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Methanol is increasingly becoming an attractive substrate for production of different metabolites, such as

commodity chemicals, and biofuels via biological conversion, due to the increment of annual production

capacity and decrement of prices. In recent years, genetic engineering towards native menthol utilizing

organisms – methylotrophy has developed rapidly and attracted widespread attention. Therefore, it is

vital to elucidate the distinct pathways that involve methanol oxidation, formaldehyde assimilation and

disassimilation in the different methylotrophies for future synthetic work. In addition, this will also help

to genetically construct some new and non-native methylotrophies. This review summarizes the

current knowledge about the methanol metabolism pathways in methylotrophy, discusses and

compares different pathways on methanol utilization, and finally presents the strategies to integrate

the methanol metabolism with other chemicals, biofuels or other high value-added product formation

pathways.
1. Introduction

With the rapid growth of the world population and develop-
ment of industry and society, energy demand is dramatically
increasing annually. However, due to the depletion of fossil
fuels and the concerns about environmental pollution, it is
urgent to develop renewable and environmentally friendly fuels
or chemicals. One of the alternative strategies is to generate
these greener fuels or chemicals via microbial fermentation, in
which monosaccharides, such as pentose and hexose are
usually used as the major raw materials. However, due to the
high cost of these sugars, it is not economically feasible when
using these monosaccharides as substrates especially for large-
scale applications. Although lignocellulose has been developed
as a raw material, many bottlenecks still occur, such as the low
yield of fermentable sugars from lignocellulose by acidolysis or
enzymolysis, time-consuming, high content of inhibitors, and
high cost of enzyme. Therefore, nding appropriate and cheap
raw materials is crucial for the sustainable development of
biotechnology.

Methanol has been considered as an attractive C1 compound
both from a biotechnological and a bulk chemical point of
view.1,2 With a worldwide production of approximately 53
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million tons per year and an expected annual growth rate in the
range of 10–20%, a methanol-based bioeconomy has been
proposed.3 Especially recently, with the rise of the methanol
production process, the price of methanol steadily declined.
Therefore, it is an important breach that reduces the cost of
biotransformation process by using methanol as fermentation
raw materials. Compared with existing raw materials, methanol
has the following advantages: (1) abundant sources (Fig. 1).
Methanol can be produced not only from abundant natural gas
but also from biomass and factory waste gases; (2) low prices.
The price of methanol is lower than sugars in the market;4 (3)
easily handle. Methanol is non-corrosion liquid under room
Fig. 1 Methanol production from different resources.

RSC Adv., 2017, 7, 4083–4091 | 4083

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra27038g&domain=pdf&date_stamp=2017-01-06
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra27038g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007007


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
/2

0/
20

26
 1

1:
49

:3
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
temperature, which is compatible with current transport
systems;5 (4) pure substrate. Unlike some low-cost materials
(such as molasses), methanol is a pure substrate which can be
completely utilized in the fermentation process.6

Methylotrophs, which possess the capability of using C1
compounds such as methane, methanol and methylamine as
carbon and energy sources, show great potential to convert C1
compounds into various applicable chemicals and materials.7

In nature, methylotrophs include a diverse group of microor-
ganisms, mainly methylotrophic bacteria and yeasts. In all of
methylotrophs, methanol will be enzymatically converted into
toxic formaldehyde in vivo rst, which is then further oxidized
to CO2 by dissimilation or enter the carbon metabolic pathways
for methylotrophic growth via certain assimilation pathways.8

Different methylotrophs possess different assimilation and
dissimilation pathways due to biological diversity among them.
Methylotrophs could directly use sole methanol as carbon
sources, however, methanol could only be used for the
production of single cell protein at an industrial scale so far,
which signicantly reduce the value of methanol.4 Currently,
only limited understanding of the metabolism in methylo-
trophic organisms is available. Additionally, their genetic-
transfer systems remain largely inefficient. So in this review,
we will comprehensively discuss currently reported methanol
metabolic pathways found in methylotrophs, which will provide
a feasible scheme to help genetically construct some non-native
methylotrophs.
2. Methanol oxidation to
formaldehyde

