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A B S T R A C T   

Ergothioneine (ERG) is an unusual sulfur-containing amino acid. It is a potent antioxidant, which shows great 
potential for ameliorating neurodegenerative and cardiovascular diseases. L-ergothioneine is rare in nature, with 
mushrooms being the primary dietary source. The chemical synthesis process is complex and expensive. Alter-
natively, ERG can be produced by fermentation of recombinant microorganisms engineered for ERG over-
production. Here, we describe the engineering of S. cerevisiae for high-level ergothioneine production on minimal 
medium with glucose as the only carbon source. To this end, metabolic engineering targets in different layers of 
the amino acid metabolism were selected based on literature and tested. Out of 28 targets, nine were found to 
improve ERG production significantly by 10%–51%. These targets were then sequentially implemented to 
generate an ergothioneine-overproducing yeast strain capable of producing 106.2 ± 2.6 mg/L ERG in small-scale 
cultivations. Transporter engineering identified that the native Aqr1 transporter was capable of increasing the 
ERG production in a yeast strain with two copies of the ERG biosynthesis pathway, but not in the strain that was 
further engineered for improved precursor supply. Medium optimization indicated that additional supplemen-
tation of pantothenate improved the strain’s productivity further and that no supplementation of amino acid 
precursors was necessary. Finally, the engineered strain produced 2.39 ± 0.08 g/L ERG in 160 h (productivity of 
14.95 ± 0.49 mg/L/h) in a controlled fed-batch fermentation without supplementation of amino acids. This 
study paves the way for the low-cost fermentation-based production of ergothioneine.   

1. Introduction 

Ergothioneine (ERG), discovered in 1909, is an unusual amino acid 
derived from histidine and contains a sulfur atom on the imidazole ring 
(Tanret, 1909). While ERG is universally present in high organisms, such 
as plants and mammals (Halliwell et al., 2018; Melville, 1959), it is only 

biosynthesized by bacteria and fungi, including cyanobacteria, actino-
bacteria, and basidiomycete mushrooms (Genghof, 1970; Genghof et al., 
1956; Kalaras et al., 2017; Pfeiffer et al., 2011). For humans, the main 
dietary source of ERG is mushrooms. Mushroom intake is associated 
with decreased risk of developing mild cognitive impairment (Feng 
et al., 2019) and decreased cancer risk (Ba et al., 2021). ERG was 
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hypothesized to be the compound responsible for this effect due to its 
antioxidant properties (Cheah and Halliwell, 2012). Oxidative stress is 
ubiquitous in chronic diseases (Butterfield and Halliwell, 2019; Kell and 
Pretorius, 2018), such as neurodegenerative and cardiovascular diseases 
(Borodina et al., 2020; Halliwell et al., 2018). ERG was shown to 
improve the health- and lifespan in a transgenic C. elegans model of 
Alzheimer’s disease with human β-amyloid accumulation (Cheah et al., 
2019). Furthermore, the ERG level in the blood was the best predictor 
for a lower risk of cardiovascular disease and mortality in a Swedish 
population cohort study (Smith et al., 2019). ERG also improved the 
outcomes of ischaemia reperfusion injury in rats (Sakrak et al., 2008) 
and pre-eclampsia in rats (Williamson et al., 2020). 

ERG is thus a prime candidate as a new dietary supplement for 
healthy aging. Currently, only chemically synthesized ERG is commer-
cially available. In general, toxic byproducts during the chemical syn-
thesis of vitamins or nutraceuticals can cause consumer consumption 
safety concerns (Mei et al., 2015) and increase the high process costs due 
to the strict purification requirements. Consequently, an alternative 
fermentative production may present advantages of lower production 
cost and better sustainability profile due to the low usage of toxic 
chemicals. In nature, ERG is produced through two different pathways: 
the bacterial pathway (Supplementary Fig. 1) and the fungal pathway 
(Fig. 1). Both pathways use S-adenosylmethionine (SAM) to methylate 
histidine three times using ergothioneine biosynthetic methyltransfer-
ase encoded by egtD or ergothioneine biosynthesis protein 1 encoded by 
EGT1, forming hercynine. In the fungal pathway, hercynylcysteine 
sulfoxide (HCO) is directly formed from cysteine and hercynine using 
the same EGT1 enzyme. However, the bacterial pathway modifies 
cysteine using glutamate and ATP before adding glutamylcysteine to 
hercynine, finally removing glutamate again to form HCO using γ-glu-
tamyl cysteine synthase encoded by egtA, hercynine oxygenase encoded 
by egtB, and γ-glutamyl-hercynylcysteine sulfoxide hydrolase encoded 
by egtC, respectively. Ergothioneine is produced by cleaving ammonium 
pyruvate from HCO through hercynylcysteine sulfoxide lyase, encoded 
by egtE or EGT2, and a subsequent reduction. It is currently unknown 
whether the β-lyase or intracellular reductants, such as glutathione, 
catalyze the final reduction (Irani et al., 2018). 

To date, several organisms have been engineered for the biotech-
nological production of ergothioneine (Supplementary Table 1). An 
additional copy of native egtBD was combined with the deletion of his-
tidine ammonia-lyase hutH in Methylobacterium aquaticum strain 22A to 
generate a strain capable of producing 7.0 mg ERG/g dry cell weight and 
100 μg ERG/5 mL/7 days (Fujitani et al., 2018). Another study inte-
grated the EGT1 and EGT2 genes of Neurospora crassa into the Aspergillus 
oryzae genome in multiple copies to generate 231 mg ERG/kg solid 
media (Takusagawa et al., 2019). Escherichia coli was engineered by 
expressing Mycobacterium smegmatis egtBCDE genes. The resulting strain 
was cultivated with the addition of methionine, histidine, and thiosul-
fate, to reach an ERG titer of 24 mg/L (Osawa et al., 2018). In a 
follow-up study, E. coli was further engineered by expressing the egtA 
gene of M. smegmatis, upregulating cysteine biosynthesis by expressing 
feedback-insensitive cysE and serA genes, deletion of the ydeD gene 
encoding an inner membrane cysteine exporter, and upregulating SAM 
biosynthesis by deleting the transcriptional regulator metJ. The addition 
of histidine, methionine, the co-factor pyridoxine, and ammonium ferric 
citrate to the medium was found to enhance ERG production, and the 
strain produced 1.3 g/L ergothioneine after 216 h in a fed-batch culti-
vation experiment (Tanaka et al., 2019). The authors found that the 
intermediate hercynine still accumulated, indicating a bottleneck in the 
reaction catalyzed by MsEgtB. Recently, an alternative type of bacterial 
EgtB that can directly convert hercynine and cysteine to HCO, similar to 
fungal enzyme encoded by EGT1, was discovered (Stampfli et al., 2019). 
Expression of the egtB gene of Methylobacterium pseudosasicola in the 
same cysteine- and methionine-overproducing E. coli strain resulted in a 
production of 657 mg/L ERG after 192 h cultivation in SM1 minimal 
medium supplemented with histidine and methionine in Erlenmeyer 

flasks. However, the authors were unable to perform a fed-batch 
fermentation due to the slow growth of the strain (Kamide et al., 
2020). We recently showed that Saccharomyces cerevisiae can be engi-
neered to produce high amounts of ergothioneine. We identified a 
suitable combination of EGT1 of N. crassa with EGT2 of Claviceps pur-
purea by screening ERG biosynthesis genes from several organisms. 
Additional copies of both genes were inserted into the genome, and the 
medium was optimized for ERG production by adding arginine, histi-
dine, methionine, and pyridoxine. Finally, we produced 598 mg/L 
ergothioneine in a fed-batch bioreactor after 84 h (van der Hoek et al., 
2019). 

