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Abstract The barley pathogen Pyrenophora teres f. teres
(Ptt) produces proteinaceous toxins that contribute to the
necrotic symptoms observed during net form net blotch
(NFNB) disease. To better understand the relationship be-
tween these toxins and virulence, a proteomics approach
was used to identify proteins differentially expressed in a more
virulent Ptt isolate. Three proteins were identified: an endo-
1,4-β-xylanase A (PttXyn11A), a cysteine hydrolase family
protein (PttCHFP1) and an unknown (but conserved) secreted
protein (PttSP1). PttXyn11Awas homologous to a plant cell-
wall degrading enzyme but also had a predicted necrosis-
inducing region on the enzyme surface. PttCHFP1 showed
homology to an isochorismatase, an enzyme proposed to
suppress plant defence. Xylanase activity and PttXyn11A ex-
pression were greater in more virulent isolates in vitro and
during the interaction respectively, suggesting that PttXyn11A
plays a role in symptom development.
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Introduction

Net form net blotch (NFNB), caused by the Ascomycete
Pyrenophora teres f. teres (Ptt), is a major barley disease
worldwide. The interaction between pathogenic fungi and
the host plant is determined by the production of molecules
from both fungus and plant (Tan et al. 2010). However, there is
wide variation in the virulence on barley between Ptt popula-
tions (Afanasenko et al. 2007). Understanding the basis for

virulence therefore is key to future disease control strategies
because the evolution of virulence may determine the emer-
gence and re-emergence of pathogens leading to host resis-
tance being broken down and subsequent host range expan-
sion (Sacristan and Garcia-Arenal2008).

Ptt spends most of its lifecycle acting as a necrotroph (Able
2003; Lightfoot and Able 2010). Necrotrophic fungi are well
characterised as using large quantities of cell wall-degrading
enzymes, such as endoxylanase, to cause diseases
(Hammond-Kosack and Rudd 2008). Endoxylanase has been
considered essential for the infection of various plant patho-
genic fungi and has been identified in many fungal species
including Fusarium spp. (Jaroszuk-Scisel and Kurek 2012),
Cochliobolus carbonum (Apel et al. 1993), Botrytis
cinerea(Brito et al. 2006) and Sclerotinia sclerotiorum
(Ellouze et al. 2011). However, xylanase has not been previ-
ously identified in Ptt. Necrotrophic fungi may also produce
proteinaceous toxins and/or effectors to aid colonisation of the
susceptible host (Tan et al. 2010). Examples include the NIP1
effector protein secreted by the barley pathogen
Rhynchosporium commune(Fiegen and Knogge 2002) as well
as SnToxA produced by Stagonospora nodorum and PtrToxA
and PtrToxB produced by Pyrenophora tritici-repentis, neces-
sary for virulence on certain cultivars of wheat (Kwon et al.
1998; Liu et al. 2009). Previous research has identified that
proteins in the culture filtrates of Ptt can cause NFNB
symptoms in a susceptible barley cultivar (Sarpeleh et al.
2008; Ismail et al. 2014), suggesting that these filtrates
may contain proteins that induce necrosis (Sarpeleh et al.
2007; Sarpeleh et al. 2008). The main objective of this
research was to characterise proteins associated with
symptom development and virulence by comparing pro-
tein profiles of a less virulent Ptt isolate with that of a
more virulent isolate. For the three proteins identified as
differentially expressed by the more virulent isolate, their
function was predicted and their gene expression profiles
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determined during the interaction between a susceptible
barley cultivar and six isolates with different virulence.

