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Global analysis of biosynthetic gene clusters
reveals vast potential of secondary metabolite
production in Penicillium species

Jens Christian Nielsen', Sietske Grijseels?, Sylvain Prigent’, Boyang Ji', Jacques Dainat34,
Kristian Fog Nielsen? Jens Christian Frisvad?, Mhairi Workman? and Jens Nielsen'>*

Filamentous fungi produce a wide range of bioactive compounds with important pharmaceutical applications, such as
antibiotic penicillins and cholesterol-lowering statins. However, less attention has been paid to fungal secondary
metabolites compared to those from bacteria. In this study, we sequenced the genomes of 9 Penicillium species and,
together with 15 published genomes, we investigated the secondary metabolism of Penicillium and identified an immense,
unexploited potential for producing secondary metabolites by this genus. A total of 1,317 putative biosynthetic gene
clusters (BGCs) were identified, and polyketide synthase and non-ribosomal peptide synthetase based BGCs were grouped
into gene cluster families and mapped to known pathways. The grouping of BGCs allowed us to study the evolutionary
trajectory of pathways based on 6-methylsalicylic acid (6-MSA) synthases. Finally, we cross-referenced the predicted
pathways with published data on the production of secondary metabolites and experimentally validated the production of
antibiotic yanuthones in Penicillia and identified a previously undescribed compound from the yanuthone pathway. This
study is the first genus-wide analysis of the genomic diversity of Penicillia and highlights the potential of these species as

a source of new antibiotics and other pharmaceuticals.

n the past decades, the discovery of new antibiotics has not kept

pace with the development of antibiotic-resistant infectious

microorganisms!. Historically, actinomycetes have been the
main source of antibiotics, and filamentous fungi have not been
studied to the same extent, despite their ability to produce diverse
arrays of secondary metabolites (SMs)% Filamentous fungi are less
studied and characterized at the genomic level, and genomic
insight is a key element in efficiently unlocking their potential for
new antibiotics and other pharmaceuticals.

In recent years, secondary metabolite research has benefited
extensively from the development of bioinformatics analysis tools,
which enable researchers to mine genomes for the identification
of genes involved in the synthesis of secondary metabolites®=>.
These tools exploit the fact that genes involved in the biosynthetic
pathway of secondary metabolites tend to cluster together in the
genome in biosynthetic gene clusters (BGCs). BGCs are often com-
posed of a backbone gene, predominantly polyketide synthases
(PKSs) and non-ribosomal peptide synthetases (NRPSs), which
gene products, polymerize monomers to generate a chemical back-
bone structure that is subject to modifications by tailoring enzymes.
PKSs and NRPSs are multidomain megaenzymes that use short-
chain carboxylic acids and amino acids, respectively, as the substrate
for condensation reactions carried out by ketoacyl synthase (KS)
domains in PKSs and condensation (C) domains in NRPSs (ref. 2).

The Penicillium genus consists of more than 354 species, of
which several are of industrial importance®. Most prominent is
the industrial penicillin producer Penicillium rubens (often ident-
ified as P. chrysogenum), but other Penicillia are used for the pro-
duction of other pharmaceutical secondary metabolites’, enzymes

such as cellulases® and in the manufacture of food products’.
They play an important role in mediating phosphate to plants'?,
which has great impact on agriculture!!, and their production of
mycotoxins upon the contamination of food and feed is a serious
health concern in humans and animals'2. The implications
Penicillium species have on humans are widely associated with
their ability to produce bioactive secondary metabolites, and to
better understand how we can harness the production of these for
biotechnological exploitation, or to limit them where they are
unwanted, it is important to assess the entire arsenal of secondary
metabolite biosynthetic pathways in these species.

Here, we have sequenced the genomes of nine Penicillium species
and gathered available Penicillium genomes from the literature. In
total, we mined 24 genomes for BGCs and associated PKS and
NRPS BGCs to known pathways. This enabled the prediction of
yanuthone production in Penicillium, which was experimentally vali-
dated, together with the identification of a previously undescribed
compound from the yanuthone pathway, in Penicillium flavigenum.

