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Abstract 

Fusarium graminearum causes Fusarium head blight (FHB) and Fusarium root rot 

(FRR) in small-grain cereals. Phytohormones are reported to affect host resistance to FHB. 

However the role of phytohormones on resistance to FRR is unknown. Brachypodium 

distachyon is an effective model for investigating both FHB and FRR. The role of 

phytohormones in the interaction between B. distachyon and F. graminearum was 

investigated.  

     Phytohormone treatment prior to F. graminearum infection assays were performed on 

B. distachyon floral and root seedling tissues. Jasmonic acid (JA), ethylene, auxin, cytokinin, 

and 3-aminobutanoic acid (BABA) induced the most significant effects on both FHB and FRR 

resistance. Tissue-specific effects of phytohormones were observed as JA and ethylene 

increased resistance to FRR but susceptibility to FHB. Salicylic acid (SA) only induced 

negative effects on FRR resistance. Tissue-independent effects were also observed. Auxin 

increased resistance whereas cytokinin and BABA increased susceptibility to both diseases.  

     An RNA-seq transcriptome analysis revealed that expression of genes associated with 

five phytohormones: JA, ethylene, auxin, cytokinin, and abscisic acid (ABA) were 

overrepresented in response to FHB and FRR. Generally, JA and ethylene associated genes 

showed similar expression patterns between tissues whereas auxin, cytokinin, and ABA 

associated genes showed dissimilar expression patterns between FHB and FRR. A 

transcriptome analysis of F. graminearum effectors with the same infected material 

revealed elevated expression of both core tissue-independent genes and several tissue-

dependent genes during infection. 

     Ethylene signalling has been associated with F. graminearum susceptibility in wheat and 

Arabidopsis thaliana. The ability of F. graminearum to produce ethylene was demonstrated 

and the biosynthetic pathway used was identified. A candidate ethylene biosynthetic gene 

was identified through RNA-seq analysis and was deleted via a split-marker deletion 

method. No change in ethylene production, growth, or virulence was observed for the 

deletion strains.   
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Figure 2.9 The decrease in RNL after IAA (Indole-3-acetic acid) application (B) 
compared to the control (A) at 6 dpi. Scale bars = 1 cm. Taken from 
(Haidoulis & Nicholson, 2020). 

69 

Figure 2.10 The change in F. graminearum-induced FRR necrosis after 
application of 10 µM trans-Zeatin (A) and 10 µM Kinetin (B) on Bd3-
1 seedling roots. Each data point is the average RNL ± SE from three 
(A) or one (B) independent experiments. Significance levels: ** p < 
0.01, *** p < 0.001 compared to control. Taken and modified from 
(Haidoulis & Nicholson, 2020). 

70 

Figure 2.11 The increase in RNL after trans-Zeatin application (B) compared to 
the DMSO control (A) at 6 dpi. Scale bars = 1 cm. Taken from 
(Haidoulis & Nicholson, 2020). 

70 

Figure 2.12 The change in F. graminearum-induced FRR necrosis after 
application 9 mM BABA (A) and 9 mM GABA (B) on Bd3-1 seedling 
roots. Each data point is the average RNL ± SE from three (A) or two 
(B) independent experiments. Significance levels: * p < 0.05, ** p < 
0.01, *** p < 0.001 compared to control. (A) Taken and modified 
from (Haidoulis & Nicholson, 2020). 

71 

Figure 2.13 The increase in RNL after BABA treatment (B) compared to the water 
control (A) at 6 dpi. Scale Bars = 1 cm. 

71 



 

xiii 
 

Figure 2.14 The effect of 10 µM abscisic acid on 7-day old Bd3-1 roots (after 
stratification) in the absence of F. graminearum treatment. Scale Bar 
= 1 cm. Taken from (Haidoulis & Nicholson, 2020). 

72 

Figure 2.15 The growth (measured as radius from mycelial epicentre) of F. 
graminearum on hormone-amended PDA at 2 dpa. Each data point 
is the average of approximately 46 measurements from 12 biological 
replicates (4 measurements per biological replicate) ± SE. A 95th 
percentile whisker end cap was used for all treatments. GLM-ANOVA 
comparing compound to respective control; p = 0.247 (SA), p = 0.364 
(JA), p = 0.918 (ACC), p = 0.568 (IAA), p = 0.729 (BABA), p = 0.475 (tZ). 
Abbreviations; SA (Salicylic acid), JA (Jasmonic acid), ACC (1-
aminocyclopropane-1-ŎŀǊōƻȄȅƭƛŎ ŀŎƛŘύΣ ŀƴŘ .!.! όʲ-aminobutyric 
acid), t-Zeatin (trans-zeatin). Taken from (Haidoulis & Nicholson, 
2020). 

75 

Figure 2.16 Change in expression of hormone-related or general defence-
related marker genes in response to IAA (A) or BABA (B) 6 days after 
inoculation with F. graminearum. In all instances, expression shown 
is relative to that in control treated roots (0-Log fold change). Gene 
expression was normalised with Actin7. Each bar is the average of 
two biological replicates (with three technical replicates for each), 
and each are from independent experiments. (B) Markers MES1, 
MYC2, peroxidase, and RBOHB are from a different PCR experiment 
than the other markers and were compared to a different Actin7 
housekeeping reading. Student t-test significance level for Cq values: 
** p < 0.01. Compared to respective solvent control: (A) p = 0.307 
(PR1), p = 0.166 (MES1), p = 0.521 (OPR3), p = 0.993 (MYC2), p = 
0.409 (ETR2), p = 0.443 (RBOHB), p = 0.699 (GLTP). (B) p = 0.209 
(PR1), p = 0.005 (MES1), p = 0.009 (OPR3), p = 0.988 (MYC2), p = 
0.956 (GLTP), p = 0.181 (ETR2), p = 0.661 (Peroxidase), p = 0.236 
(RBOHB). Primers used are described in (Supp. Table S11). All genes 
(Except RbohB) were responsive to respective phytohormones 
όYŀƪŜƛ Ŝǘ ŀƭΦΣ нлмрύΦ !ōōǊŜǾƛŀǘƛƻƴǎ ƛƴ ό{ǳǇǇΦ ¢ŀōƭŜ {ммύΦ Ϟ hǊƛƎƛƴŀƭƭȅ 
believed to be SA responsive but is JA responsive in B. distachyon 
όYƻǳȊŀƛ Ŝǘ ŀƭΦΣ нлмсύΦ ϟ bƻ ǎƛƎƴƛŦƛŎŀƴŎŜ όǇ Ҕ лΦлрύ ŎƻƳǇŀǊŜŘ ǘƻ 
GAPDH. Gene expression for PR1, OPR3, GLTP, ETR2 in BABA 
treatment (B) was also normalised with GAPDH (data not shown). 

77 

Figure 3.1 The aim to transiently increase resistance towards FHB during mid-
anthesis of cereals. Describes the change in susceptibility (red line) 
during the lifespan of cereals. Window of heightened susceptibility 
is denoted between the two dotted lines. Green arrow and line are 
the potential transient reduction in susceptibility during heightened 
level of susceptibility. Heightened mid-anthesis susceptibility 
concept influenced from (Parry et al., 1995, Bai & Shaner, 2004, Xu 
et al., 2008b, Peraldi et al., 2011). 
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Figure 3.2 Pictures of various Bd3-1 FHB trials at the John Innes Centre, 
Norwich UK. (A) The heavy-duty plastic bags covering individually 
treated trays of Bd3-1 plants after inoculation in climate-controlled 
growth cabinet. (B) Humidity chamber (inside a climatically 
controlled chamber) holding an individually treated tray of Bd3-1 
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plants. (C) One pot of F. graminearum-infected Bd3-1 with individual 
spikes tagged for scoring growing in an 8 cm2 pot. Scale bar = 3 cm.  
(D-E) F. graminearum-infected Bd3-1 spikelets at 7 dpi with brown 
lesions on individual florets which were scored for all Bd trials (D) 
and heavily infected with aerial mycelia covering the entire spike (E). 
(C, D, and E) Taken from (Haidoulis & Nicholson, 2020). 

Figure 3.3 Pictures of various Perigee wheat and Bd21 FHB trials at BASF 
Agricultural Centre, Limburgerhof, Germany. (A) Randomised 
complete block design (RCBD) design for wheat plants before 
inoculation. There are two blocks in each trolley with 10 pots per 
block (two blocks shown). Regions without plants have low inoculum 
coverage. (B) Ten heavily infected Perigee wheat plants in one pot 
completely covered in aerial mycelia. (C) Similar RCBD design as 
wheat for Bd21 including plastic walls on trolleys (Excluding lid) to 
elevate humidity shortly after inoculation. (D and E) F. graminearum-
infected Bd21 spikelets with brown lesions (D) and/or aerial mycelia 
(E) on florets. 
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Figure 3.4 The change in number of F. graminearum-infected florets after pre-
application of salicylic acid (SA) on Bd3-1 over time. (A) One SA 
application 24 h before inoculation. (B) Four applications of SA 
before (- 1 dpi), during (0 dpi), and after inoculation (3 dpi and 7 dpi). 
Each data point is the mean number of florets infected ± SE from one 
independent experiment each. Abbreviations: SA (Salicylic acid). 
Taken and modified from (Haidoulis & Nicholson, 2020). 
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Figure 3.5 The change in number of F. graminearum-infected florets after pre-
application of JA (A), the ethylene precursor ACC (B) over time on 
Bd3-1, and the ethylene inhibitor AVG at 7 dpi (C) and 8 dpi (D) on 
Bd21. (A and B) Each data point is the mean number of florets 
infected ± SE from two independent experiments. (C and D) White 
bars denote controls whereas blue bars denote a test compound. 
Each bar is the mean number of florets infected ± SE from one 
independent experiment. This data was generated at BASF. (All) 
Significance levels * p < 0.05, ** p < 0.01, *** p < 0.001 compared to 
control. Abbreviations: JA (jasmonic acid), ACC (1-
aminocyclopropane-1-carboxylic acid) AVG (2-aminoethoxyvinyl 
glycine). A and B Taken and modified from (Haidoulis & Nicholson, 
2020). 
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Figure 3.6 The change in number of F. graminearum-infected florets after pre-
application of BABA (A) and GABA (B) on Bd3-1 over time. Each data 
point is the mean number of florets infected ± SE from three (A) or 
one (B) independent experiments. Significance levels: * p < 0.05, *** 
p < 0.001 compared to control. Abbreviations: BABA (3-
aminobutanoic acid), GABA (4-aminobutanoic acid). (A) Taken and 
modified from (Haidoulis & Nicholson, 2020). 
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Figure 3.7 The change in number of F. graminearum-infected florets after pre-
application of trans-Zeatin on Bd3-1 over time. Each data point is the 
mean number of florets infected ± SE from two independent 
experiments. Significance level *** p < 0.001 compared to control. 
Taken and modified from (Haidoulis & Nicholson, 2020). 
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Figure 3.8 The change in number of F. graminearum-infected florets after 
application of IAA and NAA at different concentrations on Bd3-1 over 
time (A-B) and Bd21 (C) at 8 dpi. Each data point (A-B) and bar (C) is 
the mean number of florets infected ± SE from one experimental 
replicate. (A and C) One IAA application 24 h before inoculation. (B) 
Four applications of NAA before (- 1 dpi), during (0 dpi), and after 
inoculation (3 dpi and 7 dpi). White bars denote controls whereas 
blue bars denote a compound. LSD test significance levels ** p < 
0.01, *** p < 0.001 compared to control. Data from C was generated 
at BASF. Abbreviations: IAA (Indole-3-acetic acid), NAA (1-
Naphthaleneacetic acid). (C) Taken and modified from (Haidoulis & 
Nicholson, 2020). 
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Figure 3.9 The effect of exogenous pre-application of phytohormone or 
phytohormone antagonists on visual FHB symptoms in wheat spikes 
at one or two time points. (B) is at 7 dpi, (C) are combined time point 
7 and 8 dpi, (F) is at 7 dpi. The horizontal axis is treatments 
(compounds or solvents) exogenously applied (at different days in 
some cases). White bars denote controls whereas blue bars denote 
a compound. Each bar is the average spike infection percentage ± SE 
from one (A, D, E, F, G, H) or two (B and C) independent experiments. 
Data from D is part of the same experiment as C. Significance levels 
(LSD test for multiple treatments) * p < 0.05 ** p < 0.01 compared 
to controls. This data was generated at BASF Agricultural Centre, 
Limburgerhof, Germany. Abbreviations: AVG (2-aminoethoxyvinyl 
glycine), Brz (Brassinazole), GA (Gibberellic acid), IAA (Indole-3-
acetic acid), JARIN-1 (JA inhibitor), NAA (1-Naphthaleneacetic acid), 
SA (Salicylic acid). 
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Figure 3.10 Additional FHB experiments with IAA, NAA, and AVG at different 
concentrations in wheat. (A) The change in FHB symptoms after IAA 
pre-treatment at 7 and 15 dpi. (B and C) Different concentrations of 
NAA used for wheat FHB assays. (B) The change in FHB symptoms 
after NAA (First concentration used) pre-treatment at 7 and 10 dpi. 
(C) A repeat experiment with NAA at 8 dpi (Fig. 3.9F). (D) Another 
concentration of AVG pre-treatment before FHB symptoms 
measurements at 7 dpi. The horizontal axis is treatments 
(compounds or solvents) exogenously applied (at different days in 
some cases). White bars denote controls whereas blue bars denote 
a compound. Each bar is the mean number of florets infected ± SE 
from one independent experiment. Significance levels: *** p < 0.001 
compared to control. This data was generated at BASF Agricultural 
Centre, Limburgerhof, Germany. See Fig. 3.9 for compound 
abbreviations. 
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Figure 3.11 The effect of exogenous pre-application of phytohormone or 
phytohormone antagonists on the wheat grain DON content of 
infected grains. The horizontal axis is treatments (compounds or 
solvents) exogenously applied. White bars denote controls whereas 
blue bars denote a compound. Each graph is from the same trial 
material as FHB test (Fig. 3.9). All graphs are from one experimental 
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replicate except for B which is from two. See Fig. 3.9 for compound 
abbreviations. 

Figure 3.12 The effect of exogenous pre-application of auxins (repeated) on the 
wheat grain DON content of infected grains. (A) Grain DON content 
after application of IAA. (B) Grain DON content after application of 
NAA. (A and B) Each DON content graph is from one experimental 
replicate and is from the same trial material as the FHB test; Fig. 
3.12A for Fig. 3.10A, and Fig. 3.12B for Fig. 3.10B. See Fig. 3.9 for 
compound abbreviations. 
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Figure 4.1 FRR assay root samples at 1 dpi for RNA-seq. Location of PDA slurry 
with 7-day-old F. graminearum mycelia (at the time of infection) (A 
and C) or PDA slurry mock control (B and D) on Bd3-1 roots. Removal 
of F. graminearum slurry (C) and control slurry (D) at 1 dpi. Arrows 
indicate the three locations where the slurry was applied on the root 
between treatment and control plates. Roots were cut just below 
the seed for each plant like in (Fig. 2.4). Scale Bars = 2 cm. Photo 
taken with iPhone 6 camera. 

134 

Figure 4.2 Pipeline used for RNA-seq bioinformatic analysis on Galaxy platform. 
Abbreviation: DEG (Differentially expressed gene). Derived from 
Galaxy platform guide (Afgan et al., 2016). 
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Figure 4.3 The global transcriptome changes of FHB (A) and FRR (B) compared 
to respective controls. Each red dot represents a single gene. Red 
dots denote genes significantly expressed whereas grey dots are 
genes below the significance threshold. Low expressor genes that 
might have big log fold changes are accounted for by shrinking the 
log fold change. The significance threshold is therefore denoted by 
genes with an appropriate log fold change for its respective gene 
count. (A and B) Output graphs from Galaxy platform DEseq2 (Afgan 
et al., 2016). 
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Figure 4.4 Summary of all significantly upregulated or downregulated B. 
distachyon genes in response to FHB and FRR. The threshold of -н Җ 
Ȅ җ н [ƻƎ-fold change and p-adj < 0.05 was applied to all genes. 
Abbreviations: Bd (B. distachyon), Up (Upregulated), Down 
(Downregulated), FRR (Fusarium Root Rot), FHB (Fusarium Head 
Blight). 
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Figure 4.5 The upregulated or downregulated SA-related B. distachyon genes 
in response to FHB and FRR. These genes showed a log-fold change 
of -н Җ [ƻƎн җ н ǿƛǘƘ ŀ Ǉ-adj < 0.05 in response to either FHB, FRR, or 
both. Three biological replicates for each of the four treatments are 
displayed as columns. The control samples (HC1-HC3, RC1-RC3) are 
normalised transcript counts from mock inoculated head (Water 
with Tween 20) and root (PDA slurry) B. distachyon tissues and were 
separately analysed through the RNA-seq pipeline with the 
respective inoculated sample tissues. The numbers besides the 
dendrogram represent cluster groups with similar expression 
patterns in response to FHB and FRR across samples. * Derived from 
(Kouzai et al., 2016). ** Derived from (Kakei et al., 2015, Kouzai et 
al., 2016). Some gene functions have a prefix (derived from A. 
thaliana (At) or O. sativa (Os)) and percentage homology (the 
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percentage of B. distachyon sequence that matches the homologues 
sequence). Column abbreviations; HC (Head-FHB control), HF (Head-
FHB fungus), RC (Root-FRR Control), RF (Root-FRR fungus). 

Figure 4.6 The upregulated or downregulated JA-related B. distachyon genes in 
response to FHB and FRR. These genes showed a log-fold change of 
-н Җ [ƻƎн җ н ǿƛǘƘ ŀ Ǉ-adj < 0.05 in response to either FHB, FRR, or 
both. Three biological replicates for each of the four treatments are 
displayed as columns. The control samples (HC1-HC3, RC1-RC3) are 
normalised transcript counts from mock inoculated head (Water 
with Tween 20) and root (PDA slurry) B. distachyon tissues and were 
separately analysed through the RNA-seq pipeline with the 
respective inoculated sample tissues. The numbers besides the 
dendrogram represent cluster groups with similar expression 
patterns in response to FHB and FRR across samples. * Derived from 
(Kouzai et al., 2016). ** Also responsive to JA in (Kakei et al., 2015) 
with q < 0.05 and -н Җ [ƻƎн җ нΦ ϝϝϝ 5ŜǊƛǾŜŘ ŦǊƻƳ ōǳǘ ǿŀǎ ƴƻǘ 
significantly expressed in (Kakei et al., 2015). Some gene functions 
have a prefix (derived from A. thaliana (At)) and percentage 
homology (the percentage of B. distachyon sequence that matches 
the homologues sequence). Column abbreviations; HC (Head-FHB 
control), HF (Head-FHB fungus), RC (Root-FRR Control), RF (Root-FRR 
fungus). 
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Figure 4.7 The upregulated or downregulated ethylene-related B. distachyon 
genes in response to FHB and FRR These genes showed a log-fold 
change of -н Җ [ƻƎн җ н ǿƛǘƘ ŀ Ǉ-adj < 0.05 in response to either FHB, 
FRR, or both. Three biological replicates for each of the four 
treatments are displayed as columns. The control samples (HC1-
HC3, RC1-RC3) are normalised transcript counts from mock 
inoculated head (Water with Tween 20) and root (PDA slurry) B. 
distachyon tissues and were separately analysed through the RNA-
seq pipeline with the respective inoculated sample tissues. The 
numbers besides the dendrogram represent cluster groups with 
similar expression patterns in response to FHB and FRR across 
samples.  * Derived from (Kouzai et al., 2016). ** Derived from 
(Kouzai et al., 2016) but was not significant. *** Derived from (Kakei 
et al., 2015). *** Derived from (Kakei et al., 2015). **** Also 
significantly expressed in response to ACC (Kakei et al., 2015) with q 
< 0.05 and -н Җ [ƻƎн җ нΦ {ƻƳŜ ƎŜƴŜ ŦǳƴŎǘƛƻƴǎ ƘŀǾŜ ŀ ǇǊŜŦƛȄ όŘŜǊƛǾŜŘ 
from A. thaliana (At)) and percentage homology (the percentage of 
B. distachyon sequence that matches the homologues sequence). 
Column abbreviations; HC (Head-FHB control), HF (Head-FHB 
fungus), RC (Root-FRR Control), RF (Root-FRR fungus). 
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Figure 4.8 The upregulated or downregulated auxin-related B. distachyon 
genes in response to FHB and FRR. These genes showed a log-fold 
change of -н Җ [ƻƎн җ н ǿƛǘƘ ŀ Ǉ-adj < 0.05 in response to either FHB, 
FRR, or both. Three biological replicates for each of the four 
treatments are displayed as columns. The control samples (HC1-
HC3, RC1-RC3) are normalised transcript counts from mock 
inoculated head (Water with Tween 20) and root (PDA slurry) B. 
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distachyon tissues and were separately analysed through the RNA-
seq pipeline with the respective inoculated sample tissues. The 
numbers besides the dendrogram represent cluster groups with 
similar expression patterns in response to FHB and FRR across 
samples.  * Derived from (Jain et al., 2006a, Jain et al., 2006b). ** 
Derived from (Jain et al., 2005, Jain et al., 2006a) and was also 
responsive to auxin in (Kakei et al., 2015) with q < 0.05 and -н Җ [ƻƎн 
җ нΦ {ƻƳŜ ƎŜƴŜ ŦǳƴŎǘƛƻƴǎ ƘŀǾŜ ŀ ǇǊŜŦƛȄ όŘŜǊƛǾŜŘ ŦǊƻƳ A. thaliana (At) 
or O. sativa (Os)) and percentage homology (the percentage of B. 
distachyon sequence that matches the homologues sequence). 
Column abbreviations; HC (Head-FHB control), HF (Head-FHB 
fungus), RC (Root-FRR Control), RF (Root-FRR fungus). 

Figure 4.9 The upregulated or downregulated cytokinin-related B. distachyon 
genes in response to FHB and FRR. These genes showed a log-fold 
change of -н Җ [ƻƎн җ н ǿƛǘƘ ŀ Ǉ-adj < 0.05 in response to either FHB, 
FRR, or both. Three biological replicates for each of the four 
treatments are displayed as columns. The control samples (HC1-
HC3, RC1-RC3) are normalised transcript counts from mock 
inoculated head (Water with Tween 20) and root (PDA slurry) B. 
distachyon tissues and were separately analysed through the RNA-
seq pipeline with the respective inoculated sample tissues. The 
numbers besides the dendrogram represent cluster groups with 
similar expression patterns in response to FHB and FRR across 
samples. * Derived from (Tsai et al., 2012). ** Derived from (Tsai et 
al., 2012) but also responsive to cytokinin in (Kakei et al., 2015). *** 
Derived from (Kakei et al., 2015) but was not significantly expressed. 
Some gene functions have a prefix (derived from A. thaliana (At) or 
O. sativa (Os)) and percentage homology (the percentage of B. 
distachyon sequence that matches the homologues sequence). 
Column abbreviations; HC (Head-FHB control), HF (Head-FHB 
fungus), RC (Root-FRR Control), RF (Root-FRR fungus). 
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Figure 4.10 The upregulated or downregulated ABA-related B. distachyon genes 
in response to FHB and FRR. These genes showed a log-fold change 
of -н Җ [ƻƎн җ н ǿƛǘƘ ŀ Ǉ-adj < 0.05 in response to either FHB, FRR, or 
both. Three biological replicates for each of the four treatments are 
displayed as columns. The control samples (HC1-HC3, RC1-RC3) are 
normalised transcript counts from mock inoculated head (Water 
with Tween 20) and root (PDA slurry) B. distachyon tissues and were 
separately analysed through the RNA-seq pipeline with the 
respective inoculated sample tissues. The numbers besides the 
dendrogram represent cluster groups with similar expression 
patterns in response to FHB and FRR across samples. * Derived from 
(Yazaki et al., 2004). ** Derived from (Yazaki et al., 2004) but also 
significantly responsive to ABA in (Kakei et al., 2015) with q < 0.05 
and -н Җ [ƻƎн җ нΦ ϝϝϝ !lso significantly expressed in response to ABA 
(Kakei et al., 2015). Some gene functions have a prefix (derived from 
A. thaliana (At), O. sativa (Os), H. vulgare (Hv), Z. mays (Zm)) and 
percentage homology (the percentage of B. distachyon sequence 
that matches the homologues sequence). Column abbreviations; HC 
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(Head-FHB control), HF (Head-FHB fungus), RC (Root-FRR Control), 
RF (Root-FRR fungus). 

Figure 4.11 Time-course RT-qPCR on differentially expressed hormone-related 
genes. Gene function and ID are given for each tissue disease. Blue 
lines with solid circles denote FHB and orange lines with open circles 
denote FRR. Log values presented are calculated by comparing 
infected tissue against mock-inoculated treatments. Furthermore, 
all treatments are calculated with the reference housekeeping gene 
GAPDH. Each point is the average of three biological replicates and 
2-3 technical replicates. Level of significance relative to the mock-
control, Cq t-test *p<0.05, **p<0.01, *** p < 0.001. 

161 

Figure 5.1 Summary of all significantly upregulated or downregulated F. 
graminearum genes in FHB and FRR. The number and percentage of 
F. graminearum genes are displayed. The threshold of -н Җ Ȅ җ н [ƻƎ-
fold change and p-adj < 0.05 was applied to all genes. Abbreviations: 
Fg (F. graminearum), Up (Upregulated), Down (Downregulated), FRR 
(Fusarium Root Rot), FHB (Fusarium Head Blight). 

187 

Figure 5.2 The most upregulated F. graminearum predicted-effector genes in 
FHB and FRR. These genes have an expression of Log-fold ƛƴŎǊŜŀǎŜ җ 
3 in FHB and/or FRR. Three biological replicates for each of the three 
treatments are displayed as columns. Control Treatment (C1-3) is 
the average normalised gene counts (two values per 
column/biological replicate) of in vitro treatments (four-day-old 
samples grown in Czapeks Dox Liquid media). The same in vitro 
sample was analysed separately (DESeq) with the FHB and FRR 
samples. Some gene function includes the most homologous protein 
sequence BLAST query hit (Sayers et al., 2020) with respective genus 
and species and percentage homology. If no percentage sign is 
visible, then the gene was identified from UniProt (Consortium, 
2018). Abbreviations: C (In vitro control respective to FHB and FRR), 
HF (Head-FHB fungus), RF (Root-FRR fungus). 
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Figure 5.3 Time-course validation RT-qPCR on two differentially expressed F. 
graminearum genes identified in RNA-seq. Gene function and gene 
ID are given for each tissue disease. Blue lines with solid circles 
denote FHB and orange lines with open circles denote FRR. Log 
values presented are calculated by comparing infected tissue against 
mock-inoculated treatments. Furthermore, all treatments are 
calculated with the reference Housekeeping gene GzUBH. Each point 
is the average of three biological replicates (except for the in vitro 
control where two biological replicates were used) and two to three 
technical replicates (except for one biological replicate from FRR 3 
dpa TOX2 with only one). Level of significance relative to the mock-
control: Cq t-test *p < 0.лрΣ ϝϝǇ ғ лΦлмΦ άb5έ ŘŜƴƻǘŜǎ ƴƻ ǎǘŀǘƛǎǘƛŎŀƭ 
comparison due to the absence of expression in control. 
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Figure 6.1 The three ethylene biosynthetic pathways. Enzymes are in bold. 
Hereafter the fungal pathway will be referred to as the EFE pathway, 
the plant pathway as the ACC pathway, and the microorganism one 
as the KMBA pathway. Note that the second step of the KMBA 
pathway is believed to be non-enzymatic (Fukuda et al., 1989) and 
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light is important for the final conversion of KMBA to ethylene 
(Chagué et al., 2002, Zhu et al., 2012). Further information on the 
pathways can be found at MetaCyc.org (PWY-6853, ETHYL-PWY, 
PWY-6854) (Caspi et al., 2017). Abbreviations: ACC (1-
aminocyclopropane-1-ŎŀǊōƻȄȅƭƛŎ ŀŎƛŘύΣ Ya.! όʰ-ƪŜǘƻ ʴ-
methylthiobutyric acid), EFE (ethylene-forming-enzyme). This figure 
is modified with permission from (Ansari et al., 2013). 

Figure 6.2 The two effective methods for ethylene GC with F. graminearum 
using 100 ml conical flasks (A) or Universal flasks (B). Ultimately most 
experiments were carried out using method B. Pictures were taken 
immediately after measuring ethylene content at 2 dpa. 
Abbreviations: OXO (2-oxoglutarate), Arg (Arginine), His (Histidine), 
Met (Methionine). 

217 

Figure 6.3 F. graminearum gene deletion step A: First PCR to amplify gene 
target flanks and selectable marker from plasmid pHYG1.4. Primer 
Sequences at Supp. Table S14. This figure is taken and modified with 
permission from (Catlett et al., 2003). 

220 

Figure 6.4 F. graminearum gene deletion step B illustration of fusing target 
gene flanks with selectable marker fragments. Primer Sequences at 
Supp. Table S14. This figure is taken and modified with permission 
from (Catlett et al., 2003). 
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Figure 6.5 F. graminearum PH1 protoplasts (small circles) immediately after 
ŜƴȊȅƳŀǘƛŎŀƭƭȅ ǊŜƳƻǾƛƴƎ ǘƘŜƛǊ ŎŜƭƭ ǿŀƭƭǎΦ ΨDƘƻǎǘǎΩ ŀǊŜ ǘƘŜ ŎƻƴƛŘƛŀ ǘƘŀǘ 
still look intact (Fig. 1.1) but are in fact empty. Photo taken with 
mounted microscope camera on a light microscope. Scale bar = 100 
µm. 
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Figure 6.6 Transformation by homologous recombination. Modified from 
(Catlett et al., 2003). 
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Figure 6.7 Deletion validation including respective primer combinations for the 
three different PCRs. GOI (Gene of Interest). HYG (Hygromycin 
resistance gene). Red bars denote the approximate location of all 
introns in the GOI sequence. Primer sequences at Supp. Table S14. 
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Figure 6.8 Gas chromatograms of sealed Czapek Dox Liquid (CDL) samples 
containing 2-day-old 1 x 105 F. graminearum PH1 conidia or 6 dpa 
mycelial plugs. Relative retention time of ethylene derived from 
ethephon control is denoted with a red arrow. Each graph (Except A) 
is the output of a gas sample from different CDL media compositions 
(Table 6.2). The result from each treatment (B-I) was found in all 4 
biological replicates (three times for B, C, H, I) and the experiment 
was repeated three times (once for B, C, H, I). B, C, H, and I (Conidia) 
were obtained from a different experiment than A, D, E, and G (Plug). 
(B, C, H, and I) Performed with an updated GC protocol, low natural 
light treatment, and Clarus 480 system update. (B) is FgPH1 in CDL 
media with water (added before autoclaving) as the supplement. In 
a few biological replicates between experiments, a very small peak 
around 0.4 min was present in the negative control (B) (< 5 mV, Data 
not shown) but was often attached to an equally small peak at a 
higher or lower retention time. AOA (H and I) slightly inhibited 
growth in CDL media. Abbreviations: OXO (2-oxoglutarate), Arg 
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(Arginine), Hist (Histidine), ACC (1-aminocyclopropane-1-carboxylic 
ŀŎƛŘύΣ ŀƴŘ !h! όŀƳƛƴƻƻȄȅŀŎŜǘƛŎ ŀŎƛŘύΣ Ya.! όʰ-ƪŜǘƻ ʴ-
methylthiobutyric acid), Met (Methionine). 

Figure 6.9 The ethylene GC peak area (A) and predicted ethylene volume (B) is 
similar between five F. graminearum (Fg) and seven F. culmorum (Fc) 
isolates in the presence of 10 mM methionine. Trichothecene 
chemotype distinguished by bar colour. Note that Fc 713 is absent 
from B since no prediction was made by the GC software. Each bar 
is the average ± SE of between two and five biological replicates (A) 
and 1 (denoted by absence of error bar) to three biological replicates 
(B). Each bar is the summary from one intendent experiment, 
however FgPH1, K1/4, and CC120 are from a different intendent 
experiment (A and B). Data for absence of methionine control 
treatments were not included as there was no ethylene detected. 
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Figure 6.10 The change in expression of FGRAMPH1_01G00157 in response to 
10 mM methionine using RT-qPCR. gzUBH was used as the reference 
housekeeping gene.  Each bar is the average of three biological 
(Methionine) and two (Control) replicates and 2-3 (Methionine) and 
one (Control) technical replicates. Level of significance relative to 
the control, Cq t-test **p<0.01. 
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Figure 6.11 Gene deletion validation of four BCAT transformant strains. Agarose 
gel post-electrophoresis showing the presence or absence of 
products from three PCR validation experiments. PCR 1 (1.77 kbp) 
and PCR 2 (1.83 kbp): HYG amplification, PCR 3 (817 bp): BCAT 
amplification (Fig. 6.7). Lanes 1, 6, and 11 are wild-type FgPH1. Lanes 
2, 7, and 12 are bcat-C. Lanes 3, 8, and 13 are from bcat-E. Lanes 4, 
9, and 14 are from bcat-H. Lanes 5, 10, and 15 are from bcat-L. Lanes 
M1 and M2 are the 1 kb DNA ladder (Values are in kilobases). 
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Figure 6.12 Gene deletion validation of three BCAT transformant strains. 
Agarose gel post-electrophoresis showing the presence or absence 
of products from three PCR validation experiments. PCR 1 (1.77 kbp) 
and PCR 2 (1.83 kbp): HYG amplification, PCR 3 (817 bp): BCAT 
amplification (Fig. 6.7). Lanes 1, 5, and 9 are wild-type FgPH1. Lanes 
2, 6, and 10 are bcat-B. Lanes 3, 7, and 11 are from bcat-D. Lanes 4, 
8, and 12 are from bcat-J. Lanes M1 and M2 are the 1 kb DNA ladder 
(Values are in kilobases). 
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Figure 6.13 Gene deletion validation of six BCAT transformant strains. Agarose 
gel post-electrophoresis showing the presence or absence of 
products from three PCR validation experiments. PCR 1 (1.77 kbp) 
and PCR 2 (1.83 kbp): HYG amplification, PCR 3 (817 bp): BCAT 
amplification (Fig. 6.7). Lanes 1, 8, and 15 are wild-type FgPH1. Lanes 
2, 9, and 16 are bcat-A. Lanes 3, 10, and 17 are bcat-F. Lanes 4, 11, 
and 18 are from bcat-G. Lanes 5, 12, and 19 are from bcat-I. Lanes 6, 
13, and 20 bcat-J. Lanes 7, 14, and 21 bcat-K. Lanes M1 and M2 are 
the 1 kb Plus DNA ladder (Values are in kilobases). 
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Figure 6.14 All strains including the validated deletion strains have similar peak 
areas (A and C) and ethylene volume (B and D) in the presence of 10 
mM methionine. The bar colour type was derived from Fig. 6.11, 
6.12, and 6.13. (A and B) Each bar is the mean ± SE of 4 to 5 biological 
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replicates from one independent experiment. (C and D) Each bar is 
from one biological replicate (2 from bcat-J) from one independent 
experiment. Strains bcat-C, bcat-D, and bcat-L were not included in 
D due to software malfunction. Data for absence of methionine 
control treatments were not included as there was no ethylene 
detected. GLM-ANOVA significance level * p < 0.05.  

Figure 6.15 Total growth of all F. graminearum PH1 transformants at three time 
points. bcat-C and bcat-I ǘǊŀƴǎŦƻǊƳŀƴǘǎ ŘƻƴΩǘ ƘŀǾŜ ǘƘŜ ŘŜƭŜǘƛƻƴ 
whereas bcat-E and bcat-L do contain the bcat gene deletion. Each 
data point is the average of approximately 12 biological replicates 
with four different measurement per biological rep ± SE. The bar 
colour type was derived from Fig. 6.11, 6.12, and 6.13. GLM ANOVA 
LSD test results: All bcat strains ς PH1 at all time points (p < 0.001), 
bcat-H ς bcat-L at 1 dpa (p < 0.05), bcat-E - bcat-C  at 2 dpa (p < 
0.001), bcat-E ς bcat-H at 2 dpa (p < 0.01), bcat-E ς bcat-L at 3 dpa 
(p < 0.05), bcat-E ς bcat-C at 3 dpa (p < 0.01). 
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Figure 6.16 Effect of bcat deletion on Bd3-1 root virulence at three time points. 
Each data point is the average of approximately 40 biological 
replicates ± SE from one independent experiment (Except n = 39 for 
bcat-L at 2 dpi). The bar colour type was derived from Fig. 6.11, 6.12, 
and 6.13. GLM-ANOVA LSD test significance level * p < 0.05, ** p < 
0.01. 
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Figure 7.1 The tissue-dependent or tissue-independent effects on six 
phytohormones on FHB and FRR symptoms in B. distachyon. This 
summary is a generalisation of the trend over time of data from 
Chapter 2 (FRR) and Chapter 3 (FHB). Different arrow thicknesses are 
shown based on the potency of response caused by each 
phytohormone. The cartoon on the left is a representation of an 
adult B. distachyon plant but the roots denote seedling roots. Novel 
abbreviations: ET (ethylene), Aux (auxins), CK (cytokinins). Taken and 
modified from (Haidoulis & Nicholson, 2020). 
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Chapter 1 - General Introduction 
 

1.1. Fusarium Diseases of Small Grain Cereals 

Fusarium are fungi that cause disease of cereals in many areas of the world such as 

Europe, America, East Asia, and Australia (Parry et al., 1995, Xu & Nicholson, 2009). 

Fusarium graminearum is ranked as one of the most devastating fungal pathogens in the 

world (Dean et al., 2012). F. graminearum grows on both vegetative and reproductive 

organs of crops at any age, resulting in a range of diseases (Miedaner, 1997). Its main hosts 

are small grain cereals from the Poaceae family such as wheat (Triticum aestivum), barley 

(Hordeum vulgare), and rye (Secale cereale), on which they cause diseases such as Fusarium 

head blight (FHB, also known as ear blight/scab), Fusarium root rot (FRR), Fusarium crown 

rot (FCR), and seedling blight. There are many Fusarium species and several can cause FHB 

(Parry et al., 1995, Xu & Nicholson, 2009). However, the most economically important tend 

to be Fusarium graminearum (Teleomorph Gibberella Zeae) and Fusarium culmorum (Parry 

et al., 1995). 

     Wheat is one of the most important cereals in the world with 766 million tonnes 

produced on 216 million hectares worldwide in 2019 (FAO., 2020). By 2050, wheat 

production is required to increase between 25% and 70% in order to sustain the predicted 

human population size (Hunter et al., 2017). Reducing biotic-related reductions of wheat 

yield and grain quality is an important task to sustain a growing demand for wheat 

production. Triticum species appear to be the most susceptible to F. graminearum out of 

most cereal species (Langevin et al., 2004). Floral infection results in yield loss, quality loss 

(Parry et al., 1995, Osborne & Stein, 2007), and can also pose a threat to human and 

livestock health because of the accumulation of Fusarium-produced mycotoxins in grain 

(Antonissen et al., 2014, Salgado et al., 2014). The result of FHB epidemics costs billions of 

dollars in some parts of the world (McMullen et al., 2012). For example, the total cost of 

the disease on wheat and barley crops in the United States was estimated at $2.49 billion 

between 1998-2001 (Nganje et al., 2004). Furthermore, future climate and temperature 

changes may increase the risk of FHB epidemics (Sutton, 1982, Madgwick et al., 2011, Shah 

et al., 2014). Therefore employing strategies to control FHB is important for improving food 

security and health.  
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1.1.1. The Lifecycle of Fusarium graminearum  

F. graminearum is a filamentous homothallic fungus in the Ascomycota division that 

can grow in soil or debris and lives either a non-host associated lifestyle or as a pathogen 

causing diseases on living hosts (Parry et al., 1995, Trail, 2009). F. graminearum remains 

haploid for most of its lifecycle (Trail, 2009). Depending on environmental conditions, 

asexual spores or sexual ascospores (Teleomorph Gibberella zeae) are produced (Goswami 

& Kistler, 2004, Kazan et al., 2012, Shah et al., 2018). F. graminearum is believed to 

reproduce sexually and asexually, whereas F. culmorum has only been observed to 

reproduce asexually (Doohan et al., 2003). There are three types of asexual spores but only 

two apply to F. graminearum. The first are macroconidia which are long and curved spores 

with hooked ends and several septa and are produced from a sporodochium. The second 

are round and thick cell walled chlamydospores that are produced from macroconidia or 

hyphae (Ma et al., 2013). Macroconidia or chlamydospores are transported through rain-

splash or wind (Shah et al., 2018). F. graminearum macroconidia (Fig. 1.1) are optimally 

produced between 28°C - 32°C (Doohan et al., 2003). On the other hand, the sexual 

ascospores which are smaller and blunt-ended spores relative to macroconidia are 

optimally produced between 25°C - 28°C (Doohan et al., 2003). Black perithecia form on 

the debris surface (Fig. 1.2), and forcibly discharge ascospores onto cereal spikes in 

conducive environments such as under high humidity (Fig. 1.2; (Kazan et al., 2012, Keller et 

al., 2014). Chlamydospores and perithecia allow for Fusarium to overwinter and remain in 

the stubble of plant material from previous years (Shah et al., 2018) (Fig. 1.2) which is a 

major source of FHB inoculum (Bai & Shaner, 2004). Alternative sources of inoculum 

include grain infected with Fusarium or other Fusarium hosts (Parry et al., 1995). The most 

conducive environments for FHB are when the host flowers (anthesis) in moist 

environments (Bai & Shaner, 2004, Gautam & Dill-Macky, 2012, Kazan et al., 2012) and 

when temperatures are between 10°C - 30°C for ascospore release and 20°C - 30°C for 

macroconidia colonisation (Doohan et al., 2003). The environment has an important role in 

determining disease intensity and Fusarium biomass (Kriss et al., 2012).  
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Figure 1.1. F. graminearum PH1 macroconidia. Photo taken with iPhone 6 camera through 
the eyepiece of a light microscope. Scale bar = 50 µm.  

 

 

Figure 1.2. Overview of F. graminearum life cycle on a wheat plant. This figure has been 
taken with permission from one published by (Trail, 2009).  
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     Fungi can exhibit different feeding lifestyles. Biotrophs often establish a constant 

feeding relationship with the host without killing host tissues, whereas necrotrophs directly 

kill host tissue for nutrient acquisition (Glazebrook, 2005). Hemi-biotrophs generally adopt 

an early biotrophic phase followed by a necrotrophic phase (Glazebrook, 2005). Aside from 

its predominantly saprotrophic life-style, F. graminearum is generally considered a 

facultative hemibiotroph exhibiting both biotrophy and necrotrophy (Parry et al., 1995, 

Jansen et al., 2005, Boddu et al., 2006, Brown et al., 2010, Kazan et al., 2012, Dweba et al., 

2017). During initial infection of spike tissue at the advancing hyphal front, F. graminearum 

grows as a biotroph and feeds off apoplastic exudates whereas behind this, hyphae ramify 

through dead tissue (Brown et al., 2010, Dean et al., 2012). F. graminearum has the ability 

to infect nearly the entire plant (Miedaner, 1997), and as such there are slight differences 

in the infection process between different plant tissues. Fusarium graminearum is often 

associated with FHB, and as a result, other Fusarium diseases such as Fusarium root rot are 

not as well studied. The precise lifecycle of F. graminearum in different host tissues has not 

been investigated to the same extent.  

1.1.2. Fusarium Head Blight 

The most economically damaging Fusarium disease is FHB. As a result, much of the 

research has focussed exclusively on FHB. More than one species of Fusarium can co-infect 

a wheat spike (Xu & Nicholson, 2009) and the dominance of one species varies greatly at 

the field level (Xu et al., 2008b). F. graminearum is more competitive than the other 

Fusarium species (Xu et al., 2007). These species grow in various temperate environments, 

where F. graminearum is prevalent in humid and warm regions compared to infection by 

Fusarium species like F. culmorum that tend to occur in cooler and humid regions (Osborne 

& Stein, 2007, Xu et al., 2008a, Xu & Nicholson, 2009). However F. graminearum occurrence 

in cooler regions is becoming more prevalent (Xu & Nicholson, 2009). 

     Most wheat varieties consist of two-rowed spikelets on alternate sides of the rachis 

attached to rachis nodes. The floral bracts consist of a glume pair that encases at least four 

of the florets. Each floret has a palea and lemma that encases the grain. FHB is associated 

with floral tissue infection and results in considerable direct damage to the developing 

grain. On the abaxial surface of the glumes, macroconidia begin to germinate between 6 

and 12 hours post infection (hpi) with thin hyphae that extend across the epidermis (Pritsch 

et al., 2000). Direct mechanical penetration of the floral bract is unlikely as there is a thick 
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external epidermis (Lewandowski et al., 2006), yet cell wall degrading enzymes secreted by 

the fungus can be used for penetration (Mary Wanjiru et al., 2002, Jansen et al., 2005, Kikot 

et al., 2009). Certain structures were identified at the end of peg-like structures on the 

ƎƭǳƳŜΩǎ ŜǇƛŘŜǊƳƛǎ ǿƘich might be involved in penetration and spread of the fungus (Pritsch 

et al., 2000, Goswami & Kistler, 2004, Boddu et al., 2006). Hyphae have been found to grow 

towards crevices between the lemma and palea to gain access to the organs inside the 

floret, since cell walls there are thinner and more susceptible to penetration (Pritsch et al., 

2000, Mary Wanjiru et al., 2002, Lewandowski et al., 2006). Wheat anthers are an 

important target for F. graminearum (Parry et al., 1995). In addition, there is evidence that 

the fungal hyphae grow towards stomata between 12 hpi and 24 hpi (Pritsch et al., 2000). 

     F. graminearum can then grow intercellularly and intracellularly (Mary Wanjiru et al., 

2002, Boddu et al., 2006). Dense hyphal mats resulting from intercellular growth usually 

occurs from 1 to 2 days post inoculation (dpi) in the subcuticular space under the epidermis. 

This is a prerequisite for parenchyma cell walls to be penetrated (Pritsch et al., 2000, Mary 

Wanjiru et al., 2002, Jansen et al., 2005). Subsequently, appressoria-like structures develop 

and intracellular growth in the cytosol of target cells occurs (Jansen et al., 2005). Once 

hyphae are in the cytosol and plasmolysis occurs, cell death quickly follows (Jansen et al., 

2005, Brown et al., 2010). Extensive cell death manifests itself as lesions in the floral bract 

and then the caryopsis (Lewandowski et al., 2006). First visible symptoms are often brown 

discoloration of the lemma at 2 dpi up until 6 dpi (Boddu et al., 2006). Macroconidia 

developing from conidiophores became visible on the glumes (Pritsch et al., 2000) and 

caryopsis (Jansen et al., 2005) around 2 dpi to 4 dpi. The spread of hyphae between florets 

is thought to occur via the vascular tissues as hyphae were found in the rachis by 6 dpi 

(Jansen et al., 2005). Brown and colleagues (2010) describe systemic spread of F. 

graminearum in the rachis via intercellular and intracellular hyphal growth in the cortex 

and vascular bundle, respectively (Brown et al., 2010). Colonisation of the wheat peduncle 

and stem during late infection has also been reported (Guenther & Trail, 2005). 

     During later developmental stages, brown spots develop at the point of infection and 

spread throughout the rachis. The peduncle, which supports the inflorescence, becomes 

discoloured and over time the inflorescence bleaches (Fig. 1.3A), and the florets will then 

produce small and shrivelled kernels. This is due to the destruction of starch and protein 

(Sutton, 1982, Parry et al., 1995, Schmale III & Bergstrom, 2003, Goswami & Kistler, 2004, 
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Guenther & Trail, 2005). Extended periods of elevated temperatures and wetness can 

elevate FHB symptoms (Xu et al., 2007). During extensive humid periods, orange spore 

masses are visible on the floral bracts and caryopses (Goswami & Kistler, 2004) which 

consist of macroconidia (Shah et al., 2018).  

 

 

Figure 1.3. FHB symptoms on wheat and barley ears. (A) Severe FHB symptoms on a wheat 
ear resulting in bleaching of almost the entire ear (B) FHB symptoms on a barley ear with 
one infected floret from each infection site. Scale bars: (A) 2 cm and (B) 1 cm. Photos kindly 
provided, with permission, from Dr Rachel Goddard. 

 

     Apart from affecting grain yield and quality of the cereal crop, a broad range of 

mycotoxins (sesquiterpenoid secondary metabolites) are produced by Fusarium species. 

There are numerous Fusarium-derived mycotoxins however prevalent F. graminearum-

specific mycotoxins include trichothecenes and zearalenones (Ferrigo et al., 2016). There 

are broadly four groups of trichothecene mycotoxins but two mainly apply to Fusarium 

species (McCormick et al., 2011, Ferrigo et al., 2016). Fusarium species either produce Type 

A (e.g. T-2), and Type B (e.g. Deoxynivalenol (DON) and Nivalenol (NIV)), and the specific 
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toxin varies among Fusarium species and isolates (Ferrigo et al., 2016). Trichothecenes 

specific to F. graminearum are predominantly the type B trichothecenes; deoxynivalenol 

(DON), and nivalenol (NIV) (Ferrigo et al., 2016) that increase fungal virulence depending 

on the cereal species (Maier et al., 2006). DON may not be the most toxic trichothecene 

mycotoxin but is considered one of the most prevalent and economically damaging one 

(McCormick et al., 2011, McMullen et al., 2012) (Professor Paul Nicholson, personal 

communication). These toxins are thought to act as virulence factors for fungal infection 

(Bai et al., 2002). This is because F. graminearum strains that produce trichothecenes are 

generally more aggressive and result in more severe symptoms in wheat (Langevin et al., 

2004). DON-producing species exacerbated the spread of infection throughout the wheat 

spike (Gosman et al., 2010). Furthermore, wheat grain colonisation by trichothecene-

producing F. graminearum strains was found to be greater than non-producing F. 

graminearum strains (Nicholson et al., 1998). Likewise, an absence of DON production 

during infection resulted in reduced spread of infection in wheat (Bai et al., 2002), 

suggesting that DON promotes the spread of floral infection. There are also differences in 

pathogenesis depending on the trichothecene produced as DON producing Fusarium 

species were found to spread in the wheat heads faster and result in an increase in severity 

compared to NIV producing species (Gosman et al., 2010). The environment also has an 

important impact on the degree of type B mycotoxin contamination (Xu et al., 2007, Kriss 

et al., 2012).  

     The Tri gene cluster is involved in synthesis of trichothecene mycotoxins (Kimura et al., 

2007). Trichothecene mycotoxins are amphipathic which can move passively through the 

membranes of cells (McCormick et al., 2011). It is thought that DON acts as a protein 

synthesis inhibitor by binding to ribosomes, affecting cell proliferation and apoptosis 

signalling through kinase activity modification, without triggering a defence response 

(Nishiuchi et al., 2006, Masuda et al., 2007, Blumke et al., 2015, Payros et al., 2016). Grains 

from Fusarium-infected plants can become contaminated with trichothecenes (Goswami & 

Kistler, 2004, Ferrigo et al., 2016). When contaminated grains are consumed by humans 

and livestock, symptoms of emesis ensue (DON is also known as vomitoxin), as well as 

several other problems such as immune response changes and anorexia (Antonissen et al., 

2014, Payros et al., 2016). Furthermore DON contamination can result in potential rejection 

of the entire toxin-laden grain load since cereal grain DON limits have been imposed by 

many countries. For example, the European Commission (depending on the trichothecene, 
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species, and end-product), have set DON limits of 0.9 ppm - 12 ppm for livestock, and 750 

ppb - 1,250 ppb for human consumption (Ferrigo et al., 2016).  

1.1.3. Fusarium Crown Rot 

Fusarium Crown Rot (FCR) is the infection of the crown and stem base of wheat (Fig. 

