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The relationship between secondary metabolism and infec-
tion in pathogenic fungi has remained largely elusive. The 
genus Penicillium comprises a group of plant pathogens with 
varying host specificities and with the ability to produce a 
wide array of secondary metabolites. The genomes of three 
Penicillium expansum strains, the main postharvest patho-
gen of pome fruit, and one Pencillium italicum strain, a post-
harvest pathogen of citrus fruit, were sequenced and com-
pared with 24 other fungal species. A genomic analysis of 
gene clusters responsible for the production of secondary 
metabolites was performed. Putative virulence factors in P. 
expansum were identified by means of a transcriptomic 
analysis of apple fruits during the course of infection. De-
spite a major genome contraction, P. expansum is the Penicil-
lium species with the largest potential for the production of 
secondary metabolites. Results using knockout mutants 
clearly demonstrated that neither patulin nor citrinin are 
required by P. expansum to successfully infect apples. 

The genus Penicillium—from the Latin “painter’s brush,” 
which refers to the characteristic morphology of its conidial 

chains—comprises a group of anamorphic fungi in the division 
Ascomycota. The genus Penicillium is large, with 150 recog-
nized species, of which 50 or more are of common occurrence 
(Pitt and Hocking 2009). Penicillia are generally soil fungi and 
are ubiquitous in warm and moderate climates. Some species 
are of economic importance to the food industry because they 
are used in the production of cheese and meat products or be-
cause they are postharvest pathogens that cause spoilage. Clas-
sification within this genus has undergone revision on the 
basis of several newly considered criteria, one of which is the 
ability to produce specific secondary metabolites (Frisvad and 
Filtenborg 1983; Frisvad and Samson 2004; Paterson et al. 
2004). The production of secondary metabolites is a character-
istic of Penicillium species. In general, these compounds are 
not essential for the normal growth, development, and repro-
duction of the organism but may confer important ecological 
advantages, such as eliminating competing microbial species. 
Secondary metabolites can also be the source of important bio-
active compounds. The use of penicillin, derived from P. 
chrysogenum, as the first broad-spectrum antibiotic constitutes 
a prime example. 

Penicillium expansum, the type species of the genus, is the 
causal agent of blue mold, which is considered one of the most 
important postharvest rots of pome fruit (Cappellini et al. 
1987; Jurick et al. 2011). Postharvest decay of apple can result 
in financial losses exceeding $4.5 million per year in the 
United States alone (Rosenberger 1997). P. expansum is also 
of great concern to fruit processing industries (e.g., juicing, 
baby food, ready-to-eat salads) due to its ability to produce 
patulin, a highly toxic mycotoxin that can contaminate infected 
fruits and their derived products (McCallum et al. 2002; Wouters 
and Speijers 1996). Despite the economic impact of P. expan-
sum, knowledge about the molecular basis of its interactions 
with the plant host as well as with other microorganisms is in-
sufficient. In particular, the relationship between secondary 
metabolite production and virulence remains poorly understood. 

P. expansum is reported to produce a wide array of second-
ary metabolites (Andersen et al. 2004). This includes, among 
other compounds, citrinin, ochratoxin A, patulin, penitrem A, 
and rubratoxin B (Leistner and Pitt 1977). The combination of 
metabolites produced by P. expansum is indicative for this spe-
cies and is considered to be independent of the geographic 
region it inhabits and the substrate it grows on (Andersen et al. 
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2004). Patulin is the most common mycotoxin produced by P. 
expansum. It is a relatively small molecule that may also be 
produced by other Penicillium species as well as by various 
Aspergillus species and fungi of other genera. Exposure of hu-
mans to patulin via consumption of contaminated fruit and 
fruit products may result in severe toxicosis, including muta-
genic, teratogenic, hepatotoxic, nephrotoxic, neurotoxic, and 
genotoxic effects (Hopkins 1993). At high doses, patulin ex-
hibits immunosuppressive properties (Sharma 1993). Sommer 
and associates (1974) reported that different P. expansum 
strains produced varying levels of patulin during apple infec-
tion, ranging from 2 to 100 g/g, and that levels were not 
related to either pathogenicity or virulence of the different 
strains. The same lack of correlation between virulence and in 
vivo patulin production was reported by Martins and associ-
ates (2002). These observations led to the suggestion that patu-
lin probably does not play a role in P. expansum pathogenicity. 
More recently, however, Sanzani and associates (2012) re-
ported a direct relationship between patulin production and 
blue mold incidence and severity on apples. In that study, dis-
ruption of the gene coding for 6-methyl-salicylic acid syn-
thase, an enzyme involved in the first committed step of patu-
lin biosynthesis, resulted in mutants producing 33 to 41% less 
patulin than the corresponding wild-type strain. Such mutants 
exhibited reduced pathogenicity and virulence (40 to 50% re-
duction) on artificially inoculated apples. The involvement of 
patulin in pathogenicity was further supported by Barad and 
associates (2014), when they found RNAi-mediated knock 
down of an IDH gene coding for one of the later enzymes in 
the patulin biosynthesis pathway resulted in a 87.5% decrease 
in patulin production in solid culture medium and a 12 to 28% 
reduction in the virulence of P. expansum on apple. Further-
more, conditions enhancing a decrease in D-gluconic acid 
(GLA) accumulation in glucose oxidase GOX2-RNAi and 
PACC-RNAi mutants affected patulin accumulation, suggested 
that GLA production, not low pH, was the driving force for in-
creased patulin accumulation. Barad and associates (2014) 
concluded that GLA and patulin are both pathogenicity factors 
in P. expansum and that the levels of these compounds are 
modulated by the PACC transcription factor that is expressed 
in the fungus during fruit colonization. Thus, the existing liter-
ature, based on natural strains and artificial mutants with vary-
ing degrees of patulin production, is inconsistent regarding the 
possible involvement of this toxin in the pathogenicity and 
virulence of P. expansum. 

In order to provide information on the genomic basis of the 
production of secondary metabolites in P. expansum compared 
with other penicillia and to investigate the possible role of sec-
ondary metabolites, particularly of patulin, in pathogenicity, 
three strains of P. expansum and one strain from the closely-
related P. italicum were sequenced and compared with six other 
sequenced Penicillium species: penicillin-producing P. chry-

sogenum (van den Berg et al. 2008); the main postharvest 
pathogen of citrus, P. digitatum (Marcet-Houben et al. 2012); 
the lignocellulose-degrading P. oxalicum (P. decumbens) (Liu 
et al. 2013); and two cheese-related Penicillium species, P. 
roqueforti and P. camemberti (Cheeseman et al. 2014). A re-
cently reported genome assigned to the endophytic fungal spe-
cies P. aurantiogriseum (Yang et al. 2014) was also included, 
though our results indicate that the strain of this species used 
for genome sequencing was misidentified and should be con-
sidered as another P. expansum strain. Lastly, the production of 
different metabolites were measured in mutants constructed to 
disrupt the patulin and citrinin pathways, and RNA-Seq tran-
scriptome analysis of P. expansum was performed during the 
course of infection of apple fruits. Results indicate the pres-
ence of a large number of secondary metabolism gene clusters 
in P. expansum that are absent in other sequenced Penicillium 
genomes. Interestingly, some of the clusters seem to be impli-
cated in horizontal gene transfers (HGT) with other distant 
microbes. A P. expansum strain unable to produce patulin was 
identified and the possible causative mutations responsible for 
this phenotype are proposed. Based on the data obtained from 
the knockout mutants in which the patulin and citrinin path-
ways were disrupted, results support the premise that neither 
of these two mycotoxins are directly involved in the mecha-
nism of pathogenicity of P. expansum on apples. Remarkably 
20 predicted metabolic clusters with increased expression dur-
ing apple infection were identified in the RNA-Seq data, nine 
of which were specifically expressed during infection. This 
suggests the possible involvement of other secondary metabo-
lites as well as additional putative pathogenicity factors in the 
pathogenesis of P. expansum. 

