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Abstract

Formaldehyde, a pivotal yet highly toxic intermediate in most methanol metabolism pathways, has
been extensively studied for its cytotoxic effects. Numerous studies have demonstrated that
formaldehyde induces significant cellular damage by interfering with fundamental biological
processes, including DNA and protein crosslinking. However, the comprehensive understanding
of formaldehyde's multifaceted mechanisms of bacterial cell toxicity remains incomplete, which
consequently constrains the efficient utilization of methanol. In this study, we identified that
formaldehyde accumulation in Escherichia coli triggers a substantial elevation in intracellular
reactive oxygen species (ROS) levels. Building upon this observation, we systematically
investigated the potential advantages of implementing an ROS scavenging system, particularly
comprising superoxide dismutase from Klebsiella pneumoniae and catalase from Pseudomonas
aeruginosa, to enhance formaldehyde tolerance. The engineered E. coli strain equipped with this
ROS detoxification system demonstrated remarkable improvements in both formaldehyde
resistance and methanol assimilation efficiency. Notably, the modified strain exhibited a ~30-fold
enhancement in methanol assimilation amount (291 mM) compared to the control strain which
lacked the ROS scavenging machinery (9 mM) under high amount of methanol. Furthermore,
through iterative substrate feeding of methanol and xylose in shake-flask, the engineered strain
demonstrated enhanced consumption amount, up to 485 mM (~15.5 g/L). Collectively, our
findings underscore the scientific and biotechnological significance of ROS clearance systems in
optimizing methanol assimilation, providing valuable insights for metabolic engineering and
industrial biotechnology applications.
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1. Introduction

The imperative shift toward cleaner energy alternatives, including methanol as a sustainable
fuel [1], is driven by the pressing issues of climate change and the ecological drawbacks of fossil
fuels [2]. Methanol, recognized for its simplicity as an energy storage molecule [2], serves as an
abundant and compatible liquid feedstock for renewable chemical production, seamlessly
integrating with existing biomanufacturing and transport systems [3]. Significant advancements
have been made in producing methanol from CO, via methods, creating value-added chemical
process chains with a low or negligible carbon footprint, thereby supporting carbon-neutral
objectives [4] (Figure 1A).

The reduction of greenhouse gas (GHG) emissions has heightened interest in methanol as a
carbon source for bioprocessing [3]. However, a critical factor in methylotrophic metabolism is
the cytotoxicity of methanol intermediates, particularly formaldehyde, serves as a central
intermediate in most methylotrophic pathways [5, 6], e.g., RuMP pathway [7], XuMP pathway
[8], homoserine cycle [9], MCC pathway [10], FLS pathway [11], SACA pathway [12], HACL
pathway [13], ASAP pathway [14], and FORCE pathway [13, 15] (Figure 1A). Formaldehyde is
highly toxic, causing chromosomal DNA damage, protein crosslinking and membrane damage
[16]. In addition to these detrimental effects, other types of formaldehyde damage to bacterial cells
remains unclear.

Reactive oxygen species (ROS), comprising superoxide anion (O:7), hydrogen peroxide
(H20.), and hydroxyl radicals (OH"), are intrinsic by-products generated during oxygen reduction
processes. These highly reactive molecules inflict substantial damage to vital cellular components,
including DNA, RNA, proteins, and lipids, culminating in membrane destabilization, protein
denaturation, replication impairment, and mutagenesis [17]. Intriguingly, our study has unveiled
an additional dimension to the cytotoxic effects of formaldehyde, demonstrating its capacity to
induce a pronounced elevation in intracellular ROS levels. Considering this discovery, we sought
to mitigate formaldehyde-induced cytotoxicity through the targeted scavenging of intracellular
ROS. Remarkably, this intervention not only ameliorated cellular toxicity but also significantly
enhanced methanol assimilation efficiency, consequently improving the bioproduction of
methanol-derived compounds.



