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ABSTRACT

Blue mould disease caused Penicillium expansumnfection is one of the most
important diseases of pome fruit accounting for onignt economic losses. In the
present study, thBeStelaranscription factor gene was identified, and @dglemutants
were produced by gene replacement. Knockout mutdmwsied a significant decrease
of virulence during apple fruit infection. Viruleaavas affected by the maturity stage of
the fruit (immature, mature and over-mature), arsg¢ake severity was notably reduced
when the apples were stored at 0 °C. NiReStel2mutants resulted defective in
asexual reproduction, producing less conidia, big tharacteristic did not correlate
with differences in microscopic morphology. In adth, the APeStel2mutants
produced higher quantity of hydrogen peroxide ttenwild type strain.

Gene expression analysis revealed PeBtel2was induced over time during apple
infection compared to axenic growth, particulartgrh 2 dpi, reinforcing its role in
virulence. Analysis of transcriptional abundancese¥eral genes inPeStel2mutants
showed that in most of the evaluated geresStel2seemed to act as a negative
regulator during axenic growth, as most of themilgiidd an increasing expression
pattern along the time period evaluated. The higlegression values corresponded to
detoxification, ATPase activity, protein foldingdbasic metabolism. Gene expression
analysis during apple infection showed that 3 ofit9oanalysed genes were up
regulated; thuseStelZeemed to exert a positive control to particylpetof aldolase.
These results demonstrate theStelZaranscription factor could play an important role

in P. expansum’sirulence and asexual reproduction.
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1.  Introduction

Blue mould, caused bigenicillium expansums the most important apple post-harvest
disease. Blue mould represents a significant ecangroblem for the fresh fruit
industry, causing up to 80% of decay in storedtdrfMorales et al., 2007). This
necrotrophic fungi is a pathogen that infects gsguough wounds, causing maceration
and decay. Currently, the common method used ttradahis disease is the application
of chemical fungicides, since they act quickly afféctively. However, the ability of
fungal pathogens to become progressively residarfungicides and the negative
impact of pesticides on human health has led tmerase in efforts to develop more
effective control strategies. These strivings h&#meen focus on unravelling fungal
infection processes and pathogen strategies totittie fruit. The current information
about pathogenicity factors responsible Forexpansunadecay are very scarce. In that
sense, providing a good knowledge on the viruldaceors could help finding targets
for disease control.

Fungal-plant pathogens have developed several msochs to enhance their virulence
(Perez-Nadales et al., 2014). In the casePenhicillium spp. the first attempt for
infection during host-pathogen interaction are wdsupresent on the surface of the
fruit, and nutrients and volatiles could stimulapore germination (Droby et al., 2008).
Then, the process is followed by penetration andnipation of the fruit tissueP.
expansums able to cause decay at the low temperaturdsuifstorage, and over-
mature or long-stored fruits are more susceptifleb@ng infected. Although the
availability of the genomic sequences of severdP oéxpansunstrains might help to
identify virulence genes in this pathogen (Ballegtal., 2015), there is widespread
ignorance about virulence elements that determighiggen aggressiveness in this

postharvest pathogenic fungus, including those ttem subvert fruit defences. This
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effect has been described in apples at differemtinta stages infected witRenicillium
spp. as host and non-host pathogens in which aressgipn of hydrogen peroxide
(H20,) was observed (Buron-Moles et al., 2015). Morep\éan et al. (2013) found
that proteins involved in the antioxidant metabulissuch as catalase and superoxide
dismutase, are related with the pathogenicity afebiould. It seems necessary to
elucidate the different factors that mediate pa#imogirulence inPenicillium spp.
associated to fruit decay.

Previous studies have related the secretion of gatdgturonases, glutamate
decarboxylase, calmodulin or C-4 methyl esterodage with the pathogenicity .
expansumin apples by studying genes differentially expeelssluring the infection
process (Sanchez-Torres and Gonzalez-Candelas). 2008et al (2007) also related
polygalacturonases with the pathogenicityPofexpansuniby analysing the cellular and
extracellular proteomes. The hypothesis thaexpansunshows the ability to acidify
the environment in colonized tissue by the accutimraof D-gluconic acid has also
been proposed as mechanisms of pathogenicity legfygilanova et al., 2014a).

P. expansunhas great potential for the production of secondaeyabolites. Secondary
metabolism is commonly associated with sporulatimmmcesses and metabolite
production. Patulin is included within secondary tabelites but its role in the
development of blue mold decay on apples remainsr@eersial. While some authors
reported its implication in fungal pathogenesisrégiet al., 2014; Sanzani et al., 2012),
recently other authors described the absence dacias®n between virulence and
patulin production (Ballester et al., 2015; Li &t 2015). Nevertheless, although patulin
could not be required to infect apples, may actaas apple cultivar-dependent

aggressiveness factor (Snini et al. 2016).
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Virulence in plant pathogenic fungi is regulatedépetwork of cellular pathways that
respond to signals present during host-pathogesraction (Rispail and Di Pietro,
2010). Within the group of fungal transcription tiars, the Stel2 factor has arisen as a
relevant factor in these processes. The Stel2ipristpredominantly encountered as a
target of the Fus3 mitogen-activated protein kin@g&PK) cascade that controls
mating (Hoi and Dumas, 2010).

The factor Stel?2 is one of the most studied trgpison factors and has an important
role in sexual development and pathogenicity (Ha ®umas, 2010). Several reports
describe the contribution of Stel2 homologs fromnyngathogenic fungi in
pathogenicity/virulence. Example of that is the uotessful penetration of
Magnaporthe oryzaalefective MST12 mutants (Park et al., 2004). Tliece in
virulence /pathogenesis have also been describeddibetotrichum lagenariungTsuji

et al., 2003) Botrytis cinerea(Schamber et al., 2010fusarium graminearuniGu et
al., 2015) andrusarium oxysporur{iGarcia-Sanchez et al., 2010; Rispail and Di Bjetr
2009). Recently, thd®. digitatum homologous Stel2 transcription factor has been
reported, supporting its significance in fungalulénce and conidiation (de Ramén-
Carbonell and Sanchez-Torres, 2017; Vilanova et28l16). Therefore, identification
and evaluation of the Stel2 transcription factdP irexpansunopens the chance to get
a better acquaintance of the mechanisms that doptoresses such as infection
capacity or virulence.

