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Enhanced heme production in industrial
Saccharomyces cerevisiae through
metabolic engineering
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This study aimed to develop an efficient Saccharomyces cerevisiae-based cell factory for heme
production. The industrial strain S. cerevisiae KCCM 12638, a starter strain used in American whisky
production, was selected for its naturally high heme concentration, and its medium composition was
optimized. Next, CRISPR/Cas9-based genome editingwas employed to enhance carbon flux through
the heme biosynthetic pathway by overexpressing HEM2, HEM3, HEM12, and HEM13 genes, which
encode key enzymes involved in heme synthesis. Additionally, the HMX1 gene, which encodes heme
oxygenase 1, was inactivated to prevent heme degradation. The resulting ΔHMX1_H2/3/12/13 strain
achieved a heme titer of 9 mg/L in batch fermentation, a 1.7-fold improvement over the wild-type
KCCM 12638 strain. In a glucose-limited fed-batch fermentation, the ΔHMX1_H2/3/12/13 strain
produced 67mg/L heme. This study demonstrates that engineering industrial yeast strains can
significantly enhance heme production, with promising applications in food, pharmaceuticals, and
bioenergy.

Heme, an important porphyrin derivative involved in cellular respiration,
signal transduction, and iron metabolism, has widespread applications in
dietary supplements, healthcare, and the alternative protein industry1–3. In
recent years, the biological production of heme has garnered significant
attention due to its simple and sustainable production process and the rapid
growth of the global market for plant-based meat alternatives2,4. Notably,
Saccharomyces cerevisiae has been employed as a chassis for heme pro-
duction because it is generally recognized as safe (GRAS) and can produce
heme cost-effectively. Moreover, yeast extracts from S. cerevisiae with high
heme content often serve as flavor enhancers in plant-based meat
alternatives5. However, the titer, yield, and productivity of heme produced
by S. cerevisiae were not comparable to those produced by bacteria. For
instance, the highest heme titer (380.5mg/L) produced by engineered S.
cerevisiaewith enhanced resistance to heme toxicity6 was significantly lower
than the titer (1.03 g/L) produced by engineered Escherichia coli7.

Traditionally, laboratory strains of haploid S. cerevisiae have been
employed for heme production due to the limited genetic tools available for
engineering industrial polyploid S. cerevisiae, which typically demonstrates
greater tolerance to harsh fermentation conditions and achieves higher
yields of target molecules8,9. However, conventional genetic engineering
methods, involving sporulation and inactivation of the HO gene, convert
polyploid S. cerevisiae into haploids, resulting in the loss of several

advantageous traits10. The clustered regularly interspaced short palindromic
repeat (CRISPR)/Cas9-based genome editing system effectively addresses
this challenge, enablingprecise genemodificationswithout thedrawbacksof
traditional methods, thereby enhancing the potential for engineering
industrial strains11.

In this study, an edible industrial S. cerevisiae strain with high heme
concentration (KCCM 12638) was selected, and the medium composition
was optimized. Furthermore, the heme biosynthetic pathway of the selected
strain was optimized using the CRISPR/Cas9-based genome editing system
to maximize heme production. The heme biosynthetic pathway in S. cere-
visiae consists of eight reactions, starting with the synthesis of
5-aminolevulinic acid and ending with heme production (Fig. 1). The
expression of rate-limiting enzymes—aminolevulinate dehydratase
(HEM2), porphobilinogen deaminase (HEM3), uroporphyrinogen dec-
arboxylase (HEM12), and coproporphyrinogen III oxidase (HEM13)12–14—
was optimized in the KCCM 12638 strain. Additionally, the gene encoding
protoporphyrinogen oxidase (HEM14) was overexpressed and the HMX1
gene (encoding heme oxygenase 1, involved in heme degradation) was
knocked out to further improve the efficiency of heme production in the
KCCM 12638 strain. Taken together, the results of this study provide a
foundation for the future commercial development of yeast extract with
high heme content.
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Results and discussion
Selection of a wild-type Saccharomyces cerevisiaewith high
heme concentration and optimization of medium composition
Heme, a porphyrin/iron complex cofactor, is naturally produced by various
organisms, including yeast15. Even among strains of S. cerevisiae, fermen-
tation capacity varies significantly16. Therefore, to identify a potential high-
heme-producing strain, the heme concentrations produced by 31 edible S.
cerevisiae strains (Supplementary Table S1) were compared. Overall, the
wild-type strains exhibited higher heme production than the laboratory
strain S. cerevisiaeD452-2.Among the 31wild-type strains, KCCM12638, a
starter strain used in American whisky production, exhibited the highest
heme production, which was 3.3-fold greater than that observed in the
D452-2 strain (Fig. 2). Therefore, KCCM 12638 was selected as the chassis
for heme production.

