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Abstract
Background: Ergot, caused by the fungal pathogen Claviceps purpurea, infects the female flowers of a range of
cereal crops, including wheat. To understand the interaction between C. purpurea and hexaploid wheat we
undertook an extensive examination of the reprogramming of the wheat transcriptome in response to C. purpurea
infection through floral tissues (i.e. the stigma, transmitting and base ovule tissues of the ovary) and over time.
Results: C. purpurea hyphae were observed to have grown into and down the stigma at 24 h (H) after inoculation.
By 48H hyphae had grown through the transmitting tissue into the base, while by 72H hyphae had surrounded the
ovule. By 5 days (D) the ovule had been replaced by fungal tissue. Differential gene expression was first observed at
1H in the stigma tissue. Many of the wheat genes differentially transcribed in response to C. purpurea infection
were associated with plant hormones and included the ethylene (ET), auxin, cytokinin, gibberellic acid (GA), salicylic
acid and jasmonic acid (JA) biosynthetic and signaling pathways. Hormone-associated genes were first detected in
the stigma and base tissues at 24H, but not in the transmitting tissue. Genes associated with GA and JA pathways
were seen in the stigma at 24H, while JA and ET-associated genes were identified in the base at 24H. In addition,
several defence-related genes were differential expressed in response to C. purpurea infection, including antifungal
proteins, endocytosis/exocytosis-related proteins, NBS-LRR class proteins, genes involved in programmed cell death,
receptor protein kinases and transcription factors. Of particular interest was the identification of differential
expression of wheat genes in the base tissue well before the appearance of fungal hyphae, suggesting that a
mobile signal, either pathogen or plant-derived, is delivered to the base prior to colonisation.
Conclusions: Multiple host hormone biosynthesis and signalling pathways were significantly perturbed from an
early stage in the wheat – C. purpurea interaction. Differential gene expression at the base of the ovary, ahead of
arrival of the pathogen, indicated the potential presence of a long-distance signal modifying host gene expression.
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Background
Ergot, caused by the fungal pathogen Claviceps purpurea, is an ear disease of grasses and cereal, and infects
a number of economically important cereal crops, including wheat, barley and rye [1, 2]. Ergot can lead to
significant economic loss, grain being rejected due to
contamination with ergot sclerotia, the over-wintering
fungal structure [3]. While sclerotia can generally be removed from grain by standard cleaning methods: colour
sorting and gravity tables [4–6], sclerotia of a similar size
to the seed are difficult to separate. Sclerotia contain a
range of ergot alkaloids that are highly toxic to humans
and animals [4, 7]. These alkaloids are responsible for
the condition ergotism, which during the Middle Ages
was known as St Anthony’s Fire. Symptoms of ergotism
include gangrenous extremities, convulsions, psychosis
and eventually death. Outbreaks were especially prevalent in the Middle Ages due to a diet high in rye [8]. In
addition, recent findings suggest that ergot alkaloids,
produced by the fungus and found at high concentrations in sclerotia, can find their way onto otherwise
“healthy” grain [9].
C. purpurea gains entry during anthesis, infecting the
flower’s female tissues and replacing the seed with an
ergot sclerotia [1]. Cereals such as rye, that exhibit open
flowering, are therefore particularly at risk of infection,
as are hybrid cereal seed production systems, such as
those developed for barley and wheat [10]. C. purpurea
is believed to exhibit a biotrophic lifestyle, keeping the
floral tissues alive while it draws nutrients from the
plant, and does not induce host tissue necrosis [1].
Spores germinate on stigma, penetrate stigmatic hairs
and grow down the style to the transmitting tissue of the
ovary (Fig. 1). C. purpurea grows mainly intercellularly,
although invasive hyphae, which are completely enclosed
by the host plasma membrane, have been documented
[11]. Within three days of spores landing on the stigma
hyphae have completely overwhelmed the ovary and
begin to branch. Between 5 and 7 days post-infection the
fungus enters the sphacelial stage, manifesting itself as a
soft white tissue that begins producing asexual conidiospores. The conidiospores are exuded from florets in a
sugary liquid called honeydew [1]. The honeydew enables C. purpurea to disperse conidiospores to other receptive flowers, most likely with the help of insect
vectors and rain splash [12, 13]. After approximately 2
weeks a hardened, dark sclerotium is formed where a
seed would have developed. These sclerotia, also known
as ergots, produce the sexual reproduction structures
that give rise to ascospores [12].
The interaction between host plant and invading
pathogen involves continuous, two-way communication.
Initial plant recognition of pathogen-associated molecular patterns (PAMPs) triggers PAMP-Triggered
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Immunity (PTI). A pathogen can suppress and/or avoid
PTI through the delivery of pathogen effectors (Effector
Triggered Suppression – ETS). Effectors are thought to
suppress PTI either by preventing detection of the
PAMPs by the host [14], or by affecting downstream
PTI-signaling pathways [15]. However, it is becoming increasingly apparent that the role of effectors goes beyond suppression of plant defence, having a strategic
role in modifying the plant environment to create conditions conducive for pathogen growth and reproduction.
Therefore, many of the plant genes induced upon pathogen infection, once thought to be required for defence,
are actually required for infection by the pathogen [15].
As a second line of defence plants have evolved an effector recognition system, mediated by host resistance
(R-) genes that recognise effectors either directly or indirectly, leading to Effector Triggered Immunity (ETI)
[16]. Downstream responses often associated with PTI
and ETI include a rapid influx of calcium ions, a burst of
ROS [17], deposition of callosic cell wall appositions at
sites of attempted pathogen infection, as well as activation of a MAPK signaling cascade that triggers expression of WRKY-type transcription factors, key regulators
of plant defence [18]. WRKY transcription factors elicit
defence responses such as the generation of nitric oxide,
production of antimicrobial compounds, and the hypersensitive or programmed cell death response [18].
Plants have also established complex phytohormoneregulated signaling pathways to control defence responses [15]. In return, the pathogen has developed
strategies to manipulate phytohormone-regulated
defense, delivering effectors that allow the pathogen to
evade, hijack or disrupt hormone signaling pathways
[15]. The plant hormones salicylic acid (SA), jasmonic
acid (JA) and ethylene (ET) have well established roles
in the regulation of plant defence. SA is known for its
role in the activation of defence responses against biotrophic pathogens and for the establishment of systemic
acquired resistance (SAR) [19]. JA and ET primarily activate defence responses against necrotrophic pathogens
and herbivorous insects, and have been found to act in a
mutually antagonistic manner with SA [20]. Auxins and
Giberellic Acid (GA) have also been shown to play a role
in plant defence, with the overexpression of the auxin
conjugating protein GH3–8 in rice leading to enhanced
resistance to bacterial blight disease [21].
In Arabidopsis resistance to biotrophs and susceptibility to necrotrophs was regulated by a shift in the balance
between JA and SA signaling, which in turn was
dependent on GA-dependent degradation of the DELLA
proteins [22]. It has been suggested that DELLA proteins
are able to bind to the JA suppressor JAZ1, preventing it
from interacting with MYC2, a key transcriptional activator of JA responses, thereby leading to the activation
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Fig. 1 Claviceps purpurea infection of wheat. a Wheat ovary. b Longitudinal section of ovary showing stigma, transmitting and base tissue.
Confocal images of wheat infected with C. purpurea at (c) 24 h, (d) 48 h, (e) 72 h and (f) 5 days after inoculation. Images stained with propidium
iodide and aniline blue. At 24 h C. purpurea conidia have germinated and a germ tube grown down the stigma hairs (c). By 48 h hyphae had
grown through the transmitting tissue and entered the base tissue (d), while at 72 h the ovule is surrounded by fungal hyphae (e). By 5 days
after inoculation the ovule has been completely replaced by fungal tissue (f). g Wheat ear extruding honeydew. h Wheat ear with sclerotia

of JA-responsive target genes [23]. As the degradation of DELLA proteins is GA-dependent, GA was
implemented in this control of JA-responsive target genes. It was also found that the GA insensitive mutant gid1, which hyper-accumulates

endogenous GA, displays enhanced susceptibility
to rice blast [24], while rice plants compromised in
GA biosynthesis (i.e. hypo-accumulation of GA)
were found to exhibit increased resistance to M.
oryzae [25].
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RNA sequencing (RNASeq) has been successfully used
to profile changes in the wheat transcriptome in response to a number of pathogens, including Zymoseptoria tritici [26, 27], Fusarium graminearum [28],
Puccinia striiformis and Blumeria graminis [29]. While
the recent release of an annotated, hexaploid wheat reference genome sequence, RefSeq [30] means that resources are now available to support a detailed and
global examination of changes in wheat gene expression
in response to pathogen infection.
The aim of this study was to determine the molecular
genetic changes that occur in wheat female flowers as C.
purpurea infection progresses through the tissues of the
ovary. The female flowers of a male sterile wheat line
were inoculated with an aggressive strain of C. purpurea.
Female flowers were microscopically examined at specific time points after C. purpurea inoculation to follow
the infection process through the stigma, the ovary
transmitting tissue, to the ovule base. Tissue samples
were collected at the same times points from stigma,
transmitting and base tissues for RNASeq and differential gene expression analyses. Changes in wheat gene expression were compared across floral tissues and time
points, relative to the stages of C. purpurea
development.

Results
Microscopic examination of Claviceps purpurea infection
of wheat

The percentage of ovaries with C. purpurea hyphae in
stigma, transmitting and base tissues were scored across
time points (Table 1). At 10 mins after inoculation conidia of C. purpurea were visible on the stigma, but no
hyphal growth was observed. Conidia were observed to
have germinated, with hyphae growing into and down
the stigma at 24H (Fig. 1c). By 48H hyphae had grown
through the transmitting tissue and had entered the base
of the ovary (Fig. 1d). By 72H hyphae had surrounded
the ovule and occupied much of the base close to the
boundary with the rachis, where the vasculature enters

the ovary (Fig. 1e). At 5D fungal mycelium has ramified
through-out the ovule tissue (Fig. 1f).
Quality check of RNAseq libraries

To determine the response of wheat to infection with C.
purpurea we undertook an RNASeq analysis of female
floral tissues – stigma, transmitting and base tissues, at
specific time points after Cp-inoculation, up until 7D
(Table 2). Each tissue by time point interaction was represented by a minimum of two biological replicate RNA
libraries. Libraries with an average read coverage of less
than 5× were removed from the study. Therefore, the
5H Cp- and Mock-inoculated samples were removed
from subsequent analyses. The average read coverage of
the remaining libraries was 9×, the highest being 29×.
Pearson’s coefficient of correlations, using the normalized read counts, were used to compare replicate libraries of each tissue and time point. In general, correlations
of 0.90–0.99 were found between replicate libraries. The
Mock-inoculated transmitting tissue at 24H had the lowest correlations of 0.80 to 0.83.
MA plots with Loess curves were generated to determine whether the normalization procedure was adequate
with respect to the library size (Additional file 1: Fig. S1;
Fig. S2). Samples at the early time points gave symmetrical MA plots with “centered” Loess curves, indicating
that the normalization procedure was adequate. However, in the 5D and 7D samples we found bimodal distribution of points in the MA plots due to the presence of
RNA transcripts from two biological organisms, wheat
and C. purpurea. The apparent asymmetry in the MA
plots is due to the contrasting transcriptional activities
of wheat and C. purpurea at these later time points, C.
purpurea genes being expressed at higher levels as the
wheat ovary is replaced by fungal hyphae.
Establishment of a reference transcriptome for wheat and
Claviceps purpurea

To check whether there was reciprocal mapping of reads
between the wheat and C. purpurea transcriptomes we
calculated the percentage of wheat reads mapping to the

Table 1 The development of Claviceps purpurea infection in female floral tissues over time
Time after Cp
inoculation

% of ovaries with hyphae visible in
stigma tissue

% of ovaries with hyphae visible in
transmitting tissue

% of ovaries with hyphae visible in
base tissue

10 min (n = 12)

