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Abstract

The filamentous fungus Penicillium chrysogenum is a major industrial 
producer of the β-lactam antibiotic penicillin. Penicillin was discovered 
by Alexander Fleming in 1928, and was among the first medications to be     
effective against bacterial infections. Penicillins are still widely used today 
but are now produced by high β-lactam yielding strains that emerged from 
extensive classical strain improvement programs lasting for several decades. 
In 2008, the genome of P. chrysogenum was sequenced revealing a largely 
unexploited reservoir of nonribosomal peptide synthetase and polyketide 
synthase genes that specify potential bioactive compounds. In recent 
years, several pathways have been resolved that are responsible for the 
production of a wide variety of secondary metabolites (but these are), mostly 
nonribosomal peptides. Therefore, a challenge lies ahead to also elucidate 
the function of novel polyketide synthases and their associated products
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Introduction

The filamentous fungus Penicillium chrysogenum belongs to the genus             
Penicillium and features the typical brush-shaped morphology of its conidiophores. 
Because of the importance of this penicillin producing fungus, it was intensive-
ly studied by taxonomists during the last seven decades. Initially classified by               
Alexander Fleming as P. rubrum  [1], this fungus has later been re-identified by 
Thom as P. notatum [2]. Further improvement of the taxonomical schemes resulted 
in association of Fleming’s isolate with the names P. chrysogenum [3], P. griseoro-
seum or P. rubens [4]. The phenotypic similarities between P. chrysogenum and P. 
notatum were considered by Raper and Thom in 1949, who included both species 
into the newly established section Chrysogena (subsection Radiata). In 1977, Sam-
son [3] assigned P. notatum, P. meleagrinum, P. cyaneofulvum and six addition-
al species as synonymous to P. chrysogenum. Eventually, both Fleming’s isolate 
and the industrial penicillin producer Wisconsin were given the name Penicillium 
chrysogenum as nomen conservandum [5, 6]. According to the latest phylogenetic 
findings based on multi-gene analysis, morphological and extrolite similarities the 
section Chrysogena was expanded with up to eighteen species. Eight of those are 
producing penicillins [5].

P. chrysogenum is found in diverse environments like soil, spoiled fruits, air 
and even at the extreme conditions of the Antarctic ice core [7, 8]. Recently, the 
interest towards marine derived microorganisms as a potential source of the novel 
bioactive compounds, lead to the identification of P. chrysogenum species living in 
symbiosis with halophilic spongy Ircinia fasciculata [9] and red algal genera Lau-
rencia [10]. Commonly known as non-pathogenic, P. chrysogenum has also been 
related to invasive human infections in patients with an immune system disorder 
[11]. Moreover, P. chrysogenum induces a dose-dependent allergic asthma-like re-
sponse in mice [12]. The latter observation is of particular importance for human 
health, considering the identification of this fungus in common domestic environ-
ments like old buildings, on walls and in industrial dust. 
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Metabolites produced by Penicillium chrysogenum

During the last few decades, many bioactive compounds have been detected in 
the culture broth of P. chrysogenum and for several of these compounds the genes 
involved in their biosynthesis have been identified. Secondary metabolites are pro-
duced through two main mechanisms, namely by nonribosomal peptide syntheth-
ases (NRPS) and polyketide synthases (PKS). In addition, there are also hybrid 
NRPS-PKS enzymes. Ribosome unrelated polypeptide biosynthesis is performed 
by NRPS enzymes according to a thio-template mechanism. This results in poly-
peptide chain assembly that is preprogrammed according to the modular sequence 
of the substrate specific domains within these multifunctional enzymes. The broad 
substrate specificity of the NRPS domains allows the incorporation of proteinogenic 
and non-proteinogenic amino acids as well as pseudo, hydroxy and N-methylated 
analogs. This provides a wide structural diversity and correspondingly broad bio-
activity spectra for NRPS derived metabolites [13]. In contrast, for the biosynthesis 
of polyketides, CoA activated acetyl, malonyl, methylmalonyl units are required as 
the building blocks during extension. The produced molecules vary in length and 
the β-keto reduction level.

Here we provide a historical overview of the secondary metabolites associated 
with P. chrysogenum (Fig. 1). Significant progress has been made to characterize 
NRPS-derived secondary metabolites but linking specific metabolites to any of the 
PKS-encoding genes present in the genome still lags behind. The genome of P. 
chrysogenum encodes 10 NPRS, 20 PKS and two hybrid NRPS-PKS genes [14]. 
Several of these genes have now been associated with specific products. Interest-
ingly, the intensive classical strain improvement program of P. chrysogenum that 
was implemented from the early forties fourteens’ of last century and onwards in 
order to increase the yield of β-lactams eliminated pigment and other secondary 
metabolite formation [15]. Therefore, many of the metabolites described below are 
only produced in significant quantities by wild-type like P. chrysogenum strains. The 
mechanisms of gene inactivation underlying this phenomenon, however, remained 
unresolved until now. 
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Penicillins

Penicillins were the first discovered β-lactam antibiotics that have remained ther-
apeutically and commercially important for the last six decades. This class of com-
pounds comprises molecules carrying a β-lactam ring nucleus within their chemical 
structure. β-lactam antibiotics show antimicrobial activity against Gram-positive 
bacteria by inhibiting cell wall biosynthesis. The β-lactam ring covalently binds to 
the active site of the DD-transpeptidase enzyme which is responsible for the cross-
linking of the peptidoglycan bundles in the bacterial cell wall. There are three main 
genes involved in penicillin biosynthesis and these are clustered in the genome 
[16, 17]. These are the pcbAB, pcbC and penDE genes that encode the non-ri-
bosomal peptide synthetase L-α-(δ-aminoadipyl)-L-α-cysteinyl-D-α-valine synthe-
tase (ACVS), isopenicillin N synthase (IPNS) and isopenicillin N acetyltransferase 
(AT), respectively. The biosynthesis starts with the NRPS mediated condensation 
of α-aminoadipic acid (A), cysteine (C) and valine (V) and the formation of ACV 
tripeptide. β-lactam ring formation is catalyzed by Isopenicillin N (1) synthase fol-
lowed by the attachment of the CoA activated side chains by Isopenicillin N acetyl-
transferase. The acyltransferase enzyme also harbors hydrolytic activity, and con-
verts isopenicillin N into 6-aminopenicillanic acid (6-APA). The latter is an important 
precursor for the production of semi-synthetic β-lactams such as amoxicillin and 
ampicillin. These semisynthetic production processes has expanded the activity 
spectrum of this class of antibiotics. Under natural conditions, a variety of side 
chain precursors determines the formation of the natural penicillins like, Penicillin 
K (2) but these are less effective as compared to the commercial used β-lactam 
antibiotics. Benzylpenicillin (Penicillin G) (3) and phenoxymethylpenicillin (Penicillin 
V) (4) were the first natural penicillins introduced for clinical applications. The high 
titer of antibiotics biosynthesis has been achieved through an intensive industrial 
strain improvement program [18, 19]. As the result, several crucial mutations were 
acquired. One of the characterized genetic changes is the inactivation of the phe-
nylacetate 2-hydroxylase PahA that catalyzes the first step of phenylacetic acid 
catabolism [20]. This caused the redirection of the phenylacetic acid metabolism 
in favor of penicillin G biosynthesis and allows the application of the chemically 
modified media supplemented with the corresponding side chain precursors like 
phenylacetic acid (PAA) and phenoxyacetic acid (POA). The second improvement 
commonly found among main penicillin overproducing strains is the amplification of 
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the penicillin biosynthesis gene cluster. However, the achieved level of gene cluster 
amplification as well as the antibiotics titers varies between the mutants evolved 
through the independent strain improvement programs [18, 19]. 

Roquefortines

Penicillium strains produce a variety of mycotoxins termed roquefortines. 
This bacteriostatic compound is a well known contaminant during the production 
of roquefortin cheese which has been associated with its producer the fungus P. 
roqueforti [21]. The genetic origin and the enzymatic steps of the roquefortines/
meleagrin biosynthesis pathway has recently been resolved in P. chrysogenum 
using a combination of metabolic profiling and structural elucidation of the products 
formed by a series of deletion strains with deletions of each of the seven genes of 
the cluster [22]. This group of molecules is derived from the diketopiperazine HTD 
(histidyltryptophanyl-diketopiperazine) (5) which is formed by the NRPS RoqA that 
mediates the condensation of L-histidine and L-tryptophan. Next, HTD undergoes 
14 enzymatic conversions that results in the biosynthesis of at least 10 related me-
tabolites (6-15). The most abundant products like Roquefortine C (10) and D (11) 
demonstrate neurotoxic and bacteriostatic activities. Roquefortine L is a potential 
therapeutic agent for treatment of ischemic stroke and age related oncology. A 
P. chrysogenum strain lacking the roqA gene, processes synthetic, exogenously 
added HTD to yield a set of roquefortine-based secondary metabolites [23]. This 
was used for a mutasynthesis approach in which various synthetic HTD analogues 
were converted into a number of new roquefortine D derivatives, depending on the 
nature of the synthetic HTD added. This knowledge may be tapped for the future 
development of more complex semisynthetic roquefortine-based secondary me-
tabolites.

Siderophores

The bioavailability of iron is restricted due to the low solubility of Fe3+ in aerobic 
environments. The production of metal ion binding siderophores is typical among 
filamentous fungi that naturally grow at various challenging environments. This 
group of iron chelating compounds support fungal growth under iron limiting con-
dition by carrying Fe3+ into the cell [24]. The genome of P. chrysogenum specifies 
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at least three NRPS genes reported to be involved in the production of coprogen 
(16) (PssA, Pc16g03850), fusarinine C (17) (PssB, Pc22g20400) and ferrichrome 
(18) (PssC, 13g05260) (M. Samol, unpublished data). Unlike earlier predictions, P. 
chrysogenum does not have the genes to synthesize and degrade triacetylfusarine. 
In addition, P. chrysogenum produces two novel fusarinine C related compounds, 
which for their biosynthesis depend on both PssA and PssB. Coprogen production 
is PssA dependent. There are further NRPS encoding genes that might be involved 
in siderophore formation as they are only expressed under iron-depleted growth 
conditions. The overexpression of Pc13g14330 by replacing its native promoter 
with the IPNS promoter resulted in almost 3-fold increase in ferrichrome biosyn-
thesis (M. Samol, unpublished data) but its actual role is unknown. Pc21g01710 
encodes a NRPS that is homologous to SidE of A. clavatus and N. fischeri that is in-
volved in the biosynthesis of ferrichrome. It thus appears that P. chrysogenum has 
multiple and possibly redundant mechanisms for siderophores production. Such a 
redundancy can be associated with diverse Iron assimilation mechanisms [25-28] 
as well as potential capacity of these compounds to chelate other metals like Cd, 
Cu, Ni, Pb, Zn etc. with regards to the stability of the particular metal–siderophore 
complex [29].

Fungisporin

A group of at least 10 cyclic hydrophobic peptides including fungisporin (19) 
has been linked to a single NRPS termed HcpA (Pc16g04690) [30]. In addition, 
the fungus produces a series of linear variants of the cyclic peptides that are likely 
products of a proteolytic event. HcpA is a non-canonical tetra-modular NRPS with 
microheterogenicity of all involved adenylation domains towards their respective 
substrates. In combination with the mapping of the substrate predictions for each 
module, a mechanism has been proposed for a ‘trans-acting’ adenylation domain 
[30]. A fungisporin reported from Onychocola sclerotic was shown to be equipped 
with cardiac channel blocking activities. Interestingly, the colonies of the ∆hcpA 
strain have lost the ability to produce a wrinkled surface leading to a rather smooth 
appearance suggesting that they fulfill a hydrophobin-like role in determining the 
wettability of the surface. Because of their highly hydrophobic characteristics, the 
production of fungisporins is undesirable. For instance, in industrial application, 
these molecules tend to aggregate and complicate down-stream processing of the 
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fermentation broth. 

Sorbicillinoids and penitrinic acid

Some of secondary metabolites co-purify together with penicillin from the fer-
mentation broth of P. chrysogenum (P. notatum) [31]. Yellow pigments like sorbicil-
lin (20) and penitrinic acid were found to be the main contaminants during β-lactam 
production. Methods for the detection and structural elucidation of these yellow 
compounds were reported in the early days [31-33]. Sorbicillins are a vast group 
of polyketides produced by P. chrysogenum and have been purified and analyzed 
in detail. These compounds belong to the rapidly growing family of sorbicillinoids 
identified in P. notatum six decades later [34]. Other fungal species like A. para-
siticus [35], Trichoderma sp. USF-2690 [36] [37], and Phaeoacremonium NRRL 
32148 [38] are also known to produce sorbicillins and analogs. The unique hexa-
ketide origin of the sorbicillins indicates the involvement of polyketide synthases in 
their biosynthesis. The structure of sorbicillin corresponds to a core scaffold pres-
ent in approximately 30 monomeric and dimeric molecules that have been purified 
to date from a variety of fungal species in different environments [9, 35-38]. The 
oxidized form of sorbicillin dimerizes into complex structures via Diels–Alder or Mi-
chael-type reactions and are known as bisorbicillinoids [39, 40]. Both mono- and di-
meric sorbicillins were extracted from the culture broth of P. notatum, including mo-
nomeric metabolites such as 2′,3′-dihydrosorbicillin (22), dihydrosorbicillinol (23), 
oxosorbicillinol (24) and sohirnone A, B and C (26-28). Dimers are represented by 
trichodimerol (29), bisorbicillinol (30), bisvertinoquinol (31), bisvertinolone (32) and 
bisorbibutenolide (35) [34]. All the identified sorbicillins were subjected to antimicro-
bial tests indicating the activity of dihydrosorbicillinol, sohirnones A, B, oxosorbicil-
linol, bisorbicillinol, bisvertinoquinol and rezishanones A-D against Staphylococcus 
aureus and Bacillus subtilis. No anti-fungal or -algal properties were found [34]. 
Sorrentanone (25) exhibits a moderate antimicrobial activity against Staphyloccus 
and Enterococcus species [41]. New sorbicillinoids structures were identified within 
the research program BIOTECmarine that aimed to investigate the metabolome 
of sponge-associated microorganisms. Sorbicillactone A and B (40,41) are pro-
duced by a P. chrysogenum isolate derived from the spongy Ircinia fasciculate [9]. 
The origin of the unusual structures was elucidated by feeding experiments using 
13C-labeled precursors, and a biosynthetic mechanism of the biosynthesis of sor-
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bicillactons has been proposed. The incorporation of Sorbicillinol, alanine and me-
thionine during sorbicillactones biosynthesis was demonstrated and an enzymatic 
conversion mechanism was proposed [42]. Sorbicillactone A is a low toxic com-
pound with anti-HIV properties but exhibits a strong cytotoxic effect against L5178y 
leukemic cells [42]. These remarkable pharmaceutical features of sorbicillactone A 
has led to the development of improved cultivation techniques of P. chrysogenum 
for the large scale production of this compound [43]. A cluster of two PKS genes 
has been proposed to be responsible for sorbicillin production but this was not val-
idated by molecular genetic studies. Since sorbicillin production is eliminated in the 
early penicillin producing strain Wisconsin 54-1255 whereas the progenitor strain 
NRRL1951 produces a wide variety of sorbicillins, a screening of the genomes of 
these P. chrysogenum strains recently allowed the identification of the gene cluster 
responsible for sorbicillactons biosynthesis (Chapter 4, this thesis). 

Less is known about penitrinic acid. This unusual compound with empirical for-
mula C15H17O5N contains a nitrogen atom which is not a typical feature of the fungal 
pigments. No structural data or other properties of the penitrinic acid have been 
reported since the initial discovery [32].

ω-hydroxyemodin

The bright yellow pigment ω-hydroxyemodin (42) was purified from extracts of 
P. cyclopium [44]. An unnamed compound with similar characteristics was also 
extracted from P. citreoroseum that was later characterized as P. chrysogenum 
according to the morphological, physiological and extrolites features [5]. Production 
of ω-hydroxyemodin and the related emodic acid (43) was demonstrated through a 
systematic analysis of the extrolites produced by Penicillium species [45]. Emodin 
and its derivatives affect cell transformation and DNA repair in Salmonella typh-
imurium [46]. The ability of emodic acid to generate reactive oxygen species (ROS) 
has been exploited for targeted photodynamic chemotherapy of cancer cells [47]. 
Recently, an insecticidal activity of emodic acid has been described [48]. ω-hydroxy 
emodin is likely produced by a PKS, but the genes involved have not yet been 
identified.
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Figure 1. Structures of the secondary metabolites produced by P. chrysogenum and 
described in the text.
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Chrysogenin

P. chrysogenum is well known for the production of a series of compounds with 
a yellow color, which are secreted in drops on top of the colonies. The production 
of a yellow pigment was proposed to be a characteristic feature of P. chrysoge-
num when growing on milk [49]. The pigment(s), previously observed in P. rubens 
by Alexander Fleming [1], was later also identified in the P. chrysogenum type 
strain (№26) and accordingly named chrysogenin [49]. The absorption spectrum of 
chrysogenin suggests the presence of a methyl polyhydroxyanthraquinone struc-
ture similar to emodin with provisionally adopted empirical formula C18H22O6 sug-
gesting it is synthesized by a PKS. No antimicrobial activity seems to be associated 
with the purified compound [50]. No further reports about the structural analysis 
neither of chrysogenin, nor of its bioactive properties were published since that 
time. In the early days, the typical yellow color of the culture broth of P. chrysoge-
num was used to make a rough estimate of the antibiotic penicillin produced [15]. 
Even today, despite advanced analytical methods available, chrysogenin remains 
a qualitative marker for the evaluation of the fungal secondary metabolism in low 
penicillin producing strains [51, 52].

Chrysogine

Chrysogine (44) is a metabolite derived from the condensation of anthranilic 
acid and alanine through the function of di-modular NRPS enzyme. [53]. Recently, 
the corresponding biosynthetic gene cluster of six co-regulated genes including the 
gene specifying the di-modular NRPS ChyA (Pc21g12630) has been character-
ized. The pathway in addition comprises an amidotransferase (ChyE), oxygenase 
(ChyH), reductase (ChyC), desaturase (ChyM), asparagine synthase (ChyD) and 
the local regulatory protein ChyR. All clustered genes are highly expressed under 
submerged shaking flask growth condition and co-suppressed when phenylacetic 
acid is present in the medium. A gene inactivation approach in combination with 
advanced analytical analysis led to the identification of chrysogen and at least 13 
related metabolites that are eliminated from secondary metabolism in the chyA de-
letion strain. The common 2-aminobenzamide core scaffold of the analyzed com-
pounds confirms the notion of single biosynthetic origin for this group of molecules. 
Beside two structurally known N-pyrovoylanthranilamide (47) and N-acetylanthra-
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nilamide (Chrysogine B) (45), a novel compound N-malonylalanylanthranilamide 
(Chrysogene C) (46) was found. The structures of the remaining ten compounds, 
as well as the role of the individual genes in biosynthesis has not yet been elucidat-
ed (Ali et.al, 2014; this thesis chapter 5).

Sesquiterpene PR-toxin

PR-toxin (48) is a potent mycotoxin produced by P. roqueforti. It is also pro-
duced by P. chrysogenum but at significantly lower levels. This metabolite is toxic 
for rats and mice and causes a severe dis-functioning of motor activity. It interferes 
with RNA polymerase in liver cells [54] but also affects brain, heart and kidney in 
rats which has been attributed to inhibition of HCO3-ATPase activity in mitochon-
dria [55]. The gene cluster for PR-toxin biosynthesis has been characterized for P. 
roqueforti and subsequently found in P. chrysogenum. Synthesis of the PR-toxin 
involves a cluster of four genes. It is derived from the core 15 carbon atom precur-
sor sesquiterpene aristolochene which is formed by a sesquiterpen synthase [56]. 
In P. chrysogenum, homologous genes are found namely Pc21g06300 (Prx1, a 
NADPH:quinone reductase), Pc21g06320 (Prx3), Pc21g0630 (Prx4) and the aris-
tolochene synthase Prx2 (Pc12g06310). These genes are part of a large gene 
cluster of eleven genes including a member of the major facilitator superfamily. This 
gene cluster is poorly expressed in strongly aerated cultures of P. chrysogenum 
[57]. Also, PR-toxin biosynthesis is significantly lowered in improved penicillin pro-
ducing strains such as Wisconsin 54-1255 as compared to the predecessor isolate 
NRRL1951.

Polyketide biosynthesis

As eluded above, significant insights have been obtained in the function of the 
NRPS enzymes in P. chrysogenum, but for most PKS enzymes, the product formed 
are unknown. PKS enzymes use small organic acids like acetate and malonate as 
building blocks for the generation of a wide range of polyketides with different struc-
tures and pharmaceutical properties. The condensation reactions between acetyl 
and/or malonyl units as well as the structure of the final polyketide molecules are 
controlled and predefined by multifunctional enzymes termed polyketide synthases 
(PKSs) [58]. The algorithm of polyketide assembly is similar to that in fatty acid bio-
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synthesis [59]. It involves an enzymatic condensation reaction between Co-enzyme 
A activated esters like acetyl-, malonyl-, methylmalonyl-CoA (and others) through 
the function of the ketosynthase (KS) domain of the PKS. A minimal functional PKS 
enzyme requires a ketosynthase (KS), acyltransferase (AT) and acyl carrier protein 
(ACP) domain but it can also be equipped with ketoreductase (KR), dehydratase 
(DH), enoylreductase (ER) and the C-methyltransferase (CMeT) domains that are 
involved in the reductive processing of the polyketide chain. Since these domains 
are involved in a complete round of polyketide chain extension, their assemblies 
are also termed as modules. Considering the structural organization of such mod-
ules, PKSs are categorized into three main types. Type I PKSs are large single 
polypeptides hosting multiple active sites present in the covalently bound domains. 
Type II PKSs are multi enzyme complexes of independently translated proteins 
with a specific function in product formation. Finally, Type III PKSs (or chalcone 
synthases) are proteins with a single keto-synthase domain that suffices for repeti-
tive condensation of CoA-derivatized starter units. 

Type I PKS

The best studied PKS enzymes in bacteria and fungi are Type I PKSs. Bacterial 
Type I PKS enzymes are modular due to a specific one-off function of each of the 
modules during polyketide biosynthesis. The complexity of the bacterial polyketides 
requires a typical multi modular organization of Type I PKSs. Eukaryotic or ‘’fungal’’ 
type I PKSs are more complex and studied to a lesser extent. These multifunction-
al enzymes are also called “iterative PKS’’ and are able to perform a number of 
condensation reactions using single modules repetitively during polyketide chain 
elongation (Table 1).

The universal acyl carrier - coenzyme A (CoA) is an essential molecule for the 
functioning of PKS enzymes. It activates the starter and extender units and pro-
vides the substrate for post-translational modification of the ACP domain. The latter 
reaction is catalyzed by phosphopantetheinyltransferase (PPT) and results in the 
attachment of the 4’-phosphopantetheine (4’Ppant) moiety of coenzyme A to a con-
served serine residue of the ACP domain. This modification allows the formation 
of a thioester bond between the ACP domain and the extender malonyl unit. At the 
beginning of polyketide biosynthesis, the starter acetyl unit binds to the cysteine 
residue of the KS domain. Next, the extender unit of the ACP is relocated to the 
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Origin Gene Protein Compound Reference
NR-PKS     
A.parasiticus pksA PksA Aflatoxin B1 [119]
A.parasiticus pksL1 PKSL1 Aflatoxin B1 [120]
A.nidulans pksST StsA Sterigmatocystin [121]
A.nidulans wA WA Isocoumarins [122]
A.nidulans wA WA YWA1 [122]
A.fumigatus alb1 Alb1p YWA1 [123]

A.fumigatus pksP Pksp YWA1 [124]

C.lagenarium PKS1 PKS1 T4HN [125]
A.nidulans aptA AptA Asperthecin [126]
A.nidulans mdpG MdpG Monodictyphenone [127]
A.nidulans orsA OrsA Orsellinic acid [127]
A.nidulans ofoE AfoE Asperfuranone [102]
A. strictum ASpks1 MOS 3-Methylorcinaldehyde [128]
D.septosporum pksA NSAS Dothiostromin [129]
Gibberella zeae PKS4 ZS-A Zearalenone [130]
HR-PKS     
A.terreus lovB LovB Lovastatin [131]
A.terreus lovF LovF Lovastatin [131]
A.nidulans easB EasB Emmericellamides [74]
A.nidulans afoG AfoG Asperfuranone [102]
A. solani alt5 PKSN Alternapyrone [132]
Alternaria solani pksF PKSF Aslanipyrone [133]
A.ochraceus pks PKS Ochratoxin [134]
A.westerdijkiae aoks1 AoKS1 Ochratoxin [135]
C. heterostruphus pks1 TTS1 T-Toxin [136]
C. heterostruphus pks2 TTS2 T-Toxin [137]
F. heterosporum eqiS EQS Equisetin [99]
PR-PKS     
A.terreus atX MSAS 6-MSA [138]
A.westerdijkiae aomsmas MSAS 6-MSA, asperlactone [93]
P.patulum MSAS MSAS 6-MSA, patulin [139]

 

Table 1. Functionally characterized iterative NR-, PR- and HR PKS enzymes 
in filamentous fungi
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active center of the KS domain and a Cleisen condensation reaction takes place. 
At this point, one carbon atom is released from the malonyl entity by decarboxyl-
ation and the resulting four-carbon chain is formed. After the relocation of the final 
product back to the KS domain, the cycle of the polyketide chain extension repeats. 
Every round of extension brings two additional carbon atoms to the growing chain.

The structural diversity of the polyketide can be increased by the incorporation 
of extender precursors like methylmalonyl-CoA or propionyl-CoA. As a result, the 
final polyketide chain obtains an extra methyl branch or other modification depend-
ing on the nature of the extender unit [58]. Formation of the keto group after each 
condensation event is a characteristic feature for both polyketide and fatty acid 
biosynthesis. Unlike in fatty acid synthases where every next extension event is 
followed by the full reduction of the keto group, in the polyketides biosynthesis this 
mechanism is omitted. Additionally, the reduction level during polyketide biosyn-
thesis is optionally influenced by the ketoreductase (KR), dehydratase (DH) and 
enoylreductase (ER) activity of corresponding domains. Thereby, three modifica-
tions of the β-keto moiety are possible (Fig.2). The first is keto reduction that leads 
to β-hydroxy group formation. This step can be followed by a further dehydration to 
an enoyl by a dehydratase. The final reduction step is mediated by the enoylreduc-
tase and leads to the introducing of the alkyl group into the polyketide chain. Be-
side these modifications, the α-carbon of the diketide may be initially methylated to 
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generate a α-methyl-β-ketothioester by the C-methyltransferase (C-MeT) domain, 
which uses S-adenosylmethionine (SAM) as a substrate.

Ketosynthase domain

The KS domain catalyzes a decarboxylative Cleisen reaction between the acyl-
S-KS complex and acyl-S-ACP extender units. This activity depends on a catalytic 
triad of three amino acids (Cys-His-His) present in the active center of the enzyme. 
The cysteine residue is deeply localized in the substrate binding pocket of the KS 
domain and can only be reached by the phosphopantetheinyl moiety of ACP to per-
form the trans-thioesterification reaction. Two neighboring histidine residues within 
the active center participate in the formation of the oxyanion hole that presumably 
promotes the decarboxylation reaction of the extender unit [60]. The only available 
crystal structures of a KS domain belong to the bacterial Type I PKS enzyme 6-de-
oxyerythronolide B synthase (DEBS) involved in erythromycin biosynthesis [60]. 
The structure shows a homodimeric organization of the KS domain but supports 
an essential role of the KS domain in maintaining the dimeric organization of the 
entire PKS enzyme. 

The KS domain has also been shown to control the length of the final polyketide 
chain. This was demonstrated through domain swapping experiments between two 
different fungal PKSs [61]. Although there were no products of the expected sizes 
obtained in this study, the formation of modified polyketides with an altered length 
suggested that KS domain at least partially contribute to this function. The analysis 
of both Type I and Type II PKS systems also clearly demonstrates that the interface 
of the polyketide binding tunnel determines the access of the growing polyketide to 
the active center of the KS domain. Correspondingly, the size rather than number 
of extensions of the final product is crucial to control the length of the polyketide 
during biosynthesis [62].

Acyltransferase domain

AT is a catalytic domain involved in the selection of the extender acyl group and 
its loading onto the ACP domain during the cycle of polyketide elongation. This 
domain exhibits a broad substrate specificity that introduces significant structural 
diversity to the final polyketide products [63]. In bacterial Type I PKSs, for exam-
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ple, substrates like acetyl-CoA, isobutyryl-CoA, crotonyl-CoA and isopentyl-CoA 
are commonly used as starting units in polyketide biosynthesis [64]. Such a broad 
specificity of AT allows also the incorporation of the variety of extender units like 
malonyl-CoA and 2S-methylmalonyl-CoA into the growing polyketide. The crystal 
structure of the AT domain of an iterative Type I enzyme has been resolved. There 
are two highly conserved residues (Ser-His) that form the catalytic center of AT and 
provide the transfer mechanism of the acyl group from CoA to the ACP domain 
[65]. A detailed bioinformatic study of over 200 different domains resulted in the 
identification of two conserved motifs ZTXX[AT][QE] and [RQSED]V[DE]VVQ with-
in the substrate binding pocket that respectively determine malonyl and methylmal-
onyl-specificity of the AT domains (Z is for hydrophilic and X stands for hydrophobic 
residues) [66]. 

Ketoreductase domain

The KR domain reduces the carbonyl group of the β-keto acyl-ACP intermedi-
ates. It shows a NAD(P)+/NAD(P)H – dependent oxidoreductase activity and be-
longs to the family of the short chain dehydrogenases/reductases (SDR). Data ob-
tained from bacterial Type I PKS enzymes clearly demonstrate the preprogrammed 
stereoselectivity of KR domains. Depending on the L/D configuration of the OH-car-
rying β-carbon of the polyketide substrate, KR domains can be classified into A and 
B-types, respectively. These two types are further categorized based on the speci-
ficity towards the epimerization state of α-carbon of the substrate. Accordingly, four 
classes of KR domains A1, A2, B1 and B2 have been described. Here, ‘’1’’ or ‘’2’’ 
reflect the selectivity towards 2R (unepimirized) and 2S (epimerized) substrates, 
respectively [67]. A characteristic feature of the KR domain is the presence of a 
conserved Rossmann fold that is essential for binding the NADPH cofactor [68]. 
However, NADPH binding is not typical for all described KR domains, neither is the 
presence of all catalytic residues (Ser-Tyr-Lys) within the active center of the en-
zyme. Such domains lack reduction activity and belong to type C ketoreductases. 
The crystal structures of the all above-mentioned types of domains have been re-
cently solved and assigned to several bacterial modular PKSs. The only available 
structure of a Type A ketoreductase (KR2) belongs to a modular PKS involved in 
amphotericin biosynthesis [69]. Type B ketoreductases are involved in erythromycin 
and tylosin biosynthesis [67]. Finally, the KR domain involved in pikromycin produc-
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tion belongs to the Type C class [70]. The iterative PKS (Hpm8) of hypothemycin 
biosynthesis involves a single KR that has been shown to switch its stereoselectiv-
ity when processing substrates with a different length of the polyketide chain [71].

 
Dehydratase domain

The DH domain catalyzes the reversible dehydratation reaction of the β-hy-
droxy-acyl intermediate attached to ACP. This reaction results in the formation of 
the α,β-unsaturated acyl-ACP intermediate carrying a double bond in cis or trans 
configuration. The bacterial DHs are represented by the double hotdog fold. The 
active site is formed by the histidine derived from the N-terminal and aspartate of 
the C-terminal hotdog [25, 59].

Enoylreductase domain

The trans-acting LovC enzyme that is involved in Lovastatin biosynthesis is the 
first domain of an iterative PKS with resolved crystal structure. This enoyl-acyl car-
rier protein reductase (ER) belongs to the medium chain dehydrogenase/reductase 
(MDR) superfamily and catalyzes the reduction of enoyl-ACP to an α,β-saturated 
acyl-ACP product using NADPH as the co-factor. It consists of 363 residues and is 
unique monomeric member represented in this protein family [72]. Such a mono-
meric state of LovC allows the formation of a heterodimer complex with a non-func-
tional ERse domain of the nanoketide synthase LovB, which additionally requires 
interaction with the LovB associated ACP, DH, MT and KR domains [73].

LovC consists of catalytic and co-factor binding domains. The specific feature of 
LovC, also typical for other trans-acting ERs, are two extended loops located be-
tween the catalytic and co-factor binding domains. These structures may influence 
the protein-protein interaction during the biosynthesis of Lovastatin [73]. The LovC 
ER domain specifically reduces only tetra-, penta- and heptaketide substrates. This 
feature has also been reported for trans-acting ERs like MlcG involved in compac-
tin biosynthesis in P. citrinum [74], ApdC in A. nidulans [75] and ORF3 in Beauveria 
bassiana involved in tenellin biosynthesis [76] Recently, the mechanism of this se-
lectivity has been characterized. The reaction is initiated by co-factor binding and 
subsequent protein-protein interaction between LovC and LovB, where LovB-ACP 
interacts with the electropositive surface of LovC near position K54. At this point the 
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polyketide substrate is relocated into the substrate pocket of LovC. Here, the pro-R 
hydride of NADPH is transferred to the C3 of the polyketide alkene. The oxyanion 
hole, presumably composed of K54 and G282-derived amide, induces the enoyl re-
duction via proton transfer at position C2 of the polyketide. It was proposed that the 
size of the substrate binding pocket of LovC is the factor that defines the specificity 
towards the long tetra-, penta- and heptaketide polyketide substrates. The shorter 
substrates like di- and triketides may locate within the active site in multiple orienta-
tions that are not optimal to perform the enoyl reduction reaction [73] . 

Thioesterase domain

Thioesterases catalyze key steps in fatty acid [77], polyketide [78] and non-ri-
bosomal peptide synthesis [79] and are also involved in deubiquitination [80]. TEs 
provide the polyketide release mechanism through hydrolysis of the thioester bond 
between a sulfur atom and a carbonyl group. In polyketide biosynthesis this re-
action is directed towards acyl-ACPs causing the hydrolytic release of the linear 
polyketide or a macrolactone that is formed through intramolecular cyclization of 
the polyketide. Crystal structures of TE domains have been reported for the bac-
terial 6-deoxyerythronolide B synthase (DEBS) of erythromycin biosynthesis [81], 
pikromycin (PIKS) [82] as well as a fungal TE domain of the iterative PksA involved 
in aflatoxin biosynthesis [83]. The TE domain consists of 240–290 residues with an 
α/β-hydrolase catalytic core and a loop region that forms a substrate-binding ‘’lid’’. 
This region is structurally variable among TEs and has been shown to determine 
the shape of the substrate binding channel of the enzyme. In turn, a pH dependent 
channel geometry has been demonstrated for the TE domain [81], which has been 
implicated in cyclization and/or hydrolytic release of the polyketide chain. The α/β 
hydrolases contain a conserved catalytic triad consisting of a nucleophile residue, 
a histidine and an acidic amino acid. The nucleophile can either be an aspartate, 
cysteine, or serine [84]. The polyketide chain release mechanism is initiated from 
the histidine residue that acts as a base, accepting a proton from the nucleophile 
that forms a covalent intermediate with the substrate, which is subsequently at-
tacked by water. In PKS enzymes that make cyclic products, a hydroxyl group from 
the substrate chain is used for lactonization instead of a water molecule [83, 85].
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Acyl carrier protein (ACP)

An ACP is typically a non-catalytic domain of 100 residues. It tethers the build-
ing blocks and extended polyketide product on the phosphopantetheinyl arm. ACP 
domains show low sequence conservation but typical they constitute three or four 
α-helices. The N-terminus of the second α-helix contains the conserved DSL motif 
wherein the serine residue forms a covalent bond with the phosphopantetheinyl 
moiety. This region is also termed as a ‘’recognition helix‘’ as it is dynamic and able 
to interact with the thioesterase, adenylation domain, and the condensation do-
main during polyketide biosynthesis. Additionally, both terminal regions of the ACP 
domain are disorganized and can contribute to the mobility of the flanking catalytic 
domains within the multi-enzyme complex. In the bacterial modular DEBS PKS 
the ACP domains exhibit high protein-protein specificity to the corresponding KS 
domains. Functionally, this inter-domain interaction has been later characterized 
based on the obtained crystal structure of the FAS enzyme and the corresponding 
‘’switch blade’’ theory has been proposed. It suggests that a growing acyl chain 
can be re-located between the binding pockets of ACP and KS or domains of other 
PKS enzymes. This switch has been related to the properties of the recognition 
helix as well as the chemical structure of the polyketide intermediate. Indeed, re-
sent analysis of the Iterative Type I PKS CalE8 of Micromonospora echinospora 
demonstrated that internal mobility of the ACP domain can be reduced causing 
no impact on the function of the multi-enzyme. However, the functional role of the 
flexible terminal regions of the ACP in inter-domain interactions of the PKS enzyme 
remains unknown [86]. 

Types of fungal Iterative PKS enzymes

Non-reducing PKS

The absence of β-keto processing domains is the main structural feature of 
non-reductive PKSs (NR-PKSs). Bioinformatic analysis enabled the identification 
of two NR-PKS specific domains that are not typical for other classes of fungal PKS 
enzymes [87]. The first is the starter unit ACP – transacylase (SAT). It is involved 
in the selective loading of the starter molecules and the transfer into the ACP do-
main initiating product biosynthesis. The SAT domain shares a high similarity to 
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known malonyl CoA: acyl carrier protein transacylases (MAT) but exhibits a broader 
specificity using substrates derived from FAS and other PKS enzymes. The SAT 
domain of the norsolorinic acid synthase (NSAS), for example, requires a FAS de-
rived hexanoate starter unit to initiate the biosynthesis of the aflatoxin precursor in 
A. parasiticus [88]. A similar scenario was described for the biosynthetic pathway 
of zearalenone in Gibberella zeae where the starter unit for the NR-PKS (ZEA1) 
is provided by a second highly reducing (HR) PKS (ZEA2) enzyme [89]. Genomes 
of filamentous fungi indeed suggest a tendency wherein putative partially reduc-
ing (PR) PKSs are clustered with FAS or/and PKS encoding genes. The second 
specific domain typical for NR-PKSs is the product template (PT). Although not 
characterized in detail, this domain may be involved in the folding and stabilization 
of the enzyme, and possibly in the regulation of the chain length of the produced 
polyketide. Further chain extension and malonate loading of NR PKSs involves 
the KS and ACP domains in these enzymes. In some reported cases (Naphtho-
pyrone YWA1 biosynthesis) more than one ACP domain may be present followed 
by additional C-terminal polyketide processing domains like the Cleisen – cyclase 
/ thioesterase (CLC/TE), methyltransferase (C-MeT), reductase (R) or thioester re-
ductases (TE) domains that mediate chain release. The norsolorinic acid synthase 
NSAS is a well-described example of a NR-PKS (Fig. 3). 

Figure 3. The domain composition of the non-reducing PKS (above) and the corresponding 
biosynthetic mechanism of the polyketide synthases involved in biosynthesis of Norsolorinic 
acid (below).
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In A. parasiticus, this PKS is involved in biosynthesis of Aflatoxin and the up-
stream pathway intermediate Sterigmatocystin. Due to the important bioactive 
properties of this mycotoxin, the functional mechanism of the NSAS has been stud-
ied in great detail. NSAS consists of SAT, KS, AT, PT and TE/CLC domains and the 
role of these domains in the structural formation of the final polyketide molecules 
has been resolved [90]. To produce norsolorinic acid, the NSAS forms a complex 
with the α and β components of the fungal FAS (HexA/HexB) [88]. The activated 
hexanoate precursor is synthesized by HexA/HexB from one acetyl-CoA and two 
malonyl-CoA units. After the synthesis of this FAS derived precursor, it is selected 
by the SAT domain of NSAS and subsequently relocated into the ACP domain of 
the PKS enzyme. Next, the polyketide chain is elongated by seven rounds of itera-
tive malonyl – CoA incorporation to form norsolorinic acid anthrone that is released 
through a Cleisen cyclization reaction [83]. Further oxidation of this intermediate 
leads to the production of norsolorinic acid. The following enzymatic conversions 
result in the biosynthesis of sterigmatocystin and finally Aflatoxin B1 as the end 
product of the pathway [91].

