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a b s t r a c t 

The increasing shortage of fossil resources and environmental pollution has renewed interest in the synthesis 
of value-added biochemicals from methanol. However, most of native or synthetic methylotrophs are unable to 
assimilate methanol at a sufficient rate to produce biochemicals. Thus, the performance of methylotrophs still 
needs to be optimized to meet the demands of industrial applications. In this review, we provide an in-depth 
discussion on the properties of natural and synthetic methylotrophs, and summarize the natural and synthetic 
methanol assimilation pathways. Further, we discuss metabolic engineering strategies for enabling microbial 
utilization of methanol for the bioproduction of value-added chemicals. Finally, we highlight the potential of 
microbial engineering for methanol assimilation and offer guidance for achieving a low-carbon footprint for the 
biosynthesis of chemicals. 
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. Introduction 

Large-scale industrial manufacturing has led to the shortage of fos-
il resources (such as coal and fossil oil) and environmental pollution
such as greenhouse effect and air pollution), limiting the sustainable
evelopment and breaking the ecological balance of the earth. Thus,
t is urgent to find alternative raw materials that can replace fossil re-
ources and promote a major change in traditional industrial manufac-
uring. As one of renewable resources, the production of chemicals from
ethanol has many advantages. (i) Methanol is easy to obtain. Methanol

an be prepared from methane, carbon dioxide (CO 2 ) or other indus-
rial waste gases. (ii) Methanol is easy to store. Methanol exists in liq-
id form under room temperature that is convenient for transportation
nd storage. (iii) The price of methanol is cheap. The simple produc-
ion process of methanol results in a lower market price than other sug-
rs (or carbon sources) for fermentation. (iv) The purity of methanol
s high. Compared with other raw materials (such as straw and mo-
asses), methanol is a single substrate that can be completely converted
o chemicals in fermentation. (v) Methanol is one of highly reductive
ompounds. Methanol contains 50% or more electrons per carbon than
arbohydrates [1–3] . However, methanol industrial manufacturing is
ot environmentally friendly. To deal with this issue, microbial biosyn-
hesis based on methylotrophic strains provides an alternative strategy
or methanol conversion. 

Recently, many high-value biochemicals have been obtained by nat-
ral methylotrophic microorganisms, such as 3-hydroxybutyrate pro-
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uced by Methylobacterium rhodesianum [4] , L-glutamate produced by
acillus methanolicus MGA3 [5] , and acetone produced by Acetobac-

erium woodii [6] . However, there still remain many critical issues in
sing native methylotrophs, such as unclear genetic background, few re-
iable tools for genetic manipulation, low efficiency of methanol utiliza-
ion, and narrow product spectrum [ 7 , 8 ]. As an alternative approach to
olve these issues, industrial chassis such as Escherichia coli, Corynebac-

erium glutamicum , and Saccharomyces cerevisiae can be designed and en-
ineered to achieve a complete conversion from non-methylotroph to
ethylotroph. After fine-turning or reconstructing the metabolic net-
ork of industrial chassis, these synthetic methylotrophic microorgan-

sms can grow on methanol and produce high value-added biochem-
cals [ 3 , 9 , 10 ]. For example, S. cerevisiae was engineered to produce
atty acids from methanol by integrating the key enzymes of xylu-
ose monophosphate cycle, such as alcohol oxidase, dihydroxyacetone
ynthase and dihydroxy-acetone kinase [11] . However, when natural
ethanol assimilation pathways are introduced into non-native methy-

otrophs, microbial metabolic burden usually limits the efficiency of
icrobial biosynthesis. Thus, there is considerable interest in devel-

ping synthetic methanol assimilation pathways and adaptive labora-
ory evolution for rewiring methanol assimilation pathways to enhance
ethanol assimilation efficiency [ 2 , 12 ]. For example, when C. glutam-

cum MX-11 was evolved under the increased methanol, the obtained
utants showed a large improvement in methanol tolerance [13] . 

To better understand the recent developments in engineering
on-native methylotrophic microorganisms, we describe natural and
 February 2023 
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Fig. 1. Methanol-based biomanufacturing. Methanol can be converted into high value-added biochemicals such as amino acids, organic acids, and biofuels by 
engineering native or synthetic methanol assimilation pathways in industrial hosts. 
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ynthetic microbial hosts and metabolic pathways for methanol utiliza-
ion, and then advances in metabolic engineering strategies for con-
erting methanol to high-value chemicals are discussed in this review
 Fig. 1 ). Finally, we also highlight future perspectives of methanol-based
iomanufacturing for achieving a low-carbon footprint for the biosyn-
hesis of chemicals. 

. Microbial hosts for methanol utilization 

It is necessary to develop next-generation platforms for biotech-
ological application using native methylotrophs (e.g., acetogens and
ethylotrophs) that can grow naturally on one-carbon substrates such

s methanol. Compared with industrial chemical manufacturing of
ethanol, bio-catalysis is more environmentally friendly. However, the

ngineered native methylotrophs have produced value-added products
t low rates and titers so far ( Fig. 2 (A) and (B)), because genetic tools
nd specific metabolic network are still limited. Thus, the introduction
f methanol assimilation pathway into industrial hosts such as E. coli

nd C. glutamicum has received an increasing attention ( Fig. 2 (D) and
E)). 

.1. Acetogens 

Acetogens, anaerobic bacteria, can use the acetyl-CoA pathway for
he reductive synthesis of acetyl-CoA from CO 2 , namely, reductive
cetyl-coenzyme A (rAcCoA) pathway ( Fig. 2 (A)). This rAcCoA pathway
s a terminal electron-accepting and energy-conserving process, which
s also used for biomass synthesis from CO 2 fixation [14] . Many biofu-
ls and biochemicals such as hexanol and butyrate can be generated
y acetogens using syngas (H 2 , CO 2 , and CO) as carbon and energy
ources through the rAcCoA pathway. According to carbon and energy
2 
ources, most of acetogenic bacteria (also utilizing methanol) fall into
hree categories: (i) acetogens grow with H 2 and CO 2 as energy and car-
on sources, such as Acetoanaerobium carbinolicum, Clostridium methoxy-

enzovorans , and Sporomusa paucivorans ; (ii) acetogens grow with H 2 ,
O 2 , and CO as energy and carbon sources, including Acetoanaerobium

akii, Moorella thermoautotrophica , and Sporomusa termitida ; and (iii) ace-
ogens grow with CO as carbon and energy sources, including Clostrid-

um formicaceticum [15] . Different types of acetogens obtain energy in
ifferent ways. When acetogens grow autotrophically on CO or syngas,
he oxidation of CO to CO 2 produces the reduced ferredoxin. In addi-
ion, when acetogens grow on H 2 and CO 2 , electron-bifurcating [Fe-
e]- or [Ni-Fe]-hydrogenases can convert two H 2 to reducing power,
ith the low-potential electron pairs from H 2 for NADH (exergonic re-
ction) to facilitate the high-potential electron pairs for the reduced
erredoxin (endergonic reaction) [16] . This reduced ferredoxin can be
tilized to drive a transmembrane ion gradient for ATP generation by
he energy-conserving respiratory enzymes, Rnf (ferredoxin: NAD 

+ re-
uctase complex) and Ech (ferredoxin-dependent hydrogenase complex)
o reduce NAD 