0%

0%

0%

1H (n = 13)

7.7%

0%

0%

24H (n = 2)a

100.0%

0%

0%

48H (n = 41)

59%

59%

51%

72H (n = 57)

87%

87%

87%

5D (n = 60)

100%

100%

100%

7D (n = 60)

100%

100%

100%

n number of ovaries observed, H hours after inoculation, D days after inoculation; aonly 2 ovary samples were available for the 24H time point
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Table 2 Female floral tissues and time points sampled after
Claviceps purpurea inoculation
Claviceps purpurea inoculated

Time points

Mock-inoculated

T10

Stigma (2)

Stigma (3)

TT (3)

TT (2)

Base (3)

Base (3)

Stigma (3)

Stigma (2)

TT (3)

TT (3)

Base (1)

Base (3)

minutes

T1 H

T5H

a

T24H

T48H
T72H
T5D
T7D

Stigma (2)

Stigma (3)

TT (2)

TT (3)

Base (2)

Base (3)

Stigma (3)

Stigma (2)

TT (3)

TT (3)

Base (3)

Base (3)

TT (3)

TT (3)

Base (3)

Base (3)

TT (3)

TT (3)

Base (3)

Base (3)

TT (2)

TT (3)

Base (2)

Base (3)

TT (2)

TT (3)

Base (3)

Base (3)

TT - Transmitting ovary tissue, Base - Ovary tissue. Numbers in brackets are the
numbers of replicate samples made into RNA libraries for RNASeq analysis.
a
Stigma tissues could only be sampled up to 24H, as after 24 h stigma began
to collapse. H hours after inoculation, D days after inoculation

C. purpurea reference transcriptome and vice-versa.
Only 0.0016% of the wheat reads mapped to the C. purpurea transcriptome reference, while 0.037% of the C.
purpurea reads (from libraires made from ungerminated
C. purpurea conidia and C. purpurea mycelium grown
in vitro) aligned to the wheat transcriptome reference.
These percentages demonstrate that there is a negligible
number of reads cross-mapping between the reference
sequences of these two species. The bread wheat variety
Chinese Spring IWGSC RefSeq v1 and C. purpurea
cDNA (Ensembl release 35) transcriptomes were therefore merged to create a single reference transcriptome
that was used in the subsequent gene differential expression analysis.
Using this reference transcriptome 95 of the 114 libraries (83%) had read percentage alignment rates from
70 to 85%, particularly at the early timepoints. However,
with libraries from 5D and 7D the alignment rates fell to
values as low as 36% (Additional file 1: Table S1). The
low read alignments were found to be due to a high percentage of C. purpurea reads present at these later time
points, and a significant number of the C. purpurea
transcripts not being represented in the C. purpurea
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cDNA reference transcriptome (Ensembl release 35).
Reads from the ungerminated C. purpurea conidia and
C. purpurea hyphae grown on artificial media libraries
were mapped to the C. purpurea cDNA (Ensembl release 35) transcriptomes. Unmapped reads from the two
C. purpurea libraries were extracted, pooled and de novo
assembled to provide a new Cp-reference transcriptome.
Alignment of the 5D and 7D Cp-inoculated libraries to
this new wheat-C. purpurea transcriptome reference
now gave percentage alignments in the range of 85–90%,
a big improvement from the original 36–39%. This indicates that a large percentage of the unmapped reads at
the latter time-points are derived from C. purpurea transcripts that are not represented in the C. purpurea transcriptome assembly (Ensembl release 35).
Spatio-temporal patterns of host, wheat gene expression
in response to Claviceps purpurea infection

To understand the changes that occur in wheat female
flowers upon infection with C. purpurea, we undertook
a time course experiment to quantify changes in the
wheat transcriptome in stigma, transmitting and base
tissues of ovaries at 10 min, 1, 24, 48 and 72H, and 5
and 7D after inoculation with a single isolate of C. purpurea (Table 2). A pairwise, cross-conditional differential
expression analysis was performed, comparing Cp- to
Mock-inoculated samples in each tissue and at each time
point. All differentially expressed genes (DEG) can be
found in Additional files 2, 3 and 4.
Wheat genes were observed to be differentially
expressed in the three ovary tissues across the 7 day
period of C. purpurea infection (Additional files 2, 3 and
4). Annotation of these DEG indicated enrichment for a
number of functional categories. Prominent among these
were classical defence-related genes and wheat genes associated with hormone pathways. Other functional categories included genes associated with photosynthesis,
genes involved in oxidation/reduction processes and
genes involved in protein phosphorylation (Additional
files 2, 3 and 4).
No significant changes in the wheat transcriptome
were seen at 10 min after inoculation with C. purpurea.
At 1H, seven DEG were detected in the stigma, but no
DEG were found in the transmitting or base tissues at
this time point. Of the seven stigma DEG one was upregulated, being annotated as a chlorophyll a-b binding
protein. Chlorophyll a-b binding protein forms part of
the plant’s light harvesting complex, located in the
chloroplast, which captures and delivers excitation energy to photosystems I and II (Additional files 2, 3 and
4). However, it is unclear why this gene should be upregulated in stigma.
Two of the six genes down-regulated in the stigma at
1H were DNA binding transcription factors (TFs)
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(Additional files 2, 3 and 4). The generic annotation of
these TFs makes it difficult to identify the pathways in
which they operate, and therefore their potential downstream targets, but they could either result from Cp
immune-suppressive activity or a host defence response.
Also, down-regulated in the stigma at 1H were a myosin
protein, known for its role in cytoplasmic streaming
[31], a Kelch-like protein, a DnaJ protein and a sucrose
synthase. Kelch proteins contain repeat motifs forming
β-propeller domains that mediate protein-protein interactions and are involved in a wide array of cellular activities [32]. DnaJ proteins, otherwise known as HSP40s
(heat-shock protein 40), are a family of conserved cochaperones for HSP70s and are known to play diverse
roles in stress responses and developmental processes
such as flowering [33]. Sucrose synthase has a role in the
rapid mobilisation of carbohydrates during defence [34],
so may indicate an early attempt by C. purpurea to alter
the carbohydrate profiles within the floral tissues in support of fungal growth.
At subsequent time points differences in the numbers
of wheat genes differentially expressed were observed
between the ovary tissues, especially at the early time
points (Fig. 2). At 24H more genes were differentially
expressed in the stigma (125 DEG; 100 genes specific to
stigma) and base (114 DEG; 87 genes specific to base)
tissues, while few differentially expressed wheat genes
were detected in the transmitting tissue (21 DEG; 14
genes specific to transmitting tissue). At 24H C. purpuea
was observed to have grown into the stigma, however no
C. purpurea hyphal growth was ever observed in the
base tissue at this early time point (Fig. 1). Therefore,
changes in wheat gene expression at the base of the
ovary, prior to the arrival of fungus, would suggest that a
potential mobile signal, either pathogen or plant-derived,
is delivered to the base tissue prior to its colonisation by
the fungus.
Five DEG were found in common between the stigma,
transmitting and base tissues, all being down-regulated
(24H; Fig. 2). These included a glycosyl hydrolase (xylanase), a F-box family protein, a myosin and a vesicleassociated membrane protein, all of which can be linked
to plant defence responses, with down-regulation fitting
with an early suppression of plant defence by C. purpurea (Additional files 2, 3 and 4).
Of the 20 DEG in common between the stigma and
base tissues at 24H, 5 were up-regulated and included
an acid phosphatase, a cell wall invertase, a glutaredoxin,
a Ras-like protein and a VQ motif family protein (24H;
Fig. 2; Additional files 2, 3 and 4). The down-regulated
genes encoded for proteins having a wide variety of
functions, including a cinnamoyl-CoA reductase, an E3
ubiquitin-protein ligase, F-box family proteins, a vesicleassociated membrane protein, a histone deacetylase, and
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a galactosyltransferase family protein (Additional files 2,
3 and 4). The transmitting and base tissues shared only
two genes, both down-regulated, which encoded for a
replication protein A 32 kDa subunit and a signal recognition particle receptor alpha subunit family protein
(Additional files 2, 3 and 4). No DEG were shared between the stigma and transmitting tissues (Fig. 2).
At 48H and 72H more wheat genes were up-regulated
than down-regulated in the transmitting (48H - 397 up/
69 down and 72H - 225 up/84 down) and base tissues
(48H - 789 up/160 down and 72H - 1637 up/760 down)
(Fig. 2). The number of DEG increased further at 5D
and 7D in both the transmitting (5D – 3089 and 7D –
4045) and base tissues (5D – 4719 and 7D – 4786) (Fig.
2), although the ratio of up- to down-regulated genes
observed at 48H and 72H was reversed at these later
time points, with far more DEG being down-regulated.
Although the wheat ovary becomes overwhelmed by C.
purpurea hyphal tissue at 5D and 7D, wheat genes were
detected that remained up-regulated.
Specifically, 501 and 88 DEG were up-regulated in the
transmitting tissue at 5D and 7D, respectively, while 336
and 184 genes were up-regulated in the base tissue at
5D and 7D. A large percentage of these up-regulated
genes belonged to functional categories related to defence and hormone pathways. At 5D 24.75% of the upregulated genes were defence-related and 6.19% were
hormone-associated in transmitting tissue, while in the
base tissue 23.51% of up-regulated genes were defencerelated and 4.46% were hormone-associated. At 7D
38.64% of the up-regulated genes in the transmitting tissue were defence-related and 3.41% were hormoneassociated, while 40.76% were defence-related and 3.80%
hormone-associated in the base tissue.
Differential expression of hormone-associated wheat
genes

Many of the wheat genes differentially transcribed in response to C. purpurea infection were involved in biosynthesis and signaling pathways of plant hormones, and
included the ET, auxin, cytokinin, gibberellic acid (GA),
salicylic acid (SA) and jasmonic acid (JA) biosynthetic
and signaling pathways (Figs. 3 and 4). A list of all
hormone-associated genes that were found to be differentially expressed are shown in Additional file 1 (Tables
S2, S3 and S4). Hormone-associated genes were first detected in the stigma and base tissues at 24H, but not in
the transmitting tissue. DEG associated with GA and JA
pathways were seen in stigma tissue and JA and ET
pathways in base tissue at 24H, indicating not only a
very rapid induction of hormone-associated gene transcription in response to C. purpurea infection, but a
long-distance triggering of hormone-associated gene expression in the base tissue, prior to arrival of fungal
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(See figure on previous page.)
Fig. 2 Venn diagram showing the numbers of wheat differentially expressed genes within stigma, transmitting and base ovary tissues at 24H,
48H, 72H, 5D and 7D after inoculation with a single isolate of Claviceps purpurea. The arrows pointing up and down designate the numbers of
genes that are up- or down-regulated respectively. A schematic representation of the stage of fungal development in the wheat ovary at each
time point is shown to the right of each Venn diagram. H = hours; D = days

hyphae. By 48H DEG were seen in both transmitting and
base tissues associated with most major groups of plant
hormones. Genes were increasingly up-regulated with
time, generally reaching a peak between 48H and 72H,
followed by down-regulation at 5D and 7D, in transmitting and base tissues. The exception being JA-associated
genes, which were not detected as differentially expressed
in transmitting tissue until 5D (Figs. 3 and 4).
Within each hormone class certain genes were of particular interest. At 48H and 72H, when fungal hyphae
have reached the ovule and surrounded the ovule, respectively, an up-regulation of auxin genes was observed
in both the transmitting and base tissues (Fig. 4a; Additional file 5a). These genes primarily belonged to the
AUX/IAA and IAA-amido synthetase (GH3) gene families, with GH3s showing particularly prolonged upregulation in some cases, even at the 5D timepoint.
AUX/IAA genes encode known transcriptional repressors of auxin response genes, while the GH3 family of
genes encode auxin-conjugating enzymes that regulate
the auxin pool through negative feedback. Both AUX/
IAAs and GH3s are early auxin response genes, with
auxin modulating their levels to re-equilibrate the

system at different steady states, depending on the auxin
concentration [35]. The up-regulation of these genes
therefore points towards the presence of elevated levels
of auxin in the floral tissues during C. purpurea infection, as well as a potential increase in auxin signaling.
The up-regulation of the NPR3 receptor of auxin’s mutually antagonistic hormone SA was also seen in transmitting and base tissues at 48H and 72H (Fig. 4f;
Additional file 5f).
Among the ET genes the two classes of genes that
showed
the
highest
up-regulation
were
1Aminocyclopropane-1-carboxylate synthase (ACS) and
1-Aminocyclopropane-1-carboxylate oxidase (ACO)
(Fig. 4b; Additional file 5b). These form multi-gene families and encode ET biosynthesis enzymes, forming the
final steps in the biosynthetic pathway [36]. Upregulation was observed in both the transmitting and
base tissues. ACS genes remained up-regulated at 5D,
with one gene in the base tissue remaining up-regulated
at the 7D. ET responsive transcription factors (ERF),
which drive many of the signaling cascades in response
to ET [37], were also found to be up-regulated across
the transmitting and base tissues. The majority of these

