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Abstract

Cladosporium herbarum is one of the most frequently occurring fungal species, with a
worldwide distribution, and is found in almost all man-occupied niches in organic and
inorganic matter and as a phytopathogen on certain agricultural crops. The structure of
the most abundant glycoprotein from the C. herbarum cell wall, peptidogalactomanann
or pGM, was previously elucidated and includes carbohydrates (76%), with mannose,
galactose and glucose as its main monosaccharides (52:36:12 molar ratio). pGM was
able to strongly induce the expression of defense-related genes and ROS accumulation
when in contact with BY2 tobacco cells. Here, using two distinct Nicotiana tabacum
cultivars, Xanthi and SR1, we evaluated the ability of C. herbarum pGM to induce
SAR-like defense by studying its antiviral activity against Tobacco mosaic virus (TMV)
and the induction of SAR markers including PR genes and ROS accumulation. Our
results show that pGM induced a strong activation of defense responses in treated plants
from both tobacco cultivars, contributing to the impairment of viral infection.
Expression levels of the pathogenesis-related genes PR-/a (unknown function), PR-2
(L1-1-3 endoglucanase), PR-3 (chitinase), and PR-5 (thaumatin-like protein), the
phenylpropanoid pathway gene PAL (phenylalanine ammonia-lyase) and genes

involved in plant stress responses and innate immunity, such as LOXI (lipoxygenase)
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and NtPrxNI (peroxidase), were strongly induced until 120 h after pGM spray
application. Accumulation of superoxide radicals was also observed in a pGM dose-

dependent manner.

Introduction

To face pathogen attack, plants have developed important pathways of
response against infections, which include mainly the immunity associated with the
recognition of conserved pathogen or microbe molecular patterns (PAMPs/MAMPs),
such as fungal chitin or bacterial flagellin by plant cell receptors (PRRs) (reviewed by
e.g. [1]). This first line of response is called PAMP-triggered immunity (PTI). To
overcome PTI, pathogens develop effector molecules that enable them to successfully
infect a host even when PTI is active. Plants, however, can face this by a second line of
defense, effector-triggered immunity (ETI) [2, 3]. PTI may result in a decrease in
pathogen colonization, consequently blocking the disease development and conferring
basal resistance. Second, ETI confers resistance later, often resulting in a hypersensitive
response (HR). Immunity directly associated with pathogen effectors is triggered by
host cell identification of the effector itself or by effector-induced responses. This
recognition accelerates and amplifies PTI-mediated responses, often leading to an HR at
infection sites and to a systemic induction of resistance known as systemic acquired
resistance (SAR). Once properly stimulated, SAR provides long-term defense against a
broad spectrum of pathogens [4-8]. Therefore, a localized microbial infection in a single
or in some leaves can immunize the rest of the plant against a subsequent infection. This
phenomenon makes the plant temporally resistant to new infection events even if the
subsequent infection occurs at a site far from the initial primary site.

Cladosporium herbarum is a fungus that is not pathogenic to humans, but the easy
dispersion of its spores in air makes it an important airway allergen, leading to the
development of respiratory diseases such as rhinitis, conjunctivitis and asthma [9]. In
addition, it has also been described as a phytopathogen in some agricultural crops, such
as passion fruit and corn. C. herbarum infects passion fruit, causing cladosporiosis,
which reduces fruit production and quality [10]. In corn, it causes Cladosporium ear rot
[11]. Cladosporiosis can occur by contaminated seedlings or wind-dispersed conidia

[12], potentially affecting any aerial parts of the plant but mainly growing tissues such
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as leaves, branches, flower buds and fruits, negatively impacting plant development and
production [13].

The cell walls of members of the Cladosporium genus have a complex composition
consisting mainly of polysaccharides (80-90%) and, to a lesser extent, proteins,
glycoproteins and lipids [14]. Chitin and B-glucans are the main polysaccharides and are
located in the inner layer of the cell wall, whereas glycoproteins are anchored in the
outermost layer [15-17]. Fungal cell wall composition may vary according to the
morphological type, growth stage and fungal species and is different from the plant cell
wall composition, which mainly includes cellulose [18]. Among the fungal cell wall
glycoproteins, peptidogalactomannan (pGM) can be found in various fungi, such as
Cladosporium werneckii, C. resinae, Aspergillus fumigatus, Aspergillus wentii,
Malassezia species and Chaetosartorya chrysella [19-22].

