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ARTICLE INFO ABSTRACT
Keywords: Penicillium spp. produce a great variety of secondary metabolites, including several mycotoxins, on food sub-
Mycotoxigenic fungi strates. Chestnuts represent a favorable substrate for Penicillium spp. development. In this study, the genomes of
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ten Penicillium species, virulent on chestnuts, were sequenced and annotated: P. bialowiezense. P. pancosmium,
P. manginii, P. discolor, P. crustosum, P. palitans, P. viridicatum, P. glandicola, P. taurinense and P. terrarumae.
Assembly size ranges from 27.5 to 36.8 Mb and the number of encoded genes ranges from 9,867 to 12,520. The
total number of predicted biosynthetic gene clusters (BGCs) in the ten species is 551. The most represented

families of BGCs are non ribosomal peptide synthase (191) and polyketide synthase (175), followed by terpene
synthases (87). Genome-wide collections of gene phylogenies (phylomes) were reconstructed for each of the
newly sequenced Penicillium species allowing for the prediction of orthologous relationships among our species,
as well as other 20 annotated Penicillium species available in the public domain. We investigated in silico the
presence of BGCs for 10 secondary metabolites, including 5 mycotoxins, whose production was validated in vivo
through chemical analyses. Among the clusters present in this set of species we found andrastin A and its related
cluster atlantinone A, mycophenolic acid, patulin, penitrem A and the cluster responsible for the synthesis of
roquefortine C/glandicoline A/glandicoline B/meleagrin. We confirmed the presence of these clusters in several
of the Penicillium species conforming our dataset and verified their capacity to synthesize them in a chestnut-
based medium with chemical analysis. Interestingly, we identified mycotoxin clusters in some species for the
first time, such as the andrastin A cluster in P. flavigenum and P. taurinense, and the roquefortine C cluster in
P. nalgiovense and P. taurinense. Chestnuts proved to be an optimal substrate for species of Penicillium with
different mycotoxigenic potential, opening the door to risks related to the occurrence of multiple mycotoxins in

the same food matrix.

1. Introduction

Penicillium is a genus of Ascomycetes belonging to the Aspergillaceae
family, which, consists of 483 described species divided into 32 sections
(Houbraken et al., 2020). Most Penicillium spp. are saprophytic, but
some can act as opportunistic plant pathogens and cause postharvest

diseases, such as P. expansum (Louw and Korsten, 2014; Yin et al., 2017),
P. crustosum (Lopez et al., 2016), P. digitatum and P. italicum (Arras et al.,
2005). More importantly, Penicillium spp. can produce a great variety of
secondary metabolites, which are bioactive molecules assembled from
products of the primary metabolite pool (Keller, 2019). A conservative
estimate indicates at least 1,300 secondary metabolites for this genus
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Genome assembly parameters for the ten newly sequenced Penicillium spp. For each species it is reported the strain, isolation source, measured virulence on chestnuts,
the total scaffold number, the number of scaffolds longer than 1000 bp, the size of biggest scaffold, the total genome length, the GC percentage, N50, the number of N
per 100 kb, the putative coverage and the putative gene number. N50: defined as the cumulative number of longest contigs that constitutes 50 % of the assembly.
Number of N per 100 kb: the number of unresolved bases per 100 kb. Source: C: chestnut; F: flour; I: indoor; PP: processing phases. Virulence: MV: moderately virulent;

HV: highly virulent.

Species P. discolor  P. glandicola  P. crustosum  P. bialowi P. pancc P. palitans  P. viridicatum  P. manginii ~ P. terrarumae  P. taurinense

Strain 3B6 3C CAL64 CAS30 FP10 SP3 XA YELL MO7 CAS16

Source I I F C C PP PP C F PP

Virulence HV MV HV HV MV MV HV HV HV HV

N° scaffolds 1169 232 427 113 652 1219 729 798 3645 1232
(total)

N° scaffold 967 193 379 105 533 965 558 684 730 391
(>1000)

Biggest scaffold 675239 1074011 563637 1904703 717269 473831 871540 545557 905399 547406
(bp)

Total length 33.40 28.40 31.00 29.20 36.20 35.30 31.70 36.80 36.20 27.50
(Mb)

GC percentage 49.59 48.07 48.08 50.11 48.70 47.91 48.15 48.38 49.29 48.15

N50 (bp) 133561 379411 163626 563120 192031 105014 172019 152430 219873 169426

#N per 100 kbp  373.67 0.02 0.34 0.53 0.30 0.09 0.42 0.27 0.65 2.60

Putative 394.10 566.50 485.60 439.40 361.80 373.50 444.50 346.10 267.66 379.34
coverage

Putative gene 12325 10262 11164 11242 12657 11943 11372 12520 11893 9867
number

alone (Frisvad, 2015), including several mycotoxins.

Mycotoxins are fungal secondary metabolites that can pose a health
hazard for humans and other vertebrates by exerting a toxic activity
even at low concentrations (IC50 < 1000 pM) (Taevernier et al., 2016).
These compounds can cause acute or chronic effects, whose severity
depends on mycotoxin concentration, period of exposure, body mass,
presence of synergistic effects and environmental factors (Freire and da
Rocha, 2016). Notable examples among Penicillium spp. mycotoxins
include ochratoxin A (Cabanes et al., 2010), patulin (Zhong et al., 2018),
penitrem A (Sumarah et al., 2005), and verrucosidin (Thomas et al.,
2013).

In fungi, as well as in bacteria, biosynthetic genes associated to a
common secondary metabolism pathway are usually clustered in a sin-
gle genetic locus (in some cases a couple of loci) called biosynthetic gene
cluster (BGC) (Medema et al., 2011; Cimermancic et al., 2014). BGCs
can vary considerably in size and composition, but all canonical clusters
contain one or two core/backbone enzymes, which polymerize the pri-
mary metabolites into a precursor compound, and a variable number of
tailoring enzymes, which further modify this compound into one or
more final products. Additional genes can be present, such as genes
conferring resistance, BGC-specific transcription factors and cryptic
genes of unknown function (Keller, 2019). Since most secondary me-
tabolites are only produced in response to specific combinations of
factors, such as certain pH, nutritional inputs (in particular iron, carbon
and nitrogen levels), light intensity and quality, temperature and
oxidative stress (Macheleidt et al., 2016; Keller, 2019), which cannot be
always achieved during metabolic sampling, the identification of
genomically-encoded BGCs can prove useful in assessing the biosyn-
thetic (and thus toxigenic) potential of isolates of interest.

Despite the significant economic losses caused by Penicillium spp.
rots, as well as the health hazard posed by many of their secondary
metabolites, sequence data associated with their genomes and BGC
content is still incomplete. At the time of writing (December 2023) only
162 species had their genomes sequenced, of which 104 had a publicly
available annotation, based on data collected from NCBI (Schoch et al.,
2020) and Mycocosm (Grigoriev et al., 2014).

In this study, we aimed to provide annotated genomes for strains of
ten Penicillium species: P. bialowiezense. P. pancosmium, P. manginii,
P. discolor, P. crustosum, P. palitans, P. viridicatum, P. glandicola,
P. taurinense and P. terrarumae, of which P. glandicola, P. taurinense and
P. terrarumae have been sequenced for the first time. These species were
chosen based on their virulence on chestnut among a pool of 20

Penicillium spp. previously isolated from fresh chestnuts, as well as
chestnut derived products (Prencipe et al., 2018), which represent a
favorable substrate for mycotoxigenic fungi development, especially
during storage, due to their high water and starch content (Overy et al.,
2003; Rodrigues et al., 2012).