2. Methods

2.1 Strains and plasmids

All plasmids and strains used in this study are listed in Table S1, S2. Escherichia coli (E.
coli) DH5a was used for plasmid construction and propagation. Strains derived from E. coli
MG1655 were used for formaldehyde tolerance evaluation, while those derived from E. coli
MG1655(DE3) were employed for investigating methanol assimilation. The genes Bm sodA, Me
sodB, Op sod, Yl sod2, Kp sodB, Bm katA, Cn katG, Mt katG,Cb CTAIl, and Pa katA were
individually integrated into the pta locus of the E. coli MG1655 genome, which used for
formaldehyde tolerance assay. The plasmid pCDF-mdh-hps-phi, retrieved from laboratory storage,
was employed in methanol assimilation studies. The plasmids PET-mcrC-mcrN and pTrc99a-bktB,
sourced from laboratory storage, were employed for 3-HP and TAL production, respectively.

The CRISPR-Cas9 system[18] was employed for chromosomal editing, enabling the
integration of genes Kp sodB and Pa katA, and the targeted knockout of genes frmA, rpiA, and
rpiB. Additionally, the one-step inactivation method (FLP-FRT)[19] was applied to disrupt the
cyaA gene. The genes Kp sodB and Pa katA were integrated either individually or in combination
into pta loci of the E. coli MG1655 genome. The expression levels of the Kp sodB and Pa katA
genes were modulated through the wuse of RBS engineering[20]. Using
‘GTTTAAACCAGGAGRNNNNNN’ as the template sequence[21], a RBS library was
constructed, incorporating RBS sequences with varying expression strengths. They were used to
optimize the combination of the Kp sodB and Pa kat4 genes, which were then integrated into the
pta loci of the E. coli MG1655 genome. As a result, a series of pta site integration strains,
designated as SC1, SC2, SC3, SC4, SCS5, SC6, SC7, and SC8, were constructed. And the strain
MG1655Apta was obtained from laboratory storage. All the aforementioned strains were subjected
to formaldehyde tolerance assays.

A tolerance module of strain SC6, Kp sodB-RBS6-Pa katA, was integrated into the pta locus
of the E. coli MG1655(DE3) AfrmAArpiABAcyadA genome, resulting in the construction of
methanol-assimilating strain AMI1. The Ilaboratory-stored strain E. coli MG1655(DE3)
AfrmAArpiABAcyaAApta was designated as AMO. The methanol assimilation performance of
these strains was systematically evaluated through experimental analysis.

2.2 Formaldehyde tolerance assay

All tolerance test strains were cultivated in a MOPS-based minimal medium supplemented
with 2% (wt/v) glucose, which included 40 mM MOPS, 4 mM tricine, 0.01 mM FeSQOy, 9.5 mM
NH4CI, 0.276 mM K,SOy, 0.5 uM CaCl,, 0.525 mM MgCl,, 50 mM NaCl, 0.292 nM (NH4),MoOQy,
40 nM H;BO;, 3.02 nM CoCl,, 0.962 nM CuSOy, 8.08 nM MnCl,, 0.974 nM ZnSO,, and 1.32
mM K,HPO,4[22]. The strains were cultured in MOPS minimal medium supplemented with 0 mM
orl mM formaldehyde, and subjected to continuous kinetic cultivation in microplate reader.
Optical density at ODgy was monitored, and differences in formaldehyde tolerance were evaluated
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based on growth performance. Tolerance testing for high concentrations of formaldehyde (1.2 mM)
was conducted in test tubes, with ODgoo measurements taken.

2.3 Methanol assimilation assay

All strains used in methanol assimilation experiments were cultured in MOPS medium
supplemented with 50 mM xylose, 2% (wt/v) casamino acids, and varying concentrations of
methanol, and 0.1 mM IPTG to induce the expression of the plasmid pCDF-mdh-hps-phi.
Additionally, 25 mg/L kanamycin and 50 mg/L spectinomycin were added as required. The strains
were cultured in 250 mL baffled shake flasks. During the cultivation process, samples were
collected at regular daily intervals for optical density measurements and subsequent analytical
assessments.

2.4 Assessment of cellular ROS levels

Cellular ROS was measured using 2,7-dichlorodihy-drofuorescein diacetate (DCFH-DA)[23].
The collected bacterial suspension was centrifuged to remove the supernatant and washed twice
with PBS buffer to eliminate residual formaldehyde. The cells were then resuspended in PBS
buffer, and DCFH-DA dissolved in DMSO was added to achieve a final concentration of 10 uM.
The mixture was incubated at 37°C for 1 hour, followed by centrifugation to remove the
supernatant. The cells were washed twice with PBS buffer and resuspended in PBS buffer.

Fluorescence was measured at an excitation wavelength of 488 nm and an emission wavelength of
525 nm.

