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A B S T R A C T   

Necrotic and chlorotic symptoms induced during Pyrenophora teres infection in barley leaves indicate a 
compatible interaction that allows the hemi-biotrophic fungus Pyrenophora teres to colonise the host. However, it 
is unexplored how this fungus affects the physiological responses of resistant and susceptible cultivars during 
infection. To assess the degree of resistance in four different cultivars, we quantified visible symptoms and fungal 
DNA and performed expression analyses of genes involved in plant defence and ROS scavenging. To obtain 
insight into the interaction between fungus and host, we determined the activity of 19 key enzymes of carbo-
hydrate and antioxidant metabolism. The pathogen impact was also phenotyped non-invasively by sensor-based 
multireflectance and –fluorescence imaging. 

Symptoms, regulation of stress-related genes and pathogen DNA content distinguished the cultivar Guld as 
being resistant. Severity of net blotch symptoms was also strongly correlated with the dynamics of enzyme ac-
tivities already within the first day of infection. In contrast to the resistant cultivar, the three susceptible cultivars 
showed a higher reflectance over seven spectral bands and higher fluorescence intensities at specific excitation 
wavelengths. The combination of semi high-throughput physiological and molecular analyses with non-invasive 
phenotyping enabled the identification of bio-signatures that discriminates the resistant from susceptible 
cultivars.   

1. Introduction 

Barley (Hordeum vulgare) is one of the most important cereal crops 
worldwide, being used for animal feed and human food [1]. Pyrenophora 
teres is the causal agent of net blotch of barley and is classified into two 
different forms: P. teres f. teres and P. teres f. maculata, causing the net 
type and the spot type of net blotch, respectively [2]. P. teres f. teres is a 
hemi-biotrophic pathogen that initiates infection as a biotroph, but 
rapidly turns necrotrophic [3,4]. Like other stubble-borne diseases, net 
blotch is an economically very important disease that causes yield losses 
of barley in most barley-growing areas worldwide. 

Fungal infections in plants affect the physiology of the interaction 
partners profoundly, i.e. the gene expression profiles, primary meta-
bolism, oxidative stress and modulation of signalling pathways [5–7]. It 

is well known that biotrophic pathogens dramatically affect the physi-
ology of host plants by altering the carbohydrate status of the infected 
plant [8,9]. However, it is still unknown whether this is also the case for 
the hemi-biotrophic fungi such as P. teres. Carbohydrates not only 
function as the main energy and carbon source, but also as signalling 
factors [10,11] that can interact with hormone signalling and deliver 
nutrients and necessary compounds to the fungus [12,13]. For example, 
various sugar signalling molecules from the sucrolytic, glycolysis, su-
crose biosynthesis, oxidative pentose phosphate and starch pathways 
play a pivotal role in integrating sugar and defence signalling [11, 
14–18]. 

Carbon exchange between plants and virulent biotrophic fungi and 
in mycorrhizal interactions are well understood [6,8,19], but those 
initiated by P. teres infection remain to be addressed. For the successful 
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colonisation and invasion by hemi-biotrophic fungi, necrosis and chlo-
rosis of plant tissue is correlated with a compatible interaction [2]. Both 
plant and pathogen compete for utilizing the host sugar metabolic ma-
chinery and in turn promote incompatible or compatible responses [18]. 
Among those, the chlorosis surrounding necrotic lesions is often asso-
ciated with changes of the carbohydrate metabolism and the flux of 
sugars between host and pathogen [20–22]. In compatible interactions, 
ineffective defence responses and carbon deprivation increase the 
availability of soluble nutrients to the fungus before plant death. Thus, 
the fungus influences the plant metabolism and can indirectly regulate 
its gene expression [23,24], among others with the aim to manipulate 
host immunity and physiology to favour pathogen colonisation and 
establishment a compatible interaction. Thus, P. teres has been shown to 
produce a proteinaceous effector that triggers susceptibility. It was 
shown that a single dominant gene(s) on chromosome 6H in barley 
controls sensitivity to the pathogen [25,26] in an inverse gene-for-gene 
manner [27] discussed to result in necrotrophic-effector triggered sus-
ceptibility. By contrast, dominant resistance against P. teres is for 
instance achieved in the barley line CI5791. Here, resistance seems to 
follow the gene-for-gene model and to represent a resistance gene-
–avirulance gene interaction early in the infection process as recently 
reported by Tamang et al. [28]. 

The essential aspects of defence mechanisms in plants include 
receiving signals of pathogen invasion, signal perception and trans-
duction, and responses to the pathogen, the latter of which involves 
extensive changes in cellular metabolism and altered gene expression 
[29,30]. Therefore, several gene products are involved in the plant 
defence mechanisms. For example, modifications of the plant cell wall to 
block diffusion of nutrients to pathogens as well as pathogenesis-related 
proteins (PR-proteins) are important responses to pathogens. These 
genes are known to play roles in plant defence against biotic stresses 
accompanied by tightly regulated antioxidant enzymes. Up-regulation 
of antioxidant defence systems is a general response to oxidative stress 
[31]. Elevated ROS levels could play a key role in hypersensitive 
response (HR) to stop the spread of the pathogen as well as immunizing 
plants [32]. Enhanced internal ROS production early after infection, if 
not counteracted by antioxidants, can have negative effects on cell 
structures and plant metabolism. 

The study of genes and pathways engaged in plant defence against 
fungal pathogens will pave the way for the identification of new resis-
tant genotypes in plant breeding. At early stages of infection, however, 
plant-pathogen interactions are typically asymptomatic and commonly 
studied by using destructive methods. For the early detection of plant 
disease symptoms during breeding, non-invasive phenomics approaches 
with multispectral sensors are useful and enable deeper insights into 
plant physiology [6,9,33,34]. Multispectral imaging of infected plants 
has shown that plant resistance reactions influence the spectral prop-
erties of plants [6,9,35–40]. This way, the plant health status can be 
correlated with spectral shifts according to the fungal development in 
host tissues. Plant phenotyping focusing on the visual range (VIS, 
400− 700 nm) can be correlated with leaf pigment content [41,42], 
whereas the near infrared range (NIR, 750− 1350 nm) shows alterations 
in leaf structure and leaf water content [43]. Recent studies of the 
spectral patterns of host-fungal pathogen interactions concerned for 
instance barley and wheat infected with B. graminis [6,9,44], wheat 
infected with Puccinia triticina and P. striiformis [40,45] and sugar beet 
lines infected with Cercospora beticola [39]. In contrast to 
multi-reflectance measurements, very little has been done to use fluo-
rescent phenotyping to evaluate infectivity of pathogens. Typically, only 
chlorophyll fluorescence was assessed [46–49]. 

