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Abstract

Penicillium digitatum and Penicillium expansum are plant pathogenic fungi that cause the green
and blue mold diseases, respectively, leading to serious postharvest economic losses
worldwide. Moreover, P. expansum can produce mycotoxins, which are hazardous compounds
to human and animal health. The development of tools that allow multiple and precise genetic
manipulation of these species is crucial for the functional characterization of their genes. In this
sense, CRISPR/Cas9 represents an excellent opportunity for genome editing due to its
efficiency, accuracy and versatility. In this study, we developed protoplast generation and
transformation protocols and applied them to implement the CRISPR/Cas9 technology in both
species for the first time. For this, we used a self-replicative, recyclable AMA1-based plasmid
which allows unlimited number of genomic modifications without the limitation of integrative
selection markers. As test case, we successfully targeted the wetA gene, which encodes a
regulator of conidiophore development. Finally, CRISPR/Cas9-derived AwetA strains were
analyzed. Mutants showed reduced axenic growth, differential pathogenicity and altered
conidiogenesis and germination. Additionally, P. digitatum and P. expansum AwetA mutants
showed distinct sensitivity to fungal antifungal proteins (AFPs), which are small, cationic,
cysteine-rich proteins that have become interesting antifungals to be applied in agriculture,
medicine and in the food industry. With this work, we demonstrate the feasibility of the
CRISPR/Cas9 system, expanding the repertoire of genetic engineering tools available for these
two important postharvest pathogens and open up the possibility to adapt them to other
economically relevant phytopathogenic fungi, for which toolkits for genetic modifications are

often limited.

Keywords
Genome editing, CRISPR/Cas9, Penicillium digitatum, Penicillium expansum, wetA, AMA1-

based plasmid.
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1. Introduction

Fungal plant pathogens cause serious losses and damages to agricultural products worldwide.
Postharvest pathogenic fungi can blemish, disfigure and cause fruits rot, significantly reducing
their market value (Snowdon 1988). Additionally, infected products pose a potential risk since
some decay fungi produce mycotoxins that are hazardous to human and animal health (Liu et

al. 2020).

Penicillium digitatum and Penicillium expansum are fungal phytopathogens that cause the green
and blue mold diseases in harvested fruits, respectively (Ballester et al. 2014; Marcet-Houben et
al. 2012). Although these two species are closely related, they differ in their host specificity.
Whereas P. digitatum is restricted to citrus fruits (Marcet-Houben et al. 2012), P. expansum
infects a wide range of pome and stone fruits, including apples, pears, and to a lesser extent
peaches and grape berries, among others (Julca et al. 2016). Despite the application of
fungicides and alternative strategies, the green and blue mold diseases continue to place high
infection pressures on stored fruits worldwide (Vilanova et al. 2012). Besides their negative
impact for the fruit industry, P. expansum additionally produces patulin and citrinin, two toxic
mycotoxins that can contaminate infected fruits and their derived products (Ballester et al. 2014;
Morales et al. 2007). Due to the industrial and social relevance of these two postharvest
pathogens, many efforts have focused on the characterization of the genetic and molecular
mechanisms involved in pathogenicity, virulence, fungicide resistance, and mycotoxin
production (Ballester et al. 2019; Costa et al. 2019; Chen et al. 2018; de Ramén-Carbonell and
Sanchez-Torres 2017; Gandia et al. 2019a; Gandia et al. 2019b; Gandia et al. 2014; Garrigues
et al. 2020; Harries et al. 2015; Li et al. 2020; Zhang et al. 2013). In this sense, precise and

versatile methods for genetic manipulation of these fungi are needed.

CRISPR/Cas9 (Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-

associated protein-9 endonuclease) (Jinek et al. 2012) has revolutionized high-throughput
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functional genomics, and has become a common genome editing system in a variety of
organismes, including filamentous fungi (Kun et al. 2019). This technology is based on the ability
of Cas9 endonuclease to precisely recognize and cut a specific DNA sequence, generating
double strand breaks (DSBSs). Its specificity relies on a single RNA sequence (guide RNA,
gRNA) which can be designed to target a specific (and complementary) genetic sequence
through the interaction with the so called Protospacer Adjacent Motive (PAM). Streptococcus
pyogenes SpCas9 protein is one of the preferred Cas endonucleases to date mainly due to the
abundance of its target PAM sequences (5-NGG-3’) within the genomes (Jinek et al. 2012).
Once the DNA cutting occurs, DSBs are detected as potentially lethal damage and need to be
repaired. In eukaryotic systems like filamentous fungi, two DNA repair mechanisms co-exist: (i)
the error-prone non-homologous end-joining (NHEJ) (Davis and Chen 2013), and (ii) the high-
fidelity homology-directed repair (HDR), which occurs in the presence of a homologous DNA
template, often referred as donor DNA (dDNA) or as rescue template (RT), via homologous

recombination (HR) (Wright et al. 2018).

The first application of CRISPR/Cas9 in filamentous fungi was in the industrially relevant
Trichoderma reesei (Liu et al. 2015) and six Aspergillus species (Nadvig et al. 2015). Since
then, CRISPR/Cas9 has enabled the genetic manipulation of a variety of fungal species,
including economically relevant plant pathogenic fungi such as Pyricularia (Magnaporthe)
oryzae (Arazoe et al. 2015), Alternaria alternata (Wenderoth et al. 2017), Fusarium
graminearum (Gardiner and Kazan 2018), Botrytis cinerea (Leisen et al. 2020), or Claviceps

purpurea (Kralova et al. 2021).

