 -1.976 (1.89) 

HP170 -0.922 (13.65)  HP185 -1.209 (8.18)  HP412 -2.013 (1.75) 

HP328 -0.926 (13.57)  HP183 -1.221 (8.01)  HP334 -2.049 (1.63) 

HP416 -0.944 (13.14)  HP355 -1.234 (7.81)  HP284 -2.418 (0.79) 

HP060 -0.945 (13.13)  HP126 -1.245 (7.66)  HP389 -2.508 (0.66) 

d.d.f. 125 
SED (Maximum) 0.4555 
SED (Minimum) 0.1804 
SED (Average) 0.4417 
Wald statistic 199.46 
F Probability (effect of line) <0.001 
1 Double haploid lines = HP### are the progeny from crossing of Hereford and Player. 
2 Bt = back transformed mean 
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Take-all disease in the 2016 crop was assumed to be negligible due to the fact 

the trial was drilled as a first wheat. Plants within the plot could not be 

destructively sampled during the season due to the physiology measurements 

being performed by the photosynthesis group. Thus, to test for the presence of 

take-all infection on the crop roots, plants were sampled from the discard area 

around the trial which was drilled with cultivar Crusoe. In this region, 1.5 % of 133 

plants sampled were infected with take-all with a take-all index of 1.2. Thus, 

disease within the plots is expected to have been extremely low, confirming that 

the trial was suitable for investigating take-all build-up. 

 QTL mapping results 

The TAB trait was genetically mapped by Clémence Malbouyres (Syngenta), the 

result of this are displayed in Table 5.6 and  Figure 5.3. The take-all build-up 

values as percent roots and percent plants were analysed (values shown to highly 

correlate see Section 5.4.3). In all cases (transformed, untransformed, non-

spatially adjusted and spatially adjusted) the data produced two QTLs. Both QTLs 

had intermediate LOD scores and each trait had a different favourable parent. 

The location and chromosome numbers are not provided. Both QTL were found 

to reduce take-all inoculum build-up. One QTL came from the Player background 

and one from Hereford (Table 5.6). The measure of phenotypic variance 

explained by both traits was low (R2). 
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Figure 5.2 Correlation of bioassay results from the subsample and the 
full sample. 
Correlation between bioassay values of samples taken in the subsample and 
the full sample – with a four-day gap between sampling points. Parent line 
average result are shown as red circles (Hereford and Player), wheat 
cultivars Avalon and Cadenza are shown as blue squares; the 20 genetically 
diverse doubled haploid mapping population lines are shown as black dots. 
Pearson’s Product Moment correlation coefficient was used to test for 
correlations between the points. 

 

Table 5.6 QTL mapping results for the TAB trait in the Hereford x Duxford 
doubled haploid mapping population. 
 

Trait 
Genome 
location    LODa Additive value R2(%) 

Favorable 
parent 

Take-all 
build-up 

Logit % roots infected 

I 

2.302 -0.126 0.106 

Player Decreased 
BT % roots infected 2.761 -1.951 0.112 

Logit % plants infected 1.765 -0.107 0.078 

BT % plants infected 1.927 -4.162 0.083 

BT % roots infected 
II 

1.994 1.624 0.079 

Hereford Decreased Logit % plants infected  2.066 0.131 0.118 

BT % plants infected 2.572 5.673 0.156 
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Figure 5.3 Genetic maps of genome locations I and II showing the 
positions of the mapped QTLs for take-all inoculum build-up (TAB). 
The marker loci are represented with blue lines along the two genome 
regions, which represent LOD scores in the composite interval mapping 
analysis. 

 

 Correlations of take-all inoculum build-up with crop phenotypes and 

laboratory root screen 

The Hereford x Player DH population has been investigated for several different 

phenotypes including biomass, photosynthesis, canopy cover and for seedling 

root traits. Figure 5.4 shows a correlation matrix with the percent roots and plants 

infected in the soil core bioassay compared to all other traits measured in the 

2016 field trial and a laboratory screen for seedling root traits. No correlation with 

take-all build-up and any of the other measured phenotypes could be identified, 
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including all measurements of biomass, yield and root architecture traits. The 

percent of roots infected and percent plants infected in the bioassay were highly 

positively correlated as expected (r = 0.95, P < 0.001, top left red square in 

correlation matrix, Figure 5.4).  

The traits measured were grouped into categories to allow for comparison of 

groups of similar and different variables (marked with black triangles, Figure 5.4). 

Within these categories due to relationships between traits measured on the 

same/related biological systems strong negative and positive correlations were 

observed for many variables. Between category comparisons found correlations 

when comparing physiology and biomass measurements. These were expected 

and have already been studied in detail in the recently completed PhD thesis of 

Joao Pennacchi (Pennacchi, 2017).  

Correlations between reflectance and leaf and canopy with root traits are outside 

the scope of this research and are therefore not discussed. Yield, however is a 

highly important trait. Therefore, correlations between root architecture and crop 

yield were investigated. Grain weight, harvest index and straw weight all did not 

correlate with the laboratory screen to assess root architecture. However, seven 

of the root traits correlated with thousand grain weight (Table 5.1). Total root 

volume, seminal axes volume and seminal axes average diameter all correlated 

(P < 0.01). Several of these root measurements have collinearity, therefore it is 

difficult to conclude if one major root trait was influencing the relationship between 

TGW and root architecture more than the others. 

Table 5.7 Correlations between thousand grain weight in 2016 field trial 
and root traits performed in a laboratory screen. 
Pearsons coefficients for significant correlations of crop 16/R/WW/1609 
thousand grain weight and TRV, total root volume; TRSA, total root surface 
area; SASA, seminal axes surface area; SAAD, seminal axes average 
diameter; SAV, seminal axes volume; RDW, root dry weight and SDW, shoot 
dry weight. Root traits were measured in a laboratory screen. 

Root trait Pearsons coefficient (r)1 

TRV (mm3) 0.273** 

TRSA (cm2) 0.190* 

SASA (cm2) 0.202* 

SAAD (mm) 0.282** 

SAV (mm3) 0.267** 

RDW (mg plant-1) 0.226* 

SDW (mg plant-1) 0.275** 

1 Pairwise correlation coefficients significant at 

*P < 0.05 or ** P < 0.01. 
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Figure 5.4 Correlation matrix for 121 traits phenotyped in the Hereford x 
Player doubled haploid population. 
Pearson product moment coefficient values range from -1 (blue, strong negative 
correlation) to 0 (green, no correlation) to 1 (red, strong positive correlation). 
Traits which relate to each other are grouped into: take-all build-up; leaf and 
canopy; biomass; reflectance and root traits. Correlations within these groups 
are marked by black boarded triangles. Root traits were measured under 
laboratory conditions, whilst all other traits were measured in the 2016 field trial 
16/R/WW/1609. 

5.5 Discussion 

In this study, we took the opportunity to explore the TAB phenotype in a doubled 

haploid population between the parent lines Hereford and Player, in two existing 

field trials at Rothamsted. Player had not been previously phenotyped for take-all 

inoculum build-up. Unexpectedly, Player promoted extremely low levels of take-

all inoculum in the soil sampled in both 2015 and 2016. Player also exhibited a 

significantly reduced amount of inoculum than Hereford. Table 5.8 below shows 

the average percent roots infected with take-all from under Hereford in all trials 

assessed in this thesis. Hereford was variable for TAB depending on field in the 

same year, across the Rothamsted Farm (Table 5.8). This was most notable in 
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2015 when post-harvest bioassay found a range of 8.26 to 17.2 % roots infected. 

Similarly, 2016 saw a range of 6.52 to 14.6 %. However in the mapping population 

trial (16/R/WW/1609) this range in values was much less than for Avalon which 

is a known HighTAB cultivar (McMillan et al., 2011). These field trials confirm that 

Hereford promoted varying amounts of take-all inoculum meaning that this 

cultivar is low to medium TAB, with notable field effects within years. 

Table 5.8 Average take-all inoculum build-up under elite winter wheat 
cultivar Hereford for 2013 – 2016 on the Rothamsted farm. 
 

Year Field trial1 Rothamsted 
Field 

Soil type Hereford average 
percent roots 
infected (%)2 

2013 13/R/CS/742 Great Knott 2 Typical Carstens 0.02 
2014 14/R/CS/749 Stackyard Typical Batcombe 6.36 

 14/R/WW/1431 Great Field 4 Typical Batcombe 7.45 
2015 15/R/CS/763 Drapers Typical Batcombe 17.2 
 15/R/WW/1509 Pastures Typical Batcombe 8.26 
 15/R/WW/1517 Long Hoo’s 4 Batcombe-Carstens 9.57 

2016 16/R/WW/1609 (subsample) Delafield Batcombe-Carstens 14.6 
 16/R/WW/1609 (full sample) Delafield Batcombe-Carstens 16.3 
 16/R/WW/1617 Long Hoo’s 5 Batcombe-Carstens 6.52 
1 Hereford average from CS (crop sequence) Amistar trials is from plots untreated with take-all 
active chemistry. 
2 Mean is back transformed from logit values (see Chapters 3 & 4). 
 

The transgressive segregation observed in the Hereford x Player lines in the 2016 

full sample effectively identified two minor QTL for the LowTAB trait. Both QTL 

were found for the reduction of take-all inoculum build-up. However, each trait 

came from a different favourable parent. This confirms that Hereford possesses 

a trait which can reduce take-all fungal inoculum build-up. Thus, future 

investigations into the take-all build-up of Hereford and Duxford (HighTAB – 

Chapters 3 & 4) in the mapping population being produced by Syngenta would 

still be valuable to try to elucidate the genetics which underpin the trait when 

enhancing from low/medium to high TAB.  

In 2016 the amount of take-all inoculum build-up underneath Cadenza (LowTAB) 

and Avalon (HighTAB) was also tested. These lines have both been previously 

investigated in detail (McMillan, 2012, McMillan et al., 2011). Player promoted a 

similar level of take-all inoculum build-up to Cadenza, when sampled in the 

subsample and again in the full screen. Cadenza is known to consistently 

promote very low levels over many years and locations (McMillan et al., (2017), 

submitted). Player has the parentage of Inoui x H00143 (Syngenta internal 

breeding line), for which there is limited publicly available information on the 
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parentage of either lines, but neither is related to Cadenza (David Feuerhelm, 

pers. comms. Syngenta). Therefore, the two minor QTLs identified from this 

population may be a novel genetic source, which will be interesting to study in 

future with the better defined QTLs from Cadenza. This is also interesting due to 

the geographically distinct heritage that Player provides, suggesting that 

selection of this trait has occurred, inadvertently in multiple locations.  

A correlation analysis was performed to see how the lines were affected by 

sampling with a few days’ gap between sampling and after very heavy rain. A 

positive correlation was found, though it is notable that the parent cultivars and 

long established lines Avalon and Cadenza were much more fixed for the TAB in 

the soil cores taken from underneath them. This is marked by the fact the percent 

roots infected did not change as greatly in these lines. The breeding lines 

presented more variation in the trait between sampling points, this could suggest 

either that more than one QTL is underpinning the switch between extremely low 

TAB to med-low TAB cultivars or that other mechanisms are occurring in the DH 

lines. 

Previous studies have suggested that the TAB trait does not have any major 

detrimental effects on yield due to the fact that both Low and High TAB 

phenotypes are present in a range of modern high yielding commercial UK 

cultivars (McMillan unpublished, McMillan, 2012). This was confirmed here, 

because no correlation between TAB and the extensive yield measurements 

performed by the photosynthesis group could be identified. The TAB phenotype 

was also not related to any biomass or canopy reflectance measurements taken 

in the 2016 field season. First wheat take-all built-up under these lines will need 

to be repeated in other field trial years to confirm the findings from these 

correlation analyses and to further confirm the activity/possession of the QTLs 

identified in this population. But due to the variability in the amount of take-all 

inoculum which builds-up in each year and the seasonal/field effects of Herefords 

TAB status this may not be easily repeatable except in years moderately 

conducive to take-all inoculum build-up. 

The biological mechanism of the TAB trait is yet to be elucidated but there is 

increasing evidence that there is no link with root architecture. This has been 

studied in detail in Chapter 3 of this thesis for the low-medium TAB cultivar 
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Hereford, but also in a recently submitted study, where Cadenza root architecture 

traits were not significantly different to those of Hereward (HighTAB) (McMillan et 

al., (2017), submitted). This conclusion can also be drawn here where the 

seedling root architecture analysis did not present any correlations with the TAB 

phenotypes measured. Correlations with grain quality – measured as thousand 

grain weight (TGW) – were found with root architecture. In particular, seedling 

shoot dry weight and root surface area measurements were correlated. 

Correlations and collocating QTLs have been found between crop height and root 

architecture measurements in the paper roll method in the past (Bai et al., 2013).  

This also extended to correlations between TGW and all root seedling traits 

measured in the paper roll experiment in the Avalon and Cadenza backgrounds 

(Bai et al., 2013). This relationship, identified again in the Hereford x Player 

background remains to be further tested in the future, though could provide 

exciting opportunities to manipulate TGW or speed up the selection of grain 

quality traits through seedling root architecture screens. 

 Summary 

Player was found in a two-year study to be an extremely low take-all inoculum 

build-up (LowTAB) cultivar. This low level was similar to the Cadenza TAB level, 

which to date has always presented the lowest TAB in all previous studies (2005 

to be present). The two cultivars are genetically dissimilar thus confirming that 

multiple origins of the TAB likely exist in modern elite wheat cultivars. Player 

exhibits a significantly reduced amount of TAB compared to Hereford. This 

statistical significance allowed the experimental continuation into the QTL 

mapping analysis when the whole mapping population was surveyed. Two minor 

QTL for take-all build-up reduction were identified. One from the Player parent 

and one from Hereford. This result will now need to be retested in the field, 

following which the traits can be fine mapped and assessed for efficacy using 

near-isogenic lines in the future. The TAB trait (in 2016) was unrelated to yield 

and thus provides an exciting genetic target for the control of take-all disease. No 

links with a large number phenotyped traits could be identified including root 

architecture. Thus, TAB may be linked to other unknown traits which must be 

selectable due to the continued presence of the TAB trait in current elite 

commercial winter wheat cultivars including of French and UK origin.
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Chapter 6. Sensitivity to QoI Fungicides in 

Gaeumannomyces tritici 

6.1 Introduction 

Azoxystrobin is a Quinone Outside Inhibitor (QoI) in the strobilurin class of 

fungicides (Bartlett et al., 2002). The QoIs target mitochondrial respiration by 

inhibiting cytochrome b (cyt b), which forms part of the electron transfer chain, 

preventing the production of ATP (Figure 6.1a & b). Many phytopathogenic 

species have evolved target site resistance, most commonly with the G143A 

substitution, which gives very high levels of insensitivity to the strobilurins (FRAC, 

2013). After the first release of QoIs in 1996, isolates of Blumeria graminis f. sp. 

tritici  (powdery mildew) were rapidly found in 1998 with the G143A mutation, with 

isolates presenting a 200-fold reduction in QoI sensitivity (Sierotzki et al., 2000). 

As of February 2013, (the most recent complete survey) 51 phytopathogenic fungi 

and oomycete species had reported target site resistance (FRAC, 2013). 

Foliar applications of the commercial QoI fungicides Amistar (active ingredient 

azoxystrobin) and Fandango (a.i. fluoxastrobin + prothioconazole) are 

recommended as partially effective Gaeumannomyces tritici control in take-all 

disease risk situations (AHDB, 2016). However, both have been found to provide 

low and inconsistent levels of control in field studies (Bateman et al., 2006). In 

this PhD project, it was found that Amistar can reduce first wheat take-all fungal 

inoculum and subsequently reduce second wheat take-all disease, though these 

effects were also highly variable and inconsistent (Chapter 4). Even though 

inconsistencies in QoI efficacy have been identified, sensitivity to the QoI 

fungicides in G. tritici has never been investigated in vitro, nor has a screen been 

carried out for target site mutations.  

Gaeumannomyces tritici is classified within the Magnaporthaceae taxonomic 

family of Ascomycete fungi, within which there are several phytopathogenic 

species. The pathogenic species Magnaporthe grisea and Magnaporthe oryzae 

are closely related to G. tritici (Okagaki et al., 2015). In both Magnaporthe 

species, highly QoI resistant field isolates, possessing mutations conferring the 



180 
 

G143A amino acid change have been found (Kim et al., 2003, Castroagudin et 

al., 2015). 

 
Figure 6.1 Schematic representation of the electron transfer chain in 
the mitochondria of fungi, including the action of alternative oxidase 
enzyme and the quinone outside inhibitor fungicides. 
The different complexes with in the transport system are labelled I, II, III, IV 

and the ATP synthase complex: V; Q represents the ubiquinone pool; AOX 
is the alternative oxidase enzyme; the Qo and Qi binding sites are marked 
on cytochrome bc1 enzyme (complex III), QoI represents a quinone outside 
inhibitor (QoI) molecule such as azoxystrobin. Red arrows represent the 
direction of electron flow through the membrane. A) Represents the general 
model of electron transport for fungi. B) Represents the inhibition of electron 
transfer by QoI fungicides. C) Represents the model adapted for some fungi 
where a split respiratory pathway is proposed using alternative oxidase as a 
terminal electron acceptor, suggested by Joseph-Horne et al. (1998). D) 
Represents the action of the QoI fungicides on the pathway and action of 
alternative oxidase (AOX), which is upregulated in vitro in some fungi and 
constitutively active in others.  
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In M. grisea – grey leaf spot collected from perennial ryegrass, Lolium perenne, 

G143A gave 1,300-fold increased resistance to azoxystrobin compared to 

baseline isolates (Kim et al., 2003). An additional target site mutation, F129L, was 

also found in M. grisea, giving 40-fold increase in resistance (Kim et al., 2003). 

As two QoI target site mutations conferring field resistance to the strobilurin 

fungicides have been found in the Magnaporthaceae, it is important to screen for 

similar mutants in G. tritici if the QoI fungicides are to be applied as partial control 

methods for the take-all disease. 

In total, three target site mutations have been found to confer QoI resistance in 

fungi collected from the field, with the third being G137R. In Pyrenophora tritici-

repentis (tan spot) all three loci were identified, with G143A giving very high levels 

of resistance, compared to F129L and G137R, which both gave low levels of 

resistance (Sierotzki et al., 2007). In addition to target site mutations, alternative 

oxidase (AOX) activity has been identified in many species to reduce in vitro QoI 

sensitivity of isolates, including M. grisea (Vincelli and Dixon, 2002, Wood and 

Hollomon, 2003). This is the result of AOX enzyme activity upregulation in 

response to saturation or inhibition of the cytochrome pathway (Figure 6.1d). AOX 

then functions as an alternative electron acceptor from ubiquinone. Thus, 

electrons circumvent cytochrome b, during QoI activity, maintaining proton motive 

force and ATP production (Joseph-Horne and Hollomon, 2000). 

In M. grisea, as with many species (Wood and Hollomon, 2003), in vitro AOX 

activity could be controlled with the AOX inhibitor, salicylhydroxamic acid 

(SHAM), which had no effect on the fitness of the fungus (Vincelli and Dixon, 

2002).  However, in G. tritici AOX inhibition with SHAM has previously been found 

to be highly damaging to the fitness of whole cells, causing reduced ATP 

production and reduced oxygen consumption (Joseph-Horne et al., 1998). As a 

result, the authors concluded that G. tritici possesses a spilt respiratory pathway, 

compared to other fungi (Joseph-Horne et al., 1998). In this process AOX is used 

as a constitutively active terminal acceptor of electrons in the electron transfer 

pathway of G. tritici (Figure 6.1c). Whilst AOX was constitutively active, the 

inhibition of cytochrome b with quinone inside inhibitor (QiI) – antimysin A also 

resulted in reduced ATP production, with the greatest inhibitory effects on 

respiration resulting from combined treatment with SHAM and antimycin A. The 

implications of the constitutively active AOX dimer found in four isolates of G. 
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tritici (Joseph-Horne et al., 1998) on fungicidal control with azoxystrobin have 

never been investigated.  

