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Abstract

Recently, methane has been considered a next-generation carbon feedstock due to its abundance and it is main
component of shale gas and biogas. Methylomonas sp. DH-1 has been evaluated as a promising industrial bio-catalyst
candidate. Succinate is considered one of the top building block chemicals in the agricultural, food, and pharmaceuti-
cal industries. In this study, succinate production by Methylomonas sp. DH-1 was improved by combining adaptive
laboratory evolution (ALE) technology with genetic engineering in the chromosome of Methylomonas sp. DH-1,

such as deletion of bypass pathway genes (succinate dehydrogenase and succinate semialdehyde dehydrogenase)
or overexpression of genes related with succinate production (citrate synthase, pyruvate carboxylase and phospho-
enolpyruvate carboxylase). Through ALE, the maximum consumption rate of substrate gases (methane and oxygen)
and the duration maintaining high substrate gas consumption rates was enhanced compared to those of the paren-
tal strain. Based on the improved methane consumption, cell growth (ODg,,) increased more than twice, and the suc-
cinate titer increased by ~48% from 218 to 323 mg/L. To prevent unwanted succinate consumption, the succinate
semialdehyde dehydrogenase gene was deleted from the genome. The first enzyme of TCA cycle (citrate synthase)
was overexpressed. Pyruvate carboxylase and phosphoenolpyruvate carboxylase, which produce oxaloacetate, a sub-
strate for citrate synthase, were also overproduced by a newly identified strong promoter. The new strong promoter
was screened from RNA sequencing data. When these modifications were combined in one strain, the maximum titer
(702 mg/L) was successfully improved by more than three times. This study demonstrates that successful enhance-
ment of succinic acid production can be achieved in methanotrophs through additional genetic engineering follow-
ing adaptive laboratory evolution.
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Introduction

Methane is the second most widely distributed green-
house gas (GHG) after carbon dioxide. It accounts for
about 14 percent of global annual GHG emission. The
mean life span of methane in atmosphere was estimated
as 9-12 years which was shorter than that of carbon diox-
ide. However, methane has 25 times the global warming
potential (GWP) of carbon dioxide because it can trap
more heat than carbon dioxide [1]. In fact, over 60% of
global methane emission comes from human activities [2,
3]. It is important to point out that the effects of global
warming can be significantly reduced if we can reduce
anthropogenic methane emissions [4]. Furthermore,
methane is the significant component in shale gas and
biogas. And it is considered a next-generation carbon
feedstock because of its abundance and reduced carbon
[4-8].

Methanotrophs are well-known for their ability to uti-
lize methane gas at mild conditions while much harsher
conditions are required for chemical methane conver-
sion [9, 10]. Recently, many studies have been conducted
to convert methane, a potent greenhouse gas, into high-
value compounds using methanotrophs [11]. Geneti-
cally engineered methanotrophic bacteria produce many
potential chemical products, such as succinic acid, lactic
acid, carotenoids, and 1, 4-butanediol (1, 4-BDO) [12,
13]. Methylomicrobium buryatense 5G and Methylomi-
crobium alcaliphilum 20Z, showing fast growth rates,
have been found to produce lactic acid, C-4 carboxylic
acid, and 2, 3-butanediol (2,3-BDO) [14—17].

Methylomonas sp. DH-1, a type I methanotroph iso-
lated from brewery waste sludge, has been considered a
good platform strain for methane bioconversion because
of its expeditious growth rate and highly efficient biocon-
version of methane to methanol and propane to acetone
[18, 19]. Its complete genome sequence was reported
in 2018 [20]. It was revealed that, both the ribulose
monophosphate (RuMP) and the complete serine cycle
existed in Methylomonas sp. DH-1 genome. The RuMP
cycle has the role of fixing and rearranging formaldehyde
made from methane. The serine cycle which can also
play a role for C1 carbon fixation, includes two carboxy-
lases. Phosphoenolpyruvate (PEP) carboxylase converts
PEP to oxaloacetate with addition of CO,. And pyruvate
carboxylase converts pyruvate to oxaloacetate with addi-
tion of CO, [20]. The presence of phosphoenolpyruvate
carboxylase (ppc) and pyruvate carboxylase (pc) and the
complete TCA cycle in its genome provide advantages to
produce TCA cycle-related chemicals, such as succinate
and 1,4-butanediol (1,4-BDO) [20].

Fermentative succinate production is an attractive
option to replace fossil oil-based production of bulk
chemicals [21-24]. A wide variety of bacteria, such as
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Pasteurellaceae species, Escherichia coli, and Corynebac-
terium glutamicum can form succinic acid during
anaerobic fermentative metabolism [25]. In the pres-
ence of bicarbonate, C. glutamicum does not grow under
anaerobic conditions but efficiently converts glucose to
succinate, lactate, and acetate [26]. Additionally, non-
recombinant organisms have been isolated and studied,
especially anaerobic rumen bacteria such as Anaerobio-
spirillum succiniciproducens, Actinobacillus succinogenes,
and Mannheimia succiniciproducens [27]. In a previous
study, genetically engineered Methylomonas sp. DH-1
(DS-GL) was shown to produce succinate at a titer value
of 195 mg/L at 127 h cultivation time in 5L scale biore-
actor. Its maximum ODy,, was 6.3 after 82 h incubation
[28]. The genome of the DS-GL strain was modified to
have glyoxylate shunt genes with a disrupted succinate
dehydrogenase gene (sdhB). With the DS-GL strain, the
oxidative TCA cycle and glyoxylate pathways, which
operate under aerobic conditions, were proven to be suit-
able for succinate production in Methylomonas sp. DH-1
[28].

In this study, the strain (CS: Cre-lox plus Succinate pro-
duction) containing sdhB deletion and glyoxylate shunt
genes was constructed again based on the strain (DH-
Cre) with a genome-integrated Cre-lox system [29]. The
potential for increasing succinic acid production through
adaptive laboratory evolution (ALE) and additional
genetic engineering was tested with this strain (Fig. 1).
In addition, the genetic mutations that occurred through
ALE were analyzed, and based on RNA sequencing data,
a novel strong promoter applicable to methanotrophs
was proposed.

Materials and methods

Strains and plasmids

Methylomonas sp. DH-1 was kindly provided by Profes-
sor Eun Yeol Lee (Department of Chemical Engineer-
ing, Kyung Hee University, Republic of Korea) [18]. The
mutant strain containing the integrated Cre-lox system
was kindly provided by the inventor Professor Yong Jun
Choi (School of Environmental Engineering, University
of Seoul, Republic of Korea) [29, 30].

All strains and plasmids used in this study are listed
in Table 1. Primers used for cloning and genetic engi-
neering are listed in the Supplementary Table 1. To
delete succinate-semialdehyde dehydrogenase (ssadh,
AYM39_17625), upstream and downstream 1kb DNA
regions flanking the ssadh gene were amplified by PCR
from the DH-1 genome. The polymerase for amplifying
PCR fragments used nPfu-forte (Enzynomics, Korea).
The kanamycin resistance cassette was amplified from
the pDCKIU vector [29]. Amplified DNA fragments were
ligated using Gibson assembly (NEB, USA) and inserted
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Fig. 1 Schematic diagram showing the changes caused by adaptive laboratory evolution and the genetic engineering strategy. The cell growth

and methane/oxygen consumption characteristics of the parental strain (CS strain) were improved by ALE. The succinate production performance
of the mutant strain was enhanced by additional genetic engineering to enhance the TCA cycle and remove unnecessary pathways. The genes
whose expression increased in CS40 comparing to CS were indicated by orange arrows. The oxidative branch of the TCA cycle and the glyoxylate
pathway are indicated by the green and dashed blue lines, respectively. The following enzyme abbreviations were used: pMMO, particle methane
monooxygenase; PPC, phosphoenolpyruvate carboxylase; PC, pyruvate carboxylase; CS, citrate synthase; MCL, malyl-CoA lyase; MTK, malate
thiokinase; MS, malate synthase; IL, isocitrate lyase; SDH, succinate dehydrogenase; SSADH, succinate semialdehyde dehydrogenase