Despite the numerous examples on the application of CRISPR/Cas9 in fungi already in
literature, the establishment of the CRISPR/Cas9 system in filamentous fungi is not
straightforward, and its efficiency differs depending on the species under study. Although the

CRISPR system has been widely applied in many Aspergilli (Son and Park 2021), its
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implementation in Penicillium species remains challenging. Currently, very few studies reported
the feasibility of application of CRISPR/Cas9 in Penicillium species despite the great interest of
this genus at the biotechnological and industrial level, those being Penicillium rubens (formerly
identified as Penicillium chrysogenum) (Pohl et al. 2016), Penicillium subrubescens (Salazar-

Cerezo et al. 2020), Penicillium oxalicum (Wang et al. 2021), Penicillium polonicum (Valente et

al. 2021), and Penicillium roqueforti (Seekles et al. 2021).

The alternatives for the application of CRISPR/Cas9 are the delivery of in vitro pre-assembled
Cas9 ribonucleoproteins; the transient expression of Cas9/gRNA; through self-replicating
AMA1-based plasmids or the stable integrative approaches (Wang and Coleman 2019). Self-
replicating AMA1-based non-integrative expression systems have the main advantages of the
recycling of the system -allowing unlimited number of genomic modifications without the
limitation of integrative selection markers-; and the non-integrating cas9 gene, which minimizes

the risk of genotoxicity.

To date, genetic engineering of P. digitatum and P. expansum has only been achieved through
Agrobacterium tumefaciens-mediated transformation (ATMT) and homologous recombination
protocols (Buron-Moles et al. 2012; Wang and Li 2008). However, ATMT typically results in
genome integrations that often require the presence of selection markers for transformant
selection, which can be a major limitation for multiple transformation events. In this study, we
developed a protoplast-mediated transformation (PMT) method and implemented the
CRISPR/Cas9 genome editing technology in both P. digitatum and P. expansum for the first
time. As a test case, we successfully disrupted the wetA gene by using a non-integrative, self-
replicative, recyclable CRISPR/Cas9 plasmid. This gene has been reported to encode a
regulator of conidiophore development in economically relevant filamentous fungi such as
several Fusarium, Aspergillus and Penicillium species (Prade and Timberlake 1994; Son et al.

2014; Tao and Yu 2011; Wu et al. 2018; Wu et al. 2017), including P. digitatum (Wang et al.
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2015) resulting in white-sporulated colonies. However, no information about its role in P.
expansum was previously available. Finally, the effects of the wetA disruption on growth,
conidia production and germination rates, sensitivity to antifungal compounds, and pathogenicity

in both P. digitatum and P. expansum are reported.

2. Material and methods

2.1. Strains, media and growth conditions

The fungal strains P. digitatum CECT 20796 (isolate PHI26) (Marcet-Houben et al. 2012) and

P. expansum CECT 20906 (CMP-1) (Ballester et al. 2014) were used as parental strains. These
strains and transformants generated in this study were routinely cultured on potato dextrose
agar (PDA) plates (Difco-BD Diagnostics) for 5-7 days at 25 °C. Conidia were subsequently
harvested, dispersed in sterile Milli-Q H,O, and the concentration was adjusted using a
hemocytometer. To analyze growth on solid plates, 5 L of conidia suspension (5 x 10*
conidia/mL) of parental and mutant strains were deposited in the center of PDA plates, and the
growth diameter was measured from 3 to 7 days. Assays were performed in technical triplicates.
Finally, vectors generated in this study were propagated in E. coli JM109 grown in Luria Bertani

(LB) medium supplemented with 25 pug/mL chloramphenicol (Sigma-Aldrich) at 37 °C.

2.2. Generation of DNA constructs

The CRISPR sites for the design of gRNA sequences were identified using the Geneious Prime

software version 11.0.4 (https://www.geneious.com/). The 20 bp spacer sequences for the

gRNAs (Table 1) with no off-targets and high on-target activity were predicted based on the
experimentally validated predictive model by (Doench et al. 2014). All genetic modifications
were designed with either P. digitatum CECT 20796 or P. expansum CECT 20906 genome and

annotation (Ballester et al. 2014; Marcet-Houben et al. 2012). The gRNA sequences were
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synthesized (Integrated DNA technology, IDT) and used to target the wetA gene in P. digitatum

(gene ID: PDIG_73870) and P. expansum (gene ID: PEX1_019290).

Derivatives of the self-replicative CRISPR/Cas9 plasmid pLM-AMA15.0 (AddGene ID #138944)
(Supplementary Fig. S1) to target wetA genes in both P. digitatum and P. expansum were
constructed following previous guidelines (Mozsik et al. 2021). The gRNA backbone and the
hepatitis delta virus (HDV) ribozyme are supplied on the AMA1-vector pLM-AMA15.0 together
with the /lacZ gene flanked by Bsal restriction sites. The 20 bp spacer sequence defining the
CRISPR site was supplied on a separate DNA sequence together with the hammerhead
ribozyme (HH), which includes the 6 bp inverted repeat of the 5-end of the spacer to complete
the HH cleavage site. This DNA molecule was generated by PCR using two overlapping primers
(Table 1) and subsequently purified (High Pure PCR Cleanup Micro Kit, Sigma-Aldrich). The
fragment was then inserted into pLM-AMA15.0 through Bsal restriction sites (Bsal,
ThermoFisher scientific) and T4 DNA ligase (Promega) with a vector/insert ratio of 1/100 by
Golden gate modular assembly (Engler et al. 2009). Positive bacterial clones were detected with
blue/white screening in the presence of 0.1 mM isopropyl B-d-1-thiogalactopyranoside (IPTG)
and 50 pg/mL 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (Xgal). Finally, correct
sequence integrations were verified through PCR reaction (NZYTaq Il DNA polymerase,

Nzytech) (Table 1) and plasmids were isolated using NZYMiniprep kit (Nzytech).