2.5 Quantification of Methanol and Xylose Consumption

The consumption of methanol and xylose was detected using an Agilent 1260 HPLC equipped
with a refractive index detector (RID). An Agilent Hi-Plex column was employed, with the
following chromatographic conditions: 5 mM sulfuric acid as the mobile phase, a refractive index
detector temperature of 35°C, a column temperature of 60°C, and a flow rate of 0.6 mL/min.[24]

2.6 C3-labeled methanol experiment

The strain AM1 were cultivated in MOPS minimal medium supplemented with 120 mM C!3-
labeled methanol, 50 mM xylose, 2% (w/v) casein hydrolysate, and 0.1 mM IPTG to induce the
expression of the plasmid pCDF-mdh-hps-phi. Furthermore, 25 mg/L kanamycin and 50 mg/L
spectinomycin were added as selective agents where required.

The strain was cultured for six days, after which the cells were harvested through
centrifugation. The collected cells were hydrolyzed by treating it with 1 mL of 6N hydrochloric
acid at 95 °C for 24 hours. Following hydrolysis, the samples were dried at 95 °C and subsequently
re-dissolved in 1 mL of deionized water (ddH20). Amino acids released from the hydrolysis were
separated using ultra-performance liquid chromatography (UPLC) on a C18 reversed-phase
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column (Agilent). Mass spectrometry analysis was performed using an Exactive mass
spectrometer (Agilent), and the resulting data were processed with MassHunter software
(Agilent)[25, 26].

2.7 Analysis of 3-HP and TAL content

The 3-HP and TAL-producing strains were cultivated in MOPS medium supplemented with
600 mM methanol, 50 mM xylose, and 2% (w/v) casein hydrolysate. Fermentation samples for 3-
HP were collected at regular intervals and analyzed using an Agilent 1260 HPLC system, equipped
with a DAD detector and an Hi-Plex column. The analytical conditions were as follows: 5 mM
sulfuric acid as the mobile phase, UV detection at 210 nm, a flow rate of 0.6 mL/min, and a column
temperature maintained at 55°C[27]. The analysis of TAL fermentation samples was conducted
according to a previously reported method, involving the collection of the supernatant by
centrifugation followed by the measurement of absorbance at 282 nm[28].

3. Results
3.1 Mining and recruiting SOD and CAT enzymes for scavenging intracellular ROS

To initiate our investigation, we conducted comprehensive formaldehyde toxicity assays in
E. coli to evaluate its cytotoxic effects Our findings indicated that formaldehyde had pronounced
inhibitory effects on E. coli, with a concentration as low as 1.25 mM being sufficient to impede
growth in MOPS medium supplemented with 2% (wt/v) glucose (Fig. 1B). We are interested in
investigating whether formaldehyde causes ROS damage to bacterial cells. Hence the ROS levels
in E. coli were initially tested in the presence of formaldehyde. The ROS levels in cells increased
progressively with the addition of various concentrations of formaldehyde. Specifically, upon
adding 1.25 mM formaldehyde, intracellular ROS levels were 2.2-fold higher compared to those
in the absence of formaldehyde (Fig 1C), highlighting a significant elevation due to formaldehyde
toxicity.

To this end, we sought to scavenge intracellular ROS and thus focused on overexpressing
enzymes involved in the ROS scavenging system. The system comprises superoxide dismutase
(SOD)[29] and catalase (CAT)[30] (Fig 1D, 1F). Therefore, SOD and CAT from different sources
were mined through the databases such as BRENDA and UniProt. Based on the phylogenetic tree
analysis, SOD and CAT with distant evolutionary relationships will be selected as candidates for
tolerance testing (Fig 1E, 1G). As this study focuses on the efficient conversion of methanol;
therefore, the selection of SOD and CAT were preferentially focused on those from methylotrophic
organisms. In the SOD screening, SodA from Bacillus methanolicus (Bm sodA) and SodB from
Methylorubrum extorquens (Me sodB) were selected, both of which are methylotrophic bacteria.
Additionally, SOD from Ogataea polymorpha (Op sod) and Sod2 from Yarrowia lipolytica (Yl
sod2) were chosen, as they are methylotrophic yeasts. Furthermore, SodB from Klebsiella
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pneumoniae (Kp sodB), a non-methylotrophic bacterium, was also included as a candidate (Fig
1E). These protein sequences exhibit 42% sequence identity (Fig S1), suggesting that they may
display significantly different levels of formaldehyde tolerance.

