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Abstract

Fusarium graminearunsausesFusarium head blight (FHB) and Fusarium root rot
(FRR) in smadjrain cereals. Phytohormones are reported to affect host resistané¢i®
However the role of phytohormones on resistance to FRR is unknBwmchypodium
distachyonis an effective model for investigating both FHB and FRR. The role of
phytohormones in the interaction betweenB. distachyonand F. graminearumwas

investigated

Phytohormone treatmenprior to F. graminearunminfection assays were performed on
B. distachyoffloral and root seedling tissueasmonic acid (JA), ethylene, auxin, cytokinin,
and 3aminobutanoic acid (BABA) induced the most significant effect®tinfFHB and FRR
resistance. Tissugpecific effects of phytohormones were observed as JA and ethylene
increased resistance to FRR hausceptibilityto FHB. Salicylic acid (SA) only induced
negative effects on FRR resistance. Tigadependenteffectswere also observed. Auxin

increased resistance whereas cytokinin and BABA increased susceptibility tdisezbes

An RNAseq transcriptore analysisrevealed that epressionof genes associated with
five phytohormones: JA, ethylene, auxin, cytokinamd abscisic acid (ABA) were
overrepresented in response to FHB and FRR. Generally, JA and ethylene associated gen
showed similar expression patterns between tissues whereas auxin, cytokinin, and ABA
associated genes showed dissimilar expression pattdresveen FHB and FRR
transcriptonre analysis ofF. graminearumeffectors with the sameinfected material
reveakd elevated expression dioth core tissuendependent genes and several tissue

dependent genes during infection.

Ethylene signalling hdmeen associated witk. graminearunsusceptibility in wheat and
Arabidopsighaliana Theability of F. graminearunto produce ethylenavas demonstrated
and the biosynthetic pathway usedasidentified. A candidate ethylenigiosyntheticgene
was identified through RNAeq analysis and was deleted via a spidrker deletion
method. No change in ethylengroduction growth, or virulencewas observed for the

deletion strains.
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roots. Each data point is treeverage RNL = SE from three (A) or
(B) independent experiments. Significance levels: * p < 0.05, *
0.01, *** p < 0.001 compared to control. (A) Taken and modi
from (Haidoulis & Nicholson, 2020).

The increase in RNL after BABatment (B) compared to the wate 71
control (A) at 6 dpi. Scale Bars =1 cm.
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Figure 2.14 The effect of 10 uM abscisic acid orddy old Bd3l roots (after 72
stratification) in the absence &f. graminearuntreatment. Scale Ba
=1 cm. Taken from (Haidosi& Nicholson, 2020).

Figure 2.15 The growth (measured as radius from mycelial epicentre}c 75
graminearumon hormoneamended PDA at 2 dpa. Each data pc
is the average of approximately 46 measurements from 12 biolo:
replicates (4 measurementsep biological replicate) £+ SE. A 9t
percentile whisker end cap was used for all treatments. GNVOVA
comparing compound to respective control; p = 0.247 (SA), p = (
(JA), p=0.918 (ACC), p = 0.568 (IAA), p =0.729 (BABA), p = 0.«
Abbreviatons; SA (Salicylic acid), JA (Jasmonic acid), AC
aminocyclopropand-OF Nb 2 E&f A O I Qdmihobatyrid
acid), tZeatin {rans-zeatin). Taken from (Haidoulis & Nicholst
2020).

Figure 2.16 Change in expression of hormonglated or generaldefence 77
related marker genes in response to IAA (A) or BABA (B) 6 day:
inoculation with F. graminearum. In all instances, expression st
IS relative to that in control treated roots {0og fold change). Ger
expression was normalised with ActiriZach bar is the average
two biological replicates (with three technical replicates for eau
and each are from independent experiments. (B) Markers M|
MYC2, peroxidase, and RBOHB are from a different PCR expe
than the other markers and were ogpared to a different Actini
housekeeping reading. Studentdst significance level for Cq value
** p < 0.01. Compared to respective solvent control: (A) p = 0.
(PR), p = 0.166NIES), p = 0.521QPR3 p = 0.993NIYC2, p =
0.409 ETRY p = 0.443RBOHR p = 0.699GLTR. (B) p = 0.20¢
(PR), p = 0.005MES), p = 0.009QPR3 p = 0.988NIYC2, p =
0.956 GLTR, p = 0.181KTR) p = 0.661 (Peroxidase), p = 0.z
(RBOHB Primers used are described in (Supp. Table S11). All (
(Except RbohB were responsive to respective phytohormon
OYF1SA SG FtEf®I wnmpOd® ! 60NBD
believed to be SA responsive but is JA responsi& istachyor
6Y2dZ A SG I f®dX HamcOD 45 b2
GAPDH. Genexpression forPR1 OPR3 GLTP ETR2in BABA
treatment (B) was also normalised with GAPDH (data not show

Figure 3.1 The aim to transiently increase resistance towards FHB during 90
anthesis of cereals. Describes the change in susceptibility (red
during the lifespan of cereals. Window of heightened susceptikt
is denoted between the two dotted lines. Green amr@and line are
the potential transient reduction in susceptibility during heighten
level of susceptibility. Heightened mahthesis susceptibility
concept influenced from (Parry et al., 1995, Bai & Shaner, 200
et al., 2008b, Peraldi et al., 2011).

Figure 3.2 Pictures of various BdB FHB trials at the John Innes Ceni 90
Norwich UK. (A) The headyty plastic bags covering individua
treated trays of Bdd plants after inoculation in climateontrolled
growth cabinet. (B) Humidity chamber (insida climatically
controlled chamber) holding an individually treated tray of Bd
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Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

plants. (C) One pot &f. graminearumnfected Bd31 with individual
spikes tagged for scoring growing in an 8 cm2 pot. Scale bar =
(D-E)F. graminearumnfected Bd3l spikelets at 7 dpi with browi
lesions on individual florets which were scored for all Bd trials
and heavily infected with aerial mycelia covering the entire spike
(C, D, and E) Taken from (Haidoulis & Nicholson, 2020).
Pictures ofvarious Perigee wheat and Bd21 FHB trials at E
Agricultural Centre, Limburgerhof, Germany. (A) Random
complete block design (RCBD) design for wheat plants be
inoculation. There are two blocks in each trolley with 10 pots
block (two blockshsown). Regions without plants have low inocult
coverage. (B) Ten heavily infected Perigee wheat plants in on
completely covered in aerial mycelia. (C) Similar RCBD desi
wheat for Bd21 including plastic walls on trolleys (Excluding lic
elevae humidity shortly after inoculation. (D andfE)graminearum
infected Bd21 spikelets with brown lesions (D) and/or aerial myc
(E) on florets.

The change in number & graminearumnfected florets after pre
application of salicylicad (SA) on Bd2 over time. (A) One S
application 24 h before inoculation. (B) Four applications of
before ¢ 1 dpi), during (0 dpi), and after inoculation (3 dpiand 7 d
Each data point is the mean number of florets infected + SE fromr
indeperdent experiment each. Abbreviations: SA (Salicylic a
Taken and modified from (Haidoulis & Nicholson, 2020).

The change in number & graminearumnfected florets after pre
application of JA (A), the ethylene precursor ACQYB) time on
Bd31, and the ethylene inhibitor AVG at 7 dpi (C) and 8 dpi (C
Bd21. (A and B) Each data point is the mean number of flc
infected + SE from two independent experiments. (C and D) W
bars denote controls whereas blue bars denoteeattcompound.
Each bar is the mean number of florets infected + SE from
independent experiment. This data was generated at BASF.
Significance levels * p < 0.05, ** p < 0.01, *** p < 0.001 compare
control.  Abbreviations: JA (jasmonic acid), CAC (&
aminocyclopropane-carboxylic acid) AVG -@minoethoxyvinyl
glycine). A and B Taken and modified from (Haidoulis & Nicho
2020).

The change in number &f. graminearumnfected florets after pre
application of BABA (A) and GABAdB Bd31 over time. Each dat.
point is the mean number of florets infected £ SE from three (A
one (B) independent experiments. Significance levels: * p < 0.05
p < 0.001 compared to control. Abbreviations: BABA
aminobutanoic acid), GABA-&ninobutanoic acid). (A) Taken ar
modified from (Haidoulis & Nicholson, 2020).

The change in number &f. graminearumnfected florets after pre
application otrans-Zeatin on Bda over time. Each data point is tt
mean number of florets imfcted + SE from two independel
experiments. Significance level *** p < 0.001 compared to con
Taken and modified from (Haidoulis & Nicholson, 2020).
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Figure 3.8 The change in number df. graminearumnfected florets after 110

Figure 3.9

Figure 3.10

Figure 3.11

application of IAA andAA at different concentrations on Be3over
time (AB) and Bd21 (C) at 8 dpi. Each data poirfB)YAnd bar (C) i
the mean number of florets infected + SE from one experime
replicate. (A and C) One IAA application 24 h before inoculatior
Four aplications of NAA before (L dpi), during (O dpi), and afte
inoculation (3 dpi and 7 dpi). White bars denote controls wher
blue bars denote a compound. LSD test significance levels *
0.01, *** p < 0.001 compared to control. Data from C was geteek:
at BASF. Abbreviations: IAA (Ind8lacetic acid), NAA {1
Naphthaleneacetic acid). (C) Taken and modified from (Haidou
Nicholson, 2020).

The effect of exogenous piagpplication of phytohormone o
phytohormone antagonists on visudHB symptoms in wheat spik
at one or two time points. (B) is at 7 dpi, (C) are combined time
7 and 8 dpi, (F) is at 7 dpi. The horizontal axis is treatm
(compounds or solvents) exogenously applied (at different day
some cases). White badenote controls whereas blue bars denc
a compound. Each bar is the average spike infection percentage
fromone (A, D, E, F, G, H) or two (B and C) independent experin
Data from D is part of the same experiment as C. Significance |
(LSD tesfor multiple treatments) * p < 0.05 ** p < 0.01 compart
to controls. This data was generated at BASF Agricultural Ce
Limburgerhof, Germany. Abbreviations: AVGafainoethoxyvinyl
glycine), Brz (Brassinazole), GA (Gibberellic acid), IAA @&d
acetic acid), JARHY (JA inhibitor), NAA {llaphthaleneacetic acid
SA (Salicylic acid).

Additional FHB experiments with 1AA, NAA, and AVG at diffe
concentrations in wheat. (A) The change in FHB symptoms afte
pre-treatment at 7 and 15 dpi. (B and C) Different concentration
NAA used for wheat FHB assays. (B) The change in FHB syn
after NAA (First concentration used) preatment at 7 and 10 dpi
(C) A repeat experiment with NAA at 8 dpi (Fig. 3.9F)A(Dther
concentration of AVG preeatment before FHB symptom
measurements at 7 dpi. The horizontal axis is treatme
(compounds or solvents) exogenously applied (at different day
some cases). White bars denote controls whereas blue bars de
a ompound. Each bar is the mean number of florets infected :
from one independent experiment. Significance levels: *** p < 0.!
compared to control. This data was generated at BASF Agricu
Centre, Limburgerhof, Germany. See Fig. 3.9 for compc
abbreviations.

The effect of exogenous paagoplication of phytohormone o
phytohormone antagonists on the wheat grain DON content
infected grains. The horizontal axis is treatments (compound
solvents) exogenously applied. White bars denote controls whe
blue bas denote a compound. Each graph is from the same
material as FHB test (Fig. 3.9). All graphs are from one experimr
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Figure 3.12

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

replicate except for B which is from two. See Fig. 3.9 for compc
abbreviations.

The effect of exogenous piapplication of auxins (repeated) on th
wheat grain DON content of infected grains. (A) Grain DON cor
after application of IAA. (B) Grain DON content after applicatio
NAA. (A and B) Each DON content graph is from one experinm
replicate and is frmm the same trial material as the FHB test; |
3.12A for Fig. 3.10A, and Fig. 3.12B for Fig. 3.10B. See Fig.
compound abbreviations.

FRR assay root samples at 1 dpi for BB\ Location of PDA slur
with 7-day-old F. graminearummycelia (at the time of infection) (,
and C) or PDA slurry mock control (B and D) onlBa®ts. Remova
of F. graminearunslurry (C) and control slurry (D) at 1 dpi. Arro
indicate the three locations where the slurry was applied on the t
between treatment and control plates. Roots were cut just bel
the seed for each plant like in (Fig. 2.4). Scale Bars = 2 cm.
taken with iPhone 6 camera.

Pipeline used for RNgeq bioinformatic analysis on Galaxy platfor
Abbreviation: DEG (ferentially expressed gene). Derived frc
Galaxy platform guide (Afgan et al., 2016).

The global transcriptome changes of FHB (A) and FRR (B) con
to respective controls. Each red dot represents a single gene.
dots denotegenes significantly expressed whereas grey dots
genes below the significance threshold. Low expressor genes
might have big log fold changes are accounted for by shrinking
log fold change. The significance threshold is therefore denote
genes with an appropriate log fold change for its respective g
count. (A and B) Output graphs from Galaxy platform DEseq2 (#
et al., 2016).

Summary of all significantly upregulated or downregulatBd
distachyongenes in response to FHIAd FRR. The threshold-ef
E x -fold ¢h@nge and fadj < 0.05 was applied to all gene
Abbreviations: Bd B. distachyojy Up (Upregulated), Dow
(Downregulated), FRR (Fusarium Root Rot), FHB (Fusarium
Blight).

The upregulatedr downregulated SAelated B. distachyorgenes
in response to FHB and FRR. These genes showeddadatange
of-H X [ 2 3H -adj<0.05dnXka$fonse to aither FHB, FRF
both. Three biological replicates for each of the four treatments
displayed as columns. The control samples (HCB, RGRC3) are
normalised transcript counts from mock inoculated head (We
with Tween 20) and root (PDA slurB)distachyorissues and were
separately analysed through the RIS&q pipeline with the
respective inoculated sample tissues. The numbers besides
dendrogram represent cluster groups with similar express
patterns in response to FHB and FRR across samples. * Derive!
(Kouzai et al., 2016). ** Derived from (Kakei et al., 2015, Kouz
al.,, 2016). Some gene functions have a prefix (derived fAon
thaliana (At) or O. sativa(Os)) and percentage homology (tl
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Figure 4.6

Figure 4.7

Figure 4.8

percentage oB. distachyossequence that matches the homologu
sequence). Column abbreviations; HC (HE&B control), HF (Hea
FHB fungus), RC (ReBRR Control), RF (Ré€RR fungus).

The upregulated or downregulated-délatedB. distachyomenes in
response to FHB and FRR. These genes showedadagpange of
H X [ 23H -alj <0.05irk résKonde to laiér FHB, FRR, «
both. Three biological replicates for each of the four treatments
displayed as columns. The control samples (HCB, RCRC3) are
normalised transcript counts from mock inoculated head (We
with Tween 20) and root (PDA slurBy)dstachyortissues and were
separately analysed through the RNNA&q pipeline with the
respective inoculated sample tissues. The numbers besides
dendrogram represent cluster groups with similar express
patterns in response to FHB and FRR across samipesived from
(Kouzai et al., 2016). ** Also responsive to JA in (Kakei et al., :
withg<005andH X [ 23JH X HP® FFF 5
significantly expressed in (Kakei et al., 2015). Some gene func
have a prefix (derived fromA. thalana (At)) and percentage
homology (the percentage @. distachyorsequence that matche
the homologues sequence). Column abbreviations; HC {HReH
control), HF (Hea#HB fungus), RC (Rd€RR Control), RF (R&RR
fungus).

The upregulaéd or downregulated ethyleneelated B. distachyor
genes in response to FHB and FRR These genes showetbla |
changeofH X [ 2 3 H -adj < 0.05dnXxesdonse to dither FF
FRR, or both. Three biological replicates for each of the

treatments are displayed as columns. The control samples }
HC3, RGRC3) are normalised transcript counts from mc
inoculated head (Water with Tween 20) and root (PDA sluBry
distachyontissues and were separately analysed through the R
seq pipeline withthe respective inoculated sample tissues. 1
numbers besides the dendrogram represent cluster groups \
similar expression patterns in response to FHB and FRR ¢
samples. * Derived from (Kouzai et al., 2016). ** Derived fi
(Kouzai et al., 2016ubwas not significant. *** Derived from (Kak
et al., 2015). *** Derived from (Kakei et al., 2015). **** Al
significantly expressed in response to ACC (Kakei et al., 2015)
<005andH X [23JH x HDP {2YS 3ISyS

from A. thaliana(At)) and percentage homology (the percentage
B. distachyorsequence that matches the homologues sequen:
Column abbreviations; HC (HeB#B control), HF (Hed&HB
fungus), RC (Ro#iRR Control), RF (Rg€RR fungus).

The upregulated or downregulated auxielated B. distachyor
genes in response to FHB and FRR. These genes showefbld |
changeofH X [ 2 3 H -adj < 0.05dnXxeSHonsé to dither FF
FRR, or both. Three biological replicates for each of the

treatments are displayed as columns. The control samples-(
HC3, RCRC3) are normalised transcript counts from mc
inoculated head (Water with Tween 20) and root (PDA sluBry
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Figure 4.9

Figure 4.10

distachyontissues and were separately analysed through the R
seq pigline with the respective inoculated sample tissues. -
numbers besides the dendrogram represent cluster groups \
similar expression patterns in response to FHB and FRR ¢
samples. * Derived from (Jain et al., 2006a, Jain et al., 2006t
Derived from (Jain et al., 2005, Jain et al., 2006a) and was
responsive to auxin in (Kakei et al., 2015) with q < 0.05&and >K
¥ HO® {2YS 3IASYyS TFdzy Ol A 2A/thaliaka(AF) .
or O. sativa(Os)) and percentage homology (the pertzge ofB.
distachyon sequence that matches the homologues sequen:
Column abbreviations; HC (HeB#iB control), HF (Hed&HB
fungus), RC (Ro®RR Control), RF (Rd€RR fungus).

The upregulated or downregulated cytokinialated B. disachyon
genes in response to FHB and FRR. These genes showefbld |
changeofH X [ 2 3 H -adj < 0.05dnXxeSHonsé to dither FF
FRR, or both. Three biological replicates for each of the
treatments are displayed as columns. The contrahgkes (HC4
HC3, RCGRC3) are normalised transcript counts from m
inoculated head (Water with Tween 20) and root (PDA sluBry
distachyontissues and were separately analysed through the R
seq pipeline with the respective inoculated sample tissudse
numbers besides the dendrogram represent cluster groups \
similar expression patterns in response to FHB and FRR ¢
samples. * Derived from (Tsai et al., 2012). ** Derived from (Ts
al., 2012) but also responsive to cytokinin in (Kakei eR@all5). ***
Derived from (Kakei et al., 2015) but was not significantly expres
Some gene functions have a prefix (derived frAnthaliana(At) or
O. sativa(Os)) and percentage homology (the percentageBo
distachyon sequence that matches the honogues sequence
Column abbreviations; HC (HeB#iB control), HF (Hed&HB
fungus), RC (Ro#tRR Control), RF (Rd€RR fungus).

The upregulated or downregulated AB&atedB. distachyomgenes
in response to FHB and FRR. These genes shawmgfold change
of-H X [ 2 3H -adj <0.054nkeSdonse to dither FHB, FRF
both. Three biological replicates for each of the four treatments
displayed as columns. The control samples (HCB, RGRC3) are
normalised transcript countérom mock inoculated head (Wate
with Tween 20) and root (PDA slurB)distachyorissues and were
separately analysed through the RIS pipeline with the
respective inoculated sample tissues. The numbers besides
dendrogram represent cluster groupwith similar expressior
patterns in response to FHB and FRR across samples. * Derive:
(Yazaki et al., 2004). ** Derived from (Yazaki et al., 2004) but
significantly responsive to ABA in (Kakei et al., 2015) with g <
and-H >K [ 2 3 Hso s{gnificéntlyregpfFessed in response to A
(Kakei et al., 2015). Some gene functions have a prefix (derived
A. thaliana(At), O. sativa(Os),H. vulgare(Hv),Z. mays(Zm)) and
percentage homology (the percentage Bf distachyorsequence
that matches the homologues sequence). Column abbreviations
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Figure 4.11

Figure 5.1

Figure 5.2

Figure 5.3

Figure 6.1

(HeadFHB control), HF (He&HB fungus), RC (RdeRR Control)
RF (RoGERR fungus).

Timecourse RIPGPCR on differentially expressed hormeneéated
genes. Gene function and ID agiren for each tissue disease. Bl
lines with solid circles denote FHB and orange lines with open ci
denote FRR. Log values presented are calculated by comg
infected tissue against modhoculated treatments. Furthermore
all treatments are caldated with the reference housekeeping gel
GAPDH. Each point is the average of three biological replicate:
2-3 technical replicates. Level of significance relative to the m
control, Cq #test *p<0.05, **p<0.01, *** p < 0.001.

Summary of all significantly upregulated or downregulated
graminearumgenes in FHB and FRR. The number and percents
F. graminearungenes are displayed. The thresholdof X E -
fold change andjadj < 0.05 was applied to all genes. Abbrauiad:
Fg (F. graminearum), Up (Upregulated), Down (Downregulated)
(Fusarium Root Rot), FHB (Fusarium Head Blight).

The most upregulatedr. graminearunpredicted-effector genes in
FHB and FRR. These genes have an expressionfoldagy” O NE
3 in FHB and/or FRR. Three biological replicates for each of the
treatments are displayed as columns. Control Treatment3)Cik
the average normalised gene counts (two values
column/biological replicate) of in vitro treatments (feday-old
samples grown in Czapeks Dox Liquid media). The same in
sample was analysed separately (DESeq) with the FHB an
samples. Some gene function includes the most homologous pr
sequence BLAST query hit (Sayers et al., 2020) with respgetivs
and species and percentage homology. If no percentage sii
visible, then the gene was identified from UniProt (Consortil
2018). Abbreviations: C (In vitro control respective to FHB and |
HF (Head~HB fungus), RF (RgeRR fungus).

Timecourse validation RGPCR on two differentially expresséd
graminearumgenes identified in RN8eq. Gene function and ger
ID are given for each tissue disease. Blue lines with solid c
denote FHB and orange lines with open circlenate FRR. Lo
values presented are calculated by comparing infected tissue ag
mockinoculated treatments. Furthermore, all treatments a
calculated with the reference Housekeeping gene GzUBH. Each
Is the average of three biological replicat@xcept for the in vitro
control where two biological replicates were used) and two to th
technical replicates (except for one biological replicate from FF
dpa TOX2 with only one). Level of significance relative to the 4r
control: Cqttest*p<Onp 2 FfFLI f ndnmd ab
comparison due to the absence of expression in control.

The three ethylene biosynthetic pathways. Enzymes are in [
Hereafter the fungal pathway will be referred to as the EFE path
the plart pathway as the ACC pathway, and the microorganism
as the KMBA pathway. Note that the second step of the Kl
pathway is believed to be neenzymatic (Fukuda et al., 1989) a
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Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure6.6

Figure 6.7

Figure 6.8

light is important for the final conversion of KMBA to ethyle
(Chagué etl., 2002, Zhu et al., 2012). Further information on -
pathways can be found at MetaCyc.org (R88%3, ETHYRWY,
PWY¥6854) (Caspi et al, 2017). Abbreviations: ACGC

aminocyclopropand-Ol Nb 2 E&t A O l OA B 2-

methylthiobutyric acid), EFE (gtleneforming-enzyme). This figur
is modified with permission from (Ansari et al., 2013).

The two effective methods for ethylene GC wkh graminearum
using 100 ml conical flasks (A) or Universal flasks (B). Ultimately
experiments wee carried out using method B. Pictures were tal
immediately after measuring ethylene content at 2 dj
Abbreviations: OXO {@xoglutarate), Arg (Arginine), His (Histidin
Met (Methionine).

F. graminearumgene deletion step A: First PCR to amplify g
target flanks and selectable marker from plasmid pHYG1.4. Pi
Sequences at Supp. Table S14. This figure is taken and modifie
permission from (Catlett et al., 2003).

F. graminearumgene deletion step B illustration of fusing targ
gene flanks with selectable marker fragments. Primer Sequenc
Supp. Table S14. This figure is taken and modified with permi:
from (Catlett et al., 2003).

F. graminearumPH1 protoplagt (small circles) immediately aft
Syl evyYlLaAaoOrtte NBY2@Ay3a GKSAN
still look intact (Fig. 1.1) but are in fact empty. Photo taken v
mounted microscope camera on a light microscope. Scale bar :
pm.

Transformation by homologous recombination. Modified frc
(Catlett et al., 2003).

Deletion validation including respective primer combinations for
three different PCRs. GOI (Gene of Interest). HYG (Hygror
resistance gene). Rduars denote the approximate location of ¢
introns in the GOI sequence. Primer sequences at Supp. Table
Gas chromatograms of sealed Czapadx Liquid (CDL) sampl
containing 2day-old 1 x 16 F. graminearunPH1 conidia or 6 dp.
mycelial plugs. Relative retention time of ethylene derived fr
ethephon control is denoted with a red arrow. Each graph (Exce
Is the output of a gas sampleoin different CDL media compositiol
(Table 6.2). The result from each treatmentl)Bvas found in all ¢
biological replicates (three times for B, C, H, |) and the experir
was repeated three times (once for B, C, H, ). B, C, H, and | (C«
were obfained from a different experiment than A, D, E, and G (P
(B, C, H, and I) Performed with an updated GC protocol, low ne
light treatment, and Clarus 480 system update. (B) is FgPH1 i
media with water (added before autoclaving) as the supplemin

a few biological replicates between experiments, a very small |
around 0.4 min was present in the negative control (B) (<5 mV,
not shown) but was often attached to an equally small peak i
higher or lower retention time. AOA (H and I)gblly inhibited
growth in CDL media. Abbreviations: OX@oXaglutarate), Arg
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Figure 69

Figure 6.10

Figure 6.11

Figure 6.12

Figure 6.13

Figure 6.14

(Arginine), Hist (Histidine), ACCGahinocyclopropanel-carboxylic
| OA RO X YR ! h! 6 YAY 2 2ESED
methylthiobutyric acid), Met (Methionine).

The ethylene GC peak area (A) and predicted ethylene volume
similar between fivé-. graminearunfFg) and seveR. culmorun{Fc)
isolates in the presence of 10 mM methionine. Trichothec:
chemotype distinguished by bar colour. Note that Fc 71&bsent
from B since no prediction was made by the GC software. Eac
is the average + SE of between two and five biological replicate
and 1 (denoted by absence of error bar) to three biological replic
(B). Each bar is the summary from one imtent experiment,
however FgPH1, K1/4, and CC120 are from a different inten
experiment (A and B). Data for absence of methionine cor
treatments were not included as there was no ethylene detecter
The change in expression of FGRAMRH.G00157 in response f
10 mM methionine using RGPCR. gzUBH was used as the refere
housekeeping gene. Each bar is the average of three biolc
(Methionine) and two (Control) replicates aneBZMethionine) and
one (Control) technical replicatekevel of significance relative 1
the control, Cqtest **p<0.01.

Gene deletion validation of four BCAT transformant strains. Aga
gel postelectrophoresis showing the presence or absence
products from three PCR validation experm®= PCR 1 (1.77 kbj
and PCR 2 (1.83 kbp): HYG amplification, PCR 3 (817 bp):
amplification (Fig. 6.7). Lanes 1, 6, and 11 are-type FgPH1. Lane
2,7, and 12 are bcet. Lanes 3, 8, and 13 are from bEatLanes 4
9, and 14 are from bcatl. Lams 5, 10, and 15 are from belat Lanes
M1 and M2 are the 1 kb DNA ladder (Values are in kilobases).
Gene deletion validation of three BCAT transformant stra
Agarose gel postlectrophoresis showing the presence or absel
of products from three PCR validation experiments. PCR 1 (1.77
and PCR 2 (1.83 kbp): HYG amplification, PCR 3 (817 bp):
amplification (Fig. 6.7). Lanes 1, 5, and 9 are-tyj@ FgPH1. Lane
2, 6, and 10 are bcd. Lanes 3, 7, and 11 are from b&atLanes 4
8, and 12 are from bcal. Lanes M1 and M2 are the 1 kb DNA lac
(Values are in kilobases).

Gene deletion validation of six BCAT transformant strains. Age
gel postelectrophoresis showing the presence or absence
products from three PCR validation experiments. PCR 1 (1.77
and PCR 2 (1.83 kbp): HYG amplification, PCR 3 (817 bp):
amplification (Fig. 6.7). Lanes 1, 8, and 15 are-tyiet FgPH1. Lane
2,9, and 16 are bca&. Lanes 3, 10, and 17 are b&atLanes 4, 11
and 18 are from bcaG. Lanes 5, 12, and 19 are from bcdtanes 6
13, and 20 bcaf. Lanes 7, 14, and 21 b¢atLanes M1 and M2 ar,
the 1 kb Plus DNA ladder (Values are in kilobases).

All strains including the validated deletion strains have similar
areas (A and C) and ethylene volume (B and D) in the presence
mM methionine. The bar colo type was derived from Fig. 6.1
6.12, and 6.13. (A and B) Each bar is the mean + SE of 4 to 5 bic
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Figure 6.15

Figure 6.16

Figure 7.1

replicates from one independent experiment. (C and D) Each
from one biological replicate (2 from bea} from one independen
experiment. Stains bcatC, bcatD, and bcal were not included ir
D due to software malfunction. Data for absence of methion
control treatments were not included as there was no ethyle
detected. GLMANOVA significance level * p < 0.05.

Total gravth of allF. graminearuniPH1 transformants at three tim
points. bcatC and bcat G NI yaF2NXIyia Rz
whereas bcaE and bcat. do contain the bcat gene deletion. Eg
data point is the average of approximately 12 biological replic:
with four different measurement per biological rep £ SE. The
colour type was derived from Fig. 6.11, 6.12, and 6.13. GLM Al
LSD test results: All bcat straip®H1 at all time points (p < 0.001]
bcatH ¢ bcatL at 1 dpa (p < 0.05), bekt- bcatC at 2 dpa (p <
0.001), bcateg becatH at 2 dpa (p < 0.01), bektc bcat-L at 3 dpa
(p < 0.05), bcaE¢ bcat-C at 3 dpa (p < 0.01).

Effect of bcat deletion on BdB root virulence at three time points
Each data point is the average approximately 40 biologice
replicates = SE from one independent experiment (Except n = 3
bcatL at 2 dpi). The bar colour type was derived from Fig. 6.11,
and 6.13. GLMANOVA LSD test significance level * p < 0.05, **
0.01.

The tissuedependent or tissuendependent effects on si
phytohormones on FHB and FRR symptomB.inlistachyonThis
summary is a generalisation of the trend over time of data fr
Chapter 2 (FRR) and Chapter 3 (FHB). Different arrow thigdaass
shown based on the potency of response caused by ¢
phytohormone. The cartoon on the left is a representation of
adult B. distachyomlant but the roots denote seedling roots. No\
abbreviations: ET (ethylene), Aux (auxins), CK (cytokinai®nBnd
modified from (Haidoulis & Nicholson, 2020).
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Chapter X General Introduction

1.1.FusariunDiseases of Small Grain Cereals

Fusariumare fungi that cause disease of cereals in mamas of the worldsuch as
Europe, America, East Asia, and Austréarry et al., 1995, Xu & Nicholson, 2009)
Fusariumgraminearumis ranked asone of the most deastating fungal pathogens in the
world (Dean et al., 2012). graminearungrows on both vegetative and reproductive
organs of cropat any age, resulting in a range of disea@é@®daner, 1997)Ilts main hosts
are small grain cereals from the Poaceae family suchhest (Triticum aestivury barley
(Hordeum vulgarg and rye $ecaleerealg, on which they cause diseases suchasarium
headblight (FHBalso known agar blightscal), Fusarium rootot (FRR), Fusarium crown
rot (FCR), and seed{jiblight. There are manyusariunspeciesandseveral can cause FHB
(Parry et al., 1995, Xu & Nicholson, 200®wever, he mosteconomically important tend
to be Fusarium graminearurflreleomorphGibberella ZegeandFusariumculmorum(Parry
et al., 1995)

Wheat is one of the most important cereals in the world wit67million tonnes
produced on 2% million hectares worldwide in 2@L(FAO., 2020)By 2050, wheat
production is required to increase between 2%%d70% in order to sustain the predicted
human population sizéHunter et al., 2017)Reducing bioticelated reductions of wheat
yield and grain quality is an importanask to sustain a growing demand for wheat
production. Triticumspecies appear to be the most susceptibldtagraminearunout of
most cereal specied.angevin et al., 2004lrloral infection results in yield loss, quality loss
(Parry et al., 1995, Osborne & Stein, 2Q0ah)d can also pose a threat to human and
livestock healthbecause othe accumulation ofFusariumproduced mycotoxins in grain
(Antonissen et al., 2014, Salgado et al., 20T#E result of FHB epidemics costs billions of
dollars in some parts of the worldMcMullen 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 19982001 (Nganje et al., 2004Furthermore future climate and temperature
changes mayncrease the risk of FHB epidem({Ssitton, 1982, Madgwick et al., 2011, Shah
et al., 2014) Therefore employing strategies to control FHB is important for imprdoeing

securityand health



1.1.1. The.ifecycleof Fusarium graminearum

F. graminearunis a filamentous homothallic fungus in the Ascomycota division that
can grow in soil or debrisnd lives eithea non-host associated lifestyler as a pathogen
causing diseases on living hogBarry et al., 1995, Trail, 200%). graminearunremains
haploid for most of its lifecycl€Trail, 2009) Depending on environmental conditions,
asexuakpores or sexual ascospores (Teleomdgibberella zegeare producedGoswami
& Kistler, 2004, Kazan et al., 2012, Shah et al., 20A.8yraminearums believed to
reproduce sexually and asexually, wherdasculmorum has only been observed to
reproduceasexuall{Doohan et al., 2003 here are three types of asexual spores but only
two apply toF. graminearumThe 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)Macroconida or chlamydospores are transported through rain
splash or windShahet al., 2018) F. graminearunmacroconidia(Fig. 11) are optimally
produced between 2% - 32°C (Doohan et al., 2003)On the other hand, the sexual
ascospores which are smaller and bhaemded spores relative to macroconidia are
optimally produed between 28C- 28°C (Doohan et al., 2003Black perithecidorm on
the debris surfaceHig. 1.2, and forcibly dischargescospores onto cerealpikesin
conducive environments such as under higimidity (Fig. 1.2(Kazan et al., 2012, Keller et
al., 2014) Chlamydospores and perithecia allow Farsariumo overwinterand remain in
the stubble of plant material from previous yedfShah et al., 2018JFig. 1.2 which is a
major source of FHB inoculuBai & Shaner, 2004Alternative sources of inoculum
includegraininfected withFusariumor other Fusariumhosts(Parry et al., 295) Themost
conducive environmentsfor FHB are when the host flowers (anthesi in moist
environments(Bai & Shaner, 2004, Gautam & Micky, 2012, Kazan et al., 201&)d
when temperatures are between 10 - 30°C for ascospore release and°20 30°C for
macroconidia colonisatio(Doohan et al., 2003The environment has an important role in

determining disease intensity arkelsariumbiomasgKriss et al., 2012)



Figure 11. F. graminearuniPH1 macroconidia. Photo taken withone 6 camerahrough
the eyepiece of a light microscop®cale bar = 5am.

perithecia form on crop residue soil microbes

il

overwinter
survival

Figure 12. Overview ofF. graminearuniife cycle on a wheat planiThis figure has been
takenwith permission from one published [§yrail, 2009)
3



Fungi can exhibit different feeding lifestyles. Biotrophs often establish a constant
feeding relationship witlhe host without killing host tissues, whereas necrotrophs directly
kill host tissue for nutrient acquisitiofGlazebrook, 2005Hemibiotrophs generally adopt
an early biotrophic phase followed by a necrotrophic ph@3kazebrook, 2005Asidefrom
its predominantly saprotrophic lifestyle, F. graminearumis generally considered a
facultative hemiiotroph exhibiting both biotrophy and necrotrophiParry et al., 1995,
Jansen et al., 2005, Boddu et al., 2006, Brown et al., 2010, Kazan et alD2@b2, et al.,
2017) During initial infection of spike tissue at the advancing hyphal flengraminearum
grows as a biotroph and feeds off apoplastic exudates whereas behind this, hyphae ramify
through dead tissu¢Brown et al., 2010, Deeet al., 2012)F. graminearunmas theability
to infect nearly the entire planfMiedaner, 1997) and as such there are slight differences
in the infection process between different plant tissu€sisariumgraminearumis often
associated witlFHB, ands a resultother Fusarium diseases suchFasarium root rot are
not aswell studied.The precise lifecycle & graminearunin 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 F#tBe than one species ¢fusariuncan ceinfect

a wheat spikgXu & Nicblson, 2009and the dominance of one species varies greatly at
the field level(Xu et al., 2008b)F. graminearumis more competitive than the other
FusariunspeciegXu et al., 2007)These species growwarious temperate environments,
where F. graminearunis prevalent in humid and warm regions compared to infection by
Fusariunspecies liké=. culmorunthat tend to occur in cooler and humid regiof@sborne

& Stein, 2007, Xu et al., 2008a, Xu & Nicholson, 2608yevelF. graminearunoccurrence

in cooler regions is becoming more preval@du & Nicholson, 2009)

Most wheat varieties consist of twoowed spikelets on alternate sides of the rachis
attached to rachis nodes. The floral bracts consist of a glume pair thateshaateast four
of the florets. Each floret has a palea and lemma that encases the gtdiBis associated
with floral tissue infection and results in considerable direatndge to the developing
grain.On theabaxialsurface of theglumes macroconidiabeginto germinae between 6
and 12hours post infection (hpiyith thin hyphae that extendcrosshe epidermigPritsch

et al., 2000) Directmechanicapenetration of the floral bract is unlikely as there is akhic
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external epidermigLewandowski et al., 2008)et cell wall degrading enzymes secreted by
the funguscan be used for penetratiofMary Wanijiru et al., 2002, Jansen et al., 2005, Kikot
et al., 2009) Certain structures were identified at the end of pég structures on the
3t dzY SQa SichmiyBthedivoled in enetration anspread of the funguPritsch

et al., 2000, Goswami & Kistler, 2004, Boddu et al., 26§®hae have been found to grow
towards crevies between the lemma and palea to gain acdesthe organs insidehe
floret, since cell walls therare thinner and moreussceptible to penetratiorfPritsch et al.,
2000, Mary Wanjiru et al., 2002, Lewandowski et al., 2008heat anthers are an
important target forF. graminearungParry et al., 1995)n addition,there is evidence that

the fungal hyphae grow towards stomabatween 12 hpi and 24 higPritsch et al., 2000)

F. graminearuntan then grow integellularlyand intracelldarly (Mary Wanijiru et al.,
2002, Boddu et al., 2006pense hyphal matsesulting from mtercellular growth usually
occurs from 1o 2 days post inoculatiordpi) in the subcuticulaspace under the epidermis.
This is a prerequisite fgrarenchyma cell walls to be peneteal (Pritsch et al., 2000, Mary
Wanijiru et al., 2002, Jansen et al., 2005)bsequentlyappressoridike structuresdevelop
and intracellular growth in the cytosol of target cetlscurs(Jansen et al., 2005PDnce
hyphae are in the cytosol and plasmolysis occoel,death quickly follow§lansen et al.,
2005, Brown et al., 2010ktensive cell death manifests itself as lesions in the floral bract
andthen the caryopsi¢Lewandowski et al., 2006Firstvisiblesymptoms are often brown
discoloration of the lemma a2 dpi up until 6 dpi(Boddu et al., 2006)Macrocmidia
developingfrom conidiophores became visible on the glum@sitsch et al., 2000and
caryopss (Jansen et al., 2008yound 2 dpi to 4 dpi. The spread of hyptzetween florets
is thought toocaur via the vascular tissues as hyphae werenfibun the rachis by 6 dpi
(Jansen et al., 2005Brown axd colleagues (2010describe systemic spread of F.
graminearumin the rachis via intercellular and intracellular hyphal growth in the cortex
and vascular bundle, respectivéBrown et al., 2010)Colonisation of the wheat peduncle

and stem during late infection has also been report€enther & Trail, 2005)

During later developmera stages, brown spots develop at the point of infection and
spread throughout the rachis. The peduncle, whichpargs the inflorescence, becomes
discoloured andver time the inflorescence bleachésig. 1.3A and the forets will then
producesmall and shrivelled kernel$his is due to the destrucin of starch and protein
(Sutton, 1982, Parry et al., 1995, Schmale Il & Bergstrom, 2003, Goswami & Ki8der, 20



Guenther & Trail, 2005)Extended periods of elevated temperatures and wetness can
elevate FHB symptosn(Xu et al., 2007)During extensive humid periods, orange spore
masses are visible on the floral bracts and caryof&sswami & Kistler, 2004yhich

consist of macroconidiéShah et al., 2018)

Figure 13. FHB symptomen wheatand barleyears.(A) Severe FHB symptoms on a wheat
ear resulting in bleaching of almost the entire éBy FHB symptoms on a barley ear with
oneinfectedfloret from eachinfection site Scale barsA) 2 cmand(B) 1 cm.Photos kindly
provided, with permission, fim Dr Rachel Goddard.