The homology-based RTs were constructed to delete wetA genes in both P. digitatum and

P. expansum through HR. All RTs were obtained through fusion PCR amplification using
NZYTagq Il DNA polymerase (Nzytech) following manufacturer’s instructions. First, two PCR
fragments were generated by amplifying = 1500 bp upstream and downstream of the

P. digitatum and P. expansum wetA genes. Finally, these two fragments were fused together in
a second ‘nested’ PCR reaction obtaining = 2400 bp RT with approximately 1200 bp homology

arms to both upstream and downstream regions of the wetA genes. RTs were subsequently
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purified (High Pure PCR Product Purification Kit, Roche) and co-transformed with the pLM-

AMA15.0 plasmid. All the primers used to generate the RTs are listed in Table 1.

2.3. Protoplast generation, fungal transformation and mutant confirmation

All media and solutions for protoplasts generation and transformation are described in
Supplementary Table S1. Protoplasts from P. digitatum CECT 20796 and P. expansum CECT
20906 were generated as follows: a final concentration of 4 x 10° and 1 x 10° conidia/mL of

P. digitatum and P. expansum spores, respectively, were inoculated in 2 L plastic Erlenmeyer
flasks containing 250 mL of either P. digitatum transformation medium (PdTM), or Aspergillus
transformation medium for P. expansum (TM) at 25 °C and 250 rpm. After 24 or 18 h of growth
of P. digitatum and P. expansum, respectively, the culture was filtered through sterile Miracloth,
washed with 0.6 M MgSQ,, and dried. The mycelia were then dissolved in PS buffer with a
resuspension ratio of 6.5 mL PS/g mycelium and mixed well with the VinoTaste® Pro lysing
enzyme (Novozymes) preparation (0.5 g enzyme/g mycelium in 10-15 mL PS). The mix was
incubated in a rotary shaker at 30 °C, 80 rpm, for 2 and 3 h in the case of P. digitatum and P.
expansum, respectively. Protoplast suspensions were placed on ice, and filtered through sterile
Miracloth paper. Cold SC solution was added to reach 45 mL suspension volume. Protoplasts
were centrifuged for 10 min, 1700 x g, 4 °C and washed with 10 mL of solution B. Protoplast
suspensions were then centrifuged for 10 min, 750 x g, 4 °C, and finally resuspended in solution
B to a final protoplast concentration of 1-2 x 10" protoplasts/mL prior to transformation. A

schematic representation of the protoplast generation protocol is shown in Fig. 1.

For transformation, 200 uL of protoplasts (1-2 x 10" protoplasts/mL) were mixed with 50 pL of
solution C (room temperature), and a maximum of 15 uyL DNA solution containing 2.5 ug of the
pLM-AMA15.0 plasmid and 5 ug of RT. The mixture was incubated on ice for 20 min. After

incubation, 2 mL of solution C were added, and after 5 min incubation at room temperature, 2
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mL of solution B were added to the protoplast suspension. Finally, protoplasts were spread over
phleomycin-containing square plates (35 pg/mL) of P. digitatum minimal medium sucrose
(PAMMS) in the case of P. digitatum, or Aspergillus minimal medium sucrose (MMS) in the case
of P. expansum. As internal controls for transformation, we additionally inoculated
untransformed protoplasts on non-selective plates to test protoplasts viability (regeneration
control) and on selective plates as negative control. Plates were incubated at 25 °C until
sporulated colonies were observed (approximately 12 or 7 days for P. digitatum or

P. expansum, respectively). A schematic representation of the protoplast transformation

protocol is shown in Fig. 1.

Transformants were purified by one colony streak to selective PDA plates and at least four
consecutive single colony streaks to non-selective PDA plates in order to (1) obtain monosporic
cultures, and (2) cure the strains from the plasmid and ensure the recycling of the system.
Genomic DNA of the transformants was isolated using the NZY Tissue gDNA lIsolation kit
(Nzytech) and mutants were confirmed by PCR reactions (NZYTaq Il DNA polymerase,
Nzytech) using the primers indicated in Table 1 and by Sanger sequencing. Finally, the verified
CRISPR/Cas9 mutants were plated on selection plates again to confirm their inability to grow in
the presence of the antibiotic, confirming the loss (and thus, not a random integration) of the

plasmid.

