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Abstract 16 

Soil salinization threatens global agriculture, necessitating the discovery of robust microbial resources for 17 

bioremediation. Here, we characterized Enterobacter kobei P3, a halotolerant bacterium isolated from 18 

Egyptian saline-alkaline soils. Phenotypic and genomic analyses revealed broad environmental 19 

adaptability, with optimal growth at 30°C, 3% NaCl, and pH 8.5. Transcriptomic profiling under saline-20 

alkaline stress identified the tricarboxylic acid (TCA) cycle as a critical response pathway, with sucA and 21 

sucC emerging as significantly upregulated central hub genes. Functional complementation in Escherichia 22 

coli demonstrated that co-expressing sucA and sucC synergistically enhanced host survival under high 23 

salinity (up to 1.0 M NaCl) and alkaline pH (up to 9.5), significantly outperforming single-gene expressions 24 

and wild-type controls. Conversely, a sucC knockout mutant exhibited severe growth inhibition. Metabolic 25 

profiling confirmed that sucAC overexpression optimized carbon flux by accelerating reducing sugar 26 

consumption and elevating intracellular succinyl-CoA levels under stress. These findings elucidate a 27 

molecular mechanism whereby sucA and sucC confer saline-alkaline tolerance through TCA cycle-28 

mediated energy supply and carbon utilization. Ultimately, this study identifies the sucAC genes as 29 

valuable genetic targets for engineering stress-resilient microbes to bioremediate degraded saline-alkaline 30 

soils. 31 

Keywords: Enterobacter kobei; Salt-alkaline stress; Transcriptome; sucA; sucC; Tricarboxylic acid cycle; 32 

Energy metabolism; Soil bioremediation 33 
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Soil salinization has emerged as one of the most pervasive forms of land degradation, currently affecting 35 

approximately 1 billion hectares of global arable land and threatening the food security of nearly 50% of 36 

the world's population by mid-century (1, 3, 6). The accumulation of excess soluble salts and the dominance 37 

of sodium ions under high-pH conditions collectively disrupt soil structure, impede water infiltration, and 38 

impose severe ionic and osmotic stress on crops, ultimately leading to substantial yield penalties (4, 5). 39 

Furthermore, salinization reduces soil microbial diversity and activity, degrades soil aggregate structure, 40 

and accelerates vegetation degradation (24). With an increasing population and decreasing arable land 41 

resources, the remediation of saline-alkali soils has become a critical issue for global food security (38). 42 

Traditional physicochemical remediation strategies, including leaching, gypsum application, and the use 43 

of synthetic amendments, often prove economically prohibitive and environmentally unsustainable at 44 

scale, particularly for smallholder farming systems in arid and semi-arid regions. Consequently, biological 45 

approaches harnessing salt-tolerant plant growth-promoting rhizobacteria (PGPR) and extremophilic 46 

microbes have garnered considerable attention as cost-effective, eco-friendly alternatives for the restoration 47 

of saline alkaline ecosystems (18, 33, 1). 48 

Bacterial adaptation to saline-alkaline environments requires a coordinated physiological response to 49 

maintain osmotic balance, ion homeostasis, and macromolecular stability. To survive severe osmotic and 50 

pH stress, halotolerant microorganisms employ sophisticated adaptive strategies. These include the 51 

accumulation of compatible solutes (e.g., glycine betaine, ectoine, and trehalose) to preserve cellular 52 

hydration, the activation of specialized ion transporters (e.g., Na⁺/H⁺ antiporters) to extrude toxic ions, 53 

membrane lipid remodeling, and the upregulation of antioxidant systems to mitigate oxidative damage (8-54 

10, 30, 39) 55 

Within this context, the genus Enterobacter stands out for its remarkable metabolic versatility and 56 

environmental resilience. Salt-tolerant Enterobacterales have garnered significant attention as plant-growth-57 

promoting bacteria (PGPB) capable of thriving in saline soils while enhancing plant nutrition and stress 58 

tolerance (14, 25). As modern biotechnologies increasingly leverage microbial gene resources and 59 

molecular markers to develop salt-tolerant crop varieties (20, 22), deciphering the specific molecular and 60 

metabolic mechanisms of indigenous halotolerant Enterobacter strains is essential. Unlocking these adaptive 61 

traits not only enriches the microbial gene pool for saline-alkali soil bioremediation but also provides 62 

critical genetic resources for sustainable agricultural management in extreme environments (19). 63 

Central carbon metabolism, particularly the tricarboxylic acid (TCA) cycle, is essential for meeting the 64 

energetic and biosynthetic demands of saline-alkaline stress (39). However, the genetic determinants 65 

governing TCA-mediated tolerance in enteric bacteria remain poorly understood. Although sucA and sucC 66 

encode rate-limiting TCA cycle enzymes, their synergistic role in enhancing carbon utilization and energy 67 

transduction under saline-alkaline conditions remains unexplored, as prior single-gene studies overlook 68 

critical metabolic flux coordination. To address this, we isolated the moderately halotolerant Enterobacter 69 

kobei P3 from Egyptian saline-alkaline soils. By integrating transcriptomics with functional genetics in 70 

Escherichia coli, we identified sucA and sucC as pivotal stress-response hubs. We hypothesize that their co-71 

expression optimizes TCA cycle flux, ensuring sustained ATP production and conferring superior stress 72 

tolerance compared to single-gene interventions. Ultimately, this work expands the microbial stress-73 
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tolerance gene repertoire and provides a translational framework for engineering robust bacterial 74 

inoculants for soil bioremediation. 75 

2. Materials and Methods 76 

2.1. Bacterial Strain Isolation, Plasmids, and Culture Conditions 77 

The bacterial strain designated P3 was isolated from surface agricultural soil (0–20 cm depth) collected in 78 

August 2022 from the South El-Hosynia Research Farm Station, Sharkia Governorate, Egypt (31°00'59.2" N, 79 

32°04'17.2" E). Escherichia coli KNabc was generously provided by Professor Juquan Jiang (Faculty of Life 80 

Sciences, Northeast Agricultural University, Harbin, China). All bacterial strains and plasmids utilized in 81 

this study are detailed in Table S1. 82 

Luria-Bertani (LB) medium and M9 minimal medium were employed for strain cultivation. LB medium 83 

comprised 1.0% (w/v) tryptone, 0.5% (w/v) yeast extract, and 1.0% (w/v) sodium chloride. M9 minimal 84 

medium contained 0.678% (w/v) disodium hydrogen phosphate, 0.3% (w/v) potassium dihydrogen 85 

phosphate, 0.1% (w/v) ammonium chloride, 0.05% (w/v) sodium chloride, 0.024% (w/v) magnesium sulfate, 86 

