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ARTICLE INFO ABSTRACT

Keywords: Pathogenesis of P. expansum involved different processes and one of them is the recognition
Penicillium expansum between pathogen-host, which in the case of P. expansum is preferably pome fruit. In this work,
Host specificity the possible mechanisms connected to host recognition are addressed through the generation of a
Virulence b ive lib . . he i ibl . ion in th

Postharvest subtractive library carried out during the incompatible P. expansum-orange interaction in the
SSH initial stages of infection. The generated library was analyzed by massive sequencing and bio-

informatic analysis. Of the identified genes, a total of 24 were selected for subsequent expression
analysis by RT-qPCR in two incompatible interaction situations. The characterization of the
overexpressed genes revealed the presence of CWDEs, ATPases, aldolases, detoxifying enzymes
and virulent determinants that could act as effectors related to fungal virulence independently of
the host. However, several identified genes, which could not be associated with the virulence of
P. expansum under compatible conditions, were related to enzymes to obtain the nutrients
necessary for the growth and development of the pathogen under stress conditions through basal
metabolism that contributes to expand the range of adaptation of the pathogen to the environ-
ment and different hosts.

1. Introduction

Host specificity is defined by the specific recognition of a given host and its colonization. Many plant pathogens show a varied host
range, while others are limited to certain species or specific plant families [1,2]. Postharvest diseases in fruits, are mostly produced by
Penicillium fungal species, including Penicillium italicum, Penicillium digitatum, and Penicillium expansum. They have a restricted host
range, indicating that specific adaptations occur depending on the host. P. digitatum and P. italicum are generally pathogens of citrus,
while P. expansum has a wide host range and can colonize various crops, but hardly citrus fruits [3]. The origin of host specificity is
believed to be due to the fact that pathogens undergo physiological modifications that allow the growth in the presence of different
compounds which are part of the peel of the fruits [4].

The development of host specificity in fungi is driven by a complex mechanism involving several genes and pathways. Some
integrative approaches underly the molecular factors that are the key to the progress of host specificity [2]. Among the different
Penicillium species have been associated to the emergence of protein clusters, genome restructuring, horizontal gene transmission and
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positive selection pressure [2]. The spread of protein families related to fungal pathogenicity would force the speciation of these
Penicillium species [2]. Knowledge of the processes of both specificity and virulence helps in the search for new alternative control
treatments to the fungicides used. Therefore, unraveling the molecular basis of the evolution of host specificity is crucial in emerging
plans to reduce losses of economically valuable crops.

Genomes of several P. expansum strains are currently available [1,5,6]. Furthermore, Li et al. [7,8] and Ballester et al. [5] addressed
the connections between secondary metabolism and infections caused by blue mold. P. expansum not only threatens apple production,
but also poses food safety concerns by producing a toxin, patulin, which is difficult to remove from contaminated derived food
products. Most previous research focused on the challenge of controlling blue mold disease and developing tools to eliminate patulin
levels. On the one hand, they have focused on understanding the biosynthesis of patulin and, on the other, on investigating the
molecular aspects responsible for the virulence of P. expansum, identifying some genes as potential targets for the treatment of blue rot.
They highlight the deployment of cell wall degrading enzymes (CWDEs) that allow it to colonize its different hosts and detoxifying
enzymes such as glyoxalase [6,9]. Several studies have reported virulence factors studied in different fungi (e.g., creA, laeA, PacC,
Stel2, veA) [6,10-13], and others have been based on global omics-type studies [14,15].