The aims of the work presented in this chapter were to characterise new and 

historic G. tritici isolates and to test for evidence of QoI resistance. Isolates were 

sourced from the Rothamsted Research historic isolate collection, which 

predated the release of the QoI fungicides (pre-1996) and from recently isolated 

field collections (2012 onwards), from three locations in the UK (Hertfordshire, 

Oxfordshire and Hampshire in Southern England). In addition, two isolates 

sourced from Europe: one from France and one from Germany. The population 

structure for the 40 isolates was characterised, using previously described 

methods for dividing G. tritici into two genetic subpopulations based on the ITS 

region and for measuring resistance to the G. tritici specific fungicide silthiofam 

(Freeman et al., 2005). The 40 isolates were then used to screen for QoI 

sensitivity in vitro using azoxystrobin. To find a suitable concentration of SHAM 

to non-fatally reduce AOX activity in G. tritici, a serial dilution in the presence and 

absence of azoxystrobin was performed. An assay on a subset of the most and 

least azoxystrobin sensitive isolates was then used to measure the effective 

concentration of azoxystrobin required to reduced growth by 50 % (EC50) in 

historic and newly collected G. tritici isolates, during AOX inhibition with SHAM.  

The publicly available draft genome (Okagaki et al., 2015) and transcriptome 

(Yang et al., 2015b) for G. tritici were used collectively to characterise the cyt b 

gene in silico. Following this, a PCR method to amplify internal fragments of the 

cyt b gene in G. tritici was developed. This was to sequence a region 

encompassing codons 129, 137 and 143, which confer QoI target site resistance 

mutations in other phytopathogenic fungi isolated from the field. All 40 G. tritici 

isolates were screened for presence/absence of such mutations. 

6.2 Materials and Methods 

 Isolate collections 

In total, 40 G. tritici isolates were used in this study (Table 6.1). Six isolates were 

collected in 1992 and therefore pre-date the release of azoxystrobin in 1996 

(Clough et al., 1996). These were isolated from mature wheat roots taken from 
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the Rothamsted farm, Hertfordshire, UK, by Bateman et al. (1997). For the 

purpose of this study these isolates were restored from water stocks after long 

term storage in the Rothamsted Research historic isolate collection, by growth on 

PDA+ - potato dextrose agar (PDA) (Sigma-Aldrich, UK) amended with 50 units 

penicillin and streptomycin at 50 µg ml-1 (Sigma-Aldrich, UK) before transfer for 

short term storage, at 4 °C, on unamended PDA. 

The remaining 34 isolates were collected after the release of the azoxystrobin. 

Two were received by material transfer from INRA, France and were collected by 

Monsanto in Germany in 1997 and from Pacé, France in 2002 (Daval et al., 

2013). Isolates from 2012 onwards are all of UK origin and were collected from 

take-all infected roots of seedlings taken from soil core bioassay experiments to 

measure the amount of take-all inoculum in soil post-harvest (Slope and 

Gutteridge, 1979, McMillan et al., 2011). In these experiments seedlings were 

grown on soil cores collected from either the Rothamsted farm, Hertfordshire in 

2012 or from one of two Agriculture and Horticulture Development Board (AHDB) 

UK wheat recommended list trial sites in Oxfordshire and Hampshire in 2014. All 

of the UK sites are known to have received several sprays, over a number of 

years, of the commercial fungicide Amistar (active ingredient: azoxystrobin) 

preceding their isolation date. Roots pieces from the seedlings (~5-10 mm) were 

surface sterilised in 20% sodium hypochlorite (Sigma-Aldrich, UK) for 5 min, 

rinsed three times in sterile deionised water and then dried on filter paper in a 

sterile air flow hood. The sterilised root pieces were then transferred to PDA+ and 

incubated at 21 °C for 3 – 4 days. G. tritici colonies were then transferred to PDA 

for storage at 4 °C.  

To ensure only a single colony was present, each individual isolate from both the 

historic and new collections was re-isolated from a single hyphal tip. Each isolate 

was cultured on 1 % water agar for 7 – 10 d, after which a singular advancing 

hyphal tip, observed by eye, was cut (~1-2 mm) and transferred to PDA. Viable 

cultures were then selected after 7 – 10 d and transferred to PDA for storage at 

4 °C. 
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Table 6.1 Gaeumannomyces tritici isolate collection details and 
characterisation. 
Collection details: isolate reference, collection year and geographic origin. 
Isolate characterisation: genotype is classified as sub-populations type A or B 
resulting from ITS2 diversity and silthiofam fungicide sensitivity of isolates was 
tested in vitro on silthiofam amended agar plates. 

Isolate collection details Isolate characterisation2 

Short 
reference 

Full reference Year Origin1 Genetic 
type 

Silthiofam sensitivity test3 

Relative 
growth (%)4 

Resistant / 
sensitive5 

Pg9 Ggt.INRA.Pg9 1992 West Barnfield A 98 R 

Wb13 Ggt.Wb.92.13 1992 West Barnfield B 52 S 

Wb19 Ggt.Wb.92.19 1992 West Barnfield A 20 S 

Wb88 Ggt.Wb.92.88 1992 West Barnfield A 28 S 

Wb94 Ggt.Wb.92.94 1992 West Barnfield A 96 R 

Wb111 Ggt.Wb.92.111 1992 West Barnfield B - - 

Pg6 Ggt.INRA.Pg6 1997 Germany B 70 S 

Pg38 Ggt.INRA.Pg38 2002 Pacé, France A 2 S 

Nz7 Ggt.Nz.12.7 2012 New Zealand A 105 R 

Nz8 Ggt.Nz.12.8 2012 New Zealand B 0 S 

Nz13 Ggt.Nz.12.13 2012 New Zealand A 95 R 

Nz14 Ggt.Nz.12.14 2012 New Zealand B 42 S 

Nz15 Ggt.Nz.12.15 2012 New Zealand B 4 S 

Nz16 Ggt.Nz.12.16 2012 New Zealand B 0 S 

Nz21 Ggt.Nz.12.21 2012 New Zealand A 101 R 

Nz23 Ggt.Nz.12.23 2012 New Zealand B 55 S 

Nz25 Ggt.Nz.12.25 2012 New Zealand B 76 S 

Nz44 Ggt.Nz.12.44 2012 New Zealand B 51 S 

Nz45 Ggt.Nz.12.45 2012 New Zealand B 70 S 

Nz49 Ggt.Nz.12.49 2012 New Zealand A 1 S 

Nz53 Ggt.Nz.12.53 2012 New Zealand A 99 R 

Nz56 Ggt.Nz.12.56 2012 New Zealand A 0 S 

Nz61 Ggt.Nz.12.61 2012 New Zealand A 22 S 

Nz62 Ggt.Nz.12.62 2012 New Zealand A 95 R 

Nz66 Ggt.Nz.12.66 2012 New Zealand A 91 S 

Ha27 Ggt.Ha.14.27 2014 Hampshire B 58 S 

Ha28 Ggt.Ha.14.28 2014 Hampshire B 36 S 

Ha30 Ggt.Ha.14.30 2014 Hampshire B 48 S 

Ha38 Ggt.Ha.14.38 2014 Hampshire B 57 S 

Ha47 Ggt.Ha.14.47 2014 Hampshire B 46 S 

Ha56 Ggt.Ha.14.56 2014 Hampshire B 47 S 

Ox108 Ggt.Ox.14.108 2014 Oxfordshire A 94 S 

Ox111 Ggt.Ox.14.111 2014 Oxfordshire A 97 R 

Ox113 Ggt.Ox.14.113 2014 Oxfordshire A 86 S 

Ox114 Ggt.Ox.14.114 2014 Oxfordshire A 12 S 

Ox115 Ggt.Ox.14.115 2014 Oxfordshire A 1 S 

Ox117 Ggt.Ox.14.117 2014 Oxfordshire A - - 

Ox119 Ggt.Ox.14.119 2014 Oxfordshire A 94 R 

Ox121 Ggt.Ox.14.121 2014 Oxfordshire A 98 R 

Ox122 Ggt.Ox.14.122 2014 Oxfordshire A - - 
1West Barnfield and New Zealand are the names of fields on the Rothamsted Farm, Hertfordshire 
UK. Isolates with the code Pg were received via material transfer from INRA, France (Daval et al., 
2013). Hampshire and Oxfordshire sites are isolates collected from Agriculture and Horticulture 
Development Board (AHDB) field trial sites in 2014. 
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2Isolates collected from Rothamsted Field, New Zealand, in 2012, were isolated and characterised 
by Gail Canning, Rothamsted Research. 
3Isolates Wb111, Ox117 and Ox122 became contaminated during the silthiofam sensitivity assay. 
4Average relative growth of isolate on silthiofam amended plate compared to unamended PDA 
after 4 d at 21 °C in the dark. 
5Isolate classified as silthiofam resistant (R) when the average relative growth was ≥ 95 % 
otherwise classified as silthiofam sensitive (S) as described by Freeman et al. (2005) 

 

 Characterisation of G. tritici isolate collection (genetic type A/B 

subpopulations & silthiofam sensitivity) 

In order to characterise the isolates collected here the method described by 

Freeman et al. (2005) was used to discriminate isolates into either A or B 

genotypes. Isolates were grown fresh on PDA plates each topped with a sterile 

cellophane disc and grown in the dark at 21 °C until mycelial growth was confluent 

(normally 14 d). DNA was extracted from fresh mycelium, scraped directly from 

cellophane topped PDA plates using a sterile toothpick, into sterile 2 ml screw 

top tubes with a 3 mm steel ball bearings (Fraaije et al., 1999). 

The DNA was extracted using a prepared DNA extraction buffer (see Appendix 

13 for solution recipe) (Fraaije et al., 1999). In a fume hood, β-mercaptoethanol 

(final concentration: 0.1%) was added to the DNA extraction buffer and 700 µl of 

the resulting solution was added to each extraction tube (solution recipes given 

in Appendix 13). Mycelium was macerated for 45 sec at 5 m/s using a FastPrep 

(MP Biomedicals, Santa Ana, California, USA). The samples were vortexed and 

incubated in a preheat water bath at 65 °C for 20 min, before adding 350 µl of 

cold (-18 °C), 7.5 M ammonium acetate (solution recipe Chapter 2). The samples 

were then incubated, on ice, for 20 min, before centrifugation at 1320 rpm 

(precooled to -4 °C) for 15 min. The supernatant was transferred to tubes with 

900 µl of cold (-18 °C) isopropanol and incubated at -18 °C overnight. The 

samples were centrifuged at 1320 rpm for 15 min and the supernatant was 

discarded. The pellets were then washed twice with 400 µl of 70 % ethanol, 

inverted ~15 times and centrifuged at 1320 rpm for 5 min; discarding the ethanol 

each time. Excess ethanol was removed using sterile pipette tips and the samples 

were air-dried for 30 min. The DNA was re-suspended in 200 µl of sterile, 

deionised H2O, quantified using a Nanodrop ND-1000 spectrophotometer 

(Thermo Fisher Scientific, USA) and then stored at -18 °C. 
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A touchdown PCR was carried out, following the method described by Freeman 

et al. (2005), to assign A/B type subpopulations to the collection, using three 

primers in one tube Ggtfwd, GgtArev and GgtBrev2 (all primers used in this study 

are shown in Table 6.2). PCRs were carried out using a G-STORM GS1 thermal 

cycler (G-STORM, Somerton, UK) as 12.5 µl reactions, with 6.25 µl REDtaq 

Ready Mix ™ (Sigma Aldrich, Dorset, UK), 3 µl PCR water (Sigma Aldrich, 

Dorset, UK), 0.75 µl of each of forward and reverse (x2) primer and either 1 µl of 

template DNA or 1 µl PCR water for the negative control. Positive control DNA 

samples were also included as one A type G. tritici isolate (92.15.4A) and one B 

type  (99.S9.4B) (Freeman et al., 2005). Conditions for the touchdown PCR were 

set using an initial step of 94 °C for 10 mins and were then cycled 30 times with 

a denaturing step of 94 °C for 30 sec, followed by an annealing step for 1 min 

starting at 72 °C and decreasing every two cycles to 67 °C and then 67 °C for the 

remaining 20 cycles; followed by an extension step at 72 °C for 1 min; completing 

with a final extension step of 72 °C for 10 min and held at 4 °C. The PCR products 

were resolved (12.5 µl) using 2 % agarose gel electrophoresis in 1xTBE (see 

Appendix 13 for solution recipe) with 5 µl ethidium bromide (Sigma Aldrich, 

Dorset, UK) and 100-base pair DNA ladder (Thermo Fisher Scientific, USA) and 

were separated running at 80 V for 90 min, followed by visualisation with 302 nm 

UV light using a Gene Genius Bioimaging System (Syngene, Cambridge, UK). 

Table 6.2 List of primers used in this study. 

Function Primer  DNA sequences Reference 

A / B genotype 
characterisation 

Ggtfwd 5’-AAGAACATCGGCGGTCTCGCC-3’ Freeman et al. (2005) 
GgtArev 5’-TAGCGGCTGGAGCCCGCCG-3’ Freeman et al. (2005) 
GgtBrev 5’-CTACCTGATCCGAGGTCAACCTAAGG-3’ Freeman et al. (2005) 

    
Ggt CytB exon 2 
sequence 

GgtCytBEx2fwd 5’-ACATATTGGAAGAGGTATGTATTACGG-3’ This study 
GgtCytBEx2rev 5’-CGCAAGCTCTGTTGTAGTTCT-3’ This study 

    
Ggt CytB exon 3 
sequence 

GgtCytBEx3fwd 5’-TGAGTCTACTTCCAATTAGCCTGA-3’ This study 
GgtCytBEx3rev1 5’-AAAATTCCCTGCGTACCCGT-3’ This study 
GgtCytBEx3rev2 5’-CCCTGCGTACCCGTCATAAA-3’ This study 

 

Sensitivity to silthiofam in 37 of 40 isolates was characterised using the method 

previously described by Freeman et al. (2005). The formulated product Latitude 

(125 g l-1 silthiofam; Monsanto, St Louis, USA), was diluted in sterile deionised 

water to give a stock solution of 100 mg mL-1. Mycelial growth was measured on 

PDA plates amended with stock solution to give a final concentration of 1 µg ml -

1 silthiofam. These were compared to growth on unamended control PDA plates. 

Each plate was inoculated with three 6 mm plugs (cork borer size 3) from the 
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expanding edge of 5-day-old colonies of G. tritici isolates. Following a complete 

randomised experimental design three replicates for each isolate were placed on 

three different plates. After 4 d incubation in the dark at 21 °C the diameter of the 

colonies was measured. Isolates were considered silthiofam insensitive when 

growth was >90% diameter size on fungicide amended plates compared to the 

control plates. 

 Methods used in attempted 96-well plate sensitivity testing 

Attempts to develop a high throughput method to study fungicide sensitivity in G. 

tritici were carried out using a 96-well microtiter plate assay which has been 

implemented in many fungal species (Fraaije and Cools, 2006, Peláez Montoya 

et al., 2006, Pijls et al., 1994). Four isolates from the 2012 collection from the 

New Zealand, Rothamsted Field: Nz7, Nz8, Nz25 and Nz56 were chosen for pilot 

studies, with varying genetic types and silthiofam sensitivities (Table 4.1). Due to 

a lack of an in vitro conidial growth phase in G. tritici (Cunningham, 1981, Hornby 

et al., 1998) mycelial fragments were used. Each isolate was inoculated (~1 cm2 

plug) onto eight PDA plates and were incubated, in darkness at 21 °C until 

confluent (normally 10 d), after which 1 ml of sterile, deionised H2O and a plastic 

spreader were used to wash the mycelium of each plate and the resulting 

suspension was collected in sterile 15 ml tubes. The mycelial fragment 

suspension was then blended for 30 sec at 16,000 rpm using a polytron (T-25, 

ultra-turrax, IKA, Staufen, Germany) and then vortexed for 2-3 min. The number 

of mycelial fragments was counted using an improved Neubauer 

haemocytometer (Weber Scientific International, Middlesex, UK), with 5/25 

squares chosen at random. The resulting fragment count was then diluted to give 

final mycelial suspensions of ~ 2.5 x 106 fragments per ml.  

The fungicide sensitivity assays were then carried out in 96-well microtiter plates 

(TPP, Switzerland) with 100 µl fungicide amended 2x potato dextrose broth 

(PDB) and 100 µl mycelial fragment suspension (~ 2.5 x 106 fragments ml-1). 

Columns 1-12 contained increasing concentrations, with three different fungicide 

treatments tested: azoxystrobin; azoxystrobin + salicylhydroxamic acid (SHAM) 

or silthiofam as shown in Table 6.3. Technical grade azoxystrobin (Syngenta, 

Basel, Switzerland) was dissolved in dimethyl sulfoxide (DMSO) (Sigma Aldrich, 

Dorset, UK) to produce a stock concentration of 50 mg ml -1. Silthiofam in the first 
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run was diluted from the formulated product Latitude, 125 g l -1 active ingredient 

(Monsanto, St Louis, USA) and in subsequent experiments as technical grade 

silthiofam (Sigma Aldrich, Dorset, UK) which was dissolved in DMSO to 50 mg 

ml -1 stock solution. Each run also included an azoxystrobin test plate with all 

wells amended with 40 µg ml-1 of the AOX inhibitor SHAM, for which technical 

grade SHAM was dissolved in DMSO to give a 50 mg ml -1 stock solution (Sigma 

Aldrich, Dorset, UK). Rows A-H had one row or two technical replicates per 

isolate (dependant on fungal material available), with fungal mycelium fragment 

suspension added to each well. Plates were wrapped in parafilm and incubated 

in the dark at 21 °C for four days. 

Fungal growth was then measured using an Optima Fluostar plate reader (BMG 

Labtech, Germany) to measure optical absorption at 620 nm with 2x2 matrix 

coverage within a 3 mm diameter in each well. The built-in system software was 

used to fit a dose-response curve and to calculate an EC50 value (where 

possible). 

Table 6.3 Final fungicide concentrations of azoxystrobin and silthiofam 
used in the attempt to develop a 96-well microtiter sensitivity bioassay 
method. 

Plate column 1 2 3 4 5 6 7 8 9 10 11 12 

Azoxystrobin 
concentration 
(µg ml-1)  
(3 s.f.) 

0 0.00169 0.00508 0.0152 0.0457 0.137 0.412 1.23 3.70 11.1 33.3 100 

Silthiofam 
concentration 
(µg ml-1)  
(3 s.f.) 

0 0.00339 0.0102 0.0305 0.0914 0.274 0.823 2.47 7.41 22.2 66.7 200 

 

 Azoxystrobin sensitivity solid PDA plate based resistance screen 

Azoxystrobin sensitivity was measured in all 40 isolates. Solid PDA plate methods 

which have been used to investigate G. tritici sensitivity to silthiofam, 

tebuconazole and difenoconazole (Freeman et al., 2005, Yun et al., 2012) were 

adapted to screen for azoxystrobin sensitivity. Technical grade azoxystrobin 

(Syngenta, Basel, Switzerland) was diluted in DMSO (Sigma Aldrich, Dorset, UK) 

to produce a stock concentration of 50 mg ml -1. Test media were prepared by 

cooling PDA to 55 °C and then adding stock solution to give final concentrations 

of 0.1, 1 and 10 µg ml-1 of azoxystrobin. The concentration of DMSO was 
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corrected so that all plates contained the same final concentration (2.8 mM). Each 

90 mm plate received 25 ml of media. Control plates were identical with the 

exception of the absence of azoxystrobin. A cork borer (size 3) was used to take 

6 mm plugs from 5-day-old inoculum, individual plugs were inoculated on to the 

centre of the PDA plates. Each isolate was replicated three times (3 individual 

plates) at each concentration. After incubation at 21 °C for 4 d in the dark, the 

diameter of the resulting colony was measured twice, perpendicularly and the 

diameter of the original mycelial plug (6 mm) subtracted. Relative growth (RG) of 

the colony was calculated by comparing colony size on unamended PDA to 

colony size in the presence of azoxystrobin at the various concentrations using 

calculation in Equation 6.1. 

Equation 6.1 Relative growth calculation for all solid plate experiments. 

