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Abstract: Antifungal proteins (AFPs) from ascomycete fungi could help the development of
antimycotics. However, little is known about their biological role or functional interactions with
other fungal biomolecules. We previously reported that AfpB from the postharvest pathogen
Penicillium digitatum cannot be detected in the parental fungus yet is abundantly produced
biotechnologically. While aiming to detect AfpB, we identified a conserved and novel small Secreted
Cysteine-rich Anionic (Sca) protein, encoded by the gene PDIG_23520 from P. digitatum CECT 20796.
The sca gene is expressed during culture and early during citrus fruit infection. Both null mutant
(∆sca) and Sca overproducer (Scaop) strains show no phenotypic differences from the wild type. Sca is
not antimicrobial but potentiates P. digitatum growth when added in high amounts and enhances
the in vitro antifungal activity of AfpB. The Scaop strain shows increased incidence of infection in
citrus fruit, similar to the addition of purified Sca to the wild-type inoculum. Sca compensates and
overcomes the protective effect of AfpB and the antifungal protein PeAfpA from the apple pathogen
Penicillium expansum in fruit inoculations. Our study shows that Sca is a novel protein that enhances
the growth and virulence of its parental fungus and modulates the activity of AFPs.

Keywords: antifungal protein (AFP); Penicillium digitatum; AfpB; postharvest decay; citrus fruit;
virulence; cysteine-rich protein (CRP)

1. Introduction

Infections caused by fungal pathogens pose a serious risk to human health, food production
and security [1,2]. In agriculture, fungal plant pathogens are of great economic importance because
they threaten the production of crops and can cause severe postharvest diseases, with an increasing
incidence trend in the last decades [1,3]. To combat fungal infections, multiple chemical fungicide
treatments are widely applied, which have negative effects on animal and human health and the
environment. Currently, there are very few classes of fungicides available to treat (and prevent) fungal
infections, leading to a rapid increase in resistance against the existing compounds [4]. Consequently,
new antifungal strategies are urgently needed, and interest is focused in novel and sustainable
antifungal agents with high efficacy, limited toxicity, low production costs and with different modes of
action from the currently existing ones [5–10].
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Antimicrobial peptides (AMPs) are a broad class of peptides and proteins with direct killing
activity produced by organisms all along the phylogenetic scale [11], and serve as natural defenses
against infections caused by microbial pathogens, mainly bacteria and fungi. AMPs can be classified
as cationic or anionic, based on their net charge [12], and are gaining extensive attention as natural
antibiotics among the scientific community.

Antifungal proteins (AFPs) of fungal origin are a specific class of AMPs that have been considered
as promising alternatives to chemical fungicides [13]. AFPs are small, secreted, cationic, cysteine-rich
proteins (CRPs) that fold into compact structures stabilized by disulphide bonds [14], which makes
them highly resistant to heat, proteolysis and extreme pH [15,16], and exhibit antifungal activity at
micromolar concentrations [16–19]. AFPs are encoded as pre-pro-proteins with a signal peptide (SP) at
the N-termini involved in protein secretion and a pro-sequence whose function is still unclear [13,20].
The proteins PAF from Penicillium chrysogenum and AFP from Aspergillus giganteus are the most studied
and characterized AFPs to date [20,21]. However, the number of experimentally characterized AFPs
and predicted AFP-like sequences in filamentous fungi is continuously rising given the increasing
availability of fungal genome sequences. Based on phylogenetic analysis, our previous studies
showed that a given fungal genome encodes up to three distinct AFPs and grouped fungal AFPs
into three different classes (A, B and C) [22]. This classification expanded the two clusters previously
reported [23,24], although a more recent group of AFPs has been described [18], suggesting the
existence of new unidentified classes of AFPs yet to be characterized.

Penicillium digitatum is the main citrus postharvest pathogen and causes green mold disease in
citrus fruits, being responsible for important economic losses worldwide [25–27]. It only encodes one
afp gene from class B, named afpB [22], and the corresponding protein AfpB could only be detected
and produced when biotechnologically expressed in the yeast Pichia pastoris, the filamentous fungus
P. digitatum [16] and in Nicotiana benthamiana plants [28]. AfpB shows potent in vitro inhibitory
activity and was the first AFP protein for which self-inhibitory activity against its parental fungus was
reported [16]. Additionally, AfpB has demonstrated high in vivo inhibition against Botrytis cinerea
infection on tomato leaves [29], suggesting that AfpB could be a promising candidate as a bio-fungicide
with no toxic effect on human red blood cells [16]. A detailed understanding of the mode of action is
required for the potential application of AFPs as antifungal compounds. The most studied AFPs have
similarities as well as differences in their mode of action against sensitive fungi, particularly in relation
to whether they induce the cell wall integrity pathway, are internalized as part of their antifungal
mechanism, induce disturbances in the intracellular Ca+2 concentration, induce the production of
reactive oxygen species (ROS) or affect intracellular signaling (reviewed in [14]). In this context, we have
initiated the study of the mode of action of AfpB from P. digitatum. From our previous work, we showed
that this protein induces the phosphorylation of mitogen-activated protein kinases (MAPK) [30],
establishing a connection between AfpB and cell wall stress. Additionally, we recently proposed
that the AfpB killing activity occurs in three steps: (i) interaction with the cell wall; (ii) rapid cell
internalization; (iii) ROS-mediated regulated cell death [31]. However, nothing is known about possible
functional interactions between AFPs in general, and AfpB in particular, with other biomolecules
produced by the parental fungi.

In this study, we have identified a novel small Secreted Cysteine-rich and Anionic (Sca) protein in
P. digitatum that modulates the activity of AfpB towards the parental fungus. In order to characterize this
novel protein, we determined its gene expression pattern, generated Sca-null (∆sca) and -overproducer
(Scaop) P. digitatum strains and tested the putative activity of the protein and its effect on AfpB antifungal
activity. Our data reveal that the Sca-encoding gene is expressed very early during citrus fruit infection.
Additionally, Sca shows neither antifungal nor antibacterial activity but rather enhances antifungal
activity of AfpB in vitro and increases incidence of P. digitatum infection in vivo, overcoming the
protective effect of AFPs during citrus fruit infection.
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2. Materials and Methods

2.1. Microorganisms, Media and Culture Conditions

P. digitatum CECT 20796 (isolate PHI26) [25] and all transformant strains were cultured in potato
dextrose agar (PDA; Difco, Sparks, MD, USA) for 7 days at 25 ◦C. Growth in solid PDA medium was
analyzed by depositing 5 µL of conidial suspension (5 × 104 conidia/mL) in the center of PDA plates
and daily measurement of growth diameter. Conidial growth in liquid medium was assessed in 100 mL
of potato dextrose broth (PDB; Difco) at 25 ◦C with shaking.

Different vectors used for fungal transformation were cloned and propagated in Escherichia coli
JM109 cultured in Luria Bertani (LB) medium supplemented with the corresponding antibiotics
(25 µg/mL chloramphenicol; 50 µg/mL kanamycin or 100 µg/mL spectinomycin) at 37 ◦C.
Agrobacterium tumefaciens AGL-1 strain was cultured in LB medium with 20 µg/mL rifampicin at 28 ◦C.
Yeast Saccharomyces cerevisiae BY4741 was incubated at 30 ◦C. For antibacterial assays, E. coli JM109 and
Bacillus subtilis CECT 498 were grown in LB medium with shaking at 37 ◦C.

2.2. Protein Identification, Structure and Functional Domain Prediction

For Sca (PDIG_23520) identification, P. digitatum CECT 20796 cell-free supernatant was
collected after 21 days of growth in PDB, centrifuged and tenfold concentrated (Speedvac,
Concentrator plus, Eppendorf, Hamburg, Germany). Total proteins were separated by SDS-PAGE [32]
using SDS-16% polyacrylamide gels calibrated with pre-stained protein size-standard SeeBlue®

(ThermoFischer Scientific, Waltham, MA, USA) and visualized by Coomassie blue staining. The ~12 kDa
protein band was cut and analyzed in the proteomics facility of ‘Servei Central de Suport a la Investigació
Experimental’ (SCSIE) of University of Valencia (Spain).