1.4A) which can result in reduced grain yield and resulting economic loss (Liu & Ogbonnaya, 

2015). FCR is predominantly caused by infection from Fusarium pseudograminearum but 

can also be caused by F. graminearum and Fusarium culmorum (Akinsanmi et al., 2006, 

Stephens et al., 2008, Beccari et al., 2011, Liu & Ogbonnaya, 2015). The inoculum source 

ƻǊƛƎƛƴŀǘŜǎ ŦǊƻƳ ǇǊŜǾƛƻǳǎ ȅŜŀǊǎΩ ŎƻƴǘŀƳƛƴŀǘŜŘ Ǉƭŀƴǘ ƳŀǘŜǊƛŀƭ (Hogg et al., 2007). F. 

graminearum colonisation, biomass, and transcriptomic pathogen response during FCR 

were investigated in wheat (Stephens et al., 2008) and from F. culmorum (Beccari et al., 

2011, Covarelli et al., 2012). Early F. graminearum expression patterns during FCR infection 

at the molecular level were relatively similar to that of early FHB infection (Stephens et al., 

2008).  

 

Figure 1.4. Fusarium crown rot (A) and Fusarium root rot (B) symptoms in wheat. (A) Four different 

wheat crowns infected with Fusarium. (B) The three images are infected primary roots at 1 dpi (a), 

2 dpi (b), and 4 dpi (c), respectively. (A) Photos kindly provided, with permission, from Professor 

Paul Nicholson. (B) This figure has been taken with permission from one published by (Beccari et 

al., 2011). 

 

     F. graminearum-induced FCR in wheat progresses in three phases relatively slowly 

(Stephens et al., 2008): At 2 dpi, there is initial germination and hyphal growth at the 

infection point. Even after 14 dpi, no visible symptoms occur. Instead there is epidermal 
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penetration of the first leaf sheath following a fungal biomass drop as mycelia migrate 

down to the crown (below the soil). Lastly by 35 dpi, the crown vascular tissue and pith are 

colonised which is accompanied by a large increase in fungal biomass relative to the 

previous time point (Stephens et al., 2008). Visual FCR symptoms include necrosis of the 

crown (Stephens et al., 2008) and in severe cases, premature death of wheat heads. 

However the latter symptom is likely due to water stress or DON contamination rather than 

fungal contamination (Mudge et al., 2006, Hogg et al., 2007, Covarelli et al., 2012). F. 

pseudograminearum-induced FCR infection at the wheat stem base was found to progress 

as far as the floral tissues despite an absence of FHB symptoms (Mudge et al., 2006). F. 

pseudograminearum and Fusarium culmorum-induced FCR can lead to DON contamination 

of the crown, stem, and even the wheat rachis and grain (Mudge et al., 2006, Covarelli et 

al., 2012). F. pseudograminearum, Fusarium culmorum, and F. graminearum were shown 

to express DON biosynthesis genes during FCR (Mudge et al., 2006, Stephens et al., 2008, 

Beccari et al., 2011), indicating that DON probably has a role in stem colonisation (Mudge 

et al., 2006). All three species were recently shown to be similar in FCR pathogenesis, DON 

movement in the stem, and visual symptoms (Beccari et al., 2018). 

1.1.4. Fusarium Root Rot 

     FRR is the necrosis of root tissue (Fig. 1.4B) in the soil leading to reduced root, shoot 

length, biomass, and yield loss (Mergoum et al., 1998, Beccari et al., 2011, Wang et al., 

2015b). FRR in cereals can be caused F. graminearum and F. culmorum (Cook, 2001, Beccari 

et al., 2011, Wang et al., 2015b). The proliferation of FRR by F. graminearum and F. 

culmorum has been investigated previously  (Beccari et al., 2011, Wang et al., 2015b). For 

F. graminearum, Wang and colleagues (2015b) analysed the pathogenesis of F. 

graminearum at the microscopic level in susceptible and resistant wheat varieties (Wang 

et al., 2015b). Infection was analysed between 0.5 dpi, 3 dpi, and 5 dpi encompassing three 

phases of infection: early infection, main infection, and sporulation. At 0.5 dpi, the 

macroconidia present on the surface of the root germinate, and by 1 dpi rapidly produced 

a dense network of hyphae that cover the entire longitudinal axis of the root. By 1 dpi, the 

first penetrations of the root epidermis also occur. The hyphae then grow from epidermal 

cells to cortical parenchyma cells while hyphopodia form (simple attachment and feeding 

structures). During the main infection stage (3 dpi), structures that are more complex 

appear and necrotized root cell symptoms are visible. Additionally, fungal biomass 

proliferation occurs together with appearance of other fungal structures like runner 
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hyphae. Hyphae did not invade the root hairs, endodermis, xylem, or phloem. The final 

stage of sporulation occurs around 5 dpi resulting in the appearance of sporodochia, 

macroconidia, and chlamydospores (Wang et al., 2015b). FHB and FCR can also manifest 

from FRR infection due to systemic migration via the vascular system (Beccari et al., 2011, 

Wang et al., 2015b). Like with FHB and FCR, there is evidence that F. culmorum can 

synthesise trichothecenes during FRR colonisation (Beccari et al., 2011), and DON was 

detected in wheat caused by F. graminearum at later stages of FRR infection (Wang et al., 

2015b). 
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1.2. Control Strategies for Fusarium Diseases 

1.2.1. Host Genetic Resistance 

Genetic host resistance is an effective and durable control strategy. There are five 

types of resistance towards FHB, which are associated with the infection strategy of the 

fungus (Table 1). Type 1 and Type 2 resistance were identified first and show variation 

between wheat varieties (Schroeder & Christensen, 1963). Type 2 resistance is naturally 

found in a number of barley varieties (Langevin et al., 2004), which often results in only one 

bleached floret from the infection site (Fig. 1.3) due to limited internal hyphal spread 

(Jansen et al., 2005). The outcome of FHB in wheat is highly dependent on host background 

genetics (Buerstmayr et al., 2020). Identifying and breeding for resistance to FHB is complex 

due to resistance being quantitative (i.e. partial resistance attributed to many genes with 

small effects), as well as the pleiotropic effects of growth and development features 

(Buerstmayr et al., 2020). For example height-associated Rht genes play important roles in 

FHB resistance (Srinivasachary et al., 2008, Srinivasachary et al., 2009, Saville et al., 2012, 

He et al., 2016). Achieving complete resistance to FHB in wheat has not been successful, 

and breeding for resistance is slow.    

Table 1.1. Types of host resistance to FHB. 

Type Form of Resistance 

1 Initial fungal infection 

2 Spread of infection throughout the head 

3 Kernel Infection 

4 Tolerance during infection 

5 DON accumulation 

Reference: (Boutigny et al., 2008).  

 

     Approximately 250 Quantitative Trait Loci (QTLs) associated with FHB resistance have 

been identified on all wheat chromosomes (Jia et al., 2018), however there are likely 

numerous false positives and only a few have been fine-mapped. The QTL research for FHB 

resistance has been nicely summarised in two literature reviews (Buerstmayr et al., 2009, 

Buerstmayr et al., 2020). Resistance or susceptibility is conferred to either FHB, or DON, or 

both. The predominant source of cultivars with naturally occurring FHB resistance originate 
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from East Asia, with the most prominent examples being cv. Sumai 3 and cv. Wangshuibai 

(Jia et al., 2018, Buerstmayr et al., 2020). An important wheat variety resistant to FHB spike 

ƛƴŦŜŎǘƛƻƴΣ ōƭŜŀŎƘƛƴƎΣ ŀƴŘ ŘƛǎŎƻƭƻǊŀǘƛƻƴ ƛǎ ǘƘŜ Ψ{ǳƳŀƛ оΩ /ƘƛƴŜǎŜ ǿƘŜŀǘ ŎǳƭǘƛǾŀǊ (Waldron et 

al., 1999, Anderson et al., 2001). Sumai 3 contains an important locus called Fhb1 (synonym 

to Qfhs.nau-3B) located on chromosome 3BS which is an important source of breeding 

Type 2 resistance (Waldron et al., 1999, Cuthbert et al., 2006, Liu et al., 2006). Fhb1 is also 

present in cv. Wangshuibai (Jia et al., 2018, Li et al., 2019) and this cultivar can provide both 

Type 1 and Type 2 resistance (Lin et al., 2004, Lin et al., 2006). There is still debate as to the 

exact nature of Fhb1 resistance and the gene(s) responsible (Lagudah & Krattinger, 2019). 

Originally, the gene responsible within Fhb1 was found to encode a chimeric lectin (Rawat 

et al., 2016). Later reports stated that the gene responsible is a histidine-rich calcium-

binding-protein (Li et al., 2019, Su et al., 2019). Recently another candidate gene in the 

Fhb1 QTL interval encoding a laccase was associated with increased FHB resistance (Soni et 

al., 2020).  

     Another gene Fhb2 (synonym Qfhs.nau-6B) on chromosome 6BS likely functions in cell 

integrity and reinforcement while also providing type 2 resistance and possibly DON 

detoxification (Cuthbert et al., 2007, Dhokane et al., 2016). Subsequently the resistance 

QTLs Fhb4 (synonym Qfhi.nau-4B) and Fhb5 (synonym Qfhi.nau-5A), originally identified in 

cv. Wangshuibai and both providing Type 1 resistance (Lin et al., 2006), were also fine-

mapped (Xue et al., 2010, Xue et al., 2011). Several candidate genes have been identified 

within this 5A QTL (Lucyshyn et al., 2007, Schweiger et al., 2013). Combining both Fhb4 and 

Fhb5 improved resistance to FHB compared to their effects alone (Jia et al., 2018). There is 

also evidence that combining Type 1 and Type 2 resistance produces additive effects on 

reducing FHB symptoms (Burt et al., 2015). Lastly multiple single nucleotide polymorphisms 

associated with lower FHB severity and DON accumulation were also found on seven wheat 

chromosomes (Arruda et al., 2016). Other sources of genetic resistance have been 

identified in wheat relatives and wild Poaceae species (Qi et al., 2008, Burt et al., 2015, Guo 

et al., 2015, Buerstmayr et al., 2020).  

     Type 5 mycotoxin resistance (Table 1) can be classified into either the chemical 

transformation by glucosylation, acetylation or de-epoxidation, or the mycotoxin 

accumulation reduction through inhibition (Boutigny et al., 2008). An increase in 

glucosylated DON (DON-3-O-glucoside) correlated with an increase in DON resistance 
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(Lemmens et al., 2005). Like with FHB, genomic regions or QTLs providing DON resistance 

have been identified (Lemmens et al., 2005, Hales et al., 2020). Lemmens and colleagues 

(2005), showed that the QTL for DON resistance was found to co-localise with type 2 

resistance from Fhb1 (Lemmens et al., 2005). Individual genes have also been identified to 

provide DON resistance in wheat and Arabidopsis thaliana (Poppenberger et al., 2003, 

Gunupuru et al., 2018, Mandalà et al., 2019).  

     Susceptibility-associated genes or chromosomal regions have also been discovered. 

Chromosome deletion experiments have identified ditelosomic deletion lines that 

positively or negatively affected FHB resistance and DON content in wheat (Ma et al., 2006). 

Chromosome regions containing predicted FHB susceptibility factors have also been 

identified in wheat (Garvin et al., 2015, Hales et al., 2020), and one was also associated 

with susceptibility to DON contamination (Garvin et al., 2015). Furthermore the Fhb1-

associated gene TaHRC promoted FHB susceptibility and may be a susceptibility factor that 

has been disrupted in Fhb1 resistant lines (Su et al., 2019). Generally host resistance can be 

quite effective at reducing FHB symptoms. However, producing highly resistant varieties 

that also produce high yield is rare (Professor Paul Nicholson, personal communication). 

Furthermore effectiveness of FHB resistance v¢[Ωǎ Ŏŀƴ ōŜ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ host genotype 

(Salameh et al., 2011). 

     Genetic resistance to FRR and FCR are far less studied and implemented than that of 

FHB. There are partially FCR resistant wheat varieties (Desmond et al., 2005), and QTL 

resistance to F. graminearum-induced FCR has been identified (Ma et al., 2010) as well as 

to F. culmorum-induced FCR (Pariyar et al., 2020). Dissimilar to FHB resistances (Table 1), 

FRR resistance (reduced cell necrosis) is associated with increased time required by the 

pathogen to colonise the cortex (Wang et al., 2015b). Furthermore genetic resistance of 

certain varieties to FHB did not translate to effective FRR resistance (Wang et al., 2015b). 

Genetic resistance towards FRR has also been identified in wheat (Voss-Fels et al., 2018). 

 

1.2.2. Fungicides  

Most European wheat cultivars are susceptible to FHB (Parry et al., 1995, Simpson 

et al., 2001) (Professor Paul Nicholson, personal communication). Application of fungicides 

is one method for controlling FHB in the field. Different classes of fungicides are used to 

control FHB, each with different biochemical modes of action. Originally, fungicides acted 
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as multisite inhibitors however in the 1960s, newer fungicides operated at specific sites.  

The primary classes of fungicides used against FHB include demethylation inhibitors (DMIs), 

benzimidazoles, and Qo respiration inhibitors (QoIs)(Ma & Michailides, 2005). To date, no 

fungicide provides consistent complete resistance to F. graminearum (Dweba et al., 2017), 

and site-specific fungicides led to target fungi developing resistance at a higher rate, 

rendering entire classes of fungicides ineffective (Ma & Michailides, 2005).  

     Triazole and triazolinthione DMIs have been used since the 1980s (Becher et al., 2010). 

Commonly used DMIs for FHB control include metconazole, prothioconazole, 

propiconazole, tebuconazole, and prochloraz which have been shown to reduce FHB 

symptoms and trichothecene accumulation in the grain (Edwards et al., 2001, Maria 

Menniti et al., 2003, Mesterházy et al., 2003, Haidukowski et al., 2005, Blandino et al., 2006, 

Müllenborn et al., 2008, Paul et al., 2008, Yin et al., 2009, Paul et al., 2010). However, 

different triazoles/brands have different effects on the infection. Tebuconazole is one of 

the most effective and consistent at reducing FHB by up to 40% yet metconazole was most 

effective at reducing DON levels (Edwards et al., 2001, Paul et al., 2008). The target for 

these fungicides, cytochrome P450 sterol мпʰ-demethylase (CYP51), is involved in 

production of an important sterol (ergosterol) for cell membrane integrity (Becher et al., 

2010). For example, mycelial growth is completely repressed within 5 days of applying 

tebuconazole (Yin et al., 2009). The triazolinthione prothioconazole is also effective at 

controlling FHB (Paul et al., 2008, Haidukowski et al., 2012). However prothioconazole 

differs to the triazoles as it binds as a competitive inhibitor and with less affinity to CYP51 

(Parker et al., 2011). Instead its efficacy is attributed to the conversion and activity of the 

triazole prothioconazole-desthio (Parker et al., 2013). The efficacy of triazoles on FCR and 

FRR have not been investigated as thoroughly. However as an example, the compound 

combination, tebuconazole with ̡-cyclodextrin as preventative seed dressings, was shown 

to be effective against F. culmorum induced FCR and FRR (Balmas et al., 2006). 

     Benzimidazoles, like carbendazim, are one of the oldest used class of fungicide used to 

control FHB (Chen & Zhou, 2009, Tupe et al., 2014). Their mechanism of action is by 

interfering with microtubule function that inhibits cell division (Chen & Zhou, 2009). 

Resistance has been reported in many places with a history of heavy use of this type of 

fungicide (Chen & Zhou, 2009, Yin et al., 2009). Resistance to carbendazim is complex (Chen 

& Zhou, 2009, Yin et al., 2009), yet resistance to benzimidazoles is often the result of a point 
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mutation in the ̡ -tubulin gene which modifies the amino acid sequence at the binding site 

for the benzimidazole (Ma & Michailides, 2005). Another class of fungicides effective 

against many plant pathogens include the strobulurins. These bind to cytochrome b at a 

specific site (Qo), blocking electron transport and ATP production, halting mitochondrial 

respiration (Bartlett et al., 2002). Unfortunately the most commonly used ones, 

azoxystrobin and fluoxastrobin, were not as effective against F. graminearum, or DON 

levels (Edwards et al., 2001, Müllenborn et al., 2008). In some cases, application of 

azoxystrobin was found to increase wheat grain DON levels (Simpson et al., 2001). 

     Important factors that determine the effectiveness of the fungicide include cultivar 

resistance, climate, type of fungicide, fungicide dose, and agronomic management of field 

(Dweba et al., 2017). The best time to use these fungicides is at early to mid-anthesis, just 

as the anthers appear from the florets and the crop is most susceptible to FHB (Blandino et 

al., 2006, Yoshida et al., 2008, Yin et al., 2009, Becher et al., 2010, Dweba et al., 2017). FHB 

infection may respond differently based on timing of fungicide application. Applying 

fungicides too late (30 days after anthesis) might only reduce DON levels as opposed to 

FHB symptoms (Yoshida et al., 2008, Yoshida et al., 2012). However, fungicide application 

around the middle of anthesis (6 days) can sufficiently control both FHB and DON (D'Angelo 

et al., 2014). In addition, there are other variations to this based on the flowering type of 

the cereal variety used. Closed-flower (cleistogamous) cultivars were generally more 

resistant than open-flower (chasmogamous) cultivars (Yoshida et al., 2008). Wegulo and 

colleagues (2011) identified that applying fungicides during high severity years is 

economically profitable whereas applying during low severity years can result in a net loss 

(Wegulo et al., 2011). Dose is also important as sub-lethal levels of fungicides have been 

found to increase DON levels (Ramirez et al., 2004). In one case, prothioconazole 

stimulated fungal trichothecenes due to oxidative stress (Audenaert et al., 2010). Finally 

coupling fungicide application with the current climatic conditions, such as rainfall, is 

important because some of the major triazoles that are not completely rainfast (Andersen 

et al., 2014). 

     Unfortunately, resistance to triazoles can occur in F. graminearum (Becher et al., 2010), 

and resistance to tebuconazole has recently developed in certain F. graminearum 

populations (Spolti et al., 2013). Sources of resistance are because of either amino acid 

alterations or overexpression in the CYP51 gene (Ma & Michailides, 2005). Furthermore, F. 
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graminearum is rapidly gaining resistance to newly discovered fungicides such as JS399-19 

(Li et al., 2008, Chen & Zhou, 2009). Additionally, resistant isolates are equally as fit in non-

fungicide environments (Chen et al., 2007, Chen & Zhou, 2009, Spolti et al., 2013), thus 

eliminating  fungicide resistance from the population is even harder. Therefore, new 

fungicides with unique modes of action are required that are also non-toxic to humans and 

other non-target organisms. An antifungal target example is the conserved 

acetohydroxyacid synthase (AHAS) gene involved in synthesis of the branched-chained 

amino acid pathway conserved in fungi. Targeted deletion of two AHAS catalytic subunits 

(FgIIv2 and FgIIv6) in F. graminearum resulted in severely reduced virulence and DON 

production (Liu et al., 2015). Additionally, the novel amphiphilic aminoglycoside fungicide 

K20 was shown to reduce FHB in one field trial, as well as providing synergistic effects with 

the triazole, triazolinthione and strobilurin fungicides, and in one fungicide combination 

reduced DON content (Takemoto et al., 2018).  

1.2.3. Other Control Strategies 

Localising and identifying FHB symptoms in the field is a first step to disease control. 

Visual disease assessment is possible for FHB however this requires expertise and is time-

consuming. Likewise it is also very challenging to assess FRR severity in wheat (Voss-Fels et 

al., 2018). Fusarium detection can be facilitated by modern tools such as spore sampling 

from the air and optical detection (West et al., 2017). There is also an investigation into the 

use of deep neural networks for automated FHB symptom detection (Jin et al., 2018). 

Identifying the causal Fusarium species is important and can be achieved with certain 

molecular tools (Nicholson et al., 1998, Nicholson et al., 2003). 

     Certain agronomic practises can help control FHB. In conducive conditions for FHB, crop 

rotation was shown to be effective at reducing F. graminearum FHB incidence and severity 

in wheat (Marburger et al., 2015). However only rotating crops that are hosts for Fusarium, 

like wheat and maize (Zea mays), can severely increase FHB incidence and severity (Dill-

Macky & Jones, 2000). Crop rotation is also effective towards FCR (Desmond et al., 2005). 

Nitrogen fertilizer usage has been described as an important factor for FHB severity 

(Lemmens et al., 2004). Minimal/no-tillage practices should be avoided as they can result 

in a greater FHB incidence and severity due to a persistence of inoculum source from crop 

residues (Fig. 1.2) (Dill-Macky & Jones, 2000). Certain agronomic practices are also 

important for controlling mycotoxin contamination (Dill-Macky & Jones, 2000, Lemmens et 
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al., 2004, Ferrigo et al., 2016). However, local management of fields may be redundant in 

areas with substantial airborne inoculum (Schmale III & Bergstrom, 2003). Several cultural 

practices to treat root diseases have been described in (Cook, 2001).  

     Reducing DON contamination in wheat grains is also a highly important target for 

farmers due to strict regulations (Jansen et al., 2005, Yoshida et al., 2008). However there 

are relatively few compounds that exclusively reduce mycotoxin accumulation (Dr Egon 

Haden, personal communication). For example, zinc sulfate and zinc oxide nanoparticles 

were found to reduce the mycotoxin level in contaminated wheat grain and husks (Savi et 

al., 2015). Alternatively, chlorogenic acid and caffeic acid were also found to reduce 

trichothecene content but the effect depended on the Fusarium strain (Gauthier et al., 

2016).  

     Bio-control agents (BCAs) are organisms that directly or indirectly reduces the presence 

of the target pest (Pal & McSpadden Gardener, 2006). There are numerous examples of 

BCAs that were successfully used to control FHB. Certain bacterial and fungal species were 

shown to be effective at reducing FHB symptoms in some wheat varieties (Schisler et al., 

2002, Khan et al., 2004, Hu et al., 2014). Others have shown different BCA bacterial and 

fungal species were effective at reducing FHB disease symptoms and preventing/reducing 

DON accumulation in wheat (Palazzini et al., 2007, Zhao et al., 2014a, Palazzini et al., 2016). 

Lastly, several BCA strains were found to be effective at reducing symptoms of F. 

graminearum-induced FHB, FRR, and FCR in wheat (Wang et al., 2015a, Colombo et al., 

2019). The efficacy of BCAs in controlling FHB was shown to be more effective when applied 

shortly before FHB infection (Khan & Doohan, 2009). 

     None of the control strategies mentioned provide complete durable resistance to FHB, 

therefore an integrative disease management approach coupling all control methods is 

required for long-term FHB control. For example, Salgado and colleagues (2014) found that 

combining moderate genetic resistance to Fusarium with appropriate fungicide treatments 

effectively reduced FHB symptoms and DON levels (Salgado et al., 2014).  

     As I have described, there is substantial evidence in the effectiveness of unconventional 

compounds in reducing FHB symptoms and DON contamination. Application of plant 

hormones (phytohormones) is another potential strategy to control Fusarium infection. 

The role of plant hormones in the host defence response to Fusarium, and the use of plant 

hormones as an effective control strategy by exogenous application are research areas that 
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are being investigated. This research is discussed in detail in the Introductions of Chapter 

2, Chapter 3, and Chapter 4 with an emphasis on control of Fusarium diseases. The precise 

role of phytohormones in defence and especially Fusarium resistance is still unclear. In the 

following section (1.3.), I will discuss the background information on most plant hormones 

in their biosynthesis, signalling, and general role in plant resistance and defence response. 
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1.3. The Role of Phytohormones in Defence 

 

Invading plant pathogens must overcome multiple layers of plant defences. The first 

barrier consists of constitutive/basal defences which can be physical or chemical pre-

formed defences such as the epidermis, cuticle, and antimicrobial compounds (Agrios, 

2005, van Loon et al., 2006b). Once surpassed, the pathogen often triggers induced 

defences by the plant. These defences encompass upregulation of defence-related genes, 

antimicrobial compounds, oxidative burst, and even programmed cell-death (Agrios, 2005, 

van Loon et al., 2006b, Bari & Jones, 2009). The success of countering infection relies upon 

effective detection of the invading pathogen and activation of the appropriate defence 

response (Jones & Dangl, 2006). Pathogens contain molecular signatures such as chitin in 

fungi which are described as pathogen-associated molecular patterns (PAMPs). Initially the 

ƛƴǾŀŘƛƴƎ ǇŀǘƘƻƎŜƴΩǎ t!atǎ ŀǊŜ ǊŜŎƻƎƴƛǎŜŘ ōȅ Ǉƭŀƴǘ ǇŀǘǘŜǊƴ ǊŜŎƻƎƴƛǘƛƻƴ ǊŜŎŜǇǘƻǊǎ όtwwǎύΦ 

The perception leads to PAMP-triggered immunity (PTI) which is effective at discontinuing 

pathogen colonisation through induced downstream resistance responses. However, 

successful pathogens can deploy effector molecules which can inhibit PTI or avoid PRR 

detection by binding to specific host proteins (De Jonge et al., 2010, Pieterse et al., 2012). 

As an additional defence layer, plants can respond to effectors by deploying R genes which 

encode molecules such as nucleotide-binding-leucine rich repeat (NB-LRRs) proteins that 

recognise effector molecules (DeYoung & Innes, 2006). This recognition of effectors causes 

effector-triggered immunity (ETI) which is faster and stronger than PTI and results in 

resistance through processes like the hypersensitive response (HR) (Jones & Dangl, 2006). 

It is thought that ETI is effective against biotroph and hemibiotroph pathogens and not 

towards necrotrophs since necrotrophs would benefit from programmed cell death 

induced by HR (Broekaert et al., 2006, Jones & Dangl, 2006).  

     Phytohormones are organic molecules that in small concentrations induce physiological 

processes in local or distal plant cells (Leyser, 1998, Davies, 2013). Almost all 

phytohormones play an important role in growth and development to varying degrees and 

differ in their presence and effectiveness throughout time and space. Downstream of 

pathogen recognition and early defence and signalling events, many phytohormones play 

important roles in initiating and regulating additional aspects of defence signalling (Pieterse 
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et al., 2012). There are numerous downstream targets of phytohormones that have 

important effects in resistance such as genes regulating antimicrobial compounds, induced-

chemical defences, oxidative equilibrium, cell wall changes, and HR. These are described in 

the following sub-sections. Since changes in hormone equilibrium imposes a cost on growth 

and development (Walters & Heil, 2007, van Butselaar & Van den Ackerveken, 2020), plants 

are able to finely tune resistance via the synergistic and antagonistic nature of hormones 

(Pieterse et al., 2012). Therefore, the ultimate growth, development, and resistance are a 

manifestation of the timing and net effect of hormones in the host (Verhage et al., 2010, 

Davies, 2013). 

     In the following sub-sections, I shall briefly describe each major plant hormone, including 

their biosynthesis and their molecular signalling components, how they broadly affect plant 

defences, and how they interact with one another in defence. The strigolactone 

phytohormones that also function in defence (Marzec, 2016) are not described as they 

were not investigated in this thesis. Unless otherwise stated, most of the biosynthetic and 

signalling components correspond to Arabidopsis thaliana genes, except for gibberellic acid 

which was mostly described from rice (Oryza sativa) genes. The mechanisms and examples 

by which each hormone interacts with each other is discussed only after describing the 

molecular biosynthesis and signalling of both relevant phytohormones.  

1.3.1. Salicylic Acid 

The phenolic hormone salicylic acid (SA) (Fig. 1.5) is important for PTI and ETI 

response to pathogen infection and is crucial for resistance to pathogens that exhibit 

biotrophic or hemibiotrophic lifestyles (Fig. 1.6; (Glazebrook, 2005, Bari & Jones, 2009, 

Dempsey et al., 2011, Pieterse et al., 2012). SA can also regulate thermogenesis, plant 

growth, and several other developmental processes (Vlot et al., 2009, Dempsey et al., 2011, 

van Butselaar & Van den Ackerveken, 2020). The endogenous content of SA in untreated 

A. thaliana leaves is approximately between 70 ng/g to 4,000 ng/g of SA (Fresh weight (FW) 

and dry weight (DW)) (Klessig et al., 2016, Gupta et al., 2017). However in monocots like 

wheat, rice, and Brachypodium distachyon, the SA content (depending on the species and 

tissue) is approximately between 56 ng/g to 10,000 ng/g (FW and DW) (Chen et al., 1997, 

Buhrow et al., 2016, Klessig et al., 2016, Napoleão et al., 2017, Powell et al., 2017a, Brauer 

et al., 2019). Upstream of one SA biosynthesis gene ISOCHORISMATE SYNTHASE 1 (ICS1), 

perception of PAMPs results in the activation of transcription factors calmodulin-binding 
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protein 60-like g (CBP60g) and SAR-DEFICIENT 1 (SARD1). Activation of these genes depend 

on the activation of SERINE/THREONINE PROTEIN KINASE 1/2 (PCRK1/2) and TGACG 

SEQUENCE SPECIFIC BINDING PROTEIN 1/4 (TGA1/4), as well as TRIHELIX TRANSCRIPTION 

FACTOR (GTL1) for CBP60g. On the other hand, ETI response TOLL-INTERLEUKIN-1 (TIR)-

type R protein NUCELOTIDE-BINDING LEUCINE-RICH REPEATS (NLRs) target ENHANCED 

DISEASE SUSCEPTIBILITY (EDS1). EDS1 together with PHYTOALEXIN DEFICIENT 4 (PAD4) and 

helper NLRs ACTIVATED DISEASE RESISTANCE 1 (ADR1), ADR1-like1, and ADR1-Like2 

activate ICS1 and several additional sensor NLRs. Contrasting TIR-type R proteins, COILED-

COIL (CC)-type R genes with NON-RACE-SPECIFIC DISEASE RESISTANCE 1 (NDR1) and its 

interaction partner RPM1-INTERACTING PROTEIN 4 (RIN4) have roles in both ETI and PTI 

(Vlot et al., 2009, Dempsey et al., 2011, Zhang & Li, 2019). Calcium signalling is also 

important for SA biosynthesis mediated by CBP60g (Pieterse et al., 2012, Zhang & Li, 2019).  
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Figure 1.5. Chemical structures of main phytohormones investigated within this thesis. 
Structures were derived from PubChem (Kim et al., 2021) and drawn on ChemDraw Prime 
(V19.1.1.21).  

 

     Biosynthesis of SA is described in (Dempsey et al., 2011, Lefevere et al., 2020). 

Chorismate from the chloroplast (From the Shikimate pathway) is the starting compound 

for SA biosynthesis. Subsequently SA is synthesised from chorismite via two different 

pathways. The more established PHENYLALANINE-AMMONIA LYASE (PAL) pathway is 

preceded by chorismate conversion to phenylalanine by multiple CHORISMATE MUTASE 

(CM) genes. In the cytosol, phenylalanine is converted to trans-cinnamic acid (tCA) by non-

oxidative deamination with the enzyme PAL. tCA is also a starting molecule for synthesis of 

important structural and defence compounds like lignin and flavonoids. Subsequently the 
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enzyme ABNORMAL INFLORESNCE MERISTEM 1 (AIM1) converts tCA to benzoic acid. It is 

believed the final step for benzoic acid conversion to SA may be mediated by benzoic acid 

hydroxylase (Lefevere et al., 2020). The second pathway for SA biosynthesis, the ICS 

pathway, is primarily used in Arabidopsis. In the chloroplast, chorismate is converted to 

isochorismate via ICS. The product of EDS5 transports isochorismate to the cytosol where 

it is converted to Isochrosimate-9-glutamate by the gene avrPphB SUSCEPTIBLE 3 (PBS3). 

PBS3 has to-date only been identified in Arabidopsis. Then either spontaneously or with 

ENHANCED PSEUDOMONAS SUSCEPTIBLITY 1 (EPS1), SA is produced from Isochrosimate-

9-glutamate (Dempsey et al., 2011, Lefevere et al., 2020). SA can also be modified by amino 

acid conjugation, glucosylation, sulphonation, hydroxylation, and methylation leading to 

inactivation or permitting transport (Vlot et al., 2009, Dempsey et al., 2011, Lefevere et al., 

2020).  

     SA signalling is described in (Pieterse et al., 2012, Ding et al., 2018, Zhang & Li, 2019). SA 

is perceived by the ankyrin-repeat protein NON-EXPRESSOR OF PATHOGENESIS-RELATED 

1/3/4 (NPR1/3/4) that regulate SA biosynthesis (Ding et al., 2018, Zhang & Li, 2019). The 

NPR1 C-terminal interacts with SA and is involved in inducing transcription (Zhang & Li, 

2019). NPR1 interacts with the basic leucine zipper (bZIP) transcription factor TGAs 

promoting SA transcription, whereas the co-repressors NPR3 and NPR4 interact with TGAs 

and repress SA transcription (Ding et al., 2018). In the absence of SA, NPR3 and NPR4 

repress SA-related genes and NPR1 is sequestered and oligomerised in the cytosol or 

ubiquitinylated and degraded in the nucleus. In the presence of SA, NPR3 and NPR4 are 

released, the thioredoxins TRX-H3 and TRX-H5 change the redox state, monomerise NPR1 

in the cytosol, and lead to an influx of NPR1 to the nucleus via nuclear pore MODIFER OF 

snc1 (MOS3/6/7). In the nucleus, NPR1 interacts with either TGA2/5/6 via the ankyrin-

repeat to bind to SA-responsive genes and NPR1 is ubiquitinylated and degraded (Pieterse 

et al., 2012, Zhang & Li, 2019). Other important transcription factors that promote SA-

responsive genes include RASS ASSOCIATED WITH DIABETES51D (RAD1D), SUPPRESSOR OF 

sni1 2 (SSN2), and BREAST CANCER2A (BRCA2A) which remove the negative regulator 

SUPPRESSOR OF npr1 INDUCIBLE 1 (SSN1) from the target gene promoter. TGA on the other 

hand is inhibited by the negative regulator NIM1 INTERACTING1 (NIMIN1/2/3) (Pieterse et 

al., 2012). Several other transcription factors that regulate ICS1 are described in (Zhang & 

Li, 2019). WRKY transcription factors either function positively with SA (WRKY18/53/54/70) 

or negatively (WKRY7/11/38/62) (Vlot et al., 2009). The earliest genes expressed 
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downstream of SA, independent of perception, are GLUTATHIONE S TRANSFERASE 6 (GST6) 

and IMMEDIATE EARLY-INDUCED GLUCOSYLTRASNFERASE (IEGT) (Vlot et al., 2009).  

     Important downstream SA gene targets include PATHOGENESIS-RELATED (PR) genes 

that encode numerous antimicrobial compounds and WRKY transcription factors (van Loon 

et al., 2006a, Makandar et al., 2011, Pieterse et al., 2012). Other potential SA downstream 

targets include callose deposition and lipid peroxidation (Sorahinobar et al., 2016). SA also 

has important roles in promoting oxidative burst (Vlot et al., 2009). Once a defence 

response is initiated, SA can be modified to methyl salicylate and back to SA at distal 

locations by SAM-DEPENDENT CARBOXYL METHYLTRANSFERASE (BSMT1) and 

METHYLESTERASE (AtMES), respectively, to induce resistance at undamaged distal parts of 

the plant. This mechanism is termed systemic acquired resistance (SAR), which is effective 

over a long time and in response to many other attacking pathogens (Park et al., 2007, Liu 

et al., 2011, Dempsey & Klessig, 2012). Another potential SAR mobile compound is N-

hydroxyl pipecolic acid which is synthesised from pipecolic acid by the genes L-LYSINE 

APLHA-AMINOTRASNFERASE (ALD1), SAR DEFICIENT 4 (SARD4), and FLAVIN-DEPENDENT 

MONOOXYGENASE (FMO1) (Dempsey & Klessig, 2012, Chen et al., 2018, Zhang & Li, 2019, 

Kachroo et al., 2020). The cuticle is believed to be important for SA storage and for SAR 

(Kachroo et al., 2020).  

1.3.2. Jasmonic Acid 

Jasmonates are a group of hormones involved in multiple growth and 

developmental processes as well as providing defences against tissue-damaging herbivores 

and necrotrophic pathogens (Fig. 1.6; (Lorenzo et al., 2003, Lorenzo & Solano, 2005, Bari & 

Jones, 2009, Pieterse et al., 2012, Wasternack & Hause, 2013). Elevated jasmonate levels 

can be induced by the mixing of components by wounding, breakdown products of plant 

and fungal cell walls, and the systemin peptide signal (Creelman & Mullet, 1997). The 

endogenous JA content is lower than that of SA. In untreated A. thaliana leaves, the 

concentration of JA varies between approximately 146 ng/g to 400 ng/g over time (DW) 

(Gupta et al., 2017), whereas concentration varies between approximately 10 ng/g to 77 

ng/g (FW and DW) in wheat and B. distachyon tissues (Buhrow et al., 2016, Napoleão et al., 

2017, Powell et al., 2017a, Brauer et al., 2019). Jasmonates are synthesised in 

photosynthetic tissue like leaves and also in non-photosynthetic tissues like roots (Acosta 

& Farmer, 2010). Oxylipin (oxygenated fatty acid) jasmonates in plants include 
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cyclopentenones like oxo-phytodienoic acid (OPDA) and dinor-OPDA and cyclopentanones 

like methyl jasmonate (MeJA), jasmonic acid (JA) (Fig. 1.5), jasmonyl-isoleucine (JA-Ile) 

(Acosta & Farmer, 2010). Jasmonate biosynthesis is described in detail in these reviews 

(Creelman & Mullet, 1997, Acosta & Farmer, 2010, Pieterse et al., 2012). Initially, h -

linolenic acid is released from chloroplast cell membranes via phospholipase A1. In the cell 

plastid, h -linolenic acid is oxygenated at different positions by LIPOXYGENASE (LOX). These 

products are then converted to allene oxidase by ALLENE OXIDASE SYNTHASE (AOS) and 

are cyclized to by ALLENE OXIDASE CYCLASE (AOC). The resulting compounds, depending 

on where h -linolenic acid was oxygenated, OPDA and dn-OPDA are transported to the 

peroxisome and are reduced by 12-OXOPHYTODIENOATE-REDUCTASE 3 (OPR3) to OPC8 

and OPC6, respectively. These are then oxidized to form JA. JA is then exported to the 

cytosol where it is modified to numerous different compounds including JA-Ile. (Seo et al., 

2001, Schaller & Stintzi, 2009, Acosta & Farmer, 2010, Wasternack & Hause, 2013, 

Wasternack & Strnad, 2016, Yang et al., 2019). In fact JA-Ile, modified by the enzyme 

JASMONOYLτL-AMINO ACID SYNTHETASE (JAR1), is the active form of JA that induces JA-

related transcription (Staswick & Tiryaki, 2004, Acosta & Farmer, 2010, Wasternack & 

Strnad, 2016).  

     JA signalling is described in detail by (Pieterse et al., 2012). In the absence of JA, 

JASMONATE ZIM-DOMAIN (JAZ) proteins function as JA-signalling repressors by binding to 

promoters of jasmonate-responsive genes. JAZ proteins are made up of a Jas motif and a 

ZIM domain. The JAZ ZIM domain interacts with the protein NOVEL INTERACTOR OF JAZ 

(NINJA) that associates with co-suppressors like TOPLESS (TPL). In the presence of 

Jasmonates, JA-Ile is recognised by the F-box protein CORONATINE INSENSITIVE 1 (COI1) 

which together with RBX1 RING finger proteins, CULLIN1, ASK and SK2 adaptors forms an 

SCF ubiquitin E3 ligase. This complex then interacts with the Jas motif within the JAZ protein 

causing degradation by ubiquitination and activation of JA-suppressed genes. As a negative 

feedback loop, the repressor JAZ is activated in the presence of elevated jasmonic acid. JA 

presence also activates a positive feedback loop in that the biosynthetic genes LOX, AOS, 

AOC, and OPR3 are upregulated.  

     JA-related downstream targets include antifungal proteins, ribosome inactivating 

proteins, phytoalexins, phenolics, and cell wall proteins (Creelman & Mullet, 1997).  

Importantly, there are two pathways of JA-related downstream defences that depend on 
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the type of attack. The first, mediated by ETHYLENE RESPONSE FACTOR (ERF) (ERF 

pathway), is the response to necrotrophic pathogens and involves PLANT DEFENSIN 1 

(PDF1) that has antimicrobial properties (Creelman & Mullet, 1997, Pieterse et al., 2012). 

The other is generally associated with resistance to insect herbivory, which is mediated by 

MYC transcription factors (MYC pathway) and affects downstream genes such as 

VEGETATIVE STORAGE PROTEIN2 (VSP2) (Pieterse et al., 2012). JA also is critical for the 

activation of induced systemic resistance (ISR) in response to beneficial microorganisms 

(Wasternack & Hause, 2013, Pieterse et al., 2014).  

     JA and SA signalling pathways are mutually antagonistic (Fig. 1.6). This is thought to be 

important for fine-tuning resistance in a cost-effective way to multiple attacking pathogens 

with different lifestyles (Adie et al., 2007, Spoel & Dong, 2008, Acosta & Farmer, 2010, 

Leon-Reyes et al., 2010b, Pieterse et al., 2012). SA suppression of JA biosynthesis is 

predicted to occur at downstream regulatory genes. For example SA was shown to repress 

the downstream JA transcription of PDF1.2 in wild-type and a JA biosynthesis mutant (Leon-

Reyes et al., 2010b). Furthermore both MYC and ERF pathways are sensitive to SA 

suppression. The molecular components characterised as suppression co-factors that 

suppress JA signalling but promote SA signalling include NPR1, WRKY (e.g. WRKY70), TGA 

transcription factors. On the other hand, JASMONATE INSENSITIVE 1 (JIN1)/MYC2, the 

MITOGEN ACTIVATED PROTEIN KINASE 4 (MPK4), SUPPRESSOR OF SA INSENSITIVITY (SSI2), 

and TGA transcription factors (in the absence of SA), promoted JA signalling by suppressing 

SA signalling (Bari & Jones, 2009, Pieterse et al., 2012). NPR1, EPS1, and WRKY70 and 

WRKY53 are also involved in the SA-JA antagonism (Spoel et al., 2003, Bari & Jones, 2009, 

Dempsey et al., 2011). Certain NAC transcription factors can be activated by MYC resulting 

in suppression of SA biosynthesis (Yang et al., 2019).  
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Figure 1.6. Simplified/generalisation overview of SA and JA/ethylene effects on pathogen 
resistance and the effect other phytohormones (and signalling molecule BABA) have on 
these pathways. More details are presented in the main text. The main pathway arrows for 
SA and JA/ethylene are in bold. Arrowed lines denote a positive/synergistic effect on 
resistance. Blunt-end arrow denote a negative effect/antagonistic effect on resistance. 
Phytohormones are circled. Abbreviations: ABA (abscisic acid), CK (Cytokinin), BABA (3-
aminobutanoic acid), GABA (4-aminobutanoic acid), BR (Brassinosteroids), ET (Ethylene), 
GA (Gibberellic acid), JA (Jasmonic acid), SA (Salicylic acid). This figure has been adapted 
with permission from one published by (Robert-Seilaniantz et al., 2007).   
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1.3.3. Ethylene 

Ethylene (Fig. 1.5) is a gaseous phytohormone which is known for its role in fruit 

ripening, leaf senescence, and abiotic stress responses, yet also has an important function 

in modulating biotic stress responses (van Loon et al., 2006a, Abeles et al., 2012, Davies, 

2013). Ethylene content is approximately between 75 pmol/g/h to 175 pmol/g/h in A. 

thaliana tissues over time (Knoester et al., 1999), and between 0.1 nl/g/FW/h and 1.5 

nl/g/FW/h in wheat spikes (Beltrano et al., 1994). Ethylene is synthesised in plants using a 

relatively simple pathway with only three enzymes. The amino acid methionine is 

converted to S-adenosylmethionine (SAM) catalysed by the enzyme SAM synthetase. The 

by-product is then salvaged to methionine via the Yang cycle. Subsequently the next rate-

limiting step uses ACC SYNTHASE (ACSύ όƘƻǳǎƛƴƎ ǘƘŜ ƛƳǇƻǊǘŀƴǘ ŎƻŦŀŎǘƻǊ ǇȅǊƛŘƻȄŀƭ рΩ-

phosphate) to convert of S-AdoMet to 1-aminocyclopropane-1-carboxylic acid (ACC). ACC 

is then converted to ethylene by ACC OXIDASE (ACO) (Wang et al., 2002, Broekaert et al., 

2006, van Loon et al., 2006a). ACC content is approximately between 10 ng/g to 147 ng/g 

(FW and DW) in wheat and B. distachyon leaves (Napoleão et al., 2017, Kretzler et al., 2020), 

and approximately 1 nmol/g to 26 nmol/g (FW) in A. thaliana tissues (Rodrigues-Pousada 

et al., 1993). 

     Much of the information of the molecular signalling cascade has been thoroughly 

investigated in Arabidopsis (Wang et al., 2002, Guo & Ecker, 2004, Broekaert et al., 2006, 

Ju & Chang, 2015). The ethylene receptors, AtETR1, AtETR2, AtERS1, AtERS2, and AtEIN4 

are functionally redundant and negatively regulate ethylene signalling in the presence of 

ethylene. The function of receptors requires copper which is supplied by the copper 

transporter RAN1. In the absence of ethylene, the C-terminus of ethylene receptors binds 

to the negative regulator Raf-like kinase CONSTITUITIVE TRIPLE-RESPONSE1 (CTR1), 

suppressing the activity of the positive regulator ETHYLENE INSENSITIVE2 (EIN2) by 

phosphorylation of its C-terminus and resulting in EIN2 degradation. As a result, F-box 

proteins EBF1/2 in the nucleus degrade the master ethylene signal regulator transcription 

factors ETHYLENE INSENSITIVE 3 (EIN3) and EIN3-LIKE 1 (EIL) required for downstream 

signalling. In the presence of ethylene, ethylene is perceived at the transmembrane 

receptor N-terminal which results in inactivation of the receptors, CTR1 inactivation, 

dephosphorylation of EIN2, and cleavage of the C-terminus of EIN2. Subsequently in the 

nucleus EBF1/2 repression of EIN3 is inhibited. Then the EIN2 C-terminus positively affects 
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the transcription family EIN3 which binds to the ERF1 promoter for transcription of ERF1 

which is part of a large class of APETELA2 AP2/ERF transcription factors and a member of 

ETHYLENE-RESPONSE-ELEMENT BINDING PROTEINS (EREBPs). EREBPs can activate 

downstream ethylene-ƛƴŘǳŎƛōƭŜ ƎŜƴŜǎ ŎƻƴǘŀƛƴƛƴƎ ŀ рΩ-GCC-оΩ ōƻȄ ǇǊƻƳƻǘŜǊΦ  

     Ethylene is generated quickly, transiently, and faster than JA and SA resulting in an 

ethylene gradient throughout the plant (van Loon et al., 2006a). Similarly ACC can also 

function as a signalling molecule (Van de Poel & Van Der Straeten, 2014). There are many 

downstream targets involved in ethylene-dependent defence responses. Defence-related 

genes with ethylene responsive elements includes numerous PR proteins and phytoalexins 

as well as structural cell wall and xylem defences (Shinshi et al., 1995, Broekaert et al., 2006, 

Shinshi, 2008). Ethylene is reported to function synergistically with the plant hormone JA 

(Fig. 1.6 (Shinshi, 2008, Bari & Jones, 2009, Pieterse et al., 2012), and is particularly 

important for activating the specific branch of JA signalling involved with resistance to 

necrotrophic pathogens over herbivores (Lorenzo et al., 2003, Glazebrook, 2005, Pieterse 

et al., 2012). Downstream targets responsive to both JA and ethylene include chitinase and 

PDF1.2 (Shinshi, 2008). It is believed the core network component responsible for 

interaction with JA and ethylene are ERFs (primarily ERF1) in which some are responsive to 

JA and ethylene and regulate numerous downstream ethylene and JA defence-related 

genes (Lorenzo et al., 2003, McGrath et al., 2005, Broekaert et al., 2006, Pieterse et al., 

2012). As an example, the transcription factors ERF1 and the AP2/ERF ORA59 are activated 

by JA and ethylene and induce expression of downstream targets like PDF1.2 (Pré et al., 

2008, Pieterse et al., 2012). Defence to a necrotroph Botrytis cinerea is also improved when 

ORA59 was overexpressed (Pré et al., 2008). EIN3/EIL1 is also important for JA/ethylene 

synergism through its interaction with JAZ proteins (Zhu et al., 2011). Plants utilise ethylene 

signalling to further prioritise JA signalling over SA signalling, since early ethylene signalling 

can abolish subsequent SA suppression of JA signalling (Leon-Reyes et al., 2010a, Pieterse 

et al., 2012). The transcription factors EIN3/EIL1 are also involved in repressing SA 

biosynthesis (Dempsey et al., 2011).  

1.3.4. Abscisic Acid 

Abscisic acid (ABA) (Fig. 1.5) is most known for its role in seed maturation 

germination, root architecture control, and abiotic stress responses (Dong et al., 2015). 

ABA concentrations in A. thaliana are approximately between 30 ng/g to 175 ng/g (FW and 
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DW) (Yu et al., 2012, Gupta et al., 2017). Similarly in tissues of monocots likes wheat and B. 

distachyon, the concentration of ABA ranges from approximately 4 ng/g to 330 ng/g 

(DW)(Buhrow et al., 2016, Napoleão et al., 2017, Brauer et al., 2019, Kretzler et al., 2020). 

The ABA biosynthetic, signalling, and regulation pathways are described by (Dong et al., 

2015, Chen et al., 2020). Biosynthesis of ABA, like JA, begins in the plastid and primarily 

involves the carotenoid pathway. Initially, isopentenyl diphosphate (IPP) is synthesised 

from the methylerythritol pathway and leads to production of phytoene and lycopene. 

After lycopene cyclisation, the product ̡-carotene is hydroxylated to zeaxanthin. Then in a 

three or four-step process using ZEAXANTHIN EPOXIDASE (ZEP), NEOXANTHIN SYNTHASE 

(NYP), and isomeǊŀǎŜΣ ȊŜŀȄŀƴǘƘƛƴ ƛǎ ŎƻƴǾŜǊǘŜŘ ǘƻ фΩcis-ǾƛƻƭŀȄŀƴǘƘƛƴ ƻǊ фΩcis-neoxanthin in 

the plastid. Then from either of these two compounds, in a rate-limiting step, xanthoxin is 

produced with the gene 9-cis-EPOXYCAROTENOID DIOXYGENASE (NCED). Subsequently in 

the cytosol, xanthoxin is converted using an ALCOHOL DEHYDROGENASE (ABA2) to abscisic 

aldehyde and finally is oxidised to ABA by ABSCISIC ACID OXIDASE (AAO3). As a mechanism 

to effectively regulate ABA content, ABA can be degraded by four CYTOCHROME P450 

MONOOXYGENASE 707A (CYP707A) enzymes by hydroxylation to phaseic acid and 

dihydrophaseic acid (DPA). Alternatively ABA can be glucosylated and stored to an inactive 

form ABA-glucosyl ester (ABA-GE) in the endoplasmic reticulum (ER) or vacuoles by uridine 

diphosphate glucosyltransferase (UGT71C5). ABA can then be made readily available again 

by hydrolysis using ̡-glucosidase (from AtBG1 for the ER and AtBG2 for the vacuole). ABA 

import and export is mediated by ABC transporters each with specific localisations and 

long-distance transport is believed to be accomplished via ABA-GE. 

