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ABSTRACT

Pochonia chlamydosporia (Pc), a nematophagous fungus and root endophgtes u
appressoria and extracellular enzymes, princigaibteases, to infect the eggs of plant
parasitic nematodes (PPN). Unlike other fungi,f@sistant to chitosan, a deacetylated
form of chitin, used in agriculture as a biopeskicito control plant pathogens. In the
present work, we show that chitosan increases tlwddnce and severity of
Meloidogyne javanica egg parasitism bf. chlamydosporia. Using antibodies specific
to the Pc enzymes VCP1 (a subtilisin), and SCPZkefine carboxypeptidase), we
demonstrate chitosan elicitation of the fungal @ases during the parasitic process.
Chitosan increases VCP1 immuno-labelling in théwall of Pc conidia, hyphal tips of
germinating spores, and in appressoria on infebedgavanica eggs. These results
support the role of proteases in egg parasitisntheyfungus and their activation by
chitosan. Phylogenetic analysis of the Pc genomeats a large diversity of subtilisins
(S8) and serine carboxypeptidases (S10). The VQO®Lpgin the S8 tree shows
evidence of gene duplication indicating recent &ategns to nutrient sources. Our
results demonstrate that chitosan enhances Pctivitigcof nematode eggs through
increased proteolytic activities and appressonien&tion and might be used to improve

the efficacy ofM. javanica biocontrol.
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1. Introduction

Plant-parasitic nematodes (PPN) are serious pésifi agricultural systems, causing
extensive economic losses (Davies and Elling, 201 genu$/eloidogyne is notable
due to the wide range of crops it parasitizes (Bahieand Hadavi, 2008). Control of
PPN is usually through chemical nematicides, beirtase has been restricted because
of their toxicity, risk to the environment, high stoand low efficacy after repeated

applications (Dong and Zhang, 2006).

The nematophagous fung&echonia chlamydosporia (Goddard) Zare & W.
Gams is a facultative parasite of nematode eggdoprmantly of cyst and root-knot
nematodes (Giné et al. 2013; Vieira et al. 2013th wvident potential as a biocontrol
agent and sustainable alternative to chemical g@dsti for Meloidogyne control
(Bomtempo et al. 2014, Viggiano et al. 2014). Toagdize PNNsP. chlamydosporia
(Pc) needs to adhere to eggs, to differentiateemgpria for penetration (Lopez-Llorca
et al. 2002), and to excrete extracellular enzyfoegggshell degradation (Yang et al.
2013). In nematophagous fungi, the production et¢éhenzymes is directly related to
the structure and composition of the eggshell. ddpg is the most resistant stage of the
life cycle of nematodes since the shell comprisege amounts of the recalcitrant
biopolymer chitin in addition to protein (Bird amdicClure, 1976; Bird and Bird, 1991).
Proteases and chitinases are therefore considatative pathogenicity factors (Casas-
Flores et al. 2007), with subtilisins as key pnoésies secreted by Pc (Segers et al.
1996) andP. rubescens (Lopez-Llorca and Robertson, 1992).

The similarities in structure and composition efmatode eggshells and insect
cuticles could be responsible for a coevolution ehtomopathogenic and
nematophagous fungi (Macia-Vicente et al. 20PL)chlamydosporia and the closely
related insect pathogenic funghietarhizium anisopliae secrete, as main extracellular
proteases, the subtilisins VCP1 and PR1, respégtivihey are immunologically
related with similar pls 7 to 10 and similar mollecunveights (~33 kDa) (Segers et al.
1995), and they show large similarities in aminml aequences (Larriba et al. 2012). In
Me. anisopliae, carboxypeptidases were detected when penetr#tti@ghost cuticle
(Santi et al. 2010; St Leger et al. 1994), and bath subtilisin and carboxypeptidase
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show increased activity in the presence of chairstructural component of the insect

cuticle.

Unlike Me. anisopliae, little is known about the regulation Bf chlamydosporia
VCP1 during the parasitic process. In previous istjd we identified aP.
chlamydosporia serine carboxypeptidase, SCP1, which is expredsedg endophytic
colonisation of barley roots (Lopez-Llorca et a)1R). This protease has been cloned
and characterized (Larriba et al. 2012), and iogation of the recently sequencid
chlamydosporia genome shows that the serine protease family gsd&d by roughly
190 genes (Larriba et al. 2014). In addition, prote studies ofP. chlamydosporia
grown using chitin or chitosan as the main nutrieoiirces have shown that chitosan
elicits the expression of a number of proteinsudeig the protease VCP1 (Palma-
Guerrero et al. 2010).

Chitosan is a linear polysaccharide of randomstriiutedp3-(1 - 4)-linked D-
glucosamine and N-acet@HD-glucosamine obtained by partial de-acetylatibehatin
(Dutta et al. 2004). It was reported to reducenthmnber of galls and J2 of the root-knot
nematodeMeloidogyne incognita in soil (Radwan et al. 2012) and has been found to
increase conidiation of fungal pathogens of invedéees (FPI) such as
entomopathogenic and nematophagous fungi, incluginghlamydosporia (Palma-
Guerrero et al. 2007). However, the effects ofagdah on the infectivity of FPIs such as
P. chlamydosporia have yet to be determined. Consequently, we imgadst here the
effect of chitosan on appressorial differentiatibh, javanica egg parasitism and the
production of VCP1 and SCP1 serine proteaseB.lmhlamydosporia. In addition, we
use VCP1- and SCP1-specific antibodies to deterthi@epatio-temporal expression of
these enzymes during the parasitic process, andoligegenetics to determine the
relatedness of Pc VCP1 and SCP1 in the S8 ande®iilds of proteases.