2.4. Conidia production and germination

In order to compare conidia production between the parental and mutant strains, 250 conidia
from P. digitatum CECT 20796, P. expansum CECT 20906, and AwetA mutants were
inoculated in the center of PDA plates and, after 7 days of growth, spores were collected in
sterile Milli-Q H,O, filtered, counted with a hemacytometer and normalized to the surface of the

fungal colony. Assays were performed in technical triplicates.
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Two different approaches were performed to evaluate and compare the conidial germination
rates between the parental and mutant strains. First, a final concentration of 10° conidia/mL
were inoculated in 100 pL 5% potato dextrose broth (PDB, Difco-BD Diagnostics) for 20 h in the
case of P. digitatum and 16 h in the case of P. expansum, at 25 °C and 60 rpm. On the other
hand, a final concentration of 10° conidia/mL were inoculated in 100 uL sterile H,O Milli-Q water
for 72 h at 25 °C and 60 rpm. After each incubation time, samples were assessed for the
presence of non-germinated conidia, swollen conidia/germlings, and germ tubes. All treatments

were performed in technical triplicates.

In all cases, statistical differences between parental and mutant strains were assessed using a

Student’s t-test (p<0.05).

2.5. Antifungal activity assays

Antifungal assays were performed in 96-well, flat-bottom microtiter plates (Nunc) as described
(Garrigues et al. 2018). Briefly, 50 uL of fungal conidia (5 x 10* conidia/mL) in 10% diluted PDB
and 0.02% (w/v) chloramphenicol were mixed with 50 uL of two-fold concentrated antifungal
proteins (AFPs) from serial twofold dilutions. Plates were statically incubated for 96 h at 25 °C.
Growth was determined every 24 h by measuring the optical density (OD) at 600 nm using
Spectrostar Nano microplate spectrophotometer (BMG labtech), and the ODgy mean and
standard deviation (SD) of three replicates were calculated. These experiments were repeated
three times. Minimum Inhibitory Concentration (MIC) is defined as the protein concentration that

completely inhibited growth in all the experiments.

2.6. Fruit infection assays

P. digitatum and P. expansum strains were inoculated on freshly harvested fruits of orange

(Citrus sinensis L. Osbeck cv Navel) and apples purchased in a local grocery (Malus domestica

10
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cv Golden Delicious), respectively, as described (Ballester et al. 2014; Gonzalez-Candelas et al.
2010). In brief, three replicates of five fruits were inoculated with 5 uL of conidial suspension (1
x 10* conidia/mL in oranges and 2.5 x 10* conidia/mL in apples) at four wounds around the
equator. Control mock-inoculations were carried out with 5 uL of sterile Milli-Q H,O. After
inoculation, fruits were maintained at 20 °C and 90% relative humidity. Each inoculated wound
was scored daily for infection symptoms on consecutive days post inoculation (dpi). The

experiments were repeated at least two times.

3. Results and Discussion

3.1. CRISPR/Cas9 was successfully applied to generate AwetA mutants in

P. digitatum and P. expansum through PMT.

In this work, we developed protoplast generation and transformation protocols to genetically
modify both P. digitatum and P. expansum through CRISPR/Cas9 for the first time. Previously,
only ATMT protocols allowed the transformation and genetic modification of these two species
(Buron-Moles et al. 2012; Wang and Li 2008). However, ATMT typically results in (low copy)
genome integrations that often require selection markers for transformants selection, which can
be a limiting factor in case of multiple transformation events. On the other hand, PMT allows the
translocation of a high copy number of DNA molecules into the cells, which may result in higher
transformation rates (Weyda et al. 2017). Furthermore, PMT enables the transitive introduction
of non-integrative, self-replicating plasmids that can be cured after the genomic modification of
interest has been performed. Thus, it allows (i) the recycling of the system and (ii) an endless

number of genetic modifications without the limitation of selection markers.

In the present study, we applied the non-integrative self-replicating plasmid pLM-AMA15.0
(Supplementary Fig. S1) to genetically modify P. digitatum and P. expansum by means of

CRISPR/Cas9. As a test case, we targeted the wetA gene, which encodes a conidiophore
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development-related transcription factor that is crucial for synthesis of cell wall layers that make
conidia mature and impermeable (Wang et al. 2015). Disruption of wetA has been reported to
generate white, cotton-like mutant colonies in several fungal species (Tao and Yu 2011; Wang
et al. 2015; Wu et al. 2018; Wu et al. 2017), making them easily distinguishable from their
parental strains, although other fungi e.g., F. graminearum AwetA mutants did not show

phenotypical differences compared to the wild type (Son et al. 2014).

After 12 and 7 days post-transformation of P. digitatum and P. expansum, respectively,
phleomycin-resistant colonies (Fig. 2A and Fig. 3A) were ready to be transferred, at least four
times, to non-selective plates in order to obtain monosporic cultures, and to induce the loss of
the plasmid and ensure the recycling of the system. This procedure generated Penicillium
strains that were again sensitive to the antibiotic used for transformant selection (data not
shown), as similarly reported for other CRISPR/Cas9-derived mutants (Pohl et al. 2016;
Salazar-Cerezo et al. 2020; Weyda et al. 2017), thus discarding the random integration of the
plasmid into the genome. Finally, the resulting P. digitatum and P. expansum transformants
were analyzed (Fig. 2B-C and Fig. 3B-C). Since the Cas9 cleavage efficiency through a gRNA
sequence is not yet well understood, and depends on several factors such as the genomic
region being targeted and the gRNA design (Katayama et al. 2016; Li et al. 2015), two different
gRNA sequences were designed and tested to disrupt wetA in both Penicillium species under
study. However, only one gRNA resulted in positive AwetA mutants (Table 1, and data not
shown). In case of P. digitatum, a genome editing efficiency of 10.1 + 1.4% was reached with
the CRISPR/Cas9 system under study after several transformation experiments. Molecular
characterization of randomly chosen transformants showed that several strains underwent
NHEJ DNA repair mechanism (Pd_26, Pd_46, Pd_56), as depicted in Fig 2B-C. Sequencing
results of three independent white colonies demonstrated that all three had nucleotide deletions

