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A B S T R A C T   

Methanol has recently gained significant attention as a potential carbon substrate for the production of fuels and 
chemicals, owing to its high degree of reduction, abundance, and low price. Native methylotrophic yeasts and 
bacteria have been investigated for the production of fuels and chemicals. Alternatively, synthetic methylo-
trophic strains are also being developed by reconstructing methanol utilization pathways in model microor-
ganisms, such as Escherichia coli. Owing to the complex metabolic pathways, limited availability of genetic tools, 
and methanol/formaldehyde toxicity, the high-level production of target products for industrial applications are 
still under development to satisfy commercial feasibility. This article reviews the production of biofuels and 
chemicals by native and synthetic methylotrophic microorganisms. It also highlights the advantages and limi-
tations of both types of methylotrophs and provides an overview of ways to improve their efficiency for the 
production of fuels and chemicals from methanol.   

1. Introduction 

Increasing environmental pollution and the depletion of food re-
sources have inspired industrial biotechnologists to focus on developing 
environmentally friendly and renewable carbon substrates for produc-
ing fuels and chemicals using microbial cell factories [1]. Methanol 
(CH3OH), a non-food carbon feedstock, is an attractive substrate for 
microbial production of fuels and chemicals for several reasons [2]. 
First, it can be readily produced from syngas components using catalytic 
methods such as the photocatalytic conversion of CO2, electrocatalytic 
reduction of CO2, hydrogenation of CO or CO2 [3], and catalytic con-
version of methane (CH4) [4]. Methanol accounts for 11% of all chem-
icals derived from syngas [2]. Furthermore, it can be produced from 
CO/CO2 or methane using anaerobic acetogens or aerobic methano-
trophs, respectively [5,6]. Additionally, the degree of reduction for 
methanol and glucose is 6 and 4, respectively, which makes methanol a 
higher energy-content compound. The high degree of reduction shows 
that methanol contains 50% more electrons per carbon atom than 
glucose and these extra electrons can be used to produce reduced 
products such as alcohols, fatty acids, and carboxylic acids in larger 
quantities from methanol using microbial chassis [7]. Furthermore, the 
price of methanol is comparable to that of glucose, and the annual 

methanol production capacity for 2021 has increased to 110 million 
metric tons [8]. Therefore, the development of a methanol-based bio-
refinery for producing fuels and chemicals is in demand [5]. 

Although, syngas or C1 gases can be directly used for the microbial 
production of fuels and chemicals, owing to the low gas-liquid mass 
transfer rate, the reduced growth of syngas-utilizing microbes and 
varying/toxic components of syngas limits its commercial application 
for various target products. In contrast, methanol is completely miscible 
in water and can overcome the mass transfer barrier, resulting in a 
higher titer of the target products [6]. Therefore, there is a need to 
develop an integrated platform involving the chemical production of 
methanol from syngas and its subsequent fermentation into the desired 
product using microbial platforms (Fig. 1). 

In nature, native aerobic methylotrophs can convert methanol to 
formaldehyde by methanol oxidoreductase and subsequently assimilate 
formaldehyde into cell biomass. Although methanol oxidation can 
generate more electrons than glucose oxidation, however, the electron 
transport chain of native methylotrophs favors the oxidation of reduced 
electron carriers such as NAD(P)H to support cell growth, rather than 
allowing their intracellular accumulation, thus reducing the availability 
of such reduced electron carriers for the production of target bio-
products [9]. In addition, the limited genetic tools and toxicity of either 
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methanol or formaldehyde must be overcome to produce fuels and 
chemicals at the industrial level using native methylotrophs [3]. To 
achieve methanol-based bio-manufacturing on an industrial scale, the 
development of microbial platforms that can efficiently convert meth-
anol into valuable chemicals is required. In recent years, synthetic 
methylotrophs have gained much attention for the conversion of model 
microorganisms such as E. coli, Corynebacterium glutamicum, and 
Saccharomyces cerevisiae into methanol-utilizing microbes. Although the 
growth rates and product yields of synthetic methylotrophs are much 
lower than those of native methylotrophs, their potential is sufficient to 
be investigated for the production of fuels and chemicals [10]. In this 
review, we comprehensively discuss the potential and limitations of 
various native and synthetic methylotrophs for the production of fuels 
and chemicals. 

2. Methanol as a carbon substrate for native methylotrophs 

Methylotrophs are a group of organisms that can utilize C1 com-
pounds such as methane or methanol as carbon and energy sources. 
Native methylotrophs grow relatively fast on methanol, with a doubling 
time of approximately 0.3 h− 1, and can assimilate methanol at higher 
rates into cellular biomass (~16 mmol/g DCW/h) [5]. In nature, 
methylotrophs include both methylotrophic bacteria and yeasts, which 
can oxidize methanol to formaldehyde, a toxic intermediate. Formal-
dehyde is then either converted to cell biomass using various pathways 
or further oxidized to CO2 to generate energy in the form of NADH [11]. 
In this section, we review and compare the natural metabolic pathways 
and enzymes involved in methanol and formaldehyde assimilation in 
native methylotrophic bacteria and yeasts. We also review metabolic 
engineering strategies for producing different chemicals using native 
methylotrophs and discuss the limitations of chemical production and 
methanol utilization. 

2.1. Oxidation of methanol to formaldehyde 

In all methanol-utilizing methylotrophs, methanol is first oxidized to 
formaldehyde, either by methanol dehydrogenases (MDH) in methylo-
trophic bacteria or by alcohol oxidases (AODs) in methylotrophic yeasts. 
Depending on the electron acceptor, various types of methanol- 
oxidizing enzymes have been reported in methylotrophic bacteria and 
yeasts, including pyrroloquinoline quinone (PQQ)-dependent MDHs or 
NAD-dependent MDHs in methylotrophic bacteria and O2-dependent 

AODs in methylotrophic yeasts [11]. 
MDHs, in gram-negative methylotrophic bacteria, contain a peri-

plasmic PQQ-dependent prosthetic group that captures electrons from 
methanol oxidation, passes them to cytochrome C, and is thus processed 
via the electron transport chain to reach the terminal electron acceptor. 
This electron transfer drives a proton gradient force that is sufficient to 
produce less than one ATP molecule, at the expense of one oxidized 
methanol molecule [12]. In the model gram-negative methylotrophic 
bacteria Methylobacterium extorquens AM1, the MxaF1 MDH is consid-
ered the main catalyst for the oxidation of methanol to formaldehyde. 
However, the oxidation of methanol to formaldehyde involves at least 
15 genes, of which 14 genes are co-transcribed to oxidize methanol to 
formaldehyde [13]. However, the disadvantage of PQQ-dependent 
MDHs is their dependence on molecular O2; for chemical production, 
some metabolites must be produced under anaerobic conditions [14]. 

O2-dependent AODs are found in the peroxisomes of eukaryotic 
yeasts such as Pichia pastoris and use FAD as a cofactor to regenerate 
energy. Methanol oxidation by AODs produces formaldehyde and 
hydrogen peroxide (H2O2) in peroxisomes, which can be further 
metabolized by the central metabolism. O2-dependent AODs act under 
aerobic conditions, similar to PQQ-dependent MDHs; however, electron 
conservation is poor for O2-dependent AODs compared to PQQ- 
dependent MDHs because AOD electrons are directly transferred to 
molecular O2 with a high Gibbs free change (Table 1) [11,15]. 

Nicotinamide adenine dinucleotide (NAD)-dependent MDHs are 
found in the cytoplasm of gram-positive methylotrophs such as Bacillus 
methanolicus. NAD-dependent MDH utilizes NAD as a cofactor and 
electron acceptor, can act under aerobic and anaerobic conditions, and 
produces NADH in the form of reducing equivalents directly from the 
electrons obtained via methanol oxidation. Unlike PQQ-dependent 
MDHs, NAD-dependent MDHs require a single gene to oxidize meth-
anol to formaldehyde with the help of an activator protein [11]. 

2.2. Assimilation of formaldehyde into cell biomass in native 
methylotrophs 

Formaldehyde (HCOH) can be assimilated into cell biomass using 
various metabolic pathways or can be dissimilated into CO2. Four 
distinct formaldehyde assimilation pathways have been identified. The 
serine, ribulose monophosphate (RuMP), and ribulose bisphosphate 
(RuBP) pathways have been identified in bacteria, whereas yeasts 
typically utilize the xylulose monophosphate pathway (XuMP) to 

Fig. 1. Overview of integrated bio-refinery for the production of fuels and chemicals from methanol. CO2 or syngas produced from fossil fuels can be converted to 
methanol by chemical conversion which can be subsequently utilized by engineered methylotrophs for the production of desired chemicals. In addition, the 
methylotrophs can be converted to auto-methylotroph or hetero-methylotroph by metabolic engineering strategies to enhance the biomass or productivity of the 
microorganism. 
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assimilate formaldehyde into cell biomass [11]; however, all of these 
pathways result in the same product (three carbon compounds from C1 
formaldehyde), which is further metabolized to carry important cellular 
functions. 

2.2.1. Formaldehyde fixation through the serine cycle 
M. extorquens is a well-studied example of a serine pathway in 

methylotrophic bacteria. Following its formation in the periplasmic 
space, formaldehyde crosses the cytoplasmic membrane and reacts with 
C1 carrier molecules such as tetrahydrofolate (H4F) or tetrahy-
dromethanopterin (H4MPT). In the H4F pathway, formaldehyde reacts 
with H4F and is converted to methylene-H4F, whereas in the H4MPT 
pathway, formaldehyde is first formed by the reaction of tetrahy-
dromethanopterin enzymes, which are either subsequently converted to 
methylene-H4F by H4F dependent enzymes or dissipated to CO2 to 
produce reducing equivalents. It has been suggested that simultaneous 
condensation reactions occur for both pathways during the serine cycle, 
which helps to convert the overproduced formaldehyde into non-toxic 
compounds for cell biomass [16]. The methylene-H4F enters the 
serine cycle via condensation with glycine. Serine is converted to 
oxaloacetate by a series of reactions in the serine cycle, which is further 
converted to malyl-CoA and subsequently cleaved to form acetyl-CoA 
along with the regeneration of glyoxylate. Acetyl-CoA enters the 
ethylmalonyl-CoA (EMC) and polyhydroxybutyrate (PHB) pathways and 
a portion of the tricarboxylic acid cycle (TCA cycle) [17]. During growth 
on methanol, the expression of genes involved in the EMC pathway in 
M. extorquens was higher than those grown on multi-carbon substrates. 
The overall stoichiometric reaction for the production of pyruvate (an 
important precursor of major metabolites) via formaldehyde in the 
serine cycle is given by Equation (1) [9].  

CO2 + 2HCHO + 2NADH + 2ATP = pyruvate + 2NAD+ + 2ADP +
FPH2                                                                               (Equation 1)  

2.2.2. Formaldehyde fixation via the RuMP pathway 
The RuMP pathway, in which three formaldehyde molecules are 

used to form a 3-carbon compound, can be divided into three parts: 
formaldehyde fixation, cleavage, and rearrangement. During fixation, 
formaldehyde is fixed with ribulose-5-phosphate (Ru5P) to form hex-
ulose 6-phosphate (H6P) by 3-hexulose-6-phosphate synthase (HPS), 
which is subsequently converted to fructose 6-phosphate (F6P) by 6- 
phospho-3-hexuloisomerase (PHI). Three main metabolic pathways in 
RuMP-utilizing methylotrophic bacteria, namely Emb-
den–Meyerhof–Parnas (EMP), pentose phosphate (PPP), and Ent-
ner–Doudoroff (ED) pathways, are used to utilize F6P. B. methanolicus is 
a primary example of RuMP-pathway-utilizing bacteria [18]. During 
cleavage, F6P is either converted to fructose 1, 6-bisphosphatase (FBP) 
by the FBP aldolase variant and subsequently to glyceraldehyde 3-phos-
phate (GAP) and dihydroxyacetone phosphate (DHAP), or 2-keto-3--
deoxy-6- phosphogluconate (KDGP) by the KDGP aldolase variant and 
subsequently converted to pyruvate. 

The FBP aldolase variant is superior to the KDGP variant as it re-
generates one NADPH molecule and two ATPs, whereas the KDGP 
variant only regenerates one NADPH molecule. The rearrangement of 
the RuMP pathway is utilized to regenerate Ru5P via xylulose 5-phos-
phate (Xu5P) and ribose 5-phosphate (R5P). Two variants, 

transaldolase (TA) and sedoheptulose 1, 7-bisphosphatase (SBPase), 
were identified in the rearrangement region. The overall stoichiometric 
reaction of pyruvate formation through the most efficient transaldolase 
variant is given by Equation (2) [9].  