In this work, we aimed to isolate and functionallyaracterize th®. expansum Stel2
gene by loss-of-function to show that exerts anartgmt role in conidiation and fungal

virulence during apple infection.

2. Material and M ethods

2.1. Microorganisms and culture conditions
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Penicillium expansunstrain CMP-1 (Ballester et al., 2015) was usedhaswild type
and parental strain of deletion mutants for BeStelyene. All strains were grown in
potato dextrose broth (PDB; Liofilchem Laboratoyi€oseto degli Abruzzi, Italy) or
potato dextrose agar (PDA,; Liofilchem Laboratori®gseto degli Abruzzi, Italy).
Cultures were incubated at 25 °C for 1, 2 or 3 dégsid cultures) depending of the
further use or up to 1 week (solid media). Conidiare collected as previously
described by Vilanova et al. (2016).

Escherichia coli DH5a. was used for propagation material awdjrobacterium
tumefacien<sgCy was used foP. expansuntransformation (de Ramén-Carbonell and
Sanchez-Torres, 2017).

2.2. Fruits

Immature, mature and over-mature ‘Golden Smoothpeles were used to study the
role of PeSteldn P. expansunvirulence, conidiation and morphology. Applédajus

x domestica Borkh.) were obtained from a commercial orchard Mollerussa
(Catalonia, Spain) and used immediately after rsn&elected fruits with similar size,
without injuries or infections were surface diseti with 10 % sodium hypochlorite
for 1 min, rinsed with tap water and air dried vef@xperiments. Colour, firmness,
starch index, soluble solids, and acidity were wheteed as quality parameters at each
harvest date following the protocol described blahova et al. (2012).

2.3. Nucleic acids manipulations

Genomic DNA ofP. expansurstrains was extracted as previously described bygdta
Houben et al. (2012). All PCR DNA fragments obtdina this work were purified
using the Ultra Clean TM PCR Clean-up (MoBio, Caaisd, CA, USA) and then
sequenced with the appropriate primers using thmrdlscent chain-terminating

dideoxynucleotides method (Prober et al., 1987) amdABI 377 sequencer (Applied
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Biosystems, Madrid, Spain). DNA sequences were eoatp with those from the
EMBL database with the Washington University-Balsaral Alignment Search Tool
(WU-BLAST) algorithm (Altschul et al.,, 1997). Whenecessary, sequences were
aligned using the ClustalX2 (version 1.64b) progr@rmarkin et al.,, 2007). Plasmid
DNA preparations were purified using the UltraCleédimi Plasmid Prep kit (MoBio,
Carlsband, CA, USA).

2.4. Construction of a P. expansum genomic DNA library

DNA was extracted from 1 g of frozen mycelium es$isdly as described by Moller et
al (1992). Size-selected and end-repaired DNA wigatdd into linearized fosmid
pCC2FOS using the CopyControl HTP Fosmid Librarpderction kit (Epicentre
Biotechnologies). Ligated DNA was packaged with MaxPlax Lambda Packaging
Extracts provided in the kit and transfected iEocoli EPI300 cells following the
supplier's recommendations.

2.5. Isolation of PeStel2

Two PCR primers, PE1-PE2 (Table S1), were desigoased on the nucleotide
sequence oPenicillium digitatumPdStel2gene (PDIP_53990). The PCR reaction
consisted of a first denaturation at 94°C for 4,nfatlowed by 30 cycles at 94 °C for
30 s, 56 °C for 45 s and 72 °C for 60 s, a finahghtion step was carried out at 72 °C
for 10 min. The PCR amplicon was sequenced andepsimivere designed for the
screening of th®. expansunCMP-1 genomic DNA library. The scrutiny took plaae
described by de Ramon-Carbonell and Sdnchez-T(#04s).

2.6. Construction of the vectoi4PeS12 and fungal transformation

Gene disruption by homologous recombinationPinexpansunwas done as earlier
described by de Ramoén-Carbonell and Sanchez-Tdg@s7). A 1.5-kb fragment

containing upstream flanking sequencePefStel2vas amplified from genomic DNA



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

of CMP-1 strain using primers PE7-PE8. Similarly,1&-kb fragment containing
downstream flanking sequence RPéSte2gene was amplified with primers PE9-PE10
and both fragments were cloned into the hph cassétlasmid pRFHU2 (Frandsen et
al., 2008) to generate the targeted gene deletasmypd.

The resultant plasmidA®eS12,confirmed by sequencing, was introduced inté.a
tumefaciengCsgC; strain. A fAPeS12 transformed. tumefacienstrain was then used
to transformP. expansun€CMP-1 following the protocol described by Marcetitben

et al. (2012). Transformants were selected on Pxep containing 15@g/mL of
hygromycin B. Verification of the disruption wasmoby PCR using genomic DNA
from each monosporic isolate. Selected null mutamse analysed for absence of
ectopic copies as described below.

2.7. T-DNA copy number

The number of T-DNA copies integrated in each getbtransformant was evaluated by
gPCR analysis with SYBR Green as a fluorogenic @mespo-Sempere et al., 2013)
using primers PE12-PE13 located in the promoteioregf the PeStel2 gne (Table
S1). TheP. expansunB-tubulin gene was used as a reference for norntigiza
employing primers gPeTubF-gPeTubR (Table S2). DNX#mf the wild-type CMP-1
strain was used as a control. PCRs and data awmalysie performed using a
LightCycler 480 Real-Time PCR machine (Roche, Mammh Germany) and
LightCycler software, version 4.0.

2.8. Invitro growth studies

Growth diameters oP. expansunwild type andPeStel2deletion mutant§AT6 and
AT8) were determined after inoculating PDA Petriggacentrally with a 10 pL conidial

suspension adjusted at*l@nidia/mL. After inoculation the plates were ibeted at
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25 °C. Two radial measurements were made for ealdmyg to a maximum of 7 days
post inoculation with four replicates per strain.

Liquid cultures we carried out in 50 mL of PDB meedit 24, 48 and 72 h inoculated
with 10° conidia/ml of either CPM-1 wild type axT6 andAT8 deletion mutants and
incubated at 25 °C and 200 rpm.