(
(Average colony diameter on amended PDA)

(Average colony diameter on unamended PDA)
) ×  100 

After the initial full screen, 16 isolates were chosen to repeat the screen including 

the increased azoxystrobin concentration of 100 µg ml -1 (from 50 mg ml -1 stock 

solution). Isolates were selected across the range of azoxystrobin sensitivities 

observed and to include a mixture of A/B genotypes, collection dates and 

locations, these were: Ha30, Ha56, Nz8, Nz13, Nz21, Nz44, Ox108, Ox114, Pg6, 

Pg9, Pg38, Wb13, Wb19, Wb88, Wb94 and Wb111. Logit transformed RG was 

used to perform ANOVA for the effect of isolate at each of the four concentrations. 

 AOX inhibitor SHAM concentration gradient testing  

G. tritici growth is inhibited in the presence of SHAM (Joseph-Horne et al., 1998). 

Therefore, a bioassay was carried out using a serial dilution of SHAM, in the 

absence or presence of azoxystrobin at 10 µg ml-1; to identify a concentration of 

SHAM which would allow growth of the fungus in the presence of the AOX 

inhibitor, similarly to the methods described by Vincelli and Dixon (2002). A series 

of 0, 1, 10, 25, 50 and 100 µg ml-1 SHAM amended PDA (cooled to 55 °C) was 

prepared from a stock SHAM solution of 50 mg ml-1 in DMSO. Eight isolates were 

selected to include variation in collection date, geographic location and ability to 

grow at 10 µg ml-1 azoxystrobin in the sensitivity screen (section 6.2.4) these 

were: Ha27, Ha28, Ha30, Ox114, Ox115, Ox117, Wb88 and Wb94. Each isolate 

was inoculated, from 5-day-old inoculum, onto the centre of a 90 mm petri dish 
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and was replicated three times on separate dishes. Radial growth (RG) of 

mycelium was measured after 4 d incubation in darkness at 21 °C and RG was 

calculated compared to unamended control plates as described above (Section 

6.2.4). 

 Azoxystrobin EC50 assay for G. tritici 

Azoxystrobin EC50 values in the presence or absence of SHAM for 14 isolates 

were measured which included the most and least sensitive isolates in the initial 

screen (section 4.2.4). Both modern and historical isolates were chosen in 

addition to a range of geographical locations: Ha30, Ha56, Nz8, Nz13, Nz21, 

Nz44, Ox108, Ox114, Pg6, Pg9, Wb13, Wb19, Wb88 and Wb94 (Table 6.1). An 

adapted solid PDA plate EC50
 assay method for azoxystrobin in M. oryzae (Ma et 

al., 2009, Castroagudin et al., 2015) was used with three (instead of four) mycelial 

plugs per plate, as used to study silthiofam sensitivity in G. tritici by Freeman et 

al. (2005) ( Figure 6.2). In this experiment PDA+ was used to grow fresh inoculum 

for 5 days prior to inoculation. Using a serial dilution into DMSO, stock solutions 

of azoxystrobin of 0.0001, 0.001, 0.01, 0.01, 0.1, 1 and 10 mg ml-1 were made 

from an original stock solution of 50 mg ml-1 technical grade azoxystrobin 

(Syngenta, Basel, Switzerland). The stock solutions were added to PDA+ to give 

12 final concentrations of: 0, 0.0001, 0.000381, 0.00153, 0.0061, 0.0244, 0.0977, 

0.391, 1.56, 6.25, 25 and 100 µg ml-1.  

In two of the four repeat experiments a stock SHAM solution of 50 mg ml -1 was 

added to each concentration to give a final concentration of 10 µg ml -1. DMSO 

concentration was corrected in all plates (including the unamended control) to 

give a final concentration of 28 mM. Each 90 mm plate had 25 ml of media. Three 

isolates were inoculated to each plate from 5-day-old inoculum. Each isolate was 

repeated three times per experiment and the experiment was repeated twice +/- 

SHAM. The experiment was carried out using a complete randomised block 

design, where block = plate and plot = inoculation location on plate; each 

concentration was inoculated at one time in a randomised order. The results were 

converted to RG in the method outlined above (Equation 6.1, Section 6.2.4). 

SHAM potentiation values were calculated as displayed in Equation 6.2 as 

described by Wood and Hollomon (2003). 



191 
 

Equation 6.2 SHAM potentiation equation. 

PSHAM = (
(EC50(azoxystrobin)alone)

(EC50 (azoxystrobin)10 µg ml-1SHAM)
) 

 

Figure 6.2 Solid potato dextrose (PDA) plate EC50 assay designed for 
Gaeumannomyces tritici assessments.  
Plates of three concentrations of the azoxystrobin only for the EC50 assay are 
shown. Left to right: 0.0 µg ml-1, 1.56 µg ml-1 and 100 µg ml-1 azoxystrobin.  

 Reassembly of the G. tritici genome and identification of cytochrome b 

gene in silico 

The G. tritici genome was sequenced and a draft assemble generated in 2011 by 

the Broad Institute, using the isolate R3-111a-1, collected in 1980 in Washington 

State, America from adult wheat roots (Okagaki et al., 2015, Kwak et al., 2009). 

For the purpose of this study the publicly available raw 454 genomic sequencing 

data from BioProject accession PRJNA37931 was reassembled using Newbler 

(v2.9) (Roche, Basal, Switzerland) and the resulting scaffolds used to manually 

gap fill the Ensembl v30 G. tritici mitochondrial genome. Yang et al. (2015b) 

sequenced transcriptomes of cultured G. tritici and G. tritici infected roots of 

wheat seedlings, using Illumina paired-end sequencing. Here, the RNA-seq data 

from the ENA study accession PRJNA268052 was assembled using Trinity 

(Github, Inc., v2.0.6) with default settings (Grabherr et al., 2011). The cytochrome 

b open reading frame (ORF) was identified by mapping to the partial annotated 

cyt b CDS sequence (GenBank Accession no. AY245424)  (Kim et al., 2003) 

within Geneious (Biomatters Ltd., v9.1.2) using the Geneious mapper and default 

settings. In addition, a de novo assembly was performed using the M. grisea cyt 

b gene (GenBank Accession no. AY245424) to map contiguous reads to single 

reads in the transcriptome. Spilgn software (National Center for Biotechnology 

Information, Maryland, USA) was used to perform spliced sequence alignments 

to identify the cyt b exons in the G. tritici genome. The complete G. tritici cyt b 
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coding sequence was identified using the open reading frame and yeast 

mitochondrial genetic code in Geneious (Biomatters Ltd., v9.1.2). The cyt b 

sequence identified in silico was deposited in GenBank, National Center for 

Biotechnology Information, accession no. KX756275. 

 G. tritici cyt b gene fragment PCR amplification method and sequence 

analysis for known QoI resistance loci 

Using the newly identified sequence for cyt b in G. tritici (GenBank accession no. 

KX756275) (Figure 6.7) primers were designed using Primer3 (Whitehead 

Institute for Biomedical Research, USA, v.2.3.7) as a plug-in in Geneious 

(Biomatters Ltd., v9.1.2). Due to the finding of a large intronic region in the G. 

tritici cyt b gene between the F129L and the G137R/G143A loci, two primer sets 

were designed in order to amplify internal fragments containing the three major 

genetic loci conferring resistance to the QoI fungicides in other species. The first 

primer set was used to amplify a 190-base pair fragment to sequence the region 

of the F129L locus (exon 2) using primers GgtCytBEx2fwd and GgtCytBEx2rev 

(Table 6.2). The second amplified a 264-base pair fragment in exon 3 in order to 

sequence the G137R and G143A mutation loci using primer sets GgtCytBEx3fwd 

and GgtCytBEx3rev1. The GgtCytBEx3rev1 primer was selected after an initial 

trial screen using an additional reverse primer GgtCytBEx3rev2, as this region 

was amplified from the intronic region, both were suitable to amplify the desired 

region.  GgtCytBEx3rev1 was chosen arbitrarily for the complete screen.  

Both the initial (4 isolates) and full screen (40 isolates) PCRs were carried out 

using a G-STORM GS1 thermal cycler (G-STORM, Somerton, UK) as 20 µl 

reactions, with 10 µl REDtaq Ready Mix ™ (Sigma Aldrich, Dorset, UK), 6 µl PCR 

water (Sigma Aldrich, Dorset, UK), 1 µl of each of forward and reverse primer and 

either 2 µl of template DNA (100 ng/µl, extracted as described in section 4.2.2) 

or 2 µl PCR water for the negative control. Conditions for amplification were set 

using an initial step of 95 °C for 5 mins and were then cycled 30 times with a 

denaturing step of 95 °C for 30 sec, an annealing step at 55 °C for 1 min and an 

extension step at 72 °C for 1 min; completing with a final extension step of 72 °C 

for 10 min and then held at 4 °C. The PCR products were resolved (4 µl) using 

1.2 % agarose gel electrophoresis in 1xTBE (see chapter 2 for solution recipe) 

with 0.25 µg ml-1 ethidium bromide (Sigma Aldrich, Dorset, UK) and 100-base pair 
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DNA ladder (Thermo Fisher Scientific, USA) and were separated running at 80 V 

for 40 min, followed by visualisation with 302 nm UV light using a Gene Genius 

Bioimaging System (Syngene, Cambridge, UK).  

For the initial primer test screen the PCR product was purified using Qiagen 

QIAquick PCR purification kit, following the manufacturer guidelines (Qiagen Ltd., 

Manchester, UK). To quantify the DNA concentration of the PCR product a 

Nanodrop ND-1000 spectrophotometer was used (Thermo Fisher Scientific, 

USA). The purified DNA was then sent for sequencing at Eurofins MWG Operon 

Ebersberg, Germany). For the full isolate screen, the PCR was carried out in a 

96-well plate and the unpurified product was sent to Eurofins MWG Operon 

(Ebersberg, Germany) as a value plate read. Sequences were visualised and 

aligned using the MUSCLE alignment plug-in in Geneious (Biomatters Ltd., 

v9.1.2). The cyt b internal fragment sequences were manually searched for the 

presence of mutations with known resistance phenotypes to the QoI fungicides. 

A multiple alignment compared the fragments to the assembled cyt b gene from 

G. tritici in addition to the sequenced M. grisea QoI sensitive allele (Genbank 

accession AY245424)(Kim et al., 2003) and cyt b resistance loci from M. grisea 

with F129L and G143A mutations (Genbank accessions AY245426 and 

AY245427, respectively)(Kim et al., 2003). 

 Statistical analysis 

All statistical analysis, unless otherwise stated was performed using either the 

16th or 17th Edition of GenStat 2016 (VSN International Ltd, Hemel Hempstead, 

UK). For the initial azoxystrobin sensitivity screen one-way ANOVA for effect of 

isolate, at each of the individual concentrations on the logit transformed RG data 

was performed. Correlations of the back transformed data between silthiofam and 

azoxystrobin RG was performed and then presented as a box and whisker plot 

using Sigma Plot v.13 (Systat Software Inc. San Jose, California, USA). In all the 

EC50 assays F-tests (P > 0.05) were carried out to test for homogeneity between 

two experimental repeats, in all cases the homogeneity of variance test indicated 

that the data could be pooled. EC50 values were performed using regression 

analysis, in the form of a probit analysis, using the logit transformation to estimate 

effective doses of azoxystrobin, which were provided as back transformed values 

and confidence intervals presented to test for significance. 
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6.3 Results 

 Isolate collection characterisation 

Forty isolates were characterised in this study. The G. tritici specific PCR 

classified 23 isolates as the A-type genetic sub-population and 17 were B-type 

(Table 6.1 and  

Figure 6.3). From the isolates pre-dating the release of Amistar, 10 isolates were 

originally obtained from the Rothamsted historic collection. Four of these were 

found not to be G. tritici ( 

Figure 6.3) and the remaining six were a mixture of both A-type (4/6) and B-type 

(2/6). The more recently collected isolates from the Rothamsted field New 

Zealand were also mixed with 9/17 A-type and the remaining eight isolates B-

type. From the two AHDB fields, in Oxfordshire all nine isolates were type A and 

in Hampshire all six isolates were type B. Lastly the two isolates from France and 

Germany were type A and B, respectively. 

 

Figure 6.3 Gaeumannomyces tritici specific PCR gel images (A & B) of 
new and historic collections. 
The use of primers Ggtfwd, GgtArev and GgtBrev2 to identify A and B genotype 
subpopulations Table 6.2. Lanes marked L, 100 bp DNA ladder (Thermo Fisher 
Scientific, USA); W, water control; A, positive control, G. tritici A-type isolate 
(92.15.4A), band size 93 bp; B, positive control, G. tritici B-type isolate 
(99.S9.4B), band size 132 bp; lanes 3, 7, 8, 11, 12, 19-29 G. tritici A-type 
isolates; lanes 2, 9, 10, 13-18 and 30 G. tritici B-type isolates; lanes 1 and 4-6 



195 
 

were historic isolates which were not G. tritici and were classified as 
Phialophora sp. using ITS 4 and ITS 5 PCR and genetic sequencing (data not 
shown). Isolate collections: lanes 1-9, West Barnfield; lane 10, PG6 Germany; 
lane 11, PG9 West Barnfield Rothamsted; lane 12, PG38 Pace, France; lanes 
13-18, AHDB Hampshire; lanes 19-27, AHDB Oxfordshire and lanes 28-30, 
2014 isolate collection not used in this study.  

Silthiofam (commercially product: Latitude) was used to phenotype isolates into 

two subgroups of sensitive or resistant when grown on PDA either amended or 

unamended with the fungicide (Yun et al., 2012, Freeman et al., 2005). In total 

37 of the 40 isolates were tested for silthiofam sensitivity (due to contamination 

in 3 samples, Table 6.1), of this 28 were sensitive and 9 resistant. All the B-type 

isolates were sensitive to the fungicide, whilst the A-type isolates presented 57 

% sensitive and 43 % resistant phenotypes, with 12 and 9 isolates respectively. 

A mixture of resistant and sensitive isolates was found at each geographic 

location and collection year, except for the AHDB Hampshire site where only 

sensitive, B-type isolates were identified. The isolate collection possessed a 

range of growth rate phenotypes and displayed varying coloured pigmentation, 

including dark brown and white isolates (data not shown). Thus, a high level of 

diversity in the historic and new isolate collections was observed collectively in 

the genotyping, silthiofam sensitivity results and observational variation in growth 

speeds and pigmentation. 

 Attempt to produce a high-throughput method for testing 

Gaeumannomyces tritici fungicide sensitivity in vitro 

An attempt at developing a high-throughput 96-well microtiter plate fungicide 

sensitivity assay for both azoxystrobin and silthiofam for G. tritici was carried out 

early on in the PhD. Initial attempts of the assay were inconclusive. This was due 

to the highly filamentous nature of the G. tritici fungi which resulted in large 

fragments which were prone to clumping together and lead to inconsistencies in 

the concentration of hyphal fragments which were loaded into each well. 

Additionally, clumping together of fragments also occurred after inoculation which 

prevented accurate measurement of absorption in the plate reader.   
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a) Azoxystrobin 

 

b) Azoxystrobin + SHAM 

 

c) Silthiofam 
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Figure 6.4 continued.  
d)  

 
Figure 6.4 Attempts to develop a high throughput 96-well plate fungicide 
sensitivity assay 
A-C) OD: Opitical density, representative absorbance data from the Floustar plate 
reader for chemical mixes: A) Azoxystrobin only. B) Azoxystrobin+SHAM. C) 
Silthiofam. Line colours represent isolates (two replicates each): Nz7, black and 
blue; Nz8, dark green and light yellow; Nz25, orange and dark yellow and Nz56, 
purple and light green. D) Example of mycelium clumping in the plate which made 
the reads inconsistent row A-D: Nz7, Nz8, Nz25 and Nz56, respectively. Red 
arrows highlight severely clumped isolates in wells which were suspected to 
contain dead inoculum. 

 

For this reason, a blending step was introduced using a polytron to blend samples 

for 30 seconds, which suitably macerated hyphae but which could maintain 

growth (60 seconds killed the fungus). 

Figure 6.4 shows representative growth curves for the 96-well plate assays after 

30 seconds of blending pre-inoculation and an image of an inoculated plate. 

Isolate Nz7 was suitable to use in the assay, however the inoculated hyphae 

(dead or alive) in the three other isolates tested, clumped together after the 

incubation period. This lead to high variation in absorption measurements in the 

plate reader which could not be associated with fungal growth but were the result 

of dead/clumped mycelium in the bottom of the tube absorbing light. These are 

represented by the highly variable scatter of data points in Figure 6.4a-c, in all 

three chemical mixes used (azoxystrobin, azoxystrobin+SHAM and silthiofam). 
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The false measurements led to inconclusive results from the 96-well plate 

attempts. 

In addition to the problem of hyphal fragment clumping causing inconsistent 

optical density measurements, many issues arose in the development of this 

assay. G. tritici became extremely sensitive to SHAM after blending of the hyphal 

suspension, where previously some hyphal growth had occurred in the presence 

of 40 µg ml-1 SHAM (Figure 6.4.b). This highlighted the issues with inconsistent 

optical density measurements, where the growth seemed to decline, but at high 

concentrations would sporadically increase even though the fungus was clearly 

unable to grow at these concentrations when visually inspected (Figure 6.4 b and 

d). Additionally, the initial silthiofam concentration gradients used were too low 

as shown in Figure 6.4c where only 200 µg ml-1 inhibited isolate growth. However, 

when the use of technical grade silthiofam was attempted to generate higher 

concentrations, the chemical could not be suitably dissolved and ‘fell out’ of 

solution when mixed with PDB.  

It is possible to produce hyphal suspensions with more standardised 

concentrations. Using a filtration step where a sterile "etamine" nylon cloth micro-

filter (100 µm pore) is used to separate larger clumped fragments (Peláez 

Montoya et al., 2006). However, this method is very labour intensive and 

optimisation is time consuming and inefficient. Thus, due to multiple issues 

encountered in the initial investigations, attempts to develop a 96-well plate assay 

for G. tritici were abandoned as this was not feasible in the time frame of the PhD. 

In addition, published methods for studying G. tritici sensitivity to fungicides, 

including silthiofam, tebuconazole and difenoconazole, using solid agar plates 

have been described in the past (Freeman et al., 2005, Yun et al., 2012). 

 Solid plate Sensitivity screen to azoxystrobin in G. tritici 

A wide range of RG was witnessed at all four concentrations and the effect of 

isolate was significant (P <0.001) at each concentration (Table 6.4). The RG 

ranged between 0.5 - 84 %; 0 – 77.3 % and 0 – 67.5 % in the three concentrations 

0.1, 1.0 and 10 µg/ml-1 respectively. With evidence for greater than 50 % RG at 

the highest concentration in some isolates (Table 6.4), a subsample screen of 16 

isolates was carried out at 100 µg ml-1 azoxystrobin.   
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Table 6.4 Relative growth of forty Gaeumannomyces tritici isolates on 
potato dextrose agar amended with four concentrations of azoxystrobin. 
Isolates ranked by relative growth at the 0.1 µg ml-1 azoxystrobin concentration, 
from greatest to least percent growth. One isolate was inoculated per plate. 