RESULTS AND DISCUSSION 

Comparative genomics. 
Genome sequences of three P. expansum strains isolated in 

Israel (Pd1/PEXP), Spain (CMP1/PEX1), and the United 
States (MD-8/PEX2), and one P. italicum strain isolated in 
Spain (PHI1/PITC) were sequenced using the Illumina Hiseq 
2000 pair-end approach (discussed below). The final assem-
blies resulted in 260 to 1,700 contigs and had an average cov-
erage ranging from 73 to 605× (Table 1). All sequenced strains 
were of the same mating type (MAT-1). Regarding the number 
of single nucleotide ploymorphisms (SNP), the Spanish (PEX1) 
and Israeli (PEXP) strains are more similar to each other (1.38 
SNP per kb) than to the strain isolated in the United States 
(PEX2, 1.86 SNP per kb with respect to PEXP). PEXP was 
chosen as the reference genome for P. expansum based on the 
statistics of its assembly, as it had fewer contigs and higher 
coverage and N50 than the others (Table 1). Roughly 10,000 to 
11,000 protein-coding genes were annotated in the newly 
assembled genomes, a number significantly larger than the 

Table 1. Assembly statistics for the genomes obtained for this study 

Variable Penicillium expansum P. expansum P. expansum P. italicum 

Code PEXP PEX1 PEX2 PITC 
Source Decayed apple, Israel Decayed apple, Spain Decayed apple, United States Decayed mandarin, Spain 
Genome size 32,065,046 31,087,040 32,357,513 32,076,980 
Number of contigs 269 1,723 377 1,633 
Coverage 605× 73× 473× 421× 
Number of contigs >100 kb 89 9 100 104 
Number of scaffolds 249 1723 345 860 
Number of scaffolds >100 kb 80 9 89 89 
Number N (scaffolds/contigs) 911/319 0/0 1,393/334 1,712,083/1287 
N50 (scaffolds) 42,2053 31,189 376,691 267,389 
GC (%) 47.6 48.2 47.6 47.1 
Number of protein-coding genes 11,048 10,683 11,070 10,001 
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Fig. 1. Comparative genomics of Penicillium species. A, Maximum likelihood species tree derived through gene concatenation of 524 single-copy genes that 
are present in all species considered. All bootstrap values are maximal (100). B, Detail of the phylogeny containing the considered penicillia. Numbers on 
branches and next to the species name indicate average number of gene gain (green) and gene loss (red), as inferred from collections of gene trees (phy-
lomes). Bars next to species names represent the number of genes encoded in the genome. The light blue sector indicates the number of unique genes in this 
species in relation to the species used in the phylome. C, Size distribution of gene families resulting from species-specific duplications (i.e., number of re-
sulting in-paralogs) for each of the eight Penicillium species examined. 
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9,133 proteins predicted in the closely related species P. digi-
tatum (Marcet-Houben et al. 2012). 

The newly sequenced genomes were compared with the 
genome sequences of 25 other Pezizomycotina species, includ-
ing the closely related P. digitatum, P. chrysogenum, P. auran-
tiogriseum, P. roqueforti, P. camemberti, and P. oxalicum, 10 
other eurotiomycetes, three dothideomycetes, two leotiomy-
cetes, and four sordariomycetes (Supplementary Table S1). 
The evolutionary relationships of these species were recon-
structed by analyzing 524 genes found to be widespread and 
present as a single copy. Results support a clade formed by the 
seven penicillia, P. chrysogenum, P. roqueforti, P. camemberti, 
P. digitatum, P. italicum, P. aurantiogriseum, and P. expansum, 
with the latter two species being extremely closely related 
(Fig. 1A). Indeed P. aurantiogriseum and P. expansum PEXP 
shared a 99.76% average protein identity, which was very 
similar to the 99.79% protein identity shared between the 
PEXP and PEX2 strains of P. expansum. This result is in sharp 
contrast to the existing taxonomic classification, which places 
these latter two Penicillium species in different sections and 
series within the subgenus Penicillium (Frisvad and Samson 
2004). Therefore, it was suspected that the current genome se-
quence purported to be P. aurantiogriseum (Yang et al. 2014) 
may represent a case of misidentification. This premise was 
tested by comparing all strains with existing sequences from 
phylogenetic markers present in the database (e.g., calmoludin, 
RNA polymerase). The analysis clearly showed that the ge-
nome sequence assigned to P. aurantiogriseum clusters with 
the sequenced P. expansum strains and far away from other 
typed P. aurantiogriseum strains (Supplementary Fig. S1). 
Thus, the genome assigned to P. aurantiogriseum NRRL 
62431 does not appear to belong to the purported species and 
should, instead, be considered a strain of P. expansum. Taking 
into account this evidence, we propose renaming this strain P. 
expansum NRRL 62431. Comparing the consistency of newly 
sequenced genomes with existing sequences from phyloge-
netic markers from the same species should be a general prac-
tice that would enable early detection of such errors. 

Detailed examination of the evolutionary relationships of the 
seven Penicillium species using 2,147 genes confirmed the pre-
viously identified relationships, producing a clade of six related 
species with P. oxalicum forming a relatively distant outgroup 
(Fig. 1B). Remarkably, genome size in these tightly related 
species exhibit large differences, with proteomes ranging from 
9,133 proteins in P. digitatum to 12,791 in P. chrysogenum 
(Fig. 1B). To gain insight into the source of this variation, the 
dynamics of gene family expansions and contractions of these 
seven penicillia, using P. oxalycum as an outgroup, were ana-
lyzed. This was accomplished by reconstructing complete sets 
of the evolutionary histories of all the genes encoded in each 
of their genomes (i.e., the phylomes). The resulting gene trees 
were deposited in PhylomeDB (Huerta-Cepas et al. 2014). The 
phylomes were scanned in order to establish orthology and 
paralogy relationships (Gabaldón 2008) and to predict and 
date duplication events (Huerta Cepas and Gabaldón 2011). 

The observed differences in genome size could have evolved 
by a combination of differential gene gain and loss rates within 
families present across the compared species as well as by a va-
riable number of species-specific genes (Fig. 1B). More specifi-
cally, P. digitatum appears to have experienced a recent contrac-
tion in its gene repertoire, with a net decrease of 1,891 protein-
coding genes that were specifically lost in that lineage (Marcet-
Houben et al. 2012). At the other extreme, P. chrysogenum has 
the largest genome with a significant fraction of its genome rep-
resented by species-specific genes (13% of its genome). Most of 
the species-specific genes in P. chrysogenum are part of lineage-
specific gene family expansions, which tend to be larger relative 

to expanded families in other Penicillium species (Fig. 1C). 
Thus, the genome in Penicillium species appears to be very dy-
namic, with lineage-specific variations in genome size repre-
senting up to 20% of the genome. Interestingly, a relationship 
between genome or proteome size and host range appears to be 
present among the three species of Penicillium that are fruit 
pathogens. P. digitatum, which shows the most restricted host 
range, has the smallest proteome, whereas P. expansum, which is 
able to infect many other hosts in addition to pome fruit, has the 
largest proteome. P. italicum falls between the other two species 
both in genome size and host range. 

A rich repertoire of secondary metabolite gene clusters  
in P. expansum including an ancestrally acquired  
patulin cluster. 

The secondary metabolism of the Penicillium clade was ana-
lyzed by searching their genomes for a set of 98 described 
metabolic clusters and for the presence of signature proteins 
such as nonribosomal peptide synthetases (NRPS) and poly-
ketide synthases (PKS) (discussed below) (Supplementary Ta-
ble S2). Twenty-two (22%) of the 98 described clusters were 
found, at least in part, in one or more of the Penicillium spe-
cies (Fig 2A; Supplementary Table S3). This number is likely 
to represent a minimal fraction of the true number of second-
ary metabolism gene clusters, considering that, in any species, 
the number of known clusters is just a small fraction of the 
number of detected signature proteins (Fig. 2A). Most of the 
detected clusters are discontinuously distributed within the 
penicillia, with only one cluster, the conidial pigment cluster, 
present in all the species investigated except P. oxalicum. 

