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INTRODUCTION

The Classical experiments is the name now 
given to those experiments started by Lawes 
and Gilbert between 1843 and 1856, and 
which still continue. Although they were not 
intended to be long-term, Lawes and Gilbert 
realised that much useful information could be 
gained by continuing them over many growing 
seasons. Nine experiments were continued of 
which they abandoned only one, in 1878. Some 
treatments were changed during the first few 
years and, later, further changes were made 
to answer specific questions raised by the 
results. In particular, two Wilderness studies 
were established in the 1880s to examine the 
effects of abandoning arable land. When Lawes 
died in 1900, the eight remaining experiments 
were continuing more or less as originally 
planned. Modifications have been made to the 
experiments since Lawes died, in some cases 
discontinuing the original treatments. Seven 
of the Classical experiments continue today. 
They are the oldest, continuous agronomic 
experiments in the world.

Their main objectives were to measure the 
effects on crop yields of inorganic compounds 
containing nitrogen, phosphorus, potassium, 
sodium and magnesium (N, P, K, Na and Mg), 
elements known to occur in considerable 
amounts in crops and farmyard manure (FYM), 
but whose separate actions as plant nutrients 

had not been studied systematically. The 
materials used were superphosphate (first 
made at Rothamsted by treating bones with 
sulphuric acid), the sulphates of K, Na and Mg 
(often referred to then, and in this Guide, as 
minerals), and ammonium salts and sodium 
nitrate (as alternative sources of nitrogen). 
The effects of these inorganic fertilisers were 
compared with those of FYM and rape cake 
in most of the experiments. The inorganic 
fertilisers were tested alone and in various 
combinations. Nitrogen was often applied  
at two or more rates.

Growing the same crop each year on the same 
land was a feature of many of the experiments. 
Considered bad farming in the nineteenth 
century, Lawes and Gilbert reasoned that it 
was the best way to learn about individual 
crop nutrient requirements. Lawes and Gilbert 
recorded the yields of all produce harvested 
from each plot and samples were kept for 
chemical analyses. These results, together with 
details of the quantity and composition of each 
fertiliser applied, enabled a balance sheet for 
the major nutrients to be compiled for each 
plot. Analyses of soil samples showed how 
N, P and K accumulated or diminished in soil 
depending on fertiliser or manure applications, 
offtakes in crops and losses in drainage water.

The results were of immediate importance 
to farmers, showing which nutrients had the 
largest effects on different crops. However, the Sir Joseph Henry Gilbert

Sir John Bennet Lawes
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Interactions in the rhizosphere

(Lopez Raez et al 2017)

Up to 106 –109 bacteria, 105 –106

fungi and 101 –102 nematodes per 
gram of soil

(Chuberre et al 2018)

A complex ecosystem

PathogensBeneficials

Impact on yield and quality



Take-all disease
Most important root disease of wheat, fungus Gaeumannomyces tritici

5 – 20 % yield losses on 2nd and 3rd wheats, up to 60 % when high severity =  $60 million in UK

No completely effective fungicide treatment or resistant cultivar à crop rotations

Urgent need for new control methods

It also infects barley and triticale, but not oats à Avenacin

Wheat is an important staple crop produced and consumed globally

(Osbourn et al 1994)



- Higher Nitrate leaching by reduced Nitrogen uptake polluting water sources

- Higher greenhouse gas emissions

(Macdonald and Gutteridge 2012) 

(Hughes et al 2011) 

Controlling the disease is important for food security and for the environment

Reduced by fungicide treatments

Environmental impact of Take-all disease

Nitrous oxide from unused fertilizers

(EPA 2019)



(A)

(B) (C)

Seeds drilled in soil with
crop debris and fungus

Crop debris with fungus

Whitehead patch

Take-all disease progression

Annual life cycle

TrendsTrends inin PlantPlant ScienceScience

Figure 3. Gaeumannomyces tritici Life Cycle. (A) Life cycle within a crop season. The cycle begins when seeds are drilled into soil containing infected crop debris
and/or fungal mycelium, the seedlings roots are infected, and runner hyphae can be observed on roots. As the infection progresses disease lesions appear on wheat
roots and crown tissue. Perithecia, containing asci and ascospores, can be observed on stem bases and stubble. Secondary infections occur by runner hyphae
growing through root bridges, which can happen within a plant or between roots from different plants. Diseased plants with stunted growth and whiteheads
appear in patches in the field. After the harvest the fungus survives saprophytically in the crop debris. (B) Take-all levels in wheat roots when successive years of
wheat crops are grown in the same field. The first wheat crop after a rotation break (i.e., non-cereal crop) has low levels of take-all inoculum build-up (TAB) in the
rhizosphere and has low take-all disease levels. In subsequent years, take-all disease in the wheat roots increases and peaks during years 2–4 (depending on
local conditions) and then declines. (C) The 2-year, synergistic genetic traits concept to reduce take-all root disease in wheat crops. In year 1, the growing of low,
intermediate or high take-all inoculum build-up (TAB) cultivars (respectively, green, blue, and red broken lines) leads to different levels post-harvest of take-all
fungal mycelium left in the rhizosphere, even though the roots of the first wheat crop remain take-all disease free. In year 2, when a partially resistant wheat cultivar
is grown (orange solid line), the disease incidence and severity is lower than when a fully susceptible wheat cultivar is grown (blue solid line). In fields where a high
TAB situation has developed in year 1, the economic threshold for severe yield losses is likely to be reached irrespective of second wheat choice.

