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Abstract

Daunomycin (daunorubicin) is one of the most clinically significant anthracyclines used
in chemotherapy, and its efficient production remains a major objective for biotechnolog-
ical researchers. Industrial manufacturing relies on the fermentation of Streptomyces peuce-
tius and Streptomyces coeruleorubidus, which produce daunomycin as a secondary metabo-
lite under controlled conditions. This review will focus on the methods to enhance the
total efficiency of biotechnological production, from upstream biosynthesis to down-
stream processing. Given the complexity of the daunomycin biosynthetic pathway in
Streptomyces spp., substantial progress has been made in strain improvement to increase
yield, metabolic robustness, and process stability. Advances in classical mutagenesis,
pathway engineering, regulatory network modulation, and precursor supply optimiza-
tion, along with rational medium design and advanced process control, have led to sub-
stantial increases in product titers and productivity. At the same time, innovations in
downstream processes, such as extraction, purification and process integration, have in-
creased recovery efficiency, product quality, and economic feasibility. With improve-
ments in the production process, novel drug delivery modalities have been developed
(e.g., drug carriers based on erythrocytes, drug nanocarriers based on hyaluronic acid)
with increased efficiency and lower systemic toxicity. These developments indicate an
evolution from pathway-level engineering to industrial-scale manufacturing and clinical
application, underlining the evolution of daunomycin research and biotechnological pro-
duction.

Keywords: daunomycin; anthracycline biosynthesis; downstream processing; process
optimization; bioprocess efficiency

1. Introduction

Daunomycin (daunorubicin) is a clinically established anthracycline antibiotic that
has played a central role in anticancer chemotherapy for several decades—Figure 1. It was
first isolated in the 1960s by Di Marco et al. at Farmitalia Research Laboratories from Strep-
tomyces peucetius, with a yield of 5-15 mg L' [1]. The compound was renamed daunorubi-
cin, combining the original name with “rubidomycin”, an identical molecule inde-
pendently isolated from S. coeruleorubidus [2]. It is used in the treatment of acute myeloid
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leukemia (AML) and acute lymphoblastic leukemia (ALL) and has shown efficacy in some
lymphomas, breast cancer, and certain sarcomas such as Ewing sarcoma [3-6]. Dauno-
rubicin’s clinical importance is underlined by the fact that it is listed on the World Health
Organization’s List of Essential Medicines and has been approved by regulatory agencies,
including the U.S. Food and Drug Administration [7].

-

gastrointestinal symptoms,
alopecia, red urine

(. AML, ALL, W ( DNA intercalation,
lymphomas, solid topoisomerase II
tumors, inhibition, free radical
breast/ovarianL- generation, apoptosis
lung cancer,
sarcomas

Main :
- _— e Mechanism =
indications .
of action
Major side
s effects
Cardiotoxicity, Targeted delivery
myelosuppression, (nanoparticles,

liposomes), resistance
modulators, analogues
development

Figure 1. Key aspects of daunorubicin utilization.

The main producers of daunomycin and similar cytostatic drugs are spread across
various regions worldwide. China and India together account for about 50% of the global
market, positioning them as industry leaders. The United States of America contributes
about 25% of total production, while Europe accounts for approximately 15% and Japan
for around 10% [8]. The global Daunomycin hydrochloride injection market was valued
at USD 450 million in 2024 and is expected to grow to USD 750 million by 2033. This rise
reflects growing demand for this important chemotherapeutic drug. Several leading phar-
maceutical companies, such as Teva Pharmaceutical Industries, Pfizer Inc., Sandoz Inter-
national GmbH, Bristol-Myers Squibb Company, and Sun Pharmaceutical Industries Ltd.,
dominate the market. They collectively hold a large market share and are key drivers of
innovation and supply within this therapeutic segment [9].

Its antitumor activity is explained by multiple mechanisms of action, combining
DNA intercalation, topoisomerase II inhibition, chromatin spatial organization disrup-
tion, and induction of oxidative DNA damage, with potent cytotoxic effects in cancer cells
[2,10-14]. Clinical use of daunomycin is constrained by several limitations: dose-depend-
ent cardiotoxicity, myelosuppression, and multidrug resistance mediated by efflux trans-
porters and metabolic inactivation [2,7,15-17]. These challenges have driven sustained ef-
forts to improve both the balance between therapeutic efficacy and toxicity and the pro-
duction efficiency of daunorubicin. The complexity of its molecular architecture makes
total chemical synthesis impractical for commercial-scale production due to low overall
yields, high costs, stereochemical challenges, and the generation of hazardous by-prod-
ucts [18-20]. Additionally, extensive use of organic solvents and reactive reagents has an
environmental impact and raises biosafety concerns [8].
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Microbial biosynthesis has become the main method for biotechnological production,
with Streptomyces peucetius and similar actinobacteria acting as natural sources [21,22]. The
bioproduction of daunomycin faces several interconnected challenges that affect its effi-

ciency and sustainability in industrial manufacturing (Figure 2).
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Figure 2. Synthesis of major bottlenecks limiting daunomycin titers.

The primary constraint is related to the producing microorganisms (such as Strepto-
myces spp.). They synthesize daunomycin as a secondary metabolite during the idiophase
(when nutrient availability becomes limited and cell growth ceases), a process that re-
quires precise metabolic regulation [23-26]. Natural strains show low productivity,
whereas improved mutants suffer from genetic instability and variability between batches
[27,28]. Metabolic limitations further reduce efficiency, as the complex polyketide biosyn-
thetic pathway demands a balanced supply of precursors (malonyl-CoA, propionyl-CoA,
activated sugar donors). At the same time, competing primary pathways and regulatory
networks limit carbon flux toward daunomycin production, while intracellular product
accumulation inhibits cell growth [29]. Traditional improvement strategies, which depend
on empirical mutagenesis and screening, are labor-intensive and often unpredictable [30].
This highlights the necessity for rational engineering methods based on a mechanistic un-
derstanding of daunomycin biosynthesis [31,32].

Upstream process development represents a complex challenge, constrained by di-
verse requirements. First, biomass growth requires complex media rich in organic sub-
strates, whereas daunomycin biosynthesis requires defined media with controlled carbon
sources. Additionally, the filamentous morphology of actinomycetes leads to hyphal ag-
gregation, increased broth viscosity, and limits oxygen transfer, complicating scale-up
and reproducibility [33,34]. Downstream processing is difficult because of low product
concentrations and the complex structure of daunomycin, a glycosylated anthracycline.
Structurally similar analogs produced in fermentation also demand multistep purifica-
tion. Additionally, environmental and regulatory issues arise from anthracycline residues
in wastewater, detected at ng L' to pug L' levels, necessitating effective effluent treatment.
Production must also maintain strain stability, process robustness, and GMP compliance

[8].
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Progress in molecular genetics, metabolic engineering, and systems biology has
turned Streptomyces-based biosynthesis into a robust platform for enhancing metabolite
production [35]. A detailed elucidation of the biosynthetic gene cluster and its regulatory
structure has facilitated targeted pathway engineering, optimization of precursor supply,
improved host tolerance, and the investigation of heterologous expression systems [36—
39]. Modern bioprocess optimization and synthetic biology techniques have enhanced
yield, consistency, and scalability [40,41]. At the same time, they facilitate the production
of structurally diverse anthracycline derivatives, which may have improved pharmaco-
logical profiles [42,43].

This review covers, in the following order, (i) the biosynthetic pathway and its bot-
tlenecks, (ii) genetic and metabolic-engineering interventions, (iii) bioprocess optimiza-
tion, (iv) downstream recovery, and (v) post-biosynthetic formulation. We additionally
provide a 25-year bibliometric analysis (Section 2) and a techno-economic perspective
(Section 4.3) that have not appeared in previous daunomycin reviews.

2. Bibliometric Analysis

Despite its long clinical history, the research history of daunomycin has been only
briefly analyzed in the literature [23,44,45]. To complement these qualitative reviews, we
conducted a systematic bibliometric analysis of publications on daunomycin from January
2000 to May 2026.

Four main subfields commonly considered in daunomycin production research were
defined: yield improvement, novel derivatives, cytotoxicity mitigation, and industrial
scale-up. In addition, two subfields underrepresented in the previous reviews were con-
sidered: CRISPR-based synthetic biology and downstream purification. Each subfield was
defined as a Boolean query using the two canonical drug names combined with an OR
connector (“daunorubicin OR daunomycin”) and subfield-specific descriptors as pro-
vided in Supplementary Table S1. Publications can contribute to more than one subfield,
as the subfields were defined a priori based on the literature and are not mutually exclu-
sive. The resulting overlap is reported as a topic-by-topic Jaccard-similarity matrix in Sup-
plementary Table S2.