+ and protons, respectively [17] . Acetogens display high
nergetic efficiency for the conversion of substrates to products, char-
cteristically 70–90% [18] . Most acetogens, such as Acetobacterium , can
roduce acetate as the sole end product through the rAcCoA pathway
hich is an ATP-yielding reaction for the conversion of acetyl-CoA to ac-
tate by phosphotransacetylase and acetate kinase [15] , and is the only
etabolic route to provide energy to the cell for assimilating and reduc-

ng CO 2 and/or other one-carbon substrates [18] . Apart from to acetate,
cetogens can also produce other high-value biochemicals using one-
arbon substrates. For example, Clostridium carboxidivorans can produce
exanoate and hexanol using CO as carbon source [19] ; Eubacterium

imosum is known for their ability to produce hexanoate using methanol
s carbon source [20] . Despite several advantages, the acetogens-based
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Fig. 2. Microbial hosts for methanol utilization. (A), (B), and (C) native methylotrophs. (D) and (E) synthetic methylotrophs. The enzymes in red are heterologously 
expressed in chassis cells. H6P, hexulose-6-phosphate; F6P, fructose-6-phosphate; DHA, dihydroxyacetone; DHAP, dihydroxyacetone phosphate; Ru5P, ribulose-5- 
phosphate; Xu5P, xylulose-5-phosphate.; MDH, methanol dehydrogenase; HPS, 3-hexulose-6-phosphate synthase; PHI, 6-phospho-3-hexuloisomerase; CAT, catalase; 
AOX, alcohol oxidase; DAS, dihydroxyacetone synthase. 
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ioproduction has distinct drawbacks: (i) the product spectrum is still
imited. For example, acetogenic production is constrained to producing
hemicals such as acetate, butyrate, ethanol, butanol and 2,3-butanediol
21] ; (ii) the low growth rate also limits the overall productivity of ace-
ogens when compared with aerobic microbes, such as Cupriavidus neca-

or [22] and S. cerevisiae [23] , due to the low microbial resistance to
thanol or other products [24] . 

.2. Methylotrophs 

.2.1. Methylotrophic bacteria 

Methylotrophic bacteria mainly contain two types, type I (methane-
tilizing methanotrophs) and type II (non-methane-utilizing methy-
otrophs) ( Fig. 2 (B)). Type I strains have three features: (i) intracyto-
lasmic membranes throughout the cell; (ii) the ribulose monophos-
hate (RuMP) cycle for carbon assimilation; and (iii) the phospholipid
atty acids in the length of 14 and 16 carbons, such as the genera
f Methylobacter, Methylococcus, Methylomicrobium, Methylomonas and
ethylosoma [25–27] . Type II strains are characterized by: (i) intracy-

oplasmic membranes aligned along the periphery; (ii) the serine path-
ay for carbon assimilation; and (iii) the phospholipid fatty acids in
3 
he length of 18 carbons, including the genera of Methylocystis, Methy-

osinus, Methylocella and Methylocapsa [ 25 , 28 , 29 ]. Type I strains have
he ability to grow with methane as sole carbon and energy source
hrough the dissimilation and assimilation pathways. One of key steps
n methane utilization is that methane is oxidated into methanol for
riving biomass production by soluble methane monooxygenase with
ADH as cofactor and oxygen as terminal electron acceptor [ 30 , 31 ].
herefore, type I strains not only play a key role in the global car-
on cycle, but also can help to sustain diverse microbial communi-
ies through the conversion of methane to complex organic compounds
25] . Type II strains, such as pink-pigmented Methylobacterium strains,
re able to grow on methanol or other one-carbon substrates but not
n methane [32–34] . No matter in type I or type Ⅱ strains, methanol
s always oxidized to formaldehyde by three enzymes, quinoprotein
ethanol dehydrogenases (qMDH), NAD 

+ -dependent methanol dehy-
rogenases (nMDH) [ 35 , 36 ], and N,N-dimethyl-4-nitrosoaniline oxi-
oreductase (MNO) [32] . Periplasmic qMDH consists of two different
ubunits forming 𝛼2 𝛽2 structure and contains the cofactor pyrroloquino-
ine quinone (PQQ). The reduced PQQ prosthetic group can capture elec-
rons from methanol oxidation, transport them to c -type cytochrome
nd then proceed through electron transport chain until reaching a
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m  
embrane-bound oxidase for energy regeneration [ 36 , 37 ]. nMDHs have
ow affinity towards methanol. Under standard conditions, microbial
ethanol oxidation is favored in utilizing qMDHs but not nMDHs, as

ndicated by a positive reaction Gibbs energy [36] . However, when in-
racellular formaldehyde is rapidly consumed and maintained at low
evels, nMDHs are more active to oxidize methanol and generate NADH
or metabolite production [35] . Thus, it is widely used in methylotrophic
acteria for biosynthesizing amino acids, 1-butanol and polyhydrox-
alkanoate through the ribulose monophosphate cycle or the serine cy-
le [38] . 

.2.2. Methylotrophic yeast 

Methylotrophic yeasts are capable to grow solely on methanol
 Fig. 2 (C)). Methanol utilization follows a similar metabolic pathway in
ll methylotrophic yeasts, and several enzymes are localized in peroxi-
omes, which can proliferate during growth in methanol. Ogataea philo-

endra and Pichia pastoris are the common methylotrophic yeasts that
row on extract of woods and other pectic material [39] . This type of
east is characterized by unique methanol metabolism with the expres-
ion of alcohol oxidase (AOX), dihydroxyacetone synthase (DAS), for-
at dehydrogenase (FDH), and dihydroxyacetone kinase (DAK) genes

39] . Thus, methylotrophic yeasts always use AOX for the oxidation of
ethanol, in which methanol is converted to formaldehyde with hy-
rogen peroxide as a by-product. Hydrogen peroxide is then decom-
osed into water and oxygen by catalase (CAT), while formaldehyde
rom methanol oxidation can be converted into xylulose 5-phosphate
y DAS and then entering to the central metabolism [40] . In addition,
he dissimilation of formaldehyde results in the generation of NADH,
hich leads to the production of ATP via mitochondrial oxidative phos-
horylation [41] . Recently, methylotrophic yeasts have been developed
s cell systems for heterologous protein expression [42] . For example,
hen bovine enterokinase was heterologously expressed in P. pastoris ,

he production of bovine enterokinase was up to 6.3 mg/L [43] . 
To solve problems such as low production rates and titers with ace-

ogens and methylotrophs, future work can be carried out to expand
he product spectrum and improve microbial resistance under extreme
onditions: (i) developing novel genetic manipulation tools to rewire
etabolic flux toward target products in acetogens based on their com-
lex metabolic network; (ii) inhibiting the production of metabolic by-
roduct to reduce metabolic burden of acetobacter through deleting re-
undant genes via CRISPR/Cas9-based technologies; (iii) adaptive evo-
ution makes acetobacter tolerant to extreme environments; (iv) con-
truction of a compartmentalized methanol assimilation pathway helps
o improve methanol utilization and reduce intermediate metabolites
oxicity. 

.3. Synthetic methylotrophs 

It is feasible to develop next-generation platforms for biotechnolog-
cal applications based on native methylotrophic organisms that can
aturally utilize methanol for cell growth. However, engineering na-
ive methylotrophs to produce chemicals has been limited so far, due
o the fact that the difficulty of understanding and engineering the
omplex metabolic processes of all native methylotrophic microorgan-
sms. Therefore, there is considerable interest in the application of syn-
hetic biology approach to integrate methanol assimilation pathways
nto more tractable and industrially relevant hosts such as E. coli, C. glu-

amicum , and S. cerevisiae ( Fig. 2 (D) and (E)) [3] . This bioprocess tech-
ology using synthetic methylotrophs has many advantages: (i) methane
nd methanol can serve as the sole carbon and energy source for produc-
ng high-value chemicals avoiding the undesirable competition with the
ood-derived feedstocks, such as sugars; (ii) methane and methanol can
e converted biologically into value-added and even novel products that
s difficult to manufacture or even inaccessible to chemical conversion;
iii) synthetic methylotrophs can compensate the limitations of natural
ethylotrophic microorganisms. For example, E. coli, C. glutamicum , and
4 
. cerevisiae are the tractable model hosts that provide the most flex-
ble, biologically well-understood, and genetically tractable strategies
or further engineering; (iv) synthetic methylotrophy has a major po-
ential to assimilate and convert one-carbon substrates into high-value
io-commodities [44] . 

