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Chapter 1

How classical strain improvement of Penicillium 
chrysogenum enhanced penicillin production
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Chapter 1

Introduction
Penicillins are β-lactam antibiotics found to be effective against many bacterial 
infections. These molecules were discovered by Alexander Fleming in 1928 by 
accident as a fungus contaminated a plate inoculated with Staphylococcus and 
caused a zone of growth inhibition. The fungus was identified as from the genus 
Penicillium, and the substance released by the fungus was termed penicillin. 
However, the original levels of penicillin produced by the fungus were low, while 
the original fungus was difficult to grow. It was only until Howard Florey and 
Ernst Boris Chain at the Radcliffe Infirmary in Oxford realized the mass-pro-
duce of penicillins to make it available for treatment of infected soldiers during 
World War II. This antibiotic turned out to be an infection-fighting agent of enor-
mous potency active against a range of Gram-positive and negative bacteria.

Between 1941 and 1943, Moyer, Coghill and Raper at the USDA Northern Re-
gional Research Laboratory (NRRL) in Peoria, Illinois in the United States, 
developed methods for industrialized penicillin production and isolated high-
er-yielding strains of the Penicillium fungus. In the following seventy years, 
classical strain improvement (CSI) conducted at various companies has led to 
significantly increased β-lactam antibiotics production from 0.1 g/L in the 1950s 
to more than 50 g/L using modern high-yielding industrial strains for the produc-
tion of β-lactam antibiotics (Elander, 2003). Until now, penicillins are still widely 
available as antibiotics all over the world at an affordable price.

Classical strain improvement is based on repeating rounds of random mutagen-
esis and selection. In this process, many beneficial mutations are collected (Bar-
reiro et al., 2012), but the exact molecular basis of improved penicillin production 
is largely unknown. Recent research tries to understand the underlying molecular 
mechanisms of the industrial strain improvement process, in order to understand 
how P. chrysogenum became an excellent cell factory for penicillin production.

Classical strain improvement of P. chrysogenum

The process of classical strain improvement started in an academic setting with a 
natural isolated strain NRRL1951 obtained from a mouldy cantaloupe in a local 
market in Peoria (Illinois, USA). This fungus was chosen due to its much high-
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er penicillin production in submerged cultures comparing to the low levels of 
penicillin production by the P. notatum strain NRRL1249B21 originally isolated 
by Fleming. NRRL1951-B25 was isolated from single spore selection of strain 
NRRL1951 and subsequently treated with different mutagenic techniques such as 
UV irradiation, X-ray and nitrogen mustard and improved variants were selected 
by screening for penicillin production. During this process, the X-1612 mutant 
strain (obtained upon X-ray treatment) formed the basis for the Wisconsin Q-176 
mutant strain that was obtained after ultraviolet irradiation of X-1612. Q-176 is 
the first strain in Wisconsin family. After several rounds of colony selection and 
mutagenesis, several improved strains in Wisconsin family were obtained, such 
as Wisconsin BL3-D10, 48–701, and 49–133, and then eventually evolved into the 
international laboratory reference strain Wisconsin54-1255 after several steps 
of nitrogen mustard mutagenesis and selection and one step of ultraviolet irra-
diation (Fig. 1). The genome sequence of the Wisconsin54-1255 strain became 
available in 2008 (van den Berg et al., 2008). 

Besides the efforts of the academic researchers, several companies developed 
their own industrial strains for high-level penicillin production. Although most 
of this information is non-released, some information can be gathered from sci-
entific reviews (Elander, 2003; Jami et al., 2010). For example, Gist-brocades 
(later on DSM, The Netherlands) developed a series of DS strains and Antibi-
oticos S.A. (Spain) produced a series of AS and E strains from the Wisconsin 
family. Current industrial P. chrysogenum strains produce more than 50 g/L pen-
icillin in fed-batch cultures (Peñalva et al., 1998), while in an industrial setting, 
these levels will likely be much higher.
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Biosynthetic pathway of penicillin production

Biosynthesis of β-lactam antibiotics starts with the condensation of L-α-ami-
noadipic acid (A), cysteine (C) and valine (V) into the tripeptide δ-(L-α-ami-
noadipyl)-L-cysteinyl-D-valine (LLD-ACV) catalysed by an cytosolic enzyme 
called δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine synthetase (ACVS), which is a 
424-kDa non-ribosomal peptide synthetase (NRPS) encoded by the pcbAB gene 
located in the penicillin biosynthetic gene cluster (BGC) (Aharonowitz et al., 
1992) (Fig. 2). The LLD-ACV tripeptide is converted into isopenicillin N cat-