into the pTOP Blunt V2 vector (Enzynomics, Korea) to
generate pTOP-ssadh. To construct an overexpression
vector for the citrate synthase (gltA, AYM39_19030)
gene, the strong promoter, PmxaF (AYM39_15615), was
used. The sequences of the PmxaF and gltA genes were
assembled as one fragment by overlap extension PCR.
The assembled DNA fragment was cloned at the Shfl
site of the pTOP-ssadh vector to generate pTOP-ssadh-
gltA. For promoter exchange of pyruvate carboxylase (pc,
AYM39_19225) and phosphoenolpyruvate carboxylase
(ppc, AYM39_12335), 1 kb upstream and downstream

sequences around the start codon of the target genes,
kanamycin cassette, and 400 bp DNA sequence upstream
of AYM39_18825 were amplified and ligated by Gibson

assembly as described above (Supplementary Fig. S6). To
confirm protein expression from the cold shock protein
promoter, DNA fragments of green fluorescence pro-
tein (GFP) and promoters of pc, ppc, and AYM39_18825
were joined by overlap extension PCR. The joined frag-
ment was inserted between the SbfI and BgliI sites of the
pTOP-ssadh vector (Supplementary Fig. S7).

All mutant strains were constructed with vectors listed
in Table 1 through electroporation and homologous
recombination, following a previously described method
[28]. To confirm whether it was correctly disrupted or
integrated, PCR was performed using a primer pair that
could specifically bind to the corresponding DNA region.
By checking the band size of the amplified DNA, it was
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Table 1 Bacterial strains and plasmids used in this study

Name Description References

Strains
E. ColiTOP10 Cloning host strain; Invitrogen
Methylomonas sp. DH-1 Wild-type strain, A novel Type | methanotroph isolated from brewery waste sludge  Hur et al. [19]
DH-Cre Methylomonas sp. DH-1 Cre-lox Kang et al. [29]
cs DH-Cre AsdhB-ms-il This study
CS40 Evolved strain from CS This study
CS401 CS40 P pypizg_18825PC This study
Cs402 CS40 P aypizo_188257PPC This study
CS403 CS4071 Payizg_18805PPC This study
CS404 CS40 Assadh This study
CS405 CS403 Assadh P, ,~gltA This study
CS40-GFP1 CS40 P,~GFP This study
CS40-GFP2 CS40 P, ~GFP This study
CS40-GFP3 CS40 Py ggr5-GFP This study

Plasmid
pDCKIU pUGC; Cre-lox system integration Kang et al. [29]

Nguyen et al. [20]
Invitrogen
This study
This study
This study
This study
This study
This study
This study
This study

The following gene abbreviations were used: sdhB, succinate dehydrogenase, gltA, and citrate synthase. The following protein abbreviations were used: ms, malate

synthase; il, isocitrate lyase; pc, pyruvate carboxylase; ppc, phosphoenolpyruvate carboxylase; ssadh, succinate semialdehyde dehydrogenase; Amp®, ampicillin

resistance protein; Kan", kanamycin resistance protein

confirmed that the mutant strains were constructed cor-
rectly (Supplementary Fig. S6, Supplementary Fig. S7).

Media and culture conditions

All experiments on the cultivation of Methylomonas sp.
DH-1 used nitrate mineral salt (NMS) medium contain-
ing 10 uM CuCl,, as described in a previous study [18].
Each culture was carried out in a 110 mL serum bottle
with 10 mL of NMS medium and sealed with a butyl rub-
ber stopper and aluminum cap. The headspace of the
serum bottle was supplemented with 30% (v/v) of meth-
ane and 70% (v/v) of air using a disposable sterilized
syringe. The cells were incubated in a shaking incubator
at 30 °C with stirring at 200 rpm. The optical density of
the cell culture (OD,,) was measured at 600 nm using a
UV-spectrophotometer (Shimadzu, Japan) and a 1.5 mL
cuvette with a 1 cm path length. NMS agar plate contain-
ing 10 pg/ml kanamycin as antibiotic was used to select
the mutant strains.

Antibiotic cassette removal

The kanamycin resistant gene between lox sequences was
used as a selection marker for genetic engineering. After
screening strains, containing the selection marker, the
mutant strains were cultivated in 10 ml of NMS media
containing 1 mM isopropyl-p-D-1-thiogalactopyranoside
(IPTG) at 30 ‘C for 72 h to induce the expression of Cre
recombinase for removal of the kanamycin resistant gene.
Cells were spread onto the NMS agar plate containing 1
mM IPTG and cultivate 7 days to 10 days. The removal of
antibiotic cassette gene was confirmed by PCR. [29].

Adaptive laboratory evolution (ALE)

To develop strains with improved performance, adap-
tive laboratory evolution was performed using CS
strain. Cells were cultured in 55 mL serum bottles
containing 5 mL NMS media with 10 pM CuCl,, and
a mixture of 30% methane and 70% air was supplied to
the headspaces. Every culture was inoculated at an ini-
tial ODy, of 0.1. The exponentially growing cells were



Jo et al. Microbial Cell Factories (2024) 23:297

repeatedly transferred to fresh culture medium for
next round of growth.

Quantitative real-time PCR (qPCR)

Methylomonas sp. DH-1 and mutant cells were cul-
tured in a 110 mL serum bottle with 10 mL of NMS
medium. Cells were harvested in the exponential
phase. RNA Protect® cell reagent (Qiagen, USA) was
treated for 5 min at room temperature to prevent RNA
degradation and centrifuged at 4 °C and 4,000 rpm.
Total RNA was extracted using the RNeasy Mini Kit
(Qiagen, USA). Extracted total RNA was converted to
cDNA by reverse transcription, performed in a total
20 uL reactions with GoScript " reverse transcriptase
(Promega, USA). 10 pmol of Random primer (Biorad,
USA), 10 mM PCR nucleotide Mix (Promega, USA),
25 mM MgCl, (Promega, USA), GoScript " 5X Reac-
tion buffer (Promega, USA), and 1 pg of RNA were
used in one reaction. Samples were annealed at 25 °C
for 5 min, extended at 42 °C for 1 h, and incubated at
70 °C for 15 min to inactivate reverse transcriptase
using a Q-cycler 96+ (Hain Lifescience, Germany).
qPCR analysis was performed with Quantstudio 6 flex
(Applied Biosystems, USA) according to the manu-
facturer’s instructions (KAPA Biosystems, USA). The
calculation method of RNA level quantification used
Pfaffl method [31]. The quantified RNA level of each
gene was normalized using the expression level of 16S
rRNA gene. The primer sequences used are listed in
Supplementary Table 1.