For protein identification, peptide mass fingerprinting (PMF) and N-terminal sequencing were
performed (Supplementary Figure S1). For PMF, samples were subjected to trypsin digestion
and the resulting mixtures were analyzed on a 5800 Matrix-assisted laser desorption/ionization
(MALDI)-Time-of-flight (TOF)/TOF in positive reflectron mode (3000 shots at every position). Five of
the most intense precursors (according to the threshold criteria: minimum signal-to-noise: 10, minimum
cluster area: 500, maximum precursor gap: 200 parts per million (ppm), maximum fraction gap: 4)
were selected for every position for the tandem mass spectrometry (MS/MS) analysis. MS/MS data
were acquired using the default 1 kV MS/MS method. The MS and MS/MS information was sent to
MASCOT via the Protein Pilot software (AB Sciex, Madrid, Spain). The N-terminal sequence of Sca
was determined by the protein chemistry facility at the Margarita Salas Center for Biological Research
(CIB-CSIC, Madrid, Spain) by N-terminal Edman degradation method [33].

Sequences from different Sca homologs among filamentous fungi were identified through BLASTP
searches carried out at the National Center for Biotechnology Information server (https://blast.ncbi.
nlm.nih.gov/Blast.cgi) (detailed in Supplementary Figure S2). A putative SP was predicted using the
SignalP v4.0 server [34]. The theoretical molecular weight (MW) and isoelectric point (pI) of the mature
Sca and Sca homologs were examined with the Compute pI/MW and ProtParam tools of the ExPASy
Proteomics Server (https://www.expasy.org/). Sca putative Pfam domains were searched with the Pfam
v33.1 online tool from the EMBL-EBI server [35] (http://pfam.xfam.org/).

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.expasy.org/
http://pfam.xfam.org/
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The Sca secondary structure was predicted by the JPred4 server [36]. Accession numbers of
protein sequences used in the alignments were obtained at the UniProt (http://www.uniprot.org) server.
Amino acid sequence alignments were performed with the Clustal W algorithm [37] included in the
MEGA v10 package [38], and alignments were further refined with minor adjustments.

2.3. Total RNA Isolation, Quantitative RT-PCR and Relative Expression

Time course experiments in solid and liquid media to collect mycelia for RNA isolation were
performed as previously described [39].

Total RNA from (i) fungal conidia, (ii) time course experiments of P. digitatum CECT 20796 grown
in PDB or PDA and (iii) infected fruits was isolated following previously described procedures [39,40].
Treatment with RNase-free DNase (ThermoFischer Scientific), synthesis of first-strand cDNA for quantitative
RT-PCR assays, and determination of relative changes of gene expression between samples were conducted
as described [39,41]. As independent housekeeping genes, P. digitatum β-tubulin [42], ribosomal protein
L18a [43] and 18S rRNA [44] genes were simultaneously used (Supplementary Table S1).

2.4. Generation of Sca Null and Overproducer Strains

The AccuPrime High Fidelity polymerase (Invitrogen, Eugene, OR, USA) was used for all PCR
procedures, and the resulting DNA products were sequenced for verification. All primer sequences
and their location are shown in Supplementary Table S2 and Supplementary Figures S3 and S4.
The genetic construct to disrupt the sca gene by homologous recombination was generated by fusion
PCR [45]. Previously described procedures were applied to obtain the vector pGKO2_∆sca [22,41].
Briefly, the hygromycin-resistant cassette (hph) used as positive selection marker was flanked by fungal
DNA fragments of 1035 bp (primers OJM449 and OJM450) and 991 bp (primers OJM451 and OJM452)
amplified from P. digitatum CECT 20796 genomic DNA. The fusion PCR fragment obtained was
purified and ligated into pGEM-T Easy Vector System I (Promega, Madison, WI, USA). SpeI and HindIII
restriction sites were used to insert the construct into the binary vector pGKO2 [46], whose T-DNA
also contains the Herpes simplex virus-1 thymidine kinase gene (HSVtk) used as negative selection
marker, to obtain the plasmid pGKO2_∆sca.

In parallel, to generate specific gene constructs for Sca overproduction, the FungalBraid (FB)
modular cloning approach was applied (Supplementary Figure S4) [47,48]. A new FB element (FB034)
was obtained by multipartite assembly using P. chrysogenum paf promoter (FB029), the transcriptional
unit for sca expression (FB032) and the paf terminator (FB030). FB034 was assembled with the
hph-resistant cassette (FB003) to obtain the binary vector FB038. Both binary vectors for sca disruption
and overexpression were transformed into A. tumefaciens AGL-1 by electroporation.

Fungal transformation of P. digitatum CECT 20796 with pGKO2_∆sca and FB038 vectors
was performed following the A. tumefaciens-mediated transformation (ATMT) protocol previously
described [48,49]. Sca ectopic transformed strains were selected in 25 µg/mL hygromycin B (Invivogen,
San Diego, CA, USA). On the other hand, homologous transformants were initially pre-screened in
25 µg/mL hygromycin B as a positive selection and subsequently in 25 µM 5-fluoro-2′-deoxyuridine
(F2dU) (Merck, Darmstadt, Germany) as a negative selection. All transformant strains were confirmed
by PCR using genomic DNA as described previously [41] (Supplementary Figures S3 and S4). The size
and presence of DNA amplicons were determined by 1% agarose gel electrophoresis.

http://www.uniprot.org
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2.5. Protein Production and Purification

Sca was purified from the supernatant of P. digitatum Scaop strains (106 conidia/mL) grown in
P. digitatum minimal medium (PdMM) [50] after 11 days of growth at 25 ◦C with strong aeration. Cell-free
supernatant was collected by centrifugation and dialyzed (2K MWCO, Sigma-Aldrich, St. Louis, MO,
USA) against 20 mM phosphate buffer at pH 6.8. Given the predicted chemical properties of Sca
(pI = 4.54), the dialyzed solution was applied to an AKTA Purifier system equipped with a 6 mL
RESOURCE Q column (GE Healthcare, Chicago, IL, USA) equilibrated in the phosphate buffer. Elution
was set with a linear NaCl gradient from 0 to 1 M in the same buffer. Surprisingly, Sca protein was not
adsorbed in the resin and was present (as the major protein) in the flow-through after chromatography
(Supplementary Figure S5). Thus, the Sca-containing flow-through was collected, dialyzed against
Milli-Q water and lyophilized. Protein concentration was determined spectrophotometrically (A280)
considering the Sca molar extinction coefficient (E280 = 2.43). The purity was monitored by SDS-PAGE
using SDS-16% polyacrylamide gels calibrated with pre-stained protein size-standard SeeBlue® and
Coomassie blue staining. AfpB protein production, purification, and quantification were achieved as
previously described [16].

2.6. Antimicrobial Activity Assays

The antifungal activity of Sca was evaluated with two different growth inhibition assays. A final
concentration of 105 conidia/mL from P. digitatum CECT 20796 was inoculated in 100 mL flasks
containing 25 mL 1/4 diluted PDB supplemented with different concentrations of Sca (6 µg/mL) or AfpB
(0.032 and 0.065 µg/mL) proteins. To evaluate potential synergism between Sca and AfpB, combinations
of both proteins were added simultaneously (6 and 0.032 µg/mL or 6 and 0.065 µg/mL of Sca and AfpB,
respectively). Cultures were grown under strong aeration at 25 ◦C for 48 h. After this, mycelia were
recovered, filtered, washed and paper-dried, and (wet weight) biomass was measured.

Additional growth inhibition assays with Sca, AfpB and PeAfpA against the chosen fungi
(Supplementary Table S3) were performed in 96-well flat bottom microtiter plates (Nunc, Roskilde,
Denmark) in a total volume of 100 µL as described previously [29]. Synergy assays in 96-well microtiter
plates were conducted as follows: 25 µL of two different 4× concentrated proteins were mixed in
the same well with 50 µL of P. digitatum conidia (5 × 104 conidia/mL) in 1/10 diluted PDB containing
0.02% (w/v) chloramphenicol to avoid bacterial contamination. Both protein concentrations in these
experiments were: 2 and 32 µg/mL for Sca; from 0.03 to 16 µg/mL for AfpB. In all cases, plates were
statically incubated for 4 days at 25 ◦C, and growth was determined daily by measuring the optical
density at 600 nm (OD600) using a FLUOstar Omega plate spectrophotometer (BMG labtech, Orlenberg,
Germany). Data are expressed as OD600 means ± standard deviation (SD) of three replicates and
dose–response curves were generated from measurements after 72 h.

Antibacterial assays were carried out as described previously [51]. Different experiments were
repeated at least twice. The minimum inhibitory concentration (MIC) is defined as the peptide
concentration that completely inhibited growth in all experiments.
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2.7. Fruit Infection Assays

In vivo analyses were performed by infecting non-treated, mature, freshly-harvested orange fruits
(Citrus sinensis L. Osbeck cv Navel and Lanelate) with different P. digitatum strains following previous
protocols [43]. Three replicates of five fruits were inoculated at four wounds around the equator with
5 µL of conidial suspensions (104 conidia/mL). At different days post-inoculation (dpi), each inoculated
wound was scored for specific green mold infection symptoms. Data were calculated as the means and
SD of the percentage of infected wounds. Moreover, tissue samples (discs of 5 mm in diameter around
the inoculation site) at 1, 2, 3, 4 or 7 dpi for quantitative RT-PCR were collected, crushed and frozen at
−80 ◦C to be used for RNA extraction.