In all methylotrophs, oxidation of methanol to formaldehyde is
the rst step in methanol metabolism, which is conducted by
the oxidoreductase, mainly methanol dehydrogenases (MDHs).
MDHs are classied into 3 distinct groups based on their elec-
tron acceptor (Fig. 2): PQQ (pyrroloquinoline quinone)-
dependent methanol dehydrogenase, NAD-dependent meth-
anol dehydrogenase, and O2-dependent alcohol oxidase (AOD).
Fig. 2 Three classes of methanol assimilation enzymes that oxidize
methanol to formaldehyde.

4084 | RSC Adv., 2017, 7, 4083–4091
2.1. PQQ-dependent MDHs

MDHs in Gram-negative methylotrophs contain a pyrroloqui-
noline quinone (PQQ) prosthetic group that captures electrons
from methanol oxidation and passes them to cytochrome c.9,10

The PQQ prosthetic group connects redox reactions to the
respiratory chain.11 In Methylobacterium extorquens AM1, 15
genes participate in methanol oxidation, and 14 of them are co-
transcribed,12 including large and small subunits of MDH
(mxaF and mxaI), electron acceptor cytochrome c (mxaG) and
accessory proteins involved in transport and assembly (mxaJR-
SACKLD).13 However, PQQ biosynthesis requires molecular
oxygen,14 which will restrict the applications of PQQ-dependent
MDHs as some of metabolites must be produced under anaer-
obic conditions.
2.2. NAD-dependent MDHs

NAD-dependent MDHs, which utilize nicotinamide adenine
dinucleotide (NAD) as the cofactor, exist in thermophilic Gram-
positive methylotrophs. Currently, most studies focused on the
identication and characterization of MDHs from B. stear-
othermophilus and B. methanolicus.15,16 Unlike PQQ-dependent
MDHs mediated methanol oxidation, NAD-dependent MDHs
require only one gene for realization of its function.17 B. meth-
anolicus MGA3, a well-known methylotroph that contains three
NAD-dependent MDHs genes (mdh, mdh2, and mdh3) and the
MDH activator protein (ACT) modulates the activity of all three
MDHs.18 In vitro studies suggest that ACT increases methanol
affinity, oxidation rates and activity of NAD-dependent
MDHs,16,19 while it shows no apparent effect in vivo.20

Compared with PQQ-dependent MDHs, NAD-dependent MDHs
utilize a ubiquitous cofactor (NAD) that can be used to provide
electron for metabolite production and generate reducing
equivalents in the form of NADH. Moreover, it can implement
function under both aerobic and anaerobic conditions, whereas
the PQQ-dependent MDHs would be limited to aerobic condi-
tions. In view of this, NAD-dependent MDHs may be better
candidates for synthetic methylotrophy.
2.3. O2-Dependent AODs

In eukaryotic methylotrophs, O2-dependent AODs were used to
oxidize methanol.21 Unlike periplasmic PQQ-dependent MDHs
or cytoplasmic NAD-dependent MDHs, O2-dependent AODs
locate in the peroxisome of yeasts. Methanol will be oxidized by
O2-dependent AODs and converted to formaldehyde and
hydrogen peroxide rst, which are highly toxic compounds to
cells. Then, dihydroxyacetone synthase (DAS) and catalase
(CTA) located in peroxisome will transform them into non-toxic
compounds. And this is one of the most important steps in
methanol utilization. Similar to PQQ-dependent MDHs, O2-
dependent AODs only implement function under aerobic
conditions, however, conservation of electrons of O2-dependent
AODs is inferior to that of PQQ-dependent MDHs. While
compared to NAD-dependent MDHs (DrG0 ¼ 34.2 kJ mol�1) and
PQQ-dependent MDHs (DrG0 ¼ �24.8 kJ mol�1), O2-dependent
This journal is © The Royal Society of Chemistry 2017
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AODs (DrG0 ¼ �99.2 kJ mol�1) have higher efficiency in meth-
anol oxidation.10

