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A B S T R A C T

Advances in metabolic engineering have enabled the integration of diverse non-native reactions into microbial hosts, providing sustainable alternatives to petro
chemical manufacturing. We previously developed a modular polyketide synthase (PKS)-based platform in Streptomyces albus for producing 17 diols, amino alcohols, 
and hydroxy acids. In this platform, terminal thioester reductases (TRs) release aldehyde intermediates that are subsequently converted by post-PKS enzymes to 
control product chemistry. Here we found that PKS-TR strains accumulated hundreds of genome-wide single-nucleotide variants, including missense mutations on 
conserved PKS and TR residues leading to impaired enzyme activity. Based on the hypothesis of aldehyde toxicity, we coupled TR catalysis with downstream alcohol 
dehydrogenases (ADHs) through gene co-integration or PKS-TR-ADH fusion to limit aldehyde accumulation. These strategies reduced genomic variability and 
increased diol production, reaching a total diol titer of 14.2 g/L in bioreactors, including 10.8 g/L 1,3-butanediol. Extending this approach, engineered strains 
incorporating PKS-TR co-integration with transaminases or the padA aldehyde dehydrogenase achieved 79% higher total amino alcohol titers and 145% higher 2- 
methyl-3-hydroxyhexanoic acid titer than previous reports, while eliminating diol byproducts from the optimized hydroxy acid pathway. These results establish TR- 
mediated aldehyde release as a programmable branch point and orchestrated downstream catalysis as a general strategy for improving the stability, productivity, and 
selectivity of PKS-based Streptomyces biomanufacturing.

1. Introduction

As one of the most ancient technologies, microbial fermentation has 
been used by humans to produce food and beverages for over 9000 years 

(McGovern et al., 2004). Until the 1930s, many bulk chemicals were also 
produced from biomass fermentation. Following the development of 
cracking and reforming processes to produce olefin and aromatic 
building blocks, the petroleum industry came to dominate the 
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production of bulk and specialty chemicals (Alper, 1999). As a result, 
modern petrochemical manufacturing produces tens of thousands of 
molecules at the scale of nearly 1 billion tonnes per year, emitting 
approximately 1.30 Gt of CO2-equivalent in 2020 (Cullen et al., 2024; 
Schüth and Schunk, 2026). Thus, to reduce fossil CO2 emissions and save 
lives, our world requires a shift from petroleum-dependent industry 
toward a more sustainable bioeconomy (Liu et al., 2021).

Biomanufacturing holds great promise for replacing selected petro
chemical production routes, as demonstrated by the commercial-scale 
microbial production of a series of diols, including natural metabolite 
1,3-propanediol and nonnatural 1,4-butanediol (Biebl et al., 1999; 
Nakamura and Whited, 2003; Yim et al., 2011; Ewing et al., 2022). 
Despite this progress, development of biosynthetic platforms for many 
nonnatural chemicals remains challenging and requires more 

Fig. 1. Construction and optimization of the rimocidin PKS-TR platform for diol production in Streptomyces albus J1074. (A) Schematic representation of the RimPKS- 
TR platform. TR-mediated product release generates 3-hydroxyaldehydes that can be converted by transaminases (TAs), alcohol dehydrogenases (ADHs), or aldehyde 
dehydrogenases (ALDHs) into amino alcohols, 1,3-diols, or 3-hydroxy acids, respectively. The red lightning symbol represents aldehyde-associated cellular stress. (B) 
Effects of terminal TR selection on diol production. Strains were cultivated in R5 medium in 24-well plates for 3 days. The TE domain is from the 6-deoxyerythro
nolide B synthase (DEBS); TR information is listed in (Dan et al., 2025). n = 3 for QD36, n = 4 for the rest groups. (C) Diol production by strains expressing YjgB or 
YahK ADH and SrCAR. Strains were cultivated in shake flasks containing R5 + 2% glucose for 10 days. Compared to QD101, QD125 presented a slight increase in 1, 
3-BDO production but lower titers of 1,3-PDO and 1,3-HDO. n = 3. (D) Effect of the FkbS CCR on diol product profile. 12-day cultivation results in R5 + 2% glucose +
100 mM L-valine were presented here. n = 2 for QD101, n = 4 for QD102. (E) Profiles of sugar concentrations, cell growth and 1,3-BDO production during fed-batch 
cultivation of QD101 with glucose feeding. n = 4. (F) Final diol composition of QD101 after 12 d of fed-batch cultivation. n = 4. Bars represent means, error bars 
indicate standard deviation.
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sophisticated enzyme tools compatible with programmable pathway 
design. Modular polyketide synthases (PKSs) are assembly-line mega
synthases widely present in both prokaryotes and eukaryotes, producing 
secondary metabolites with substantial structure complexity from sim
ple coenzyme A (CoA) building blocks (Cortes et al., 1990; Donadio 
et al., 1991). Because of their assembly-line architecture, PKS engi
neering is suitable for combinatorial biosynthesis and de novo produc
tion for designer molecules (Menzella et al., 2005). Over the years, we 
have demonstrated the versatility of combinatorial PKSs as biosynthetic 
platforms through the bioproduction of nonnatural methyl/ethyl ke
tones (Yuzawa et al., 2018), hydroxy acids (Schmidt et al., 2025), lac
tones (Wang et al., 2026), and lactams (Lee et al., 2025). Successful 
implementation of these diverse PKS pathways in Streptomyces albus, 
Escherichia coli and Pseudomonas putida further highlights their adapt
ability across different microbial hosts.

Expanding product chemistry remains a major challenge in PKS 
retrobiosynthesis. One key limitation is that PKS product type is largely 
determined by the terminal enzymatic domain, often a thioesterase (TE) 
catalyzing thioester hydrolysis, macrocyclization or Claisen-like 
condensation (Horsman et al., 2016). To expand PKS-accessible chem
ical design space toward nonnatural diols, we included 
aldehyde-forming terminal thioester reductases (TRs) into combinato
rial PKS design, and established a rimocidin (Rim) PKS-TR biosynthetic 
platform in Streptomyces albus J1074 (Dan et al., 2025) (Fig. 1a). 
Through genome mining and phylogenetic analysis, we assembled a li
brary of PKS-associated terminal TR domains (Mullowney et al., 2018) 
and fused selected TRs to the first two modules of Rim PKS using serine 
recombinase-assisted genome engineering (SAGE), thereby program
ming reductive PKS product release (Merrick et al., 2018). Specifically, 
we sequentially introduced three biosynthetic components into S. albus 
J1074: the Rim loading module (M0) promiscuously accepting acetyl-, 
propionyl- and butyryl-starter units was first integrated into phiC31 
bacterial attachment (attB) site, followed by VWB attB site integration of 
a chimeric malonyl-CoA-specific Rim extension module fused to selected 
TR (M1-TR) (Supplementary Fig. 1a). This RimM0M1-TR platform 
produced 1,3-butanediol (1,3-BDO), 1,3-pentanediol (1,3-PDO) and 1, 
3-hexanediol (1,3-HDO), likely through endogenous alcohol dehydro
genase- (ADH-) catalyzed reduction of the released 3-hydroxyaldehyde 
PKS products (Supplementary Fig. 1b). Using a canonical PKS acyl
transferase (AT) exchange strategy in RimM1-TR, we further incorpo
rated methyl or ethyl branches at the C2 position to produce α-branched 
diols. Alternatively, fkbS, which encodes a crotonyl-CoA carbox
ylase/reductase (CCR) that converts crotonyl-CoA to (2S)-ethyl
malonyl-CoA and butyryl-CoA (Erb et al., 2007; Yu et al., 2019), was 
introduced to pSAM2 attB site to increase 1,3-HDO product ratio, 
demonstrating product fine-tuning through precursor pool regulation. 
Lastly, to improve titers and redirect product chemistry, standalone 
post-PKS ADHs (yahK and yjgB) or transaminases (TAs) were integrated 
at phiBT1 attB site, enabling the production of 1008 mg/L diols and 
554 mg/L amino alcohols in shake flasks.