Results

Genome features of the Penicillium genus. The genomes of nine
Penicillium species, P. antarcticum, P. coprophilum, P. decumbens,
P. flavigenum, P. nalgiovense, P. polonicum, P. solitum, P. steckii
and P. vulpinum, were sequenced, assembled and annotated as
described in the Methods, and analysed together with 15
published Penicillium genomes (Supplementary Table 1). All
genomes were 23.9-36.1 Mbp in size and contained 7,232-15,615
genes (Fig. 1). The genomes sequenced in this study generally
showed characteristics similar to those of previously published
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Species Strain Genome No. of ORFs  GC content BUSCOs
(Mbp) (%) (%)
P. camemberti FM 013 35.0 14,418 46.8 99
P. biforme FM 169 34.9 15,246 481 99
[ clade1 P. fuscoglaucum FM 041 36.1 15,615 47.7 99
[ clade 2 P. solitum IBT 29525 332 12,124 47.9 99
D Clade 3 P. freii DAOM 242723 34.0 9,630 47.0 96
|:| Clade 4 P. polonicum IBT 4502 324 10,827 47.5 92
|:| Clade 5 P. digitatum Pd1 26.0 9,118 482 97
[ Clade s P. italicum PHIT 30.0 9,996 473 97
D Clade 7 P. expansum ATCC 24692 325 11,807 47.4 96
P. paneum FM 227 26.6 12,201 49.0 96
P. roqueforti FM 164 29.0 12,319 47.0 77
P. carneum LCP0O5634 259 13,412 481 96
P. nalgiovense IBT 13039 33.0 12,149 48.4 98
P. flavigenum IBT 14082 329 11,097 485 90
P. rubens Wisc. 54-1255 322 13,671 48.9 98
P. coprophilum IBT 313221 28.4 9,052 483 87
P. griseofulvum PG3 29.0 1,739 483 98
P. vulpinum IBT 29486 311 10,389 47.4 93
T} P. arizonense CBS 141311 337 12,253 491 99
P. antarcticum IBT 31811 315 11,840 48.8 97
P. steckii IBT 24891 321 10,451 451 92
5 — P. brasilianum MGTI 359 1,943 491 99
100 P. oxalicum 114-2 30.2 9,979 50.6 99
P. decumbens IBT 11843 239 7,232 50.2 87
A. nidulans
0.05

Figure 1| Maximum likelihood phylogram and genome statistics of Penicillium species analysed in this study. The phylogram was determined from the
protein sequence of 1,389 single-copy genes present in all genomes. Aspergillus nidulans was used as outgroup, bootstrap support is given from 100 bootstrap
replicates, and the scale bar indicates the mean expected substitutions per site. Species marked in bold were sequenced in this study. BUSCO®” describes the
completeness of the genomes by assessing the presence of ubiquitous fungal single-copy genes. ORFs, open reading frames.

Penicillium species, albeit P. steckii showed a slightly lower GC
content (45.1%) than the rest, and P. decumbens had the smallest
genome (Fig. 1).

Phylogenetic analysis showed that the 24 species clustered into
seven clades, with P. decumbens, P. steckii, P. brasilianum and
P. oxalicum being the most distinct species, representing
Penicillium subgenus Aspergilloides (clade 7) (Fig. 1). The remaining
species represented members of Penicillium subgenus Penicillium,
with the recently discovered P. arizonense'®> and the marine
fungus P. antarcticum™ diverging earliest and representing section
Canescentia (clade 6), while 18 species formed a closely related
branch, and were divided into their recently redefined sections'’,
which was in agreement with the topology of the phylogram, that
is, Fasciculata (clade 1), Robsamsonia (clade 2), Roquefortorum
(clade 3), Chrysogena (clade 4) and Penicillium (clade 5) (Fig. 1).

Functional versatility. All 278,862 genes from the 24 species were
clustered into orthologous groups based on protein sequence, and
3,249 gene families were shared by all species, hence representing
the core genome, while 8,784 genes families were seen in a subset
of the species (at least two) and represented the dispensable
genome (Supplementary Fig. 1). A functional annotation using
euKaryotic Orthologous Groups (KOGs) (Fig. 2a) proved that the
core genome contained 39% non-metabolic and 37% metabolic
genes, while the dispensable genome was dominated by 47%
non-metabolic genes and 27% metabolic genes. The remaining
genes were annotated within poorly characterized KOG categories.
In the pangenome, secondary metabolism (Q) showed the greatest
variation in gene content, followed by the remaining major parts
of metabolism: carbohydrate metabolism (G), amino acid
metabolism (E) and lipid metabolism (I) (Fig. 2a and
Supplementary Fig. 2). Interestingly, secondary metabolism (Q)
and carbohydrate metabolism (G) were mainly encoded in the
core genome, while amino acid (E) and lipid metabolism (I) were
more equally distributed among core and dispensable genes

(Fig. 2a). We further analysed gene copy number relative to
genome size, and showed that secondary (P=0.003) and
carbohydrate (P=0.047) metabolic genes were enriched among
gene families correlating with genome size (Supplementary Fig. 3).
This highlights that these subsystems are under positive selection
and drive the genome expansion in Penicillium, and also explains
the high variation within these KOG categories. More specifically,
the variation within secondary metabolism was mainly explained
by variations in the content of cytochrome P450 genes
(Supplementary Fig. 4), while carbohydrate active enzymes
(CAZys) showed the greatest variation within glycoside hydrolases
(GHs), ranging from 759 in P. arizonense, which was recently
shown to encode a large number of CAZys'3, to 321 in P. decumbens.

Overview of BGCs. Secondary metabolism was further investigated
by mining the genomes for BGCs using antiSMASH'® (Fig. 2b). A
total of 1,317 putative BGCs were detected in the 24 genomes,
corresponding to an average of 54.9 BGCs per species
(median 55), with the highest number of 78 BGCs being observed
in P. polonicum. The most abundant class was PKS BGCs, with
463 in total and an average of 17.2 per species (median 18), and
the second most abundant class was NRPS BGCs, with 275 in
total and an average of 11.3 per species (median 12). Among the
hybrid BGCs, the majority (140 of 195) were PKS-NRPS hybrids.
Interestingly, the species from clade 1 contained more terpene
BGCs than the rest, and generally showed a high number of BGCs
encoded in their genomes (Fig. 2b).