Partially reducing PKS

Unlike NR-PKS enzymes, the partially reducing PKSs do not contain SAT, PT 
or TE/CLC domains [92]. However, the presence of a typical ‘’core’’ region has 
been reported. It was hypothesized that a particular region of 122 amino acids is 
essential for subunit-subunit interaction and functionally vital for all PR-PKS that 
are known to form homo-tetramers to perform their function. The first described 
PR-PKS was the 6-methylsalycilic acid synthase (MSAS) of P. patulum. A DNA 
probe corresponding to the KS region was used for the identification of a similar en-
zyme encoded by the atX gene in A. nidulans. Specific KS motifs suggest a broad 
distribution of PR-PKS enzymes among fungal species. In the majority of reported 
studies on PR-PKSs, the tetraketide 6-methylsalycilic acid was shown as the final 
product. This metabolite is a known patuline precursor in Aspergillus and Penicilli-
um species and has been linked to the asperlactone and isoasperlactone biosyn-
thetic pathways in A. westerdikiae [93]. However, the first report of the pentaketide 
product mellein by PR-PKS has recently been published [94]. For PR-PKS en-
zymes, the mechanism of loading the starter acetyl-CoA into the KS domain is still 
unclear as well as how the final polyketide product off-loads from the ACP domain. 
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The 6-methylsalicylic acid synthase (MSAS) is the typical example of a PR-PKS 
enzyme found among fungi (Fig.4). It contains the KS, AT, DH, characteristic ‘core 
domain’, KR and terminates with the ACP domain. For the synthesis of 6-MSA, one 
acetyl CoA starter unit and three malonyl-CoA extending molecules are required. 
During polyketide chain elongation the reductase activity of the KR domain acts on 
a six carbon intermediate and leads to alcohol formation. The resulting hydroxyl 
group is later reduced to form a double bond. This double bond is essential for the 
cyclization of the tetraketide precursor and 6-MSA formation. 

Highly reducing PKS

Highly reducing PKS enzymes (HR-PKS) are the most complex PKS enzymes. 
They consist of a KS, AT and DH domain followed by C-MeT. The presence of the 
ER domain is typical for HR-PKSs but in some cases it is absent and instead there 
is a region with unknown function. There is no SAT domain reported for HR-PKSs 
and correspondently, no loading mechanism has been assigned for this type of 
PKS. Loading of the starter acetyl unit directly to the AT domain has been reported 
but the efficiency of this mechanism is low. It is likely that HR-PKSs use decarbox-
ylation of the malonyl-ACP as the initial step of polyketide synthesis. All known 

Figure 4. The domain composition of the partially reducing PKS (above) and the 
corresponding biosynthetic mechanism of the polyketide synthases involved in biosynthesis 
of 6-methylsalicylic acid (below).
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products of HR-PKSs share a high level of polyketide chain reduction and signif-
icant structural diversity. The mechanisms of T-toxin, fumonisin B1, squalestatin 
and lovastatin biosynthesis are well studied due to the potent bioactive properties 
of those polyketides. Lovastatin, for example, is an inhibitor of the mammalian hy-
droxymethylglutaryl (HMG) CoA reductase [95]. and was one of the bestselling 
cholesterol lowering drug on the pharmaceutical market, before losing the patent 
protection in 2001. Lovastatin biosynthesis is the classical example describing the 
functional mechanisms of HR-PKS enzymes (Fig.5). The iterative nanoketide syn-
thase LovB and non-iterative diketide synthase LovF are two HR-PKS enzymes 

Figure 5. The domain composition of the highly reducing PKSs and other genes involved in 
lovastatin biosynthesis (above): nanoketide synthase, LovB; diketide synthase, LovF; trans-
acting enoyl reductase, LovC; oxygenase, LovA and transesterase, LovD. The corresponding 
biosynthesis mechanism of Lovastatin biosynthesis (below).
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involved in the production of this polyketide in Aspergilli. Both enzymes contain KS, 
AT, DH, C-Met, ER, KR and ACP domains. The characteristic feature of LovB is the 
presence of a non-functional ER domain. In A. terreus the lack of ER enzymatic 
activity in the LovB enzyme is functionally compensated by the separately encoded 
enzyme LovC. The second unique feature of the nanoketide synthase is the pres-
ence of the condensation (CON) domain located at the N-terminus. This domain is 
essential for dehydromonacolin J formation but is not part of the polyketide chain 
release mechanism. During the final step of Lovastatin biosynthesis, (s)-2-meth-
tylbutyrate is transferred to monacolin J. This reaction is mediated by the acetyl 
transferase LovD and requires an interaction between LovB and LovF [96]. 

PKS gene clusters of Penicillium chrysogenum

Out of 49 secondary metabolite gene clusters identified in the P. chrysogenum 
genome, 17 are PKS associated. Their identification was performed based on 
unique domain features of fungal PKS enzymes using genome annotation tools 
SMURF [97]. The predicted clusters are shown according to the AntiSMASH pre-
diction [98], taking into account the homology of the respective clusters with known 
clusters found in other species. Here we present an up to date overview of these 
PKS gene clusters focusing on their structural features and hypothetical functions. 
All the PKS related gene clusters and the domain composition of the PKS enzymes 
are depicted in Figure 6. For most PKS enzymes of P. chrysogenum, there is no 
known function and any possible role can only be inferred from homology with pre-
viously characterized gene clusters in other filamentous fungi. 

The putative gene cluster of PKS1 Pc12g05590 shows the highest identity to 
the EqiS-like PKS-NRPS enzyme of A. fumigatus but it does not contain the ade-
nylation domain found in EqiS [99]. Moreover, there is no homology found to the 
known Equizetin biosynthetic gene cluster described in F. heterosporum [99]. 

Figure 6. Overview of the PKS associated gene clusters presented in the genome of               
P. chrysogenum. Abbreviations used for domains: KS, keto-synthase; KR, ketoreductase; 
AT, acyltransferase; MT, methyltransferase; ER, enoylreductase ; ACP, acyl carrier protein; 
TE, thioesterase; TE/Red, thioester reductase; A, adenylation; T: thiolation; C, condensation 
domain. Gray arrows indicate other genes related to the putative secondary metabolite 
clusters.
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Pc13g08690 PKS 3
KR ER AT KSDHACP MT

Pc13g04470 PKS 2
KR ER AT KSDHACP MT

Pc16g000370 PKS 4
AT KSKRACP

Pc16g03800 PKS 5 Pc16g03850 NRPS (PssA)
ACP A T CCTKS AT KRERDH

Pc16g04890 PKS 6
KRKS AT ERMTDH ACP

Pc16g11480 PKS 7
KR ER AT KSDHACP MT

Pc21g00960 PKS 8
KRKS AT ERMTDH ACP

Pc21g03930 PKS 9 Pc21g03990 PKS 10
KR ER AT KSDHACP MT KR ER KSATACP DH

Pc21g04840 PKS 11
KR ER KSATACP DH

Pc21g05070 PKS12                      Pc21g05080  PKS13 
MT ACP KSTE/Red AT KRKS AT ERMTDH ACP

Pc21g12440 PKS14 Pc21g12450   PKS15
KR ER KSATACP DH ACPATKS TE

Pc21g15160 PKS 16
KR ER AT KSDHACP MT

Pc21g16000 PKS 17
ACPACPATKS TE

Pc22g08170 PKS 18    
KRATKS ACP

Pc22g22850 PKS 19    
MTACPATKS TE/Red

Pc22g23750 PKS 20  
KRKS AT ERMTDH ACP

Pc12g05590 PKS 1
KRATKS DH MT ACPKS AT KRMTDH
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PKS4 Pc16g00370 shows similarity to a highly homologous cluster of nine 
genes found in the genome of A. niger. This PKS gene shows 74% identity to the 
6-methylsalicylic acid synthase An10g00140. The cluster structure suggests that it 
is involved in the synthesis of prenylated and hydroxylated derivatives of 6-MSA in 
P. chrysogenum [14]. 

The gene cluster of PKS5 Pc16g03800 is associated with one of the tri-acetyl 
fusarinine (TAF) biosynthetic gene clusters (NRPS Pc16g03850) and might be in-
volved in biosynthesis of cis-5-hydroxy-3-methylpent-2-enoic acid, the precursor of 
fusarinine [14]. 

The HR PKS encoding gene Pc21g03930 (PKS9) shows the highest (54%) 
identity to an unknown type I polyketide synthase of Arthroderma otae while 
Pc21g03990 (PKS10) is identical (50%) to the lovastatin nonaketide synthase of 
Arthroderma gypseum.

P. chrysogenum contains two neighboring, oppositely oriented genes 
Pc21g05070 (PKS12) and Pc21g05080 (PKS13) that encode a non-reducing and 
highly reducing PKS enzyme, respectively. These genes are part of a cluster of 
seven co-regulated genes. Of this putative cluster, six homologous gene are pres-
ent in the genome of Trichoderma reesei and these are organized in one locus. 
PKS12 exhibits 43% identity to the citrinin polyketide synthase of Monascus purpu-
reus while PKS13 is homologous to the lovastatin diketide synthase LovF of A. ter-
reus [14]. It is important to stress that an additional HR PKS Pc21g04840 (PKS11) 
is located 20 ORFs upstream the aforementioned PKS genes and may also be a 
part of the so-far poorly described cluster. The role of this distantly located PKS and 
the actual size of the gene cluster(s) remains unclear.

P. chrysogenum contains a second putative gene cluster of two PKSs encoding 
genes Pc21g12440 (PKS14) and Pc21g12450 (PKS15). PKS14 and PKS15 are 
HR and NR PKS enzymes, respectively. A remarkable feature of this cluster is the 
presence of a NRPS encoding gene (Pc21g12630, chyA) located 14 ORFs down-
stream of the aforementioned PKS genes. ChyA is responsible for the biosynthesis 
of chrysogine in P. chrysogenum. The functional relation between the two PKS 
enzymes and ChyA is unknown.

The NR PKS encoded by Pc21g16000 (PKS17) shows similarity to the A. nid-
ulans wA and A. fumigatus PksP naphthopyrone synthases. These enzymes are 
involved in the biosynthesis of a precursor for a conidial pigment. 

The PR PKS Pc22g08170 (PKS18) shows 82% identity to the 6-methylsalicylic 
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acid synthase from P. griseofulvum. The P. griseofulvum enzyme is involved in 
patulin biosynthesis and requires additional enzymatic conversions like decarbox-
ylation, hydroxylation and oxidation reactions. In P. chrysogenum these enzymatic 
steps are presumably provided by the aminohydrolase and two cytochrome P450 
enzymes encoded within the cluster. However, the essential gene encoding the 
isoepoxidon dehydrogenase cannot be identified in the genome of P. chrysogenum 
supporting the notion that this fungus does not produce patulin. 

Approaches for the activation of “silent” secondary         
metabolite gene clusters 

The successful development of P. chrysogenum as a β-lactam production strain 
was initially based on the optimization of the production condition of penicillins, 
followed by a more elaborate classical strain improvement programme (CSI). This 
pre-genomic strategy, however, is not applicable to the majority of the cryptic sec-
ondary metabolite pathways that are silent and these require alternative techniques 
for activation. [100]. Studies on secondary metabolite genes of P. chrysogenum 
have been particularly intensified after the genome sequence became available. 
Application of recently developed bioinformatics tools like SMURF (Secondary Me-
tabolite Unique Regions Finder) and AntiSMASH [98] revealed an unexpected long 
list of secondary metabolite gene clusters potentially involved in biosynthesis of 
novel bioactive compounds. However, the role of the majority of these genes in 
secondary metabolism of P. chrysogenum is unknown. 

One classical way to activate silent secondary metabolite gene clusters is to 
grow the fungi under different growth media and conditions. Whereas these gene 
clusters are silent under laboratory conditions, they may be expressed under more 
native conditions or conditions that mimic their natural habitat. The post genomic 
era, however, offers two main approaches for the activation of the silent gene clus-
ters potentially involved in secondary metabolite production in filamentous fungi: i) 
molecular based techniques targeting local transcriptional regulators, epigenetics 
interference and promoter replacement, and ii) simulation by using different growth 
conditions or conditions that correspond to the natural ecosystem involving preda-
tion by for instance insects [100]. 
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Genomic mining

Genome mining is a method where bioinformatics techniques are used to iden-
tify secondary metabolite gene clusters whereupon the function of the cluster is 
resolved by gene inactivation or overexpression. This ‘classical’ strategy, for exam-
ple, was successfully applied to identify the emericellamide biosynthesis gene clus-
ter in A. nidulans [92]. For P. chrysogenum the combination of genome sequencing 
with available microarray data resulted in the identification and functional charac-
terization of two highly expressed NRPS gene clusters involved in roquefortine/
meleagrin and fungisporin biosynthesis [22, 30, 101]. The use of the genome min-
ing approach, however, is successful only when it concerns the study of expressed 
gene clusters that produce detectable amounts of metabolites in the medium. For 
the functional study of low expressed or silent secondary metabolite pathways, the 
promoter replacement technique is an alternative. This method has successfully 
been used to activate several silent PKS/NRPS encoding genes. Alternatively gene 
clusters can be heterologously expressed. These approaches have a significant 
drawback as in many cases the coordinated expression of all clustered genes is 
necessary. Heterologous expression is often complicated by the large size of the 
clusters. A promising alternative is the targeting of the regulatory genes encoding 
transcriptional factors that are frequently found within the respective secondary 
metabolite gene clusters. For instance, the overexpression of a pathway specif-
ic regulatory gene apdR of A. nidulans encoding Zn2Cys6 transcriptional factor 
lead to the activation of a hybrid PKS/NRPS gene cluster and the identification of 
the aspyridones A and B as the final products [75]. Similar strategies resulted in 
the characterization of a gene cluster in A. nidulans involved in the biosynthesis 
of the novel polyketide asperfuranone. Here, the local regulatory gene afoA was 
expressed under control of the inducible alcA promoter from the alcohol dehydro-
genase gene [102].

Epigenetic regulation of the secondary metabolism

Epigenetics can be defined as reversible heritable changes in gene expression 
that are not related to changes in the DNA sequence. Recently, this definition gained 
broader applications and also concerns gene regulation via a change in chromatin 
structure that is not necessarily heritable [103]. This regulation is controlled by DNA 
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methylation or other post-translational modifications of the histones and is linked 
to structural changes of the chromatine. The re-establishment between close (het-
erochromatin) and open (euchromatin) regions on the chromosome was shown to 
cause pleiotropic effects on gene expression. This phenomenon was successfully 
applied for the discovery of the secondary metabolite pathways encoded by the 
clustered genes that are mostly silenced and that localize within compact heteroch-
romatin regions on the chromosome. For example, modulation of the expression 
of the gene encoding LaeA in A. nidulans was successfully applied for the identifi-
cation and functional characterization of a gene cluster responsible for the biosyn-
thesis of terrequinone A [104]. LaeA is a nuclear protein homologous to the histone 
and arginine methyltransferases and the first pleiotropic regulator of the secondary 
metabolism described in filamentous fungi [105]. It functions in association with 
proteins like LreA, LreB, FphA, KapA, VeA, VelB, and VosA that together form the 
Velvet complex. The regulatory effect of the Velvet complex on cell development 
and secondary metabolism of filamentous fungi was used as a powerful tool for the 
discovery of novel metabolites [106]. It is proposed that LaeA functions through 
heterochromatin repression by reorganization of the heterochromatic marks on the 
chromosome. LaeA is named after the Loss of aflR expression phenotype that was 
observed in corresponding gene inactivation mutant of A. nidulans. Homologs of 
LaeA were also found in other Aspergilli as well as in P. chrysogenum where its 
impact secondary metabolism [107, 108]. Studies on A. fumigatus showed that 
LeaA transcriptionally deregulates 13 secondary metabolite gene clusters out of 
the 22 present in the genome [109]. In A. nidulans, LaeA positively regulates sterig-
matocystin and penicillin biosynthesis. A similar phenotype was shown for gliotoxin 
production in A. fumigatuis and lovastatin production in A. terreus. The study of the 
role of LaeA in P. chrysogenum, however, resulted in some controversial obser-
vations. LaeA was initially reported as an activator of penicillin biosynthetic gene 
cluster and was linked to morphological features like sporulation and pigmentation 
using a prolonged batch cultivation technique [105, 110]. Such a phenotype was 
not observed when cells were grown under aerobic, glucose limited cultivation con-
ditions. These results demonstrate that the function of LaeA in P. chrysogenum 
may vary under different nutrient limiting and environmental conditions [108], but 
since in the aforementioned studies different strains of P. chrysogenum were used 
emerging from different phases of the classical strain improvement programme, 
there is also a possibility that the impact of LaeA depends on the genetic back-
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ground of the strain involved. 
Targeting the histone acetylation status of the chromosome is another way to 

modulate the expression of genes. A balanced activity of histone acetylases (HAC) 
and histone deacetylases (HDAC) is required for the structuring of the chromatin 
[111]. A number of successful attempts for deregulation of this equilibrium by ge-
netic manipulation or enzymatic inhibition have been reported amongst others the 
production of calphostin B and a group of cladochromes in Cladosporium cladospo-
rioudes. In A. niger, the production of nygerone A was induced when the growth me-
dium was supplemented with the HDAC inhibitor suberoulanilide hydroxamic acid 
(SAHA) [112]. An altered secondary metabolite profile was also observed for Alter-
naria alternaria and P. expansum treated with another HDAC inhibitor Trichostatin 
A (TSA) [113]. Direct targeting of the HDAC encoding genes has been performed 
for Aspergilli and results have been consistent with a regulatory role in secondary 
metabolism as well as in germination and resistance to stress environmental con-
ditions [113-115].

Classical strain improvement program

The discovery of penicillin by Alexander Fleming had a significant impact on 
humankind in the twenty century [1]. The rising demand for this antibiotic, particu-
larly during WWII could only be satisfied by establishing a large scale production 
pipeline. The low titers provided by the original Fleming isolate, even after the im-
provement of cultivation and antibiotic extraction conditions, were barely sufficient 
to conduct the first clinical trial [116]. In fact, the lack of antibiotic led to the death of 
the first penicillin treated patient, despite the remarkable recovery observed after 
the initial treatment. Therefore, the selection of the penicillin overproducing strain 
became a primary requirement. Unprecedented work for industrialization of the 
penicillin production was performed at the Fermentation Division of the Northern 
Regional Research Laboratory (NRRL) in Peoria, Illinois. Here, the natural isolate 
of P. chrysogenum strain NRRL1951 was collected as a contaminant of a rotten 
cantaloupe [117]. The remarkable production titers and growth characteristics of 
this strain allowed its application in submerged fermentation conditions that are 
preferable for large scale production of penicillin. Being the most promising penicil-
lin producer, this strain was subjected to an intensive classical strain improvement 
(CSI) program at various laboratories a. These programs involved various muta-
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genic tools like UV irradiation, X-ray, and nitrogen mustard (Methyl-bis(β-chloroeth-
yl) amine) treatment [18]. Improved penicillin producing candidates were selected 
and used for further rounds of optimization to also improve their characteristics for 
large scale fermentation. Over almost seven decades, this time consuming but 
effective approach led to the continuous development of penicillin super producers 
and their successful industrial application. The CSI program, however, resulted in 
severe consequences for the genome as well as for the secondary metabolism of 
P. chrysogenum. The exact impact only recently starts to be determined using next 
generation sequencing technologies which opens new perspectives to understand-
ing of the dynamics of the strain improvement within the impressive lineage of the 
generated strains. The first breakthrough achievement of the CSI was the strain 
Wisconsin 54-1255 that later became an international laboratory standard and for 
which the genome sequence became available in 2008 [14]. The increased pro-
duction by this strain can be attributed to many different phenomena, among which 
an altered phenyl acetate metabolism due to the partial inactivation of the pheny-
lacetate 2-hydroxylase pahA gene by a mutation [20]. This strain is an ancestor for 
the industrial penicillin producer DS17690 that obtained the tandem amplification 
of the 58.6 kb genome region of 16 genes including the biosynthetic penicillin gene 
cluster [14]. Similar amplification of penicillin cluster has been observed in Panlabs 
P2 series of mutants that belongs to the independent CSI lineage, branched early 
before the evolvement of the Wisconsin 54-1255 within the Panlabs improvement 
program [118]. In addition, the strains collected mutations that redirected and in-
creased amino acid metabolism towards the three key building blocks of penicillins 
as well as mutations that cause the proliferation of microbodies that harbor the final 
enzymatic steps in penicillin biosynthesis. The CSI further eliminated the produc-
tion of certain secondary metabolite biosynthetic pathways and impacted the mor-
phology of the strains making them more amendable for large scale fermentation. 
However, the strains have collected many mutations during the CSI program that 
have not yet been analyzed with respect to their impact of penicillin biosynthesis or 
for which, as yet, no clear rational can be found.

Concluding remarks

The unprecedented classical strain improvement approach initiated almost sev-
en decades ago made brought P. chrysogenum a champion for industrial scale of 
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penicillin production. The intensive scientific focus on β-lactam biosynthesis result-
ed in a deeper understanding of the genetic and biochemical principles underlying 
the biosynthesis of penicillins. Consequently, this class of secondary metabolites 
remained a distinguishing feature of P. chrysogenum for the last few decades. The 
studies on β-lactam unrelated secondary metabolites, however, required advanced 
and only recently acquired insights uncovered in the post genomic era. Genome 
sequencing of P. chrysogenum revealed a hidden potential for the production of 
secondary metabolite by this fungus encoded in PKSs and NRPSs associated 
gene clusters that, in majority, are transcriptionally silent under laboratory growth 
condition. The current challenge in studying secondary metabolism of P. chrysoge-
num is to obtain and systematically integrate the genomic, transcriptomic and me-
tabolomic data using up to date tools like next generation sequencing, microarray 
and advanced mass spectrometry analysis. This complex view will help to elucidate 
the genetic basis for already known bioactive compounds and provide strategies 
for the activation of cryptic secondary metabolite pathways. 

Scope of the thesis

This thesis presents a study on the role of polyketide synthases in the produc-
tion of a diverse group of secondary metabolites by the filamentous fungus Penicil-
lium chrysogenum.

Chapter 1 gives an overview of the characteristic secondary metabolites pro-
duced by P. chrysogenum including compounds of putative polyketide origin. Cor-
respondingly, it describes the structure of polyketide synthases with a particular 
focus on the Fungal Type I iterative mega enzymes. It provides a description of the 
constitutive PKS domains and their specific activities during polyketide biosynthe-
sis. The mechanisms of Lovastatin, Aflatoxin B1 and 6-methylsallicylic acid biosyn-
thesis are described to highlight the functional features of the Highly, Partially and 
Non-reducing classes of fungal PKSs. It also contains a description of the latest 
post genomic approaches used for studying secondary metabolism in filamentous 
fungi with selected examples of successful applications for the discovery of novel 
bioactive metabolites.

Chapter 2 presents a comparative analysis of the secondary metabolism within 
a lineage of β-lactam producing strains of P. chrysogenum that have been sub-
jected to the classical strain improvement program (CSI). The systematic analysis 
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performed in this section clarifies the impact of CSI on the secondary metabolism 
at the genome, transcriptome and metabolome levels. The obtained data set lead 
to the identification of a PKS gene cluster that has been transcriptionally silenced 
during CSI and that is involved in the production of a vast group of structurally 
similar polyketides, the sorbicillinoids. The ability to produce these was eliminated 
from the secondary metabolism at an early stage of industrial strain improvement 
of P. chrysogenum.

Chapter 3 describes the identification and functional analysis of the histone 
deacetylase HdaA as the pleiotropic regulator of the secondary metabolism in P. 
chrysogenum. Targeting of the hdaA gene led to the transcriptional deregulation 
of a number of PKS and NRPS gene clusters and had a concomitant effect on the 
production of the related secondary metabolites. Applying this epigenetic approach 
also allowed for the transcriptionally activation of the putative sorbicillinoid gene 
cluster affected during the CSI as described in chapter 2.

Chapter 4 is based on the results described in chapter 2 and chapter 3 that 
indirectly suggested the genetic origin for the biosynthesis of the structurally related 
group of the bioactive polyketides - sorbicillinoids in P. chrysogenum. To confirm 
this hypothesis, one of the genes (Pc21g05080) encoding the HR PKS enzyme 
was deleted in an early P. chrysogenum strain and could be functionally linked to 
sorbicillinoids production. Additionally, to estimate the functional role of the amino 
acid substitution acquired at the KS domain during the CSI, the native amino acid 
sequence of this PKS was restored. This resulted in restoration of sorbicillinoids 
production in the background of the improved laboratory strain of P. chrysogenum 
and, correspondingly, simplifies the application of the molecular genetic approach-
es for studying this particular gene cluster and the biosynthetic secondary metab-
olite pathway in the future. 

Chapter 5 describes a successful promoter replacement attempt for the tran-
scriptional activation of two highly homologous PR-PKS genes involved in biosyn-
thesis of 6-methylsalicylic acid in P. chrysogenum. Further bioinformatic analysis of 
the two 6-MSA associated gene clusters present in P. chrysogenum indicated that 
Januthone and Patulin-like biosynthesis pathways are present in this fungus. Both, 
presumably, use 6-MSA as the polyketide precursor. The transcriptional silencing 
of these gene clusters can be a bottleneck for the identification of the expected 
pathway intermediates in the culture broth of P. chrysogenum. 
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Abstract

Background: Penicillium chrysogenum is a filamentous fungus that is 
employed as an industrial producer of β–lactams. The high β–lactam titers of 
current strains is the result of a classical strain improvement program (CSI) 
starting with a wild-type like strain more than six decades ago. This involved 
extensive mutagenesis and strain selection for improved β–lactam titers and 
growth characteristics. However, the impact of the CSI on the secondary 
metabolism in general remains unknown.

Results: To examine the impact of CSI on secondary metabolism, a 
comparative genomic analysis of β-lactam producing strains was carried 
out by genome sequencing of three P. chrysogenum strains that are part of 
a lineage of the CSI, i.e., strains NRRL1951, Wisconsin 54-1255, DS17690, 
and the derived penicillin biosynthesis cluster free strain DS68530. CSI has 
resulted in a wide spread of mutations, that statistically did not result in an 
over- or underrepresentation of specific gene classes. However, in this set of 
mutations, 8 out of 31 secondary metabolite genes (20 polyketide synthases 
and 11 non-ribosomal peptide synthetases) were targeted with a corresponding 
and progressive loss in the production of a range of secondary metabolites 
unrelated to β–lactam production. Additionally, key Velvet complex proteins 
(LeaA and VelA) involved in global regulation of secondary metabolism have 
been repeatedly targeted for mutagenesis during CSI. Using comparative 
metabolic profiling, the polyketide synthetase gene cluster was identified 
that is responsible for sorbicillinoid biosynthesis, a group of yellow-colored 
metabolites that are abundantly produced by early production strains   of         
P. chrysogenum. 

Conclusions: The classical industrial strain improvement of                                           
P. chrysogenum has had a broad mutagenic impact on metabolism and 
has resulted in silencing of specific secondary metabolite genes with the 
concomitant diversion of metabolism towards the production of β–lactams.
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Introduction

For the industrial production of β–lactams, the filamentous fungus Penicillium 
chrysogenum has been subjected to an intense classical strain improvement (CSI) 
program that consisted of repeating rounds of mutagenesis and selection. This 
program started in 1943 with a natural isolated strain NRRL1951 derived from an 
infected cantaloupe because of its high levels of β–lactam production under sub-
merged fermentation conditions. The spontaneous variant NRRL1951 B25 showed 
almost three times the production levels of P. notatum strain NRRL 836 - the first 
industrial candidate adopted for the tank fermentation method of  β–lactam produc-
tion during the forties of last century. To achieve production of increasing levels of 
β–lactams and to ease the purification of the product, a comprehensive mutagen-
esis was applied to the NRRL1951 B25 strain [1]. This included harsh mutagenic 
techniques like UV irradiation, X-ray, and nitrogen mustard (methyl-bis(β-chloro-
ethyl) amine) treatment as well as selection of the desired spontaneous variants 
for production and fermentation characteristics. The confidentiality of the industrial 
CSI programmes prohibits a comprehensive view on the exact mutagenesis steps 
during the generation of improved penicillin producing strains. Only few intermedi-
ate strains can be mapped on the CSI chart with the addressed method of treat-
ment (Fig. 1). However, a major breakthrough in the CSI of NRRL1951 was the 
selection of the so-called Wisconsin series of improved strains that were derived 
from the X-1612 (implying X-ray treatment) mutant that was further evolved into 
the current international laboratory standard strain Wisconsin 54-1255 whose ge-
nome sequence became available in 2008 [2]. Currently, Wisconsin 54-1255 is 
the reference strain for genome, proteome and transcriptome comparative studies 
[3-7]. The genetic studies and genome sequencing resulted in an understanding of 
the mechanisms underlying the enhanced β-lactam production, which included the 
amplification of the penicillin biosynthesis gene cluster [8], an enhanced amino acid 
production and various aspects of cellular development [2].

Unlike β-lactam biosynthesis, little is known about the consequences of CSI 
on the secondary metabolism in general. The genome sequence of Wisconsin 54-
1255 revealed that in addition to β-lactams, the genome encodes a range of other 
secondary metabolite gene clusters that have been characterized only to a limited 
extent. More recently, advances in metabolome techniques systematically revealed 
a diversity of the secondary metabolites that can be produced by industrial variants 
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of P. chrysogenum. For more than 30 of these compounds the genes involved 
in biosynthesis have been identified and partially characterized. This includes the 
non-ribosomal peptide synthetases involved in the production of toxins such as 
roquefortine and meleagrine [9-11], the pigment chrysogine (Ali, unpublished data), 
siderophores (Samol, unpublished data) and cyclic hydrophobic tetrapeptides [12]. 
However, this analysis also revealed that during CSI the diversity of the second-
ary metabolism by improved β-lactam producers has been significantly narrowed. 
For instance, elimination of the production of yellow pigments like sorbicillin and 
penitrinic acid, that were contaminants during antibiotic purification, was already 
achieved at the early stage of CSI [13]. However, the genetic origin of the produc-
tion of these pigments and there bioactive properties has remained unstudied for 
long. In recent years many sorbicillin related bioactive compounds were re-iden-
tified in P. notatum [14], Trichoderma [15], and other fungal species isolated from 
different environments [16]. The broad spectra of activities of sorbicillins range from 
radical scavenging to cytotoxicity against L5178y leukemic cells, while the actual 
function and genetic basis for the production of these compounds in P. chrysoge-
num and other filamentous fungi are mostly unknown. 

Here we performed a systematic genomic, expression and extracellular me-
tabolome analysis to investigate the impact of CSI on secondary metabolism 
of P. chrysogenum. We demonstrate that CSI resulted in the silencing of many                 
secondary metabolite pathways, whereas others remained unaffected. In addi-
tion, we identified the polyketide synthases responsible for the production of a vast 
group of pigments termed sorbicillinoids that were mutated and transcriptionally 
silenced at the early stages of the CSI programme. 
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NRRL 1951

Wisconsin 54-1255

DS17690

DS68530

P-2P2niaD18

X-1612

NRRL 1951 B25

Panlabs Inc. (USA)

DSM
(The Netherlands)

Antibioticos (Spain)
AS-P-78

SmithKline
Beecham

Pharmaceuticals
(GB)

BW 1952

S

X

S,NM,UV

GM,S
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Figure 1. Schematic representation of main industrial β-lactam production 
improvement programs of P. chrysogenum. The main lineages of strains subjected to 
industrial β-lactam production classical strain improvement programs are shown. Strains 
NRRL1951 (4 mg/gDW), Wisconsin 54-1255 (20 mg/gDW), and DS17690 (95 mg/gDW) 
examined in this study are shown in red. In brackets the production levels of penicillin V 
are indicated according to reference [31]. The penicillin cluster free strain DS68530 that 
no longer produces penicillins is not included but it is derived from strain DS17690 by 
genetically removing the multiple penicillin biosynthetic gene clusters [28]. When reported, 
the techniques used for mutagenesis are indicated according to Newbert et al. [8]. Used 
abbreviations: S, selection of the spontaneous variant; X, X-Ray irradiation; UV, ultraviolet 
irradiation; NM, nitrogen mustard (methyl-bis(β-chloroethyl) amine) treatment; MG, other 
molecular genetic manipulations.  Also indicated are the periods 1 and 2 followed in this 
study in order to identify major steps in the CSI.
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Methods 

Strains and culture conditions 

The parental P. chrysogenum isolate NRRL1951, Wisconsin 54-1255, the      
penicillin overproducer DS17690 (multi-copy penicillin gene cluster) and the peni-
cillin free strain DS68530 (zero-copy penicillin gene cluster) used in this study were 
kindly provided by DSM Biotechnology Center. For secondary metabolite analysis 
and fungal RNA extraction, conidia were pre-grown in liquid YGG medium [30] for 
24 hours before transfer into minimal metabolite medium (SMP) (glucose, 0,5 g/l; 
lactose, 75 g/l; urea, 4.0 g/l; Na2SO4, 4.0 g/l; CH3COONH4, 5.0 g/l; K2HPO4, 2.12 
g/l; KH2PO4, 5.1 g/l). All cultivations were performed at 25°C in semi dark conditions 
using 100 ml shaking flasks with a volume 25 ml of SMP medium.

Genome analysis

Total genomic DNA (gDNA) was isolated from the mycelium after 4 days of culti-
vation in YGG liquid medium followed by enzymatic protoplasting with T. harzianum 
lytic enzyme using the adapted yeast genomic DNA isolation protocol (Promega). 
The next generation sequencing of the strain NRRL1951, Wisconsin 54-1255, 
DS17690 and DS68530 was performed using the Illumina HiSeq 2500 platform 
(BaseClear, Leiden, The Netherlands). FASTQ compressed files of the paired-end 
sequence reads were generated for each of the subjected strains using Illumina 
Casava pipeline version 1.8.3. Quality assessment was based on data passing 
the Illumina Chastity filtering. Subsequently, adapters were removed and the sec-
ond quality assessment of the remaining reads was performed using the FASTQC 
quality control tool version 0.10.0. The resulted Average Quality scores (Phred > 
35) was determined for each of the analyzed genomes (BaseClear, Leiden, The 
Netherlands). The alignment of the reads was generated with DNASTAR using the 
available sequence of Wisconsin 54-1255 as the reference. High quality reads of 
the genomes were obtained with near to complete coverage (99.70 – 99.91 % and 
median coverage 306-350)  (Table 1). The resulted BAM files were used to obtain 
a list of single nucleotide polymorphisms (SNPs) with SeqManNGen11(DNASTAR) 
tool using 90% of the SNP carrying reads as the cutoff parameter for selection. The 
structural variation analysis was performed with GASVPro [17].
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LC-MS analysis 

Metabolite analysis was performed using the Accella1250™ HPLC system    
coupled with the benchtop ES-MS Orbitrap Exactive™ (Thermo Fisher Scientific, 
San Jose, CA). A sample of 5 µL was injected onto a Shim-pack XR-ODS™ C18 
column (3.0 x 75 mm, 2.2 μm) (Shimadzu, Japan) operating at 40°C and flow rate 
of 300 µL/min. The linear gradient began with 90 % of solvent A (100 % water) and 
5 % of solvent C (100 % acetonitrile) starting after 5 minutes of isocratic flow. The 
first linear gradient reached 60 % of C at 30 minutes, and the second 95 % of C 
at 35 minutes. A washing step for 10 minutes at 90 % of solvent C was followed 
by column equilibration for 15 minutes at the initial isocratic conditions. Solvent D 
(2 % formic acid) was continuously used to maintain a final 0.1 % of formic acid 
in the system. The column fluent was directed to the Exactive™ ES-MS Orbitrap 
operating at the scan range (m/z 80 – 1600 Da) and switching to positive/negative 
modes. Voltage parameters for the positive mode was 4.2 kV spray, 87.5 V capillary 
and 120 V of tube lens. Voltage parameters for the negative mode was 3 kV spray, 
-50 V capillary, -150 V tube lens. The capillary temperature was 325 °C, sheath 
gas flow 60 a.u., and auxiliary gas was off to maintain higher detection sensitivity 
for both positive and negative modes during analysis. The obtained raw files were 
processed using SIEVE software (Thermo Fisher Scientific, San Jose, CA). The re-
sulting peak tables were used as the target list in which each feature was integrated 
in every individual sample. For more accurate integration, the discovered features 
were selected and transferred into Excalibur 2.1 (Thermo Fisher Scientific, San 
Jose, CA) processing tool. Auto-integration of the peaks was performed using base 
peak traces in mass range 10 ppm with a window of 60 seconds. 

LC-MS sample preparation

For secondary metabolite analysis, samples of the culture broth were taken 
after 3, 5 and 7 days of growth in SMP medium. After centrifugation at 14,000 rpm 
for 10 minutes at 4 °C, 100 µL of the supernatant was supplemented with 16 µL 
of reserpine (600 µmol/mL) as the internal standard. After filtration using 0.2 μm 
polytetrafluorethylene (PTFE) syringe filters samples were quickly frozen in liquid 
nitrogen and stored at -80 °C. 
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qPCR analysis

Total RNA was isolated after 3 and 5 days of culturing of the fungal strains on 
SMP medium. The Trizol™ (Invitrogen) extraction method was used, with addi-
tional DNAse treatment using the Turbo DNA-free™kit (Ambion). The total RNA 
concentration was measured with a NanoDrop ND-1000™. For the synthesis of 
cDNA by iScript™ cDNA synthesis kit, 500 ng of RNA per reaction was used (Bio-
Rad). Primers were designed around the introns in order to be able to discriminate 
between amplification on gDNA and cDNA and are listed in Table S3. For expres-
sion analysis, the γ-actin gene was used as a control for normalization. A negative 
reverse transcriptase (RT) control was used to determine the gDNA contamination 
in the isolated total RNA. The expression levels were analyzed for two biological 
samples that were split into technical duplicates. Measurements were done with 
a MiniOpticon™ system (Bio-Rad) using the Bio-Rad CFX™ manager software, 
with which the threshold cycle (CT) values were determined automatically by re-
gression. The SensiMix™ SYBR Hi-ROX kit (Bioline) was used as a master mix for 
qPCR. The following thermocycler conditions were applied: 95°C for 10 min, fol-
lowed by 40 cycles of 95°C for 15 s, 55°C for 30 s, and 72°C for 30 s. Subsequently, 
a melting curve was generated to determine the specificity of the qPCRs.

Abbreviations

6-APA: 6-aminopenicillanic acid; BLAST: Basic local alignment search tool; 
CSI: classical strain improvement; COG: clusters of orthologous groups; GASV-
Pro: Geometric Analysis of Structural Variants; gDNA: Genomic DNA; HR: Highly 
reductive; KEGG: The Kyoto encyclopedia of genes and genomes database; KOG: 
euKaryotic Ortholog Groups; LC-MS: Liquid chromatography-Mass spectrometry; 
NR: non reductive; NRPS: Nonribosomal peptide synthetase; PKS: Polyketide syn-
thase; SNP, single nucleotide polymorphism; q-PCR: Real-time quantitative PCR. 
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Results 

Mutational spread in the P. chrysogenum genome during 
classical strain improvement

To examine the mutational impact of the classical strain improvement (CSI) pro-
gram on the genome of P. chrysogenum, we sequenced the genomes of four P. 
chrysogenum strains. These are the early β-lactam producing strain P. chrysoge-
num NRRL1951, which acts as a reference and two strains in the lineage that 
signify two different periods of mutagenesis. Here, we define period 1 as the early 
stages of CSI, using the Wisconsin 54-1255 strain as the hall mark as during the 
period CSI has had a major impact on the fermentation characteristics and pigment 
formation. This strain is the current international reference as its genome was se-
quenced. The second period entails strain DS17690 that has undergone major mu-
tagenesis which amongst others has led to the amplification of the penicillin biosyn-
thetic gene cluster. It is currently studied as a type strain. In addition, the penicillin 
biosynthesis cluster free strain DS68530 was sequenced that was derived from the 
latter strain. The absence of the multiple penicillin clusters facilitates the analysis of 
β-lactam unrelated secondary metabolites present in the extracellular metabolome 
(Fig.1). The genomes of the four strains were sequenced using the Illumina HiSeq 
2500 platform with near to complete coverage (99.70 – 99.91 %) (Table 1). Based 
on a comparison of the respective genomes, 455 SNPs were detected    between 
the NRRL1951 and Wisconsin 54-1255 strain that accumulated during the first pe-
riod of CSI. Within this set, 215 mutations occurred within coding regions, while 
151 non-synonymus, 55 synonymus, 2 termination mutations, 6 frame shifts and 
one nonsense mutation were identified. During the second period of the CSI the 
multicopy strain DS17690 additionally obtained 2056 SNPs. This included 1187 
non-coding, and 869 mutations within coding regions including 271 synonymus and 
558 non-synonymus mutations, three SNPs at the terminal region, 13 frame shifts 
and 24 nonsense mutations (Table 2, Additional file: Table S1).

The use of the advanced next generation sequencing technique to the refer-
ence strain Wisconsin 54-1255 resulted in the identification of mismatches with the 
previously published sequence of this strain [2]. We identified 321 SNPs including 
244 non-coding, 10 synonymus and 67 non-synonymus polymorphisms. This in-
cluded 40 frame shifts, one termination and one nonsense mutation. These newly 
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identified features are the result of the improved quality of the sequencing and 
correspondingly appeared in the genome assemblies of NRRL1951, DS17690 and 
DS68530 strain. To simplify the following comparative analysis these SNPs were 
subtracted from the mutational profiles of the subjected strains. An analysis using 
GASVPro [17] did not reveal any structural variation between the strains.