To ensure that the article counts were not sensitive to the indexing policy of any sin-
gle database, queries were conducted through complementary scholarly indices: (i) Sco-
pus, which was used as the primary source for full record data such as publication year,
DO], institutional affiliation, citation count, open-access status, and venue; (ii) OpenAlex,
the world’s largest open scholarly database (~250 million records); (iii) Europe PMC,
which has strong biomedical full-text coverage; and (iv) PubMed via the NCBI E-utilities
API, which is the standard biomedical reference index. For each subfield, a quantitative
measure of agreement was calculated as the maximum pairwise ratio among the four da-
tabase hit counts. Subfield queries with a maximum divergence of >1.25 (i.e., >+25% be-
tween any two databases) were re-examined and refined before final data extraction. For
cases where Scopus returned more matching records than the 5000-limit imposed on
standard API keys, the total number reported, the number retrieved, and the resulting
truncation rate were recorded in Supplementary Table S3, as the relevance-ordered trun-
cation applied by Scopus is not a random sample of the underlying population.

The records retrieved from Scopus were first deduplicated by DOI and then by nor-
malized title, eliminating intra-source duplicates and the small overlap across databases
observed during validation. From this deduplicated dataset, the following per-subfield
indicators were computed (Table 1): total number of publications (N) and the share of
publications for which a publication year could be retrieved; median publication year;
three most common country affiliations, each publication counted once per unique coun-
try represented in its author affiliations according to Nature Index attribution rules and
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the whole-counting convention described in [46]; open-access percentage as reported by
Scopus; total and arithmetic-mean citation counts at the time of data retrieval; and a time-
normalized impact indicator, defined as citations per paper divided by years elapsed since
publication, reported alongside the raw mean. Cumulative citation counts are systemati-
cally biased toward older publications [46], so a time-normalized indicator is added to
enable fair comparisons across subfields whose median publication years differ by more
than a decade.

Table 1. Bibliometric data for the six topics identified.

Top- i M ita- Medi ita- Total Re-
. No Pa- Median op-3 C-our}trles OA  Total Ci- Mean Cita- -ean Cita e.dlan Cita otal Re
Topic (by Institutional . . . tions/Pa- tions/Pa- ported by
pers Year e s Fraction tations tions/Paper
Affiliation) per/Year per/Year Scopus
United States
Yield i 24 201 ’ 49 1261 2. . 2.64 24
ield improvement 013 China, South Korea 54% 6 52.5 5.68 6
ited Stat
Novel derivatives 4998 2017 ~onitedS@tes o0 36109 473 5.3 1.88 7737
China, Germany
o vy ] Ttal
Cytotoxicity miti- ) lon 5gqq  United States Ttaly, - o0 15 99 67.1 53 1.89 1653
gation Germany
Industrial scale-up 112 2014 Cnna/United g0 gl 76.8 8.6 2.72 113
States, India
CRISPR/synthetic  gq app1  UnitedStates 00 m 419 7.54 2.71 98
biology China, Japan
D - ;
ownstream/puri- g0 o, United States, 0040 40y 40.7 3.47 1.55 995
fication China, Germany

The geographic distribution of the daunomycin literature reflects two distinct re-
search streams. Italy’s position as the second-most active country in the Cytotoxicity-mit-
igation subfield (Table 1) is explained by the foundational role of Farmitalia Research La-
boratories in Milan, which discovered daunomycin [47]. Germany emerges as the third-
most-affiliated country in both the Novel-derivatives and the Downstream/purification
subfield. The German contribution is consistent with the country’s longstanding medici-
nal-chemistry and bioprocess infrastructure, supported by industrial laboratories, and is
concentrated in synthesis- and purification-oriented subfields.

The small number of indexed publications identified for the Yield-improvement sub-
field (N = 24) is striking, given that daunorubicin has been continuously manufactured by
submerged fermentation of Streptomyces peucetius and related strains since the late 1960s
[47] and that target production levels for the drug and its 14-hydroxy derivative doxoru-
bicin remain “comparatively low” by industrial standards. The value is best read as evi-
dence of structural underrepresentation in the peer-reviewed literature rather than as ev-
idence of inactivity in the area. Three mechanisms are most likely responsible for this as-
pect. First, fermentation strain and process improvements for an off-patent commodity
drug are routinely protected as trade secrets or via patent rather than journal publication.
Secondly, the highest academically reported titers are modest, limiting the pace at which
new, publishable yield improvements can develop. Third, the pre-defined subfield cate-
gories employed here are not mutually exclusive.

For this analysis, three limitations should be kept in mind. First, the time-normalized
citation rate corrects for one source of bias but not all. Dividing each paper’s citation count
by the years since its publication removes the unfair advantage that older papers have
simply because they have had more time to accumulate citations. It does not, however,
account for the fact that different scientific fields cite at different baseline rates: a medici-
nal-chemistry paper typically attracts more citations per year than an equivalently high-
quality bioprocess-engineering paper, because the medicinal-chemistry community is
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larger and publishes more. A fully field-weighted indicator (FWCI/CNCI) would require
a per-paper subject-category mapping [46], which was not applied here. Second, country
credit based on institutional affiliation spreads recognition across all participating coun-
tries instead of being confined to a single leading nation. Fractional counting would
slightly alter the rankings, favoring smaller-output countries, but it does not displace the
top three in any subfield within the current sample. Third, the six subfields were defined
a priori rather than derived from an unsupervised topic model, so the results are condi-
tional on the particular descriptor lists in Supplementary Table S1, which were selected to
maximize cross-database hit-count agreement rather than internal cluster purity.

3. Daunomycin: Chemical and Biological Background
3.1. Chemical Structure and Classification

Daunomycin belongs to the anthracycline family of natural products, a structurally
related group of polyketide antibiotics produced by various actinomycetes, predomi-
nantly Streptomyces peucetius and Streptomyces coeruleorubidus [48]. Anthracyclines are
characterized by their tetracyclic anthraquinone core structure linked to one or more
amino sugars through glycosidic bonds. Daunomycin was among the earliest anthracy-
clines to have its structure determined and to enter clinical development, forming the ba-
sis for later anthracycline derivatives [49,50]. Closely related derivatives include doxoru-
bicin (CzH2NOu), which differs from daunomycin solely by the presence of a hy-
droxymethyl group in place of a methyl group at the C-14 position; epirubicin, a C-4' ep-
imer of doxorubicin and idarubicin, which lacks the C-4 methoxy substituent present in
daunorubicin (Figure 3) [2,51,52].

OH
Daunorubicin (DNR)

Doxorubicin (DXR)

Epirubicin (EPI) Idarubicin (IDA)

Figure 3. First (DNR and DXR) and second (EPI and IDA) generation of anthracyclines.

Daunomycin is characterized by a complex molecular architecture comprising two
principal structural components: the daunorubicinone aglycone and the daunosamine amino
sugar moiety (Figure 3). The aglycone consists of a tetracyclic anthracyclinone (anthraqui-
none-based) ring system (designated as rings A, B, C, and D) that incorporates adjacent
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quinone and hydroquinone functionalities within rings B and C. This chromophore is fur-
ther substituted with a methoxy group at the C-4 position of ring D. It bears a short side
chain at C-9 in ring A, terminating in a carbonyl group at C-13 and a methyl substituent.
Additional hydroxyl groups are positioned at C-6, C-9, and C-11, influencing the mole-
cule’s capacity for hydrogen bonding and redox activity [8,53]. The molecular formula of
daunomycin is CzzHoNOno, with a molecular weight of 527.52 Da [54].

The daunosamine sugar is covalently attached to the aglycone via a 3-glycosidic link-
age at the C-7 position of ring A. This amino sugar component is crucial for biological
activity because it improves water solubility, adjusts pharmacokinetic behavior, and pro-
motes electrostatic interactions with the negatively charged DNA phosphate backbone via
its positively charged amino group at physiological pH. Additionally, the glycosidic moi-
ety affects cellular uptake and membrane permeability. Structural modifications to the
daunosamine residue have been shown to substantially change DNA-binding affinity, cel-
lular distribution, and resistance profiles, notably in the context of P-glycoprotein-medi-
ated multidrug resistance.