2. Materialsand M ethods

2.1 Fungal and nematode cultures
The Pochonia chlamydosporia used in this work was the isolate Pc123 (ATCC No.
MYA-4875; CECT No. 20929) (Olivares-Bernabeu andpén-Llorca, 2002). The
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funguswas grown on corn meal agar (CMA) (Becton Dickinsoid Company) at 25°C
in the dark. Populations dfieloidogyne javanica were kindly provided by Drs. Soledad
Verdejo Lucas (IFAPA, Almeria, Spain) and CaridaosRIMIDA, Murcia, Spain) and
were maintained on susceptible tomato plarselagum lycopersicum Mill. cv.
Marglobe). Nematode egg masses were dissectedRiONrinfested roots and kept at
4°C until used. Egg masses were hand-picked and csustarilized as described

previously (Escudero and Lopez-LLorca, 2012).
2.2 Preparation of chitosan

Chitosan with a de-acetylation degree of 80.6% aniblecular weight of 70 kDa, was
obtained from Marine BioProducts GmbH (Bremerhav@armany) and was prepared
as described previously (Palma-Guerrero et al. R@rrefly, chitosan was dissolved in
0.25 mol 1 HCI and the pH adjusted to 5.6 with NaOH. The ltesy solution was

dialyzed for salt removal with distilled water aagtoclaved at 12C for 20 min.

2.3 Effect of chitosan on appressorium development

Conidia were collected from 2-week-old culturesRofchlamydosporia growing on
CMA. They were harvested with 3 ml sterile distillevater and passed through
Miracloth (Calbiochem) to remove hyphae. Conidiasmensions (fOconidia mt)
were incubated for 16 h (~80% germination) at 25rG.0125% (w/v) yeast extract in
water (YEM) as described previously (St Leger et1#189). Germlings were then

centrifuged at 11,18 for 5 min and supernatants discarded.

Germlings (16germlings mt') were incubated with 0, 0.005, 0.01, 0.1, 1, on@ mf*
chitosan in 0.0125% YEM and placed on 1 cm x 1 oigypnyl chloride (PVC) squares
to induce appressorium differentiation (Lopez-Lboret al. 2002). After 10 h, squares
were examined microscopically with an Olympus BHight microscope at 400x.
Approximately 60 germlings were analysed for apgpoeal differentiation in a total of
five fields per treatment (chitosan concentratidije experiment was carried out twice.

2.4 Effect of chitosan on egg-infection
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Egg-infection bioassays were carried out usingwehl-microscope slides (Waldemar
Knittel). Each well contained 20 pl (final volume)ith approximately 10 surface-
sterilizedM. javanica eggs, chitosan at 0.1, 1.0, or 2.0 mg'ménd 16 conidia mt* of

P. chlamydosporia. The slides were maintained in a moist chambervaslts without
chitosan were used as controls. There were thrdés yper treatment, and three
replicates for each period of incubation and fungtdctions of eggs were scored daily
over a five-day period. Egg-infection was measwsdlescribed previously (Olivares-
Bernabeu and Lopez-Llorca, 2002). We estimatedienze (frequency of infection) as
percentage of infected eggs and severity (degreé&fextion) as the average number of
penetrating hyphae per egg. Egg-infection was scbkevisual observation using an

Olympus BH-2 microscope. Experiments were carrigtlree times.

2.5 Proteolytic activity assays

Fifty ml of growth medium (0.03% NacCl, 0.03% Mg5@H0, 0.03% KHPQO,, 0.02%
yeast extract (Sigma) and 1% (w/v) glass wool) amed in 250 ml Erlenmeyer flasks
were supplemented with 0.1 mgiL mg mt* or 2 mg mi* chitosan. Medium without
chitosan was used as the control. Three agar flugam diameter) taken from the
leading edge of 14-d-old fungal colonies were usadoculate three replicate flasks for
each treatment, and flasks were incubated at 24nh°®e dark for 30 days. Flask
contents were harvested at given times post-intouldl, 5, 10, 15, 19, 25 and 29 d),
and the culture filtrates recovered by filtratibmaugh polyvinylidene fluoride (PVDF)
membranes (0.22 um pore size, Millipore) were st@ie-20°C (Palma-Guerrero et al.
2010).

Protease activities were measured by using flegeresthiocarbamoyl-casein
(FITC-casein) as a substrate (Lopez-Llorca and dtiay 1990). Twenty-five pl of
filtrate were added to 465 ul of 0.5 M Tris-HCI farf (pH 8.5) and 10 pl of FITC-
casein (prepared from casein and FITC as descpbmdously (Vera et al. 1988)). The
mixture was incubated at 37°C for 20 min, the tieacstopped by adding 500 ul of
25% trichloroacetic acid and, the tubes kept onfacelh. The insoluble material was
sedimented by centrifugation (12,22%)xat 10°C and, an aliquot (20 ul) of the
supernatant was added to 2.98 ml of 0.5M Tris-HUffds (pH 8.5). Soluble FITC-

labelled casein was determined using an excitatvanelength of 490 nm and an
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emission wavelength of 525 nm measured in a JascodeM FP-6500
spectrofluorometer. One unit of FITC-casein-degrgdactivity (UF) is defined as the
amount of enzyme that produces an increase of piteufluorescent emission under

the standard assay conditions.

2.6 Zymography

For zymogram analysisintsitu electrophoresis enzymatic detection) egg-infection
bioassays containing 500. javanica egg mt*, 1 conidia mI* of P. chlamydosporia,
0.0125% YEM and chitosan at .1, 1 and 2 mg mére carried out in a final volume of
1.5 ml. Samples without chitosan were used as alsntGamples were incubated at
25°C for 10 days. Samples were then centrifuged1a180 g for 10 min and
supernatants were kept at -20°C. Twenty ul of swgiant were subjected to
electrophoresis in gels with 1% gelatin as proteag#strate under semi-denaturating
conditions (Lopez-LLorca et al. 2010). Zymogramsraveubsequently stained with
Coomassie Brilliant Blue R250 (Bio-Rad).

