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Abstract
Penicilium chrysogenum strains are vivid producers of penicillins and other 
β-lactams. L-cysteine availability is an important factor for penicillin biosynthe-
sis. It is one of the precursors used by the nonribosomal peptide synthase encoded 
by pcbAB to synthesize the tripeptide δ-(L-α-aminoadipyl)-L-Cys-D-Val, which 
is further converted into isopenicillin N and other β-lactams. P. chrysogenum 
harbors two main routes for L-cysteine biosynthesis, i.e., the direct sulfhydryl-
ation pathway and transsulfuration pathway. P. chrysogenum contains multiple 
paralogs of the key enzymes of these two pathways. Here, serine O-acetyltrans-
ferase (Pc22g16570) and homoserine O-acetyltransferase (Pc21g18210) were 
identified as the key enzymes that catalyse the first committed step of direct 
sulfhydrylation and transsulfuration pathway, respectively. From their activities 
and gene expression levels, the transsulfuration pathway appears the main route 
in P. chrysogenum. However, deletion of the Pc22g16570 gene to inactive the 
direct sulfhydrylation pathway, impaired cell growth and slowed down penicil-
lin production. This phenotype could be rescued by the addition of L-cysteine 
to the medium. These data demonstrate that the direct sulfhydrylation pathway 
is important but not essential for cell growth and secondary metabolism in P. 
chrysogenum, and indicates that the transsulfuration pathway is the main route 
for cysteine biosynthesis.



69

Role of L-cysteine biosynthesis pathway

Introduction

Penicillin, a β-lactam antibiotic, was discovered by Alexander Fleming in 1928. 
Since then, derivatives of penicillin have been widely used for treatment against 
bacterial infections and have become one of the main antibiotics used in clinics 
worldwide today. Penicillins are produced by multiple organisms, including fun-
gi of the Penicillium genus (Brakhage et al., 2009). Its biosynthetic pathway has 
been resolved in detail, and includes various enzymatic steps that are carried out 
in different compartments in the cell, most notably the cytosol and microbody 
(van den Berg et al., 2008). Penicillins are synthesized from an usual tripeptide 
that contains L-α-aminoadipic acid, L-cysteine and D-valine (Stefan S Weber et 
al., 2012a). L-α-aminoadipic acid is an intermediate in the biosynthesis of lysine. 
L-valine is converted into D-valine by the ACV synthetase that is responsible 
for the formation of L-δ-(α-aminoadipoyl)-L-cysteinyl-D-valine tripeptide. The 
cellular pool of L-cysteine has been reported to be of particular importance for 
efficient penicillin production besides NADPH and ATP level (Jami et al., 2010: 
Nasution et al., 2008). Thus there is a tight connection between primary and sec-
ondary metabolism.

Previous studies on the cysteine biosynthetic pathways in Aspergillus nidulans 
and Cephalosporium acremonium suggest that two pathways for L-cysteine bi-
osynthesis are present in filamentous fungi (Fig. 1). The direct sulfhydrylation 
pathway seems to be the major route for L-cysteine biosynthesis in A. nidulans 
(Pienia̧żek et al., 1973) , whereas the transsulfuration pathway dominates in C. 
acremonium (Dobeli and Nuesch, 1980). The direct sulfhydrylation pathway 
contains only two reactions and these are catalysed by serine transacetylase and 
O-acetyl-L-serine sulfhydrylase, respectively. In this pathway, L-cysteine is 
formed directly from O-acetyl-L-serine and sulfide. The transsulfuration path-
way is more complex and 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, followed by the formation of cystathionine from L-serine and L-homo-
cysteine. Cystathionine is further converted into cysteine and α-ketobutyrate. 
The direct sulfhydrylation pathway utilizes 5 moles of NADPH for the formation 
of 1 mole of cysteine. In contrast, the transsulfuration pathway is more energy 
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costly and requires 8 moles of NADPH per mole cysteine produced (Kleijn et al., 
2007). Both pathways utilize acetyl-CoA, L-serine and sulfide. 

Transcriptomic studies with P. chrysogenum strains suggest that the genes of 
both pathways are expressed during penicillin production (van den Berg et al., 
2008) (Table S5). Most of these genes are either slightly up-regulated or remained 
unchanged when comparing the high penicillin yielding DS17690 strain (one 
penicillin gene cluster, derivative of Wisconsin lineage) with its progenitor Wis-
consin54-1255 (Laboratory reference strain, derivative of NRRL1951). Further-
more, the classical strain improvement programme that ran for several decades 
has led to a mutation in the Pc20g08350 gene that encodes one of the potential 
O-acetyl-L-serine sulfhydrylase enzymes (Salo et al., 2015). This mutation oc-
curred earlier during the CSI and was already present in the Wisconsin54-1255 
strain that contains a single copy of the penicillin biosynthetic gene cluster and 
that was used as a progenitor of most current industrial production strains. In-
terestingly, recent biochemical data suggests that the mutation did not affect the 
activity of the O-acetyl-L-serine sulfhydrylase (Wu et al., unpublished results), 
further demonstrating that the direct sulfhydrylation pathway is functional in P. 
chrysogenum. This confirms the earlier study of Østergaard et al. (1998) who pu-
rified one of the O-acetyl-L-serine sulfhydrylase enzymes from a high-yielding 
former production strain of P. chrysogenum. However, considering its molec-
ular mass, the latter enzyme is likely not encoded by Pc20g08350. Important-
ly, the genome sequence of Wisconsin54-1255 suggests the presence of at least 
five potential O-acetyl-L-serine sulfhydrylase enzymes, namely, Pc21g14890, 
Pc20g10940, Pc13g05990, Pc12g05420 and the aforementioned Pc20g08350. 