P. expansum has the largest number of identified secondary 
metabolite gene clusters among the sequenced Penicillium 
species and is the species with the largest number of signature 
proteins (65 to 67) and corresponding clusters as predicted by 
SMURF (Supplementary Table S4) (Khaldi et al. 2010). In 
comparison, other Penicillium species contain between 32 and 
54 signature proteins. Among the clusters found in the P. ex-
pansum genome, a patulin gene cluster was identified that has 
a configuration similar to the patulin cluster found in Aspergil-
lus clavatus (Fig. 2B). Notably, several Penicillium species 
unable to produce patulin contain several of the genes that are 
part of the patulin cluster and are located in close proximity to 
each other and in the same order as found in Penicillium spe-
cies that do produce patulin. In some species, remnants of 
some of the missing genes can be detected by homology 
searches (Fig. 2B). This suggests that the presence of the patu-
lin cluster is an ancestral trait in penicillia and likely predates 
the divergence of P. roqueforti. Since that divergence, most of 
the current sequenced lineages, with the notable exception of 
P. expansum, have lost the ability to synthesize patulin due to 
the degeneration of the cluster. These results explain the obser-
vation that other penicillia within this clade, not necessarily 
closely-related to P. expansum, can synthesize patulin (Frisvad 
and Samson 2004). A citrinin gene cluster was also identified 
with a size intermediate to the clusters identified in Monascus 
aurantiacus and M. purpureus (Supplementary Fig. S2). The 
genes in the predicted cluster of M. aurantiacus that are not in 
the cluster in P. expansum have only distant homologs that are 
located elsewhere in the genome, suggesting that these genes 
may not be actually involved in the synthesis of citrinin. Curi-
ously, the gene cluster responsible for the synthesis of a cyto-
chalasan compound, which has been described in P. expansum 
(Schümann and Hertweck 2007), was not found in the strains 
sequenced in the present study, but a very similar cluster was 
found to be partially present in P. decumbens and in P. digita-
tum. None of the Penicillium species, with the exception of P. 
chrysogenum, are predicted to be able to synthesize penicillin. 
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Fig. 2. A, Summary of known secondary metabolism pathways identified in the eight studied Penicillium species. The tree at the left depicts the evolutionary 
relationships of the Penicillium spp. The table includes the secondary metabolism pathways found in at least one Penicillium species. The different shades 
indicate the level of conservation of the pathway. Black: all the proteins of the pathway have homologs in that genome. Dark gray: more than 75% of the pro-
teins have homologs. Light gray: more than 50% of the proteins have homologs. White: no cluster found. H indicates pathways that are likely to have been 
transferred through horizontal gene transfer. The last column indicates the number of signal proteins found in each of the Penicillium species. B, Evolution of 
the patulin gene cluster across Penicillium and Aspergillus species. Each gene is marked by a square and named according to their position in the original 
cluster described in A. clavatus (Artigot et al. 2009). Stripped squares represent the possible presence of a pseudogene. Additional genes within the cluster
are marked with white squares.  
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The observed discontinuous distribution of secondary me-
tabolite gene clusters in the Penicillium species examined in 
the present study could be the result of either differential loss, 
as shown for patulin, or of HGT. The Pezizomycotina have 
been found to be particularly prone to acquiring genes through 
HGT (Marcet-Houben and Gabaldón 2010), and an increasing 
number of cases involving the transfer of entire metabolic gene 
clusters have been reported in the literature (Fitzpatrick 2012). 
A phylogenetic analysis of cases in which the blast hit profiles 
did not conform with the known species evolutionary relation-
ships (discussed below) was conducted in order to assess 
whether some of the detected metabolic gene clusters may 
have resulted from HGT events. Indeed, patterns indicative of 
HGT were found in at least three of the identified clusters: loline 
transferred to P. expansum (Supplementary Fig. S3), one 
epipolythiodioxopiperazine (ETP) compound transferred to P. 
expansum and P. roqueforti (Supplementary Fig. S4), and 
botrydial to P. italicum (Supplementary Fig. S5). 

Patulin production is impaired in the PEX2 strain. 
PEX2 exhibited distinct differences in colony morphology 

and sporulation compared with PEXP and PEX1 when grown 
on potato-dextrose agar (PDA) plates (Fig. 3A and B). PEX2, 
7 days postinoculation (dpi), produced 4.8 times fewer conidia 
per plate as compared with the other two strains (Supplemen-
tary Table S5). Additionally, PEXP and PEX1 produced con-
siderable amounts of patulin (approximately 3,000 and 1,000 
g/plate, respectively, at 6 dpi), whereas PEX2 did not pro-
duce any detectable amount of this metabolite (Fig. 3C). The 
lack of patulin production in PEX2 was not the result of muta-
tions within the coding regions of the genes of the patulin 
metabolic gene cluster, since all 15 proteins of the cluster in 
PEXP and PEX2 are identical. In contrast, PEX1, which pro-
duces less patulin than PEXP, has a 1– or 2–amino acid differ-
ence in four of the patulin cluster proteins. Thus, the phenotypic 
difference observed in PEX2 is likely caused by a difference in 
the regulation of the expression of the cluster. To assess 
whether expression of the cluster was impaired in PEX2, the 
relative expression levels of three relevant genes, patK coding 
for 6-methylsalicylic acid synthase, the first enzyme of the 
patulin pathway, patL encoding a transcription factor, and patN 
coding for a isoepoxydon dehydrogenase, catalyzing one of 
the last steps of the pathway (White et al. 2006), were meas-
ured. The expression profiles of the three genes in PEX2 were 
significantly different from the expression of those genes in 
PEXP and PEX1 (Fig. 3D), which is consistent with the ob-
served impairment in the production of patulin on PDA. Sig-
nificantly, patK expression is barely detected in PEX2, 
whereas it is highly induced in the other strains around day 7. 
In contrast, patN and patL are expressed at higher levels in 
PEX2 during the first days after inoculation but later decrease 
significantly or remain level, a pattern that is opposite to that 
in PEXP and PEX1. Although there are different possibilities 
to explain the observed misregulation in PEX2, there are some 
mutations specifically present in the intergenic regions of the 
patulin gene cluster in PEX2 (Supplementary Table S6). Con-
firming whether or not these mutations are causing the detected 
misregulation of the pat genes and the inability to produce 
patulin, however, will require further experimental verification. 

Patulin and citrinin are not directly involved  
in P. expansum pathogenesis. 

While patulin is commonly detected in P. expansum–infected 
apples, there are also reports indicating an absence of patulin 
in infected apples (Andersen et al. 2004; Martins et al. 2002; 
Neri et al. 2010). This variability may result from a number of 
factors that modulate in vivo patulin production and may de-

pend either on the fruit variety and degree of ripening, the fun-
gal strain, the presence of additional microbes, or the posthar-
vest storage conditions. Alternatively, the absence of patulin 
may result from an inability of the fungus to produce it. As 
previously mentioned, two recent reports (Barad et al. 2014; 
Sanzani et al. 2012), using either gene-disruption or RNAi mu-
tants, have suggested a direct role of patulin in the level of 
pathogenicity exhibited by P. expansum. In both studies, how-
ever, the mutants still produced some level of patulin. The 
availability of a P. expansum strain (PEX2) naturally lacking 
the ability to produce this compound provided an opportunity 
to investigate how this phenotype correlates with the ability to 
infect apples. Thus, infection assays were performed on 
‘Golden Delicious’ apple fruits using the three strains (PEXP, 
PEX1, and PEX2). All strains behaved similarly and all were 
able to infect the fruit (Supplementary Fig. S6), demonstrating 
that the ability to produce patulin is not related to the level of 
pathogenicity of the Penicillium strain. This premise was fur-
ther tested by constructing knockout mutants in the PEX1 
background for three relevant genes of the patulin gene cluster 
using Agrobacterium tumefaciens–mediated transformation. 
The three genes that were the subject of the knockouts were 
patK, patL, and patN (Fig. 4A). Proper T-DNA integration was 
checked by polymerase chain reaction (PCR) analysis using 
locus-specific primers for i) the hygromycin resistance cas-
sette, ii) the correct insertion of the T-DNA between the pro-
moter and the terminator of the target gene, and iii) the 
absence of the target gene (Fig. 4B; Supplementary Table S7). 
Confirmation was conducted in one (patL and patN) or two 
steps (patK), depending on the size of the target gene. Two 
independent knockout mutants, each containing a single T-
DNA integration (Supplementary Table S8), were selected for 
further use, along with an ectopic transformant still possessing 
the wild-type gene. Importantly, deletion of the target genes 
did not affect growth rate, colony morphology, or sporulation 
on PDA medium (Fig. 4C). Patulin production was evaluated 
under conditions supporting its production. No patulin produc-
tion was detected in any of the Δpat null mutants by days 4 
and 7, whereas amounts of patulin similar to those in the wild 
type were detected in the patK, patL, and patN ectopic mutants 
(Fig. 4D). These results confirm the involvement of the pre-
dicted genes in patulin biosynthesis. All knockout mutants, 
when used in apple infection assays, had an ability to infect 
apples that was similar to the PEX1 wild-type strain and the 
ectopic transformants (Supplementary Fig. S7). 

These results are in contrast to the previously mentioned 
reports (Barad et al. 2014; Sanzani et al. 2012) that relate patu-
lin production to pathogenicity in P. expansum. One of the 
studies was based on the disruption of patK (Sanzani et al. 
2012) and the other on the RNAi-mediated downregulation of 
patN (Barad et al. 2014). Interestingly, in the former study, 
patK was still transcribed in the disruption mutants under patu-
lin-inducing conditions, and patulin production was reduced 
by just 60% relative to the parental strain. In the latter study, 
under in vitro inducing conditions, patulin production was 
reduced by 87% in patN RNAi mutants, but disease incidence 
in artificially inoculated apple fruits was only reduced by 12 to 
28%. Therefore, it is difficult to derive any definitive conclu-
sions from either work. Results of the present study, using two 
independent gene knockout mutants for either patK, patL, or 
patN genes, however, clearly demonstrate that patulin produc-
tion is not required by P. expansum to successfully infect apple 
fruits under controlled conditions. However, differences in the 
strains and conditions of the pathogenicity assays may explain, 
at least in part, the differences observed among the three studies. 