2.7 Effect of chitosan on VCP1 and SCP1 protease production

The P. chlamydoporia proteases studied here were SCP1 (serine carbotxyase 1,
GenBank accession no. GQ355960) and VAR thamydosporia var. chlamydosporia
alkaline serine protease, GenBank accession nQ7AB0). Polyclonal antisera specific
to these proteases (two antisera raised againstly@&mely anti-VCP1-1 and anti-
VCP1-2, and two against SCP1, namely anti-SCP 1dlaami-SCP1-2) were generated
commercially in rabbits (Eurogentec) by using asnimogens two different 16-mer
synthetic peptides each, designed from the VCP1 &@dP1l protein sequences
(Supplementary Fig.1). Based on reactivity of ther fantisera with their target proteins
in dot blot assays (Supplementary Fig.2), anti-vV&Pdnd anti-SCP1-2 were selected

for further use in immunoassays.
2.8ELISA

The proteases VCP1 and SCP1 were detected in edilwates by using anti-VCP1-2
and anti-SCP1-2 antisera in enzyme-linked immurimesdr assay (ELISA). Fifty
samples of culture filtrates were transferred @ wrell of 96-well Maxisorp microtiter



188 plates and incubated overnight at 4°C. Plates washed three times (5 min each) with
189 phosphate buffered saline (PBS; 0.8% NaCl, 0.02%, KQ15% NaHPQ,, 0.02%
190 KHyPO, pH7.2) containing 0.05% (v/v) Tween-20 (PBST)cemwith PBS and once
191 with distilled water (dHO), before air-drying at room temperature (RT@3 Plates
192 were incubated with 50l of the antibodies diluted 1 in 1000 in PBST foh lt RT.
193 Plates were then washed three times with PBSTjraoutbated for a further hour at RT
194 with goat anti-rabbit polyvalent peroxidase conpegéSigma) diluted 1:1000 in PBST
195 for 1 h, and then washed three times with PBST @arak with PBS. Bound antibody
196 was visualized by adding 5@ tetramethyl benzidine substrate solution to eaeli
197 and incubating for 30 min (Thornton et al. 2002gaRtions were stopped by the
198 addition of 50uL of 3M H,SO, and absorbance was determined at 450 nm by using a
199 GENiosTM multiwell spectrophotometer (Tecan, MaromédSwitzerland)

200

201 2.9 SDS-PAGE and Western blotting

202 Polyacrylamide gel electrophoresis was carriedusitg 4-20% Tris-HCI gradient gels
203 under denaturing conditions (Laemmli, 1970). Sasplere boiled for 10 min in the
204 presence offi-mercaptoethanol, and proteins were separated@bciretically at 165V.
205 Pre-stained, broad-range markers (Bio-Rad) wered ugm molecular weight
206 determinations, and gels were stained for totatgmowith Coomassie Brilliant Blue
207 (G-250, Bio-Rad). For Western blots, proteins weessferred electrophoretically to
208 PVDF membrane (Immuno-Blot PVDF; Bio-Rad) for 2th7&V and membranes then
209 blocked for 16 h at 4°C in PBS containing 1% (WBSA. Blocked membranes were
210 then incubated with anti-VCP1-2 or anti-SCP1-2 ser diluted 1:1000 in PBS
211 containing 0.5% BSA (PBSA) for 2 h at 23 °C. Afteashing three times with PBS,
212 membranes were incubated for 1 h in goat anti-tabd alkaline phosphatase
213 conjugate (Sigma) diluted 1 in 5000 in PBSA. Memlesawere washed twice with PBS,
214 once with PBST, and bound antibody visualized bgubation in substrate solution
215 (Thornton et al. 1993). Reactions were stopped rbmersing membranes in ¢@l
216 followed by air-drying between sheets of Whatmaetrfipaper.

217

218

219
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2.10 RNA Extraction

For VCP1 and SCP1 gene expression studies we heseahéthod described previosly
(Rosso et al. 2011) with adaptation for chitosaatments. Briefly, 1xT0conidia were
inoculated into 150 ml of supplemented Czapek Dmttbmedia (NaN®3 g I, KCI
0.5 g I, magnesium glycerophosphate 0.3gHeSQ 0.01 g 1, K»S0, 0.35 g 1, sucrose
30 g, 0.5 g I' yeast extract) in 250 ml conical flasks and in¢ebtat 25°C for 5 days
with constant shaking at 200 rpm. The resulting eliyen was harvested by filtration
and washed in sterile distilled water before trargig 0.5 g to flasks (three replicates
per treatment) each containing 50 ml of minimal med (MM: sucrose 1mg,
NaNO; 14mg ', MgSQ,0.25g T, KCI 0.25 g T}, K.HPO, 0.5 g T, FeSQO0.06 g Y.
Media also contained 0.1, 1 and 2 mg'mhitosan, and flasks without chitosan were
used as controls. Flasks were incubated at 25°€ stiaking (100 rpm), and samples
were taken 4 days after chitosan addition. Mycelwas collected by vacuum filtration,
frozen in liquid N, lyophilized and stored at -80 °C until use. T®R&AA was obtained
using TRIzol reagent (Life Tech) according to thenufacturer’s instructions. Samples
were treated with DNase (1ul per 50 pl of total RNArbo DNA-free, Ambion). The
resulting RNA was tested (without reverse transiny) in VCP1 specific PCRs to
ensure that they were DNA-free.