In our previous paper (Prencipe et al., 2018), Penicillium strains were
identified utilizing a multidisciplinary approach, which involved
phylogenetic analysis of the ITS region, beta-tubulin, and calmodulin
genes, macro-morphological analysis using three different media, and
chemical evaluation to assess the in vivo production of 14 toxic
metabolites.

Knowledge of genome composition was used to investigate in silico
the presence of BGCs associated with selected mycotoxins, whose pro-
duction was validated in vivo through chemical analyses.

2. Materials and methods
2.1. Fungal strains

Ten Penicillium spp. strains, isolated from fresh chestnuts and along
the flour processing phases, pathogenic on chestnut and identified by
molecular and morphological analyses (Prencipe et al., 2018; Crous
et al., 2020), were selected for de novo genome sequencing (Table 1).
Following a polyphasic approach, based on micro and macro-
morphological analyses, multilocus sequence typing and secondary
metabolite production, described in Prencipe et al. (2018), eight strains
were identified as P. bialowiezense (CAS30), P. crustosum (CAL64),
P. discolor (3B6), P. glandicola (3C), P. manginii (YELL), P. palitans (SP3),
P. pancosmium (FP10), and P. viridicatum (XA). The strain CAS16 of
P. taurinense (Crous et al., 2020), isolated from a chestnut mill, and the
strain MO7 of P. terrarumae, isolated from chestnut flour, were identified
with a similar procedure and included in this study, based on the same
criteria. Fungal strains were grown on Potato Dextrose Agar plates (PDA,
Merck KGaA, Darmstadt, Germany) with 50 pg/ml streptomycin (Merck
KGaA) and maintained as conidial suspension at —80 °C in the Turin
University Culture Collection (TUCC - http://www.tucc.unito.it/).
TUCC and Bioproject NCBI identification collection numbers of isolates
included in this study are reported in Suppl Table 1.

2.2. Growth of Penicillium spp. in vitro

For DNA extraction, fungal isolates were grown on Czapek Yeast
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Table 2

Availability of biosynthetic gene cluster (BGCs) data for all considered myco-
toxins. For each mycotoxin the presence of an identified cluster in literature is
reported, as well as whether a putative orthologue of such cluster was found in
any of the phylome seed species.

Metabolite Identified Species with BGC BGC in phylome
BGC characterized seed species
Cyclopenol Yes® - A. nidulans (Ishikawa No
et al., 2014; Kishimoto
et al., 2018)
- P. thymicola (Zou et al.,
2015)
Cyclopenin Yes® - A. nidulans (Ishikawa No
et al., 2014; Kishimoto
et al., 2018)
- P. thymicola (Zou et al.,
2015)
Roquefortine C Yes - P. rubens (Garcia-Estrada P. glandicola
et al., 2011);
- P. roqueforti (Kosalkova
et al., 2015)
Citreoviridin Yes - A. nidulans (Lin et al., No
2016);
- P. citreonigrum (Okano
et al., 2020)
Mycophenolic Yes - P. brevicompactum P. bialowiezense
acid (Regueira et al., 2011);
- P. roqueforti (Del-Cid et al.,
2016)
Sulochrin Yes” - A. terreus (Nielsen et al., No
2013)
- A. fumigatus
(Throckmorton et al.,
2016)
Asterric acid No / No
Andrastin A Yes - A. oryzae (Matsuda et al., P. glandicola
2013);
- P. roqueforti (Rojas-Aedo
et al., 2017)
Meleagrin Yes - P. rubens (Garcia-Estrada P. glandicola
et al., 2011);
- P. roqueforti (Kosalkova
et al., 2015)
Cyclopiazonic Yes - A. flavus (Chang et al., No
acid 2009);
- A. parasiticus (Chang et al.,
2009);
- A. oryzae (Kato et al.,
2011)
Chaetoglobosin Yes - Chaetomium globosum P. expansum
A (Ishiuchi et al., 2013)
- P. expansum
(Zetina-Serrano et al.,
2020)
Patulin Yes - P. rubens (van den Berg P. expansum
et al., 2008)
- A. clavatus (Artigot et al.,
2009)
- P. expansum (Tannous
et al., 2014)
Viridicatin Yes® - A. nidulans (Ishikawa No
et al., 2014; Kishimoto
et al., 2018)
- P. thymicola (Zou et al.,
2015)
Penitrem A Yes - P. simplicissimum (Liu P. flavigenum
et al., 2015)
- P. crustosum (Nicholson
et al., 2015)
Palitantin No / No
Ochratoxin A Yes - P. nordicum (Karolewiez No

and Geisen, 2004; Geisen

et al., 2006)

P. verrucosum (Abbas et al.,
2013)

A. steynii, A. westerdijkiae,

A. niger, A. carbonarius and
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Table 2 (continued)

Metabolite Identified Species with BGC

BGC characterized

BGC in phylome
seed species

A. ochraceus (Gil-Serna
et al., 2018; Wang et al.,
2018)
P. rubens (Garcia-Estrada
et al., 2011);
P. roqueforti (Kosalkova
et al., 2015)
Glandicoline B Yes - P. rubens (Garcia-Estrada
et al., 2011);

- P. roqueforti (Kosalkova
et al., 2015)
P. polonicum (Valente
et al., 2021)
Penicillic acid No / No

Glandicoline A Yes P. glandicola

P. glandicola

Verrucosidin Yes

P. glandicola

2 Identified as biosynthetic intermediates of the aspoquinolones biosynthetic
pathway.

b Jdentified as biosynthetic intermediate of the trypacidin (in A. fumigatus) and
geodin (in A. terreus) biosynthetic pathways.

Autolysate (CYA) broth (Visagie et al., 2014), without shaking, at 26 °C
for 7 days, except for P. discolor which was grown on Potato Dextrose
Broth (PDB, Merck KGaA) on a rotatory shaker (150 rpm) at the same
growth conditions. The evaluation of secondary metabolites production
in vitro was performed following previously described protocols (Visagie
et al.,, 2014). Briefly, all the strains were inoculated on Czapek yeast
autolysate (CYA) agar and yeast extract sucrose (YES) agar plates in
triplicate and incubated for 7 days at 25 °C in the dark.

2.3. Genomic DNA extraction

The fungal mycelium was collected and lyophilized overnight using
CoolSafe™ Pro SL11a01 (Scanvac, Allergd, Denmark)/Heto FD1.0 (De
Mori Strumenti, Milan, Italy) freeze-dryer. One hundred mg of myce-
lium were collected in 2 mL tubes and frozen in liquid nitrogen. Two
tungsten beads (diameter: 2.7 mm) were added to the mycelium that
was crushed using Tissue Lyser (Qiagen, Hilden, Germany) for 1 min at
20.00 Hz speed. Then, Qiagen DNeasy Plant Mini Kit was used according
to manufacturer’s instruction, and the DNA was diluted in 50 pL of Tris-
EDTA (TE) buffer. DNA purity was checked by spectrophotometer
(Nanodrop 2000), while DNA concentration and integrity were analyzed
by agarose gel electrophoresis and using Qubit™ dsDNA HS Assay Kit.

