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Abstract

The cerato-platanin family is a group of small secreted cysteine-rich proteins exclusively
from filamentous fungi. They have been shown to be involved in the interactions between fungi and
plants. Functional characterization of members from this family has been performed mainly in
Ascomycota, except Moniliophthora perniciosa. Our previous phylogenetic analysis revealed that recent
gene duplication of cerato-platanins has occurred in Basidiomycota but not in Ascomycota, suggesting
higher functional diversification of this protein family in Basidiomycota than in‘/Ascomycota. In this
study, we identified three cerato-platanin homologues from the basidiomycete conifer pathogen
Heterobasidion annosum sensu stricto. Expression of the homologues under various conditions as well
as their roles in the H. annosum s.s.-Pinus sylvestris (Scots pine) pathosystem was investigated. Results
showed that HaCPL2 (cerato-platanin-like protein 2) had the highest sequence similarity to cerato-
platanin from Ceratocystis platani and hacpl2 was significantly induced during nutrient starvation and
necrotrophic growth. The treatment with recombinant HaCPL2 induced cell death, phytoalexin
production and defense gene expression-in Nicotiana tabacum. Eliciting and cell death-inducing ability
accompanied by retardation of apical root growth was also demonstrated in Scots pine seedlings. Our
results suggest that HaCPL2 might contribute to the virulence of H. annosum s.s. by promoting plant

cell death.
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1. Introduction

Heterobasidion annosum sensu lato is a basidiomycete species complex comprising five
species that are widely distributed in Europe, North America, China, Japan and parts of Russia. In these
regions, they cause great economical losses every year (Dai and Korhonen, 1999; Dai et al., 2003). One
of the species in the complex, Heterobasidion annosum sensu stricto, is a major causal agent of root and
butt rot disease of conifers in the Northern Hemisphere (Asiegbu et al., 2005). It.can live as a saprotroph
or a necrotroph and switch the life style depending on substrate availability. The fungus produces both
basidiospores and conidiospores, but primary infection is mostly mediated by the former through freshly
exposed wood surfaces, such as stumps tops or stem and root wounds, and may spread through root
contacts or grafts (Garbelotto and Gonthier, 2013). As a necrotrophic fungus, it secretes some cell-wall-
degrading enzymes and toxins (fommanoxin, fommanosin, fommanoxin acid, oosponol and
oospoglycol), which can modify host cell functions. Many of these molecules might contribute to the
virulence of the pathogen (Asiegbu et al., 2005). The current knowledge about the function of specific

effectors or necrosis-inducing molecules in this conifer pathogen is still very limited.

Our previous transcriptomic study, where over 12,000 H. annosum s.s. genes were
analysed, uncovered cerato-platanins as stress-responsive genes during abiotic (Raffaello et al., 2014)
and biotic stimuli (Jaber et al., unpublished). This is a group of small secreted cysteine-rich proteins that
are specific for filamentous fungi. They are located in the fungal cell wall (Boddi et al., 2004) and
secreted extracellularly (Pazzagli et al., 2014). Many cerato-platanins have been identified as major
secreted proteins from culture filtrates (Hall et al., 1999; Pazzagli et al., 1999; Djonovic et al., 2006;
Seidl et al., 2006; Frias et al., 2011). This could indicate their potential roles in general fungal
development and fungus-host interactions. Indeed, cerato-platanin expression is down-regulated in the

condition where fungal growth is reduced and up-regulated during chlamydospore formation (Baccelli et



al., 2012). On the other hand, cerato-platanins have been found to act as fungal elicitors or phytotoxins
in host and non-host plants (Pazzagli et al., 2014). For example, elicitor Sm1 from Trichoderma virens is
able to induce plant defense responses, such as defense-related gene expression and production of
reactive oxygen species, and required for systemic resistance against pathogens (Djonovic et al., 2006;
Djonovic et al., 2007). Likewise, some cerato-platanins from plant pathogens, such as cerato-platanin
from Ceratocystis platani, BcSpll from Botrytis cinerea and MpCP1 from Moniliophthora perniciosa,
are induced during infection and able to cause necrosis and hypersensitive response (HR) (Pazzagli et al.,
1999; Frias et al., 2011; de O. Barsottini et al., 2013). 3D structures of several cerato-platanins show
high similarity to expansins, endoglucanases and barwins from plants, which helps to explain the
eliciting and necrosis-inducing ability (de Oliveira et al., 2011; de O. Barsottini et al., 2013; Pazzagli et
al., 2014). Indeed, cerato-platanin from C. platani is able to bind N-acetylglucosamine oligomers, chitin
and colloidal chitin and loosen cellulosic materials via a non-enzymatic mechanism (de Oliveira et al.,
2011; Baccelli et al., 2014b). All of these activities are similar to those described for expansins (Pazzagli

et al., 2014).

Although several efforts have been made towards a deeper understanding of the
pathogenesis mechanism of H. annosum s.s., very little is known about proteins that contribute to the
virulence of the pathogen. Meanwhile, almost all functional studies of cerato-platanins were carried out
in ascomycetes, except M. perniciosa, the basidiomycete causal agent of witches’ broom disease in
Theobroma cacao. This makes cerato-platanins potentially good candidates to gain insight the
determinants of the virulence in the H. annosum s.s.-Pinus sylvestris (Scots pine) pathosystem and at the
same time contributes to the knowledge of cerato-platanins from basidiomycetes. In this study, we were
able to demonstrate the eliciting and cell death-inducing ability of HaCPL2 (cerato-platanin-like protein

2) from H. annosum s.s. on host and non-host plants.