3HCHO + NAD+ + ADP = pyruvate + NADH + ATP         (Equation 2)  

2.2.3. Formaldehyde assimilation via the XuMP pathway 
The XuMP pathway is shared by methylotrophic yeasts, in which 

formaldehyde is condensed with Xu5P in the peroxisome by Dihy-
droxyacetone Synthase (DAS) to form dihydroxyacetone (DHA) and 
GAP. DHA is further phosphorylated by Dihydroxyacetone Kinase (DAK) 
to form DHAP, which is subsequently condensed to form FBP. FBP is 
converted to F6P, which is used for the regeneration of Xu5P and the 
synthesis of cellular metabolites via the formation of pyruvate through 
the GAP intermediate. Pyruvate then enters the TCA cycle to produce 
cellular biomass [11]. The RuMP and XuMP pathways are quite similar 
in the fixation, cleavage, and rearrangement of formaldehyde; however, 
they differ in the channeling of formaldehyde to PPP. In the RuMP 
pathway, formaldehyde reacts with Ru5P and then forms F6P via 
isomerization. However, in the XuMP pathway, formaldehyde reacts 
with the glycolaldehyde group of Xu5P to produce DHA and GAP which 
are then converted to F6P through a series of reactions [19]. The overall 
stoichiometry for pyruvate formation through the XuMP pathway is 
given by Equation (3) [11].  

3HCHO + NAD+ + 2ADP = Pyruvate + NADH +2ATP       (Equation 3)  

2.2.4. Formaldehyde assimilation via the RuBP pathway 
Some bacteria, such as Beijerinckia mobilis, contain another pathway 

for the fixation of formaldehyde into cell biomass, in which formalde-
hyde is first converted to CO2 by two formaldehyde dehydrogenases, 
NAD(P)-dependent glutathione (GSH) formaldehyde dehydrogenase, 
and phenazine methosulfate (PMS). B. mobilis also contains formate 
dehydrogenase, which indicates the formation of CO2 via formate. The 
presence of ribulose-1, 5-bisphosphate carboxylase (Rubisco) in 
B. mobilis confirms that the CO2 formed from formaldehyde is fixed in 
the cell biomass, making this strain a chemoautotroph. CO2 enters the 
RuBP cycle by reacting with Ribulose 1, 5-bisphosphate (RuBP). Similar 
to the RuMP pathway, the Ru5P pathway uses transketolase and trans-
aldolase rearrangements to convert G3P into Xu5P to regenerate RuBP 
[20]. The stoichiometric equation for pyruvate formation from formal-
dehyde is given in Equation (4).  

3HCHO + 7ATP + NAD+ = pyruvate + NADH + 7ADP      (Equation 4)  

2.2.5. Formaldehyde dissimilation to CO2 
Formaldehyde dissimilation into CO2 is crucial for generating energy 

and for avoiding the accumulation of formaldehyde at toxic levels. 
Dissimilation proceeds via the conversion of formaldehyde to formate 
followed by several steps to CO2. Cofactors involved in the dissimilation 
of formaldehyde into CO2 include H4F, GSH, H4MPT, and mycothiol 
(MSH). In the aerobic methylotrophs H4F and H4MPT, both pathways 

Table 1 
Comparison of different methanol oxidation enzymes under physiological conditions calculated by Whitaker et al. [9], using the indicated temperature (T oC) for 
growth.  

Enzyme Location Cofactor T (oC) ΔrGʹ Condition Ref. 

PQQ-dependent MDHs Periplasm PQQ (Quinoprotein) 37 − 59.1 kJ mol− 1 Aerobic [9] 
O2-dependent AOD Peroxisome FAD 37 − 127.5 kJ mol− 1 Aerobic [9] 
NAD-dependent MDHs Cytoplasm NAD 55 − 2.2 kJ mol− 1 Aerobic and Anaerobic [9]  
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are necessary to sustain microbial growth in methanol. The simulta-
neous activation of the H4F and H4MPT pathways plays two key roles: 
(1) detoxification of formaldehyde and (2) generation of energy to drive 
methanol oxidation [9,11]. It has been reported that in M. extorquens, 
the formation of CO2 begins before the assimilation pathway. This in-
dicates that the carbon flux goes only to the assimilation branch when 
the dissimilation branch increases to the poised level. Such a strategy is 
important for preventing the accumulation of toxic molecules such as 
formaldehyde, glycine, and glyoxylate [16]. 

2.3. Biotechnological applications of native methylotrophs 

The microbial production of chemicals usually depends on the 
amount of carbon flux towards the target products, which can theoret-
ically be improved via metabolic engineering and culture conditions. 
The yield and productivity of microorganisms for the production of 
chemicals can be evaluated based on biomass production and their 
ability to utilize carbon substrates for biomass production. A basic 
stoichiometric equation was developed for the conversion of methanol 
to biomass as given in Equation (5) [21].  

1.63CH3OH + 1.39O2 + 0.23NH3 + nutrients = CH1.69O0.38N0.24 (biomass) 
+ 0.63CO2 + 2.76H2O+733 kJ                                           (Equation 5) 

Owing to their complex metabolism, native methylotrophs can be 
used for the production of various chemicals ranging from organic acids 
to proteins and alcohols, with the help of metabolic engineering (Figs. 2 
and 3). Natural products from native methylotrophic bacteria include 

poly (3-hydroxybutyrate) (PHB) and amino acids, whereas methylo-
trophic yeasts are the most widely used for recombinant protein pro-
duction [6]. In this section, different chemicals produced by native or 
engineered methylotrophs are discussed in detail, focusing on the limi-
tations of methanol utilization for chemical production. 

2.3.1. Production of fuels and chemicals from methylotrophic yeasts 
Yeast has several advantages as a production host, such as a high 

tolerance to toxic solvents, pH, and temperature changes. In addition, 
the organelle-based yeast structures provide options for targeted meta-
bolic engineering to enhance the desired carbon flux. In methylotrophic 
yeasts, enzymes involved in methanol metabolism are localized in per-
oxisomes which provide better tolerance to methanol or formaldehyde 
[19]. Furthermore, methylotrophic yeasts can utilize a wide range of 
sugar substrates along with methanol, which can increase biomass and 
product titer. Due to these characteristics, methylotrophic yeasts such as 
P. pastoris and Hansenula polymorpha (H. polymorpha) have been used for 
a wide range of products (Table 2). 

2.3.1.1. Methylotrophic yeasts for secondary metabolite production. 
Yeast-derived secondary metabolites represent a vast variety of natural 
products with applications in nutraceuticals, pharmaceuticals, and ag-
rochemicals. Among the secondary metabolites, isoprenoids, especially 
terpenoids and polyketides, have gained considerable attention for their 
production by methylotrophic yeasts. In yeast, isoprenoids are produced 
via the mevalonate pathway (MVA), which uses acetyl-CoA as a pre-
cursor. As acetyl-CoA is an essential precursor of many cellular metab-
olites involved in biomass production, extensive metabolic engineering 

Fig. 2. Production of fuels and chemicals from methylotrophic yeasts. The native key enzymes of methanol assimilation in methylotrophic yeasts are shown in 
purple. The overexpressed endogenous and heterologously expressed key enzymes for the target product are shown in red and blue, respectively. The solid arrow 
shows a single reaction while the dashed arrow shows multiple reactions. Enzyme abbreviations: AOX, alcohol oxidase; FDH, Formate dehydrogenase; DAS, 
Dihydroxyacetone synthase; DAK, dihydroxyacetone kinase; FBA, Fructose-1,6-bisphosphate aldolase; FBPase, Fructose 1,6-bisphosphatase; CrtB, phytoene synthase; 
CrtI, phytoene desaturase; ValS, valencene synthase; ADH, alcohol dehydrogenase; ERG9, squalene synthase; ERG1, squalene epoxidase; PgDDS, dammarenediol 
synthase gene; FAS, Fatty acid synthase; TesB, thioesteras; ScADH5, alcohol dehydrogenase; CpFAH, Fatty acid hydroxylase; DGAT, acyl-CoA: diacylglycerol acyl-
transferase; npgA, phosphopantetheinyl transferase; 6-MSAS, 6-methylsalicylic acid synthase, citABCDE, gene cluster for citrinin synthesis; undB, desaturase-like 
decarboxylase; D-LDH, d-lactate dehydrogenase; ASPDH, Aspartate dehydrogenase; ADC, L-Aspartate-α-decarboxylases. Metabolite abbreviations: CO2, Carbon 
dioxide; DHA, Dihydroxyacetone; GAP, glyceraldehyde 3-phosphate; DHAP, Dihydroxyacetone phosphate, F1,6BP, Fructose 1,6 bisphosphate; Xu5P, Xylulose 5-phos-
phate; GAP, Glyceraldehyde 3-phosphate. 
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to increase the flux towards the MVA pathway and cofactor regeneration 
is required to produce secondary metabolites from yeasts [19]. 

The production of terpenoids in P. pastoris proceeds via farnesyl 
diphosphate (FPP), the central metabolite in the production of terpe-
noids. In P. pastoris, FPP is produced in peroxisomes, which contain 
enzymes crucial for methanol and formaldehyde oxidation. Addition-
ally, it has been shown that peroxisomes of P. pastoris can proliferate 
upon the addition of methanol, which can in turn increase the storage 
space and pool of intermediates for terpenoid production. These prop-
erties make P. pastoris a suitable host for the production of peroxisomal 
terpenoids [22]. In the first case of terpenoid production, only 1.96 
mg/L of lycopene was produced from methanol in engineered P. pastoris 
via the lycopene biosynthesis pathway. A comparison of the different 
carbon sources showed that glucose was the most favorable for the 
production of lycopene from P. pastoris. Using glucose in minimal media 
along with methanol, 4.6 mg lycopene/g DCW was obtained during 
batch fermentation [23]. Later, lycopene production was enhanced to 
9.319 mg/g DCW by increasing the flux of geranylgeranyl diphosphate 
(GGPP) from FPP and using optimized culture conditions with glucose 
and methanol as co-substrates [24]. Wriessnegger et al. showed that the 
co-expression of premnaspirodiene oxygenase, cytochrome P450 

reductase, and valence synthase allows (+)-valence to be produced in 
glucose/methanol biphasic fermentation from P. pastoris, which can 
then be converted to trans-nootkatol and subsequently oxidized to 
(+)-nootkatone by intrinsic alcohol dehydrogenase. Additionally, 
enhancing the expression of hydroxyl-methylglutaryl-CoA reductase 
and alcohol dehydrogenase produced 208 mg/L of (+)-nootkatone 
during biphasic cultivation with glucose and methanol as substrates 
[25]. To produce fuels and chemicals, downregulation and upregulation 
of competitive pathways and metabolite precursors, respectively, are 
necessary to obtain a high target production titer. Liu et al. enhanced the 
dammarenediol-II titer to 0.736 mg/g DCW by reducing the competitive 
consumption and increasing the supply of 2,3-oxidosqualene [26]. 
Polyketide production from methylotrophic yeasts has also been 
demonstrated through heterologous expression of the desired pathways. 
For example, 6-methylsalicylic acid was produced at a final titer of 2.2 
g/L in P. pastoris [27]. Similarly, complex polyketides such as citrinin 
were produced by expression of the citrinin synthesis pathway, and it 
was shown that P. pastoris can be used as a model organism for the 
synthesis of complex polyketides [28]. 