Trends in Plant Science

6 Trends in Plant Science, Month 2021, Vol. xx, No. xx

Disease cycle

(Palma-Guerrero et al, 2021)



Gaeumannomyces tritici (prev. Gaeumannomyces graminis var. tritici)

A distant cousin of Magnaporthe

Cryptic species?

(Hernandez-Restrepo et al 2016)
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HERN!ANDEZ-RESTREPO ET AL.
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Two genetic groups found by different labs on different populations: A/B, 
T1/T2, G1/G2, A1/A2, and N/R (based on ability to infect rye)

(Daval et al 2010)Correspondence between A, T1, G2, and N isolates

A/G2 show higher virulence (Lebreton et al 2007)

Also classified by silthiofam sensitivity
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Take-all Build-Up

TAD associated to 
soil microorganisms

1st wheat
Yield average 12.69t/ha

3rd wheat
Yield average 7.64t/ha

1st and 3rd

wheat field 
trials; 45 elite 
winter wheat 

cultivars



Measuring take-all build up

Developed by Richard Gutteridge

Soil core bioassay method



Wheat cultivars differ in TAB levels
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(McMillan et al 2011)

1st wheat crop take-all build-up

44% difference between Hereward and Cadenza

Associated to changes in soil microbiome



Rhizosphere microbiome changes
Second year soil shows different microbiome depending on the wheat cultivar in the first year

Pseudomonas species affected by the 1st

wheat cultivar

www.nature.com/scientificreports/

2Scientific RepoRts | 6:29905 | DOI: 10.1038/srep29905

potential biocontrol genotypes. An open question remains as to (1) the extent to which bacterial diversity patterns 
in soils conducive to fungal pathogens match this expectation, and (2) the degree that other aspects of bacterial 
diversity, such as evolutionary relatedness or resource use overlap, might alleviate the intensity of competition 
between bacteria19,20.

Take-all disease is caused by a pervasive fungal pathogen (Gaeumannomyces graminis var. tritici) in wheat 
(Tritium aestivum) and leads to devastating yield losses11,12. Populations of antifungal Pseudomonas spp. bac-
teria have been shown to naturally control take-all, but only a!er a period of yield losses lasting 4–6 cropping 
seasons11,12. However, a novel phenomenon was recently discovered in which particular wheat varieties are able 
to limit the build up of take-all in a single season and create disease suppressive soils prior to an epidemic taking 
place21. "e putative role of some Pseudomonas spp. in take-all control, and their general dominance in the soil 
bacterial community, positions them as a useful focal group taxon to explore the phenomenon of take-all build 
up, and to test more general ideas of how bacterial diversity in wheat root system might be related to fungal path-
ogen suppression.

We used #eld trials to test if the genotypic richness Pseudomonas spp. in wheat root systems is correlated to 
severity of infection by the take-all pathogen and yield loss (e.g. Fig. 1). We pre-cultured #eld plots with di%erent 
wheat varieties to generate treatments for high or low build up of the take-all inoculum21, and undertook our 
#eld assays in the following season on genetically identical clones of a commercial wheat variety (T. aestivum 
var. Xi19). We tested for generic changes in the background rhizosphere bacterial community structure based 
on relative abundance of 16S rRNA genes and then sub-sampled culturable isolates in both the endosphere and 
rhizosphere of wheat roots to describe the patterns of Pseudomonas spp. genotypic richness and phylogenetic 
diversity across pre-culture treatments at #ner resolution.

We then set up a series of abstract in vitro experimental model microcosms to test for a causal effect of 
Pseudomonas genotypic richness on growth inhibition of the take-all pathogen. We orthogonally partitioned the 
e%ect of Pseudomonas genotypic richness with Pseudomonas phylogenetic diversity (based on the gyrB house-
keeping gene) and Pseudomonas functional trait diversity (based on carbon use pro#les) to separate the e%ects 
of each component of diversity on the sign of bacterial interactions20,22. We then conducted a complementary set 
of competition experiments to test if the e%ects of Pseudomonas genotypic richness on inhibition of the take-all 
pathogen could be explained by the degree of antagonism between bacteria expressed in Pseudomonas mixtures 
(de#ned here as the compound e%ects of direct antagonistic toxin production and indirect exploitative resource 
competition).

Figure 1. Hypothetical e%ects of bacterial richness on fungal pathogen inhibition at the plant-soil interface. 
(a), di%erent wheat varieties culture high or low richness of soil bacteria (Pseudomonas spp.) which leads to 
low or high suppression of fungal pathogens in the soil (take-all fungus), respectively. (b), as bacterial richness 
increases, antagonism between bacterial genotypes increases which causes a decrease in ability of the bacterial 
community to combat fungal pathogens. (c), an increase in fungal pathogen inhibition decreases disease 
incidence and leads to an increase in crop yield.

