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a b s t r a c t 

Mevalonolactone (MVAL) is a high-value feedstock for the cosmetic industry, with ( R )-(-)-MVAL as the sole 

bioactive enantiomer. Chemical synthesis, which is the traditional method for MVAL production, is hindered by 

cumbersome procedures, low chiral purity, and sensitivity to humidity. Microbial fermentation via fermentative 

mevalonate (MVA) accumulation followed by in vitro acid-catalyzed lactonization has emerged as a promising al- 

ternative for producing optically pure ( R )-(-)-MVAL. Strategies for MVA overproduction in microbial systems are 

reviewed, including the selection of chassis strains and enzymes for the MVA biosynthetic pathway, metabolic en- 

gineering approaches for strain improvement, optimization of fermentation processes, and downstream processes 

for MVA-to-MVAL lactonization. Finally, prospects for advancing microbial MVAL production are discussed. 
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. Introduction 

Mevalonate (MVA) is a key intermediate in a broad spectrum of cel-

ular biological processes and regulations. Its significance as a biosyn-

hetic precursor of terpenes, vitamins, and sterols has been previously

emonstrated ( Fig. 1 ) [ 1 ]. Mevalonolactone (MVAL), a cyclic lactone, is

 commercially preferred industrial feedstock over MVA. In 1956, Folk-

rs et al. isolated and elucidated its structure [ 2 ]. As shown in Fig. 2 ,

VA can be converted to MVAL via intramolecular dehydration con-

ensation between its carboxylic acid and terminal hydroxyl groups in

cidic aqueous environments (pH < 4.8), enabling the reversible inter-

onversion of MVA and MVAL [ 3 ]. Notably, only the ( R )-(-)-enantiomer

f MVAL exhibits biological activity, reflecting the stereoselectivity of

iological systems that exclusively utilize this chiral form in biochemi-

al reactions and metabolic processes [ 4 ]. MVAL has gained widespread

pplication in the cosmetics, food, and other industries [ 5 ]. In skincare,

t facilitates the functional restoration of the damaged stratum corneum

nd possesses excellent anti-aging and anti-wrinkle effects. As a superior

umectant, its unique hydrophilic structure can form a cross-linked net-

ork film on the skin surface to lock in moisture, delivering a smooth

et non-greasy texture with remarkable moisturizing performance [ 6 ].

hese properties make it a critical component of various skincare prod-

cts, including creams, whitening lotions, and serums. Owing to these

ersatile applications, MVAL synthesis has garnered significant research
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nterest. Concurrently, its market demand has surged with the global ex-

ansion of biotechnology, underscoring broad industrial prospects [ 7 ]. 

Currently, chemical synthesis remains the dominant method of

VAL production by domestic manufacturers. This traditional route

ses 4-chloro-2-butanone as the raw material and involves multiple

teps, including esterification, the Reformatsky reaction, hydrolysis, and

yclization [ 8 ]. However, it suffers from inherent drawbacks: the process

s cumbersome with a low overall yield, and each step requires precise

egulation of the reaction parameters, such as temperature, pressure,

nd the presence of a catalyst, to ensure product purity and yield. Addi-

ionally, the final product is typically a racemic mixture with an equimo-

ar ratio of R - and S -configurations. Improving the chiral purity re-

uires complex purification steps, which significantly increases produc-

ion costs [ 9 ]. Our experimental observations, which were conducted by

onsecutively replicating the methods described previously at the lab-

ratory scale in Guangzhou, China (a humid location) and Changchun,

hina (an arid region) [ 8 , 10 , 11 ], further revealed that the product yield

f chemically synthesized MVAL was significantly impaired in humid

limates (unpublished data). In humid areas, additional air dehumidi-

cation equipment is required, which introduces operational inconve-

iences and increases costs. In contrast, microbial fermentation offers

ubstantial advantages, particularly chiral synthesis and cost control.

DEKA Corporation (Japan; formerly Asahi Denka Co., Ltd.) pioneered

he large-scale microbial fermentation production of naturally occurring
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Fig. 1. MVA, MVAL, and representative naturally oc- 

curring downstream compounds of the MVA pathway. 

Fig. 2. Mutual transformation of MVA (left) and MVAL (right). 
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 -configured MVAL with optical activity; this product has been commer-

ialized at a price of approximately 2 million yen per kilogram. In com-

arison, the racemic mixture still costs 4 million yen per kg, highlighting

he significant cost advantages of microbial fermentation. At present,

he mainstream biosynthetic strategy for MVAL comprises two sequen-

ial steps: first, accumulating MVA via microbial fermentation, and then

onverting MVA to MVAL through acid-catalyzed in vitro lactonization

 Fig. 3 ). Notably, the direct microbial synthesis of MVAL remains un-

chieved. Various microbial strains have been widely used as chassis

or MVA synthesis, including Saccharomycopsis fibuligera (employed by

DEKA), Yarrowia lipolytica, Saccharomyces cerevisiae, Escherichia coli,

seudomonas putida , and Methylobacterium extorquens ( Table 1 ). 

This review provides an overview of microbial MVAL bioproduc-

ion, focusing on the key aspects of MVA biosynthesis, including

hassis strain selection, screening of high-activity MVA pathway en-

ymes, and diverse metabolic engineering strategies for strain en-

ancement, such as the overexpression of MVA pathway structural

enes, modulation of acetyl-CoA precursor and cofactor availability,

ranscriptional regulator engineering, fermentation process optimiza-

ion ( Fig. 4 ), and downstream lactonization for converting MVA to

VAL. 
2

. Chassis strains for MVA production 

.1. Yeasts 

Yeasts are widely exploited as microbial chassis for the biosynthe-

is of high-value compounds, with S. cerevisiae and Y. lipolytica be-

ng the most intensively studied because of their desirable biological

haracteristics and excellent engineering feasibility [ 12–14 ]. MVA is

 naturally occurring metabolite ubiquitous in yeasts [ 15 ]. However,

ts natural titer varies significantly among different yeast species and

trains, with some exhibiting relatively high basal production and oth-

rs very low. For strains with very low basal production levels, such

s S. cerevisiae CAR-0002 [ 16 ] and Y. lipolytica ZG03 [ 17 ], metabolic

ngineering of the yeast chassis is required to boost MVA biosynthe-

is. For S. fibuligera strains, the overproducing mutants currently used

or industrial MVA production are derived through classical screening

nd selection methods [ 18 ], or via targeted mutagenesis approaches

uch as resistance-based screening [ 19 ]. Notably, the genetic engi-

eering of MVA biosynthetic pathways has not yet been applied to

. fibuligera . 

In 1968, Tamura et al . [ 20 ] systematically screened 1,006 type

trains (including yeasts, fungi, actinomycetes, and bacteria) obtained

rom the Institute of Applied Microbiology, University of Tokyo. Among

hese isolates, Endomycopsis fibuliger IAM 4347 (later reclassified as S.

buligera NRRL Y-9069) exhibited the highest yield and most consis-

ent production, with a titer of 939 mg/L [ 18 , 20 ]. ADEKA Corpora-

ion pioneered the large-scale microbial fermentation of MVA using S.

buligera IFO 0107 and achieved an MVA titer of 14.1 g/L after 12

ays of cultivation in a 20-L fermenter [ 21 ]. Additionally, two variant
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Table 1 

Studies showing increased MVA production by microorganisms. 

Host strain Strategy Fermentation scale MVA titer (g/L) Reference 

S. fibuligera 

IFO 0107 1) Addition of Triton X-100. 2) Utilization of organic nitrogen sources. 

3) Precision carbon feeding based on pH or DO. 

20-L bioreactor 12.1 [ 18 ] 

IFO 0107 Replacement of costly malt extract and yeast extract with an 

inexpensive combination of casein-derived peptone and corn steep 

liquor as organic nitrogen sources. 

20-L bioreactor 14.1 [ 21 ] 

IFO 0107 Pressure screening of IFO 0107 with the HMGR competitive inhibitor 

ML-236B. 

20-L bioreactor 19.4 [ 19 ] 

S. cerevisiae 

CEN.PK2-1C CRISPR/Cas9-mediated knockouts of rox1 (a repressor inhibiting MVA 

pathway genes), bts1 (a branch-point enzyme in isoprenoid 

biosynthesis), ypl062w , and yjl064w (uncharacterized genes enhancing 

MVA flux), together with the truncation of the erg9 promoter. 

Shake Flask Not reported [ 22 ] 

BY4741 1) Deletion of the mitochondrial IDH1 gene to shunt citrate from the 

TCA cycle to the cytoplasm. 2) Overexpression of A. nidulans ACL for 

citrate-to-acetyl-CoA conversion. 3) Introduction of E. faecalis MVA 

pathway genes. 4) Replacement of the ERG12 promoter with the 

copper-regulated PCTR3 to block downstream metabolism. 

Shake flask 0.03 [ 23 ] 

CAR-0002 ERG10, HMGS and tHMGR were fused with the P3:GCN:P4 coiled-coil 

domain to form enzyme complexes, thereby boosting directed 

metabolic flux. 

Shake flask Not reported [ 16 ] 

CEN.PK2-1C 1) Integration of MVA pathway genes from E. faecalis and the 

Se-acsL641P gene (encoding ACS) from S. enterica into the S. cerevisiae 

genome. 2) Knockout of the ADH1 and GPD1 genes. 3) 

𝛿-integration-based replacement of plasmids for the genomic integration 

of mvaE / mvaS / Se-acsL641P . 4) Metabolic flux diversion was minimized 

by regulating ERG9. 5) Acetyl-CoA biosynthesis reinforcement by CAB1 

overexpression and pantothenate supplementation. 

2-L bioreactor 13.3 ± 0.5 [ 15 ] 

Y. lipolytica 

ZG03 1) Downregulation of ERG12 via promoter replacement. 2) 

Overexpression and copy number amplification of HMGR and ERG13 . 

3) Enhancement of acetyl-CoA supply via overexpression of the 

mitochondrial citrate transporter YHM2, cytosolic citrate lyases 

ACL1/2, and deletion of mitochondrial isocitrate dehydrogenases 

(IDH1/2). 4) Further introduction of a high-activity citrate lyase 

AnACLa/b from A. nidulans . 5) Deletion of the citrate efflux protein 

CEX1. 

2-L bioreactor 101 [ 17 ] 

E. coli 

XL1-Blue Introduction of mvaE and mvaS from E. faecalis . 2-L bioreactor 47 [ 24 ] 

DH10B 1) Overexpression of the MevT operon (comprising E. coli atoB and S. 

cerevisiae HMGS/tHMGR ). 2) Additional copy number increase of 

tHMGR for enhanced HMG-CoA-to-MVA flux and elimination of toxic 

HMG-CoA accumulation. 

Shake flask 4.2 [ 57 ] 

BL21starTM (DE3) 1) Introduction of mvaE and mvaS from E. faecalis . 2) Mutation of MvaS 

(A110G) to enhance enzymatic activity. 

