
Vol.:(0123456789)1 3

Journal of Plant Diseases and Protection (2020) 127:683–694 
https://doi.org/10.1007/s41348-020-00318-w

ORIGINAL ARTICLE

Analysis of apoplastic proteins expressed during net form net blotch 
of barley

Kealan Hassett1  · Simon R. Ellwood1  · Katherine G. Zulak1  · Mariano Jordi Muria‑Gonzalez1 

Received: 2 December 2019 / Accepted: 27 March 2020 / Published online: 11 April 2020 
© The Author(s) 2020

Abstract
The net form net blotch (NFNB) is a significant disease of barley. Its causal agent, Pyrenophora teres f. teres (PTT), has 
an important economic impact on yield and grain quality globally. However, the molecular interaction between PTT and 
barley is not fully understood. The plant–pathogen encounter comprises the secretion of diverse molecules involved in plant 
defence, including pathogenicity-related proteins, and fungal attack, such as proteinaceous toxins called effectors. The 
forefront of the molecular crosstalk between plant and fungus is the space between plant cells or apoplast. To explore the 
suitability of studying apoplastic proteins to assist understanding the host–pathogen interaction, a mass spectrometry-based 
proteomics technique was used to profile apoplastic protein differences in control and NFNB-infected leaves in a susceptible 
cultivar. The analysis revealed 1130 barley proteins, of which 140 were found to be significantly differentially expressed. 
This paper presents an overview of the major protein changes induced in the barley apoplast and discusses the involvement 
of individual proteins in defence and disease development. Our results suggest that the fungus may be hijacking defence 
signalling pathways. This investigation provides the first in vivo proteomics data for a NFNB–barley interaction, setting a 
background for further studies.
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Introduction

Net blotch of barley is a significant disease caused by two 
closely related fungal pathogens: Pyrenophora teres f. teres 
(PTT) and Pyrenophora teres f. maculata (PTM). The causal 
agent of the net form net blotch (NFNB) is PTT, while PTM 
causes spot form net blotch (Smedegård-Petersen 1971). 
NFNB has a longer host association with barley and is 
genetically diverse, with numerous pathotypes and corre-
spondingly complex genetic interactions with barley (Liu 
et al. 2010; Ellwood et al. 2012, 2019). PTT is a hemibio-
trophic fungus, meaning it switches from biotrophy to necro-
trophy, polar opposites of pathogenic lifestyles. Biotrophic 

fungi typically colonise healthy plant tissue by evading or 
suppressing the host defence responses and acquiring nutri-
ents from living host cells, while necrotrophic fungi gain 
nutrition by killing the host tissue (Vleeshouwers and Oli-
ver 2015). Biotrophic and necrotrophic fungi elicit differ-
ent responses in the host plant. In a susceptible interaction, 
PTT induces pathogenesis-related (PR) proteins associated 
with the activation of the plant salicylic acid (SA) path-
way (Al-Daoude et al. 2018) which is a defence pathway 
adapted against biotrophic fungi (Bhadauria et al. 2010). 
This pathway can induce a strong defence response leading 
to host cell death known as hypersensitive response (HR). 
However, PTT’s early biotrophic stage is relatively short, 
spending time as a necrotroph the majority of its infectious 
cycle (Lightfoot and Able 2010). As necrotrophic fungi rely 
on host cell death, they may hijack the HR pathway inducing 
cell ‘suicide’ mechanisms, allowing for a successful suscep-
tible interaction (Hammond-Kosack and Rudd 2008). Both 
ethylene (ET) and jasmonic acid (JA) pathways are typically 
induced in response to necrotrophic fungi and do not result 
in HR, but are involved in the upregulation of alternative 
defence-related genes (Glazebrook 2005). These interactions 
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take place via a complex interchange of signals, pathogenic-
ity factors and defence response proteins primarily in the 
apoplast, the space between the host cells where the fungal 
infection develops (Mott et al. 2014). The discovery and 
classification of the key protein players in a pathosystem 
are of high importance, not only for the understanding of 
the plant–pathogen interactions at a molecular level, but also 
to the plant breeding industry as it could help to develop 
more resistant crops, via such techniques as effector-assisted 
breeding (Vleeshouwers and Oliver 2015).

Among inducible plant responses in response to fungal 
disease are pathogenesis-related (PR) proteins (Jin Kim and 
Kook Hwang 2000), covering a diverse range of structurally 
and functionally different proteins (Zhang et al. 2018). PR 
proteins are typically localised extracellularly in the apo-
plastic space or within the vacuole, the former being the 
main site of accumulation (Gorjanović 2009). Since their 
first discovery in 1970, through investigations into hypersen-
sitive response reactions against tobacco mosaic virus, many 
PR proteins have been identified which are now categorised 
into 17 families (Van Loon and Van Kammen 1970). Only 
13 of these families have been reported as being expressed 
in barley (Table 1). PR proteins are typically expressed dur-
ing either compatible or incompatible interactions with an 
invading pathogen; however, some are also constitutively 
expressed during plant development and senescence (Han-
frey et al. 1996; Liljeroth et al. 2005). Currently, there is 
limited knowledge of the molecular mechanisms of many 
PR proteins; however, they are starting to play a part in 
the future of plant breeding efforts as targets for geneti-
cally modified crop development due to their central roles 

in defence against agricultural fungal pathogens (Mills and 
Tatham 2003). Furthermore, PR proteins are of interest as 
food and seed preservatives due to their antifungal properties 
(Dempsey et al. 1998).