(Mehrabi et al 2016)

Fig. 1. A. Principal component analysis of second wheat rhizosphere communities: Plot is based on amplicon sequencing of a fragment of the
16S rRNA gene sequence.
B. Taxonomic analysis of wheat rhizosphere bacteria as shown from 16S rRNA gene amplicon sequencing. The average bacterial abundance
is measured for rhizosphere bacterial groups according to the first wheat crop cultivar. OTU% = Percentage of total operational taxonomic
units detected.

Pseudomonas genome diversity in wheat rhizospheres 4767

© 2015 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd,
Environmental Microbiology, 17, 4764–4778

Amplicon sequencing of a fragment of the 16S 

rRNA gene sequence

4 OTUs were significantly influenced by first year 
wheat variety, including Pseudomonas spp.

(Mauchline et al 2015)

Pseudomonas spp. 
diversity is negatively 
associated with take-all 
suppression



Sustainable take-all control by 1st wheat choice
Take-all build up influences disease severity and productivity in the second wheat year

(McMillan et al 2018)

(Palma-Guerrero et al, 2021)

Orange = partially resistant

Blue= highly susceptible

Significantly less disease and higher yields in 2nd wheat after growing a Low-TAB 1st wheat cultivar
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Genetic resistance to take-all
- Ancestral cultivars and relatives

- Mapping population (F6) generated and tested in field experiments

Field trials screenings identified:

• MDR031 highly resistant

• MDR043  highly susceptible 

(McMillan et al, 2014)

Triticum monococcum, a source of resistance to pathogens

Diploid, “A” genome

Take-all resistance, unknown mechanisms

- Currently being genotyped by Kompetitive Allele Specific PCR (KASP)

Dr. Wanxin Chen and Dr. Lawrence Bramham



Take-all Aphids Septoria

• Field trial with 29 
BC1-lines, 960 
segregating plants

• Single Seed Descent 
(SSD) of segregating 
plants to make 
them homozygous

hetMarker scoring of F1Complex plants on 
35K Axiom Breeders’ Array: predominant 
introgression into the A sub-genome

T. monococcum introgression

Dr. Mike Hammond-Kosack
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Plant defense activation Direct antifungal activity

Gaeumannomyces hyphopodioides (Phialophora) Fungi isolated from wheat roots

Beneficial fungus 2

Gt

Beneficial fungus 1

Gt

Take-all antagonists in the rhizosphere
Beneficial fungi with different modes of action

Potential biocontrol agent

Source of antifungal compounds

Gh

Gt

Suppresses take-all disease (Speakman and Lewis 1978)



Take-all antagonists in the rhizosphere
- Gaeumannomyces hyphopodioides (Phialophora):

Gh infection protects from take-all disease

Tania Chancellor (UoN DTP)
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Plant defence activation by Gh?
Wheat transcriptional response to Gaeumannomyces tritici and Gaeumannomyces hyphopodioides root infection

Green = Alexa Fluor – WGA
Red = PI

Confocal microscopy 2 dpi 4 dpi 5 dpi
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Tania Chancellor (UoN DTP)

Samples fixed in ethanol and stained

Chinese Spring



Plant defence activation by Gh?

Green = Alexa Fluor – WGA Red = PI
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2 dpi 4 dpi 5 dpiConfocal microscopy Tania Chancellor (UoN DTP)
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PCA of RNAseq reads

Different wheat response to Gt and Gh

Tania Chancellor UoN DTP
Dr. Dan Smith
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Different wheat responses to Gt and Gh
Most representative enriched gene ontology biological process terms (5dpi)

Tania Chancellor UoN DTP
Dr. Dan Smith

Gt Gt Gh Gh



Different wheat responses to Gt and Gh
Most representative enriched gene ontology biological process terms (5dpi)

RESEARCH ARTICLE Open Access

A primary cell wall cellulose-dependent
defense mechanism against vascular
pathogens revealed by time-resolved dual
transcriptomics
Alexandra Menna1†, Susanne Dora1†, Gloria Sancho-Andrés1†, Anurag Kashyap2, Mukesh Kumar Meena3,
Kamil Sklodowski1, Debora Gasperini3, Nuria S. Coll2 and Clara Sánchez-Rodríguez1*

Abstract

Background: Cell walls (CWs) are protein-rich polysaccharide matrices essential for plant growth and
environmental acclimation. The CW constitutes the first physical barrier as well as a primary source of nutrients for
microbes interacting with plants, such as the vascular pathogen Fusarium oxysporum (Fo). Fo colonizes roots,
advancing through the plant primary CWs towards the vasculature, where it grows causing devastation in many
crops. The pathogenicity of Fo and other vascular microbes relies on their capacity to reach and colonize the xylem.
However, little is known about the root-microbe interaction before the pathogen reaches the vasculature and the
role of the plant CW during this process.