Shake flask 3.1 [ 53 ] 

BW25113 Introduction of mvaE and mvaS from L. casei . 1.3-L bioreactor 88 [ 26 ] 

BW25113 1) Chromosomal integrated atoB, mvaS , and mvaE genes from L. casei , 

driven by promoter M1-93, replacing the native adhE gene (encoding 

alcohol dehydrogenase) to eliminate by-product formation. 2) Deletion 

of atpFH (encoding the b and c subunits of the H+ -ATP synthase) to 

enhance glycolytic flux and accelerate glucose consumption. 3) 

Integration of an extra copy of the atoB - mvaS - mvaE operon to 

strengthen downstream flux from acetyl-CoA to MVA, with concurrent 

replacement of the native ldhA gene (encoding lactate dehydrogenase). 

4) Knockout of sucA (encoding the E1 subunit of 2-oxoglutarate 

decarboxylase) to block the TCA cycle, redirecting acetyl-CoA toward 

MVA synthesis. 5) Optimization of the amount of yeast extract added in 

the culture medium. 

Shake flask 30 [ 61 ] 

MG1655 Introduction of mvaE and mvaS from E. faecalis . 2.5-L bioreactor 65 [ 9 ] 

BL21 (DE3) 1) Co-expression of acs from E. coli W3110 as well as mvaE and mvaS 

from E. faecalis . 2) Two-stage fermentation strategy of glucose for 

biomass accumulation and feed switching to acetate accompanied by 

IPTG induction for expression. 

5-L bioreactor 7.85 [ 66 ] 

BW25113 1) Deletion of the chromosomal pgi gene (encoding phosphoglucose 

isomerase). 2) Expression of pgi under the control of the T5 promoter 

and the Lac operon. 3) Tuning EMP pathway flux by adjusting IPTG 

induction levels to avoid excessive acetyl-CoA shunting from an overly 

high EMP flux. 4) Introduction of mvaE and mvaS from E. faecalis in 

plasmid form, under the control of the constitutive promoter Ptrp . 

Shake flask Not reported [ 68 ] 

BW25113 1) Design and construction of the EP-bifido pathway, including: 

heterologous introduction of B. adolescentis fxpk (encoding 

phosphoketolase), knockout of pfkA in the BW25113 chassis, and 

overexpression of E. coli fbp (encoding fructose-1,6-bisphosphatase). 2) 

Introduction of atoB from E. coli MG1655, and mvaS / mvaA from L. casei . 

Shake flask 11.2 [ 83 ] 

( continued on next page ) 
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Table 1 ( continued ) 

Host strain Strategy Fermentation scale MVA titer (g/L) Reference 

MG1655 1) Introduction of the mvaE and mvaS genes from E. faecalis . 2) 

Overexpression of the endogenous atoB gene. 3) The gltA gene 

(encoding citrate synthase) was disrupted to strengthen intracellular 

acetyl-CoA availability. 4) Cell surface display of BGL with direct 

conversion of cellobiose to MVA. 

Test tube 5.7 [ 67 ] 

BW-P 1) Replacement of the promoter of zwf (encoding glucose-6-phosphate 

dehydrogenase) for enhanced PPP flux to boost NADPH supply. 2) 

CRISPRi-based downregulation of pfkA with dynamic control of EMP 

flux and avoidance of growth inhibition. 

Shake flask 11.2 [ 71 ] 

DH5 𝛼 1) Utilization of glycerol as a fermentation carbon source. 2) 

Introduction of the mvaES operon from E. faecalis . 3) Enhancement of 

acetyl-CoA supply via assembly of an xPK-PTA bypass to enhance 

acetyl-CoA supply. 4) Overexpression of 6-phosphogluconate 

dehydrogenase to optimize NADPH regeneration. 

Shake flask 7.21 [ 56 ] 

BL21 (DE3) The mvaE and mvaS genes from E. faecalis were fused with RBDs via the 

0DPP7 RNA scaffold system to achieve spatial co-aggregation of the 

MVA enzymes. 

Shake flask 3.13 [ 65 ] 

BL21 (DE3) 1) Expression control of E. faecalis mvaE via the Tet promoter 

(aTc-inducible) and the E. faecalis mvaS via T7 promoter 

(IPTG-inducible). 2) Acetate utilization as the carbon source. 3) Precise 

repression of gltA via the McbR-mediated control of the gltA promoter to 

redirect partial carbon flux to MVA. 4) Repeated fed-batch fermentation 

in shake flasks for addressing rapid acetate consumption via continuous 

acetate feeding. 

Shake flask 7.9 [ 64 ] 

P. putida 

KT2440 1) Introduction of atoB from E. coli and mvaE / mvaS from E. faecalis . 2) 

Utilization of ethanol as the carbon source. 3) Knockout of endA 

(encoding endonuclease I) and endX (encoding extracellular DNA 

endonuclease) to stabilize MVA gene expression by preventing the 

degradation of exogenous plasmids. 4) Knockout of qedH-I and qedH-II 

(encoding quinoprotein ethanol dehydrogenase) and expression of E. 

coli acs to reduce the ethanol oxidation rate to avoid acetate surge and 

the acceleration of acetate conversion to acetyl-CoA. 5) Optimization of 

pH in batch fermentation. 

2.5-L bioreactor 4.6 [ 75 ] 

KT2440 1) Introduction of mvaE and mvaS from E. faecalis . 2) CRISPRi-based 

inhibition of glpR , with alleviation of transcriptional inhibition of 

glpFKRD (its products are responsible for glycerol uptake and 

catabolism). 

Shake flask 0.237 [ 58 ] 

KT2440 1) Introduction of mvaE and mvaS from E. faecalis . 2) Overexpression of 

the endogenous atoB gene. 3) Utilization of 2,3-BDO as the carbon 

source. 4) Optimization of aeration parameter (shaking flask speed) to 

balance growth and MVA production. 

Shake flask 2.21 [ 59 ] 

KT2440 1) Genomic integration of CRISPRa system components 

dCas9/MCP-SoxS. 2) Driving of the mvaES operon from E. faecalis by 

the CRISPRa-responsive promoter J3-BBa_J23117. 3) Activation of 

mvaES transcription via J306 scaffold RNA targeting the J3-BBa_J23117 

promoter. 

Shake flask 0.402 ± 0.021 [ 60 ] 

GZT23 1) Introduction of atoB, mvaS , and mvaE driven by one J23111 

promoter. 2) Regulation of their expression via RBSs of different 

strengths. 3) Further DO-stat fed-batch fermentation strategy 

(maintaining DO at around 20% via automatic low-concentration 

glucose feeding upon glucose depletion, stabilizing the pH at 7.0 by 

adding flow-through NH4 OH, with an initial glucose concentration of 

20 g/L). 

5-L bioreactor 5 [ 29 ] 

M. extorquens 

AM1 1) Introduction of hmgcs1 (encoding a high-activity HMGS) from B. 

germanica and tchmgr (encoding a high-activity HMGR) from T. cruzi . 2) 

Introduction of phaA (encoding acetyl-CoA acetyltransferase) from R. 

eutropha to enhance precursor supply. 3) Further tuning of the RBS 

strength upstream of phaA to balance pathway flux. 

5-L bioreactor 2.22 [ 31 ] 

AM1 1) Construction of the AraC-mev-based MVA biosensor Sensor-4 and its 

integration at the celABC locus. 2) Integration of the RBS-optimized 

MVA synthesis pathway Mvt-3 (comprising hmgcs1, tchmgr , and phaA ) 

at the attTn7 locus. 3) Random mutagenesis of the QscR, screening to 

identify the mutant QscR-49 regulator, and its overexpression to 

redirect carbon flux toward acetyl-CoA. 

5-L bioreactor 2.67 [ 30 ] 
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s

trains derived from S. fibuligera IFO 0107, ADK 8107, and ADK 8108,

chieved titers of 19–19.4 g/L under the same cultivation scale and du-

ation [ 19 ]. Building on these advances, ADEKA subsequently realized

he well-established industrialization of MVAL. Among all the microbial

hassis reported to date, Y. lipolytica has the highest MVA titer. Zhang et

l . [ 17 ] demonstrated that engineered Y. lipolytica produced 101 g/L of
4

VA in a 1.3-L bioreactor, which remains the only documented study on

VA biosynthesis using Y. lipolytica as a chassis. Meanwhile, the highest

eported titer for S. cerevisiae was 13.3 g/L, which was achieved using

train CEN.PK2-1C in one study [ 15 ]. Other studies on S. cerevisiae -based

VA production either did not specify the titer [ 16 , 22 ] or reported con-

iderably lower yields [ 23 ]. 
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Fig. 3. Schematic diagram of fermentative MVA accumulation and downstream in vitro conversion of MVA to MVAL. Abbreviations: AACoAT, acetyl-CoA acetyl- 

transferase; HMGS, 3-hydroxy-3-methylglutaryl-CoA synthase; HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase. 

Fig. 4. Strategies for MVA biosynthesis in a microbial chassis. Efforts, including chassis selection, matching of enzymes and chassis cells, increasing precursor and 

cofactor supply, overexpression of MVA biosynthesis genes, translational optimization, enzyme engineering for the MVA pathway, mutagenesis, fermentation process 

optimization, CRISPRa mediated MVA pathway activation, and regulation of transcriptional repressors, were employed for the production of MVA in microbial cell 

factories. 
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.2. Bacteria 

Prokaryotes that inherently possess the MVA pathway (e.g., Ente-

ococcus faecalis ) are not suitable for efficient MVA synthesis because

f their slow growth rates, weak acetyl-CoA supply capacity, and lack

f mature gene-editing tools [ 24 ]. In contrast, three commonly used

rokaryotic hosts, E. coli, P. putida , and M. extorquens naturally lack a

omplete MVA biosynthetic pathway and thus do not produce MVA en-

ogenously. 