To date, no proteomic study has investigated the interac-
tion between PTT and barley in vivo. The aim of this study 
was to explore the proteins present in the plant apoplast, as 
well as the suitability of this approach in providing a better 
understanding of the plant responses to the pathogen. To 
achieve this, cellular wash fluid (CWF) from healthy and 
infected barley leaves was collected applying the broadly 
used vacuum infiltration–centrifugation method (Witzel 
et al. 2011). The samples were then analysed and compared 
by sequential window acquisition of all theoretical fragment 
ion spectra mass spectrometry (SWATH-MS), which is a 
data-independent acquisition technique allowing label-free 
proteomics while providing reproducible and accurate pro-
tein quantitation (Krasny et al. 2018). The study explores 
the strengths and limitations of this approach and discusses 
the significance of different PR families identified in this 
study during the development of NFNB disease, together 
with the current knowledge of the biological functions of 
these proteins.

Methodology

Fungal and plant material

PTT isolate NB29 (collected from Wongan Hills, WA, in 
1985) was used in this study as it exhibits good sporulation 
under laboratory conditions and is virulent against a range 
of barley cultivars. The isolate was grown and maintained 
on V8 juice potato dextrose agar (V8-PDA; 150 ml l−1 V8 
(Campbell’s, Chicago, USA), 10 g l−1 potato dextrose agar 
(Thermo Fisher Scientific, Massachusetts, USA), 3 g l−1 
 CaCO3 and 10 g l−1 agar).

The barley cultivar Baudin was used as a representative 
of a modern commercial line which is susceptible to NB29. 
Plants were grown in 36-cell propagation trays containing 
four seeds per cell. Trays were filled with vermiculite and 
fertilised with one teaspoon of Thrive all-purpose fertiliser 
(Yates, Auckland, New Zealand) before being placed under 
florescent lighting at 18 °C with a 12-h photoperiod.

Inoculum preparation

In order to induce sporulation of PTT, V8-PDA plates were 
inoculated with an agar plug of NB29 and incubated for 
7 days at room temperature after which the plates were 
exposed to black light for 18 h at room temperature, fol-
lowed by 24 h in the dark at 15 °C (Speakman and Pommer 
1986). Spore collection was performed by adding 5 ml of 

Table 1  Induced apoplastic barley PR proteins and their function or 
structure

Rows in italics highlight the PR families found in this study
a Refers to constitutively expressed PR proteins that are upregulated 
under biotic response (Gamir et al. 2017; Gorjanović 2009)

PR family Function/structure (class)

PR-1 Sterol-binding
PR-2a Glucanase
PR-3a Chitinase (class I and II)
PR-4 Hevin-like
PR-5a Thaumatin-like
PR-6 Protease inhibitor
PR-8 Chitinase (class III)
PR-9 Peroxidase
PR-13a Thionin
PR-14 Lipid-transfer protein
PR-15 Oxalate oxidase
PR-16 Oxalate oxidase-like
PR-17 Germin-like/oxalate oxidase-like
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water with 0.02% Tween-20 to the plates and applying a 
paintbrush to the whole plate to dislodge the spores. The 
liquid containing the spores was collected and the concentra-
tion adjusted to 1000 spores ml−1 after being measured with 
a haemocytometer. A control solution was prepared similarly 
using non-inoculated V8-PDA plates.

Plant infection

Baudin plants were grown to the third leaf stage (Zadok’s 
growth stage Z13.3/20) (Lancashire et al. 1991). Inoculation 
was performed using a method similar to that described by 
Kosiada (2008). Briefly, seedling trays were sprayed with 
30 ml of either spore suspension or control solution using a 
spray bottle and allowed to dry for 30 min. Inoculated plants 
were then placed in a growth chamber under a 48-h period 
of darkness at 25 °C and > 90% humidity.

CWF collection

CWF containing the apoplastic fluid was obtained using 
the vacuum infiltration–centrifugation method described 
by Witzel et al. (2011). The second and third leaves were 
collected five days after infection, cut into 5–7 cm sections 
and the cut ends rinsed in 0.1 M sodium phosphate buffer 
(pH 6.5). In order to infiltrate the collected leaves, batches 
of around 25 leaves were loaded vertically into 50 ml centri-
fuge tubes and submerged in 0.1 M sodium phosphate buffer 
(pH 6.5). Next, the tubes were placed in a vacuum chamber 
for 10 min, followed by three mins at atmospheric pressure, 
and then another cycle of 10 min under vacuum (300 mBar) 
with three mins of incubation at atmospheric pressure.