Despite this, the pathogenicity/virulence along with the development of host specificity in Penicillium species remains unclear. In
this work, our main objective was to identify the possible mechanisms involved in the host recognition of P. expansum and for this we
used the subtractive suppression hybridization (SSH) technique that allows generating a cDNA library during the incompatible
interaction P. expansum-orange. The incompatible interaction forces P. expansum to colonize citrus that is not its usual host. Under
these conditions, the pathogen is coerced to use an arsenal of resources to adapt to this host. By comparing the genes involved in this
process with those induced during infection in pome fruits, we can elucidate some of the mechanisms responsible for host specificity
that in turn may be involved in virulence. The wide transcriptional outlook of the identified genes might provide new insights into the
complex biological network of P. expansum-fruit interactions and the genes responsible for blue decay disease. Furthermore, by
exploring host specificity, we could gain insights into its mechanisms and regulation. This fundamental knowledge will allow us to
advance, not only in the application of novel and efficient methods in the control of P. expansum, but will also deepen our knowledge of
fundamental molecular aspects of fungal biology.

2. Materials and methods
2.1. Fruit and microorganisms

Two Penicillium strains were used in this study, strain Pex1 (CECT20906) was isolated from Golden rotten apple after storage for
several months [5,13] and Pex2 (CECT 2280) provided by the Spanish Type Culture Collection (CECT) with different degree of
virulence.

Fungal strains were grown in potato dextrose broth (PDB) or potato dextrose agar (PDA). Cultures were incubated at 25 °C for 1, 2
or 3 days (liquid cultures) depending of the further use or up to 1 week (solid media). Conidia were obtained from 1-week-old PDA
plates by scraping them with a sterile spatula, and transferring them to sterile water. Conidia were filtered, and titrated with a he-
macytometer and then adjusted to a desire final concentration.

Escherichia coli DH5a was used for proliferation material and plasmid storage. E. coli cultures were grown in LB plates or LB broth
amended with 100 pg/ml of ampicillin at 37 °C.

’Navel” mature oranges without chemical treatments from IVIA orchards were used for in vivo assays and fruit inoculation was done
as reported previously [16].

2.2. Molecular manipulations

For SSH experiments total RNA from spores or mycelium of P. expansum grown in PDB or water with orange discs in 12 well plates
during 24h at 25 °C was obtained from frozen tissue by using Trizol (Invitrogen) following the recommendations of the manufacturer.
Total RNA of both P. expansum strains grown in flasks with PDB media at 24h, 48h and 72h at 200 rpm and 25 °C was used for
expression analysis. Total RNA during at least 3 fruit infection experiments (3 replicas of 5 fruits each) with P. expansum was extracted
from fruit peel discs of 5 mm diameter from the point of inoculation containing albedo and flavedo at 1-, 2- and 3-days post infection
(dpi) as described previously Lopez-Pérez et al. [17]. Poly(A)™ RNA was separated from total RNA using the Dynabeads® mRNA
Purification™ kit according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA).

2.3. Construction of a subtracted cDNA library

cDNA synthesis and the SSH procedure [18] were conducted using the PCR-Select™ cDNA Subtraction kit (Clontech, Palo Alto, CA,
USA) according to the protocol supplied by the manufacturer. P.expansum strains were grown in 24 culture plates in presence of 5 mm
diameter orange discs containing albedo and flavedo. Control was performed growing fungal strains without orange discs. We used
RNA from P.expansum Pex1 at 1 dpi as a ‘driver’ and RNA from P. expansum Pex1-infecting orange discs tissue at 1 dpi as a ‘tester’.
One microgram of poly(A)™ RNA from the ‘tester’ and ‘driver’ were used for cDNA synthesis. Subtracted cDNA fragments were cloned
into pCRII (Invitrogen) vector, and then transformed into E. coli DH5a competent cells by electroporation.
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2.4. cDNA sequencing and bioinformatic analysis

The subtracted cDNA library denoted as HSPeS was sequenced using 454-FLX Titanium technology to perform a global tran-
scriptomic analysis of putative fungal host-specificity/virulence genes. Raw sequences obtained were trimmed off vector and adaptor
sequences and similarity searches against DNA/protein sequence databases were obtained by means of the BLAST programs [19]. The
reference sequences were indexed using "BWA (Burrows-Wheeler Aligner)" [20] against the genome reference sequences corre-
sponding to Penicillium expansum (GCF_000769745.1), resulting in a SAM file. SAM file was compressed to BAM format, and the
scaffolds were sorted for ease of handling using "SAM” tools [21]. Finally, the BAM file was indexed to allow for visualization and
additional analysis in "R Statistical Software" (R Core Team 2021), utilizing the "Rentrez package" [22]. for obtaining the names of
indexed genes. The QuickGO tool was used for an initial annotation of Gene Ontology [23].