Citrinin is another well-known mycotoxin produced by P. 
expansum. The citrinin biosynthetic gene cluster has been identi-
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Fig. 3. A, Colony view, B, diameter, C, patulin production, and D, relative gene expression of the three sequenced Penicillium expansum strains. Spore sus-
pensions of strains were inoculated on the center of 55-mm potato dextrose agar (PDA) plates and were incubated for up to 7 days at 24°C in the dark. Rela-
tive gene expression (RGE) of patK, patL, and patN in PEXP (black bars), PEX1 (gray bars), and PEX2 (light gray bars) strains after 3, 4, 5, 6, and 7 days of 
incubation on PDA plates at 24°C. The expression levels are relative to the 28S rRNA and to the genes coding for a histone 3 and 37S ribosomal protein s24. 
Error bars indicate standard deviations of three biological replicates. 
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fied in M. purpureus (Shimizu et al. 2005) and M. aurantiacus 
(Li et al. 2012). A putative citrinin cluster was identified in the 
three sequenced P. expansum genomes by querying each ge-
nome for sequence similarities. The production of citrinin in 
liquid culture was confirmed (Fig. 5A). Additionally, the ex-
pression of the gene pksCT, which encodes a polyketide syn-
thase in the citrinin cluster, was analyzed. This gene had previ-
ously been cloned in M. purpureus (Shimizu et al. 2005) and 
corresponds to PEXP_005520, PEX1_010420, and 
PEX2_100460. As expected, the gene was expressed in all 
three strains under citrinin-inducing conditions (Fig. 5B). In 
order to obtain formal proof of the involvement of pksCT in 
the production of citrinin, an 8-kb DNA fragment containing 
the complete gene in P. expansum PEX1 was replaced with a 
hygromycin-resistance cassette following the same procedure 
used to obtain the pat deletion mutants (Fig. 5C and D). Two 
knockout transformants were selected, each containing a single 
T-DNA integration, as determined by the quantification of T-
DNA copy number. The two selected mutants exhibited no dif-
ferences in growth rate, morphology, or sporulation, relative to 
the ectopic mutant and the wild-type strain, when grown on 
PDA plates (Fig. 5E). Deletion mutants were unable to pro-
duce citrinin in liquid medium, whereas citrinin production 
levels were similar in PEX1 and the ectopic mutant (39.71 and 
32.32 g/ml, respectively) (Fig. 5F). This result demonstrates 
that the PKS encoded by the pksCT gene is required for cit-
rinin production in P. expansum, as has already been demon-
strated for its ortholog in M. purpureus (Shimizu et al. 2005). 
Finally, the pathogenicity of the ΔpksCT mutants was assessed 
on inoculated apple fruit under controlled conditions. Results 
clearly demonstrate that the two knockout mutants were as vir-
ulent as the wild-type strain and the ectopic mutant (Supple-
mentary Fig. S8). Similar to patulin, citrinin is also not required 
for the ability of P. expansum to infect apples. It is important 
to note that all of the infection assays with patulin and citrinin 
mutants were conducted under laboratory conditions, using 

fungal inoculum concentrations that typically result in near 
100% disease incidence in just a few days. Thus, a role of 
patulin and citrinin during infection under natural conditions, 
where production of mycotoxins by P. expansum may help the 
fungus to outgrow other competing microorganisms, cannot be 
ruled out. Patulin and, to a lesser extent, citrinin have been 
shown to be potent antimicrobial compounds (Blanc et al. 
1995; Rasmussen and Givskov 2006; Subramani et al. 2013; 
Zhang et al. 2008). 

Transcriptomics of the apple–P. expansum interaction 
reveals metabolic clusters induced  
upon infection and putative pathogenicity factors. 

Despite the economic importance of apple blue mold, only a 
few global transcriptomic studies have been conducted to 
study the apple–P. expansum interaction (Vilanova et al. 
2014b), and most of these have focused on identifying differ-
entially expressed genes in apple rather than in P. expansum. 
In order to address this lack of information, an RNA-Seq anal-
ysis using apple fruits inoculated with P. expansum PEX1 was 
conducted. RNA was purified from infected tissue at 24, 48, 
and 72 h (denoted as ‘me24’, ‘me48’ and ‘me72’, respec-
tively). An additional sample (denoted as ‘me0’) consisted of a 
mixture of RNAs from healthy apples and fungal spores ob-
tained after 7 days of growth on PDA medium. A total of 
384,181 quality reads (average length of 401 bp) were gener-
ated using the Roche 454 GS FLX Titanium system (Table 2) 
and were mapped to the genome of both interacting organisms. 
The number of reads that mapped to the P. expansum PEX1 
genome increased over time in the tissue samples inoculated 
with the pathogen, with 2.7% mapped reads at 24 h postinocu-
lation (hpi) and up to 70.2% at 72 hpi. More than 22% of the 
reads from the mixed spore and apple sample mapped to the 
PEX1 genome. Based on the RNA-Seq data, 6,117 of 10,683 
predicted genes (57.3%) were mapped, with at least two reads 
in at least one of the four samples. 

Fig. 4. Deletion of patK, patL, and patN in Penicillium expansum PEX1. A, Diagram of the wild type and deleted patK, patL, and patN loci. The hygromycin-
selectable marker present in the T-DNA of plasmids pRFHU2-patK, pRFHU2-patL, and pRFHU2-patN replaces the corresponding pat genes by homologous 
recombination, to generate the ΔpatK, ΔpatL, and ΔpatN null mutants, respectively. B, Polmerase chain reaction amplification of the wild type, ΔpatK, 
ΔpatL, and ΔpatN null mutants and their respective ectopic mutants with diagnostic primers. C, Colony view of the wild type, ectopic mutants, and two 
knockout mutants for patK, patL, and patN. D, Patulin production in the wild type, ectopic mutants, and two ΔpatK, ΔpatL, and ΔpatN mutants during in 
vitro growth at 4 and 7 days postinoculation (dpi) in PDA medium. 
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The expression levels of the 65 genes encoding secondary 
metabolite signature proteins and their metabolite gene cluster 
members, as predicted by SMURF (discussed below), were 
evaluated. Interestingly, two of the highest expression levels 
were found for the genes PEX1_067120 and PEX1_067130 

that belong to the gene cluster involved in the synthesis of an  
ETP compound that seems to have been acquired by HGT 
from Hypocrea virens (discussed above). This result was vali-
dated by reverse transcription-quantitative (RT-q)PCR of a set 
of five genes selected from within the ETP cluster (Supple-

Fig. 5. Citrinin production and deletion of the gene pksCT in Penicillium expansum PEX1. A, Citrinin production in the three sequenced P. expansum strains 
after 7 days of growth in liquid medium. B, Relative gene expression (RGE) of pksCT in the three P. expansum strains after 7 days of incubation in potato 
dextrose broth medium. C, Diagram of pksCT replacement with the hygromycin-selectable marker from pRFHU2-pksCT by homologous recombination to 
generate the ΔpksCT null mutants. D, Polymerase chain reaction amplification of the wild type, two ΔpksCT null mutants, and the respective ectopic mutant 
with diagnostic primers. E, Colony view of the wild type, ectopic mutant, and two ΔpksCT deletion mutants. F, Citrinin production in the wild type, ectopic 
mutant, and two ΔpksCT deletion mutants during in vitro growth 3, 4, and 6 days postinoculation (dpi). 
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mentary Fig. S9). A high correlation (R = 0.802) was observed 
between the expression values measured by RNA-Seq and RT-
qPCR. The expression of genes from 20 putative metabolic 
clusters was detected during the sampled infection period. In-
terestingly, in 15 of the clusters, the expression of the signature 
protein was detected exclusively under infection conditions 
and, in nine of them, the specific expression was found for at 
least half of the genes in the cluster. Expression levels could, 
in some cases, be used to define the boundaries of the clusters 
initially predicted by SMURF. For instance, cluster number 46 
is predicted to contain 20 genes by SMURF, but five of the last 
six genes of the cluster are not expressed, while nine of the 14 
remaining genes are expressed during infection. This suggests 
that the actual length of the cluster is 14 genes rather than the 
20 predicted by SMURF. 

Global gene-expression profiles were then placed in func-
tional categories (discussed below). Five functional categories 
showed at least a twofold higher representation at 24 hpi (Fig. 
6). These were ribosome, exosome, protein phosphatases and 
associated proteins, ubiquitin system and DNA repair, and re-
combination proteins. These results indicate that the fungus is 
actively growing during this early phase of host colonization. 
The high abundance of proteins related to exosomes is notable. 
Exosomes form via invagination of membranes and subsequent 
formation of multivesicular bodies. Studies over the past few 
years have reported that many fungal proteins located outside 
the cell lack a signal peptide and that secretion of these proteins 
may be achieved by extracellular vesicles. This mechanism rep-
resents an alternative pathway to the classical endoplasmic 
reticulum/Golgi–dependent secretion system (Rodrigues et al. 

Table 2. Summary of RNA-Seq results 

Variable me0 me24 me48 me72 

No. sequenced reads 72,302 51,182 86,568 174,129 
Malus domestica:     

Total gene reads 46,501 (64.3%) 40,740 (79.6%) 42,209 (48.8%) 32,130 (18.5%) 
Penicillium expansum PEX1:     

Total gene reads 16,497 (22.8%) 1,364 (2.7%) 31,484 (36.4%) 122,239 (72.0%) 
No. genes mapped (≥ 2 reads) 1,986 205 2984 5,611 
DGE (≥2 reads, log2 ≥ 1, and FDR-corrected P values ≤0.05a  181 2,125 4,469 

a DGE = differential gene expression; FDR = false discovery rate. 