Apart from affecting grain yield and quality of the cereal crop, a broad range of
mycotoxins(sesquiterpenoid secondary metabolijemre produced byFusariumspecies.
There are numerou$usariumderived mycotoxins heever prevalentF. graminearum
specificmycotoxins include trichothecenes and zearaleno(fesrrigo et al., 2016)here
are broadly four groups of trichothecenmycotaxins but two mainly apply téusarium
speciegMcCormick et al., 201 Ferrigo et al., 2016[Fusariunspecies either produce Type

A (e.g. 12), and Type B (e.g. Deoxynivale(@DN and Nivalenol (NIV)), and the specific
6



toxin varies amongdrusariumspecies and isolate@-errigo et al., 2016)lrichothecenes
specific toF. graminearunare predominantly the type B trichotheceneteoxynivalenol
(DON),and nivalenol (NIV)Ferigo et al., 2016)hat increase fungal virulenceegending
on the cereal specie@Vaier et al., 2006)DONmay not be the most toxictrichothecene
mycotoxin but is consideredne ofthe mostprevalent andeconomically damaging one
(McCormick et al.,, 2011, McMullen et al., 20XProfessor Paul Nicholsopgersonal
communication) These toxins are thought to act as virulerfactors for fungal infection
(Bai et al., 2002)This is becausé graminearumstrains that produce trichothecenes are
generally more aggressive and result in more severe symptoms in lbeagevin et al.,
2004) DONproducingspeciesxacerbated the spread of infection throughout théeat
spike (Gosman et al., 2010)Furthermore, vheat grain colonisation by trichothecene
producing F. graminearumstrains was found to be greater than ng@noducing F.
graminearumstrains (Nicholson et al., 199. Likewise an absence of DON production
during infection resulted in reduced spread of infection in whéBai et al., 2002)
suggesting that DON promotes the spread of floral infectidrere are also differences in
pathogenesis depending on the trichothecene producedDd3N producingFusarium
species were found to spreadtime wheat heads faster and result in an increase wresigy
compared to NIV producing speci@Sosman et al., 2010Yheenvironment also has an
important impact on the degree of type B mycotoxiantamination(Xu et al., 2007, Kriss
et al., 2012)

TheTrigene clusteis involved in synthesis tfichothecenemycotaxins(Kimura et al.,
2007) Trichothecene mycotoxins are amphipathic which can move pagdivelugh the
membranes ofcells (McCormick et al., 2011)t isthought that DON acts as a protein
synthesis inhibitor by binding to ribosomes, affectingl groliferation 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. &Z@i®
from Fusariuminfected plants can become contaminated witlthothecenes (Goswami &
Kistler, 2004, Ferrigo et al., 2018Yhen contaminated grains are consumed by humans
and lvestock, symptoms of emesis ensu2QN is also known asmitoxin), as well as
several other problems such as imnauresponse changesd anorexigAntonissen et al.,
2014, Payros et al., 201&jurthermore DON contamination can result in potential rejection
of the entiretoxin-laden grainload since cereal grain DON limiitave been imposed by

many countries. For example, the European Commission (depending on the trichothecene,
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species, and engroduct), have seDONlimits of 0.9 ppm- 12 ppm for livestock, and 750
ppb - 1,250 ppb for human consumptidifrerrigo et al., 2016)

1.1.3. Fusarium Crown Rot

Fusarium Crown Rot (FCR) is the infection of the crown and stem base of(rigeat
1.4A)which can result in reduced grain yield and resulting economiglass. Ogbonnaya,
2015) FCRs predominantly caused by infection froRusarium pseudograminearubut
can also be causedy F. graminearumand Fusarium culmorunfAkinsanmi et al., 2006,
Stephens et al., 2008, Beccari et aD11, Liu & Ogbonnaya, 2019he inoculum source
2NAIAYFGSa FNRY LINBGJA2dza & GlogyretQal., QAR | Y A
graminearumcolonisation, biomass, and transcriptomic pathogen response during FCR
were investigated in wheaiStephens et al., 200&nd fromF. culmorum(Beccari et al.,
2011, Covarelli et al., 201BarlyF. graminearunexpression patterns during FCR infection
at the molecular level were relatively similar to that of early FHBEctida (Stephens et al.,

2008)

A P

Figure 1.4. Fusarium crown r@t)(and Fusarium root ro8) symptoms in wheatA) Four different
wheat crowns infected wittfrusarium (B) The three images aiafectedprimary rootsat 1 dpi (a),

2 dpi (b), and 4 dpi (c), respectivelp) Photos kindly provided, with permission, from Professor
Paul Nicholson.B) This figure has been taken with permission from one publishe@bégcari et
al., 2011)

F. graminearumnduced FCR in wheat progresses in three phases relatively slowly
(Stephens et la, 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



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 poin{Stephens eal., 2008) Visual FCR symptoms include necrosis of the
crown (Stephens et al.,, 2008nd in severe cases, premature death of wheat heads.
However the latter symptom is likely due to water stress or @@MNamination rather than
fungal contamination(Mudge et al., 2006, Hoget al., 2007, Covarelli et al., 2015
pseudograminearunanduced FCR infection at the wheat stem base was found to progress
as far as the floral tissues despite an absence of FHB symMutse et al., 2006)F.
pseudograminearurandFusarium culmoruanduced FCR can lead to DON contamination

of the crown, stem, and even the wheat rachis and g(Mandge et al., 2006, Covarelli et

al., 2012)F. pseudograminearupfrusarium culmorumandF. graminearunwere siown

to express DON biosynthesis genes during (MiRIge et al., 2006, Stephens et al., 2008,
Beccari et al., @L1), indicating that DON probably has a role in stem colonisgtitudge

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

movement in the stem, and visual symptofieccari et al., 2018)

1.1.4. Fusarium Root Rot

FRR is the necrosis of root tiss{ieg. 1.4B)n the soil leading toeduced root, shoot
length, biomass, and yield logslergoum et al., 1998, Beccari et al., 2011, Wang et al.,
2015b) FRR in cereals can be caubedraminearunandF. culmorun{Cook, 2001, Beccari
et al.,, 2011, Wang et al., 2015bJhe proliferation of FRR Hy. graminearumand F.
culmorumhas been investigated previouslBeccari et al., 2011, Wang et al., 2015&)r
F. graminearum Wang and colleagues (2015kanalysed the pathogenesisof F.
graminearumat the microscopidevelin susceptible and resistant wheat varieti@§¥ang
et al., 2015b)Infection was analysed between Gipi, 3dpi, and 5dpiencompassing three
phases of infection: early infection, main infien, and sporulation. At 0.5 dpi, the
macroconida present on the surface of the root germate, and by 1 dpiapidly produced
a densenetwork of hyphae that covehe entire longiudinal axis of the roatBy 1dpi, the
first penetrations @ the root epidermisalsooccur. The hyphae then gw from epidermal
cells to cortical parenchyma cells Wéhhyphopodia forn{simple attachmenand feeding
structures). During the main infection stage (3 dptjustures that are more compek
appear and necrotized root cell sympins are visible Additionally, fungh biomass

proliferation occurstogether with appearance of other fungal structures like runner
9



hyphae. Hyphaelid notinvade theroot hairs, endodermis, xylenor phloem.The final
stage of sporulation occurs around 5idesulting in theappearance of sporodochia,
macrocondia, and chlamydospore@/Nang et al., 2015bJFHB and FCR can also manifest
from FRR infection due to systemic migration via the vascular sy@eotari et al2011,
Wang et al., 2015b)Like with FHB and FCR, there is evidence EFhatulmorumcan
synthesise trichothecenes during FRR colonisaf®eccari et al., 2011)and DON was
detected in wheat caused Wy. graminearunat later stages of FRR infectifWang et al.,

2015b)
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1.2. Controbtrategiedor Fusarium Diseases

1.2.1. Host Genetic Resistance

Genetic host resistance is an effective and durable control strafEggre are five
types of resistance towards FHB, which are associated witlinfieetion strategyof the
fungus (Table 1)Type 1 and Type 2 resistance were identified first and shovatiani
betweenwheat varieties(Schroeder & Christensen, 1963)ype 2 resistance is naturally
found in a number of barley varieti¢sangevin et al., 2004xhich often results in only one
bleached floret from the infection sitéFig. 1.3)due to limited internal hyphal spread
(Jansen et al., 2005)he outcome of FHB in wheat is highly dependent on host background
genetic§Buerstmayr et al., 2020)entifying and breeding for resistance to FHB is complex
due to resistance being quantitative (i.e. partial resistancelaited to many genes ith
small effects), asvell as the pleiotropic effects of growth and development features
(Buerstmayr et al., 2020For kample heighiassociatedRhtgenes play important roles in
FHB resistancésrinivasachargt al., 2008, Srinivasachary et al., 2009, Saville et al., 2012,
He et al., 2016)Achievingcomplete resistancéo FHB invheat has not been successful,

and breeding for resistance is slow.

Table 1.1Types of host resistance to FHB

Type Form of Resistance
1 Initial fungal infection
2 Spread of infection throughout the head
3 Kernel Infection
4 Toleranceduring infection
5 DON accumulation

Reference(Boutigny et al., 2008)

Approximately 250 Quantitative Trait Loci (QTLs) aasst with FHB resistance have
been identified on all wheat chromosomédia et al., 2018)however there are likely
numerous false positiveend anly a few have been finmapped The QTL research for FHB
resiseince has been nicely summarised in two literature reviéBigerstmayr et al., 2009,
Buerstmayr et al., 2020IResistace 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., 2028) important wheat variety resistant to FHB spike
AYFSOGA2Yy S o0fSIFOKAY3IAZ YR RAaO2f (valdrdn &t2 v
al., 1999, Anderson et al., 2008umai 3 contains an importalacuscalledFhb1(synonym

to Qfhs.nau3B) located on chromosome 3B&hich is an important source of breeding
Type 2 resistanc@Naldron et al., 1999, Cuthbert et al., 2006, Liu et al., 20&@)1is also
present in cv. Wangshuib@lia et al., 2018, Li et al., 2059 this cultivar can provide both
Type 1 and Typer2sistancgLin et al., 2004, Lin et al., 200®)ere is sti debate as to the
exact nature oFhblresistanceand the gene(s) responsib{eagudah & Krattinger, 2019)
Originally the gene responsible withiRhblwas found to encode ehimeric lectinRawat

et al., 2016) Later reports statedhat the gene responsible is a histidiieh calcium
bindingprotein (Li et al., 2019, Su et al., 201Recently another candidate gene in the
Fhb1QTLintervalencodingalaccase was associated with increased FHB resis{&oce et

al., 2020)

Another geneFhb2(synonymQfhs.nau6B) on chromosome 6BS likely functions in cell
integrity and reinforcement whilealso providing type 2 resistance and possibly DON
detoxification (Cuthbertet al., 2007, Dhokane et al., 201@ubsequently the resistance
QTLghb4(synonymQfhi.nau4B) and Fhb5(synonymQfhi.nau5A), originally identified in
cv. Wangshuibai and botproviding Type 1 resistanggin et al., 2006)were also fine
mapped(Xue et al., 2010, Xue et al., 2013¢veral candidatgenes have ben identified
within this 5BAQTL(Lucyshyn et al., 2007, Schweiger et al., 20C8mbining bth Fhb4and
Fhb5improved resistance to FHB compared to their effects aldneet al., 2018)There is
also evidence that combining Type 1 and Type 2 resistance produces additive effects on
reducing FHB sympton(Burt etal., 2015)Lastly multiplesinglenucleotidepolymorphisms
associated with lower FHB severity and Dagbumulatiorwere also found on seven wheat
chromosomes(Arruda et al., 2016)Other sources of genetic resistance have been
identified in wheat relatives andild Poaceae speci€®i 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 -dpoxidation, or the mycotoxin
accumulation reduction through inhibition(Boutigny et al., 2008) An increase in

glucosylatedDON (DOMB-O-glucoside) correlated wittan increase inDON resistance
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(Lemmens et al., 2005l.ikewith FHB, genomic regiomms QTLs providing DON resistance
have been identifiedLemmens et al., 2005, Hales et al., 202@mmens and colleagues
(2005), showed that the QTL for DON resistance was faantb-localise with type 2
resistance fronFhbl(Lemmens et al., 2005ndividual genes have also been identified to
provide DON resistance in wheatdArabidopsisthaliana (Poppetberger et al., 2003,
Gunupuru et al., 2018, Mandala et al., 2019)

Susceptibilityassociated genes or chromosomal regions have also been discovered.
Chromosome deletion experiments have identified ditelosomic deletion lines that
positively or negativelgffected FHB resistance and DON content in wkiatet al., 2006)
Chromosome regions ctaining predicted FHB susceptibility factors have also been
identified in wheat(Garvin et al.2015, Hales et al., 2020and one was also associated
with susceptibility to DON contaminatiofGarvin et al., 2015)urthermore theFhbk
associated gen€éaHR@romoted FHB susceptibilignd may be a susceptibility factor that
has beerdisrupted inFhblresistant linegSu et al., 2019)senerally bst resistance can be
quite effective at reducing FHB symptoms. However, producing highly resistant varieties
that also produce high yield rare (Professor Paul Nicholsgrersonalcommunication).
Furthermore effectiveness ¢fHB resistance ¢ [ Q& Ol y 0 S oS gdBofypeS y U
(Salameh et al., 2011)

Genetic resistance to FRR and FCR are far less studied and implementelathah t
FHB. There are partially FCR resistant wheat vari¢ébesmond et al., 2005and QTL
resistance td~.graminearuminduced FCR has been identifig¢da et al., 2010as well as
to F.culmoruminducedFCRPariyaret al., 2020) Dissimilato FHB resistances (Table 1),
FRR resistance (reduced cell necrosis) is associated with increased time required by the
pathogen to colonise the cortefWang et al., 2015b)urthermore genetic resistance of
certain varieties to FHB did not translate to effective FRR resis{@aag etal., 2015b)

Geneticresistance twardsFRR haalso been identified in whedi/ossFels et al., 2018)

1.2.2. Fungicides
Most European wheat cultivars are susceptible to FPETy et al., 1995, Simpson
et al., 2001)Profesor Paul Nicholsomersonalcommunication) Application of fungicides
is onemethod 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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asmultisite inhibitors however in the 19608ewer fungicidesoperatedat specific sites.
The primary clagsof fungicidesised against FHBclude demethylation inhibitors (DMIs),
benzimidazoles, and Qespiration inhibitors (Qoléya & Michailides, 2005)lo date, no
fungicide provides consistent complete resistanc&tgraminearunfDweba et al., 2017)

and sitespecific fungicides led to target fungi developing resistance at a higher rate,

renderingentire classesf fungicides ineffective(Ma & Michailides, 2005)

Triazoleand triazolinthioneDMIs have been used since the 198Becher et al., 2010)
Commonly used DMIs for FHB control include metconazole, protha@nazole
propiconazole,tebuconazole, and prochlorawhich have been shown to reduce FHB
symptoms and trichothecene accumulation in the gréifdwards et al., 2001, Maria
Menniti et al., 2003, Mesterhazy et al., 2003, Haidukowski et al., 2005, Blandino et al., 2006,
Mullenborn et al., 2008, Paul et al., 2008, Yin et al., 2009, Paul et al.,. 2000¢ver,
different triazoles/brandshave different effects on the infection. 8buconazole i®ne of
the most effective and consistent at redag FHB by up to 40% yet metconazole was most
effective at reducing DON level[Edwards et al., 2001, Paul et al., 2008)e targetfor
these fungicides cytochrome P450 steroM n-fiemethylase (CYP5) is involved in
production ofan important sterol (ergosterol)for cell membrane integritfBecher et al.,
2010) For example, mycelial growth is completely repressed within y& ad applying
tebuconazole(Yin et al., 2009)The triazolinthioneprothioconaole is also effective at
controlling FHBPaul et al., 2008, Haidukowski et al., 2012pweverprothioconazole
differs to the triazoles as it bindss a competitive inhibitor and with less affintty CYP51
(Parker et al., 2011)nsteadits efficacy is attributed to the conversiaand activity of the
triazole prothioconazoledesthio(Parker et al., 2013Yhe efficacy of triazoles on FCR and
FRR have not been investigated as thoroughly. However as an example, the compound
combination, tebuconazole with-cyclodextrinas preventéive seed dressings, was shown

to be effective againgt. culmorumnduced FCR and FElmas et al., 2006)

Benzimidazoledike carbendazimare one of theoldest used class of fungicidesed to
control FHB(Chen & Zhou, 2009, Tupe et al.,, 201Bhdr mechanism ofaction is by
interfering with microtubule functionthat inhibits celldivision (Chen & Zhou, 2009)
Resistancdas been reported in many places wahhistory ofheavy use of thisype of
fungicide(Chen & Zhou, 2009, Yin et al., 2068)sistance tearbendazims compleXChen
& Zhou 2009, Yin et al., 2009)et resistancedo benzimidazoles is often thresult ofa point
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mutation in thel -tubulin genewhich modifieghe amino acid sequence t#te binding site

for the benzimidazole(Ma & Michailides, 2005)Another class ofungicides effective
againstmany plant pathogens include thsérobulurins. These bind taytochrome bat a
specific site (§), blocking electron transport and ATP production, halting mitochondrial
respiration (Bartlett et al.,, 2002) Unfortunately the most commonly used ones,
azoxystrobin andlluoxastrobin, were not as effectivagainstF. graminearumor DON
levels (Edwards et al.,, 2001, Mullenborn et al., 200B) some cases, application of

azoxystrobinwas found to increase wheat gradON level§Smpson et al., 2001)

Important factors that determine the effectiveness of the fungicide include cultivar
resistance, climate, type of fungicideingicide dosgand agromomic management of field
(Dweba et al., 2017)The bst time to ug these fungicides &t early to midanthesis just
as the anthers appear from the florets and the crop is most susceptitieiBBlandino et
al., 2006, Yoshida et al., 2008, Yin et al., 2009, Becher et al., 2010, Dweba et alF2817)
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 symptomgéYoshida et al., 2008, Yoshida et al., 20Hwever, fungicide application
around the middle of anthesis (6 days) caffisiently control both FHB and DQN'Angelo
et al., 2014) In addition, there are other variations to this based on the flowering type of
the ceral variety used. Closeitbwer (cleistogamous) cultivars were generally more
resistant than operflower (chasmogamous) cultivaf§oshida et al., 2008Wegulo and
colleagues (2011)dentified that applyiy fungicides during high severity years is
economically profitable whereas applying during low severity years can result in a net loss
(Wegulo et al., 2011Doseis also importantas sublethal levels & fungicideshave been
found to increase DON levellkamirez et al., 2004)in one caseprothioconazole
stimulatedfungaltrichothecenesdue to oxidative stresgAudenaert et al., 2010Finally
coupling fungicide application with the curregtimatic conditions, such as rainfall, is
important because some of the major triazoles that are not completely raifasiersen
et al., 2014)

Unfortunately,resistance to triazoles can occurfngraminearungBecher et al., 2010)
and resistance to tebuconazole has recently developed in cerfaingraminearum
populations(Spolti et al., 2013)Sources of resistance are because of either amino acid

alterations or overexpression in ti@YP53ene (Ma & Michailides, 2005FurthermoreF.
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graminearumis rapidly gaining resistance to newly discoveitatgicides such as JS399

(Li et al., 2008, Chen & Zhou, 200®)ditionally, resistant isolates are equally as fihan-
fungicide environment¢Chen et al., 2007, Chen & ZhouQ20 Spolti et al., 2013Yhus
eliminating fungicide resistancdrom the population is even harder. Therefore, new
fungicideswith unique modes of actionare requiredthat are alsaon-toxic to humans and
other nontarget organisms. An antifungal target example isthe conserved
acetohydroxyacid synthasé\lHA$ gene involved in synthesis of the branchdthined
amino acid pathwagonserved in fungiTargeted deletion of tw&\HAScatalytic subunits
(FdIlv2 andFdIv6) in F. graminearunresulted in severely reducedrulence 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, triazolinthioe and strolilurin fungicides, and in one fungicide combination

reduced DON conter(iTakemoto 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
consumingLikewise iisalso very challenging @asses$RRseverityin wheat(VossFels et
al., 2018) Fusariumdetection can be facilitated by modern tools such as spore sampling
from the air andopticaldetection(West et al., 2017)Thereis also an investigation into the
use ofdeep neural networkdor automated FHB syptom detection(Jin et al., 2018)
Identifying the causalFusariumspecies is important and cdme achieved with certain

molecular toolgNicholson et al., 1998&\icholson et al., 2003)

Certain agronomic practisesan helpcontrol FHBIn conducive condition®r FHB crop
rotation was shown to be effective at reduciRggraminearuni-HB incidence and severity
in wheat(Marburger et al., 2015Howeveronlyrotating aops that are hosts fdFusarium
like wheat ad maize(Zea may} can severely increase FHB incidence and sev@illy
Macky & Jones, 2000 rop rotation is also effective towardsCRDesmond et al., 2005)
Nitrogen fertilizer usage has been described as an important factor for FHB severity
(Lemmens et al., 2004Minimal/no-tillage practices should be avoided they canresult
in agreater FHB incidence and seventye to apersistence of inoculum source from crop
residues (Fig. 1.2)(DiltMacky & Jones, 2000 ertain gronomic practicesare also

important for controlling mycotoxin contaminatidiilF-Macky & Jone2000, Lemmens et
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al., 2004, Ferrigo et al., 201&jowever, local management of fields may be redundant in
areas with substantial airborne inoculufBchmale Il & Bergstrom, 2003gveral cultural

practices to treat root diseasdéwmve beerdescribedn (Cook, 2001)

Reducing DON contamination in wheat grains is also a highly important target for
farmers due to strict regulationganseret al., 2005, Yoshida et al., 200B)owever there
are relatively few compounds that exclusively reduce mycotoxin accumulation (Dr Egon
Haden, personal gomunication). For example, zinc sulfate and zinc oxide nanoparticles
were found to reduce the mycotoxin level in contaminated wheat grain and Hi$ks et
al., 2015) Alternativey, chlorogenic acid and caffeic acid were also found to reduce
trichothecene content but the effect depended on tlisariumstrain (Gauthier et al.,
2016)

Bio-control agents (BCAs) are organisms that directly or indirectly reduces the presence
of the target pest(Pal & McSpadden Gardener, 2006here are humerous examples of
BCAs that were successfully used to corfiidB Certain bacterial and fungal species were
shown to be effective at reducing FHB symptoms in some we@eties(Schisler et al.,
2002, Khan et al., 2004, Hu et al., 201@)hers have shown different BCA bacterial and
fungal species were effective at reducing FHB disease symptoms and preventing/reducing
DONaccumulation in Wweat(Palazzini et al., 2007, Zhao et al., 2014a, Palazzini et al., 2016)
Lastly several BCA strains were found to be effective at reducing symptonts. of
graminearuminduced FHB, FRRnd FCRn wheat (Wang et al., 2015a, Colombo et al.,
2019) The efficacy oBCAs$n controlling FHB/as shown to be more effective when applied
shottly before FHBnfection (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 longterm FHB control. For example, Salgado and colleagues (2014) foatnd t
combining moderate genetic resistanceRasariunmwith appropriate fungicidéreatments

effectively reduced FHB symptoms and DON le\&afgado et al., 2014)

As | 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 contrdtusariuminfection.

The role of plant hormones in the host defence responséusarium and the use of plant

hormones as an effective control strategy by exogenous application are research areas that
17



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 dis@&seprecise

role of phytohormones in defence and especiiysariunresistance 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 anptesistance 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 constitutiveasal defences which can be physical or chemical pre
formed defences such as the epidermis, cuticle, and antimicramaipounds(Agrios,
2005, van Loon et al., 2006bPnce surpassed, the pathogen often triggers induced
defences by the plant. These defences encompass upregulation of dafelated genes,
antimicrobial compoundsoxidative burst, and even programmed eddlath (Agrios, 2005,
van Loon et al., 2006b, Bari & Jones, 2008 success of countering infectiaties upon
effective detection of the invading pathogen and activation of the appropriate defence
response(Jones & Dangl, 20Q@pathogens contain molecular signatures such as chitin in
fungi which are described aathogenassociatednolecularpatterns PAMPS). Initially the
AY@FRAY3I LI GK23SyQa t!ata INBE NBO23IyAasSR
The perceptionleads to PAMRriggered immunity (PTI) which is effective at discontinuing
pathogen colonisation through induced downstream regsist& responses. However,
successful pathogens can deploy effector molecules which can inhibit PTI or avoid PRF
detection by binding to specific host protei(i3e 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 nucleotidi@dingleucire rich repeat (NB.RRs) proteins that
recognise effector moleculd®eYoung & Innes, 200G)his recognition of effectsrcauses
effector-triggered immunity (ETI) which is faster and stronger than PTI and results in
resistance through processes like the hypersensitive responsg({bifi®s & Dangl, 2006)

It is thought that ETI is effective against biotroph and hemibiotropthpgens and not
towards necrotrophs since necrotrophs would benefit from programmed cell death
induced by HRRBroekaert et al., 2006, Jones & Dangl, 2006)

Phytohormones are organic molecules that in small concentrations induce physiological
processes in local or distal plant celiseyser, 1998, Davies, 2013AImost all
phytohormones play an important role in growth and dmment 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 additiorespects of defence signallifigieterse
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et al., 2012) There are numerous downstream targets of phytohormones that have
important effects in resistance such as genes regulating antimidrotaapounds, induced
chemical defences, oxidative equilibrium, cell wall changes, and HR. These are described ir
the following subsections. Sincehanges in hormone equilibrium imposes a cost on growth
and developmen{Walters & Heil, 2007, van Butselaar & Van den Ackerveken, 2ila0)s

are able to finely tune resistance via the synergistic and antagonistic nature of hormones
(Pieterse et al., 2012 herefore, the ultimate growth, development, and resistance are a
manifestation of the timing and net effect of hormones in the h@strhage et al., 2010,
Davies2013)

In the following subsections, | 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. Higolactone
phytohormones that also functionin defence(Marzec, 2016are not described aghey
were not investigated in this thesis. Unless otherwise stated, most of the biosynthetic and
signalling componentsorrespond toArabidopsis thaanagenes, except for gibberellic acid
which was mostly described from rig@ryza sativagenes. The mechanisms and examples
by which each hormone interacts with each other is discussed only after describing the

molecular biosynthesis and signalling ottt relevant phytohormones.

1.3.1. Salicylic Acid
The phenolic hormone salicylic acid (§R)y. 1.5)is important for PTI and ETI

response to pathogen infection and is crucial for resistance to pathogens that exhibit
biotrophic or hemibiotrophic lifestylesKig. 16; (Glazebrook, 2005, Bari & Jones, 2009,
Dempsey et al., 2011, Pieterse et al., 2012A can also regulate thermogenesis, plant
growth, and several othatevelopmental processd€¥lot et al., 2009, Depsey et al., 2011,

van Butselaar & Van den Ackerveken, 202@e endogenous content of SA in untreated
A. thalianaleaves is approximately between 70 ng/g to 4,000y of SA (Fresh weight (FW)
and dry weight (DW){Klessig et al., 2016, Gupta et al., 20HQwever in monocots like
wheat, rice, andBrachypodiumdistachyon the SA content (depending on the species and
tissue) is approximately between 56 ng/g to 10,000 ng/g (FW and(CWén et al., 1997,
Buhrow et al., 2016, Klessig et al., 2016, Napoleéo et al., 2017, Powell et al., 2017a, Braue
et al., 2019)Upstreamof one SA biosynttes gendSOCHORISMATE SYNTHARE),

perception of PAMPs results in the activation of transcription factors calmotiroing
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protein 6Glike g CBP60pgandSARDEFICIENI{SARD)L Activation of these genes depend
on the activation ofSERINE/THREONINE PROTEIN KINMASECRK1/R and TGACG
SEQUENCE SPECIFIC BINDING PROTE®A1/4, as well a§RIHELIX TRANSCRIPTION
FACTORGTL] for CBP60gOn the other hand, ETI responS§®LHNTERLEUKIN(TIR-
type R proteinNUCELOTIEEINDING LEUCHRECH REPEATE.R) target ENHANCED
DISEASE SUSCEPTIBEDS) EDS1ogether withPHYTOALEXIN DEFICIHRABRS and
helper NLRSACTIVATED DISEASE RESISTAMIIR] ADR1ikel, and ADR1Like2
activatelCSland several additional sensbiLRsContrasting THy/pe R proteinsCOILED
COIL(CQ-type R genes WittNONRACESPECIFIC DISEASE RESISTANDE)land its
interaction partnerRPMZINTERACTING PROTE(RIM4 have roles irfboth ETI and PTI
(Vlot et al., 2009, Dempsey et al.,, 2011, Zhang & Li, 2@&kium signalling is also
important for SA biosynthesis mediated GBP60¢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 PubChdKim et al., 2021and drawn on ChemDraw Prime
(V19.1.1.21).

Biosynthesis of SA is dedad 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 establishddHENYLALANDAEIMONIA LYASEPAL pathway is
preceded by chorismate conversion to phenylalanine by mul@@HHORISMATE MUTASE
(CM) genes. In the cytosol, phenylalanine is converted to t@nsamic acid (tCfy 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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enzymeABNORMAL INFLORESNCE MERIS(PEMIL converts tCA to benmoacid. 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, {68
pathway, is primarily used iArabdopsis In the chloroplast, chorismate is converted to
isochorismate vidCS The product oEDSSransports isochorismate to the cytosol where

it is converted to Isochrosimat@-glutamate by the genavrPphBSUSCEPTIBLEPBS3
PBS3as tadate only bea identified inArabidopsis Then either spontaneously or with
ENHANCED PSEUDOMONAS SUSCEPIT(BES)Y SA is produceftom Isochrosimate
9-glutamate(Dempsey et al., 2011, Lefevere et al., 2033 can also be modified by amino
acid conjugation, glucosylation, sulphonation, hydroxylation, and methylation leading to
inactivation or permittig transport(Vlot et al., 2009, Dempsey et al., 2011, Lefevere et al.,
2020)

SA signalling is described(Pieterse et al., 2012, Ding et al., 2018, Zhang & Li, 2829)
is perceived by the ankyrrepeat proteinNONEXPRESS@F PATHOGENEBE.ATED
1/3/4 (NPRL/3/4) that regulate SA biosynthegiBing et al., 2018, Zhang & Li, 2Q1Bje
NPR1 @erminal interacts with SA and is involved in inducing transcrip{idmang & Li,
2019) NPRL1 interacts with the basleucine zipper (bZIP) transcription factor BGA
promoting SAranscription whereas the caepressos NPR3 and NPRdteract withTGA
and repress SAranscription (Ding et al., 2018)In the absence of SA, NPR3 and NPR4
repress SAelated genes and NPR1 sequestered and oligomerised in the cytosol or
ubiquitinylated and degraded in the nucleus. In the presence oNBPR3 and NPR4 are
released, the thioredoxins TRX3 and TRX5 change the redox state, monomerise NPR1
in the cytosol, and lead to an influx of NPR1 to the nucleus via nucleaM©ORIFER OF
sncl(MOS3/6/7). In the nucleus, NPR1 interacts with either 26/ via the ankyrin
repeat to bind to SAesponsive genes and NPR1 is ubiquitinylated and degréieterse
et al., 2012, Zhang & Li, 201%ther important transcription factors that promote SA
responsive genes includ®ASS ASSOCIATED WITH DIABETEASBII), SUPPRESSOR OF
snil 2(SSNP and BREAST CANCERBRCA2Awhich remove the negative regulator
SUPPRESSOR OF nprl INDUCIBER)Ifrom the target gene promoter. TGA on the other
hand is inhibited by the negative regulatdtM1 INTERACTINGIMIN1/2/3) (Pieterse et
al., 2012) Several other transcription factors that reguld@SJare described iffZhang &

Li, 2019)WRKYranscription factors either function positively witiANRKY 18/53/54/7D

or negatively \WKRY7/11/38/62 (Mot et al., 2009) The earliest genes expressed
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downstream of SAndependent of perceptiorare GLUTATHIONE S NSRERASE(GSTH
andIMMEDIATE EARINDUCED GLUCOSYLTRASNFHERABE Iot et al., 2009)

Important downstream SAjene targets includPATHOGENEREATED(PR genes
that encode numerous antimicrobial compounds aN&KXranscription factorgvan Loon
et al., 2006a, Makandar et al., 2011, Pieterse et al., 20&)er potential SA downstream
targets include callose deposition and lipid peroxidatiSorahinobar et al., 20163A also
has important roles in promoting oxidative burftlot et al., 2009) Once a defence
response is iiated, SA can be modified to methyl salicylate and back to SA at distal
locations by SAMDEPENDENT CARBOXYL METHYEHRASE(BSMT] and
METHYLESTERASKIES, respectively, to induce resistance at undamaged distal parts of
the plant. This mechanismtsrmed systemic acquired resistance (SAR), which is effective
over a long time and in response to many other attacking patho@atk et al., 2007, Liu
et al., 2011, Dempsey & Klessig, 201 other potential SAR mobileompound isN-
hydroxyl pipecolic aciadvhich is synthesised fromigecoic acidby the gened-LYSINE
APLHAAMINOTRASNFERASBED1), SAR DEFICIENSARDY andFLAVINDEPENDENT
MONOOXYGENAG®OY (Dempsey & Klessig, 2012, Cherlet2018, Zhang & Li, 2019,
Kachroo et al., 2020)The cuticle is believed to be importafar SA storage and for SAR
(Kachroo et al., 2020)

1.3.2. Jasmonic Acid

Jasmonates are a group of hormonesvdlved in multiple growth and
developmental processes as well as providing defences against-tiasu@ging herbivores
and necrotrophic pathogen$ig. 16; (Lorenzo et al., 2003, tenzo & Solano, 2005, Bari &
Jones, 2009, Pieterse et al., 2012, Wasternack & Hause,. Zé@atedasmonatelevels
can be induced by the mixing of componebiswounding, breakdown products of plant
and fungal cell walls, anthe systemin peptide signglCreelman & Mullet, 1997)The
endogenous JA content is lower than that of SA. Itraated A. thalianaleaves, the
concentration of JA varies between approximately 146 ng/g to 400 ng/g over time (DW)
(Gupta et al., 2017whereas concentration varies between approximately 10 ng/g to 77
ng/g (FW and V) in wheat andB. distachyonissuesBuhrow et al., 2016, Napoleéo et al.,
2017, Powell et al., 2017a, Brauer et al., 2013smonates are synthesised in
photosynthetic tissue like leaves and also in 1pirotosynthetic tissues like roo{g\costa

& Farmer, 2010) Oxylipin (oxygenated fatty acid) jasmonates itangs include
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cyclopentenones like oxphytodienoic acid (OPDA) and difdPDA and cyclopentanosie

like methyl jasmonate (MeJA), jasmonic acid (JAg. 1.5) jasmonyisoleucine (JAle)
(Acosta & Farmer, 2010Jasmonate biosynthesis is described in detail inghesiews
(Qeelman & Mullet, 1997, Acosta & Farmer, 2010, Pieterse et al., 20ai&plly, h-
linolenic acids released from chloroplast cell membranesph@spholipase Alin the cell
plastid,h -linolenic acids oxygenated at different positions hyPOXYGENAEGDX. These
products are then converted to alhe oxidase bALLENE OXIDASE SYNTRX3kand

are cyclized to bALLENE OXIDASE CYCAEE The resulting compounds, depending

on whereh-linolenic acidwas oxygenated, OPDA and-@#DA are transported to the
peroxisome and are reduced HY2-OXOPHYTODIENOAREDUCTASHGPR3to OPCS8

and OPCS6, respectively. These are then oxidized to form JA. JA is then exported to the
cytosol where it is modified to numerous different compoumaduding JAle. (Seo et al.,

2001, Schaller & Stintzi, 2009, Acosta & Farmer, 2010, Wasternack & Hause, 2013,
Wasternack & Strnad, 2016, Yang et al., 201®)fact JAle, modified by the enzyme
JASMONOYLL-AMINO ACID SYNTHET@SE)), is the active form of JA that induces JA
related transcription (Staswick & Tiryaki, 2004, Acosta & Farmer, 20¥8sternack &
Strnad, 2016)

JA signalling is described in detail (Bieterse et al., 2012)Iin the absence of JA,
JASMONATE ZIDOMAINJAZ proteins function as Jsignalling repressors by binding to
promoters of jasmonateesponsive genes. JAZ proteins are made up of a Jas motif and a
ZIM domain. The JAZ ZIM domain interacts with the prod@VIE INTERACTOR OF JAZ
(NINJA that associates with esuppressors likeTOPLESEIPL. In the presence of
Jasmonates, JMe isrecognisedoy the Fbox proteinCORONATINE INSENSITIWEOL)
which together with RBX1 RING finger protel@slLLINJIASK and SKlaptors forms an
SCF ubiquitin E3 ligase. This complex then interacts with the Jas motif within the JAZ protein
causing degradation by ubiquitination and activation osdfpressed genes. As a negative
feedback loop, the repressor JAZ is activated enghesence of elevated jasmonic acid. JA
presence also activates a positive feedback loop in that the biosynthetic §€ea0S

AOC andOPRare upregulated.

JArelated downstream targets include antifungal proteins, ribosome inactivating
proteins, phytoalexins, phenolics, and cell wall prote{@eelman & Mullet, 1997)

Importantly, there are two pathways of d&lated downstream defences that depend on
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the type of attack. The first, mediated lyTHYLENE RESPONSE FAERPRERF
pathway), is the response to necrotrophic pathogens and invoRieSNT DEFENSIN 1
(PDF} that hasantimicrobial propertie§Creelman & Mullet, 1997, Pieterse et al., 2012)
The otler is generally associated with resistance to insect herbivory, which is mediated by
MYC transcription factors (MYC pathway) and affects downstream genes such as
VEGETATIVE STORREBDTEINQ/SP2 (Pieterse et al., 2012)JA also is critical for the
activation ofinduced systemic resistance (ISR) in response to beneficial microorganisms

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

JA and SA signalljrpathways are mutually antagonisti€iq. 16). This is thought to be
important for finetuning resistance in a cosfffective way to multiple attacking pathogens
with different lifestyles(Adie et al., 2007, Spoel & Dong, 2008, Acosta & Farmer, 2010,
LeonrReyes et al.,, 2010b, Pieterse et al., 20127\ suppression of JA biosynthesis is
predicted to occur adownstream regulatory genes. For example SA was showeptess
the downstream JA transcription BDF12 in wild-type and alA biosynthesimutant (Leon
Reyes et al.,, 2010bFurthermore both MYC and ERF pathways are sensitive to SA
suppression. The molecular components characterised as suppressitattocs that
suppress JA signalling but promote SA signalling indilRRLWRKYe.g. WRKY7) TGA
transcription factors. Onhe other hand,JASMONATE INSENSITI\(@NL)/MYC?2 the
MITOGEN ACTIVATED PROTEIN KINMBE4 SUPPRESSOR OF SA INSENSS®)TY
and TGAtranscription factors (in the absence of SA), promoted JA signalling by suppressing
SA signallingBari & Jones, 2009, Pieterse et al., 200MNPR1 EPS1 and WRKY7@&nd
WRKY5are also involved in the SHA antagonisniSpoel et al., 2003, Bari & Jones, 2009,
Dempsey et al., 2011TertainNACtranscription factors can be activated MY Cresulting
in suppression of SA biosyntheg¥ang et al., 2019)
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Figure 16. Simplified/generalisation overview of SA and JA/ethylene effects on pathogen
resistance and the effect other phytohormones (asignalling 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. Blunend arrow denote a negativeffect/antagonistic effect on resistance.
Phytohormones are circled. Abbreviations: ABA (abscisic acid), CK (Cytokinin), BABA (G
aminobutanoic acid), GABA-&ninobutanoic acid), BR (Brassinosteroids), ET (Ethylene),
GA (Gibberellic acid), JA (Jasmonic)a8a (Salicylic acid)his figure has been adapted

with permission from one published IfRobertSeilaniantz et al., 2007)
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1.3.3. Ethylene

Ethylene(Fig. 1.5)s 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 respons@gsn Loon et al., 2006a, Abeles et al., 2012, Davies,
2013) Ethylene content isapproximatelybetween 75pmol/g/h to 175 pmol/g/h inA.
thaliana tissues over timgKnoester et al., 1999)and between 0.Inl/g/FW/h and 1.5
nl/g/FW/h in wheat spike¢Beltrano et al., 1994Fthylene is synthesised in plants using a
relatively simple pathway with only three enzymes. The amino acid methionine is
converted toSadenosylmethionindSAM) catalysed by the enzyme Saythetase. The
by-product is then salvaged to methionine via the Yang cycle. Subsequently the next rate
limiting step usesACC SYNTHAGEC® o0 K2dzaAy3d (GKS AYLRNILFY
phosphate) to convert of-BdoMet to 1-aminocyclopropane.-carboxylic acid (ACC)ACC
is then converted to ethylene b CC OXIDASACQO (Wang et al., 2002, Broekaert et al.,
2006, van Loon et al., 2006&)CC content is approximately between 10 ng/g to 147 ng/g
(FW and DW) in wheat agl distachyoteavegNapoleéo et al., 2017, Kretzler et al., 2Q20)
and approximately 1 nmol/g to 26 nmol/g (FW)Anthalianatissues(RodriguedPousada
et al., 1993)

Much of the information of the molecular signalling cascade has been thoroughly
investigated inArabidopsigWang et al., 2002, Guo & Ecker, 2004, Broekaert et al., 2006,
Ju & Chang, 2015The ethylene receptors\tETRLAtETR2AtERSIAtERSR2and AtEIN4
are functiorally redundant and negatively regulate ethylenensiling in the presence of
ethylene. The function of receptors requires copper which is supplied by the copper
transporterRANL1 In the absence of ethylene, thet€minus of ethylene receptors binds
to the negative regulator Rdike kinase CONSTITUITIVERIPLRESPONSHCTRY),
suppressing the activity of the positive regulateBTHYLENE INSENSH I{ENI by
phosphorylation of its @erminus and resulting in EIN2 degradation. As a resdfioX
proteins EBF1/2 in the nucleus degrade the master ethylene signal regulator transcription
factors ETHYLENE INSENSIBIVENJ and EINB-LIKE LEID required fordownstream
signalling. In the presence of ethylene, ethylene is perceived at the transmembrane
receptor Nterminal which results in inactivation of the receptorSTR1inactivation,
dephosphorylation of EIN2, and cleavage of thei@inus of EIN2. Subseently in the

nucleus EBF1/2 repression of EIN3 is inhibited. Then the Ei®&&hi{Dus positively affects
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the transcription family EIN3 which binds to tB&FIpromoter for transcription oERF1
which is part of a large class APETELARP2/ERFranscripton factorsand a member of
ETHYLENEESPONSH EMENT BINDING PROTHIRSEBS). EREBPs can activate
downstream ethylenet Y RdzOA 6 f S IS y-GCo O2F FHE ANNE B2 (i S HID

Ethyleneis generated quickly, transiently, and faster than JA and SA reguitti an
ethylene gradient throughout the plan{van Loon et al., 2006ayimilarly ACC can also
function as a signalling molecul¢an de Poel & Van Der Straeten12) There are many
downstream targets involved in ethylestiependent defence responses. Defernetated
genes with ethylene responsive elements includes numerous PR proteins and phytoalexins
as well as structural cell wall and xylem defen@&snshet al., 1995, Broekaert et al., 2006,
Shinshi, 2008)Ethylene is reported to function synergistically with the plant hormone JA
(Fig. 16 (Shinshi, 2008, Bari & Jones, 2009, Pieterse et al., 2@1d) is particularly
important for activating the specific branch of JA signgllinvolved with resistance to
necrotrophic pathogens ovdrerbivores(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 networkomponent responsible for
interaction with JA anéthyleneare ERE (primarilyERFLin which some areesponsive to
JA and ethylene and regulate numerous downstream ethylene and JA defdated
genes(Lorenzo etal., 2003, McGrath et al., 2005, Broekaert et al., 2006, Pieterse et al.,
2012) As an example, the transcription fact@&Fhand theAP2/ERF ORA%S%e activated
by JA and ethylene and induce expression of downstream targetPikel.JPré et al.,
2008, Pieterse et al., 2012)efence to a necrotropBotrytis cinereas alsamproved when
ORAbL9vas overexpresse(Pre et al., 2008)EINI/EIL1s also important for JA/ethylene
synergism through its interaction with JAZ proteidbu et al., 2011pPlants utilie ethylene
signalling to further prioritise JA signalling over SA signadlinge early thylene signalling
canabolish subsequent SA suppression oighalling(LeorrReyes et al., 2010a, Pieterse
et al., 2012) The transcription factor€EIN3/ElLlare also involved in repressing SA
biosynthesigDempsey et al., 2011)

1.3.4. Abscisic Acid

Abscisic acid (ABAFig. 1.5)is mos$ known for its role in seed maturation
germination, root architecture control, and abiotic stress respon@sng et al., 2015)

ABA concentrations iA. thalianaare approximately etween 30 ng/g to 175 ng/g (FW and
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DW)(Yu et al., 2012, Gupta et al., 2013)milarly in tissues of monocots likes wheat 8nd
distachyon the concentration of ABA ranges from approximately 4 ng/g to 330 ng/g
(DW)Buhrow et al., 2016, Napoleédo et al., 2017, Brauer et al., 2019, Kretzler et al., 2020)
The ABA biosynthetic, signalling, and regulation pathways are describ@dohyg et al.,
2015, Chen et al., 2020Biosynthesis of ABA, like JA, begins in the plastid and primarily
involves the carotenoid pathway. Initially, isopentenyl diphosphate (IPP) is synthesised
from the methyleythritol pathway and leads to production of phytoene and lycopene.
After lycopene cyclisation, the productcarotene is hydroxylated to zeaxanthin. Then in a
three or fourstep process UsingeAXANTHIN EPOXID&EE, NEOXANTHIN SYNTHASE
(NYR, and isom&ld aS2 1 S| El yi KEig@ARE | G2 yrishdokBy $iimNd 2p ¢
the plastid. Then from either of these two compounds, in a {lateting step, xanthoxin is
produced with the gen®-cisEPOXYCAROTENOID DIOXYGBEN2EERE Subsequently in

the cytosol, xanthoxin is converted usingAnCOHOL DEHYDROGERKMSE) to abscisic
aldehyde and finally is oxidised to ABAABSCISICCA OXIDASRAOJ. As a mechanism

to effectively regulate ABA content, ABA can be degraded by @rOCHROME P450
MONOOXYGENASB7A CYP707Aenzymes by hydroxylation to phaseic acid and
dihydrophaseic acid (DPA). Alternatively ABA can be glucosylated and stored to an inactive
form ABAglucosyl ester (ABS&E) in the endoplasmic reticulufR)r vaaloles by uridine
diphosphate glucosyltransferase GT71Cph ABA can then be made readily available again
by hydrolysis using-glucosidaséfrom AtBG1for the ERand AtBG2for the vacuolg. ABA
import and export is mediated by ABC transporters each wigcsie localisations and

long-distance transport is believed to lzecomplishediia ABAGE.