To what extent these two pathways contribute to cell growth and penicillin pro-
duction remains unknown. Here we have examined the activities of the key en-
zymes of both pathways, and addressed the importance of the direct sulfhydryla-
tion pathway for penicillin production in P. chrysogenum using gene inactivation.
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Fig. 1. Two pathways for biosynthesis of L-cysteine in P. chrysogenum, direct sulfhydryl-
ation and transsulfuration pathway. Enzymes: (1) Serine transacetylase; (2) O-acetyl-L-
serine sulfhydrylase; (3) homoserine transacetylase; (4) O-acetyl-L-homoserine sulfhy-
drylase; (5) cystathionine β-synthase; (6) cystathionine γ-lyase; (7) β-cystathionase; and 
(8) cystathionine γ-synthase.

Material and methods

Strains and plasmids

Three genes (Pc06g01250, Pc22g16570 and Pc21g18210) annotated as serine 
O-acetyltransferase or homoserine O-acetyltransferase were codon optimized 
for expression in E. coli, and ordered from Integrated DNA technologies, USA. 
The respective genes were cloned into the pET28b vector, which carries an 
N-terminal His•Tag/thrombin/T7•Tag configuration plus an optional C-terminal 
His•Tag sequence, and the kanamycin selection marker. Genes were inserted into 
the expression vector using the restriction enzyme sites NdeI and HindIII, and 
after ligation transformed into E. coli DH5α. For expression, the constructs were 
transformed into E. coli BL21 (DE3).
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For the gene deletion studies, P. chrysogenum DS54468 (∆hdfA) strain (kindly 
provided by DSM Sinochem Pharmaceuticals Netherlands B.V.) was used that 
contains a single copy of the penicillin biosynthetic gene cluster and deletion of 
hdfA gene to improve the homologous recombination efficiency as a nonhomolo-
gous end-joining (NHEJ) deficient mutant (Pohl et al., 2016). 

All the liquid and solid medium used in this study were described previously 
(Kovalchuk et al., 2012). Cultivations were performed at 25 oC in semi-dark con-
ditions. Liquid cultivations of volumes between 25 and 30 ml were performed in 
100 ml flasks shaken at 200 rpm.

Protein expression and purification

E. coli BL21 (DE3) strains bearing plasmids pET28b + Pc06g01250, or pET28b + 
Pc22g16570 or pET28b + Pc21g18210 were grown overnight in LB medium con-
taining 50 μg/mL of kanamycin in a shaker at 200 rpm and 37 oC. The pre-cul-
ture was used to inoculate fresh 100 ml LB medium containing 50 μg/mL of 
kanamycin to an initial OD600 nm of 0.05, and growth at 37 oC was continued to 
an OD600 nm of 0.5 - 0.6. Cultures were transferred to an incubator at 18 oC and 
shaken for 1 hour at 200 rpm, whereupon isopropyl β-D-1-thiogalactopyranoside 
(IPTG) was added to a final concentration of 1 mM. Growth and induction at 18 
oC was continued overnight, whereupon cells were harvested by centrifugation 
at 4000 rpm for 15 min. The pellet was re-suspended in 2 mL Lysis buffer (50 
mM HEPES, 3 M NaCl, 1 M DTT, Protease inhibitor tablet mini (cOmplete, 
Sigma-Aldrich), 10 mM imidazole) and cells were lysed by sonication (10 s on, 
15 s off, 35 cycles, power ~10), The cell lysate was centrifuged at 17,000 g for 
15 min at 4 oC. The supernatant was applied to a Ni-NTA column according to 
the manufacturer’s instruction manual, and the column was eluted with Washing 
buffer (50 mM HEPES, 300 mM NaCl, 50 mM imidazole) followed by Elution 
buffer (50 mM HEPES, 300 mM NaCl, 300 mM imidazole). The eluates was 10 
fold diluted with 50 mM Tris-HCl buffer (pH 8) and concentrated with an Ami-
con Ultra-4 centrifugal filter (Millipore, USA) to remove imidazole. The enzyme 
purity was judged by SDS-PAGE and the concentration was determined by use of 
NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, USA).
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Enzyme assays

The activity of the serine or homoserine O-acetyltransferase was determined 
by monitoring the increase in CoA concentration as measured by the absorb-
ance of its reaction with Ellman’s reagent (5,5’-dithio-bis-[2-nitrobenzoic acid], 
DTNB) (Qiu et al., 2013). Briefly, 50 μL reaction mixture (50 mM Tris-HCl, pH 
8, 40 mM L-serine or homoserine, 6 mM acetyl-CoA, and appropriate amount 
of purified proteins (0.05 μg for Pc21g18210, 20 μg for Pc22g16570, 0-200 μg for 
Pc06g01250)) was incubated at 25 oC in a 96-well microplate for 10 min. The re-
action was terminated with 50 μL of a stop solution (50 mM Tris-HCl pH 8, 6 M 
Guanidine HCl). Next, 50 μl of Ellman’s reagent (50 mM Tris-HCl pH 8, 1 mM 
DTNB, and 1 mM EDTA) was added to the reaction mixture. The absorbance 
values were measured at OD412 nm.