In a previous study, the Cladosporium herbarum pGM structure was elucidated and
found to include carbohydrates (76%) and mannose, galactose and glucose as its main
monosaccharides (52:36:12 molar ratio). The presence of a main chain containing
(1—>6)-linked a-D-Manp residues was observed by methylation and '*C-nuclear
magnetic resonance ('*C-NMR) spectroscopy [23]. B-D-Galactofuranosyl residues were
present as (1—5)-interlinked side chains of C. herbarum pGM. The role of pGM cell
wall glycoprotein in plant-fungus interactions was first studied by Mattos et al. [23],
who showed the induction of the expression of defense genes in tobacco BY2 cells and
a hypersensitive response (HR) after treatment of tobacco leaves with C. herbarum
pGM. This recognition and defense response activation would possibly contribute to the
plant response to the pathogen attack, protecting itself against new infections and
indicating that pGM is probably able to induce SAR.

Here, using two distinct Nicotiana tabacum cultivars, Xanthi and SR1, we evaluated the
ability of C. herbarum pGM to induce antiviral activity against Tobacco mosaic virus
(TMV), PR genes and oxygen-reactive species (ROS) accumulation. Our results showed
that pGM treatment induced a SAR-like response in both tobacco cultivars with strong
activation of defense responses by the treated plants, enabling them to impair the viral

infection.

Material and Methods
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100 Strain and culture conditions

101 Cladosporium herbarum, CBS 121621, was provided by Dr J. Guarro,
102  Advanced Studies Institut, Réus, Spain and was maintained in potato dextrose broth
103  (PDB/Acumedia) in Erlenmeyer flasks at room temperature for 7 days with shaking.
104  Mycelium was obtained via filtration, washed with distilled water and stored at -20°C.

105
106 Extraction of C. herbarum glycoprotein

107 Crude glycoprotein extraction was performed according to [22]. Briefly, C.
108  herbarum mycelium was extracted with 0.05 M phosphate buffer, pH 7.2, at 100°C for
109 2 h. The mixture was filtered, and the filtrate was evaporated into a small volume and
110  precipitated with three volumes of ethanol overnight at 4°C. The precipitate was
111 dialyzed and freeze-dried to obtain the crude glycoprotein (pGM). pGM purity was
112 checked by HPTLC and GC-MS as described by Mattos et al., [23] and no
113  contaminants were present.

114
115 Plant growth and pGM treatment

116 N. tabacum cv. Xanthi and cv. SR1 seeds were germinated and grown in
117  substrate in a greenhouse at 25 + 2°C with a natural photoperiod. Young adult tobacco
118  plants with 4-6 true leaves were sprayed with 600 ug.ml! of water diluted pGM with a
119  high-pressure apparatus (W550, Wagner) according to [24]. MilliQ water was sprayed
120  as control. Four pGM assay experiments were performed with Xanthi cv. with 16 plants
121 sprayed with pGM and mechanically infected with TMV 24 h later and 16 plants
122 sprayed with water and mechanically infected with TMV 24 h later in each experiment.
123 Plants without treatment were used as healthy controls, plants only mechanically
124  inoculated with TMV were used as TMV inoculation controls, plants treated with pGM
125  were used as pGM control plants, and plants just sprayed with water were used as water
126  treated (H,O) controls (mock). pGM assays with SR1 cv. were carried out 3 times with
127 10 plants used for each control (healthy plants, pGM alone, H,O-mock and TMV alone)
128 and 15 plants for pGM + TMV and 15 for HO + TMV in each experiment.
129  Immediately before spraying, pGM was resuspended in MilliQ water, and the
130  suspension was sterilized by filtration in a Millipore 0.20 um filter.

131
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132 Tobacco mosaic virus (TMV) infection and evaluation of

133 disease severity

134 For TMV mechanical infection, 1 g of TMV-infected frozen leaves (-80° C) was
135  ground with a mortar and pestle in 19 ml of 0.01 M potassium phosphate buffer pH 7.0
136  to obtain the viral suspension [25]. Twenty-four hours after water or pGM treatment, the
137  first 3 true leaves of each plant were mechanically inoculated with TMV without the use
138  of abrasive. Experiments were carried out 4x with N. tabacum Xanthi and 3x with V.
139  tabacum SR1 plants.

