
Article https://doi.org/10.1038/s41467-025-62659-0

Development of a versatile chassis for the
efficient production of diverse type II
polyketides

Yang Zou1,2, Ronghui Wang1, Zhengjie Liu2, Yuyang Zou2, Shipeng Zeng1,
Min Fang1, Hongmei Chen3, Pengfei Wang3, Changxian Xie3, Zixin Deng 2,
Fan Zhang 1,4 , Ran Liu 2 & Tiangang Liu 1,2

Type II polyketides (T2PKs) exhibit a wide range of structural diversity and
potent pharmacological activities. However, the optimal chassis for the
synthesis of T2PKs remains elusive, impeding the effective mining and pro-
duction of these compounds. In this study, we identify Streptomyces aur-
eofaciens J1-022, a high-yield producer of chlortetracycline, as a promising
chassis for T2PKs synthesis. Tomitigate precursor competition, we execute an
in-frame deletion of two endogenous T2PKs gene clusters, resulting in a
pigmented-faded host, designated Chassis2.0. Compared to conventional
Streptomyces chassis, Chassis2.0 demonstrates enhanced efficiency in the
production of oxytetracycline, achieving a 370% increase relative to com-
mercial production strains. Additionally, the tri-ring type T2PKs, which
includes actinorhodin and flavokermesic acid, are synthesized in Chassis2.0
with high efficiency. Furthermore, an unidentified biosynthetic gene cluster
(BGC) associated with pentangular T2PKs is directly activated, leading to the
production of a structurally distinct TLN-1. In conclusion, we successfully
achieve the efficient synthesis of tri-ring type pigmented products, the over-
production of tetra-ring antibiotics, and the discovery of penta-ring type
polyketides in Chassis2.0. These findings underscore the potential of Chas-
sis2.0 as an optimal platform for the discovery and overproduction of T2PKs.

Type II polyketides (T2PKs) constitute a class of aromatic compounds
distinguished by the presence of benzene rings1,2. These compounds
exhibit a diverse molecular backbone, which includes three-ring
naphthoquinones, four-ring tetracyclines, and angucyclines, as well
as five-ring pentangular polyketides (Fig. 1). The polyconjugated
structure formed by the interaction of the benzene ring with polar
functional groups imparts a variety of colors to these compounds.
Beyond their aesthetic appeal, these pigmented compounds fulfill

essential roles as food additives, and in cosmetic formulations and
pharmaceutical tablet coatings, among various other applications,
exemplified by the natural red colorant carminic acid3,4. The diverse
chemical groups of T2PKs also contribute to a wide array of pharma-
cological activities. Notable examples include daunorubicin, which
demonstrates antitumor properties, and tetracyclines (TCs), which
exhibit a broad spectrum of antibacterial activity5,6. To discover novel
structural compounds and valuable products, the conventional
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strategy involves medium optimization or modification of culture
conditions, such as the one-strain many-compounds (OSMAC)
approach7. However, these strategies are often inefficient, challenging,
and incapable of diverse T2PKs mining.

Recent advancements in bioinformatics analysis and gene cloning
technologies have facilitated the discovery of an increasing number of
novel T2PKs8–10. However, a significant proportion of promising can-
didates remain undiscovered due to the inefficiencies associated with
in situ fermentation and gene manipulation techniques8–10. Further-
more, to enhance the titer of valuable products, multiple rounds of
metabolic engineering must be conducted, which is both time-
consuming and labor-intensive.

In light of the challenges previously outlined, our objective is to
formulate a universal strategy for the efficient production of T2PKs
via heterologous expression. Therefore, a critical and foundational
decision must be made at the outset of our research: the identifi-
cation of an optimal host. Based on our prior experiences with
terpene products mining in various host organisms, the efficient
production of target compounds is closely associated with two key
characteristics: the availability of precursors within the host and the
compatibility between the product and the chassis. For instance,
Bian et al. successfully synthesized 50 terpenoids within a single
chassis by enhancing the supply of precursors, thereby rendering
products that would otherwise be unattainable under natural con-
ditions readily accessible11. Yuan et al. obtained 185 distinct terpe-
noids derived from filamentous fungi within the same species

chassis, underscoring the importance of product-to-chassis
compatibility12.

An optimal host can minimize both time and labor costs, thereby
facilitating the efficient synthesis of the target products. Escherichia
coli is recognized as the most widely utilized heterologous expression
host due to its easy gene manipulation procedure and rapid growth
rate. However, despite possessing some advantageous traits, previous
studies indicated that the synthesis of the 6-deoxyerythronolide B (the
macrocyclic core of the type I polyketides erythromycin) can be
achieved using E. coli as host13, it encounters challenges regarding the
soluble expression of the minimal polyketide synthase (PKS, core
enzymes of T2PKs) in vivo14–18. To date, few reported cases have suc-
cessfully addressed this issue within E. coli14,19,20. Additionally, other
commonly employed eukaryotic hosts, such as Saccharomyces cerevi-
siae (S. cerevisiae) and Aspergillus nidulans, have also been reported to
synthesize T2PKs. However, the substitution of PKSwith OKS, a type III
PKS, appears to be the sole approach for the synthesis of T2PKs in
eukaryotic hosts, addressing only the octaketide molecular backbone,
which represents a specific type of T2PKs21,22. Furthermore, the overall
efficiency of the refactoring pathway is suboptimal, which necessitates
an extension of the fermentation cycle, particularly in yeast23. Conse-
quently, none of the previouslymentioned organismsmeet the criteria
for an ideal host for T2PKs production.

It is well established that the genus Streptomyces serves as an ideal
chassis for the heterologous expression of natural products owing to
its extensive secondary metabolic biosynthetic gene clusters (BGC)24.
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Fig. 1 | Examples of T2PKs classified based on the number of backbone cyclization and variations in polyketide chain length. The products related to this study are
highlighted in their respective colors.
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It has successfully facilitated the heterologous production of diverse
natural products, including ribosomal peptides, polyketides, and
nonribosomal peptides25,26. Approximately 62% of the annotated
T2PKsBGCavailable in theNCBI databaseoriginate from Streptomyces,
suggesting that T2PKs may exhibit optimal chassis compatibility with
it9,27. Although the genetic manipulation of the model Streptomyces
chassis (S. albus, S. coelicolor, and S. lividans) is relatively simple, and
they have been utilized as hosts for the synthesis of aromatic polyke-
tide products, the efficiency of heterologous expression is unsa-
tisfactory, typically ranging from 0.2mg/L to 127mg/L28–30. To activate
or enhance the production of target products, multiple rounds of
metabolic engineering must be conducted. Nevertheless, the final
heterologous expression efficiency remains suboptimal31–33.

More recently, Duan et al. successfully knocked out the native
gene cluster in high-yielding strains of tylosin, thereby facilitating the
heterologous expression of a type I polyketide34. Additionally, Wang
et al. employed an oxytetracycline (OTC) industrial strain S. rimosus
461 as a chassis to achieve a chlortetracycline (CTC) titer of 3.8 g/L35.
These findings suggest that industrial high-yield strains exhibit
enhanced potential as chassis for heterologous production of homo-
logous natural products.

To find a versatile chassis for the efficient production of
T2PKs, several streptomyces strains are compared, and the
industrial CTC producer S. aureofaciens J1-022 is selected as the
host. We evaluate the near-native compound OTC, characterized
by a tetra-ring backbone, which is synthesized efficiently without
the need for additional metabolic engineering. Subsequently, we
successfully synthesized three-ring type T2PKs, specifically ACT
and flavokermesic acid (FK), both of which demonstrate high
production efficiency. Furthermore, we directly activate an uni-
dentified BGC associated with penta-ring type aromatic polyke-
tides, resulting in the discovery of a structurally distinct TLN-1 at
high production levels.