One strategy to enhance product formation is to split the pathway 
into two strains and then use a co-culture system to produce the desired 

Fig. 3. Production of fuels and chemicals from native methylotrophic bacteria. Methylotrophic bacteria can either use the RuMP pathway or the serine cycle for 
methanol assimilation. Methylotrophic bacteria utilizing the serine cycle contain the EMC pathway and TCA cycle for biomass generation while methylotrophic 
bacteria utilizing the RuMP pathway mainly use the TCA cycle for biomass generation. The RuMP pathway is shown in blue while the serine cycle is shown in purple. 
The native key enzymes of methanol assimilation in methylotrophic bacteria are shown in purple. The overexpressed endogenous and heterologously expressed key 
enzymes for the target product are shown in red and blue, respectively. The solid arrow shows a single reaction while the dashed arrow shows multiple reactions. 
Enzyme abbreviations: PQQ-MDH, PQQ-dependent methanol dehydrogenase; NAD-MDH, NAD-dependent methanol dehydrogenase; HPS, 3-hexulose-6-phosphate 
synthase; PHI, 6-phospho-3-hexuloisomerase; PFK, 6-phosphofructokinase; FBA, fructose-bisphosphate aldolase; FDH, Formate dehydrogenase; RPE, Ribulose-5- 
phosphate 3-epimerase; RPI, Ribose-5-phosphate isomerase; SHMT, Serine hydroxymethyltransferase; Mtd, Methylene-tetrahydromethanopterin; lysA, meso-
diaminopimelate decarboxylase; cadA, lysine decarboxylase; patA, putrescine aminase; patD, 5-aminopentanal dehydrogenase; DavB, lysine 2-monooxygenase; DavA, 
5-aminovaleramidase; HDI, homoserine dehydrogenase; HDII, homoserine dehydrogenase; thrC, threonine synthase; cad, cis-aconitic acid decarboxylase; gabA, 
glutamate decarboxylase; phaCAC, PHA synthase from A. caviae; phaC, PHA synthase; alsSD, acetolactate synthase; budAB, acetolactate decarboxylase; mcr, malonyl- 
CoA reductase; Ter, trans-2-enoyl-CoA reductase; Adh2, bifunctional aldehyde/alcohol dehydrogenase; RCM, (R)-3-hydroxybutyryl coenzyme A (CoA)-specific co-
enzyme B12-dependent mutases; ccr, crotonyl-CoA carboxylase; zssl, α-humulene synthase; vioABCD, gene cluster for violacein synthesis. Metabolite abbreviations: 
Ru5P, Ribulose 5-Phosphate; CH2––H4F, N5,N10-methylenetetrahydromethanopterin; H4MPT, Tetrahydromethanopterin; H4F, tetrahydrofolate; PEP, Phospho-
enolpyruvate; H6P, Hexulose-6-phosphate; F6P, Fructose-6-phosphate; FBP, Fructose 1,6-bisphophate; DHAP, Dihydroxyacetone phosphate; GAP, Glyceraldehyde 3- 
phosphate; Xu5P, Xylulose 5-phosphate; E4P, Erythrose 4-phosphate; S7P, sedoheptulose-7-phosphate; R5P, ribose-5-phosphate; Ru5P, Ribulose-5-phosphate; CO2, 
Carbon dioxide; 3-HP, 3- Hydroxy propionic acid; PHB, Poly (3-Hydroxybutyrate); 2-HIBA, 2-Hydroxyisobutyric acid; FPP, Farnesyl diphosphate; P (3HB-co-3HV-co- 
3HHX), Poly (3-hydroxybutyrate-co-3-hydroxyvalerate-co-3-hydroxyhexanoate); GABA, γ-aminobutyric acid. 
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metabolite. Such a strategy could reduce the metabolic burden in a 
single-strain process, which could be caused by different metabolites 
during the growth and production phases. Liu et al. used this strategy to 
produce monacolin J and lovastatin by splitting the upstream and 
downstream modules into different cells of P. pastoris. Using P. pastoris 

co-cultures, the amounts of monacolin J and lovastatin increased by 
55% and 71%, respectively, compared with a single strain containing 
the complete pathway. In the fed-batch fermenter, 593.9 and 250.8 mg/ 
L of monacolin J and lovastatin, respectively, were produced by the co- 
cultures system using methanol as a sole carbon substrate [29]. 

Table 2 
Production of fuels and chemicals using native methylotrophic yeasts.  

Product Strain Metabolic engineering strategy Substrate Culture condition Product 
titer/yield 

Ref. 

Free fatty acids 
(FFA) 

P. pastoris Blocking FFA consumption (ΔFAA1, ΔFAA2, and 
ΔPOX1), enhancing acetyl-CoA (Overexpression 
of mmACL, bbXFPK, ckPTA) and NADPH 
(overexpression scIDP2), improving methanol 
assimilation (overexpression of DAS2) 

Methanol Fed-batch using methanol as the sole 
carbon source in minimal media (MM), 
methanol concentration was kept below 
20 g/l 

23 g/l [30] 

Fatty alcohol P. pastoris Heterologous expression of mmCAR, npgA, 
scADH5 
Overexpression of FaCoAR in FFA 
overproducing strain 

Methanol Fed-batch using methanol as the sole 
carbon source in MM, methanol 
concentration was kept below 20 g/l 

2 g/l [30] 

FFA O. polymorpha ΔFAA Methanol Shake flask using 10 g/l methanol in MM Growth 
defects 

[31] 

Methanol, 
xylose, and 
glucose 

Shake flask using MM with 20 g/l glucose, 
10 g/l xylose and 10 g/l methanol 

1.2 g/l 

FFA O. polymorpha ΔFAA; enhancing methanol assimilation 
(overexpression of FBP1and RPE); enhancing 
acetyl-coA (overexpression of mmACL) 
enhancing NADPH (overexpression of ZWF1and 
ScIDP2); ALE-derived activation of LPL1and 
IZH3 

Methanol Fed-batch fermenter with initial culture 
using 10 g/l methanol in MM, continuous 
feeding of methanol after 24 h 

15.9 g/l [32] 

Methanol and 
glucose 

Fed-batch fermenter with initial culture 
using 20 g/l glucose in MM followed by 
continuous feeding of methanol after 15 h 

9.1 g/l 

Methanol and 
glycerol 

Fed-batch fermenter with initial culture 
using 20 g/l glycerol in MM followed by 
continuous feeding of methanol after 24 h 

13.2 g/l 

Ricinoleic acid P. pastoris Δ12 desaturase, Heterologous expression of 
cpFAH and cpDGAT1 

Methanol 
andglycerol 

Fed-batch fermenter, 
Initial growth on glycerol followed by 
methanol induction and addition of 0.5% 
methanol every 24 h 

495 μg/ml [33] 

γ- Linoleic acid 
(GLA) 

P. pastoris Heterologous expression of Δ6-Desaturase under 
methanol oxidation promoter (MOX) 

Methanol Fed-batch fermenter using 2% methanol in 
MM 

11.9% GLA 
of Total 
fatty acids 

[35] 

6-methylsalicylic 
acid 

P. pastoris Heterologous expression of npgA, 6-MSAS Methanol and 
glycerol 

Fed-batch fermenter with initial growth 
on glycerol in MM followed by methanol 
induction for 20 h 

2.2 g/l [27] 

Citrinin P. pastoris Heterologous expression of pksCT, npgA; mpl6; 
mpl7 overexpression of mpl1, mpl2 and mpl4 

Methanol Fed-batch fermenter with 0.5% methanol 
added after every 24 h 

0.6 mg/l [28] 

D-lactic acid P. pastoris Heterologous expression of d-LDH Methanol Test tube fermentation using methanol as 
the sole carbon source in YPM (Yeast 
extract-peptone-Mannitol medium) for 96 
h 

3.48 g/l [38] 

β-alanine P. pastoris Heterologous expression of multiple copies of 
ADCs; overexpression of aspartate 
dehydrogenase 

Methanol and 
glycerol 

Fed-batch with two-stage fermentation 
using 40 g/l of glycerol for the growth 
phase followed by the production phase 
maintaining 3 g/l of methanol 

5.6 g/l [39] 

α-alkenes P. pastoris ΔFAA; 
Heterologous expression of UndB 

Methanol Shake flask containing 20 g/l methanol in 
MM 

1.6 mg/l [36] 

Monacolin J P. pastoris Expression of monacolin J and lovastatin 
biosynthesis pathway; distribution of the 
pathway in two strains to use as co-cultures 

Methanol and 
glycerol 

Fed-batch with initial growth using 
glycerol followed by methanol induction 

593.9 mg/l [29] 

Lovastatin P. pastoris Expression of lovastatin biosynthesis pathway; 
distribution of the pathway in two strains to use 
as co-cultures 

Methanol and 
glycerol 

Fed-batch with initial growth using 
glycerol followed by methanol induction 

250.8 mg/l [29] 

Malic acid P. pastoris Introduction of malic acid producing genes Methanol Fed-batch fermentation using methanol 
and yeast extract in MM 

2.79 g/l [41] 

Glutathione H. polymorpha 
DL-1 

Overexpression of GSH2 and MET4 Methanol Fed-Batch using methanol in MM 250 mg/l [134] 

Lycopene P. pastoris Heterologous expression of genes encoding crtB, 
crtE, and crtI; 
Overexpression of HMG1 

Glycerol and 
methanol 

Fed-batch fermenter using two-stage 
cultivation with initial growth on glycerol 
in BSM (Basal salt medium) followed by 
methanol induction 

714 mg/l [24] 

Nootkatone P. pastoris Heterologous expression of HPO, CPR, and 
valence synthase; 
Overexpression of ADH, HMG1 

Glucose and 
methanol 

Fed-batch fermenter, biphasic cultivation 
using glucose and methanol in BSM, the 
addition of dodecane overlay to prevent 
evaporation 

208 mg/l [25] 

Dammarenediol- 
II 

P. pastoris Heterologous expression of PgDDS; 
overexpression of ERG1; repression of ERG7 

Methanol and 
squalene 

BMMY media with 0.5% methanol 
supplementation every 24 h, Exogenous 
addition of squalene 

1.073 mg/g 
DCW 

[26]  
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2.3.1.2. Production of fatty acids and fatty acid-derived products from 
methylotrophic yeasts. Fatty acids are essential cellular components that 
can be used for the production of biofuels and chemicals. The main 
hindrance to the production of fatty acids or fatty acid-derived products 
from methanol is the toxicity of formaldehyde accumulated during 
growth in methanol. Additionally, fatty acids production requires a large 
supply of NADPH as an energy source. A comparison of P. pastoris and 
S. cerevisiae showed that NADPH/NADP+ levels were much higher in 
P. pastoris than in S. cerevisiae, making it an ideal host for the production 
of free fatty acids (FFA) and fatty acid derivatives [30]. 

Cai et al. showed that fatty acids can be overproduced from 
P. pastoris (up to 23.4 g/L) by increasing the flux to acetyl-CoA, diverting 
the flux towards fatty acid synthesis, and decreasing the accumulation of 
toxic formaldehyde. As a result, 23.4 g/L of FFA was produced from 
methanol in fed-batch fermentation using P. pastoris with a yield of 
0.078 g FFA/g methanol. The FFA-overproducing strain was further 
engineered to produce fatty alcohols; however, the titer of fatty alcohols 
was lower (2 g/L of methanol) than that of FFA. The lower production of 
fatty alcohols was attributed to the excretion of FFA, as approximately 
41% of FFA was transported outside the cells and recovered from the 
aqueous phase [30]. Similarly, disruption of the fatty acyl-CoA synthase 
gene (faa1) in O. polymorpha can produce 674 mg/L of FFA from glucose 
as the sole carbon source. However, this engineered strain was unable to 
grow on methanol as the sole carbon source, and the co-substrate of 
xylose and methanol enhanced methanol utilization, with a final titer of 
1.2 g/L of FFA in fed-batch fermentation [31]. Later, it was found that 
growth inhibition in methanol for Δfaa1 in O. polymorpha was associated 
with the enhanced toxicity of methanol and formaldehyde. By rescuing 
O. polymorpha from formaldehyde toxicity, the overexpressing PPP and 
gluconeogenesis pathway produced 15.5 g/L of FFA from methanol as a 
carbon source in two-stage fermentation with glycerol using 
O. polymorpha [32]. 

Methylotrophic yeasts have been widely used to produce fatty acid 
derivatives. Co-expression of genes is a useful strategy for expressing 
multiple genes involved in chemical biosynthesis. Ricinoleic acid is a 
long-chain hydroxyl fatty acid that has applications in the 
manufacturing industry. Heterologous co-expression of fatty acid hy-
droxylase and diacylglycerol acyl transferase has been used to produce 
495 μg/mL of ricinoleic acid in P. pastoris using methanol induction in 
two-stage fermentation [33]. Additionally, the co-expression of enzymes 
involved in the elongation of polyunsaturated fatty acids, such as 
Δ6-desaturase and Δ5-desaturase, produced C22 polyunsaturated fatty 
acids in P. pastoris [34]. Similarly, 697 mg/L γ-linoleic acid was pro-
duced under optimized fermentation conditions using H. polymorpha 
[35]. Long-chain α-alkenes are important chemicals that can be used in 
the production of lubricants and surfactants. In P. pastoris, the decar-
boxylation of fatty acids by the expression of UndB from Pseudomonas 
putida produced 1.6 mg/L of α-alkenes using methanol as the sole carbon 
substrate [36]. However, the titer of α-alkenes was lower than that of 
other fatty acid-derived products, probably because of the low speci-
ficity of the decarboxylase enzyme UndB [36]. 