CRISPR/Cas9 based gene deletion in Penicillium chrysogenum 

Selected genes were deleted with the CRISPR/cas9 technology as described 
previously (Pohl et al., 2016). For the design of sgRNA, the tool CasOT (Xiao 
et al., 2014) was used to find 20 base pair protospacers in the Pc21g18210 and 
Pc22g16570 gene with a protospacer-adjacent-motif (PAM ), which is 5’-NGG-
3’ for Cas9 from Staphylococcus pyogenes. Next, a Scoring algorithm (Do-
ench et al., 2016) was used for calculating the impact of nucleotides at certain 
positions, and protospacer candidates with the highest scores were chosen for 
further sgRNA design. sgRNA-templates were constructed as DNA oligo-
nucleotides by fusing the 20 bp protospacer to a T7-promoter sequence (AT-
GTAATACGACTCACTATA) for the amdS cassette, and a 79 bp sgRNA tail 
(Hsu et al., 2013) (GTTTTAGAGCTAGAAATAGCAAGTTAAA 
A T A A G G C T A G T C C G T T A T C A A C T T G A A A A A G T G G C A C -
CGAGTCGGTGCTTT).Sequences were ordered as single-stranded DNA-ol-
igonucleotides (119 bp sequences) from Sigma-Aldrich, UK (Table S1). Forward 
and reverse DNA oligonucleotides were annealed to make double strands in T4 
ligase buffer (Thermo Fisher Scientific, USA). The mixture was incubated at 100 
°C for 5 min followed by cooling to 25 °C following a gradual decrease of 1 °C 
for 30 s in 75 cycles.
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Subsequently, the sgRNA was synthesized in vitro using the Ambion MegaScript 
RNA synthesis Kit (Thermo Fisher Scientific, USA). The mixture contained: 3 
μL Nuclease-free water, 0.25 μL Superase RNAse inhibitor (20 U/μL, Thermo 
Fisher Scientific, USA), 1 μL 10x RNA synthesis buffer, 1 μL ATP, 1 μL GTP, 
1 μL CTP, 1 μL UTP, and 1 μL T7 enzyme Mix. The mixture was incubated in 
a PCR machine at 37 oC for 12 h with the lid heated at 105 oC to prevent evapo-
ration. The sgRNA synthesis mixture (0.5 μL) was analysed on 2% agarose gels 
and used for transformation experiments without further purification. 

For the deletion of Pc22g16570 (1769 bp) and Pc21g18210 (1552 bp), plasmid 
pAV1_6 (kindly provided by A. Viggiano, unpublished) was used that contained 
the acetamidase gene, amdS, under the control of the gpdA promoter, and the 
amdS terminator (all genetic elements from Aspergillus nidulans) (Pohl et al., 
2016). The respective gene deletion cassettes were PCR amplified with primers 
corresponding to 100 bp long flanks with homology to the 5′- or 3′- region of 
each target gene which were combined with the amdS marker cassette (3368 bp 
in total). All primers used in this study are listed in Table S2.

Fungal Transformations and screening

Transformation of P. chrysogenum was as described previously (Pohl et al., 
2016). P. chrysogenum DS54468 protoplasts were diluted to approximately 2 × 
107 protoplasts per ml. Purified Cas9 protein was incubated with sgRNA at 37 
oC for 15 min (Pohl et al., 2016). The mixture contained 10 μL Cas9 proteins (2.7 
mg/mL), 35 μL 2 × STC buffer (2.4 M sorbitol, 100 mM CaCl2, 20 mM Tris-
HCl at pH 7.5), 30 μL 110 × Cas9 activity buffer, and 4 μL sgRNA synthesis 
mixture. Next, 3 μg of PCR-amplified donor DNA was co-transformed with the 
Cas9-sgRNA mixture using 100 μL of protoplast solution in 12 mL Greiner tube 
containing 100 μL of 20% Polyethylene glycol (PEG) and then the whole mixture 
was incubated on ice for 30 min. Then, 1.5 mL 60% PEG was added into the 
mixture and incubate at 25°C for 15 min without agitation followed by addition 
of 5 mL STC buffer and centrifugation for 5 min at 4 °C at 1500 rpm. Next, the 
pellet was resuspended in 800 μL STC buffer. After transformation, protoplasts 
were spread on T-agar plates containing 1 M sucrose for recovery of protoplasts 
and 0.1 % acetamide for selection. Plates were incubated at 25 °C for 5 - 7 days. 
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Colonies from the T-agar plates were then transferred to S-agar selection plates, 
and subsequently transferred to R-agar plates for sporulation. To confirm the 
integration of the donor DNA at the correct locus, colony PCR was performed 
using the Phire Plant Direct PCR Kit (Thermo Fisher Scientific, USA) (Primers 
used are listed in Table S3). PCR products of selected colonies were sequenced 
by Macrogen, UK.

Colony morphology in solid media

Nine rice grains were picked from rice batches of P. chrysogenum DS54468 or 
ΔPc22g16570 and transferred into 9 mL sterile physiological saline solution con-
taining 0.90 % w/v of NaCl. The suspension was vortexed to release the spores 
and diluted 100 and 1000 fold. Next, 100 μL of the suspension was pipetted onto 
R-Agar, PPM-agar, and PPM+POA-agar plates containing 2.5 g/L of phenoxy-
acetic acid, and cells were grown at 25 oC for 9 days. When indicated, PPM+POA-
agar plates were supplemented with 5-100 mg/mL of cysteine.

Fermentation and phenotype in liquid media

For the DS54468 and DS54468-ΔPc22g16570 strains, 1 × 106 spores per mL were 
grown in YGG medium at 25 oC, 200 rpm for 24 hours. Next, 4 mL of each cul-
ture was divided into new flasks containing 26 mL Penicillin-Producing Medium 
(PPM) or PPM medium containing 2.5 g/L of phenoxyacetic acid (POA), named 
as PPM + POA medium, and growth was continued in a shaking incubator at 25 
oC, 200 rpm for 7 days. Samples were harvested at indicated times for measuring 
cell dry weight to calculate their cell biomass. When indicated, the medium was 
supplemented with cysteine (100-500 mg/mL).