To collect the CWF, infiltrated leaves were then gently 
dried with a paper towel to remove any liquid on the sur-
face before placing them in 20 ml syringe barrels, which 
were then inserted in 50 ml centrifuge tubes similar to the 
method described by Agrawal et al. (2010). Tubes were 
centrifuged for 10 min at 1000g, and the CWF collected as 
recommended by Nouchi et al. (2012). A protease inhibi-
tor (Pefabloc SC, Sigma-Aldrich) was then added to each 
sample to a final concentration of 0.25 mM. The protein 
concentration of the CWF was measured using an Invitrogen 
2.0 Qubit Fluorometer and adjusted to 300 µg per sample to 
be submitted for SWATH-MS proteomic analysis. Each of 
the two variables (infected and control CWF samples) tested 
included four biological replicates.

Protein verification

Prior to sending the samples for SWATH-MS analysis, a tri-
cine-based SDS-PAGE protein gel was prepared to test each 
sample for protein degradation and protein band differences. 
To do this, 1.5 ng of each protein sample was combined with 

4 µl of Coomassie Blue loading dye (4 ml 4 × TrisCl/SDS 
pH 6.8, 4.8 ml glycerol, 1.6 g SDS, 0.6 g dithiothreitol and 
4 mg Coomassie Blue G250 per 10 ml) and made up to 20 µl 
with MQ water. Each sample was then heated to 99 °C for 
three mins to allow the proteins to denature. 20 µl of each 
sample was loaded as well as 5 µl of Precision Plus, Protein 
Dual Xtra Standard ladder (Bio-Rad, California, USA) with 
a range of 250–2 kDa. The gel was then run for 1 h at 20 V, 
followed by 2 h at 120 V. The gel was then silver-stained 
using Invitrogen’s SilverQuest kit (Thermo Fisher Scientific, 
Massachusetts, USA) following the manufacturer’s protocol.

Proteomic analysis

Sample preparation

Proteomic analysis was carried out by the Australian Pro-
teome Analysis Facility (APAF), Macquarie University of 
NSW, Australia. Samples were prepared as follows: 100 µg 
of each sample was diluted to 450 µl with 1% sodium deoxy-
cholate. The samples then were reduced with 10 mM DTT 
for 30 min at 56 °C. This was followed by alkylation using 
25 mM IAA at room temperature, for 30 min in the dark. 
Alkylation was quenched with 10 mM DTT for 15 min at 
room temperature. Trypsin (5 µg) was then used to digest 
each protein sample for 16 h, at 37 °C. TFA acid was then 
added (final concentration of 1%) to precipitate out sodium 
deoxycholate. The resulting peptides were recovered from 
the supernatant after centrifuging at 14,000g for 10 min. 
Peptide samples were concentrated and desalted using a 
solid phase extraction disk and washing with 0.2% TFA and 
then eluted with acetonitrile with 5% ammonium hydroxide. 
Peptides were then dried under vacuum.

Samples were reconstituted in loading buffer (25 µl of 
2% acetonitrile, 97.9% water and 0.1% formic acid), vor-
texed briefly and sonicated for one min before centrifuging 
at 10,000g for 10 min.

Ion library generation through high pH (HpH) fractiona-
tion was done by pooling 15 µg of each respective biologi-
cal replicate. The peptide mixture was fractionated by HpH 
reverse phase HPLC into 96 fractions, which were then 
consolidated into 17 fractions prior to LC-MS/MS analysis. 
Consolidated fractions were then vacuum dried.

Data acquisition

In order to perform information-dependent data acquisition 
(IDA), each HpH fraction sample was subjected to 1D-IDA 
nano-LC MS/MS analysis. During this, a time-of-flight 
mass spectrometry (TOF-MS) survey is acquired with the 
20 most intense multiply charged ions being subjected to 
MS/MS analysis. MS/MS spectra were then accumulated for 
100 ms using the rolling collision energy (mass range m/z 
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100–1800). In order to perform the data-independent analy-
sis (SWATH), a TOF-MS survey scan was conducted (m/z 
350–1500, 0.05 s) followed by 100 predefined m/z ranges, 
which were sequentially subjected to MS/MS analysis. 
Thirty milliseconds of MS/MS spectra data were accumu-
lated in the mass range m/z 350–1500, with rolling collision 
energy optimised for low m/z in m/z window + 10%.

Data processing

The IDA data files were collectively searched with Protein-
Pilot (v5.0) (Sciex, Massachusetts, USA) using the Para-
gonTM algorithm. The UniProt database for barley plant 
proteins (Hordeum vulgare subsp. vulgare strain: cv. Morex, 
proteome ID: UP000011116) was used for searching the 
data. Due to the lack of any protein hits related to PTT in 
preliminary searches, only the barley proteome was used. A 
minimum of a 95% confidence for identification was used as 
well as unused score cut-off of 1.5.

