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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. 



177

Activation of two silent 6-methylsalycilic acid synthases in P. chrysogenum

15 20 25

Time (min)

6-MSA standard

PCH18

PCH4

DS68530

151 152 153 154
0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e
Ab

un
da

nc
e

151.04

152.04

153.04150.59 151.49 154.05

OH

O

OH

6-MSA
C8H8O3

151.04 [M-H]-

m/z

A B

    6-MSA #1504   RT:  1941  AV: 1 NL: 2.93E
T: FTMS {1,2}  -p ESI Full ms [100.00-1500.00]

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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