Fig. 1. Scheme of main Penicillium chrysogenum industrial strains during the process 
of classical strain improvement. Derived from an infected cantaloupe, a natural isolated 
strain NRRL1951 was discovered, then evolved into a series of variants with higher pen-
icillin production, such as Wisconsin family, P2, AS-P family and DS family by different 
mutagenic approaches and selection. For the abbreviations used in the scheme: S, selec-
tion; X, X-ray irradiation; UV, ultraviolet irradiation; NM, nitrogen mustard treatment. 
The production levels of penicillin V are 4 mg/g DW (NRRL1951), 20 mg/g DW(Wis-
consin54-1255), 95 mg/g DW (DS17690), respectively (Nijland et al., 2010). Figure from 
(Salo et al., 2015)
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alysed by Isopenicillin N synthase (IPNS), a cytosolic enzyme of 38 kDa en-
coded by the pcbC gene that is also part of the penicillin BGC (Muiier et al., 
1991). When isopenicillin N enters the microbody, then the final step in peni-
cillin biosynthesis occurs, which is catalysed by the acyl-CoA: isopenicillin N 
acyl-transferase (IAT) encoded by penDE gene, the third enzyme located within 
the penicillin BGC, resulting in penicillin G or V, respectively, depending on 
the aminoadipic acid side chain being replaced by a phenyl- or phenoxyacetyl 
group (Barredo et al., 1989). IAT is capable of substituting L-α-aminoadipic acid 
with phenylacetic acid (PAA) or phenoxyacetic acid (POA) only when these pre-
cursors are activated to their coenzyme A (CoA) thioesters, and this reaction is 
mainly catalysed by a phenylacetyl CoA ligase (PCL) encoded by the phl gene 
that does not belong to the penicillin BGC (Stefan S Weber et al., 2012b). In the 
absence of a side chain precursor, then isopenicillin N will be converted in nat-
ural penicillins such as Penicillin N and L, or the side chain is removed to yield 
6-aminopenicillanic acid (6-APA), which then rapidly reacts with carbon dioxide 
to form an undesirable byproduct 8-hydroxypenillic acid (8-HPA) (Henriksen et 
al., 1997; Jørgensen et al., 1995). The IAT enzyme contains a peroxisomal target-
ing signal (PTS1), and localizes in the microbody (Müller et al., 1992; Stefan S 
Weber et al., 2012a). PCL containing a PTS1 signal sequence (SKI) also localizes 
in the microbody. However, the removal of phl gene only caused a 40% decrease 
of penicillin G production, indicating that there are other PCL enzymes func-
tioning in P. chrysogenum (Koetsier et al., 2009; Lamas-Maceiras et al., 2006).

Microbodies are important organelles, including peroxisomes found in all eu-
karyotes, and are especially required for efficient penicillin biosynthesis in P. 
chrysogenum as it seems to have lost its capability to synthesize penicillins in 
the cytosol (Müller et al., 1992). However, in Aspergillus nidulans penicillin bi-
osynthesis still occurs as IAT is localized to both the cytosol and microbody 
(Brakhage et al., 2009). It has been reported that higher β-lactam-producing 
strains contain greater numbers of microbodies. Also, the penicillin production 
increased significantly by overexpressing a proliferation gene pex11 which re-
sulted in the increase of microbody abundance (Kiel et al., 2005), whereas the 
production of penicillin V has been reduced significantly in peroxisome-defi-
cient mutants of P. chrysogenum strain Wis54-1255 (Meijer et al., 2010). The pH 
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Fig. 2. The scheme of penicillin biosynthetic pathway (Meijer et al., 2010). L-α–AAA: 
L-α-aminoadipic acid; LLD-ACV: δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine; IPN: Iso-
penicillin N; PenG: Penicillin G; PenV:Penicillin V; PAA: Phenylacetic acid; POA: phe-
noxyacetic acid. ACVS: δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine synthetase; IPNS: 
Isopenicillin N synthase; IAT: acyl-CoA:6-amino penicillanic acid acyltransferase; PCL, 
phenylacetyl CoA ligase.

Genome modifications improved industrial strains 

Genome, proteome and transcriptome analysis have revealed some of the under-
lying mechanisms on how classical strain improvement resulted in higher pen-
icillin yielding strains. An important step in the industrial strain improvement 
process was the amplification of the penicillin BGC (pcbAB-pcbC-penDE). The 
genome of strain NRRL1951 and Wisconsin54-1255 only contains a copy of this 
BGC in a genomic region with a length of 56.9 kb, consisting of a 53.7 kb frag-
ment and a 3.2 kb shift fragment bounded by a conserved TGTAAA/T hexanu-
cleotide (Fig. 3). Strains NRRL1951 and Q176 have the same organization of the 
entire BGC. However, the outer 3.2 kb of the genomic region was orientation 
reverted during classical mutagenesis from these strains to Wisconsin54-1255. 
In later strains, this genomic region was amplified multiple times. For instance, 

of the cytosol in filamentous fungi is between 6.5 and 7.0, while the pH of the 
microbody is 7.5, which is close to the pH optima of IAT (pH 8.0) and PCL (pH 
8.5) (Van der Lende et al., 2002).
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NCPC10086 harbors seven copies of the BGC with a length of 56.9 kb, includ-
ing a 53.7 kb “new shift fragment” in the genome (Wang et al., 2014). P2 strain 
(Panlabs, Taiwan) contains an amplified large 100 kb region, including a 40 kb 
fragment outside of the BGC region, which is comparable to what was previously 
reported for AS-P-78 strain with no inversion of the 3.2 kb shift fragment (Fierro 
et al., 1995). Amplifications of the 56.9 kb region occurred in E1 strain (Antibi-
oticos S.A. ,Spain) which contains 12 - 14 copies (Fierro et al., 1995). Addition-
ally, P. chrysogenum npe10 is a non-producing mutant isolated after mutagenesis 
of Wisconsin54-1255 in which a 56.9 kb region harboring the three biosynthetic 
genes was deleted, resulting in a penicillin non-producing phenotype (Cantoral 
et al., 1993). Notably, the amplified region contains other ORFs which were am-
plified together with BGC. However, studies demonstrated that those ORFs did 
not play an essential role for penicillin biosynthesis, as the presence of the three 
penicillin biosynthetic enzymes alone was sufficient to restore β-lactam synthe-
sis in a mutant lacking the complete region (García-Estrada et al., 2007; van den 
Berg et al., 2007). 