Materials and methods

Identification of proteins associated specifically with greater
virulence

The more virulent isolate, 32/98, and a less virulent isolate, 08/
08f, were grown in Fries culture medium (FCM), toxin ex-
tracted and quantified as previously described (Ismail et al.
2014). The isolates were provided from the South Australian
Research and Development Institute (SARDI) collection and
details of their origin provided previously (Ismail et al. 2014).
A two-dimensional gel electrophoresis (2DGE) proteomics
approach was used to identify virulence-related proteins.
Proteins were precipitated in a mixture of 0.07 % 2-
mercaptoethanol(2ME) and 10 % trichloroacetic acid (TCA)
in cold acetone (Méchin et al. 2007). Isoelectric focusing (IEF)
was used to separate proteins based on pI using a Ettan
IPGphor (Pharmacia Biotech Inc. Sweden) as previously de-
scribed (Khoo et al. 2012). The first dimension separation was
conducted using 11 cm IPG ReadyStrips pH 3-10(Bio-Rad) at
22 °C. Protein (97 μg) in solution R to a final volume of
200 μL was mixed with 0.0002 % of bromophenol blue and
loaded into an Ettan IPGphor strip holder (Amersham
Biosciences, UK). The strips were passively rehydrated for
30 min before separation using 50 V for 12 h (linear), 250 V
for 2 h (linear), 4000 V for 4 h (linear) and 8000 V for
45000 Vhs (rapid). IPG strips were equilibrated according to
Khoo et al. (2012). After equilibration, the second dimension
was conducted using the Bio-Rad Criterion XT 10 % Bis-Tris
IPG +1 well 11 cm 1 mm gels (BioRad) and separated accord-
ing to the manufacturer’s protocol. Gels were stained using a
Coommassie Blue Staining protocol compatible with tandem
mass spectrometry (MS/MS) (Khoo et al. 2012). Three gels
representing three biological replicates for each isolate were
scanned using an ImageScanner (Amersham Biosciences).
The protein profiles of the more virulent and less virulent
isolate were compared manually and the unique spots were
then selected and sequenced at Adelaide Proteomics Centre
(The University of Adelaide) using Liquid Chromatography-
Electrospray Ionisation Ion-TrapMass Spectrometry (LC-ESI-
IT MS) (Thermo Fisher Scientific Inc., USA) as previously
described (Aizat et al. 2013) and data was analysed using
parameters previously described (Ismail et al. 2014).

Isolation of the full length of cDNA for differentially
expressed proteins

Total RNA was extracted from the mycelium of the more
virulent isolate (32/98) grown in FCM for 10 days using

TriPure Isolation Reagent (Roche Applied Science, USA),
following the manufacturer’s protocol. The concentration of
RNA was measured using a NanoDrop ND-100
Spectrophotometer (NanoDrop Technologies, USA) and
RNA was treated with RQ1 RNase-Free DNase (Promega,
USA) to remove any DNA contamination. First strand
cDNA synthesis was then performed using the SuperScript
III First Strand Synthesis System (Invitrogen, Life
Technology, USA) with an oligo (dT)12-18 primer. The se-
quences for the open reading frames for the differentially
expressed proteins were then obtained by standard reverse
transcriptase (RT)-PCR using the following annealing temper-
atures and combination of forward (F) and reverse (R) primers
to amplify PttXyn11A (55 °C; F:5′ATGGTTGCCTTCTCTAC
TATCCTC3′, R: 5′TTAAGAGCTGCTGACAGTGATGG3′);
PttCHFP1 (54 °C, F:5′ ATGAAGCTCGCTGCGCCCAT3′;
R: 5′ CTAGGAGAGTGCGGGTATGAT3′); PttSP1 (55 °C,
F: 3′ATGCGCGCCTCAATCATCATC; R: 5′ CTAGCAGT
AATCGCCAATGTTGTAG). The sequences of amplicons
were confirmed as per the Australian Genome Research
Facility Ltd (AGRF) protocol.

Bioinformatics and conserved domain analysis

Domain detection in full length cDNA clones was performed
using the NCBI Conserved Domain Search Tool (http://www.
ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi, accessed
November 2012); the SMART database (http://smart.embl-
heidelberg.de/smart/set_mode.cgi?GENOMIC=1, accessed
November 2012); the European Bioinformatics Institute
(EBI), InterProScan Sequence Search (http://www.ebi.ac.uk/
Tools/pfa/iprscan/, accessed November 2012) (Zdobnov and
Apweiler 2001) and PROSITE (http://prosite.expasy.org/,
accessed November 2012) using the default settings.
Whether proteins had the N-terminal signal peptide sequence
was predicted by SignalP (http:// www.cbs.dtu.dk/services/
SignalP/) (Bendtsen et al. 2004). A search for potential
effector domains was conducted by looking for Y/F/WxC
motifs for all candidates (Godfrey et al. 2010; Morais do
Amaral et al. 2012)

Multiple alignments with similar proteins were conducted
using the free end gaps and MUSCLE matrix function in
Geneious software (Geneious Pro 5.4.6, Biomatters Ltd,
Auckland, New Zealand). Phylogenetic trees were also built
based upon the Neighbour-Joining method and Jukes-Cantor
method for the genetic distance model (Saitou and Nei 1987).
However sequences from P. tritici-repentis were not used as
they had 100 % similarity to each candidate from Ptt.