Heat maps and balloon plot were performed using SRplot package (http://www.bioinformatics.com.cn/srplot).

2.5. Fungal infection

Infection experiments were performed using freshly harvested orange (Citrus sinensis) that were injured at four places around the
equatorial axis and infected with 10 pL of a conidia suspension adjusted to 10° conidia/mL. They were kept at 20 °C and 90% RH.
Experiments were performed with 3 replicas of 5 orange fruits (15 in total) and repeated at least 3 times.

2.6. Quantification of relative gene expression by RT-qPCR

Trizol method (Ambion Inc., Austin, USA) was used for RNA extraction from P. expansum frozen mycelium after growing in flask
with PDB media at 25 °C at 24h, 48h and 72h. Extraction of total RNA from infected samples was processed as reported previously
[17].

Contaminating DNA from total RNA was removed with Turbo RNA-free DNAse (Ambion Inc., Austin, TX). Complete elimination of
DNA was confirmed by the absence of amplification of a 500 bp fragment of the p-tubulin coding gene of P. expansum with oligo-
nucleotides PeTubF and PeTubR (Table S1)

Experimental values obtained were an average of two repetitions of three biological replicates. Different oligos for each EST and
genes coding for fungal p-tubulin (qTubF-qTubR), was used as reference gene (Table S1). LightCycler 480 Software, version 1.5 (Roche
Diagnostics) was used for cycle quantification. The melting temperature of each primer set allowed the selection of conditions for
specific amplification. Relative gene expression was carried out as previously described [24]. PrimeScript™ RT reagent Kit (Takara Bio
Inc.) was used for synthesis of the first strand of cDNA in a 20 pl reaction, following the indications of the manufacturer. Quantitative
PCR was done as reported before [25]. The software LightCycler 480 SW 1.5 (Roche Diagnostics) was used for cycle point quantifi-
cation. Primer melting temperature allowed the selection of each primer set for specific amplification. The Relative Gene Expression
(‘RGE’) was carried out as stated before [24].

3. Results
3.1. Sequence examination of the HSPeS library

The subtracted cDNA library HSPeS showed 102284 reads from which 96023 were aligned and only 94967 were assembled. cDNA
library contained 1603 singletons, with 133 contigs (Table 1). After sequence assembling, HSPeS is composed by 62 isogroups and 103
isotigs. Sequence processing rendered 154 genes that corresponded to P. expansum.

Sequence analysis showed 27 ribosomal proteins, 18 hypothetical proteins without known function and 4 uncharacterized proteins
(Table S2). Different genes are distributed among all the sequences that have been associated with proteins categorized with the same
function (Table 2).

The most represented EST (PEX1_019060) with 31925 total reads corresponds to the P. expansum ATPase, type AAA. Interestingly,
within the 20 most abundant genes, two proteins with the same function but that encoded different genes were considered, such as the
TIM barrel type aldolase (PEX1_094410 and PEX1_035540) and the helicase (PEX1_018140 and PEX1_045550). Furthermore, it is
worth highlighting the presence of 2 chaperones (PEX1.032120 and PEX1_034010), 3 ribosomal proteins and 4 hydrolases

Table 1

Summary of HSPeS cDNA subtracted library.
HSPeS library
Reads 102284
Aligned Reads 96023
Assembled 94967
Partial 838
Singletons 1603
Contigs 133
Isogroups 62

Isotigs 103
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Table 2
List of different genes that encode the same hypothetical function.