This study is the first to demonstrate the degree of P. teres infections 
using image-based techniques and semi high-throughput physiological 
phenotyping. In the present study, we establish that P. teres infection 
leads to contrasting spectral signatures and fluctuations of enzyme ac-
tivities in barley cultivars with different degrees of susceptibility to net 
blotch. Here, the infection with P. teres was quantified by relating leaf 

coverage with symptoms to the amount of fungal DNA. To compare the 
reaction to P. teres infection of the four different barely cultivars, Guld, 
Scarlett, MS Bladplet and Rolfi, the dynamics of carbohydrate and 
antioxidant enzyme activities and gene expression profiles of stress- 
related genes were investigated to assess the level of resistance to the 
pathogen in the cultivars. Furthermore, spectral reflectance signatures 
of mock-treated and infected plants were recorded in a high-throughput 
approach from 365 nm to 970 nm along with fluorescence intensity at 
the emission wavelengths of 520, 690 and 740 nm. It turned out that 
fungal infections provoked spectral shifts that gave typical spectral 
signatures for resistant and susceptible cultivars. Altogether, the present 
study provides new insights into the interaction between P. teres and 
barley and elucidates critical time-points of P. teres infection through 
linking reflectance and fluorescence spectra with enzyme profiles and 
gene expression data. 

2. Materials and methods 

2.1. Plant cultivation and inoculation of P. teres 

Spring barley cultivars Guld, Scarlett, MS-Bladplet and Rolfi were 
analysed for infection and symptoms of net blotch after infection with 
the hemi-biotrophic fungus P. teres f. teres, isolate CP2189. These barley 
cultivars were selected based on differential net blotch establishment 
observed in a preliminary test (data not shown), in which Guld was 
resistant, while the other three were susceptible at one week after 
inoculation with P. teres. Four pots per cultivar were prepared for each of 
three sets of experiments, and about 15 seeds per pot were sown in a 
furrow of approx. 1 cm depth running parallel in 2–3 cm distance to one 
edge of 13 × 13 cm square pots filled with commercial substrate 
(Krukväxtjord Lera & Kisel, Hammenhög, Sweden). After sowing, pots 
were soaked with water to saturation and transferred to greenhouse 
conditions with 16 h photoperiod and day/night temperatures of 22/18 
◦C as described before [6]. 

P. teres was grown on grass agar plates (filtrate of 32.5 g/l of boiled 
clover-rich grass fodder pills for cattle and 20 g/l agar) by rubbing plugs 
from grown P. teres plates about 2 weeks prior to infection according to 
Jørgensen et al. [50]. For infection of barley plants, conidia of 2-week- 
old cultures were washed off with sterile deionized water. The conidia 
were counted using a haemocytometer and the spore suspension was 
adjusted to a concentration of 4000 spores/mL. Ten leaf blades of the 
second leaf each from two-week old seedlings were mounted on bent 
Plexiglas plates and then sprayed with the suspension. After inoculation, 
plants (including pots) were wrapped in black plastic bags. The wrapped 
pots were kept under a black-out tent overnight. One day after inocu-
lation, the plants were unwrapped and transferred into the PhenoLab for 
experiment. Water-sprayed plants served as mock controls. Experiments 
in PhenoLab at 22/18 ◦C and a photoperiod of 16 h ran for up to 2 weeks 
after inoculation with automated watering and imaging sessions as well 
as randomization of the pots. For the biochemical and molecular anal-
ysis pooled leaf samples from the PhenoLab were harvested from the 
blackout tent at 8 and 24 h after infection (hai) and again at 48 and 120 
hai, respectively. Harvested samples were snap-frozen in liquid nitrogen 
and stored at − 80 ◦C until further use. 

P. teres infection progress in cultivars were studied in cultivars Guld 
and MS Bladplet. Inoculum of P. teres (4000 conidia/mL) was prepared, 
and inoculation took place as described above. Second leaves were 
sampled at 24 and 48 h after inoculation. At each sampling time, four 
leaves were cleared and examined by light microscopy as described by 
Shetty et al. [51]. For microscopy, leaves were stained with 0.1 % Evans 
blue in lactoglycerol for localisation of fungal structures. At each time 
point, the number of non-germinated conidia was counted on each leaf 
and subsequently, the development of 25 randomly chosen germinated 
conidia was examined (a total of 100 conidia per cultivar per time 
point), using light microscopy. For each germinated conidium, the 
number of appressoria formed were counted as well as how many 
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appressoria caused successful penetration and colonisation. Further-
more, the number of conidia giving in HR and papillae were recorded. 

2.2. Analysis of P. teres infected leaves 

To determine the progression of infection of P. teres and to assess 
quantitative and qualitative colonisation during the P. teres-barley 
interaction, multispectral images were segmented algorithmically, using 
sRGB representations. Pathogen infected area from the symptomatic 
regions were extracted in the VideometerLab software (version 3.12.25, 
Videometer A/S, Herlev, Denmark) [52]. Spectral signatures of pixels 
from diseased regions were used in an nCDA (Normalized Canonical 
Discriminant Analysis) model to transform and segment the ROI of the 
mounted leaves. Percentage symptomatic area was proportional to the 
visible number of pixels depending on the symptom development. The 
phenotyping data (pathogen infected area, reflectance and fluorescence) 
was calculated as the arithmetic averages of the ROI. In addition, per-
centage infected area was calculated for visible symptoms in terms of 
pixel values using the VideometerLab software. The images were ac-
quired in PhenoLab using multireflectance and multifluorescence im-
aging (VideometerLab vision system, Videometer A/S, Herlev, Denmark 
and greenhouse automation by ProInvent, Hørsholm, Denmark). 

Genomic DNA was extracted from mock and infected leaves using the 
Qiagen DNeasy plant DNA extraction kit (Qiagen, CA, USA) according to 
the manufacturer’s instructions. DNA was quantified with Nanodrop 
ND-1000 spectrophotometer (Thermo scientific, MA, U.S.A.) and quality 
were ascertained by resolving on agarose gel electrophoresis. The pro-
liferation of the pathogen was determined by quantitative real-time 
polymerase chain reaction (qRT-PCR) on genomic DNA (gDNA) levels 
using primer sequences of the internally transcribed spacer region (ITS) 
of ribosomal RNA genes of Pyrenophora spp. Specific primer sequences 
for barley-infecting Pyrenophora spp. are listed in Table S4 [53]. Re-
actions for qPCR on gDNA were performed on an ICycler instrument 
(Bio-Rad) using SsoAdvanced™Universal SYBR® Green Supermix 
(Bio-Rad) according to supplier’s instructions using the program; 98 ◦C 
for 3 min, 40 cycles of [15 s at 98 ◦C, 30 s at 60 ◦C]. Following each run a 
melt curve analysis was done in the range 65–95 ◦C with 0.5 ◦C in-
crements in 5 s/step. Ubiquitin gene, was used as internal control for 
normalization. Quantifying the relative changes in DNA content was 
performed using the 2− ΔΔCT method as described by Livak and 
Schmittgen, 2001 [54]. 