2.9. Fruit inoculation

For pathogenicity assays, immature, mature and-mature apples were wounded
twice with a nail (1 mm wide and 2 mm deep) on siake of each fruit and inoculated
with 15 pL of aqueous conidia suspension of thed viylpe strainP. expansunor
PeStel2deletion mutantsAT6 andAT8) at 18 conidia mL*. Inoculated fruits were
stored at two different storage temperatures (20@&PAC) and 85 % relative humidity
(RH). Decay incidence and severity were evaluatediféerent times post inoculation.
In both cases (20 °C and 0 °C), five apples carntstit a biological replicate and four
replicates were used for each treatment.

The severity of lesions (cm) at each time of meam@nt (day) were plotted and growth
rates (cm/day) were obtained from the slopes lBalimegression using Microsoft Excel
(Microsoft Corporation, USA) following similar matkdology described in other studies
(Vilanova et al., 2012).

For RNA extraction, mature apples were used anahtywveounds were made on one
side of each fruit using a nail and inoculated viihuL of aqueous conidia suspensions
of eitherP. expansunwild type strain orAT6 mutant. Inoculated fruits were stored at
20 °C and 85 % RH for 24, 48 and 72 h. After eaohage time, cylinders of peel and
pulp encompassing the wounds (8 mm inside dianaetdr3 mm deep) were removed
using a cork borer. Each biological replicate cstesi of 200 disks pooled from 10

fruits and three replicates were collected at eaampling. All samples were

10
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immediately frozen in liquid nitrogen, lyophilizédr 5 days and then ground to a fine
powder for subsequent RNA extraction.

2.10. Conidiation assessment

Conidiation degree of the wild type amgStel2mutants on the surface of decayed
apples was evaluated following a 0-5 scaled desdribr oranges and adapted to apples
and a conidiation index was used to obtain an absd&tequency chart (Vilanova et al.,
2016). The scale numbers used in the conidiatidexnndicated: 0O, soft lesion but no
conidia or mycelium present; 0.5, mycelium but paidia present; 1, <5%; 2, 5-30%;
3, 31-60%; 4, 61-90% and 5, >91% of the fruit stefaovered with conidia. Five
apples constituted a biological replicate and feyticates were used for each strain.
2.11.Microscopy morphology

Immature apples, inoculated as described in thdence studies, were stored at 20 °C
and 85 % RH for different times post inoculatiorftei each stored period, fruit disks
(16 mm diameter and 5 mm thickness) encompassmgvtiunds were removed from
apples using a cork borer and placed into steeli Plates. Samples were visualized
with both a Leica MZ16F stereoscope and a Leica DD@5microscope. Images were
acquired using a Leica colour digital camera (L&¢&C 420).

2.12. Hydrogen peroxide quantification

Twenty wounds were made in mature apples as descrdbove. Wounds were
inoculated with 10 pL of sterile water or aqueoasidia suspension of th€l'6 mutant

or wild type strain at I0conidia mL*. Inoculated fruits were stored at 20°C and 85 %
RH. Cylinders of peel and pulp (8 mm diameter anohr@ deep) encompassing the
wounds were removed using a cork borer from fowit fat different times post
inoculation. Pooled samples were frozen and povadere liquid nitrogen, and

immediately used for hydrogen peroxide,@d) determination. KD, production was

11
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measured using a PeroxiDetétKit (Sigma-Aldrich, Saint Louis, USA) following ¢h
methodology described by Buron-Moles et al. (20THe HO, content was expressed
as umol K@ of fresh weight (FW) and each value was the meafour replicates
constituted by four apples each one.

2.13. Quantification of relative gene expression

Total RNA from mycelium ofP. expansunwas obtained from frozen mycelium by
using Trizol (Invitrogen, Carlsband, CA, USA). ToRNA during apple infection was
extracted from fruit peel discs (section 2.8) ascdbed previously Vilanova et al.
(2014b). Synthesis of the first strand of cDNA aalhtive gene expression was carried
out as previously described by Ballester et al1®0Thermal profile was: activation
step (95 °C for 5 min), amplification step (45 @glof 95 °C for 10 s, annealing
temperature (3, 58°C for 5 s, and 72 °C 10 s), melting curve paoy(95 °C for 5 s,
65°C for 1 min, and heat to 97 °C at 0.1 °C/s rate)l cooling step (40 °C for 10 s).
Two technical repeats were conducted for each expet, and three independent
biological replicas were carried out. Oligos gPé&3ke and gqPeStel2R were used for
PeSteldyene and genes coding for fun@aubulin (AY674401) (gPeTubF-qgPeTubR),
ribosomal protein 37S PEX1_ 068590 (qPe37F-gPe3iRhestone H3 PEX1 049570
(gPeHis3F-gPeHis3R) were simultaneously used apertent reference genes (Table
S2). The Relative Gene Expression (‘RGE’) was dated using the modified equation
EGOIN-CqgGOIl)/EREF*-CgREF) from Pfaffl (Pfaffl 20D as described before by

Ballester et al. (2015).

2.14. Statistical analysis
Data regarding quality parameters, incidence,ahtiay of visible rot, lesion growth

rate (cm/day), cumulative frequency of conidiatiomex and HO, content were

12
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analysed for statistical significance by analydivariance (ANOVA) with the JMP 8
(SAS Institute Inc., Cary, USA) statistical packa§éatistical significance was judged
asP<0.05; when the analysis was statistically sigaific a Tukey test for separation of

means was used.

3. Results

3.1. Isolation and structural analysis of the P. expandbeStel2 gene

An amplicon of 763 bp was obtained by PCR using-PEZ2 primers (Table S1). The
deduced amino acid sequence of the fragment shbaelogy to Stel2 genes from
different fungi. The screening of the CMHRLexpansungenomic library using primers
PE1-PE2 led to the obtaining of a full genomic gand more than 10Kb of flanking
regions. The sequence contains an open reading fodr@354 bp encoding a putative
protein of 693 amino acids, and was design&e8te1ZP. expansunste1l2 homolog=
PEX1 013250). The gene is interrupted by four mgrof 53, 54, 49, and 53 bp, placed
at positions 19, 174, 1832, and 2018 of the cod#gipn, respectively. The positions of
the introns were verified by cDNAs amplificationing pairs of primers that flank the
predicted position of each intron (data not showihe promoter region contains the
consensus sequence TGAAACA, designated as the rpbem responsive element
(PRE), located 1160 bp upstream from the ATG.