 

Fig. 6. Functional classification of proteins detected in spores and during the infection of apples by Penicillium expansum PEX1, based on the KEGG orthology 
database, using KAAS (KEGG automatic annotation server). 
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2013). Importantly, fungal pathogens may use this alternative 
system to deliver effectors (Donofrio and Raman 2012). In 
fact, ten proteins were identified that have been described as 
being extracellularly located in P. expansum grown in liquid 
medium (Qin et al. 2007), seven of which lack a signal pep-
tide. At later stages of infection (48 to 72 hpi), other categories 
classically associated with pathogenesis, such as glycosyl-
transferases, were more abundant. At 24 hpi, “Translation, 
ribosomal structure and biogenesis” was also the most differ-
entially expressed category indicated in the KOG classification 
system (Supplementary Fig. S10). 

Relative to gene expression in spores, 181, 2,125, and 4,469 
differentially expressed genes (two or more reads, absolute 
log2 ≥ 1, and false discovery rate (FDR)-corrected P value ≤ 
0.05) were detected at the three time points sampled after inoc-
ulation with P. expansum (24, 48, and 72 hpi). These results 
must be interpreted with caution, especially for those corre-
sponding to the initial stages of infection when the number of 
reads for the fungus is rather low. Nevertheless, these compari-
sons can provide useful insights to the processes relevant to 
host-pathogen interactions. Gene Ontology (GO) enrichment 
analysis of differentially expressed genes (Supplementary Ta-
ble S9) indicates that ribosome biogenesis and translation were 
the most significantly enriched biological processes in the set 
of genes upregulated at both 24 and 48 hpi, whereas ATP-bind-
ing was the most significant molecular function. At 48 and 72 
hpi, there is an over-representation of metabolic processes for 
different amino acids, gluconeogenesis, and mitosis. Interest-
ingly, several processes related to transcription were down-
regulated at these two time points. 

A closer examination of the genes upregulated during the 
infection process highlights an abundance of genes associated 
with pathogenicity, such as proteases, cell wall–degrading en-
zymes (CWDE), and oxidoreductases. Although different pro-
teases reach their maximum expression at different times after 
fungal inoculation, the highest expression values were found 
within the subset of proteases that peak at 24 hpi and 
PEX1_081750, coding for an aspergillopepsin, was the most 
highly expressed protease at all time points (Supplementary 
Fig. S11A). Interestingly, the orthologous gene in P. digitatum 
is also highly expressed during infection of citrus fruit (López-
Pérez et al. 2014). The RNA-Seq results confirmed the upregu-
lation of two previously identified polygalacturonase-encoding 
genes (Sánchez-Torres and González-Candelas 2003) and their 
patterns of expression. Other previously undescribed pectinase-
encoding genes, like PEX1_083670 and PEX1_055640, which 
encode a pectate lyase and a polygalacturonase, respectively, 
also showed a very high expression level during infection of 
apple fruit. All the pectinase-encoding genes reached their 
maximum expression within the first 48 hpi. Other highly ex-
pressed CWDE-encoding genes are the glycosyl hydrolases 
glucanases and xylanases. Notably, among these enzymes only 
the expression of one endo-1,4-beta-xylanase (PEX1_085560) 
was detected, which was induced at 48 and 72 hpi. Several of 
the glycosyl hydrolases increased their expression as infection 
progressed, reaching a maximum at 72 hpi. It has been re-
ported that alteration of the redox status in P. expansum affects 
its ability to infect host tissues and that a rapid adaptation to a 
stressful redox environment is a limiting factor determining 
the establishment of infection in the apple–P. expansum pa-
thosystem. Proteins with antioxidant activity, such as catalase 
and superoxide dismutase (SOD), have been reported to be in-
volved in the pathogenicity of P. expansum (Tian et al. 2013). 
In the current study, the expression of different catalase- and 
SOD-encoding genes was indeed observed. The six catalases 
annotated in PEX1 were expressed at least one time point. One 
of them, PEX1_064380, was specifically expressed in spores, 

and several catalases peaked in expression at 24 hpi. SOD-en-
coding genes, however, exhibited reduced expression, in terms 
of both the number of expressed genes and their relative ex-
pression level. 

One of the proposed mechanisms of pathogenicity in P. ex-
pansum involves fungal-induced acidification of the host tissue. 
This acidification ensures the synthesis and optimal activity of 
secreted CWDE that macerate the host tissue. In P. expansum, 
the acidification is driven by the secretion of different organic 
acids (Prusky et al. 2004; Vilanova et al. 2014a). The accumu-
lation of gluconic acid parallels the development of the fungus 
within the fruit. In this regard, two glucose oxidase–encoding 
genes have been described in P. expansum, gox1 and gox2 
(Hadas et al. 2007). Gox2 has been shown to be responsible 
for gluconic acid accumulation and acidification of apple tis-
sue during colonization (Barad et al. 2012). Moreover, gox2 
RNAi mutants were impaired in pathogenicity. Twelve putative 
glucose oxidase–encoding genes were identified in P. expan-
sum in the present study, including the previously described 
gox1 and gox2 genes, PEX1_007110 and PEX1_007490, re-
spectively. The RNA-Seq data revealed that only two gox 
genes were expressed during infection. These were gox2 and 
PEX1_011780 (designated as gox3). Based on the presence of 
a signal peptide, both Gox proteins are presumed to be extra-
cellular. The expression of gox3 was eight- and10-fold higher 
than gox2 at 48 and 72 hpi, respectively, and gox3 was the 
only expressed gox gene at 24 hpi. This expression pattern 
suggests that Gox3 could play an important role in pathogenic-
ity via the extracellular production of gluconic acid. 

Other proteins relevant to pathogenicity are the so-called 
effector proteins, which are able to modulate host physiology in 
order to avoid recognition and thus facilitate colonization (de 
Jonge et al. 2011; Kombrink and Thomma 2013). The majority 
of fungal and oomycete effectors have been characterized in bio-
trophic and hemibiotrophic pathogens; however, necrotrophic 
fungi also produce effectors in addition to host-specific toxins 
(Condon et al. 2013; Guyon et al. 2014; Vleeshouwers and 
Oliver 2014). The repertoire of putative P. expansum effectors is 
unknown. The present study focused on two well-known fami-
lies of putative effectors: secreted proteins containing a chitin 
binding domain (LysM domain), and hypothetical, small se-
creted, cysteine-rich proteins, as this is a shared characteristic in 
many effectors that do not share sequence conservation. In 
PEX1, only one of the 17 annotated genes encoding proteins 
containing a LysM domain (PEX1_045470) showed a high level 
of expression during the infection process. Most of the small, 
secreted, cysteine-rich proteins showed low or no expression 
during infection. Only two genes (PEX1_040580 and PEX1_ 
096670) showed a very high level of expression in the spore 
samples or samples collected shortly after inoculation. PEX1_ 
096670 corresponds to a previously identified gene specifically 
expressed in the apple–P. expansum interaction (GenBank 
accession number AJ518007) (Sánchez-Torres and González-
Candelas 2003). PEX1_045470 is only expressed in spores. This 
latter gene seems to be specific to P. expansum, as no homologs 
could be identified in any of the current databases. Overall, the 
RNA-Seq results highlight the arsenal of putative pathogenicity 
factors deployed by P. expansum during infection of apple fruit 
and identify specific candidates that should be functionally 
analyzed in order to further understand their role in the 
pathogenicity of P. expansum. 

Concluding remarks. 
Our results clearly establish that P. expansum strains unable 

to produce patulin or citrinin do not show any observable re-
duction in virulence under controlled conditions. This indi-
cates that these two toxins are not directly required to establish 
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an infection in apple fruit. The potential that these toxins may 
have a significant effect under noncontrolled, natural condi-
tions, such as in the presence of competing microbes, cannot 
be ruled out. Determining the possible role of these toxins 
under the wide array of conditions naturally encountered by 
this species will require additional experiments. Notably, our 
analysis identified a set of metabolite gene clusters that are ex-
pressed (sometimes specifically) during infection, which opens 
interesting avenues of research that will be needed to deter-
mine whether or not these other metabolites have a role in the 
infection process and pathogenicity. Finally, the comparative 
analysis of sequenced Penicillium genomes conducted in the 
present study revealed a highly dynamic genome content, with 
expansions and contractions and with a potential, prominent 
role for horizontal transfer in the acquisition of some metabo-
lite gene clusters. Interestingly, in the case of pathogenic Peni-
cillium species, smaller genomes tend to be associated with re-
duced host range. 