Isolate 
reference1 

Genetic 
type 

Collection 
Year 

Azoxystrobin concentration (µg ml-1) 
Relative growth: logit (back-transformed percent 
%)2 

0.1 1 10 100 

Ox114* A 2014 1.6 (84.0) 1.2 (77.3) 0.5 (61.6) -5.3 (0.0) 
Ox108* A 2014 1.3 (78.2) 0.9 (71.2) 0.6 (64.0) -2.2 (9.4) 
Ox115 A 2014 0.9 (70.4) 0.9 (70.9) 0.7 (67.5) - 
PG9* A 1992 0.6 (64.9) 0.4 (59.9) -0.2 (44.4) -2.8 (5.4) 
Nz44* A 2012 0.3 (57.1) -0.2 (45.6) -0.2 (45.6) -5.3 (0.0) 
Ha56* B 2014 0.2 (54.8) -0.4 (41.0) -0.5 (37.3) -4.6 (0.5) 
Wb111* A 1992 0.2 (54.6) -0.2 (44.6) -1.2 (23.0) -5.3 (0.0) 
Ox111 B 2014 0.2 (54.3) 0.9 (71.7) 0.2 (55.1) - 
Nz45 B 2012 0.2 (54.2) -0.5 (36.5) -0.3 (41.7) - 
Ha30* B 2014 0.1 (51.3) -0.4 (40.6) -0.8 (31.2) -5.3 (0.0) 
Nz14 B 2012 0.0 (48.9) -0.3 (42.4) -0.7 (32.0) - 
Nz25 A 2012 -0.1 (48.6) -1.7 (15.2) -2.9 (4.5) - 
Ox113 A 2014 -0.3 (42.9) -0.2 (44.1) -2.0 (11.7) - 
Ha47 B 2014 -0.5 (38.6) -0.7 (32.6) -1.3 (21.3) - 
Nz21* B 2012 -0.5 (38.0) -0.5 (36.8) -1.0 (26.3) -5.3 (0.0) 
Wb19* B 1992 -0.5 (37.9) -2 (11.8) -4.2 (1.0) -5.3 (0.0) 
Ox119 A 2014 -0.5 (37.7) -1.7 (14.6) -1.9 (13.1) - 
Ha28 A 2014 -0.6 (36.2) -1.9 (13.1) -1.6 (16.8) - 
Nz61 A 2012 -0.7 (32.5) -1.3 (20.6) 0.1 (52.2) - 
Ox121 A 2014 -0.8 (30.8) -1.3 (20.5) -2.8 (5.5) - 
Ha38 B 2014 -1.0 (27.1) -1.6 (16.8) -2.2 (9.1) - 
Ha27 B 2014 -1.1 (24.4) -3.1 (3.8) -3.7 (2.0) - 
PG38* A 2002 -1.2 (22.9) -1.2 (22.0) -2.3 (8.9) -5.3 (0.0) 
Nz66 A 2012 -1.4 (19.4) -1.9 (12.3) -1.9 (12.6) - 
Nz15 A 2012 -1.4 (19.0) -1.7 (15.7) -2.2 (9.4) - 
Nz7 B 2012 -1.5 (17.8) -1.6 (17.1) -2.3 (8.6) - 
Ox122 A 2014 -1.5 (17.8) -1.2 (23.6) -0.9 (28.9) - 
Nz49 B 2012 -1.5 (17.4) -2.3 (9.1) -4.6 (0.5) - 
Nz56 B 2012 -1.6 (16.4) -1.1 (25.5) -1.8 (14.4) - 
Nz23 A 2012 -1.6 (16.0) -2.1 (10.8) -2.8 (5.2) - 
Wb88* A 1992 -1.7 (15.7) -1.9 (13.1) -2.4 (7.5) -5.3 (0.0) 
Nz16 B 2012 -1.7 (15.4) -2.8 (5.2) -3.8 (1.8) - 
Nz53 B 2012 -1.8 (14.3) -2.1 (10.6) -3.6 (2.3) - 
Nz8* B 2012 -1.9 (12.9) -2.3 (8.4) -2.7 (5.6) -5.3 (0.0) 
Nz13* A 2012 -2.0 (12.0) -2.4 (7.7) -3.9 (1.5) -5.3 (0.0) 
Wb94* A 1992 -2.0 (11.8) -2.4 (8.3) -3.4 (2.8) -5.3 (0.0) 
Ox117 A 2014 -2.4 (7.8) -4.7 (0.4) -5.3 (0.0) - 
PG6* A 1997 -2.8 (5.1) -3.1 (3.7) -3.8 (1.8) -5.3 (0.0) 
Wb13* B 1992 -3.9 (1.6) -5.3 (0.0) -5.3 (0.0) -5.3 (0.0) 
Nz62 A 2012 -4.6 (0.5) -5.3 (0.0) -5.3 (0.0) - 

F Pr Isolates   < 0.001 < 0.001 < 0.001 < 0.001 
SED   0.36 0.431 0.493 0.024 
1Isolates marked with * are the core isolate collection which was selected to go forward to the 
full EC50 screen for azoxystrobin based on their sensitivity/insensitivity to the fungicide – these 
isolates were also only included in the additional 100 µg/ml plate test. 
2 Relative growth was calculated as ((average colony diameter on amended PDA)/(average 
colony diameter on unamended PDA)*100) (Equation 6.1). 
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The 16 isolates were chosen to encompass the highest/lowest azoxystrobin RG 

at 10 µg/ml-1, in addition to including geographic and genetic diversity. None of 

the isolates could grow effectively at 100 µg ml-1 azoxystrobin, with this 

concentration preventing any growth in 13/16 isolates. One historic (Pg9) and two 

newly collected isolates (Ox108 & Ha56) produced some radial growth, with RG 

measurements of 5.4 %, 9.4 %, and 0.5 %, respectively. The historic and newly 

collected isolates were found to be spread throughout the distribution of observed 

RG at each of the concentrations. Two of the historic isolates Pg9 and Wb111, 

had RG of 44.4 % and 23.0 % at the second highest azoxystrobin concentration 

10 µg/ml-1, whilst two of the new isolates, Nz62 and Ox117, had RG of 0.5 % and 

7.8 % at the 0.1 µg/ml-1 azoxystrobin concentration. 

To study the distribution of in vitro RG for the effect of both azoxystrobin and 

silthiofam, a boxplot was produced (Figure 6.5, silthiofam data in Table 6.1). 

Compared to RG in the presence of silthiofam, the isolates were greatly inhibited 

by the presence of azoxystrobin at all four concentrations. Silthiofam produced 

the greatest range of RG for the 37 isolates tested (Figure 6.5). However, Figure 

6.5 gives evidence in combination with Table 6.4 that there was notable variation 

in RG in response to the presence of azoxystrobin in vitro, with several outlying 

isolates with high RG and many with RG greater than 50 % at the 0.1, 1.0 and 10 

µg ml-1 azoxystrobin concentrations. No correlation could be found between RG 

observed in the silthiofam sensitivity assay and the four azoxystrobin 

concentrations used (0.1 µg ml-1 azoxystrobin: r = 0.034, P = 0.840; 1.0 µg ml-1: 

r = 0.046, P = 0.786; 10 µg ml-1: r = -0.037, P = 0.83 and 100 µg ml-1 (n=15): 

0.483, P = 0.103).  

 EC50 assay method development and screen of most/least sensitive 

isolates in the presence of SHAM  

Early attempts at both the liquid media 96-well plate assay and the solid plate 

fungicide sensitivity assay (data not shown), highlighted that G. tritici growth was 

inhibited by the AOX inhibitor SHAM. This agrees with previous findings that AOX 

activity in G. tritici is constitutively active and vital for ATP production (Joseph-

Horne et al., 1998). Therefore, it was necessary to investigate the ability of the 

fungus to grow at a range of SHAM concentrations. The aim was to select a 

suitable concentration to use in EC50 assays for azoxystrobin and to examine if 
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AOX activity was providing insensitivity to the fungicide, as found in previous 

resistance screens of phytopathogens (Wood and Hollomon, 2003). Figure 6.6 

shows RG of eight isolates which rapidly declined with increasing SHAM 

concentration. The two highest concentrations of 50 and 100 µg ml-1 SHAM, were 

immediately excluded because the growth of all isolates was severely inhibited. 

 

Figure 6.5 Boxplot distribution of in vitro sensitivity of Gaeumannomyces 
tritici to two fungicides azoxystrobin (Az) and silthiofam (Si). 
Relative growth was measured as diameter of growth after four days on 
fungicide amended potato dextrose agar (PDA) at the given concentration and 
compared to the mean diameter of growth on unamended PDA. The * denotes 
that only 16 isolates had been tested at the additional concentration of 100 µg 
ml-1 azoxystrobin as outlined in Table 6.4. These isolates were selected to 
include the most/least sensitive isolates to azoxystrobin at the three initial 
concentrations, in addition to including a range of geographic and genotypic 
variants. 

  



202 
 

 

Figure 6.6 Relative growth of eight selected Gaeumannomyces tritici 
isolates on potato dextrose agar with a range of salicylhydroxamic acid 
(SHAM) concentrations (1, 10, 25, 50 & 100 µg ml-1). 
Open symbols relate to treatments in the presence of 10 µg ml-1 azoxystrobin 
(Az) and closed symbols were in the absent of azoxystrobin. Diametric 
growth was measured after 4 days’ incubation on potato dextrose agar 
amended with the given chemical concentration or on unamended control 
plates. Relative growth was then calculated ((average colony diameter on 
amended PDA)/(average colony diameter on unamended PDA)*100). The 
evaluation of each isolate was repeated three times at each chemical 
treatment. 

 

To study the effect on an isolate’s ability to grow in the presence of both SHAM 

and azoxystrobin, eight isolates were grown in the presence and absence of 10 

µg ml-1 azoxystrobin in the same experiment (Figure 6.6). These isolates were 

selected due to their ability to grow to some extent at 10 µg ml -1 azoxystrobin in 

the full screen (Table 6.4).  At the lowest SHAM concentration (1 µg ml-1) isolate 

growth was not inhibited in comparison to the unamended control. Thus, at this 

concentration no additional inhibition of the isolates, resulting from AOX inhibition 

could be witnessed. Conversely, at the higher concentrations of 10 and 25 µg ml-

1 SHAM, growth was inhibited in the presence of SHAM and the inhibitory effect 

of azoxystrobin was increased. Thus, there was evidence of AOX activity causing 
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insensitivity to azoxystrobin in the isolates tested. However, at these 

concentrations in the absence of the fungicide, there was also a negative effect 

on the ability of the fungus to grow, which was more marked at 25 µg ml-1 SHAM, 

with 7/8 isolates growth falling below 90 % that of the unamended PDA control 

plates. Thus, a concentration of 10 µg ml-1 SHAM was selected as the 

concentration of SHAM to use going forward as this allowed growth of the fungus 

to greater than 90 % compared to the control, whilst also showing some inhibition 

of AOX activity as indicated by increased azoxystrobin sensitivity. Another AOX 

inhibitor, octyl-gallate was additionally tested, however G. tritici growth was 

severely and even more greatly inhibited compared to SHAM (results not shown), 

thus SHAM was used.  

 EC50 results for a representative collection of 14 G. tritici isolates in the 

absence and presence of AOX inhibitor SHAM 

A range of azoxystrobin EC50 values were observed from 0.0006 to 0.904 µg ml-

1 in the representative sample of 14 G. tritici isolates tested (Table 6.5). All 

isolates were unable to grow well at 100 µg ml-1 azoxystrobin, with similar RG 

values as observed in the initial screen (Table 6.4). EC50 values were also 

measured for the effect of azoxystrobin in the presence of 10 µg ml -1 SHAM 

(Table 6.5). These, were generally lower or the same as those without AOX 

inhibition, ranging from 0.0006 to 0.377 µg ml-1. The new and historic isolates 

were found spread throughout the range of EC50 values and growth curves 

observed in both the presence or absence of AOX inhibition. SHAM potentiation 

ranged from 0.5 (no effect of SHAM) to 14.1. A mixture of SHAM potentiation 

values was observed across collection year and locations (Table 6.5). In both 

experiments a notable level of residual growth above the EC50 value (trailing 

growth) was observed. With the exception of the two very sensitive isolates Wb13 

and Pg6, which were both highly inhibited in both assays. This is likely to account 

for the potentiation values which in some cases were below 1. This indicates that 

alternative oxidase activity was still present in the SHAM experiment. The A-type 

genetic class of isolates seem to be the most insensitive isolates, however with 

some B-type isolates were also shown to have some SHAM activity, Ha30 for 

example had a potentiation value of 3.1. Thus there was no clear pattern of isolate 

genotype showing SHAM activity.  



204 
 

Table 6.5 Effective concentration of azoxystrobin which inhibited growth 
by 50 % (EC50) in a representative selection of 14 historic and newly 
collected Gaeumannomyces tritici isolates in the absence or presence of 
10 µg ml-1 SHAM. 

Isolate1 Year A/B2 Average azoxystrobin µg 
ml-1 EC50 (95% CI)2,3 

Average azoxystrobin + SHAM 
µg ml-1 EC50 (95% CI)2,4,5 

PSHAM
6 

Ox108 2014 A 0.9041  (0.763, 1.072) 0.3772  (0.322, 0.442) 2.4 

Ox114 2014 A 0.5159  (0.436, 0.611)  0.0366  (0.0312, 0.0428)  14.1 
Pg9 1992 A 0.1157  (0.098, 0.137)  0.0695  (0.0594, 0.0814)  1.7 

Ha56 2014 A 0.0921  (0.0771, 0.1099)  0.0172  (0.0146, 0.0201) 5.4 

Ha30 2014 B 0.0781  (0.0661, 0.0922)  0.0255  (0.0217, 0.0299) 3.1 

Nz44 2012 B 0.043  (0.0364, 0.0508) 0.0279  (0.0238, 0.0326)  1.5 

Nz21 2012 A 0.0411  (0.0348, 0.0485)  0.0079  (0.0067, 0.0093)  5.2 

Wb94 1992 A 0.0346  (0.0292, 0.0408)  0.009  (0.0072, 0.0113) 3.8 

Wb88 1992 A 0.027  (0.0228, 0.0319)  0.0175  (0.0149, 0.0205)  1.5 

Wb19 1992 A 0.005  (0.0039, 0.0064)  0.0094  (0.0075, 0.0118)  0.5 

Nz13 2012 A 0.0022  (0.0019, 0.0027) 0.0028  (0.0024, 0.0033) 0.8 

Nz8 2012 B 0.0017  (0.0014, 0.002)  0.0036  (0.0031, 0.0043)  0.5 

Pg6 1997 B 0.0011  (0.0009, 0.0014)  0.0016  (0.0013, 0.0019) 0.7 

Wb13 1992 B 0.0006  (0.0005, 0.0008)  0.0006  (0.0005, 0.0007)  1.1 
1 Fourteen isolates with a range of sensitivities to azoxystrobin, geographies and collection dates 
were used (Table 6.1). 
2 Genetic type and designated in Table 6.1 
2 Growth was measured after four days of inoculation on potato dextrose agar (PDA) amended 
azoxystrobin at one of 11 concentrations (1 in 4 dilution factor ranging 100 to 0.0001 µg ml-1). 
Relative growth was measured as: ((average colony diameter on amended PDA)/(average colony 
diameter on unamended PDA)*100). An average EC50 value for each isolate was calculated using 
probit analysis of logit transformed relative growth data from six repeats of each isolate at each log 
transformed concentration. 
3 Isolate Wb19 was included in one experimental repeat only. 
4 All plates including the unamended control were also amended with 10 µg ml-1 SHAM. 
5 Isolates Wb19 and Wb94 were included in one experimental repeat only. 
6 PSHAM = SHAM potentiation value = EC50 (azoxystrobin) alone divided by EC50 

(azoxystrobin)+SHAM. 

 Characterisation of the G. tritici cytochrome b gene and sequencing for 

point mutations in three known QoI resistance loci. 

The complete coding sequence of 1,155 bp for the G. tritici cyt b gene, translating 

to a 385 amino acid length protein, was found using both the G. tritici genome 

and transcriptome (Figure 6.7a). Only 87.2 % of the coding sequence could be 

mapped to the genome due to gaps in the G. tritici genomic sequencing data. The 

gene was identified in a region spanning 15,111 bp in the mitochondrial genome, 

with the coding sequence for the N-terminal region not identified in the genome. 

In total, six exons were found to give the sequence for codons 50-385, with five 

very large introns found to occur between each (Figure 6.7a). The complete 

coding sequence for the cyt b gene identified for G. tritici was submitted to 

genbank, accession number KX756275.   
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Figure 6.7 Characterisation and internal fragment sequencing of 
Gaeumannomyces tritici cytochrome b gene. 
A) Schematic of the complete in silico map of cyt b gene in G. tritici showing 
the 1,155 bp coding sequence of the gene and introns mapped to the 
genome where possible – not to scale. Solid boxes represent exons, which 
are marked with the first and last amino acid on each exon. Lines indicate 
introns mapped to the G. tritici genome. The N-terminus could not be mapped 
to the genomic sequence available. However, the coding sequence was 
found in the G. tritici transcriptome and is represented by the grey box. 
Horizontal arrows indicate forward and reverse primers which were designed 
to PCR amplify two regions containing the three known QoI fungicide 
resistance loci in other fungal species which are marked with vertical arrows: 
F129L, G137R and G143A. B) Nucleotide sequences for an internal fragment 
of the cyt b gene containing the F129L codon for four G. tritici isolates, Wb13, 
Ox108, Nz13 and Pg9, aligned to the wild type G. tritici cyt b gene region 
characterised in silico. In addition, four M. grisea accessions are aligned to 
highlight observed QoI resistance/sensitive loci: QoI sensitive: AY245424 & 
AY245425; QoI resistant at the F129L locus: AY245426 and QoI resistant at 
the G143A locus: AY245427. C) Nucleotide sequences for an internal 
fragment of the cyt b gene in the region with codons G137 and G143, aligned 
as in B. 
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The coding region for the cyt b gene in M. grisea is an intronless, 1,179 bp 

sequence. Conversely in G. tritici the sequence was found to possess at least 

five introns. Due to a large intron between the two regions encoding the three 

known QoI resistance loci F129L, G137R and G143A, two primer sets were used 

to successfully amplify internal fragments from within these regions. The 

sequences obtained were aligned to the wild-type G. tritici gene mapped in silico 

and the M. grisea reference sequences: two wild type, one with known resistance 

loci F129L (Figure 6.7b) and one with G143A (Figure 6.7c) obtained from 

GenBank (sequence references AY245424 through to AY245427). Conceptual 

translation of the aligned sequences, found no nucleotide changes in the 

identified regions conferring genetic resistance to QoI fungicides. All 40 isolates 

contained the wild-type sequence for the three codons. 

The exonic sequences for both cyt b regions amplified 100 % pairwise identity 

between all 40 isolates. Sequence homology between the gene fragments 

between the two fungi, G. tritici and M. grisea was also high for both regions. 

Some single nucleotide polymorphisms (SNPs) were found between the two 

species, which lead to altered predicted amino acid sequences. In the region 

encoding codon 129, 62 bp sequences could be aligned between G. tritici and M. 

grisea which had 89.8 % pairwise identity. Here two SNPs were found at codons 

119 and 115 giving rise to amino acid changes of valine to isoleucine and alanine 

to valine, respectively. In the region with codons 137 and 143, 96 bp from G. tritici 

could be aligned to the M. grisea gene with 89.9 % pairwise identity. Here four 

SNPs gave rise to amino acid changes: 133, leucine to threonine; 141, leucine to 

threonine; 154, isoleucine to methionine and 161, isoleucine to methionine. All 

the above amino acid changes were found in all four M. grisea sequences when 

compared to all 40 G. tritici isolates and the wild type coding sequence identified 

in silico from the genome and transcriptome.  

6.4 Discussion 

The aim of the study presented in this chapter was to identify if any variation in 

the sensitivity to the QoI fungicide azoxystrobin had arisen in UK and European, 

G. tritici field populations. To investigate this, a collection of 38 UK isolates were 

characterised, six collected in 1992 predating QoI release. The remaining 32 

were collected in 2012 or 2014. Two isolates of wider geographic origin were 
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selected for use as reference isolates from mainland Europe, one from France 

(2002) and one from Germany (1997) provided by Stephanie Daval at INRA, 

France (Daval et al., 2013). The historic and 2012 isolates were collected from 

the Rothamsted farm in Hertfordshire. With the most recent (2014) collections 

successfully isolated, during the PhD, from G. tritici infected roots from post-

harvest soil core bioassay seedlings from AHDB field trial sites in Hampshire and 

Oxfordshire taken post-harvest in 2014. All isolates were characterised by ITS2 

diversity to divide them into two main genetic sub-populations (Freeman et al., 

2005, Daval et al., 2010) and into two groups of silthiofam fungicide 

resistant/sensitive (Freeman et al., 2005, Yun et al., 2012).  

Daval et al. (2010) show that G. tritici occur globally in two major genetically 

distinct groups, which have widely been grouped as A and G2 compared to B and 

G1. The isolate collection had a high level of genetic variation, with 57.5 % genetic 

type A and 42.5 % B-type based on ITS2 diversity giving a well-balanced mixture 

of the two G. tritici genetic subgroups. The 40 isolates thus gave a suitable level 

of genetic, temporal and spatial diversity to test for evidence of heritable fungicide 

resistance in the UK. 