2. Materials and methods
2.1 Fungal and plant materials

H. annosum s.s. P-type (isolate 03012) was kindly provided by Kari Korhonen (LUKE,
Finland) and maintained on solid MEA medium (2% malt extract and 1.5% agar) at 20°C. The Scots
pine seeds (P. sylvestris L., Saleby FP-45) were purchased from SVEASKOG (Sweden). Prior to use,
seeds were sterilized by soaking in 33% H,0, for 15 min, rinsed 5 times with sterilized water and sown
on 1% water agar plates. Plates were kept in controlled conditions in a growth chamber (12-h light/12-h
dark photoperiod with 80% relative humidity at 24°C). Seeds of Nicotiana tabacum cv.SR1 were
germinated and grown in soil/vermiculite mixture (3:1) in a plant growth room under controlled

conditions (16-h light/8-h dark period with 80% relative humidity at 22°C).
2.2 Gene cloning and sequence analysis

Cerato-platanin homologue sequences were obtained by PCR using the Phusion DNA
polymerase (Thermo Scientific). Genomic DNA and cDNA derived from two-week-old mycelia grown
on solid MEA media were used as the templates, respectively. The gene-specific primers for full-length
hacpll, hacpl2 and hacpl3 were designed based on the cerato-platanin homolog sequences from a
closely related species Heterobasidion irregulare (transcript IDs: 41461, 146085 and 145203 in H.
irregulare assembly v2.0 available from MycoCosm database at Joint Genome Institute
(http://genome. jgi-psf.org/Hetan2/Hetan2.home.html)). Primers used for cloning are listed in
Supplementary Table 1. The PCR program for all three homologues was as follow: 98°C 3 min, 30
cycles (98°C 30 s, 61°C 30 s and 72°C 1 min), 72°C 10 min, 4°C hold. PCR products were separated in
1% agarose gel, purified by the GenElute™ Gel Extraction Kit (Sigma-Aldrich), cloned into pGEM®-T

Easy vector (Promega) and transformed into TOP10F" E. coli cells (Invitrogen) according to the



manufacturers’ instructions. Positive transformants were confirmed by colony PCR and EcoR |
restriction enzyme digestion (Thermo Scientific) and sent for sequencing (Haartman Institute, Finland).
Sequences were submitted to SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/) for signal
peptide prediction and InterProScan (http://www.ebi.ac.uk/interpro/search/sequence-search) for
conserved domain prediction. Sequences were also aligned and compared with the reference protein
cerato-platanin from C. platani (GenBank accession number: CAC84090.2) with MUSCLE (default

settings) in JALVIEW (Waterhouse et al., 2009).

2.3 Growth under abiotic stress

For abiotic stress, effects of osmotic (NaCl/CaCl,), oxidative (H20,) and starvation conditions on
gene expression were tested. Three biological replicates were carried out for each treatment. As a
control, H. annosum s.s. was grown in liquid MEG medium (0.5% malt extract and 0.5% glucose) at
20°C for two weeks. For osmotic and oxidative stress, the fungus was grown initially in MEG at 20°C
for two weeks followed by exposure to 0.5 M NaCl, 0.5 M CaCl, or 5 mM H,O, for 1 hour, respectively.
For nutrient starvation, the fungus was first grown in MEG at 20°C for two weeks. Mycelia were then
washed three times with autoclaved Milli-Q water, placed in 100 ml autoclaved Milli-Q water with 100
pl 0.2 g/ml glucose solution and incubated at 20°C for 5 days. Samples were then harvested and frozen

in liquid nitrogen followed by RNA extraction according to the previous study (Raffaello et al., 2012).

2.4 Growth during different nutrition modes

Cerato-platanin-like gene expression was also studied during saprotrophic and necrotrophic
growth of the fungus. Three biological replicates were carried out for each treatment. As a control, H.
annosum s.s. was grown in solid MEA at 20°C for two weeks. For saprotrophic growth, Scots pine

sapwood was homogenized to powder form and autoclaved. Eight grams of the sapwood were mixed



with 8 ml of low nitrogen media (NHsNO3 0.6 g/L, K;HPO,4 0.4 g/L, KH,PO,4 0.5 g/L, MgSO4-7H,0 0.4
g/L) and 8 ml of sterile Milli-Q water. Three small agar blocks pre-colonized with H. annosum s.s. were
placed in contact with the sapwood and incubated at 20°C in the dark for 3 months. Mycelia together
with the sapwood were collected as saprotrophic samples. For necrotrophic growth, eleven-day-old
Scots pine seedlings were placed on 1% water agar plates and roots were covered by cellophane pre-
colonized with H. annosum s.s. Plates were kept in a growth chamber (12-h light/12-h dark photoperiod
with 80% relative humidity at 24°C) for 15 days. Thereafter, cellophane was removed and infected roots
were collected as necrotrophic samples. All samples were immediately frozen in liquid nitrogen

followed by RNA extraction.
2.5 cDNA preparation, quantitative real-time PCR and data analysis

1 ug of each RNA sample was treated with DNase | (Thermo Scientific, Finland) and cDNA was
synthesized by RevertAid Reverse Transcriptase (Thermo Scientific, Finland) according to the
manufacturer’s instructions. Primers were designed at the Roche Universal Probe Library Assay Design
Center (http://www.roche-applied-science.com). Two technical replicates were carried out and each
reaction was performed as follows: 5.5 ul cDNA (20-fold dilution), 1 pl forward primer (10 uM), 1 ul

reverse primer (10 uM)and 7.5 ul Master-Mix (Roche, Finland).

A melting curve analysis was performed to assess primer’ specificity and primer’
efficiencies were calculated by using the Absolute Quantification/2" Derivative Max method in the
Light Cycler 480 11 Software 1.5.1 (Supplementary Table 1). Primer’ efficiencies were applied in the

calculation of the relative expression level of each gene with the 244

method (Livak and Schmittgen,
2001). For cerato-platanin-like gene expression, both Tryp Met (Tryptophan metabolism) and RNA Pol3

TF (RNA polymerase 3 transcription factor) were used as reference genes (Raffaello and Asiegbu, 2013).



Statistical analysis of the gPCR data was assessed with one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparisons at 0.05 confidence level with GraphPad Prism software

(GraphPad Software, Inc., USA).

2.6 Construction of a recombinant Pichia pastoris expression strain

The cDNA sequence of hacpl2 without the secretion signal and stop codon was obtained
by PCR using the Phusion DNA polymerase. The forward primer contained an Xho I restriction site and
a KEX2 site, whereas the reverse primer contained an Xba I restriction site (Supplementary Table 1).
The PCR product was then cloned into pPICZaA vector (Invitrogen) and verified by sequencing. The
recombinant protein encoded by this construction contained the a-factor secretion signal from
Saccharomyces cerevisiae at the N-terminus and the c-myc and 6xHis epitopes at the C-terminus
(Supplementary Fig. 3). The recombinant vector.was linearized by BstX I restriction enzyme, purified by
phenol:chloroform:isoamyl alcohol (25:24:1) extraction and transformed into P. pastoris X-33 strain by
electroporation according to the EasySelect Pichia Expression Kit protocol (Invitrogen). Positive
transformants X-33/pPICZoA/HaCPL2 were confirmed by colony PCR and phenotype was determined
according to the EasySelect Pichia Expression Kit protocol. One of the transformants expressing
HaCPL2 and one transformant of vector control X-33/pPICZaA (without hacpl2 insert) were chosen for

the subsequent work.