.3.1. Escherichia coli 

In theory, it is straightforward to introduce the missing enzymes
n industrial hosts for the construction of synthetic methylotrophic mi-
roorganisms. The RuMP cycle is more appealing for engineering methy-
otrophy due to its relatively high energy efficiency and compatibility
ith E. coli metabolism. Thus, recent studies have been successfully in-

roduced RuMP cycle into E. coli . For example, the heterologous expres-
ion of MDH, hexulose-6-phosphate synthase (HPS) and 6-phospho-3-
exuloisomerase (PHI) in E. coli to establish the RuMP cycle, eventu-
lly achieved up to 40% incorporation of methanol into central metabo-
ites [45] . Moreover, fine-tuning carbon fluxes through methanol as-
imilation pathway and central metabolic pathways such as the pentose
hosphate pathway, may pave the way for enhancing the methanol as-
imilation efficiency of synthetic methylotrophs [3] . For example, the
ngineered E. coli CFC526.0, in which the pentose phosphate pathway
as disrupted by deleting rpiAB and pfkA , methanol utilization genes
 mdh, hps , and phi ) were installed, and gapA with gapC were replaced,
as evolved to obtain a synthetic methylotroph with methanol as the

ole carbon source for cell growth [46] . However, the carbon can be lost
uring the formation of acetyl-CoA in the RuMP cycle. The modified ser-
ne cycle constructed in E. coli might resolve carbon lost and enhance
thanol production by 62% [47] . 

.3.2. Corynebacterium glutamicum 

In addition to E. coli , methanol assimilation pathways have also
een integrated into C. glutamicum , another industrial host with broad
ubstrate profiles and complete genetic tools [ 48 , 49 ]. Through genetic
peration and carbon flux regulation, the optimal methanol assimi-
ation pathway, the RuMP cycle, was integrated in C. glutamicum to
nable conversion of xylose into ribulose 5-phosphate (Ru5P) but de-
ctivate the conversion of Ru5P to ribose 5-phosphate. Moreover, in-
roducing nMDH from Bacillus stearothermophilus , HPS and PHI from
acillus methanolicus could obtain a methanol-dependent C. glutamicum

X-10, and then methanol-dependent growth was improved by 20-fold
ia adaptive laboratory evolution. Finally, the 13 C-labeling experiments
emonstrated that 13 C-labeling methanol up to 63% was assimilated
nto building blocks, high-energy carriers, cofactors, and biomass [50] .
otably, deleting some dehydrogenase genes such as adhE, ald and FdhF

n C. glutamicum could avoid methanol oxidation and toxicity, thereby
mproving the efficiency of methanol assimilation [51] . 

.3.3. Pseudomonas putida 

P. putida has the ability of formaldehyde tolerance [52] . Thus, it
s expected to transform this microbe into a non-native methylotrophic
train. For example, a solvent-tolerant P. putida was engineered to utilize
ethanol and formaldehyde as auxiliary substrates by introducing the
PS and PHI from Bacillus brevis to construct a pathway for assimilating
ethanol oxidation intermediate formaldehyde. The biomass yield of

his engineered strain was increased from 35% without formaldehyde
o 91% with mixture formaldehyde (60%) and glucose as co-substrate.
oreover, the endogenous enzymes for methanol oxidization allowed

he engineered P. putida S12 to growth when replacing formaldehyde
ith methanol, resulting in an 84% biomass yield [53] . P. putida has

he ability to efficiently utilize a variety of carbon sources without the
ormation of byproducts, even when exposed to stress conditions [54] .
hus, the engineered P. putida will be an efficient platform for methanol
onversion. 

.3.4. Bacillus subtilis 

B. subtilis is generally recognized as safe, and thus always used as a
odal strain in the large-scale industrial chemical manufacturing [55] .
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s  
. subtilis possesses endogenous HPS and PHI which can enable these
pecies to assimilate formaldehyde [56] . Thus, it is suitable for re-
onstructing metabolic network to obtain synthetic methylotrophs. Re-
ently, a series of strategies have been adopted to construct a synthetic
ethylotrophic B. subtilis M, including the heterologous expression of
DH, enhancement of the endogenous HPS, PHI, and NADH dehydro-

enase expression, deletion of glucose-6-phosphate isomerase, expres-
ion of key enzymes at both the translational and transcriptional levels,
tabilization of the key enzyme expression through a dual-system, and
mprovement of the catalytic activity of MDH with a recycling strat-
gy for NAD 

+ . After cultivating in M9 medium with 10 g/L methanol,
.02 g/L methanol was utilized by the synthetic B. subtilis [57] . The
onstruction of this synthetic methylotrophic B. subtilis will be helpful
o reduce the use of traditional sugar as carbon sources, such as xylose
nd glucose. 

.3.5. Saccharomyces cerevisiae 

S. cerevisiae is now used widely to produce a large number of
alue-added bioproducts, such as organic acids, fatty acids, and bio-
uels [58] . S. cerevisiae as chassis host provides significant advantages
or methanol conversion due to its robust tolerance to high methanol
oncentration and other extreme conditions [ 11 , 59 , 60 ]. According to
hese features, alcohol oxidase (AOX), catalase (CAT), dihydroxyace-
one synthase (DAS) and dihydroxyacetone kinase (DAK) were intro-
uced into the chromosome of S. cerevisiae to construct a complete xy-
ulose monophosphate (XuMP) cycle for methanol assimilation. This en-
ineered strain showed 1.04 g/L consumption of methanol, and 0.26 g/L
roduction of pyruvate [61] . However, the XuMP cycle may not be the
ptimal methanol assimilation pathway constructed in S. cerevisiae . Re-
ently, by introducing the enzymes MDH, HPS and PHI into S. cere-

isiae , a synthetic RuMP cycle was formed, leading to a better growth
han that of the XuMP cycle [62] . To further improve the methanol-
tilizing efficiency, the engineered S. cerevisiae , in which the glyoxylate-
erine pathway is essential to relieve cytoplasmic formaldehyde tox-
city, achieved an improvement in methanol-utilizing efficiency after
daptive laboratory evolution [63] . Nevertheless, the low growth rate,
igh cost of cultivation, and less flexible metabolism remain the disad-
antage of engineered yeast compared with synthetic methylotrophic
acteria [60] . 

The synthetic methylotrophs can be used as production platform to
btain diverse biofuels and biochemicals, such as acetone, ethanol, bu-
anol, succinate, glutamate and cadaverine, which paves the way for
he bio-catalysis of renewable one-carbon resources such as methanol
12] . However, a lot of laboratory-synthesis methylotrophs can grow
ormally with methanol and other carbon sources such as glucose
nd xylose. Hence, it is necessary to develop new strategies for engi-
eering these strains that can grow solely on methanol. Engineering
ethanol ‐utilizing microbial cell factories requires novel tools of syn-

hetic biology [64] . For instance, heterologous gene expression is an im-
ortant tool, such as CRISPR/Cas9 technology, for introducing the genes
f methanol utilization with high efficiency into industrial host strains
65] . In addition, promoter and protein engineering should be employed
o regulate the expression of these heterologous genes and the function
f their relative enzymes, respectively [ 66 , 67 ]. Finally, adaptive evo-
ution strategy might be another important strategy to accomplish the
oal that synthetic methylotrophs grow solely on methanol [3] . 

. Microbial pathways for methanol utilization 

Native methylotrophic microorganisms possess several methanol as-
imilation pathways, including the reductive acetyl-CoA (rAcCoA) path-
ay, the ribulose monophosphate cycle, xylulose monophosphate cy-

le, and the serine pathway ( Fig. 3 (A)). However, the relatively low
fficiency of these pathways limits the production of value-added bio-
hemicals in methylotrophs. Thus, researches on engineering methanol
ssimilation pathways are increasing attention ( Fig. 3 (B)). 
5 
.1. Natural methanol-utilizing pathways 

Methylotrophic microorganisms are a diverse microbiota that pos-
ess a great number of specialized enzymes that enable them to grow on
he reduced one-carbon substrates, such as methanol [1] . To date, the
atural pathways for methanol assimilation are found in methylotrophs,
ncluding the reductive acetyl-CoA pathway, the ribulose monophos-
hate (RuMP) cycle, the xylulose monophosphate (XuMP) cycle, the gly-
xylate regeneration pathway (GLRP, also known as the ethylmalonyl-
oA cycle), and the serine pathway [ 12 , 68 , 69 ]. 