2.3. RNA extraction, reverse transcription-polymerase chain reaction and 
semi-quantitative PCR 

The expression profiles of the stress responsive genes SOD2 (super-
oxide dismutase), Chi2a (chitinase), LOX2 (lipoxygenase), TLP8 (Thau-
matin-like protein), PR6 (pathogenesis-related) and PAL (phenylalanine 
ammonia-lyase) stress responsive genes were determined. Total RNA 
was isolated from mock-treated and pathogen-treated leaf samples for 
all the leaf samples at 8, 24, 48 and 120 hai by using the TRItidy G™ 
(AppliChem GmbH, Darmstadt, Germany) and Qiagen RNeasy Plant 
Mini kit (Qiagen) according to the manufacturer’s protocol. RNA was 
quantified with Nanodrop ND-1000 spectrophotometer (Thermo scien-
tific) and RNA quality was ascertained by resolving on agarose gel 
electrophoresis. About 3 μg of DNase-treated RNA was used for the 
synthesis of cDNA using RevertAid and RevertAid H Minus first Strand 
cDNA Synthesis Kit (Thermo Scientific) following the manufacturer’s 
instructions. Equal amounts of cDNA were used for all the genes. The 
gene-specific primers for qRT-PCR analysis were given in Table S4. 
Reactions for qRT-PCR on cDNA were performed on an ICycler instru-
ment (Bio-Rad) using SsoAdvanced™Universal SYBR® Green Supermix 
(Bio-Rad) according to supplier’s instructions using the program; 95 ◦C 
for 30 s, 40 cycles of [15 s at 95 ◦C, 30 s at 60 ◦C]. Following each run a 
melt curve analysis was done in the range 65–95 ◦C with 0.5 ◦C in-
crements in 5 s/step. Three technical replicates of each reaction were 

performed and ubiquitin, as constitutively expressed gene, was used as 
internal control for normalization. Quantifying the relative changes in 
gene expression was performed using the 2− ΔΔCT method as described 
by Livak and Schmittgen, 2001 [54]. 

2.4. Total protein extraction and enzyme activity profiling 

A 96-well microtiter plate (Sarstedt, Nümbrecht, Germany) was used 
for semi-high-throughput analysis of kinetic assay of C enzymes phos-
phoglucose isomerase (PGI), phosphoglucomutase (PGM), UDP-glucose 
pyrophosphorylase (UGPase), ADP-glucose pyrophosphorylase 
(AGPase), glucose-6-phosphate dehydrogenase (G6PDH), aldolase 
(Ald), phosphofructokinase (PFK), fructokinase (FK), hexokinase (HXK), 
cell wall invertases (cwInv), vacuolar invertase (vacInv) and cytosolic 
invertase (cytInv) and A enzymes glutathione reductase (GR), mono-
dehydroascorbate reductase (MDHR), superoxide dismutase (SOD), 
catalase (CAT), dehydroascorbate reductase (DHAR), peroxidase (POX) 
and cell wall peroxidase (cwPOX) with a 2–3 μL protein extract. Enzyme 
extraction was performed as it was previously described by Jammer 
et al. [11]. 

Mock control and infected barley leaves of the four cultivars were 
harvested at 8, 24, 48 and 120 hai (ca 500 mg) and ground in liquid 
nitrogen. Polyvinylpolypyrrolidone (2 mg) was added to weigh material 
of each tube and homogenized in ice cold extraction buffer containing 
40 mM Tris HCl pH 7.6, 1 mM EDTA, 0.1 mM phenylmethane sulfonyl 
fluoride, 1 mM benzamidine, 24 μM NADP and 14 mM β-mercaptoe-
thanol. Samples were mixed thoroughly in a rotary shaker for 30 min at 
4 ◦C and then centrifuged for 10 min at 4 ◦C at 13,500 g. The supernatant 
was used for overnight dialysis against 20 mM phosphate buffer pH 7.4. 
For the extraction of cwInv, vacInv, cytInv and cwPOX activity, the 
pellet was washed three times in MilliQ water from the previous 
centrifugation step and then 1 ml of high salt buffer (40 mM Tris HCl pH 
7.6, 15 mM EDTA, 3 mM MgCl2, 1 M NaCl) was added to the each 
sample and the samples were mixed overnight at 4 ◦C in a rotary shaker. 
The samples where then centrifuged at 4 ◦C for 10 min at 13,500 g and 
the supernatant was dialysed overnight against 20 mM phosphate 
buffer, pH 7.4. Intracellular and cell wall extracts were stored at − 20 ◦C 
until measurement of enzyme activity. Carbohydrate enzyme activities 
were estimated according to the method of Jammer et al. [11]. For the 
estimation of antioxidant enzyme activities, the method of Fimognari 
et al. [55] was followed. Increase or decrease of the specific enzyme 
activities of infected cultivars over mock-control cultivars were calcu-
lated and the obtained values were used for making a heat map 
comparing all cultivars for each enzyme. Green to red colour indicates 
higher to lower specific relative value in P. teres infected individuals 
compared to other cultivars. 

2.5. Multispectral image acquisition, reflectance-fluorescent extraction 
and data analysis 

The second leaves of fourteen-day-old plants were mounted on 
Plexiglas plates, 2–3 days prior to inoculation of the plants. For leaf 
imaging, the second leaves of 10 plants were mounted horizontally and 
not overlapping on a Plexiglas plate using two black fabric-covered 
rubber bands (modified after Jørgensen et al.) [56]; excess plants were 
removed. After inoculation, pots were placed in the PhenoLab fixtures 
with the Plexiglas plate oriented parallel to the imaging station to the 
conveyor system to ensure same image position of the region of interest 
(ROI) in the multispectral imaging. 