The protein PdStel2 contains two putative DNA-bwgdimotifs, an homeodomain
(amino acids 54-163) and two Cys2His2 zinc fingars located at the C-terminal
region (amino acids 567-589 and 597-617). The hdomeain exhibited a match with
the consensus STE domain present in all the potdithe Stel2-family when scanned
against the Pfam protein families.

3.2. Deletion of the P. expansum PeStel2 gene

13
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The plasmid APeS12 (Supplementary Fig. 1A-B) was used to tramsfé. expansum
CMP-1. Transformants were confirmed using PCR dination with HygRt-PE10
primers (Table S1) from monosporic isolates. In @\P-1 wild type strain there was
no amplification, while the transformants amplifyragment of 2.6 Kb (Supplementary
Fig. 1B). Deletion of the targeted gene was analysih primers HygRt-PE11 (Table
S1). In the wild type strain and non replaced ti@msants there was no amplification,
while true deletant mutants amplify a fragment @&kb (Supplementary Fig. 1C). Two
AStel2 mutants AT6 and AT8) that contained only a single T-DNA integration
(quantified by T-DNA copy number) were selectedftother analysis.

Both deletant mutants exhibited the same phenotiaits in axenic growth (PDA
plates) compared to the parental strain CMP-1, Withsame growth rate and similar
conidiation (Supplementary Fig.1D).

3.3. Fruit Quality parameters

Significant differences in quality parameters wévand among harvests (Table 1).
Total soluble solids, starch index and colour iasezl as the harvest date progressed,
while a decrease was observed in titratable acatity/flesh firmness.

3.4. Virulence of P. expansum strains on apples

The effect ofPeStelaleletion during apple infection was analysed lmcudating both
AT6 andAT8 mutants andP. expansunwild type CMP-1. BothAStel2mutants were
pathogenic to apples, but depending on storageittmmsl (20 °C and 0 °C) the
symptoms caused by these mutants showed diffeeddvimur compared to the wild
type (Fig. 1). Lesion development on ‘Golden Smeettapples inoculated with the
expansumwild type or AT6 and AT8 mutants showed always a linear pattern,

independently of fruit maturity or storage temperat

14
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At 20 °C, decay incidence and severity of lesioisrbt show significant differences
between the wild type and bofreStelanutants (Fig. 1A-C). No differences were also
found in growth rate and in visible initial rottirdpy among the wild type and both
deletion mutants (Table 2).

After 42 days at 0 °C, decay incidence in applesxutated with the wild type was
higher compared taT6 andAT8 mutants in immature (57, 33 and 31 %, respeglive
mature (70, 35 and 26 %, respectively) and oveurag{74, 38 and 36 %, respectively)
harvests (data not shown). Moreover, significarftectences were also detected at
immature, mature and over-mature harvests betweergrowth rate of the wild type
(0.056, 0.078 and 0.078 cn drespectively) compared to batT6 (0.026, 0.045 and
0.047 cm d, respectively) andAT8 (0.030, 0.048 and 0.041 cm',drespectively)
mutants (Fig. 1 and Table 2). Similarly, the visilbitial rotting day appeared before in
apples inoculated with the wild type (24, 25 andd24s, respectively) than in apples
inoculated withAT6 (34, 32 and 30 days, respectively) a8 (36, 32 and 32 days,
respectively) at all harvest stages assayed (Tjble

3.5. Conidia formation in P. expansum wild type antb andAT8 mutants on apples
Phenotype differences between the wild type anth PeiStel2mutants were mainly
detected in conidiation during an advanced staggpple decay (Fig. 2). Fruit stored for
18 days at 20 °C showed that 100 % of apples atatllirity stages inoculated with both
mutants showed < 5 % of the fruit surface covergt wonidia. However, in the case of
immature, mature and over-mature apples inoculatddthe wild type, only 40, 0 and
0 %, respectively of the fruit showed < 5 % of agd covered with conidia. Moreover,
67 % of mature and 92 % of over-mature apples ilabed with the wild type showed
>61 % of fruit surface covered with conidia, whihethe case of apples inoculated with

the mutants, a conidiation index of 4 was neveched.
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Fruit inoculated with wild type and stored for 182at 0 °C showed < 5 % of fruit
surface covered with conidia in 95 % of immaturé,%2 of mature and 27 % of over-
mature apples. On the contrary, apples inoculatiéd both deletant mutants exhibited
< 5 % of fruit surface covered with conidia in 1¥0of immature and mature and more
than 80 % of over-mature apples. Moreover, in 16f%ver-mature apples inoculated
with the wild type, conidia covered more than 6lofthe apple surface while none of
the mutants reached this level of conidiation.
3.6. Microscopy morphology of the P. expansum wild peAT6 andAT8 mutants
on apples
Differences in morphology between tle expansunwild type andAT6 and AT8
mutants during apple colonization at 20 °C werduatad using a stereoscope and a
light microscope (Fig. 3).
Independently if immature apples were inoculatethwhe wild type or with both
deletion mutants, the first macerated symptoms wayeerved after 1 day post
inoculation using a pathogen concentration of t@nidia/mL (data not shown).
Moreover, the superficial mycelium appeared at ¥sdzost inoculation without visual
differences between the wild type and the mutasté$a(not shown). First conidia were
visually detected at 13 days post inoculation oplegpinoculated with the wild type
(Fig. 3A and 3D), however only mycelium was obsdrireapples inoculated withT6
(Fig 3B and 3E) and T8 mutants (Fig. 3C and 3F). At longer storage periadsle the
wild type covered completely the disk surface watixcelium and conidia, botReSte12
deletant mutants had only spores at the initis@atibn site (data not shown). Despite
the clear visual differences between the wild tgped both mutants, no differences in
morphology were observed when the structures weisualised under 40x

magnification with the light microscope throughabe different times evaluated (Fig.
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3G-I). BothAT6 and AT8 mutants seemed to produce typical phialides sndlar
length of metulae.
Since both mutants followed the same behaviouirudience and conidiation onlyT6
was used for further studies.