In the absence of ABA, tirRROTEIN PHOSPHATASERZY interacts with theSNF1
RELATED PROTEIN KIN@GBRKR which represses downstream ABA genes. In the
presence of ABA, the intracellular soluble ABA receptéRABACTRESISTANE R
LIKE/REGULATORY COMPONENT OF ABA RERE?FORRCARinds to ABA and
forms a complex with PP2C which leads to therglgression ofSnRK2Through either
phosphorylation or autophosphorylation, downstream transcription factors and
transporters are activated. Two other types of ABA receptors include themgala
membrane GPROTEIN COUPLED RECEfIRIERand the chloroplast localiseg-
chelataseH subunit(CHLH), both with roles in stomatal control and seed development
(Dong et al., 2015)PYR/PYL/RCARRP2C and SnRK2are also tightly regulated by

phosphorylation or ubiquitination pathway€hen et al., 2020)
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ABA generally negatively affects resistance to plant pathogeigs {6) but ABA can
have positive or negative effects on defence depending on the phase of infection. Pre
penetrationof pathogens, the closure of stomata has positive effects on resistaribese
pathogens that penetrate via stomafdon et al, 2009, Chen et al., 202 owever 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 resistanceowards some
necrotrophic fungby inducingcell wall changes like callose depositibnt negative effects
by reducingROS level§Ton et al., 2009)Reducing ABAiosynthesis andgignalling can
promote resistance, for example with the ABA signallamgl biosynthesisantagonist
ARABIDOPSIS NAC DOMAIN CONTAINING PREAHN that promotes pathogen
penetration resistancéJensen et al., 2008 0n et al., 2009)Duringlate infection, ABA is
generally associated with susceptibly to pathogens by impacting the way ABA interacts with
other hamones(Ton et al., 2009ABA can suppress $élated defence¢Audenaert et al.,
2002, Yasuda et al., 2008nhd can divert resistance away from ethylei® resistance
(Anderson et al., 2004, Lorenzo et al., 2004, Pieterse et al., 2BI)ated ABA was shown
to suppress JAlethyleneelated genes likePDF1.2 PR4 and a ditinase gene CH)
(Anderson et al., 2004, Ton et al., 2009n the other hand, ABA promotes reaisce to
insect herbivory and susceptibility to fungi through synergism with JA via the JA

transcription factoMYC2Pieterse et al., 2012)

1.3.5. Gibberellic Acid
The diterpenegibberelic acid (GAJFig. 1.5)most commonly produced by plants,

is a growth hormone involved in processes like seed germination and stem giDaxfes,
2013) There are over 100 types of gibberellins in plants however only threg G GA

are the most biologically active and are often synthesised at the target organ site
(Yamaguchi, 2008, Hedden & Thomas, 2(berent gibberellins in untreated. thaliana
tissues are approximately between 0.02 ng/g to 7 ng/g (FW and (@Wfta et al., 2017,

. F NNE it ¢ NI a (i 2Téis iSailittle HigheX in wheat, mabging from approximately 9
ng/g to 70 ng/g (DWBuUhrow et al., 2016, Brauer et al., 2010GA biosynthesis is described

in detail by(Yamaguchi, 2008, Heddén Thomas, 2012)All GAs are synthesised in the
plastid from C2Q@eranyberanyldiphosphate (GGDRJja the methyerythritol pathway.
Initially, a twostep process using two terpene synthasest-COPALYL DIPHOSPHATE
SYNTHASECP$ and ent-KAURENE SYNTHAS convert GGDP taent-Kaurene.

Subsequently in a threstep reactiongent-Kaurene is successively oxidised dt9do ent-
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Kaurenoic acid by the cytochron@YP45@nt-KAURENE OXIDASBD). In another three
step successive reaction in the ERi-Kaurermic acid issuccessively oxidised &7 by
another CYP450 enzynemt-KAURENOIC ACID OXIDKBE) to produce G#. Finally,
different soluble2-OXOGLUTARADEPENDENT DIOXYGENASHS (GA200xGA130x

and GA3o) are involved in oxidising different positions on 1@iA the cytosol resulting in
the three main bioactive gibberellins @AGA, and GA(Yamaguchi, 2008 GAs can be
modified to less bioactive forms by hydroxylation with GA20x, epoxidation with
ELONGATEDPBERMOST INTERN@BE®B) and CYP71D1conjugated with glucose, or
methylated withGAMT1/2(Yamaguchi, 2008, Hedden & Thomas, 2012)

GA is perceived by solub@BBERELLIN INSENSITIMEDY) receptors, which when
activated, bind to the DELLA domain of GA repressor Oibtedns. An E3 ubiquitin ligase
SCPRIDZSLYYALSLY1(SLEEPY Iis the Fbox protein) ubiquitylates DELLA which is then
degraded by the 26s proteasomgchwechheimer, 2008Another negative regulator is
SPINDL§SPYthat may function together with DELL@&n the other handREPRESSION OF
ROOT GROWTRSGand SCARECRAMKE3 3SCLBfunction as GA positive regulators
(Gomi & Matsuoka, 2003, Schwechheimer, 2008, Yamaguchi, 2008, Hedden & Thomas
2012) GA feedback loops are likely regulated at Géxiglase expression bT HOOK
PROTEIN OF GA BBECK REGULATI@SF) andYABBYXOsYABJL(Yamaguchi, 2008,
Hedden & Thomas, 20123 A itself can also induce repression by upregulating or inducing

DELLAXxpressiorand attenuatingGID1and SLY Expressiorn(Schwechheimer, 2008)

The consesus is thatGAs affect defence response signalling indirelatypromoting
necrotroph susceptibility and biotroptesistance Fig. 16; (Navarro et al., 2008)This is
most likely because dhe way DELLA proteins interact with JA signalling repressors by
binding to the JA transcriptional repress@dAZ] which in turn allows activation of JA
related genegHou et al., 2010, Pieterse et al., 2012Zherefore, degradation of DELLA
mediated byGAresults ininhibition of JA gene signallimgediated byJAZAvhich indirectly
upregulates SA signallingig. 16; (Navarro et al., 2008, Pieterse et al., 2QIP)ere is
evidence suggesting that GA affects resistance independently of JA and SA sigiailing
example DELLA proteins have been found to retgrIl®OS level through activation of
detoxifying enzymes in response B cinerea/Achard et al., 2008)t is proposed that
DELLA proteins play a key role in mediating different forndeténce(De Bruyne et al.,

2014) Changes in GA content or perception through experimental mutation can affect
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resistance as overexpression BUlin rice, which normally deactivates GA, promoted
resistance to the fungusMagnaporthe oryzae but susceptibility to the bacteria
Xanthomonasoryzae(Yang et al., 2008)n another example, @G1D1mutant was éund

to promote resistance t®yriculariagriseain rice(Tanaka et al., 2006)

1.3.6. Brassinosteroid

The large family of Brassinosteroids (BRs) are structural analogues to animal
steroids thathave hormonal funions in plantson cell growth anddevelopment gene
expression control, abiotjdiotic,and photomorphogenic responséBajguz, 2007, Bari &
Jones, 2009, Kim & Wang, 20IDhere are 69 different BR compounds reported in plants
to-date (Kim & Russinova, 202@epending on the type, brassinosteroids appear at very
low concentrations in planta. For exampleAnthaliana the concentrations of several BRs
range from approximately 0.025 ng/g to 2 ng/g (HBAjguz & Tremn, 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 (F\Bajguz & Tretyn, 2003, Yokota et al., 2017)
most higher plants, BR biosynthegBescribedfrom (Bajguz et al., 202D)starts from
dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP) produced
from the mevalonate (MVA) pathway. IPP and DMAPPbawsehemically modified to
farnesyl pyrophosphateSqualene is then produced by the action of squalene synthase and
is thenoxidised and converted to the key compound cycloartenol in adtep reaction.

BRs are divided intgroups based on carbon atoms as either, Gs, Go-type. These three
types of BRs are derived from cycloartenol. Far, Cycloartenol is converted to
cycloartanol catalysed BTEROL SIDHAIN REDUCTASBESRR In anine-step reaction,
cycloartanol is then converteid cholestanoby the enzymes @-sterol methyl oxidase 3,
G4 sterol methyl oxidase 4, sterol3(6) desturase, 7dehydrocholesterol reductase 2 and
a b5a reductaseET2, each at different steps. Subsequently the various BRsare
oxidised byCYP90BandCYP85A1/2ZFor Gstype biosynthesis, a sstep reaction converts
cycloartenol to24-methylenelophemwl with notable enzymes in this reaction including
sterol G24 METHYLTRANSFERASEMI'), G4 STEROL METHYL OXIDAGEVD),
cyclopropylsterol isomeraseCYP5,1 sterol C14 reductase, and sterol 8,7 isomerase,
sequentially. Then 2methylenelophenol is anverted to 24methylenecholesterol in a
three-step reaction with SMO2 STERQGR(6) DESATURASE (DWF3, and 7-
DEHYDROCHOLESTEROL REDU@WVASH-rom 24methelenecholesterol, campesterol

is synthesised vi&SR/]1sterol isomerase anBET2n a four stepreaction. Alternatively,
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24-methelenecholersterol is converted to 22S,22Rhydroxy5aergostan3-one with
CYP90A&and DET2nvolved in the last two stages of the festep reaction. From either of
campestanol or22S,24R2-hydroxyb5aergostan3-one (or a third derivative of 24
methelenecholersterol, 22,2d8ihydroxy4-en-3-one), Gs BRs (e.g. castasterone and
brassinolide) are synthesised by oxidation using var@Y4R2nzymesCYP90A1/B1/C1/D1
and CYP85A1/A2Lasly, Go BRs are derived from an alternate pathway from- 24
methyleneophenol in which betaitosterol is produced from a fivetep reaction from
SMT2SMO2DWF7DWEF5 andSSR1The last step can also yield 22Riroxyisofucosterol
which along with betssitosterol are required in synthesis obg@vhich are oxidised by
CYP724BZYP90Ba8ndCYP85A1/Aalong with other unknown enzymesA°Cs, Gotype
BRs are can lead to synthesis of each other often from the end product BRs and in particular
BR Gg castaserone acts as a funndior biological activities(Bajguz et al., 2020)
Campestrol (Gg)-derived eibrassimlide (epiBL)(Fig. 1.5)is considered the most
important BR(Nakashita et al., 2003BRs can be conjugated with fatty acids or glucose

(Bajguz et al., 2020)

BR signalling machinery is quite conserved between monocotsi@mots (Kim &
Russinova, 2020BR signalling is summarised4inu et al., 2013, Kim & Russinova, 2020)
The BR receptor is the plasmeembrane localiseBRASSINOSTEROID INSENS(BRB 1
made up of an extracelluldAtRR domaina transmembrae domain, and serine/threonine
kinase in the cytosol. In the absence of BR, the BR receptors remainarthctivgheither
auto-phosphorylation, kinase domain dephosphorylation frétROTEIN PHOSPHATASE
(PP2A, orits interaction withBRI1 KINASE INHIBROI@BKI). The transcription factors
BRASSINAZOLE RESISTABZR)/BRI1 EMS SUPPRESEHS]) are retained in the
cytoplasm and impeded in DNA binding through phosphorylation by the negative regulator
BRASSINOSTEROID INSENSKBNE) 2nd association with 13-3 proteins which results
in BZR1/BES1 degradation with different E3 ligases. Iprésence of BR, BR binds to BRI1
and forms a heterodimer complex with an LRReeptor kinasd8RETASSOCIATED KINASE
(BAK) or the functionally redundant family proteifSOMATIC EMBRYOGENESIS KINASE
(SERK1 andSERK#esulting in full activation frortrans-phosphorylation of BKI1 from BRI1
resulting in their disassociatiofPlasna membraneboundBRSIGNALLING KINASEIK)L
and CONSTITUITIVE DIFFERENTIAL GRQ@¥DGLare phosphorylated by the active
BRI1 The BR positive signallipgotein BRI1 SUPPREFSBSLLIKESBSU1/BSIss then

activated byBSK1scaffold association and CDG1 phosphorylation. ibw activated
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BSU1/BStdephosphorylate88IN2and homologues BINRIKE1 and BIL2. BIN2 degradation

is also mediated byKINK SUPPRESSED IN1BZRIB). Repression of BIN2 permits
BZR1/BES1 entry to the nucleus through activation by PP2 dephosphorylation. As a
negative feedback loop, BZR1/BES1 bitdsBR responsive elements (BRRES) as
homodimers to repress expression of biosynthetic genes. Alternatively, BZR1/BES1 can
bind to DNA Bbox elements forming heterodimers with other transcription factors to
activate BR biosynthetic genéghu et al., 2013, Kim & Russia, 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 pathogeifgu et al., 2018)The endogenous pool of
BR may affect the balance between defence and or grgWthet al., 2018)T'he molecular
pathway of BR in thelefence pathway is described {Pe Bruyne et al., 2014, Yu et al.,
2018) There is some evidence for BR signalling componentBAkdhaving a role in plant
defence and PAMP recognitiofBari & Jones, 2009nd BAKL1lis likely determining
resistance or susceptibility depending of pathogen lifesfyle et al., 2018 mutation in
BRIlwasalso shown to improve resistance to necrotrapand hemibiotroplic pathogens
(Ali et al., 2014, Goddard et al., 20,1#) some cases lked to constitutive and induced
defences likd?R1and chitinasegAli et al., 2014)Alternatively BR can regulate ROS levels
or and secondarymetabolites(De Bruyne et al., 2014BRs can directly affect resistance,
for example, prereatment with epiBL was found to increase resistance to a range of
pathogens in tobaccd\icotiana tabacur without PR expression and independently of SA
or SARNakashita et al., 2003However BR can also interact with othprytohormones.

BR was shown to negatively affect @fences(De Vleesschauwer et al., 201(Fjg.1.4)
Alternatively, BR was found to induce the expression efellted OPR3Mussig et al.,
2000)(Fig.1.4)Lastlythere are molecular interactions witthe growth hormone GA that
can in turn affect resistancé-or example, BR caused stabilisation BEDA proteins which

interfered with GArelated immune responsgDe Vleesschauwer et al., 2012)

1.3.7. Auxin

Auxinsare important for many developmentgbrocesses such as shoot and root
architecture, responses to light and gravitgnd vascular developmen{Woodward &
Bartel, 2005, Davies, 20133mong four naturally occurring auxingdble-3-acetic acid

(IAA)is the mainactiveauxin in plant tissuefDavies, 2013, Sauer et al., 2013)Alevels
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are substantially different between monocots and dicots. In untreadedhalianatissues
(dicot), IAA levels range from approximately 10 ng/g to 50 ng/g (FW andL2Wis et al.,
2011, Gupta et al., 201,Avhereas in dicots, IAA ranges from approximately 16 ng/g to 5160
ng/g (DW) in various tissues of wheat aBddistachyoriBuhrow et al., 2016, Napoleéo et
al., 2017) Todate IAA(Fig. 1.5)s believed to be synthesised in plants via four tryptophan
(Trp)ydependent pathways or one THipdependent pathvay (Woodward & Bartel, 2005)
These pathways are described in detai{\Moodward & Bartel, 2005, Zhao, 2014, Morffy
& Strader, 2020) The most weltharacterised and likely primary plant pathway is the
relatively simple and highly consexy Trpdependent Indole3-pyruvate (IPA) pathway.
The amino acid Trp is first deaminated by the aminotransferase fahilyPTOPHAN
AMINOTRNS-ERASE OF ARABIDQF8Ksto IPA. Subsequently in the raieniting step,

IPA igurned into IAA with the enzym& UCCAYUQ flavin monooxygenases via oxidative
decarboxylatior{(Mashiguchi et al., 2011, Zhao, 2012, Zhao, 202&)er less charactesed
Trp-dependent pathways include the tryptamine (TAM) pathway in which Trp is converted
to TAM viaTRYPTOPHAN DECARBOXYIRASE then TAM to indole-acetaldehyde
(IAAId), and IAAId to IAA with unknown enzymes for the last two steps. In the
indoleacetanide (IAM) pathway, Trp is converted to IAM by an unknown mechaargin
then to IAA visAMIDASE (AMI1). Lastly in the IAOx pathway, Trp is converted to IAOX via
CYP79B2/3A0xs then converted via unknown mechanism to IAM or ind®ecetonitrile
(IAN) and then via the enzym@di1l and NITRILAS@IIT), respectively, to IAA. The Frp
independent pathway is not wetlharacterised but is believed to utilise indole derived from

the Trp precursor indok8-glycerol phosphate which is then converted to 1AA.

IAA levels are regulated at biosynthesis and gretslationally. 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 1AA
glucosyitransferase or conjugated with different amino acids WMBRETCHEN HAGEN3
(GH3 and in turn released with amidohydrolas@ALEUCINE RESISTANILR)-LIKE
family members(Staswick et al., 2005, Woodward & Bartel, 2005, Sauer et al., 2@&¥8)
can also be stored byonverson to indole-3-butryic acid (IBA) via IBA synthase and back to
IAA via koxidation, or methylatedwvith IAACARBOXMETHYLTRANSFERASEMTY)
(Woodward & Bartel, 2005, Sauer et al., 20¥8)xin is transported between cells over long
distances by polar transport which is mediatdaly the asymmetrical localisation of auxin

influx AUXL) and effluxPINFGRMED(PIN transmembrane protein@Noodward & Bartel,
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2005) Some PIN auxin carriers are localised in the ri€Rbalieved to function in auxin

sequestration(Sauer et al., 2013)

In the absence of auxid\UXIN/INDOLB-ACETIC AC(BUX/IAA proteins interact with
the AUXIN RESPONSE FAQARIMRtranscription factors forming inhibitory heterodimers.
In the presence of auxin, theldox protein/receptorTRANSPORT INHIBITOR RESISTANT1
(TIR), which is part of an SK®ullin Fbox (SCF) pe ubiquitin E3 ligasdéorms a complex
with  AUX/IAA and promotes its ubiquitination and targeted degradation by the 26s
proteosome. This releases ARFs and allows for aesponsive gene expression
(Woodward & Bartel, 2005, Sauer et al., 200bst ARFslo not interact with AUX/IAA
and function as transcriptional repressardnsteadthey compete with transcriptional
activator ARFs tbind to auxinresponsivegenes(Sauer et al., 2013Dther potential auxin
receptors includeAUXINBINDING PROIMNE (ABP) and SPhase kinasassociated 2A
(SKP2Rbut are both less characterised th@tR1(Sauer et al., 2013Pownstreamargets
include the positive regulatdBMALLAUXINPRNA$SAURs GH3 and AUXIN/INDOL-B-
ACETIC AC(BUX/IAA for auxin response regulatiqiVoodward & Bartel, 2005)

Aside for their important role in gmth and development, auxins are also involved in
defence signalling. Direct application of auxins was found to increase disease symptoms
likely through inhibiing defence responses, and resistance can occur when auxin signalling
is repressedBari & Jones, 200955H3.8was shown to improve resistande the rice
pathogen X oryzaeindependent of JA and SA signalling, likely through suppression of
auxirnrinduced cell walloosening(Ding et al., 2008, Bari & Jones, 2008)ernatively,
auxins can negatively affect @l&pendent defence responses, whichay indirectly
improve resistance tmecrotrophs Fig. 16; (Robert{ SAt I YAl y i1 Si& I f
Seilaniantz et al., 201)1)In turn, SAwas also shown to regulate auxin by supressing
expression o&uxin transporters, receptors, and responsgenes(Wang et al., 20070ne
common regulator between SA and auxin mayGig3sinceGH3.5regulatessignalling of
both auxin and SA(Zhang et al., 2007, Vlot et al., 2009, Chen et al., 2018b)in is
positively involved in the JA signalling pathway. The molecular JA compa#en€Ol1]1
MYC2function in the crosstalk between Hxin (Yang et al., 2019)For example,
exogenousauxinand auxin signalling can induce-adgsociatedyenes(Tiryaki & Staswick,
2002, Yang et al., 201%ke JAZ/TIFY104Grunewald et al., 2009)Lastly tryptophan
conjugates of JA and IAA can inhibit function of ag®taswick, 2009Alternatively, there
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might be a negative crogsalk/fine-tuning as components of the EBiquitin ligase

complex are also used similarly with the ausétated receptorTIRIwhich may result in a
competition for componentesourcegAcosta & Farmer, 2010pverall auxins likely have
roles in defencgowards necrotrophs due to theigenerallypositive association with JA
(Fig. 16). This is supported by evidence thaearotrophs were found to reduce auxin

signalling(Llorente et al., 2008)

1.3.8. Cytokinin

Cytokininsare a group of hormones important for a range of developmental
processedike floral development, cell division, specifying cell fate, and root development
(Davies, 2013, Wybouw & De Rybel, 20Mytural cytokinins are purine base derivates
and appear as eithesoprenoid cytokims (e.g.N-[2-isopentyl]ladening(iP), trans-Zeatin
(t2) (Fig. 1.5)or aromatic cytokinins (e.&inetinor N-benzyladeninéBA) (MarquezLopez
et al., 2019) Cytokinin concentrations (specifically zeatin) are approximately between 1
ng/g and 7 ng/g (DW) irabidopsideaves over timg¢Gupta et al., 2017whereas in wheat
andB. distachyonhey were either not detected, or are between approximately 2 ng/g and
4 ng/g (DW)Buhrow et al., 2016, Napole&o et al., 201Mar biosynthesis, regulation,
and transport is described {iMarquezLdpez et al., 2019)soprenoid cytokinin (iP, tZ, and
dihydrozeatin(DZ)) synthesis starts from either the methylerythritol phosphate (MEP)
pathway in the plastid that produces-iydroxy3-methyt2(E}butenyl diphosphate
(HMBDP) and subsequently dimethylallyl pyrophosphate (DMAPP) or through the MVA
pathway in the cytosothat produces DMAPP directly. First ATP, ADP, or AMP are
prenylated with the isoprenoid moiety from DMARBIng ADENOSINE PHOSPHATE
ISOPENTENYLTRANSFERSET), resulting in isopentenyl adenosktetriphosphate
IPRTP, isopentenyadenosines5-diphosphae  iIPRDP, or isopentenyadenosines-
monophosphate IPRMP, respectively. Subsequently iPRFRDP and iPRMP are
hydroxylated tarans-ZeatinNJ& 6 2 dphdd@hatgst@RTP, tZRD& tZRMP, respectively,
by AtCYP735Aand AtCYP735A2The monophosphate ribomleotides (i.e. iPRMP and
tZRMP) are key precursors for the active cytokinins iP and tZ, respectivady.
monophosphate ribonucleotide?RMP can also be generated frol@phosphorylation of
IPRTP and iPRDP whereas the ribonucleotide tZRMP can also begorérdmtZRPTP and
tZRDPdephosphorylation For the cytokinin DZ, the ribonucleotide DZRMP is produced
from tZRMP.cisZeatin (cZ) is synthesised from tRNA in which the adenine at A37 is

prenylated with tRNAPT, and after tRNA degradation, results irtha 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 LONELYGUYLOG 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 twstep pathway byconvertingthe ribonucleotides
iPRMP, tRMP, DZRMP, cZRMP to ribonucleosides iPR, tZR, DZR, and cZR, respective
before conversion to the active cytokinins. This alternate pathway is less characteansed

in Arabidopsisonly one gene was characterised dRIDINE RIBOHYDROLABH) (a
nucleoside Nibohydrolase (NRH)responsible for converting the ribonucleoside
isopentenyladeningiboside to iP. The biosynthesis of aromatic cytokinins is not well

characterised.

Cytokinin levels can be regulated by conjugation or by oxidativakol@vn. Cytokinins
are conjugated at the O or N position with glucose catalysed by glucosyltransfdodsgs (
N-conjugation is irreversible and is associated with cytokinin degradation whereas O
glucosylation is reversible with begucosidase. Cytokinsncan be degraded irreversibly
through oxidative breakdown by cytokinin oxidase/dehydrogenaG&X (Albrecht &
Argueso, 2017, Marquedzbpez et al., 2019)Cytokinins are transported long distance from
root to shoot by AT#inding cassette (ABC) transporters. The-spgacific transportePUP
import apoplastic tZ and iP where&NTtransporters importthe respective apoplastic

cytokinin ribonucleoside@MarquezLépez et al., 2019)

Cytokinin signalling occurs through a twomponent signalling pathway as described in
(Nongpiur et al., 2012, Marquddpez et al., 2019Cytokinins bind to CHASE domain of
ERlocalisedNONETHYLENE HISTIDINE KIN@®SESreceptors AtAHK?2/3/4 triggering
histidine autophosphorylation. The phosphate group is then shuttled by the protein
histidine phosphotransferase (HpT) from the cytoplasnyfee B response regulators (RRs)
in the nucleus. AHK4 also functions as a phosphatase and dephospherfiaiein the
absence of cytokininTypeB RRsire made up of a receiver domain and a MiXB DNA
binding motif at the @erminus which is important for activating downstream cytokinin
responsive genes such as thge-A RRsHpt positively interacts witlother cytokinin
related transcription factors such &YTOKININ RESPONSE FAGTRRSwhich share

downstream targets withtype B RR<Cytokinin signalling is regulated at various steps in
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this pathway. As a negative feedback lotype A RRshat lack aDNA binding domain
repress HpRndtype BRRs likely through competition for phosphaigpe B RRare also
regulated by SPHASE KINABKBSOCIATED PROTHBKPY CULLIN-BOX (SCF E3
ubiqutin with the F boXISS ME DEAOK¥ID and 26S proteasome for deglation. Other
transcription factors such asSPY and GLABROUSENHANCERINDING PROTEIN
(GeBP/GPBLcan positively regulate cytokinin signalling.

There isrelatively little known about the functioncytokininshave in plant defences.
Lower endogenouscytokinin levels were associated with susceptibility to the obligate
biotroph Plasmodiophora brassicaa A. thaliana(Siemens et al., 2006and cytokinin
levels and signalling was found to increase in response to ricefbiastM. oryzae(Jiang
et al., 2013)Cytokinins are thought to promote susceptibility to obligate biotrophs in part
0KNRdzZAK GKSANIJANBSZOMIAGAZRABA K WKAOK |
infection sites remain photosynthetically acti(@/alters & McRoberts, 2006, Albrecht &
Argueso, 2017)On the other hand, cytokinins were shown to promote resistance as
cytokinins were found to elevate levels of phytoalexi@sol3kinsky et al., 201,1and ROS
scavenging compound®ogéany et al., 2004and induce callose depositidhoi et al.,
2010) in which pathogn resistance was inferred. However defence activation only
occurred during capplication of cytokinins with elicitors/pathogen suggesting cytokinins
act as priming agentAlbrecht & Argueso, 2017)soprenoid cytokinins were shown to
affect tobacco resistance differently as tZ was more effective than cZ for reducing
Peudomonassyringaepv. tabacisymptoms(Grol3kinsky et al., 201L3¢ytokinins may also
have a more complex rola defence response signalling by functioning synergistically with
other phytohormones. Cytokinins were shown to function synergistically \Bi#étfor
defence(Fig. 16; (RobertSeilaniantz et al., 2007, Choi et al., 2011, Naseem et al., 2012,
Pieterse et al., 2012, Jiang et al., 2013, AlbrecAtgueso, 2017)For example, Sfelated
defence gene expression (i.e.”p&b) in rice was activated via the synergism from SA and
cytokinin cetreatment (Jiang et al., 2013pimilarly the cytokinin negativegulator type
A RR was also found to suppressr&lated gene expression and downstream SA defences
(Choi et al., 2010, Argueso et al., 2Q12ytokinin was found to have a primieffect on
resistance before pathogen atta¢hoi et al., 2010, Arguesto &., 2012) However, as a
regulatory mechanism, SA was shown to negatively regulate cytokinin sigr{Altongeso

et al., 2012) Through modelling oArabidopsissignalling networks, cytokinins weedso
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shown to function antagonistically to auxin in defence and the balance between these two

hormones was shown to affect SA defen{fdaseem et al., 2012)

1.3.9. Aminobutanoic Acids

Aminobutanoicacids(Synonymaminobutyric acidsare relatively newy recognised
signalling molecules compared to the classic plant hormolmerms of plant pathogen
interactionsthe most important ondas 3aminobutanoic acid (BABAFig. 1.5) BABA is
non-protein amino acidJakab et al., 2001, Cohen, 20@&jch haseenfound naturally in
plantsat 6.4 ng/g (FW) iA. thaliang and approximately 10 ng/g (FW) in whé@ahevenet
et al., 2017) To date only one BABA receptor has been identifiestMPAIRED IN BABA
INDUCED IMMUNITY(ALtIBIL) encoding amaspartyHRNA synthetase. The-ddantiomer
of BABA binds to aspart§RNA synthetase binding domain, allowing for plant perception
of BABA(Luna et al., 2014, Schwarzenbacher et al., 20@4jthermore,Atibil mutants
displayedreducedBABAInducel resistancgLuna et al., 2014t is suggestethat IBI1(in
the absence of BABA)ntributes toresistance by sensinghe dropping aspartic acid
concentrations irthe cytosolfrom invading biotrophic pathogertsecaug of a reduction
in its activity, resulting inelevaked IBI1 expression antdasaldefence This scenario is
mimicked by BABA binding tBl1and primingbasalresistance(Schwarzenbacher et al.,
2014)

BABA igenowned for improvingesistance in many plant speciesddroad range of
pathogens and insects without directly affecting the growftthe pathogen(Zimmerli et
al., 2000, Jakab et al., 2001, Cohen, 2002, Cao et al.,. Rddarkably BABA is known to
increase resistance tboth biotrophic and necrotrophic pathoger(€ohen, 2002, Ton &
Mauch-Mani, 2004, ©n et al., 2005)BABA levels also increase in response to pathogen
attack (Thevenet et al., 2017BABA is reported to increase resistance caflose,ROS,
lignin, phytoalexins, and phenaol€ohen, 2002, Olivieri et al., 200%his resistanceften
leads toreducedhost growth (Schwarzenbacher et al., 2014pn deficiencyKoen et al.,
2014)and even sterilitCohen, 2002)BABA has the pential to be classed as a novel
phytohormone (Baccelli & MauciMani, 2017) Importantly the resistance and growth
pathways induced by BABA are regulated by independent path{aysa et al., 2014)
BABAInduced resistance pathwaysn also bgathogenspecific(Zimmerli et al., 2000,
Cohen, 2002)There is a strong link between BABA and PAMP triggered immunity (PTI)
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through SA signallin@rig. 1.6Conrath et al., 2006 BABAas been shown to indudeR1

PR2 andPR%expressior{Cohen, R02, Flors et al., 2008Additionally, BABA also increases
resistance to necrotrophic pathogensy supporting ABA biosynthesis andsignalling
pathways which likely primescallose depositior{Ton & MauckhVani, 2004, Ton et al.,
2005, Fors et al., 2008) Genes involved in this callose deposition include the -ABA
associated ERPand the activator protein 2 transcription fact&BSCISIC ACID INSENSITIVE
4 (ABI9 (Ton & MauckMVani, 2004, Ton et al., 2009)

An important isomer of BABA isadninobutanoic acid (GABAFig. 1.5which can also
actas a extracellularsignalling molecule in plan{Sakab et al., 2001, Shelp et al., 2006)
GABAiIs found at a higher concentration than BABA7af90 ng/g (FW) i\. thaliana
(Thevenet et al., 2017Much less is known about the effe¢chat GABA has on plant
pathogen interactions compared to BAR&nnersley & Turano, 2000, Forlani et al., 2014,
Shelp et al., 2017)GABA is important in the tricarboxylic acid pathway (T€pecifically
in the GABA shunt pathway which provides an alternative route to produce succinate from
glutamate (Shelp et al., 2006, Bolton, 2009he GABA shunt pathway was shown to be
induced inLr34 resistant plants at 3lays post inoculation (dpijBolton et al., 2008)
Additionally elevatedGABA levels have been found in rice cultiMaresponse to rice blast
M. oryzae but while GABA levels continued to increase in resistant |i@ABA levels
decreaed insusceptible linegForlani et al., 2014)t is thought that GABA (through the
GABA shunt pathway) provides resistaribeough maintaining )DH generation in the
TCA cycle. This allows the hosti@umvent enzymes that are sensitive to oxidative stress
which often occurs duringdR (Bolton, 2009) Additionally GABA might act asstress
response signal frordecreasingoH levels in the cytosol anthcreasedcalcium signalling
(Kinnersley & Turano, 20Q0Expression of genes involved in primary amino acid
metabolism, specifically the GABA biosynthetic genere significantly incresed in
resistant mutants against necrotrophic pathoge(Seifi et al., 2013) Therefore the
evidence suggesthat GABA povidesredgstance to pathogens, specificaltynecrotrophs
through primary metabolism and the reduction of disease symptddrsthe other hand
evidence shows that GABA might be usgdpathogens as a nutrient sourd8ABA levels
were found to increase in responge acidic pHfrom the compatible interaction with
biotrophic fungiC. fulvum(Solomon & Olive2002, Shelp et al., 20063ABAevel changes
arealso utilised byr. graminearunas selfdefence mechanismagainstthe toxicity of DON

(Wang et al., 2018b)
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1.4. TheBiosynthesis oPhytohormones irfungi

Almost all the phytohormones, either the same (Rigp) or novel compounds, are
produced in fungi. Most phytohormone biosynthetic genes in fungi appear in clusters. The
phytohormone GA was first identified iGGibberella fujikuroi(synonym Fusarium
monoliforme) and the responsible biosynthetic pathwaypntrolled by a cluster of seven
genesisdescribed in detail ifiTudzynski, 2005 he start of the fungal GA thavay is very
similar to the pathway plant{Yamaguchi, 2008)In G. fujikuroj GGDP SYNTHASE
ENCODING GENEGS$ CPS/KSCYP45@, and CYP454, are key genes in the cluster
involved at the start of GA biosynthesis from GGDP te @édehyde and GAaldehyde.

The differences betweefs. fujikuroiand plants occurs after the GAaldehyde with the
genesCYP454, CYP45@, CYP45@3, andGA4 1,2DESATURASEeS andis generally to

do with when the hydroxyl groups are addddudzynski, 2005)The geneNADPH
CYTOCHROME P450 REDUQTR$ES important for CYP450 enzyme functidfalonek

et al., 2004) ABA is also produced in fungi IRBecinerea M. oryzae, andF. graminearum
0{AS6SNB SiG It®dX Hwnncx {LISYyOS SG ItoE HA
B. cinereathe responsible genes include a four gene cluster @¥&45@enes §ébaland

aba?), a gene of unknown functiomalfa3), and &©DEHYDROGENA&#a4)) as well as a fifth
important gene ESQUITERPENE CYI(#&8#abab) elsewhere in the genomgSiewers

SG It ®dX wnncI LI | dear§eNHifering éizdnyfre cafofenoid pathiay H
in plants(Chen et al., 20203he direct ABA pathway i. cinereanvolves theconversion

of farnesyl diphosphate, derived from IPP, tmaylideneethanol withstcY aba5 which is

then oxidised multiple times from the four gene cluster resulting in ABAmata et al.,
2004, Siewers et al., 2006, Izquigrdt . dzSy 2 Sid I f ®X HamMy D

Cytokinins are produced by two different pathwaysfungi which match the
different pathways for isoprenoid cytokinins in plakdarquezLopez et al., 2019)-or the
first pathway one of three forms of gene clusters are present in several fungal species like
F. pseudograminearumFusarium oxysporum and Claviceps purpureéSgrensen et al.,
2018) Each cluster contains a different composition of genes but all contain the two key
genesIPFLOGuUsion and aCYP450Both genes are important for producitigins-zeatin,

ciszeatin, and three Fusarium specific cytokinins (e.g Fusatinic acid) inF
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pseudograminearuniSgrensen teal., 2018)andtrans-zeatin inC. purpuregHinsch et al.,
2015) The second pathway involvestRNAIPTgene which is important focis-Zeatin
production is found in species liké. oryzae, Qlletotrichumgraminicolaand C. purpurea
(Chanclud et al., 2016, Hinsch et al., 2016, Eisermann et al.,. 2020RNAIPTprotein is

conserved in several Ascomycete fuf@hanclud et al., 2016)

Fungi canalso 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 {iMorffy & Strader, 202Q)A common pathway is the IAM pathway
used by species likeusariumproliferatum ET1 andColletotrichum gloeosporioiddssp
aeschynomeng@Rrobinson et al., 1998, Tsavkelova et al., 20b2hese species, the genes
responsible are organised in a cluster containifidR% PTOPHAN MONOOXY GE(i5sSH
and anlAM HYDROLASBaH (Tsavkelova et al., 2012%econdly, the IPA pathway is
present in fungi likdJstilago maydis Neurospora crassand likely also in.eptosphaeria
maculansand C. gloeosporioidefsspaeschynomenéRobinson et al., 1998, Reineke et al.,
2008, Sardar & Kempken, 201852 y (i 2 @& 6 2 @1In aSnannér tomrcting othn 0
the IPA and TAM pathwafMorffy & Strader, 2020)the most likely pathway is that
tryptophan is converted to IPA witiRYPTOPHAN AMINOTRANSFERASE genes
(Reineke et al.,, 2008)rhen IPA is likely converted to IAAld WiNDOLE-PYRUVATE
DECARBOXYLABDGgenesd {  NRIFNJ 9 YSYLJN Sy~ HamyPbC [ S2
orthologues are present in several ascomycete fungi S2y 01 2 & 6 2 Qtastlip i |
IAAId is converted to IAA witiNDOLE-ACETYLALDEHYDE DEHYDROGENDA§Enes
(Reinele et al., 2008) InterestinglyF. graminearums unique in that it likely uses the
alternative IAN and TAM pathways for IAA biosynthdkiso et al., 2016)

The phytohormone ethylene is algproduced by numerous fungi (Table 6.1) and the
pathways responsible are described in detalil in the introduction of chapter 6. Lastly, the
phytohormones SA and JA can also be produced by fi@manclud & Morel, 2016)
including byF. graminearum(Ding et al., 2020)There areearly descriptions of the JA
pathway in fungi which iskely similar to the plant pathwayEng et al., 2021however the
pathway for SA is stilinidentified (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-stetlied phytohormone
through exogenous application is SA. SA was shown to be effective in reducing disease fron
awide range of bacterial, viral, and fungal pathogens in several species stidbatopsis
rice, and tomato $olanumlycopersicum(Mandal et al., 2009, Trusov et al., 2009, Koo et
al., 2020) There are een commercial products, termed plant defence activators, that
increase plant defence through $élated plant defence pathway#grios, 2005, Bektas &
Eulgem, 2015)For example the active component benzothiadiazole, in products like
BION®, is a synthetic analogue of SA that piptent defences through SAR and is used to
reduce the severity of disease from several plant pathodéngdrich et al., 1996, Agrios,
2005, Sugano et al., 2013, Bektas & Eulgem, 20065 similar fashion, BABA could be
considered a SABssociated plant defence activat@@ohen, 2002, Agrios, 200%)jke SA,
exogenous aplation of BRs can improve resistance to many plant and pathogen systems
such as tobacco mosaic virus (TMV) in tobabtagnaporthegriseaand X. oryzaen rice,
phytophthorain potato (Solanum tuberosujnandP. syringaeand Oidiumsp. in tobacco
(Khripach et al., 2000, Nakashita et al., 2003, Yu et al., 20dgprtantly there is evidence
of improved resistance to fungi from BR application in field trials of barley and cucumber

(Cucumis sativus)(Khripach et al., 2000)

Despite the negative effects on resistance (Fig. 1.4), exogenous aioplioh ABA can
also improve resistance to species likdectosphaerella cucumerina Arabidopsis
Cochliobolus miyabeanirsrice,Alternaria solanin tomato, andcanreduce TMV buildip
in ArabidopsigTon & MauckMani, 2004, De Vleesschauwer et al., 2010, Song et al., 2011,
Chen et al., 2013afor JA, exogenous application of the jasmonate MeJA has also been
shown to increase resistance to several necrotrophic fungal pathogens, for exaniple to
cinereaand P. cucumerinan Arabidopss, Pythium arrhenomanes rice, andSclerotinia
sclerotiorumin dry bean Phaseolus vulgaris.)(Thomma et al., 2000, Oliveira et al., 2015,
Verbeek et al., 2019Exogenous application of ethylene or the precursor ACC have been
shown to also improve resistance in soyabe@ty¢ine maxto Phytophthora sojaéSugano
et al., 2013)and tomato toB. cineregdD@z et al., 2002)
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Exogenous @plication of cytokinins asalso shown to improve resistance to bacteria,
fungi, and an oomycete in species likeabidopsisrice, tobacco, and tomat(Naseen et
al., 2012, Reusche et al., 2013, Albrecht & Argueso, 2017, Gupta et al., 20209 is
evidence that exogenous application of the auxin IAA increased resistance in cotton
(Gossypium hitgum) and tomato to certainFusariumspecies(Sharaf & Farrag, 2004,
Egamberdieva et al., 2013)astly 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 investigaie®@z et al., 2002, Robert
Seilaniantz et al., 2007, Bari & JonesQ20De Vleesschauwer et al., 2010, Albrecht &
Argueso, 2017, Yu et al.,, 2018, Koo et al., 20Zbus the examining the effects of

exogenous phytohormone application should be investigated in alogsase basis.

BCAs can be used as an altermatpproach to improving host defences to pathogens
through the modifiation of endogenous phytohormone content in host plants. The fungus
Trichodermas a good example of this. Root application of differénthodermaspecies
induced both JA and SA contentAnabidopsisand cucumber and reduced the symptoms
of B. cinereaand P. syringagrespectively(Segarra et al., 2007, Contrer@srnejo et al.,
2011) Similarly, both JA and ethylene pathwayerg associated with the resistance
inducing properties ofrichoderma asperelluin cucumber taP. syringag€Shoresh et al.,
2005) It is proposed thaffrichodermaactivates ISR against pathogens in distal tissues
through the JA and ethylene pathwé$horesh et al., 2005, Korolev et al., 2008, Pieterse et
al., 2014) Similarly another BCA speci€3yptococcus laurentiwas shown to promote
resistance tdB. cineredn cherry tomato through hosinduced ethylene biosynthesis and
signalling(Tang et al., 2019)0ther phytohormones can also be affected by various BCA
species. In melorQucumis mie), three otherTrichodermaspecies were shown to reduce
the disease symptoms fromA. oxysporumvhich correlated with a reduction in hormone
profiles like cytokiningMartinezMedina et al., 2014)In other BCAs likBseudomonas
Fluorescencgecytokinin signbing was shown to be important for effective biocontrol
againstP. syringaen ArabidopsigGrol3kinsi et al., 2016)Lasty, the BCAacillus subtilis
and threeTrichodermaspeciesvere shown to increase cucumber, melon, and tomato I1AA
content and provide resistance to different pathoggi@hen et al., 2010, Chowdappa et
al., 2013, MartineMedina et al., 2014)
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Overall, the manipulation of endogeus phytohormone content in several host species
through exogenous application or BCAe shown to beeffective control strategies

towardsrespective pathogens.
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1.6. Brachypodium distachy@s a Model Organism for Studying

Fusarium Diseases

Due to wheat having a large allohexaploid genome, long growth, and generation
time, and relatively inefficient transformation resourd@skljacic et al., 201 1yvheat is not
the best pathosystem for high throughput, smsdlale experimental analysis Blisarium
diseasesDraper and colleagues (2001) descriliBrdchypodium distachyofpurple false
brome) as a useful model systerfor smaltgrained cerealgDraper et al., 2001)B.
distachyon(2n_10) is a temperate monocotyledonous plant that belongs to the Pooideae
subfamily. It is an inbreeding annual, with short generation times of less than four months,
short height, and regues simple growth conditiong-ig. 17) (Draper et al., 2001, Brkljacic
et al., 2011, Scholthof et al., 2018) terms of resourcesB. distachyomas a very simple
genome of just 27Mbp (high quality reads), high sequence collinearity and phylogenetic
position with other important cereals, efficient transformation systems, and a wide array
of other genetic resurces(Vogel et al., 2006, Initiative, 2010, Brkljacic et al., 2011, Thole
et al., 2012, Kellogg, 2015, Scholthof et al., 2018, Hus,e2G#0) Due to high similarity
(anatomically and developmentally) to whe#, distachyons a good model for studying
shoot and root developmer(iVatt et al., 2009)as well asimilarities ingrain development

(Draper et al., 2001, Opanowicz et al., 2011)

Figure 17. B.distachyonBd31) plants in pots growing in a controlled environment
cabinet. Approximately 3week old Bd31 in the front. FloweringBd31 in the back
(Approximately6-week-old). Photos taken with arPhone6 camera

48



In terms ofFusariumdisease researglother hosts such as barley have inherent type 2
resistance Fig. 1.3BTable 1 (Langevin et al., 2004yhich makes studying this type of
resistance difficultAlthoughrice is a diploid with a small genom@&nsembl Genomes
database(Howe et al., 202)), it is not adapted to temperate climates, and is infected by
alternativeFusariumspeciegAmatulli et al., 201Q)which makes studyinig. graminearum
infection challengingA. thalianacan be usedUrban et al., 2002however it exhibits
alternative FHB floral symptoms to those found in cereals and infection does not lead to
accumulation of high DOMoncentrationsin floral tissues (FPrxfessor Paul Nicholson,

personal communication).