The structure-activity relationships of anthracyclines have been extensively studied.
The daunosamine part is essential for cytotoxic activity, as derivatives without the sugar
core show a 70- to 100-fold decrease in potency compared to the full glycoside [50]. The
planar anthraquinone chromophore enables intercalation between adjacent DNA base
pairs, with preferential binding to triplet sequences containing two adjacent GC base pairs
delimited by an AT base pair on the 5 side (e.g., 5-ATGC or 5-ATCG), inducing local
DNA unwinding of approximately 8° and disrupting helical topology [55-57]. The qui-
none-hydroquinone system undergoes facile one-electron redox cycling, generating reac-
tive oxygen species, including superoxide anion and hydroxyl radicals, that contribute to
oxidative DNA damage and lipid peroxidation. The structural distinction at the C-14 po-
sition between daunomycin and doxorubicin, methyl versus hydroxymethyl, profoundly
influences their clinical utility and toxicity profiles. Daunomycin demonstrates preferen-
tial efficacy in hematological malignancies, particularly acute myeloid leukemia and acute
lymphoblastic leukemia. In contrast, doxorubicin exhibits a broader spectrum of activity
extending to both hematological cancers and solid tumors, including breast carcinoma,
sarcomas, and lymphomas [58-60]. This differential tissue selectivity likely reflects varia-
tions in cellular uptake, metabolic transformation, and subcellular distribution patterns
influenced by the additional hydroxyl functionality in doxorubicin [54].

3.2. Natural Producers and Biosynthetic Gene Cluster

Daunomycin is mainly produced by soil-dwelling actinomycetes of the genus Strep-
tomyces[54,61]. Streptomycetes are sporulating myecelial bacteria (with a developmental cy-
cle resembling that of filamentous fungi), whose complex lifecycle is intimately coupled
to secondary metabolite production. A single uninucleoid spore germinates and expands
through hyphal tip extension and branching into a multinucleoid mycelial network. Upon
nutrient limitation, a regulatory cascade triggers aerial hypha formation through autolytic
degradation of the old vegetative mycelium. These aerial hyphae ultimately differentiate
into chains of uninucleoid spores for dispersal. Crucially, this morphological differentia-
tion is temporally coupled to secondary metabolism, coinciding with the activation of an-
tibiotic biosynthetic pathways [62].

The principal and best-characterized natural producer is Streptomyces peucetius,
which was first isolated and described in the early 1960s [16,51]. The wild-type strain S.
peucetius ATCC 29050 primarily synthesizes daunomycin as its major anthracycline prod-
uct and contains the daunorubicin biosynthetic gene cluster responsible for the assembly
of the anthracycline aglycone —e-rhodomycinone, formation of thymidine diphosphate
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daunosamine, glycosylation with daunosamine, and subsequent tailoring reactions (Fig-
ure 4, which details the biosynthetic gene cluster) [23,63].

A
PKS — tetracyclic anthraquinone core (e-rhodomycinone)
- 1 0 1 [ | IEENEDN N
Aglycone late tailoring / modification (— DNR, DXR)
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Functional categories
TDP-L-daunosamine (amino-deoxysugar) biosynthesis [ PKs/ core
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" " nm nm " nm " [[] Late modification
[7] Deoxysugar
Glycosyltransferase — transfer of daunosamine to the aglycone [l Glycosyltransferase
-- (DnrS = glycosyltransferase; DnrQ [= DnmQ] = auxiliary protein required for daunosamine attachment) [0 Regulatory
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Self-resistance / export genes
[ drrA “ drrB “ drrC “ drrD drrD = dnrW (flavin-binding self-resistance protein that also acts as a negative regulator)
B

co-operative activation of dnrl

—————
- ~
- ~~

Signal molecules moduate DnrN
rhodomycin D « daunorubicin response reg.
(+ nutrient deplefion: ppGpp, y-butyrdactones)

Structural genes
PKS - sugar * glycosyltransferase

Dnrl

dmA « drB « dnC

master (SARP) [ Resistance genes J

represses central cascade

DnrW/ DauW
negafve regulator

Figure 4. Organization of the daunorubicin (dnr/dps/dnm/drr) biosynthetic gene cluster of

Streptomyces peucetius. (A) Functional organization of cluster genes. (B) Pathway-specific regulatory
circuit (the arrow indicates activation and the bar-headed line indicates repression). PKS—
tetracyclic anthraquinone core (forms e-thodomycinone): DpsA —ketosynthase o (KSat; 3-oxoacyl-
ACP synthase); condenses one propionyl-CoA starter with nine malonyl-CoA extenders to build the
decaketide. DpsB—ketosynthase p/chain-length factor (KSB/CLF); partners with DpsA and sets
polyketide chain length. DpsC —starter-unit selection protein (ketosynthase IllI-like); determines the
propionyl-CoA starter choice. DpsD—acyltransferase; acts with DpsC in starter-unit
loading/selection. DpsE—C-9 ketoreductase; reduces the nascent decaketide before cyclization.
DpsF —aromatase/first-ring cyclase. DpsG—acyl carrier protein (ACP); tethers the growing chain.
DpsY—cyclase; completes ring cyclization to 12-deoxyaklanonic acid. DnrG—monooxygenase
(oxygenase); oxidation to aklanonic acid. DnrC—aklanonic acid methyl ester transferase (SAM-
dependent methyltransferase). DnrD—aklanonic acid methyl ester cyclase; forms the fourth ring
leading to aklaviketone. DnrE —aklaviketone reductase; reduces the C-7 keto leading to aklavinone.
DnrF—aklavinone-11-hydroxylase (FAD-dependent); leads to e-rhodomycinone. TDP-L-
daunosamine (amino-deoxysugar) biosynthesis: DnmL —glucose-1-phosphate
thymidylyltransferase; first committed step leading to TDP-D-glucose. DnmM —TDP-D-glucose 4,6-
dehydratase leading to TDP-4-keto-6-deoxy-D-glucose (naturally frameshifted/nonfunctional in
wild-type ATCC 29050, complemented by a locus outside the cluster). DnmU—TDP-4-keto-6-
deoxyglucose 3,5-epimerase; sets the L-configuration. DnmT —2,3-dehydratase/hydratase acting in
the C-3 deoxygenation step. DnmJ —aminotransferase; introduces the C-3 amino group. DnmV —
TDP-4-ketohexulose reductase; reduces C-4 keto — TDP-L-daunosamine (final sugar). DnmZ—
protein of unknown function, required for daunosamine biosynthesis. Glycosyltransferase—
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daunosamine transfer: DnrS—glycosyltransferase; attaches TDP-L-daunosamine to -
rhodomycinone (C-7), leading to rhodomycin D. DnrQ (=DnmQ)—auxiliary/activator protein
required for DnrS-catalysed glycosyl transfer. Aglycone late modification (forms DNR, DXR):
DnrP—esterase (methylesterase); rhodomycin D leading to 13-deoxycarminomycin. DnrK—
carminomycin-4-O-methyltransferase; O-methylates C-4 leading to 13-deoxydaunorubicin. DnrU—
ketoreductase; C-13 reduction (forms 13-dihydro shunt metabolites). DnrV —accessory protein
required for DoxA activity (P450 redox/folding partner). DoxA —cytochrome P450; performs C-13
oxidations (leading to daunorubicin) and the final, rate-limiting C-14 hydroxylation (leading to
doxorubicin). DnrX—Ilate-tailoring enzyme; its inactivation diverts flux toward doxorubicin.
DnrH—glycosyltransferase converting DNR/DXR to baumycin-like higher glycosides; its
inactivation raises daunorubicin titer. Pathway-specific regulatory genes: DnrO—pathway-specific
regulator (TetR-family, helix-turn-helix); initiates the cascade by activating dnrN while repressing
its own gene; senses intracellular daunorubicin and rhodomycin D (feedback). DnrN —pseudo-
response regulator that activates dnrl. Dnrl—master pathway-specific activator (SARP family);
activates the structural and resistance operons. DnrW (=DrrD; ortholog of dauW in S.
coeruleorubidus) —negative regulator that represses the central cascade. Self-resistance/export
genes: DrrA —nucleotide-binding (ATP-binding) component of the DrrAB ABC efflux pump.
DrrB—membrane-integral component of the DrrAB pump; together they export daunorubicin
(antiporter). DrrC—UvrA-like, ATP/DNR-dependent DNA-binding protein; binds the drug-DNA
complex to protect the producer’s genome (intracellular target protection). DrrD (=DnrW)—flavin-
binding self-resistance protein (its mutant shows partial loss of resistance); also functions as a

negative regulator.

