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The filamentous fungus Penicillium chrysogenum has been studied extensive-
ly in relation to its industrial use for the production of penicillins and other 
b-lactams. Ever since the discovery of penicillin by Alexander Fleming, strains 
were subjected to extensive modifications through classical strain improvement 
(CSI) and selection to enhance penicillin production. The CSI took several dec-
ades wherein the fungus was exposed to numerous rounds of random mutagen-
esis (such as UV irradiation, X-ray and nitrogen mustard) to also improve on 
their use in large scale industrial fermentation. In this process, many mutations 
occurred that are not readily associated with penicillin production. A main line-
age of P. chrysogenum industrial strains started with the NRRL family such as 
NRRL1951 as wild-type like natural isolate, which eventually led to the Wiscon-
sin family such as Wisconsin54-1255 that is a Laboratory reference strain whose 
genome sequence was determined (van den Berg et al., 2008). The Wisconsin 
strain was further subjected to CSI by different industrial parties. The series of 
DS strains (such as DS17690 high-producer strain) was developed by DSM in 
the Netherlands. Currently, with the information available in the public domain, 
industrial P. chrysogenum strains can produce at least 50 mg/mL penicillin in 
fed-batch cultures (Peñalva et al., 1998). Much of the research in the last decade 
on such strains was aimed to understand the underlying mechanisms for en-
hanced penicillin production and to find way to improve this process even fur-
ther by molecular biology methods. Also, this research provides insights in how 
the classical strain improvement transformed P. chrysogenum into an excellent 
cell factory for penicillin production. 

Chapter 1 gives an overview of a series of industrial P. chrysogenum strains 
which have been developed through the process of classical strain improvement, 
and this chapter integrates the genomic, transcriptomic and proteomic studies 
performed so far. It also discusses the enzymology of the biosynthetic pathway 
for producing penicillin, as well as the precursor supply, most notably the bio-
synthesis of the three amino acids precursors and of NADPH. Novel methods for 
genome engineering, especially the CRISPR/Cas9 technology, are briefly intro-
duced in this chapter. 

Genome, proteome and transcriptome analysis have revealed some of the un-
derlying mechanisms that CSI introduced to enhance the performance of P. 
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chrysogenum to produce penicillins at large scale. In particular the amplification 
of the penicillin biosynthetic gene cluster (Fierro et al., 1995) was a major event. 
The availability of the genome sequence of Wisconsin54-1255, in combination 
with transcriptome studies revealed further mechanisms of classical strain im-
provement enhanced penicillin production, including the altered expression of 
genes involved in amino acid metabolism (van den Berg et al., 2008; Jami et al., 
2010) that likely enhanced precursor fluxes towards penicillin production, the 
reduction of the production of other unrelated secondary metabolites (Cram and 
Tishler, 1948) as well as the increased proliferation of microbodies in which crit-
ical enzymatic steps of penicillin biosynthesis are localized (Kiel et al., 2005). 
However, only through a deeper inspection of the mutations accumulated during 
the CSI by genome sequencing of a lineage of strains, it became apparent that the 
strains collected many mutations that are scattered over the chromosome (Salo et 
al., 2015). Statistically, it was not evident that certain functional classes are spe-
cifically hit by the mutations, but closer inspection suggests that at least part of 
the mutations can be associated with processes that are important for penicillin 
production. 

Seven of the mutations introduced during the CSI targeted genes involved in 
amino acid metabolism, in particular cysteine biosynthesis (Salo et al., 2015). 
In Chapter 2, the enzyme functions of these genes were determined purifying 
the respective proteins after overexpression in E. coli. Also, the impact of the 
point mutations was determined. Point mutations in the threonine and serine 
deaminases severely impaired the enzyme functions which in effect abolished 
the branched pathways for threonine and serine degradation, thus likely allowing 
a larger flux towards cysteine biosynthesis. Also the gene encoding for trypto-
phan synthase that catalyses the conversion of L-serine into L-tryptophan was 
found to be inactivated by a point mutation. With another gene encoding the 
5-aminolevulinate synthase which consumes glycine, the point mutation had no 
effect on the catalytic function. Three genes which play a direct role in cysteine 
biosynthesis showed a slight increase in activity upon mutagenesis and/or exhib-
ited elevated gene expression levels in higher yielding strains. These results indi-
cate that several of the mutations introduced during CSI contributed to improved 
cysteine biosynthesis mostly through the inactivation of competing pathways. 
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These results further underscore the notion that cysteine availability is key factor 
for efficient penicillin production.