Results: Using the pathosystem Arabidopsis-Fo5176, we show dynamic transcriptional changes in both fungus and
root during their interaction. One of the earliest plant responses to Fo5176 was the downregulation of primary CW
synthesis genes. We observed enhanced resistance to Fo5176 in Arabidopsis mutants impaired in primary CW
cellulose synthesis. We confirmed that Arabidopsis roots deposit lignin in response to Fo5176 infection, but we
show that lignin-deficient mutants were as susceptible as wildtype plants to Fo5176. Genetic impairment of
jasmonic acid biosynthesis and signaling did not alter Arabidopsis response to Fo5176, whereas impairment of
ethylene signaling did increase vasculature colonization by Fo5176. Abolishing ethylene signaling attenuated the
observed resistance while maintaining the dwarfism observed in primary CW cellulose-deficient mutants.

Conclusions: Our study provides significant insights on the dynamic root-vascular pathogen interaction at the
transcriptome level and the vital role of primary CW cellulose during defense response to these pathogens. These
findings represent an essential resource for the generation of plant resistance to Fo that can be transferred to other
vascular pathosystems.

Keywords: Arabidopsis, Fusarium oxysporum, Ralstonia solanacearum, plant-pathogen interaction, dual-time course
transcriptomics, cellulose, ethylene, defense response

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: clara_sanchez@ethz.ch
†Alexandra Menna, Susanne Dora and Gloria Sancho-Andrés contributed
equally to this work.
1Department of Biology, ETH Zürich, 8092 Zürich, Switzerland
Full list of author information is available at the end of the article

Menna et al. BMC Biology          (2021) 19:161 
https://doi.org/10.1186/s12915-021-01100-6

Tania Chancellor UoN DTP
Dr. Dan Smith

Gt Gt Gh Gh



Different wheat responses to Gt and Gh
Most representative enriched gene ontology biological process terms (5dpi)

Downregulation of cell wall biogenesis and upregulation of JA signaling

Tania Chancellor UoN DTP
Dr. Dan Smith

Gt Gt Gh Gh



Cellulase synthesis downregulation
CESA4 CESA7 COBL-5
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Plant defense activation by Gh
OPR1-like WRKY28-like WRKY75-like
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Molecular interactions between G. tritici and wheat
Molecular basis of virulence in G. tritici are mainly unknown

No mutants available

Transcriptomic studies:
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Comparative Transcriptome Profiling
of Gaeumannomyces graminis var.
tritici in Wheat Roots in the Absence
and Presence of Biocontrol Bacillus
velezensis CC09
Xingxing Kang1, Yu Guo1, Shuang Leng1, Lei Xiao2, Lanhua Wang1, Yarong Xue1* and
Changhong Liu1*

1 State Key Laboratory of Pharmaceutical Biotechnology, School of Life Sciences, Nanjing University, Nanjing, China,

2 School of Chemical Engineering and Technology, China University of Mining and Technology, Xuzhou, China

This study aimed to explore potential biocontrol mechanisms involved in the
interference of antagonistic bacteria with fungal pathogenicity in planta. To do this, we
conducted a comparative transcriptomic analysis of the “take-all” pathogenic fungus
Gaeumannomyces graminis var. tritici (Ggt) by examining Ggt-infected wheat roots
in the presence or absence of the biocontrol agent Bacillus velezensis CC09 (Bv)
compared with Ggt grown on potato dextrose agar (PDA) plates. A total of 4,134
differentially expressed genes (DEGs) were identified in Ggt-infected wheat roots, while
2,011 DEGs were detected in Bv+Ggt-infected roots, relative to the Ggt grown on PDA
plates. Moreover, 31 DEGs were identified between wheat roots, respectively infected
with Ggt and Bv+Ggt, consisting of 29 downregulated genes coding for potential Ggt

pathogenicity factors – e.g., para-nitrobenzyl esterase, cutinase 1 and catalase-3, and
two upregulated genes coding for tyrosinase and a hypothetical protein in the Bv+Ggt-
infected roots when compared with the Ggt-infected roots. In particular, the expression
of one gene, encoding the ABA3 involved in the production of Ggt’s hormone abscisic
acid, was 4.11-fold lower in Ggt-infected roots with Bv than without Bv. This is the
first experimental study to analyze the activity of Ggt transcriptomes in wheat roots
exposed or not to a biocontrol bacterium. Our results therefore suggest the presence
of Bv directly and/or indirectly impairs the pathogenicity of Ggt in wheat roots through
complex regulatory mechanisms, such as hyphopodia formation, cell wall hydrolase,
and expression of a papain inhibitor, among others, all which merit further investigation.