Results
Selection of the optimal host for heterologous expression
of T2PKs
Through a comparative analysis of the functional characteristics
across distinct organism hosts, we prioritized Streptomyces hosts as
the initial focus for chassis development due to their rich abundance
of secondary metabolic gene clusters and the widespread distribu-
tion of T2PKs9,24. Previous studies have demonstrated that various
T2PKs can be successfully synthesized in model strains of
Streptomyces28,29. Therefore, two widely utilized Streptomyces model
chassis S. albus J1074 and S. lividans TK24 were tested for the het-
erologous expression of T2PKs. Initially, the tetra-ring type T2PKs,
OTC, was selected as the evaluation candidate, which also serves as
an important precursor of doxycycline36,37. To obtain the OTC BGC
for heterologous expression, we utilized genomic DNA from S.
rimosus ATCC 10970 as the template, while ensuring BGC cloning
integrity through alignment with previously validated heterologous
expression work31 (Fig. 2a). The ExoCET technology was employed to
construct the E. coli-Streptomyces shuttle plasmid p15A_oxy, which
contains the complete OTC BGC38. The successful introduction of
complete OTC BGC into these model chassis was confirmed through
PCR verification and the resulting heterologous expression strains
were designated as J1074_otc and TK24_otc (Supplementary Fig. 1),
respectively.

However, neither J1074_otc nor TK24_otc demonstrated any
accumulation of TCs (Fig. 2b). This finding is consistent with prior
research that suggests the model Streptomyces chassis typically
requires metabolic engineering strategies such as endogenous gene
cluster knockout, substrate supply enhancement, or positive regulator
overexpression to enable efficient activationandbiosynthesis of target
products31,32,39.

Based on the principle of product-chassis compatibility, we
consequently refined our focus on two high-yielding strains of T2PKs:
S. aureofaciens, a high-yield CTC producer, and S. rimosus, recog-
nized for its overproduction of OTC40,41. To determine the optimal
chassis, we conduct a thorough comparison of the two finalists. From
the standpoint of chassis development (Table 1), S. rimosus presents
three significant limitations. Firstly, colony morphology assessment
prioritized gene manipulation efficiency during subculturing, parti-
cularly evaluating single-colony isolation capacity and genetic
tractability. While high productivity does not inherently correlate
with specific morphological traits, the industrial OTC producer
S. rimosus represents an exception42–44. Compared to S. aureofaciens,
S. rimosus exhibits suboptimal colony morphology, as subcultures
frequently demonstrate poor sporulation or a shriveled phenotype
(Fig. 2c). This correlation suggests a certain degree of genetic
instability within the organism42–44. Secondly, the fermentation cycle
of S. rimosus is approximately twice as long as that of S. aureofaciens.
The shorter fermentation cycle results in reduced contamination risk
and accelerated validation of strain engineering outcomes. Finally,
the genetic manipulation of high-yielding OTC strains presents
considerable challenges. Based on our observations, the acquisition
of the correct gene editing strain will be considerably more chal-
lenging in S. rimosus compared to S. aureofaciens, thereby compli-
cating the gene disruption process. Furthermore, S. rimosus
demonstrates a notable tolerance to apramycin, a widely utilized
agent for genetic manipulation in the Streptomyces, with an effective
concentration of approximately 500μg/mL—tenfold that of
S. aureofaciens35. Such elevated screening concentrationsmay induce
a tolerance effect in the strains, potentially resulting in false-positive
screening results. In conclusion, following a preliminary comparison
of strain characteristic, the high-yielding strain S. aureofaciens J1-022
demonstrates enhanced potential as an ideal chassis with the
potential for efficient synthesis of T2PKs.

To validate our hypothesis and elucidate the metabolic superiority
of S. aureofaciens J1-022 over the conventional model Streptomyces
chassis, we performed targeted metabolites analysis using high-
resolution mass spectrometry (HRMS) focusing on critical T2PKs bio-
synthetic precursors, including acetyl-CoA, NADP+, NADPH, ATP, and
malonyl-CoA. While successfully quantifying acetyl-CoA, NADP+, and
NADPH, initial HRMS analysis showed limited sensitivity for malonyl-
CoA detection in these chassis (Supplementary Fig. 2). Subsequent
quantification using a ELISA kit measured malonyl-CoA concentrations
successfully. Results revealed undetectable levels of acetyl-CoA inmodel
Streptomyces chassis strains TK24 and J1074, while J1-022 demonstrated
a discernible advantage in acetyl-CoA supply throughout both loga-
rithmic and stationary growth phases. (Fig. 2d). Furthermore, J1-022
exhibited enhanced malonyl-CoA flux relative to TK24 and J1074. Spe-
cifically, 16% and 21% increases during log-phase growth, and 20% and
18% increases in stationary phase, respectively (Fig. 2e). Concerning
reducing equivalents supply during log-phase growth, J1-022 showed
significant NADP⁺ and NADPH accumulation, while model Streptomyces
chassis strains exhibited undetectable levels of these cofactors. In the
stationary phase, J1-022 demonstrated 72% higher NADP⁺ and a 1.4-fold
greater NADPH pool compared to J1074. Meanwhile, TK24 displayed
negligible reducing equivalents accumulation (Fig. 2f, g). The results
revealed that industrial CTC-producing strain J1-022 exhibited sig-
nificant advantages in supplying critical biosynthetic precursors and
reducing equivalents.

Furthermore, to enable direct comparison with model Strep-
tomyces chassis strains, we introduced the p15A_oxy plasmid into
the S. aureofaciens J1-022 strain, generating the strain J1-022_otc
(Supplementary Fig. 1). We hypothesized that model Streptomyces
chassis strains might share the conserved challenge of inefficient
expression of minimal PKS - a phenomenon well-documented in
E. coli systems16,18. Therefore, we applied quantitative protein
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performance liquid chromatography (HPLC) results of the OTC heterologous
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analysis based on ion intensities of tryptic peptides derived from
OTC minimal PKS to determine relative levels in OTC heterologous
expression strains. Our data revealed striking differences that the
tryptic peptides corresponding to all four core proteins in OTC
minimal PKS demonstrated comparable ion intensities in J1-022_otc,
whereas related peptide signals remained undetectable in model
Streptomyces chassis strains (Supplementary Fig. 3), which indicates
that J1-022 exhibits advantages in expressing minimal T2PKSs
derived from OTC BGC. HPLC analysis of the J1-022_otc fermenta-
tion broth achieving a shake-flask titer of 162.95mg/L OTC,
2252.72mg/L tetracycline (TC), and 5259.28mg/L CTC (Supple-
mentary Fig. 4), the results demonstrated successful direct activa-
tion of the OTC BGC.

Construction of the chassis strain via the deletion of the T2PKS
BGC in S. aureofaciens J1-022
To enhance the efficiency of heterologous expression, it is common
practice to knock out gene clusters of the same type within the
host34,35. This approach effectively mitigates competition between
the endogenous gene clusters and the exogenous gene clusters for
synthetic precursors. The analysis conducted using antiSMASH
(version 6.0.1) identified a total of 25 BGCs related to specialized
metabolism in S. aureofaciens J1-022 (Supplementary Table 1)45.
Among these, only two were classified as encoding T2PKs, one of
these two clusters is involved in the biosynthesis of CTC, while the
other is associated with spore pigment production (Supplementary
Table 2)46.

Given that polyketides biosynthesis universally employs malonyl-
CoA as an elongation unit, all corresponding gene clusters represent
theoretically valid knockout targets. RT-PCR analysis of ketosynthase
(KS) genes within polyketides BGC revealed exclusively observed
transcription in the CTC-associated KS gene, whereas the sporulation
pigment-related KS gene showed negligible transcription. No detect-
able expression was observed in other polyketides gene clusters
(Supplementary Fig. 5).

Initially, our objective was to evaluate the compatibility of the
OTC with the S. aureofaciens chassis. To achieve this, we knocked out
theminimal PKSof theCTCBGC (Fig. 3a), resulting in the development
of Chassis1.0. HPLC analysis confirmed that the TCs production in the
mutant strain was abolished, as anticipated (Fig. 3b). Subsequently, we
employed a similar knockout strategy on the spore pigment BGC to
create Chassis1.1 (Fig. 3a, c). Although no significant differential chro-
matographic peaks were observed in the metabolite detection, a
notable alteration in the colony phenotype occurred, shifting from
dark brown to light green (Fig. 3b).