3.7. Hydrogen peroxide quantification
The production of BD, was measured in mature apples inoculated witheeitater
(control), AT6 mutant or the wild typ®. expansun{Fig. 4). Apples inoculated with
water suffered a reduction in,€&, after 4 hours of inoculation (30.3 umol Ke\W).
From this moment, 0, increased achieving 62.6 pmol KW and then remained
without significant differences until 30 hpi. Inetltase of apples inoculated with both
wild type P. expansunandAT6, a similar pattern and tendency was observéapadh
AT6 produced more #D,. Both fungi seemed to stimulate® production during the
first 4 h (41.1 and 44.6 pmol K&W, respectively), while during the time-curse
experiment they showed a,®h inhibition in comparison to water inoculation.
However, apples inoculated witT6 mutant after 16, 24 and 30 h showed highgd.H
production (45.7, 52.0 and 45.6 pmol kg, respectively) than apples inoculated with
the wild type (34.0, 36.3 and 35.4 pmol K@V, respectively).
3.8. Analysis of P. expansum PeStel2 gene expression
Evaluation ofP. expansunPeStelyeneexpression was conducted using quantitative
RT-PCR (Fig. 5). We performed assays ustm@xpansumvild-type strain CMP-1 and
both deletant mutants at three different time @it 2 and 3 days). In axenic liquid
cultureP. expansumvild type kept its expression more or less with shene rate over
time. During apple infection the transcription aldlance increased over time,
particularly at 2 dpi in which the increment wa$okl compared to 1 dpi (Fig. 5). The

gene expression during apple infection was induaftdr 2 dpi around two fold
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397 compared ton vitro growth. As expected, no expression was detectedelatants
398  mutants neither in axenic culture nor during applection (data not shown).

399  3.9. Analysis of the gene expression of several gena$6rdeletant mutanturing in
400 vitro growth

401 The exploration of gene expression of several geneAT6 deletant mutantvas
402  conducted by using gRT-PCR. The transcription abood of 22P. expansungenes
403 (Table S2) was evaluated during axenic growth quitl culture, comparing the wild
404  type (WT) andAT6 deletant mutant (Fig. 6). Genes used in thigystuere selected
405 based on their putative role during pathogen imdectTable S2).

406  Within these 22 genes, only 5. PEX1 034030, PEX4760, PEX1 018170,
407 PEX1_034010 and PEX1 001890 showed repressioneiATt mutant compared to
408 the WT in at least one time. These 5 genes putgtieacode a peptidase, an
409 endoglucanase, a hypothetical protein, a fribland a glutamine synthase,
410 respectively. The grade of transcriptional abundamas very high with the exception
411 of PEX1_001890 (glutamine synthase), which exhibiteery low level of gene
412  expression. In some cases, the t differences bat&€&é and WT were restricted to a
413  specific time, as is the case for PEX1_001890, PEX8170 and PEX1_ 034030, in
414  which changes were identified at one time (1, 2 3ordpi, respectively) and
415 PEX1_094750 (1 and 3 dpi). Only in PEX1_ 034010, tedifications were patent
416  through all time points of the analysis (Fig. 6A).

417  The rest of the analysed genes (17 of the 22), sidnduction inAT6 compared to
418  WT. Within these genes, most of them (15 of 17)ileixéd an increased expression
419 throughout the three days, reaching the highesel l®f expression at 2-3 dpi.
420 Nevertheless, transcriptional abundance varied foore gene to other. The highest

421 expression values (>2500 RGE) were reached by P&X410, PEX1 019060,
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422 PEX1_032120 and PEX1_ 051270, which are putativalyolved in detoxification,
423  ATPase activity, protein folding and basic metatoli respectively. PEX1_010730,
424 PEX1_016620, PEX1 016860, PEX1 035540, PEX1_055840 PEX1_ 069350,
425  which code for a C2H2 type transcription factor,aeohol dehydrogenase, a choline
426  kinase, an aldolase, an endopolygalacturonase akliF& transporter, respectively,
427  reached medium values (90-1000 RGE) (Fig. 6B).

428 The lowest gene expression values correspondedeEXl F018240, PEX1 047170,
429 PEX1_078460, PEX1 083600 and PEX1_089030, whichdma hypothetically MFS
430 transporter, a SLT2 like MAP kinase, a GAL 4 typanscription factor, a 3-
431  hydroxyacyl-CoA dehydrogenase and ABC transpontespectively (Supplementary
432  Fig. 2).

433 Of 17 genes induced iAT6 compared to WT, only PEX1 056420 (G3PD) and
434 PEX1_ 094410 (aldolase-type TIM barrel) showed arelsing pattern of gene
435  expression with time. Transcriptional abundancePBX1 094410 decrease slightly
436  with time, whereas PEX1_ 056420 gene expressionpgbplrastically 10-fold between
437 1 and 3 dpi (Supplementary Fig. 2).

438  3.10.Analysis of the gene expression of several genég thdeletant mutantiuring

439 apple infection

440 Of the 22 genes evaluat@d vitro, 9 of them were selected to assess gene expression
441  during apple infection (Table S2 in bold) basedtbeir putative function and their
442  expression profile in axenic growth. Surprisingtyanscriptional abundance during
443  infection showed less differences betwéelt and WT than those observed vitro

444  (Fig. 7). Most of them (6 of 9) PEX1 19060, PEX12030, PEX1_034030,

445 PEX1 051270, PEX1 069350 and PEX1 094750 showgtitdiiifferences between
446  the AT6 mutant and WT, and exhibited lower grade of gexygression during infection
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compared to axenic growth reducing one or two ardéémagnitude in some cases (Fig.
7A). On the contrary, PEX1_018170 (Hypotheticaltpm), PEX1_ 034010 (fibrillarin)
and PEX1 035540 (aldolase-type TIM barrel), exbibiintensification higher relative
expression level during apple infection than duringvitro growth. PEX1_035540
(aldolase-type TIM barrel) showed the largest déifces on expression between WT
and AT6, but displayed a pattern opposite to the onemiesl duringin vitro growth
(Fig. 7B). A Higher level of expression in the Wasvalso observed in PEX1 018170
(Hypothetical protein), but only at 1 dpi. No diffmces were observed in
PEX1 034010 (fribrillarin) betweeAT6 and WT.