Illumination with different wavelengths is based on high power LEDs 
positioned in a light-integrating hemisphere setup with ten spectral 
bands 365, 460, 525, 570, 645, 670, 700, 780, 890 and 970 nm, and a 
spectral resolution of four megapixels, 2056*2056 pixels (PhenoLab 
imaging unit) were used for multispectral high throughput phenotyping 
[6,57]. Extracted multispectral images for each corresponding wave-
length consist of panchromatic images. Quantitative fluorescent 
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imaging was detected with three bandpass filters 520 ± 5 nm, 690 ± 5 
nm and 740 ± 20 nm band-pass filter with two excitation wavelengths at 
365 nm (UVA) and 460 nm (blue) for each filter. Multispectral and 
fluorescent images for randomized plants were acquired daily for 2 
weeks after inoculation. Spectral signatures and fluorescence pixels 
from both the healthy and symptomatic regions were extracted in the 
VideometerLab software. Spectral signatures of pixels from healthy and 
diseased regions were used in an nCDA (Normalized Canonical 
Discriminant Analysis) model to transform and segment the ROI of the 
mounted leaves. The phenotyping data (reflectance and fluorescence) 
was calculated as the arithmetic averages of the ROI. 

2.6. Statistical analysis 

The total number of two to three sets of pooled leaf samples, each 
derived from at least three different pots with three plants (second 
leaves from each plant) per pot, were used for the biochemical or mo-
lecular analyses, i.e. the data are based on 18–27 biological replications, 
respectively. For image analyses, data based on two or three sets of data 
are shown, each set representing the mean values of at least 30 biolog-
ical replications, i.e. the data are based on 60–90 biological replications, 
respectively. Error bars represent either standard deviations or standard 
errors. PCA analysis was performed for the enzyme activity variance 
using RStudio 1.0.153. 

3. Results 

3.1. Symptom development allows to discrimination of resistant from 
susceptible barley cultivars 

For the study, we selected four barley cultivars which, based on 
preliminary assessments, contrasted in their susceptibility. To the isolate 
CP2189, Guld is resistant, while Scarlett, MS Bladplet and Rolfi are 
susceptible. Fig. 1 shows appearance of net-blotch symptoms in pseudo 
RGB images of leaves, the percentage infected leaf area according to 
image analysis and the presence of fungal DNA in the leaves of these 
cultivars. 

Visual observation revealed that symptoms appeared at 4 dai in 
cultivars Scarlett, MS Bladplet and Rolfi and resulted in entire leaf 

necrosis and extensive chlorosis at 9 dai. By contrast Guld showed a 
delayed symptom development, and the dark-brown spots were sur-
rounded by narrow chlorotic haloes (Fig. 1A). Supervised automatic 
image analysis allowed to quantify infected area and detect early 
symptoms. The analysis involved image acquisition, image pre- 
processing, image segmentation, feature extraction and classification 
to achieve unbiased results (Fig. 1B). No differences in infected area 
were found between cultivars at 2 dai. The diseased leaf area in Rolfi was 
larger at 4 dai (16 %) but showed less symptoms at 9 dai (43 %) than MS 
Bladplet (6 % and 56 %) and Scarlett (3 % and 53 %) at 4 and 9 dai, 
respectively. At these time points, Guld still maintained its green 
appearance with the lowest affected leaf area (0.10 % and 5 %). These 
results are promising for the development of a web-based tool that helps 
users to quantify the severity of net-blotch in different cultivars by 
analysing leaf images. 

The microscopic characterisation of P. teres infections is shown in 
Fig. S1A-D and Table S1. The conidia germinated within 24 h with one 
or more germ tubes, on which appressoria were formed. Penetration 
took place direct into the lumen of an epidermal cell and the first 
structure formed was an intracellular vesicle, indicating the biotrophic 
phase of the fungal interaction with the host. The P. teres hyphae 
continued growing out of the initially penetrated cell (Fig. S2B), forming 
an intercellular invading network of hyphae (Fig. S2D), indicating the 
transition to necrotrophic growth. As infection progressed, the tissue 
died and the characteristic net-like pattern of necrotic tissue appeared. 
As a response to infection, the plant produced papillae in the outer 
epidermal wall where the pathogen had attempted penetration 
(Fig. S2C) to try to block fungal ingress. Another response was the 
elicitation of the hypersensitive response (Fig. S2A), where the cell 
underwent programmed cell death (PCD) to stop further colonisation. 
However, the pathogen often outgrew this cell and then spread in the 
tissue. 

To obtain a further measure of infection in addition to symptom 
development, the amount of fungal DNA present in infected leaves was 
determined by gDNA qRT-PCR at 8, 24, 48 and 120 hai using Pyr-
enophora-specific ITS primers. At 8 hai lowest P. teres infection (DNA 
content) was observed; however there was no difference in fungal DNA 
at 24 and 48 hai of the studied cultivars (Fig. 1C). Among the susceptible 
cultivars, the highest level of DNA was found in Scarlett at 8, 24 and 48 

Fig. 1. Time course of disease development on 
P. teres inoculated leaves from barley cultivars 
Guld, Scarlett, MS Bladplet, Rolfi. (A) Pseudo 
RGB images for the disease symptom detection 
of P. teres inoculated barley plants at 2, 4 and 9 
dai. (B) Disease severity expressed as symp-
tomatic leaf area (%) for Guld, MS Bladplet, 
Scarlett and Rolfi at 2, 4 and 9 days after 
inoculation (dai). Diseased area was estimated 
by the VideometerLab software, where every 
pixel value was classified as symptomatic or 
healthy. (C) Comparison of P. teres infection 
based on DNA content using qRT-PCR analysis 
at 8, 24, 48 and 120 h after inoculation (hai) of 
Guld, MS Bladplet, Scarlett and Rolfi cultivars. 
The relative quantity was normalized to mock 
samples. Data represented as log2 value and 
bars indicate standard error based on data from 
27 biological replicates (p < 0.05).   
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hai. In agreement with the pseudo RGB images and percentage of 
infected area (Fig. 1A and B), higher levels of DNA were observed in the 
susceptible cultivars Scarlett, MS Bladplet, and Rolfi than in the resistant 
cultivar Guld at the late stage of infection at 120 hai (Fig. 1C). 