Given that most T2PKs are pigmented, the lighter color pheno-
type may serve as a more effective indicator of product synthesis. To
fully demonstrate the capacity of T2PKs synthesis in S. aureofaciens, we
deleted the rest of CTC biosynthetic genes in Chassis1.1 to construct
Chassis2.0 (Fig. 3c). Thismodified chassis was subsequently utilized to
facilitate the specific synthesis of OTC.

To enable comprehensive comparison of chassis variants during
endogenous gene cluster knockout, we employed HRMS for targeted
monitoring of key T2PKs precursors and reducing equivalents. Com-
pared to strains J1-022, chassis strains exhibited significant elevation in
intracellular acetyl-CoA and malonyl-CoA pools (Fig. 3d, e). Overall
NADP+ and NADPH levels in chassis strains decreased during loga-
rithmic growth but showed marked accumulation advantages during
stationary phase in Chassis2.0 (Fig. 3f, g). We also systematically ana-
lyzed the accumulation levels of ATP and S-adenosylmethionine (SAM)
in chassis strains, which play crucial roles in multiple biochemical and
T2PKs post-modification processes. Following endogenous T2PKs
gene clusters inactivated, ATP concentrations exhibited a significant
increase, while SAM, another critical cofactor in OTC post-
modification process, showed no statistically significant elevation
(Supplementary Fig. 6).

Collectively, Chassis2.0demonstrates enhanced precursor supply
capacity and reduced cross-talk potential with heterologous T2PKs
BGCs. These benefits enable focused production of target compounds
in Chassis2.0, establishing this chassis as the preferred platform strain
for subsequent studies.

Tetra-ring type T2PKs were efficiently synthesized in Chassis2.0
To assess the capacity for T2PKs synthesis in S. aureofaciens strains,
the plasmids p15A_oxywas introduced into Chassis1.1 and Chassis2.0,
respectively, resulting in the creation of the OTC heterologous
expression strains Chassis1.1_otc and Chassis2.0_otc. To verify the
integrity of the transferred OTC BGC, we designed three pairs of
primers for PCR verification (Supplementary Fig. 1). Notably, the
synthesis of OTC was activated in both chassis without additional
chassis and metabolic engineering (Fig. 4a).

In Chassis1.1_otc, the minimal PKS of OTC probably engaged in
cross-talk with the remaining post-modification genes of CTC cluster
as anticipated, resulting in the co-production of various TCs (Fig. 4b,
c). The resulting titer of OTC reached 436mg/L, which is comparable
to the levels observed in heterologous expression strains of OTC
following multiple rounds of metabolic engineering (Fig. 4b)31.
This was accompanied by the accumulation of 2092.89mg/L TC and
4696.78mg/L CTC.

In Chassis2.0_otc, the endogenous CTC BGC was completely
deleted, resulting inOTCbecoming the primaryproduct, with a titer of
8531.4mg/L, to the best of our knowledge, which is the highest titer of
heterologous expression reported to date, being 120 times greater
than that of the host strain ATCC10970 from which the gene cluster
was derived40, and a 370% increase relative to commercial OTC pro-
duction strain M4018, even surpasses the production strains after
metabolic engineering (Fig. 4b)47. The productivity achieved a level at
70.8mg/L/h. This productivity is the highest documented to date,
exceeding that of the industrial OTC strain referenced in the
literature35,47.

Furthermore, we performed quantitative protein analysis across
successful OTC heterologous expression strains based on ion

Table 1 | Comparison of reported hosts for synthesis of T2PKs

Host CMa FTb (day) CGMPc DHEd EHEe Ref.

Model Streptomyces S. albus G 5 ~ 7 M W M 30

S. lividans G 7 ~ 10 M W M 39

S. coelicolor G 7 M W M 29

Industrial Streptomyces S. rimosus P 10 H W H 35

S. aureofaciens G 5 ~ 6 M W H 41
a CM: colony morphology (G-good, D-decent, P-poor); b FT: fermentation time cost.
c CGMP: complexity of gene manipulation procedure (H-high, M-moderate, L-low).
d DHE: diversity of heterologous T2PKs BGC expression (W-wide, L-limited, N-none).
e EHE: efficiency of heterologous T2PKs BGC expression (H-high, M-moderate, L-low).
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Fig. 3 | The Construction of a T2PKs BGC-free chassis. a The genetic architecture
of the complete CTC BGC in S. aureofaciens J1-022. b The results of the HPLC
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Statistical significance was denoted as follows: ns (not significant), *P <0.05,
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Source data for this figure can be found in the source data file.
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intensities of tryptic peptides derived from OTC minimal PKS. The
data demonstrated enhanced expression efficiency of the OTC
minimal PKS in Chassis2.0, directly correlating with its superior OTC
biosynthetic capacity (Fig. 4d).

The superiority of heterologous expression of the T2PKs bio-
synthetic pathway in Chassis 2.0
In the elucidation of the T2PKs biosynthesis pathway, S. aureofaciens
Chassis2.0 also exhibits distinct advantages over other hosts.
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The downstream biosynthetic gene OxyS is limited to hydroxylating at
the C6 position when utilizing anhydrotetracycline (ATC) as a pre-
cursor in S. cerevisiae (Fig. 5)48, a finding that contradicts previous
in vitro and in vivo results.

In vitro experiments have demonstrated that OxyS can sequen-
tially complete the dihydroxylation process at the C6 andC5 positions.
This result was corroborated in vivo in this study, wherein the Chas-
sis2.0_otc strain not only achieved high-efficiency OTC synthesis but
also reducedmonohydroxylated intermediates to yieldTC (Figs. 4b, 5).
This finding further substantiates the notion that the adaptability of
the chassis is instrumental not only in achieving a high titer of the
target product but also in providing a more authentic in vivo envir-
onment for the heterologous reconstituted biosynthesis pathway,
thereby restoring the natural process of product synthesis.

Moreover, Chassis2.0 demonstrates a more robust capacity for
product synthesis compared to other model Streptomyces, with side
product TC accumulating at concentrations reaching 348.28mg/L
(Fig. 4b). The high biosynthetic capacity of the Chassis2.0 facilitates
the rapid identification of intermediate product structures and sim-
plifies the elucidation of the biosynthesis process.

Versatile applications in the synthesis of tri-ring T2PKs within
Chassis2.0
Following the efficient production of TCs, we proceeded to conduct a
thorough evaluation of the T2PKs synthesis capacity of the S. aur-
eofaciens chassis. The tri-ring type T2PKs, which exhibit an aestheti-
cally pleasing color, were selected as the subsequent test candidate.
Initially, we selected the BGC of ACT, a naphthoquinone-type
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compound that is well-characterized as a pigment.We constructed the
plasmid p15A-act via ExoCET technology. This plasmid harbors the
complete native ACT BGC, which was successfully heterologously
expressed49 (Fig. 6a). This plasmid was subsequently introduced into
Chassis2.0 via conjugation. The resulting exconjugants, designated
Chassis2.0_ACT, were confirmed through PCR verification utilizing
three pairs of primers (Supplementary Fig. 7). Consequently, the plate
culture of Chassis2.0_ACT exhibited a darker gray-blue coloration
compared to Chassis2.0 on ISP2 (Fig. 6b). Following the extraction of
the fermentation culture, the crude extract demonstrated a significant
difference between the samples treated with acid and those treated
with base, displaying a red color in an acidic environment and a blue
color in an alkaline environment (Fig. 6c). These results were in strong

agreement with prior research and indicated a successful activation of
the ACT BGC50. To visually demonstrate the activation capability of
Chassis2.0 for actinorhodin biosynthesis, we conducted parallel fer-
mentations of Chassis2.0_ACT and S. coelicolorA3(2). HRMS analysis of
the fermentation products detected both actinorhodin and its deri-
vative γ-actinorhodin (Supplementary Figs. 8, 9)50. The biosynthesis
levels of both lactone γ-actinorhodin and actinorhodin were sig-
nificantly higher than those observed in the native producer (Fig. 6d).