Bioreactor cultivation

Fermentation was carried out using a continuous
stirred tank reactor (CNS, Korea) with 3.2 L working
volume. Seed cultures for inoculation were prepared in
1 L baffled flasks containing 200 mL of NMS media. The
flasks were sealed with a custom-made rubber stop-
per and a screw cap. The headspace of the flasks was
purged using a mass flow controller (BROOKS, USA),
and the gas composition was the same as that for serum
bottle cultures. The bioreactor was inoculated at 0.1 of
initial ODg,. Filter (0.2 pm)-sterilized gas was supplied
to the bioreactor continuously through a micro-gas
sparger with mass flow controllers (BROOKS, USA) at
a rate of 320 mL/min (0.1 vvm). The composition of the
input gas followed a previously reported method (30%
(v/v) of methane, 3.5% (v/v) of oxygen, and 66. 5% (v/v)
of nitrogen) [28]. The pH was adjusted using a peristal-
tic pump with 2 N HCl and 5 N NaOH solution and was
maintained between pH 6.85 and 6.95. The bioreactor
was agitated at 800 rpm and maintained at 30 °C.
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RNA sequencing data analysis

In the bioreactor, cell culture was started with a gas mix-
ture of 30% (v/v) of methane, 3.5% (v/v) of oxygen, and
66.5% (v/v) of nitrogen. RNA samples were prepared
from exponentially growing cells as described in the
qPCR method. After RNA preparation, the supply gas
composition was changed to 30% (v/v) of methane, 15%
(v/v) of oxygen, and 55% (v/v) of nitrogen to increase the
oxygen concentration. RNA samples were prepared 30
min after the oxygen composition increased. The integ-
rity of the total RNA was assessed by the TapeStation
RNA screentape (Agilent, #5067-5576). Only high-qual-
ity RNA preparations, with RNA integrity number (RIN)
greater than 7.0, were used for RNA library construc-
tion. RNA libraries were prepared by Illumina TruSeq
Stranded Total RNA Sample Prep Kit (Illumina, Inc., San
Diego, CA, USA, #RS-122-2201) following the manufac-
turer’s protocol. The sequences of libraries were then sub-
mitted to an Illumina HiSeq 4000q (Illumina, Inc., San
Diego, CA, USA). The paired-end (2x 100 bp) sequenc-
ing was performed by the Macrogen Incorporated (Seoul,
Korea). Quality-filtered reads were mapped to the ref-
erence genome sequence of Methylomonas sp. DH-1
(GenBank: CP014360.1). Based on the result, expression
abundance of genes was calculated as transcripts per mil-
lion (TPM). These sequence data have been submitted to
the GenBank databases under BioProject accession num-
ber (PRINA769841).

Whole genome sequencing

Whole genome sequencing was performed using Pacific
Biosciences RS II and the Illumina NovaSeq sequenc-
ing platforms. Genomic DNA was extracted by Wizard
Genomic DNA Purification Kit (Promega). A standard
PacBio library with average 20-kb inserts was prepared
using the RS II SMRTbell template preparation kit v1.0.
PacBio long read data were generated with P6-C4 chem-
istry. The subreads were de novo assembled using the
Hierarchical Genome Assembly Process (HGAP) pipe-
line (RS_HGAP_Assembly.2 protocol) in SMRT Analysis
package v.2.3.0 [32]. The gaps between contigs in the draft
genome were manually closed by in-house scripts using
the greedy algorithm-based approach with pre-assem-
bled reads from the HGAP pipeline. The subreads were
mapped to the contigs using ppbmm?2 (v1.9.0) for error
correction, and consensus sequences were generated
from the alignments using the gcpp Arrow consensus
caller (pbgcpp v2.0.2). In addition, to correct remain-
ing errors with short read data, a paired end library for
[llumina sequencing was constructed with TruSeq Nano
DNA High Throughput Library Prep Kit and sequenced
according to the manufacturer’s instructions (Illumina).
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The errors in assembled sequences were finally corrected
using the Pilon v.1.22 program [33] with the preprocessed
high-quality Illumina short read data which were quality-
controlled using the Trimmomatic v.0.39 program [34].
For the visual validation and correction of the genome
assembly, the mapped results with high-quality Illumina
short read data were loaded and manually confirmed on
the IGV viewer v.2.5.3 [35]. Protein-coding genes on the
final complete genome sequence were predicted by Prod-
igal v.2.6.3 [36]. To functionally annotate the predicted
genes, BLAST-searches were performed against PFAM
database [37], COG database [35] and the annotated cod-
ing gene sequence set of the published DH-1 genome on
GenBank database. To search the genomic variations on
the final complete genome of CS40 strain compared to
the published complete genome sequence of the DH-1
strain, genome sequence of DH-1, two inserted vector
sequences and genome sequence of CS40 strain were
analyzed using the Mauve program v2.4.0 [38]. For the
case of the tandem repeats from the estimated variations,
the sequences in the repeat region were extracted and
precisely analyzed using Tandem repeats finder program
[39]. The copy number of the repeat block in the tandem
repeat regions on both strain genomes were compared
with MEGA alignments. Additionally, the PacBio raw
data were also mapped on DH-1 genome sequence using
pbmm? to confirm the large In/Del regions (more than 1
kb). The whole genome sequencing data of CS40 strain
is submitted to the GenBank databases under BioProject
accession number (PRINA1066519).

Analytical methods

To analyze the amount of gas consumed, a quadrupole
mass spectrometer (Hidden QGA, USA) was used for
quantification. The off-gas composition was determined
and quantified in real-time. Organic acids produced from
bioreactor cultures were analyzed using high-perfor-
mance liquid chromatography (HPLC). The culture was
harvested periodically and centrifuged at 13,000 rpm at
4 °C for 10 min. The supernatants were filtrated by 0.2 um
of hydrophilic syringe filter (Hyundai Micro, Korea). Fil-
trated samples were analyzed using HPLC (Agilent, USA)
with a UV detector at 230 nm and an Aminex HPX-87H
organic acid column (300 x 7.8 mm; Bio-Rad, USA). The
temperature was maintained at 50 ‘C. Sulfuric acid 5 mM
was used as the mobile phase and flown at 0.6 mL/min of
60 min each sample.

Green fluorescence analysis

One hundred milliliters of exponential phase cultures
were harvested and centrifuged at 4,000 rpm and 4 °C
for 10 min. The cell pellets were washed twice with
deionized water, and the remaining liquid was removed
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entirely. Pellets were resuspended in 10 mL of lysis
buffer containing 10 mM Tris, 1 mM EDTA, and 0.1%
Triton-X 100. Then, ultrasonication was carried out at
4 °C for 15 min with a 30 s pulse and 15 s of repeated
cooling using a VCX 750 (SONICS, USA). Cell extracts
were created by incubating at 30 °C for 1 h and cen-
trifuged at 4,000 rpm at 4 °C for 10 min. The concen-
tration of total extracted protein was measured using
bovine serum albumin (Protein Assay Standard II, BSA;
Bio-Rad, USA) for normalization. Two hundred millilit-
ers of Cell extracts (200 mL) were assayed in a 96-well
plate (black sidewall and clear bottom; SPL Life science,
Korea) by measuring fluorescence using a Synergy H1
Hybrid multi-mode microplate reader (Biotek, USA).
The fluorescence signal was normalized to the protein
concentration of the crude extract. Plate reader filters
were set at excitation at 485 nm, emission at 512 nm,
and gain 75.

Results

Construction of succinate producing DH-1 strain carrying
Cre-lox system for multiple genetic manipulations
Previously, it was reported that succinate production by
the DH-1 strain could be increased by integrating gly-
oxylate shunt genes (isocitrate lyase and malate synthase
from E. coli) in place of sdhB (succinate dehydrogenase
gene) [28]. However, the antibiotic cassette used for
mutant selection cannot be removed from the genome.
Therefore, an additional antibiotic cassette is necessary
to manipulate the genome for further genetic engineer-
ing. The genetic engineering system for repeated use in
DH-1 strain (DH-Cre strain) was recently published
by Kang et al., [29]. Briefly, DH-Cre strain contains Cre
recombinase whose expression can be induced by add-
ing Isopropyl B-D-1-thiogalactopyranoside (IPTG). So,
the integrated marker genes can be easily removed if it is
flanked by lox sequences. After maker gene removal, the
same antibiotic resistant gene can be used for the next
engineering process. For convenient additional genetic
engineering to improve succinate production, the strain
(CS strain, Table 1) whose sdhB gene was replaced by gly-
oxylate shunt genes was constructed again based on the
strain with the Cre-lox system (DH-Cre strain, Table 1).
This newly created strain (CS strain) showed a suc-
cinate titer (218 mg/L) similar to that of the previously
reported strain (DS-GL: 195 mg/L) [28]. Hereafter these
performance values of CS strain were set as basal levels
for comparison with other mutant strains constructed
in this study. While maximum ODy, (3.08) decreased in
comparison to DS-GL (6.3), its specific productivity (3.15
mg/g DCW/h) per dry cell weight (DCW) increased (DS-
GL: 1.15 mg/g DCW/h) (Table 2).
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Table 2 Specific growth rate, succinate productivity, and titer of each mutant strain

