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Functional analysis of a Wheat Homeodomain protein, TaR1, reveals
that host chromatin remodelling influences the dynamics of the switch
to necrotrophic growth in the phytopathogenic fungus Zymoseptoria
tritici
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Summary

� A distinguishing feature of Septoria leaf blotch disease in wheat is the long symptomless

growth of the fungus amongst host cells followed by a rapid transition to necrotrophic growth

resulting in disease lesions. Global reprogramming of host transcription marks this switch to

necrotrophic growth. However no information exists on the components that bring about host

transcriptional reprogramming.
� Gene-silencing, confocal-imaging and protein–protein interaction assays where employed to

identify a plant homeodomain (PHD) protein, TaR1 in wheat that plays a critical role during the

transition from symptomless to necrotrophic growth of Septoria.
� TaR1-silenced wheat show earlier symptom development upon Septoria infection but

reduced fungal sporulation indicating thatTaR1 is key forprolonging the symptomlessphaseand

facilitating Septoria asexual reproduction. TaR1 is localized to the nucleus and binds to wheat

Histone 3. Trimethylation of Histone 3 at lysine 4 (H3K4) and lysine 36 (H3K36) are found on

open chromatin with actively transcribed genes, whereas methylation of H3K27 and H3K9 are

associated with repressed loci. TaR1 specifically recognizes dimethylated and trimethylated

H3K4 peptides suggesting that it regulates transcriptional activation at open chromatin.
� We conclude that TaR1 is an important component for the pathogen life cycle in wheat that

promotes successful colonization by Septoria.

Introduction

The hemibiotrophic pathogen Zymoseptoria tritici (also known as
Mycosphaerella graminicola and Septoria tritici) the causal agent of
Septoria tritici blotch (STB) disease is one of the most devastating
foliar pathogens of wheat. STB disease is themost significant threat
to yield in Europe, and most other wheat growing regions (Orton
et al., 2011). Once on the leaves, Septoria spores begin to produce

hyphae,which enter the leaf through the stomata andbegin a period
of slow intercellular filamentous biotrophic growth, in which it
increases its presence within the mesophyll cell layer. While the
length of this apparent latent phase can vary, possibly depending on
various environmental conditions, it usually lasts for 11–13 d
(Dean et al., 2012). An intriguing aspect of Septoria infection that
sets it apart from most plant pathogenic fungi is the long
symptomless period of fungal growth, which ends in a rapid switch
to necrotrophic growth exhibiting characteristics of programmed
cell death (PCD) of host tissue (Kema et al., 1996; Keon et al.,*These authors contributed equally to this work.
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2007; Rudd et al., 2008). The mechanism by which Septoria
achieves this extraordinarily lengthy symptomless growth phase in
host tissue is unclear although the suppression of the activation of
early chitin-triggered immunity through the production of a LysM
domain fungal effector protein has been shown to play a role
(Marshall et al., 2011; Lee et al., 2014).

The subsequent necrotrophic phase of Septoria infection is
marked by global reprogramming of host transcription to gener-
ating a cellular environment with high metabolic activity (Yang
et al., 2013). The consequent symptom development involves the
accumulation of hydrogen peroxide (H2O2), degradation of cell-
walls, collapse of mesophyll tissue, release of solutes and or
nutrients from dying plant cells into the apoplastic spaces (Keon
et al., 2007) and rapid increase of fungal biomass leading to the
production of spore-filled picnidia in necrotic lesion on leaves.
However no information exists on the molecular components in
the plant that bring about this rapid transcriptional reprogramming
of seemingly thousands of genes during the transition from
symptomless growth to necrotrophy.

Chromatin remodelling is a key feature of transcriptional
reprogramming in that the compaction of the genome in the
context of chromatin physically restricts the accessibility ofDNA to
transcription factors and RNA polymerase II (reviewed by Petesch
&Lis, 2012). DNA accessibility in chromatin can be regulated by a
number of mechanisms including modifications of DNA and
Histones (reviewed by Bell et al., 2011).