This strain produces from 6.1 mg L' daunorubicin in a non-acidified medium to 45.3
mg L in a medium acidified with oxalic acid [63]. The intracellular concentration of an-
thracyclines in the producing strain is tightly regulated and maintained below lethal lev-
els by a complex network of regulatory systems, including transcription factors, sigma
factors, and small regulatory RNAs (sRNAs), whose activity is modulated by the availa-
bility or depletion of signaling molecules, including pathway intermediates such as rho-
domycin D and daunorubicin itself, which directly modulate the DN A-binding activity of
DnrO and genus-wide nutrient-responsive signals such as the alarmone (p)ppGpp and -
butyrolactone autoregulators that trigger secondary metabolism upon nutrient limitation
[37,64-66]. In addition to resistance determinants and regulatory proteins, the biosyn-
thetic gene cluster represents the principal genetic unit responsible for secondary metab-
olite production [67]. Consequently, the biosynthesis of these compounds can be precisely
modulated by reconfiguring the underlying genetic network of biosynthetic and regula-
tory genes [37].

A mutagenized derivative of S. peucetius designated S. peucetius subsp. caesius ATCC
27952 was developed by treatment with N-nitroso-N-methyl urethane. Its complete ge-
nome consists of 8,023,114 bp with a linear chromosome, 7187 protein-coding genes, 18
rRNA operons, and 66 tRNAs [68]. This mutant strain differs from its parent not only in
the morphological aspects of its vegetative and aerial mycelia but more importantly in its
biochemical profile, manifesting enhanced capacity for C-14 hydroxylation of daunomy-
cin to yield doxorubicin as the predominant anthracycline product. Other techniques,
such as overexpressing bldA (a global regulatory gene in Streptomyces that encodes the
only tRNA capable of translating the rare leucine codon TTA (UUA) with a central role in
controlling secondary metabolism, bldA-25), dnrO (major transcriptional regulator re-
quired for the expression of the transcriptional activator dnrN, dnrO-25), and a combina-
tion of bldA and dnrO (bldnrO-25) in bldA-deficient Streptomyces peucetius ATCC 27952,
have also been used to increase daunomycin biosynthesis [37]. Consequently, S. peucetius
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subsp. caesius has become a critical reference strain for metabolic engineering studies
aimed at improving anthracycline biosynthesis [45,68].

In addition to S. peucetius, Streptomyces coeruleorubidus has been identified as an inde-
pendent natural producer of daunomycin [51]. This organism was discovered concur-
rently in the 1960s by Dubost and colleagues at Rhone-Poulenc, who initially designated
the isolated compound as rubidomycin before it was recognized to be structurally identi-
cal to daunomycin [69]. S. coeruleorubidus possesses a biosynthetic pathway highly homol-
ogous to that of S. peucetius. However, certain strains, such as S. coeruleorubidus ISP 5145,
have been reported to produce only minimal quantities of daunomycin while generating
a similar spectrum of related metabolites [70,71]. Other strains, such as S. coeruleorubidus
ME130-A4, ME 130-A4 (FERM P-3540), have been developed for daunomycin production
[72].

Beyond these two main strains, daunomycin production appears to be phylogenet-
ically restricted within the Streptomyces genus [51]. While several other Streptomyces spe-
cies synthesize structurally related anthracyclines through analogous type II polyketide
synthase (PKS-II) pathways (including nogalamycin, aclacinomycin, and various rho-
domycin derivatives), the specific combination of biosynthetic genes required for authen-
tic daunorubicin assembly is not widely distributed [73]. The limited distribution of nat-
ural daunomycin producers, coupled with the extensive genetic and biochemical charac-
terization of the S. peucetius system, has established this organism as the definitive model
for studies on anthracycline biosynthesis, regulatory mechanisms, metabolic engineering,
and industrial strain improvement strategies.

Daunomycin biosynthesis in Streptomyces peucetius and Streptomyces coeruleorubidus
shares a highly conserved anthracycline biosynthetic framework. In both microorganisms,
the pathway is encoded within a dedicated gene cluster that integrates structural genes
for metabolite formation with pathway-specific regulators and self-resistance determi-
nants [44]. The biosynthetic process follows the classical anthracycline pathway logic, be-
ginning with the assembly of the polyketide backbone by a type II polyketide synthase
(PKS), which condenses one propionyl-CoA starter unit with multiple malonyl-CoA ex-
tender units (Figure 5). Subsequent cyclization, aromatization, and oxidation reactions
generate the key aglycone intermediate e-thodomycinone, which serves as a precursor for
subsequent enzymatic modification steps [23,74].

In parallel with aglycone formation, both species synthesize the amino deoxysugar
daunosamine via a dedicated pathway involving epimerases, reductases, and nucleotide-
dependent modifying enzymes. The final assembly of the antibiotic requires glycosylation
of the aglycone, catalyzed by specific glycosyltransferases such as DnrS and DnrQ or their
functional homologs.

This step is critical for biological activity and represents a major control point for
metabolic flux toward daunomycin [22,75]. In both S. peucetius and S. coeruleorubidus, the
expression of structural genes is coordinated by pathway-specific transcriptional regula-
tors, with Dnrl acting as the central positive regulator that activates multiple biosynthetic
operons [76]. In addition, both organisms possess Drr-type ATP-Binding Cassette (ABC)
transport systems that actively export daunomycin, providing self-resistance and contrib-
uting to improved production capacity [76-78].

Despite this high level of biochemical conservation, important differences exist at the
regulatory and physiological levels. In S. peucetius, pathway control is primarily mediated
by multiple transcriptional regulators, including DnrI (positive regulator) and DnrO (dual
regulator that activates the daunorubicin biosynthetic cascade through sequential induc-
tion of DnrN and Dnrl, while concurrently functioning as a pathway-specific negative reg-
ulator through self-repression of its own transcription), and DnrN, and strain improve-
ment strategies have focused mainly on enhancing precursor supply, increasing gene
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dosage, or overexpressing key tailoring enzymes. In contrast, S. coeruleorubidus contains
an additional regulatory element, the DauW gene (orthologous gene with DnrW and
DrrD), located within the anthracycline cluster. Functional studies have demonstrated
that dauW negatively regulates daunomycin biosynthesis [36]. Disruption or deletion of
DauW results in a significant increase in antibiotic production, accompanied by elevated
transcription of Dnrl and enhanced self-resistance capacity, indicating that DauW modu-
lates pathway output by repressing the central regulatory cascade. Another strategy con-
sidered the enhancement of dTDP-L-daunosamine availability. In vitro reconstitution of
the dTDP-L-daunosamine biosynthetic pathway identified the aminotransferase step as
the major rate-limiting bottleneck, suggesting that overexpression or engineering of this
enzyme for higher catalytic efficiency represents a direct approach to increase pathway
flux. Additionally, competing side reactions that divert dTDP-sugar intermediates away
from dTDP-L-daunosamine biosynthesis highlight the importance of attenuating or delet-
ing competing enzymatic activities to maximize net precursor availability. Furthermore,
strengthening the upstream supply of dTDP-4-keto-6-deoxy-glucose, the key precursor
for daunosamine biosynthesis, constitutes an additional engineering target [22].
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Figure 5. Scheme for polyketide biosynthesis of daunomycin. The “n x” notation gives the number
of equivalents of each acyl-CoA precursor that the type II PKS incorporates into one polyketide

chain.

Another distinguishing feature is the broader secondary metabolite profile of S. co-
eruleorubidus, which produces not only daunomycin but also related anthracyclines such
as rubomycins, suggesting differences in pathway flux distribution and tailoring enzyme
specificity [79]. In contrast, S. peucetius is more specialized toward daunomycin produc-
tion and serves as the principal industrial source and precursor platform for doxorubicin
manufacturing [45].

Overall, daunomycin biosynthesis in S. peucetius and S. coeruleorubidus relies on a
conserved enzymatic core consisting of type II PKS-mediated backbone formation, deox-
ysugar biosynthesis, glycosylation, transcriptional activation by Dnrl, and active efflux-
based self-protection. The major divergence between the two species lies in regulatory
architecture, particularly the presence of the negative regulator DauWin S. coeruleorubidus,
which introduces an additional layer of control over pathway expression. These differ-
ences are of practical importance to metabolic engineering and strain improvement, as
they define distinct intervention points for enhancing industrial daunomycin production.

