
An Omics Insigth Into Penicillium digitatum’s Pathogenicity 
 
Luis González-Candelas 
Instituto de Agroquímica y Tecnología de Alimentos (IATA-CSIC) 
Paterna, 46980-Valencia 
Spain 
 
Keywords: citrus, genome sequencing, green mold, phytopathogen, postharvest, 

transcritptomics 
 

Penicillium digitatum (Pers.:Fr.) Sacc, the causal agent of citrus green mold, is 
the main postharvest pathogen of citrus fruit. P. digitatum is a necrotrophic  fungus that 
penetrates the surface of the fruits through wounds inflicted during harvesting and 
subsequent postharvest handling. One major characteristic of P. digitatum is its narrow 
host range. Under natural conditions it only infects citrus fruit and there is no report 
describing the presence of P. digitatum infecting other plants, fruits or vegetables. The 
control of this pathogen relies on the use of chemically synthesized fungicides. 
However, the long term use of the few authorized fungicides has led to the appearance 
of resistant strains worldwide. Moreover, concerns about environmental contamination 
and the health impact of these compounds have forced authorities and major suppliers to 
impose lower limits on the amount of residues present on the fruit. These reasons have 
been the leading force in the search for alternative treatments that could reduce or even 
eliminate the use of fungicides. In the last decades a great effort has been invested in the 
search of alternative physical, chemical and biological treatments (Palou et al., 2008). 
However, no single treatment has proved to be as effective and reliable as fungicides. 
Single alternatives treatments lack either curative or preventive activity and in many 
instances have low reproducibility in decay control. In order to get a more effective 
control of P. digitatum decay different treatments should be combined in an integrated 
disease management approach.  

Most of the above mentioned treatments for alternative control have been based 
on empirical approaches in the sense that they have not been driven by the knowledge 
of the citrus fruit-pathogen interaction. However, the knowledge of the fruit’s defense 
responses and of the fungal pathogenicity mechanisms could give us important clues in 
order to develop new strategies for disease control. During the last years we have been 
involved in the analysis of the defense responses of citrus fruit to P. digitatum infection 
(Marcos et al., 2005, Ballester et al., 2006; Ballester et al., 2013a; González-Candelas et 
al. 2010) and to a better understanding of induced resistance in citrus fruit (Ballester et 
al., 2010; Ballester at al., 2011, Ballester et a1., 2013b). These studies have shown that 
mature citrus fruits respond to P. digitatum infection by inducing secondary and amino 
acid metabolisms and ethylene biosynthesis. However, this response is not either strong 
or rapid enough to deter the progress of the pathogen. These studies have also 
highlighted the capability of P. digitatum to downregulate the defense responses 
deployed by the fruit.  

On the pathogen side, few studies have been undertaken to elucidate the genetic 
bases of P. digitatum‘s virulence mechanisms and its high host-specificity. It has been 
shown that P. digitatum is able to suppress the production of reactive oxygen species 
(Macarisin et al., 2008) as well as the induction of PAL triggered by ethylene (Ballester 
et al., 2006). We have recently undertaken an “omics” approach to get a deeper insight 
into the biology of P. digitatum. The knowledge of the genes that are induced at early 
stages of the infection process could give us a clue into the pathogenicity mechanism of 



P. digitatum. Figure 1 shows the working plan we are following in order to identify and 
functionally characterize the genes that are induced in P. digitatum during the infection 
of citrus fruit. We have constructed a subtracted cDNA library following the 
suppression subtractive hybridization (SSH) protocol described by Diatchenko et al 
(1996). RNA from infected citrus fruit was used as driver and a mixture of RNAs from 
healthy citrus fruits and in vitro grown fungus was used as tester. Random sequencing 
of approximately 300 clones indicated that the redundancy was 40%. This number 
indicates that 40% of the sequences were repeated at least once in the sequenced clones. 
The genes with a higher representation in the library correspond to a group of at least 
five different proteases. The second most represented group of genes correspond to 
genes encoding cell wall related enzymes, mainly those involved in degradation of the 
plant cell wall, such as pectinases and glucanases. Other important groups of genes 
corresponded to those involved in redox metabolism, such as thioredoxin and 
superoxide dismutase, and detoxification, such as ABC and MFS transporters.  