BGC diversity. The two major BGC classes in Penicillium were
based on PKSs and NRPSs and these were, including hybrids
thereof, grouped into gene cluster families using core domains of
the backbone genes (in total 467 PKSs, 260 NRPSs and 71
PKS-NRPS hybrids). We used the most conserved regions, the
KS domain of PKSs and the C domains of NRPSs, to serve as a
proxy for the similarity of the entire BGC, because these

2 NATURE MICROBIOLOGY 2, 17044 (2017) | DOI: 10.1038/nmicrobiol.2017.44 | www.nature.com/naturemicrobiology

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/10.1038/nmicrobiol.2017.44
http://www.nature.com/naturemicrobiology

NATURE MICROBIOLOGY ARTICLES

a Y W B F H Vv A D P V4 J L u M C K o T

500

E Pangenome
E Dispensable genome
E Core genome

400

£ 300

: $

5

S 200 é $ é ﬁ } g $$
100

E G Q b 80

Clade 1 Clade 2 |
|
Clade 3 Clade 4
60
Clade 5 Clade 6
Clade 7

No. of BGCs
I
o

. |
| = 25 ==E= Eﬂ

== |

0

NRPS PKS Total

BGCs

Indole  Hybrid Terpene Other

Figure 2 | Functional analysis of Penicillium species. a, Distribution of proteins allocated to different subsystems as defined by euKaryotic Orthologous
Groups (KOGs). KOGs are sorted according to standard deviation in the pangenome. KOG categories are as follows. For cellular processes and signalling,
M is cell wall/membrane/envelope biogenesis, O is post-translational modification, protein turnover and chaperones, T is signal transduction mechanisms,
U is intracellular trafficking, secretion and vesicular transport, V is defence mechanisms, W is extracellular structures, Y is nuclear structure, and Z is
cytoskeleton. For information storage and processing, A is RNA processing and modification, B is chromatin structure and dynamics, J is translation,
ribosomal structure and biogenesis, K is transcription, and L is replication, recombination and repair. For metabolism, C is energy production and conversion,
D is cell cycle control, cell division and chromosome partitioning, E is amino-acid transport and metabolism, F is nucleotide transport and metabolism, G is
carbohydrate transport and metabolism, H is coenzyme transport and metabolism, | is lipid transport and metabolism, P is inorganic ion transport and
metabolism, and Q is secondary metabolites biosynthesis, transport and catabolism. b, Distribution of BGC classes. Each boxplot represents the distribution
of a class of BGCs as defined by antiSMASH'. The class ‘Other’ contains BGCs that do not fit into any of the predefined categories of antiSMASH and rare
BGC classes that were present in a few species only. In the boxplots, the box indicates the first, second and third quartiles and the whiskers extend to the

lowest/highest value that is within 1.5 IQR (inter-quartile range).

domains have previously been shown to be good evolutionary
determinants'’-1°.

To identify the diversity between the domains and to evaluate
whether their similarity could be used to infer the similarity of
BGCs, an all versus all alignment was performed (Fig. 3a). The
majority of the KS domains showed a similarity between 20 and
60% identity, while the C domains were less similar and distributed
mainly between 10 and 40% identity (Supplementary Fig. 5).
However, a number of highly similar domains clustered together,
and several of these generated super clusters, as indicated by the
dark colours in Fig. 3a. These super clusters mainly represented
PKSs with the same degree of reduction, or C domains with the
same catalytic activity. The tendency to form distinct super clusters
was more pronounced for the KS domains and might encompass
PKSs generating scaffolds with similar chemical structure, as was
observed (Supplementary Fig. 6).

Based on a detailed inspection of the similarity of the domains
(Supplementary Fig. 5), an empirical cutoff of 74 and 64% identity
for KS and C domains, respectively, was chosen to select domains
(and by extension BGCs) that were shared between multiple
species (Fig. 3b). Among the KS and C domains, 81 and 77%,
respectively, grouped into a gene cluster family, meaning that
104 PKS and 148 NRPS BGCs in the Penicillium species studied
here were unique to one species. In all species analysed, we found
examples of both unique and shared BGCs.

The putative products of the BGC pathways were predicted by
mapping the KS and C domains to the MIBiG database?® of charac-
terized BGCs, from which all fungal KS and C domains were
extracted and aligned against the corresponding domains predicted
in the Penicillium genomes. Among the predicted PKS-containing
BGCs, 80 could be annotated to one of 21 different pathways
(Fig. 3b and Supplementary Data 1). In the KS network, nine
highly abundant gene cluster families were present in more than

half the species, but only one of these could be assigned to a
pathway, that is, biosynthesis of the green conidial pigment
YWA1, which was found in all species. Second most abundant was
a gene cluster family showing the same level of similarity to mono-
dictyphenone and pestheic acid, which are both derived from
emodin. Based on the low connectivity of this cluster in the
network (Fig. 3b), we expect these pathways to have a diverse set
of end products based on a conserved chemical core, similar to the
emodin pathway in Aspergillus nidulans, which has been shown to
encode more than ten different stable products®!. Besides this gene
cluster family, all other clusters in the network showed a high con-
nectivity, indicating a consensus in the pathway predictions (Fig. 3b).