For the selection of CAT, KatA from Bacillus methanolicus (Bm kat4), KatG from
Cupriavidus necator (Cn katG), and KatG from Methylosinus trichosporium (Mt katG) were
chosen as candidates from methylotrophic bacteria. Additionally, CTA1 from the methylotrophic
yeast Candida boidinii (Cb CTAI) and KatA from the non-methylotrophic bacterium
Pseudomonas aeruginosa (Pa katA) were also selected (Fig 1G). Similarly, due to the very low
protein homology, only 23% sequence identity (Fig S2), it is anticipated that they will exhibit
distinct formaldehyde tolerance profiles.

Compared to plasmid expression, genome integration offers greater stability and reduces
intercellular heterogeneity, eliminating the requirement for antibiotics[31]. Therefore, the 10 SOD
or CAT enzymes from different sources were individually integrated into the pta locus of the
MG1655 genome. The strains were cultivated in MOPS medium supplemented with 2% (v/v)
glucose, and continuous kinetic analysis was conducted using a microplate reader. In comparison
to the control strain (with pfa gene knockout), the SodB derived from K. pneumoniae (Kp SodB)
demonstrated a marked advantage in performance. The optical density at 600 nm (ODgyy) was
observed to be 1.5-fold higher in the strain after 14 h of cultivation (0.37), compared to the control
strain (0.15) (Fig 1H). The strain carrying KatA from Pseudomonas aeruginosa exhibited a growth
level (ODgoo = 0.72) 3.9-fold higher than the control strain (Fig 11). These enzymes catalyze a
sequential reaction pathway, where SOD first converts O, into H,O,[32], followed by CAT
reducing the H,O, to H,O [33].
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Fig. 1. Screening for formaldehyde tolerance in SDO and CAT from different sources. (A) Schematic
flowchart of methanol chemical synthesis and microbial utilization for chemical production. (B) Detection of
ODggp in E. coli MG1655 under different formaldehyde concentrations. (C) Detection of ROS levels in E. coli
MG1655 under different formaldehyde concentrations. (D) Reaction equation catalyzed by superoxide
dismutase (SOD). (E) Phylogenetic tree representing the evolutionary relationships of SOD, verdant labeling
demarcates enzymic candidates identified through formaldehyde tolerance screening protocols. (F) Reaction
equation catalyzed by catalase (CAT). (G) Phylogenetic tree representing the evolutionary relationships of CAT,
fuchsia typography denotes enzymatic candidates identified through formaldehyde tolerance screening protocols.
(H) Fold changes in ODgq of the engineered strains compared to the control strain (E. coli MG1655 with the pta
gene knockout) for SOD. (I) Fold changes in ODgg of the engineered strains compared to the control strain (£.
coli MG1655 with the pta gene knockout) for CAT. Different lowercase letters (a, b) indicate significant
differences among groups (p < 0.001) based on the Games-Howell multiple comparison test.

3.2 Synergistic harnessing SOD and CAT enzymes for further increasing formaldehyde
tolerance

Given that SOD and CAT enzymes individually demonstrated effectiveness in mitigating
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formaldehyde-induced toxicity, we hypothesized that their synergistic interaction could further
enhance cellular tolerance to formaldehyde. To assess this, the Kp sodB and Pa katA genes were
co-expressed. For fine-tune their expression, a series of ribosome binding site (RBS) variants with
different strengths were strategically engineered (Fig 2A), enabling precise control over the
expression balance between the two enzymes. All the strains displayed similar growth patterns
except the strain SC5 under the 0 mM formaldehyde conditions (Fig S3A). As expected, in the
presence of ImM formaldehyde, the engineered strains integrated SOD and CAT at the pta site
displayed dynamic distinct growth trends and shorter lag times than the control strain (Fig S3B).
Specifically noted, at 14 h, the ODg of the strain SC6 reached 0.84, surpassing that of the single-
gene expressing strains (Kp sodB at 0.37 and Pa katA at 0.72) as well as the control strain (0.15)
(Fig 2B).