2.8. Statistical Analysis

Differences in protein activities were determined using the one-way analysis of variance (ANOVA)
and Tukey’s honestly significant difference (HSD) test. Statistical significance was referred for
p value < 0.05. Analyses were done using STATGRAPHICS Centurion XVI Version 16.1.17 and
Microsoft Excel 2016 software (Real Statistics Resource Pack, http://www.real-statistics.com/).

3. Results

3.1. A Novel Small Cysteine-Rich and Anionic (Sca) Protein Is Abundantly Produced and Secreted by P. digitatum

In an attempt to detect the antifungal protein AfpB in the culture supernatant of P. digitatum
CECT 20796, a faint band of a protein of about 12 kDa was detected by SDS-PAGE after 11 days of
growth in PDB (Figure 1a), which was more evident after tenfold concentration of the supernatant
samples (Figure 1b). In order to identify this protein, a MALDI-TOF/TOF analysis was performed
and the results revealed that this protein was encoded by the PDIG_23520 gene. We named it Sca
(Secreted Cysteine-rich and Anionic), an anionic protein (pI = 4.54) with a molecular mass (MM)
of 12,205.4, 117 amino acids and 4 cysteines (Supplementary Figure S1). A SP of 19 residues was
identified at the N-terminus, indicating its processing and secretion, followed by a pro-sequence of
11 amino acids which is missing in the mature protein (Figure 1c and Supplementary Figure S1).
BLASTP analyses revealed the presence of Sca homologs in a wide range of filamentous ascomycetes.
Based on protein sequence alignments, two clear domains can be distinguished in the mature Sca
protein: (i) a more variable N-terminal domain that contains four conserved cysteines and two likely
disulphide bridges, and (ii) a much more conserved C-terminal domain, which is rich in aromatic
residues (Figure 1d, Supplementary Figures S1 and S2). In the N-terminal domain, four cysteines
were highly conserved in all protein sequences except for the ones from Metarhizium rileyi and
Pochonia chlamydosporia (Figure 1d and Supplementary Figure S2). Secondary structure prediction
based on the full sequence alignment showed that Sca is a beta-stranded protein with eight β-sheet
structural motifs (Figure 1d). Finally, Pfam domain searches did not reveal any known functional motif
for Sca. Our results revealed the identification of a novel and highly-conserved protein not described
to date and with an unknown function.

http://www.real-statistics.com/
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Figure 1. Production and identification of the Secreted Cysteine-rich Anionic (Sca) protein from
P. digitatum CECT 20796 strain. (a) SDS-PAGE of non-concentrated supernatants of P. digitatum grown in
potato dextrose broth (PDB) for 3, 6 and 11 days. Sca is marked by an arrow. (b) SDS-PAGE of the same
supernatants 10× concentrated. M: SeeBlue ® pre-stained protein standard. (c) Amino acid sequence of
the Sca protein. Predicted signal peptide (SP, framed) and small pro-sequence are absent in the mature
protein. Highly conserved and conserved amino acids are shadowed in black and in gray, respectively,
and are concluded from the alignment in Supplementary Figure S2. (d) Amino acid sequence alignment
of chosen Sca homologs from different filamentous fungi. Arrows represent predicted secondary
structural elements of Sca from P. digitatum. Conserved cysteine residues are shadowed in red.
Extremely conserved amino acids are shadowed in blue in the consensus sequence. Highly conserved
amino acids are shadowed in black and conserved amino acids are shadowed in gray. Abbreviations:
PENDIG, Penicillium digitatum; PENRUB: Penicillium rubens; FUSOXY, Fusarium oxysporum; GIBFUJ,
Gibberella fujikuroi; TRIHAR, Trichoderma harzianum; EMENID, Emericella nidulans; ROSNEC,
Rosellinia necatrix; MAGORY, Magnaporthe oryzae; METRIL, Metarhizium rileyi. An extended version of
this alignment can be seen in Supplementary Figure S2.
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3.2. Gene Expression of Sca (PDIG_23520) and Its Comparison with afpB (PDIG_68840)

In order to further characterize this novel protein, the relative expression pattern of its encoding
gene PDIG_23520 was determined during fungal axenic growth and infection, and compared to that
of PDIG_68840, which encodes the previously reported AfpB (Figure 2). The expression pattern of
both genes was similar during submerged growth in PDB, reaching the highest value of induction
after 3-4 days of growth (Figure 2a). In contrast, afpB is much more induced than sca during aerial
growth on PDA plates, concomitant with conidiogenesis, and the highest amount of afpB mRNA is
found in quiescent conidia with levels more than 10 times above the reference condition (Figure 2b),
as previously described [22]. In contrast, the amount of sca mRNA in conidia is more than 10 times
below the reference condition. Remarkably, upon infection (Figure 2c), the sca expression pattern
indicates a very early induction (from the first dpi) and a later decline, which qualitatively differs from
the gene expression pattern of afpB which was not detected until 3 dpi, and from this point onwards,
the relative level of mRNA remained approximately constant. It must be noted that maceration
symptoms appeared from 3 dpi. These results would suggest a relevant role of Sca during fruit
infection in its initial stages.

Figure 2. Relative expression of afpB and sca genes. Relative expression of P. digitatum afpB (black bars)
and sca genes (gray bars) over different times of growth in: (a) liquid medium (PDB), (b) solid medium
(potato dextrose agar (PDA)) and conidia and (c) during infection of citrus fruits. Gene expression
for each condition was normalized independently to the expression at day 6 in PDB, marked by a
black arrow. n.d, expression of afpB not detected in these infection samples. dpi, days post-inoculation.
Bars show the means ± standard error (SE) of three technical replicates. Note the logarithmic scale for
Y axis.

3.3. Null Mutants and Overproducers Do Not Show Phenotypic Differences with Parental Strain during
Axenic Growth

Null (∆sca) and overproducer (Scaop) mutants were generated in order to study the biological
role(s) of sca gene in P. digitatum. To obtain the null mutants, sca was replaced with the hph
cassette as a positive selection marker for hygromycin resistance by homologous recombination
(Supplementary Figure S3). The binary vector pGKO2_∆sca obtained to delete the sca gene also
contains the HSVtk gene used as a negative selection marker to discard ectopic insertions, as previously
described [22,41] (Supplementary Figure S3a). Six independent ∆sca transformants were obtained
and confirmed by PCR using a set of distinct primer combinations located inside and outside the
constructs (Supplementary Figure S3b and Supplementary Table S2). The FB modular cloning
technology recently described [47,48] was applied to generate Scaop strains aimed at overproducing
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the Sca protein, as described in Materials and Methods and Supplementary Figure S4. We aimed to
generate Scaop strains by using the paf -based expression system [50], which contains the paf promoter
and terminator sequences from P. chrysogenum, and has been demonstrated to work efficiently for
the biotechnological production of small CRPs with antifungal activity, including AfpB [16,29,50].
Molecular characterization of six independent overproducers was confirmed by PCR using different
primer sets (Supplementary Figure S4b,c and Supplementary Table S2). Two independent strains of
∆sca and Scaop transformants were selected to characterize their phenotypic behavior, and results
showed no major phenotypical differences under axenic culture on PDA plates (Figure 3a,b), indicating
that gene deletion or protein overproduction has no influence on P. digitatum growth ability. SDS-PAGE
analysis of tenfold concentrated supernatants obtained from CECT 20796 and the two ∆sca strains
phenotypically characterized (PDSG241 and PDSG253) confirmed the lack of Sca protein band in the
mutants grown on PDB (Figure 3c). In contrast, Scaop transformants produced large amounts of Sca
after 8–10 days of growth in PdMM [50], which were clearly visible and highly abundant even in the
non-concentrated culture supernatants (Figure 3d).

Figure 3. Characterization of different Penicillium digitatum sca null and overproducer strains.
(a) Images of PDA plates after 5 days of growth of P. digitatum CECT 20796, null ∆sca strains (PDSG241
and PDSG253, in red) and Scaop strains (PDSG31 and PDSG42, in green). (b) Colony diameter on PDA
plates from 3 to 7 days of the same strains represented as the mean± SD of three replicates. (c) SDS-PAGE
of 10× supernatants of P. digitatum CECT 20796 and null ∆sca strains (PDSG241 and PDSG253) grown
in PDB for 11 days. Pure Sca protein (1 µg) was used as control. Note that the band corresponding to
the Sca protein disappeared in these mutants. (d) SDS-PAGE of 8-day non-concentrated P. digitatum
minimal medium (PdMM) supernatants of different P. digitatum Scaop strains compared with 1 µg of
pure Sca protein. M: SeeBlue ® pre-stained protein standard.