2.11 Real-timereverse transcription polymerase chain reaction

Real-time reverse transcription polymerase chaexctren (RT-PCR) was used to
determineVcpl and Scpl transcript levels under different chitosan concdidns.
Primers used (Lopez-Llorca et al. 2010) and theegéor allantoate permease (Rosso et
al. 2014), glyceraldehyde 3-phosphate dehydrogefmsh, and3- tubulin (Ward et al.
2012), were used as housekeeping genes. Primeersgzgiused for their amplification
are shown in Supplementary Table 1. The sequentieegpd gene was obtained from
our in-houseP. chlamydoporia genome sequence (Larriba et al. 2014).

cDNA for each sample was synthetized by using DUBNA with a retrotranscriptase
RevertAid (Thermoscientific) and oligo dT (Thermiestific) following the
manufacturer’s protocol (Ambion). Real-time RT-P&@Rplification mixtures (10 pl)
contained 50 ng template cDNA, 1x SYBR Green withx RRoche) and 0.4 uM each
of the forward and reverse primers. The reactios performed with the StepOnePlus

8



252 Real-Time PCR System (Applied Biosystems). PCR a@omplished after a 5 min
253 denaturation step at 95 °C, followed by 40 cyclie3s at 95 °C and 45 s at 60 °C. The
254 relative gene expression was estimated with @&t methodology (Livak and
255 Schmittgen, 2001). After expression analysis of fther housekeeping genes, the
256 allantoate permease gene (Rosso et al. 2014) \atexbas the endogenous control for
257 all experiments since it showed high stability &l of the conditions tested. The
258 experiment was carried out with three biologicgblimtes each consisting of three
259 technical replicates.

260

261 2.12 Immunolocalization of VCP1 and SCP1

262 Samples (germlings and infected eggs) were prepasedescribed previously. For
263 immuno-localization they were placed in superfradides and air-dried. The
264 immunofluorescence protocol used was that deschpbedosly (Thornton and Talbot,
265 2006). Samples were incubated for 1 h at 23°C hlitcking buffer (10% Goat Serum
266 in PBS). Slides were washed three times with PBStla@n incubated for 2 h with anti-
267 VCP1 or anti-SCP1 pAbs diluted 1:200 in PBS. Slidese washed three times (5 min
268 each) with PBS and incubated for a further 30 mith woat-anti-rabbit polyvalent
269 FITC conjugate (Sigma) diluted 1:40 in PBS. Slidese given three 5 min rinses with
270 PBS, and wells were overlaid with coverslips modntgth Fluoromount (Sigma). All
271 incubation steps were performed at 23 °C in a nabiatnber. Fluorescence of samples
272 was visualized using a Leica TCS-SP2 laser-scanoamjocal microscope. Samples
273 were excited with a 488 nm laser, the FITC was aetk at 500-530 nm, and egg
274 autofluorescence was detected at 580-620 nm (Escadd Lopez-Llorca, 2012).

275

276 2.13 Phylogeny of S8 and S10 protease families

277 Fungi Beauveria bassiana, Metarhizium anisopliae, Metarhizium acridum, Hypocrea
278 virens andClaviceps purpurea), closely related at genome level Rochlamydosporia
279 (21), were selected to study the phylogenies ofSBc(subtilisins) and S10 (serine
280 carboxypeptidases). Proteomes of the fungi wereaimdd from Uniprot
281 (http://www.uniprot.org/), and S8 and S10 proteasese identified by searching their
282 corresponding Pfam Hidden Markov Models (PF00088 &#%00450, respectively)

283 against the proteomes with a global e-value cubff0'® using hmmsearch, from the




284
285
286
287
288
289
290

291
292
293

294
295
296
297
298
299
300
301
302
303

304
305
306
307
308
309
310
311
312
313
314
315

hmmer package version 3.1b2 (Finn et al. 2011). pretein sequences used for
phylogenetic analysis were aligned using MUSCLE réWm 3.5). Phylogenetic
reconstruction was performed using PhyML versich£(Guindon et al. 2003), with
WAG as substitution model. Tree robustness wasutzbd using aLRT. Preliminary
analyses were carried out in trex server (Boc.€2@2). Signal peptides were predicted
using SignalP 4.1 (Petersen et al. 2011) (http:¥iweols.dtu.dk/services/SignalP). The
tree obtained was edited with the iTOL tool (Letuand Bork, 2011; 2006).

2.14 Statistical analysis

The effect of chitosan on appressorial differerdratwas analyzed using GraphPad
Prism 5.0 software. Comparison of groups was peréor using normality test of
Kolmogorov-Smirnov, followed by ANOVA. Comparisamf means was tested using
Tukey test (p-value < 0.05). Egg-parasitism and Y@Rd SCP1 expression data were
checked for normality and homoscedasticity usirg $inapiro-Wilk and Levene tests,
respectively. Data following a normal distributiarere compared using ANOVA tests
for differences between treatments. Data were squert or log transformed when they
were not homoscedastic. The level of significarareafl cases was 0.95. All statistical

analyses were performed with R version 2.11.1 (Rel@ment Core Team, 2009).

3. Results

3.1 Chitosan promotes appressorial differentiation by P. chlamydosporia

Chitosan promoted differentiation of Pc germ tubeso appressoria (Fig. 1).
Differences in appressorial development Bg under moderate to high chitosan
concentrations (0.1 to 2 mg Mlwere significantly higher compared to the confrm
chitosan). Under these conditions, numbers of @sprea were almost double those
found in the control. However, at low chitosan cemtcation (0.005 and 0.01 mg

there were no significant differences comparedhé&ocontrol.