0.0011% (w/v) calcium chloride, and 0.4% (w/v) glucose, with glucose serving as the primary carbon source 87 

to evaluate sugar metabolism and carbon source utilization under saline-alkali stress conditions. All 88 

cultures were incubated at 37 °C with shaking at 160 rpm. Antibiotics kanamycin, chloramphenicol, and 89 

ampicillin (Bio-sharp, Hefei, China) were added to media at final concentrations of 50 μg/mL, 25 μg/mL, 90 

and 50 μg/mL, respectively, as required. 91 

2.2. Phenotypic Characterization of Salt-Alkaline Tolerance 92 

Bacterial isolates were identified based on morphological and biochemical characteristics, including cell 93 

morphology, Gram staining reaction, and colony morphology, following standard microbiological 94 

protocols. Strain P3 was pre-cultured in LB broth at 30 °C for 12 h prior to phenotypic assays. 95 

To evaluate temperature tolerance, a 1% (v/v) inoculum of the pre-culture was transferred into 100 mL of 96 

fresh LB medium and incubated at varying temperatures (10, 15, 20, 25, 30, 35, and 40 °C) in a temperature-97 

controlled shaking incubator (SHZ-82, Jiangsu Jintan Liangyou, China). Bacterial growth was monitored 98 

spectrophotometrically. 99 

For salt and alkali tolerance assays, LB media were prepared with NaCl concentrations of 0.75, 1.0, 1.25, 100 

and 1.5 M, and adjusted to pH values of 8.5, 9.0, 9.5, and 10.0, respectively. Following autoclaving, each 101 

treatment was inoculated with 1% (v/v) pre-culture in triplicate. Cultures were incubated at 30 °C with 102 

shaking at 140 rpm in an orbital shaker (ZHWY-200B, Shanghai Zhicheng Analytical Instrument, China). 103 

Growth was evaluated by measuring optical density at 600 nm (OD₆₀₀) using a UV-Vis spectrophotometer 104 

(UV-1800, Shimadzu, Japan) at 8-h intervals. Monitoring continued until cultures reached the decline 105 

phase, and growth curves were plotted accordingly. 106 

2.3. Molecular Characterization and Phylogenetic Analysis 107 

Genomic DNA was extracted from the target strain using the standard phenol–chloroform method (12). 108 

The The 16S rRNA gene was amplified by polymerase chain reaction (PCR) using universal bacterial 109 
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primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′). 110 

Thermal cycling conditions consisted of initial denaturation at 95 °C for 2 min, followed by 35 cycles of 111 

denaturation at 94 °C for 30 s, annealing at 54 °C for 90 s, and extension at 72 °C for 30 s, with a final 112 

extension at 72 °C for 5 min (Table S2). 113 

PCR amplicons were resolved by electrophoresis on 1.0% (w/v) agarose gels (Sigma-Aldrich, St. Louis, MO, 114 

USA) in 1× TAE buffer (40 mM Tris-acetate, 1 mM EDTA, pH 8.0) at a constant voltage of 100 V for 1 h. 115 

Gels were stained with ethidium bromide (0.2 μg/mL) for 15 min and visualized under UV 116 

transillumination (Bio-Rad, Hercules, CA, USA). A 100-bp DNA ladder (Gibco-BRL, Grand Island, NY, 117 

USA) served as the molecular weight standard. 118 

The purified PCR product was sequenced by BGI Genomics Co., Ltd. (Shenzhen, China). The resulting 16S 119 

rRNA gene sequence was queried against the NCBI GenBank database using the BLASTn algorithm for 120 

taxonomic identification. Multiple sequence alignment was performed using ClustalW, and a phylogenetic 121 

tree was reconstructed via the neighbor-joining method implemented in MEGA 11. The complete genome 122 

sequence has been deposited in the National Microbiology Data Center under accession number 123 

NMDC60214231. 124 

2.4. Transcriptome sequencing analysis 125 

Enterobacter kobei P3 was activated on LB agar for 24 h, and a single colony was inoculated into LB broth 126 

under three salt–alkali stress conditions: low (X1; natural pH, 0.25 M NaCl), moderate (X2; pH 8.5, 0.75 M 127 

NaCl), and high (X3; pH 9.0, 1.25 M NaCl). Cultures were incubated at 30 °C with shaking until mid-128 

exponential phase (OD₆₀₀ ≈ 1.0). Cells were harvested by centrifugation (8,000 × g, 10 min, 4 °C), flash-frozen 129 

in liquid nitrogen, and stored at −80 °C. Three independent biological replicates were prepared per 130 

treatment. 131 

Total RNA extraction, rRNA depletion, library preparation, and sequencing were performed by Shanghai 132 

Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). Following RNA-quality assessment, rRNA-133 

depleted RNA was fragmented and reverse-transcribed using random primers. The resulting cDNA 134 

underwent end repair, 3′ adenylation, adapter ligation, and PCR amplification. Libraries were sequenced 135 

on an Illumina NovaSeq 6000 platform (Illumina, San Diego, CA, USA) to generate 150-bp paired-end reads. 136 

Raw reads were quality-filtered using Trimmomatic v0.39, and clean reads were mapped to the complete 137 

E. kobei P3 genome using HISAT2 v2.2.1. Gene-level read counts were analyzed using DESeq2 v1.34.0 for 138 

pairwise comparisons of (X2 vs. X1); (X3 vs. X2); and (X3 vs. X1). Genes with log₂ (fold change) ≥ 1 and 139 

adjusted P < 0.05 were considered differentially expressed genes (DEGs). Functional annotation and 140 

enrichment analyses were performed using the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 141 

Genomes (KEGG) databases to characterize enriched biological processes, molecular functions, cellular 142 

components, and metabolic pathways. 143 

2.5. Bioinformatics Analysis of SucA and SucC Proteins 144 

The nucleotide sequences of the sucA and sucC genes from E. coli K-12 MG1655 were retrieved from the 145 

NCBI database (https://www.ncbi.nlm.nih.gov), and their corresponding translated amino acid sequences 146 

https://www.ncbi.nlm.nih.gov/
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were obtained from the UniProt database (https://www.uniprot.org). Physicochemical properties of the 147 

encoded proteins including molecular weight, theoretical isoelectric point (pI), instability index, aliphatic 148 

index, and grand average of hydropathicity (GRAVY) were analyzed using ProtParam 149 

(https://web.expasy.org/protparam). Protein domain architecture and putative subcellular localization 150 

were predicted using InterPro (https://www.ebi.ac.uk/interpro). Hydrophilicity/hydrophobicity profiles 151 

were generated using ProtScale (https://web.expasy.org/protscale). Secondary structure elements were 152 

predicted using SOPMA (https://www.expasy.org/search/SOPMA), and transmembrane topologies were 153 

analyzed using DeepTMHMM (https://dtu.biolib.com/DeepTMHMM). Collectively, these in silico analyses 154 

provided a comprehensive structural and functional baseline for the SucA and SucC proteins to guide 155 

subsequent experimental validation. 156 

2.6. Construction of Expression Vectors and Physiological Activity Validation 157 

2.6.1. Seamless Cloning and Recombinant Plasmid Construction 158 

Seamless cloning and assembly were performed using the pEAS-Basic Seamless Cloning and Assembly Kit 159 