For the NRPS-containing BGCs, 51 could be annotated to one of
nine different pathways (Fig. 3b and Supplementary Data 2). The
most abundant NRPS BGC that could be annotated was fungis-
porin, which was observed in all species, and because the fungis-
porin NRPS contains two C domains, the same number of
fungisporin clusters was seen in the network (Fig. 3b). The second
most abundant annotated BGC was the roquefortin C/meleagrin
pathway identified in ten species. Three hybrid PKS-NRPSs were
among the predicted pathways (pseurotin A, chaetoglobosin and
aspyridone), and because these contain both KS and C domains,
they were predicted in both the PKS and NRPS analyses.

A total of three BGCs were predicted to be present in all 24
Penicillium genomes and represented one PKS BGC and two NRPS
BGCs (containing two C domains each). In the previous section,
we showed that the genes categorized as secondary metabolism are,
in the majority, part of the core genome in Penicillium (Fig. 2).
However, when grouping BGCs based on the encoded biosynthetic
pathways, only few proved to be conserved in all species (Fig. 3b).

Evolution of 6-MSA pathways. The BGCs of the mycotoxin patulin
and the antibiotic yanuthone D were further investigated because
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Figure 3 | Overview of the similarity of PKS and NRPS BGCs in Penicillium species. a, All versus all comparison of conserved protein domains (ketoacyl
synthase (KS) and condensation (C) domains), based on pairwise sequence alignments. The KS domains were annotated based on the number of reducing
domains in the corresponding PKS into either fully reducing (FR), partially reducing (PR) or non-reducing (NR). Clustering of the KS domains was based on a
maximum likelihood phylogram. The C domains were annotated based on catalytic specificity into the following classes: ‘cyclic’, catalysing both peptide bond
formation and subsequent cyclization; 'DCL’, linking an L-amino acid to a p-amino acid; ‘dual’, catalysing condensation and epimerization; ‘LCL’, linking two
L-amino acids. Clustering of C domains was based on Bray-Curtis dissimilarity. b, Network representation of PKS (left) and NRPS (right) BGCs shared by
multiple species. Each node represents a domain and by extension a BGC, and the edges connect domains that are similar. Nodes are coloured according to
the clade of the species and highlighted clusters represent gene cluster families mapped to the MIBiG database (Supplementary Data 1 and 2).

these two pathways synthesize similar secondary metabolites that
are both based on a 6-methylsalicylic acid (6-MSA) core (Fig. 4a).
Despite both PKSs (encoding 6-MSA synthases) catalyse the same
reaction, they could be clearly distinguished based on KS domain
similarity (Supplementary Fig. 7). The first three steps in the
pathways are catalysed by orthologous enzymes (Supplementary

Fig. 8) and convert one acetyl-CoA and three malonyl-CoA to
toluquinol. Further conversion to gentisyl alcohol in the patulin
pathway is catalysed by PatH, a paralogue of Patl (refs 22, 23)
(Fig. 4a). The next step in both pathways is unknown, but could
be catalysed by another set of orthologues, Pat] and YanE, as
previously proposed®, because these enzymes have co-evolved
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Figure 4 | Patulin and yanuthone D biosynthesis and BGCs. a, Biosynthetic pathways of patulin and yanuthone D. Dashed arrows indicate multiple steps.
b, Predicted patulin BGCs relative to the version in P. expansum (MIBIiG, BGCO000120) (ref. 76), ¢, Predicted yanuthone D BGCs relative to the version in
A. niger (MIBiG, BGCO000170) (ref. 23). Gene functions are given according to this study and previous work?%?3, Verified producers of *patulin,
fyanuthone D and *yanuthone E (Supplementary Data 1). $Verified in this study.

with the remaining shared genes (Supplementary Fig. 9) and were
conserved in all 6-MSA BGCs identified in this study, except in
the partial yanuthone D BGC in P. expansum (Fig. 4b,c). To
investigate the variation within the patulin and yanuthone D
BGCs, gene synteny was assessed relative to the corresponding
experimentally verified BGCs from the MIBiG database (Fig. 4b,c).

Patulin BGCs were predicted in ten species, of which seven
contained orthologues of at least 12 of 15 genes in the reference
cluster from P. expansum (Fig. 4b). Previous studies have confirmed
these species as patulin producers?*, except P. roqueforti, which
has not been seen to produce patulin, but is closely related to the
patulin producers P. paneum and P. carneum?®. For the remaining
species (P. coprophilum, P. flavigenum and P. rubens) partial patulin
BGCs were observed, which is in agreement with observations
that P. flavigenum and P. coprophilum can synthesize intermediates
of the patulin pathway such as the bioactive compound isoepoxydon
(Supplementary Data 1). We also observed that the patulin BGCs in
P. antarcticum had a unique gene architecture, which was
rearranged compared to the other species, and is a possible
evolutionary bridge between two previously described patulin
BGC conformations in A. clavatus®* and P. expansum®
(Supplementary Fig. 10). Our findings also showed that the

P. expansum patulin BGC architecture is dominant in Penicillium, cor-
relating with the fact that P. antarcticum branches off as the first species
containing the patulin BGC in the phylogenetic tree (Fig. 1 and
Supplementary Fig. 10). These frequent rearrangements, even within
the same genus, confirm the high level of plasticity of BGCs, which
enables rapid development of alternative pathways and end products?.

