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[bookmark: OLE_LINK83]ABSTRACT: Linalool is widely used in foods, pharmaceuticals, and cosmetics. Microbial production offers a sustainable alternative to the current plant extraction and chemical synthesis. In the present study, the oleaginous yeast Rhodotorula toruloides was metabolically engineered for linalool production. Overall, an integrated strategy involving linalool synthase selection, promoters screening, and pathway enhancement was implemented. The linalool biosynthesis baseline was established by using a 51 aa-truncated linalool synthase from Mentha citrate (t51McLIS). The linalool titer was increased to 249.7 mg/L via optimizing the expression of critical enzymes with native promoters. Then, it was improved to 790.2 mg/L by manipulating the mevalonate pathway, and further elevated to 845.1 mg/L (42.3 mg/g glucose) by optimizing the fermentation conditions in shake-flasks. Finally, the linalool production was enhanced to 2.59 g/L and 26.9 mg/g glucose in a 3-L bioreactor. The results demonstrated the potential of R. toruloides for the microbial production of monoterpenes.
[bookmark: OLE_LINK61]KEYWORDS: monoterpene, linalool, microbial production, metabolic engineering, synthetic biology

INTRODUCTION
[bookmark: _Hlk182152429][bookmark: OLE_LINK12][bookmark: OLE_LINK89][bookmark: OLE_LINK20][bookmark: OLE_LINK8][bookmark: OLE_LINK22][bookmark: OLE_LINK77][bookmark: _Hlk173339011][bookmark: OLE_LINK7][bookmark: OLE_LINK206][bookmark: _Hlk173339022][bookmark: OLE_LINK6][bookmark: _Hlk173339226]Due to its unique aroma and physicochemical properties, linalool can be widely applied in fields like food, cosmetics, pharmaceuticals and biofuel.1-2 The annual consumption of linalool was more than 11,000 metric tons globally in 2018, and has been growing at a steady rate of 3.6%.3 However, the plant-sourced production cannot meet the fast-growing market while the chemical synthesis is hindered by the unwanted impurities.4 Microbial production represents a sustainable alternative as it is featured with mild operating conditions, high selectivity, and eco-friendliness.5-6
[bookmark: _Hlk173339240][bookmark: OLE_LINK45][bookmark: OLE_LINK73][bookmark: OLE_LINK72][bookmark: OLE_LINK88][bookmark: _Hlk173339253][bookmark: OLE_LINK11][bookmark: OLE_LINK10][bookmark: OLE_LINK74][bookmark: OLE_LINK66][bookmark: _Hlk182153044][bookmark: OLE_LINK38][bookmark: OLE_LINK46][bookmark: OLE_LINK30][bookmark: _Hlk182749262][bookmark: _Hlk173339375][bookmark: _Hlk173339385][bookmark: OLE_LINK15][bookmark: OLE_LINK23][bookmark: OLE_LINK1]To date, de novo microbial production of linalool has been achieved with Saccharomyces cerevisiae, Escherichia coli, Yarrowia lipolytica, Pantoea ananatis, etc. The highest record for microbial production (10.9 g/L) of linalool was reported with P. ananatis by using a heterologous mevalonate (MVA) pathway,7 while the maximum titers achievable with S. cerevisiae and E. coli were 2.6 and 1.03 g/L, respectively.4 Efficient microbial production of monoterpenes is often undermined by inefficient critical enzymes, limited metabolic flux, and inherent toxicity of the aimed product.8-10 To enhance linalool production in microbes, strategies could be adopted but not limited to: (1) choosing a robust platform that is tolerant to linalool; (2) manipulating rate-limiting enzymes like hydroxy-methyl-glutaryl-CoA reductase (HMGR), geranyl diphosphate (GPP) synthase, and linalool synthase (LIS);11-13 (3) improving metabolic transfer via protein fusion or protein scaffold;14-15 (4) altering the selectivity of FPP synthase (FPPS)16-17 and (5) blocking the competing pathways.4, 10, 18 
[bookmark: _Hlk173339443][bookmark: OLE_LINK9][bookmark: OLE_LINK148][bookmark: OLE_LINK147][bookmark: _Hlk173339470][bookmark: OLE_LINK16][bookmark: OLE_LINK19][bookmark: OLE_LINK18][bookmark: _Hlk173339533][bookmark: _Hlk173339553][bookmark: OLE_LINK21]The oleaginous red yeast Rhodotorula toruloides is a versatile candidate that can be rewired for manufacturing terpenoids like limonene, 1,8-cineole, ent-kaurene, and bisabolene from renewable feedstocks.12, 19-21 In addition, R. toruloides can consume a broad range of carbohydrates, and tolerate and even utilize toxic byproducts in the lignocellulosic hydrolysate.22-23 As a specific example, R. toruloides tolerated up to 2.0 g/L of limonene.12 Importantly, R. toruloides has an excellent safety record, and desirable robustness and fermentation performance.24-25 However, there is no successful report on linalool production with R. toruloides.22
[bookmark: OLE_LINK35][bookmark: OLE_LINK28][bookmark: OLE_LINK41][bookmark: OLE_LINK33][bookmark: _Hlk173339599][bookmark: OLE_LINK101]In this work, the linalool biosynthesis was achieved in R. toruloides via synthase and promoter selection, MVA pathway manipulation, and fermentation conditions optimization. Finally, a linalool titer of 845.1 mg/L was achieved in 250-mL shake-flask, and 2.59 g/L in a 3-L bioreactor, both being the highest reported titers in R. toruloides. Our results demonstrate the promising potential of R. toruloides for linalool production, and that the promoters newly reported here should expand the genetic toolbox of R. toruloides.