2.7 Expression, purification and identification of HaCPL2

The selected transformant was first cultured in BMGY (buffered complex glycerol
medium) for 48 h and cells were harvested and re-suspended in BMMY (buffered complex methanol
medium) to OD 3.5. Induction was carried out with methanol at a final concentration of 2% at 28°C with

250 rpm shaking for 5 days. With the aid of 6xHis tag, the supernatant of the culture was used to purify



HaCPL2 with HisTrap™ FF crude prepacked column (GE Healthcare, Finland) according to the
manufacturer’s instructions. Prior to loading the column, the supernatant was adjusted to pH 7.4 by
addition of 4x binding buffer (80 mM sodium phosphate, 2 M NaCl, 80 mM imidazole, pH 7.4). The
flow rate was 5 ml/min as recommended by the manufacturer’s instructions. After washing with 1x
binding buffer (20 mM sodium phosphate, 500 mM NaCl, 20 mM imidazole, pH 7.4), the protein was
eluted by elution buffer (20 mM sodium phosphate, 500 mM NaCl, 500 mM imidazole, pH 7.4). The
protein solution was then dialyzed against H,O with high retention seamless cellulose tubing (MWCO
12400, Sigma-Aldrich, Finland) overnight at 4°C with two times water exchange in between. The
dialyzed protein solution was then freeze-dried at —40°C overnight, re-suspended in nuclease-free water
for desired concentration and stored at —80°C for further study. As a negative control for all further
studies, X-33/pPICZaA (without hacpl2 insert) was inoculated to the same media and the supernatant of
the culture was purified in the same way as X-33/pPICZaA/HaCPL2 (referred as “vector” treatment in

this paper).

Protein concentration was determined by Bradford method with a Nanodrop 2000C
spectrophotometer (Thermo Scientific), using BSA as a standard. The presence of HaCPL2 was
determined by sodium dodecyl sulfate-polyacrylamide gel (15%) electrophoresis (SDS-PAGE). The
identification of the protein was carried out by Western-blot using anti-c-myc antibody produced in
rabbit (Sigma-Aldrich, Finland) and MALDI-TOF-TOF mass spectrometry (Meilahti Clinical

Proteomics Core Facility, University of Helsinki, Finland).
2.8 Infiltration of N. tabacum leaves with HaCPL2

5-week-old N. tabacum plants were used for infiltration. 60 ul of H,O, vector (purification

products from X-33/pPICZaA culture medium), BSA (1800 pg/ml), 38 uM (570 pg/ml) and or 120 uM



(1800 pg/ml) HaCPL2 was infiltrated to a young well-developed leaf with the aid of a syringe. The
HaCPL2 solution used here and all subsequent studies was a mixture of different forms (monomer,
dimer and polymer). Three biological replicates were performed and plants were kept in a growth room

under controlled conditions (16-h light/8-h dark period with 80% relative humidity at 22°C).
2.9 Phytoalexin production induced by HaCPL2 in N. tabacum leaves

Leaf disks derived from a young well-developed leaf of a 5-week-old N. tabacum plant were
placed in a 96-well plate followed by addition of 60 pl of H,O, vector (purification products from X-
33/pPICZaA culture medium), BSA (1800 pg/ml), 38 uM or 120 uM HaCPL2. The plate was kept
shaking at 500 rpm at room temperature (22°C) under continuous light. Three replicates were performed
and two time points (24 h and 48 h) were studied. After the incubation, solution from each treatment was
collected and diluted to 500 ul with sterile water. Fluorescence was measured by PerkinElmer LS55
fluorospectrometer at the wavelengths of excitation 365 nm and emission 460 nm. 0.5 — 32 uM
umbelliferone (Sigma-Aldrich, Finland) was used to prepare a standard curve and phytoalexin
production was presented as umbelliferone equivalents. Statistical analysis was carried out with two-
way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons at 0.05 confidence level

with GraphPad Prism software.
2.10 Defense gene expression induced by HaCPL2 in N. tabacum leaves

N. tabacum leaves were infiltrated with 60 ul of H,O or 120 uM HaCPL2. Three biological
replicates were performed for each time point. Both control and protein-treated samples were harvested
at 6 h, 12 h and 24 h after infiltration and frozen in liquid nitrogen followed by RNA isolation. cDNA
synthesis and quantitative real-time PCR were carried out as described above (see section 2.5). Results

were analyzed with the 2"**“* method using EFIa (Elongation factor 1 alpha) as a reference gene.



Statistical analysis was assessed with unpaired t-test comparing to the control in each time point with
GraphPad Prism software. Primers for the qPCR and their efficiencies were listed in Supplementary

Table 1.

2.11 Infiltration of Scots pine seedlings with HaCPL2

Five-day-old Scots pine seedlings pre-germinated in 1% water agar plates were used for
bioassay. Seedlings were moved to a new sterile Petri dish (diameter 140 mm) with 1% water agar and
roots were placed in between two autoclaved filter paper stripes (30 mm X7 ' mm). 60 and 40 pl of
purified HaCPL2 was added evenly to the filter paper stripes below and above the seedling, respectively.
Three concentrations of HaCPL2 were tested: 38 uM, 120 uM and 380 uM. Three negative controls
were carried out: sterile H,O, vector (purification products from X-33/pPICZaA culture medium) and
BSA (1800 pg/ml). Instead of adding HaCPL2, 60 and 40 pl of sterile H,O, vector and BSA was added
evenly to the filter paper stripes below and above the seedling. As a positive control, roots of seedlings
were placed on the filter paper stripes wetted with 60 pl of sterile H,O and covered by cellophane pre-
colonized by H. annosum s.s. Petri dishes were sealed with parafilm with the bottom section covered by
aluminum foil and kept inthe growth chamber (12-h light/12-h dark photoperiod with 80% relative
humidity at 24°C) for 48 h. Three biological replicates were carried out and the positive control was

performed in a separate Petri dish.

Necrosis symptoms were observed with stereomicroscope SteREO Discovery.VV20 (Zeiss,
Germany). Root length was measured before and after the treatments with ImageJ 1.48 software and
statistical analysis was carried out with one-way analysis of variance (ANOVA) followed by Tukey’s

multiple comparisons at 0.05 confidence level with GraphPad Prism software.