Analysis of the ion library and SWATH data files was 
done in PeakView (v2.1). Retention time differences 
between SWATH and IDA analysis were aligned with the aid 
of six endogenous peptides. The top six most intense frag-
ments of each peptide were extracted from the SWATH data 
sets, with any modified or shared peptides being excluded. A 
maximum of 100 peptides/protein with confidence greater 
than 99% and false discovery rate less than 1% were then 
used for quantification.

Identification of highly differentially expressed proteins

Additional filtering was used to identify the most differ-
entially expressed proteins and improve peptide matching 
accuracy. Proteins were filtered to contain a minimum of 
two peptide hits, a P value of less than 0.05 and minimum 
fold change of 2.5. These proteins were then searched using 
the UniProt BLAST function with an unused cut-off score 
of 1e−05 for the most similar homology in order to match 
the identified uncharacterised proteins to known proteins. 
Proteins with alignments of less than 80% were assessed 
with caution and discussed accordingly.

Results

Plant infections and extraction of CWF

Following inoculation, PTT disease lesions showed pro-
gressive development in size indicating successful infec-
tion. Infected leaves were similar to non-inoculated control 
leaves until three days post-inoculation (dpi), when signs 
of necrosis started to appear. Necrotic lesions continued to 
develop, and chlorosis was visible after 4 dpi. Leaves for the 

vacuum infiltration were collected at five dpi to achieve a 
balance of adequate disease levels without excessive tissue 
damage. After extraction of the CWF, the protein concentra-
tion of each sample was measured. On average, the infected 
samples had a higher concentration compared to the unin-
fected (averaging 464 µg ml−1 and 612 µg ml−1, respectively, 
P = 0.02). The quality of the samples was then evaluated by 
SDS-PAGE gel electrophoresis which showed discrete bands 
present in each well, suggesting that the proteins in each 
sample were not degraded during the extraction process. 
Band intensity differences were visible between the CWF 
from infected plants and the uninfected controls (image not 
shown).

Proteomic data analysis

CWF samples were analysed by SWATH-MS to determine 
protein level differences between the infected and non-
infected barley plants to identify induced host response pro-
teins and proteins secreted by PTT into the barley apoplastic 
space. The analysis revealed 1130 proteins which were dif-
ferentially expressed and linked to barley UniProt identi-
fiers across all eight samples (supplementary data 1). No 
fungal proteins were identified, the reasons for which are 
suggested in the discussion. The results were then restricted 
to P values < 0.05 and a minimum fold change of ± 1.5. This 
filtering left 140 proteins, of which 52 were significantly 
upregulated and 88 significantly downregulated (Fig. 1a, 
supplementary data 2). However, the average fold increase 
in the upregulated proteins was approximately 11, while the 
change of those that were downregulated was approximately 
three (Fig. 1b).

Extracellular defence‑related proteins are highly 
upregulated in CWF

The biological roles and cellular localisation of 20 most 
upregulated and the 20 most downregulated proteins were 
determined using UniProt BLASTP, their gene ontology 
(GO) annotations and their homology to known proteins, 
and/or found in previous reports. The majority of the 20 most 
upregulated proteins had extracellular localisation signals 
(Fig. 2a) and consisted of PR proteins and a single non-PR 
ripening protein (Fig. 3). The highest difference in expres-
sion levels was related to three PR-5 proteins, homologues of 
thaumatin-like proteins (TLP). These proteins showed strong 
homologies to TLP 5, 7 and 8 and were previously reported 
to be secreted into the apoplast (Wang 2018). The next most 
upregulated proteins were two PR-1 proteins, known to be 
secreted into the apoplast. One of these shared strong homol-
ogy with a generic unknown PR-1 protein, whereas the other 
shared strong homology with the known PR-1a protein. PR-6 
proteins consisted of two protease inhibitors, one of which 
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showed strong homology with a form of trypsin inhibitor 
and the other to a xylanase inhibitor. The trypsin inhibi-
tor is known to be secreted into the apoplast; however, the 
localisation of the xylanase inhibitor is currently unreported. 
PR-17 proteins were homologues to PR-17c and PR-17d. 
However, the PR-17d homologues, despite having a strong 
e-value (1.7e−101), shared only 67% identity. Both PR-17d 
and PR-17c are also known to be secreted into the apoplast 

(Zhang et al. 2012). The PR categories 3, 4 and 11, all con-
sisting of chitinases, contributed to 7% of the overall fold 
change. One of these is a known PR-4 protein, but there was 
difficulty in assigning a single PR category to the remaining 
chitinases due to insufficient annotation of the homologues. 
Two glucan endo-1,3-beta-glucosidase homologues con-
tributed to the PR-2 upregulation of 7% and are commonly 
found within the vacuole or as part of the cellular membrane 

Fig. 1  Proteome changes in 
CWF from barley in response 
to net form net blotch infection. 
a Significantly upregulated 
and downregulated proteins 
in infected samples using a 
minimum fold change cut-off of 
2.5. b The average fold change 
difference of the proteins 
compared to the differential 
expression types
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(The UniProt Consortium 2017). Two PR-14 proteins con-
tributed to 5% of the total fold change, both of which were 
classed as non-specific lipid-transfer proteins found in the 
membrane or extracellular regions of the plant (Kader 1997). 
Two PR-9 proteins contributed to another 7% of the total 
upregulation, both of which were peroxidases secreted into 
the apoplast. A final non-PR protein was also found within 
the top 20 most upregulated proteins and shared homology 
with a plant ripening-related protein. 