Histones are post-translationally modified via ADP-ribosyla-
tion, acetylation, phosphorylation, ubiquitination, sumoylation,
or methylation (reviewed by Bannister & Kouzarides, 2011;
Zentner & Henikoff, 2013). Whilst Histone modification such as
acetylation is more generally correlated with open chromatin and
therefore more active transcription (reviewed by Zentner &
Henikoff, 2013), by contrast, Histone methylation can result in
different transcriptional outcomes, depending on the amino acid
modified and the degree of modification (reviewed by Li et al.,
2007). Typically trimethylation of Histone 3 at lysine 4 (H3K4)
and lysine 36 (H3K36) are found at actively transcribed genes,
whereas methylation of H3K27 and H3K9 are associated with
repressed loci (reviewed by Zentner & Henikoff, 2013). The
functional outcome of these changes in Histone methylations is
either alteration of the strength of Histone–DNA interaction or
recruitment of non-Histone proteins, called ‘readers’, to the
chromatin (reviewed by Bannister & Kouzarides, 2011; Patel &
Wang, 2013; Zentner & Henikoff, 2013). These ‘reader’ proteins
are fundamentally important in regulating the activation of
downstream gene expression by allowing the recruitment of
transcriptional activator complexes. In depth studies in yeast and
mammals have established that plant homeodomain (PHD)
proteins act as ‘readers’ of Histone modifications directly linking
chromatin remodelling to gene activation. Here we report the
identification of a wheat PHD protein that is important for the
control of the phase transition from symptomless to necrotrophic
growth during Septoria infection. Wheat plants silenced for TaR1
show earlier necrotic symptom development but reduced fungal
sporulation. We demonstrate that TaR1 is localized to the nucleus
in plants cells and binds to wheat Histone 3 in planta. TaR1 is able

to specifically recognize Histone 3 peptides dimethylated and
trimethylated at lysine 4 indicating that TaR1 regulates gene
activation at transcriptionally active chromatin.

Materials and Methods

Plant materials and growth conditions

Nicotiana benthamiana plants were grown in environmentally
controlled cabinets at 24°C with 16 h : 8 h, light:dark cycles.
Triticum aestivum cv Avalon plants were grown in an environ-
mentally controlled room at 24°C with 16 h : 8 h, light : dark
cycles. All samples for RNA were collected 8 h into the 16 h light
cycle.

Quantitative Real-time PCR (qRT-PCR)

All quantitative real-time polymerase chain reactions (qRT-PCRs)
were performed in a 15-ll volume containing Rotor-Gene SYBR
Green PCR Master Mix (Qiagen) with (1 : 10 v/v) first-strand
cDNA as template. For normalization, the wheat ubiquitin gene
(TaUb) was used as an endogenous control. Five independent
biological repeats and three independent technical replicates were
performed for each of the time points.

Pathotests

Zymoseptoria tritici isolate IPO323 was used for all pathology tests
as described before (Keon et al., 2007). Spores were grown on yeast
extract peptone dextrose plates for 7 d at 18°C. For plant infection,
sporeswere suspended inwater containing 0.1%(v/v)Tween20 at a
density of 7.59 105 spores ml�1. Twenty-five-d-old wheat plants
were spore inoculated (14 d after inoculation for silenced plants).
Replicates of three leaves each were used to determine the de novo
spore production within pycnidia after 28 d of infection from leaf
washings using a light microscope and haemocytometer counts as
previously described (Lee et al., 2014).

Confocal microscopy

The subcelluar localization of yellow fluorescent protein (YFP) was
visualized using a confocal laser scanning microscope (Leica SP5
CLSM; Berlin, Germany) with 963 objective lenses as previously
described. 406-Diamidino-2-phenylindole (DAPI) staining was
carried out by infiltration of leaves with 10 lg ml�1 DAPI in
10 mM MgCl2, 20 min before imaging. DAPI was excited at
405 nm and transmission was collected between 420 and 470 nm.

Virus induced gene silencing (VIGS)

Loss-of-function studies in Triticum aestivum were carried out
through the virus-induced gene silencing (VIGS) system (Baul-
combe, 1999) based on the Barley Stripe Mosaic Virus (BSMV)
as previously described (Yuan et al., 2011). The specificity and
silencing efficiency of the constructs was predicted using siRNA
finder si-fi (labtools.ipk-gatersleben.de/index.html).
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In vitro histone binding assay

Histone peptide pulldown assays were performed using a method
adapted from Lee et al. (2009). Since this Lee et al. (2009) had
previously shown that PHDs nearly identical to TaR1 did not bind
to H3k9me3, so we used H3k27me3 peptides instead, as this had
not previously been tested.