Fig. 3 Hormone-associated differentially expressed genes (DEG) identified across time points and female floral tissues. Each box shows the
number of DEG belonging to each hormone group expressed in stigma (S), transmitting (T) and base (B) tissues at 24H, 48H, 72H, 5D and 7D
after inoculation with Claviceps purpurea, H = hours. D = days. The asterisks show the outliers beyond the upper and lower quantiles. The solid line
is a regression line fitted to the data. The dotted line represents the fold change at − 1 and + 1, with genes considered not to be significantly
differentially expressed if their fold change values fall between the dotted lines
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Fig. 4 Heatmaps of hormone-associated differentially expressed genes (DEG) across time points and tissues. Each figure shows the hormoneassociated genes differentially up-regulated (log2 fold change in red) or down-regulated (in green) in wheat inoculated with Claviceps purpurea,
relative to Mock-inoculated wheat, in stigma (S), transmitting (T) and base (B) tissues of the wheat ovary, at timepoints after inoculation: 24 h
(24H), 48 h (48H), 72 h (72H), 5 days (5D) and 7 days (7D). DEG are defined by functional categories. a Auxin-related genes ((Categories from top
to bottom: Auxin/indole-3-acetic acid (AUX/IAA), Glycoside Hydrolase 3 (GH3), small Auxin-Up RNAs (SAURs)); b Ethylene-related genes
((Categories from top to bottom: 1-Aminocyclopropane-1-carboxylate oxidase (ACO), 1-Aminocyclopropane-1-carboxylate synthase (ACS),
Ethylene responsive transcription factors (ERF)); c Cytokinin-related genes ((Categories from top to bottom: cytokinin riboside 5′-monophosphate
phosphoribohydrolase (CK 5′), cytokinin specific glycosyltransferases (CK glyc), cytokinin oxidase/dehydrogenase (CKX)); d Gibberellic acid-related
genes ((Categories from top to bottom: DELLA, gibberellin 2-beta-oxidase (Gibber 2-beta), GA-INSENSITIVE DWARF1 (GID1)); e Jasmonic acidrelated genes ((Categories from top to bottom: TIFY transcription factors (TIFY TF), allene oxide synthase (AOS), coronatine-insensitive 1 (COI1),
Novel INteractor of JAZ (NINJA), 12-oxophytodienoate reductase (OPR)); and f Salicylic acid-related genes ((Categories: NON-EXPRESSOR OF
PR3 (NPR3))

ERF sustained up-regulation across early time-points in
the base tissue, with down-regulation occurring only at
5D and 7D. The up-regulation of genes found in both
the biosynthetic and signaling pathways of ET suggest
the activation of ET dependent responses during C. purpurea infection.
Another hormone group that responded to C. purpurea infection were the cytokinins (Fig. 4c; Additional
file 5c). Three functional gene classes involved in cytokinin homeostasis were of interest. Firstly, cytokinin specific glycosyltransferases were observed to be upregulated in the transmitting and base tissues throughout infection, with the up-regulation persisting even in
the later time-points (5D and 7D) when the fungal hyphae have overwhelmed the ovule. These glycosyltransferases operate by deactivating cytokinin through
conjugation with a sugar moiety [38]. A second gene

class, also involved in cytokinin deactivation, were the
cytokinin oxidase/dehydrogenase (CKX) which catalyse the irreversible degradation of cytokinins [38].
However, contrary to cytokinin glycosyltransferase,
CKX were not up-regulated across all time-points, being up-regulated at 48H in the transmitting tissue,
and at 48H and 72H at the base tissue. Finally, the
LOG genes, encoding for cytokinin riboside 5′-monophosphate phosphoribohydrolase (CK 5′) [39], which
are responsible for the single step activation of cytokinins were, in most cases, up-regulated early on during
C. purpurea infection (48H and 72H), with the majority of up-regulated genes being detected in base tissue. The differential expression of genes involved in
cytokinin homeostasis therefore suggests a significant
alteration in cytokinin levels of C. purpurea infected
female floral tissues.
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Differential gene expression analyses also indicated
that GA pathways were induced during infection (Fig.
4d; Additional file 5d). The gibberellin 2-beta-oxidase
(GA2ox) gene was found to be up-regulated very early
during infection, being found at 24H in the stigma, at 48
and 72H in the transmitting and at 72H in base tissue.
GA2ox is involved in GA catabolism and inactivation of
GAs and is up-regulated in response to elevated GA signaling and GA treatment [40]. The GA receptor GID1
(GA-INSENSITIVE DWARF1) gene was also upregulated at 24H in stigma tissue, then down-regulated
in transmitting and base tissues at 48H and 72H. GID1
has previously been found to be up-regulated under conditions of GA deficiency, or DELLA accumulation [41].
Taken together these findings could indicate a response
by wheat to remove GA from the floral tissues.
A number of genes involved in the biosynthesis and
signaling pathways of JA were also differentially
expressed (Fig. 4e; Additional file 5e). With regards to
the biosynthetic pathway, 12-oxophytodienoate reductase (OPR) and allene oxide synthase (AOS), which catalyses the first step in JA biosynthesis, were both found
to be differentially expressed in response to C. purpurea
infection. While OPR was up-regulated between 48H
and 7D in the transmitting and base tissues, only in the
case of one AOS gene was up-regulation observed at
24H in stigma and 48H in base tissue, the remaining
AOS encoding genes being down-regulated. With respect to JA signaling two functional gene classes were of
interest. Firstly, the F-box protein coronatine-insensitive
1 (COI1) was found to be down-regulated across the
transmitting and base tissues during the last two timepoints. In the presence of JA COI1 binds to jasmonate
ZIM domain (JAZ) proteins leading to their ubiquitindependent degradation [42]. JAZ proteins repress transcription of JA-responsive genes [23], so removal of
COI1 would potentially limit JAZ protein degradation
and allow continued suppression of transcription of JAresponsive genes. The second signaling component affected by C. purpurea infection were transcription factors containing the TIFY domain. TIFY transcription
factors are found in the JAZ family [43]. TIFY transcription factors were found that were up-regulated at 24H in
the stigma, as well as in the base tissue. Furthermore,
these transcription factors were up-regulated at 48H and
72H in base tissue. These observations suggest the possible repression of JA signaling in response to C. purpurea infection.
Differential expression of defence-related wheat genes

Several defence-related genes were among the wheat
genes differentially expressed in response to C. purpurea
infection. A full list can be found in Additional file 1
(Tables S5, S6 and S7). The predicted functions of these
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DEG were quite varied, ranging from transport and signaling, to genes involved in a wide array of metabolic reactions. Out of all the functional categories that were
identified, six categories; antifungal proteins, endocytosis/exocytosis-related proteins, NBS-LRR class proteins,
genes involved in programmed cell death, receptor protein kinases and transcription factors were selected as
the most biologically relevant, as well as those exhibiting
the most significant patterns of differential expression.
Defence-related DEG were first detected at 24H and in
all three ovary tissues (Fig. 5). Thus, similar to hormoneassociated genes, defence-related genes were observed to
be differentially expressed in base tissues prior to the
colonisation of these tissues by the fungus. In general,
an up-regulation of DEG in all functional categories was
seen between 24H and 72H in all tissues, followed by
down-regulation at 5D and 7D.
Within the functional category NBS-LRR genes, most
genes exhibited similar patterns of differential expression
(Fig. 6a; Additional file 6a). Interestingly, at 24H in the
base tissue NBS-LRR genes were down-regulated. These
genes were then up-regulated at 48H in the transmitting
and base tissues, maintaining that status until 72H, after
which down-regulation was observed. However, some
NBS-LRR genes exhibited LogFC values of up-regulation
much higher than the rest. These genes were identified
as being members of the RPM1 and RGA3 gene classes
which have been found to play important roles in hypersensitive resistance [44].
Other receptor protein kinases (RPK), grouped separately from the NBS-LRR class of proteins, showed upregulation in response to C. purpuerea infection (Fig. 6b;
Additional file 6b). Genes resembling RPK were first upregulated at 24H in the stigma and base tissues, being
continuously up-regulated in the transmitting and base
tissues until 72H. While the most abundant genes in this
category were serine/threonine kinases (STK), the two
classes of RPK that showed the highest levels of upregulation were the cysteine-rich receptor-like kinases
(CRK) and lectin receptor kinases (LecRK). Their upregulation was sustained until 5D, with certain members
in each class maintaining up-regulation at 7D within the
base tissue. These two classes of RPK play a variety of
roles in plants, including roles in down-stream signaling
during pathogen recognition [45].
Genes associated with antifungal activity were induced
during C. purpurea infection, first showing upregulation at 24H in stigma tissue (Fig. 6c; Additional
file 6c). Most genes were up-regulated in the transmitting and base tissues at the 48H and 72H timepoints.
The antifungal gene classes that showed the greatest upregulation were cytochrome P450s and chitinases. Cytochrome P450s represent one of the largest super-families
of proteins in plants and are responsible for catalysing
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Fig. 5 Defence-related differentially expressed genes (DEG) identified across time points and female floral tissues. Each box shows the number of
DEG belonging to each defence-related functional category expressed in stigma (S), transmitting (T) and base (B) tissues at 24H, 48H, 72H, 5D and
7D after inoculation with Claviceps purpurea, H = hours. D = days. The asterisks show the outliers beyond the upper and lower quantiles. The solid
line is a regression line fitted to the data. The dotted line represents the fold change at − 1 and + 1, with genes considered not to be significantly
differentially expressed if their fold change values fall between the dotted lines

the oxygenation of many fatty acids [46]. Many of the
compounds resulting from these reactions have been
found to have antifungal properties [46, 47]. The chitinase encoding genes displayed the most sustained upregulation throughout C. purpurea infection, across all
three tissues. Chitinases are responsible for catalysis of
the hydrolytic cleavage of specific bonds found in chitin,
and thus play a significant role in plant defence against a
range of pathogens [47].
A particularly interesting functional category of
defence-related DEG were those involved in endocytosis/exocytosis processes, showing an early induction in
the transmitting and base tissues (Fig. 6d; Additional file
6d). DEG in this class included SNARE proteins, syntaxins and a homologue of the exocyst complex component
EXO70B1, all of which have been found to have a role in
cell wall apposition formation [48]. Of these, the group
that showed the highest levels of up-regulation were
those of the exocyst complex component EXO70B1.
The transcription factors differentially expressed included WRKY and MYB transcription factors that were
up-regulated by C. purpurea infection between 24H and
72H, in all three tissues (Fig. 6e; Additional file 6e). The
genes identified as WRKY-type transcription factors in
particular showed high levels of up-regulation. The
WRKY and MYB transcription factor families have both
been implicated in transcriptional reprogramming associated with plant defence responses [18].
Genes classified as involved in programmed cell death
were up-regulated early, being seen in stigma tissue at
24H, peaking in transmitting tissue at 48H, and base

tissue between 48H and 72H, after which these genes were
down-regulated (Fig. 6f; Additional file 6f). Genes in this
class included the harpin induced protein 1 (HIN1) and
subtilisin-like proteases (SLP) [49, 50]. HIN1 has been
found to be highly induced during proteasome-mediated
programmed cell death [49], while subtilisin-like proteases
have been implemented in pathogen recognition and in
triggering the hypersensitive response [51].