On the other hand, the 20 most downregulated proteins 
ranged from a 3.4- to a 5.1-fold decrease and cellular func-
tions could not be assigned to half of them. Of those anno-
tated, four were chloroplast proteins, two were cytoplasmic 
proteins involved in the Krebs cycle, a puttive superoxide 
dismutase localised extracellularly and in the chloroplast, a 
single extracellular protein, a homologue of glucan endo-
1,3-beta-glucosidase 8 (PR-2) related to plant secondary 
metabolism, and a single cell membrane protein related to 
cell wall synthesis (Fig. 2b).

Discussion

Protein composition of barley CWF

The methodology used in this study allowed the detection 
of 1130 plant proteins in the CWF, and the identification of 
differentially expressed proteins within our samples helps to 
profile the changes that occur in the apoplast after a fungal 
infection. Nonetheless, since the apoplast is the forefront of 
the plant–fungal interaction, it was initially expected that 
both plant and fungal proteins would be identified in the 
CWF, but none of the latter could be detected. Contribut-
ing reasons for the apparent absence of fungal proteins may 
be biological or technical. Some secreted fungal proteins 
are known to be readily taken up by host cells or specifi-
cally localised and therefore absent or at very low abun-
dance in the apoplast. Examples of this are Pyrenophora 
tritici-repentis ToxA, which is internalised within mesophyll 
cells (Manning and Ciuffetti 2005), and Parastagonospora 
nodorum SnTox1, which binds to fungal cell wall chitin 
to protect against host chitinases (Liu et al. 2016). Given 
that no fungal proteins were detected at all, a more likely 
explanation is that the plant proteins contained in the CWF, 
given their comparatively much higher concentration, mask 
those secreted by the fungus. This is a common limitation 
of proteomic approaches as less abundant protein signals are 
not detected due to the dynamic range inherent to the mass 
spectrometer (Zubarev 2013), blending them with the basal 
noise. However, as plant defence-related proteins were well 
represented in the apoplastic fluid, the technique used in 
this study denotes an effective means to investigate extra-
cellular proteomic responses to fungal infection in barley 

since it enriched for apoplastic proteins. This technique 
complements alternate methods which rely on the detection 
of secretion signals as required by whole proteome analysis 
or RNASeq, which ignore secreted proteins without a sig-
nal (Regente et al. 2012).

Induced barley PR protein homologues

Among the 20 most highly upregulated proteins in the 
susceptible barley cultivar Baudin infected with PTT, 19 
belonged to PR protein families. These are part of a com-
plex response and signalling network that intertwines with 
the SA, JA and ET phytohormone defence pathways which 
involve a significant amount of crosstalk (Kunkel and Brooks 
2002). The interactions between the pathways are either 
antagonistic or synergistic, resulting in a cascade of reac-
tions with the endogenous accumulation of SA-dependent 
defences often leading to the downregulation of JA-depend-
ent ones (Leon-Reyes et al. 2010). Compatible interactions 
between plants and necrotrophic fungi seem to encompass 
the SA pathway, leading to HR (Al-Daoude et al. 2018). 
For example, necrotrophic effectors secreted into the wheat 
apoplast by P. nodorum have been linked to the induction of 
PR-1 proteins (Breen et al. 2016). PR-1 proteins are linked 
to the SA signalling cascade, which allows the necrotrophic 
fungi to succeed in its infection, and have been shown to 
successfully inhibit biotrophic fungi in barley (Mouradov 
et al. 1994).

The most highly expressed family of PR proteins in this 
study was PR-5, all of which belonged to the thaumatin-
like protein (TLP) class. Three homologues of TLP5, TLP7 
and TLP8 had a minimum alignment homology of 99.1%, 
and were represented in the six most upregulated proteins. 
TLPs are expressed in response to either infection or abiotic 
stress such as drought or frost. These proteins are known to 
rapidly accumulate in high levels and demonstrate strong 
antifungal activity in several plant species (Petre et al. 2011). 
Despite this, specific mechanisms regarding how they affect 
the invading fungal pathogen remain unknown (Zhang et al. 
2018). Previous studies have demonstrated the lack of accu-
mulation of wheat PR-5 in the apoplast leads to compro-
mised resistance against the biotrophic pathogen Puccinia 
triticina (Zhang et al. 2018).