EXPERIMENTAL SECTION
[bookmark: OLE_LINK42][bookmark: _Hlk173339622]Strains and culture media. Plasmid construction and reproduction were conducted with E. coli DH5α, which was cultivated at 37 °C, 200 rpm in 50-mL test tubes, loaded with 5 mL Luria-Bertani (LB) broth and 50 μg/mL kanamycin. For LB plates, 20 g/L agar was added while other components remained unchanged. The phytoene dehydrogenase (Crt I) inactivated R. toruloides NP11 was used as the chassis cell.12 If not specified, all the yeast strains were cultured in Yeast Extract Peptone Dextrose (YPD) medium that kept at 28 °C, 180 rpm for a time range as needed. Antibiotics (G418, nourseothricin, or zeocin, 50 μg/mL) was used for identifying engineered yeast strains in both liquid and solid YPD media (20 g/L agar was added into liquid YPD). 
[bookmark: OLE_LINK34][bookmark: OLE_LINK126][bookmark: _Hlk173339704][bookmark: _Hlk182153436][bookmark: OLE_LINK3]The medium of LB, YPD, nitrogen-limiting (NL) and minimal (MM) were prepared as our previous report.26 Induction medium (IM) containing 200 μL acetosyringone was prepared as described.27 Except for sugar, the components in MM-1G1X (the weight ratio of glucose to xylose=1:1) and MM-2G1X (glucose to xylose=2:1) were consistent with MM. The trace element and vitamin solutions were prepared as reported.26 Liquid media were sterilized at 115 °C for 20 min.
[bookmark: _Hlk173339760][bookmark: OLE_LINK135][bookmark: OLE_LINK162][bookmark: _Hlk173339774][bookmark: OLE_LINK170]Promoter cloning and plasmid construction. All the plasmids used here were constructed on the basic vector pZPK,27 which could be selected in both E. coli and Agrobacterium tumefaciens with kanamycin. All the constructed strains and primers were provided in Table S1 and Table S2. The In-Fusion®HD Cloning Kit (Takara) was used for plasmid construction. For the construction of promoter vectors, the EGFP expression cassette (pZPK-PXYL-EGFP) was constructed on the pZPK backbone and under the control of the promoter of xylose reductase PXYL. Then, PXYL was replaced with candidate promoters by double-digestion with XbaI and EcoRV. All the candidate promoters, 1 kb upstream of the codon ATG, were cloned from the DNA of R. toruloides.
[bookmark: _Hlk188481546][bookmark: _Hlk173339799][bookmark: OLE_LINK153][bookmark: OLE_LINK154][bookmark: OLE_LINK164][bookmark: OLE_LINK168][bookmark: OLE_LINK169][bookmark: _Hlk182749325][bookmark: OLE_LINK144]The codon usage of the heterologous genes was redressed according to the preference of R. toruloides and produced by Synbio Technologies (Suzhou, China). The heterologous genes were McLIS (Q8H2B4.1), AaLIS (ADD81294.1), ScLIS (EDY52263.1), acetoacetyl-CoA synthase NphT7, (D7URV0.1) and GgFPPS (P08836.2). Acetyl-CoA acetyl-transferase/HMGR (EfMvaE, AF290092), HMG-CoA synthase (EfMvaS, AF290092), Mevalonate kinase (MmMK, AAM31458). Site-directed protein mutants were obtained via PCR. The native ATP citrate synthase (ACL, RHTO_03915) was cloned from the cDNA of R. toruloides NP11. For other genes please refer to our previous study.12
[bookmark: _Hlk173339873][bookmark: OLE_LINK130][bookmark: _Hlk173339883]Construction of recombinant R. toruloides. The A. tumefaciens-based transformation (ATMT) was employed for constructing recombinant R. toruloides as previously reported.27 For detailed ATMT procedure and screening of recombinant R. toruloide please refer to the supplementary material Text S1. The resultant strains were streaked onto YPD selection plates, kept at 28 ℃, for five successive generations to select the stable ones for further investigation.
[bookmark: _Hlk173339904][bookmark: OLE_LINK200][bookmark: _Hlk173339943][bookmark: OLE_LINK58][bookmark: OLE_LINK5]Cell density and fluorescence measurement. The cell density and fluorescence were measured at 600 nm and 485(ex)/525(em) nm, respectively. The EGFP carrying yeast strains were photographed with a fluorescence microscope (DM6 B; Lecia; Witzler in Hesse, German).28 Strains with different promoters were cultured at 28 °C in YPD, MM, and NL media, sampled at intervals of 24 h and diluted to OD600=0.1. Then, 200 μL of each sample was measured for cell density and fluorescence with the microplate reader (Variosk an LUX; Thermo Fisher Scientific-CN, Southwest Singapore, Singapore). The measurement was conducted with 96-well microplates. All fluorescence strengths were normalized to OD600 to ensure the data comparable. For each promoter, three recombinant strains were selected to determine the fluorescence intensity. All the experiments were conducted in triplicate.
[bookmark: OLE_LINK202][bookmark: _Hlk173339980][bookmark: OLE_LINK139]Fermentation. Linalool producing strains were first evaluated in 50-mL test tube with 5 mL YPD medium, held at 28 ℃, 180 rpm for 120 h. For flask test, the producers were firstly cultivated to OD600 of 10-12. Then they were seeded into 250-mL shake flasks, with a YPD volume of 50 mL and a starting OD600 of 0.5, and cultivated at 28 ℃, 180 rpm for 120 h.12 The sugars for linalool production were (20 g/L) glucose or a cocktail of glucose and xylose (w/w = 1/1 or 2/1). Isopropyl myristate (IPM) was used as overlay 20% (v/v) for the instant extraction of linalool.