In this study, we aimed to engineer the amino acid metabolism of 
S. cerevisiae to enable high-level ERG production on simple minimal 
medium with glucose as the only carbon source, thus reducing pro-
duction costs and cementing S. cerevisiae as a viable host for commercial 
ERG production. Amino acid biosynthesis is both highly interconnected 
and tightly regulated through (i) mechanisms controlling both tran-
scription and translation of large sets of nitrogen metabolism genes, (ii) 
pathway-specific transcription factors regulating activation or repres-
sion, such as Met4 in the sulfur amino acid pathway, (iii) post- 
translational modification of enzymes, (iv) feedback regulation of 
pathways, and (v) compartmentalization of metabolites (Hinnebusch, 
2005; Ljungdahl and Daignan-Fornier, 2012). Since ERG is bio-
synthesized from the two amino acids histidine and cysteine, and the 
amino acid-derived SAM, the production of these precursors needs to be 
carefully tuned in a highly coordinated network to maximize ERG pro-
duction. Consequently, we have employed a metabolic engineering 
approach where we selected a broad range of target genes in all the 
above layers of the nitrogen metabolism regulatory system from litera-
ture (Fig. 1, Supplementary Fig. 2, and Supplementary Table 2). Sub-
sequent screening then allowed us to identify those targets that 
enhanced the ERG production. The confirmed targets were then com-
bined. We also tried to improve ERG secretion by expressing putative 
ERG transporter proteins. Lastly, we optimized the medium composition 
for our engineered strain and performed a fed-batch fermentation that 
resulted in an ERG titer of 2.4 g/L in 160 h without the usage of amino 
acid supplements. 

2. Materials and methods 

2.1. Strains and chemicals 

The S. cerevisiae strain ST8927 from our previous study (van der 
Hoek et al., 2019) was used as the background strain for metabolic en-
gineering. Escherichia coli DH5α was used for all cloning procedures, 
propagation, and storing of plasmids. Ergothioneine (catalog 
#E7521-25 MG, ≥98% purity) was bought from Sigma-Aldrich (St. 
Louis, MO, USA), and β-(1,2,4-triazol-3-yl)-DL-alanine (catalog #T9299, 
25 mg, ≥98% purity) was bought from Sigma-Aldrich (St. Louis, MO, 
USA). Synthetic genes were ordered through the GeneArt Gene Synthesis 
service of Thermo Fisher Scientific (Waltham, MA, USA). Sequencing 
results were obtained through Eurofins Genomics (Ebersberg, Germany) 
using their Mix2Seq kit. Enpump 200 kit was obtained from Enpresso 
(Berlin, Germany). 

2.2. Media 

Minimal medium consisted of a sugar source (described per experi-
ment in section 2.4), 7.5 g/L (NH4)2SO4, 14.4 g/L KH2PO4, 0.5 g/L 
MgSO4.7H2O, 2 mL/L trace metal solution, and 1 mL/L vitamin solution, 
adjusted to pH 6.0 using 2 M NaOH. Trace metal solution consisted of 
4.5 g/L CaCl2.2H2O, 4.5 g/L ZnSO4.7H2O, 3 g/L FeSO4.7H2O, 1 g/L 
H3BO3, 1 g/L MnCl2.4H2O, 0.4 g/L Na2MoO4.2H2O, 0.3 g/L 
CoCl2.6H2O, 0.1 g/L CuSO4.5H2O, 0.1 g/L KI, and 15 g/L EDTA. Vitamin 
solution consisted of 50 mg/L biotin, 200 mg/L p-aminobenzoic acid, 1 
g/L nicotinic acid, 1 g/L calcium pantothenate, 1 g/L pyridoxine HCl, 1 
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Fig. 1. Overview of the biochemical processes that were engineered in this study. The target genes for metabolic engineering are underlined. The key intermediates 
in the ergothioneine biosynthesis pathway are shown in bold. The dashed line represents feedback inhibition of a compound on an enzyme. Multiple arrows indicate 
three or more enzymatic steps. 
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g/L thiamine HCl, and 25 g/L myo-inositol. 
Synthetic Complete (SC) medium consisted of 6.7 g/L yeast nitrogen 

base without amino acids (Sigma-Aldrich, catalog #Y0626), 1.7 g/L 
yeast synthetic drop-out medium supplements without histidine (Sigma- 
Aldrich, catalog #Y1751), and 76 mg/L L-histidine. Yeast peptone 
dextrose (YPD) medium consisted of 10 g/L yeast extract, 20 g/L 
peptone, and 20 g/L D-glucose. 

For the fed-batch fermentation, batch phase medium consisted of 20 
g/L glucose, 16 g/L (NH4)2SO4, 14.4 g/L KH2PO4, 1.5 g/L MgSO4.7H2O, 
40 mg/L pyridoxine hydrochloride, 10 mg/L calcium pantothenate, 10 
nM spermidine, 4 mL/L trace metal solution and 2 mL/L vitamin solu-
tion. Feed medium consisted of 415 g/L glucose, 80 g/L (NH4)2SO4, 
14.4 g/L KH2PO4, 12.5 g/L MgSO4.7H2O, 0.5 g/L pyridoxine hydro-
chloride, 100 mg/L calcium pantothenate, 20 mL/L trace metal solution 
and 10 mL/L vitamin solution. 

2.3. Cloning and strain construction 

Strain construction for the integrations in S. cerevisiae was performed 
using the EasyClone MarkerFree method (Jessop-Fabre et al., 2016). In 
short, candidate genes for integration from Supplementary Tables 3 and 
4 were amplified using the primers from Supplementary Table 5, to 
generate their respective Biobricks with standardized overhangs (Sup-
plementary Table 6). USER cloning was then used to assemble plasmids 
(Supplementary Table 7) (Bitinaite et al., 2007). After transformation 
with plasmids, E. coli was grown on LB plates with 100 mg/L ampicillin. 
The plasmids were extracted and sequence verified using the primers in 
Supplementary Table 8. The plasmids were digested by the NotI re-
striction enzyme, and the linearized DNA was transformed together with 
a guide RNA (gRNA) plasmid targeting the standardized EasyClone 
MarkerFree integration sites into a yeast strain already harboring a 
plasmid expressing the Cas9 enzyme, using the LiAc method (Gietz and 
Woods, 2002). For the selection of yeast strains after modification with 
Cas9 plus gRNA, YPD plates supplemented with 200 mg/L G418 and/or 
nourseothricin (100 mg/L) were used. The deletions in strains 
ST9553-ST9564 were performed by amplifying a kanamycin resistance 
cassette targeting the gene of interest from the yeast KO collection 
(Winzeler et al., 1999) using primers from Supplementary Table 5. 
Otherwise, deletions were performed using CRISPR/Cas9 (Stovicek 
et al., 2015). The gRNA plasmids were produced through whole plasmid 
amplification, using phosphorylated primer PR-10277 and a primer with 
the unique gRNA spacer (Supplementary Table 5). The amplified 
plasmid was circularized using T4 ligase to generate the gRNA plasmid 
(Supplementary Table 9). The gRNA plasmid was transformed together 
with the double-stranded DNA repair template (Supplementary Table 
10) into the yeast strain according to the LiAc method. Strains were 
checked for correct genetic modification by colony PCR. A strain table 
with information on the genotype, strain specifics, parent strain, and 
their construction can be found in Supplementary Table 11. 

2.4. Small-scale cultivation conditions 

For all experiments, a single colony of the respective strains was 
inoculated in 5 mL minimal medium with 20 g/L glucose in a 13 mL 
preculture tube and cultured for 40 h at 30 ◦C and 250 rpm. Ergo-
thioneine production of the strains was tested in minimal medium 
containing 60 g/L EnPump substrate, 0.6% reagent A from the Enpump 
200 kit (Enpresso, Germany) for 72 h at 30 ◦C and 250 rpm. Target 
screening was performed by inoculating strains at OD600 = 0.1 in 500 μL 
medium in 96 deep-well plates. All other experiments were performed 
by inoculating strains at OD600 = 0.1 in 2 mL medium in 24 deep-well 
plates. The strains were cultivated in triplicate in every experiment. 
Precultures of the spe2 deletion strains were supplemented with 1 μM 
spermidine. For the cultivation of the spe2 deletion strains, 10 nM 
spermidine was used, except for the experiment described in section 3.1, 
where all targets selected from literature were screened. 