Furthermore, PR-5 proteins are induced as a part of the 
SA defence signalling pathway (Lemarié et al. 2015) which 
is typically activated in response to biotrophic fungi and 
leads to localised cell death as a part of the host HR (Bha-
dauria et al. 2010). This is an effective defence response 
against biotrophic fungi owing to their requirement of living 
host cells as part of their life cycle. However, the SA sig-
nalling pathway is not an efficient method of plant defence 
against necrotrophic fungi, considering that HR results in 
host cell death, supplying a necrotrophic pathogen with the 
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nutrients required to progress infection (Glazebrook 2005). 
Given the hemibiotrophic nature of PTT and its main necro-
trophic stage, this mechanism is probably an important fea-
ture of the compatible interaction shown by the particular 
isolate and host cultivar used in this study and an indica-
tor of a weak point in a susceptible host’s defence response 
mechanisms.

The second most upregulated PR protein family was PR-1, 
containing a generic PR-1 homologue and a PR-1a homo-
logue, the latter being the most upregulated with a 40-fold 
increase in expression. PR-1a is a 17 kDa protein originally 
described in tobacco, but also found in the compatible inter-
action between barley and the obligate biotroph Blumeria 
graminis, resulting in HR (Bryngelsson et al. 1994). In other 
plant species, PR-1 proteins have been identified as playing 
key roles in systemic acquired resistance (SAR) (Dietrich 
et al. 1994). SAR is a form of host resistance to an invading 
pathogen which acts by warning neighbouring host tissues 
of an impending attack through the use of long distance sig-
nalling (Kiefer and Slusarenko 2003). Moreover, SAR is a 
response to an accumulation of endogenous SA and, like 
PR-5 proteins, leads to HR. Perhaps a similar mechanism 
to the aforementioned interaction between P. nodorum and 
wheat is observed within the PTT–barley pathosystem, in 
which the activation of a defence pathway against biotrophs 
results in the benefit of the necrotrophic fungi. Both PR-1 
and PR-5 proteins account for almost half of the upregula-
tion observed in the late-stage interaction with PTT and may 
contribute to a successful infection.

The function of PR-1 proteins in plant defence is still 
poorly understood (Breen et al. 2017). However, recent 
reports suggest PR-1 proteins possess sterol-binding activ-
ity and could bind to environmental sterols inhibiting an 
invading pathogen’s growth (Gamir et al. 2017). Interest-
ingly, most fungi are sterol prototrophs, meaning that they 
can produce their own sterols without relying on those from 
the plant. Gamir et al. (2017) suggested that vacuole-targeted 
specific PR-1 proteins may yield an answer: when undergo-
ing HR, a large payload of PR-1 proteins contained within 
the vacuole is released into the extracellular environment, 
sequestering more of the fungi’s sterols than can be replaced 
by its own sterol biosynthesis machinery, therefore explain-
ing the antifungal properties of these proteins. However, 
more studies are needed to confirm this hypothesis (Gamir 
et al. 2017).

Three PR-6 protein homologues were also identified 
among the 20 most upregulated proteins in this study and are 
characterised by exhibiting protease inhibitor-like activity 
(Carr 2010). These included a Bowman–Birk-type trypsin 
inhibitor (BBTI), a putative protease inhibitor similar to 
Bsi1 predicted to be a BBTI-like protein too, and a xyla-
nase inhibitor which were upregulated 19-fold, 11-fold and 
10-fold, respectively. Trypsin inhibitors have been shown 

to inhibit insect-gut digestion enzymes as well as providing 
some degree of defence against Fusarium head blight (FHB, 
Fusarium graminearum), a devastating barley disease which 
attacks host storage proteins through the use of subtilisin 
and other trypsin-like proteases (Pekkarinen et al. 2003). 
Possibly, barley trypsin-like proteinases have a similar role 
against PTT.

The third most upregulated PR-6 protein was a xylanase 
inhibitor homologue. An in vitro study on NFNB identified 
a fungal xylanase to be constitutively secreted and was pro-
posed to play a role in symptom development (Ismail et al. 
2014). Xylanase proteins have been identified as playing key 
roles in many other fungi in their ability to break down the 
host cell wall (Belien et al. 2006). This action is especially 
helpful for necrotrophic fungi which rely on host cell con-
tents in order to proliferate. Therefore, the host xylanase 
could be suppressing PTT activity.

PR-17c and PR-17d were among the 20 most upregulated 
proteins, with a 22-fold and 15-fold increase, respectively. 
The PR-17 family of proteins is the most recently described 
one and contains oxalate oxidase-like and germin-like pro-
teins (Gorjanović 2009). Barley PR-17 proteins are secreted 
into the apoplastic environment where they congregate and 
then accumulate in the mesophyll and epidermis of barley 
leaves (Christensen et al. 2002). Little research has been 
done on PR-17 proteins, although they have been associ-
ated with penetration resistance to wheat and barley pow-
dery mildew (B. graminis) (Schweizer et al. 1999; Zhang 
et al. 2012). However, in these instances, upregulation of 
PR-17 was not found until 24 h post-infection, suggesting 
that the genes are expressed too late to suppress the primary 
penetration, but may help preventing secondary penetration 
events (Zhang et al. 2012).