Silthiofam (commercially: Latitude) is a G. tritici specific fungicide and the only 

member of the thiophene carboxamides class of fungicides (FRAC, 2013). 

Joseph-Horne et al. (2000) identified that the mode of action of silthiofam was to 

inhibit ATP export from the mitochondria, with an undefined target site. Two of 

the four isolates used in these experiments also displayed a 10,000 fold increase 

in minimum inhibitory concentration of silthiofam (Joseph-Horne et al., 2000). 

This agrees with later findings that natural resistance to silthiofam exists in naive 

G. tritici populations, with an unexplained mechanism (Freeman et al., 2005, Yun 

et al., 2012). Freeman et al. (2005) utilised this native resistance to categorise 

isolates into two distinct groups testing growth on 1 µg ml-1 silthiofam amended 

agar. Isolates with > 95 % growth compared to unamended controls were 

designated as resistant. Fungicide resistant isolates were found to range from 10 

– 30 %, varying between years and location across the south of the UK (Freeman 

et al., 2005). In G. tritici isolates originating from China 59.1 % of isolates were 

resistant to silthiofam, with the resistant isolates recovered from locations both 

with and without silthiofam use (Yun et al., 2012). Silthiofam EC50 values ranged 

from 0.0001 to 0.0036 µg ml-1 in the silthiofam sensitive and 23.82 to 120.5 µg 
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ml-1 in resistant isolates, showing that they clearly group into resistant or sensitive 

categories using the Freeman et al. (2005) method. 

In the present work, 37 of the isolates were tested and 24.3 % of isolates were 

resistant to silthiofam. Two of five historic isolates were resistant. These isolates 

would never have encountered silthiofam, because the collection date was seven 

years before the commercial release in 1999. This agrees with all past findings 

of natural resistance occurring to silthiofam (Joseph-Horne et al., 2000, Freeman 

et al., 2005, Yun et al., 2012). When exploring the variation between the two 

subpopulations, only A-type isolates were found to be resistant (43 %). All B-type 

isolates were sensitive. This mirrors findings where genetic subpopulations were 

associated with silthiofam sensitivity (Freeman et al., 2005, Yun et al., 2012). 

Freeman et al. (2005) found a strong correlation between percent B-type genetic 

subgroup and percent silthiofam sensitivity in 358 isolates. This does not however 

exclude B-type isolates from presenting resistance phenotypes, with some 

individual treatment means, in the previous study, falling well below the 

regression line. Additionally, some resistant B-type isolates recovered from the 

Rothamsted Farm in 2008, were identified in the PhD project of McMillan (2012). 

Yun et al. (2012) used newly identified genetic clusters from microsatellite 

markers, which therefore cannot be related to the A/B-type genotypes identified 

here. Freeman et al. (2005) conclude that the genetic heterogeneity of ITS2 is 

unlikely to be causally related to the mechanistic effect of silthiofam insensitivity. 

It is more likely a genetic marker of the evolutionary history of G. tritici lineages. 

Evidence of selection for resistant isolates in the field has been produced for 

silthiofam by both Freeman et al. (2005) and Yun et al. (2012). Therefore, 

effective resistance management strategies for the fungicide are highly 

recommended, particularly the combined application of chemistries with 

alternative target sites (Bourguet et al., 2016, Lucas et al., 2015). 

 Fungicide sensitivity assays to test for QoI resistance in 

Gaeumannomyces tritici  

Pressure is lower for soil-borne fungi than air-borne fungi to evolve resistance to 

foliar applied fungicide, as recently reviewed for the specific case of Asperigillus 

fumigatus (Gisi, 2014). Maximum exposure concentration (MEC) of fungicide in 



209 
 

soil is low due to interception by the crop and adsorption into the soil (dependant 

on chemistry adsorption coefficient: KOC). Additionally, migration of soil-borne 

spores/mycelium is slower compared to airborne fungi, meaning that the spread 

of evolved resistance is slower. However, this does not exclude resistance 

colonies/individual isolates  dwelling in the soil (Gisi, 2014). The QoI fungicides 

have been applied extensively since 1996, with azoxystrobin quickly becoming 

the highest selling and most widely applied fungicide globally (Bartlett et al., 2002) 

and this remains the case today (David Ranner, Syngenta, personal 

communication). In this research, it has been found that the low MEC rate of 

azoxystrobin which is likely to reach the soil, has not resulted in fungicide 

resistance in G. tritici after over 20 years of application to three UK wheat fields. 

Measuring fungicide sensitivity in isolated fungal species is often carried out using 

solid agar plate bioassays to either measure minimum inhibiting concentration 

(MIC) or EC50. However, these methods are labour intensive and use 

considerable amounts of space and resources (plastic/agar for the testing and  

energy for disposal), thus high-throughput methods using 96-well microtiter 

plates were developed for sporulating fungi (Pijls et al., 1994) and non-sporulating 

fungi (Peláez Montoya et al., 2006). Both methods measure light absorption in 

automated plate reading devises to calculate the EC50 of fungi. In the current 

study, attempts to develop a high-throughput method, to study fungicide 

sensitivity in G. tritici, failed due to the highly filamentous and non-sporulating 

nature of the fungus in laboratory settings (Section 6.3.2). Conidia formation in 

G. tritici, under experimental settings, is extremely difficult, with early claims that 

the fungus did not produce a conidial form (Cunningham, 1981). Nilsson (1969) 

was able to collect micro-conidia from the mass extruding from the perithecial 

neck of cultured isolates. However, as with several later studies the conidia were 

unable to germinate (Brown and Hornby, 1971, Weste, 1972). Thus, due to a lack 

of a viable, non-filamentous (yeast-like) growth phase in G. tritici, in vitro, I 

attempted to use mycelial fragments in the 96-well plate microtiter assay. This 

did not work, because even after macerating the filaments, large clumps of 

hyphae formed, which collected in the base of the wells, causing light absorption 

in cases where the fungus was evidentially not actively growing. Therefore, the 

attempts were abandoned after three months and four experimental attempts in 

favour of the previously characterised solid plate screens for fungicide sensitivity 
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which had already been optimised for G. tritici and related phytopathogenic 

species (Freeman et al., 2005, Vincelli and Dixon, 2002, Yun et al., 2012, 

Castroagudin et al., 2015).  

In both the initial screen and the full azoxystrobin EC50 assay, evidence for 

resistance was not found.  All isolates were unable to grow at 100 µg ml -

1 azoxystrobin. In past studies investigating M. grisea and M. oryzae, highly 

resistant isolates could sustain growth at this concentration under the same 

experimental conditions (Kim et al., 2003, Castroagudin et al., 2015). These 

Magnaporthe isolates also possessed the G143A mutation, giving limited 

evidence for the potential evolution of the G143A target site mutation in G. tritici. 

In some other fungal species,  isolates with the F129L and G137R mutations 

were found to be moderately insensitive and had lower EC50 values than isolates 

possessing the G143A mutation (Gisi et al., 2002). It is notable, from the initial 

screen of all 40 G. tritici isolates investigated in this study, that the distribution of 

relative growth was continuous across all isolates, at each of the three 

concentrations used. Thus, isolates could not be separated into two discrete 

groups of sensitive/insensitive. This division of isolates would be expected for 

single-site resistance mutations within the  cytochrome b gene sequence, which 

has evolved in response to QoIs and results in bimodal sensitivity distributions 

(Lucas et al., 2015). Therefore, whilst point mutations conferring target site 

resistance could potentially be the cause of the insensitivity (discussed in Section 

6.4.2), the wide distribution of insensitivities suggests that another mechanism or 

mechanisms was involved, most likely being alternative respiration. 

In several phytopathogenic fungi such as Zymoseptoria tritici, M. grisea, Venturia 

inaequalis and Pseudocercospora fijiensis (previously: Mycosphaerella fijiensis), 

AOX enzyme activity has been shown to be upregulated in response to inhibition 

of the electron transport pathway (commonly cyt b) (Wood and Hollomon, 2003). 

This has been commonly described to provide enough energy to reduce QoI 

sensitivity in vitro but not in planta; nor at the field level (Fernandez-Ortuno et al., 

2008). The alternative pathway is only 40 % efficient (Figure 6.1c) compared to 

the normal pathway – thus there are fitness costs which will affect the pathogen’s 

ability to invade plant tissue (Wood and Hollomon, 2003). In addition, antioxidants 

produced by the plant during infection interfere with the upregulation of AOX, 
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through quenching reactive oxygen species which induce this pathway in 

pathogenic fungi (Wood and Hollomon, 2003).  

In some species of fungi such as G. tritici and Botrytis cinerea, evidence has been 

found to suggest that AOX is constitutively expressed and active (Joseph-Horne 

et al., 1998, Tamura et al., 1999). The implications of AOX on sensitivity to 

azoxystrobin and control of G. tritici have not been assessed. The range of 

insensitivity witnessed here led us to study the effect of inhibiting AOX with the 

chemical SHAM. Joseph-Horne et al. (1998) study revealed that both cytochrome 

b activity (inhibited by antimycin a) and AOX activity are important and must 

function for normal ATP production (Figure 6.1d). Inhibition of the two pathways 

separately lead to a 75 % reduction and a 58 % reduction in ATP concentration, 

respectively. When both were inhibited at the same time, an 80 % reduction in 

ATP concentration was witnessed. This led to the conclusion that AOX is vital for 

respiration in a previously uncharacterised respiratory pathway, involving an 

additional b-type haeme complex cytochrome not associated with complex III 

(cytochrome b location, Figure 6.1b) (Joseph-Horne and Hollomon, 2000, 

Joseph-Horne et al., 1998). Evidence that AOX activity is vital for G. tritici survival 

was again demonstrated here, with SHAM rapidly inhibiting growth by more than 

20 % at 25 µg ml-1 (Figure 6.6). Compared to M. grisea and M. oryzae where 100 

% growth (measured as germination of spores or RG) could be maintained at 100 

µg ml-1 (Vincelli and Dixon, 2002, Castroagudin et al., 2015).   

In the full EC50 assay only low levels of insensitivity to azoxystrobin were 

observed in a selection of fourteen of the most and least sensitive isolates 

identified in the initial full screen. The greatest EC50 value was 0.9 µg ml-1 -

azoxystrobin (isolate: Ox108). In the insensitive isolates a notable amount of 

trailing growth (residual growth above the EC50 value) was observed. This is likely 

to explain the increased growth observed at 10 µg ml-1 azoxystrobin in the original 

full screen of the isolates. Growth in this initial screen would also have been 

further enhanced because each isolate had been inoculated on individual plates 

(rather than three isolates per plate in the full assay).  

From investigation of the effect of SHAM, a concentration was selected which 

reduced the activity of AOX but did not inhibit growth, namely 10 µg ml -1. This 

concentration was then used to calculate azoxystrobin EC50 values during partial 



212 
 

alternative oxidase inhibition. Under these conditions the azoxystrobin EC50 was 

reduced, most markedly in isolate Ox114 with a 14-fold decrease from 0.5 µg ml-

1 in the azoxystrobin treatment compared to 0.04 µg ml-1 in the azoxystrobin + 10 

µg ml-1 SHAM (Table 6.5). This agrees with past findings that insensitivity to 

azoxystrobin is being caused by the activity of AOX (Fernandez-Ortuno et al., 

2008). Inhibition of AOX activity resulted in the EC50 values for azoxystrobin of all 

isolates falling to below 0.03 µg ml-1. This is except for Ox108 which maintained 

a higher EC50 value of 0.38 µg ml-1 azoxystrobin + 10 µg ml-1 SHAM (discussed 

below).   

In addition to the varied EC50 results observed, a mixture of SHAM potentiation 

values (the EC50 without SHAM divided by the EC50 with SHAM) (Wood and 

Hollomon, 2003) were observed in the four most insensitive isolates with EC50 

values of greater than 0.09 µg ml-1 azoxystrobin alone. These ranged from 1.7 to 

14.1. These mixed results and the incomplete control of OX108 are very likely to 

be due to a substantial amount of AOX activity still occurring at the concentration 

of SHAM used. In Figure 6.6, complete growth inhibition at 10 µg ml-1 

azoxystrobin in the presence of SHAM could only be completely achieved at 25 

µg ml-1 SHAM. However, due to the fitness cost of growth at 25 µg ml-1 SHAM, a 

concentration of 10 µg ml-1 SHAM was used in the final EC50 assay. Thus, 

electron transport in the split respiratory pathway identified in G. tritici (Joseph-

Horne et al., 1998) would still be functioning to some degree, so the EC50 values 

for the effect of azoxystrobin + SHAM may be inflated in the most insensitive 

isolates. Whilst there was a range of insensitivities to azoxystrobin found in this 

study, it is important to note that resistance was not found. The insensitivity was 

caused by AOX activity, which could not 100 % be controlled chemically due to 

the lethal nature of SHAM to G. tritici. A link between genotype (A or B) and SHAM 

sensitivity could not be conclusively made. The A-type isolates seem to be have 

the least sensitive azoxystrobin phenotypes and thus had the greatest reduction 

in EC50 in the presence of SHAM. However, only 16 isolates were tested in this 

work, with 4 A-type isolates showing the most SHAM activity. A relationship with 

genotype will need to be further tested in the future. 

The model proposed by Joseph-Horne et al. (1998) of split a respiration pathway 

in G. tritici may either not be occurring in all isolates or may function at varying 

rates between genotypes. This is evidenced by the varied SHAM potentiation 
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values observed, in addition to the fact that some isolates were highly sensitive 

to cytochrome b inhibition alone (by azoxystrobin). If AOX was constitutively 

active in all G. tritici isolates studied, then the expected outcome would have been 

to observe some degree of insensitivity to the fungicide in all isolates. However, 

some had extremely low tolerance (>0.001 µg ml-1 azoxystrobin). This suggests 

that varying levels of activity of the AOX were occurring between the isolates 

studied, which is further evidenced by the range of SHAM potentiation observed. 

A criticism of  the work carried out by Joseph-Horne et al. (1998) is the low isolate 

number (four isolates), all collected from similar locations, meaning any genotypic 

variation in the expression of AOX could have been missed. Several further 

experiments could be performed to test the validity of the original model further. 

Characterisation of the AOX genes in G. tritici could allow RNA expression levels 

of AOX to be investigated in the presence and absence of various chemistries. In 

this study, only the isolates with the greatest azoxystrobin insensitivity were 

included in the screen to determine the dilution factor of SHAM to be used in the 

main experiment (Figure 6.6). Therefore, in the future it would be very useful to 

study the EC50 of SHAM alone. This would identify if the isolates with the highest 

sensitivity to azoxystrobin have greater tolerance (and thus lower constitutive 

AOX activity).  

Care must be taken when comparing in vitro EC50 measurements to control in the 

field. The implications of having a constitutively active AOX during field control of 

G. tritici by QoI fungicides has not been addressed in this work. A natural level of 

insensitivity to azoxystrobin was witnessed in these experiments, evidenced by 

the isolates which predate the fungicides release showing some level of growth 

in the presence of the fungicide (in particular isolate Pg9 collected in 1992). 

Applying the simple calculations devised by Gisi (2014), crop interception of spray 

increases from 50 % at spray time T1, to 70 % at T2 and 90 % at T3. Using the 

calculation in the previous paper the amount of Amistar spray reaching the soil 

would result in the follow azoxystrobin concentrations in the top soil layer: 0.125 

µg ml-1 at T1, 0.075 µg ml-1 at T2 and 0.025 µg ml-1 at T3. With historic isolates, 

such as Pg9, presenting EC50 values of 0.11 µg ml-1 in the absence of AOX 

inhibition, this may explain the variable efficacy of applying azoxystrobin in the 

field (Bateman et al., 2006, Jenkyn et al., 2000). This is potentially the result of 

varying levels of AOX expression and activity. AOX activity will have implications 
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for all active QoI fungicide treatments against G. tritici, including the fungicide 

Fandango containing the QoI fluoxastrobin (Miguez et al., 2004, Bateman et al., 

2006). Thus, it is important for good control of take-all, in the field, that a 

combination of chemistries with varied modes of action are used. 

No relationship between the insensitivity to azoxystrobin in the screen of all 40 

isolates and resistance to silthiofam could be identified in the correlations 

between relative growth. This agrees with previous findings that whilst silthiofam 

was similarly targeting respiration in G. tritici, it was likely to be selectively 

inhibiting the adenine nucleotide transporter, preventing ATP export rather than 

ATP metabolism  (Joseph-Horne et al., 2000). Having different modes of action, 

the two products could be used together. This would provide an integrated 

approach in the most severe cases of take-all disease and would reduce the risk 

of further resistance formation. Azoxystrobin has fallen in use as a foliar fungicide 

in the UK, due to major resistance problems encountered in important pathogens 

such as Z. tritici (Garthwaite et al., 2014).  Therefore, azoxystrobin could 

potentially be used as a seed dressing in combination with silthiofam. This would 

also increase the dose rate in the soil rather than relying on spray landing on the 

soil during foliar applications, increasing the maximum exposure concentration 

(Gisi, 2014). 

 Cytochrome b characterisation and screens for QoI target site resistance  

The cyt b gene in G. tritici had not been characterised previously. We used an in 

silico approach to identify this extensively studied gene in other pathogenic fungal 

species  (Sierotzki et al., 2007, Torriani et al., 2009, Bolton et al., 2013) using the 

publicly available transcriptome and genome for G. tritici (Yang et al., 2015b, 

Okagaki et al., 2015). The G. tritici genome is highly fragmented, in line with 

findings from other species in the Magnaporthaceae family, where genome 

sequencing has proved challenging due to the presence of a high percentage of 

repeated sequences  (Dean et al., 2005, Okagaki et al., 2015). Nonetheless, we 

could locate and align 87.2 % of the cyt b gene to the G. tritici genome. 

Fortunately, the aligned region contained the mutation sites which have been 

found to confer QoI target site resistance in other phytopathogenic species: 

complete (G143A) or partial resistance (F129L & G137R) (Gisi et al., 2002, 

Fernandez-Ortuno et al., 2008). Grasso et al. (2006) performed an investigation 
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into the gene structure and consequences for resistance of cyt b, in 23 species, 

including basidiomycetes, ascomycetes and oomycetes. The number of introns 

varied greatly between species from intronless (including M. grisea, M. oryzae 

and Zymoseptoria tritici), 1-5 introns (Mycosphaerella fijiensis (1), Puccinia 

striiformis f sp tritici (2), Alternaria solani (4), Phakopsora pachyrhizi (5)) up to a 

maximum of six introns (Venturia inaequalis). The position of a type I intron 

immediately after codon 143 in the cyt b gene in all rust species studied including 

Puccinia spp., Uromyces appendiculatus, Hemileia vastatrix and Phakopsora 

pachyrhizi is thought to prevent the G143A substitution from forming in these 

species (Grasso et al., 2006). This mutation as a result has not been found in the 

rust pathogens, however the F129L substitution has recently been reported in the 

soybean rust Phakopsora pachyrhizi (Klosowski et al., 2016). 

These group I introns are common in fungi, in the mitochondrial genes which 

encode the cytochrome genes for electron transport and in ribosomal RNA genes 

(Foury et al., 1998). In the G. tritici cyt b gene analysed here, 5 introns were 

identified. There could potentially be more introns in the remaining 5’ 12.8 % of 

the gene which was not identified in the available genome sequence. At the time 

of publishing Grasso et al. (2006) did not have complete cyt b gene sequences 

for Alternaria solani, Phakospora pachyrihizi or Saccharomyces cerevisiae. 

However, fragment sequencing has still allowed the identification of mutations in 

the gene (Grasso et al., 2006). 

Using fragment sequencing, we were able to amplify two of the exon regions 

encoding the cyt b gene. Here we found evidence for between species variation, 

between G. tritici and M. grisea. Six SNPs gave rise to translational changes 

between the two species. However, these were found in all isolates of each 

species, which had varying ranges of azoxystrobin sensitivities (Kim et al., 2003). 

Thus, these changes are more likely to be linked to speciation rather than 

resistance to the QoIs, being highly conserved in each species. No evidence for 

target site mutations were found in any of the 40 G. tritici isolates studied here. 