Three dimensional (3D) structure was then predicted using
the I-TASSER Server (Department of Computational
Medicine and Bioinformatics, University of Michigan, USA)
(Roy et al. 2010) where models for other species already
existed. The full length of amino acids was used to build the
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3D structure for each protein by comparing multiple-threaded
alignments by LOMETS and iterative TASSER assembly
simulations. The 3D structure was visualised using Geneious
software and only those structures with a C-score (ranged
between -5 and 2) were adopted.

Gene expression during the interaction of a susceptible barley
cultivar and Ptt isolates with different virulence

Barley seedlings from the susceptible cultivar Sloop were
inoculated with conidia from six isolates of Ptt with different
virulence, using the conditions previously described (Ismail
et al. 2014). The isolates were provided from the South
Australian Research and Development Institute (SARDI) col-
lection and details of their origin provided previously (Ismail
et al. 2014). Plants were imaged at 64, 98, 120, 144 and
168 hours post inoculation (hpi) and RNA extracted from
infected leaves at seven time points (40, 64, 98, 120, 144 and
168 hpi) and cDNA synthesised, as described earlier, for use in
quantitative PCR (qPCR). The qPCR analysis was carried out
using Pttglyceraldehyde-3-phosphate dehydrogenase
(PttGAPDH) (EF513236) as an endogenous control. qPCR
was conducted for absolute quantification of PttXyn11A,
PttCHFP1, PttSP1 and PttGAPDH using the Applied
Biosystems ViiA™ 7 Real-Time PCR System and ViiA™ 7
Software (Applied Biosystems, Life Technology) and SYBR
Green (iQ™ SYBR® Green supermix, Bio-Rad). Each ampli-
fication was performed in 10 μL reaction volumes containing
5 μL iQ SYBR Green Supermix, 4.6 μL of cDNA (final
concentration 64 ng) and 0.4 μL primers (final concentration
4 M). The forward (F) and reverse (R) primers used were as
follows: PttXyn11A (F:5′ATGGCTTCTTCTACTCTTTCTG
GAC3 ′ , R:5 ′GAGTTGACATTCTGAGCGTTCC3 ′),
PttCHFP1 (F:5′CGGAAATGATACCTATGACCTAACG3′,
R:5′AGTCGGCTCCACTGCTTTGC3′), PttSP1 (F:5′AATC
ATCATCGCACTTTCTTCC3′, R:5′TCGTAGATGACTTC
GCACTTTG3′), PttGAPDH (F:5′GGTCAATGGCAAGACC
ATCCGCTTC3′, R:5′ACGACCTTCTTGGCTCCACCCT
TC3′). CT values and melt curves were analysed for each gene.
The absolute amount of transcript was estimated in each sam-
ple using a generated linear standard curve as described by
Livak and Schmittgen (2001). The absolute quantity for each
gene at each time point was normalised against the PttGAPDH
quantity at the same time point. A no-template control and a
no-reverse-transcriptase control were used as negative controls
while a plasmid containing the corresponding genes was used
as positive control. Three biological replicates and three tech-
nical replicates were used for each time point.

Xylanase activity in isolates of Ptt with different virulence

The xylanase activity was measured in the filtrates of five Ptt
isolates grown in FCM for 15 days at room temperature using

the XYLAZYME AX kit (Megazyme, International Ireland
Limited, Ireland). Proteins were extracted and quantified as
described previously. Proteins were mixed with sterilised
nanopure water (SNW) to a final concentration of 0.4 μg/μL
in a total volume of 300 μL. Three biological replicates of
each protein extract were used. Three hundred μL of SNW
was added to 200 μL of control xylanase solution (A. niger)
(approx. 275 mU/mL) as a positive control. A XYLAZYME
AX tablet was placed in the sample and transferred without
stirring, to a water bath at 50 °C and incubated for 30 min.
Five mL of Tris Base solution (1.5 M, pH 9 with HCl) was
added and stirred vigorously and incubated at room tempera-
ture for 5 min to terminate the reaction. Solutions were stirred
prior to filtration using Whatman No.1 filter paper and then
the absorbance measured at 590 nm. The reaction blank was
prepared by the same method but using 0.5 mL SNW instead
of the sample. The activity of xylanase in the filtrates of
isolates from Ptt was calculated using the following equation:

Xylanase activity ¼ Added activity � SA= TA−SAð Þ

Where the added activity=the amount of xylanase added to
the water sample (55 mU in the control xylanase solution in
200 μL), SA=sample absorbance obtained for extracts to
which no control xylanase was added, TA=the total absor-
bance to which the control xylanase was added.