Yanuthone D BGCs were predicted in six species, but one
additional species (P. expansum) clustered with these in the
network (Fig. 3b) and hence was included in the syntenic evaluation
(Fig. 4c). The synteny plot revealed, however, that the P. expansum
BGC was fragmented compared to the reference cluster, and shared
only five of ten genes with the yanuthone D BGC in A. niger. The
other predicted yanuthone D BGCs showed homology with at
least nine of ten genes. For P. italicum and P. griseofulvum, one
missing gene could be due to a fusion of the yanC-yanB and
yanB-yanG genes, respectively. Furthermore, an additional highly
conserved gene in the yanuthone D BGCs of the Penicillium
species was located between yanE and yanF, as previously observed
in P. griseofulvum®. To annotate the gene, a protein BLAST against
the NCBI non-redundant database was conducted, and the best hit
was a putative integral membrane protein from Botrytis cinerea
(EMR85854.1), showing 35% identity. Another gene predicted as
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an integral membrane protein was previously annotated in the
pyripyropene BGC in A. fumigatus (Pyr4), but proved to encode a
membrane-bound terpene cyclase®, and this enzyme showed 32%
identity to the protein of the additional gene in the Penicillium
yanuthone BGCs, indicating that it could be modifying the prenyl
group of yanuthones and generate alternative yanuthone derivatives
not seen in A. niger?.

Examining the prevalence of 6-MSA pathways in Penicillium
species, we found that 6-MSA synthase was present in either
patulin or yanuthone D BGCs in 12 of 14 species in clades 2-6,
but not in any species from clade 1 or 7, indicating that 6-MSA
synthase could have been lost by the divergence of these clades
(Supplementary Fig. 10). For the 6-MSA synthesizing species, five
contained both patulin and yanuthone BGCs (or partial versions),
while seven species contained only one of the two (Supplementary
Fig. 10). The fact that the majority of the species have lost one of
the two pathways suggests that a weak evolutionary pressure exists
to lose either of the two pathways and could be a way to avoid
cross-reactions of the pathways. Other 6-MSA synthases have
been linked to pathways in Aspergillus species, for example, aculinic
acid in A. aculeatus’!, terreic acid in A. terreus? and isoasperlactone
and asperlactone in A. westerdijkiae®, with the former two showing
a closer evolutionary relationship to patulin 6-MSA synthases than
those from yanuthone BGCs (Supplementary Fig. 11).

Production of secondary metabolites. In the above sections,
sequence similarity was used to group PKS- and NRPS-containing
BGCs into gene cluster families and annotate them to known
pathways. To evaluate these predictions, we cross-referenced the
available literature as well as secondary metabolites detected in
this study (Supplementary Data 1 and 2) and could validate the
production of the predicted or related compounds for 89 of the
127 pathway predictions. For the remaining unconfirmed cases,
explanations could be that the BGCs are either silent under most
conditions® or that we identified an inactive evolutionary
reminiscence of a BGC (ref. 35).

Among the predicted pathways, which were initially uncon-
firmed, we decided to further investigate the production of
yanuthones, for which a corresponding BGC was seen in seven
species (Fig. 4c). We tested all seven for the production of
yanuthones and related compounds, using liquid chromatography
combined with high-resolution tandem mass spectrometry
(LC-MS/HRMS) to search for the known compounds, as well as
isomers generating fragment ions, as the available yanuthone stan-
dards (Supplementary Fig. 12).

In the crude extracts of P. rubens and P. flavigenum, we identified
yanuthone E, and in the latter, also yanuthone D. In the extract of
P. flavigenum, we also identified a compound that had a very
similar fragmentation pattern as the yanuthones, but a different mol-
ecular mass (Supplementary Fig. 12). The MS/HRMS showed that it
had the same polyketide core and prenyl unit as yanuthone E, but
with the carboxylate unit having an elemental composition of
C,H,O,, which is most probably malonic acid (Supplementary
Fig. 12). We also searched for compounds with a C,, prenyl chain,
but did not detect any. The absence of detectable yanuthones in the
remaining five species could be due to a lack of induction under
the applied growth conditions, as production was found to be very
specific for A. niger, where only solid YES medium could induce pro-
duction and, even under these conditions, the yanuthones were only
represented by minor peaks compared to other secondary metab-
olites®. In P. rubens and P. flavigenum, only PDA medium induced
production, and here still as minor peaks.

Discussion
In this study, we have sequenced and annotated nine Penicillium
species and hence significantly contributed to the number of

publicly available Penicillium genomes. Together with the published
genomes of additional Penicillium species, a comparative genomic
analysis with a focus on secondary metabolism was conducted.