2.5. Growth profiling for testing the ergothioneine tolerance of yeast 

The respective strains were precultured as described in section 2.4 
above. For testing the effect of extracellular ergothioneine, the strains 
were inoculated at OD600 = 0.1 in 2 mL minimal medium containing 20 
g/L glucose and when specified supplemented with either 50 mg/L, 500 
mg/L or 5000 mg/L ergothioneine, in 24-well deep-well plates 
(EnzyScreen, Heemstede, The Netherlands). The strains were grown for 
72 h at 30 ◦C and 250 rpm in a Growth Profiler 960 (EnzyScreen, 
Heemstede, The Netherlands). The strains grown in medium supple-
mented with 500 mg/L ergothioneine were cultured for only 48 h and 
then used for extraction of extracellular and intracellular ergothioneine 
as described in the HPLC analysis section. 

2.6. Generating a histidine overproducing strain 

A single colony of ST8927 was inoculated into 5 mL YPD medium in a 
13 mL preculture tube and grown overnight at 30 ◦C and 250 rpm. 10 
OD600 units of ST8927 were plated onto a plate containing 1.7 g/L YNB 
without amino acids and (NH4)2SO4 (Sigma-Aldrich), to which 37.8 mM 
(4356 mg/L) proline and 0.25 mM β-(1,2,4-triazol-3-yl)-DL-alanine was 
added (Rasse-Messenguy and Fink, 1973). After 5–7 days, 30 colonies 
were picked and used to inoculate 2 mL minimal medium containing 20 
g/L glucose in 24 deep-well plates. In parallel, the colonies were 
screened in 2 mL minimal medium containing 20 g/L glucose and 30 
mM histidine in 24 deep-well plates. The plates were incubated at 30 ◦C 
and 250 rpm for 48 h. 

Colonies that did not grow in the minimal medium containing 30 mM 
histidine, but grew in the minimal medium without histidine, were 
subsequently cultivated in 2 mL minimal medium containing 60 g/L 
Enpump substrate and 0.6% reagent A from the Enpump 200 kit 
(Enpresso, Germany) to analyze their histidine and ergothioneine pro-
duction. The cells were inoculated at OD600 = 0.1 in 24-deep-well plates 
and incubated for 72 h at 30 ◦C and 250 rpm. Colony 3 was chosen to be 
used as ST9687, and colony 4 was chosen as ST10280. 

Reverse engineering of the point mutations was performed using 
cloning and strain construction methods described in section 2.3. 
Similar to the deletions generated using Cas9, gRNA plasmids were 
generated and a dsDNA template with the desired point mutation was 
used as a repair template. 

2.7. Whole-genome sequencing of histidine overproducing strains 

Strains ST8927, ST9687 and ST10280 from a glycerol stock were 
inoculated in 5 mL YPD in a 13 mL preculture tube and cultured over-
night at 30 ◦C and 250 rpm. Genomic DNA was extracted using the 
Quick-DNA Fungal/Bacterial Kit from Zymo Research, and extracted 
genomic DNA was further purified with Agencort AMpure XP magnetic 
beads (Beckman Coulter). Whole-genome sequencing of the samples was 
done using the TruSeq HT Kit (Illumina) for library preparation and a 
NextSeq 500 (Illumina) for sequencing. Reads of 150 base pair paired- 
end (2 × 150 bp) were collected for a 100-fold coverage of the 
S. cerevisiae genome size (12 Mb). The raw sequencing data have been 
deposited in the European Nucleotide Archive (accession no. 
PRJEB45772). 

The mutations in the mutant strains were identified using Breseq 
0.33.2 (Deatherage and Barrick, 2014) and Bowtie2 version 2.3.4.3 
(Langmead and Salzberg, 2012) following the procedures reported 
previously (Wang et al., 2020). In short, the sequencing reads of the 
control strain (ST8927) were first mapped to the reference genome of 
S. cerevisiae CEN.PK 113-7D (Genbank accession AEHG00000000,1) 
(Nijkamp et al., 2012), and the mutations were identified. These mu-
tations were then dispatched into the reference genome to give a control 
genome. The resulting genome file was subsequently used for the mu-
tation identification of both the control strain and the mutant strains 
(ST9687 and ST10280). The predicted mutations in both control strain 
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(output to its dispatched genome) and mutant strains were considered 
false positives. The mutations solely present in the mutant strains were 
filtered as the candidate mutations. The mapping files (bam files) are 
attached as Supplementary Files. As the reference genome of CEN.PK 
113-7D used in this work is not well annotated, the biological implica-
tions of the mutations (genes or intergenic region) were verified by 
BLASTn. The existence of candidate mutations in the mutants’ genome 
was further validated by Sanger sequencing of the PCR-amplified DNA 
fragment carrying the mutations. 

2.8. HPLC analyses 

Ergothioneine and histidine were quantified by HPLC, similar to our 
previous work (van der Hoek et al., 2019). Total, intra-, and extracel-
lular concentrations of ergothioneine and histidine were determined 
separately by measuring the compounds in the supernatant and extract 
from cells (Alamgir et al., 2015). For extracellular ERG and histidine 
concentration, a 1 mL sample of cultivation broth was centrifuged at 
3000×g for 5 min, and the supernatant was removed and analyzed for 
ergothioneine and histidine concentration using HPLC. For intracellular 
ERG and histidine concentration, the remaining cell pellet was washed 
twice with MilliQ water and then resuspended in 1 mL water. The cells 
were incubated at 94 ◦C for 10 min and then vortexed at 1600 rpm for 
30 min using a DVX-2500 Multi-Tube Vortexer from VWR (Søborg, 
Denmark). Total ergothioneine and histidine concentration in the broth 
was determined by taking a 1 mL sample of the cultivation broth and 
immediately boiling the sample at 94 ◦C for 10 min, with subsequent 
vortexing at 1600 rpm for 30 min using a DVX-2500 Multi-Tube Vor-
texer from VWR (Søborg, Denmark). For both intracellular and total 
ergothioneine samples, the vortexed samples were centrifuged at 10, 
000×g for 5 min, and the supernatant was taken and analyzed for 
intracellular or total ERG and histidine concentration using HPLC. 
Samples were stored at − 20 ◦C if needed. For HPLC analysis, the Dionex 
Ultimate 3000 HPLC system with the analysis software Chromeleon 
(Thermo Fisher Scientific, Waltham, MA, USA) was used. Samples were 
analyzed on a Cortecs UPLC T3 reversed-phase column (particle size 1.6 
μm, pore size 120 Å, 2.1 × 150 mm). The flow rate was 0.3 mL/min, 
starting with 2.5 min of 0.1% formic acid, going up to 70% acetonitrile, 
30% 0.1% formic acid at 3 min for 0.5 min, after which 100% 0.1% 
formic acid used as eluent from minute 4 to 9. Ergothioneine was 
detected at a wavelength of 254 nm, histidine was detected at a wave-
length of 220 nm. For analysis of bioreactor samples, we additionally 
quantified glucose and ethanol concentrations by HPLC as described 
(Borodina et al., 2015). 

2.9. Medium optimization 

A two-level fractional factorial design was employed in the current 
study. To understand the influence of individual components, ST10165 
was cultivated in SC medium containing the components according to 
the experimental design matrix (Supplementary Table 12) with 60 g/L 
EnPump substrate, 0.6% enzyme reagent (Enpump 200 kit, Enpresso, 
Berlin, Germany), and supplementation of 10 nM spermidine. The 
design contained a total of 34 independent variables and 74 experi-
mental trials (Supplementary Table 12). Each factor was investigated at 
two levels, a high (+1) and a low (− 1) level. The medium components 
were five times higher at the high (+1) level and five times lower at the 
low (− 1) level than the concentration in SC medium (medium 74 in 
Supplementary Table 12). The ergothioneine production was considered 
as a response variable. The design and statistical analysis were per-
formed using Design-Expert v12.0.10 (StatEase, Minneapolis, MN, USA), 
employing a MinResIV design. Statistical analysis was used to study the 
effect of each factor on ergothioneine production using variance analysis 
(ANOVA). The variables with significant effects on ergothioneine pro-
duction were identified based on confidence levels above 95% (p-value 
< 0.05). Precultures were prepared by inoculating a single colony of 

strain ST10165 into a shake flask containing 50 mL SC medium sup-
plemented with 1 μM spermidine, and incubating at 30 ◦C and 250 rpm 
overnight. Precultures were then used to inoculate 300 μL media in 96- 
deep-well plates from EnzyScreen (Heemstede, The Netherlands) at 
OD600 = 0.1 in duplicate for each different medium and incubated at 30 
◦C and 225 rpm for 72 h. Samples for analysis were taken at 24, 48, and 
72 h. Total ergothioneine detection, quantification, and analysis were 
carried out by HPLC. 