3.4. The Purified Sca Does Not Have Antimicrobial Activity In Vitro but Enhances the Antifungal Activity of AfpB

Protein Sca was purified from culture supernatant of Scaop PDSG31 grown for 11 days in PdMM.
Due to predicted chemical properties (pI = 4.54), anionic exchange chromatography procedures were
applied to previously dialyzed Sca-rich supernatant. However, the protein was not adsorbed in the
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resin and was eluted in the flow-through with high purity, free of most of the high molecular weight
contaminants (Supplementary Figure S5).

The Sca protein is a relatively small (12 kDa), anionic, secreted CRP with a β-strand-rich predicted
secondary structure without a known function. Given all these features, we first aimed to test a
possible role of Sca as a novel anionic AMP. For this, in vitro inhibitory assays were performed against
several filamentous fungi, including its parental fungus, and the model yeast S. cerevisiae, using the
antifungal proteins AfpB and PeAfpA as controls (Figure 4 and Supplementary Table S3). Antibacterial
activity was assayed against the Gram-negative E. coli and the Gram-positive B. subtilis. Experiments
performed in 96-well plates, with a Sca concentration ranging 0.5-256 µg/mL, revealed that Sca did not
show any in vitro inhibitory effect against any of the microorganisms tested, including the parental
(Figure 4a) or null ∆sca (Figure 4b) strains under conditions in which AfpB and PeAfpA were active
(Supplementary Table S3). Remarkably, high concentrations of Sca (over 128 µg/mL) enhanced the
biomass of both P. digitatum strains. Unexpectedly, the addition of different amounts of Sca improved
the antifungal activity of AfpB (Figure 4a,b), lowering twofold its MIC value of 4 µg/mL, and this effect
was also similarly observed in both strains.

Figure 4. In vitro antifungal assays of the Sca/AfpB proteins against P. digitatum. (a) Dose–response
curves showing in vitro antifungal activity of AfpB and Sca proteins against P. digitatum CECT 20796.
Note the absence of antifungal activity in Sca and improvement of antifungal activity of AfpB due
to addition of the Sca protein at different concentrations. (b) Dose–response curves showing in vitro
antifungal activity of AfpB and Sca proteins against P. digitatum PDSG241 ∆sca strain. Similar details
as in (a). (c) Representative images of growth inhibition assays in flasks containing different amounts of
proteins and protein combinations as indicated. (d) Graph representing the weight of collected mycelia
from (c). Bars show means ± standard deviation (SD) of biological triplicates. Letters show significant
differences among the treatments (ANOVA and Tukey’s honestly significant difference (HSD) test, p < 0.05).
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In parallel, other experiments were conducted in which the fungus was grown in large culture
volumes undergoing strong aeration using Erlenmeyer flasks (Figure 4c). Results revealed that addition
of AfpB at very low sub-inhibitory concentrations (0.032 and 0.065 µg/mL) significantly reduced
P. digitatum biomass production. Under these conditions, AfpB shows a higher apparent antifungal
activity than in 96-well plates, in which the MIC value of 4 µg/mL was determined [16]. Next, we tested
the combination of Sca and AfpB to show that Sca at 6 µg/mL also enhanced the activity of AfpB
at 0.065 µg/mL when added simultaneously, resulting in a significant decrease in fungal biomass
(Figure 4d), and confirming the results obtained in 96-well plates (Figure 4a).

3.5. Sca Enhances the Virulence of P. digitatum to Citrus Fruits and Compensates the Antifungal Effect of
AfpB Upon Infection

The early expression pattern of the Sca-encoding gene at the onset of fruit infection suggested a
role of this protein during infection caused by P. digitatum (Figure 2c). Therefore, the possible role of
Sca during infection of citrus fruit was evaluated. Addition of purified Sca to the P. digitatum inoculum
always enhanced fungal virulence, although this increase was not statistically significant in all assays
(Figures 5 and 6). In accordance with the enhanced virulence with purified protein, Scaop PDSG31 was
also more virulent than the parental strain. Taken together, both results indicate that Sca improves
P. digitatum virulence in vivo. However, virulence of the ∆sca mutant (PDSG241) did not significantly
differ from that of the parental strain and, therefore, the canonical definition of a virulence gene or an
effector was not fulfilled.

Figure 5. Effect of P. digitatum Sca and AfpB proteins on infection assays caused by different P. digitatum
strains. Incidence of infection of wounds inoculated with 104 conidia/mL of different P. digitatum strains
(parental CECT 20796, Scaop PDSG31 and ∆sca PDSG241) alone or in the presence of 100 µg/mL of
AfpB or 180 µg/mL of Sca. Data indicate the percentage of infected wounds (mean values ± SD of
three replicates of five oranges) at each day post-inoculation (dpi). Different letters show statistical
significance of the infection incidence compared to the control sample at 6 dpi (ANOVA and Tukey’s
HSD, p < 0.05).
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Figure 6. Effect of different proteins and protein combinations on the infection caused by P. digitatum
CECT 20796 strain. (a) Incidence of infection of wounds inoculated with 104 conidia/mL of parental
CECT 20796 strain alone or in the presence of 100 µg/mL of AfpB, 180 µg/mL of Sca or combinations of
both proteins. Data indicate the percentage of infected wounds (mean values ± SD of three replicates
of five oranges) at each dpi. Different letters show statistical significance of the infection incidence
compared to the control sample at 6 days (ANOVA and Tukey’s HSD, p < 0.05). (b) Incidence of infection
of wounds inoculated with 104 conidia/mL of parental CECT 20796 strain alone or in the presence of
100 µg/mL of PeAfpA, 180 µg/mL of Sca or combinations of both proteins. Other details as in (a).

AfpB was previously reported to show poor or no protective effect against P. digitatum on oranges
from the Navelina variety [29]. In the current study, AfpB showed a slightly protective effect against
infection when using Navel or Lanelate varieties (Figures 5 and 6a). Addition of AfpB to the Scaop

PDSG31 or the ∆sca PDSG241 inocula also resulted in a reduction in the incidence of infection to levels
similar to those of the parental CECT 20796.

A modulating effect of Sca over AfpB was shown when both proteins were added simultaneously
to P. digitatum inoculum, since the presence of Sca counteracted the protective effect of AfpB against
infection (Figure 6a). A similar modulating effect was shown with PeAfpA from P. expansum, another
AFP previously reported to efficiently control P. digitatum infection in vivo [29]. Addition of PeAfpA to
P. digitatum inoculum had a protective effect that was compensated by the addition of Sca (Figure 6b).
These experiments also confirmed that pure Sca improved incidence of infection, supporting results
obtained in the previous experiments (Figure 5). Therefore, Sca counteracted the protective effect exerted
by the homologous AfpB (Figure 6a) or the heterologous PeAfpA (Figure 6b) on fungal infections.
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4. Discussion

In this study, we described the identification and production and initiated the characterization of a
novel and highly conserved protein within a wide range of ascomycete fungi with an unknown function.
The Sca protein is a small, stable, CRP with a β-strand-rich predicted secondary structure and anionic
nature. The presence of SP and pro-sequence is indicative of post-translational processing and confirmed
its character as a secretory protein. All these features are compatible with antimicrobial peptides
and proteins. The production of anionic antimicrobial peptides and proteins has been previously
described in many organisms [52]. Examples of these are maximin H5 from amphibian skin [53];
iturins from Bacillus genus [54], or AfusinC, an anionic fungal defensin from Aspergillus fumigatus
with bactericidal effects [55]. In an attempt to find the functional role of Sca, putative antimicrobial
activity of this protein was evaluated. However, antimicrobial assays against different fungi, yeast and
bacteria (Supplementary Table S3) suggest that Sca does not appear to be an antimicrobial agent, since
neither antifungal nor antibacterial activity was detected under conditions at which other AFPs (AfpB
or PeAfpA) were inhibitory [16,29].