2.3.1.3. Methylotrophic yeasts for pyruvate and TCA-derived products. To 
produce pyruvate or TCA cycle-derived products in methylotrophic 
yeasts, the expression of heterologous genes should be sufficiently high 
to compete with the natural pathways involved in biomass formation. 
Additionally, push and pull-up strategies must be employed to drive the 
flux toward the target product. However, the production of chemicals in 
methylotrophic yeasts usually suffers from a low copy number of het-
erologously expressed genes because the integration of these genes is 
usually employed to obtain the target recombinant strain [37]. By 
integrating the d-LDH encoding d-lactate dehydrogenase gene at the 
ribosomal DNA locus, the expression of d-LDH in P. pastoris was 
enhanced to produce d-lactic acid from pyruvate. Additionally, by 
adjusting the copy number of d-LDH and culture optimization for the 

recombinant strain produced 3.48 g/L d-lactic acid was produced using 
methanol as the carbon substrate in 96 h [38]. Similarly, P. pastoris was 
engineered to produce β-alanine via the expression of L-asparta-
te-α-decarboxylases (ADCs) from B. subtilis, and its copy number was 
optimized to enhance the expression of ADCs. Additionally, enhancing 
the precursor supply from aspartate produced 5.6 g/L β-alanine using 
methanol as the carbon substrate [39]. Similarly, Zhang et al. used 
multicopy integration to obtain a high expression of genes encoding 
pyruvate decarboxylase, fumarase, and malate dehydrogenase in 
P. pastoris. Using glycerol as the initial substrate and adding 0.5% 
methanol every 12 h produced 0.47, 9.42, and 42.28 g/L of Fumaric, 
succinic, and malic acid, respectively [40]. Later, Guo et al. showed that 
redistributing the flux towards malic acid and blocking the key module 
of the XuMP pathway in P. pastoris can produce 2.79 g/L of malic acid 
when methanol is the sole carbon substrate [41,42]. 

2.3.2. Production of fuels and chemicals using methylotrophic bacteria 
Methylotrophic bacteria usually have a higher growth rate on 

methanol as the sole carbon source than methylotrophic yeasts. Many 
products can be produced through the metabolic engineering of 
different methylotrophic bacteria by targeting the main formaldehyde 
assimilation pathways (serine and RuMP pathways). Additionally, the 
downstream pathways for formaldehyde assimilation vary among 
different methylotrophic bacteria, which enhances the product range 
compared with methylotrophic yeasts. However, extensive metabolic 
engineering of methylotrophic bacteria is required to produce high titers 
of the target products (Table 3). In this section, we review metabolic 
engineering strategies for the production of valuable chemicals using 
natural methylotrophic bacteria. 

2.3.2.1. Production of amino acids and amino acids-derived products. 
Among methylotrophic bacteria, B. methanolicus has been widely used 
for the production of amino acids such as lysine, threonine, glutamate, 
and serine because of its higher growth rate on methanol as the sole 
carbon source. In B. methanolicus, genes for methanol assimilation are 
present on the plasmid and can be upregulated to enhance the growth 
rate. Brautaset et al. showed that by overexpressing pyruvate carbox-
ylase and repressing the competing pathway for glutamate synthesis, L- 
lysine could be overproduced (65 g/L titer) by B. methanolicus when 
methanol-fed batch fermentation was used. Additionally, in the same 
study, repression of homoserine dehydrogenase genes caused signifi-
cantly elevated glutamate production (69 g/L titer) from methanol [42]. 
M. extorquens can naturally produce serine from glycine; thus, this 
methylotrophic bacterium is a suitable host for serine production. 
However, metabolic engineering for the high production of serine from 
the living cells of M. extorquens would decrease the growth of this 
methylotrophic bacterium, because serine is a crucial component for 
formaldehyde assimilation. Therefore, resting cells of M. extorquens 
were used by Siriote et al. to produce 54.5 g/L of L-serine from glycine 
and methanol. However, the yield of serine from methanol was low 
(8.3%), probably because of the higher activity of MDH compared to 
transhydroxymethylase in resting cells [43]. 

Amino acids produced by methylotrophic bacteria can be further 
utilized to produce different products using heterologous pathways. For 
example, Naerdal et al. produced 11.3 g/L of cadaverine from a lysine- 
overproducing strain of B. methanolicus by expressing the lysine decar-
boxylase gene along with media optimization using methanol as the sole 
carbon substrate [44]. Brito et al. screened different pathways for the 
production of 5-Aminovelerate (5-AVA) using a recombinant strain of 
B. methanolicus and showed that 5-AVA can be produced either by the 
expression of 2-monooxygenase and 5-aminovaleramidase from L-lysine 
or by the expression of putrescine and 5-aminopentanal dehydrogenase 
from cadaverine. 5-AVA production was enhanced to 0.02 g/L by uti-
lizing the two above-mentioned pathways from the recombinant strain 
of B. methanolicus using methanol as the sole carbon source [45]. 
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Table 3 
Production of fuels and chemicals using native or synthetic methylotrophic bacteria.  

Product Strain Methanol 
assimilation 
pathway 

Metabolic engineering strategy Substrate Culture condition Product titer/yield Ref. 

Native methylotrophic bacteria 

L-glutamate B. methanolicus RuMP Δhom-1 Methanol Fed-batch fermentation with automatic control 
for methanol feeding 

32 g/l [42] 

Methanol and 
methionine 

Fed-batch fermentation with automatic control 
for methanol along with methionine feeding 

69 g/l 

L-lysine B. methanolicus RuMP NOA2 mutant strain Methanol and 
amino acids 

Fed-batch fermentation with automatic control 
for methanol supply; supplementation of 
threonine, lysine, and methionine 

65 g/l [42] 

Cadaverine B. methanolicus RuMP Heterologous expression of cadA and ldcC; overexpression of 
l-lysine synthesis pathway 

Methanol Fed-batch fermentation using methanol as the 
sole carbon source 

11.3 g/l [44] 

5-AVA B. methanolicus RuMP Expression of 5-AVA biosynthesis pathway from cadaverine 
and l-lysine 

Methanol Shake flask cultures using methanol as the sole 
carbon source 

23.7 mg/l [45] 

Methanol 
andcadaverine 

Shake flask cultures using methanol along with 
supplementation of cadaverine 

77 mg/l 

GABA B. methanolicus RuMP Heterologous expression of gadSt and gadB Methanol Fed-batch fermentation employing a pH shift 
from 6.5 to 4.6 using methanol as the sole carbon 
source 

9 g/l [46] 

Acetoin B. methanolicus RuMP Heterologous expression of alsSD operon, overexpression of 
malic enzyme, and isocitrate lyase 

Methanol Shake flask using methanol as the carbon source 0.42 g/l [57] 

2-HIBA M. extorquens AM1 Serine cycle Expression of B12-dependent mutases Methanol Fed-batch fermentation using methanol as the 
sole carbon source under nitrogen-limiting 
conditions 

2.1 g/l [53] 

α-humulene M. extorquens AM1 Serine cycle Heterologous expression of α-humulene synthase and FFP; 
heterologous expression of the mevalonate pathway 

Methanol Fed-batch fermentation using methanol as the 
sole carbon source, cumate as inducer, and 
dodecane as an organic overlay 

1.65 g/l [64] 

Itaconic acid M. extorquens AM1 Serine cycle Heterologous expression of cis-aconitic acid decarboxylase; 
repression of phaR 

Methanol Fed-batch fermentation using methanol as the 
sole carbon source 

31.6 mg/l [56] 

Violacein M. extorquens AM1 Serine cycle Heterologous expression of operon VioABCDE followed by 
random mutagenesis 

Methanol Shake flask cultures using methanol as the sole 
carbon source 

67.8 mg/l [65] 

Methanol and 
acetate 

Shake flask cultures using methanol and acetate 118 mg/l 

Mesaconic acid M. extorquens AM1 Serine cycle Expression of yciA (thioestrase) Methanol Shake flask using methanol as the sole carbon 
source 

70 mg/l [54] 

3-Hydroxypropionic 
acid 

M. extorquens AM1 Serine cycle Heterologous expression of mcr; enhancing the expression by 
promoter optimization and multicopy expression of mcr 

Methanol Shake flask using methanol as the sole carbon 
source 

69.8 mg/l [58] 

Mevalonate M. extorquens AM1 Serine cycle Construction of mevalonate biosensor along with 
mevalonate biosynthesis pathway 

Methanol Fed-batch fermentation using methanol as the 
sole carbon source 

2.67 g/l [61] 

Crotyl diphosphate M. extorquens AM1 Serine cycle Expression of THKM82V, IPK and ADH2 Methanol and 
crotonol 

Shake flask using methanol along with 
supplementation of exogenous crotonal 

0.60 μg/mL [135] 

Crotonic acid M. extorquens AM1 Serine cycle Heterologous expression of isocitrate lyase and malate 
synthase for activation of the glyoxylate shunt, deletion of 
EMC pathway genes 

Methanol Shake flask using methanol as the sole carbon 
source 

Growth defects on 
sole methanol 

[55] 

Acetate Shake flasks using initial growth on acetate; 
supplementation of 3-nitropropionate to repress 
glyoxylate shunt during production phase on 
acetate 

0.2 mg/l 

PHB M. extorquens sp. K. Serine cycle N/A Methanol Fed-batch fermentation using methanol as the 
sole carbon source under nitrogen and mineral 
salt-deficient conditions 

136 g/l; 66% of 
total DCW 

[49] 

P(3HB-co-3HV-co- 
3HHX) 

M. extorquens AM1 Serine cycle Deletion of native phaC, heterologous expression of phaC 
from Aeromonas cavaie, overexpression of β-ketothiolase and 
acetoacetyl-CoA reductase 

Methanol Fed-batch fermentation using methanol as the 
sole carbon source under cobalt-deficient 
conditions 

43.6% of DCW [136] 

(continued on next page) 
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Table 3 (continued ) 

Product Strain Methanol 
assimilation 
pathway 

Metabolic engineering strategy Substrate Culture condition Product titer/yield Ref. 

Native methylotrophic bacteria 

PHB M. extorquens AM1 Serine cycle N/A Methanol Fed-batch fermentation with controlled methanol 
supplementation (0.01 g/l) in minimal media 

46% of DCW [48] 

P(3HB-co-3HV) Methylobacterium 
sp. GW2 

Serine cycle N/A Methanol and 
valerate 

Fed-batch fermentation using 0.5% methanol as 
carbon source; supplementation of valerate 

30% of DCW [50] 

Synthetic methylotrophic bacteria 
Succinic Acid E. coli RuMP Heterologous expression of NAD-dependent MDH; 

heterologous expression of RuMP pathway 
Glucose and 
methanol 

Fed-batch fermentation using 100 g/l glucose and 
6.4 g/l methanol. Methanol was used as an 
auxiliary substrate 

68.75 g/l, 1.45% 
carbon derived 
from methanol 

[113] 

Ethanol E. coli Modified Serine 
cycle 

Deletion of aceB, gcvP, glcB, frdB, ldhA, gcl, expression of the 
modified serine cycle, expression of the ethanol production 
pathway 

LB, methanol, and 
xylose 

Shake flask using LB medium supplemented with 
30 mM xylose and 200 mM methanol 

36.3 mM, 33.8% of 
carbon derived 
from methanol 

[117] 

Acetate E. coli Modified Serine 
cycle 

ΔaceB, ΔgcvP, ΔglcB, ΔfrdB, ΔldhA, Δgcl, expression of 
modified serine cycle, expression of the ethanol production 
pathway 

LB, methanol, and 
xylose 

Shake flask using LB medium supplemented with 
30 mM xylose and 200 mM methanol 

37 mM, 27.2% of 
carbon derived 
from methanol 

[117] 

1-butanol E. coli RuMP Δrpe, ΔrpiAB, expression of NAD-dependent MDH, Hps, and 
Phi followed by adaptive evolution, expression of the 1- 
butanol production pathway 

Xylose and 
methanol 

Fed-batch fermentation using 87 mM of methanol 
and 100 mM of xylose 

2.0 g/L, 71% of 
carbon derived 
from methanol 

[137] 

Acetone E. coli RuMP Δpgi, ΔfrmA, 
Expression of MDH, Hps, and Phi, 
Expression of non-oxidative pentose phosphate pathway; 
expression of acetone formation pathway 

Glucose and 
methanol 

Fed-batch fermentation using 260 mM glucose 
and 38.3 mM methanol 

45.0 mM, 3.6% of 
carbon derived 
from methanol 

[75] 