2.10. Fed-batch fermentation in bioreactors 

The media used in the fed-batch fermentation are described in sec-
tion 2.2.A single colony from a YPD plate with ST10165 colonies was 
used to inoculate 5 mL of minimal medium with 20 g/L glucose and 2 μM 
spermidine in a 13 mL preculture tube. The preculture tube was incu-
bated at 30 ◦C and 250 rpm two times overnight. 2 mL of this preculture 
was used to inoculate 98 mL minimal medium with 20 g/L glucose and 2 
μM spermidine and grown overnight in a 500 mL baffled shake flask. The 
shake flask was then incubated overnight at 30 ◦C and 250 rpm. The 
culture was centrifuged at 3000×g for 5 min, the supernatant was dec-
anted, and the pellet was resuspended in 50 mL sterile MilliQ water. The 
precultured cells were then used to inoculate 0.5 L batch phase medium 
in 1 L Sartorius bioreactors in triplicate. The starting OD600 was 0.2. The 
stirring rate was set at 800 rpm, the airflow was set at 0.5 SLPM, the 
temperature was kept at 30 ◦C, and pH was maintained at pH 5.0 using 2 
M KOH and 2 M H2SO4. The stirring and airflow settings were controlled 
by the level of dissolved oxygen in the solution. If it dropped below 40%, 
the stirring was increased up to 1200 rpm. If that was not enough, then 
the airflow was increased up to 1.5 SLPM. The feeding was started after 
40 h when all the glucose and the ethanol formed by the cells were 
consumed. The feeding rates can be found in Supplementary Table 13. 
Antifoam was added as necessary. As strain ST10165 is a spermidine 
auxotroph, regular injections of spermidine were added throughout the 
fermentation. At 40 h, 900 μL of 2.5 μM spermidine was added. At 52 h, 
850 μL of 5 μM spermidine was added. At 64 h, 750 μL of 10 μM sper-
midine was added. At 76 h, 570 μL of 25 μM spermidine was added. At 
88 h, 520 μL of 50 μM spermidine was added. From 100 to 136 h, every 
12 h 750 μL 25 μM spermidine was added. 

2.11. Modelling the structure of ATP phosphoribosyltransferase encoded 
by the HIS1 gene 

Two models of the structure of the His1 protein (Genbank accession 
number JRIV01000017.1, nucleotides 148297.149190, YER055C on the 
Saccharomyces genome database) were generated using SWISS-MODEL 
(https://swissmodel.expasy.org) (Waterhouse et al., 2018). The gener-
ated models were based on the crystal structure of Campylobacter jejuni 
ATP phosphoribosyltransferase in complex with ATP, or in complex with 
AMP and histidine (PDB accession number 4yb7.1.A and 4yb6.1.A, 
respectively). The resulting models had a Global Model Quality Estimate 
of 0.71, and a QMEANDisCo global score of 0.68 ± 0.05. 

3. Results 

3.1. Target screening for improved ergothioneine production 

We selected 27 genetic targets that may improve the supply of ERG 
precursors, histidine, SAM, and cysteine, based on biochemical path-
ways and literature data (Supplementary Table 2). Each genetic target 
was individually implemented in strain ST8927 containing two copies of 
the fungal ERG pathway. For overexpressions, we inserted an additional 
copy of the gene under the control of the strong constitutive TEF1p 
promoter. For deletions, the open reading frame of the target gene was 
removed. The strains were screened in 96-deep-well plates on a simu-
lated fed-batch medium, which contained 60 g/L Enpump substrate and 
0.6% reagent A from the Enpump 200 kit (Enpresso, Berlin, Germany) 
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(Fig. 2). The substrate was a proprietary polymer of glucose, from which 
glucose monomers are cleaved off by the proprietary enzyme in the 
reagent. The fed-batch simulated medium was chosen because the 
eventual process for ERG production would need to be carried out in a 
carbon-limited fed-batch to avoid the Crabtree effect. Eight genome 
edits improved the ERG titer by 10%–51%. Subsequently, we confirmed 
the enhancements by cultivating the corresponding strains in 24-deep- 
well plates (Supplementary Fig. 3A). 

The eight targets that increased ergothioneine production belong to 
different parts of the nitrogen metabolic regulation. Three genome edits 
belong to regulatory mechanisms that modulate the expression of large 
sets of genes involved in amino acid biosynthesis and nitrogen transport, 
or genes that encode transcription factors and regulatory proteins. These 
genome edits are the deletion of the upstream start codons of GCN4 
(henceforth named as ΔuORF1-4_GCN4) for the general amino acid 
control (GAAC), the deletion of URE2 in the nitrogen catabolite 
repression (NCR), and the overexpression of STP1 in the Ssy1-Ptr3-Ssy5 
(SPS) sensor system. On the contrary, some pathway-specific regulators 
(MET4, Δarg81, BAS1-PHO2 fusion) decreased ergothioneine produc-
tion. Genome edits that alter ERG biosynthesis precursor availability 
improved the ERG titer, such as the deletion of ERG4 and SPE2 that 
prevent utilization of SAM, the overexpression of MET14 and MET16 
that improve sulfur assimilation and sulfur amino acid biosynthesis, and 
the deletion of STR2 that prevents the conversion of cysteine back into 
homocysteine. 

The Δgsh1 strain produced no ERG and barely grew (final OD600 of 
0.96 versus 99.53 of the parent strain). When the Δgsh1 strain was grown 
in medium supplemented with 1 mM glutathione, growth was restored 
to normal levels, but the ergothioneine production was still lower than 
the parental strain (Supplementary Fig. 3B) using the same medium. 
Unexpectedly, the MET13 methylenetetrahydrofolate reductase 
(MTHFR) chimera, known to improve SAM production in S. cerevisiae by 
140-fold (Roje et al., 2002), did not improve ERG production, even 
though it was expected from the results of the Δerg4 and Δspe2 strains. 
Similarly, the other targets in the homocysteine – cysteine intercon-
version pathway (Δstr3, CYS3, CYS4) did not impact ERG titer 

positively, even though the Δstr2 strain did. 
Overall, the screening of metabolic engineering targets identified 

eight genomic edits that improved ERG titers. We then sought to 
enhance ERG production by a method other than overexpression or 
deletion and thus employed the traditional approach of generating 
mutants with increased titers using a toxic analog. 

3.2. Selecting a histidine overproducing strain for ergothioneine 
production 

The compound β-(1,2,4-triazol-3-yl)-DL-alanine (TRA) is a toxic 
analog of the ERG pathway precursor histidine. Previously, it was found 
that TRA-resistant mutants can overproduce histidine at different levels, 
to the point that the secreted histidine can supplement histidine auxo-
trophs (Rasse-Messenguy and Fink, 1973). Therefore, we plated the 
ergothioneine-producing strain with a double copy of the fungal 
pathway (ST8927) on plates containing TRA to generate histidine 
overproducing mutants. However, there are also mutants that do not 
overproduce histidine, but have an altered histidine transport (Rasse--
Messenguy and Fink, 1973). The generated mutants from the 
TRA-containing plate were thus screened in parallel using medium 
either containing 30 mM histidine or without histidine supplementation. 
A histidine concentration of 30 mM is toxic even for 
histidine-overproducing mutants. Therefore, the colonies that grew in a 
medium containing 30 mM histidine are presumably transporter mu-
tants (Supplementary Fig. 4) (Rasse-Messenguy and Fink, 1973). The 
colonies that did not grow in medium with 30 mM histidine, but did 
grow in medium without supplemented histidine were subsequently 
screened for their histidine and ERG production capabilities (Fig. 3A). 

The mutated strains had consistently higher quantities of histidine 
production at two different levels, with strains producing approximately 
247–283 mg/L or 66–88 mg/L histidine (Fig. 3A). Colony 3 showed the 
highest histidine and ergothioneine titers at 283 mg/L and 61 mg/L, 
respectively, and was renamed to strain ST9687. Furthermore, strain 
ST9687 was then used to implement and combine the genetic edits that 
were identified to improve ERG titers in the target screening experiment. 