It still remains unclear why a 100 kb region is amplified in some strains while 
amplification of a 56.9 kb fragment occurred in other strains. It is also unknown 
why the inversion of a 3.2 kb region and the amplification of the 56.9 kb region 
took place at a certain specific site in the genome (van den Berg et al., 2007). A 
possible explanation of the BGC amplification in P. chrysogenum during CSI is 
that the TTTACA hexanucleotide and its inverse complement TGTAAA located 
at the borders of the amplified region may be hot spots for site-specific recombi-
nation after mutagenesis (F. Fierro et al., 1995; Wang et al., 2014). 

Although several copies of penicillin BGC occur in high-yielding strains, it has 
been reported that there is no linear relationship between the number of peni-
cillin gene clusters, the enzyme levels and penicillin production. An industrial 
strain DS47274, derived directly from strain DS17690 through amplicon curing, 
equipped with a single gene cluster, performs higher penicillin production and 
increased expression levels of the penicillin biosynthetic pathway genes, pcbAB, 
pcbC, and penDE than its progenitor Wisconsin54-1255 which also contains a 
single BGC (Nijland et al., 2010). Also, the penicillin production was monitored 
and compared among a series of DS linage strain with the number of penicillin 
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Fig. 3. Comparative organizations of the amplified regions in different P. chrysogenum 
strains. NRRL1951 and Wisconsin54-1255 contain single copy of the penicillin biosyn-
thetic gene cluster, while the latter has an inversion of the outer 3.2 kb shift fragment 
bounded by a conserved TGTAAA/T hexanucleotide. Other strains (NCPC10086, AS-P-
78, P2 and E1) contain several copies of the amplified regions as indicated. Figure from 
(Wang et al., 2014).

BGC amplicons varying from 0 to 8. The results showed that the penicillin V 
production increased with more copies of BGC but was saturated at high copy 
numbers, probably because the protein level of IAT was saturated already at low 
BGC copy numbers. This suggests that the IAT activity is limiting for penicillin 
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biosynthesis at high BGC copy numbers.

Another genetic modification can be found related to phenylacetate catabolism. 
Phenylacetic acid (PAA) is the side chain precursor for penicillin G (PenG) bio-
synthesis, but this weak acid can also be metabolized by Penicillium. A mutation 
(L181F) in the pahA gene introduced during CSI that encodes a phenylacetate 
2-hydroxylase strongly reduced phenylacetic acid metabolism in the Wisconsin 
family strains as compared to the NRRL1951 strain. Because of the reduced deg-
radation of phenylacetic acid, penicillin production was stimulated (Rodríguez-
Sáiz et al., 2001). In addition, a mutation (A394V) mutation in this gene was 
revealed by gene sequence comparison of P. notatum (the Fleming’s isolate) and 
P. chrysogenum NRRL1951 and this caused the inactivation of the phenylacet-
ic acid 2-hydroxylase. This mutation directly boosted the penicillin production 
(Rodríguez-Sáiz et al., 2005).

Further insights in how classical strain improvement contributed to higher peni-
cillin production can be derived from a proteomic comparison of three different 
strains of P. chrysogenum (NRRL1951, Wisconsin54–1255 and AS-P-78) (Jami 
et al., 2010). During classical strain improvement, the levels of proteins involved 
in cysteine biosynthesis increased whereas the levels of enzymes involved in 
valine catabolism decreased. Cysteine synthase (Pc21g14890) was more than 
2-fold overrepresented in the Wisconsin54-1255 and AS-P-78 strain, and the pu-
tative methylmalonate-semialdehyde dehydrogenase (Pc20g11520), involved in 
valine catabolism, is overrepresented in the NRRL1951 strain. Another impor-
tant change in high yielding strains is that they contain lower levels of proteins 
involved in the biosynthesis of other secondary metabolites (such as pigments 
and isoflavonoids), and lower levels of proteins related to host infection and vir-
ulence. Also, elevated levels of enzymes of the pentose phosphate pathway were 
noted in the AS-P-78 strain. This in particular concerns enzymes involved in 
the non-oxidative phase of this pathway, like ribose-5-phosphate isomerase B 
(Pc22g21440) or transketolase (Pc22g13590). NADPH is generated in the oxida-
tive branch while ribose 5-phosphate, which is one precursor for the synthesis of 
nucleotides, is generated in the non-oxidative branch of pentose phosphate path-
way. There is a high demand for NADPH in high penicillin yielding strains, in 
particular because of the biosynthesis of cysteine. 1 mole of penicillin produced 
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requires about 8–10 mole of NADPH (Nasution et al., 2008). The proteome anal-
ysis provides a global overview on the protein expression difference among the 
three strains in a lineage. They provide insights in the possible mechanisms of 
the higher penicillin production during CSI, but for a complete picture, additional 
genomic and transcriptomic data is essential.