Keywords: endophytic bacteria, pathogenic fungi, phytopathology, RNA sequencing, wheat disease

INTRODUCTION

“Take-all” is one of the most severe soil-borne diseases of wheat plants worldwide, caused by the
necrotrophic fungus Gaeumannomyces graminis var. tritici (Bithell et al., 2016). This pathogen
infects healthy wheat roots via infectious hyphae that penetrate the cortical cells of the root
and progress upward into the stem base. Because this process invariably disrupts water flow,

Frontiers in Microbiology | www.frontiersin.org 1 July 2019 | Volume 10 | Article 1474

None of the genes have 
been functionally validated

Inhibitors of Papain-like cysteine protease
Catalase peroxidases
Enzyme involved in ABA biosynthesis
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A Comparative Transcriptomic and Proteomic Analysis
of Hexaploid Wheat’s Responses to Colonization
by Bacillus velezensis and Gaeumannomyces graminis,
Both Separately and Combined

Xingxing Kang,1 Lanhua Wang,1 Yu Guo,1 Muhammad Zain ul Arifeen,1 Xunchao Cai,1 Yarong Xue,1,†

Yuanqin Bu,2 Gang Wang,3 and Changhong Liu1,†
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Ministry of Ecology and Environment, Nanjing, China
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Accepted 23 May 2019.

Tritrophic interactions involving a biocontrol agent, a patho-
gen, and a plant have been analyzed predominantly from the
perspective of the biocontrol agent. To explore the adaptive
strategies of wheat in response to beneficial, pathogenic, and
combined microorganisms, we performed the first compre-
hensive transcriptomic, proteomic, and biochemical analysis
in wheat roots after exposure to Bacillus velezensis CC09,
Gaeumannomyces graminis var. tritici, and their combined
colonization, respectively. The transcriptional or translational
programming of wheat roots inoculated with beneficial
B. velezensis showed mild alterations compared with that of
pathogenic G. graminis var. tritici. However, the combination
of B. velezensis and G. graminis var. tritici activated a larger
transcriptional or translational program than for each single
microorganism, although the gene expression pattern was
similar to that of individual infection by G. graminis var. tritici,
suggesting a prioritization of defense against G. graminis var.
tritici infection. Surprisingly, pathogen-associated molecular
pattern-triggered immunity and effector-triggered immunity
made wheat pretreated with B. velezensis more sensitive to
subsequent G. graminis var. tritici infection. Additionally,
B. velezensis triggered a salicylic acid (SA)-dependent mode of
induced systemic resistance that resembles pathogen-induced
systemic acquired resistance. Wheat plants mainly depend on
SA-mediated resistance, and not that mediated by jasmonic
acid (JA), against the necrotrophic pathogen G. graminis var.
tritici. Moreover, SA–JA interactions resulted in antagonistic
effects regardless of the type of microorganisms in wheat.
Further enhancement of SA-dependent defense responses such
as lignification to the combined infection was shown to reduce

the level of induced JA-dependent defense against subsequent
infection with G. graminis var. tritici. Altogether, our results
demonstrate how the hexaploid monocot wheat responds to
beneficial or pathogenic microorganisms and prolongs the
onset of take-all disease through modulation of cell reprog-
ramming and signaling events.

Keywords: bacterium–plant symbiosis, biocontrol bacteria, fungus–
plant interactions, genomics, induced systemic resistance, metabolomics,
molecular signaling, omics, plant defense system, plant disease, plant–
microbial interaction, phytopathology, proteomics

Wheat is the second most important food crop globally,
serving as a staple food for much of the world’s population
(Singh et al. 2011; Singh et al. 2018). Global wheat production
is severely affected by “take-all”, a major fungal disease caused
by Gaeumannomyces graminis var. tritici, which can cause
significant yield and economic losses and remains challenging
to control (Bithell et al. 2016). G. graminis var. tritici is a
necrotrophic soilborne pathogen that infects wheat roots via
hyphae by penetrating root cortical cells and progressing into
the stem, where it mainly disrupts water flow, thus causing
stunted growth and premature death of the plant. This fungal
disease is not restricted to wheat but is also found in many other
plants such as barley, triticale, and rye (Yang et al. 2015a). To
control the disease and reduce yield loss, considerable effort
has been made to elucidate the underlying mechanism of
G. graminis var. tritici pathogenicity and its interaction with the
host (Daval et al. 2011; Puga-Freitas et al. 2017; Yang et al.
2015b). The molecular mechanisms involved in plant re-
sponse to pathogenic fungi are relatively well documented for
fungi such as Botrytis cinerea, Fusarium oxysporum, Para-
stagonospora nodorum, and Zymoseptoria tritici (Berrocal-
Lobo and Molina 2008; Duba et al. 2018; Williamson et al.
2007). In contrast, very little is known about the molecular
response of wheat to G. graminis var. tritici infection. From
previous transcriptomic studies, it was suggested that several
genes involved in signal transduction, including pathogen-
associated molecular patterns (PAMPs), are differentially
expressed in G. graminis var. tritici-infected wheat as com-
pared with controls (Guilleroux and Osbourn 2004; Puga-
Freitas et al. 2017).