Results

Identification of proteins differentially expressed in a more
virulent isolate

The 2DGE protein profiles of the culture filtrates from a less
virulent isolate (08/08f) and more virulent isolate (32/98) were
compared and the overall protein patterns were quite similar in
both isolates (Fig. 1a and b). The majority of proteins were
between 10 and 75 kDa and more abundant at 10 to 25 kDa
while their isoelectric points (pI) were mostly in the range of
3.5 to 7.3. Two unique spots at 25 and 30 kDa were only
present in the profile for the proteinaceous toxin mixtures
extracted from the more virulent isolate (Fig. 1a). LC-ESI-IT
MS analysis of the two spots has identified three proteins
based on their peptide sequences (Table 1). Their presence in
both spots is usual given the likelihood that heterogeneous
phosphorylation gives a series of spots with different molec-
ular weights and pI values for the same protein (Seo and Lee
2004). The identified peptides shared most similarity with a
cysteine hydrolase family annotated as an isochorismatase
(XP_001932705); an endo-1,4-β-xylanase A of glycosyl hy-
drolase family 11 (XP_001941158) and a conserved hypothet-
ical protein (XP_001933504) from P. tritici-repentis, all of
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which match to proteins annotated as conserved hypothetical
proteins in Ptt (Table 1). All identified proteins from Ptt had an
N-terminal signal peptide sequence as predicted using SignalP
(Bendtsen et al. 2004), indicating that they were secreted
proteins as expected.

Predicted function of the proteins differentially expressed
in the more virulent isolate

The full length cDNA for each candidate was isolated and
assigned a name based on function and submitted to NCBI.
The candidates are referred to as Ptt endoxylanase 11A
(PttXyn11A), Ptt cysteine hydrolase family protein
(PttCHFP1) and Ptt secreted protein 1 (PttSP1) (Table 1) and
have been assigned the accession numbers JX900133,
JX900134 and JX900135 respectively in the NCBI database.

Sequence analysis showed that the PttXyn11A cDNA
contained 693 bp encoding a putative protein consisting of
231 amino acids (Fig. 2a). SignalP 3.0 predicted that the N-
terminal amino acid sequence has features of a signal peptide
and the cleavage site was located between the 20th and 21st

amino acids. The peptides identified by LC-ESI-IT MS
(Table 1) matched (100 %) to residues 144 to 181 of the open
reading frame for PttXyn11A (Fig. 2a). The putative protein

Fig. 1 Identification of proteins extracted from culture filtrates from the
more virulent isolate 32/98 a and the less virulent isolate 08/08f b using 2-
D gel electrophoresis. Two unique spots (black arrows) associated with
the more virulent isolate were analysed using LC-ESI-IT MS (rectangled
area highlights the lack of spots in the less virulent isolate) (see Table 1).
Precision Plus Protein Standard was used as a marker ladder. Represen-
tative gel image for three biological replicates
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has a calculated molecular mass of 24.9 kDa. Conserved
domain analysis revealed that the PttXyn11A amino acid
sequence contains domains matched to the GH11 family
(EC:3.2.1) (data not shown). This family contains enzymes
that hydrolyse the glycosidic bond between two or more
carbohydrates, were formerly known as cellulase family G
(Davies and Henrissat 1995), and have xylanase (EC:3.2.1.8)
activity.

Alignment of PttXyn11A, TrXyn11A and BcXyn11A of
Ptt, T. reesei, and B. cinerea respectively (Brito et al. 2006;
Ellouze et al. 2011) showed that PttXyn11A encodes two sites
(LIEYYIVEDF and VAVEGYQSSGSA) which matched the
conserved region (active site) of all xylanase proteins
(Fig. 2b). The active sites of the protein are approximately
located in the middle of the structure between residues 126 to
135 and 216 to 227. Rotblat et al. (2002) and Noda et al.
(2010) also identified a necrosis-inducing region of 30 aa (aa
residues 136 to 166) in the sequences of TrXyn11A and
BcXyn11A of T. reesei andB. cinerea respectively. This region
is similar in PttXyn11A (Fig. 2b), especially at the peptide
TSDGS which has been proven to cause necrosis in tomato
leaves (Noda et al. 2010). The peptides TKLGE and TEIGS in
the Xyn11A sequences for T. reesei and B. cinerea respective-
ly, have been proven to induce necrosis in planta for both
fungi (Rotblat et al. 2002; Noda et al. 2010). However, these
peptides were substituted by the peptides QKKGQ in
PttXyn11A. The three dimensional structure of PttXyn11A
fitted the typical xylanase profile with three helices structures
and the majority of the molecule being beta sheets (Fig. 2c).
The active sites and necrosis-inducing region of the protein
appeared as beta sheets in the structure (Fig. 2d). PttXyn11A
(Fig. 2e and f) showed great similarity to BcXyn11A, predict-
ed by Noda et al. (2010) (Fig. 2g and h). The predicted 30 aa
necrosis-inducing region, which is similar to the region in
BcXyn11A (Noda et al. 2010), was located at the surface of
the protein. The two necrosis sites predicted in PttXyn11A
(Fig. 2e and f), displayed as beta sheets on the surface of the
enzyme as they did for BcXyn11A of B. cinerea(Noda et al.
2010) (Fig. 2g and h).