Strains

(&) CS40 CS401 CS402 CS403 CS404 CS405
Specific productivity (mg/g DCW'/h) 3.15 230 2.21 1.65 2.14 246 3.49
Volumetric productivity (mg/L/h) 1.80 2.60 351 345 392 3.98 5.84
Specific titer (mg/g DCW") 382 286 279 208 274 306 419
Volumetric titer (mg/L) 218 323 433 435 502 496 702

All of these data are from batch cultivation in a 5L scale CSTR with continuous feeding of methane and oxygen

" DCW: dry cell weight. The highest value is marked as bold text

The effects of repetitive cultures of CS strain in NMS media
Adaptive laboratory evolution was conducted to
improve cell performance. Cells were transferred to
new NMS medium 40 times after their ODy, exceeded
1.0, as described in the Materials and Methods sec-
tion. After 40 transfers (CS40 strain), the cell per-
formance was tested in the bioreactor through batch
cultivation where gaseous substrates (methane and
oxygen) were continuously fed (Table 2, Fig. 2). The
maximum cell concentration and succinate titer
increased conspicuously with ALE. The volumet-
ric succinate titer of CS40 strain was increased by
48%, from 218 mg/L to 323 mg/L, and its logarithmic
growth showed improvement compared to the CS
strain (Table 2, Fig. 2a). However, the specific titer
of CS40 decreased from 382 mg/g DCW to 286 mg/g
DCW compared to the CS strain due to the increase
in cell concentration (Table 2). The productivity per
media volume increased by 44% from 1.80 mg/L/h to
2.60 mg/L/h while the productivity per microbial dry
cell weight decreased from 3.15 mg/g DCW/h to 2.30
mg/g DCW/h due to the increase in cell concentra-
tion (Table 2). Interestingly, the methane and oxygen
consumption pattern of CS40 also changed with cell
growth. Compared with CS strain, the maximum con-
sumption rate of methane and oxygen increased and
the prolonged maintenance of high gas consumption
rate was observed (Fig. 2¢, d). Through ALE, the maxi-
mum methane consumption rate of CS40 increased to
5.37 mmol/L/h, 30% higher than that of the CS strain
(4.13 mmol/L/h). And the maximum specific meth-
ane consumption rate of CS40 strain increased to 20.9
mmol/g DCW/h, 69.6% higher than that of the CS
strain (12.32 mmol/g DCW/h), also (Supplementary
Fig. S1). In addition, the duration of the high methane
consumption rate in CS40 was extended up to 57 h,
while the methane consumption rate of the CS strain
reached its maximum at 24 h and started to decrease
immediately after cell growth entered the early sta-
tionary phase (Fig. 2c). The total methane consumed
by CS40 (3.93 g/L) during one batch culture also

increased 1.96-fold compared to the CS strain (2.01
g/L). The volumetric oxygen consumption rate showed
a similar pattern with volumetric methane consump-
tion rate (Fig. 2d). This phenotype was also observed
in other mutant strains that were constructed based
on CS40 (Supplementary Fig. S8). It could be postu-
lated that the improvement of methane and oxygen
consumption might be caused by the increase of par-
ticulate methane monooxygenase (pMMO) expression.
To confirm whether the expression level of pMMO
changed or not, its transcription level was measured
by qPCR. The mRNA level of pMMO gene in CS40
strain increased 2.65-fold compared to the CS strain
(Fig. 4a).

To elucidate reasons for these phenotypical changes,
the whole genome sequence of CS40 strain was com-
pletely analyzed using massive parallel sequencing
technologies such as the Illumina sequencing technol-
ogy and the PacBio single molecule real-time (SMRT)
sequencing technology. The 147,671 subreads with
a mean subread length of 7,880 bases generated by
PacBio SMRT sequencing technology were de novo
assembled using the Hierarchical Genome Assembly
pipelines (HGAP) with sequencing depth of 134.4-
fold. The 16,196,851 read pairs (150 bp X 2, sequenc-
ing depth >800-fold) generated by Illumina sequencing
technology were used to correct errors in the assem-
bled contigs from HGAP. As results of genome assem-
bly, the genome consists of a circular chromosome
(4,937,345 bp with 56.48% G + C content) and a circular
plasmid (274,155 bp with 51.55% G_C content).

The chromosome of the CS40 strain increased by
approximately 87 kb compared to the wild type DH-1
strain (chromosome, 4,849,532 bp; plasmid, 277,875
bp), whereas the plasmid size decreased by about 3.7
kb (Supplementary Fig. S2). Whole genome alignment
between CS40 and DH-1 strain using Mauve indi-
cated that the region containing the AYM39_08385 —
AYM39_08720 genes (84.4 kb; 1,825,474—-1,909,842 bp)
on the chromosome of DH-1 strain was duplicated at
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Fig. 2 Growth, succinate accumulation, and gas consumption rate of CS and CS40 strains during bioreactor culture. a The logarithmic graphs
of CS and CS40 strains in the bioreactor. The logarithmic graphs of cell growth were included to show the changes in the growth phase clearly.
b The changes of succinate concentration in media during cell growth in the bioreactor. ¢ Methane consumption rate of mutant strains
during fermentation. d Oxygen consumption rate of mutant strains during fermentation

the 1,909,843 bp on the chromosome of CS40 strain
(Fig. 3, Table 3). Sequencing depth pattern of the CS40
strain’s PacBio raw data mapped on the chromosome
sequence of DH-1 strain also revealed that the sequenc-
ing depth in the region increased approximately two-
fold in chromosome of the CS40 strain (Supplementary
Fig. S3). The duplicated region contains 68 genes
(Table 4). To determine whether the duplication in
the genome affected the expression of genes included

in that region, the transcription levels at the begin-
ning (AYM39_08385), middle (AYN39_08540), and end
(AYM39_08690) of that region were measured using
qPCR. The expression levels of these genes increased
around twofold comparing to those of CS40 strain
(Fig. 4b, e, f).

Another insertion occurred in the heterologous
sequence integrated to construct glyoxylate shunt. The
nucleotide sequence of 132 bases containing two stop
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in CS40 genome. The locus tag of genes in duplication region, with transcription levels confirmed by gPCR, is described as numbers (1, 2, 3,4, 5). 1:
AYM39_08385; 2: AYM39_08395; 3: AYM39_08400; 4: AYM39_08540; 5: AYM39_08690
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changes of transcription level of genes in duplication region. b AYM39_08385; Malyl-CoA lyase, ¢ AYM39_08395; Malate thiokinase subunit beta, d
AYM39_08400; Malate thiokinase subunit alpha, @ AYM39_08540; Methenyltetrahydromethanopterin cyclohydrolase, f AYM39_08690; Peroxiredoxin.
Transcription level of each gene in CS was set at one for comparison. Transcription level of each gene was normalized using transcription level

of 165 rRNA gene. Each data set obtained from three separate experiments

codons was inserted into the malate synthase gene inte-  This unexpected mutation might affect the enzyme activ-
grated for glyoxylate shunt (Supplementary Fig. S4). So, ity severely. Intriguingly three genes (AYM39_08385:
the integrated malate synthase of 531 amino acid was  malyl-CoA lyase and AYM39_08395-08400: malate-CoA
fragmented to the smaller protein of 171 amino acid. thiokinase) that had a potential to restore the missing
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Table 3 Mutations of CS40 strain genome from whole genome shotgun sequencing data