[bookmark: _Hlk182153817]For fermentation on 3-L bioreactor (Shanghai Bailun Biological Technology Co., Ltd., China), the seed culture was prepared as for flask fermentation, and inoculated with a ratio of 10% (v/v), and the bioreactor contained initially 1.8 L YPD medium and 3 g/L MgSO4·7H2O. Fermentation was conducted at 25 °C with the pH auto-controlled at 5.6 by adding 2 M NaOH and 2 M H2SO4.4 The dissolved oxygen (DO) was above 20%, and the IPM was added at 8 h with a ratio of 10% (v/v).  
[bookmark: _Hlk182153830][bookmark: OLE_LINK141][bookmark: OLE_LINK59]The feeding solution (0.8 L) was prepared as described by previous study with modifications.4 Briefly, it contained (per liter): glucose 500 g, KH2PO4 9 g, K2SO4 3.5 g, Na2SO4 0.28 g, MgSO4·7H2O 2.5 g, trace metal solution 8 mL, and vitamin solution 9.6 mL. The feeding solution was added when the glucose was about 5 g/L.
[bookmark: _Hlk173340057][bookmark: OLE_LINK13][bookmark: OLE_LINK26]Extraction and quantification of linalool. Samples were collected on a centrifuge at 12,000 ×g, 5 min. Then, the obtained organic layers were dried on anhydrous Na2SO4.12 The gas chromatography (GC) analysis was performed on GC-2014C (Shimadzu, Japan) using KB-FFAP column of 30 m, 0.25 mm and 0.25 µm (Kromat, USA), FID detector and splitting ratio of 20:1. The carrier gas was nitrogen (1.0 mL/min), and the sample loading volume was 1 µL. The operating program for oven was 80 °C held for 2 min, then raised to 110 °C by 10 °C/min, finally to 250 °C at 40 °C/min (held for 6.5 min).4 The injector and detector were kept at 240 °C and 260 °C, respectively. The standard curve was used to quantify linalool. The titers in the study were normalized by the aqueous volume.
Data analysis. All the experiments were conducted in triplicate. Data analysis and mapping were performed using GraphPad Prism 9 and Adobe Illustrator 2020 and all the data was presented as mean ± standard derivations. Statistical analysis performed using a two-tailed unpaired Student’s t-test, and the results were considered as significant when p < 0.05.
[bookmark: OLE_LINK2]RESULTS AND DISCUSSION
Construction of the linalool microbial synthesis baseline. R. toruloides is naturally empowered with a carotenoid synthesis pathway (Fig. 1A), which can be redressed to produce various terpenoids.20-21 Besides, R. toruloides could tolerate diverse toxic chemicals including limonene.12 Interestingly, our study revealed that R. toruloides could also tolerate up to 1.5 g/L linalool (Fig. S1), and suggested that it can be rewired for the producing linalool.
[bookmark: OLE_LINK47][bookmark: _Hlk168340408][bookmark: OLE_LINK68][bookmark: OLE_LINK37][bookmark: OLE_LINK25][bookmark: OLE_LINK51][bookmark: _Hlk173340494][bookmark: _Hlk173340507][bookmark: OLE_LINK49][bookmark: OLE_LINK31][bookmark: _Hlk173340528][bookmark: OLE_LINK48][bookmark: OLE_LINK67][bookmark: OLE_LINK140][bookmark: OLE_LINK50][bookmark: OLE_LINK131][bookmark: OLE_LINK56][bookmark: OLE_LINK53][bookmark: OLE_LINK54][bookmark: OLE_LINK27][bookmark: OLE_LINK69][bookmark: _Hlk173340672][bookmark: OLE_LINK97][bookmark: _Hlk168345198][bookmark: OLE_LINK85][bookmark: OLE_LINK32][bookmark: _Hlk173340705]Similar to other monoterpenes, the biosynthesis of linalool is also restricted by several common rate-limiting enzymes like HMGR, GPP synthase (GPPS), and LIS.16, 29 Among all the enzymes, LIS is the last but most critical one for efficient linalool production. Since ScLIS, AaLIS and McLIS have been proven to be highly effective for linalool production,16-17, 30 we placed them and their N-terminus truncated mutants (ScLIS, t25AaLIS, t70AaLIS, t51McLIS, and t68McLIS) under the constitutive promoter PXYL and integrated them into the genome of R. toruloides via ATMT transformation (Fig. S2A and S2B). To ensure precursor supply, the native RttHMGR and the GPPS originated from Abies grandis (AgGPPS) were integrated alongside the LISs into R. toruloides by using P2A peptide as the linker 12-13, 31 (Fig. 1B). The t51McLIS delivered the highest linalool titer 8.1 mg/L (ZH5) after 120 h in YPD medium, which was significantly higher than that the same strain without RttHMGR (ZH4) (Fig. 1B, Fig. S2C). The t68McLIS carrying strain (ZH6) produced only 1.1 mg/L, which might be caused by the loss of essential amino acid residues. Notably, no linalool was produced from the bacterial ScLIS, which was consistent with a previous report.29 In addition to the natural LISs, the mutant t67OMcLISE343D/E352H, previously showing better performance in S. cerevisiae,29 was also tested in R. toruloides (Fig. S3). However, the resulting strain (ZH8) only accumulated up to 4.4 mg/L, a 45.7% reduction when compared to ZH5 (Fig. 1B). Unexpectedly, t51McLIS outperformed t68McLIS, the latter was reported more efficient in other microbial hosts.16, 32 Considering that linalool synthesis is highly dependent on NAD(P)H supply, we also introduced an NADH-dependent BpHMGR from Bordetella petrii, which increased the titer in ZH7 (7.4 mg/L) compared to ZH4, but it was still lower than ZH5 (Fig. 1B). 