      In the absence of ABA, the PROTEIN PHOSPHATASE 2C (PP2C) interacts with the SNF1-

RELATED PROTEIN KINASE (SnRK2) which represses downstream ABA genes. In the 

presence of ABA, the intracellular soluble ABA receptor PYRABACTIN-RESISTANCE/PYR-

LIKE/REGULATORY COMPONENT OF ABA RECEPTOR (PYR/PYL/RCAR) binds to ABA and 

forms a complex with PP2C which leads to the de-repression of SnRK2. Through either 

phosphorylation or autophosphorylation, downstream transcription factors and 

transporters are activated. Two other types of ABA receptors include the plasma 

membrane G-PROTEIN COUPLED RECEPTOR (GPCR) and the chloroplast localised Mg-

chelatase H subunit (CHLH), both with roles in stomatal control and seed development 

(Dong et al., 2015). PYR/PYL/RCARs, PP2C, and SnRK2 are also tightly regulated by 

phosphorylation or ubiquitination pathways (Chen et al., 2020).  
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     ABA generally negatively affects resistance to plant pathogens (Fig. 1.6) but ABA can 

have positive or negative effects on defence depending on the phase of infection. Pre-

penetration of pathogens, the closure of stomata has positive effects on resistance to those 

pathogens that penetrate via stomata (Ton et al., 2009, Chen et al., 2020). However post-

penetration, ABA tends to have negative effects on resistance but the effect depends on 

the pathogen (Ton et al., 2009). ABA can have positive effects on resistance towards some 

necrotrophic fungi by inducing cell wall changes like callose deposition, but negative effects 

by reducing ROS levels (Ton et al., 2009). Reducing ABA biosynthesis and signalling can 

promote resistance, for example with the ABA signalling and biosynthesis antagonist 

ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN (ATAF1) that promotes pathogen 

penetration resistance (Jensen et al., 2008, Ton et al., 2009). During late infection, ABA is 

generally associated with susceptibly to pathogens by impacting the way ABA interacts with 

other hormones (Ton et al., 2009). ABA can suppress SA-related defences (Audenaert et al., 

2002, Yasuda et al., 2008) and can divert resistance away from ethylene-JA resistance 

(Anderson et al., 2004, Lorenzo et al., 2004, Pieterse et al., 2012). Elevated ABA was shown 

to suppress JA/ethylene-related genes like PDF1.2, PR4, and a chitinase gene (CHI) 

(Anderson et al., 2004, Ton et al., 2009). On the other hand, ABA promotes resistance to 

insect herbivory and susceptibility to fungi through synergism with JA via the JA 

transcription factor MYC2 (Pieterse et al., 2012).  

1.3.5. Gibberellic Acid 

The diterpene gibberellic acid (GA) (Fig. 1.5), most commonly produced by plants, 

is a growth hormone involved in processes like seed germination and stem growth (Davies, 

2013). There are over 100 types of gibberellins in plants however only three, GA1, GA3, GA4 

are the most biologically active and are often synthesised at the target organ site 

(Yamaguchi, 2008, Hedden & Thomas, 2012). Different gibberellins in untreated A. thaliana 

tissues are approximately between 0.02 ng/g to 7 ng/g (FW and DW) (Gupta et al., 2017, 

.ŀǊǊƻπ¢Ǌŀǎǘƻȅ Ŝǘ ŀƭΦΣ нлнлύ. This is a little higher in wheat, ranging from approximately 9 

ng/g to 70 ng/g (DW) (Buhrow et al., 2016, Brauer et al., 2019). GA biosynthesis is described 

in detail by (Yamaguchi, 2008, Hedden & Thomas, 2012). All GAs are synthesised in the 

plastid from C20 geranylgeranyl diphosphate (GGDP) via the methylerythritol pathway. 

Initially, a two-step process using two terpene synthases ent-COPALYL DIPHOSPHATE 

SYNTHASE (CPS) and ent-KAURENE SYNTHASE (KS) convert GGDP to ent-Kaurene. 

Subsequently in a three-step reaction, ent-Kaurene is successively oxidised at C-19 to ent-
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Kaurenoic acid by the cytochrome CYP450 ent-KAURENE OXIDASE (KO). In another three-

step successive reaction in the ER, ent-Kaurenoic acid is successively oxidised at C-7 by 

another CYP450 enzyme ent-KAURENOIC ACID OXIDASE (KAO) to produce GA12. Finally, 

different soluble 2-OXOGLUTARATE-DEPENDENT DIOXYGENASES (2OD) (GA20ox, GA13ox, 

and GA3ox) are involved in oxidising different positions on GA12 in the cytosol resulting in 

the three main bioactive gibberellins GA1, GA3, and GA4 (Yamaguchi, 2008). GAs can be 

modified to less bioactive forms by hydroxylation with GA2ox, epoxidation with 

ELONGATED UPPERMOST INTERNODE (EUI) and CYP71D1, conjugated with glucose, or 

methylated with GAMT1/2 (Yamaguchi, 2008, Hedden & Thomas, 2012).  

     GA is perceived by soluble GIBBERELLIN INSENSITIVE 1 (GID1) receptors, which when 

activated, bind to the DELLA domain of GA repressor DELLA proteins. An E3 ubiquitin ligase 

SCFGID2/SLY1 (AtSLY1 (SLEEPY1) is the F-box protein) ubiquitylates DELLA which is then 

degraded by the 26s proteasome. (Schwechheimer, 2008). Another negative regulator is 

SPINDLY (SPY) that may function together with DELLA. On the other hand, REPRESSION OF 

ROOT GROWTH (RSG) and SCARECROW-LIKE3 3 (SCL3) function as GA positive regulators 

(Gomi & Matsuoka, 2003, Schwechheimer, 2008, Yamaguchi, 2008, Hedden & Thomas, 

2012). GA feedback loops are likely regulated at GA 3-oxidase expression by AT HOOK 

PROTEIN OF GA FEEDBACK REGULATION (AGF1) and YABBY1 (OsYAB1) (Yamaguchi, 2008, 

Hedden & Thomas, 2012). GA itself can also induce repression by upregulating or inducing 

DELLA expression and attenuating GID1 and SLY1 expression (Schwechheimer, 2008). 

     The consensus is that GAs affect defence response signalling indirectly by promoting 

necrotroph susceptibility and biotroph resistance (Fig. 1.6; (Navarro et al., 2008). This is 

most likely because of the way DELLA proteins interact with JA signalling repressors by 

binding to the JA transcriptional repressor JAZ1, which in turn allows activation of JA-

related genes (Hou et al., 2010, Pieterse et al., 2012). Therefore, degradation of DELLA 

mediated by GA results in inhibition of JA gene signalling mediated by JAZ which indirectly 

upregulates SA signalling (Fig. 1.6; (Navarro et al., 2008, Pieterse et al., 2012). There is 

evidence suggesting that GA affects resistance independently of JA and SA signalling. For 

example DELLA proteins have been found to regulate ROS level through activation of 

detoxifying enzymes in response to B. cinerea (Achard et al., 2008). It is proposed that 

DELLA proteins play a key role in mediating different forms of defence (De Bruyne et al., 

2014). Changes in GA content or perception through experimental mutation can affect 
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resistance as overexpression of EUI in rice, which normally deactivates GA, promoted 

resistance to the fungus Magnaporthe oryzae but susceptibility to the bacteria 

Xanthomonas oryzae (Yang et al., 2008). In another example, a OsGID1 mutant was found 

to promote resistance to Pyricularia grisea in rice (Tanaka et al., 2006). 

1.3.6. Brassinosteroid  

The large family of Brassinosteroids (BRs) are structural analogues to animal 

steroids that have hormonal functions in plants on cell growth and development, gene 

expression control, abiotic, biotic, and photomorphogenic responses (Bajguz, 2007, Bari & 

Jones, 2009, Kim & Wang, 2010). There are 69 different BR compounds reported in plants 

to-date (Kim & Russinova, 2020). Depending on the type, brassinosteroids appear at very 

low concentrations in planta. For example in A. thaliana, the concentrations of several BRs 

range from approximately 0.025 ng/g to 2 ng/g (FW) (Bajguz & Tretyn, 2003, Yokota et al., 

2017). Similarly in rice shoots, the concentrations of various BRs ranged from 

approximately 0.008 ng/g to 3 ng/g (FW) (Bajguz & Tretyn, 2003, Yokota et al., 2017). In 

most higher plants, BR biosynthesis (Described from (Bajguz et al., 2020)) starts from 

dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP) produced 

from the mevalonate (MVA) pathway. IPP and DMAPP are biochemically modified to 

farnesyl pyrophosphate. Squalene is then produced by the action of squalene synthase and 

is then oxidised and converted to the key compound cycloartenol in a two-step reaction. 

BRs are divided into groups based on carbon atoms as either C27, C28, C29-type. These three 

types of BRs are derived from cycloartenol. For C27, cycloartenol is converted to 

cycloartanol catalysed by STEROL SIDE CHAIN REDUCTASE 2 (SSR2). In a nine-step reaction, 

cycloartanol is then converted to cholestanol by the enzymes C-4-sterol methyl oxidase 3, 

C-4 sterol methyl oxidase 4, sterol C-5(6) desaturase, 7-dehydrocholesterol reductase 2 and 

a 5a reductase (DET2), each at different steps. Subsequently the various C27 BRs are 

oxidised by CYP90B1 and CYP85A1/2. For C28 type biosynthesis, a six-step reaction converts 

cycloartenol to 24-methylenelophenol with notable enzymes in this reaction including 

sterol C-24 METHYLTRANSFERASE 1 (SMT1), C-4 STEROL METHYL OXIDASE 1 (SMO1), 

cyclopropylsterol isomerase, CYP51, sterol C-14 reductase, and sterol 8,7 isomerase, 

sequentially. Then 24-methylenelophenol is converted to 24-methylenecholesterol in a 

three-step reaction with SMO2, STEROL-5(6) DESATURASE 1 (DWF7), and 7-

DEHYDROCHOLESTEROL REDUCTASE (DWF5). From 24-methelenecholesterol, campesterol 

is synthesised via SSR1, sterol isomerase and DET2 in a four step-reaction. Alternatively, 
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24-methelenecholersterol is converted to 22S,24R-22-hydroxy-5a-ergostan-3-one with 

CYP90A1 and DET2 involved in the last two stages of the four-step reaction. From either of 

campestanol or 22S,24R-22-hydroxy-5a-ergostan-3-one (or a third derivative of 24-

methelenecholersterol, 22,23-dihydroxy-4-en-3-one), C28 BRs (e.g. castasterone and 

brassinolide) are synthesised by oxidation using various CYP enzymes; CYP90A1/B1/C1/D1 

and CYP85A1/A2. Lastly, C29 BRs are derived from an alternate pathway from 24-

methyleneophenol in which beta-sitosterol is produced from a five-step reaction from 

SMT2, SMO2, DWF7, DWF5, and SSR1. The last step can also yield 22S-hydroxyisofucosterol 

which along with beta-sitosterol are required in synthesis of C29 which are oxidised by 

CYP724B2, CYP90B3 and CYP85A1/A2 along with other unknown enzymes. C27, C28, C29-type 

BRs are can lead to synthesis of each other often from the end product BRs and in particular 

BR C28 castasterone acts as a funnel for biological activities (Bajguz et al., 2020). 

Campesterol (C28)-derived epibrassinolide (epiBL) (Fig. 1.5) is considered the most 

important BR (Nakashita et al., 2003). BRs can be conjugated with fatty acids or glucose 

(Bajguz et al., 2020).  

BR signalling machinery is quite conserved between monocots and dicots (Kim & 

Russinova, 2020). BR signalling is summarised in (Zhu et al., 2013, Kim & Russinova, 2020). 

The BR receptor is the plasma-membrane localised BRASSINOSTEROID INSENSITIVE 1 (BRI1) 

made up of an extracellular LRR domain, a transmembrane domain, and serine/threonine 

kinase in the cytosol. In the absence of BR, the BR receptors remain inactive through either 

auto-phosphorylation, kinase domain dephosphorylation from PROTEIN PHOSPHATASE 

(PP2A), or its interaction with BRI1 KINASE INHIBITOR1 (BKI1).  The transcription factors 

BRASSINAZOLE RESISTANT 1 (BZR1)/BRI1 EMS SUPPRESSOR (BES1) are retained in the 

cytoplasm and impeded in DNA binding through phosphorylation by the negative regulator 

BRASSINOSTEROID INSENSITIVE 2 (BIN2) and association with 14-3-3 proteins which results 

in BZR1/BES1 degradation with different E3 ligases. In the presence of BR, BR binds to BRI1 

and forms a heterodimer complex with an LRR co-receptor kinase BR1-ASSOCIATED KINASE 

(BAK1) or the functionally redundant family proteins SOMATIC EMBRYOGENESIS KINASE 

(SERK) 1 and SERK4 resulting in full activation from trans-phosphorylation of BKI1 from BRI1 

resulting in their disassociation. Plasma membrane-bound BR-SIGNALLING KINASE1 (BSK1) 

and CONSTITUITIVE DIFFERENTIAL GROWTH1 (CDG1) are phosphorylated by the active 

BRI1. The BR positive signalling protein BRI1 SUPPRESSOR/BSU-LIKEs (BSU1/BSLs) is then 

activated by BSK1 scaffold association and CDG1 phosphorylation. The now activated 
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BSU1/BSL dephosphorylates BIN2 and homologues BIN2-LIKE1 and BIL2. BIN2 degradation 

is also mediated by KINK SUPPRESSED IN BZR-1D (KIB1). Repression of BIN2 permits 

BZR1/BES1 entry to the nucleus through activation by PP2 dephosphorylation. As a 

negative feedback loop, BZR1/BES1 binds to BR responsive elements (BRREs) as 

homodimers to repress expression of biosynthetic genes. Alternatively, BZR1/BES1 can 

bind to DNA E-box elements forming heterodimers with other transcription factors to 

activate BR biosynthetic genes (Zhu et al., 2013, Kim & Russinova, 2020).  

BRs tend to have differing effects on resistance depending on the pathogen lifestyle, 

with generally positive effects on resistance to biotrophs and negative effects on resistance 

to necrotrophic and hemibiotrophic pathogens (Yu et al., 2018). The endogenous pool of 

BR may affect the balance between defence and or growth (Yu et al., 2018). The molecular 

pathway of BR in the defence pathway is described in (De Bruyne et al., 2014, Yu et al., 

2018). There is some evidence for BR signalling components like BAK1 having a role in plant 

defence and PAMP recognition (Bari & Jones, 2009) and BAK1 is likely determining 

resistance or susceptibility depending of pathogen lifestyle (Yu et al., 2018). A mutation in 

BRI1 was also shown to improve resistance to necrotrophic and hemibiotrophic pathogens 

(Ali et al., 2014, Goddard et al., 2014), in some cases linked to constitutive and induced 

defences like PR1 and chitinases (Ali et al., 2014). Alternatively BR can regulate ROS levels 

or and secondary metabolites (De Bruyne et al., 2014). BRs can directly affect resistance, 

for example, pre-treatment with epiBL was found to increase resistance to a range of 

pathogens in tobacco (Nicotiana tabacum), without PR expression and independently of SA 

or SAR (Nakashita et al., 2003). However BR can also interact with other phytohormones. 

BR was shown to negatively affect SA defences (De Vleesschauwer et al., 2012) (Fig.1.4). 

Alternatively, BR was found to induce the expression of JA-related OPR3 (Müssig et al., 

2000) (Fig.1.4). Lastly there are molecular interactions with the growth hormone GA that 

can in turn affect resistance. For example, BR caused stabilisation of DELLA proteins which 

interfered with GA-related immune response (De Vleesschauwer et al., 2012).  

1.3.7. Auxin 

Auxins are important for many developmental processes such as shoot and root 

architecture, responses to light and gravity, and vascular development (Woodward & 

Bartel, 2005, Davies, 2013). Among four naturally occurring auxins, indole-3-acetic acid 

(IAA) is the main active auxin in plant tissues (Davies, 2013, Sauer et al., 2013). IAA levels 
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are substantially different between monocots and dicots. In untreated A. thaliana tissues 

(dicot), IAA levels range from approximately 10 ng/g to 50 ng/g (FW and DW) (Lewis et al., 

2011, Gupta et al., 2017), whereas in dicots, IAA ranges from approximately 16 ng/g to 5160 

ng/g (DW) in various tissues of wheat and B. distachyon (Buhrow et al., 2016, Napoleão et 

al., 2017). To-date IAA (Fig. 1.5) is believed to be synthesised in plants via four tryptophan 

(Trp)-dependent pathways or one Trp-independent pathway (Woodward & Bartel, 2005). 

These pathways are described in detail in (Woodward & Bartel, 2005, Zhao, 2014, Morffy 

& Strader, 2020). The most well-characterised and likely primary plant pathway is the 

relatively simple and highly conserved Trp-dependent Indole-3-pyruvate (IPA) pathway. 

The amino acid Trp is first deaminated by the aminotransferase family TRYPTOPHAN 

AMINOTRANSFERASE OF ARABIDOPSIS (TAA) to IPA. Subsequently in the rate-limiting step, 

IPA is turned into IAA with the enzyme YUCCA (YUC) flavin monooxygenases via oxidative 

decarboxylation (Mashiguchi et al., 2011, Zhao, 2012, Zhao, 2014). Other less characterised 

Trp-dependent pathways include the tryptamine (TAM) pathway in which Trp is converted 

to TAM via TRYPTOPHAN DECARBOXYLASE (TDC), then TAM to indole-3-acetaldehyde 

(IAAld), and IAAld to IAA with unknown enzymes for the last two steps. In the 

indoleacetamide (IAM) pathway, Trp is converted to IAM by an unknown mechanism and 

then to IAA via AMIDASE 1 (AMI1). Lastly in the IAOx pathway, Trp is converted to IAOx via 

CYP79B2/3. IAOx is then converted via unknown mechanism to IAM or indole-3-acetonitrile 

(IAN) and then via the enzymes AMI1 and NITRILASE (NIT), respectively, to IAA. The Trp-

independent pathway is not well-characterised but is believed to utilise indole derived from 

the Trp precursor indole-3-glycerol phosphate which is then converted to IAA.  

     IAA levels are regulated at biosynthesis and post-translationally. In Arabidopsis, 

biosynthetic auxin genes are regulated by numerous transcription factors described in 

(Zhao, 2014). Furthermore IAA can be stored by being conjugated with glucose via IAA 

glucosyl-transferase or conjugated with different amino acids with GRETCHEN HAGEN3 

(GH3) and in turn released with amidohydrolase IAA-LEUCINE RESISTANT 1 (ILR1)-LIKE 

family members (Staswick et al., 2005, Woodward & Bartel, 2005, Sauer et al., 2013). IAA 

can also be stored by conversion to indole-3-butryic acid (IBA) via IBA synthase and back to 

IAA via b-oxidation, or methylated with IAA CARBOXYLMETHYLTRANSFERASE 1 (IAMT1) 

(Woodward & Bartel, 2005, Sauer et al., 2013). Auxin is transported between cells over long 

distances by polar transport which is mediated by the asymmetrical localisation of auxin 

influx (AUX1) and efflux PIN-FORMED (PIN) transmembrane proteins (Woodward & Bartel, 
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2005). Some PIN auxin carriers are localised in the ER and believed to function in auxin 

sequestration (Sauer et al., 2013).  

     In the absence of auxin, AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA) proteins interact with 

the AUXIN RESPONSE FACTOR (ARF) transcription factors forming inhibitory heterodimers. 

In the presence of auxin, the F-box protein/receptor TRANSPORT INHIBITOR RESISTANT1 

(TIR1), which is part of an SKP-Cullin F-box (SCF) type ubiquitin E3 ligase, forms a complex 

with AUX/IAA and promotes its ubiquitination and targeted degradation by the 26s 

proteosome. This releases ARFs and allows for auxin-responsive gene expression 

(Woodward & Bartel, 2005, Sauer et al., 2013). Most ARFs do not interact with AUX/IAA 

and function as transcriptional repressors. Instead they compete with transcriptional 

activator ARFs to bind to auxin-responsive genes (Sauer et al., 2013). Other potential auxin 

receptors include AUXIN-BINDING PROTEIN1 (ABP1) and S-Phase kinase-associated 2A 

(SKP2A) but are both less characterised than TIR1 (Sauer et al., 2013). Downstream targets 

include the positive regulator SMALLAUXIN-UPRNAs (SAURs), GH3, and AUXIN/INDOLE-3-

ACETIC ACID (AUX/IAA) for auxin response regulation (Woodward & Bartel, 2005).  

     Aside for their important role in growth and development, auxins are also involved in 

defence signalling. Direct application of auxins was found to increase disease symptoms 

likely through inhibiting defence responses, and  resistance can occur when auxin signalling 

is repressed (Bari & Jones, 2009). GH3.8 was shown to improve resistance to the rice 

pathogen X. oryzae independent of JA and SA signalling, likely through suppression of 

auxin-induced cell wall loosening (Ding et al., 2008, Bari & Jones, 2009). Alternatively, 

auxins can negatively affect SA-dependent defence responses, which may indirectly 

improve resistance to necrotrophs (Fig. 1.6; (Robert-{ŜƛƭŀƴƛŀƴǘȊ Ŝǘ ŀƭΦΣ нллтΣ wƻōŜǊǘπ

Seilaniantz et al., 2011)). In turn, SA was also shown to regulate auxin by supressing 

expression of auxin transporters, receptors, and responsive genes (Wang et al., 2007). One 

common regulator between SA and auxin may be GH3 since GH3.5 regulates signalling of 

both auxin and SA (Zhang et al., 2007, Vlot et al., 2009, Chen et al., 2013b). Auxin is 

positively involved in the JA signalling pathway. The molecular JA components JAZ, COI1, 

MYC2 function in the crosstalk between JA-auxin (Yang et al., 2019). For example, 

exogenous auxin and auxin signalling can induce JA-associated genes (Tiryaki & Staswick, 

2002, Yang et al., 2019) like JAZ/TIFY10A (Grunewald et al., 2009). Lastly tryptophan 

conjugates of JA and IAA can inhibit function of auxin (Staswick, 2009). Alternatively, there 
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might be a negative cross-talk/fine-tuning as components of the E3-ubiquitin ligase 

complex are also used similarly with the auxin-related receptor TIR1 which may result in a 

competition for component resources (Acosta & Farmer, 2010). Overall auxins likely have 

roles in defence towards necrotrophs due to their generally positive association with JA 

(Fig. 1.6). This is supported by evidence that necrotrophs were found to reduce auxin 

signalling (Llorente et al., 2008).  

1.3.8. Cytokinin 

Cytokinins are a group of hormones important for a range of developmental 

processes like floral development, cell division, specifying cell fate, and root development, 

(Davies, 2013, Wybouw & De Rybel, 2019). Natural cytokinins are purine base derivates 

and appear as either isoprenoid cytokinins (e.g. N-[2-isopentyl]adenine (iP), trans-Zeatin 

(tZ) (Fig. 1.5)) or aromatic cytokinins (e.g. Kinetin or N-benzyladenine (BA)) (Márquez-López 

et al., 2019). Cytokinin concentrations (specifically zeatin) are approximately between 1 

ng/g and 7 ng/g (DW) in Arabidopsis leaves over time (Gupta et al., 2017), whereas in wheat 

and B. distachyon they were either not detected, or are between approximately 2 ng/g and 

4 ng/g (DW) (Buhrow et al., 2016, Napoleão et al., 2017). Their biosynthesis, regulation, 

and transport is described in (Márquez-López et al., 2019). Isoprenoid cytokinin (iP, tZ, and 

dihydrozeatin (DZ)) synthesis starts from either the methylerythritol phosphate (MEP) 

pathway in the plastid that produces 4-hydroxy-3-methyl-2(E)-butenyl diphosphate 

(HMBDP) and subsequently dimethylallyl pyrophosphate (DMAPP) or through the MVA 

pathway in the cytosol that produces DMAPP directly. First ATP, ADP, or AMP are 

prenylated with the isoprenoid moiety from DMAPP using ADENOSINE PHOSPHATE 

ISOPENTENYLTRANSFERASE (AP-IPT), resulting in isopentenyl adenosine-5-triphosphate 

iPRTP, isopentenyladenosine-5-diphosphate iPRDP, or isopentenyladenosine-5-

monophosphate iPRMP, respectively. Subsequently iPRTP, iPRDP, and iPRMP are 

hydroxylated to trans-Zeatin-ǊƛōƻǎƛŘŜ рΩ-phosphates, tZRTP, tZRDP, or tZRMP, respectively, 

by AtCYP735A1 and AtCYP735A2. The monophosphate ribonucleotides (i.e. iPRMP and 

tZRMP) are key precursors for the active cytokinins iP and tZ, respectively. The 

monophosphate ribonucleotide iPRMP can also be generated from dephosphorylation of 

IPRTP and iPRDP whereas the ribonucleotide tZRMP can also be produced from tZRPTP and 

tZRDP dephosphorylation. For the cytokinin DZ, the ribonucleotide DZRMP is produced 

from tZRMP. cis-Zeatin (cZ) is synthesised from tRNA in which the adenine at A37 is 

prenylated with tRNA-IPT, and after tRNA degradation, results in in the ribonucleotide 
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cZRMP. There are then two pathways that result in active cytokinins from the 

ribonucleotides described. The most known involves direct activation pathway that is 

catalysed by LONELYGUY (LOG) gene family converting the monophosphate 

ribonucleotides iPRMP, tZRMP, DZRMP, cZRMP to the active isoprenoid cytokinins iP, tZ, 

DZ, and cZ, respectively. Alternatively the monophosphate ribonucleotides can be 

converted to the active form via two-step pathway by converting the ribonucleotides 

iPRMP, tZRMP, DZRMP, cZRMP to ribonucleosides iPR, tZR, DZR, and cZR, respectively, 

before conversion to the active cytokinins. This alternate pathway is less characterised, and 

in Arabidopsis only one gene was characterised as URIDINE RIBOHYDROLASE (URH1) (a 

nucleoside N-ribohydrolase (NRH)) responsible for converting the ribonucleoside 

isopentenyladenine-riboside to iP. The biosynthesis of aromatic cytokinins is not well 

characterised.  

     Cytokinin levels can be regulated by conjugation or by oxidative breakdown. Cytokinins 

are conjugated at the O or N position with glucose catalysed by glucosyltransferases (UGT). 

N-conjugation is irreversible and is associated with cytokinin degradation whereas O-

glucosylation is reversible with beta-glucosidase. Cytokinins can be degraded irreversibly 

through oxidative breakdown by cytokinin oxidase/dehydrogenase (CKX) (Albrecht & 

Argueso, 2017, Márquez-López et al., 2019).  Cytokinins are transported long distance from 

root to shoot by ATP-binding cassette (ABC) transporters. The non-specific transporter PUP 

import apoplastic tZ and iP whereas ENT transporters import the respective apoplastic 

cytokinin ribonucleosides (Márquez-López et al., 2019).  

     Cytokinin signalling occurs through a two-component signalling pathway as described in 

(Nongpiur et al., 2012, Márquez-López et al., 2019). Cytokinins bind to CHASE domain of 

ER-localised NON-ETHYLENE HISTIDINE KINASES (AHK) receptors (AtAHK2/3/4) triggering 

histidine autophosphorylation. The phosphate group is then shuttled by the protein 

histidine phosphotransferase (HpT) from the cytoplasm to type B response regulators (RRs) 

in the nucleus. AHK4 also functions as a phosphatase and dephosphorylates HpT in the 

absence of cytokinin. Type-B RRs are made up of a receiver domain and a MYB-like DNA 

binding motif at the C-terminus which is important for activating downstream cytokinin-

responsive genes such as the type-A RRs. Hpt positively interacts with other cytokinin-

related transcription factors such as CYTOKININ RESPONSE FACTORS (CRFs) which share 

downstream targets with type B RRs. Cytokinin signalling is regulated at various steps in 
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this pathway. As a negative feedback loop, type A RRs that lack a DNA binding domain 

repress HpT and type B-RRs likely through competition for phosphate. Type B RRs are also 

regulated by S-PHASE KINASE-ASSOCIATED PROTEIN1 (SKP1)/CULLIN/F-BOX (SCF) E3-

ubiqutin with the F box KISS ME DEADLY (KMD) and 26S proteasome for degradation. Other 

transcription factors such as SPY and GLABROUS1 ENHANCER-BINDING PROTEIN 

(GeBP/GPL) can positively regulate cytokinin signalling. 

     There is relatively little known about the function cytokinins have in plant defences. 

Lower endogenous cytokinin levels were associated with susceptibility to the obligate 

biotroph Plasmodiophora brassicae in A. thaliana (Siemens et al., 2006), and cytokinin 

levels and signalling was found to increase in response to rice blast from M. oryzae (Jiang 

et al., 2013). Cytokinins are thought to promote susceptibility to obligate biotrophs in part 

ǘƘǊƻǳƎƘ ǘƘŜƛǊ ŀǎǎƻŎƛŀǘƛƻƴ ǿƛǘƘ ΨƎǊŜŜƴ ƛǎƭŀƴŘǎΩ ƛƴ ǿƘƛŎƘ ŀ ǊŜƎƛƻƴ ƻŦ ǎŜƴŜǎŎƛƴƎ ǘƛǎǎǳŜ ŀǘ 

infection sites remain photosynthetically active (Walters & McRoberts, 2006, Albrecht & 

Argueso, 2017). On the other hand, cytokinins were shown to promote resistance as 

cytokinins were found to elevate levels of phytoalexins (Großkinsky et al., 2011), and ROS 

scavenging compounds (Pogány et al., 2004), and induce callose deposition (Choi et al., 

2010) in which pathogen resistance was inferred. However defence activation only 

occurred during co-application of cytokinins with elicitors/pathogen suggesting cytokinins 

act as priming agents (Albrecht & Argueso, 2017). Isoprenoid cytokinins were shown to 

affect tobacco resistance differently as tZ was more effective than cZ for reducing 

Pseudomonas syringae pv. tabaci symptoms (Großkinsky et al., 2013). Cytokinins may also 

have a more complex role in defence response signalling by functioning synergistically with 

other phytohormones. Cytokinins were shown to function synergistically with SA for 

defence (Fig. 1.6; (Robert-Seilaniantz et al., 2007, Choi et al., 2011, Naseem et al., 2012, 

Pieterse et al., 2012, Jiang et al., 2013, Albrecht & Argueso, 2017). For example, SA-related 

defence gene expression (i.e. OsPR1b) in rice was activated via the synergism from SA and 

cytokinin co-treatment (Jiang et al., 2013). Similarly the cytokinin negative regulator type-

A RR was also found to suppress SA-related gene expression and downstream SA defences 

(Choi et al., 2010, Argueso et al., 2012). Cytokinin was found to have a priming effect on 

resistance before pathogen attack (Choi et al., 2010, Argueso et al., 2012). However, as a 

regulatory mechanism, SA was shown to negatively regulate cytokinin signalling (Argueso 

et al., 2012). Through modelling of Arabidopsis signalling networks, cytokinins were also 
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shown to function antagonistically to auxin in defence and the balance between these two 

hormones was shown to affect SA defences (Naseem et al., 2012).  

1.3.9. Aminobutanoic Acids 

 

Aminobutanoic acids (Synonym aminobutyric acids) are relatively newly recognised 

signalling molecules compared to the classic plant hormones. In terms of plant pathogen 

interactions the most important one is 3-aminobutanoic acid (BABA) (Fig. 1.5). BABA is a 

non-protein amino acid (Jakab et al., 2001, Cohen, 2002) which has been found naturally in 

plants at 6.4 ng/g (FW) in A. thaliana, and approximately 10 ng/g (FW) in wheat (Thevenet 

et al., 2017). To date only one BABA receptor has been identified as IMPAIRED IN BABA-

INDUCED IMMUNITY 1 (AtIBI1) encoding an aspartyl-tRNA synthetase. The R-enantiomer 

of BABA binds to aspartyl-tRNA synthetase binding domain, allowing for plant perception 

of BABA (Luna et al., 2014, Schwarzenbacher et al., 2014). Furthermore, Atibi1 mutants 

displayed reduced BABA-induced resistance (Luna et al., 2014). It is suggested that IBI1 (in 

the absence of BABA) contributes to resistance by sensing the dropping aspartic acid 

concentrations in the cytosol from invading biotrophic pathogens because of a reduction 

in its activity, resulting in elevated IBI1 expression and basal defence. This scenario is 

mimicked by BABA binding to IBI1 and priming basal resistance (Schwarzenbacher et al., 

2014). 

     BABA is renowned for improving resistance in many plant species to a broad range of 

pathogens and insects without directly affecting the growth of the pathogen (Zimmerli et 

al., 2000, Jakab et al., 2001, Cohen, 2002, Cao et al., 2014). Remarkably BABA is known to 

increase resistance to both biotrophic and necrotrophic pathogens (Cohen, 2002, Ton & 

Mauch-Mani, 2004, Ton et al., 2005). BABA levels also increase in response to pathogen 

attack (Thevenet et al., 2017). BABA is reported to increase resistance via callose, ROS, 

lignin, phytoalexins, and phenols (Cohen, 2002, Olivieri et al., 2009). This resistance often 

leads to reduced host growth (Schwarzenbacher et al., 2014), iron deficiency (Koen et al., 

2014) and even sterility (Cohen, 2002). BABA has the potential to be classed as a novel 

phytohormone (Baccelli & Mauch-Mani, 2017). Importantly the resistance and growth 

pathways induced by BABA are regulated by independent pathways (Luna et al., 2014). 

BABA-induced resistance pathways can also be pathogen-specific (Zimmerli et al., 2000, 

Cohen, 2002). There is a strong link between BABA and PAMP triggered immunity (PTI) 
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through SA signalling (Fig. 1.6) (Conrath et al., 2006). BABA has been shown to induce PR1, 

PR2, and PR5 expression (Cohen, 2002, Flors et al., 2008). Additionally, BABA also increases 

resistance to necrotrophic pathogens by supporting ABA biosynthesis and signalling 

pathways which likely primes callose deposition (Ton & Mauch-Mani, 2004, Ton et al., 

2005, Flors et al., 2008). Genes involved in this callose deposition include the ABA-

associated ZEP and the activator protein 2 transcription factor ABSCISIC ACID INSENSITIVE 

4 (ABI4) (Ton & Mauch-Mani, 2004, Ton et al., 2009).  

     An important isomer of BABA is 4-aminobutanoic acid (GABA) (Fig. 1.5) which can also 

act as an extracellular signalling molecule in plants (Jakab et al., 2001, Shelp et al., 2006). 

GABA is found at a higher concentration than BABA at 7,790 ng/g (FW) in A. thaliana 

(Thevenet et al., 2017). Much less is known about the effect that GABA has on plant 

pathogen interactions compared to BABA (Kinnersley & Turano, 2000, Forlani et al., 2014, 

Shelp et al., 2017). GABA is important in the tricarboxylic acid pathway (TCA), specifically 

in the GABA shunt pathway which provides an alternative route to produce succinate from 

glutamate (Shelp et al., 2006, Bolton, 2009). The GABA shunt pathway was shown to be 

induced in Lr34 resistant plants at 3 days post inoculation (dpi) (Bolton et al., 2008). 

Additionally, elevated GABA levels have been found in rice cultivars in response to rice blast 

M. oryzae, but while GABA levels continued to increase in resistant lines, GABA levels 

decreased in susceptible lines (Forlani et al., 2014). It is thought that GABA (through the 

GABA shunt pathway) provides resistance through maintaining NADH generation in the 

TCA cycle. This allows the host to circumvent enzymes that are sensitive to oxidative stress 

which often occurs during HR (Bolton, 2009). Additionally GABA might act as a stress 

response signal from decreasing pH levels in the cytosol and increased calcium signalling 

(Kinnersley & Turano, 2000). Expression of genes involved in primary amino acid 

metabolism, specifically the GABA biosynthetic genes were significantly increased in 

resistant mutants against necrotrophic pathogens (Seifi et al., 2013). Therefore the 

evidence suggests that GABA provides resistance to pathogens, specifically to necrotrophs, 

through primary metabolism and the reduction of disease symptoms. On the other hand, 

evidence shows that GABA might be used by pathogens as a nutrient source. GABA levels 

were found to increase in response to acidic pH from the compatible interaction with 

biotrophic fungi C. fulvum (Solomon & Oliver, 2002, Shelp et al., 2006). GABA level changes 

are also utilised by F. graminearum as self-defence mechanism against the toxicity of DON 

(Wang et al., 2018b). 
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1.4. The Biosynthesis of Phytohormones in Fungi 

 

Almost all the phytohormones, either the same (Fig. 1.5) or novel compounds, are 

produced in fungi. Most phytohormone biosynthetic genes in fungi appear in clusters. The 

phytohormone GA was first identified in Gibberella fujikuroi (synonym Fusarium 

monoliforme) and the responsible biosynthetic pathway, controlled by a cluster of seven 

genes, is described in detail in (Tudzynski, 2005). The start of the fungal GA pathway is very 

similar to the pathway plants (Yamaguchi, 2008). In G. fujikuroi, GGDP SYNTHASE-

ENCODING GENE (GGS), CPS/KS, CYP450-4, and CYP450-1, are key genes in the cluster 

involved at the start of GA biosynthesis from GGDP to GA12 aldehyde and GA14 aldehyde. 

The differences between G. fujikuroi and plants occurs after the GA12 aldehyde with the 

genes CYP450-1, CYP450-2, CYP450-3, and GA4 1,2-DESATURASE (des) and is generally to 

do with when the hydroxyl groups are added (Tudzynski, 2005). The gene NADPH-

CYTOCHROME P450 REDUCTASE (CPR) is important for CYP450 enzyme function (Malonek 

et al., 2004). ABA is also produced in fungi like B. cinerea, M. oryzae, and F. graminearum 

ό{ƛŜǿŜǊǎ Ŝǘ ŀƭΦΣ нллсΣ {ǇŜƴŎŜ Ŝǘ ŀƭΦΣ нлмрΣ vƛ Ŝǘ ŀƭΦΣ нлмсΣ LȊǉǳƛŜǊŘƻπ.ǳŜƴƻ Ŝǘ ŀƭΦΣ нлмуύ. In 

B. cinerea, the responsible genes include a four gene cluster (two CYP450 genes (aba1 and 

aba2), a gene of unknown function (aba3), and a DEHYDROGENASE (aba4)) as well as a fifth 

important gene (SESQUITERPENE CYLASE (stc5/aba5)) elsewhere in the genome (Siewers 

Ŝǘ ŀƭΦΣ нллсΣ LȊǉǳƛŜǊŘƻπ.ǳŜƴƻ Ŝǘ ŀƭΦΣ нлмуύ. Largely differing from the carotenoid pathway 

in plants (Chen et al., 2020), the direct ABA pathway in B. cinerea involves the conversion 

of farnesyl diphosphate, derived from IPP, to a-ionylideneethanol with stc5/aba5, which is 

then oxidised multiple times from the four gene cluster resulting in ABA (Inomata et al., 

2004, Siewers et al., 2006, Izquierdƻπ.ǳŜƴƻ Ŝǘ ŀƭΦΣ нлмуύ.  

Cytokinins are produced by two different pathways in fungi which match the 

different pathways for isoprenoid cytokinins in plants (Márquez-López et al., 2019). For the 

first pathway one of three forms of gene clusters are present in several fungal species like 

F. pseudograminearum, Fusarium oxysporum, and Claviceps purpurea (Sørensen et al., 

2018). Each cluster contains a different composition of genes but all contain the two key 

genes IPT-LOG fusion and a CYP450. Both genes are important for producing trans-zeatin, 

cis-zeatin, and three Fusarium specific cytokinins (e.g. Fusatinic acid) in F. 
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pseudograminearum (Sørensen et al., 2018) and trans-zeatin in C. purpurea (Hinsch et al., 

2015). The second pathway involves a tRNA-IPT gene which is important for cis-Zeatin 

production is found in species like M. oryzae, Colletotrichum graminicola and C. purpurea 

(Chanclud et al., 2016, Hinsch et al., 2016, Eisermann et al., 2020). The tRNA-IPT protein is 

conserved in several Ascomycete fungi (Chanclud et al., 2016). 

     Fungi can also produce the auxin IAA generally using the one or more of the four 

tryptophan-dependent pathways, but often with genes resembling the ones found in 

bacteria, as described in (Morffy & Strader, 2020). A common pathway is the IAM pathway 

used by species like Fusarium proliferatum ET1 and Colletotrichum gloeosporioides f.sp 

aeschynomene (Robinson et al., 1998, Tsavkelova et al., 2012). In these species, the genes 

responsible are organised in a cluster containing a TRYPTOPHAN MONOOXYGENASE (IaaM) 

and an IAM HYDROLASE (IaaH) (Tsavkelova et al., 2012). Secondly, the IPA pathway is 

present in fungi like Ustilago maydis, Neurospora crassa, and likely also in Leptosphaeria 

maculans and C. gloeosporioides f.sp aeschynomene (Robinson et al., 1998, Reineke et al., 

2008, Sardar & Kempken, 2018, [ŜƻƴǘƻǾȅőƻǾł Ŝǘ ŀƭΦΣ нлнлύ. In a manner connecting both 

the IPA and TAM pathway (Morffy & Strader, 2020), the most likely pathway is that 

tryptophan is converted to IPA with TRYPTOPHAN AMINOTRANSFERASE (TAM) genes 

(Reineke et al., 2008). Then IPA is likely converted to IAAld with INDOLE-3-PYRUVATE 

DECARBOXYLASE (IPDC) genes ό{ŀǊŘŀǊ ϧ YŜƳǇƪŜƴΣ нлмуΣ [ŜƻƴǘƻǾȅőƻǾł Ŝǘ ŀƭΦΣ нлнлύ. IPDC 

orthologues are present in several ascomycete fungi ό[ŜƻƴǘƻǾȅőƻǾł Ŝǘ ŀƭΦΣ нлнлύ. Lastly, 

IAAld is converted to IAA with INDOLE-3-ACETYLALDEHYDE DEHYDROGENASE (IAD) genes 

(Reineke et al., 2008). Interestingly F. graminearum is unique in that it likely uses the 

alternative IAN and TAM pathways for IAA biosynthesis (Luo et al., 2016).  

     The phytohormone ethylene is also produced by numerous fungi (Table 6.1) and the 

pathways responsible are described in detail in the introduction of chapter 6. Lastly, the 

phytohormones SA and JA can also be produced by fungi (Chanclud & Morel, 2016), 

including by F. graminearum (Ding et al., 2020). There are early descriptions of the JA 

pathway in fungi which is likely similar to the plant pathway (Eng et al., 2021), however the 

pathway for SA is still unidentified (Chanclud & Morel, 2016). 
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1.5. The Use of Phytohormones to Control Plant Diseases 

Phytohormones can be exogenously applied to plants, generally before infection 

from microorganisms, to improve host resistance. The most well-studied phytohormone 

through exogenous application is SA. SA was shown to be effective in reducing disease from 

a wide range of bacterial, viral, and fungal pathogens in several species such as Arabidopsis, 

rice, and tomato (Solanum lycopersicum) (Mandal et al., 2009, Trusov et al., 2009, Koo et 

al., 2020). There are even commercial products, termed plant defence activators, that 

increase plant defence through SA-related plant defence pathways (Agrios, 2005, Bektas & 

Eulgem, 2015). For example the active component benzothiadiazole, in products like 

BION®, is a synthetic analogue of SA that primes plant defences through SAR and is used to 

reduce the severity of disease from several plant pathogens (Friedrich et al., 1996, Agrios, 

2005, Sugano et al., 2013, Bektas & Eulgem, 2015). In a similar fashion, BABA could be 

considered a SAR-associated plant defence activator (Cohen, 2002, Agrios, 2005). Like SA, 

exogenous application of BRs can improve resistance to many plant and pathogen systems 

such as tobacco mosaic virus (TMV) in tobacco, Magnaporthe grisea and X. oryzae in rice, 

phytophthora in potato (Solanum tuberosum), and P. syringae and Oidium sp. in tobacco 

(Khripach et al., 2000, Nakashita et al., 2003, Yu et al., 2018). Importantly there is evidence 

of improved resistance to fungi from BR application in field trials of barley and cucumber 

(Cucumis sativus L.) (Khripach et al., 2000).  

     Despite the negative effects on resistance (Fig. 1.4), exogenous application of ABA can 

also improve resistance to species like Plectosphaerella cucumerina in Arabidopsis, 

Cochliobolus miyabeanus in rice, Alternaria solani in tomato, and can reduce TMV build-up 

in Arabidopsis (Ton & Mauch-Mani, 2004, De Vleesschauwer et al., 2010, Song et al., 2011, 

Chen et al., 2013a). For JA, exogenous application of the jasmonate MeJA has also been 

shown to increase resistance to several necrotrophic fungal pathogens, for example to B. 

cinerea and P. cucumerina in Arabidopsis, Pythium arrhenomanes in rice, and Sclerotinia 

sclerotiorum in dry bean (Phaseolus vulgaris L.) (Thomma et al., 2000, Oliveira et al., 2015, 

Verbeek et al., 2019). Exogenous application of ethylene or the precursor ACC have been 

shown to also improve resistance in soyabean (Glycine max) to Phytophthora sojae (Sugano 

et al., 2013), and tomato to B. cinerea (DƤȳaz et al., 2002).  
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     Exogenous application of cytokinins was also shown to improve resistance to bacteria, 

fungi, and an oomycete in species like Arabidopsis, rice, tobacco, and tomato (Naseem et 

al., 2012, Reusche et al., 2013, Albrecht & Argueso, 2017, Gupta et al., 2020). There is 

evidence that exogenous application of the auxin IAA increased resistance in cotton 

(Gossypium hirsutum) and tomato to certain Fusarium species (Sharaf & Farrag, 2004, 

Egamberdieva et al., 2015). Lastly exogenous application of GA has been shown to improve 

phytoplasma resistance in tomato (Ding et al., 2013). Exogenous application of 

phytohormones can also have negative effects on resistance and this depends on many 

factors such as the plant host and pathogen investigated (DƤȳaz et al., 2002, Robert-

Seilaniantz et al., 2007, Bari & Jones, 2009, De Vleesschauwer et al., 2010, Albrecht & 

Argueso, 2017, Yu et al., 2018, Koo et al., 2020). Thus the examining the effects of 

exogenous phytohormone application should be investigated in a case-by-case basis.  

     BCAs can be used as an alternative approach to improving host defences to pathogens 

through the modification of endogenous phytohormone content in host plants. The fungus 

Trichoderma is a good example of this. Root application of different Trichoderma species 

induced both JA and SA content in Arabidopsis and cucumber and reduced the symptoms 

of B. cinerea and P. syringae, respectively (Segarra et al., 2007, Contreras-Cornejo et al., 

2011). Similarly, both JA and ethylene pathways were associated with the resistance-

inducing properties of Trichoderma asperellum in cucumber to P. syringae (Shoresh et al., 

2005). It is proposed that Trichoderma activates ISR against pathogens in distal tissues 

through the JA and ethylene pathway (Shoresh et al., 2005, Korolev et al., 2008, Pieterse et 

al., 2014). Similarly another BCA species, Cryptococcus laurentii, was shown to promote 

resistance to B. cinerea in cherry tomato through host-induced ethylene biosynthesis and 

signalling (Tang et al., 2019). Other phytohormones can also be affected by various BCA 

species. In melon (Cucumis melo), three other Trichoderma species were shown to reduce 

the disease symptoms from F. oxysporum which correlated with a reduction in hormone 

profiles like cytokinins (Martínez-Medina et al., 2014). In other BCAs like Pseudomonas 

Fluorescence, cytokinin signalling was shown to be important for effective biocontrol 

against P. syringae in Arabidopsis (Großkinsky et al., 2016). Lasty, the BCAs Bacillus subtilis 

and three Trichoderma species were shown to increase cucumber, melon, and tomato IAA 

content and provide resistance to different pathogens (Chen et al., 2010, Chowdappa et 

al., 2013, Martínez-Medina et al., 2014).  



 

47 
 

     Overall, the manipulation of endogenous phytohormone content in several host species 

through exogenous application or BCAs are shown to be effective control strategies 

towards respective pathogens. 
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1.6. Brachypodium distachyon as a Model Organism for Studying 

Fusarium Diseases 

Due to wheat having a large allohexaploid genome, long growth, and generation 

time, and relatively inefficient transformation resources (Brkljacic et al., 2011), wheat is not 

the best pathosystem for high throughput, small-scale experimental analysis of Fusarium 

diseases. Draper and colleagues (2001) described Brachypodium distachyon (purple false 

brome) as a useful model system for small-grained cereals (Draper et al., 2001). B. 

distachyon (2n_10) is a temperate monocotyledonous plant that belongs to the Pooideae 

sub-family. It is an inbreeding annual, with short generation times of less than four months, 

short height, and requires simple growth conditions (Fig. 1.7) (Draper et al., 2001, Brkljacic 

et al., 2011, Scholthof et al., 2018). In terms of resources, B. distachyon has a very simple 

genome of just 272 Mbp (high quality reads), high sequence collinearity and phylogenetic 

position with other important cereals, efficient transformation systems, and a wide array 

of other genetic resources (Vogel et al., 2006, Initiative, 2010, Brkljacic et al., 2011, Thole 

et al., 2012, Kellogg, 2015, Scholthof et al., 2018, Hus et al., 2020). Due to high similarity 

(anatomically and developmentally) to wheat, B. distachyon is a good model for studying 

shoot and root development (Watt et al., 2009), as well as similarities in grain development 

(Draper et al., 2001, Opanowicz et al., 2011) .  

 

Figure 1.7. B. distachyon (Bd3-1) plants in pots growing in a controlled environment 
cabinet. Approximately 3-week old Bd3-1 in the front. Flowering Bd3-1 in the back 
(Approximately 6-week-old). Photos taken with an iPhone 6 camera. 
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     In terms of Fusarium disease research, other hosts such as barley have inherent type 2 

resistance (Fig. 1.3B, Table 1, (Langevin et al., 2004) which makes studying this type of 

resistance difficult. Although rice is a diploid with a small genome (Ensembl Genomes 

database (Howe et al., 2020)), it is not adapted to temperate climates, and is infected by 

alternative Fusarium species (Amatulli et al., 2010), which makes studying F. graminearum 

infection challenging. A. thaliana can be used (Urban et al., 2002) however it exhibits 

alternative FHB floral symptoms to those found in cereals and infection does not lead to 

accumulation of high DON concentrations in floral tissues (Professor Paul Nicholson, 

personal communication).  

     B. distachyon is also a good model for studying plant-pathogen interactions. Certain B. 

distachyon ecotypes display varying levels of susceptibility to a range of important cereal 

diseases (Draper et al., 2001, Routledge et al., 2004). Peraldi and colleagues (2011) and 

Pasquet and colleagues (2014) showed that B. distachyon is an important model for 

studying F. graminearum pathology on cereals (Peraldi et al., 2011, Pasquet et al., 2014). F. 

graminearum can infect all B. distachyon tissues with variation between B. distachyon 

ecotypes and germplasm (Peraldi et al., 2011, Su et al., 2018) (Fig. 2.2 and Fig. 3.2). The 

ecotype Bd3-1 was chosen for the present study due to it having slightly higher levels of 

susceptibility than Bd21 (Peraldi et al., 2011, Su et al., 2018). Furthermore F. graminearum 

was found to progress in a similar manner during B. distachyon FHB to that of wheat FHB, 

especially under elevated humidity (Su et al., 2018). Despite DON increasing susceptibility 

to F. graminearum in B. distachyon (Pasquet et al., 2014), pre-infection application of DON 

was shown to condition resistance to F. graminearum in B. distachyon (Blumke et al., 2015). 

Furthermore, a B. distachyon gene encoding a UDP-glucosyltransferase was shown to 

provide FHB and FRR resistance and DON resistance in B. distachyon and wheat (Pasquet 

et al., 2016, Gatti et al., 2019). Lastly, certain parts of the immune system are conserved 

between B. distachyon and other cereals such as with BR signalling (Goddard et al., 2014) 

or PR genes (Kouzai et al., 2016). Furthermore, many important phytohormone-associated 

B. distachyon genes have been investigated (Lyons et al., 2013, Kakei et al., 2015, Pearce et 

al., 2015, Yang et al., 2015, You et al., 2015, Chen et al., 2016, Gordon et al., 2016, Kouzai 

et al., 2016).  
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1.7. Project Aims 

 

Most wheat varieties are susceptible to FHB and fungicides are not completely 

effective. Phytohormones are known to affect resistance to different plant pathogens. 