†Corresponding authors: C. Liu; chliu@nju.edu.cn and
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Wheat root transcriptional responses
against Gaeumannomyces graminis var.
tritici
Jie Zhang1†, Haixia Yan2†, Mingcong Xia1, Xiaoyun Han1, Lihua Xie3, Paul H. Goodwin4, Xin Quan1, Runhong Sun1,
Chao Wu1 and Lirong Yang1*

Abstract

Wheat root rot caused by Gaeumannomyces graminis var. tritici (Ggt) results in severe yield losses in wheat
production worldwide. However, little is known about the molecular mechanism that regulates systemic symptom
development in infected wheat. Fluorescent microscopy observation of the stained wheat roots infected by Ggt
showed that lesions were visible when the fungus could be detected in the endodermis, pericycle and phloem at
5 days post inoculation (dpi), and rust symptoms were visible when there was extensive fungal colonization in the
root cortex at 6 dpi. Transcriptome sequencing of Ggt-inoculated wheat roots and healthy control root samples was
performed at 5 dpi to identify Ggt-induced gene expression changes in wheat roots at the time of lesion formation.
A total of 3973 differentially expressed genes (DEGs) were identified, of which 1004 (25.27%) were up-regulated and
2969 (74.73%) were down-regulated in Ggt-inoculated wheat roots compared with those in control roots. GO
annotation and KEGG pathway analysis of these DEGs revealed that many of them were associated with pathogen
resistance, such as those involved in oxidation-reduction process, tryptophan biosynthesis process, and
phenylpropanoid biosynthesis process. Analysis of DEGs revealed that 15 DEGs were involved in cellular regulation,
57 DEGs in signal transduction pathways, and 75 DEGs in cell wall reorganization, and 23 DEGs are pathogenesis-
related proteins. Reverse transcription quantitative PCR (RT-qPCR) of 13 of those DEGs showed that these genes
may play roles in wheat resistance against Ggt. Overall, this study represents the first transcriptional profiling of
wheat roots in response to Ggt infection and further characterization of DEGs identified in this study may lead to
better understanding of resistance against take-all in wheat.

Keywords: Triticum aestivum L., Gaeumannomyces graminis var. tritici, Wheat roots, RNA-Seq, Differentially expressed
genes, Plant defense response

Background
Wheat (Triticum aestivum L.) is the most extensively
grown cereal crop and one of the four major food crops
in the world (McMillan et al. 2014). Gaeumannomyces
graminis var. tritici (Ggt), a soil-borne necrotrophic

fungal pathogen, causes a root rot disease in wheat
known as take-all (Cook 2003; Kwak et al. 2009; Yang
et al. 2015a). Runner hyphae of Ggt grow along the sur-
face of plant roots and then penetrate their epidermis,
spreading through the cortex, endodermis and stele,
destroying the phloem and xylem, thus preventing the
movement of assimilates, such as water and ions. Even-
tually the plant becomes stunted and yellowed with
white heads developed, which results in reduced wheat
production (Cook 2003; Guilleroux and Osbourn 2004).
Root rot caused by Ggt is one of the most serious
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permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
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Abstract: E↵ector proteins secreted by plant pathogens play important roles in promoting colonization.
Blumeria e↵ector candidate (BEC) 1019, a highly conserved metalloprotease of Blumeria graminis f.
sp. hordei (Bgh), is essential for fungal haustorium formation, and silencing BEC1019 significantly
reduces Bgh virulence. In this study, we found that BEC1019 homologs in B. graminis f. sp. tritici (Bgt)
and Gaeumannomyces graminis var. tritici (Ggt) have complete sequence identity with those in Bgh,
prompting us to investigate their functions. Transcript levels of BEC1019 were abundantly induced
concomitant with haustorium formation in Bgt and necrosis development in Ggt-infected plants.
BEC1019 overexpression considerably increased wheat susceptibility to Bgt and Ggt, whereas silencing
this gene using host-induced gene silencing significantly enhanced wheat resistance to Bgt and Ggt,
which was associated with hydrogen peroxide accumulation, cell death, and pathogenesis-related
gene expression. Additionally, we found that the full and partial sequences of BEC1019 can trigger
cell death in Nicotiana benthamiana leaves. These results indicate that Bgt and Ggt can utilize BEC1019
as a virulence e↵ector to promote plant colonization, and thus these genes represent promising new
targets in breeding wheat cultivars with broad-spectrum resistance.

Keywords: e↵ector protein; Blumeria graminis f. sp. tritici; Gaeumannomyces graminis var. tritici;
haustorium formation; necrosis development; cell death

1. Introduction

Wheat makes a substantial contribution to human calorie intake worldwide (Food and Agriculture
Organization of the United Nations, http://www.fao.org/faostat/en), and plays a major role in
ensuring global agricultural sustainability and food security [1]. The recent release of a high-quality,
fully annotated and ordered bread wheat genome o↵ers considerable promise for future developments
in wheat cultivation [2]. However, recently published data indicate that global losses in wheat yield
attributable to pathogenic fungi and pests account for approximately 21.5% of total losses, reaching up
to 28.1% in food-deficit areas [3]. Although the planting of resistant cultivars and application of various
fungicides have been the primary approaches adopted by farmers to stem the increasing incidence of
plant fungal diseases, the latter is a potential source of environmental pollution [4]. Moreover, current

Int. J. Mol. Sci. 2019, 20, 4376; doi:10.3390/ijms20184376 www.mdpi.com/journal/ijms