2.4. Genome sequencing

The genomes were sequenced through Illumina pair-end technology,
using 2x150bp read length design and an Illumina Hiseq instrument at
the genomics core facility of the Centre for Genomic Regulation (CRG) in
Barcelona, Spain.

2.5. Genome assembly and annotation

Quality trimming and adapter removal of raw reads was conducted
with Trimmomatic v 0.36 (Bolger et al., 2014) using default parameters.
Read quality was checked with fastqc (https://www.bioinformatics.ba
braham.ac.uk/projects/fastqc/), and genome assembly was then per-
formed with SPAdes v3.7.1 using the “-min-cov-cutoff auto” and
“—careful” options (Bankevich et al., 2012). Abyss sealer v2.1.0 (Paulino
et al., 2015) was used with default parameters to perform gap-closing,
and the quality of the final assembly was verified with QUAST v 4.0
(Gurevich et al., 2013).

Gene prediction was carried out with MAKER 2.31.8 (Campbell
et al., 2014), using SNAP v 2006-07-28 (http://korflab.ucdavis.edu/soft
ware.html) and Augustus v2.5.5 (Stanke et al., 2006) as de novo gene
predictors. mRNA and protein sequences available on Genbank for the
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Number of BGCs for each of the newly annotated Penicillium spp. as predicted by Antismash 5.2.0, divided by core enzyme and sorted by total cluster number. NRPS:
non ribosomial peptide synthase; PKS: polyketide synthase; DMATS: dimethylallyltryptophan synthase; RiPP: Ribosomally synthesized and post-translationally
modified peptide. The hybrid class includes both clusters with multiple core enzymes of different classes and clusters with a single hybrid core enzyme.

Species NRPS PKS Terpene Hybrid DMATS RiPP Siderophore Total number of BGCs
Penicillium pancosmium 17 14 4 1 1 1 0 38
Penicillium. terrarumae 15 18 6 6 1 1 0 47
Penicillium manginii 21 16 4 6 0 0 1 48
Penicillium taurinense 17 18 9 5 1 0 0 50
Penicillium glandicola 13 22 8 9 1 0 0 53
Penicillium discolor 20 16 9 10 2 0 0 57
Penicillium bialowiezense 21 22 8 7 0 0 0 58
Penicillium crustosum 20 13 10 14 2 0 0 59
Penicillium palitans 21 19 15 10 3 0 0 68
Penicillium viridicatum 26 16 14 12 4 1 0 73
Total number of BGCs 191 174 87 80 15 3 1 551

species of the Citrina subgenus were used to train predictors for the
species P. manginii and P. pancosmium, while sequences from the Peni-
cillium subgenus were used for the other species. SNAP was trained
following the suggested procedure for MAKER (http://weatherby.geneti
cs.utah.edu/MAKER /wiki/index.php/MAKER _Tutorial_for GMOD_On
line Training 2014#Training ab_initio_Gene_Predictors), while Augus-
tus was trained through the available webservice (Hoff and Stanke,
2013). Before gene prediction, repetitive sequences were masked with
RepeatModeler v2.0 (Flynn et al., 2020) following the suggested pro-
cedure for gene prediction with MAKER (http://weatherby.genetics.
utah.edu/MAKER/wiki/index.php/Repeat_Library_Construction-Basi
). The genomes and their annotation were submitted to ENA (European
Nucleotide Archive) under the project PRJEB35841 and they received
the following accession numbers: P. bialowiezense CAS30
(GCA_902713515), P. crustosum CAL64 (GCA_902712905), P. discolor
3B6 (GCA_902713485), P. glandicola 3C (GCA_902713505), P. manginii
YELL (GCA_902713545), P. padlitans SP3 (GCA_902713495),
P. pancosmium FP10 (GCA_902713525), P. viridicatum XA
(GCA_902713535), P. taurinense  CAS16  (GCA_907164605),
P. terrarumae MO7 (GCA_907164625).

After gene prediction, putative secondary metabolism gene clusters
were predicted in each of the genomes with antiSMASH version 5.2.0
(Blin et al., 2019).

2.6. Phylome generation and cladogram construction

Phylomes, complete collections of phylogenetic trees for each gene
encoded in a genome, were reconstructed for each of the newly
sequenced Penicillium species. Additional phylomes were reconstructed
starting from P. expansum and P. flavigenum. All phylomes were recon-
structed using a set of 33 species which included, which included our 10
Penicillium species, 20 additional Penicillium species and three out-
groups: Aspergillus clavatus, Talaromyces stipitatus and Emericella nidu-
lans. The annotated genomes for the three outgroups, as well as the other
Penicillium genomes were retrieved from the NCBI genome database
(https://www.ncbi.nlm.nih.gov/genome/ accessed on 20/12/2023),
choosing species that at the beginning of study presented publicly
available gene annotation (Suppl Table 2). Each phylome was recon-
structed using the method described previously (Huerta-Cepas et al.,
2011). Shortly, for each gene encoded in the genome of interest, in this
case one of the newly sequenced Penicillium species, a blastP search was
performed against the proteome database. Blast results were filtered,
keeping only hits that had an e-value below 1e-05 and a contiguous
homologous overlap covering at least 50% of the query sequence. For
tree reconstruction, blast results were filtered to keep the best 150 hits.
Sequences were then aligned using three different multiple sequence
alignment programs (MUSCLE v3.8.31 (Edgar, 2004), MAFFT v6.814 b
(Katoh et al., 2005) and KALIGN v2.4 (Lassmann and Sonnhammer,
2005) in both, forward and reverse (Landan and Graur, 2007). The
resulting six alignments were then combined using M-coffee (T-Coffee

v8.80) (Wallace et al., 2006). Trimming of the alignments was done with
TrimAl v1.3 (Capella-Gutiérrez et al., 2009) (consistency cut-off of
0.1667, a gap score cutoff of 0.1 and a conservation score of 30%).
Phylogenetic trees were reconstructed using a Neighbour Joining
approach as implemented in BioNJ (Gascuel 1997). The likelihood of
this topology was computed, allowing branch-length optimization,
using seven different models (JTT, WAG, MtREV, VT, LG, Blosum62, and
DCMut), as implemented in PhyML 3.0 (Guindon et al., 2010). The best
model was selected according to the AIC criterion. A maximum likeli-
hood tree was then derived using the selected model. In all cases a
discrete gamma-distribution model with four rate categories plus
invariant positions was used, the gamma parameter and the fraction of
invariant positions were estimated from the data. Phylomes were stored
in phylomeDB (https://phylomedb.org) (Fuentes et al., 2022) with
phylomelDs from 391 to 402. A cladogram was obtained using duptree
(Wehe et al., 2008). Phylome 391 was scanned for the presence of trees
that contained one single sequence per species. The alignments that
resulted in these trees were concatenated into a single multiple sequence
alignment. This alignment was then trimmed to eliminate positions of
more than 20% gaps. The final alignment contained 786013 positions.
IQTREE v1.6 (Nguyen et al., 2015) was then used to reconstruct the
species tree using the LG + F + R6 model. 1000 ultrafast bootstraps were
calculated and ETE3 was used to visualize the tree. Orthology re-
lationships between different species were obtained using the
species-overlap algorithm as implemented in ETE3 (Huerta-Cepas et al.,
2016).