Our PKS-TR platform opens new technical possibilities for pro
grammable access to precisely controlled product chemistry. An equally 
important challenge is microbial host engineering to improve the titer, 
yield and rate (TRY) of target bioproducts. In fatty acid megasynthase 
biomanufacturing in yeasts, the effects of substrates, key intermediates, 
cofactors and products on host genetic and metabolomic stability have 
been heavily investigated. For instance, Gao et al. reported methanol 
toxicity during free fatty acid production by the methylotropic yeast 
Ogataea polymorpha disrupted phospholipids homeostasis, which could 
be rescued by restoring phospholipid metabolism (Gao et al., 2022). In 
contrast, how newly introduced PKS pathways affect host genetics and 
metabolism remains poorly understood, particularly in non-model hosts 
in metabolic engineering, such as S. albus.

To address these questions, we expanded our previous TR screening 
efforts in chimeric RimPKS-TR pathways in S. albus J1074 and discov
ered an unexpected inverse relationship between genetic integration 

efficiency and diol titer. Whole-genome sequencing revealed hundreds 
of genome-wide mutations across diol-producing strains with consistent 
patterns, mostly single-nucleotide polymorphisms (SNPs). AlphaFold3- 
based structure analysis (Abramson et al., 2024), protein and genomic 
language model-based residue naturalness scoring (Cornman et al., 
2024; Lin et al., 2023) and biochemical characterization of PKSs or 
TRs suggested a linkage between the mutations and impaired enzyme 
function. Hypothesizing that mutation accumulation resulted from 
toxicity of TR-mediated aldehyde release, we designed two approaches 
to orchestrate downstream aldehyde metabolism. Co-integrating 
rimPKS-TR with the yjgB ADH or constructing a PKS-TR-YjgB fusion 
reduced mutation accumulation, and the co-integration strain increased 
the total diol titer from 9.1 g/L to 14.2 g/L in bioreactors. Furthermore, 
we extended this strategy by co-integrating TAs or aldehyde de
hydrogenases (ALDHs), contributing to 79% increase in amino alcohol 
titers and 145% increase in hydroxy acid titers with substantially 
reduced mutation accumulation. Notably, the PadA ALDH-containing 
strain had a high product selectivity for hydroxy acid production by 
eliminating diol byproducts. Taken together, these findings present a 
thorough investigation of PKS-TR engineering effects on S. albus genetic 
stability and productivity, and provide a general strategy for orches
trating TR utilization in PKS retrobiosynthesis.

2. Results

2.1. Identification of a putative TR for improved diol production in 
engineered Streptomyces albus

We previously performed initial screening of the activity of eight 
selected TR sets in diol production, revealing substantial variability in 
diol titers depending on the TR used (Dan et al., 2025). Additionally, the 
introduction of TR7, a putative TR originating from Streptomyces sp. 
TRM70350 (Supplementary Fig. 2), resulted in undetectable diol pro
duction in the QD35 (RimM0M1-TR7) strains. Notably, out of the eight 
tested TRs, the success rate in integrating the rimM1-TR7 gene was 
significantly less compared to any other TR. Further investigation by 
whole-genome sequencing of a representative strain, QD35m0, revealed 
the presence of RimM1-TR7 mutations leading to early translation 
termination (Supplementary Fig. 3), resulting in incapable diol 
production.

To better understand TR7 peculiarity, we developed a S. albus J1074 
cultivation platform for rapid 3-day diol production detection in 24-well 
plates and subsequently performed extensive screening of QD35 trans
formants (Fig. 1b). This experiment led to the discovery of three 
representative colonies with a record diol titer, compared to previously 
best-performing QD27 (RimM0M1-TR1, coelimycin PKS TR from 
Streptomyces coelicolor M145) and QD28 (RimM0M1-TR2, a Streptomyces 
sp. NRRL-B24891 TR) strains (Awodi et al., 2017). We named these 
TR7-carrying strains QD35m1, QD35m2 and QD35m3 (Fig. 1b; 
Supplementary Fig. 4). Whole-genome sequencing revealed TR7 muta
tions in QD35m2 and QD35m3, as well as Rim PKS mutations in all three 
strains (Supplementary Table 1). Nonetheless we decided to test 
QD35m1 engineering for improved diol titers, because of its wild-type 
TR7 and optimal abundance of RimM0 and RimM1-TR7 proteins 
(Supplementary Fig. 5). We introduced yjgB ADH in QD35m1 to improve 
the conversion of aldehyde intermediates into diols. A carboxylic acid 
reductase (CAR) gene (Gahloth et al., 2017), SrCAR, was co-integrated 
to facilitate recycling of hydroxy acids to aldehydes, and eventually 
diol production. The resulting strain QD101 produced 2939.0 mg/L 1, 
3-BDO, 849.1 mg/L 1,3-PDO, and 87.4 mg/L 1,3-HDO in R5 + 2% 
glucose medium in shake flasks after 10-day cultivation (Fig. 1c). In 
parallel, QD125 was constructed from QD35m1 with an alternative ADH 
gene, yahK. Compared to QD101, QD125 showed similar overall diol 
productivity (Fig. 1c).

To test whether the RimPKS-TR7-based platform retained PKS 
product tunability, QD102 was constructed by introducing the fkbS CCR 
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gene into QD101, with expectation to increase butyryl-CoA flux and 
shift the product pool towards 1,3-HDO. As expected, QD102 exhibited a 
dramatic shift in diol composition: 1,3-BDO and 1,3-PDO titers were 
reduced to 78.4 mg/L and 70.2 mg/L, respectively, and 1,3-HDO pro
duction increased to 3005.5 mg/L after 12 days of cultivation in R5 +
2% glucose medium supplemented with 100 mM L-valine, a direct 
butyryl-CoA precursor (Gläser et al., 2021). In comparison, QD101 
produced roughly equal ratios of different diols: 1019.7 mg/L 1,3-BDO, 
1473.1 mg/L 1,3-PDO, and 1490.4 mg/L 1,3-HDO (Fig. 1d). Altering the 
CoA substrate concentration changed the diol product distribution 
without significantly compromising overall product titers, confirming 
that the optimized RimPKS-TR7 platform retains product tunability.