[bookmark: _Hlk168340429][bookmark: OLE_LINK62][bookmark: OLE_LINK105][bookmark: OLE_LINK71][bookmark: OLE_LINK65]Protein fusion and protein scaffolds are commonly used to avoid metabolic flux leakage from biosynthesis of target products.10 Herein, protein fusion and protein scaffold (CipA and CipB, CipA/B) were employed but failed to enhance linalool production (Fig. 1C). Although the use of CipB led to better titers (3.5 mg/L, ZH9) than protein fusion, it was significantly lower than that of 2A peptide (Fig. 1C). Remarkably, CipA/B functioned well under the control of PXYL (Fig. S4), and the addition of a proline residue to the N-terminus of CipA/B, generated from the 2A peptide mediated cleavage, would not affect their function (Fig. S4). 
[bookmark: OLE_LINK149][bookmark: _Hlk173340821][bookmark: OLE_LINK159][bookmark: OLE_LINK182][bookmark: OLE_LINK155][bookmark: OLE_LINK118]Engineering the direct precursor synthase for linalool production. The availability of GPP plays a crucial role in synthesizing numerous downstream chemicals and is subjected to strict regulation.29 To alleviate the potential disturbance of GPP pool, two strategies were employed. First, we managed to establish a neryl diphosphate (NPP) dependent linalool biosynthesis route by using RttHMGR, t51McLIS, and truncated NPP synthase from Solanum lycopersicum (t45SlNPPS, NM_001247704.1) (45 amino acid residues were removed from the N-terminal) under the constitutive promoter PXYL. Although the NPP-based strain (ZH12) produced only 5.3 mg/L, 34.6% lower than the AgGPPS harboring strain (ZH5) (Fig. 1D), our results demonstrated that NPP-based linalool biosynthesis could be achieved. Given the results above, the biosynthesis of linalool was more efficient with GPP as the precursor. 
[bookmark: _Hlk173340847][bookmark: OLE_LINK185][bookmark: _Hlk173340858][bookmark: _Hlk173340955][bookmark: OLE_LINK64][bookmark: OLE_LINK121][bookmark: OLE_LINK81][bookmark: _Hlk173341017][bookmark: _Hlk159417830][bookmark: _Hlk139298982][bookmark: _Hlk151968962][bookmark: OLE_LINK142]The GPP pool is often limited in yeasts since the endogenous FPPS tend to produce mainly FPP rather than GPP.16, 33 Mutants of FPPS could be adopted to enhance the supply of GPP. Typically, the variants FPPSK197G and FPPSF96W-N127W are used for streamlining monoterpenes production.9, 34 Besides, FPPSF96W/N127W from R. toruloides IFO0880 has been used to enhance 1,8-cineole production.21 Thus, we explored four mutants of the native FPPS from R. toruloides NP11 (RtFPPSF96W/N127W, RtFPPSF96W/K197G, RtFPPSN127W/K197G and RtFPPSF96W/N127W/K197G), all were driven by PXYL (Fig. 1D, Fig. S5). Our results further demonstrated that the amino acid sites chosen for mutation are highly conserved among different sources (Fig. S5). Previous research has also demonstrated that the substitution of the F96 and N127 with tryptophan blocks the cavity of the binding pocket of FPPS and  hinders the incorporation of additional IPP,9 while the replacements of K197 with glycine might compromise the stability of the clamp, formed by K197 and K254, that holds the phosphate moiety.35-37 The results shown that the introduction of RtFPPSF96W/N127W led to only 0.8 mg/L linalool (ZH15) while the mutant triple FPPSF96W/N127W/K197G , as expected, improved the linalool titer to 36.7 mg/L (ZH18). The results indicated that the mutant FPPSF96W/N127W/K197G might have combined advantages of FPPSF96W/N127W, FPPSF96W/K197G and FPPSN127W/K197G in favoring the production of GPP. We also recruited a FPPS mutant from Gallus gallus (GgFPPSN144W) for linalool production, which has been proved promising for 1,8-cineole production.21 However, the resulting ZH13 gave a much lower titer than ZH18 (Fig. 1D). Taken together, the RtFPPSF96W/N127W/K197G outperformed other GPP producers in supporting linalool production in R. toruloides. Therefore, RttHMGR, FPPSF96W/N127W/K197G and t51McLI were co-expressed, mediated by the porcine teschovirus derived P2A peptide (GSGATNFSLLKQAGDVEENPGP), under the promoter of PXYL and used for the subsequent experiments.