B. distachyorns also a good model for studying plgmdthogen interactions. CertaiB.
distachyonecotypes display varying levels of susceptibility to a range of important cereal
diseass (Draper et al., 2001, Routledge et al., 2Q08&raldi and colleagues (2011) and
Pasquet and colleagues (2014) showtadt B. distachyonis an important model for
studyingF.graminearumpathologyon cerealgPeraldi et al., 2011, Pasquet et al., 20H)
graminearumcan infect allB. distachyortissues with variation betweem. distachyon
ecotypesand germplasni{Peraldi et al., 2011, Su et al., 201Big. 2.2 and Fig. 3.2)he
ecotype Bd31 was chosen for # presentstudy due to it having slightly higher levels of
susceptibility than Bd2(Peraldi et al., 2011, Su et al., 201B)rthermoreF. graminearum
was found to progress in a similar manner durhglistachyor-HB to that ofvheat FHB,
especially under elevated humidif$u et al., 2018Pespite DON increasing susceptibility
to F. graminearunin B. distachyorfPasquet et al., 2014pre-infection application of DON
was shown to condition resistance o graminearunm B. distachyoriBlumke et al., 2015)
Furthermore, aB. distachyorngene encoding aUDRglucosyltransferaseavas shown to
provide FHB and FRR resistance and DON resistaBcalistachyorand wheat(Pasquet
et al., 2016, Gatti et al., 2019 astly certain parts of the immune system are conserved
betweenB. distachyorand other cereals such as with BR signallidgddard et al., 2014)
or PRgenes(Kouzai et al., 2016frurthermore, nany important phytohormonessociated
B. distachyomgenes have been investigatéidyons 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, Kouz
et al., D16)
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1.7. ProjectAims

Most wheat varieties are susceptible to FHB and fungicides are not completely
effective. Phytohormones are known to affect resistance to different plant pathogens.
Brachypodium distachyaos 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 betweds. distachyomandF. graminearumSeveral sub
aims described below are important for addressing this aim. | want to compare théseffec
of each phytohormone on resistance to floral and root tissue diseases causéd by
graminearum(FHB and FRR, respectivelyhe effect of individual phytohormones on
resistance will be investigated using exogenous hormoneapgdication on FRR and FHB
in Chapters 2 and 3, respectively. Phytohormones with the greatest effect on FRR and FHE
disease resistance will be identified and discussed. | will then investigate the
phytohormonerelated transcriptomic response &. distachyoruring both FHB and FRR
diseases in Chapter 4. Likewise, the expressed secretome and other important gene groups
in F. graminearunduring both FHB and FRR diseases will be investigated in Chapter 5.
Lastly, it was reported that the host ethylesggnalling pathway is exploited by.
graminearum Gas chromatography and transcriptomics will be used to investigate the
biosynthesis of ethylene bf. graminearumin Chapter 6 Suitable predicted ethylene
biosynthesis genes will then be deleted using a $pétker deletion method and &lene

production and virulence of deletion strains will be investigated.

Chapter Aims

1 Chapter 2 Determine which phytohormoneare most effective atltering FRR
resistancdan Brachypodiumdistachyon

1 Chapter 3 Determine which phytohormonesre most effective at improvingHB
resistancdan Brachypodiundistachyorand wheat

1 Chapter4: Investigate thephytohormoneassociatedtranscriptome differences
between FHB and FRiRBrachypodiundistachyon

1 Chapters: Investigate theéranscriptomedifferencesof key Fusarium graminearum
effectors and genebetween FHB and FRR

1 Chapter 6 Determine whetheFusarium graminearurproduces ethylene. ldentify
the responsible pathway. Determine wheth&usarium graminearurderived
ethylene has a role in virulence.
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Chapter 2 The Effect of Phytohormones on Fusarium Root
Rot

Severafiguresand some of the writing in this chapter have been published previously in:

Haidoulis JF, Nicholson 2020. Different effects of phytohormones on Fusarium head
blight and Fusarium root rot resistance Brachypodium distachyorJournal of Plant
Interactionsl5, 335-44.

2.1 Introduction

Fungal root diseases cereals caused by the fungusarium Gaeumannomyces
and Rhizoctonia are widespread in whea(Triticum aestivurp and barley (Hordeum
vulgare fields and are becoming more prevalent with the increased use of cereal crop
rotation and no tillage practice@ook, 2001)Fusarium root rotKRRin cereals can be
caused byFusariumculmorun and Fusariumgraminearum(Cook, 2001, Beccari et al.,
2011, Wang et al., 201505. graminearums often associated with the disease Fusarium
head blight (FHB) as thsgenerally the first Fusarium symptom observed and is the most
economically relevant(Parry et al.,, 1995)FRRon the other handis not as well
characterised as FHB due to the difficudfystudying root diseasg¥/ossFels et al., 2018)
Fortunately wheat FRR causedmygraminearunandF. culmorunhas been the subject of
some investigation§Wang et al., 2006, Beccari et al., 2011, Wang et al., 2015b, Wang et
al., 2018c)Colonisation ath sporulation can occur rapidfyVang et al., 2015kausing root
browning and necrosigBeccari et al., 2011, Peraldi et al., 201@dntrol of FRR is also
difficult due to limited effectiveness of fungicides, lack of genetic resistance, and
persistence in the soil for many yedagilitated bythe predominantly saprotrophic lifestyle

of F. graminearun{Parry et al., 1995, Cook, 2001)

Phytohormones indue different effects on Fusarium head blight (FHB¥istancein
wheat and barley(Fig. 3.1)No researchto my knowledgehas investigated the effect of
phytohormones in response té. graminearumroot diseasein cereals. The effect of
hormones onF. oxysporunrinfection following root treatment has, however, been
investigated previousl{Sharaf & Farrag, 2004, Mandal et al., 2009, Traesal;, 2009, Kidd
et al., 2011) Unfortunatelythese 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 igelatively unknown. CertainF. oxysporunformae specialisare
predominantly necrotrophic pathogeris many plant species that invade host roots and
cause vascular wiliAgrios, 2005)Generally salicylic acid (SA) root treatment improked
oxysporunwilt resistancgMandal et al., 2009, Trus@t al., 2009Rnd abscisic acid (ABA),
1-aminocyclopropand-carboxylic acid(ACC), and jasmonic acid (JA) root treatment

increasedr. oxysporumwilt susceptibility(Trusov et al., 2009)

Brachypodium distachyais an effective cereal model for investigating cereal FRR due
to the high amtomical similarity of roots to whedWatt et al., 2009, Chochois et al., 2012)
and the fact that root tissues are highly susceptiblé&t@raminearuninfection (Peraldi et
al., 2011, Peraldi, 2012B. distachyonwas selected for FRR assays oveeatlbecause of
the fast and resourcsaving method. There is also a reduction in random experimental
variation becausef the larger density oB. distachyorplants that are grouped together
for a single treatment. Furthermore thB. distachyorFRR data can be more accurately
compared to FHB assaysing B. distachyonChapter3), and the smaB. distachyon
genome(Initiative, 2010)s useful to ease the subsequent investigation of transcriptomics
in FRR (Chapter 4ThereforeB. distachyorwas usedto efficiently test he effect of
phytohormones on FRR resistance on many roots simultaneously in a short timefraise.
has been investigated once beforexdgenous ACC application B. distachyomoots was

shown toincreaseF. culmorurinducedFRRsymptoms(Cass et al., 2015)

The objective of this chapter is todetermine which phytohormoneshave the most
significant effect or-. graminearuminducedFRR resistanaghen appliedexogenouslyB.
distachyorroot 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, twampoundswith substantial effects on FRR
resistance were then assasd for their effects on endogenous phytohormone and defence

changes during late FRR infection with the use of hormone responsive markers.

Aim: Identify the phytohormoneshat are most effective ahlteringFRR resistanda

Brachypodiundistachyon
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2.2 Materials and Methods

2.2.1 Plant Material and GrowtBGonditions

TheBrachypodium distachydme Bd31 was obtained from the John Innes Centre,
Norwich,UK To soften the floret, seeds were soaked in wgsterile diH:0) for 10 to 30
min. Subsequently, the lemma and palea were peeled off the individual Seeded seds
were placedetweentwo layers of dampened filter pap€® cm, SartoriuGrade 292) wvin
5 mlwater (sterile diHO0) in a Petridish Seeds were thestratified at 5°C for five days in
the dark Then the top filter paper layer covering the seeds was removed and the seeds
wereincubated for one day at 22°C (8 h light/dark photoperiodyariable humidity)in
controlled environment cabinets (Snijders Labs Micrdima-series, Economic LUX

chambes) (Peraldi et al., 2011)

2.2.2 Maintenance of. graminearum

FusariungraminearumPH1 (obtained frondohn Innes CentréJK) was maintained
on 20 ml solidified potato dextrose agar (ARAL g/L)(The PDA solution wasgpared by
the JIC media kitchgnin circular 9 cm diameter plastiPetridishes in controlled
environmentcabinets(Snijders Labs Mic@ima-series, Economic LUX chambearin a
walk-in controlled environmentgrowth room) at 22°C under 16 h/8 h light/dark

photoperiod(Fig. 2.1).
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Figure 2.1F. graminearunPH1 mycelial growth on PDB dpa) from an agar pludgoth
images A andB) are the sam®etri-dishviewed from the tog(lid) (A) and the bottom (PDA
basg (B). Scale bas=1 cm

2.2.3 Root Rot Assay

Aspects of the FRR assay were derived f(Beraldi etal., 2011, Goddard et al.,
2014)and were modified for chemical amendment experimertsterile néfilter paper
square(cut from ChromatographyPaper 4 cm x 57 cm from Slaughter Ltd R & jas
placed on square plastsfuare Petrdishes(10 x10cm) containing 5@nl autoclaved 0.8%
agar(Fischer Science)nder sterile conditionsten coldstratified and germinated Bd3
seeds were placed on the filter papek. minimum of 30 seedlings &re used for each
treatment. All plates wereplaced, agled at 70° from the horizontdab ensure uniform
downward rootgrowth, in covered plant propagators containing wetted paper towel to
maintain high humidity Qupp. Fig. §1Plant popagators with square Petdishes were
incubated at 22°C (16h/8h light/dark photoperiodariable humidity in controlled
environment cabinets(Snijders Labs Mic@ima-series, Economic LUX cham$)eAfter
three days, thdilter paperwith seedlings attachewascarefullytransferred todifferent
square Petrdishes containin®.8% agaamended with phytohormone or control solvent
alone and returned to controlled environment growth cabinefdl compounds were
ordered from Merck/Sigma&\drich UK unless otherwise statedll nonwater solvent
concentrations in final treatment were at or below 0.1%he same concentration of

solvent was applied to respective control treatmehiB8% agar plates. Additionally the
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compounds were applied to BelBroots in the absence of diseaseupp. Fig. 320 make

sure no visual browning occurred over time that migtierfere with FRR measurements
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Table 2.1Summary of eachhytohormoneexogenouslhappliedfor B. distachyorrRR assays.

Plant Hormone*

Working Concentration¥ a 0

Solvent**

References***

Salicylic acid 100 Ethanol (0.1%) DS HKakei et al., 2015)
Jasmonic acid 1 Ethanol (0.1%) DS +Dr AntoinePeraldj unpublished
1-aminocy_c|opr_opand- 100 Water DS +«Peraldi, 2012, Van de Poel & Van Der Straett
carboxylic acid (ACC) 2014)
Auxin (Indoles-acetic acid) 10 Water (Kakei et al., 2015)
sodium salt
Auxin (lNaphthaIeneacetic 5 Ethanol (0.1%) _—
acid)
Cytokinins frans-Zeatin) 10 DMSO (0.1%) (Grol3kinsky et al., 2013, Kakei et al., 2015)
Cytokinin (Kinetin) 10 Water rkkk
Gibberellic acid (GA) 10 Water DS {Tanaka et al., 2006)
epiBrassinolide 0.1 Ethanol DS +Peraldi, 2012)
Prohexadionecalcium 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., 201!
4-aminobutanoic acid (GABA 9000 Water Forkk
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* All compounds were ordered frorfBigmaAldrich/Merck** Final solvent concentration applied

to 0.8%autoclavedagar in control plate$H GAwater). ***The source for therespectiveworking
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 I1AA;ans-zeatin, and BABAespectively. A slightly lower concentration

of NAA was chosen because of evidence that MAAore stableghan IAAand primarily passively
diffusesinto plantcelld 5dzy f I LI SG | f @ mdpycz | 20S] Sid It o

Roots were inoculated six hours afteansferto hormoneamendedmedium(Fig. 2.2)
Inoculum was prepared by blendingycelium and®DAfrom one-weekold cultures(adding
1 ml water (sterile diHO) per PDA plate). Subsequentapproximately0.1 ml to 0.2 ml of
homogenized slurry was transferred with arb0syringe(Terumo syringe without needle)
onto the root tip. Inoculated plants were themcubated at 22°C (16h/8h light/dark
photoperiod, variablehumidity) in controlled growth cabinet¢Snijders Labs Mic@ima-
series, Economic LUX chamberagBnijders Scientificabine). The slurry was removed
when necrosis was visible at the root tgenerally atl-day post inoculationdpi) (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
RSYy20GSR I'a W{ O2 &kbh neasurén@nt at-8ay idternals Fig. B Fig.
2.5C).Unless otherwise stated, all photographs were taken with either an Olymats0C

Ultra Zoom Digital compact camera or an Olympus Stylué dd@nera.
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Transfer to phytohormone- Inoculate with Fg
amended media mycelium slurry

Remove
inoculum
1 dpi

‘ 6 dpi \ ’ 2 dpi \

Figure 2.2Fusarium root rot assay protocol summary. Pictusese taken from different
experiments except for 2 dpi and 6 dpi pictures. The second step/mycelial slurry inoculum
picturewastaken at 3 dpi (three days after inoculation) and does not normally shoialaer
mycelia during application. Scale Bars =1 cm
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2.2.4 AntimicrobialActivity againstF. graminearum

Potential effects of phytohormones on fungal growth were assessed. PDA mycelial
plugs (5 mm) ofive- or sevenday old F. graminearunPH1were transferred to 9 cm
diameter Petridishes 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/22C, 16 h/8 h (light/dark) (in controlled environment cabirie Snijders Labs
MicroClimaseries, Economic LUX chambeas)d measured across two perpendicular
diameters every day for three days.

Table 2.2 Summary of each phytohormone in amended PDA Forgraminearum
antimicrobial test.

Plant Hormone Working Concetration (> a 0 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 oldF. graminearumPH1 mycelial plugs growing radially along the
marked grid. Black marks on the grid represent 1 tee 2 dpa, anded is for orientation
purposes. Scale bar =1 cm.
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2.2.5 DifferentialGene Expression oMarkerGenes

Bd31 leavesand floret tissuewvere harvested, flash frozen in liquititrogen, and DNA
was extracted using@iagen DNeasy Plant Mini Kince material was ground to a powder
with a mortar and pestlavith a small amount of aciashed sand400pl of Buffer AP1
and 4l RNaseA were pipetted into the material. The mixture was vortexed and incubated
at 65°C for 10 min. Then 13 of P3 buffer was mixed the mixture was incubated for 5
min on ice and was subsequently centrifuged 81200rcf. The lysate wasentrifuged in a
QIAshredder spin column for 2 minE8,200rcf. Then 40Qul of AW1 buffer was added to
the supernatant (Apprdamately 200 pl) and mixed. The mixture was added to a DNeasy
Mini spin column and was centrifuged &900 rcffor 1 min twice vhile discarding the
supernatant.In a new collection tube500 ul of AW2 buffer was then added and the
mixture was centrifuged &,900 rcffor 1 min, subsequently discarding the flainrough.
This step was repeatdalit at 18,200rcffor 2 min. The Qiagespin column was then placed
in a 1.5 ml Eppendorf tube and the DNA was eluted @tpl or 100l buffer AE incubated
at room temperature for 5 min, and centrifugeat 5,900 rcffor 1 min. This step was

repeated using the eluate from the previous step.

Primers (Supp. Tab®&l) wereordered fromMerck/Sigma Aldrich UKn order to test
primer efficacy and annealing temperature, PCR was then carried out@stam PCR
machine(Table 2.3 and Table 2.4puality of PCR amplicons wdstermined using el
electrophoresiswvith 1% agaros€Melford)in 1x TAE buffer and @l of ethidium bromide.
Then10 pl of PCR produataspipetted to each well with100bp DNA laddein one lane.
The electrophoresis power supply was ae80 Vto 100 V. The gel wasisualised in a Bio

Rad Gel Imaging System
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Table 2.3PCR reagesfor primer qualityassays

Reagent Concentration gm)  Volume per well il
Buffer 5x 3
MgCh 25 0.9
dNTPs 10000 0.3
TagPol* 0.05
Primer F 10 1
Primer R 10 1
DNA template 3
dHO 5.75
Total 15

* TagPol (Gotag G2 Flexi DNA polymerase from PromAgajeviations: F (Forward), R
(Reverse).

Table 2.4The PCR thermoycling parameters for BdB DNA amplification

Step Temperature {C) Number of Cycles Time §) 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

ReferenceDr. Marianna Pasquariellpersonal communication

For RIgPCR 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 Eppendorféiguid nitrogen Approximatehi0 roots (all
the roots in a square box (Fig. 2.2) were pooled into one biological sgrepleate) RNA
samples were pepared using QiagenNeasy Mini KitBiological material was ground with
liquid nitrogenwith a small amount of acilashed sandor approximately 1 ml of fungal
material powder or approximately 2Q@ plant material powder. Then 450 of Buffer RLT
(for all plant material) or Buffer RLC (for all fungal material) was added to the frozen
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samples and the tubes were vortexed. The lysate then transferred to the QlAshredder
spin column and was centrifuged for 2 min &8,200 rcf Approximately 400ul of
supernatant was transferred to new Eppendorf tubes. Afterwards, g00f absolute
ethanol was added to the lysate, mixed by pipettingdahe mixture was immediately
transferring to an RNeasy mini spin column. The column was centrifuged for 15 seconds at
9,300 rcfand the flowthrough was discarded. Then 7QDof buffer RW1 was added to the
spin column and centrifuged for 15 second®&00 rcf The flowthrough was discarded.
Then 50Qul of buffer RPEvas added to the spin column and centrifuged for 15 seconds at
9,300 rcf The flowthrough was discarded. Then 5QDof buffer RPias added to the spin
column again and centrifuged for 2 min®B800 rcf The RNeasy spin column was placed in

a new collection tube and centrifuged 88,200 rcffor 1 min to dry the column membrane.
Finally, the RNeasy spin column was placed in a ngerigorf tube, and 3Ql of RNase

free water was added directly to the spin column membrane. The samples were incubated
for 1 to 4 min aroom temperatureand then centrifuged for 1 min & 300 rcfto elute the

RNA. This last step was repeated using thiatel obtained from the first elutiomnd RNA

was quantified using a Naboop 2000Spectrophotomete(Thermo Scientific)

Figure 24. Root harvestingnethodfor RFqPCR. White dashed lines denote location where
roots were cut. Plate is from BAB#&ated Bd31 FRR assay at 6 dpi

DNA wasliminatedusing Turbo DN#ree kis (Invitrogen. Then 2ul of Turbo DNAse
buffer and1.5 pl of Turbo DNAse was added 20 pl RNA and mixed gentlfhe mxture
was incubated at 3T for 30min (Thermo Scienfic Heratherm incubator)Then another

1.5l of DNAse was added and the mixtures were incubated for anotheniB@t 37°C.
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Subsequently5 pl of DNAse inactivationuffer was added to the samples and samples
were mixed well. The samples were then incubated at room temperature foirbwhile
mixing a few times. Samples were then centrifuged at 10®@0r 1.5min and the RNA
(Approximately22 ul) was transferred toreshEppendorfsRNA was quantified again using
a NanoDrop 20005pectrophotometer(Thermo Scientificand samples were stored at
70°C.

Once RNA was cleaned of DNand requantified using aNanoDrop 2000
Spectrophotomete(Thermo Scientifi¢)cDNA was prepared by first strand synthesis using
Superscript 3 reverse transcriptagavitrogen).A mixture was prepared containirgl of
sample RNA, il of 50uM oligoDt, 1l of 50ng/pl random hexamers, @l of 10mM dNTPs
and then DECReated water toatotal of 10pl. This mixture was incubated forrbin at
65°Cand kept on ice foat leastl min. The cDNA synthesis mix was prepareddiffarent
Eppendorf;in the indicated order, 21l of 10x buffer, 41 of 25mM MgC4, 2 ul of 0.1M
DTT, 2ul of 400UMul RNase OUT, and 20QWbf Superscript 3vas addedA total of 10ul
of cDNA synthesis mix wpiettedto each RNA/primer mixture and then the combination
was incubated at room temperature for 10in, followed by 50C for 50min. The reaction
was erminated at 83C for 5 min, and the mixture was then chilled on ideastly, the
mixture was entrifuged briefly and1 pl of RNase Hvas added followed by @0 min
incubationat 37°C.

cDNA from each treatment was used for-§HCR reactions (Tableb2and Table 2.6).
Samples were pipetted into a 98ell plate with a BIoRAD microseal B adhesive sealer and
centrifuged brieflyStandard curves were made Br distachyo\ctin housekeeping gene
(Supp. Tabl&1)) using a cDNA dilution series of 1/5, 1/10, 1/20, 1/50, 1/18€in7 was
primarily usedover GAPDHSupp. Table S1becauseof smallerCq (Quantitation cycle)

standard deviatiorbetween the treatments.
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Table 2.5Reagent lisfor RFgPCR

Reagent Concentration um) pl/well
SYBR green* 2X 5
Primer F 10 0.6
Primer R 10 0.6
cDNA ** 2
H0O 1.8
Total 10

*SYBR Green JumpStart Tag ReadyMix from Siddnech.** A 1/50 cDNA dilution from
stockwasexperimentally determinedAbbreviations: F (Forward), R (Reverse)

Table 2.6The PCR thermoycling parameters for BAeBRTqPCRyene 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
5 65.95 5 Meltcurve
capture

Carried out on a CFX96 TouchTM Raéale PCR detection systeBigRad using the Scan
mode SYBR/FAM only.

Once Coalues were obtained for target genes and the housekeeping getia7from
BioRadCFX Manager Software V3the logfold change in expression was then calculated
(Equation 21). Theprimer efficiency(Equation 2.1jor each primerpair, unless otherwise
stated, was experimentally determined irddution seriesexperimentusing the same PCR
protocol (Table 2.5 and Tab®6). The standarccurve for the housekeeping gerseewas

automatically calculatedrom this by the BioRadCFX Manager Software V3aith the
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output results.A minimumprimer efficiencyof 1.8 wasused however irone casethe
efficiencywas slightly under 1.8.

Equation 21. Calculation for logold change in expression for target gene from Cqg values
between two treatments using a housekeeping gease areference. Cq (Quantitation
cycle), GOI (Gene of Interest), HK (Housekeeping gerigjer efficiency calculated from

standad curve with primers. Equation fron{Dr Marianna Pasquariellopersonal
communication.

s#N '/ #KN ( +CA®A
a3t N (1 O 4TOR A O4#AR #1 1 GG AIA Od4#AN O
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2.2.6 Software, Data Processing, and Statistics

Microsoft office (Excel, Word, and Powerpoint) 2016 was used for writing, data
collection, images, and analysBndNote X8/X9 was used throughout the thesis as the
reference managerAll graphs were prepared ug Graphpad Prism (V5.04nageJvas
used for measuringoot necrosislength and preparing scale bars for photographs (1
pixel/aspect ratio)(Abramoff et al., 2004)All FRR datatatistics were performed on
GENSTAT v.19.1.0.21390 (VSN international Atggneralisedlinear model (GLM) with
normal distribution andidentity link function parameterswas used to analyse ea¢tRR
experiment(Supp. TableS® ¢ AYS LRAyGa oSNB FylfeaSR &
b ¢NBIGYSYyd k wSLIXAOFIGSQ F3AFAyad GKS NE
6awSLIX AOI 0S¢ RS y-gish Bei tre&tedtlFiga2j2pziAeBmodebcheliking
for normal distribdion and equal variance, data was either kept normal or transformed
before recording ANOVA results (Supp. TaB@& ®© ! FSo 'bhzx! Qa
independent experiments showed a significant interaction between the independent
experiment and the hormone trément (p < 0.05) at specific time points (Supp. T&3e
However for all the remaining time points, no such interaction was observed (p > 0.05) and
& &adzOK G0KS AYyGSNIOGA2y FIFO02NER 6FaARS ¥
the GLM ANOVA tesiThe gRIPCR gene expression dat@g, 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 @®MNiptomsat all time points
(Fig. 2.8\, p <0.01).In contrast JA application resulted insagnificant decreasa RNLat
every time point Fig. 2.1, p <0.01). Like JAthe plant precursor teethylene ACQ also
decreased RNL at all time pointBid. 2.&, p < 0.01) dwever the effectwas less
pronounced at second score daténterestingly, the difference in RNL for all three
compounds at each time point remained similar with the regression lines remaining parallel
rather than diverging over timelhe classic defence hormones had significant effects on

FRR resistance however the direction of effect depended on the particular phytohormone.

A B

1 — control
- 100 uM SA

1 — contral
< 1 uMJA

Root Necrosis Length (cm)
N

Root Necrosis Length (cm)
B

Days Post Inoculation Score Date
C

8 1 — Control
-- 100 uUMACC

Root Necrosis Length (cm)
'S

Score Date

Figure 25. The change if. graminearumnduced FRR necrosis after application of 100 uM
SA Q), 1 uM JAER), 100 uM ACQCJ on Bd31 seedling roots. Each data point is the mean
RNL £ SE from two independent experiments, except score date dwimch was from
one independent experiment. Score Date numberslg$ intervals between each number)
for B and Care the combined dpi from different experiments. Significance levels: ** p <
0.01, *** p <0.001 compared to controlTakenand modifiedfrom (Haidoulis & Nicholson,
2020)
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There was no significa effect of gibberellic acid (GAn RNL at any time poinf{g.
2.6A, p < 0.05)According to(Kakei et al., 2015endogenos GA levels are likely to be
saturated inB. distachyorand thusmightnot respond to exogenousormone application.
Therefore,GAdeficient conditionsvere generated by application dhe GAbiosynthesis
inhibitor prohexadione Ph) (Nahar et al., 2012, Kakei et al., 20E5jogenous application
of Phxhad no significant effect 2dpi (p =0.294). However RNL symptoms increased at
dpi (Fig. 2.8; p < 0.0land continued to do so with the greatest effect on RNL observed at
6 dpi (p < 0.001) This suggests that inhibition of GA biosynthesis increaBBRiR

susceptibility with the effect becoming more pronounced at later time points.

A B

8 17 — control _
== 10 utM GA — Control

-+ 100 pM Phx

Root Necrosis Length (cm)
oS

Root Necrosis Length (cm)
N

Days Post Inoculation Days Post Inoculation

Figure 26. The change if. graminearuminduced FRR necrosis after application of SA (
and Phx®) on Bd31 seedling roots. Each data point is the mean RNE from oneA) or
two (B) independent experiments. Significance levels: *@064, *** p <0.001 compared
to control. (A) Takerand modifiedfrom (Haidoulis & Nicholson, 2020)

There was no significd effect of epibrassinolide (eBbjp RNL at any time poinf{g.
2.7A, p < 0.05)Similar to GA, eBevelsare alsolikely saturated irB. distachyorfKakei et
al., 2015) therefore BRleficient conditions \@re generated by exogenous treatment with
the biosynthesis inhibitor Brassinazole (Bgx¥ami et al., 2000)ike Phx,there was no
significant effect on RNL at 2 dpi (p < 0.04y. 2.B). However RNL was reduced by Brz
application relative to the contrait 4 dpi (p <0.01) and theeffect continued to intersify
with the most pronounced effect observed at 6 dp(0.001). This suggests that inhibition

of BR biosynthesis improved resistance to FRR at laterpgonés.
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Figure 27. The change if. graminearumnduced FRR necrosis aftgplication oeBR A)
and Brz B) on Bd31 FRR progression. Each data point is the meantFf8f from oneA)
or two (B) independent experiments. Significance levels: ** .81, ** p < 0.001
compared to controlA Takenand modifiedfrom (Haidoulis & Nicholson, 2020)

IAAamended media had the mogtronouncedeffect on RNLcompared to allother
phytohormonesat all time pointssinceRNLsymptoms were reduced by halbmpared to
the control treatment at all time pointgFig. 2.8 p<0.001and Fig. 2.9. Like IAA, the
synthetic auxin NAA also significantgduced RNIat all time points(Fig. 2.8; p<0.001)
but auxinrinduced FRR resistaneeas most pronounced with IAAVith both auxins, the
increasedresistancewas observed asarly as 2 dpyet the regression lines divged over
time with a greater reduction in RNL at later time poinsg( 2.8and Fig. 2.9. Auxins

produced a very positive effect on FRR resistance.

A B

1 — Control
- 10 uM IAA

] — control
== 5 UM NAA

Root Necrosis Length (cm)
S

Root Necrosis Length (cm)
iy

Days Post Inoculation Days Paost Inoculation

Figure 28. The change if. graminearurrinduced FRR necrosis after application of 10 uM
IAA A) 5uM NAA B) on Bd3l roots. Each data point is the mean RNL = SE from two
independent experiments. Significance level ** p091, *** p < 0.001 compared to
control. Takenand modifiedfrom (Haidoulis & Nicholson, 2020)
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Figure 2. The decrease in RNkter IAA (Indole3-acetic acid) applicatiorBf compared to
the control(A) at 6 dpi Scale bars = 1 crilakenfrom (Haidoulis & Nicholson, 2020)

The cytokinirirans-Zeatin(tZ) inducedhe most severe FRRraptoms compared almost
all other phytdhormones (Fig. 2.1@). 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 (0081). The extent of necrosiswas
twice that in the controlby 6 dpi (Fig. 2.1@ p<0.00%1 Fig. 2.1) Liketrans-Zeatin, the
cytokinin knetin also showeda pronouncedincreasein RNLIlike tZ (Fig. 2.18). Kinetin
exhibitedno significanteffect on symptoms at Zpi (p =0.785) but increasedhe rate of
RNL so that the differential increased over tiffég. 12B4 dpi and 6dpi p <0.01, p<0.001
respectivdy). Like auxinshe cytokinininduced RNUMifference increasedver time from 2
dpi to the largest effect at &lpi. Overall cytokinirmmendment appeared to have a very
negative effect on FRR resistance which became more pronounced as the disease

progressed

69



A B

— Control
== 10 uM Kinetin

— Control
---- 10 uM tZeatin

Root Necrosis Length (cm)
S~

Root Necrosis Length (cm)
o

Days Post Inoculation Days Post Inoculation

Figure 210. The change ifr. graminearumnduced FRR necrosis after application of 10 uM
trans-Zeatin A) and 10 puM KinetinB) on Bd31 seedling roots. Each data point is the
average RNL + SE from thré@ ¢r one B) independent experiments. Significance levels:
** p <0.01, ** p <0.001 compred to control.Takenand modifiedfrom (Haidoulis &
Nicholson, 2020)

Figure 2.1. Theincreasein RNL aftetrans-Zeatin application®) compared tahe DMSO
control (A) at 6 dpi Scale bars = 1 crilaken from(Haidoulis & Nicholson, 2020)

The compound BABA hamhe of thegreatest effecs in increasingRNLcompared to
other defencerelated hormones Kig. 2.12, Fig. 2.13 The differential RNL symptoms
resulting from pe-application of BABA&creased over timavith the least significant effect
on RNL at 2 dpi (p < 0.05) but similar to &yns there was near doubling nécrosis at 4
dpiand 6 dp(p <0.001)relative to the controlOn the other handGABAad nosignificant
effect onRNL at any time poinE{g. 2.1B, p > 0.05.
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Figure 2.2. The change ifr. graminearumnduced FRR necrosis after application 9 mM
BABAA) and 9 mM GABA) on Bd31 seedling roots. Each data point is the average RNL
+ SE from threeA) or two B) independent experiments. Significance levels: *@05, **

p <0.01, ** p <0.001 comparedo control. (A) Takenand modifiedfrom (Haidoulis &
Nicholson, 2020)

Figure 2.B. The increase in RNL aftBABAreatment (B) compared tahe watercontrol
(A) at 6 dpi.Scale Bars =1 cm.

The phytohormone ABA was also tested on F#E8Ronsehowever it induced extensive
root discoloration which was indistinguishable from FRR symptants so prevented

assessmengFig. 2.13.
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Figure 2.4. The effect of 1QuM abscisi@acid on 7dayold Bd31 roots (after stratification)
in the absence oF. graminearumtreatment. Scale Bar = 1 criiaken from(Haidoulis &
Nicholson, 2020)

A summary of the effesthat each phytohormone has on FRR resistance is summarised

in Table 2.7.
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Table 2.7Summary of all FRR assay results.

Phytohormone Compound OverallHfect on Effect on FRR
FRRResistance* Progression**
SA SA T Parallel
JA JA + Parallel
Ethylene ACC + Parallel
Auxin IAA + Divergent
Auxin NAA + Divergent
Cytokinin trans-Zeatin T Divergent
Cytokinin Kinetin T Divergent
GA GA N
GA inhibitor Prohexadione T Divergent
BR Epibrassinolide N
BR inhibitor Brassinazole + Divergent
Aminobutanoic acid BABA T Divergent
Aminobutanoic acid GABA N

F {eYoz2fa TF2N Iy REYi2AiaSHR S FHFSTIBAYDSQ ST T
STFSOUlZ FYR WbQ RSy2iGSa y2 ST edpanitorRonfthe NS &
two different groups. Abbreviations: ACGdthinocyclopropan€-carboxylic acid), BABA
(3-aminobutanoic acid), BR (Brassinosteroid), GA (Gibberellic acid), GABA (4
aminobutanoic acid), IAA (IndeBaceticacid), JA (Jasmonic acid), NAZA (
Naphthaleneacetic acid), SA (Salicylic acid).
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2.3.2 The Effect of Phytohormones &ngraminearunGrowth

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 experimentgSection 2.3.1yvere applied toF. graminearungrowth medium
to detectany changes in growth over time. Compared to the respective control treatments
there was no significant effect ofr. graminearumgrowth by any of the tested

phytohormones (Fig. 2.1%.
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Figure 2.5. The growth (measured as radius from mycelial epicentrd).araminearum
on hormoneamended PDA at 2 dpa. Each data point is the average of approximately 46
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measurements from 12 biological replicates (4 measurements per biological replicate) + SE.

A 98" percentile whisker end cap was used for all treatments. @INOVA comparing
compound to respective control; pG:247 (SA), p 6.364 (JA), p 8.918 (ACC), p 6568

(IAA), p 9.729 (BABA), p&475 (tZ). Abbreviations; SA (Salicylic acid), JA (Jasaoi)ic
ACC (daminocyclopropand-Ol Nd 2 Eét A O | GamiRabiyrid agid, -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 fc
Exogenous Hormone Treatmeditiring 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 defeslated genes were
analysed in response to treatments with IAA aBABA. Using two SA and JA related
biosynthesis and signalling marker genes, | could also identify whether the effect on FRR
was due to an indirect activation of JA or SA pathwBlgsmarker gene was significantly
expressed or repressed in response to 8A dpi (Fig. 2.16A p < 0.05). Howeverading
to Fig. 2.18, BABA caused a significantofd downregulation of the Sfelated MES1
(Methyl Salicylate Esterasg g¢ene at 6 dpi (p = 0.005). On the other hand, expression of
the JArelated biosynthetic gne 12-oxophytodienoate reductase(®@PR3was significantly
upregulated at 6 dpi by approximately &@&d change (p< 0.03. However when the
housekeeping gen&APDHvas used for comparison, there was no significant difference
for OPR3p = 0.199data not showih No other gene tested was significantly expressed or

repressed in response to BABA (p < 0.05).
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Figure 2.6. Change in expregm of hormonerelated or general defeneceslated marker
genes in response to IAA)(or BABAR) 6 days after inoculation witk. graminearumin

all instances, expression shown is relative to that in control treated rootso(p fold
change).Gene expression was normalised whlatin7. Each bar is the average of two
biological replicates (with three technical replicates for each), and each are from
independent experiments.B) MarkersMES]1 MYC2 peroxidase and RBOHEare from a
different PCR experiment than the other markers and weampared to a differenfctin7
housekeeping reading. Studentdst significance levébr Cq values** p < 0.01.Compared

to respective solvent controlA) p =0.307 PR), p = 0.166NIES), p = 0.521QPRJ3 p =
0.993 MYC2, p = 0.409ETRY, p = 0.443RBOHB p = 0.699GLTR. B) p =0.209 PR), p

= 0.005MES), p = 0.009QPR3 p = 0.988MYC2,p = 0.956 GLTP, p = 0.181ETR2 p =
0.661 Peroxidasg p = 0.236RBOHPB Primers used are described in (Supp. Table &111).
genes(ExceptRbohB were responsive toespective phytohormonefKakei et al., 2015)
Abbreviationsin (Supp. Table S1%. hNAIAy L ffte o06StASOSR (2
responsive irB. distachyon(Kouzai et al., 2016% No significance (p > 0.05) compared to
GAPDHGene expression foPR1 OPR3 GLTPETRZ2in BABA treatmentB) was also
normalised withGAPDHdata not showi).
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2.4. Discussion

2.4.1 The Classic Defence Hormones Suggest a Necrotfeptussed
Lifestyle of. graminearunm Bd31 Roots.

The data shows that almost all phytohormones have significant effects on FRR
resistance at concentrations used herein. There have been no reportsxogenous
phytohormoneinduced changes t&. graminearunFRR resistance published previously
SA was found to promote susceptibility to FRIg.(2.%\). This contrasts with evidence from
(Makandar et al., 2011, Qi et al., 2012, Sorahinobar et al., 20h&ye SA promoted
resistance toF. graminearumn A. thalianaand wheat. Additionallyhis contrasts with
evidence suggesting a role of SA in resistande taxysporunm Arabidopsighalianaand
Solanum lycopersicum(Mandal et al., 2009, Trusov et al., 2009jhese apparent
contradictions may be due to differences in application time, the tisand disease
assessed, or the organism us@dandal et al., 2009, Trusov et al., 2009, Makandar et al.,
2011, Sorahinobar et al., 201&or example, in the studies of Makandard colleagues
(2011) and Sorahinoband colleague$2016), root tissue was treated with SA prior to
infection but symptoms were asseston shoot tissue rather than root tissigelakandar
et al., 2011, Sorahinobar et al., 2016)he effectiveness on resistance caused by
phytohormones may differ between tissues. Furthermore, making inferences based upon
shoot symptoms following root treatments may benfounding due to the effects of
systemic acquired resistance (SAR) and induced systemic resistan¢P&&Rj} al., 2007,
Liu et al., 2011, Dempsey & Klessig, 2012, Pieterse et al., Ziddjary to SA, the positive
effect of JA on FRR resistanE&( 2.8) supports other studies that investigated the effect
of JA on FHALI & Yen, 2008, Qi et al., 2016, Sun et al., 20M6ékandar and colleagues
(2010) have found that JA can promote susceptibtlity=. graminearunin A thaliana
leaves if appliedluring or shortly after inoculatiobut promotesresistance if appliect
least a dayafter inoculation(Makandar et al., 2010)Exogenous application dfethyl
jasmonate(MeJAto A. thalianaseedling roots also elevated Fusarium wilt susceptibility to
F. oxysporunm(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.

78



Like JA, ACC also increased rescdn FRRHg. 2.&). ACC is a precursordthyleneand

the data Fig. 2.8 andFig. 2.&) supports the reported synergism of ethylenigh JAin
Arabidopsis(Bari & Jones, 2009, Pieterse et al., 20IR)rthermore the results are
consistent with the evidence that &hd ETsignallings antagonistic to SA signallii§poel

& Dong, 2008, Pieterse et al., 2012he results of ACC on FRR support numerous studies
that also investigated the effect of ethylene on HiHB& Yen, 2008, Sun et al., 2016, Foroud
et al., 2018) However contrary to the results herexogenously appliedCC has been
shown to increasé&. culmorurinduced FRRymptomsin B. distachyorfCass et al., 2015)
Thougha differentB. distatiyonline was used, anthe concentrationof ACGvasat least
5-fold higher which maguggest there is a concentrati@iependent effect of ACC on FRR
resistance Furthermorethe datain the present studylso contradict{Chen et al., 2009)
who found that ethylene promoted susceptibility to FHB and leaf colonisation in wheat and
A. thaliara, and Trusov and colleagues (2009) who found that exogenous application of
ACC onA. thaliana seedling roots increa&sl Fusarium wilt symptoms caused By
oxysporum(Trusov et al., 2009yan Loon ath colleagues (200&)escribed 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 typan 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 beweét
evidence shows that ACC and ethephon induced similar eftectBHBIn most wheat
varieties (Foroud et al., 2018)he effects of these three defence phytohormones on FRR
resistance are unlikely to be due to antimicrobial effects Fongraminearummycelial
growth (Fig. 2.1% butrather likely due tahe influence of hormones ohostroot hormone

signalling and defence responses

The differencesobserved between the FRR studies undertaken by me and those of
studies on FHB and leaf infection may be because a unique FRR rpense F.
graminearuminduced FRR is not very well characterised evidence suggests thdk.
graminearumprogresses in a unique manner in root tiss@tang et al., 2015b)rThe SA
pathway is generally considered to promotesistance to biotrophic pathogenand
susceptibility tonecrotrophic pathogers whereas JA ancethylene pathways generally
promote resistance to necrotrophic pathogeasd susceptibility to biotrophic pathogens
(Glazebrook, 2005, Bari & Jones, 2009, Pieterse et al., . Z1y@phormones 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 accThe increase in resistance due to JA
and ACC applicatiorFig. 2.8 andFig. 2.%) suggests thaF. graminearumis acting
primarily as a necrotropbr has a much shorter biotrophic phaseBd31 roots compared

to its reported hemibiotrophc life-style in floral tissues(Brown et al., 2010)This view is
compatible with the negative effect of SA application on resistance of tiessties Fig.
2.5A). Differences in trophic state on host tissues been observed for other plant pathogens.
Marcel and colleagug2010)found thatM. oryzaebehaves as a biotroph durimgre (Oryza
sativa) root infection despite adopting demibiotrophc lifestyle on leavegMarcel et al.,
2010) Wang and colleagu€2015)found that wheat Sumai3 roots were susceptible to FRR
despite this variety being known for its potent FHB resista(\d&ng et al., 2015b)
Furthermore, Lyos and colleagues (2015) identified differing gene expression patterns
between root and leaf infection followingusariumoxysporum(Lyons et al., 2015 hese
examples suggest a unique tissspgecific defence mechanism might be occurring in roots,
in turn, which promotes a different trophic lifgde in Fusariumwhen infecting these
tissues. Hypothetical reasons fewitching to necrotrophymay bedue toa demandfor a
changein the resource acquisitiomethod, the time required to overcomdefences, or a
change in plant defence respon€abbage et al., 2015, Zeilinger et al., 2008)e or more

of these factors may be causing tdifference in fungal lifestylbetween roots and shoots

in the B. distachyon F. graminearunpathosystem. For example the speed at which FRR
progress may be the cause &RR resistance was characterised by time required to
penetrate the root cortex(Wang et al., 2015bjather than the numerous types of
resistances present in FHB(Table 1.1) The observation of rapid progression Bbf
graminearumin wheat rats (Wang et al., 2015hyas also observed witB. distachyoras

half the root was necrotic by 6 dpl.o understand this difference in resistanoetween
tissues, a combination of host and pathogesmic responses to early infection root

infection are necessary.

2.4.2 Auxins and Cytokinins Induced the M&sbstantial Effect on FRR
Resistance.

The developmentaissociated hormones induced the masgnificant 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 th:
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concentration of IAA was use#i@. 2.8 andFig. 2.8). Tle positive effects of auxirnsas

also been reported fofF. culmorurinduced FHB in barlefPetti et al., 2012and to F.
oxysporuminduced FRR in tomato roots after application of a soil dréBtlaraf & Farrag,
2004) A low concentration of IAA of 0.QIM was also found to reduce FRR symptoms
caused byrusariumsolaniin cotton Gossypium hirsutuj(Egamberdieva et al., 2013j

is possible that IAA is having a detrimental effecFograminearungrowth as was shown

by (Luo et al., 2016)However, | did not observe an antimicrobial effect of auxinFon
graminearummycelial growth(Fig. 2.15suggesting 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 signal(idgrente et al., 2008)Given that auxins
promoted resstance to FRR as early as 2 dpi, the data provides additional evidence towards
F. graminearunmbehaving 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 activitytodns-Zeatin because of its highly reactive
allylichydroxygroup (Chauhan, 2008)Thereis no evidence to date of cytokinins affecting

F. graminearunfFRR symptomg&ontrary to other studies, exogenous application of certain
cytokinins was found to promote resistance ¥erticillium longisporumPseudomonas
syringae and Hyaloperonosporaarabidopsis(Choi et al., 2010, Argueso et al., 2012,
Naseem et al., 2012, Reusche et al., 20H®)wever, like other studies with SA, abeve
ground symptoms where measured rather than root symptdresausehe diseasesvere
different. This further suggests a different form of hgetthogen interaction occurring in
roots. The effect of cytokinins on riessance was also reported to be concentration
dependent(Argueso et al., 2012The mechanisrfor the effects of auxin and cytokinin on

FRR resistance B distachyoms 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 mann&A had no significant effet on SAor JA
marker genesKig. 2.18) suggestinthe effectof auxins wasSA/JA independent o further
support these results, the expression of additional hormone marker genes for SA signalling
would need to be examined as well as assessing expressiorily after IAA and~.
graminearum co-application. Despite the numerous links of auxins and cytokinins to
synergism or repression with JA and(®4ang et al., 2007, Choi et al., 2010, Naseem et al.,

2012)this independent effect has also been observadorevious research. For example
81



(Qi et al., 2016jound that exogenousapplicationof IAA did not lead to an increase in
endogenous levels @A orJA Furthermore auxin signalling independent of JA and SA was
found to be important forA. thalianaresistance to two other necrotrophic pathogens
(Llorente et al., 2008)Additionally, the effect of auxin signalling mutaxtthalianaplants
was found to be independent of SAlated PR1expressionKidd et al., 2011)n another
example, elevated expression of a the {&Aido synthetase gen@H38that regulates IAA
levels promoted resistance t§. oryzaen rice independently of SA anth (Ding et al.,
2008) Auxin had no significant effect dhe ABAresponsive gen&LTRPethylenereceptor
ETR2xpression, and ROS signalmetated RoohB (Fig. 2.18).Cytokininsvere also found
to improve Nicotiana tabacum resistance toPseudomonassyringaein an SA and JA
independent mannefGrol3kinsky et al., 2011pverallgiven their large effectauxins and
cytokinins ardikely very important for the interaction betweel. graminearunand are
likely not having a direct effect on defence hormasignallirg. The role of auxin in its role
in resistance is further complicated given thiat graminearumhas been reported to
possess the capacity to produce IAA0 et al., 2018)hereas this is likely not the case for

cytokinins(Sgrensen et al., 2018)

The different effect of developmerdssociated hormones may be related to either
phytohormone homeostasis, antimicrobial production linked to metabolic pathways of
development hormones, or tradeffs with growth(Kazan & Manners, 2009, Naseem et al.,
2012, Huot et al., 2014, Albrecht & Argueso, 2017, Powell et al., 208dditionally,the
opposite response observed between cytokinins and auxins may be due to an antagonism
between the tworesponse networkgNaseem & Dandekar, 2012, iam et al., 2012)
Overall, the effect of developmeratssociated hormones on FHB and FRR may depend on
their influence on basal resistance or specific growth/defence traffie independent of
the trophic lifestyle of the pathogen. In contrast, the rolethe 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 inhibitenary root elongation and caused
increased lateral root branching compared to the con{®upp. Fig. 32 SE, and2F).