More recently, Salo and co-workers (Salo et al., 2015) found a wide spread of 
mutations introduced by the CSI across the chromosomes. Herein, a comparative 
analysis of the genome sequences of three P.chrysogenum strains (NRRL1951, 
Wisconsin54-1255, DS17690) was conducted. It appears the result of a statistical 
spread of mutations over the chromosome with no over-representation of specific 
functional classes of enzymes and processes. However, more detailed inspec-
tion revealed many changes that can be directly linked to the improvement pro-
cess. During CSI, silencing of many secondary metabolite pathways occurred. 
Nine secondary metabolite gene clusters accumulated mutational changes that 
likely inactivated the corresponding nonribosomal peptide synthase and seven 
polyketide synthetases. Indeed, one of the secondary metabolite gene clusters in-
activated during the CSI, the sorbicillinoids production pathway. One of the two 
polyketide synthases involved in this pathway collected two mutations during 
the CSI, and also the entire pathway was silenced during the early stages of CSI, 
which led to the elimination of the yellow pigment termed sorbicillinoids from 
the secondary metabolisms in P. chrysogenum. Sorbicillinoids are well known 
contaminants of penicillins that were purified from early producing strains as the 
pigment stains the crystals yellowish. Therefore, one early requirement during 
CSI was to eliminate yellow pigment formation. Recent follow-up work repaired 
the key mutation in the keto synthase domain of the polyketide synthase SorA 
(Pc21g05080) and this led to a full recovery of the production of sorbicillins in a 
high yielding penicillin producer as well as the expression of the genes involved 
in this pathway. The latter turned out to be the result of an autoregulatory phe-
nomenon in which the products of the pathway stimulate the transcription of the 
pathway genes through the action of two transcription factors (Salo et al., 2016). 

A further remarkable phenomenon during the CSI is the inactivation of the Vel-
vet complex. This complex acts as a global regulator of secondary metabolism 
and of sexual reproduction in various filamentous fungi including P. chrysoge-
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num (Veiga et al., 2012a). The core member of the Velvet complex includes VeA, 
VelB and LaeA that were discovered and characterized originally in Aspergillus 
nidulans (Bayram et al., 2008; Bok and Keller, 2004). As the genome sequence of 
P. chrysogenum Wisconsin54-1255 became available (van den Berg et al., 2008), 
five genes (velA, laeA, velB, velC, vosA) were identified to have high sequence 
similarity with the genes encoding velvet subunits in A. nidulans (Dreyer et al., 
2007; Kopke et al., 2013). Deletion of laeA and velA in P. chrysogenum resulted 
in the downregulation of all genes involved in penicillin biosynthesis and caused 
significantly reduced penicillin production, which suggests that they act as posi-
tive regulators of penicillin biosynthesis by activating expression of pcbAB, pcbC 
and penDE (Hoff et al., 2010; Kosalková et al., 2009). Work done with A. nidu-
lans indicates that VelC interacts with VelA and LaeA, and also acts as a strong 
activator of penicillin biosynthesis while VelB acts as a repressor of this process. 
Additionally, VelB and VosA activate conidiation whereas VelC plays an oppo-
site role (Kopke et al., 2013). Salo and coworkers found that these genes have 
been repetitively targeted during the strain improvement (Salo et al., 2015). For 
example, LaeA was mutated twice resulting in amino acid change (Gly338Ser, 
Lys284Glu) and a stop codon was introduced into VelA at site 315 which resulted 
in a C-terminal truncation. Therefore, it is very likely that the Velvet complex in 
the DS17690 strain was functionally impaired during the CSI, which will con-
tribute to a reduced expression of secondary metabolite gene clusters which will 
also have negative impact on penicillin formation. 

Genome-scale metabolic models for penicillin production

Recently, genome-scale metabolic models (GEMs) have been developed, which 
are now used widely as powerful tools to support systems biology research. 
GEMs are stoichiometric representations of the enzymatic and spontaneous bi-
ochemical reactions associated with an organism’s metabolic network at the ge-
nome scale (Lerman et al., 2012). These models have been widely used for the 
study of bacterial metabolism, especially for E. coli, such as engineered strain 
improvement for some valuable products in the past decades (Wang et al., 2010). 
Agren and co-workers developed a software suite named RAVEN Toolbox for 
reconstruction of GEMs for eukaryotic organisms, and built a GEM named 
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iAL1006 for P. chrysogenum Wisconsin54-1255 (Agren et al., 2013). Then an 
integrative analysis was performed by applying a random sampling algorithm in 
order to identify genes that are differentially expressed between Wiscons54-1255 
strain and DS17690 strain. It was found that 58 fluxes in total were significantly 
changed and 612 genes were differentially expressed in the two strains. Also, 36 
reactions were identified as having a significantly higher flux with up-regulated 
genes in DS17690 strain. Fifteen reactions identified as being transcriptionally 
controlled and up-regulated in DS17690 strain were found to be directly involved 
in penicillin biosynthesis, for example, reactions involved in cysteine and va-
line biosynthesis and sulfate reduction, as well as the penicillin producing reac-
tions catalysed by isopenicillin N synthase and ACV synthase. This GEM of P. 
chrysogenum elucidates some of the underlying reasons for the improved penicil-
lin production in industrial strains and assigned potential metabolic engineering 
targets for further improving this process. However, the model is still incomplete 
and also did not take into account the mutational impact of CSI that inactivated 
enzymes and pathways.

Amino acid precursors for penicillin production, synthesis, regulation, and 
localization

Penicillins are derived from an unusual tripeptide produced by the ACVS. 
L-α-aminoadipic acid (α-AAA) is synthesized from α-ketoglutarate and acetyl-
CoA as an intermediate of the L-lysine biosynthesis pathway. This amino acid 
can be recycled for the synthesis of either lysine or LLD-ACV since it is replaced 
by a phenyl- or phenoxyacetyl group and released from isopenicillin N in the 
final step of penicillin synthesis. Therefore, P. chrysogenum strains in principle 
will only require low amounts of α-AAA, although the production of the tripep-
tide can be limited by the availability of α-AAA as shown by observations that 
α-AAA can enhance penicillin production in specific strains (Nasution et al., 
2008). It has been reported that lysine inhibits the homocitrate synthase activity, 
the first enzyme of the lysine biosynthesis pathway, and thus represses its own 
synthesis (Gunnarsson et al., 2004) and this is in line with observations that ly-
sine inhibits the biosynthesis of penicillin in P. chrysogenum (Bañuelos et al., 
1999). A comparison between a low-producing strain (Wisconsin54-1255) and a 
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high-producing strain (AS-P-78) showed that the onset of penicillin biosynthesis 
is less sensitive to the presence of lysine in the medium with AS-P-78 compared 
to Wisconsin54-1255 even though penicillin production was suppressed to a sim-
ilar extent by lysine in both strains. This indicates that current industrial strains 
may already have lost their sensitivity to lysine inhibition of penicillin synthesis 
during the CSI selection and this may have contributed to the enhanced produc-
tion of the antibiotic (Luengo et al., 1979). 