2.12 Defense gene expression induced by HaCPL2 in Scots pine seedlings



Scots pine seedlings were treated with H,0, 120 uM HaCPL2 or H. annosum s.s. as described
above. Seedlings were harvested at 48 h after the treatments and frozen in liquid nitrogen followed by
RNA isolation. cDNA synthesis and quantitative real-time PCR were carried out as described above (see
section 2.5). Results were analyzed with the 224" method using EF !« (Elongation factor 1 alpha) as a
reference gene. Statistical analysis was assessed with one-way analysis of variance (ANOVA) followed
by Tukey’s multiple comparisons at 0.05 confidence level with GraphPad Prism software. Primers for

the gPCR and their efficiencies were listed in Supplementary Table 1.
2.13 Homology modeling

Similar protein structures to HaCPL2 deposited in-the Protein Data Bank (PDB) (Altschul
et al., 1997; Berman et al., 2000) were located using BLAST searches (Altschul et al., 1997), obtained,
then superimposed and compared with the programs LSQMAN (Kleywegt et al., 2001) and O (Jones et
al., 1991). The sequences of these structures.and HaCPL2 were aligned using CLUSTAL W (Thompson
et al., 1994). Based on the sequence identity, the homology model was built on the structure of T. virens
Sm1 (PDB entry 3M3G; sequence identity 54%) in the program SOD (Kleywegt et al., 2001). The
model was adjusted in O, using rotamers that would improve packing in the interior of the protein, and
accounting for a deletion in a loop region. The figures were prepared using O, MOLSCRIPT (Kraulis,
1991), Molray (Harris and Jones, 2001) and PyMOL. Conserved residues were located using the

multiple sequence alignment obtained from SAM_TO02 server search (Karchin et al., 2003).
3. Results

3.1 HaCPL2 showed the highest sequence similarity to the reference protein cerato-platanin from

C. platani



With the advantage of a published genome sequence from a closely related species H.
irregulare, we were able to design gene-specific primers for the amplification of cerato-platanins from
H. annosum s.s. The sequences of the three homologues obtained by using genomic DNA and cDNA as
templates showed no difference, indicating there were no introns in these three genes (data not shown).
hacpll, hacpl2 and hacpl3 were 318 bp, 417 bp and 783 bp, encoding proteins of 105, 138 and 260
amino acids, respectively (GenBank accession numbers: hacpll (KP288871), hacpl2 (KP202174) and
hacpl3 (KP288872)). Both HaCPL2 and HaCPL3 contained a putative signal peptide of 19 amino acids
predicted by SignalP 4.1, while no signal peptide was predicted in HaCPL1. All three proteins contained
the cerato-platanin domain (IPR010829) and the four cysteine residues putatively involved in disulfide
bridge formation were highly conserved, which defined this protein family (Supplementary Fig. 1). In
terms of length, HaCPL2 showed the highest similarity to the reference protein cerato-platanin from C.
platani (GenBank accession number: CAC84090.2), while HaCPL1 seemed to have an internal deletion
of 15 amino acids in the N-terminal region and HaCPL3 had more than 100 extra amino acids in the N-

terminal region characterized by low sequence complexity (Supplementary Fig. 1).

3.2 hacpl2 was induced during nutrient starvation and necrotrophic growth

Our goal was to investigate whether cerato-platanins were involved in the interactions
between H. annosum s.s. and Scots pine. Since three cerato-platanin-like genes showed considerable
differences inithe length of their sequences, it became imperative to study their expression profile before
embarking on functional analysis. Expression of cerato-platanin-like genes under abiotic stress and
during different nutrition modes was investigated by qRT-PCR. Interestingly, all of them were found to
be induced during nutrient starvation, while no significant difference was found during osmotic or

oxidative stress when compared to the control (Fig. 1A). Furthermore, hacpl2 was significantly induced



during necrotrophic growth, 13 and 33 fold when compared to the expression in the control and

saprotrophic growth, respectively (Fig. 1B).
3.3 Recombinant HaCPL2 existed as a mixture of different forms

Based on the sequence analysis and the expression profile of the three genes, hacpl2
appeared to be the best candidate for functional characterization during the interactions between H.
annosum s.s. and Scots pine. We performed recombinant overexpression of HaCPL2 in P. pastoris. The
deduced recombinant protein sequence consisted of 227 amino acids including the Saccharomyces
cerevisiae a-factor secretion signal peptide of 85 amino acids. The mature protein was expected to be
142 amino acid-long including a c-myc and a 6xHis tag. The predicted molecular weight was 14943.48

Daltons and the isoelectric point was 4.56.

One positive P. pastoris transformant was chosen to express the recombinant HaCPL2.
Different initial culture optical densities (OD), concentrations of methanol and induction time were
tested to optimize the expression conditions. Results showed that the best expression was obtained
when the culture was started at OD 3.5 and induced with 2% methanol (data not shown). The
recombinant protein was induced and visible in SDS-PAGE gels after three days and was highly
accumulated in the extracellular media at five days post induction (Fig. 2A). After purification on the
HisTrap™ FF crude column (GE Healthcare), the purity of the recombinant protein was assessed with
SDS-PAGE and Western-blot analysis. Results indicated that the recombinant HaCPL2 existed as a
mixture of different forms (monomer, dimer and polymer) (Fig. 2B) and this was confirmed by Western-
blot (Fig. 2C) and mass spectrometry analysis (Supplementary Fig. 2). Two peptides (from amino acid 5
to 31 and 125 to 142) covering 31% of the mature protein were identified and matched the predicted

mature protein sequence (data not shown). The spectrums of the three bands in Fig. 2B from MALDI-



TOF-TOF indicated that they corresponded to the same protein (Supplementary Fig. 2). Typically, the

yield of pure recombinant HaCPL2 was about 16 mg from 1 L culture supernatant.

3.4 HaCPL2 induced cell death and phytoalexin production in N. tabacum leaves

In order to study the in vivo effect of the purified HaCPL2, a model plant, N. tabacum, a
well-established system for elicitor and effector study, was assayed. Interestingly, HaCPL2 was able to
induce cell death at the concentration of 120 uM but not 38 uM after infiltrated to N. tabacum leaves,
indicating the threshold of the effect was between 38 and 120 puM. The symptoms started to appear three
days after infiltration and continued to develop to a larger area for several days. A typical symptom of

seven days after infiltration is shown in Fig 3A.