The initial successful activation of ACTpromptedus to investigate
another naphthoquinone-type compound, FK, which serves as a sig-
nificant intermediate in the synthesis of the natural red colorant car-
minic acid. It has been synthesized in various host organisms,
facilitating a more comprehensive comparison of the Chassis2.0 with
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other hosts21,23,51,52. We selected theminimal PKS of ACT, alongwith the
cyclases ZhuI and ZhuJ derived from Streptomyces sp. R1128, which
results in an artificial pathway for the biosynthesis of FK53. The native
operon architecture of the ACT-derivedminimal PKS was preserved to
ensure the efficient expression14. This structural fidelity is critical for
efficient reconstruction of T2PKs, particularly regarding minimal PKS
units assembly14,19. Cyclases ZhuI and ZhuJ were synthesized de novo
due to the unavailability of Streptomyces sp. R1128. To ensure that the
genes across the three-strain system (two gene donor strains, S. coe-
licolor A3(2), Streptomyces sp. R1128, and one chassis strain, S. aur-
eofaciens) are efficiently expressed, we implemented promoter
optimization strategies. stnYp54, a recently characterized constitutive
promoter in Streptomyces, drives the minimal PKS. kasOp*55, a strong
constitutive promoter, drives the acyl carrier protein (ACP). ermEp*56, a
widely used constitutive promoter, drives ZhuI/J expression to direct
metabolic flux of unsaturated polyketide intermediates into down-
stream cyclization pathways (Supplementary Fig. 10). The related
biosynthetic geneswere integrated into theplasmidpSET152, resulting
in the construct designated pSET152-fk. This construct was subse-
quently introduced into Chassis2.0, designated Chassis2.0_FK.

The crude fermentation extract from Chassis2.0_FK exhibited a
dark red coloration compared to Chassis2.0 (Fig. 6e). Furthermore,
several significant differential chromatographic peaks were observed
in the sample from Chassis2.0_FK, indicating the successful activation
of the introduced biosynthetic pathway. The primary product in
Chassis2.0_FK, with a correspondingmolecular ion [M −H]− = 313.0358
at a retention time of 64.5min, was further validated based on a qua-
litative strategy established in prior research, which confirmed the
retention times of compounds in the carminic acid biosynthetic
pathway via trace FK derivatives contained within carminic acid
standards52. We confirmed the retention time (64.5min) of putative FK
using EIC profiles, HRMS/MS fragmentation patterns, and nuclear
magnetic resonance (NMR) analysis (Supplementary Fig. 11-13). To
maximize quantitative accuracy, FK was re-purified and subjected to
full-wavelength UV scanning, with absorption peak area proportions
exceeding 99%, thereby meeting the purity benchmarks required for
analytical standards (Supplementary Fig. 14 and Supplementary
Table 3). The accumulation of FK in shake-flask culture reached
566.4mg/L, representing the highest titer reported to date (Fig. 6f)51.
To comprehensively demonstrate the efficiency of Chassis2.0 and the
FK biosynthetic pathway, we also analyzed other shunt products
derived from the pathway. Notably, the results indicated that the
accumulation levels of the shunt products were significantly lower
than those of FK (Supplementary Fig. 11b, 15). Moreover, a chromato-
graphic peak at 62.01min in the EIC exhibited the same exactmass and
HRMS/MS signatures consistent with FK, which could represent a
probable FK isomer (Supplementary Fig. 11b). These results demon-
strate the feasibility of employing Chassis2.0 and its potential for the
efficient productionofT2PKs,whether in the case of a nativeBGCor an
artificial pathway.

The potential of penta-ring type T2PKs discovery within
Chassis2.0
Following the successful synthesis of known T2PKs products fea-
turing three-ring and four-ring backbones, our focus now shifts to
the final category: T2PKs with a five-ring backbone, designated as
pentangular-type T2PKs. This represents the last component neces-
sary to demonstrate the synthetic diversity of T2PKs products within
the S. aureofaciens chassis. The synthesis of final products from
pentangular-type polyketides theoretically necessitates a greater
quantity of malonyl-CoA precursors compared to tri-ring and tetra-
ring type T2PKs. Consequently, the BGC associated with
pentangular-type polyketides typically requires activations through
metabolic engineering, which impedes the rate of discovery for such
products57–61. In our previous work involving the gentamicin-

producing strain M. echinospora J1-020, we identified an unchar-
acterized BGC, which possesses three cyclases and two C19-ketor-
eductases, and it is typically associated with the biosynthesis of
pentangular-type polyketides (Supplementary Table 4)62. In the final
section of this study, we aimed to illustrate the penta-ring type T2PKs
mining capabilities of Chassis2.0 by cloning and conducting the
heterologous expression of this BGC, which is designated as
TLN (Fig. 7a).

To maximize cloned cluster integrity, the TLN BGC was defined
based on pentangular T2PKs biosynthetic logic and structural hall-
marks, which include minimal PKS, cyclases, and commonly flanking
transporter/regulatory genes2. We constructed the plasmid p15A-tln
using the genomic DNA of M. echinospora J1-020 as a template. This
plasmid was subsequently transferred to Chassis2.0, and the resulting
heterologous expression strains were designated as Chassis2.0_TLN.
The integrity of the transferred gene clusters was verified using four
primers (Supplementary Fig. 16). Notably, the crude extract of Chas-
sis2.0_TLN exhibited a dark purple coloration in comparison to Chas-
sis2.0, indicating the direct activation of the introduced gene cluster
(Fig. 7b, Supplementary Fig. 17). The metabolic analysis of Chas-
sis2.0_TLN revealed some different peaks exhibiting specific UV
absorption maxima, which is consistent with the characteristics of
pentangular T2PKs (Supplementary Fig. 18a). The chromatographic
peak corresponding to a molecular ion [M −H]− = 515.1341 at a reten-
tion time of 21.0min, a molecular ion [M −H]− = 513.1341 at a retention
timeof 33.3min, and amolecular ion [M −H]− = 500.1480 at a retention
time of 44.7min were proposed as a series of related products com-
pound 1, 2 and 3 (Supplementary Fig. 18b). The exact masses of the
products exceed 500Da, suggesting that a total of twelve or thirteen
malonyl-CoA units participated in the biosynthesis, which is typical for
the extender number in pentangular-type T2PKs. LC-HRMS/MS ana-
lysis of these peaks revealed a consistent pattern of product ion
fragments, which further indicated these products may belong to a
series of derivatives (Fig. 7c). Subsequently, we isolated compounds
1–3 and quantified them at respective maximum UV absorption for
purity identification (Supplementary Figs. 19–21 and Supplementary
Tables 5–7). Surprisingly, the further titer quantification results indi-
cated a comparable production efficiency for these compounds in
Chassis2.0. The titers reached 483.46mg/L for TLN-1, 751.45mg/L for
compound 2, and 866.56mg/L for compound 3 (Fig. 7d). Notably,
structural elucidation of analogous pentangular T2PKs in prior
reported heterologous systems requiredmulti-liter scale fermentation
(typically 4-20 L)29,57–61, whereas the Chassis2.0 achieves sufficient
titers for structure characterization in standard shake-flask cultures
(<0.5 L), demonstrating its exceptional capacity to accelerate natural
product discovery and biosynthetic pathway elucidation. Further-
more, the structure of compound 1, designated as TLN-1, predicted a
molecular formula C29H24O9 by HRMS result, is new in nature and
features a rare 2-methylbutyryl-CoA starter unit (Fig. 7e, Supplemen-
tary Figs. 22, 23, Supplementary Table 8). Unfortunately, compounds 2
and 3 exhibit instability in liquid, whichhas hindered the elucidation of
their structures. Overall, these results demonstrate the potential of
Chassis2.0 for the efficient discovery of novel T2PKs.