Description N° of genes

Aldolase-type TIM barrel
ATPase

Bax inhibitor 1-like protein
Chaperonin

Glutathione S-transferase
Heat shock protein

Histone fold

Mitochondrial carrier protein
Nucleic acid-binding, OB-fold

Wh WANDNDNDW®W

(PEX1_094750, PEX1_055640, PEX1 069360 and PEX1_023750).

3.2. Functional annotation

HSPeS library was analyzed by functional enrichment search of GO (Gene Ontology) terms and KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathways among differential express genes (DEGs). The enhancement study showed that the most significant upre-
gulated GO terms (Fig. 1) related to biological processes included organic substance biosynthetic, cellular biosynthetic, organ nitrogen-
compound metabolic, macromolecule metabolic, cellular nitrogen compound metabolic, protein metabolic, amide metabolic, cellular
component organization and transport (Fig. 1A). Within molecular function: heterocyclic compound, nucleoside phosphate, nucleic
acid, anion, ribonucleotide cation binding and transmembrane transporter (Fig. 1B). Among cellular components we can stand out
intracellular, non-membrane-bounded, membrane-bounded organelle and mitochondrion (Fig. 1C). KEGG pathways revealed the
metabolic pathways as the most represented followed by carbohydrate metabolism and biosynthesis of secondary metabolites

(Fig. 1D).
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Fig. 1. GO functional classification and KEGG pathways of HSPeS cDNA library. GO categories are organized in decreasing order according to their
number of sequences. The X axis shows the number of sequences. The Y axis denotes GO terms. All of the GO terms are grouped into three on-
tologies: (A) is for biological process, (B) is for molecular function and (C) is for cellular component. (D) KEGG pathway sorted in increasing order

according to their number of sequences.
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On the other hand, it is worth highlighting the large number of enzymes involved, represented mainly by oxidoreductases and
hydrolases and transferases and to a lesser extent, lyases, isomerases, translocases and ligases that are only represented in 3% each.
(Fig. 2).

3.3. Evaluation of gene expression profiling during orange discs interaction

Following sequence analysis of the HSPeS cDNA library, 24 genes were selected taking into account both their representation,
determined by the number of reads, and their putative function based on their sequence homology with the genome of P. expansum
Pex1 and of other P.expansum strains available in databases (Table 3).

To clarify the effectiveness of the HSPeS library, gene expression was performed at early stages (24h) during an incompatible
interaction using samples of Pex1 interacting with orange discs (dPex1) and as a control Pex1 grown in PDB (Pex1). Balloon plot results
showed that all genes evaluated, except for one coding an aldolase type TIM barrel (PEX1_014070), had a higher gene expression in
P. expansum (Pex1) during their interaction with orange discs compared to P. expansum (Pex1) in axenic growth, demonstrating the
efficiency of the subtraction (Fig. 3).

Induction analysis revealed that the highest induction corresponds to an ABC transporter (PEX1_089030), followed by 3-hydrox-
yacyl-CoA dehydrogenase (PEX1_083600), a glycoside hydrolase (PEX1_055640) and the MAGE protein (PEX1_067030). The rest of
genes exhibited between 2- and 4-fold induction. Four of them were DEGs but rate of induction was very low (PEX1_034010,
PEX1_049570, PEX1_016860 and PEX1_036150). Moreover, transcription abundance was different depending on the gene evaluated.
The genes with less transcription rate correspond to PEX1_035540; PEX1_088460, PEX1 039540, PEX1_097120, PEX1_014410,
PEX1_089030 while the highest correspond to a glycoside hydrolase (PEX1_056420) followed by a helicase (PEX1_018140) follow by
an aldolase (PEX1_94410), a chaperone (PEX1_032120), an endoglucanase (PEX1_094750) and a peptidase (PEX1_034030) (Fig. 3,
Fig. S1).

3.4. Gene transcription analysis during incompatible infection

A more in-depth study of the gene transcription profile was carried out for the 24 selected genes, analyzing their expression over
time (1-3 days post inoculation) in axenic growth for two different P. expansum strains Pex1 and Pex2 (with high and medium grade of
virulence, respectively) and during Pex1 incompatible infection of orange fruits (Figs. 4-5).