Discussion
Ergot has serious consequences for cereal grain quality
and yield, but also directly impacts on human health due
to the high levels of toxic alkaloids found in sclerotia.
During the Middle Ages ergot alkaloids were responsible
for the human disease known as St Anthony’s fire. While
sclerotia can now be removed from contaminated grain
loads by physical cleaning methods: colour sorting and
gravity tables [4–6], we know very little about the interactions that occur between wheat and C. purpurea at a
cellular and molecular genetic level. Using an RNASeq
approach we report the first examination of the reprogramming of the wheat transcriptome in response to C.
purpurea infection in defined tissues of the ovary, i.e.
the stigma, transmitting and base tissues (Fig. 1).
Infection with C. purpurea resulted in major changes
in expression of wheat genes associated with hormone
metabolism and signalling, as well as a wide range of
genes related to defence. There is considerable evidence
which indicates the crucial role plant hormones play in
the regulation of immune responses to pathogens [52].
Complex synergistic and antagonistic interactions
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Fig. 6 Heatmaps of defence-related differentially expressed genes (DEG) across time points and tissues. Each figure shows the defence-related
genes differentially up-regulated (log2 fold change in red) or down-regulated (in green) in wheat inoculated with Claviceps purpurea, relative to
Mock-inoculated wheat, in stigma (S), transmitting (T) and base (B) tissues of the wheat ovary, at timepoints after inoculation: 24 h (24H), 48 h
(48H), 72 h (72H), 5 days (5D) and 7 days (7D). DEG are defined by functional categories. a NBS-LRR class proteins (functional categories from top
to bottom: RGA1, RGA2, RGA3, RPM1, RPP13, RPP8, RPS2, NBS-LRR); b Receptor protein kinases ()functional categories from top to bottom: CBLinteracting protein kinases (CIPK), Cysteine-rich receptor-like kinases (CRKs), Flagellin-sensing 2 (FLS2), GTPase activating 1, Lectin receptor kinases
(LecRK), Mitogen-activated kinase (MAPK), serine/threonine kinases (STKs)); c Antifungal proteins ((functional categories from top to bottom:
Bowman-Birk type trypsin inhibitor (BBI), beta purothionins, chitin elicitor-binding, chitinase, Cytochrome P450, Defensins, Glycine-rich proteins
(GRPs), non-specific lipid transfer proteins (nsLTPs), polygalacturonase inhibiting protein (PGIP), plant-pathogenesis proteins (PPP)); d Endocytosis/
Exocytosis related proteins; e Transcription factors; and f Programmed cell death related genes ((functional categories from top to bottom:
Accelerated Cell Death 11 (ACD11), hexokinase (HXK), Harpin induced protein (HIN1), metacaspase, polyamine oxidase (PAO), polyphenol oxidase
(PPO), Potassium transporter (PT), subtilisin-like proteases (SLP))

provide the plant with the regulatory potential to activate, and fine-tune defences [52]. Our results suggest
that C. purpurea is also able to rapidly alter hormone
levels in planta, co-opting the host’s hormone homeostasis and/or signalling mechanisms in order to facilitate
infection.
Auxin-related genes were particularly abundant among
the hormone-associated genes differentially expressed in
this study. Specifically, genes belonging to the AUX/IAA
and IAA-amido synthetase (GH3) gene families were upregulated during the early stages of C. purpurea infection. Up-regulation of these families of auxin-related
genes was observed in rye ovules infected with C. purpurea [53]. As C. purpurea is able to produce and secrete significant amounts of auxin [54], it has been
suggested that the pathogen co-opts its host’s auxin
homeostasis in order to facilitate infection [55]. It is
therefore possible that the repression of auxin signaling,
through the up-regulation of AUX/IAA gene expression,
and the conjugation of excessive auxin by GH3 proteins,

is a direct response of the host to the elevated auxin
levels produced by C. purpurea. Over-expression of
GH3 has also been shown to result in elevated accumulation of SA [55]. While the observed up-regulation of
the SA receptor NPR3, a low affinity SA receptor which
requires high levels of SA to be induced [56], would support the elevation of SA within the wheat ovaries.
SA plays a crucial role in the activation of defence
responses against biotrophic and hemi-biotrophic
pathogens, with SA insensitive mutants showing increased susceptibility to both groups of pathogens
[57]. It has also been suggested that SA acts in an
opposing manner to auxin. SA can inhibit pathogen
growth through the stabilisation of AUX/IAA auxin
repressors, achieved by limiting the auxin receptors
required for their degradation [58]. Indeed, our data
show the down-regulation of an auxin binding protein
(probably an auxin receptor) within the transmitting
and base tissues, which coincides with the upregulation of the AUX/IAA genes.
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The ET and JA biosynthetic genes, ACS and ACO, and
OPR and AOS, respectively, were up-regulated in transmitting and base ovary tissues upon infection by C. purpurea, while the JA signaling gene COI1 was downregulated. Infection of wheat ears with F. graminearum,
the causal agent of FHB, also resulted in up-regulation
of the JA biosynthetic genes AOS and OPR in the FHB
resistant variety Wangshuibai, while the JA signaling
gene COI1 was down-regulated in the susceptible wheat
upon infection with F. graminearum [59]. Similar patterns in the expression of ET genes, namely the upregulation of the ET biosynthetic genes ACS and ACO
were also observed by [59, 60]. Up-regulation of ACS
and ACO genes was observed in rice (Oryza sativa), accompanied by the enhanced emission of ET, in response
to infection with the hemi-biotroph fungus M. grisea
[61]. ET responsive transcription factors (ERFs) were
also up-regulated during the early stages of infection.
ERFs play a significant role in the regulation of defence,
and changes in their expression have been shown to lead
to changes in resistance to different types of fungi [62].
For instance, in Arabidopsis, while the constitutive expression of ERF1 enhances tolerance to Botrytis cinereal
infection [63], the over-expression of ERF4 leads to an
increased susceptibility to F. oxysporum [62].
Our data showed that the induction of ET biosynthesis
genes ACS and ACO coincided with the induction of
two genes involved in JA biosynthesis. Studies have suggested that ET signaling operates in a synergistic way
with JA signaling to activate defence reactions, and in
particular defence reactions against necrotrophic pathogens [64]. It has also long been considered that JA/ET
signaling pathways act in a mutually antagonistic way to
SA, however, other studies have shown that ET and JA
can also function in a mutually synergistic manner, depending on the nature of the pathogen [65].
Cytokinins were also implicated in C. purpurea infection of wheat, with the up-regulation of CKX and cytokinin glycosyltransferase in transmitting and base tissues.
These two cytokinin inducible genes are both involved
in cytokinin homeostasis, and function by degrading and
conjugating cytokinin [57]. The cytokinin glycosyltransferase deactivates cytokinin through conjugation with a
sugar moiety, while CKX catalyzes the irreversible degradation of cytokinins in a single enzymatic step [66]. C.
purpurea is able to secrete large amounts of cytokinins
in planta, in order to facilitate infection [67], and M.
oryzae, the rice blast pathogen also secretes cytokinins,
being required for full pathogenicity [68]. The upregulation of these cytokinin degrading wheat genes
maybe therefore be in response to elevated levels of C.
purpurea cytokinins, and a defence response of the host.
The early induction of the GA receptor GID1 in wheat
stigma tissue, as well as the subsequent up-regulation of
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key GA catabolic enzymes, such as GA2ox, in transmitting and base tissues, suggests that GA accumulates in
response to C. purpurea infection. The accumulation of
GA likely leads to the degradation of the negative regulators of GA signaling, the DELLA proteins. This observation is in accordance with a study in which the
Arabidopsis loss of function quadruple-della mutant was
resistant to the biotrophic pathogens PstDC3000 and
Hyaloperonospora arabidopsidis [22]. Furthermore, a recent study identified a partial resistance to C. purpurea
associated with the DELLA mutant, semi-dwarfing alleles, Rht-1Bb and Rht-1Db [69].
The complexity of plant immunity was further evident
from the variety of genes with known roles in plant defence that were differentially expressed in response to C.
purpurea infection. All categories of defence genes, except endocytosis/exocytosis-related genes, were upregulated in stigma tissue at 24H. Many RPK and NBSLRR class proteins, which are known to be involved in
PAMP and effector recognition, were up-regulated early
in C. purpurea infection, even though this wheat-C. purpurea interaction represented a susceptible interaction,
where C. purpurea was able to complete its infection life
cycle.
Many NBS-LRR proteins detect effector molecules
produced by the pathogen, either directly, by binding
with the effector protein, or indirectly through the modifications these effectors have on host target proteins
[70]. The indirect mechanisms tend to operate by the
NBS-LRR proteins binding to key host targets of the
pathogen, and trigger defence when those targets are altered in response to infection. The up-regulation of
these NBS-LRR proteins at 24H in the transmitting and
base tissues, before the arrival of fungal hyphae in these
tissues, suggests that these genes are induced in response to a pathogen, or plant-derived, mobile signal.
The up-regulation of a wide variety of NBS-LRR proteins
early during C. purpurea infection could indicate an attempt by the host plant to increase its recognition capacity of C. purpurea effectors. This would then lead to
activation of specific defence reactions, such as cell wall
modification, secondary metabolite production, and even
programmed cell death, in order to counteract pathogen
attack. Homologues of known NBS-LRR resistance (R-)
genes were identified, including RGA2 and RGA3, which
are required for resistance to leaf rust (Puccinia triticina) in tetraploid and hexaploid wheat [71]. Homologues of the R-genes RPM1 and RPS2 have both been
found to be significantly induced in response to the biotrophic fungus Exobasidium vexans that causes blister
blight in tea [72].
In addition to the specific NBS-LRR class of RPK proteins, other RPK, namely serine/threonine kinases (STK)
and cysteine-rich receptor-like protein kinases (CRK),
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were found to be strongly induced throughout C. purpurea infection. Contrary to the NBS-LRR proteins these
RPKs exhibited up-regulation that was sustained at the
later time-points of C. purpurea infection. STK are
membrane proteins that form a first line of defence,
recognising PAMP, which can then lead to the activation
of MAPK signaling cascades and ultimately other
defence-related genes [45]. CRK are a sub-member of
receptor-like kinases and many genes belonging to this
family of proteins have been found to be induced by a
variety of pathogens. One such CRK was found to be induced in barley in response to the biotrophic fungus
Blumeria graminis f. sp. hordei, which causes barley
powdery mildew [73]. Taken together these results
would suggest that wheat recognizes C. purpurea
through the activation of multiple receptor proteins,
which then trigger an array of defence responses, even
in this wheat-C. purpurea compatible interaction.
A common, early response upon pathogen infection is cell
wall modification. Cell wall defensive appositions called papillae are formed beneath the attempted pathogen penetration
sites of many biotrophic and hemi-biotrophic pathogens [48].
In barley, this process has been shown to be facilitated
through the action of genes such as SNARE proteins, syntaxins and the exocyst complex component EXO70B. Genetic
screening of mutants which allowed increased penetration by
B. graminis identified the crucial role of syntaxins and SNARE
proteins in cell wall modification in response to attempted
fungal penetration [74]. Homologues of these genes were upregulated in wheat during the early stages of C. purpurea infection, although to the best of our knowledge, papillae have
not been observed in cereal- C. purpurea interactions.
The observed induction of WRKY and MYB transcription factors during the early stages of C. purpurea infection further points towards the reprogramming of the
wheat transcriptome. WRKY transcription factors participate in regulating defence gene expression at various
levels, activating the production of antimicrobial compounds and triggering cell death, while MYB transcription factors have also been found to be involved in the
induction of the hypersensitive cell death response [75,
76]. The effects of these transcription factors were evident within our dataset from the induction of genes with
antifungal action, roles in cell wall modification and programmed cell death, and the generation of secondary
metabolites. The observed early induction of antifungal
compounds, such as chitinases and defensins, known
inhibiters of fungal growth [77, 78], has also been observed during infection of rye by C. purpurea [53].