In order to assess the distribution of SNPs across genes involved in different 
cellular processes, we performed a functional classification of the entire gene set 
of the P. chrysogenum Wisconsin 54-1255 reference genome. In order to classify 
a maximal proportion of genes, we overlapped functional classifications from the 
COG, KOG and KEGG BRITE databases [18-20] into a single consensus predic-
tion. The complete sets of identified SNPs between NRRL 1951 and Wisconsin 
5412-55 and between Wisconsin 54-1255 and DS17690 were mapped to these 
functional categories. Subsequently, we performed a statistical comparison of the 
functional distribution of genes affected by the SNPs and the overall functional 
distribution of all genes in the genome, based on the hypergeometric distribution. 
Surprisingly, after Bonferroni multiple-testing correction, there was no statistically 
significant overrepresentation or underrepresentation of mutations in secondary 
metabolism, amino acid metabolism, transcriptional regulation, or any other func-
tional category (Additional file: Table S2). Hence, strain selection seems to have 
had only very limited control over the mutations accumulated during the CSI, and it 
is likely that only a minority of the changes introduced by the mutagenesis proce-
dure are responsible for the phenotypic improvements of the strains. The next key 
challenge was therefore to identify this important minority.

Distribution of mutations in secondary metabolism gene 
clusters

An inventory was made of mutations that were accumulated in key secondary 
metabolism genes during the CSI using strain NRRL1951 as a reference. The ge-
nome contains 11 NRPS and 20 PKS genes likely involved in secondary metabo-
lite formation. In total, 9 putative secondary metabolite gene clusters accumulated 
mutational changes during both periods of the CSI (Fig. 2a). This affected 1 NRPS 
gene and 7 PKS genes. The mutations were all verified by DNA sequencing of the 
respective gene clusters.

The partially reducing (PR) PKS2 (Pc13g04470) gene cluster is part of      pre-
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Figure 2. Mutational impact of the CSI program on secondary metabolite gene clusters 
of P. chrysogenum. A) Mutations acquired by Wisconsin 54-1255 in period 1 of the CSI 
programme are colored in red. The mutagenic impact in period 2 is shown in green. Mutated 
PKS and NRPS domains are indicated. The grey arrows represent other genes of the 
putative gene clusters.  Abbreviations used for PKS and NRPS domains: KS, keto-synthase; 
AT, acyltransferase; DH, dehydratase; MT, methyltransferase; ER, enoyl reductase; KR, 
ketoreductase; ACP, acyl carrier protein; TE, thioesterase; TE/Red, thioester reductase; 
A, adenylation; T, thiolation; C, condensation domain. B) Schematic representation of the 
Velvet complex proteins VelA, VelB and LaeA with the mutations obtained during the CSI. 

VelA
VelB LaeAN CC N

315 Gln→ Stop

338 Gly→ Ser 284 Lys→Glu

432 Gly → Glu

Pc13g04470 (PKS 2)
KR ER AT KSDHACP MT

952 Ala → Asp

Pc16g11480 (PKS 7)
KR ER AT KSDHACP MT

1638 Phe → Leu

Pc21g00960 (PKS 8)
KRKS AT ERMTDH ACP

146 Leu → Phe2210 Ile → Arg

Pc21g05070 (PKS12)                    Pc21g05080 (PKS13) 
MT ACP KSTE/Red AT KRKS AT ERMTDH ACP

383 Ile → Phe

KS
Pc21g12440      (PKS14)    Pc21g12450 (PKS15)
KR ER KSATACP DH ACPAT TE

1453 Glu → Asp

Pc16g03800 (PKS 5) Pc16g03850 NRPS (PssA)
ACP A T CCTKS AT KRERDH

nt 6318 
A → GA → C

Pc21g16000 (PKS 17)
ACPACPAT TETE

nt 60 

KS

304 Tyr → Asp

Pc22g08250 MFSPc22g08170 (PKS 18)    
KRATKS ACP

 

 

A

B

839 Leu → Stop46 Trp → Gly

Pc22g23750  (PKS20) 
KRKS AT ERMTDH ACP

Pc22g23770  Pc22g23730  
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dicted cluster of nineteen ORFs [21]. PKS2 shows 87 % identity to an unknown 
PKS of P. digitatum and strong similarity (46% identity) to the lovastatin diketide 
synthase LovF of A. terreus. Two SNPs occurred at the second period of CSI and 
resulted in a glycine to glutamic acid substitution at position 432 within the keto-
synthase domain of PKS2 that likely has inactivated the enzyme. The gene cluster 
of PR PKS7 (Pc16g11480) is predicted to consist of 18 ORFs [21]. A homologous 
cluster of five genes is found in the genome of A. fumigatus, but has no assigned 
function. PKS7 carries the SNP resulting in an alanine to aspartic acid substitu-
tion at position 952 located at the acyl transferase/dehydratase inter-domain re-
gion. This mutation was acquired in the second CSI period and presumably does 
not affect the function of the neighboring domains. The high reducing (HR) PKS8 
(Pc21g00960) is homologous (54% identity) to an uncharacterized PKS enzyme 
of A. flavus and belongs to a putative cluster of 17 genes [21]. A single mutation 
resulted in a phenylalanine to leucine substitution at position 1638 in the C-(Met)/
dehydratase inter-domain region and occurred in the second period of CSI. A fur-
ther gene cluster contains two PKSs encoding genes HR PKS14 (Pc21g12440) 
and non-reducing (NR) PKS15 (Pc21g12450) and consists of 18 ORFs [21]. A 
mutation within the ketosynthase domain of PKS15 occurred during the first CSI 
period and resulted in isoleucine to phenylalanine substitution at position 383. A 
NR PKS encoded by Pc21g16000 (PKS17) shows similarity to the A. nidulans wA 
and A. fumigatus PksP naphthopyrone synthases. These enzymes are involved in 
the biosynthesis of a precursor for the formation of a conidial pigment [2]. A similar 
gene cluster of 11 ORFs is present in the genomes of A. niger and A. kawachii. 
Two nucleotide substitutions were detected within PKS17 causing no effect on the 
amino acid sequence. A third mutation is located within the terminator region of 
the PKS gene and is represented by an A to C nucleotide substitution. The actual 
impact of these mutations on pigment formation is unclear as the green coloring of 
the conidia was not affected during the CSI.

The gene cluster of PR PKS18 (Pc22g08170) shows 82% identity to the 6-meth-
ylsalicylic acid synthase from P. griseofulvum and contains 16 ORFs. The P. gris-
eofulvum homolog is involved in patulin biosynthesis and requires additional enzy-
matic conversions like decarboxylation, two hydroxylation and oxidation reactions 
[22]. In P. chrysogenum these enzymatic steps are presumably provided by the 
aminohydrolase and two cytochrome P450 enzymes encoded within the cluster. 
However, the essential gene encoding the isoepoxidon dehydrogenase cannot be 
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identified in the genome of P. chrysogenum supporting the notion that this fungus 
does not produce patulin [2]. A single mutation was obtained during the second 
period of CSI and this affected a putative MFS transporter (Pc22g08250) encod-
ing gene introducing a tyrosine to asparagine substitution at position 304. Final-
ly, two neighboring, oppositely oriented NR PKS12 (Pc21g05070) and HR PKS13 
(Pc21g05080) that belong to a gene cluster that potentially is related to sorbicilli-
noid biosynthesis, received SNPs in both coding sequences. PKS12 acquired an 
isoleucine to arginine substitution at C-(Met)/TE inter-domain region, while PKS13 
obtained a mutation in the KS domain where leucine in position 146 is substituted 
by a phenylalanine. Both mutations were obtained at the first period of the CSI and 
thus were inherited already by strain Wisconsin 54-1255. The associated gene 
cluster is predicted to contain 18 ORFs [21].

The only NRPS gene that accumulated SNPs concerns PssA (Pc16g03850) that 
is involved in siderophore coprogen B biosynthesis under the iron depleted growth 
conditions. At the first CSI period the PssA encoding gene was mutated causing a 
glutamic acid for aspartic acid substitution at position 1453 within a non-conserved 
region. PssA is involved in the production of coprogen that still can be produced by 
the improved β-lactam producing strains (Samol, unpublished data). Therefore, this 
mutation apparently did not inactivate the enzyme.

Mutational changes within the Velvet complex

The Velvet complex is involved in the regulation of sexual development and 
secondary metabolism as demonstrated in various filamentous fungi including P. 
chrysogenum [3, 6, 7]. Since it is a multisubunit complex, we examined the im-
pact of CSI on the core component of the Velvet complex. The P. chrysogenum 
orthologs LreA (Pc20g08380), LreB (Pc22g02540), FphA (Pc06g00040), KapA 
(Pc21g01970), VelB (Pc22g22320), and VosA (Pc22g06890) were all identical in 
the genomes of strains NRRL1951, Wisconsin 54-1255 and DS17690. However, 
mutational changes were found in Pc16g14010 and Pc13g13200 genes that en-
code LeaA and VelA, respectively. In the first period, the leaA gene acquired a 
nucleotide substitution at position 850 (T to C) which resulted in a substitution of 
lysine for glutamic acid at position of 284 of the protein. A second mutation occurred 
in period 2 and caused a nucleotide change at position 1012 (C to T) causing a 
glycine to serine substitution at position 338. In addition, a mutation was identified 
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in the VelA encoding gene that occurred at the second CSI period. A C to T sub-
stitution at nucleotide position 943 caused a stop codon resulted in the formation 
of a truncation of the VelA protein from 562 to 315 amino acids long. These data 
indicate that the velvet complex has been a major target in the CSI, and this likely 
has impacted the expression of secondary metabolite encoding genes (Fig. 2b).

Expression of the secondary metabolism gene clusters

Since the velvet complex and many secondary metabolism genes acquired mu-
tations during the CSI, the expression of the latter genes may have vastly changed 
along the lineage of strains. Therefore, we examined the expression of all 20 PKSs 
and 11 NRPS encoding genes in strains NRRL1951, Wisconsin 54-1255, DS17690 
and the penicillin cluster free strain DS68530 (Fig. 3). Herein, the fungi were grown 
for 5 days and total RNA was isolated for qPCR analysis of the respective genes. 
The expression of γ-actin gene (Pc20g11630) was used as reference for normal-
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Figure 3. Comparison of secondary metabolite gene expression in strains NRRL1951, 
Wisconsin 54-1255, DS17690 and DS68530. Expression data was obtained with RNA 
isolated after 5 days of fungal growth. The error bars indicate the standard error of the mean 
of two biological samples including technical duplicates.
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ization. The observed Ct values for the amplified γ-actin gene from the cDNA of 
NRRL1951, Wisconsin 54-1255, DS17690 and DS68530 were 19.9 ± 0.12; 20.11 
± 0.18; 20.48 ± 0.25 and 20.30 ± 0.18 respectively. This demonstrates nearly 
identical expression of the reference gene in the analyzed strains. The obtained 
expression profiles clearly indicates that the expression of the ACV synthetase, 
the key enzyme of β-lactam biosynthesis was dramatically enhanced upon CSI 
of Wisconsin 54-1255 as expected from the amplification of the β-lactam biosyn-
thesis genes in strain DS17690 that contains 8 copies of this penicillin cluster. 
With the other NRPS and PKS genes, there were no marked expression changes 
except for three PKS genes. The two highly expressed PKS genes Pc21g05070 
(PKS12) and Pc21g05080 (PKS13) were dramatically down regulated in Wisconsin 
54-1255 and the derivatives DS17690 and DS68530. The NR PKS12 exhibits 43% 
identity to citrinin polyketide synthase of Monascus purpureus while HR PKS13 is 
homologous to lovastatin diketide synthase LovF of A. terreus [2]. In addition, the 
cluster contains genes encoding a putative regulator (Pc21g05050), a monooxy-
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Figure 4. Relative expression of the putative gene cluster of sorbicillinoid biosynthesis 
in strains NRRL1951, Wisconsin 54-1255, DS17690 and DS68530. The transcriptional 
silencing of seven genes (Pc21g05050 – Pc21g05110) belonging to the putative sorbicillinoid 
gene cluster is shown. Expression data was obtained with RNA isolated after 5 days of fungal 
growth. The error bars indicate the standard error of the mean of two biological samples 
including technical duplicates.
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genase (Pc21g05060), a transcriptional factor (Pc21g05090), a MFS transporter 
(Pc21g05100) and an oxidoreductase (Pc21g05110). All five genes of this putative 
cluster are also present in the genome of Trichoderma reesei and arranged in one 
locus. An identical gene cluster in the marine isolate of P. chrysogenum E01-10/3 
has been previously associated with the biosynthesis of sorbicillactones A and B 
and thus by analogy, the aforementioned gene cluster may encode the biosyn-
thesis pathway of yellow pigments sorbicillinoids in P. chrysogenum [23]. There 
is a significant decrease in expression of the seven genes of this cluster in the 
improved strains, whereas expression of flanking genes that are likely not part of 
the cluster was unaltered (Fig. 4). In addition, expression of PKS7 was increased 
substantially upon CSI of the NRLL1951 strain. Despite the significant overexpres-
sion of this PKS in the improved penicillin producing strain, the polyketide product 
has not yet been identified. 

Comparative metabolomic profiling of P. chrysogenum 
strains

Next, we examined the extracellular metabolome focusing on secondary metab-
olites excreted into the spent culture medium. LC-MS and LC-MS/MS were used 
for identification. In this analysis, five β-lactams were detected in the growth me-
dia of all strains, except for the penicillin biosynthesis cluster-free strain DS68530   
(Fig. 5). 6-APA (compound 1), penicillin G (2), V (3), isopenicillin N (4) and penicillin 
K (5) were identified by their expected molecular masses and on the basis of their 
calculated empirical formulas and by the use of standards, except for penicillin K. 
6-APA and isopenicillin N were produced in the early stages of fermentation. As ex-
pected, the levels of these compounds were relatively low for the NRRL1951 strain, 
increased in strain Wisconsin 54-1255, and dramatically increased in DS17690, 
in particular during the late growth phase. 6-APA, isopenicillin N and the naturally 
produced penicillin K were the main products. Since the growth conditions did not 
involve any feed with the commercially used side chain precursors, penicillin G and 
V were presented very low amounts compared to other penicillins. 

Another group of compounds are the chrysogine related metabolites. This yel-
low pigment is produced in a biosynthetic pathway that has not yet been complete-
ly characterized, but at least four structurally resolved compounds can be iden-
tified including chrysogine (6), N-acetylalanylanthranilamide (chrysogine B) (7),          
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Figure 5. Response ratio of secondary metabolite concentrations present in the culture 
broth of strains NRRL1951, Wisconsin 54-1255, DS17690 and DS68530. Cell coloring 
corresponds to the internal standard corrected peak area of the detected metabolites in the 
culture broth after 3, 5 and 7 days of growth. The mass to charge ratio (m/z) of the protonated 
metabolites, retention time (RT) and empirical formulas are indicated. Abbreviations: HTD, 
histidyltryptophanyldiketopiperazine; DHTD, dehydrohistidyltryptophanyldi-ketopipera zine; 
NA, metabolites without structural data.
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6-aminopenicillanic acid (1) Penicillin G (2) Penicillin V (3) Isopenicillin N (4) Penicillin K (5)

Chrysogine (6) Chrysogine B (7) Chrysogine C (8) N-pyrovoylanthranilamid (9)

Meleagrin (17) HTD (18) DHTD (19) Glandicoline A (20)

Glandicoline B (21) Roquefortine C (22) Roquefortine D (23) Roquefortine F (24)

Roquefortine M (25) Roquefortine N (26) Neoxaline (27) Fungisporin (28)

Sorbicillin (29) Sorbicillinol (30) Dihydrosorbicillinol (31) Oxosorbicillinol (32)

Bisorbicillinol (33) Bisvertinolon (34) Dihydrobisvertinolone (35) Tetrahydrobisvertinolone (36)

Figure 6. Metabolites characterized in this study. β-lactam related compounds (1-5), the 
intermediates of chrysogine pathway (6-9), roquefortine related compounds (17-27), the 
representative of the cyclic tetrapeptides - fungisporin (28) and the sorbicillinoids (29-36).
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N-malonylalanylanthranilamide (chrysogine C) (8) and N-pyrovoylanthranilamide 
(9), as well as 7 related but structurally unresolved molecules (10-16). These me-
tabolites are already found in the culture broth after 3 days. Chrysogine was pro-
duced at high levels by the DS17690 strain, but in particular in the related penicillin 
cluster free DS68530 strain, production was at the highest levels.

A further class of compounds are the roquefortine and meleagrin related           me-
tabolites that are toxins [9-11]. The precursors for these toxins are (histidyltryptoph-
anyldi-ketopiperazine (HTD) (18) and dehydrohistidyltryptophanyldi-ketopiperazine 
(DHTD) (19) that are only produced at low levels by strain NRRL 1951 and Wiscon-
sin, but at substantial higher levels during the late growth phases by the DS17690 
strain. Production further increased in the DS68530 strain. The same observation 
was made for the precursors of this pathway like glandicoline A-B      (20-21), 
roquefortine C, D, F, M, N (22-26) and neoxalin (27), as well as the final product 
meleagrin (17). It thus appears that like with the chrysogine, period 2 of the CSI has 
resulted in an enhanced production of roquefortines.

In the analysis, a unique group of 16 metabolites were identified in the culture 
broth of NRRL1951 that were absent in the other more evolved strains. Based on 
their exact masses and their MS spectra, empirical formulas could be assigned to 
these molecules with less than 2 ppm accuracy. Two groups of compounds could 
be discriminated (Fig. 5). The first group includes eleven molecules related to sor-
bicillins that are known to be produced by natural isolates of P. chrysogenum. Both, 
monomeric and dimeric sorbicillinoids were identified in the culture broth during 
seven days of culturing. The identified compounds fit to the proposed biosynthesis 
pathway [23, 24]. Major molecules are sorbicillin (29) and the derivative sorbicillinol 
(30) that already occur after 3 days of fermentation. Although dihydrosorbicillin was 
not detected, the accumulation of its oxidized derivative dihydrosorbicillinol (31) 
occurred after five days of cultivation. Oxosorbicillinol (32), and the oxidized com-
pound bisvertinolon (34) (dimerization reaction with sorbicillinol) were identified. 
Further dimers were bisorbicillinol (33), dyhydrobisvertinulone (35) and tetrahydro-
bisvertinolone (36). In addition, two uncharacterized metabolites with a short (C11 
and C12) carbon chain (37-38) were observed. The second group included four, 
presumably nitrogen containing compounds (39-42) (Fig. 6).
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Discussion

Here we have examined the effect of the classical strain improvement (CSI) pro-
gram on secondary metabolism by P. chrysogenum. Combined metabolome, tran-
scriptome and genome profiling approaches were applied to a lineage of β-lactam 
producing strains. This concerned the natural isolate strain NRRL1951, the current 
laboratory reference Wisconsin 54-1255 and the high penicillin producer DS17690 
which carries multiple copies of the penicillin biosynthesis cluster. In addition, a 
DS17690 derivative, which lacks the penicillin clusters, i.e., strain DS68530 was 
included in this analysis (Fig. 1). The genomes of the subjected strains were se-
quenced using the Illumina next generation technique that allowed us to determine 
the mutational impact on P. chrysogenum during CSI.

Of the 20 PKSs and 11 NRPS present in P. chrysogenum, the majority remains 
uncharacterized and has not been associated to the production of specific sec-
ondary metabolites. It is generally believed that many of these genes and gene 
clusters are transcriptionally silent or inactive. The introduction of the parental iso-
late NRRL1951 in our analysis revealed a number of mutations inherited by the 
current international laboratory standard strain Wisconsin 54-1244 during the first 
period of CSI. Further comparative analysis showed the accumulation of additional 
mutations during the evolvement of the industrial penicillin cluster multi-copy strain 
DS17690. Out of the 11 NRPS and 20 PKS associated gene clusters present in the 
genome, one NRPS and 7 PKS gene clusters accumulated mutational changes 
during both periods of the CSI. Three amino acid substitutions were located within 
the essential ketosynthase domains of PKS2, PKS13 and PKS15 that presumably 
led to a functional inactivation (Fig. 2a).

Significant changes of the secondary metabolite genes expression between 
the CSI derived mutants as well as the mutational impact on transcriptional factor 
encoding genes indicates that the regulation of secondary metabolism has been 
intensively altered during the CSI (Fig. 3). The three proteins VelA, VelB and LaeA 
of the velvet complex represent an important regulatory element in filamentous 
fungi. In A. nidulans, this heterotrimer has been associated with both cell devel-
opment and secondary metabolism providing the first evidence on the regulatory 
cross-talk between these phenomena in filamentous fungi. The current structural 
model of the Velvet complex is derived from protein interaction studies performed 
in A. nidulans [25]. VelA is a scaffolding protein essential for recruiting VelB and 
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LaeA. VelB interacts with the N-terminus of VelA while the C-terminus interacts 
with LaeA. It is important to emphasize that all recently published studies on the 
characterization of the Velvet complex proteins in P. chrysogenum were performed 
in strains derived from the CSI, i.e., the eight copy penicillin gene cluster strain 
DS17690 derived from Wisconsin 54-1255 and the two copy penicillin gene cluster 
strain P2niaD18 obtained during the alternative Panlabs strain improvement pro-
gram [8]. Both overproducers originate from the parental NRRL1951 isolate but the 
P2 series diverged early at the CSI prior the generation of Wisconsin 54-1255. A 
pronounced phenotypic effect of the deletion of VelA and LaeA on β-lactam titers 
(up to 80% decrease) in conjunction with a dramatic transcriptional deregulation 
of up to 10 % of genes present in the genome was demonstrated for the Panlabs 
derived P2niaD18 strain [3, 26]. In contrast, the penicillin gene expression and sec-
ondary metabolite production in DS17690 strain exhibited only moderate respons-
es to the deletion of VelA and LaeA. The latter study, however, was performed 
under glucose-limited chemostat growth conditions, and it was suggested that the 
growth conditions weakened the phenotype [7]. However, since the Velvet com-
plex has been repetitively targeted during the improvement of the DS17690 strain 
(Fig. 2b) this likely caused the weak phenotypes of the respective deletion strains. 
Indeed, the P2niaD18 strain [27] shows no alterations of the Velvet complex en-
coding genes and must therefore have remained functionally intact. Specifically, in 
LeaA, we identified two mutations resulting in amino acids changes while in VelA, 
in DS17690 strain a stop codon is introduced resulting in a C-terminal truncation by 
about 247 amino acids. VelA plays a primary role in the complex assembly where 
the C-terminus that was lost, is required for interaction with LaeA. Therefore, the 
velvet complex of the improved DS17690 is likely functionally impaired and this 
must have contributed to an improvement of the β-lactam production presumably 
as a collateral effect, increased or decreased expression of other secondary me-
tabolite genes. In addition, pathway specific transcriptional regulation of secondary 
metabolism is crucial. We identified 19 mutated proteins specifying Zn2Cys6 bi-
nuclear cluster DNA-binding domains typical found in transcription regulators like 
GAL4 and six genes encoding proteins that are homologous to fungal specific tran-
scription factors. Additionally, 29 transporter related genes were mutated during the 
CSI, eight ABC transporters and 15 transporters belonging to the major facilitator 
superfamily (MFS) (Supplementary XCL1). One of the identified MFS Pc22g08250 
belongs to the putative secondary metabolite gene cluster harboring a PKS gene 
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(Pc22g08170) that can be linked to the biosynthesis of patulin-like metabolites in 
P. chrysogenum [2].

The mutational and expression effects of CSI led to the significantly alterations 
in the secondary metabolite profile among the analyzed P. chrysogenum strains. 
Previously, genes and gene clusters have been identified for the production of 
roquefortine/meleagrine [11], cyclic tetrapeptides [12] and chrysogine (Ali, un-
published data) that all arise from the activity of NRPSs. By high-resolution mass 
spectrometry we generated a specific metabolite profile for each of the strains 
and demonstrate significant alterations in the pattern of the production of these 
secondary metabolites (Fig. 5). Importantly, during the CSI and with the onset of 
strain DS17690, the ability to produce toxins such as roquefortine/meleagrine and 
chrysogen increased. However, the transcriptional levels of the roqA and chyA 
genes was not significantly changed in the lineage of strains. Considering that the 
biosynthesis of these secondary metabolites is strongly dependent on nitrogen me-
tabolism, it seems likely that the improvement in amino acid production [2] in the 
higher β-lactam producers is the indirect cause of this phenomenon. Moreover, the 
highest levels of these secondary metabolites where found in the DS68530 strain 
in which the multiple penicillin gene clusters have been removed [28]. This strain 
is genomically identical to the parental strain DS17690, also showing the same 
expression levels and timing of the expression of the corresponding NRPS encod-
ing genes. Therefore, the observed increase in the aforementioned nonribosomal 
peptide products strongly supports our notion that their enhanced production is 
because of a re-diversion of nitrogen metabolism. 

During the CSI, also the production of a suite of secondary metabolites was 
lost. Early P. chrysogenum isolates produced yellow pigments that were eliminated 
early on during CSI as they were found to be colored contaminants during antibi-
otic production. However, the genetic origin of pigment formation has remained 
obscure. Our secondary metabolite profiling indicates a group of structurally related 
compounds that are specifically produced by the NRRL1951 strain but are absent 
in the fermentation broth of Wisconsin 54-1255, DS17690 and DS68530. The em-
pirical formulas generated based on mass accuracy (ppm<2) correspond to known 
hexaketide yellow pigments termed sorbicillinoids. The production of sorbicillin, 
sorbicillinol, dihydrosorbicillinol, oxosorbicillinol, bisvertinolone, bisorbicillinol, and 
dihydrobisvertinolone was detected. We found that accumulation of the pathway 
precursors sorbicillin and sorbicillinol by a three days grown culture correlates with 
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high levels of expression of a single PKS gene cluster in the NRRL1951 strain. 
qPCR analysis revealed the transcriptional silencing of the entire gene cluster of 
seven genes although expression of the flanking genes remained unchanged. Ad-
ditionally, the genome sequencing analysis revealed two mutations accumulated 
in the two PKS encoding genes of the aforementioned cluster at the beginning of 
the CSI program. NR-PKS12 acquired an isoleucine to arginine substitution at the 
C-(Met)/DH inter-domain region. The neighboring oppositely oriented HR-PKS13 
encoding gene obtained a mutation causing a leucine to a phenylalanine substitu-
tion in position 146 within the KS domain of the enzyme. The proposed model for 
sorbicillin biosynthesis, as the hexaketide precursor for all sorbicillinoid derivatives, 
foresees the function of a pair of NR-PKS and HR-PKS enzymes. The triacetate 
precursor is formed by HR-PKS following the non-reductive carbon chain extension 
by the second NR-PKS to form hexaketide. Taken together our results suggest 
this PKS gene cluster is responsible for the biosynthesis of sorbicillinoids in the 
early producer NRRL1951. The mutations found within the PKS gene cluster com-
bined with the transcriptional silencing of the entire gene cluster shown for deriva-
tive strains Wisconsin 54-1255 and DS17690, demonstrates a multi-step complex 
eliminating effect of the CSI on the biosynthesis of these yellow pigments in P. 
chrysogenum. Importantly, the functional characterization of the aforementioned 
gene cluster through direct targeting of the PKS genes has not yet been achieved 
[23, 29], and will be subject of future work.

Conclusions 

Our study concerned a combined genome, transcriptome and metabolome anal-
ysis of improved β-lactam producing strains of P. chrysogenum with a focus on sec-
ondary metabolism. Whereas several secondary metabolite genes were targeted 
by mutagenesis, overall there was not a single specific functional group of genes 
that was specifically mutagenized. Mutations appear to be randomly spread across 
the chromosomes and this is likely the result of the rather undirected approach used 
during CSI. The results suggest that the improved titers of the β-lactams achieved 
during the CSI are only partially reflected by the broad mutagenic impact of the CSI 
program. Whereas mutagenesis was random, the selection was focused on spe-
cific features such as the increased β-lactam titers; morphological aspects as well 
the fermentation characteristics. Thus, the strains collected many mutations that do 
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not contribute to these features. The elevated production of nonribosomal peptide 
products such as chrysogine and roquefortine/meleagrin likely emerged from the 
enhanced nitrogen metabolic flux in improved penicillin producing strains. A group 
of yellow pigments including sorbicillinoids has been eliminated at the early stages 
of CSI. Production of sorbicillinoids is likely associated with a PKS gene cluster of 
seven genes that was transcriptionally silenced during the CSI and that acquired 
mutations at functionally essential PKS domains. These finding indicate a complex 
mechanism underlying the elimination of the production of sorbicillinoids from the 
secondary metabolism of P. chrysogenum and provide insight in the molecular ba-
sis of biosynthesis of this interesting group of bioactive compounds. 
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Additional material

Table S1. The list of coding mutations acquired by the strain lineage of 
P.chrysogenum

Gene Impact

NRRL 1951 to
 Wisconsin 54-1255

 Wisconsin 54-1255 to 
DS17690

Nucleotide 
substitution 

Amino acid 
substitution 

Nucleotide 
substitution 

Amino acid
substitution 

Pc03g00170 Non-synonymous c.641A>T p.L214Q
Pc04g00190 Non-synonymous c.489C>G p.R163S
Pc06g00050 Non-synonymous c.68C>T p.A23V
Pc06g00170 Non-synonymous c.820A>T p.F274I
Pc06g00200 Nonsense c.124C>T p.R42.
Pc06g00470 Non-synonymous c.1063T>C p.V355I
Pc06g00490 Non-synonymous c.83C>A p.G28V
Pc06g00520 Synonymous c.105G>A N/A
Pc06g00700 Synonymous c.1794T>C N/A
Pc06g00710 Non-synonymous c.1456T>G p.W486G
Pc06g00710 Non-synonymous c.1456G>T p.G486W
Pc06g01000 Nonsense c.625G>A p.R209.
Pc06g01070 Nonsense c.728C>T p.W243.
Pc06g01190 Non-synonymous c.2224C>T p.V742M
Pc06g01210 Nonsense c.505C>T p.Q169.
Pc06g01300 Synonymous c.303G>A N/A
Pc06g01370 Non-synonymous c.404C>T p.G135E
Pc06g01540 Non-synonymous c.1496G>A p.S499L
Pc06g01800 Non-synonymous c.352T>A p.I118F
Pc06g01950 Non-synonymous c.842A>G p.V281A
Pc06g01950 Non-synonymous c.208T>C p.Y70H
Pc06g02030 Synonymous c.549T>G N/A
Pc06g02280 Non-synonymous c.1529A>G p.Y510C
Pc09g00040 Non-synonymous c.206N>G p.X69G
Pc09g00040 Non-synonymous c.81N>A p.E27D
Pc09g00070 Frameshift c.415_416insT p.L139fs
Pc09g00070 Nonsense c.11C>G p.S4.
Pc09g00070 Non-synonymous c.309C>A p.E103D
Pc09g00070 Non-synonymous c.472A>G p.M158V
Pc09g00070 Non-synonymous c.463C>T p.E155K
Pc09g00070 Non-synonymous c.329A>G p.N110S
Pc09g00070 Non-synonymous c.353A>T p.E118V
Pc09g00070 Non-synonymous c.397C>A p.Q133K
Pc09g00070 Non-synonymous c.104T>C p.H35R
Pc09g00070 Non-synonymous c.14G>A p.G5E
Pc09g00070 Synonymous c.483C>T N/A
Pc09g00070 Synonymous c.633C>T N/A



75

Genomic mutational analysis of the impact of the CSI on β–lactam producing P.chrysogenum

Gene Impact

NRRL 1951 to
 Wisconsin 54-1255

 Wisconsin 54-1255 to 
DS17690

Nucleotide 
substitution 

Amino acid 
substitution 

Nucleotide 
substitution 

Amino acid
substitution 

Pc09g00070 Synonymous c.306C>T N/A
Pc09g00070 Synonymous c.348G>A N/A
Pc09g00070 Synonymous c.39G>T N/A
Pc09g00070 Synonymous c.42C>T N/A
Pc09g00110 Non-synonymous c.311T>G p.Q104P
Pc09g00110 Synonymous c.393C>G N/A
Pc09g00120 Non-synonymous c.653T>G p.I218S
Pc09g00120 Non-synonymous c.577A>G p.R193G
Pc09g00120 Synonymous c.657C>T N/A
Pc09g00130 Nonsense c.405C>T p.W135.
Pc09g00130 Non-synonymous c.409G>C p.H137D
Pc09g00130 Synonymous c.411A>G N/A
Pc09g00140 Non-synonymous c.49G>T p.Q17K
Pc09g00140 Non-synonymous c.82C>T p.A28T
Pc09g00140 Non-synonymous c.640C>T p.G214S
Pc09g00140 Synonymous c.36A>G N/A
Pc09g00140 Synonymous c.474G>T N/A
Pc09g00150 Nonsense c.520C>T p.R174.
Pc09g00150 Non-synonymous c.430T>C p.C144R
Pc09g00150 Non-synonymous c.463A>T p.T155S
Pc09g00150 Non-synonymous c.208T>C p.Y70H
Pc09g00150 Non-synonymous c.199A>C p.T67P
Pc09g00150 Non-synonymous c.197G>A p.R66K
Pc09g00150 Non-synonymous c.592T>C p.N198D
Pc09g00160 Non-synonymous c.511C>T p.V171I
Pc09g00160 Non-synonymous c.504T>G p.E168D
Pc09g00160 Non-synonymous c.21T>G p.E7D
Pc09g00160 Non-synonymous c.29T>C p.D10G
Pc09g00160 Synonymous c.369G>T N/A
Pc09g00160 Synonymous c.471C>T N/A
Pc09g00160 Synonymous c.195G>A N/A
Pc09g00160 Synonymous c.189C>T N/A
Pc09g00160 Synonymous c.186G>A N/A
Pc09g00160 Synonymous c.117G>T N/A
Pc09g00170 Non-synonymous c.40C>T p.R14C
Pc09g00170 Non-synonymous c.38A>G p.D13G
Pc09g00180 Non-synonymous c.550G>A p.L184F
Pc09g00180 Non-synonymous c.409A>T p.S137T
Pc09g00180 Non-synonymous c.754T>G p.M252L
Pc09g00180 Non-synonymous c.768T>G p.K256N
Pc09g00180 Non-synonymous c.833G>A p.T278M
Pc09g00180 Non-synonymous c.28T>G p.T10P
Pc09g00180 Synonymous c.579T>G N/A
Pc09g00180 Synonymous c.516T>C N/A
Pc09g00180 Synonymous c.654T>G N/A
Pc09g00180 Synonymous c.105G>A N/A
Pc09g00180 Synonymous c.81G>T N/A
Pc09g00180 Synonymous c.57A>G N/A
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Gene Impact