The activity of xylanase was significantly higher
(P<0.001, LSD=0.71) in the more virulent isolates (32/98
and 152/09) compared with the isolates with lower virulence
(08/08f and 122/09) (Fig. 3).

The PttCHFP1 cDNA contained 903 bp which encodes a
putative protein consisting of 301 amino acids (Fig. 4a). A
signal peptide and associated cleavage site was identified and
located between amino acids 19 and 20. The peptides identi-
fied by LC-ESI-IT MS analysis (Table 1) have matched ap-
proximately to the middle of the protein at residues 57 to 110
(Fig. 4a). Conserved domain analysis suggested that
PttCHFP1 belongs to the cysteine hydrolase family and that
it contains the conserved cis-peptide bonds considered to be a
conserved feature (catalytic triad) in this family. Although

PttCHFP1 belongs to the cysteine hydrolase superfamily, the
amino acid sequence shared similarity with a number of
families in that superfamily, including isochorismatase and
CSHase (N-carbamoylsarcosine amidohydrolase).

Phylogenetic analysis of selected members of cysteine
hydrolase families suggested that PttCHFP1 was most likely
a homolog to the isochorismatase family (Fig. 4b). BLASTp
analysis also showed that PttCHFP1 matched to a P. tritici-
repentis protein annotated as an isochorismatase and a prob-
able isochorismatase from Pseudomonas fluorescens
(Q51790). Although PttCHFP1 contained domains sharing
homology with the isochorismatase family (spfam00857), it
also shared a domain with other families (CSHase,
nicotinamidase and nicotinamidase-related amidohydrolases)
(data not shown).

Three dimensional modelling indicated a random similarity
of PttCHFP1 (Fig. 4c) to isochorismatase and in particular, the
three dimensional structure template model of the
P. aeruginosa 1NF8 protein family (Fig. 4d) (Parsons et al.
2003).

The PttSP1 cDNA contained 534 bp that encodes a puta-
tive protein consisting of 178 amino acids (Fig. 5a). The
cleavage site for the signal peptide of the protein was located
between amino acids 18 and 19. In addition, a BLASTp search
identified homology to this protein, mainly from
Ascomycetes, but with unknown function. PROSITE identi-
fied a prokaryotic membrane lipoprotein lipid attachment site
(PS51257, PROKAR_LIPOPROTEIN) in the first 19 aa of
the protein (Fig. 5a and b). This site is also found in bacterial
17kDa surface antigen proteins such as that produced by
Ricksettia (data not shown). However, all other domain
searching tools did not identify any domain in this protein.
In addition, the number of cysteine residues within the mature
peptide was 4.4 % while the observed percentage for cysteine
in most apoplastic fungal effectors is 5 % (Morais do Amaral
et al. 2012). The search for potential degenerative Y/F/WxC
motifs, often identified in effectors (Godfrey et al. 2010;
Morais do Amaral et al. 2012), identified the YxC motif
within the first 46 amino acids of the N-terminal methionine
(Fig. 5a and b). However, due to the limited information about
the homologues of this protein no comparison was made with
other 3D structures.

Gene expression during the interaction of a susceptible barley
cultivar and Ptt isolates with different virulence

The virulence of the six isolates on the susceptible barley
cultivar Sloop was also recorded so that it might be correlated
with the expression of the candidates during the interaction.
Symptom development and the timing of that development
was similar to our previous work (Ismail et al 2014).
Symptoms appeared after 64 hpi as small pin-point lesions
in leaves infected with more virulent isolates (32/98 and 152/
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09), but after 98 hpi in leaves infected with the less virulent
isolates 08/08f, 122/09, 55/07 and 123/09 (Fig. 6d). By 98 hpi,
necrotic lesions were well developed in leaves infected by 32/
98 or 152/09. The appearance of necrosis in the leaves infect-
ed with 08/08f, 122/09 and 123/09 was delayed until 144 hpi
and 120 hpi in 55/07.