As a response to pest and pathogen attack, plants are able to produce low molecular mass
secondary metabolites with antimicrobial activity, which are collectively known as phytoalexins (Ahuja
et al., 2012). Therefore, phytoalexin production was measured before the cell death symptom
development to study defense responses from N. tabacum. After 24 h incubation, the size and the
stiffness of the leaf disks treated with120 UM HaCPL2 were reduced significantly and a slight
discoloration was documented. After 48 h incubation, clear chlorotic symptoms suggesting loss of
chlorophyll was observed for the leaf disks treated with 120 uM HaCPL2. A slight discoloration
symptom was also observed for the leaf disks treated with 38 uM HaCPL2. However, no obvious
symptoms were found for the other treatments (Fig. 3B). The phytoalexin production was also induced
in a dose-dependent manner, which was well correlated to the severity of the symptoms displayed on the
leaf disks. After 24 and 48 h, the phytoalexin production induced by 38 uM HaCPL2 was equivalent to
approximately 2 nmol umbelliferone. An increase of phytoalexin production was observed for the

treatment of 120 uM HaCPL2 between 24 and 48 h, equivalent to around 2 and 3 nmol umbelliferone,



respectively. In both time points, the production induced by 38 and 120 uM HaCPL2 was significantly
higher than that in all control treatments (Fig. 3C). The two-way ANOVA analysis showed that the main
factor for the significant differences was the treatment method rather than the time point (data not

shown).

3.5 HaCPL2 induced defense gene expression in N. tabacum leaves

As cell death symptoms and phytoalexin production were induced by HaCPL2 when
infiltrated to N. tabacum leaves, expression of genes related to plant defenses was also studied. The
gRT-PCR results showed that in the early response phase (6 h after infiltration), PR1a (a marker of SA-
mediated signaling pathway), PAL (phenylpropanoid pathway), PR10 (a marker of hypersensitive cell
death) and PAD3 (camalexin biosynthesis pathway) were significantly up-regulated. Their expression
remained at a higher level compared to the control after 12 h, except PR1a. After 24 h, PR1a expression
increased while expression of PAL and PR10 dropped to a similar level as the control. Only PAD3
expression was induced significantly.in all the time points. PR2a (a marker of SA-mediated signaling
pathway) and LOX (JA-mediated signaling pathway) were induced only at a later time point of 24 h.
However, a marker gene of ET-mediated signaling pathway ERF1 was not induced in leaves treated
with HaCPL2 (Fig. 4A). Another regulator gene related to JA-mediated signaling pathway COI1 was

significantly down-regulated in a time-dependent manner (Fig. 4B).

3.6 HaCPL2 induced necrosis and retarded the growth of Scots pine seedling roots

With the evidence that HaCPL2 was able to induce cell death and plant defense responses in
non-host plant, this study was additionally conducted on its natural host (Scots pine). Three different
concentrations of pure HaCPL2, three negative controls (H,O, vector (purification products from X-

33/pPICZaA culture medium), BSA) and one positive control (H. annosum s.s. infection) were used to



treat Scots pine seedling roots. Results showed that necrosis symptoms started to appear and root growth
was delayed or retarded in the plants treated with 120 and 380 uM HaCPL2 and H. annosum s.s. after 24
h (data not shown). After 48 h, necrosis induced by 120 and 380 uM HaCPL2 was similar to that of H.
annosum s.s. and the threshold of the effect was between 38 and 120 uM (Fig. 5A and B). The
retardation of root growth was obvious, but interestingly, newly emerging apical root tips were also
observed over time in the plants treated with 120 and 380 uM HaCPL2 (Fig. 5A and B). However, no
necrosis was observed in the negative controls or with lower concentration of the protein (38 uM
HaCPL2) (Fig. 5A and B). The growth of the roots at 48 h was significantly reduced in the treatment
with 120 uM HaCPL2, 380 uM HaCPL2 and the positive control compared to the negative controls or
lower concentration of the protein (Fig. 5C). However, no significant differences were observed for the

growth of the upper part of the seedlings (Fig. 5A).

3.7 HaCPL2 induced defense gene expression in Scots pine seedlings

In order to investigate the defense responses underlying the necrotic reaction and
retardation of the root growth, expression of several marker genes related to JA-mediated signaling
pathway (JAZ1, OPR and ERF1), ET(ACS and ERF1) and terpene biosynthesis (TPS), cell wall
modification (PME and LAC) and SA-mediated signaling pathway (PAL1, NPR1 and LURP1) were
studied. By including the positive control infected by H. annosum s.s., we were able to compare
whether a single protein was able to induce similar defense responses as the pathogen. Results showed
that all the selected marker genes except for those related to SA-mediated signaling pathway were
significantly up-regulated in the seedlings treated with HaCPL2 and H. annosum s.s. compared to the
negative control, except for JAZ1 and ERF1 whose expressions in the protein treatment were not

significantly higher than the negative control (Fig. 6).



3.8 Homology modeling

Protein functions and activities have a strong link to their structures. Since several
necrosis-inducing cerato-platanins’ structures were available, we performed homology modeling of
HaCPL2. The model showed that HaCPL2 also has a double-yp-barrel fold as described for other
cerato-platanins from filamentous fungi and expansins (Fig. 7A). The possible carbohydrate binding
shallow surface is located in one side of the module with conserved amino acids (in'gold). The
conserved cysteine residues (in green) were responsible for the formation of two putative disulphide

bonds (Fig. 7A).

4. Discussion

Cerato-platanins as well as elicitins, hydrophobins and some avirulence gene products are
small, cysteine-rich proteins that are common among fungal secretomes and are involved in fungal
development and interactions with plants (Templeton et al., 1994; Wosten, 2001; Pazzagli et al., 2014).
They are specific for filamentous fungi in.that no homologs are found in non-fungal species, early
branches of jelly fungi or fungi with yeast or yeast-like forms in their life cycle (Chen et al., 2013).
Recent gene duplications have been found in Basidiomycota which might indicate a higher functional
diversity of this family in'Basidiomycota than Ascomycota (Chen et al., 2013). In the conifer pathogen
H. annosum s.s., three cerato-platanin homologs were identified. However, only HaCPL2 and HaCPL3
contained a secretory signal peptide indicating that HaCPL1 might not be secreted or involved in the
interactions with plants. Moreover, when compared to the reference protein cerato-platanin from C.
platani, HaCPL1 seemed to be a truncated sequence and HaCPL3 had more than 100 extra amino acids
in the N-terminal region with low sequence complexity. Only HaCPL2 showed high similarity to the