Next, QD101 and QD125 were selected for scale-up because of the 
industrial relevance of 1,3-BDO (Liu et al., 2024). Fed-batch cultivation 
of QD101 in a 1-L bioreactor, using R5 as the starting medium and 
glucose as supplemental carbon source, resulted in 7.0 g/L 1,3-BDO 
production over 12-day cultivation to a final OD600 of 24.5 (Fig. 1e). 
Together with 2.0 g/L 1,3-PDO and 129.3 mg/L 1,3-HDO production, 
the total diol titer reached 9.1 g/L (Fig. 1f). Unexpectedly, we observed 
slow but reproducible consumption of sucrose as a second carbon source 
in bioreactors. R5 medium contains 103 g/L sucrose which serves pri
marily as an osmotic stabilizer for Streptomyces growth (Elibol and 
Mavituna, 1998), and its consumption by S. albus J1074 was not 
observed in our shake-flask cultivation experiments (Supplementary 
Fig. 6a–b). In comparison to QD101 fed-batch results, similar produc
tion trends and titers were observed with QD125 strain when glucose 
(Supplementary Fig. 6c) or sucrose (Supplementary Fig. 6d) was used as 
the supplemental carbon source.

2.2. Effect of TR integration on engineered Streptomyces albus genomes

Next we aimed to systematically analyze genome-wide mutations in 
the engineered S. albus J1074 strains. We found that the predominantly 
used phiC31 site-specific integration system integrates duplicate rimM0 
genes in both the native attB and another pseudo-attB site at 100% ef
ficiency across all tested S. albus strains (Supplementary Fig. 7). In 
comparison, rimM1-TR genes were integrated into the native VWB attB 
site as a single copy (Supplementary Fig. 7).

Notably, while all strains accumulated single nucleotide mutations, 
insertions and deletions to some extent, whole genome sequencing 
revealed a consistently marked increase in SNPs following rimM1-TR 
integration compared to controls (Fig. 2a; Supplementary Fig. 8), sug
gesting a TR-specific effect on genome stability. In contrast, the fre
quency of genome-wide insertions and deletions remained comparable 
across strains regardless of TR integration or the choice of TR, indicating 
that TR-associated mutagenesis primarily results in nucleotide sub
stitutions (Supplementary Fig. 9). Furthermore, we observed substan
tially higher SNP mutation frequencies for TR7-integrated QD35 strains 
compared to TR1-carrying QD27 and TR2-carrying QD28 strains 
(Fig. 2a–b). Consistent with these results, TR-integrated strains accu
mulate predominantly missense mutations, with QD28 exhibiting 308 
missense mutations out of 401 total SNPs and QD35m1 exhibiting 694 
missense mutations out of 896 total SNPs (Supplementary Fig. 8). 
Together with the fact of lower genetic integration efficiency and higher 
diol production titers of QD35 mutants, these results suggest a positive 
correlation between SNP frequency and TR activity. Together with no 
confirmed detection of hydroxy aldehydes, the immediate PKS-TR 
products, during S. albus cultivation, we hypothesized that these alde
hydes are highly reactive, may be toxic to S. albus cells and impose 
strong selective pressure on the host, ultimately leading to higher mu
tation rates.

SNP analysis revealed a predominance of two amino acid sub
stitutions: aspartate to asparagine (D to N) resulting from GAC to AAC 
codon change, and serine to leucine (S to L) from TCG to TTG codon 
change (Fig. 2c; Supplementary Tables 1–2). Strand-specific mutation 
rate analysis revealed that G to A and C to T transitions were the most 

frequent base substitutions (Supplementary Fig. 10). Because these 
transitions directly generate the observed D to N and S to L substitutions, 
their prevalence could initially be attributed to a general mutation bias 
at G:C base pairs in the GC-rich S. albus genome. However, this bias 
persisted even after accounting for strain-specific base substitution fre
quencies and native codon usage in S. albus, indicating that the observed 
pattern cannot be fully explained by background mutational processes 
(Supplementary Table 2). Moreover, the affected GAC and TCG codons 
are frequently used in S. albus J1074, excluding rare-codon usage as a 
likely explanation (Supplementary Table 3). Furthermore, these specific 
amino acid substitutions are consistently enriched in all measured TR- 
containing strains, reinforcing the idea of an unexpectedly conserved 
mutagenesis pattern linked to TR integration (Supplementary Table 4). 
These mutations were also detected within the RimPKS-TR genes inte
grated at SAGE target sites (Supplementary Table 1). The basis for both 
the amino acid preference and the involvement of the integrated con
structs remains unknown.

To assess whether these RimPKS-TR substitutions affect evolution
arily constrained positions, we performed conservation analysis on 
mutated PKS residues in QD35m1 strain (RimM0 D1044N, D1519N, 
D1531N, and RimM1 D886N, D1140N, D1495N) using two independent 
language models, ESM2 (Lin et al., 2023) and gLM2 (Cornman et al., 
2024). Among five of the six mutated positions in QD35m1, both 
models assigned high naturalness probability to the wild-type aspartate 
(Fig. 2d; Supplementary Fig. 11). We expanded the probability analysis 
to aspartate variations in QD35m2 and QD35m3, and observed consis
tently high naturalness probabilities (Supplementary Fig. 11). These 
results indicate strong sequence constraint at these sites across naturally 
evolved sequences, and suggest chances of mutagenesis occurring at 
functionally relevant positions. Next, we mapped these mutations onto 
AlphaFold3-predicted structures of RimM0 and RimM1 respectively 
(Abramson et al., 2024). In the RimM0 structure, all D1044, D1519 and 
D1531 residues localize near the hypothetical ketosynthase 
(KS)-AT–acyl carrier protein (ACP) interfaces (Fig. 2e) (Cogan et al., 
2021). In RimM1, D886 also sits in the KS-AT linker domain and 
D1495 maps to the ACP domain (Fig. 2e). The recurrence of these D to N 
substitutions across TR-containing strains, together with language 
model predictions and their structural locations, supports the hypothesis 
that they may alter PKS function.

Finally, we evaluated the effects of TR7 S173L mutation present in 
QD35m2 and TR7 D128N mutation in QD35m3. The two TR7 variants 
were expressed in E. coli, purified and analyzed by native PAGE, 
revealing quick aggregation of TR7 S173L after size-exclusion chroma
tography purification (Supplementary Fig. 12), indicating the impor
tance of S173 for proper folding. Furthermore, purified TR7 wild-type 
enzyme and variants were subjected to NADPH consumption assay. 
D128N retained catalytic activity comparable to the wild-type enzyme; 
in contrast, the S173L variant exhibited markedly reduced NADPH 
consumption activity, demonstrating its functional importance (Fig. 2f). 
Together with gLM2 and ESM2 predictions, structural analysis 
(Supplementary Fig. 13) and previous literature reports on homologous 
enzymes (Chhabra et al., 2012; Reid et al., 2003), these results 
demonstrate S173 as a catalytic residue in TR7. Because the S173L 
variant showed impaired enzyme activity, we next aimed to reduce 
mutation rates for improved diol production.