(TransGen Biotech, Beijing, China). The target fragments of the sucA and sucC genes were amplified 160 

from Enterobacter kobei P3 genomic DNA using primers containing homologous arm sequences 161 

(underlined) designed with Primer Premier 5.0 software (Premier Biosoft, Palo Alto, CA, USA).  162 

The pET-28a vector (Novagen, Merck KGaA, Darmstadt, Germany) was linearized by double restriction 163 

enzyme digestion with NdeI and XhoI (New England Biolabs, Ipswich, MA, USA). PCR products and 164 

linearized vector were gel-purified using a Gel Extraction Kit (Omega Bio-tek, Norcross, GA, USA), verified 165 

by agarose gel electrophoresis, and quantified spectrophotometrically (NanoDrop 2000, Thermo Fisher 166 

Scientific, Waltham, MA, USA). 167 

The validated PCR products (inserts) and linearized vector (5–100 ng) were mixed at a 1:2 molar ratio 168 

(vector: insert) in a 10 µL reaction containing 5 µL of 2× Basic Assembly Mix (with dye) and nuclease-free 169 

water to volume. The mixture was incubated at 50 °C for 5–15 min to assemble the recombinant plasmids 170 

pET-sucA (containing sucA), pET-sucC (containing sucC), and pET-sucAC (containing 171 

both sucA and sucC in a bicistronic configuration). The ligation products were transformed into 172 

competent E. coli KNabc cells by heat-shock transformation (42 °C for 45 s, followed by 2 min on ice). 173 

Single colonies were verified by colony PCR using T7 promoter and T7 terminator primers. Positive clones 174 

were inoculated into LBK medium (LB medium supplemented with 50 mM KCl) containing 50 μg/mL 175 

ampicillin and cultured overnight at 37 °C with shaking (220 rpm). Recombinant plasmids were confirmed 176 

by agarose gel electrophoresis and double restriction enzyme digestion (NdeI/XhoI). Correctly verified 177 

plasmids were sent to BGI Genomics (Shenzhen, China) for Sanger sequencing to confirm sequence fidelity. 178 

2.6.2. Salt Tolerance Assay of Recombinant Strains 179 

The recombinant strains KNabc/pET-sucA, KNabc/pET-sucC, and KNabc/pET-sucAC were evaluated for 180 

salt tolerance, with KNabc/pET-28a (empty vector) serving as the negative control. Overnight cultures were 181 

diluted to an initial OD₆₀₀ of 0.1 in fresh LBK medium (pH 7.0) supplemented with NaCl at final 182 

concentrations of 0.05, 0.10, 0.15, 0.20, 0.25, and 0.30 M. Cultures were incubated at 30 °C with shaking (200 183 

https://www.uniprot.org/
https://web.expasy.org/protparam
https://www.ebi.ac.uk/interpro
https://web.expasy.org/protscale
https://www.expasy.org/search/SOPMA
https://dtu.biolib.com/DeepTMHMM
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rpm), and cell growth was monitored by measuring OD₆₀₀ at 2-h intervals over 48 h using a microplate 184 

reader (BioTek ELx808, Winooski, VT, USA). All assays were performed in triplicate. 185 

2.6.3. pH Tolerance Assay 186 

To evaluate the effect of pH on cell growth, overnight cultures were diluted to an initial OD₆₀₀ of 0.1 in 187 

fresh LBK medium containing 50 mM NaCl adjusted to pH values of 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0 using 1 M 188 

HCl or 1 M NaOH. Cultures were incubated at 30 °C with shaking (200 rpm), and OD₆₀₀ was measured at 189 

intervals over 48 h as described above. Experiments were performed in triplicate. 190 

2.6.4. Overexpression and Quantitative Real-Time PCR Analysis 191 

The recombinant plasmid pET-sucAC was transformed into E. coli BL21(DE3) competent cells (TransGen 192 

Biotech) by heat-shock transformation to generate the overexpression strain E. coli/pET-sucAC. Single 193 

colonies were selected on LB agar containing 50 μg/mL ampicillin and verified by colony PCR. 194 

For gene expression analysis, E. coli/pET-sucAC and control (E. coli/pET-28a) were cultured in LB medium 195 

containing 50 μg/mL ampicillin at 37 °C until OD₆₀₀ reached 0.6–0.8. Expression was induced by adding 196 

isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM, followed by incubation 197 

at 25 °C for 6 h with shaking (200 rpm). Total RNA was extracted using the RNAprep Pure Bacteria Kit 198 

(Tiangen Biotech, Beijing, China) according to the manufacturer's instructions. RNA concentration and 199 

purity were assessed spectrophotometrically (A₂₆₀/A₂₈₀ ratio ≥ 1.8). cDNA was synthesized from 1 μg of 200 

total RNA using the PrimeScript™ RT Reagent Kit with gDNA Eraser (Takara Bio, Kusatsu, Japan). 201 

Quantitative real-time PCR (qRT-PCR) was performed using TB Green™ Premix Ex Taq™ II (Tli RNaseH 202 

Plus) (Takara Bio) on a LightCycler® 480 Real-Time PCR System (Roche Diagnostics, Basel, Switzerland). 203 

Gene-specific primers for sucA and sucC were designed using Primer3Plus 204 

(https://www.primer3plus.com/). The 16S rRNA gene served as the endogenous reference control. The 205 

thermal cycling protocol consisted of initial denaturation at 95 °C for 30 s, followed by 40 cycles of 95 °C 206 

for 5 s and 60 °C for 30 s. Melt curve analysis (65–95 °C) was performed to confirm amplicon specificity. 207 

Relative gene expression was calculated using the 2^−ΔΔCt method, and data are presented as fold-change 208 

relative to the control strain. All reactions were performed in technical triplicate using three independent 209 

biological replicates. 210 

2.7. Knockout of the sucC Gene 211 

The knockout of the sucC gene was achieved using the λ-Red homologous recombination system, a widely 212 

adopted method for generating gene-deficient strains (Fig. 1). The strain ΔsucC was constructed to create a 213 

targeted deletion of the sucC gene. The pKD46 plasmid, which expresses three critical enzymes (Exo, Bet, 214 

and Gam) essential for homologous recombination, was utilized in this process and was induced by L-215 

arabinose to facilitate efficient recombination events. 216 

For gene knockout primer design, the forward primer sequence was: 217 

5′acaagcgatgcctgatgtgacgtttaacgtgtcttatcaggcctacgggtgaccgacaatgcccggaagcgatacgaaatattcggtctacggtttaaaa218 

gataacgattactgaaggatTTAACGGCTGACATGGGAATTAGC-3, and the reverse primer sequence was: 5′- 219 

https://www.primer3plus.com/
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gcctttacctggggttacgccgccaaccattttagtgccgtatgcaatggcctgttctgagtggaaagtcccctggctaccggtaaagccctggcagataac220 

cttggtgtttttatcgatTTGAGCGATTGTGTAGGCTGGAG-3′. The underlined regions indicate homology arms 221 

corresponding to the sucC gene. Each primer contained a chloramphenicol resistance cassette (cat), 222 

enabling targeted integration of the knockout construct into the bacterial genome via homologous 223 

recombination. 224 

E. coli cells harboring the pKD46 plasmid were cultured at 30 °C to logarithmic growth phase (OD₆₀₀ = 0.4–225 

0.6). L-Arabinose (final concentration 10 mM) was then added to induce expression of the recombination 226 

enzymes for 1 h. The purified targeting fragment was subsequently electroporated into the induced 227 

electrocompetent cells using a Bio-Rad electroporation system (Bio-Rad, Hercules, CA, USA) at 2.5 kV, 25 228 