3.2. Expression profiles of stress-related plant genes define molecular 
signatures characteristic for resistant and susceptible barley cultivars 

We hypothesised that differential gene expression is responsible for 
susceptibility and resistance of barley cultivars towards P. teres infec-
tion. Plants respond to fungal attacks by expressing numerous genes, 
some of which are considered to play a major role in defence pathways. 
Genes were selected based on their association with proteins putatively 
involved in general defence responses and scavenging of reactive oxygen 
species. Therefore, we quantified the mRNA accumulation of SOD, 
Chi2a, LOX2, TLP8, PR6 and PAL genes in the four contrasting barley 
cultivars. Gene expression profiles were monitored in the barley–P. teres 
interactions at four time points within 120 hai by qRT-PCR to assign 
genes as being differentially expressed in contrasting cultivars. The 
study was carried out in both mock-treated and P. teres infected cultivars 
at 8, 24, 48 and 120 hai. These time points were selected according to 
the infection process of P. teres in susceptible cultivars. Expression of the 
genes showed an early response already at 8 hai in the resistant cultivar 
Guld (Fig. 2, Table S2) when compared with mock-treated samples. All 
genes, except PR6, were significantly upregulated in infected Guld as 
compared to Scarlett, MS Bladplet and Rolfi at this time point. By 
contrast, at 24 and 48 hai, expression of SOD2, Chi2a, LOX2 and PAL was 
downregulated compared to 8 hai, and again upregulated at 120 hai 
when compared to mock-treated samples. TLP8 exhibited similar 
expression dynamics, but significantly increased expression already at 
48 hai. Only PR6 expression was different, and its mRNA levels gradu-
ally increased over time. In contrast to Guld, expression of all genes in 
the susceptible cultivars Scarlett, MS Bladplet and Rolfi showed a 
delayed response and maintained lower expression levels at 8 hai except 
for PR6 in Rolfi. In these cultivars, transcript levels first increased at 
later time points (Fig. 2). This indicates that P. teres infection leads to a 
pre-invasive defence activation in Guld. 

3.3. Temporal dynamics of carbohydrate and antioxidant enzymes define 
bio-signatures characteristic for resistant and susceptible barley cultivars 

Next, we aimed at getting deeper insights into the disease dynamics 
using semi-high throughput techniques to determine carbohydrate and 
antioxidant enzyme activities after P. teres infection. As carbohydrate 
enzymes, we selected PGI, PGM, UGPase, AGPase, G6PDH, Ald, PFK, FK, 
HXK, cwInv, vacInv and cytInv (Fig. 3A, Table S3). As antioxidant en-
zymes, we selected GR, MDHR, SOD, CAT, DHAR, POX and cwPOX 
(Fig. 3B, Table S3). In contrast to the susceptible cultivars, Guld showed 
a distinct signature of enzyme activities with a rapid increase at 8 hai 
and a subsequent pronounced decrease for both carbohydrate and 
antioxidant enzymes. The carbohydrate enzyme activities were a bit 

higher than in mock at 120 hai, while the antioxidant enzymes stayed 
low (Fig. 3). Exceptions of these trends were the activity of the cell wall 
invertase, which increased over the entire time course, and that of the 
PGI and POX that showed significant increased activity both at 8 hai and 
24 hai in Guld (Fig. 3A-B). The three susceptible cultivars Scarlett, MS 
Bladplet and Rolfi showed similar dynamic patterns in between them, 
but distinct patterns to Guld when comparing the gross activities over 
the time course. The largest difference to Guld was that the susceptible 
cultivars kept an increased level of carbohydrate enzyme activity levels 
at 24 hai. To explore the interaction between the studied cultivars 
further as well as the enzymes activities, a principal component analysis 
was performed. The PCA analysis revealed that the enzyme activities in 
the resistant Guld separated significantly into different clusters, whereas 
the cluster of susceptible cultivars fell into the same cluster (Fig. S2). 

3.4. Spectral signatures discriminate resistant from susceptible barley 
cultivars 

In order to identify early, but subtle changes due to P. teres infection, 
we used the plant phenomics lab and multispectral imaging (PhenoLab). 
We hypothesised that the infection process, which leads to physical and 
biochemical interactions between fungus and host, might provoke 
different spectral signatures in resistant and susceptible cultivars; as 
controls we used mock-treated plants. 

In all studied cultivars, net blotch symptoms appeared already at 2.5 
dai and involved increased reflectance in the visible part of the spec-
trum, i.e. 460–700 nm and slight changes in the near infrared spectrum 
(Figs. 4 and 5). The mock-treated cultivars showed nearly identical 
signatures across the spectrum and during the entire time course 
(Fig. 4A,C,E,G). While reflectance from infected Guld leaves showed a 
continuous decrease or no change in reflectance over seven of ten 
studied wavelengths, reflectance from the leaves of other cultivars 
increased strongly from 4 dai onward, in particular between 460 and 
700 nm (Figs. 4B,D,F,H and S3A-G). In the susceptible cultivars, these 
changes in reflectance came along with several typical net-like disease 
symptoms. 

Green plant organs illuminated with UV- and blue-radiation emit 
autofluorescence in the green, red and far-red spectrum. Blue to green 
fluorescence stems from waxes and lignin, red and far red from chlo-
rophyll. To analyse the differences between mock-treated and infected 
cultivars, fluorescence was measured at the same time points as reflec-
tance, choosing the same filters as Lichtenthaler and Miehé [58], who 
assessed stress responses in plants. The PhenoLab narrow-banded light 
sources allowed to use two excitation wavelengths (365 and 460 nm; 
UV- and blue illumination) and measure fluorescence intensity at three 
emission wavelengths (520, 690 and 740 nm). Fluorescence from the 
mock-treated leaves slightly decreased with leaf age, but did not show 
differences between the contrasting cultivars (Fig. 5A,C). P. teres infec-
tion generally led to a higher fluorescence level at 520 nm from the first 
time point onwards, both with UV and blue excitation. Significant dif-
ferences between the cultivars developed already after 3 dai, where the 

Fig. 2. Relative fold change of gene expression of six stress-responsive genes in barley cultivars Guld, MS Bladplet, Scarlett and Rolfi in response to infection by 
P. teres. Heat map in green to red indicates high to low expression, related to the highest and lowest values of the respective gene. Expression of genes was normalized 
to their respective mock samples at 8, 24, 48 and 120 hai. SOD2: superoxide dismutase; Chi2a: chitinase 2a; LOX2: lipoxygenase 2; TLP8: thaumatin-like protein 8; PR6: 
pathogenicity related gene; PAL: phenylalanine ammonia lyase. Statistics of the expression values is found in Table S2 (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.). 
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susceptible cultivars continued on a high level, while the fluorescence 
intensity from Guld leaves decreased to reach a final level at 12 dai that 
matched the mock control (Fig. 5B,D). There were no larger differences 
at the red emission wavelengths (690 and 740 nm), except for the highly 
susceptible Scarlett which showed higher emission levels than the other 
cultivars at these wavelengths until 3 dai (Fig. S4A-D). Importantly, 
another set of reflectance and fluorescence data, taken with the same 
settings but in different seasons, discriminated the susceptible cultivars 
from the resistant Guld by very similar patterns (Figs. S5–8). 