.1.1. The reductive acetyl-CoA pathway 

The rAcCoA pathway (also known as Wood-Ljungdahl pathway,
LP) is firstly occurred and elucidated in some acetogenic bacteria,

uch as the genera of Clostridium [70] and Spirochaeta [71] . This is a less
nergy-consuming pathway compared with other natural CO 2 fixation
athways, costing only one ATP equivalent [16] . The key enzymes in
he rAcCoA pathway are carbon monoxide (CO) dehydrogenase/acetyl-
oA synthase (CODH/ACS) complex and formate dehydrogenase (FDH)
hat are sensitive to oxygen. According to these key enzymes, the rAc-
oA pathway can be divided into three essential steps: (i) one CO 2 
olecule is reduced to form formate by FDH, and then formate is con-
ensed with tetrahydrofolate (THF) to form 5-Methyl-THF via the THF
ycle; (ii) another one CO 2 molecule is reduced to CO by bifunctional
nzyme CODH/ACS; (iii) 5-methyl-THF transfers methyl to corrinoid
ron sulfur protein (CoFeSP) by methyltransferase and then reacts with
O by CODH/ACS to form a molecule of acetyl-CoA. Acetyl-CoA is con-
erted into acetate by phosphotransacetylase and acetate kinase. The
AcCoA pathway is the only reductive pathway that can capture one-
arbon substrates and simultaneously generate ATP by transforming
cetyl-CoA to acetate using acetate kinase [16] . For energy sources, H 

+ -
TPase can provide ATP and the energy-converting [Ni-Fe] hydroge-
ase can provide reduced ferredoxin (Fd red 

2 − ) [68] . In addition, some
ethanogens (e.g., Methanobacteriales, Methanococcales , and Methanomi-

robiales ) without cytochromes can also grow via another rAcCoA path-
ay with tetrahydromethanopterin (THMPT) as cofactors to capture
O 2 , in which Na + -ATPase can provide ATP and the flavin-based elec-
ron bifurcation can provide Fd red 

2 − [68] . The rAcCoA pathway is pre-
ented in acetogens, but acetogens can produce a limited spectrum of
nal chemicals, such as acetate [16] . Due to the energy-saving profile
f the rAcCoA pathway, it may be suitable for introducing this path-
ay into industrial chassis for the production of various biochemicals
y entering into central metabolism with acetyl-CoA. In addition, the
pplication of artificial energy systems such as light-driven photosyn-
hesis systems [72] and nanomaterials [73] can replenish the “missing
nergy ” for the heterologous rAcCoA pathway. 

.1.2. The RuMP and XuMP cycle 

The RuMP cycle is originally discovered in methylotrophic bacte-
ia, such as Bacillus methanolicus and Methylophilus methylotrophus , and
ethylotrophic yeasts such as Pichia pastoris, Hansenula polymorpha ,

nd Candida boidinii can metabolize methanol through the XuMP cy-
le [69] . In the RuMP cycle, formaldehyde is condensed with ribulose
-phosphate (Ru5P) to form hexulose-6-phosphate (H6P) by hexulose
hosphate synthase (HPS). H6P is subsequently transformed into fruc-
ose 6-phosphate (F6P), which can enter into the central metabolism
or the generation of biomass. Similarly, in the XuMP cycle, all car-
on flux required for biomass formation is assimilated from formalde-
yde. In this cycle, formaldehyde is initially condensed with xylulose
-phophate (Xu5P) to form glyceraldehyde-3-phosphate (G3P) by di-
ydroxyacetone synthase (Das), and then G3P is converted into dihy-
roxyacetone (DHA). Finally, DHA can be further transformed into di-
ydroxyacetone phosphate (DHAP), which can enter into the central
etabolism by dihydroxyacetone kinase (DAK) [ 69 , 74 ]. However, the
uMP and XuMP cycle are not the efficient pathways for methanol as-
imilation, due to carbon and energy loss. In the future, some strategies
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Fig. 3. Natural and synthetic methanol assimilation pathways. Natural methanol assimilation pathways (A), and synthetic methanol assimilation pathways (B). 
Dashed lines indicate the omitted reactions. Ac-CoA, acetyl-CoA; AcP, acetyl-phosphate; E4P, erythrose-4-phosphate; Xu5P, xylulose-5-phosphate; THF, tetrahydro- 
folate. 
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an be taken to solve these issues, such as discovering efficient methanol
ehydrogenase [ 75 , 76 ], engineering key enzymes [77] to improve the
ethanol-utilizing rate, and constructing the minimized pathways to
ecrease carbon loss by combining CO 2 fixation with methanol assimi-
ation pathways [78] . 

.1.3. The serine pathway and ethylmalonyl-CoA (EMC) cycle 

Some methylotrophic bacteria such as Methylobacterium extorquens

an utilize formaldehyde through the serine pathway. In this pathway,
ormaldehyde is transformed into methylene-THF with THF as cofactor,
nvolving two different ways: (i) condensing formaldehyde with THF
o generate methylene-THF directly; (ii) oxidating formaldehyde to for-
ate by methylene tetrahydromethanopterin-dependent enzymes and

hen assimilating formate to form methylene-THF by THF-dependent
nzymes. After that, methylene-THF is condensed with glycine to form
erine, and then undergoes a series of reactions to generate phospho-
nolpyruvate (PEP). PEP is converted into oxaloacetate by PEP car-
oxylase and then to malate. Lastly, the serine cycle is completed by
he glyoxylate regeneration pathway: the product of malyl-CoA cleav-
ge, glyoxylate, is converted back into glycine, and the other cleav-
ge product, acetyl-CoA, undergoes a series of reactions to regenerate
he second molecule of glyoxylate [79] or the formation of biomass
 1 , 80 , 81 ]. The 13 C-labeling experiment with M. extorquens AM1 in-
icates that at least 47% of the carbon of biomass comes from CO 2 
80] . In EMC cycle, malyl-CoA/methylmalyl-CoA lyase has the ability
or cleaving methylmalyl-CoA into propionyl-CoA and glyoxylate. Then,
ropionyl-CoA is condensed with CO to from methylmalonyl-CoA by
2 

6 
ropionyl-CoA carboxylase, eventually converting into succinate and
hen to malate for serine cycle [81] . However, hydroxypyruvate reduc-
ase may not be the best enzyme to operate the natural serine cycle in E.

oli , as its side reactivity for producing glyoxylate reduces the efficiency
f methanol assimilation. 

.2. Synthetic methanol-utilizing pathways 

To release metabolic burden and reduce energy consumption, many
ew artificial pathways for methanol assimilation have been developed
o far, such as the methanol condensation cycle, 2-hydroxyacyl CoA
yase pathway, and synthetic acetyl-CoA pathway. 

.2.1. The methanol condensation cycle (MCC) 

Natural methanol assimilation pathways are often restricted by many
eficiencies, such as energy and carbon loss during the formation of
cetyl-CoA. For example, in the RuMP cycle, formaldehyde is condensed
ith Ru5P to form pyruvate, and then pyruvate is decarboxylated into
cetyl-CoA with CO 2 emission, resulting in the maximum theoretical
arbon yield of 67%; CO 2 from methanol oxidation is fixed by the
BB cycle, requiring lots of ATP equivalents [82] ; the serine pathway
equires an external supply of ATP to drive thermodynamic unfavor-
ble reactions [83] . To avoid these defects, methanol condensation cy-
le (MCC) is constructed, which is modified from the combination of
he RuMP cycle and non-oxidative glycolysis, to convert methanol into
igh-chain alcohols with complete carbon conservation and ATP in-
ependence [82] . Condensing two formaldehydes with Ru5P to form
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cetyl-CoA is the core portion of MCC, in which formaldehyde is as-
imilated by part of the RuMP cycle to form F6P and Xu5P. After that,
hosphoketolases (F/Xpk) can cleave Xu5P (by Xpk) or F6P (by Fpk)
o form acetyl-CoA, and then the associated sugar phosphate is trans-
ormed into Ru5P for the next cycle. Although the initial oxidation of
ethanol is thermodynamically difficult, it is possible to choose a set

f enzyme concentrations such as Hps and F/Xpk to provide a signifi-
ant driving force [82] . Moreover, in the first step of MCC, methanol
xidation by NAD 

+ -dependent methanol dehydrogenases can provide
educing equivalents, which can be used to drive the formation of high-
hain alcohols. MCC allows the efficient conversion of methanol to high-
hain alcohols or other compounds without carbon loss or ATP expen-
iture. Thus, MCC are attractive for industrial applications because of
ts oxygen-tolerant enzymes, high-carbon efficiency and favorable oper-
tion conditions [82] . 