Brachypodium distachyon is an effective cereal model for investigating Fusarium diseases 

and phytohormone effects. The main aim of this project is to investigate the role of 

phytohormones in the interaction between B. distachyon and F. graminearum. Several sub-

aims described below are important for addressing this aim. I want to compare the effects 

of each phytohormone on resistance to floral and root tissue diseases caused by F. 

graminearum (FHB and FRR, respectively). The effect of individual phytohormones on 

resistance will be investigated using exogenous hormone pre-application on FRR and FHB 

in Chapters 2 and 3, respectively. Phytohormones with the greatest effect on FRR and FHB 

disease resistance will be identified and discussed. I will then investigate the 

phytohormone-related transcriptomic response of B. distachyon during both FHB and FRR 

diseases in Chapter 4. Likewise, the expressed secretome and other important gene groups 

in F. graminearum during both FHB and FRR diseases will be investigated in Chapter 5. 

Lastly, it was reported that the host ethylene-signalling pathway is exploited by F. 

graminearum. Gas chromatography and transcriptomics will be used to investigate the 

biosynthesis of ethylene by F. graminearum in Chapter 6. Suitable predicted ethylene 

biosynthesis genes will then be deleted using a split-marker deletion method and ethylene 

production and virulence of deletion strains will be investigated. 

Chapter Aims: 

¶ Chapter 2: Determine which phytohormones are most effective at altering FRR 

resistance in Brachypodium distachyon. 

¶ Chapter 3: Determine which phytohormones are most effective at improving FHB 

resistance in Brachypodium distachyon and wheat. 

¶ Chapter 4: Investigate the phytohormone-associated transcriptome differences 

between FHB and FRR in Brachypodium distachyon. 

¶ Chapter 5: Investigate the transcriptome differences of key Fusarium graminearum 

effectors and genes between FHB and FRR. 

¶ Chapter 6: Determine whether Fusarium graminearum produces ethylene. Identify 

the responsible pathway. Determine whether Fusarium graminearum-derived 

ethylene has a role in virulence. 
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Chapter 2 - The Effect of Phytohormones on Fusarium Root 

Rot  
 

Several figures and some of the writing in this chapter have been published previously in:   

Haidoulis JF, Nicholson P, 2020. Different effects of phytohormones on Fusarium head 
blight and Fusarium root rot resistance in Brachypodium distachyon. Journal of Plant 
Interactions 15, 335-44. 
 

2.1 Introduction 

 

Fungal root diseases in cereals caused by the fungi Fusarium, Gaeumannomyces, 

and Rhizoctonia, are widespread in wheat (Triticum aestivum) and barley (Hordeum 

vulgare) fields and are becoming more prevalent with the increased use of cereal crop 

rotation and no tillage practices (Cook, 2001). Fusarium root rot (FRR) in cereals can be 

caused by Fusarium culmorum and Fusarium graminearum (Cook, 2001, Beccari et al., 

2011, Wang et al., 2015b). F. graminearum is often associated with the disease Fusarium 

head blight (FHB) as this is generally the first Fusarium symptom observed and is the most 

economically relevant (Parry et al., 1995). FRR on the other hand is not as well 

characterised as FHB due to the difficulty of studying root diseases (Voss-Fels et al., 2018). 

Fortunately wheat FRR caused by F. graminearum and F. culmorum has been the subject of 

some investigations (Wang et al., 2006, Beccari et al., 2011, Wang et al., 2015b, Wang et 

al., 2018c). Colonisation and sporulation can occur rapidly (Wang et al., 2015b) causing root 

browning and necrosis (Beccari et al., 2011, Peraldi et al., 2011). Control of FRR is also 

difficult due to limited effectiveness of fungicides, lack of genetic resistance, and 

persistence in the soil for many years facilitated by the predominantly saprotrophic lifestyle 

of F. graminearum (Parry et al., 1995, Cook, 2001).  

     Phytohormones induce different effects on Fusarium head blight (FHB) resistance in 

wheat and barley (Fig. 3.1). No research to my knowledge has investigated the effect of 

phytohormones in response to F. graminearum root disease in cereals. The effect of 

hormones on F. oxysporum-infection following root treatment has, however, been 

investigated previously (Sharaf & Farrag, 2004, Mandal et al., 2009, Trusov et al., 2009, Kidd 

et al., 2011). Unfortunately these experiments were performed on dicot hosts and only 

measured shoot disease symptoms. Therefore the effect of phytohormone on FRR 
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symptoms in cereals is relatively unknown. Certain F. oxysporum formae specialis are 

predominantly necrotrophic pathogens in many plant species that invade host roots and 

cause vascular wilt (Agrios, 2005). Generally salicylic acid (SA) root treatment improved F. 

oxysporum wilt resistance (Mandal et al., 2009, Trusov et al., 2009) and abscisic acid (ABA), 

1-aminocyclopropane-1-carboxylic acid (ACC), and jasmonic acid (JA) root treatment 

increased F. oxysporum wilt susceptibility (Trusov et al., 2009).  

     Brachypodium distachyon is an effective cereal model for investigating cereal FRR due 

to the high anatomical similarity of roots to wheat (Watt et al., 2009, Chochois et al., 2012) 

and the fact that root tissues are highly susceptible to F. graminearum infection (Peraldi et 

al., 2011, Peraldi, 2012). B. distachyon was selected for FRR assays over wheat because of 

the fast and resource-saving method. There is also a reduction in random experimental 

variation because of the larger density of B. distachyon plants that are grouped together 

for a single treatment. Furthermore the B. distachyon FRR data can be more accurately 

compared to FHB assays using B. distachyon (Chapter3), and the small B. distachyon 

genome (Initiative, 2010) is useful to ease the subsequent investigation of transcriptomics 

in FRR (Chapter 4). Therefore B. distachyon was used to efficiently test the effect of 

phytohormones on FRR resistance on many roots simultaneously in a short timeframe. This 

has been investigated once before. Exogenous ACC application on B. distachyon roots was 

shown to increase F. culmorum-induced FRR symptoms (Cass et al., 2015).  

     The objective of this chapter is to determine which phytohormones have the most 

significant effect on F. graminearum-induced FRR resistance when applied exogenously. B. 

distachyon root tissues from seedlings were treated with a range of phytohormones before 

inoculation with F. graminearum. All phytohormones, excluding strigolactones but 

including aminobutanoic acids, were investigated. Since phytohormones interact with 

other hormones at the molecular level, two compounds with substantial effects on FRR 

resistance were then assessed for their effects on endogenous phytohormone and defence 

changes during late FRR infection with the use of hormone responsive markers.  

Aim: Identify the phytohormones that are most effective at altering FRR resistance in 

Brachypodium distachyon. 
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2.2 Materials and Methods 

 

2.2.1. Plant Material and Growth Conditions 

 

The Brachypodium distachyon line Bd3-1 was obtained from the John Innes Centre, 

Norwich, UK. To soften the floret, seeds were soaked in water (sterile diH20) for 10 to 30 

min. Subsequently, the lemma and palea were peeled off the individual seeds. Peeled seeds 

were placed between two layers of dampened filter paper (9 cm, Sartorius Grade 292) with 

5 ml water (sterile diH20) in a Petri-dish. Seeds were then stratified at 5°C for five days in 

the dark. Then the top filter paper layer covering the seeds was removed and the seeds 

were incubated for one day at 22°C (16 h/8 h light/dark photoperiod, variable humidity) in 

controlled environment cabinets (Snijders Labs MicroClima-series, Economic LUX 

chambers) (Peraldi et al., 2011). 

2.2.2. Maintenance of F. graminearum 

Fusarium graminearum PH1 (obtained from John Innes Centre, UK) was maintained 

on 20 ml solidified potato dextrose agar (PDA) (41 g/L) (The PDA solution was prepared by 

the JIC media kitchen) in circular 9 cm diameter plastic Petri-dishes in controlled 

environment cabinets (Snijders Labs MicroClima-series, Economic LUX chambers or in a 

walk-in controlled environment growth room) at 22°C under 16 h/8 h light/dark 

photoperiod (Fig. 2.1). 
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Figure 2.1. F. graminearum PH1 mycelial growth on PDA (6 dpa) from an agar plug. Both 
images (A and B) are the same Petri-dish viewed from the top (lid) (A) and the bottom (PDA 
base) (B). Scale bars = 1 cm. 

 

2.2.3. Root Rot Assay 

 

Aspects of the FRR assay were derived from (Peraldi et al., 2011, Goddard et al., 

2014) and were modified for chemical amendment experiments. A sterile 9 cm2 filter paper 

square (cut from Chromatography Paper 46 cm x 57 cm from Slaughter Ltd R & L) was 

placed on square plastic square Petri-dishes (10 x 10 cm) containing 50 ml autoclaved 0.8% 

agar (Fischer Science). Under sterile conditions, ten cold-stratified and germinated Bd3-1 

seeds were placed on the filter paper. A minimum of 30 seedlings were used for each 

treatment. All plates were placed, angled at 70° from the horizontal to ensure uniform 

downward root growth, in covered plant propagators containing wetted paper towel to 

maintain high humidity (Supp. Fig. S1). Plant propagators with square Petri-dishes were 

incubated at 22°C (16h/8h light/dark photoperiod, variable humidity) in controlled 

environment cabinets (Snijders Labs MicroClima-series, Economic LUX chambers). After 

three days, the filter paper with seedlings attached was carefully transferred to different 

square Petri-dishes containing 0.8% agar amended with phytohormone or control solvent 

alone and returned to controlled environment growth cabinets. All compounds were 

ordered from Merck/Sigma-Aldrich UK unless otherwise stated. All non-water solvent 

concentrations in final treatment were at or below 0.1%. The same concentration of 

solvent was applied to respective control treatment 0.8% agar plates. Additionally the 
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compounds were applied to Bd3-1 roots in the absence of disease (Supp. Fig. S2) to make 

sure no visual browning occurred over time that might interfere with FRR measurements.  
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Table 2.1. Summary of each phytohormone exogenously applied for B. distachyon FRR assays. 

Plant Hormone* Working Concentration (˃ aύ Solvent** References*** 

Salicylic acid 100 Ethanol (0.1%) DS + (Kakei et al., 2015) 

Jasmonic acid 1 Ethanol (0.1%) DS + Dr Antoine Peraldi, unpublished 

1-aminocyclopropane-1-
carboxylic acid (ACC) 

100 Water 
DS + (Peraldi, 2012, Van de Poel & Van Der Straeten, 

2014) 

Auxin (Indole-3-acetic acid) 
sodium salt 

10 Water (Kakei et al., 2015) 

Auxin (1-Naphthaleneacetic 
acid) 

5 Ethanol (0.1%) ****  

Cytokinins (trans-Zeatin) 10 DMSO (0.1%) (Großkinsky et al., 2013, Kakei et al., 2015) 

Cytokinin (Kinetin) 10 Water ****  

Gibberellic acid (GA) 10 Water DS + (Tanaka et al., 2006) 

epiBrassinolide 0.1 Ethanol DS + (Peraldi, 2012) 

Prohexadione-calcium 100 Water (Kakei et al., 2015) 

Brassinazole 10 DMSO (0.02%) (Nahar et al., 2012) 

3-aminobutanoic acid (BABA) 9000 Water DS + (Cohen, 2002, De Vleesschauwer et al., 2010) 

4-aminobutanoic acid (GABA) 9000 Water ****  
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* All compounds were ordered from Sigma-Aldrich/Merck ** Final solvent concentration applied 

to 0.8% autoclaved agar in control plates (ELGA water). ***The source for the respective working 

concentrations were derived either from a publication, previous lab member notes, or a dilution 

series (DS) (Data not shown). **** The concentration for NAA, Kinetin and GABA was based on the 

concentrations used with IAA, trans-zeatin, and BABA respectively. A slightly lower concentration 

of NAA was chosen because of evidence that NAA is more stable than IAA and primarily passively 

diffuses into plant cells ό5ǳƴƭŀǇ Ŝǘ ŀƭΦΣ мфусΣ IƻǑŜƪ Ŝǘ ŀƭΦΣ нлмнύ.  

 

     Roots were inoculated six hours after transfer to hormone-amended medium (Fig. 2.2). 

Inoculum was prepared by blending mycelium and PDA from one-week old cultures (adding 

1 ml water (sterile diH20) per PDA plate). Subsequently, approximately 0.1 ml to 0.2 ml of 

homogenized slurry was transferred with a 10 ml syringe (Terumo syringe without needle) 

onto the root tip. Inoculated plants were then incubated at 22°C (16h/8h light/dark 

photoperiod, variable humidity) in controlled growth cabinets (Snijders Labs MicroClima-

series, Economic LUX chamber or a Snijders Scientific cabinet). The slurry was removed 

when necrosis was visible at the root tip, generally at 1-day post inoculation (dpi) (Fig. 2.2). 

Roots were photographed at intervals to monitor disease development. For repeated 

independent experiments with different measurement dates, the days were combined and 

ŘŜƴƻǘŜŘ ŀǎ Ψ{ŎƻǊŜ 5ŀǘŜΩ м ǘƻ о ǿƛǘƘ each measurement at 3-day intervals (Fig. 2.5B, Fig. 

2.5C). Unless otherwise stated, all photographs were taken with either an Olympus C-750 

Ultra Zoom Digital compact camera or an Olympus Stylus TG-4 camera. 
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Figure 2.2. Fusarium root rot assay protocol summary. Pictures were taken from different 
experiments except for 2 dpi and 6 dpi pictures. The second step/mycelial slurry inoculum 
picture was taken at 3 dpi (three days after inoculation) and does not normally show aerial 
mycelia during application. Scale Bars = 1 cm.  
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2.2.4. Antimicrobial Activity against F. graminearum 

 

Potential effects of phytohormones on fungal growth were assessed. PDA mycelial 

plugs (5 mm) of five- or seven-day old F. graminearum PH1 were transferred to 9 cm 

diameter Petri-dishes with 20 ml chemically amended PDA agar or to a control treatment 

with equal concentration of respective solvent (Table 2.2).  Plates were stored at 

22°C/22°C, 16 h/8 h (light/dark) (in controlled environment cabinets Snijders Labs 

MicroClima-series, Economic LUX chambers) and measured across two perpendicular 

diameters every day for three days. 

Table 2.2. Summary of each phytohormone in amended PDA for F. graminearum 
antimicrobial test.  

Plant Hormone Working Concentration (˃aύ Solvent 
Indole-3-acetic acid 10 Water 

3-aminobutanoic acid 10000 Water 
trans-Zeatin 10 DMSO (0.1%) 
Salicylic acid 100 Ethanol (0.1%) 
Jasmonic acid 1 Ethanol (0.001%) 

ACC 100 Water 

 

 
 

Figure 2.3.  Two-day old F. graminearum PH1 mycelial plugs growing radially along the 
marked grid. Black marks on the grid represent 1 dpa, blue 2 dpa, and red is for orientation 
purposes. Scale bar = 1 cm. 
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2.2.5. Differential Gene Expression of Marker Genes 

 

     Bd3-1 leaves and floret tissue were harvested, flash frozen in liquid nitrogen, and DNA 

was extracted using a Qiagen DNeasy Plant Mini Kit. Once material was ground to a powder 

with a mortar and pestle with a small amount of acid-washed sand, 400 µl of Buffer AP1 

and 4 µl RNaseA were pipetted into the material. The mixture was vortexed and incubated 

at 65°C for 10 min.  Then 130 µl of P3 buffer was mixed the mixture was incubated for 5 

min on ice and was subsequently centrifuged at 18,200 rcf. The lysate was centrifuged in a 

QIAshredder spin column for 2 min at 18,200 rcf. Then 400 µl of AW1 buffer was added to 

the supernatant (Approximately 200 µl) and mixed. The mixture was added to a DNeasy 

Mini spin column and was centrifuged at 5,900 rcf for 1 min twice while discarding the 

supernatant. In a new collection tube, 500 µl of AW2 buffer was then added and the 

mixture was centrifuged at 5,900 rcf for 1 min, subsequently discarding the flow-through. 

This step was repeated but at 18,200 rcf for 2 min. The Qiagen spin column was then placed 

in a 1.5 ml Eppendorf tube and the DNA was eluted with 50 µl or 100 µl buffer AE, incubated 

at room temperature for 5 min, and centrifuged at 5,900 rcf for 1 min. This step was 

repeated using the eluate from the previous step.  

     Primers (Supp. Table S11) were ordered from Merck/Sigma Aldrich UK. In order to test 

primer efficacy and annealing temperature, PCR was then carried out on a Gstorm PCR 

machine (Table 2.3 and Table 2.4). Quality of PCR amplicons was determined using gel 

electrophoresis with 1% agarose (Melford) in 1 x TAE buffer and 6 µl of ethidium bromide. 

Then 10 µl of PCR product was pipetted to each well with 100 bp DNA ladder in one lane. 

The electrophoresis power supply was set at 80 V to 100 V. The gel was visualised in a Bio-

Rad Gel Imaging System. 
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Table 2.3. PCR reagents for primer quality assays. 

Reagent Concentration (µm) Volume per well (µl) 

Buffer 5x  3 

MgCl2 25 0.9 

dNTPs 10000 0.3 

TaqPol*  0.05 

Primer F 10 1 

Primer R 10 1 

DNA template  3 

dH2O  5.75 

Total  15 

*  TaqPol (Gotaq G2 Flexi DNA polymerase from Promega). Abbreviations: F (Forward), R 

(Reverse). 

 

Table 2.4. The PCR thermo-cycling parameters for Bd3-1 DNA amplification.  

Step Temperature (°C) Number of Cycles Time (s) Activity 

1 94 1 300 Denaturation 

2 94 35 35 Denaturation 

3 58 35 35 Annealing 

4 72 35 50 Extension 

5 72 1 600 Extension 

6 10 1 Indefinitely Storage 

Reference: Dr. Marianna Pasquariello, personal communication. 

 

     For RT-qPCR of FRR root tissues (Control and hormone treated roots with root 

rot), FRR roots of BABA or IAA at 6 dpi were cut at the top of the roots near the seed (Fig. 

2.4), collected, and stored in 2 ml Eppendorfs in liquid nitrogen. Approximately 10 roots (all 

the roots in a square box (Fig. 2.2) were pooled into one biological sample (replicate). RNA 

samples were prepared using Qiagen RNeasy Mini Kit. Biological material was ground with 

liquid nitrogen with a small amount of acid-washed sand for approximately 1 ml of fungal 

material powder or approximately 200 µl plant material powder. Then 450 µl of Buffer RLT 

(for all plant material) or Buffer RLC (for all fungal material) was added to the frozen 



 

62 
 

samples and the tubes were vortexed. The lysate was then transferred to the QIAshredder 

spin column and was centrifuged for 2 min at 18,200 rcf. Approximately 400 µl of 

supernatant was transferred to new Eppendorf tubes. Afterwards, 200 µl of absolute 

ethanol was added to the lysate, mixed by pipetting, and the mixture was immediately 

transferring to an RNeasy mini spin column. The column was centrifuged for 15 seconds at 

9,300 rcf and the flow-through was discarded. Then 700 µl of buffer RW1 was added to the 

spin column and centrifuged for 15 seconds at 9,300 rcf. The flow-through was discarded. 

Then 500 µl of buffer RPE was added to the spin column and centrifuged for 15 seconds at 

9,300 rcf. The flow-through was discarded. Then 500 µl of buffer RPE was added to the spin 

column again and centrifuged for 2 min at 9,300 rcf. The RNeasy spin column was placed in 

a new collection tube and centrifuged at 18,200 rcf for 1 min to dry the column membrane. 

Finally, the RNeasy spin column was placed in a new Eppendorf tube, and 30 µl of RNase-

free water was added directly to the spin column membrane. The samples were incubated 

for 1 to 4 min at room temperature and then centrifuged for 1 min at 9,300 rcf to elute the 

RNA. This last step was repeated using the eluate obtained from the first elution and RNA 

was quantified using a NanoDrop 2000 Spectrophotometer (Thermo Scientific). 

 

Figure 2.4. Root harvesting method for RT-qPCR. White dashed lines denote location where 
roots were cut. Plate is from BABA treated Bd3-1 FRR assay at 6 dpi. 

     DNA was eliminated using Turbo DNA-free kits (Invitrogen). Then 2 µl of Turbo DNAse 

buffer and 1.5 µl of Turbo DNAse was added to 20 µl RNA and mixed gently. The mixture 

was incubated at 37°C for 30 min (Thermo Scientific Heratherm incubator). Then another 

1.5 µl of DNAse was added and the mixtures were incubated for another 30 min at 37°C. 
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Subsequently, 5 µl of DNAse inactivation buffer was added to the samples and samples 

were mixed well. The samples were then incubated at room temperature for 5 min while 

mixing a few times. Samples were then centrifuged at 10,000 g for 1.5 min and the RNA 

(Approximately 22 µl) was transferred to fresh Eppendorfs. RNA was quantified again using 

a NanoDrop 2000 Spectrophotometer (Thermo Scientific) and samples were stored at -

70°C.   

     Once RNA was cleaned of DNA and re-quantified using a NanoDrop 2000 

Spectrophotometer (Thermo Scientific), cDNA was prepared by first strand synthesis using 

Superscript 3 reverse transcriptase (Invitrogen). A mixture was prepared containing 3 µl of 

sample RNA, 1 µl of 50 µM oligoDt, 1 µl of 50 ng/µl random hexamers, 1 µl of 10 mM dNTPs 

and then DECP-treated water to a total of 10 µl. This mixture was incubated for 5 min at 

65°C and kept on ice for at least 1 min. The cDNA synthesis mix was prepared in a different 

Eppendorf; In the indicated order, 2 µl of 10x buffer, 4 µl of 25 mM MgCl2, 2 µl of 0.1 M 

DTT, 2 µl of 400U/µl RNase OUT, and 200U/µl of Superscript 3 was added. A total of 10 µl 

of cDNA synthesis mix was pipetted to each RNA/primer mixture and then the combination 

was incubated at room temperature for 10 min, followed by 50°C for 50 min. The reaction 

was terminated at 85°C for 5 min, and the mixture was then chilled on ice. Lastly, the 

mixture was centrifuged briefly and 1 µl of RNase H was added followed by a 20 min 

incubation at 37°C.  

     cDNA from each treatment was used for RT-qPCR reactions (Table 2.5 and Table 2.6). 

Samples were pipetted into a 96-well plate with a BioRAD microseal B adhesive sealer and 

centrifuged briefly. Standard curves were made for B. distachyon Actin housekeeping gene 

(Supp. Table S11) using a cDNA dilution series of 1/5, 1/10, 1/20, 1/50, 1/100. Actin7 was 

primarily used over GAPDH (Supp. Table S11) because of smaller Cq (Quantitation cycle) 

standard deviation between the treatments. 
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Table 2.5. Reagent list for RT-qPCR.  

Reagent Concentration (µm) µl/well  

SYBR green* 2x 5 

Primer F 10 0.6 

Primer R 10 0.6 

cDNA **  2 

H2O  1.8 

Total  10 

*SYBR Green JumpStart Taq ReadyMix from Sigma-Aldrich. ** A 1/50 cDNA dilution from 

stock was experimentally determined. Abbreviations: F (Forward), R (Reverse). 

 

Table 2.6. The PCR thermo-cycling parameters for Bd3-1 RT-qPCR gene expression analysis.  

Step Temperature (°C) Number of cycles Time (s) Activity 

1 95 1 240 Denaturation 

2 94 39 10 Denaturation 

3 60 39 10 Annealing 

4 72 39 30 Extension/Picture 

5 72 1 600 Extension 

6 65-95  5 
Meltcurve 

capture 

Carried out on a CFX96 TouchTM Real-Time PCR detection system (BioRad) using the Scan 

mode SYBR/FAM only. 

 

     Once Cq values were obtained for target genes and the housekeeping gene Actin7 from 

BioRad CFX Manager Software V3.1, the log-fold change in expression was then calculated 

(Equation 2.1). The primer efficiency (Equation 2.1) for each primer pair, unless otherwise 

stated, was experimentally determined in a dilution series experiment using the same PCR 

protocol (Table 2.5 and Table 2.6). The standard curve for the housekeeping genes was 

automatically calculated from this by the BioRad CFX Manager Software V3.1 with the 
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output results. A minimum primer efficiency of 1.8 was used however in one case the 

efficiency was slightly under 1.8.  

Equation 2.1. Calculation for log-fold change in expression for target gene from Cq values 
between two treatments using a housekeeping gene as a reference. Cq (Quantitation 
cycle), GOI (Gene of Interest), HK (Housekeeping gene). Primer efficiency calculated from 
standard curve with primers. Equation from (Dr Marianna Pasquariello, personal 
communication).  

 

ɝ #Ñ '/) #Ñ  (+ ÇÅÎÅ #Ñ 

ɝɝ #Ñ (ÏÒÍÏÎÅ 4ÒÅÁÔÍÅÎÔ ɝ #Ñ ɀ #ÏÎÔÒÏÌ 4ÒÅÁÔÍÅÎÔ ɝ #Ñ 

,ÏÇςÆÏÌÄ ÃÈÁÎÇÅ ,ÏÇς0ÒÉÍÅÒ %ÆÆÉÃÉÅÎÃÙɝͮɝ #Ñ 

 

2.2.6. Software, Data Processing, and Statistics 

 

Microsoft office (Excel, Word, and Powerpoint) 2016 was used for writing, data 

collection, images, and analysis. EndNote X8/X9 was used throughout the thesis as the 

reference manager. All graphs were prepared using Graphpad Prism (V5.04). ImageJ was 

used for measuring root necrosis length and preparing scale bars for photographs (1 

pixel/aspect ratio) (Abràmoff et al., 2004). All FRR data statistics were performed on 

GENSTAT v.19.1.0.21390 (VSN international Ltd). A generalised linear model (GLM) with 

normal distribution and identity link function parameters was used to analyse each FRR 

experiment (Supp. Table S2)Φ ¢ƛƳŜ Ǉƻƛƴǘǎ ǿŜǊŜ ŀƴŀƭȅǎŜŘ ǎŜǇŀǊŀǘŜƭȅΦ ¢ƘŜ ƳƻŘŜƭ Ψ9ȄǇŜǊƛƳŜƴǘ 

Ҍ ¢ǊŜŀǘƳŜƴǘ κ wŜǇƭƛŎŀǘŜΩ ŀƎŀƛƴǎǘ ǘƘŜ ǊŜǎǇƻƴǎŜ ǾŀǊƛŀǘŜ Řŀǘŀ ǿŀǎ ǳǎŜŘ ŦƻǊ ŀƭƭ ŀǎǎŀȅǎ 

όάwŜǇƭƛŎŀǘŜέ ŘŜƴƻǘŜǎ ŜŀŎƘ ǎǉǳŀǊŜ tŜǘǊƛ-dish per treatment (Fig. 2.2)). After model checking 

for normal distribution and equal variance, data was either kept normal or transformed 

before recording ANOVA results (Supp. Table S2ύΦ ! ŦŜǿ !bh±!Ωǎ ŦƻǊ ŎƻƳōƛƴŜŘ 

independent experiments showed a significant interaction between the independent 

experiment and the hormone treatment (p < 0.05) at specific time points (Supp. Table S2). 

However for all the remaining time points, no such interaction was observed (p > 0.05) and 

ŀǎ ǎǳŎƘ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴ ŦŀŎǘƻǊǎ όŀǎƛŘŜ ŦǊƻƳ ά¢ǊŜŀǘƳŜƴǘ κ wŜǇƭƛŎŀǘŜέύ ǿŜǊŜ ŜȄŎƭǳŘŜŘ ŦǊƻƳ 

the GLM ANOVA test. The qRT-PCR gene expression data (Fig. 2.16) was analysed on 

Microsoft Excel using a standard student t.test.  
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2.3. Results 

 

2.3.1. The Effect of Phytohormones on Fusarium Root Rot 

 

Salicylic acid (SA) increased root necrosis length (RNL) symptoms at all time points 

(Fig. 2.5A, p < 0.01). In contrast, JA application resulted in a significant decrease in RNL at 

every time point (Fig. 2.5B, p < 0.01). Like JA, the plant precursor to ethylene (ACC) also 

decreased RNL at all time points (Fig. 2.5C, p < 0.01) however the effect was less 

pronounced at second score date. Interestingly, the difference in RNL for all three 

compounds at each time point remained similar with the regression lines remaining parallel 

rather than diverging over time. The classic defence hormones had significant effects on 

FRR resistance however the direction of effect depended on the particular phytohormone. 

 

Figure 2.5. The change in F. graminearum-induced FRR necrosis after application of 100 µM 
SA (A), 1 µM JA (B), 100 µM ACC (C) on Bd3-1 seedling roots. Each data point is the mean 
RNL ± SE from two independent experiments, except score date 3 from C which was from 
one independent experiment. Score Date numbers (3-day intervals between each number) 
for B and C are the combined dpi from different experiments. Significance levels: ** p < 
0.01, *** p < 0.001 compared to control. Taken and modified from (Haidoulis & Nicholson, 
2020). 
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     There was no significant effect of gibberellic acid (GA) on RNL at any time point (Fig. 

2.6A, p < 0.05). According to (Kakei et al., 2015), endogenous GA levels are likely to be 

saturated in B. distachyon and thus might not respond to exogenous hormone application. 

Therefore, GA-deficient conditions were generated by application of the GA biosynthesis 

inhibitor prohexadione (Phx) (Nahar et al., 2012, Kakei et al., 2015). Exogenous application 

of Phx had no significant effect at 2 dpi (p = 0.294). However RNL symptoms increased at 4 

dpi (Fig. 2.6B; p < 0.01) and continued to do so with the greatest effect on RNL observed at 

6 dpi (p < 0.001). This suggests that inhibition of GA biosynthesis increased FRR 

susceptibility with the effect becoming more pronounced at later time points. 

 

 

Figure 2.6. The change in F. graminearum-induced FRR necrosis after application of GA (A) 
and Phx (B) on Bd3-1 seedling roots. Each data point is the mean RNL ± SE from one (A) or 
two (B) independent experiments. Significance levels: ** p < 0.01, *** p < 0.001 compared 
to control. (A) Taken and modified from (Haidoulis & Nicholson, 2020). 

 

     There was no significant effect of epibrassinolide (eBL) on RNL at any time point (Fig. 

2.7A, p < 0.05). Similar to GA, eBL levels are also likely saturated in B. distachyon (Kakei et 

al., 2015), therefore BR-deficient conditions were generated by exogenous treatment with 

the biosynthesis inhibitor Brassinazole (Brz) (Asami et al., 2000). Like Phx, there was no 

significant effect on RNL at 2 dpi (p < 0.05) (Fig. 2.7B). However RNL was reduced by Brz 

application relative to the control at 4 dpi (p < 0.01) and the effect continued to intensify 

with the most pronounced effect observed at 6 dpi (p < 0.001). This suggests that inhibition 

of BR biosynthesis improved resistance to FRR at later time-points. 
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Figure 2.7. The change in F. graminearum-induced FRR necrosis after application of eBR (A) 
and Brz (B) on Bd3-1 FRR progression. Each data point is the mean RNL ± SE from one (A) 
or two (B) independent experiments. Significance levels: ** p < 0.01, *** p < 0.001 
compared to control. A Taken and modified from (Haidoulis & Nicholson, 2020). 

 

     IAA-amended media had the most pronounced effect on RNL compared to all other 

phytohormones at all time points since RNL symptoms were reduced by half compared to 

the control treatment at all time points (Fig. 2.8A p<0.001 and Fig. 2.9). Like IAA, the 

synthetic auxin NAA also significantly reduced RNL at all time points (Fig. 2.8B; p<0.001) 

but auxin-induced FRR resistance was most pronounced with IAA. With both auxins, the 

increased resistance was observed as early as 2 dpi yet the regression lines diverged over 

time with a greater reduction in RNL at later time points (Fig. 2.8 and Fig. 2.9). Auxins 

produced a very positive effect on FRR resistance. 

 

Figure 2.8. The change in F. graminearum-induced FRR necrosis after application of 10 µM 
IAA (A) 5 µM NAA (B) on Bd3-1 roots.  Each data point is the mean RNL ± SE from two 
independent experiments. Significance level ** p < 0.01, *** p < 0.001 compared to 
control. Taken and modified from (Haidoulis & Nicholson, 2020). 
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Figure 2.9. The decrease in RNL after IAA (Indole-3-acetic acid) application (B) compared to 

the control (A) at 6 dpi. Scale bars = 1 cm. Taken from (Haidoulis & Nicholson, 2020). 

 

     The cytokinin trans-Zeatin (tZ) induced the most severe FRR symptoms compared almost 

all other phytohormones (Fig. 2.10A). The difference in RNL between the control and 

treated roots increased from a relatively small but significant difference at 2 dpi (p < 0.001) 

followed by a dramatic increase in RNL by 4 dpi (p < 0.001). The extent of necrosis was 

twice that in the control by 6 dpi (Fig. 2.10A p<0.001; Fig. 2.11). Like trans-Zeatin, the 

cytokinin kinetin also showed a pronounced increase in RNL like tZ (Fig. 2.10B). Kinetin 

exhibited no significant effect on symptoms at 2 dpi (p = 0.785) but increased the rate of 

RNL so that the differential increased over time (Fig. 12B, 4 dpi and 6 dpi p < 0.01, p < 0.001 

respectively). Like auxins, the cytokinin-induced RNL difference increased over time from 2 

dpi to the largest effect at 6 dpi. Overall cytokinin amendment appeared to have a very 

negative effect on FRR resistance which became more pronounced as the disease 

progressed 
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Figure 2.10. The change in F. graminearum-induced FRR necrosis after application of 10 µM 

trans-Zeatin (A) and 10 µM Kinetin (B) on Bd3-1 seedling roots. Each data point is the 

average RNL ± SE from three (A) or one (B) independent experiments. Significance levels: 

** p < 0.01, *** p < 0.001 compared to control. Taken and modified from (Haidoulis & 

Nicholson, 2020). 

 

 

Figure 2.11. The increase in RNL after trans-Zeatin application (B) compared to the DMSO 
control (A) at 6 dpi. Scale bars = 1 cm. Taken from (Haidoulis & Nicholson, 2020). 

 

     The compound BABA had one of the greatest effects in increasing RNL compared to 

other defence-related hormones (Fig. 2.12A, Fig. 2.13). The differential RNL symptoms 

resulting from pre-application of BABA increased over time with the least significant effect 

on RNL at 2 dpi (p < 0.05) but similar to cytokinins there was near doubling of necrosis at 4 

dpi and 6 dpi (p < 0.001) relative to the control. On the other hand, GABA had no significant 

effect on RNL at any time point (Fig. 2.12B, p > 0.05). 
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Figure 2.12. The change in F. graminearum-induced FRR necrosis after application 9 mM 

BABA (A) and 9 mM GABA (B) on Bd3-1 seedling roots. Each data point is the average RNL 

± SE from three (A) or two (B) independent experiments. Significance levels: * p < 0.05, ** 

p < 0.01, *** p < 0.001 compared to control. (A) Taken and modified from (Haidoulis & 

Nicholson, 2020). 

 

 

Figure 2.13. The increase in RNL after BABA treatment (B) compared to the water control 
(A) at 6 dpi. Scale Bars = 1 cm. 

 

     The phytohormone ABA was also tested on FRR response however it induced extensive 

root discoloration which was indistinguishable from FRR symptoms and so prevented 

assessment (Fig. 2.14).  
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Figure 2.14. The effect of 10 µM abscisic acid on 7-day old Bd3-1 roots (after stratification) 

in the absence of F. graminearum treatment. Scale Bar = 1 cm. Taken from (Haidoulis & 

Nicholson, 2020). 

 

     A summary of the effects that each phytohormone has on FRR resistance is summarised 

in Table 2.7. 
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Table 2.7. Summary of all FRR assay results. 

Phytohormone Compound Overall Effect on 

FRR Resistance* 

Effect on FRR 

Progression** 

SA SA τ Parallel 

JA JA + Parallel 

Ethylene ACC + Parallel 

Auxin IAA + Divergent 

Auxin NAA + Divergent 

Cytokinin trans-Zeatin τ Divergent 

Cytokinin Kinetin τ Divergent 

GA GA N  

GA inhibitor  Prohexadione τ Divergent 

BR Epibrassinolide N  

BR inhibitor Brassinazole + Divergent 

Aminobutanoic acid BABA τ Divergent 

Aminobutanoic acid GABA N  

ϝ {ȅƳōƻƭǎ ŦƻǊ ƎŜƴŜǊŀƭƛǎŜŘ ŜŦŦŜŎǘǎΥ ΩτΨ ŘŜƴƻǘŜǎ ŀ ƴŜƎŀǘƛǾŜ ŜŦŦŜŎǘΣ ΨҌΩ ŘŜƴƻǘŜǎ ŀ ǇƻǎƛǘƛǾŜ 
ŜŦŦŜŎǘΣ ŀƴŘ ΨbΩ ŘŜƴƻǘŜǎ ƴƻ ŜŦŦŜŎǘ ƻƴ ǊŜǎƛǎǘŀƴŎŜΦ ϝϝ {ŜŜ ǎŜŎǘƛƻƴ нΦпΦпΦ ŦƻǊ explanation on the 
two different groups. Abbreviations: ACC (1-aminocyclopropane-1-carboxylic acid), BABA 
(3-aminobutanoic acid), BR (Brassinosteroid), GA (Gibberellic acid), GABA (4-
aminobutanoic acid), IAA (Indole-3-aceticacid), JA (Jasmonic acid), NAA (1-
Naphthaleneacetic acid), SA (Salicylic acid). 
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2.3.2. The Effect of Phytohormones on F. graminearum Growth 

 

To ascertain whether the effects of phytohormones on FRR reflected an altered 

plant response or an effect on the fungus itself, hormones at the same concentrations as 

used in the experiments (Section 2.3.1) were applied to F. graminearum growth medium 

to detect any changes in growth over time. Compared to the respective control treatments 

there was no significant effect on F. graminearum growth by any of the tested 

phytohormones (Fig. 2.15).  

  



 

75 
 

 

 

 

Figure 2.15. The growth (measured as radius from mycelial epicentre) of F. graminearum 
on hormone-amended PDA at 2 dpa. Each data point is the average of approximately 46 
measurements from 12 biological replicates (4 measurements per biological replicate) ± SE. 
A 95th percentile whisker end cap was used for all treatments. GLM-ANOVA comparing 
compound to respective control; p = 0.247 (SA), p = 0.364 (JA), p = 0.918 (ACC), p = 0.568 
(IAA), p = 0.729 (BABA), p = 0.475 (tZ). Abbreviations; SA (Salicylic acid), JA (Jasmonic acid), 
ACC (1-aminocyclopropane-1-ŎŀǊōƻȄȅƭƛŎ ŀŎƛŘύΣ ŀƴŘ .!.! όʲ-aminobutyric acid), t-Zeatin 
(trans-zeatin). Taken from (Haidoulis & Nicholson, 2020). 
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2.3.4. The Induction of Hormone and Defence Related Genes in Response to 

Exogenous Hormone Treatment during FRR 
 

In order to determine the potential mechanism involved in the large effects of IAA 

and BABA on FRR, the expression of a panel of hormone and defence ς related genes were 

analysed in response to treatments with IAA and BABA. Using two SA and JA related 

biosynthesis and signalling marker genes, I could also identify whether the effect on FRR 

was due to an indirect activation of JA or SA pathways. No marker gene was significantly 

expressed or repressed in response to IAA at 6 dpi (Fig. 2.16A p < 0.05). However according 

to Fig. 2.16B, BABA caused a significant 4-fold downregulation of the SA-related MES1 

(Methyl Salicylate Esterase 1) gene at 6 dpi (p = 0.005). On the other hand, expression of 

the JA-related biosynthetic gene 12-oxophytodienoate reductase 3 (OPR3) was significantly 

upregulated at 6 dpi by approximately 0.8-fold change (p < 0.05). However when the 

housekeeping gene GAPDH was used for comparison, there was no significant difference 

for OPR3 (p = 0.199, data not shown). No other gene tested was significantly expressed or 

repressed in response to BABA (p < 0.05).  
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Figure 2.16.  Change in expression of hormone-related or general defence-related marker 
genes in response to IAA (A) or BABA (B) 6 days after inoculation with F. graminearum. In 
all instances, expression shown is relative to that in control treated roots (0-Log fold 
change). Gene expression was normalised with Actin7. Each bar is the average of two 
biological replicates (with three technical replicates for each), and each are from 
independent experiments. (B) Markers MES1, MYC2, peroxidase, and RBOHB are from a 
different PCR experiment than the other markers and were compared to a different Actin7 
housekeeping reading. Student t-test significance level for Cq values: ** p < 0.01. Compared 
to respective solvent control: (A) p = 0.307 (PR1), p = 0.166 (MES1), p = 0.521 (OPR3), p = 
0.993 (MYC2), p = 0.409 (ETR2), p = 0.443 (RBOHB), p = 0.699 (GLTP). (B) p = 0.209 (PR1), p 
= 0.005 (MES1), p = 0.009 (OPR3), p = 0.988 (MYC2), p = 0.956 (GLTP), p = 0.181 (ETR2), p = 
0.661 (Peroxidase), p = 0.236 (RBOHB). Primers used are described in (Supp. Table S11). All 
genes (Except RbohB) were responsive to respective phytohormones (Kakei et al., 2015). 
Abbreviations in (Supp. Table S11). Ϟ hǊƛƎƛƴŀƭƭȅ ōŜƭƛŜǾŜŘ ǘƻ ōŜ {! ǊŜǎǇƻƴǎƛǾŜ ōǳǘ ƛǎ W! 
responsive in B. distachyon (Kouzai et al., 2016). ϟ No significance (p > 0.05) compared to 
GAPDH. Gene expression for PR1, OPR3, GLTP, ETR2 in BABA treatment (B) was also 
normalised with GAPDH (data not shown).   
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2.4. Discussion 

 

2.4.1. The Classic Defence Hormones Suggest a Necrotrophic-Focussed 

Lifestyle of F. graminearum in Bd3-1 Roots. 
 

The data shows that almost all phytohormones have significant effects on FRR 

resistance at concentrations used herein. There have been no reports on exogenous 

phytohormone-induced changes to F. graminearum FRR resistance published previously. 

SA was found to promote susceptibility to FRR (Fig. 2.5A). This contrasts with evidence from 

(Makandar et al., 2011, Qi et al., 2012, Sorahinobar et al., 2016) where SA promoted 

resistance to F. graminearum in A. thaliana and wheat. Additionally this contrasts with 

evidence suggesting a role of SA in resistance to F. oxysporum in Arabidopsis thaliana and 

Solanum lycopersicum (Mandal et al., 2009, Trusov et al., 2009). These apparent 

contradictions may be due to differences in application time, the tissue and disease 

assessed, or the organism used (Mandal et al., 2009, Trusov et al., 2009, Makandar et al., 

2011, Sorahinobar et al., 2016). For example, in the studies of Makandar and colleagues 

(2011) and Sorahinobar and colleagues (2016), root tissue was treated with SA prior to 

infection but symptoms were assessed on shoot tissue rather than root tissue (Makandar 

et al., 2011, Sorahinobar et al., 2016). The effectiveness on resistance caused by 

phytohormones may differ between tissues.  Furthermore, making inferences based upon 

shoot symptoms following root treatments may be confounding due to the effects of 

systemic acquired resistance (SAR) and induced systemic resistance (ISR) (Park et al., 2007, 

Liu et al., 2011, Dempsey & Klessig, 2012, Pieterse et al., 2014). Contrary to SA, the positive 

effect of JA on FRR resistance (Fig. 2.5B) supports other studies that investigated the effect 

of JA on FHB (Li & Yen, 2008, Qi et al., 2016, Sun et al., 2016). Makandar and colleagues 

(2010) have found that JA can promote susceptibility to F. graminearum in A. thaliana 

leaves if applied during or shortly after inoculation but promotes resistance if applied at 

least a day after inoculation (Makandar et al., 2010). Exogenous application of Methyl 

jasmonate (MeJA) to A. thaliana seedling roots also elevated Fusarium wilt susceptibility to 

F. oxysporum (Trusov et al., 2009). Together this suggests that the effects on JA are 

dependent on one or more factors like timing of application or the fungal pathogen used.  
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Like JA, ACC also increased resistance to FRR (Fig. 2.5C). ACC is a precursor to ethylene and 

the data (Fig. 2.5B and Fig. 2.5C) supports the reported synergism of ethylene with JA in 

Arabidopsis (Bari & Jones, 2009, Pieterse et al., 2012). Furthermore the results are 

consistent with the evidence that JA and ET signalling is antagonistic to SA signalling (Spoel 

& Dong, 2008, Pieterse et al., 2012). The results of ACC on FRR support numerous studies 

that also investigated the effect of ethylene on FHB (Li & Yen, 2008, Sun et al., 2016, Foroud 

et al., 2018). However contrary to the results here, exogenously applied ACC has been 

shown to increase F. culmorum-induced FRR symptoms in B. distachyon (Cass et al., 2015). 

Though a different B. distachyon line was used, and the concentration of ACC was at least 

5-fold higher which may suggest there is a concentration-dependent effect of ACC on FRR 

resistance. Furthermore the data in the present study also contradicts (Chen et al., 2009) 

who found that ethylene promoted susceptibility to FHB and leaf colonisation in wheat and 

A. thaliana, and Trusov and colleagues (2009) who found that exogenous application of 

ACC on A. thaliana seedling roots increased Fusarium wilt symptoms caused by F. 

oxysporum (Trusov et al., 2009). van Loon and colleagues (2006) described how the effect 

of ethylene on plant resistance to pathogens is sensitive to numerous factors including type 

of pathogen, timing of application and importantly the tissue type (van Loon et al., 2006a). 

Additionally, many of these previous studies utilised ethephon to exogenously apply 

ethylene as opposed to exogenous application of ACC which was performed here. However 

evidence shows that ACC and ethephon induced similar effects on FHB in most wheat 

varieties (Foroud et al., 2018). The effects of these three defence phytohormones on FRR 

resistance are unlikely to be due to antimicrobial effects on F. graminearum mycelial 

growth (Fig. 2.15) but rather likely due to the influence of hormones on host root hormone 

signalling and defence responses.  

     The differences observed between the FRR studies undertaken by me and those of 

studies on FHB and leaf infection may be because of a unique FRR response. F. 

graminearum-induced FRR is not very well characterised but evidence suggests that F. 

graminearum progresses in a unique manner in root tissues (Wang et al., 2015b). The SA 

pathway is generally considered to promote resistance to biotrophic pathogens and 

susceptibility to necrotrophic pathogens whereas JA and ethylene pathways generally 

promote resistance to necrotrophic pathogens and susceptibility to biotrophic pathogens 

(Glazebrook, 2005, Bari & Jones, 2009, Pieterse et al., 2012). Phytohormones were applied 

shortly before inoculation thus their effect on resistance should have begun and continued 
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(from continuous phytohormone exposure) during the early stages of infection where the 

reported biotrophic stage would be expected to occur. The increase in resistance due to JA 

and ACC application (Fig. 2.5B and Fig. 2.5C) suggests that F. graminearum is acting 

primarily as a necrotroph or has a much shorter biotrophic phase in Bd3-1 roots compared 

to its reported hemibiotrophic life-style in floral tissues (Brown et al., 2010). This view is 

compatible with the negative effect of SA application on resistance of root tissues (Fig. 

2.5A). Differences in trophic state on host tissues been observed for other plant pathogens. 

Marcel and colleagues (2010) found that M. oryzae behaves as a biotroph during rice (Oryza 

sativa) root infection despite adopting a hemibiotrophic lifestyle on leaves (Marcel et al., 

2010). Wang and colleagues (2015) found that wheat Sumai3 roots were susceptible to FRR 

despite this variety being known for its potent FHB resistance (Wang et al., 2015b). 

Furthermore, Lyons and colleagues (2015) identified differing gene expression patterns 

between root and leaf infection following Fusarium oxysporum (Lyons et al., 2015). These 

examples suggest a unique tissue-specific defence mechanism might be occurring in roots, 

in turn, which promotes a different trophic lifestyle in Fusarium when infecting these 

tissues. Hypothetical reasons for switching to necrotrophy may be due to a demand for a 

change in the resource acquisition method, the time required to overcome defences, or a 

change in plant defence response (Kabbage et al., 2015, Zeilinger et al., 2016). One or more 

of these factors may be causing this difference in fungal lifestyle between roots and shoots 

in the B. distachyon - F. graminearum pathosystem. For example the speed at which FRR 

progress may be the cause as FRR resistance was characterised by time required to 

penetrate the root cortex (Wang et al., 2015b) rather than the numerous types of 

resistances present in FHB (Table 1.1). The observation of rapid progression of F. 

graminearum in wheat roots (Wang et al., 2015b) was also observed with B. distachyon as 

half the root was necrotic by 6 dpi. To understand this difference in resistance between 

tissues, a combination of host and pathogen -omic responses to early infection root 

infection are necessary.  

2.4.2. Auxins and Cytokinins Induced the Most Substantial Effect on FRR 

Resistance. 
 

The development-associated hormones induced the most significant effect on FRR 

resistance compared to the classic defence hormones. Both IAA and NAA increased 

resistance to FRR. The greater effectiveness of IAA over NAA is probably because twice the 
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concentration of IAA was used (Fig. 2.8A and Fig. 2.8B). The positive effects of auxins has 

also been reported for F. culmorum-induced FHB in barley (Petti et al., 2012) and to F. 

oxysporum- induced FRR in tomato roots after application of a soil drench (Sharaf & Farrag, 

2004). A low concentration of IAA of 0.01 µM was also found to reduce FRR symptoms 

caused by Fusarium solani in cotton (Gossypium hirsutum) (Egamberdieva et al., 2015). It 

is possible that IAA is having a detrimental effect on F. graminearum growth as was shown 

by (Luo et al., 2016). However, I did not observe an antimicrobial effect of auxin on F. 

graminearum mycelial growth (Fig. 2.15) suggesting that the positive effect of auxins on 

FRR found in my studies are probably due to an effect on the plant. Llorente and colleagues 

describe how necrotrophs reduced auxin signalling (Llorente et al., 2008). Given that auxins 

promoted resistance to FRR as early as 2 dpi, the data provides additional evidence towards 

F. graminearum behaving as a necrotroph in FRR. In contrast to auxin, both cytokinins 

trans-Zeatin and kinetin substantially increased FRR susceptibility. The greater effect of 

trans-Zeatin may be due to the higher activity of trans-Zeatin because of its highly reactive 

allylic hydroxy group (Chauhan, 2008). There is no evidence to date of cytokinins affecting 

F. graminearum FRR symptoms. Contrary to other studies, exogenous application of certain 

cytokinins was found to promote resistance to Verticillium longisporum, Pseudomonas 

syringae, and Hyaloperonospora arabidopsis (Choi et al., 2010, Argueso et al., 2012, 

Naseem et al., 2012, Reusche et al., 2013). However, like other studies with SA, above-

ground symptoms where measured rather than root symptoms because the diseases were 

different. This further suggests a different form of host-pathogen interaction occurring in 

roots. The effect of cytokinins on resistance was also reported to be concentration-

dependent (Argueso et al., 2012). The mechanism for the effects of auxin and cytokinin on 

FRR resistance in B. distachyon is unknown and will need further investigation. 