Fig. 2. Ergothioneine titers in S. cerevisiae small-scale cultivations. Each strain carries a single genome edit as compared to control strain ST8927. The grey horizontal 
line marks the ERG titer produced by the control strain. A two-tailed Student’s t-test was used to determine if the difference was significant between the control strain 
and the single edit strain (*p-value < 0.05, **p-value < 0.005, ***p-value < 0.0005). GAAC = general amino acid control, NCR = nitrogen catabolite repression, SR =
Sulfur metabolism regulation, AR = arginine regulation, HR = histidine regulation, GS = glutathione synthesis, SAMU = S-adenosylmethionine usage, SA = Sulfate 
assimilation, HCI = homocysteine and cysteine interconversion, SAMC = S-adenosylmethionine cycle, TS = tetrahydrofolate synthesis, HS = histidine synthesis, 
MTHFR = methylenetetrahydrofolate reductase. 
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Fig. 3. Strain engineering for ergothioneine production. (A) Histidine and ergothioneine production titers for selected colonies grown on a plate containing the toxic 
histidine analog β-(1,2,4-triazol-3-yl)-DL-alanine (TRA). (B) The effect of overexpression of genes on ergothioneine titers in the TRA resistant production strain. (C) 
First round of gene deletions in engineered strains. (D) Second round of gene deletions in engineered strains. (*p-value < 0.05, **p-value < 0.005, ***p-value 
< 0.0005). 
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Rasse-Messenguy and Fink (1973) also showed that mutations in the 
HIS1 gene cause TRAR and histidine overproduction by mating their 
TRAR strains with a temperature-sensitive his1 strain (Rasse-Messenguy 
and Fink, 1973). However, there have been no other studies to deter-
mine the causal mutations. Therefore, we employed whole genome 
sequencing to elucidate the different mutations between the two distinct 
histidine production levels observed in the histidine-overproducing 
strains in parallel with further metabolic engineering. Colony 4 from 
Fig. 3A was renamed to ST10280, and the mutations in strains ST9687 
and ST10280 were determined as compared to the parent strain ST8927 
(Supplementary Table 14). Both strains carried four mutations; the 
promoter region of UBX4 and the genes HIS1, BCK1, and VBA2 were 
mutated in ST9687. The genes YBR016W, GAP1, HIS1, TCB2 were 
mutated in ST10280. The mutations were then reverse-engineered in the 
parent strain ST8927 to deduce the causal mutations for the histidine 
overproduction in our ERG production strain (Supplementary Fig. 5). As 
expected, only mutations in HIS1 lead to an overproduction of histidine. 
Furthermore, both HIS1 mutations allowed the reverse-engineered 
strain to produce similar levels of histidine and ergothioneine as their 
respective original selected strain, ST9687 for HIS1–N231I and ST10280 
for HIS1-T48S. 

3.3. Integrating gene overexpressions 

After generating a strain with improved histidine production, the 
gene overexpression that improved ERG titers in the target screening 
experiment, namely MET16, STP1, and MET14, were integrated into the 
genome. Each gene was inserted under the control of the TEF1p pro-
moter, in all possible combinations, to determine which one increased 
the ERG production the most (Fig. 3B). While all the individual edits 
improved the ERG production in the strain with the ERG pathway only, 
only MET14 improved the production in the new histidine- 
overproducing strain. The combination of MET14 and STP1 was not 
significantly different from MET14 only, which is in line with the STP1 
integration not showing any change in ERG titers by itself. All the strains 
containing the MET16 integration generated high specific titers (Sup-
plementary Fig. 6), but the titer was lower due to a decreased final 
biomass. We, therefore, chose ST9929 with the MET14 overexpression 
for further engineering. 

3.4. Engineering gene deletions 

As the next step, we wanted to explore the deletions of genetic targets 
that individually lead to ERG titer increase in the new strain back-
ground: ΔuORF1-4_GCN4, Δerg4, Δspe2, Δstr2, Δure2. However, as 
generating and screening all possible combinations would be time- 
consuming, we decided to use iterative cycles in which the deletions 
would be added individually onto the ST9929 strain and the ERG sub-
sequently analyzed. The best performing knock-outs would then be 
chosen for the next round of engineering, where the other deletions 
would be inserted on top of the existing knock-out(s). Unfortunately, 
during the first round of knock-out engineering (Fig. 3C), we could not 
obtain a strain containing the deletion of upstream start codons of GCN4. 
Therefore, we excluded this deletion from further iterative engineering 
rounds. 

Both the deletion of ERG4 and SPE2 improved the ERG titers 
significantly, but the deletion of STR2 and URE2 had no impact on 
ergothioneine titers. As the Δspe2 strain improved ERG production the 
most, it was used as the basis for the second round of knock-out engi-
neering. Unfortunately, none of the deletions further improved ERG ti-
ters (Fig. 3D). 

The SPE2 deletion turns the strain into a spermidine (Balasundaram 
et al., 1991) and pantothenate auxotroph (White et al., 2001). The 
vitamin solution used in the medium contains enough pantothenate for 
the strain, but spermidine needs to be added separately and can be as 
little as 0.1 nM (Balasundaram et al., 1991). The phenotype of the strain 

is a decrease of the growth rate if spermidine is not supplemented, 
though the strain can still replicate for several generations without 
supplementation (Balasundaram et al., 1991). Different spermidine or 
yeast extract supplementation levels were investigated to find the best 
spermidine concentration (Supplementary Fig. 7). While the 1 nM 
spermidine level impacted the production in the engineered strain and 
the parent strain the least, the decrease in the growth rate of the Δspe2 
phenotype was still present. However, when using 10 nM spermidine, 
the strain growth was restored to normal, and the ergothioneine pro-
duction was still 65% higher than when 1 μM spermidine was supple-
mented. Furthermore, 1 μM spermidine decreased the ERG production 
in the parent strain ST8927 containing only two copies of the ergo-
thioneine biosynthesis pathway (Supplementary Fig. 7). Therefore, 10 
nM spermidine supplementation was chosen as the concentration for 
future experiments. 

As further deletions did not improve the ergothioneine production of 
the strain, we continued with ST10165 for transporter engineering. 

3.5. Engineering ergothioneine transport 

As part of the initial 27 selected genetic targets (section 3.1), we tried 
to improve ergothioneine production by adjusting the distribution of the 
intermediates histidine and SAM between cellular compartments using 
transporter engineering (Fig. 1). However, as this did not yield improved 
ergothioneine titers (Fig. 2), we decided to focus on engineering ERG 
transport from the cell instead. Engineering the transport of the final 
product from a cell factory is an effective way to increase production by 
reducing feedback inhibition, reducing intermediate or product toxicity, 
and altering the reaction equilibrium towards the product (Fig. 4A) 
(Darbani et al., 2019; Kell et al., 2015; van der Hoek and Borodina, 
2020). We have previously tried to improve ergothioneine transport 
from yeast using the known ergothioneine transporter from humans, 
SLC22A4 (van der Hoek et al., 2019). However, the transporter did not 
express well in yeast. Therefore, SLC22A4 was used to search for po-
tential ergothioneine transporters based on homology, 
transporter-family characteristics, and structural similarity of substrates 
in humans, Arabidopsis thaliana, and S. cerevisiae (Fig. 4B and Supple-
mentary Table 15). We then selected human and A. thaliana transporters 
that were the closest homologs to HsSLC22A4 and were either predicted 
or known to express on the plasma membrane. The only exception was 
AtOCT7, for which the localization could not be predicted. Furthermore, 
we selected HsSLC22A32 and its closest homologs in yeast AQR1, TPO1, 
TPO3 and TPO4, for engineering, as their localization was predicted or 
known to be on the plasma membrane. Lastly, the native AGP2 plasma 
membrane transporter was selected. All heterologous genes were inte-
grated into the genome, while the native transporters were deleted, with 
the exception of TPO1. The resulting strains were then cultivated to 
determine the effect of the transporters modifications on ERG titers 
(Fig. 4C). 