140  For cv. Xanthi, 48 hours post infection (hpi) with TMV, the disease incidence was
141  measured by direct counting of necrotic lesions in each infected leaf, as described by
142 [26], where the number of necrotic lesions was expressed as the infection percentage.
143  To assess TMV disease severity in pGM treated cv. SRI plants, the plants were
144  evaluated by visual observation 25 days post TMV infection (dpi) using a 0-5 disease
145  scale. In this scale, the value 0 corresponds to the absence of symptoms; 1 to one or two
146  leaves showing light mottling; 2 to more than two leaves showing light mottling with
147  few thin yellow veins; 3 to mottling and vein clearing unevenly distributed on the leaf; 4
148  to mottling, leaf distortion, and stunting; and 5 to severe mottling, leaf curling, and
149  stunting. The severity of the disease was quantified using the disease index (DI%)
150  proposed by [27], applying the following formula: DI = 3(DS x P)/(TNP x HGS) * 100,
151  where DS = degree of the scale determined for each plant; P = number of plants
152  showing each degree of infection (score); TNP = total number of plants evaluated; and

153  HGS = highest grade of the scale (maximum infection score).

154
155 ELISA assays
156 Enzyme-Linked Immunosorbent Assays (ELISA) analyses were carried out to

157  measure the amount of the virus in leaf samples using PathoScreen® (Agdia) ELISA kit
158  for specific detection of tobamovirus family including TMV following Agdia protocol.
159  Leaf samples of water- and pGM-treated SR1 plants inoculated with TMV were
160  collected 72 h after virus infection. Each sample was ground in a 1:10 (leaf:extraction
161  buffer (Adgia Co.) dilution and then loaded onto ELISA 96-well plates. Tests were
162  performed in technical triplicates and the plates were read using a microplate
163  spectrophotometer from BioRad Co.. Virus quantification was obtained using the

164  standard curve of a 1.0 x 107 TMV particles/g of leaf sample serial dilution.
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165

166 Measurement of superoxide radical accumulation in leaves

167 treated with pGM

168 Evaluation of superoxide radical accumulation was performed using nitroblue
169  tetrazolium (NBT) staining according to [28]. Leaves sprayed with 100, 200, 400 and
170 600 pg.ml! of pGM were collected after 24 and 72 h and 8 and 10 days after spray
171  application and incubated with NBT at 0.5 mg.ml'! for 1 h in vacuum. Subsequently,
172 leaves were immersed in 95% boiling ethanol until for total removal of chlorophyll.

173
174 Analysis of defense gene expression by qRT-PCR

175 Total RNA was extracted from young leaves between 24 and 120 h after
176  treatment with water or 600 pg.ml' pGM using TRIzol® Reagent (AmbionRNA by
177  Life Technologies™) according to the manufacturer's instructions. RNA concentration
178 and purity were determined using a NanoDrop2000 Spectrophotometer (Thermo
179  Scientific Co.). RNA integrity was assessed using 1% agarose gel electrophoresis and
180  ethidium bromide staining. One microgram of total RNA from each sample was treated
181  with RQIl RNase-Free DNase (Promega Co.) according to the manufacturer's
182  instructions. Complementary DNA (cDNA) synthesis was performed with a Revert Aid
183  First Strand cDNA Synthesis Kit (Fermentas Co.) and 100 uM of OligodT primer using
184 1 pg of total RNA as a template, according to the manufacturer's instructions. Following
185  cDNA synthesis, the samples were diluted 25-fold in sterile water. Primers for qPCR,
186  described by [23], were designed for seven defense-related genes (PR-/a, PR-2, PR-3,
187  PR-5, NtPrxNI1, LOXI and NtPAL) and two constitutively expressed genes (PP2A4 and
188  Nt-ACT9). Amplification reactions were performed on an Applied Biosystems® 7500
189  Fast Real-Time PCR apparatus using a 96-well plate. All reactions were performed
190 using two independent biological pools composed of leaves of 5 independent plants
191  each. Three technical triplicates were analyzed for each biological replication. Three
192  negative controls without cDNA were included on the plate for each primer. A mix was
193  performed according to the manufacturer's instructions containing the specific primer
194  pairs for each gene at 10 uM and SYBR Green/ROX qPCR Master Mix (Thermo
195  Scientific). cDNA amplification reactions were performed in a final volume of 25 pl,
196  according to the manufacturer's guidelines. qPCR cycles were 10 minutes at 95°C for

197  initial denaturation, followed by 40 cycles of denaturation at 95°C for 15 sec and
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198  annealing/extension at 60°C for 1 minute, except for the PAL and PRS genes, for which
199 the annealing temperature was adjusted to 62°C [23]. The results were analyzed by the
200 2744 CT method according to [29].

201
202 Statistical analysis

203 Statistical analyses were performed using GraphPad Prism software version 5.00
204  for Windows using “ONE-WAY ANOVA” Bonferroni test to evaluate if total number
205  of TMV-induced necrotic lesions differ significantly between pGM treated and water-
206  treated plants and compare ELISA results between treatments. Disease severity index
207  between treatments were compared using One Way ANOVA Kruskal-Wallis and
208  Dunn’s Multiple Comparison Test and “TWO-WAY ANOVA” Bonferroni test was
209  used to evaluate qRT-PCR results.