2.7. Chemical analyses

Secondary metabolites were extracted from fungal mycelium ac-
cording to previously published protocols (Visagie et al., 2014). For both
CYA and YES culture media, three biological replicates were prepared
for each strain. Five plugs (5 mm-diameter) per medium pooled in one
vial. Two technical replicas were obtained for each biological replica-
tion. The extractions of secondary metabolites were performed with a
solution of ethyl acetate/dichloromethane/methanol (3:2:1) (v/v/v)
with formic acid 1% (v/v). In details, 10 ml of solution were added to
each sample and then sonication was carried out for 30 min at 25 °C. The
supernatant was collected in a flask and the extraction operation was
repeated a second time. The extract was evaporated through a rotary
evaporator Laborota 4000-efficient (Heidolph Instruments, Germany),
brought back into solution by adding 1 ml of methanol with formic acid
0.1% (v/v) and sonicated. The extracts were filtered through a
Clarify-PP 0.22 pum polypropylene filter (Agela Technologies, China),
and transferred into a HPLC vial for HPLC-DAD and LC-MS/MS analyses.
Mycotoxins standards and HPLC and LC-MS purity grade solvents and
reagents for chromatographic analyses were purchased from Sigma
Aldrich (St. Louis, MO, USA).

Identification of the individual mycotoxins was performed by HPLC-
DAD and LC-MS/MS. The HPLC-DAD chromatographic runs were


http://weatherby.genetics.utah.edu/MAKER/wiki/index.php/MAKER_Tutorial_for_GMOD_Online_Training_2014#Training_ab_initio_Gene_Predictors
http://weatherby.genetics.utah.edu/MAKER/wiki/index.php/MAKER_Tutorial_for_GMOD_Online_Training_2014#Training_ab_initio_Gene_Predictors
http://weatherby.genetics.utah.edu/MAKER/wiki/index.php/MAKER_Tutorial_for_GMOD_Online_Training_2014#Training_ab_initio_Gene_Predictors
http://weatherby.genetics.utah.edu/MAKER/wiki/index.php/Repeat_Library_Construction--Basic
http://weatherby.genetics.utah.edu/MAKER/wiki/index.php/Repeat_Library_Construction--Basic
http://weatherby.genetics.utah.edu/MAKER/wiki/index.php/Repeat_Library_Construction--Basic
https://www.ncbi.nlm.nih.gov/genome/
https://phylomedb.org

M. Garello et al.

performed on a high-performance liquid chromatograph Agilent 1100
series (Agilent Technologies, Santa Clara, CA) which consists in an
Agilent 1100 series quaternary pump coupled to an Agilent 1100 series
Diode-Array Detector (DAD) and an Agilent 1100 series autosampler
equipped with a 20 pL loop. The analyzes were carried out by moni-
toring five wavelengths (330, 300, 280, 254 and 228 nm). UV spectra of
analyzes compounds are presented in Suppl Fig.1. The chromatography
column was a Synergi 4 pm Hydro-RP (250 x 4.6 mm L. x L.D., 80 A,
Phenomenex, Torrance, CA, USA) under a flow rate of 1.0 mL/min.
Solvent A was water (H,O) and solvent B was methanol (MeOH), both
acidified with formic acid 0.1% (v/v). Elution gradient started with 0%
of solvent B, increased to 20% in 5 min, increased to 50% in 15 min and
remained at 50% for 5 min. After, increased to 100% in 15 min and
remained at 100% for 20 min, then decreased to 0% in 3 min and,
finally, remained to 0% for 5 min. During the next 5 min, the column
was washed and readjusted to the initial conditions and equilibrated for
10 min. The volume of the injection was 20 pL.

The LC-MS/MS system was a 1260 Agilent Technologies consisting of
a binary pump and a vacuum degasser, connected to a Varian auto-
sampler, Model 410 Prostar (Hansen Way, CA, USA), equipped with a
20 pL loop coupled to a Varian 310-MS TQ Mass Spectrometer. The
mycotoxins were separated following previously reported methods
(Spadaro et al., 2020), with minor modifications. The chromatography
column was a Gemini 3 pm NX-C18 (150 x 3.0 mm L. x I.D., 110 10\,
Phenomenex, Torrance, CA, USA) under a flow rate of 0.2 mL/min.
Solvent A was H,O acidified with formic acid 0.05% (v/v), while solvent
B was acetonitrile (CH3CN). Elution gradient started with 30% of solvent
B for 5 min, increased to 50% in 10 min and remained at 50% for 10 min,
then increased to 100% in 20 min. During the next 6 min, the column
was washed and readjusted to the initial conditions and equilibrated for
10 min. The volume of the injection was 20 pL. The mass spectrometer

Emericella nidulans
Aspergillus clavatus
’fTaIaromyces stipitatus
Penicillium occitanis
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was set to detect the positive and negative ion modes in different seg-
ments using an electrospray (ESI) ion source. The analysis was per-
formed with following settings: drying temperature, 300 °C; needle
voltage, 5 kV; capillary voltage, 80 V; drying gas pressure (nitrogen, No),
19 psi, and nebulizer gas pressure (air), 30 psi. For the multiple reaction
monitoring (MRM) experiments, two transitions were selected for each
compound (Suppl Table 3) and the collision gas (argon, Ar) pressure was
set at 2 mbar for all the experiments. Collision energy is pivotal for
orchestrating controlled molecular fragmentation, thereby augmenting
the specificity and sensitivity of analysis. Through the regulation of ion
collision kinetics, it becomes possible to obtain intricate details
regarding the molecular structure and composition of analytes.
Extracted-ion chromatogram (EIC) of considered mycotoxins and total
ion current (TIC) chromatogram of the six mycotoxins standards are
presented in Suppl Fig. 2 and Suppl Fig. 3, respectively.

2.8. Secondary metabolites (SM) selection

About 20 SMs were initially considered for analysis (Table 2), based
on literature data and results of production assays in Penicillium spp.
Reference protein sequences for associated BGCs were retrieved from
the NCBI protein database (https://www.ncbi.nlm.nih.gov/protein/
accessed on 20/12/2023), using records from the Swiss-Prot database
(The UniProt Consortium, 2019) where possible. In total, sequences
associated to 17 SMs were found (Table 2), while the remaining three
lacked any clustering data. These sequences were then used as query for
a blastp search against the ten newly annotated proteomes. A BGC was
considered as present in a strain genome if at least half of its proteins,
including any synthase(s), aligned with a sequence identity higher than
65% to proteins in the target proteome. This resulted in seven SMs being
discarded, with the other nine metabolites (five of which with

{ Penicillium pancosmium
| Penicillium manginii sect. Citrina
& Penicillium steckii subgen.
( Penicillium terrarumae PenA ) ' . "
Penicillium subrubescens AndA  Sect. Lanata-Divaricata Aspergilloides
Penicillium brasilianum AndA
Penicillium decumbens AndA sect. Exilicaulis
B Penicillium arizonense  AndA i
Penicillium antarcticum Pat, PenA, AndA sect. Canescentia
— Penicillium bialowiezense AndA, MpA, Pat  sect. Brevicompacta
Penicillium glandicola AndA, PenA, RGGM(c), Pat, Ver
Penicillium taurinense AndA, RoqC, RGGM(s), Pat
- Penicillium coprophilum RGGM(I), Pat sect. Robsamsonia
t Penicillium griseofulvum Pat, RGGM(s)
Penicillium vulpinum AndA, Pat, RGGM(c)
Penicillium rubens AndA, RGGM(c), Pat
Penicillium flavigenum AndA, PenA, RGGM(c), Pat sect. Chrysogena
Penicillium nalgiovense RGGM(s) su bg en.
Penicillium roqueforti AndA, MpA, RGGM(s), Pat sect. Roquefortorum -
[ Penicillium expansum AndA, Pat, RGGM(s) sect. Penicillium Penicillium