HPLC and LC-MS analysis 

For HPLC and LC-MS analysis, samples of the culture broth were taken at vari-
ous intervals. For intracellular metabolite analysis, mycelium was harvested and 
put into a Falcon tube containing 25 mL ice-cold 40% methanol and washed for 
two times, followed by incubation in 25 mL 70% ethanol for 10 min in hot wa-
ter bath at 85 oC to release the intracellular metabolites. Next, the samples were 
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cooled down on ice for 5 min. All the samples were centrifuged at 14,000 rpm 
for 10 min at 4 oC and then filtered through 0.2 µm PTFE syringe filters, quickly 
frozen in liquid nitrogen and stored at -80 oC if not used immediately.

The extracellular concentration of Penicillin V was determined with a Shimadzu 
HPLC LC-30AD system as described previously (Weber et al., 2012). LC-MS 
analysis was performed for detecting extracellular and intracellular secondary 
metabolites and was performed as described previously (Salo et al., 2016) . All 
the metabolites levels were corrected for growth differences by dry weight meas-
urements, and the analysis was done with two biological samples with two tech-
nical duplicates. 

qPCR analysis

Total RNA was isolated from mycelium grown in PPM+POA medium as the days 
indicated. Direct-zol™ RNA MiniPrep Kit (Zymo Research, USA) was used for 
isolation of total RNA, followed by DNaseI treatment to remove genomic DNA 
contamination. Total RNA concentration was measured with a NanoDrop ND-
1000TM. Next, cDNA was synthesized from 1.5 μg total RNA per reaction by 
reverse transcription using the Maxima™ H Minus cDNA Synthesis Master Mix 
(Thermo Fisher Scientific, USA). For gene expression analysis, the actin gene 
(Pc20g11630) was used as a control for normalization. A negative reverse tran-
scriptase (RT) control was performed to determine the gDNA contamination. 
The expression data was analysed for two biological replicates that were split into 
technical duplicates. qPCR measurements were performed with a MiniOpticonTM 
system (Bio-rad). The SensiMix™ SYBR® Hi-ROX Kit (Bioline) was used as 
Mastermix for qPCR. The thermocycler procedure was initiated with 95 oC for 
10 min, followed by 40 cycles of 95 oC for 15 s, 60 oC for 30 s, and 72 oC for 30 s. 
All the primers used for qPCR analysis are listed in Table S4.
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Results

Identification of enzymes involved in cysteine biosynthesis

P. chrysogenum contains genes that either specify the direct sulfhydrylation or 
the transsulfuration pathways for L-cysteine biosynthesis. The genome of Wis-
consin54-1255 contains four genes (Pc22g02200, Pc06g01250, Pc22g16570 and 
Pc21g18210) that may encode serine or homoserine O-acetyltransferases, which 
catalyse the first reaction of direct sulfhydrylation or transsulfuration pathway, 
respectively. However, one of these genes, i.e., Pc22g02200 is not expressed in 
P. chrysogenum microarray experiments (van den Berg et al., 2008) (Fig. 2), and 
therefore was not further examined.

Fig. 2. Average transcript levels of four predicted serine or homoserine O-acetyltrans-
ferases genes in the indicated P. chrysogenum strains Wisconsin54-1255 and DS17690 
(a high yielding strain, derivative of Wisconsin lineage) grown in PPM medium in the 
chemostat, under glucose limited condition with the absence or presence of PAA (van den 
Berg et al., 2008).

To assess the substrate specificity of Pc06g01250, Pc22g16570 and Pc21g18210, 
multiple amino acid sequence alignments were made and compared with the se-
quence of homologous proteins DcsE from Streptomyces lavendulae (Oda et al., 
2013). Homologues that carry the amino acid sequence motif Ala-(Leu/Phe)-(S-
er/Thr)-Gly which is part of a turn region involved in the formation of an ox-
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yanion hole, are predicted to be specific for the acetylation of L-homoserine, 
while the Gly-Leu-Ser-(Pro/Ala) sequence motif are predicted to be specific for 
the acetylation of L-serine. Pc06g01250, Pc21g18210 and Pc22g16570 shared 19, 
33 and 44 % identity with DcsE from S. lavendulae, respectively (Fig. S1). The 
Pc22g16570 protein contains the amino acid sequence Gly-Leu-Ser-Ala suggest-
ing that it is specific for L-serine, while Pc21g18210 contains the Ala-Leu-Ser-
Gly sequence suggesting a preference for L-homoserine (Fig. S1 underlined). 
However, Pc06g01250 harbors a different sequence , i.e., Trp-Phe-Ser-Gly and 
its low sequence identity with DcsE suggests that it may have a different enzyme 
function.

To validate the predictions, the three genes were cloned as His-tagged proteins 
and expressed in E. coli and purified (Fig. 3). Subsequently, the enzymes were 
tested for acetylation activity using saturated concentrations of the substrates. 
For this purpose, incubations were performed with L-serine or L-homoserine 
in the presence of acetyl-CoA, and the acetylation activity was monitored from 
the release of CoA. Pc06g01250 was inactive with either L-serine or L-homoser-
ine, thus likely has another enzyme function. Pc21g18210 showed a high activity 
with homoserine but was entirely inactive with serine. In contrast, Pc22g16570 
was active with serine only (Table 1). These data suggest that Pc22g16570 and 
Pc21g18210 catalyse the committed step in the direct sulfhydrylation and trans-
sulfuration pathways, respectively.