Null and overexpression sca mutants show that this gene is dispensable for fungal vegetative
growth and fruit infection, and that protein overproduction does not negatively affect the fitness of the
producer strains, including pathogenicity or virulence. Sca overproduction was achieved by using a paf
promoter-driven expression cassette from P. chrysogenum, which was previously used for the successful
production of some AFPs. For instance, this cassette was applied to produce modified versions of the
PAF protein from P. chrysogenum [50], NFAP and NFAP2 from Neosartorya fischeri [50,56], AfpB from
P. digitatum [16], PAFB from P. chrysogenum [19] or PeAfpA, PeAfpB and PeAfpC from P. expansum [29].
However, in this study, we report, for the first time, the successful use of this paf -based expression
system for the high-yield production of a non-AFP protein in a filamentous fungus. Additionally,
Sca has also been efficiently produced in N. benthamiana using a virus-based expression system [28],
which indicates that Sca is a stable protein that can be easily produced in different systems and
accumulates in large amounts in different organisms. As such, the possibility of using Sca as a fusion
carrier for the high-yield production of heterologous proteins will be explored in the near future.

Beyond their antifungal activity, some AFPs have been described to play different biological roles
or have alternative functions [57–61]. However, the biological role of afp genes in filamentous fungi is
not well understood, and little is known about functional interactions with other biomolecules in the
producer fungi. In this study, we report, for the first time, that AfpB shows stronger antifungal activity
when tested in large volume cultures undergoing strong aeration compared to small-scale experiments
performed statically in 96-well plates. This unexpected observation is, at present, under investigation
in our laboratory to determine the causes of this previously unknown behavior, which could be
related to the biological role(s) and/or mode of action of this AFP in the parental fungus. Additionally,
we show that Sca improves AfpB inhibitory activity in vitro, whereas it compensates the antifungal
effect of AfpB in vivo, indicating a dual effect that would suggest a sort of functional interaction
between these two proteins. Immunoprecipitation experiments were carried out in order to analyze
possible Sca interaction with AFPs, which could be due to the presence of opposite net charges, but no
co-immunoprecipitation was observed after testing several experimental conditions (data not shown).
It could be possible that the functional interaction between Sca and AfpB/PeAfpA does not require any
physical interaction. Further research will be done in order to elucidate the putative mechanisms by
which Sca and AfpB would functionally interact in their producer fungus.

Based on gene expression, CRP nature, secretion and protein size, it could be hypothesized that Sca
might be either (i) an effector of virulence, or (ii) a sort of “immune” mechanism to protect P. digitatum
from the self-inhibitory activity of AfpB. Protein fungal effectors in plant pathogens modulate the
interaction between the fungus and its plant host by either killing the host cell or protecting the
fungus from the plant defense system, thus enhancing its virulence [62]. Two independent approaches
(the addition of pure protein to the fungal inoculum and the increased virulence of Scaop strains) indicate
that Sca enhances P. digitatum virulence. Effectors are usually small secreted proteins (<300 amino acids),
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very rich in cysteine residues involved in disulphide bridges and are induced at early stages of infection,
features that are also compatible with Sca. These proteins also contain specific Pfam domains as Lysin
motifs (LysM), carbohydrate-binding protein modules, which play an important role in the virulence
of several plant pathogens [63–65]. No Pfam domains or presence of LysM or chitin-binding domains
indicative of effector function were found in Sca. Another characteristic common to many fungal
effectors is the reduction in or lack of virulence of the corresponding null mutants [66,67]. However,
our null ∆sca strains did not show negative effects on virulence, similar to some deletion LysM mutants
for which no significant changes on the incidence of infection were observed [68]. Presence of Sca
homologs in non-phytopathogenic fungi (Figure S2) and absence in other phytopathogens (such as
Penicillium italicum or P. expansum) could also indicate that Sca does not have a role as a fungal effector.
Therefore, this protein does not fulfill some of the “canonical” properties of an effector, although it
enhances fungal virulence. Therefore, our discovery of Sca supports either a redefinition of the
currently accepted concept of effector protein or the possibility that some effectors might be redundant
and not detectable by single gene deletions.

Our first working hypothesis was that Sca might be an immunity factor to protect P. digitatum
against the self-inhibition of AfpB, based on the strong opposite net charges of both proteins that
could block the cationic character of AfpB. However, our efforts to demonstrate a physical interaction
between Sca and AFPs through immunoprecipitation were not successful. In this study, it can be
observed that Sca increases P. digitatum growth in vitro and virulence in vivo and compensates and
overcomes the antifungal effect of both AfpB and PeAfpA during citrus fruit infection, which is the
natural niche of this fungus. This fact may be explained as a consequence of the increased virulence
driven by Sca, contrary to the results observed in in vitro assays where AfpB activity was improved by
addition of pure Sca. These observations confirm that results observed in in vitro assays do not always
correlate with the in vivo effects, emphasizing the need for in vivo assays to better characterize protein
activities and putative interactions.

Even though our experimental data do not fully support the proposed alternatives on the putative
roles of Sca as an effector of virulence or an immunity factor, both alternatives remain open. Future
research will focus on carrying out different experimental setups to uncover the functional role of Sca
in its producer fungus.

5. Conclusions

In summary, our work presents a novel protein that enhances fungal virulence in vivo and
fungal growth in vitro, and is able to modulate the inhibitory activity of AFPs. Different assays were
accomplished to reveal the functions of this protein. However, our results excluded the role of Sca
as an antimicrobial agent or as a canonical effector. Further studies will be conducted to unravel the
biological and functional role(s) and the relevance of this highly conserved protein in filamentous
ascomycete fungi.
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Figure S1: Identification of Sca protein in P. digitatum CECT 20796 strain; Figure S2: Amino Acid sequence
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SDS-PAGE analysis of fractions obtained after anion exchange chromatography. Table S1: qRT-PCR primers used
in this work; Table S2: PCR primers used to generate different constructs and to verify the transformants of sca
gene; Table S3: Minimum inhibitory concentration (MIC) values (µg/mL) of Sca, AfpB and PeAfpA against the
microorganisms tested.

Author Contributions: Conceptualization, J.F.M. and M.G.; methodology, S.G., P.M. and M.G.; software and
validation, S.G. and J.F.M.; formal analysis, all authors; investigation, all authors; writing—original draft
preparation, S.G. and M.G.; writing—review and editing, all authors; visualization, all authors; supervision, M.G.
and P.M.; project administration, J.F.M. and P.M.; funding acquisition, J.F.M. and P.M. All authors have read and
agreed to the published version of the manuscript.

http://www.mdpi.com/2309-608X/6/4/203/s1


J. Fungi 2020, 6, 203 15 of 18

Funding: This work was funded by BIO2015-68790-C2-1-R and RTI2018-101115B-C21 projects from the ‘Ministerio
de Ciencia, Innovación y Universidades’ (MCIU/AEI/FEDER, UE) and by PROMETEO/2018/066 from ‘Conselleria
d’Educació’ (Generalitat Valenciana, Comunitat Valenciana, Spain). S.G. was the recipient of a predoctoral
scholarship within the ‘Formación de Personal Universitario’ (FPU) program from ‘Ministerio de Educación,
Cultura y Deporte’ (MECD).

Acknowledgments: The authors thank Shaomei Xu, Cristina Font and Moisés Giner-Llorca (Instituto de
Agroquímica y Tecnología de Alimentos, Valencia, Spain) for their excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fisher, M.C.; Henk, D.A.; Briggs, C.J.; Brownstein, J.S.; Madoff, L.C.; McCraw, S.L.; Gurr, S.J. Emerging fungal
threats to animal, plant and ecosystem health. Nature 2012, 484, 186–194. [CrossRef] [PubMed]

2. Fisher, M.C.; Hawkins, N.J.; Sanglard, D.; Gurr, S.J. Worldwide emergence of resistance to antifungal drugs
challenges human health and food security. Science 2018, 360, 739–742. [CrossRef] [PubMed]

3. Oerke, E.C. Crop losses to pests. J. Agric. Sci. 2006, 144, 31–43. [CrossRef]
4. Perfect, J.R. Is there an emerging need for new antifungals? Expert Opin. Emerg. Drugs 2016, 21, 129–131.

[CrossRef] [PubMed]
5. Mari, M.; Bertolini, P.; Pratella, G.C. Non-conventional methods for the control of post-harvest pear diseases.