3. Formaldehyde assimilated into
biomass

Formaldehyde (HCHO), the rst intermediate in methanol
oxidation, will get assimilated into biomass once converted.
Although HCHO is an important intermediate in methylo-
trophic metabolism, it is highly toxic. The toxicity arises from
the high level of nonspecic reactivity of HCHO with proteins
and nucleic acids.8 Thus, HCHO must be rapidly assimilated
into biomass or dissimilated to CO2. Three different assimila-
tion cyclic pathways have been discovered and biochemically
described, which are: the ribulose monophosphate pathway
(RuMP), the serine pathway, and the xylulose monophosphate
pathway (XuMP).22 The rst two pathways are mainly found in
prokaryotes, while the last pathway occurred in yeast. Despite
differences in pathway, the end-product in these three pathways
is a three-carbon compound synthesized from three C1
compounds.

3.1. Formaldehyde assimilation via the RuMP pathway

The RuMP pathway involves synthesis of a three-carbon
compound from three molecules of HCHO,22,23 which can be
divided into three parts: the xation part, the cleavage part and
the rearrangement part (Fig. 3). In the xation part, HCHO
reacted with ribulose-5-phosphate (Ru5P) to eventually form
fructose 6-phosphate (F6P) catalyzed by two key enzymes, 3-
hexulose-6-phosphate synthase (HPS) and 6-phospho-3-
hexuloisomerase (PHI).24 F6P is then metabolized via the
main metabolic cellular pathways: glycolysis (the EMP
pathway), the Entner–Doudoroff (ED) pathway, or Pentose
Phosphate Pathway (PPP).10

The cleavage part mainly contains F6P which is converted by
a three-carbon compound and glyceraldehyde 3-phosphate
(GAP). Two variants are found in this part, during which, one is
Fig. 3 Outline of the three RuMP pathways. Solid arrows represent
one step reactions, while dashed arrows show multi-step reactions.

This journal is © The Royal Society of Chemistry 2017
FBP aldolase (FBPA) variant, and the other is KDPG aldolase
(KDPGA) variant.25 In the FBPA variant, F6P is converted to FBP
and subsequently cleaved by FBPA to GAP and dihydroxyace-
tone phosphate (DHAP), which can be further converted into
pyruvate, generating one NAD(P)H and two ATP. However, in
the KDPGA variant, F6P is converted to 2-keto-3-deoxy-6-
phosphogluconate (KDPG) by several enzymes, and then
cleaved by KDPGA to GAP and pyruvate. However, only one
NAD(P)H can be generated in this variant (Fig. 3).

The regeneration of Ru5P is vital to keep the cycle running.
There are two variants existing in the rearrangement part: the
transaldolase (TA) one and the sedoheptulose 1,7-bisphospha-
tase (SBPase) one (Fig. 3). However, the last few steps are the
same in two variants, which are, GAP and sedoheptulose-7-
phosphate (S7P) rearranged by transketolase (TK) to two 5-
carbon sugar phosphates, xylulose 5-phosphate (Xu5P) and
ribose 5-phosphate (Ri5P), which is further converted to Ru5P
and completed the regeneration pathway. While the trans-
aldolase variant exhibits a more efficient stoichiometry: 3HCHO
+ NAD+ + ADP ¼ pyruvate + NADH + ATP.26 And the effect of
temperature is very important, because both of NAD-dependent
MDHs and FBA have optimal activity at 50 �C, which is also the
optimal growth temperature of B. methanolicus.27

3.2. Formaldehyde assimilation via the serine pathway

The serine cycle is another HCHO assimilation pathway in
methylotrophic bacteria. M. extorquens AM1 is the most well-
studied methylotrophic bacterium for serine cycle pathway.28