Penicillium digitatum Pat

Penicillium palitans AtlA, Pat
l Penicillium camemberti Pat

Penicillium discolor AtlA, Pat

Penicillium crustosum AndA, PenA, RGGM(s), Pat

Penicillium nordicum

( Penicillium polonicum Ver, Pat
Penicillium viridicatum Pat
Penicillium freii Pat

—
0.193371

sect. Fasciculata

Fig. 1. Phylogenetic tree of studied Penicillium spp. Based on the concatenated alignment of 1301 single copy genes. Bootstrap support in all nodes is of 100 unless
indicated. Aspergillus clavatus, Emericella nidulans and Talaromyces stipitatus were used as outgroups. In bold letters are species sequenced in thits study. For each
species, the identified biosyntethic gene clusters are reported, with known production (either in literature or from our chemical analyses) indicated in bold. AndA:
andrastin A cluster; AtlA: atlantinone A cluster; MpA: mycophenolic acid cluster; Pat: patulin cluster; PenA: penitrem A cluster; RGGM(c): roquefortine C — glan-
dicoline A -glandicoline B — meleagrin cluster, complete form; RGGM(s): roquefortine C — glandicoline A -glandicoline B — meleagrin cluster, short form; Ver:

verrucosidin.
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mycotoxigenic potential), forming the final study pool of six BGCs
(Table 2).

2.9. Phylome mining

Phylomes were reconstructed for each of the newly sequenced spe-
cies to obtain reliable gene orthology relationships among Penicillium
species. Phylome results were analyzed for genes encoded in each BGC
at a time using the tools of the BLAST suite (Camacho et al., 2008) and
python custom scripts. For each of the six BGCs a “seed” species was
selected among the core species, based on mycotoxin production and
preliminary blastp results. Protein codes for all putative BGC proteins in
the “seed” species were retrieved and used for mining the phylome
orthology data. Sequences of putative orthologs in “non-seed” species

Table 4
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were retrieved and compared to the reference BGC proteins. In addition,
they were aligned to the relevant genome to determine the position of
their coding sequences. Reference BGC proteins sequences were also
aligned directly against each “non-seed” species proteome and its cor-
responding genomic sequence, which reduced the impact of fusion
proteins/incomplete “seed” species BGCs, and faulty gene prediction,
respectively. Presence of BGCs inside “non-seed” species was identified
based on composition and distribution of the orthologous proteins’
coding sequences, as well as their identity value when compared to
reference BGC proteins. An identity value cutoff was set at 65% for
protein-protein alignments and at 80% for protein — translated nucleo-
tide alignments. For the andrastin A cluster proteins a lower cutoff value
of 55% was selected due to higher sequence heterogeneity, while tblastN
values were lowered to 65%.

Number of putative orthologs found for each BGC in each phylome species. Species highlighted in light grey were
sequenced and annotated in this study. For each species, clusters associated with metabolite production are

highlighted in green.
=3
< = =
= -~ £
] < PR =
= £ = g ESzzg 2
g~ T 5 = EEEE 4
@ = = = e SE% ¥ S
s e < = = 828
S o = < o= FRE-E-Bc) =
= S a = TEES :
i > 2 2 3 z 5
Species N° of putative orthologs found/N° of genes in

reference cluster

Aspergillus clavatus
Emericella nidulans
Penicillium antarcticum
Penicillium arizonense
Penicillium bialowiezense
Penicillium brasilianum
Penicillium camemberti
Penicillium coprophilum
Penicillium crustosum
Penicillium decumbens
Penicillium digitatum
Penicillium discolor
Penicillium expansum
Penicillium flavigenum
Penicillium freii
Penicillium glandicola
Penicillium griseofulvum
Penicillium manginii
Penicillium nalgiovense
Penicillium nordicum
Penicillium occitanis
Penicillium palitans
Penicillium pancosmium
Penicillium polonicum
Penicillium roqueforti
Penicillium rubens
Penicillium steckii
Penicillium subrubescens
Penicillium taurinense
Penicillium terrarumae
Penicillium viridicatum
Penicillium vulpinum
Talaromyces stipitatus

0/10 0/7 15/15  0/20 0/7 0/10
0/10 0/7  0/15 020 0/7 0/10
7/10 0/7 15/15 20/20 0/7 0/10
7/10 0/7  0/15  0/20 0/7 0/10
10/10 717 8/15  0/20 0/7 0/10
6/10 0/7  0/15  0/20 0/7 0/10
7/10 0/7 7/15  0/20 0/7 0/10
0/10 0/7 7/15  0/20 717 0/10
10/10 0/7 7/15  20/20 3/7 0/10
10/10 0/7  0/15 020 0/7 0/10
0/10 0/7  5/15  0/20 0/7 0/10
7/10%* 0/7 715 020 0/7 0/10
10/10 0/7 15/15  0/20 3/7 0/10
10/10 0/7  6/15 20/20 7/7 0/10
0/10 0/7 715  0/20 0/7 0/10
10/10 0/7  3/15 20/20 717 8/10
0/10 0/7 15/15  0/20 5/7 0/10
0/10 0/7  0/15  0/20 0/7 0/10
0/10 0/7  0/15  0/20 3/7 0/10
0/10 0/7  0/15  0/20 0/7 0/10
0/10 0/7  0/15  0/20 0/7 0/10
7/10% 0/7 7715 0/20 0/7 0/10
0/10 0/7 0/15 020 0/7 0/10
0/10 0/7 7715 020 0/7  10/10
10/10 7/7 11/15 020 3/7 0/10
10/10 0/7  6/15 020 7/7 0/10
0/10 0/7  0/15  0/20 0/7 0/10
10/10 0/7  0/15  0/20 0/7 0/10
10/10 0/7  3/15  0/20 4/7 0/10
0/10 0/7  0/15  5/20 0/7 0/10
0/10 0/7  7/15  0/20 0/7 0/10
10/10 0/7 15/15  0/20 717 0/10
0/10 0/7 0/15  0/20 0/7 0/10

* For P. discolor and P. palitans the partial andrastin A BGC was identified as an atlantinone

A BGC.
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3. Results and discussion
3.1. Genome sequencing and comparative genomics

The genome assembly statistics of P. discolor, P. glandicola,
P. crustosum, P. bialowiezense, P. pancosmium, P. palitans, P. viridicatum,
P. manginii, P. terrarumae and P. taurinense are presented in Table 1.
Overall, assembly sizes ranged from 27.5 to 36.8 Mb and the number of
encoded genes ranged from 9,867 to 12,520, with an average GC content
of 48.6%. The number of Ns predicted in P. discolor (373.67 N per 100
kbp) was much higher than what was predicted for the other species
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(maximum 2.6 N per kbp). However, the number of predicted genes
remained very similar to what was observed in the other genomes.
Therefore, it is likely that the gene prediction, and the consequent sec-
ondary metabolite cluster analysis, were not affected by this limitation
in the P. discolor assembly.