J. Appl. Microbiol. 2003, 94, 761–766. [CrossRef] [PubMed]
6. Palou, L.; Usall, J.; Smilanick, J.L.; Aguilar, M.-J.; Viñas, I. Evaluation of food additives and low-toxicity

compounds as alternative chemicals for the control of Penicillium digitatum and Penicillium italicum on citrus
fruit. Pest Manag. Sci. 2002, 58, 459–466. [CrossRef] [PubMed]

7. Palou, L.; Smilanick, J.L.; Usall, J.; Viñas, I. Control of postharvest blue and green molds of oranges by hot
water, sodium carbonate, and sodium bicarbonate. Plant Dis. 2001, 85, 371–376. [CrossRef]

8. Meyer, V. Genetic engineering of filamentous fungi—Progress, obstacles and future trends. Biotechnol. Adv.
2008, 26, 177–185. [CrossRef]

9. Marcos, J.F.; Muñoz, A.; Pérez-Payá, E.; Misra, S.; López-García, B. Identification and rational design of novel
antimicrobial peptides for plant protection. Annu. Rev. Phytopathol. 2008, 46, 273–301. [CrossRef]

10. Liu, H.; Zhao, H.; Lyu, L.; Huang, Z.; Fan, S.; Wu, W.; Li, W. Synergistic effect of natural antifungal agents for
postharvest diseases of blackberry fruits. J. Sci. Food Agric. 2019, 99, 3343–3349. [CrossRef]

11. Zasloff, M. Antimicrobial peptides of multicellular organisms. Nature 2002, 415, 389–395. [CrossRef]
[PubMed]

12. Sarika; Iquebal, M.A.; Rai, A. Biotic stress resistance in agriculture through antimicrobial peptides. Peptides
2012, 36, 322–330. [CrossRef] [PubMed]

13. Leiter, E.; Gáll, T.; Csernoch, L.; Pócsi, I. Biofungicide utilizations of antifungal proteins of filamentous
ascomycetes: Current and foreseeable future developments. BioControl 2017, 62, 125–138. [CrossRef]

14. Hegedüs, N.; Marx, F. Antifungal proteins: More than antimicrobials? Fungal Biol. Rev. 2013, 26, 132–145.
[CrossRef] [PubMed]

15. Batta, G.; Barna, T.; Gáspari, Z.; Sándor, S.; Kövér, K.E.; Binder, U.; Sarg, B.; Kaiserer, L.; Chhillar, A.K.;
Eigentler, A.; et al. Functional aspects of the solution structure and dynamics of PAF—A highly-stable
antifungal protein from Penicillium chrysogenum. FEBS J. 2009, 276, 2875–2890. [CrossRef] [PubMed]

16. Garrigues, S.; Gandía, M.; Popa, C.; Borics, A.; Marx, F.; Coca, M.; Marcos, J.F.; Manzanares, P.
Efficient production and characterization of the novel and highly active antifungal protein AfpB from
Penicillium digitatum. Sci. Rep. 2017, 7, 14663. [CrossRef] [PubMed]

17. Marx, F.; Binder, U.; Leiter, É.; Pócsi, I. The Penicillium chrysogenum antifungal protein PAF, a promising tool
for the development of new antifungal therapies and fungal cell biology studies. Cell Mol. Life Sci. 2008, 65,
445–454. [CrossRef] [PubMed]

18. Tóth, L.; Kele, Z.; Borics, A.; Nagy, L.G.; Váradi, G.; Virágh, M.; Takó, M.; Vágvölgyi, C.; Galgóczy, L. NFAP2,
a novel cysteine-rich anti-yeast protein from Neosartorya fischeri NRRL 181: Isolation and characterization.
AMB Express 2016, 6, 1–13. [CrossRef]

19. Huber, A.; Hajdu, D.; Bratschun-Khan, D.; Gáspári, Z.; Varbanov, M.; Philippot, S.; Fizil, Á.; Czajlik, A.;
Kele, Z.; Sonderegger, C.; et al. New antimicrobial potential and structural properties of PAFB: A cationic,
cysteine-rich protein from Penicillium chrysogenum Q176. Sci. Rep. 2018, 8, 1751. [CrossRef]

http://dx.doi.org/10.1038/nature10947
http://www.ncbi.nlm.nih.gov/pubmed/22498624
http://dx.doi.org/10.1126/science.aap7999
http://www.ncbi.nlm.nih.gov/pubmed/29773744
http://dx.doi.org/10.1017/S0021859605005708
http://dx.doi.org/10.1517/14728214.2016.1155554
http://www.ncbi.nlm.nih.gov/pubmed/26883732
http://dx.doi.org/10.1046/j.1365-2672.2003.01920.x
http://www.ncbi.nlm.nih.gov/pubmed/12694440
http://dx.doi.org/10.1002/ps.477
http://www.ncbi.nlm.nih.gov/pubmed/11997972
http://dx.doi.org/10.1094/PDIS.2001.85.4.371
http://dx.doi.org/10.1016/j.biotechadv.2007.12.001
http://dx.doi.org/10.1146/annurev.phyto.121307.094843
http://dx.doi.org/10.1002/jsfa.9551
http://dx.doi.org/10.1038/415389a
http://www.ncbi.nlm.nih.gov/pubmed/11807545
http://dx.doi.org/10.1016/j.peptides.2012.05.012
http://www.ncbi.nlm.nih.gov/pubmed/22659413
http://dx.doi.org/10.1007/s10526-016-9781-9
http://dx.doi.org/10.1016/j.fbr.2012.07.002
http://www.ncbi.nlm.nih.gov/pubmed/23412850
http://dx.doi.org/10.1111/j.1742-4658.2009.07011.x
http://www.ncbi.nlm.nih.gov/pubmed/19459942
http://dx.doi.org/10.1038/s41598-017-15277-w
http://www.ncbi.nlm.nih.gov/pubmed/29116156
http://dx.doi.org/10.1007/s00018-007-7364-8
http://www.ncbi.nlm.nih.gov/pubmed/17965829
http://dx.doi.org/10.1186/s13568-016-0250-8
http://dx.doi.org/10.1038/s41598-018-20002-2


J. Fungi 2020, 6, 203 16 of 18

20. Marx, F.; Haas, H.; Reindl, M.; Stoffler, G.; Lottspeich, F.; Redl, B. Cloning, structural organization and
regulation of expression of the Penicillium chrysogenum paf gene encoding an abundantly secreted protein
with antifungal activity. Gene 1995, 167, 167–171. [CrossRef]

21. Lacadena, J.; Martínez del Pozo, A.; Gasset, M.; Patino, B.; Campos-Olivas, R.; Vazquez, C.; Martinez-Ruiz, A.;
Mancheno, J.M.; Onaderra, M.; Gavilanes, J.G. Characterization of the antifungal protein secreted by the
mould Aspergillus giganteus. Arch. Biochem. Biophys. 1995, 324, 273–281. [CrossRef] [PubMed]

22. Garrigues, S.; Gandía, M.; Marcos, J. Occurrence and function of fungal antifungal proteins: A case study
of the citrus postharvest pathogen Penicillium digitatum. Appl. Microbiol. Biotechnol. 2016, 100, 2243–2256.
[CrossRef] [PubMed]

23. Seibold, M.; Wolschann, P.; Bodevin, S.; Olsen, O. Properties of the bubble protein, a defensin and an
abundant component of a fungal exudate. Peptides 2011, 32, 1989–1995. [CrossRef]

24. Galgoczy, L.; Kovacs, L.; Karacsony, Z.; Viragh, M.; Hamari, Z.; Vagvolgyi, C. Investigation of the antimicrobial
effect of Neosartorya fischeri antifungal protein (NFAP) after heterologous expression in Aspergillus nidulans.
Microbiology 2013, 159, 411–419. [CrossRef] [PubMed]

25. Marcet-Houben, M.; Ballester, A.R.; de la Fuente, B.; Harries, E.; Marcos, J.F.; González-Candelas, L.;
Gabaldón, T. Genome sequence of the necrotrophic fungus Penicillium digitatum, the main postharvest
pathogen of citrus. BMC Genom. 2012, 13, 646. [CrossRef] [PubMed]

26. Palou, L. Penicillium digitatum, Penicillium italicum (Green Mold, Blue Mold). In Postharvest Decay:
Control Strategies; Bautista-Baños, S., Ed.; Elsevier: London, UK, 2014; pp. 45–102. [CrossRef]

27. Costa, J.H.; Bazioli, J.M.; de Moraes Pontes, J.G.; Fill, T.P. Penicillium digitatum infection mechanisms in citrus:
What do we know so far? Fungal Biol. 2019, 123, 584–593. [CrossRef]

28. Shi, X.; Cordero, T.; Garrigues, S.; Marcos, J.F.; Daròs, J.A.; Coca, M. Efficient production of antifungal proteins
in plants using a new transient expression vector derived from tobacco mosaic virus. Plant Biotechnol. J. 2019,
17, 1069–1080. [CrossRef]

29. Garrigues, S.; Gandía, M.; Castillo, L.; Coca, M.; Marx, F.; Marcos, J.F.; Manzanares, P. Three antifungal
proteins from Penicillium expansum: Different patterns of production and antifungal activity. Front. Microbiol.
2018, 9, 2370. [CrossRef]