Next, the composition of the complex medium was optimized to max-
imize heme production in KCCM 12638.While minimal media are typically
preferred for the cost-effective production of target compounds, complex
media containing byproduct-derived components, such asmolasses and corn

steep liquor (byproducts of the sugar and corn wet milling industries,
respectively), are widely used for economical large-scale fermentation17,18. In
this study, optimization was performed using the YP medium, with the
potential for future substitution with byproducts to improve cost efficiency.

To assess the influence of nitrogen sources on heme production, var-
ious organic and inorganic nitrogen sources were tested by replacing 75%of
the original nitrogen content in the YP50D medium (10 g/L yeast extract,
20 g/L peptone, and 50 g/L glucose). Specifically, different nitrogen sources
were added at a concentration of 22.5 g/L, while yeast extract (2.5 g/L) and
peptone (5 g/L) were maintained at one-fourth of the original concentra-
tions. For example, 25 g/L of yeast extract, along with 5 g/L of peptone, was
added to assess the impact of yeast extract on heme production (condition 1
in Figure S1A). Contrary to expectations, all nitrogen sources, except yeast
extract, negatively affected heme production (Supplementary Fig. 1A).
Notably, supplementing with yeast extract resulted in a 24% increase in
heme concentration.

Further optimization of the yeast extract-to-peptone ratio revealed that
theheme-enhancing effect of yeast extractwasobservedonly in thepresence

Fig. 1 | Engineering strategies for efficient heme
synthesis in Saccharomyces cerevisiae
KCCM 12638. Flux in the heme biosynthetic
pathway was enhanced by overexpressing genes
encoding rate-limiting enzymes (HEM2, HEM3,
HEM12, and HEM13), as well as enzymes involved
in the final stages of the pathway (HEM14 and
HEM15). Disruption of the ROX1 and HAP1 genes
derepressed HEM13 expression, and inactivation of
theHMX1 gene prevented heme degradation. Genes
encoding key pathway enzymes: HEM1,
5-aminolevulinate synthase; HEM2, aminolevuli-
nate dehydratase; HEM3, porphobilinogen deami-
nase; HEM4, uroporphyrinogen III synthase;
HEM12, uroporphyrinogen decarboxylase;HEM13,
coproporphyrinogen III oxidase; HEM14, proto-
porphyrinogen oxidase; HEM15, protoporphyrin
ferrochelatase; ROX1, repressor of hypoxic func-
tions; HAP1, heme activator protein; HMX1, heme
oxygenase 1.

Fig. 2 | Comparison of heme concentrations in
various wild-type yeast strains. The relative fold
change in heme concentration was calculated by
comparing the sample strains to the S. cerevisiae
D452-2 strain. The yeast strains were cultured at
25 °C and 250 rpm for 48 h. Results represent the
mean of two experiments, with error bars indicating
standard deviation. Asterisk (*) indicates a sig-
nificant difference compared to the control group, as
determined by Student’s t test at p < 0.05.
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of peptone (Supplementary Fig. 1B). The optimal combination of 40 g/L
yeast extract and 20 g/L peptone increased heme production in the KCCM
12638 strain by 2.3-fold compared to the YP50D medium (Supplementary
Fig. 1B). Although galactose as a carbon source increased heme production
by 13% compared to glucose (Supplementary Fig. 2), glucose was selected
due to the significantly higher cost of galactose.