From the specific activities of these enzymes (Table 1), it is evident that Pc21g18210 
is almost 3-orders of magnitude more active than Pc22g16570, whereas the gene 
encoding for the latter enzyme is expressed only 2-fold higher than Pc21g1820 
(Fig. 2). This suggests that the transsulfuration is the most active pathway for 
sulfur assimilation in P. chrysogenum.

Gene deletion by CRISPR/cas9 technology

To evulate the importance of the two cysteine biosynthesis pathway, we set out 
to generate gene deletions of Pc22g16570 and Pc21g18210, respectively. Herein, 
we made use of the CRISPR/cas9 technology (Pohl et al., 2016). The structural 
genes were replaced by amdS resistance cassette through homologous recombi-



79

Role of L-cysteine biosynthesis pathway

Fig. 3. SDS-PAGE of potential serine or homoserine O-acetyltransferases proteins. 

Lane: 1. Marker; 2. Pc06g01250 (~40 kDa); 3.Pc21g18210 (~55 kDa); 4. Pc22g16570 (~58 

kDa). MW: molecular weight.

nation followed by selection on agar plates containing 0.1 % acetamide (Fig. S2). 
The Pc22g16570 gene was readily deleted, yielding cells that grew very poorly 
compared to DS54468 on S-agar plates. The strain was purified by transferring 
a single colony into R-agar plate for sporulation followed by plating on S-agar 
for further selection. Colony PCR and sequencing validated that the Pc22g16570 
gene was successfully deleted from the genome. In contrast, despite several at-
tempts, no deletion mutants were obtained for Pc21g18210 even under the condi-
tion that the selection plates were supplemented with L-cysteine (up to 50 mg/L) 
in order to rescue possible deletion mutants.

Table 1. Specific activities of potential serine or homoserine O-acetyltransferases encod-
ed by Pc06g01250, Pc21g18210 and Pc22g16570 respectively. 

Protein
Specific activity (μmol/min/mg)

 L-homoserine  L-serine
Pc06g01250 ND ND
Pc21g18210 116.5 ± 1.5 ND
Pc22g16570 ND 0.21 ± 0.01

ND: not detectable.
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Growth phenotype of the Pc22g16570 deletion mutant 

After successful removal of Pc22g16570 gene from the genome of DS54468, the 
colony morphology was examined on different agar plates. On R-agar plates, the 
parental and deletion mutant grew similarly (Fig. S3), while on PPM agar plates, 
the deletion mutant showed a clear growth defect as compared to the parental 
strain both in the presence or absence of the penicillin precursor-phenoxyacetic 
acid (Fig. S4). This phenomenon can be explained as R-agar plates contain 10% 
yeast extract, which is a source for cysteine, whereas PPM-agar plates only con-
tain sulfate for cysteine biosynthesis. Therefore, PPM + POA-agar plates were 
supplemented with L-cysteine (5-100 mg/L) to determine if this rescues the cell 
growth defect of the deletion strain. PPM+POA-agar plates that contained more 
than 5 mg/L cysteine, allowed for a complete restoration of the growth of the 
deletion mutant on the plates (Fig. 4, S5). Furthermore, very high concentra-
tion of L-cysteine, i.e., up to 100 mg/L were not toxic to cells (Fig. 4, S4). The 
growth defect of the ΔPc22g16570 deletion strain on liquid PPM medium is less 
pronounced. Cell growth is delayed at early stage but eventually the cells reach 
the same biomass as the parental strain (Fig. 5). Upon the addition of L-cysteine 
(100-500 mg/L) cell growth was completely restored for the ΔPc22g16570 de-
letion strain at early stage, whereas after seven days of fermentation, the cell 
dry weights declined when high concentrations of cysteine were added, likely 
because of the faster growth and the earlier onset of cell lysis (Fig. 5), which 
is comparable with the result for DS54468 parental strain (Fig. S8). Taken to-
gether, these experiments suggest that the Pc22g16570 gene, and thus the direct 
sulfhydrylation pathway is important, but not indispensable for cell growth of 
P.chrysogenum.
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Fig. 4. Colonies of DS54468 (parental strain) and ΔPc22g16570 strain on PPM+POA-
agar plates after five days of growth with different concentrations of cysteine (5-100 
mg/L) supplemented into PPM + POA medium.

Fig. 5. Growth of the DS54468 (parent strain) and ΔPc22g16570 strain in shake flasks 
in PPM medium supplemented with different concentrations of cysteine. Cell mass was 
measured after the indicated days.
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Effect of Pc22g16570 deletion on secondary metabolism 

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 ACV synthetase 
(ACVS). The second step is that the LLD-ACV is converted into isopenicillin N 
(IPN) catalysed by isopenicillin N synthase (IPNS), then followed by the final 
step in penicillin biosynthesis, which is catalysed by the acyl-CoA: isopenicil-
lin N acyl-transferase (IAT), that replaces the aminoadipic acid side chain by a 
phenyl- or phenoxyacetyl group leading to the formation of penicillin G or V, 
respectively (van den Berg et al., 2008). In the absence of a side chain precursor, 
isopenicillin N will mainly be converted into 6-aminopenicillanic acid (6-APA).

Culture broth of cells grown in PPM medium in the presence or absence of phe-
noxyacetic acid (POA) was analysed by HPLC and LC-MS. LLD-ACV extracted 
from the parental and deletion strain was quantified by LC-MS analysis. Clearly, 
the deletion mutant showed significantly lower levels of LLD-ACV (Fig. 6A) and 
IPN (Fig. 6B) as compated to the parental strain. This difference in IPN produc-
tion was restored when the medium was supplemented with 100 mg/L cysteine 
(Fig. 6B). The effect of the gene deletion was, however, less pronounced on the 
levels of 6-APA and penicillin V after seven days of growth (Fig. 6C and 6D). 
Interestingly, the addition of 200 mg/L cysteine in liquid culture even boosted 
the production levels. These data suggests that inactivation of the direct sulfhy-
drylation impacts precursor supply in the penicillin biosynthetic pathway, but the 
effect is mostly on the kinetics of penicillin production and not on the final levels 
of production. 