E. coli  Δpgi, ΔrpiAB, Δedd, ΔfrmA, expression of RuMP pathway 
followed by ALE 

Glucose and 
methanol 

Fed-batch fermentation using 36 g/l glucose and 
500 mM methanol 

1 g/L, 22% of 
carbon derived 
from methanol 

[138] 

Cadaverine C. glutamicum RuMP Δald, Δfdh; heterologous expression of NAD-dependent 
MDH, Hps, and Phi 

Ribose and 
methanol 

Shake flask using 20 mM ribose and 200 mM 1.5 g/l, 15% of 
carbon derived 
from methanol 

[119] 

Naringenin E. coli RuMP Expression of NAD-dependent Mdh fromBacillus 
stearothermophilus, Expression of Hps and Phi from B. 
methanolicus, Expression of Coumaroyl CoA ligase and 
Chalcone synthase  

Co-utilization of methanol and yeast extract 3.5 mg/L 18% of 
carbon derived 
from methanol 

[139] 

D-allulose E. coli RuMP Coupling of allulose monophosphate, RuMP, and PPP Xylose and 
methanol 

Fed-batch fermenter using 102 mM xylose and 97 
mM methanol in the presence of yeast extract and 
tryptone 

0.512 mM d- 
allulose/mM 
methanol 

[116] 

Succinic Acid E. coli RuMP Expression of methanol dissimilation pathway along with 
RuMP pathway 

Glucose, 
methanol, and 
formate 

Fed-batch using 50 g/l glucose, 2 g/l formate, and 
200 mM methanol. Methanol and formate were 
used as auxiliary substrates 

63.42 g/l [114]  
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However, the production of amino acid-derived chemicals is far below 
that of the precursor amino acid itself, because of the high flux of 
competing pathways. Irla et al. took advantage of glutamate production 
from methanol to produce 9 g/L γ-aminobutyric acid by expressing 
glutamate decarboxylase genes in B. methanolicus using two-stage fed--
batch methanol fermentation [46]. 

2.3.2.2. Methylotrophic bacteria for the production of EMC-derived 
products. PHB can naturally accumulate in M. extorquens AM1 strains 
as a storage material using EMC pathway intermediates, and its pro-
duction is enhanced under nitrogen-limiting conditions [47]. Although 
M. extorquens AM1 has been used for the production of PHB [48], the 
highest recorded production of PHB was from the M. extorquens K strain, 
which produced 160 g/L of PHB (66% of dry cell weight) in an auto-
mated fed-batch fermenter under nitrogen-limiting conditions [49]. 
Similarly, using methanol as the sole carbon source under 
cobalt-deficient conditions, the accumulation of p (3-hydroxybutyr-
ate-co-3-hydroxy valerate) P (3HBco3HV) was observed in M. extorquens 
AM1 [47]. Furthermore, Methylobacterium sp. GW2 strain accumulated 
40% of the PHB when methanol was the sole carbon source and was able 
to accumulate P (3HBco3HV) upon the addition of valeric acid to the 
culture media [50]. However, the titer of PHB and co-polymers is even 
lower than that of industrial horse E. coli, which cannot naturally pro-
duce PHB. Recombinant E. coli strains have been shown to produce up to 
80% PHB using glucose as the carbon and energy source [51]. The lower 
production of PHB in methylotrophic bacteria is associated with the fact 
that the EMC pathway plays a major role in the production of cell 
biomass from methanol, and the production of competing metabolites 
must be repressed to further enhance PHB production. 

Since PHB production in M. extorquens AM1 proceeds via the EMC 
pathway, the production of EMC-derived chemicals from M. extorquens 
AM1 is also a suitable option because of the overflow of the EMC 
pathway, especially under nutrient-deficient conditions. As many genes 
involved in methanol metabolism are upregulated during the accumu-
lation of PHB in M. extorquens AM1, the production of EMC-derived 
chemicals other than PHB requires strong expression of the target 
genes to outperform competing PHB production, as downregulation of 
the EMC pathway or PHB production can affect methanol metabolism 
[52]. Rohde et al. expressed a mesophilic B12-dependent acyl-CoA 
mutase enzyme in M. extorquens AM1 and channeled 3-hydroxybutyryl--
CoA to 2-hydroxybutyric acid (2-HIBA). The resulting strain produced 
2.1 g/L of 2-HIBA in a fed-batch fermenter with methanol as the sole 
carbon source [53]. In addition, EMC pathway-derived carboxylic acids 
were produced by the expression of different thioesterases in 
M. extorquens AM1. Sonntag et al. produced 70 mg/L mesaconic acid and 
60 mg/L methylsuccinic acid from methanol using a recombinant strain 
of M. extorquens AM1 [54]. Another strategy for producing EMC-derived 
products from M. extorquens using methanol is to use a downstream 
formaldehyde assimilation pathway other than EMC. To enhance the 
titer of EMC-derived products, an alternative glyoxylate shunt pathway 
was constructed as the primary pathway for cell growth in M. extorquens 
AM1. The strain was able to grow on acetate as a carbon source using an 
alternative glyoxylate shunt pathway instead of the EMC pathway; se-
vere growth defects were observed in methanol due to low expression of 
MDH in the recombinant strain, indicating the importance of the EMC 
pathway for methanol metabolism in M. extorquens AM1 [55]. 

2.3.2.3. Methylotrophic bacteria for pyruvate and TCA-derived products. 
The presence of a downstream TCA cycle in methylotrophic bacteria 
provides an opportunity for the production of TCA-derived chemicals 
using methanol as the sole carbon source. TCA cycle in M. extorquens 
AM1 was exploited for itaconic acid production by expressing a codon- 
optimized cis-aconitic acid decarboxylase gene. However, only 31.6 mg/ 
L of itaconic acid, with productivity of 0.056 mg/L/h, was produced 
using the engineered strain from methanol as the sole carbon source. 

Further attempts to increase the metabolic flux towards the TCA cycle by 
obstructing PHB production failed to enhance itaconic acid production. 
Transcriptomic analysis revealed that many genes involved in methanol 
metabolism are derived from the PHB accumulation pathway, and 
disruption of the PHB pathway leads to the rewiring of methanol 
metabolism in M. extorquens AM1 [56]. Drejer et al. produced 0.26 g/L 
of acetoin from methanol by integrating acetoin synthesis genes into 
B. methanolicus. The titer of acetoin was enhanced to 0.42 g/L by 
enhancing the flux towards pyruvate with the overexpression of malic 
enzyme and isocitrate lyase with a yield of 0.07 g acetoin/g methanol 
[57]. To demonstrate the feasibility of M. extorquens AM1 for the pro-
duction of acetyl-CoA-derived products, the malonyl-CoA reductase 
gene was integrated into M. extorquens AM1 to produce 3-hydroxypro-
pionic acid. However, because of the conversion of 3-HP to 
propionyl-CoA (an important metabolite of the EMC pathway), only 
69.8 mg/L of 3-HP was produced by the recombinant strain of 
M. extorquens AM1 [58]. Zhu et al. introduced the mevalonate synthesis 
pathway, wherein optimized expression of acetoacetyl-CoA thiolase 
(phaA) produced 215 mg/L and 2.22 g/L of mevalonate in shake flasks 
and fed-batch fermenters, respectively, from M. extorquens AM1 [59]. 
In another study, genes encoding trans-enoyl-CoA reductase and alcohol 
dehydrogenase were heterologously expressed along with EMC croto-
nase to produce 15.1 mg/L of 1-butanol using ethylamine as a substrate 
[60]. However, the low amount of acetyl-CoA is a bottleneck in the 
production of acetyl-CoA-derived products. The acetyl-CoA amount was 
enhanced by 7% with the help of a transcriptional regulator, which led 
to the production of 2.67 g/L mevalonate from M. extorquens using 
methanol as the sole carbon source; however, this titer is still far below 
the industrial requirement [61]. 

2.3.2.4. Other chemicals produced by methylotrophic bacteria. 
M. extorquens AM1 has a natural methylerythritol-4-phosphate (MEP) 
pathway for the production of secondary metabolites, such as caroten-
oids [62]; however, the production of secondary metabolites in the MVA 
pathway is superior [63]. The EMC pathway of M. extorquens AM1 was 
exploited for the production of sesquiterpenoids by Sonntag et al. using 
heterologous expression of the MVA pathway, starting from the 
acetoacetyl-CoA of the EMC pathway. Heterologous expression of 
codon-optimized α-humulene synthase, farnesyl pyrophosphate, and the 
MVA pathway produced 1.65 g/L of α-humulene from the 
carotenoid-deficient strain of M. extorquens AM1 when methanol was 
the sole carbon source during fed-batch fermentation [64]. Hoa et al. 
demonstrated violacein production in the shikimate pathway of 
M. extorquens AM1 by expressing the violacein synthesis genes. Random 
mutagenesis of the recombinant strain increased flux from phospho-
enolpyruvate (PEP) to the shikimate pathway by condensing PEP with 
erythrose-4-phosphate. It was shown that acetate can be a suitable 
substrate along with methanol to increase the shikimate 
pathway-derived products. Moreover, 118 mg/L violacein was produced 
from a recombinant strain of M. extorquens AM1 using acetate and 
methanol as carbon substrates [65]. 

2.3.3. Recombinant protein production using methylotrophs 
Owing to the availability of a strong methanol-inducible promoter 

(AOX) of the alcohol oxidase (AOD) gene, P. pastoris has been exploited 
for the expression and production of foreign proteins [66] (Table 4). In 
addition, using an AOX promoter, a large number of proteins can be 
secreted extracellularly, which simplifies the purification step. The AOX 
promoter can be repressed by glucose, but its expression is not repressed 
in the presence of glycerol [67]. Additionally, the AOX promoter showed 
higher expression in the presence of methanol; however, above a certain 
limit (3.65 g/dm3), methanol was toxic to cells, mainly because of the 
formation of formaldehyde, which inhibits growth and lowers the 
product titer. Although the specific production rate should increase at 
higher concentrations of methanol, owing to the toxic nature of 
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methanol-derived metabolites, the highest production rate was achieved 
at much lower concentrations. Therefore, the strategy for the production 
of proteins from methylotrophic yeasts usually includes initial growth 
on glycerol as a carbon source to produce higher biomass, followed by 
the use of methanol to express or induce the recombinant protein via the 
AOX promoter. This two-stage fermentation strategy can produce up to 
400 g/L of dry cell weight (DCW), which can ultimately increase pro-
ductivity based on higher biomass [68]. 

The hepatitis B vaccine, based on the hepatitis B surface antigen 
(HbsAg), is produced from P. pastoris on an industrial scale [66]. 
Traditional fermentation for HbsAg includes high initial biomass 
fermentation using glycerol in batch or fed-batch mode with subsequent 
induction with methanol. Heat dissipation and O2 transfer are major 
challenges faced in industrial fermentation for HbsAg production. To 
overcome these issues, Rahimi et al. developed a continuous 
chemostat-based fermentation process to produce HbsAg from P. pastoris 
and enhanced the volumetric productivity of HbsAg to 1.699 mg HbsAg 
g/L/h, which is higher than the 1.38 mg HbsAg g/L/h in the traditional 
fermentation [69]. P. pastoris can use different substrates for growth, 
such as glucose, mannitol, glycerol, or methanol. Although glucose is 
thought to repress the expression of AOX1, it has been shown that 
co-utilizing glucose and methanol can produce 1.4 times more biomass 
than using methanol alone. This strategy was used to produce trypsin-
ogen from a recombinant strain of P. pastoris [67]. However, using 
methanol and sorbitol as co-substrates, the product formation rate was 
higher, but a lower cell density was achieved [70]. Therefore, to achieve 
the production of recombinant proteins from methylotrophic yeasts, 
process optimization needs to be considered in two-stage fermentation, 
and should be balanced in such a way that higher biomass and product 
can be produced simultaneously. 

Although two-stage fermentation is usually used for the production 
of recombinant proteins from P. pastoris, the processing time for two- 
stage fermentation is between 100 h and 150 h, which increases the 
production cost at the industrial level. To reduce production time, a 
single-phase xylanase production process was conducted using 

methanol as the only substrate. Xylanase production was 1.16 g/L after 
48 h using the single-phase process, which was higher than that of 
traditional two-phase fermentation. Additionally, most of the xylanase 
was excreted into the supernatant; however, using methanol as the sole 
carbon source produced less biomass (up to 34 g/L of total DCW) than 
two-stage fermentation [71]. 