Enhancing heme production in Saccharomyces cerevisiae
KCCM 12638 through systematic metabolic engineering
To enhance heme production in the KCCM 12638 strain, four key genes
(HEM2, HEM3, HEM12, and HEM13) encoding rate-limiting enzymes in
heme biosynthesis (Fig. 1) were overexpressed, both individually and in
combination. As expected, overexpression of these genes individually led to
increased heme production. Specifically, overexpression of HEM2 or
HEM13 resulted in 38% and 39% higher heme concentrations, respectively,
compared to the wild-type KCCM 12638 strain (Fig. 3). Among strains
overexpressing combinations of two or three of the four genes, the H2/
13 strain (overexpressingHEM2 andHEM13) showed the highest increase,
with a 63% boost in heme production. However, the H2/3/12/13 strain,
which overexpressed all four genes overexpressed, achieved the highest
overall heme concentration, with a 78% increase compared to the KCCM
12638 strain (Fig. 3).

HAP1, a zinc finger DNA-binding protein, regulates heme levels in
yeast19 by activating the transcription of a repressor of hypoxic functions
(ROX1), which in turn suppresses the expression of various hypoxic genes,
including HEM1320. Derepression of HEM13 transcription through the
inactivation ofHAP121 or ROX122 resulted in a significant increase in heme
production. However, contrary to the results of previous studies, knockout
of theHAP1 or ROX1 genes in theH2/3/12/13 strain led to decreased heme
production (Fig. 4). This suggests that the effects of transcription factor
inactivation are strain-dependent, and genetic background plays a sig-
nificant role in metabolic engineering outcomes.

Additionally, yeast maintains heme homeostasis by regulating intra-
cellular heme degradation. Heme oxygenase 1 (encoded byHMX1) plays a
key role in heme degradation, facilitating its use as a source of nutritional
iron23. Therefore, the HMX1 gene was selected as a knockout target to
enhance heme production by preventing heme degradation. In wild-type
yeast, the final steps of heme synthesis, catalyzed by two consecutive
enzymes [HEM14 and protoporphyrin ferrochelatase (HEM15)] in the
mitochondria, are not rate-limiting. However, it was hypothesized that the
enhanced carbon flux in the H2/3/12/13 strain may outpace the activity of
these enzymes. To validate this hypothesis, HEM14 and HEM15 were
overexpressed individually and in combination in theHMX1-deficient H2/
3/12/13 strain. Notably, the highest heme concentration (10mg/L) was
achieved in the ΔHMX1_H2/3/12/13/14 strain, which overexpressed
HEM2,HEM3,HEM12,HEM13, andHEM14, producing 90%more heme

than the wild-type KCCM 12638 strain in batch fermentation (Fig. 4). This
result aligns with a previous study showing that rate-limiting enzymes may
differ between strains with high and low heme production efficiency24.

Next, the role of 5-aminolevulinate synthase (HEM1), which synthe-
sizes 5-aminolevulinic acid (5-ALA) from succinyl-CoA and glycine, was
investigated. While HEM1 is typically not a rate-limiting enzyme in low-
heme-producing yeast strains12,14, it may become limiting in strains engi-
neered for higher heme production24. To determine whether 5-ALA avail-
ability limits heme production in the ΔHMX1_H2/3/12/13/14 strain, heme
production was compared with and without 5-ALA supplementation. As
controls, heme production in the wild-type KCCM 12638 strain and the
ΔHMX1_H2/3/12/13 strain (lacking the HEM14 overexpression cassette)
was also evaluated under the same conditions. As expected, 5-ALA sup-
plementation did not enhance heme production in the low-heme-
producing KCCM 12638 strain (Supplementary Fig. 3). Similarly, 5-ALA
supplementation did not affect heme production in the ΔHMX1_H2/3/12/
13 strain. However, the ΔHMX1_H2/3/12/13/14 strain exhibited a 25%
increase in heme concentration compared to the KCCM12638 strain when
supplemented with 2.5mM 5-ALA (Supplementary Fig. 3). These findings
suggest that inmetabolic engineering using a “push-pull-block” strategy, the
introduction of the HEM14 overexpression cassette enhanced the “pull”
capacity of the ΔHMX1_H2/3/12/13/14 strain, enabling efficient conver-
sion of accumulated precursors into heme in response to increased 5-ALA
levels. However, as the exogenous addition of 5-ALA is economically
unfeasible, efforts to enhance 5-ALA availability are essential to maximize
the heme production efficiency of the ΔHMX1_H2/3/12/13/14 strain.