3.3. Bottlenecks in Native Daunomycin Biosynthesis

Although Streptomyces species can efficiently produce daunomycin, industrial titers
remain constrained by multiple regulatory and physiological aspects. Among the key con-
straints are

- Inadequate biosynthesis and availability of the activated sugar precursor thymidine
diphosphate-L-daunosamine (TDP-daunosamine) needed for the glycosylation of
aglycone;

- Low catalytic efficiency of the glycosyltransferase DnrS responsible for daunosamine
attachment at the C-7 position, leading to accumulation of non-glycosylated interme-
diates;

- Intrinsic cytotoxicity of daunomycin and its biosynthetic intermediates;

- Stringent transcriptional regulation mediated by pathway-specific regulators (DnrI,
DnrN, DnrO) and global regulatory networks that temporally restrict and often sup-
press biosynthetic gene expression under standard fermentation conditions [45,80].

At the transcriptional level, expression of the daunomycin biosynthetic gene cluster
(Dau/Dnr) is tightly controlled by pathway-specific regulators, such as Dnrl and DnrN, as
well as by global regulatory networks associated with morphological differentiation, nu-
trient sensing, and secondary metabolism. These regulatory layers result in suboptimal
expression of key biosynthetic enzymes under industrial fermentation conditions [77].

Another major constraint concerns product-associated toxicity and feedback effects.
Daunomycin exhibits cytotoxicity, affecting cellular viability, reducing growth rates, and
altering membrane integrity at elevated intracellular concentrations. To mitigate self-tox-
icity, Streptomyces peucetius relies on multiple complementary resistance mechanisms.
However, the capacity of these systems is limited and may become inefficient during over-
production [45]. The primary defense is active efflux mediated by the DrrA-DrrB ABC
transporter system, which maintains daunorubicin at subinhibitory intracellular concen-
trations by continuously exporting excess drug; deletion of these genes leads to toxic in-
tracellular accumulation and a 10-fold decrease in production [81]. At the extracellular
level, a secreted serine protease forms a specific daunorubicin—protease complex that neu-
tralizes the drug outside the cell, preventing its re-uptake and maintaining a steady-state
subinhibitory drug concentration in the cellular environment [82]. Accumulation of the
final product can also cause feedback inhibition, leading to decreased biosynthetic activity
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and limiting achievable titers [83]. Additionally, the formation of biogenic iron-dauno-
rubicin nanoparticles, based on daunomycine’s iron chelating ability and hydrophobicity,
has been described as an autonomous defense mechanism that incorporates free dauno-
rubicin, thereby reducing its bioavailability and cytotoxicity [84]. Complementing these
strategies, DrrC, a UvrA-like DNA-binding protein, provides an additional layer of pro-
tection by inhibiting or destabilizing the binding of daunorubicin to the producer’s ge-
nomic DNA, thereby preventing interference with gene expression and avoiding free rad-
ical damage associated with DNA-bound drug reduction [85].

Precursor supply represents an additional metabolic bottleneck, as daunomycin bio-
synthesis requires malonyl-CoA and propionyl-CoA for polyketide assembly, as well as
activated sugar precursors for daunosamine formation. These metabolites compete with
essential primary metabolic pathways, including fatty acid biosynthesis, energy metabo-
lism, and synthesis of structural components. Insufficient availability of acetyl-CoA—de-
rived intermediates can restrict polyketide synthase activity. Furthermore, imbalanced
metabolic flux may lead to the accumulation of early intermediates, inefficient carbon uti-
lization, and increased by-product formation, collectively reducing overall pathway effi-
ciency [86,87].

4. Optimization Strategies to Improve Daunomycin Yield

Research efforts to increase daunomycin production in S. coeruleorubidus reflect a
clear evolution from early fermentation-based approaches to the application of advanced
molecular and metabolic engineering methodologies. During the foundational era (1977-
1982), defining contributions by Blumauerova et al. (1977) established optimal culture me-
dium compositions, while subsequent studies systematically characterized biotransfor-
mation pathways and identified feudomycin derivatives, revealing that S. coeruleorubidus
produces a complex mixture of at least nine antibiotically active glycosides rather than
pure daunomycin [71,88]. The molecular characterization period (1990-1999) marked the
first cloning of daunomycin biosynthesis genes [78] and the identification of DpsC as a
critical determinant of starter unit specificity, demonstrating that propionyl-CoA, rather
than acetyl-CoA, serves as the polyketide starter unit [76] —a key insight into polyketide
synthase selectivity. In the advanced engineering era (2008-2025), sophisticated metabolic
and genetic interventions have further enhanced production: Shang et al. (2008) engi-
neered strains to produce 4'-epidaunorubicin, Yuan et al. (2011) achieved an eightfold
yield increase through targeted dauW deletion, Dong et al. (2024) characterized three dis-
tinct ABC transporters (drrAB1, drrAB2, drrAB3) as essential for daunomycin efflux, and
Benes et al. (2025) reported record titers of 5.5-6.0 g L-! via oil-based fermentation induc-
ing biogenic nanoparticle formation [36,64,79,84]. Collectively, these studies illustrate a
progressive integration of fermentation optimization, molecular understanding, and met-
abolic engineering.

However, there is a biosynthetic and industrial coupling between daunomycin and
doxorubicin, and thus, the optimization strategies are closely correlated. In Streptomyces
peucetius subsp. caesius ATCC 27952, daunomycin serves as the direct precursor to doxo-
rubicin. The final C-14 hydroxylation, which transforms daunomycin into doxorubicin, is
catalyzed by a single cytochrome P450 monooxygenase, DoxA [83]. This enzyme also fa-
cilitates two earlier oxidation steps in the biosynthesis of 13-deoxydaunorubicin and 13-
dihydrodaunorubicin [89]. Kinetic analysis of recombinant DoxA shows that the final C-
14 hydroxylation is slower than the earlier C-13 oxidations [89,90]. This is the primary
reason DoxA is widely regarded as the rate-limiting enzyme in doxorubicin biosynthesis
[91]. Recent work on structural and redox-partner engineering has identified the native
ferredoxin Fdx4 and ferredoxin reductase FdR3, along with the vicinal-oxygen-chelate
protein DnrV, which diminishes product inhibition by sequestering doxorubicin. These
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modifications led to up to a 180% increase in titer in engineered strains [92]. Additionally,
rational mutagenesis of DoxA, specifically the P88Y variant, resulted in a 56% improve-
ment in bioconversion efficiency [91].

Since DoxA catalysis is inherently inefficient, nearly all commercial doxorubicin is
produced by microbial fermentation followed by semi-synthetic conversion from dauno-
mycin [93]. This industrial process has three implications for daunomycin production.
Many strain-engineering studies in the daunomycin literature measure the DXR/dauno-
mycin ratio rather than daunomycin alone, so comparing titers across studies requires
careful attention to the analytical endpoint. Additionally, daunomycin serves as an indus-
trial starting material for semi-synthesizing second-generation anthracyclines such as epi-
rubicin (through C-4' epimerization of daunosamine) and idarubicin (via C-4 demethox-
ylation of the aglycone) [53]. Any strategy that raises the daunomycin titer will benefit the
entire second-generation anthracycline pipeline, not just daunomycin itself. Additionally,
inhibiting the conversion of daunomycin to doxorubicin by inactivating DoxA or DnrV
provides a viable approach for producing pure daunomyecin. This simplifies downstream
purification but eliminates the natural co-production of doxorubicin [93].

In the natural producer, the flux partitioning between daunomycin and doxorubicin
serves as a controllable industrial variable: blocking C-14 hydroxylation optimizes dauno-
mycin accumulation for subsequent chemical modification, while increasing DoxA activ-
ity shifts flux toward doxorubicin. The choice of strategy depends entirely on the desired
compound, and both methods are active areas of research in metabolic engineering [91].

4.1. Genetic and Metabolic Engineering Approaches

Enhancing daunomycin production in Streptomyces species has been a central objec-
tive of metabolic and genetic engineering, aiming to overcome the inherent constraints of
native biosynthetic pathways (Table 2). Strategies include

- Targeted manipulation of regulatory genes and structural genes,

- Optimization of sugar biosynthesis pathways,

- Overexpression of positive transcriptional regulators, and

- Modulation of self-resistance genes, often combined with inactivation of specific
post-modification enzymes to redirect metabolic flux toward increased daunomycin
yield.

Table 2. Genetic engineering strategies for improving daunomycin production and diversification.