We used Antismash version 5.2.0 (Blin et al., 2019) to predict the
presence of BGCs inside these species (Table 3). The total number of
predicted BGCs is 551. BGC presence is quite variable in the different
species, with P. viridicatum having almost twice the number of clusters of
P. pancosmium (73 versus 38). The most represented families of core
biosynthetic enzymes are non-ribosomal peptide synthases (NRPSs: 191)

adrC adrH adrA adrE adrD adrJ
Penicillium bialowiezense L N N K N B ROl NN B .
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Fig. 2. Structure of putative andrastin A clusters found in investigated Penicillium spp. Each line name indicates the species, while arrows indicate relative size and
orientation of present genes, with the same color indicating homologues across different species. White arrows indicate genes not associated with known cluster
genes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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atll atlG NA atliF atlD atliB

Penicillium discolor @8 B O e Be
atlH NA NA atle atlC atlA

atll atlG NA atlF atlD atiB
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Fig. 3. Structure of putative atlantinone A clusters found in P. discolor and P. palitans. Each line name indicates the species, while arrows indicate relative size and
orientation of present genes, with the same color indicating homologues across different genomes. White arrows indicate genes not associated with known cluster
genes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Structure of putative mycophenolic acid clusters found in investigated Penicillium spp. Each line name indicates the species, while arrows indicate relative size
and orientation of present genes, with the same color indicating homologues across different genomes. White arrows indicate genes not associated with known cluster
genes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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and polyketide synthases (PKSs: 175), followed by terpene synthases
(87), hybrid PKS-NRPSs (80) and dimethylallyltryptophan synthases
(DMATSs: 15). Uncommon gene clusters include a ribosomally synthe-
sized and post-translationally modified peptide (RiPP) cluster, found in
P. terrarumae, P. pancosmium and P. viridicatum, and a siderophore
cluster found in P. manginii.

We then reconstructed the phylogenetic relationships between these
species and other sequenced Penicillium species (Fig. 1). Recently, a
thorough taxonomical reassessment of the Eurotiales order has been
performed based on nine loci (BenA, CaM, Cct8, ITS, LSU, RPB1, RPB2,
SSU and Tsrl), with additional analyses of series relationships in
Aspergillus and Penicillium genus (Houbraken et al., 2020). For the
Penicillium genus, the overall topology obtained in our phylogenetic tree
is similar to the one presented in the aforementioned study, for the
species shared by both studies. However, in our reconstruction the
divergence between sections Brevicompacta and Canescentia (both
belonging to Penicillium subgenus Penicillium) occurred sequentially
during the evolution of Penicillium subgenus Penicillium, with section
Canescentia diverging before section Brevicompacta, whereas in Hou-
braken et al. (2020) these sections emerge together from a common
ancestor. In our tree, Penicillium occitanis clustered with Talaromyces
stipitatus, as shown in a previous study (Fuentes et al., 2022).

3.2. Biosynthetic gene clusters

Biosynthetic gene clusters (BGCs) are the genomic structures by
which fungi organize and regulate the synthesis of secondary metabo-
lites. In the present study, we used the knowledge of gene homology
relationships to investigate the presence and completeness of some
previously identified BGCs among several Penicillium species. In addi-
tion, for the newly sequenced strains, LC-MS/MS chemical analyses
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were performed for the production of the BGCs products in different
growth media. Results of BGC analyses, under the tested conditions, are
shown in Table 4. Overall, the highest number of putatively functioning
BGCs (four) was found in P. glandicola and P. roqueforti. Four other
species (P. crustosum, P. vulpinum, P. flavigenum and P. expansum) had
three functioning clusters. P. bialowiezense, P. taurinense, P. antarcticum,
P. rubens and P griseofulvum had two functioning clusters, whereas
P. decumbens, P. subrubescens, P. coprophilum, P. nalgiovense, P. discolor
and P. palitans had one functioning cluster. Finally, no putatively func-
tioning cluster for the considered secondary metabolites was found in
the remaining species.

3.2.1. Andrastin A and atlantinone A

Andrastin A cluster is formed by eleven genes, nine of which encode
for enzymes which are directly involved in andrastin A formation: adrA,
adrD, adrE, adrF, adrG, adrH, adrl, adrJ and adrK (Matsuda et al., 2013).

The andrastin A cluster was found in eleven Penicillium spp. (Fig. 2,
Suppl Table 4), nine of which belong to Penicillium subgenus Penicillium.

While production of andrastin A has been previously reported in
most of these species (Sonjak et al., 2005; Houbraken et al., 2012,
Mansouri et al., 2013; Grijseels et al., 2017; Olsen et al., 2017; Prencipe
et al., 2018; Olsen et al., 2019; Houbraken et al., 2020; Spadaro et al.,
2020), we found no reference for its production by P. taurinense and
P. flavigenum, which could be attributed to the species novelty (the
former) or the presence of a silent cluster (the latter). Chemical analyses
performed in this study confirmed these results for P. bialowiezense, P.
crustosum, P. glandicola, and showed for the first time that P. taurinense
can produce andrastin A (Suppl Fig. 4; Suppl Fig. 5; Suppl Fig. 6; Suppl
Fig. 13). However, although we could identify the presence of this
cluster in the genome of P. flavigenum, this species was unable to produce
andrastin An under the tested conditions.
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Fig. 5. Structure of putative complete patulin clusters found in investigated Penicillium spp. Each line name indicates the species, while arrows indicate size and
orientation of present genes, with the same color indicating homologues across different genomes. White arrows indicate genes not associated with known cluster
genes. Double lines indicate that genes are found in different contigs. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)
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In addition to previous results, six more species seem to present
homologues of the complete BGC, both from Penicillium subgenus Peni-
cillium and Penicillium subgenus Aspergilloides: P. antarcticum (section
Canescentia), P. brasilianum (section Lanata-Divaricata), P. arizonense
(section Canescentia), P. discolor, P. palitans and P. camemberti (section
Fasciculata). No andrastin A production has so far been observed in those
species, although P. discolor, P. palitans and P. anctarticum are known to
produce atlantinone A (Dalsgaard et al., 2012; Visagie et al., 2021)
which shares the same initial intermediates, but diverges in later steps
(Qi et al., 2022). Indeed, closer inspection of putative andrastin A BGC
elements in P. discolor and P. palitans revealed the presence of a complete
atlantinone A cluster (Fig. 3; Suppl Table 5). Our chemical analyses
(Suppl Fig. 9; Suppl Fig. 11) later confirmed the production of atlanti-
none A in both P. discolor and P. palitans. Note that the complete
biosynthetic pathway associated with the cluster allows the conversion
of atlantinone A to hydroxylated derivate atlantinone B (Qi et al., 2022),
which was not investigated in our study.