MATERIALS AND METHODS 

Fungal strains. 
Penicillium expansum Link isolate d1 from Israel (denoted 

as PEXP), CMP-1 from Spain (denoted as PEX1), and isolate 
MD-8 from the United States (denoted as PEX2) were used in 
this study. PEXP was isolated from decayed apple fruit follow-
ing three months of storage and was kept on PDA at 4°C. 
PEX1 was isolated from a decayed ‘Golden’ apple after sev-
eral months in storage in Lleida (Spain) (Teixidó et al. 1998), 
and PEX2 (provided by W. Janisiewicz) was isolated from de-
cayed apple kept in cold storage for approximately five months 
and was maintained on PDA with periodic transfer through 
apple and is the most aggressive strain at the Appalachian Fruit 
Research Station, United States Department of Agriculture-
Agricultural Research Station, Kearneysville, WV, U.S.A. 
(Janisiewicz et al. 1992). Penicillium italicum Wehmer PHI-1 
(denoted as PITC) was isolated from a mandarin stored at 4°C 
in Valencia (Spain). Strains have been deposited in the Spanish 
Type Culture Collection (CECT) with accession codes CECT 
20907 for P. expansum isolate d1, CECT 20906 for CMP-1, 
CECT 20908 for MD-8, and CECT 20909 for P. italicum PHI-1. 

Genomic DNA extraction. 
Genomic DNA of P. expansum PEX1 and P. italicum was 

extracted as previously described by Marcet-Houben and asso-
ciates (2012). Briefly, 5 × 105 conidia/ml were grown in 500 
ml of potato dextrose broth media (PDB) (Difco) on a shaker 
at 180 rpm at 24°C for 4 days. Fungal mass was collected, 
dried, and frozen in liquid nitrogen. DNA was extracted from 
1 g of frozen mycelium. The final DNA preparation was incu-
bated overnight at room temperature in 490 l of Tris-EDTA 
(TE) buffer and 10 l of DNase-free RNase (10 g/ml), fol-
lowed by phenol-chloroform extraction and isopropanol pre-
cipitation. Finally, DNA was resuspended in TE buffer. Ge-
nomic DNA of PEXP and PEX2 was extracted following the 
protocol described by Al-Samarrai and Schmid (2000). Fungal 
mycelial mass was obtained as described above and was freeze 
dried. DNA extracted from the freeze dried mycelium was sus-
pended in 500 l of TE buffer. DNA quality was assessed by 
spectrophotometry (NanoDrop) and gel electrophoresis (data 
not shown). 

Genome sequencing. 
P. expansum PEX1 and P. italicum PITC genomes were se-

quenced at the Ultra-Sequencing core facility of the Centre for 
Genomic Regulation (Barcelona, Spain). To prepare the librar-
ies, DNA was fragmented by nebulization or in Covaris to 

approximately 600 bp in size. After shearing, the ends of DNA 
fragments were blunted with T4 DNA polymerase and Klenow 
fragment (New England Biolabs). Then, DNA was purified 
with a QIAquick PCR purification kit (Qiagen). Thereafter, 3′ 
adenylation was performed by incubation with dATP and a 3′ 
to 5′-exo-Klenow fragment (New England Biolabs). DNA was 
purified using MinElute spin columns (Qiagen), and double-
stranded Illumina paired-end adapters were ligated to the 
DNA, using rapid T4 DNA ligase (New England Biolabs). Af-
ter another purification step, adapter-ligated fragments were 
enriched, and adapters were extended by selective amplifica-
tion in an 18-cycle PCR reaction, using Phusion DNA poly-
merase (Finnzymes). Libraries were quantified and loaded into 
Illumina flow cells at concentrations of 7 to 20 pM. Cluster 
generation was performed in an Illumina cluster station. Se-
quence runs of 2 × 100 (PEXP and PEX2 strains) or 2 × 55 
(PEX1) cycles were performed on the sequencing instrument. 
Base calling was performed using Illumina pipeline software. 
In multiplexed libraries, we used 4-bp internal indices (5′ in-
dexed sequences). Deconvolution was performed using the 
CASAVA software (Illumina). 

Genome assembly and functional annotation. 
Reads were filtered using a quality threshold of 10 and a 

minimum read length of 31 when reads were trimmed. Ge-
nomes were then assembled using SOAP de novo (Luo et al. 
2012). GapCloser was used to fill in the gaps in the scaffolds. 
P. expansum genomes were annotated using Augustus (Stanke 
et al. 2006), making use of the RNA-Seq data. The basic anno-
tation was complemented by a homology-based search in 
which proteins found in the UniProt database (The UniProt 
Consortium 2014) were compared with the genomes using 
GeneWise (Birney et al. 2004). Those genes that did not over-
lap with the Augustus annotation were added to the annotation. 
Finally, a comparison was run among the three P. expansum 
strains in order to unify predictions when possible. The anno-
tation of P. italicum was done similarly, with the exception that 
RNA-Seq data was not available. For each predicted protein, 
GO, KEGG, InterPro, and Enzyme Code annotations were 
assigned by using Blast2GO (Conesa et al. 2005). Functional 
annotation of the predicted proteins was performed by using 
the KOG database at the Web server for the MetaGenomic 
Analysis (WebMGA) (Wu et al. 2011) and by using the KEGG 
automatic annotation server (Moriya et al. 2007). Carbohy-
drate-active enzymes (CAZymes) were identified by using the 
CAZymes analysis toolkit (CAT) (Lombard et al. 2014; Park et 
al. 2010) and dbCAN, a web server and database for auto-
mated CAZyme Annotation (Yin et al. 2012). 

Phylogenomic analyses. 
Phylome reconstruction. Phylomes, the entire collection of 

phylogenetic trees for each gene in a genome, were recon-
structed for each of five Penicillium species (P. chrysogenum, 
P. oxalicum, P. expansum, P. italicum, and P. digitatum). Nine-
teen other Pezizomycotina species were included for the phy-
lome reconstruction. The phylomes were reconstructed using 
an automatic approach that mimics the steps taken to recon-
struct a single phylogenetic tree: homology search, multiple 
sequence alignment, and finally, phylogenetic reconstruction, 
essentially as described before (Huerta Cepas and Gabaldón 
2011). Briefly, for each protein-coding gene encoded in a 
Penicillium genome, we perform a Smith-Waterman search, 
using the protein sequence as a query, against the database 
formed by 24 proteomes. Results are then filtered according to 
E value (<1e-05) and continuous overlapping region (>0.5). 
Number of hits considered is limited to the most similar 150. 
Multiple sequence alignments are then reconstructed for each 
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group of homologs, using three different programs: MUSCLE 
v3.8 (Edgar 2004), MAFFT v6.712b (Katoh et al. 2005), and 
Kalign (Lassmann and Sonnhammer 2005). Alignments are 
performed in forward and reverse direction and the six result-
ing alignments are then combined in a consensus alignment 
using M-Coffee (Wallace et al. 2006). This combined align-
ment is then trimmed using trimAl v1.3 (consistency score cut-
off = 0.1667, gap-score cut-off = 0.9) (Capella-Gutierrez et. al 
2009). The last step is to reconstruct the phylogenetic tree, so 
first we selected the evolutionary model that best fit our data. 
A neighbor-joining tree was reconstructed as implemented in 
BIONJ, and then, the likelihood of this topology was com-
puted, allowing branch-length optimization, using seven differ-
ent models (JTT, LG, WAG, Blosum62, MtREV, VT, and Day-
hoff), as implemented in PhyML v3.0 (Guindon et al. 2010); 
the two models best fitting the data following the AIC criterion 
were used to derive ML trees. Four rate categories were used 
and invariant positions were inferred from the data. Branch 
support was computed using an approximate likelihood ratio 
test based on a chi-square distribution. The five phylomes have 
been deposited in phylomeDB (Huerta-Cepas et al. 2014) with 
the phyID numbers 279 to 283. Eight additional phylomes 
were reconstructed with a closer focus on Penicillium species. 
In this case, the eight Penicillium species included were sup-
plemented with four Aspergillus species and two Talaromyces 
species. These phylomes are stored in phylomeDB with phyID 
numbers 357 to 364. 

Species tree reconstruction. Data from the P. expansum phy-
lome was used to reconstruct the species tree. We selected 844 
single-copy genes that were present in the 24 species contained 
in the phylome. A similarity search of these 844 single-copy 
genes was then performed against the two additional Penicillium 
genomes that were not included in the large phylome (P. roque-
forti and P. camemberti). Only the 524 proteins that had one sin-
gle hit in each of these species were used to reconstruct the spe-
cies tree. The final alignment contained 340,352 positions. 
RAxML v7.2.6 (Stamatakis et al. 2012) was used to reconstruct 
the species tree using the PROTGAMMALG model. Bootstraps 
were run using RAxML. All the nodes in the tree had a boot-
strap value of 100. A second tree was reconstructed based on the 
smaller phylome. A total of 2,147 single-copy genes were found 
based on the phylome and were concatenated. The alignment 
consisted of 1,474,982 amino-acid positions. The tree was 
reconstructed in the same way as the previous one. Bootstrap 
values are of 100. Both topologies are completely congruent 
regarding the species they share. 