[bookmark: OLE_LINK167][bookmark: OLE_LINK137][bookmark: OLE_LINK145][bookmark: OLE_LINK136][bookmark: _Hlk173341050][bookmark: OLE_LINK138][bookmark: OLE_LINK132][bookmark: OLE_LINK78][bookmark: OLE_LINK134][bookmark: OLE_LINK179][bookmark: OLE_LINK100][bookmark: OLE_LINK177][bookmark: OLE_LINK173][bookmark: OLE_LINK75][bookmark: OLE_LINK175]Mining and application of native promoters in linalool production. Fine tuning metabolic pathway fluxes can be achieved by utilizing promoters with optimal strengths.38 Hence, fourteen promoters were evaluated for their strength in YPD, MM, and NL, using EGFP as a reporter (Fig. 2A and Table S3). Among all the promoters, eight were selected because the expression abundance of the genes driven by them were ≥ 1000, and the relative expression abundance ratios from nitrogen-limited medium (MM-N) to MM were ≥1 (Table S3)8 while others have been previously documented.38-42 Notably, the promoters of glutamine synthetase (PGLN1), isocitrate dehydrogenase (NAD+) (PIDH1), pyruvate carboxylase (PPYC), and transaldolase (PTAL) were characterized for the first time (Table S3). 
[bookmark: OLE_LINK166][bookmark: OLE_LINK174][bookmark: OLE_LINK172][bookmark: OLE_LINK76][bookmark: OLE_LINK176][bookmark: OLE_LINK79][bookmark: OLE_LINK36][bookmark: OLE_LINK189][bookmark: OLE_LINK178]The EGFP-carrying strains were first analyzed in YPD medium, where most strains showed strong green fluorescence, especially the ones with the enolase promoter (PENO1) and PXYL (Fig. S6). Subsequently, they were assessed in MM and NL media (Fig. 2A and Fig. S7). Generally, stronger fluorescence intensity was observed in YPD, which might be attributed to the rich nutrition. In general, the strengths of candidate promoters ranged from 0.06 to 4.88 times that of PXYL (Fig. S7). Among all the promoters tested, PENO1 was the most stable and strongest in all the media tested while PGLN1, PXYL, PLDP1 (peripilin-like protein promoter), and PPYC exhibited significant variations in different media. It was also observed that both media and cell growth stages imposed distinct effects on the fluorescence intensity (Fig. 2A and 2B, Fig. S8). For example, in YPD medium, the intensity of PENO1 and PGLN1 at the stationary stage was higher than that of the exponential phase, while the opposite was shown in MM and NL media. Additionally, according to the evolution of fluorescence intensity over time, PXYL and PENO1 were clustered into one category while PLDP1, PPYC, PGLN1, PGPD (glycerol-3-phosphate dehydrogenase promoter), and PTAL were clustered into another. The results suggested that these seven promoters could be used to drive the target genes under nitrogen-restricted conditions (Fig. 2A).  
[bookmark: _Hlk173341148]Depending on the results above, one strong (PENO1) and three medium (PGLN1, PRT12 and PRT14, Table S3) promoters were recruited to drive the biosynthesis of linalool (Fig. 2C). Compared to PXYL (ZH18), the use of PRT14 (ZH20), PENO1 (ZH21), and PGLN1 (ZH22) exhibited higher linalool titers and productivities (Fig. 2C). Overall, the linalool titer was increased from 36.7 mg/L (ZH18) to 249.7 mg/L with the best strain constructed using PENO1 (ZH21) in YPD medium. Furthermore, the titer of linalool in ZH22 was the second highest (227.3 mg/L). The results confirmed that the strains with respect to linalool production were generally consistent with the strength of promoters.
[bookmark: OLE_LINK63][bookmark: OLE_LINK24][bookmark: OLE_LINK180][bookmark: OLE_LINK84][bookmark: OLE_LINK106][bookmark: _Hlk159430682]Enhancing linalool production by strengthening the MVA pathway. Phospho-mevalonate kinase (PMK), diphosphomevalonate decarboxylase (DPDC), and isopentenyl diphosphate isomerase (IDI) are indispensable enzymes in the MVA pathway.10 Thus, their effects on linalool production were investigated in the strain ZH21 under the promoter PXYL (Fig. 3A). The results showed that the native RtPMK and RtDPDC had a negative impact on linalool production, however, IDI (ZH25, 273.1 mg/L) increased the titer of linalool by 14.6% and 8.6% compared to those of ZH24 and ZH21, respectively. The results suggested that the introduction of IDI could help maintain the metabolic balance between dimethylallyl diphosphate (DMAPP) and isopentenyl diphosphate (IPP) (Fig. 3B).
[bookmark: OLE_LINK40][bookmark: _Hlk173341250][bookmark: OLE_LINK14][bookmark: OLE_LINK87][bookmark: _Hlk144393004][bookmark: _Hlk173341274]EfMvaE and EfMvaS derived from Enterococcus faecalis, as well as MmMK from Methanosarcina mazei, have been used for streamlining the upstream of the MVA pathway.43-44 Moreover, MmMK is feedback inhibition free from DMAPP, IPP, and GPP while the EfMvaS variant (EfMvaSA110G) has been reported more efficient than its wild form.45 However, only a slight increase was observed in ZH26 (258.8 mg/L) after the introduction of EfMvaE, EfMvaSA110G and MmMK into ZH21 (Fig. 3B). As a contrast, the linalool titer was improved to 728.2 mg/L (ZH28), a 64.5% increase against ZH26 and almost a 3-fold increase compared to ZH21 when PMK, DPDC, and IDI were planted into ZH26, indicating that the downstream flux in the MVA pathway limited the linalool biosynthesis (Fig. 3B). 