All Ptt isolates expressed the three genes during the plant-
pathogen interaction (Fig. 6a, b and c). However, in general,
the absolute normalised quantity of PttXyn11A was much
higher than that for the other two genes (Fig. 6a). PttXyn11A
transcript production by the six isolates in planta during the
interaction was similar until 98 hpi such that by 168 hpi the
most virulent isolates (32/98 and 152/09) produced signifi-
cantlymorePttXyn11A (P<0.001, LSD=6.08) comparedwith
less virulent isolates (Fig. 6a). There were no significant

differences in expression of PttCHFP1 and PttSP1 for the
six isolates across time (Fig. 6b and c).

Discussion

Three proteins were detected in the culture filtrates of the more
virulent isolate 32/98 (PttXyn11A, PttCHFP1 and PttSP1) but
not for the less virulent isolate 08/08f. The full length of the
cDNA for the three candidates were successfully isolated
using RT-PCR and bioinformatics analysis confirmed that they
were probably encoding an endo-1,4-ß-xylanase
(PttXyn11A), a cysteine hydrolase family protein
(PttCHFP1) and a secreted protein with unknown function
(PttSP1) respectively. These proteins were also confirmed
across a number of isolates with varying virulence. The ob-
servation that the more virulent isolates had significantly
greater xylanase activity in vitro (Fig. 3) and PttXyn11A ex-
pression in planta (Fig. 6a) compared with less virulent iso-
lates also suggests a role for PttXyn11A in disease develop-
ment. Regardless of the virulence of the isolate, transcripts of
PttXyn11A, PttCHFP1 and PttSP1 were detected in planta
suggesting the potential role of proteinaceous toxins in fungal
growth and therefore the infection process of Ptt. In particular,
transcripts of PttXyn11A were abundantly expressed by the
more virulent isolates (32/98 and 152/09) in planta.

The function of each candidate was predicted by identify-
ing the conserved region in the open reading frame from the
cDNA isolated from Ptt. Phylogenetic and conserved domain
analysis revealed that PttXyn11A shares similarity to the
GH11 family and has strong homology to the well
characterised TrXyn11A and BcXyn11A (Brito et al. 2006;
Noda et al. 2010; Ellouze et al. 2011). Moreover, PttXyn11A
showed all the characteristics of the GH11 endo-β-1,4-
xylanases, including the basic pI and low molecular weight
that are common for this group; the typical jelly-roll topology
structure of the GH11 family with two twisted β-sheets
enclosing a substrate-binding cleft (Hakulinen et al. 2003);
and a 30 aa necrosis-inducing region (Saarelainen et al. 1993;
Noda et al. 2010). Xylanase plays an important role in viru-
lence in many fungal species (Gomez-Gomez et al. 2001;
Brito et al. 2006; Noda et al. 2010; Jaroszuk-Scisel and
Kurek 2012) through degradation of the plant cell wall com-
ponents such as xylans (Beliën et al. 2006; Jaroszuk-Scisel
and Kurek 2012) providing access to the cell and converting
complex plant material into readily assimilated nutrients for
the fungus to grow faster (Noda et al. 2010). PttXyn11A gene
expression was upregulated in the more virulent isolates (es-
pecially by 168 hpi when symptoms are most obvious) sug-
gesting that xylanase may act as a virulence factor as has been
observed for B. cinerea (Brito et al. 2006; Noda et al. 2010).
Mutation of this enzyme in B. cinerea resulted in reduction of