Enhancing heme production via high-cell density culture
Initial experiments to increase heme concentration in fed-batch fermenta-
tion were performed using the wild-type KCCM 12638 strain. With inter-
mittent additions of 20 g/L of carbon source, the maximum dry cell weight
(DCW) reached only 17 g/L, resulting in heme production at a concentra-
tion of 8mg/L (data not shown). In Crabtree-positive S. cerevisiae, excess
glucose promotes ethanol production, reducing energy efficiency and bio-
mass yield25. To mitigate this, a feeding solution consisting of 350 g/L glu-
cose, 280 g/L yeast extract, and 140 g/L peptone was continuously added to
match the glucose consumption rate. This approach helped limit ethanol
production to below 15 g/L while promoting both cell growth and heme
production. After the depletion of glucose (20–25 g/L) present in the 40YP
medium (containing 40 g/L yeast extract and 20 g/L peptone), the feeding
solution was introduced at rates of 9.6−16.0mL/h for medium pH of 5.5,
and 4.1–24.1mL/h for medium pH of 4.5, and 4.6–15.2 mL/h for medium
pHof 3.5 to optimize cell growth andhemeproduction (Supplementary Fig.
4). Notably, the highest maximum DCW of 123 g/L and heme concentra-
tion of 49mg/L were achieved when themedium pHwasmaintained at 4.5
(Fig. 5).

Fig. 3 | Comparison of maximum heme con-
centrations in the control Saccharomyces cerevi-
siae KCCM 12638 and engineered strains
overexpressing rate-limiting enzymes.The relative
fold change in maximum heme concentration was
calculated by comparing the sample strains to the S.
cerevisiae KCCM 12638 strain. Results represent the
mean of n ≥ 2 experiments, with error bars indicat-
ing standard deviation. Different letters indicate
significantly different means (Tukey’s HSD
tests, p < 0.05).
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The medium composition optimized for heme production in the
KCCM 12638 strain requires a high concentration of yeast extract, which is
not cost-effective for large-scale heme production. To address this issue,
heme production by the ΔHMX1_H2/3/12/13 and ΔHMX1_H2/3/12/13/
14 strains was compared in two different media: YP50D medium (con-
taining 10 g/L yeast extract, 20 g/L peptone, and 50 g/L glucose) and
40YP50D medium (containing 40 g/L yeast extract, 20 g/L peptone, and
50 g/L glucose). Surprisingly, both strains produced 5.9- and 6.6-fold more
heme in theYP50Dmediumthan in the 40YP50Dmedium(Supplementary
Fig. 5). This result suggests that the optimal medium composition is strain-
dependent. Since YP50D contains four times less yeast extract than
40YP50D, the ΔHMX1_H2/3/12/13 and ΔHMX1_H2/3/12/13/14 strains
benefit from high heme production efficiency in YP50D, offering a more
cost-effective approach to heme production. After depleting the glucose
(~25 g/L) in the YPmedium, the feeding solutionwas introduced at a rate of
3.0−26.1 mL/h for the ΔHMX1_H2/3/12/13 strain and 2.4–24.2mL/h for
the ΔHMX1_H2/3/12/13/14 strain (Supplementary Fig. 6). Notably, while
both strains produced similar concentrations of heme in batch fermenta-
tion, the ΔHMX1_H2/3/12/13 strain achieved a highermaximumDCWof
93 g/L and heme production of 67mg/L in glucose-limited fed-batch fer-
mentation, 20% and 52% higher than the ΔHMX1_H2/3/12/13/14 strain,
respectively (Fig. 6). These results indicate that the additional over-
expression ofHEM14 in the ΔHMX1_H2/3/12/13/14 strain likely imposed
a metabolic burden, impairing both cell growth and fermentation capacity.
This result aligns with a previous study demonstrating a positive correlation
between intracellular spermidine content and resistance to lignocellulose-
derived inhibitors26. However, the same study also reported that S. cerevisiae
strains with excessive gene overexpression reduced resistance despite ele-
vated spermidine levels26. These findings underscore the need to balance
gene overexpression with metabolic burden to achieve the desired pheno-
type. In future studies, we aim to determine the threshold at which gene
overexpression induces metabolic burden in heme-producing strains.