reference protein in terms of length and secretion signal. Despite the sequence diversity, all cerato-



platanin-like genes were significantly induced during nutrient starvation. Under this condition, only
limited amount of carbon was supplied in the form of 0.2 g/L glucose in water with complete
deprivation of nitrogen. Our results thus indicate that HaCPLs from H. annosum s.s. might be involved
in overcoming starving conditions. The cerato-platanin gene MSP1 from Magnaporthe grisea is also
induced upon nitrogen starvation which mimics the environment in planta (Jeong et al.,©2007). Both
nutrient starvation and the adverse environment created by plants in the host-pathogen interface can
induce gene expression related to autophagy, an adaptive strategy under stressful stimuli (Deng et al.,
2012; Raffaello et al., 2014). Moreover, only hacpl2 was induced during necrotrophic growth, reflecting
that HaCPL2 might be involved in the interactions between the fungus and living plants. This is similar
to the observations for some cerato-platanin proteins from other pathogens. For instance, SnodProt1
from Stagonospora nodorum and sp1 from Leptosphaeria maculans are induced during infection (Hall
et al., 1999; Wilson et al., 2002). MSP1 from M. grisea is induced during appressorium formation
(Jeong et al., 2007). Sm1 from T. virens, MpCP1 from M. perniciosa and BcSpll B. cinerea are induced
in the presence of plant hosts (Djonovic et al., 2006; Zaparoli et al., 2009; Frias et al., 2011).
Consequently, HaCPL2 was choasen for further study about the virulence determinants in the H.annosum

s.s.-P. sylvestris pathosystem.

Due to the low efficiency in constructing a stable gene-specific mutant in H. annosum s.s.
(Samils et.al., 2006), heterologous expression in P. pastoris was applied to obtain pure HaCPL2 for
functional characterization. As a eukaryote, the P. pastoris expression system has many advantages such
as proper protein processing, folding, post-translational modification and generally gives a satisfactory
expression level of target proteins (Li et al., 2007). In this study, the yield of pure HaCPL2 increased
with incubation time and reached an optimal level, around 16 mg from 1 L culture medium after five

days. This is comparable to the values documented in other studies using P. pastoris to express cerato-



platanins. From 1 L culture medium, the yield of cerato-platanin from C. platani, Sm1 from T. virens,
BcSpll from B. cinerea are 32, 55 and 35 mg, respectively (Carresi et al., 2006; Buensanteai et al., 2010;
Frias et al., 2011). Pure HaCPL2 existed as a mixture of different forms (monomer, dimer and polymer),
similarly to other cerato-platanins (monomer and aggregate forms in C. platani, monomer and dimer in
T. virens and Trichoderma atroviride, monomer and trimer in Trichoderma reesei and monomer, dimer
and trimer in M. grisea) (Vargas et al., 2008). In T. virens, the eliciting ability of Sm1 has been found to
be controlled by dimerization with only monomeric form able to induce systemic resistance in plants

and glycosylation is the key factor that prevents dimerization of Sm1 (Vargas et al., 2008).

Members of the cerato-platanin family display functional diversity with distinctive
regulatory patterns suggesting different roles in fungal life style. For instance, Snodprotl from
Neurospora crassa is a clock-controlled gene and SP1 from L. maculans is light-regulated (Zhu et al.,
2001; Wilson et al., 2002). However, the eliciting ability seems to be a common characteristic of this
protein family. They are able to induce immune responses in both animals and plants. CS-AG from
Coccidioides immitis is an antigen'and rAsp f 13 of Aspergillus fumigatus is an allergen to humans (Pan
and Cole, 1995; Chaudhary et al., 2010). Cerato-platanins from genus Trichoderma such as Epl1 from T.
atroviride and Sm1 from T. virens have been found to act as elicitors, without necrosis-inducing ability
(Djonovic et al.,2006; Seidl et al., 2006; Djonovic et al., 2007). Nevertheless, cerato-platanins from
some pathogens, such as CP from C. platani, MSP1 from M. grisea, Popl from Ceratocystis populicola,
MpCP1 from M. perniciosa and BcSpll from B. cinerea, are able to induce necrosis, programmed cell
death or different plant defense responses (Pazzagli et al., 1999; Scala et al., 2004; Jeong et al., 2007,
Comparini et al., 2009; Zaparoli et al., 2009; Frias et al., 2011). In this study, we demonstrated that
cerato-platanin-like protein HaCPL2 from a necrotrophic basidiomycete pathogen H. annosum s.s. was

able to cause cell death and activate defense responses in host and non-host plants. In other studies,



cerato-platanin from C. platani, MpCP1 from M. perniciosa and BcSpll from B. cinerea have been
shown to induce plant cell death at the concentration of 80, 29 and 34 UM respectively but not at lower
concentration (Pazzagli et al., 1999; Zaparoli et al., 2009; Frias et al., 2011). Therefore, the inability to
cause cell death at 38 UM of HaCPL2 suggests that its phytotoxicity might be strongly related to its
concentration and the threshold of the cell death-inducing effect could be between 38 and 120 uM. In
line with our observations, MSP1 from M. grisea and BcSpll from B. cinerea have been reported to be
required for full virulence of the pathogens (Jeong et al., 2007; Frias et al., 2011). Besides necrotic
symptoms, growth of the Scots pine seedling roots was retarded after HaCPL2 treatment. This might
indicate a physiological switch from a growth to a defense program in the plant (Boller and Felix, 2009).
Since H. annosum s.s. is a necrotrophic pathogen, it normally Kills living cells before colonization and
feeds on dead tissues (Asiegbu et al., 2005). Interestingly, the in planta effect induced by HaCPL2 is
similar to that caused by the pathogen. Therefore, it suggests that HaCPL2 might be one of the
molecules that H. annosum s.s. exploits as weapons to induce cell death on its host in order to promote
tissue colonization and invasive growth. This effect on conifer seedlings has not been observed before
and thus constitutes a step forward towards the elucidation of the role of HaCPLs in disease

development.