No Loci Mutation Type  WT Cs40 Effects Locus tag

1 3Chromosome (261,875) Point mutation A C - Intergenic region
2 Chromosome (1,110,051) Insertion - G - Intergenic region
3 Chromosome (1,248,778) Insertion G - Intergenic region
4 Chromosome (1,909,843) Insertion - 84,369 bp Duplication -

5 Chromosome (2,610,413-2,610,629) Deletion 217 bp - - Intergenic region
6 Chromosome (2,805,889) Point mutation G A Missense (Ala175Val) AYM39_12470

7 Chromosome (4,271,282) Deletion C - Frame shift AYM39_19030

8 Chromosome (4,458,259) Point mutation C A - Intergenic region
9 Chromosme (Integrated malate synthase)  Insertion 132 bp Fragmentation by stop codon -

10 ®Plasmid (16,199-19,918) Deletion 3720bp - In frame deletion AYM39_21655

1 Plasmid (21,446-21,725) Substitution 280 bp 280 bp Missense AYM39_21655

@ : DH-1 wild type chromosome (GenBank accession: CP014360), b: Natural plasmid in DH-1 (GenBank accession: CP014361)

link between glyoxylate and malate in the integrated
glyoxylate shunt were found in the duplicated region of
CS40 (Table 4, Fig. 1, Supplementary Fig. S5). Malyl-CoA
lyase can mediate the reaction between glyoxylate and
malyl-CoA. Malate thiokinase can convert malyl-CoA to
malate. Actually, the transcription levels of these genes in
CS$40 strain increased approximately twofold comparing
to those of CS strain, when measured by qPCR (Fig. 4b,
c, d).

The gene encoding type II citrate synthase
(AYM39_19030) was frameshifted by one base deletion,
and potentially resulted in the loss of function. There is
another gene (AYM39_09355) encoding the type II cit-
rate synthase on the chromosome, so the complete loss of
function is not expected. And 175th alanine of the helix-
turn-helix domain-containing protein (AYM39_12470)
was substituted to valine by point mutation. As results
of Sanger sequencing, these two mutations were also
found in the genome of CS strain (data not shown). So,
these two mutations were not generated during ALE and
could not be the reason for the improved performance
of CS40 strain. The other mutations were found in non-
coding regions. Additionally, sequence deletion and rear-
rangement happened in the natural plasmid (Table 3).
The sequence of (AYM39_21655: hypothetical protein)
has 9 times repetition of 744 bp. The sequence from
237 bp of 2nd repeat block to 236 bp of 7th repeat block
was deleted. A portion of the 9th repeat block has been
replaced with the sequence from base 276 to base 555 of
the 4th repeat block.

The enhancement of succinate production

by overexpressing pc and ppc genes

The activities of the pc and ppc genes produce oxaloac-
etate (OAA) from pyruvate or phosphoenolpyruvate
by incorporating CO,. OAA is a substrate of citrate

synthase, the first step enzyme in the TCA cycle. There-
fore, the presence of both pc and ppc genes in DH-1 is
advantageous for producing TCA cycle-related prod-
ucts such as succinate and 1,4-butanediol [28]. For over-
express the pc and ppc genes, a strong and constitutive
promoter was needed. To select a strong promoter, the
top 20 genes in the RNA relative abundance levels were
screened (Table 5). RNA samples were obtained from
cells growing under 3.5% and 15% O,. Among the top
20 genes, the cold-shock protein gene (AYM39 18825)
exhibited relatively constant expression levels regard-
less of changes in O, concentration, with the exception
of transfer-messenger RNA. Its promoter region was
selected for the next promoter exchange experiment.
RNA-seq analysis was performed as described in the
Materials and Methods section.

In the strains CS401(CS40 P,ypi39 18825-7¢), 402(CS40
P aym39_18825-PPC), and 403 (CS401 Pryy39 18825-PPC), the
upstream 400 bp region of the AYM39_ 18825 gene was
inserted in front of the target genes (pc and ppc) in the
genome of CS40 by homologous recombination (Supple-
mentary Fig. S6 b, c, d, Table 1). Strength of this novel
promoter was confirmed by qPCR (Fig. 5a, b, c). The
transcription level of pc or ppc in the mutants (CS401,
402, 403) increased by 16 ~24-fold compared to their
parent strain (CS40). Protein expression of this strong
novel promoter was confirmed using green fluorescent
protein (GFP). GFP gene sequences fused with the pro-
moter regions of pc, ppc, and AYM39_18825 genes were
integrated into the genome of CS40 (Supplementary Fig.
S§7). When GFP was expressed by the promoter of cold
shock protein, its fluorescence was 12 ~ 34 times stronger
than in other cases (Fig. 5 d).

The succinate production performance of these
mutants with strengthened pc or ppc expression was
tested in bioreactors through batch cultivations where
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Table 4 The list of genes in the duplicated region of C540
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No. Locustag Product No Locustag Product
1 AYM39_08385 Malyl-CoA lyase 35 AYM39_08555 Aldehyde-activating protein
2 AYM39_08390 Hypothetical protein 36 AYM39_08560 Hypothetical protein
3 AYM39_08395 Malate thiokinase subunit beta 37 AYM39_08565 Hypothetical protein
4 AYM39_08400 Malate thiokinase subunit alpha 38 AYM39_08570 Methanofuran synthetase, MfnF
5  AYM39_08405 Helicase SNF2 39 AYM39_08575 Aminodeoxychorismate synthase component |
6 AYM39_08410 Transposase 40 AYM39_08580 Uridylate kinase
7 AYM39_08415 Hypothetical protein 41 AYM39_08585 Hypothetical protein
8  AYM39_08420 NrdJa 42 AYM39_08590 Hypothetical protein
9  AYM39_08425 Hypothetical protein 43 AYM39_08595 GTP-binding protein
10 AYM39_08430 Hypothetical protein 44 AYM39_08600 GTP-binding protein
11 AYM39_08435 NrdJb 45 AYM39_08605 RND transporter
12 AYM39_08440 Hypothetical protein 46 AYM39_08610 Multidrug transporter
13 AYM39_08445 Transposase 47 AYM39_08615 Multidrug transporter
14 AYM39_08450 Hypothetical protein 48  AYM39_08620 Efflux transporter periplasmic adaptor subunit
15 AYM39_08455 Hypothetical protein 49  AYM39_08625 TetR family transcriptional regulator
16 AYM39_08460 Hypothetical protein 50 AYM39_08630 Hypothetical protein
17 AYM39_08465 Hypothetical protein 51 AYM39_08635 Multidrug transporter
18 AYM39_08470 Hypothetical protein 52 AYM39_08640 Transcription elongation factor GreB
19  AYM39_08475 Integrase 53 AYM39_08645 Peptidylprolyl isomerase
20 AYM39_08480 Hypothetical protein 54 AYM39_08650 Hypothetical protein
21 AYM39_08485 Hypothetical protein 55 AYM39_08655 Hypothetical protein
22 AYM39_08490 Hypothetical protein 56 AYM39_08660 Peptidase U6
23 AYM39_08495 Glutathionylspermidine synthase 57 AYM39_08665 Sulfate transporter
24 AYM39_08500 Hypothetical protein 58 AYM39_08670 Poly-beta-1,6-N-acetyl-D-glucosamine N-deacetylase
PgaB
25  AYM39_08505 Two component system response regulator 59 AYM39_08675 Poly-beta-1,6-N-acetyl-D-glucosamine synthase
26 AYM39_08510 Two component system sensor histidine kinase 60 AYM39_08680 Hypothetical protein
CreC
27 AYM39_08515 Hypothetical protein 61 AYM39_08685 Transcriptional regulator
28  AYM39_08520 Nitrogen fixation protein (NifX) 62 AYM39_08690 Peroxiredoxin
29  AYM39_08525 Hypothetical protein 63 AYM39_08695 Sodium pump decarboxylase subunit gamma
30 AYM39_08530 tRNA-Ser 64 AYM39_08700 Oxaloacetate decarboxylase
31 AYM39_08535 Hypothetical protein 65 AYM39_08705 Glutaconyl-CoA decarboxylase subunit beta
32 AYM39_08540 Methenyltetrahydromethanopterin cyclohydrolase 66 AYM39_08710 Hypothetical protein
33 AYM39_08545 Alpha-L-glutamate ligase 67 AYM39_08715 Hypothetical protein
34 AYM39_08550 Triphosphoribosyl-dephospho-CoA synthase 68 AYM39_08720" Transposase

