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Atmospheric and room temperature plasma enhances microbial
carbon fixation efficiency by metabolic regulation
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Abstract: [Objective] Efficient carbon-fixing microorganisms are a critical functional resource for
achieving the “dual carbon” goals. However, the unstable carbon fixation performance makes
natural strains difficult to directly meet industrial application needs. The molecular mechanisms
underlying the enhancement of carbon fixation performance by atmospheric and room temperature
plasma (ARTP) mutagenesis remain unclear. [Methods] Five carbon-fixing bacterial strains
preserved in our laboratory were used as the starting strains. Through ARTP mutagenesis combined
with directed screening and carbon-fixing enzyme activity tracking, a genetically stable and
efficient carbon-fixing mutant B4-5 was constructed. Whole-genome sequencing, combined
analysis of single nucleotide polymorphism (SNP) and insertion/deletion (InDel), and metabolic
characterization were employed to systematically elucidate the carbon fixation enhancement
mechanism. [Results] The mutant B4-5 showed increases of 33.16%, 72.54%, and 72.61% in key
carbon-fixing enzyme activity, carbon assimilation amount, and carbon assimilation rate,
respectively, with the Calvin cycle serving as the core carbon fixation pathway. Whole-genome
comparison revealed that the genome of the mutant was highly collinear with that of the parent
strain (similarity>98.50%), indicating that there were no large-scale chromosomal structural
variations in the genome of the mutant. The combined analysis of SNP and InDel identified four
key mutation sites (spollE, nprR, ginQ, and murB) related to carbon fixation performance, and these
sites optimized carbon source allocation, coordinated carbon-nitrogen metabolism balance, and
reprogrammed carbon flux. Finally, a cascade mechanism of genomic micro-variation-metabolic
regulation-phenotype enhancement was established. [Conclusion] This study clarifies the
regulatory mechanism underlying the enhancement of carbon fixation metabolism by ARTP
mutagenesis, providing a theoretical basis and engineered strain resources for the development of
microbial carbon neutralization technologies.

Keywords: efficient carbon-fixing bacteria; atmospheric and room temperature plasma mutagenesis;
genome-wide analysis; RubisCO activity; carbon assimilation efficiency; regulatory mechanism
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Table 1 Basic physicochemical properties of test substrates
Test specification Test method Content References
pH Soil-determination of pH-potentiometry: HJ 962—2018 8.67+0.31 [24]

Total nitrogen

Total phosphate

Soil quality-determination of total nitrogen-modified
Kjeldahl method: HJ 717—2014

Soil-determination of total phosphorus by alkali fusion-Mo-

(0.7540.18) g/kg  [25]

(0.47+0.08) kg [26]

Sb anti spectrophotometric method: HJ 632—2011

Organic carbon

Soil-determination of organic carbon-potassium dichromate

(59.34+2.81) g/kg  [27]

oxidation spectrophotometric method: HJ 615—2011

Total petroleum hydrocarbons

Soil and sediment-determination of petroleum hydrocarbons

(1.56+0.32) g/kg  [28]

(C10-C40)-gas chromatography: HJ 1021—2019

Fin 25 A= MR A BR S ]I bR 1,5- iR
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Z I S Ul T .
1.3 ARTP &
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BUSREFRY)(LB Hi57 55, 30 °C, 180 r/min
5:3%), 14 000 r/min 2.0 5 min JTEFEK, HiL
ZTHKVE 2 G, BHETE 5% HIhMrICH
K, LB ODeoo £ 0.6, M.
1.3.2 RTERE

WS G RS AT K948 30 s K, 4
HEFRG, 10 L RIS A TR A
I .
1.3.3 iFTE

P B% A BT ARTP B2 (To8) TR KA
EFHEA RS EDFE RSN, a4
AhBLEE B 2 mm, TP 120 W, A (4 E
99.999%) < Jii & 10 SLM, ALFERFE] & 10-100 s
(EIF% 10 s, 210 DEEED), FEah SR 10 uL
PRIER IR
1.34 IFTERHESITHH

WSS, RS R IR A 1.00 mL JCE
ABEER K EP B, WRIENR Y 1 min P
T, FRIF R . BERBELL 107 B
P BE R W o 10° CFU/mL J5, HX 100 pL
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Figure 1  Schematic diagram of the experimental

setup for verifying carbon assimilation capacity.

1.6.3 WENHEHE
B RIT, PR T 1 BRIk,
K FH R 2% e 2R 5t % {2 (ThermoFisher Scientific
INED I RE 6P C B (I 52 K BE £0.001%0) 0 47
K (3). @)A1
Ct=Csoc x
(1000+6" Clapettea) % Rt
1000+ (1000+6" Crapettea) % Ryq B

(1 000+513Ccontr01) ><Rst
x1000  (3)
1000+ (1 000+6" Ceonyrot ) * Ryt
D\
RSZCTX 1/ 314X(7) /T (4)

X Cr MRS HLER B AR [ 22 1Y PCO, i
%ﬁ’ﬁ, mg/kg; Csoc ﬁﬁlﬁﬂﬁﬂ@%ﬁﬁ%ﬁﬁ ,
g/kg; 513C1abe11ed ﬂﬂﬁ? i—l:'ﬁ‘ Hi EF' e 1 55@15 5
0" Ceontrol WANRICHES T PC BFBE(E; Ry JbR
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amount and rate; B: KEGG pathway comparison of the Calvin cycle metabolism (the color blocks on the left
represent the number of labeled genes in B4, while the color blocks on the right represent the number of labeled

genes in B4-5).
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35.30%; B4-5 FEH41 4K 545 Mb, G+C i SRNA 129 129
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Figure 4 Comparison of genomes between original strain B4 and mutant strain B4-5. A: Genome circle map; B:
Synteny analysis.
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Figure 5

R3 IFEEB4-SHERRTEM A RERER

Identification of mutant B4-5 gene mutation sites based on the original strain B4.

Table 3  Gene mutation sites and genetic information of mutant B4-5

Number Variation type Gene Mutation type ~ Mutation description KO number KO function

1 SNP spollE Missense Multi-phylogenetic: stage  K06382 11 sporulation protein E
mutation II sporulation protein E

2 InDel nprR Frameshift Tetrapeptide repeat protein  K20480 HTH-type transcription factor,
mutation quorum sensing regulator NprR

3 SNP ginQ Missense Amino acid ABC K10041 Aspartate/glutamate complex
mutation transporter ATP binding transport system ATP binding

protein protein

4 SNP murB Missense UDP-N-acetylmuramic KO00075 UDP-N-acetylmuramic acid
mutation acid dehydrogenase dehydrogenase

5 SNP sspH Non-sense Acid-soluble spore K06425 Small molecule acid-soluble
mutation protein H spore protein H
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Figure 6 The mechanism of the effect of the mutation site of the mutant B4-5 on the Calvin carbon fixation

pathway.
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