We found that secondary metabolism is the most variable cellu-
lar subsystem in terms of number of genes within Penicillia, and that
genes involved in secondary metabolite biosynthesis also show the
greatest expansion rate, meaning that these genes are enriched
among the genes correlating with genome size. Expansion rate has
previously been assessed in plant genomes (Arabidopsis, Soybean
and Sorghum), and an enrichment of secondary metabolite
biosynthetic genes was also observed®. Thus, it might be general
for secondary-metabolite-producing organisms that adaptation by
the acquisition of additional secondary metabolite biosynthetic
genes is a fast and cost-efficient way to improve fitness within
an environment.

In the Penicillium genomes, BGCs were identified, and we
hypothesized that the conserved domains KS (from PKS) and C
(from NRPS) could serve as a proxy for evaluating the similarity
between BGCs containing these genes, but also for mapping them
to other BGCs from more distant fungal genera. The idea for
doing this was sparked by a previous bacterial study that used KS
and C domains for comparing BGCs in 75 isolates of three different
Salinispora species'®. Our approach was similar, although we used a
more promiscuous cutoff for grouping BGCs to account for the
greater phylogenetic diversity in our genomes.

In total, we found 1,317 BGCs in 24 Penicillium genomes, of
which 61% (798 in total) contained a PKS, NRPS or hybrid
PKS-NRPS. We grouped these into gene cluster families and
mapped them to characterized fungal pathways in the MIBiG data-
base, which was recently updated with an additional 197 fungal
BGCs (ref. 37). Despite this, only 16% (127 in total) of the PKS-
and NRPS-derived Penicillium BGCs could be connected to a
pathway, and the unannotated BGCs included 13 gene cluster
families that were seen in more than half the species. This highlights
the knowledge gap that exists between compounds and biosynthetic
genes, even among widely abundant BGCs, and demonstrates the
potential in further studying fungal BGCs with the objective of iden-
tifying novel antibiotics and other pharmaceutical compounds.
There might be several of these BGCs where the product is
known but has not been connected to the biosynthetic genes, and
our work can aid in establishing these connections. One way of
doing this is to assess the overlap in BGCs by two or more species
and correlate this with their overlap in produced secondary metab-
olites, as previously demonstrated®*. The work conducted in this
study can greatly assist in this kind of analysis and provides a frame-
work for looking up BGC overlaps in Penicillia and selecting BGCs
of interest for further investigation.

Moreover, our work can be used as guidance for the discovery of
previously unknown producers of known compounds that might be
suitable as secondary-metabolite-producing cell factories® or for the
identification of BGCs containing auxiliary genes, which might
produce derivatives of known compounds that potentially could be
of pharmaceutical value. We demonstrated this by identifying
yanuthone BGCs in Penicillium species containing an extra gene
with homology to a terpene cyclase, which is absent in the correspond-
ing characterized BGC in A. niger?>. We showed that P. flavigenum and
P. rubens can produce yanuthone E, while P. flavigenum also produces
the end product yanuthone D as well as a previously undescribed
yanuthone, identified in this study. This yanuthone has the same poly-
ketide core and prenyl group as yanuthone E, but probably with a
malonic acid as carboxylate unit. Yanuthones have been shown to
exhibit antifungal activity against Candida albicans®**°, demonstrat-
ing their pharmaceutical potential. An intermediate in the A. niger
yanuthone D pathway, 7-deacetoxyyanuthone, has previously
been reported from a marine Penicillium species* as well as from
P. chrysogenum*2.
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Methods

Genome sequencing and assembly. Nine Penicillium species (P. coprophilum,

P. nalgiovense, P. polonicum, P. antarcticum, P. vulpinum, P. solitum, P. decumbens,
P. flavigenum, P. steckii) obtained from the culture collection (IBT) at the
Department of Biotechnology and Biomedicine at the Technical University of
Denmark were propagated, and genomic DNA was extracted as previously
described'®. DNA was prepared for sequencing using the TruSeq DNA PCRfree
library kit (Illumina) according to the manufacturers protocol (#1503618, rev B) and
sequenced on an Illumina HiSeq 2500 instrument. The resulting 125 bp paired-end
reads, with an average insert size of 600 bp, were quality checked and assembled
using various assembly tools: (ABySS (v.1.5.2)**, SOAPdenovo (v.2.04)*, SPAdes
(v.3.5.0)* and MIRA (v.4.0.2)). De Bruijn graph-based assemblers were tested with
k-mers between 55 and 117, and the quality of the assemblies was assessed using
QUAST* and FRCalign*®. Genome assemblies from either SOAPdenovo (P.
nalgiovense, P. polonicum and P. flavigenum) or ABySS (P. coprophilum, P.
antarcticum, P. vulpinum, P. solitum, P. decumbens and P. steckii) showed the best
overall quality and were used for further analysis.

Gene prediction. To increase the accuracy of gene prediction, repeat regions were
annotated using the existing reference repeat library included in RepeatMasker
(v.4.0.3)* supplemented with novel repeats detected with the RepeatModeler
package (v.1.0.8)*°. Candidate repeat sequences that were identified were checked
against protein sequences from the manually curated database Swiss-prot®!
(retrieved 8th January 2015) to exclude any nucleotide motif stemming from low-
complexity coding sequences. From this repeat library we used RepeatMasker and
RepeatRunner to assign repeat sequences to genomic loci.