Although the remaining clusters could be explained as degenerated
andrastin A or atlantinone A clusters, they might also represent parts of
clusters whose proteins are responsible for the synthesis of related sec-
ondary metabolites. Indeed, apart from andrastin A and atlantinone A,
many molecules of this family, which also includes mycophenolic acid,
have been found in various Penicillium species, such as citreobybridones
(Kosemura, 2003), penisemplicins (Komai et al., 2005), berkeleyacetals
and berkeleyacetals-derivates (Stierle et al., 2011; Ren et al., 2019),
purpurogenolide (Sun et al., 2016), simpterpenoid A (Li et al., 2018),
austinol and austinol-derivates (Park et al., 2018) and brasilianoids
(Zhang et al., 2018). For example, one of these molecules, para-
herquonin, is produced in P. brasilianum strain NBRC 6234, where the
associated BGC was also characterized (Matsuda et al., 2016).
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3.2.2. Mycophenolic acid

The mycophenolic acid gene cluster is formed by seven genes, of
which five encode for enzymes that are directly involved in mycophe-
nolic acid formation: mpaA, mpaC, mpaDE, mpaF and mpaG (Regueira
etal., 2011; Hansen et al., 2012; Zhang et al., 2015, 2019; Del-Cid et al.,
2016), while the seventh and final gene, mpaB, seems to play a role in
the pathway, although its function is unknown.

The mycophenolic acid cluster was found in two species from the
Penicillium subgenus Penicillium (Fig. 4, Suppl Table 6): P. bialowiezense
(section Brevicompacta), a very close relative of well-known mycophe-
nolic acid producer P. brevicompatum (which is also part of section
Brevicompacta, series Brevicompacta) (Houbraken et al., 2020) and
P. roqueforti (section Roquefortorum) for which the production of the
compound had been previously reported (Prencipe et al., 2018; Olsen
et al., 2019; Kozlovsky et al., 2020; Spadaro et al., 2020). We here
confirm that our strain of P. bialowiezense is also able to produce
mycophenolic acid (Suppl Fig. 4).

3.2.3. Patulin

The patulin gene cluster is formed by fifteen genes, ten of which
encode for enzymes which are known to be directly involved in the
synthesis of patulin: patD, patE, patF, patG, patH, patl, patJ, patK, patN
and patO (Beck et al., 1990; Dombrink-Kurtzman, 2007; Artigot et al.,
2009; Snini et al., 2014; Tannous et al., 2017; Li et al., 2019). Three
additional genes, patA, patC and patM, codify for putative transporters
(Li et al., 2019). A fourteenth gene, patL, encodes for a transcription
factor (Li et al., 2015), while the fifteenth gene, patB, encodes for a
carboxysterase of unknown function. The patulin cluster was found in
the outgroup A. clavatus and four Penicillium spp., all from Penicillium
subgenus Penicillium (Fig. 5, Suppl Table 7): P. antarcticum (section
Canescentia), P. vulpinum, P. griseofulvum (both section Robsamsonia),
and P. expansum (section Penicillium). Production of this mycotoxin was
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Fig. 6. Structure of putative patulin clusters found in investigated Penicillium spp. Each line name indicates the species, while arrows indicate size and orientation of
present genes, with the same color indicating homologues across different genomes. White arrows indicate genes not associated with known cluster genes. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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previously reported for all five of the species identified as having the
gene cluster (Frisvad et al., 2004; Vansteelandt et al., 2012; Banani et al.,
2016; Grijseels et al., 2017; Botha et al., 2018; Misihairabgwi et al.,
2018; Spadaro et al., 2020; Visagie et al., 2021).

In addition, fifteen more species seem to present elements of the
complete BGC, all from Penicillium subgenus Penicillium (Figs. 6 and 7,
Suppl Table 7). Though none of the species has been previously reported
as a patulin producer, we checked whether they could produce inter-
mediate compounds of this pathway.

Based on gene composition, as well as identity values compared to
reference proteins, it is possible to delineate three BGCs subgroups. The
first subgroup (Fig. 6), formed by P. coprophilum, P. roqueforti, P. flavi-
genum and P. rubens, contains orthologs with high protein identity values
(above 80%) that are continuous in the biosynthetic pathway and thus
could result at least in the formation of intermediate products. Such
occurrence has been previously observed in P. coprophilum and
P. flavigenum (Nielsen et al., 2017), where isoepoxydon was produced,
but the same study did not detect any patulin-related product in
P. rubens and P. roqueforti. Production of isoepoxydon requires the
presence of at least five genes: in order, patK, patG, patH, patl and patJ.
All four species share these five genes, as well as patL (which encodes a
transcription factor), in the same order, but there are differences in
overall cluster structure. In particular, P. flavigenum and P. rubens patulin
BGCs are identical and contain just the six aformentioned genes, though
only the former is a patulin producer. P. coprophilum, the other iso-
epoxydon producer, presents two additional genes, patC (which encodes
a putative transporter) and a gene of unknown function. Finally,
P. roqueforti has the largest patulin BGC of the group, which also in-
cludes patC, patM, patN and patO, as well as three genes of unknown
function. The second subgroup (Fig. 7), formed by P. discolor, P. crus-
tosum, P. palitans, P. camemberti, P. polonicum, P. freii and P. viridicatum,
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contains orthologs with high protein identity values (above 90%) that do
not form a biosynthetically continuous group. Since all these species
belong to section Fasciculata and share the same cluster genes, it can be
reasonably inferred that a patulin cluster was present and underwent
degeneration in the common ancestor, and that the remaining cluster
was inherited during the subsequent diversification of the section.

Finally, the third subgroup, formed by P. bialowiezense, P. glandicola,
P. digitatum and P. taurinense, contains different orthologs with medium-
to-high protein identity values (above 70%) that do not form a biosyn-
thetically continuous group. For P. digitatum high protein identity
values, as well as a close evolutionary relationship with patulin pro-
ducing species P. expansum suggest degeneration of an ancestral patulin
cluster. A similar hypothesis can be presented for P. taurinense based on
high protein identity values, although closely related patulin producing
species are unknown. These genes could also encode proteins respon-
sible for the synthesis of related secondary metabolites, several of which
have been detected in Penicillium spp. (Holm et al., 2014; Petersen et al.,
2015; Tang et al., 2017). For P. glandicola, the presence of a limited
number of genes associated with patulin production is puzzling, as this
species has been previously reported to produce this molecule (Frisvad
et al., 2004). Still, our production data (Suppl Table 7) confirm the
absence of this mycotoxin, which point to the presence of these genes as
leftovers after a cluster loss event rather than the result of a related BGC
detection.

3.2.4. Penitrem A

Penitrem A cluster is formed by twenty genes, seventeen of which
encode for enzymes which are directly involved in the synthesis of
penitrem A: ptmB, ptmC, ptmD, ptmE, ptmG, ptmH, ptml, ptmJ, ptmK, ptmL,
ptmM, ptmN, ptmO, ptmP, ptmQ, ptmU and ptmV (Saikia et al., 2006; Liu
et al., 2015). Two other genes, ptmT and ptmS, are thought to encode a
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Fig. 7. Structure of putative patulin clusters found in investigated Penicillium spp. Each line name indicates the species, while arrows indicate size and orientation of
present genes, with the same color indicating homologues across different genomes. White arrows indicate genes not associated with known cluster genes. Double
lines indicate that genes are found in different contigs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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transporter and a transcription factor, respectively, while no role has
been found for the product of gene ptmA (Liu et al., 2015).

A penitrem A cluster was found in four species, all from Penicillium
subgenus Penicillium (Fig. 8, Suppl Table 8): P. antarcticum (section
Canescentia), P. glandicola (section Robsamsonia), P. flavigenum (section
Chrysogena) and P. crustosum (section Fasciculata), for all of which
penitrem A production was reported (Overy et al., 2003; Frisvad et al.,
2004; Kozlovsky et al., 2020; Visagie et al., 2021). Our chemical ana-
lyses (Suppl Fig. 5; Suppl Fig. 6) confirmed these results for P. crustosum
and P. glandicola.