Discussion
Heterologous expression has been widely acknowledged as a valuable
approach for the investigation of T2PKs63. Despite the numerous hosts
reported to successfully facilitate the heterologous synthesis of these
compounds, challenges remain, including the poor product-chassis
compatibility and suboptimal expression efficiency. In this study, we
identified the high-yielding strain S. aureofaciens J1-022 as the optimal
chassis by adhering to the principles of product-chassis compatibility
and evaluating host characteristics, the difficulty of genetic manip-
ulation, and the efficiency of heterologous synthesis of T2PKs. We
proceeded to delete the endogenous T2PKs BGC in S. aureofaciens
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J1-022 and selected OTC, a product compatible with the chassis, as our
first test subject. The resulting accumulation of OTC reached
8531.4mg/L. Notably, this titer surpassednativeOTCproduction strain
after metabolic engineering, establishing the highest known level of
heterologous expression for OTC to date. The productivity reached
70.8mg/L/h, which is the highest documented in literature to date.

Two critical observations emerged during heterologous expres-
sion of the OTC BGC. First, Chassis2.0 demonstrates enhanced poly-
ketide precursor supply compared to the strain J1-022, resulting in
superior overall TCs production levels in Chassis2.0_otc versus J1-
022_otc. However, despite comparable precursor accumulation to
Chassis1.1, Chassis2.0_otcmaintains higher TCs production levels than
Chassis1.1_otc. We hypothesize this phenomenon arises from syner-
gistic advantages in Chassis2.0, including the levels of ATP, NADP+,
NADPH, and SAM, coupled with its enhanced expression efficiency of
the OTC minimal PKS. Second, chassis strains with inactivated T2PKs
BGC exhibited systemic advantages in precursor supply compared to
the strain J1-022. However, J1-022 maintained higher NADP+ and
NADPH levels during the logarithmic phase. We speculate that this
phenomenonmay arise from unknown regulatory mechanisms within
the metabolic network. Collectively, knockout of the endogenous
T2PKs BGC resulted in enhanced NADP+ and NADPH accumulation
during the stationary phase.

Furthermore, to assess the versatility of Chassis 2.0, the tri-ring
type products ACT and FK were selected as candidates for testing.
Initially, the native BGC of ACT, derived from S. coelicolor A3(2), was
successfully activated without the need for additional metabolic
engineering. This successmotivated us to conduct further evaluations.
Consequently, FK, which serves as a significant intermediate in the
biosynthesis of carminic acid, was chosen for assessment due to its
successful applications across various host organisms. This selection
facilitates a comprehensive comparative analysis between Chassis2.0
andother chassis systems. Given that the native pathway for FKhasnot
been identified in native insect species, we have opted to employ a
completely artificial biosynthetic pathway for the synthesis of this
compound. The original study suggested that the shunt product could
represent a substantial proportion of the metabolites, a phenomenon
observed in artificial biosynthetic pathways due to the inherent inef-
ficiencies related to enzyme identification and catalysis53. In this work,
we achieved heterologous biosynthesis of FK using a minimal PKS
capable of condensing eight ketone building blocks, coupled with
cyclases derived from R1128 biosynthetic pathway. Unlike previous
studies, the minimal PKS in this study employs an ACT-native ACP
instead of the R1128-derived counterpart53. Furthermore, pathway
optimization utilized constitutively active promoters commonly
adopted in Streptomyces systems to regulate cyclases expression. This
strategywas expected to directmetabolicflux toward the downstream
cyclization process while minimizing spontaneous ring formation.
Surprisingly, Chassis2.0 not only activates the pathway but also
achieves the highest titer recorded in shake-flask culture to date51. It is
crucial to note that the biosynthetic pathway for FK in this work differs
from prior reports. Consequently, the achieved titermay be attributed
to synergistic interactions between the inherent advantages of Chas-
sis2.0 and pathway optimization.

To conduct a thorough evaluation of the synthesis efficiency of
various T2PKs, we selected an uncharacterized BGC associated with a
pentangular polyketide for assessment. In previous research, the
synthesis of pentangular polyketides either necessitated additional
gene editing for activation or required large-scale fermentation to
ensure sufficient accumulation for subsequent analysis, resulting in
increased time and labor costs57,59,60. The BGC associated with pen-
tangular polyketides derived from M. echinospora J1-020 was directly
activated in Chassis2.0, yielding associated products that exhibited a
high production level. This finding underscores the robustness of the
S. aureofaciens Chassis 2.0 in the heterologous expression of T2PKs.

It is noteworthy that the mining of T2PKs will exhibit greater
efficiency in Chassis2.0 in comparison to other hosts. In other hosts,
the expression of the T2PKs core units is often unsuccessful, necessi-
tating the substitution of alternative polyketide synthases to address
this challenge; however, the final efficiency remains suboptimal21–23.
Furthermore, the heterologous expression of T2PKs BGC may not
accurately reflect the natural processes48. In the S. aureofaciens Chas-
sis2.0, the efficiency of T2PKs synthesis is significantly enhanced, as
evidenced by the OTC, the intermediate FK, and the penta-ring pro-
ducts. This enhanced efficiency can aid in the structures identification
of the intermediates and accelerate the elucidation of biosynthetic
pathways.

Despite the successful deletion of the minimal PKS associated
with spore pigment, which led to the creation of a phenotype with
diminished pigmentation, the post-modification genes remained pre-
sent in Chassis2.0. Prior research has indicated that spore pigment
gene clusters are typically expressed during the initial stages of spore
hyphae germination, whereas specialized metabolism occurs in the
intermediate and later stages of Streptomyces fermentation. Cross-talk
between spore pigment biosynthetic genes and secondary metabolite
gene clusters remains challenging unless coordinated transcriptional
activation is achieved through inducible promoter systems64. Addi-
tionally, stringent orthogonality between sporulation-associated KS/
ACP domains and their antibiotic-producing counterparts imposes
intrinsic barriers to such promiscuity, though the mechanistic under-
pinnings of this functional segregation remain unresolved65. Conse-
quently, the residual post-modified genes are theoretically unlikely to
exert a significant impact on the heterologous expression of T2PKs.
Given that T2PKs are predominantly colored, chassis strains exhibiting
lighter pigmentation phenotypes may be advantageous for evaluating
the efficiency of heterologous gene cluster synthesis during plate
culture.

In this work, we develop a plug-and-play S. aureofaciens Chas-
sis2.0. Diverse T2PKs are synthesized in Chassis2.0, thereby estab-
lishing a foundation for future large-scale production. Furthermore,
Chassis2.0 facilitates the direct activation and efficient synthesis of
various T2PKsmolecules, positioning it as a promising platform for the
mining and overproduction of T2PKs.

Methods
Strains, culture medium, and cultivation conditions
The strains used in this study are listed in Supplementary Table 9. The
strain S. aureofaciens J1 −022, the CTC high-yielding industrial strain
generously provided by Jinhe Biotechnology Co., Ltd.41, was used as a
heterologous expression chassis. The strain S. rimosusATCC10970was
used as sample to isolate genomic template for cloning OTC BGC. The
strain S. coelicolor A3 (2) was used as sample to isolate genomic tem-
plate for cloning ACT BGC. The strainMicromonospora echinospora J1-
020 was used as sample to isolate genomic template for cloning uni-
dentified pentangular T2PKs BGC. S. aureofaciens J1 −022, S. albus
J1074, S. lividans TK24, and their derivative strains were cultured at
30 °C about 4–5 d on solid ISP2 medium (per liter containing 4 g yeast
extract, 10 g maltose extract, 4 g glucose, 2 g CaCO3, and 18 g agar
powder, pH=7.0) for sporulation and conjugation. S. rimosus
ATCC10970, S. coelicolor A3 (2) and M. echinospora J1-020 were cul-
tured at 30 °C about 4–5 d on solid SFM medium (per liter containing
20 g soybean flour, 20 g mannitol, 20 g agar powder, pH=7.2) for
sporulation. The liquidmediumTSB (per liter containing 30 g tryptone
soya broth) was used to activate spores and isolate genomic DNA,
incubating at 30 °C about 12–24 h. The fermentationmedium (per liter
containing 80.0g corn starch, 40.0 g soya flour, 1.0 g yeast extract,
14.0 g tryptone, 8.0 g corn milk, 7.0 g CaCO3, 3.5 g (NH4)2SO4, 2.5 g
NaCl, 0.25 g MgSO4 and 15mL soya bean oil), which is consistent with
previous research41, was used to fermentation, incubating at 30 °C
about 5 d. All Streptomyces strains were cultured in 500mL Erlenmeyer
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flasks with 40mL liquidmedium at 220 rpm and analyzed at the end of
the fermentation unless otherwise specified. Escherichia coli strains
were cultivated at 37 °C in Luria−Bertani (LB) liquid medium or on LB
agar plate.