2.3. Detoxification strategies by orchestrating post-TR ADH catalysis

We hypothesized that mitigating aldehyde accumulation would be 
key to engineered Streptomyces genome stability and optimal diol pro
duction. To test this hypothesis and improve diol titers, we incorporated 
post-TR ADH catalysis for reducing potentially toxic hydroxyaldehydes 
to diols, and investigated the effects of both ADH co-integration and 
PKS-TR-ADH fusion strategies (Fig. 3a).

Unsure of the effects of dual phiC31 integration sites on genetic 
stability of QD35 strains with a PrpsL(RO) promoter for RimM0 
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expression, we switched to the pSAM2 integration system with a vali
dated single integration site for rimM0 and generated two S. albus J1074 
strains (Supplementary Fig. 14). QD127 uses a constitutive Pgapdh(EL) 
promoter, whereas QD128 has a PrpsL(RO) promoter for RimM0 
expression. Next we performed VWB-based co-integration of rimM1-TR7 

and yjgB ADH genes in QD127 and QD128, generating QD129 and 
QD130 strains, respectively. Consistent with our previous findings on 
promoter strength, RimM0 protein abundance in QD127 was higher 
than it in QD128 (Fig. 3b). We confirmed that our QD129 strain had 
comparable RimM0 and RimM1 protein abundances to the reference 

Fig. 2. TR7-associated genome-wide mutation accumulation and functional effects of PKS-TR mutations. (A) Genome-wide distribution of single nucleotide poly
morphisms (SNPs) across engineered S. albus J1074 strains relative to the reference genome. Each colored tick denotes one SNP position. QD35 strains carrying 
RimM1-TR7 contained substantially more SNPs than the RimM0 controls (QD1) and strains carrying the previously characterized TR1 (QD27) or TR2 (QD28). (B) 
RimM1-TR7 integration resulted in a significant increase in genome-wide SNPs that are mainly missense mutations. (C) Distribution of codon substitutions among the 
detected variants. GAC to AAC (D to N) and TCG to TTG (S to L) substitutions were the predominant codon changes in RimM1-TR containing strains. (D) Model- 
assigned amino acid probabilities at RimM0 D1044 and RimM1 D886, D1140 and D1495 positions, calculated independently using gLM2 and ESM2. Both 
models strongly favored the native aspartate at each position, indicating that these positions may be functionally important. (E) AlphaFold 3 models of RimM0 and 
RimM1 showing the locations of observed D to N substitutions. The Asp residues are shown as spheres. Structural domains are colored as indicated. CoL: CoA ligase; 
KS: ketosynthase; AT: acyltransferase; PAL: post-AT linker; ACP: acyl carrier protein; KR: ketoreductase; DE: dimerization element; DD: docking domain. (F) In vitro 
NADPH consumption assay results for TR7 wild-type (WT), D128N and S173L mutants. D128N exhibited activity similar to WT, whereas S173L showed substantially 
reduced NADPH consumption.

Fig. 3. Coordinated ADH expression improves diol production in engineered S. albus. (A) Schematic of two strategies designed to accelerate the conversion of 
RimPKS-TR-release 3-hydroxyaldehydes: co-integration of a standalone ADH, and a TR-linker-ADH fusion. P: promoter. (B) Relative abundances of RimM0 and 
RimM1-TR7 proteins. The genomic integration sites and promoter choices (1: PrpsL(RO); 2: Pgapdh(EL)) are indicated below the graph. n = 4. (C) Diol production by 
strains expressing standalone or TR-fused YjgB or YahK ADH. Strains were cultivated for 3 d in R5 + 1% glucose in 24-well plates. n = 4 for QD35m1, n = 2 for 
QD131, n = 3 for the rest groups. (D) Profiles of sugar concentrations, cell growth and diol production during batch cultivation of QD129, achieving diol titers up to 
14.2 g/L n = 4. Bars represent means, error bars indicate standard deviation.
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QD35m1 strain, making these two excellent samples for diol production 
comparison (Fig. 3b). To evaluate whether physical linkage of TR and 
ADH domains could facilitate aldehyde intermediate tunneling between 
two active sites, we designed TR7-YjgB ADH fusion proteins using two 
different linker architectures, yielding strains QD131 with a shorter and 
artificial “GGGGSGGGGS” linker, and QD133 with a longer “LGAAG
PATVVQASAAALD” linker. The longer linker is the natural RimM1-M2 
linker. In parallel, analogous TR7-YahK ADH fusion proteins were 
designed to yield strains QD132 with the shorter linker and QD134 with 
the longer linker to assess enzyme-specific effects on the fusion strategy.

Subsequent 3-day cultivation experiments revealed that all tested 
strains except for QD134 produced more diols than QD35m1 in a 24- 
well cultivation plate, with QD129 presenting the highest titers 
(Fig. 3c). With 1462.5 mg/L 1,3-BDO, 739.2 mg/L 1,3-PDO, and 
33.8 mg/L 1,3-HDO production, this total diol titer marks a more than 

10-fold increase compared to QD35m1. QD130 produced less diols than 
QD129, likely due to lower RimM0 protein abundance. As to TR-ADH 
fusion, the TR7-YjgB fusion strains, QD131 and QD133, achieved 
similar titers to QD129, confirming the effectiveness of fusion design. 
However, the strain harboring the longer linker between TR7 and YahK 
(QD134) did not produce any diol (Fig. 3c), suggesting that both ADH 
and fusion linker choices can critically influence the outcome.

Finally, we chose strain QD129 with the best performance for 1-L 
bioreactor cultivation experiments. After 12-day cultivation, we ach
ieved a total diol titer of 14.2 g/L, with 10.8 g/L 1,3-BDO production 
and a maximum OD600 of 23.0, presenting a PKS-TR engineering record 
(Fig. 3d). Moreover, genome analysis revealed scarce SNPs in QD129 
(Supplementary Fig. 15), demonstrating optimal strain stability. Taken 
together, these results demonstrate that post-TR ADH co-integration 
design alleviates cellular stress, improves pathway stability, and 

Fig. 4. Expansion of the co-integration strategy for amino alcohol and hydroxy acid production. (A) Schematic of product diversification through post-TR enzyme co- 
integration and AT exchange. Malonyl-CoA extension generates unbranched 3-hydroxyaldehydes that are converted by TAs into amino alcohols. Methylmalonyl-CoA 
extension via AT exchange generates a 3-hydroxy-2-methylaldehyde that can be reduced to a competing diol by endogenous ADHs or oxidized to a hydroxy acid by 
an introduced ALDH. (B) Amino alcohol production by strains expressing TR1/2/7 and TA1/2. TA1 is from Streptomyces coelicolor M145 and TA2 is from Streptomyces 
sp. NRRL-B24891. QD139 bearing TR7 and TA1 produced the highest total amino alcohol titer after 7-day cultivation in R5 + 2% glucose. (C) Production of 2- 
methyl-3-hydroxyhexanoic acid and the competing 2-methyl-1,3-hexanediol by strains carrying different ALDHs after 7-day cultivation in R5 + 2% glucose +
15 mM L-valine. ALDH1: PadA; ALDH2: ChnE; ALDH3: KDHba. QD126 serves as a control with DEBS TE in place of TR7. PadA co-integration eliminated detectable 
formation of the competing diol. Bars represent means, error bars indicate standard deviation. n = 3.
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enables high-level, scalable diol production in engineered Streptomyces 
albus.