.2.2. The 2-hydroxyacyl CoA lyase (HACL) pathway 

HACL, an enzyme involved in mammalian 𝛼-oxidation, can catalyze
he ligation of carbonyl-containing molecules with formyl-CoA to pro-
uce C1-elongated 2-hydroxyacyl-CoA. Accordingly, the HACL path-
ay is designed for assimilating one-carbon substrates without addi-

ional energy input in a whole-cell biotransformation system. The key
nzyme HACL from Rhodospirillales bacterium URHD0017 is expressed
n supernatant of the bacteria lysate and acyl-CoA reductase (ACR)
rom Listeria monocytogenes is the best-performing variant for convert-
ng formaldehyde into formyl-CoA. HACL in this pathway can catalyze a
reviously unknown one-carbon condensation reaction between formyl-
oA and formaldehyde to form glycolyl-CoA. Glycolyl-CoA is subse-
uently reduced to form glycolaldehyde by ACR and then to glycolate
y aldehyde dehydrogenase. Glycolate can serve as a substrate for cell
rowth, demonstrating the potential of HACL pathway to support syn-
hetic methylotrophy [ 12 , 84 ]. 

.2.3. The synthetic acetyl-CoA (SACA) pathway 

Many methanol assimilation pathways described above largely over-
apped with the known metabolic network, and thus it is challeng-
ng to distribute metabolic flux among the designed pathways and the
riginal metabolic pathways. To avoid this problem, the SACA path-
ay is designed for biosynthesis of acetyl-CoA from methanol through
nly four steps without overlapping with the known metabolic network
83] . Firstly, methanol is oxidized to formaldehyde by methanol dehy-
rogenase. Secondly, two molecules of formaldehydes are condensed
nto glycolaldehyde by glycolaldehyde synthase (GALS), followed by
cetyl-phosphate synthase (ACPS) for the formation of acetyl-phosphate
ACPS) using inorganic phosphate as cofactors. Eventually, ACPS is con-
erted into acetyl-CoA by phosphate acetyltransferase (PTA) for gener-
ting biomass [85] . Moreover, the transformation of formaldehyde to
cetyl-CoA in the SACA pathway is highly thermodynamically favor-
ble [83] . However, the application of the SACA pathway in industrial
osts still remains a challenge due to the low specific activity of GALS
nd ACPS. 

As many native or synthetic methanol assimilation pathways over-
ap with the central metabolic pathways, a trade-off between cell growth
nd metabolite production should be considered to maximize methanol
tilization. Such overlaps will make researchers have to rewire cellular
etabolic flux globally, which might disrupt cellular growth. Moreover,
 deleterious overlap between native and synthetic pathways might
trongly repress the synthetic pathway flux and limit the production of
iochemicals. Although several orthogonal pathways for methanol as-
imilation have been developed, these pathways are not well introduced
o industrial chassis, probably because the expression of heterologous
nzymes triggers metabolic burden. An optimal solution for methanol
ssimilation is to design novel pathways without overlap with central
etabolic network, favorable kinetics and high driving force [86] . In ad-
ition, a reasonable energy supply system should be designed for chassis
7 
ells to make the synthetic methanol assimilation pathways operate nor-
ally [9] . 

. Microbial engineering strategies for methanol utilization 

Despite significant efforts in developing synthetic methylotrophs in
ndustrial chassis such as E. coli, C. glutamicun and S. cerevisiae for
ethanol assimilation, the efficiency of methanol utilization cannot sat-

sfy the demands of industrialization. In addition, there are only a few
f engineered strains can grow on methanol as the sole carbon source.
herefore, many strategies have been developed to enhance methanol
ssimilation, such as enhancing methanol oxidation ( Fig. 4 (A)), opti-
izing methanol assimilation pathways ( Fig. 4 (B)), and improving host

ompatibility ( Fig. 4 (C)). 

.1. Enhancing methanol oxidation 

In all methylotrophs, the first step of methanol metabolism is the ox-
dation of methanol to formaldehyde, which is catalyzed by methanol
ehydrogenases (MDH). NAD 

+ -dependent MDH has the highest electron
etention rate in the catalytic process of methanol oxidation, which is
onducive to the production of metabolites. However, this reaction is
ot conducive to the oxidation of methanol in terms of thermodynam-
cs, and the affinity and catalytic activity of these enzymes to methanol
re not high enough. The PQQ-dependent methanol oxidation process
s complicated, and it is difficult to apply to exogenous chassis. In O 2 -
ependent methanol oxidation process, methanol is first oxidized by
lcohol oxidase(AOD) to formaldehyde and produces H 2 O 2 , and then
 2 O 2 is converted to O 2 and H 2 O under the catalysis of catalase(CTA).
owever, this process produces neither ATP nor NADH, which is not
onducive to the synthesis of target metabolites. To address these ob-
tacles, many strategies are used to enhance the methanol oxidation
rocess such as improving the efficiency of methanol dehydrogenase,
esigning enzyme complex for methanol oxidation and improving the
egeneration of formaldehyde acceptors. 

.1.1. Improving the efficiency of methanol dehydrogenase 

Currently, NAD 

+ -dependent methanol dehydrogenases (nMDHs)
rom natural methylotrophs are chosen for building synthetic methy-
otrophic cell factories, because they can oxidize methanol to produce
lectrons for metabolite production under aerobic and anaerobic condi-
ions [ 2 , 3 ]. However, the main bottleneck of MDHs is their low catalytic
ctivity for methanol oxidation in synthetic methylotrophs. Therefore,
t is necessary to develop more efficient MDHs. There are two strategies
or improving the catalytic efficiency of MDHs: screening more efficient
DHs from natural methylotrophs and modifying MDHs by directional
utation. Recently, enzyme screening has shown that MDHs from B.

ethanolicus or Cupriavidus necator N-1 have relatively high methanol
onsumption rate [ 87 , 88 ]. However, the specific activity of these MDHs
till cannot meet the requirement of practical application. Mutation of
DHs is an effective method to further improve the rate of methanol

ssimilation. To engineer MDHs, automatic high throughput screening
as used to mine MDHs with high affinity and activity for methanol. As
 result, a chimeric variant CT4-1 of MDH from C. necator N-1 was cre-
ted by recombining three mutations, A169V, A31V, and A26V. For this
ariant, the K m 

value for methanol was further lowered to 21.6 mM, and
he K cat / K m 

ratio was 6-fold higher than that of wild-type MDH [75] .
evertheless, it is worth noting that enzyme screening and mutation

hould be taken into account in the physiological state of hosts, which
ay be one of valuable principles for improving methanol utilization

fficiency of methylotrophic microorganisms. 