The results on heat map and balloon plot showed that in most genes, transcriptional abundance in vitro conditions increase in Pex1
strain compared to Pex2 with rising trend over time, with the exception of PEX1_ 01906, PEX1_ 035540, PEX1 036150 and
PEX1_067030 in which expression rate was similar for both strains (Fig. 4).

Magnitude of expression level was different for each gene as we previously detected during evaluation in orange discs. Only sixteen
of 24 selected genes showed increased expression during orange infection (Figs. 4-5). Of all of them, PEX1_55640, PEX1_051270,
PEX1_016620, PEX1_014410 and PEX1_088780 should be noted for their early and sustained induction over time, except in the case of
PEX1_088780, whose induction occurs exclusively at 24 h. A striking aspect is that the majority of those that presented induction
during infection showed their highest transcriptional level at 3 dpi (late expression) except in the case of PEX1_016620, whereas
induction decreased over time. Of all the genes studied and induced during incompatible infection, 4 of them PEX1_89030 (ABC
transporter), PEX1_ 055640 (PG) PEX1_014410 (GST) and PEX1_88780 (ATPase subunit) showed almost exclusive expression during
infection (Fig. 5).

Expression analysis comparison of different genes which assigned function was the same was carried out for 3 ATPases and 3
aldolases. As shown in Fig. 6, the expression pattern of each of the proteins within a given group was different. In the case of the
ATPases, while PEX1_019060 did not show differences between both isolates of P. expansum in vitro nor did it show induction during
infection, the other two PEX1_97120 and PEX1_088780 showed induction during infection with a very different transcriptional profile.
PEX1_97120 showed its highest induction at 3 dpi while PEX1_088780 was exclusive during the first 24 h of infection. It should also be
noted that the degree of transcription was very different, with the highest being PEX1_088780 and the lowest being PEX1_019060.

Likewise, the three genes that encode aldolases showed very different transcription profiles. One of them, PEX1_014070 was not
induced during the infection, although it presented variances between both isolates, Pex1 and Pex2 during its growth in vitro. On the
contrary, PEX1_094410 and PEX1_035540 were induced during infection in an increasing trend over time and presented opposite

EC Classes

= 1.- Oxidoreductases
= 2.- Transferases
3.- Hydrolases
= 4.- Lyases
= 5.- Isomerases
= 6.- Ligases

7.- Translocases

Fig. 2. Enzyme’s categories represented in HSPeS library.
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Table 3
List of selected genes of HSPeS cDNA subtracted library. Those that presented in vivo induction are highlighted in bold.

Gene Description N°Reads ID

XP_016599146.1 ATPase, AAA-type 31229 PEX1_019060
XP_016603435.1 Helicase 11678 PEX1_018140
XP_016593556.1 Aldolase-type TIM barrel 8283 PEX1_094410
XP_016592836.1 Molecular chaperone IbpA, HSP20 family 6457 PEX1_032120
XP_016593980.1 3-hydroxyacyl-CoA dehydrogenase 5531 PEX1_083600
XP_016595822.1 Barwin-related endoglucanase 5211 PEX1_094750
XP_016595155.1 Glycoside hydrolase, family 28 2309 PEX1_055640
XP_016602855.1 Fibrillarin 1557 PEX1_034010
XP_016602796.1 Histone-fold 1497 PEX1_049570
XP_016593359.1 Phospholipid/glycerol acyltransferase 482 PEX1_051270
XP_016603103.1 Aldolase-type TIM barrel 423 PEX1_035540
XP_016596720.1 Alcohol dehydrogenase superfamily, zinc-type 203 PEX1_016620
XP_016596933.1 Glyceraldehyde/Erythrose phosphate dehydrogenase family 191 PEX1_056420
XP_016593751.1 Aldolase-type TIM barrel 133 PEX1_014070
XP_016596744.1 Choline kinase 28 PEX1_016860
XP_016594353.1 Thiamine pyrophosphate enzyme 14 PEX1_088460
XP_016598404.1 Nucleic acid-binding, OB-fold 13 PEX1_039540
XP_016603666.1 ATPase, FO/VO0 complex, subunit C 11 PEX1_097120
XP_016596212.1 Small GTPase superfamily, ARF/SAR type 9 PEX1_036150
XP_016596523.1 MAGE protein 6 PEX1_067030
XP_016602853.1 Peptidase M16, core 5 PEX1_034030
XP_016603413.1 CDR ABC transporter 4 PEX1_089030
XP_016602900.1 Glutathione S-transferase/chloride channel 2 PEX1_014410
XP_016601596.1 V-type ATPase subunit D 2 PEX1_088780