Given its highly mature genetic manipulation tools and distinct ad-

antages, such as a short fermentation cycle [ 13 , 25 ], E. coli has become

he preferred chassis for heterologous MVA production, resulting in the

ost extensive research reports in this field. Furthermore, E. coli cannot

tilize MVA as a carbon source, which inherently facilitates accumula-

ion of the target metabolite. For instance, Tabata et al . [ 24 ] reported in

004 that the E. coli chassis strain XL1-Blue exhibited excellent produc-

ion performance: an MVA titer of 47 g/L was achieved within 50 h in
5

 2-L fed-batch fermenter. This work is the first to demonstrate that E.

oli can serve as a high-quality host for MVA production and remains a

oundational study in the field of E. coli metabolic engineering for MVA

iosynthesis. Notably, among the current studies on MVA production us-

ng E. coli chassis, strain BW25113 exhibited the most impressive perfor-

ance, achieving a titer of 88 g/L in a 1.3-L bioreactor [ 26 ]. Other E. coli

trains typically yield MVA titers ranging from several grams per liter

o several tens of grams per liter (e.g., XL1-Blue, MG1655) ( Table 1 ).

wo key factors can be proposed to account for this phenomenon. First,

. coli BW25113 benefits from optimal compatibility with heterologous

nzymes. Unlike other E. coli chassis strains that rely primarily on the

. faecalis mvaE / mvaS operon, BW25113 was engineered to express the

. casei mvaS / mvaE module. As validated via systematic enzyme screen-

ng [ 26 ], this enzyme combination demonstrated superior compatibility

ith the BW25113 chassis (see Section 3.1.1 ). Second, this superiority is

ttributed to the inherent metabolic advantages of the BW25113 chas-

is itself, particularly the naturally abundant supply of the acetyl-CoA
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Fig. 5. Partial intracellular metabolic pathways associated with MVA biosynthesis. Genes involved in MVA biosynthesis are labeled next to the arrows. The 

mvaE gene encodes a bifunctional enzyme with both AACoAT and HMGR activities; ERG10 / PAT1 encode AACoAT; the mvaS and ERG13 genes encode HMGS; 

HMG1/HMG2 / HMGR encode HMGR. 
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recursor [ 27 ]. Overall, E. coli chassis demonstrated excellent perfor-

ance for MVA production and hold significant potential for industrial

pplications. 

As for P. putida , which is widely recognized as a highly capable mi-

robial chassis, it exhibits excellent environmental tolerance and broad

tilization of low-cost carbon sources [ 13 , 28 ]. Regrettably, to date, it

as not offered advantages in terms of MVA titers when compared to

east strains and E. coli . The highest reported titer to date is 5 g/L, which

as achieved using P. putida GZT23 cultivated in a 5-L bioreactor [ 29 ].

or the methylotrophic bacterium M. extorquens , only two reports on

VA production have been documented, with titers only in the range

f 2–3 g/L [ 30 , 31 ]. These two types of chassis microorganisms can uti-

ize low-cost carbon sources other than glucose, conferring a distinct

ost advantage for industrial biotechnology applications. Nevertheless,

chieving higher MVA production levels requires more extensive chassis

odifications through multilevel metabolic engineering strategies. Ad-

itionally, Streptomyces lividans was also tested for MVA biosynthesis. Af-

er engineering, the strain only produced 0.66 g/L MVA and required 8

ays for fermentation, which is far below industrial requirements. More-

ver, genetic manipulation of Streptomyces species is more challenging

han that of E. coli , which results in poor host suitability [ 32 ]. These

ndings indicated that Streptomyces species are not ideal hosts for MVA

roduction. 

.3. Comparative analysis of different species for MVA synthesis 

Among yeast chassis, S. fibuligera has mature industrial fermentation

xperience (maximum titer of 19.4 g/L) but relies on classical screening

nd mutagenesis rather than genetic engineering, limiting yield scala-

ility [ 19 ]. Notably, the strains of this series are not commercially avail-

ble. Y. lipolytica exhibited the highest MVA production capacity, with a
6

eported titer of 101 g/L, although this was supported by only one study

 17 ]. Meanwhile, S. cerevisiae exhibited moderate productivity (maxi-

um titer of 13.3 g/L) [ 15 ]. It is unsurprising that the MVA production

apacity of S. cerevisiae is lower than that of Y. lipolytica . As a typical

leaginous yeast, Y. lipolytica possesses abundant pools of acetyl-CoA,

hich is a key precursor for MVA biosynthesis, and represents a sub-

tantial metabolic advantage. For bacterial chassis, E. coli stands out

ith comprehensive advantages: a high titer (up to 88 g/L), short fer-

entation cycle ( < 50 h), and the presence of mature genetic systems

 26 ]. P. putida and M. extorquens possess unique value in utilizing low-

ost non-glucose carbon sources, with P. putida additionally exhibiting

xcellent environmental tolerance. Their major limitation is their low

VA titers (maximum 5 g/L for P. putida , 2–3 g/L for M. extorquens )

 29–31 ], requiring extensive metabolic engineering for industrial via-

ility. S. lividans is unsuitable for MVA production because of its low

iter (0.66 g/L), prolonged fermentation (8 d), and poor genetic manip-

lability. 

In summary, S. fibuligera remains viable for established industrial

rocesses; Y. lipolytica and E. coli are the top choices, with E. coli offering

he advantage of a short fermentation cycle; P. putida and M. extorquens

re strategically promising for sustainable MVA production by utilizing

ow-value carbon sources, which can reduce reliance on costly glucose

eedstocks and enhance economic feasibility (with further metabolic en-

ineering); while Streptomyces species are not advisable. 

. Research on catalytic enzymes for MVA synthesis 

The MVA biosynthetic pathway encompasses the initial three

equential reactions of the complete intracellular MVA pathway

 Fig. 5 ). First, acetyl-CoA acetyltransferase (AACoAT) catalyzes the

ondensation of two acetyl-CoA molecules to form acetoacetyl-CoA.
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ubsequently, 3-hydroxy-3-methylglutaryl-CoA synthase (HMGS) con-

erts acetoacetyl-CoA to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA),

hich is further reduced to MVA by HMG-CoA reductase (HMGR) with

he consumption of 2 molecules of NAD(P)H + 2H+ , with cofactor pref-

rence varying by HMGR class: class I enzymes (including the human

nzyme) exclusively utilize NADPH [ 33 ], while class II HMGRs display

pecificity for NADH [ 34 , 35 ], NADPH [ 36 ], or both [ 37–39 ]. Among

hese enzymes, HMGR is widely recognized as the first rate-limiting

nzyme in the regulation of the MVA pathway [ 17 , 40–43 ]. 

The MVA pathway is evolutionarily conserved across diverse taxa,

ncluding mammals, fungi, higher plants, and certain archaea [ 44 ]. It

as first identified independently in yeast and animal systems by Bloch

t al. and Lynen et al . in 1958 [ 42 ], and its role in downstream choles-

erol biosynthesis was initially discovered in yeast [ 45 ]. S. cerevisiae ,

he most representative eukaryotic model [ 46 ], has a well-characterized

VA pathway: AACoAT, HMGS, and HMGR are encoded by ERG10,

RG13 , and HMG1 / HMG2 , respectively. Additionally, the MVA path-

ay is present in several Gram-positive bacteria [ 44 ], such as E. fae-

alis [ 47 ], Lactobacillus casei [ 48 ], Streptococcus pneumoniae [ 49 ], and

taphylococcus aureus [ 50 ]. Compatibility between the introduced path-

ay and the chassis host is a critical determinant of the target product

iter in heterologous biosynthesis. This compatibility often follows the

phylogenetically close chassis ” principle [ 51 , 52 ], although practical ef-

cacy remains the ultimate criterion. As described in Section 2.2 , unlike

east, E. coli, P. putida , and M. extorquens lack a complete endogenous

VA pathway. They only harbor AACoAT, whereas HMGS and HMGR

re absent. Thus, the heterologous expression of genes encoding HMGS

nd HMGR is essential for MVA production in these prokaryotic hosts. 

To break through enzymatic bottlenecks in MVA biosynthesis and

nhance the catalytic efficiency of this pathway, two core strategies tar-

eting key MVA synthetic enzymes have been explored: screening of

ighly active enzymes from diverse species (tailored to specific chas-

is) and rational enzyme engineering. The succeeding sections contain

 detailed summary of the advances made in these two areas. 

.1. Screening of chassis-adapted enzymes from diverse species 

.1.1. Enzyme screening for E. coli chassis 

Early efforts to reconstitute the MVA pathway in E. coli focused

n screening enzymes from diverse sources. Yang et al . [ 53 ] expressed

MGSs and HMGRs from three bacterial species: S. pneumoniae, S. au-

eus , and E. faecalis . The S. pneumoniae and S. aureus pathways co-express

he phaA gene from Ralstonia eutropha (encoding AACoAT), as this het-

rologous enzyme exhibits higher catalytic activity than the endogenous

. coli AACoAT [ 54 ]. Notably, E. faecalis encodes a bifunctional enzyme

vaE (catalyzing both AACoAT and HMGR activities) and a monofunc-

ional HMGS MvaS, which are encoded by the mvaE and mvaS genes, re-

pectively [ 36 , 55 ], enabling MVA biosynthesis with only two genes. The

. faecalis pathway outperformed the other two sources by a large mar-

in, achieving an MVA titer of 3.93 g/L, compared to only 602 mg/L and

5.7 mg/L for the S. pneumoniae and S. aureus pathways, respectively.

his marked superiority established the E. faecalis MVA pathway as the

old standard for subsequent studies [ 56 ]. Subsequent studies identified

he optimal enzyme combination for E. coli . Xiong et al . [ 26 ] systemati-

ally screened MvaS and MvaE from five sources ( E. faecalis, S. aureus,

. casei, Methanococcus maripaludis , and Methanococcus voltae ) in E. coli

W25113. All the tested heterologous enzymes exhibited activity, ex-

ept for MvaS from the two Methanococcus species, and the combination

f L. casei mvaS and mvaE was the most effective. The strain produced

4.6 g/L MVA from 40 g/L glucose in shake flasks, and this titer was

caled up to 88 g/L in a 1.3-L bioreactor. 

Reports on the heterologous expression of yeast-derived MVA

iosynthetic pathway genes in E. coli with the aim of MVA production

emain scarce. Pitera et al . [ 57 ] overexpressed the MevT operon, which

omprises E. coli atoB and S. cerevisiae HMGS / tHMGR , in E. coli . Subse-

uent amplification of the tHMGR gene enabled the engineered strain
7

o achieve an MVA titer of 4.2 g/L. Furthermore, Yang et al . [ 53 ] vali-

ated the species-specific compatibility of MVA biosynthetic pathways

ia comparative analysis; the E. coli strain harboring E. faecalis mvaS

nd mvaE accumulated up to 1.31 g/L MVA, which was approximately

0-fold higher than the titer (0.026 g/L) achieved by a strain expressing

he S. cerevisiae -originated counterpart. These results suggest that the

athway from E. faecalis was more effective than that from S. cerevisiae

n an E. coli chassis. 

.1.2. Enzyme selection in other prokaryotic chassis 

For P. putida , most early studies focused on the E. faecalis pathway.

n three investigations using P. putida KT2440 as the chassis, researchers

ntroduced E. faecalis mvaS and mvaE [ 58–60 ]. In a separate study us-

ng a different P. putida strain (GZT23) as the host, Zhang et al . [ 29 ]

dopted an alternative gene combination, expressing E. coli atoB (AA-

oAT) together with L. casei mvaS and mvaE . For the less commonly

sed prokaryotic chassis M. extorquens AM1, Zhu et al . [ 31 ] compared

wo pathway modules by evaluating a natural operon ( MVE ) harboring

. faecalis mvaES and an artificial operon ( MVH ) encoding HMGS from

lattella germanica ( hmgcs1 ) and tHMGR (truncated feedback-insensitive

orm of HMGR) from Trypanosoma cruzi ( tchmgr ). At the shake-flask

cale, MVH yielded 66 mg/L MVA, slightly exceeding that produced by

VE (56 mg/L). Co-expression of R. eutropha phaA (encoding AACoAT)

urther increased the titer to 180 mg/L. 