.1.2. Designing enzyme complex for methanol oxidation 

Heterologous expression of multiple enzymes often leads to the im-
alance of metabolic flux. To solve the limitation of specific heterolo-
ous enzymes, an ideal supramolecular enzyme complex, which can self-
ssemble into spatially defined architectures, is a promising approach to
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Fig. 4. Microbial engineering strategies for improving methanol utilization. (A) Enhancing methanol oxidation by improving the efficiency of MDHs, designing en- 
zyme complex and improving the regeneration of formaldehyde acceptors. (B) Optimizing methanol assimilation pathways by engineering key enzymes in methanol 
assimilation pathways, optimizing natural methanol utilization pathways, constructing non-natural methanol utilization pathways and improving reducing power for 
methanol assimilation. (C) Improving host compatibility for methanol utilization by ALE, co-substrate utilization and constructing methanol-sensing system. MeOH, 
methanol; PA, formaldehyde; FA, formate; GAP, glyceraldehyde-3-phosphate; G6P, Glucose-6-phosphate; GL6P, 6-phosphogluconolactone; 6PG, 6-phosphogluconate; 
F6P, fructose-6-phosphate; H6P, hexulose 6-phosphate; OAA, oxaloacetate; CH 2 -THF, methylene-tetrahydrofolate; GSC, glycine cleavage system; sdh , serine dehy- 
dratase; Agt , alanine-glyoxylate transaminase. 
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mprove the efficiency of methanol assimilation [89–91] . It is an effec-
ive way to construct enzyme complex using different linkers to con-
ect different heterologous enzymes. Recently, two strategies are used
o connect different enzymes. Strategy (i) is receptor-ligand interaction.
y self-assembling of MDH (from B. methanolicus ), HPS and PHI (from
ycobacterium gastri ) into an enzyme complex by SH3-ligand, methanol

onsumption rate was increased by 2.3-fold in vitro, suggesting that key
nzymes connected by SH3-ligand allow the high rate of cascade reac-
ion [92] . Strategy (ii) is flexible peptides. For instance, the conversion
f methanol to F6P was increased by 30% in vitro through fusing MDH
rom Geobacillus stearothermophilus , HPS and PHI from B. methanolicus

ia with flexible linkers (GGGGS) 3 and (GGGGS) 6 [93] . Engineering en-
yme complex has been used to improve the efficiency of cascade re-
8 
ctions, and thus the formed substrate channeling makes this method
esirable for pulling methanol toward F6P production. Therefore, this
ethod has great potential for the construction of enzyme cascade reac-

ions using flexible linkers or scaffold protein [94] , opening new chan-
els for the utilization of methanol and the production of chemicals. 

.1.3. Improving the regeneration of formaldehyde acceptors 

One limitation of methanol assimilation in synthetic methylotrophs
ay be the insufficient formaldehyde acceptors, i.e., Ru5P or Xu5P.
hus, methanol assimilation can be accelerated by increasing the con-
entration of formaldehyde receptors. To date, two approaches are ap-
lied to regenerate formaldehyde acceptors for improving the efficiency
f methanol utilization. Approach (i) is to regulate the non-oxidative
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entose phosphate pathway (PPP). Ru5P or Xu5P accumulation can
e increased by regulating the non-oxidative PPP, because Ru5P and
u5P are important intermediates in this pathway. For instance, car-
on flux could be rerouted to the formation of Ru5P in E. coli by intro-
ucing the non-oxidative PPP from B. methanolicus and knocking out
he phosphoglucose isomerase gene. Acetone production with E. coli

PPP ΔfrmA Δpgi was increased by 110% compared to the control cul-
ure without methanol [95] . Approach (ii) is to inhibit the downstream
lycolytic pathway. Increasing the concentration of F6P by inhibiting
he downstream glycolytic pathway is beneficial to the regeneration of
u5P. Accordingly, the engineered E. coli MG1655 ΔfrmA ΔtalA ΔtalB , in
hich the downstream glycolytic pathway was inhibited by iodoacetate
nd the glpX gene was overexpressed, could achieve a 4-fold increase
n Ru5P, a 3-fold reduction in formaldehyde, and a 2-fold increase in
ethanol assimilation [96] . Further work can be carried out to improve

he regeneration of formaldehyde acceptors through the following two
spects. For one thing, the introduction of heterogenous enzymes will
ause metabolic burden, and thus it is important to explore the native
ranscription factors for fine-tuning the RuMP cycle systematically. For
nother thing, as one of important intermediates in methanol assimila-
ion, F6P formation can be increased by strengthening the downstream
f the RuMP or XuMP cycle to regenerate formaldehyde acceptors. 

.2. Optimizing methanol assimilation pathways 

To promote the construction of cell factories that produce high-
alue chemicals, many strategies have been taken to construct methy-
otrophs and improve the oxidation efficiency of methanol to formalde-
yde. However, in the process of methanol oxidation, a large amount
f toxic formaldehyde will be accumulated in the cell, so it is necessary
o quickly carry out the next reaction to avoid the non-specific reaction
f formaldehyde with proteins and nucleic acids in the cell. Here, four
trategies are summarized, mainly including: engineering key enzymes
n methanol assimilation pathways, optimizing natural methanol utiliza-
ion pathways, constructing non-natural methanol utilization pathways
nd improving reducing power for methanol assimilation. 

.2.1. Engineering key enzymes in methanol assimilation pathways 

The RuMP cycle in the natural methylotrophs mainly consists of
hree modules: formaldehyde fixation module that contains enzymes
PS and PHI; conversion module for converting F6P to pyruvate; car-
on rearrangement module for the regeneration of formaldehyde recep-
or Ru5P. Since typical microbial chassis has the glycolysis pathway
nd TCA cycle, the key genes mdh, hps and phi from native methy-
otrophs are needed for constructing a complete pathway for methanol
ssimilation in non-methylotrophs. Therefore, many studies have suc-
essfully introduced the genes mdh, hps and phi from B. methanolicus,

. stearothermophilus, C. necator or M. extorquens into industrial chas-
is [ 50 , 87 , 85 , 97–99 ]. For example, a complete RuMP cycle was con-
tructed in E. coli by integrating MDH, HPS and PHI, achieving up to
0% incorporation of methanol [45] . The XuMP cycle involved to the
ey enzymes AOX, DAS, and DAK from P. pastoris can be integrated
nto non-methylotrophic yeasts such as S. cerevisiae [62] . For instance,
he synthetic methylotrophic S. cerevisiae TACDS2 with the heterolo-
ous expression of AOX, DAS and DAK has shown 1.04 g/L consump-
ion in methanol and 3.13% increase in biomass compared with wild
ype strains when using methanol as the sole carbon source [61] . In
he future, there are two aspects that need to be improved. Firstly, in-
act peroxisome and metabolic compartmentalization are crucial and
dvantageous for reducing the toxicity of intermediates to improve cell
rowth of native methylotrophic yeasts [41] . Thus, targeting formalde-
yde and the associated metabolic reactions to peroxisome is one of
he useful strategies for improving methanol-utilizing rate of synthetic
ethylotrophs [ 11 , 60 ]. Secondly, the RuMP and XuMP cycle are not

he efficient pathways for methanol assimilation because of their car-
on loss when the end product is acetyl-CoA. To avoid this problem,
9 
ntroducing CO 2 carboxylases such as pyruvate carboxylase can convert
he product of RuMP or XuMP cycle to oxaloacetate which can re-enter
nto TCA cycle, thus reducing carbon loss [63] . 