within the wetA coding sequence, resulting in gene frameshift (Fig 2C, in yellow). Noteworthy,
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one of our P. digitatum AwetA mutants presented a nucleotide deletion a few nucleotides
upstream of the gRNA complementary sequence (Pd_26, Fig. 2C). Similarly, in case of P.
expansum, an average genome editing efficiency of 12.7 + 2.2% was reached with the pLM-
AMA15.0 Cas9 plasmid. Molecular characterization of transformants (Fig. 3B-C) showed that
both NHEJ (mutants Pe_04, Pe_20) and HR (Pe_16) occurred. In Pe_16, the complete AwetA
gene was removed by HR in the presence of RT (see also next section). Sequencing results of
two independent white colonies that underwent NHEJ (Pe_04, Pe_20) showed that all had
nucleotide deletions within the 20 bp sequence complementary to the gRNA targeting wetA (Fig
3C, in yellow). In addition, Pe_04 showed a nucleotide deletion a few nucleotides downstream
of the gRNA complementary sequence. In theory, Cas9-derived genetic modifications are
expected to occur within the 20 bp sequence complementary to the gRNA, and close to the
PAM sequence (Allen et al. 2019; Nadvig et al. 2015).These punctual nucleotide deletions in
off-target sites could be explained by the random nature of the NHEJ repair mechanism to
remedy DNA damage, which is not fully understood especially for the breaks inflicted by Cas9

(Allen et al. 2019).

The mutation rate of approx. 10-12% obtained for P. digitatum and P. expansum is comparable
to that obtained for other filamentous fungi such as A. alternata (Wenderoth et al. 2017), or

P. subrubescens (Salazar-Cerezo et al. 2020) and higher than that described for other fungi
e.g., A. carbonarius (Weyda et al. 2017). However, this efficiency was not as high as reported
for other filamentous fungi in which also CRISPR/Cas9 plasmids where used (Nadvig et al.
2015; Pohl et al. 2016; Song et al. 2018; Wang et al. 2021). In these studies, gene editing
efficiencies could vary between 23-97% depending on the fungus and the CRISPR/Cas9
approach. Many factors can (in)directly affect CRISPR/Cas9 genome editing, such as the
efficiency of the transformation process, the promoters driving the expression of cas9 and the

gRNAs, cas9 codon usage, the 20-nucleotide gRNA design, or the accessibility of the target
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sequence, among others (Katayama et al. 2016; Li et al. 2015). These factors will be taken into

account to improve genome editing efficiency in both P. digitatum and P. expansum.

3.2. Co-transformation of long homology-based repair templates does not increase

HDR over NHEJ

In this study, we also tested if the presence of RTs would increase P. digitatum and

P. expansum preference for HDR over NHEJ. The NHEJ DNA repair mechanism mainly
involves the binding of the dimeric protein complex KU70/KU80 to the free DNA ends after
DSBs, resulting in random, error-prone DNA repair. In contrast, HDR-mediated recombination of
a homologous DNA sequence allows for precise genetic modifications and is more suited for
targeted genome editing (Snoek et al. 2009). The NHEJ is the dominant mechanism to repair
DSBs in filamentous fungi (Haarmann et al. 2008; Li et al. 2010; Snoek et al. 2009; Xu et al.
2014). Thus, reaching efficient levels of HDR is challenging in wild-type fungal strains in which
the NHEJ repair pathway has not been inactivated. The addition of homology-based RTs to
CRISPR/Cas?9 transformation events has been shown to induce HDR-based mutations in some
fungal species without the necessity to previously inactivate the NHEJ pathway (Al Abdallah et
al. 2017; Foster et al. 2018; Jan-Vonk et al. 2019). In this work, we constructed RTs using
approx. 1.2 kb complementary DNA arms to both 5’ and 3’ flanking regions of the wetA genes in
P. digitatum and P. expansum, since previous studies demonstrated that Cas9-derived DSBs
could be repaired by homology arms of this size in other Penicillium species (Pohl et al. 2016;
Salazar-Cerezo et al. 2020). Molecular characterization of P. digitatum transformants through
PCR showed that, despite the co-transformation of the CRISPR/Cas9 plasmid with high
amounts of homology-based RT (= 5 ug), none of the phleomycin-resistant transformants
analyzed showed a band size of around 2.4 kb indicative of clean deletion of wetA gene through
HR (Fig. 2B and data not shown). In the case of P. expansum, molecular characterization of
phleomycin-resistant transformants showed that only one of the mutants analyzed (Pe_16)

14
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showed a band of 2.6 kb indicative of clean deletion of wetA through HR in the presence of RT
(Fig. 3B). However, despite the presence of RT, there is still a general preference for NHEJ over

HDR DNA repair system in both organisms (Fig. 2, Fig. 3, and data not shown).