.1.3. Enzyme choice for eukaryotic chassis 

Eukaryotic chassis with endogenous MVA pathways often employ

wo distinct modification strategies: tuning native enzymes or intro-

ucing heterologous modules. For S. cerevisiae , a model eukaryote with

 well-characterized native MVA pathway, researchers have explored

oth approaches. Rodriguez et al . [ 23 ] integrated E. faecalis mvaE and

vaS into S. cerevisiae to enhance the flux of cytoplasmic acetyl-CoA

oward MVA. In another study, Wegner et al . [ 15 ] conducted a compar-

tive analysis of this heterologous E. faecalis mvaE / mvaS module and the

east endogenous MVA pathway. Although these two systems achieved

omparable MVA titers, the heterologous module was less subject to en-

ogenous regulatory constraints. This advantage solidified its status as

he preferred foundational biosynthetic unit. However, no studies have

eported the molecular modification of the endogenous MVA pathway

r the introduction of heterologous modules in S. fibuligera . Similarly,

n Y. lipolytica , researchers have focused on overexpressing native MVA

athway structural genes, rather than adopting heterologous pathways

 17 ]. 

.1.4. Comparative analysis of common heterologous MVA pathways 

Based on the enzyme screening results across prokaryotic and eu-

aryotic chassis ( Sections 3.1.1 to 3.1.3 ), four major heterologous MVA

athways have been validated for MVA biosynthesis, with performances

iffering significantly due to chassis compatibility and catalytic adapt-

bility. 

The E. faecalis -derived pathway simplifies expression with two genes,

dapting to E. coli, P. putida , and S. cerevisiae , although its 65 g/L titer

n E. coli is lower than that of the L. casei -derived module (88 g/L),

nd performs poorly in non-model hosts, such as M. extorquens AM1

 9 , 26 , 31 ]. The L. casei pathway excels in catalytic efficiency, achieving

he highest titer in model prokaryotes and stable scale-up, but is limited

o Gram-negative bacteria [ 26 , 29 , 61 ]. The S. cerevisiae -derived pathway

hows strong homologous compatibility in yeast but poses substantial

isks for heterologous expression in prokaryotes. E. coli harboring the

athway yielded only 0.026 g/L MVA (50-fold lower than the E. fae-

alis pathway) [ 53 ]. The eukaryotic artificial MVH pathway (from B.

ermanica and T. cruzi ) outperforms bacterial pathways in M. extorquens

66 mg/L) and enables methanol-based production; however, its pro-

uctivity remains suboptimal for practical industrial applications [ 31 ].

verall, the pathway selection depends on the chassis type: the L. casei

athway is preferred for high-titer prokaryotic production, the E. faecalis
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(  
odule for cross-species applications, the S. cerevisiae pathway for yeast

omologous engineering, and the MVH pathway when using the methy-

otrophic bacterium M. extorquens . Optimal biosynthetic performance

elies on aligning pathway properties with the metabolic advantages of

he host chassis. 

.2. Enzyme engineering for the MVA pathway 

While screening naturally identified high-activity enzymes, rational

ngineering further optimizes their catalytic properties to overcome bot-

lenecks in MVA biosynthesis. However, to date, structure-guided or

ational engineering studies targeting the MVA pathway enzymes are

elatively limited. For the mvaE and mvaS genes derived from E. fae-

alis , Steussy et al . [ 62 ] investigated the spatial structures of their en-

oded proteins (MvaE and MvaS, respectively). They found that the

MGS encoded by mvaS contains a catalytic loop with a nucleophilic

ysteine residue, a feature that is both uncommon and relatively unsta-

le. To address this issue, they introduced a point mutation, substitut-

ng alanine (A) at position 110 with glycine (G) (designated A110G),

hich converted the catalytic loop into a more common and stable

tructure. Enzymatic kinetic assays revealed that the reaction rate of

he A110G-mutated HMGS increased approximately 140-fold, provid-

ng novel insights for MVA biosynthesis research. Subsequently, Yang et

l . [ 53 ] adopted this mutation strategy by introducing an A110G sub-

titution into mvaS , which resulted in a 1.37-fold increase in the MVA

iter. 

. Metabolic engineering strategies for enhanced MVA production

.1. Transcriptional regulation of MVA structural genes 

.1.1. Yeasts: endogenous transcriptional tuning vs. heterologous module 

verexpression 

In the yeast chassis, the transcriptional regulation of MVA pathway

enes relies primarily on two strategies: native promoter replacement

nd heterologous module integration. In Y. lipolytica , the strong con-

titutive PTEFin promoter is widely used to drive the expression of en-

ogenous MVA pathway genes ( HMGR, ERG13, ERG10 / PAT1 ) by re-

lacing their native promoters. The overexpression of HMGR (a rate-

imiting enzyme) via PTEFin enhanced its transcriptional level by 32.8-

old, leading to a 2,095% increase in MVA titer, whereas ERG13 overex-

ression improved MVA production by > 95%. ERG10/PAT1 overexpres-

ion showed no significant titer improvement, likely because acetyl-CoA

as not a metabolic bottleneck under the conditions tested [ 17 ]. Both

eterologous module integration and endogenous pathway tuning have

een validated in S. cerevisiae . Rodriguez et al . [ 23 ] expressed E. fae-

alis mvaE / mvaS via a galactose-inducible pESC-URA vector (PGAL10 for

vaE and PGAL1 for mvaS ) requiring 2% galactose induction. Based on

he pJLA vector series [ 63 ], Wegner et al . [ 15 ] further compared two

enome-integrated systems in S. cerevisiae CEN.PK2-1C: one harboring

. faecalis -derived mvaE (driven by PGPD1 ) and mvaS (driven by PTEF1 ),

nd the other overexpressing endogenous ERG10 (driven by PGPD1 ),

RG13 (driven by PTEF1 ), and HMG1 (driven by PTEF1 ). Both systems

chieved comparable MVA yields, and constitutive overexpression of the

athway enabled the production of significant levels of MVA, whereas

ild-type or empty vector-containing control strains produced little or

o MVA [ 15 ]. 

.1.2. E. coli: promoter types, vector systems and chromosomal integration 

Most structural genes for MVA biosynthesis in E. coli are overex-

ressed via plasmids, such as pACYCduet-1 [ 64 , 65 ] and pTrc99A [ 56 ],

hose transcription is typically driven by vector-borne inducible pro-

oters (e.g., T7, trc promoter (Ptrc )). For example, Dong et al . [ 65 ], Yang

t al . [ 53 ], and Xu et al . [ 66 ] used the T7 promoter in pACYCduet-1 to

rive mvaE / mvaS expression, which required IPTG induction. Satowa

t al . [ 67 ] employed IPTG-inducible P in pTrcHisB for the expression
trc 

8

f key MVA pathway genes ( atoB , mvaS , and mvaA ), while Kamata et

l . [ 68 ] adopted the trp promoter (Ptrp ) in pUA66-P trp - mvaES with 10

M 3 𝛽-indoleacrylic acid to enhance promoter activity [ 69 ]. In E. coli

L1-Blue, the expression plasmid for the MVA pathway genes was con-

tructed based on pTrS30, with mvaS and mvaE co-controlled by a single

trp promoter, whose activity was regulated by the tryptophan concen-

ration in the medium [ 61 ]. In E. coli BW25113, core MVA pathway

enes ( atoB, mvaS , and mvaE ) were all located downstream of the IPTG-

nducible PL lacO1, and their transcription was exclusively driven by this

romoter [ 26 ]. 

As is widely recognized in heterologous pathway engineering,

erely stacking genes together is not sufficient; rather, the precise

atching of enzyme activities is required. Even if the activity of a sin-

le enzyme is extremely high, insufficient consumption of its product

y downstream enzymes can lead to the accumulation of toxic interme-

iates, ultimately reducing the target product yield. Many studies have

ocused solely on “enhancing pathway gene expression, ” while neglect-

ng “the metabolic flux balance ”. For MVA biosynthesis in E. coli chassis,

he toxicity of intermediates is an underappreciated risk in heterologous

xpression. Pitera et al . [ 57 ] demonstrated that excessive expression of

he MevT operon, which encodes enzymes responsible for MVA biosyn-

hesis, led to the toxic accumulation of HMG-CoA in an E. coli chassis.

his was resolved by tHMGR overexpression, which enhanced HMG-

oA conversion, doubled MVA titer, and restored growth. In another

tudy, using E. coli BL21 as the chassis, mvaE and mvaS were initially

laced downstream of independent T7 promoters. To address “the pre-

ursor imbalance ” (a 1:1 ratio of acetyl-CoA to acetoacetyl-CoA is re-

uired for condensation into HMG-CoA), Jeung et al . [ 64 ] optimized the

romoter system by replacing the T7 promoter driving mvaE with the

nhydrotetracycline (aTc)-inducible Tet promoter, while retaining the

7 promoter controlling mvaS . This “dual-promoter and dual-inducer ”

esign allowed the precise control of mvaE and mvaS expression by ad-

usting the concentrations of aTc (regulating mvaE ) and IPTG (regulat-

ng mvaS ), thereby balancing their expression. Finally, MVA titer was

ncreased from 0.19 g/L to 0.7 g/L. 

Some studies have noted that current strategies relying on inducible

romoters and the overexpression of MVA pathway genes via episo-

al plasmids present several notable limitations. These include high

osts due to the requirement for expensive inducers, such as IPTG and

rabinose, which render large-scale production economically unfeasi-

le. Additionally, they impose a heavy metabolic burden, as inducers

ay interfere with host cell metabolism and even cause heterogeneous

ene expression at the single-cell level, whereas plasmid replication and

he expression of plasmid-borne genes consume cellular carbon and en-

rgy, diverting resources away from MVA biosynthesis. Moreover, these

trategies are highly dependent on the induction conditions, necessi-

ating strict control over the inducer concentration and induction tim-

ng, which increases operational complexity. Finally, genetic instability

rises from uneven plasmid segregation during bacterial cell division,

eading to the accumulation of plasmid-free cells and ultimately reduc-

ng product yield [ 24 ]. To address these issues, constitutive promoters

oupled with either chromosomal integration or plasmid-based main-

enance of MVA pathway genes have been proposed. Such strategies

liminate the need for inducers and enable continuous gene expression

hroughout cell growth, with chromosomal integration further enhanc-

ng genetic stability. Guo et al . [ 70 ] evaluated 10 glycolytic promoters

n E. coli BL21(DE3) and found that 7 high-strength constitutive pro-

oters (e.g., Pgap , Pglk ) achieved much higher MVA titers (up to 4.28

/L for Pgap ) than the lac promoter control, without the need for induc-

rs. Wang et al . [ 71 ] replaced the IPTG-inducible tac promoter with An-

erson promoters of varying strengths to regulate the expression levels

f MVA pathway genes. This adjustment matched the supply of acetyl-

oA and NADPH from the EP-bifido pathway, avoiding the metabolic

urden or insufficient flux caused by excessively high or low gene ex-

ression. Another study [ 61 ] integrated the core MVA pathway genes

 atoB, mvaS and mvaE ) into the E. coli BW25113 chromosome (driven
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y the constitutive promoter M1-93 [ 72 ]), replacing adhE and ldhA to re-

uce byproduct formation. The final strain yielded 30 g/L MVA in shake

asks, which was significantly higher than the 14.6 g/L from episomal

lasmids [ 26 ]. 