Strategy Category Target Gene(s)/Approach = Mechanism/Objective Outcome Key References

Introduction of DumT  Reduction of undesired by-  8.5-fold increase in
on a high-copy-number ~ products—e-rhodomyci- daunomycin produc- [80,94]
plasmid into the DnrH mu- none; enhanced efflux and  tion and improved ’

tant cellular protection strain productivity

Activation of the daunomy-
cin biosynthetic cluster; re- Global upregulation of
lief of transcriptional repres- biosynthesis and 2-fold [37,78,95]
sion and pathway bottle-  increased production

Manipulation of DnrR1,
Pathway-specific DnrR2, DnrN, DnrO
regulatory engi-

neering necks
Deletion of DauW (DrrD
¢ eHol of Ll ( " Enhanced self-resistance to Increased daunomycin
and DnrW ortholog in S. co- .. . . [36]
. daunorubicin biosynthesis by 8-fold
eruleobidus)
. . Lo Improved pathway sta-
Modulation of transcrip- ~ Optimization of feed-for- i .
. bility and sustained
tional regulators ward and feedback control; roduction durine fer [77]
(Dnrl/]/N/O) prevention of premature P &

mentation
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pathway shutdown due to
product accumulation
Expression of resistance  Increased daunomycin
Overexpression of DrrA—  genes for higher tolerance production to 12 mg L [80]
DrrBin S. peucetius against cytotoxic daunomy- compared to 4.5 mgL-
Efflux-based self- cin effect in the wild strain
resistance Active export of daunomy- Enhanced cellular toler-
Disruption of DrrA and  cin to prevent intracellular ance and 10-fold de- [81,96]
DrrB operons accumulation and cytotoxi- crease in daunomycin ’
city production
Extracellular se- _. . . . Binding and sequestration Reduced bioavailability
. Biogenic iron/oil nanoparti- . . .
questration mecha- . of daunomycin outside the of free daunomycin and [84]
. cle formation . . . . ..
nisms cell to reduce autotoxicity its associated toxicity.
. Diversification of biosyn-  Production of novel
. . ... Heterologous gene combi- ) . .
Combinatorial bio- . o thetic pathways through en- daunomycin deriva-
nations; tailoring enzyme [83]

synthesis

modification

zyme swapping or modifica- tives with improved or
tion altered properties

An important approach is THE modulation of pathway-specific regulatory elements.
Targeted disruption of the DauW gene in S. coeruleorubidus resulted in an approximately
eightfold increase in daunomycin production, suggesting that DauW is an important neg-
ative regulator of the pathway [36]. Deletion of the whlAspe gene in S. peucetius OIM re-
sulted in an increase in the total production of doxorubicin by approximately 70% and
daunomycin by 150% compared to the parental strain under the same fermentation con-
ditions [39]. Malla et al. (2009) examined the effect of over-expression of the self-resistance
gene on the production of daunomycin by Streptomyces peucetius. Using S. peucetius ATCC
27952 as the parental strain, recombinant strains overexpressing DrrAB, DrrC and the
combined DrrABC genes were constructed. The engineered strains (S. peucetius DrrAB,
DrrC, and DrrABC) showed a substantial increase in antibiotic production, with the strain
carrying the plasmid pDrrAB25 showing a nearly 3-fold improvement in daunomycin
yield compared to the wild type. The data reveal that overexpression of the Drr efflux
system, which increases the capacity for cellular export and resistance, successfully alle-
viates the intracellular product toxicity and can be a feasible approach to enhance dauno-
mycin productivity [80].

4.2. Bioprocess Optimization

Through systematic optimization of fermentation media and process parameters, sig-
nificant advances in daunomycin production have also been made. Important strategies
include the use of oils instead of traditional carbon sources, the use of statistical optimi-
zation methods, and the use of immobilized cell systems (Table 3). Reported production
levels vary on an extremely broad range: from very low concentrations characteristic of
wild-type strains cultivated under conventional conditions (strains such as S. peucetius
ATCC 29050 or wild-type S. coeruleorubidus produce titers in the ug L' range or below 15
mg L), to moderate titers achieved through classical selection or process optimization
(65-75 mg L1 for Streptomyces insignis ATCC 31913 in aerated fermenters). A notable ad-
vancement is the optimization of culture medium composition and nutritional strategies,
leading to substantial increases in productivity, based on oils (soy, corn, rapeseed, olive
pomace) as superior carbon sources for high daunomycin titers, especially when com-
bined with molasses or other complex feeds [97]. In the patented processes, time-pro-
grammed feeding strategies provide carbon and nitrogen sequentially to support growth
and precursor supply, amino acids to enhance acetyl/propionyl CoA and S-
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adenosylmethionine availability, and fatty acids or oils to maintain PKS II activity in late
fermentation. This staged approach is a key process-level factor consistently associated
with daunomyrcin titers at or above 3 g L-1. The most remarkable recent example is the S.
coeruleorubidus RTA 2210 strain, which produces 5.5-6.0 g L' daunomycin in optimized
oil-based media (olive pomace oil), almost three times higher than in conventional glu-
cose-based media, and 1000 times higher than in wild-type strains. The improved perfor-
mance was enabled by an autonomous resistance mechanism based on the formation of
biogenic daunomycin-iron nanoparticles [84].

Overall, the data highlight the importance of strain selection, medium optimization
and process intensification for improving biosynthesis of daunomycin, providing a rele-
vant comparative framework to benchmark fermentation performance and set realistic
targets for process development and industrial scale-up. The literature suggests that titers
of 0.5-1.0 g L' or greater are required for industrial economic viability, a threshold that is
significantly exceeded by the new lipid-based media approaches.

Table 3. Strain-specific media optimization studies.

P i Vol tri Key Refer-
rodu?mg Medium Composition and Process Conditions Reported Titer ° um(.e 1:1c ey Reter
Strain Productivity ences

10 g L' baker’s yeast, 20 g L soy flour, 100 g L' pomace
Streptomyces olive oil, 5 g L yeast extract, 5 g L glycerol, 2 g L1 55-6.0g L
coeruleoru-  KoHPOs, 1 g L' MgS047H20, 3 g L' CaCOs, and 3.6 g L1 (5500-6000 mg ~0.022 g L' h!

bidus RTA  FeSO+7H20. The pH was adjusted to 5.9-6.1 using 2 M L) [84]
2210 NaOH or 2 M HC], Batch duration 264 h
glucose as a carbon source ~20gL? ~0.0076 g L1 h!

soybean oil 20 g L1, molasses 30 g L, glycerine 12 g L,
earthworm powder 20 g L, peptone (10 g L), KaHPOs,
0.6 gL, CaCOs6 gL', NHiSOs5 g L1, NaCl4 g L, Re- 3.24-346gL' ~0.020gL"'h! [97]
pone K 6 g L1, MgSO4 6 g L1, FeCls 0.2 g L, polyethylene
diamine 0.01 gL-'; Batch duration 168 h
glucose 10 g L1, cornstarch 50 g L, corn steep liquor 20 g
Streptomyces L7, Seitan powder 10 g L-!, ammonium sulfate 10 g L, 25-3gLt
coeruleoru-  dipotassium hydrogen phosphate 5 g L, ferrous sulfate 1 (2500-3000 mg ~0.016 g L-' h! [98]
bidus g L1, sodium chloride 0.5g L, calcium carbonate 3 g L, L)
defoamer 0.3 g L1, pH 7.0~7.5.; Batch duration 168 h
glucose, 4 g L-1; malt extract, 10 g L-; yeast extract, 4 g L;

Streptomyces
peucetius

46. L1 ~0.00028 g L1 h!
St;zt;zz;:es bH, 7.3, 7 days 6.96 mg 0.00028 g a8
MTCC 4332 ultrasound-assisted fermentation (25 kHz, 160 W, 40% 7642 mg L1 ~0.00045 g L -

duty cycle, 5 min applied on day 4), 7 days fermentation
Streptomyces  3.5% soluble starch, 3% soybean meal, 0.3% NaCl, 0.3% 1263 mg L
coeruleoru- CaCOs; daunomycin mainly as glycosides; Batch duration (antibiotic ac- ~0.0075 g L1 h! [71]
bidus (39-146) 168 h (estimated) tivity)
5% cerelose, 1.25% defatted soy flour, 1.2% herring meal,

Streptomyces
.33% 1, 0.75% 1 3 1.0% “Th
insignis 566-9 0.33% Na(.l 0.75% aut9 yzed yeast, and 1.0% CaCQOs. The 5875 mg L1 ~0.00056 g L1 h 00
ATCC 31913 fermentation was carried out for 120 h at 30 °C, 200 rpm,

and 0.5 volume of air per volume of medium per min.
Streptomyces APM production medium, 120 h, 30 °C. The cultures were
peucetius acidified with oxalic acid, heated at 60 °C for 45 min, ad- 453 mgL? ~0.00038 g L' h! [63]
ATCC 29050 justed to pH 8.5, and extracted with chloroform.