Conclusions
Ergot is a serious disease of many commercial cereal
crops. Contaminating sclerotia result in seed lots being
down-graded for human consumption or even discarded
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due to the highly toxic ergot alkaloids that accumulate
in sclerotia [4, 7]. The expansion of hybrid wheat and
barley markets is seeing a resurgence of ergot in these
open-flowering production systems [10], while recent
evidence suggests that ergot alkaloids can contaminate
healthy seed in situ, as they develop above and below
flowers infected by C. purpurea [9]. Therefore, it is essential that we obtain a better understanding of the C.
purpurea infection process in important cereal crops
such as hexaploid wheat. Our data suggests that upon
infection by C. purpurea the wheat plant activates several defence mechanisms at early stages of infection. In
addition to well characterised defence-related genes,
wheat genes involved in hormone homeostasis and signaling pathways were induced. These hormoneassociated genes may be up-regulated as part of a defence response on the part of the host, but equally could
be induced by C. purpurea to create an environment
suitable for C. purpurea colonisation and reproduction,
and to disrupt the host’s defence responses. The evidence for a long-distance mobile signal triggering differential gene expression at the base of the ovary, long
before the arrival of the pathogen, could equally be derived from C. purpurea, sent to prepare the basal tissue
for arrival of fungal hyphae, or be plant-derived and sent
from the infected stigma to trigger a systemic defence
reactions.

Methods
Plant material, Claviceps purpurea inoculations and
sampling

A cytoplasmic male sterile hexaploid wheat line developed at NIAB by Steve Bentley (personal communication) was used in all C. purpurea inoculations. Plants
were grown in the glasshouse at an18oC/16 h day and
15 °C/8 h night cycle, supplemented when needed by
artificial light at 240 μmol m− 2 s− 1. The middle florets of
each ear, of the first tiller, were inoculated with a single
C. purpurea isolate when the stigma became receptive
(i.e. fluffy in appearance), as described in [69]. C. purpurea inoculations were carried out using a 2 ml syringe
and fine needle, delivering the conidia suspension between the lemma and palea of each floret. Twelve florets
were inoculated on each ear. Each inoculated ear represented a single replicate, with five replicates being collected for each time point and tissue sampled. Mockinoculated florets were injected with ultra-pure water. C.
purpurea (Cp)- and Mock-inoculated samples were
taken at 10 min, 1, 5, 24, 48 and 72 h (H), and 5 and 7
days (D) after inoculation for both microscopy and
RNASeq analyses (Table 2).
The C. purpurea UK isolate 04–97.1 [79] were used in
all inoculations. Isolate 04–97.1 was recovered from
long-term glycerol stocks kept at -80 °C by inoculation

Tente et al. BMC Plant Biology

(2021) 21:316

onto the male sterile line two weeks prior to conidia being required. Fresh conidia, in the form of honeydew,
were collected and diluted in ultra-pure water to a concentration of 1 × 10− 6 spores ml1. These conidia were
used to inoculate plants over a 3-day period, being kept
at 4 °C.
Additional fungal samples were collected including
replicates of conidia from honeydew, and mycelia of C.
purpurea. Conidia from a single inoculated ear was collected 10–12 days after inoculation and was resuspended
in 1 ml distilled water. Spores were centrifuged at 6000
rpm and then resuspended in 50 ml RNAlater (supplied
by Thermofisher scientific) Mycelial samples had been
grown for 24 h in liquid Mantle media at 20 °C before
collection by centrifugation and resuspension in 50 ml
RNAlater and stored at -80 °C. RNA was extracted for
RNASeq analyses from both C. purpurea mycelia and
conidia.
Preparation of floral tissues for microscopy and RNA
extraction

Whole ovaries were removed from each inoculated floret
and sectioned using a double edge razor that had been
wiped with RNAseZap (supplied by Thermofisher scientific). A longitudinal section was made along the dorsal
groove of each ovary allowing for easy identification of
the stigma, transmitting and base tissues (Fig. 1). Half of
the ovary was placed into formaldehyde for fixing and
subsequent epifluorescent and confocal microscopy. The
other half was placed into 30 μl of RNAlater and left for
24 h to allow full penetration of the liquid.
Microscopy procedures

Ovary halves reserved for microscopy were stained with
a solution of 0.05% aniline blue in potassium phosphate
buffer, pH 9.0. Ovaries were examined using epifluorescence microscopy and scored for the presence of stained
hyphae in stigma, transmitting and base tissues, at each
of the time points. For high resolution confocal microscopy ovary halves were fixed in 1 M KOH for 24 h,
rinsed in water, and then treated with 0.3 mg/ml amylase
for 36–48 h at 37 °C. Ovaries were stained using the
mPS-PI technique [80]. Ovaries were treated with Schiff
reagent (100 mM sodium metabisulphite and 0.15 M
HCL) and 100 μg/ml propidium iodide for 1–2 h at
room temperature, rinsed in water, and then stained and
cleared in a modified SCALE solution with aniline blue
[81]; 50 mM K2HPO4, 4 M Urea, 10% glycerol, 0.1% Triton X-100 and 0.05% aniline blue; pH 9.0). Ovaries were
mounted in staining solution and imaged with a Leica
SP5 confocal microscope (Leica Microsystems UK Ltd).
Aniline blue-stained tissues were visualised using an excitation of 405 nm and detected at 415–490 nm and
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propidium iodide was visualised using an excitation of
561 nm and detected at 575–720 nm.
RNA extraction, library construction and RNAseq

The individual ovary halves (up to 12 ovaries halves per
ear) collected from each Cp-inoculated ear were pooled
if the corresponding ovary half was shown by microscopy to be infected with C. purpurea infection. The half
ovaries from one ear formed an RNA replicate. Each
ovary half was sectioned into stigma, transmitting and
base tissue. Tissue disruption of plant and fungal tissues
was carried out using 2 mm RNase-free steel balls
(Spheric Transfer). RNA was prepared using the Trizol
(Invitrogen) method. RNA was DNase treated (Qiagen)
and then cleaned using RNeasy 96-well columns, before
quantification using nanodrop. RNA integrity was
assessed using a Shimadzu MultiNA in order to select 3
of the 5 replicates RNA samples for Illumina TruSeq library preparation.
Three replicate RNAseq libraries were made of the
Mock- and Cp-inoculated wheat ovaries for each of the
three tissues - stigma, transmitting and base tissues, at
each time point. For stigma viable tissue was not available beyond 24H. RNAseq libraries were also made from
ungerminated C. purpurea conidia (two replicates) and
C. purpurea mycelium grown in vitro (three replicates).
RNAseq libraries were prepared and sequenced by
Source Bioscience (www.sourcebioscience.com): mRNA
was isolated using Illumina poly-T oligo-attached magnetic beads, undergoing two rounds of purification. The
mRNAs were fragmented and primed with random hexamers for cDNA synthesis. Libraries were prepared in
accordance with the Illumina TruSeq RNA sample preparation guide (November 2010, rev. A) for Illumina
Single-End Multiplexed Sequencing. Libraries were
pooled and run on two flow cells.
Bioinformatics pipeline: pre-processing

Quality checking of fastq files was performed using
FastQC [82]. Adapter sequences were removed using
FASTX clipper [83] (parameters: –M 15 –l 20 –a <
adapter sequence>). Sequence ends with quality scores
of less than 20 were trimmed and sequences shorter
than 35 were removed (parameters: –t 20 –l 35) using
FASTQ Quality Trimmer [83].
Genome-guided assembly

The bread wheat variety Chinese Spring (IWGSC RefSeq
v1; URGI INRA) cDNA version 1 and the C. purpurea
cDNA (Ensembl release 35) were merged to form a transcriptome fasta reference sequence. Both Mock- and Cpinoculated reads were aligned against this indexed reference sequence using bowtie2 with the default parameters
[84]. Using SAMtools alignment files were converted in
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binary format (command: view –b) [85] and reads with
low mapping quality (option: view –b –q 5) and PCR
duplicates (option: rmdup) were removed [53] Percentage alignment results are provided in Additional file 1
(Table S1). The average proportion of reads removed
across all libraries was 0.0093%.
Cross-mapping check

As the pipeline involved the merging of the wheat IWGS
C RefSeq v1 and C. purpurea cDNA reference (Ensembl
release 35) sequences we checked whether there was reciprocal mapping of reads between the wheat and C.
purpurea transcriptomes. We mapped all Mockinoculated wheat sample reads to the C. purpurea reference sequence. Likewise, we mapped C. purpurea reads
(two reps of conidia-only and two reps of media-grown
C. purpurea mycelium) to the wheat transcriptome reference sequence. Removal of low-quality reads and mapping were performed as described above. After removal
of low-quality reads and PCR duplicates, we calculated
the percentage alignment of wheat reads mapping to the
C. purpurea transcriptome and the C. purpurea reads
mapping to the wheat transcriptome reference
sequences.
De novo assembly of unmapped Claviceps purpurea reads

The percentage alignment of reads mapping to the combined wheat-C. purpurea reference transcriptome
dropped at the 5D and 7D timepoints, which we speculated was due to a lack of coverage within the C. purpurea cDNA (Ensembl release 35) reference
transcriptome. To generate a C. purpurea reference
transcriptome more suited to the isolate used in this
study we performed de novo assembly using Trinity.
Reads from the ungerminated C. purpurea conidia (2
reps) and C. purpurea grown on artificial media (3 reps)
libraries were mapped to the C. purpurea cDNA
(Ensembl release 35) transcriptome references. Unmapped reads were extracted using SAMtools (command: view -b -f 4). Read duplicates were tagged and
removed using GATK (option: MarkDuplicates [86]; and
PRINSEQ (option: derep) [87] respectively. This aimed
to reduce memory space and increase calculation speed.
This resulted in 1.33 M reads in fastq format. Trinity
was used to perform de novo assembly using the default
kmer length equivalent to 25 (options: --bflyHeapSpaceMax –bflyHeapSpaceInit –bflyCalculateCPU). After assembly, contigs with no predicted open-reading frame
(ORF) were dropped using a web-based ORF predictor
[88]. C. purpurea cDNA (Ensembl release 35) and the de
novo assembled references were merged to form a new
C. purpurea reference transcriptome. Reads from all the
wheat-C. purpurea libraries were remapped to the
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combined wheat IWGSC RefSeq v1 and new C. purpurea reference transcriptome.
Read count quantification and differential gene
expression analysis

Quantification of read counts contained within the alignment bam files was performed using Salmon’s
alignment-based mode (parameters: --biasCorrect
--useErrorModel) [89]. The annotation name and the
number of reads columns generated by Salmon were extracted and a count data matrix created using R (in
Linux). Rows with low read counts (R command: rowSums (CD@data) > ncol (CD)) were removed to reduce
object size and increase calculation speed. Histograms
were created before and after the removal of near-zero
read counts or low expressed isoforms to assess the distribution curve of the datasets.
To normalize datasets with respect to library size, library scaling factors were calculated using baySeq
trimmed mean of M-values (TMM) [90]. MA plots
(where M is the difference in log expression values and
A is the average [91]; were created and used to determine if the normalization procedure was adequate with
respect to library size. Loess regression curves [92] were
plotted to determine whether the normalization step had
“centered” the MA plots.
Pairwise, cross-conditional differential gene expression
analysis between Cp- and Mock-inoculated samples was
performed using baySeq [93–95]. The average normalized read counts of all replicates of each tissue by time
point sample were calculated, incremented by 1 to avoid 0
denominators in subsequent analyses. Expression ratios
were obtained by dividing the average normalized counts
of the Cp- over the Mock-inoculated samples (Treatment/
Control or T/C), generating log (base 2) ratio or fold
changes (FC). Genes are considered to be statistically differentially expressed between Cp- and Mock-inoculated
treatments when they exhibit a FC ≥ 2 (or |log2FC| ≥1) at
a false discovery rate (FDR) p-value correction < 0.05, and
showed an absolute difference > 10 [96].
Customised heatmaps and boxplots were produced
using R to visualise gene expression across tissues and
time points. Fitted regression lines were superimposed
onto the boxplots to facilitate interpretation of gene expression patterns across time.
Annotation of differentially expressed genes