In conclusion, reflectance between 365 and 700 nm and fluorescence 
at 520 nm were able to discriminate the susceptible cultivars from the 
resistant Guld after 3 dai. The highly susceptible Scarlett stands out with 
high red fluorescence levels in the beginning of the infection process. 
Thus, multispectral and fluorescence imaging is able to identify early 
stress and strain indicators in barley plants. 

4. Discussion 

P. teres causes significant damage worldwide and is considered one of 
the most devastating pathogens in barley. Necrotic and chlorotic 
symptoms formed during net blotch in plant tissue are associated with a 
compatible reaction that allows this hemi-biotrophic fungus to colonise 
the host [2]. Considerable advances in our understanding of P. teres–host 
interactions have led to the identification of effectors and genes involved 
in the interaction between P. teres and host over the past few years [22, 
28,30,59] and elucidated the interplay of pathogen and host genes in the 
arm race between the interaction partner. However, our knowledge of 
the intriguing hemi-biotrophic interaction established between P. teres 
and barley is still limited regarding the early physiological mechanisms 
of resistance. In recent years, remote sensing platforms and crop growth 
simulation models have been emerging as potential tools for monitoring 
growth and disease development in agricultural crops, which are crucial 
for a sustainable agriculture. Because of the dynamic nature of pathogen 
development and the resulting stress response, the focus is on 
non-invasive imaging techniques which allow a temporal resolution and 

monitoring of the same plants throughout the experiment. In this study, 
we link symptom development, high throughput-physiological and 
molecular analyses with non-invasive phenotyping. Specifically, we 
establish that multispectral signatures are suitable to detect net blotch 
development early in the selected barley cultivars with contrasting 
resistance. With this study, we introduce semi high-throughput carbo-
hydrate and antioxidant enzymatic analysis to show the physiological 
basis of disease development over time from the molecular to the entire 
leaf level. 

4.1. Quantification of the infected leaf area 

The highly susceptible cultivars Scarlett, MS Bladplet, and Rolfi 
showed a large increase in diseased leaf area when using supervised 
automatic image analysis for quantification, based on the visible 
symptoms, i.e. necrosis and chlorosis. Guld was resistant to P. teres 
infection and showed only a low level of symptoms. The extent of P. teres 
infection was confirmed by higher fungal DNA content in the susceptible 
cultivars than in the resistant Guld. Non-invasive (non-destructive) 
scoring of necrosis therefore is a reliable parameter when evaluating the 
reaction of barley leaves to pathogens. However, symptom development 
at 12 dai was generally so advanced in the susceptible cultivars that 
scoring of chlorosis and necrosis should take place no later than at 9 dai. 
Non-invasive symptom quantification is useful for detecting pathogen 
symptoms at a very early infection phase, as also pointed out earlier for 
powdery mildew [6,60]. 

4.2. Expression of stress-related genes 

It is well established that increase in the expression of stress-related 
genes plays a significant role in combating biotic stress. This study used 
quantitative RT-PCR to identify proteins that are putatively involved in 
defence against pathogens (Chi2a, LOX2, TLP8, and PR6), general 
defence responses (PAL) and ROS scavenging (SOD2). It has been re-
ported that all these genes are involved in defence during fungal 

Fig. 3. Heat map displaying the effect of P. teres infection of leaves on the specific enzyme signatures of (A) carbohydrate and (B) oxidative stress pathways in barley 
cvs. Guld, Scarlett, MS Bladplet and Rolfi cultivars at 8, 24, 48 and 120 hai. Enzyme activities of the twelve carbohydrate and seven antioxidant scavenging enzymes 
were tested and normalized by protein content. Heat map in green to red compares the average fold change in each enzyme for all cultivars from high to low relative 
activity. Fold changes are related to mock controls. PGI: phosphoglucose isomerase; PGM: phosphoglucomutase; UGPase: UDP-glucose pyrophosphorylase; AGPase: 
ADP-glucose pyrophosphorylase; G6PDH: glucose-6-phosphate dehydrogenase; aldolase; PFK: phosphofructokinase; FK: fructokinase; hexokinase; cwInv: cell wall 
invertases; vacInv: vacuolar invertase; cytInv: cytosolic invertase; GR: glutathione reductase; MDHR: monodehydroascorbate reductase; SOD: superoxide dismutase; 
CAT: catalase; DHAR: dehydroascorbate reductase; POX: peroxidase; cwPOX: cell wall peroxidase cwPOX. The absolute values used for this heatmap with standard 
deviation are given in Table S3 (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.). 
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infection and showed altered expression patterns [2,61]. One of the 
earliest responses observed following pathogen attack is a rapid increase 
in reactive oxygen species (ROS) that accumulate in leaves, known as 
the oxidative burst [62,63]. The current study revealed that susceptible 
cultivars had similar gene expression patterns from early 8 hai to late 
120 hai in contrast to the resistant cultivar Guld. The transcript levels of 
SOD2, Chi2a, LOX2, TLP8 and PAL were different in the resistant cultivar 
Guld, in particular at 8 and 120 hai. Thus, up-regulated transcript levels 
in infected Guld at the early as well as the late stage as compared to 
mock treatment signify distinct temporal differences in resistant culti-
vars and might explain the success in controlling the pathogen. It has 
been reported that the genes involved in pathogen stress were 
down-regulated in susceptible cultivars under biotic stress conditions, 
well in agreement with the current findings. Production and accumu-
lation of pathogenesis-related proteins (PR proteins) are considered 

crucial to plant defence [64–67]. PR proteins participate along-side TLPs 
and chitinases in protein complexes involved in plant defence against 
pathogens [65,68]. Low or moderate expression levels of chitinase, PAL 
and TLP during the P. teres interaction appear to be highly beneficial to 
growth and colonisation of the pathogen. In contrast, increased 
expression and secretion causes serious damage to the pathogen, 
allowing the plant to recognize the pathogen, and triggering plant 
defence cascades [61] (Fig. 2). Thus, we hypothesize that defence may 
be activated early in response to the pathogen providing early resis-
tance, which translates into preventing further proliferation of the 
fungus after penetration and thereby limiting the growth of the lesions. 
Future work will use the differential gene expression profiles in cultivars 
varying in resistance to study the barley-P. teres interactions. 