     Surprisingly both auxins and cytokinins exhibited greater effects on resistance compared 

to the classic defence hormones. It is therefore plausible that they are both affecting FRR 

resistance in an SA/JA independent manner. IAA had no significant effect on SA or JA 

marker genes (Fig. 2.16B) suggesting the effect of auxins was SA/JA independent. To further 

support these results, the expression of additional hormone marker genes for SA signalling 

would need to be examined as well as assessing expression shortly after IAA and F. 

graminearum co-application. Despite the numerous links of auxins and cytokinins to 

synergism or repression with JA and SA (Wang et al., 2007, Choi et al., 2010, Naseem et al., 

2012) this independent effect has also been observed in previous research. For example 
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(Qi et al., 2016) found that exogenous application of IAA did not lead to an increase in 

endogenous levels of SA or JA. Furthermore auxin signalling independent of JA and SA was 

found to be important for A. thaliana resistance to two other necrotrophic pathogens 

(Llorente et al., 2008). Additionally, the effect of auxin signalling mutant A. thaliana plants 

was found to be independent of SA-related PR1 expression (Kidd et al., 2011). In another 

example, elevated expression of a the IAA-amido synthetase gene GH3-8 that regulates IAA 

levels promoted resistance to X. oryzae in rice independently of SA and JA  (Ding et al., 

2008). Auxin had no significant effect on the ABA-responsive gene GLTP, ethylene receptor 

ETR2 expression, and ROS signalling-related RbohB (Fig. 2.16B). Cytokinins were also found 

to improve Nicotiana tabacum resistance to Pseudomonas syringae in an SA and JA 

independent manner (Großkinsky et al., 2011). Overall given their large effect, auxins and 

cytokinins are likely very important for the interaction between F. graminearum and are 

likely not having a direct effect on defence hormone signalling. The role of auxin in its role 

in resistance is further complicated given that F. graminearum has been reported to 

possess the capacity to produce IAA (Luo et al., 2016) whereas this is likely not the case for 

cytokinins (Sørensen et al., 2018). 

     The different effect of development-associated hormones may be related to either 

phytohormone homeostasis, antimicrobial production linked to metabolic pathways of 

development hormones, or trade-offs with growth (Kazan & Manners, 2009, Naseem et al., 

2012, Huot et al., 2014, Albrecht & Argueso, 2017, Powell et al., 2017b). Additionally, the 

opposite response observed between cytokinins and auxins may be due to an antagonism 

between the two response networks (Naseem & Dandekar, 2012, Naseem et al., 2012). 

Overall, the effect of development-associated hormones on FHB and FRR may depend on 

their influence on basal resistance or specific growth/defence trade-offs independent of 

the trophic lifestyle of the pathogen. In contrast, the role of the classic defence hormones 

may be dependent on the trophic lifestyle of the pathogen. For example exogenous 

application of auxins and cytokinins induced substantial changes to root development. In 

the absence of infection, both IAA and NAA inhibited primary root elongation and caused 

increased lateral root branching compared to the control (Supp. Fig. S2A, S2E, and S2F). 

This supports previous evidence for this effect of auxins on lateral root development in 

Arabidopsis (Casimiro et al., 2003, Laplaze et al., 2007). The root tip is responsible for 

regulating auxin homeostasis by generating auxin (Müller et al., 1998) and acting as an 

auxin sink (Overvoorde et al., 2010). The root tip was the point of inoculation for all FRR 



 

83 
 

assays (Fig. 2.2). If we assume infection and necrosis of the root tip is the equivalent of 

removing the root tip, a disruption of auxin homeostasis may be one of many potential 

reasons for its effect on FRR resistance (Kerk et al., 2000). Due to these observations, it 

would be useful to compare the effect of auxins on FRR with inoculation away from the 

root tip. Contrary to auxin and regardless of infection, application of the cytokinins Zeatin 

or kinetin caused an inhibition of branching (Fig. 2.11, Supp. Fig. S2A, Fig. S2G, Fig. S2H). 

Cytokinin is known to inhibit lateral root growth (Laplaze et al., 2007) which was observed 

in response to FRR (Fig. 2.11B) and under disease-free conditions (Supp. Fig. S2A, Fig. S2G, 

Fig. S2H). Further investigation is required to understand the interactions between root 

development, infection, and auxins and cytokinins. 

2.4.3. The Aminobutanoic Acid BABA Severely Increased FRR Susceptibility 
 

The aminobutanoic acid BABA has not been previously tested on F. graminearum-

induced FRR to my knowledge. The highly negative effect of BABA on FRR resistance (Fig. 

2.12A and Fig. 2.13) contrasts with evidence showing that BABA increases resistance to 

both necrotrophs and biotrophs (Cohen, 2002, Singh et al., 2012) and especially root 

pathogens (Cohen, 2002, Olivieri et al., 2009). The contrasting effect may be dependent on 

the type of pathogen as was hypothesised by (Cohen, 2002). The substantial effect of BABA 

on FRR susceptibility could be due to synergism of SA and ABA signalling (Conrath et al., 

2006). BABA was reported to function synergistically with SA, as evidenced by upregulation 

of PR1 genes, or impairing immunity in lines with SA deficient mutations (Siegrist et al., 

2000, Cohen, 2002, Conrath et al., 2006). Supporting this synergism, SA also increases FRR 

susceptibility (Fig. 8A). Furthermore BABA was shown to negatively affect MES1 

(MethylEsterase 1) expression at 6 dpi (Fig. 2.16A). MES1 is important for SAR response and 

is known to be repressed at the site of infection. This allows for a further increase the levels 

of MeSA for transport to distal plant cells for preparation of SA-related defences (Park et 

al., 2007, Liu et al., 2011, Dempsey & Klessig, 2012). Therefore I hypothesise that BABA 

induced a SAR response in F. graminearum-infected roots. Indeed BABA is known to 

function as a priming agent (Conrath et al., 2006, Singh et al., 2012). Ament and colleagues 

(2010) identified that silencing of MesA promotes resistance to F. oxysporum in tomato 

(Solanum lycopersicum) (Ament et al., 2010).  Therefore, the activity of MES1 may promote 

susceptibility to F. graminearum. In order to investigate this hypothesis, the expression of 
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MES1 in distal tissues, like shoot tissue, during the FRR assays treated with BABA and F. 

graminearum would need to be analysed. Unlike the effect on MES1, the predicted 

downstream SA-responsive gene PR1 (Bradi1g57590) was not significantly upregulated 

(Fig. 2.16A). However PR1-5 (Bradi1g57590) was identified as more responsive to JA than 

SA (Kouzai et al., 2016). Therefore, a different downstream signalling SA marker gene would 

have been more appropriate. Nonetheless the JA biosynthetic gene OPR3 was slightly but 

significantly upregulated (Fig. 2.16A). This would suggest that BABA slightly induced JA 

biosynthesis. The influence of BABA on JA-related genes has been reported 

(Hamiduzzaman et al., 2005). Due to destructive nature of measuring marker gene 

expression, expression was only recorded at 6 dpi in which half the root was necrotised and 

FRR symptoms were very severe. The expression of SA and JA related genes might be 

different at earlier time points, thus it would be important to test expression of hormone-

related genes in response to co-inoculation of hormone and F. graminearum at an earlier 

FRR time point.  

     Given the larger effect of BABA on FRR susceptibility compared to SA it is possible that 

BABA is also affecting FRR resistance in an SA-independent manner. Aside from roles in 

plant defence, BABA can also affect plant development through reduction of growth and 

endogenous iron content (Wu et al., 2010, Koen et al., 2014). Therefore, BABA may be 

functioning similarly to the classic development-associated hormones auxin and cytokinin. 

BABA induced negative effects on lateral root branching (Fig. 2.13B) as well as the inhibition 

of root tip elongation in the absence of the pathogen (Supp. Fig. S2A and Fig. S2K). BABA 

can be phytotoxic at high concentrations however it is reported that roots are more 

tolerant than shoots (Jakab et al., 2001). Up to 100-fold lower concentrations of BABA were 

found to also increase susceptibility to FRR with minimal effects on development (Data not 

shown). BABA functions synergistically with the ABA defence pathway (Ton & Mauch-Mani, 

2004) and there is evidence suggesting that ABA promotes FHB susceptibility (Buhrow et 

al., 2016, Qi et al., 2016). Alternatively BABA also activates the ABA signalling pathway (Ton 

& Mauch-Mani, 2004) and there is evidence that ABA increases susceptibility to FHB 

(Buhrow et al., 2016, Qi et al., 2016). Unfortunately, there was no significant effect of BABA 

on the expression of ABA responsive-GLTP (Fig. 2.16). Therefore this suggests that BABA-

induced ABA signalling (Ton & Mauch-Mani, 2004) was not involved in FRR resistance or 

that GLTP was not the appropriate marker. Alternatively BABA can induce iron deficiency 

state in A. thaliana (Koen et al., 2014) and changes to iron content can promote susceptibly 
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to necrotrophs (Laluk & Mengiste, 2010). If F. graminearum is behaving as a necrotroph 

during FRR, then it is possible that a reduced iron content caused by BABA promoted FRR 

hyper-susceptibility.  

     Unlike BABA, the same concentration of its isomer GABA did not affect FRR resistance 

(Fig. 2.12B). This contrasts with evidence where GABA has been shown to be involved in 

plant resistance (Solomon & Oliver, 2002, Bolton et al., 2008). Given the high concentration 

of GABA applied, it is unlikely that other concentrations will affect resistance. Furthermore 

no difference was observed in root growth in the absence of disease (Supp. Fig. S2A and 

Fig. S2L). Overall, these results show that BABA and GABA have contrasting effects on 

resistance of B. distachyon to FRR, and it provides evidence that a lesser-known plant 

signalling molecule (BABA) can have substantial effects on Fusarium resistance. 

2.4.4. The Different Phytohormone-Dependent Root Infection Trends  
 

Multiple time points were recorded and as such there were differences in slope 

regression in response to phytohormones. All phytohormones with significant effects on 

FRR resistance were separated into two broad groups (Table 2.7). The first ΨǇŀǊŀƭƭŜƭΩ group 

are those compounds that induced a significant difference in resistance at the first time 

point, and that differential remained similar at later time points.  For examples all defence-

associated phytohormones appeared to have this effect (SA, JA, ACC) (Fig. 2.5). This trend 

implies that these compounds have an effect on initial F. graminearum infection, after 

which the absence of deviation relative to the first time point suggests that the effect on 

FRR colonisation was much reduced or absent. On the other hand, the second ΨŘƛǾŜǊƎŜƴǘΩ 

group are those that have relatively minor effects at the first time point, but where the 

differential in resistance increased at later time points. The growth and development-

associated phytohormones auxins, cytokinins, and BABA exhibited this (Fig. 2.8A-B, Fig. 

2.10A-B, Fig. 2.12A). This trend implies that these compounds have a minimal effect on 

initial infection but affect the ability of the host to restrict F. graminearum colonisation. 

Together the evidence supports the idea of fundamental differences in the functioning of 

growth/development associated phytohormones compared to the classic defence 

phytohormones in resistance to FRR. It further supports the hypothesis that the 

development hormones auxin and cytokinin, including BABA, are functioning largely in an 

SA/JA independent manner. Importantly, speculation about the two distiƴŎǘ ΨǎƭƻǇŜ 
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ŘƛŦŦŜǊŜƴǘƛŀƭΩ ƎǊƻǳǇǎ ƛǎ ǳƴŘŜǊ ǘƘŜ ŀǎǎǳƳǇǘƛƻƴ ǘƘŀǘ ǘƘŜ ǳƭǘƛƳŀǘŜ ŜŦŦŜŎǘ ƻƴ CRR resistance is 

independent of the dose applied. 

2.4.5. Endogenous GA and BR Levels Affect Resistance to FRR 
 

Exogenous application of either GA or eBR had no significant effect on FRR 

resistance (Fig. 2.6A and Fig. 2.7A). However, their inhibitors (Phx and Brz respectively) 

induced effects on resistance at later time points (Fig. 2.6B and Fig. 2.7B). Phx functions as 

a growth retardant by inhibiting late stage biosynthesis of GA (Brown et al., 1997). Similarly 

Brz also behaves as an inhibitor of BR biosynthesis (Asami et al., 2000) and Brz at 10 µM 

was found to be effective at reducing Brz content in barley leaves and roots (Bajguz et al., 

2019). Bd3-1 roots were continuously exposed to these inhibitors throughout the duration 

of the FRR experiment. I hypothesise that GA and BR deficient conditions would manifest 

during late-infection due to the naturally high availability of GA and BR in B. distachyon 

(Kakei et al., 2015). Therefore, non-depleted endogenous levels of respective hormones 

did not affect resistance at 2 dpi until differences in resistance became visible by 4 dpi and 

6 dpi when endogenous GA and BR were likely near-depleted. If a low GA content after Phx 

treatment caused increased FRR susceptibility (Fig. 2.6B), it suggests that GA promotes 

resistance to F. graminearum in B. distachyon roots. Positive effects of GA on FHB have 

been previously reported (Buhrow et al., 2016). The decrease in FRR symptoms after BR 

biosynthesis inhibition from BRZ (Fig. 2.7B) suggests that BR promotes susceptibility to F. 

graminearum in B. distachyon roots. This result contrasts with the evidence that exogenous 

BR increased FHB resistance to F. culmorum in barley (Ali et al., 2013). Furthermore, 

disruption of BR perception in barley promoted resistance to F. culmorum, perhaps as a 

result of increased levels of BR in the signalling mutant (Ali et al., 2014, Goddard et al., 

2014). The effect of Brz was not investigated on F. graminearum growth but increased 

resistance from antimicrobial effects of Brz on F. graminearum is unlikely given that there 

was no significant effect on resistance at 2 dpi (Fig. 2.7B). 
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2.4.6. Root Rot Assay Limitations 
 

The FRR assay results are likely dependent on numerous factors. I have only 

investigated the effect of a single concentration of phytohormone on FRR, but it should be 

borne in mind that there may be concentration-dependent effects. This should be key for 

investigating specific phytohormones such as auxins or cytokinins. Furthermore it would be 

beneficial to investigate the FRR response to phytohormones after inoculation as this was 

shown to be important for final disease resistance outcome (Makandar et al., 2010). The 

age of seedlings is also relevant given how resistance can change between adult and 

seedling plants. In several studies investigating root disease caused by F. oxysporum, 

phytohormones and inoculation were applied by soil drench, physical removal of roots 

from soil or use of hydroponics to enable investigation of adult plants (Mandal et al., 2009, 

Trusov et al., 2009, Kidd et al., 2011). This may be an option for investigating hormone 

effect on adult root systems. Lastly it would be interesting to investigate the effect of 

interesting phytohormones like auxin, cytokinin, and BABA on wheat seedling roots using 

a variation of the FRR assay method to compare the effects between the two species. 

 

2.4.7. Conclusion 
 

The FRR experimental results addressed the initial objective of the chapter. I 

showed that the phytohormones auxins, cytokinins, and BABA induced the most significant 

effects on FRR. In fact almost all phytohormones tested affected FRR resistance in one way 

or another. The phytohormones JA, ethylene, auxin, and GA were associated with FRR 

resistance whereas SA, cytokinins, BR, and BABA were associated with FRR susceptibility. 

Secondly the data provides supporting evidence for an antagonistic effect between the 

classic defence hormone SA and JA/ethylene and hints at a unique infection strategy of F. 

graminearum in B. distachyon roots in that it adopts a more necrotrophic-focused lifestyle 

than that reported for infection of floral tissues. Furthermore, the data shows an important 

role of development-associated hormones auxin and cytokinins on FRR resistance and hints 

at their potential SA/JA-independent effects. The data revealed two resistance groups 

focussed on initial infection or colonisation and that these broad groups were dependent 

ƻƴ ǘƘŜ ΨŎƭŀǎǎΩ ƻŦ ǇƘȅǘƻƘƻǊƳƻƴŜ ŀǇǇƭƛŜŘΦ 5ŜŦŜƴŎŜ-associated phytohormones appeared to 

play a more significant role in initial infection whereas growth-associated phytohormones 
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played a greater role in colonisation. Together the data suggests that phytohormones can 

affect FRR resistance and suggests an important role phytohormones during F. 

graminearum infection of roots. The effects of phytohormones on FRR resistance can then 

be compared to their effects on B. distachyon FHB resistance which is investigated in 

chapter 3. Future experiments are required to examine the host and pathogen 

transcriptome response during FRR (Investigated in chapters 4 and 5) to provide additional 

evidence on the mode of trophism within infected tissues and B. distachyon hormone-

related gene expression changes. 
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Chapter 3 - The Effects of Phytohormones on Fusarium Head 

Blight 
 

Several figures and some of the writing in this chapter have been published previously in:   

Haidoulis JF, Nicholson P, 2020. Different effects of phytohormones on Fusarium head 
blight and Fusarium root rot resistance in Brachypodium distachyon. Journal of Plant 
Interactions 15, 335-44. 

 

3.1. Introduction 

 

Fusarium graminearum is a facultative hemibiotroph that causes numerous 

diseases on small grain cereals (Jansen et al., 2005, Boddu et al., 2006, Brown et al., 2011). 

The most important F. graminearum disease is Fusarium head blight (FHB) caused by the 

infection of the cereal spike (Parry et al., 1995, Jansen et al., 2005, Boddu et al., 2006, 

Brown et al., 2010). Wheat (Triticum aestivum) and Brachypodium distachyon plants are 

most susceptible to FHB during mid-anthesis (Fig. 3.1). Therefore, this is a critical time for 

controlling FHB. A potential target for tackling FHB is to find compounds that can reduce 

susceptibility to FHB at this critical developmental stage and reduce the total content of 

the associated Fusarium mycotoxin deoxynivalenol (DON) that accumulates in the grain. 

Current control methods rely on genetic host resistance and fungicides (Dweba et al., 

2017). Phytohormones are important components of plant defence signalling and their 

impact on resistance to F. graminearum has been investigated in numerous studies on A. 

thaliana, wheat, and barley (Hordeum vulgare) (Table 3.1). Furthermore phytohormones 

have also been shown to affect mycotoxin content in infected grains (Makandar et al., 

2011, Buhrow et al., 2016) and to directly affect F. graminearum (Qi et al., 2012). It is 

conceivable that a useful measure of disease control can be achieved by application of 

selected phytohormones(s) to reduce or eliminate the peak of susceptibility at mid-

anthesis. In this chapter, I will investigate the use of phytohormones as FHB controlling 

agents in susceptible B. distachyon lines as well as the effects of some phytohormones on 

control of FHB in wheat.  
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Figure 3.1. The aim to transiently increase resistance towards FHB during mid-anthesis of 

cereals. Describes the change in susceptibility (red line) during the lifespan of cereals. 

Window of heightened susceptibility is denoted between the two dotted lines. Green arrow 

and line are the potential transient reduction in susceptibility during heightened level of 

susceptibility. Heightened mid-anthesis susceptibility concept influenced from (Parry et al., 

1995, Bai & Shaner, 2004, Xu et al., 2008b, Peraldi et al., 2011). 

 

     Exogenous application of salicylic acid (SA) or methyl salicylate has been shown to have 

positive effects on FHB resistance in wheat (Makandar et al., 2011, Qi et al., 2012, 

Sorahinobar et al., 2016) and on DON reduction (Makandar et al., 2011). Application of 

methyl salicylate also showed positive effects on wheat leaf resistance to F. graminearum 

(Ameye et al., 2015). There is extensive evidence in the literature of the effectiveness of SA 

against a range of pathogenic species. Initially, Makandar and colleagues (2010) showed 

that endogenous SA and SAR were important for resistance to F. graminearum in 

Arabidopsis thaliana (Makandar et al., 2010). SA biosynthesis mutants such as sid2 

exhibited higher F. graminearum-induced disease severity in A. thaliana (Makandar et al., 

2010). However, SA was also shown to have no effect on FHB resistance (Li & Yen, 2008), 

and SAR is likely not involved in FHB resistance in wheat (Li & Yen, 2008) or barley (Hao et 

al., 2018). The increased resistance to F. graminearum may also be due to a direct damage 

to fungal cells by SA as (Qi et al., 2012) found that growth, germination, and DON 

production were significantly reduced with increased exogenous SA levels in vitro.  

     Reports on the effect of Jasmonic acid (JA) and methyl jasmonate (MeJA) on FHB are 

inconclusive. JA and MeJA application was reported to have a positive effect on FHB 
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resistance in wheat (Li & Yen, 2008, Qi et al., 2016, Sun et al., 2016). In contrast, exogenous 

MeJA (metabolised from JA) vapours were found to increase susceptibility to F. 

graminearum by attenuating SA signalling in A. thaliana and wheat during early infection 

(Makandar et al., 2010, Makandar et al., 2011), however positive effects were observed 

during late infection in A. thaliana (Makandar et al., 2010). Similar results were reported in 

wheat where pre-infection application of methyl-jasmonic acid promoted susceptibility, 

whereas post-infection application promoted resistance of wheat leaves to F. graminearum 

(Ameye et al., 2015). Exogenous application of MeJA also provided a reduction in disease 

severity (Li & Yen, 2008, Sun et al., 2016). Similar to SA, exogenous JA likely also directly 

reduces F. graminearum growth in vitro, which was associated with reduced wheat FHB 

symptoms (Qi et al., 2016). Inherent antagonism between SA and JA hormone pathways 

(Fig. 1.6) suggests a contradiction in the response of wheat to F. graminearum (Table 3.1). 

This may, however, be explained by the plant responding to the different trophic lifestyles 

of F. graminearum at different stages of infection (Bari & Jones, 2009, Brown et al., 2010). 

     The precise role of ethylene on resistance to Fusarium also remains unclear. Chen and 

colleagues (2009) identified that overexpression and reduction of ethylene signalling 

resulted in increased susceptibility or resistance, respectively, in A. thaliana to F. 

graminearum. Furthermore, silencing of a core ethylene signalling gene (EIN2) reduced 

disease symptoms and mycotoxin content in wheat grains. It was also suggested that the 

virulence factor DON utilises ethylene signalling for modulating cell death response (Chen 

et al., 2009). However, (Li & Yen, 2008) reported that externally applied ethylene treatment 

provided resistance equivalent to the resistant control Sumai3. Similarly Foroud and 

colleagues (2018) found that ethylene-promoting compounds improved resistance and the 

opposite was true for ethylene-inhibiting compounds (Foroud et al., 2018). This effect of 

ethylene is further complicated given that Sun and colleagues (2016) found no significant 

change in FHB susceptibility in response to exogenous ethylene on wheat spikes (Sun et al., 

2016).  

     More recently other important hormones were shown to have roles in defence and 

contribute significantly to the infection response. Exogenous application of gibberellic acid 

reduced FHB spread in wheat heads (Buhrow et al., 2016). Dwarf wheat varieties (mutant 

Rht genes) which produce constitutively active DELLA proteins and whose sensitivity to GA 

is decreased have been associated with necrotrophic FHB resistance (Saville et al., 2012, 
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He et al., 2016). However there is evidence that effects on Fusarium resistance may not link 

directly to GA and DELLA proteins but are rather associated with plant height (Chen et al., 

2014a). Exogenous application of the phytohormone abscisic acid negatively affected 

resistance to FHB (Buhrow et al., 2016, Qi et al., 2016). A study by Ali and colleagues (2013) 

found that exogenously applied epiBL reduced Fusarium culmorum disease severity and 

grain-associated weight loss in barley (H. vulgare) (Ali et al., 2013). Goddard and colleagues 

(2014) found that disrupting the main BR receptor (BRI1) in barley resulted in increased 

resistance in most tissues to a range of non-biotrophic pathogenic fungi, including F. 

culmorum (Goddard et al., 2014). The same BRI1 mutant barley cultivars also showed 

increased resistance to FHB (Ali et al., 2014). The auxins indole-3-acetic acid (IAA) had 

positive effects on FHB spikelet infection and yield loss in barley (Petti et al., 2012), negative 

effects on FHB in wheat (Su et al., 2020), and was even found to reduce Fusarium growth 

in vitro (Luo et al., 2016).  

     There are hormones that have not been investigated regarding exogenous application 

and response to F. graminearum infection. These include cytokinins which have been 

implicated in plant defence (Choi et al., 2010, Choi et al., 2011, Albrecht & Argueso, 2017) 

and the recently classed non-protein amino acid and signalling molecule 3-aminobutryric 

acid (BABA) (Cohen, 2002, Thevenet et al., 2017). A summary of exogenous 

phytohormoneΩǎ effects on Fusarium-induced FHB and DON is described in Table 3.1. 
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Table 3.1. Summary of the effects each phytohormone (investigated in this thesis) has on 
F. graminearum and F. culmorum infection response from exogenous application in 
different hosts.  

Plant Hormone Effect on Fusarium infection References 

Salicylic acid (SA) 

Reduced FHB and leaf infection 
symptoms, and mycotoxin levels (Ta 
and At). No effect on FHB resistance 
(Ta). 

(Li & Yen, 2008, Makandar et 
al., 2010, Makandar et al., 
2011, Qi et al., 2012, Ameye 
et al., 2015, Sorahinobar et 
al., 2016) 

Jasmonic acid (JA) 

Increased symptoms at early leaf 
infection (Ta and At). Increased 
resistance at early and late infection 
(Ta and At).  

(Li & Yen, 2008, Makandar et 
al., 2010, Ameye et al., 2015, 
Qi et al., 2016, Sun et al., 
2016) 

Ethylene (ET) 
Susceptibility (Ta and At). Resistance 
or no effect (Ta). 

(Li & Yen, 2008, Chen et al., 
2009, Sun et al., 2016, Foroud 
et al., 2018) 

Brassinosteroid 
(BR) 

Reduced FHB (F. culmorum) and seed 
weight loss (Hv). 

(Ali et al., 2013)  

Gibberellic acid 
(GA) 

FHB resistance and reduced 
mycotoxin (Ta). 

(Buhrow et al., 2016) 

Abscisic acid (ABA) Increased FHB symptoms (Ta). 
(Buhrow et al., 2016, Qi et al., 
2016) 

Auxin 
Reduced FHB (F. culmorum) severity 
and yield loss (Hv). Increased FHB and 
leaf (F. graminearum) severity (Ta). 

(Petti et al., 2012, Su et al., 
2020) 

Cytokinin (CK) N/A N/A  

3-aminobutrytic 
acid (BABA) 

N/A N/A 

4-aminobutrytic 
acid (GABA) 

N/A N/A 

Abbreviations; Ta (Triticum aestivum), At (Arabidopsis thaliana), Hv (Hordeum vulgare). 
άN/Aέ means that there is no study to my knowledge that has investigated the exogenous 
effect of the respective phytohormone or compound. 
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There is evidence for Fusarium inducing FHB in B. distachyon with the accessions 

tested shown to be susceptible at mid-anthesis and pathogenesis of floral tissues 

progressed similarly to wheat FHB (Peraldi et al., 2011). Research in the effects of 

phytohormones on FHB is rising (Table 3.1) however none have investigated the effects in 

B. distachyon FHB. The aim of this chapter is to identify hormones that can transiently 

improve cereal resistance to FHB in B. distachyon. Phytohormones were exogenously 

applied during mid-anthesis (Fig. 3.1) in FHB susceptible B. distachyon lines Bd3-1 and 

Bd21, and Perigee wheat floral tissues. Many of the compounds chosen were shown 

previously to have positive effects on FRR (Chapter 2). From the information of individual 

phytohormones, hormone antagonists were then tested on B. distachyon Bd21 and wheat 

FHB. Aside from reducing visual FHB symptoms I also investigated the effect of 

phytohormones on wheat grain DON content to identify any DON reducing phytohormone-

associated compounds.  

Aims: 

1. Identify which phytohormones or phytohormone antagonists can transiently 

increase FHB resistance in B. distachyon and wheat. 

2. Identify which phytohormones or phytohormone antagonists can reduce DON 

content in wheat grains. 
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3.2. Materials and Methods 

 

3.2.1. Plant Material and Growth Conditions 
 

The Brachypodium distachyon accession Bd3-1 was obtained from the John Innes 

Centre (JIC), Norwich, UK. The Bd3-1 seed peeling preparation and stratification method 

was followed as described in Section 2.2.1. Bd3-1 seeds were sown in 50% Peat/Sand and 

50% John Innes mix 2 (two seeds per 8 cm2 pot). Plants were kept for the  remainder of the 

experiment at 22°C (20 h/4 h light/dark photoperiod, 70% humidity) in controlled 

environment cabinets (Snijders Scientific Jumo Imago F3000 chambers, or walk-in 

controlled environment rooms (Gallenkamp)) (Peraldi et al., 2011). For the FHB assay with 

Bd21 (from BASF Agricultural Centre, Limburgerhof, Germany), approximately five 

unpeeled seeds per one litre pot were grown for six weeks at 20 h/4 h 22°C day/night in 

soil under Autumn glasshouse conditions. The FHB susceptible line wheat (T. aestivum) 

Perigee variety (from BASF Agricultural Centre, Limburgerhof, Germany) was grown for 52 

days at 16 h/8 h day/night length at 22°C in Autumn glasshouse conditions. Approximately 

10 wheat seeds were sown per one litre pot in soil. 

3.2.2. Maintenance and Preparation of F. graminearum Inoculum 
 

The Fusarium graminearum isolate PH1 was used for all Bd3-1 FHB assays. To 

produce mycelial inoculum for FRR assays, F. graminearum was maintained on 

approximately 20 ml potato dextrose agar (PDA)  (The PDA solution was prepared by the 

JIC media kitchen)  in 9 cm diameter plastic Petri-dishes in controlled environment cabinets 

(Snijders Labs MicroClima-series, Economic LUX chambers or in a walk-in controlled 

environment growth room) at 22°C under 16 h/8 h light/dark photoperiod. Conidial F. 

graminearum inoculum (Fig. 1.1) was cultured in Mung Bean (MB) broth (Makandar et al., 

2006) from a 1 cm2 mycelial plug. MB broth was prepared by seeping 1 L of hot water (ELGA) 

with 40 g of mung beans for 10 min. The extract was filtered through multiple layers of 

sterile cheesecloth, decanted into 100 ml conical flasks, and then autoclaved. A mycelial 

plug was placed in each flask and the cultures were incubated in a shaker (New Brunswick 

Scientific Series 25 or Model G25) at 200 rpm and 23°C - 25°C in the dark or with minimal 

natural light. After seven to eight days, the conidia were filtered through cheesecloth, 
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centrifuged at 1,800 rcf for 5 min (removing most supernatant), and the concentration of 

the pellet was adjusted to 1 x 106 conidia/ml using a Thoma haemocytometer (Hawksley 

England) (Equation 3.1). Inoculum was stored at 5°C for up to 2 weeks before inoculation.  

Equation 3.1. Method used to count F. graminearum conidia in a haemocytometer. 
This calculation depends on the haemocytometer grid and square size used. Counting 
method derived from (Caprette, 2006). 

 

πȢππτ άά πȢπτ άά ίήόὥὶὩ ὥὶὩὥπȢρ άά ὨὩὴὸὬ 

πȢπφτ άά ὸέὸὥὰ ὺέὰόάὩ ρφ ὲόάὦὩὶ έὪ ίήόὥὶὩί   πȢππτ άά  

ὅέὲὭὨὭὥ

άά
 
ὼ ὔόάὦὩὶ έὪ ὧέὲὭὨὭὥ ὧέόὲὸὩὨ

πȢπφτ άά
 

ὅέὲὭὨὭὥ

άὰ
 
ὅέὲὭὨὭὥ

άά
 ρπππ 

 

For Bd21 and Perigee wheat FHB assays, F. graminearum isolate Li600 was grown 

for two weeks at alternating every two weeks on Malt agar and Oatmeal agar in a 9 cm 

diameter plastic Petri-dish. Conidia were harvested in 10 ml of water amended with 

approximately 0.05% Tween 20 (10 drops to 1 L diH20) and then filtered through 

cheesecloth. Conidia were counted using a disposable Neubauer Improved DHC-N01 C-chip 

(NanoEntek) haemocytometer. A 100-fold stock conidia suspension was prepared. A 

different calculation was used for the conidial concentration where the concentration was 

calculated from the average conidial count per haemocytometer grid (Only two values if 

relatively similar counts) which was then multiplied by 100 x 104 for a conidia/ml 

concentration. The inoculum was immediately used. 

3.2.3. FHB assay with Chemical Pre-Treatment 
 

Numerous features of the FHB assay were derived from (Peraldi et al., 2011). For 

Bd3-1 FHB assays (JIC) once extruding anthers were visible around mid-anthesis (at least 

four weeks after sowing), the entire Bd3-1 plant (Fig. 3.2C) was sprayed using a Juvale fine 

mist atomiser spray bottles with 50 ml of phytohormone or solvent control (Table 3.2), 

amended with 0.05% Tween 20 surfactant onto a tray of 10 to 11 pots (Table 3.2). The 

phytohormones ABA and BR were not tested due to their non-significant effect or absence 

of results in the investigation into Fusarium root rot (Chapter 2). All compounds were 

ordered from Merck/Sigma-Aldrich UK unless otherwise stated. The same concentration of 
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solvent was applied to respective control treatment groups (Table 3.2). All compounds 

were applied with minimal adjuvants to identify the effect of the respective target 

compound alone. Unless otherwise stated, the effects described were from a single dose 

of phytohormone pre-treatment as opposed to continual exposure as during the FRR assays 

(Chapter 2). As a result, a higher concentration of phytohormone was applied to maximise 

the dose of phytohormone received by the plant. Twenty-four hours later the soil and base 

matting was watered heavily, and Bd3-1 spikes were sprayed to run-off using one Juvale 

fine mist atomiser spray bottles (6-12 sprays, two plants at a time) with a total of 30 ml F. 

graminearum PH1 (0.25 - 1 x 106 conidia/ml) amended with 0.05% Tween 20. A control pot 

without inoculum was included for each treatment. Approximately 30 ml of inoculum was 

ǎǇǊŀȅŜŘ ƻƴǘƻ ŀ ǘƻǘŀƭ ƻŦ нл ǇƭŀƴǘǎΩ ǎǇƛƪŜƭŜǘǎ ǇŜǊ ǘǊŜŀǘƳŜƴǘΦ Inoculum spraying was 

performed immediately before the dark period. In order to maximise humidity, plants were 

collectively held in a large plastic bag (Fig. 3.2A) or a humidity chamber (Fig. 3.2B) for three 

days. Symptoms were scored every three or four days by counting the number of infected 

florets per spike (Fig. 3.2D, Fig. 3.2E). Bd3-1 plants were tagged before any compound 

application to monitor and score the same spike over time (Fig. 3.2C). For repeated 

independent experiments with different measurement dates, the days were combined to 

Ψ{ŎƻǊŜ 5ŀǘŜΩ м-3 with each measurement at 4-day intervals (Fig. 3.5A, Fig. 3.6A). 
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Table 3.2. Summary of the phytohormones exogenously sprayed onto B. distachyon Bd3-1.  

Plant Hormone Concentration (mM) Solvent* Reference** 

Salicylic acid 0.2 Ethanol (0.2%) ***  
Jasmonic acid 0.05 Ethanol (0.053%) ED 

ACC**** 1 Water ED 
trans-Zeatin 0.01 DMSO (0.1%) FRR 

BABA 10 Water FRR 
GABA 10 Water FRR 

Auxin (IAA) sodium salt 0.05 Water ED 
Auxin (NAA) 0.005 Ethanol (0.1%) FRR 

*Includes final solvent concentration applied to water-based (diH20) spray. ** ED denotes 
the concentration was experimentally determined. FRR denotes the concentration was 
derived from FRR assays (Table 2.1). *** Concentration derived from (Mandal et al., 2009, 
Makandar et al., 2010, Makandar et al., 2011, Sorahinobar et al., 2016). *** *ACC is the 
precursor of ethylene (Van de Poel & Van Der Straeten, 2014). Abbreviations in Table 2.1. 
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Figure 3.2. Pictures of various Bd3-1 FHB trials at the John Innes Centre, Norwich UK. (A) 
The heavy-duty plastic bags covering individually treated trays of Bd3-1 plants after 
inoculation in climate-controlled growth cabinet. (B) Humidity chamber (inside a 
climatically controlled chamber) holding an individually treated tray of Bd3-1 plants. (C) 
One pot of F. graminearum-infected Bd3-1 with individual spikes tagged for scoring 
growing in an 8 cm2 pot. Scale bar = 3 cm.  (D-E) F. graminearum-infected Bd3-1 spikelets 
at 7 dpi with brown lesions on individual florets which were scored for all Bd trials (D) and 
heavily infected with aerial mycelia covering the entire spike (E). (C, D, and E) Taken from 
(Haidoulis & Nicholson, 2020). 
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     All Bd21 and wheat trials were performed in collaboration with BASF Agricultural Centre, 

Limburgerhof, Germany. Bd21 and Bd3-1 are both highly susceptible to FHB and exhibit a 

similar DON response as wheat (Peraldi et al., 2011). For wheat (Fig. 3.3A) and Bd21 (Fig. 

3.3C), 50 and 80 pots were used for each trial, respectively. Once at mid-anthesis, 50 ml of 

test compound or solvent control (Table 3.3) amended  with 0.05% of the surfactant Wettol 

was applied to the entire plant shoot until run-off. Selected compounds (up to four per 

trial) were applied sequentially in an automatic chemical spray chamber (BASF). Aside from 

the standard water and solvent controls (Table 3.3), all trials included the positive triazole 

control prothioconazole (at 0.175 mM (25 ppm) or 0.365 mM (125 ppm)) and the 

concentration of acetone solvent) (obtained from BASF Agricultural Centre, Limburgerhof) 

which displayed reduced FHB symptoms, as well as a negative control that was not sprayed 

with any compound or solvent (Data not shown). Prothioconazole concentrations were 

derived from ppm concentrations. After 24 h, a working concentration of 5x105 conidia/ml 

for B. distachyon or 1x104 conidia/ml for wheat of F. graminearum LI600 was prepared in 

0.05% Tween 20 water solution, and 175 ml of inoculum was evenly sprayed above the 

entire plant in an automatic inoculation tunnel (BASF). The base matting was watered until 

run-off and plants were enclosed (Fig. 3.3C) for three (wheat) or six (Bd21) days in an 

elevated humidity glasshouse room until the first score date. Trolleys with pots were 

moved back to a conventional glasshouse after first score date and were not watered again 

until harvesting.  
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Table 3.3. Summary of each phytohormone exogenously sprayed onto B. distachyon Bd21 
and/or wheat.  

Compound Conc. (mM) Solvent* Reference** 

Salicylic Acid (SA) 
 

0.5 Acetone 
Table 3.2 + ED + (Qi et al., 

2012) 
Indole-acetic acid (IAA) 

 
0.05, 0.5, 4, 8 Acetone Table 3.2 + ED 

Naphthaleneacetic acid (NAA) 
 

0.5, 2, 4, 8 Acetone *** +  ED  

Gibberellic acid (GA) 
 

1 Acetone (Buhrow et al., 2016) 

Aminoethoxyvinylglycine 
hydrochloride (AVG) 

 

0.035, 0.35, 
0.8 

Water 
(Cohen et al., 1986, Ma et 

al., 1998, Bregoli et al., 
2002, Saltveit, 2005) 

Jasmonic acid inhibitor (JARIN-1) 
 

0.3 Acetone (Meesters et al., 2014) 

Brassinazole (BRZ) 0.02, 0.2 Acetone FRR + (Asami et al., 2000) 

*Solvent applied to water-based spray. Acetone concentration less than 5% in final 

solution. ** ED: Concentrations were experimentally determined. *** Concentration 

initially derived from the IAA concentration. All compounds were ordered from Sigma-

Aldrich/Merck except for JARIN-1 which was ordered from AOBIUS (AOB6436). 

 

     The tallest heads for each pot were scored for both wheat and Bd21 plants (Fig. 3.3B 

and Fig. 3.3D) since it was certain they were exposed to inoculum. The percentage of 

infection was scored for each wheat spike (Fig. 3.3B) whereas the number of infected 

florets per spike was scored for Bd21 and Bd3-1 (Fig. 3.2D, Fig. 3.3E, Fig. 3.3D). Several 

compounds were tested per experiment (Supp. Table S4, Supp. Table S5, Supp. Table S6), 

thus several control treatments are the same data between graphs (Fig 3.9A, 3.9G, 3.10A), 

(Fig. 3.9E, Fig. 3.10B), (Fig. 3.11A, 3.11G, 3.12A), and (Fig. 3.11E, 3.12B). Unless otherwise 

stated, all FHB experiments were repeated at least once. 
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Figure 3.3. Pictures of various Perigee wheat and Bd21 FHB trials at BASF Agricultural 

Centre, Limburgerhof, Germany. (A) Randomised complete block design (RCBD) design for 

wheat plants before inoculation. There are two blocks in each trolley with 10 pots per block 

(two blocks shown). Regions without plants have low inoculum coverage. (B) Ten heavily 

infected Perigee wheat plants in one pot completely covered in aerial mycelia. (C) Similar 

RCBD design as wheat for Bd21 including plastic walls on trolleys (Excluding lid) to elevate 

humidity shortly after inoculation. (D and E) F. graminearum-infected Bd21 spikelets with 

brown lesions (D) and/or aerial mycelia (E) on florets. 
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3.2.4. DON Quantification Test 
 

After the second scoring date and when sufficiently dry, wheat spikes from each pot 

were harvested by cutting below the spike of the tallest tillers. Approximately ten wheat 

spikes of the same pot were harvested per biological replicate. Cut spikes were placed in a 

paper drying bag and stored in a drying cabinet at 42°C for a minimum of 4 days. Some 

trials were stored at -20°C immediately after drying and then dried again for over an hour 

before use. Wheat samples were threshed in a machine using a rotor and air displacement 

(BASF Agricultural Centre, Limburgerhof). The pool of grains from ten spikes from one pot 

were then then milled in a Retsch MM 400. Grains were placed in a metal holder with a 

large ball bearing and pulverised for 1 min at the maximum speed (30) until a fine flour was 

obtained. The DON content reading per treatment was from four independent pools 

(biological replicates) of grains, each from approximately 10 spikes grown together in one 

pot. A mixture of 1 g of flour and 50 ml of diH20 was mixed using a magnetic stirrer for 2 

min at 400 rpm. Subsequently 1 ml of each sample was centrifuged for 1 min and 50 µl of 

supernatant was added to 1 ml of DONQ2 buffer (ROSA DONQ2 Quantitative Test - 

CharmScience kit). Samples with predicted high DON content were first diluted 10-fold in 

water before adding to DONQ2 buffer. Then 300 µl of this mixture was added to a ROSA 

DONQ2 test trip (CharmScience inc) and was incubated on a ROSA Incubator for 2 min at 

46°C. The DON content for each sample was measured on a calibrated CharmEZ M reader. 

All readings from the reader were multiplied by 10 and then again by 10 for diluted 

samples.  

 

3.2.5. Experiment Design, Statistics, and Graphs 
 

A randomised complete block design (RCBD) was generated from the R-studio 

(V1.2.1335) package ΨŀƎǊƛŎƻƭŀŜΩ for Bd21 (8 blocks) and wheat (5 blocks). Before chemical 

application, wheat and B. distachyon pots were numerically labelled and grouped per 

treatment according to RCBD design. Immediately after chemical application, wheat and 

Bd21 pots were randomised on trolleys. Each blocks (two per trolley) was defined by the 

inoculation tunnel spray pattern (Fig. 3.3A). Bd3-1 pot were separated by treatment before 
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chemical and inoculum application and kept in the same tray throughout the duration of 

the experiment (Fig. 3.2A and Fig. 3.2B). 

All statistical tests were performed using the software package GENSTAT 

v.19.1.0.21390 (VSN international Ltd). A Generalised liner model (GLM) was used for all 

FHB assays. Either a normal distribution with an identity-link function was used for wheat 

and DON data, or a Poisson distribution with a log-link function was used for all Bd data 

(Supp. Table S3-S6). ! ŦŜǿ !bh±!Ωǎ ŦƻǊ ŎƻƳōƛƴŜŘ ƛƴŘŜǇŜƴŘŜƴǘ ŜȄǇŜǊƛƳŜƴǘǎ ǎƘƻǿŜŘ ŀ 

significant interaction between the independent experiment and the hormone treatment 

at specific time points (p < 0.05), however for all the remaining time points, no such 

interaction was observed (p > 0.05) (Supp. Table S3, Supp. Table S4, Supp. Table S6). As 

ǎǳŎƘ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴ ŦŀŎǘƻǊǎ ǿƛǘƘ ά9ȄǇŜǊƛƳŜƴǘέ for these remaining ANOVA tests were 

excluded from the GLM ANOVA test. For all data, the values were either collectively 

untransformed or transformed before GLM analysis according to the best fit model with 

the best normal distribution and equal variance. For wheat FHB assays, unless otherwise 

stated (Supp. Table S4), the data was logit transformed using the function 

ΨƭƻƎόtŜǊŎŜƴǘŀƎŜψƛƴŦŜŎǘƛƻƴҌлΦнрύκόмлл-Percentage_Infection+0.25) (McGrann et al., 2014) 

ǘƻ ŀŎŎƻǳƴǘ ŦƻǊ ƭŀǊƎŜ ŀƳƻǳƴǘǎ ƻŦ лΩǎ ŀƴŘ мллΩǎ ǎŎƻǊŜŘΦ CƻǊ ŀƭƭ Řŀǘŀ ŀƴŀƭȅǎŜŘΣ ƛƴŘƛǾƛŘǳŀƭ ǘƛƳŜ 

points were analysed separately.  

     Microsoft office (Excel, Word, and Powerpoint) was used for writing, data collection, 

images, and analysis. All graphs were prepared using Graphpad Prism (V5.04). All photos 

were taken using and iPhone 6 except Fig. 3.2C which was taken by the photography team 

at the JIC. 
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3.3 Results 

3.3.1. The Effect of Phytohormones on FHB Disease Progression in B. 

distachyon 
 

     Although pre-inoculation treatment with SA marginally increased FHB symptoms (Fig. 

3A), the increase was not statistically significant at any time point (p > 0.05, Fig. 3.4A). In 

additional experiments, SA was applied repeatedly (four applications) before, during, and 

after inoculation on Bd3-1 but again, no significant effect on resistance was observed (p > 

0.05, Fig. 3.4B).  

 

Figure 3.4. The change in number of F. graminearum-infected florets after pre-application 
of salicylic acid (SA) on Bd3-1 over time. (A) One SA application 24 h before inoculation. (B) 
Four applications of SA before (- 1 dpi), during (0 dpi), and after inoculation (3 dpi and 7 
dpi). Each data point is the mean number of florets infected ± SE from one independent 
experiment each. Abbreviations: SA (Salicylic acid). Taken and modified from (Haidoulis & 
Nicholson, 2020). 
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     Pre-inoculation treatment with JA resulted in an increase in the number of infected 

florets at all time points (p < 0.05, Fig. 3.5A). There was a significant increase in infected 

florets at the first score date (p = 0.009) and third score date (p = 0.011), however the effect 

was most prominent at the ScoreDate 2 (p < 0.001). Similarly, pre-treatment with ACC (Fig. 

3.5B) also significantly increased the number of infected florets at all time points (p < 0.05), 

but the effect on symptoms diminished over time, and by 11 dpi the effect was not 

significant (p = 0.102). The compound 2-aminoethoxyvinyl glycine (AVG) acts as an inhibitor 

of ACC synthase which reduces ethylene biosynthesis (Schaller & Binder, 2017) and was 

found most effective at lowering ethylene before inoculation (Robison et al., 2001). I 

exogenously applied three concentrations of AVG on Bd21 florets before inoculating with 

F. graminearum (Fig. 3.5C and Fig. 3.5D). Given that ACC increased the number of florets 

infected, it was anticipated that application of AVG would reduce susceptibility. However 

all concentrations of AVG (35 µm, 350 µm, and 800 µm) significantly increased the number 

of infected florets at the first score date (p < 0.001 Fig. 3.5C, p < 0.05 Fig. 3.5D). 
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Figure 3.5. The change in number of F. graminearum-infected florets after pre-application 
of JA (A), the ethylene precursor ACC (B) over time on Bd3-1, and the ethylene inhibitor 
AVG at 7 dpi (C) and 8 dpi (D) on Bd21. (A and B) Each data point is the mean number of 
florets infected ± SE from two independent experiments. (C and D) White bars denote 
controls whereas blue bars denote a test compound. Each bar is the mean number of 
florets infected ± SE from one independent experiment. This data was generated at BASF. 
(All) Significance levels * p < 0.05, ** p < 0.01, *** p < 0.001 compared to control. 
Abbreviations: JA (jasmonic acid), ACC (1-aminocyclopropane-1-carboxylic acid) AVG (2-
aminoethoxyvinyl glycine). A and B Taken and modified from (Haidoulis & Nicholson, 2020). 
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     Pre-inoculation with the compound BABA at 10 mM (Fig. 3.6A) significantly increased 

the number of infected florets at all time points (p< 0.001). The largest difference compared 

to the control was observed at the third score date (Fig. 3.6A). Applying the isomer of BABA, 

GABA (Cohen, 2002), at the same concentration (Fig. 3.6B) significantly increased the 

number of infected florets at 4 dpi only (p = 0.036) however this increase was relatively 

small compared to the control. After 4 dpi, there was no significant change in number of 

infected florets at any other time point (p > 0.05). 

 

Figure 3.6. The change in number of F. graminearum-infected florets after pre-application 
of BABA (A) and GABA (B) on Bd3-1 over time. Each data point is the mean number of 
florets infected ± SE from three (A) or one (B) independent experiments. Significance levels: 
* p < 0.05, *** p < 0.001 compared to control. Abbreviations: BABA (3-aminobutanoic acid), 
GABA (4-aminobutanoic acid). (A) Taken and modified from (Haidoulis & Nicholson, 2020). 

 

     trans-Zeatin (10 µm) (Fig. 3.7) caused the largest increase in infected florets relative to 

the control treatment (p < 0.001) and showed one of the largest increases in FHB symptoms 

compared to all other hormone treatments. trans-Zeatin induced susceptibly early on at 3 

dpi and the difference to the control increased slightly over time relative to that at the first 

time point.  
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Figure 3.7. The change in number of F. graminearum-infected florets after pre-application 
of trans-Zeatin on Bd3-1 over time. Each data point is the mean number of florets infected 
± SE from two independent experiments. Significance level *** p < 0.001 compared to 
control. Taken and modified from (Haidoulis & Nicholson, 2020).  

 

     The two auxins IAA at 50 µm and NAA at 5 µm (NAA was applied repeatedly with four 

applications before, during, and after inoculation) showed no significant effect on the 

number of infected florets at any time point (p > 0.05 Fig. 3.8A and Fig. 3.8B). To test 

whether these concentrations were too low, a much higher concentration of IAA and NAA 

was exogenously applied to Bd21 plants before inoculation with F. graminearum (Fig. 3.8C). 

Pre-application of synthetic auxin NAA at 8 mM resulted in the most significant decrease in 

the number of infected florets (p < 0.001) compared to IAA. Even 4 mM NAA significantly 

decreased the number of infected florets (p < 0.01) but to a lesser extent. The auxin IAA 

appeared to be less effective than NAA since 8 mM IAA showed a similar reduction in 

infected florets as 4 mM NAA (p < 0.01), and at 4 mM IAA the reduction in the number of 

infected florets was not significant (p = 0.33). Overall, these data indicate that auxins have 

a positive effect on FHB resistance when applied at relatively high concentrations prior to 

inoculation.  
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Figure 3.8. The change in number of F. graminearum-infected florets after application of 
IAA and NAA at different concentrations on Bd3-1 over time (A-B) and Bd21 (C) at 8 dpi. 
Each data point (A-B) and bar (C) is the mean number of florets infected ± SE from one 
experimental replicate. (A and C) One IAA application 24 h before inoculation. (B) Four 
applications of NAA before (- 1 dpi), during (0 dpi), and after inoculation (3 dpi and 7 dpi). 
White bars denote controls whereas blue bars denote a compound. LSD test significance 
levels ** p < 0.01, *** p < 0.001 compared to control. Data from C was generated at BASF. 
Abbreviations: IAA (Indole-3-acetic acid), NAA (1-Naphthaleneacetic acid). (C) Taken and 
modified from (Haidoulis & Nicholson, 2020). 
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     To ascertain whether the reduction in FHB reflected an altered plant response or an 

effect on the fungus itself, an antimicrobial assay was performed by applying auxins or 

solvent controls to filter disks at four equidistant points from a mycelial plug of F. 

graminearum PH1 (Supp. Fig. S3). There was no difference in mycelial growth near any of 

the auxin-treated filter disks. Overall following the application of phytohormones on Bd3-

1, most promoted FHB susceptibility whereas at a high concentration, the auxins IAA and 

NAA improved FHB resistance. 