[bookmark: OLE_LINK95][bookmark: _Hlk155355096][bookmark: _Hlk173341330][bookmark: OLE_LINK188][bookmark: _Hlk168342332][bookmark: OLE_LINK93]R. toruloides have excellent acetyl-CoA and malonyl-CoA pools to support lipid production.12, 31 NphT7 can condense acetyl-CoA and malonyl-CoA into acetoacetyl-CoA.46 However, the employment of NphT7 (ZH29) reduced linalool to 669.1 mg/L, an 8.1% decrease compared to ZH28 (Fig. 3B). A possible reason is that the increased acetoacetyl-CoA pool promoted thiolysis activity NphT7, converting acetoacetyl-CoA to acetyl-CoA.47 Hence, one copy of EfMvaSA110G was overexpressed to mobilize acetoacetyl-CoA, however, the linalool titer of ZH30 (604.8 mg/L) further decreased by 9.6% compared to ZH29. To enhance the pool of acetyl-CoA for linalool biosynthesis, RtACL was introduced into ZH29 and ZH28 to generate ZH31 and ZH32, respectively. Unexpectedly, the linalool titer was significantly reduced while, intriguingly, the OD600 of ZH31 and ZH32 (40 and 32, respectively) was increased by 2.1 and 2.4 folds than that of ZH29 and ZH28, respectively (Fig. 3C, 3D and Fig. S9). This might be attributed to the additional ACL boosted the generation of acetyl-CoA that required for both cell growth and linalool accumulation, while its mechanism remains to be further analyzed. To further pull the carbon flux from GPP to linalool, we expressed a second copy of t51McLis in ZH28, which increased the linalool titer and yield to 790.2 mg/L and 39.5 mg/g glucose, respectively (ZH33).
[bookmark: _Hlk168342458][bookmark: OLE_LINK96][bookmark: OLE_LINK94][bookmark: OLE_LINK98][bookmark: OLE_LINK99][bookmark: OLE_LINK57][bookmark: OLE_LINK112]It was remarkable that the linalool titer of ZH33 was 8061-fold higher than that of ZH4 (98 g/L) (Fig. 3E). Finally, the best performing strains were subjected to two rounds of stability tests in 250-mL shake flasks in YPD medium. The results in shake flasks showed that ZH27, ZH28, and ZH33 were relatively stable, but their yields exhibited a downward trend compared to 50-mL test tubes fermentation, which might be attributed to the volatility of linalool (Fig. 3F).
[bookmark: OLE_LINK104][bookmark: OLE_LINK102][bookmark: OLE_LINK52][bookmark: OLE_LINK113][bookmark: OLE_LINK114][bookmark: OLE_LINK70][bookmark: OLE_LINK110][bookmark: OLE_LINK161][bookmark: OLE_LINK103][bookmark: OLE_LINK160][bookmark: OLE_LINK143][bookmark: OLE_LINK116]Fermentation conditions influence linalool production. Fermentation conditions can influence cell viability and productivity.26 We first evaluated the production stability of ZH27, ZH28, and ZH33 at 28 ℃ in 250-mL shake flasks (Fig. 4A). The results showed that all the strains performed best in YPD medium (Fig. 3C, Fig. 4A). Intriguingly, their performance on linalool production in MM, MM-1G1X, and MM-2G1X medium were very similar (Fig. 4A). Next, we investigated the effect of sugar concentration on linalool production of ZH27 in YPD medium. Higher glucose concentration in YPD medium led to significant increase in cell density of ZH27. As in Fig. 4B, the OD600 in YPD-100 was 52, 42.3% higher than that of YPD-20 (Fig. 4B). Notably, ZH27 consumed all the sugar when it was initially below 40 g/L (Fig. S10A), and higher sugar concentration led to reduced linalool yield. For example, the linalool titer in YPD-40 was 507.7 mg/L, 9.4% higher than in YPD-20 (Fig. 4B), however, the linalool yield decreased from 23.2 (YPD-20) to 15.8 mg/g glucose (YPD-40). 
[bookmark: _Hlk168342545][bookmark: OLE_LINK115][bookmark: _Hlk168342553][bookmark: OLE_LINK117][bookmark: _Hlk168342603][bookmark: OLE_LINK150][bookmark: OLE_LINK107][bookmark: _Hlk168342614]An appropriate C/N ratio is necessary for maintaining cell growth, stimulating lipid accumulation,48 and inducing carotenoid formation in R. toruloides.49 Accordingly, we studied the effects of C/N ratio on the linalool production of ZH27. The results revealed that ZH27 exhibited the best performance at a C/N ratio of 20:1 (395.7 mg/L), while linalool production and cell density both decreased when the C/N ratio was greater than 20:1 (Fig. 4C). The results showed that the increase in C/N limited linalool production and cell growth. Finally, the effect of temperature was also explored since it is knownto alter the cell membrane components, impact terpene volatilization and final titers.50 The highest linalool titer (408.0 mg/L) was obtained at 22 ℃ (Fig. 4D), 1.13 times higher than that of 28 ℃. In terms of cell density, it increased by 9.2% and 6.1% at 22 ℃, respectively, when compared to 25 ℃ and 28 ℃. However, there was no observable difference in OD600 between 20 ℃ and 22 ℃. These results indicated that an optimal temperature is important for microbial linalool production. 
[bookmark: OLE_LINK43][bookmark: OLE_LINK122][bookmark: OLE_LINK152][bookmark: OLE_LINK187][bookmark: OLE_LINK191][bookmark: OLE_LINK163][bookmark: OLE_LINK92]Based on the results above, the specific fermentation conditions in flasks for subsequent experiments were as follows: YPD medium with 40 g/L glucose, C/N ratio 20:1, and temperature 22 °C. As a result, the linalool titer of ZH27 was increased to 845.1 mg/L when 39 g/L glucose consumed (Fig. 4E), significantly higher than that of the unoptimized condition (Fig. 4B). These results showed that fermentation conditions influence the performance of engineered strains obviously. Subsequently, the titers were increased to 881.8 mg/L and 957.8 mg/L in YPD media with double (80 g/L) and triple (120 g/L) glucose, respectively (Fig. S10B). Importantly, as the linalool titer increased, no inhibitory effect on cell growth was observed (Fig. S10B).