30. Gandía, M.; Garrigues, S.; Hernanz-Koers, M.; Manzanares, P.; Marcos, J.F. Differential roles, crosstalk and
response to the Antifungal Protein AfpB in the three Mitogen-Activated Protein Kinases (MAPK) pathways
of the citrus postharvest pathogen Penicillium digitatum. Fungal Genet. Biol. 2019, 124, 17–28. [CrossRef]

31. Bugeda, A.; Garrigues, S.; Gandía, M.; Manzanares, P.; Marcos, J.F.; Coca, M. The antifungal protein AfpB
induces regulated cell death in its parental fungus Penicillium digitatum. mSphere 2020, 5, e00595-20. [CrossRef]

32. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature
1970, 227, 680–685. [CrossRef] [PubMed]

33. Speicher, K.D.; Gorman, N.; Speicher, D.W. N-Terminal Sequence Analysis of Proteins and Peptides.
Curr. Protoc. Protein Sci. 2009, 57, 11.10.1–11.10.31. [CrossRef] [PubMed]

34. Petersen, T.N.; Brunak, S.; von Heijne, G.; Nielsen, H. SignalP 4.0: Discriminating signal peptides from
transmembrane regions. Nat. Methods 2011, 8, 785–786. [CrossRef] [PubMed]

35. El-Gebali, S.; Mistry, J.; Bateman, A.; Eddy, S.R.; Luciani, A.; Potter, S.C.; Qureshi, M.; Richardson, L.J.;
Salazar, G.A.; Smart, A.; et al. The Pfam protein families database in 2019. Nucleic Acids Res. 2019, 47,
D427–D432. [CrossRef]

36. Drozdetskiy, A.; Cole, C.; Procter, J.; Barton, G.J. JPred4: A protein secondary structure prediction server.
Nucleic Acids Res. 2015, 43, W389–W394. [CrossRef]

37. Larkin, M.A.; Blackshields, G.; Brown, N.P.; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F.;
Wallace, I.M.; Wilm, A.; Lopez, R.; et al. Clustal W and Clustal X version 2.0. Bioinformatics 2007, 23,
2947–2948. [CrossRef]

38. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis
across Computing Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

39. Gandía, M.; Harries, E.; Marcos, J.F. Identification and characterization of chitin synthase genes in the
postharvest citrus fruit pathogen Penicillium digitatum. Fungal Biol. 2012, 116, 654–664. [CrossRef]

40. Rodrigo, M.J.; Marcos, J.F.; Zacarías, L. Biochemical and molecular analysis of carotenoid biosynthesis in
flavedo of orange (Citrus sinensis L.) during fruit development and maturation. J. Agric. Food Chem. 2004, 52,
6724–6731. [CrossRef]

http://dx.doi.org/10.1016/0378-1119(95)00701-6
http://dx.doi.org/10.1006/abbi.1995.0040
http://www.ncbi.nlm.nih.gov/pubmed/8554319
http://dx.doi.org/10.1007/s00253-015-7110-3
http://www.ncbi.nlm.nih.gov/pubmed/26545756
http://dx.doi.org/10.1016/j.peptides.2011.08.022
http://dx.doi.org/10.1099/mic.0.061119-0
http://www.ncbi.nlm.nih.gov/pubmed/23197172
http://dx.doi.org/10.1186/1471-2164-13-646
http://www.ncbi.nlm.nih.gov/pubmed/23171342
http://dx.doi.org/10.1016/B978-0-12-411552-1.00002-8
http://dx.doi.org/10.1016/j.funbio.2019.05.004
http://dx.doi.org/10.1111/pbi.13038
http://dx.doi.org/10.3389/fmicb.2018.02370
http://dx.doi.org/10.1016/j.fgb.2018.12.006
http://dx.doi.org/10.1128/mSphere.00595-20
http://dx.doi.org/10.1038/227680a0
http://www.ncbi.nlm.nih.gov/pubmed/5432063
http://dx.doi.org/10.1002/0471140864.ps1110s57
http://www.ncbi.nlm.nih.gov/pubmed/19688733
http://dx.doi.org/10.1038/nmeth.1701
http://www.ncbi.nlm.nih.gov/pubmed/21959131
http://dx.doi.org/10.1093/nar/gky995
http://dx.doi.org/10.1093/nar/gkv332
http://dx.doi.org/10.1093/bioinformatics/btm404
http://dx.doi.org/10.1093/molbev/msy096
http://dx.doi.org/10.1016/j.funbio.2012.03.005
http://dx.doi.org/10.1021/jf049607f


J. Fungi 2020, 6, 203 17 of 18

41. Gandía, M.; Harries, E.; Marcos, J.F. The Myosin motor domain-containing chitin synthase PdChsVII
is required for development, cell wall Integrity and virulence in the citrus postharvest pathogen
Penicillium digitatum. Fungal Genet. Biol. 2014, 67, 58–70. [CrossRef]

42. Sanzani, S.M.; Schena, L.; Nigro, F.; De Girolamo, A.; Ippolito, A. Effect of quercentin and umbelliferone on
the transcript level of Penicillium expansum genes involved in patulin biosynthesis. Eur. J. Plant Pathol. 2009,
125, 223–233. [CrossRef]

43. González-Candelas, L.; Alamar, S.; Sánchez-Torres, P.; Zacarías, L.; Marcos, J.F. A transcriptomic approach
highlights induction of secondary metabolism in citrus fruit in response to Penicillium digitatum infection.
BMC Plant Biol. 2010, 10, 194. [CrossRef] [PubMed]

44. Nair, R.; Roy, I.; Bucke, C.; Keshavarz, T. Quantitative PCR study on the mode of action of oligosaccharide
elicitors on penicillin G production by Penicillium chrysogenum. J. Appl. Microbiol. 2009, 107, 1131–1139.
[CrossRef] [PubMed]

45. Szewczyk, E.; Nayak, T.; Oakley, C.E.; Edgerton, H.; Xiong, Y.; Taheri-Talesh, N.; Osmani, S.A.; Oakley, B.R.
Fusion PCR and gene targeting in Aspergillus nidulans. Nat. Protoc. 2006, 1, 3111–3120. [CrossRef] [PubMed]

46. Khang, C.H.; Park, S.Y.; Rho, H.S.; Lee, Y.H.; Kang, S. Filamentous Fungi (Magnaporthe grisea and
Fusarium oxysporum). Methods Mol. Biol. 2006, 344, 403–420. [CrossRef] [PubMed]

47. Hernanz-Koers, M.; Gandía, M.; Garrigues, S.; Manzanares, P.; Yenush, L.; Orzaez, D.; Marcos, J.F. FungalBraid:
A GoldenBraid-based modular cloning platform for the assembly and exchange of DNA elements tailored to
fungal synthetic biology. Fungal Genet. Biol. 2018, 116, 51–61. [CrossRef] [PubMed]

48. Vazquez-Vilar, M.; Gandía, M.; García-Carpintero, V.; Marqués, E.; Sarrion-Perdigones, A.; Yenush, L.;
Polaina, J.; Manzanares, P.; Marcos, J.F.; Orzaez, D. Multigene engineering by GoldenBraid cloning:
From plants to filamentous fungi and beyond. Curr. Protoc. Mol. Biol. 2020, 130, e116. [CrossRef]

49. Harries, E.; Gandía, M.; Carmona, L.; Marcos, J.F. The Penicillium digitatum protein O–Mannosyltransferase
Pmt2 is required for cell wall integrity, conidiogenesis, virulence and sensitivity to the antifungal peptide
PAF26. Mol. Plant Pathol. 2015, 16, 748–761. [CrossRef]

50. Sonderegger, C.; Galgóczy, L.; Garrigues, S.; Fizil, Á.; Borics, A.; Manzanares, P.; Hegedüs, N.; Huber, A.;
Marcos, J.F.; Batta, G.; et al. A Penicillium chrysogenum-based expression system for the production of small,
cysteine-rich antifungal proteins for structural and functional analyses. Microb. Cell Fact. 2016, 15, 192.
[CrossRef]

51. Gandía, M.; Monge, A.; Garrigues, S.; Orozco, H.; Giner-Llorca, M.; Marcos, J.F.; Manzanares, P. Novel
insights in the production, activity and protective effect of Penicillium expansum antifungal proteins. Int. J.
Biol. Macromol. 2020, 164, 3922–3931. [CrossRef]

52. Frederick, H.; Sarah, R.D.; David, A.P. Anionic antimicrobial peptides from eukaryotic organisms. Curr. Protein
Pept. Sci. 2009, 10, 585–606. [CrossRef]