induction profiles between both P. expansum strains during axenic growth. As with ATPase genes, it should also be noted that the
degree of transcription was very dissimilar, with the highest being PEX1_ 094410 and the lowest being PEX1_035540 (Fig. 6).

4. Discussion

P. expansum is the main pathogenic agent causing blue rot in pome fruits during postharvest [26]. In the last decade, studies on the
molecular characteristics of P. expansum have made huge advance, focusing on the study of the pathogenicity of P. expansum and
patulin biosynthesis in order to facilitate the expansion of new control strategies [8]. However, aspects related to the host specificity
that determines its wide range of hosts and specifically identifying specific factors related to it, had not been addressed until now.
Knowledge of the mechanisms of both host specificity and virulence constitutes a very important step to provide new alternative
control treatments to the fungicides used.

Although P. expansum is not a pathogen of citrus fruits, is able to infect citrus fruit in some conditions [3,27]. Therefore, in this work
through the incompatible interaction orange-P. expansum, genes associated in host recognition have been described using the sup-
pressive subtractive hybridization (SSH) technique [17]. The characterization of the HSPeS subtracted cDNA library by means of
massive sequencing allowed the identification of a total of 154 differentially expressed genes (DEGs) providing a wide transcriptional
outlook. At 1 dpi, “substance biosynthetic, macromolecule and protein metabolic,” were the most differentially expressed category
showed in the GO sorting system. Organic substance biosynthetic was the most significantly enriched biological processes in the set of
genes upregulated whereas heterocyclic compound was the most significant molecular function. A faster check of the genes upre-
gulated during the orange interaction process highpoints a profusion of genes related to pathogenicity, such as ATPases, cell wall-
—degrading enzymes (CWDE) including hydrolases, and oxidoreductases. The highest expression values were found in PEX1_088780
encoding an ATPase showing exclusive expression at early stages (1 dpi), followed by PEX1 055640 and PEX1 016620 encoding a
polygalacturonase and an alcohol dehydrogenase, respectively.

P. expansum most represented EST (PEX1_019060) coded an ATPase. Usually, ATPases can act acidifying an extensive collection of
intracellular organelles and drives protons across the plasma membranes of many cell categories [28]. In P. expansum, numerous genes
are regulated by environmental pH and one of the keys to the success of pathogens during their interaction with the host is precisely
due to pH modulation [29,30]. In this work, eight different ATPases were identified and three of them were selected for the study of
their transcriptional profile. All of them showed different expression profiles but two were involved in incompatible infection since
gene expression was induced in vivo. Of this two, one had late expression (3dpi) while PEX1_088780 showed early expression and also
the highest transcription rate, playing a relevant role during the pathogen-host interaction. Moreover, P. expansum ATPases could be
negatively controlled by the transcription factor PeSte12 which determines virulence and conidiation, both relevant aspects for fungal
progression [13].