2.4. Expanding co-integration strategy to amino alcohol and hydroxy acid 
biosynthesis

With demonstrated use of TR and downstream ADH co-integration, 
we next investigated whether this strategy could be leveraged to 
improve other PKS-TR product titers, such as amino alcohols via post-TR 
transamination and hydroxy acids produced from aldehyde oxidation. 
To test this, we co-integrated different downstream genes, including TR- 
cognate TAs and standalone ALDHs, into the QD127 base strain to 
redirect aldehyde intermediates into distinct product classes (Fig. 4a).

First, we introduced TR and TA co-integration pathways to generate 
amino alcohol products. We previously reported that downstream 
expression of a TA (TA1) from coelimycin biosynthetic gene cluster 
(BGC) in QD94 (RimM0M1-TR1 + TA1) or QD96 (RimM0M1-TR2 +
TA1) strain enabled production of amino alcohols with varying chain 
lengths, including 4-aminobutan-2-ol, 1-aminopentan-3-ol, and 1-ami
nohexan-3-ol (Dan et al., 2025). In each strain, rimM0 and rimM1-TR 
genes were integrated in the phiC31 and the VWB integration sites 
respectively; TA1 gene was integrated in the phiBT1 site. By applying 
RimM1-TR7 and TA co-integration into the VWB site, we generated 
TA1-containing QD139 and homologous TA2-containing QD140 strains 
from QD127. After 7-day cultivation in R5 + 2% glucose medium in 
shake flasks, QD139 reached the highest titers of 812.8 mg/L 4-amino
butan-2-ol, 173.2 mg/L 1-aminopentan-3-ol, and 7.0 mg/L 1-aminohex
an-3-ol. Compared with QD96 where TA1 integration occurred after 
rimM1-TR2 integration, it marks at least 79% increase in total amino 
alcohol titers (Fig. 4b).

We then explored the oxidation of aldehyde intermediates to access 
hydroxy acids. Our primary target was 2-methyl-3-hydroxyhexanoic 
acid, because α-methyl-branched β-hydroxy acids have great potential 
as a monomer for structurally diversified polyhydroxyalkanoates (PHAs) 
(Dong et al., 2019). Previously, we applied (2S)-methylmalonyl 
CoA-specific AT exchange strategy and created QD84 strain (RimM0M1 
(M7 AT)-TR7) via phiC31 integration of rimM0, VWB integration of 
rimM1(M7 AT)-TR7, and pSAM2 integration of fkbS. The QD84 strain 
produced both 68.2 mg/L 2-methyl-3-hydroxyhexanoic acid and 
56.9 mg/L 2-methyl-1,3-hexanediol. Here, we first compared TR7 to the 
6-deoxyerythronolide B synthase (DEBS) TE (Tsai et al., 2001), since 
PKS-TE can directly hydrolyze the PKS intermediate to carboxylic acids 
without aldehyde en route and is the canonical method for PKS-based 
hydroxy acid biosynthesis (Schmidt et al., 2025). Unexpectedly, 
RimM0M1(M7 AT)-TE (QD126 strain) resulted in production of only 
3.6 mg/L 2-methyl-3-hydroxyhexanoic acid. Next, we tested expression 
of ALDH1 (PadA), ALDH2 (ChnE), and ALDH3 (KDHba) aldehyde de
hydrogenases with TR7 in strains QD136, QD143, and QD144 respec
tively, to improve conversion of the aldehyde intermediate into 
2-methyl-3-hydroxyhexanoic acid. Among the tested ALDHs, ALDH1 
(PadA) resulted in the highest titers of 167.5 mg/L, presenting a 145% 
titer increase to QD84 and indicating the importance of ALDH choice 
(Fig. 4c). Additionally, we attempted to avoid diol byproducts that may 
compromise hydroxy acid titers and complicate product separation. 
Remarkably, no 2-methyl-1,3-hexanediol was detected in QD136 cul
ture (Fig. 4c), demonstrating highly efficient post-TR reaction control.

We also tested whether screening TRs and ATs could improve the 
production of 2-ethyl-3-hydroxyhexanoic acid with a previously elusive 
biosynthesis route other than RimPKS-TR with AT exchange (Dan et al., 
2025). Despite the effort, none of the tested (2S)-ethylmalonyl 
CoA-loading ATs or TRs including TR7 presented a significant increase 
in titers than our previous report (Supplementary Fig. 16a–b), suggest
ing that other PKS domains, such as KS and ketoreductase (KR), may be 
the main actors in ethyl branch gatekeeping.

Finally we examined the genomes of representative amino alcohol- 
producing QD139 and hydroxy acid-producing QD136 strains 

(Supplementary Fig. 17). Consistent with our findings in the QD129 
strain orchestrated for diol production (Supplementary Fig. 15), QD139 
and QD136 strains present substantially fewer total SNP mutations 
compared to previously reported strains. Moreover, for every examined 
strain with co-integration strategy, observed D to N amino acid substi
tution bias is absent in QD129 and significantly reduced in QD139 and 
QD136, regardless of product type (Supplementary Fig. 15c; 
Supplementary Fig. 17). The slightly higher D to N substitution rates in 
QD139 and QD136 compared to QD129 can be attributed to different 
catalytic efficiency of YjgB, TA1 and PadA enzymes used in aldehyde 
metabolism, in agreement with reported product titers. This observation 
further backs our hypothesis that the observed SNP pattern is a direct 
consequence of TR-mediated aldehyde release.

Together, these results establish TR-mediated aldehyde release as a 
programmable branch point for PKS product diversification. Co- 
integrating TRs with alcohol dehydrogenases, transaminases and alde
hyde dehydrogenases efficiently redirected TR-derived aldehyde in
termediates toward diols, amino alcohols and hydroxy acids 
respectively, while mitigating cellular stress, improving pathway sta
bility and productivity, and limiting competing reactions. This coordi
nated integration of PKS downstream biocatalysis provides a general 
strategy for improving pathway performance and expanding PKS- 
derived chemical space, demonstrating the potential of orchestrated 
PKS retrobiosynthesis.