Moreover, in order to confirm iPeStelZould regulate patulin production, the relative
expression levels of three relevant genes in patpéthway, patKk (PEX1-002430)
coding for 6-methylsalicylic acid synthase, thestfienzyme of the patulin pathway,
patL (PEX1-002400) encoding a transcription factor, patN (PEX1_5160) coding for

a isoepoxydon dehydrogenase, catalyzing one dhgtesteps of the pathway (White et
al., 2006), were evaluated comparing the wild-tgmel AT6 deletant mutant during
apple infection. No differences were observed i aiithe three genes assayed between

the wild-type and the mutaAfT6 (Fig. 7C).

4. Discussion

This work accounts for the functional character@atof PeStel2a particular type of
C2H2 fungal transcription factor, in the pome frpdstharvest pathogdh expansum
Examination of thePeStel2sequence showed high similarity to other fungallSte
genes and demonstrated the existence of the carsseeguence TGAAACA in the
promoter. This sequence was identified as the phene responsive element (PRE),
which suggests that in the presence of certainudititncould trigger a response as part
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of the activation of cellular cascades. In yedst, presence of this PRE is correlated
with the interaction with the Stel2 protein which sufficient to confer pheromone
responsiveness (Yuan and Fields, 1991). Additignatie PeStel2gene contains two
typical C-terminally placed strongly linked C2H2neifingers that are also found in
other Stel2 genes (de Ramon-Carbonell and SanadrezsT2017).

The possibility of new breakthroughs in the contblthis pathogen involves a better
understanding of the virulence mechanisms deploygdP. expansum.Pathogen
aggressiveness is controlled by the interactiorsewéral genes that react to signals that
appear during host-pathogen interactions (Schamtbak., 2010). The phosphorylation
of Fus3/Kssl MAP kinase can stimulate the transongl regulator Stel2, as part of
cellular responses, which in turn could act as ecifp regulator of pathway-specific
genes (Rispail and Di Pietro, 2010). The involvemehP. expansunPeStel2in
virulence was proved through loss of function whbeedeletants showed a decrease in
aggressiveness, as shown by lower incidence andtlgmate and longer visible initial
rotting day on apple at 0 °C of storage temperat@msequently, our results are in
concordance with earlier studies of Ste12 mutdrasdemonstrated their importance in
conidiospore production and disease establishmetita closely related pathogén
digitatum (de Ramon-Carbonell and Sanchez-Torres, 2017ndia et al., 2016) and
in another plant pathogenic fungi (Garcia-Sancheal.e2010; Rispail and Di Pietro,
20009).

In this study, the deletant mutants were able ti®cin apple tissue, but decay
progression, determined as lesion diameter, wadd3idwer compared to the wild-type
strain, indicating thaPeStel2affects disease severity more than disease inogden
apples stored at 0 °C. Similar results were foumdcitrus fruit infected withP.

digitatum (de Ramaon-Carbonell and Sanchez-Torres, 2017ndia et al., 2016) and
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in tomato plants, apple fruits (Rispail and Di Re2009) and common bean seedlings
(Garcia-Sanchez et al., 2010) infected with twéed#ntF. oxysporunstrains.

During fruit-pathogen interaction®. expansunproduces asexual spores (conidia) as
starting point to ensure successful infection. Lrkany plant pathogenic fungi, the
infectious process oP. expansumis initiated with germination of conidia in the
wounds’ surface of pome fruits. Although, in thisnk PeStel2isruption mutants did
not show visible alterations in either colony maslglyy or conidia production during
axenic growth, they had impaired sporulation apititiring infection of fruit as it was
previously reported ifP. digitatumby Vilanova et al. (2016). Spores appeared only at
longer times of infection (more than 18 days paseulation) while the wild-type
CMP-1 fully covered the apple fruit with spores mwarlier. Therefore, the prevention
of sporulation is clearly restricted ReStel2Zyene elimination.

Our results showed that conidiation was impairetdath mutantsAT6 andAT8) and
the effect was more perceptible at 0 °C, in wHichexpansuninfection progress was
slower. Stereoscope magnification revealed diffeesnbetween wild type and both
disruption mutants and whereas the wild type stvems able to completely cover the
apple surface and produce clear sporulation, delaetautants produced much less
spores. Microscopy evaluation did no clarify sudifedences in conidiation since both
mutants presented phialides and metula similahéwild type. The mechanisms of
conidiogenesis iffP. expansunmas not been reported so faut they are of particular
importance for the development of new strategiegsblae mould control. To date,
several genes have been associated with conidiatitre closely related pathogen,
digitatum (Harries et al., 2015; Ma et al., 2016; Wang et 2015). Distinct stages of
conidiogenesis inP. digitatum can be related to the transcription factors PdbrlA

PdabaA and PdwetA that control the formation ofidimphores, phialides and conidia
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(Wang et al., 2015). In addition, Ma et al. (20X6ported that deletion dPdSteA
(actuallyPdStel2 prevent the expression of PdwetA and conidiainftron. Although
the expression d?dStelzapparently was not regulated byNRakB (Fus 3 MAPK ofP.
digitatum), probably,PdStel2Zould interact with PdpkB that act as a global regulator
of cell proliferation and conidial formation as debed inFusarium graminearuniGu

et al.,, 2015). This might be a plausible explamatior conidiation impairment on
PeAStel?2.

One of the first responses to a pathogen attatckeisproduction of reactive oxygen
species (ROS), which are differentially producegataling on compatible or non-host
pathogens. Moreover, ROS production have a sptekest because involve different
functions in the plant defence strategy. ConcretBIS are involved in membrane
peroxidation, cross-linking of cell wall proteingduction of hypersensitive response,
lignification process and expression of a wide yaiwh defence-related proteins. Few
studies have reported the production of ROS whagdlpathogens invade fruit tissues
(see review of Tian et al. (2016)), and fewer stachave been focused on elucidating
the mechanisms that regulate the fruit responser dfte oxidative burst occurs.
Moreover, very little is known about the implicatiof the transcription factor Stel2 in
the production of hydrogen peroxide (). To our knowledge only one study has
demonstrated the association between the reduogldnce of thdPdStel2mutant with
higher HO, production in oranges in comparison to the wildetystrain (Vilanova et
al., 2016). In the present work we have found sinmésults, in which the production of
H2O; in response td’eStel2inoculation was higher than that obtained with Wikl
type strain. Moreover, our results are in agreemattt Buron-Moles et al. (2015), who
correlated the reduced virulence of the non-hoshquenP. digitatumwith higher

levels of HO, in apples compared to the compatible pathogemxpansumThese
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results could suggest that a reduction in pathegetence mediated by silencing Stel2
gene could affect the ability &f. expansunto suppress ..