" This gene was partially duplicated within its sequence (The location of DH-1 WT chromosome from 1,909,795 to 1,909,843 bp; 49 bp)

gaseous substrates (methane and oxygen) were continu-
ously fed (Fig. 6). The overexpression of pc or ppc was
beneficial for increasing volumetric titer. When the pc
gene was overexpressed (CS401), the titer increased to
443 mg/L at 126h cultivation time. CS402, in which the
ppc gene was overexpressed, showed a similar maxi-
mum succinate titer (435 mg/L at 114h cultivation time).
When the expression of these two genes was reinforced
simultaneously (CS403), the succinate titer was improved
further to 502 mg/L at 128h cultivation time (Fig. 6).
The volumetric productivity of the CS401, CS402 and

CS403 strains increased compared to the CS40 strain
(2.60 mg/L/h), showing similar results of 3.51, 3.45 and
3.92 mg/L/h, respectively (Table 2). However, the spe-
cific productivity of these strains decreased compared to
the CS40 strain (2.30 mg/g DCW/h), 2.21, 1.65 and 2.14
mg/g DCW/h, respectively.

The effects of succinate semialdehyde dehydrogenase
gene knock out

To further improve succinate production, genetic modi-
fications for removing a possible succinate consumption
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Table 5 Top 20 RNA sequencing data of DH-1 genes for selection of promoter

No Locus tag Type Functions TPM" (3.5% O,) TPM" (15% O,) Fold™
1 AYM39_17695 tmRNA Transfer-messenger RNA 190,466 185,239 0.97
2 AYM39_19775 Protein Methane monooxygenase subunit C 96,356 27,806 0.29
3 AYM39_20600 Protein RNase P RNA component class A 60,979 50,865 0.83
4 AYM39_14685 Protein Hypothetical protein 27449 3397 0.12
5 AYM39_19765 Protein Methane monooxygenase subunit B 27,086 8147 0.30
6 AYM39_19770 Protein Methane monooxygenase subunit A 26,255 5597 0.21
7 AYM39_11910 Protein Hypothetical protein 17,722 48 0.00
8 AYM39_15615 Protein Methanol dehydrogenase 13,706 4962 036
9 AYM39_15600 Protein Methanol dehydrogenase 11,638 6170 0.53
10 AYM39_02740 Protein 3-hexulose-6-phosphate synthase 8076 2515 0.31
11 AYM39_13140 Protein hypothetical protein 6170 3378 0.55
12 AYM39_08555 Protein formaldehyde-activating enzyme 6016 8798 146
13 AYM39_18825 Protein Cold-shock protein 5653 6162 1.09
14 AYM39_01615 Protein Hypothetical protein 5370 1018 0.19
15 AYM39_15605 Protein Cytochrome c(L), periplasmic 5200 3475 0.67
16 AYM39_02470 Protein 3-hexulose-6-phosphate synthase 5164 1902 037
17 AYM39_02670 Protein Coenzyme PQQ precursor peptide PqgA 5132 3324 0.65
18 AYM39_15610 Protein Methanol oxidation system protein MoxJ 4917 2890 0.59
19 AYM39_02475 Protein 6-phospho-3-hexuloisomerase 4729 1926 041
20 AYM39_02725 Protein Hypothetical protein 3871 2311 0.60

* TPM: Transcript per Million. ** Fold values represent ratio between TPM values of samples cultured under 3.5% and 15% O, conditions. Genes showing relatively
constant expression in response to oxygen composition change (fold: around 1.0) are indicated in bold letters

route and enhancing the TCA cycle by increasing cit-
rate synthase, the first enzyme of the TCA cycle, were
attempted. A succinate semialdehyde dehydrogenase
(ssadh) gene (AYM39_17625) was identified from the
genome sequence of DH-1 (GenBank: CP014360.1).
Considering that this enzyme mediates the conversion
between succinate and succinate semialdehyde revers-
ibly [40], it may consume succinate produced from the
glyoxylate shunt and TCA cycle in CS40. Strain CS404,
where the ssadh gene was deleted from the CS40 strain
(Supplementary Fig. S6 e), was constructed. When CS404
was cultured in the bioreactor, its maximum volumetric
succinate titer (496 mg/L at 124 h) increased by 53.5%
compared with its parental strain CS40 (323 mg/L at 124
h; Fig. 7). The specific titer of CS404 (306 mg/g DCW)
increased slightly by 7.06% compared with CS40 (286
mg/g DCW). The succinic acid production rate per vol-
ume of media also increased (3.98 mg/L/h, Table 2). The
specific productivity also increased (2.46 mg/g DCW/h,
Table 2).

Combination of genetic manipulations beneficial

for succinate production

Genetic manipulations that improved succinate produc-
tion performance were combined in one strain (CS405).
Additionally, the effect of citrate synthase (gltA) was

tested by transforming CS403 with the pTOP-ssadh-gitA
vector. It was reported that citrate synthase overexpres-
sion could be beneficial for succinate production in C.
glutamicum [41]. The ssadh gene was deleted and the
gltA gene fused with the mxaF promoter was inserted
simultaneously in the genome of CS403 containing over-
expressed pc and ppc genes (Supplementary Fig. S6 f,
Table 1). The performance of CS405 strain was tested in
a bioreactor. It showed the best performance not only in
succinate titer (702 mg/L) but also in specific produc-
tivity (3.49 mg/g DCW/h) and volumetric productiv-
ity (5.84 mg/L/h) when compared to other strains used
in this study (Table 2, Fig. 8). The genetic variations that
occurred during ALE of the CS strain and every addi-
tional rational genetic modification applied after ALE
appeared to have synergistic effects on succinate produc-
tion (Fig. 1).

Discussion

Methane gas composes large quantities of not only shale
gas, but also biogas produced through anaerobic fer-
mentation of organic waste. Unfortunately, it has higher
global warming potential than carbon dioxide. Therefore,
the production of industrially useful products with the
ability to convert methane to chemicals have possibility
for reducing atmospheric methane and anthropogenic
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Fig. 5 The increase in transcription and translation level of target genes by the promoter of AYM39_18825. a, b, c The changes of transcription
level of pc and ppc genes by overexpression in the corresponding mutant strains. The expression level of each gene in C540 was set at one

for comparison. The variations in mutant strains (CS401, 402, and 403) were indicated as fold changes relative to the mRNA levels in the CS40 strain.
Transcription level of each gene was normalized using transcription level of 165 rRNA gene. d The fluorescence signal intensity of GFP produced
from the promoters of pc, ppc, and AYM39_18825 genes. The error bars mean standard deviations obtained from three separate experiments

methane emission [4]. The possibility of producing
organic acids by methanotrophic bacteria was first sug-
gested by Kalyuzhnaya et al., [10]. It was confirmed that
succinate productivity could be increased through
genetic engineering [28]. In this study, we attempted to
further increase succinic acid production through a com-
bination of ALE and rational genetic engineering.