NRRL 1951 to
 Wisconsin 54-1255

 Wisconsin 54-1255 to 
DS17690

Nucleotide 
substitution 

Amino acid 
substitution 

Nucleotide 
substitution 

Amino acid
substitution 

Pc09g00180 Synonymous c.1011C>T N/A
Pc09g00190 Frameshift c.394delC p.S131fs
Pc09g00190 Non-synonymous c.316C>T p.P106S
Pc09g00190 Non-synonymous c.374T>C p.F125S
Pc09g00190 Non-synonymous c.577G>T p.A193S
Pc09g00190 Non-synonymous c.470C>T p.A157V
Pc09g00190 Non-synonymous c.505C>A p.P169T
Pc09g00190 Synonymous c.267A>C N/A
Pc09g00190 Synonymous c.375C>T N/A
Pc09g00190 Synonymous c.477C>T N/A
Pc09g00200 Non-synonymous c.505C>T p.V169I
Pc09g00200 Non-synonymous c.713C>T p.S238N
Pc09g00200 Synonymous c.648G>A N/A
Pc09g00200 Synonymous c.681T>G N/A
Pc09g00210 Non-synonymous c.68G>A p.S23N
Pc09g00210 Non-synonymous c.64C>T p.R22C
Pc09g00210 Non-synonymous c.197T>C p.L66P
Pc09g00210 Synonymous c.618C>T N/A
Pc09g00210 Synonymous c.84G>A N/A
Pc09g00210 Synonymous c.672A>G N/A
Pc09g00210 Synonymous c.384T>C N/A
Pc09g00220 Non-synonymous c.230A>G p.E77G
Pc09g00220 Non-synonymous c.134A>G p.V45A
Pc09g00220 Non-synonymous c.59C>A p.T20N
Pc09g00230 Non-synonymous c.565T>C p.Y189H
Pc09g00230 Non-synonymous c.130G>A p.G44R
Pc09g00230 Synonymous c.534C>T N/A
Pc09g00230 Synonymous c.111C>T N/A
Pc09g00230 Synonymous c.33C>G N/A
Pc09g00230 Synonymous c.24C>T N/A
Pc09g00230 Synonymous c.285A>G N/A
Pc09g00250 Non-synonymous c.211T>A p.L71M
Pc09g00280 Non-synonymous c.353G>A p.A118V
Pc09g00280 Synonymous c.324A>G N/A
Pc09g00290 Non-synonymous c.526A>G p.I176V
Pc09g00290 Synonymous c.15A>C N/A
Pc09g00300 Non-synonymous c.80T>C p.V27A
Pc09g00300 Non-synonymous c.91A>G p.T31A
Pc09g00300 Non-synonymous c.1033T>C p.S345P
Pc09g00300 Non-synonymous c.764T>G p.D255A
Pc09g00300 Non-synonymous c.719A>G p.I240T
Pc09g00300 Synonymous c.72C>G N/A
Pc09g00300 Synonymous c.1039G>A N/A
Pc09g00300 Synonymous c.315A>G N/A
Pc09g00300 Synonymous c.318T>C N/A
Pc09g00300 Synonymous c.381T>G N/A
Pc09g00310 Non-synonymous c.533A>G p.N178S
Pc09g00330 Non-synonymous c.754A>T p.F252I
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Pc09g00330 Non-synonymous c.966A>T p.E322D
Pc09g00330 Non-synonymous c.961A>G p.R321G
Pc09g00330 Non-synonymous c.300A>C p.Q100H
Pc09g00330 Non-synonymous c.157C>T p.P53S
Pc09g00330 Synonymous c.924C>T N/A
Pc09g00330 Synonymous c.333T>C N/A
Pc09g00330 Synonymous c.444T>C N/A
Pc09g00340 Non-synonymous c.289A>G p.Y97H
Pc09g00340 Non-synonymous c.346G>A p.P116S
Pc09g00340 Non-synonymous c.107T>C p.L36S
Pc09g00340 Non-synonymous c.32A>G p.L11S
Pc09g00340 Non-synonymous c.10A>T p.S4T
Pc09g00340 Synonymous c.799G>A N/A
Pc09g00340 Synonymous c.838G>A N/A
Pc09g00340 Synonymous c.843A>G N/A
Pc09g00340 Synonymous c.852T>C N/A
Pc09g00350 Non-synonymous c.457T>C p.I153V
Pc09g00350 Non-synonymous c.602T>C p.E201G
Pc09g00350 Non-synonymous c.289C>T p.A97T
Pc09g00350 Non-synonymous c.556C>T p.L186F
Pc09g00350 Non-synonymous c.492C>G p.L164F
Pc09g00350 Non-synonymous c.82G>A p.V28I
Pc09g00350 Synonymous c.633G>A N/A
Pc09g00350 Synonymous c.447A>G N/A
Pc09g00350 Synonymous c.348A>G N/A
Pc09g00350 Synonymous c.609G>A N/A
Pc09g00350 Synonymous c.294T>A N/A
Pc09g00350 Synonymous c.288C>G N/A
Pc09g00350 Synonymous c.552C>G N/A
Pc09g00350 Synonymous c.528A>G N/A
Pc09g00360 Non-synonymous c.113C>T p.C38Y
Pc09g00360 Synonymous c.261T>A N/A
Pc09g00360 Synonymous c.21A>G N/A
Pc09g00380 Non-synonymous c.349T>G p.L117V
Pc09g00380 Synonymous c.354G>C N/A
Pc09g00390 Non-synonymous c.497T>C p.I166T
Pc09g00390 Non-synonymous c.491G>A p.R164Q
Pc09g00390 Non-synonymous c.140G>A p.R47K
Pc09g00400 Non-synonymous c.74T>C p.Q25R
Pc12g00190 Non-synonymous c.2656A>G p.N886D
Pc12g00240 Non-synonymous c.1618A>G p.N540D
Pc12g00460 Synonymous c.1155G>A N/A
Pc12g00680 Non-synonymous c.185T>G p.N62T
Pc12g00720 Synonymous c.591G>C N/A
Pc12g01390 Non-synonymous c.587T>G p.N196T
Pc12g02510 Synonymous c.177G>A N/A
Pc12g02710 Synonymous c.1365C>T N/A
Pc12g02850 Non-synonymous c.742C>A p.R248S
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Pc12g02880 Non-synonymous c.854A>T p.V285E
Pc12g03310 Non-synonymous c.911C>A p.S304Y
Pc12g03480 Synonymous c.285A>T N/A
Pc12g03550 Non-synonymous c.1162C>T p.A388T
Pc12g03630 Non-synonymous c.1892G>A p.S631N
Pc12g03740 Synonymous c.36C>T N/A
Pc12g04000 Non-synonymous c.467T>G p.K156T
Pc12g04110 Non-synonymous c.928A>T p.S310T
Pc12g04340 Non-synonymous c.1991G>A p.S664F
Pc12g04480 Non-synonymous c.134T>G p.I45R
Pc12g04530 Non-synonymous c.821G>A p.A274V
Pc12g04530 Synonymous c.822G>A N/A
Pc12g04680 Non-synonymous c.1518C>A p.D506E
Pc12g05220 Non-synonymous c.874G>A p.E292K
Pc12g05560 Non-synonymous c.1354T>A p.I452F
Pc12g06560 Synonymous c.702C>T N/A
Pc12g06880 Non-synonymous c.115C>T p.L39F
Pc12g06950 Frameshift c.160delT p.I53fs
Pc12g07170 Non-synonymous c.722G>A p.T241I
Pc12g07210 Frameshift c.1012delA p.K337fs
Pc12g07210 Non-synonymous c.1007C>T p.P336L
Pc12g07680 Non-synonymous c.1825C>T p.P609S
Pc12g07680 Non-synonymous c.1826C>T p.P609L
Pc12g07850 Non-synonymous c.914C>A p.T305N
Pc12g07850 Synonymous c.915T>C N/A
Pc12g07960 Non-synonymous c.370C>T p.H124Y
Pc12g07960 Non-synonymous c.371C>A p.S124Y
Pc12g08130 Synonymous c.477G>A N/A
Pc12g08370 Synonymous c.942C>T N/A
Pc12g08400 Non-synonymous c.596G>A p.G199E
Pc12g08600 No-start c.1T>A p.M1
Pc12g08610 Synonymous c.186T>C N/A
Pc12g08690 Non-synonymous c.140G>T p.G47V
Pc12g08710 Synonymous c.708G>A N/A
Pc12g08960 Non-synonymous c.327C>A p.S109R
Pc12g09230 Non-synonymous c.121C>T p.G41S
Pc12g09560 Non-synonymous c.831T>A p.D277E
Pc12g09570 Non-synonymous c.413G>A p.T138I
Pc12g09780 Non-synonymous c.455G>A p.A152V
Pc12g09810 Non-synonymous c.73A>T p.I25L
Pc12g10380 Non-synonymous c.1175G>T p.G392V
Pc12g10400 Non-synonymous c.289C>T p.E97K
Pc12g10530 Non-synonymous c.1184G>A p.S395L
Pc12g10540 Non-synonymous c.652G>C p.V218L
Pc12g10550 Non-synonymous c.1384G>A p.V462I
Pc12g10570 Non-synonymous c.719T>C p.Y240C
Pc12g10730 Non-synonymous c.586T>C p.R196G
Pc12g10740 Non-synonymous c.434C>T p.A145V
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Pc12g10860 Non-synonymous c.1597C>T p.G533S
Pc12g11360 Synonymous c.487C>T N/A
Pc12g11510 Synonymous c.2001G>A N/A
Pc12g11570 Non-synonymous c.1919A>G p.D640G
Pc12g11570 Synonymous c.1920C>T N/A
Pc12g11870 Synonymous c.84G>A N/A
Pc12g11890 Non-synonymous c.1358C>T p.G453D
Pc12g11970 Non-synonymous c.3286C>T p.V1096I
Pc12g12160 Non-synonymous c.2578C>T p.A860T
Pc12g12540 Synonymous c.159A>T N/A
Pc12g12830 Non-synonymous c.898C>A p.D300Y
Pc12g12850 Non-synonymous c.836A>C p.K279T
Pc12g13170 Synonymous c.1125G>A N/A
Pc12g13480 Non-synonymous c.970A>T p.T324S
Pc12g13530 Non-synonymous c.206A>G p.L69P
Pc12g13570 Synonymous c.1419G>T N/A
Pc12g13570 Synonymous c.1419T>G N/A
Pc12g13590 Non-synonymous c.110G>A p.S37F
Pc12g13590 Non-synonymous c.110A>G p.F37S
Pc12g13660 Synonymous c.987G>A N/A
Pc12g13700 Non-synonymous c.3813C>G p.K1271N
Pc12g13740 Non-synonymous c.1002A>T p.E334D
Pc12g13740 Non-synonymous c.1133G>A p.T378I
Pc12g13800 Synonymous c.492A>G N/A
Pc12g13930 Non-synonymous c.2559C>A p.M853I
Pc12g13930 Non-synonymous c.2559A>C p.I853M
Pc12g13930 Synonymous c.3252A>T N/A
Pc12g14040 Non-synonymous c.1573G>A p.E525K
Pc12g14070 Non-synonymous c.806C>T p.P269L
Pc12g14080 Non-synonymous c.1351G>C p.V451L
Pc12g14220 Non-synonymous c.256A>C p.I86L
Pc12g14300 Non-synonymous c.568T>C p.I190V
Pc12g14520 Non-synonymous c.290A>T p.L97Q
Pc12g14680 Synonymous c.403G>A N/A
Pc12g14710 Non-synonymous c.140A>C p.Y47S
Pc12g14740 Synonymous c.495C>T N/A
Pc12g14960 Synonymous c.60G>A N/A
Pc12g15310 Frameshift c.2044delC p.D681fs
Pc12g15430 Non-synonymous c.1653T>A p.S551R
Pc12g15430 Non-synonymous c.281C>T p.T94I
Pc12g15520 Non-synonymous c.1261C>T p.E421K
Pc12g15740 Non-synonymous c.394G>A p.A132T
Pc12g15910 Synonymous c.96C>T N/A
Pc12g15960 Non-synonymous c.776G>A p.A259V
Pc12g16010 Frameshift c.727insG p.242Efs
Pc12g16010 Frameshift c.727insA p.242Efs
Pc12g16070 Non-synonymous c.1765A>T p.I589F
Pc12g16070 Synonymous c.1767T>C N/A
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Pc12g16190 Non-synonymous c.1919G>A p.G640E
Pc12g16270 Synonymous c.216G>A N/A
Pc12g16500 Non-synonymous c.40G>A p.R14C
Pc12g16500 Non-synonymous c.250C>T p.D84N
Pc13g00040 Non-synonymous c.161T>A p.E54V
Pc13g00050 Non-synonymous c.728C>T p.T243I
Pc13g00350 Non-synonymous c.791C>T p.R264Q
Pc13g00640 Non-synonymous c.203T>G p.I68S
Pc13g00800 Non-synonymous c.944C>A p.S315I
Pc13g00850 Synonymous c.972C>T N/A
Pc13g00950 Non-synonymous c.391C>T p.P131S
Pc13g00950 Synonymous c.390C>T N/A
Pc13g01220 Non-synonymous c.1147G>A p.R383C
Pc13g01830 Non-synonymous c.934C>T p.P312S
Pc13g01860 Synonymous c.381T>C N/A
Pc13g02140 Non-synonymous c.726T>A p.H242Q
Pc13g02210 Non-synonymous c.190C>T p.A64T
Pc13g02390 Non-synonymous c.103C>G p.G35R
Pc13g03210 Synonymous c.1365G>A N/A
Pc13g03350 Non-synonymous c.1781C>A p.S594I
Pc13g03520 Synonymous c.1374C>T N/A
Pc13g03570 Non-synonymous c.32C>T p.T11I
Pc13g03570 Synonymous c.33C>T N/A
Pc13g03730 Non-synonymous c.955A>G p.N319D
Pc13g03840 Non-synonymous c.5185G>A p.A1729T
Pc13g03910 Non-synonymous c.616C>T p.P206S
Pc13g03920 Non-synonymous c.3619G>A p.R1207C
Pc13g03990 Non-synonymous c.1758A>C p.Q586H
Pc13g04160 Synonymous c.2529G>A N/A
Pc13g04160 Synonymous c.1344C>T N/A
Pc13g04470 Non-synonymous c.1295G>A p.G432E
Pc13g04470 Synonymous c.2391G>A N/A
Pc13g04750 Non-synonymous c.163G>T p.G55C
Pc13g04790 Non-synonymous c.580A>G p.T194A
Pc13g04820 Non-synonymous c.1492C>G p.V498L
Pc13g04820 Non-synonymous c.1492G>C p.L498V
Pc13g05040 Non-synonymous c.155A>G p.L52P
Pc13g05500 Non-synonymous c.1341A>T p.S447R
Pc13g05550 Non-synonymous c.220A>G p.K74E
Pc13g05580 Non-synonymous c.304G>A p.A102T
Pc13g05620 Non-synonymous c.2305G>A p.A769T
Pc13g05620 Non-synonymous c.4300T>C p.K1434E
Pc13g05680 Non-synonymous c.2155C>T p.D719N
Pc13g05800 Non-synonymous c.534G>C p.L178F
Pc13g05800 Non-synonymous c.533T>C p.L178S
Pc13g06080 Non-synonymous c.872C>T p.R291H
Pc13g06160 Non-synonymous c.569T>A p.V190E
Pc13g06230 Non-synonymous c.2077G>A p.D693N
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Pc13g06360 Non-synonymous c.590C>T p.A197V
Pc13g06540 Non-synonymous c.10G>T p.A4S
Pc13g06720 Synonymous c.306C>A N/A
Pc13g06760 Non-synonymous c.23G>C p.S8W
Pc13g06840 Non-synonymous c.3229A>G p.T1077A
Pc13g07130 Synonymous c.129G>A N/A
Pc13g07730 Non-synonymous c.1070G>A p.R357H
Pc13g07740 Non-synonymous c.526A>T p.I176F
Pc13g07820 Frameshift c.1111delA p.V370fs
Pc13g07980 Non-synonymous c.424T>A p.M142L
Pc13g08170 Non-synonymous c.544A>C p.N182H
Pc13g09080 Non-synonymous c.5942T>G p.K1981T
Pc13g09230 Non-synonymous c.2767C>A p.P923T
Pc13g09500 Non-synonymous c.145G>A p.P49S
Pc13g09660 Synonymous c.405G>T N/A
Pc13g09690 Non-synonymous c.1853C>A p.A618E
Pc13g10090 Non-synonymous c.193C>T p.D65N
Pc13g10480 Non-synonymous c.344A>G p.F115S
Pc13g10600 Non-synonymous c.76C>T p.P26S
Pc13g10730 Non-synonymous c.121C>T p.G41R
Pc13g10730 Non-synonymous c.122C>T p.G41E
Pc13g10810 Non-synonymous c.1898A>G p.L633P
Pc13g10920 Synonymous c.42G>A N/A
Pc13g11100 Synonymous c.993T>C N/A
Pc13g11210 Synonymous c.207G>T N/A
Pc13g11240 Non-synonymous c.430T>G p.Y144D
Pc13g11280 Non-synonymous c.3605C>T p.A1202V
Pc13g11610 Non-synonymous c.898T>C p.N300D
Pc13g11790 Non-synonymous c.316G>A p.A106T
Pc13g11820 Non-synonymous c.395C>G p.P132R
Pc13g11960 Non-synonymous c.385C>G p.Q129E
Pc13g12250 Synonymous c.648T>C N/A
Pc13g12350 Non-synonymous c.119G>T p.P40H
Pc13g12540 Non-synonymous c.828T>A p.F276L
Pc13g12570 Synonymous c.1491A>G N/A
Pc13g12740 Non-synonymous c.1822G>T p.L608M
Pc13g12780 Non-synonymous c.595T>G p.N199H
Pc13g12800 Non-synonymous c.677C>T p.A226V
Pc13g13130 Synonymous c.1359C>T N/A
Pc13g13200 Nonsense c.943G>A p.Q315.
Pc13g13580 Non-synonymous c.3246T>A p.D1082E
Pc13g13810 Non-synonymous c.1282G>A p.D428N
Pc13g13960 Non-synonymous c.595C>T p.H199Y
Pc13g14040 Non-synonymous c.670C>T p.P224S
Pc13g14070 Non-synonymous c.187A>G p.K63E
Pc13g14200 Non-synonymous c.236G>A p.A79V
Pc13g14330 Synonymous c.1830A>T N/A
Pc13g14340 Synonymous c.1887G>T N/A
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Pc13g14530 Non-synonymous c.14T>A p.N5I
Pc13g14530 Synonymous c.609C>T N/A
Pc13g14680 Non-synonymous c.1448G>A p.S483F
Pc13g15040 Non-synonymous c.1114G>A p.P372S
Pc13g15040 Non-synonymous c.560G>A p.S187L
Pc13g15160 Non-synonymous c.552G>T p.D184E
Pc13g15160 Non-synonymous c.551T>C p.D184G
Pc13g15550 Non-synonymous c.1417C>T p.G473S
Pc13g15550 Synonymous c.1416C>T N/A
Pc13g15570 Non-synonymous c.365C>T p.A122V
Pc13g15610 Nonsense c.1315C>T p.Q439.
Pc13g15610 Non-synonymous c.1316A>T p.Q439L
Pc13g15610 Non-synonymous c.1317G>T p.Q439H
Pc13g15660 Non-synonymous c.134C>T p.A45V
Pc13g15890 Synonymous c.249G>A N/A
Pc13g15910 Non-synonymous c.848A>T p.V283D
Pc14g00370 Non-synonymous c.126G>T p.K42N
Pc14g00450 Nonsense c.736G>A p.Q246.
Pc14g00780 Synonymous c.399T>C N/A
Pc14g00900 Non-synonymous c.1928C>T p.R643K
Pc14g00960 Synonymous c.186G>A N/A
Pc14g01120 Synonymous c.849C>T N/A
Pc14g01200 Non-synonymous c.3332C>T p.A1111V
Pc14g01370 Synonymous c.1689T>C N/A
Pc14g01380 Non-synonymous c.5399C>T p.S1800F
Pc14g01390 Non-synonymous c.929G>C p.R310T
Pc14g01550 Non-synonymous c.502G>A p.E168K
Pc14g02020 Synonymous c.1957C>A N/A
Pc14g02140 Non-synonymous c.226G>T p.L76I
Pc14g02320 Non-synonymous c.340C>T p.A114T
Pc14g02390 Non-synonymous c.2281T>A p.L761M
Pc15g00470 Non-synonymous c.1033G>A p.P345S
Pc15g00600 Non-synonymous c.541G>A p.A181T
Pc15g01160 Synonymous c.1728C>T N/A
Pc15g01310 Non-synonymous c.263G>A p.G88E
Pc15g01790 Non-synonymous c.62G>A p.A21V
Pc15g01800 Non-synonymous c.1528G>T p.R510S
Pc15g01940 Non-synonymous c.710G>A p.R237Q
Pc16g00250 Synonymous c.108G>A N/A
Pc16g00720 Synonymous c.1074C>T N/A
Pc16g00820 Non-synonymous c.173G>A p.R58H
Pc16g01220 Non-synonymous c.50G>A p.G17D
Pc16g01700 Non-synonymous c.323T>A p.N108I
Pc16g01770 Non-synonymous c.385G>C p.A129P
Pc16g01850 Non-synonymous c.598A>C p.K200Q
Pc16g01970 Non-synonymous c.826C>T p.A276T
Pc16g02140 Non-synonymous c.1427G>A p.T476I
Pc16g02200 Nonsense c.1077C>T p.W359.
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Pc16g02290 Non-synonymous c.544C>T p.P182S
Pc16g02730 Non-synonymous c.563C>T p.G188D
Pc16g03180 Non-synonymous c.244G>T p.G82W
Pc16g03260 Non-synonymous c.136T>G p.K46Q
Pc16g03850 Non-synonymous c.4359A>C p.E1453D
Pc16g03870 Synonymous c.3687A>G N/A
Pc16g03900 Non-synonymous c.1283C>T p.G428D
Pc16g03940 Non-synonymous c.206G>A p.G69E
Pc16g04230 Non-synonymous c.148C>T p.A50T
Pc16g04410 Nonsense c.1453C>T p.R485.
Pc16g04640 Synonymous c.1380G>A N/A
Pc16g04690 Synonymous c.8817G>A N/A
Pc16g04750 Non-synonymous c.314G>A p.S105F
Pc16g04810 Synonymous c.126G>A N/A
Pc16g05010 Non-synonymous c.751A>G p.Y251H
Pc16g05090 Frameshift c.1108delT p.L369fs
Pc16g05090 Non-synonymous c.1103A>G p.M368T
Pc16g05200 Non-synonymous c.544G>A p.D182N
Pc16g05260 Synonymous c.555C>T N/A
Pc16g05380 Non-synonymous c.1001G>A p.G334D
Pc16g05740 Non-synonymous c.685A>C p.F229V
Pc16g05910 Non-synonymous c.1295G>A p.A432V
Pc16g06000 Synonymous c.126G>A N/A
Pc16g06130 Non-synonymous c.1531T>A p.Y511N
Pc16g06390 Synonymous c.729C>T N/A
Pc16g06710 Synonymous c.444G>A N/A
Pc16g06790 Non-synonymous c.386C>T p.G129D
Pc16g06890 Non-synonymous c.746G>A p.S249F
Pc16g07030 Non-synonymous c.1250A>G p.L417S
Pc16g07250 No-stop c.2G>A p.M1
Pc16g07590 Non-synonymous c.364C>T p.P122S
Pc16g07700 (phyA) Synonymous c.1425C>T N/A
Pc16g07730 Non-synonymous c.202T>C p.K68E
Pc16g07750 Non-synonymous c.185G>A p.A62V
Pc16g07890 Synonymous c.834G>A N/A
Pc16g08070 Synonymous c.147C>T N/A
Pc16g08330 Synonymous c.252G>A N/A
Pc16g08330 Synonymous c.252A>G N/A
Pc16g08510 Synonymous c.393C>T N/A
Pc16g08700 Synonymous c.735G>A N/A
Pc16g08760 Non-synonymous c.424T>C p.I142V
Pc16g09190 Non-synonymous c.592C>T p.D198N
Pc16g09250 Non-synonymous c.398C>T p.P133L
Pc16g09620 Non-synonymous c.2228G>A p.R743H
Pc16g09680 Non-synonymous c.233G>A p.A78V
Pc16g10140 Non-synonymous c.1556C>T p.S519N
Pc16g10440 Nonsense c.1750A>G p..584Q
Pc16g10440 Non-synonymous c.1751A>T p.L584Q
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Pc16g11050 Non-synonymous c.202G>A p.P68S
Pc16g11060 Non-synonymous c.2159G>A p.R720K
Pc16g11290 Non-synonymous c.178G>A p.E60K
Pc16g11480 Non-synonymous c.2855C>A p.A952D
Pc16g11700 Nonsense c.1547C>A p.S516.
Pc16g12120 Non-synonymous c.2842G>A p.E948K
Pc16g12240 Non-synonymous c.281G>A p.R94K
Pc16g12370 Non-synonymous c.580G>A p.A194T
Pc16g12380 Non-synonymous c.1127T>A p.N376I
Pc16g12560 Non-synonymous c.901C>T p.V301I
Pc16g12650 Non-synonymous c.1976T>A p.N659I
Pc16g12670 Non-synonymous c.110G>A p.A37V
Pc16g13240 Non-synonymous c.1073T>G p.Y358S
Pc16g13400 Non-synonymous c.247G>A p.G83S
Pc16g13460 Synonymous c.1062T>G N/A
Pc16g13540 Synonymous c.69G>A N/A
Pc16g13610 Non-synonymous c.508C>T p.P170S
Pc16g13760 Non-synonymous c.1159A>G p.S387G
Pc16g13810 Non-synonymous c.923T>C p.L308S
Pc16g13960 Non-synonymous c.1432G>A p.D478N
Pc16g13990 Non-synonymous c.2030C>T p.G677D
Pc16g14010 Non-synonymous c.850A>G p.K284E
Pc16g14010 Non-synonymous c.1012C>T p.G338S
Pc16g14080 Non-synonymous c.8G>A p.S3L
Pc16g14130 Non-synonymous c.16T>A p.I6L
Pc16g14570 Non-synonymous c.1844G>A p.S615F
Pc16g14570 Non-synonymous c.1777C>T p.G593S
Pc16g14870 Non-synonymous c.1384A>C p.T462P
Pc16g15180 Frameshift c.295insG p.98Rfs
Pc16g15180 Non-synonymous c.266N>A p.X89D
Pc16g15180 Non-synonymous c.311N>T p.X104V
Pc16g15260 No-start c.498C>A p.166C
Pc16g15430 Non-synonymous c.119T>C p.N40S
Pc16g15490 Non-synonymous c.1162N>A p.X388I
Pc17g01090 Non-synonymous c.361A>G p.Y121H
Pc17g01110 Synonymous c.531T>C N/A
Pc18g00020 Non-synonymous c.253C>T p.D85N
Pc18g00590 Synonymous c.735T>G N/A
Pc18g00660 Non-synonymous c.19T>G p.S7R
Pc18g00800 Non-synonymous c.370C>T p.D124N
Pc18g00820 Non-synonymous c.884A>G p.M295T
Pc18g00820 Non-synonymous c.1313C>T p.G438E
Pc18g01030 Synonymous c.76C>T N/A
Pc18g01150 Non-synonymous c.1280T>C p.Y427C
Pc18g01250 Non-synonymous c.290C>A p.A97D
Pc18g01260 Non-synonymous c.707C>T p.G236D
Pc18g01330 Non-synonymous c.293A>G p.V98A
Pc18g01370 Synonymous c.1248G>A N/A
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Pc18g01480 Nonsense c.516G>A p.W172.
Pc18g01890 Non-synonymous c.4312A>T p.L1438I
Pc18g02010 Synonymous c.528C>T N/A
Pc18g02250 Non-synonymous c.724T>G p.K242Q
Pc18g02410 Non-synonymous c.1334C>T p.A445V
Pc18g02420 Non-synonymous c.8G>A p.S3F
Pc18g02430 Non-synonymous c.302G>A p.P101L
Pc18g02490 Non-synonymous c.382G>A p.G128S
Pc18g02490 Non-synonymous c.433C>T p.E145K
Pc18g02710 Non-synonymous c.704A>C p..235S
Pc18g02780 Synonymous c.435G>A N/A
Pc18g02900 (plb1) Non-synonymous c.1105T>A p.I369L
Pc18g03040 Synonymous c.15G>A N/A
Pc18g03100 Non-synonymous c.2090C>T p.G697D
Pc18g03210 Synonymous c.318G>A N/A
Pc18g03410 Non-synonymous c.853C>T p.D285N
Pc18g03430 Non-synonymous c.1481A>G p.F494S
Pc18g03800 Non-synonymous c.766G>A p.V256M
Pc18g03850 Synonymous c.1890C>T N/A
Pc18g03880 Non-synonymous c.1348C>T p.P450S
Pc18g04210 Synonymous c.1272T>C N/A
Pc18g04210 Non-synonymous c.264C>T p.M88I
Pc18g04210 Synonymous c.1272C>T N/A
Pc18g04230 Non-synonymous c.900C>T p.M300I
Pc18g04250 Non-synonymous c.553C>T p.E185K
Pc18g04400 Non-synonymous c.4C>T p.P2S
Pc18g04600 Non-synonymous c.127T>G p.I43L
Pc18g05100 Non-synonymous c.112G>A p.A38T
Pc18g05390 Non-synonymous c.1443A>C p.L481F
Pc18g05390 Non-synonymous c.280C>T p.E94K
Pc18g05680 Non-synonymous c.2038C>T p.D680N
Pc18g06100 Synonymous c.2499G>A N/A
Pc18g06370 Non-synonymous c.83C>N p.P28X
Pc18g06530 Non-synonymous c.118T>C p.N40D
Pc18g06540 Non-synonymous c.71T>C p.L24S
Pc19g00180 Synonymous c.177G>A N/A
Pc19g00450 Non-synonymous c.157A>T p.N53Y
Pc19g00520 Frameshift c.88delA p.K29fs
Pc20g00160 Synonymous c.1140C>T N/A
Pc20g00490 Synonymous c.1254G>A N/A
Pc20g00530 Synonymous c.357G>A N/A
Pc20g00570 Non-synonymous c.1477C>G p.E493Q
Pc20g00570 Non-synonymous c.1478T>G p.E493A
Pc20g00920 Synonymous c.669A>T N/A
Pc20g01100 Non-synonymous c.1426C>G p.A476P
Pc20g01150 Synonymous c.1023C>T N/A
Pc20g01260 Synonymous c.1335C>T N/A
Pc20g01290 Synonymous c.1119G>A N/A
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Pc20g01590 Non-synonymous c.506C>G p.T169R
Pc20g01640 Non-synonymous c.2311C>G p.E771Q
Pc20g01640 Synonymous c.2310G>A N/A
Pc20g01750 Synonymous c.123C>T N/A
Pc20g01820 Synonymous c.486C>T N/A
Pc20g02050 Synonymous c.354C>T N/A
Pc20g02410 Synonymous c.561A>C N/A
Pc20g02420 Non-synonymous c.627C>A p.L209F
Pc20g02800 Non-synonymous c.163G>A p.E55K
Pc20g02950 Non-synonymous c.637A>G p.Y213H
Pc20g03000 Non-synonymous c.140C>T p.R47K
Pc20g03280 Non-synonymous c.823A>T p.L275M
Pc20g03280 Synonymous c.822A>G N/A
Pc20g03630 Synonymous c.847T>C N/A
Pc20g03710 Non-synonymous c.670C>T p.G224S
Pc20g03820 Non-synonymous c.1834G>A p.E612K
Pc20g03860 Synonymous c.216C>T N/A
Pc20g03880 Synonymous c.642C>T N/A
Pc20g03950 Non-synonymous c.64G>C p.A22P
Pc20g04000 Synonymous c.462T>G N/A
Pc20g04020 Non-synonymous c.1144T>A p.T382S
Pc20g04100 Synonymous c.1536G>A N/A
Pc20g04410 Non-synonymous c.172C>T p.A58T
Pc20g04550 Nonsense c.856G>A p.R286.
Pc20g04740 Non-synonymous c.196C>T p.A66T
Pc20g04820 Non-synonymous c.981A>T p.H327Q
Pc20g04900 Non-synonymous c.7877C>T p.R2626H
Pc20g05060 Non-synonymous c.1508C>T p.G503D
Pc20g05180 Synonymous c.2529C>T N/A
Pc20g05330 Non-synonymous c.368G>T p.G123V
Pc20g05330 Synonymous c.144G>A N/A
Pc20g05590 Non-synonymous c.769C>T p.A257T
Pc20g05960 Synonymous c.1005C>T N/A
Pc20g06400 Non-synonymous c.58T>A p.N20Y
Pc20g06490 Synonymous c.306C>T N/A
Pc20g06790 Non-synonymous c.465T>G p.H155Q
Pc20g06900 Frameshift c.454insG p.151Wfs
Pc20g06900 Frameshift c.457insG p.152Cfs
Pc20g07520 Synonymous c.57C>T N/A
Pc20g07650 Non-synonymous c.1400G>A p.T467I
Pc20g07650 Synonymous c.1401G>A N/A
Pc20g07670 Non-synonymous c.421C>T p.P141S
Pc20g07720 Non-synonymous c.1274C>T p.G425D
Pc20g07810 Non-synonymous c.479A>G p.Q160R
Pc20g07970 Synonymous c.567G>A N/A
Pc20g08070 Non-synonymous c.881C>T p.P294L
Pc20g08070 Synonymous c.882C>T N/A
Pc20g08100 Non-synonymous c.80C>T p.T27I
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Pc20g08100 Synonymous c.81C>T N/A
Pc20g08120 Synonymous c.606C>T N/A
Pc20g08350 Non-synonymous c.1069A>G p.T357A
Pc20g08530 Non-synonymous c.781G>A p.D261N
Pc20g09170 Non-synonymous c.1711C>T p.L571F
Pc20g09230 Non-synonymous c.742G>A p.V248M
Pc20g09240 Non-synonymous c.370A>C p.L124V
Pc20g09260 Non-synonymous c.1651C>T p.A551T
Pc20g09410 Non-synonymous c.1531A>C p.T511P
Pc20g09620 Synonymous c.201A>G N/A
Pc20g09880 Non-synonymous c.38G>A p.S13F
Pc20g10090 Non-synonymous c.879C>A p.K293N
Pc20g10100 Synonymous c.6C>A N/A
Pc20g10300 Non-synonymous c.274C>T p.E92K
Pc20g10310 Non-synonymous c.497G>A p.T166I
Pc20g10470 Non-synonymous c.1160C>T p.S387L
Pc20g10490 Non-synonymous c.1909C>T p.L637F
Pc20g10500 Synonymous c.816G>A N/A
Pc20g10510 Non-synonymous c.530C>T p.T177M
Pc20g10590 Non-synonymous c.29C>T p.A10V
Pc20g10730 Non-synonymous c.793G>T p.L265I
Pc20g10800 Non-synonymous c.338C>A p.G113V
Pc20g11000 Non-synonymous c.269A>G p.V90A
Pc20g11000 Non-synonymous c.268C>A p.V90F
Pc20g11140 Non-synonymous c.686A>G p.L229P
Pc20g11390 Frameshift c.13delG p.P4fs
Pc20g11390 Non-synonymous c.8T>G p.D3A
Pc20g11400 Non-synonymous c.368A>G p.I123T
Pc20g11530 Non-synonymous c.1519C>T p.A507T
Pc20g11550 Non-synonymous c.1075G>A p.A359T
Pc20g11570 Synonymous c.633C>T N/A
Pc20g11570 Synonymous c.633T>C N/A
Pc20g11630 Non-synonymous c.341G>A p.S114F
Pc20g11710 Non-synonymous c.185T>C p.I62T
Pc20g11760 Non-synonymous c.272G>A p.T91I
Pc20g12000 Non-synonymous c.1375C>T p.A459T
Pc20g12040 Synonymous c.1830T>A N/A
Pc20g12120 Synonymous c.2811G>A N/A
Pc20g12160 Non-synonymous c.41A>G p.Q14R
Pc20g12490 Non-synonymous c.1111G>A p.L371F
Pc20g12540 Non-synonymous c.38T>C p.Y13C
Pc20g12540 Non-synonymous c.38C>T p.C13Y
Pc20g12760 Non-synonymous c.1779G>N p.F593L
Pc20g12840 Non-synonymous c.916G>A p.P306S
Pc20g12930 Non-synonymous c.5774T>C p.K1925R
Pc20g12930 Non-synonymous c.5776C>T p.E1926K
Pc20g13190 Non-synonymous c.578G>A p.T193I
Pc20g13220 Non-synonymous c.1124C>T p.P375L
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Pc20g13220 Non-synonymous c.1124T>C p.L375P
Pc20g13240 Synonymous c.9G>A N/A
Pc20g13530 Synonymous c.2187C>T N/A
Pc20g13850 Non-synonymous c.1111C>A p.D371Y
Pc20g13850 Non-synonymous c.1111A>C p.Y371D
Pc20g13890 Synonymous c.261C>T N/A
Pc20g14110 Non-synonymous c.71C>T p.S24L
Pc20g14420 Non-synonymous c.802G>A p.D268N
Pc20g14450 Non-synonymous c.6069C>T p.M2023I
Pc20g14610 Non-synonymous c.1001C>T p.R334Q
Pc20g14650 Non-synonymous c.319G>A p.P107S
Pc20g14710 Non-synonymous c.894G>C p.H298Q
Pc20g14710 Non-synonymous c.2815C>T p.D939N
Pc20g14790 Non-synonymous c.163G>A p.A55T
Pc20g14880 Non-synonymous c.586T>A p.M196L
Pc20g14960 Non-synonymous c.541T>A p.I181F
Pc20g15240 Non-synonymous c.1151A>G p.L384S
Pc20g15300 Synonymous c.3177T>C N/A
Pc20g15510 Non-synonymous c.707G>A p.S236F
Pc20g15750 Non-synonymous c.905C>T p.S302F
Pc21g00210 Synonymous c.843T>C N/A
Pc21g00210 Synonymous c.838C>T N/A
Pc21g00210 Synonymous c.852A>G N/A
Pc21g00240 Non-synonymous c.257T>C p.L86S
Pc21g00240 Non-synonymous c.223C>T p.D75N
Pc21g00240 Synonymous c.306G>A N/A
Pc21g00240 Synonymous c.180G>A N/A
Pc21g00240 Synonymous c.138G>C N/A
Pc21g00360 Non-synonymous c.221T>A p.Q74L
Pc21g00360 Non-synonymous c.221A>T p.L74Q
Pc21g00710 Non-synonymous c.5345G>A p.S1782F
Pc21g00960 Non-synonymous c.4912A>G p.F1638L
Pc21g01050 Non-synonymous c.773C>T p.A258V
Pc21g01080 Non-synonymous c.47G>A p.R16K
Pc21g01210 Synonymous c.1020C>T N/A
Pc21g01240 Synonymous c.24G>A N/A
Pc21g01430 Synonymous c.123G>A N/A
Pc21g01450 Non-synonymous c.22A>G p.I8V
Pc21g01560 Non-synonymous c.232C>G p.A78P
Pc21g01800 Synonymous c.2319G>A N/A
Pc21g02010 Non-synonymous c.373A>T p.T125S
Pc21g02090 Non-synonymous c.331G>A p.G111S
Pc21g02330 Synonymous c.750G>A N/A
Pc21g02910 Non-synonymous c.1031T>A p.K344M
Pc21g03250 Non-synonymous c.1642G>A p.D548N
Pc21g03590 Non-synonymous c.94C>T p.E32K
Pc21g03660 Non-synonymous c.109C>T p.E37K
Pc21g04110 Non-synonymous c.1178A>C p.N393T
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Pc21g04280 Non-synonymous c.1541A>C p.V514G
Pc21g04300 Non-synonymous c.1195T>G p.N399H
Pc21g04470 Synonymous c.2694T>A N/A
Pc21g04830 Non-synonymous c.1351T>A p.K451.
Pc21g04840 Synonymous c.4842C>T N/A
Pc21g05010 Synonymous c.2190G>A N/A
Pc21g05070 Non-synonymous c.6629T>G p.I2210R
Pc21g05080 Non-synonymous c.438T>A p.L146F
Pc21g05080 Synonymous c.7323T>G N/A
Pc21g05120 Non-synonymous c.4147C>T p.P1383S
Pc21g05160 Synonymous c.831G>A N/A
Pc21g05280 Non-synonymous c.148G>C p.A50P
Pc21g05410 Non-synonymous c.554G>A p.G185D
Pc21g05460 Non-synonymous c.3047G>A p.P1016L
Pc21g05580 Non-synonymous c.220G>A p.A74T
Pc21g05930 Non-synonymous c.456A>C p.I152M
Pc21g06350 Synonymous c.1203G>A N/A
Pc21g06350 Non-synonymous c.793C>A p.L265I
Pc21g06370 Non-synonymous c.2169C>T p.M723I
Pc21g06470 Non-synonymous c.1243G>A p.P415S
Pc21g06570 Synonymous c.933G>A N/A
Pc21g06710 Non-synonymous c.1199G>A p.G400D
Pc21g06710 Non-synonymous c.107G>A p.G36D
Pc21g06750 Non-synonymous c.839C>A p.T280N
Pc21g06880 Synonymous c.45G>A N/A
Pc21g06890 Synonymous c.2088G>A N/A
Pc21g06900 Synonymous c.5844G>A N/A
Pc21g07020 Synonymous c.912C>T N/A
Pc21g07050 Synonymous c.60G>A N/A
Pc21g07330 Non-synonymous c.2503T>A p.M835L
Pc21g07330 Nonsense c.700G>A p.Q234.
Pc21g07330 Non-synonymous c.2503A>T p.L835M
Pc21g07990 Non-synonymous c.863C>T p.S288F
Pc21g07990 Synonymous c.864C>T N/A
Pc21g07990 Synonymous c.906C>T N/A
Pc21g08140 Non-synonymous c.56C>A p.T19K
Pc21g08140 Non-synonymous c.7A>C p.T3P
Pc21g08180 Nonsense c.1791A>T p.Y597.
Pc21g08350 Non-synonymous c.1628G>A p.A543V
Pc21g08400 Non-synonymous c.1160A>G p.F387S
Pc21g08640 Synonymous c.2100G>A N/A
Pc21g08670 Synonymous c.372C>T N/A
Pc21g08840 Non-synonymous c.1525G>T p.G509W
Pc21g08850 Non-synonymous c.98C>T p.G33D
Pc21g08910 Non-synonymous c.446G>A p.P149L
Pc21g09040 Synonymous c.4254G>A N/A
Pc21g09140 Non-synonymous c.3193G>A p.A1065T
Pc21g09260 Synonymous c.75G>A N/A
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Pc21g09280 Non-synonymous c.94T>A p.Y32N
Pc21g09370 Non-synonymous c.560C>T p.S187F
Pc21g09450 Non-synonymous c.1825G>A p.A609T
Pc21g09750 Synonymous c.387G>A N/A
Pc21g09930 Frameshift c.670delT p.F223fs
Pc21g09930 Non-synonymous c.671G>A p.R224K
Pc21g09970 Synonymous c.294T>G N/A
Pc21g10180 Non-synonymous c.1555C>T p.G519S
Pc21g10210 Non-synonymous c.823T>A p.Y275N
Pc21g10400 Non-synonymous c.955G>A p.A319T
Pc21g10590 Non-synonymous c.443G>A p.P148L
Pc21g10780 Non-synonymous c.601T>G p.N201H
Pc21g11170 Non-synonymous c.916C>T p.P306S
Pc21g11510 Non-synonymous c.385A>G p.K129E
Pc21g11610 Non-synonymous c.1237C>A p.P413T
Pc21g11740 Synonymous c.303G>A N/A
Pc21g12180 Non-synonymous c.1031G>A p.R344Q
Pc21g12290 Non-synonymous c.2362C>T p.A788T
Pc21g12450 Non-synonymous c.1147T>A p.I383F
Pc21g12500 Non-synonymous c.91A>T p.I31F
Pc21g12730 Synonymous c.1314G>A N/A
Pc21g12840 Non-synonymous c.1213T>G p.I405L
Pc21g12850 Frameshift c.356_357delC p.119Nfs
Pc21g12850 Synonymous c.81C>T N/A
Pc21g13420 Non-synonymous c.2672G>T p.T891N
Pc21g13420 Non-synonymous c.3313C>T p.V1105I
Pc21g13680 Non-synonymous c.2317C>T p.A773T
Pc21g14160 Nonsense c.963T>G p.Y321.
Pc21g14160 Non-synonymous c.962A>G p.Y321C
Pc21g14280 (pahA) Non-synonymous c.541C>T p.L181F
Pc21g14300 Synonymous c.3774C>T N/A
Pc21g14320 Non-synonymous c.1977A>C p.D659E
Pc21g14380 Non-synonymous c.254C>T p.S85N
Pc21g14380 Non-synonymous c.254T>C p.N85S
Pc21g14530 Non-synonymous c.1600T>G p.N534H
Pc21g14630 Non-synonymous c.518T>C p.N173S
Pc21g14830 Non-synonymous c.1382G>C p.A461G
Pc21g14960 Synonymous c.1131G>A N/A
Pc21g15040 Non-synonymous c.178C>T p.V60I
Pc21g15160 Synonymous c.5178C>A N/A
Pc21g15390 Non-synonymous c.9875G>A p.G3292D
Pc21g15450 Synonymous c.1476C>T N/A
Pc21g15490 Synonymous c.78C>T N/A
Pc21g15530 Non-synonymous c.1757G>A p.A586V
Pc21g15690 Synonymous c.858C>T N/A
Pc21g15780 Non-synonymous c.1157G>A p.G386D
Pc21g16000 Synonymous c.60G>A N/A
Pc21g16000 Synonymous c.60A>G N/A
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Pc21g16000 Synonymous c.6318A>G N/A
Pc21g16160 Synonymous c.12A>T N/A
Pc21g16160 Synonymous c.12T>A N/A
Pc21g16230 Non-synonymous c.404C>T p.P135L
Pc21g16280 Non-synonymous c.1855G>T p.P619T
Pc21g16890 Non-synonymous c.294T>G p.L98F
Pc21g17110 Synonymous c.2082A>C N/A
Pc21g17270 Nonsense c.1171A>T p.K391.
Pc21g17450 Non-synonymous c.197G>A p.R66Q
Pc21g17500 Non-synonymous c.1592T>C p.Q531R
Pc21g17510 Non-synonymous c.935T>C p.I312T
Pc21g17630 Synonymous c.1434A>G N/A
Pc21g17660 Synonymous c.1809C>T N/A
Pc21g17940 Synonymous c.4635C>T N/A
Pc21g18000 Non-synonymous c.371C>T p.G124D
Pc21g18040 Non-synonymous c.772C>T p.D258N
Pc21g18060 Non-synonymous c.946A>G p.K316E
Pc21g18070 Non-synonymous c.334A>T p.M112L
Pc21g18180 Non-synonymous c.190G>A p.A64T
Pc21g18250 Non-synonymous c.1793G>A p.G598D
Pc21g18490 Non-synonymous c.88C>T p.G30R
Pc21g18490 Non-synonymous c.89C>T p.G30E
Pc21g18790 Non-synonymous c.97C>T p.D33N
Pc21g18880 Non-synonymous c.1763C>T p.G588D
Pc21g19200 Synonymous c.2925G>A N/A
Pc21g19780 Non-synonymous c.52T>G p.T18P
Pc21g20010 Synonymous c.2148C>T N/A
Pc21g20140 Non-synonymous c.598T>A p.N200Y
Pc21g20770 Non-synonymous c.544C>T p.A182T
Pc21g20880 Non-synonymous c.1315G>A p.L439F
Pc21g20900 Synonymous c.4614T>C N/A
Pc21g20910 Synonymous c.267C>T N/A
Pc21g20960 Synonymous c.1392G>A N/A
Pc21g20960 Non-synonymous c.1579C>A p.G527W
Pc21g21100 Non-synonymous c.1010G>A p.S337L
Pc21g21110 Non-synonymous c.232G>A p.A78T
Pc21g21710 Non-synonymous c.422C>T p.S141F
Pc21g21820 Non-synonymous c.2767T>C p.I923V
Pc21g21940 Non-synonymous c.6083A>T p.L2028H
Pc21g21960 Synonymous c.933C>T N/A
Pc21g22150 Non-synonymous c.1243G>A p.P415S
Pc21g22590 Non-synonymous c.149G>A p.T50I
Pc21g22890 Synonymous c.324A>G N/A
Pc21g22990 Synonymous c.1107A>C N/A
Pc21g23000 Synonymous c.591C>T N/A
Pc21g23030 Non-synonymous c.2769C>A p.N923K
Pc21g23200 Non-synonymous c.1888G>A p.A630T
Pc21g23400 Synonymous c.1119C>A N/A
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Pc21g23740 Synonymous c.1350C>T N/A
Pc21g23810 Synonymous c.1620C>T N/A
Pc22g00140 Non-synonymous c.1133C>T p.G378D
Pc22g00230 Non-synonymous c.640G>C p.G214R
Pc22g00380 Non-synonymous c.1454G>C p.P485R
Pc22g00420 Non-synonymous c.926G>C p.A309G
Pc22g00690 Non-synonymous c.581C>A p.A194D
Pc22g01040 Synonymous c.615G>A N/A
Pc22g01130 Non-synonymous c.4513C>A p.H1505N
Pc22g01420 Synonymous c.447A>G N/A
Pc22g01730 Synonymous c.1407G>A N/A
Pc22g02240 Non-synonymous c.1373A>G p.F458S
Pc22g02260 Non-synonymous c.47G>A p.G16D
Pc22g02290 Non-synonymous c.2560C>T p.E854K
Pc22g02370 Synonymous c.108T>C N/A
Pc22g02500 Non-synonymous c.694G>A p.P232S
Pc22g02990 Synonymous c.78C>T N/A
Pc22g03270 Non-synonymous c.101C>T p.A34V
Pc22g03420 Non-synonymous c.3976A>G p.K1326E
Pc22g03480 Non-synonymous c.470A>C p.I157S
Pc22g03620 Synonymous c.318G>A N/A
Pc22g03660 Synonymous c.1365C>T N/A
Pc22g03690 Synonymous c.882C>T N/A
Pc22g03720 Non-synonymous c.161G>A p.T54I
Pc22g04150 Non-synonymous c.1034G>A p.S345F
Pc22g04180 Non-synonymous c.84G>T p.H28Q
Pc22g04230 Non-synonymous c.463A>G p.S155P
Pc22g04450 Non-synonymous c.596G>A p.G199E
Pc22g04570 Non-synonymous c.209C>A p.G70V
Pc22g04710 Synonymous c.885A>G N/A
Pc22g05100 Non-synonymous c.995A>T p.K332M
Pc22g05210 Non-synonymous c.2447C>T p.S816F
Pc22g05240 Nonsense c.496A>T p.K166.
Pc22g05360 Non-synonymous c.221A>G p.Q74R
Pc22g05540 Synonymous c.672C>T N/A
Pc22g05670 Synonymous c.84A>G N/A
Pc22g05860 Non-synonymous c.614G>T p.T205N
Pc22g05860 Non-synonymous c.1649A>T p.I550N
Pc22g05910 Non-synonymous c.392C>T p.S131F
Pc22g05910 Non-synonymous c.391C>T p.L131F
Pc22g05920 Synonymous c.1102C>T N/A
Pc22g06090 Non-synonymous c.1214T>G p.F405C
Pc22g06400 Non-synonymous c.587C>T p.S196L
Pc22g06430 Non-synonymous c.1352C>T p.A451V
Pc22g06600 Synonymous c.246C>T N/A
Pc22g06610 Non-synonymous c.570G>C p.M190I
Pc22g06920 Non-synonymous c.2426T>A p.L809Q
Pc22g06930 Non-synonymous c.539C>T p.R180Q
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Pc22g07300 Synonymous c.120G>A N/A
Pc22g07660 Non-synonymous c.814G>A p.G272R
Pc22g07750 Nonsense c.371A>C p.L124.
Pc22g07750 Non-synonymous c.373C>T p.G125S
Pc22g07760 Non-synonymous c.160G>A p.E54K
Pc22g07980 Synonymous c.1110G>A N/A
Pc22g08250 Non-synonymous c.910T>A p.Y304N
Pc22g08270 Synonymous c.984G>A N/A
Pc22g08370 Non-synonymous c.4028T>A p.K1343M
Pc22g08480 Non-synonymous c.1354G>A p.A452T
Pc22g08600 Non-synonymous c.1157A>G p.F386S
Pc22g08940 Synonymous c.18C>T N/A
Pc22g09090 Non-synonymous c.116C>T p.S39L
Pc22g09090 Synonymous c.3786C>T N/A
Pc22g09100 Non-synonymous c.101G>A p.S34N
Pc22g09140 Non-synonymous c.4798C>T p.A1600T
Pc22g09150 Frameshift c.58delG p.L19fs
Pc22g09230 Non-synonymous c.3816A>G p.I1272M
Pc22g09640 Non-synonymous c.715C>T p.V239I
Pc22g09760 Non-synonymous c.1980A>C p.L660F
Pc22g09790 Non-synonymous c.598C>T p.P200S
Pc22g10020 Non-synonymous c.1144C>T p.P382S
Pc22g10070 (phoG) Non-synonymous c.1585G>A p.A529T
Pc22g10080 Non-synonymous c.3499A>T p.M1167L
Pc22g10090 Non-synonymous c.1093A>C p.K365Q
Pc22g10200 Synonymous c.1037A>G N/A
Pc22g10790 Non-synonymous c.148G>A p.P50S
Pc22g11140 Synonymous c.2316C>A N/A
Pc22g11720 Non-synonymous c.50C>T p.G17D
Pc22g11900 Non-synonymous c.409G>C p.P137A
Pc22g11900 Non-synonymous c.272G>A p.T91M
Pc22g12030 Non-synonymous c.822A>T p.L274F
Pc22g12130 Non-synonymous c.247G>A p.P83S
Pc22g12130 Non-synonymous c.248G>A p.P83L
Pc22g12210 Synonymous c.1245G>A N/A
Pc22g12340 Synonymous c.633A>T N/A
Pc22g12370 Synonymous c.447G>A N/A
Pc22g12790 Non-synonymous c.559T>A p.F187I
Pc22g13200 Non-synonymous c.1609G>A p.L537F
Pc22g13200 Synonymous c.1608G>A N/A
Pc22g13490 Non-synonymous c.2145T>G p.N715K
Pc22g13500 Non-synonymous c.796C>A p.A266S
Pc22g13550 Non-synonymous c.14C>T p.R5K
Pc22g13610 Synonymous c.1497C>T N/A
Pc22g13700 Non-synonymous c.148G>A p.A50T
Pc22g13790 Non-synonymous c.665T>A p.Y222F
Pc22g13870 Synonymous c.822G>A N/A
Pc22g13900 Non-synonymous c.353C>T p.S118F
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Pc22g13900 Non-synonymous c.353T>C p.F118S
Pc22g14090 Non-synonymous c.62T>C p.Q21R
Pc22g14120 Non-synonymous c.130A>G p.T44A
Pc22g14190 Synonymous c.1149C>T N/A
Pc22g14600 Non-synonymous c.3352T>C p.W1118R
Pc22g14790 Non-synonymous c.1076T>C p.L359S
Pc22g14900 (pclA) Synonymous c.1194C>T N/A
Pc22g14960 Non-synonymous c.2272C>G p.D758H
Pc22g15470 Non-synonymous c.14G>A p.T5I
Pc22g15530 Non-synonymous c.500C>T p.G167D
Pc22g15950 Synonymous c.861G>A N/A
Pc22g16010 Synonymous c.240C>T N/A
Pc22g16150 Non-synonymous c.83A>T p.Y28F
Pc22g16360 Non-synonymous c.661T>C p.Y221H
Pc22g16360 Non-synonymous c.659A>G p.E220G
Pc22g16370 Non-synonymous c.73C>G p.A25P
Pc22g16460 Non-synonymous c.835A>G p.K279E
Pc22g16470 Non-synonymous c.416A>G p.Y139C
Pc22g16510 Non-synonymous c.472G>A p.A158T
Pc22g16680 Non-synonymous c.2200A>C p.I734L
Pc22g16820 Synonymous c.174C>T N/A
Pc22g17530 (aa5) Non-synonymous c.3025T>G p.L1009V
Pc22g17710 Synonymous c.957A>G N/A
Pc22g17870 Non-synonymous c.290C>T p.T97I
Pc22g17880 Synonymous c.498C>T N/A
Pc22g17980 Non-synonymous c.42C>A p.E14D
Pc22g18290 Non-synonymous c.1745C>G p.G582A
Pc22g18370 Non-synonymous c.1106C>T p.P369L
Pc22g18370 Non-synonymous c.1105C>T p.P369S
Pc22g18400 Synonymous c.1995G>A N/A
Pc22g18460 Synonymous c.39C>T N/A
Pc22g18980 Non-synonymous c.116T>A p.K39I
Pc22g18990 Non-synonymous c.1352G>A p.A451V
Pc22g19010 No-start c.2A>T p.M1
Pc22g19080 Synonymous c.15T>C N/A
Pc22g19250 Synonymous c.540G>A N/A
Pc22g19490 Non-synonymous c.964G>A p.A322T
Pc22g19520 Non-synonymous c.26G>A p.G9D
Pc22g19540 Non-synonymous c.256T>G p.N86H
Pc22g19980 Non-synonymous c.187C>T p.V63M
Pc22g20050 Non-synonymous c.245G>T p.P82H
Pc22g20070 Non-synonymous c.637C>T p.H213Y
Pc22g20170 Non-synonymous c.1093G>A p.A365T
Pc22g20170 Synonymous c.885A>T N/A
Pc22g20290 Synonymous c.294T>C N/A
Pc22g20450 Synonymous c.141C>T N/A
Pc22g20510 Non-synonymous c.988C>T p.G330R
Pc22g20510 Synonymous c.987C>T N/A
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Pc22g20620 Non-synonymous c.224G>A p.R75K
Pc22g20970 Synonymous c.198G>A N/A
Pc22g21120 Non-synonymous c.1081C>T p.D361N
Pc22g21140 Non-synonymous c.1637C>T p.T546I
Pc22g21440 Non-synonymous c.365A>G p.L122S
Pc22g21730 Synonymous c.1581C>A N/A
Pc22g21830 Non-synonymous c.458G>A p.G153E
Pc22g21840 Non-synonymous c.779A>G p.L260S
Pc22g21840 Synonymous c.1476C>A N/A
Pc22g21910 Synonymous c.12C>T N/A
Pc22g22080 Synonymous c.147C>T N/A
Pc22g22120 Non-synonymous c.3110A>C p.L1037R
Pc22g22260 Non-synonymous c.205C>T p.D69N
Pc22g22590 Non-synonymous c.529G>A p.D177N
Pc22g22780 Synonymous c.903C>T N/A
Pc22g22840 Nonsense c.3887A>C p.L1296.
Pc22g23070 Synonymous c.1899G>A N/A
Pc22g23400 Non-synonymous c.1267A>C p.I423L
Pc22g23570 Synonymous c.2385T>C N/A
Pc22g23730 Non-synonymous c.136T>G p.W46G
Pc22g23750 Non-synonymous c.1232T>A p.K411I
Pc22g23770 Nonsense c.2516T>G p.L839.
Pc22g23880 Synonymous c.561T>C N/A
Pc22g23920 Non-synonymous c.1178T>C p.K393R
Pc22g24070 Synonymous c.1863C>T N/A
Pc22g24270 Non-synonymous c.874G>A p.A292T
Pc22g24390 Non-synonymous c.731C>T p.R244H
Pc22g24570 Non-synonymous c.110G>A p.A37V
Pc22g24680 Non-synonymous c.1103T>C p.Q368R
Pc22g24680 Synonymous c.1104A>T N/A
Pc22g24740 Synonymous c.81C>T N/A
Pc22g24780 Synonymous c.1074C>T N/A
Pc22g24780 Synonymous c.1071C>T N/A
Pc22g24880 Non-synonymous c.67A>G p.N23D
Pc22g25010 Non-synonymous c.371G>A p.P124L
Pc22g25090 Synonymous c.414G>A N/A
Pc22g25160 Non-synonymous c.146G>T p.S49Y
Pc22g25390 Non-synonymous c.215C>T p.A72V
Pc22g25600 Synonymous c.810T>A N/A
Pc22g26040 Non-synonymous c.229C>T p.D77N
Pc22g26540 Non-synonymous c.164G>A p.S55F
Pc22g26780 Non-synonymous c.185G>A p.G62D
Pc22g26880 Non-synonymous c.37C>T p.E13K
Pc23g00010 Synonymous c.867G>A N/A
Pc23g00140 Non-synonymous c.76G>A p.D26N
Pc23g00450 Synonymous c.1866G>A N/A
Pc23g00640 Non-synonymous c.521G>A p.A174V
Pc23g00760 Nonsense c.517C>T p.Q173.
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Pc23g00800 Non-synonymous c.281T>C p.L94S
Pc23g00800 Synonymous c.969A>G N/A
Pc23g00800 Synonymous c.387C>T N/A
Pc23g00800 Synonymous c.201G>A N/A
Pc23g00800 Synonymous c.198C>A N/A
Pc23g00830 Non-synonymous c.62T>G p.Y21S
Pc23g00830 Non-synonymous c.766G>C p.L256V
Pc23g00830 Non-synonymous c.854G>A p.R285K
Pc23g00830 Non-synonymous c.820A>T p.I274F
Pc23g00830 Synonymous c.687C>T N/A
Pc23g00850 Non-synonymous c.145T>C p.S49P
Pc23g00850 Non-synonymous c.484C>T p.A162T
Pc23g00850 Non-synonymous c.188A>G p.M63T
Pc23g00850 Non-synonymous c.370A>G p.Y124H
Pc23g00850 Non-synonymous c.295C>T p.R99W
Pc23g00850 Synonymous c.135C>T N/A
Pc23g00860 Frameshift c.14_15insT p.E5fs
Pc23g00860 Non-synonymous c.107T>G p.D36A
Pc23g00860 Synonymous c.129T>C N/A
Pc23g00870 Non-synonymous c.411A>T p.Q137H
Pc23g00870 Non-synonymous c.104A>G p.F35S
Pc23g00980 Non-synonymous c.538C>T p.V180M
Pc23g00980 Non-synonymous c.443C>T p.A148V
Pc23g01020 Non-synonymous c.246C>G p.S82R
Pc23g01030 Non-synonymous c.296G>A p.R99Q
Pc23g01030 Non-synonymous c.212N>T p.X71V
Pc24g00340 Frameshift c.1559_1560insT p.T520fs
Pc24g00470 No-start c.2A>G p.M1
Pc24g01310 Non-synonymous c.1861A>G p.K621E
Pc24g01470 Non-synonymous c.178C>G p.P60A
Pc24g01470 Synonymous c.174G>T N/A
Pc24g01850 Non-synonymous c.232A>G p.Y78H
Pc24g01940 Non-synonymous c.4412G>A p.G1471E
Pc24g02660 Non-synonymous c.347C>T p.P116L
Pc24g02710 Non-synonymous c.961G>A p.V321I
Pc24g02800 Non-synonymous c.38C>G p.R13P
Pc24g02800 Non-synonymous c.40T>C p.S14P
Pc24g02800 Synonymous c.39T>A N/A
Pc24g02900 Non-synonymous c.856C>T p.A286T
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Significant deviations:
0