μF, and 200 Ω. Following electroporation, cells were incubated at 37 °C for 2 h in SOC medium to allow 229 

recovery and expression of the antibiotic resistance gene. Positive clones with successful integration of the 230 

chloramphenicol resistance gene into the sucC locus were selected on LB agar plates containing 25 µg/mL 231 

chloramphenicol. Clones were cultured in chloramphenicol-supplemented medium to maintain selection 232 

pressure and finally confirmed by Sanger sequencing at BGI Genomics. 233 

2.8. Elimination of pKD46 Plasmid and Resistance Gene 234 

To eliminate the pKD46 plasmid and its associated ampicillin resistance gene, the gene-deficient strain was 235 

cultured overnight in LB broth containing 25 µg/mL chloramphenicol at 42 °C with shaking (200 rpm). A 236 

20 µL aliquot of the culture was streaked onto LB agar plates containing chloramphenicol, and single 237 

colonies were selected for further propagation. The selected colonies were then streaked onto LB agar 238 

supplemented with both chloramphenicol (25 µg/mL) and ampicillin (50 µg/mL) to screen for strains 239 

capable of growing only on chloramphenicol, indicating successful loss of the temperature-sensitive pKD46 240 

plasmid. 241 

After obtaining the knockout strain devoid of pKD46, competent cells were prepared. The pCP20 plasmid 242 

(carrying ampicillin and chloramphenicol resistance, as well as the FLP recombinase gene) was introduced 243 

via chemical transformation. Transformants were selected on LB agar plates containing both ampicillin (50 244 

µg/mL) and chloramphenicol (25 µg/mL). Following transformation, cells were cultured in LB broth at 245 

30 °C with shaking (180 rpm) for 8 h, after which the temperature was shifted to 42 °C for overnight 246 

incubation with continued shaking to eliminate the pCP20 plasmid. The culture was then streaked onto LB 247 

agar plates, and single colonies were selected. Finally, the expanded culture was streaked onto double-248 

antibiotic LB agar plates (ampicillin + chloramphenicol) and non-resistant LB agar plates to isolate colonies 249 

that grew exclusively on the non-selective medium, confirming complete plasmid elimination (34). 250 

2.9. Determination of Reducing Sugar Using the 3,5-Dinitrosalicylic Acid Method 251 

E. coli, E. coli/pET28a, E. coli/pET-sucAC, E. coli/ΔsucC, and ΔsucC/pET-sucAC were pre-cultured to 252 

logarithmic growth phase. Each culture was inoculated at 1% (v/v) into M9 liquid medium and incubated 253 

in a constant-temperature shaker at 30 °C with shaking at 140 rpm. After centrifugation (8,000 × g, 10 min, 254 

4 °C) to remove bacterial cells, the supernatant was collected. 255 
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Reducing sugar content in the fermentation broth was determined using the 3,5-dinitrosalicylic acid (DNS) 256 

colorimetric method (15). Briefly, 0.5 mL of sample was mixed thoroughly with 1.0 mL of DNS reagent, 257 

heated in a boiling water bath for 5 min for color development, and then cooled rapidly to room 258 

temperature. The absorbance was measured at 600 nm. Reducing sugar concentration in each sample was 259 

calculated based on a glucose standard curve (0–2.0 mg/mL, R² ≥ 0.999). These values reflected the sugar 260 

metabolism level and carbon source utilization of different strains under saline-alkali stress conditions. All 261 

measurements were performed in triplicate. 262 

2.10. Growth of Different Strains Under Saline-Alkali Stress 263 

E. coli, E. coli/pET28a, E. coli/pET-sucAC, E. coli/ΔsucC, and ΔsucC/pET-sucAC were pre-cultured to 264 

logarithmic growth phase. Each strain was then inoculated at the same initial cell density (OD₆₀₀ ≈ 0.1) into 265 

saline-alkali stress media containing different concentrations of NaCl (0.5, 0.75, 1.0, 1.25, and 1.5 M) and 266 

adjusted to various pH values (7.0, 8.0, 8.5, 9.0, and 9.5). Cultures were incubated in a constant-temperature 267 

shaker at 30 °C with shaking at 140 rpm. Samples were taken every 8 h to measure absorbance at OD₆₀₀. 268 

Monitoring continued until strains entered the decline phase, and growth curves were plotted. The growth 269 

differences and tolerance capacities of the strains under saline-alkali stress were comprehensively 270 

compared. All experiments were performed in triplicate. 271 

2.11. Succinyl-CoA Assay 272 

Cells of E. coli, E. coli/pET28a, E. coli/pET-sucAC, E. coli/ΔsucC, and ΔsucC/pET-sucAC were harvested at 273 

early stationary phase after growth under saline-alkali stress conditions (1.0 M NaCl, pH 9.0). Intracellular 274 

metabolites were extracted following low-temperature centrifugation (8,000 × g, 10 min, 4 °C), methanol 275 

quenching (60% v/v methanol, −20 °C, 30 min), and bead-beating disruption (BioSpec Mini-Beadbeater-24, 276 

Bartlesville, OK, USA). The intracellular succinyl-CoA content was determined using a commercial 277 

enzyme-linked immunoassay kit (Succinyl-CoA ELISA Kit, MyBioSource, San Diego, CA, USA) according 278 

to the manufacturer's protocol. Absorbance was measured at 450 nm using a microplate reader (BioTek 279 

ELx808). Succinyl-CoA levels of the five strains were compared to assess the effects of 280 

the sucA and sucC genes on an intermediate metabolite of the tricarboxylic acid cycle. This metabolic 281 

analysis verified the roles of sucA and sucC in the response to saline-alkali stress. All measurements were 282 

performed in triplicate. 283 

2.12. Statistical Analysis 284 

All experiments were performed in triplicate. Data were compiled using Microsoft Excel (Microsoft Corp., 285 

Redmond, WA, USA), and statistical analysis and graphing were carried out using Origin 8.0 (OriginLab 286 