A more detailed gene expression analysis of the clones present in the subtracted 
library was conducted by cDNA macroarray hybridization. The inserts from a total of 
1440 randomly selected clones were PCR-amplified and spotted onto a nylon membrane 
together with positive and negative controls. Replicates of this membrane were 
hybridized with RNA from either P. digitatum-infected fruits or from mycelium 
obtained from cultures grown in potato dextrose broth. Hybridizations were conducted 
in triplicate for each sample. Analysis of hybridization signal revealed that genes coding 
for proteases and cell wall degrading enzymes were among the most highly induced 
genes during infection of citrus fruit. We then selected the genes encoding two different 
polygalacturonases (designated pg1 and pg2), a pectin lyase (pnl1) and a Rieske protein 
(ris1) for conducting a deeper functional analysis. All four genes were cloned from a 
genomic DNA library prepared in a fosmid vector. The DNA sequence of the four genes 
and their flanking regions were determined by primer walking. A scheme showing the 
structure of the four genes and their flanking regions is presented in Fig. 2. In order to 
generate gene knockout mutants we selected the Agrobacterium tumefaciens-mediated 
transformation protocol following basically the procedures already described (Michielse 
et al., 2008; Wang and Li, 2008). Promoter and terminator regions from each gene were 
amplified by PCR and cloned into the binary plasmid pRF-HU2 (Frandsen et al., 2008). 
This plasmid contains the hygromycin resistance gene under the control of the 
Aspergillus nidulans trpC promoter and terminator regions. The promoter and the 
terminator regions of the gene to be deleted are directionally cloned in the PacI sites 
flanking the hygromycin resistance marker by using the USER (uracil-specific excision 
reagent) friendly cloning technique (New England Biolabs). Final constructs were 
introduced into A. tumefaciens AGL-1 cells and used to transform P. digitatum Pd1. P. 
digitatum transformants appeared 3-5 days after transferring the nitrocellulose 
membrane to PDA plates amended with hygromycin. Selection of transformants where 
the targeted gene was deleted was achieved by PCR employing diverse primer pairs. We 
obtained deletion strains for all the four genes, which grew and sporulated in PDA 
plates with no differences with respect to the parental strain. In order to ascertain 
whether the lack of any of these genes affected the capacity of P. digitatum to infect 
citrus fruit we conducted pathogenicity assays under controlled inoculation conditions. 
Deletion mutants lacking any of the three pectinase genes showed a reduction in disease 
incidence of about 25 % when compared to either the parental untransformed strain or 
to an ectopic transformant, where the T-DNA was integrated somewhere else in the 
genome leaving intact the original copy of the gene. However, the deletion mutant 
lacking the ris1 gene showed the same virulence as the wild type strain or the ectopic 



transformant (data not shown). These results clearly show that the three pectinases are 
required by P. digitatum for full virulence towards citrus fruit, although they are not 
essential for pathogenesis. 

To further identify putative pathogenicity factors we conducted the genome 
sequencing of two P. digitatum strains that differ in fungicide resistance but show the 
same virulence towards citrus fruits (Fig. 3). The strain Pd1 was isolated from a rotten 
grapefruit and is resistant to thiabendazole and imazalil, the two most commonly used 
fungicides during the postharvest of citrus fruit, whereas the strain PHI26, which was 
isolated from a rotten orange, is sensitive to both of them. Sequencing was done 
following different strategies for each strain: Roche 454 pyrosequencing was used for 
Pd1 and Illumina HiSeq 2000 for PHI26 (Marcet-Houben et al., 2012). 

The genomes of both strains have a size of 26 Mb and are 99.95 % identical. We 
only found two putative re-arrangements between the two strains affecting 16 and 14 
genes, respectively. However, aligning the reads of one strain to the assembled genome 
of the other strain revealed several coding regions that were unmapped, what suggests 
that they were either lost or gained specifically in one of the strains. Interestingly, P. 
digitatum Pd1, the fungicide-resistant strain, contained two contiguous genes that were 
missing in P. digitatum PHI26, the sensitive strain. One of these genes shares homology 
to a phosphotransferase enzyme family that has been associated with antibiotic 
resistance in bacteria. The possible involvement of these two genes in fungicide 
resistance was evaluated by constructing a knockout P. digitatum Pd1 strain lacking 
specifically these two genes. We followed the same strategy outlined before for the 
genes identified in the subtracted cDNA library. We compared the fungicide 
susceptibility phenotype of two independent deletion mutants with that of the parental 
Pd1 strain and that of an ectopic transformant. There were no differences in fungicide 
susceptibility among the four strains. Moreover, pathogenicity tests under controlled 
inoculation conditions showed that both deletion strains were as virulent towards citrus 
fruit as the wild type and ectopic transformant.  

Differential susceptibility to thiabendazole could be explained by the presence of 
a Phe to Tyr mutation at position 200 bp in the sequence of the β-tubulin of P. digitatum 
Pd1. This mutation has previously been shown to confer resistance to this imidazole 
fungicide. Regarding imazalil resistance, we checked for possible differences in the 
sequences of the three cyp51 genes present in each strain. These genes encode sterol 
14α-demethylases, which are the target of imazalil. We only found a difference between 
the two strains in the promoter region of cyp51B (Fig. 4). In the resistant strain there is a 
199 bp insertion in the promoter region, which is not present in PHI26. The relationship 
between imazalil resistance and this 199 bp insertion has been previously shown in P. 
digitatum (Sun et al., 2011). It is noteworthy that this element is present in several 
copies dispersed throughout the genomes of both strains and has been described as a 
new active transposon with a strong promoter activity (Sun et al., 2012).  