It is widely accepted that plants have developed two layers of innate immunity against
pathogen attack, PAMP-triggered immunity (PTI) and effector-triggered immunity (ETI) (Jones and
Dangl, 2006). PT1 is activated by the recognition of Pathogen Associated Molecular Patterns (PAMPS)
by pattern recognition receptors (PRR) and ETI is highly specific and mediated by direct or indirect
interaction of pathogen effectors and products of plant R genes according to the gene-for-gene theory
(Boller and Felix, 2009). In this study, HaCPL2 was able to induce defense responses in both host and

non-host plants. Many small cysteine-rich proteins have been identified as apoplastic effectors, such as



Phytophthora elicitins, Cladosporium fulvum Avr2, Avr4 and Avr9, Rhynchosporium secalis nipl and S.
nodorum SnTox1 (Vandenackerveken et al., 1992; Rohe et al., 1995; Sasabe et al., 2000; van Esse et al.,
2007; van Esse et al., 2008; Liu et al., 2012). It seems reasonable to hypothesize that HaCPL2 could act
as an avirulence factor or a phytotoxic protein. Responses to both PTI and ETI include rapid influx of
calcium ions, oxidative burst, activation of MAPKS, changes in protein phosphorylation, hormone
biosynthesis, phytoalexin biosynthesis, the reinforcement of cell walls at the site of attempted infection,
receptor endocytosis and transcriptional reprogramming (Schwessinger and Zipfel, 2008; Segonzac and
Zipfel, 2011). During infection, not only changes in secondary metabolism are promoted to activate
defense responses, but also in primary metabolism, with reduced growth and abnormal development in
many cases (Berger et al., 2007). In this study, HaCPL2 was able to induce phytoalexin synthesis and
defense gene expression in the model plant N. tabacum. In other studies, cerato-platanin from C. platani,
spl from L. maculans, Sm1 from T. virens and Popl from C. populicola are also able to induce
phytoalexin production or autofluorescence in the plant tissues (Pazzagli et al., 1999; Wilson et al., 2002;
Scala et al., 2004; Djonovic et al., 2006; Comparini et al., 2009). Other plant responses, such as
accumulation of reactive oxygen species and transcriptional activation of defense genes, have also been
reported to be induced by cerato-platanin family proteins (Djonovic et al., 2006; Frias et al., 2011).
Interestingly, HaCPL2 retarded root growth and induced defense gene expression in Scots pine seedlings.
Both early (transcriptional activation) and late (growth inhibition) responses were observed in the host
plant after treatment with HaCPL2 and H. annosum s.s. The similar responses induced by HaCPL2 and
the pathogen on Scots pine seedlings indicates the host might perceive the presence of HaCPL2 as a

signal of pathogen invasion and subsequently activate defense machinery.

The downstream responses to both PTI and ETI are controlled by the balanced action of

salicylic acid (SA), jasmonic acid (JA) and ethylene (ET) (Bari and Jones, 2009; Robert-Seilaniantz et



al., 2011). It has been established that JA and ET-dependent responses are involved in the plant defenses
against necrotrophic pathogens and insect damage, while SA-dependent defenses are often triggered by
biotrophic pathogens (Spoel et al., 2007). In N. tabacum, the up-regulation of SA-dependent marker
genes PR1a, PR2a and PR10 is congruent with the activation of SA-mediated signaling pathway after
treatment with HaCPL2 (Jwa et al., 2001, Jia et al., 2013; Kim and Hwang, 2014). PAL-accumulation
contributes to this assumption, since the corresponding gene product acts as a positive regulator of SA-
dependent defense signaling to combat microbial pathogens (Kim and Hwang, 2014). These results in N.
tabacum agree with the observations that infiltration of BcSpll from B. cinerea leads to the
accumulation of SA in tobacco leaves (Frias et al., 2013). Moreover, PR10 is a marker gene for HR-
induced cell death, which supports our in vivo observations (Choi et al., 2012). The up-regulation of
LOX and down-regulation of COI1 suggest that JA-dependent defense gene expression might be
promoted by HaCPL2 treatment. COl1 mediates JA-mediated signaling pathway by promoting
hormone-dependent ubiquitylation and degradation of transcriptional repressor JAZ proteins (Schaller
and Stintzi, 2009; Sheard et al., 2010). Therefore, we hypothesize that JAZ proteins are accumulated,
acting as transcriptional repressors by interacting with MY C2 and promoting the defense-related gene
expression (ERF branch-of JA signaling ) over wounding-related response (MY C branch of JA signaling)
(Lorenzo et al., 2004; Fernandez-Calvo et al., 2011). The up-regulation of PAL is in agreement with
accumulation of phytoalexins. After pathogen challenge, the phenylpropanoid pathway is redirected
towards the synthesis of phytoalexins and other defensive secondary metabolites (Vogt, 2010). Increased
MRNA transcripts of PAD3, a gene encoding for a key enzyme in camalexin biosynthesis, was also
consistent with the activation of phytoalexin production (Zhou et al., 1999). In Scots pine seedlings, the
JA-dependent marker genes JAZ1 and OPR were significantly induced after both HaCPL2 treatment and

challenge with H. annosum s.s., suggesting JA-mediated signaling pathway might be activated (Schaller



and Stintzi, 2009; Sheard et al., 2010). Additionally, the induction of ACS and ERF1 suggests that JA
and ET act concomitantly to control defense responses through the ERF branch of JA/ET synergistic
pathway. This branch of transcriptional regulation is known to be preferentially induced by

necrotrophic pathogens (Lorenzo et al., 2004). Furthermore, TPS, PME and LAC, encoding for enzymes
implicated in biosynthesis of terpenes, cell wall modification or lignification, are induced (Micheli, 2001,
Tholl, 2006; Berthet et al., 2012). PAL1, NPR1 (a positive regulator of SA signal transduction) or

LURPL1 (required for full basal defenses against pathogens) were not differentially expressed, so no
evidence was found for induction of SA-dependent defenses or the phenylpropanoid pathway (Asai et al.,
2000; Knoth and Eulgem, 2008). In Arabidopsis thaliana, cerato-platanin from C. platani has been
found to induce camalexin biosynthesis and defenses mediated by SA and ET (Baccelli et al., 2014a).
Nonetheless, the results in Scots pine are congruent with the induction of JA/ET-mediated signaling

pathways after infection with necrotrophic pathogens (Zhu et al., 2011).