Previously, we reported that a similar metabolic engineering approach
in a laboratory S. cerevisiae strain yielded a lower heme titer (28mg/L) in
fed-batch fermentation14. This underscores the advantage of using industrial
yeast strains for heme production. Nevertheless, despite these advance-
ments, heme production in yeast remains significantly lower than that in E.
coli, likely due to the bifurcation of the yeast heme biosynthetic pathway
between the cytosol andmitochondria, which limits precursor accessibility.
Additionally, yeast’s protoporphyrin-dependent heme biosynthesis path-
way is thermodynamically less favorable than the coproporphyrin-

dependent pathway used by bacteria. These limitations could potentially
be mitigated by introducing the coproporphyrin-dependent pathway or
compartmentalizing hemebiosynthesiswithin themitochondria. Guo et al.6

demonstrated that an engineeredS. cerevisiae strainwith anoptimizedheme
biosynthetic pathway and enhanced heme tolerance achieved the highest
reported yeast-based heme production (380.5mg/L) in fed-batch fermen-
tation. In contrast, a strain with only heme biosynthetic pathway

Fig. 4 | Comparison of maximum heme concentration in the control Sacchar-
omyces cerevisiaeKCCM 12638 and various engineered strains. Results represent
the mean of n ≥ 2 experiments, with error bars indicating standard deviation. Dif-
ferent letters indicate significantly different means (Tukey’s HSD tests, p < 0.05).

Fig. 5 | Effect of medium pH on fed-batch heme production by Saccharomyces
cerevisiae KCCM 12638. Fed-batch heme production using the Saccharomyces cere-
visiae KCCM 12638 strain at pH 5.5 (A), pH 4.5 (B), and pH 3.5 (C). After the initially
added glucose was depleted, a feeding solution containing 350 g/L glucose, 280 g/L yeast
extract, and 140 g/L peptonewas added to the bioreactor (black dot arrow). The detailed
data are presented in Supplementary Fig. 4. Throughout the cultivation period, the
medium temperature, agitation speed, and aeration rate were maintained at 25 °C,
700−1200 rpm, and 2.0−5.0 vvm, respectively. Measurements were performed in
duplicate, and average values with standard deviations of less than 5% are presented.
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optimization, without improved heme tolerance, produced just 5.9mg/L of
heme in batch fermentation6. Therefore, future studies should explore
laboratory evolution approaches to enhance heme tolerance, ultimately
maximizing heme production in the ΔHMX1_H2/3/12/13 strain.

This study aimed to develop a yeast-based microbial cell factory for
efficient heme production. The industrial S. cerevisiae strain KCCM 12638
was selected as a potential heme producer. Using the CRISPR/Cas9-based
genome editing system, the heme biosynthetic pathway inKCCM12638was
reconstructed. Specifically, heme production efficiency was improved by
overexpressing enzymes involved in the heme biosynthetic pathway and by
preventing heme degradation. High-cell density cultivation of the
ΔHMX1_H2/3/12/13 strain, which is HMX1-deficient and overexpresses
HEM2, HEM3, HEM12, and HEM13, resulted in a heme concentration of
67mg/L.Given thewidespreadconcerns associatedwith theuseof genetically
modified organisms in the food industry, the ΔHMX1_H2/3/12/13 strain,
developed using precise genome editing without the introduction of het-
erologous genes, shows promise for efficient heme production in this sector.

Methods
Strains and plasmids
The Escherichia coli TOP10 (Invitrogen, Carlsbad, CA, USA) strain was
used as the host for plasmid construction. A laboratory S. cerevisiae strain,

D452-227, and31wild-type S. cerevisiae strains fromtheKoreanAgricultural
Culture Collection (KACC) and the Korean Culture Center of Micro-
organisms (KCCM) were used as hosts for heme production. The S. cere-
visiae strains and plasmids used in this study are listed in Supplementary
Tables S1, S2.