Fig. 4. Multispectral signatures of mock and P. teres inoculated leaves of barley cultivars, (A, B) Guld, (C, D) Scarlett, (E, F) MS Bladplet, (G, H) Rolfi at 2.5-11 dai. 
Data represent the percentage mean reflectance from 30 biological replicates that were segmented algorithmically using the sRGB representations. 
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4.3. High-throughput enzyme activity profiling 

Early work on the net blotch system identified some interactions 
between the host and pathogen [50,69,70]. More recently, with the 
advent of high-throughput techniques, it became possible to decipher 
the host response more precisely, especially with regards to resistance 
and susceptibility [6], which opens up a much more complex view of the 
host–pathogen interaction in this host-pathogen combination. 

Carbohydrate metabolism plays one of the most important metabolic 
roles in supporting immune responses by providing a rapid source of 
ATP as well as of carbons to fuel anabolic processes [18,71]. Plant cells 
around the site of infection may be reliant on alternative sources of 
carbohydrates to satisfy the increased metabolic demand on infected 
leaf tissue. Carbohydrates not only function as the main energy and 
carbon source, but also as signalling factors [10,72] that can interact 
with hormone signalling [12]. Consequently, the proper regulation of 
carbohydrate production, distribution and allocation is essential for 
plant development and stress responses [11,14,15,73–76]. We have 
achieved a comprehensive knowledge generally over the last decades, 
but so far, nobody has addressed the changes of carbohydrate meta-
bolism in response to P. teres infection. 

This study was undertaken to analyse system biology phenomics of 
defence mechanisms, which can be converted into predictive bio- 
signatures. Invertase isoenzymes, as key sink specific enzymes that 
cleave and transport the sucrose into the hexose monomers, were 
identified as a bio-signatures for early disease detection [14]. In the 
resistant cultivar Guld, all twelve tested enzymes, except vacInv, showed 
higher activity compared to non-inoculated control already at 8 hai. 
Such early phenomena was investigated by Kuska et al. [6]. They have 
shown increase cwInv activities in B. graminis resistant genotypes 
already at 0.5 hai. Early increase in the invertase activity may reduce the 
photosynthesis rate and play a role in hexoses generation which acti-
vates the defence related genes and supply energy for defence response 
and signalling against pathogens [77,78]. Decreased vacInv activity 
especially in the resistant cultivar Guld over the experimental period of 
48 hai may be associated with less pathogenesis. An increase in the 
activity of invertases in P. teres inoculated leaves will have several 
consequences. To make necessary carbohydrates available, the pathogen 
will reduce the activity of ribulose-1,5-bisphosphate carboxylase/ox-
ygenase (RuBisCO) and further enzymes of the Calvin cycle [8,79]. 

Studies by Wright et al. [8] demonstrated that powdery mildew triggers 
the accumulation of acid invertases to change the sources sink relation 
in wheat and develop secondary mycelium on the leaf surface. 

Antioxidant enzyme activities are of prime importance to analyse the 
response of plants during stress conditions in general. Plants have 
evolved complementary enzymatic mechanisms, which are critical in 
mitigating ROS and its damage. We used a cluster analysis to separate 
the resistant and susceptible cultivars by this biochemical trait (Fig. S2). 
The resistant cultivar Guld is notably characterized by a temporal dy-
namic of the changes in the activity of most of the tested antioxidant 
enzymes that is distinctly different from the susceptible cultivars Scar-
lett, MS Bladplet and Rolfi (Fig. 3B). Whereas a fast, strong and transient 
increase of the activities of GR, MDHR, SOD, CAT and DHAR was 
observed already after 8 hai in the resistant Guld, followed by a strong 
and persistent decline from 24 hai onwards, distinctly different but not 
uniform patterns were observed in the three susceptible cultivars. These 
data suggest that the resistant cultivar activates its signals at early stage 
for defence induction and that antioxidant activities are an important 
part. Antioxidant enzymes inhibit oxidative stress damage. During this 
process, SOD converts superoxide radical to H2O2, which is further 
scavenged by CAT and APX. Recently, Sharma et al. [80] have demon-
strated that antioxidant activity is a vital defence mechanism that trigger 
resistance to B. sorokiniana in wheat. Both hemi-biotrophic and 
necrotrophic pathogens are often considered to benefit from hydrogen 
peroxide and HR. However, local generation of necrosis in cells around 
the pathogen to localize the pathogen attack [77] may also act to pre-
vent the fungal infection to cells and was evident also in the present 
study. Furthermore, using another isolate of P. teres in studies of induced 
resistance [3] has shown that HR was not sufficient to stop fungal 
infection and the fungus grew out of the infected cells. However, when 
plants were induced, the response became effective, the fungus did not 
grow out of the infected cells, and the hyphae became distorted. This 
indicates that HR in fact may have an inhibitory effect on P. teres, but 
that under normal circumstances, it is not effective. P. teres produces 
toxins and other effectors to aid infection, but the general effector 
repertoire has, to our knowledge, not yet been functionally charac-
terised and therefore their function is not yet known. In agreement with 
this notion, other studies have already suggested that ROS are produced 
during the compatible interaction between cacao and M. perniciosa [81, 
82]. After inoculation with pathogens, O2

− and OH− levels increase 

Fig. 5. (A, C) Healthy and (B, D) P. teres inoculated leaves of barley cultivars, Guld, Scarlett, MS Bladplet and Rolfi after excitation at (A, B) 365 and (C, D) 460 nm 
wavelengths with fluorescence intensity in the emission wavelength 520 nm, 2-12 dai. Data represents the mean fluorescence intensity of 30 biological replicates that 
were segmented algorithmically using the sRGB representations. 
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gradually in susceptible, but not in resistant cultivars, in which it 
eventually started decreasing as the cultivar appeared to balance the 
oxidative stress by the production of antioxidants such as superoxide 
dismutase and catalases [63,83–85]. The observed fast and transient 
upregulation of antioxidant enzymes in the resistant cultivar Guld may 
indicated a key role of ROS formation as first defence line, which is 
accompanied by an increase of detoxifying activities to protect the 
surrounding tissue. Thus, both the temporal and spatial dynamics are of 
particular relevance. Our antioxidant enzymes activity data showed that 
plant enzymes are upregulated at higher levels during early time points 
in incompatible interactions showing that the upregulation of the en-
zymes correlate with resistance. 