The genes that were found to be differentially expressed
in the stigma, transmitting or base tissues, at one or
more time points, were annotated using Blast2go (http://
www.blast2go.com/b2ghome). For functional annotation
the genes were aligned against the National Centre of
Biotechnology Information (NCBI) nr protein database.
The blastx function was used to search gene sequences
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against the Swiss-Prot protein database, with the e-value
cut-off set at 1e− 5. Gene names were assigned based on
the top Blastx hit, having the highest similarity score.
Genes related to hormone pathways, defence and photosynthesis were further, manually explored based on the
names that had been assigned to them during annotation. The functions of these potential genes of interest
were investigated through manual searches of scientific
literature databases.
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Additional file 1: Fig. S1: MA plots for wheat transcripts at 10 mins, 1 h
and 24 h. Loess curves (red/blue) were drawn along with the line of
symmetry at M = 0 (yellow). The blue Loess curve are smoothened curves
set at family = “symmetric”. The red is a regular Loess curve (M ~ A). In
some figures, only one line is visible since two/all curves may overlap.
Fig. S2: MA plots for wheat transcripts at 48 h, 72 h, 5 days, and 7 days.
Loess curves (red/blue) were drawn along with the line of symmetry at
M = 0 (yellow). The blue Loess curve are smoothened curves set at
family = “symmetric”. The red is a regular Loess curve (M ~ A). In some
figures, only one line is visible since two/all curves may overlap. To
demonstrate the asymmetric distribution of points, MA plots were
generated using both wheat (blue arrow) and C. purpurea (red)
transcripts. Table S1: Percentage alignment rates of pair-end reads from
114 Mock and Cp-inoculated libraries against the International Wheat
Genome Sequencing Consortium (IWGSC) wheat genomic reference from
wheat variety Chinese Spring [30]. Table S2: Table of all hormoneassociated genes differentially expressed in base tissue. Red represents
up-regulated genes and green down-regulated genes. A schematic representation of the stages of Claviceps purpurea development in the wheat
ovary at each time point is shown at the top of the table. Table S3:
Table of all hormone-associated genes differentially expressed in transmitting tissue. Red represents up-regulated genes and green downregulated genes. A schematic representation of the stages of Claviceps
purpurea development in the wheat ovary at each time point is shown at
the top of the table. Table S4: Table of all hormone-associated genes differentially expressed in stigma tissue. Red represents up-regulated genes
and green down-regulated genes. A schematic representation of the
stages of Claviceps purpurea development in the wheat ovary at each
time point is shown at the top of the table. Table S5: Table of all
defence-related genes differentially expressed in stigma tissue. Red represents up-regulated genes and green down-regulated genes. A schematic
representation of the stages of Claviceps purpurea development in the
wheat ovary at each time point is shown at the top of the table. Table

Page 17 of 20

S6: Table of all defence-related genes differentially expressed in transmitting tissue. Red represents up-regulated genes and green downregulated genes. A schematic representation of the stages of Claviceps
purpurea development in the wheat ovary at each time point is shown at
the top of the table. Table S7: Table of all defence-related genes differentially expressed in base tissue. Red represents up-regulated genes and
green down-regulated genes. A schematic representation of the stages
of Claviceps purpurea development in the wheat ovary at each time point
is shown at the top of the table.
Additional file 2 Wheat genes differentially expressed in stigma tissue
at time points 1 and 24 h after inoculation with Claviceps purpurea.
Additional file 3 Wheat genes differentially expressed in transmitting
tissue at time points 24, 48 and 72 h, and 5 and 7 days after inoculation
with Claviceps purpurea.
Additional file 4 Wheat genes differentially expressed in base tissue at
time points 24, 48 and 72 h, and 5 and 7 days after inoculation with
Claviceps purpurea.
Additional file 5 Heatmaps of hormone-associated differentially
expressed genes (DEG) across time points and tissues. DEG are defined
by functional categories: Each figure shows the hormone-associated
genes differentially up-regulated (log2 fold change in red) or downregulated (in green) in wheat inoculated with Claviceps purpurea, relative
to Mock-inoculated wheat, in stigma (S), transmitting (T) and base (B) tissues of the wheat ovary, at timepoints after inoculation: 24 h (24H), 48 h
(48H), 72 h (72H), 5 days (5D) and 7 days (7D). Figure (a) Auxin-related
genes ((Categories from top to bottom: Auxin/indole-3-acetic acid (AUX/
IAA), Glycoside Hydrolase 3 (GH3), small Auxin-Up RNAs (SAURs)). Figure
(b) Ethylene-related genes ((Categories from top to bottom: 1Aminocyclopropane-1-carboxylate oxidase (ACO), 1-Aminocyclopropane1-carboxylate synthase (ACS), Ethylene responsive transcription factors
(ERF)). Figure (c) Cytokinin-related genes ((Categories from top to bottom:
cytokinin riboside 5′-monophosphate phosphoribohydrolase (CK 5′), cytokinin specific glycosyltransferases (CK glyc), cytokinin oxidase/dehydrogenase (CKX)). Figure (d) Gibberellic acid-related genes ((Categories from
top to bottom: DELLA, gibberellin 2-beta-oxidase (Gibber 2-beta), GAINSENSITIVE DWARF1 (GID1)). Figure (e) Jasmonic acid-related genes
((Categories from top to bottom: TIFY transcription factors (TIFY TF), allene
oxide synthase (AOS), coronatine-insensitive 1 (COI1), Novel INteractor of
JAZ (NINJA), 12-oxophytodienoate reductase (OPR)). Figure (f) Salicylic
acid-related genes ((Categories: NON-EXPRESSOR OF PR3 (NPR3)). Traes
number refers to the gene annotation provided by the International
Wheat Genome Sequencing Consortium (IWGSC) wheat genomic reference from wheat variety Chinese Spring [30].(PPTX 7966 kb)
Additional file 6 Heatmaps of defence-related differentially expressed
genes (DEG) across time points and tissues. DEG are defined by functional categories: Each figure shows the defence-related genes differentially up-regulated (log2 fold change in red) or down-regulated (in green)
in wheat inoculated with Claviceps purpurea, relative to Mock-inoculated
wheat, in stigma (S), transmitting (T) and base (B) tissues of the wheat
ovary, at timepoints after inoculation: 24 h (24H), 48 h (48H), 72 h (72H), 5
days (5D) and 7 days (7D). Figure (a) NBS-LRR class proteins (functional
categories from top to bottom: RGA1, RGA2, RGA3, RPM1, RPP13, RPP8,
RPS2, NBS-LRR). Figure (b) Receptor protein kinases ()functional categories
from top to bottom: CBL-interacting protein kinases (CIPK), Cysteine-rich
receptor-like kinases (CRKs), Flagellin-sensing 2 (FLS2), GTPase activating
1, Lectin receptor kinases (LecRK), Mitogen-activated kinase (MAPK),
serine/threonine kinases (STKs)). Figure (c) Antifungal proteins ((functional
categories from top to bottom: Bowman-Birk type trypsin inhibitor (BBI),
beta purothionins, chitin elicitor-binding, chitinase, Cytochrome P450,
Defensins, Glycine-rich proteins (GRPs), non-specific lipid transfer proteins
(nsLTPs), polygalacturonase inhibiting protein (PGIP), plant-pathogenesis
proteins (PPP)). Figure (d) Endocytosis/Exocytosis related proteins. Figure
(e) Transcription factors. Figure (f) Programmed cell death related genes
((functional categories from top to bottom: Accelerated Cell Death 11
(ACD11), hexokinase (HXK), Harpin induced protein (HIN1), metacaspase,
polyamine oxidase (PAO), polyphenol oxidase (PPO), Potassium transporter (PT), subtilisin-like proteases (SLP)). Traes number refers to the
gene annotation provided by the International Wheat Genome
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Sequencing Consortium (IWGSC) wheat genomic reference from wheat
variety Chinese Spring [30].(PPTX 9371 kb)
Acknowledgements
We thank Vick Fanstone for her assistance with the C. purpurea inoculation
and sampling of wheat flowers, and Steve Bentley for supplying the male
sterile wheat line.
Authors’ contributions
AG carried out all inoculations, sampling, floral tissue preparations and RNA
extractions. PG performed the microscopy analyses. The bioinformatics
analyses, with the exception of gene annotation, were carried out by NE. ET
carried out the gene annotations and interpreted the RNAseq data. ACR
assisted with figure development. LAB and DOS managed the project and
made substantial contributions to the interpretation of the data and drafting
of the manuscript. All authors read and approved the final manuscript.

Page 18 of 20

6.

7.

8.

9.

10.
Funding
The work was funded by the Biotechnology and Biological Sciences
Research Council (BBSRC) and the Department for Environment Food and
Rural Affairs (Defra) Government Partnership Award (BB/GO20418/1) entitled
“Integrated transcriptome and genetic analysis of early events determining
tissue susceptibility in the Claviceps purpurea—wheat interaction” to DOS
and AG. The funding bodies had no role in the design of the study and
collection, analysis, and interpretation of data and in writing the manuscript.
Availability of data and materials
The datasets generated and analysed during the current study are available
at ArrayExpress, Accession Number E-MTAB-9799. http://www.ebi.ac.uk/
arrayexpress/help/FAQ.html#cite).

11.
12.

13.

14.

Declarations

15.

Ethics approval and consent to participate
Not applicable.

16.

Consent for publication
Not applicable.

17.

Competing interests
The authors declare that they have no competing interests.

18.

Author details
1
NIAB, 93 Lawrence Weaver Road, Cambridge CB3 0LE, UK. 2Department of
Plant Sciences, University of Cambridge, Downing Street, Cambridge CB2
3EA, UK. 3Philippine Genome Center, Plant Physiology Laboratory, Institute of
Plant Breeding, University of the Philippines, Los Baños, Laguna, The
Philippines. 4Present Address: Microsoft Research, 21 Station Road,
Cambridge CB1 2FB, UK. 5School of Agriculture, Policy and Development,
University of Reading, Whiteknights, Reading RG6 6AR, UK.

19.

Received: 24 November 2020 Accepted: 7 June 2021

References
1. Tudzynski P, Scheffer J. Claviceps purpurea: molecular aspects of a unique
pathogenic lifestyle. Mol Plant Pathol. 2004;5(5):377–88. https://doi.org/1
0.1111/j.1364-3703.2004.00237.x.
2. Menzies JG, Turkington TK. An overview of the ergot (Claviceps purpurea)
issue in western Canada: challenges and solutions. Can J Plant Pathol. 2015;
37:40–51. https://doi.org/10.1080/07060 661.2014.98652 7.
3. Tudzynski P, Correia T, Keller U. Biotechnology and genetics of ergot
alkaloids. Appl Microbiol Biotechnol. 2001;57(5–6):593–605. https://doi.org/1
0.1007/s002530100801.
4. Beuerle T, Benford D, Brimer L, Cottrill B, Doerge D, Dusemund B, et al. EFSA
panel on contaminants in the food chain (CONTAM). Scientific opinion on
Ergot alkaloids in food and feed. EFSA J. 2012;10:2798–956. https://doi.org/1
0.2903/j.efsa.2012.2798.
5. Byrd N, Slaiding IR, AHDB Project report No. 578 Final Project Report:
Monitoring of mycotoxins and other contaminants in UK cereals used in

20.

21.

22.

23.
24.

25.