53. Lai, R.; Liu, H.; Hui Lee, W.; Zhang, Y. An anionic antimicrobial peptide from toad Bombina maxima.
Biochem. Biophys. Res. Commun. 2002, 295, 796–799. [CrossRef]

54. Fernández de Ullivarri, M.; Arbulu, S.; Garcia-Gutierrez, E.; Cotter, P.D. Antifungal peptides as therapeutic
agents. Front. Cell. Infect. Microbiol. 2020, 10, 105. [CrossRef] [PubMed]

55. Contreras, G.; Braun, M.S.; Schäfer, H.; Wink, M. Recombinant AfusinC, an anionic fungal CSαβ defensin
from Aspergillus fumigatus, exhibits antimicrobial activity against gram-positive bacteria. PLoS ONE 2018, 13,
e0205509. [CrossRef]

56. Tóth, L.; Váradi, G.; Borics, A.; Batta, G.; Kele, Z.; Vendrinszky, Á.; Tóth, R.; Ficze, H.; Tóth, G.K.; Vágvölgyi, C.;
et al. Anti-candidal activity and functional mapping of recombinant and synthetic Neosartorya fischeri
antifungal protein 2 (NFAP2). Front. Microbiol. 2018, 9, 393. [CrossRef]

57. Hegedüs, N.; Sigl, C.; Zadra, I.; Pócsi, I.; Marx, F. The paf gene product modulates asexual development in
Penicillium chrysogenum. J. Basic Microbiol. 2011, 51, 253–262. [CrossRef]

58. Eigentler, A.; Pócsi, I.; Marx, F. The anisin1 gene encodes a defensin-like protein and supports the fitness of
Aspergillus nidulans. Arch. Microbiol. 2012, 194, 427–437. [CrossRef]

59. Paege, N.; Jung, S.; Schäpe, P.; Müller-Hagen, D.; Ouedraogo, J.-P.; Heiderich, C.; Jedamzick, J.; Nitsche, B.M.;
van den Hondel, C.A.; Ram, A.F.; et al. A transcriptome meta-analysis proposes novel biological roles for the
antifungal protein AnAFP in Aspergillus niger. PLoS ONE 2016, 11, e0165755. [CrossRef]

60. Meyer, V.; Jung, S. Antifungal peptides of the AFP family revisited: Are these cannibal toxins? Microorganisms
2018, 6, 50. [CrossRef]

http://dx.doi.org/10.1016/j.fgb.2014.04.002
http://dx.doi.org/10.1007/s10658-009-9475-6
http://dx.doi.org/10.1186/1471-2229-10-194
http://www.ncbi.nlm.nih.gov/pubmed/20807411
http://dx.doi.org/10.1111/j.1365-2672.2009.04293.x
http://www.ncbi.nlm.nih.gov/pubmed/19486407
http://dx.doi.org/10.1038/nprot.2006.405
http://www.ncbi.nlm.nih.gov/pubmed/17406574
http://dx.doi.org/10.1385/1-59745-131-2:403
http://www.ncbi.nlm.nih.gov/pubmed/17033082
http://dx.doi.org/10.1016/j.fgb.2018.04.010
http://www.ncbi.nlm.nih.gov/pubmed/29680684
http://dx.doi.org/10.1002/cpmb.116
http://dx.doi.org/10.1111/mpp.12232
http://dx.doi.org/10.1186/s12934-016-0586-4
http://dx.doi.org/10.1016/j.ijbiomac.2020.08.208
http://dx.doi.org/10.2174/138920309789630589
http://dx.doi.org/10.1016/S0006-291X(02)00762-3
http://dx.doi.org/10.3389/fcimb.2020.00105
http://www.ncbi.nlm.nih.gov/pubmed/32257965
http://dx.doi.org/10.1371/journal.pone.0205509
http://dx.doi.org/10.3389/fmicb.2018.00393
http://dx.doi.org/10.1002/jobm.201000321
http://dx.doi.org/10.1007/s00203-011-0773-y
http://dx.doi.org/10.1371/journal.pone.0165755
http://dx.doi.org/10.3390/microorganisms6020050


J. Fungi 2020, 6, 203 18 of 18

61. Tong, S.; Li, M.; Keyhani, N.O.; Liu, Y.; Yuan, M.; Lin, D.; Jin, D.; Li, X.; Pei, Y.; Fan, Y. Characterization of a
fungal competition factor: Production of a conidial cell-wall associated antifungal peptide. PLoS Pathog.
2020, 16, e1008518. [CrossRef]

62. Presti, L.L.; Lanver, D.; Schweizer, G.; Tanaka, S.; Liang, L.; Tollot, M.; Zuccaro, A.; Reissmann, S.; Kahmann, R.
Fungal effectors and plant susceptibility. Annu. Rev. Plant Biol. 2015, 66, 513–545. [CrossRef] [PubMed]

63. De Jonge, R.; Peter van Esse, H.; Kombrink, A.; Shinya, T.; Desaki, Y.; Bours, R.; van der Krol, S.; Shibuya, N.;
Joosten, M.H.A.J.; Thomma, B.P.H.J. Conserved fungal LysM effector Ecp6 prevents chitin-triggered immunity
in plants. Science 2010, 329, 953–955. [CrossRef] [PubMed]

64. De Wit, P.J.; Mehrabi, R.; Van den Burg, H.A.; Stergiopoulos, I. Fungal effector proteins: Past, present and
future. Mol. Plant Pathol. 2009, 10, 735–747. [CrossRef]

65. Sánchez-Vallet, A.; Mesters, J.R.; Thomma, B.P.H.J. The battle for chitin recognition in plant-microbe
interactions. FEMS Microbiol. Rev. 2014, 39, 171–183. [CrossRef] [PubMed]

66. Van Esse, H.P.; Bolton, M.D.; Stergiopoulos, L.; De Wit, P.J.G.M.; Thomma, B.P.H.J. The chitin-binding
Cladosporium fulvum effector protein Avr4 is a virulence factor. Mol. Plant Microbe Interact. 2007, 20, 1092–1101.
[CrossRef]

67. Bolton, M.D.; van Esse, H.P.; Vossen, J.H.; de Jonge, R.; Stergiopoulos, I.; Stulemeijer, I.J.E.;
van den Berg, G.C.M.; Borras-Hidalgo, O.; Dekker, H.L.; de Koster, C.G.; et al. The novel Cladosporium fulvum
lysin motif effector Ecp6 is a virulence factor with orthologues in other fungal species. Mol. Microbiol. 2008,
69, 119–136. [CrossRef]

68. Levin, E.; Ballester, A.R.; Raphael, G.; Feigenberg, O.; Liu, Y.; Norelli, J.; Gonzalez-Candelas, L.; Ma, J.;
Dardick, C.; Wisniewski, M.; et al. Identification and characterization of LysM effectors in Penicillium expansum.
PLoS ONE 2017, 12, e0186023. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.ppat.1008518
http://dx.doi.org/10.1146/annurev-arplant-043014-114623
http://www.ncbi.nlm.nih.gov/pubmed/25923844
http://dx.doi.org/10.1126/science.1190859
http://www.ncbi.nlm.nih.gov/pubmed/20724636
http://dx.doi.org/10.1111/j.1364-3703.2009.00591.x
http://dx.doi.org/10.1093/femsre/fuu003
http://www.ncbi.nlm.nih.gov/pubmed/25725011
http://dx.doi.org/10.1094/MPMI-20-9-1092
http://dx.doi.org/10.1111/j.1365-2958.2008.06270.x
http://dx.doi.org/10.1371/journal.pone.0186023
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Microorganisms, Media and Culture Conditions 
	Protein Identification, Structure and Functional Domain Prediction 
	Total RNA Isolation, Quantitative RT-PCR and Relative Expression 
	Generation of Sca Null and Overproducer Strains 
	Protein Production and Purification 
	Antimicrobial Activity Assays 
	Fruit Infection Assays 
	Statistical Analysis 

	Results 
	A Novel Small Cysteine-Rich and Anionic (Sca) Protein Is Abundantly Produced and Secreted by P. digitatum 
	Gene Expression of Sca (PDIG_23520) and Its Comparison with afpB (PDIG_68840) 
	Null Mutants and Overproducers Do Not Show Phenotypic Differences with Parental Strain during Axenic Growth 
	The Purified Sca Does Not Have Antimicrobial Activity In Vitro but Enhances the Antifungal Activity of AfpB 
	Sca Enhances the Virulence of P. digitatum to Citrus Fruits and Compensates the Antifungal Effect of AfpB Upon Infection 

	Discussion 
	Conclusions 
	References