 

3.3.2. The Effect of Phytohormones and Phytohormone-Related Compounds 

on FHB in Wheat 
 

A number of phytohormones that were tested with B. distachyon were re-tested on 

wheat spikes in addition to some additional phytohormone-associated compounds. Given 

that some compounds increased the number of infected florets in Bd3-1, respective 

hormone antagonists were also exogenously applied on wheat spikes before inoculation. 

The main aim was to verify the effect of phytohormones on FHB in a second temperate 

grass, and to identify additional compounds that can transiently increase resistance to FHB.  

     As for the B. distachyon SA trials (Fig. 3.4), pre-application of 500 µM SA showed no 

significant effect on percentage spike infection at either 7 dpi or 15 dpi (p > 0.05, Fig. 3.9A). 

Given that JA increased the number of infected florets in B. distachyon (Fig. 3.5A), a novel 

inhibitor of JA called JARIN-1 (Meesters et al., 2014) was exogenously applied to wheat 

plants before inoculation. Application of 300 µM JARIN-1 did not significantly change the 

percentage spike infection at 7 dpi (p = 0.773, Fig. 3.9B). The ethylene inhibitor ethylene 

AVG was also exogenously applied to wheat spikes before inoculation (Fig. 3.9C) at a similar 

concentration to that used in the B. distachyon trial (Fig. 3.5D). There was no significant 

change in percentage infection after pre-treating shoots with 35 µM AVG (p = 0.668) 

however there was a significant increase in symptoms when the concentration was 

increased to 175 µM (p < 0.001, Fig. 3.10D) and 350 µM at 15 dpi (p < 0.01, Fig. 3.9D). 

     Two auxins were also exogenously applied to wheat spikes before inoculation. There 

was no significant change in percentage spike infection after pre-application of 50 µM IAA 

at either time point (p > 0.05, Fig. 3.9E). Similarly there was no significant change in FHB 

symptoms after 500 µm IAA at any time point (p > 0.05, Fig. 3.10A). This was also observed 
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with 500 µM NAA on wheat FHB at all time points (p > 0.05, Fig. 3.10B). However, 2 mM 

NAA significantly reduced the percentage spike infection (p = 0.006, Fig. 3.9F). The effect 

of 2 mM NAA was independently and repeatedly assessed on FHB severity in wheat (Fig. 

3.10C). There was a slight reduction in spike infection comparable to Fig. 3.9F, however this 

difference was not statistically significant (p > 0.05, Fig. 3.10C). I previously described how 

GA had no significant effect on FRR resistance (Chapter 2). Similarly, 1 mM GA had no 

significant effect on percentage spike infection at 7 dpi and 15 dpi (p > 0.05, Fig. 3.9G). 

Given how the brassinosteroid inhibitor brassinazole (Brz) (Asami et al., 2000) promoted 

resistance in FRR (Chapter 2) I predicted that Brz might also improve FHB resistance. 

According to Fig. 3.9H, Brz at 20 µM significantly increased percentage spike infection at 8 

dpi (p < 0.01) and 15 dpi (p < 0.05). However, there was no significant change in infection 

of 200 µM Brz at 7 dpi and 15 dpi (p > 0.05). Finally, there was no obvious difference in 

symptom differential over time between the control and test compounds (Fig. 3.9A, Fig. 

3.9D, Fig. 3.9E, Fig. 3.9G, Fig. 3.9H). 
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Figure 3.9. The effect of exogenous pre-application of phytohormone or phytohormone 
antagonists on visual FHB symptoms in wheat spikes at one or two time points. (B) is at 7 
dpi, (C) are combined time point 7 and 8 dpi, (F) is at 7 dpi. The horizontal axis is treatments 
(compounds or solvents) exogenously applied (at different days in some cases). White bars 
denote controls whereas blue bars denote a compound. Each bar is the average spike 
infection percentage ± SE from one (A, D, E, F, G, H) or two (B and C) independent 
experiments. Data from D is part of the same experiment as C. Significance levels (LSD test 
for multiple treatments) * p < 0.05 ** p < 0.01 compared to controls. This data was 
generated at BASF Agricultural Centre, Limburgerhof, Germany. Abbreviations: AVG (2-
aminoethoxyvinyl glycine), Brz (Brassinazole), GA (Gibberellic acid), IAA (Indole-3-acetic 
acid), JARIN-1 (JA inhibitor), NAA (1-Naphthaleneacetic acid), SA (Salicylic acid). 

 

Figure 3.10. Additional FHB experiments with IAA, NAA, and AVG at different 
concentrations in wheat. (A) The change in FHB symptoms after IAA pre-treatment at 7 and 
15 dpi. (B and C) Different concentrations of NAA used for wheat FHB assays. (B) The change 
in FHB symptoms after NAA (First concentration used) pre-treatment at 7 and 10 dpi. (C) A 
repeat experiment with NAA at 8 dpi (Fig. 3.9F). (D) Another concentration of AVG pre-
treatment before FHB symptoms measurements at 7 dpi. The horizontal axis is treatments 
(compounds or solvents) exogenously applied (at different days in some cases). White bars 
denote controls whereas blue bars denote a compound. Each bar is the mean number of 
florets infected ± SE from one independent experiment. Significance levels: *** p < 0.001 
compared to control. This data was generated at BASF Agricultural Centre, Limburgerhof, 
Germany. See Fig. 3.9 for compound abbreviations. 
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     The grain DON content (Fig. 3.11) was measured for each phytohormone treatment (Fig. 

3.9). The high concentration for Brz was chosen for analysis (Fig. 3.11H) since it caused the 

greatest reduction in FHB symptoms out of the two concentrations tested (Fig. 3.9H). In 

the majority of instances, DON levels were extremely high in both the control and treated 

samples. There was no significant change in wheat grain DON content for any compound 

tested (p > 0.05, Fig. 3.11, Fig. 3.12). Nonetheless, 2 mM NAA caused a slight reduction in 

grain DON content (Fig. 3.11F) that mirrored the reduced visual symptoms in the spike (Fig. 

3.9F). There was also no reduction in grain DON content when NAA was applied at a lower 

concentration of 500 µM (p > 0.05, Fig. 3.12B). Similarly 500 µM IAA did not cause any 

change in grain DON content either (p > 0.05, Fig. 3.12A).  
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Figure 3.11. The effect of exogenous pre-application of phytohormone or phytohormone 

antagonists on the wheat grain DON content of infected grains. The horizontal axis is 

treatments (compounds or solvents) exogenously applied. White bars denote controls 

whereas blue bars denote a compound. Each graph is from the same trial material as FHB 

test (Fig. 3.9). All graphs are from one experimental replicate except for B which is from 

two. See Fig. 3.9 for compound abbreviations.  
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Figure 3.12.  The effect of exogenous pre-application of auxins (repeated) on the wheat 
grain DON content of infected grains. (A) Grain DON content after application of IAA. (B) 
Grain DON content after application of NAA. (A and B) Each DON content graph is from one 
experimental replicate and is from the same trial material as the FHB test; Fig. 3.12A for 
Fig. 3.10A, and Fig. 3.12B for Fig. 3.10B. See Fig. 3.9 for compound abbreviations. 

 

     A summary of the effects that each phytohormone or phytohormone antagonist has on 

FHB resistance in both wheat and B. distachyon and DON content in wheat is summarised 

in Table 3.4. 
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Table 3.4. Summary of all FHB assay results. 

Phytohormone Compound Species* Overall Effect 

on FHB 

Resistance** 

Effect on 
DON 

Content 

SA SA Bd/Ta N N 

JA JA Bd τ  

JA inhibitor JARIN-1 Ta N N 

Ethylene ACC Bd τ  

Ethylene inhibitor AVG Bd/Ta τ N 

Auxin IAA Bd/TaϞ + N 

Auxin NAA Bd/Ta + N 

Cytokinin trans-Zeatin Bd τ  

GA GA Ta N N 

BR inhibitor Brassinazole Ta τ N 

Aminobutanoic acid BABA Bd τ  

Aminobutanoic acid GABA Bd N  

* Tested either in B. distachyon (Bd) and/or in T. aestivum (Ta). ** Symbols for generalised 
ŜŦŦŜŎǘǎΥ ΩτΨ ŘŜƴƻǘŜǎ ŀ ƴŜƎŀǘƛǾŜ ŜŦŦŜŎǘΣ ΨҌΩ ŘŜƴƻǘŜǎ ŀ ǇƻǎƛǘƛǾŜ ŜŦŦŜŎǘΣ ΨbΩ ŘŜƴƻǘŜǎ ƴƻ ŜŦŦŜŎǘ, 
and a blank space denotes that the DON content was not tested. Ϟ bƻ ǎƛƎƴƛŦƛŎŀƴǘ ŜŦŦŜŎǘ on 
FHB in Ta at the concentrations tested. Abbreviations: ACC (1-aminocyclopropane-1-
carboxylic acid), AVG (Aminoethoxyvinylglycine hydrochloride), BABA (3-aminobutanoic 
acid), BR (Brassinosteroid), DON (Deoxynivalenol), GA (Gibberellic acid), GABA (4-
aminobutanoic acid), IAA (Indole-3-aceticacid), JA (Jasmonic acid), JARIN-1 (Jasmonic acid 
inhibitor), NAA (1-Naphthaleneacetic acid), SA (Salicylic acid).  
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3.4 Discussion 

 

3.4.1. Auxins Generally Improved Resistance to FHB in Wheat and B. 

distachyon 
 

The data suggests that auxins improved resistance in wheat and B. distachyon but 

only at relatively high concentrations (Fig. 3.8C). Both IAA and NAA were most effective at 

8 mM in improving FHB resistance in B. distachyon whereas a lower concentration of 2 mM 

NAA was shown to increase resistance in wheat but only in one experimental replicate (Fig. 

3.9F, Fig. 3.10C). It should be pointed out that the FHB disease levels in wheat were very 

high (Fig. 3.10C), and this high disease pressure may have prevented the detection of any 

effect of treatment. For example NAA (2 mM) was most effective when symptoms were 

lower (15% spike infection in control, Fig. 3.9F) rather than higher symptoms (40% in 

control, Fig. 3.10C) at around the same time point. Nonetheless the results with B. 

distachyon and wheat supports the initial objectives in finding a compound that improves 

FHB resistance and provides evidence that auxins can promote resistance in cereals to F. 

graminearum. These findings support evidence by Petti and colleagues (2012) who found 

that exogenous IAA application reduced yield loss and general symptoms of F. culmorum-

induced FHB in barley (Petti et al., 2012). On the contrary, there is evidence that exogenous 

IAA application increased F. graminearum-induced FHB and leaf susceptibility in wheat (Su 

et al., 2020). However, in this study, a lower concentration (100 µM) was used with a 

different method whereby severed spikes and leaves were in contact with auxin for a longer 

duration with no apparent time gap between auxin and Fusarium application. These factors 

may have affected the final disease outcome. The mechanism for the effects of auxin in 

FHB response are not clear given that F. graminearum can also produce IAA (Luo et al., 

2016). However, my data suggest that the effects of both auxins were due to an effect on 

the plant response as opposed to an effect on the fungus itself (Supp. Fig. S3). Both the 

type of auxin and the concentration of auxin were important for the ultimate FHB 

resistance outcome in both host species. Phytohormones are generally physiologically 

effective at low concentrations (Davies, 2013). In the present study, however, low 

concentrations of NAA and IAA between 5 µM and 50 µM in B. distachyon (Fig. 3.8A and 

Fig. 3.8B), and 500 µM for IAA and NAA in wheat (Fig. 3.10A and Fig. 3.10B) did not induce 

a significant effect on FHB resistance. The high concentrations of auxin may be required 
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and tolerated by wheat and B. distachyon because of their reported low effectiveness on 

monocot species like wheat and B. distachyon (McSteen, 2010, Sauer et al., 2013). 

Alternatively, high concentrations may be required in order to observe an effect due to 

restricted uptake of the compound by the plant. 

     NAA was more effective than IAA in B. distachyon in controlling FHB as a two-fold higher 

concentration of IAA (8 mM) was required to have similar resistance effects as 4 mM NAA 

(Fig. 3.8C). IAA is the most abundant natural auxin present in plants whereas NAA is a 

synthetic auxin that is more stable and primarily passively diffuses into plant cells (Dunlap 

Ŝǘ ŀƭΦΣ мфусΣ IƻǑŜƪ Ŝǘ ŀƭΦΣ нлмнΣ {ŀǳŜǊ Ŝǘ ŀƭΦΣ нлмоύ. Therefore, the difference in effectiveness 

observed is likely due to more efficient uptake of NAA through passive transport and its 

longer persistence. Endogenous auxin content after exogenous application of different 

micro- and milli- molar concentrations of auxins would need to be investigated to test this 

hypothesis. Despite evidence from Luo and colleagues (2016) that IAA can reduce DON 

accumulation in vitro (Luo et al., 2016), there was no significant effect of auxins on DON 

content of wheat grain in the current study (Fig. 3.11F).  

3.4.2. The Canonical Defence Hormones SA, JA, and Ethylene Did Not 

Promote FHB Resistance in Wheat and B. distachyon 
 

Evidence from other research groups have identified that SA increases resistance to 

FHB in wheat and A. thaliana (Makandar et al., 2010, Makandar et al., 2011, Qi et al., 2012, 

Sorahinobar et al., 2016). I was not able to replicate the positive FHB effect of SA at 200 

µM with either a single application (Fig. 3.4A) or four applications (Fig. 3.4B) on Bd3-1 

despite using the same concentration as some of these studies. It is possible that the 

concentration of SA was too low. Qi and colleagues (2012) found that a 2-fold higher 

concentration of 400 µM was effective at reducing disease susceptibility in wheat (Qi et al., 

2012). To confirm this, I pre-treated wheat cv. Perigee with a higher concentration of 500 

µM SA (Fig. 3.9A) but this also failed to have any significant effect on FHB symptoms. 

Consistent with the findings in the present study, previous research by Li and Yen (2008) 

showed an absence of effect on FHB resistance after a high concentration of 3 mM SA was 

exogenously applied to wheat spikes (Li & Yen, 2008). Therefore, the concentration of SA 

is likely not reason for these differences in effects. In earlier studies, SA (200 µM) was 

applied as a soil drench (Makandar et al., 2011, Sorahinobar et al., 2016). This application 

method could have more pronounced effects on resistance due to initial uptake in roots as 
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opposed to florets and because the phytohormone remained in contact with the roots 

throughout the experiment. Furthermore prolonged exposure to SA may influence the 

JA/ethylene dependent induced systemic resistance (ISR) pathway (Pieterse et al., 2014) 

which might impact the observed resistance response to FHB. Alternatively, it was reported 

that monocot rice (Oryza sativa) shoots had a higher level of endogenous SA (Chen et al., 

1997). Thus, exogenous SA application could have minimal impact on the endogenous SA 

levels. In addition, there was no significant change in wheat grain DON content following 

SA application to wheat spikes prior to inoculation. This contrasts previous reports where 

the same concentration of SA resulted in reduced DON content (Makandar et al., 2011).  

The reason for this is unclear given that both lines being compared are considered 

susceptible (Bobwhite and Perigee), but may be again due to the difference in application 

of the phytohormone (Makandar et al., 2011). 

     Contrary to the effects of SA, 50 µm JA was found to increase susceptibility to FHB (Fig. 

3.5A). This finding is similar to a study by Makandar and colleagues (2010) who identified 

that JA promoted leaf susceptibility to early F. graminearum infection in A. thaliana after 

application of 200 µM MethylJasmonate (MeJA) (Makandar et al., 2010). In contrast 

however, other studies found that exogenously applied JA or MeJA induced positive effects 

on wheat FHB resistance (Li & Yen, 2008, Qi et al., 2016, Sun et al., 2016). The reasons for 

these differences are unclear. Sun and colleagues (2016) pretreated wheat with a 200 µM 

MeJA continuously for multiple days before inoculating susceptible cv. Alondra wheat 

spikes (Sun et al., 2016). Qi and colleagues (2016) showed that concentrations of JA greater 

than 3.5 mM led to increased resistance in cv. Roblin wheat (Qi et al., 2016). These results 

may reflect the use of a higher concentration of JA in these studies and perhaps higher JA 

concentrations promote resistance while lower concentrations increase susceptibility. The 

difference may also be due to the application method. Qi and colleagues (2016) point-

inoculated individual florets with F. graminearum rather than spraying the spike (Qi et al., 

2016). Injecting high levels of inoculum into florets may have resulted in a by-passing or 

severe shortening of the biotrophic phase of infection/colonisation (Jansen et al., 2005, 

Brown et al., 2010). Lastly, the timing of JA application could also be important for final 

disease severity outcome as A. thaliana treated with 200 µM MeJA after inoculation was 

more resistant to F. graminearum leaf infection (Makandar et al., 2010). Together the 

evidence suggests that the ultimate effect of JA on FHB resistance is sensitive to many 

factors. 
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     Given the negative effect of JA on FHB susceptibility in B. distachyon, I tested a novel 

inhibitor of JA biosynthesis inhibitor, JARIN-1 in wheat FHB. Meesters and colleagues (2014) 

describe how 10 µM to 30 µM JARIN-1 was effective at reducing JA-Ile production in A. 

thaliana (Meesters et al., 2014). Unfortunately, 300 µM JARIN-1 had no significant effect 

on wheat FHB resistance (Fig. 3.9B). It is possible that a reduction in wheat JA-Ile 

biosynthesis and signaling had no effect on wheat FHB resistance, or that the precursor JA 

rather than JA-Ile (Acosta & Farmer, 2010) affects the FHB resistance response. However, I 

Ŏŀƴƴƻǘ ŎƻƴŦƛŘŜƴǘƭȅ ŎƻƳƳŜƴǘ ƻƴ ǘƘŜ ǇǊƻǇŜǊǘƛŜǎ ƻŦ W! ƛƴƘƛōƛǘƛƻƴ ƎƛǾŜƴ ǘƘŀǘ L ŎŀƴΩǘ ōŜ ǎǳǊŜ 

that JARIN-1 efficiently entered the plant and was biologically active following exogenous 

spraying. In order to validate any impact JARIN-1 had, endogenous JA content would need 

to be measured post-JARIN-1 application. 

     Like JA, I found that application of the plant precursor to ethylene, ACC, promoted FHB 

susceptibility (Fig. 3.5B). Supporting my FHB results, (Chen et al., 2009) found that ethylene 

(from 50 mM ethephon chemical feeding - ethylene releasing compound) promoted 

susceptibility to colonisation in wheat, barley, and A. thaliana leaf infection. However 

contrary to the present FHB results, evidence from (Sun et al., 2016) found that 1 mM 

ethephon had no effect on any wheat line tested. Contrary to both studies, (Li & Yen, 2008) 

found that 1 mM ethephon promoted FHB resistance in a susceptible wheat line compared 

to the Sumai-3 resistant control. More recently (Foroud et al., 2018) showed that ACC and 

ethephon application also led to increased resistance in dip-inoculated detached wheat 

heads. Differences in the experimental procedures may also affect important factors for 

ethylene response. In some reports detached head assays were performed (Chen et al., 

2009, Foroud et al., 2018) which might influence senescence processes as well as defence 

responses. Ethephon was used instead of ACC as the ethylene treatment in some studies 

(Li & Yen, 2008, Chen et al., 2009, Sun et al., 2016). Foroud and colleagues (2018), however, 

found that ethephon and ACC had similar effects on FHB in most wheat varieties tested 

(Foroud et al., 2018). The gaseous hormone ethylene is known to function synergistically 

with JA in terms of resistance (Bari & Jones, 2009, Pieterse et al., 2012). The similar effect 

of these compounds on response to F. graminearum infection may reflect this relationship 

(Fig. 3.5A and Fig. 3.5B). Both JA and ACC are that are associated with resistance to 

necrotrophs but negatively affect resistance to biotrophs (Bari & Jones, 2009, Pieterse et 

al., 2012). JA and ACC were applied before inoculation, and thus would be most active 

during the early stages of infection. Given that F. graminearum is a hemibiotroph and 
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primarily biotrophic during initial infection (Jansen et al., 2005, Boddu et al., 2006), JA and 

ethylene could promote susceptibility during the biotophic phase of F. graminearum 

possibly via its antagonistic relationship with SA signalling (Robert-Seilaniantz et al., 2007). 

     Understanding the role of ethylene is further complicated given that I also showed that 

application of the ethylene inhibitor AVG (Schaller & Binder, 2017) in B. distachyon and 

wheat also promoted susceptibility. In B. distachyon, 35 µM AVG induced the most 

significant increases in susceptibility (Fig. 3.5C). In wheat the concentration most effective 

on B. distachyon FHB (35 µM) had no significant effect (Fig. 3.9C), however at higher 

concentrations of 175 µM in wheat and 350 µM in wheat and B. distachyon, there was an 

increased susceptibility (Fig. 3.5D, Fig. 3.9D, Fig. 3.10D). Consistent with my results, Robison 

and colleagues (2000) described how both 100 µM AVG and 100 µM ACC promoted 

Verticillium resistance in tomato despite these compounds having opposite effects on 

ethylene accumulation (Robison et al., 2001). Likewise, 2 µM AVG was shown to promote 

FRR resistance in B. distachyon roots infected with F. culmorum (Cass et al., 2015). Similar 

to my findings, Foroud and colleagues (2018) also identified that ethylene antagonists 

promoted susceptibility in wheat (Foroud et al., 2018). However, Foroud and colleagues 

(2018) did not use AVG, but rather two antagonists that affect the ethylene biosynthesis 

and perception. Only the receptor inhibitor (1-Methylcyclopropene, MCP) significantly 

increased FHB symptoms in both resistant and susceptible wheat lines whereas the 

biosynthesis inhibitor (Cyclopropane-1,1-dicarboxylic acid, CDA) was only effective at 

increasing susceptibility in the resistant wheat line (Foroud et al., 2018). Given that Bd3-1 

is susceptible to FHB, there may be a different effect on resistance if an ethylene receptor 

inhibitor was used. Ethylene-induced susceptibility (Fig. 3.5B) may be due to the role of 

ethylene in accelerated senescence (van Loon et al., 2006a, Abeles et al., 2012), or in cell 

death with mycotoxins (Moore et al., 1999, Chen et al., 2009) which can make hosts more 

susceptible to pathogens feeding necrotrophically (Häffner et al., 2015). However, as a 

potential alternate function, inhibition of ethylene from AVG might also induce 

susceptibility due to some positive links ethylene has to the defense response (Robison et 

al., 2001, van Loon et al., 2006a). Chen and colleagues (2009) found that inhibition of 

ethylene signaling reduced DON accumulation in wheat (Chen et al., 2009), but in the 

current study, inhibition of ethylene production with AVG had no significant effect on DON 

production (Fig. 3.11D).       
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     The effects of ethylene on F. graminearum infection has proven complex with seemingly 

contradictory effects between different studies and within this study. van Loon and 

colleagues (2006) describes how the role of ethylene is dependent on many factors such as 

pathogen type, timing, tissue (van Loon et al., 2006a). These reported studies into the role 

of ethylene in Fusarium infection used varying experimental procedures which likely 

affected the outcome on resistance since the effect of ethylene is sensitive to many factors. 

In conclusion, it is too early to define precisely the role of ethylene on FHB resistance. 

Further trials are required to test many of these seemingly important factors for the role 

of ethylene on F. graminearum resistance.   

3.4.3. trans-Zeatin, BABA, GABA, and Brassinazole Promoted FHB 

Susceptibility in Wheat and B. distachyon 
 

The cytokinin trans-zeatin had the greatest effect on B. distachyon FHB 

susceptibility compared to most other hormones (Fig. 3.7). Few studies have investigated 

the role of cytokinins in defense and even fewer have investigated the exogenous 

application of cytokinins on disease resistance. Unlike our results, other studies found that 

exogenous application of cytokinins zeatin, kinetin, and 6-benzylaminopurine (BAP) at 

similar concentrations promoted resistance in response to Pseudomonas syringae and 

Hyaloperonospora arabidopsis on A. thaliana (Choi et al., 2010, Argueso et al., 2012, 

Naseem et al., 2012). Similarly (Reusche et al., 2013) found that 50 µM BAP was effective 

at reducing Verticillium longisporum disease symptoms in A. thaliana. This apparently 

contradictory evidence may be due to differences in the plant and pathogen pathosystem 

being investigated. For example, a study by Jiang and colleagues (2013) found that 

exogenous application of cytokinins kinetin and iP had no significant effect on rice seedling 

resistance to the hemibiotrophic M. oryzae (Jiang et al., 2013). There could also be a 

concentration-dependent effect as Argueso and colleagues (2012) describes how lower 

concentrations of applied cytokinins were found to promote susceptibility (Argueso et al., 

2012). 

    High concentrations of 10 mM BABA substantially increased FHB susceptibility (Fig. 3.6A). 

This is surprising given that BABA has been shown to increase resistance to both biotroph 

and necrotroph pathogens (Cohen, 2002, Ton & Mauch-Mani, 2004, Ton et al., 2005). No 

study to date has investigated the effect of BABA on F. graminearum in cereal species 
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however there is evidence that it can have positive effects on resistance to other Fusarium 

species (Cohen, 2002, Olivieri et al., 2009). Furthermore, the molecular mechanisms by 

which BABA affects resistance are still being investigated. In addition to activating the SA 

pathway (Conrath et al., 2006), BABA can also activate the abscisic (ABA) pathway (Ton & 

Mauch-Mani, 2004, Jakab et al., 2005), and there is evidence suggesting that ABA promotes 

FHB susceptibility (Buhrow et al., 2016, Qi et al., 2016). This is a potential reason why BABA 

had a negative effect on FHB resistance. BABA and cytokinins are thought to function 

synergistically with SA (Conrath et al., 2006, Choi et al., 2010, Argueso et al., 2012, Naseem 

et al., 2012, Jiang et al., 2013). The relatively large effect of BABA and trans-zeatin 

compared to the non-significant SA susceptibility (Fig. 3.6A) implies that in the Fusarium-B. 

distachyon interaction, both BABA and zeatin (Fig. 3.7) are functioning in an SA-

independent manner. BABA displayed maximum susceptibility at later time points in 

infection (Fig. 3.6A). This suggests the effect of BABA persisted in B. distachyon days after 

application and affected F. graminearum colonisation rather than the initial infection.  

     GABA, an isomer of BABA, increased susceptibility to early infection (Fig. 3.6B). There 

are only a few cases where GABA has been shown to be involved in plant resistance 

(Solomon & Oliver, 2002, Bolton et al., 2008, Forlani et al., 2014, Yu et al., 2014). In contrast 

to my results, GABA was found to have no effect on resistance to the same pathogen as 

BABA (Cohen, 2002) or had positive effects on resistance (Yu et al., 2014). The reasons for 

the relatively small increase in susceptibility (Fig. 3.6B) are not clear. 

     Brassinazole (Brz) application is effective at reducing BR content in planta (Asami et al., 

2000). Surprisingly, Brz application increased FHB symptoms in wheat at the lower (20 µM) 

concentration but had no significant effect when applied at 200 µM (Fig. 3.8H). The reasons 

for the greater effectiveness of the lower Brz dose are unknown and the experiment would 

need repeating again. Ali and colleagues found the BR epibrassinolide reduced FHB disease 

symptoms in barley (Ali et al., 2013). Therefore, an FHB trial with a BR instead of Brz might 

also promote FHB resistance. Altogether the evidence for F. graminearum supports the 

hypothesis in line with other reports that brassinosteroids are positively involved in plant 

defence (Nakashita et al., 2003).  

     Gibberellic acid was predicted to increase resistance to wheat FHB given evidence from  

Buhrow and colleagues (2016) that showed a decrease in spread of FHB and DON content 

(Buhrow et al., 2016). Unfortunately, at the same concentration, 1 mM GA had no effect 
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on FHB symptoms or DON content on wheat (Fig. 3.9G). Like previous research 

investigating SA and JA, a different application method was used. Buhrow and colleagues 

(2016) applied GA and F. graminearum per spikelet via point-inoculation (Buhrow et al., 

2016). Not only would this affect the type of FHB resistance (Table 1.1), but also make 

cellular uptake of GA much more efficient than exogenous application of GA on the floral 

cuticle. To confirm this, endogenous GA content would need to be compared between 

point and spray application methods. I previously found that the GA biosynthesis inhibitor 

Prohexadione-calcium (Phx) modified FRR resistance while GA had no effect (Fig. 2.6). An 

FHB experiment with Phx may reveal a change in FHB symptoms that would have been 

masked to GA treatment if wheat shares an elevated GA content as B. distachyon (Kakei et 

al., 2015).   

3.4.4. B. distachyon is an Effective Model for Chemically-Screening 

Compounds for FHB Resistance in Cereals 

 

  Overall, the results presented here on the severity of FHB in B. distachyon in 

response to phytohormones were broadly in line with those from studies on the response 

to auxins, JA, and ethylene in barley and Arabidopsis (Chen et al., 2009, Makandar et al., 

2010, Petti et al., 2012, Ali et al., 2013). Compounds that were tested on wheat and B. 

distachyon generally showed a similar effect on FHB response: SA (Fig. 3.4 and Fig. 3.9A), 

AVG (Fig. 3.4D and Fig. 3.9D), IAA (Fig. 3.8A and Fig. 3.9E) and NAA (Fig. 3.8C to Fig. 3.9F). 

Any small differences in response such with AVG at 35 µM (Fig. 3.4C and Fig. 3.9C) was 

likely due to differences in experimental design: JIC trials with Bd3-1 were performed in 

climatically controlled cabinets whereas at BASF Agricultural Centre Bd21 and wheat trials 

were performed under Autumn glasshouse conditions. Additionally, there was instances 

where a higher concentration was required to induce an effect in B. distachyon compared 

to wheat (NAA - Fig. 3.8C and Fig. 3.9H). This difference may be attributed to the highly 

cleistogamous floral morphology of B. distachyon compared to cv. Perigee wheat which 

may make uptake of compounds more difficult (Fig. 3.2D and Fig. 3.3B). Overall, my data 

provides evidence that B. distachyon is an effective model for screening the effect of 

exogenous application of phytohormones on FHB resistance.  
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3.4.5. Conclusion 
 

To address my initial aims, many of the compounds tested at their respective 

concentrations did not transiently improve FHB resistance in B. distachyon or wheat, and 

none had any significant DON reducing effects. In most cases, exogenous application 

phytohormones caused negative effect on FHB resistance. Most hormones, especially 

trans-zeatin and BABA, promoted susceptibility to FHB in B. distachyon. Brz, JA and 

ethylene (promoting or inhibiting compounds) also promoted susceptibility to FHB. The 

only phytohormone with positive effects on FHB resistance were the auxins IAA and NAA. 

Auxins generally improved resistance to FHB in wheat and B. distachyon. Lastly, SA and GA 

showed no significant effect on FHB in wheat or B. distachyon. To understand the 

differences in effects of each hormone on FHB in B. distachyon, the transcriptomic changes 

of phytohormone regulated genes during infection will need to be investigated 

(Investigated in Chapter 4).  
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Chapter 4 - Investigation of the Phytohormone-Associated 

Transcriptome Responses Between Fusarium Head Blight 

and Fusarium Root Rot 
 

4.1. Introduction 

 

Plant defence responses to pathogens are multi-layered and range from physical to 

molecular defences (Agrios, 2005, van Loon et al., 2006b, Bari & Jones, 2009). Effective 

defence depends on an appropriate and coordinated resistance response (Glazebrook, 

2005, Jones & Dangl, 2006, Verhage et al., 2010). In response to infection, plants elevate 

defences to perceive the pathogen and counter pathogenesis. Cereals hosts have been 

shown to respond to infection by Fusarium species through the deployment of defences 

like deoxynivalenol (DON) detoxication, phytohormone signalling, host metabolism 

changes, cell wall development changes, and antimicrobial compounds such as 

phenylpropanoid and PATHOGENESIS-RELATED (PR) proteins (Boddu et al., 2006, Jia et al., 

2009, Pasquet et al., 2014, Ameye et al., 2015, Powell et al., 2017a, Powell et al., 2017b). 

Successful plant defences rely upon signalling to activate appropriate downstream defence 

responses. In plants, these signals are often transduced using phytohormones, which are 

important mobile molecules that activate numerous other antimicrobial compounds, 

structural changes, or even programmed cell death depending on the pathogen 

(Glazebrook, 2005, Pieterse et al., 2012, Davies, 2013).  

     In Chapters 2 and 3, I determined which phytohormones induced the most significant 

effect on Fusarium graminearum-induced FHB and FRR in B. distachyon, respectively. I 

provide evidence that most phytohormones induced significant effects on resistance after 

exogenous application. However I showed that the phytohormones SA, JA, ethylene, 

cytokinin, auxin, BABA either induced similar or different effects on FHB and FRR resistance. 

This poses the important question as to whether these significant yet different effects 

between diseases is reflected in the expression of genes associated with the biosynthesis 

of these phytohormones and/or any phytohormones-associated genes. 

     This question has been touched on in previous transcriptomic studies of Fusarium 

infection. Of the canonical defence phytohormones, the consensus is that salicylic acid (SA) 

-regulated responses are often associated with resistance to biotrophic pathogens whereas 
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jasmonic acid (JA) and ethylene associated responses are linked to resistance to 

necrotrophic pathogens (Glazebrook, 2005, Pieterse et al., 2012). Likely owing to the 

hemibiotrophic lifestyle of F. graminearum, SA and JA/ethylene have been shown to be 

important for defence towards F. graminearum through exogenous application studies 

(Table 3.1) and through transcriptomic investigation (Li & Yen, 2008, Jia et al., 2009, 

Makandar et al., 2010, Ding et al., 2011, Makandar et al., 2011, Gottwald et al., 2012, 

Pasquet et al., 2014, Ameye et al., 2015, Sun et al., 2016, Hao et al., 2018, Pan et al., 2018, 

Wang et al., 2018a, Wang et al., 2018c, Su et al., 2020). Most other phytohormones 

including abscisic acid (ABA), gibberellic acid (GA), auxin, and cytokinin have been 

implicated in response to F. graminearum infection through the investigation of 

transcriptome change of phytohormones during Fusarium infection (Pasquet et al., 2014, 

Powell et al., 2017a, Powell et al., 2017b, Pan et al., 2018, Wang et al., 2018a, Buhrow et 

al., 2020, Su et al., 2020). Most studies investigating the role of phytohormones in 

resistance to Fusarium species were focussed on the disease Fusarium head blight (FHB). 

However Fusarium root rot (FRR) is one of multiple diseases caused by the same Fusarium 

species responsible for FHB, with evidence of unique infection pathogenesis and host 

resistances (Wang et al., 2015b). The transcriptome response of phytohormones to FRR 

infection has been investigated in response to wheat (Triticum aestivum) FRR (Wang et al., 

2018c) but none to our knowledge have investigated B. distachyon transcriptome response 

to FRR.  

     One method for investigating phytohormone responses during pathogenesis is the use 

of transcriptomics. There have been studies that investigated F. graminearum-induced 

changes in gene transcription during infection of cereals using methods such as microarray 

analysis and RT-qPCR (Boddu et al., 2006, Li & Yen, 2008, Jia et al., 2009, Pasquet et al., 

2014, Ameye et al., 2015, Sorahinobar et al., 2016, Sun et al., 2016). Investigating the 

molecular responses to disease under different biotic stresses is more accessible using 

ever-improving transcriptomic technologies. RNA-seq is a revolutionary transcriptome 

analysis technology that permits the high-throughput sequencing of the complete set of 

RNA transcripts in a given cell or tissue by aligning the complete transcript population to a 

reference genome (Wang et al., 2009). With respect to the many years of FHB research, 

RNA-seq has recently been deployed for wheat and barley (Hordeum vulgare) responses to 

FHB (Hofstad et al., 2016, Huang et al., 2016, Powell et al., 2017a, Pan et al., 2018, Wang 

et al., 2018a, Buhrow et al., 2020). Applying RNA-seq technology would be useful in 
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comparing the expression of defence-related or phytohormone-related genes in FHB and 

FRR and to identify commonalities and specificities in response to infection of the two 

tissues. 

     The genetic resources required for RNA-seq have become increasingly abundant. The 

genome of B. distachyon is very accessible as it is just 272 Mbp in size with high sequence 

collinearity and phylogenetic position with other cereal species, and importantly has an 

ever-growing array of genetic resources available (Initiative, 2010, Brkljacic et al., 2011, 

Kellogg, 2015, Scholthof et al., 2018, Hus et al., 2020). Importantly, B. distachyon is an 

excellent model for investigating FHB and FRR as both roots and florets are susceptible to 

F. graminearum infection (Peraldi et al., 2011, Pasquet et al., 2014). RNA-seq is also being 

used for Fusarium diseases in B. distachyon. For example, Powell and colleagues (2017b) 

describes how Fusarium crown rot (FCR) caused by F. pseudograminearum in B. distachyon 

shares common transcriptional responses to wheat such as tryptophan and phenylalanine 

biosynthesis (Powell et al., 2017b). Ding and colleagues also identified F. graminearum 

genes expressed during FRR infection in of B. distachyon (Ding et al., 2020). 

          I previously showed that FHB and FRR disease severity in B. distachyon did not always 

respond in a similar manner to application of a range of phytohormones, and it is unclear 

as to the mechanisms involved in the disease severity outcome (Chapter 2 and Chapter 3). 

The aim of this chapter was to uncover and compare the phytohormone-related gene 

transcriptome response of B. distachyon to FHB and FRR. This provides the first example of 

obtaining and comparing RNA-seq data of both FHB and FRR in B. distachyon. The first 

objective was to perform an RNA-seq analysis on B. distachyon FHB at mid-anthesis and 

seedling FRR at early time-points in infection to identify the transcription patterns and 

differences in response between the two diseases. For both diseases, the time of the first 

observation of disease symptoms was selected for sampling. For FHB, this occurred three 

days after inoculation while for FRR this was one day after inoculation. The second 

objective was to identify whether observed differences in phytohormone-related gene 

expression are consistent between diseased tissues over time. Selected phytohormone-

related genes displaying differential expression in the RNA-seq experiment were analysed 

over time between FHB and FRR using a RT-qPCR time-course analysis in a separate 

experiment. The global difference in transcriptomes between FHB and FRR is also briefly 

described.   
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Aim: Investigate the transcriptome of Brachypodium distachyon in response to FHB and 

FRR focussing on similarities and differences in expression of phytohormone-related 

genes. 
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4.2. Materials and Methods 

4.2.1. Plant Material and Growth Conditions 
 

The Brachypodium distachyon accession Bd3-1 was obtained from the John Innes 

Centre (JIC), Norwich, UK. The Bd3-1 seed peeling preparation and stratification method 

was followed as described in Section 2.2.1. For FHB assays, stratified seeds were sown in 

50% peat/sand and 50% John Innes mix 2, with two seeds per 8 cm2 pot. Plants were kept 

for the remainder of the experiment at 22°C (20 h/4 h light/dark photoperiod, 70% 

humidity) in controlled environment cabinets (Snijders Scientific Jumo Imago F3000 

chambers) (Peraldi et al., 2011). 

4.2.2. Maintenance of Fungus and Preparation of Inoculum 
 

For mycelium inoculum, F. graminearum PH1 (John Innes Centre, Norwich, UK) was 

maintained on 20 ml potato dextrose agar (PDA) (The PDA solution was prepared by the JIC 

media kitchen) in a petri-dish in a 22°C (16 h/8 h - light/dark photoperiod) in controlled 

environment cabinets (Snijders Labs MicroClima-series, Economic LUX chambers or in a 

walk-in controlled environment growth room). Seven-day old plates were then blended 

with 5% water (sterile diH20) for a mycelium slurry for the FRR assay. For the FHB assay, 

preparation of the F. graminearum conidial suspension from Mung Bean (MB) broth was 

as described in Section 3.2.2. Fresh inoculum was prepared at 1 x 106 conidial suspension 

(using a Thoma haemocytometer (Hawksley England) (Equation 3.1)) in water (sterile 

diH20) with 0.05 % Tween 20.  

4.2.3. RNA-seq Sample Inoculation and Preparation 
 

For FRR assays, ten stratified seeds were placed on 9 cm2 filter paper square on a 

50 ml 0.8% water (ELGA) agar inside square Petri dishes (Fig. 4.1). All plates were angled at 

70° from the horizontal in covered plant propagators with wetted paper towel to maintain 

high humidity, and incubated for 3 days in controlled environment cabinets (Snijders Labs 

MicroClima-series, Economic LUX chamber or a Snijders Scientific cabinet) at 22°C (16h/8h 

- light/dark photoperiod) before inoculation. Roots were inoculated at three positions with 
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mycelial PDA slurry, or mock PDA slurry using a 10 ml syringe (Terumo syringe without 

needle) (Fig. 4.1). After one day, the inoculum slurry was removed once infection was 

visible and roots were rinsed with water. For each biological replicate, ten roots were cut 

(Like in Fig. 2.4) and immediately frozen in liquid nitrogen (Fig. 4.1).  For FHB assays, six-

week-old Bd3-1 spikes at mid-anthesis were evenly sprayed with conidial suspension using 

a hand-held spray bottle (Juvale fine mist atomiser spray bottles) before returning to the 

controlled environment cabinet dark photoperiod. Pots and matting were watered prior to 

inoculation. Both inoculum suspension and mock water control contained 0.05% Tween 20. 

Plants were all immediately covered with a large heavy-duty plastic transparent bag for 3 

days to increase humidity. After three days, for each biological replicate, three infected 

spikelets (Fig. 3.2C-E) from randomly selected plants and pots were cut and immediately 

frozen in liquid nitrogen.  

     RNA was extracted using QIAGEN RNeasy kit as per standard protocol (Described in 

section 2.2.5). RNA was then immediately cleaned using Turbo DNA-free kits as per 

standard protocol with two rounds of Turbo DNAse (Invitrogen) treatment (Described in 

section 2.2.5). RNA samples were quantified and quality checked at the JIC and at Genewiz 

before RNA-seq using a NanoDrop 2000 Spectrophotometer (Thermo Scientific) (Internal 

and Genewiz), Qubit (Genewiz), and Tapestation (Genewiz). 
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Figure 4.1. FRR assay root samples at 1 dpi for RNA-seq. Location of PDA slurry with 7-day-
old F. graminearum mycelia (at the time of infection) (A and C) or PDA slurry mock control 
(B and D) on Bd3-1 roots. Removal of F. graminearum slurry (C) and control slurry (D) at 1 
dpi. Arrows indicate the three locations where the slurry was applied on the root between 
treatment and control plates. Roots were cut just below the seed for each plant like in (Fig. 
2.4). Scale Bars = 2 cm. Photo taken with iPhone 6 camera. 

4.2.4. Library Preparation RNA-seq Bioinformatics Analysis 
 

Library preparation was performed at Genewiz and libraries were sequenced using 

an Illumina HiSeq, 2x150 bp sequencing configuration with a single index per lane. RNA-seq 

Illumina reads FASTA data, obtained from Genewiz, was uploaded and analysed to the 

Galaxy web browser on the Galaxy platform (Afgan et al., 2016). The RNA-seq pipeline used 

is described in Figure 4.2. FastQC (G.V.0.72) was employed on sample FASTA reads as a 

quality check. Using Trimmomatic (G.V.0.36.5), paired-end FASTA reads trimmed with 

ŘŜŦŀǳƭǘ Ψ{ƭƛŘƛƴƎ ǿƛƴŘƻǿΩ όп ōŀǎŜǎύΣ ΨƭŜŀŘƛƴƎΩ ŀƴŘ ΨǘǊŀƛƭƛƴƎΩ ŜƴŘǎ όо ōŀǎŜǎύΣ ŀƴŘ ¢ǊǳŜ{Ŝǉо 

Illumina clip was used to remove Illumina adaptor sequences. Trimmed FASTA reads were 

quality checked again with FASTQC (G.V.0.72). Trimmed FASTA reads were aligned to the 

Bd21 JGI v3.0 assembly (Phytozome JGI V12.1.5 (Initiative, 2010, Goodstein et al., 2012)) 

using HISAT2 (G.V.2.10). Gene annotations were assigned using Stringtie v3.1 (G.V.1.3.4) 

with annotations (Phytozome JGI, B. distachyon v3.1 (Initiative, 2010, Goodstein et al., 
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2012)). Stringtie gene counts for FHB and FRR were differentially compared to respective 

controls samples with DEseq2 (G.V.2.11.40.2). The tool Venny V2.1 was used for Venn 

diagrams and sorting treatment groups (Oliveros, 2018).  

 

 

Figure 4.2. Pipeline used for RNA-seq bioinformatic analysis on Galaxy platform. 
Abbreviation: DEG (Differentially expressed gene). Derived from Galaxy platform guide 
(Afgan et al., 2016). 
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4.2.5. Time-Course RT-qPCR  
 

FHB and FRR RNA samples were prepared as per previous protocols. Biological 

samples from different plants were harvested at 3 dpi, 5 dpi, and 7 dpi for FHB and 1 dpi, 3 

dpi, 5 dpi for FRR, with at least three biological replicates per treatment and time-point. 

After extraction and DNase treatment, first strand synthesis of RNA was performed with 

Invitrogen SuperScript III Reverse Transcriptase (Invitrogen) as per standard protocol 

(Described in section 2.2.5). For the time-course experiment, reverse transcriptase qPCR 

was performed with 2 µl cDNA, 5 µl of 2x SYBR Green JumpStart Taq ReadyMix (Sigma-

Aldrich), 0.6 µl of 10 µM for each primer, and water (sterile diH20) to 10 µl final volume. 

PCR reactions were prepared in a Framestar-480/384 well plate with BioRAD microseal B 

adheasive film. Thermocycling was carried out on a Roche LightCycler LC480 on SYBR green 

1 scan mode with the following parameters;  300 s 95°C, 45x(94°C 10 s, 58°C (or 60°C for 

Bradi1g57590) 10 s, 72°C 10 s, 75C 2 s (single acquisition)), 95°C 5s, 60°C 60 s, 97°C, 40°C 

for 30 s. LC480 raw data was converted to Excel format with LC480 conversion software 

and analysed for primer efficiency and Cq values on LinRegPCR tool (Ruijter et al., 2009). 

Log fold changes were calculated from Cq values (Equation 2.1). 

     All PCR primers were ordered from Sigma Aldrich UK. Primers (Supp. Table S12) for gene 

targets, unless otherwise stated, were prepared using Primer 3 (Koressaar & Remm, 2007, 

Untergasser et al., 2012, Kõressaar et al., 2018) on a single coding sequence exonic region 

and avoiding untranslated regions (UTRs). Oligocalc (Kibbe, 2007) was used to verify 

properties and quality. Primer quality was checked following methods described in 

(Chapter 2.2.5, Table 2.3 and Table 2.4). Primers were tested with Bd3-1 gDNA including 

gel electrophoresis quality tests using methods from Section 2.2.5 (Table 2.3 and Table 2.4). 

The best housekeeping gene GAPDH (Supp. Table S12) for these samples was 

experimentally determined and analysed on NormFinder in GenEx V6 using cDNA obtained 

from both control and infected root and floret material (Both the same and different 

biological replicates of RNA as those sent for RNA-seq). Bd3-1 gDNA was obtained from 

four-week-old Bd3-1 leaf material obtained using a DNeasy Plant Mini Kit (Section 2.2.5), 

as well as from Bd3-1 gDNA extracted by Ms Elizabeth Bankes-Jones, and through 

Cetyltrimethylammonium bromide (CTAB) extraction. CTAB was prepared using 2% cetyl 
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trimethylammonium bromide, 1% polyvinyl pyrrolidone, 100 mM Tris-HCl, 1.4 M NaCl, 20 

mM EDTA. Frozen leaf material was mixed with 1 ml of warm CTAB solution (Prepared by 

Ms Martha Clarke). Samples were mixed and incubated at 65°C for 90 min with frequent 

shaking and inverting. After incubation, 340 µl of 5 M KAC and 350 µl chloroform/IAA mix 

(24:1) were added to samples, mixed thoroughly, and placed in at -20°C for 15 min. Samples 

were then centrifuged at 13,400 rcf for 15 min and 900 µl of supernatant was added to 

equal volumes of pre-chilled isopropanol and shaken gently. The mixture was incubated 

overnight at 4°C and then centrifuged at 13,400 rcf for 10 min. Isopropanol was then 

discarded and the DNA pellet was washed with 1 ml of cold 70% ethanol. Samples were 

shaken and centrifuged at 13,400 rcf for 5 min and the ethanol was discarded. The ethanol 

wash was repeated again. gDNA was left to dry at room temperature and the DNA was 

resuspended in 30-50 µl sterile water water (sterile diH20). DNA quantity and quality were 

verified on a NanoDrop 2000 Spectrophotometer (Thermo Scientific). 

      

4.2.6. Statistics, Software, and Graphs 
 

All RNA-seq data was analysed using Microsoft Excel. All heatmaps were prepared 

ƛƴ wǎǘǳŘƛƻ ό±ŜǊǎƛƻƴ мΦнΦмоорύ ǳǎƛƴƎ ΨǇƘŜŀǘƳŀǇΩ ŀƴŘ ΨǊŎƻƭƻǊōǊŜǿŜǊΩ ǇŀŎƪŀƎŜǎΦ To make the 

heatmaps, the normalised transcript counts (reads) were transformed (Log2 (x + 1)) and 

then scaled per gene (row). The data was scaled by the standard error from the total mean 

denoted as a Z-score (legend). Hierarchical clustering of genes (rows) used Euclidean 

distance metric with complete-linkage clustering. Genes within the heatmaps with a prefix 

and percentage homology (Percentage of B. distachyon sequence that matches the 

orthologous sequence, Ensembl Genomes (Howe et al., 2020)) were derived from Chapter 

1 (Section 1.3), the Arabidopsis Information Resource (TAIR10) database (Berardini et al., 

2015), and (Yazaki et al., 2004, Jain et al., 2006a, Jain et al., 2006b, Yamaguchi, 2008, Vlot 

et al., 2009, Dempsey et al., 2011, Tsai et al., 2012, Lyons et al., 2013, Pearce et al., 2015, 

Bajguz et al., 2019). Then, if necessary, the B. distachyon homologue/s were identified 

within the Ensembl Genomes database (Howe et al., 2020) (At: A. thaliana TAIR10, Os: O. 

sativa RGSP-1.0, Hv: H. vulgare IBSC_v2Zm, or Z. mays B73_RefGen_v4)) and were then 

searched for within the RNA-seq dataset. Unless otherwise stated, the predicted functions 

for the remaining B. distachyon genes were obtained from Ensembl Genomes (Howe et al., 
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2020), UniProt (Consortium, 2018), BrachyPan (Goodstein et al., 2012, Gordon et al., 2017) 

and B. distachyon v3.1 from Phytozome JGI (V12.1.5) (Initiative, 2010, Goodstein et al., 

2012). Microsoft Word and PowerPoint were used for writing and diagram preparation (Fig. 

4.1, Fig. 4.2). Graphs for time-course experiment (Fig. 4.11) were prepared on GraphPad 

Prism (V5.04). The Venn diagram (Fig. 4.4) was obtained using the Venny V2.1 tool 

(Oliveros, 2018). Figure 4.3 is an output from Galaxy platform DEseq2 (Afgan et al., 2016). 

RNA-seq statistics were outputs from Galaxy DEseq2. A standard students t-test was used 

for time-course RT-qPCR Cq data using Microsoft Excel.  
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4.3. Results 

4.3.1. Fusarium Head Blight and Fusarium Root Rot Display Distinct Global 

Transcriptome Responses to Infection 
 

Differential gene expression was performed on total gene counts of diseased B. 

distachyon floral and root tissues, FHB and FRR respectively, in comparison to respective 

mock-inoculated treatments. The time points 3 dpi and 1 dpi for FHB and FRR, respectively, 

represent the earliest stage at which symptoms were visible. Coverage of the Bd21 

assembly was between 80-95%. With no log-fold change threshold, there were 6,158 genes 

significantly differentially expressed in response to FHB (p-adj < 0.05), whereas 8,568 genes 

were significantly differentially expressed in response to FRR (p-adj < 0.05). 