It has been reported that the intracellular concentration of α-AAA, and not 
of cysteine and valine, limits the synthesis of the tripeptide ACV and IPN in 
low-producing strains (Q 176, D6/1014/A, P2 and Wisconsin54-1255) (Hönlinger 
and Kubicek, 1989). When cells are supplemented with α-AAA in the medium, 
the intracellular α-AAA concentration increases and the penicillin production is 
elevated. In addition, strains (D6/1014/A) producing higher levels of penicillin 
harbor elevated intracellular α-AAA levels than low producing strains such as 
Q176 (Jaklitsch et al., 1986). Jørgensen and co-workers found a small increase 
in penicillin-V production in an industrial high-producing strain with slightly 
increased intracellular pool levels for valine, cysteine and α-AAA when they 
simultaneously added these precursors to a fed-batch fermenter (Jørgensen et al., 
1995). Nevertheless, a recent metabolome study of the steady-state relation be-
tween central metabolism, amino acid biosynthesis and penicillin production in 
P. chrysogenum indicated that the feedback inhibition of lysine is absent in high 
yielding strain DS17690 as there is no relation between the concentration of free 
lysine and α-AAA (Nasution et al., 2008). Also, the penicillin flux seems only to 
be influenced by the intracellular cysteine concentration rather than by the other 
two amino acids α-AAA and valine. Since cysteine biosynthesis requires a large 
supply of NADPH and ATP, it was suggested that penicillin production is mostly 
influenced by the availability of energy. Additionally, an integrative analysis of 
Wisconsin54-1255 and DS17690 strain indicated that many reactions involved 
in cysteine and valine biosynthesis, as well as in sulfur metabolism which also 
contributes to cysteine biosynthesis, were up-regulated in DS17690 strain (Agren 
et al., 2013). This seems not to be the case for the reactions involved in α-AAA 
production, which suggests that penicillin production in high yielding strains 
might be more dependent on cysteine and valine availability than α-AAA. In this 
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analysis, none of the reactions of the pentose phosphate pathway were identified 
as limiting even though cysteine and penicillin biosynthesis require a large sup-
ply of NADPH. Overall, the findings on limitations likely differ for the various 
strains, their cultivation conditions as well as levels of penicillin produced, but 
the general consensus seems that high yielding industrial strains are limited for 
cysteine and valine biosynthesis.

Cysteine biosynthesis

Biosynthesis of cysteine may occur by two different pathways in fungi (Fig. 4). 
One is the transsulfuration pathway and the other is the direct sulfhydrylation 
pathway (Ostergaard et al., 1998). The transsulfuration pathway starts with the 
formation of O-acetyl-homoserine from L-homoserine through the transfer of 
an acetyl group from acetyl-CoA. Next, the intermediate L-homocysteine is 
formed from O-acetyl-L-homoserine and sulfide. Next, L-homocysteine reacts 
with L-serine to form cystathionine, which is converted into cysteine and α-ke-
tobutyrate. The direct sulfhydrylation pathway contains only two reactions, and 
starts with the formation of O-acetyl-serine from L-serine through the transfer of 
an acetyl group from acetyl-CoA. The O-acetyl-serine then reacts with sulfide to 
form L-cysteine involving the enzyme O-acetyl-L-serine sulfhydrylase.

Both pathways exist in Aspergillus nidulans and Cephalosporium acremonium. 
However, the direct sulfhydrylation pathway plays a main role in A. nidulans 
(Pienia̧żek et al., 1973), while the transsulfuration pathway dominates in C. acre-
monium (Treichler et al., 1979). It has been well established that the transsulfura-
tion pathway exist in P. chrysogenum as mutants with impaired O-acetyl-L-ho-
moserine sulfhydrylase (OAHS) activity are unable to grow on inorganic sulfur 
sources (Dobeli and Nuesch, 1980). Ostergaard et al. identified the O-acetyl-L-
serine sulfhydrylase (OASS) activity in P. chrysogenum and demonstrated the 
existence of direct sulfhydrylation pathway in this organism (Ostergaard et al., 
1998). Additionally, OASS enzyme is considered to be located in the mitochon-
dria while OAHS of the transsulfuration pathway is located in the cytosol (van 
den Berg MA, unpublished results).

Cysteine biosynthesis requires a large supply of NADPH, but the two pathways 
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Fig. 4. Two pathways for biosynthesis of L-cysteine in fungi, direct sulfhydrylation 
pathway (left) and transsulfuration pathway (right) (Ostergaard et al., 1998). Enzymes 
involved in these two pathways: (1) Serine transacetylase; (2) O-acetyl-L-serine sulf-
hydrylase; (3) homoserine transacetylase; (4) O-acetyl-L-homoserine sulfhydrylase; (5) 
cystathionine β-synthase; (6) cystathionine γ-lyase; (7) β-cystathionase; (8) cystathionine 
γ-synthase.