This supports previous evidence for this effect of auxindateral root development in
Arabidopsis(Caimiro et al., 2003, Laplaze et al., 2Q0Fhe root tip is responsible for
regulating auxin homeostasis by generating auftiiller et al., 1998and acting as an

auxin sink/Overvoorde et al., 2010 he root tip was the point of inoculation for all FRR
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assays (Fig. 2.2). If we assume infection a@acrosis 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 resistafikerk et al., 2000)Due to these observations, it
would be useful to compare the effect of auxins on FRR with inoculatiay from the

root tip. Contrary to auxin and regardlessinfection, application of the cytokinins Zeatin

or kinetin caused an inhibition of branchingid. 2.11Supp. Fig. 2L Fig.2G, Fig. &2H).
Cytokinin is known to inhibit lateral root growthaplaze et al., 200Which was observed

in response to FRIRi¢. 2.1B) and under diseaskeee conditions $upp. Fig. 2L Fig.2G,

Fig. 2H). Further investigation is required to understand the interactions between root

development, infection, and auxins and cytokinins.

2.4.3 The Aminobutanoiécid BABA Severely Increda$d&kR Susceptibility

The aminobutanoic acid BABA has not been previdesked onF. graminearum
induced FRR to my knowledge. The highly negative effect of BABA on FRR redt&ance (
2.12A andFig. 2.13 contrastswith evidence showing that BABA increases resistance to
both necrotrophs and biotrophgCohen, 2002, Singh et al., 201#)d especially root
pathogengCohen, 2002, Olivieri et al., 200Fhe contrasting effect may be dependent on
the type of pathogen as was hypothesised 6phen2002) The substantialeffect of BABA
on FRR susceptibiligould be due to synergisimf SAand ABAsignalling(Conrath et al.,
2006) BABA was reported to function synergistically with SA, as evidenced by @i@gul
of PR1genes, or impairing immunity in lines with SA deficient mutati(®iggrist et al.,
2000, Cohen, 2002, Conrathad., 2006) Supporting this synergism, SA alstreases FRR
susceptibility (Fig 8A). Furthermore BABA was shown to negatively affédES1
(MethylEsterasd) expression at 6 dpi{g. 2.16).MES1s important for SAR responaed
is known to be repressed at the site of infectidris allows for a further increase the levels
of MeSA for transport to distal plant cells for preparation ofr8lated defencegPark et
al., 2007, Liu et al., 2011, Dempsey & Klessig, 201®refore | hypothesise that BABA
induced a SAR response fn graminearuminfected roots. Indeed BABA is known to
function as a priminggent(Conrath et al., 2006, Singh et al., 201@nent and colleagues
(2010) identifiedthat silencing ofMesApromotes resistance té. oxysporunin tomato
(Solanum lycopersicunfAment et al., 2010) Therefore, the activity dMESImay promote

susceptibility toF. graminearumiIn order to investigate this hypothesis, the expression of
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MES1in distal tissues, likshoot tissue during the FRR assays treateith BABA andr.
graminearumwould need to be analysed. Unlike the effect MES] the predicted
downstream SAesponsive gend’R1(Bradilg57590Wwas not significantly upregulated
(Fig. 2.16\). HowevelPR15 (Bradilg57590) was identified as more responsovéA than
SA(Kouzai et al., 2016] herefore, a different downstream signalling SA marker gene would
have been more appropriate. Nonetheless the JA biosynthetic @gtRe3vas slightly but
significantly upregulatedHig. 2.18\). This would suggest that BABKghtly induced JA
biosynthesis. The influence of BABA on-rdlated genes has been reported
(Hamiduzzaman et al., 2005Pue 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 b
different at earlier time points, thsiit would be important to test expression of hormene
related genes in response to-@woculation of hormone andé. graminearunat an earlier

FRR time point.

Given the larger effect of BABA on FRR susceptibility compared to SA it is possible that
BAB\ is also affecting FRR resistance in aiin8&pendent mannerAside from roles in
plant defence, BABA can also affect plant development through reduction of growth and
endogenous iron contenfWu et al., 2010, Koen et al., 2014herefore, BABA may be
functioning similarly to the classic developmeagsociated hormones auxin and cytokinin.
BABA induced negative effects on lateral root branchiig. @.18) as well as the inhibition
of root tip elongation in the absence of thmathogen Supp. Fig. 32andFig.2K).BABA
can be phytotoxic at high concentrations however it is reported that roots are more
tolerant than shootgJakab et al., 2001Yp to 106fold lower concentrations of BABA were
found to also increase susceptibility to R minimal effects on development (Data not
shown).BABAunctions synergistically with th&BA defenc@athway(Ton & MauckMani,
2004)and there is evidence suggesting thsBApromotes FHB susceptibilifBuhrow et
al., 2016, Qi et al., 2016AlternativelyBABA also activates the ABignallingpathway(Ton
& MauchMani, 2004)and there is evidence that ABA increases susceptibility to FHB
(Buhrow et al., 2016, Qi et al., 201B8nfortunately there wasno significant &ect of BABA
on the expression of ABA responsi@&TRFig. 2.16) Therefore this suggests that BABA
induced ABA signallingon & MauchMani, 2004)was not involved in FRR resistance or
that GLTRvas not the appropriate marker. Alternatively BABA can indtmedeficiency

state inA. thaliana(Koen et al., 2014nd changes to iron content can promote susceptibly
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to necrotrophs(Laluk & Mengiste, 2010If F. graminearums behaving as aetrotroph
during FRR, then it is possible that a reduced iron content caused by BABA promoted FRF
hyper-susceptibility.

Unlike BABAthe same concentration ats isomer GABAdid not affect FRR resistance
(Fig. 2.1B). This contrasts witlevidencewhere GABA has been shown to be involved in
plant resistancéSolomon & Oliver, 2002, Bolton et al., 2Q@3sijven the high concentration
of GABA appliedt is unlikely thaibther concentratiors will affectresistance. Furthermore
no difference was observed in root growth in the absence of diséaspp. Fig. S2A and
Fig. S2L)Overall, these results show that BABA and GABA have contrasting effects on
resistince ofB. distachyorto FRR, and it provides evidence tlatesserknown plant

signalling molecul@ABAYxan have substantial effects ¢iusariunresistance

2.4.4 The Different PhytohormorBependent 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 separaiato two broad groupgTable 2.7)Thefirst W LI Ngrdug S Q
are thosecompounds that induced aignificantdifference in resistance at the first time
point, and that differential remained similar at later time pointor examples atlefence
associaed phytohormones appeard to have this effect (SA, JA, AC&Y(2.9. This trend
implies that these compounds have an effect ioitial F. graminearuminfection, after
which the absence of deviation relative to the first time paniggestshat the effect on
FRRcolonisation was much reduced or abse@n the other handthe second? RA @S NH S
group are those that haveelatively minor effects at the first time point, butvhere the
differential in resistance increased at later time points. The growth and development
associated phytohormones auxins, cytokinins, and BABA exhibitedFibis2.2\-B, Fig.
2.10A-B, Fig. 2.12\). This trend implieghat these compound$iave a miimal effect on
initial infection but affect the ability of the host to restridE. graminearunctolonisation.
Together the evidence supports the idea of fundamental differences in the functioning of
growth/development associated phytohormones compared toe tltlassic defence
phytohormones in resistance to FRR. further supports the hypothesis that the
development hormones auxiand cytokinin including BABAare functioninglargelyin an

SA/JA independenmanner. Importantly, speculation about the two digtiO i paf 2
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independent of the dose applied.

2.4.5 Endogenous GA and B#vels Affect Resistance to FRR

Exogenous application of either GA or eBR had no significant effect on FRR
resistance Fig. 2.8 andFig. 2.7A). However, their inhibitors (Phx and Brz respectively)
induced effects on resistance at later time poirfgy( 2.8 andFig. 2.B). Phx functios as
a growth retardant by inhibiting late stage biosynthesis of(Bywn et al., 1997)Similarly
Brz also behaves as an inhibitor of BR biosynti@siami et al., 2000gnd Brz at 1QuM
was found to be déctive at reducing Brz content in barley leaves and r¢Btgguz et al.,
2019) Bd31 roots were continuously exposed to these inhibitors throughout the duration
of the FRR experiment. | hypothesise that GA and BR deficient conditions would manifest
during lateinfection due to the naturally high availability of GA and BB.inlistachyon
(Kakei et al., 2015)Therefore, nordepleted endogenous levels of rpective 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-depteted. If a low GA content after Phx
treatment caused increaseBRR susceptibilityig. 2.8), it suggests that GA prootes
resistance toF. graminearunin B. distachyorroots. Positive effects of GA on FHB have
been previously reportedBuhrow et al., 2016)Thedecrease iFRR symptomsfter BR
biosynthesis inhibition from BREi(. 2.B) suggests that Bitomotessusceptibility toF.
graminearumin B. distachyomoots. This resultontrasts with the evidence that exogenous
BR increasedHB resistance t&. culmorumin barley (Ali et al., 2013) Furthermore,
disruption of BR perception in barley promoted resistancd~toculmorum perhaps as a
result of increased levels of BR in the signalling mugatfitet al., 2014, Goddard et al.,
2014) The effect of Brz was not investigated Bngraminearungrowth but increased
resistance from antimicrobial effects of Brz Bngraminearums unlikely given that there

was no significant effect on resistance at 2 djg( 2.B).
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2.4.6 Root Rot Assay Limitations

The FRR assay results are likely dependent on numerous factors. | have only
investigated the effect of a single concentratiohphytohormone on FRR, but it should be
borne in mind that there may be concentrati@iependent effects. This should be key for
investigating specific phytohormones such as auxins or cytokinins. Furthermore it would be
beneficial to investigate the FRRsponse to phytohormones after inoculation as this was
shown to be important for final disease resistance outcdiakandar 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 causéd byysporum
phytohormones and inoculation were alpgd by soil drench, physical removal of roots
from soil or usef hydroponics to enablavestigation of adult plantévandal et al., 2009,
Trusov et al., 2009,i¢d et al., 2011) This may be an option for investigating hormone
effect on adult root systemd.astly it would be interesting to investigate the effect of
interesting phytohormones like auxin,tokinin, 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. |
showed that the phytohormones auxins, cytokinins, and BABA induced the most significant
effects on FRR. In fact almost all phytohormones tested affected FRR resistance iryone wa
or another. The phytohormones JA, ethylene, auxin, and GA were associated with FRR
resistance whereas SA, cytokinins, BR, and BABA were associated with FRR susceptibilit
Secondly the data provides supporting evidence for an antagonistic effect bettheen
classic defence hormone SA and JA/ethylene and hints at a unique infection strategy of
graminearumin B. distachyomoots in that it adopts a more necrotrophfocused lifestyle
than that reported for infection of floral tissues. Furthermore, theadshows an important
role of developmenassociated hormones auxin and cytokinins on FRR resistance and hints
at their potential SA/JAndependent effects. The data revealed two resistance groups
focussed on initial infection or colonisation and that tadwoad groups were dependent
2y (KS WOflaaQ 27 LK-adssaiged phydhorfonesldppeakes ®©

play a more significant role in initial infection whereaswth-associated phytohormones
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played a greater role in colonisation. Together tteta suggests that phytohormones can
affect FRR resistance and suggests an important role phytohormones dgtring
graminearuminfection of roots. The effects ohgytohormones on FRR resistarmanthen

be compared to their effects oB. distachyor-HB restancewhich is investigated in
chapter 3 Future experiments are required to examine the host and pathogen
transcriptome response during FRRvestigated in chapte4 and 5)o provide additional
evidence on the mode of trophism within infected tisswa®d B. distachyorhormone

related gene expression changes.
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Chapter 3 The Effects of Phytohormones on Fusarium Head
Blight

Severafiguresand some of the writing in this chapter have been published previously in:

Haidoulis JF, Nicholson 2020. Different effects of phytohormones on Fusarium head
blight and Fusarium root rot resistance Brachypodium distachyorJournal of Plant
Interactons15, 33544.

3.1 Introduction

Fusarium graminearum is a facultative hemibiotrophthat causesnumerous
diseases on small grain cere@lansen et al., 2005, Boddu et al., 2006, Brown et al., 2011)
Themost importantF. graminearundisease is Fusariutread blight (FHBraused bythe
infection ofthe cerealspike (Parry et al., 1995, Jansen at, 2005, Boddu et al., 2006,
Brown et al., 2010)Wheat {riticum aestivum) and Brachypodiumdisachyonplants are
most susceptible to FHBidng midanthesis(Fig.3.1). Therefore thisis a critical time for
controllingFHB A potentialtarget for tackling FHBs to find compounds thatanreduce
susceptibility toFHBat this critical developmentadtageand reduce the total content of
the associated-usariummycotoxin deoxynivalenol (DON) that accumulates in the grain
Current control methodgely on genetic host resistanand fungicides(Dweba et al.,
2017) Phytohormones are important components of plant defence signalling and their
impact on resistance té. graminearunhas been investigated in numerous studiesAn
thaliana, wheat, and barleyHordeum vulgarg(Table 3.1)Furthermore phytohormones
have also been shown to affect mycotoxin content in infected gréiteskandar et al.,
2011, Buhrow et al., 201@&nd to directly affect-. 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
anthess. In this chapter, | wilhvestigate the use ophytohormonesas FHBcontrolling
agents in susceptiblB. distachyoriines as well as the effects of some phytohormones on

control of FHB in wheat
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Anthesis

Susceptibility

Development
(Days)

Figure 3.1The aim to transiently increase resistance towards FHB duringamtigesis 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 lineare the potential transient reduction in susceptibility during heightened level of
susceptibility Heightened mieanthesis susceptibilityonceptinfluencedfrom (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 whéktakandar et al., 2011, Qi et al., 2012,
Sorahinobar et al., 201&nd on DON reductiofMakandar et al., 2011)Application of
methyl salicylate also showed positive effects on wheat leaf resistanEedoaminearum
(Ameye et al., 2015 here is extensive evidence in the literatoféhe effectiveness of SA
against a range of pathogenic species. Initially, Makandar and colleagues (2010) showed
that endogenous SA and SAR were important for resistanc&.tgraminearumin
Arabidopsis thalianagMakandar et al., 2010)SA biosynthesis mutants such ad2s
exhibited higher. graminearumnduced disease severity A thaliana(Makandar et al.,

2010) However SA was also shown to have no effect on FHB resisianée Yen, 2008)
and SARs likely not involved in FHB resistance in wh@at& Yen, 2008)r barley(Hao et
al., 2018) The increased resistance Fo graminearunmay also be due to a direct damage
to fungal cells by SA Qi et al., 2012found that growth, germination, and DON

production were signifiaatly reduced with increased exogenous SA leweistro.

Reports onthe effect of Jasmonic acid (JA) and metaginonate(MeJA) on FHB are

inconclusive. JA and MeJA application wegorted to have a positive effect on FHB
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resistance in wheafli & Yen, 2008, Qi et al., 20Hun et al., 2016)n contrast, exogenous
MeJA (metabolised from JA) vapours were found to increase susceptibilityF.to
graminearumby attenuating SA signalling A thalianaand wheat during early infection
(Makandar et al., 2010, Makandar et al., 2014pwever positive effects were observed
during late infection irA. thaliana(Makandar et al., 2010%imilar results were reported in
wheat where preinfection application of methylasmonic acid promoted susceptibility,
whereas posinfection application promoted resistance of wheat leaveb tgraminearum
(Ameye et al., 2015)Exogenous application of MeJsoprovided a reduction in disease
severity(Li & Yen, 2008, Sun et al., 2018)milar to SA, exogenous JA likely also directly
reducesF. graminearungrowth in vitro, which was associated with reduced wheat FHB
symptoms(Qi et al., 2016)Inherent antagonism between SA and JA hormone pathways
(Fig. 16) suggess a contradiction in the response of wheat Fograminearum(Table 3.1).
This may, however, be explained by the plant responding to the different trophic lifestyles

of F. graminearumat different stages of infectio(Bari & Jones,@9, Brown et al., 2010)

The precise role of ethylene on resistancdHgsariumalso remains unclear. Chen and
colleagues (2009) identified that overexpression and reduction of ethylene signalling
resulted in inceased susceptibility or resistanceespectively in A. thaliana to F.
graminearum Furthermore, silencing of a core ethylene signalling gé&ibld reduced
disease symptoms and mycotoxin content in wheat grains. It was also suggested that the
virulence actor DON utilises ethylene signalling for modulating cell death resp@isen
et al., 2009)However(Li & Yen, 2008¢portedthat externally applieagthylenetreatment
provided resistance equivalent to the re&nt control Sumai3. Similarlyoféud and
colleagues (2018) found that ethyleqeomoting compounds improved resistance and the
opposite was true for ethylenrahibiting compoundgForoud et al., 2018)This effect of
ethylere is further complicated given that Sun and colleagues (2fal6)d nosignificant
change irFHB susceptibility iresponse to exogenowethyleneon wheat spikegSun et al.,
2016)

More recently other important hormones were shown to have roles in defence and
contribute significantly to the infectioresponse. Exogenous application of gibberellic acid
reduced FHB spread in wheat hed@sihrow et al., 2016 Dwarf wheat varieties (mutant
Rhtgenes) which produce constitutively active DEptoAeinsand whosesensitivity to GA

is decreasedhave been associated thinecrotrophic FHB resistan¢8aville et al., 2012,
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He et al., 2016 However there is evidence that effects Basariunresistane may not link
directly to GA and DELLA proteins hut rather associated with plant heigii€hen et al.,
2014a) Exogenous application of the phytohormone abscisic acid negatively affected
resistance to FH@Buhrow et al., 2016, Qi et al., 2018)study by Ali and colleagues (2013)
found that exogenously applied epiBL redudegariumculmorumdisease sesrity and
grainassociated weight loss in barlgy.(vulgare (Ali et al., 2013)Goddard and colleagues
(2014) found that disrupting the main BR receptBR(]} in barley resulted in increased
resistance in most tissues to a range of dAmatrophic pathogenic fungi, including.
culmorum (Goddard et al., 2014)The sameBRI1mutant barley cultivars also showed
increased resistance to FHRBIi et al., 201% The auxins indol8-acetic acid (IAA) had
positive effecton FHB spikelet infection and yield loss in bafistti et al., 2012nhegatve
effects on FHB in whedBu et al., 2020and was even found to redudéusaium growth

in vitro (Luo et al., 2016)

There are hormones that have not been investigated regarding exogenous application
and response td~. graminearuminfection. These include cytokinins which have been
implicated in plant defencéChoi et al., 2010, Choi et al., 2011, Albrecht & Argueso, 2017)
and the recently classed neprotein amino acid and signalling molecul@a®inobutryric
acid (BABA)(Cohen, 2002, Thevenet et al., 20172 summary ofexogenous
phytohormoneQ éffects onFusariuminduced FHB and DON is described in Table 3.1.
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Table 3.1Summary of theeffectseachphytohormone(investigated in this thesjdhiason
F. graminearumand F. culmorum infection responsefrom exogenous applicatiomn
different hosts.

Plant Hormone Effect onFusariuminfection References

(Li & Yen, 2008, Makandar
al.,, 2010, Makandar et al
2011, Qi et al., 2012, Amey
et al.,, 2015, Sorahinobar ¢
(T8). al., 2016)

Increased symptoms at earlieaf (Li & Yen, 2008, Makandar
infection (Ta and At). Increased al., 2010, Ameye et al., 201
resistance aearly andlate infection Qi et al.,, 2016, Sun et a
(TaandAt). 2016)

(Li & Yen, 2008, Chen et ¢
2009, Sun et al., 2016, Forol
et al., 2018)

(Ali et al., 2013)

Reduced FHBand leaf infection
symptoms, and mycotoxin level$g

Salicylacid (SA) At). No effect on FHB resistanc

Jasmonic acid (JA

Susceptibility Taand At). Resistance

Ethylene (ET) or no effect Ta).

Brassinosteroid Reduced FHB-( culmorumand seed

(BR) weight loss (Hv).
Gibberellicacid FHB resistance and  reduct
(GA) mycotoxin Ta). (Buhrow et al., 2016)

Abscisic acid (ABA Increased FHB symptomEd. (Buhrow et al., 2016, Qi et al

2016)
Reduced FHB-( culmorunh severity .
Auxin and yield lossHV). Increased FHB an (ZFg)ztg) et al, 2012, Su et &
leaf (F. graminearuseverity Ta).
Cytokinin (CK)  N/A N/A
3-aminobutrytic
acid (BABA) VA N/A
4-aminobutrytic
acid (GABA) VA N/A

Abbreviations;Ta (Triticum aestivurjy At (Arabidopsis thalianga Hv (Hordeum vulgarg
ON/A¢ means that therds nostudy to my knowledge that ls&nvestigated theexogenous
effect of therespective phytohormone czcompound.
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There is evidence fdfusariuminducing FHB iB. distachyorwith the accessions
tested shown to be susceptible at maohthesis and pathogenesis of floral tissues
progressed similarly to wheat FHPeraldi et al., 2011)Research in the effects of
phytohormones on FHB is rising (Table 3.1) however none have investigated the effects in
B. distachyorFHB. The aim of this chapter is to identify hormones that can transiently
improve cereal resistance to FHB Bn distachyon Phytohormones were exogenousl
applied during mieanthesis (Fig. 3.1) in FHB susceptiBledistachyoriines Bd31 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 ofluradlivi
phytohormones, hormone antagonists were then testedBrdistachyorid21land wheat
FHB. Aside from reducing visual FHB symptoms | also investigated the effect of
phytohormones on wheat grain DON content to identify any DON reducing phytohormone

assotated compounds.
Aims

1. ldentify which phytohormones or phytohormone antagonists can transiently
increase FHB resistanceBndistachyorand wheat.
2. ldentify which phytohormones or phytohormone antagonists can reddOd

content in wheat grains.
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3.2 Materials andMethods

3.2.1 Plant Material and Growth Conditions

TheBrachypodium distachyoaccessiorBd3-1 was obtained from the John Innes
Centre(JIC), Norwich, URheBd31 seed peeling preparation and stratificationethod
wasfollowed as described in Section 2.28031 seeds were sown in 50% Peat/Sand and
50% John Innes mix 2 (two seeds §en¥ pot). Plats were kept fothe remainder of the
experiment at 22°C (20h/4 h light/dark photoperiod, 70% humidity)n controlled
environment cabinets (Snijders Scientific Jumo Imago F3000 chamberswalk-in
controlled environmentooms(Gallenkamp) (Peraldi et al., 2011}or the FHB assay with
Bd21 (from BASFAgricultural Centre Limburgerhof, Germay), approximately five
unpeeled seeds pesne litre pot were grown forsixweeksat 20h/4 h 22°C day/nightin
soil under Autumn glasshouse conditiong.he FHBsusceptible linevheat (T. aestivum
Perigee varietyfrom BASF Agricultural Centiemburgerhof, Germay) was grown foi52
daysat 16 h/8 h day/night length at 2ZCin Autumn glasshouse conditions. Approximately

10 wheat seeds were sowger onelitre pot insoil.

3.2.2 Maintenance and Preparation Bf graminearuninoculum

The Fusarium graminearunmsolate PH1 was used fall Bd31 FHB assayJo
produce mycelial inadum for FRRassays F. graminearumwas maintained on
approximately20 ml potato dextrose agarRDA (The PDA solution wasegpared by the
JIC media kitchgnn 9 cm diameteplasticPetri-dishesin controlledenvironmentcabines
(Snijders LabsviicroClimaseries, Economic LUX chambesr in a walkin controlled
environment growth room at 22°C under 161/8 h light/dark photoperiod.ConidialF.
graminearuminoculum(Fig. 11) was cultured irMung Bean (MB) brotfiMakandar et al.,
2006)from alcm? mycelial plugMBbroth was prepared by seepind-lofhot water (ELGA
with 40 g of mung beans for 10 min. The extract was filtetleaugh multiple layers of
sterile cheeseclothdecanted into 100nl conical flasks, and then autoclaved. A mycelial
plug was placed in each flask and the cultures wecebatedin a shaker(New Brunswik
Scientific Series 25 or Model G2%)200rpm and 23°C- 25°C in thedark or with minimal
natural light After seven to eight daysthe conidia werefiltered through cheesecloth
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centrifuged atl,800 rcffor 5 min(removing most supernatantgndthe concentrationof

the pellet was adjusted td x 1@ conidia/mlusing aThomahaemocytometer{Hawksley

England)Equation3.1). Inoculum was stored at 5°C for up to 2 weeks befooeulation
Equation 31. Method used to counE. graminearuntonidia in a haemocytometer.

This calculation depends on the haemocytometer grid and square size @®aohting
methodderived from(Caprette, 2006)
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For Bd21 and Perigee wheat FHB asdaygraminearunisolate Li600 wagrown
for two weeksat alternating every two weeks on Malt agarca®@atmeal agar in a 9 cm
diameter plastic Petrilish. Conidia were harvested itD ml of water amendedwith
approximately 0.05% Tween 20 (10 drops to 1 L i#h0) and then filtered through
cheeseclothConidiavere counted using a disposable Neubalmeproved DHENO1 Cchip
(NanoEntek) haemocytometer. A 1@6ld stock conidia suspension was prepareéd.
different calculation was usefr the conidial concentratiowhere the concentration was
calculated from the average conidial count per haemocytomegrét Onlytwo values if
relatively similarcounty which was then multiplied by 108 10* for a conidia/ml

concentration.The inoculum was immediately used.

3.2.3 FHB assay with Chemical freatment

Numerous features of the FHB assay were derived f{@eraldi et al., 2011)}or
Bd31 FHB assaySIC)nce extruding anthers were visible around raidthesis(at least
four weeks afer sowing)the entireBd31 plant (Fig. 3.2CGyassprayedusing aJuvale fine
mist atomiser spray bottles/ith 50 ml ofphytohormoneor solventcontrol (Table3.2),
amended with0.05% Tween 28urfactantonto a tray of 10 to 11 pots (Tab&?2). The
phytohormones ABA and BR were not tested due to their-significant effect or absence
of results in the investigation into Fusarium root rot (ChapterAl).compounds were

ordered fromMerck/SigmaAldrich (Kunlessotherwise statedThe same concentration of
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solvent was applied to respective control treatment groups (T&oR. All compounds
were applied with minimal adjuvants to identify the effect of the respective target
compound alone. Unless otherwisgated, the effects describedere from a single dose

of phytohormone pretreatment 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 phytohormoneeceived by the planfTwentyfour hours latetthe soiland base
matting was wateredheavily and Bd31 spikeswvere sprayedo run-off using oneJuvale

fine mist atomiser spray bottle®-12 sprays, two plants at a timejith a total of 30 mF.
graminearum PH1(0.25- 1 x 16 conidia/ml) amendedvith 0.05% Tween 20. A contimbt
without inoculum was included for each treatmewtpproximately 30 ml of inoculum was
ALINF @SR 2yiG2 | G24Fft 27F  H Anocldml sgraymgvas & LIA
performed immediatelyefore the dark periodin order tomaximise humidityplants were
collectively held in a largalastic bagFig. 32A)or a humidity chambe(Fig. 3.2Bfor three

days. Symptoms were scored every thredaur days by countinghe number of infected
florets per spike(Fig. 3.2D, Fig. 3.2Bd31 plants were tagged before any compound
application to monitor and scorehé same spike over time (Fig. 3.2€Edr repeated
independent experiments with differemheasurementdates, the days were combined to

W{ O 2 NB-3vdth eéadh Meamurement at-day intervalg{Fig.3.5A Fig.3.6A).
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Table 3.2Summary othe phytohormames exogenously sprayed on®. distachyorBd31.

Plant Hormone Concentration (nM) Solvent* Reference**
Salicylic acid 0.2 Ethanol (0.2%) roxk
Jasmonic acid 0.05 Ethanol (0.053%) ED
ACCH*** 1 Water ED
transZeatin 0.01 DMSO (0.1%) FRR
BABA 10 Water FRR
GABA 10 Water FRR
Auxin (IAAyodiumsalt 0.05 Water ED
Auxin (NAA) 0.005 Ethanol (01%) FRR

*Includes final solvent concentration applied to watesised(diH:0) spray. ** ED denotes
the concentration was experimentally determined. F&RFotes the concentrationwas

derived from FRR assay@able 2.). *** Concentration derived fronfMandal et al., 2009,
Makandar et al., 2010, Makandar et al., 2011, Sorahinobar et al., 286t8)ACC is the
precursorof ethylene(Van de Poel & Van Der Straeten, 20Bbreviations in Table 2.1.
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Figure 3.2Pictures of various BdB FHB trials at the John Innes Centre, Norwigh(&)
The heawduty plastic bags covering individually treated trays of -Bdflants after
inoculation in climate-controlled growth cabinet. B) Humidity chamber (inside a
climaticdly controlled chamber) holding an individually treated tray of Bd@lants. O
One pot of F. graminearurinfected Bd31 with individual spikes tagged for scoring
growing in an &n¥ pot. Scale bar = 3 cm(D-E) F. graminearuninfected Bd31 spikelets
at 7 dpi with brown lesions on individual florets whielere scored for all Bd trial€)) and
heavily infected with aerial mycelia covering the entire spie(C D, andE) Taken from
(Haidoulis & Nicholson, 2020)
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All Bd21 and wheat trials were performed in collaboration vidkSHRgricultural Centre,
Limburgerhof, Germanyd21 and BdAd are both highly susceptible to FHB and exhibit a
similar DON response as whe&eraldi et al., 2011)orwheat (Fig. 3.3\) and Bd21(Fig.
3.3Q, 50 and 80 pots were used feach trial respectivelyOnce at midanthesis, 50 ml of
testcompound or solvent contrdlfable 3.3amendedwith 0.05% of the surfactant Wettol
was applied to the entire plant shoot until roff. Seleted compounds (up to four per
trial) were applied sequentially in an automaticemical spray chambeBASF. Aside from
the standard water and solvent controls (Table 3.8)ir&als included the positive triazole
control prothioconazole (a0.175 mM (25 ppm) or 0.365 mM (125 ppm)) and the
concentration of acetone solvenf®btained fromBASF Agricultural Centre, Limburgejhof
which displayed reduced FHB symptoms, as well as a negative control that was not sprayec
with any compoundor solvent(Data not shown) Prothioconazoleconcentrations were
derived from ppm concentrationg\fter 24h, a working concentration &x1® conidia/ml
for B. distachyoror 1x10* conidia/ml for wheat ofF. graminearuni.1600 was prepared in
0.05%Tween 20 watersolution, and 175 ml of inoculum was evenly sprayed abihee
entire plantin an automatic inoculation tunnéBASF: The base matting was watered until
run-off and plants wereenclosed(Fig. 3.3Cjor three (wheat) or six (Bd21ylaysin an
elevated humidityglasshouseoom until the first score dateTrolleys 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 3.3Summary of eacphytohormoneexogenously sprayed on®. distachyorBd21
and/or wheat.

Compound Conc. (MM)  Solvent* Reference**
Salicylic Acid (SA) 05 Acetone Table3.2+ED+ (Qi et al.,
2012)
Indole-acetic acid (IAA) 4 o5 05 4,8 Acetone Table 3.2-ED
Naphthalenacetic acid (NAA) 05 24,8 Acetone o 4 ED
Gibberellic acid (GA) 1 Acetone (Buhrow et al., 2016)
Aminoethoxyvinylglycine 0.035, 0.35, (Cohen et al., 1986, Ma e

hydrochloride (AVG) Water al., 1998, Bregoli et al.,

0.8 2002, Saltveit, 2005)
Jasmonic acid inhibitor (JARIN 0.3 Acetone  (Meesters et al., 2014)
Brassinazole (BRZ) 0.02,0.2 Acetone FRR+(Asami et al., 2000)

*Solvent applied towater-based spray. Acetone concentration less than 5% in final
solution. ** ED Concentrationswere experimentally determined*** Concentration
initially derived from the IAA concentratiolll compounds were ordered from Sigma
Aldrich/Merck except for JRAIN1 which was ordered from AOBIUSJB643%

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 dethfec
florets per spike was scored for Bd21 and Bd@ig. 3.2D, Fig. 3.3E, Fig. 3.32veral
compounds were tested per experime(@upp. Tabl&4, Supp. Table S5, Supp. T&de
thus severatontrol treatments are the same data between grapgksy 3.9A3.9G, 3.103
(Fig. 3.9E, Fig. 3.1085id. 3.11A, 3.11G, 3.12A), and (Fig. 3.11E, 3.WAR)ss 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 Bg&fultural
Centre, Limburgerhofsermany. £) Randomised complete block desi(RCBPdesign 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 cover8yd.eh heavily
infected Perigee wheat plants in one pot completely covered in aerial myd@li&irtilar
RCBD design as wheat for Bd21 inclugilagticwalls on trolley (Excluding dl) to elevate
humidity shortly after inoculation.fand E) F. graminearumnfected Bd21 spikelets with
brown lesionsD) and/or aerial myceliaH) on florets.
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3.2.4 DON Quantification Test

After the second scoring date and wheufficiently 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 & drying cabinet at 4Z for a minimum of 4 days. Some
trials were stored at20°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 Agriculturale@tre, Limburgerhdf 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 treatmemtas from four independent pools
(biological replicates)f grains, each from approximately 10 spikes grown together in one
pot. A mixture of 1 g of flour and 50 ml ofH0 was mixed using a magnetic stirrer for 2
min at 400 rpm Subsequently 1 ml of each sample was centrifuged for 1 min apd &0
supernatant was added to 1 ml of DONQ2 buffer (ROSA DONQ2 Quantitative Test
CharmsScience kit). Samples with predicted high DON content were first dilutfeddlio
water before adding to DONQ2 buffer. Then 3@0of this mixture was added to a ROSA
DONQ?2 test trip (CharmScience inc) and was incubated on a ROSA Incubator for 2 min a
46°C. The DON content for each sample was measured on a calibrated CharmEZ M readel
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 bloc#tesign (RCBID was generated from the -Rudio
(V1.2.1335) package | 3 NAMdD Bd1 (& focks) and wheat (5 blockgfore chemical
application, wheat andB. distachyorpots were numericallylabelled and grouped per
treatment according to RCBD desigmmediately after chemical application, wheat and
Bd21pots were randomisedmtrolleys. Each blocks (two per trolley) was defined by the

inoculation tunnel spray pattern (Fig. 3.3A). BdBot 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 (k. 3.2A and Fig. 3.2B).

All statistical tess were performed using the software package GENSTAT
v.19.1.0.21390 (VSN international Ltd)Generalised liner model (GLMjas used for all
FHB assays. Either a normal distribution with an idediy function was used for wheat
and DON data, or a Poisson distribution with allog function was used for all Bd data
(Supp. Table S86)! FSg !'bh+x! Qa F2NJ O2Y0AYSR AYyRS
significant interaction between the independent experiment ahd thormone treatment
at specific time pointgp <0.05), however for all the remaining time points, no such
interaction was observe@ >0.05) (Supp. Table S3, Supp. Table S4, Supp. TablasS6)
ddzOK GKS Ay dSNI Ol A 2 yforThesd fefaing ANOVAKestsieteE LIS N
excluded from the GLM ANOVA tefwor all data, the values we either collectively
untransformed or transformed before GLM analysis according to the best fit model with
the best normal distribution and equal variance. For wheaB Fldsays, unlesgherwise
stated (Supp. TableS49, the data was logit transformed using the function
Wi 230t SNOSY G IS pergehtdgd iinfetighbOR2EMc@rank étaln 2014)
G2 1 O002dzy i F2NJ £ NBS |Y2dzyia 2F nQa +yR |

points were analysed separately.

Microsoft office (Excel, Word, and Powerpoint) was used for writing, data collection,
images, and analysigll graphs were prepared using Graphpad Prism (V5.04). All photos
were taken using andPhone 6 except Fig. 3.2C which was taken by the phapdyrteam
at the JIC.
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3.3 Results

3.3.1 The Effect of Phytohormones on FHB Disease ProgresBion in
distachyon

Although preinoculation treatment with SA marginally increased FHB symptiGiigs
3A), the increase was not statically significant at any time point (p > 0.0%g 3.4A. In
additional experiments, SA was applied repeatettyr applications)pefore, during, and
after inoculation on B3-1 but again, no significant effect on resistance was observed (p >
0.05, Fig. 3.4B).

A B

1 — Control
- 200 uM SA

] — Control
- 200 UM SA x4

Infected Florets (Count
A

Infected Florets (Count)
N

4 6 8 10 12 2 4 6 8 10 12
Days Post Inoculation Days Post Inoculation

Figure 3.4. The change in numberFofgraminearumnfected florets after preapplication

of salicylic acid3A) on BdA over time. A) One SA application 24 h before inoculatids). (
Four applications of SA beforel( dpi), during (0O dpi), and after inoculation (3 dpi and 7
dpi). Each data point is the mean number of florets infecté8E from one independent
experiment each. Abbreviations: SA (Salicylic ataBenand modifiedfrom (Haidoulis &
Nicholson, 2020)
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Preinoculation treatment withJAresulted in anincrease inthe numberof infected
florets at all time points |p < 0.05Fig.3.5A). There was a significant increasarifected
floretsatthe first score datép = 0.009 and third score date (p0.011) however the effect
was most prominent athe ScoreDate P <0.001).Similarly, pretreatment with ACQFig.
3.5B)alsosignificantlyincreasedhe number of infected floretat 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 aminoethoxyvinyl glycine (AVG) acts as an inhibitor
of ACC synthase which reduces ethylene biosynth@&iballer & Binder, 201&hd was
found most effective at lowering ethylene before inoculatiiRobison et al., 2001)
exogenously applied three concentrations of AVG on Bd21 florets before inoculating with
F. graminearun{Fig. 3.5C and Fig. 3.5D). Given that ACC increased the number of florets
infected, itwas anticipated that application of AVG would reduce susceptibility. However
all concentrations of AVG (38n, 350um, and 800um) significantly increased the number
of infected florets at the first score date (p < 0.001 Fig. 3.5C, p < 0.Ch5Hy.
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Figure 3.5. The change in numberFofgraminearumnfected florets after preapplication

of JA A), the ethylene precursor ACB)(over time on Bd3d, and the ethylene inhibitor
AVG at 7 dpiG)and 8 dpi D) on Bd21. A andB) Each data point is the mean number of
florets infected+ SE from two independent experiment< §nd 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 experinteifhis data was generated at BASF.
(All) Significance levels * p < 0.05, ** p < 0.01, ** p < 0.001 compared to control.
Abbreviations: JA (jasmonic acid), AC@nfnocyclopropand-carboxylic acid) AVG (2
aminoethoxyvinyl glycinepA and B Takenand modifiedrom (Haidoulis & Nicholson, 2020)
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Preinoculation with he compound BABA at 1M (Fig.3.6A significantly increased
the number of infected floretat all time points (p€9.001).The largest difference compared
to the control was observed at the third score défeg.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
smallcompared to the control. After 4 dpi, there was no significant change in number of

infected florets at any other time point (p > 0.05).

A B

1 — Control
-~ 10 mM GABA

1 — Control
---- 10 mM BABA

Infected Florets (Count)
N

Infected Florets (Count)
N

1 2 3 2 4 6 8 10 12 14

Score Date Days Post Inoculation

Figure 3.6 The change in number &f graminearumnfected florets after preapplication

of BABAA) and GABAB) on Bd31 over time. Each data point is the mean number of
florets infectedt SE from threeA) or one B) independent experiments. Significance levels:
*p <0.05, *** p <0.001 compared to control. Abbreviations: BAB&n{Bobutanoic acid),
GABA (aminobutanoic acid)(A) Takenand modifiedfrom (Haidoulis & Nicholson, 2020)

transZeatin(10 um) (Fig.3.7) caused the largest increase in infectiéarets relative to
the control treatment(p <0.001)and showed one of the largest increases in FHB symptoms
comparedto all other hormondreatments transZeatin 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 &f graminearurvinfected florets after preapplication

of trans-Zedin on Bd31 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. Takenand modifiedfrom (Haidoulis & Nicholson, 2020)

The two auxins IAAt 50 um and NAA a6 um (NAAwasapplied repeatedlywith four
applications before, during, and after inoculatjoshowed 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 higbencentrationof IAA and NAA
wasexogenoushapplied to Bd21 plants before inoculation wihgraminearuniFig.3.8Q.
Pre-application ofsynthetic auxin NAA ati®M resulted inthe most significantlecrease in
the number of infected floretgp <0.001) ompared tolAA. Evert mM NAAsignificantly
decreased the number of infected florefs < 0.01) but to a lesser extent. TheuxinlAA
appeared to beess effective than NAA sincen8M IAA showed a similaeduction in
infected floretsas4 mM NAA (p<0.01), and at4 mM IAAthe reduction in the number of
infected floretswas not significanfp =0.33).Overall, these data indicate thauxinshave
a positive effect on FHB resistance when applied at relatively high concentragtiamgo

inoculation
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{ - 5uMNAA
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Figure 3.8 The change in number & graminearumnfected florets after application of
IAA and NAA at different concentrations on Bd8ver time (A-B) and Bd21@ at 8 dpi.
Each data pointA-B) and bar Q) is the mean number of floretsfected + SEfrom one
experimental replicate(A and Q) One IAA application 24 h before inoculatioB) Four
applications of NAA before { dpi), during (O dpi), and after inoculation (3 dpi and 7 dpi).
White bars denote controls whereas blbars denote a compound. LSD test significance
levels ** p < 0.01, *** p < 0.001 compared to control. Data frGwas generated at BASF.
Abbreviations: IAA (Indold-acetic acid), NAA {llaphthaleneacetic acidfC Takenand
modifiedfrom (Haidoulis & Nicholson, 2020)
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To ascertain whether the reduction in FiH8lected an altered plantesponse or an
effect on the fungus itselfan antimicrobial assayas performed by applying auxins or
solvent controls to filter disks at four equidistant points from a mycelial plugFof
graminearumPH1 Supp. Fig. 33Therewas no difference in myceligrowth near any of
the auxintreated filter disks.Overall following the application of phytohormones 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 Phytohorm&atated Compounds
on FHB iWheat

A number of phytohormones that were tested wigh distachyonvere retested on
wheat spikes in addition to some additional phytohormeamesociated compound$iven
that some compounds increased the number of infected florets in-BdBespective
hormone antagonists were also exogenously applied on wheat spikesebiefculation.
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 theB. distachyorSA trials (Fig. 3.4), pappliation of 500uM 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 floretB.imlistachyorfFig. 3.5A)a novel
inhibitor of JA called JARIN(Meesters et al., 2014yas exogenously applied to wheat
plants before inoculation. Application of 30MWARINL did not significantly change the
percentage spike infection at 7 dpi (p = 0.773, Fig. 3.9B)efftydene inhibitorethylene
AVG was also exogenously applied to witsgmakes before inoculatio(Fig. 3.9C) at a similar
concentration to that used in th8. distachyoririal (Fig. 3.B). There waso significant
change in percentage infection after pieating shoots with 35uM AVG(p = 0.668)
however there was a sigrifint increase in symptoms when the concentration was

increased to 17pM (p < 0.001Fig.3.10D) and 35@M 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 percentage spike infection after pegpplication of 5QuM IAA
at either time point p > 0.05 Fig.3.9E).Similarly there was no significant change in FHB
symptoms after 50Qum IAA at any time poinp(> 0.05,Fig.3.10A). This was also observed
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with 500 uM NAA ornwheat FHB atall time points (p > 0.05,Fig.3.10B). However2 mM

NAA significantly reduced the percentage spike infectppr 0.006Fig 3.9F. The effect

of 2mM NAA was independently and repeatedly assessed on FHB severity in Wigeat (
3.10C). There was a slight reduction in spike infection comparable to Fig. 3.9F, however this
difference was not statistically significant (p > 0.Bl}.3.10C)| previously described how

GA ha no significant effect on FRR resistance (ChagjeSmilarly, 1 mM GA had no
significant effect on percentage spike infectian7 dpi and 15dpi (o > 0.05, Fig. 3.9G

Given how the brassinosteroid inhibitor brassinazole (Bkspmi et al., 200Q)romoted
resistance in FRR (Chapter 2) | predicted that Brz might also improve FHB resistance
According to Fig. 9H,Brz at 2QuM significantly increased percentage spike infection at 8
dpi (p <0.01) and 15pi (p <0.05). However, there was no significant changefaection

of 200 UM Brz at 7dpi and 15dpi (p > 0.05). Finally, there was no obvious difference in
symptom differentialover 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 3.9The effect of exogenous piapplication of phytohormone or phytohorome
antagonists on visual FHB symptoms in wheat spikes at one or two time p&nis.af 7

dpi, © are combined time point 7 anddpi, (F) is at 7 dpi. The horizontal axis is treatments
(compounds or solvents) exogenously applied (at different dagsnme cases). White bars
denote controls whereas blue bars denote a compound. Each bar is the average spike
infection percentage + SE from onA, @O, E F, G, H) or two B and O independent
experiments. Data fror 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 BASKgricultural CentreLimburgerhof, Germany. AbbreviatiosVG (2
aminoethoxyvinyl glgine), Brz (Brassinazole), GA (Gibberellic acid), IAA ({Bdaetic

acid), JARH (JA inhibitor), NAA {llaphthaleneacetic acidgA (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 IAAtpratment at 7 and
15dpi. (BandC) Different concentrations of NAA used for wheat FHB asd8)yEhé change

in FHB symptoms after NAA (First concentration usedjnea@ment at 7 and 10 dp{(Q A
repeat experiment with NAA at 8 dpi (Fig. 3.9H)) @nother concentration of AVG pre
treatment before FHB symptoms measurements at 7 dpe 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 experent. Significance levels: *** p 8.001
compared to control. This data was generated at BA@tcultural Centrel.imburgerhof,
Germany See Fig. 3.9 for compound abbreviations.
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The grain DON content (Fig. 3.11) was measured for each phytohormeatment (Fig.
3.9). The high concentration for Brz was chosen for analysis (Fig. 3.11H) since it caused th
greatest reduction in FHB symptoms out of the two concentrations tested (Fig. 3.9H). In
the majority of instances, DON levels were extremely highoith the control and treated
samplesThere was no significant change in wheat grain DON content for any compound
tested (p > 0.05 Fig. 3.11, Fig. 3.L2Nonetheless2 mM NAA caused slightreduction in
grainDON content (Fig.11F that mirrored thereduced visual symptoms in the spike (Fig.
3.9R. There was also no reduction in grain DON content when NAA was applied at a lower
concentration of 50QuM (p > 0.05 Fig. 3.12B). Similarly 5Qd/ IAA did not cause any
change in grain DON conteeither (p> 0.05 Fig. 3.12A).