Only the deletion of TPO4 increased the ERG titer, while the deletion 
of AQR1 and the integration of TPO1 and Homo sapiens SLC22A12 had 
an opposite effect. Subsequently, we investigated the tolerance of 
S. cerevisiae for ergothioneine and whether the transporter modifications 
potentially changed the tolerance (Supplementary Fig. 8A). Neither the 
growth rate nor the final OD600 measurements were affected by the 
addition of exogenous ergothioneine at as high as 5 g/L concentrations. 
While several strains, namely ST9692 (AQR1 deletion), ST9693 (TPO1 
overexpression), and ST9696 (HsSLC22A12 overexpression), also grew 
poorly as in the transporter modification experiment, none of the 
transporters affected the ergothioneine tolerance of yeast. Interestingly, 
the background strain ST7574, which expresses no ERG biosynthesis 
genes, contained no intracellular ergothioneine after cultivation in 
medium containing 500 mg/L ergothioneine, while the strains 
expressing the ERG biosynthesis genes produced between 7 and 40 mg/L 
intracellular ERG (Supplementary Fig. 8B). 

We hypothesized that overexpression of AQR1 and deletion of TPO1 
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might increase ergothioneine production. However, when we tried to 
delete TPO4 in ST10165, we could not obtain the strain even after 
several tries. As Tpo1p and Tpo4p are both polyamine transporters, we 
did not attempt to delete TPO1. The integration of AQR1 yielded positive 
results in the parent strains ST8927 (Fig. 4D), increasing the ergo-
thioneine titer slightly but significantly by approximately 10%. How-
ever, when the transporter was introduced to the engineered strain 
ST10165, it no longer improved ergothioneine titers significantly. 

In our previous study, we not only expressed the human ergo-
thioneine transporter SLC22A4 in an attempt to improve ERG produc-
tion, but we also investigated the open reading frame MEI_6084 from 
M. smegmatis (van der Hoek et al., 2019). MsMEI_6084 can be found 
close to the biosynthetic gene cluster for ergothioneine and was thus 
hypothesized to be an ergothioneine transporter. However, when 
expressed in yeast, MsMEI_6084 localized to the vacuole (van der Hoek 
et al., 2019). Various signal peptides have been described that might 
target MsMEI_6084 to the plasma membrane. A C-terminal signal pep-
tide, the plasma membrane association module of amino acid permeases 
in S. cerevisiae (Popov-Čeleketić et al., 2016), and the N-terminal signal 

peptide Shrew-1 from H. sapiens (Resch et al., 2008) were linked to 
MsMEI_6084 together with green fluorescent protein (GFP) (Supple-
mentary Fig. 9). Unfortunately, this did not increase ERG production 
significantly (Supplementary Figs. 9A and 9B) nor localize the trans-
porter to the plasma membrane (Supplementary Fig. 9C). 

3.6. Medium optimization for increased ERG production 

The medium composition was optimized for ST10165 to maximize 
the ERG titer. The effect of thirty-four SC medium components on 
ergothioneine production was investigated using a two-level fractional 
factorial design varying components 5-fold. Strain ST10165 was also 
cultivated in SC medium supplemented with spermidine to compare the 
production efficiency of the designs (Supplementary Fig. 10). Out of the 
73 designs, 33% gave higher ERG titers than the base medium. The ERG 
production data were analyzed using variance analysis (ANOVA), and 
the resulting regression model was significant (p < 0.005). The regres-
sion analysis indicated that calcium pantothenate at a concentration of 
2 mg/L significantly influenced the ergothioneine production positively 

Fig. 4. Effect of transporter modifications on ergothioneine production. (A) Illustrative diagram on the potential effects of transporter modifications. (B) Homology 
tree to identify new transporter candidates for ergothioneine. (C) The insertion or deletion of transporters alters ergothioneine production. (D) How the AQR1 
transporter affects ergothioneine titers. (*p-value < 0.05, **p-value < 0.005, ***p-value < 0.0005). PM: plasma membrane, Vac: Vacuole, Mit: mitochondria. 
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(p-value < 0.0001) (Supplementary Table 16). The medium composition 
with high calcium pantothenate improved ergothioneine levels up to 2- 
fold compared to the base medium. Additionally, all eight top- 
performing media contain calcium pantothenate, confirming the posi-
tive effect of calcium pantothenate on ERG production. Therefore, we 
decided to supplement additional pantothenate for the fed-batch 
fermentation of strain ST10165 in bioreactors. 

3.7. Fed-batch fermentation 

Finally, the engineered strain ST10165 was cultivated under glucose- 
limiting fed-batch conditions in bioreactors (Fig. 5). Both additional 
pantothenate and pyridoxine were supplemented to the media, with 
pantothenate found through medium optimization, while pyridoxine is a 
required co-factor for the Egt2 enzyme and had a positive impact on 
ergothioneine production previously (Tanaka et al., 2019; van der Hoek 
et al., 2019). After 160 h of cultivation, ST10165 produced 2.39 ± 0.08 
g/L ergothioneine with a cell dry weight (CDW) of 68.5 ± 2.9 g/L, which 
corresponds to a productivity of 14.95 mg/L/h and a product yield YSP of 
11.18 mg ERG/g glucose. Approximately 76% of the produced ERG was 
retained intracellularly. Compared to the previous work, our strain 
produces 82% more ergothioneine than the previously reported highest 
ERG titer of 1.31 g/L in 216 h in E. coli (productivity of 6.06 mg/L/h) 
(Tanaka et al., 2019). Furthermore, our strain also showed a 110% in-
crease from the highest reported ERG productivity at 7.12 ± 0.21 
mg/L/h in S. cerevisiae (titer of 598 ± 18 mg/L in 84 h) (van der Hoek 
et al., 2019), without the supplementation of amino acid precursors 
(Supplementary Table 1). 

4. Discussion 

Here we report the high-level production of ergothioneine in 
S. cerevisiae by combinatorial engineering of the supply of three amino 
acid precursors, histidine, SAM, and cysteine. Various genetic targets in 
the different layers of the highly interconnected and regulated amino 
acid metabolism were selected through a literature search, and their 
effects on ergothioneine production were investigated. 

Targets in all nitrogen regulatory mechanisms, the GAAC, the NCR, 
and the SPS sensor system, improved the ERG production. Deleting the 
upstream start codons of GCN4 is known to constitutively activate amino 
acid metabolism (Mueller and Hinnebusch, 1986) and thus likely posi-
tively impacts ERG titers. NCR is a regulatory mechanism whose pri-
mary function is to allow the cell to scavenge preferred nitrogen sources 
over nonpreferred sources. Ure2 is one of the main regulatory elements, 

and its inactivation constitutively derepresses NCR-sensitive genes 
(Ljungdahl and Daignan-Fornier, 2012). However, the increase of ERG 
production in the Δure2 strain is not due to an increased uptake of amino 
acids, as these are lacking in the used minimal medium. Instead, the ERG 
production could be improved by increasing the uptake of ammonium 
through the derepression of the MEP transporters (Marini et al., 1994, 
1997), but the NCR response is also known to affect amino acid meta-
bolism and is predicted to induce GCN4 transcription (Godard et al., 
2007). The SPS sensor system induces the expression of broad-specificity 
permeases upon sensing of external amino acids (Ljungdahl, 2009). 
However, it has also been shown to induce the expression of sulfur 
amino acid biosynthesis genes (Forsberg et al., 2001). Ssy1 is a trans-
membrane protein on the plasma membrane that senses the extracel-
lular versus intracellular amino acid state (Klasson et al., 1999). Ptr3 and 
Ssy5 form a complex with Ssy1 (Forsberg and Ljungdahl, 2001), and 
upon activation, the Yck2 phosphorylates Ptr3 and Ssy5 (Abdel-Sater 
et al., 2011), after which SCFGRR1 (Skp1-Cul1-F-box) polyubiquinates 
the phosphorylated Ssy5 to activate it (Andréasson et al., 2006). The 
catalytic domain of Ssy5 dissociates from the inhibitory Pro-domain and 
finally activates the transcription factors Stp1 and Stp2 (Andréasson 
et al., 2006) that induce gene expression in the nucleus. The over-
expression of STP1 was the only modification in the SPS system that 
improved ERG production. It is possible that the overexpression of the 
other targets in the SPS pathway did not increase the regulatory signal, 
but a higher baseline of Stp1 in the cell could lead to enhanced pathway 
activation, including activation of the sulfur amino acid biosynthesis 
pathway (Forsberg et al., 2001). 