Gene gain or loss. Trees reconstructed in each phylome 
were analyzed using ETE v2 (Huerta-Cepas et al. 2010). For 
each tree, orthology predictions were made using a species 
overlap algorithm. This approach consists of calling duplica-
tion and speciation nodes depending on the overlap of species 
found in a given node. If no overlap is found, a speciation node 
is called and, therefore, the sequences are orthologous. Once 
the orthology relationships were calculated, for each phylome, 
we could count the number of gene gains and gene losses that 
occurred at each node of the Penicillium species tree. A gene 
gain was inferred in a given node in the Penicillium species 
tree if it did not appear in any of the species that diverged be-
fore that node. A gene loss was inferred when a gene did not 
have an ortholog in a particular Penicillium species. Species-
specific gene gains were identified by scanning the similarity 
search result performed in the phylome reconstruction. Any 
gene that did not contain a homolog in any of the other species 
was considered as gained. 

Specifically duplicated proteins. The phylome was scanned 
to look for nodes in which two or more sequences of the same 
species were located without any other species. Two lineage-

specific expansion groups were fused if they shared over 50% 
of their members. 

Detection of secondary metabolism clusters. We scanned the 
eight Penicillium species for the presence of 98 known second-
ary metabolism clusters. For each one of the clusters, the se-
quence of the proteins encoded by the genes in the seed cluster 
was obtained and a blast search was performed against each of 
the eight Penicillium proteomes. Hits were filtered for E value 
(<1e-05) and continuous overlapping region (>0.5). For the 
hits that passed the filter, gene order information was intro-
duced. The cluster was considered to be present when more 
than half of the proteins encoded by the genes present in the 
cluster had homologs in a given Penicillium species and these 
homologs were found close to each other, allowing up to three 
genes to be found in between two cluster homologs. At least 
three genes needed to be found together in order to consider 
the cluster. The order of the genes in the cluster was not con-
sidered, due to the high variability of gene order found in func-
tionally equivalent clusters present in different fungi. Metabolic 
clusters found in Penicillium species that had homologs in other 
fungal groups were considered for HGT analysis. For each gene 
in the cluster, a protein tree was reconstructed—using the 
pipeline described above—that included the original protein, 
the Penicillium protein, and up to 50 most similar homologs in 
other fungal species. Single trees were analyzed manually for 
HGT signatures. In parallel, secondary metabolism clusters were 
also predicted using SMURF (Khaldi et al. 2010). 

SNP detection. Reads were mapped onto the reference ge-
nome (PEXP) using bwa (Li and Durbin 2009). SNP were iden-
tified using GATK (McKenna et al. 2010), using thresholds for 
mapping quality (>50) and read depth (>10); also, SNP had to 
appear in forward and reverse reads. A total of 44,482 and 
59,535 SNP were detected in PEX1 and PEX2, respectively. 

Pathogenicity assays. 
The pathogenicity of P. expansum wild-type and trans-

formant strains was examined by inoculation of ‘Golden Deli-
cious’ apples (Malus × domestica Borkh), obtained from a 
local grocery. Apples were submerged for 5 min in a 5% com-
mercial bleach solution, were rinsed extensively with tap water, 
and were allowed to dry at room temperature. Fruits were 
wounded with a sterilized needle (3 mm in depth) and were 
immediately inoculated by adding 10 l of P. expansum co-
nidia suspension adjusted to 104 conidia/ml. Three replicates 
of five infected fruit with four wounds per fruit were placed on 
plastic boxes and were incubated at 20°C and 90 to 95% rela-
tive humidity. Disease incidence was determined at 5 dpi as 
the percentage of infected wounds. Analysis of variance was 
performed to test the different incidence among strains. Means 
were separated using Tukey’s test with P < 0.05, using Stat-
graphics Plus 5.1 (Manugistics Inc.). 

RNA extraction from P. expansum-infected apple tissue. 
Total RNA was extracted from P. expansum–infected apple 

fruit tissue at different times after inoculation. For each sam-
ple, 1 g of lyophilized tissue was ground in liquid nitrogen, 
using a mortar and pestle. The ground powder was dissolved in 
10 ml of extraction buffer (2% cetyltrimethylammonium bro-
mide, 2% polyvinylpyrrolidone, 0.1 M Tris-HCl (pH 8.0), 25 
mM EDTA, 2M NaCl, 2% β-mercaptoethanol) preheated to 
65°C. After mixing for 2 min by vortex, the samples were 
incubated at 60°C for 15 min and were mixed occasionally. 
After incubation, an equal volume of chloroform:isoamyl alco-
hol (Chl:Iaa) (24:1) was added to each sample, was mixed by 
vortex for 2 min, and was centrifuged at 12,000 × g for 20 min 
at 4°C. The upper phase was transferred to a clean tube, and 
the RNA was re-extracted with an equal volume of Chl:Iaa. 
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The supernatant was transferred to a clean 50-ml tube, was 
mixed with 1/3 volume of 7.5 M LiCl, and was incubated 
overnight at 4°C. RNA was precipitated by centrifugation at 
12,000 × g for 50 min at 4°C. The pellets were washed with 5 
ml of 75% EtOH, were air dried, and were dissolved in 500 l 
SSTE buffer (0.5% SDS, 1 M NaCl, 10 mM Tris-HCl (pH 8), 
1 mM EDTA) preheated to 65°C. The RNA was re-extracted 
again by adding an equal volume of Chl:Iaa, mixing by vortex 
for 2 min, and centrifugating at 14000 × g for 10 min at 4°C. 
The upper phase was transferred to a clean microcentrifuge 
tube. RNA was precipitated by addition of 2 volumes of 100% 
EtOH, incubation at –80°C for 30 min, and centrifugation at 
14000 × g for 20 min at 4°C. The pellets were washed by 1 ml 
of 75% ethanol, were air dried, and were dissolved in 50 l of 
nuclease-free water. Quality and concentration of total RNA 
was analyzed by gel electrophoresis and spectrophotometry 
(ND-1000, NanoDrop), respectively. 

RNA-Seq analysis. 
RNA-Seq data were generated from four different libraries: a 

cDNA library synthesized from a mixture of RNAs obtained 
from P. expansum PEX1 spores collected after 7 days of growth 
in PDA and healthy, noninoculated fruits, and three libraries 
from P. expansum–infected apples at 24, 48, and 72 hpi, respec-
tively. Fruit inoculation was conducted following the procedure 
previously described (Sánchez-Torres and González-Candelas 
2003). In brief, ‘Golden Delicious’ apples (Malus × domestica 
Borkh) were obtained from a local grocery. Apples were dipped 
for 5 min in a 5% commercial bleach solution, were rinsed ex-
tensively with tap water, and were allowed to dry at room tem-
perature. Fruits were wounded with a sterilized needle (3 mm in 
depth) and were immediately inoculated by adding 10 l of P. 
expansum conidia suspension adjusted to 106 conidia/ml. Three 
replicates of five infected fruit with twelve wounds per fruit 
were placed on plastic boxes and were incubated at 20°C and 90 
to 95% relative humidity. Tissue discs of 7 mm around the 
inoculation point were sampled using a cork borer and were 
immediately frozen in liquid nitrogen, mixed, ground to a fine 
powder with a coffee mill, and stored at –80°C until RNA ex-
traction. For each sample, total RNA from the three biological 
replicates was mixed and used to construct the cDNA, using the 
MINT-Universal cDNA synthesis kit (Evrogen), following the 
manufacturer’s protocol. Sequencing was carried out using the 
Roche 454 GS FLX Titanium system. All high-quality reads for 
each sample were analyzed with the RNA-Seq analysis program 
of the CLC Genomics Workbench software (CLCbio) and were 
mapped to the predicted gene models of P. expansum PEX1 and 
Malus × domestica Borkh (Velasco et al. 2010). At least 80% of 
the bases were required to align to the reference and a maximum 
of two mismatches were allowed. Only genes that were detected 
in at least one sample, with two or more reads mapped, were 
used in the analysis. Identification of differentially expressed 
genes was based on normalized gene expression values calcu-
lated as reads per kilobase of exon model per million mapped 
read (Mortazavi et al. 2008) and were analyzed using the Kal’s 
test (Kal et al. 1999). Genes were considered differentially ex-
pressed if they possessed two or more reads and absolute value 
of log2 (fold change) ≥ 1 and an adjusted FDR P value ≤ 0.05. 
An enrichment analysis based on Fisher’s exact test imple-
mented at Blast2GO (Conesa et al. 2005) was used to extract 
GO terms that were significantly over- or under-represented in a 
particular set of genes relative to a reference group composed of 
all PEX1 genes. 