�Fig. 2 Characterisation of PttXyn11A. a The full length of PttXyn11A
cDNA and PttXyn11A protein (JX900133). Cleavage site is shown in
light gray bar below the sequence, identified peptides shown in black
arrow below the sequence, star indicates stop codon. b Alignment of
PttXyn11A of Pttwith TrXyn11A, Trichoderma reesei (Saarelainen et al.
1993) and BcXyn11A, B. cinerea (Brito et al. 2006). Selected regions of
the proteins identified in the alignment are displayed: the active site
(GH11) above the sequence (red bars), the two necrosis-inducing sites
(NS) below the sequence (purple and blue) and the 30 aa of necrosis-
inducing region identified in B. cinerea (Noda et al. 2010) below the
sequence (green bar). Sequence identity shown in black bold and con-
served in gray. c The predicted three dimensional structure of PttXyn11A
of Ptt, the model shows the alpha helical (deep pink), beta strand (orange)
and turns (white). d The active site of PttXyn11A shown in red mesh
ribbon, the 30 amino acids necrosis inducing site shown in green mesh
ribbon, purple balls show the cleavage site of the protein. e and f Space
filling predicted 3D structure of PttXyn11A showing similarity to the
template model of BcXyn11A of B. cinerea g and h (Noda et al. 2010),
GH11 active site in red, 30 aa necrosis inducing region in green and
necrosis-inducing sites in blue and purple are shown
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Fig. 3 Activity of xylanase in the culture filtrate of six isolates of Ptt
grown in FCM for 15 days. Isolates listed from left to right in order of
virulence (Ismail et al 2014). Three biological replicates, the least signif-
icant difference (LSD)=1.171 at P<0.001. Error bars represent the stan-
dard error of three biological replicates
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secondary lesions on tomato leaves (Brito et al. 2006) while
mutation of xylanase genes inMagnaporthe oryzae resulted in
a reduction of the number of lesions, rate of penetration and
extent of infected rice cells (Nguyen et al. 2011), suggesting
that xylanases play a role in planta in vertical penetration and
horizontal expansion by fungi. The necrosis-inducing region
in BcXyn11A ofB. cinerea and TrXyn11A of T. reesei showed
similarity in the primary and tertiary structure to PttXyn11A
(Fig. 2b,g and h) (Brito et al. 2006; Noda et al. 2010). In
addition, this region was located at the surface of the enzyme
confirming similarity to the well characterised BcXyn11A of
B. cinerea (Noda et al. 2010). This region may contribute
directly to necrosis via the necrosis-inducing region of the

�Fig. 4 The full length of PttCHFP1 cDNA and PttCHFP1 protein
(JX900134) a. Cleavage site is shown in light gray bar below the
sequence, identified peptides shown in dark gray arrows below the
sequence, asterisk below the sequence indicates stop codon. b Phyloge-
netic tree of selected members of the cysteine hydrolase superfamily. La;
Listonella anguillarum, At; Agrobacterium tumefaciens, Pf; Pseudomo-
nas fluorescens, Pa; Pseudomonas aeruginosa, Mo; Magnaporthe
grisea, Ml; Mesorhizobium loti, Pp; Pseudomonas putida, Sc; Saccha-
romyces cerevisiae,Nc; Neurospora crassa,Rs; Ralstonia solanacearum,
Ps; Pseudomonas syringae,Xc; Xanthomonas campestris. c The predict-
ed three dimensional structure of PttCHFP1 of Ptt. The model shows the
alpha helical (deep pink), beta strand (orange) and turns (white) second-
ary structure, multiple domains of PttCHFP1 shown in green mesh,
purple balls indicate the cleavage site. d The 3D structure of 1NF8
template model, an isochorismatase from P. aeruginosa (Parsons et al.
2003)

Fig. 5 The full length of PttSP1 cDNA and PttSP1 protein a. Lipid
attachment site is shown in black bar below the sequence. Cleavage site
is shown in light gray bar below the sequence, identified peptides shown
in dark gray arrows below the sequence, YxC motif is also shown while
star indicates stop codon. b The predicted three dimensional structure of

PttSP1 of Ptt. The model shows the alpha helical structure (deep pink),
beta strand (orange) and turns (white) secondary structure. The predicted
cleavage site is shown as purple ball, lipid attachment site is shown in red
mesh and YxC motif shown in green mesh
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Fig. 6 The transcript expression of of PttXyn11A a, PttCHFP1 b and
PttSP1 c during the interaction of Ptt isolates and a susceptible barley
cultivar. The absolute amount of gene transcript was measured using
qPCR and normalised relative to PttGAPDH in three technical replicates
of three biological replicates. d Representative images of symptoms