3. Discussion

Over the past few decades, advances in genome mining and directed 
evolution have vastly expanded chemical reaction repertoires available 
for use in living systems (Chen and Arnold, 2020; Nguyen et al., 2024). 
The full integration of these novel reactions into cellular metabolism has 
now become a rapidly emerging field, and it raises a fundamental 
question: how do microbes respond to the new reactions we engineer 
them to perform? We began to explore this question using our diol 
biosynthetic pipelines (Dan et al., 2025), where designed PKS-TRs pro
duce large quantities of aldehyde intermediates that may be toxic to host 
cells. We hypothesized that this stress resulted in the accumulation of 
hundreds of genome-wide mutations, mostly SNPs. Through detailed 
investigations, we adopted a pathway co-integration strategy to mitigate 
the cellular burden; as a result, we significantly lowered mutation rates 
and achieved 14.2 g/L diol titers in bioreactors.

Aldehydes are common intermediates in engineered metabolic 
pathways, including pathways for fatty alcohol and diol biosynthesis. 
However, to the best of our knowledge, no previous report presents 
cellular stress and genome instability of the magnitude observed in this 
study. We reasoned that at least two factors may play a key role for this 
difference: enzyme architecture for aldehyde production and the 
detoxification capacity of the host cells. Fatty alcohol biosynthesis in 
E. coli commonly employs fatty acyl-CoA reductase (FAR), a dual func
tional enzyme converting fatty acids to fatty alcohols through a transient 
fatty aldehyde intermediate (Steen et al., 2010). As a result, the 
four-electron, two-step catalytic pattern limits the release of free alde
hyde. Alternatively, pathways employing aldehyde-forming acyl-CoA 
reductases (ACRs) or carboxylic acid reductases (CARs) generally 
depend on heterologous or endogenous aldehyde reductases (ARs) or 
ADHs to complete alcohol production (Wang et al., 2020; Youngquist 
et al., 2013). E. coli is well known for possessing several AR or ADH 
genes with broad substrate scopes including ybbO and yqhD (Atsumi 
et al., 2010; Fatma et al., 2016). Deletion of the ybbO gene led to 
more than 90% long-chain fatty alcohol titer loss in engineered E. coli 
strains (Fatma et al., 2016). Although presence of endogenous ADH 
activity in S. albus J1074 was confirmed by diol formation upon PKS-TR 
expression, this detoxification capacity may be insufficient to alleviate 
aldehyde accumulation, cellular stress and mutation accumulation 
observed in our production strains.

Another important observation is that overexpression of TR1/2/7/9 
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in E. coli showed no obvious growth defect, ruling out possible impact of 
protein-driven toxicity. This result further suggests that catalytic prod
uct exposure is the principal source of toxicity. The predominant alde
hyde products in our engineered S. albus strains include 3- 
hydroxybutanal, 3-hydroxypentanal, and 3-hydroxyhexanal. Notably, 
although the cellular toxicity of 3-hydroxy aldehydes has not been 
characterized, their dehydrated derivatives (α,β-unsaturated aldehydes 
including crotonaldehyde, trans-2-pentenal and trans-2-hexenal) were 
all shown to be mutagenic (Eder et al., 1992). These aldehydes form 
exocyclic deoxyguanosine adducts when tested in vitro with nucleosides 
and mononucleotides (Eder and Hoffman, 1993). Given the observation 
that the dominant SNP type observed in this study is G:C to A:T transi
tion, this brings up an interesting hypothesis of deoxyguanosine 
adduct-based mutation mechanism.

Finally, we performed a process-based techno-economic analysis 
(TEA) to identify the principal cost drivers and performance targets for 
diol production. The current bulk price of 1,3-BDO ranges widely from 
$1.0/kg to $4.0/kg, depending on location, manufacturer, purity, and 
purchase quantity (Peters et al., 2003). At a conservative production 
capacity of 8500 MT/yr of 1,3-BDO, the estimated total capital invest
ment and net annual operating costs were $137 million and $33 million, 
respectively (Supplementary Tables 9–10). Fermentation equipment 
was identified as the major capital investment contributor, whereas 
operating costs were primarily driven by raw materials and utilities 
(Supplementary Fig. 18a–b). The resulting minimum selling price (MSP) 
of $5.9/kg exceeded the reported commercial price range, so we sought 
to identify key operational parameters for further performance 
improvement through sensitivity analysis.

Consistent with other biomanufacturing processes, sensitivity anal
ysis identified product yield as the most influential parameter affecting 
MSP, followed by feedstock costs and fermentation time (Supplementary 
Fig. 18c) (Baral et al., 2019; Ebrahimian and Mohammadi, 2024). Based 
on the sensitivity analysis, we also projected potential future cost 
reduction (Supplementary Fig. 18d). Optimization of selected parame
ters incrementally contributed to production cost reduction and ulti
mately resulted in an optimistic MSP of $1.2/kg. This projected price 
falls within the current market price range, highlighting the importance 
of further development through multifaceted optimization spanning 
strain engineering, fermentation, and process design.

4. Materials and methods

4.1. Materials, plasmids and strains

All the plasmids and strains constructed in this study are listed in 
Supplementary Table 11, except for E. coli BL21(DE3), DH5α and DH10β 
cells which were purchased from New England Biolabs. All gene se
quences used in this study are listed in Supplementary Table 12. For 
plasmid construction, SAGE integration, and S. albus J1074 sporulation 
experiments, we followed previously published protocols (Dan et al., 
2025). Plasmid sequences were validated by nanopore sequencing.

4.2. S. albus cultivation in 24-well plates and shake flasks

30 μl of wild-type or engineered S. albus J1074 spores were inocu
lated in 3 ml Tryptic Soy Broth (TSB) with nalidixic acid (25 μg ml− 1) in 
a 10 ml 24-well plate, and incubated at 30 ◦C, 200 rpm for 2 d to 
generate the seed culture. For 24-well plate-based cultivation experi
ments, 100 μl of the seed culture was inoculated in 3 ml R5 medium with 
1% w/v glucose and nalidixic acid (25 μg ml− 1), and incubated at 30 ◦C, 
200 rpm for another 3 d. For shake flask-based cultivation, 1 ml of the 
seed culture was added in 30 ml R5 with nalidixic acid (25 μg ml− 1) and 
varying concentrations of glucose, and incubated at 30 ◦C, 200 rpm for a 
selected amount of time. For all cultivation experiments, 2-5 sterile glass 
beads (4.5 mm) were added to reduce Streptomyce clumping effect.