There are two routes existing for generating methylene-H4F
from HCHO in methylotrophy (Fig. 4). One is HCHO and H4F
spontaneously converted into methylene-H4F.29,30 In the other
route, formaldehyde is rstly converted to formate via tetrahy-
dromethanopterin (H4MPT)-dependent enzymes, subsequently
formate is further converted to methylene-H4F via H4F-
dependent enzymes. Although in the former route, less
enzymes are involved and ATP is consumed, it had suggested
that methylene-H4F is mainly formed by the route involving the
Fig. 4 Formaldehyde assimilation metabolism in serine cycle
methylotrophs.
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H4MPT and H4F pathways.31 It is possible that the spontaneous
condensation reaction serves as an overow valve for transient
episodes of formaldehyde overproduction.32 The carbon
balance of the pathway as shown here is: CO2 + 2HCHO +
2NADH + 2ATP ¼ pyruvate + 2NAD+ + 2ADP + FPH2.10
3.3. Formaldehyde assimilation via the XuMP pathway

All methylotrophic yeasts share the same HCHO assimilation
pathway, which is XuMP pathway (Fig. 5). In this pathway,
HCHO is rstly combined with xylulose 5-phosphate (Xu5P) by
peroxisomal enzyme DAS, forming dihydroxyacetone (DHA) and
GAP. Then DHA and GAP will be further assimilated in the
cytosol.33 DHA is phosphorylated to form dihydroxyacetone
phosphate (DHAP), which can be condensed with GAP to form
fructose-1,6-bisphosphate (FBP). FBP will be subsequently
dephosphorylated to form F6P, and a portion of them is then
utilized for regeneration of Xu5P, while the le parts will be
used for biosynthesis of cell constituents (Fig. 5). Two key
enzymes for HCHO assimilation, AOD and DAS, will be highly
expressed in vivo when grown on methanol, but their enzymatic
Fig. 5 Outline of formaldehyde assimilation metabolism by XuMP
pathway in methylotrophic yeasts.

Fig. 6 Comparison of different dissimilation pathways for formaldehyde
tetrahydrofolate-dependent and tetrahydromethanopterin-dependent fo
mycothiol-dependent formaldehyde dissimilation pathway.

4086 | RSC Adv., 2017, 7, 4083–4091
activities are not detectable in cells when grown on other carbon
sources, such as glucose, glycerol, or ethanol,34 indicating that
they are substrate inducible. The overall carbon balance of this
cycle is then: 3HCHO + NAD+ + 2ADP ¼ pyruvate + NADH +
2ATP.
4. Formaldehyde dissimilation to CO2

HCHO dissimilation is ubiquitous in living organisms, as
HCHO is commonly produced from various demethylation
reactions in cells.8 Microorganisms possess a variety of path-
ways to fulll formaldehyde-oxidizing reactions. One way to
oxidize HCHO in some methylotrophs is through the dissimi-
latory RuMP cycle (Fig. 6A). Research shows that key enzyme in
the dissimilatory RuMP pathway was upregulated when cells
grown on methanol.35 However, the main routes of HCHO
dissimilation takes place by HCHO oxidation to formate and
subsequently to CO2, involving four cofactors, tetrahydrofolate
(H4F), tetrahydromethanopterin (H4MPT), glutathione (GSH)
and mycothiol (MSH) (Fig. 6). These cofactor-dependent path-
ways have some common characteristics, for instance: HCHO
and the respective C1 carrier can condense spontaneously or
enzyme catalyzed into cofactor-bound C1 unit, then converted
by several enzymes' oxidation to formate, which further
oxidized to CO2.36
4.1. H4F/H4MPT-dependent pathway

Reactions related with tetrahydrofolate (H4F)/
tetrahydromethanopterin (H4MPT) are commonly found in
methylotrophic and nonmethylotrophic organisms.37 Formal-
dehyde oxidation is initiated by the condensation of formalde-
hyde and H4F/H4MPT to methylene-H4F/H4MPT, which is
spontaneous reaction. However, the H4MPT-dependent reac-
tion can be accelerated by a specic enzyme, formaldehyde-
activating enzyme (Fae).29 Then methylene-H4F/H4MPT is
oxidized to formate through a series of reactions, which can
ultimately be dissimilated to CO2 via FDH (Fig. 6B).
conversion in methylotrophs. (A) The dissimilatory RuMP cycle. (B) The
rmaldehyde dissimilation pathway. (C) The glutathione-dependent and