Table S2. The list of C
O

G
/KO

G
/BR

ITE functional categories and distribution of the m
utated nucleotides
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Primer name Gene Sequence 5'-3'

PKS1F Pc12g05590 GCTACAGCCCTGACGCCATGG

PKS1R Pc12g05590 CTGCGCAGGTCTACATCGGTACC

PKS2F Pc13g04470 CCGAAGATGCCGGCGACGG

PKS2R Pc13g04470 CGCTGGTCTGCGATGTGGCC

PKS3F Pc13g08690 CGAGAGACCAGGATAAGGTTCTTGGC

PKS3R Pc13g08690 GGTGGTCTGTCACCACTCTTCCC

PKS4F Pc16g00370 CATGGTCAGCACCCTCAGTGCC

PKS4R Pc16g00370 CCAGGTCAGGCGTCGTACGC

PKS5F Pc16g03800 CGGGTGCTGCATAGATGTACTACGC

PKS5R Pc16g03800 GCTGGCCACGGAAGACAACGC

PKS6F Pc16g04890 CCTATTCGCGCCCTGATTATGGGC

PKS6R Pc16g04890 CGAGATTTGTCTTCACAGAACCCACC

PKS7F Pc16g11480 CACGATTTTAGCAAGTCAACCAGCGCG

PKS7R Pc16g11480 CTCGCTCTCCCAGAATGTCAAGGC

PKS8F Pc21g00960 GCCACACTCATCGGCACCACG

PKS8R Pc21g00960 GCTCCACAGAGCAACCAACCCG

PKS9F Pc21g03930 GACGTGGCCGGTGATGCCG

PKS9R Pc21g03930 GCGATGTTGCGGACGAGGCC

PKS10F Pc21g03990 CAGCGCCGAGTCCTACAGCC

PKS10R Pc21g03990 GTGGACCTTGGAGGATGTCTTGC

PKS11F Pc21g04840 CCTTGACGAATATCCGCACTCCG

PKS11R Pc21g04840 CAAGCCACAGCTGATGAAGCGC

PKS12F Pc21g05070 GTCGGAGGCAATTCGGGAAGGC

PKS12R Pc21g05070 GCAAAGTTCCACCACAATGCCGCG

PKS13F Pc21g05080 CCGAGGATCTCCGCCAGGC

PKS13R Pc21g05080 GGTTGTGCAGGTTCCAGGTGCC

PKS14F Pc21g12440 GCACCACCATCAGCCAAAGCATACC

PKS14R Pc21g12440 CCGAGGTCCATTGGAACTATGCGC

PKS15F Pc21g12450 CCAGTTGTCTGCAGCCGGCC

PKS15R Pc21g12450 GCCCAGATCACCGCCGTACG

PKS16F Pc21g15160 CAGCCGCGTAGTTTGCCTGGC

PKS16R Pc21g15160 GCACAGTGTGCTGAGGTTACGGC

PKS17F Pc21g16000 CTTGTCATCAGCAGCCCAGAGG

PKS17R Pc21g16000 CAATTTGCGGTGGCTGAGACGC

PKS18F Pc22g08170 GGTTGATACTCCTGGGACTGAATACAG

PKS18R Pc22g08170 GCTGCTGTGGATCCATCTGCTCG

PKS19F Pc22g22850 CGGTCAACCAGGGATCCAACTGC

PKS19R Pc22g22850 CTGAAGCGGTCTCTGTGTGGCC

PKS20F Pc22g23750 CGGTAATGTCCAGCTGGCACTCG

PKS20R Pc22g23750 CTTCAGGCACTTCTGTACCGGG

NRPS1F Pc13g05250 GCAGACCTGTATCCATCGCAA

NRPS1R Pc13g05250 GGAGGCAAGTGAAGGTGTGTT

Table S3. Oligonucleotide primers used for qRT-PCR
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Primer name Gene Sequence 5'-3'

NRPS2F Pc13g14330 GCGACAGCCGCCGGAGTAACTATGG

NRPS2R Pc13g14330 GAGAGACGGGGACACGCGTGATG

NRPS3F Pc14g00080 ACGTACGCTCGAGCTGGACT

NRPS3R Pc14g00080 GCCGTCGCGTTGATAATTGG

NRPS4F Pc16g03850 TGGTTGAAAGAGGGCAGTCTC

NRPS4R Pc16g03850 CGCGAACATACACAACACCAC

NRPS5F Pc16g04690 CTTTCCAGAACAGTTGGCTGGT

NRPS5R Pc16g04690 GCTGCATCTTACCCAGGTAATTG

NRPS6F Pc16g13930 CCACCCTTGTTCAGCCGCTGAATTCC

NRPS6R Pc16g13930 GGACGAGGCGAACAACATCGGAC

NRPS7F Pc21g01710 GCTATCTCGGTGGAGGATCTTCTGTCC

NRPS7R Pc21g01710 GTGCTGCTGAGAACACGGGATTGT

NRPS8F Pc21g10790 GTGAGGCAGCTTTGTTCAACACCATT

NRPS8R Pc21g10790 TTCTGCAGCAGGCTGTCGGCCTGAG

NRPS9F Pc21g12630 GAGCCAACTCTGTTGTCTACG

NRPS9R Pc21g12630 CAGGGCAATTTGCCTCATTCTG

NRPS10F Pc21g15480 CTTGGTGGATGCAGCGAAGG

NRPS10R Pc21g15480 CTGTGAGAGAGGCTCTTGAGTA

NRPS11F Pc22g20400 TTCGCGAACATCCGAAGAAGC

NRPS11R Pc22g20400 TCGGGCGAAGACACTGTTCA

 pcbAB F Pc21g21390 CACTTGACGTTGCGCACCGGTC

 pcbAB R Pc21g21390 CTGGTGGGTGAGAACCTGACAG

12.10F Pc21g05010 GATGCTTTCTTGAATAGCGGATCCACG

12.10R Pc21g05010 GAACTTTGCGTTGATCGACTATTTCCACG

12.20F Pc21g05020 CTTAACATCTCCGATTCCCTACTCGG

12.20R Pc21g05020 CAACCAATCCTGCGATCCATCCTCC

12.30F Pc21g05030 GGATAGCCAGAGAGTCAGAGAGACC

12.30R Pc21g05030 GCGGACGGCAAGACTCAAGGCGCCTCC

12.40F Pc21g05040 GGAGAAAGCACGGCAATCGATAGTGG

12.40R Pc21g05040 CCTATTCCTGTGCATGATTCTCGGCG

12.50F Pc21g05050 GAAGCGTGGATAGAGACCGAAGAGAAC

12.50R Pc21g05050 GGAGCCAGACTCCGGAAAGGATACTG

12.60F Pc21g05060 GATAGTGAGTACAAATGCGCCTGGACC

12.60R Pc21g05060 CGTTCAATACCGGAAATGGCTAGATTCG

12.90F Pc21g05090 CGTTAACTAATGACGCCACCTGTTGC

12.90R Pc21g05090 GGAAAATAGTATCCCCAGCGATTGGC

12.100F Pc21g05100 CATCAGCACCGAGGTCTTCATTGTCG

12.100R Pc21g05100 GCAACGCAATAGATGGTCAATGCCAG

12.110F Pc21g05110 CTGCAGCACTTCAGCATGGATGAAACC

12.110R Pc21g05110 TCGTTGTGAGACTTGGATGCTCGGACG

12.120F Pc21g05120 CCTGCTTCTTAATCTTGCCCTGGC

12.120R Pc21g05120 CCAAGCCGATGCCAAGAAGGAAGAG

12.130F Pc21g05130 CCTAAGTCCTTGATCAGAGCCTGG

12.130R Pc21g05130 GTTGAGGTCGATACCCGTAAGTCATCC
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Abstract

The Pc21g14570 gene of Penicillium chrysogenum encodes an ortholog of 
a class 2 histone deacetylase termed HdaA which may play a role in epigenetic 
regulation of secondary metabolism. Deletion of the hdaA gene induces a 
significant pleiotropic effect on the expression of a set of polyketide synthase 
(PKS) and nonribosomal peptide synthetase (NRPS) encoding genes. The 
hdaA deletion mutant exhibits a decreased conidial pigmentation that links 
to a reduced expression of the PKS gene Pc21g16000 (pks17) responsible 
for the production of the conidial pigment precursor naphtha-γ-pyrone. 
Moreover, the hdaA deletion caused decreased levels of the yellow pigment 
chrysogine that could be associated with the down regulation of the NRPS 
encoding gene Pc21g12630 and neighboring genes that are part of a cluster. 
In addition, transcriptional activation of an unknown PKS gene cluster 
containing Pc21g05070 (pks12) and Pc21g05080 (pks13) occurred. However, 
these genes already acquired single nucleotide substitutions at early stages 
of the classical strain improvement of P. chrysogenum for β-lactam production 
that likely inactivated their activities and thus no specific metabolites could 
be detected. Our present results suggest that an epigenomic approach can 
be successfully applied for the activation of secondary metabolism in P. 
chrysogenum.
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Introduction

During the last decades, the filamentous fungus Penicillium chrysogenum has 
been used extensively in industry for the production of the β-lactam antibiotic     
penicillin [1]. The biosynthetic pathway and the corresponded genes involved have 
been well described and current production strains are geared for the high level 
production of penicillins through the implementation of an intense classical strain 
improvement program. However, the full potential of secondary metabolism of P. 
chrysogenum remained unknown till the genomic sequence became available [2]. 
The genome specifies multiple genes for secondary metabolite formation including 
20 polyketide synthases (PKSs), 10 nonribosomal polypeptide synthases (NRPSs), 
2 hybrids (PKS-NRPS) and 1 dimethylallyltryptophan synthase. The function of the 
most of these genes remains unknown [2]. Recently, a genome based identification 
and analysis of the roquefortine/meleagrin NRPS gene cluster was performed for P. 
chrysogenum. [3-6]. However, unlike the roquefortine gene cluster, the expression 
level of the majority of the secondary metabolite genes under laboratory condi-
tions is low. Therefore, more elaborate methods other than gene inactivation are 
required for identification and further analysis of these so-called ‘silent’ secondary 
metabolite genes.

New approaches have evolved during the post-genomic era to activate gene 
clusters such as interference with cluster specific regulatory genes or even of pleio-
tropic regulator of chromatin structure like LeaA. This has triggered the research 
on the cryptic potential of fungal secondary metabolism [7]. A potential powerful 
approach is the epigenetic regulation of gene expression. In eukaryotic cells, DNA 
is compacted into a complex chromatin structure. The histone proteins H2A, H2B, 
H3, and H4 form the core histone octamer complex with DNA called nucleosome, 
the structural and functional unit of the chromatin [8]. The formation of the nucle-
osomes may interfere with the recognition of the bound DNA by various transcrip-
tional elements causing gene silencing [9]. Thus remodeling of the chromatin by the 
histone modifications is a trigger that influences transcription, replication, and DNA 
repair [10, 11]. The histone acetylation status is controlled by the balanced activity 
of histone acetylases (HATs) and deacetylases (HDACs) [12]. Hyperacetylation of 
the chromatin induced by deletion or chemical inhibition of HDACs leads to euchro-
matin formation and transcriptional activation of silent chromosomal regions [13]. 
Cladochromes and calphostin B in Cladosporium cladosporioides and nygerone A 
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from Aspergillus niger are secondary metabolites that have recently been identified 
with this strategy using the HDAC inhibitor suberoylanilidehydoxamic acid (SAHA) 
[14-16]. An altered secondary metabolite profile was also reported for Alternaria al-
ternata and Penicillium expansum treated with HDAC inhibitor Trichostatin A (TSA) 
[17].

Histone deacetylases are represented by two protein families: the ‘’classical’’ 
HDACs and the recently established group of NAD+ dependent sirtuins [18]. Mem-
bers of both families were initially described in S. cerevisiae and subsequently 
identified in filamentous fungi and human [19]. The orthologs of the RPD3 (reduced 
potassium dependency) transcription factor and HDA1 of S. cerevisiae belong to 
the major classes 1 and 2 of the ’’classical’’ HDACs, respectively. Recently, multiple 
effects of the inactivation of hda1 orthologs on the expression of secondary metab-
olite genes has been reported for a number of fungal species [17, 20, 21]. In this 
study the ortholog of the class 2 histone deacetylase hda1 of S. cerevisiae in the 
filamentous fungus P. chrysogenum (Pc21g14570) was deleted and its function in 
secondary metabolism was analyzed.

Materials and methods

Media and culture conditions

Liquid YGG medium (400ml KCl-glucose, 100 ml 5×buffered Yeast Nitrogen 
Base (YNB), 10 ml fresh 10% yeast extract was used for preculturing the conidia for 
24 hours before inoculation into minimal metabolite medium (MMM). Solid R-agar 
medium (6 ml/L glycerol, 7.5 ml/L beet molasses, 5 g/L yeast extract, 18 g/L NaCl, 
50 mg/L MgSO4·7H2O, 60 mg/L KH2PO4, 250 mg/L CaSO4, 1.6 ml/L NH4Fe(SO4)2 
(1 mg/ml), Fe(SO4)2 ·12H2O, 10 mg/L CuSO4 ·5H2O, and 20 g/L agar was used for 
culturing the conidia and for secondary metabolites production. All cultivations were 
performed at 25°C in semi dark conditions. Liquid culturing of the conidia was per-
formed in 25ml of YGG or MMM media in 100ml flasks shaken at 220 rpm.

 
Plasmids construction

All the plasmids in this study were constructed using the modified Gateway™ 
cloning protocol (Invitrogen) published previously [22]. 5-’ and 3-fragments for the 
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deletion cassette were amplified with Phire Hot Start II PCR Master Mix™ (Finen-
zymes) using specific primers and cloned into corresponded Gateway donor vec-
tors pDONR P4-P1R and pDONR P2R-P3, respectively, using BP clonase II™ 
enzyme mix (Invitrogen). The resulted plasmids were purified from kanamycin re-
sistant E. coli Dh5α transformants and subsequently recombined with the Gateway 
destination vector pDEST R4-R3 and pDONR221-AMDS for in vitro recombination 
using LR clonase II™ enzyme mix. For cloning of the expression plasmids the mod-
ified pDONR221-AMDS plasmid was used. In this construct the pcbC (isopenicillin 
synthase) promoter region was ligated downstream of the amdS gene. After incu-
bation, the reaction mixture was transformed to E. coli Dh5α and the final plasmids 
have been isolated from the ampicillin resistant transformants. 

LC/MS sample preparation 

The extraction of secondary metabolites from solid R-agar medium for HPLC 
and MS analysis was done by the modified micro-scale extraction procedure for 
standardized screening of fungal metabolite production in cultures [23]. A plug of 
the agar medium (5 mm in diameter) was taken for extraction from the middle of the 
colony obtained after 10 days of growth. The extraction mixture (0.5 ml) contained 
methanol-dichloromethane-ethyl acetate in a ratio of 1:2:3 (v/v). The plugs were 
extracted ultrasonically in 1ml glass tubes during 60 min. The liquid extract was 
transferred to a fresh tube and dried under vacuum using a SpeedVac™ vacuum 
concentrator (Appendorf) for 30 min. The dry pellet was re-dissolved in a 1:1 solu-
tion of methanol in water, filtered via 0.2μm PTFE syringe filter and used for HPLC 
and MS analysis.

Genomic DNA extraction

The total genomic DNA (gDNA) was isolated after 96 h of cultivation in YGG 
liquid medium using an adapted yeast genomic DNA isolation protocol [24]. The 
mycelium was broken in a FastPrep FP120™ system (Qbiogene).

Total RNA extraction and cDNA synthesis 

Total RNA was isolated after 7 days of colonies growth on solid R-agar medi-
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um. The Trizol™ (Invitrogen) extraction method was used, with additional DNAse 
treatment using the Turbo DNA-free™kit (Ambion). Total RNA concentration was 
measured with a NanoDrop ND-1000™. For the synthesis of cDNA by iScript™ 
cDNA synthesis kit, 500 ng of RNA per reaction was used (Bio-Rad). 

qPCR analysis

The primers used for expression analysis of the 20 PKSs, 11 NRPSs, the gene 
cluster of pks12/pks13 [Pc21g05030 (g30), Pc21g05050 (reg50), Pc21g05060 
(mox60), Pc21g05070 (pks12), Pc21g05080 (pks13), Pc21g05090 (reg90), 
Pc21g05100 (mfs100) and Pc21g05110 (ox110)] are shown in Chapter 2 of the the-
sis. The genes of putative DHN-melanin cluster [Pc21g16380 (abr1), Pc21g16420 
(arp1), Pc21g16430(arp2), Pc21g16440(ayg1), Pc22g08420(abr2)], and the puta-
tive chrysogine biosynthetic gene cluster [(Pc21g12570, Pc21g12580, Pc21g12590, 
Pc21g12600, Pc21g12610, Pc21g12620, Pc21g12630, Pc21g12640)], are shown 
in the Table S1. Primers were designed at both sides of the introns in order to be 
able to discriminate between the amplification on gDNA and cDNA. For expres-
sion analysis, the γ-actin gene was used as a control for normalization. A negative 
reverse transcriptase (RT) control was used to determine the gDNA contamina-
tion in the isolated total RNA. The expression levels were analyzed, in duplicate, 
with a MiniOpticon™ system (Bio-Rad) using the Bio-Rad CFX™ manager soft-
ware, with which the threshold cycle (CT) values were determined automatically by                  
regression. The SensiMix™ SYBR Hi-ROX kit (Bioline) was used as a master mix 
for qPCR. The following thermocycler conditions were applied: 95°C for 10 min, fol-
lowed by 40 cycles of 95°C for 15 s, 55°C for 30 s, and 72°C for 30 s. Subsequently, 
a melting curve was generated to determine the specificity of the qPCRs.

Southern blot analysis

The 3’ downstream region of the hdaA gene was used as a probe and amplified 
by PCR with primer set listed in Table 1. The probe was labeled with digoxigenin 
using the HighPrime™ Kit (Roche, The Netherlands). gDNA (10μg) was digest-
ed with appropriate restriction enzyme and separated on 0.8% agarose gel. After 
equilibration in 20x SSC buffer (3M sodium chloride; 0.3M sodium citrate) the DNA 
was transferred overnight onto Zeta-probe™ positively charged nylon membrane 
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(BioRad). Blots were treated with anti-DIG-alkaline phosphatase antibodies (Sig-
ma) and supplemented with CDP-star™ (Roche Applied Science). The fluores-
cence signal was measured with a Lumi Imager™ (Roche Applied Science).

Secondary metabolite analysis

Secondary metabolites were analyzed with a Shimadzu HPLC system coupled 
with photodiode array detector (PDA). A concentration gradient of acetonitrile in 
water (from 5% to 37%) started after 7 min for a period of 20 min, followed by 10 
min isocratic flow at 37% of acetonitrile in water. Finally, the column was equilibra-
tion for 5 min at the initial 5% of acetonitrile in water. Solvents were buffered with 
KH2PO4 at 640 mg/l and H3PO4 at 340 mg/l to maintain stable pH 3 in the system. 
The Shim-pack XR-ODS™ C18 column (3.0 x 75 mm, 2.2 μm, Shimadzu, Japan) 
with flow rate 0.5 ml/min at 40˚C was used for analysis. 

For identification of the metabolites and their quantitative analysis the HPLC-
MS analysis has been performed using an Accella1250™ HPLC system coupled 
with the benchtop ES-MS OrbitrapExactive™ (Thermo Fisher Scientific, San Jose, 
CA). A sample of 5µL was injected into the column described above operating at 
40°C and flow rate 0.3 ml/min. Linear gradient began with 90 % of solvent A (100% 
water) and 5 % of solvent C (100% Acetonitrile) starting after 5 minutes of isocratic 
flow. The first linear gradient reached 60 % of C at 30 minutes, the second - 95 % of 
C at 35 minutes. The washing step for 10 minutes at 90 % of solvent C was followed 
by the column equilibration for 15 minutes at initial isocratic conditions. Solvent 
D (2% Formic acid) was continuously used at a concentration of 5 % to maintain 
the final 0.1 % of formic acid in the system. The column fluent was directed to 
the Exactive™ ES-MS Orbitrap operating at switching positive / negative modes. 
Voltage parameters for positive mode: 4.2kV spray, 87.5V capillary and 120V of 
tube lens. Voltage parameters for negative mode: 3kV spray,-50V capillary, -150 
tube lens. Capillary temperature 325°C, sheath gas flow 60, auxiliary gas was off 
to maintain higher detection sensitivity for both positive and negative modes during 
the analysis. Thermo Excalibur™ processing software has been used for quantifi-
cation of the secondary metabolites. The expected masses and the retention time 
of chrysogine (191.08 [H] +, 12.49 min.) were determined and used to set up the 
processing method for automated peak integration and quantification. The ICIS 
algorithm for component peak detection has been applied in this analysis. 
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Scanning Electron Microscopy 

Conidia were immobilized on glass cover slips and fixed with 2% glutaralde-
hyde for 1 hour followed by washing with cacodylate buffer (pH 7.4). Samples were 
incubated with 1% OsO4 in 0.1 M cacodylate buffer during 1 h and washed with 
MQwater (Millipore). The immobilized spores were dehydrated with a concentration 
gradient of 30, 50 and 70% of ethanol within 30 min followed by 3 steps of final 
dehydration with 96% ethanol within 45 min. Next, the samples were incubated in 
100% ethanol/tetramethylsilane (TMS) 1:1(v/v) for 10 min followed by 15 min incu-
bation with pure TMS and air dried. Dried samples were coated with 2 nm Pd/Au 
using Leica EM SCD050 sputter coater and analyzed with SUPRA® 55 FE-SEM 
(Zeiss) at 2 kV.

Stress assay

Fungal conidia of seven day grown mycelium were re-suspended in 1ml water 
contained 0,05% of Tween-20 to prevent aggregation. The equal amount of the 
spores (3x103 spores per ml) in solution were adjusted by series of dilutions and 
measured with Bürker-Türk counting chamber using Olympus CX20™ light micro-
scope. A conidial suspension (100 µl) was used for inoculation to obtain approxi-
mately 300 germination events per control plate in the assay. R-agar sporulation 
medium with increasing concentrations of hydrogen peroxide from 0.5 to 3.5 mM 
was used in this assay. To prepare each plate the corresponding amounts of hydro-
gen peroxide have been mixed with 25 ml of R-agar medium before solidification to 
provide equal distribution of the supplement in the plate. 

Results

Deletion of the hdaA gene

The gene, Pc21g14570 of P. chrysogenum is an ortholog to the hda1 histone 
deacetylase gene of Saccharomyces cerevisiae. This gene, now termed hdaA, was 
deleted from the chromosome in order to investigate its effect on development and 
secondary metabolite production. The complete hdaA gene was replaced by the 
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acetoamidase (amdS) selection marker gene. A standard protocol was used for 
cloning of the corresponded pHdaA deletion plasmid [22] containing the 3’ and 5’ 
flanking regions of the hdaA open reading frame (Fig. S1, Fig. S2a). Protoplasts 
of the amdS marker-free strain DS68530 that lacks all copies of the penicillin bio-
synthesis cluster were used for transformation to simplify the detection of other 
possible bioactive secondary metabolites. The acetamide supplemented medium 
(AMDS) was used for the positive selection of the transformants, and the correct 
inactivation of the hdaA gene was validated by Southern blot analysis showing the 
expected sizes of the products (Fig. S1).