Construction of plasmids
The plasmids and primers used for strain construction are listed in
Supplementary Data 1 and 2, respectively. Polymerase chain reaction
(PCR) was performed using Phanta Max Super-Fidelity DNA poly-
merase (Vazyme Biotech, Nanjing, China). The primers for PCR
amplification were synthesized by Sangon Biotech (Shanghai, China).
As the strain hosting the target cyclases were inaccessible, the relevant
genes were synthesized de novo by GeneCreate (Wuhan, China) with
codon optimization performed through their proprietary platform.
Codon-optimized genes, including cyclases ZhuI (GenBank accession
number: Q9F6D3) and ZhuJ (GenBank accession number: Q9F6D2)
from streptomyces sp. R1128 were codon-optimized for S. aureofaciens
and synthesized (Supplementary Data 3). Restriction endonucleases
were purchased from Vazyme Biotech (Nanjing, China). PCR products
or endonuclease digestion products were purified using a gel extrac-
tion kit (Aowei Biotech, GuangZhou, China). All plasmids derived from
the pJTU1278 vector were used to gene knockout by the homologous
double exchange mechanism. All plasmids derived from the p15A-cm-
ccdB or pSET152 vectorwere subjected to ExoCET orHieff CloneMulti-
One StepCloning Kit (Yeasen, Shanghai, China) for cloning BGC,which
was based on a previous study38 and was described in the p15A_oxy
construction.

The derivatives of vector pJTU1278 were utilized for the gene
deletion via homologous double exchange. The insertion of homo-
logous arms were amplified using the S. aureofaciens genomic DNA as
template, of which relevant primers were listed in Supplementary
Data 1 under the subheading of “plasmid construction for deletion of
minimal PKS” and “plasmid construction for deletion of CTC post-
modification genes”, respectively. The vector pJTU1278 was indepen-
dently digested using XbaI and HindIII, purified, and ligated with the
PCR products according to the Gibson assembly cloning Kit to con-
struct the plasmids pJTU1278-KOSP, pJTU1278-KOCTC, pJTU1278-
KOON, pJTU1278-KOMH, pJTU1278-KOGD, and pJTU1278-KOPQ (Sup-
plementary Figs. 24, 25). The promoter ermEp* was amplified from
plasmid PN5 using primers ermEp-F/R, while cyclase genes ZhuI and
ZhuJ were amplified from synthetic gene templates via primer pairs
ZhuI-F/R and ZhuI-F/R, respectively; these fragments were ligated into
the first DNA fragment via three-fragment overlap extension PCR (OE-
PCR). Thepromoter stnYpwas amplified frompSET152-stnYp-indCwith
primers stnYp-F/R, and PKS genes were amplified from S. coelicolor
genomic DNA using primers actKS-F/R and actCLF-F/R, followed by
three-fragment OE-PCR to assemble the second DNA fragment. The
promoter kasOp*, amplified from plasmid PN1 with kasOp-F/R and
ACP, amplified from S. coelicolor genome using actACP-F/R, were
ligated via two-fragment OE-PCR as the third DNA fragment. Vector
backbone pSET152 was linearized via XbaI/BamHI digestion as the
fourth DNA fragment. The final plasmid pSET152-fk was constructed
via four-fragment Gibson assembly. (Supplementary Fig. 10).

p15A_oxy was constructed for on the p15A-cm-ccdB plasmid
backbone with the insertion of OTC BGC via ExoCET DNA assembly
method. In the first step, the S. rimosus M4018 was cultured in TSB
liquid broth for about 12 h. The mycelium was harvested and then the
resulting pellet was extracted using a Bacteria DNA Kit (TIANGEN
Biotech, Beijing, China). The purified genomic DNA (about 20μg) was
digested using EcoRV for 8 h and then the resulting reaction product
was extracted using DNA Extraction Phenol Reagent (Solarbio Biotech,
Beijing, China). The resulting digested genomic DNA was prepared for
next step. Next, the p15A-cm-ccdB vector was amplified using the pri-
mer pair oxy-DHA-F/oxy-UHA-R. The resulting DNA fragments were
flanked by 80-bp homologous arm of OTC BGC. Finally, the linear

p15A-cm fragment and digested genomic DNA were ligated via T4
polymerase (NEB, cat. no. M0203, USA) reaction in vitro (according to
the manufacturer’s instructions) and then transformed into the E. coli
GB05-dir through electroporation. The recombinants were screened
using NcoI restriction analysis to ensure the integrity of OTC BGC
(Supplementary Fig. 26a). All manipulations related to the extraction
of genomicDNAmustbe conductedwith utmost care to avoidphysical
shear forces that could compromise the integrity of the genome. The
construction procedure of p15A-act and p15A-tln were similar to the
p15A_oxy. In the case of p15A-act, the purified genomic DNA of
S. coelicolor A3 (2) was digested using NdeI and AclI, the p15A-cm-ccdB
vectorwas amplifiedusing theprimer pairACT-UHA-F/ACT-DHA-R and
the recombinants were screened using BamHI (Supplementary
Fig. 26b). In the case of p15A-tln, the purified genomic DNA of
M. echinospora J1-020 was digested using EcoRV and HindIII, the p15A-
cm-ccdB vector was amplified using the primer pair TLN-UHA-F/TLN-
DHA-R and the recombinants were screened using BamHI (Supple-
mentary Fig. 26c).

Conjugation
All plasmids were transformed into Streptomyces via triparental con-
jugation (Supplementary Table 10). The plasmids were transformed
into E. coli DH10B via electroporation and the transformants will serve
as donors. The plasmid donors and E. coli ET12567/pUB307 were cul-
tured overnight, inoculated at a 1:10 dilution in fresh LB medium, and
cultured until theOD 600 reached 0.4-0.6. These cells were pelleted via
centrifugation at 1500 g for 5min, washed twice in LBbroth, andfinally
suspended in a smaller volume of LB broth. Streptomyces spores were
washed twice in TES (2-(2-[hydroxy-1,1-bis(hydroxymethyl) ethyl]
amino) ethane sulfonic acid) buffer (0.05M, pH = 8.0), followingwhich
heat shock (50 °C, 10min) and germination (37 °C, 2 h) steps were
performed to activate spores. These recipient and donor cells were
mixed via a dilution plating method, which involved TES buffer mixed
at a 1:1 ratio, and on to IPS2 agar plate supplemented with 20mM
MgCl2. The plate was incubated at 30 °C for 12–14 h and then overlaid
with 1mL of sterile water containing trimethoprim (50 μg/mL) and
apramycin (50μg/mL). Approximately incubation at 30 °C for 4–5 d,
resultant exconjugants were picked, following which they were
examined via PCR to confirm the genotype using the primers in Sup-
plementary Data 2. All related chemicals were purchased from Sangon
Biotech Co., Ltd (Shanghai, China). The standard of carminic acid was
purchased from Titan Technology Co., Ltd (Shanghai, China).

Extraction and isolation of T2PKs products
For the extraction of TCs of all Streptomyces strains, spores were
incubated at 30 °C in seed medium for 1 d and transferred with a
volume of 10% to fermentation medium for another 5 d for fermenta-
tion. After incubation, the broth was adjusted to pH= 1.5-2.0 with
oxalic acid to release the tetracyclines products from cells. The lysate
mixture was centrifuged at full speed for 20min. The supernatant was
filtered through a 0.22 μm syringe filter and then analyzed. For the
extractionof the pigment T2PKs. The fermentation brothwas adjusted
to pH= 3.5 adding formic acid and extracted with an equal volume of
ethyl acetate. The organic phase was evaporated under reduced
pressure. The residue was dissolved inmethanol (containing 1% formic
acid). The concentrated liquid samples was filtered through a 0.22 μm
syringe filter and then analyzed.