210

211 Results

212 pGM induces tolerance against TMV infection in tobacco

213 plants

214 To evaluate the potential of C. herbarum pGM in inducing virus defense in N.
215 tabacum, tobacco plants from two distinct cultivars were sprayed with 600 pg.ml-1
216 pGM and mechanically inoculated with TMV 24 hours later. Forty-eight hours after
217 TMV infection, plants from the tobacco cultivar Xanthi sprayed with water showed
218  TMV-induced typical necrotic lesions (Fig 1A middle panel). Plants sprayed with pGM,
219  however, showed a reduction in the number of necrotic lesions after TMV infection. A
220  reduction of 42% in the number of necrotic lesions was observed when comparing
221 water- and pGM-treated plants after TMV challenge and of 51% comparing pGM-
222 treated and untreated TMV-infected plants (TMV infection control) (Fig 1B). Statistical
223 analyses, however, showed that the number of necrotic lesions of water-treated and
224  untreated plants were similar. Seven days after TMV infection, leaves at position 3 of
225  plants previously sprayed with water showed 2.6x more necrotic lesions than leaves at
226  the same position of pGM-sprayed plants (Fig 1C and 1D).

227
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228  Figure 1: pGM treatment induced a reduction in the number of TMV induced
229  necrotic lesions in Nicotiana tabacum cv. Xanthi. N. tabacum cv. Xanthi were treated
230  with water or pGM and mechanically inoculated with TMV 24 hours later. (A) Details
231 of representative leaves 7 dpi with TMV. Upper panel shows TMV infected untreated
232 plants. Middle and bottom panels show leaves from water and pGM-treated plants,
233 respectively. (B) Number of necrotic lesions in pGM treated plants. Dot plots represent
234 the sum of the necrotic lesions observed in leaves 1-3 of each plant after TMV infection
235 in untreated (n=10), H,O (n=20) and pGM (n=20) treated plants. Horizontal bars
236  represent average values and vertical bars SE. The percentage of necrotic lesions
237  reduction is shown over the dots and *** indicates significant differences with p <
238 0.001. (C) pGM treatment experimental scheme. After pulverization, leaves 1-3 were
239  infected with TMV. (D) Total number of TMV-induced necrotic lesions at leaves 1-3
240  after each treatment from a representative experiment. Different letters represent
241  statistical differences between the treatments for each leaf position with a p value <
242 0.05. Experiments were repeated two times. pGM - peptidogalactomannan. TMV -
243 Tobacco mosaic virus. Bar: 1 cm

244

245  Tobacco plants from the TMV-susceptible cv. SR1 were similarly assayed. Symptoms
246 of TMV infection were evaluated 3 weeks after infection. Typical symptoms of tobacco
247  mosaic disease were visible since 18 dpi on untreated control as well as on water-treated
248  plants. A strong reduction in disease symptoms was observed in pGM-treated plants,
249  where only mild symptoms were observed. Fig 2A shows representative leaves of pGM
250 treated infected plants. A disease severity index was used to compare TMV disease
251  severity of individual plants after each treatment. As shown in Table 1, the pGM
252 treatment induced a decrease between 76-80% in the disease severity compared to
253  treatment with water, suggesting that pre-treatment with pGM could confer protection
254  to the plants against TMV infection. Elisa assays performed in the infected plants
255  showed that viral accumulation decreased 10 times on pGM-treated TMV infected SR1
256  plants compared to water-treated TMV infected plants (Table 1 and Fig 2B).

257  So, pGM treatment was able to induce virus tolerance in both tobacco cvs., with a
258  reduction in the number of necrotic lesions in Xanthi and an important decrease of
259  mosaic disease in SR1.

260
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261  Figure 2: pGM treatment induced TMV tolerance in N. tabacum cv. SR1. N.
262 tabacum cv. SR1 were treated with water or pGM and mechanically inoculated with
263  TMV after 24 h. (A) Leaves of controls (upper panel) and water and pGM-treated TMV
264  infected plants 22 dpi. (B) TMV accumulation seventy two hours post TMV
265 inoculation. Levels of TMV particles were assayed in water and pGM treated plants by
266  ELISA assay. ODs observed in water and pGM treated plants were plotted in a TMV
267  quantification standard curve. Boxes are showing the average number of TMV particles
268 per g of leaf. Vertical bars are showing SE and the horizontal bar shows ANOVA
269  Bonferroni test comparing viral accumulation on water and pGM treatment with p <
270 0.01.