The effect of the gene deletion was also examined on other secondary metabo-
lites, i.e., chrysogine and roquefortine related metabolites (Salo et al., 2015a) in 
which cysteine is not a building block but nonribosomal peptide products that 
also incorporate amino acids. Chrysogine is a weak yellow pigment derived from 
the condensation of anthranilic acid and alanine by a di-modular NRPS enzyme 
ChyA (Viggiano et al., 2018). Roquefortines are derived from the condensation 
of L-histidine and L-tryptophan into HTD (histidyltryptophanyl-diketopipera-
zine), by the NRPS RoqA. LC-MS analysis revealed that the production of both 
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chrysogine and roquefortine (roquefortine D and F, and the precursor HTD) re-
lated compound was significantly affected in the Pc22g16570 gene deletion strain 
as compared to the parental strain. While cysteine addition partially restored the 
production of HTD, this was not evident for the roquefortines (Fig. S6). Also, the 
levels of chrysogine related metabolites were reduced in the deletion mutant, but 
this could be restored by the addition of L-cysteine (Fig. S6). Since alanine, one 
of the building blocks of chrysogine, can be readily derived from cysteine, resto-
ration of production likely emerges from increased supply of alanine.

Fig. 6. Penicillin formation by parental strain DS54468 and ΔPc22g16570 strain grown 
in PPM medium in the presence of different concentrations of cysteine and with and with-
out POA as side chain precursor. A. Intracellular LLD-ACV. B. Extracellular Isopenicillin 
N. C. Extracellular 6-APA and D. penicillin V. LC-MS signals were corrected for cell dry 
weights.

Effect of ΔPc22g16570 on the expression of genes involved in L-cysteine 
biosynthesis 

qPCR analysis was performed to explore the impact of the inactivation of 
Pc22g16570 gene on the complete gene set annotated as being involved in 
L-cysteine biosynthesis (Fig. 1). Herein cells were grown in PPM medium in the 
presence of phenoxyacetic acid. The expression fold change data (Fig. 7) shows 
that the gene deletion only marginally (less than 2-fold) affects the expression of 
the cysteine biosynthetic genes, except for the Pc13g05830 and Pc16g12440 gene 
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that after 3 days of growth are up- and down-regulated ~4-5 -fold, respectively. 
These genes are annotated as cystathionine gamma-lyases that catalyse the last 
step for L-cysteine biosynthesis in the transsulfuration pathway.

Since L-cysteine biosynthesis needs a large supply of NADPH, we also ana-
lysed the expression of eight genes involved in pentose phosphate pathway by 
qPCR, including four genes annotated as involving in the oxidative branch for 
generating NADPH, and four genes in the non-oxidative branch closely related 
to the steps of NADPH generation. Their average transcript levels are shown in 
Chapter 4, Table S5. The data showed that the expression of most of the genes 
remained unchanged, especially after 5 days of growth. However, Pc19g00410 
and Pc12g08920 gene are remarkably down-regulated with fold change ~30-fold 
and ~90 fold respectively after 3 days of growth; while there was no obvious 
difference between DS54468 and the deletion mutant after 5 days of growth (Fig. 
S7). These genes are annotated as 6-phosphogluconate dehydrogenase enzymes 
and thus responsible for the production of NADPH, which is required for the 
biosynthesis of cysteine.

Fig. 7. Gene expression of genes annotated in L-cysteine biosynthesis by qPCR anal-
ysis in parental and ΔPc22g16570 mutant strain. Samples were taken after 3 and 5 
days of growth in liquid PPM + POA medium. Data are shown as a fold change (ΔP-
c22g16570/DS54468)
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Discussion
There are two pathways for L-cysteine biosynthesis in P. chrysogenum strains, 
namely, the direct sulfhydrylation pathway and transsufuration pathway. In this 
study we identified Pc22g16570 and Pc21g18210 as the genes encoding the serine 
and homoserine O-acetyltransferase, which catalyse the first reaction of direct 
sulfhydrylation or transsulfuration pathway, respectively. Even though their gene 
expression levels seem similar based on the transcripts levels (Fig. 2), the specific 
enzyme activities differ by 3 orders of magnitude, Pc21g18210 as the most ac-
tive enzyme. This suggests that the transsulfuration pathway is potentially much 
more active than the direct sulfhydrylation pathway, although the exact activi-
ties are also dependent on the other enzymes in the pathway. Perhaps the serine 
O-acetyltransferase Pc22g16570 can achieve a higher activity when interacting 
with O-acetyl-L-serine sulfhydrylase which is part of the same pathway, thereby 
forming a cysteine synthase complex, for instance in higher plants (Droux et 
al., 1998; Saito et al., 1995). It is well established that the interaction between 
both enzymes regulates sulfate assimilation and modulates cysteine synthesis in 
plants and bacteria (Zhao et al., 2006), but this has not been studied for fungi. 
Pc06g01250 was not able to catalyse serine or homoserine O-acetyltransferase 
activity, which suggests that it might have different enzyme function. The gene 
may encode an esterase, that splits esters into an acid and an alcohol, as it shares 
30%, 31% identity respectively with MekB from Pseudomonas veronii and CgH-
le from Corynebacteriumglutamicum. These two enzymes were initially anno-
tated as L-homoserine O-acetyl transferases but could experimentally be identi-
fied as acetyl esterases (Tölzer et al., 2016).