Corp., Northampton, MA, USA) and GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA). Results 287 

are expressed as mean ± standard deviation (SD). Statistical comparisons among multiple groups were 288 

performed by one-way analysis of variance (ANOVA), followed by Tukey's multiple comparison test. 289 

Statistical significance was defined as p < 0.05. Significance levels are indicated as:  *p < 0.01, **p < 0.001, and 290 

***p < 0.0001; ns indicates not significant (p > 0.05). 291 

3. Results 292 
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3.1. Isolation and Identification of Strain P3 293 

The colony morphology of strain P3 was examined on LB agar medium. Colonies appeared smooth, 294 

circular, slightly viscous, readily pickable, large, and milky white, with diameters ranging from 0.3 to 0.5 295 

cm (Fig. 2-a). Gram staining revealed short rod-shaped cells that appeared red under light microscopy, 296 

leading to the preliminary identification of strain P3 as a Gram-negative bacterium (Fig. 2-b). 297 

Genomic DNA of strain P3 was extracted using the phenol-chloroform method. Using the extracted DNA 298 

as template, the 16S rRNA gene was amplified with universal primers 27F and 1492R. Sequencing of the 299 

amplified product yielded a 1,536 bp fragment (Fig. 3-a). BLASTn analysis against the NCBI GenBank 300 

database revealed that strain P3 shared high sequence similarity with members of the genus Enterobacter. 301 

A phylogenetic tree was constructed using MEGA 11 software (Fig. 3-b), which demonstrated that strain 302 

P3 exhibited 100% 16S rRNA gene sequence identity with Enterobacter kobei. Based on morphological, 303 

physiological, biochemical, and molecular evidence, strain P3 was definitively identified as Enterobacter 304 

kobei. The complete genome sequence has been deposited in the National Microbiology Data Center under 305 

accession number NMDC60214231. 306 

3.2. Growth Characteristics Under Different Environmental Stresses 307 

3.2.1. Growth of E. kobei. P3 strain under a across range of temperatures. 308 

The growth of strain P3 was examined in LB liquid medium across a range of temperatures. Strain P3 grew 309 

rapidly at 25 °C, 30 °C, 35 °C, and 40 °C, while slower growth was observed at 10 °C, 15 °C, and 20 °C. 310 

These results indicated that strain P3 is capable of growth at low temperatures and was preliminarily 311 

characterized as a psychrotolerant bacterium. Growth curves measured at 25 °C, 30 °C, 35 °C, and 40 °C 312 

are presented in Fig. 4-a. The strain exhibited optimal growth at 25 °C and 30 °C, with progressively 313 

reduced growth rates at 35 °C and 40 °C. The growth trend clearly demonstrated that increasing 314 

temperature retarded the growth of strain P3, suggesting that elevated temperatures exert an inhibitory 315 

effect. Accordingly, 30 °C was selected as the optimal growth temperature for subsequent experiments. 316 

Principal component analysis of the growth profiles separated the four temperature groups along PC1 317 

(80.4% of variance), whereas PC2 (11.0%) captured additional within-culture differences, together 318 

accounting for 91.5% of the total variance Fig. 4-b. The loading structure indicated that cell densities at 16–319 

28 h (mid- to late-exponential phase) contributed most strongly to PC1, i.e., to the temperature-dependent 320 

discrimination of growth performance. Collectively, these data demonstrate that E. kobei P3 grows most 321 

efficiently at 25–30 °C, retains substantial growth at 35 °C, and is comparatively impaired at 40 °C, 322 

consistent with a psychrotrophic-to-mesophilic lifestyle relevant to its food-associated and clinical ecology. 323 

3.2.2. Growth of E. kobei. P3 strain under a saline-alkali stress. 324 

To evaluate the growth of strain P3 under saline-alkali stress, growth curves were measured across a 325 

gradient of NaCl concentrations (0.75, 1.0, 1.25, and 1.5 M) and pH values (8.5, 9.0, 9.5, and 10.0). As 326 

illustrated in Fig. 5, strain P3 exhibited robust growth under moderate alkaline conditions (pH 8.5 and 9.0) 327 

combined with lower salt concentrations (0.75 M and 1.0 M NaCl), characterized by a short lag phase and 328 

high maximum biomass (OD600 > 1.2). However, growth performance was progressively inhibited as 329 
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salinity and alkalinity increased. At a constant pH, elevating the NaCl concentration from 0.75 M to 1.5 M 330 

resulted in a significantly prolonged lag phase and a reduced growth rate. Similarly, increasing the pH 331 

exerted a compounding inhibitory effect. At pH 9.5, growth was substantially delayed, and no detectable 332 

growth was observed at 1.5 M NaCl. Under the most severe condition (pH 10.0), the strain could only 333 

sustain growth at 0.75 M and 1.0 M NaCl, with the lag phase extending beyond 30 h and 50 h, respectively. 334 

Furthermore, growth was completely arrested at 1.25 M and 1.5 M NaCl when the pH reached 10.0, 335 

indicating that this represents the upper limit of its saline-alkali tolerance. 336 

Overall, strain P3 demonstrated a clear dose-dependent sensitivity to both salt and alkaline stress. Based 337 

on its ability to thrive at moderate salt concentrations (up to 1.0 M NaCl) while being significantly inhibited 338 

at higher salinities (1.5 M NaCl), strain P3 is classified as a moderately halotolerant bacterium according to 339 

established microbiological criteria. 340 

3.3 Differential Gene Expression and Functional Enrichment Analysis 341 

3.3.1. Transcriptomic profiling 342 

Transcriptomic profiling revealed progressively broader transcriptional responses in Enterobacter kobei P3 343 

with increasing stress intensity. Pairwise comparisons of X2 vs. X1 (Fig. 6-a), X3 vs. X2 (Fig. 6-b), and X3 344 

vs. X1 (Fig. 6-c) identified 384, 789, and 1,448 differentially expressed genes (DEGs) respectively. These 345 

comprised 241, 511, and 800 upregulated genes and 143, 278, and 648 downregulated genes (Fig. 6-d). The 346 

increasing number of DEGs across comparisons, together with the consistent predominance of upregulated 347 

genes, indicates extensive transcriptional reprogramming in response to escalating salt–alkali stress. 348 