.1.3. M. extorquens AM1: methanol-dependent transcription 

For M. extorquens AM1, core genes of the MVA pathway were all ex-

ressed via the pCM110 vector [ 31 ], which contains the default expres-

ion element, the PmxaF promoter [ 73 ]. Derived from mxaF (a key gene

n methanol metabolism that encodes the large subunit of methanol de-

ydrogenase) [ 74 ], the PmxaF promoter is methanol-dependent and can

tably drive gene expression when methanol serves as a carbon source.

urthermore, to achieve stable expression, the entire MVA pathway in-

luding all core and auxiliary genes overexpressed using the pCM110

ackbone, was integrated into the attTn7 site of the chassis genome via

omologous recombination [ 30 ]. 

.1.4. P. putida: inducible promoters and their vector-based application in 

ore MVA genes 

In two studies by Yang et al . [ 59 , 75 ], the E. coli - Pseudomonas shut-

le expression vector pUCP19 was explicitly modified by inserting the

acI + Ptrc fragment derived from the pTrc99A vector. The Ptrc promoter

rove the expression of core MVA biosynthesis genes ( atoB, mvaS , and

vaE ). All cultivation experiments in these studies required the addition

f 0.1 mM IPTG at the initiation of cultivation for Ptrc activation. Sim-

larly, Kim et al . [ 58 ] used the pSEVA231 vector [ 76 ] in the P. putida

T2440 chassis, in which mvaE and mvaS were still driven by the Ptrc 

romoter. In summary, the transcriptional regulation of MVA structural

enes is highly chassis-specific: yeasts mainly adopt native promoter re-

lacement and heterologous module integration; E. coli focuses on pro-

oter/vector optimization and chromosomal integration to balance flux

nd reduce metabolic burden, whereas M. extorquens AM1 and P. putida

ely on methanol-dependent and inducible promoters, respectively, to

dapt to their unique metabolic characteristics. The core goal of these

trategies is to achieve efficient, stable, and metabolically compatible

xpression of the MVA pathway genes. 

.2. Translational optimization for metabolic flux balance 

Translational optimization primarily relies on ribosome-binding site

RBS) engineering to modulate enzyme expression strength, thereby

alancing the MVA pathway flux and avoiding issues such as precur-

or shortages or intermediate accumulation caused by unbalanced en-

yme activities. This strategy has been validated in prokaryotic micro-

ial chassis, either as a standalone approach or in combination with

ranscriptional regulation. In M. extorquens AM1, the exogenous expres-

ion of the phaA gene (encoding AACoAT) led to suboptimal MVA pro-

uction when its enzymatic activity was either too weak or too strong.

nsufficient expression limits the supply of precursor molecules, whereas

xcessive expression competes for metabolic resources and impairs cell

rowth. Replacement of the native RBS of phaA with variants of differ-

nt strengths resolved this imbalance; a moderate-strength RBS (AM1-

RBSU1) achieved optimal phaA expression and an MVA titer of 215

g/L, which was superior to weak (170 mg/L) or overly strong (no

urther improvement) RBS variants [ 31 ]. This principle was further ex-

ended to RBS engineering of HMGR in M. extorquens AM1, achieving

dditional optimization of the MVA biosynthesis pathway [ 30 ]. For P.

utida , a combined strategy of “promoter screening and RBS engineer-

ng ” was adopted to balance the metabolic flux. After identifying the

igh-activity constitutive promoter J23111 that drives the core MVA

athway operon ( atoB, mvaS, mvaE ) at the transcriptional level, RBS

ariants of varying strengths (high: BBa_B0030; medium: BBa_J61106;

ow: BBa_J61109) were paired with AtoB, MvaS, and MvaE to optimize

he translational levels. The optimal combinations (AtoB with medium-

ctivity RBS, MvaS with low-activity RBS, and MvaE with high-activity
9

BS) prevented HMG-CoA accumulation and achieved a shake-flask

VA titer of 470 mg/L [ 29 ]. Translational optimization via RBS en-

ineering is an effective strategy for balancing MVA pathway flux. By

djusting the expression strength of key enzymes, it avoids problems

uch as precursor shortage or intermediate accumulation caused by un-

alanced enzyme activities, thereby improving the MVA production ef-

ciency in the microbial chassis. 

.3. Precision activation of the MVA pathway via CRISPR-Cas 

ranscriptional activation (CRISPRa) 

Beyond traditional promoter/RBS engineering, CRISPRa has

merged as a novel tool for the targeted overexpression of MVA struc-

ural genes in P. putida KT2440, addressing the leaky expression issue of

nducible promoters. J3-BBa_J23117, a weak promoter in the Anderson

romoter collection, exhibits low basal expression and is readily acti-

ated by CRISPRa in P. putida KT2440. In a study by Kiattisewee et al. ,

t served as the core regulatory element for MVA pathway genes ( mvaE

nd mvaS ) [ 60 ]. Specifically, CRISPRa targeted a specific site upstream

f this promoter via J306 scaffold RNA, recruited the dCas9/MCP-SoxS

ctivation complex, and initiated the transcription of mvaE and mvaS .

he control system was driven by the IPTG-inducible lacI -Ptrc promoter

o drive mvaE and mvaS expression, consistent with the target genes of

he CRISPRa-mediated system. The results showed that the lacI -Ptrc sys-

em exhibited significant leaky expression (MVA titer reached 214 ± 57

g/L in the absence of IPTG) and large fluctuations in titer post-IPTG

nduction (66–459 mg/L). In contrast, the CRISPRa system utilizing

he J3-BBa_J23117 promoter achieved leak-free expression and stable

ctivation of MVA pathway genes with stable MVA production (402 ±
1 mg/L). Collectively, CRISPRa technology enables precise and stable

ctivation of the MVA pathway by overcoming the leaky expression

efects of traditional inducible promoters. This provides a reliable

nd controllable regulatory tool for the metabolic engineering of MVA

roduction, especially in the chassis, where precise gene expression is

ritical. 

.4. Spatial organization of MVA pathway enzymes 

Natural biosynthetic pathways often rely on the spatial clustering

f enzymes to enhance intermediate channeling and reduce toxic ac-

umulation [ 77 ]. This principle has been mimicked via synthetic scaf-

olds to optimize MVA production. Two major scaffold types, protein-

nd RNA-based, have been validated with remarkable efficiencies, as

etailed below. Fink et al . designed orthogonal coiled-coil heterodimers

s modular protein scaffolds to cluster MVA enzymes. Three core MVA

nzymes (ERG10, HMGS, and tHMGR) were fused with a P3:GCN:P4

oiled-coil scaffold in S. cerevisiae . This spatial organization reduced

MG-CoA diffusion and boosted the MVA titer by 8.8-fold compared

o non-scaffolded strains [ 16 ]. RNA scaffolds offer a flexible alternative

o protein scaffolds, leveraging specific RNA-protein interactions for en-

yme co-localization. Dong et al . developed a 0D PP7 RNA scaffold sys-

em consisting of PP7 RNA aptamers and their cognate RNA-binding

omains ( ΔPP7 RBDs). When applied to the MVA pathway in E. coli

L21(DE3) cells, fusing ΔPP7 RBDs to MvaE/MvaS and co-expressing

he PP7 RNA scaffold resulted in an 84% increase in the MVA titer. This

mprovement was attributed to reduced intermediate loss and balanced

etabolic flux, highlighting RNA scaffolds as a low-burden option for

rokaryotic MVA engineering [ 65 ]. Collectively, the spatial organiza-

ion of MVA pathway enzymes via protein or RNA scaffolds effectively

nhances intermediate channeling, reduces the accumulation of tox-

ns, and balances metabolic flux. Protein scaffolds have shown remark-

ble efficacy in yeast, whereas RNA scaffolds provide a low-metabolic-

urden option for prokaryotes, both of which represent valuable strate-

ies for improving MVA production. 



H. Tang, L. Yin, Y. Jiang et al. Engineering Microbiology 6 (2026) 100257

4

4

 

h  

d  

c  

n  

t  

c  

b  

f  

e  

l  

d  

o  

fl  

f  

i  

i  

t  

t  

c  

s  

m  

G  

s  

i  

s  

a  

t  

t  

c  

s  

e  

i  

t  

o  

t  

a

 

o  

i  

c  

d  

r  

t  

(  

t  

g  

C  

a  

h  

c  

fl  

(  

c  

F  

a  

t  

s  

3  

0  

y

4

c

 

c  

m  

i  

(  

i  

t  

r  

w  

a  

h  

e  

l  

A  

c  

z  

g  

g  

l  

t  

d  

5  

c  

n  

c  

u  

w  

i  

o  

g

4

a

 

M  

i  

p  

p  

t  

e  

3  

F  

a  

o  

i  

o  

i  

a  

l  

c  

a  

s

M  

c  

d  

r  

K  

b  

a  

f  

t  
.5. Enhancing acetyl-CoA precursor supply and NADPH availability 

.5.1. Enhancing acetyl-CoA precursor supply in eukaryotic yeast chassis 

S. cerevisiae is a commonly used host for metabolic engineering;

owever, it has the critical limitation of overflow metabolism. Un-

er high-glucose fermentation conditions (typical for industrial pro-

esses), over 60% of glucose is converted to ethanol and glycerol (in-

ate metabolic byproducts of yeast that are irrelevant to MVA produc-

ion). Additionally, S. cerevisiae exhibits low acetyl-CoA synthesis effi-

iency: it relies on the “PDH bypass ” to produce cytosolic acetyl-CoA,

ut the key enzyme acetyl-CoA synthase (ACS) is subject to product

eedback inhibition, preventing sustained and efficient acetyl-CoA gen-

ration. These issues ultimately lead to insufficient levels of cytoso-

ic acetyl-CoA for MVA biosynthesis. To address this limitation, Ro-

riguez et al . [ 23 ] introduced the ATP-citrate lyase (ACL) pathway from

leaginous organisms into S. cerevisiae and optimized the metabolic

ux via metabolic engineering. They tested ACLs from five sources and

ound that the ACL from Aspergillus nidulans exhibited the highest activ-

ty. The authors further deleted the mitochondrial IDH1 gene (encod-

ng NAD+ -dependent isocitrate dehydrogenase), which blocked isoci-

rate metabolism in the tricarboxylic acid (TCA) cycle, leading to mi-

ochondrial citrate accumulation, which was then transported to the

ytosol at higher rates via the citrate transporter (CTP1) to serve as a

ubstrate for ACL. Wegner et al . [ 15 ] reported that blocking overflow

etabolism by deleting ADH1 (encoding alcohol dehydrogenase) and

PD1 (encoding glycerol-3-phosphate dehydrogenase) reduced carbon

ource shunting, leading to a 10-fold increase in the MVA titer. Express-

ng the ACS mutant Se-acsL641P from Salmonella enterica , which is insen-

itive to acetyl-CoA feedback inhibition, and supplementing pantothen-

te after the overexpression of CAB1 (encoding pantothenate kinase,

he rate-limiting enzyme for CoA biosynthesis) further enhances the in-

racellular CoA pool content and strengthens acetyl-CoA synthesis effi-

iency. Similarly, to enhance the biosynthesis of ursolic acid, a down-

tream product of the MVA pathway, Zhu et al . [ 78 ] heterologously

xpressed Bbfpk from Bifidobacterium bifidum and Ckpta from Clostrid-

um kluyveri , enabling the direct conversion of glycolytic intermediates

o acetyl-CoA and bypassing energy-consuming steps. In addition, they

verexpressed ALD6 (encoding acetaldehyde dehydrogenase) and mu-

ant Se-acsL641P , which facilitates the efficient conversion of acetate to

cetyl-CoA. 