Subsequently, the engineered strain SC6 and the control strain were further evaluated in the
test tubes. In the absence of formaldehyde, the engineered strain SC6 exhibited a growth pattern
comparable to the control strain. However, under exposure to 1.2 mM formaldehyde, the control
strain displayed markedly reduced growth, with an ODg, of only 0.2 after 28 h of cultivation. In
contrast, the engineered strain SC6 (ODg at 2.4) reached OD values comparable to those obtained
in the absence of formaldehyde (Fig 2C, S4). Subsequent analysis assessed ROS levels in those
strains. In the absence of formaldehyde, all strains exhibited relatively low ROS levels. However,
upon exposure to 10 mM formaldehyde, ROS levels in the control strain increased markedly, and
the SC6 strain demonstrated a 52% reduction in ROS accumulation compared to the control strain,
despite exhibiting elevated ROS levels (Fig 2D). These results demonstrate that SOD and CAT
synergistically improve formaldehyde tolerance.
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Fig. 2. Assessment of formaldehyde tolerance through the combined expression of SOD and CAT. (A) Left
panel: schematic diagram of genetic loci involved in the ROS scavenging system; right panel: screening of the
RBS library led to the identification of RBS sequences with varying strengths, with the sequences depicted in
the figure corresponding to randomly mutated sites. (B) The strains growth in a microplate reader: 1 mM
formaldehyde, for 14 h cultivation. (C) Formaldehyde tolerance characterization in the tubes. (D) ROS level
assay under formaldehyde -treated and untreated conditions. Different lowercase letters (a, b) indicate significant

differences among groups (p < 0.001) based on the Games-Howell multiple comparison test.

3.3 Enhanced ROS-scavenging for augmenting methanol assimilation

Given the remarkable formaldehyde tolerance exhibited by strain SC6, we aimed to leverage
this capability to enhance methanol assimilation efficiency. To achieve this, we genetically
engineered the strain by integrating a well-characterized methanol assimilation pathway, RuMP
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pathway, thereby optimizing its metabolic potential for methanol utilization. This pathway
incorporated key enzymes, including methanol dehydrogenase (Mdh), 3-hexulose-6-phosphate
synthase (Hps), and 6-phospho-3-hexulose isomerase (Phi) (Fig 3A). In particular, the mdh gene
from Cupriavidus necator[34] and the hps and phi genes from Bacillus methanolicus[35] were
integrated into the pCDFduet-1 vector, resulting in the recombinant plasmid pCDF-mdh-hps-phi
(designated as pCDF-RuMP).

For driving more methanol assimilation, the glutathione-dependent formaldehyde
dehydrogenase (frmA) gene was selectively disrupted to block the conversion of formaldehyde to
formate in the strain SC6, thereby preventing its further oxidative degradation[36]. Given that the
RuMP pathway requires D-ribulose 5-phosphate (Ru5P) as a precursor, the availability of this
substrate was further optimized by supplementing the strain with xylose. Since wild-type E. coli
can utilize xylose as the sole carbon source, the strategic deletion of the 7pidAB genes was employed
to inhibit the conversion of Ru5P to ribose 5-phosphate (R5P), thereby channeling the assimilation
of xylose exclusively through the RuMP pathway[36]. Moreover, the cyad gene, which encodes
adenylate cyclase, was deleted, as it is hypothesized to facilitate methanol utilization through the
downregulation of enzymes involved in the TCA cycle[37](Fig 3B). Through a series of genetic
manipulations, the strain E. coli MG1655(DE3) AfrmAArpiABAcyaAd (referred to as AQ) was
constructed. The previously established efficient ROS clearance system was then introduced into
this strain. As a result, a new strain was generated: E. coli MGI1655(DE3)
AfrmAArpiABAcyaAApta::KpsodB-RBS6-Pa katA (referred to as Al).

To evaluate methanol assimilation, the strains AM1(the strain Alcarrying the plasmid pCDF-
RuMP) and AMO (the strain E. coli MG1655(DE3) AfrmAArpiABAcyaAApta carrying the plasmid
pCDF-RuMP) were cultivated in MOPS minimum medium supplemented with varying
concentrations of methanol, 50 mM xylose, and 2% (wt/v) casein hydrolysate. In shake flasks
cultivation, the engineered strain consistently exhibited a vigorous growth profile (Fig S5). After
6 days of cultivation, the ODg of the strain AM1 reached 5.0 in the presence of 300 mM methanol.
By comparison, the control strain AMO exhibited an ODg of only 1.1 (Fig 3C, S6). Due to the
volatility of methanol, a blank control group without bacterial inoculation was established. After
6 days of cultivation, methanol in the blank group decreased by 11 mM. The strain AM1 consumed
111 mM, while the control strain AMO consumed only 29 mM (Fig 3D). For xylose consumption,
the strain AM1 retained a small amount of xylose, whereas the control strain consumed only 4 mM
(Fig S6).