Genetic manipulation
Theprimer sets used for the amplification of theHEM14 andHEM15 genes,
intermediate plasmids, and guide RNA (gRNA) plasmids are listed in
Supplementary Table S3. The resulting PCRproducts were assembled using
NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs, Ips-
wich, MA, USA) according to the manufacturer’s instructions to construct
gene expression cassettes and gRNA plasmids for CRISPR/Cas9-based
genome editing system.

The HEM2 (tHXT7p-HEM2-CYC1t), HEM3 (tHXT7p-HEM2-
CYC1t), HEM12 (tHXT7p-HEM2-CYC1t), HEM13 (tHXT7p-HEM2-
CYC1t),HEM14 (tHXT7p-HEM2-CYC1t), andHEM15 (tHXT7p-HEM2-
CYC1t) expression cassettes were introduced into the CS10, CS828, CS628,
CS12, INT1129, and INT12 loci, respectively, using the CRISPR/Cas9-based
genome editing system as described previously30. In the S. cerevisiaeKCCM
12638 strain, CS10, CS8, CS6, CS12, INT11, and INT12 are intergenic
regions located at the following sites: (1) CS10 and CS8, between YPR015C
and YPR014C on chromosome XVI; (2) CS6, between YHR19W and
YNCH0042ConchromosomeVII; (3)CS12, betweenLYS14 andYDR034C-
D on chromosome IV; (4) INT11, between SYC1 andDCI1on chromosome
XV; (5) INT12, between MSC6 and GDS1 on chromosome XV. The
knockout of theROX1,HMX1, andHAP1 geneswas achievedby integrating
theHEM3 (tHXT7p-HEM2-CYC1t) expression cassette into the middle of
these genes. Briefly, gRNA plasmids and repair DNA fragments, amplified
with primers listed in Supplementary Table S3, were co-transformed into
the S. cerevisiae KCCM 12638 strain harboring pCas9_AUR to introduce
the gene expression cassettes.

Media and culture conditions
E. coli was grown in Luria–Bertani medium (10 g/L tryptone, 5 g/L yeast
extract, and 10 g/L NaCl) supplemented with 50 μg/mL of ampicillin for
gene cloning.All S. cerevisiae strainswerepre-cultured at 25 °Cand250 rpm
for 48 h in YP20Dmedium (10 g/L yeast extract, 20 g/L Bacto Peptone, and
20 g/L glucose). The pre-cultured cells were harvested and inoculated into
the main cultures to achieve an initial optical density at 600 nm (OD600) of
1.0. The main fermentation experiments were conducted in baffled flasks
containing 100mL of YP50D medium (10 g/L yeast extract, 20 g/L Bacto
Peptone, and 50 g/L glucose). The temperature and agitation speed were
maintained at 25 °C and 250 rpm throughout the fermentation.

Fed-batch fermentation was performed in a 2.5 L bioreactor (Kobio-
tech Co., Incheon, Republic of Korea) with an initial OD600 of 1.0, con-
taining 1 L of 40YP20D medium for the KCCM 12638 strain and YP20D
medium for theΔHMX1_H2/3/12/13 andΔHMX1_H2/3/12/13/14 strains.
For the KCCM 12638 strain, a feeding solution containing 350 g/L glucose,
280 g/L yeast extract, and 140 g/L peptone was introduced at a rate from 4.1
to 24.1 mL/h after depletion of the initially added glucose. Themedium pH,
temperature, agitation speed, and air supply were maintained at 3.5–5.5,
25 °C, 700–1,200 rpm, and 2.0−5.0 vvm, respectively. For theΔHMX1_H2/
3/12/13 and ΔHMX1_H2/3/12/13/14 strains, a feeding solution containing
600 g/L glucose, 100 g/L yeast extract, and 200 g/L peptone was introduced
at rates ranging from 2.4 to 26.1mL/h after depletion of the initially added
glucose. ThemediumpH, temperature, agitation speed, and air supply were
maintained at 4.5, 25 °C, 1000–1200 rpm, and 2.0 vvm, respectively.