Quantification of relative gene expression by RT-qPCR. 
DNase treatment and first-strand cDNA were conducted 

with the “Maxima H Minus First Strand cDNA synthesis kit 

with dsDNase” (Thermo Scientific) using 2 g of total RNA. 
RT-qPCR assays were conducted following MIQE guidelines 
(Bustin et al. 2009). Gene-specific primer sets were designed 
for gene expression analysis with Primer3Plus (Untergasser et 
al. 2012). RT-qPCR reactions were performed in a Light-
Cycler480 System (Roche) using SYBR Green to monitor 
cDNA amplifications. Cycling conditions were 5 min at 95°C, 
followed by 45 cycles of 10 s at 95°C, 5 s at 58°C, and 10 s at 
72°C. For each primer pair and each sample, the PCR effi-
ciency (E) and the quantification cycle (Cq) were assessed us-
ing LinRegPCR software version 2014.2 (Ruijter et al. 2009). 
Amplicon specificity was examined by analysis of the melting 
curve. Relative gene expression for a gene of interest (GOI) 
with respect to the reference gene (REF) was calculated using 
the modified equation EGOI

^(-CqGOI)/EREF
^(-CqREF) from Pfaffl 

(2001). Three independent biological replicates with at least 
two technical replicates were performed for each sample. Dilu-
tion series were made for a number of genes, using genomic 
DNA to confirm that recorded Cq values from the experiments 
were within the linear dynamic range and that efficiencies 
were consistent with the values calculated using the 
LinRegPCR program (data not shown). The Cq value for the 
reference normalization factor (REF) was calculated by taking 
the geometric mean of the three P. expansum reference genes: 
the ribosomal 28S RNA (Barad et al. 2012), the 37S ribosomal 
protein s24 (PEX1_068590), and the histone H3 (PEX1_ 
049570) using primer pairs 32/33, 34/35, and 36/37 for the 
28SRNA, ribosomal protein s24, and histone H3, respectively. 
These two latter genes were selected on the basis of the RNA-
Seq data, as their expression paralleled the number of P. ex-
pansum reads in each sample, and thus, they are good indi-
cators of the amount of fungal RNA at each time point. 

Construction and analysis of knockout mutants. 
We selected three genes from the patulin biosynthesis clus-

ter: patK (6-methylsalicylic acid synthase, PEX1_002430), 
which codes for the first enzyme in the pathway, patN 
(isoepoxydon dehydrogenase, PEX1_005160), which cata-
lyzes one of the latest steps, and patL (transcription factor, 
PEX1_002400) to construct deletion mutants in order to study 
the involvement of these genes in the biosynthesis of patulin. 
For the citrinin biosynthetic cluster, we selected the gene 
pksCT, which encodes the PKS of the citrinin cluster 
(PEX1_010400), to construct deletion mutants. Construction 
of the patK, patL, patN, and pksCT gene replacement plasmids 
was done as previously described (Marcet-Houben et al. 
2012). Basically, flanking regions of the genes, 5′ upstream 
and 3′ downstream of PEXP_094170, PEXP_094140, 
PEXP_094120, and PEX1_010400, respectively, were PCR-
amplified from genomic DNA of P. expansum PEX1, using 
specific primer pairs (primers 38 to 53). The cycling protocol 
consisted of 3 min at 94°C for pre-incubation, then 35 cycles 
of 30 s at 94°C for denaturation, 45 s at 58°C for annealing, 
and 1.5 min at 72°C for extension, and a final elongation step 
of 5 min at 72°C. Both DNA fragments, corresponding to pro-
moter and terminator regions, and the digested pRFHU2 vec-
tor (Frandsen et al. 2008) were mixed together and were 
treated with the USER enzyme (New England Biolabs) to ob-
tain plasmids pRFHU2-patK, pRFHU2-patL, pRFHU2-patN, 
and pRFHU2-pksCT. An aliquot of the mixture was used 
directly in chemical transformation of Escherichia coli DH5α 
cells without prior ligation. Kanamycin-resistant transformants 
were screened by PCR. Proper fusion was confirmed by DNA 
sequencing. Then, plasmids were introduced into chemically 
competent Agrobacterium tumefaciens AGL-1 cells, which 
were subsequently used to transform P. expansum PEX1, as 
described previously (Buron-Moles et al. 2012). Analysis of 
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transformants for gene disruption events was done by PCR. 
Figures 4A and 5C show schemes of the respective wild-type 
and gene-disrupted loci. The insertion of the selection marker 
was checked with primer pair 1/2 (Figs. 4A and 5C). Integra-
tion of the T-DNA by homologous recombination was exam-
ined with primer pairs 3/4 and 5/6 for patK, 9/10 for patL, 
13/14 for patN (Fig. 4A), and with 17/4 and 6/18 for pksCT 
(Fig. 5C). Further testing of deletion of the target gene was 
done with primer pairs 7/8, 11/12, and 15/16 for patK, patL, 
and patN, respectively (Fig. 4A), and with primers 20/21 for 
pksCT (Fig. 5C). Real-time genomic PCR analysis was carried 
out in order to determinate the number of T-DNA copies that 
had been integrated in the genome of the transformants, fol-
lowing basically the protocol described by Crespo-Sempere 
and associates (2013), using PEX1 as control. Four primer 
pairs, 24/25, 26/27, 28/29, and 30/31, were designed within 
the T-DNA in the promoter regions of the target genes, close to 
the selection marker. The P. expansum β-tubulin gene 
(AY674401) (Sanzani et al. 2009) was chosen as reference 
gene using the primer pair 22/23. All primers were designed 
using Primer3Plus (Untergasser et al. 2012). 

In vitro growth and patulin production. 
Wild type P. expansum PEXP, PEX1 and PEX2, as well as 

patK, patL and patN deletion and ectopic mutants were used 
for the study of fungal growth and patulin production in vitro. 
Fungal growth and patulin production were determined by 
centrally inoculating 55-mm PDA plates with a 5-l drop of a 
106 conidial suspension per milliliter and incubating the plate 
at 24°C in the dark. Colony diameter (mm) and patulin pro-
duction were recorded for up to 7 days. Patulin was extracted 
following the protocol described by Sanzani and associates 
(2012). Basically, patulin was extracted from the mycelium 
and the medium by washing the petri plates with 3 ml of acidi-
fied distilled water (pH 4.0, with acetic acid). After 10 min of 
incubation, the washing water was collected and was centri-
fuged at 10,000 × g for 5 min at room temperature. Biomass 
was collected and stored at –80°C until RNA extraction. The 
supernatant was filtered through a 0.45-m syringe filter and 
was analyzed by high-performance liquid chromatography 
(HPLC). Results were expressed as micrograms of patulin per 
plate. Chromatography was carried out with a Waters HPLC 
system equipped with a 600 quaternary pump and a 996-pho-
todiode array detector set at 276 nm. Data were analyzed with 
the Empower software (Waters). Patulin was separated using a 
Luna C18 reverse column (250 × 4.6 mm, 5 m; Phenomenex) 
coupled to a Bondapak C18 guard column (10 m) and using 
a mobile phase consisting of a mixture of acidic water (pH 4.0, 
with acetic acid) and acetonitrile (96:4, vol/vol). The flow rate 
was 1 ml/min and the injection volume was 20 l. Patulin was 
identified in the samples by comparing the retention time and 
UV-Vis spectra with those of an authentic standard. 

Citrinin analysis. 
To determine citrinin production in P. expansum strains, we 

inoculated 50 ml of PDB with 2 × 105 spores per milliliter. The 
cultures were incubated in the dark at 28°C for 7 days without 
shaking. The culture supernatant was collected and the bio-
mass was used for RNA extraction. Citrinin concentration was 
determined directly from the culture supernatant on a Shi-
madzu prominence HPLC system (Shimadzu corp. Japan) 
equipped with a degasser (DGU-20A3), two solvent delivery 
units (LC-20 AD), an auto-sampler (SIL 20 ACHT), and a col-
umn oven thermostat operated at 40°C (column oven thermo-
stat model CTO-20ASVP). Separation was performed using a 
Cosmosil column (5C18-MS-II), 150 mm, 4.6 mm i. d., 5 m 
particle size (Nacalai USA, Inc.). The mobile phase was 70% 

methanol and acetonitrile and 30% water with 0.1% acetic acid 
and 0.1% ammonium acetate at a flow rate of 0.8 ml/min. The 
sample volume injected was 20 l and the minimum concen-
tration calibrate was 2 parts per billion. The HPLC system was 
coupled to a 3200 TRAP LC/MS/MS mass spectrometer (Ap-
plied Biosystems, MDS Sciex) with an electrospray Turbo V 
ionization source. Acquisition was performed in the multiple 
reaction monitoring mode (MRM). Source conditions were 
established as follows: ion spray voltage (IS), –4.5 kV (ESI–); 
collision gas medium and curtain gas, 10 kPa (CUR); ion 
source gas 1 (GS 1, nebulizer gas) and 2 (GS 2, turbo gas), 50 
and 60 kPa, respectively; ion source temperature, 350°C 
(TEMP). High purity nitrogen (>98%) was produced by Nitro-
Gen 3G (Peak Scientific) and was used as desolvation, nebuli-
zation, and collision gas. Tandem mass spectrometry parame-
ter optimization was obtained by direct infusion at 10 l/min 
of a 100 ng/ml citrinin standard solution in 50% methanol 
aqueous solution. Declustering potential (–60 V), collision en-
ergy (–9.5 V), and cell exit potential (–4 V) voltages were 
established for each MRM transition. All data were acquired 
and processed using Analyst 1.5.1 software. 
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