A common approach to improve CRISPR/Cas9 efficiency through HDR in filamentous fungi is
the construction of ku70/ku80 knockouts, leading to (partial) inactivation of the NHEJ repair
pathway. It has been shown that the disruption of these genes in filamentous fungi could
significantly improve the efficiency of HR up to 100% (Haarmann et al. 2008; Li et al. 2010;
Matsu-Ura et al. 2015; Pohl et al. 2016; Schuster et al. 2016; Xu et al. 2014). Based on this, and
taking into account our own results, the application of the CRISPR/Cas9 technology in NHEJ-
deficient P. digitatum and P. expansum could help improve the already obtained CRISPR/Cas9

efficiency rates, and will be addressed in the future.

3.3. Disruption of wetA in P. digitatum and P. expansum results in reduction of axenic

growth, differential pathogenicity and altered conidiogenesis and germination.

The wetA gene, together with brlA and abaA, defines a central regulatory pathway that governs
conidiation-specific gene expression and determine conidiophore formation and spore
maturation (Park and Yu 2012). Several studies have already shown that wetA deletion totally
blocks conidia pigmentation, resulting in conidia with albino phenotypes (Tao and Yu 2011;
Wang et al. 2015; Wu et al. 2018; Wu et al. 2017). Molecular characterization of phleomycin-
resistant transformants obtained by CRISPR/Cas9 demonstrated the disruption of the wetA
gene in both P. digitatum and P. expansum (Fig. 2 and Fig. 3). From this point onwards, the
molecularly verified AwetA mutants of P. digitatum Pd_46, Pd_26, and Pd_56 (Fig. 2) will be
referred to as APdwetA 46, APdwetA 26, and APdwetA 56, respectively. Similarly, the verified
AwetA mutants of P. expansum Pe_04, Pe_16 and Pe_20 (Fig. 3) will be referred to as

APewetA_04, APewetA_16, and APewetA_20. Phenotypic characterization of P. digitatum and
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P. expansum AwetA mutants on solid plates confirmed the expected albino phenotypes (Fig.
4A). Additionally, growth of three independent AwetA mutants from each strain showed delayed

growth on PDA plates compared to their corresponding wild-type strains (Fig. 4B).

In filamentous fungi, the involvement of wetA in pathogenicity and virulence seems to be
species-dependent. For example, wetA disruption has been described to negatively affect
pathogenicity and virulence in the entomopathogenic fungus Beauveria bassiana (Li et al.
2015). In contrast, virulence of F. graminearum AwetA mutants did not significantly differ from
the original strain (Son et al. 2014). Our pathogenicity assays revealed that P. digitatum AwetA
mutants showed significantly reduced pathogenicity compared to that of the wild type on orange
fruits (p<0.05) (Fig. 4 C-D). This is in discordance with a previously published work in which
other P. digitatum AwetA mutants were reported to show similar pathogenicity and virulence to
that of their corresponding parental strain (Wang et al. 2015). However, in our study, a different
P. digitatum strain, lower inoculum dose, and an alternative pathosystem were used, which
could be the main reasons for these discrepancies. In case of P. expansum, although there
seems to be a slight tendency of reduced pathogenicity in the AwetA mutants compared to the

control, this is not statistically significant (Fig. 4 E-F).

Null wetA mutants from both P. digitatum and P. expansum showed reduced conidia production
ability after 7 days of growth on PDA plates, although this reduction was only statistically

significant in the case of P. expansum AwetA mutants (Fig. 5A). Surprisingly, germination rates
of independent AwetA mutants from both P. digitatum and P. expansum was increased in liquid

PDB medium (Fig. 5B) and in sterile water (Fig. 5C).

A previous study reported decreased germination rate in a different strain of P. digitatum wetA
mutant measured on solid PDA plates (Wang et al. 2015). In that study, 44% and 97% of wild-
type P. digitatum PdKH8 conidia germinated at 8 h and 12 h after incubation in PDA,
respectively, while in the APdwetA mutants, only approximately 7% and 42% of conidia

16



378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

germinated at these two corresponding time points. In our case, we measured the germination
rate in a different medium (solid vs. liquid) and in a different P. digitatum strain, which could
(partially) explain these differences. In our study, only around 30% of the wild-type spores
completely germinated after 20 h of incubation in liquid PDB, while between 60-70% of the
APdwetA conidia had already germinated (Fig. 5B, left panel). These results were also
comparable in case of P. expansum AwetA mutants, in which the amount of conidia was also
significantly reduced after 16 h incubation in PDB, correlating with an increase in the amount of
germ tubes compared to the parental strain CMP-1 (Fig. 5B, right panel). Around 30% of the
CMP-1 wild-type spores completely germinated after 16 h of incubation in liquid PDB, whereas

between 40-60% of the APewetA conidia had already germinated (Fig. 5B, right panel).