26.

malting, milling and animal feed. 2017. https://ahdb.org.uk/final-projectreport-contaminants-monitoring-150517. Accessed 6 Feb 2020.
MacDonald SJ, Anderson WAC, AHDB Project Report No. 575 A desk study
to review current knowledge on ergot alkaloids and their potential for
contamination to cereal grains. 2017. https://ahdb.org.uk/a-desk-study-toreview-current-knowledge-on-ergot-alkaloids-and-their-potential-for-conta
mination-to-cereal-grains. Accessed 6 Feb 2020.
Shelby RA. Toxicology of ergot alkaloids in agriculture. In: Kren V, Cvak L,
editors. Ergot toxicology. Amsterdam: Overseas publishers association; 1999.
p. 469–77.
De Costa C. St Anthony's fire and living ligatures: a short history of
ergometrine. Lancet. 2002;359(9319):1768–70. https://doi.org/10.1016/S01406736(02)08658-0.
Gordon A, Delamare G, Tente E, Boyd LA. Determining the routes of
transmission of ergot alkaloids in cereal grains. AHDB Project Report 603.
2019. https://cereals.ahdb.org.uk/media/1479196/pr603-final-project-report.
pdf.
Mette MF, Gils M, Longin FH, Reif JC. Hybrid Breeding in Wheat. In:
Advances in wheat genetics: From Genome to Field. Ed Ogihara, Y. et al.,
2015. DOI: https://doi.org/10.1007/978-4-431-55675-6_24
Tenberge K, Tudzynski P. Early infection of rye ovaries by Claviceps purpurea
is inter-and intracellular. BioEng Sondernr. 1994;10:22.
Tenberge KB. Ergot—the genus Claviceps. In: Kven C, editor. Biology and
life strategy of the ergot fungi. The Netherlands: Harwood Academic
publishers; 1999. p. 25–56.
Swan DJ, Mantle PG. Parasitic interactions between Claviceps purpurea
strains in wheat and an acute necrotic host response. Mycol Res. 1991;95(7):
807–10. https://doi.org/10.1016/S0953-7562(09)80042-7.
De Jonge R, van Esse HP, Kombrink A, Shinya T, Desaki Y, Bours R, et al.
Conserved fungal LysM effector Ecp6 prevents chitin-triggered immunity in
plants. Science. 2010;329(5994):953–5. https://doi.org/10.1126/science.11
90859.
Kazan K, Lyons R. Intervention of phytohormone pathways by pathogen
effectors. Plant Cell. 2014;26(6):2285–309. https://doi.org/10.1105/tpc.114.12
5419.
Jones JDG, Dangl JL. The plant immune system. Nature. 2006;444(7117):
323–9. https://doi.org/10.1038/nature05286.
Dodds PN, Rathjen JP. Plant immunity: towards an integrated view of plant–
pathogen interactions. Nat Rev Genet. 2010;11(8):539–48. https://doi.org/1
0.1038/nrg2812.
Eulgem T, Somssich IE. Networks of WRKY transcription factors in defense
signaling. Curr Opin Plant Biol. 2007;10(4):366–71. https://doi.org/10.1016/j.
pbi.2007.04.020.
Grant M, Lamb C. Systemic immunity. Curr Opin Plant Biol. 2006;9(4):414–20.
https://doi.org/10.1016/j.pbi.2006.05.013.
Kunkel BN, Brooks DM. Cross talk between signaling pathways in pathogen
defense. Curr Opin Plant Biol. 2002;5(4):325–31. https://doi.org/10.1016/s13
69-5266(02)00275-3.
Ding X, Cao Y, Huang L, Zhao J, Xu C, Li X, et al. Activation of the Indole-3acetic acid–Amido Synthetase GH3-8 suppresses Expansin expression and
promotes salicylate- and Jasmonate-independent basal immunity in Rice.
Plant Cell. 2008;20(1):228–40. https://doi.org/10.1105/tpc.107.055657.
Navarro L, Bari R, Achard P, Lisón P, Nemri A, Harberd NP, et al. DELLAs
control plant immune responses by modulating the balance of jasmonic
acid and salicylic acid signaling. Curr Biol. 2008;18(9):650–5. https://doi.org/1
0.1016/j.cub.2008.03.060.
Hou X, Lee LYC, Xia K, Yan Y, Yu H. DELLAs modulate jasmonate signaling
via competitive binding to JAZs. Developmental cell. 2010;19(6):884–94.
Tanaka N, Matsuoka M, Kitano H, Asano T, Kaku H, Komatsu S. gid1, a
gibberellin-insensitive dwarf mutant, shows altered regulation of
probenazole-inducible protein (PBZ1) in response to cold stress and
pathogen attack. Plant Cell Environ. 2006;29(4):619–31. https://doi.org/1
0.1111/j.1365-3040.2005.01441.x.
Qin X, Liu JH, Zhao WS, Chen XJ, Guo ZJ, Peng YL. Gibberellin 20-oxidase
gene OsGA20ox3 regulates plant stature and disease development in rice.
Mol Plant-Microbe Interact. 2013;26(2):227–39. https://doi.org/10.1094/MPMI05-12-0138-R.
Yang F, Li W, Jørgensen HJ. Transcriptional reprogramming of wheat and
the hemibiotrophic pathogen Septoria tritici during two phases of the
compatible interaction. PLoS One. 2013;8(11):e81606. https://doi.org/10.13
71/journal.pone.0081606.

Tente et al. BMC Plant Biology

(2021) 21:316

27. Rudd JJ, Kanyuka K, Hassani-Pak K, Derbyshire M, Andongabo A, Devonshire
J, et al. Transcriptome and metabolite profiling of the infection cycle of
Zymoseptoria tritici on wheat reveals a biphasic interaction with plant
immunity involving differential pathogen chromosomal contributions and a
variation on the hemibiotrophic lifestyle definition. Plant Physiol. 2015;
167(3):1158–85. https://doi.org/10.1104/pp.114.255927.
28. Foroud N, Ouellet T, Laroche A, Oosterveen B, Jordan M, Ellis B, et al.
Differential transcriptome analyses of three wheat genotypes reveal
different host response pathways associated with Fusarium head blight and
trichothecene resistance. Plant Pathol. 2012;61(2):296–314. https://doi.org/1
0.1111/j.1365-3059.2011.02512.x.
29. Zhang H, Yang Y, Wang C, Liu M, Li H, Fu Y, et al. Large-scale transcriptome
comparison reveals distinct gene activations in wheat responding to stripe
rust and powdery mildew. BMC Genomics. 2014;15(1):898. https://doi.org/1
0.1186/1471-2164-15-898.
30. The International Wheat Genome Sequencing Consortium (IWGSC), et al.
Science. 2018;17(361):eaar7191. https://doi.org/10.1126/science.aar7191
Available online at: https://wheat-urgi.versailles.inra.fr/.
31. Tominaga M, Ito K. The molecular mechanism and physiological role of
cytoplasmic streaming. Curr Opin Plant Biol. 2015;27(10):104–10. https://doi.
org/10.1016/j.pbi.2015.06.017.
32. Adams J, Kelso R, Cooley L. The kelch repeat superfamily of proteins:
propellers of cell function. Trends Cell Biol. 2000;10(1):17–24. https://doi.
org/10.1016/s0962-8924(99)01673-6.
33. Liu J, Whitham S. Overexpression of a soybean nuclear localized type-III
DnaJ domain-containing HSP40 reveals its roles in cell death and disease
resistance. Plant J. 2013;74(1):110–21. https://doi.org/10.1111/tpj.12108.
34. Essmann J, Schmitz-Thom I, Schön H, Sonnewald S, Weis E, Scharte J. RNA
interference-mediated repression of cell wall invertase impairs defense in
source leaves of tobacco. Plant Physiol. 2008;147(3):1288–99. https://doi.
org/10.1104/pp.108.121418.
35. Leyser O. Auxin Signaling. Auxin Signaling Plant Physiol. 2018;176(1):465–79.
https://doi.org/10.1104/pp.17.00765.
36. Yang SF, Hoffman NE. Ethylene biosynthesis and its regulation in higher
plants. Annu Rev Plant Physiol. 1984;35(1):155–89. https://doi.org/10.1146/a
nnurev.pp.35.060184.001103.
37. Stepanova AN, Alonso JM. Ethylene signalling and response pathway: a
unique signalling cascade with a multitude of inputs and outputs. Physiol
Plant. 2005;123(2):195–206. https://doi.org/10.1111/j.1399-3054.2005.00447.x.
38. Wang J, Ma XM, Kojima M, Sakakibara H, Hou BK. N-glucosyltransferase
UGT76C2 is involved in cytokinin homeostasis and cytokinin response in
Arabidopsis thaliana. Plant Cell Physiol. 2011;52(12):2200–13. https://doi.
org/10.1093/pcp/pcr152.
39. Kurakawa T, Ueda N, Maekawa M, Kobayashi K, Kojima M, Nagato Y, et al.
Direct control of shoot meristem activity by a cytokinin-activating enzyme.
Nature. 2007;445(7128):652–5. https://doi.org/10.1038/nature05504.
40. Fleet CM, Sun TP. A DELLAcate balance: the role of gibberellin in plant
morphogenesis. Curr Opin Plant Biol. 2005;8(1):77–85. https://doi.org/10.101
6/j.pbi.2004.11.015.
41. Hirano K, Ueguchi-Tanaka M, Matsuoka M. GID1-mediated gibberellin
signaling in plants. Trends Plant Sci. 2008;13(4):192–9. https://doi.org/10.101
6/j.tplants.2008.02.005.
42. Katsir L, Schilmiller AL, Staswick PE, He SY, Howe GA. COI1 is a critical
component of a receptor for jasmonate and the bacterial virulence factor
coronatine. Proc Natl Acad Sci. 2008;105(19):7100–5. https://doi.org/10.1073/
pnas.0802332105.
43. Bai Y, Meng Y, Huang D, Qi Y, Chen M. Origin and evolutionary analysis of
the plant-specific TIFY transcription factor family. Genomics. 2011;98(2):128–
36. https://doi.org/10.1016/j.ygeno.2011.05.002.
44. Grant M, Brown I, Adams S, Knight M, Ainslie A, Mansfield J. The RPM1 plant
disease resistance gene facilitates a rapid and sustained increase in cytosolic
calcium that is necessary for the oxidative burst and hypersensitive cell death.
Plant J. 2001;23(4):441–50. https://doi.org/10.1046/j.1365-313x.2000.00804.x.
45. Afzal AJ, Wood AJ, Lightfoot DA. Plant receptor-like serine threonine kinases:
roles in signaling and plant defense. Mol Plant-Microbe Interact. 2008;21(5):
507–17. https://doi.org/10.1094/MPMI-21-5-0507.
46. Pinot F, Beisson F. Cytochrome P450 metabolizing fatty acids in plants:
characterization and physiological roles. FEBS J. 2011;278(2):195–205. https://
doi.org/10.1111/j.1742-4658.2010.07948.x.
47. Kasprzewska A. Plant chitinases--regulation and function. Cell Mol Biol Lett.
2003;8(3):809–24. 12949620.