To enable repetitive genetic engineering, the strain
(DH-Cre) with the genome-integrated Cre-lox system,
was used as a parental strain for the next steps. The
succinate-producing strain in which the sdhB gene was
replaced by glyoxylate shunt genes, was constructed again

based on the DH-Cre strain. This newly created strain
(CS strain) showed better performance than the previous
strain, except for maximum cell growth. CS strain has
the unexpected frame shift mutation in one of two cit-
rate synthases present in the genome. It may negatively
affect cell growth, considering that citrate synthase is the
first enzyme of TCA cycle. Another difference between
DS-GL and CS strains is the integrated Cre-lox system.
The integration site of Cre-lox system was selected in the
noncoding intergenic region with very low transcrip-
tion level between AYM39 00230 and AYM39 00235.
This site was chosen to prevent unexpected phenotypical
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Fig. 7 Growth and succinate accumulation of mutants containing ssadh disruption. a The logarithmic cell growth graphs of mutant strains (C540
and 404) in bioreactor. The logarithmic graphs of cell growth are included to show the changes in the growth phase clearly. b Accumulation
of succinate during cell growth in the bioreactor. The graphs of CS40 strain are incorporated for comparison

change based on the RNA sequencing data. And the 450  very low transcription level, the deletion may affect cell
bp region (59,550 bp to 59,101 bp in DH-1 genome) was  growth negatively in an unknown way. Although the rea-
deleted by homologous recombination [29]. In spite of son for the decrease in maximum ODg,, wasn't clearly



Jo et al. Microbial Cell Factories (2024) 23:297

1 1 —0—CS403
—0—CS404
—0—CS405

00 T T T T T T
0 20 40 60 80 100 120 140

Time (hr)

Page 15 of 20

800

700 A

600 -

500 -

400 -

300 A

Succinate Conc. (mg/L)

200 A
—0—CS403
—0—CS404
—0—CS405

100 H

0 20 40 60 80 100 120 140
Time (hr)
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elucidated in this study, a good strain for the subsequent
developmental steps was constructed. The defect in max-
imum cell growth was overcome by ALE.

ALE with the CS strain caused interesting physi-
ological changes in this strain. The methane and oxygen
consumption speed in CS strain peaked at the late expo-
nential phase in the CS strain and rapidly decreased as
the early stationary phase began. Intriguingly, the CS40
strain subjected to the ALE process showed an extended
period during which the high methane and oxygen con-
sumption speed was maintained. These phenotypi-
cal changes can be explained by the increase of pMMO
gene transcription in CS40 strain. What changes in
CS40 induced the increase of pMMO gene expression is
not clear yet. However, some duplicated genes in CS40
may be related to this phenotype. Among the 68 dupli-
cated genes, there are three genes related to transcrip-
tional regulation (AYM39_08505, 08625, 08685) and the
increase of transcriptional regulator can shift the expres-
sion profile of many genes. There are some reports about
reciprocal transcription regulation between sMMO and
PMMO depending on copper concentration [42]. How-
ever, which protein can regulate or repress pMMO actu-
ally hasn't been reported yet. Further genetic studies are
needed to reveal how pMMO expression increased in
CS40.

The increased pMMO expression level of CS40 strain
could enable a higher uptake of methane, leading to an

increase in intracellular carbon substrates. It could lead
to enhanced intracellular metabolism, subsequently
resulting in cell growth improvement. Usually, metha-
notrophs have different carbon assimilation pathways
depending on their type. The type I (gammaproteobac-
teria) assimilate carbon using RuMP cycle, and type II
(alphaproteobacteria) assimilate carbon using the serine
cycle [43]. In the case of DH-1, which is a type I metha-
notroph, it primarily uses the RuMP cycle for carbon
assimilation, but it also possesses the serine cycle, pro-
viding multiple pathways for carbon assimilation [20]. So,
when intracellular metabolism increases, it has a higher
possibility of biomass accumulation than succinate. In
methanotrophs, increased expression of pMMO by add-
ing higher amounts of copper ions to the growth medium
leads to increased growth vyields [44]. As a result of
increased cell growth, the volumetric succinate produc-
tion of CS40, 401, 402, 403, 404 and 405 increased. How-
ever, the specific succinate production of CS40, 401, 402,
403 and 404 decreased comparing to CS strain, except for
the final strain, CS405.

Unexpectedly, malate synthase integrated for building
glyoxylate shunt, was fragmented in CS40 strain. Con-
sidering that nearly 2/3 of the entire protein sequence
was deleted, this mutation may be critical to the pro-
tein activity. Interestingly, enzymes that were expected
to complement the loss of malate synthase activity were
found within the duplicated sequences of the CS40 strain.
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The genes of Malyl-CoA lyase and Malate-CoA ligase are
included in the duplicated sequences of CS40, and it has
been confirmed through qPCR that the transcription lev-
els of these genes increased around twofold compared to
the CS strain. Malyl-CoA lyase, mediating a reversible
reaction between acetyl-CoA/glyoxylate and malyl-CoA,
was reported to produce malyl-CoA using acetyl-CoA/
glyoxylate in Rhodobacter spheroids. In R. spheroids,
Malyl-CoA lyase can substitute for malate synthase activ-
ity along with malyl-CoA thioesterase [45]. Malate-CoA
ligase, also known as malate thiokinase (mtk), is known
to mediate a reversible reaction between malyl-CoA/
ADP/Phosphate and malate/CoA/ATP [46]. Considering
that these two reactions are reversible, there is a possi-
bility that glyoxylate produced by isocitrate lyase can be
converted into malate through these two enzymes com-
plimenting the damaged malate synthase.

Based on NGS data, the most significant change dur-
ing the adaptive laboratory evolution period is the
duplication of the sequence spanning 84 kb. The 68
genes included in the duplicated region may have com-
plex impacts on the physiology of the CS40 strain. The
list of 68 genes includes proteins involved in nucleotide
synthesis (Nrd], uridylate kinase), transcription regu-
lators (AYM39_08505, 08510, 08625, and 08685), oxi-
dative stress response genes (glutathionylspermidine
synthase, peroxiredoxin), transcription elongation factor
GreB, proteins related to protein synthesis mechanisms
(tRNA-Serine, Alpha-L-glutamate ligase, Peptidylprolyl
isomerase), biofilm synthesis-related genes (Poly-beta-
1,6-N-acetyl-D-glucosamine synthase), folate synthe-
sis-associated genes (aminodeoxychorismate synthase
component I), a nitrogen fixation-related gene (NifX),
genes related to formaldehyde-oxidation to formate
(methenyltetrahydromethanopterin (H4MPT) cyclohy-
drolase, aldehyde-activating protein, methanofuran syn-
thetase MfnF), membrane transporters (AYM39_08605,
08610, 08615, 08620, 08635, and 08665), etc. [20, 47-58].
The higher cell growth of the CS40 strain compared
to the CS strain may be related to the duplication of
genes with various functions. For example, an increase
in the expression of sulfate transporters could facilitate
the influx of sulfate, a major component of the NMS
medium. Oxidative stress is a stress which is inevita-
ble to organisms growing in aerobic environments. An
increase in oxidative stress response genes may posi-
tively affect the growth of methanotrophs that require
oxygen for growth. NifX was reported to be related to
the biosynthesis of Fe-Mo cofactor of nitrogenase [57].
Increased nitrogenase activity through enhanced cofac-
tor synthesis may potentially facilitate a stable supply
of nitrogen sources. Three genes related with formalde-
hyde oxidation pathway are included in the duplicated
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genes. Aldehyde-activating protein (AYM39_08555)
can convert formaldehyde to 5,10-methylene tetrahy-
dromethanopterin (H,MPT) which is transformed to
5,10-methenyl H,MPT by methylene HMPT dehydro-
genase (AYM39_08875). Methenyl HMPT cyclohydro-
lase (AYM39 08540) converts 5,10-methenyl H,MPT
into N°-formyl H,MPT. The formyl group of N°-formyl
H,MPT is transferred to methanofuran, the cofac-
tor of formyltransferase/hydrolase complex [58]. MfnF
(AYM39_08570) was reported to be related to the bio-
synthesis of methanofuran [56]. More expression of
genes related with formaldehyde oxidation may lead to
more utilization of reducing power that can be gener-
ated by formaldehyde oxidation step. Additionally, the
duplicated genes related to protein synthesis mechanisms
may have positively influenced cell growth. In particu-
lar, the enzyme alpha-L-glutamate ligase, also known as
glutamine synthetase, has been reported to exhibit high
activity in the presence of nitrate, which is the nitrogen
source in NMS [59]. An increase in translation-related
genes may also have a positive impact on cell growth. Five
more mutations were found in intergenic regions. They
are either located in the upstream region (261,875 bp) of
a hypothetical gene (AYM39_01125) or within sequences
featuring 15—17 bp repetitive guanine nucleotide stretch
(1,110,051 and 1,248,778 bp) or between two hypotheti-
cal genes (AYM39 05845~ 05850, 1,248,778 bp), or in
the CRISPR region (2,610,413-2,610,629 deletion), or
positioned in the intergenic region between 23S rRNA
gene and tRNA-Ala (AYM39_19785-19,790, 4,458,259
bp). It seems that these mutations may have less signifi-
cant effects on cell growth than 84 kb duplication.