Similarly, methylotrophic bacteria, such as M. extorquens, have also 
been used to produce recombinant proteins in fed-batch fermenters. 
Green fluorescent protein (GFP) production was achieved with a yield of 
0.33 g/g methanol using M. extorquens containing the heterologous 
expression of GFP [72]. Similarly, Enterocin P (EntP), a bacteriocin, was 
produced from M. extorquens by heterologous expression of the EntP 
gene from Enterococcus faecium P13 using methanol as the sole carbon 
source [73]. However, the production of recombinant proteins from 
M. extorquens is much lower than that of its methylotrophic yeast 
counterpart. The lower production of proteins from M. extorquens can be 
attributed to either a decrease in cell growth due to the lower cell 
metabolism capability during the production of recombinant proteins or 
the accumulation of storage compounds such as PHB using the carbon 
derived from methanol oxidation [72]. 

2.4. Limitations of native methylotrophs and their solutions for the 
production of fuels and chemicals 

Although methanol is a cheap substrate compared to other sugar- 
based substrates, a methanol-based biorefinery can only be achieved if 
the product titer or productivity from the native methylotrophic strains 
meets industrial requirements. The assimilation of methanol to biomass 
at the formaldehyde oxidation level in the RuMP pathway proceeds at 
rates equal to biomass generation by sugar substrates such as glucose. 
However, the complex and interdependent pathways in native methyl-
otrophs make it difficult to divert the flux toward product formation [7]. 
In this section, strategies for overcoming the limitations of native 
methylotrophic strains in methanol assimilation and metabolism are 
discussed. 

Table 4 
Recombinant Protein production using methylotrophs.  

Protein Strain Methanol 
assimilation 
pathway 

Metabolic engineering 
strategy 

Substrate Culture condition Product 
titer 

Ref. 

Methylotrophic Yeasts 

Hepatitis B surface 
antigen (HBsAg) 

P. pastoris XuMP Expression of HBsAg under 
AOX1 promoter 

Methanol 
and glycerol 

Chemostat fermentation using 
glycerol to obtain high cell density 
followed by methanol induction 

187.71 
mg/l 

[69] 

Trypsinogen P. pastoris XuMP Expression of porcine 
trypsinogen using AOX1 
promoter 

Methanol 
and glucose 

Continuous chemostat fermentation 
using glucose and methanol 

210 mg/l [67] 

Cellulase P. pastoris XuMP TrCBH2 encoding cellulase 
under DES promoter 

Methanol 
and glycerol 

Two-stage Fed-batch fermentation 
using glycerol to obtain high cell 
density followed by methanol 
induction 

18 g/l [140] 

Human serum 
albumin (HSA) 

P. pastoris XuMP Expression of Hsa gene 
under AOX1 promoter 

Methanol 
and glycerol 

Two-stage fed-batch fermentation 
using glycerol for growth followed by 
methanol induction for 96 h 

8.86 g/l [141] 

P. pastoris (ALE-based 
methanol tolerant 
strain) 

XuMP Expression of Has gene 
under AOX1 promoter in 
Adapted strain 

Methanol 
and glucose 

Two-stage fed-batch fermentation 
using glucose for growth followed by 
methanol induction for 48 h 

350 mg/l [142] 

Plectasin P. pastoris XuMP Expression of gene 
encoding plectasin 

Methanol 
and glycerol 

Two-stage fed-batch fermentation 
using glycerol for growth followed by 
methanol induction for 120 h 

748.6 
μg/ml 

[143] 

Xylanase P. pastoris XuMP Heterologous expression of 
xyn11A under AOX1 
promoter 

Methanol Fed-batch using methanol as the sole 
carbon source 

1.16 g/l [71] 

Methylotrophic bacteria 
Green fluorescent 

protein (GFP) 
M. extorquens AM1 Serine cycle Heterologous expression of 

GFP under mxaF promoter 
Methanol Fed-batch using methanol as sole 

carbon source 
4 g/L [72] 

Enterocin P M. extorquens AM1 Serine cycle Heterologous expression of 
EntP under mxaF promoter 

Methanol Shake flask using CHOI-medium 
containing methanol as sole carbon 
source 

155 ng/ 
ml 

[73]  
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2.4.1. The balance between the pathways during methanol assimilation 
must be tightly regulated 

Methanol assimilation in native methylotrophs requires a balance 
between methanol oxidation, formaldehyde assimilation, and the con-
version of formaldehyde to biomass precursors, such as acetyl-CoA or 
pyruvate. In native methylotrophs, formaldehyde assimilation, and 
methanol oxidation are tightly regulated along with other metabolic 
pathways, such as glycolysis, PPP, and the ED pathway [4]. An imbal-
ance among these pathways can result in a shortage of precursors for the 
serine, RuMP, or XuMP pathways, causing lower formaldehyde assimi-
lation. This imbalance can also lead to a shortage of biomass precursors 
such as pyruvate or acetyl-CoA and energy precursors such as NADH. A 
similar balance is required for formaldehyde assimilation and dissimi-
lation pathways to generate energy for methanol oxidation and to avoid 
the accumulation of toxic formaldehyde. During the EMC cycle of 
M. extorquens AM1, it has been shown that the growth of methanol and 
balance between the growth and oxidation of methanol is maintained at 
the EMC level by the regeneration of glyoxylate from acetyl-CoA [74]. 
Therefore, metabolic engineering strategies for native methylotrophic 
organisms must be finely tuned to avoid growth defects in methanol. 

One strategy to enhance methanol assimilation via formaldehyde 
fixation is to increase the precursors of formaldehyde assimilation in the 
respective metabolic pathways. For example, the expression of non- 
oxidative PPP has been proven useful in enhancing the regeneration of 
precursors in the RuMP pathway [75]. Because more precursors are 
available to fix formaldehyde via the RuMP pathway, the flux towards 
the assimilation of formaldehyde would be greater than that towards the 
dissimilation pathway. Alternatively, formaldehyde-inducible pro-
moters or biosensors can be used to enhance precursor regeneration 
[76]. Substrate channeling is another strategy for enhancing the flux 
towards the required metabolites to increase the target product or 
methanol metabolism [77]. The scaffold-based assembly of key enzymes 
involved in methanol assimilation, such as MDH, FDH, 6-phosphofructo-
kinase, transketolase, and FBP aldolase, can be useful for obtaining 
higher biomass and enhancing methanol utilization in native methylo-
trophs [78]. 

2.4.2. Overcoming the carbon and energy loss during methanol assimilation 
The major methanol assimilation pathways described above have 

both advantages and disadvantages. For example, the production of 
pyruvate through the serine cycle is higher (0.5 mol/mol methanol); 
however, this pathway consumes 1 mol ATP/mol methanol. In contrast, 
in the RuMP and XuMP pathways, one-carbon loss occurs during the 
formation of acetyl-CoA using DHAP as an intermediate. As a result, 
these pathways produce less pyruvate than the serine cycle. However, 
RuMP and XuMP are known to be energy-conservative pathways that 
can generate ATP (0.33 mol ATP/mol methanol in RuMP; 0.66 mol ATP/ 
mol methanol in XuMP) [6]. NADH molecules produced during the 
dissimilation pathway of methanol metabolism drive energy by con-
verting it to ATP via oxidative phosphorylation. Although the dissimi-
lation pathway of methanol oxidation supplies energy, carbon loss in the 
form of CO2 is a major hurdle in the development of native methylo-
trophs for fuel and chemical production. A recent study showed that CO2 
generated by the dissimilation pathway in M. extorquens AM1 is fixed by 
carboxylases present in the EMC cycle. 13C labeling confirmed that 
approximately 50% of the carbon in PHB originated from CO2 [74]. 
According to stoichiometric Equation (5), approximately 38% of the 
carbon in PHB is lost in the form of CO2 whereas 62% of the carbon is 
used for cell biomass. Additionally, approximately 0.85 g of O2 is 
required to oxidize 1 g of methanol [21]. However, it has been reported 
that approximately 50% of carbon is lost during the dissimilation 
pathway for growth on methanol [79]. In addition, the dissimilation of 
formaldehyde has been shown to increase in fermenter studies, which 
poses another limitation for upgrading the process. For example, stoi-
chiometric model-based analysis of P. pastoris showed that only 18% of 
the methanol used was dissimilated by yeast cells in shake flask cultures, 

whereas this value could reach 70–80% in fed-batch fermentation [80, 
81]. 

Therefore, theoretically, the flux towards the assimilation of form-
aldehyde needs to be enhanced to efficiently utilize methanol for cell 
biomass. However, the dissimilation pathway in native methylotrophs is 
considered the main source of energy in the form of NADH, and its 
knockout has been associated with impaired growth in native methyl-
otrophic organisms [82]. This is because the genes involved in the TCA 
cycle are downregulated in native methylotrophs when methanol is the 
sole carbon source, and depending on the microorganism, EMC, ED, or 
EMP are the major pathways for biomass generation [83]. Therefore, a 
suitable option to prevent carbon loss in the form of CO2 is to construct 
CO2 fixation pathways, such as CBB, to produce cell biomass from the 
released CO2 by native methylotrophs (Fig. 4C). Recently, Gassler et al. 
constructed a Calvin Benson Bassham cycle (CBB) in P. pastoris that 
enabled the utilization of CO2 in the recombinant strain. However, at 
least eight genes need to be expressed in P. pastoris to create a functional 
CBB cycle, followed by the deletion of AOX1, DAS1, and DAS2 along 
with adaptive laboratory evolution (ALE). The resulting P. pastoris strain 
was able to grow on CO2 as the sole carbon source with a maximum 
growth rate of 0.018 h− 1; however, methanol growth was hampered by 
the deletion of key enzymes involved in methanol metabolism [84]. In 
another attempt, the CBB cycle was constructed in M. extorquens AM1 to 
produce biomass using CO2 as the sole carbon source. However, a fully 
autotrophic strain was not obtained, and regeneration of energy from 
methanol was used to produce higher cell biomass in CO2 and methanol 
co-feeding [85]. These results show that autotrophic growth can be 
achieved in native methylotrophic strains, which can be exploited as 
functional auto-methylotrophic microorganisms capable of producing 
biomass from methanol and CO2 simultaneously (Fig. 4D). However, it is 
important to consider that the fixation of CO2 into the CBB cycle can 
deprive cells of the energy required to maintain methanol fixation in 
formaldehyde. To overcome this energy requirement, the co-utilization 
of substrates (Fig. 4B) such as xylose and methanol can be a fruitful 
strategy for the development of hetero-auto-methylotrophs. In addition, 
because sugar carbon sources use the TCA cycle as the main cycle for 
biomass formation, the utilization of sugar substrates in engineered cells 
with an enhanced TCA cycle can be applied. Thus, the TCA cycle pro-
duces biomass, whereas the other cycles of methanol/formaldehyde 
assimilation can be exploited for the target products. 

Nonetheless, NADH regeneration during the dissimilation pathway 
can be used to enhance the product titer. Schroer et al. showed that 
regenerating NADH by overexpressing FDH led to high production of 
butanediol in the whole cell system of P. pastoris [86]. Another option is 
to develop the RuMP pathway in M. extorquens AM1 to produce higher 
cell biomass along the serine cycle (Fig. 4A). It has been predicted that 
an approximately 33% biomass enhancement can be observed if both 
pathways are functional in M. extorquens; however, experimental data 
have led to an enhancement of 16% of the biomass [87]. 

2.4.3. Improving the catalytic properties of MDH to enhance the methanol 
oxidation 

One of the key restraints in the development of native methylotrophs 
for industrial-based production is the poor catalytic and thermodynamic 
characteristics of MDH. MDH is a reversible enzyme that converts 
methanol to formaldehyde and vice versa. However, the catalytic effi-
ciency of MDH for the conversion of formaldehyde to methanol is 1000- 
fold more than the conversion of methanol to formaldehyde [88]. In 
addition, the Gibbs free energy of NAD-dependent MDH for methanol 
oxidation is lower at higher temperatures, which is the probable reason 
for using PQQ-dependent MDH from mesophilic bacteria and AOD from 
methylotrophic yeasts [89]. To utilize methanol efficiently, traditional 
enzyme engineering of MDH is required to enhance the catalytic effi-
ciency of methanol-to-formaldehyde conversion (Fig. 4 E) [90]. 

Recently, an NAD-dependent variant was isolated from the Cupria-
vidus necator N-1 strain, which showed higher activity towards methanol 
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than the MDH of B. methanolicus. The activity of this enzyme was further 
improved by directed evolution, which increased the Kcat/Km value 6- 
fold compared with the MDH of B. methanolicus [91]. Engineering 
native methylotrophs with catalytically improved MDH should be 
considered to enhance the biomass and production of methanol. 