Chapter 3 further explores the role of cysteine biosynthetic pathways for cell 
growth and secondary metabolism. There are two pathways for cysteine biosyn-
thesis in P. chrysogenum, namely, the direct sulfhydrylation (Trip, 2005) and 
transsulfuration (Ostergaard et al., 1998) pathways . It is unknown which of these 
pathways is responsible for the cysteine supply during penicillin production. 
Through heterologous expression in E. coli, purification and enzymatic analysis, 
the key enzymes catalyzing the first committed step of the direct sulfhydrylation 
and transsulfuration pathways were identified as the serine O-acetyltransferase 
(Pc22g16570) and homoserine O-acetyltransferase (Pc21g18210), respectively. 
Their specific activities and gene expression levels suggest that the transsulfura-
tion pathway is more active in P. chrysogenum strains. Attempts to inactivate the 
responsible gene, i.e., Pc21g18210 using the CRISPR/cas9 technology were un-
successful, even when the mutant selection was done in the presence of a surplus 
cysteine in the medium. On the other hand, Pc22g16570 of the direct sulfhydryl-
ation pathway was readily deleted, and the resultant strain showed retarded cell 
growth and was partially impaired in the production of secondary metabolites, 
such as isopenicillin and 6-aminopenicillin acid, as well as metabolites related to 
chrysogine and roquefortine. Most of these defects could, however, be restored 
when the medium was supplemented with cysteine, except for the production of 
roquefortine related metabolites. Rather, with the latter metabolites, the addi-
tion of high concentrations of cysteine inhibited roquefortine production in the 
parental strain by an unknown mechanism. We hypothesize that the addition of 
cysteine restores chrysogine production, as alanine, one of the building blocks of 
this nonribosomal peptide can be readily derived from cysteine, while the roque-
fortines are derived from the condensation of L-histidine and L-tryptophan. 
Tryptophan biosynthesis is competing with cysteine biosynthesis for L-serine, 
and thus the restoration by external cysteine may alleviate the depletion of L-ser-
ine.

These data suggest that the direct sulfhydrylation pathway is important, but not 
essential for cell growth and secondary metabolism in P. chrysogenum strains, 
suggesting the transsulfuration pathway is the main route for cysteine biosynthe-
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sis. Likely, both pathways contribute to cysteine supply for penicillin production, 
while the direct sulfhydrylation seems to function at early stage of fermentations.

The pentose phosphate pathway is the main source of NADPH supply in the cell 
and the NADPH demand of cells producing penicillin is high as it is required for 
cysteine biosynthesis. In Chapter 4, the impact of CSI on the pentose phosphate 
pathway was studied. The CSI led to a point mutation in ribose-5-phosphate 
isomerase B (RpiB) which is encoded by the Pc22g21440 gene. In P. chrysoge-
num, there are two genes encoding for a ribose-5-phosphate isomerase (Rpi), 
namely Pc21g20040 for RpiA, and Pc22g21440 for RpiB. The two genes were 
expressed in E. coli, purified and the enzyme kinetics were examined for the 
reversed reaction in which the substrate ribose-5-phosphate is converted into 
ribulose 5-phosphate. RpiA was found to be two-orders of magnitude more 
active than RpiB while both enzymes exhibited about the same affinity for ri-
bose-5-phosphate. Unlike RpiB, RpiA was inhibited by high concentrations of 
R5P. The point mutation (L122S) that occurred in RpiB during the CSI led to an 
almost complete inactivation of this enzyme (up to 80%). Considering the lower 
expression of RpiB, its limited activity and the mutation induced inactivation, 
it appears that RpiA is the main isomerase catalyzing the conversion of Ru5P 
into R5P. Indeed, the rpiB gene could be readily removed from the genome of P. 
chrysogenum DS54468 without an apparent phenotype in growth and second-
ary metabolite formation, whereas various attempts failed to inactivate the rpiA 
gene. The product inactivation of RpiA is likely of importance in P. chrysoge-
num strains enhanced for penicillin production. Whereas there is an enhanced 
demand for NADPH in such strains to accommodate amongst others cysteine 
biosynthesis, such requirement likely does not exist for ribose 5-phosphate for-
mation that mainly acts as precursor for RNA and DNA synthesis. Therefore, 
excess ribulose 5-phosphate will be converted into xylulose 5-phosphate for the 
re-arrangement reactions with ribose 5-phosphate that lead to the formation of 
fructose 6-phosphate in the non-oxidative branch of the pentose phosphate route. 
The feedback inhibition of RpiA by ribose 5-phosphate thus helps to control the 
flux through the non-oxidative branch and to maintain the balance between NA-
DPH requirement and ribose 5-phosphate demand. 

Summarizing, in this thesis, we have examined the impact of mutations intro-
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duced into P. chrysogenum during CSI in amino acid metabolism, and the re-
sults shows that many of the mutations served to inactive competing biosyn-
thesis pathway to optimize the precursor flux towards cysteine biosynthesis. In 
addition, the work shows that other mutations in metabolism in a subtler manner 
contributed to optimized penicillin production, whereas some mutations had no 
effect, likely reflecting side effects of the rather harsh way the mutations were 
induced during the CSI programme. Here in this thesis, a number of genes were 
studied and their functions were identified. However, many other genes obtained 
mutations and their functions still remain unknown. Along with the genome se-
quencing techniques, the advent of novel genome editing system, namely CRIS-
PR/Cas9 technology provides a powerful tool for unravelling the exact gene and 
pathway functions of interest. This can be approached by deleting certain genes 
and observing the changes and effects on phenotypes. Of interest would be the 
removal of the direct sulfhydrylation pathway by deleting the Pc22g16570 gene 
encoding for the enzyme catalyzing the first-step reaction. This will contribute 
to a better understanding of the role of the two pathways for cysteine biosynthesis 
in P. chrysogenum. This should be combined with techniques of monitoring the 
levels of intracellular and extracellular metabolites. By use of these technologies, 
the underlying mechanism of classical strain improvement on P. chrysogenum 
strains for enhanced penicillin production will be revealed at an unprecedent-
ed detail and also will give guidance for increasing the titers of valuable second-
ary metabolites in cells in a rational manner.
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