Unlike S. cerevisiae , Y. lipolytica inherently maintains an abundance

f acetyl-CoA pools. As an oleaginous yeast, it converts up to 50% of

ts dry weight into lipids (with acetyl-CoA serving as a common pre-

ursor for both lipids and MVA), making it naturally suitable for pro-

ucing acetyl-CoA-derived products. However, Y. lipolytica exhibits “cit-

ate overflow ” under high-yield conditions (e.g., fed-batch fermenta-

ion), where large amounts of citrate are secreted into the medium

up to 57.8 g/L). This carbon source waste prevents flux redirection

oward MVA. The corresponding optimization strategies focus on miti-

ating citrate overflow and redirecting the carbon flux toward acetyl-

oA. Specifically, endogenous ACL (ACL1/2) and heterologous high-

ctivity ACL from A. nidulans (AnACLa/b) were overexpressed to en-

ance citrate-to-acetyl-CoA conversion. Additionally, the mitochondrial

itrate transporter YHM2 was overexpressed to increase cytosolic citrate

ux. Furthermore, the mitochondrial isocitrate dehydrogenase genes

 IDH1 / IDH2 ) were deleted to block citrate catabolism in the TCA cy-

le, thereby promoting mitochondrial citrate accumulation and export.

inally, CEX1 (encoding a citrate exporter) was deleted to completely

bolish citrate secretion [ 17 ]. Following these systematic modifica-

ions to the acetyl-CoA precursor supply pathway, the fermentation re-

ults showed that the citrate concentration in the medium was only

.4 g/L, while the MVA titer increased to 101 g/L with a yield of

.255 g/g glucose, equivalent to 46.8% of the theoretical maximum

ield. 
s  

10
.5.2. Enhancing acetyl-CoA precursor supply in the prokaryotic E. coli 

hassis 

Wang et al . [ 61 ] noted that the native metabolism of E. coli leads to

arbon source wastage, which has three key limitations. First, glucose

etabolism produces byproducts such as ethanol and lactate, divert-

ng carbon flux away from the target biosynthesis. Second, glycolysis

the first step in acetyl-CoA generation) exhibits a low flux, resulting

n an insufficient precursor supply. Third, acetyl-CoA is consumed by

he TCA cycle for energy production, rather than being efficiently di-

ected toward MVA synthesis. To address these issues, the MVA path-

ay gene cluster was integrated into the E. coli chromosome to replace

dhE (encoding alcohol dehydrogenase) and ldhA (encoding lactate de-

ydrogenase). This modification not only increased the copy number of

xogenous MVA genes but also reduced the production of ethanol and

actate. Glycolysis serves as the primary source of acetyl-CoA. Bacterial

TP synthase (with the atpFH gene encoding its subunits) inhibits gly-

olysis: accumulated ATP acts as a negative regulator of glycolytic en-

yme activity. Thus, the authors deleted the atpFH gene, which doubled

lycolytic flux and increased MVA productivity from 0.43 g/L/h to 0.92

/L/h. Furthermore, the sucA gene (encoding 2-oxoglutarate decarboxy-

ase, a key enzyme in the TCA cycle) was deleted. This deletion blocks

he TCA cycle, preventing acetyl-CoA from being used for energy pro-

uction and redirecting it exclusively toward MVA synthesis. Notably,

 mM succinate was added to the culture to mitigate the growth defects

aused by TCA cycle disruption. In another study, Jeung et al . recog-

ized that the complete deletion of gltA (encoding citrate synthase, a

ritical TCA cycle enzyme) caused growth arrest in E. coli . Instead, they

sed the McbR regulatory system to replace the native promoter of gltA

ith a promoter recognized by McbR (a repressor protein). By express-

ng varying levels of McbR, the authors achieved moderate repression

f gltA , a strategy that maximizes the MVA titer while avoiding severe

rowth impairment [ 64 ]. 

.5.3. Synergistically enhancing acetyl-CoA precursor supply and NADPH 

vailability in E. coli chassis 

Intracellular NADPH availability is a critical cofactor for efficient

VA production. One strategy to boost NADPH supply involves replac-

ng NAD+ -dependent enzymes with their NADP+ -dependent counter-

arts, thereby redirecting metabolic flux toward the NADPH-generating

entose phosphate (PPP) pathway [ 79 ]. Additionally, overexpression of

he transhydrogenase PntAB has been shown to increase NADPH regen-

ration, which in turn improves the production of metabolites such as

-hydroxypropionic acid [ 80 ], shikimic acid [ 81 ], and agmatine [ 82 ].

or MVA biosynthesis in E. coli , strategies to enhance NADPH avail-

bility are typically paired with acetyl-CoA boosting measures, focusing

n resolving the imbalance between these two factors, which is a crit-

cal bottleneck for the pathway. In native metabolism, the conversion

f glucose to acetyl-CoA requires pyruvate decarboxylation (convert-

ng pyruvate to acetyl-CoA and CO2 ). One molecule of glucose yields

 maximum of two molecules of acetyl-CoA, accompanied by the re-

ease of two molecules of CO2 , resulting in a theoretical maximum

arbon yield of only ∼66%: this not only wastes carbon sources, but

lso increases greenhouse gas emissions. Furthermore, MVA biosynthe-

is requires NADPH as a reducing equivalent; however, the Embden–

eyerhof–Parnas (EMP) pathway (the main glycolytic pathway in E.

oli ) produces little NADPH. The supply of NADPH is primarily depen-

ent on the PPP pathway; when the carbon flux is predominantly di-

ected through the EMP pathway, NADPH supply becomes a bottleneck.

amata et al . addressed this issue by precisely regulating the flux ratio

etween the EMP pathway (which is efficient for acetyl-CoA production)

nd the oxidative pentose phosphate (oxPP) pathway (which is efficient

or NADPH generation). They identified an optimal balance between

hese two pathways, leading to a 25% increase in MVA titer during the

tationary phase [ 68 ]. To overcome the limitations of native metabolism
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low acetyl-CoA yield, high CO2 emissions, and insufficient NADPH),

ang et al . designed and constructed a novel metabolic pathway in E.

oli , the EP-bifido pathway. This pathway integrates three modules: the

MP pathway, PPP, and a bifid shunt (derived from Bifidobacterium ado-

escentis ). Specifically, the EMP pathway provides basal carbon flux, the

PP generates NADPH, and the bifid shunt ensures carbon conserva-

ion. This synergistic closed-loop system resolves the limitations of na-

ive metabolism and significantly enhances MVA production [ 83 ]. In

 follow-up study, Li et al . [ 71 ] further optimized the EP-bifido path-

ay by addressing two key bottlenecks: insufficient PPP flux (leading

o NADPH shortage) and growth defects caused by the deletion of pfkA

encoding 6-phosphofructokinase). They employed two precise regula-

ory strategies: strengthening the PPP metabolic flux by replacing the

ative promoter of the zwf gene (encoding glucose-6-phosphate dehy-

rogenase, a key PPP enzyme) with a strong promoter and dynamically

nd moderately repressing the EMP pathway using a CRISPR interfer-

nce (CRISPRi) system. These modifications increased the shake-flask

VA yield to 68.7%. Satowa et al . investigated whether NADPH acts

s a rate-limiting factor for MVA production by deleting genes at the

ranch point of the glycolytic/PPP pathways to enhance PPP flux (and

hus NADPH generation). Their results confirmed that NADPH is not

he rate-limiting factor. The authors then shifted their focus to blocking

cetyl-CoA diversion by deleting genes involved in the TCA cycle or re-

ated pathways to reduce acetyl-CoA consumption. The found that the

eletion of gltA (encoding citrate synthase) yielded the most significant

mprovement, directly blocking the entry of acetyl-CoA into the TCA cy-

le and redirecting it exclusively toward MVA synthesis, resulting in an

VA titer of 7.19 g/L. The deletion of ppc (encoding phosphoenolpyru-

ate carboxylase) had a less pronounced effect; it reduced oxaloacetate

roduction, indirectly weakened the TCA cycle, and promoted acetyl-

oA accumulation. In contrast, the deletion of aceBA (encoding enzymes

f the glyoxylate shunt) had no effect, as the glyoxylate shunt consumes

inimal acetyl-CoA, and its blockage does not provide a notable bene-

t [ 67 ]. Similarly, in E. coli DH5 𝛼, researchers tested whether NADPH

lone was a bottleneck by overexpressing six genes predicted to enhance

ADPH availability. Their results indicate that NADPH was not the sole

ottleneck. To enhance the supply of acetyl-CoA, the authors introduced

n artificial phosphoketolase-phosphotransacetylase (xPK-PTA) bypass,

hich circumvents the decarboxylation steps to ensure carbon con-

ervation. Introduction of the xPK-PTA bypass altered metabolic flux;

ore carbon was directed through the hexose monophosphate (HMP)

athway, increasing NADPH demand (thus consuming previously ex-

ess NADPH). When the authors again attempted to overexpress the

ADPH-related genes, the results were markedly different. Overexpres-

ion of gnd (encoding 6-phosphogluconate dehydrogenase, a key PPP

nzyme) increases the NADPH/NADP+ ratio by 1.7-fold, leading to an

VA titer of 6.37 g/L [ 56 ]. Overall, enhancing acetyl-CoA and NADPH

vailability is a core strategy for improving MVA production. Eukaryotic

easts mainly optimize acetyl-CoA supply by regulating citrate trans-

ort and blocking overflow metabolism, whereas E. coli adopts gene

eletion, artificial pathway construction, and flux ratio regulation to

ynergistically improve precursor supply and cofactor balance. These

trategies effectively address the metabolic bottlenecks caused by insuf-

cient acetyl-CoA and NADPH, thereby significantly promoting MVA

iosynthesis. 