Effect of the hadA deletion on the expression of secondary 
metabolite genes

To examine the effect of inactivation of hdaA on the transcription of second-
ary metabolite genes, the expression of the 20 PKSs and 11 NRPSs was ex-
amined using Quantitative Real Time PCR analysis. RNA was isolated from the                        
mycelium of the ∆hdaA and the parental strain DS68530 grown on plates for 
seven days. The solid medium fraction was also used for secondary metabolites           
analysis (see below). The cDNA of the various secondary metabolite genes was 
amplified using the primers listed in Table1. Out of the 31 analyzed secondary me-
tabolite genes, the expression of seven genes was dramatically altered in ∆hdaA 
mutant. An up to 10-fold increase in expression occurred for PKSs Pc21g05070 
(pks12) and Pc21g05080 (pks13), while the transcript level of three NRPS genes 
(Pc21g01710 [nrps7], Pc21g10790 [nrps8], Pc21g12630 [nrps9]) and other two 
PKSs (Pc21g03990 [pks10], Pc21g16000 [pks17]) was significantly reduced (Fig. 
1). The 6-fold down regulated nrps9 gene encodes a dipeptide synthase that has 
tentatively been assigned to chrysogine biosynthesis in P.chrysogenum [2]. Also 
a 20-fold decrease of the expression of the nrps7 gene was noted. This gene en-
codes a NRPS cyclopeptide synthase with unknown function. The nrps8 gene,     
putatively involved in hexapeptide biosynthesis, was 4-fold down regulated [2]. The 
secondary metabolite genes are distributed over the six largest genome sequenc-
ing contigs. However, only the transcript levels of the genes of contig 21 were af-
fected by the hdaA deletion, while no significant respond was shown for the genes 
of the other contigs (c12, c13, c14, c16 and c22) (Fig. 1).
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Epigenetic activation of a gene cluster containing two 
polyketide synthases
 

The PKS genes pks12 and pks13 that are highly up regulated in the ∆hdaA strain 
are located next to each other in opposite orientation and belong to a putative clus-
ter of nine genes [2]. The presence of multiple PKSs/NRPSs/FASs within one gene 
cluster has been reported previously and indicates a possible mutual role of these 
genes in a single biosynthetic pathway [25-27]. The predicted product of pks12 is 
a 2581 amino acid long non-reducing iterative type I polyketide synthase showing 
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Figure 1: Quantitative Real Time PCR analysis of the expression of all secondary 
metabolite genes in ∆hdaA mutant. Genes are grouped according to genome annotation 
number. PcX’s represent the contig were SM genes are distributed. The size of the genomic 
region covered by the contig is indicated. Samples were taken after 7 days of growth on solid 
R-agar medium. Data are shown as a fold change (∆hdaA / DS68530).
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Gene name Annotation name Protein function, BLAST

Identity , %

T.reesei G.graminicola M.purpureus

reg50 Pc21g05050 Fungal specific transcriptional factor 41 - 34

mox60 Pc21g05060 Monooxygenase FAD binding protein 57 - *a

pks12 Pc21g05070 Non-reduced polyketide synthase 64 61 43

pks13 Pc21g05080 Highly reduced polyketide synthase 65 63 -

reg90 Pc21g05090 Fungal specific transcriptional factor 50 - -

mfs100 Pc21g05100 MFS transporter, putative 73 - 39

ox110 Pc21g05110 Glucooligosaccharide oxidase, putative - - *b

Figure 2: Schematic representation of the activated gene cluster in P.chrysogenum 
∆hdaA and its highly homologous representatives among other fungal species. 
pks12/13, polyketide synthases; reg50/90, transcriptional factors; mox60, monooxygenase; 
mfs100, transporter; ox110, oxidoreductase; gXs, hypothetical proteins. The links between 
the functionally related genes are shown. The data were obtained using the AntiSMASH 
tool (for genome-wide identification and annotation of the secondary metabolite biosynthesis 
gene clusters in bacterial and fungal genomes) and by protein BLAST analysis. aproteins 
with 2-oxoglutarate/Fe(II)-dependent dioxygenase activity, bsuperfamilly of serine hydrolases 
(FSH1). 
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the highest (64 %) identity to an unknown PKS gene of Trichoderma reesei and 43 
% identity to citrinin biosynthesis gene of Monascus purpureus [2]. The neighboring 
pks13 gene encodes a 2664 amino acid long highly reducing polyketide synthase 
with 65 % identity to the unknown PKS of T. reesei and strong similarity (48% iden-
tity) to lovastatin diketide synthase LovF of A. terreus [2] (Fig. 2). Protein BLAST 
analysis indicated that the cluster consists of the two PKS genes (pks12,pks13), 
two transcription factor genes (Pc21g05050 and Pc21g05090, which are termed 
reg50 and reg90, respectively), a monooxygenasegene (Pc21g05060, mox60), 
one gene for transport (Pc21g05100, mfs100), and an oxidoreductase encoding 
gene (Pc21g05110, ox110) (Fig. 2). qPCR analysis shows the transcriptional acti-
vation of all above mentioned genes in the ∆hadA mutant (Fig. 3). The two genes 
that precede the cluster, i.e., Pc21g05030 (g30) and Pc21g05040 (g40) encode 
hypothetical proteins, and showed no expression changes and therefore may not 
be part of the gene cluster. To verify if the activated gene cluster has orthologs 
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Figure 3: Quantitative Real Time PCR analysis of the activated PKS cluster in ∆hdaA 
mutant. The expression of the predicted gene cluster (gray bar) and, the expression of the 
genes outside the cluster (white bar) are shown. Samples were taken after 7 days of growth 
on solid R-agar medium. Data is calculated as fold change (∆hdaA / DS68530).
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among other species, the antiSMASH application for secondary metabolite gene 
clusters identification and analysis was used [28]. As a result, the corresponding 
gene assemblies were found in the genomes of Trichoderma reesei and Glomerella 
graminicola. In Trichoderma reesei all homologs of pks12, pks13, reg50, reg90, 
mfs100, mox60 and ox110 share one locus. However, in the genome of Glomerella 
graminicola only the corresponding homologs of pks12 and pks13 were identified 
(Fig. 2).

The regulatory protein Reg50 exhibits homology (34 % identity) with the pos-
itive regulator CtnR of citrinin biosynthesis in Monascus purpureus [29-31]. The 
non-reducing Pks12 and the transporter Mfs100 are homologous to PksCT and 
CtnC of M. purpureus with 43 and 39 % identity, respectively. The monooxygenase 
gene mox60 and oxidoreductase encoding gene ox110 of P. chrysogenum encode 
different families of oxidoreductases and no homologous proteins were found in 
M. purpureus (Fig. 2). This data suggest that the activated gene cluster may be 
responsible for the biosynthesis of citrinin or similar type of polyketide product.

HdaA regulates the transcription of the chrysogine 
biosynthetic gene cluster

Pc21g12630 encodes an NRPS that likely is involved in chrysogine production 
and its expression is down regulated in the hdaA gene deletion strain. The gene is 
part of a cluster of eight genes that in addition specifies a glutamine amidotrans-
ferase (Pc21g12570), two hypothetical proteins (Pc21g12580 and Pc21g12610), 
two dehydrogenases (Pc21g12590 and Pc21g12600), an amidotransferase 
(Pc21g12620), and a putative regulator (Pc21g12640). The corresponding gene 
annotations were obtained by BLAST analysis. The size of the cluster has been 
predicted based on available transcriptome data suggesting the high expression of 
these particular genes in the genome of P. chrysogenum [2]. The expression of the 
cluster was analyzed by qPCR analysis which revealed up to 4-fold down-regula-
tion of the entire gene cluster in the hdaA mutant (Fig. 4a,b, Fig. S3). 

To investigate the effect of the hdaA gene deletion on secondary metabolite 
(or chrysogine) production, the reference strain DS68530 and ∆hdaA strain were 
grown for seven days on solid R-agar medium. Then, colony plugs were isolated 
and subjected to extraction [23]. The obtained samples were filtered and analyzed 
by HPLC and MS. An 40% decrease of chrysogine production in the medium was 



116

Chapter 3

Figure 4: (A) Quantitative Real Time PCR analysis of the gene cluster of chrysogine 
biosynthesis in the ∆hdaA mutant. Samples were taken after 7 days of growth on solid 
R-agar medium. The expression data is fold change (∆hdaA / DS68530). (B) Proposed 
gene cluster of chrysogine biosynthesis. Pc21g12580: glutamine amidotransferase; 
Pc21g12580: hypothetical protein, two dehydrogenases Pc21g12590 and Pc21g12600; 
Pc21g12610: hypothetical protein; Pc21g12620: amidotransferase; Pc21g12630: a NRPS 
and Pc21g12640, a putative regulator. (C) HPLC profile comparison of DS68530 (black) 
and ΔhdaA (red) growth media. Metabolites were extracted from the solid R-agar medium 
after 7 days of growth. Absorption at 350 nm is shown. The known metabolites are indicated 
as 1, Chrysogine; 2, Glandicoline A; 3, Glandicoline B; 4, Meleagrin; 5, Roquefortine D; 6, the 
unknown metabolite overproduced by hdaA mutant; 7, Roquefortine F.

B

Pc2
1g

12
57

0 

Pc2
1g

12
58

0 

Pc2
1g

12
59

0 

Pc2
1g

12
61

0 

Pc2
1g

12
62

0 

Pc2
1g

12
63

0 

Pc2
1g

12
64

0 

Pc2
1g

12
65

0 

N
or

m
al

yz
ed

 e
xp

re
ss

io
n,

 fo
ld

 c
ha

ng
e

-20

-15

-10

-5

0

5

-20

-15

-10

-5

0

5

Pc2
1g

12
56

0

Pc2
1g

12
57

0

Pc2
1g

12
58

0

Pc2
1g

12
59

0

Pc2
1g

12
61

0

Pc2
1g

12
62

0

Pc2
1g

12
63

0 (
ch

yA
)

Pc2
1g

12
64

0 

Pc2
1g

12
65

0 

Pc2
1g

12
66

0 

A

C



117

Deregulated secondary metabolite production in a histone deacetylase mutant of P.chrysogenum

observed for the ∆hdaA mutant in comparison to the reference DS68530 which is 
in agreement with the qPCR data (Fig. 4c, S3). An new metabolite was detected 
by HPLC in the medium with a retention time of 22 minutes (Fig. 4c). The structure 
of this compound is not yet known. No other changes were observed under the 
experimental conditions applied.

HdaA regulates the DHN-melanin gene cluster involved in 
pigment formation

The ∆hdaA mutant strain grown for 10 days on solid R-agar medium showed a 
major decrease of the green conidial pigmentation as compared to the DS68530 
reference strain (Fig. 6a). Such pigmentation in filamentous fungi is often attribut-
ed to the dihydroxynaphtalene (DHN)-melanin biosynthesis cluster that typically 
consists of six genes including a polyketide synthase [32, 33]. The DHN-melanin 
biosynthetic pathway was described initially for Verticillium dahliae and Wangiella 
dermatitidis. [34, 35], The pentaketide origin of fungal melanins has been discov-
ered and found to be common in other melanized fungi [36, 37]. In A. fumigatus, 
the polyketide product of the PKS Alb1p, the heptaketide naphthapyrone YWA1, 
requires the enzymatic post PKS conversion to the pentaketide1,3,6,8-tetrahy-
droxynaphthalene (T4HN) via hydrolytic polyketide shortening activity of Ayg1p 
[38]. This enzymatic step is absent in C. lagenarium where the pentaketide T4HN 
is a direct product of PKS1 [39]. Next, is reduced to scytalone via the T4HN reduc-
tase Arp2p, followed by dehydration to 1,3,8-trihydroxynaphthalene (T3HN) by the 
scytalondehydratase Arp1p. The following reduction to vermelon is Arp2 dependent 
but the presence of other specific reductase(s) caring this reaction has been also 
proposed for Aspergilli and other fungi [40, 41]. The dehydration of vermelon to 
1,8-dihydroxynaphthalene (DHN) is Arp1p dependent. The resulting DHN mole-
cules are further polymerized to the structurally diverse melanins. This final enzy-
matic step involves the multicopper oxidase Abr1p and laccase Abr2p [36, 42, 43]. 
Screening of the genome sequence indicated the presence of the corresponded 
ortholog genes of the DHN-melanin biosynthetic pathway in P.chrysogenum: abr1 
(Pc21g16380), arp1 (Pc21g16420), arp2 (Pc21g16430), ayg1 (21g16440), abr2 
(22g08420) and associated pks17 (Pc21g16000) were found partially clustered in 
the genome. qPCR analysis of the putative DHN-melanin gene cluster indicated 
the 4-fold down-regulation of pks17 in the ∆hdaA mutant while arp1, arp2 and ayg1 
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were 4 fold up regulated. The expression of abr1 and abr2 involved in the last steps 
of the conidial pigment biosynthesis was not significantly changed (Fig. 5a,b).  

To determine if pks17 is involved in conidial pigment biosynthesis, the pks17 
gene was deleted and overexpressed in order to identify the related polyketide 
product. A gene inactivation strain was obtained as described earlier (see mate-
rials and methods section) using primers listed in Table 1 (Fig. S2b). The result-
ed ∆pks17 mutant displayed an albino phenotype of the conidia while grown on      
sporulating R-agar medium (Fig. 6a). For the overexpression, pks17 was placed 
under control of the isopenicillin N synthetase (pcbC) gene promoter and integrat-
ed into the genome (Fig. S2c). As a result, a 10–fold increase of the transcript 
level was obtained as compared to the reference strain. The solid medium grown 
mutant featured a deficient coloring of the conidia and intense pigmentation of the 
bottom surface of the colony (Fig. 6a).To identify the accumulated product, the ex-

Figure 5: (A) Quantitative Real Time PCR analysis of the gene cluster of DHN-melanin 
biosynthesis in ∆hdaA mutant. Samples were taken after 7 days of growth on solid 
R-agar medium. The expression data is fold change (∆hdaA / DS68530). (B) Schematic 
representation of DHN-melanin gene cluster. 
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tracted R-agar medium of 7 days grown culture was analyzed by LC/MS. A unique 
monoisotopic mass of 276.06 with predicted elemental composition C14H12O6 was 
determined. The found mass, calculated empirical formula and characteristic frag-
mentation pattern belongs to the known heptaketide YWA1 of A. nidulans produced 
by highly homologous PKS wA that is involved in the conidial DHN-melanin biosyn-
thetic pathway (Fig. S4 a,b).

Figure 6: (A) Pigmentation differences between DS68530, ∆hdaA, ∆pks17 and oepks17 
strains. Top (left) and bottom (right) of the plate. The picture has been taken after14 days of 
growth grown on solid R-agar medium. (B) Scanning electron microscopy of the DS68530, 
∆hdaA, ∆pks17 (albino mutant) and oepks17 strains conidia. The effected cell wall surface 
of the conidia for ∆pks17and oepks17 strains is shown. The ∆hdaA mutant display more 
pronounced relief of the conidial surface ornamentation in comparison to the reference strain 
DS68530. (C) Percent survival of the conidia grown in presence of hydrogen peroxide in 
R-agar medium. The germinated colonies were counted after 5 days of growth.
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Role of pks17 in conidia formation and resistance

Melanins are important components of the conidial cell wall and its integrity. 
They play an essential role in physical properties of the spores like surface interac-
tion, hydrophobicity and virulence in pathogenic fungal species. The effect of hdaA 
deletion on the conidial surface in P. chrysogenum was examined using scanning 
electron microscopy. The conidia of the reference DS68530, ∆hdaA, ∆pks17 and 
over expression mutant oepks17 were isolated from colonies grown for seven days 
on the sporulating R-agar medium. The reference DS68530 exhibited a typical 
tuberous surface of the conidia, while the spores of albino mutant ∆pks17 were 
smooth. The texture of the ∆hdaA spores surface was more pronounced compared 
to the parental strain but without dramatic changes of the conidial cell wall appear-
ance (Fig. 6b). These data suggest that pks17 is involved in pigment formation and 
influences the morphology of the conidia in P.chrysogenum. The Pks17 protein was 
renamed Alb1 according to the nomenclature of the protein of A. fumigatus.

Apart from the mechanical properties of the pigments [44] and their role as 
pH buffering systems, the scavenging of reactive oxygen species is an important 
feature supporting UV and thermo-tolerance and pathogenicity of the conidia [45-
47]. The P.chrysogenum ∆hdaA mutant was grown on hydrogen peroxide supple-
mented medium for 5 days to verify the ability of the conidia to survive oxidative 
stress conditions in the absence of pigmentation. The survival rate was decreased 
by 20% when the ∆hdaA strain was exposed to 2 mM of hydrogen peroxide in the 
media. Under the same conditions, the survival rate of the ∆pks17 (∆alb1) was re-
duced more than 50%. There was no enhanced survival observed for the oepks17 
overexpression mutant (Fig. 6c). 

Discussion

Recent genome sequencing and metabolite analysis studies revealed that the 
majority of the potential secondary metabolite gene clusters present in the ge-
nomes of filamentous fungi are silent or expressed at a low level under standard 
laboratory conditions. These non-expressed secondary metabolite gene clusters 
represent a potential untapped source of novel bioactive molecules. Activation of 
the secondary metabolites production via deletion or chemical inhibition of histone 
deacetylases was recently reported for filamentous fungi as an effective tool for 



121

Deregulated secondary metabolite production in a histone deacetylase mutant of P.chrysogenum

silent SM gene clusters activation and identification of new metabolites with poten-
tial pharmaceutical properties [15, 17, 20, 21] Here we have examined the effect 
of chromatin modification on expression of the secondary metabolism associated 
genes in the fungus P. chrysogenum. In this work, the P.chrysogenum hdaA gene 
encoding an ortholog of the class 2 histone deacetylase Hda1 of S. cerevisiae was 
deleted. The deletion mutant showed decreased green conidial pigmentation and 
an altered surface structure of the spores. qPCR analysis of this mutant showed 
significant changes of secondary metabolite gene expression including the tran-
scriptional activation of a PKS gene cluster of unknown function.

Our results are in agreement with studies in A. nidulans and A. fumigatus, which 
demonstrate that the homologous hdaA is the main contributor of histone deacety-
lase activity in these fungi. In A. nidulans, deletion of the hdaA gene stimulated 
penicillin and sterigmatocystin production but not a telomere-distal gene cluster 
involved in terraquinone A biosynthesis. It was suggested, that HdaA silences the 
expression of subtelomeric chromosomal regions [20]. In contrast, the HdaA homo-
log in A. fumigatus was reported as the activator of gliotoxin biosynthesis and the 
repressor of several NRPSs including one gene of the siderophore biosynthesis 
gene cluster. A subtelomeric specificity of HdaA was not apparent for this fungus 
[21]. The analysis of the P. chrysogenum genome sequence revealed six large 
contigs on which all secondary metabolite genes (clusters) are distributed. We per-
formed the expression analysis of 11 NRPS and 20 PKS genes in the ΔhdaA strain. 
The results show that the expression of seven secondary metabolite genes was 
significantly altered in the ∆hdaA including the activation of a silent PKS cluster 
with unknown function. It is important to stress that the particular effect seems to be 
restricted to only one contig (c21). This region contains a remarkably large number 
of the secondary metabolite genes / clusters. Out of 32 PKS and NRPS encoding 
gens, fourteen are located within the 5.6 Mb region covered by the contig (c21). 
The rest of the secondary metabolite genes are distributed in a small numbers 
though the remaining contigs (c12, c13, c14, c16 and c22). The action of HdaA 
seems thus restricted to the transcriptional co-regulation of a particular genomic 
area rich in secondary metabolite gene clusters (Fig. 1) [2]. 

The transcript level of three NRPS genes (Pc21g01710, Pc21g10790, 
Pc21g12630) and two PKSs (Pc21g03990, Pc21g16000) was significantly re-
duced in the ΔhdaA mutant. By gene inactivation, we have recently established 
that Pc21g12630 is responsible for the biosynthesis of chrysogine and related in-
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termediates (H. Ali & M. Ries, unpublished results). qPCR analysis indicated that 
the corresponding gene cluster of 5 genes was down regulated in the hdaA mutant 
followed by a 40 % decrease of chrysogine accumulation in the media. 

The function of the 4-fold down-regulated pks17 (Pc21g16000) gene was eluci-
dated via gene deletion and overexpression. This PKS enzyme shows high similari-
ty to the A. nidulans wA and A. fumigatus PksP proteins involved in conidial pigment 
biosynthesis [2]. To identify the polyketide product the pks17 was overexpressed 
and these cells accumulated the yellow naphtho-γ-pyrone (a polyketide precursor 
of the conidial pigment) into the medium. This indicates that P. chrysogenum uses 
the DHN-melanin biosynthetic pathway like previously reported for Aspergilli [36, 
42, 43]. The corresponding ∆pks17 strain showed an albino phenotype confirming 
the primary role of this gene in the conidial pigmentation. In the closely related 
fungus A. fumigatus at least six genes are required for DHN-melanin biosynthe-
sis, which were found to be partially clustered in the genome of P. chrysogenum. 
qPCR analysis showed the 4-fold up regulation of the arp1 (scytalondehydratase), 
arp2 (T4HN reductase) and ayg1 (enzyme of hydrolytic polyketide chain shortening 
activity) genes, while the transcript level of abr1 (multicopper oxidase) and abr2 
(laccase) which products catalyze the last steps of the polymerization of 1,8-di-
hydroxynaphthalene were not significantly changed. Scavenging of reactive oxy-
gen species by fungal melanins provides an important defense mechanism during 
growth under oxidative stress condition. We examined the effect of hdaA deletion 
on the ability of the conidia to survive high concentrations of hydrogen peroxide. 
The increased sensitivity of the HdaA mutant has been shown in comparison to the 
reference strain but an even higher toxic effect of hydrogen peroxide was observed 
for the ∆pks17 albino mutant (Fig. 6c).This result suggests that the oxidative stress 
response involves HdaA mediated transcriptional regulation of DHN-melanin gene 
cluster in P.chrysogenum.

While the expression of most of the altered secondary metabolite genes 
was reduced in the ΔhdaA mutant the transcript level of two neighboring pks12 
(Pc21g05070) and pks13 (Pc21g05080) genes was significantly (up to 10-fold) in-
creased. Based on genome annotation analysis, these PKS genes are located next 
to each other in opposite orientation and belong to the putative gene cluster of nine 
genes [2]. qPCR analysis indicated that seven genes of the predicted cluster were 
activated in ΔhdaA mutant, while there was no transcriptional response shown for 
the genes located outside the predicted cluster. A similar gene cluster has been de-
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scribed in a marine derived P. chrysogenum isolate and a role in the biosynthesis of 
Sorbicillacton A and B was suggested [48]. The production of the yellow pigments 
like sorbicillinoids and bisorbicillinoids is typical for P. chrysogenum isolates but 
the genes of biosynthesis have been never assigned experimentally to this family 
of the products. Based on the feeding experiments with 13C-labeled precursors the 
biosynthetic mechanism of sorbicillactones has been resolved. Incorporation of the 
core hexaketide (sorbicillin), alanine and methionine during sorbicillactones biosyn-
thesis has been shown with the corresponding enzymatic conversions [49]. It was 
proposed that two rounds of the reductive extension of the acetyl-CoA by HR PKS 
(which corresponds to pks13) deliver the triketide precursor that is further extended 
to the hexaketide sorbicillinol, passing three rounds of non-reductive elongation by 
the second NR PKS (analogous to pks12). In our study, however, the ∆hdaA strain 
was not able to produce any sorbicillinoids despite the transcriptional activation 
of the entire gene cluster. On the other hand, in silico, we identified this complete 
gene cluster also to be present in the genome of the known sorbicillins producer 
Trichoderma reesei [50].

An alternative possible role of the activated gene cluster is citrinin biosynthesis. 
This yellow toxin with prominent antibiotic properties against gram-positive bacteria 
was initially isolated from P. citrinum [51] and later from other Penicilli and Aspergilli 
species  [52, 53]. The citrinin producing P.chrysogenum has been recently isolated 
from the leaves of the mangrove plant Porteresia coarctata [54]. Biosynthesis of 
this compound occurs via a pentaketide precursor and corresponding oxido-re-
ductive conversions [29, 30] could be associated with a specific biosynthetic gene 
cluster in Monascus purpureus [31]. BLAST analysis indicated that three proteins of 
the activated gene cluster in the ∆hdaA strain are homologous to the PksCT, CtnR 
and CtnC genes of citrinin biosynthetic cluster M. purpureus. The two putative ox-
idoreductases encoded by Pc21g05060 (mox60) and Pc21g05110 (ox110) belong 
to the different families of oxidoreductases so no homology was found with ctnA 
and ctnB genes in M. purpureus but functionally they may fulfill the requirements for 
the biosynthesis of citrinin or citrinin-like metabolites in P.chrysogenum.

Secondary metabolite analysis performed under previously described condi-
tions showed that neither sorbicillinoids nor citrinin are present in the culture media 
of ∆hdaA strain. Those findings raised the question of the possible deficiency of the 
activated genomic region. Unlike the natural isolate of P. chrysogenum, the paren-
tal strain DS68530 used in our study is a derivative of an intensive classical strain 
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improvement (CSI) program, which has had a significant impact on penicillin pro-
duction by this fungus. However, the impact of these mutations on metabolism be-
yond penicillin biosynthesis remains unknown. We sequenced the pks12/13 region 
in an early strain P.chrysogenum NRRL1951 and identified two coding mutations 
that have been acquired by the common reference strain P. chrysogenum Wiscon-
sin 54-1255 presumably already at an early stage of the CSI. The mutations con-
cern an isoleucine to arginine substitution in NR-PKS (Pks12) at the intra-domain 
region, and a leucine to phenylalanine substitution within the KS domain of the 
second HR-PKS (Pks13). Although, it remains unclear if the particular mutations 
have a functional impact on the final polyketide biosynthesis, their further analysis 
may shed further light on the molecular basis of the production of the sorbicillinoids 
or citrinin in P. chrysogenum.

HdaA demonstrates a broad impact on secondary metabolism at the transcrip-
tional level. Our present results suggest that an epigenome approach can be suc-
cessfully applied for the novel biosynthetic pathways discovery in P.chrysogenum. 
However, the genetic background of the improved high penicillin producing strains, 
like Wisconsin 54-1255 and it derivatives, must be taken into account as a crucial 
factor effecting secondary metabolite profiles. 
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Figure S1: The scheme of hdaA gene knock out and its confirmation with southern blot 
analysis. (A) Genomic DNA was digested with ScaI endonuclease, using hdaA 3’ FR as 
a probe. The expected 3.1 kb DNA fragment of the parental strain DS68530 and 4.3 kb 
signal confirming that hdaA locus is replaced with amdS marker. (B) Inactivation of the hdaA 
gene. The deletion cassette has been cloned using the Gateway Three Fragment Vector 
Construction Kit (Invitrogen) and consists of the amdS selection marker under the control 
of the A. nidulance gpdA promoter. The 5’ and 3’ fragments from outside the hdaA open 
reading frame were used as flanking regions to provide the homologous recombination into 
the genome.
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Features: amdS, an A. nidulans acetamidase gene for positive selection of fungal 
transformants on the acetamide supplemented medium as a sole nitrogen source. bla, 
ampicillin resistance gene for the selection in E. coli; ori, pUC origin of replication; attB3/4, 
Gateway recombination sites; PpcbC, pcbC (isopenicillin N synthase gene) promoter region.
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Figure S3: HPLC-MS spectra containing chemical formula and calculated exact mass 
of the protonated chrysogine molecule. Decrease of the chrysogine production up to 
40 per cent in ∆hdaA mutant compare to the parental DS68530 strain. Data are calculated 
based on the peak area ratio obtained from the extracted ion chromatogram (EIC) of the 
chrysogine in positive mode (RT=12,49 min.).
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Figure S4: (A) HPLC-MS total ion chromatogram (TIC) of the naphtho-γ-pyrone (YWA1) 
produced by oepks17 strain (above) versus no production by DS68530 (below). (B) HPLC-
MS spectra containing chemical formula and calculated exact mass of the deprotonated 
naphtho-γ-pyrone (YWA1) and related fragment acquired by in-source (ESI) fragmentation in 
negative mode. Schematic representation of the fragmentation mechanism is shown.
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Figure S5: The domain composition of the NR-PKS Pc21g05070 (pks12) and HR-
PKS Pc21g05080 (pks13). Ketosynthase, KS; Acyltransferase, AT; Methyltransferase, MT; 
β-ketoreductase, KR; Enoylreductase, ER; Dehydratase, DH; Acyl carrier protein, ACP; 
Thioesterase / Reductase, TE/Red. The amino acid substitutions caused by CSI and their 
localization are shown with triangles.

146 Leu → Phe2210 Ile → Arg

Pc21g05070 (PKS12)                    Pc21g05080 (PKS13) 
MT ACP KSTE/Red AT KRKS AT ERMTDH ACP

Table S1: Oligonucleotide primers used for qRT-PCR (see next page)

Primer name Gene Sequence 5'-3'

s560F Pc21g12560 CCACGAGCCGTATGGTCAATAGAC

s560R Pc21g12560 GTATGCTTGGCCGTCTGGTTGG

s570F Pc21g12570 GGCAAGGGAAATGAATCCAGGTGGC

s570R Pc21g12570 GATAGATGCCGCTTGTTCGGACC

s580F Pc21g12580 AGGCATCGAGGAAACAACGAGAAAGC

s580R Pc21g12580 CTTTTAGGTCATCCGGCAGCCAAC

s590F Pc21g12590 GGTTGTGGAGCTCTACGAGGCTG

s590R Pc21g12590 CTGGCAGGGCTCGTCGGTC

s610F Pc21g12610 CCTGCATGCAGCTCCATACGAGC

s610R Pc21g12610 CCAACAATAGGTGGAAACAGCTCAGAC

s620F Pc21g12620 GGAATTCGCTGGCTAACTGGTCTCG

s620R Pc21g12620 GGCATGTGGTAGACGAATTGGAGC

s630F Pc21g12630 GCACAGGCCAAAGTAACACGTCC

s630R Pc21g12630 CCGAGGGTTTGTGGTGGATGCC

s640F Pc21g12640 TGTCTCTCTGTGGGCTGTTCTCAG

s640R Pc21g12640 CAAGAGTTCTTACGATGCGTGGCTG

s650F Pc21g12650 CGGAGGAAGGAGGAACTCTCCG

s650R Pc21g12650 CCCTAACCAGCGCATCGTTCCC

s660F Pc21g12660 GGAAGGCAAGTTCAGTAAACCACGTGC

s660R Pc21g12660 CTGACAAGCTTCTCGATCCTCGC
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Primer name Gene Sequence 5'-3'

abr1F Pc21g16380 GTCTACCTGAACTGGAACCTCACTTGG

abr1R Pc21g16380 GGTGAGTGTCAACTCTTCATCAAAGTGG

arp1F Pc21g16420 TCTTCAATTCTTCAGTCTCGTAGACCTGG

arp1R Pc21g16420 CCGAGCCCAACTTGGACATCAGC

arp2F Pc21g16430 GAGGGTTTTACTCGCTGCTTTGCTGC

arp2R Pc21g16430 GATGTTAGCTCCACCGTTGCAAGGC

ayg1F Pc21g16440 GCTATGGCGGAGAAGTATGGCTATGAC

ayg1R Pc21g16440 CTCTCCAACCACTTGTAAGCCACAGG

abr2F Pc22g08420 GCTCAATGTAATGTCCATCCACCTCG

abr2R Pc22g08420 GACCCTGAGTATCTGACAAATCTCCAGC

attB4FΔHdaPF Pc21g14570 GGGGACAACTTTGTATAGAAAAGTTGCGTTTAAAGGCAGCCAAAGACTAAACTCAGTA

attB1RΔHdaPR Pc21g14570 GGGGACTGCTTTTTTGTACAAACTTGCAAGGGAAAGCCACGGGAAGC

attB2FΔHdaPF Pc21g14570 GGGGACAGCTTTCTTGTACAAAGTGGCCTGATTCGAGCGTGAACCC

attB3RΔHdaPR Pc21g14570 GGGGACAACTTTGTATAATAAAGTTGTTTAAATGGTTGGTCACGACAGCGTT

ProbeF Pc21g14570 GTACATCCATGGATGTTTCTGCTCATATTTGC

ProbeR Pc21g14570 CTTATATAGTTTCCCTGCTGGTGGATTGAGC

attB4FΔpks17 Pc21g16000 GGGGACAACTTTGTATAGAAAAGTTGGCTGTCATTGAGTCGCTAGGTTATCTCC

attB1RΔpks17 Pc21g16000 GGGGACTGCTTTTTTGTACAAACTTGCCAGTGGCGAATTATTGGTTTCAGGCG

attB2FΔpks17 Pc21g16000 GGGGACAGCTTTCTTGTACAAAGTGGGTGCCTACTTCCAGGACATTTGTATATGGG

attB3RΔpks17 Pc21g16000 GGGGACAACTTTGTATAATAAAGTTGGATTCAACTAACATTTGTGGCAGGACGAGG

attB4Foepks17 Pc21g16000 GGGGACAACTTTGTATAGAAAAGTTGGATGACCCACGTGCATAAGTGACAGC

attB1Roepks17 Pc21g16000 GGGGACTGCTTTTTTGTACAAACTTGCCAGTGGCGAATTATTGGTTTCAGGCG

attB2Foepks17 Pc21g16000 GGGGACAGCTTTCTTGTACAAAGTGGATGGAAGGCCCCGGTCATGTATATCTC

attB3Roepks17 Pc21g16000 GGGGACAACTTTGTATAATAAAGTTGCAAACATTCCGGCGTCGTTATACCAGC
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Abstract

Secondary metabolism in Penicillium chrysogenum has been intensively 
subjected to the classical strain improvement program (CSI) that resulted 
in the development of industrial strains producing high levels of β-lactams. 
During this process, yellow pigment production including sorbicillinoids 
was eliminated as part of a strategy to enable the rapid purification of 
β-lactams. Here we report the identification of the polyketide synthase (PKS) 
genes essential for sorbicillinoids biosynthesis in P. chrysogenum. We 
demonstrate that the production of polyketide precursors like sorbicillinol and 
dihydrosorbicillinol as well as their derivatives bisorbicillinoids require the 
function of a highly reducing PKS encoded by the gene Pc21g05080 (pks13). 
This gene belongs to the cluster that has been mutated and transcriptionally 
silenced during the strain improvement program. In the background of an 
improved β-lactam producing strain, repair of the mutation in pks13 led to the 
restoration of sorbicillinoids production. This now enable genetic studies on 
the mechanism of sorbicillinoid biosynthesis in P. chrysogenum and opens 
new perspectives for pathway engineering.
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Introduction 

Sorbicillinoids are the diverse group of yellow pigments produced by Trichoder-
ma [1], Aspergillus [2], Verticillium [3], Streptomyces [4] and Penicillium [5] species. 
Sorbicillin (Fig. 1, compound 1) was the first characterized sorbicillinoid initially 
isolated from P. notatum as a contaminant during the production of clinical peni-
cillins [5]. The typical hexaketide structure of this molecule is a core scaffold for 
more than 30 monomeric and dimeric derivatives isolated from different environ-
ments [6]. The oxidative dimerization of the sorbicillinol (2), a hydroxylated deriv-
ative of sorbicillin [7], can be achieved via Diels-Alder or Michael type oxidative 
dimerization reactions [8] leading to structural diverse bioactive compounds with 
promising bioactive properties. For instance, radical scavenging properties have 
been assigned to bisorbicillinoids like bisorbicillinol (5), bisvertinoquinole (9) and 
bisorbibutenolide (10) [9]. The group of trichodimerols (11) shows anti-viral and 
anti-inflammatory activity by inhibiting the prostaglandin H synthase-2 and tumor 
necrosis factor (TFN-α) in human peripheral blood monocytes [8]. Bisvertinols (12) 
are equipped with antimicrobial activity through inhibition of 1,6-glucan biosynthe-
sis in the plant pathogen Phytophthora capsici [10]. Recently, a sponge-associated 
P. chrysogenum E01-10/3 strain was isolated, showing under optimized cultivation 
conditions, the production of large quantities of sorbicilactone A/B (13,14). These 
have anti-HIV properties and show cytotoxic effect against L5178y leukemic cells 
[11, 12]. The remarkable bioactive potential of sorbicillinoids have raised interest in 
their synthetic origin [13], as well as biosynthetic mechanism. Feeding experiments 
with radiolabeled acetate indicates that sorbicillinol and dihydrosorbisillinol act as 
precursors for the corresponding sorbicilactones. For the biosynthesis of these 
hexaketide precursors, the involvement of a highly reducing (HR) and a non-reduc-
ing (NR) PKS enzyme has been proposed, and a putative biosynthetic gene cluster 
has been suggested for Penicillium E01-10/3 (Fig. 2a) [14, 15]. An analogous gene 
cluster exists in P. chrysogenum, and consists of seven genes encoding two fungal 
specific transcriptional factors (Orf1 and Orf5), an oxidase (Orf7), two oppositely 
transcribed NR and HR PKS enzymes (SorB and SorA), a transporter (Orf6) and 
a monooxygenase (SorC). The latter enzyme of Penicillium E01-10/3 has recently 
been expressed in E. coli and shown to catalyze the hydroxylation of the sorbicillin 
and dihydrosorbicillin yielding sorbicillinol and dihydrosorbicillinol, respectively [7]. 
The hypothetical biosynthesis pathway proposed suggests that a triacetic product 
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of the HR-PKS serves as the substrate for the starter unit acyltransferase (SAT) 
domain of the second NR-PKS enzyme. Upon three iterative malonyl-CoA exten-
sions, the methylated hexaketide might be reductively released from the PKS as 
an aldehyde and upon cyclization, sorbicillin and/or dihydrosorbicillin are formed. 
The latter intermediate is presumably derived from a triketide precursor wherein 
the first enoyl reduction during chain extension by the HR-PKS is omitted (Fig. 2b). 
Although these studies provide a first glimpse on the possible mechanism of sor-
bicillinoids biosynthesis, the direct involvement of the PKS enzymes has not been 
demonstrated.

Unlike natural isolates of P. chrysogenum, strains with an improved penicillin 
production like Wisconsin 54-1255 and its derivatives are not capable of sorbicilli-
noids production. Transcriptional profiling of secondary metabolite genes in related 
strains of a lineage of improved β-lactam producer, indicated the presence of a 
homologous PKS gene cluster that has been silenced in Wisconsin 54-1255 during 

Figure 1. Sorbicillin related compounds isolated from Penicillium species. The 
compounds detected in this study are shown framed.
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Figure 2. A
) Proposed gene cluster of sorbicillinoids biosynthesis in P. chrysogenum
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classical strain improvement (CSI) but displaying the highest transcriptional level 
in progenitor NRRL1951 strain that vigorously produces sorbicillinoids (Salo et al, 
submitted). In addition, mutations emerged in each of the putative PKS enzymes 
that likely led to an inactivation. These findings suggest a complex mechanism 
for the elimination of biosynthetic pathway of sorbicillinoids during the strain im-
provement program. Here we report on the identification of the PKS encoding gene 
pks13 that is essential for sorbicillinoids biosynthesis using the natural producer 
strain P. chrysogenum NRRL1951. Repair of the native nucleotide sequence of this 
gene in a strain that was derived from a high β-lactam producing strain resulted in 
the restoration of sorbicillinoids biosynthesis. This now allows the study of sorbicil-
linoids biosynthesis using standard molecular techniques that was previously re-
stricted due to the natural genetic background of sorbicillinoids producing isolates.

Materials and Methods

Strains, media and growth condition

The parental P. chrysogenum isolate NRRL1951 and its derivative penicillin 
gene cluster free strain DS68530 were kindly provided by DSM anti-infectives 
(Delft, The Netherlands). YGG medium was used to grow the fungus for gDNA 
extraction and protoplasting. The secondary metabolite production medium (SMP) 
was used for secondary metabolites analysis. All cultivations were performed in 
shaken flasks at 25°C and 200 rpm. Positive selection of the transformants was 
performed on AMDS agar medium supplemented with acetamide, as the nitrogen 
source. The solid SMP medium supplemented with agar has been used for the rap-
id selection of the pigment producing fungal colonies. R-agar sporulating medium 
was used for purification of the transformants and preparing of the rice batches for 
the long-term storage of the conidia [16].

Construction of the Pc21g05080 gene inactivation strain

A deletion plasmid for the Pc21g05080 gene was constructed using the mod-
ified Gateway™ cloning protocol (Invitrogen). 3’- and 5’- homologous regions for 
the deletion cassette were amplified with the PCR Master Mix™ with the primers 
listed in Table 1. The obtained fragments were cloned into the corresponding do-



143

Identification of a polyketide synthase involved in sorbicillin biosynthesis by P.chrysogenum

nor vectors pDONR P4-P1R and pDONR P2R-P3 BP clonase II™ enzyme mix 
(Invitrogen). The resulting plasmids were isolated from kanamycin resistant E. coli 
DH5α transformants. The constructs were further used for an in-vitro recombination 
reaction with the destination vector pDEST-amdS (LR clonase II™ enzyme mix) 
resulting in the isolation of the final pKO13 deletion plasmid that was derived from 
ampicillin resistant E. coli transformants. Before transformation into protoplasts of 
P. chrysogenum NRRL1951, the deletion cassette has been linearized with AjiI and 
SapI restriction nucleases (Thermo Scientific). For the targeted integration of the 
amdS marker into the locus of the pks17 (Pc21g16000) gene the plasmid pKO17 
(Salo et al., unpublished) has been used as the template for the amplification of the 
cassette. The corresponding pair of primers is listed in Table 1.