Enhancing the activity of MDH using activator proteins can also enhance 
methanol oxidation to formaldehyde [92]. However, the balance be-
tween formaldehyde assimilation and dissimilation must be considered 
to drive methanol oxidation in the cell biomass. One strategy involves 
the use of engineered MDH in native methylotrophs along with 

(caption on next page) 
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formaldehyde biosensors to drive formaldehyde assimilation. 

2.4.4. Low availability of electrons to drive metabolites during growth on 
methanol 

Native methylotrophs also do not produce metabolites at high levels, 
because of the unavailability of electrons to drive metabolite produc-
tion. In methylotrophic bacteria, the low availability of electrons arises 
because the electron transport chain tends to oxidize the reduced form of 
energy, such as NADH, for use in methanol oxidation, rather than 
permitting their accumulation to drive the production of metabolites. In 
contrast, the electrons produced in methylotrophic yeasts during the 
oxidation of methanol are directly transferred to O2 rather than passing 
through the electron chain, which results in reduced ATP production in 
methylotrophic yeasts due to methanol oxidation [7]. Additionally, as 
these electrons are readily used for the oxidation of methanol, a strategy 
needs to be developed that can readily divert these electrons toward 
product formation to increase the titer of energy-dependent products, 
such as fatty acids or higher alcohols. Recently, electron channeling has 
gained interest in the scientific community for increasing the titer of 
products [93]. This strategy can be employed in native methylotrophs to 
improve the electron availability for the target product. 

2.4.5. Formaldehyde toxicity needs to be overcome to enhance the 
methanol assimilation 

Methanol assimilation in native methylotrophs proceeds by formal-
dehyde as an intermediate, and the accumulation of formaldehyde 
negatively affects the cell structure; therefore, its assimilation is tightly 
regulated in native methylotrophs. Thus, the dissimilation of formal-
dehyde into CO2 may be a more favorable reaction than its assimilation, 
which generates energy. However, CO2 is not further used by the above- 
mentioned pathways to increase the biomass metabolites; rather, it is 
used only to generate energy for methanol oxidation. One suitable op-
tion is to screen for methylotrophs that are highly tolerant to methanol 
and formaldehyde. Guo et al. isolated a methylotrophic strain of Meth-
ylomonas sp. ZR1 can use methane or methanol as the sole carbon source 
and can utilize up to 35–40 g/L methanol. In addition, this strain is a 
native producer of C30 carotenoids, making it a suitable host for the 
production of isoprenoids from methanol [94]. Using formaldehyde 
transcriptional factors, B. methanolicus cells were made more tolerant to 
higher amounts of methanol, and the cell growth rate was improved by 
adding additional copies of the hps and phi genes [95]. Co-utilization of 
different substrates can also be employed to overcome formaldehyde 
toxicity in native methylotrophic strains. For example, it has been shown 
that methanol toxicity in Pichia methanolica arises because of formal-
dehyde rather than methanol toxicity, and formaldehyde toxicity can be 
overcome using glucose and methanol as co-substrates [96]. 

3. Construction of synthetic methylotrophs for methanol 
utilization 

Although native methylotrophs grow faster on methanol, owing to 
the underdeveloped genetic tools, the complex metabolic pathways and 
difficulties in controlling the metabolic flux towards the target product 
have led to the scientific community’s interest in synthetic methylo-
trophs for the production of biofuels and chemicals [97]. Synthetic 
methylotrophy involves the expression of methanol assimilation path-
ways/genes in industrial non-methylotrophic workhorses, such as E. coli 
and S. cerevisiae, to utilize these microbes as methanol-fixing microor-
ganisms. In this section, we review current progress in the development 
of synthetic methylotrophs. 

3.1. Heterologous expression of MDH for synthetic methylotrophs 

The most important enzyme for methanol assimilation in non-native 
methylotrophs is MDH, the heterologous expression of which has proven 
difficult owing to its lower kinetic properties. The choice of MDH for 
constructing synthetic methylotrophs varies from organism to organism; 
however, NAD-dependent MDHs have mostly been considered for the 
development of synthetic methylotrophs. For example, in the case of 
E. coli (a gram-negative bacterium), MDH from gram-negative 
M. extorquens AM1 initially seemed to be a desirable choice owing to 
its higher activity than other MDHs. However, MDH from M. extorquens 
is PQQ-dependent, and E. coli does not naturally produce the PQQ co- 
factor. Therefore, supplementation with PQQ cofactor is required, 
which is economically unsuitable. Additionally, approximately 15 
genes, including cytochrome CL or cytochrome C oxidase, are involved 
in methanol oxidation by PQQ-dependent MDH. However, in the case of 
NAD-dependent MDH from B. methanolicus, only one gene is required for 
MDH expression. Additionally, electrons can be directly used by E. coli 
without the requirement of any foreign electron transport chain [9,11]. 
However, the key issue in the expression of NAD-dependent MDH is the 
irreversible action of the enzyme, which favors the reduction of form-
aldehyde to methanol over its oxidation of methanol to formaldehyde. 
Although irreversible fixation of formaldehyde to H6P or F6P via the 
RuMP pathway provides the driving force for formaldehyde fixation, 
these downstream enzymes must be expressed at higher ratios (1:10 
MDH to HPS) to produce sufficient amounts of H6P. Substrate chan-
neling is the key strategy for pulling formaldehyde formation towards 
biomass by expressing the required enzymes in supramolecular assem-
blies or cascades [5]. 

Fig. 4. Strategies to enhance the methanol assimilation or biomass in native methylotrophic microorganisms. (A) Construction of RuMP pathway in serine cycle 
utilizing bacteria. The enzymes shown in red were heterologously expressed or overexpressed to make the functional RuMP pathway in M. extorquens AM1. The Solid 
arrow shows a single reaction while the dashed arrow shows multiple reactions. (B) Strategies for Co-utilization of sugar substrates such as glucose (gold color), 
glycerol (green color), or xylose (blue color) to convert RuMP utilizing methylotroph to hetero-methylotroph. The solid arrow shows a single reaction while the 
dashed arrow shows multiple reactions. (C) Strategy to convert methylotroph into autotroph by constructing CBB cycle in native methylotrophs. The methanol 
conversion to biomass can be blocked at formaldehyde or formate level in RuMP/XuMP or serine cycle utilizing microbe, respectively. In this way, methanol will be 
used to generate the energy while CO2 produced by the dissimilation pathway will be used to produce biomass. (D) Strategy to convert methylotroph into auto- 
methylotroph by constructing CBB cycle in native methylotrophs either using RuMP, XuMP, or serine cycle. The CO2 produced by the dissimilation pathway can 
be converted to biomass. The methanol will be converted to biomass and also will be used to generate energy. (E) Enzyme engineering of MDH to increase the 
formaldehyde formation from methanol. (F) Adaptive laboratory evolution of native methylotrophic microorganisms to increase methanol/formaldehyde tolerance 
and enhanced methanol assimilation. Enzymes abbreviations: Mdh, Methanol dehydrogenase; Hps, 3-hexulose-6-phosphate synthase; Phi, 6-phospho-3-hexuloiso-
merase; Pfk, 6-phosphofructokinase; G6dph, Glucose-6-phosphate dehydrogenase; GlpF, glycerol transporter; GlpK, glycerol kinase; GlpD, glycerol 3-phosphate de-
hydrogenase; GspA, glycerol 3-phosphate dehydrogenase; XylA, xylose isomerase; XylB, xylulose kinase; HK, hexokinase. Metabolite abbreviations: CH2––H4F, N5, 
N10-methylenetetrahydromethanopterin; CO2, Carbon dioxide; H6P, Hexulose-6-phosphate; F6P, Fructose-6-phosphate; FBP, Fructose 1,6-bisphosphate; DHAP, 
Dihydroxyacetone phosphate; GAP, Glyceraldehyde 3-phosphate; Ru5P, Ribulose 5-Phosphate; G6P, glucose-6-phosphate; 6-PG, 6-phosphogluconate; G3P, 
glyceraldehyde-3-phosphate; 2-PG, 2-phosphoglycerate; H4MPT, Tetrahydromethanopterin; H4F, tetrahydrofolate; Xu5P, Xylulose 5-phosphate; Gly3P, glycerol 3- 
phosphate; ADP, Adenosine diphosphate; ATP, Adenosine triphosphate, NAD(P)+, Nicotinamide adenine dinucleotide phosphate; NAD(P)H, reduced form of NAD 
(P)+; NAD+, Nicotinamide adenine dinucleotide; NADH, Reduced form of NAD+; 3PGA, 3-phosphoglycerate; RuBP, Ribulose 1,5-bisphosphate. 
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3.2. Heterologous expression of formaldehyde assimilation pathway in 
synthetic methylotrophs 

For formaldehyde assimilation into biomass using synthetic meth-
ylotrophs, the RuMP pathway is a suitable option, because most genes 
involved in formaldehyde assimilation by the RuMP pathway are pre-
sent in E. coli. These genes participate in glycolysis, ED, and PPP path-
ways; therefore, theoretically, to create a functional RuMP pathway in 
E. coli, only the expression of hexulose-6-phosphate synthase (Hps) and 
6-phospho-3-hexuloisomerase (Phi) is required. Additionally, the RuMP 
pathway appears energetically favorable over the serine cycle for its 
expression in non-methylotrophic bacteria, because formaldehyde 
assimilation in the serene cycle proceeds in the form of methylene-THF. 
In the RuMP cycle, one molecule of NADPH and ATP is generated for the 
formation of each pyruvate molecule, whereas in the serine cycle, 
NADPH and ATP are consumed for pyruvate production [5,9,11]. 

3.3. Formaldehyde toxicity in synthetic methylotrophs 

In native methylotrophs, the genes involved in formaldehyde meta-
bolism are highly upregulated upon the addition of methanol to 
accommodate fast methanol oxidation; however, in synthetic methylo-
trophs, formaldehyde toxicity can be a major problem for cell survival. 
Formaldehyde biosensors [76], formaldehyde inducible promoters [98], 
and adaptive laboratory evolution (ALE) (Fig. 4F) [99,100] have been 
exploited to overcome formaldehyde toxicity and to obtain a balance 
between MDH activity and formaldehyde assimilation [76]. 

3.4. Synthetic methylotrophic strain development 

Non-native methylotrophic bacteria, such as Corynebacterium gluta-
micum [101], Bacillus subtilis [102], and E. coli [75,99,103], have been 
developed to use methanol as a carbon substrate by expressing 
NAD-dependent MDH, HPS, and HPI to create the functional RuMP 
pathway. Although 13C labeling showed the utilization of methanol as a 
central metabolite, the above-mentioned strains were not able to grow 
solely in methanol, and very low conversion of methanol to central 
metabolites was achieved [99,101]. To enhance methanol utilization by 
synthetic E. coli, Price et al. expressed MDH, HPS, and HPI in a 
self-assembled scaffold using SH-3 ligand interactions. Additionally, to 
slow down the reduction of formaldehyde to CO2, an NADH sink was 
constructed using lactate dehydrogenase to convert pyruvate into 
lactate, which uses NADH for enzymatic reactions [78]. The enzyme 
assembly of MDH, HPS, and HPI along with NADH sink increased 
methanol utilization up to 1.7 mM/h using resting cells of E. coli; 
however, the resulting strain was still unable to grow on methanol as the 
sole carbon source [78]. 

A key limitation of synthetic methylotrophs is the downstream 
conversion of formaldehyde to F6P or H6P. Maintaining a low formal-
dehyde concentration is important to drive methanol oxidation. Only 50 
μM μM formaldehyde is required for 250 mM methanol to reach the 
reaction equilibrium of NAD-dependent MDH in E. coli [104,105]. 
Therefore, driving formaldehyde toward the RuMP pathway is a major 
step in obtaining a synthetic methylotrophic E.coli strain. Woolston et al. 
improved the regeneration of Ru5P by activating the sedoheptulose 
bisphosphatase variant of the RuMP pathway to drive formaldehyde 
assimilation into biomass but argued that the low and reversible activity 
of MDH is a major bottleneck in the development of synthetic meth-
ylotrophy [105]. To avoid formaldehyde toxicity, NAD-dependent MDH 
and RuMP cycles were constructed in an engineered E. coli strain capable 
of growing on gluconate. Furthermore, adaptive laboratory evolution 
increased methanol consumption and growth rate in methanol-essential 
E. coli strains in the presence of gluconate and methanol [106]. Simi-
larly, Cruz et al. demonstrated that the reductive glycine cycle, which 
can produce glycine from formate, can be enabled in S. cerevisiae. The 
utilization of formate to enhance precursors for formaldehyde 

assimilation can be applied as a co-substrate strategy. Additionally, He 
et al. proposed a homoserine cycle for the autotrophic growth of E. coli 
on methanol and showed that this pathway can outperform the naturally 
existing RuMP pathway or serine cycle for biomass production [107]. 