115



-+

o o (=}
wn o Te]
- -

200

(wdd) NOG

(wdd) NOQ

4
HA - o |
% HH e,
0 o, %,
8 8 8 8 ° W oo Ir —mmm——
(3] - - [=] wn o [Te] [=] o [=] o o
~N - - o n o n
o~ - -
(wdd) NOGQ (wdd) NOQ (wdd) NOG
Y %,
6.....0 \b.
/% 9
L /¢
\o..\x _Vk_ O,QO _II_ " ‘o,
00 O, \Q
) v} %
T E_ T T T
s 8 88 ° I
- - o~ - -~
(wdd) NOG (wdd) NOQ (wdd) NOG

116



Figure 3.11The effect of exogenous piagplication of phytohormone or phytohormone
antagonists on the wheat grain DON content of infected grains. The horizontal axis is
treatments (compounds or solvents) exogenously &gl White bars denote controls
whereas blue bars denote a compound. Each graph is from the same trial material as FHE
test (Fig. 3.9). All graphs are from one experimental replicate excef® Wdrich is from

two. See Fig. 3.9 for compound abbreviations.
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Figure 3.12 The effect of exogenous piapplication of auxins (repeated) on the wheat
grain DON content of infected grain®) Grain DON content after application of IAB) (
Grain DON content after application of NAAafndB) 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 FigOB.Bee Fig. 3.9 for compound abbreviations.

A summary of the effects that eh phytohormone or phytohormone antagonist has on

FHB resistance in both wheat aBd distachyorand DON content in wheas summarised

in Table 3.4.
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Table 34. Summary of all FHB assay results.

Phytohormone Compound Species* OverallBfect Effect on
on FHB DON
Resistance**  (ontent
SA SA Bd/Ta N N
JA JA Bd T
JA inhibitor JARINL Ta N N
Ethylene ACC Bd T
Ethylene inhibitor AVG Bd/Ta T N
Auxin IAA Bd/Tau + N
Auxin NAA Bd/Ta + N
Cytokinin trans-Zeatin Bd T
GA GA Ta N N
BRinhibitor Brassinazole Ta T N
Aminobutanoic acid BABA Bd T
Aminobutanoic acid GABA Bd N
* Tested either irB. distachyortBd) and/or inT. aestivun{Ta). ** Symbols for generalised
STTFTSOHARSYyR (1Sa | yS3AFiADS STFHABODAES WBOQ, REBYy

and a blank space denotes that the DON content was not testedb 2 & A 3y brif A O
FHBin Taat the concentrations testedAbbreviations: ACC -@minocyclopropane-
carboxylic acid), AVG (Aminoethoxyvinylglycine hydayade), BABA (dminobutanoic
acid), BR (BrassinosteroidRON (Deoxynivalenol)GA (Gibberellic acid), GABA- (4
aminobutanoic acid), IAA (Inde&aceticacid), JA (Jasmonic acid), JAR(Jasmonic acid
inhibitor), NAA (INaphthaleneacetic acid), SA (Bgic acid).
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3.4 Discussion

3.4.1 AuxinsGenerallyimprovedResistance to FHB Wwheat andB.
distachyon

The data suggests that auxins improved resistance in wheaBaxdstachyorbut
only at relatively high concentrations (Fig. 3.8C). Both IAA and NAA were most effective at
8 mM in improving FHB resistanceBndistachyonvhereas a lower concentration of 2 mM
NAA was shown to increase resistance in wheat but only in one expddhteplicate (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 mo$tafve 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 Bvith
distachyonand wheat supports the initial objectives inding a compound that improves
FHB resistancand provides evidence that auxins can promote resistance in cereéls to
graminearum These findingsupport evidence ¥ Petti and colleagues (201&ho found
that exogenous IAA applicatioeduced yield loss and general symptomg-otulmorum
induced FHB in barldPetti et al., 2012)On the contrary, there is evidence that exogenous
IAA application increasdel graminearuminduced FHB and leaf susceptibility in whéai
et al., 2020) However,in this study a lower concentration (10QuM) was used witha
different method wherebyevered spikes and leavegre in contact with auxin for a longer
durationwith no apparent time gap between auxin aRdsariurmapplication Thesdactors
may have affected the final disease outcormiée mechanisnfior the effects of auxin in
FHB response are not clear given tliriatgraminearuntan also produce IAA.uo et al.,
2016) However, my data suggest that the effects of both auxins were due to an effect on
the plant responseas opposed to an effect on the fungus its@&upp. Fig. 33Both the
type of auxin and the concentration of auxin were important for the ulten&HB
resistance outcome in both host species. Phytohormones are generally physiologically
effective at low concentrations (Davies, 2013)In the presentstudy, however,low
concentrations of NAA and IAA betweequ® and 50uM in B. distachyor{Fig. 3.8A and
Fig. 3.8B), and 5Q@M 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 an®. distachyorbecause of their reprted low effectiveness on
monocot species like wheat anB. distachyon(McSteen, 2010, Sauert @l., 2013)
Alternatively, high concentrations may be required in order to observe an effect due to

restricted uptake of the ampound by the plant.

NAA was more effective than IAABndistachyorn controlling FHB as a twiold higher
concentration of IAA (8 mM) was required to have similar resistance effects as 4 mM NAA
(Fig. 3.8C). IAA is the masbundant natural auxin nesent in plants whereas NAA is a
synthetic auxin that is more stable apdmarily passively diffuses intplant cells(Dunlap
Si It dx mpycZ | 2081 .Slierefore, he difieranmerineffettiveteSNg S
observed is likely duto more efficient uptake of NAA through passive transport and its
longer persistence. Endogenous auxin content after exogenous application of different
micro- and millk 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
accumulationin vitro (Luo et al., 2016)there was no significant effect of auxins on DON

content of wheat grain in the currg study (Fig. 3.11F).

3.4.2 TheCanonicalDefenceHormones SA, JA, aithyleneDid Not
Promote FHBResistance iWheat andB. distachyon

BEvidence from otheresearchgroups have identified that SA increases resistance to
FHB in wheat and. thaliana(Makandar et al., 2010, Makandar et al., 2011, Qi et al., 2012,
Sorahinobar et al., 2016) wasnot able to replicate the positive FHB effect of SA at 200
UM with either a single application (Fig. 3.4A) or four applications (Fig. 8Bd31
despite using the same concentration as some of these stutties.possible that the
concentration of SA wa06 low. Qi and colleagues (2012)und that a 2fold higher
concentration o400 puM was effective at reducing disease susceptibility in w{@egt al.,
2012) To confirm this] pre-treated wheatcv. Perigee with a higher concentration of 500
MM SA Fig. 3.9Abut this also failed to have any significant effect on FHB symptoms
Gonsisent with the findings in the present study, previous research by Li and Yen (2008)
showed an absencaf effect on FHB resistance after a high concentration of 3 mM SA was
exogenously applietb wheat spikegLi & Yen, 2008)rherefore, the concentration of SA
is likely not reason for these &Bfencesin effects. In earlier studies, SARQ0 uM) was
applied as a soil drengiMakandar et al., 2011, Sorahinobar et al., 2018)s application

method could have more pronounced effects on resistance dueitial uptake in roots as
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opposed to floretsand becausethe phytohormoneremaired in contact with the roots
throughout the experimentFurthermore prolonged exposure to SA mafluence the
JA/ethylene dependeninduced systemic resistance (ISR) path\{Rigterse et al., 2014)
which might impact the observed resistance response to FHB. Alternatiwefs reported

that monocot rice(Oryza sativashoots had a higher level of endogenous(Shen 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 reporte whe
the same concentration of SA resulted in reduced DON cor{tdakandar et al., 2011)

The reason for this is unclear given that bothe8 being compared are considered
susceptible (Bobwhite and Perigee), but may be again due to the difference in application

of the phytohormonegMakandar et al., 2011)

Contrary to the effects of SAQ umJA was found to increaseisceptibility to FHB (Fig.
3.5A).This finding is similar ta study by Makandar and colleagues (2010) vaemtified
that JA promoted leaf susceptibility garly F. graminearumnfection inA. thalianaafter
application of 200 uM MethylJasmonate(MeJA) (Makandar et al., 2010)in contrast
however,other studiefoundthat exogenously appliedA @ MeJAinducedpositive effects
on wheat FHB resistan¢ki & Yen, 2008, Qi et al., 20Biyn et al., 2016)The reasons for
these differences are unclear. Sun and colleagues (3@re&)eated wheat with a 20QM
MeJA continuously for multiple days before inoculating susceptible Alondra wheat
spikeg(Sun et al., 2016Qiand colleague§016) showed that concentrations of JA greater
than 3.5mM led to increased resistance ev.Roblin whea{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 resistanaghile lower concentrations increase susceplitlyi The
difference may also be due to the application method. Qi and colleagues (2016) point
inoculatedindividual floretswith F. graminearumather than spraying thepike(Qi et al.,
2016) Injectinghigh levels of inoculum into florets may have resulted in gpagsing or
severe shortening of the biotrophic phase of infection/colonisatidansen et al., 2005,
Brown et al., 2010)Lastly the timing of JA applicatiocould alsobe important for final
disease severity outcomasA. thalianatreated with 200uM MeJAafter inoculation vas
more resistant toF. graminearumeaf 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 susceptibili§. idistachyonl tested a novel
inhibitor of JA biosynthesis inhibitor, JARIM wheat FHB. Meesters and colleagues (2014)
describe how 10 uM to 30 uM JARINvas effective ateducing JAlle production inA.
thaliana (Meesters et al., 2014 Unfortunately, 300 uM JARINhad no significant effect
on wheat FHB resistance (Fig. 3.9B). It is posside a reduction in wheat Jhe
biosynthesis and signaling had no effect on wheat FHB resistance, or that the precursor JA
rather than JAlle (Acosta & Farmer, 201@jJfects the FHB resistance response. However, |
Olyy2i O2yFTARSyGfteé 02YYSyid 2y G(KS LINRLISN
that JARINL efficiently entered the plant and was biologically active following exogenous
spraying. In order to validate any impact JARIhNad, endogenous JA content would need

to be measured posiARINL application.

Like JAIl found that application of the plamprecursor toethyleng ACC, promoted FHB
susceptibility (Fig3.58. Supportingny FHB result§Chen et al., 2009pund that ethylene
(from 50 mM ethephon chemical feeding ethylene releasing compound) promoted
susceptibilityto colonsation in wheat, barley, andA. thalianaleaf infection However
contrary tothe presentFHB reults, evidence fronfSun et al., 2016jpund that 1 mM
ethephon had no effect on any wheat line testé&bntrary to both studiegLi & Yen, 2008)
found that 1mM ethephon promoted FHB resistaniceasusceptible wheat line compade
to the Sumai3 resistant control. More recentlfForoud et al., 201&howed that ACC and
ethephon application also led to increased resistance iriggeulated detached wheat
heads.Differences in the experimental procedures may also affect important factors for
ethylene response. In some reports detached head assays were perfd@tesh et al.,
2009, Foroud et al., 2018)hich might influence senescence processes as well as defence
responses. Ethephon was wukastead of ACC as the ethylene treatment in some studies
(Li & Yen, 2008, Chen et al., 2009, Sun et al., 26b6)ud 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 resistand8ari & Jones, 2009, Pieterse et al., 20I2)esimilareffect
of these compoundsn responsédo F. graminaruminfection may reflect this relationship
(Fig. 3.5A andFig. 3.5B. Both JA and AC@re that areassociated with resistance to
necrotrophsbut negatively affect resistance to biotropfBari & Jones, 2009, Pieterse et
al., 2012) JA and ACC were applied before inoculation, and thus woulchdt active

during the early stages of infectiokiven tha F. graminearums a hemibiotrophand
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primarily biotrophic during initial infectiofdansen et al., 2005, Boddu et al., 2008) and
ethylene could promote susceptibility during théviotophic phaseof F. graminearum

possiby via its antagonistic relationship with SA signalliRgbertSeilaniantz et al., 2007)

Understanding the role of ethylene is further complicated given that | also showed that
applicaton of the ethylene inhibitor AVGSchaller & Biger, 2017)in B. distachyorand
wheat also promoted susceptibility. IB. distachyon 35 pM AVG induced the most
significant increases in susceptibility (Fig. 3.5C). In wheat the concentration most effective
on B. distachyorFHB (35 uM) had no significant effect (Fig. 3.9C), however at higher
concentrations ofL75uM in wheatand 350 uMin wheat andB. distachyonthere was an
increased susceptibility (Fig. 3.5D, Fig. 3ME§,3.10). Consistent with mgesults, Robison
and colleagues(2000) describé how both 100 pM AVGand 100 pM AC(romoted
Verticillium resistance in tomatadespite these compounds having opposite effects on
ethylene accumulatiorfRobison et al., 2001).ikewse, 2uM AVG was shown to promote
FRR resistance B\ distachyomoots infected withF. culmorun{Cass et al., 2015%imilar
to my findings, Fonad and colleagues (2018) also identified that ethylene antagonists
promoted susceptibility in wheafForoud et al., 2018)However, Foroud and colleagues
(2018) did not use AVG, but rather tvamtagonists that affect the ethylene biosynthesis
and perception. Only the receptor inhibitor -(Methylcyclopropene, MCP) significantly
increased FHB symptoms in both resistant and susceptible wheat lines whereas the
biosynthesis inhibitor (Cyclopropa+igl-dicarboxylic acid, CDA) was only effective at
increasing susceptibility in the resistant wheat I{k®@roud et al., 2018)Given that Bda
is susceptible to FHB, there may be a differen¢@fon resistance if an ethylene receptor
inhibitor was used. Ethylesmducedsusceptibility (Fig. 3.5B) may be dueti@ role of
ethylene inaccelerated senescengean Loon et al., 2006a, Abeles et al., 20b2)in cell
deathwith mycotoxingMoore et al., 1999, Chen et al., 200#)ich can makehosts more
susceptibleto pathogers feeding necrotrophically (Haffner et al., 2015)However, as a
potential altanate function, inhibition of ethylene from AVG might also induce
susceptibility due tesomepositive links ethylene has the defenseresponsegRobison et
al., 2001, van Loon et al., 2006&hen and colleagues (2009) found that inhibition of
ethylene sgnaling reduced DON accumulation in whé¢@hen 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 o. graminearuninfection has proven complex with esingly
contradictory effects between different studiesnd within this study. van Loon and
colleagues (2008)escribes how the role of ethylene is dependent on many factors such as
pathogen type, timingtissue(van Loon et al., 2006a)hesaeported studies into the role
of ethylene in Fusariuminfection used varying experimental procedures which likely
affectedthe outcome on resistancgnce the effect of ethylene is sensitive to mangtfas.

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 onF. graminearunmesistance.

3.4.3 transZeatin, BABA, GABA, and Brassin&xolaoted FHB
Susceptibility iWheat andB. distachyon

The cytokinin trans-zeatin had the greatest effect onB. distachyonFHB
susceptibilitycompared to most other hormones (Fig. 3.F¢w studies have investigated
the role of cytokinins in defense anglven fewer have investigated theexogenous
application of cytokinins on disease resistaridelike our results, ther studies found that
exogenous application of cytokinireeatin kinetin, and 6-benzylaminopurine BEAB at
similar concentrations promoted resistance in responsePseudomonassyringaeand
Hyaloperonosporaarabidopsison A. thaliana(Choi et al., 2010, Argueso et al., 2012,
Naseem et al., 20125imilarly(Reusche et al., 2018und that 50 uM BAP was effective
at reducingVerticillium longisporumdisease symptoms ii\. thaliana This apparently
contradictory evidence may be due to differencesha plant and pathogen pathosystem
being investigated For example, astudy by Jiang and colleagues (201f)und that
exogenous application @fytokinins knetin and iP had no significant effect on rice seedling
resistance to the hemibiotrophi®l. oryzae(Jiang et al.2013) There could also be a
concentrationdependent effect asArgueso and colleagues (2012) describes thmwer
concentrations dapplied cytokininsvere found to promotesusceptibility(Argueso et al.,

2012)

High concentrations of 10 mMBABAsubstantially increased FHBsceptibility(Fig. 3.6A)
This is surprising given thBABAhas been shown to increase resistance to bloittroph
and necrotroph pathogen@Cohen, 2002, Ton & Maudani, 2004, Ton et al., 2005)o
study to date has investigated the effect of BABAForgraminearumin cereal species
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however there is evidence that it can legvositive effects on resistance to othEusarium
species(Cohen, 2002, Olivieri et al., 200%urthermore, the molecular mechanisrby
which BABA affects resistanege still being investigatedn addition to activating the SA
pathway(Conrath et al., 2006 BABA can also activate the abscisic (ABA) patliWay &
MauchMani, 2004, Jakab et al., 2008hd there is evidence suggesting that ABA promotes
FHB susceptibilittBuhrow et al., 2016, Qi et a2016) This is a potential reason why BABA
had anegative effect onFHB resistanceBABA and cytokinins are thought to function
synergistically with S&Conrath et al., 2006, Choi et al., 2010, Argueso et al., 2012, Naseem
et al., 2012, Jiang et al., 2013lhe relatively large effect of BABA arihns-zeatin
compared to the norsignificant SA susceptibility (Fig. 3.6A) implies that irFieariumB.
distachyon interaction, both BABA and zeatin (Fig. 3.7) are functioning in an SA
independent manner. BABAisplayed maximum susceptibilityt later time pants in
infection (Fig3.6A). This suggests the effect of BABA persisteB. distachyorays after

application and affeed F. graminearuntolonisationrather than the initial infection.

GABA, an isomer of BABA, increased susceptibility to edelgtion (Fig. 3.6B)here
are only a few cases where GAB#as been shown to bévolved in plant resistance
(Solomon & Oliver, 2002, Bolton et al., 2008, Forlani et al., 2014, Yu et al.,|BGbftrast
to my results, GABA wdsund to have no effect on resiahce to the same pathogen as
BABA(Cohen, 2002)r had positive effects on resistand@'u et al., 2014)The reasons for

the relatively small increase in susceptibil(irg. 3.6Bare not clear.

Brassinazole (Brapplication is effective at reducing BR contemplanta (Asami et al.,
2000) Surprisingly, Brz application increased FHB symptoms in wheat at the lowd)20
concentration but had no significant effect when applied at AB0O(Fig. 3.8H). The reasons
for the greater effectiveness of the lower Brz dose am&nown and the experiment would
need repeating again. Ali and colleagues found the BR epibrassinolide reduced FHB diseas
symptoms in barleyAli et al., 2013)Therefore, an FHB trial with a BR instead of Brz might
also promote FHB resistance. Altogether the evidenca-fograminearunsupports the
hypothesis in line with other reports that brassinosteroids are positively involved in plant
defence(Nakashiteet 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 conten

(Buhrow et al., 2016)Unforturately, 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 differeqplication method was used. Buhrow and colleagues
(2016)applied GA andF. graminearunper spikelet via pointnoculation(Buhrow et al.,

2016) Not only would this affect the type of FHB resistafitable 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 methodkpreviously found that the GA biosynthesis inhibitor
Prohexadionecalcium (Phx) modified FRR resistance while GA had no dfigc26). An

FHB experiment with Phx may reveal a change in FHB symptoms that would have been
masked to GA treatment wheat shares aelevated GA conterdsB. distachyoriKakei et

al., 2015)

3.4.4 B. distachyois anHfective Model forChemicallyScreening

Compounds for FHBesistance iCereals

Overall, the results presented hereon the severity of FHB iB. distachyonn
response to phytohormones were broadly in line with those from studies on the response
to auxins, JA, and ethylene in barley ahcbidopsigChen et al., 2009, Makandar et al.,
2010, Petti et al.2012, Ali et al., 2013Jompounds that were tested on wheat arigl
distachyongenerally 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.
Any small differences in rpensesuchwith AVG at 35uM (Fig. 3.4C and Fig. 3.9C) was
likely due todifferences in experimental designJIC trials with Bd3 were performed in
climatically controlled cabinets whereasBASgriculturalCentre Bd21 and wheat trials
were performed mder Autumnglasshouse conditiongdditionally, there was instances
where a higher concentration was required to induce an effe®.idistachyortompared
to wheat (NAA- Fig. 3.8C and Fig. 3.9H). This difference may be attributed to the highly
cleistoganous floral morphology oB. distachyorcompared to cv. Perigee wheat which
may make uptake of compounds more difficult (Fig. 3.2D and Fig. 3.3B). Overall, my data
provides evidence thaB. distachyons an effective model for screening the effect of

exogenous application of phytohormones on FHB resistance.
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3.45. Conclusion

To addressmy initial aims many of the compounds tested at their respective
concentrations did not transiently improve FHBigtance irB. distachyoror wheat, and
none had any significant DON reducing effed¢ts.most casesexogenous application
phytohormones caused negative effect étHBresistance. Most hormonesespecially
transzeatin and BABApromoted susceptibility toFHBin B. distachyonBrz, JA and
ethylene (promoting or inhibiting compounds) also promoted susceptibility to FH8.
only phytohormone with positive effects on FHB resistance were the auxins IAA and NAA.
Auxins generally improved resistance to FHB ieatfandB. distachyonLastly, SA and GA
showed no significant effect on FHB in wheat Br distachyon To understand the
differences in effects of each hormone on FHB.idistachyonthe transcriptomic changes
of phytohormone regulated genesluring infection will need to be investigated

(Investigated in Chapter 4)
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Chapter 4 Investigation of the Phytohormorfssociated
Transcriptome Responses Between Fusarium Head Blight
and Fusarium Root Rot

4.1 Introduction

Plant defenceesponsesto pathogens are mukiayeredand rangerom physical to
molecular defencegAgrios, 2005, van Loon et al., 2006b, Bari & Jones, 2&8@@xtive
defencedepends on an appropriate and coordinated resistance respd@dazebrook,
2005, Jones & Dangl, 2006, Verhage et al., 20da0gsponse to infectiorplants elevate
defences to perceive the pathogen and counter pathogenessedls hosts have been
shown to respond tanfection byFusariumspecies through the deployment of defences
like deoxynivalenol PON detoxication, phytohormone signalling, host metabolism
changes, cell wall development changes, and antimicrobial compounds such as
phenylpropanoid andPATHOGENESRELATEPR 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 plast 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, | determined which phytohormones induced the most significant
effect on Fusariumgraminearuminduced FHB and FRRBn distachyonrespectively. |
provide evidence that most phytohormones induced significant effectsesistance after
exogenous application. However | 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 signifigan different effects
between diseases is reflected in the expression of genes associated with the biosynthesis

of these phytohormones and/or any phytohormonassociated genes.

This question has been touched on in previous transcriptomic studidsusdrium
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 liltke@sistance to
necrotrophic pathogengGlazebrook, 2005, Pieterse et al., 201Rkely owing to the
hemibiotrophic lifestyleof F. graminearumSA and JA/ethylene have been shown to be
important for defence towardd$-. graminearunmthrough exogenous application studies
(Table 3.1) and through transcriptomicinvestigation(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., 2d®et al., 2018, Pan et al., 2018,
Wang et al.,, 2018a, Wang et al., 2018c, Su et al., 202063t other phytohormones
including abscisic acid (ABA), gibberedmd (GA), auxin, and cytokinin have been
implicated in response toF. graminearuminfection through the investigation of
transcriptome change of phytohormones durikRgsariuminfection (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., 2020Most studies investigating the rolef phytohormones in
resistance taFusariumspecies were focussed on the disease Fusarium head blight (FHB).
However Fusarium root rot (FRR) is one of multiple diseases caused by th&ssamiem
species responsible for FHB, with evidence of unique imflegiathogenesis and host
resistancegWang et al., 2015b)The transcriptome response of phytohormones to FRR
infection has been investigated in responsentioeat (Triticum aestivum) FRRWang et al.,
2018c)but none to our knowledge have investigatBddistachyoiranscriptome response

to FRR.

One method for investigating phytohormone responses during pathogenesis is the use
of transcriptomics. There have been studies that investigdtedjraminearumnduced
changes in gene transcription during infection of cereals using methotdsasumicroarray
analysis and RGQPCRBoddu 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.,.20%é%tigating the
molecular responses to disease under different biotic stresses is more acceassie
everimproving transcriptomic technologies. R¥8q is a revolutionary transcriptome
analysis technology that permits the hitfiroughput sequencing of the complete set of
RNA transcripts in a given cell or tissue by aligning the complete trangopptation to a
reference genomgWang et al., 2009)With respect to the many years of FHB research,
RNAseq hasecentlybeen deployed for wheat and barl¢fiordeum vulgargresponses 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., 2020pplying RNAeq technology would be useful in
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comparingthe expression ofdefencerelated or phytohemone-related genes in FHB and
FRR ando identify commonalities and specificities in response to infection of the two

tissues.

The genetic resources required for RE#q have become increasingly abundant. The
gernome of B. distachyoms 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
evergrowing array of genetic resources availafigtiative, 2010, Brkljacic et al., 2011,
Kellogg, 2015, Scholthof et al., 2018, Hus et al., 202@)ortantly, B. distachyoris an
excellent model for investigating FHB and FRR as both roots and florets are susceptible to
F. graminearunmnfection (Peraldi et al., 2011, Pasquet et al., 20RINAseq is also being
used for Fusarium diseasesBndistachyon For example, Powell and colleagues (2017b)
describes how Fusarium crown rot (FCR) causédd pgeudograminearuin B. distachyon
shares commonranscriptional responses to wheat such as tryptophan and phenylalanine
biosynthesis(Powell et al., 2017b)Ding and colleagues also identified graminearum

genes expressed during FRR infection iB.adistachyor{Ding et al., 2020)

| previously showed that FHB aRBR disease severityBndistachyomlid 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 chaptewas to uncover and compare the phytohormeredated gene
transcriptome response @. distachyomo FHB and FRR. This provides the first example of
obtaining and comparing RNgeq data of both FHB and FRRBindistachyn. The first
objective was to perfan an RNAseq analysis oB. distachyorFHB at mieanthesis and
seedling FRR at early tisp@ints in infection to identify the transcription patterns and
differences in response between the two diseases. For both diseases, the time of the first
observationof 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 phytohormosiated gene
expression ee consistent between diseased tissues over time. Selected phytohormone
related genes displaying differential expression in the Rbif\experiment were analysed
over time between FHB and FRR using agfRJR time&ourse analysisn a separate
experiment The global difference in transcriptomes between FHB and FRR is also briefly

described.
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Aim: Investigate the transcriptomef Brachypodium distachyan response to FHB and
FRR focussing on similarities ahfferencesin expressiorof phytohormonerelated

genes
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4.2. Materials and Methods

4.2.1 PlantMaterial andGowth Conditions

TheBrachypodium distachyoaccessiorBd3-1 was obtained from the John Innes
Centre(JIC), Norwich, URheBd31 seed peeling preparation and stratification method
was followed as described in Section 2.EaGr FHB assays, stratified seeds were sown in
50% peat/sand and 50% John Innes mix 2, withdaeds per &n? pot. Plants were kept
for the remainder of the experiment at 22°C (B4 h light/dark photoperiod, 70%
humidity) in controlled environment cabinets (Snijders Scientific Jumo Imago F3000

chambers) (Peraldi et al., 2011).

4.2.2 Maintenanceof Fungus an@reparation ofinoculum

For mycelium inoculunt. graminearuniPH1 (John Innes Centre, Norwich, UK) was
maintained on 20 mpotato dextrose agaiRDA (The PDA solution wasgpared by the JIC
media kitchen in a petridish in a 22C (16h/8 h - light/dark photoperiod)in controlled
environmentcabines (Snijders Labs MicroClirsgries, Economic LUX chambers or in a
walk-in controlled environment growth room)Severday old plates were then blended
with 5% water(sterile diHOQ) for a myceilum slurryfor the FRR assaffor the FHB assay,
preparation of theF. graminearuntonidial suspension from Mung Bean (MB) broth was
as described in Section 3.2Rxesh inoculum was prepared at 1 ¥ t@nidial suspension
(using a Thoma haemocytometer (Mesley England) (EquatioB.l)) in water (sterile
diH0) with 0.05 % Tween 20.

4.2.3 RNAsegSample Inoculation and Preparation

For FRR assays, ten stratified seeds were placed orf fillempaper square on a
50 ml 0.8% wate(ELGAagar 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 dayscontrolled environment cabinetéSnijders Labs
MicroClimaseries, Economic LUX chamber or a Snijders Scientific cadti2ef)C (16h/8h

- light/dark photoperiod) before inoculation. Roots were inoculated at three positions with
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mycelial PDA slurry, or mock RBIlurry using a 10 ml syring€erumo syringe without
needle) (Fig. 4.1). After one day, the inoculum slurry was removed once infection was
visible and roots were rinsed withiater. For each biological replicate, ten roots were cut
(Like in Fig. 2.4nd immediately frozen in liquid nitrogen (Fig. 4.1). For FHB assays, six
week-old Bd31 spikes at mighnthesis were evenly sprayed with conidial suspension using
a handheld spray bottle Juvale fine mist atomiser spray bottjdsefore 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 heduty plastic transparent bafpr 3
daysto increase humidity. After three days, for each biological replicate, three infected
spikelets Fig.3.2CGE) fromrandomly selected plants and pots were cut and immediately

frozen in liquid nitrogen.

RNA was extracted using QIAGENed&®M kit as per standard protocol (Described in
section 2.2.5). RNA was then immediately cleaned using TurbofieblAkits 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 Genewi.
before RNAseq using &NanoDrop 200Bpectrophotometer(Thermo Scientificjinternal

and Genewiz), Qubit (Genewiz), and Tapestation (Genewiz).
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Figure 4.1FRR assay root samples at 1 dpi for BB\ Location of PDA slurry witkday

old F. graminearunmycelia (at the time of infectionA(and C) or PDA slurry mock control
(BandD) on Bd3l roots. Removal df. graminearunslurry ) and control slurry) 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 etatt like in (Fig.
2.4). Scale Bars = 2 cfahoto taken withPhone6 camera.

4.2.4 Library Preparation RNs&q BioinformaticsAnalysis

Library preparation was performed at Genewiz and libraries were sequenced using
anlllumina HiSed2x150bp sequencig configuratiorwith a single index per lan&NAseq
lllumina reads FASTA databtained from Genewizwas uploaded and analysed to the
Galaxy web browsean the Galaxy platfornfAfgan et al., 2016)T'he RNAeq pipeline used
is described in Figure 4.2. FastQC (G.V.0.72) was employed on sample FASTA reads a:
quality check. Using TrimmomatiG.{/.0.36.5), pairednd FASTA reads trimmed with
RSTlLdz G W{fARAY3I HAYR26Q on olasSaox wtSI
lllumina clip was used to removuminaadaptor sequences. Trimmed FASTA reads were
quality checked again with FAQC (G.V.0.72YTrimmedFASTA reads were aligned to the
Bd21 JGI v3.0 assermb(PhytozomelGIV12.1.5(Initiative, 2010, Goodstein et al., 20}2)
using HISAX(G.V.2.10). Gene annotations weassigned using Stringtie v3.1 (G.V.1.3.4)

with annotations (Phytozome J@, distachyorv3.1 (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 toahyw¢8.1was used for Venn

diagrams and sorting treatment grougSliveros, 2018)

[ FASTA data(raw)J

U

[ FastQC ] Quality control from

Genewiz samples

.

[ Trimmomatic ] Clean samples

.

[ FastQC ] Quality control

trimmed Files

[ Galaxy Platform 1 —

-

Alignment to Bd21
[ HISAT2 ] v 3.0 assembly
. . Gene counts
[ St“ngtle ] (Annotation v 3.1)

¥
[ DESeq2 ] DEG analysis
Vs

Figure 4.2 Pipeline used for RN#eq bioinformatic analysioon Galaxy platform.
Abbreviation:DEG (Differentially expressed genBgrived fromGalaxy platformguide
(Afgan et al., 2016)
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4.2.5 TimeCourse RIGPCR

FHB and FRR RNA samples were prepared as per previous proBiclagical
samples from different plants were harvested add, 5dpi, and 7 dpi for FHB anddpi, 3
dpi, 5 dpi for FRR, with at least three biological replicates per treatment andpoime.
After extraction and DNase treatment, first strand synthegiRNA was performed with
Invitrogen SuperScript 1l Reverse Transcriptdbevitrogen) as per standard protocol
(Described in section 2.2.9yor the timecourse experiment,averse transcriptase qPCR
was performedwith 2 pl cDNA, Sul of 2x SYBR GreeandpStart Tag ReadyMix (Sigma
Aldrich), 0.6ul of 10uM for eachprimer, andwater (sterile diHO0) to 10 pl final volume
PCR reactions were prepared in a Framed&0/384 well plate with BioRAD microseal B
adheasive film. Thermocycling was carried ouadRoche LightCycler LC480 on SYBR green
1 scan mode with the following parameters; 3®Q5C 45x(94C10s,58°C (or 60C for
Bradilg57590)10s, 72C10s, 75C 2 (single acquisition)), 965s, 60C60s, 97C 40°C
for 30s. LC480 raw data was converted to Excel format with LC480 conversion software
and analysed for primer efficiency and Cq values on LinReBORuijter et al., 2009)

Log fold changes were calculated from Cq values (Equation 2.1).

All PCR primers were ordered fr@igma Aldrich UK. Primers (Supp. Tab® férgene
targets unless otherwise statedyere prepared using Primer(&oressaar & Remm, 2007,
Untergasser et al., 2012, K8ressaar et al., 20b83) singlecoding sequencexoric region
and avoiding untranslated regions {TR). Oligocalc(Kibbe, 2007was used toverify
properties andquality. Primer quality was cheakd following methods described in
(Chapter 2.2.5, Table 2.3 and Table 2P)mers were tested with BdB gDNAiIncluding
gel electrophoresis quality testsing methodfrom Section 2.2.5 (Table 2.3 and Table.2.4)
The best housekeepingege GAPDH (Supp. TableSl2) for these sampleswas
experimentally determined and analysed NormFindeiin GenEx V@singcDNA obtained
from both control and infected root and floret materiéBoth the same and different
biological replicates of RNA as those sent for Rbid) Bd31 gDNA was obtained from
four-week-old Bd31 leaf materialobtainedusing a DNeasy Plant Mint KSection 2.2.
as well as from Bd3 gDNA extracted by Ms Elizabeth Bankeses, and through
Cetyltrimethylammonium bromideQTABextraction CTAB wagrepared using 2% cetyl
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trimethylammonium bromide, 1% polyvinyl pyrrolidor§)0 mM TrisHCI, 1.4V NaCl, 20

mM EDTAFrozen leaf material was mixed with 1 ml of warm CTAB sol(fogpared by

Ms Martha Clarke)Samples were mixed and incubated at@3or 90 min with frequent
shaking and inverting. After incubation, 3gDof 5 M KAC and 354 chloroform/IAA mix
(24:1) were added to samples, mixed thoroughly, and placed-ROE for 15 min. Samples
were then centrifuged afL3,400 rcffor 15 min and 90Qul of supernatant was added to
equal volumes of prehilled isopropanol and shaken gently. Thetore was incubated
overnight at 4C and then centrifuged at3,400 rcffor 10 min. Isopropanol was then
discarded andhe DNA pellet was washed with 1 ml of cold 70% ethanol. Samples were
shaken and centrifuged 413,400 rcffor 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 380 pl sterile waterwater (sterile ditd0). DNA quantity and quality were

verifiedon a NanoDrop 2000SpectrophotometefThermo Scientific)

4.2.6 Statistics, Software, and Graphs

All RNAseq data was analysed using Microsoft Excel. All heatmaps pvepared
AY waildzRAZ2 O0+xSNBEA2Y MPHDMOOPpPUO dziTh piake theLIK S
heatmaps the normalisedtranscript counts (reads)were transformed (Log2x + 1)) and
then scaled per gene (row)he data was scaled by the standard error from the total mean
denoted as a Bcore (legend). Hierarchical clustering of genes (rows) used Euclidean
distance metric witlcompletelinkage clusteringGeneswithin the heatmapawith a prefix
and percentage howlogy (Percentage oB. distachyonsequence that matches the
orthologoussequenceEnsembl Genomg$lowe et al., 202(Q)were derived fronChapter
1 (Section 1.3%he Arabidopsis Information Resource (TAIR10) datakBseardini et al.,
2015) and(Yazaki et al., 2004, Jain et al., 2006a, Jain et al., 2006b, Yamaguchi, 2008, Vlo
et al., 2009, Dempsey et al., 2011, Tsai et28l12, Lyons et al., 2013, Pearce et al., 2015,
Bajguz et al., 2019)Then, if necessary, thB. distachyorhomologués were identified
within the Ensembl Genomes databa@ddowe et al., 2020)(At: A. thalianaTAIR100s:O.
sativaRGSH..0, Hv:H. vulgarelIBSC_v2Zm, &. maysB73_RefGen_v}and were then
searchedor within the RNAseq dataet Unless otherwise statedhe predicted functions

for the remainingB. distachyomgeneswere obtained fromEnsembl Genomg$iowe et al.,
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2020) UniProt(Consortium, 2018 BrachyPariGoodsteiret al., 2012, Gordon et al., 2017)
and B. distachyorv3.1 from Phytozome JGI (V12.1(Bjitiative, 2010, Goodstein et al.,
2012) Microsoft Word and PowerPointeve used for writing and diagramreparation (Fig.
4.1, Fig. 4.2). Graphs for tineeurse experiment (Fig. 4.11) were prepared on GraphPad
Prism (V5.04)The \énn diagram (Fig. 4.4) was obtained using the VeM#/1 tool
(Oliveros, 2018)Figure 4.3 is an output from Gayaplatform DEseqRAfgan et al., 2016)
RNAseq statistics were outputs from Galaxy DEse&g8tandard students-test was used

for time-course RIGPCR Cq data usingdybsoft Excel.
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4.3. Results

4.3.1 Fusarium Head Blight and Fusarium RooCkpiayDistinct Gobal
TranscriptomeResponses tdnfection

Differential gene expression was performed on total gene countdisdasedB.
distachyonfloral and root tissues, FHB and FRR respectively, in comparison to respective
mockinoculated treatments. The time points 3 dpi and 1 dpi for FHB and FRR, resgective
represent the earliest stage at which symptoms were visible. CoveragaeoBd21
assembly was between 8i56%. With no lodold change threshold, there were 6,158 genes
significantly differentially expressed in response to FH&djp<0.05), whereas $68 genes

were significantly differentially expressed in response to FRRIj(g0.05).

The global transcriptome change patterns were substantially different between infected
tissues (Fig. 4)3The number of genes upregulated and downregulateegsponse to FRR
were proportionally similar (Fig. 4.3Bwhereasthe proportion of upregulated genes for
FHB infection was much greater than downregulated genes (Figd).4Bowever
approximately ¥% of the significantly differentially expressed genes in response to FRR
were within the Logfold changethreshold (Fig. 4.4) On the other hand2%% of the
significantly differentially expressed genes weavighin the Log-fold changethresholdin
responseio FHB(Fig. 44).
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Figure 4.3The global transcriptome changes of FHBand FRABj compared to respective
controls. Each red dot represents a single gene. Red dots denote genes significantly
expressed whereas grey dots are genes below the signde 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 cou(d.and B) Qutput graphsfrom Galaxy platform
DEseqg4Afgan et al., 2016)

The transcriptome respondsetweenFHB and FRR was then compared (Fig. 4.4). There
were rdatively few genes that were upregulated or downregulated in response to both
FHB and FRR with onlg&geneaipregulated and only ongenedownregulated. On the
other hand, there were more genes exclusively upregulate®6 (4enes) and
downregulated (7@ genes) in response to FRRurthermorehalf the total observable gene
counts (50%) were exclusively expressed in response to FHB. A small graugeoief
were upregulated in response to FHB and downregulated in response t(FERR.4) Of
these 21, naable genes include ayloglucan endotransglucosylagBradi3g3176Y, a
pathogenesigelated protein 1 Bradi3g5368), a disease resistance protein RPfpdlated
(Bradilg2938}, a peroxidaseRradi5g2715)) an endoglucanas€Bradi3g3621)) aRING
type E3 biquitin transferasgBradi3g5212§) and an gpansin(Bradi3g0996})
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Bd FHB Down < -2 Bd FRR Up>2

(15.7%)
0
(0%) (0&)
707
0 0 (23.9%)

(0%)

1476
(49.8%)

Bd_FHB Up > 2 Bd_FRR Down <-2

Figure 4.4Summary of all significantly upregulated or downregulaBedlistachyomenes
in response to FHB and FRIRe threshold of2 Ox O2 Logfold change and {adj< 0.05
was applied to all genesAbbreviations: BdR. distachyo)) Up (Upregulated),Down
(Downregulated, FRRFusarium Root Rotl;HB(Fusarium Head Blight)

4.3.2 PhytohormoneRelatedGenes ardmportant inResponse to FHB and
FRR

Significantlyupregulated or downregulatethormonerelated B. distachyorgenes
(p-adj <0.05) were grouped based on predicted function and compared between FHB and
FRR. The predicted. distachyorphytohormone genes with roles in eithéiosynthesis
signalling orhomeostasigound in the RNAeq data has been presented as heatmggig.
4.54.10) 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 Lof#ld expression change of greater than 2 or less ###aand a
p-adj <0.05. In some cases, gene expression pattern exceptions were noted if they had
Log2fold 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 HHB-RR. No
phytohormonerelated gene in the following heatmaps was significantly downregulated in
response to FHB whereas there was approximately an equal distribution of upregulated
and downregulated phytohormoneelated genes in response to FRRsome ases a gene
is mentioned twice in two different heatmaps asvéspredicted to be responsive to both
phytohormones Many B. distachyongeneswhose predicted function is in pathogen
sensing and are believed fwrecede phytohormone signallindpeYoung & Innes, 2006,
Jones & Dangl, 2®, Pieterse et al., 201®)ere alsadifferentially expressed in response to
FHB and FRB{pp. Fig.4. The phytohormones SA, JA, ethylene, auxin, cytokinins, and
ABA were the main phytohormones significantly responsive to FHB and FRR in ttkedRNA

data.