Transformation and screening

Protoplastation and transformation of the fungal mycelia was done as described 
previously [17]. Transformants were obtained by inoculation of single conidia on 
AMDS selective medium followed by a sporulation step on R-agar plates. After two 
sporulating phases, fungi were grown on rice for inoculation and long-term storage 
of the conidia. The correct knockout strain was selected by colony PCR analysis 
using Phire® Hot Start II DNA Polymerase (Thermo Scientific, USA). The myceli-
um of the transformants was homogenized in 20 µL of milliQ water and 2 µL of the 
cell suspension was used immediately for PCR validation with the forward primer 
(pks13F) that anneals outside the recombination region while the reverse primer 
(amdsR) was amdS marker specific (Table 1). The presence of an expected 1.6 kb 
PCR product was used to select the correct homologous recombinants. 

Southern analysis 

The downstream region of the Pc21g05080 gene was used as a probe and am-
plified by PCR with primer set listed in Table 1. The probe was lled with digoxigenin 
using the HighPrime™ Kit (Roche Applied Sciences, The Netherlands). gDNA (10 
μg) was digested with appropriate restriction enzymes and separated on 0.8% aga-
rose gel. After equilibration in 20x SSC buffer (3M sodium chloride; 0.3M sodium 
citrate), the DNA was transferred overnight onto Zeta-probe™ positively charged 
nylon membranes (BioRad). Blots were treated with anti-DIG-alkaline phosphatase 
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antibodies (Sigma) and supplemented with CDP-star™ (Roche Applied Science, 
The Netherlands). The fluorescence signal was measured with a Lumi Imager™ 
(Roche Applied Science, The Netherlands). 

Restoration of pks12/13 genes

To repair the mutations in the Pc21g05070 and Pc21g05080 genes in strain 
DS68530, a DNA fragment of 9,769 bp covering the two point mutations in these 
genes was amplified by PCR from genomic DNA from strain NRRL1951 using the 
primer set listed in table 1. The DNA fragment was cloned in the vector pJET1.2/
blunt (Thermo Scientific™ CloneJET™ PCR Cloning Kit) according to the manu-
facturer’s instructions. The obtained plasmid was purified from ampicillin resistant 
E. coli DH5α, and used as a new DNA template with the primers above described 
before. The amplified DNA fragment was used along with the amdS selection mark-
er in a cotransformation of protoplast isolated from P. chrysogenum DS68530 using 
a standard protocol [17]. The amdS gene was under control gpdA promoter of A. 
nidulans. This cassette marker was amplified from plasmid pKO17 by PCR using 
the primer set listed in table 1, yielding a 1000 bp overhang size in the two flanks of 
the fragment to target the polyketide synthase gene Pc21g16000 that is responsi-
ble for green pigment formation. The screening for transformants was performed on 
plates supplemented with acetamide as unique nitrogen source among the mutants 
had lost green pigmentation. An individual colonies were gown on Solid SMP medi-
um and examined for the formation of a yellow halo. Positive colonies were grown 
in 10 mL SMP using shaken flasks at 25°C and 200 rpm. After 5 days of shaking, 
the flasks were supplemented with 8 mL with fresh SMP and growth was continued 
for 4 days whereupon yellow pigment formation was verified visually and by LC-MS 
as described below. Restoration of the mutations in Pc21g05080 and Pc21g0570 
were confirmed by sequencing of the genomic DNA of the clones, using gDNA from 
strain DS68530 as a control.

Metabolite analysis 

The spent medium of fungal cultures on SMP media was collected after 3, 5 
and 7 days growth and subjected to secondary metabolite analysis. Samples were 
filtered with a 2 µm PTFE syringe filter and stored at -80°C conditions. LC/MS anal-
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ysis was performed using Accella1250™ HPLC system coupled with the benchtop 
ES-MS Orbitrap Exactive™ (Thermo Fisher Scientific, San Jose, CA). A sample of 
5 µL was injected into Shim-pack XR-ODS™ C18 column (3.0 x 75 mm, 2.2 μm) 
(Shimadzu, Japan) operating at 40°C and flow 300 µL/min. The linear gradient be-
gan with 90 % of solvent A (100% water) and 5 % of solvent C (100% Acetonitrile) 
starting after 5 minutes of isocratic flow. The first linear gradient reached 60 % of C 
at 30 minutes, the second - 95 % of C at 35 minutes. The washing step for 10 min-
utes at 90% of solvent C was followed by the column equilibration for 15 minutes 
at initial isocratic conditions. Solvent D (2% Formic acid) was continuously used to 
maintain the final 0.1 % of formic acid in the system. The column fluent was direct-
ed to the Exactive™ ES-MS Orbitrap operating at the scan range (m/z 80 – 1600 
da) and switching positive / negative modes. Voltage parameters for positive mode 
were: 4.2 kV spray, 87.5 V capillary and 120V of tube lens. Voltage parameters for 
negative mode were: 3kV spray, -50 V capillary, -150 V tube lens. The capillary 
temperature of 325°C and a sheath gas flow of 60 a.u. was used. Auxiliary gas was 
off to maintain a high detection sensitivity for both positive and negative modes 
during analysis. The differential analysis of the LC-MS samples was performed 
using the Thermo Scientific™ SIEVE software.

NMR

NMR spectra were recorded on a Bruker Avance III 700 MHz or 600 MHz spec-
trometer. Sample temperature ranged from 250 – 300K. The assignments were 
achieved by means of 1D 13C, COSY, TOCSY, HSQC, and HMBC spectra. Samples 
were dissolved in CDCl3, and in CDCl3 with one drop of pyridine to neutralize acidic 
impurities in the chloroform.

Results

Deletion of the pks13 in P. chrysogenum NRRL1951

P. chrysogenum NRRL1951 is a low β-lactam producing strain that has not been 
subjected to extensive classical strain improvement (CSI) and that secretes yellow 
pigment compounds into the medium. These yellow pigments originate from the 
hexaketide sorbicillin, but the polyketide synthase responsible for its production 
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has not been identified. Previously we demonstrated that corresponding metabo-
lites are produced early during fermentation which is accompanied with the expres-
sion of a PKS gene cluster of unknown function (Salo et al., submitted). Protein 
BLAST analysis indicated that particular cluster consists of the two PKS genes 
(Pc21g05070, pks12; Pc21g05080, pks13), two transcription factors (Pc21g05050 
and Pc21g05090, which are termed reg50 and reg90, respectively), a monooxy-
genase (Pc21g05060, mox60), a transporter (Pc21g05100, mfs100), and an ox-
idoreductase (Pc21g05110, ox110) (Fig. 2a) The predicted product of pks12 is a 
2581 amino acid long non-reducing iterative type I polyketide synthase showing the 
highest (64 %) identity to an unknown PKS gene of Trichoderma reesei and 43 % 
identity to citrinin biosynthesis gene of Monascus purpureus [18]. The neighboring 
pks13 gene encodes a 2664 amino acid long highly reducing polyketide synthase 
with 65 % identity to an unknown PKS of T. reesei and 48% identity to the lovastatin 
diketide synthase LovF of A. terreus [18]. In the derived strains P. chrysogenum 
Wisconsin 54-1255 and DS17690, the two PKS genes within the aforementioned 
cluster acquired mutations during the CSI that may lead to their functional inactiva-
tion. In the non-reducing PKS Pc21g05070 (here and after termed pks12) the iso-
leucine at position 2210 located at inter-domain region of methyltransferase (MT) 
and thioesterase (TE) domains is substituted for an arginine. The second mutation 
is present within the ketosynthase domain of highly reducing PKS Pc21g05080 
(here and after termed pks13) causing a leucine to phenylalanine substitution at 
position 146 (Fig. 2ac). Both mutations occurred early during the CSI and have 
been inherited by the Wisconsin 54-1255 strain and thus also in later improved 
β-lactam producers (Salo et al., submitted) (Fig. 2a). Considering that the CSI de-
rived strains of P. chrysogenum are not able to produce yellow pigments, the natural 
isolate NRRL1951 was chosen as the host in our study. To functionally characterize 
the aforementioned cluster, the PKS encoding gene pks13 was targeted for inac-
tivation using homologous recombination and by replacing it for the amdS marker 
for acetamide selection. However, gene targeting in the NRRL1951 strain occurs 
with a very low efficiency due to the predominance of non-homologous recombi-
nation events. Therefore, to identify the desired gene inactivation mutant, among 
the majority of random insertion mutants, PCR screening was applied. Using this 
approach, a PCR product of 1.6 kb (See material and method section) indicated the 
correct homologous recombination event, which could be assigned to one out of 32 
transformants that passed two sporulating steps on acetamide selective medium. 



147

Identification of a polyketide synthase involved in sorbicillin biosynthesis by P.chrysogenum

Purified gDNA of this strain was used for Southern blot analysis, which confirmed 
the correct pks13 gene deletion (Fig. 3).

Phenotype of the ∆pks13 strain and secondary metabolite 
analysis

To verify the effect of the pks13 gene deletion on secondary metabolism, the 
mutant P. chrysogenum NRLL1951 strain (here after termed NRRL1951Δpks13) 
and the parental strain were grown in liquid SMP medium. The NRRL1951Δpks13 
mutant was not able to produce the typical yellow pigmentation compare to the 
parental strain that exhibited a yellow coloring of the culture already after three 
days of growth (Fig. 4a). There were no further phenotypical differences detected 
between both strains. For secondary metabolite analysis, samples of the culture 

pKO13
8562 bps

2000

4000

6000

8000

attP4

5'Fr Pc21g05080

amdS3'Fr Pc21g05080

attP3

bla

ori

A B
AjiI

SapI

Figure 3. Schematic representation of the pks13 gene deletion and its confirmation by 
southern blot analysis. A) Scheme of the deletion plasmid pKO13. Features: amdS, an A. 
nidulans acetoamidase gene for positive selection of the fungal transformants on acetamide 
supplemented medium as a sole nitrogen source; bla, ampicillin resistance gene for the 
selection in E. coli; ori, pUC origin of replication; attB3/4, Gateway recombination sites. B) 
Southern blot analysis. Genomic DNA was digested with NdeI endonuclease, using pks13 3’ 
FR as a probe. The expected 7.3 kb DNA fragment of the parental strain NRRL 1951 and 3.6 
kb signal confirming that pks13 locus is replaced with amdS marker.
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broth were obtained after 3, 5 and 7 days of cultivation. The corresponding metab-
olite profiles of the NRRL1951 and NRRL1951Δpks13 strains were analyzed by 
HPLC-MS. Comparative analysis indicated that a group of metabolites is absent in 
the culture medium of the NRRL1951Δpks13 strain. The empirical formula of these 
compounds were calculated based on the detected accurate mass (ppm<2). The 
major compound produced after 3 days of growth has a retention time RT 21.15 
min and m/z [H]+ 249.11, with the calculated empirical formula C14H16O4 which cor-
responds to sorbicillinol (2). The second compound with RT 23.47 min and a m/z 
[H]+ 251.13 has the empirical formula C14H18O4 and corresponds to dihydrosorbicil-
linol (3). Both masses were found to be part of the MS/MS fragmentation pattern 
of compounds (4), (6) and (5), respectively, while (2) shows a corresponding frag-
mentation pattern overlapping with (3). This indicates that (3) is composed of (1) 
and (2). A complete list of the unique masses related to the pks13 deletion is shown 
in Table 2. To confirm that the compounds eliminated from the secondary metabo-
lism of the NRRL1951Δpks13 mutant indeed belong to the class of sorbicillinoids, 
metabolite (5) was isolated by means of preparative HPLC and its structure was 
verified by NMR. The isolated fraction was dissolved in CDCl3, as well as in CDCl3 
with one drop of pyridine-d5 with the purpose to neutralize traces of acid. In the 
presence of acid the metabolite (5) occured in two tautomeric forms and suffered 
from a slow degradation, which was not the case in the neutralized NMR sample. 
2D spectra were recorded from both NMR samples, and careful interpretation led 
to the conclusion that metabolite (5) must be bisorbicillinol. All 1H and 13C NMR 
chemical shifts agree very well with the data reported previously [9].  In addition 
these authors also observed the presence of the tautomeric equilibrium, albeit in 
a slightly different way. They observed two compounds after derivatization with 
diazomethane and concluded that this was the result of a tautomeric equilibrium. 
More details of the assignment and NMR data are given in the Supplementary 
data. Overall, these results indicate that pks13 is essential for the production of the 
polyketide precursors for the biosynthesis of sorbicillinoids and their derivatives by 
the P. chrysogenum strain NRRL1951.
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Recovery of sorbicillinoids biosynthesis in the improved 
β-lactam producing strain DS68530

In order to define the functional role of the mutations accumulated by the im-
proved penicillin producing strains during the CSI, we restored the native amino 
acid sequence of the PKS enzymes mutated during the CSI in the industrially 
improved strain DS58630. Strain DS58630 is a derivative of strain DS17690 in 
which the multiple β-lactam gene clusters have been removed genetically [19]. 
This ensures a secondary metabolite pattern that is not further dominated by the 
presence of β-lactams. A DNA fragment of 9.7 kb region of the oppositely oriented 
pks12 and pks13 genes was amplified from the genomic DNA of the parental strain 
NRRL1951. This allowed the recovery of the native nucleotide sequence of the 
mutated pks13 by a homologous recombination event. For positive selection of the 

Figure 4. Secondary metabolite profiling of liquid cultures of  NRRL1951 and the deletion 
strain NRRL1951Δpks13, the yellow pigment-less strain DS58630 and DS58630Res13 
carrying the restored native nucleotide sequences of the pks13 gene. A) Cultures were 
grown for 3 days on liquid SMP medium in shaking flasks. B) HPLC-MS elution profiles. 
The major compounds eliminated from the secondary metabolism of NRRL1951Δpks13 and 
restored in DS58630Res13 strain are indicated: (2) sorbicillinol; (3) dihydroxysorbicillinol; (6) 
bisvertinolon; (7) dihydrobisvertinolone, and (8) tetrahydrobisvertonolone.
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transformants, the AMDS selection marker was co-transformed and targeted to the 
open reading frame of the naphthapyrone synthase (Pc21g16000) that is essential 
for the green conidial pigment biosynthesis in P. chrysogenum (Salo et al., un-
published data). The albino phenotype of the amdS carrying mutants provided an 
additional control over the purity of the transformants grown on the media without 
selective pressure. Mutants able to grow on acetamide supplemented medium and 
deficient in green coloring of the conidia were selected after three rounds of sporu-
lation on R-agar and selection on AMDS media. The mycelium of the obtained can-
didates was inoculated on SMP-agar medium to perform a qualitative selection of 
the yellow pigment-producing clones. The 15 kb genome region carrying both clus-
tered pks12 and pks13 was amplified by PCR and sequenced, and this confirmed 
the correct reversion of the mutation in PKS13. The corresponding DS68530Res13 
strain was used for the secondary metabolite production analysis. LC-MS analysis 
of SMP medium grown cultures revealed the accumulation of novel metabolites in 
the culture medium of strain DS68530Res13 (Fig. 4b). These were sorbicillin (1) 
sorbicillinol (2), dihydrosorbicillinol (3), oxosorbicillinol (4), bisorbicillinol (5), bisver-
tinolone (6), tetrahydrobisvertinolone (7) and dihydrobisvertinolone (8) (Table  2). 
In addition, a set of new compounds (15-22) that were previously found in the cul-

Target Primer sequence ( 5’- 3’)

1 attB4FPc21g05080 GGGGACAACTTTGTATAGAAAAGTTGCGTCGGCCGTATTGCCAGACTGC

2 attB1RPc21g05080 GGGGACTGCTTTTTTGTACAAACTTGGCCGCTGTTTCACCCGAGTAACC

3 attB2F Pc21g05080 GGGGACAGCTTTCTTGTACAAAGTGGGGTCATGTCCGAGAAGCTGTC

4 attB3RPc21g05080 GGGGACAACTTTGTATAATAAAGTTGCGCCCTTGTTGAAAGGCTCC

5 pks13F GGCCGCCATGACAGACTCAGAC

6 amdsR CACCGGTCACTGTACAGAGCTCG

7 Probe 13 F GGTCATGTCCGAGAAGCTGTC

8 Probe 13 R CGCCCTTGTTGAAAGGCTCC

9 pks17F AATGATACCTTTAGATCTACATTTCCTCACC

10 pks17R ATTTGGCCGCCGAGAATGAGAGACT

11 Fw-NRRLpks12 GCACTGTCGATATTCAGATGT

12 RV-NRRLpks13 CTTGGTTGAGCATCGATTC

Table 1. Primers used in this study.
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ture broth of NRRL1951 strain were also observed in the medium of the DS68530 
mutant. The fragmentation pattern shows that they are related to the sorbillinoids 
but their structures are unknown. These data demonstrate that the reversion of the 
mutation in pks13 suffices to restore sorbicillinoids production in a classical strain 
improvement selected P. chrysogenum strain. 

Discussion 

The yellow pigments sorbicillinoids are a large group of structurally related 
metabolites produced by many fungi [1, 3, 5, 11, 20-23]. The polyketide origin of 
these compounds was demonstrated by radiolabeled acetate feeding experiments 
[11] but the genes involved in the biosynthesis of these secondary metabolites 
remained unknown. In this work we deleted the pks13 (Pc21g05080) gene located 
in a highly expressed gene cluster of P. chrysogenum NRRL1951 to elucidate its 
role in secondary metabolism of this fungus. Pks13 belongs to a cluster of sev-
en genes among which a second pks gene that is oppositely transcribed, namely 
pks12 (Pc21g05070) (Fig. 2). A related gene cluster has been implicated in the 
biosynthesis of sorbicillacton A/B in the marine isolate E01-10/3 [7, 11], but di-
rect evidence for the involvement of the PKS enzymes was not demonstrated. As 
shown in our previous work (Salo et al., submitted), this complete gene cluster is 
highly expressed in the parental strain NRRL1951 and is transcriptionally silenced 
in the improved β-lactam producer Wisconsin 54-1255 and its derivatives. The 
mechanism of the transcriptional silencing of this gene cluster is unknown but its 
functional inactivation in the later generation of P. chrysogenum strains that were 
obtained by classical strain improvement can be assigned to mutagenesis events 
at the early stages of CSI. Each of the PKS encoded genes carry single nucleotide 
polymorphism that cause amino acid substitution, i.e., at the intra domain region 
of PKS12 and within the KS domain of the PKS13 respectively. Remarkably, the 
leucine residue at position 146 that was substituted for a phenylalanine during the 
CSI, is conserved within the KS domains of the highly homologous PKSs of other 
sorbicillin producers like Trichoderma and Glomerella graminicola (Fig. S7). It is 
important to stress that identical gene clusters are present in the genomes of these 
organisms but in Glomerella graminicola this is restricted to only the two PKS en-
zymes. 

Since the parental strain NRRL1951 still produces sorbicillinoids, pks13 was 
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targeted for gene inactivation. Correspondingly, a PCR screening approach was 
applied to select for the correct transformants among the majority of the non-ho-
mologous integrants that have randomly incorporating the deletion cassette into 
the genome. As a result, a deletion mutant NRRL1951Δpks13 was obtained that 
was no longer able to produce the yellow pigmentation typical for the parental strain 
NRRL1951 (Fig. 4a). Comparative HPLC-MS analysis revealed the absence of a 
group of metabolites in the culture broth of the NRRL1951Δpks13 strain that can 
be characterized as sorbicillinol and dihydrosorbocillinol based on the exact mass 
and calculated empirical formulas. The characteristic fragmentation patterns (data 
not shown) of the eliminated metabolites indicated the presence of sorbicillinol or 
dihydrosorbicillinol moieties incorporated into a large number of other derivatives 
(Table 2). To prove that the eliminated compounds indeed belongs to sorbicillinoids, 
NMR analysis was performed for one of the extracted molecules which was verified 
to be bisorbicillinol. 

To investigate the functional role of the amino acid substitutions obtained during 
the CSI in pks12 and pks13, a reverse mutagenesis approach was applied to the 
CSI derived strain DS58630. Remarkably, the homologous recombination approach 
led to a restoration of the pks13 mutation only and not of the mutation in pks13. 
Nevertheless, this sufficed to restore sorbicillinoids production. In the culture broth 
of the restored strain, sorbicillinol (2) and dihydrosorbicillinol (3) as well as further 
derived sorbicillinoids were readily detected. This includes compounds (1, 4-8) as 
well as structurally unknown intermediates (15-22) (Table 2) that based on the frag-
mentation patterns in LC-MS/MS can be classified as sorbicillinoids. It is unclear 
why the pks12 gene was not repaired by the homologous recombination. Possibly, 
the DNA fragment which covered the relevant parts of both pks12 and pks13 is 
processed or fragmented during the transformation leading to the correction of one 
mutation only. Since we obtained very similar patterns of sorbicillin formation in the 
repaired DS68530 strain compared to the original NRRL1951 strain, we conclude 
that the mutation in pks12 was not disruptive. Possibly, the mutation lowers the 
activity.

In conclusion, our work identified pks13 (Pc21g05080) as a key gene in the 
biosynthesis of sorbicillinoids and derivatives in P. chrysogenum. We restored the 
production of the sorbicillin-related metabolites in a genetic background of an im-
proved penicillin producer strain that is adapted for growth under industrial condi-
tions and for which a genetic toolbox is available. This will simplify the application 
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of the molecular cloning techniques for studying of sorbicillinoids biosynthesis and 
opens new perspectives to engineer this pathway for the production of individual 
sorbicillinoids.
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Supplementary data

NMR analysis

The NMR spectra of one of the isolated sorbicillin-related compounds were ob-
tained in chloroform. All assignments were obtained from the spectrum in CDCl3 
with a drop of pyridine. The assignments were compared with the two different 
sets of NMR signals observed in fresh chloroform alone. From the LC/MS data it 
was clear that the formula of the compound is C28H32O8, corresponding to tricho-
dimerol which is an oxidized dimer of sorbicillin (Fig. S1). However, NMR data do 
only partially agree with the NMR data on this compound published by Andrade 
et al. [24]. Therefore, the 2D spectra were studied in more detail. All data match 
with bisorbicillinol and the NMR data given by Abe et al. [9]. All correlations in the 
HMBC were verified, and agreed with the proposed structure by Abe et al. [9]. Only 
two carbon signals were missing in the HMBC spectrum, i.e. C9 and C11. Howev-
er, these carbon signals could be detected without doubt in the HMBC spectrum 
in chloroform alone, which gave rise to a mixture of the two tautomers. From this 
spectrum it was possible to conclude that the tautomeric equilibrium is between 
the carbon atoms C9, C10 and C11, as indicated in Figures S2 and S3. The 1D 1H 
spectra in CDCl3 with pyridine and in CDCl3 are shown in supplemental Figures 
S4 and S5. The enolic OH appears at 13.5 ppm, and it is clear that the number 
of peaks is doubled in the solvent without pyridine. A part of the HMBC spectrum 
in CDCl3 is shown in supplemental Fig. 6. It is clear from Figure S6, that C11 in 
tautomer 1 and C9 in tautomer 2 have chemical shifts between 160 and 170 ppm, 
which is indicative of the enol form. On the other hand C9 in tautomer 1 and C11 
in tautomer 2 have chemical shifts between 190 and 200 ppm, which indicates the 
keto form. Further details of the assignment are not shown here, and the NMR 
chemical shifts are summarized in Table S1.
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Figure S2. Chemical structure and atom numbering of bisorbicillinol, tautomer 1

Figure S1. Chemical structure of trichodimerol

Figure S3. Chemical structure and atom numbering of bisorbicillinol, tautomer 2.
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Figure S4. 1H NMR spectrum in CDCl3 with pyridine

Figure S5. 1H NMR spectrum in CDCl3
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Figure S6. HMBC spectrum (carbonyl signals and enolic signals only) in CDCl3. Blue 
dashed indicate signals of tautomer 1, red dashed lines indicate tautomer 2
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Table S1: Chemical shifts of bisorbicillinol (tautomer 2), 280K, CDCl3 and 
pyridine-d5. δTMS = 0

1H(δ) 13C(δ)

1 3.75 41.4

2 n.a. 108.5

3 n.a. 196.1

4 n.a. 67.9

5 n.a. 208.3

6 n.a. 74.3

7 3.42 47.5

8 n.a. 66.3

9 n.a. 164.5

10 n.a. 110.9

11 n.a. 200.1

12 n.a. 70.5

1’ n.a. 169.2

2’ 6.22 118.6

3’ 7.24 142.2

4’ 6.28 131.1

5’ 6.14 139.6

6’ 1.90 19.0

1’’ n.a. 200.4

2’’ 6.56 123.9

3’’ 7.36 146.3

4’’ 6.17 130.4

5’’ 6.29 143.9

6’’ 1.87 19.1

4-CH3 1.35 10.4

6-CH3 1.28 24.7

10-CH3 1.78 9.5

12-CH3 1.42 33.1

                             n.a., not applicable
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Figure S7. Multiple sequence alignment of the ketosynthase domains of highly 
homologous PKS enzymes derived from P. chrysogenum Wisconsin 54-1255, 
Trichoderma reesei (66% identity), Acremonium chrysogenum (69% identity) and 
Colletotrichum graminicola (63 % identity). The substituted leucine at position 146 is 
highlighted. The conserved cysteine residue in the active center of the domain is indicated 
with a hash.
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Abstract

6-methylsalycilic acid (6-MSA) is a common polyketide produced by 
filamentous fungi as the precursor for various potent bioactive secondary 
metabolites.  In P. chrysogenum, two putative 6-MSA synthases are present 
in the genome. These are organized within two distinct secondary metabolite 
gene clusters with significant homology to the clusters involved in yanuthone 
D and patulin biosynthesis in Aspergillus niger and A. clavatus, respectively. 
Here we perform the transcriptional activation of the silent PKS genes 
Pc16g00370 and Pc21g16430 using a promoter replacement technique. This 
resulted in the production of 6-MSA into the medium as well as of the number 
of uncharacterized metabolites. The predicted functional similarities between 
the two 6-MSA gene clusters suggests that their initial product 6-MSA can 
be cross utilized as the precursors by both encoded biosynthetic pathways. 
Presumably, due to transcriptional silencing of the remaining genes of the 
clusters none of the expected yanuthone or patulin related metabolites was 
detected in this study.  
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Introduction

P. chrysogenum is important industrial producer of β-lactams [1]. Genome se-
quencing of this fungus uncovered its potential to produce a hidden spectrum of 
structurally diverse bioactive compounds beyond the already known penicillins [2]. 
As a result of the functional analysis of nonribosomal peptide synthetase (NRPS) 
encoding genes, several biosynthetic pathways have been resolved recently. The 
included pathways for the biosynthesis of the toxins roquefortine and meleagrine 
[3, 4], and hydrophobic cyclic tetrapeptides [5]. Studies on the functional charac-
terization of polyketide synthase (PKS) encoding genes however lags behind and 
for none of the 20 putative PKS enzymes, actual biosynthetic products have been 
identified. Homologies exists with PKS enzymes from other filamentous fungi, such 
as the PKS enzymes that show homology to 6-methyl salicylic acid synthases        
(6-MSA). 

6-MSA can be found in various bacteria and fungi [6, 7]. This triacetic polyketide 
is a common product reported for most of the currently characterized Aspergil-
lus and Penicillium species. Recently, a pentaketide – mullein which is related to 
6-MSA has been found in the actinomycete bacterium Saccharopolyspora eryth-
raea showing an unique substrate selectivity of the ketoreductase (KR) domain 
[8]. Like the majority of the secondary metabolite genes, 6-MSA synthases are 
clustered in the genome together with other modifying gene products, and the initial 
polyketide product may serve as the precursor for the biosynthetic pathway encod-
ed by the respective cluster [9]. In A. patulum and A. clavatus, for instance, the 
6-MSA synthase associated gene cluster is involved in biosynthesis of the potent 
micotoxin patulin. 6-MSA synthases are also linked to the formation of asperlacton 
and isoasperlacton in A. westerdikiaen [10] and is involved in the biosynthesis of 
terreic acid in A. terreus [11]. In A. niger, a 6-MSA associated cluster of ten genes 
has been functionally associated with the biosynthesis of the meroterpenoids yanu-
thones (A-E) [12, 13].  It is important to emphasize that a nearly identical cluster is 
present in the genome of P. chrysogenum including the 6-MSA biosynthetic genes. 
The second 6-MSA synthase associated cluster in P. chrysogenum shows similarity 
to the patulin biosynthetic cluster described in A. clavatus. 

Remarkably, neither of the two 6-MSA PKS genes in P. chrysogenum are ex-
pressed under laboratory growth conditions. Here we have performed in-host tran-
scriptional activation of the two aforementioned and distinct PKS genes using a 
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promoter replacement approach. We demonstrate that 6-methylsalicylic acid is the 
direct polyketide product for both PKS enzymes. Additional metabolite profiling of 
the corresponding mutants indicated six novel metabolites associated with 6-MSA 
production in P. chrysogenum.   

  
Materials and methods

Strains, plasmids and cultivation condition

The penicillin cluster free strain P. chrysogenum DS68530 carrying the Ku70 
gene deletion was used in this work to facilitate the homologous gene targeting 
and to avoid the background of β-lactams production during the secondary me-
tabolite analysis. This strain was kindly provided by DSM. All cultivation was done 
with shake flasks using liquid SPM medium (5 g/L glucose, 75 g/L lactose, 4 g/L 
urea, 4 g/l Na2SO4, 5 g/L CH3COONH4, 2.12 g/L K2HPO4, 5.1 g/L KH2PO4 ) at 25°C 
using 200 rpm shaking conditions. Acetamide supplemented medium was used 
for the selection of transformants. R-agar medium (6.0 ml/L glycerol, 7.5 ml/L beet 
molasses, 5.0 g/L yeast extract, 18 g/L NaCl, 50 mg/L MgSO4·7H2O, 60 mg/L KH-

2PO4, 250 mg/L CaSO4, 1.6 ml/L NH4Fe(SO4)2 (1 mg/ml), Fe(SO4)2 ·12H2O, 10 mg/L 
CuSO4 ·5H2O, and 20 g/L agar) was used to generate spores.

The plasmids in this study were constructed using the modified Gateway™ clon-
ing protocol (Invitrogen) published previously [14]. For cloning of the expression 
plasmids the modified pDONR221-AMDS plasmid was used. In this construct, the 
pcbC (isopenicillin synthase) promoter region was ligated downstream of the amdS 
gene. For the integration of the cassette into the genome, flanking 5’- and 3’- ho-
mologous regions were amplified with Phire Hot Start II PCR Master Mix™ (Finen-
zymes) and subsequently cloned into the pDEST destination vector. The resulted 
plasmids pOE4 and pOE18 were linearized before the transformation using AatII / 
BlpI and SrgAI / BstBI restriction enzymes (Thermo Scientific) respectively.

 
Transformation procedure

Transformation of the expression cassettes into P. chrysogenum was performed 
as described previously [14]. The selection of the transformants as well as the 
stabilization of the mutants was carried out on acetamide supplemented medium 
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(AMDS). The sequential sporulating steps were performed on R-agar medium to 
obtain conidia of the stable mutants.

qPCR expression analysis

The primers used for the expression analysis of the Pc16g00370 and Pc21g16430 
genes (here and after pks4 and pks18 respectively) are listed in Table1. Primers 
were designed around the introns in order to be able to discriminate the product 
amplified from gDNA and cDNA. For expression analysis, the γ-actin gene was 
used as a control for normalization. To determine the gDNA contamination in the 
RNA used for the cDNA synthesis the negative reverse transcriptase (RT) control 
was used. The expression levels were analyzed, in duplicate, with a MiniOpticon™ 
system (Bio-Rad) using the Bio-Rad CFX™ manager software. The threshold cycle 
(CT) values were determined automatically by regression. The SensiMix™ SYBR 
Hi-ROX kit (Bioline) was used as a master mix for qPCR. The following thermocy-
cler conditions were applied: 95°C for 10 min, followed by 40 cycles of 95°C for 15 
s, 55°C for 30 s, and 72°C for 30s. Subsequently, a melting curve was generated to 
determine the specificity of the qPCRs.

LC/MS analysis

For the identification of metabolites and their quantitative analysis, HPLC-MS 
was performed using Agilent 1200 Capillary pump (Agilent, Santa Clara, CA) cou-
pled to a benchtop LTQ-FT Ultra mass spectrometer (Thermo Fisher Scientific, San 
Jose, CA). A sample of 5 µL of spent growth medium was injected into the column 
described above operating at flow rate 0.3 ml/min. The linear gradient began with 
98 % of solvent A (1% acetonitrile, 0.1% formic acid in water) and 2% of solvent B 
(1% water, 0.1% formic acid in acetonitrile) for 1.5 minutes. When the first gradient 
reached 40% B (after 22 minutes), it was followed by a second gradient that reach 
100% of buffer B at 25 minutes. The column was washed with 100 % B for 10 min-
utes followed by equilibration with 100% buffer A for at least 8 minutes. The column 
fluent was directed to the LTQ-FT Ultra mass spectrometer operating at switching 
positive / negative modes in full scan (m/z 100-2000). Voltage parameters for posi-
tive mode were 4.2kV source voltage, 14V capillary voltage, 65V tube lens. Voltage 
parameters for negative mode were 3kV source voltage, -18V capillary voltage, 
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-85V tube lens. The capillary temperature was 275°C and the sheath gas flow was 
set at 50, while auxiliary gas was set to 2. 

Results

Bioinformatic analysis of potential 6-MSA synthase encoding 
gene clusters

The genome of P. chrysogenum contains two polyketide synthase encod-
ing genes that are homologous to 6-MSA synthases. Both genes termed pks4 
(Pc16g00370) and pks18 (Pc22g08170) are localized on distant contigs (contig 16 
and contig 22) that presumably belong to the different chromosomes. Pks4 belongs 
to a putative cluster containing 10 genes homologous to a gene cluster responsi-
ble for the production of the meroterpeniod metabolites yanuthones in Aspergillus 
niger [13] (Fig. 1) (Table 2). According to the proposed pathway (Fig. 2) 6-MSA is 
formed by the 6-MSA synthase (YanA), which is further decarboxylated by YanB 
to yield m-Cresol, followed by a hydroxylation by YanC yielding toluquinol, which 
is further oxidized by two hydrogenases YanD and YanE into an unstable product. 
The latter is modified with sesquiterpene by a prenyltransferase YanG and hydrox-
ylated by YanH to yield 7-deacetoxyyanutone which is subsequently converted to 
yanuthone E and D by a O-mevalon transferase (YanI) and dehydrogenase (YanF). 
The hypothetical protein YanE has not been functionally associated with a partic-
ular enzymatic step in the pathway but may contribute to the poorly defined con-
version steps catalyzed by YanD. The indicated P. chrysogenum genes encode 
proteins are highly homologous (59-80 % identity) to YanA-G. In A. niger, a local 
regulatory gene encoding the transcriptional factor YanR acts as a positive regula-
tor of yanuthone biosynthesis [13] (Fig. 1), (Table 2) but this gene appears absent 
from the gene cluster of P. chrysogenum.

Pks18 is highly homologous to the 6-MSA synthase (PatK) of P. chryseofulvum 
and belongs to the gene cluster which contains five genes that show a high degree 
of homology (77-84% identity) with genes involved in the biosynthesis of the mico-
toxin patulin (Fig. 1) (Table 3). A cluster of fifteen genes (patA–O) has been char-
acterized in P. chryseofulvum and a biosynthetic pathway has been proposed [15, 
16]. The first steps result in the formation of toluquinol are similar to reactions dis-
cussed in the yantuthone pathway but now involving PatG and PatI. Next, m-cresol 
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is further converted via multiple steps into isoepoxydon and various other patulin 
related products (Fig. 2). BAST analysis indicates that the products of the clustered 
genes Pc22g08170 (77%), Pc22g08110 (83%) and Pc22g08150 (84%) are homol-
ogous to the polyketide synthase (PatK) and two cytochrome P450s hydroxylases 
(PatI and PatH) of the patulin pathway, respectively. The decarboxylase (PatG) is 
not present in the P. chrysogenum gene cluster but instead the closest candidate 
(45% identity) is encoded by the gene Pc16g00390 (yanB) that is part of the sec-
ond 6-MSA associated gene cluster (Fig. 1). In addition, P. chrysogenum contains 
a homolog of the local regulator PatL, i.e., Pc22g08140 (63% identity) as well as 
gene that encodes a homolog of the MSF transporter PatC, i.e., Pc22g08120 (42% 
identity) (Fig. 1). P. chrysogenum is not a patulin producer as the gene encoding the 
isoepoxydon dehydrogenase (PatN), which is essential for the biosynthesis of the 
micotoxin, is not present in this fungus [2, 17]. Thus, it appears that P. chrysogenum 
contains an incomplete patulin biosynthetic pathway. Up to now the production of 
6-MSA or its known derivatives has not been reported for P. chrysogenum.

Expression of Pks4 and Pks18

Transcriptome analysis of P. chrysogenum grown in a glucose limited chemostat 
revealed that pks4 and pks18 are only expressed at a very low level [2].  To enforce 
the expression of the putative 6-MSA encoding pks4 and pks18 genes, an in-host 
promoter replacement approach was used. The strong isopenicillin synthase gene 
(pcbC) promoter was chosen for the construction of the expression plasmids (Fig. 
3).  The pcbC gene belongs to the penicillin biosynthesis cluster and is highly ex-
pressed during the penicillin producing cultivation conditions applied in this study. 
Transformation of the penicillin cluster free strain DS68530 (see materials and 
method section) yield two mutants PCH4 and PCH18. The correct integration of the 
expression cassette has been confirmed by PCR analysis. The sequencing analy-
sis of the integration area indicated the expected promoter location and no frame 
shifts for the corresponding expression mutants were identified.  After 5 days of 
growth on SMP medium, RNA was isolated from the mycelium of PCH4 and PCH18 
and used for qPCR analysis to assess the expression of the respective pks4 and 
pks18 genes. The parental strain DS68530 was used as a control. As the result, 
the expression of pks4 increased 140-fold in the PCH4 mutant, while expression 
of the pks18 gene in the mutant PCH18 was 40-fold elevated relative to the control 
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Figure 3. Schematic representation of the expression plasmids pOE4 (A) and pOE18 (B) 
used in this work. Features: amdS, A. nidulans acetoamidase gene for positive selection of 
transformants on acetamide supplemented medium as a sole nitrogen source; bla, ampicillin 
resistance gene for the selection in E. coli; ori, pUC origin of replication; attB3/4, Gateway 
recombination sites. PpcbC, pcbC (isopenicillin N synthase gene) promoter region.

   Target Primer sequence ( 5’- 3’)
1 Pc16g00370F CATGGTCAGCACCCTCAGTGCC

2 Pc16g00370R CCAGGTCAGGCGTCGTACGC

3 Pc22g08170F GGTTGATACTCCTGGGACTGAATACAG

4 Pc22g08170R CAGTCAAAGTCCTCCAGGCGATCG

5 γ-actin F GTCATGACTACCAGGTACGACG

6 γ-actin R GCTGACCATGATCCTGACAATCG

7 attB4F16g00370 GGGGACAACTTTGTATAGAAAAGTTGGAGGACATACAGGTAGAGCAAGGC

8 attB1R16g00370 GGGGACTGCTTTTTTGTACAAACTTGGATACTTCGATACTTCGCCTGACAACG

9 attB2F16g00370 GGGGACAGCTTTCTTGTACAAAGTGGATGATTACTTCAACGAGCAGCACAGAGG

10 attB3R16g00370 GGGGACAACTTTGTATAATAAAGTTGCCCGTAACGGTCGTGATATGGTGC

11 attB4F16g08170 GGGGACAACTTTGTATAGAAAAGTTGCCACCGGCCGACAATCACACAGG

12 attB1R16g08170 GGGGACTGCTTTTTTGTACAAACTTGCGCCAGTACAATATCTGGGCATCC

13 attB2F16g08170 GGGGACAGCTTTCTTGTACAAAGTGGATGAATTCTCGTTCACCCTCTGCATACC

14 attB3R16g08170 GGGGACAACTTTGTATAATAAAGTTGCCGATGTAACACGGGTCGTTGGC

 

Table 1.  Primers designed for the expression analysis of the pks4 and pks18 
gene (1-6). Primers designed for the cloning of the expression plasmids pOE4 
(7-10) and pOE18 (11-14)
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Figure 4. Quantitative Real Time PCR analysis of the expressed pks4 and pks18 genes 
in PCH4 and PCH18 mutants, respectively. Samples for the RNA extraction were taken 
after 5 days of growth on SMP medium. Data are shown as the fold change in the respective 
mutants (gray bar) relative to the DS68530 (black bar) strain.