Another species, P. terrarumae (from Penicillium subgenus Aspergil-
loides, section Lanata-Divaricata), presents elements of the complete
cluster with low-to-medium protein identity values (60-80 %) (Suppl
Table 8). This could be the result of degeneration of an ancient penitrem
cluster or, alternatively, it could indicate the presence of a related
cluster producing similar metabolites, many of which have been detec-
ted in Penicillium spp. (Xu et al., 2007; Smetanina et al., 2007; Hu et al.,
2017; Babu et al., 2018; Ariantari et al., 2019).

3.2.5. Roquefortine C — glandicoline A — glandicoline B — meleagrin

Roquefortine C/glandicoline A/glandicoline B/meleagrin (RGGM)
cluster is formed by seven genes, six of them encoding for enzymes
directly involved in the biosynthesis of these molecules: rogA, rogD,
rogM, rogN, roqO and rogR (Garcia-Estrada et al., 2011; Ali et al., 2013).
A seventh gene, roqT, is thought to encode a transporter for extracellular
secretion (Garcia-Estrada et al., 2011).

A RGGM cluster was found in eleven species (all from Penicillium
subgenus Penicillium), either in a complete configuration (responsible
for the synthesis of roquefortine C, roquefortine D, roquefortine F,
neoxaline, glandicoline A, glandicoline B and meleagrin) or a shortened
one, yet still functional configuration (responsible just for the synthesis
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of roquefortine C) (Fig. 9, Suppl Table 9): for the complete configura-
tion, P. glandicola, P. vulpinum and P. coprophilum (section Robsamsonia),
P. flavigenum and P. rubens (section Chrysogena), whereas for the short-
ened configuration P. taurinense and P. griseofulvum (section Robsamso-
nia), P. roqueforti (section Roquefortorum), P. nalgiovense (section
Chrysogena), P. expansum (section Penicillium) and P. crustosum (section
Fasciculata).

For the complete configuration BGC all aforementioned species have
been previously reported to produce both roquefortine C and meleagrin
(Frisvad et al., 2004; Grijseels et al., 2017; Prencipe et al., 2018;
Kozlovsky et al., 2020), while for the shortened configuration produc-
tion of just roquefortine C was previously reported in all indicated
species but P. taurinense and P. nalgiovense (Frisvad et al., 2004; Banani
et al., 2016; Prencipe et al., 2018; Spadaro et al., 2020; Kozlovsky et al.,
2020). In P. nalgiovense, the presence of a putatively inactive cluster
residue was previously noted (Nielsen et al., 2017). Our chemical ana-
lyses (Suppl Fig. 5; Suppl Fig. 6; Suppl Fig. 13) provided evidence for
roquefortine C production in P. crustosum, P. glandicola and P. taurinense,
as well as glandicoline A, glandicoline B and meleagrin production in
P. glandicola.

3.2.6. Verrucosidin

Verrucosidin cluster is thought to be formed by ten genes, of which
one encodes for a polyketide synthase which is known to be directly
involved in verrucosidin biosynthesis: verA (Valente et al., 2021). Genes
verB, verC1, verC2, verF, verG and verH received a putative function,
whereas the role of genes verUI, verU2 and verU3 remains unknown.

A verrucosidin cluster was found in two phylome species, both from
Penicillium subgenus Penicillium (Fig. 10, Suppl Table 10): P. polonicum
(section Fasciculata) had the complete cluster and P. glandicola (section
Robsamsonia), with eight genes out of ten. Production of verrucosidin
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Fig. 8. Structure of putative penitrem A clusters found in investigated Penicillium spp. Each line name indicates the species, while arrows indicate relative size and
orientation of present genes, with the same color indicating homologues across different genomes. White arrows indicate genes not associated with known cluster
genes. Double lines indicate that genes are found in different contigs. (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)
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Fig. 9. Structure of putative roquefortine C/glandicoline A/glandicoline B/meleagrin clusters found in investigated Penicillium spp. Each line name indicates the
species, while arrows indicate relative size and orientation of present genes, with the same color indicating homologues across different genomes. White arrows
indicate genes not associated with known cluster genes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 10. Structure of putative verrucosidin clusters found in investigated Penicillium spp. Each line name indicates the species, while each arrow indicates relative
size and orientation of present genes, with the same color indicating homologues across different genomes. White arrows indicate genes not associated with known
cluster genes. Double lines indicate that genes are found in different contigs. (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)

has been previously reported in P. polonicum (Frisvad et al., 2004;
Wigmann et al., 2015). No literature data was found for verrucosidin
production in P. glandicola, which is consistent with our results for this
species, in which this cluster lacks the biosynthetic genes verC2 and
verH. Our chemical analyses (Suppl Fig. 6) confirmed the lack of ver-
rucosidin production in our strain of P. glandicola.

4. Conclusions

In this study we sequenced and annotated ten Penicillium genomes
belonging to section Lanata-Divaricata (P. terrarumae), section Citrina
(P. pancosmium and P. manginii), section Brevicompacta
(P. bialowiezense), section Robsamsonia (P. glandicola and P. taurinense)
and section Fasciculata (P. discolor, P. crustosum, P. palitans and
P. viridicatum), thus increasing the available information regarding this
genus. In particular, P. glandicola, P. taurinense and P. terrarumae were
sequenced for the first time. All the strains were isolated from chestnuts
and the chestnut flour production line. Most of these species can produce
mycotoxins, which can cause acute and/or chronic toxicity to humans.
The presence of such a high concentration of different Penicillium species
in a food production line suggests a potential for combined production of
different secondary metabolites, and particularly of mycotoxins.

In this study, we investigated the distribution and composition of six
BGCs associated with the production of mycotoxins and other secondary
metabolites, in particular andrastin A, atlantinone A, mycophenolic
acid, penitrem A, patulin, verrucosidin, roquefortine C, glandicoline A,
glandicoline B and meleagrin. We were able to identify mycotoxin
clusters in species that so-far had not been reported to produce them. We
identified an andrastin A cluster both in P. vulpinum and P. flavigenum, as
well as a roquefortine C cluster in P. nalgiovense, thus suggesting a
greater mycotoxigenic potential than previously expected. We
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demonstrated that members of the same section can have different
mycotoxin BGCs and production, as observed for P. glandicola and
P. taurinense, belonging to the same section Robsamsonia. P. glandicola
has the complete BGCs and production of andrastin A, penitrem A and
meleagrin/glandicoline/roquefortine C. P. taurinense showed for the
first time to have both the BGC and the production of andrastin A and
roquefortine C, but not of penitrem A.

Chestnuts, besides proving to be an optimal substrate for Penicillium
spp. growth, showed to host several species with different mycotoxin
potential, opening the door to the risks related to the occurrence of
multiple mycotoxins in the same food matrix. This study outlines that a
systemic approach should be adopted to mycotoxin risk evaluation and
management, as several mycotoxins can be present on the same food
matrix or food production line.

This study clarifies the mycotoxigenic potential of 31 species of
Penicillium, three of which (P. glandicola, P. taurinense and P. terrarumae)
had not been previously sequenced. This knowledge could be used in
different food matrices, besides nuts, to establish the mycotoxigenic
potential of Penicillium spp.
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