The comparison of strains considering volumetric productivity indicates different re-
sults between glucose-based and lipid-based processes. The best oil-fed systems achieve
~0.02 g L' h™'. On the other hand, glucose-fed wild-type cultures remain below 103 g L
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h1. This difference may partly reflect the sustained precursor supply offered by lipid ca-
tabolism during the idiophase, as required polyketide biosynthesis precursors are pro-
vided by primary metabolism, a source that becomes limiting as cultures enter the sta-
tionary phase [86]. Oil-based media can also develop an independent daunomycin-re-
sistance mechanism through biogenic nanoparticle formation, further differentiating
these systems from typical glucose-fed systems.

Optimal fermentation of daunomycin typically proceeds over 168-192 h (7-8 days)
under tightly controlled environmental and nutritional conditions. Temperature and pH
are maintained to support both growth and production, with optimal microbial growth
occurring at 26-30 °C (typically 28 °C) and an initial pH of 7.5-8.0, controlled to 6.8-7.5
throughout fermentation.

The control of dissolved oxygen is usually phase-dependent: above 45% for the early
growth phase (0-36 h) to enable rapid biomass accumulation, adjusted to 10-45% for the
production phase (37-120 h), and above 30% for the late phase (>121 h) to enable second-
ary metabolism. In a staged strategy, nutrient supplementation is used to improve pre-
cursor availability and enzymatic activity. In the early phase (048 h), 0.1-2.0% sodium
bicarbonate increases production by ~28%; in the mid-phase (48-96 h), 0.01-0.10% S ade-
nosylmethionine increases yield by ~32%; and in the late phase (72-144 h), 0.1-3.0% rape-
seed oil or fatty acids increases production by ~45%. Used in combination, these additive
and environmental strategies can lead to cumulative improvements in yield of 65-72%
over baseline fermentation [98]. The progression from 1.0 g L' baseline production to 5.5~
6.0 g L in recent studies represents a 5-6-fold improvement, making industrial-scale
daunomycin production more efficient. Key drivers include

- Deletion of negative regulators (8-fold improvement);

- Fed-batch fermentation optimization (15-25% improvement);

- Additive supplementation strategies (65-72% cumulative improvement);
- Oil-based fermentation with autonomous resistance (3-fold improvement)

4.3. Techno-Economic Considerations

The economics of daunomycin manufacturing are dominated by downstream pro-
cessing. In fermentation-based production of secondary metabolites, downstream recov-
ery and purification typically account for 50-80% of total manufacturing cost, a share that
rises further for low-titer products such as anthracyclines, where purification volumes are
large, and solvent consumption is extensive [100]. Cost of goods sold (COGS) is highly
sensitive to fermentation titer: doubling the titer from 1 to 2 g L typically reduces COGS
by 40-60% by concurrently reducing fermenter size, utility consumption, and down-
stream unit operations [101]. This sensitivity largely explains the industrial attractiveness
of the oil-based high-titer media developed in recent patents and academic reports [84]. It
justifies the commonly cited minimum titer of 0.5-1.0 g L for the economic viability of
anthracycline fermentations at the industrial scale [23,45].

Anthracycline production has a low performance from the green chemistry perspec-
tive. Conventional solvent-based recovery (extraction with chloroform followed by chro-
matography on silica gel) yields process mass intensity (PMI) values in the hundreds to
low thousands of kg waste per kg active pharmaceutical ingredient (API), in line with
typical values for complex-molecule API synthesis [102]. Resin-based adsorption (LX-20
or LX-68M macroporous resins) replaces liquid-liquid extraction, reducing the solvent in-
tensity and hence E-factor, while energy use and effluent load are also reduced in parallel.
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5. Daunomycin Downstream from the Fermentation Broth

Purification and recovery of biotechnologically produced metabolites are critical and
yet challenging stages of the overall process, due to the complex composition of fermen-
tation broths and the typically low product concentrations. Although significant progress
has been made in developing downstream processes for daunomycin recovery, several
technological and knowledge gaps remain, limiting overall process efficiency, scalability,
and economic viability.

Downstream recovery of daunomycin is generally based on solvent extraction strat-
egies that recover both the extracellular fraction present in the culture supernatant and
the intracellular or cell-associated fraction (Figure 6). After completion of fermentation,
the broth is subjected to primary solid-liquid separation (centrifugation or filtration) to
remove microbial biomass. Daunomycin present in the clarified supernatant can be recov-
ered by liquid-liquid extraction with organic solvents such as chloroform. In parallel, the
biomass fraction may be treated with a polar solvent (e.g., acetone) to release intracellular
product, followed by clarification, concentration under reduced pressure, and secondary
extraction into an immiscible organic phase. The combined organic extracts are subse-
quently concentrated to obtain a crude daunomycin product of moderate purity. Further
purification relies on pH-controlled re-extraction and solvent fractionation steps that ex-
ploit the amphoteric nature of daunomycin. The crude extract is dissolved in a dilute
acidic solution to remove insoluble impurities, then adjusted to alkaline pH and back-
extracted into an organic solvent to enhance selectivity and recovery. After washing and
drying of the organic phase, solvent removal and antisolvent precipitation (e.g., with n-
hexane) yield a partially purified product, while final purification is commonly achieved
by adsorption or silica gel chromatography to obtain high-purity daunomycin [72].
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Figure 6. Daunomycin downstream process.

An alternative, industrially oriented approach, described in the patent literature, by-
passes the need for extensive liquid-liquid solvent extraction by combining resin-based
adsorption and chelation steps. In this workflow, the fermentation broth is filtered first to
remove cells. The clarified liquid is passed through a macroporous adsorptive resin (LX-
20 or LX-68M type), which selectively retains daunomycin but allows the hydrophilic im-
purities to pass. The resin-based product is then treated with ethylenediaminetetraacetic
acid (EDTA) salts to complex metal ions and remove metal-associated contaminants. Con-
trolled pH and column operation minimize impurities. The product is recovered by crys-
tallization and concentration. This method provides a solvent-efficient and scalable
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alternative suitable for industrial production with emphasis on environmental and oper-
ational benefits while ensuring high product purity [100].

Classical recovery techniques such as solvent extraction and adsorption-based puri-
fication provide reliable separation but usually consist of multiple unit operations, high
solvent usage and problems related to product losses and environmental impact [84]. In-
stead of the conventional recovery of the soluble product, some processes rely on the con-
trolled precipitation of daunomycin in an inactive form directly from the cultivation me-
dium, such as a biogenic nanoparticle. Precipitation occurs through the autonomous-de-
fense mechanism: in an oil-based medium, daunomycin’s iron-chelating ability and hy-
drophobicity drive the formation of biogenic iron-daunomycin nanoparticles/complexes
that partition into the solid sediment as an inactive form. The solid phase is easily sepa-
rated and re-extracted with a strong acid, which simplifies the subsequent operations. In
addition to better process control, precipitation-based recovery results in lower consump-
tion of chlorinated hydrocarbons compared to conventional solvent extraction, which re-
duces operational costs and environmental impact [84].

6. Post-Biosynthetic Formulation and Delivery Strategies to Improve
Daunomycin Treatment Results

Anthracycline antibiotics such as daunomycin are highly potent chemotherapeutic
agents, exerting their effects by mechanisms including DNA intercalation, free radical
generation, and topoisomerase II inhibition. However, their therapeutic potential is often
limited due to poor solubility, fast systemic clearance and off-target toxicity [103]. To over-
come these shortcomings, different post-biosynthetic formulation and delivery strategies
were developed in order to increase bioavailability, higher accumulation at target tissues
and lower systemic side effects [104-108].

The therapeutic performance of daunomycin can be substantially enhanced through
a combination of targeted and controlled delivery, rational structural modification, and
synergistic combination strategies, which can improve malign cell selectivity and reduce
systemic toxicity and drug resistance [109-111].