To further improve succinate production, a new
strong promoter applicable to DH-1 was screened using
RNA sequencing data. The strong promoters that could
maintain strong expression under both low and high O,
concentrations were searched because the novel pro-
moter could be utilized for other studies not solely for
this one. Previously it was reported that more organic
acid could be produced under O,-limited condition and
high O, condition is favorable for biomass production
in methanotrophs [10]. However, depending on targets,
sometimes increasing cell concentration under high O,
concentration can be beneficial for titer improvement
despite of some decrease in specific titer (target concen-
tration per unit cell). So, it could be assumed that a pro-
moter showing strong expression regardless of oxygen
concentrations would have greater versatility. As a high
O, concentration, 15% O, condition is similar to a typical
methanotroph culture condition (30% methane, 70% air).
For low O, condition, 3.5% O, was selected to make O,
limited condition easily. The promoter of cold shock pro-
tein showing a constant and strong expression even after
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O, concentration change in the supplied gas was selected
as a novel strong promoter (Table 5). Since the translation
of cold shock protein is regulated in response to tempera-
ture change, the protein expression from the promoter
sequence chosen was confirmed through GFP expres-
sion. When GFP was expressed from this cold shock
protein promoter, 12~34 times stronger fluorescence
signals than those from the pc or ppc promoters were
obtained without any temperature change. Considering
that the secondary structure of mRNA is important for
cold shock protein translation, it can be postulated that
the formation of the secondary structure was hindered by
the sequences of other genes fused to the promoter.

The manipulated strains (CS401, 402, and 403) showed
better volumetric titer and productivity than CS40
strain. However the specific titer and specific productiv-
ity reduced or kept similar to the levels of CS40 through
pc and ppc overexpression due to increased cell growth.
Methane taken by the mutant cells seems to be redi-
rected for more cell growth rather than succinate pro-
duction by pc and ppc overexpression. It can be assumed
that the increase of volumetric parameters was driven
by the increased cell growth. The overexpression of pc
or ppc genes was expected to increase the OAA concen-
tration. OAA can serve as a precursor or backbone for
amino acids such as aspartate, isoleucine and lysine [60].
In C. glutamicum ATCC 21799 strain, it was reported
that overexpression of native pyruvate carboxylase could
lead to improved cell growth, compared to its parental
strain [61].

The ssadh gene was deleted to prevent leakage of suc-
cinate. According to a previous studies, succinate semial-
dehyde dehydrogenase converts succinate into succinate
semialdehyde in the presence of NADH [40]. During
the stationary phase of microbial growth, the NADH/
NAD™ ratio generally increases compared to the expo-
nential growth phase. In this study, succinate produc-
tion in all mutants began in the late exponential phase
or early stationary phase. Considering the possibility of
high intracellular NADH concentrations in these phases,
it was postulated that the ssadh gene deletion could be
beneficial for succinate production. In a previous study,
the mutant of C. glutamicum ATCC13032, integrated
with the transhydrogenase from E. coli, showed improved
succinate production under aerobic conditions due to the
transhydrogenase, which increases intracellular NADH
[62]. Actually the mutant strain (CS404) without ssadh
showed slight increases in specific titer, and specific pro-
ductivity comparing to those of CS40. As for volumet-
ric parameters, CS404 strain showed more significant
improvement.

To further enhance succinate production, pc/ppc over-
expression and ssadh disruption were integrated in one
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strain (CS405). At the same time, citrate synthase (gitA)
was overexpressed by replacing ssadh gene with gltA
fused to the mxaF promoter. CS405 strain showed the
best performance among all other strains tested in this
study. Not only volumetric parameters but also specific
titer and productivity increased. Considering that OAA is
a substrate of citrate synthase and that citrate synthase is
the first enzyme of the TCA cycle, it can be inferred that
the phenotypic changes are due to the increased carbon
flow entering the TCA cycle. There was a report showing
the possibility that the overexpression of ppc gene along
with gltA gene could enhance cell growth by increasing
the flux through the TCA cycle in E. coli [63].

All strains tested in this study showed a similar succi-
nate production pattern. Succinate concentration started
to increase after the early stationary phase began. Nor-
mally other succinate producers using liquid substrates
as carbon sources are known to accumulate succinate
while they are growing actively under anaerobic condi-
tions [64]. Even in aerobic condition, C. glutamicum
engineered for succinate production seemed to start
making succinate at its exponential phase [65]. It can be
assumed that the cells using gas as sole carbon source,
cannot afford to accumulate succinate when they grow
fast. This assumption is in good agreement with the pre-
vious report that showed enhanced organic acid produc-
tion under the microaerobic condition where fast cell
growth could be inhibited [10]. If cell growth and succi-
nate production are competitive to each other, control-
ling cell growth by limiting nutrient source concentration
would be a way to improve succinate production fur-
ther. It was reported that TCA cycle flux could be rein-
forced by nitrogen starvation and mevalonate yield could
be increased by sulfur starvation in E. coli [66]. Deli-
cately controlling nutrient levels in the media to balance
between cell growth and succinate production would be
necessary to enhance succinate generation further.

In the case of succinic acid production using micro-
organisms, feedstock costs account for about 20-30%
of the total process cost, making it a critical factor [67,
68]. Using methane gas as a low-cost feedstock can pro-
vide the advantage of reducing process costs. However,
for this advantage to be realized and for the methane-
based succinic acid production process to be com-
petitive in the market, the titer and productivity must
reach levels comparable to those achieved with soluble
substrates. There have been many studies describing
microbial succinate production using soluble sub-
strates. Some of them showed very high succinate pro-
duction titers reaching around 100 g/L with Escherichia
coli, Corynebacterium glutamicum and Mannheimia
succiniciporducens [64, 69, 70]. Considering that stud-
ies on producing succinic acid using methanotrophs
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have been conducted more recently compared to stud-
ies utilizing other soluble substrates, there is still sig-
nificant potential to enhance its performance through
genetic engineering. Additionally, optimizing culture
conditions for high cell density culture is also expected
to improve its performances.

In summary, mutant strains with higher succinate pro-
duction could be achieved by combining the overexpres-
sion of pc, ppc, and citrate synthase genes which could
accelerate TCA cycle and the disruption of ssadh gene,
an enzyme that could potentially consume succinic acid.
The volumetric titer (702 mg/L) and volumetric produc-
tivity (5.84 mg/L/h) of succinate of final mutant (CS405)
were successfully improved 3.22 and 3.24 times respec-
tively, compared to their parent strain (CS; Table 2). The
improved specific titer (419 mg/g DCW) and specific
productivity (3.49 mg/g DCW/h) of final mutant proves
that each cells produces succinate more and faster than
parental strain. The final mutant showing the best per-
formance (CS405) was created through three rounds of
rational genetic engineering after ALE. This study con-
firmed that synergistic effects could be created by com-
bining rational genetic engineering and ALE depending
on spontaneous mutations.
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