There were 18 predicted Slated genes with two expressiguattern clusters (Fig.
4.5). Over half the Skelated genes (13 genes) were upregulated in response todridB
were found in both clusters (1 and 2) that are predicted to enc&®Rt4/5 genes,
chorismate synthaseAGD2LIKE EFENCE RESPONSE PRQNIEDN, SARDEFICIENT 1
(AtSARD)JI NONEXPRESSOR OF PATHOGHRHATED (OsNPR4y-Coumarate:CoA
ligase (4Cl, two AtGRX480 and METHYLESTERASEMES). However in cluster 1,
Bradi3g47110and Bradi3g4720 (henylalanineammonia lyase AtPAL1/2/3/4 were
significantly upregulated in response to both FHB and FRR-{tloigéhange greater than
2). Furthermore Bradi4g05360calmodulinbinding protein 66ike g AtCBP60y
Bradi2g54340@sNPR4in cluster2, andall of cluster 1 were significantly upregulated in
response to FRR with a Lfidd change of greater than 1 but less than 2af) <0.05). Only
Bradi3g43920(SUPPRESSOR OF SA INSENSKRGSN) and Bradi2g52110MES1
predicted) and Bradi2g52000GRETCHEN HAGEN (RGH3.9) were exclusively
upregulated in response to FRR. Lastly Bradi3g53681 encBdtdgvas the only gene
significantly upregulated in response to FHB but downregulated in response to FRR.
Although Bradilg71530 encodid D1was sigrficantly upregulated in response to FHB it

was not significantly downregulated in response to FRRd{p>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 FHBiere werealso substantial differences between floral and
root tissues in untreated conditions The genes Bradi2g41070 Bradi2g08400
Bradi2g52110Bradi3g5368]1Bradilg71530had lower basakxpresson in non-inoculated
spikescompared tonon-inoculatedroots, whereasBradi3g4392thad a very low number

of transcript countsn non-inoculatedroots but not innon-inoculatedspikes

[ [ |

B 0 Bradi2g08400 AtGRX480 (34%)

I Bradiagd7110 AtPAL1/2/3/4 (T3%/T2%/68%/T3%)

PP Bradizgd7120 AtPAL1/2/3/4 (72%/72%/67%/(73%)

I N Bradi2gd46093 AtGRX480 (39%)
Bradi3g37300 4-Coumarate:CoA ligase (4CL)*
Bradi2g52110 Alpha/beta hydrolase fold-containing protein (MES1 predicted)
Bradi3g53681 CAP (Pathogenesis-related 1 protein) superfamily protein 0
Bradi1g71530 AtALD1 (58%)
Bradi1g57590 Pri-5*

| B BEE B Bradi2g27670 NPR1 interacting (NPR1_interact)
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. . Bradi2g41070 Alpha/beta hydrolase fold-containing protein (WVES1 predicted) I 2
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BEER B Bradi2g02310 AtSARD1 (38%)
EREEEE Bradi4g05360 AtCBPS0g (19%)
B ] ] Bradi2g54340 OsNPR4 (90%)
NEr B Bradi1g67790 Chorismate synthase activity
BN Bradi2g52000 AtGH3.5 (66%)
Bradi3gd3920 AtSSI2 (69%)

rRc3 0

Figure 4.5Theupregulated or downregulate@Arelated B. distachyomyenes in response

to FHB and FRR. These genes showed®mldghangeof-H > [ 2 3 H -agj<®05 ¢ A § |
in response to either FHB, FRR, or bdthree biological replicates for each of the four
treatments are displayed as columnsThe control samples (HG1C3, RCRC3) are
normalised transcript counts from mock inoculated head (Water with Tween 20) and root
(PDA slurryB. distachyortissues and wee separately analysed through the RiS&q
pipeline with the respective inoculated sample tissudhe numbers besides the
dendrogramrepresent cluster groups with similar expression patterns in response to FHB
and FRR across samples. * Derived f(Bouzai et al., 2016¥* Derived from(Kakei et al.,
2015, Kouzai et al., 201ome gene functions havepeefix (derived fromA. thaliana(At)

or O. sativg(Os) and percentage homologyhe percentage oB.distachyorsequence that
matches the homologuesequencg. Column abbreviations; HC (Hek#B control), HF
(HeadFHB fungus), RC (RdeRR Control), RF (Ré€RR fungus).

A total 3 JArelated genes were identifiedith seven gene expression clustéFsg.4.6)
which was thesecondlargest number of phytohormoneelated genes in the entire RNA
seq datasetMost of cluster 3 (2 genes) which was the largest cluster and contained all
five 12-OXOPHYTODIENOARHEDUCTASEPR genes were upregulated in response to

FHB.Genes ircluster 7 (three genes) were also upregulated in response to FHB. Cluster

143



(Bradilg12360 and Bradilg42760) was also exclusively upregulated in response to FHB bu
to a lesser extentFour genes from cluster Bradilg57590RR15), Bradi3g12566 and
Bradi3g15084ETHYLENE RESPONSE FACGIRRSQ(AtERF1b/ORA%R Bradi4g20220
(Arabidopsisthaliana Phospholipase Alalpha?d were also exclusively upregulated in
response to FHB. However in clusteiB8adi3g373004Cl), Bradi2g08400/Bradi2g46093
(GRX48)) Bradi3g48840RAL, Bradilg05880CPR and cluster 7 gene Bradilg72610
(JASMONATEIM DOMAINJAZ) were slightly upregulated in response to FRR with a Log
fold change greater than 1 but less thanRP2ad]j < 0.05)Only the two genes in cluster 6
(Bradi2g1424@Pr1-6) and Bradi3g4392(5SI) were exclusively upregulated in response

to FRR. Clusters 2 aBdfour genes) were exclusively downregulated in response to FRR
including two predictedLIPOXYGHRS$E(LOX genes (Bradilg09260 and Bradilg11680),
PR18 (Bradi3g53637), andASMONATE-RMETHYLTRANSFERASH) (Bradilg43080)
Lastly, seven genes from clustemhichwasthe second largest clusterontainedmost of

the JAZ and\tERF/OR29 genesand were significantly upregulated in response to both
FHB and FRRhree of these genes were significantly upregulated in response to FRR with
a log-fold change of greater than 1 but less than®aflj < 0.05) (Bradi3g23180A7,
Bradilg72590JA7, Bradlg00666 ERF)L Generally JAelated gene expression appears
importantin response tdooth FHB and FRRastly, genes in clusters 1, 2, and 3 were more
highly expressed in nemoculated roots than in noimoculated spike tissue while genes in

clusters éand 7 were more highly expressed in Aoomculated spike tissues than in roots.

Certain genes are associated with both JA andP3&terse et al., 2012For example
Bradi2g08400 andrBdi2g46093 aréomologougo AtGRX48Which were both expressed
in response to FHB and FRR but to a lesser extent in response to FRitd(chgnge of
greater than 1 but less than 2). On the other hand, At&SIzhomologue Bradi3g43920
was exclusivelyipregulated in response to FRR (Fig. 4.5 and Fig. @ug).to several
significantly expressetWRKYgenes, a separate heatmap was created encompassing all
predicted WRKY transcription factors $upp. Fig. 3. These included important
phytohormone relatedVRKYgenes such a@/RKY70WRKY50andWRKY42 (Vliot et al.,
2009, Pieterse et al., 201Hor example, Bradi2g44270 encodiMiRKY 42, responsive to
SA, JA, ahethylene(Kakei et al., 2015, Kouzai et al., 2Q0183s upregulated in response
to FHB and to a lesser extent in F@Rpp. Fig. 3. In most casesWRKYgenes were
upregulaed in response to both FHB and FHSRpp. Fig.5.
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Figure 4.6 Theupregulated or downregulatedArelated B. distachyorgenes in response

to FHB and FRR. These genes showedmldghangeof-H > [ 2 3 H -agj<®05 6 A § |
in response to either FHB, FRR, or bdthree biological replicates for each of the four
treatments are displayed as columnsThe control samplesHCtHC3, RCRC3) are
normalised transcript counts from mock inoculated head (Water with Tween 20) and root
(PDA slurryB. distachyortissues and were separately analysed through the R&bA
pipeline with the respective inoculated sample tissud$he numlers besides the
dendrogramrepresent cluster groups with similar expression patterns in response to FHB
and FRR across samples. * Derived f(&muzai et al., 2016)¥* Also responsive to JA in
(Kakei et al., 2015yith q <005 and-H > [23H X H® FFF 5SNA
significantly expressed ifKakei et al., 201550me gene functions havepaefix (derived

from A. thaliana(At)) and percentage homologyhe percentage oB.distachyorsequence

that matches the homologuesequencg. Column abbreviations; HC (HeBHB control),

HF (Head=HB fungus), RC (RdeRR Control), RF (R€RR fungus).
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A total of 21 ethyleneelated genes with four gene clusters were identifiedhe RNA
seq data (Fig. 4.7). Many of the genes did not fall into clear gene exprexsienn
clusters. Many of the genes in cluster 4 were exclusively upregulated in response to FHB
(Fig. 4.7). In addition the gemradi3gl256@AtERF1b/ORA%9IN clister 2 and those not
found in clusters (Bradilg57582R14, Bradi5g19100ACCSYNTHASRACY were also
exclusively upregulated in response to FHB. Furthermore several genes were significantly
upregulated in response to FRR but had afdd change of les than 2: Bradilg00666
(ERF), Bradi4g41616HRF15¢elated), Bradi3g373004Cl, and Bradilg1l0030ACS14
related) (Radj< 0.05). Cluster 3 showed two genes primarily upregulated in response to
FRR, however Bradi2g35860QC OXIDASECOY) was also significantly upregulated in
response to FHB (Less than -fold 2, p-adj < 0.05). Genes in cluster 1 including
Bradi3g53637Hrl1-8) were exclusively downregulated in response to FRiese three
genes including Bradi2g0579@tACSYhad very high basal expression in Aapnculated
root tissues compared to nemoculated spike tissued.astly, cluster 2 contained four
genes upreglated in response to both FHB and FRR except Boadi3gl2566
(AtERF1b/ORA%%vhich was not significantly expressed in response to BB&hite these
identified genesmany other ethyleneelatedB. distachyomenes(Yang et al., 201%)ere
not significantly expresseith response toeither FHB or FRRhere were 25 differentially
expressed genes that encode’PETELAPAP) domain genes and thre&THYLENE
RESPONSH.EMENT BINDING PROTEREBPgenes which are also predicted to be
ethylene responsive (Table 4.Broekaert et al., 2006)Taken together, ethyleneelated
genes are the largest group of phytohormeredated gnes in the RNAeq data set. Many
of the EREBP/AP@main genes (nine) were significantly upregulated in response to FHB
and FRR. Another fNeBREBP/AR®omain genes were similarly significantly expressed but
with less than Zold-change in response to ther FHB or FRR -guj < 0.05). Nine
EREBP/APdomain genes were exclusively upregulated in response to FHB. Lastly six
EREBP/AP@&main genes were upregulated and two were downregulated in response to
FRR. Generally ethylemelated genes were mostly regspsive 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 downregulateethylenerelated B. distachyorgenes in
response to FHB and FRR These genes showeda@dathangeof-H XX [ 2 3 H -X H
adj <0.05 in response to either FHB, FRR, or bdtiree biological replicates for each of
the four treatmentsaredisplayed as column$he control samples (HEIC3, RCGRC3) are
normalised transcript counts from mock inoculated head (Water with Tween 20) and root
(PDA slurryB. distachyortissues and were separately analysed through the R&bA
pipeline with the respective inoculated spfe tissues.The numbers besides the
dendrogramrepresent cluster groups with similar expression patterns in response to FHB
and FRR across samples. * Derived f(Bouzai et al., 2016¥* Derived from(Kouzai et

al., 2016)put was not significant. *** Deved from (Kakei et al., 2015)** Derived from
(Kakei et al., 2015¥*** Also significantly expressed in response to AR&ei et al., 2015)

with g <0.05andH > [ Za&mne gere fundlions haveeefix (derived fromA. thaliana

(At)) and percentage homologfthe percentage ofB. distachyorsequence that matches

the homologuesequencé Columnabbreviations; HC (HedeéHB control), HF (HedHB
fungus), RC (Ro#iRR Control), RF (R€RR fungus).
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Table 4.1EthyleneassociatedAP2 domain and EREBke transcriptionfactor geneghat

were upregulated or downregulateth response td~HB or FRR

Gene ID Predicted functiorf FHB Log fold FHB padj FRR Log folc FRR pad]
change* change*
Bradi2g11890 AP2 domain 3.14 <.001 3.31 <.001
Bradi4g38932 AP2 domain 5.22 <.001 3.43 <.001
Bradilg49560 AP2 domain 251 0.005 2.34 0.003
Bradi2g02710 /;fozte?srgigzc_%”(tg'ggg) 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 EREBHke 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 AP2domain 3.06 <.001 1.15 0.005
Bradi5g21250 AP2 domain 2.09 <.001 1.20 <.001
Bradi5g25570 EREBHke 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 413 <.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
AP2/ERF and B3 domain
Bradi2g17610  containing transcription 1.55 <.001 2.21 <.001
repressorRAV2related
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
Bradilgl17961 EREB#ike factor (EREBP) -0.26 0.736 6.94 <.001
Bradilg67350 AP2 domain 0.19 0.879 -2.55 <.001
Bradi5g17620 AP2 domain 1.17 0.438 -3.09 <.001

* All predicted functions obtained from Phytozonf€12.1.5 (Goodstein et al., 2012)*Log fold changes
sorted based on expression between FHB and PRBreviations:AP2 (APETELAZEREBRETHYLENE
RESPONSH EMENT BINDING PROTERRETHYLENE RESPONSE FACTOR 1
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A total of 26 auxirrelated genes with four main expression cluster groups were
identified in the RNAeq data (Fig. 4.8). This was the third largest hormmatated group
of genes identified in the RN#eq data set. Fev genes: Bradi5gl1581GMALLAUXIN
UPRNA{OsSAUR)B and Bradi4g11580SUPEROOTALSURY)), Bradi3g49020AUXIN
RESPONSE FACT@REFE), and Bradilg73230ARF were exclusively upregulated in
response to FHB. OnlBradilgl3115(SAUR15/1y and Bradilg00587 YUCCA(7
(AtYUC3/}) 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:
ThreeSAURjenes, oné5H3gene, twoTRYPTOPHAN DECARBOXYQAIEK) genes, an
AUXIN/INDOLB-ACETIC AC[BUX/IAA, two ARF and a piAformed 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 &&Fral 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 thanadj g 0.05): Bradi2g5084@$GH2),
Bradilg34250FAUR Bradilg324008AUR Bradi3g1480 TRYPTOPHAN SYNTHASE BETA
1/2 (AtTSB1/3), and Bradi3g4901@ARF. Lastly, the genes in cluster 2 showed high basal

expression in noinoculated roots compared to nemoculated spikes.

149



FEEE W B Bradisg15810 OsSAUR18* (60%) 2
AE Al = Bradi1g15695 AtCYP79B2/3 (46%/46%)
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Figure 4.8 The upregulated or downregulatedauxinrelated B. distachyongenes in
response to FHB and FRR. These genes showedddagpangeof-H > [ 2 I H - X
adj <0.05 in response to either FHB, FRR, or botiree biological replicates for each of
the four treatmentsaredisplayed as column$he control samples (HEI1C3, RCGRC3) are
normalised transcript counts from mock inoculated head (Water with Tween 20) and root
(PDA slurryB. distachyortissues and wee separately analysed through the RiEéq
pipeline with the respective inoculated sample tissudhe numbers besides the
dendrogramrepresent cluster groups with similar expression patterns in response to FHB
and FRR across samples. * Derived f(dain et al., 2006a, Jain et al., 2006%)Derived

from (Jain et al., 2005, Jain et al., 2006l was also responsive to auxin(iKakei et al.,
2015)with g <0.05 and-H >X [ ZSHme gene fun®tions havepeefix (derived fromA.
thaliana (At) or O. sativa(Os) and percentage homolog§he percentage oB. distachyon
sequence that matches the homologussquencg. Column abbreviations; HC (Hek#iB
control), HF (Hea#HB fungus), RC (Rd&€RR Control), RFO®-FRR fungus).

H
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A total of 16 cytokinirrelated genes with four predicted expression clusters were
identified in the RNAlata (Fig. 4.9). All genes from clusters 1 and 2 (seven genes), including
Bradi2g42190 LLONELYGUY (OsLOGp) from cluster 3,were highly upregulated in
response to FHB. In addition, the genes Bradilg53523sCytokinirN-
glucosyltransferas@l Bradi3g58670 gfucosyltransferase 85A1 (AtUGT85A)), and
Bradi2g60456dytokinin oxidase/dehydrogenag®sCKX}were partiallyand significantly
upregulated in response to FRR (Log2 fold chéeggethan 2, fadj < 0.0%. The transporter
Bradi5g19720AtPUP1) was exclusively upregulated in response to FRR. All genes from
cluster 3 and 4 (seven genes) except ford&tg42190 were exclusively downregulated in
response to FRR. Cluster 4 which included four (@e/za sativh Type ARESPONSE
REGULATORSsType RR3¥ showed the most substantial downregulation of genes out of
any cytokininrelated gene in response to RRLastly, the genes in cluster 3 and
Bradi4gl3090 and Bradilg28726 from cluster 4 were much more highly expressed in the

non-inoculated root tissues than in nenoculated spike tissues.
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Figure 4.9 The upregulated or downregulatedytokininrelated B. distachyorgenes in
response to FHB and FRR. These genes showedddadpangeof-H XX [ 2 3 H -X H
adj <0.05 in response to either FHB, FRR, or botiree biological replicates for each of
the four treatmentsaredisplayed a columnsThe control samples (HEIC3, RCRC3) are
normalised transcript counts from mock inoculated head (Water with Tween 20) and root
(PDA slurryB. distachyortissues and were separately analysed through the R&bA
pipeline with the respective inoculated sample tissudhe numbers besides the
dendrogramrepresent cluster groups with similar expression patterns in response to FHB
and FRR across samples. * Redi from(Tsai et al., 2012)* Derived from(Tsai et al.,
2012)but also responsive to cytokinin {Kakei et al., 2015¥** Derived from(Kakei et al.,
2015)but was not significantly expresseslome gae functions have prefix (derived from

A. thaliana (At) or O. sativa(Os) and percentage homologythe percentage ofB.
distachyonsequence that matches the homologussquence Column abbreviations; HC
(HeadFHB control), HF (HedtHB fungus), RRootFRR Control), RF (RdeRR fungus).
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A total of 18 AB#4elated genes withtwo distinct expression clusters were identified
withing the RNAsegdata (Fig. 4.1Q0) Genes from cluster 2 (seven genes) except for
Bradilg64987 (Xanthoxin dehydrogenpdmit including Bradi5g?b70 AtERFY were
significantlyupregulated in response to FHBwo of the three 9-cisepoxycarotenoid
dioxygenaseAtNCEDZ2/3/5/9genes (Bradilgl3m6and Bradilg58580) wermoderately
upregulated in response to FRR (Log2 feks than 2, padj < 0.0%. On the other hand
only Bradi2g36687H. vulgareGlucose and ribitol dehydrogenase homolegelated) and
Bradilg17870Reroxidase @sPOX8)) were exclusively upregulated in responseRRR.
Three genes from cluster 1 encodialgscisic acid oxidag&tAAQL/2/3/4) and twoROOT
CAP PROTEINSCPRgenes were exclusively downregulated in response to FRiRe
genes (Brad2g43056, Bradkg60490, andBradRg60441) predicted to encode beta
glucosidase 1AtBG), a chitinase Bradi2g45610ZmPrm3, and xanthoxin dehydrogenase
(Bradilg6498ywere upregulated in response to both FHB and FRRerallyABArelated
genes were not similarly expressed in response to FHB andrfeRRost were significantly
upregulated in response to FHB orllastly, the genes in cluster 1, including Bradilg51850
and Bradi4g23640, were highly upregulated in mooculated pot tissues compared to

non-inoculated spike tissues.
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Figure 4.10 The upregulated or downregulatedABArelated B. distachyongenes in
response to FHB and FRR. These genes showedadadpangeof-H X [ 2 3 H -X H
adj <0.05 in response to either FHB, FRR, or botiree biological replicates for each of
the four treatmentsaredisplayed as column$he control samplesHCtHC3, RCRC3) are
normalised transcript counts from mock inoculated head (Water with Tween 20) and root
(PDA slurryB. distachyortissues and were separately analysed through the R&bA
pipeline with the respective inoculated sample tissud$he numlers besides the
dendrogramrepresent cluster groups with similar expression patterns in response to FHB
and FRR across samples. * Derived f(¥araki et al., 2004)* Derived from(Yazaket al.,
2004)but also significantly responsive to ABAKakei et al., 2015¥ith g <0.05 and-H K

[ 231 x H dnifigaptly exprdsse@in rasponse to ABAkei et al., 2015p0me gene
functions have grefix (derived fromA. thaliana(At), O. sativa(Os) H. vulgare(Hv),Z.
mays (Zm))and percentage homologfthe percentage ofB. distachyorsequence that
matches the homologuesequencg. Column abbreviations; HC (Hek#B control), HF
(HeadFHB fungus), RC (RdeiRR Control), RF (Rd€RR fungus).
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There were only a few genes responsive to GA in the-fdgAlata (Table 4.2). The GA
biosynthetic gene8radi2g50280Bradilg5957@vhich encode xoglutaratedependent
dioxygenases (20D) were upregulated and downregulated in response to FRR, vepecti
but were not responsive to FHEBradi3g4939@vhich encodes the predicted homolog
OsGA20x9(58%) was significantly and exclusively upregulated in response to FRR.
Furthermore, Bradi2g22050which encodes the predicted epoxidation homeostasis
homologie ELONGATED UPPERMOST INTERNGBEI(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 Galated genes responding to these treatments,
the data suggests that GA biosynthesis increased iporese to FRR while GA was being
inactivated in response to FHB. Only omessinosteroid BR gene was identified as
responding to either FHB or FRR. Bradi2g22967 that encodes the predicted hoenolog
AtCDG1(30%) was significantly downregulated in respots&RR. This suggests that BR
was not particularly responsive to FHB and FRR distachyonNo genes associated with
3-aminobutanoic acid (BABA) (SectioB.2) were identified within the RNAeq data.
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Table 4.2Gibberellic acidndbrassinosteroieassociategphytohormone geneshat were upregulated or downregulated in response to FHB or FRR

Phytohormone Gene ID Predicted function Arl3) e iele FHB padj AR Ll FRRp-ad]
change change
GA Bradi2g50280 _Gibberelin Zveta 0.29 0.770 3.60 <0.001
dioxygenase 2elated*
GA Bradi1g59570 _Gibberelin Zoetar 0.01 0.996 -3.96 <0.001
dioxygenase 2elated*
GA Bradi2g22050 OSEU(75%)** 2.20 <0.001 -1.52 0.002
GA Bradi3g49390 OsGA20x958%)** 0.09 0.953 3.29 <0.001
BR Bradi2g22967 AtCDG130%)** -0.07 0.945 -2.28 <0.001

*Predicted gene function derived from Phytozoifwl2.1.5)Goodstein et al., 2012¥* Derived from Ensemtibenomeorthologue comparisoifHowe et al., 2020)
Abbreviations: At (Arabidopsis thaliang BR (Brassinosteroid), COGIONSTITUITIVE DIFFERENTIAL GROBJHLONGATED UPPERMOST INTERNE2DE
(Gibberellic acid)GA20x92-OXOGLUTARADEPENDENT DIOXYGENASEQryza sativy.
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For all phytohormones investigated, no respeciigtohormonereceptor Section

1.3) was identified within the RN8eq data.

4.3.3 TimeCourseExpressiomnalysis oPhytohormoneRelatedGenes

Many genes described from each heatmap generated from the-sddAlata were
differentially expressed between FHB and FRR, and others were moderately but
significantly upregulated in response to FRR fiotdychange 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 RN8eq experiment (Section 4.2.3HB and FRR assays were
repeated with the addition of two morelater time-points for validation using RGPCR
Most of the phytohormoneelated genes selected either had important roles with
phytohormones and/or were differentially expressed between FHB and FRR in theeBNA
experment. Genes involved in the biosynthesis or signalling aB4uxin,and g/tokinin
were investigated as these represented the phytohormones showing most evidence for

differential regulation in response to FHB and FRR.

In every instance (witkxcepion of Bradi4g31240 in FRR), the expression differential at
the first time point(Fig. 4.11)vas like that observed in the RM&q experimen{Section
4.3.2.) The SA responsiveBradi2g30695 RdWRKY45(Kouzai et al., 20168howed no
change in expressioim response to FHB and FRR (Fig. 4.11A). The expression at the first
time point forBAWRKY4®vas like the RNAe( results in both FHB and FRResponse to
FRR,WRKYwas not differentially expressed at 1 dpi (p = 0.473)wéver it was
downregulated to-2.6-fold change at 3 dpi (p = 0.012), and then3m®-fold change at 5
dpi (p = 0.017)BdWRKY4®vas not differentially expressed (p = 0.085) in response to FHB
at 3 dpi but declined significantly (p < 0.05) by 5 dpi befetarning to a similar starting
expression change at 7 dpi (p = 0.2MIESlisimportant for Systemic Acquired Resistance
(SAR)Like the RNAeq data, Bradi2g5211MES) wassignificantly downregulated in FRR
by -1.9fold at 1 dpi (p = 0.012MESIcontinued to be downregulated te4.1 fold change
at 3 dpi (p <0.001) and-3.9fold change at 5 dpi (p < .001)(Fgl1B). On the other hand
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MES1showed nomarkedchange in expression at any time point in FHB @®29at 3 dpi,

p =0.551at 5 dpi, p = a0.375 7 dpi)NPR4s a repressor oBAassociateddefencegene
expressionDing et al., 2018Bradi2g54340NPR4 was more highly expressed at 1 tipi
1.2-fold change (p = 0.02@) response to FRR (Fig. 4. 1L EXpression increased by 3 dpi to
2.7-fold change(p = 0.001) beforedeclining by 5 dpi to 1:fold change which was not
significant (p = 0.112). In a similar trajectoRR4vas significantly expressed at 3 dpi in
response to FHB to over @ld change (p 8.003), but then declined to near background
levels at 5 and dpi (Fig. 4.11C).

The expression of the SA and JA responsive Bradilg5BEP®RE5) (Kakei et al., 2015,
Kouzai et al., 201&yas significantly enhanced in response to FHB and FRR (Fig. BR1D)
expression was not significantly altered to FRR at 1 dpi (p = 0.546) but increased markedly
and peaked at 3 dpi at around 5fdld expression (p = 0.003). By 5 dpi expression dropped
to 2.5fold change FRR (p = 0.004). In a similar trajectory asP#iR#Rjn response to FHB
was highly expressed at 3 dpi at Ba2d changgp <0.001) anddeclined to norsignificant
levels at approximately 1-®Id change (p = 0.180). However at 7 dgpression of FHB

increased again to over 4f6ld upregulation (p = 0.002).

Both JA responsive gendQX2 and JAZhowed similar expression patterns (Fig. 4.11F
and Fig. 4.11E). Expression of the JA biosynthetic gene Bradi3g3003Q (vas
sigrificantly increased at all time points in response to FRR witlidddeincrease at 1 dpi
(p = 0.010) that increased to the peak expression at 3 dpi at approximateigld.change
for FRR(p =0.005). Subsequently expression declined to-fo&l change i 5 dpi (p =
0.002). On the other handOX2vas only significantly responsive to FHB at 3dpi af&@d®
change (p < .001), after which expression rapidly declined tesngmficant levels at later
time points (p = 0.158 5 dpi, and 0.343 7 dpi). Theadstription repressor Bradi4g31240
(JAZ (Fig. 4.11F) was significantly downregulated at 1 dpl #®fold change in response
to FRR (p = 0.013) although expression had been increased at the same time point in the
RNAseq experiment. Expression rose topapximately 2.8fold expression at 3 dp <
0.001)and the level of expression was maintained at 5 dpi (p = 0.008). In response to FHB,
JAZexpression was elevated atdpi at 2.4fold change (p = 0.002) however by 5 dpi and 7
dpi, expression declined twon-significant levels at nearfld change (p = 0.927 5 dpi and
p =0.321 7 dpi).
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Bradilg09090RdAUX/IAAIs a homologie of the auxin repressor gen®sAUX/IAA13
(Jain et al., 2006aln response to FRRUX/IARexpression (Fig. 4.11G) was downregulated
by 2.xfold at 1 dpi (p = 0.018) and continued to decrease over time.&fold at 3 dpi (p
= 0.024) and4.1 fold at 5 dpi (p = 0.028). In contrast, althougbX/IAAwas significantly
downregulated at 3 dpi byl.2-fold change (p = 0.050) in response to FHB, expression
returned to background levels by 5 dpi and 7 dpi wherpresgsion was close to-fold
change (p = 0.144 5 dpi, p = 0.530 7 dpi). Like theseiyAUX/IAAvasdownregulated at
3dpi in FHBonly (Fig. 4.11). BnGH3gene is responsible f@uxinhomeostasigJain et al.,
2005) In response to FRR, Bradi2g5088083H3 (Fig. 4.11H) wadightly upregulated to
0.9fold expression at 1 dpi (p = 0.048). Peak expression occurred at 3 dpi withadd2.2
change (p = 0.010) but then declined slightly tofbld change (p = 0.020). In response to
FHBGH3peak expression also occurred at 3 dygh a 2.9fold change (p = 0.005) however
expression remained high thereaftat 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 Bradi2g42190G) (orthologous t00s01g0588900
(Tsai et al., 2012)Fig. 4.111) 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 aibldincrease
(p = 0.003). In contrasBALOG peak expression at 3 dpiiesponse td-HBwasat 1.9-fold
change (p = 0.003pubsequently expression declined to neaoldl change at 5 dpi (p =
0.752) and then slightly increased to 8dd change at 7 dpi (p = 0.273). Like the RI&é
analysisat the first documented timgooint (Fig. 4.9, LOGlwas exclusively expressed in
FHB. Theorthologue of type OsARR(Tsai et al., 2012Bradi4g43090 (Fig. #1J)was
significantly downregulated at all time points iasponse toFRR(Fig. 4.11)At 1 dpi in
response to FRARRR9was downregulated byl.2-fold change (p = 0.008). Subsequently
RR9wvas further downregulated at 3 dpi td..8-fold change (p = 0.042and then again to
-2.1-fold change at 5 dpi (p = 0.003). On the other hand, there was no significant change in
expression oRR9n FHB at any time point (p = 0.108 3 dpi, p =0.128 5 dpi, p = 0.912 7 dpi).

Overall the gR'PCR fold change of differeally expressed genes wagenerallyin
accord with the RNAeq observations at 1 dpi and 3 dpi for FRR and FHB, respedtigely (
4.5, Fig. 4.6, Fig. 4.8, Fig. 4. BRR expression at 3 dpi for Bradilg57590, Bradi2g54340,
Bradi2g50840, Bradi4g31240, Bradi3g39980 (Fig. 4.11) resembled expression levels of FH

at 3 dpi. The increased expression of genes in response to FHB tended to decline after the
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first timepoint swggesting 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 Timecourse RIPCRon differentially expressed hormorelated genes.

Gene function and ID are given for each tissue disease. Blue lines with solid circles denote
FHB andarange lines with open circles denote FRR. Log values presented are calculated by
comparing infected #sue against moekoculated treatments. Furthermore, all
treatments are calculated with the reference housekeeping geA®DHEach point is the
average of three biological replicates aneB 2echnical replicates. Level of significance
relative to the mog-control, Cq ttest *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 displaye
more upregudted genes than downregulatgdowell et al., 2017a, Powell et al., 2017b)
This suggests that the transcriptionapmnse to FHB is more like FCR than FRR. Similar to
the FRR results, Chen and colleagues (BPidentified many more repressed genesAin
thaliana root response toFusarium oxysporuminfection (Chen et al., 2014b)Most
significant genes were exclusively expressed or repressed in response to FHB or FRR (Fi
4.4). SimilarlyF. oxysporunmnfection caused around half of genés display root or leaf
specific expression i\. thaliana (Lyons et al.,, 2015)This suggests that there are
substantial differences in host expression betwéarsariuminfected tissuesLike withA.
thaliana, B. distachyorroots and shoots display transcriptionally unigue responses to
Fusariuminfection (Fig. 4.31.10). The differences between FHB and FRR were observed
consistently over time for several genes (Fig. 4.11A, Fig. 4.11B, Fig. 4.11G, Fig. 4.11l, ar
Fig. 4.11J)Furthermore, it was observed that expression of many phytohormone
associatedgenes showed drastically differetranscriptcountlevels in noAnoculatedB.
distachyorspikes and roots (Fig. 44610).Most of these geneshowed a much higher level
of transcript counts in norrinoculated root tissuesThis refleced the tissuespecific
differences in expression in response to infectfon some of the genesThe similarities

and differences between phytohormoressociatedyenes are discussed.

4.4.1 SA idikelyNot Responsive to FHB and FRB.idlistachyon

SA is synthesised from either the isochorismate (ICS) pathway or the PAL pathway
(Lefevere et al., 2020 the current study, SA biosynthesis regulators homolagSBP60g
and AtSARD1which are key for IG®lated transcripion (Zhang & Li, 2019ere both
highly expressed iresponse to FHBut showed very limited change in FER). 4.5)lt has
been reported that thdCS pathway for SA production in banegs importantfor leaf and

floral resistance td-. graminearun{Hao et al., 2018)Iherewas no ICS pathwaglated
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gene altered in expression in response to either FHB or FRR (Fighdrmate synthase
(involved in the biosynthesis of chorismate, a phenylalanine precursor) and Bwée
genes were upregulated in response to FHB (Fig. isjlarly the PALgeneBradi3g7110

was similarly upregulated in response o graminearuminduced FHB imB. distachyon
(Pasquet et al.,, 2014However only twoPALgenes were significantly upregulated in
response to FRR (Fig. 4.5). These genes can also affect resistaf&lgsree was shown

to positively affect resistance tausariumculmorumin B. distachyomeaves and rootéCass

et al., 2015)Given the absence of ICS and the expression of PAL genes, it suggests that S,
is being produced in response FHB and FRR through the PAL pétkevessre et al., 2020)

SA content increased in responseRopseudograminearwimduced FCR in wheat at 1 dpi
(Powell et al., 2017a)although PAL and chorismate synthase were not substantially
expressed in responde F. pseudograminearuamduced FCR iB. distachyor{Powell et

al., 2017b) Thetwo B. distachyorAtPALlike genes(Bradi3g7110 and Bradi3g712bat

were responsive to both FHB and FRR (Fig. 4.5) may also function independently of the S/
pathway inB. distachyonFor example, a thiriPALgene Bradi3g48840) which was
exclusively expressed in response to FHB (Fig. 4.6), was responsive to JA biiKooiz&A

et al., 2016) The antimicrobialelated phenylpropanoigathway, that requiresPALand
several other genesvasinducedin response td~HB and FCR h distachyorfPasquet et

al., 2014, Powell et al., 2017@nd in response to FHB in barl@oddu et al., 2006)
Numerous antimicrobial compounctlated genes were identified within the RM&q data
(Supp. Fig. 36Thereforethe PALgenes (Fig. 4.5 and Fig. 4.6) may be linked to JA signalling
and predominantly activated for antimicrobial defences. The same may be truthdor
chorismate synthasegene however this gene was not investigated for phytohormone

responsiveness ifKouzai et al., 2016)

There was evidence for FHiBsponsive SAssociated signalling. The geriéiR14, Pri-
5, Bradi3g53681 g PRJ), Bradi2g54340(NPR4 and Bradi2g27670(NPRiinteracting
protein) were responsive to FHB (Fig. 4.5). In agreement with these finding® s
evidence for elevated Seelated gene expression in response to HiNBikandar et al.,
2010, Ding et al., 2011, Makandar et al., 2011, Amew €2015) However as for thBAL
genesPrl-4, Prl-5, and4CL(Fig. 4.5) have also been shown to be responsive {§dézai
et al., 2016) Therewas no strong indication dAbiosynthetic or downstream signalling
genes irresponse teeither FHB or FRR 3 dpi and 1 dpi respectivelyhe key SA signalling

regulatorNPR1(the homologie BradRkg0587Q which was shown to be important for FHB
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resistance in whegfMakandar et al., 2011)as not found to differentially expressed within

the RNAseqgexperiment FHB:=-0.4-foldchange padj > 0.05. FRR: 6f8ld change, padj=

0.01). In fact there appeared to be a downregulation ofr8kated defences in response to
FRR. The genatGH3.5which acts as positive regulator for $ot et al., 2009)was
exclusively downregulated in response to FRR (Fig 4.5B@WRKY4&hich is classed as

an effective SAesponsive genén 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 observatdAR4vas expressed in response

to both FHB and FRR at 3 dpi but at a greater level in response to FRRLIEI)PNRP4

along withNPR3function as cerepressors for Sfelated gene transcriptiorfDing et al.,
2018) Together, the time course experiments suggest thatre&dted transcription was
suppressed in response to FHB and even more so in response to FRR. Similarly, Kidd ar
colleagues (2011) also identified supgsen of SAesponsiveAtPR1in roots at the latest

time point following infectionKidd et al., 2011)An absence or a very low amount of-SA
related gene transcription was also identified in wheat distachyonand Arabidopsisn
response td~usariumnfection(Kidd et al., 2011, Lyons et al., 2015, Sun et al., 2016, Powell
et al., 2017b)as well as naignificant increase in SA conteat 3 dpi inB. distachyon
(Powell et al., 2017b)

Despite the suggested absena# SA biosynthesis and signalling components in
response to FHB and FRR, there is evidence foeld#d systemic acquired resistance
(SAR) in response to FHB. SAR is an tamtoromponent of SAnduced resistancéPark
et al., 2007, Liu et al., 2011, Dempsey & Klessig, 2@&)eral SpesponsiveBdMES1
genes, associated with SARark et al., 2007, Dempsey et al., 20Wigre primarily
expressed in response to FHB (Fig. 4.5, Fig. 4. ThBMESlenzyme methyl salicylate
(MeSA) esterase converts MeSA to(BAmpsey & Klessig, 2012} the site of infectio, a
repression oMES1suggests higheeSA levels and SA levels since SA can repleSd
leading to MeSA accumulation whereastidtalsites, an upregulationof MESIsuggests an
increase in SA contemequired for SARLiu et al., 2011, Dempsey & Klessig, 20125
either suggests thad SAR responss occurringn distalundamagedlorets, as these were
also harvestecamong the pool ofloral RNA or that SARnitiation is being represseth
infected floral tissueOn the contrary, e recently described SAR mobile signal pipecolic
acid may also be active in response to FHB as the relaee lgomologie AtALD1(Chen

et al., 2018, Zhang & Li, 2019, Kachroo et al., 20883 also expressed iB. distachyon
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FHB (Fig. 4.5%imilarlyTaALDlwasalso upregulated in response to FHB at 3(ipang et

al., 2018a)Other research concluetithat SAR contributed little to FHB resistancenheat

(Li & Yen, 200&nd barley(Hao et al., 2018)n contrast to the situation in FHBye three
MESIgenes were either not substantip expressed or downregulated in response to FRR
(Fig. 4.5; Fig. 4.11Bhese differences in FRR compared to RrHBpartlybecause of the
much highertranscript count levelof MES1(Bradi2g41070 Bradi2g5211p and ALD1
(Bradilg7153pin noninoculated pot tissues (Fig. 4)5Thereforedespite displaying higher

or equaltranscriptcountsin FRRRompared toFHB, there would not be a substantial fold
change increastor FRRThe presence of SARuisclear given the underrepresentation of
SAassociated genexpression in FHB and FRRwever here is evidence thavleSAand

SAR argositively regulatedy JA(Truman et al., 2007Dempsey & Klessig, 2018iven

the overrepresentation of Jfelated genes as opposed to SA signalling (Fig. 4.6), JA may be
involved inpropagatingthe potential SAR signalsbserved Overall the evidence suggests
that SAsignallingis notinitiated extensively in defence response to FHB or FRR in the
susceptible accession Bd3 On the contrary, there is evidence th&ARassociated
signallingslikelyoccurring inboth FHB and FRRoweverthe mechanisms and role of SAR

here are unclear

4.4.2 JATranscriptionaResponseg\re Smilar between FHB and FRR

JArelated genes were one of the most overrepresented groups of phytohormone
genes in the RN&eq experiment. Numerous JA biosynthetic genes were identified (Fig.
4.6). Two phospholipase homologs (Bradi4g20220, Bradi3g14850) were upregulated in
response toFHB and FRR or FHB alone, respectively. This sufigesitenic acidwas
released as avounding response and for JA signall{@geelman & Mullet, 997, Pieterse
et al., 2012)in response to both FHB and FRR. Numerous JA biosynthéic
(Bradi5g11590, Bradi3g39980, Bradilgl11680), @R (Bradilg05880, Bradi5g00810,
Bradilg05870, &di1lg05860, Bradi2g359Pgenes were primarily upregulated in response
to FHB (Fig. 4.6)OXgenes are important for JA biosynthe@gosta & Farmer, 201,0and
the BALOXgene Bradi5g11590 was found to be responsive t@Kikei et al., 2015)This
implies that JA is being synthesised inp@sse to FHBBALOXZBradi3g39980) was the
only LOXgene significantly upregulated in response to both FHB and FRR (Fig. 4.6) and at <

dpi for both FHB and FRR (Bid.1E). Supporting the findings, tHeOXgenes Bradi3g39980
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and Bradi5g11590, were alspregulated in response to FgPHBindistachyoin response

to FHB(Pasquet et al., 2014Bimilarly,TaLOXgenes were also expressed in the wheat
response taFusariuminfection (FHB andAR (Li & Yen, 2008, Sun a&l., 2016, Pan et al.,
2018, Wang et al., 2018a, Wang et al., 2018teLOXgene Bradilg11680 which is also
responsive to JA iB. distachyoriKakei et al., 2015yas downregulated in response to FRR
(Fig. 4.6). This is contrary to findings that anoth@Xgene, TaLOZX, was highly expressed
in responseto FHB and FRR in the FHRRBistant and FHBusceptible FlorencAurore
genotype(Wang et al., 2018c)

The FHBesponsiveand JA biosynthetiBdOPRgenes Bradi2g35907, Bradilg05870,
Bradilg05880 (Fig. 4.6), were also upregulated in responBe destachyorCRPowell et
al., 2017b)In other studies the biosynthetic gen€aOPRjenes were also expressethe
wheat response td-usariuminfection (FHB and FCRJja et al., 2009, Sun et al., 2016,
Powell et al., 2017a, Pan et al., 2018, Wang et al., 2018a, Buhrow et al., 3e20al
studies have also noted an increase JA accumulatioasponse to FHEBuhrow et al.,
2016, Qi et al., 2016, Powell et al., 2017b, Wang et al., 2@ilBa)ot inresponse to wheat
FCRPowell et al., 2017aHowever many of th©OPRjenes 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 lo
expression change at 1 dpi for -dated genesJAZ (Bradi3g23190) andLOX2
(Bradi3g39980) (Fig.11EF).By 3 dpi, both genes were similarly expressed between FHB
and FRR at 8pi (Fig.4.11EF). The expressionthe majority of transcriptan barley d.
vulgare peakedat 3 dpiin response toFHB(Boddu et al.,2006) Furthermore the
expression offalOX2 and TaJAZYenes were found to pealietween 2 dpiand 3 dpiin
response to FRR in the FRR resistant wheat(Wemng et al., 2018c)herefore it is likely
that at later time points for FRR, many morerdhated genes will be upregulateas for
FHB. Lastly, th&MThomologus genes involved imethyl jasmonatebiosynthesig{Seo et
al., 2001) Bradilg42760 and Bradilg44620, were exclusively upregulated in response to
FHB whereas Bradilg4308fs exclusively downregulated in response to FR&4.6).
Despite this differential expressiorthese geneswere not found previasly to be
significantlyresponsive to JA treatmeiiKakei et al., 2015 The more pronounced lefpld
change ofOPRyenes in ABis because of the much lower transcrippuntsof all theOPR
genes in nornoculated spike tissues (Fig. 4.6). The same was also true far@igenes
(Bradi5g1159(Bradilg0926p and IMT homologues Bradilg42769 (Fig. 4.6). These JA

biosynthesis geneshowed higher transcriptountlevelsin nortinoculated rootsand FRR
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sampleqFig. 4.6), therefore JA levels may already be elevated in botinooulated roots
and infected roots.Overall JAelated biosyntheticgenes 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 d&lated genes were upregulated in response to both FHB
and FRR. ShZeres were highly upregulated in response to FHB and five of these (except
for Bradi5g0865Pwere moderately upregulated in response to FRR (despite a few with a
slightly lowerfold change in response to FRR) (Fig. 88)JAZBradi4g31240) was also
similarly expressed between FHB and FRR at 3 dpi (Fig. 4BdJAZ(Bradi4g31240)
expression was downregulated at 1 dpi in response to FRR in the time course experiment
while expression had been moderately increased in the B&Aexperiment but was
similar toLOX2at 3 dpi(Fig. 4.11E). This may be due a lag response in the time course
experiment aslAZexpression may have increased to regulate JA production that increased
rapidly after 1 dpi from the biosynthetldOX2 TheJAZgenes Bradi3g23180, Bradi3g23190
Bradilg72590and Bradi4g3124(thave been shown to be responsive to exogenous JA
treatment inB. distachyoiiKakei et al., 20155upporting the present findingBdJAZenes
Bradi3g23180, Bradilg72610, Bradi3g23190, Bradilg72590 were also upregulated in
response taF. graminearunPH1 compared to the control dB. distachyorFHB(Pasquet
et al., 2014)TaJX genes were also upregulated in response to wheat (S48 et al., 2016,
Panet al., 2018, Wang et al., 2018a, Wang et al., 2QE8gjTaJAZ%vas shown to be highly
expressed at 1 dpniresponse to wheat FRR/ang et al., 2018c)Together the information
suggests that JA biosynthesisdasignalling is similarly occurring between wheat &d
distachyon FHB. JA signalling is also similarly occurring between FHB and ERR in
distachyorbut to a greater extent in the former interaction. All the-délated genesfR1
5, JAZ and LOX2 showed similar trends over time between FHB and FRR with peak
expression for Jeelated genes likely at 3 dpi (F11D-F).