Sulfur metabolism

L-cysteine biosynthesis requires sulfide as sulfur donor. Fig. 5 shows that sulfide 
is formed in the sulfur assimilation pathway, which starts with the uptake of 
sulfate from the exterior of the cell by the sulfate permease encoded by sutB 
(van de Kamp et al., 1999). Next, the inorganic sulfate is converted into aden-
osine-5-phosphosulfate (APS) catalysed by ATP sulfurase, whereupon 3-phos-
pho-adenosine-5-phosphosulfate (PAPS) is formed from APS by APS kinase. 
PAPS can be reduced to sulfite by PAPS reductase. PAPS can also be converted 
back into APS by 3’(2’),5’-bisphosphate nucleotidase, which also catalysed aden-

differ in this demand. In the direct sulfhydrylation pathway, 5 moles of NADPH 
are required for the synthesis of 1 mole of cysteine, while the transsulfuration 
pathway requires 8 moles of NADPH. Thus, depending on the pathway used, the 
energetic consequences for penicillin production may differ.
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Fig. 6. The two branch pathways in Pentose Phosphate Pathways: the oxidative branch 
and non-oxidative branch.

Fig. 5. The sulfur metabolism pathways in P. chrysogenum strains (Agren et al., 2013). 
APS: adenosine-5-phosphosulfate; PAPS: 3-phospho-adenosine-5-phosphosulfate; PAP: 
adenosine 3',5'-bisphosphate; AMP: adenosine 5'-phosphate.

osine 3’,5’-bisphosphate (PAP) and H2O into adenosine 5’-phosphate (AMP) and 
phosphate. Finally, sulfite is reduced to sulfide by sulfite reductase. This path-
way requires the supply of NADPH and ATP.
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Pentose phosphate pathway

The pentose phosphate pathway contains two branches (Fig. 6), an oxidative 
branch and a non-oxidative branch. NADPH is generated in the oxidative branch, 
and is needed for biosynthesis, especially for cysteine and penicillin production 
in P. chrysogenum, while ribose 5-phosphate (R5P) is generated in non-oxi-
dative branch and required for the synthesis of nucleotides and nucleic acids. 
The non-oxidative branch is also responsible for converting the excess 5-carbon 
sugars back into glycolysis. In the oxidative branch, two moles of NADPH are 
generated from the reduction of NADP+ with the conversion of 1 mole of glu-
cose-6-phosphate (G6P) into 1 mole of ribulose 5-phosphate. In the non-oxidative 
branch, ribulose 5-phophate (Ru5P) is reversibly isomerized or epimerized into 
ribose 5-phosphate (R5P) or xylulose-5-phosphate (Xu5P), respectively. Then ri-
bose 5-phosphate and xylulose 5-phosphate are converted into glyceraldehyde 
3-phosphate (G3P) and sedoheptulose 7-phosphate (S7P) catalysed by transke-
tolase. Next, erythrose 4-phosphate (E4P) and fructose 6-phosphate (F6P) are 
formed from G3P and S7P catalysed by transaldolase. G3P and F6P also can be 
formed from Xu5P and E4P catalysed by transketolase. The transketolases and 
transaldolases connect the pentose phosphate pathway to glycolysis, feeding ex-
cess sugar phosphates into the main carbohydrate metabolic pathways.

The pentose phosphate pathway is the main source for NADPH generation in 
P. chrysogenum. Generally, it is assumed that penicillin biosynthesis requires a 
higher flux through the oxidative branch of pentose phosphate pathway since 1 
mole of penicillin formed requires 8 - 10 moles of NADPH. However, Christensen 
and coworkers compared a high- and low-yielding strain of P. chrysogenum un-
der penicillin-producing and non-producing conditions and investigated the flux 
through the pentose phosphate pathway (Christensen et al., 2000). This flux was 
basically the same under both cultivation conditions even though the high-yielding 
strain produced about seven times more penicillin than the low-yielding strain as 
monitored through the use of a 13C-tracer labelling method. This showed that no 
stoichiometric relation exists between penicillin production and the flux of pen-
tose phosphate pathway. Nevertheless, van Gulik and co-workers compared four 
conditions by growing one high-producing P. chrysogenum strain DS12975 on 
different carbon and nitrogen sources using combinations of two carbon sourc-
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es (glucose and xylose) and two nitrogen sources (ammonium and nitrate) (van 
Gulik et al., 2000). They found that conditions with increased demand for cyto-
solic NADPH imposed by C or N metabolism on top of the required supply for 
sulfate reduction led to a vast decrease in penicillin production. This suggests a 
strong correlation between NADPH supply and penicillin production. The same 
conclusion resulted from a study by Kleijn and coworkers (Kleijn et al., 2007) 
who compared the flux through the oxidative branch of the pentose phosphate 
pathway in penicillin-G producing and non-producing chemostat cultures of P. 
chrysogenum DS17690 and observed that significantly higher oxidative pentose 
phosphate fluxes occurred under penicillin-G producing conditions. The exact 
discrepancy between this observation and that of Christensen and co-workers 
(Christensen et al., 2000) is unknown but could again relate to strain differenc-
es and the vastly different levels of penicillin production. Also, differences in 
specific growth rate could affect the pentose phosphate pathway split-ratio. This 
split-ratio is a metabolic parameter, representing the fraction of glucose 6-phos-
phate entering the oxidative branch of the pentose phosphate pathway in relation 
to the total uptake of glucose by the cell. Although the pentose phosphate path-
way is the main source for generating cytosolic NADPH, there are other possible 
sources of NADPH include cytosolic NADP-dependent isocitrate dehydrogenase 
(Loftus et al., 1994) and NADP-dependent mannitol dehydrogenase (Hult et al., 
1980). Harris and coworkers identified a cytosolic NADP+-dependent isocitrate 
dehydrogenase which produces NADPH in the P. chrysogenum DS17690 strain 
and also revealed the presence of a mitochondrial NADPH dehydrogenase that 
oxidizes cytosolic NADPH via the mitochondrial shuttle (Harris et al., 2006).