3.2 Chitosan increases the incidence and severity of nematode egg-infection by P.
chlamydosporia
There was a significant increase in the incidermerdentage of infected eggs) and

severity (numbers of penetrating hyphae per nerneategg) of M. javanica eggs

10
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parasitized byP. chlamydosporia at the higher concentrations of chitosan (1 amdg2
mi?) 96 h and 120 h after inoculation (Table 1, Sumgetary Fig 3). By 96 h,
incidence was 16.6% in the control increasing t®®6for eggs treated with 1 mg Tl
of chitosan. At 120 h the parasitism of control £¢53.3%) was similar to the 0.1 mg
ml™ chitosan treatment (50%), but at 1 and 2 mg thé incidences were both ca. 80%.
In these treatments, severity was also signifigafp>0.05) higher (42.4+2.7 and

53.4+7.7 hyphael/egg, respectively) than the coiitt@4+2.0 hyphae/egg).

3.3 Electrophoretic detection of proteolytic activity in M. javanica eggs

Zymograms from supernatants M. javanica eggs 10 days after inoculation wikh
chlamydosporia showed a band of proteolytic activity of ~34 kFag( 2 arrow). This
band increased in intensity according to chitosamcentration (0.1, 1 and 2 mg Wl
corresponding to the known molecular weight of Beeprotease. Note high-molecular

weight proteolytic activity on top of the gel (esj@ly with 0.1 mg mf" chitosan).

3.4 Effect of chitosan on P. chlamydosporia proteolytic activity

Proteolytic activity ofP. chlamydosporia culture filtrates increased over time when
chitosan was used as main nutrient source (FigC8mpared to the control, chitosan
caused an approximate 2-fold (0.1 mg*nto 4-fold (1 and 2 mg ril) increase in
proteolytic activities (Fig. 3A). Proteolytic actives displayed sigmoidal kinetics with
maximum values at 15, 20 and 25 days after indicmafor 0.1, 1 and 2 mg ml
chitosan, respectively, compared to 5 days forcthrol (no chitosan). ELISA using
anti-VCP1 antiserum detected maximum productiothefserine protease 25 days after
inoculation in cultures with 2 mg fhichitosan (Fig. 3B). In anti-SCP1 ELISA, greatest
production of this protease was found earlier ($sdafter inoculation) in cultures with
1 mg mi* chitosan (Fig. 3C). Changes in protease productiene confirmed in
western blotting studies for samples growing at@ mi* chitosan (Fig. 3D and 3E)
which, for anti-VCP1, showed a ~32kDa immuno-rescthand which appeared at day
10 and then increased with time (up to 30 days).J&P1, a ~72 kDa band was evident
at days 5-10 and then disappeared. Bands of lowseaular weight, which likely
correspond to fragments of proteolytic degradatiended to appear later in the time

course.

11



348 3.5 Effect of chitosan on expression of P. chlamydosporia Vcpl and Scpl serine
349 protease genes

350 Chitosan affected expression of the decine protease encoding geepl and Scpl
351 (Fig. 5). Low chitosan concentration (0.1 mg Ml caused a moderate induction
352 (approximately 2-fold) ofVcpl gene expression when compared to the control (no
353 chitosan) 4 days after inoculation. In contrastdimen to high chitosan concentrations
354 repressed/cpl gene expression. This was particularly strikingZang mi*chitosan,
355 which caused an approximate 5.5-fold repressiontha gene. Chitosan at all
356 concentrations had a moderate to low effecBgpi gene induction (Fig. 4).

357

358 3.6 Immunolocalization of VCP1 and SCP1 in P. chlamydosporia germlings and in
359 infected M. javanica eggs

360 VCP1 and SCP1 proteases were expressed in Pc ggsndind in appressoria of the
361 fungus infecting nematode eggs (Fig. 5). Chitosamaaced anti-VCP1 and anti-SCP1
362 immuno-labelling in the fungal structures. Anti-VCRabelling was detected around
363 conidia (Fig. 5A arrow) and chitosan increased-®@P1 labelling in germlings (Fig.
364 5B-D) compared to the control (Fig. 5A). This waartjzularly evident at 2 mg
365 (Fig. 5D). In chitosan-treated germlings, anti-VABRKAelling was also found around the
366 conidia but at the tips of the germ-tube (Fig. 5€@ws). These differences were not
367 apparent for anti-SCP1, which labelled all germlgtgictures irrespective of chitosan
368 treatments (Figs. 5I-L). In Pc-infected nematodgsedpoth anti-VCP1 and anti-SCP1
369 antisera gave intense labelling of appressoriacihein areas with multiple sites of
370 egg penetration (Figs. 5H and 5N, circles).

371

372

373

374 3.7 Diversity of P. chlamydosporia S8 and S10 protease families

375 Interrogation of the Pproteome with hmmsearch (package version 3.1b2j)guas
376 query the Pfam domain (PFO0082 and PF00450, regplsgtand an e-value cut-off of
377 10 identified 23 putative S8 (Fig. 6A) and 14 putatiS10 (Fig. 6B) proteases. The
378 Pc S8 proteases (subtilisins) included VCP1 (FAg. 88A, bold). Almost 52% (12) of

379 these had signal peptides and could therefore pallgrbe involved in egg-parasitism.
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Phylogeny revealed the existence of three mainpggautheP. chlamydosporia S8 tree,
which we named S8A, S8B and S8C. S8A containedepses with the Inhibitor 19
domain (characteristic from digestive proteasegy h similar molecular weight, a
broad range of pl (4.9-9.3), relatively high simiig and 12 of them we predicted to
contain a signal peptide. All of these featuresgesg a relatively recent expansion of

digestive enzymes with affinity towards differemtarities.