Genes were predicted in the masked genome by first training an ab initio gene
predictor using GeneMark-ET (v.4.3)°2, which integrates RNA-seq evidence. For
this we used an in-house data set of species-specific RNA-seq samples or
39 RNA-seq samples from related Penicillium species in the case of P. antarcticum
and P. solitum, where species-specific RNA-seq data were not available. The RNA-seq
reads were mapped to the individual genome assemblies using TopHat2 (v.2.0.9)%
and cufflinks (v.2.2.1)* with settings —F 0.15 and -j 0.1. Further evidence was
collected at the protein level from sequences belonging to Swiss-prot (547,357
proteins). Finally, the gene build was computed using Maker (v.2.31.6)*° by
combining the evidence sequences (proteins and transcripts) with the ab initio gene
prediction generated by GeneMark.

Functional annotation. Predicted genes were functionally annotated based on the
protein sequence queried against Swiss-prot to retrieve gene name and protein
functions following the best-hit principle when the BLAST e-value was inferior to
le-6. In addition, InterProScan (v.5.7-48) was used to retrieve pathway
information from several databases.

Comparative functional analyses. Genome sequences of Penicillium species not
generated in this study were downloaded from the Joint Genome Institute (JGI) or
the National Center for Biotechnology Information (NCBI) (Supplementary

Table 1). The qualities of all genomes were assessed with BUSCO (v.1.1) using the
data set for fungi, which detects the presence of ubiquitous fungal genes to evaluate
the completeness of the gene prediction®’.

Proteins in all genomes were classified into KOGs (retrieved 21st August 2015
from http://ftp.ncbi.nih.gov/pub/mmdb/cdd/little_endian) using rpsblast, with an
e-value cutoff set to 0.01, and core and dispensable genome fractions were defined
based on protein groups generated with orthoMCL®® (evalueExponentCutoff=1e-5
and percentMatchCutoff=50). Enzyme expansion rate was calculated as described
previously®® with EC numbers defined based on orthoMCL groups and the EC
numbers given in the P. rubens genome-scale metabolic model®® and
hypergeometric test for determination of significance. For the annotation of CAZys,
all proteins were mapped to the CAZy database using family-specific profile HMMs,
downloaded from dbCAN® and scanned with the hmmscan program from the
HMMer (v.3.1b2) software package. The resulting output was parsed with the
hmmscan parser script supplied by dbCAN.

Phylogenetic analysis

Species phylogeny. Proteins in the 24 Penicillium genomes and Aspergillus nidulans
(AACD00000000.1) were divided into orthologous groups using orthoMCL, and
1,389 single copy genes were shared in all genomes. For each of these single-copy
genes, all sequences were aligned using MUSCLE®!, and the resulting multiple
sequence alignment was trimmed for poorly aligned regions using Gblocks®? with
parameters —b2 = 50% —b5 = a. The aligned and trimmed sequences were concatenated
to a single sequence of 479,008 amino acids. The data set was resampled using the
seqboot bootstrap implementation from the phylip package®’, into one data set with
le5 amino-acid positions for tree topology determination and 100 data sets with le4
amino-acid positions for evaluation of the bootstrap support values. A gamma
distributed JTT substitution model (PROTGAMMAIJTT) was selected as amino-acid
substitution model, based on having the lowest AIC score among the models tested in
ProtTest3 (ref. 64). RAXML® was used to calculate 100 maximum likelihood trees and
the one with the highest likelihood score was selected for tree topology. Bootstrap values
were generated based on the 100 resampled data sets.

KS domain clustering. Extracted amino-acid sequences of KS domains (see below)
were aligned using MAFFT (v.7.273)% with the globalpair setting turned on and
trimmed using Gblocks with parameter —b5 = h. RAXML was used as described in
the previous section.

Protein phylogeny. Multiple sequence alignments were generated using MUSCLE®!
and subsequently trimmed such that each position contained less than 60% gaps.
Based on ProtTest3 (ref. 64), gamma distributed JTT or LG were chosen as
amino-acid substitution models to infer maximum likelihood phylograms using
phyml®” with 100 boostrap replicates. The Robinson-Foulds distance between
phylogenetic trees was calculated using the implementation in ETE 3 (ref. 68).
Protein sequences not generated in this study were obtained from the MIBiG
database? for patulin (BGC0000120) and yanuthone D (BGC0000170) or from
NCBI for the patulin BGC in A. clavatus (A1CFL4.1, A1CFL5.1, A1CFL6.1,
A1CFL7.1, A1CFL8.1), the terreic acid BGC in A. terreus (Q0CJ59.1) and the aculinic acid
BGC in A. aculeatus (OJ]J97578.1), with the latter identified through a protein BLAST.

Secondary metabolite gene cluster detection and clustering. Annotated genomes
in genbank format were submitted to antiSMASH (v.3.0.4)'¢ for the detection of
BGCs. The output was parsed with custom Python scripts to extract backbone genes,
that is, PKSs, NRPSs, as well as additional metadata for each BGC. KS and C
domains of all extracted backbone genes were detected using the online tool
NaPDoS%. The detected KS and C domains were compared by an all versus all
Smith-Waterman alignment”® as implemented in biopython”!. The resulting
distribution of pairwise percent identities allowed us to infer a cutoff of 74% identity
for KS domains and 64% identity for C domains, to distinguish whether BGCs
should be grouped into gene cluster families. Synteny plots were generated using
MultiGeneBlast”.