4.3. S. albus batch and fed-batch cultivation in bioreactors

For seed culture preparation in bioreactor runs, 1 ml of engineered 
S. albus J1074 spores were inoculated in 50 ml TSB with nalidixic acid 
(25 μg ml− 1) in a 250 ml shake flask, and cultivated at 30 ◦C, 200 rpm for 
2 d. 4 Eppendorf DASGIP bioreactors with 1.8 l max working volume 
were used at a starting volume of 1 l R5 medium with nalidixic acid 
(25 μg ml− 1) and 33 ml seed culture. Dissolved oxygen cascades at a 30% 
setpoint utilizing air flow rate between 102 and 120 sl/h. The DASGIP 
MX4x4 module controlled airflow of sterile dry air. Agitation stir rate 
changes were controlled from 300 to 600 rpm with Rushton impellers 
spaced at 1.5 diameter. Sampling was taken by discarding the dead- 
space of the dip-tube sample port. The setpoint for pH was 7 with a 
deadband range of 0.2; both acid (H2SO4, 15% w/v) and base (NH4OH, 
15% w/v) were controlled using the DASGIP MP8 modules. The culti
vation temperature was 30 ◦C.

For QD101 fed-batch cultivation (Fig. 1E), glucose bolus additions 
were added with DASGIP MP8 modules in 20 ml increments over an 
hour of 50% w/v glucose on the 4th, 6th and 8th days. For QD125 fed- 
batch cultivation (Supplementary Fig. 6c–d), glucose or sucrose feeding 
was controlled utilizing MP8 modules and reactive bolus feeds, and the 
stir rate was 300-600 rpm.

4.4. HPLC and LC-MS analysis

1,3-PDO, 1,3-HDO, amino alcohol and hydroxy acid product quan
tification was performed by LC–MS using an Agilent LC/MSD iQ single 
quadrupole mass spectrometer as previously described (Dan et al., 
2025). All authentic standards were commercially available.

Glucose, sucrose and 1,3-BDO product were analyzed and quantified 
using authentic standards from Sigma on an Agilent 1200 series Infinity 
HPLC system equipped with a refractive index detector (RID) and an 
Aminex HPX-87H Column (Bio-Rad). The mobile phase is 4 mM H2SO4 
(in water) delivered at a flow rate of 0.40 ml min− 1. Each chromato
graphic run lasted 45 min. Both the column compartment and the RID 
were maintained at 45 ◦C throughout the analysis.

4.5. Proteomic analysis

Protein was extracted from cell pellets and tryptic peptides were 
prepared by following established proteomic sample preparation pro
tocol (Chen et al., 2023). Briefly, cell pellets were resuspended in Qiagen 
P2 Lysis Buffer (Qiagen, Germany) to promote cell lysis. Proteins were 
precipitated with addition of 1 mM NaCl and 4 x vol acetone, followed 
by two additional washes with 80% acetone in water. The recovered 
protein pellet was homogenized by pipetting mixing with 100 mM 
ammonium bicarbonate in 20% methanol. Protein concentration was 
determined by the DC protein assay (BioRad, USA). Protein reduction 
was accomplished using 5 mM tris 2-(carboxyethyl)phosphine (TCEP) 
for 30 min at room temperature, and alkylation was performed with 
10 mM iodoacetamide (IAM; final concentration) for 30 min at room 
temperature in the dark. Overnight digestion with trypsin was accom
plished with a 1:50 trypsin:total protein ratio. The resulting peptide 
samples were analyzed on an Agilent 1290 UHPLC system coupled to a 
Thermo Scientific Orbitrap Exploris 480 mass spectrometer for discov
ery proteomics (Chen et al., 2022). Briefly, peptide samples were loaded 
onto an Ascentis® ES-C18 Column (Sigma–Aldrich, USA) and were 
eluted from the column by using a 10 min gradient from 98% solvent A 
(0.1% formic acid in H2O) and 2% solvent B (0.1% formic acid in ACN) 
to 65% solvent A and 35% solvent B. Eluting peptides were introduced 
to the mass spectrometer operating in positive-ion mode and were 
measured in data-independent acquisition (DIA) mode with a duty cycle 
of 3 survey scans from m/z 380 to m/z 985 and 45 Tandem mass 
spectrometry (MS2) scans with precursor isolation width of 13.5 m/z to 
cover the mass range. DIA raw data files were analyzed by an integrated 
software suite DIA-NN (Demichev et al., 2020). The database used in the 
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DIA-NN search (library-free mode) is Streptomyces albus J1074 latest 
Uniprot proteome FASTA sequences plus the protein sequences of the 
heterologous proteins and common proteomic contaminants. DIA-NN 
determines mass tolerances automatically based on first pass analysis 
of the samples with automated determination of optimal mass accu
racies. The retention time extraction window was determined individ
ually for all MS runs analyzed via the automated optimization procedure 
implemented in DIA-NN. Protein inference was enabled, and the quan
tification strategy was set to Robust LC = High Accuracy. Output main 
DIA-NN reports were filtered with a global false discovery rate set at 
0.01 (FDR ≤ 0.01) on both the precursor level and protein group level. 
The Top3 method, which is the average MS signal response of the three 
most intense tryptic peptides of each identified protein, was used to plot 
the quantity of the targeted proteins in the samples (Ahrné et al., 2013; 
Silva et al., 2006).

4.6. TR7 mutagenesis, enzyme purification and in vitro reactions

pHIS_TR7 plasmid harboring D128N or S173L mutation was gener
ated from pHIS_TR7 wild-type plasmid using Agilent QuikChange XL 
Site-Directed Mutagenesis Kit. Plasmid sequences were validated by 
nanopore sequencing. Recombinant TR7 mutant protein expression, 
purification and enzymatic assays were carried out in the same way as 
previously described for the wild-type TR7 protein (Dan et al., 2025).

4.7. TR7-carrying genome assembly and annotation

The genome assembly ASM1921982v1 of Streptomyces sp. 
TRM70350 was used for further assembly and annotation of the putative 
TR7-containing BGC. Because no raw reads for this assembly and no 
closely related complete genomes were available, a total of 153 contigs 
were examined and joined based on sequence similarity. All contigs 
were compared pairwise to identify similar regions by using the Nucmer 
command (Marçais et al., 2018):

nucmer –maxmatch –minmatch 15 –mincluster 40 –nosimplify -p 
contigs_all

show-coords -rcl contigs_all.delta > contigs_all.coords)
A total of 3908 pairwise alignments were generated, and the aligned 

contigs were joined to obtain scaffolds using an in-house python script 
(scaffold_from_coords.py). Briefly, contigs were processed in descending 
order of contig length. An unused contig was selected as the seed of a 
new scaffold, and downstream extensions were constructed iteratively. 
At each extension step, among all unused contigs exhibiting an overlap 
with the current contig, the algorithm selected the candidate with the 
largest overlap length. The next contig was merged by trimming the 
overlapping region and appending or prepending only the non- 
overlapping sequence. Specifically, when the Nucmer alignment on 
the current contig was detected near the end of the current contig (i.e., 
when the alignment endpoint exceeded half of the current contig 
length), the algorithm appended the non-overlapping suffix of the next 
contig; otherwise, it prepended the non-overlapping prefix of the next 
contig. Incorporated contigs were marked as used, preventing them from 
being included in multiple scaffolds. The resulting concatenated se
quences were written to an output FASTA file as individual scaffold 
entries. In total, 94 scaffolds were obtained, and they were re-annotated 
using Prokka v1.14.6 (Seemann, 2014). A scaffold containing the TR7 
gene, was then used as an input for antiSMASH8.0 (Blin et al., 2025) to 
predict the TR7-containing BGC.