6.1. Nano- and Biohybrid Delivery Systems

Specific drug delivery systems (polymeric nanoparticles, PEGylated drug systems,
liposomes, and micelles) can improve drug bioavailability and efficacy. Nanocarrier plat-
forms have been extensively explored to improve daunomycin accumulation and con-
trolled release [112-116]. For example, dense DNA-coated gold nanoparticles (AuNPs)
can load over 1000 daunomycin molecules per particle, provide sustained release for 48
h, and enhance cytotoxicity compared to the free drug, while maintaining the optimal size
range (16-100 nm) for accumulation in the tumor [112]. Ternary gold-based systems com-
bining AuNPs, gemini surfactants, and DNA-daunomycin complexes, Au@16-Ph-
16/DNA-Dauno, have demonstrated potent activity against pediatric B-cell acute lym-
phoblastic leukemia (B-ALL) cell lines at minimal drug concentrations, suggesting poten-
tial for cost-effective yet highly efficacious therapy [109]. Magnetic nanocarriers function-
alized with avidin and carrying iminobiotinylated daunomycin achieve high loading effi-
ciency (~94%) and reduced IC50 values (concentration of a compound required to inhibit
a given biological response by 50%) compared with free drug, with pH- and biotin-trig-
gered release, and offer prospects for magnetically guided tumor targeting [117,118].
Studies have shown that DaunoXome (nanoliposomal daunomycin) improves drug de-
livery to hematological malignancies and offers several advantages over free daunomycin:
enhanced efficacy against multidrug-resistant cell lines, a more favorable toxicity profile,
and the ability to cross the blood—brain barrier [119,120]. Liu et al. (2023) investigated folic
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acid-modified PEGylated liposomes for the co-delivery of hydrophobic homoharring-
tonine and hydrophilic daunomycin. This system achieved high encapsulation efficiency,
optimal synergistic drug ratios, and enhanced antitumor efficacy compared to free drug
combinations, while reducing systemic toxicity. Through both active and passive target-
ing mechanisms, the drugs preferentially accumulated at tumor sites, thereby minimizing
toxicity to major organs [121].

6.2. Antibody and Peptide Conjugates (Targeted Delivery)

Targeting daunomycin to specific tumor cells via antibodies or cell-penetrating pep-
tides improves selectivity and reduces off-target effects: conjugates with oligoarginine
peptides (e.g., Arg6) preserve the drug’s DNA-binding and topoisomerase-inhibitory
functions, efficiently deliver daunomycin into cells, and maintain potent in vitro cytotox-
icity [122]. Szasz et al. (2024) investigated peptide—drug conjugates for pancreatic cancer
targeting by identifying three octapeptides (EPSQSWSM, ETPPSWGG, and GSSEQLYL)
and conjugating them to daunomycin through a dual-linker system comprising an oxime
bond and a cleavable tetrapeptide sequence, enabling tumor-specific drug delivery and
controlled release [123]. Enyedi et al. (2017) investigated cyclic NGR peptide-daunomycin
conjugates exploiting dual tumor-targeting mechanisms: NGR peptides (peptides con-
taining the asparagine—glycine-arginine domain) bind CD13 receptors on tumor vascula-
ture, while their isoAsp degradation products target RGD-binding integrins involved in
metastasis. Four conjugates with varying stability were synthesized and tested on CD13-
positive and -negative cell lines, revealing that C-terminal drug conjugation via enzyme-
labile spacers provided superior antitumor activity compared to branched designs
[124,125].

6.3. Structural Optimization and Combination Therapy

Rational chemical modification and co-delivery strategies further enhance the effi-
cacy of daunomycin. Polymethoxybenzyl substitutions on the sugar amino group yield
daunomycin derivatives with higher DNA affinity, stronger disruption of the cell cycle
and glycolysis, and improved cytotoxicity compared with the parent drug, alongside pre-
dicted enhancements in pharmacokinetic and toxicity profiles [110,111]. Charak et al.
(2025) investigated idarubicin, a daunomycin analog with enhanced activity due to a
methoxy-to-hydrogen substitution, demonstrating strong, spontaneous binding to tRNA
at guanine, uracil, and adenine sites, creating stable complexes while preserving tRNA’s
A-form structure. These findings elucidate the dynamics of anthracycline binding and
guide the development of improved analogs with enhanced efficacy and reduced toxicity
for tRNA-targeted cancer therapies [126].

7. Future Research Directions

The performed analysis shows that several major gaps remain, limiting industrial
productivity (Table 4). The real-time adaptive control of fermentation parameters, includ-
ing dissolved oxygen, nutrient feeding, and additive supplementation, remains largely
unexplored. Advanced artificial intelligence (Al) and machine learning (ML) approaches
could allow dynamic optimization of these variables to maximize yield and reproducibil-
ity. Complementary to process control, comprehensive transcriptomic and proteomic pro-
filing is needed for various fermentation phases to identify rate-limiting enzymes and
control bottlenecks, providing molecular targets for metabolic intervention.

From a practical implementation perspective, scale-up challenges continue to hinder
industrial application, as metabolic regulation and product distribution may shift unpre-
dictably at both pilot and industrial scales. Heterologous expression of the daunomycin
biosynthetic pathway in safer, well-characterized hosts such as Streptomyces coelicolor
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represents a promising strategy to address biosafety concerns and enable flexible strain
engineering. Integration of modern synthetic biology tools, including CRISPR-based ge-
nome editing and modular regulatory circuits, could accelerate the development of high-
performing strains and allow systematic optimization of pathway flux [127]. Addressing
these gaps through a combination of systems biology, structural insights, and advanced
bioprocessing is required to unlock the full biosynthetic potential of daunomycin and re-
lated anthracyclines.

Table 4. Major knowledge gaps and proposed research priorities.

Focus Area

Priority Directions Key References

Systems biology of dauno-
mycin

Multi-omics (transcriptomics, proteomics, metabolomics) under high-

production conditions; regulatory network reconstruction; genome- [128]
scale flux modeling of PKS and sugar pathways

Mechanisms of self-re-
sistance

Characterization of efflux, target modifications, and nanoparticle-
based sequestration; identification of regulatory circuits controlling [84]
these systems

Rational medium and pro-
cess design

Redox-controlled fermentations, iron speciation studies, lipid

type/systematic screening; linking physiochemical parameters to tran- [127,129]

scriptional and metabolic responses

New hosts and strain dis-
covery

Genome mining for alternative anthracycline producers; development

of heterologous hosts (engineered Streptomyces, Actinomycetes, or [128]
yeasts) for daunomycin pathways

Advanced metabolic/syn-

CRISPR editing, dynamic control circuits, modularization of type II

PKS and sugar pathways, Al-assisted design of enzymes and regula- 128

thetic biology tools garp Y & Y & [128]
tory parts

Continuous chromatography, in situ product removal, aqueous two-
Sustainable downstream sraphy : P L. q .
. phase systems, membrane-assisted extraction, integrated continuous [130,131]
processing i
manufacturing

One major research gap in the industrial production of daunomycin concerns the ad-
vancement of more selective and sustainable separation technologies. Advanced adsorp-
tion materials, membrane-based separations, and aqueous two-phase systems for an-
thracycline recovery remain unexplored, although they have the potential to reduce sol-
vent usage and improve selectivity. In addition, there is a limited understanding of inter-
actions between daunomycin and biomass components during cell disruption and clarifi-
cation, which affects recovery yields and process robustness.

Process integration and real-time control also represent important future directions.
Most existing downstream schemes operate in a sequential batch-based manner with lim-
ited process monitoring. The implementation of process analytical technologies and
Al/ML-assisted control strategies could permit dynamic adjustment of pH, extraction con-
ditions and phase separation parameters, thus improving consistency and reducing prod-
uct degradation.

Subsequent research should also focus on downstream—upstream integration, align-
ing fermentation conditions with recovery requirements to reduce impurity content in the
fermentation broth and simplify purification. The application of process intensification
concepts, such as continuous extraction, in situ product removal and hybrid separation
systems, offers promising opportunities to increase overall productivity. Dealing with
these gaps will be essential to developing economically sustainable, industrially robust
processes for daunomycin recovery.
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8. Conclusions

Recent advances in daunomycin biosynthesis have significantly enhanced produc-
tion efficiency and therapeutic potential through multiple strategic approaches. Complete
elucidation of the daunomycin biosynthetic gene cluster in Streptomyces species has ena-
bled targeted genetic engineering to optimize yield, including overexpression of rate-lim-
iting enzymes.

Looking forward, emerging trends could be used to transform daunomycin produc-
tion platforms: systems biology and machine learning approaches are enabling predictive
modeling of biosynthetic pathways for rational strain design; cell-free biosynthesis sys-
tems offer simplified production environments with enhanced control; and semi-synthetic
approaches combining fermentation with chemical modification provide access to struc-
turally complex analogs. Furthermore, integrating continuous fermentation technologies,
real-time process monitoring, and sustainable downstream methods promises to reduce
costs and environmental impact while maintaining product quality, positioning these
platforms for scalable, economically viable production of both daunomycin and next-gen-
eration anthracycline therapeutics.
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