Expression ofPeStel2during apple infection increased as infection pesged,
showing the highest level at 3 dpi. This in cortttaswhat was observed iRdStel2
from P. digitatum,whose expression was maximum at the first stag@sfection (de
Ramon-Carbonell and Sanchez-Torres, 2017). Exjpressialysis showed clearly the
relevance oPeSteldn fungal virulence, since transcriptional abuncamas doubled
during apple infection compared to axenic growtdnfr2 dpi.

Nevertheless, the role of PeStel2 in virulencedda originated most likely through
the control of other genes that affect infectiviagher than for being a virulence factor
(Odds et al., 2001). IR. digitatum, PdStelBegulates both positively and negatively
the expression of several genes, triggering meltigisponses such as detoxification,
oxidative burst or virulence (Vilanova et al., 201 P. expansunPeStelZxpression
analysis in axenic growth suggested that it actstip@s negative regulator (17 of 22
genes evaluated) and in the majority of analysegkgevith an increase pattern of gene
expression. The genes that showed higher rate re¢ g&pression were correlated to
ATPase activity, carbon metabolism, chaperonesplaggs and to detoxification.
ATPases function as integral membrane proteins amVve solutes across the
membrane, typically against their concentration dogmat (Lee et al., 2004).
PEX1 032120 codes for a heat-shock protein andgsribed as an essential protein of
the stress response, where it mainly functions amkecular chaperone. This type of
protein are described as being protein disaggmegatiachines, acting side by side with
other chaperones and proteases to ensure protaiityqeontrol in the cell (Doyle and
Wickner, 2009). Detoxification was represented lytaghione transferases (GSTs),

which are an extended protein family involved intodication and tolerance to
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oxidative stress. Some of them have been repodeessential for aggressiveness of
plant pathogenic fungi (Calmes et al., 2015). Alifjo all these genes seem to be
negatively regulated bipeStel2they showed lower expression in th&6, and their
expression profiles, rate of repression and behattroughout the time evaluated was
very different from the wild type.

Genes with medium rate of gene expression inclulidsgtse functions that ranged from
metabolism (carbon, amino acid metabolism), peséndungal transporter (MFS) or
transcription factor. The low rate of gene expm@ssivas observed for genes encoding
transporters (MFS or ABC), signal transduction (MABr transcription factor) and
metabolism.

Positive regulation b¥PeStelavas only observed in five genes, from which onlyadi

a predicted function: peptidase, endoglucanassllditin and glutamine synthase. No
correlation in expression pattern was found amdegnt The highly expressed did not
match with any known function. Endoglucanase andaghine synthase (GS) were
expressed at the first stages. The endoglucanakedng high rate of expression and
generally is reported as many cell wall degradingyenes (CWDE) for being relevant
for fungal infection. Glutamine synthase had areesal regulatory role in the nitrogen
regulation network and secondary metabolism (Wagteal., 2013), although iP.
expansunits expression was very low.

Surprisingly, when some of these genes were exadudiring apple infection, most of
them revealed not to be significant for fungal atien, since their expression level was
lower than duringin vitro growth. Only PEX1 034010 (fibrillarin), PEX1 018170
(Hypothetical protein) and PEX1 035540 (aldolageetylIM barrel) showed higher

expression (3, 10 and 4 times respectively). Mogeownly PEX1 035540 appeared to
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be regulated byeStel2since its expression in tel6 deletant was much lower than
in the WT.

In the case of the three genes involved in papdithway,PeStelzas no effect in their
regulation since both wild type and deletant muxhibited the same rate of gene
expression and no induction during apple infecti@s observed comparing to previous
results shown inP. expansumCMP-1 in axenic growth (Ballester et al., 2015)
confirming the hypothesis of the absence of astonidetween virulence and patulin
production.

We observed differences in the gene expressioerpatbetweeln vitro andin vivo
assays. In the particular case of PEX1_ 035540 lgddetype TIM barrel), several genes
that belong to the same group family showed a geqpression pattern that clearly
varied depending on pH and environmental conditigBarad et al., 2016). pH
modulation seems to be one of the main ways torabpathogen success during host-
pathogen interaction and ifP. expansummany genes are controlled by the
environmental pH. This effect might be occurredause genes are triggered depending
on their optimal environmental situations (pH, marits) to allow the best use of
enzymes (Barad et al., 2016).

In summary, this study illustrates the contributioh PeStel2in conidiation and
virulence inP. expansumThe mode of action at medium stage of the frungus
interaction might indicate that it administrateg t#ctivation or repression of specific
genes that might be important for the infectiongoess. The approach of targeting the
production of conidia, which are crucial for fundde and for the development of
fungal disease, may result an alternative for @dimg postharvest fungal pathogens,

and opens up new expectations within this field.
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Fig. 1. Lesion diameter (cm) caused by the inoculatioP@ficillium expansum wild
type (grey circle), andT6 (white squareandAT8 (black triangle) deletion mutants at
different days post inoculation (dpi). ‘Golden Sriteee’ apples were harvested at three
different maturity stages: immature (A and D), mat(B and E) and over-mature (C
and F) and after the inoculation with conidial srsgions (10 conidia mL') were
stored at 20 °C (A, B and C) or 0 °C (D, E and R) 8 % RH. Each treatment
consisted of four replicates of five apples eadh. on

Fig. 2. Absolute frequency of conidiation index of tAeexpansum wild type (WT) and
the AT6 andAT8 mutants on immature (A) mature (B) and over-mat{C) ‘Golden
Smoothee’ apples. The conidition index used wasgoaized such asm| ) 0O, soft lesion
but no conidia or mycelium presen g( ) 0.5, myaalibut no conidia presenim_ ) 1,
<5%; (m) 2, 5-30%; & ) 3, 31-60%0: ) 4, 61-90% a=ml 6, »91% of the fruit
surface covered with conidia. Fruits were inocudatéth 1¢" conidia mL* and stored at
20 °C and 85 % RH for 18 days. Each treatment statsiof four replicates of five
apples each one.