S10P. chlamydosporia proteases (serine carboxypeptidases) included $&§.1
6B). Ca. 43% (6) of them were secreted and cookentially be involved in egg-
parasitism. We arbitrarily divided all the sequenge6 groups, from S10 A to S10 F,
but we are aware that this might not correctlyeefithe evolutionary history of these
sequences. Group S10 B, which included SCP1, cwmdaiwo simple S10 proteases
with a putative signal peptide (Scpl and Pc 14®hg other member, Pc_1463, had a
much higher molecular weight, apparent absenceigrfak peptide and a particular
architecture, composed by two Peptidase_S10 donaaicisan ADH zinc N domain (a

putative zinc-dependent alcohol dehydrogenase).

The phylogenetic trees (S8 and S10Pothonia chlamydosporia in the context
of five fungi closely related at genome levdBeguveria bassiana, Metarhizium
anisopliae, Metarhizium acridum, Hypocrea virens and Claviceps purpurea) revealed
some interesting evolutionary patterns (Supplemgriteg.4 and Supplementary Fig.5).
In the S8 tree (Supplementary Fig.4) several sempseaxhibited duplication events or
different degrees of disagreement with the spgaig$ogeny that may have arisen due
to artefacts in tree reconstruction, differentiaéd or potential interfungal horizontal
gene transfer. S10 phylogenies Bbchonia chlamydosporia and associated fungal
sequences showed some interesting patterns (Supmiam Fig5). We observed a
recent duplication (after the split wiletarhizium) in Pc 9166/Pc 9164 and Pc 9163/Pc
9162. Pc 3881 appeared nested within sequenced. ofirens and B. bassiana.
Furthermore, this group is nested between two offeguences fronfPochonia, Pc
9453/Pc 9168. S10 family genes appear independeuaglycated inP. chlamydosporia,
but unlike the S8 family, no particular gene expamgan be observed in other species.

Duplication events in thi®. chlamydosporia family seem to be more common than in
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the other fungi, although the validity of severdltbe identified duplication events

remains untested.

4. Discussion

The nematophagous fungés chlamydoporia infects plant parasitic nematode (PPN)
eggs by means of appressoria (Escudero and Lopeed,l2012; Lopez-Llorca and
Claugher, 1990). Appressorial differentiation iR. chlamydosporia, in the
entomopathogeMetarhizium anisopliae (St Leger et al. 1991), and in plant pathogens
such asMagnaporthe grisea (Talbot, 2003), is triggered by physical cues siash
hydrophobicity. In Ma. grisea, appressorial formation is also associated with
programmed cell death (Ryder et al. 2013), inv@vproduction of reactive oxygen
species (ROS) and cytoskeletal rearrangement. €2mtoncreases ROS production
associated with membrane permeabilizatioMNeurospora crassa (Lopez-Moya et al.
2015). In this paper, we found that chitosan stipmgluced appressorial differentiation
in P. chlamydosporia (Pc) on a hydrophobic surface and on PPN eggs and senlea
incidence and severity of egg-infection. The medrarfor this enhanced infectivity is
unknown, but we have shown that chitosan stimuldbes production of proteases
(Palma-Guerrero et al. 2010) that, along with obies, are considered important for Pc
parasitism of nematode eggs (Huang et al. 200petd.lorca et al. 2002; Mi et al.
2010; Morton et al. 2003; Segers et al. 1994; Tilkdwet al. 2002)Pochonia spp.
proteases are constitutively produced in theirpg@eetration structures (Lopez-Llorca
et al. 2002). P32, the major serine protease pextiuby P. rubescens was
immunolocalized in appressoria of the fungus infectHeterodera schachtii eggs
(Lopez-Llorca and Robertson, 1992). VPC1, alsormeerotease, was also immuno-
localized inM. javanica eggs infected by Pc (Segers et al. 1995). Whil@55& Pc
carboxypeptidase, had been found before in badetsrendophytically colonized by Pc
(Lopez-Llorca et al. 2010) we show here, for thstftime, is present in infected eggs,
suggesting a possible role for the enzyme in tiection process. Carboxypeptidases
have similarly been detected in closely relatedyisuch asvie. anisopliae (Freimoser

et al. 2005; Santi et al. 2010, 2009) andchoderma viride (Kanauchi and Bamforth,
2001) during host parasitism.
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441 We have previously showen that tAechlamydosporia genome has expanded
442 proteases and in many families (Larriba et al. 20T4is prompted us to further
443 investigate the evolution and characteristics ef 8 and S10 families including VPC1
444 and SCP1. The expansion of S8 proteases in Pcogamly in putative digestive
445 proteases with a signal peptide. These S8 proteasegeneral, have more than one
446 domain in contrast with S10 proteases. The presehdbese extra domains gives
447 valuable information about their possible physiatafy roles. The possible gene
448 duplications could correspond to recent adaptatiomsitrient sources (Freimoser et al.
449 2005). In addition, their predicted pls could cate their secretion at different stages
450 of the Pc multitrophic lifestyle: saprotroph, neodd pathogen and root endophyte. To
451 this respect, proteases from nematophagous fueghaught to have two independent
452 functions, for saprotrophic growth and infectionr@matodes (Huang et al. 2004). In
453 the entomopathogeie. anisopliae closest phyllogenetically to Pc (Larriba et al120
454 2014) secretion of extracellular proteolytic enzgmeas been found triggered by
455 environmental pH (St Leger et al. 1998).