In order to further confirm the increased germination rate of the mutants, we also tested their
germination ability in sterile H,O, which is an alternative liquid matrix where germination is more
restricted due to lack of nutrients. Results showed that after 72 h incubation, there was a
significant reduction of spores and a significant increase of germ tubes in the case of

P. digitatum AwetA mutants compared to the parental strain PHI26 (Fig. 5C, left panel). In
parallel, results of P. expansum AwetA strains also showed an increased germination rate of
these mutants in H,O. The amount of non-germinated spores of the AwetA strains was
significantly reduced, correlating with a significant increase in the amount of germlings and germ
tubes compared to the wild-type strain (Fig. 5, right panel). It is noteworthy that no germ tubes
of the parental strains PHI26 or CMP-1 were present in the water samples after 72 h incubation

time, thus confirming the increased germination ability of null wetA mutants in both species.
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3.4. P. digitatum and P. expansum AwetA mutants show differential sensitivity to

distinct fungal antifungal proteins (AFPs)

Apart from conidia pigmentation, wetA gene has also been reported to play a role in the integrity
of the conidia cell wall (Park and Yu 2012; Wang et al. 2015), which acts as a key defense to
withstand stressing agents and harsh environmental conditions (Fuchs and Mylonakis 2009). A
previously published study already demonstrated altered tolerance of P. digitatum AwetA
mutants to oxidative compounds (e.g., menadione, H,0,) osmotic agents (NaCl) and detergents
(sodium dodecyl sulfate (SDS)) (Wang et al. 2015). However, no information about the putative

altered tolerance to stressing compounds in P. expansum AwetA mutants is available to date.

In this work, we tested whether wetA disruption might affect P. digitatum and P. expansum
susceptibility to the so called fungal antifungal proteins (AFPs). AFPs are small, cationic
cysteine-rich proteins that are often secreted in large amounts by filamentous ascomycetes and
are active against a wide range of fungi (Hegedls and Marx 2013). AFPs have become
interesting antifungals to be applied in agriculture, medicine and in the food industry (Marx et al.
2008; Delgado et al. 2016; Garrigues et al. 2018; Martinez-Culebras et al. 2021; Téth et al.
2020), although their modes of action are still poorly understood. PeAfpA from P. expansum and
PdAfpB from P. digitatum are among the most active AFPs described to date (Garrigues et al.
2018; Garrigues et al. 2017). Their antifungal efficacy has been demonstrated in vitro against a
wide range of opportunistic human, animal, plant and foodborne pathogenic fungi (Garrigues et
al. 2018; Garrigues et al. 2017), and in vivo against the economically relevant phytopathogens
P. digitatum, B. cinerea and P. expansum during infection in oranges, tomato plants and apples,

respectively (Gandia et al. 2020; Garrigues et al. 2018).

Growth inhibition assays of P. expansum AwetA mutants by PeAfpA and PdAfpB (Fig. 6A)
showed that there is no differential susceptibility between the parental CMP-1 and the mutant

strains for both of the two AFPs under study (MICpeasa = 2 pg/mL; MICpgags = 8 pg/mL). In
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contrast, whereas P. digitatum AwetA mutants showed similar tolerance to PeAfpA to that of the
reference strain PHI26 (MICpeanpa = 1 pg/mL), they showed increased tolerance to PdAfpB
(MICpgatoripHize = 4 MG/ML; MICpgatoeipaaweta = 8 Hg/mL) (Fig. 6B). These results would suggest
that: (i) wetA deletion might differentially affect P. expansum and P. digitatum conidia, and/or
that (ii) there is a differential mode of action between PeAfpA and PdAfpB in P. digitatum. We
have already demonstrated that PdAfpB acts through a three-step killing mechanism in this
fungus, in which the conidia cell wall has a key role in the initial stage of protein-cell interaction
(Bugeda et al. 2020). However, there is no published information on the mode of action of
PeAfpA to date. Studies on the mode of action of PeAfpA are in progress and will help validate

this hypothesis.

4. Conclusions

In this study, we describe effective protoplast generation and transformation protocols for the
implementation of the CRISPR/Cas9 genome editing technology in the phytopathogenic fungi
P. digitatum and P. expansum for the first time. Although there is still room for improvement, the
CRISPR/Cas9 system was successfully applied through a recyclable AMA1-based plasmid to
disrupt the wetA gene in both species, and phenotypic characterization of these mutants was
performed. With this work, we expand the repertoire of genetic engineering tools available for
these two important postharvest pathogenic species, and open up new possibilities to study
gene function without the limitation of selection markers. In addition, the methods presented
here could probably be adapted to other economically relevant phytopathogenic fungi, for which