Gene Gene function
Relative 

expression*

Homolog

in A. niger
References

Pc16g00310 FAD/FMN-containing dehydrogenase 3.17 yanF

Pc16g00320 Hypothetical protein 0.70 NA

Pc16g00330 Hypothetical protein 17.47 yanE

Pc16g00340 Short-chain dehydrogenase / reductase 33.00 yanD

Pc16g00350 O-Mevalon transferase 1.00 yanI [13]

Pc16g00360 Cytochrome P450 oxidoreductase 5.83 yanH

Pc16g00370 Polyketide synthase 52.47 yanA

Pc16g00380 Prenyltransferase 3.13 yanG

Pc16g00390 Amidohydrolase 2 (Decarboxylase) 0.67 yanB

Pc16g00400 Cytochrome P450 oxidoreductase 1.93 yanC

* Data from the microarray gene expression analysis of P.chrysogenum strain DS17690 grown on 
SMP liquid medium for 5 days without penicillin side chain precursors (S.Weber, unpublished data).

Table 2. Expression of the pks4 gene cluster and homologous gene cluster 
of yanuthone D biosynthesis in A. niger.
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strain (Fig. 4). In both stains, the expression of the flanking genes that are part of 
the aforementioned clusters was not affected by the introduction of the expression 
cassette. Thus, the engineered strains in principle allow for the detection of the 
products of the pks4 and pks18 proteins but the downstream enzymatic conver-
sions encoded by the corresponding gene clusters remain uncharacterized due to 
their transcriptional silencing which is not relieved by the promoter replacement. 

 
Metabolite analysis and 6-MSA identification

To determine if the expression of the pks4 and pks18 alters the secondary me-
tabolite profile, the spent medium of cultures of strain PCH4 and PCH18 grown on 
SMP medium was subjected to LC-MS. A new major compound with a retention 
time of 19.4 minutes was detected in the secondary metabolite profiles of both 
mutants and was absent in the control strain. The new product showed the same 

Gene Gene function
Relative 

expresion*

Homolog

in A. clavatus
References

Pc22g08110 Cytochrome P450 oxidoreductase 114.97 patH [15]

Pc22g08120 MFS transporter 3.77 NA

Pc22g08140 C6 transcriptional factor 94.80 patL [15]

Pc22g08150 Cytochrome P450 oxidoreductase 1.13 patI [15]

Pc22g08160 Hypothetical protein 2.90 patJ [15]

Pc22g08170 Polyketide synthase 7.57 patK [18]

Pc22g08180 Hypothetical protein 191.53 NA

Pc22g08200 Hypothetical protein 0.47 NA

Pc22g08210 Hypothetical protein 3.97 NA

Pc22g08220 Integral membrane protein, putative 124.30 NA

Pc22g08230 Hypothetical protein 8.40 NA

Pc22g08240 Carbonyl reductase 26.27 NA

Pc22g08250 MFS transporter 4.83 patC [15]

* Data from the microarray gene expression analysis of P.chrysogenum strain DS17690 grown on 
SMP liquid medium for 5 days without penicillin side chain precursors (S.Weber, unpublished data). 

 

Table 3. Expression of the pks18 gene cluster and homologous genes 
involved in patulin biosynthesis in A. clavatus. 
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Figure 5. LC-MS analysis of the production of 6-MSA in the culture broth of the 
DS68530, PCH4, and PCH18 strains, and of the standard 6-MSA.  A) The UV absorption 
spectra at 254 nm is shown. B) The MS spectra of the exact mass and calculated empirical 
formula of the deprotonated 6-methylsalicylic acid.

Peak area

Formula Acquired [M-H]- RT(min) PCH4 PCH18 DS68530

1 6-MSA 151.04 19.41 2.6 16.7 -

2 NA 379.1 26.03 0.1 0.4 -

3 NA 507.09 20.83 0.3 1.3 -

4 NA 530.17 17.24 1.8 2.8 -

5 NA 573.14 12.82 NF 0.4 -

6 NA 697.17 14.73 0.5 0.7 -

-, not detected. RT, retention time on LC-MS.

Table 4. Comparative extracellular metabolite profiling of the expression 
mutants PCH4, PCH18 and the parental strain DS68530. Acquired mass over 
charge ratio, retention time and internal standard corrected concentration of 
metabolites are indicated.
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retention time and MS spectrum of a commercially available 6-methylsalycilic acid 
standard indicating mass over charge ration 151.04 of the deprotonated 6-MSA 
(Fig. 5). Detailed profile analysis revealed five additional metabolites produced by 
the PCH4 and PCH18 mutants. Four of the detected peaks: m/z 379.1, RT 26.03 
(2); m/z 507.09, RT 20.83 (3); m/z 530, RT17.24 (4) and m/z 697.17, RT 14.73 (6) 
were produced by both mutants. The fifth compound m/z 573.14, RT 12.82 (5) was 
detected only in the culture broth of strain PCH18. The concentration of the de-
scribed metabolites was more abundant in the medium of PCH18 compare to strain 
PCH4, i.e., a 8-fold higher 6-MSA production (1) and four fold higher production of 2 
and 3 was observed (Table 2). For none of the other compounds, a structure could 
be determined.

Discussion 

Here we have shown the activation of expression of two highly homologous 
polyketide synthase genes in P. chrysogenum under the isopenicillin synthetase 
(pcbC) gene promoter. The polyketide product of the subjected PKSs was found to 
correspond to 6-methylasalycillic acid, a precursor that in other fungi is used for the 
production of the meroterpeniod metabolites yanutones and the micotoxin patulin. 
In our study, 6-methylsalycilic was shown as the major product by the overexpres-
sion of both homologous PKS genes. Despite the identical expression approach, 
the metabolite analysis suggests a 8-fold higher level production of a 6-MSA by the 
PCH18 mutant compared to the PCH4 strain. It is important to emphasize that un-
like the pks18 gene, the pks4 gene contains an intron and a splicing step which is 
required for maturation and this may limit the expression. Additionally, the different 
genomic locations of the subjected genes may contribute to the observed perfor-
mance of the pcbC promoter. 

The appearance of metabolites with higher molecular weights than 6-MSA in 
the culture of both the PCH4 and PCH18 expression mutants suggests that the 
produced 6-MSA is converted.  Due to the transcriptional silencing of the other 
genes in the pks4 and pks18 clusters under the conditions used, the identity of 
the enzymatic conversion steps could not yet be addressed. However, because 
of the homology of the respective gene clusters to related gene clusters in other 
fungi, predictions can be made about the nature of the native products. The gene 
cluster of pks4 is highly homologous to the gene cluster for yanuthones in A. niger 
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[13] and in principle fulfills all the requirements needed for the production of these 
metabolites. However, the masses observed in this study do not match to any of 
the previously characterized yanuthone related metabolites of A. niger. The pks18 
gene cluster contains fewer genes compared to the highly homologous cluster of 
genes involved in patulin biosynthesis in P. chryseofulvum, but the high homology 
of several of the critical enzymes encoded by this cluster allows us to predict the 
possible related intermediates. The decarboxylation of 6-MSA to m-cresol and fol-
lowing hydroxylation of this intermediate to toluquinol are common enzymatic steps 
reported for both yanuthone and patulin production. The decarboxylase is absent 
from the pks18 cluster, but a homolog is found in the pks4 cluster, i.e., Pc16g00390 
(YanB). The low expression level of these clusters remains a significant obstacle 
for the analysis of these secondary metabolite pathways in P. chrysogenum. This 
either requires the identification of the specific cultivation condition for the optimal 
expression of the subjected PKS gene clusters, or invasive approaches to activate 
the expression of these clusters. It is important to emphasize that P. chrysoge-
num strain DS68530 used in our analysis was derived from the intensive industrial 
strain improvement program that significantly influenced secondary metabolism of 
this fungus at the genomic, transcriptomic and metabolomic levels (Chapter 2). 
Interestingly, the MFS transporter encoding gene Pc22g08250 located within the 
gene cluster of pks18 which is presumably involved in transport of patulin related 
metabolites in P. chrysogenum acquired a tyrosine to aspartic acid substitution at 
the position 304 during the evolvement of the multi-copy penicillin producing strain 
DS17690. Possibly, this has inactivated this transporter and hence may hamper 
the excretion of patulin related compounds. This observation must be considered 
in future studies on this gene cluster 

In this work we perform a functional analysis of the two 6-methylsalycilic acid 
synthases of P. chrysogenum using in-host promoter replacement approach. This 
resulted in the transcriptional activation of these low expressed PKS encoding 
genes and the production of 6-MSA as the main polyketide product. Unlike the ex-
pression of pks4 and pks18, the transcriptional activation of the entire gene clusters 
was not been achieved although a number of additional higher molecular weight 
compounds were identified in both 6-MSA producing mutants.   
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Filamentous fungi represent an important source of structurally diverse bioac-
tive molecules known as secondary metabolites [1]. Since the discovery of penicillin 
and the implementation of this antibiotic in the clinic [2], the interest towards antimi-
crobials increased. Screening programs were established to explore the antimicro-
bial potential of fungal and bacterial species [3] and this has led to the discovery of 
many antimicrobials [4]. Six major classes of antibiotics (Penicillins, Fluoroquinolo-
nes, Macrolides, Rifampicins, Tetracyclines and Aminoglycosides) were discovered 
between 1940s-1950s and their backbone structures still represent the majority of 
the antibiotics available on the market today [5]. Later, studies were driven by the 
urge to combat multi-drug resistance that rendered current antibiotics ineffective. 
This development of multi-drug resistance is one of the most important challenges 
humanity faces at present [6]. However, after six decades of screening attempts, it 
became evident that phylogenetically related species that can isolated from natural 
sources and grown under laboratory conditions often produce structurally similar 
secondary metabolites and that the identification of drugs with novel activities is 
seriously lagging behind [5]. 

The post-genomic era revealed a hidden potential of fungi to produce an abun-
dance of secondary metabolites often encoded by transcriptionally silent gene clus-
ters [7]. The surge of genome sequencing data of various fungal species, including 
those of so far uncultured species have been deposited in databanks. These often 
result from large initiatives to increase the biodiversity of sequence information 
[8]. Each genome contains multiple secondary metabolite encoding genes like 
polyketide synthases (PKS) and non-ribosomal peptide synthetases (NRPS) in-
cluding many unique gene clusters. This finding indicates that individual fungal 
strains may be capable of producing novel secondary metabolites. However, the 
triggers required for their production remain unknown.

The genome of the β-lactam producer Penicillium chrysogenum Wisconsin 54-
1255 has been sequenced recently [9]. Being a common predecessor of high pen-
icillin producers currently employed for industrial β-lactam production, this strain 
became an international model laboratory standard. It is important to emphasize, 
however, that P. chrysogenum Wisconsin 54-1255 is derived from the natural iso-
late NRRL1951 and thus was already exposed to multiple mutagenesis and se-
lection steps that were part of the classical strain improvement program (CSI) to 
enhance β-lactam production [10]. The CSI program was launched almost seven 
decades ago and yielded mutants capable to produce very high levels of the anti-
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biotic and strains that were sufficiently robust for large scale fermentation. The CSI 
included harsh mutagenesis techniques like UV, X-ray and chemical treatment as 
well as selection of the spontaneous variants of the desirable phenotype [11]. Con-
sidering that only the penicillin biosynthesis and the fermentation characteristics 
were the primary goal of selection, the impact of CSI on secondary metabolism 
in general remained largely unknown. Chapter 1 provides an introduction to the 
thesis and also discusses the CSI in more detail as well as general aspects of 
secondary metabolism in filamentous fungi with a focus on polyketide synthases. 
Chapter 2 focuses on a comparative analysis of secondary metabolism within a 
lineage of β-lactam producing strains of P. chrysogenum that have been subjected 
to CSI. It describes the results of a systematic genome, transcriptome and metabo-
lome profiling analysis. The genomes of the natural isolate strain NRR1951, the im-
proved Wisconsin 54-1255 and a high β-lactams yielding strain DS17690 were se-
quenced and assembled using the genome of Wisconsin 54-1255 as a reference. 
Next a functional classification of the entire sets of genes of the P. chrysogenum 
Wisconsin 54-1255 genome was performed in order to establish the distribution 
of single nucleotide polymorphism (SNPs) across the genome. The complete set 
of identified SNPs between NRRL1951, Wisconsin 54-1255 and DS17690 were 
mapped to functional categories. Subsequently, a statistical comparison was per-
formed to estimate the functional distribution of genes affected by SNPs and the 
overall distribution of SNPs in genome. After Bonferroni multiple-testing correction, 
there was no statistically significant over- or under- representation of mutations in 
secondary metabolism, amino acid metabolism, transcriptional regulation, or any 
other functional category. We conclude that strain selection has had only limited 
control over the mutations accumulated during strain improvement, and that likely 
only a minimal number of changes induced by the mutagenesis procedure are re-
sponsible for the improved β-lactams production of the strains. This most notably 
includes the well-described tandem amplification of the penicillin biosynthetic gene 
cluster and the inactivation of phenylacetate metabolism due to a mutation in the 
phenylacetate hydroxylase (pahA) gene at the early stages of the CSI. Focusing 
on the secondary metabolite encoding genes present in P. chrysogenum (20 PKSs 
and 11 NRPSs), we identified seven PKSs and one NRPS that were mutated during 
the CSI. Three of the PKSs acquired mutations within the ketosynthase domain 
that are functionally essential for these mega-enzymes and thus may lead to their 
inactivation. 
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In addition to the genomic information, both transcriptome analysis and metabolite 
profiling using LC/MS indicates a significant shift in the secondary metabolite 
production by the strains collected during the CSI. Pathway intermediates for the 
production of the toxin roquefortine/meleagrin and the yellow pigment chrysogine 
were overproduced in the improved strains compare to the parental NRRL1951. In 
contrast, the group of sorbicillinoids was eliminated in the Wisconsin 54-1255 likely 
because in the early days these molecules caused problems in the downstream 
processing and β-lactam product recovery because of their yellow color. Thus 
improved strains were selected that no longer made these compounds. The 
obtained data set allowed us to identify the sorbicillinoid PKS gene cluster which 
was transcriptionally silenced during CSI as well as mutated in the early stage of 
the improvement program.

The identification and functional analysis of the histone deacetylase HdaA as a 
pleiotropic regulator of the secondary metabolism in P. chrysogenum is described 
in Chapter 3. This histone deacetylase was not affected by the CSI and shows 
a drastic effect on secondary metabolism in improved P. chrysogenum strains 
both at the transcriptional and metabolome level. Targeting of the hdaA gene for 
inactivation lead to the deregulation of the expression of a number of PKS and 
NRPS genes. It was shown that HdaA regulates the DHN-melanin gene cluster 
involved in formation of a green conidial pigment as well as chrysogin biosynthesis 
through positive transcriptional regulation of the corresponded NRPS gene cluster. 
Additionally, this epigenetic approach allowed for the transcriptionally activation 
a putative PKS gene cluster responsible for sorbicillinoids biosynthesis (Chapter 
4) that was mutated and transcriptionally silenced during the CSI as described in                  
Chapter 2. However, because of the mutation, this increased expression did not 
result in the formation of novel products.

Chapter 4 employs the results described in chapter 2 that indirectly suggest 
the genetic origin for sorbicillinoids biosynthesis in P. chrysogenum. To confirm 
this hypothesis, one of the genes of the subjected cluster (Pc21g05080, pks13) 
encoded the high reductive PKS enzyme was deleted in the early P. chrysogenum 
strain NRRL1951 that is a vigorous producer of sorbicillinoids. The resultant strain 
no longer produced the characteristic yellow pigmentation that is seen when cells 
are grown under submerged condition. The fraction of eliminated metabolites was 
purified from strain NRRL1951 by means of preparative liquid chromatography 
and subjected to structure elucidation by NMR and LC/MS-MS. The identified 
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compounds include bisorbicillinol, which is an oxidative dimer of sorbicillin as a 
main product, and a range of other sorbicillinoids. Additionally, to estimate the 
functional role of the amino acid substitution acquired at the KS domain of PKS13 
during the CSI, the native amino acid sequence of this PKS was restored. This 
resulted in the restoration of sorbicillinoids production in a CSI improved strain of 
P. chrysogenum and, correspondingly, simplifies the application of the molecular 
genetic approaches for studying this particular gene cluster and its biosynthetic 
mechanism in the future.

In Chapter 5 the in-host transcriptional activation of the two distinct PKS genes 
using a promoter replacement is described. Overexpression of the silent genes 
pks4 (Pc16g00370) and pks18 (Pc22g08170) resulted in the production of a novel 
metabolite into the medium that was subsequently identified as 6-methylasalycillic 
acid. This triacetic polyketide is a known precursor for a various bioactive compounds 
in Aspergillus and Penicillium species but has never been reported previously for 
P. chrysogenum. To clarify the functional role of the two highly homologous PKS 
genes that appear to perform identical functions, the two corresponding putative 
gene clusters were analyzed. It was found that the gene cluster of pks4 is identical 
to a cluster described for the biosynthesis of meroterpenoids Januthones in A. niger. 
The second gene cluster is only partially homologous to the patulin biosynthesis 
pathway found in Aspergilli. The functional similarities between the two 6-MSA gene 
clusters, suggest that their initial polyketide product (6-MSA) can be cross-utilized 
as the precursor in both encoded biosynthetic pathways. The intermediates of the 
predicted pathways were not found in the media presumably due to transcriptional 
silencing of the respective gene clusters that encode many downstream modifying 
enzymes. Additionally, a MFS transporter encoding gene Pc22g08250 located in 
the vicinity of the pks18 gene in the genome was mutated during the CSI and 
possibly product excretion is inactivated. In this respect, also transport needs to 
be taken into account in the functional classification of secondary metabolite gene 
clusters.

Summarizing, this thesis describes various methods for gene activation to 
‘awaken’ sleeping secondary metabolite gene clusters as well as the mutational 
impact of CSI on secondary metabolism in β-lactam producing strains. It allowed for 
the functional assignment of several PKS genes and associate them to a specific 
class of metabolites as a first step towards to elucidation of secondary metabolism 
in P. chrysogenum.
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Filamenteuze schimmels vormen een belangrijke bron voor structureel diverse 
bioactieve moleculen, ook wel bekend als secundaire metabolieten [1]. Sinds de 
ontdekking van penicilline en de toepassing van dit antibioticum bij de bestrijding 
van infectieziekten [2] is de interesse naar natuurlijke antibacteriële stoffen enorm 
toegenomen. Dit heeft geleid tot onderzoek aan het vermogen van schimmels en 
bacteriën om antimicrobiële verbindingen te produceren [3], welke tot de ontdekking 
van verschillende antibiotica heeft geleid [4]. Grote doorbraken in het onderzoek 
naar deze stoffen werden gedaan in de jaren 1940-1950, toen er zes grote antibiotica 
klassen ontdekt werden (Penicilines, Fluoroquinolones, Macrolides, Rifampicins, 
Tetracyclines en Aminoglycosides). De structuren van deze stoffen vormen tot 
op heden nog de basis van het huidige antibiotica aanbod [5]. De noodzaak 
voor de ontdekking van nieuwe klassen van deze verbindingen werd later vooral 
gedreven door de toenemende weerstand van micro-organismen tegen het huidige 
aanbod van antibiotica. Het overkomen van resistentie is een van de belangrijkste 
uitdagingen waar de mensheid nu mee geconfronteerd wordt [6]. Echter, na zes 
decennia onderzoek, werd duidelijk dat fylogenetische verwante soorten die uit 
natuurlijke bronnen geïsoleerd en onder laboratoriumomstandigheden gekweekt 
kunnen worden, vaak structureel vergelijkbare secundaire metabolieten produceren. 
Hierdoor loopt de identificatie van geneesmiddelen met nieuwe activiteiten ernstig 
achterop [5].

In de jaren nadat complete genomen gesequenced waren, bleek dat schimmels 
een verborgen potentieel bevatten om een overvloed aan secundaire metabolieten 
te produceren. Deze eigenschap is vaak gecodeerd door transcriptioneel 
uitgeschakelde gen clusters [7]. Er is een forse toename van genoom data van 
verschillende schimmelsoorten, waaronder ook die van ongekweekte soorten en 
dezen zijn opgeslagen in databanken. Dit soort data is vaak het gevolg van grote 
onderzoeksinitiatieven om de biodiversiteit van sequentie informatie te vergroten 
[8]. Elk genoom bevat meerdere secundaire metaboliet coderende genen zoals 
polyketide synthases (PKS) en non-ribosomal peptide synthetases (NRPS) alsmede 
vele unieke gen clusters. Deze bevindingen geven aan dat individuele schimmels 
stammen wellicht in staat zijn om nieuwe secondaire metabolieten te produceren. 
Echter, de juiste omstandigheden om deze te produceren zijn onbekend. 

Het genoom van de β-lactam producerende Penicillium chrysogenum 
Wisconsin 54-1255 is onlangs gesequenced [9]. Omdat het de voorloper is van de 
stammen welke momenteel gebruikt worden voor industriële β-lactam productie, 
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is deze stam als het internationale laboratorium model gedoopt. Belangrijk om te 
benadrukken is echter dat P. chrysogenum Wisconsin 54-1255 is afgeleid van het 
natuurlijk geïsoleerde NRRL1951 en dat deze alreeds is blootgesteld aan meerdere 
genetische modificaties en selectie stappen als onderdeel van het klassieke 
stam verbetering programma (CSI) voor de verhoging van β-lactam productie 
[10]. Het CSI programma werd bijna zeven decennia geleden geïntroduceerd en 
resulteerde in mutanten die in staat zijn om hoge concentraties aan penicillines te 
produceren op een voldoende robuuste wijze nodig voor grootschalige fermentatie. 
Het programma omvatte agressieve technieken zoals UV -, röntgenbestralingen 
en chemische behandelingen voor mutagenese maar ook selectie van spontaan 
ontstane varianten met het gewenste fenotype [11]. Gezien het feit dat alleen 
de penicilline productie en de fermentatie kenmerken de primaire doelen waren 
voor selectie, is de invloed van CSI op secundaire metabolieten in het algemeen 
grotendeels onbekend gebleven. Hoofdstuk 1 geeft een inleiding van het 
proefschrift en bespreekt het CSI programma  in meer detail alsmede de algemene 
aspecten van secondair metabolisme in filamenteuze schimmels met de focus 
op polyketide synthases. Hoofdstuk 2 focust op een vergelijkende analyse van 
secundaire metabolisme binnen het geslacht van β-lactam producerende stammen 
van P. chrysogenum welke zijn onderworpen aan CSI. Dit hoofdstuk beschrijft de 
resultaten van een systematische genoom, transcriptoom en metaboloom profilering 
analyse. De genomen van de natuurlijk geïsoleerde stam NRR1951, de verbeterde 
Wisconsin54-1255 en een hoge β-lactam producerende stam DS17690 werden 
gesequenced, waarna het genoom werd gereconstrueerd met als referentie het 
eerder gepubliceerde Wisconsin 54-1255 genoom. Vervolgens werd de volledige 
set van genen van het P. chrysogenum Wisconsin 54-1255 genoom functioneel 
geclassificeerd om een verdeling van de single nucleotide polymorfisme (SNPs) 
te verkrijgen. De complete set van geïdentificeerde SNPs tussen NRRL1951, 
Wisconsin 54-1255 en DS17690 werden toegewezen aan functionele categorieën. 
Daaropvolgend werd een statistische vergelijking uitgevoerd op de functionele 
verdeling van genen die door SNPs beïnvloed waren en de globale verdeling van 
deze SNPs in het genoom. Er was geen statistische significatie tussen over- of 
ondervertegenwoordiging van mutaties in secundair metabolisme, aminozuur 
metabolisme, transcriptie regulatie, of andere functionele categorieën. `Hieruit 
kon worden geconcludeerd dat stamselectie enkel een beperkte controle heeft 
over de mutaties geïntroduceerd tijdens het stamverbeterings programma, en 
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dat waarschijnlijk slecht een minimaal aantal veranderingen door de mutagenese 
procedure verantwoordelijk is voor de verbeterde β-lactam productie van de 
stammen. Dit omvat met name de eerder beschreven tandem amplificatie van 
het penicilline biosynthese gen cluster en het uitschakelen van het fenylacetate 
metabolisme door een mutatie in het fenylacetate hydroxylase (PahA) gen in 
een vroeg stadium van de CSI. Door een focus aan te brengen op de secundaire 
metaboliet coderende genen aanwezig in P. chrysogenum (20 PKSs en 11 NRPSs), 
konden er zeven PKSs en één NRPS geïdentificeerd welke gemuteerd zijn tijdens 
de CSI. Drie van deze PKSs bevatten mutaties in het ketosynthase domein, 
wat essentieel is voor de correcte werking van deze mega enzymen en zou tot 
inactivatie ervan kunnen leiden. 

Naast de genomische informatie, duiden zowel de transcriptoom analyse als 
metaboliet profilering middels LC/MS op een significante verschuiving in secundaire 
metaboliet productie door stammen verkregen door CSI. Tussenproducten in 
de secundaire metaboliet routes voor de productie van de toxine roquefortine/
meleagrin en het gele pigment chrysogine werden overgeproduceerd in de 
verbeterde stammen vergeleken met de oorspronkelijke NRRL1951 stam. De 
expressie van genen coderende voor de biosynthese enzymen bleek onveranderd 
en de verhoogde productie van deze moleculen is hoogst waarschijnlijk het gevolg 
van de verhoogde aminozuur productie in verbeterde stammen. Dit in tegenstelling 
tot de groep sorbicillinoids, welke volledig afwezig zijn in de Wisconsin 54-1255 
stam, vermoedelijk doordat deze moleculen problemen veroorzaakten in de 
β-lactam verwerking en zuivering vanwege hun gele kleur. Verbeterde stammen 
werden dus geselecteerd op pigment vorming in dat ze deze stoffen niet langer 
produceerden. Met de verkregen sequentie data kon de sorbicillinoid PKS genen 
cluster geïdentificeerd worden, waarvan de transcriptie uitgeschakeld is door CSI 
evenals mutaties in sleuteldomeinen die opgetreden zijn in een vroeg stadium van 
het verbeterprogramma.

De identificatie en functionele analyse van het histone deacetylase HdaA 
als pleiotrope regulator van secondair metabolisme in P. chrysogenum staat 
beschreven in Hoofdstuk 3. Het histone deacetylase werd niet beïnvloed door de 
CSI maar vertoont een drastisch effect op secondair metabolisme in verbeterde 
P. chrysogenum stammen, zowel op transcriptioneel als metaboloom niveau. De 
inactivatie van het hdaA gen leidde tot de deregulatie van de expressie van diverse 
PKS en NRPS genen. Er werd aangetoond dat HdaA de DHN-melanine gen 
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cluster reguleert welke betrokken is in de vorming van een groen conidial pigment 
alsmede de genen betrokken bij chrysogine biosynthese. Bovendien maakte deze 
epigenetische aanpak ook de transcriptionele activatie van een hypothetisch PKS 
gen cluster mogelijk welke verantwoordelijk is voor sorbicillinoids biosynthese 
(Hoofdstuk 4). Deze gencluster was gemuteerd en transcriptioneel uitgeschakeld 
door het CSI zoals beschreven is in Hoofdstuk 2. Echter, de heractivatie leidde niet 
tot de productie van sorbicillinoids waarschijnlijk vanwege het feit dat het sleutel 
PKS enzym middels mutaties is uitgeschakeld (Hoofdstuk 4).

Hoofdstuk 4 benut de resultaten beschreven in Hoofdstuk 2, welke een 
genetische oorsprong voor de biosynthese van sorbicillionoids in P. chrysogenum 
suggereert. Om deze hypothese te bevestigen werd één van de genen van het 
cluster (Pc21g05080, pks13), coderend voor een hoog reductief PKS enzym, 
verwijderd uit de sorbicillinoids producerende P. chrysogenum NRRL1951 stam. De 
resulterende stam was niet langer in staat om het karakteristieke gele pigment te 
produceren dat zichtbaar is wanneer cellen in vloeibare culture worden gekweekt. 
De fractie van geëlimineerde metabolieten werd gezuiverd uit de NRRL1951 stam 
middels preparatieven vloeistofchromatografie en onderworpen aan NMR en LC/
MS-MS voor opheldering van de structuren. De geïdentificeerde stoffen omvatten 
voornamelijk bisorbicillinol, wat een oxidatieve dimeer van sorbicillin is, en een 
reeks andere sorbicillinoids. Om de functionele rol van de aminozuur substitutie 
verkregen in het ketosynthase domein van PKS13 tijdens de CSI te bepalen, werd 
de aminozuur sequentie van het PKS hersteld naar de oorspronkelijke sequentie. 
Dit resulteerde in het herstel van sorbicillinoids productie in een CSI verbeterde 
stam van P. chrysogenum en dit vereenvoudigt nu de toepassing van moleculaire 
genetische technieken voor het bestuderen van deze gen cluster en in de toekomst 
het ophelderen van het biosynthese route.  

In Hoofdstuk 5 wordt de transcriptionele activering van de twee verschillende 
PKS genen middels het vervangen van de promoter beschreven. Overexpressie 
van de uitgeschakelde genen pks4 (Pc16g00370) en pks18 (Pc22g08170) 
resulteerde in de productie van een nieuw metaboliet in het medium namelijk 
6-methylasalycillic acid. Dit triacetic polyketide is een bekende voorloper voor 
verschillende bioactieve stoffen in Aspergillus en Penicillium soorten, maar is nooit 
eerder gerapporteerd voor P. chrysogenum. Ter verduidelijking voor de functionele 
rol van de twee zeer homologe PKS genen, werden de twee corresponderende gen 
clusters geanalyseerd. Hieruit bleek dat het gen cluster van Pks4 identiek is aan een 
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cluster welke beschreven is in A. niger voor de biosynthese van meroterpenoids 
Januthones. De tweede gen cluster is slechts gedeeltelijk homoloog met de 
patuline biosynthese route in Aspergilli. De functionele overeenkomsten tussen de 
twee 6-MSA gen clusters suggereert dat het initiële polyketide product (6-MSA) 
gebruikt kan worden als een voorloper in beide potentiele biosynthese routes. 
De tussenproducten van de voorspelde routes werden echter niet in het medium 
gevonden, waarschijnlijk door de transcriptionele uitschakeling van de overigen 
genen in de desbetreffende gen clusters welke coderen voor modificerende 
enzymen actief in latere stappen van de biosynthese route. Ondersteunend voor 
deze hypothese is de waarneming dat een gen coderend voor een transporteiwit 
(Pc22g08250) nabij het pks18 gen in het genoom is gemuteerd tijdens het CSI wat 
mogelijk geleid heeft tot de inactivatie van product uitscheiding. In dit opzicht zou 
er ook rekening moeten gehouden worden met transporteiwitten in de functionele 
classificatie van secondaire metabolieten gen clusters 

Samenvattend beschrijft dit proefschrift verschillende werkwijzen voor 
genactivatie ten behoeve van het “wekken” van transcriptioneel slapende 
secondaire metabolieten genen clusters. Daarnaast is de mutagene impact van 
CSI op secondaire metabolisme in β-lactam producerende stammen in kaart 
gebracht. Het maakte de functionele toewijzing van verschillende PKS genen 
mogelijk alsmede de koppeling aan specifieke klasse van metabolieten als een 
eerste stap in de opheldering van het secondaire metabolisme in P. chrysogenum.
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Плісневі гриби продукують різноманітні біологічно активні сполуки, відомі 
як вторинні метаболіти. З часу відкриття пеніциліну та впровадження цього 
антибіотка у клінічне використання, значно зросла увага до антимікробних 
сполук. Було розроблено масштабні програми скринінгу плісневих грибів та 
бактерій з метою пошуку нових видів антибіотиків. Завдяки цьому, в період 
1940-50-х років було відкрито їх значну кількість. На сьогодні виділяють 
шість основних класів антибіотиків: пеніциліни, фторхінолони, макроліди, 
ріфампіцини, тетрацикліни та аміноглікозиди. Їх хімічні структури лежать в 
основі більшості антимікробних сполук наявних на фармацевтичномую ринку 
. Зростаюча кількість мікробів з набутою стійкістю до наявних антибіотиків 
стала поштовхом до нових досліджень. Проте численні спроби скринінгу 
показали, що філогенетично споріднені види, виділені з доступних природніх 
джерел та культивовані у лабораторних умовах, продукують структурно 
подібні вторинні метаболіти. Це суттєво ускладнює ідентифікацію сполук з 
новими активностями та свідчить про неефективність описаної стратегіїі у 
пошуку нових біологічно активних молекул.

З розвитком молекулярної генетики, потенціал плісневих грибів до продукції 
різноманітних вторинних метаболітів став очевидним. Після секвенування 
геномів низки плісневих грибів, стало відомо, що кожен геном містить не 
поодинокі, як вважалося раніше, а множинні гени вторинного метаболізму, 
такі як полікетид синтази (PKS) та нерибосомальні пептидсинтетази (NRPS) 
[8]. Це дозволило припустити, що штами плісневих грибів потенційно здатні 
до продукції більшого різноманіття вторинних метаболітів. Проте чинники, які 
здатні активувати їх продукцію, залишаються більшою мірою невідомими.

Було секвеновано геном продуцента β-лактамів Penicillium chrysogenum 
Wisconsin 54-1255. Даний штам є модельним лабораторним стандартом та 
відомим попередником багатьох індустріальних продуцентів пеніциліну. 
Проте важливо відзначити, що P. chrysogenum Wisconsin 54-1255 було 
одержано з дикого штаму NRRL1951 шляхом множинних етапів мутагенезу 
та відбору мітантів. Це було частиною класичного шляху вдосконалення 
штаму (CSI) з метою підвищення продукції β-лактаму. CSI програма була 
розпочата близько семи десятиліть тому та дозволила ізолювати мутанти, що 
продукували значні кількості антибіотику. Виділені штами використовували 
для широкомасштабних ферментацій. CSI включала жорсткі методи 
мутагенезу: опромінення ультрафіолетом, рентгенівським випромінюванням, 
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хімічна обробка, а також ізоляція спонтанних мутантів з бажаним фенотипом. 
Основними цілями підходу були біосинтез пеніциліну та умови ферментації, 
тому вплив CSI на вторинний метаболізм загалом залишається невідомим. 
У Розділі 1 представлений вступ до дисертаційної роботи, а також детальне 
обговорення програми CSI та вторинного метаболізму у плісневих грибах з 
акцентом на полікетид синтазах. Розділ 2 фокусується на порівняльному 
аналізі вторинного метаболізму в межах вибірки штамів P. сhrysogenum 
-продуцентів β-лактаму, що підпадали під програму CSI. Тут описано результати 
системного геномного, транскриптомного та метаболомного аналізів.

Було секвеновано геноми вихідного штаму NRR1951, промислово 
покращеного Wisconsin 54-1255 та надпродуцента DS17690. Раніше 
опублікований сіквенс геному штаму Wisconsin 54-1255 було використано 
в якості контролю. Для встановлення розподілу мутацій в геномах, була 
здійснена функціональна класифікація всіх генів штаму Wisconsin 54-1255, а 
також аналіз поліморфізму поодиноких нуклеотидів у геномі (SNPs). Повний 
набір ідентифікованих мутацій між NRRL1951, Wisconsin 54-1255 та DS17690 
було розподілено на функціональні категорії. В результаті статистичного 
аналізу не було виявленого значного впливу мутацій на вторинний 
метаболізм, метаболізм амінокислот, регуляцію транскрипції чи на будь-яку 
іншу функціональну категорію. Згідно отриманих даних, можна підсумувати, 
що лише незначна кількість змін, одержаних в ході мутагенезу, відповідає за 
покращення біосинтезу пеніциліну. До таких змін можна віднести збільшену 
копійність кластеру генів біосинтезу пеніциліну та інактивацію метаболізму 
фенілацетату шляхом мутації в гені фенілацетат гідроксилази (pahA) на 
ранніх етапах CSI.

Внаслідок досліджень генів, що кодують вторинні метаболіти в P. 
chrysogenum (20 PKS and 11 NRPS), було ідентифіковано 7 PKS та 1 NRPS, що 
були мутовані внаслідок CSI. Три зі згаданих PKS включають мутації в межах 
кетосинтазного домену, що є функціонально необхідним для активності цих 
ферментів. Тобто дані мутації ведуть до інактивації PKS.

Додатково до геномних даних, транскриптомний та метоболомний аналізи 
свідчать про значну зміну в продукції вторинних метаболітів штамами 
одержаними внаслідок CSI. Було показано зростання продукції інтермедіатів 
шляхів біосинтезу рокофортину та хризогену в порівнянні з NRRL1951. 
Натомість, група жовтих пігментів - сорбіциліноїдів повністю зникла з 
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метаболізму Wisconsin 54-1255, як наслідок селекційної роботи по отриманню 
безпігментного продуцента пеніциліну. Порівняльний геномний аналіз 
показав, що на ранніх етапах CSI цей ген отримав точкову мутацію в межах 
кетосинтазного домену. Крім цього, транскрипційний аналіз показав зниження 
експресії відповідного кластеру генів порівняно з вихідним штамом NRRL1951. 
Отримані дані дозволили ідентифікувати PKS кластер генів сорбіциліноїдів, 
транскрипція якого була вимкнена внаслідок CSI.

У Розділі 3 описано ідентифікацію та функціональний аналіз гістон 
деацетилази HdaA, як нового плейотропного регулятора вторинного 
метаболізму в P. chrysogenum. Цей фермент не був мутований в ході CSI та 
показує разючий вплив на вторинний метаболізм як на транскрипційному, 
так і на метаболомному рівнях. Інактивація гену hdaA призводить до 
транскрипційної дерегуляції низки генів, що кодують PKS та NRPS, включно 
з кластером генів біосинтезу меланіну, шо задіяний в пігментації конідій. Крім 
того, було показано вплив HdaA на експресію кластеру генів хризогену.

Розділ 4. Для підтвердження гіпотези про роль PKS13 в біосинтезі 
сорбіциліноїдів, описаної в Розділі 2, було делетовано один з генів відповідного 
кластеру (Pc21g05080, pks13) у вихідному штамі P. chrysogenum NRRL1951. 
Отриманий мутант втратив здатність продукувати пігмент жовтого кольору 
протягом культивації у рідкому середовищі. Фракцію виділених при культивації 
метаболітів було екстраговано для структурного аналізу за допомогою NMR and 
LC/MS-MS. Серед ідентифікованих сполук виявлено бісорбіціллінол (димер 
сорбіцілліну) та низку інших сорбіциліноїдів. Для з’ясування функціональної 
ролі мутації, отриманої протягом програми промислового покращення штамів, 
було відновлено нативну амінокислотну послідовність кетосинтазного домену 
PKS13. Це призвело до активації продукції сорбіциліноїдів в промисловому 
штамі, одержаному внаслідок CSI.

У розділі 5 описана успішна траскрипційна активація двох мовчазних 
генів pks4 (Pc16g00370) and pks18 (Pc22g08170) здійснена шляхом заміни 
промоторів. Як наслідок, було одержано продукцію нехарактерного для P. 
chrysogenum метаболіта, пізніше ідентифікованого як 6-метилсалісилова 
кислота (6-MSA). Цей полікетид є відомим попередником в біосинтезі біологічно 
активних сполук в Aspergillus та інших видів Penicillium. Проте в P. chrysogenum 
ідентифікований вперше. Для зясування функції двох гомологічних генів 
задіяних в синтезі тієї ж сполуки, було проаналізовано відповідні кластери 
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генів. Як наслідок, в геномі A. niger ,було знайдено ідентичний кластер генів 
(PKS 4), що він кодує шлях біосинтезу янутонів. Інший кластер генів (PKS 
18) лише частково гомологічний до шляху біосинтезу патуліну, знайденого в 
Aspergilli. Фукціональна схожість між двома 6-MSA кластерами в P. chrysogenum 
свідчить про те, що їх поліктидний продукт 6-MSA може бути викорастаний як 
прекусор в обох шляхах біосинтезу. Метаболомний аналіз показав відсутність 
очікуваних інтермедіатів характерних для Aspergillus, що ймовірно зумовлено 
низькою експрессією відповідних кластерів в P. chrysogenum. Важливо 
зазначити, що ген транспортер Pc22g08250 розташований в межах кластеру, 
було мутовано в процесі CSI, і відповідно продукт ексткреції є інактивованим. 
Тому у функціональній класифікації кластерів генів вторинних метаболітів 
необхідно також враховувати транспорт. 

Підсумовуючи, в даній дисертаційній роботі описано успішне застосування 
низки методів активації мовчазних генів вторинного метаболізму а також, 
охарактеризовано мутагенний вплив програми промислового покращення 
штамів на P. chrysogenum. В ході роботи автором було досліджено функції 
низки PKS генів та ідентифікувано їх продукти. Що є важливим кроком на 
шляху поглибленного вивчення втолинного метаболізму P. chrysogenum.
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