3.3.2. GO annotation 349 

GO annotation classified DEGs into biological process (BP), cellular component (CC), and molecular 350 

function (MF) categories (Fig. 7-a). Across the three comparisons, 1,143 upregulated and 677 351 

downregulated genes were annotated. Among the 47 genes consistently upregulated across all 352 

comparisons, GO enrichment was mainly associated with oxidoreductase activity, pyruvate metabolism, 353 

generation of precursor metabolites and energy, glycolysis, and the glycerol-3-phosphate dehydrogenase 354 

complex. Catalytic and binding activities predominated in MF, whereas cellular and metabolic processes 355 

were the major BP categories. 356 

3.3.3. KEGG analysis 357 

KEGG analysis identified metabolism as the predominant functional category, particularly carbohydrate, 358 

amino acid, energy, and cofactor/vitamin metabolism, with additional representation of membrane 359 

transport, signal transduction, translation, and protein processing (Fig. 7-b). The 47 common upregulated 360 

genes were enriched in glycolysis/gluconeogenesis, the pentose phosphate pathway, pyruvate metabolism, 361 

the TCA cycle, carbon fixation in prokaryotes, and methane metabolism. Collectively, these results indicate 362 

that increasing salt–alkali stress was associated primarily with transcriptional remodeling of central carbon 363 

metabolism, energy metabolism, and redox-related processes, potentially supporting metabolic activity 364 

and cellular homeostasis in P3. 365 
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3.4. Bioinformatics Analysis of sucA and sucC 366 

3.4.1. Metabolic pathway map of sucA and sucC 367 

The genes associated with glycolysis and the TCA cycle were prominently represented under salt–alkali 368 

stress. As shown in (Fig. 8) 26 genes in the TCA-cycle pathway were upregulated. Among these, sucA and 369 

sucC, which encode components of the 2-oxoglutarate dehydrogenase and succinyl-CoA synthetase 370 

complexes, respectively, were selected for further functional investigation because of their potential 371 

involvement in central carbon metabolism and stress adaptation. 372 

Bioinformatics analysis provided significant insights into the genes sucA and sucC, highlighting their 373 

essential roles within the TCA cycle. These genes encode key enzymatic components involved in the 374 

conversion of α-ketoglutarate to succinyl-CoA, a critical step in central carbon metabolism. 375 

Notably, sucA and sucC are predicted to function as transcriptional regulators that modulate succinyl-CoA 376 

levels in response to saline-alkali stress. Their coordinated expression may facilitate the rerouting of 377 

metabolic flux toward the synthesis of compatible solutes or cell wall components, thereby enhancing 378 

bacterial tolerance under adverse conditions. These findings suggest that sucA and sucC are not only 379 

involved in energy metabolism but also play regulatory roles in stress adaptation. 380 

3.5. Structural Domain Analysis of SucA and SucC Proteins 381 

Bioinformatics analysis of the target genes was performed using Escherichia coli K-12 MG1655 as the 382 

reference strain. Fig. S1 shows the genomic organization of the sucA and sucC genes with their upstream 383 

and downstream regions. The sucA gene (Gene ID: 945714) is 2,808 bp in length and encodes a protein of 384 

933 amino acids. The deduced SucA protein has a molecular mass of 105.08 kDa, a theoretical isoelectric 385 

point (pI) of 6.217, and an instability index of 42.43, indicating that it is an unstable protein (instability 386 

index > 40). The sucC gene (Gene ID: 945716) is 1,167 bp in length and encodes a protein of 388 amino acids. 387 

The SucC protein has a molecular mass of 41.4 kDa, a pI of 5.37, and an instability index of 30.24, indicating 388 

a stable protein. Hydrophilicity and hydrophobicity analyses of the SucA and SucC proteins were 389 

performed using ProtScale Fig. S2, demonstrating that both proteins are hydrophilic. 390 

Secondary structure prediction using SOPMA revealed that the SucA protein predominantly adopts three 391 

secondary structure types: α-helices (383 amino acids, 41.50%), extended strands/β-sheets (118 amino acids, 392 

12.65%), and random coils (432 amino acids, 46.30%). For the SucC protein, α-helices comprised 177 amino 393 

acids (45.62%), extended strands contained 78 amino acids (20.10%), and random coils consisted of 133 394 

amino acids (34.28%). Among the 20 common amino acids, alanine exhibited the highest proportion in both 395 

SucA (8.3%) and SucC (12.1%) as shown in Fig. S3. 396 

Domain analysis of the amino acid sequences was performed using InterPro, with predicted functional 397 

domains shown in Fig. S4. The SucA protein contains a typical 2-oxoacid dehydrogenase E1 domain and a 398 

thiamine pyrophosphate (TPP)-binding domain. These two domains constitute the core functional region 399 

of the E1 subunit of the α-ketoglutarate dehydrogenase complex (α-KGDH), which is primarily responsible 400 

for catalyzing the decarboxylation of α-ketoglutarate. This step represents the critical structural basis for 401 

the conversion of α-ketoglutarate to succinyl-CoA in the TCA cycle. SucA, as a key subunit of the α-KGDH 402 
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complex, catalyzes this conversion, thereby maintaining the normal metabolic flux of the TCA cycle. SucC 403 

serves as the α subunit of succinyl-CoA synthetase (SCS), which participates in the reversible conversion 404 

between succinyl-CoA and succinate while generating ATP via substrate-level phosphorylation. Together, 405 

SucA and SucC ensure intracellular energy supply and homeostasis of intermediate metabolites, which 406 

may represent an important molecular basis for the strain's response to saline-alkali stress. 407 

Subcellular localization and transmembrane domain analysis were carried out using Soft berry and 408 

DeepTMHMM. Prediction results indicated that both SucA and SucC proteins are localized in the 409 

cytoplasm, consistent with their catalytic roles as core enzyme subunits of the TCA cycle. This localization 410 

supports their central function in intracellular energy metabolism. Under saline-alkali stress, processes 411 

such as maintaining cell membrane integrity, sodium ion efflux, and osmotic balance all require substantial 412 

energy; thus, the efficiency of the TCA cycle is closely related to the strain's ability to tolerate saline-alkali 413 

conditions. 414 

3.6. Cloning and Expression of sucA and sucC 415 

The amplified DNA fragments were purified and integrated into the pUC18 vector, generating 416 

recombinant plasmids designed for expression in a biological system. These recombinant plasmids were 417 

introduced into competent E. coli cells via chemical transformation, and plasmid DNA was subsequently 418 

extracted for further analysis. Additional verification was conducted through plasmid mapping of the 419 

engineered expression vector and double restriction enzyme digestion. These analyses confirmed the 420 

structural integrity of the recombinant plasmids. The combination of electrophoretic profiles and 421 

sequencing results provided conclusive evidence of the successful creation of the recombinant expression 422 

strains (Fig. S5, Fig. S6). 423 

The recombinant strains carrying pUC-sucA or pUC-sucC partially restored salt tolerance of E. coli KNabc 424 

compared to the empty vector control. However, these strains only supported normal growth below 0.15 425 

M NaCl, with severe growth restriction at higher concentrations. This suggests that expression of either 426 

gene alone confers limited improvement and cannot fully compensate for the energy metabolism defect 427 

under high salt stress. To test whether co-expression of sucA and sucC enhances tolerance, a recombinant 428 

plasmid pET-sucAC was constructed for subsequent functional validation. 429 

3.6.1. Construction and verification of sucA- and sucC-overexpressing strains 430 

To investigate the functional roles of sucA and sucC, each gene was cloned into pET28a by homologous 431 

recombination and introduced into E. coli KNabc, yielding pET-sucA and pET-sucC. The target genes were 432 

amplified and purified as described in Section 2.2.4.5, then ligated into linearized pET28a using a 433 

homologous recombination kit. Recombinant plasmids were verified by double digestion with EcoRV and 434 