Agrobacterium mediated transient assays, protein
extraction, immunoprecipitation and immunoblotting

Gene constructswere transiently expressed inNicotiana benthamiana
plants using Agrobacterium mediated transformation (Ewan et al.,
2011).

The protein samples extracted from Nicotiana benthamiana
plants (Ewan et al., 2011) were mixed with 50 ll anti-GFP
(Chromotek anti-GFPbeads) and incubated on ice for 30 min.The
beads were centrifuged down at 10 000 g for 1 min and washed
three times with 1 ml of cold IP buffer. After the last wash 50 ll of
pre-heated (95°C) 19 SDS-loading buffer was used to elute the
immuno-complex and analysed on 10% SDS-PAGE using
immunoblotting methods with Abcam (Cambridge, UK) anti-
GFP and anti-HA antibodies.

Chromatin was extracted from Nicotiana benthamiana plants
using amethod adapted fromHuang et al. (2009). As this protocol
used animal cells, nuclei were first extracted using the method
adapted for N. tabacum from Sikorskaite et al. (2013), chromatin
was then isolated from these nuclei, using the Huang et al. (2009)
method.

Sequence analysis

The domains on TaR1 protein were identified based on models
from Prosite, Panther, Pfam, Smart, Superfam and Gene3D

(Schultz et al., 1998; Letunic et al., 2004) and manually refined.
Domain sequences were aligned using CLUSTAL-OMEGA
(Sievers et al., 2011).

Accession numbers

Sequence data for the Triticum aestivum RING1 cDNA has been
deposited in the GenBank database under the accession number
KJ472832.

Results

TaR1 is a plant PHD protein

In a screen to identify components of the ubiquitin system
involved in Septoria responses in wheat we isolated an mRNA that
encoded a potential variant RING domain protein (Sadanandom
et al., 2012) designated Triticum aestivum RING1 (TaR1) that
had higher expression in Septoria infected leaf tissue. However
closer inspection of the RING domain in TaR1 using Clustal
Omega alignment with other known canonical PHD and RING
domains (Fig. 1a) indicated that TaR1 actually contained a
(C4HC3) PHD (Fig. 1a). The PHD in TaR1 contained the main
conserved cysteine-histidine zinc-binding backbone present
throughout all PHD proteins (in red in Fig. 1a). Further, it also
showed that TaR1 contained the critical residues previously
indicated to be important for binding to trimethylated lysine 4 on
Histone 3 (H3K4me3) by Arabidopsis Alfin-like PHD proteins
(Fig. 1a in gold and blue) (Lee et al., 2009). An aspartate and a
glutamate residue (Fig. 1a in blue) are also strongly conserved
between TaR1 and the Alfin-like group of PHD proteins in
plants. These residues were predicted to interact with arginine 2 of
Histone 3, and loss of either, by mutation, prevented H3K4me3
binding (Lee et al., 2009).

(a) (b)

Fig. 1 Sequence analysis reveals that Triticum aestivum R1 contains a plant homeodomain (PHD) and an ‘alfin-like’ domain. (a) Multiple sequence
alignment of the PHDs of Triticum aestivum (Ta) R1, Arabidopsis (At) AL1,Oryza sativa (Os) AL1 and AL7, with PHDs from other plant and animal
proteins. The alignment was produced using Clustal Omega (1.2.0), then re-colourized. The zinc-binding cysteine-histidine backbone is shown in red.
Residues indicated by Lee et al. (2009) as important for formation of an aromatic cage (gold) and for Histone 3 Arginine 2 recognition (blue) are also indicated.
The alignment was created using protein sequences of the PHDs only. (b) Phylogenetic tree illustrating the grouping of PHDs of TaR1, Arabidopsis Alfin-
like 1 and 7 (AtAL1, AtAL7) and rice Alfin-like 1 (OsAL1), amongst other plant and animal PHDs. The phylogenetic tree was created using Clustal O(1.2.0).
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Construction of a phylogenetic tree (Fig. 1b) confirmed that,
based on the PHD alone, TaR1 was most similar to Alfin-like
proteins sharing the greatest homology to the rice protein OsAL1
(98.15% identity) followedbyArabidopsis AL1 (81.48%) andAL7
(64.81) indicating functional conservation. These data strongly
suggested that TaR1 represents a Histone binding protein from
hexaploid wheat.