[bookmark: OLE_LINK199][bookmark: _Hlk182163427][bookmark: _Hlk182163515][bookmark: OLE_LINK201]Fed-batch fermentation for linalool production. To further boost the linalool production, the best performing strain ZH27 was cultivated on a 3-L bioreactor with a fed-batch mode, which is commonly adopted for streamlining the biomass and monoterpene’s production efficiency.4, 7, 29 Glucose consumption and linalool generation began at almost the same time (Fig. 5). In the initial 62 h, the cells underwent exponential growth. Then, it grew gradually to OD600 = 111 at 204 h.  The linalool production witnessed a surge after 120 h and reached the maximum of 2.59 g/L at 204 h. The final linalool titer reached herein was almost identical to the previous report with S. cerevisiae (2.6 g/L),4 and the overall linalool yield was 26.9 mg/g glucose (Fig. 5). Notably, a linalool production of 1.09 g/L and 31.7 mg/g glucose was attained during 36-144 h. Our results suggested that the feasibility for metabolic engineering R. toruloides toward efficient linalool production. Nevertheless, the titer here was only one fourth of that in P. ananatis.7 Notably, in the research with P. ananatis, the cell growth and linalool production were separated into a dual-phase in fed-batch fermentation by employing an external pi-dependent method.7 Consequently, to further enhance the production efficiency of linalool with R. toruloides, the fermentation conditions should be further developed. In addition, in-depth understanding of R. toruloides are required for rationally redesigning the inherent metabolic networks toward efficient linalool production.
In conclusion, microbial production of linalool was achieved with the unconventional R. toruloides. The final linalool production level was 845.1 g/L and 42.3 mg/g glucose in shake flask after a serial operation included linalool synthase and promoter selection, the metabolic flux enhancement in the MVA pathway, and cultivating conditions optimization. Linalool synthase, RtFPPS (RtFPPSF96W/N127W/K197G) and RtHMGR were most critical enzymes for linalool production. The linalool production was finally observed as 2.59 g/L and 26.9 mg/g glucose on 3-L bioreactor. Our results showed the possibility of R. toruloides for producing monoterpenes. The promoters newly reported should expand the genetic toolbox for R. toruloides.

ASSOCIATED CONTENT
Supporting Information
Plasmids and strains used in this study (Table S1); Primers used in this study (Table S2); Promoters used in this study (Table S3).

AUTHOR INFORMATION
Corresponding Authors
Xiaobing Yang - College of Enology, Northwest A&F University, Yangling, Shaanxi 712100, China.
Email: yangxb@nwafu.edu.cn 

Authors 
Xiaochun Zheng - College of Enology, Northwest A&F University, Yangling, Shaanxi 712100, China.
Yajun Li - College of Enology, Northwest A&F University, Yangling, Shaanxi 712100, China.
[bookmark: OLE_LINK29]Chong Che - College of Enology, Northwest A&F University, Yangling, Shaanxi 712100, China.
Qidou Gao - College of Enology, Northwest A&F University, Yangling, Shaanxi 712100, China.
Xue Wang - College of Food Science and Engineering, Northwest A&F University, Yangling, Shaanxi
[bookmark: OLE_LINK55]712100, China.
Rodrigo Ledesma-Amaro - Department of Bioengineeringand Imperial College Centre for Synthetic Biology, ImperialCollege London, London SW7 2AZ, United Kingdom.
[bookmark: OLE_LINK60]Zi Wei Luo - College of Life Science, Northwest A&F University, Yangling, Shaanxi 712100, China.
Xin Lü - College of Food Science and Engineering, Northwest A&F University, Yangling, Shaanxi 712100, China.
Yanan Wang - State Key Laboratory for Quality Ensurance and Sustainable Use of Dao-Di Herbs, National Resource Center for Chinese Materia Medica, China Academy of Chinese Medical Sciences, Beijing 100700, China.

Author Contributions
[bookmark: OLE_LINK44]Xiaochun Zheng: Conceptualization, Formal analysis, Investigation, Methodology, Writing-original draft. Yajun Li: Formal analysis, Investigation, Validation. Chong Che: Formal analysis, Investigation. Qidou Gao: Data curation, Investigation. Xue Wang: Formal analysis, Methodology. Rodrigo Ledesma-Amaro, Zi Wei Luo and Xin Lü: Writing–review & editing. Yanan Wang: Writing-review & editing, Funding acquisition, Project administration. Xiaobing Yang: Conceptualization, Writing - review & editing, Funding acquisition, Supervision, Project administration. 

Notes
The authors declare no conflicts of interest.

Acknowledgements
[bookmark: OLE_LINK17][bookmark: OLE_LINK4][bookmark: OLE_LINK109][bookmark: OLE_LINK156][bookmark: OLE_LINK111][bookmark: OLE_LINK123][bookmark: OLE_LINK125][bookmark: OLE_LINK157][bookmark: OLE_LINK127][bookmark: OLE_LINK158]This study was supported by Natural Science Foundation of Shaanxi Province (2020JM-177 to XBY), Chinese Universities Scientific Fund (2452018314 to XBY), the State Key Laboratory of Microbial Technology Open Projects Fund (M2022-13 to XBY), China Academy of Chinese Medical Sciences Innovation Fund (CI2023E002 to YNW), and Scientific and Technological Innovation Project of China Academy of Chinese Medical Sciences (CI2024C008YNL to YNW). The authors would thank the instrument shared platform of College of Food Science & Engineering of NWAFU, for the assistance in the GC analysis.