XhoI, which produced the expected two bands (Fig. S7), and further confirmed by sequencing (BGI 435 

Genomics). Verified constructs were preserved and subsequently transferred into E. coli BL21 to generate 436 

the overexpression strain E. coli/pET‑sucAC. qRT-PCR (Fig. 9) confirmed successful overexpression of both 437 

sucA and sucC. 438 
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Relative transcript levels differed significantly among the six groups (one-way ANOVA: F (5,12) = 51.88, p 439 

= 1.03 × 10⁻⁷; values are mean ± SD, n= 3). Tukey’s HSD resolved three homogeneous subsets. WT-sucA 440 

(1.00 ± 0.11) and WT-sucC (1.01 ± 0.20) formed the lowest subset (c). The OR-sucA clones (2.32 ± 0.26 and 441 

2.05 ± 0.21) formed an intermediate subset (b) and did not differ significantly from each other (p= 0.81). The 442 

OR-sucC clones (3.26 ± 0.40 and 3.67 ± 0.33) formed the highest subset (a), again with no significant clone-443 

to-clone difference (p= 0.44). Two-way ANOVA confirmed significant main effects of genotype (F (1,14) = 444 

151.3, p < 0.0001) and gene (F (1,14) = 37.6, p = 3 × 10⁻⁵), as well as a significant genotype × gene interaction 445 

(F (1,14) = 18.4, p= 7.5 × 10⁻⁴), indicating that overexpression increased sucC transcript levels more strongly 446 

than sucA (≈3.4-fold vs ≈2.2-fold over WT). Exploratory PCA (PC1 = 96.4%, PC2 = 3.1%) separated WT from 447 

OR samples and ranked groups as WT < OR-sucA < OR-sucC; independent clones overlapped, supporting 448 

clone-to-clone reproducibility. Collectively, these results demonstrate that sucA and sucC were successfully 449 

overexpressed, with sucC exhibiting the stronger transcriptional response. 450 

3.7. Physiological Characterization of Recombinant Strains Under Saline-Alkali Stress 451 

Physiological and biochemical characterization of the recombinant expression plasmid pET-sucAC was 452 

conducted, and the results are presented in Fig. 10. Compared with the empty vector control (KNabc/pET-453 

28a) and the strains expressing either sucA or sucC alone, co-expression of sucA and sucC in KNabc/pET-454 

sucAC resulted in consistently higher growth under saline-alkali stress. 455 

Under increasing NaCl concentrations (0.05–0.3 M), the co-expression strain maintained robust growth up 456 

to 0.3 M NaCl, whereas KNabc/pET-sucA and KNabc/pET-sucC only grew moderately at NaCl 457 

concentrations below 0.15 M and showed marked growth inhibition at 0.2 M and above (Fig. 10-a). 458 

Similarly, when challenged with increasing pH from 6.5 to 9.0, the co-expression strain exhibited superior 459 

growth at pH 8.5 and pH 9.0, while the single-gene strains and the vector control displayed a sharp decline 460 

in growth under the same alkaline conditions (Fig. 10-b). These observations indicate that co-expression 461 

of sucA and sucC synergistically enhances the tolerance of E. coli KNabc to both high salinity and high 462 

alkalinity. This synergistic effect likely compensates for the energy metabolism defect of the host strain by 463 

restoring the complete function of the α-ketoglutarate dehydrogenase complex and succinyl-CoA 464 

synthetase in the TCA cycle. 465 

3.8. Construction and Verification of the sucC Deletion Mutant 466 

The successful construction of the E. coli ΔsucC deletion mutant strain is presented in Fig S8. PCR 467 

verification was performed using the primers sucC-F/sucC-R (lanes 2 and 3) and cm-F/cm-R (lane 4). Lane 468 

1 served as a blank control with ddH₂O as the template for both primer pairs. Lanes 2, 3, and 4 used E. 469 

coli K-12 as the template, while lanes 5 and 6 used E. coli ΔsucC as the template. Successful replacement of 470 

the sucC gene by the targeting fragment was indicated by the following results: the sucC gene fragment was 471 

detected in lane 3 but not in lane 4; the chloramphenicol resistance gene fragment was absent in lane 5 but 472 

present in lane 6. These findings collectively confirm that the resistance cassette was correctly inserted and 473 

replaced the sucC gene. Furthermore, sequencing results showed 100% identity with the chloramphenicol 474 

resistance sequence of the pKD3 plasmid, confirming the successful construction of the sucC gene deletion 475 

mutant strain of E. coli. 476 
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3.9. Construction of the Complementary Strain 477 

The expression plasmid pET-sucAC was extracted from the overexpression strain E. coli/pET-sucAC and 478 

transformed into the defective strain E. coli ΔsucC by chemical transformation to generate the gene 479 

complementary strain ΔsucC/pET-sucAC. Positive clones were selected on LB medium containing 50 480 

μg/mL kanamycin. Plasmids were extracted and verified by agarose gel electrophoresis. Correct plasmids, 481 

as indicated by the expected band sizes, were further confirmed by double restriction enzyme digestion 482 

with EcoRV and XhoI (Fig. S9). The successfully complemented strain was preserved for subsequent 483 

analyses. 484 

3.10. Reducing Sugar Content Analysis of Recombinant Strains 485 

To further verify the enhancing effect of sucA and sucC co-expression on saline-alkali tolerance, residual 486 

glucose concentrations in culture supernatants were determined using the 3,5-dinitrosalicylic acid (DNS) 487 

method (Fig. 11). Five strains were examined: wild-type E. coli, the deletion mutant E. coli ΔsucC, the 488 

complementary strain ΔsucC/pET-sucAC, the empty vector control E. coli/pET-28a, and the overexpression 489 

strain E. coli/pET-sucAC. 490 

After 12 h and 24 h of growth in M9 glucose medium, the residual glucose concentration of the deletion 491 

mutant was significantly higher than that of the other strains at both time points, whereas the 492 

overexpression strain consistently showed the lowest residual glucose. At 24 h, the residual glucose levels 493 

of the overexpression strain and the empty vector control were comparable, and the complementary strain 494 

exhibited a marked reduction compared with the deletion mutant, reaching levels close to those of the 495 

empty vector control. These results indicate that co-expression of sucA and sucC enhances saline-alkali 496 

tolerance by improving glucose utilization efficiency, and the complementation experiment further 497 

supports the essential role of these genes in maintaining central carbon metabolic homeostasis under stress 498 

conditions. 499 

3.11. Growth Performance of Recombinant Strains Under Salt Stress 500 

To assess the effects of sucA and sucC on saline-alkali tolerance, growth curves of the five strains were 501 

measured under increasing NaCl concentrations (0, 0.25, 0.5, 0.75, and 1.0 M) (Fig. 12). At each salt 502 

concentration, growth of all strains initially increased rapidly and then reached a plateau, with overall 503 

growth rate and final biomass decreasing as salinity increased. Under the same NaCl concentration, the 504 

overexpression strain E. coli/pET-sucAC exhibited significantly higher growth rate and final OD₆₀₀ than the 505 

wild-type and empty vector strains, indicating enhanced saline-alkali tolerance. In contrast, the deletion 506 

mutant E. coli ΔsucC showed the slowest growth and lowest biomass, whereas the complementary strain 507 