This agrees with the fungicide sensitivity assay results discussed in section 6.4.1, 

where insensitivity to azoxystrobin was unimodal and greatly reduced by AOX 

inhibition, giving little evidence for target site resistance. 
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 Summary 

In the 18 years between QoI release and 2014, there is no evidence for the 

evolution of resistance to these fungicides in G. tritici. None of the three well 

studied mutations conferring field resistance to the fungicides could be identified. 

This was paralleled with low EC50 values for azoxystrobin (< 1 µg ml-1). In the 

presence of a partially inhibitory concentration of SHAM this was significantly 

reduced (< 0.4 µg ml-1). G. tritici in the past has been suggested to possess a 

constitutively active alternative oxidase, which acts as an additional and 

continuously active terminal electron acceptor in the mitochondrial electron 

transfer pathway. Here we again show that AOX inhibition is lethal to G. tritici. 

We have also shown that AOX activity contributes to azoxystrobin insensitivity. 

Notably low levels of insensitivity to the fungicide were witnessed in naive isolates 

collected in 1992 which would never have encountered the fungicide. A unimodal 

distribution of insensitivity was found across the isolates. This suggests that there 

may be variation in the expression/activity/stability of AOX in the G. tritici 

population rather than constitutive, high levels of activity as suggested by Joseph-

Horne et al. (1998). To study this, the EC50 for SHAM in azoxystrobin sensitive 

isolates will need to be tested in the future.  

There is believed to be only a low pressure for G. tritici to evolve resistance to 

azoxystrobin due to the low maximum exposure concentration of foliar applied 

fungicides in the soil, in addition to the low migration rates of soil-borne fungi 

(Gisi, 2014). One future option could be to use azoxystrobin as a seed dressing 

in combination with silthiofam. While natural insensitivity to both chemistries is 

present in G. tritici populations, both chemistries target separate parts of the 

respiratory pathway. Combining their action in a single seed dressing to reduce 

the risk of control failures may be an option worthy of consideration. This would 

be subject to formulation compatibility, field efficacy and most importantly the cost 

of applying two expensive chemistries. 
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Chapter 7. General Discussion 

7.1 Project Summary 

The hypotheses tested in this research and those rejected or accepted are 

summarised in Table 7.1. The primary purpose of this PhD was to test if genetics 

and chemistry could be used to prevent the build-up of take-all fungal inoculum 

in first wheats as a method to reduce second wheat take-all disease. To do this 

the underlying mechanism, epidemiology, agronomy and genetics of the TAB 

(take-all build-up) trait in commercial, elite, winter wheat cultivars was 

investigated in detailed first wheat field trials (Chapters 3, 4 & 5). The effect of 

foliar applied chemistry (fungicide: Amistar and PGR: Moddus) on first wheat 

take-all inoculum build-up and second wheat disease was investigated for the 

first time (Chapter 4). A molecular genetics and in vitro growth experiment tested 

for resistance to the strobilurin fungicides (including Amistar) in G. tritici, as a 

possible explanation for the often-varied efficacy of these chemistries against 

take-all disease (Chapter 6). The agronomical and epidemiological effects on 

take-all disease of applying both the TAB trait and foliar chemistries were tested 

in a series of rotation field trials (Chapter 4). The genetic and chemistry control 

methods were tested for individual, synergistic, beneficial or negative effects on 

take-all build-up and second wheat disease control and overall yield 

performance. Lastly, a partial root resistance trait in a commercial, elite, winter 

wheat cultivar was also investigated as a potential take-all disease control 

method (Chapter 3). In this case, third wheats were used to challenge the crops 

with naturally high populations of the wheat infecting take-all. Ultimately, the 

investigations in this PhD had an overarching applied research aim of reducing 

second wheat take-all disease in UK commercial winter wheat crops. A flow 

diagram of how the chapters in this thesis interlink, developed after the 

experiments were performed, is provide in Appendix 14.  

The most important finding from the PhD are the two minor QTLs which have 

been mapped for the TAB trait in the Hereford x Player mapping population. 

These were genetically mapped using soil core bioassay disease data, for the 

first time, using a single trial done in 2016 (Chapter 5). This confirms for the 

second time, that the genetics which control the TAB trait can be mapped to 
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discrete QTLs. QTLs were previously mapped in an Avalon x Cadenza population 

from above ground second wheat disease symptoms and associated yield data 

(WGIN, 2010). The findings from the trials in this PhD research, from detailed 

TAB investigations, have also highlighted that this trait is highly complex both 

genetically and mechanistically.  

The QTL analysis found two minor QTL for reducing take-all inoculum build-up, 

one coming from each parent. The TAB trait in the high yielding, elite, winter 

wheat cultivar Hereford, was investigated in eight first wheat field trials in the 

harvest years between 2013-2016, in this four-year PhD (Chapter 3, 4 & 5). In 

each trial, the final amount of inoculum left in the soil after Hereford was notably 

variable between fields and years (summarised in Chapter 5). Hereford was 

LowTAB in some fields/years; whilst in others it was MediumTAB. There is 

currently no explanation for the varied field-year effects observed in Hereford in 

these trials.  The LowTAB trait reported previously for the cv. Cadenza exhibits a 

far higher level of robustness (McMillan et al., 2017, submitted).  However, it can 

be concluded that compared to the consistently HighTAB cultivar, Duxford 

(studied in Chapter 3 & 4, McMillan, 2012), there was no notable variation in 

macroscopic root architecture phenotypes. This was characterised in three field 

seasons (2014-2016) and in a laboratory experiment (Chapter 3). Combined with 

research recently submitted, on consistently LowTAB cultivar, Cadenza 

(McMillan et al., 2017, submitted), this allows the conclusion to be made that the 

TAB trait is unlikely to be linked to variation in macroscopic rooting traits in wheat. 

The biological mechanism of TAB remains elusive and is differentially expressed 

between cultivars, years and fields. This is based on interactions between these 

variables which have now been commonly found when studying this trait (Chapter 

3, 4 & 5, McMillan, et al., 2017, submitted). The TAB trait is however, confirmed 

in this work, to only be observed at the post-harvest sampling point. This was 

shown in this PhD when investigating the epidemiology of TAB in Hereford and 

Duxford (Chapter 3 & 4), but also agrees with past findings when studying 

Cadenza (LowTAB) and Hereward (HighTAB) (McMillan, 2012). This means that 

future research and breeding efforts, for this trait can now focus primarily on post-

harvest sampling. However, breeding for this trait will be labour intensive and time 

consuming. The findings of the two minor QTLs may help to develop tightly linked 

markers in the future, to speed up initial selection of LowTAB cultivars. 
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Collectively, the findings on the TAB trait, from this PhD, make a significant 

contribution to data collected over the last ten years on the influence of first wheat 

cultivar on take-all inoculum build-up. The results highlighted confirm the 

conclusions that the TAB trait is highly complex, has multiple genetic origins 

(confirmed in this PhD) and very likely has several biological mechanisms; in 

addition to being influenced by strong genotype x environment (GxE) effects 

(Chapters 3, 4 & 5, McMillan et al., 2017, submitted, McMillan, 2012, McMillan et 

al., 2011). To promote beneficial TAB effects on second wheat yield, the GxE 

effects underpinning the trait in Hereford, will need to be better understood. 

Based on Hereford’s performance in the rotation trials in Chapter 4, this cultivar 

is not consistent enough to provide disease control both between and within 

seasons, but does provide a target to investigate the complexity of this trait and 

to search for target genes for breeding in the future (Section 7.2). 

The second major finding in this PhD is that first wheat foliar chemistry 

applications, can have legacy effects on second wheat take-all disease (Chapter 

4). But no synergy or negative effects of combining TAB genetics in Hereford, 

with chemistry, could be identified. This indicates that the two methods could 

potentially be used additively, in future. The most significant finding was the 

reduction in second wheat take-all disease resulting from Amistar applied at the 

early crop spray time of T1, in the preceding first wheat. Whereas later 

applications of Amistar to first wheat crops i.e. the T2 & T3 sprays and the 

Moddus spray, did not reduce disease in the second wheat crop. However, the 

results did not agree with the hypothesis that first wheat take-all active chemistry 

would prevent the build-up of inoculum and this would directly lead to reduced 

second wheat disease.  

Unlike the TAB trait which provided consistent correlations between the amount 

of first wheat inoculum build-up and second wheat disease, the effect of Amistar 

application varied between year 1 and 2 (rotation trials, Chapter 4). These 

findings and the previous mixed efficacy of Amistar when applied directly to 

second and third wheats (Bateman et al., 2006), led me to investigate if fungicide 

resistance had formed in G. tritici against the strobilurins. Fungicide resistance 

and low levels of control is a commonly cited issue for soil-borne crop pathogens, 

for example in Rhizoctonia solani AG8 (in wheat) and Pythium spp. (in wheat, 

rice and potato) (Okubara et al., 2014). In the 40 G. tritici isolates tested, no 
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resistance to azoxystrobin was observed either in the in vitro EC50 assays or in 

the genetic screen for the three known point mutations which confer 

resistance/insensitivity to these fungicides (Chapter 6). The activity of a split 

respiratory pathway was however highlighted. This explained a low, native, level 

of insensitivity in some G. tritici isolates, including one collected before the 

release of the strobilurins. Due to the low concentration of foliar fungicide which 

would reach the soil (Gisi, 2014), this may partially explain the variation observed 

from applying Amistar to field trials in this work (Chapter 4) and in previous 

experiments (Bateman et al., 2006). However, the presence and activity of this 

split respiratory pathway, may not occur in all the isolates tested (Chapter 6) and 

this will need to be further investigated in future experiments (Section 7.2). 

There was evidence of the Amistar effect being overcome during the growing 

season, with infection increasing between the spring and summer months 

(Chapter 4). This suggests, that Amistar applied to first wheats at T1 reduces 

primary root infection but will not reduce the effects of secondary root infection in 

the later months (May to July). In the partial root resistance trait, which Hereford 

was confirmed to possess in Chapter 3, a similar pattern of overcoming 

suppression of take-all was found. In all three years tested in this PhD (2014-

2016), Hereford had 10 % less root infection. This was linked to reduced primary 

infection in seminal roots, in the highest disease pressure year leading to reduced 

initial infection. However, crown roots showed no reduction in secondary 

infection, which lead to very high disease in some years. However, disease 

pressure through the three season was either excessively high or low and 

therefore no beneficial yield effect was found for the partial tissue based 

resistance trait in Hereford.  

Overcoming or outliving fungicide(s), in addition to outgrowth or evasion of host 

resistance, are commonly cited as major constraints for the successful control of 

soil-borne pathogens such as Phytophthora, Rhizoctonia, Pythium and 

Gaeumannomyces species (De Coninck et al., 2015, Okubara et al., 2014, 

Hornby et al., 1998). These types of scenarios have notably been found for the 

seed treatment Latitude (a.i. silthiofam) applied to second and consecutive 

wheats, where take-all disease control is overcome late in the season, but does 

provide yield protection (Spink et al., 2002, Bateman et al., 2008). In a combined 

analysis, in this PhD, a small effect was found resulting from the first wheat 
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Amistar T1 spray on second wheat yield (0.2 tonnes/ha). Under more moderate 

disease pressure, this effect could be greater, i.e. anywhere between a take-all 

index of 10 to 90, only above and below which, was observed in this research.   

Collectively the PhD findings indicate that reduced take-all disease may be 

provided by first wheat Amistar T1 treatment, growing consistent LowTAB 

cultivars, followed by second partially resistant second wheat cultivars, for 

example the cultivar Hereford. The additive effects of combining these treatments 

will need to be further tested in future as discussed in Section 7.2. However, care 

must always be taken based on year-on-year take-all disease pressure.  An 

outbreak prediction method, based on weather conditions would be extremely 

useful for this disease (Section 7.4). The second and third wheats used in this 

PhD (2014-2016) experienced disease at the polar ends of severity (Chapter 3 & 

4). This is an inherent difficulty with investigating biological systems under 

uncontrolled field conditions. It also highlights that no take-all control strategy is 

likely to ever provide 100 % disease prevention/protection, due to the highly 

virulent nature of this pathogen on wheat roots which has often been reported in 

the past (Hornby et al., 1998, Freeman and Ward, 2004, Cook, 2003, Asher and 

Shipton, 1981). Field trials investigating the TAD phenomena have described 

years where the weather conditions have been so optimal for the take-all fungus 

then TAD is completely overcome (Hornby et al., 1998). This clearly extends to 

the chemistry control provided here and in the past. Hence, it will be highly 

important for the TAB trait to be very well understood and genetically stable if the 

trait is to be used successfully as a breeding target in the future. However, some 

current elite, UK, AHDB recommended list cultivars (currently on the market), do 

present consistent cultivar-year-field effects across the south of the UK, all with 

the cultivar Cadenza in their background (McMillan, et al., 2017, submitted). 

Therefore, this complex trait still promisingly represents the first ever genetic 

resistance/disease control trait for take-all disease in modern hexaploid wheat. 
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Table 7.1 A summary of the hypotheses tested in this research. 
 

Hypothesis (taken from Chapter 1) Reject or 
accept 
hypothesis  
 

Chapters 
testing 
hypothesis 

Evidence provided or explanation of why the hypothesis was 
rejected or accepted  

Hereford possesses the LowTAB trait and can reproducibly 
prevent the build-up of take-all fungal inoculum in first 
wheats and promotes reduced second wheat disease. 
 

Reject 3, 4 & 5 Hereford was found to promote varied and inconsistent take-all 
inoculum build-up in eight first wheats therefore is not 
consistently LowTAB. 

LowTAB is a genetically encoded trait and can be mapped 
in a doubled haploid population to discrete major/minor 
QTL(s). 
 

Accept 5 Two minor QTL for the LowTAB trait were mapped in a 
Hereford x Player mapping population. 

The mechanistic basis of the LowTAB trait is the result of 
reduced root number, reduced mass in the top 10-20 cm of 
soil or a propensity to penetrate hard soil layers (deep 
rooting). 
 

Reject 3 No evidence for notable variation in macroscopic root system 
architecture traits was identified in the laboratory or field. 

Foliar applied Amistar can reduce the build-up of take-all 
inoculum and subsequent second wheat take-all disease 
levels and this will protect second wheat yields. 
 

Accept 4 Both take-all build-up (first wheat) and take-all disease (second 
wheat) were significantly reduced by Amistar application. 
However, no direct effect of reduced inoculum on second wheat 
disease.  
 

Amistar and Hereford (putative LowTAB) will work 
synergistically to reduced take-all inoculum build-up and 
reduce second wheat disease. 
 

Reject 4 No strong evidence for a synergistic effect of cultivar and 
chemistry was identified. 

QoI target site resistance has evolved in some G. tritici 
populations from southern UK fields due extensive 
application of this class of fungicide since 1996. 
 

Reject 6 No target site resistance was found and mild insensitivity to 
azoxystrobin was explained by the activity of an alternative 
oxidase in G. tritici mitochondria. 

The partially resistant cultivar consistently has 10 % 
disease reduction due to reduced primary root infection of 
seminal roots which results in a reduced lateral spread and 
secondary infections. 

Accept 3 Hereford was consistently 10 % less infected than Duxford, in 
three trial years, with different disease pressure. Less primary 
root infection was observed in the highest disease year. 
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7.2 Future Research 

Player was unexpectedly an extremely LowTAB cultivar, in two years of trials 

(2015 & 2016).  Growing Player as a first wheat significantly reduced inoculum 

compared to Hereford. The variation in a Hereford x Player doubled haploid 

population was sufficient to genetically map this trait in one field trial in 2016 

(Chapter 5). With the large GxE effects of the TAB trait identified in this research 

and varied phenotype presentation in Hereford, this trial will need to be repeated 

across various years and locations in the UK to confirm the QTLs identified. Plans 

to continue this QTL mapping research are already underway. Bulking of the 

mapping population seed will occur and be completed by the 2018 harvest 

season. This will allow field trials with larger plots of the most promising lines to 

validate the QTLs in future. Whilst this population is well covered for genetic 

markers for MAS at Syngenta, plans are also in place to generate a high-density 

genetic map for the population, using the 35K Wheat Breeders Array (Allen et al., 

2017). This has the added benefit of using publicly available wheat markers, 

which may allow elucidation of the mechanism(s) underpinning the two minor 

QTL for LowTAB, identified in this PhD. Unfortunately, selection for the TAB trait 

must continue to be performed in the field. This is due to the fact this trait cannot 

be replicated under controlled conditions (described in Chapter 4) or by any 

above ground phenotypes measured in this PhD, and in past research (McMillan, 

2012). However, tightly linked markers for any QTLs identified in this population 

should speed up the selection process, which will be assisted by the soon to be 

improved, precision of the Hereford x Player population genetic map. The aim of 

this research would be to produce diagnostic markers for wheat breeders (in this 

case, Syngenta) to screen breeding lines for the trait and enhance line selection 

for release in the wheat seed market in the near future. 

Progress has been made in understanding the TAB trait genetics (Chapter 5), 

however the mechanism remains unknown. Two recent papers have been 

published in relation to the TAB trait which may begin to unravel its complex 

biology. In these investigations, the metagenomic structure of soil, in addition to 

genotype and phenotype diversity of Pseudomonas spp. were investigated in 

second wheat trials grown after Cadenza (LowTAB) or Hereward (HighTAB) 

(Mehrabi et al., 2016, Mauchline et al., 2015). First wheat cultivar influenced 
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second wheat bacterial community diversity, particularly on the Pseudomonas 

spp. populations in the wheat rhizosphere (Mauchline et al., 2015). Thus, this 

group of soil dwelling microbes was further investigated. Notably, these bacteria 

have been implicated in take-all decline and in other disease suppressive soils 

(Warren et al., 2016, Yang et al., 2014, Weller et al., 2007). A greater richness of 

Pseudomonas spp. was associated with second wheat take-all disease intensity 

and the resultant reductions in yield (Mehrabi et al., 2016). In the laboratory, 

increasing the genotype diversity of Pseudomonas spp. also reduced the ability 

of these bacteria to inhibit in vitro growth of G. tritici in microcosm experiments. 

Wheat cultivar effects on the biomass, development and metabolic compounds 

produced by Pseudomonas spp. in controlled environment conditions have been 

investigated in suppressive soils and have been highlighted several times in the 

past (Okubara et al., 2004, Kwak and Weller, 2013). These investigations are 

currently being continued in a long-term experiment series, which started in 2014, 

on the Rothamsted farm. Soil microbial metagenomic screens under several 

cultivars expressing various levels of TAB, including Hereford, Duxford, Cadenza 

and Hereward are being investigated over an eight-year period. This forms part 

of the ‘20:20 wheat’ and ‘Designing Future Wheat’ Institute Strategic programmes 

funded by the BBSRC.  

Considerable research is currently investigating the ability of plants to alter the 

rhizosphere microbiome, under both field and laboratory conditions and the 

influence an altered rhizosphere has on plant pathogens (Pieterse et al., 2016). 

These research topics have recently become accessible due to the considerable 

advancements in amplicon sequencing using culture-free methods and the 

development of synthetic microbial community systems (Hacquard et al., 2016, 

Bai et al., 2015). Application of these methods in future TAB and TAD field 

situations may greatly advance not only our understanding and ability to control 

take-all disease, but also may answer fundamental questions around crop 

microbial community changes over short and longer time periods. These findings 

can be paired with the extensive in vitro research on suppressive soils and G. 

tritici (Kwak and Weller, 2013). The experiments on microbial communities and 

take-all build-up, combined with detailed genetics (building on Chapter 5) may 

eventually lead to a greater biological understanding of the TAB trait mechanism. 
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Macroscopic root architecture analysis has been shown in this research not to be 

related to the TAB trait (Chapter 3).  However, this does not rule out root function, 

the rate of root decay nor microscopic root architecture, such as root hairs; being 

involved in the action of TAB. Particularly regarding root hairs, there are no 

publications on role of root hairs in take-all disease susceptibility. However root 

hairs have been found to be susceptible to take-all infection in the past (Weste, 

1972, Weste, 1965, Brown and Hornby, 1971). Root hairs at the tips of extending 

roots have been found to provide induced systemic resistance responses/priming 

to microbes in the soil (Rodriguez-Furlán et al., 2016) and thus they may be 

implicated in take-all disease resistance/genetic control. The roots of wheat 

cultivars have been also been found to vary in root hair length and this variation 

has been mapped to two QTLs, in crosses between cultivars Spark x Rialto and 

Charger x Badger (Horn et al., 2016). Horn et al. (2016) developed medium-to-

high throughput methods for investigating root hair length at the wheat seedling 

stage. Future research could now test the role of root hair variation in the TAB 

trait in crosses of LowTAB and HighTAB cultivars. This could also be used to 

examine a link with the partial root resistance trait found in Hereford using the 

future Duxford x Hereford mapping population.  