A generic chitinase and an endochitinase 1 were detected 
in the upregulated group of proteins, with 16-fold and 
12-fold increases, respectively. Chitinases represent a plant 
defence tactic which cover four main PR families: 3, 4, 8 
and 11. Assigning a particular PR class to the first two most 
upregulated proteins is difficult due to the lack of informa-
tion regarding the presence or absence of C-terminal modifi-
cations. Chitin is a vital constituent of fungal cell walls, and 
PR chitinases are able to hydrolyse the 1,4-linkages between 
N-acetylglucosamines of chitin. A range of stress factors 
can trigger the upregulation of chitinases such as microbial 
attack and plant wounding (Gorjanović 2009). There are two 
proposed roles of chitinases in suppressing fungal growth: 
the generation of elicitor molecules and the degradation of 
newly formed chitin chains produced by an invading fungus 
(de Gerhardt et al. 1997; Collinge et al. 1993).

A barwin protein showed eightfold increase in expres-
sion after PTT infection. Barwin is a class II PR-4 protein 
which possesses RNase activity (Caporale et al. 2004), simi-
lar to wheatwin1 and wheatwin2 RNases, two PR-4 class II 
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proteins which have shown antifungal activity toward Fusar-
ium culmorum (Caruso et al. 1996). In a recent in vitro study, 
a link has been formed between the upregulation of class II 
PR-4s and the upregulation of both SA and JA signalling 
pathways. The study also found that the class II PR-4s tar-
geted single-stranded RNA directly linked to hyphal growth, 
leading to significant growth inhibition of Glomerella cin-
gulata (Bai et al. 2013). This could suggest that the barwin 
protein may be involved in interfering with fungal growth by 
damaging the pathogen’s RNA related to its development.

Upregulated PR-2 proteins in this study included two 
forms of glucan endo-1,3-beta-glucosidases. Endo-glu-
canases hydrolyse the linkages of (1,3)-β-glucans found in 
fungal cell walls, resulting in cell lysis. Endo-glucanases 
and chitinases are thought to work synergistically ampli-
fying their effectiveness regarding cell wall degradation 
(Gorjanović 2009). Products of fungal cell lysis can then 
be identified by the host plant as elicitors of plant defence 
responses. Endo-glucanases are classified into three structur-
ally different classes differing in their enzymatic and anti-
fungal activity.

Two PR-14 non-specific lipid-transfer proteins (ns-LTP) 
were upregulated 10- and 8.5-fold. Ns-LTPs aid in the trans-
fer of different lipid classes between membranes and have 
broad target specificity. Upregulation of ns-LTPs can occur 
as a result of abiotic and environmental stresses including 
pathogen attack (Jung et al. 2003). It has been proposed that 
ns-LTP1 proteins in areal plant tissues work as transporters 
of cutin proteins to form a protective cuticle layer (Sterk 
et al. 1991). Another suggested role for ns-LTPs is to alter 
the membrane permeability of the fungus, as in the case 
of Fusarium solani (Gorjanovic et al. 2005). Both proteins 
identified in the present study have molecular masses above 
9 kDa, suggesting that they are of the ns-LTP1 family, but 
their exact biological role remains to be determined.

Finally, among the PR proteins within the 20 most upreg-
ulated proteins, two peroxidases classified as PR-9 were 
identified. These proteins were induced 15- and 11-fold, and 
both proteins shared 99.4% and 83.7% homology, respec-
tively, with the same UniProt identifier (P27337), barley 
peroxidase 1 (BP1) (Rasmussen et al. 1997). Peroxidases 
are widely distributed in the plant kingdom and have been 
reported to be involved in the reinforcement of the cell wall 
in response to pathogen invasion stimuli, cross-linking phe-
nolic compounds to the plant cell (Almagro et al. 2009). 
This process has been related to disease resistance in wheat 
against FHB and may play a similar role in barley (Moham-
madi and Kazemi 2002).

PR proteins were also overrepresented beyond the top 20 
most upregulated, and the majority of the remaining upreg-
ulated thirty-two highly induced proteins were PR-related 
proteins. The most common of these were homologues of 

PR-9 (seven representatives), PR-6 (five representatives) and 
PR-3 (four representatives).

A highly upregulated uncharacterised protein

Within the 20 most upregulated proteins, only one non-PR 
protein was identified, an uncharacterised protein induced 
approximately 15-fold with 78.6% (e-value: 8e−92) homol-
ogy to a putative rice ripening protein 2. Ripening protein 
gene expression has been previously described in P. teres-
infected barley (Krupinska et al. 2002). It is thought that the 
degradation of host chloroplasts during infection leads to the 
phenomenon. There are no known defence functions related 
to barley ripening proteins; rather, the protein’s increased 
concentration in the CWF may be due to host cellular death, 
but further research is required.