(2019)
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Abstract
Take-all, which is caused by the fungal pathogen,Gaeumannomyces graminis var. tritici
(Ggt), is an important soil-borne root rot disease of wheat occurring worldwide. However,
the genetic basis ofGgt pathogenicity remains unclear. In this study, transcriptome se-
quencing forGgt in axenic culture andGgt-infected wheat roots was performed using Illu-
mina paired-end sequencing. Approximately 2.62 and 7.76 Gb of clean reads were
obtained, and 87% and 63% of the total reads were mapped to the Ggt genome for RNA ex-
tracted fromGgt in culture and infected roots, respectively. A total of 3,258 differentially ex-
pressed genes (DEGs) were identified with 2,107 (65%) being 2-fold up-regulated and
1,151 (35%) being 2-fold down-regulated betweenGgt in culture andGgt in infected wheat
roots. Annotation of these DEGs revealed that many were associated with possibleGgt
pathogenicity factors, such as genes for guanine nucleotide-binding protein alpha-2 sub-
unit, cellulase, pectinase, xylanase, glucosidase, aspartic protease and gentisate 1, 2-
dioxygenase. Twelve DEGs were analyzed for expression by qRT-PCR, and could be gen-
erally divided into those with high expression only early in infection, only late in infection and
those that gradually increasing expression over time as root rot developed. This indicates
that these possible pathogenicity factors may play roles during different stages of the inter-
action, such as signaling, plant cell wall degradation and responses to plant defense com-
pounds. This is the first study to compare the transcriptomes ofGgt growing saprophytically
in axenic cultures to it growing parasitically in infected wheat roots. As a result, new candi-
date pathogenicity factors have been identified, which can be further examined by gene
knock-outs and other methods to assess their true role in the ability ofGgt to infect roots.
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Molecular basis of virulence in G. tritici
- Genome sequences being generated by Mark McMullan (Earlham Institute) as part of DFW

Species pangenome and comparative genomic studies

Identifying core genome and species/strains/types specific genome

Fungal transcriptional reprogramming during root infection

Identifying genes differentially induced during root infection

- Establishing CRISPR/CAS9 for genome editing in G. tritici

20 strains used for Pac Bio sequencing. Among them 4 Gt,  2 Gh, and beneficial fungi

Year Cultivar
Soil 
core TAB trait Type A/B

Silthiofam 
Sensitivity

2017 Cadenza 19d1 Low A Insensitive

2017 Cadenza 23d Low B Sensitive

2014 Hereward 14LH10 High B Insensitive

2017 Hereward 8d High A Sensitive

+ 60 strains used for Illumina sequencing. Including 48 Gt strains and 4 Gh strains

G. tritici reference strains

1SCIENTIFIC REPORTS |  (2018) 8:14355  | DOI:10.1038/s41598-018-32702-w
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CRISPR-Cas9 ribonucleoprotein-
mediated co-editing and 
counterselection in the rice blast 
fungus
Andrew J. Foster 1,2, Magdalena Martin-Urdiroz 1, Xia Yan 1,2, Harriet Sabrina Wright 1, 
Darren M. Soanes  1 & Nicholas J. Talbot  1,2

The rice blast fungus Magnaporthe oryzae is the most serious pathogen of cultivated rice and a 
significant threat to global food security. To accelerate targeted mutation and specific genome editing 
in this species, we have developed a rapid plasmid-free CRISPR-Cas9-based genome editing method. 
We show that stable expression of Cas9 is highly toxic to M. oryzae. However efficient gene editing 
can be achieved by transient introduction of purified Cas9 pre-complexed to RNA guides to form 
ribonucleoproteins (RNPs). When used in combination with oligonucleotide or PCR-generated donor 
DNAs, generation of strains with specific base pair edits, in-locus gene replacements, or multiple 
gene edits, is very rapid and straightforward. We demonstrate a co-editing strategy for the creation 
of single nucleotide changes at specific loci. Additionally, we report a novel counterselection strategy 
which allows creation of precisely edited fungal strains that contain no foreign DNA and are completely 
isogenic to the wild type. Together, these developments represent a scalable improvement in the 
precision and speed of genetic manipulation in M. oryzae and are likely to be broadly applicable to other 
fungal species.

In recent years, the use of the clustered regularly interspaced short palindromic repeats (CRISPR)-associated 
RNA-guided Cas9 endonuclease, has facilitated genome editing technologies and become the leading tool used 
to generate speci!c changes to DNA sequences in a wide range of species1. To generate double stranded breaks 
(DSBs) in the genome of a target organism, the CRISPR-Cas9 system requires Cas9 endonuclease, which cleaves 
target DNA at a genomic target sequence2–4, and a single RNA molecule, which in the CRISPR-Cas9 system, 
uses a linker sequence to join the nuclease-binding tracrRNA and the target speci!c crRNA molecules found in 
naturally occurring complexes in the source organism, Streptococcus pyogenes5. "e sgRNA associates with the 
nuclease and directs it to a genomic target sequence5. "e DSB created by the nuclease can then be repaired by 
non-homologous DNA-end joining (NHEJ) or using homologous recombination (HR), by introduction of donor 
DNA homologous to the sequence around the break, which allows very speci!c edits to the DNA sequence, or 
very precise insertions or deletions6. "e only target sequence requirement necessary for CRISPR-Cas9 genome 
editing is the presence of the protospacer adjacent motif (PAM), a triplet NGG located immediately 3′ of the 
genomic target sequence7,8. Because HR-based repair can be used to introduce modi!cations at some distance to 
the DSB, for example up to 30 bp in human stem cells9, the majority of fungal genomes are accessible to manipu-
lations using CRISPR-Cas9 editing.