271

272 Table 1: Response of tobacco SR1 pGM treated plants to tobacco mosaic virus
273 (TMV).

Number of Disease Number of Disease ™V
Treatment symptomatic severity index ~ symptomatic severity detection by ™V
reatments plants* (Yo)** plants* index (%)** ELISA (415 quantification
Experiment 1 Experiment 1 ~ Experiment 2  Experiment 2 nm)$
untreated 10/10 a 100.0 a 10/10 a 100.0 a 1.70£0.14a 1.0x10%a
H,O 20/20 a 100.0 a 20/20 a 100.0 a 129+0.03a 2.0x10°a
pGM 12/20 b 20.0b 14/20 b 240D 0.35+0.17b 1.0x 10*b

274 Number of TMV symptomatic per infected plants (*) and a disease severity index (**)
275  shown by N. tabacum cv. SR1 25 dpi with TMV for the distinct treatments from two
276  independent experiments.

277  ¥-ODs average and SE obtained by TMV ELISA detection at 415 nm.

278  Column 7 shows the average number of TMV particles per g of infected leaf in each
279  treatment.

280  Different letters correspond to significant differences with p < 0.001. Statistical analysis
281  was performed using One way ANOVA Bonferroni test (columns 2-4 and 6-7) and
282  Kruskal-Wallis and Dunn’s Multiple Comparison Test (columns 3 and 5).

283

284 ROS accumulation in pGM-treated tobacco plants

285 It is proposed that ROS can act as defense compounds against viruses [30, 31].
286  H,O, can act as a systemic antiviral signaling molecule during TMV infection;
287  however, the role of ROS in plant—virus interactions is not completely understood [32].
288  The accumulation of ROS is also considered a biochemical marker of SAR induction

289 [31].
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290  To check if pGM treatment induces ROS accumulation in the tobacco treated plants, we
291  examined the presence of ROS in the pGM-sprayed plants. Leaves from plants sprayed
292  with different pGM concentrations (100, 200, 400 and 600 pg.ml ') were analyzed over
293  time, and the presence of superoxide radicals was assayed using nitroblue tetrazolium
294  (NBT) reduction and histological staining. Figure 3 illustrates the accumulation of
295  superoxide radicals after treatment with different pGM concentrations. We observed a
296  dose-dependent effect of pGM spray on superoxide radical accumulation. Superoxide
297  accumulation was observed from 24 h to 10 days after pGM spray for all pGM
298  concentrations analyzed. After 8 days, however, a decay in its accumulation was
299  observed. Curiously, 400 pg.ml'! pGM showed a stronger induction of superoxide
300 radical accumulation than 600 ug.ml!, showing that the capacity of ROS induction of
301 pGM may be saturated at higher concentrations. Histological assays to detect the
302  presence of hydrogen peroxide in these plants using 3,3-diaminobenzidine (DAB) were
303  also performed; however, DAB deposition was not observed (data not shown).

304

305 Figure 3: pGM is inducing superoxide radical accumulation in pGM-treated
306  Xanthi plants. The accumulation of superoxide radicals after spray of pGM at different
307 concentrations (100, 200, 400 and 600 pg.ml') was evaluated along 10 days using
308 nitroblue tetrazolium (NBT). Representative leaves of each treatment are shown. dap -
309 days after pGM pulverization. Bar: 1cm.

310

311 pGM treatment induces defense gene expression in tobacco

312 plants

313 To analyze whether pGM spray induces defense-related gene expression in
314 treated plants, the transcript levels of the pathogen-related 1-3 and 5 (PRlo, PR2, PR3
315 and PR)S), as well as peroxidase N1 (NtPrxN1), phenylalanine amnonia-lyase (PAL) and
316  lypoxigenase 1 (LOXI) genes, were evaluated over time in N. tabacum plants from cvs.
317  Xanthi and SR1 after spray application of 600 pg.ml-! pGM.

318 pGM induced the expression of all PR genes analyzed 24 h after treatment in both
319 tobacco cvs (Fig 4). A very strong induction of the PR1-a expression, a classical SAR
320 marker, was observed in Xanthi. Twenty-four hours after pGM spray, PRI-o expression
321  was more than 2000-fold compared to that in control plants sprayed with water.