.2.2. Optimizing natural methanol utilization pathways 

In the complex metabolic networks, one metabolite can be produced
nd catabolized in many different metabolic pathways. Therefore, pre-
ise regulation of metabolic flux can effectively improve substrate uti-
ization and chemical production. Regulating carbon flux in methanol
ssimilation pathways can also improve the efficiency of methanol uti-
ization. To date, two approaches have been used to rewire methanol
ssimilation pathways. Approach (i) is the synergy of native methanol
ssimilation pathways. Given that the RuMP cycle and the serine cy-
le have many advantages in energy efficiency and acetyl-CoA yield for
ethanol assimilation [ 69 , 100 ], a synergistic pathway for methanol as-

imilation was constructed in native methylotrophic bacterium M. ex-

orquens . In this pathway, phosphofructokinase could catalyze the phos-
horylation of F6P to form fructose-1,6-biphosphate, which could drive
arbon flux from the RuMP cycle toward the serine cycle. As a result, this
ngineered M. extorquens AM1 increased cell growth rate and methanol
onsumption rate by 16.5% and 13.1%, respectively [101] . Approach
ii) is the synergy of heterologous and native methanol assimilation
athways. Based on the great efficiency of the RuMP cycle and the serine
ycle in native methylotrophs, methanol assimilation rate was increased
o 1.1 g/L/h by introducing a heterologous RuMP cycle into the methy-
otrophic yeast Yarrowia lipolytica Iso4 [102] . However, a trade-off be-
ween cell growth and metabolite production should be carefully con-
idered, as the unbalanced metabolism may lead to cell death. To deal
ith this issue, it is desirable to design dynamic regulation pathway to

edirect carbon flux toward target biochemicals, balance the production
nd consumption rates of intermediates, and inhibit the production of
oxic compounds such as formaldehyde [103] . Another issue of concern
s the maintenance of long-term cell activity for methanol assimilation
fter rewiring methanol assimilation pathways. Filtering toxic interme-
iates [104] or knocking out redundant genes [105] are beneficial to
aintaining cell activity. 

.2.3. Constructing non-natural methanol utilization pathways 

It is possible for non-native methylotrophs to grow on methanol us-
ng synthetic pathways. Thus, many synthetic assimilation pathways
ave been emerged. Frist, the reductive glycine(rGly) pathway is a syn-
hetic pathway for methanol or formate assimilation, which is con-
tructed by combining the methylene-tetrahydrofolate(CH 2 -THF) syn-
hesis pathway with a reversal of the glycine cleavage system(GCS) to
ynthesize glycine and pyruvate [ 88 , 106 ]. One-carbon substrates can
e assimilated into pyruvate through the rGly pathway with the need
f two ATP, enabling higher biomass yields than other natural aero-
ic methanol utilization pathways [107] . The rGly pathway has been
sed to engineer E. coli to assimilate formate that is from the conver-
ion of methanol using MDH from B. stearothermophilus and the en-
ogenous glutathione system. As a result, the biomass yield of this syn-
hetic E. coli strain (gC 1 M gC 2 M gC 3 M gEM) was 4.2 gCDW per mol-
ethanol, which was lower than that of native methylotrophs [94] .

imilarly, the rGly pathway was also adopted in aerobic microorgan-
sms such as C. necator [108] and S. cerevisiae [109] for methanol or
ormate assimilation. However, none of these studies obtained the de-
ired results for methanol assimilation because of the relatively low
pecific activity of heterologous MDHs. Thus, in the future, more effi-
ient MDHs need to be explored by high-throughput screening in native
ethylotrophs and enzyme engineering for large-scale mutant screen-

ng. On the other hand, all genes required for the core module of the
Gly pathway are endogenous in S. cerevisiae [11] . Based on this, it
ay be convenient to construct a synthetic methylotroph S. cerevisiae

or the production of high-value chemicals. Second, the modified serine
ycle that utilizes a simple cyclic network has been integrated into E.

oli for assimilating methanol efficiently. In this cycle, formaldehyde
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ehydrogenase is used to simplify the oxidation of formaldehyde to
ormate, and alanine-glyoxylate transaminase and serine dehydratase
re utilized to avoid hydroxypyruvate in the conversion of glyoxylate
o PEP. As a result, methanol consumption rate of the engineered E.

oli HY106 was shown up to 0.7 mM/h/OD 600 with the supplement
f 30 mM xylose and 200 mM methanol [47] . This study shows that
uilding methanol assimilation pathways in non-methylotrophs is one
f effective way to improve cellular tolerance and methanol utilization.

.2.4. Improving reducing power for methanol assimilation 

Introducing heterologous MDHs in non-native methylotrophs not
nly generates formaldehyde, but also produces nicotinamide ade-
ine dinucleotide (NADH). The accumulation of NADH increases the
ibbs free energy of catalytic reaction and is detrimental to the first

tep of methanol oxidation. To alleviate the negative effect of NADH
n methanol assimilation, three strategies are adopted to decrease
ADH/NAD 

+ ratio. (i) Weakening the activity of TCA cycle. The TCA
ycle produces a large number of NADH when microorganisms grow
n sugars. However, the inefficient TCA cycle in native methylotrophs
avors intracellular NADH homeostasis for facilitating their methanol
ssimilation [110] . Accordingly, knockdown of MDH in native methy-
otrophs M. extorquens AM1 or B. methanolicus MGA3 could impair the
CA cycle and increase NAD 

+ accumulation [ 111 , 112 ]. (ii) Reducing the
ctivity of NADH-regenerating enzymes. To further accelerate NADH re-
eneration to overcome the thermodynamic barrier on methanol oxida-
ion, the evolved strain E. coli MeSV2.2, in which malate dehydrogenase
as knocked out and the activity of NADH homeostasis/biosynthesis
as decreased, achieved a higher NAD 

+ /NADH ratio than that of E. coli

eSV2. Finally, up to 24% methanol was incorporated into core metabo-
ites [97] . (iii) Introducing heterologous enzymes to promote NADH con-
umption. The introduction of some heterologous enzymes may lead to
he consumption of NADH, and thus the generation of NAD 

+ could en-
ance the activity of NAD 

+ -dependent MDHs. For example, when lactate
ehydrogenase with NAD 

+ regeneration was introduced into E. coli , the
ctivity of NAD 

+ -dependent MDHs was improved, thereby increasing
he rate of methanol assimilation in the RuMP cycle [92] . The follow-
ng two points should also be noted for generating NAD 

+ in the future
esearch. Firstly, cell growth may be affected with NADH reduction by
eakening the TCA cycle and NADH-regenerating enzymes. Based on

his, introducing NADH consumption enzymes to replace the less active
nes may be desired for further studies. Secondly, it is worth noting that
f MDH is not active enough, increasing NAD 

+ concentration will lead to
he imbalance of intracellular NADH/ NAD 

+ ratio. Thus, the properties
f MDHs need to be considered initially when increasing intracellular
AD 

+ accumulation. 

.3. Improving host compatibility for methanol utilization 

Two major modules, methanol oxidation and methanol assimilation
athways, have been used for the construction of methylotrophs. How-
ver, the compatibility between host strain and methanol utilization
odule remains a challenge. To improve the methanol utilization effi-

iency and productivity of the synthesized methylotrophs, many strate-
ies have been applied such as adaptive laboratory evolution (ALE), co-
ubstrate utilization and constructing methanol-sensing system. 

.3.1. Adaptive laboratory evolution (ALE) 

ALE is one of frequently used methods that provide comprehen-
ive understanding of molecular mechanisms to the adaptive genetic
hanges in microorganisms during long-term evolution under spe-
ific conditions. Recently, ALE can be used to maintain intracellular
etabolic flux and redox homeostasis by adaptively optimizing cellu-

ar metabolism [113] . To obtain more efficient synthetic methylotrophs
ith low-active glycolytic pathway or TCA cycle, two different evolu-

ionary approaches have been adopted: methanol-dependent ALE and
ethanol/sugar-dependent ALE. For example, the engineered E. coli
10 
FC526.0 ΔpfkA ΔgapA: gapC was evolved in methanol to obtain syn-
hetic methylotrophs [46] , but the evolved strain E. coli CFC680.1 still
rew slowly in methanol. To further improve the efficiency of ALE, the
enes encoding phosphogluconate dehydratase, ribose-5-phosphate iso-
erase and NAD 

+ -dependent malate dehydrogenase were knocked out
n E. coli , and then was evolved by continuously reducing sugars in glu-
ose and methanol medium. As a result, the evolved strain E. coli SM1
ad a high methanol-utilizing rate of 13 mM/gCDW/h similar with the
ative methylotrophs [97] . Overall, ALE is a very effective method for
nhancing substrate tolerance and chemical production. However, the
elatively long periods of time are still needed due to the low rate of
pontaneous mutations in ALE. In the future, the limitation of ALE can
e overcome from the following aspects. Firstly, the development of
ene editing tools such as CRISPR/Cas9 [114] can compensate for the
imitation of ALE, thus improving the efficiency of ALE. Secondly, the
bility of eVOLVER with a scalable do-it-yourself framework can pre-
isely be carried out through high-throughput experiments, which can
ave a lot of time for ALE [115] . 