The Pc22g16570 gene could be deleted from the genome, whereas inactivation 
of the Pc21g18210 gene failed despite several attempts, such as different com-
binations of sgRNA, several rounds of purification steps, and cysteine addition 
to the medium (up to 50 mg/L). A possible explanation is absence of a function-
al cystathionine γ-synthase converting cysteine into cystathionine, encoded by 
Pc16g12440 gene which is not expressed according to its transcript levels (Table 
S5). However, addition of methionine or homocysteine into medium may be able 
to rescue the P. chrysogenum strain ΔPc21g18210 as interconversion of sulfur 
amino acids (methionine-homocysteine-cysteine) occurs in filamentous fungi 
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(Sohn et al., 2014; Terfehr and Kück, 2017). It has been demonstrated that growth 
of Δmet2 (homoserine transacetylase) mutant of the thermotolerant methy-
lotrophic yeast Hansenula polymorpha is strictly dependent on the addition of 
methionine into the medium, and not of cysteine, while growth of Δsat1(Serine 
transacetylase) strain can be restored by externally added cysteine or methionine 
(Sohn et al., 2014). Since in P. chrysogenum, the transsulfuration pathway is 
much more active than the direct sulfhydrylation pathway, its inactivation may 
be technically more challeging. In this respect, inactivation of the Pc22g16570 
gene already resulted in slower cell growth both on solid and liquid media as 
compared to the parental strain DS54468, and thus a greater effect on growth 
would be expected for the inactivation of the Pc21g18210 gene. Interestingly, 
the delayed cell growth of the Pc22g16570 deletion strain could be rescued by 
supplementing the medium with cysteine. This demonstrates that the direct sulf-
hydrylation pathway is important for efficient growth but not essential. The gene 
inactivation also impacted secondary metabolism. Levels of isopencillin N and 
LLD-ACV, massively decreased but overall the gene inactivation had little effect 
on the final levesl of penicillin V production. Also the levels of chrysogine and 
roquefortine related metabolites were reduced, even though these metabolites do 
not contain L-cysteine. Levels of their amino acid precursors and protein synthe-
sis might be affected by the defect of cysteine biosynthesis in direct sulfhydration 
pathway. While chrysogenin production could be restored upon the addition of 
L-cysteine, this was not the case with the roquefortine metabolites. Rather, with 
the latter metabolites, cysteine (100 mg/L) inhibited roquefortine production in 
the parental strain by an unknown mechanism. 

The gene expression analysis revealed that the inactivation of Pc22g16570 only 
marginally affected the expression of other genes involved in cysteine biosyn-
thesis pathways. Rather, in the deletion mutant two genes of the pentose phos-
phate pathway were remarkably down-regulated after 3 days of growth. This 
concerns Pc19g00410 and Pc12g08920 that are annotated as 6-phosphogluconate 
dehydrogenase enzymes for producing NADPH from NADP+, which suggests 
that the down-regulation of these two genes probably results in less NADPH gen-
eration in the early stages of fermentation. Since the inactivation of Pc22g16570 
gene blocks the direct sulfhydrylation pathway, less NADPH will be required for 
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L-cysteine biosynthesis, hence, critical genes involved in NADPH are down-reg-
ulated.

Overall, this study demonstrates that the direct sulfhydralation pathway is im-
portant, but not essential for cell growth in P. chrysogenum strains, which in 
turn suggests the transsulfuration pathway is indispensable for cell growth and 
secondary metabolism in P. chrysogenum. 
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Supplementary information

Table S1. Genetic targets and the PAM site following the protospacer of the sgRNA is 
underlined.

Target Target size (bp) Protospacer sequence (5ʹ to 3ʹ)
Pc22g16570 1769 GATATCGCTTACGAAACCTGGGG 

GCTCAATTCCGGCTTCTCGACGG
Pc21g18210 1552 GGTTCATTATGTTAGAATGGGGG 

GCCCCAGCTGATGCACCACGCGG
GATCGAGGACCAATCCATTGCGG 
GCACCGAGCCCGGTAGATGGCGG

Table S2. Primers with 100 bp long flanks, for preparation of donor DNA.
Name Sequence 

Pc22g16570 FW CGACTAATGCGTCTGATTTCCAACGATTATTCAAATCACTCGTACTCTCC
CGCTATACACAGAGTCCTTTCTGTCCGATAAAAGTTGCAATAACCTTGG
ATGGATCCCCCGGGCTGCAGG

Pc22g16570 RV CAAACGCCGGCTAAATACTGAATGTCGCACGCTTAACCACATATTGACA
AATTTATATTATTTCCATCGCCTGCCACGCAATATACCACGCGATACCGCT
CGTACCATGGGTTGAGTGGT

Pc21g18210 FW GGGGGTTTTGACTCACTCCATTTTTATTACAAGTACACCCTGTTCTCCAT
TTCCATTCCTTCTTCTTTCCTTTATTTTGCATATTTCTGTCTTTTTCACATG
GATCCCCCGGGCTGCAGG

Pc21g18210 RV CTCCAAGGGATTCTGGACCCAGACTAGAGCATGGGATTGGCTGCAGAA
AGAACTGCGCCGGACAACACTTTTTGTTTTTCGGATTTCAACGCTTACC
GCTCGTACCATGGGTTGAGTGGT

Table S3. Primers used for colony PCR.