Fig. 3. Immature ‘Golden Smoothee’ apples wounded anduladed with the wild type
P. expansum (WT) andAT6 andAT8 mutants at 1bconidia/mL and observed after 13
days post inoculation at different stereoscope rfiagtion: A-C corresponds to 7.1x
and D-F corresponds to 16x; or microscope magtifinaG-1 corresponds to 40x.

Fig. 4. Production of hydrogen peroxide Bb) in mature ‘Golden Smoothee’ apples in
response to water, wild tyg@ expansum or AT6 inoculation. Apples were inoculated
with 10 pL of water or conidial suspensions“(t®nidia/ mL) and incubated at 20 °C
and 85 % RH for 4, 16, 24 and 30 hours post indicuiaPoints with the same letter are
not significantly different P<0.05) according to Tukey test at each dpi. Eadbeves

the mean of four replicates constituted by fourleppach one + SE.



Fig. 5. Analysis ofPeStel? relative gene expression (RGE). Time course etialuaf
gene expression of CMP-1 in PDB liquid culture 4@ or during apple infection with
10 pL of conidial suspensions (4bnidia/ mL) and incubated at 20 °C. In all casés,
d2 and d3 correspond to 1 dpi, 2 dpi and 3 dpi. @&k@ression levels are relative to
three reference gendd-tubulin, histone 3 and 37S ribosomal protein. Erbars
indicate standard deviations of three biologicalicates.

Fig.6. Analysis ofin vitro relative gene expression (RGE) in wild type (WhHAT6
mutant.Time course evaluation of gene expression of WTctbtmlumns) and deletant
mutantAT6 (white columns) grown in PDB liquid culture a°Z. In all cases, d1, d2
and d3 correspond to 1 dpi, 2 dpi and 3 dpi. Tharession levels are relative to three
reference geneB-tubulin, histone 3 and 37S ribosomal protein. Efvars indicate
standard deviations of three biological replicates.

Fig.7. Analysis of in vivo relative gene expression (RGE)wild type (WT) andAT6
mutant. Time course evaluation of gene expressidlD (black columns) and deletant
mutantAT6 (white columns) during apple infection with 10 af P. expansum conidial
suspensions (f@onidia/ mL) and incubated at 20 °8. Gene expression patterns of
those genes with lower grade of gene expressiomglumfection compared to axenic
growth. B: Gene expression patterns of those genes that wdueed during apple
infection. C: Gene expression analysis of three genes invdlvgxhtulin synthesis. In
all cases, d1, d2 and d3 correspond to 1 dpi, Zd@i3 dpi. The expression levels are
relative to three reference gerf@dubulin, histone 3 and 37S ribosomal protein. Error

bars indicate standard deviations of three biokgieplicates.

Supplementary Fig. 1. Construction and analysis Benicillium expansum knock-out

stel2 transformants. (A) Map of plasmid\peS12. (B) Diagram of wild-type locus and



the stel2 replacement with the HygR selectable marker frax®gS12 by homologous
recombination to generate tiestel2 mutants. (C) Polymerase chain reaction (PCR)
analysis to confirm deletant transformants usinggRlyPE1l1 primers. Lanes
correspond to nine transformants and wild-type CM8train. (D) Axenic growth on
PDA plates during 6 days at 25°CRfexpansum wild type CMP-1 and\T6 andAT8
mutant strains.

Supplementary Fig.2. Evaluation ofin vitro relative gene expression (RGE) in WT and
AT6 mutant.Time course evaluation of gene expression of WTclbleolumns) and
deletant mutanAT6 (white columns) grown in PDB liquid culture at°Z. In all cases,
d1, d2 and d3 correspond to 1 dpi, 2 dpi and 3 Tpe expression levels are relative to
three reference gend-tubulin, histone 3 and 37S ribosomal protein. Erbars

indicate standard deviations of three biologicalicates.



Table 1. Effect of harvest date on fruit quality parametrssolden Smoothee” apples.
Values for harvest dates with the same letter atesignificantly different P < 0.05)

according to the Tukey test.

Harved Total soluble Titratable Addity - Fesh Starch ey
solids (TSSin %) (gL ! malic acid) firmness(N) index

Immature 9.6 c 50a 71.7 a 30 ¢ 258D

Commercial 12.3b 5.2a 64.6 b 53 b 276D

Over-mature 14.2 a 44Db 575c 10.0 a 30.4 a




Table 2. Growth rates and visible initial rotting day énicillium expansum in Golden
‘Smoothee apples’ at four different inoculum cortcation, different harvests and two
different storage temperatures. For each inoculantentration, harvests with different

letters are statistically different according te ffukey test®<0.05).

20°C 0°C
Harvest Pathogen Growth rate Visible initial Growth rate Visible initial
(cmdY) rottingday (d) (cmd}) rotting day (d)
Wild type 0.491 a 3.0 a 0.056 a 240 b
Immature ASel2T6 0.436 a 3.0 a 0.026 b 34.0 a
ASel2T8 0.394 a 3.0 a 0.030 b 36.5 a
Wwild type 0.599 a 3.0 a 0.078 a 250 b
Commercial ASel2T6 0.558 a 3.0 a 0.045 b 32.2 a
ASel2T8 0.591 a 3.0 a 0.048 b 32.2 a
Wwild type 0.533 a 3.0 a 0.075 a 240 b
Over-mature ASel2T6 0.510 a 3.0 a 0.047 ab 30.2 a
ASel2T8 0.491 a 3.0 a 0.041 b 32.2 a
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Highlights

Identification of a P. expansum transcription factor Stel2

PeSel2 isrelevant for virulence and asexual reproduction.

Reduction in virulence by silencing Stel2 gene affect P. expansum H,O, suppression.
PeSel2 isinduced at medium stages of apple infection.

PeSel2 acts mostly as negative regulator during in vitro growth.