Dissimilar responses between FHB and FRR were observed wiPRipenes.Prl-2
(Bradilg12360Rri-4 (Bradilg57580Rrl-5 (Bradilg57590), andrl-8 (Bradi3g53637) are
reported to be JAesponsive irB. distachyor{fKouzai et al., 2016WhilePrl1-4 and Pr1-5
were highly upregulated in response to FHB but showed no altered expression to FRR,
expression oPrl-2 was moderately increased in both FHB and FRR (Figoh@he other

handPr1-8 expression was markedly reduced in response to FRR (Fig. 4.@PlRjenes,
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the lower expression oPRgenes Bradilg12360Bradilg57580Bradi3g53637and the
FHB and FRR differentially expres&adi3g5368) in FRRs alsodue to the higher
transcript counts in norninoculated root tissues (Fig. 4.5 and Fig. 4@G)ven the
responsiveness of most of theg¥R1genes to JAKouzai et al., 2016)heir heightened
expression may be associated with the heightened expressio®@RiRgenesin non
inoculated roots (Fig. 4.6Powell and colleagues (2017b) fouRdl-2, Pr1-4, and Pr1-5
genes differentially expressed B distachyonn response to FHBPowell et al., 2017b)
The observed difference between FHB and FRRalsmbe due to a delay in observed
response due to the earlier time point for FRR. For examgie, gene BAPR15
(Bradilg57590)Fig.4.5, Fig. 4.6)was upregulated imesponse tdboth FHB and FR# 3

dpi (Fig.4.11D). GiverBradilg5759@ more responsive to JA than $®ouzai et al., 2016)
and the activation of Jfesponsive genes appears to be more extensive than fer SA
responsive genes (Fig. 4.5), it may be that the upregulatid®RH#5 (Fig. 4.6) is linked to
JA signalling rather than SA signalliid®?RL genes were alsapregulatedin response to
wheat FHB(Makandar et al., 2011, Wang et al., 2018a, Buhrow et al., 2880)to F.
pseudograminerunkCR in whegPowell et al., 2017aThe geneTaPR¥4 was observed to

be upregulated in response to wheBHB in FHB resistant and susceptible lines but only in

the FRResistant wheat line response tRRWanget al., 2018c)

Lastly other genelike Bradi3g48840AL andBradi3g373004CL which are responsive
to JA(Kouzai et al., 2016)ere markedly differentiallyexpressed in response to FH& to
a lesser extent in response to FRR (Fig. 4Gk lowerincreasein expressionof
Bradi3g48840n FRReompared to FHIB alsobecause of the heightenedanscript levels
in norrinoculated roots (Fig. 4.6) like tiRgenes described abov&aPAlgenes were also
expressed in response to wheatiB(Li & Yen, 2008, Buhrow et al., 2028)well as several
in response to wheakF. pseudograminearunkFCRPowell et al., 2017afFurthermore the
homologue encodingAtSSIZBradi3g4392Pwhich functions as a efactor in promoting JA
signalling over SA signalli(igieterse et al., 2012yas exclusively upregulated in response
to FRRFig. 4.5 and Fig. 4.6)his may be because of the lower transcepuntsin non
inoculated root tissues (Fig. 4.5 and Fig. 43®nerally the data for FHB and FRR (Fig. 4.6)
supports the role of JRelated transcription in response to Fusarium diseases of cefeials
& 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, &04l6, Wang et al., 2018a,

Wang et al., 2018c, Su et al., 2020)d ArabidopsigLyons et al., 2015Dverall, the data
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from the present study suggests that-d#lated transcription is increased in response to
FHB and perhaps also to FRR if analysed at a later infection time @ien the defence
response transcriptome evidence in FHB and RR 4.5, Fig. 4.6, and Hgl1) and the
evidence from other research gups, JArather than SAjs the predominant hormone
involved inthe responsetowards FHB and FRI this susceptible accession dd.

distachyon

4.4.3 Ethylene idikelyFunctioningSynergistically with J8gnalling irBoth
FHB and FRR

Like JA, ethyleneelated genes were overrepresented for both FHB and FRR in the
RNAseq data (Fig. 4.7). The three biosynth&ticSyenes (Bradi5g19100, Bradilg10030,
and Bradi2g05790) were upregulated in response to FHB whereas two ACC ok(@i@ge (
geres Bradi2g35850and Bradi2g35860wvere upregulated in response to FHB aRER,
respectively (Fig. 4.7he greaterexpression of theACSgene Bradi2g05790 in FHB is
becausefrom the lower level of transcriptcounts in nortinoculated spike tissues as
opposel to noninoculated root tissué€Fig. 4.7)Hencethe log-fold increase in response to
FRR is not almrge asin FHB (Fig. 4.7 ogether,the evidence suggests that ethylene
biosynthesis is occurring in both FHB and FRIRCSjenes were expressed in wheat in
response to FHESun et al.2016, Pan et al., 2018, Wang et al., 2018a, Buhrow et al., 2020)
and likewise withfaACSun et al., 2016, Buhrow et al., 202BJrthermore ACC levels in
all wheat varieties increased in response to FBNg et al., 2018a)n a similar trend to
JA, dowstream ethylene signalling components primaijRFand AP2/EREBBomain
genes(Broekaert et al., 2006)ere mostly upregulated in response to both FHB and FRR,
except for Bradilg38238(ethyleneresponsive ERF15elated (AP2/ERF)ranscription
factor) that was highly downregulated in response to FRR (Fig. 4.7). There was a significant
upregulation ofAtERFIDRA5%omologsBradi3g1256and Bradi4g38932n response to
both FHB and FRR (Fig. 4At).ERF gene Bradi3g50490 was &isad to beupregulated
in response td. distachyoin response t&~-CRPowell et al., 2017b¥imilarly an ethylene
responsive transcription factor was also upregulated iimerous wheat genotypes in
response to FHBPan et al., 2018)Furthermore eightAP2/EREBBomain gens were
upregulated in response to both FHB and FRablge 4.). Likewise threeAP2containing
protein genegBradi2g25050, Bradi3g18070, and Bradi5g17490) which were upregulated
in response to both FHB and FRR, and Bradi3g38140 responsive to FHB ex¢lianel
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4.1) have previously been show to increase in expression in resporisgPtdl FHB B.
distachyon(Pasqueet al., 2014)

Bhylene functions synergistically with JA signalling in plants by prioritizing JA signalling
and finetuning resistance to nectmphic pathogengBari & Jones, 2009, Pieterse et al.,
2012) ERFtranscription factors are also involved in the necrotrophic pathogen
specialisation from JA signalliremd ERFL/ORAS59functions in JA/ethylene synergism
(Lorenzo et al., 2003, McGrath et al., 2005, Pieterse et al., 2G2¢n the abundance of
ethylenerelated 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 ethylahiegig
genesin B. distachyon like the ethylene receptors, were identified froArabidopsis
homologueqYang et b, 2015) However all thé. distachyomenes described by Yang and
colleagues (2015)ere not expressed iresponse to FHB and FPata not shown, Laeg
fold change-2 >x O2 andin most casep-adj > 0.05)Lyors and colleague$2015)also
describedlimited expression ofethylene in response toF. oxysporuminfection of A.
thaliana (Lyons et al., 2015Furthermore, the twoB. distachyorethyleneresponsive
exclusive genes identified [fiKouzai et al., 2016yere not expressed in response FHB
or FRR. Overall, the data suggests that the role of ethylene in response to FHB and FRR
predominantly for JA synergism and prioritisation. JA and ethylene expression were found
to be cceoccurring inB. distachyonn response to FHBPasquet et al., 2014and wheat
FHB(Li & Yen, 2008, Jia et al., 2009, Gottwald et al., 206Zummary, the data suggests
that ethylene signalling is activated in response to FHB and FRR, but it is likely having &

more supportive role with JA signalling towattle FHB and FRiRfence response

4.4.4 AuxinTranscriptionis Important forResponse to FHB and FRR

Numerous auxiwrelated genes were differentially expressed between FHB and FRR.
The genes Bradilg6724ANTHRANILATE SYNTHABSPHA SUNUNIT (AtASA)),
Bradi3g14490 AtTSRB/2), Bradilgl5695QYTOCHRIE P450 B2/ICYP79B3)) were
upregulated in response to both FHB and FRR (Fig. 4.8). There are four IAA biosynthetic
pathways in Arabidopsis, ar@YP79B3 is associated with the indol8-acetonitrile (IAN)
pathway for auxin biosynthes{ghao, 204, Morffy & Strader, 2020 his 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 pathiMayffy & Strader, 2020)
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However, theYUQpathway may also be functional in response to FRR given the exclusive
upregulation of BradilgO058 A(YUCS3/J in response to FRR (Fig. 4.8). The tryptamine
(TAM) pathway appeared repressed in response to FRR given the strong downregulation of
Bradi2g5112@nd Bradi2g511700sTDEin response to FRR (Fig. 4prffy & Strader,

2020) Thisdownregulationis more pronouncediue to the very high transcripgtountsin

in norrinoculated road tissues compared to spike tissues (Fig. 4jch indicates a
heightened expression in nenoculated root tissueThe RNAseq data indicates that auxin
biosynthesis generally increases in response to FHB and FRR and it would be expected the
this wouldresult in a higher content of auxin B distachyotissues 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 li{@@ et al., 2016)and in Sumai3 in response to

F. graminearumFHB at 4dpi which was accompanied by an upregulation of auxin
biosynthesis genef/Nang et al., 2018aHowever, an increase in auxin content has not
been reported in all studies. Nsignificantchangeof auxin content wasobserved m
resistant or susceptible wheat lines in response to FHB in the study of Buhrow and

colleaguegBuhrow et al., 2016)

The main differentially expressed auxwlated signalling and homeostasis genes
included AUX/IAA GH3 ARFE and SAURgenes.AUX/IAAs(OslIAA are one of two co-
receptors that repres;AUXIN RESPONSE FACTARISs) that contralranscription of
auxinregulated genesn a concentration dependent mannéHagen & Guilfoyle, 2002,
Sauer et al., 2013, Nemhauser, 20adi3g54610@sIAADrthologue) was upregulated
in response to both FHB and FRR (Fig. it upregulation of the ARF repressdy X/IAA
may be a negative feedback mechanism to dampen the heightened levels of Bhisirs
because Bradi3g54610 was highly responsive to auxin treatmdé&htdistachyoriKakei et
al., 2015) Similarly, Jain ral colleagues (2006a) showed th@slAA9was the most
upregulatedto exogenous synthetic auxin and displayed relatively similar mMRNA contents
in different tissuegJainet al., 2006a)TheOsIAA1ZAUX/IAA13homologie Bradilg09090
wassignificantlyrepressedn response td~RRFig. 4.8and only slightly repressed at one
time point in FHB (Fig.11G). HoweverOsIAA13n rice was not substantially responsive to
synthetic auxin(Jain et al., 2006ajor in B. distachyor{Kakei et al., 2015)ts function was
localised to root tissue and has likely functions in root growth and develophéstum &
Reed, 2002) Root growth was affected after FRR infection (Fig. 4.1) so exclusive

downregulation in roots may be linked to this (Figl1G). The AUX/IAA proteins form
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structures with ARF transcription factors leading to inhibition of atralated transcription
(Sauer et al., 2013)n the RNAseq experiment carried out here, there was an absence of
altered expression oOsARMmomologues orthe BdARFgenesdescribed in(Zhou et al.,
2018) in response toeither FHB or FRR.here were however three differenARFs
Bradi3g49010Bradi3g4902pand Bradilg73230pwhich were exclusively upregulated in
response to FHB (Fig. 4.8). Two of theé8mdi3g49010and Bradi3g49020were also
expressedn B. distachyorin responseto F. graminearumsolatePH1 FHBPasquet etl.,

2014)

GH3genes,encodinglAAamido synthetasesconjugat IAA with amino acidsvhich
maintairs auxin homeostasi¢Staswick eal., 2005) Both Bradilg228300sGH3) and
Bradi2g50840@sGH2) (Jain et al., 2005)ere expressed in response to both FHB and
FRR (Fig. 4.8 and Figl1H). Both tke rice homologs of thesB. distachyorgenes were
responsive to the synthetic auxin 24(Jain et al., 2005ndthe B. distachyomeneswere
significantly responsivi® IAAin B. distachyorfKakei et al., 2015Yhe expression of these
GH3genes may be linked to the Bd3defence response tb. graminearumrFor example,
the rice homologe of Bradi2g5084p0 OsGH2, was responsive to IAA and positively
affected basal resistance to the fungbéagnaporthe griseain rice (Fu et al., 201).
Overexpression 06H38 was also linked to increased resistanceXtooryzaeand it was
suggestedhat thiswas partly due to expansirepression(Ding et al., 2008 Contrary to
the other two GH3genes,Bradi2g520000OsGH3l) was exclusivelydownregulated in
response to FRR (Fig. 4.8) yet this gene was also auxin responsive in rgedistdchyon
(Jain et al., 2005, Kakei et al., 2088 associated with resistance M. griseain rice
(Domingo et al., 2009}t is unclear why there is differential expressiontioé three GH3
auxinrelated genesGenerally, tyen the upregulation oauxin biosynthesis geneauxin
responsive genesARE), auxin repressorAUX/IAA, andGH3genes, 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
downreguhted in response to FRR (Fig. 4.8) are predicted homoloftSefUR62/63/64
In fact many of the differentially expressed aux@ated genes were identified &8AUR
genes (Fig. 3). Many of tI®AURyenes were downregulated in response to FRR except for

Bradilg1311%ndBradilgl3127{homologs ofOsSAUR15/)71Fig. 4.8). On8AURjenes,
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Bradilg32400FAUR26(Fig. 4.8), was also found to be upregulatedBindistachyonn
response toF. graminearumPH1 FHB (Pasquet et al., 2014)Of all the SAURgenes
described (Fig. 4.8), onBradi3g0367@0sSAUR5Svas responsive to synthetic auxin in rice
and possessed an auxin responsive elenféain et al., 2006bPsSAUR®%as shown to be
root tissue localised in ricdJain et al., 2006b) Bradi3g03670 was downregulated
exclusively in response to FRR (Fig. 4.Byalii3g0367@homologie OsSAURSs also root
localised inB. distachyon then is may explain the exclusive downregulation of
Bradi3g0367@homologie OsSAURSN B. distachyorRRFig. 4.8). The othé8AURjenes
may possess other functiorfRen & Gray, 2015For example, 9 out of the 15AURjenes
identified in wheat spikes infected with graminearumvere associated with susceptibility

in wheat (Pan et al.,, 2018)Similar to OsSAUR root localisedAtPIN3 (pinformed
inflorescencghomologueBradilg31530which regulates auxin transport and development
(Bandyopadhyay et al2007)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 HPAn et al., 2018Bimilar to the FRR results but
contrasting to those for FHB (Fig. 4.8),rhevas downregulation of auxin signalling genes
in response to wheat FHB, which was associated with suscepti{lilang et al., 2018alt

is important to note that theSAUR)enes Bradi3g0367(@SAUR), Bradi5g2106(SAUR?2)

and PIN3(Bradilg3153(), had very high transcriptount levelsin nonrinoculated roots
compared to noAnoculated spikes (Fig. 4.8) which partly ex@dheir more apparent
downregulated in rootsTogether the data suggests there was differential expression
between FHB and FRR for aus@tated gene signallingvhich is partly explained by

different levels of expression between namoculated tissues

Biosynthesis and signalling of auxins can affect resistance to plant path{Bgmns
Jones, 2009, Kazan & Manners, 20@Q)xinrelated genes were substantially affected in
response to both FHB and FRR (Fig. 4.8 and Fig-§.libHsupport of my findingd,yons
and colleagueq2015) identified using RN#eq analysis that auxins were important
componentsof defenceresponses td-. oxysporunmn bothshootand root tissuegLyons et
al., 2015)In summary, based atme expression patterns of genes (Fig. 4.8) and associated
function and sensitivity to auxindain et al., 2005, Jain et al., 2006a, Jain et al., 2006b)
auxin levels are predicted to be elevated in response to both FHB and k&R .are also

similaritiesbetween FHB and FRRinterference with auxin homeostasassociated genes
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but also differees inauxin signalling witran upregulation in response to FHB but a

suppression in response to FRR.

4.4.5 CytokininRelatedGene Transcription ififferent between FHB and FRR

Expression oB. distachyortytokininrelated genegenerallyincreasedin response to
FHB but decreased in response td-RR (Fig.4.9). Two cytokinin biosynthesis
ISOPENTENYLTRANSFERKWIE homologs Bradi2g13410 and Bradi4gl5770 were
exclusively upregulated in response to FHB. (Ei§). Likewise, Bradi2g13410 was also
found to be upregulated iB. distachyoiin response td-. graminearuniPH1 FHBPasquet
et al., 2014) The cytokinin biosynthetitOGgenes showed differential expression with
Bradi2g42190 @4.0G) exclusively upregulated in sponse to FHB, whereas
Bradi3g49300 @4.OGLD 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, Bradi2g4219008.0OG) eventually displayed highevels of expression in
response td-RR comparable to FHB atfb (Fig.4.11)). This suggests cytokirtmsynthesis
is very delayed imesponse toFRR compared to FHBd that theresponse at later time
points is relatively sirar. Bradi3g49300 @4.OGLR might show a similar expression
pattern and become upregulated at later time points in response to HaRhermore,
Bradi3g4930&howed higher levels of transcripbuntsin norrinoculated roots leading to
significant downreguation in FRR (Fig. 4.9). Tpatly explairsthe differential expression
of LOGgenes at the early time point®ther important geneiclude Bradi2g60456 which
is the B. distachyorhomologue ofa cytokinin homeostasis regulat@sCKX4Albrecht &
Argueso, 2017, Marquezdpez et al., 2019)vhich was also exclusively expressed in
response to FHB (Fig. 4.9). Unlik@Gland LOGL2CKX4vas transcriptionally responsive
to cytokinin treatment in rice roots and shoof§sai et al., 2012)Additionally a gtokinin
7-beta-glucosyltransferas@radilg53527), was exclusively upregulated in response to FHB
(Fig. 4.9) and this gene was similarly upregulatedsponse to FCR B distachyorfPowell
etal., 2017b)

There was an absence of altered expressionBofdistachyoncytokinin receptors
orthologous toArabidopsisr rice genegNongpiur et al., 2012, Tsai et al., 20id3ntified
in the RNAseq dataset. However type A andRRsvere the most rgponsive cytokinin
related genes. Only twdype B RR Bradi2g25900(0OsRR2yand Bradi5g12170were

exclusively upregulated in response to FHB (Fig. #y@)e B RRactivate target genes in
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the presence of cytokiniNongpiur et al., 2012However both theéype BRRsdentified
were not reported to be responsive to cytokinin B distachyonKakei et al., 2015)
Downstream otype B RRype A RRiainction as negative regulators of cytokinin response
(To et al., 2007, Kieber & Schaller, 20B)rprignglytype A RRwere highly and exclusively
downregulated in response to FRR (Fig. 88di4g4309thomologie of ORRYL0 was
significantly downregulated in response to FRR at all time points but not to FH& 1E{.

Of the type A RRgenes identified (Fig. 4.9), the homologues of Bradi5g11350 and
Bradi4g430900sRRAandOsRRA0, respectively, have been shown to be trangtionally
responsive to exogenous cytokinin in both rice root and shoot tissues, WERR11
(Bradi3g49440) was exclusively responsive to cytokinin in rice shoot tissu®sRig7
(Bradilg28726) was exclusively responsive in rice root ti¢saai et al., 2012)In B.
distachyon only Bradi5g11350 and Bradi4g43088RRAand OsRRA0) were found to be
transcriptionally responsive to cytokinin treatmefitakei et al., 2015)mportantly two of
thetype A RR@8radi4g43090MBradil@8726 had a higher level of transcripbuntsin roots

(Fig. 4.9) which partly explains their substantial downregulation in FRR. Given the function
of type A RRsit suggests there was some repression of cytokielated genes in non
inoculated root tisge. Together this suggests that there was a repression of cytokinin

signalling repression in response to FRR.

Interestingly,the rice homologe of Bradilg2872ORR7 was also been shown to
responsive to auxifTsai et al., 2012Jurthermore Bradi2g60456KX} was response
to auxin treatment rather than cytokinin treatment iB. distachyor{Kakei et al., 2015)
These could be examples of theetit interactions between auxin and cytokinin signalling
and reflect the effects of auxin rather than cytokinin signallihseem et al., 2012)
Despite evidence for a positive synergism of cytokinins witiChi et al., 2010, Argueso
et al., 2012, Naseem et al., 20H?)d given the lack of S&sponsive genes in the RMA(Q
datasets, there did not appear to be-expression of SA genes and cytokinin genes in either
tissue, suggesting that cytokinmelated gene expression is occurring independently to SA.
In summary, he data provides evidence in thaytokininrelated genes are responsive to
both FHB and FRRifferent sets of genes, however, were involved in response to the two
diseases. Several genes were highly upregulated to FHB while a second set were

significanty downregulated in response to FRR (Fig. 4.9).
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4.4.6 ABABIosynthesis ifesponsive to FHB and FRR

Several ABAelated genes were differentially expressed in response to FHB and FRR
(Fig. 4.10). ABA synthesis genes identified incN@&Dsxanthoxin @hydrogenase, and
ABSCISICCA OXIDASEAAOJ (Chen et al.,, 20®. Three ABA biosyntheti&atNCED
homologs (Bradilg13760, Bradilg58580, and Bradilg51850) were highly upregulated in
response to FHB whilBradilg5858Gand Bradilg1376Ghowed a moderate increase in
response to FRR (Fig. 4.10he increase in expressidor Bradilg51850was not as
apparent in FRR because of tiigher transcriptountsin non-inoculatedroot tissueqFig.
4.10) As observed for JA (Fig. 4.1EFEand cytokinin biosynthesis genes (Fig. 4.111), the
apparent delay in expression of ABA biosynthesis genes may reflect differences due to the
single time point analysed. However a tiroeurse analysis of AB&lated genes &s not
performed. TheAtNCEhomologs Bradilg5185ind Bradilg13760 were also upregulated
in B. distachyonn response td~. graminearunPH1 FHBPasquet et al., 2014)-or other
biosynthetic genes, xanthoxin dehydrogenase was upregulated in response to both FHB
and FRR whereas AtAAQ/2/3/4 (homologie Bradilg52740) was exclusively
downregulated in response to FRpartly because of high endogenousranscriptcount
level in nonrinoculated roots(Fig. 4.10). Despite the repression of Bradilg52740 in
response to FRRhere 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 conterB.imlistachyorFCR
following noculation with F. pseudogramgerum (Powell et al., 2017b)Likewise, an
increase in ABA metabolites occurred to the susceptible responsge gpaminearunFHB
(Qi et al., 2016and an increase in ABA content was also found in response to FHB in certain
wheat lines(Buhrow et al., 2016, Wang et al., 201.84BA can also be derivesbin ABA
conjugates from the endoplasmic reticulum (ER) or vacuole with AtBG1 and AtBGZ2,
respectively (Chen et al., 2020)AtBG1 homologs Bradi2g43056 Bradi2g6044;1 and
Bradi2g6049Qvere highly upregulated in response to both FHB and FRR (Fig. 4.10). This
may suggest that ABA is predominantly being derived fromasBpigates in the ER rather
than denovo synthesis as a respongeinfection. Interpretation of the change in levels of
ABA is complicated given evidence thatgraminearuncan synthesise AB&i et al.,
2016)
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Despite evidence for an increase in ABA content, there was no evidence for upregulated
ABA signalling componen{®ong et al., 2015)or the PYRABACTRESISTANPBKR
LIKE/REGULATORY COMPONENT OF ABA RECHRI®AR/RCARBA receptors
(Gordon et al., 2016)There was however the upregulation of one ABA negative regulator
homologie PROTEIN PHOSPHATASRIAP2C) (Bradi1lg65520), predicted to encode
PP2@ype phosphatasdEnsemblGenomes(Howe et al., 2020Q) which was exclusively
upregulated in response to FHBecondlythe geneBradi5g25570AtERF orthologue) was
also significantly upregulated in response to F&til, slightly in response to FRR (Fig. 4.7).
The transcription factoAtERF1s a negative regulator of ethylersiggnalling(Song et al.,
2005) Given tre inhibitory role ofAtERF7and PP20n ABAsignalling(Song et al., 2005,
Chen et al., 2020}he data suggest an absence or repression of ABA signalling in response
to FHB and FRRhis is supprted by a lack in expression change for ABgsociated
signallinggenes in response 6. graminearuminduced FHB in whe@Buhrow et al., 2020)

In summary, there is evidence for ABA biosynthesis and endogenous content increase but

no strongevidence for an increase in ABA perception or signalling in both FHB and FRR.

4.4.7 Transcription of GAand BR Associated>enes areNot Altered in
Resporse to FHB and FRR

Both GA and BRelated 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-OXOGLUTARADEPENDENT DIOXYGENAEE®) genes in
response to FRR onlBradi2g50280Bradilg59570Bradi3g4939p whereas there was
evidence for epoxidation in response to FHB from upregulationBoddi2g22050
ELONGATED UPPERMOST INTERSSHME(Yamaguchi, 2008, Hedden & Thomas, 2012)
(Table 4.2). Another group @0Dgenes,GA200x were expressed in response to wheat
FCRPowell et al., 207a) and gibberellin oxidases were algoregulated in response te.
graminearumtreatment in wheat(Pan et al., 2018 However no significant change GA
contentwas observed in resistant or susceptible wheat lines in response tqBiHBow
et al., 2016)Only ;e BR gene was expressed, Bradi2g2296 Btiukstachyomomologue
of CONSTITUITIVE DIFFERENTIAL GROWOB{G ) (Table 4.2). The receptdike kinase
AtCDGIfunctions as a positive BR regulator functioning together with the BR receptor
BRASSINOSTEROID INSENSITBRE)IKim & Russinova, 2020} is worth noting that

AtCDGhad a low percentage sequence similarity to Biedistachyomgene Bradi2g22967
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(Table 4.2)Despite the link oAtCDG10 BR signalling, the respective receptBRI1 was
not identified. There is evidence of a role of BR signallifgugariunresistance since the
Bdbrilreceptor mutants irB. distachyorand barely wee shown to increase resistance to
FHB and FRR B\ distachyor{Goddard et al., 2014Unlike the results observed here,
recent data suggests that~. graminearum induced both an upregulation and
downregulationof several GA and BR biosynthetic gefiashrow et al., 2020)t is unclear
why GA and BRassociated genes were more respomsia wheatthan in B. distachyon
from this study It is possible that constitutively elevated GA and BR contenB.in
distachyornmay be the reason for a low expression change in response to infeétakei

et al., 2015)

4.4.8 Limitations and Future Studies

FHB and FRR are diseases in which symptoms progress at differer(iVatas et
al., 2015b) Based on the observation of first visual symptoms (Chapter 1 and Chapter 2)
rather than transcriptomic activity, the timpoint of 1 dpi for FRR and 3 dpi for FHB were
selected to represent the equivalent points in the interaction. | show through tinueseo
analysis that most phytohormonreelated genes peaked in expression at 3 dpi (Fig. 4.11).
Likewise the majority of transcripts were expressed at 3 dpi of FHB in [§Bdelgu et al.,
2006) However, it is unelar 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, Bradilg57590, Bradi4g3124(
Bradi3g39980, Bradi1§090, and Bradi2g50840) which displayed similar gene expression
levels between FHB and FRR at 3 dpi4Fld.C, Fig. 4.11D, Fig. 4.11F, Fig. 4.11E, Fig. 4.11G,
Fig. 4.11H However, thee isevidence that supports the timpoint decision in this study
for FRR and FHB tinpmints. For example, d#&lated genesfaLOXand TaJAZQvere all
highly expressed at 1 dpi in wheat seedling rot and moreover the expressitaRit4,
and TaJAZ%vas highest past 3 dpi in Fil®ang et al., 2018c)his suggests 1 dpi for FRR,
which was done in this RN#eq was also a relevant tirgint to assess for phytohormore
relatedgenes. 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 (Sec8d) are
responsive to the respective hormoneBn distachyomnd rice(Jain et al., 2005, Jain et al.,
20064, Jain et al., 2006b, Tsai et al., 2012, Kakei et al., 2015, Kouzai et al. HB0ESer
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 phytohormasmeyas
shown previously(Kouzai et al., 2016) Further analysis of important FHB and FRR
responsive genes identified within the RN&gq data would need to be functionally
characterised for phytohormone responsiveness. Furthermore, there are numerous
studies that have iestigated the change in phytohormone content followiRgsarium
infection (Buhrow et al., 2016, Powetit al., 2017a, Powell et al., 2017b, Wang et al.,
2018a) It would also be of interest to carry out similar metabolite analysesBfor

distachyonFHB and FRR to compare to the Rig4 data

These experiments were only performed on one susceptible accessB®nditachyon
(Peraldi et al., 201190 it cannot be determined whether the transcriptome response are
resistance or susceptibiltgssociated responses. Numerous other studies looked at
expressiorof phytohormoneassociatedjenes in FHB susceptilaied resistant wheat lines
(Li & Yen, 2008, Jia et al., 2009, Gottwald et al., 2012, Sun et al., 2016, Pan et al., 201¢&
Wang et al., 2018a, Wang et al., 2018t difference between resistant and susceptible
outcomesmay relatemore to the timing ofphytohormoneresponses rather than global
differences in phytohormone profiles. For exampleseveral phytohormonerelated
pathwaysfrom transcriptomic data were upregulated at 2 dpi in moderately susceptible
wheat spikelets in response to FHB, whereas in resistant wiivess they started earlier
at 1 dpi(Wang et al., 208a). Similarly, JAassociatedyenes were expressesghrlierin the
resistant wheatine Sumai 3o FHBWang et al., 2018clt would be interesting to compare
different resistant and susceptibleB. distachyonaccessions for resistasspecific

phytohormone gene expression.
4.4.9 Conclusion

The biosynthesis, signalling, and homeostasis gene expressgpomnse of five
phytohormones were substantially affected in response to FHB and ARRlistachyon

The phytohormones JA and ethyleassociated genes had the most significant expression

change in response to FHB and FRR suggesting an important role in response to bott
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diseases. On the other hand, expression of the defeetated hormone SA genes didt

appear significantlytranscriptionally affected irresponse to either FHB or FRR despite
some evidence for changes in SAR signallimgsponse to FHB and FRBdth ABA and
auxinrrelated biosynthesis genes were expressed in response to both FHBRritbwRver

ABA and auxin signalling was differentially expressed between FHB and FRR. Auxin was als
one of the most overrepresented phytohormomelated gene groups. Lastly, and relatively
little documented, cytokinin biosynthesis and signalling was aféerentially expressed in
response to FHB and FRR. These results suggest an important role of the developmen
associated phytohormones (ABA, auxin, cytokinin)tha defence response to two
Fusarium diseases B distachyonThe expression of several ggswasgreatly influenced

by levels otranscript countdn norrinoculated tissues, which were generally much higher

in norrinoculated roots compared to spikeBhere was no evidence that phytohormones

GA, BR, and BABA were significantly differentiallyesged 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 Bpecies
distachyon Future work into comparing resistant and segtble B. distachyorlines at
different time-points would be important to further investigate phytohormone gene

expression and roles in resistance.
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Chapter5 - Comparing thé-usarium graminearum
Transcriptome between FusariudeadBlight and Fusarium

Root Rot
5.1 Introduction

During plant disease, certain fungal pathogens deploy virulence factors and
effectors for establishment and colonisatidrusarium graminearuns known to utilise a
combination of cell wallegrading enzymes and the toxin deoxynivalenol (DON) to
overcome lost defences in smafjrain cereals. Infection is also accompanied by an increase
in secreted effectors, changes to pathogeolecular transporaind signallingand changes
to secondary metabolite and nutrient metabolisfidikot et al., 2009, Brown et al., 2011,
Lysge et al., 2011, Harris et al., 2016, Ding et al., 202@ny plant pathogens can also
interfere with resistance through manipulation of plant phytohormadnesynthesis and
signalling(Kazan & Lyons, 2014)hiscan be achieved either through effectorduced
activation or inhibition ophytohormonebiosynthesis and signallifazan & Lyons, 2014)
or by alering the balance of phytohormones through fungarived phytohormone

biosynthesis (Summarised in Chapter 6 section 6.1).

In chapters 2 and 3 | show that different exogenously applied phytohormones differently
affect F. graminearuninfection ofB. dstachyondepending on the tissues. Furthermore in
chapter 4, | provide evidence that there are difference8 irdistachyonissue responses,
in terms of phytohormoneassociated genes, tB. graminearumnfection. An important
question arising from these results is whether these tisspecific differences reflect

differences in the transcriptome &f. graminearunietween tissues during infection.

Severaktudies have investigated the transcriptoroeF. graminearunduring Fusarium
head blight (FHBJisease of small grain cereails,most cases through microarray analysis
(Lysge et al.,, 2011, Harris at, 2016, Brown et al., 2017Yhe transcriptome of.
graminearumbetween FHB and Fusarium crown rot (FCR) has been com(stegzthens
et al., 2008) However he F. graminearunsecretome during Fusarium root rot (FRR) is
relatively unknown and has only recently been investigateBrathypodiumdistachyon
(Ding et al., 2020)The completd-. graminearungenome(Cuomo et al., 2007, King et al.,

2015) has been sequenced revealing a small (36.1pMbgenome with only four
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chromosomal region@Cuomo et al., 2007)he predicted-. graminearunsecretome was
also generated and investigat€éBrown et al., 2012)Together these resources allow for
whole-genome transcriptomics and the identification of key pathogenimtated genes
during pathogenesis. RNgeq technologyWang et al., 2009 as been usedo-date, in
terms ofF. graminearuntisease transcriptomics, for FRRNng et al., 2020gnd FHEPan
et al., 2018, Buhrow et al., 2020)

F. graminearunspecific reads were obtained from the same R34 library as in
Chapter 4. Thus the time points are identicalliose in FHB and FRR as reported in Chapter
4. This permits a direct comparison lef graminearungenes and induce®. distachyon
responsedetween FHB and FRR. Effeespecific genes can be filtered from the results
which were then utilised to identify any tissigpecific activity. Additionally,F.
graminearumphytohormonerelated genes and DO#i¢lated genes were identified within
the RNAseg 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 tc
my knowledge that compares kéy graminearuneffectors and genes during diseases of

different tissues in the same host.

Aim: InvestigateFusariumgraminearumtranscriptome 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. gaminearum Preparation ofinoculum, and
Inoculation

The material described in this chapter is from the same R&Aexperimentn
Chapter 4F. graminearunPH1 maintenance and inoculum preparation was as described
in section 4.2.2. ThB. distachyoi8d3-1 root and head inoculation protocol was the same
as described in section 4.2.3. TRegraminearumn vitro control samples were the same

as from section (&.3).

5.2.2 Library Preparation RNs&q BioinformaticsAnalysis

Both infected samples and vitrocontrol 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 pipee (Fig. 4.2) was used with the same daiararyreads were aligned to the
F. graminearumPH1 genomeassembly and gene annotation (European Nucleotide
Archive; GCA_900044135.1, stiriRJEB541Xing et al., 2016FHB and FRR sampkne
counts were separatelycompared againsthe sameF. graminearumin vitro control
samples(The treatment without methionine (termed C samplesdm the RNAseq
experimentin Chapter 6 described in Section 6)21&ing DEseq2 toan the Galaxy
Platform (Fig. 4.2)The average transcrigtountsfrom the in vitro control samplesvas
slightly higher fron the FRR DEseqg2 analybist the differerce to the FHB DEseq2
transcript countsvas stillproportional thus the average afdach biological replicate control
treatment was taken for the heatmap value (Fig. 5Djfferentially expressedusarium
genes in AB and FRR were filtered footential effectorsusing PH1 v5.0 secretome
prediction script(Brown et al., 2012)To compare gene expression results with other
research datasetd;. graminearunstr. PH1 gene IDs (FGRAMPH1_01G) were converted to
(FG_05) F. gramineaum str. CS3005 (GCA _000599455) (EMBL) and (FGSG))
graminearumPH1 (GCA_00024013&nsembl GenomdDs (Howe et al., 2020)sing
UniProt data (Consortium, 2018)For absent gene conversidbs, the gene IDs iR.
graminearum str. CS3005 (GCA _000599455) and (FGS&_)graminearum PH1
(GCA _000240135) were identified by protein sequeBasic Local Alignment Search Tool
(BLAS)I(Sayers et al., 2020)
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5.2.3 TimeCQourse RIGPCR

The samematerials and methods for RJPCR was used froSection 4.2.5and
Section 6.2.3but with a different set of primers (Supp. Table SCBily one time point was
used for thein vitro control which was subsequently compared to all three infected FHB

and FRRme-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
database€nsembl Genomggiowe et al., 2020)JniProt(Consortium, 2018and protein
sequenceBLASTSayers et al., 202@0)ere only used forF. graminearungene function

identification.
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5.3 Results

Between 86 to 15% of the FHB and FRRnscript reads mapped to theF.
graminearumPH1 assembly. A total of 4,567 graminearungenes were significantly
responsivan FHB or FRR, orboth (Fig. 5.1). Howevemly 6% othese were functionally
characterised orlJniProt (Consortium, 2018)A total of 3,499 genes were differentially
expressed irspike infection FHB, of which 55% were@pregulated(Fig. 5.1) On the other
hand 3,214 genes were differentially expresskoling root infection ERRR of which 56%
were upregulatedFig. 5.1)A total of % of the genes were upregulated and 21% were
downregulated inboth root and spike tissuesrespectively,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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Fg FHB Down < -2 Fg FRRUp>2

616 618
(13.5%) (13.5%)
(0.7%)

0 0

Fg FHB Up > 2 Fg FRR Down < -2

Figure 5.1 Summary of all significantly upregulated or downregulatedgraminearum
genes in FHB and FRRenumber and percentage oF. graminearumgenesare displayed.
The threshold of2 O &2 Logfold change and 4adj < 0.05was applied to all genes
Abbreviations: Fg F. graminearurjy Up (Upregulated), Down (Downregulated, FRR
(FusariunRoot Rot), FHB(FusariumHead Blight).

All the significantlyifferentially expressedenes were then filtered by association with
the F. graminearunsecretome databas@rown et al, 2012) Only 3%of FHBresponsive
genes(Fig. 5.1were classed asffectors and 40% of thesgere exclusively expressed or
repressed in FHB. On the othHeand, 2%of FRResponsivegenes(Fig. 5.1yere classed as
effectorsand 21% othese were excisively expressed or repressedroot tissues FRR
(RNAseqgdatasetnot shown) Approximately54% ofall these effector-associatedyenes
had a predicted functiorfFromF. graminearun{UniProt(Consortium, 2018pr through
protein homology n different fungal specie8B(ASTSayers et al., 202)RNAseqdataset
not shown). For both FHB and FRR, 79% of these effeetssociated genes were
upregulated.Only upregulated genes were then filtersthce they were pdicted to be
the effectors playingmportantroles in FHB and FRR virulence. A total ¢f.8aminearum

genes were highly upregulated (l-fmjd O3) in FHB and/or FRR with four main expression
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clusters (Fig. 5.2). A total of 21 genes in clustereBe 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 @ waegulated in FRR. There was a tendency for
genes that were similarly expressed between FHB and FRR (Clusters 2 and 4) to have
much lower baseline expression in control treatments than differentially expressed

effectors (Cluster 1 and 3).

Here Ishall describe notable effectors that were upregulated (Fig. 5.2). Many of the
effectors were upregulated in both FHB and FR&neS encoded cell wall degrading
enzymes (CWDEs) were generally upregulated in both FHB and FRR (Fig. 5.2). Exampl
include edo-1,4-beta-xylanase (FGRAMPH1_01G2097and FGRAMPH1_01G13319
acetylxylan esterase FGRAMPH1 01G08665 cutinase (FGRAMPH1 01G12927
FGRAMPH1_01G08583GRAMPH1_01G1255h pectate lyaséFGRAMPH1 _01G11755
and FGRAMPH1 01G1651%nd a hydrolytic enzym@GRAMPH1_01G126§2%0ther
notable effectors upregulated in FHB and FRR (Fig. 5.1) incldg@ranogalacturonan
acetylesterase precursgfGRAMPH1 01G16468vo effectorsencoding geghl6 proteins
(FGRAMPH1_01G08931FGRAMPH1_01G27287 a chorismate mutase 2 gene
(FGRAMPH1 _01G22Q73 a  hypersensitive response (HRJucing gene
(FGRAMPH1_01G16209wo CFEM domain containing genes (FGRAMPH1_01G05255
FGRAMPH1_01G13253) (Log2 fold,a2) a hydrophobin gen&GRAMPH1_01G28003

In contrast there were several genes showing differential expression between tissues.
Four genes encodingd OX effectors were differentially expressed(Fig 5.2). TOX1
(FGRAMPH1_01G00)9TOX2(FGRAMPH1_01G00)9%ere upregulated only in FHB
(Logfold > 3). TOX3FGRAMPH1_01G00204as upregulated in both FHB and FRR but to
a lesser extent in FRR. In contrd®X4FGRAMPH1_01G0838%as upregulated in FRR.
The two cutinaseHGRAMPH1 _01G129FHGRAMPH1_01G0858&1d one pectate lyase
(FGRAMPH1_01Gi165lwere only upregulated in FHB. LastsRAMPH1_01G083B8s
a low identity similarity to a metalloproteasand FGRAMPH1_01G090i&predicted to
encode amyroilysinprecursorwhich has metalloproteasattributes (Xu et al., 2017Both
metalloproteaselike effectors were exclusively upregulated IinFRR. In fact,

FGRAMPH1_01G083@as highly upregulated in FRR but highly downregulated in FHB.
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Figure 5.2The most upregulate&. graminearunpredicted-effector genes in FHB and FRR.
These genes have an expression@@E® f R A Y ONB I 4 S xThree blolggica |
replicates for each of théhree treatmentsare displayed as column€ontrol Treatment
(C13) is the average normalised gene counts (two values per cdhimingical replicate)

of in vitrotreatments four-day-old samples grown in Czapeks Dimuid media) The same

in vitrosamplewasanalysed separate(fDESejwith the FHBand FRR sampleSome gne
function includes the most homologoysotein sequenceBLAST query h{Sayers et al.,
2020)with respective genus and species and percentage homology. If no percentage sign
is visible, then the gene was identified frddmiProt(Consortium, 2018)AbbreviationsC

(In vitrocontrol respective to FHB and FRR), HF (H¢#8 fungs), RF (Ro€ERR fungus).
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