This journal is © The Royal Society of Chemistry 2017
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There are two distinct pathways existing in methylotrophy,
which show that both the H4MPT and H4F pathways are
necessary to sustain cell growth.38 Interestingly, the H4F-
dependent reactions are all completely reversible, therefore,
an alternative hypothesis suggests that there are two routes for
generating the key intermediate methylene-H4F from HCHO:
one is the direct condensation step via H4F pathway and the
other is indirect condensation step via both H4MPT and H4F
pathways. In the latter one, formaldehyde is rstly catalyzed to
methylene-H4MPT, which is further converted to formate under
H4MPT pathway, and nally generated to methylene-H4F via
reductive H4F pathways direction. If this hypothesis is correct,
the H4MPT pathway would play a role in both dissimilatory and
assimilatory metabolism, in much the same way that the
tricarboxylic acid cycle plays a dual role in growth on multi-
carbon compounds.38
4.2. Thiol (glutathione/mycothiol)-dependent pathways

Thiol-dependent formaldehyde oxidation is also a vital pathway
for formaldehyde detoxication. Just like H4MPT-dependent
pathways, HCHO spontaneously reacts with glutathione (GSH)
to form S-hydroxymethylglutathione (Fig. 6C). And this spon-
taneous reaction can be accelerated by glutathione-dependent
formaldehyde-activating enzyme (Gfa) in Paracoccus deni-
tricans.39 Currently, this pathway is the most commonly found
one for formaldehyde conversion in many nonmethylotrophic
organisms, including plants and mammals, as well as methyl-
otrophic bacteria and yeasts.40

Several Gram-positive bacteria do not contain glutathione,
instead, they possess a “sugar thiol”, mycothiol (MSH).41 The
methylotrophic Gram-positive bacterium Amycolatopsis meth-
anolica contains a mycothiol-dependent formaldehyde dehy-
drogenase (MD-FalDH), which is similar to the zinc-containing
medium chain alcohol dehydrogenases.42,43 It is hypothesized
that, MSH also spontaneously reacts with HCHO to form an S-
hydroxymethylmycothiol just as GSH, and then it was converted
by MD-FalDH to S-formylmycothiol, which might be further
hydrolyzed to formate and MSH via a hydrolase44 (Fig. 6C).
FadH, an NAD-linked mycothiol-dependent formaldehyde
dehydrogenase from Corynebacterium glutamicum, was also re-
ported and shown to be active as a homotetramer. Mycothiol-
dependent formaldehyde oxidation revealed Km values of
0.6 mM for mycothiol and 4.3 mM for formaldehyde and a Vmax

of 7.7 U mg�1.45 Bacillithiol, a thiol cofactor from B. meth-
anolicus, was found in formaldehyde oxidation by LC-MS
(theoretical oxidized monoisotopic mass: 794.1833 amu). The
results also showed that bacillithiol may be used for redox
homeostasis and bacillithiol-dependent formaldehyde oxida-
tion will be activated when the cells were exposed to a sudden
increase in methanol concentration.46
5. Engineering of synthetic
methylotrophy in non methylotrops

Methylotrophs have been used for the biotechnological
production of various chemicals from methanol. The most
This journal is © The Royal Society of Chemistry 2017
typical products described in biotechnological processes by
using methylotrophic microorganisms are poly-b-hydrox-
ybutyrate (PHB),47 amino acids,48 alcohols,49,50 organic acids,51

cadaverine,6 g-aminobutyric acid (GABA)52 as well as proteins.53

Although native methylotrophs grow quite fast on C1 substrates
and produce various chemicals, several problems still exist,
such as lackage of efficient genetic tools for strain modication,
non-production of metabolites at high levels.10,54 Moreover,
most native methylotrophs are obligate aerobes, which would
limit the efficient production of metabolites, because more
reducing power are consumed by electron transport chain
rather than the accumulation of desirable metabolites.55 Based
on these considerations, the concept of synthetic methylo-
trophy is attracting more and more attention.55,56