Interestingly, under 600 mM methanol conditions, the engineered strain exhibited improved
growth and more efficient methanol assimilation. After 2 days of cultivation, the strain AMI1
reached peak growth, exhibiting ODgy values of 8.2—representing increases of 20.8-fold
compared to the control strain AMO (ODgy = 0.4) (Fig 3E, S7). With respect to methanol
consumption, the strain AM1 demonstrated an even higher methanol consumption of 238 mM,
reflecting an 18.8-fold increase compared to the control strain, which utilized only 12 mM of
methanol (Fig 3F). The strain AMI1 fully consumed the available xylose within 2 days, whereas
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the control strain utilized only a negligible amount (Fig S7).

Subsequently, these strains were cultured in a medium containing 900 mM methanol, where
the engineered strain AM1 achieved the highest ODg of 6.7 after 3 days of cultivation. However,
the control strain exhibited an ODgy of only 0.3 (Fig 3G, S8). Throughout the 6-day cultivation,
the strain AM1 demonstrated a total methanol consumption of 291 mM, representing a ~30-fold
increase relative to the control strain (9 mM) (Fig 3H). During a 3-day cultivation period, the strain
AMI had nearly exhausted all available xylose. In contrast, the control strain showed minimal
xylose utilization (Fig S8). These results strongly demonstrate the efficient methanol assimilation
capacity of the engineered strain AMI.
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Fig. 3. Enhancing cellular ROS scavenging capacity to improve formaldehyde assimilation. (A) Modular
organization of methanol assimilation genes on the expression vector. (B) Schematic diagram of the methanol
assimilation-linked central carbon metabolic pathway. Red marking with an X indicates gene knockouts, while
green segments represent heterologously introduced RuMP pathway genes, including methanol dehydrogenase
(Mdh) from Cupriavidus necator and 3-hexulose-6-phosphate synthase (Hps) and 6-phospho-3-hexulose
isomerase (Phi) from Bacillus methanolicus. Blue segments denote endogenous genes. FrmA, S-(hydroxymethyl)

glutathione dehydrogenase; RpiAB, ribose-5-phosphate isomerase A, allose-6-phosphate isomerase; CyaA,
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adenylate cyclase; XylA, xylose isomerase; XylB, xylulokinase; Rpe, ribulose-phosphate 3-epimerase; Tkt,
transketonase; Tal, transaldolase. (C) 300 mM methanol, the growth of the strains in the baffled shake flasks.
(D) 300 mM methanol, the methanol consumption of the strains in the baffled shake flasks. (E) 600 mM methanol,
the growth of the strains in the baffled shake flasks. (F) 600 mM methanol, the methanol consumption of the
strains in the baffled shake flasks. (G) 900 mM methanol, the growth of the strains in the baffled shake flasks.
(H) 900 mM methanol, the methanol consumption of the strains in the baffled shake flasks. Different lowercase
letters (a, b) indicate significant differences among groups (p < 0.001) based on the Games-Howell multiple

comparison test.

At methanol concentrations of 600 mM or 900 mM, the engineered strain rapidly depleted
the available xylose. In the subsequent stages, the absence of xylose as a co-carbon source led to
a pronounced decline in optical density, accompanied by a substantial decrease in methanol
consumption (Fig S7, S8). To further stimulate the methanol assimilation of the engineered strain,
additional xylose and methanol were supplemented to the engineered strain AMI1. Under
conditions of 600 mM methanol, 30 mM xylose was supplemented from 2" to 9th, with additional
100 mM methanol provided on the 5% and 7% days. This approach resulted in the highest optical
density and methanol consumption of the strain AM1, which reached a peak ODgg of 12.1 and
consumed a total of 485mM methanol and 159 mM xylose over a 9-day cultivation, and the
methanol to xylose consumption ratio was 3.8:1(Fig 4A). In the presence of 900 mM methanol, 30
mM xylose was supplemented from 2" to 5%, followed by 20 mM on 8, the strain AM1 achieved
a maximum optical density of 11.4 and consumed a total of 433 mM methanol and 164 mM xylose
over a 9-day cultivation, and the methanol to xylose consumption ratio was 2.6:1(Fig 4B). As far
as we are aware, this may represent one of the highest levels of methanol consumption documented
among all E. coli strains known to assimilate methanol[36-41].
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Fig. 4. Fermentation assay with additional xylose supplementation in shake flasks. (A) 600 mM methanol,
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the analysis of ODggg, methanol and xylose consumption in the baffled shake flasks when extra added xylose
and methanol for the strain AM1. (B) 900 mM methanol, the analysis of ODgy, methanol and xylose
consumption in the baffled shake flasks when extra added xylose for the strain AM1.