.3.2. Co-substrate utilization 

In general, synthetic methylotrophs cannot grow well solely on
ethanol, and thus other carbon sources are also needed to supply ad-
itional energy and support cellular metabolism in methanol medium
3] . To date, three available methods are developed for co-substrate
tilization. Method (i) is to supply available sugars. In general, supple-
entation with the suitable amounts of sugars (such as glucose, xylose,

nd ribose) can effectively increase the growth of methylotrophs. For
xample, as one of common substrates, glucose could be supplied to im-
rove the growth of the engineered yeast Ogataea polymorpha HpFA01,
nd thus the final production of fatty acid was increased to 0.98 g/L
n methanol medium [116] . Method (ii) is to change the preference
f carbon sources. Except for glucose, other sugars can also be used to
mprove the efficiency of microbial methanol assimilation. For exam-
le, the evolved methylotrophic strain E. coli CFC65, in which the genes
ipAB and rpe were knocked out and the heterologous enzymes from
he RuMP pathway were partially expressed, have shown a 11-fold en-
ancement in methanol consumption compared to that of E. coli BL21
117] . Method (iii) is to add non-sugar substrates. In addition to glu-
onic acid, yeast powder, glycose, ribose, and xylose, leucine could be
sed as auxiliary substrates to improve the efficiency of methanol as-
imilation, and thus deleting the leucine-responsive regulatory protein
as able to further improve the rate of methanol-utilization in E. coli

W25113 Δlrp [118] . Although it is easy to provide additional carbon
ources to support the synthetic methylotrophs in methanol medium,
uture research is to construct synthetic methylotrophs that can use
ethanol as the sole carbon and energy sources. Thus, more efforts

re needed to explore new methylotrophs by high-throughput screen-
ng approaches [119] and make a deep understanding in the metabolic
echanism of methylotrophs. 

.3.3. Constructing methanol-sensing system 

In addition to methanol bioconversion, the ability of cells to sense
nvironmental methanol is equally important. Native methylotrophs can
ense methanol, and then some key genes are induced for methanol
tilization. Thus, microbial cells can make better use of methanol by
egulating these genes that respond to methanol [ 120 , 121 ]. Recently,
wo approaches have been used to construct methanol-sensing syn-
hetic methylotrophs. Approach (i) is chimeric two-component system.
wo-component system, a basic stimulus-response mechanism, allows
icroorganisms to sense changes in environment. The integration of

lhS/EnvZ (FlhSZ) chimeric histidine kinase, which was formed by
using the sensing domain of FlhS from Paracoccus denitrificans with
he transmitter domain of EnvZ from E. coli , enabled E. coli BL21
o sense methanol, and thus activated OmpR to induce gfp expres-
ion [121] . When gfp was replaced with methanol assimilation-related
enes, the synthetic strains were able to initiate methanol assimilation
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athways under a certain concentration of methanol. Approach (ii) is
ormaldehyde-sensing system. As methanol is always oxidized to form
ormaldehyde in methanol assimilation pathways, it is necessary to con-
truct a system that responds to formaldehyde for reducing formalde-
yde toxicity and improving its assimilation efficiency. E. coli has a na-
ive formaldehyde-inducible promoter P frm 

at the upstream of the frm-

AB operon [ 122 , 123 ]. Thus, P frm 

-FrmR toolkit can be constructed to
egulate methanol assimilation pathways for improving the efficiency
f methanol utilization. For example, intracellular formaldehyde accu-
ulation in E. coli K-12 ΔfrmA Δpgi could be avoided by a P frm 

-inducible
ene expression cassette ( mdh-hps-phi ) to optimize the expression levels
f mdh, hps , and phi , resulting in the yield of biomass on methanol up to
.35 gCDW/g methanol [124] . The development of methanol-sensing
ystems can help synthetic methylotrophs to dynamically regulate
ethanol assimilation pathways, enabling them to maintain cell growth.

. Conclusions 

Industrial manufacturing has made great strides in recent years in
onverting methanol into high-value chemicals, which has maximized
he application value of methanol [125] . As an alternative strategy, sus-
ainable methanol biotransformation has great potential for expanding
roduct spectrum. Construction of methanol metabolic pathways in na-
ive methylotrophs sheds light on the reaction mechanism of methanol
ssimilation and offers guides for engineering synthetic methylotrophs.
lthough numerous metabolic engineering strategies have been devel-
ped to optimize methanol assimilation, the efficiency of methanol as-
imilation cannot fully meet industrial needs. Therefore, there still exists
any challenges that need to be overcome. 

Developing microbial hosts with excellent ability for methanol utiliza-

ion . (i) Although native methylotrophs can assimilate methanol for cell
rowth, the metabolic activity of methanol is still not high enough for
fficient production of chemicals. To obtain more efficient native methy-
otrophs, it may be useful to screen methylotrophs from extreme envi-
onment with methanol as the sole carbon and energy source [126] .
ii) Systematic mechanism for methanol assimilation in native methy-
otrophs still remain unclear. Multi-omics data can provide comprehen-
ive understanding of methanol metabolic network in native methy-
otrophs, which will facilitate subsequently genetic regulation to im-
rove methanol-utilizing rate [127] . (iii) The methanol-utilizing ef-
ciency of synthetic methylotrophs still remain below the expected

evel. To address this issue, one strategy is to investigate new micro-
ial hosts such as B. subtilis for integrating methanol assimilation path-
ays [56] . Another strategy is to search new or high-efficiency enzymes

or methanol assimilation, which can be further introduced into specific
icrobial hosts for the construction of synthetic methylotrophs [128] . 

Optimizing methanol assimilation pathways . (i) Methanol assimilation
y the rAcCoA pathway can only obtain a narrow product spectrum such
s acetate. To address this issue, the rAcCoA pathway can be integrated
nto anaerobic bacteria with excellent metabolism and then acetyl-CoA
an be regulated as precursors for the synthesis of a wide range of bio-
hemicals. (ii) Some methanol assimilation pathways such as the RuMP
ycle are not efficient enough to produce biochemicals because of car-
on loss during the conversion of pyruvate to acetyl-CoA. Introducing
arboxylases such as pyruvate carboxylase can convert pyruvate to ox-
loacetate rather than acetyl-CoA, thereby reducing carbon loss [63] .
iii) Although many synthetic pathways have been developed, only a
ew of them can successfully operate in vivo . Thus, new methanol as-
imilation pathways should be further developed in vivo. For exam-
le, the rGly pathway has the potential to assimilate methanol since
ethanol can be oxidized to formate with the generation of reducing
ower [ 94 , 98 ]. In addition, the modified serine cycle can avoid hydrox-
pyruvate as an intermediate, which can improve methanol assimilation
f E. coli HY106 [129] . 

Improving methanol assimilation of synthetic methylotrophs . (i) Due to
he limited metabolic flux of methanol assimilation pathways such as
11 
he RuMP cycle, the synthetic methylotrophs [130] are difficult to grow
olely on methanol. A practical way for the desired synthetic methy-
otrophs growing on methanol alone is to combine genetic modifica-
ion with ALE to weaken the native carbon metabolic pathways and
nhance methanol assimilation pathways [46] . Another efficient strat-
gy is to design orthogonal methanol assimilation pathways that oper-
te independently [86] . (ii) Methanol and formaldehyde are toxic for
icroorganisms when accumulating in certain range of concentrations.
ultienzyme supramolecular complexes that is assembled via scaffold

ngineering have been adopted to prevent the accumulation of toxic
ntermediates [ 114 , 115 ]. Moreover, the genome-scale CRISPRi technol-
gy can be used to explore the mechanism of methanol or formaldehyde
olerance, and then key functional genes may be obtained for improving
he tolerance of toxic substrates [131] . 
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