The genome size of P. digitatum is one of smallest among the 28 sequenced 
genomes of filamentous fungi belonging to the subphylum Pezizomycotina (Marcet-
Houben et al., 2012). The closest sequenced genome is that of Penicillium 
chrysogenum, with a size of 32.2 Mb. However, the difference in genome size and the 
number of predicted genes is noticeable, with P. chrysogenum containing around 3500 
more genes than P. digitatum. The most striking difference between the genomes of 
these two species is the absence in P. digitatum of complete DNA regions belonging to 
specific P. chrysogenum supercontigs. Interestingly, these genome regions seem to have 
evolved in P. chrysogenum through gene expansion.  



By using a combination of different gene-model prediction algorithms we have 
deduced that P. digitatum contains roughly 9000 proteins. The annotation of these 
proteins revealed that the distribution in functional categories is very similar to that of 
P. chrysogenum. In Fig. 5 we present a functional classification of the P. digitatum 
proteome according to the KEGG BRITE database, which incorporates many types of 
different relationships beyond those used in the KEGG pathways. We have searched 
within the proteome for the presence of secondary metabolite clusters. We could detect 
the existence of 24 clusters in P. digitatum, which include as core genes 13 non 
ribosomal peptide synthases (NRPS), 14 polyketide synthases (PKS), one 
prenyltransferase and three NPRS/PKS hybrids. P. digitatum does not contain any 
single homolog gene of the P. chrysogenum penicillin biosynthesis cluster. The clusters 
for other widely distributed secondary metabolites among filamentous fungi are absent 
in P. digitatum. This is the case for cyclopiazonic acid, griseofulvin, viridicatumtoxin, 
fumonisin, clavines, aflatoxins, sterigmatocystin, citrinin, ergot alkaloid, lovastatin and 
paxilline. P. digitatum, contrary to its closely relative P. expansum, does not produce 
patulin. Although there is not a complete cluster for patulin, P. digitatum contains 
several of the genes involved in its biosynthesis. One of the patulin genes appears 
interrupted in P. digitatum and two other genes are grouped in another chromosomal 
region. On the other hand, we found the clusters for the synthesis of melanine and 
tryptoquialanine in the genome of P. digitatum. The question that remains open is to 
know the function of the other orphan secondary metabolite clusters. 

Based on the phylome analysis encompassing the genomes of 28 
Pezizomycotina fungi, P. digitatum contains 843 proteins that lack homologs in P. 
chrysogenum. Of these, 97 are present in other plant pathogenic fungi and thus they 
might have a role in virulence. In the search for genes putatively involved in virulence 
/pathogenicity we found that P. digitatum contains 606 proteins that have a homolog in 
the Pathogen-Host interaction database (http://www.phi-base.org/), which contains 924 
proteins. Other interesting putative virulence proteins are the so called ‘effectors’ 
characterized by the presence of a LysM domain. We found in the proteome of P. 
digitatum 5 proteins containing this domain. In many Pezizomycotina fungi it is not 
uncommon the presence of genes that have been acquired through horizontal gene 
transfer from bacteria and have a role in virulence (Marcet-Houben and Gabaldón, 
2010). We found four genes in P. digitatum that seem to have been acquired through 
horizontal gene transfer from bacteria. Interestingly one of these genes has homologs in 
other plant pathogenic fungi and encodes a decarboxylase that has been implicated in 
virulence in Cochliobolus heterostrophus (Rose et al., 2002).  

P. digitatum is a well-known necrotroph fungus that uses a battery of degrading 
enzymes to kill the host cells to the release nutrients. Green mold disease is 
characterized by a rapid maceration of the fruit tissue. The enzymes classically involved 
in plant cell wall maceration are pectinases, cellulases and hemicellulases. These three 
major enzyme classes belong to a larger group of enzymes known as carbohydrate-
active enzymes (CAZymes). A search for InterPro signatures present in the different 
CAZyme families identified 275 putative CAZymes in P. digitatum. Although this is 
one of the smallest numbers among ascomycetes, the relative abundance, considering 
the proteome size, is similar to that of P. chrysogenum. However, the distribution within 
certain families is quite different in P. digitatum with respect to P. chrysogenum. Thus, 
families GH28 and CE8 are enriched in P. digitatum. Remarkably, within these two 
families are classified the pectinases that we have deleted in P. digitatum and shown to 
affect virulence. Now we have the tools and the genome information needed to try to 
identify the pathogenicity factors that determine the capability of P. digitatum to infect 



citrus fruits. This knowledge should allow us to design new rational approaches for 
disease management. 
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