the availability of genetic modification tools is often limited.
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OJM654 F CGACTCGGTGCCACTTTTTC E. coli plasmid screening
0OJM655 R CATCCATACTCCATCCTTCCC E. coli plasmid screening
OJM670 F gﬁ—ggg%%%c,\%%m%%ﬁgGATGA P. expansum gRNA construction
ATGGTCTCTAAACCCGACATGTCGTA
OJM671 R GGAAGGAGACGAGCTTACTCGTTTCG | P. expansum gRNA construction
TCCTCACGGACTCA
OJM672 F gx—gggggig%i%giii&i%TGATGA P. digitatum gRNA construction
ATGGTCTCTAAACACGCTTTGCATGG
OJM673 R TGCGAACGACGAGCTTACTCGTTTCG | P. digitatum gRNA construction
TCCTCACGGACTCA
RT construction. Amplification of
OJM678 F GGTCGAAGCAAACACTCC P. digitatum 5’ flank region of wetA. HR
transformants screening
CGATAGCGAATCCTAGCAGTCAAAGC - RT construction. Amplification of
OJIME79 | R | AAAAGTACGGGGC P. digitatum | 5, q-nk region of woth,
ACTGCTAGGATTCGCTATCGTTTTGAT - RT construction. Amplification of
OJIMB80 | F | rceaTceTCCA P. digitatum | 5 42 nk region of oA
RT construction. Amplification of
0OJM681 R GATAGTGATGTAAAGACGG P. digitatum 3’ flank region of wetA. HR
transformants screening
OJME82 | F | TCTAAACCACTGAACAGG P. digitatum | 1 construction. For 5"+ 3
flank fusion of wetA
0JMB83 | R | CGGACTAAAGCAGCAAAGC P. digitatum | KT construction. For 5°+3
flank fusion of wetA
RT construction. Amplification of
0OJM684 F GTTATTTGAGTTTTGGTCGC P. expansum 5’ flank region of wetA. HR
transformants screening
0JMB85 R CGATAGCGAATCCTAGCAGTTGGATG P. expansum RT construction. Amplification of
TGATTGGACAACC ’ 5’ flank region of wetA
0JM686 E ACTGCTAGGATTCGCTATCGTCTCTG P. expansum RT construction. Amplification of
TTTCTTTCAGCCG 3’ flank region of wetA
RT construction. Amplification of
oJmes7 R AAAGGTAGGTCTTGCTGC P. expansum 3’ flank region of wetA. HR
transformants screening
0JM688 F | GCTTTATTTATTTGTGATGC P. expansum | I construction. For 5+ 3
flank fusion of wetA
0JM689 R | TAGATTGTTGAGATGTATGG P. expansum | 1 construction. For 5"+ 3
flank fusion of wetA
OJM690 F TTCTCTTTCACTCCAGACC P. digitatum Sanger sequencing
OJM691 R CCCTCAATGCGGCTTCG P. digitatum Sanger sequencing
0OJM692 F TGTCTCCACTCCCAAACGCC P. expansum Sanger sequencing
0OJM693 R AGAGAGAGATGGTGAACGG P. expansum Sanger sequencing

Table 1. Oligonucleotides used in this study.

& F: forward; R: reverse.

® Bsal restriction site is highlighted.

° gRNA: single guide RNA; RT: repair template; HR: Homologous recombination.
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8. Figure captions

Fig. 1 Schematic representation of P. digitatum and P. expansum protoplast generation and

transformation protocols
See main text for more details
Fig. 2 Application of CRISPR/Cas9 in P. digitatum to target wetA

A) Results of the transformation of P. digitatum with AMA1-based p15.0 plasmid through protoplast-
mediated transformation for wetA disruption after 12 days of incubation at 25°C. Arrows indicate the
albino phenotype of the mutants. B) Molecular characterization of P. digitatum transformants with primers
OJM678 and OJM681. Mutants showing white phenotypes are highlighted in red. Note that no HR
occurred in any of the strains characterized. C) Nucleotide sequence alignment of Sanger sequencing
results of wetA in the selected mutants. Protospacer for gRNA design is highlighted in red. Nucleotide

alterations are highlighted in yellow. The PAM sequence is underlined

Fig. 3 Application of CRISPR/Cas9 in P. expansum to target wetA

A) Results of the transformation of P. expansum with AMA1-based p15.0 plasmid through protoplast-
mediated transformation for wetA disruption after 7 days of incubation at 25 °C. Arrow indicates the albino
phenotype of a mutant. B) Molecular characterization of P. expansum transformants with primers OJM684
and OJM687. Mutants showing white phenotypes are highlighted in red. Note that the 2.6 kb band for
Pe_16 shows HR. C) Nucleotide sequence alignment of Sanger sequencing results of wetA in the
selected mutants. Protospacer for gRNA design is highlighted in red. Nucleotide alterations are

highlighted in yellow. The PAM sequence is underlined

Fig. 4 Phenotypic characterization of AwetA mutants

A) Colony morphology of P. digitatum (left) and P. expansum (rigth) AwetA mutants on solid PDA plates
after 8 days of growth. B) Growth on PDA plates determined by colony diameter measurement from 3 to 7
days of incubation. Data are mean values + standard deviation (SD) of three technical replicates. C-D)

Fruit infection assays of P. digitatum AwetA mutants on orange fruits. E-F) Fruit infection assays of P.
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expansum AwetA mutants on apples. Data indicate the percentage of infected wounds (mean + SD) at
each day post-inoculation (dpi). Asterisks (*) show statistical difference compared to the control at each
dpi (Student’s t-test, p<0.05). D and F show representative images of orange and apple fruits,
respectively, infected by the indicated strains at 7 dpi

Fig. 5 Conidia production and germination of AwetA mutants

A) Conidia production per colony surface area of parental strains compared to AwetA mutants after 7
days of growth in PDA. B) Germination ability of AwetA mutants in 5% PDB represented as % of conidia,
germlings and germ tubes after 20 h of incubation for P. digitatum and 16 h for P. expansum. C)
Germination ability of AwetA mutants in H,O represented as % of conidia, germlings and germ tubes after
72 h incubation at 25°C. Data are mean values + standard deviation (SD) of three technical replicates.
Asterisks (*) show significant differences between the mutant and the control strains (Student’s t-test,

p<0.05).

Fig. 6 Comparative antifungal activities of PeAfpA and PdAfpB against AwetA mutants

Dose-response curves of growth inhibition of P. expansum AwetA mutants (A) and P. digitatum AwetA
mutants (B) by PeAfpA and PdAfpB. Curves show the mean + standard deviation (SD) of ftriplicate

samples after 72 h of incubation at 25 °C
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