As mentioned, many distinct methanol metabolism path-
ways exist in methylotrophic organisms. However, the forma-
tion of end metabolic products depends on the environmental
conditions. For example, fatty acid and amino acid are
produced in aerobic condition, while organic acid and biofuels
are usually produced through anaerobic metabolism. There-
fore, it is critical to choose suitable methanol metabolism
pathway to achieve the goal of enabling aerobic, microaerobic,
and anaerobic growth based on methanol as a carbon source in
synthetic methylotrophy.

Three distinct methanol dehydrogenases have been
described above. Compared to PQQ-dependent MDHs and O2-
dependent AODs, NAD-dependent MDHs require only one
enzyme for its functional assembly in both aerobic and anaer-
obic conditions. Therefore, it can be speculated that NAD-
dependent MDHs could be the best candidates for synthetic
methylotrophy, because it can implement function under both
aerobic and anaerobic conditions and generate reducing
equivalents (NADH), which can help promote strain growth.
However, it is vitally important to choose an appropriate MDH
in synthetic methylotrophy. Six MDHs from two Bacillus meth-
anolicus (MDH1, MDH2, MDH3 from B. methanolicusMGA3 and
MDH, MDH1, MDH2 from B. methanolicus PB1) were produced
recombinantly in Escherichia coli. Among those, only MDH2 and
MDH3 from B. methanolicusMGA3 possessed signicant activity
in E. coli.16 Müller et al. (2015) have chosen E. coli as the host to
implement metabolic construction for methanol conversion.20

They screened a series of enzymes from different microor-
ganism donors and analyzed the matching of these enzymes in
E. coli. The results showed that MDH2, HPS and PHI from B.
methanolicus MGA3 were found to be the most effective in E.
coli. Labeling experiments using 13C methanol demonstrated
that approximately 40% of the methanol entered into central
metabolites. However, when three MDHs from B. methanolicus
MGA3 were expressed in Corynebacterium glutamicum, MDH
and MDH3 showed the highest activity, whereas MDH2 showed
the lowest catalytic activity. Interestingly, the expression of HPS
and PHI from B. subtilis could also complete the RuMP pathway
in C. glutamicum.19 Whitaker et al. (2016) reported that MDH
from B. stearothermophilus has a lower Km and higher enzyme
activity than MDH2 from B. methanolicus under normal physi-
ological conditions for E. coli.57 Wu et al. (2016) characterized
and engineered a group III NAD-dependent alcohol
RSC Adv., 2017, 7, 4083–4091 | 4087
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Fig. 7 Comparison of different raw materials, glucose, methanol and
syngas for producing series of bio-based chemicals.
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dehydrogenase (Mdh2) from a Gram-negative, mesophilic, non-
methylotrophic organism Cupriavidus necator N-1. This enzyme
exhibited higher or comparable activity and affinity toward
methanol relative to the B. methanolicus Mdh with or without
activator protein in a wide range of temperatures.58 I think it's
a boon to the development of synthetic methylotrophy. Although
these papers provide evidence that MDHs and the RuMP pathway
can be successfully assembled to non-native methylotrophs, the
rate of methanol consumption is signicantly lower than those
reported for native methylotrophs. One of the key reasons is the
high activity of reverse formaldehyde reductase for Mdh, which is
at least 1000-fold higher than methanol oxidation according to
the kinetics analyses.16 To solve this problem, three strategies
have been adopted to promote carbon ux in a desirable direc-
tion. One is modulating the expression levels of HPS and PHI
(through manipulating promoter strengths or ribosome binding
site strengths) or improving activities of them by directed evolu-
tion, which will reduce the accumulation of formaldehyde and
then decrease the reversible methanol oxidation. Another
strategy is constructing synthetic protein scaffolds that spatially
recruit MDH, HPS and PHI in a designable manner. This will
increase the overall pathway ux while preventing metabolic
intermediates accumulation. Moreover, the production levels of
different enzymes can be regulated through change the number
of its specic ligands.59 Recently, Price et al. (2016) reported
a scaffoldless, self-assembly approach to cluster MDH, HPS, and
PHI using an SH3–ligand interaction pair. The use of engineered
supramolecular enzyme complex yielded a 50-fold improvement
in methanol conversion.60 The third strategy is reducing the
concentration of NADH to preventing reversible formaldehyde
reduction. This strategy can easily be achieved if the desired
products is reducing metabolites, such as succinate acid or
butanol.