For the isolation of FK, a total of 100mL of fermentation culture
was extracted and concentrated. The extract was dissolved in metha-
nol (containing 1% formic acid) and filtered. Then, the isolation pro-
cedure was performed on Shimadzu LC-20AP preparative HPLC
system. Filtrate was injected into a XBridegeTM Prep C18 reversed
chromatographic column (5 μm, 250mm× 10mm, Waters, USA) at
25 °C. The HPLC parameters were as follows: at a constant flow rate of
3mL/min with 70% buffer A (ultrapure water) and 30% buffer B
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(acetonitrile with 0.1% formic acid) for 50min; all peaks were mon-
itored at 280nm. The fraction collector was activated when the
ultraviolet (UV) absorbance unit exceeded 100 mAU during the time
interval of 43 to 45min. The collected fraction liquid was evaporated
under reduced pressure and 4.8mg FK were obtained. The final pow-
der was dissolved inmethanol-d and confirmed throughNMR analysis.
For the isolation of compounds 1 to 3, the principal conditions were
identical to the FK, a total of 200mL fermentation culture was
extracted and concentrated. The fraction collector was activatedwhen
theUVabsorbanceunit exceeded 100mAUduring the time intervals of
16.5 to 18.5min, 25 to 27min, and 34.5 to 38min, respectively. 24.5mg
compound 1, 29.6mg compound 2, and 27.8mg compound 3 were
obtained, respectively. Compound 1 was dissolved in dimethyl sulf-
oxide-d6. The structures of these compounds were determined using
600MHz 1H NMR, 13C NMR, 1H-1H COSY, HSQC, and HMBC analyses
(Supplementary Figs. 27–31).

Targeted protein analysis by LC-HRMS/MS
Protein extraction was performed by adding lysis buffer (1% SDC/
100mM Tris-HCl, pH 8.5) to the samples, followed by sonication and
centrifugation at 12,000 × g for 5min to collect the supernatant. Pro-
tein concentration in the supernatant was quantified using the BCA
assay. Equal amounts of protein were adjusted to identical volumes
using 1% SDC/100mMTris-HCl (pH8.5). Reduction and alkylationwere
achieved by adding TCEP andCAA, followed by incubation at 60 °C for
30min. The SDC concentration was diluted below 0.5% by adding an
equal volume sof ddH2O, and trypsin was added at a 1:50 (w/w)
enzyme-to-protein ratio for overnight digestion at 37 °Cwith agitation.
The enzymatic reaction was terminated with TFA the next day, fol-
lowed by centrifugation at 12,000 × g to collect the supernatant.
Desalting was performed using in-house prepared SDB columns.

For the LC-HRMS/MS analysis, samples were analyzed using an
Ultimate 3000 RSLC nano system (Thermo scientific, USA) coupled to
a tims TOF Pro mass spectrometer (Bruker, Germany). Peptides were
loaded via an autosampler onto a C18 trap column (75 µm × 2 cm, 3 µm
particle size, 100Åpore size; Thermo scientific,USA) and separated on
an analytical column (75 µm × 15 cm, 1.7 µm particle size, 100Å pore
size; IonOpticks, Australia) withmobile phase A (0.1% formic acid) and
B (0.1% formic acid in acetonitrile) under a gradient elution. Data
acquisition was performed in diaPASEF mode with a capillary voltage
of 1500V. MS1 and MS2 scans covered a range of 100–1700m/z, and
ion mobility was set to 0.6–1.6 Vs/cm². Accumulation and ramp times
were fixed at 50ms. Collision energy linearly decreased from 59eV (1/
K0 = 1.6 Vs/cm²) to 20 eV (1/K0 = 0.6 Vs/cm²) based on ion mobility.
Acquisition windows were defined using timsControl software
according to m/z-ion mobility distributions.

For the targeted protein analysis, raw HRMS/MS data were ana-
lyzed in library-free mode using DIA-NN (v1.9.2) and based on a cus-
tomized protein sequence databases (four entries, OxyA, OxyB, OxyC,
and OxyD)66. Default parameters were applied with key settings: pre-
cursor prediction enabled; trypsin/P digestion (≤ 1 missed cleavage);
fixed carbamidomethyl (C) modification; variable oxidation (M) and
protein N-terminal acetylation; MS1/MS2 mass tolerances of 15 ppm;
match-between-runs (MBR) and heuristic protein inference enabled;
FDR ≤ 1%. Protein quantification utilized MaxLFQ normalization.
Quantitative analysis at the protein level was performed using the
output from DIA-NN. The output ion intensities of tryptic peptides
derived from OTC minimal PKS were normalized to CDW for cross-
strain comparability.

Targeted metabolites analysis and sample preparation
The sample pretreatment process was performed using a tissue
homogenizer JXFSTPRP-48L (Jingxin, Shanghai, China). strain samples
were homogenized with 300μL of methanol/acetonitrile/water (2:2:1,
v/v/v) containing 2μg/mL phenylalanine and 2–3 steel grinding beads

at 4 °C for 2min, followed by centrifugation at 10,000 × g for 10min at
4 °C to collect the supernatant into a clean tube. The residual pellet
was re-extracted with 200μL of the same extraction solvent, vortexed
for 30 s, and centrifuged under identical conditions; the supernatant
was combined with the first extract (total ~500μL). An appropriate
volume of chloroform and ultrapure water was added to the pooled
extract, vortexed for 30 s, and centrifuged at 10,000×g for 20min at
4 °C. The upper aqueous layer was collected, dried under vacuum, and
reconstituted in 100μL of methanol/water (3:7, v/v). After cen-
trifugation, the supernatant was subjected to analysis.

Chromatographic separation was performed on a UPLC system
(Thermo scientific, USA) coupled to a Q Exactive Plus mass spectro-
meter (Thermo scientific, USA) equipped with a SeQuant ZIC-HILIC
column (100mm × 2.1mm, 3.5 µm; Merck, Germany) maintained at
45 °C. The mobile phase consisted of water containing 10mM
ammonium formate as phaseA and 90% acetonitrile containing 10mM
ammonium formate as phase B, with a linear gradient from 10% to 60%
A. The flow rate was set to 0.4mL/min, and the injection volume was
1μL. Mass spectrometry analysis utilized a heated electrospray ioni-
zation source in both positive andnegative ionizationmodes. Full-scan
spectra (67–1000m/z) were acquired in data-dependent acquisition
mode with one full scan (resolution: 70,000; automatic gain control
(AGC): 1 × 106; ion injection time (IT): 100ms) followed by five MS/MS
scans (resolution: 17,500; AGC: 5 × 105; IT: 50ms) using normalized
collision energies of 15, 30, and 45 eVwith nitrogen as the collision gas.
The spray voltage was set to 3.2 kV in positive mode and 3.0 kV in
negativemode, with a capillary temperature of 320 °C and an S-lens RF
level of 50 V. The targeted metabolites was confirmed via both the
retention time and the mass Metabolites identification was performed
via retention time alignment with authentic standards and mass
accuracy (<3 ppm). Integrated EIC areas were normalized CDW for
cross-strain comparability.