Soil drying also could play an important role in the TAB trait, because the take-all 

fungus requires high water potentials for growth and infection (Cook, 1981). 

There are now many non-invasive technologies to study root-water relations in 

the field. One such example already underway at Rothamsted, is to investigate 

soil drying under different TAB cultivars, in the long-term field trials outlined 

above. Volumetric soil water content at different depths in the soil profile is 

measured using the methods outlined by Whalley et al. (2008). This uses access 

tubes and a neutron probe to measure soil drying under the different cultivars. 

The hypothesis is that some cultivars remove water from the soil at a faster rate 

and this makes the local conditions around the root system for take-all build-up 

unfavourable.  

Foliar fungicides have commonly fallen short in the control of soil-borne 

pathogens (Lamichhane et al., 2017, Okubara et al., 2014, Bateman et al., 2006). 

In addition, a major limitation in the case of soil-borne disease is a lack of 

experimental focus of integrating plant resistance with other control practices 

(Lamichhane et al., 2017). This is most likely enhanced by the fact many of the 
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soil dwelling pathogens have limited measurable host resistance or disease 

tolerance (Babadoost and Islam, 2003). However, the findings in this project will 

now allow for future take-all disease field trials to quantify the control benefits of 

applying TAB, Amistar at T1 (and potentially as a seed coat, see Chapter 4), 

silthiofam (as seed coat, Latitude) followed by growth of the partially resistant 

cultivar Hereford as a second wheat. These trials will need to take place in multi-

year crop rotations (first and second wheats), in large randomised block designs 

to test for differences and disease control solutions. These treatments should, in 

theory, collectively work to greatly reduced take-all disease to the point that 

second wheat yields can be sufficiently protected, to below the margin of 

economic loss. A limitation in this PhD was the inability to decisively conclude 

that a T1 Amistar spray can directly reduce or limit take-all fungal biomass 

development. Further field research is thus required to investigate if this effect is 

resulting from fungal biomass reduction or through an alternative, unknown 

method. Take-all biomass volumes, in response to foliar T1 Amistar sprays could 

be measured through performing a qPCR on soil core material with the 

heightened sensitivity assay for directly measuring G. tritici (Keenan et al., 2015). 

This would allow a better understanding of this novel and intriguing take-all 

disease control method. 

The PCR method, developed in this PhD to test for the known resistance 

mutations against the strobilurin fungicides can in future be employed to monitor 

G. tritici isolates (Chapter 6). This will be particularly important if azoxystrobin is 

found as an effective preventative fungicidal treatment either as first wheat T1 

spray or as a seed treatment in future integrated take-all disease management 

field trials. However, one limitation of this method is that the assay requires PCR 

products to be sent for DNA sequencing, which is still costly and time consuming. 

It would be beneficial in the future to develop a qPCR method, such as a TaqMan 

diagnostic assay (Haddi et al., 2012). This would allow an immediate diagnostic 

result indicating the presence or absence of point mutations for strobilurin 

resistance. This could be developed with the cytochrome b gene sequence which 

was recovered from the sequencing data available thanks to the ‘data deluge’ 

omics era. This new data has been put to use in this PhD, taking advantage of 

the publicly available transcriptome (Yang et al., 2015b) and genome (Okagaki 

et al., 2015) of G. tritici. These draft sequences also lay a great foundation for 
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potentially further understanding the partial resistance trait in Hereford in Chapter 

3. A transcriptome for Hereford vs Duxford (or any other susceptible cultivar) 

could be produced from field sampled roots during seedling growth to identify 

differentially expressed genes. One final experiment that should now be done to 

complement this would be to use microscopy of field grown roots to compare the 

infection process of take-all on Hereford compared to susceptible cultivars during 

early season disease attack. This would identify if Hereford seedling roots 

produce physical protection to prevent the growth of the take-all fungus into the 

root and to identify where infection is halted. The biocontrol agent 

Gaeumannomyces cylindrosporus has been observed in the past to cause 

widespread lignification of the stele in wheat roots (Speakman and Lewis, 1978). 

It would now be interesting to identify if this process is occurring in Hereford roots 

in reaction to primary take-all disease infection.  

7.3 The Future of Soil-Borne Disease Control 

Treatments for soil-borne disease are currently limited for all of the highly 

damaging soil-borne crop pathogens including species of Pythium, Phytophthora, 

Fusarium, Rhizoctonia (Lamichhane et al., 2017, Okubara et al., 2014) and 

Gaeumannomyces (Freeman and Ward, 2004). Applications of fungicides (foliar 

or seed) are limited in all cases, due to small numbers of active ingredients, low 

levels of efficacy and the high price of applying these chemistries (Garzon et al., 

2011). Additionally, legislation changes are now reducing the market availability 

of many chemicals, particularly in the European Union (Lamichhane et al., 2016). 

For example, one of the few take-all actives, fluquinconazole, has this year been 

removed from the market (discussed in Chapter 1, Plant Protection Products 

Regulation (EC) Act No. 1107/2009)). However, there are some chemistries 

which remain commonly used. These include:  benomyl and thiophanate methyl 

for Fusarium and Rhizoctonia spp. treatment; etridiazole and metalaxyl, against 

Phytophthora and Pythium spp., the famous chemistry mancozeb and maneb, 

which are active against Fusarium and Pythium spp. (Lamichhane et al., 2017).  

For G. tritici the only commercially registered chemistries are silthiofam, 

azoxystrobin and fluoxastrobin. The lack of options for chemical control for crop 

pathogens generally have led to their overuse. Hence, fungicide resistance is a 

very important issue for the management of these soil dwelling fungi (and all 
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pathogens). In particular, mefenoxam insensitivity has been found in Pythium 

spp. in forests (Weiland et al., 2014), Phytophthora and Pythium spp in tubers 

(Taylor et al., 2002) and both of these species in American ginseng (Panax 

quinquefolius) (Reeleder et al., 2007). The widespread finding of resistance in 

soil-borne fungi, made me conscious that should azoxystrobin be used against 

G. tritici resulting from this PhD, there was a responsibility to ensure that a 

resistance monitoring method was developed. Therefore, I tested for current 

levels of resistance in UK isolates (Chapter 6). In all fungi, there should be a 

continued dual effort to monitor for resistance and equally to strive to discover 

new fungicide modes of actions, combinations and biocontrol agents (Lucas et 

al., 2015). 

In a push to enhance sustainable crop production, particularly for controlling soil-

borne pathogens, there has been a concerted effort to investigate the possibility 

of biocontrol options. Many articles have been published on this topic in the last 

15 years and are summarised in Lamichhane et al. (2017). Most of these studies 

have been for the control of Pythium and Rhizoctonia species. Two recent 

examples include Trichoderma spp. and Paenibacillus spp. for the control of 

Pythium spp. (Li et al., 2011); Bacillus spp. and Paenibacillus spp. for Rhizoctonia 

solani (Huang et al., 2012). Many examples of biocontrol research in controlled 

environment and laboratory experiments against G. tritici have been carried out 

(described in detail in Chapter 1) due to the model system of suppressive soil that 

this pathosystem represents (Kwak and Weller, 2013). However, all of the plant 

pathogen biocontrol products which have been commercialised for this purpose, 

to-date, are registered for nursery, glasshouse or ornamental use only (Junaid et 

al., 2013). At the field scale biocontrol agents have generally only been released 

for insect pests (Bale et al., 2008). Therefore, if these biocontrol agents are to be 

applied on arable crops for the control of pathogens then a continued effort will 

need to be made to scale production methods up for field use applications. Thus, 

for the foreseeable future, pathogen control in arable crops is likely to remain 

based on fungicides, crop host resistance and good agronomic practices.  

A widespread lack of host resistance is a major factor in the future control of the 

soil-borne phytopathogens (Babadoost and Islam, 2003). Therefore, continued 

efforts such as the research in Chapter 4 of this thesis to study the effect of 

combining multiple management strategies for soil-borne disease, is required. 
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These studies are regularly cited as lacking (Stout and Davis, 2009, Bourguet et 

al., 2016, Ratnadass et al., 2012). Modelling has been also used sparingly in soil-

borne pathosystems. An example being Rhizoctonia solani infections in radish 

(Raphanus sativus), where transmission rates of epidemics in the soil were 

modelled. The primary inoculum density of the fungus was used as a function of 

the number of plants which became infected in a susceptible-infection 

compartmental model (Otten et al., 2003). The model was later extended to 

assess the process and development of suppressive soil (Otten et al., 2004).  

Some modelling analyses have been done on take-all disease. This includes the 

proximity which G. tritici propagules need to be located to infect seedling roots 

(Gosme et al., 2013), studying primary verses secondary root infection dynamics, 

(Bailey and Gilligan, 1999) and the role of silthiofam control (Bailey et al., 2005).  

However, there is still more knowledge that could be gained on modelling multiple 

disease strategies for the control of soil-borne disease. The research performed 

in this PhD highlights the major complexities of investigating combined controlled 

methods in the field, such as varied disease pressure and detailed factorial 

designs which included the investigation of over 15 statistical interactions 

(Chapter 4). Future modelling efforts could be implemented, including pre-field 

trial models which could aid in simplifying the design or in collection, use or 

interpretation of data from these trials. Hence interdisciplinary research will be 

vital for providing effective control of soil-borne pathogens such as take-all 

disease. 

In general, the five major priority research areas in soil-borne crop disease control 

are now required: 1) Investigating host-pathogen-microbial interactions and the 

potential positive or negative disease control and yield protection this approach 

has to offer. 2) Development/enhancement of biocontrol and disease suppressive 

soils for commercial use at arable field scale. 3) Models for integrated soil-borne 

disease management. 4) Better identification of pests and pathogens in the field 

– diagnostics from soil for example using high-throughput above ground 

observation techniques, RNA extraction from soil to measure live fungi, other 

plant associated organisms or more sensitive DNA diagnostics in the field. 5) 

Increasing knowledge on weather conditions and other abiotic factors involved in 

predisposition to root disease.  
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7.4 The Future of Wheat Breeding Programmes 

In wheat breeding programmes, the methodology of quantitative trait loci (QTL) 

mapping, which lead to the development of tightly linked regions for marker 

assisted selection (MAS) were introduced in Chapter 5. These are successfully 

implemented to select for improved crop performance and improved quality traits, 

such as yield and grain quality attributes; in addition to abiotic and biotic stress 

resistance. Disease resistance genes are a major target for wheat breeding, as 

this provides a highly desirable, cost effective and sustainable alternative to 

fungicide use. A number of fungal pathogens are key targets for wheat QTL-

based disease resistance development. Examples of successful key target fungal 

resistance QTLs are: Fusarium spp. major resistance QTL Fhb1 on chromosome 

3B in cultivar Sumai 3, which was mapped using simple sequence repeat SSR 

markers in 13 near-isogenic lines (NILs) (Pumphrey et al., 2007, Anderson et al., 

2007); a major Zymoseptoria tritici resistance QTL, Stb6, on chromosome 3A in 

cultivar’s Flame and Hereward (Arraiano and Brown, 2017, Brading et al., 2002) 

and two loci, Lr34/Yr18 and Lr46/Yr29, from the parent cultivar Annuello 

(Australia) which are able to resist stem and leaf rusts (Puccinia graminis spp.), 

which were selected for concurrently with genes that caused height reduction and  

improved grain protein quality, namely Glu-D1 and Glu-A3 (Kuchel et al., 2007). 

However, there are several limiting factors when using QTL analysis for breeding 

and currently yield gains have only increased by 1 % per year using this 

technology (Bassi et al., 2016). The major limitations include, the costs involved 

because breeding programmes are normally financially restricted due to the low 

revenues on wheat grain sales or limited public funding; a lack of genetic marker 

availability and the fact that most traits are highly complex and quantitative in 

nature. As a result, for 12 different crop species with over 10,000 known QTL, 

very few have been successfully deployed as MAS (Bernardo, 2008). 

With the constantly decreasing cost of whole genome sequencing as a result of 

the genomics era (Poliakov et al., 2015), there are new methods involving 

genomic selection which are now being exploited to speed up the selection 

process (Heslot et al., 2015, Bassi et al., 2016). The bread wheat (Triticum 

aestivum) genome was published in 2014 (Mayer et al., 2014). Using the whole 

genome of a population, genomic selection estimates genetic marker effects 

using a prediction model (Meuwissen et al., 2001). This model is based on 
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phenotyping information paired with genome-wide markers from a training 

population. The training population model is used to calibrate a statistical model, 

which then feeds forward into populations which have not been phenotyped and 

uses genotypic values only, in predictive breeding populations (Bassi et al., 

2016). The performance of numerous traits of interest in the breeding populations 

are thus predicted using allele identity based on loci linked to phenotypes in the 

training population (Würschum et al., 2013). This mitigates the need for extensive 

phenotyping of filial (progeny) individuals in all populations over multiple selection 

rounds, though this approach does not negate phenotyping altogether (required 

for training populations) (Bassi et al., 2016). 

Genomic selection was developed initially in livestock breeding such as horses 

and cattle (Lund et al., 2011). A major benefit to genomic selection is that 

genotype x environment interactions can also be incorporated into the model. 

This allows the expression of traits in different environments to be predicted, 

without the need to grow populations in the field over many years (Desta and 

Ortiz, 2014). This method is now being used in many research settings in 

genome-wide association studies (GWAS) and is beginning to be used for 

genomic selection in crops. Maize was the first crop to have genomic selection 

implemented to improve yield gain and to improve the quality for biofuel 

production of maize stover (crop residues) (Massman et al., 2013). In this 

research, the authors also found that the gains from using genome-wide markers 

for genotypic prediction were more powerful than using the traditional MAS style 

breeding process. This means that the technology has the potential to advance 

breeding speed in the future. There is the added benefit for breeding of traits like 

TAB (Chapter 5), where the need for extensive, difficult and unpredictable field 

phenotyping is mitigated post-training model production. With major issues of 

phenotyping for TAB such as low inoculum build-up years, varied field effects and 

patchiness of build-up, genomic selection has the potential to advance 

significantly the rate of selection.   

One issue with genomic selection, in wheat, is that the selection accuracy is lower 

than MAS, due to its predictive nature (Bassi et al., 2016). However, it is hoped 

that if exploited correctly, enhanced gain per unit time can be achieved, if the 

reduced length of breeding cycles can compensate for lower accuracy of 

selection. The International Maize and Wheat Improvement Center (CYMMIT) 
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are actively researching genomic selection in wheat and maize (Crossa et al., 

2014). This research is attempting to enhance the modelling of genotype x 

environment effects, to increase prediction accuracy in these crops, particularly 

in wheat. CYMMIT are in the process of incorporating this breeding technology 

into their programme, but issues have arisen when crossing unrelated parents. 

Only time will tell if genomic selection can truly enhance yield gains and other 

desirable trait breeding in arable crops. Certainly the potential based on the 

success of the animal breeding industry (Lund et al., 2011) leave many plant 

breeders and academics hopeful that breeding of complex, quantitative traits will 

be enhanced. A prime target of such technological advancement would be the 

two QTLs identified here (Chapter 5), for the control of take-all disease in wheat. 

A future approach that combines both MAS and genomic selection into modern 

breeding programmes is very likely (Kuijken et al., 2015). 

To feed into current MAS programmes and in future for the development of 

genomic selection models from training populations, phenotyping will remain a 

focal point of breeding. There has been a recent concerted effort to enhance the 

speed and accuracy of crop phenotyping in both laboratory, controlled 

environment and field settings by high-throughput phenotyping (Dhondt et al., 

2013). Recently at Rothamsted Research, a new, fixed, in-field phenotyping 

platform for crops has been developed – the Field Scanalyzer 

https://www.rothamsted.ac.uk/field-scanalyzer (Virlet et al., 2017). This robotic 

platform on a gantry contains an automated sensor dock which takes multiple 

images and crop measurements. These include: visible high-resolution images, 

leaf fluorescence, infrared thermal imaging, hyperspectral images and 3D laser 

scans. This machine is capable of measuring plant heights, leaf senescence, ear 

production, earliness and potentially disease. Using sensors which are fixed and 

measuring variables not visible to the human eye means that crops can now be 

phenotyped in-situ with more power than ever before. The next major challenge 

will be making use of the huge datasets these projects produce and pairing them 

with genotypic data in breeding programmes. In 2016, I was involved in sampling 

a huge, unplanned, outbreak of take-all within the field assessed by the gantry 

mounted Field Scanalyzer. This data is not completely collated yet, but we intend 

to explore the possibility that some early symptoms, non-visible to the human eye 

may be identified and that these, in the future, could feed into take-all resistance 

https://www.rothamsted.ac.uk/field-scanalyzer
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breeding programmes in bread wheat progenitor species of for example, Triticum 

monococcum. In addition to fixed phenotyping platforms, drones with lighter 

payloads, though with equally sensitive multispectral cameras, are also improving 

the accuracy of phenotype data and modelling (Holman et al., 2016). These 

vehicles are already being flown over existing take-all disease trials on the 

Rothamsted farm to test for the identification of above grown symptoms such as 

take-all patches and/or early crop ripening.   

Another major target for high-throughput phenotyping are field relevant root traits, 

which until recently have largely been neglected in breeding programmes 

(Whalley et al., 2013, Wasson et al., 2012). There are obvious difficulties of 

assessing root traits in situ which has been exemplified throughout this thesis. 

These are due to the density of the soil matrix, its opaque nature and the depth 

of many important root traits (Morris et al., 2017). However, research in this field 

has received a high level of interest in recent years. To enhance the speed of 

selection of root traits, shovelomics, were devised in maize (Trachsel et al., 

2010). This uses scoring systems and crude analysis from field grown samples 

to assess root numbers, angles and branching in a high-throughput manner (2 

mins per sample) for breeding populations. More recently, this method has been 

greatly advanced to a computerised system called DIRT (digital imaging of root 

traits) http://dirt.iplantcollaborative.org/welcome (Das et al., 2015). This system 

uses a field based imaging box to take multiple 2D images of root systems rapidly 

after they are lifted from the soil. The low-tech, high-throughput method uses 

semi-automated image processing linked to the, freely available, DIRT software 

which then produces detailed crown root phenotyping measurements. Two-

dimensional systems, such as DIRT, or WinRHIZO used in this PhD (in Chapter 

3), are a powerful advancement for field based root phenotyping. However, these 

methods have the issue of being destructive and thus lose the 3D and fine 

structure of the roots in soil (Morris et al., 2017). 

A large amount of progress has been made using x-ray computed tomography 

(x-ray CT) to provide non-destructive or semi-destructive 3D images of root 

structure and soil porosity, in situ (Metzner et al., 2015, Mairhofer et al., 2015). 

The x-ray CT applications can image adult root system architecture of plants 

grown in pots. These powerful methods are allowing the soil-root interaction to 

be visualised like never before and are highlighting important roots traits (Morris 

http://dirt.iplantcollaborative.org/welcome
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et al., 2017). The limitation here is that these systems use unnatural soil 

structures, are low-throughput and expensive to run. However, future research 

plans to utilise x-ray CT of soil cores taken to depth, from field samples of current 

UK elite winter wheat lines, at the University of Nottingham, Hounsfield Facility 

https://www.nottingham.ac.uk/microct/about-us/index.aspx#hounsfield. This 

forms part of the ‘Designing Future Wheat’ Institute Strategic programmes funded 

by the BBSRC. This will be a great advancement of the knowledge of elite winter 

wheat root systems. However, for the foreseeable future, root phenotyping of field 

samples for breeding purposes, will need to remain based on cheaper, high-

throughput 2D imaging, shovelomics or visual scoring like in the methods used in 

this PhD. Findings from more detailed 3D structural analysis will ultimately feed 

into these programmes. 