To accelerate consumption of methanol in sugar-based
fermentation processes, the synthetic formaldehyde assimila-
tion and the endogenous dissimilation should be balanced. For
example, in case of C. glutamicum, the pathway for methanol
dissimilation was recently discovered.61 Deletion of the
responsible genes improved the assimilation, as 13C-feeding
experiments showed that more methanol-derived carbon
could be assimilated, and also more toxic formaldehyde accu-
mulated, which in turn inhibited the overall cell growth.19

Moreover, the regeneration of Ru5P is vital to keep the RuMP
pathway running in the facultative methylotroph B. meth-
anolicus MGA3. If the relative genes were decient, the strains
will not able to grow on methanol.62 B. methanolicus has
a dynamic control system, the transcription levels of the genes
in RuMP pathway were signicantly upregulated when formal-
dehyde accumulated, which will benet formaldehyde detoxi-
cation.63 However, no reports were presented as to whether
non-native methylotrophs have this system when growing on
methanol. Thus, it is crucial to sustain the proper concentration
of Ru5P for formaldehyde assimilation in synthetic methylo-
trophy. Two strategies may be useful for strengthening the
replenishment of Ru5P. One is overexpressing key genes for
Ru5P replenishment, such as glpX (fructose-1,6-
bisphosphatase), rpe (ribulose-5-phosphate 3-epimerase), tkt
4088 | RSC Adv., 2017, 7, 4083–4091
(transketolase). The other is nding appropriate promoters,
which are sensitive to the concentration of formaldehyde, to
substitute the native ones. If the regeneration of Ru5P can be
solved in synthetic methylotrophy, using methanol as fermen-
tation raw materials for fuel and chemical production will be
applied widely in industrial biotechnology. One thing to note is
that synthetic methylotrophy cannot growth on methanol
solely.

So far, no metabolic product production has been reported
in genetically modied methylotrophy. If methanol was used as
the substrate instead of traditional raw materials, the produc-
tion costs will be reduced. However, how to integrate the
methanol metabolism with other chemicals, biofuels or high
value-added products formation pathway in vivo is still the
biggest obstacle. The following strategies are proposed based on
literatures. (1) NAD-dependent MDHs and RuMP pathway,
which can implement function under anaerobic conditions,
could be recruited in the dicarboxylic acid production strains.
One of the main reasons of low production and yield in these
strains is the shortage of reducing equivalents (NADH) supply.
While methanol oxidation by NAD-dependent MDHs generates
NADH, which is benecial to cell growth and products synthesis
(Fig. 7). Moreover, because of successfully eliminated NADH
accumulation, formaldehyde reduction will be slow down,
which will lead to further enhancement in methanol utilization.
(2) XuMP pathway is only applied to some yeast genera, as three
key enzymes AOD, DAS and CTA are located in peroxisomes. So
these genes can be introduced into Saccharomyces cerevisiae for
production of amino acids or biodiesel. (3) Methylene-H4F, the
intermediate metabolite in serine pathway, can also be
synthesized from syngas. If it can be coupled with Wood–
Ljungdahl pathway to synthesize acetyl-CoA which can further
convert into various biofuels, the whole pathway will be shorter
and less ATP and reducing equivalents (NADH) will be
consumed. This strategy will promote syngas utilization effi-
ciency and increased biofuels production.
This journal is © The Royal Society of Chemistry 2017
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6. Conclusions