456

457 Chitosan increase of Pc parasitism could be duentmanced secretion of serine
458 proteases such as VCP1 and SCP1. To this end, psabgomics a two-fold increase
459 was reported in VCP1 production when Pc was grawhquid culture with chitosan
460 instead of chitin as the main source of carbonratrdgen (Palma-Guerrero et al. 2010).
461 Chitin increased proteolytic activity in the nematagous fungi Pc (Tikhonov et al.
462 2002) andPaecilomyces lilacinus (Bonants et al. 1995) and in the entomopathogenic
463 fungus M. anisopliae (St Leger et al. 1996). Furthermore, chitin waevah to be a
464 stronger inducer of Pc VCP1 protease than gel&ste{es et al. 2009). However, we
465 chose to study chitosan since it is water soludoel, we found it to be a stronger inducer
466 of VCP1 than chitin (Palma-Guerrero et al. 201d)it€@san stimulated both VCP1 and
467 SCP1 production in ELISA studies, highlighting anmtial detection of SPC1 (1-15
468 days) with VCP1 only being detected at the endhaf time-course (20-30 days).
469 Additionally, maximum induction of total proteolgtiactivity by chitosan matched
470 maximum ELISA detection of VCP1. This would indieathe superior substrate
471 degradation capability by this S8 protease matchiiag found forMe. anisopliae Prl
472 (St. Leger et al. 1998) very close to VCP1 (Larebal. 2012). Differences in the serine
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and carboyxypeptidase protease dynamics deternbgeHLISA were confirmed by
analysing gene expression whesepl induction by chitosan was higher than that of
Vcpl, 4 days after chitosan exposure. In our ELISA expents VCP1 production was
not immunodetected after 5 days of Pc growth whiosan. On the contrary at that
time chitosan at most concentrations increasedyatanh of SPC1. Ward et al. (2012)
detected thaVcpl was repressed at an early stage by ammonium daladowever,
later the nitrogen compound increased expressidhisfgene. In view of our results,
we hypothesized that SCP1 could act earlier thaiPd/@ RNK egg-parasitism, an
endopeptidase with preference to cleave after Ipjbbic residues (MEROPS). VCP1
could play a later role and perhaps contributedigrgp the bulk of proteolytic activity

(found in our study at late stages) in view ofsitisaller molecular size.

We immunolocalized VCP1 and SCP1 Bn chlamydosporia germlings and when
parasitingM. javanica eggs. VCP1 was found secretedirchlamydosporia germlings
around the conidium cell wall. Conversely, SCP1leted all germling surface. We do
not have a clear explanation for this different @gbur. Chitosan addition increased
anti-VCP1 labelling in the germ tube and hyphal, tyuggesting either increased
synthesis or secretion of the protease. To thiges hyphal tips are known areas for
enhanced secretion of extracellular enzymes suphoésases (Archer and Wood, 1995).

5. Conclusions

To conclude, we show that chitosan increaBedhlamydosporia parasitism toM.
javanica eggs, stimulated appressorial differentiation enttlicedVepl and Spel (Fig.

7). These factors together could explain the highehlamydosporia parasitism when
chitosan was added to the medium. We suggest ifigetrfor enhanced secretion of
serine proteases and parasitism could be a RO§ Binigosan has been recently shown
to increase ROS production associated with membpereneability inN. crassa
(Lopez-Moya et al. 2015). Furthermore, PrC a serpretease gene from the
nematophagous fungdonostachys rosae was found up-regulated by oxidative stress
(Zou et al. 2010). Our findings have both fundarakrand applied scopes. The
connexions at cellular and molecular levels betwelgitosan, cell differentiation and
protease induction in fungal pathogenicity is aiiaating field to be further explored in

future studies. On the other hand, chitosan coaldded in sustainable agriculture (it is
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non-toxic for non-targets including humans) in grged pest management of PPN as
an organic additive for enhancing the performantdiocontrol agents such &

chlamydosporia. Such studies are in progress in our laboratory.
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Figure captions

Figure 1. Chitosan enhancement of appressorialerdifitiation by Pochonia
chlamydosporia. Ca. 60 (26h old) germlings per treatment (chitosancentration)
(after 10h incubation) were analysed for appreatalifferentiation in 5 fields (x400)
(p-value<0.05).

Figure 2. Chitosan increased the proteolytic atgtivirom P. chlamydosporia
parasitizing M. javanica eggs detected byymographic analysis. Lanes contained
supernatants from 10-days-old: R, chlamydosporia infecting M. javanica eggs; 2P.
chlamydosporia infecting M. javanica eggs and 0.1 mg Ml chitosan; 3, P.
chlamydosporia infecting M. javanica eggs and 1 mg nll chitosan; 4, P.
chlamydosporia infecting M. javanica eggs and 2 mg fllchitosan. The white arrow
indicates the putative activity of VCP1. Note higielecular weight proteolytic activity
on top of the gel (especially with 0.1 mghuhitosan).

Figure 3. Chitosan induction of proteolytic actyand serine protease production by
Pochonia chlamydosporia (A) P. chlamydosporia proteolytic activity in semi-liquid
medium with increasing chitosan concentrations.EB)SAs with antibodies to VCP1
and (C) SCP1 proteasesRfchlamydosporia in fungal cultures at 0.1, 1 and 2 mg'ml
chitosan for 30 days. (D) Western blotting withibodies to VCP1 and (E) SCP1
proteases ifP. chlamydosporia cultures filtrates of the fungus growing with 2 mj*
chitosan.

Figure 4. Relative expression of genes encoding ¥@Rd SCP1 proteases Bf

chlamydosporia growing with chitosan 4 days after inoculation.lMé&s are relative to
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untreated control (relative expression=0). Letténslicate significant difference
(p<0.05) respect to control. Each value represir@snean of three biological samples

with three technical replicates each.