     The global transcriptome change patterns were substantially different between infected 

tissues (Fig. 4.3). The number of genes upregulated and downregulated in response to FRR 

were proportionally similar (Fig. 4.3B) whereas the proportion of upregulated genes for 

FHB infection was much greater than downregulated genes (Fig. 4.3A). However 

approximately 17% of the significantly differentially expressed genes in response to FRR 

were within the Log-fold change threshold (Fig. 4.4). On the other hand, 29% of the 

significantly differentially expressed genes were within the Log-fold change threshold in 

response to FHB (Fig. 4.4). 
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Figure 4.3. The global transcriptome changes of FHB (A) and FRR (B) compared to respective 

controls. Each red dot represents a single gene. Red dots denote genes significantly 

expressed whereas grey dots are genes below the significance threshold. Low expressor 

genes that might have big log fold changes are accounted for by shrinking the log fold 

change. The significance threshold is therefore denoted by genes with an appropriate log 

fold change for its respective gene count. (A and B) Output graphs from Galaxy platform 

DEseq2 (Afgan et al., 2016). 

      

     The transcriptome response between FHB and FRR was then compared (Fig. 4.4). There 

were relatively few genes that were upregulated or downregulated in response to both 

FHB and FRR with only 266 genes upregulated and only one gene downregulated. On the 

other hand, there were more genes exclusively upregulated (466 genes) and 

downregulated (707 genes) in response to FRR. Furthermore, half the total observable gene 

counts (50%) were exclusively expressed in response to FHB. A small group of 24 genes 

were upregulated in response to FHB and downregulated in response to FRR (Fig. 4.4). Of 

these 24, notable genes include a xyloglucan endotransglucosylase (Bradi3g31767), a 

pathogenesis-related protein 1 (Bradi3g53681), a disease resistance protein RPP13-related 

(Bradi1g29381), a peroxidase (Bradi5g27150), an endoglucanase (Bradi3g36210), a RING-

type E3 ubiquitin transferase (Bradi3g52120), and an expansin (Bradi3g09960). 
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Figure 4.4. Summary of all significantly upregulated or downregulated B. distachyon genes 

in response to FHB and FRR. The threshold of -2 Ò x Ó 2 Log-fold change and p-adj < 0.05 

was applied to all genes. Abbreviations: Bd (B. distachyon), Up (Upregulated), Down 

(Downregulated), FRR (Fusarium Root Rot), FHB (Fusarium Head Blight). 

 

4.3.2. Phytohormone-Related Genes are Important in Response to FHB and 

FRR 
 

Significantly upregulated or downregulated hormone-related B. distachyon genes 

(p-adj < 0.05) were grouped based on predicted function and compared between FHB and 

FRR. The predicted B. distachyon phytohormone genes with roles in either biosynthesis, 

signalling, or homeostasis found in the RNA-seq data has been presented as heatmaps (Fig. 

4.5-4.10). The data signifies that the genes are likely associated with the respective 

phytohormone. The functional description of many of the genes identified in the heatmaps 

is presented in Chapter 1 under the respective phytohormone (Section 1.3.).  
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     Unless otherwise stated, the threshold for a gene to be considered significantly 

responsive is having a Log2-fold expression change of greater than 2 or less than -2 and a 

p-adj < 0.05. In some cases, gene expression pattern exceptions were noted if they had a 

Log2-fold change of greater than 1 but less than 2 and were still statistically significant. 

Transcriptionally similar clusters of genes were identified as either exclusively responsive 

to FHB, exclusively responsive to FRR, or responsive to both FHB and FRR. No 

phytohormone-related gene in the following heatmaps was significantly downregulated in 

response to FHB whereas there was approximately an equal distribution of upregulated 

and downregulated phytohormone-related genes in response to FRR. In some cases a gene 

is mentioned twice in two different heatmaps as it was predicted to be responsive to both 

phytohormones. Many B. distachyon genes whose predicted function is in pathogen 

sensing and are believed to precede phytohormone signalling (DeYoung & Innes, 2006, 

Jones & Dangl, 2006, Pieterse et al., 2012) were also differentially expressed in response to 

FHB and FRR (Supp. Fig. S4). The phytohormones SA, JA, ethylene, auxin, cytokinins, and 

ABA were the main phytohormones significantly responsive to FHB and FRR in the RNA-seq 

data. 

     There were 18 predicted SA-related genes with two expression-pattern clusters (Fig. 

4.5). Over half the SA-related genes (13 genes) were upregulated in response to FHB and 

were found in both clusters (1 and 2) that are predicted to encode PR1-4/5 genes, 

chorismate synthase, AGD2-LIKE DEFENCE RESPONSE PROTEIN (ALD1), SAR-DEFICIENT 1 

(AtSARD1), NON-EXPRESSOR OF PATHOGENESIS-RELATED 4 (OsNPR4), 4-Coumarate:CoA 

ligase (4CL), two AtGRX480, and METHYLESTERASE 1 (MES1). However in cluster 1, 

Bradi3g47110 and Bradi3g47120 (phenylalanine-ammonia lyase, AtPAL1/2/3/4) were 

significantly upregulated in response to both FHB and FRR (Log2-fold change greater than 

2). Furthermore Bradi4g05360 (calmodulin-binding protein 60-like g, AtCBP60g), 

Bradi2g54340 (OsNPR4) in cluster 2, and all of cluster 1 were significantly upregulated in 

response to FRR with a Log-fold change of greater than 1 but less than 2 (p-adj < 0.05). Only 

Bradi3g43920 (SUPPRESSOR OF SA INSENSITIVITY (AtSSI2)) and Bradi2g52110 (MES1 

predicted) and Bradi2g52000 (GRETCHEN HAGEN 3 (AtGH3.5)) were exclusively 

upregulated in response to FRR. Lastly Bradi3g53681 encoding PR1 was the only gene 

significantly upregulated in response to FHB but downregulated in response to FRR. 

Although Bradi1g71530 encoding ALD1 was significantly upregulated in response to FHB it 

was not significantly downregulated in response to FRR (p-adj > 0.05). Overall most SA-
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related genes were differentially expressed between FHB and FRR as the majority were 

exclusively responsive to FHB. There were also substantial differences between floral and 

root tissues in untreated conditions. The genes Bradi2g41070, Bradi2g08400, 

Bradi2g52110, Bradi3g53681, Bradi1g71530, had lower basal expression in non-inoculated 

spikes compared to non-inoculated roots, whereas Bradi3g43920 had a very low number 

of transcript counts in non-inoculated roots but not in non-inoculated spikes.  

 

Figure 4.5. The upregulated or downregulated SA-related B. distachyon genes in response 
to FHB and FRR. These genes showed a log-fold change of -н Җ [ƻƎн җ н ǿƛǘƘ ŀ Ǉ-adj < 0.05 
in response to either FHB, FRR, or both. Three biological replicates for each of the four 
treatments are displayed as columns. The control samples (HC1-HC3, RC1-RC3) are 
normalised transcript counts from mock inoculated head (Water with Tween 20) and root 
(PDA slurry) B. distachyon tissues and were separately analysed through the RNA-seq 
pipeline with the respective inoculated sample tissues. The numbers besides the 
dendrogram represent cluster groups with similar expression patterns in response to FHB 
and FRR across samples. * Derived from (Kouzai et al., 2016). ** Derived from (Kakei et al., 
2015, Kouzai et al., 2016). Some gene functions have a prefix (derived from A. thaliana (At) 
or O. sativa (Os)) and percentage homology (the percentage of B. distachyon sequence that 
matches the homologues sequence). Column abbreviations; HC (Head-FHB control), HF 
(Head-FHB fungus), RC (Root-FRR Control), RF (Root-FRR fungus). 

 

     A total 35 JA-related genes were identified with seven gene expression clusters (Fig. 4.6) 

which was the second largest number of phytohormone-related genes in the entire RNA-

seq dataset. Most of cluster 3 (13 genes) which was the largest cluster and contained all 

five 12-OXOPHYTODIENOATE-REDUCTASE (OPR) genes, were upregulated in response to 

FHB. Genes in cluster 7 (three genes) were also upregulated in response to FHB. Cluster 1 
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(Bradi1g12360 and Bradi1g42760) was also exclusively upregulated in response to FHB but 

to a lesser extent. Four genes from cluster 4 Bradi1g57590 (PR1-5), Bradi3g12566 and 

Bradi3g15084 (ETHYLENE RESPONSE FACTOR 1/ORA59 (AtERF1b/ORA59)), Bradi4g20220 

(Arabidopsis thaliana Phospholipase A1-Ialpha2) were also exclusively upregulated in 

response to FHB. However in cluster 3, Bradi3g37300 (4CL), Bradi2g08400/Bradi2g46093 

(GRX480), Bradi3g48840 (PAL), Bradi1g05880 (OPR) and cluster 7 gene Bradi1g72610 

(JASMONATE-ZIM DOMAIN (JAZ)) were slightly upregulated in response to FRR with a Log-

fold change greater than 1 but less than 2 (P-adj < 0.05). Only the two genes in cluster 6 

(Bradi2g14240 (Pr1-6) and Bradi3g43920 (SSI2)) were exclusively upregulated in response 

to FRR. Clusters 2 and 5 (four genes) were exclusively downregulated in response to FRR 

including two predicted LIPOXYGENASE (LOX) genes (Bradi1g09260 and Bradi1g11680), 

PR1-8 (Bradi3g53637), and JASMONATE O-METHYLTRANSFERASE (JMT) (Bradi1g43080). 

Lastly, seven genes from cluster 4, which was the second largest cluster, contained most of 

the JAZ and AtERF/ORA59 genes and were significantly upregulated in response to both 

FHB and FRR. Three of these genes were significantly upregulated in response to FRR with 

a log-fold change of greater than 1 but less than 2 (p-adj < 0.05) (Bradi3g23180 (JAZ), 

Bradi1g72590 (JAZ), Bradi1g00666 (ERF1). Generally JA-related gene expression appears 

important in response to both FHB and FRR.  Lastly, genes in clusters 1, 2, and 3 were more 

highly expressed in non-inoculated roots than in non-inoculated spike tissue while genes in 

clusters 6 and 7 were more highly expressed in non-inoculated spike tissues than in roots. 

     Certain genes are associated with both JA and SA (Pieterse et al., 2012). For example 

Bradi2g08400 and Bradi2g46093 are homologous to AtGRX480 which were both expressed 

in response to FHB and FRR but to a lesser extent in response to FRR (Log-fold change of 

greater than 1 but less than 2). On the other hand, the AtSSI2 homologue Bradi3g43920 

was exclusively upregulated in response to FRR (Fig. 4.5 and Fig. 4.6). Due to several 

significantly expressed WRKY genes, a separate heatmap was created encompassing all 

predicted WRKY transcription factors (Supp. Fig. S5). These included important 

phytohormone related WRKY genes such as WRKY70, WRKY50, and WRKY45-2 (Vlot et al., 

2009, Pieterse et al., 2012). For example, Bradi2g44270 encoding WRKY45-2, responsive to 

SA, JA, and ethylene (Kakei et al., 2015, Kouzai et al., 2016), was upregulated in response 

to FHB and to a lesser extent in FRR (Supp. Fig. S5). In most cases, WRKY genes were 

upregulated in response to both FHB and FRR (Supp. Fig. S5).       
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Figure 4.6. The upregulated or downregulated JA-related B. distachyon genes in response 
to FHB and FRR. These genes showed a log-fold change of -н Җ [ƻƎн җ н ǿƛǘƘ ŀ Ǉ-adj < 0.05 
in response to either FHB, FRR, or both. Three biological replicates for each of the four 
treatments are displayed as columns. The control samples (HC1-HC3, RC1-RC3) are 
normalised transcript counts from mock inoculated head (Water with Tween 20) and root 
(PDA slurry) B. distachyon tissues and were separately analysed through the RNA-seq 
pipeline with the respective inoculated sample tissues. The numbers besides the 
dendrogram represent cluster groups with similar expression patterns in response to FHB 
and FRR across samples. * Derived from (Kouzai et al., 2016). ** Also responsive to JA in 
(Kakei et al., 2015) with q < 0.05 and -н Җ [ƻƎн җ нΦ ϝϝϝ 5ŜǊƛǾŜŘ ŦǊƻƳ ōǳǘ ǿŀǎ ƴƻǘ 
significantly expressed in (Kakei et al., 2015). Some gene functions have a prefix (derived 
from A. thaliana (At)) and percentage homology (the percentage of B. distachyon sequence 
that matches the homologues sequence). Column abbreviations; HC (Head-FHB control), 
HF (Head-FHB fungus), RC (Root-FRR Control), RF (Root-FRR fungus). 
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     A total of 21 ethylene-related genes with four gene clusters were identified in the RNA-

seq data (Fig. 4.7). Many of the genes did not fall into clear gene expression-pattern 

clusters. Many of the genes in cluster 4 were exclusively upregulated in response to FHB 

(Fig. 4.7). In addition the gene Bradi3g12566 (AtERF1b/ORA59), in cluster 2 and those not 

found in clusters (Bradi1g57580 PR1-4, Bradi5g19100 ACC SYNTHASE (ACS)) were also 

exclusively upregulated in response to FHB. Furthermore several genes were significantly 

upregulated in response to FRR but had a log-fold change of less than 2: Bradi1g00666 

(ERF1), Bradi4g41616 (ERF15-related), Bradi3g37300 (4CL), and Bradi1g10030 (ACS11-

related) (P-adj < 0.05). Cluster 3 showed two genes primarily upregulated in response to 

FRR, however Bradi2g35860 (ACC OXIDASE (ACO5)) was also significantly upregulated in 

response to FHB (Less than log-fold 2, p-adj < 0.05). Genes in cluster 1 including 

Bradi3g53637 (Pr1-8) were exclusively downregulated in response to FRR. These three 

genes including Bradi2g05790 (AtACS7) had very high basal expression in non-inoculated 

root tissues compared to non-inoculated spike tissues. Lastly, cluster 2 contained four 

genes upregulated in response to both FHB and FRR except for Bradi3g12566 

(AtERF1b/ORA59) which was not significantly expressed in response to FRR. Despite these 

identified genes, many other ethylene-related B. distachyon genes (Yang et al., 2015) were 

not significantly expressed in response to either FHB or FRR. There were 25 differentially 

expressed genes that encoded APETELA2 (AP2) domain genes and three ETHYLENE-

RESPONSE-ELEMENT BINDING PROTEIN (EREBP) genes which are also predicted to be 

ethylene responsive (Table 4.1) (Broekaert et al., 2006). Taken together, ethylene-related 

genes are the largest group of phytohormone-related genes in the RNA-seq data set. Many 

of the EREBP/AP2 domain genes (nine) were significantly upregulated in response to FHB 

and FRR. Another five EREBP/AP2 domain genes were similarly significantly expressed but 

with less than 2-fold-change in response to either FHB or FRR (p-adj < 0.05). Nine 

EREBP/AP2 domain genes were exclusively upregulated in response to FHB. Lastly six 

EREBP/AP2 domain genes were upregulated and two were downregulated in response to 

FRR. Generally ethylene-related genes were mostly responsive to FHB however many genes 

appeared either responsive to both FHB and FRR or were slightly upregulated in response 

to FRR.  
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Figure 4.7. The upregulated or downregulated ethylene-related B. distachyon genes in 
response to FHB and FRR These genes showed a log-fold change of -н Җ [ƻƎн җ н ǿƛǘƘ ŀ Ǉ-
adj < 0.05 in response to either FHB, FRR, or both. Three biological replicates for each of 
the four treatments are displayed as columns. The control samples (HC1-HC3, RC1-RC3) are 
normalised transcript counts from mock inoculated head (Water with Tween 20) and root 
(PDA slurry) B. distachyon tissues and were separately analysed through the RNA-seq 
pipeline with the respective inoculated sample tissues. The numbers besides the 
dendrogram represent cluster groups with similar expression patterns in response to FHB 
and FRR across samples.  * Derived from (Kouzai et al., 2016). ** Derived from (Kouzai et 
al., 2016) but was not significant. *** Derived from (Kakei et al., 2015). *** Derived from 
(Kakei et al., 2015). **** Also significantly expressed in response to ACC (Kakei et al., 2015) 
with q < 0.05 and -н Җ [ƻƎн җ нΦ Some gene functions have a prefix (derived from A. thaliana 
(At)) and percentage homology (the percentage of B. distachyon sequence that matches 
the homologues sequence). Column abbreviations; HC (Head-FHB control), HF (Head-FHB 
fungus), RC (Root-FRR Control), RF (Root-FRR fungus). 
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Table 4.1. Ethylene-associated AP2 domain and EREBP-like transcription factor genes that 
were upregulated or downregulated in response to FHB or FRR. 

Gene ID Predicted function*  FHB Log fold 
change**  

FHB p-adj FRR Log fold 
change**  

FRR p-adj 

Bradi2g11890 AP2 domain 3.14 <.001 3.31 <.001 

Bradi4g38932 AP2 domain 5.22 <.001 3.43 <.001 

Bradi1g49560 AP2 domain 2.51 0.005 2.34 0.003 

Bradi2g02710 
AP2 domain containing 
protein RAP2.8 (DREB) 

2.73 0.019 2.13 <.001 

Bradi3g18070 AP2 domain 5.69 <.001 3.69 <.001 

Bradi2g25050 AP2 domain 8.63 <.001 3.67 <.001 

Bradi2g56145 AP2 domain 2.38 <.001 3.27 <.001 

Bradi5g17490 EREBP-like factor 6.23 <.001 3.11 <.001 

Bradi3g12566 AP2 domain 5.33 <.001 1.15 0.195 

Bradi3g15084 AP2 domain 4.05 <.001 1.13 0.103 

Bradi2g57201 AP2 domain 5.57 <.001 1.55 0.017 

Bradi4g38941 AP2 domain 6.62 <.001 1.40 0.09 

Bradi2g24175 AP2 domain 3.06 <.001 1.15 0.005 

Bradi5g21250 AP2 domain 2.09 <.001 1.20 <.001 

Bradi5g25570 EREBP-like factor 2.12 <.001 1.53 <.001 

Bradi3g56801 AP2 domain 2.47 <.001 -0.10 0.93 

Bradi3g58015 AP2 domain 4.22 <.001 0.36 0.745 

Bradi3g12565 AP2 domain 4.13 <.001 0.04 0.974 

Bradi2g60340 AP2 domain 2.05 0.011 0.13 0.84 

Bradi4g35650 AP2 domain 4.90 <.001 0.85 0.106 

Bradi3g38140 AP2 domain 7.90 <.001 -0.28 0.758 

Bradi2g17610 
AP2/ERF and B3 domain-
containing transcription 
repressor RAV2-related 

1.55 <.001 2.21 <.001 

Bradi3g18073 AP2 domain 1.90 0.135 3.55 <.001 

Bradi2g21067 AP2 domain 0.11 0.867 2.53 <.001 

Bradi3g41543 AP2 domain 0.02 0.959 2.13 <.001 

Bradi1g17961 EREBP-like factor (EREBP) -0.26 0.736 6.94 <.001 

Bradi1g67350 AP2 domain 0.19 0.879 -2.55 <.001 

Bradi5g17620 AP2 domain 1.17 0.438 -3.09 <.001 

* All predicted functions obtained from Phytozome (V12.1.5) (Goodstein et al., 2012). **Log fold changes 

sorted based on expression between FHB and FRR. Abbreviations: AP2 (APETELA2), EREBP (ETHYLENE-

RESPONSE-ELEMENT BINDING PROTEIN), ERF (ETHYLENE RESPONSE FACTOR 1).   
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     A total of 26 auxin-related genes with four main expression cluster groups were 

identified in the RNA-seq data (Fig. 4.8). This was the third largest hormone-related group 

of genes identified in the RNA-seq data set. Five genes: Bradi5g15810 (SMALLAUXIN-

UPRNAs (OsSAUR18)) and Bradi4g11580 (SUPEROOT1 (AtSUR1)), Bradi3g49020 (AUXIN 

RESPONSE FACTOR (ARF)), and Bradi1g73230 (ARF) were exclusively upregulated in 

response to FHB. Only Bradi1g13115 (SAUR15/17) and Bradi1g00587 (YUCCA3/7 

(AtYUC3/7)) from cluster 3 were exclusively upregulated in response to FRR. All genes from 

cluster 1, cluster 2 (together 10 genes) were exclusively downregulated in response to FRR: 

Three SAUR genes, one GH3 gene, two TRYPTOPHAN DECARBOXYLASE (OsTDC) genes, an 

AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA), two ARF, and a pin-formed transporter. Genes 

from cluster 3 were exclusively upregulated in response to FRR. Three genes from cluster 

4 were significantly upregulated in response to FHB and FRR. Several genes (including two 

from cluster 4) were significantly upregulated in response to FHB and slightly in response 

to FRR (FRR: Log fold change of less than 2, p-adj < 0.05): Bradi2g50840 (OsGH3-2), 

Bradi1g34250 (SAUR), Bradi1g32400 (SAUR), Bradi3g14490 (TRYPTOPHAN SYNTHASE BETA 

1/2 (AtTSB1/2)), and Bradi3g49010 (ARF). Lastly, the genes in cluster 2 showed high basal 

expression in non-inoculated roots compared to non-inoculated spikes. 
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Figure 4.8. The upregulated or downregulated auxin-related B. distachyon genes in 
response to FHB and FRR. These genes showed a log-fold change of -н Җ [ƻƎн җ н ǿƛǘƘ ŀ Ǉ-
adj < 0.05 in response to either FHB, FRR, or both. Three biological replicates for each of 
the four treatments are displayed as columns. The control samples (HC1-HC3, RC1-RC3) are 
normalised transcript counts from mock inoculated head (Water with Tween 20) and root 
(PDA slurry) B. distachyon tissues and were separately analysed through the RNA-seq 
pipeline with the respective inoculated sample tissues. The numbers besides the 
dendrogram represent cluster groups with similar expression patterns in response to FHB 
and FRR across samples.  * Derived from (Jain et al., 2006a, Jain et al., 2006b). ** Derived 
from (Jain et al., 2005, Jain et al., 2006a) and was also responsive to auxin in (Kakei et al., 
2015) with q < 0.05 and -н Җ [ƻƎн җ нΦ Some gene functions have a prefix (derived from A. 
thaliana (At) or O. sativa (Os)) and percentage homology (the percentage of B. distachyon 
sequence that matches the homologues sequence). Column abbreviations; HC (Head-FHB 
control), HF (Head-FHB fungus), RC (Root-FRR Control), RF (Root-FRR fungus). 
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     A total of 16 cytokinin-related genes with four predicted expression clusters were 

identified in the RNA-data (Fig. 4.9). All genes from clusters 1 and 2 (seven genes), including 

Bradi2g42190 (LONELYGUY 1 (OsLOG1)) from cluster 3, were highly upregulated in 

response to FHB. In addition, the genes Bradi1g53527 (OsCytokinin-N-

glucosyltransferase1), Bradi3g58670 (glucosyltransferase 85A1 (AtUGT85A1)), and 

Bradi2g60456 (cytokinin oxidase/dehydrogenase (OsCKX4)) were partially and significantly 

upregulated in response to FRR (Log2 fold change less than 2, p-adj < 0.05). The transporter 

Bradi5g19720 (AtPUP11) was exclusively upregulated in response to FRR. All genes from 

cluster 3 and 4 (seven genes) except for Bradi2g42190 were exclusively downregulated in 

response to FRR. Cluster 4 which included four rice (Oryza sativa) Type A RESPONSE 

REGULATORS (OsType A-RRs) showed the most substantial downregulation of genes out of 

any cytokinin-related gene in response to FRR. Lastly, the genes in cluster 3 and 

Bradi4g43090 and Bradi1g28726 from cluster 4 were much more highly expressed in the 

non-inoculated root tissues than in non-inoculated spike tissues. 

  



 

152 
 

 

 

Figure 4.9. The upregulated or downregulated cytokinin-related B. distachyon genes in 
response to FHB and FRR. These genes showed a log-fold change of -н Җ [ƻƎн җ н ǿƛǘƘ ŀ Ǉ-
adj < 0.05 in response to either FHB, FRR, or both. Three biological replicates for each of 
the four treatments are displayed as columns. The control samples (HC1-HC3, RC1-RC3) are 
normalised transcript counts from mock inoculated head (Water with Tween 20) and root 
(PDA slurry) B. distachyon tissues and were separately analysed through the RNA-seq 
pipeline with the respective inoculated sample tissues. The numbers besides the 
dendrogram represent cluster groups with similar expression patterns in response to FHB 
and FRR across samples. * Derived from (Tsai et al., 2012). ** Derived from (Tsai et al., 
2012) but also responsive to cytokinin in (Kakei et al., 2015). *** Derived from (Kakei et al., 
2015) but was not significantly expressed. Some gene functions have a prefix (derived from 
A. thaliana (At) or O. sativa (Os)) and percentage homology (the percentage of B. 
distachyon sequence that matches the homologues sequence). Column abbreviations; HC 
(Head-FHB control), HF (Head-FHB fungus), RC (Root-FRR Control), RF (Root-FRR fungus).  
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     A total of 18 ABA-related genes with two distinct expression clusters were identified 

withing the RNA-seq-data (Fig. 4.10). Genes from cluster 2 (seven genes) except for 

Bradi1g64987 (Xanthoxin dehydrogenase) but including Bradi5g25570 (AtERF7) were 

significantly upregulated in response to FHB. Two of the three 9-cis-epoxycarotenoid 

dioxygenase AtNCED2/3/5/9 genes (Bradi1g13760 and Bradi1g58580) were moderately 

upregulated in response to FRR (Log2 fold less than 2, p -adj < 0.05). On the other hand 

only Bradi2g36687 (H. vulgare Glucose and ribitol dehydrogenase homolog 1-related) and 

Bradi1g17870 (Peroxidase (OsPOX8.1)) were exclusively upregulated in response to FRR. 

Three genes from cluster 1 encoding abscisic acid oxidase (AtAAO1/2/3/4 ) and two ROOT 

CAP PROTEINS (RCP2) genes were exclusively downregulated in response to FRR. Three 

genes (Bradi2g43056, Bradi2g60490, and Bradi2g60441) predicted to encode beta-

glucosidase 1 (AtBG1), a chitinase (Bradi2g45610, ZmPrm3), and xanthoxin dehydrogenase 

(Bradi1g64987) were upregulated in response to both FHB and FRR. Generally ABA-related 

genes were not similarly expressed in response to FHB and FRR and most were significantly 

upregulated in response to FHB only. Lastly, the genes in cluster 1, including Bradi1g51850 

and Bradi4g23640, were highly upregulated in non-inoculated root tissues compared to 

non-inoculated spike tissues. 

  



 

154 
 

 

 

Figure 4.10. The upregulated or downregulated ABA-related B. distachyon genes in 
response to FHB and FRR. These genes showed a log-fold change of -н Җ [ƻƎн җ н ǿƛǘƘ ŀ Ǉ-
adj < 0.05 in response to either FHB, FRR, or both. Three biological replicates for each of 
the four treatments are displayed as columns. The control samples (HC1-HC3, RC1-RC3) are 
normalised transcript counts from mock inoculated head (Water with Tween 20) and root 
(PDA slurry) B. distachyon tissues and were separately analysed through the RNA-seq 
pipeline with the respective inoculated sample tissues. The numbers besides the 
dendrogram represent cluster groups with similar expression patterns in response to FHB 
and FRR across samples. * Derived from (Yazaki et al., 2004). ** Derived from (Yazaki et al., 
2004) but also significantly responsive to ABA in (Kakei et al., 2015) with q < 0.05 and -н Җ 
[ƻƎн җ нΦ ϝϝϝ !ƭǎƻ ǎƛgnificantly expressed in response to ABA (Kakei et al., 2015). Some gene 
functions have a prefix (derived from A. thaliana (At), O. sativa (Os), H. vulgare (Hv), Z. 
mays (Zm)) and percentage homology (the percentage of B. distachyon sequence that 
matches the homologues sequence). Column abbreviations; HC (Head-FHB control), HF 
(Head-FHB fungus), RC (Root-FRR Control), RF (Root-FRR fungus). 
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     There were only a few genes responsive to GA in the RNA-seq data (Table 4.2). The GA 

biosynthetic genes Bradi2g50280, Bradi1g59570 which encode 2-oxoglutarate-dependent 

dioxygenases (2OD) were upregulated and downregulated in response to FRR, respectively, 

but were not responsive to FHB.  Bradi3g49390 which encodes the predicted homologue 

OsGA2ox9 (58%) was significantly and exclusively upregulated in response to FRR. 

Furthermore, Bradi2g22050 which encodes the predicted epoxidation homeostasis 

homologue ELONGATED UPPERMOST INTERNODE (OsEUI (75%)) was only significantly 

upregulated in response to FHB and slightly downregulated in response to FRR (Log fold 

change -1.5). Despite the low number of GA-related genes responding to these treatments, 

the data suggests that GA biosynthesis increased in response to FRR while GA was being 

inactivated in response to FHB. Only one brassinosteroid (BR) gene was identified as 

responding to either FHB or FRR. Bradi2g22967 that encodes the predicted homologue 

AtCDG1 (30%) was significantly downregulated in response to FRR. This suggests that BR 

was not particularly responsive to FHB and FRR in B. distachyon. No genes associated with 

3-aminobutanoic acid (BABA) (Section 1.3.9) were identified within the RNA-seq data. 
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Table 4.2. Gibberellic acid and brassinosteroid-associated phytohormone genes that were upregulated or downregulated in response to FHB or FRR. 

Phytohormone Gene ID Predicted function 
FHB Log fold 

change 
FHB p-adj 

FRR Log fold 
change 

FRR p-adj 

GA Bradi2g50280 
Gibberelin 2-beta-

dioxygenase 2-related* 
-0.29 0.770 3.60 <0.001 

GA Bradi1g59570 
Gibberelin 2-beta-

dioxygenase 2-related* 
0.01 0.996 -3.96 <0.001 

GA Bradi2g22050 OsEUI (75%)** 2.20 <0.001 -1.52 0.002 
GA Bradi3g49390 OsGA2ox9 (58%)** 0.09 0.953 3.29 <0.001 
BR Bradi2g22967 AtCDG1 (30%)** -0.07 0.945 -2.28 <0.001 

*Predicted gene function derived from Phytozome (V12.1.5) (Goodstein et al., 2012). ** Derived from Ensembl Genomes orthologue comparison (Howe et al., 2020). 

Abbreviations:  At (Arabidopsis thaliana), BR (Brassinosteroid), CDG1 (CONSTITUITIVE DIFFERENTIAL GROWTH1), EUI (ELONGATED UPPERMOST INTERNODE), GA 

(Gibberellic acid), GA2ox9 (2-OXOGLUTARATE-DEPENDENT DIOXYGENASES), Os (Oryza sativa),. 
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     For all phytohormones investigated, no respective phytohormone receptor (Section 

1.3.) was identified within the RNA-seq data. 

 

 

4.3.3. Time-Course Expression Analysis of Phytohormone-Related Genes 
 

Many genes described from each heatmap generated from the RNA-seq data were 

differentially expressed between FHB and FRR, and others were moderately but 

significantly upregulated in response to FRR (Log-fold change of greater than 1 but less than 

2). It remains important to confirm these findings in separate experiments and to identify 

whether the differential expression between FHB and FRR extended beyond the early time 

points obtained for the RNA-seq experiment (Section 4.2.3). FHB and FRR assays were 

repeated with the addition of two more later time-points for validation using RT-qPCR. 

Most of the phytohormone-related genes selected either had important roles with 

phytohormones and/or were differentially expressed between FHB and FRR in the RNA-seq 

experiment. Genes involved in the biosynthesis or signalling of JA, SA, auxin, and cytokinin 

were investigated as these represented the phytohormones showing most evidence for 

differential regulation in response to FHB and FRR. 

     In every instance (with exception of Bradi4g31240 in FRR), the expression differential at 

the first time point (Fig. 4.11) was like that observed in the RNA-seq experiment (Section 

4.3.2.). The SA responsive Bradi2g30695 (BdWRKY45) (Kouzai et al., 2016) showed no 

change in expression in response to FHB and FRR (Fig. 4.11A). The expression at the first 

time point for BdWRKY45 was like the RNA-seq results in both FHB and FRR. In response to 

FRR, WRKY was not differentially expressed at 1 dpi (p = 0.473), however it was 

downregulated to -2.6-fold change at 3 dpi (p = 0.012), and then to -3.9-fold change at 5 

dpi (p = 0.017). BdWRKY45 was not differentially expressed (p = 0.085) in response to FHB 

at 3 dpi but declined significantly (p < 0.05) by 5 dpi before returning to a similar starting 

expression change at 7 dpi (p = 0.244). MES1 is important for Systemic Acquired Resistance 

(SAR). Like the RNA-seq data, Bradi2g52110 (MES1) was significantly downregulated in FRR 

by -1.9-fold at 1 dpi (p = 0.012). MES1 continued to be downregulated to -4.1 fold change 

at 3 dpi (p < 0.001) and -3.9-fold change at 5 dpi (p < .001)(Fig. 4.11B). On the other hand, 
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MES1 showed no marked change in expression at any time point in FHB (p = 0.629 at 3 dpi, 

p = 0.551 at 5 dpi, p = at 0.375 7 dpi). NPR4 is a repressor of SA-associated defence gene 

expression (Ding et al., 2018). Bradi2g54340 (NPR4) was more highly expressed at 1 dpi to 

1.2-fold change (p = 0.026) in response to FRR (Fig. 4.11C). Expression increased by 3 dpi to 

2.7-fold change (p = 0.001) before declining by 5 dpi to 1.2-fold change which was not 

significant (p = 0.112). In a similar trajectory, NPR4 was significantly expressed at 3 dpi in 

response to FHB to over 1.3-fold change (p = 0.003), but then declined to near background 

levels at 5 and 7 dpi (Fig. 4.11C).  

     The expression of the SA and JA responsive Bradi1g57590 (BdPR1-5) (Kakei et al., 2015, 

Kouzai et al., 2016) was significantly enhanced in response to FHB and FRR (Fig. 4.11D). PR1 

expression was not significantly altered to FRR at 1 dpi (p = 0.546) but increased markedly 

and peaked at 3 dpi at around 5.4-fold expression (p = 0.003).  By 5 dpi expression dropped 

to 2.5-fold change FRR (p = 0.004). In a similar trajectory as FRR, PR1-5 in response to FHB 

was highly expressed at 3 dpi at 5.2-fold change (p < 0.001) and declined to non-significant 

levels at approximately 1.8-fold change (p = 0.180). However at 7 dpi expression of FHB 

increased again to over 4.5-fold upregulation (p = 0.002).   

     Both JA responsive genes (LOX2 and JAZ) showed similar expression patterns (Fig. 4.11F 

and Fig. 4.11E). Expression of the JA biosynthetic gene Bradi3g39980 (LOX2) was 

significantly increased at all time points in response to FRR with 2.6-fold increase at 1 dpi 

(p = 0.010) that increased to the peak expression at 3 dpi at approximately 7.2-fold change 

for FRR (p = 0.005). Subsequently expression declined to 4.6-fold change by 5 dpi (p = 

0.002). On the other hand LOX2 was only significantly responsive to FHB at 3dpi at 5.2-fold 

change (p < .001), after which expression rapidly declined to non-significant levels at later 

time points (p = 0.158 5 dpi, and 0.343 7 dpi). The JA transcription repressor Bradi4g31240 

(JAZ) (Fig. 4.11F) was significantly downregulated at 1 dpi to -1.3-fold change in response 

to FRR (p = 0.013) although expression had been increased at the same time point in the 

RNA-seq experiment. Expression rose to approximately 2.8-fold expression at 3 dpi (p < 

0.001) and the level of expression was maintained at 5 dpi (p = 0.008). In response to FHB, 

JAZ expression was elevated at 3 dpi at 2.4-fold change (p = 0.002) however by 5 dpi and 7 

dpi, expression declined to non-significant levels at near 0-fold change (p = 0.927 5 dpi and 

p = 0.321 7 dpi).  
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     Bradi1g09090 (BdAUX/IAA) is a homologue of the auxin repressor gene OsAUX/IAA13  

(Jain et al., 2006a). In response to FRR, AUX/IAA expression (Fig. 4.11G) was downregulated 

by 2.1-fold at 1 dpi (p = 0.018) and continued to decrease over time to -2.8-fold at 3 dpi (p 

= 0.024) and -4.1 fold at 5 dpi (p = 0.028). In contrast, although AUX/IAA was significantly 

downregulated at 3 dpi by -1.2-fold change (p = 0.050) in response to FHB, expression 

returned to background levels by 5 dpi and 7 dpi where expression was close to 0-fold 

change (p = 0.144 5 dpi, p = 0.530 7 dpi). Like the RNA-seq, AUX/IAA was downregulated at 

3 dpi in FHB only (Fig. 4.11). The GH3 gene is responsible for auxin homeostasis (Jain et al., 

2005). In response to FRR, Bradi2g50840 (BdGH3) (Fig. 4.11H) was slightly upregulated to 

0.9-fold expression at 1 dpi (p = 0.048). Peak expression occurred at 3 dpi with a 2.2-fold 

change (p = 0.010) but then declined slightly to 1.7-fold change (p = 0.020). In response to 

FHB, GH3 peak expression also occurred at 3 dpi with a 2.9-fold change (p = 0.005) however 

expression remained high thereafter at 2.6-fold change at 5 dpi (p = 0.005) and then to 1.8-

fold change at 7 dpi (p = 0.006).  

     The cytokinin biosynthesis gene Bradi2g42190 (LOG1) (orthologous to Os01g0588900 - 

(Tsai et al., 2012)) (Fig. 4.11I) was not differentially expressed at 1 dpi in response to FRR 

(p = 0.474) but increased after this time to be significant at or at 5 dpi at 1.7-fold increase 

(p = 0.003). In contrast, BdLOG1 peak expression at 3 dpi in response to FHB was at 1.9-fold 

change (p = 0.003). Subsequently expression declined to near 0-fold change at 5 dpi (p = 

0.752) and then slightly increased to 0.9-fold change at 7 dpi (p = 0.273). Like the RNA-seq 

analysis at the first documented time-point (Fig. 4.9), LOG1 was exclusively expressed in 

FHB. The orthologue of type OsA-RR (Tsai et al., 2012) Bradi4g43090 (Fig. 4.11J) was 

significantly downregulated at all time points in response to FRR (Fig. 4.11). At 1 dpi in 

response to FRR, RR9 was downregulated by -1.2-fold change (p = 0.008). Subsequently 

RR9 was further downregulated at 3 dpi to -1.8-fold change (p = 0.042), and then again to 

-2.1-fold change at 5 dpi (p = 0.003). On the other hand, there was no significant change in 

expression of RR9 in FHB at any time point (p = 0.108 3 dpi, p = 0.128 5 dpi, p = 0.912 7 dpi). 

     Overall the qRT-PCR fold change of differentially expressed genes was generally in 

accord with the RNA-seq observations at 1 dpi and 3 dpi for FRR and FHB, respectively (Fig. 

4.5, Fig. 4.6, Fig. 4.8, Fig. 4.9). FRR expression at 3 dpi for Bradi1g57590, Bradi2g54340, 

Bradi2g50840, Bradi4g31240, Bradi3g39980 (Fig. 4.11) resembled expression levels of FHB 

at 3 dpi. The increased expression of genes in response to FHB tended to decline after the 
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first timepoint suggesting that the increase was transient. In contrast, expression of many 

of those genes differentially expressed in response to FRR continued to diverge from the 

controls overtime (Fig. 4.11).  
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Figure 4.11. Time-course RT-qPCR on differentially expressed hormone-related genes. 

Gene function and ID are given for each tissue disease. Blue lines with solid circles denote 

FHB and orange lines with open circles denote FRR. Log values presented are calculated by 

comparing infected tissue against mock-inoculated treatments. Furthermore, all 

treatments are calculated with the reference housekeeping gene GAPDH. Each point is the 

average of three biological replicates and 2-3 technical replicates. Level of significance 

relative to the mock-control, Cq t-test *p<0.05, **p<0.01, *** p < 0.001.     
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4.4. Discussion 

 

FHB and FRR displayed dissimilar global transcriptome changes during early 

infection. FRR exhibited an equal number of upregulated and downregulated genes 

whereas most of the genes in FHB were upregulated (Fig. 1). Likewise, FCR also displayed 

more upregulated genes than downregulated (Powell et al., 2017a, Powell et al., 2017b). 

This suggests that the transcriptional response to FHB is more like FCR than FRR. Similar to 

the FRR results, Chen and colleagues (2014b) identified many more repressed genes in A. 

thaliana root response to Fusarium oxysporum infection (Chen et al., 2014b). Most 

significant genes were exclusively expressed or repressed in response to FHB or FRR (Fig. 

4.4). Similarly, F. oxysporum infection caused around half of genes to display root or leaf-

specific expression in A. thaliana (Lyons et al., 2015). This suggests that there are 

substantial differences in host expression between Fusarium-infected tissues. Like with A. 

thaliana, B. distachyon roots and shoots display transcriptionally unique responses to 

Fusarium infection (Fig. 4.3-4.10). The differences between FHB and FRR were observed 

consistently over time for several genes (Fig. 4.11A, Fig. 4.11B, Fig. 4.11G, Fig. 4.11I, and 

Fig. 4.11J). Furthermore, it was observed that expression of many phytohormone-

associated genes showed drastically different transcript count levels in non-inoculated B. 

distachyon spikes and roots (Fig. 4.5-4.10). Most of these genes showed a much higher level 

of transcript counts in non-inoculated root tissues. This reflected the tissue-specific 

differences in expression in response to infection for some of the genes. The similarities 

and differences between phytohormone-associated genes are discussed.  

4.4.1. SA is Likely Not Responsive to FHB and FRR in B. distachyon 
      

SA is synthesised from either the isochorismate (ICS) pathway or the PAL pathway 

(Lefevere et al., 2020). In the current study, SA biosynthesis regulators homologs, AtCBP60g 

and AtSARD1, which are key for ICS-related transcription (Zhang & Li, 2019) were both 

highly expressed in response to FHB but showed very limited change in FRR (Fig. 4.5). It has 

been reported that the ICS pathway for SA production in barley was important for leaf and 

floral resistance to F. graminearum (Hao et al., 2018). There was no ICS pathway-related 
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gene altered in expression in response to either FHB or FRR (Fig. 4.5) Chorismate synthase 

(involved in the biosynthesis of chorismate, a phenylalanine precursor) and three PAL 

genes were upregulated in response to FHB (Fig. 4.5). Similarly, the PAL gene Bradi3g7110 

was similarly upregulated in response to F. graminearum-induced FHB in B. distachyon 

(Pasquet et al., 2014). However only two PAL genes were significantly upregulated in 

response to FRR (Fig. 4.5). These genes can also affect resistance as a PAL gene was shown 

to positively affect resistance to Fusarium culmorum in B. distachyon leaves and roots (Cass 

et al., 2015). Given the absence of ICS and the expression of PAL genes, it suggests that SA 

is being produced in response FHB and FRR through the PAL pathway (Lefevere et al., 2020). 

SA content increased in response to F. pseudograminearum-induced FCR in wheat at 1 dpi 

(Powell et al., 2017a), although PAL and chorismate synthase were not substantially 

expressed in response to F. pseudograminearum-induced FCR in B. distachyon (Powell et 

al., 2017b). The two B. distachyon AtPAL-like genes (Bradi3g7110 and Bradi3g7120) that 

were responsive to both FHB and FRR (Fig. 4.5) may also function independently of the SA 

pathway in B. distachyon. For example, a third PAL gene (Bradi3g48840) which was 

exclusively expressed in response to FHB (Fig. 4.6), was responsive to JA but not SA (Kouzai 

et al., 2016). The antimicrobial-related phenylpropanoid pathway, that requires PAL and 

several other genes, was induced in response to FHB and FCR in B. distachyon (Pasquet et 

al., 2014, Powell et al., 2017b), and in response to FHB in barley (Boddu et al., 2006). 

Numerous antimicrobial compound-related genes were identified within the RNA-seq data 

(Supp. Fig. S6). Therefore, the PAL genes (Fig. 4.5 and Fig. 4.6) may be linked to JA signalling 

and predominantly activated for antimicrobial defences. The same may be true for the 

chorismate synthase gene however this gene was not investigated for phytohormone 

responsiveness in (Kouzai et al., 2016). 

     There was evidence for FHB-responsive SA-associated signalling. The genes PR1-4, Pr1-

5, Bradi3g53681 (a PR1), Bradi2g54340 (NPR4) and Bradi2g27670 (NPR1-interacting 

protein) were responsive to FHB (Fig. 4.5). In agreement with these findings, there is 

evidence for elevated SA-related gene expression in response to FHB (Makandar et al., 

2010, Ding et al., 2011, Makandar et al., 2011, Ameye et al., 2015).  However as for the PAL 

genes, Pr1-4, Pr1-5, and 4CL (Fig. 4.5) have also been shown to be responsive to JA (Kouzai 

et al., 2016). There was no strong indication of SA biosynthetic or downstream signalling 

genes in response to either FHB or FRR at 3 dpi and 1 dpi respectively. The key SA signalling 

regulator NPR1 (the homologue Bradi2g05870) which was shown to be important for FHB 
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resistance in wheat (Makandar et al., 2011) was not found to differentially expressed within 

the RNA-seq experiment (FHB: -0.4-foldchange p-adj > 0.05. FRR: 0.8-fold change, p-adj = 

0.01). In fact there appeared to be a downregulation of SA-related defences in response to 

FRR. The gene AtGH3.5 which acts as positive regulator for SA (Vlot et al., 2009) was 

exclusively downregulated in response to FRR (Fig 4.5), and BdWRKY45 which is classed as 

an effective SA-responsive gene in B. distachyon (Kakei et al., 2015, Kouzai et al., 2016), 

was progressively more downregulated over time in response to FRR and slightly at 5 dpi 

with FHB (Fig. 4.11A). Consistent with these observations, NPR4 was expressed in response 

to both FHB and FRR at 3 dpi but at a greater level in response to FRR (Fig. 4.11C). NRP4 

along with NPR3 function as co-repressors for SA-related gene transcription (Ding et al., 

2018). Together, the time course experiments suggest that SA-related transcription was 

suppressed in response to FHB and even more so in response to FRR. Similarly, Kidd and 

colleagues (2011) also identified suppression of SA-responsive AtPR1 in roots at the latest 

time point following infection (Kidd et al., 2011). An absence or a very low amount of SA-

related gene transcription was also identified in wheat, B. distachyon, and Arabidopsis in 

response to Fusarium infection (Kidd et al., 2011, Lyons et al., 2015, Sun et al., 2016, Powell 

et al., 2017b) as well as no significant increase in SA content at 3 dpi in B. distachyon  

(Powell et al., 2017b).  

     Despite the suggested absence of SA biosynthesis and signalling components in 

response to FHB and FRR, there is evidence for SA-related systemic acquired resistance 

(SAR) in response to FHB. SAR is an important component of SA-induced resistance (Park 

et al., 2007, Liu et al., 2011, Dempsey & Klessig, 2012). Several SA-responsive BdMES1 

genes, associated with SAR (Park et al., 2007, Dempsey et al., 2011) were primarily 

expressed in response to FHB (Fig. 4.5, Fig. 4.11B). The MES1 enzyme methyl salicylate 

(MeSA) esterase converts MeSA to SA (Dempsey & Klessig, 2012). At the site of infection, a 

repression of MES1 suggests higher MeSA levels and SA levels since SA can repress MES1 

leading to MeSA accumulation whereas at distal sites, an upregulation of MES1 suggests an 

increase in SA content required for SAR (Liu et al., 2011, Dempsey & Klessig, 2012). This 

either suggests that a SAR response is occurring in distal undamaged florets, as these were 

also harvested among the pool of floral RNA, or that SAR initiation is being repressed in 

infected floral tissue. On the contrary, the recently described SAR mobile signal pipecolic 

acid may also be active in response to FHB as the related gene homologue AtALD1 (Chen 

et al., 2018, Zhang & Li, 2019, Kachroo et al., 2020), was also expressed in B. distachyon 
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FHB (Fig. 4.5). Similarly TaALD1 was also upregulated in response to FHB at 3 dpi (Wang et 

al., 2018a). Other research concluded that SAR contributed little to FHB resistance in wheat 

(Li & Yen, 2008) and barley (Hao et al., 2018). In contrast to the situation in FHB, the three 

MES1 genes were either not substantially expressed or downregulated in response to FRR 

(Fig. 4.5; Fig. 4.11B). These differences in FRR compared to FHB are partly because of the 

much higher transcript count level of MES1 (Bradi2g41070, Bradi2g52110) and ALD1 

(Bradi1g71530) in non-inoculated root tissues (Fig. 4.5). Therefore despite displaying higher 

or equal transcript counts in FRR compared to FHB, there would not be a substantial fold-

change increase for FRR. The presence of SAR is unclear given the underrepresentation of 

SA-associated gene expression in FHB and FRR. However there is evidence that MeSA and 

SAR are positively regulated by JA (Truman et al., 2007, Dempsey & Klessig, 2012). Given 

the overrepresentation of JA-related genes as opposed to SA signalling (Fig. 4.6), JA may be 

involved in propagating the potential SAR signals observed. Overall, the evidence suggests 

that SA signalling is not initiated extensively in defence response to FHB or FRR in the 

susceptible accession Bd3-1. On the contrary, there is evidence that SAR-associated 

signalling is likely occurring in both FHB and FRR, however the mechanisms and role of SAR 

here are unclear. 

 

4.4.2. JA Transcriptional Responses Are Similar between FHB and FRR 
 

JA-related genes were one of the most overrepresented groups of phytohormone 

genes in the RNA-seq experiment. Numerous JA biosynthetic genes were identified (Fig. 

4.6). Two phospholipase homologs (Bradi4g20220, Bradi3g14850) were upregulated in 

response to FHB and FRR or FHB alone, respectively. This suggests -hlinolenic acid was 

released as a wounding response and for JA signalling (Creelman & Mullet, 1997, Pieterse 

et al., 2012) in response to both FHB and FRR. Numerous JA biosynthetic LOX 

(Bradi5g11590, Bradi3g39980, Bradi1g11680), and OPR (Bradi1g05880, Bradi5g00810, 

Bradi1g05870, Bradi1g05860, Bradi2g35907) genes were primarily upregulated in response 

to FHB (Fig. 4.6). LOX genes are important for JA biosynthesis (Acosta & Farmer, 2010), and 

the BdLOX gene Bradi5g11590 was found to be responsive to JA (Kakei et al., 2015). This 

implies that JA is being synthesised in response to FHB. BdLOX2 (Bradi3g39980) was the 

only LOX gene significantly upregulated in response to both FHB and FRR (Fig. 4.6) and at 3 

dpi for both FHB and FRR (Fig. 4.11E). Supporting the findings, the LOX genes Bradi3g39980 
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and Bradi5g11590, were also upregulated in response to FgPH1 in B. distachyon in response 

to FHB (Pasquet et al., 2014). Similarly, TaLOX genes were also expressed in the wheat 

response to Fusarium infection (FHB and FRR) (Li & Yen, 2008, Sun et al., 2016, Pan et al., 

2018, Wang et al., 2018a, Wang et al., 2018c). The LOX gene Bradi1g11680 which is also 

responsive to JA in B. distachyon (Kakei et al., 2015) was downregulated in response to FRR 

(Fig. 4.6). This is contrary to findings that another LOX gene, TaLOX2, was highly expressed 

in response to FHB and FRR in the FRR-resistant and FHB-susceptible Florence-Aurore 

genotype (Wang et al., 2018c). 