Methanol represents an attractive alternative non-food raw
material in biotechnological processes from an economic,
ecologic, and process point of view. Methylotrophs are widely
used to produce varies products, for example single-cell protein,
PHB and some amino acids. In particular, with the development
of the genome editing tools, such as CRISPR-Cas9 system, it is
possible to construct robust methylotrophs more efficiently.
Therefore, the potential of using these species for the develop-
ment of economically competitive bioprocesses based on
methanol as an alternative carbon source will be more realistic.
Moreover, metabolic engineering has recently become more
powerful with the advanced in synthetic biology, which is
allowing us to create novel methanol metabolism in non-native
methylotrophs, so that they can utilize methanol as co-
substrates with carbohydrates to produce metabolites as bio-
fuels and chemicals. Based on these, novel technologies will be
designed, and methanol will have a more prospective applica-
tion in the near future.

Abbreviations of intermediates
Ru5P
This journal is © The Ro
Ribulose 5-phosphate

H6P
 Hexulose 6-phosphate

F6P
 Fructose 6-phosphate

FBP
 Fructose-1,6-bisphosphate

KDPG
 2-Keto-3-deoxy-6-phosphogluconate

GAP
 Glyceraldehyde phosphate

DHAP
 Dihydroxyacetone phosphate

Pyr
 Pyruvate

X5P
 Xylulose 5-phosphate

E4P
 Erythrose-4-phosphate

SBP
 Sedoheptulose-1,7-bisphosphate

S7P
 Sedoheptulose-7-phosphate

Ri5P
 Ribose 5-phosphate

DHA
 Dihydroxyacetone

G6P
 Glucose 6-phosphate

6-PG
 6-Phosphogluconate

GS-CH2OH
 S-Hydroxymethylglutathione

GS-CHO
 S-Formylglutathione

MS-CH2OH
 S-Hydroxymethylmycothiol

MS-CHO
 S-Formyl-mycothiol
Abbreviations of enzymes
HPS
 3-Hexulose-6-phosphate synthase

PHI
 6-Phospho-3-hexuloisomerase

PFK
 Phosphofructokinase

KDPGA
 2-Keto-3-deoxy-6-phosphogluconate

aldolase

FBA
 Fructose-1,6-bisphosphate aldolase

TK
 Transketolase

TA
 Transaldolase

SBPase
 Sedoheptulose-1,7-bisphosphatase
yal Society of Chemistry 2017
RPE
 Ribulose-5-phosphate 3-epimerase

RPI
 Ribose-5-phosphate isomerase

MTDA
 Methylene-H4F dehydrogenase

FCH
 Methenyl-H4F cyclohydrolase

GLYA
 Serine hydroxymethyltransferase

HPR
 Hydroxypyruvate reductase

GCK
 Glycerate kinase

ENO
 Enolase

PPC
 Phosphoenolpyruvate carboxylase

MDH
 Malate dehydrogenase

MTKAB
 Malate thiokinase

MCL
 Malyl-CoA lyase

SGA
 Serine-glyoxylate aminotransferase

AOD
 Alcohol oxidase

CTA
 Catalase

DAS
 Dihydroxyacetone synthase

DAK
 Dihydroxyacetone kinase

FBP
 Fructose 1,6-bisphosphatase

PGL
 6-Phosphogluconolactonase

GND
 6-Phosphogluconate dehydrogenase

FTFL
 Formyl H4F ligase

FDH
 Formate dehydrogenase

FAE
 Formaldehyde activating enzyme

MTDB
 Methylene H4MPT dehydrogenase

MCH
 Methenyl H4MPT cyclohydrolase

FHC
 Formyltransferase/hydrolase complex

FLD
 Formaldehyde dehydrogenase

FGH
 S-Formylglutathione hydrolase

MD-FLD
 MSH-dependent formaldehyde dehydrogenase
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