CRISPR-Cas9 genome editing o#ers huge potential to accelerate the pace of research in key fungal research 
areas, such as biotechnology, medical mycology and plant pathology, by dramatically reducing the time required 
to undertake common objectives, such as targeted gene deletion, overexpression, single nucleotide changes, or 
tagging the products of genes of interest with $uorescent proteins10. "e technique also permits targeting of gene 
families, making multiple mutations11, and generating mutants in dikaryotic, or polyploid fungi12. Moreover, the 
potential exists to carry out ‘selectable marker-free’ manipulations for precise genetic changes, a prerequisite for 
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If you want to know more about take-all disease:

Review

Take-All Disease: New Insights into an
Important Wheat Root Pathogen
Javier Palma-Guerrero ,1,*,@ Tania Chancellor ,1 Jess Spong,1 Gail Canning ,1 Jess Hammond,1

Vanessa E. McMillan ,1 and Kim E. Hammond-Kosack 1,*,@

Take-all disease, caused by the fungal root pathogenGaeumannomyces tritici, is
considered to be the most important root disease of wheat worldwide. Here we
review the advances in take-all research over the last 15 years, focusing on the
identification of new sources of genetic resistance in wheat relatives and the
role of the microbiome in disease development. We also highlight recent break-
throughs in themolecular interactions betweenG. tritici and wheat, including ge-
nome and transcriptome analyses. These new findings will aid the development
of novel control strategies against take-all disease. In light of this growing under-
standing, the G. tritici–wheat interaction could provide a model study system for
root-infecting fungal pathogens of cereals.

Take-All Disease, an Important Root Disease of Cereals
Roots are essential organs with many important physiological roles, including plant anchorage
and water and nutrient uptake. Roots are constantly in contact with the soil microbiome, contain-
ing both beneficial and pathogenic organisms; these rhizosphere (seeGlossary) interactions can
have a strong impact on plant health and on the environment [1]. Root diseases routinely cause
significant reduction in yield and product quality [2]. Due to climate change, root health is
expected to worsen in areas where autumns and winters will become milder and wetter, which
are conditions that favour fungal diseases that can threaten food production [3].

Wheat (Triticum spp.) is one of the most important staple crops, being widely produced and
increasingly consumed globally [4]. Therefore, wheat losses by various pests and pathogens are
of considerable concern. Take-all disease is the most damaging root disease of wheat worldwide
[5] and is caused by the soil-borne fungal pathogen Gaeumannomyces tritici (formerly known as
Gaeumannomyces graminis var. tritici), a member of the Magnaporthaceae family. The fungus
also infects other cereals including barley (Hordeum vulgare), rye (Secale cereale), and triticale
(Triticosecale). Unlike other fungal pathogens able to infect roots such as Fusarium,
Rhizoctonia, Verticillium, and Pythium species, which have a broad host range and can also infect
and damage different plant tissues, G. tritici is only able to infect roots and its host range is limited
to cereals. This disease causes significant financial losses by reducing wheat yield and grain quality;
both the direct and indirect consequences of damage to wheat roots are described in Figure 1. No
resistant wheat cultivars to take-all are available, and chemical control is still limited. Therefore, con-
trol measures are largely restricted to crop rotation, and new control strategies are urgently needed.

Here we review the advances in take-all research over the past 15 years. This important wheat
disease has been understudied between 2005 and 2015 due to the difficulty in conducting
genetic studies and the usual gene function studies with the fungus. Despite these difficulties,
significant advances have been achieved in recent years. New sources of genetic resistance
from ancestral wheat species and other take-all resistant cereal crops have shown great potential
to protect wheat roots. We also highlight the role of the soil microbiome in the disease outcome.

Highlights
The ancestral wheat species Triticum
monococcum has been shown as a po-
tential source of resistance genes against
take-all. In addition, modern wheat culti-
vars show variation in their ability to
build up inoculum, indicating that this
trait is under genetic control. Different
wheat cultivars can be used to manipu-
late the level of inoculum in the field and
therefore the disease levels in subse-
quent years.

Recent discoveries on the avenacin syn-
thesis pathway from oats, provide the
potential for engineering this pathway
into wheat to provide high level resis-
tance to take-all.

The soil microbiome influences the three
phases of disease development, and
each phase can be modulated by host
genotype.

Host induced gene silencing (HIGS) has
been successfully used in wheat to si-
lence a pathogen effector gene during
root infection, showing its potential for
functional validation of pathogen genes.
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