Approaches for genome engineering 

Genome engineering is a type of genetic editing in which DNA is inserted, delet-
ed or replaced in the genome of a living organism in order to introduce site-spe-
cific modifications. The basic principle is that site-specific double-strand breaks 
(DSBs) at desired locations in the genome are created by engineered nucleases, 
then repaired through nonhomologous end-joining (NHEJ) or homologous re-
combination (HR), resulting in targeted mutations, which could help to under-
stand the function of a given gene. 
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Up to date, there are four types of approaches available for precise genome ed-
iting. Firstly, meganucleases have been used as a valuable tool for targeting spe-
cific genomic sites since 1990s due to their high specificity, which could rec-
ognize one long nucleotide sequence within a genome and induce a DSB at the 
specific site (Rouet et al., 1994; Silva et al., 2011). However, this approach has 
one major limitation that the target locus must contain a meganuclease cleavage 
site. Therefore, new meganucleases have been engineered to target the desired 
recognition sites (Arnould et al., 2006; Grizot et al., 2010) and to improve this 
process. The second technology depends on zinc-finger nucleases (ZFNs) which 
are artificial restriction enzymes generated by fusing a zinc finger DNA-binding 
domain to a DNA-cleavage domain. The zinc finger domains can be designed 
to target and bind specific sequences of DNA, then the nuclease domain cleaves 
the DNA at the desired sequence(Urnov et al., 2010). The third method is similar 
to ZFNs, but is named transcription activator-like effector nucleases (TALENs) 
that are made by fusing a TAL effector DNA-binding domain to a DNA cleavage 
domain of the restriction enzyme FokI (Christian et al., 2010; Joung and Sander, 
2013). Although these two approaches are powerful tools for precise genome ed-
iting, they also have some limitations, such as off-target cleavage, being expen-
sive and time-consuming since targeting a new site requires engineering a new 
protein (Wang et al., 2016). 

With the advent of CRISPR/Cas9 (clustered regularly interspaced short palin-
dromic repeats/CRISPR-associated protein 9) technology, a revolutionary tool 
for genome engineering has become available. CRISPRs were discovered by 
Ishino and coworkers in 1987 and described as interrupted clustered repeats in 
the genome of E.coli with unknown functions, then reported to widely exist in 
genomes of numerous bacterial and archaeal strains (Ishino et al., 1987). In 2005, 
a hypothesis for the function of CRISPR/Cas was made, which suggested that 
CRISRP/Cas serve as a defense immunity system against bacteriophage infec-
tion since many space sequences within CRISPRs derived from plasmid and viral 
origins (Bolotin et al., 2005; Pourcel et al., 2005). An infection experiment with 
the dairy bacterial strain Streptococcus thermophiles in 2007 for the first time 
proved that CRISPR/Cas serves as an adaptive immunity system (Barrangou et 
al., 2007). Since the function of CRISPR/Cas aroused the great interest of many 
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researchers, in the next few years, many details about the system were revealed 
and it was suggested that CRISPR/Cas could be developed into a promising tool 
for genome editing. In 2012, CRISPR/Cas-meditating genome editing was rap-
idly developed for genome engineering in many different species and opened a 
new era for modifying and editing DNA due to its high efficiency and straight-
forward design (Cong et al., 2013). Nødvig and coworkers (2015) developed a 
simple and versatile CRISPR-Cas9 based system adapted for use in filamentous 
fungi, harboring four CRISPR-Cas9 vectors equipped with commonly used fun-
gal markers, which allow for selection in a broad range of fungi, and a script that 
identifies protospacers that target gene homologs in multiple species to facilitate 
introduction of common mutations in different filamentous fungi (Nødvig et al., 
2015). Pohl and co-workers developed powerful CRISPR/Cas9 tools for mark-
er-based and marker-free genome modifications in P. chrysogenum, which would 
be very useful for discovering novel secondary metabolites, exploring functions 
of unknown gene clusters and unraveling underlying mechanisms of classical 
strain improvements (Pohl et al., 2016).

Mechanism of CRISPR/cas9 technology

The CRISPR-Cas9 genome editing system (Fig. 7) consists of two key molecules 
that introduce a change (mutation) into the DNA: 1) a nuclease termed the Cas9 
protein, which acts as a pair of ‘molecular scissors’ that can cut the two strands 
of DNA at a specific location in the genome; 2) a piece of guide RNA(gRNA), 
which is designed to find and bind to a specific sequence in the genome. The 
gRNA contains two parts: one part is composed of 18 - 20 nucleotides which 
are complementary to the target DNA sequence and another part is a long scaf-
fold-like RNA, used to bind Cas9 nuclease and to form a gRNA/Cas9 complex, 
which can guide the Cas9 protein to the same location of the genome sequence 
and to make a specific double strand break (DSB) across both strands of the 
DNA. One notable thing is that the genome DNA needs to contain protospac-
er-adjacent-motifs (PAMs) which is composed of three nucleotides (NGG). Only 
then the gRNA/Cas9 complex is able to identify and generate the DSBs. The 
cell will recognize the DNA damage and will try to repair the break by one of 
two different mechanisms, namely, Non-homologous end joining (NHEJ) or Ho-
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mologous Recombination (HR), both will introduce small insertion or deletions 
or exogenous nucleotide sequences. A whole range of specific genome modifi-
cations can be made by using these systems which are useful for studying the 
impact of CSI on strain improvement or metabolic flux improvement.