P. expansum colonizes the fruit through natural or produced lesions, before, during and after harvest [31]. Fungal pathogens have
developed numerous virulence strategies to effectively infect host plants and one of them is to suppress the innate immune responses of
the plant, thus modulating the physiology of the host in order to favor infection and the spread of the disease [32]. These approaches
include a wide range of virulence factors also called “effectors”, secreted as part of the initiation of host-microbe interactions that act as
chemical or biochemical signals which play an important role in plant infection [33,34]. Secondary metabolites allow fungi to generate
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Fig. 3. Ballon plot of the 24 selected genes across all treatments sorted by RGE. Condition Pex (1-3) correspond to three biological replicas of
P. expansum CECT 20906 grown for 24 h in PDB media on 24-well plate. Condition dPex (1-3) correspond to three biological replicas of P. expansum
CECT 20906 grown for 24h interacting with orange discs. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

a wide diversity of chemical compounds that determine fungal infectivity, host specificity, and adaptation to ecological niches. CWDEs
cause the softening and deterioration of fruits through the break of the cell wall and the degradation of secondary metabolites of the
host, which is why they represent one of the most crucial pathogenic factors in postharvest pathogens [35]. In this work, PEX1_ 055640,
which encodes a glycoside hydrolase (polygalacturonase) is one of the most notable genes both for its representation and also because
its transcriptional rate and gene expression trend that increases over time exclusively during infection. Several RNA-seq studies carried
out with apples infected with P. expansum support the relevance of CWDEs in fungal virulence since are associate to the most induced
genes during infections [14,15]. The expression analysis data established the induction of two polygalacturonase-encoding genes
through infection [36]. Furthermore, genes that encode a pectate lyase (PEX1_083670) and a polygalacturonase (PEX1_055640),
which corresponded to pectinases not previously described, were overexpressed during apple infection [5]. Interestingly, among the
effectors there is a large proportion that correspond to genes for enzymes that degrade the cell wall, which include lectins/glucanases
similar to concanavalin A, pectin lyase and pectinesterase. A new effector gene, Peclg, has been identified and showed that it is relevant
in conidiation, germination and environmental stress response [37]. Interestedly, in this study this group is also represented by an
endoglucanase (PEX1_094750) and by another Glycoside hydrolase of family 12 that could have similarity with Concanavalin A-like
lectins/glucanases (PEX1_081540). Our data supports that CWDEs perform an important protagonist in the early stages of the infection
as it has been reported by Wang et al. [15] in which concanavalin A is involved in various biological processes, such as the growth and
extension of the cell wall and in the suppression or prevention of plant immune responses [38].

Moreover, our results agree with those previously described in the infection of P. expansum at 1 dpi [5] highlighting exosome,
mitochondrial biogenesis, ribosome, ubiquitin system and within the enzymes the same groups of hydrolases, transferases, oxidore-
ductases, ligases and isomerases. Gene expression in early stages of infection of P. expansum on apples allows uncover how the
host-pathogen interaction occurs. P. expansum absorbs nutrients from the apple (elementary metabolism), adapts to the situation
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Fig. 4. A: Heat map showing 24 selected differentially expressed genes (DEGs) for experiments A B and C sorted by RGE. Hierarchical clustering is
included for genes (y axis). Group A and B correspond to Pex1 and Pex2 respectively, grown in PDB media. Group C correspond to Pex1 infecting
orange fruits. (1-3) correspond to 1-, 2- and 3-days assay. Colour scaling was applied to the genes (row Z-score represented). B: Ballon plot rep-
resenting 24 selected genes across all treatments organized by RGE. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

(stimulus answer), and prepares for wound penetration. Then, P. expansum progressively develops process of detoxification and
reproduction [30]. Another aspect of interest is that the host, citrus fruits, in an incompatible interaction, releases a significant amount
of Hy0O9 at the site of infection as defense mechanisms against P. expansum [39]. The presence of detoxifying genes such as two
glutathione (GSH)-S-transferase and a thioredoxin identified in this work might be justified, specially, PEX1_014410 that revealed high
induction during incompatible interaction. Besides, a potential link between oxidative stress response and virulence in P. expansum has
been reported including several genes (glutathione (GSH)-S-transferase and thioredoxin) directly involved in the detoxification of ROS
[401.