LC/Q-TOF MS and HPLC analysis of T2PKs products
For the quantification analysis, the procedure was performed on
Agilent 1260 Infinity II HPLC system and Agilent 1290 Infinity II-6546
LC/Q-TOF MS system. Filtrate was injected into a TC-C18 reversed
chromatographic column (5 μm, 250mm×4.6mm, Agilent, USA) at
25 °C. For the quantification analysis of TCs, the HPLC parameters
were as follows: at a constant flow rate of 1.0mL/min with 80% sol-
vent A (contained 20mM oxalic acid and 20mM triethylamine, pH =
2.0) and 20% solvent B (contained authentic acetonitrile) for 30min;
All TCs were monitored at 280 nm. Using commercially available
authentic standards, a five-point calibration curve was established by
plotting UV absorption peak areas against corresponding con-
centrations (R² >0.99). TCs samples prepared following the protocol
detailed in the preceding subsection (with three independent bio-
logical replicates per experimental group) were analyzed under
identical HPLC conditions. Target compound concentrations were
determined by substituting the UV peak areas at matching retention
times (± 0.1min) into the calibration curve equation. For the quan-
titative analysis of ACT, fermentation broth was extracted thrice with
ethyl acetate containing 1% (v/v) formic acid. After phase separation
by centrifugation (6500 × g, 10min), the organic phases were con-
centrated via rotary evaporation under vacuum and reconstituted in
1mL HPLC-grade methanol. Following previously reported work,
characteristic molecular ions were identified by HRMS with a mass
accuracy <1 ppm, and MS/MS spectra were aligned to those of the
original producer S. coelicolor A3(2) (Supplementary Figs. 8, 9).
Relative quantitation of ACT and its derivatives between original
producer and heterologous expression strains was performed based
on characteristic extracted molecular ion peak areas. For the quan-
titative analysis of FK, since the absence of commercially available
reference standards, we isolated FK fromChassis2.0_FK fermentation
broth as a quantitative standard. Structural validationwas performed
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through NMR analysis, HRMS to confirm characteristic molecular
weight differences, and MS/MS spectral comparisons with published
data, thereby verifying the reliability of the FK standard (Supple-
mentary Fig. 11–15). Purity assessment of the isolated FK was con-
ducted via HPLC-DAD. The solvents A (ultrapure water with 0.1%
formic acid) and B (authentic acetonitrile) were used with the
following gradient: 0–25min, 35–80% B; 25–25.2min, 80–100%
B; 25–30min, 100% B; 30–30.2min, 100–35% B; 35–38min, 35% B; at
a constant flow rate of 1.0mL/min; UV full-wavelength scanning
demonstrated that the absorption peak of FK at its retention time
significantly exceeded background signals, with a peak area per-
centage of 99.835% at the maximum absorption wavelength (Sup-
plementary Fig. 14). A five-point calibration curve (R2 > 0.999) was
established using this standard. Fermentation samples (with three
independent biological replicates per experimental group) were
processed identically to ACT controls, with quantification achieved
by correlating UV peak areas to the calibration curve. Regarding the
detailed parameter settings for HPLC analysis of the FK and ACT, the
solvents A (ultrapure water with 0.1% formic acid) and B (acetonitrile
with 0.1% formic acid) were used with the following gradient:
0–20min, 10–23% B; 20–50min, 23–32% B; 50–60min, 32–50% B;
60–70min, 50–100% B; 70–75min, 100% B; 75–76min, 100–10% B;
76–80min, 10% B; at a constant flow rate of 0.8mL/min; All products
were monitored at 280 nm. For the quantitative analysis of TLN-1 and
its derivatives. since the absence of commercially available reference
standards, we isolated TLN-1 and its derivatives from Chassis2.0_TLN
fermentation broth as a quantitative standard. Owing to the rela-
tively stable chemical properties of TLN-1, its chemical structure
were successfully resolved via NMR analysis. Although sufficient
solid powders of compound 2 and compound 3 were obtained, their
instability in deuterated solvents precluded structural characteriza-
tion by NMR. However, by comparing their MS/MS pattern with that
of TLN-1, we confirmed that they belong to derivatives of TLN-1
(Fig. 7c). HPLC-DAD analysis revealed that the UV absorption peak
areas of these pentangular T2PKs at their maximum absorption
wavelengths significantly exceeded the baseline, with TLN-1
accounting for 97.675%, compound 2 for 96.341%, and compound
3 for 95.009% (Supplementary Figs. 19–21). The elution program was
identical to that described for the FK method. Based on their
respective purities, we established five-point concentration gradient
calibration curves, achieving correlation coefficients of 0.9998 for
TLN-1, 0.9997 for compound 2, and 0.9941 for compound 3. Using
the same fermentation broth processing method as for FK, we pre-
pared samples from the Chassis2.0_TLN and quantified their con-
centrations by substituting UV absorption peak areas into the
corresponding calibration curves. Regarding the detailed parameter
settings for HPLC analysis of the TLN-1 and its derivatives, the sol-
vents A (ultrapure water with 0.1% formic acid) and B (acetonitrile
with 0.1% formic acid) were used with the following gradient: 0-
35min, 60-80% B; 30-31min, 80-100% B; 31-40min, 100% B; 40-
41min, 100-60% B; 41-50min, 60% B; all peaks were monitored at
280 nm and analyzed at full UV wavelength scanning.

Regarding the detailed parameter settings formass spectrometry,
theMass Spectrumwas operatedwith a 12.0 L/min drying gasflow rate
at 350 °C, under 35 psi nebulizer pressure and negative ion mode.
Fragments between 200 and 1000m/z were detected. Chromato-
graphic columnmodel specifications. Auto-MS/MSmode was selected
for the product ion analysis, the collision energy was set as 30 eV. Flow
procedures are consistent with HPLC analysis assays except for that
buffer A were all changed to 0.1% formic acid water solution. All che-
mical standards were purchased from Sangon Biotech Co., Ltd
(Shanghai, China). All the HPLC and Mass Spectrum results were ana-
lyzed using the Agilent Mass Hunter software.

Measurements of malonyl-CoA
Cell suspensions of the strains cultured in 50mL of fermentation
medium for 16 h (during the logarithmic growth phase) were
removed by centrifuging at 4000 × g for 10min. The cells were then
re-suspended in 4mL of ddH2O, and the cell wall was destroyed by
ultrasonication, after which the suspensions were centrifuged at
4000 × g for 10min. The concentration of malonyl-CoA was mea-
sured using a microbial malonyl-CoA ELISA kit (CAT. 20154-A, Fan-
kew, Shanghai Kexing Trading Co., Ltd)67,68. This kit employs a
sandwich ELISA method to quantify malonyl-CoA levels in samples.
Purified anti-malonyl-CoA antibodies were coated onto microplate
wells to prepare solid-phase antibodies. Subsequently, samples were
added to the antibody-coated wells, followed by incubation with
horseradish peroxidase (HRP)-conjugated anti-malonyl-CoA anti-
bodies to form antibody-antigen-enzyme-labeled antibody com-
plexes. For generating standard curves, the secondary antibody was
serially diluted at ratios of 1:1, 1:4, 1:8, 1:16, and 1:32. For test samples,
a uniform 1:5 dilution ratio was applied. After rigorous washing,
substrate 3,3′,5,5′-Tetramethylbenzidine (TMB) was added for chro-
mogenic reaction. TMB is catalyzed by HRP to produce a blue col-
oration, which converts to yellow under acidic conditions. The color
intensity directly correlates with malonyl-CoA concentration in
samples. Absorbance (OD value) was measured at 450 nm using a
microplate reader, with malonyl-CoA concentrations calculated
against a standard curve and normalized to CDW for cross-strain
comparability. The detection protocol was manually performed
according to the manufacturer’s guidelines.

Statistical and reproducibility
At least three independent replicates were performed for each culture.
All the data were expressed as mean ± standard deviation (SD) and
were analyzed via unpaired two-tailed Student’s t-test, conducted
using SPSS Statistics. The gene clusters are visualized using Chiplot69.
The quantification assay were performed by utilizing GraphPad Prism
8.0 software (GraphPad Inc., LaJolla, San Diego, CA, USA). The P value
was utilized to assess the statistical significance of the data (*P <0.05;
**P <0.01; ***P <0.001; ****P <0.0001).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Associated gene cluster information were collected online from
NCBI, the complete oxytetracycline gene cluster sequence is avail-
able with the GenBank accession number DQ143963.1., the complete
chlortetracycline gene cluster sequence is available with the Gen-
Bank accession number HM627755, the complete actinorhodin gene
cluster sequence is available with the GenBank accession number
AL645882.2, at the Loci of 5513809 - 5535091, the complete pen-
tangular polyketides gene cluster sequence is available with the
GenBank accession number FJ915123.1. The associated data of tar-
geted protein analysis is deposited in the iProX database under
accession number IPX0012493001. The associated data for targeted
metabolites analysis have been deposited in the figshare https://doi.
org/10.6084/m9.figshare.29453375.v170 and https://doi.org/10.6084/
m9.figshare.29453060.v171. All other data supporting the findings of
this study are available within the article, source data, and supple-
mentary information. Source data are provided with this paper.
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