Out of precursor-specific targets, Δerg4 is interesting as the enzyme 
does not catalyze a reaction that uses one of the precursors. However, it 
was shown that deleting ERG4 improves SAM production (Shobayashi 
et al., 2006). Therefore, we share the hypothesis with the authors that 
accumulation of the intermediate ergosta-5,7,22,24(28)-tetraen-3-β-ol 
perhaps has a repressive effect on the pathway, reducing the use of SAM 
through the Erg6 enzyme. In contrast, the SPE2 deletion is more 
straightforward, removing the ability of the strain to use SAM for 
spermidine and spermine synthesis (Kashiwagi et al., 1990). Similarly, 
overexpression of MET14 and MET16 successfully increased glutathione 
production in S. cerevisiae (Hara et al., 2012), showing the potential for 
ERG production. 

Based on our previous observation that arginine addition to the 
medium helped improve ERG titers in our base strain (van der Hoek 
et al., 2019), we deleted ARG81, which decreased ergothioneine pro-
duction. However, it likely detracts from nitrogen availability for the 
synthesis of precursors when arginine is biosynthesized in the strain 

Fig. 5. Fed-batch fermentation results for the strain ST10165. The experiment was performed in triplicate; average values and standard deviations are shown. CDW: 
cell dry weight. 
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itself. Additionally, we hypothesized that ergothioneine could poten-
tially counteract a possible lack of glutathione, and deletion of GSH1 
could improve the cysteine pool for ERG synthesis. However, the strain 
barely grew without glutathione supplementation and generated less 
ERG with supplementation. The reason for this could be that glutathione 
may supply the reducing equivalent necessary for ergothioneine syn-
thesis after Egt2 releases the hydroxysulfanylhercynine intermediate 
(Irani et al., 2018). 

Ergothioneine titers were also increased by improving the histidine 
supply through selecting histidine overproducing mutants using TRA. 
While the locus of the causal mutations was determined to be HIS1 
through mating yeast (Rasse-Messenguy and Fink, 1973), we employed 
whole-genome sequencing to characterize the causal mutations in this 
phenotype (Supplementary Table 14 and Supplementary Fig. 5). 

Particularly interesting is the T48S mutation in the HIS1 gene, as this 
mutation allowed the strain to produce more histidine than the native 
enzyme, even though threonine and serine are structurally similar 
amino acids. On the other hand, the change of polar asparagine to apolar 
isoleucine at position 231 led to a much higher histidine production in 
the reverse-engineered strain. While the structure of S. cerevisiae ATP 
phosphoribosyltransferase (ATP-PRT), encoded by HIS1, has not been 
determined, various structural studies of the enzyme from other or-
ganisms (Cho et al., 2003; Lohkamp et al., 2004; Mittelstädt et al., 2016) 
show that it is allosterically inhibited by histidine and inhibited at the 
catalytic site by AMP. 

Indeed, when we modelled the structure of the His1 protein with the 
Campylobacter jejuni ATP-PRT as a template using SWISS-MODEL 
(Waterhouse et al., 2018), the N231I and T48S mutations localize 
within the histidine allosteric binding site and in a loop in close prox-
imity to the AMP binding site, respectively (Supplementary Fig. 11). The 
C. jejuni ATP-PRT is a homohexamer, and the crystal structure was 
determined both in complex with ATP and with histidine and AMP 
(Mittelstädt et al., 2016). It also supported a Global Model Quality Es-
timate of 0.71, and a QMEANDisCo global score of 0.68 ± 0.05 when the 
S. cerevisiae His1 protein was modelled to it. 

The His1 model predicted that the N231 residue is localized in the 
equivalent of the allosteric histidine binding pocket of the C. jejuni ATP- 
PRT crystal structure (Supplementary Fig. 11A). Upon closer inspection 
of the histidine binding pocket (Supplementary Fig. 11B), the asparagine 
at position 231 is likely interacting with and stabilizing the histidine in 
the allosteric binding pocket through hydrogen bonds, as is done simi-
larly by the equivalent H233 amino acid residue in the C. jejuni ATP- 
PRT. Therefore, the N231I mutation likely caused a loss of feedback 
inhibition by reducing the ability of histidine to allosterically bind and 
subsequently inhibit the His1 protein. 

Comparatively, the T48 residue in His1 was predicted to occur in a 
small loop, similar to the T45 residue in the C. jejuni ATP-PRT structure 
in complex with either ATP or histidine and AMP (Supplementary Figs. 
11C and 11D). This loop is close to the ATP (Supplementary Figs. 11E 
and 11F) and the AMP (Supplementary Figs. 11G and 11H) binding 
pocket. We hypothesized that T48 could play a role in the entering and 
exit of ATP and AMP into the His1 catalytic site, potentially shifting the 
equilibrium between AMP and ATP binding to the catalytic site, leading 
to a reduced inhibition of the His1 protein by AMP. 

Thus, we hypothesize that the two mutations have distinct mecha-
nisms to reduce the inhibition of the enzyme, explaining the lower and 
higher level of histidine production by the T48S and the N231I muta-
tions in His1, respectively. However, this hypothesis should be verified 
experimentally. 

Both sequenced mutant strains also have a mutation in one of the 
amino acid transporters, Vba2 and Gap1, for ST9687 and ST10280, 
respectively. Vba2 normally sequesters histidine in the vacuole, while 
Gap1 is annotated as a general amino acid permease. Thus, the muta-
tions might be necessary for the strains to prevent toxicity from the 
increased intracellular amount of histidine, as histidine can act as a 
metal chelator (Watanabe et al., 2014). 

The other identified genetic edits for improved ERG production were 
then combined in the histidine-overproducing mutant strain ST9687. 
Met16 caused a detrimental effect, even when combined with other 
genes, as all growth-impaired strains carried the integration of MET16 
under the TEF1 promoter. The sulfate assimilation pathway already 
necessitates larger amounts of NAD(P)H (Celton et al., 2012), so the 
overexpression of MET16 encoding phosphoadenylyl sulfate reductase 
might put too much of a burden on the cells. Perhaps using a weaker 
promoter for the overexpression of MET16 would have improved ERG 
production without comprising the strain growth. 

Only the deletion of ERG4 and SPE2 improved the ergothioneine 
production in ST9929, while there was no effect on ERG titers in the 
Δstr2 and Δure2 strains. A potential explanation for the difference be-
tween these gene knock-outs is that the SAM supply is the bottleneck. 
Histidine is already overproduced, and the integration of MET14 
potentially increases cysteine supply enough, but not the SAM avail-
ability. SAM supply being the bottleneck would also explain our previ-
ous observation that adding a second copy of N. crassa EGT1 improved 
the ERG production (van der Hoek et al., 2019); the most 
flux-controlling step of the ergothioneine biosynthetic pathway would 
then be the triple methylation of histidine to hercynine. 

Engineering the strain with multiple knock-outs did not improve 
ERG titers further. Potentially, the precursor supply is not improved 
significantly enough to increase ergothioneine titers, or the limitation is 
no longer with the precursor supply but instead with the catalytic rates 
of the enzymes. Enzyme engineering could tackle this issue, but it re-
quires a high-throughput screen to be used effectively. 

We also investigated the deletion or expression of potential ergo-
thioneine transporters to improve ERG production. While the Δtpo4 
strain had improved ergothioneine titers, we could not obtain a strain 
carrying both Δspe2 and Δtpo4. TPO disrupted mutants are known to 
have an increased sensitivity towards spermidine and spermine and a 
decreased uptake of the polyamines (Tomitori et al., 2001). Further-
more, the close homolog of TPO4, TPO1, is known to facilitate both 
uptake of spermidine at alkaline pH and secretion at acidic pH (Uemura 
et al., 2005), and has recently been implicated in medium-chain fatty 
alcohol transport (Hu et al., 2020). Thus, disruption of the TPO trans-
porters could sensitize the cells to polyamines necessary for cell prolif-
eration and survival, in essence turning them into essential genes in a 
Δspe2 strain. The Aqr1 transporter is known to excrete excess amino 
acids from the cell (Velasco et al., 2004) and can likely transport ERG 
due to the structural similarity to amino acids. However, when imple-
mented into ST10165, the histidine overproduction may dominate the 
transport capacity of the transporter, blocking ergothioneine from being 
transported. Therefore, the ERG transport capabilities of the Aqr1 
transporter should be investigated with direct transporter assays, such as 
Xenopus laevis oocytes or solid-supported membrane electrophysiology 
(van der Hoek and Borodina, 2020). 