322 However, this gene expression decreased 24 h later and increased again 72 h after pGM

10
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323 treatment but at lower levels than during the first 24 h. Looking at the PR/-a expression
324  incv. SR1, we observed a more pronounced expression at 72 h, reaching approximately
325  300-fold that of the control. An up- and down-regulation cycle was observed in plants
326  from this cv., where we observed an increase of more than 30x in PR/-o expression in
327  the first 24 h, followed by a small decrease of 4x at 48 h and again a drastic increase at
328 72 h. After that, PRI-a expression levels decreased again at 96 h and returned to high
329 levels at 120 h. In summary, PR/-o was strongly induced by pGM treatment in both
330 tobacco cultivars, however, in Xanthi, the induction and its decay occurred earlier than
331 in SR1. The presence of high levels of PR/ transcripts in SR1 pGM-treated plants after
332 96 and 120 h after pGM spray may indicate that pGM treatment is in fact inducing
333  systemic spreading signals over the sprayed leaves as the leaves samples of these two
334  points developed after pGM treatment.

335

336  Figure 4: qRT-PCR analysis of some PR genes in water and pGM-treated plants
337 between 24 and 120 h after treatment. Axis y is showing the fold change of PRI-a,
338  PR2, PR3 and PR transcripts levels in N. tabacum cv. Xanthi and cv. SR1 after pPGM
339  treatment in comparison with water treatment calculated using 2-42¢* method described
340 by [29]. PP24 and NtACT-9 were used as reference genes. The standard deviations are
341 indicated by error bars, and significant differences between fold changes with p < 0.05
342 and p < 0.001 are indicated by * and ***, respectively. PRI-a: Unknown function,
343  possible antifungal function; PR2: p- (1,3) endonuclease; PR3: chitinase; PRS:
344  thaumatin-like protein. PP24 and NtACT-9 were used as reference genes.

345

346  Xanthi and SR1 showed 30- and 14-fold increases in PR-2 (f-1,3 glucanase) gene
347  expression after 24 h, respectively (Fig 4). After this time, however, PR-2 mRNA levels
348  were little reduced in water- and pGM-treated Xanthi plants and little induced in SR1,
349 showing an early induction only of this specific gene. PR-3, which encodes the
350 chitinase gene, showed a very low induction (3x) in Xanthi in the first 24 h but an
351 increase of 50x in SR1 plants at the same time. With increasing time, an elevation in its
352  expression was observed, reaching more than 45-fold that of the control at 72 h in
353  Xanthi. SR1 PR-3 induction mediated by pGM was stronger and peaked at 96 h after
354 pGM treatment (more than 900-fold change expression) and decreased with time.

355  Expression of PR-5, which encodes a thaumatin-like protein gene, was 45- and 5-times
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356  higher than that of the control after 24 h in Xanthi and SR1 plants, respectively,
357  decreasing with time in Xanthi.

358  NtPrxNI1 (peroxidase) transcripts were highly induced in Xanthi as well in SRI,
359  reaching values more than 200x at 24 and 72 h and 110x at 72 h in Xanthi and SR1,
360 respectively (Fig 5). The high expression of the peroxidase gene may indicate that
361  abnormal levels of ROS accumulated after pGM treatment in both cultivars. Leaves that
362  developed after pGM spray, however, did not show NtPrxNI mRNAs induction (Fig 5,
363 96 and 120 h).

364

365 Figure 5: qRT-PCR analysis of defense related genes in water and pGM-treated
366  plants between 24 and 120 hours after treatment. Axis y is showing average fold
367 changes between transcripts levels of NtPrxNI (peroxidase), PAL (phenylalanine
368  amnonia-lyase) and LOX (lipoxygenase) of N. tabacum cv. Xanthi and cv. SR1 after
369 pGM treatment in comparison with water treatment calculated using 2-22¢t method
370  described by [29]. PP24A and NtACT-9 were used as reference genes. The standard
371  deviations are indicated by error bars, and significant differences between fold changes
372 with p <0.05 and p <0.001 are indicated by * and ***, respectively.

373

374 The PAL (phenylalanine ammonia-lyase) gene was also induced in both tobacco
375  cultivars; however, the time course of PAL expression was different between them. In
376  Xanthi, expression was induced earlier, reaching its highest level at 24 h after pGM
377  spray application (24x). After this time point, the expression decreased to levels similar
378  to those of the control. In SR1, however, the expression was only 5x more than that of
379  the control at 24 h, reaching a maximum at 120 h, where it was expressed 130-fold
380 compared with the control. LOX (lipoxygenase) gene, also associated with oxidative
381  stress, was strongly induced (425x) in Xanthi plants at 72 h after pGM treatment. In
382  SRI1 plants, a comparatively slighter expression (27x) of this gene was observed,
383  peaking at 24 h after pGM treatment.

384  Our RT-qPCR assays showed that almost all of the PRs and defense-related genes
385 analyzed were strongly induced by pGM treatment. Our results indicated that pGM is
386  responsible for the activation of a local systemic defense, observed in samples collected
387  between 24-72 h. Results obtained from SR1 leaves that do not receive pGM directly
388  (collected at 96 and 120 h), suggest that pPGM may be an SAR inducer.