3.4 Metabolic profile in efficient methanol assimilation

To visualize the integration of methanol into the central metabolic pathways of the cells, the
intracellular metabolic profile of the strain AM1 was analyzed. Therefore, a C'3>-methanol labeling
experiment was conducted on the strain AM1 in MOPS medium supplemented with 50 mM xylose,
2% (wt/v) casein hydrolysate and 120 mM C'3-methanol. The analysis identified key metabolites
involved in carbon metabolism, including intermediates from the Embden-Meyerhof-Parnas (EMP)
pathway, the tricarboxylic acid (TCA) cycle, and the pentose phosphate pathway (PPP)[35] (Fig
5A). After six days of cultivation, these metabolites displayed extensive labeling, with the majority
incorporating three labeled carbon atoms, while a subset showed complete labeling across all
carbon positions, indicating comprehensive metabolic integration. C!3 labeling was observed in
metabolites from the EMP pathway, with varying degrees of incorporation. Among these
metabolites, labeling was detected in 80.7% of glucose 6-phosphate (G6P), 63.5% of fructose 6-
phosphate (F6P), and 70.1% of fructose 1,6-bisphosphate (F1,6-P). Furthermore, 36.7% of 2-
phosphoglyceric acid (2-PG), 35.7% of 3-phosphoglyceric acid (3-PG), 38.9% of
phosphoenolpyruvic acid (PEP), and 48.3% of pyruvic acid (PYR) were labeled. In the TCA cycle,
a substantial fraction of metabolites exhibited C'3 labeling. Specifically, 64.1% of citric acid, 41.8%
of cis-aconitic acid, 53.4% of succinic acid, 49.3% of fumaric acid, and 54.2% of malic acid were
labeled. Additionally, the PPP pathway intermediates showed notable C!3 labeling, with 41.4% of
ribulose-5-phosphate (Ru5P) and 47.5% of sedoheptulose-7-phosphate (S7P) being labeled (Fig
5B). The methanol labeling experiment revealed that over 50% of the carbon atoms in central
metabolites were labeled, providing evidence of the strain's efficient methanol assimilation ability.
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3.5 Efficient methanol assimilation for high-value product synthesis

To advance the practical application of efficient methanol-assimilating strain, its potential
was explored in the biosynthesis of various high-value-added compounds. Among these
compounds, 3-hydroxypropionate (3-HP) holds particular significance as a vital precursor for the
synthesis of diverse chemicals, including acrylate and acrylamide, and as an essential monomer to
produce biodegradable plastics[42]. Consequently, 3-HP has been designated by the United States
Department of Energy (DOE) as one of the top 12 priority biobased building blocks, highlighting
its industrial and scientific significance[43].
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Fig. 6. Efficient methanol assimilation for high-value product synthesis. (A) Schematic diagram of the 3-
hydroxypropionic acid (3-HP) synthesis pathway, and exhibition of derived industrial chemical products. (B)
Growth, xylose and methanol consumption of the AMO-H during 3-HP fermentation. (C) Growth, xylose and
methanol consumption of the AM1-H during 3-HP fermentation. (D) Analysis of 3-HP fermentation under the 600
mM methanol conditions. (E) Schematic diagram of the triacetic acid lactone (TAL) synthesis pathway and
exhibition of derived industrial chemical products. (F) Growth, xylose and methanol consumption of the AMO-T
during TAL fermentation. (G) Growth, xylose and methanol consumption of the AM1-T during TAL fermentation.
(H) Analysis of TAL fermentation under the 600 mM methanol conditions.