Downregulated proteins

On the other side of the spectrum, homologues for the 
majority of the downregulated proteins (> 2.5-fold) in this 
study were annotated as intracellular. Although the meth-
odology for obtaining the protein samples was designed to 
minimise the presence of non-secreted proteins, cytoplasmic 
contamination was evidenced by the detection of ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO) at 
similar levels in each sample. Therefore, the localisation of 
differentially expressed intracellular proteins would require 
further validation using different leaf tissue types and fluo-
rescence antibody binding methods.

Among the 20 most downregulated proteins, six have 
roles in the photosynthetic process or are localised in the 
chloroplast or involved in carbon metabolism; these are the 
30S ribosomal protein S10, a molecular chaperone trigger 
factor, an enoyl reductase 2, an ACT domain-containing 
protein DS12, a superoxide dismutase and a fructose-bis-
phosphate aldolase (Uematsu et al. 2012; The UniProt Con-
sortium 2017). In barley infected with Puccinia (rust), and 
B. graminis (powdery mildew), downregulation of photo-
synthesis and carbohydrate metabolism-related proteins has 
been described (Zellerhoff et al. 2010; Molitor et al. 2011). 
It is thought that this photosynthesis-related downregulation 
is part of a shift from photosynthetic carbon assimilation 
to defence (Zellerhoff et al. 2010). Several major carbohy-
drate metabolism-related proteins were found to be down-
regulated, such as a ‘not fully characterised protein’, glucan 
endo-1,3-beta-glucosidase 8, alpha-glucosidase-like pro-
tein and a putative beta-D-xylosidase. Minor carbohydrate 
metabolism is also overrepresented in the downregulated 
proteins and includes proteins involved in the biosynthesis 
of the cell wall such as a xyloglucan endotransglucosylase/
hydrolase.
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Another highly downregulated protein was uroporphy-
rinogen decarboxylase. In tobacco plants, the indirect action 
of downregulating uroporphyrinogen decarboxylase using 
antisense RNA leads to the upregulation of other enzymes 
involved tetrapyrrole biosynthesis, resulting in cell necrosis 
(Mock and Grimm 1997). This is consistent with the symp-
toms observed in a compatible PTT interaction with barley 
and suggests that the necrosis may be aided in this case due 
to uroporphyrinogen decarboxylase downregulation.

A glucan endo-1,3-beta-glucosidase 8 protein was also 
found highly downregulated in the 20 most downregulated 
proteins. Despite glucan endo-1,3-beta-glucosidase being 
considered a PR-2 protein, some forms of glucan endo-
1,3-beta-glucosidases are constitutively expressed (Dietz 
et al. 2000) possibly contributing to the basal resistance of 
healthy plants and providing a broad spectrum resistance 
against an array of pathogens or pests (Gorjanović 2009). 
An alignment of the two upregulated endo-glucosidases with 
the downregulated glucosidase shows the upregulated pro-
teins shared approximately 53% homology with one another, 
whereas the downregulated endo-glucosidase only shared 
up to 23% with either upregulated protein. This may sug-
gest that upon infection with a pathogen, different forms of 
glucosidases are preferentially upregulated to combat the 
invading organism.

Concluding remarks

The aim of this study was to characterise barley–PTT molec-
ular interaction in the apoplast. Despite no fungal proteins 
being identified due to the reasons described above, our work 
contributes to the research on the barley–PTT pathosystem 
by describing the major apoplastic host protein changes 
during PTT infection and suggests some of the molecular 
mechanisms involved in disease development.

The most significant changes in the analysed proteome 
induced by PTT infection were the upregulation of PR pro-
teins. The upregulation of PR-1 and PR-5 homologues may 
help to explain the susceptibility to PTT in this interaction 
given that these are involved in inducing plant cell death 
or a hypersensitive response. Conversely, proteins involved 
in photosynthesis and carbon metabolism were downregu-
lated, which appears to represent a shift in photosynthetic 
carbon assimilation and catabolism to defence. In addition, 
an uroporphyrinogen decarboxylase homologue was down-
regulated, the action of which may promote upregulation of 
enzymes involved tetrapyrrole biosynthesis leading to cell 
necrosis. These examples help form the hypothesis that the 
compatible interaction between barley and PTT may be due 
to incorrect signal cascades being activated or hijacked, by 
the pathogen.

Many aspects of the molecular interaction in the bar-
ley–PTT pathosystem remain elusive. The use of SWATH-
MS to compare the apoplastic-enriched proteomes of PTT-
infected and non-infected barley plants has provided a 
glimpse of the molecular responses in a susceptible response 
to the pathogen. By identifying the weaknesses and strengths 
of the techniques in this study, a platform has been pro-
vided for further apoplastic protein expression research in 
the barley–PTT pathosystem. Potential future directions 
utilising this technique would be to include resistant barley 
lines, track PR protein expression changes over time during 
infection and refine the technique to focus on the effector 
molecules secreted by the pathogen.
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