Effectors contribute to the virulence of P. expansum [6] and Levin et al. [41] showed that a subtilisin-related peptidase Peprt gene
plays a role in P. expansum infection. In this work, two peptidases were identified in host specificity assays and one of them
(PEX1_034030) showed increase gene expression during infection. It is worth noted that PEX1_096670 that act as an effector, which
was found in this work during incompatible citrus infection, corresponds to a previously identified gene specifically expressed in the
apple-P. expansum interaction [36] and in RNA-seq studies in the infection of P. expansum at 24h [5].

Another group with great relevance includes the aldolase-type TIM barrel family associated to different metabolic processes. Three
different genes were analyzed and, as occurred in the ATPases, the expression profiles were very different. Although two of them
exhibited higher induction during infection, only PEX1_094410 showed a high transcriptional rate. Some genes belonging to the same
family showed that the gene expression pattern was determined by pH and environmental conditions [30]. Modulation of pH could be
an effective strategy to assure the success of the pathogen during the host-pathogen interaction since optimal environmental situations
(pH, nutrients) allow the efficient use of enzymes [30].

Our study reveals that many of the genes involved in the incompatible P. expansum-orange infection are similar to those found in
the compatible P. expansum-apple infection, involving CWDE:s that facilitate access to nutrients, genes such as ATPases and aldolases,
modulated by pH that allow adaptation to environmental or stress conditions and above all, the “effectors” that are the essential
component in colonization and subsequent infection. The achievement of colonization and infection lies in the ability of the pathogen
to modify host plants to obtain the nutrients necessary for growth. All of these processes, unlike infection, occur in early stages, being
the key to whether the infection progresses or not. Of all the genes analyzed whose expression was differential in the incompatible
P. expansum-orange infection, only sixteen were upregulated during orange infection and seven seems to be related to host specificity
since no correlation has been reported to fungal virulence during the compatible P. expansum-apple interaction. Most of them
(PEX1_083600, PEX1_51270, PEX1_56420, PEX1_088460) agree with enzymes that mediate in the basic metabolism that, in stress
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Fig. 5. Analysis of relative gene expression (RGE) of 24 selected genes. Temporary evaluation of gene transcription of Pex1, Pex2 strains grown in
PDB liquid culture at 25 °C and Pex1N corresponds gene expression of Pex1 during orange infection. In all cases: d1, d2 and d3 agree with 1 dpi, 2
dpi and 3 dpi, respectively. p-tubulin was used reference gene. Error bars indicate standard deviations of three biological replicates. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

conditions, assurance the supply of nutrients. With this study we provide a broad perspective that reveals shared mechanisms of
P. expansum during infection regardless of the host and specific mechanisms to adapt to each host that will explain its wide range of
hosts.
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Fig. 6. Plots showing relative gene expression (RGE) of 3 different genes that code for the same putative function, ATPase and Aldolase. Time course
assessment of gene expression of Pex1, Pex2 strains grown in PDB liquid culture at 25 °C and NPex1coresponds to time course of gene expression of
Pex1 during orange infection. In all cases: 1, 2 and 3 correspond to 1 dpi, 2 dpi and 3 dpi, respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

5. Conclusions

In summary, the use of an SSH approach in combination with a wide transcriptional outlook of differential genes of P. expansum
during an incompatible infection showed genes with sustained induction over time. These genes encode enzymes related to the
adaptation of the pathogen to the environment and the host to obtain the nutrients necessary for its growth and development and are
associated with the basal metabolism of the pathogen under stress conditions and not related to the virulence of P. expansum under
conditions of compatible interactions. Closer examination of the genes upregulated during infection in orange highlighted a large
number of early expressed genes associated with virulence, such as ATPases, cell wall degrading enzymes (CWDEs), oxidoreductases
and other shared effectors in the infection of pome fruits.
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