4.4. Multispectral phenotyping 

Pre-symptomatic disease detection and plant protection need novel 
and innovative techniques to address early challenges and trends in 
agricultural production. Modern plant pathology can approach new 
levels by integrating physiological, biochemical and molecular analyses 
with sensor-based phenotyping technologies [86]. To the best of our 
knowledge, this is the first investigation into multi-reflectance across the 
entire light spectrum and multi-fluorescence in green to far-red emission 
spectra for the barley-P. teres interaction. Host-pathogen interactions 
influence secondary plant metabolites and thereby change the reflec-
tance properties. It is assumed that non-invasive phenotyping can pro-
vide further important information about changes in plant substances 
during pathogenesis. However, so far only few studies attempted to 
include multi-reflectance of genotype data to explore host-pathogen 
systems [44,48,87]. Kuska et al. [6] correlated invertase enzyme activ-
ity profiles to multi-reflectance data in Blumeria graminis infected barley 
cultivars in a high-throughput manner for the identification of bio-
markers. Similarly, Arens et al. [35] screened sugar beets for resistance 
to Cercospora leaf spot by linking hyperspectral data with metabolic 
markers. In the context of data integration, so far, there is not one 
standard fluorescence measuring setup approach, which can be gener-
alized for the differing tasks in plant resistance phenotyping for path-
ogen infection. The increased spectral reflectance intensity at 500− 700 
nm might be associated with a lower rate in photosynthesis in the sus-
ceptible cultivars. The influence of leaf reflectance from 400− 750 nm is 
mainly influenced by plant pigments like chlorophyll and carotenoids 
[47,49,88,89]. Degradation of these pigments due to development of 
chlorosis and then necrosis can be correlated with an increase of 
reflectance in the blue range of barley leaves in the susceptible cultivars 
Scarlett, MS Bladplet and Rolfi for P. teres infection. Such a phenomenon 
was investigated by Brugger et al. [77] and they showed an increase 
reflectance due to the development of chlorotic symptoms in barley 
leaves caused by salt stress. The change in spectral reflectance for 
resistant and susceptible cultivars infected by P. teres showed similar 
patterns as reported for B. graminis infection [6]. Healthy plant spectra 
are characterized by strong reflectance in the NIR due to internal scat-
tering of light at the cell wall-air interfaces [90]. The reflectance in-
tensity of resistant Guld obtained with the NIR were either higher or 
equal to the sensitive cultivars and unable to distinguish itself from the 
three susceptible cultivars. The influences on spectral signatures in the 
NIR can be caused by either the chemical composition of fungus itself or 
a response from the host plant [91]. Buschmann and Lichtenthaler [89] 
stated that fluorescence of the variable chlorophyll fluorescence mea-
sures the potential photosynthetic activity at a short-term stress. Exci-
tation of the infected susceptible cultivars with UV or blue light led to 
higher fluorescence at 530 nm, with a maximum increase in Scarlett 
from 2 to 11 dai as compared to the resistant Guld. In later stages of 
pathogenesis, barley tissue became necrotic. The loss of water in 
symptomatic areas influenced the spectral reflectance in the near 
infrared region (Fig. 5) [92,93]. Physiological changes during patho-
genesis were well reflected in automatically assessed disease archetypal 
signatures [6,47,94,95]. 

An integration of gene-protein-physiology to non-invasive pheno-
type data for a holistic view on disease resistance will provide new in-
sights into host–pathogen interaction. In conclusion, the present study 
show that physiological phenotyping, molecular responses and multi-
spectral imaging can complement each other. This proof-of-concept for 
plant resistance phenotyping could be used to distinguish barley culti-
vars at early time points that are resistant and susceptible to P. teres 
infection. Observed bio-signatures from deep physiological phenotyp-
ing, expression analysis of PR genes and the spectral signatures from 
non-invasive phenotyping of resistant and susceptible cultivars can then 
be tested under different environmental conditions and will be analysed 
and assessed for breeding. A future task is to integrate genotype–phe-
notype data for a holistic view on disease resistant genotypes based on 
digital phenotyping, genome sequencing data, to extensive tran-
scriptomic and metabolomic data. 
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Rio, G.L. Fiorin, J. José, G.G.L. Costa, V.A. Negri, J.M.C. Mondego, High-resolution 
transcript profiling of the atypical biotrophic interaction between Theobroma 
cacao and the fungal pathogen Moniliophthora perniciosa, Plant Cell 26 (2014) 
4245–4269. 

[24] G. Doehlemann, F. Molitor, M. Hahn, Molecular and functional characterization of 
a fructose specific transporter from the gray mold fungus Botrytis cinerea, Fungal 
Genet. Biol. 42 (2005) 601–610. 

[25] Z. Liu, D.J. Holmes, J.D. Faris, S. Chao, R.S. Brueggeman, M.C. Edwards, T. 
L. Friesen, Necrotrophic effector-triggered susceptibility (NETS) underlies the 
barley–P yrenophora teres f. teres interaction specific to chromosome 6H, Mol. 
Plant Pathol. 16 (2015) 188–200. 

[26] Z. Liu, J.D. Faris, M.C. Edwards, T.L. Friesen, Development of Expressed Sequence 
Tag (EST)–based markers for genomic analysis of a barley 6H Region harboring 
multiple net form net blotch resistance genes, Plant Genome 3 (2010). 

[27] T. Friesen, J. Faris, Z. Lai, B. Steffenson, Identification and chromosomal location 
of major genes for resistance to Pyrenophora teres in a doubled-haploid barley 
population, Genome 49 (2006) 855–859. 

[28] P. Tamang, J.K. Richards, S. Solanki, G. Ameen, R. Sharma Poudel, P. Deka, 
K. Effertz, S. Clare, J. Hegstad, A.N. Bezbaruah, The barley HvWRKY6 transcription 
factor is required for resistance against Pyrenophora teres f. teres, Front. Genet. 11 
(2020) 1762. 

[29] I.E. Somssich, K. Hahlbrock, Pathogen defence in plants—a paradigm of biological 
complexity, Trends Plant Sci. 3 (1998) 86–90. 

[30] S.D. Daba, R. Horsley, R. Brueggeman, S. Chao, M. Mohammadi, Genome-wide 
association studies and candidate gene identification for leaf scald and net blotch 
in barley (Hordeum vulgare L.), Plant Dis. 103 (2019) 880–889. 

[31] B. Halliwell, Antioxidant defence mechanisms: from the beginning to the end (of 
the beginning), Free Radic. Res. 31 (1999) 261–272. 
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[48] Á. Polonio, M. Pineda, R. Bautista, J. Martínez-Cruz, M.L. Pérez-Bueno, M. Barón, 
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