Figure 5. Immunolocalization of VCP1 and SCP1 masés in germlings ant¥l.
javanica eggs infected bf?. chlamydosporia 5 dai. (A-D) shown germlings and (E-H)
infected eggs probed with rabbit anti-VCP1. (I-bps/n germlings and (M-P) infected
eggs probed with rabbit anti-SCP1. In all casesypbas were visualized by goat anti-
rabbit FITC conjugate. Bar: 10 um. Abbreviationt @mays after inoculation).

Figure 6A. Phylogenetic tree & chlamydosporia S8 proteases MAFFT software was
used for the MSA. The tree was constructed usingvh Proteases for which signal

peptide sequences are found using SignallP ardddka blue and without detectable
signal peptide are labelled in yellow. VCP1 protesmsmarked in bold. Proteases with
Inhibitor_I9 domain are highlighted with a blacktd@bbreviation: MAFFT (Multiple

Alignment using Fast Fourier Transform), MS¥Myltiple Sequence Alignment).

Figure 6B. Phylogenetic tree Bf chlamydosporia S10 proteases MAFFT software was
used for the MSA. The tree was constructed usingvPh Proteases for which signal

peptide sequences are found using SignallP ardddba blue and without detectable
signal peptide are labelled in yellow. SCP1 prateiasmarked in bold. Abbreviation:

MAFFT (Multiple Alignment using Fast Fourier Traosfn), MSA Multiple Sequence

Alignment).

Figure 7. Proposed mechanism for chitosan enhanteni¢®PN egg-parasitism by the
nematophagous fungu$. chlamydosporia. Chitosan causes partial membrane
permeabilization and induces ROS production (Lodesa et al. 2015). Regulated
ROS production was found involved in appressoraleopment (Ryder et al. 2013)
and a serine protease gene from a nematophagogasfumas up-regulated by ROS
(Zou et al. 2010). Acording with that, when chitossas added t®. chlamydosporia
germlings it enhanced appresoria differentiatiod swxcreased production of VCP1 and
SCP1 proteases. Finally, chitosan increased p@ras(incidence and severity) of the
fungus toM. javanica eggs. Abbreviations: PPN (plant parasitic nemajddé®M

(Integrated pest management).
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Supplementary Fig.Protein amino acid sequendg@) SCP1 amino acid sequence
(Accession no. GQ355960 two peptides against which polyclonal antibodies were
designed are shown in gray. (b) VCP1 amino acid sequence (Accession no.
AJ42746(), two peptides against which polyclonal antibodies were designed are

shown in gray.

Supplementary Fig.Dot blot results with two peptides synthesizeddach proteases
(VCP1 and SCP1). They were performed to verifygpecificity of each protease. Anti-
VCP1-1 and Anti-VCP1-2 only recognized the VCP1tmkgs (VCP1 peptide 1 and
VCP1 peptide 2). Anti-SCP1-1 and Anti-SCP1-2 omgognized Anti-SCP1 peptides
(SCP1 peptide 1 and SCP1 peptide 2).

Supplementary Fig 3 Chitosan enhancement dn. javanica egg parasitism by.
chlamydosporia. At the bottom left and right of each image theidence (percentage of
infected eggs) and the severity (average numbegreottrating hyphae per nematode

egg), respectively to each treatment.

Supplementary Fig 4 Phylogenetic tree of S8 prete&éomP. chlamydosporia and 5
closely related fungi. Sequences for which sigregdtigle was found using SignallP are
labelled in red. Legend: Bbd@eavueria bassiana, Cpu: Claviceps purpurea, Huvi:
Hypocrea virens, Mac: Metarhizium acridum, Man: Metarhizium anisopliae, Pch:

Pochonia chlamydosporia.

Supplementary Fig 5 Phylogenetic tree of S10 peatedromP. chlamydosporia and 5
closely related fungi. Sequences for which sigregdtiole was found using SignallP are
labelled in red. Legend: Bbd&eavueria bassiana, Cpu: Claviceps purpurea, Huvi:
Hypocrea virens, Mac: Metarhizium acridum, Man: Metarhizium anisopliae, Pch:

Pochonia chlamydosporia.

Supplementary Table 1

Primers used to quantify the effect of chitosanPorchlamydosporia serine proteases
(VCP1 and SCP1) gene expression by qRT-PCR. Abdtrens: HK: housekeeping.
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Table 1.- Effect of chitosan orMeoidogyne javanica egg parasitism byP.

chlamydosporia. Parasitism was estimated calculating incidenag severity of egg

infection by the fungus. Incidence was estimatedhieypercentage of infected eggs and

the severity was the average number of penetrdiyghae per nematode egg (p-

value>0.05). Treatments with statistically diffeces respect to control (no chitosan)

are shown in bold.

Chitosanmg mi*

0 0.1 1 2
[ S [ S [ S | S
72h  13.3+3.3| 5.66+1.2] 13.3+3.3  4+15  6.66+3.3 5+1 3R3+ 100
96h 16.6+3.3| 13+45 | 30+1%¥ | 10.6+1.3| 66.6+3.3 | 13.1+1.8| 26.6+33| 13.9+4.3
120 h 53.3+3.3| 10.4+2.6 | 50+5.77 | 20.7+2.7 | 80+0° | 42.4+2.8 | 76.6+6.8 | 53.4+7.7
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Chitosan increases appresorium differentiation in P. chlamydosporia.

Chitosan enhances P. chlamydosporia parasitism of M. javanica eggs and the VCP1

immuno-labelling in infected eggs.
Proteolytic activity of P. chlamydosporia is higher in the presence of chitosan.
Chitosan enhances the VCP1 immuno-labelling in infected eggs.

We have found evidences of expansion and diversification of P. chlamydosporia

serine proteases.