Fig. 7. The mechanism of CRISPR/Cas9 technology in filamentous fungi. A) A target 
sequence in the genome is cut at the PAM site by Cas9 guide RNA (sgRNA). B) Chimeric 
sgRNA construct carrying hammerhead (HH) ribozyme, sgRNA and hepatitis delta virus 
ribozyme (HDV). C) A fungal AMA1 based vector harboring Cas9 and sgRNA encoding 
genes is transformed into a fungus. Site-specific double strain breaks (DSB) are induced 
by the Cas9/sgRNA complex system. Left lane: the DNA DSB is repaired by NHEJ, 
resulting in mutations (yellow spot). Right lane: Co-transformation of AMA1 fungal vec-
tor and donor DNA (both in linear or circular form) into fungus, the DSBs are repaired 
by homologues recombination (HR) resulting in target integration (orange spot). Figure 
from (Nødvig et al., 2015).
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Concluding remarks
Classical strain improvement has turned P. chrysogenum strains into excellent 
factories for the production of β-lactam antibiotics, but the underlying mecha-
nisms have remained obscure for decades. Researchers tried to reach a deeper 
understanding of the genetic and biochemical mechanisms for improved pen-
icillin production by use of all kinds of systems biology approaches, such as 
integrating the genomic, transcriptomic and metabolomics data. Several changes 
during this CSI process became quickly apparent, for example, the amplifica-
tion of penicillin BGC, the upregulation of genes involved in the three amino 
acid precursors biosynthesis, and the lower levels of proteins involved in the bio-
synthesis of other unrelated secondary metabolites. However, more recent com-
parative genomic studies revealed the gene inactivation of Velvet complex in 
high-producing strains and specific point mutations in genes directly involved 
in precursor supply. This comparison will help to elucidate the genetic basis of 
improved penicillin production as the function of unknown mutations introduced 
during the CSI process can be explored by powerful genetic tools, such as CRIS-
PR-Cas9 genome editing for studying gene function and impact of each mutation 
on penicillin formation. This will be helpful in identifying the importance of the 
genes of interest and will provide a deeper insight on how classical strain im-
provement of Penicillium chrysogenum enhanced penicillin production.

Scope of thesis
This thesis presents a study on the role of specific genes involved in amino acid 
metabolism towards cysteine biosynthesis and their mutations introduced during 
classical strain improvement in the production of penicillin by the filamentous 
fungus Penicillium chrysogenum. 

Chapter 1 gives an overview of studies revealing beneficial changes during 
classical strain improvement in a series of industrial P. chrysogenum strains for 
enhanced penicillin production by integration of genomic, transcriptomic and 
proteomic data. In particular, the major difference concerned the amplification of 
the penicillin biosynthetic gene cluster in higher producer strains. The available 
genome sequence of Wisconsin54-1255 in 2008, in combination with transcrip-
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tome studies in follow-up strains revealed some further mechanisms, including 
the altered expression of genes involved in amino acid metabolism that likely en-
hance precursor fluxes towards penicillin production, the reduction of production 
of other unrelated secondary metabolites as well as the increased proliferation of 
microbodies in which critical enzymatic steps during penicillin biosynthesis are 
localized. It also describes the detailed penicillin biosynthetic pathway, as well as 
precursor supply, most notably the biosynthesis of the three amino acids precur-
sors and NADPH supply. Novel methods for genome engineering, especially the 
CRISPR/Cas9 technology, are briefly introduced in this chapter. 

Chapter 2 presents a study on the gene function of seven mutations introduced 
during classical strain improvement revealed by genome sequencing and compar-
ison among three P. chrysogenum strains (NRRL1951, Wisconsin54-1255 and 
DS17690). These mutations are predicted to be involved in amino acid metab-
olism towards cysteine biosynthesis, and the influence of these point mutations 
on gene function were predicted by protein sequence alignment by NCBI protein 
blast and a SusPect tool. The enzyme function of these genes and the impact of 
their point mutations were determined by purifying the respective proteins after 
overexpression in E. coli. The results indicate that several of the mutations in-
troduced during CSI contributed to an enhanced availability of cysteine mostly 
through the inactivation of competing pathways, suggesting that cysteine is key 
factor for penicillin production.

Chapter 3 describes the identification and functional analysis of two genes en-
coding serine/homoserine O-acetyltransferase as the enzyme catalyzing the first 
committed step of direct sulfhydrylation or transsulfuration pathways, respec-
tively. Their specific activities and gene expression levels suggest that the trans-
sulfuration pathway is more active in P. chrysogenum strains. Furthermore, the 
gene of the direct sulfhydrylation pathway was readily deleted by use of CRIS-
PR/Cas technology, and resulted in retarded cell growth and reduced production 
of secondary metabolites, such as isopenicillin and 6-aminopenicillin acid, as 
well as metabolites related to chrysogine and roquefortine. These defects could, 
however, be restored when the medium was supplemented with appropriate 
amount of cysteine, except for the production of roquefortine related metabolites. 
These data suggest that the direct sulfhydrylation pathway is important, but not 
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