Pantothenate was the only compound found to improve ERG pro-
duction in the ST10165 strain through medium optimization. The SPE2 
knock-out renders the cells unable to produce spermidine and spermine, 
both precursors for pantothenate biosynthesis. Pantothenate is required 
for the synthesis of coenzyme A (CoA) (Olzhausen et al., 2009). 
Furthermore, acetyl-CoA is required for the production of O-acetylho-
moserine (Fig. 1), a precursor for the synthesis of SAM and cysteine. 
Pantothenate supplementation can thus improve cell fitness or meta-
bolism and improve ERG titers. However, pantothenate supplementa-
tion alone was not sufficient to remove the reducing growth rate 
phenotype of the Δspe2 strains, it also required spermidine. If spermidine 
would only be required for its conversion towards pantothenate through 
spermine (Fig. 1), pantothenate supplementation alone would have 
alleviated the auxotrophy of the SPE2 deletion. However, spermidine is 
also a necessary substrate for the hypusine modification of eukaryotic 
translation initiation factor 5A (eIF5A) (Chattopadhyay et al., 2003), an 
essential protein. The supplementation of spermidine and pantothenate 
is thus necessary, but a spermidine concentration of 1 μM had a 
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detrimental effect on ERG production, both in the Δspe2 strains and the 
ERG parent strain ST8927 (Supplementary Fig. 7). This result suggests 
that the intracellular spermidine levels has a tight range for optimal ERG 
production and simultaneous mitigation of the reduced growth 
phenotype. 

Interestingly, other components were not found to be influencing the 
ERG production levels significantly. We argue that this indicates that the 
precursor supply for ergothioneine biosynthesis is sufficient, as extra 
amino acid supplementation does not improve ergothioneine titers. 

Finally, our engineered strain produced the highest reported titer of 
2.39 ± 0.08 g/L and exhibited the highest productivity (14.95 ± 0.49 
mg/L/h). In our previous study, the amount of intracellular ERG was 
approximately 42% (van der Hoek et al., 2019), but then we already 
hypothesized that some cells died during the fed-batch cultivation, 
releasing ergothioneine from the cell. However, in the current fermen-
tation, cell death does not seem to be an issue. Interestingly, extracel-
lular ergothioneine only starts increasing once the biomass growth is not 
as fast, indicating that the cells keep ERG intracellularly as much as 
possible. As our efforts to improve ergothioneine export from 
S. cerevisiae were only partly successful, it is a possibility that the or-
ganism has either no good exporters for ergothioneine or that there are 
strong importers for ERG. In the tolerance experiment, no intracellular 
ergothioneine was detected in the background strain without ERG 
biosynthesis genes (ST7574) when grown in minimal medium supple-
mented with 500 mg/L ERG (Supplementary Fig. 8B). Furthermore, 
even the highest supplemented concentration of 5 g/L ERG did not affect 
cell growth compared to no supplementation (Supplementary Fig. 8A), 
suggesting that yeast does not express ergothioneine importers. How-
ever, it is possible that the amount of ERG extracted from 52 OD600 units 
(~6 g/L CDW) of ST7574 was not sufficient to be detected, as the lowest 
detection limit on the HPLC was 3.9 mg/L ERG. As a comparison, 
mushrooms that naturally produce ERG generate between 0.15 and 7.27 
mg ERG/g dry weight (Kalaras et al., 2017), while out of ~50 methyl-
otrophic microorganisms and ~60 yeast and fungi strains that produced 
ERG, only seven microorganism and nine yeast or fungi strains produced 
over 20 μg ERG/5 mL medium (Fujitani et al., 2018). The non-producing 
background S. cerevisiae strain ST7574 could thus have contained trace 
amounts of ergothioneine that we were unable to detect, and it cannot 
be excluded that S. cerevisiae expresses transporters that import ergo-
thioneine. Conceivably, ergothioneine is not imported or exported 
strongly by S. cerevisiae and to improve ERG production in yeast a 
dedicated exporter from another organism must be identified and suc-
cessfully expressed in yeast. 

Importantly, our improved ERG titer and productivity were accom-
plished without feeding additional costly medium components or in-
duction agents such as IPTG. Therefore, this work paves the way for a 
cost-effective commercial application of ergothioneine production. 

5. Conclusion 

This work describes the successful multi-gram production of ergo-
thioneine in S. cerevisiae without supplementation of precursors. Meta-
bolic engineering was employed on the various layers of the S. cerevisiae 
amino acid metabolism for their capabilities to improve ergothioneine 
production. Subsequently, high histidine-producing mutants were 
generated to obtain a starting strain for further metabolic engineering. 
Metabolic engineering targets that improved ergothioneine titers were 
then implemented in this strain. Further transporter engineering showed 
that the Aqr1transporter was capable of improving ergothioneine pro-
duction in a strain expressing only ERG biosynthetic pathway, but not in 
the strain further engineered for improved supply of precursors. Finally, 
the medium was optimized for ERG production, and the strain was 
cultivated under glucose-limited fed-batch conditions in bioreactors. 
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Voet, M., Volckaert, G., Ward, T.R., Wysocki, R., Yen, G.S., Yu, K., Zimmermann, K., 
Philippsen, P., Johnston, M., Davis, R.W., 1999. Functional characterization of the 
S. cerevisiae genome by gene deletion and parallel analysis. Science 80, 285, 
901–906. https://doi.org/10.1126/science.285.5429.901. 

S.A. van der Hoek et al.                                                                                                                                                                                                                       

https://doi.org/10.1038/s41598-018-38382-w
http://refhub.elsevier.com/S1096-7176(22)00018-0/sref62
http://refhub.elsevier.com/S1096-7176(22)00018-0/sref62
https://doi.org/10.1042/0264-6021:3530681
https://doi.org/10.1074/jbc.M410274200
https://doi.org/10.1074/jbc.M410274200
https://doi.org/10.1016/j.copbio.2020.08.002
https://doi.org/10.3389/fbioe.2019.00262
https://doi.org/10.1128/EC.3.6.1492-1503.2004
https://doi.org/10.1021/acssynbio.9b00477
https://doi.org/10.15698/mic2014.07.154
https://doi.org/10.15698/mic2014.07.154
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1074/jbc.M009804200
https://doi.org/10.1074/jbc.M009804200
https://doi.org/10.1161/HYPERTENSIONAHA.119.13929
https://doi.org/10.1161/HYPERTENSIONAHA.119.13929
https://doi.org/10.1126/science.285.5429.901

	Engineering precursor supply for the high-level production of ergothioneine in Saccharomyces cerevisiae
	1 Introduction
	2 Materials and methods
	2.1 Strains and chemicals
	2.2 Media
	2.3 Cloning and strain construction
	2.4 Small-scale cultivation conditions
	2.5 Growth profiling for testing the ergothioneine tolerance of yeast
	2.6 Generating a histidine overproducing strain
	2.7 Whole-genome sequencing of histidine overproducing strains
	2.8 HPLC analyses
	2.9 Medium optimization
	2.10 Fed-batch fermentation in bioreactors
	2.11 Modelling the structure of ATP phosphoribosyltransferase encoded by the HIS1 gene

	3 Results
	3.1 Target screening for improved ergothioneine production
	3.2 Selecting a histidine overproducing strain for ergothioneine production
	3.3 Integrating gene overexpressions
	3.4 Engineering gene deletions
	3.5 Engineering ergothioneine transport
	3.6 Medium optimization for increased ERG production
	3.7 Fed-batch fermentation

	4 Discussion
	5 Conclusion
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