To annotate the predicted BGCs, the MIBiG database (v.1.2)*° was downloaded
and fungal PKS, NRPS and hybrid PKS-NRPS protein sequences were extracted
using custom Python scripts. The corresponding KS and C domains were identified
and mapped to the predicted Penicillium BGCs using the same approach as
described above.

Experimental secondary metabolite detection. Seven Penicillium species

(P. flavigenum, P. rubens, P. italicum, P. griseofulvum, P. digitatum, P. vulpinum and
P. expansum) were grown on YES (yeast extract sucrose agar: 20 g "' yeast extract,
150 g I! sucrose, 0.5 g 1" MgSO,-7H,0, 1 ml I"" trace metal solution, 15 gI™" agar),
CYA (Czapek yeast autolysate agar: 5 g 1™ yeast extract, 35 g1 Czapek dox broth,
1 mll™ trace metal solution, 15 g1™" agar) and PDA (potato dextrose agar: 5 g 1™
potato dextrose agar and 1 ml 1™ trace metal solution) medium for the detection of
yanuthones and fungisporin. Three agar plugs were sampled from one colony on
each medium, and 1.0 ml of extraction solvent, isopropanol:ethylacetate (1/3)
containing 1% formic acid, was added. After ultrasonification for 1 h, the extract was
transferred to a clean vial, evaporated to dryness and redissolved in 100 pl methanol.
After centrifugation for 5 min, the supernatant was directly used for chemical analysis.
Identification of secondary metabolites was done with UHPLC-DAD-TOFMS using an
Agilent 1290 ultra-high-performance liquid chromatography (UHPLC) system with
UV/Vis diode array detection (DAD) and coupled to an Agilent 6545 quadrupole
time-of-flight mass spectrometer (TOFMS) (Agilent Technologies, Torrance, CA)
equipped with an electrospray ionization (ESI) source. Separation was done on a
Poroshell column (120 A, 2.6 pm particle, 2 mm ID x 250 mm, maintained at 60 °C
with a flow rate of 0.35 ml min™"). A linear gradient system composed of 20 mmol I"!
formic acid in water and 20 mmol 1”! formic acid in acetonitrile was used, starting from
10% (vol/vol) acetonitrile and increasing to 100% in 15 min, maintaining this rate for
3 min before returning to the starting conditions within 0.1 min and maintaining these
for 2.4 min before the following run. Samples were analysed in both positive and
negative electrospray scanning, m/z 50-1,600. Tandem MS/HRMS spectra were
obtained at fixed collision-induced dissociation (CID) energies of 10, 20 and 40 eV and
matched to the internal library of ~1,500 reference standards and previously tentatively
identified compounds’>.

To identify potential alternative yanuthones, all ions generating fragment ions
identical to fragment ions observed from the yanuthone reference standards were
investigated (pseudo-parent ion scanning). Reference standards of yanuthones D, E,
F, H,1J, X2, Land M, as well as 22-deacetylyanuthone A and 7-deacetoxyyanuthone
A, were available. Pseudo-parent ion scanning was performed for a m/z 191.1794
fragment (prenyl unit) and the yanuthone E losing the carboxylate moiety at m/z
343.2267 and with an additional water loss at m/z 325.216207, as well as m/z
323.2006 and 341.2111 for yanuthone D. We also searched for compounds with a
C,, prenyl chain using the fragment ion m/z 123.1168.

Fungisporins were characterized as yanuthones with fragment ions already
identified and validated by isotope labelling’* and all tested species were found to
produce fungisporins, although with different elemental compositions
(CyoH3N,O,, CogHigN, O, CooH3N,Os, CygHagN,Op, CagHigN;O5, CioHy;NsOg
and C;,H;,N;Oy).

For the identification of puberulonic acid (P. polonicum and P. freii),
pyripyropenes (P. coprophilum) and isoepoxydon (P. flavigenum and P. coprophilum),
extracts were prepared from cultures grown on solid YES medium, as described above,
and compounds were identified using LC-DAD-TOEFMS, as previously described”.
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Code availability. Python scripts referred to in the Methods are available at
https://github.com/JensChrNielsen/Penicillium.

Data availability. All BGCs linked to entries in the MIBiG databases are provided in
the Supplementary Data. Pencillium whole-genome shotgun projects for this study
have been deposited at DDBJ/ENA/GenBank under accession numbers
MDDG00000000 (P. coprophilum), MOOB00000000 (P. nalgiovense), MDY MO00000000
(P. polonicum), MDYN00000000 (P. antarcticum), MDYP00000000 (P. vulpinum),
MDYO00000000 (P. soliturm), MDYL00000000 (P. decumbens), MLQL00000000

(P. flavigenum) and MLKD00000000 (P. steckii). Other data that support the findings of
this study are available from the corresponding author upon reasonable request.
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