Since E. coli cannot synthesize 3-HP on its own, a heterologous 3-HP synthesis pathway was
introduced. The mcrN and mcrC genes encoding malonyl-CoA reductase from Chloroflexus
aurantiacus[44]were cloned into plasmid pETduet-1 and transformed into AMI1, yielding the
engineered strain AM1-H. The AMO strain harboring the mcrC and mcrN genes, designated as
AMO-H, was used as the control strain. (Fig 6A). The strains were cultivated in MOPS medium
containing 600 mM methanol, supplemented with 50 mM xylose and 2% (wt/v) casein hydrolysate.
During 6 days of continuous cultivation, the strain AMO0-H showed almost no growth, with the
optical density (ODgo) remaining at the initial level of 0.1, and only consumed 1 mM xylose and

4 mM methanol (after accounting for the volatile portion of 11 mM) (Fig 6B). In contrast, the
17



strain AM1-H, despite the metabolic burden and toxic effects associated with the production of 3-
HP[45], maintained an ODg of 6.4, consuming 104 mM xylose and 175 mM methanol (Fig 6C).
Crucially, the strain AMO-H produced only 25 mg/L of 3-HP, as determined through analysis, the
engineered strain AM1-H achieved a 3-HP production of 787 mg/L, which represents a 30.5-fold
increase compared to the control strain AMO-H (Fig 6D).

Triacetic acid lactone (TAL) is widely regarded as a highly versatile platform chemical,
offering considerable potential for the synthesis of a diverse array of molecular compounds. Its
unique chemical properties and broad applicability make it a promising precursor for developing
value-added products across various industrial and scientific domains[46]. The plasmid pTrc99a-
bktB, harboring the bktB gene encoding thiolase (which catalyzes the conversion of acetyl-CoA to
acetoacetyl-CoA, followed by spontaneous cyclization to form TAL[47]) (Fig 6E), was introduced
into the AMO and AMI1 strains, resulting in strains AMO-T and AM1-T. The strains were cultured
in MOPS medium supplemented with 600 mM methanol, 50 mM xylose, and 2% (wt/v) casein
hydrolysate. The strain AMO-T exhibited limited growth and weak consumption of methanol and
xylose, achieving an ODg of 1.7, with 3 mM xylose and 26 mM methanol consumed (Fig 6F). In
contrast, the strain AM1-T demonstrated robust growth during TAL production, attaining an ODg
0f9.0 and significantly depleting both xylose (142 mM) and methanol (303 mM) (Fig 6G). Notably,
during the 6-day fermentation, the control strain AMO produced only 8 mg/L of TAL, whereas the
engineered strain AM1-T produced 155 mg/L, yielding a 19.3-fold increase relative to the control
(Fig 6H).
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4. Conclusion

Methanol is increasingly recognized as a pivotal substrate for the biomanufacturing industry,
offering significant potential as a next-generation feedstock [48]. However, its effective utilization
is often hindered by the cytotoxic effects of formaldehyde, a key intermediate in its assimilation.
While natural microbes have evolved pathways to detoxify formaldehyde by converting it into
formate and eventually CO, [6], these pathways are not directly applicable during methanol
assimilation, primarily due to the loss of the formaldehyde intermediate [49]. Adaptive laboratory
evolution (ALE) presents a potential solution by accumulating beneficial mutations, yet it often
requires extensive timeframes and continuous oversight [50]. Moreover, these mutations may
inadvertently reactivate formaldehyde dissimilation pathways, leading to further carbon losses [6].

Our study elucidates a novel formaldehyde toxicity mechanism wherein cellular exposure to
formaldehyde triggers intracellular ROS accumulation, leading to DNA damage, protein
degradation, and lipid peroxidation, ultimately culminating in cell death[17]. Notably,
formaldehyde-induced cytotoxicity was markedly attenuated through the implementation of an
exogenous ROS scavenging system. By integrating a modular ROS-scavenging system into the
methanol-assimilating chassis strain, we established a robust platform demonstrating substantially
enhanced methanol assimilation capacity. Furthermore, through a fed-batch strategy combining
methanol and xylose supplementation, the engineered strain achieved a remarkable enhanced
methanol assimilation level. Collectively, our findings underscore the scientific and
biotechnological significance of ROS clearance systems in optimizing methanol assimilation,
providing valuable insights for metabolic engineering and industrial biotechnology applications.
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