Further analysis showed that each of these Alfin-like proteins, as
well as the original Alfin1 from alfalfa (MsAlfin1) (Bastola et al.,
1998) also share an N-terminal domain of unknown function with
TaR1. An alignment of these sequences (Supporting Information
Fig. S1a) shows strong conservation of many residues throughout
the domain (red). The phylogenetic tree based on this alignment
(Supporting Information Fig. S1b) shows that again TaR1 is most

(a)

(c)

(d)

(e)
(f)

(b)

Fig. 2 Triticum aestivum R1 expression
increases on infection. Silencing TaR1 leads to
earlier onset of symptoms and reduced spore
production. (a) Real-time polymerase chain
reaction (RT-PCR) data shows the expression
pattern of TaR1 in both Septoria infected ( )
and healthy (■) plants over 17 d of infection.
Error bars, � standard error (SE) of the mean
of raw data. (b) RT-PCR data shows the
expression of TaR1 is reduced in virus-induced
gene silencing (VIGS) treated plants silenced
by BSMV:TaR1_A and BSMV:TaR1_B, 14 d
after Barley Stripe Mosaic Virus (BSMV)
treatment, compared to BSMV:00 and wild-
type (Mock). Expression in the wild-type
sample is set to 1 and all expression levels are
given in arbitrary units relative to this. Error
bars,� SE of themeanof rawdata. (c) A single
leaf of BSMV:TaR1_A silenced and BSMV:00
mock silenced wheat from 10 to 18 d post-
infection with Zymoseptoria tritici (left), or
mock infection (right). Symptomsappearup to
2 d earlier in BSMV:TaR1_A silenced plants
(day 13) compared to mock silenced (day 15),
while no symptoms appear in either of the
mock silenced plants. (d) Representative
images showing the level of picnidia formation
on mock silenced and TaR1 silenced leaves,
4 wk after infection with Z. tritici. (e) The
number of picnidia produced on the leaves of
TaR1 silenced plants shows about a two-fold
reduction compared to mock silenced plants.
Student’s t-tests show a significant difference
between the number of picnidia produced on
the mock silenced plants and the TaR1_A
(P value = 9.99 10�3) and TaR1_B
(P = 5.29 10�3) silenced lines, but no
difference between the two TaR1 silenced
lines (P = 0.23). Error bars,� SE of themeanof
raw data. (f) Spore washes performed 4wk
after infection show a more than two-fold
reduction in spores producedon TaR1 silenced
plants. Student’s t-tests show a significant
difference between the number of spores
produced in the mock silenced plants and the
TaR1_A (P value = 1.49 10�32) and TaR1_B
(P = 2.49 10�34) silenced lines, but no
difference between the two TaR1 silenced
lines (P = 0.49). Error bars,� SE of themeanof
raw data.
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similar to OsAL1 (92.13% identity), but also has strong homology
to AtAL1 (69.53%), AtAL7 (71.09) and MsAlfin1 (70.31)
indicating functional conservation.

TaR1 gene expression is induced early during Septoria
infection and peaks at the transition period from symptom-
less to the necrotropic phase

Our preliminary data indicated that TaR1 transcripts are upreg-
ulated in 2-wk-old Septoria infected wheat leaves, however, we
wanted to ascertain the duration of the induction of TaR1 gene
expression throughout the Septoria lifecycle in wheat. This might
reveal the critical period for TaR1 requirement during Septoria–
wheat interaction.