Primers Sequence

Pc22g16570 Seq FW GCTTATTCTCAGGACAGCTGGAGTG
Pc22g16570 Seq RV CTGTGTGGACGTATCCATTGATCCC

Pc21g18210 Seq FW CCGCTTTCCGATGTTATTTTCTGCC

Pc21g18210 Seq RV GAGAGGCAGTTGGATGCTCATC
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Table S4. Primers used for qPCR analysis.
Primers Sequence
Pc20g11630 
(Actin gene)

FW CGACTACCTGATGAAGATCCTCGC 
RV GTTGAAGGTGGTGACGTGGATACC

Pc20g08350 FW TATGGCAACACTCGGGCAAT 
RV TTGGCGAGAGAAGTGCTGAG

Pc21g18210 FW GGTTCTACGTGGTCTGCCTC 
RV GCAATGGGCACAATAGCTCG

Pc21g14890 FW TACCGCTGTCTGGATGAGGA 
RV TTCTGCAGGTGCTTCGGAAT

Pc20g10940 FW CTGCATTGGAAACACGCCTC 
RV CCCGAGTTTCAGAAGCAGGT

Pc12g05420 FW TCGTGGTCGACAGTGGAAAG 
RV AGGCCGAGGATCAGTTGTTG

Pc13g05320 FW GCATTGCCCTTCGCATGATT 
RV ATTCAAGGCACGTAGGACGG

Pc13g06020 FW TAACCCCACTCGCACACATC 
RV ACGATAATTCCGCCGTTGGT

Pc21g05430 FW CCACTCCGATGTCCTGATGG 
RV CGGGGTAGTTGACGGAGATG

Pc13g05830 FW CCTGGGACGAAATTGTGGGA 
RV TCGTGACGGTCAAATGGAGG 

Pc16g12440 FW ACCTCTAACAATGCCCACCC 
RV CGAACTCGCGGGAATAGACA

Pc21g20440 FW AAAGGTCGCCGTCGAAAAAC 
RV TCGAATGCCACATCGAGGAC

Pc22g21440 FW TCGGTGTCAACTCAACCTCC 
RV GCGAGCTTCTTGGCCAATTC

Pc12g00550 FW GATTAAGCCCGATACCCCCG 
RV ATCGGCAGCCTGGTCAATAG

Pc22g13590 FW TGCGAAGTCATCAACCACGA 
RV TCATTCACGGCTTCACCGAA

Pc20g03330 FW ACGAGCTTGTCATCCGTGTT 
RV TAGTGCAGGAGGGGAGTGAA

Pc12g10940 FW ATTACCAACGCCTACCGCAA 
RV AAGTGTGGGCACCGAAGTAG

Pc19g00410 FW GAATTCCAGGGCCGAAGTCA 
RV TTGTCCAGTGATGATCCGCC

Pc12g08920 FW CGCAAGTGGAAACCGCATAG 
RV AGTTGACATCCCAGCCTTCG
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Fig. S1. Multiple sequence alignment of the Pc22g16570, Pc21g18210 and Pc06g01250 
proteins of P. chrysogenum with DcsE from Streptomyces lavendulae (Oda et al., 2013).
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Table S5. Average transcript levels of genes involved in L-cysteine biosynthesis from the 
shaking flasks experiment in P.chrysogenum strains in PPM medium grown for 5 days 
in the presence and absence of phenylacetic acid (PAA). Data from (van den Berg et al., 
2008).

Gene name Predicted function
Wisconsin DS17690

-PAA +PAA -PAA +PAA
Pc22g16570 serine O-acetyltransferase 196 242 281 423
Pc20g08350 cystathionine gamma-synthase 221 315 245 293
Pc21g14890 cysteine synthase 539 718 801 981
Pc20g10940 cysteine synthase 71 80 108 110
Pc21g18210 homoserine O-acetyltransferase 180 176 225 209
Pc12g05420 O-acetylserine sulfhydrylase 697 788 1323 1708
Pc13g05320 cystathionine beta-synthase 179 220 153 165
Pc13g06020 β-cystathionase 447 482 496 504
Pc21g05430 cystathionine gamma-lyase 48 34 64 83
Pc13g05830 cystathionine γ-lyase 104 95 85 68
Pc16g12440 cystathionine γ-synthase 12 12 12 12

Fig. S2. Mechanism of gene deletion from genome of DS54468 strain by homologous 
recombination replaced by amdS cassette.



94

Chapter 3

Fig. S3. Colonies of DS54468 (parental strain) and ΔPc22g16570 strain grown on R-agar 
plates for nine days.

Fig. S4. Colonies of DS54468 (parental strain) and ΔPc22g16570 strain grown on PPM-
agar, PPM + POA-agar plates for nine days.
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Fig. S5. Colonies of DS54468 (parental strain) and ΔPc22g16570 strain on PPM+POA-
agar plates after nine days of growth with different concentrations of cysteine (5-100 
mg/L) supplemented into PPM + POA medium.

Fig. S6. The levels of several secondary metabolites were analysed by LC-MS and quan-
tified with average peak area corrected by their cell dry weights (X: Fermentation days; 
Y: Average peak area/CDW). The samples were harvest after 3, 5 and 7 days of growth 
for DS54468 the parental strain and for the deletion mutant strain (ΔPc22g16570) in PPM 
medium with 0-500 mg/L cysteine supplemented.
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Fig. S7. Gene expression of eight genes annotated involving in pentose phosphate path-
way by Quantitative Real Time PCR analysis in ΔPc22g16570 mutant. Samples were 
taken after 3 and 5 days of growth in liquid PPM + POA medium. Data are shown as a 
fold change (ΔPc22g16570/DS54468).

Fig. S8. Growth of the DS54468 parent strain in shake flasks in PPM medium supple-
mented with different concentrations of cysteine. Cell mass was measured after the indi-
cated days.
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