Page 19 of 20

48. Pecenkova T, Hala M, Kulich I, Kocourkova D, Drdova E, Fendrych M, et al.
The role for the exocyst complex subunits Exo70B2 and Exo70H1 in the
plant-pathogen interaction. J Exp Bot. 2011;62(6):2107–16. https://doi.org/1
0.1093/jxb/erq402.
49. Kim M, Ahn JW, Jin UH, Choi D, Paek KH, Pai HS. Activation of the
programmed cell death pathway by inhibition of proteasome function in
plants. J Biol Chem. 2003;278(21):19406–15. https://doi.org/10.1074/jbc.M21
0539200.
50. Figueiredo A, Monteiro F, Sebastiana M. Subtilisin-like proteases in plant–
pathogen recognition and immune priming: a perspective. Front Plant Sci.
2014;5:739.
51. Vartapetian AB, Tuzhikov AI, Chichkova NV, Taliansky M, Wolpert TJ. A plant
alternative to animal caspases: subtilisin-like proteases. Cell Death
Differentiation. 2011;18(8):1289–97. https://doi.org/10.1038/cdd.2011.49.
52. Pieterse CM, Van der Does D, Zamioudis C, Leon-Reyes A, Van Wees SC.
Hormonal modulation of plant immunity. Annu Rev Cell Dev Biol. 2012;
28(1):489–521. https://doi.org/10.1146/annurev-cellbio-092910-154055.
53. Oeser B, Kind S, Schurack S, Schmutzer T, Tudzynski P, Hinsch J. Cross-talk of
the biotrophic pathogen Claviceps purpurea and its host Secale cereale.
BMC Genomics. 2017;18(1):273. https://doi.org/10.1186/s12864-017-3619-4.
54. Kind S, Schurack S, Hinsch J, Tudzynski P. Brachypodium distachyon as
alternative model host system for the ergot fungus Claviceps purpurea. Mol
Plant Pathol. 2018;19(4):1005–11. https://doi.org/10.1111/mpp.12563.
55. Zhang Z, Li Q, Li Z, Staswick PE, Wang M, Zhu Y, et al. Dual regulation role
of GH3. 5 in salicylic acid and auxin signaling during Arabidopsispseudomonas syringae interaction. Plant Physiol. 2007;145(2):450–64.
https://doi.org/10.1104/pp.107.106021.
56. Fu ZQ, Yan S, Saleh A, Wang W, Ruble J, Oka N, et al. NPR3 and NPR4 are
receptors for the immune signal salicylic acid in plants. Nature. 2012;
486(7402):228–32. https://doi.org/10.1038/nature11162.
57. Bari R, Jones JD. Role of plant hormones in plant defence responses. Plant
Mol Biol. 2009;69(4):473–88. https://doi.org/10.1007/s11103-008-9435-0.
58. Wang D, Pajerowska-Mukhtar K, Culler AH, Dong X. Salicylic acid inhibits
pathogen growth in plants through repression of the auxin signaling
pathway. Curr Biol. 2007;17(20):1784–90. https://doi.org/10.1016/j.cub.2007.
09.025.
59. Xiao-Wei N, Zheng Z-Y, Feng Y-G, Guo W-Z, Wang X-Y. The Fusarium
graminearum virulence factor FGL targets an FKBP12 immunophilin of
wheat. Gene. 2013;525(1):77–83. https://doi.org/10.1016/j.gene.2013.04.052.
60. Ding L, Xu H, Yi H, Yang L, Kong Z, Zhang L, et al. Resistance to HemiBiotrophic F. graminearum Infection Is Associated with Coordinated and
Ordered Expression of Diverse Defense Signaling Pathways. Plos One. 2011;
6(4):e19008. https://doi.org/10.1371/journal.pone.0019008.
61. Iwai T, Miyasaka A, Seo S, Ohashi Y. Contribution of ethylene biosynthesis
for resistance to blast fungus infection in young rice plants. Plant Physiol.
2006;142(3):1202–15. https://doi.org/10.1104/pp.106.085258.
62. Catinot J, Huang JB, Huang PY, Tseng MY, Chen YL, Gu SY, et al. ETHYLENE
RESPONSE FACTOR 96 positively regulates a rabidopsis resistance to
necrotrophic pathogens by direct binding to GCC elements of jasmonate–
and ethylene-responsive defence genes. Plant Cell Environ. 2015;38(12):
2721–34. https://doi.org/10.1111/pce.12583.
63. Berrocal-Lobo M, Molina A, Solano R. Constitutive expression of ETHYLENERESPONSE-FACTOR1 in Arabidopsis confers resistance to several
necrotrophic fungi. Plant J. 2002;29(1):23–32. https://doi.org/10.1046/j.13
65-313x.2002.01191.x.
64. Glazebrook J. Contrasting mechanisms of defense against biotrophic and
necrotrophic pathogens. Annu Rev Phytopathol. 2005;43(1):205–27. https://
doi.org/10.1146/annurev.phyto.43.040204.135923.
65. Mur LA, Kenton P, Atzorn R, Miersch O, Wasternack C. The outcomes of
concentration-specific interactions between salicylate and jasmonate
signaling include synergy, antagonism, and oxidative stress leading to cell
death. Plant Physiol. 2006;140(1):249–62. https://doi.org/10.1104/pp.105.
072348.
66. Schmülling T, Werner T, Riefler M, Krupková E, Manns IB. Structure and
function of cytokinin oxidase/dehydrogenase genes of maize, rice,
Arabidopsis and other species. J Plant Res. 2003;116(3):241–52. https://doi.
org/10.1007/s10265-003-0096-4.
67. Hinsch J, Vrabka J, Oeser B, Novák O, Galuszka P, Tudzynski P. De novo
biosynthesis of cytokinins in the biotrophic fungus Claviceps purpurea.
Environ Microbiol. 2015;17(8):2935–51. https://doi.org/10.1111/1462-2920.12
838.

Tente et al. BMC Plant Biology

(2021) 21:316

68. Chanclud E, Kisiala A, Emery NR, Chalvon V, Ducasse A, Romiti-Michel C,
et al. Cytokinin production by the rice blast fungus is a pivotal requirement
for full virulence. PLoS Pathogens. 2016;12(2):e1005457. https://doi.org/10.13
71/journal.ppat.1005457.
69. Gordon A, Basler R, Bansept-Basler P, Fanstone V, Harinarayan L, Grant PK,
et al. The identification of QTL controlling ergot sclerotia size in hexaploid
wheat implicates a role for the Rht dwarfing alleles. Theor Appl Genet. 2015;
128(12):2447–60. https://doi.org/10.1007/s00122-015-2599-5.
70. DeYoung BJ, Innes RW. Plant NBS-LRR proteins in pathogen sensing and host
defense. Nat Immunol. 2006;7(12):1243–9. https://doi.org/10.1038/ni1410.
71. Loutre C, Wicker T, Travella S, Galli P, Scofield S, Fahima T, et al. Two
different CC-NBS-LRR genes are required for Lr10-mediated leaf rust
resistance in tetraploid and hexaploid wheat. Plant J. 2009;60(6):1043–54.
https://doi.org/10.1111/j.1365-313X.2009.04024.x.
72. Jayaswall K, Mahajan P, Singh G, Parmar R, Seth R, Raina A, et al.
Transcriptome analysis reveals candidate genes involved in blister blight
defense in tea (Camellia sinensis (L) Kuntze). Sci Rep. 2016;6(1):30412.
https://doi.org/10.1038/srep30412.
73. Collinge DB, Gregersen PL, Thordal-Christensen H. The nature and role of
defence response genes in cereals. In: Belanger RR, Bushnell WR, editors.
The powdery mildews: a comprehensive treatise. St Paul, Minnesota, USA:
APS Press; 2002. p. 146–60.
74. Collins NC, Thordal-Christensen H, Lipka V, Bau S, Kombrink E, Qiu JL, et al.
SNARE-protein-mediated disease resistance at the plant cell wall. Nature.
2003;425(6961):973–7. https://doi.org/10.1038/nature02076.
75. Pandey SP, Somssich IE. The role of WRKY transcription factors in plant immunity.
Plant Physiol. 2009;150(4):1648–55. https://doi.org/10.1104/pp.109.138990.
76. Ambawat S, Sharma P, Yadav NR, Yadav RC. MYB transcription factor genes
as regulators for plant responses: an overview. Physiol Mol Biol Plants. 2013;
19(3):307–21. https://doi.org/10.1007/s12298-013-0179-1.
77. De Coninck B, Cammue BP, Thevissen K. Modes of antifungal action and in
planta functions of plant defensins and defensin-like peptides. Fungal Biol
Rev. 2013;26(4):109–20. https://doi.org/10.1016/j.fbr.2012.10.002.
78. Collinge DB, Kragh KM, Mikkelsen JD, Nielsen KK, Rasmussen U, Vad K. Plant
chitinases. Plant J. 1993;3(1):31–40. https://doi.org/10.1046/j.1365-313X.1993.
t01-1-00999.x.
79. Gordon A, McCartney C, Knox RE, Ereful N, Hiebert CW, Konkin DJ, et al.
Genetic and transcriptional dissection of resistance to Claviceps purpurea in
the durum wheat cultivar greenshank. Theor Appl Genet. 2020;133(6):1873–
86. https://doi.org/10.1007/s00122-020-03561-9.
80. Truernit E, Bauby H, Dubreucq B, Grandjean O, Runions J, Barthelemy J, et al.
High-resolution whole-mount imaging of three-dimensional tissue
organization and gene expression enables the study of phloem
development and structure in Arabidopsis. Plant Cell. 2008;20(6):1494–503.
https://doi.org/10.1105/tpc.107.056069.
81. Hama H, Kurokawa H, Kawano H, Ando R, Shimogori T, Noda H, et al. Scale:
a chemical approach for fluorescence imaging and reconstruction of
transparent mouse brain. Nat Neurosci. 2011;14(11):1481–8. https://doi.org/1
0.1038/nn.2928.
82. Andrews S. FastQC: a quality control tool for high throughput sequence
data. 2010. Available online at: http://www.bioinformatics.babraham.ac.uk/
projects/fastqc. Accessed 17 Aug 2017.
83. Gordon A. FASTX-Toolkit: FASTQ/A short-reads pre-processing tools. 2009.
Available online at: http://hannonlab.cshl.edu/fastx_toolkit/. Accessed 17
Aug 2017.
84. Langmead B, Salzberg S. Fast gapped-read alignment with bowtie 2. Nat
Methods. 2012;9(4):357–9. https://doi.org/10.1038/nmeth.1923.
85. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. 1000
genome project data processing subgroup. The sequence alignment/map
(SAM) format and SAMtools. Bioinformatics. 2009;25(16):2078–9. https://doi.
org/10.1093/bioinformatics/btp352.
86. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al.
The genome analysis toolkit: a MapReduce framework for analyzing nextgeneration DNA sequencing data. Genome Res. 2010;20(9):1297–303.
https://doi.org/10.1101/gr.107524.110.
87. Schmieder R, Edwards R. Quality control and preprocessing of
metagenomic datasets. Bioinformatics. 2011;27(6):863–4. https://doi.org/10.1
093/bioinformatics/btr026.
88. Min XJ, Butler G, Storms R, Tsang A. OrfPredictor: predicting protein-coding
regions in EST-derived sequences. Nucleic Acids Res. 2005;Web Server Issue:
W677–80 http://bioinformatics.ysu.edu/tools/OrfPredictor.html.

Page 20 of 20

89. Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. Salmon provides fast
and bias-aware quantification of transcript expression. Nat Methods. 2017;
14(4):417–9. https://doi.org/10.1038/nmeth.4197.
90. Robinson MD, Oshlack A. A scaling normalization method for differential
expression analysis of RNA-seq data. Genome Biol Method. 2010;11:R25.
https://doi.org/10.1186/gb-2010-11-3-r25.
91. Dudoit S, Yang YH, Callow MJ, Speed TP. Statistical methods for identifying
genes with differential expression in replicated cdna microarray
experiments. Stat Sin. 2002;12(1):111–39.
92. Cleveland WS, Devlin SJ, Grosse E. Regression by local fitting. J Econom.
1988;37(1):87–114. https://doi.org/10.1016/0304-4076(88)90077-2.
93. Hardcastle TJ, Kelly KA. baySeq: Empirical Bayesian methods for identifying
differential expression in sequence count data. BMC Bioinformatics. 2010;11:
422.
94. Hardcastle TJ. baySeq: Empirical Bayesian analysis of patterns of differential
expression in count data (vignette). 2017a. https://www.bioconductor.org/.
Accessed 17 Aug 2017.
95. Hardcastle TJ. Advanced analysis using baySeq; generic distribution
definitions (vignette). 2017b. https://www.bioconductor.org. Accessed 17
Aug 2017.
96. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J R Stat Soc Ser B Stat
Methodol. 1995;57:289–300.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