7.5 Controlling Take-All Disease in the Future 

Gaeumannomyces tritici is highly virulent on wheat and there are complex 

interactions with weather which determine the severity of take-all disease 

outbreaks. This means that only an integrated management approach for take-

all disease will ever likely provide control which mitigates the risk of disease. In 

this PhD and in continuing research at Rothamsted, the potential of multiple 

control methods is being investigated. Durable, genetic disease resistance is the 

most favourable control method for plant pathogens (Mundt, 2014, Bourguet et 

al., 2016). However, host resistance is not currently used in take-all disease 

control. This PhD has explored the genetic control trait TAB which has been found 

to prevent disease through limiting fungal inoculum build-up  (McMillan et al., 

2011). In addition, a partial tissue based resistance trait was studied in Hereford 

(Chapter 3). The LowTAB trait represents the first ever, consistent genetic take-

all disease control trait in the Cadenza background (McMillan et al., 2017, 

submitted). In this PhD project, LowTAB was not found to be as consistently 

expressed in Hereford (Chapter 4 & 5). However, the chance opportunity to study 

the French cultivar Player, has highlighted a very low take-all inoculum cultivar, 

which from two years of field trials appears to promote similar levels of inoculum 

to Cadenza (Chapter 5). Should this cultivar, which is unrelated to Cadenza, be 

consistent across locations and years, this may represent an opportunity to 

exploit the detailed genetic mapping which is planned to further refine the QTLs 

https://www.nottingham.ac.uk/microct/about-us/index.aspx#hounsfield
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identified in this PhD, thanks to our collaboration with Syngenta. This provides an 

opportunity to further understand the genetic and mechanistic biology of this 

highly complex trait in combination with research on the unrelated, yet 

consistently and robustly LowTAB cultivar Cadenza and its current progeny 

available within the UK wheat market (McMillan et al., 2017, submitted). The 10 

% reduction of disease in Hereford roots found over many years (Chapter 3), may 

also provide the first ever consistent tissue based resistance trait in elite, current, 

hexaploid wheat. The mechanism of this will need to be tested in future, however 

uncovering the genetics may be very difficult. 

The durability of the TAB trait is not yet clear, however as a polygenic, trait, with 

multiple origins and potentially mechanisms, it seems very possible that the TAB 

trait will be durable. Durability of host resistance, has been modelled to increase 

in response to the application of fungicides (Lo Iacono et al., 2013). Here we have 

shown for the first time that first wheat fungicide sprays of Amistar (a.i. 

azoxystrobin), if timed correctly (applied at T1), can reduce take-all disease in 

second wheats (Chapter 4). This effect was additive and therefore unrelated to 

the TAB trait. Thus, in the future if the TAB trait is effectively targeted in breeding 

schemes and extensively exploited in UK wheat rotations, this suggests that 

Amistar could promote the durability of the TAB trait. In return, the TAB trait may 

also provide reduced fungicide resistance evolution pressure to azoxystrobin in 

G. tritici. There was no evidence for fungicide resistance against azoxystrobin 

after over 18 years of extensive application of this class of fungicide (Chapter 6). 

Which means that this chemistry could be used as part of an integrated 

management system with TAB in the future. There is also likely to be low pressure 

for G. tritici to overcome both host resistance and to evolve fungicide resistance. 

This is because, migration of soil-borne pathogens is low (Gisi, 2014). In addition, 

G. tritici isolates have been divided into two subpopulations and there is only low 

exchange of genetic material, due to the homothallic nature of the species 

(Lebreton et al., 2007, Lebreton et al., 2004). The population structure of 

pathogens, particularly in species where high rates of genetic exchange are 

possible, would increase the likelihood of a breakdown of resistance (Kitchen et 

al., 2016, McDonald and Linde, 2002). Hence, currently there is low evidence for 

reduced durability of the TAB trait, lower fungicide efficacy or the ability of the 

take-all population to overcome the partial disease resistance trait in Hereford.  
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Other projects at Rothamsted are finding that antagonistic Magnaporthaceae 

relatives of G. tritici can be built-up under elite UK wheat cultivars to reduce or 

prevent take-all disease (Sarah-Jane Osborne & Vanessa McMillan, 

Rothamsted, pers. comms.). In addition, resistance in progenitor wheat species 

could hold more possibilities in providing disease control (McMillan et al., 2014). 

The disease control and yield benefits of this research may eventually influence 

the ability of farmers to increase the profitability of crops which are already being 

grown in the second wheat position in the UK (approximately 25% of the crop, 

AHDB) and potentially the rest of Northern Europe.  

Whilst genetically modified crop plants remain an approach which will not be used 

in Europe in the near future (Zetterberg and Bjornberg, 2017), a biotech control 

approach to take-all disease may provide a novel solution. A prime target for this 

is avenacin, an antibiotic which is produced from oat roots, preventing G. tritici 

invasion (Turner, 1960). This compound, which is  toxic  to some fungal species, 

is not produced by wheat roots which makes them susceptible to G. tritici 

(Osbourn, 2003). The oat, avenacin A-1 triterpenoid glycoside biosynthesis 

pathway is currently being genetically engineered into modern wheat lines 

(Leveau et al., 2017), using the Modular GoldenGate Cloning system which has 

been adapted for wheat (Weber et al., 2011). Large sections of the highly 

complex genetic pathway have now been introduced to the cultivar Fielder 

(Leveau et al., 2017). The authors are hopeful of a complete, avenacin A-1 

producing wheat transgenic plant in the very near future. One limitation could be 

that avenacin detoxification is known to occur, by the oat pathogenic relative of 

G. tritici, G. avenae (Turner, 1961, Osbourn et al., 1991). This suggests that 

transgenic avenacin producing wheat would still be the target of G. avenae and 

there may be selection pressure to evolve resistance to in G. tritici. Should this 

method be implicated this would need to be monitored. In addition to avenacin, 

potato (Solanum tuberosum) antimicrobial peptide: Sankin-1 (SN1) has been 

transformed into Chinese wheat cultivar Yangmai 18 (Rong et al., 2013).  Five 

transgenic lines were produced, which had significantly reduced take-all infection 

compared to untransformed and segregants without the SN1 gene, in pot tests. 

These experiments paint a clear future of take-all disease control with transgenic 

wheat plants, however the political aspects of public resistance to the use of 

genetically modified crops will first need to be addressed. 
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One breakthrough for the control of take-all would be a predictive model for 

disease outbreak severity. If the weather conditions which are conducive to the 

build-up of take-all inoculum could be better understood, with clear key time 

points and weather conditions in the crops development identified, this could lead 

to advice for farmers to avoid high risk crops (such as 2016, Chapter 3 & 4) and 

/or treat medium risk crops. The data on take-all disease collected from four years 

of inoculum build-up, three disease years in second wheats and three years of 

third wheats; in this PhD, will add to a plethora of data collected at Rothamsted 

from over the last 90 years.  

A major limitation of the current thesis, was the requirement of waiting three or 

four years to obtain all final results which then need highly complex single and 

combined year analyses. Also, after waiting for such long periods, the treatments 

did not always lead to significant advancements in beneficial crop treatments 

which increase yield (Chapter 4). Another issue was altered findings based on 

new, more complex analyses using year as an interaction term. The very large 

and powerful datasets on take-all disease from many years of research at 

Rothamsted, paired with the detailed meteorological data collected since 1853 

(http://www.era.rothamsted.ac.uk/) provides a valuable opportunity to model the 

effects on the disease progression in response to weather conditions and a 

changing climate. This retrospective analysis could answer many questions 

about the take-all disease dynamic and potentially assist in predicting how this 

pathosystem will respond to climate change. It is likely that climate change effects 

will be different across the UK, Europe and the globe due to the worldwide 

presence of this fungus and the interaction it has with regional crop husbandry 

(Cook, 2003). 

Pathogens, such as G. tritici which causes take-all disease, will always be a major 

limitation to crop resilience and as a result a threat to global food security 

(Strange and Scott, 2005, Fisher et al., 2012). Thus, research on this topic needs 

to be continued to try to control root crop diseases and maintain crop production 

in the most cost effective way, using the least environmentally damaging and 

technologically advanced methods possible. Agriculture is currently undergoing 

huge change once again, with the ‘omics’ era feeding into plant breeding, high-

through put phenotyping using lasers and x-rays to 3D image crops in situ and 

ever advancing complexity of modelling to predict past and future events. With a 

http://www.era.rothamsted.ac.uk/
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continued effort, there is no reason to suggest a second, greener, green-

revolution can be achieved in the next 30 years which can offset the damage 

already done by agriculture releasing huge amounts of carbon dioxide 

(Rockström et al., 2017). This is an exciting and pivotal time for agricultural 

research.  
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Appendix 1 Field plans for combined effect of chemistry and LowTAB trials 2013-2015  

 
Field trial code: 13/R/CS/742 – Great Knott 2 

 

 
  

2013/R/CS/742 N

Syngenta trial : effect of amistar on take-all Farm

Great Knott 2 1.5m
3m 6m

19 20 21 22 23 24

9m

Duxford Hereford Duxford Hereford Duxford Hereford Hereford Duxford Hereford Duxford Duxford Hereford Duxford Hereford Hereford Duxford Duxford Hereford Duxford Hereford Hereford Duxford Hereford Duxford

14m

57m

Hereford Duxford Duxford Hereford Hereford Duxford Hereford Duxford Duxford Hereford Hereford Duxford Duxford Hereford Hereford Duxford Duxford Hereford Hereford Duxford Duxford Hereford Hereford Duxford

Duxford Hereford Hereford Duxford Duxford Hereford Hereford Duxford Duxford Hereford Duxford Hereford Hereford Duxford Hereford Duxford Hereford Duxford Hereford Duxford Duxford Hereford Hereford Duxford

88.5m

1 2 3 4 5 6 7 8 109 11 12

31 32 33 34 35 36

55 56 57 58 59 60

1413 18171615

666564636261

424140393837

545352515049

302928272625

C H A B D G H C F H A F

E I F F H I I B E I E D

B D G A C E D G A G C B

43 44 45 46 47 48

67 68 69 70 71 72



241 
 

Appendix 1 Field plans for combined effect of chemistry and LowTAB trials 2013-2015 – continued 

Field trial code: 14/R/CS/749 – Stackyard 
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Appendix 1 Field plans for combined effect of chemistry and LowTAB trials 2013-2015 – continued 

Field trial code: 15/R/CS/763 – Drapers 
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Appendix 2 Table: Farm base fungicide regime and nitrogen application to 

year one combined effect of chemistry and LowTAB field trials 

Table: Farm base fungicide regime and nitrogen application to year one 
combined effect of chemistry and LowTAB field trials 

Spray application 
or time Chemistries applied 

T0 Cherokee (375 g/l chlorothalonil, 62.5 g/l propiconazole, 50 g/l 
cyproconazole) 

T1 Tracker 1.0l/ha (20.8% boscalid & 6.0% epoxiconazole) and 
Bravo 1.0l/ha (40.3% chlorothalonil) 

T2 Seguris 1.0 l/ha (8.4% epoxiconazole & 11.7% isopyrazam) 

T3 Proline 0.4l/ha (41.0% prothioconazole) 

Nitrogen Nitrogen was applied as a split application: Double top fertiliser 
(27% N and 12% S) and Nitram normally in two sometimes three 
applications. 
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Appendix 3 Field plans for year two oversow field trials of year one combined effect of chemistry and LowTAB trials 

2014-2016 

 
Field trial code: 14/R/CS/742 – Great Knott 2 
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Appendix 3 Field plans for year two oversow field trials of year one combined effect of chemistry and LowTAB trials 

2014-2016 – continued 

Field trial code: 15/R/CS/749 – Stackyard 
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Appendix 3 Field plans for year two oversow field trials of year one combined effect of chemistry and LowTAB trials 

2014-2016 – continued 

 
Field trial code: 16/R/CS/763 – Drapers 
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Appendix 4 Extended treatment structure statistical contrasts implemented for studying the timing effect of Amistar 

used for both ANOVA and REML 

Table: Extended treatment structure statistical contrasts implemented for studying the timing effect of Amistar used for both 
ANOVA and REML 
 

Source of variation    Explanation Test contrasts1 (effect) 

Prod Effect of Moddus (vs all chem treatments) (T1 Moddus) – (All other chemistry treatments) 

Prod.A1 Effect of presence of Amistar at T1 (T1; T1+T2; T1+T3; T1, T2 +T3) – (No Amistar; T2; T3; T2+T3) – (T1 Moddus)  

Prod.A2 Effect of presence of Amistar at T2 (T2; T1+T2; T2+T3; T1, T2+T3) – (No Amistar; T1; T3; T1+T3) – (T1 Moddus) 

Prod.A3 Effect of presence of Amistar at T3 (T3; T1+T3; T2+T3; T1, T2+T3) – (No Amistar; T1; T2; T1+T2) – (T1 Moddus) 

Prod.A1.A2 Interaction effect of Amistar presence at 
T1 and T2 

(T1; T1+T3) – (T2; T2+T3) – (T1+T2; T1, T2+T3) – (No Amistar; T3) – (T1 Moddus) 

Prod.A1.A3 Interaction effect of Amistar presence at 
T1 and T3 

(T1; T1+T2) – (T3; T2+T3) – (T1+T3; T1, T2+T3) – (No Amistar; T2) – (T1 Moddus) 

Prod.A2.A3 Interaction effect of Amistar presence at 
T2 and T3 

(T2; T1+T2) – (T3; T1+T3) – (T2+T3; T1, T2+T3) – (No Amistar; T1) – (T1 Moddus) 

Prod.A1.A2.A3 Interaction of Amistar presence at all 
spray times 

(All Chemistry treatments) – (T1 Moddus) 

Var3 Effect of cultivar 
 

(Cultivar) 

Prod.Var Interaction effect of cultivar and Moddus 
and Amistar timing regime  

(T1 Moddus) – (Cultivar) 

Prod.A1.Var 

All tests outlined above but including an 
interaction term for the effect of cultivar 

(Cultivar) – (Moddus interactions and Amistar timing effects, same as test contrasts 
outlined above) 

Prod.A2.Var 

Prod.A3.Var 

Prod.A1.A2.Var 

Prod.A1.A3.Var 

Prod.A2.A3.Var 

Prod.A1.A2.A3.Var 
1 T(n) = Amistar spray time unless otherwise stated 
2 Due to experimental design the T1 Moddus treatment (I) becomes the control in this analysis as this treatment is stand alone to the Amistar spray timing 
regime. In order to remove the effect of Moddus all test contrasts test the interaction effect with the Moddus treatment 
NB sometimes Control is also represented as Prod (product) 
3 Var (variety) = cultivar effect 
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Appendix 5 Extended ANOVA output for timing structure of Amistar 

application for field trial, 14/R/CS/749 

Post-harvest soil core bioassay percent roots infected timing structure for 
2014 field trial 14/R/CS/749. A1 = application time 1 (T1), A2 = application 
time 2 (T2) and A3 = application time 3 (T3). Prod= Moddus sometimes 
referred to as Control – as this was used as the control to partition its effect 
from the experiment. 
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Appendix 6 REML statistical output for combined analysis for effect of year 

1 chemistry and cultivar on take-all inoculum build-up 

Note response variate L [2] = logit transformed percent roots infected in the 
soil core bioassay. Modelled effects of significant interactions are presented 
in the text with associated tables. A1 = application time 1 (T1), A2 = 
application time 2 (T2) and A3 = application time 3 (T3). Control = Moddus 
as this was used as the control to partition its effect from the experiment. 
Variety = cultivar. 
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Appendix 7 14/R/CS/742 extended ANOVA output for timing structure of 

first wheat Amistar application on the percent plants infected. 

Logit percent plants infected in July timing structure for 2014 field trial 
14/R/CS/742. A1 = application time 1 (T1), A2 = application time 2 (T2) and 
A3 = application time 3 (T3). Prod= Moddus sometimes referred to as Control 
– as this was used as the control to partition its effect from the experiment. 
Variety = cultivar 
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Appendix 8 14/R/CS/742 extended ANOVA outputs for timing structure of 

first wheat Amistar application on second wheat grain yield  

Year 2 Grain yield and year 1 Amistar timing structure for 2014 field trial 
14/R/CS/742. A1 = application time 1 (T1), A2 = application time 2 (T2) and 
A3 = application time 3 (T3). Prod= Moddus sometimes referred to as Control 
– as this was used as the control to partition its effect from the experiment. 
Variety = cultivar 
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Appendix 9 16/R/CS/763 Extended ANOVA outputs for timing structure of 

first wheat Amistar application on second wheat TAI 

Year 2 TAI in response to year 1 Amistar timing structure for 2016 field trial 
16/R/CS/763. A1 = application time 1 (T1), A2 = application time 2 (T2) and 
A3 = application time 3 (T3). Prod= Moddus sometimes referred to as Control 
– as this was used as the control to partition its effect from the experiment. 
Variety = cultivar 
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Appendix 10 REML statistical output for combined analysis for effect of 

year 1 chemistry and cultivar on year 2 spring percent plants infected 

with take-all disease. 

Note response variate L [1] = logit transformed take-all index in 
second wheat oversow Gallant plants. Modelled effects of significant 
interactions are presented in the text and associated tables. 
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Appendix 10 REML statistical output for combined analysis for effect of 

year 1 chemistry and cultivar on year 2 spring percent plants infected with 

take-all disease – continued. 

Note response variate L [1] = logit transformed take-all index in 
second wheat oversow Gallant plants. Modelled effects of significant 
interactions are presented in the text and associated tables. 
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Appendix 11 REML statistical output for combined analysis for effect of 

year 1 chemistry and cultivar on year 2 take-all disease 

Note response variate L [11] = logit transformed take-all index in second 
wheat oversow Gallant plants. Modelled effects of significant interactions 
are presented in the text and associated tables. 
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Appendix 11 REML statistical output for combined analysis for effect of 

year 1 chemistry and cultivar on year 2 take-all disease – continued 

Note response variate L [11] = logit transformed take-all index in second 
wheat oversow Gallant plants. Modelled effects of significant interactions are 
presented in the text and associated tables. 
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Appendix 12 REML statistical output for combined analysis for effect of 

year 1 chemistry and cultivar on year 2 grain yield. 

Note response variate = grain yield at 85 % dry matter in second 
wheat oversow Gallant plants. Modelled effects of significant 
interactions are presented in the text and associated tables. 
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Appendix 12 REML statistical output for combined analysis for effect of 

year 1 chemistry and cultivar on year 2 grain yield – continued 

Note response variate = grain yield at 85 % dry matter in second wheat 
oversow Gallant plants. Modelled effects of significant interactions are 
presented in the text and associated tables 
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Appendix 13 Recipes for DNA extraction reagents and TBE buffer 

Specific details of DNA extraction, PCR procedures and gel electrophoresis are 

given in Chapter 6. 

DNA extraction reagent recipes 

 Ammonium Acetate (7.5 M): 28.905 g ammonium acetate in 50 ml sterile 

distilled H2O (filter sterilise). Store at -20°C. 

 Sodium Dodecyl Sulfate (SDS) (2%): 10 g SDS in 500 ml sterile distilled 

H2O. Heat to dissolve. 

 T.E.N. Buffer (2x): Make up to 450 ml and adjust pH to 8.0 (~ 20 ml 1 M 

NaOH) before increasing to final volume of 500ml. NaCl: 14.61 g; Tris. 

HCl: 31.52 g; EDTA: 11.9 g & sterile deionised H2O 500 ml. 

 DNA Extraction Buffer: Make up solution in a pre-sterilised 500 ml bottle 

– total volume 400ml. T.E.N. (2x): 190ml; SDS (2%): 190ml; 

Phenanthroline monohydrate (5 mM): 0.36g; Polyvinylpyrrolidone (2%): 

8.0g.                     

TBE buffer recipe for gel electrophoresis.  

 1x TBE buffer: Dissolve 10.8 g Tris and 5.5 g Boric acid in 900 ml distilled 

H2O. Add 4 ml 0.5 M EDTA (pH 8.0). Increase volume to 1 litre. Store at 

room temperature. 
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Appendix 14 Thesis flow diagram 

 
Flow diagram representing the thesis chapters and how they interlink.  
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