RT-PCR with TaR1 specific primers on cDNA from samples
collected daily throughout a time-course of wheat seedlings (from
2-wk-old) infected with Septoria (Fig. 2a) indicate that TaR1
expression is upregulated early in the infection process. TaR1
transcript levels are immediately increased by day 1 post-infection,
and continue throughout the firstweek of infection peaking at day 9
where it is up three-fold indicating that TaR1 expression is
stimulated by Septoria even during the symptomless phase.
Expression suddenly drops back to match that of uninfected plants
on day 13, just when Septoria is postulated to start its life-cycle
phase change into necrotrophy, and then increases again at day 17
when symptoms are fully manifested. Our data indicates that the
TaR1 transcript is maximally expressed during the late stages of
symptom-free growth, and then suddenly decreases when major
transcriptional reprogramming is expected to happen during the

symptomless to necrotrophic phase transition of Septoria in wheat.
A similar pattern of upregulation during infection in a group of
defence relatedWRKY transcription factor genes was also observed
(Supporting Information Fig. S2) confirming the activation of
plant immunity pathways.

Silencing TaR1 using VIGS results in early disease symptom
formation but reduced Zymoseptoria tritici sporulation

VIGS (Matthew, 2004;Watson et al., 2005), was used to study the
function ofTaR1.Gene silencing vectors based on BSMV (Ratcliff
et al., 2001; Burch-Smith et al., 2004;Wang&Metzlaff, 2005; Lee
et al., 2012), carrying two different and nonoverlapping DNA
fragments from the TaR1 sequence, were used to induce sequence-
specific degradation of the endogenousTaR1mRNA and therefore
a knock down in its gene expression. BLAST analyses confirmed
that both cDNA fragments (BSMV:TaR1_A and BSMV:TaR1_B)
were unique to TaR1, ruling out potential silencing of closely
related ‘off target’ genes. The siRNA finder software si-fi predicted
no off-target silencing and found 21 ‘effective siRNA hits’ for
TaR1_A and 78 for TaR1_B. These are in line with predictions for
effectively silenced genes in a similar study (Lee et al., 2014). The
efficiency of TaR1 silencing was confirmed by qRT-PCR on
mRNA from emerging leaves of plants 14 d after inoculation with
the BSMV:TaR1_A and BSMV:TaR1_B constructs (Fig. 2b).
TaR1-silenced plants had no obvious morphological phenotype
(Supporting Information Fig. S3). Phytoene desaturase (PDS)
silencing was used as positive controls for BSMV mediated gene
silencing (Lee et al., 2012) (Supporting Information Fig. S4).

(a) (c)

(b)

Fig. 3 Triticum aestivum R1 localizes to the
nucleus. (a) YFP-TaR1 transiently expressed
via infiltration of Nicotiana benthamianawith
Agrobacterium transformed with
Pearlygate104-TaR1 contruct. (i) detected at
555–700 nm, (ii) white light, (iii) detected at
420–470 nm, (iv) i–iii overlayed. YFP-TaR1
(yellow) locates specifically to the nucleus,
which ismarkedwithDAPI stain (blue). (b)YFP
transiently expressed via infiltration in
N. benthamianawith agrobacterium
transformed with empty Pearlygate104
vector. YFP (yellow) locates to the nucleus,
which is marked with DAPI stain (blue), but
also to the rest of the cell. (c)Western blotting
with anti-GFP antibody, which recognizes
YFP, shows presence of YFP and YFP-TaR1 in
infiltrated N. benthamiana.

New Phytologist (2015) 206: 598–605 � 2015 The Authors

New Phytologist� 2015 New Phytologist Trustwww.newphytologist.com

Research Rapid report
New
Phytologist602



Pathogen infection studies were carried out with Septoria isolate
IPO323, a virulent pathogen of wheat variety Avalon (Arraiano &
Brown, 2006). A titre of IPO323 Septoria isolate at
7.59 106 spores ml�1 was used to infect Avalon that had previ-
ously been inoculated with the TaR1 silencing vectors BSMV:
TaR1_A and BSMV:TaR1_B constructs. No significant difference
in disease symptoms development was detected up to 13 d post-
infection (DPI) between the control and the TaR1-silenced plants.
However, at day 14 clear necrotic lesions developed on TaR1
silenced plants when compared to vector only control plants
(Fig. 2c). Further the necrotic lesions were more pronounced in
TaR1 silenced plants compared to controls. Surprisingly TaR1
silenced plants produced approximately half the number of
picnidia and spores (Fig. 2d–f) as mock silenced plants. It has
previously been reported that Septoria sporulates within necrotic
lesions on infected wheat (Keon et al., 2007). Intriguingly our data
demonstrates that accelerated or earlier lesion formation caused by
TaR1 silencing is detrimental to Septoria sporulation. Our data
reveals that the host gene TaR1 influences the ability of Septoria to
complete its life cycle in wheat.