.6. Attenuating the downstream branch of the MVA biosynthesis pathway 

Attenuation of the downstream branch of the MVA biosynthesis path-

ay primarily occurs in the yeast chassis. Unlike several commonly used

rokaryotic chassis, which lack downstream MVA pathways and thus do

ot consume MVA as a carbon source, the eukaryotic yeast chassis fur-

her metabolize MVA, which is converted to mevalonate 5-phosphate

y MVA kinase (encoded by ERG12 ) and ultimately flows toward ergos-

erol (a membrane component essential for yeast viability but unneces-

ary for industrial production) via squalene synthase (encoded by ERG9 ).
11
herefore, enabling the accumulation of MVA is critical. In S. cerevisiae ,

odriguez et al . implemented a promoter replacement strategy, substi-

uting the native promoter of ERG12 with a copper-repressible CTR3

romoter (PCTR3 ). The PCTR3 promoter is repressed in the presence of

opper ions, resulting in ERG12 silencing and activated in their absence

estoring ERG12 expression. This allowed the controlled attenuation of

RG12 activity, retaining minimal activity to meet the sterol require-

ents of yeast without impairing growth, while reducing MVA flux into

ownstream pathways [ 23 ]. Jakounas et al . developed an efficient, off-

arget-free CRISPR/Cas9 tool that enabled the simultaneous editing of

p to five different genomic loci in S. cerevisiae , which was used to screen

east strains with high MVA production. The authors targeted five key

odes that influenced the MVA flux. In addition to two genes of un-

nown function ( ypl062w and yjl064w ) and the transcriptional repres-

or rox1 (detailed in Section 4.8), they included bts1 (encoding geranyl-

eranyl pyrophosphate synthase, a branch point diverting MVA toward

soprenoids), whose deletion promoted MVA accumulation and targeted

he promoter of ERG9 , where the truncation of the upstream activation

equence region reduced ERG9 expression, thereby decreasing MVA flux

oward ergosterol [ 22 ]. Similarly, Wegner et al . used CRISPR to replace

he native ERG9 promoter with the methionine-repressible PMET3 pro-

oter in their study [ 15 ]. In strains with enhanced acetyl-CoA supply,

RG9 repression increased the MVA titer from 1.62 g/L to 3.81 g/L, rep-

esenting the most impactful single modification in that study. A similar

trategy was used for Y. lipolytica . From the Y. lipolytica transcriptome,

he authors selected promoters with < 50% activity of the native ERG12

romoter, no stress responsiveness, and short length ( < 1000 bp). The

3 promoter was selected for this study. Replacing the native ERG12

romoter with P3 prevented MVA catabolism: ERG12 expression was

ignificantly reduced, MVA was no longer rapidly metabolized, and the

VA titer increased from 0.02 g/L in the parental strain ZG03 to 0.13

/L (a 5.5-fold improvement) without impairing late-stage yeast growth

 17 ]. In brief, attenuating the downstream branch of the MVA pathway

s a key strategy for yeast chassis, as it reduces the diversion of MVA

oward non-target metabolites (e.g., ergosterol). Through promoter re-

lacement, CRISPR-mediated gene expression inhibition, or deletion of

ranch point genes, MVA accumulation is effectively promoted while

aintaining the basic growth needs of yeast, which is crucial for achiev-

ng high MVA yields in yeast. 

.7. CRISPR-mediated regulation of transcriptional repressors for MVA 

roduction 

In S. cerevisiae , the CRISPR/Cas9 system has been used to screen for

east strains with high MVA production. Among the five selected editing

argets, ROX1 (a transcriptional repressor) [ 84 ] represses key genes in

he MVA pathway, while the deletion of rox1 activates the MVA path-

ay [ 22 ]. In P. putida , the glpR gene (encoding a transcriptional repres-

or) represses key glycerol metabolism genes ( glpFKRD ). This repression

eads to a prolonged 19-h lag phase when glycerol is used as the car-

on source, accompanied by slow cell growth and carbon source waste.

o address this issue, Kim et al . developed a simple, leak-free, and effi-

ient CRISPRi system for P. putida KT2440. Targeting glpR via CRISPRi

ielded multiple improvements: specifically, the lag phase was short-

ned from 19 h to 9 h, enabling cells to rapidly enter the exponential

rowth phase; furthermore, cell growth was accelerated, with the final

D6 𝑛 𝑛 increasing from 1.14 to 2.22; additionally, glycerol consumption

as enhanced, rising from 0.96 g/L to 3.14 g/L. By relieving this re-

ressive “brake ” on glycerol metabolism, CRISPRi completely resolved

he bottleneck of glycerol utilization in P. putida . Notably, this CRISPRi-

ased strategy offers greater flexibility than the traditional glpR knock-

ut, as the repression strength can be regulated via rhamnose, which sig-

ificantly improves the MVA titer. Overall, the CRISPR-mediated regula-

ion of transcriptional repressors provides an efficient means to enhance

VA production. Moreover, the deletion of repressors of the MVA path-

ay (e.g., ROX1 in S. cerevisiae ) directly activates the pathway, while
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nhibiting repressors of carbon source metabolism (e.g., glpR in P. putida )

ptimizes nutrient utilization. This strategy offers high specificity and

exibility, and effectively overcomes metabolic bottlenecks in diverse

hassis. 

. Carbon source selection for prokaryotic chassis ( E. coli and P. 

utida ) 

For MVA production via E. coli fermentation, glucose is the most com-

only used carbon source for MVA production; however, other carbon

ources have also been investigated. Wang et al . [ 56 ] utilized low-cost

lycerol as the carbon source for MVA synthesis in the E. coli DH5 𝛼

hassis. However, two core bottlenecks previously limited MVA produc-

ion from glycerol in E. coli : carbon loss during acetyl-CoA synthesis and

n imbalance in NADPH supply and demand. Specifically, MVA biosyn-

hesis requires two NADPH per MVA molecule, with NADPH primarily

upplied by the PPP pathway. An insufficient PPP flux during glycerol

etabolism often leads to a shortage of NADPH. To address these is-

ues, Wang et al . introduced an xPK-PTA carbon-conserving bypass to

esolve acetyl-CoA deficiency and co-overexpressed gnd to supplement

ADPH. This combination ultimately achieved an MVA titer of 7.21

/L (see Section 4.6.3). Satowa et al . expanded the use of cellobiose as

 direct carbon source for MVA production. Lignocellulose is an inex-

ensive and renewable resource, but its degradation product cellobiose

a glucose dimer), cannot be directly utilized by E. coli and requires

ydrolysis by 𝛽-glucosidase (BGL) to glucose. The authors displayed

GL on the surface of E. coli cells, enabling the direct utilization of cel-

obiose for MVA synthesis [ 67 ]. Low-cost acetate is another potential

arbon source, as it can be directly converted to acetyl-CoA precursor

ia the ACS and phosphotransacetylase/acetate kinase (Pta-AckA) path-

ays [ 66 , 85 ]. However, E. coli exhibits low natural efficiency of acetate

etabolism, and acetate is toxic to these cells. Xu et al . addressed ac-

tate toxicity by optimizing the fermentation strategy. They employed

wo-stage fermentation with additional glucose as the co-carbon source

see Section 6 for details) [ 66 ]. In contrast, Jeung et al . used a repeated

ed-batch strategy to produce MVA using acetate as the sole carbon

ource [ 64 ]. 

P. putida KT2440 can grow on various carbon sources. In addition to

onventional glucose, ethanol [ 75 ], glycerol [ 58 ], and 2,3-butanediol

2,3-BDO) [ 59 ] have been explored as carbon sources for MVA synthe-

is. Glycerol, an inexpensive byproduct of the biodiesel industry, is an

deal low-carbon feedstock. However, the glpR gene in P. putida (encod-

ng a transcriptional repressor) inhibits key glycerol metabolism genes

 glpFKRD ), leading to a prolonged lag phase (19 h), slow cell growth, and

arbon source waste when glycerol is used. To resolve this issue, the au-

hors developed a single-plasmid CRISPRi system to optimize glycerol

etabolism by regulating glpR expression, ultimately enhancing MVA

roduction [ 58 ] (see Section 4.8 for details). Yang et al . were the first

o use P. putida as a chassis for efficient MVA production from ethanol.

thanol offers the advantage of direct conversion to acetyl-CoA without

arbon loss. Further metabolic engineering modifications resulted in a

hake-flask MVA yield of 0.41 g/g ethanol (the highest reported yield

or non-carbohydrate carbon sources at the time) and a batch fermenta-

ion titer of 4.60 g/L [ 75 ]. Subsequently, Yang et al . achieved the direct

onversion of 2,3-BDO to MVA. P. putida naturally metabolizes 2,3-BDO

nd leverages the advantage of 2,3-BDO’s carbon-loss-free conversion

o acetyl-CoA; additional metabolic engineering yielded a shake-flask

VA titer of 2.21 g/L (with a yield of 0.295 g/g 2,3-BDO, equivalent

o 27% of the theoretical maximum). Notably, MVA production using

,3-BDO as the carbon source was 6.61-fold and 8.44-fold higher than

sing glucose and glycerol, respectively [ 59 ]. In summary, the selec-

ion of microbial carbon sources for MVA production typically requires

ystematic coordination with chassis metabolic engineering to ensure

fficient carbon utilization. 
12
. Fermentation regulation for increased MVA production 

Regulation of fermentation for increased MVA synthesis mainly in-

ludes process control and regulation of factors influencing fermenta-

ion, which, in turn, can regulate cellular metabolism to promote MVA

roduction. In a study in which Yang et al . engineered P. putida KT2440

o convert 2,3-BDO to MVA, the aeration rate (shaking flask rotation

peed, rpm) affected dissolved oxygen (DO) levels, which in turn deter-

ined the flux of acetyl-CoA. Thus, optimizing the aeration rate is crit-

cal for balancing cell growth and product synthesis. At high aeration

ates (300 rpm), sufficient DO preferentially directs acetyl-CoA toward

he TCA cycle to support cell growth, resulting in an extremely low MVA

iter ( ≈ 0 g/L). At low aeration rates (150 rpm), limited DO reduced TCA

ycle activity, diverting more acetyl-CoA toward MVA biosynthesis. At

xcessively low aeration rates ( ≤ 100 rpm), insufficient DO inhibited cell

rowth and prevented the complete consumption of 2,3-BDO, leading

o decreased MVA production. The optimal rotation speed was found to

e 150 rpm, resulting in an MVA titer of 2.21 g/L and moderate cell

rowth (OD600 ≈ 3.5). This balances biomass accumulation with mini-

al acetyl-CoA waste [ 59 ]. In another study, Xu et al . [ 66 ] used low-cost

cetate as a carbon source for efficient MVA production in recombinant

. coli cells. They first tested single-carbon-source fed-batch fermenta-

ion with acetate, continuously supplying acetate in a 5-L bioreactor. As

xpected, the toxic effects of acetate inhibited bacterial growth. To ad-

ress this, they developed a two-stage fed-batch fermentation strategy.