389
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390 Discussion

391 The present work aims to unravel the role of the C. herbarum cell wall
392  peptidogalactomannan (pGM) as a plant defense elicitor. Treatment of young Nicotiana
393  tabacum cv. Xanthi plants with pGM before TMV infection caused a reduction of 51
394 and 42% in the number of TMV-induced necrotic lesions when compared with
395 untreated plants and water-sprayed plants, respectively. In N. tabacum cv. SR1 plants,
396  decrease of 76-80% in disease severity was detected after treatment with C. herbarum
397 pGM, showing that pGM treatment is able to promote protection against the viral
398  pathogen in both tobacco cvs. In agreement, ELISA assays confirmed a reduction in the
399  viral accumulation after treatment. In addition, we also observed a dose-dependent
400 accumulation of superoxide radicals in pGM-treated plants. Superoxide radical
401  accumulation seemed to be especially high during the first 24 h after pGM treatment,
402  decreasing after 10 days. It was interesting to observe that even doses lower than 600
403 ug.ml’!, used in this work, and 400 pg.ml!, previously used with BY2 tobacco cells
404  [23], were able to induce the accumulation of superoxide radicals, indicating that
405  oxidative stress mediated by ROS is induced in leaves after pGM treatment. A
406  significant strong increase in expression of NtPR/-o transcript levels was also observed
407  after treatment. The PRI-o gene is an SAR marker associated with salicylic acid (SA)
408 and SAR signaling. Our data showed that in Xanthi as well as in SR1 tobacco plants,
409  PRI-a transcript levels were highly induced, suggesting local defense and possible SAR
410  were induced by pGM. Importantly, pGM treatment did not induce any damage to the
411  fitness of the plants. In contrast, treated plants even showed slight growth enhancement
412  compared to water- and untreated plants (data not shown).

413  Recently, our group showed that treatment of tobacco roots and BY2 cells with C.
414 herbarum pGM induces oxidative stress and the expression of PR/-a and other defense-
415  related genes [23]. In addition, an HR-like response was observed when pGM was
416  infiltrated in tobacco leaves. To our knowledge, our results show for the first time that a
417  peptidogalactomannan isolated from the C. herbarum cell wall is able to induce local
418 and systemic defense responses in a whole plant. In the literature, other reports have
419  shown that distinct glycoproteins are able to confer SAR protection to a plant. Baillieul
420 et al. [33] and Cordelier et al. [34], using a 32 kDa glycoprotein named alpha-elicitin
421  secreted by the oomycete Phytophthora megasperma, demonstrated the induction of the

422 HR and the production of enzymes related to SAR after its administration in tobacco
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423 leaf mesophyll. A reduction in the size of TMV-induced necrotic lesions in leaves was
424  observed after treatment with the glycoprotein. These studies, however, did not show a
425 reduction in the number of necrotic leaves, as observed in our work. In addition to the
426  reduction in the number of necrotic lesions observed on the HR TMV-resistant tobacco
427  Xanthi, we also observed a reduction in protection mediated by pGM in TMV-
428  susceptible SR1 cv., with a strong reduction in disease severity. Glucan 1,4-alpha-
429  glucosidase (BcGsl), isolated and purified from Botrytis cinerea culture supernatant,
430  was also able to induce SAR in tomato and tobacco plants [35]. Enzyme-treated plants
431  showed the induction of necrotic lesions that mimicked a typical HR. H,O, production
432  was also increased in the treated tomato and tobacco plants that exhibited resistance to
433  B. cinerea, Pseudomonas syringae pv. tomato DC3000 and Tobacco mosaic virus along
434  with an increase in the transcript levels of the defense-related genes PRI-a, TPK1b and
435  prosystemin and a reduction of approximately 40% in TMV-induced necrotic lesions.
436  Several authors also reported the use of bacterial, fungal and oomycete culture filtrates
437  and/or secreted molecules to induce plant defense responses. The protein PemG1, an
438 elicitor molecule isolated from Magnaporthe grisea culture medium and expressed in an
439  E. coli heterologous system, induced resistance to bacterial pathogens in rice and
440  Arabidopsis [36]. Treatment with PemG1 did not inhibit bacterial growth but increased
441  plant resistance, indicating that PemG1 is an SAR elicitor. LI et al. [37] described a
442  novel HR-inducing protein elicitor, called PeFOCI, isolated from the culture filtrate of
443 Fusarium oxysporum f. sp. cubense. This protein induced ROS and an HR in tobacco
444  cells and induced the expression of PR genes (with upregulation of PAL, EDSI, LOX
445 and PDF). The SA and JA/ET signaling pathways were activated with the consequent
446  induction of callose and phenolic compound deposition, causing an immune response
447 and SAR in tobacco. A study by KWAK and collaborators [38] showed that an
448  uncharacterized fraction obtained from aqueous extraction of the fungus Hericium
449  erinaceus induces defense genes and promotes plant growth and death of the bacteria
450  that cause disease in tomatoes.