Small cysteine rich effectors usually consist of less than 150 amino acids and contain a
secretion signal and an even number of disulfide bridge-forming cysteine residues that are essential for
defense induction and effector function when infiltrated into plant tissues (Joosten et al., 1997; Kooman-
Gersmann et al., 1997; Lauge and De Wit, 1998; Kamoun et al., 1999; Luderer et al., 2002; van't Slot
and Knogge, 2002). HaCPL2 contains 119 amino acids, a secretion signal and 4 cysteine residues, which
matches all these characteristics. Moreover, the predicted protein structure of HaCPL2 also has a
double-yp-barrel fold similar to other cerato-platanins and expansins (de Oliveira et al., 2011). Cerato-
platanin locates in the fungal cell wall and is able to bind to chitin (de Oliveira et al., 2011; Frischmann
et al., 2013; Baccelli et al., 2014b; Frias et al., 2014). It has been suggested that cerato-platanin proteins
can act on non-covalent interactions both in cellulose- and chitin-containing cell walls reducing the force

needed to break the plant cell walls. Therefore, binding of cerato-platanin provides mechanical pressure



assisting the penetration of hyphae (Baccelli, 2015). BcSpll of B. cinerea binds to plasma membrane
and causes cell shrinkage and chloroplast disorganization. Mutational studies reveal two motifs
contributing to the necrosis-inducing ability of BcSpll (Frias et al., 2014). These motifs are fairly
conserved in HaCPL2 and possibly contribute to chitin binding as well as the stability of the structure.
Close observation of the homology model also reveals that some of these conserved residues are surface
exposed, possibly having implication for carbohydrate binding. The homology modeling might assist
further studies to explain the eliciting and necrosis-inducing ability of HaCPL2. As one of the most
economically important forest pathogens, H. annosum s.s. presents an epidemiologically well-studied
fungus with a complex life style. The ability to switch the life style between saprotrophic and
necrotrophic phases requires the pathogen to be able to kill living tissues or cause necrotic cell death so
that it can feed on the dead tissue. In the H. annosum s.s.-P. sylvestris pathosystem, we have purified
and characterized a cerato-platanin protein that induces cell death and plant defense responses. This will
further our understanding of the determinants of pathogenicity or virulence as well as provide a possible

target for disease control in the future.
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Fig. 1. Expression profile of cerato-platanin-like genes by RT-gPCR. A, gene expression under different
abiotic stress. B, gene expression during different growth stages. Results were presented as fold change
in amount of transcript levels compared to the control (tSEM, n=3). Lower case letters above the bars
represented the statistical analysis assessed with one-way analysis of variance (ANOVA) within the

same gene and followed by Tukey’s multiple comparisons at 0.05 confidence level.



Fig. 2. Expression, purification and identification of recombinant protein HaCPL2. A, SDS-PAGE
analysis of the time-course study of the production of recombinant HaCPL2 in the supernatant of the
culture. 0 — 5d represented time points from 0 to 5 days, respectively. M: (the same in A, B and C)
PageRuler Plus Prestained Protein Ladder (Thermo Scientific). B, SDS-PAGE analysis of the purified
recombinant HaCPL2. Three bands indicated by the arrows were sent for identification with MALDI-

TOF-TOF. C, Western-blot analysis of the recombinant HaCPL2 by using anti-c-myc antibody.



Fig. 3. Infiltration of HaCPL2 on N. tabacum leaves and phytoalexin production induced by HaCPL2. A,
cell death induced by HaCPL2 seven days after infiltration. B, N. tabacum leaf disks after 24 and 48 h
incubation with HaCPL2 in a 96-well plate. C, phytoalexin production induced by HaCPL2 after 24 and
48 h incubation. Values were presented as umbelliferone equivalents. Lower case letters above the bars
represented the statistical analysis of two-way analysis of variance (ANOVA) followed by Tukey’s

multiple comparisons at 0.05 confidence level (SEM, n=3).



Fig. 4. Defense gene expression induced by HaCPL2 in N. tabacum leaves by RT-qPCR. Results were
presented as fold change in amount of transcript levels compared to the control in each time point,
respectively (+SEM, n=3). A, defense genes that were up-regulated by HaCPL2. PR1a: Pathogenesis
related protein 1a, PR2a: Pathogenesis related protein 2a, PAL: Phenylalanine ammonia lyase, PR10:
Pathogenesis related protein 10, LOX: Lipoxygenase, PAD3: Phytoalexin deficient 3. ERF1: Ethylene
response factor 1. B, defense gene that was down-regulated by HaCPL2. COI1: Coronatine-insensitive 1.
Asterisks above the bars represented the statistical analysis of two-tailed unpaired t-test (* P<0.05, **

P<0.01, *** P<0.001, **** P<0.0001).



Fig. 5. Effects of HaCPL2 on Scots pine seedlings. A, overview of the seedlings 48 h after the
treatments. In the control, H, V and B represented seedlings from treatment of H,O, vector (purification
products from X-33/pPICZoA culture medium) and BSA, respectively. B, Scots pine seedling roots of
different treatments under stereomicroscope (scale bar: 1 mm). C, growth rate of roots 48 h after the
treatments. Lower case letters above the bars represented the statistical analysis assessed with one-way
analysis of variance (ANOVA) followed by Tukey’s multiple comparisons at 0.05 confidence level

(xSEM, n=9).



Fig. 6. Defense gene expression induced by HaCPL2 in Scots pine seedlings by RT-gPCR. Results were
presented as fold change in amount of transcript levels compared to the control (xSEM, n=3). JAZ1.:
Jasmonate zim domain protein 1, OPR: 12-OPDA reductase, ACS: 1-aminocyclopropane-1-carboxylic
acid synthase, ERF1: Ethylene response factor 1, TPS: Terpene synthase, PME: Pectin methylesterase,
LAC: Laccase. PAL1: Phenylalanine ammonia lyase 1, NPR1: Natriuretic peptide receptor 1, and
LURPL1: Late up-regulation in response to Hpa 1. Lower case letters above the bars represented the
statistical analysis assessed with one-way analysis of variance (ANOVA) within the same gene and

followed by Tukey’s multiple comparisons at 0.05 confidence level.



Fig. 7. Homology model of HaCPL2. A, ribbon cartoon of the model showing the conserved disulphide
bond-forming cysteine residues in spring-green and relatively conserved and possible carbohydrate
binding residues in gold. B, surface of the module showing hydrophilic and hydrophobic areas in light

blue and orange, respectively.
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Highlights

e We characterized HaCPL2 as a cell death-inducing protein.

e hacpl2 expression was induced during nutrient starvation and necrotrophic growth.
e HaCPL2 induced hypersensitive cell death and defense response in N. tabacum.

e HaCPL2 induced necrosis and inhibited the root growth on P. sylvestris.

e Genes related to JA and ET signaling were preferently induced in P. sylvestris.