caused by Ptt isolates on barley cultivar Sloop at each timepoint is also
shown for three biological replicates. SNW; sterile nanopure water was
used as a control. The least significant difference (LSD) at P<0.01 for
gene expression of PttXyn11A=6.5
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protein, and is considered to be independent of its catalytic
activity as a xylanase (Noda et al. 2010). This necrosis-
inducing function has been proven in Trichoderma viride
(Furman-Matarasso et al. 1999), B. cinerea(Noda et al.
2010) and T. reesei (Enkerli et al. 1999). The observation that
PttXyn11A is expressed more in the more virulent isolates
(where necrosis is greater) supports a similar function in Ptt.
PttXyn11A could also act by killing the plant tissue surround-
ing the infected area allowing Ptt to grow on dead tissue.
Necrotrophic fungi often promote programmed cell death by
signaling to the hosts to kill themself, as a defence mechanism,
prior to their invasion (Noda et al. 2010). A similar mecha-
nism has been proposed for P. teres on susceptible barley (Able
2003). A role for PttXyn11A in virulence by degrading the
cell wall or inducing necrosis directly (or both) remains to be
confirmed through mutant analysis of PttXyn11A. However, a
reliable transformation system has not been established for
Australian isolates yet. Although there have been attempts to
knock out some genes in Ptt, results to date have not been
successful (Simon Ellwood, personal communication).

PttCHFP1 belongs to the cysteine hydrolase super family
and appeared to most likely belong to the isochorismatase

family by having homology to many domains (Fig. 4b). In
addition, PttCHFP1 showed homology to another member of
the cysteine hydrolase super family, CSHase which is in-
volved in creatine metabolism and nicotinamidase,
converting nicotinamide to nicotinic acid and ammonia in
the pyridine nucleotide cycle. Gardiner et al. (2012) recently
reported that cereal pathogens produce amidohydrolase pro-
teins that might have a role in pathogenicity towards plants.
These proteins are believed to have been horizontally trans-
ferred from bacteria (Gardiner et al. 2012). Bioinformatic
analysis showed that PttCHFP1 also has shared homology
with bacterial amidohydrolase proteins, supporting the
Gardiner et al. (2012) findings. Isochorismatase has been
shown to inhibit salicylic acid (SA) production through the
removal of the precursor isochorismate to repress plant de-
fences against biotrophic pathogens (Wildermuth et al. 2001;
Soanes et al. 2008; El-Bebany et al. 2010). However, resis-
tance against necrotrophic pathogens is thought to involve the
jasmonic acid (JA)-signaling pathway which antagonises SA
signaling and vice versa (Rahman et al. 2012). El Oirdi et al.
(2011) and Rahman et al. (2012) found that B. cinereamanip-
ulates the antagonistic effect between SA and JA to promote
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its disease development in tomato. Thus, PttCHFP1 may
allow a similar strategy for Ptt, especially given the constitu-
tive expression of PttCHFP1 for all isolates in planta.

PttSP1 showed similarity to other proteins with a mem-
brane lipoprotein lipid attachment site. This site includes
attachment of glyceride-fatty acid lipids which have been
proposed to anchor proteins in the membrane as a part of
membrane lipoprotein synthesis (Hayashi and Wu 1990). In
addition, PttSP1 showed homology to a 17 kDa surface anti-
gen protein from bacterial species. Ellwood et al. (2010)
predicted several secreted surface antigens using both
WolfPSORTand SignalP in the Ptt genome and these proteins
were annotated as pathogenesis proteins. The YxC motif was
identified at 44 to 46 aa (Fig. 5) and in general, if this motif is
located in the first 45 amino acids of the secreted protein, this
protein is considered as a candidate secreted effector protein
(Godfrey et al. 2010; Morais do Amaral et al. 2012). qPCR at
seven time points did not show differences in the level of
PttSP1 between isolates in planta. Although the expression of
PttCHFP1 and PttSP1 were not significantly different be-
tween all isolates, sufficient protein may have been translated
to be effective in the pathogenesis process. Previous research
found that only trace amounts of Ptr-ToxB from P. tritici
repentis(Kim and Strelkov 2007) and proteinaceous toxins
from Ptt(Sarpeleh et al. 2007) were required to induce symp-
toms in wheat and barley respectively.

Identification and characterisation of these virulence can-
didate proteins (PttXyn11A, PttCHFP1 and PttSP1) from Ptt
has provided a better understanding of how Ptt may infect
barley and might ultimately help to develop appropriate dis-
ease control strategies. Ptt isolates, especially more virulent
isolates, produce PttXyn11A in a greater quantity to either
degrade the plant cell wall providing entry to the host cell and
the nutrients necessary for fungal development, or by inducing
programmed cell death. In addition, if PttCHFP1 is an
isochorismatase then the plant defence response might be
suppressed (Soanes et al. 2008) and the fungus would be able
to grow rapidly in the plant. The contribution of individual
proteins to net blotch disease development in barley will be
the focus of future research.
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