451  In our previous work, we observed that the expression of defense-related genes such as
452  PrxNI, PAL, LOX and the pathogen-related genes PRI-a, PR-2 and PR-3 were strongly
453  induced after the treatment of tobacco BY2 cells with pGM [23]. In the present work,
454  we observed that treatment of both tobacco Xanthi and SR1 with pGM also induced the
455  expression of PR-1a, PR-2, PR-3, PR-5, LOXI, PAL and NtPrxN1. The strong induction
456  of PRI-o and PR-2 transcripts after pGM treatment suggests a possible SAR activation
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457 by pGM. Despite small differences in the expression levels in Xanthi and SR1, we
458  observed that defense response induction mediated by pGM persisted for at least 3 and
459 5 days based on PRI-a and PR-2 qRT-PCR results and the NBT assay.

460  Overexpression of PRI-a as well as other defense-related genes seems to directly
461  contribute to elicitor-mediated pathogen resistance, as already demonstrated by [39].
462  The ability of PR genes to enhance resistance against both biotic and abiotic stresses is
463  well documented. A strong induction of more than 2000x and 35x of the PRI/-a gene
464  during the first 24 hours after pGM treatment was detected in both Xanthi and SR1
465  tobacco plants, respectively, showing that the expression of the PR/-o SAR marker is
466  induced in both tobacco plant cultivars. It is also interesting to highlight the increased
467  expression of transcripts from the hydrolytic 1-1,3-endoglucanases (PR-2), commonly
468 activated in a fungal infection and another classical SAR marker, by treatment with
469 pGM. Activation of this gene is directly related to an antimicrobial effect due to
470  hydrolysis of 1-1-3 glucans of the fungal wall, altering its integrity. Like (1-1-3
471  endoglucanase, mRNAs of PR-3 or chitinase, another well-known antifungal protein,
472 were strongly upregulated after 72 h of pGM treatment in both Xanthi and SRI cv.
473  SINDELAROVA & SINDECOR [40] reported that both PR-2a and PR-3 from
474  Nicotiana tabacum showed strong antiviral activity against TMV. In addition,
475  peroxidase and PAL transcripts, which were also strongly induced in our treated plants,
476  have also been shown to present antiviral activity [32, 41]. PAL may be induced by
477  ROS accumulation and is also considered an SAR component and a key enzyme in
478  defense, leading to the synthesis of antimicrobial molecules, including phytoalexins and
479  pathogen-related proteins and to the strengthening of the physical barrier against
480  pathogen colonization by deposition of structural polymers, such as lignin and callose,
481  at the infection site [42, 43]. The upregulation of PRI-a, PR-2, PR-3, peroxidase and
482  PAL genes observed after pGM treatment may explain the antiviral effects observed in
483  our TMV infection assays for both Xanthi and SR1 tobacco plants. Interestingly, Xanthi
484  and SR1 plants, however, showed differences in the time when these genes reached
485  their peak of induction. Apparently, the NN Xanthi cv. recognizes the fungal elicitor
486  faster than plants from SR1 cv.. Besides that, in Xanthi, the level of expression of these
487  genes were also higher than in SR1, with exception to PR-3 and PAL. In combination,
488  these data suggest that Xanthi may be more prepared to respond against the pGM
489 PAMP/MAMP than SR1. However further experiments would be necessary to test this

490  hypothesis. As well, genome-wide transcriptome sequencing of pGM treated and
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491  untreated samples would provide a better insight into the genes underlying pGM-
492  mediated defense response.

493

292  Conclusions

495 The results obtained in this work allow us to suggest that C. herbarum pGM is a
496  fungus PAMP able to induce the expression of PRs and PAL, LOX and NtPrxN1 and to
497  activate other classical SAR markers, such as ROS induction and protection against
498 infection. Due to the importance of PR proteins in biotic and even abiotic stress
499  tolerance, several researchers are trying to obtain multi tolerant transgenic plants by
500 individual or dual PR overexpression (reviewed by [44]). Our data show that treatment
501  with pGM may induce at least four PR genes simultaneously that help plants resist
502  pathogen attack.
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