uring phase 1 (the growth phase), glucose was supplied to facilitate

obust bacterial growth, achieving a biomass of 8.6 g/L. In phase 2 (the

roduction phase), acetate and the inducer IPTG were added after glu-

ose depletion to halt further biomass accumulation and redirect carbon

ux from primary metabolism to secondary MVA synthesis. This strategy

ncreased the MVA titer from 1.06 g/L (a single acetate carbon source) to

.85 g/L. Given that oxygen acts as a “metabolic energy switch ” for bac-

eria, three oxygen conditions were further tested under the two-stage

ed-batch mode: aerobic conditions (continuous aeration, DO = 20%)

ielded the highest MVA titer (7.85 g/L), as active bacterial metabolism

upported increased MVA synthesis. Anaerobic conditions (no aeration,

itrogen sparging) achieved the highest substrate utilization efficiency

0.37 g MVA/g acetate), since limited oxygen prevented acetate waste

n biomass accumulation or energy production and diverted more ac-

tate directly to MVA. Microaerobic conditions (limited aeration, 1.0

vm) resulted in an intermediate MVA titer (4.97 g/L). These results

onfirm that oxygen concentration modulates the carbon flux direction.

imilarly, Jeung et al . used acetate as the sole carbon source for MVA

roduction. After addressing precursor supply and metabolic flux issues,

hey optimized the fermentation process via repeated fed-batch fermen-

ation: acetate was continuously supplied to maintain a concentration

f 5–10 g/L, avoiding acetate toxicity. After 156 h of fermentation, the

nal MVA titer reached 7.9 g/L, which is the highest titer reported for

cetate-based MVA production [ 64 ]. 

. Downstream processes for the lactonization of MVA to MVAL 

The conversion of microbially fermented MVA to MVAL via low-

H heating-induced cyclization is currently recognized as the main-

tream technical route for MVAL production in synthetic biology. As

ighlighted earlier, most studies have focused exclusively on improv-

ng MVA fermentation titers, with very few systematic investigations

f the esterification-cyclization step that converts MVA to MVAL. No-

ably, the quantification of MVA in many previous studies relied on an

ndirect method: first, MVA was converted to MVAL, followed by gas

hromatography-mass spectrometry analysis of MVAL. Although minor

ariations exist across reports, the general protocol can be summarized

s follows. The cell-free supernatant of the MVA-containing fermenta-

ion broth is acidified (often with prolonged heating) to facilitate MVA

yclization to MVAL. After saturation with anhydrous sodium sulfate,
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VAL is extracted with ethyl acetate [ 23 , 65 ]. Importantly, this ap-

roach is intended solely for MVA quantification and not for large-scale

VAL production. It is reasonable to speculate that ADEKA converted

he MVA produced by S. fibuligera into MVAL via downstream acidifica-

ion and heating-induced cyclization, although, to our knowledge, de-

ailed technical information from ADEKA has not been disclosed. The

nly explicitly reported case of systematic research on the MVA-to-

VAL conversion step is described in [ 9 ]. After obtaining a high-titer

VA fermentation broth via upstream processes, the first step involves

ecolorization. Activated carbon of different types (granular vs . pow-

ered) and mesh sizes (4–8 mesh, 20–60 mesh, and 100 mesh) were

ested: 5% (w/v) activated carbon was added to the cell-free fermen-

ation broth, and both decolorization efficiency and the MVA recov-

ry rate were evaluated. Powdered activated carbon (20–60 mesh and

00 mesh) achieved complete decolorization (resulting in a colorless,

ransparent broth) with an MVA recovery rate > 98%, minimizing prod-

ct loss. Among these, 20–60 mesh powdered activated carbon offered

he best cost-effectiveness. While 100 mesh activated carbon exhibited

omparable decolorization performance, its slow filtration rate made it

nsuitable for scale-up. MVA spontaneously lactonizes to MVAL under

cidic conditions, and the key challenge is selecting a catalyst that en-

bles a high conversion efficiency without generating byproducts. Tra-

itionally, sulfuric acid has been used, but it produces the unwanted

yproduct anhydro-MVAL [ 24 , 54 , 86 , 87 ]. In this study, phosphoric acid

as tested for the first time, and its performance was compared with

hat of sulfuric acid. The results showed that phosphoric acid was the

ptimal catalyst: at a 1:5 molar ratio (phosphoric acid to MVA), a con-

ersion rate of 90.4% was achieved without any byproducts, resolving

he byproduct issue associated with sulfuric acid. The main conver-

ion process was completed within 9 h, making it suitable for contin-

ous industrial production. Nuclear magnetic resonance analysis con-

rmed that the biosynthesized MVAL exclusively corresponded to the

 R )-enantiomer with a chiral purity of > 99%. 

. Perspectives 

The microbial synthesis of MVAL has achieved remarkable progress

n chassis optimization, enzyme engineering, and fermentation regula-

ion, with MVA titers reaching industrially relevant levels ( Table 1 ). To

dvance the transition from laboratory research to large-scale produc-

ion, future research must overcome the limitations of a single tech-

ology and realize the cross-disciplinary integration of synthetic biol-

gy, enzyme engineering, process engineering, and artificial intelligence

AI). S. fibuligera strains, pioneered by ADEKA for industrial MVA pro-

uction, have a notable limitation in that there is no established genetic

anipulation system. This limitation prevents rational engineering from

urther unlocking the potential of MVA synthesis. Regrettably, these pro-

rietary strains are not commercially available to the broader research

ommunity. Nevertheless, widely accessible high-performance chassis

uch as S. cerevisiae, Y. lipolytica , and E. coli have been validated for

igh MVA production, offering viable alternatives for academic and in-

ustrial research. 

For pathway optimization, the spatial organization of the MVA path-

ay enzymes has been explored via protein- or RNA-based scaffolds to

nhance intermediate channeling. However, a more conventional strat-

gy, namely, the development of multifunctional fusion enzymes (e.g.,

using ACS and AACoAT via flexible linkers), remains underexplored.

his approach could form efficient metabolic channels to minimize in-

ermediate diffusion loss and improve flux toward MVA. Additionally,

he efficiency of key MVA pathway enzymes (AACoAT, HMGS, and

MGR) directly determines the product titer. However, current engi-

eering strategies, such as single-point mutations and RBS optimization

t the translational level, only yield incremental improvements. Future

nzyme engineering studies should leverage AI-driven rational design

ombined with high-throughput screening [ 88 ]. 
13
Traditional metabolic regulation strategies, such as constitutive

romoter-mediated overexpression and static gene knockout, often trig-

er metabolic network imbalances or cell growth inhibition [ 89 ]. In

ontrast, dynamic feedback control and multi-omics-guided global re-

rogramming are emerging as core directions for future metabolic en-

ineering. Metabolite-responsive genetic circuits can be constructed to

chieve the on-demand distribution of metabolic flux. For instance,

cetyl-CoA biosensors based on the transcription factors AccR [ 90 ] or

kdR [ 91 ] and NADPH biosensors [ 92 ] tailored to regulate PntAB ex-

ression can autonomously balance the precursor and cofactor sup-

ly without manual parameter adjustment, thus overcoming the lim-

tations of static regulation. Furthermore, integrating transcriptomics,

etabolomics, and proteomics datasets [ 93 ] and efficiently decipher-

ng the datasets via AI technologies, such as machine learning and

eep learning, enables the identification of cryptic metabolic bottle-

ecks [ 88 ]. By leveraging these AI-identified insights, CRISPR-based

ultiplex genome editing can be deployed to optimize global metabolic

ux, thereby further boosting the precision and efficiency of MVA

iosynthesis. 

Building on the two-step microbial MVAL synthesis route discussed

bove, a logical question arises: can one-step microbial production of

VAL be achieved directly? Unfortunately, this approach faces sub-

tantial bottlenecks that render it nearly unfeasible with inherent eco-

omic disadvantages, even if it is technically achievable. Intramolecular

yclization of MVA to MVAL typically occurs under acidic and high-

emperature conditions in organic solvents (e.g. as ethyl acetate). For

n s itu conversion during fermentation, the culture broth requires a sus-

ained high temperature and low pH, imposing stringent acid and ther-

otolerance demands on the chassis. Conventional hosts, such as E. coli ,

re incompatible with these extreme conditions. Moreover, maintaining

igh temperatures throughout the fermentation process results in exces-

ive energy consumption, thereby undermining economic viability. An

lternative strategy involves mining and expressing esterase-encoding

enes to catalyze MVA lactonization. However, no esterases with suit-

ble performance for direct application in this context have been re-

orted, necessitating extensive mining and screening efforts. Most im-

ortantly, MVAL is highly susceptible to hydrolysis in aqueous environ-

ents. Regardless of the conversion method, liquid fermentation media

ontain large amounts of water, leading to the rapid ring-opening of

VAL and its reversion to MVA, even if in situ synthesis is achieved.

hus, the current efforts are focused on optimizing the established

wo-step process (MVA synthesis followed by chemical lactonization)

ia the chassis, pathway, and process engineering strategies outlined

bove. 

From an industrial perspective, high raw material costs remain a

ajor challenge. Replacing glucose with low-cost lignocellulosic hy-

rolysates (e.g., corn stover and wheat straw) is a critical strategy for

educing production costs [ 94 ]. Although studies have explored cheap

arbon sources (e.g., 2,3-BDO, cellobiose, and acetate) for E. coli and P.

utida , these efforts are insufficient for large-scale applications. Indus-

rial fermentation feedstocks should adhere to the principles of “local

vailability, ” “low cost, ” and “sustainability, ” prioritizing agricultural

yproducts, food processing waste, and other low-value raw materials

ver refined sugars or chemically synthesized substrates. Ideally, ligno-

ellulosic hydrolysates could serve as the main carbon source supple-

ented with cheap acetate, given its ability to be rapidly converted to

cetyl-CoA, the key precursor for MVA. 

In conclusion, advancements in microbial MVAL production will de-

end on interdisciplinary integration. With breakthroughs in chassis di-

ersification, intelligent enzyme evolution, and dynamic metabolic reg-

lation, microbial synthesis will eventually replace chemical synthesis

s the mainstream method of MVAL production. This transition will not

nly meet the growing demand for high-chiral-purity MVAL in indus-

ries such as cosmetics but also promote the sustainable development

f biomanufacturing, providing a new paradigm for the production of

igh-value chiral compounds. 
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