Analytical methods
A spectrophotometer (OPTIZEN POP, Mecasys Co., Ltd., Yuseong-gu,
Daejeon, Republic of Korea) was used tomeasure cell growth at OD600. The
concentrations of glucose, glycerol, acetic acid, and ethanolweredetermined
using a high-performance liquid chromatography (HPLC) system (Ulti-
mate 3000; Thermo Fisher Scientific Inc., Waltham, MA, USA) equipped

Fig. 6 | Comparison of fed-batch heme production between engineered Sac-
charomyces cerevisiae strainsΔHMX1_H2/3/12/13 andΔHMX1_H2/3/12/13/14.
Fed-batch heme production using theΔHMX1_H2/3/12/13 (A) andΔHMX1_H2/3/
12/13/14 (B) strains. After the initially added glucose was depleted, a feeding solution
containing 600 g/L glucose, 100 g/L yeast extract, and 200 g/L peptone was added to
the bioreactor (black dot arrow). The detailed data are presented in Supplementary
Fig. 6. Throughout the cultivation period, themedium acidity, temperature, agitation
speed, and aeration rate were maintained at pH 4.5, 25 °C, 1000−1200 rpm, and 2.0
vvm, respectively. Measurements were performed in duplicate, and average values
with standard deviations of less than 5% are presented.
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with a Rezex ROA-organic acid H+ column (Phenomenex, Torrance, CA,
USA). Metabolites were separated isocratically at 60 °C temperature and a
flow rate of 0.6 mL/min in 5mMsulfuric acid (H2SO4) and detected using a
reflective index detector.

To determine intracellular heme concentrations, the culture broth
was centrifuged at 15,000 rpm for 10min. Cells were harvested at
OD600 ×mL of culture = 60 (e.g., for OD600 = 150, 0.4 mL of culture was
harvested), resuspended in 0.4 mL of Y-PER reagent (Thermo Fisher
Scientific Inc., Waltham, MA, USA), and lysed following the manu-
facturer’s instructions. Subsequently, 1.2 mL of acetonitrile was added to
the cell lysate, and the mixture was incubated at room temperature for
5min with occasional shaking. The precipitates were collected by cen-
trifugation at 4000 rpm for 5min and reacted with 1.6 mL of a solution
containing acetonitrile and 1.7M hydrochloric acid (8:2, v/v) at 25 °C and
250 rpm for 20min. For neutralization, 0.4 mL of saturated magnesium
sulfate solution containing 100 µg/L of sodium chloride was added to
1.6 mL of the reaction mixture, which was then incubated at 25 °C and
250 rpm for 20min. Subsequently, the mixture was centrifuged at
4000 rpm for 5min, and the acetonitrile layerwasfiltered through a 0.2 μm
filter before HPLC analysis.

Heme concentrations were measured using a Thermo Fisher Ultimate
3000HPLC system equippedwith aYMC-PackODS-A column (YMCCo.,
Ltd., Kyoto, Japan). Hemewas separated at a constant temperature of 50 °C
using a gradient mode with mobile phases A and B as follows: 0min,
A:B = 80:20; 10–11min, A:B = 0:100; 12–25min, A:B = 80:20 (v/v). The
flow rate was set to 0.4mL/min, and detection was performed using an
ultraviolet (UV) detector at 400 nm. Mobile phase A consisted of acetoni-
trile and water (5:95, v/v) containing 1.2 g/L of formic acid, whereas mobile
phase B consisted of acetonitrile and water (95:5, v/v) containing 1.2 g/L of
formic acid.

Statistical analysis
Statistical analyses were conducted using SPSS Statistics software (v.28.0,
IBMCorp., Armonk,NY,USA). Data are presented as themean ± standard
deviation. One-way analysis of variance was performed, and statistical sig-
nificance was assessed using Tukey’s honestly significant difference (HSD)
test at a significance level of p < 0.05.

Data availability
Data are available upon request to the corresponding author.
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