     The FHB-responsive and JA biosynthetic BdOPR genes Bradi2g35907, Bradi1g05870, 

Bradi1g05880 (Fig. 4.6), were also upregulated in response to B. distachyon FCR (Powell et 

al., 2017b). In other studies the biosynthetic genes TaOPR genes were also expressed in the 

wheat response to Fusarium infection (FHB and FCR) (Jia et al., 2009, Sun et al., 2016, 

Powell et al., 2017a, Pan et al., 2018, Wang et al., 2018a, Buhrow et al., 2020). Several 

studies have also noted an increase JA accumulation in response to FHB (Buhrow et al., 

2016, Qi et al., 2016, Powell et al., 2017b, Wang et al., 2018a) but not in response to wheat 

FCR (Powell et al., 2017a). However many of the OPR genes were not expressed in response 

to FRR (Fig. 4.6). The reason may be due to the earlier timing of FRR samples due to the low 

expression change at 1 dpi for JA-related genes JAZ (Bradi3g23190) and LOX2 

(Bradi3g39980) (Fig. 4.11E-F). By 3 dpi, both genes were similarly expressed between FHB 

and FRR at 3 dpi (Fig. 4.11E-F). The expression the majority of transcripts in barley (H. 

vulgare) peaked at 3 dpi in response to FHB (Boddu et al., 2006). Furthermore the 

expression of TaLOX2 and TaJAZ9 genes were found to peak between 2 dpi and 3 dpi in 

response to FRR in the FRR resistant wheat line (Wang et al., 2018c). Therefore it is likely 

that at later time points for FRR, many more JA-related genes will be upregulated as for 

FHB. Lastly, the JMT homologous genes involved in methyl jasmonate biosynthesis (Seo et 

al., 2001), Bradi1g42760 and Bradi1g44620, were exclusively upregulated in response to 

FHB whereas Bradi1g43080 was exclusively downregulated in response to FRR (Fig. 4.6). 

Despite this differential expression, these genes were not found previously to be 

significantly responsive to JA treatment (Kakei et al., 2015). The more pronounced log-fold 

change of OPR genes in FHB is because of the much lower transcript counts of all the OPR 

genes in non-inoculated spike tissues (Fig. 4.6). The same was also true for two LOX genes 

(Bradi5g11590 Bradi1g09260) and JMT homologues (Bradi1g42760) (Fig. 4.6). These JA 

biosynthesis genes showed higher transcript count levels in non-inoculated roots and FRR 
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samples (Fig. 4.6), therefore JA levels may already be elevated in both non-inoculated roots 

and infected roots. Overall JA-related biosynthetic genes identified were primarily 

expressed in response to FHB but there was evidence for JA biosynthesis at later time 

points in response to FRR. 

     Most downstream signalling JA-related genes were upregulated in response to both FHB 

and FRR. Six JAZ genes were highly upregulated in response to FHB and five of these (except 

for Bradi5g08650) were moderately upregulated in response to FRR (despite a few with a 

slightly lower fold change in response to FRR) (Fig. 4.6). BdJAZ (Bradi4g31240) was also 

similarly expressed between FHB and FRR at 3 dpi (Fig. 4.11F). BdJAZ (Bradi4g31240) 

expression was downregulated at 1 dpi in response to FRR in the time course experiment 

while expression had been moderately increased in the RNA-seq experiment but was 

similar to LOX2 at 3 dpi (Fig. 4.11E). This may be due a lag response in the time course 

experiment as JAZ expression may have increased to regulate JA production that increased 

rapidly after 1 dpi from the biosynthetic LOX2. The JAZ genes Bradi3g23180, Bradi3g23190, 

Bradi1g72590, and Bradi4g31240 have been shown to be responsive to exogenous JA 

treatment in B. distachyon (Kakei et al., 2015). Supporting the present findings, BdJAZ genes 

Bradi3g23180, Bradi1g72610, Bradi3g23190, Bradi1g72590 were also upregulated in 

response to F. graminearum PH1 compared to the control on B. distachyon FHB (Pasquet 

et al., 2014). TaJAZ genes were also upregulated in response to wheat FHB (Sun et al., 2016, 

Pan et al., 2018, Wang et al., 2018a, Wang et al., 2018c), and TaJAZ9 was shown to be highly 

expressed at 1 dpi in response to wheat FRR (Wang et al., 2018c).  Together the information 

suggests that JA biosynthesis and signalling is similarly occurring between wheat and B. 

distachyon FHB. JA signalling is also similarly occurring between FHB and FRR in B. 

distachyon but to a greater extent in the former interaction. All the JA- related genes (PR1-

5, JAZ, and LOX2) showed similar trends over time between FHB and FRR with peak 

expression for JA-related genes likely at 3 dpi (Fig. 4.11D-F). 

     Dissimilar responses between FHB and FRR were observed with the PR genes. Pr1-2 

(Bradi1g12360), Pr1-4 (Bradi1g57580), Pr1-5 (Bradi1g57590), and Pr1-8 (Bradi3g53637) are 

reported to be JA-responsive in B. distachyon (Kouzai et al., 2016). While Pr1-4 and Pr1-5 

were highly upregulated in response to FHB but showed no altered expression to FRR, 

expression of Pr1-2 was moderately increased in both FHB and FRR (Fig.4.6). On the other 

hand Pr1-8 expression was markedly reduced in response to FRR (Fig. 4.6). Like OPR genes, 
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the lower expression of PR genes (Bradi1g12360, Bradi1g57580, Bradi3g53637, and the 

FHB and FRR differentially expressed Bradi3g53681) in FRR is also due to the higher 

transcript counts in non-inoculated root tissues (Fig. 4.5 and Fig. 4.6). Given the 

responsiveness of most of these PR1 genes to JA (Kouzai et al., 2016), their heightened 

expression may be associated with the heightened expression of OPR genes in non-

inoculated roots (Fig. 4.6). Powell and colleagues (2017b) found Pr1-2, Pr1-4, and Pr1-5 

genes differentially expressed in B. distachyon in response to FHB (Powell et al., 2017b). 

The observed difference between FHB and FRR may also be due to a delay in observed 

response due to the earlier time point for FRR. For example, the gene BdPR1-5 

(Bradi1g57590) (Fig. 4.5, Fig. 4.6), was upregulated in response to both FHB and FRR by 3 

dpi (Fig. 4.11D). Given Bradi1g57590 is more responsive to JA than SA  (Kouzai et al., 2016), 

and the activation of JA-responsive genes appears to be more extensive than for SA-

responsive genes (Fig. 4.5), it may be that the upregulation of PR1-5 (Fig. 4.6) is linked to 

JA signalling rather than SA signalling. TaPR1 genes were also upregulated in response to 

wheat FHB (Makandar et al., 2011, Wang et al., 2018a, Buhrow et al., 2020) and to F. 

pseudograminerum FCR in wheat (Powell et al., 2017a). The gene TaPR1-4 was observed to 

be upregulated in response to wheat FHB in FHB resistant and susceptible lines but only in 

the FRR-resistant wheat line response to FRR (Wang et al., 2018c).  

     Lastly other genes like Bradi3g48840 (PAL) and Bradi3g37300 (4CL) which are responsive 

to JA (Kouzai et al., 2016) were markedly differentially expressed in response to FHB but to 

a lesser extent in response to FRR (Fig. 4.6). The lower increase in expression of 

Bradi3g48840 in FRR compared to FHB is also because of the heightened transcript levels 

in non-inoculated roots (Fig. 4.6) like the PR genes described above. TaPAL genes were also 

expressed in response to wheat FHB (Li & Yen, 2008, Buhrow et al., 2020) as well as several 

in response to wheat F. pseudograminearum FCR (Powell et al., 2017a). Furthermore the 

homologue encoding AtSSI2 (Bradi3g43920) which functions as a co-factor in promoting JA 

signalling over SA signalling (Pieterse et al., 2012) was exclusively upregulated in response 

to FRR (Fig. 4.5 and Fig. 4.6). This may be because of the lower transcript counts in non-

inoculated root tissues (Fig. 4.5 and Fig. 4.6). Generally the data for FHB and FRR (Fig. 4.6) 

supports the role of JA-related transcription in response to Fusarium diseases of cereals (Li 

& Yen, 2008, Makandar et al., 2010, Ding et al., 2011, Makandar et al., 2011, Gottwald et 

al., 2012, Pasquet et al., 2014, Ameye et al., 2015, Sun et al., 2016, Wang et al., 2018a, 

Wang et al., 2018c, Su et al., 2020) and Arabidopsis (Lyons et al., 2015). Overall, the data 
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from the present study suggests that JA-related transcription is increased in response to 

FHB and perhaps also to FRR if analysed at a later infection time point. Given the defence-

response transcriptome evidence in FHB and FRR (Fig. 4.5, Fig. 4.6, and Fig. 4.11) and the 

evidence from other research groups, JA, rather than SA, is the predominant hormone 

involved in the response towards FHB and FRR in this susceptible accession of B. 

distachyon.  

4.4.3. Ethylene is Likely Functioning Synergistically with JA Signalling in Both 

FHB and FRR  
 

Like JA, ethylene-related genes were overrepresented for both FHB and FRR in the 

RNA-seq data (Fig. 4.7). The three biosynthetic ACS genes (Bradi5g19100, Bradi1g10030, 

and Bradi2g05790) were upregulated in response to FHB whereas two ACC oxidase (ACO5) 

genes Bradi2g35850 and Bradi2g35860 were upregulated in response to FHB and FRR, 

respectively (Fig. 4.7). The greater expression of the ACS gene Bradi2g05790 in FHB is 

because from the lower level of transcript counts in non-inoculated spike tissues as 

opposed to non-inoculated root tissue (Fig. 4.7). Hence the log-fold increase in response to 

FRR is not as large as in FHB (Fig. 4.7). Together, the evidence suggests that ethylene 

biosynthesis is occurring in both FHB and FRR. TaACS genes were expressed in wheat in 

response to FHB (Sun et al., 2016, Pan et al., 2018, Wang et al., 2018a, Buhrow et al., 2020) 

and likewise with TaACO (Sun et al., 2016, Buhrow et al., 2020). Furthermore ACC levels in 

all wheat varieties increased in response to FHB (Wang et al., 2018a). In a similar trend to 

JA, downstream ethylene signalling components primarily ERF and AP2/EREBP domain 

genes (Broekaert et al., 2006) were mostly upregulated in response to both FHB and FRR, 

except for Bradi1g38238 (ethylene-responsive ERF15-related (AP2/ERF) transcription 

factor) that was highly downregulated in response to FRR (Fig. 4.7). There was a significant 

upregulation of AtERF1/ORA59 homologs Bradi3g12567 and Bradi4g38932 in response to 

both FHB and FRR (Fig. 4.7). An ERF gene Bradi3g50490 was also found to be upregulated 

in response to B. distachyon in response to FCR (Powell et al., 2017b). Similarly an ethylene 

responsive transcription factor was also upregulated in numerous wheat genotypes in 

response to FHB (Pan et al., 2018). Furthermore eight AP2/EREBP domain genes were 

upregulated in response to both FHB and FRR (Table 4.1). Likewise three AP2 containing 

protein genes (Bradi2g25050, Bradi3g18070, and Bradi5g17490) which were upregulated 

in response to both FHB and FRR, and Bradi3g38140 responsive to FHB exclusively (Table 
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4.1) have previously been show to increase in expression in response to FgPH1 FHB in B. 

distachyon (Pasquet et al., 2014). 

     Ethylene functions synergistically with JA signalling in plants by prioritizing JA signalling 

and fine-tuning resistance to necrotrophic pathogens (Bari & Jones, 2009, Pieterse et al., 

2012). ERF transcription factors are also involved in the necrotrophic pathogen 

specialisation from JA signalling and ERF1/ORA59 functions in JA/ethylene synergism 

(Lorenzo et al., 2003, McGrath et al., 2005, Pieterse et al., 2012). Given the abundance of 

ethylene-related transcription factors (Fig. 4.7 and Table 4.1) the data suggests that the 

ethylene branch of JA signalling is activated in response to both FHB and FRR and that the 

JA/ethylene synergism is important in FHB and FRR response. Many core ethylene signalling 

genes in B. distachyon, like the ethylene receptors, were identified from Arabidopsis 

homologues (Yang et al., 2015). However all the B. distachyon genes described by Yang and 

colleagues (2015) were not expressed in response to FHB and FRR (Data not shown, Log-

fold change -2 > x Ò 2 and in most cases p-adj > 0.05). Lyons and colleagues (2015) also 

described limited expression of ethylene in response to F. oxysporum infection of A. 

thaliana (Lyons et al., 2015). Furthermore, the two B. distachyon ethylene-responsive 

exclusive genes identified by (Kouzai et al., 2016) were not expressed in response to FHB 

or FRR. Overall, the data suggests that the role of ethylene in response to FHB and FRR is 

predominantly for JA synergism and prioritisation. JA and ethylene expression were found 

to be co-occurring in B. distachyon in response to FHB (Pasquet et al., 2014), and wheat 

FHB (Li & Yen, 2008, Jia et al., 2009, Gottwald et al., 2012). In summary, the data suggests 

that ethylene signalling is activated in response to FHB and FRR, but it is likely having a 

more supportive role with JA signalling towards the FHB and FRR defence response.  

4.4.4. Auxin Transcription is Important for Response to FHB and FRR  
 

Numerous auxin-related genes were differentially expressed between FHB and FRR. 

The genes Bradi1g67240 (ANTHRANILATE SYNTHASE ALPHA SUNUNIT 1 (AtASA1)), 

Bradi3g14490 (AtTSB1/2), Bradi1g15695 (CYTOCHROME P450 B2/3 (CYP79B2/3)) were 

upregulated in response to both FHB and FRR (Fig. 4.8). There are four IAA biosynthetic 

pathways in Arabidopsis, and CYP79B2/3 is associated with the indole-3-acetonitrile (IAN) 

pathway for auxin biosynthesis (Zhao, 2014, Morffy & Strader, 2020). This suggests that the 

auxin precursor tryptophan and the final downstream product IAA are being synthesised in 

response to both FHB and FRR through the IAN pathway (Morffy & Strader, 2020). 
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However, the YUC pathway may also be functional in response to FRR given the exclusive 

upregulation of Bradi1g00587 (AtYUC3/7) in response to FRR (Fig. 4.8). The tryptamine 

(TAM) pathway appeared repressed in response to FRR given the strong downregulation of 

Bradi2g51120 and Bradi2g51170 (OsTDC) in response to FRR (Fig. 4.8) (Morffy & Strader, 

2020). This downregulation is more pronounced due to the very high transcript counts in 

in non-inoculated root tissues compared to spike tissues (Fig. 4.8) which indicates a 

heightened expression in non-inoculated root tissue. The RNA-seq data indicates that auxin 

biosynthesis generally increases in response to FHB and FRR and it would be expected that 

this would result in a higher content of auxin in B. distachyon tissues infected with FHB and 

FRR. This outcome is supported by the observation of IAA and conjugated IAA in response 

to FHB infection in a susceptible wheat line (Qi et al., 2016), and in Sumai3 in response to 

F. graminearum FHB at 4 dpi which was accompanied by an upregulation of auxin 

biosynthesis genes (Wang et al., 2018a). However, an increase in auxin content has not 

been reported in all studies. No significant change of auxin content was observed in 

resistant or susceptible wheat lines in response to FHB in the study of Buhrow and 

colleagues (Buhrow et al., 2016).  

     The main differentially expressed auxin-related signalling and homeostasis genes 

included AUX/IAA, GH3, ARF, and SAUR genes. AUX/IAAs (OsIAA) are one of two co-

receptors that repress AUXIN RESPONSE FACTORS (ARFs) that control transcription of 

auxin-regulated genes in a concentration dependent manner (Hagen & Guilfoyle, 2002, 

Sauer et al., 2013, Nemhauser, 2018). Bradi3g54610 (OsIAA9 orthologue) was upregulated 

in response to both FHB and FRR (Fig. 4.8). The upregulation of the ARF repressor AUX/IAA 

may be a negative feedback mechanism to dampen the heightened levels of auxin. This is 

because Bradi3g54610 was highly responsive to auxin treatment in B. distachyon (Kakei et 

al., 2015). Similarly, Jain and colleagues (2006a) showed that OsIAA9 was the most 

upregulated to exogenous synthetic auxin and displayed relatively similar mRNA contents 

in different tissues (Jain et al., 2006a). The OsIAA13 (AUX/IAA13) homologue Bradi1g09090 

was significantly repressed in response to FRR (Fig. 4.8) and only slightly repressed at one 

time point in FHB (Fig. 4.11G). However OsIAA13 in rice was not substantially responsive to 

synthetic auxin (Jain et al., 2006a) nor in B. distachyon (Kakei et al., 2015). Its function was 

localised to root tissue and has likely functions in root growth and development (Liscum & 

Reed, 2002). Root growth was affected after FRR infection (Fig. 4.1) so exclusive 

downregulation in roots may be linked to this (Fig. 4.11G). The AUX/IAA proteins form 
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structures with ARF transcription factors leading to inhibition of auxin-related transcription 

(Sauer et al., 2013). In the RNA-seq experiment carried out here, there was an absence of 

altered expression of OsARF homologues or the BdARF genes described in (Zhou et al., 

2018) in response to either FHB or FRR. There were however three different ARFs: 

Bradi3g49010, Bradi3g49020, and Bradi1g73230, which were exclusively upregulated in 

response to FHB (Fig. 4.8). Two of these, Bradi3g49010 and Bradi3g49020, were also 

expressed in B. distachyon in response to F. graminearum isolate PH1 FHB (Pasquet et al., 

2014).  

     GH3 genes, encoding IAA-amido synthetases, conjugate IAA with amino acids which 

maintains auxin homeostasis (Staswick et al., 2005). Both Bradi1g22830 (OsGH3-8) and 

Bradi2g50840 (OsGH3-2) (Jain et al., 2005) were expressed in response to both FHB and 

FRR (Fig. 4.8 and Fig. 4.11H). Both the rice homologs of these B. distachyon genes were 

responsive to the synthetic auxin 2,4-D (Jain et al., 2005) and the B. distachyon genes were 

significantly responsive to IAA in B. distachyon (Kakei et al., 2015). The expression of these 

GH3 genes may be linked to the Bd3-1 defence response to F. graminearum. For example, 

the rice homologue of Bradi2g50840, OsGH3-2, was responsive to IAA and positively 

affected basal resistance to the fungus Magnaporthe grisea in rice (Fu et al., 2011). 

Overexpression of GH3-8 was also linked to increased resistance to X. oryzae and it was 

suggested that this was partly due to expansin repression (Ding et al., 2008). Contrary to 

the other two GH3 genes, Bradi2g52000 (OsGH3-1) was exclusively downregulated in 

response to FRR (Fig. 4.8) yet this gene was also auxin responsive in rice and B. distachyon 

(Jain et al., 2005, Kakei et al., 2015) and associated with resistance to M. grisea in rice 

(Domingo et al., 2009). It is unclear why there is differential expression of the three GH3 

auxin-related genes. Generally, given the upregulation of auxin biosynthesis genes, auxin 

responsive genes (ARFs), auxin repressors (AUX/IAA), and GH3 genes, the data suggests 

that FHB and FRR affected processes that interfere with auxin homeostasis within the two 

tissues.  

     The two genes Bradi4g36974 and Bradi4g36972 which were exclusively and highly 

downregulated in response to FRR (Fig. 4.8) are predicted homologs of AtSAUR62/63/64. 

In fact many of the differentially expressed auxin-related genes were identified as SAUR 

genes (Fig. 3). Many of the SAUR genes were downregulated in response to FRR except for 

Bradi1g13115 and Bradi1g13127 (homologs of OsSAUR15/17) (Fig. 4.8). One SAUR genes, 
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Bradi1g32400 (SAUR26) (Fig. 4.8), was also found to be upregulated in B. distachyon in 

response to F. graminearum PH1 FHB (Pasquet et al., 2014). Of all the SAUR genes 

described (Fig. 4.8), only Bradi3g03670 (OsSAUR5) was responsive to synthetic auxin in rice 

and possessed an auxin responsive element (Jain et al., 2006b). OsSAUR5 was shown to be 

root tissue localised in rice (Jain et al., 2006b). Bradi3g03670 was downregulated 

exclusively in response to FRR (Fig. 4.8). If Bradi3g03670 (homologue OsSAUR5) is also root 

localised in B. distachyon, then is may explain the exclusive downregulation of 

Bradi3g03670 (homologue OsSAUR5) in B. distachyon FRR (Fig. 4.8). The other SAUR genes 

may possess other functions (Ren & Gray, 2015). For example, 9 out of the 17 SAUR genes 

identified in wheat spikes infected with F. graminearum were associated with susceptibility 

in wheat (Pan et al., 2018). Similar to OsSAUR5, root localised AtPIN3 (pinformed 

inflorescence) homologue Bradi1g31530  which regulates auxin transport and development 

(Bandyopadhyay et al., 2007) was downregulated in response to FRR (Fig 4.7). In support 

of this finding, influx and efflux auxin genes were also shown to be downregulated in all 

wheat genotypes tested in response to FHB (Pan et al., 2018). Similar to the FRR results but 

contrasting to those for FHB (Fig. 4.8), there was downregulation of auxin signalling genes 

in response to wheat FHB, which was associated with susceptibility (Wang et al., 2018a). It 

is important to note that the SAUR genes (Bradi3g03670 (SAUR5), Bradi5g21060 (SAUR20)) 

and PIN3 (Bradi1g31530), had very high transcript count levels in non-inoculated roots 

compared to non-inoculated spikes (Fig. 4.8) which partly explains their more apparent 

downregulated in roots. Together the data suggests there was differential expression 

between FHB and FRR for auxin-related gene signalling which is partly explained by 

different levels of expression between non-inoculated tissues.  

     Biosynthesis and signalling of auxins can affect resistance to plant pathogens (Bari & 

Jones, 2009, Kazan & Manners, 2009). Auxin-related genes were substantially affected in 

response to both FHB and FRR (Fig. 4.8 and Fig 4.11H-I). In support of my findings, Lyons 

and colleagues (2015) identified using RNA-seq analysis that auxins were important 

components of defence responses to F. oxysporum in both shoot and root tissues (Lyons et 

al., 2015). In summary, based on the expression patterns of genes (Fig. 4.8) and associated 

function and sensitivity to auxins (Jain et al., 2005, Jain et al., 2006a, Jain et al., 2006b), 

auxin levels are predicted to be elevated in response to both FHB and FRR. There are also 

similarities between FHB and FRR in interference with auxin homeostasis-associated genes 
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but also differences in auxin signalling with an upregulation in response to FHB but a 

suppression in response to FRR.  

4.4.5. Cytokinin-Related Gene Transcription is Different between FHB and FRR 
 

     Expression of B. distachyon cytokinin-related genes generally increased in response to 

FHB but decreased in response to FRR (Fig. 4.9). Two cytokinin biosynthesis 

ISOPENTENYLTRANSFERASE (IPT) homologs Bradi2g13410 and Bradi4g15770 were 

exclusively upregulated in response to FHB (Fig. 4.9). Likewise, Bradi2g13410 was also 

found to be upregulated in B. distachyon in response to F. graminearum PH1 FHB (Pasquet 

et al., 2014). The cytokinin biosynthetic LOG genes showed differential expression with 

Bradi2g42190 (OsLOG1) exclusively upregulated in response to FHB, whereas 

Bradi3g49300 (OsLOGL2) was exclusively downregulated in response to FRR (Fig. 4.9). 

Together this would suggest that cytokinin content increases in FHB more than in FRR. 

However, Bradi2g42190 (OsLOG1) eventually displayed high levels of expression in 

response to FRR comparable to FHB at 5 dpi (Fig. 4.11I). This suggests cytokinin biosynthesis 

is very delayed in response to FRR compared to FHB and that the response at later time 

points is relatively similar. Bradi3g49300 (OsLOGL2) might show a similar expression 

pattern and become upregulated at later time points in response to FRR. Furthermore, 

Bradi3g49300 showed higher levels of transcript counts in non-inoculated roots leading to 

significant downregulation in FRR (Fig. 4.9). This partly explains the differential expression 

of LOG genes at the early time points. Other important genes include Bradi2g60456 which 

is the B. distachyon homologue of a cytokinin homeostasis regulator OsCKX4 (Albrecht & 

Argueso, 2017, Márquez-López et al., 2019) which was also exclusively expressed in 

response to FHB (Fig. 4.9). Unlike LOG1 and LOGL2, CKX4 was transcriptionally responsive 

to cytokinin treatment in rice roots and shoots (Tsai et al., 2012). Additionally a cytokinin 

7-beta-glucosyltransferase (Bradi1g53527), was exclusively upregulated in response to FHB 

(Fig. 4.9) and this gene was similarly upregulated in response to FCR in B. distachyon (Powell 

et al., 2017b).  

     There was an absence of altered expression of B. distachyon cytokinin receptors 

orthologous to Arabidopsis or rice genes (Nongpiur et al., 2012, Tsai et al., 2012) identified 

in the RNA-seq dataset. However type A and B RRs were the most responsive cytokinin-

related genes. Only two type B RRs, Bradi2g25900 (OsRR27) and Bradi5g12170 were 

exclusively upregulated in response to FHB (Fig. 4.9). Type B RRs activate target genes in 
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the presence of cytokinin (Nongpiur et al., 2012). However both the type B RRs identified 

were not reported to be responsive to cytokinin in B. distachyon (Kakei et al., 2015). 

Downstream of type B RR, type A RRs function as negative regulators of cytokinin response 

(To et al., 2007, Kieber & Schaller, 2018). Surprisingly type A RRs were highly and exclusively 

downregulated in response to FRR (Fig. 4.9). Bradi4g43090 homologue of OsRR9/10 was 

significantly downregulated in response to FRR at all time points but not to FHB (Fig. 4.11J). 

Of the type A RR genes identified (Fig. 4.9), the homologues of Bradi5g11350 and 

Bradi4g43090, OsRR1 and OsRR9/10, respectively, have been shown to be transcriptionally 

responsive to exogenous cytokinin in both rice root and shoot tissues, while OsRR11 

(Bradi3g49440) was exclusively responsive to cytokinin in rice shoot tissue and OsRR7 

(Bradi1g28726) was exclusively responsive in rice root tissue (Tsai et al., 2012). In B. 

distachyon, only Bradi5g11350 and Bradi4g43090 (OsRR1 and OsRR9/10) were found to be 

transcriptionally responsive to cytokinin treatment (Kakei et al., 2015). Importantly two of 

the type A RRs (Bradi4g43090, Bradi1g28726) had a higher level of transcript counts in roots 

(Fig. 4.9) which partly explains their substantial downregulation in FRR. Given the function 

of type A RRs, it suggests there was some repression of cytokinin-related genes in non-

inoculated root tissue. Together this suggests that there was a repression of cytokinin 

signalling repression in response to FRR.  

     Interestingly, the rice homologue of Bradi1g28726 (OsRR7) was also been shown to 

responsive to auxin (Tsai et al., 2012). Furthermore Bradi2g60456 (CKX4) was responsive 

to auxin treatment rather than cytokinin treatment in B. distachyon (Kakei et al., 2015). 

These could be examples of the direct interactions between auxin and cytokinin signalling 

and reflect the effects of auxin rather than cytokinin signalling (Naseem et al., 2012). 

Despite evidence for a positive synergism of cytokinins with SA (Choi et al., 2010, Argueso 

et al., 2012, Naseem et al., 2012) and given the lack of SA-responsive genes in the RNA-seq 

datasets, there did not appear to be co-expression of SA genes and cytokinin genes in either 

tissue, suggesting that cytokinin-related gene expression is occurring independently to SA. 

In summary, the data provides evidence in that cytokinin-related genes are responsive to 

both FHB and FRR. Different sets of genes, however, were involved in response to the two 

diseases. Several genes were highly upregulated to FHB while a second set were 

significantly downregulated in response to FRR (Fig. 4.9).  
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4.4.6. ABA Biosynthesis is Responsive to FHB and FRR 
 

Several ABA-related genes were differentially expressed in response to FHB and FRR 

(Fig. 4.10). ABA synthesis genes identified include NCEDs, xanthoxin dehydrogenase, and 

ABSCISIC ACID OXIDASE (AAO3) (Chen et al., 2020). Three ABA biosynthetic AtNCED 

homologs (Bradi1g13760, Bradi1g58580, and Bradi1g51850) were highly upregulated in 

response to FHB while Bradi1g58580 and Bradi1g13760 showed a moderate increase in 

response to FRR (Fig. 4.10). The increase in expression for Bradi1g51850 was not as 

apparent in FRR because of the higher transcript counts in non-inoculated root tissues (Fig. 

4.10). As observed for JA (Fig. 4.11E-F) and cytokinin biosynthesis genes (Fig. 4.11I), the 

apparent delay in expression of ABA biosynthesis genes may reflect differences due to the 

single time point analysed. However a time-course analysis of ABA-related genes was not 

performed. The AtNCED homologs Bradi1g51850 and Bradi1g13760 were also upregulated 

in B. distachyon in response to F. graminearum PH1 FHB (Pasquet et al., 2014). For other 

biosynthetic genes, xanthoxin dehydrogenase was upregulated in response to both FHB 

and FRR whereas AtAAO1/2/3/4  (homologue Bradi1g52740) was exclusively 

downregulated in response to FRR, partly because of a high endogenous transcript count 

level in non-inoculated roots (Fig. 4.10). Despite the repression of Bradi1g52740 in 

response to FRR, there is evidence for ABA biosynthesis in response to both FHB and FRR, 

but to a greater extent in FHB. This supports evidence from Powell and colleagues (2017b) 

who found that there was a significant increase in ABA content in B. distachyon FCR 

following inoculation with F. pseudograminearum (Powell et al., 2017b). Likewise, an 

increase in ABA metabolites occurred to the susceptible response to F. graminearum FHB 

(Qi et al., 2016) and an increase in ABA content was also found in response to FHB in certain 

wheat lines (Buhrow et al., 2016, Wang et al., 2018a). ABA can also be derived from ABA 

conjugates from the endoplasmic reticulum (ER) or vacuole with AtBG1 and AtBG2, 

respectively (Chen et al., 2020). AtBG1 homologs Bradi2g43056, Bradi2g60441, and 

Bradi2g60490 were highly upregulated in response to both FHB and FRR (Fig. 4.10). This 

may suggest that ABA is predominantly being derived from ABA conjugates in the ER rather 

than de-novo synthesis as a response to infection. Interpretation of the change in levels of 

ABA is complicated given evidence that F. graminearum can synthesise ABA (Qi et al., 

2016). 
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     Despite evidence for an increase in ABA content, there was no evidence for upregulated 

ABA signalling components (Dong et al., 2015), or the PYRABACTIN-RESISTANCE/PYR-

LIKE/REGULATORY COMPONENT OF ABA RECEPTOR (PYR/PYL/RCAR) ABA receptors 

(Gordon et al., 2016). There was however the upregulation of one ABA negative regulator 

homologue PROTEIN PHOSPHATASE 2C (AtAP2C1) (Bradi1g65520), predicted to encode a 

PP2C-type phosphatase (Ensembl Genomes (Howe et al., 2020)), which was exclusively 

upregulated in response to FHB. Secondly, the gene Bradi5g25570 (AtERF7 orthologue) was 

also significantly upregulated in response to FHB, and slightly in response to FRR (Fig. 4.7). 

The transcription factor AtERF7 is a negative regulator of ethylene signalling (Song et al., 

2005). Given the inhibitory role of AtERF7 and PP2C in ABA signalling (Song et al., 2005, 

Chen et al., 2020), the data suggest an absence or repression of ABA signalling in response 

to FHB and FRR. This is supported by a lack in expression change for ABA-associated 

signalling genes in response to F. graminearum-induced FHB in wheat (Buhrow et al., 2020). 

In summary, there is evidence for ABA biosynthesis and endogenous content increase but 

no strong evidence for an increase in ABA perception or signalling in both FHB and FRR.  

4.4.7. Transcription of GA - and BR - Associated Genes are Not Altered in 

Response to FHB and FRR 
 

     Both GA and BR-related genes were the least responsive to FHB and FRR compared to 

all the other phytohormones. For GA, there was evidence for a change in expression of 

three biosynthetic 2-OXOGLUTARATE-DEPENDENT DIOXYGENASES (2OD) genes in 

response to FRR only (Bradi2g50280, Bradi1g59570, Bradi3g49390) whereas there was 

evidence for epoxidation in response to FHB from upregulation of Bradi2g22050 

ELONGATED UPPERMOST INTERNODE (OsEUI) (Yamaguchi, 2008, Hedden & Thomas, 2012) 

(Table 4.2). Another group of 2OD genes, GA20ox, were expressed in response to wheat 

FCR (Powell et al., 2017a), and gibberellin oxidases were also upregulated in response to F. 

graminearum treatment in wheat (Pan et al., 2018). However no significant change in GA 

content was observed in resistant or susceptible wheat lines in response to FHB (Buhrow 

et al., 2016). Only one BR gene was expressed, Bradi2g22967, the B. distachyon homologue 

of CONSTITUITIVE DIFFERENTIAL GROWTH1 (AtCDG1) (Table 4.2). The receptor-like kinase 

AtCDG1 functions as a positive BR regulator functioning together with the BR receptor 

BRASSINOSTEROID INSENSITIVE 1 (BRI1) (Kim & Russinova, 2020). It is worth noting that 

AtCDG1 had a low percentage sequence similarity to the B. distachyon gene Bradi2g22967 
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(Table 4.2). Despite the link of AtCDG1 to BR signalling, the respective receptor, BRI1, was 

not identified. There is evidence of a role of BR signalling in Fusarium resistance since the 

Bdbri1 receptor mutants in B. distachyon and barely were shown to increase resistance to 

FHB and FRR in B. distachyon (Goddard et al., 2014). Unlike the results observed here, 

recent data suggests that F. graminearum induced both an upregulation and 

downregulation of several GA and BR biosynthetic genes (Buhrow et al., 2020). It is unclear 

why GA- and BR-associated genes were more responsive in wheat than in B. distachyon 

from this study. It is possible that constitutively elevated GA and BR content in B. 

distachyon may be the reason for a low expression change in response to infection (Kakei 

et al., 2015).  

 

4.4.8. Limitations and Future Studies 
    

FHB and FRR are diseases in which symptoms progress at different rates (Wang et 

al., 2015b). Based on the observation of first visual symptoms (Chapter 1 and Chapter 2) 

rather than transcriptomic activity, the time-point of 1 dpi for FRR and 3 dpi for FHB were 

selected to represent the equivalent points in the interaction. I show through time course 

analysis that most phytohormone-related genes peaked in expression at 3 dpi (Fig. 4.11). 

Likewise the majority of transcripts were expressed at 3 dpi of FHB in barley (Boddu et al., 

2006). However, it is unclear whether 1 dpi was appropriate for FRR sample analysis and 

comparison with the 3 dpi for FHB. The evidence suggests that 3 dpi may also be relevant 

for peak expression for FRR since genes (Bradi2g54350, Bradi1g57590, Bradi4g31240, 

Bradi3g39980, Bradi1g09090, and Bradi2g50840) which displayed similar gene expression 

levels between FHB and FRR at 3 dpi (Fig. 4.11C, Fig. 4.11D, Fig. 4.11F, Fig. 4.11E, Fig. 4.11G, 

Fig. 4.11H). However, there is evidence that supports the time-point decision in this study 

for FRR and FHB time-points. For example, JA-related genes TaLOX2 and TaJAZ9 were all 

highly expressed at 1 dpi in wheat seedling rot and moreover the expression of TaPR1-4, 

and TaJAZ9 was highest past 3 dpi in FHB (Wang et al., 2018c). This suggests 1 dpi for FRR, 

which was done in this RNA-seq was also a relevant time-point to assess for phytohormone-

related genes. For future studies, it would be interesting to analyse FRR samples collected 

at 3 dpi. Alternatively, 1 dpi FHB samples could be analysed to compare to 1 dpi for FRR.    
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     There is evidence that certain genes described in the heatmaps (Section 4.3.2) are 

responsive to the respective hormone in B. distachyon and rice (Jain et al., 2005, Jain et al., 

2006a, Jain et al., 2006b, Tsai et al., 2012, Kakei et al., 2015, Kouzai et al., 2016). However 

it cannot be confidently assumed that all of the genes described are truly responsive to the 

respective phytohormone, as several respond to more than one phytohormone, as was 

shown previously (Kouzai et al., 2016).  Further analysis of important FHB and FRR-

responsive genes identified within the RNA-seq data would need to be functionally 

characterised for phytohormone responsiveness. Furthermore, there are numerous 

studies that have investigated the change in phytohormone content following Fusarium 

infection (Buhrow et al., 2016, Powell et al., 2017a, Powell et al., 2017b, Wang et al., 

2018a). It would also be of interest to carry out similar metabolite analyses for B. 

distachyon FHB and FRR to compare to the RNA-seq data.  

     These experiments were only performed on one susceptible accession of B. distachyon 

(Peraldi et al., 2011) so it cannot be determined whether the transcriptome response are 

resistance or susceptibility-associated responses. Numerous other studies looked at 

expression of phytohormone-associated genes in FHB susceptible and resistant wheat lines 

(Li & Yen, 2008, Jia et al., 2009, Gottwald et al., 2012, Sun et al., 2016, Pan et al., 2018, 

Wang et al., 2018a, Wang et al., 2018c). The difference between resistant and susceptible 

outcomes may relate more to the timing of phytohormone responses rather than global 

differences in phytohormone profiles. For example, several phytohormone-related 

pathways from transcriptomic data were upregulated at 2 dpi in moderately susceptible 

wheat spikelets in response to FHB, whereas in resistant wheat lines, they started earlier 

at 1 dpi (Wang et al., 2018a). Similarly, JA-associated genes were expressed earlier in the 

resistant wheat line Sumai 3 to FHB (Wang et al., 2018c). It would be interesting to compare 

different resistant and susceptible B. distachyon accessions for resistant-specific 

phytohormone gene expression.  

4.4.9. Conclusion 
 

The biosynthesis, signalling, and homeostasis gene expression response of five 

phytohormones were substantially affected in response to FHB and FRR in B. distachyon. 

The phytohormones JA and ethylene-associated genes had the most significant expression 

change in response to FHB and FRR suggesting an important role in response to both 
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diseases. On the other hand, expression of the defence-related hormone SA genes did not 

appear significantly transcriptionally affected in response to either FHB or FRR despite 

some evidence for changes in SAR signalling in response to FHB and FRR. Both ABA and 

auxin-related biosynthesis genes were expressed in response to both FHB and FRR however 

ABA and auxin signalling was differentially expressed between FHB and FRR. Auxin was also 

one of the most overrepresented phytohormone-related gene groups. Lastly, and relatively 

little documented, cytokinin biosynthesis and signalling was also differentially expressed in 

response to FHB and FRR. These results suggest an important role of the development 

associated phytohormones (ABA, auxin, cytokinin) in the defence response to two 

Fusarium diseases in B. distachyon. The expression of several genes was greatly influenced 

by levels of transcript counts in non-inoculated tissues, which were generally much higher 

in non-inoculated roots compared to spikes. There was no evidence that phytohormones 

GA, BR, and BABA were significantly differentially expressed in response to FHB or FRR. 

These results provide novel important information for the phytohormone transcriptome 

responses to FHB and the lesser known FRR disease in the model grass species B. 

distachyon. Future work into comparing resistant and susceptible B. distachyon lines at 

different time-points would be important to further investigate phytohormone gene 

expression and roles in resistance. 
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Chapter 5 - Comparing the Fusarium graminearum 

Transcriptome between Fusarium Head Blight and Fusarium 

Root Rot 

5.1. Introduction 

 

During plant disease, certain fungal pathogens deploy virulence factors and 

effectors for establishment and colonisation. Fusarium graminearum is known to utilise a 

combination of cell wall-degrading enzymes and the toxin deoxynivalenol (DON) to 

overcome host defences in small-grain cereals. Infection is also accompanied by an increase 

in secreted effectors, changes to pathogen molecular transport and signalling, and changes 

to secondary metabolite and nutrient metabolism (Kikot et al., 2009, Brown et al., 2011, 

Lysøe et al., 2011, Harris et al., 2016, Ding et al., 2020).  Many plant pathogens can also 

interfere with resistance through manipulation of plant phytohormone biosynthesis and 

signalling (Kazan & Lyons, 2014). This can be achieved either through effector-induced 

activation or inhibition of phytohormone biosynthesis and signalling (Kazan & Lyons, 2014), 

or by altering the balance of phytohormones through fungal-derived phytohormone 

biosynthesis (Summarised in Chapter 6 section 6.1). 

     In chapters 2 and 3 I show that different exogenously applied phytohormones differently 

affect F. graminearum infection of B. distachyon depending on the tissues. Furthermore in 

chapter 4, I provide evidence that there are differences in B. distachyon tissue responses, 

in terms of phytohormone-associated genes, to F. graminearum infection. An important 

question arising from these results is whether these tissue-specific differences reflect 

differences in the transcriptome of F. graminearum between tissues during infection.  

     Several studies have investigated the transcriptome of F. graminearum during Fusarium 

head blight (FHB) disease of small grain cereals, in most cases through microarray analysis 

(Lysøe et al., 2011, Harris et al., 2016, Brown et al., 2017). The transcriptome of F. 

graminearum between FHB and Fusarium crown rot (FCR) has been compared (Stephens 

et al., 2008). However the F. graminearum secretome during Fusarium root rot (FRR) is 

relatively unknown and has only recently been investigated in Brachypodium distachyon 

(Ding et al., 2020). The complete F. graminearum genome (Cuomo et al., 2007, King et al., 

2015) has been sequenced revealing a small (36.1 Mbp) genome with only four 
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chromosomal regions (Cuomo et al., 2007). The predicted F. graminearum secretome was 

also generated and investigated (Brown et al., 2012). Together these resources allow for 

whole-genome transcriptomics and the identification of key pathogenicity-related genes 

during pathogenesis. RNA-seq technology (Wang et al., 2009) has been used to-date, in 

terms of F. graminearum disease transcriptomics, for FRR (Ding et al., 2020) and FHB (Pan 

et al., 2018, Buhrow et al., 2020).  

     F. graminearum-specific reads were obtained from the same RNA-seq library as in 

Chapter 4. Thus the time points are identical to those in FHB and FRR as reported in Chapter 

4. This permits a direct comparison of F. graminearum genes and induced B. distachyon 

responses between FHB and FRR. Effector-specific genes can be filtered from the results 

which were then utilised to identify any tissue-specific activity. Additionally, F. 

graminearum phytohormone-related genes and DON-related genes were identified within 

the RNA-seq data and were collated. The similarities and differences of these genes and 

effectors between FHB and FRR were investigated and discussed. This is the first study to 

my knowledge that compares key F. graminearum effectors and genes during diseases of 

different tissues in the same host. 

Aim: Investigate Fusarium graminearum transcriptome similarities and differences during 

infection of spike (Fusarium head blight) and root (Fusarium root rot) tissues. 
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5.2. Materials and Methods 

5.2.1. Maintenance of F. graminearum, Preparation of Inoculum, and 

Inoculation 
 

The material described in this chapter is from the same RNA-seq experiment in 

Chapter 4. F. graminearum PH1 maintenance and inoculum preparation was as described 

in section 4.2.2. The B. distachyon Bd3-1 root and head inoculation protocol was the same 

as described in section 4.2.3. The F. graminearum in vitro control samples were the same 

as from section (6.2.3). 

5.2.2. Library Preparation RNA-seq Bioinformatics Analysis 
 

Both infected samples and in vitro control samples were sent to Genewiz for library 

preparation as part of independent experiments, as described in sections (4.2.4 and 6.2.3). 

The same pipeline (Fig. 4.2) was used with the same data. Library reads were aligned to the 

F. graminearum PH1 genome assembly and gene annotation (European Nucleotide 

Archive; GCA_900044135.1, study PRJEB5475 (King et al., 2015). FHB and FRR sample gene 

counts were separately compared against the same F. graminearum in vitro control 

samples (The treatment without methionine (termed C samples) from the RNA-seq 

experiment in Chapter 6 described in Section 6.2.3) using DEseq2 tool on the Galaxy 

Platform (Fig. 4.2). The average transcript counts from the in vitro control samples was 

slightly higher from the FRR DEseq2 analysis but the difference to the FHB DEseq2 

transcript counts was still proportional, thus the average of each biological replicate control 

treatment was taken for the heatmap value (Fig. 5.2). Differentially expressed Fusarium 

genes in FHB and FRR were filtered for potential effectors using PH1 v5.0 secretome 

prediction script (Brown et al., 2012). To compare gene expression results with other 

research datasets, F. graminearum str. PH1 gene IDs (FGRAMPH1_01G) were converted to 

(FG_05) F. graminearum str. CS3005 (GCA_000599455) (EMBL) and (FGSG_) F. 

graminearum PH1 (GCA_000240135) Ensembl Genome IDs (Howe et al., 2020) using 

UniProt data (Consortium, 2018). For absent gene conversion IDs, the gene IDs in F. 

graminearum str. CS3005 (GCA_000599455) and (FGSG_) F. graminearum PH1 

(GCA_000240135) were identified by protein sequence Basic Local Alignment Search Tool 

(BLAST) (Sayers et al., 2020).  

https://www.ebi.ac.uk/ena/data/view/PRJEB5475
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5.2.3. Time-Course RT-qPCR 
 

The same materials and methods for RT-qPCR was used from Section 4.2.5 and 

Section 6.2.3, but with a different set of primers (Supp. Table S13). Only one time point was 

used for the in vitro control which was subsequently compared to all three infected FHB 

and FRR time-point samples (Fig. 5.3) using Equation 2.1. 

5.2.4. Statistics, Software, and Graphs 
  

The same method was used as 4.2.6 for respective data. However the online 

databases Ensembl Genomes (Howe et al., 2020), UniProt (Consortium, 2018), and protein 

sequence BLAST (Sayers et al., 2020) were only used for F. graminearum gene function 

identification.  
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5.3. Results 

 

Between 8% to 15% of the FHB and FRR transcript reads mapped to the F. 

graminearum PH1 assembly. A total of 4,567 F. graminearum genes were significantly 

responsive in FHB or FRR, or in both (Fig. 5.1). However only 6% of these were functionally 

characterised on UniProt (Consortium, 2018). A total of 3,499 genes were differentially 

expressed in spike infection (FHB), of which 55% were upregulated (Fig. 5.1). On the other 

hand 3,214 genes were differentially expressed during root infection (FRR), of which 56% 

were upregulated (Fig. 5.1). A total of 26% of the genes were upregulated and 21% were 

downregulated in both root and spike tissues, respectively, relative to axenic culture 

medium (Fig. 5.1). Only 1% of genes were upregulated in one tissue but downregulated in 

the other (Fig. 5.1).  
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Figure 5.1. Summary of all significantly upregulated or downregulated F. graminearum 

genes in FHB and FRR. The number and percentage of F. graminearum genes are displayed. 

The threshold of -2 Ò x Ó 2 Log-fold change and p-adj < 0.05 was applied to all genes. 

Abbreviations: Fg (F. graminearum), Up (Upregulated), Down (Downregulated), FRR 

(Fusarium Root Rot), FHB (Fusarium Head Blight). 

 

     All the significantly differentially expressed genes were then filtered by association with 

the F. graminearum secretome database (Brown et al., 2012). Only 3% of FHB-responsive 

genes (Fig. 5.1) were classed as effectors and 40% of these were exclusively expressed or 

repressed in FHB. On the other hand, 2% of FRR-responsive genes (Fig. 5.1) were classed as 

effectors and 21% of these were exclusively expressed or repressed in root tissues (FRR) 

(RNA-seq dataset not shown). Approximately 54% of all these effector-associated genes 

had a predicted function (From F. graminearum (UniProt (Consortium, 2018) or through 

protein homology in different fungal species (BLAST (Sayers et al., 2020)), RNA-seq dataset 

not shown). For both FHB and FRR, 79% of these effector-associated genes were 

upregulated. Only upregulated genes were then filtered since they were predicted to be 

the effectors playing important roles in FHB and FRR virulence. A total of 80 F. graminearum 

genes were highly upregulated (Log-fold Ó 3) in FHB and/or FRR with four main expression 
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clusters (Fig. 5.2). A total of 21 genes in cluster 3 were upregulated in FHB.  Likewise, 20 

genes in cluster 4 were also upregulated in FHB however these were slightly more 

upregulated in FRR. Most of the genes in cluster 2 (30 genes) were similarly upregulated in 

FHB and FRR. Lastly 9 genes in cluster 1 were upregulated in FRR. There was a tendency for 

genes that were similarly expressed between FHB and FRR (Clusters 2 and 4) to have a 

much lower baseline expression in control treatments than differentially expressed 

effectors (Cluster 1 and 3). 

     Here I shall describe notable effectors that were upregulated (Fig. 5.2). Many of the 

effectors were upregulated in both FHB and FRR. Genes encoded cell wall degrading 

enzymes (CWDEs) were generally upregulated in both FHB and FRR (Fig. 5.2). Examples 

include endo-1,4-beta-xylanase (FGRAMPH1_01G20977 and FGRAMPH1_01G13319), 

acetylxylan esterase (FGRAMPH1_01G08665), cutinase (FGRAMPH1_01G12927, 

FGRAMPH1_01G08583, FGRAMPH1_01G12551), a pectate lyase (FGRAMPH1_01G11755 

and FGRAMPH1_01G16515), and a hydrolytic enzyme (FGRAMPH1_01G12629). Other 

notable effectors upregulated in FHB and FRR (Fig. 5.1) include a rhamnogalacturonan 

acetylesterase precursor (FGRAMPH1_01G16469), two effectors encoding gegh16 proteins 

(FGRAMPH1_01G08931, FGRAMPH1_01G27287), a chorismate mutase 2 gene 

(FGRAMPH1_01G22073), a hypersensitive response (HR)-inducing gene 

(FGRAMPH1_01G16209), two CFEM domain containing genes (FGRAMPH1_01G05255 

FGRAMPH1_01G13253) (Log2 fold > 2), and a hydrophobin gene (FGRAMPH1_01G28003). 

     In contrast there were several genes showing differential expression between tissues. 

Four genes encoding TOX effectors were differentially expressed (Fig 5.2). TOX1 

(FGRAMPH1_01G00197), TOX2 (FGRAMPH1_01G00199) were upregulated only in FHB 

(Log-fold > 3). TOX3 (FGRAMPH1_01G00201) was upregulated in both FHB and FRR but to 

a lesser extent in FRR.  In contrast, TOX4 (FGRAMPH1_01G08389) was upregulated in FRR. 

The two cutinase (FGRAMPH1_01G12927, FGRAMPH1_01G08583) and one pectate lyase 

(FGRAMPH1_01G16515) were only upregulated in FHB. Lasty, FGRAMPH1_01G08399 has 

a low identity similarity to a metalloprotease, and FGRAMPH1_01G09079 is predicted to 

encode a myroilysin precursor which has metalloprotease attributes (Xu et al., 2017). Both 

metalloprotease-like effectors were exclusively upregulated in FRR. In fact, 

FGRAMPH1_01G08399 was highly upregulated in FRR but highly downregulated in FHB.   
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Figure 5.2. The most upregulated F. graminearum predicted-effector genes in FHB and FRR. 
These genes have an expression of Log-ŦƻƭŘ ƛƴŎǊŜŀǎŜ җ о ƛƴ CI. ŀƴŘκƻǊ CwwΦ Three biological 
replicates for each of the three treatments are displayed as columns. Control Treatment 
(C1-3) is the average normalised gene counts (two values per column/biological replicate) 
of in vitro treatments (four-day-old samples grown in Czapeks Dox Liquid media). The same 
in vitro sample was analysed separately (DESeq) with the FHB and FRR samples. Some gene 
function includes the most homologous protein sequence BLAST query hit (Sayers et al., 
2020) with respective genus and species and percentage homology. If no percentage sign 
is visible, then the gene was identified from UniProt (Consortium, 2018). Abbreviations: C 
(In vitro control respective to FHB and FRR), HF (Head-FHB fungus), RF (Root-FRR fungus).   














































































































































































































































































