TaR1 is a nuclear protein that binds to methylated Histone 3

The observation that TaR1 contains the characteristic features
required for H3K4me3/2 binding prompted us first to ascertain
whether TaR1 is nuclear localized. The subcellular localization of
TaR1 was determined by Agrobacteriummediated transient assays
in Nicotiana benthamiana. We transiently expressed TaR1 transl-
ationally fused to yellow or red fluorescent protein (YFP-TaR1,
RFP-TaR1) in tobacco leafs and examined cellular YFP or RFP
fluorescence by laser-scanning confocal microscopy. Fluorescence
of YFP-TaR1 or RFP-TaR1 was detected only in the nuclei of all
cells examined (Fig. 3a, Supporting Information Fig. S5a). Whilst
the DNA constructs expressing only YFP or RFP showed
fluorescence in the nucleus and cytoplasm (Fig. 3b, Supporting
Information Fig. S5b). Immunoblotting experiments with anti-
GFP antibodies that cross-react with YFP confirmed the presence
of YFP-TaR1 fusion proteins (Fig. 3c).

To ascertain if TaR1 could bind to wheat Histones,
Agrobacterium containing the HA epitope tagged wheat Histone
3 (TaH3) and YFP-TaR1 alone driven by 35S CaMV promoter
constructs were mixed at a 1 : 1 ratio and infiltrated into
Nicotiana benthamiana leaves. As a negative control, Agrobacte-
rium containing the HA-tagged Histone 3 construct was co-
infiltrated with Agrobacterium containing YFP alone under the
same 35S CaMV promoter. The expression of the fusion proteins
was confirmed by immunoblotting with anti-HA and anti-GFP
antibodies (Fig. 4a). Co-immunoprecipitation assays performed
with anti-GFP antibodies showed that HA-TaH3 co-immunopre-
cipitated with YFP-TaR1 but not with YFP indicating that TaR1
specifically interacts with wheat Histone 3 (Fig. 4a, Supporting
Information Fig. S6a). Probing with anti-H3k4me3 antibodies
showed that the modified Histone 3 immunoprecipitated with
YFP-TaR1 but not with YFP, suggesting it is capable of binding
chromatin-associated Histone 3 (Fig. 4a, Supporting Information
Fig. S6b).

Proteins containing PHDs, similar to that which is identified in
TaR1, have been shown to bind Histones with specific post-
translationalmodifications (Lee et al., 2009). In particular themain
ligand identified for PHDs are dimethylated or trimethylated lysine
4 of Histone 3 (H3K4m3/2). Using biotin pulldown assays with
Histone peptides as baits we investigated whether affinity purified
recombinant TaR1 could bind H3K4me3/2 (Fig. 4b). TaR1 was
found to bind H3K4me3 and to a lesser extent H3K4me2
indicating that a high level of methylation is required for binding.
However TaR1 did not recognize H3K27me3 indicating that
TaR1 PHD specifically binds to Histones dimethylated and
trimethylated at lysine 4.

Discussion

Previous studies have indicated that the long symptomless growth
period of Septoria is facilitated by the suppression of plant defences

(b)

(a)