ABBREVIATIONS 
MVA, mevalonate; GC, gas chromatography; HMGR, hydroxy-methyl-glutaryl-CoA reductase; GPP, geranyl diphosphate; EfMvaE, acetyl-CoA acetyl-transferase/HMGR; EfMvaS, HMG-CoA synthase; MmMK, mevalonate kinase; LB, Luria-Bertani; MM, minimal medium; YPD, yeast extract peptone dextrose; NL, nitrogen-limiting; G418, geneticin; ATMT, agrobacterium tumefaciens-based transformation.
Figure captions
[bookmark: OLE_LINK86][bookmark: OLE_LINK80][bookmark: OLE_LINK165]Figure 1 Baseline for linalool production. A: Baseline for linalool production within R. toruloides. The linalool was directly adding in 5 mL of YPD medium of 50 mL test tubes without organic phase. B: Efficiency of different LISs and HMGRs. C: Effects of protein fusion linker and CipA/CipB scaffolds on linalool production. D: Effect of FPPS/NPPS on linalool production. All data were presented as means and standard derivations. MVA, mevalonate; IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate; GPP, geranyl pyrophosphate; NPP, nerol pyrophosphate; FPP, farnesyl pyrophosphate; HMGR, HMG-CoA reductase; GPPS, GPP synthase; NPPS, NPP synthase; FPPS, FPP synthase; FPPS*, FPP synthase mutant; RtFPPS*-1,2, RtFPPSF96W/N127W; RtFPPS*-1,3, RtFPPSF96W/K197G; RtFPPS*-2,3, RtFPPSN127W/ K197G; RtFPPS*-1,2,3, RtFPPSF96W/N127W/K197G; GgFPPS*, GgFPPSN144W; LIS, linalool synthase. The knocked genes were in red “X”. The blue wavy line was “GGGS”. The results are presented as means and standard deviations of triple replicates. ns for no significant difference, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (two-tailed unpaired Student’s t-test).
[bookmark: OLE_LINK133][bookmark: OLE_LINK82]Figure 2 Screening of promoters for linalool production. A: Screening of endogenous promoters. B: Relative promoter strengths in different media. C: Effects of promoters on linalool production. ENO1, enolase; XYL, xylose reductase; RT12, molecular chaperones mortalin/PBP74/ GRP75, HSP70 superfamily; MDH1, L-malate dehydrogenase, mitochondrial; RT14, elongation factor EF-1 alpha subunit; FBA1, fructose-bisphosphate aldolase, class II; ACL, ATP citrate synthase; IDH1, isocitrate dehydrogenase (NAD+); LDP1, peripilin-like protein; PYC, pyruvate carboxylase; GLN1, glutamine synthetase; PGK, phosphoglycerate kinase; GPD, glycerol-3-phosphate dehydrogenase (NAD+); TAL, transaldolase. All data were presented as means and standard derivations. Engineered strains of different promoters were fermented in 250 mL shake flasks and sampled at intervals of 24 h. The results are presented as means and standard deviations of triple replicates. ns for no significant difference, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (two-tailed unpaired Student’s t-test).
[bookmark: OLE_LINK146]Figure 3 The MVA pathway manipulation on linalool production. A: Biosynthetic route for linalool production. B, C and D: Effects of MVA pathway genes on linalool. EfMvaS*, EfMvaSA110G. E: Fold changes in linalool production. F: Production stability of engineered strains. Purple diamond: Results generated in 50 mL test tubes; Bar: Results performed in 250 mL shake flasks. All data were presented as means and standard derivations. NphT7, acetoacetyl-CoA synthase from Streptomyces sp; EfMvaE, acetyl-CoA acetyltransferase/HMG-CoA reductase from Enterococcus faecalis; EfMvaS, HMG-CoA synthase from E. faecalis; MmMK, MVA kinase from Methanosarcina mazei; DPDC, diphosphomevalonate decarboxylase; PMK, phospho-mevalonate kinase; IDI: isopentenyl diphosphate isomerase; ACC1, acetyl-CoA carboxylase; ACAC-CoA, acetoaceyl-CoA; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; MVA-5-P, mevalonate-5-phosphate. The results are presented as means and standard deviations of triple replicates. ns for no significant difference, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (two-tailed unpaired Student’s t-test).
[bookmark: OLE_LINK151]Figure 4 Fermentation condition affects linalool production. A: Effects of fermentable sugars on linalool production of ZH27, ZH28 and ZH33. B: Effect of glucose concentration on linalool production. C: Effect of C/N ratio on linalool production. D: Effect of temperature on linalool production. E: Dynamics of cell growth, sugar consumption and linalool production in selected medium. The results are presented as means and standard deviations of triple replicates. ns for no significant difference, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (two-tailed unpaired Student’s t-test).
[bookmark: OLE_LINK108]Figure 5 Fed-batch fermentation of ZH27 strain for linalool production in a 3 L bioreactor. The dry cell weight, OD600 and glucose consumption were measured every 12 h. Isopropyl myristate was added after 8 h, while the production of linalool was first measured after 12 h of fermentation. Start feeding when the sugar content was less than 5 g/L. The results are presented as means and standard derivations.
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