4.8. Engineered S. albus genome comparison for mutational analysis

1 ml S. albus seed culture was subjected to a Maxwell RSC Instrument 
for genome extraction. Extracted genomes were submitted to Plasmid
saurus for genome sequencing and assembly. The sequenced genome of 
engineered S. albus strains were compared to the reference S. albus 
J1074 genome (NCBI accession: NC_020990.1) to identify genome-wide 

mutations including SNP, indels, and large integrations. The sequenced 
genome were aligned to the reference genome by progressiveMauve 
(Darling et al., 2010) with the following parameters: default seed 
weight, determine LCBs (min LCB weight: default), assume collinear 
genomes, full alignment, iterative refinement, sum-of-pairs LCB scoring 
(scoring matrix: HOXD default). The information of SNP and indels were 
exported and processed using in-house perl scripts (SNP_annotator.pl, 
indel_annotator.pl, and mutation_process.pl).

4.9. Codon mutation rate calculation

Codon usage tables for S. albus were generated using an in-house Perl 
script (codon_usage.pl). In addition, the relative expected frequency 
(RelExpected) and relative observed frequency (RelObserved) for each 
codon change type in the QD27 and QD28 strains were calculated using 
two in-house Perl scripts (SNP_codon_information.pl, codon_frequency. 
pl). RelExpected refers to the expected frequency of a specific codon 
change based on the codon usage in S. albus and the base-change fre
quency observed in the strain. RelObserved refers to the frequency of a 
specific codon change among all observed codon changes.

Codon frequency among total codon = (the number of specific 
codon in S. albus genome)/(a total codon number in S. albus genome)

Base change frequency = (the number of specific base changes (e.g. 
A to G) in the strain)/(a total number of base (e.g. A) in S. albus genome)

Expected frequency = Codon frequency among total codon × Base 
change frequency.

RelExpected = (Expected frequency of the codon change)/(Ex
pected frequency sum of total codon change)

RelObserved = (The number of the specific codon change 
(Observed))/(A total number of codon change (Observed))

4.10. Conservation and coevolution analysis

All data and code used in this analysis is publicly available on GitHub 
(https://github.com/Keasling-Lab/pks_evolutionary_analysis). Conser
vation and coevolution were assessed for TR7, RimM0 and RimM1 as 
described in Zhang et al. (2024); Zhang et al. (2024) using ESM2 
(esm2_t33_650M_UR50D) and gLM2 (gLM2_650M). Per-position con
servation was computed as each model's masked token distribution 
where each residue was masked in turn, the protein sequence was passed 
through the model, and the output logits over the 20 AA at the masked 
position were retained and converted to conditional probabilities by a 
softmax over those 20 states. Pairwise coevolution was computed from 
the categorical Jacobian where each position was substituted to each of 
the 20 AA in turn, all 20 evaluated explicitly rather than by the single 
mask approximation, and the differences in the output logits at all po
sitions relative to the unperturbed sequence were recorded. The two 
models were compared at ten residues, namely, TR7 D128 and S173; 
RimM0 D830, D1044, D1519 and D1531; and RimM1 D417, D886, 
D1140 and D1495. At each position the masked token AA distributions 
from the two models were plotted side by side, and a submatrix of the 
coevolution map spanning ±10 residues around the site was displayed.

4.11. Techno-economic analysis

The techno-economic analysis (TEA) was performed based on the 
experimental results using SuperPro Designer (v13.2) and Microsoft® 
Excel. The flow diagrams of the proposed diol production processes are 
shown in Fig. S19 and Fig. S20. The material and energy balances of the 
process were identified in the software and used to determine the 
number of pieces of equipment. The plant was assumed to operate for 
7920 h per year. The currency used in this study (US dollar) was 
adjusted to the year 2025. Equipment cost was derived from the Su
perPro software database and adjusted to 2025 using the Chemical En
gineering Plant Cost Index (CEPCI) (Jenkins, 2026). The direct and 
indirect plant costs were factored from the total equipment costs based 
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on the literature (Peters et al., 2003). The working capital is set to be 5% 
of the fixed capital investment. The unit prices of raw materials and 
co-product credits were collected from literature, vendor quotations, 
and surveys. Utilities, including electricity, natural gas, steam, and 
cooling water, were based on the SuperPro database. Depreciation was 
calculated based on a linear 10-year depreciation schedule to fully 
recover the depreciation for the 30-year plant. The detailed factors and 
assumptions are summarized in Supplementary Tables 5–8. In this study, 
the plant lifetime was estimated to be 30 years, with two years of con
struction and start-up. The plant was assumed to be 40% equity 
financed. Income taxes were calculated as 21% of the taxable income. 
The minimum selling prices of 1,3-BDO under different scenarios were 
estimated using discounted cash flow rate of return analysis. Moreover, 
a sensitivity analysis was conducted by fluctuating the key process 
parameter by 30%.
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Ahrné, E., Molzahn, L., Glatter, T., Schmidt, A., 2013. Critical assessment of proteome- 
wide label-free absolute abundance estimation strategies. Proteomics 13, 
2567–2578. https://doi.org/10.1002/pmic.201300135.

Alper, J., 1999. Engineering metabolism for commercial gains. Science 283, 1625–1626. 
https://doi.org/10.1126/science.283.5408.1625.

Atsumi, S., Wu, T.-Y., Eckl, E.-M., Hawkins, S.D., Buelter, T., Liao, J.C., 2010. 
Engineering the isobutanol biosynthetic pathway in Escherichia coli by comparison 
of three aldehyde reductase/alcohol dehydrogenase genes. Appl. Microbiol. 
Biotechnol. 85, 651–657. https://doi.org/10.1007/s00253-009-2085-6.

Awodi, U.R., Ronan, J.L., Masschelein, J., de los Santos, E.L.C., Challis, G.L., 2017. 
Thioester reduction and aldehyde transamination are universal steps in 
actinobacterial polyketide alkaloid biosynthesis. Chem. Sci. 8, 411–415. https://doi. 
org/10.1039/c6sc02803a.

Baral, N.R., Kavvada, O., Mendez-Perez, D., Mukhopadhyay, A., Lee, T.S., Simmons, B.A., 
Scown, C.D., 2019. Techno-economic analysis and life-cycle greenhouse gas 
mitigation cost of five routes to bio-jet fuel blendstocks. Energy Environ. Sci. 12, 
807–824. https://doi.org/10.1039/c8ee03266a.

Biebl, H., Menzel, K., Zeng, A.-P., Deckwer, W.-D., 1999. Microbial production of 1,3- 
propanediol. Appl. Microbiol. Biotechnol. 52, 289–297. https://doi.org/10.1007/ 
s002530051523.

Blin, K., Shaw, S., Vader, L., Szenei, J., Reitz, Z.L., Augustijn, H.E., Cediel-Becerra, J.D.D., 
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