To avoid plasmid loss, S. cerevisiae was constructed for methanol 
utilization by integrating the AOD and XuMP pathways from P. pastoris 
wherein 1.4 g/L of methanol was consumed, which increased the cell 
growth by 3.31% in glucose/methanol cultures. Furthermore, methanol 
consumption was increased to 2.35 g/L using yeast extract in the culture 
media, and an 11% increase in growth was observed in the engineered 
strain when methanol was used as an auxiliary substrate [108]. A 
reductive glycine pathway was recently constructed, which showed 
methanol-dependent growth in E. coli [109]. ALE, rather than rational 
site-directed enzyme engineering, has been proven to be more effective 
for the construction of synthetic methylotrophic strains. Using ALE, a 
synthetic methylotrophic strain of E. coli was constructed that could 
grow on methanol as the sole carbon source. Although the growth rate of 
the ALE-developed strain was comparable to that of native methylo-
trophs, with a doubling time of 8 h, a maximum OD600 of 2 was achieved 
[110]. Similarly, a strain was constructed that could grow on CO2 as the 
sole carbon source [111], and on CO2 and formate [112]. In the future, a 
combination of CO2 or formate fixation with methanol utilization could 
be used to construct strains capable of growing on waste C1 carbon 
substrates. 

3.5. Production of fuels and chemicals using synthetic methylotrophs 

To date, no synthetic methylotrophs that can grow solely on meth-
anol and simultaneously produce the target chemical have been devel-
oped. To date, most strategies have focused on the utilization of 
methanol as an auxiliary substrate, primarily to drive energy for the 
production of chemicals in co-substrate cultivation. As the energy 
generated by methanol oxidation in synthetic methylotrophs can be 
used to drive the production of chemicals, Zhang et al. constructed a 
methanol assimilation pathway in a succinic acid-producing strain of 
E. coli. The NADH produced by the methanol oxidation in glucose- 
methanol fermentation was used by the recombinant strain of E. coli 
and the production of succinic acid enhanced anaerobic fermentation 
with a yield of 0.98 g succinic acid/g methanol [113]. Recently, Guo 
et al. combined formaldehyde dissimilation and assimilation pathways 
in an E. coli strain to exploit energy generation for succinic acid pro-
duction. Additionally, they enhanced the CO2 fixation ability of this 
strain by introducing pyruvate decarboxylase. Using resting glycolated 
E. coli cells, the toxic effects of methanol metabolism can be minimized 
in synthetic methylotrophs [114]. Similarly, a synthetic methylotrophic 
strain of E. coli was used to produce lysine via NADPH regeneration and 
methanol metabolism [115]. A recombinant E. coli strain was used to 
produce D-allulose by coupling methanol reduction, PPP, allulose, and 
RuMP pathways. The engineered strain produced 70.7 mM D-allulose 
with productivity of 0.512 mM/mM in methanol [116]. A modified 
serine cycle was constructed in E. coli that could utilize CO2 and meth-
anol and was used to produce ethanol from methanol [117]. Glutamate 
[118] and cadaverine [119] production has also been demonstrated by 
synthetic methylotrophic strains of C. glutamicum by co-utilizing meth-
anol and sugar substrates. 

3.6. Limitations of synthetic methylotrophs for the production of fuels and 
chemicals 

The main hurdle in the development of synthetic methylotrophs is 
the condensation of C1 molecules to produce C3 or C4 compounds, 
which can be used for cell biomass formation. For example, the oxida-
tion of methanol to formaldehyde requires a sufficient amount of energy 
and flux balance between the upstream and downstream pathways to 
produce cellular biomass owing to formaldehyde toxicity [7,9]. There-
fore, for the development of synthetic methylotrophs and their 
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subsequent use in industrial production, efficient production of energy 
and biomass should be achieved. Formaldehyde is toxic to cellular 
processes; thus, E. coli naturally has a formaldehyde detoxification 
pathway linked to glutathione (GSH) by GSH-dependent formaldehyde 
dehydrogenase [120]. To utilize formaldehyde for cell biomass, the 
formaldehyde detoxification pathway must be repressed; however, 
efficient expression of formaldehyde assimilation genes is required to 
rescue cells from formaldehyde toxicity. 

The development of enzyme cascades using engineered or improved 
enzymes for methanol assimilation in cell-free systems could be another 
strategy for efficiently converting methanol into the target product. 
However, such a strategy has limited use in industrial-based applications 
because the cofactor requirement differs for each enzyme. Additionally, 
it is difficult to maintain balance and reaction conditions to achieve 
favorable productivity. Furthermore, the balance between formalde-
hyde and NADPH needs to be maintained to direct the reaction toward 
formaldehyde assimilation. A methanol condensation cycle combining 
the RuMP pathway with non-oxidative glycolysis was constructed and 
used to produce ethanol from methanol. However, the in vivo con-
struction of this pathway has not yet been reported [121]. Recently, a 
pathway for the production of ethylene glycol, glycolate, ethanol, and 
glycerate from formaldehyde, methanol, and formate was demon-
strated. The utilization of such pathways can be integrated with the 
natural metabolism of target microorganisms and exploited for the 
production of desired chemicals from methanol [86]. 

4. Discussion and future perspectives 

In recent years, methanol has gained considerable attention as a C1 
carbon substrate for the bioproduction of fuels and chemicals. Methanol 
possesses more energy than glucose [122]; therefore, it is an attractive 
substrate for the bio-production of reduced fuels and chemicals. 
Furthermore, the fact that gas fermentation is limited by gas-liquid mass 
transfer [6] highlights methanol as a preferable carbon substrate for 
industrial biotechnology. This emphasizes the need to develop an inte-
grated methanol-based biorefinery. 

Native methylotrophs can be engineered to produce various chem-
icals. Owing to different methanol assimilation pathways, carbon and 
energy efficiencies vary among different methylotrophic strains. 
Therefore, the choice of methylotrophs must be carefully considered for 
specific chemical production. For instance, during methanol assimila-
tion, the RuMP and XuMP pathways utilize one formaldehyde molecule 
and one Ru5P or Xu5P molecule, respectively, to generate two G3P 
molecules. During the conversion of G3P to acetyl-CoA, one carbon is 
lost in the form of CO2, which can reduce the carbon yield during the 
production of acetyl-CoA-derived products [123]. In comparison, serine 
cycle-utilizing microorganisms can convert formaldehyde to acetyl-CoA 
without any carbon loss [123,124], which can enhance the carbon yield 
of acetyl-CoA-derived products such as PHB [49], 2-HIBA [53], meval-
onate [61] and α-humulene [64]. Additionally, serine cycle-utilizing 
microorganisms contain the EMC pathway, which plays a major role 
in the regeneration of glyoxylate and possesses many CoA-esters such as 
propionyl-CoA, ethylmalonyl-CoA, methylsuccinyl-CoA, and 
mesaconyl-CoA. The production of C5 di-carboxylic acids derived from 
the CoA-esters of the EMC pathway is a promising option [125], as most 
of these carboxylic acids are commercially unavailable. Moreover, the 
EMC pathway is known to be upregulated during growth on methanol 
compared to the growth on multi-carbon compounds and can fix half of 
the carbon lost during the dissimilation of formaldehyde to CO2 [17]. 
The PHB and EMC pathways share the first two steps that convert 
acetyl-CoA to 3HB-CoA; therefore, enhancing the flux towards the EMC 
pathway can be an appropriate solution for the production of EMC 
pathway-derived products [21,125]. 

The RuMP pathway is known to be more energy-conservative than 
the serine cycle [123,124]. For instance, for the generation of one mol of 
acetyl-CoA, the serine cycle utilizes two mol of NADH and two mol of 

ATP, whereas the RuMP pathway generates one mol of ATP and 2 mol of 
NADH [123]. NADH can be further converted to NADPH by over-
expressing NADH kinase, which can be exploited for the production of 
NADPH-dependent chemicals, such as L-lysine [115]. Additionally, 
RuMP pathway-utilizing bacteria, such as B. methanolicus encode genes 
for the complete TCA cycle, and a significant amount of acetyl-CoA 
enters the first reaction of the TCA cycle during growth on methanol 
[126,127]. Therefore, by controlling the carbon flux from pyruvate to 
the TCA cycle, B. methanolicus can be exploited for the production of 
amino acids, such as L-glutamate [118], L-lysine [42], and amino 
acid-derived chemicals, such as cadaverine [44]. On the other hand, 
methylotrophic yeasts, such as P. pastoris, are Crabtree-negative mi-
croorganisms that tend to distribute carbon flux towards energy and 
biomass formation rather than surplus metabolites. Consequently, 50% 
of the carbon is lost in the form of CO2 the formaldehyde dissimilation 
pathway. This results in a lower accumulation of metabolites that can be 
used for the production of chemicals using methanol as a substrate 
[128]. Nonetheless, during growth on methanol, P. pastoris has high 
NADPH/NADP+ levels, making it a suitable host for the production of 
reduced chemicals such as fatty acids [30,32] and terpenoids [24–26]. 
In addition, P. pastoris has a relatively higher flux towards the pentose 
phosphate pathway (PPP) than towards the TCA cycle or glycolysis 
[128,129]. A higher carbon flux towards PPP allows the generation of 
E4P, which can be exploited for the production of aromatic compounds 
such as tyrosine, resveratrol, and naringenin [130]. 

To enhance the economic feasibility, the product titer and produc-
tivity of native methylotrophs should be enhanced. The low rate of 
methanol oxidation by native methylotrophs, low formaldehyde 
assimilation by native pathways, higher rate of formaldehyde dissimi-
lation to CO2, the toxicity of formaldehyde, low availability of electrons 
for product formation, and interconnected methanol assimilation path-
ways need to be addressed. More efficient genetic tools should be 
developed for the metabolic engineering of native methylotrophs. The 
gas-liquid mass transfer limitations must be overcome to meet the high 
requirements of O2 for the oxidation of methanol [9–11]. Although 
proof-of-concept production of different chemicals has been demon-
strated using engineered native methylotrophs, recombinant protein 
production from methylotrophic yeasts and amino acid production from 
methylotrophic bacteria are high enough to compete with sugar-based 
bioprocesses. All natural formaldehyde assimilation pathways are cy-
clic, which makes it difficult to drive the carbon flux toward the desired 
product. Therefore, the construction of linear pathways in native 
methylotrophs can be considered to enhance C1 metabolism [131–133]. 
Substrate and electron channeling can also be applied to enhance the 
product titer in native methylotrophs [93]; however, such a strategy 
must be designed in such a way that it does not affect the native meta-
bolism of methylotrophs. Additionally, the expression of target enzymes 
in native methylotrophs can be enhanced by screening for strong pro-
moters, site-directed enzyme engineering, and ALE. To overcome 
methanol toxicity, a co-substrate strategy can be applied to methylo-
trophic bacteria, which can also increase biomass. Screening methylo-
trophic strains that are more resistant to methanol and the development 
of efficient formaldehyde biosensors are promising options. 

Recently, synthetic methylotrophs have been considered an attrac-
tive substitute for native methylotrophic strains based on their well- 
studied metabolism and the availability of developed genetic re-
sources. Unfortunately, efficient methanol utilization in non-natural 
methylotrophs has not yet been achieved. The methanol utilization 
rate of synthetic methylotrophs is far below that of native methylotrophs 
[79,110] even when methanol is used as an auxiliary substrate [80]. To 
achieve an efficient synthetic methylotroph for the production of fuels 
and chemicals, enzyme engineering, systems biology, and synthetic 
biology must be integrated to develop novel and efficient pathways for 
methanol or formaldehyde assimilation. Additionally, ALE could be a 
fruitful strategy coupled with rational enzyme engineering to obtain a 
synthetic methylotroph strain capable of growing efficiently on 
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methanol as the sole carbon source. In conclusion, efficient 
methanol-based microbial chassis could be developed based on strain 
engineering of both native and synthetic methylotrophs for the 
methanol-based bioproduction of fuels and chemicals as a suitable 
alternative to sugar-based bioproduction. 
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