Fig. 4 Triticum aestivum R1 interacts with Histone 3 in vitro and in vivo. (a)
GFP pulldown of protein from Nicotiana benthamiana tissue co-infiltrated
with HA-TaH3 and either YFP-TaR1 or YFP. aGFPWestern blot shows
presence of YFP-TaR1 and YFP both in the input sample and after aGFP
pulldown (aGFP also recognizes YFP). aHAWestern blot shows HA-tagged
TaH3 is present in the input of both, but is pulled down byYFP-TaR1 and not
by YFP. Anit-H3k4me3Western blot shows that Histone 3 trimethylated on
lysine 4 is pulled down by YFP-TaR1 and not by YFP. (b) Histone peptide
pulldown assay of GST-TaR1. Purified GST-TaR1 was incubated with
biotinylated Histone peptides with no methylation (H3), monomethylated
lysine 4 (H3K4me1), dimethylated lysine 4 (H3K4me2), trimethylated lysine
4 (H3K4me3) or trimethylated lysine 27 (H3K27me3), which were pulled
down with streptavidin beads. Western blotting with aGST shows TaR1 to
bind specifically to Histone 3 peptides, with lysine 4 methylated and
particularly to trimethylated lysine 4 (H3K4me3).
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(Marshall et al., 2011; Lee et al., 2014) and that the sudden switch
to necrotrophy and plant cell death is accompanied by transcrip-
tional changes to a large number of genes within the host leaf (Yang
et al., 2013), and in the fungus (Keon et al., 2007; Rudd et al.,
2010). However, the mechanism behind this seismic transcrip-
tional shift in the plant is still unknown.

Chromatin structure is known to affect transcriptional activity
and remodelling to this would be capable of bringing about such a
broad variety of changes across the cell. Here we reveal the identity
of a Histone interacting protein that could provide a link between
chromatin remodelling processes and the development of Septoria
leaf blotch disease. Proteins with H3K4me3 binding capability
have previously been shown to act as ‘readers’ of chromatin, which
can recruit chromatin remodelling proteins, or protein complexes,
onto specific transcriptionally active areas (Wysocka et al., 2006).
In doing so, these proteins directly bring about changes to Histone
modification and chromatin structure and, through this, affect gene
transcription (Shi et al., 2006). We have shown that TaR1
specifically binds to H3K4me3/2. The role of TaR1 in Septoria
infection may well rely on a similar function of directly bringing
about chromatin remodelling. Further work in wheat to identify
the other core components that establish this transcriptional
reprogramming would establish a newmechanism that is exploited
by Septoria during STB disease.

Our data show that TaR1 expression is increased almost entirely
throughout the period of infection, but at 13 DPI the level returns
to that seen in a healthy plant, just as the switch to cell death is about
to take place. Silencing of TaR1 was seen to bring about earlier cell
death symptoms in infected leaves, while negatively affecting the
reproductive capacity of the fungus. These data suggests that the
function of TaR1 is to suppress this response, and that the fungus is
using this to its own advantage. By somehow maintaining the
function ofTaR1, the host’s response is delayed until the fungus has
reached a critical internal biomass, at which it is able to reproduce at
peak efficiency. Such a ‘hi-jacking’ of a host plant-signalling
pathway is not uncommon, and has previously been suggested for
this same plant–pathogen interaction (Rudd et al., 2008; Ham-
mond-Kosack & Rudd, 2008; Deller et al., 2011; Dean et al.,
2012). However this would be the first example of such a
component operating in the crucial transition phase within host
nuclei.

Along with TaR1, we also saw a similar pattern of upregulation
during infection in a group of WRKY transcription factors
(Supporting Information Fig. S2). In Arabidopsis, WRKYs
regulated by HDA19, a Histone deactylase (HDAC), negatively
regulates PR1, an important pathogen response gene (Kim et al.,
2008). Histone methylation by ATX1 has also been shown to
regulate aWRKY transcription factor involved in the regulation of
salicylic acid (SA) signalling (Alvarez-Venegas et al., 2007). Both
ATX1 and HDA19 affect Arabidopsis infection by Pseudomonas
syringae.Another Arabidopsis HDAC, SRT2, is a suppressor of SA
biosynthesis. SRT2 is downregulated upon P. syringae infection,
allowing SA production and the expression of defence genes (Wang
et al., 2010). The TaR1 protein could potentially operate in a
similar manner, affecting Histone acetylation, to suppress SA
biosynthesis and pathogen responsive genes.

Through the control of the wheat H3K4me3 binding protein
TaR1, Septoria may regulate chromatin-remodelling events to
delay plant defence responses. This prevents disruption to the
pathogens natural life cycle and allows it to reproduce more
effectively, and in doing so, spread faster through the field. This
work demonstrates a mechanism that may allow Septoria to bypass
the natural defences of the plant, and so highlights an area in which
future Septoria control measures could be developed.
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