ΔsucC/pET-sucAC restored growth to levels comparable to those of the wild-type and empty vector strains, 508 

significantly outperforming the deletion mutant. 509 

Similarly, the effect of alkaline stress was examined at pH values ranging from 8.0 to 9.5 (Fig. 13). Growth 510 

of all strains followed a similar pattern of rapid increase followed by a stationary phase, with growth rate 511 

and final biomass declining as pH increased, confirming that alkaline stress also significantly inhibited 512 

growth. Compared with salt stress, the differences among strains under alkaline stress were relatively 513 
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smaller, but the overall trend remained consistent. These results demonstrate that co-expression 514 

of sucA and sucC significantly enhances tolerance to both salt and alkaline stress, whereas deletion 515 

of sucC impairs stress resistance, confirming the important regulatory roles of sucA and sucC in the 516 

response to saline-alkali stress. 517 

3.12. Intracellular Succinyl-CoA Levels in Recombinant Strains 518 

Fig. 14 shows the intracellular succinyl-CoA (SCoA) levels measured by enzyme-linked immunosorbent 519 

assay under 0, 0.25, and 0.5 M NaCl to investigate the effect of sucA and sucC on SCoA levels under saline-520 

alkali stress. As NaCl concentration increased from 0 to 0.5 M, SCoA levels in all strains increased 521 

significantly (p < 0.01 or p < 0.001). The wild-type and empty vector strains showed similar trends with no 522 

significant difference, indicating that the empty vector did not affect SCoA metabolism. 523 

The overexpression strain E. coli/pET-sucAC exhibited consistently lower SCoA levels than the wild-type 524 

and empty vector strains at all salt concentrations, suggesting that co-expression 525 

of sucA and sucC accelerates SCoA catabolism and reduces its accumulation, thereby promoting succinate 526 

production for the TCA cycle. In contrast, the deletion mutant E. coli ΔsucC showed significantly higher 527 

SCoA levels than the other strains under each condition, indicating impaired SCoA metabolism, with even 528 

greater accumulation under salt stress. The complementary strain ΔsucC/pET-sucAC restored SCoA levels 529 

to values close to those of the wild-type and empty vector strains, significantly lower than those of the 530 

deletion mutant. These results confirm that co-expression of sucA and sucC effectively restores SCoA 531 

metabolic homeostasis and significantly enhances bacterial growth under saline-alkali stress. 532 

4. Discussion 533 

The global expansion of saline–alkaline soils demands bioremediation strategies rooted in the metabolic 534 

versatility of extremophilic microorganisms (29, 4). Enterobacter kobei P3, isolated from Egyptian saline–535 

alkali soil, grows at 3% NaCl and pH 8.5 and tolerates up to 1.25 M NaCl and pH 9.5 conditions that mirror 536 

degraded agricultural lands in arid climates (7). This phenotype makes P3 a biologically relevant model for 537 

dissecting salt–alkaline adaptation. Our integrated transcriptomic and functional genetic approach 538 

converges on a central finding: the TCA cycle genes sucA and sucC act as synergistic metabolic regulators 539 

that enhance tolerance by accelerating energy production and carbon source utilization. 540 

The transcriptomic analysis revealed progressive metabolic reprogramming of Enterobacter kobei P3 under 541 

increasing salt–alkali stress, with DEGs increasing from 384 in X2 vs. X1 to 1,448 in X3 vs. X1. The 542 

consistently upregulated genes were mainly associated with glycolysis, pyruvate metabolism, 543 

oxidoreductase activity, energy generation, and the TCA cycle, indicating that central carbon and energy 544 

metabolism are important components of the stress response. Similar metabolic remodeling has been 545 

reported in Enterobacter under pH stress and in other bacteria exposed to osmotic stress (16, 27).  546 

The TCA cycle was particularly prominent, with 26 associated genes upregulated under salt–alkali stress. 547 

Among these, sucA and sucC encode the E1 component of the 2-oxoglutarate dehydrogenase complex and 548 

the ATP-forming component of succinyl-CoA synthetase, respectively. Because the TCA cycle contributes 549 

to energy production, precursor supply, and redox balance, their induction suggests that these metabolic 550 
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steps may contribute to P3 adaptation to salt–alkali stress (23). However, transcript abundance alone does 551 

not establish increased metabolic flux or causality.  552 

Recent work demonstrates that osmotic stress can remodel central metabolism in a stressor- and organism-553 

dependent manner, while functional analysis identified sucC as a potential contributor to osmo-tolerance 554 

in C. glutamicum (27). Consistent with the transcriptomic response, the elevated succinyl-CoA level 555 

observed in stressed wild-type cells provides additional metabolite-level support for altered TCA 556 

metabolism. Succinyl-CoA can be converted to succinate by succinyl-CoA synthetase, after which succinate 557 

enters the respiratory branch through succinate dehydrogenase. Thus, the coordinated upregulation of 558 

sucA and sucC together with altered succinyl-CoA levels supports their potential involvement in metabolic 559 

adaptation, while the subsequent genetic characterization is required to establish their specific 560 

contributions to salt–alkali tolerance. 561 

The functional complementation and knockout experiments offer critical genetic proof that this 562 

transcriptional response is adaptive rather than incidental. The modest gain conferred by single-gene 563 

expression suggests that sucA and sucC operate within a tightly coupled metabolic sequence: SucA 564 

produces succinyl-CoA, which SucC immediately channels toward succinate and GTP generation (26). 565 

Disrupting either step creates a bottleneck, whereas co-expression ensures stoichiometric balance. This 566 

interpretation is reinforced by growth data, where the sucAC overexpression strain sustained exponential 567 

growth under 0.5 M NaCl and pH 9.0 conditions that arrested the wild type (13). 568 

The ΔsucC mutant, by contrast, displayed a sugar accumulation phenotype, leaving abundant glucose 569 

unmetabolized (11). This metabolic paralysis likely stems from feedback inhibition: when the TCA cycle is 570 

blocked at the succinyl-CoA synthetase step, NADH and ATP depletion signals may suppress glycolytic 571 

activity, creating a cycle of energy starvation  (17). 572 

The structural features of SucA and SucC are consistent with their proposed catalytic roles. SucA harbors 573 

a 2-oxoacid dehydrogenase E1 domain and a thiamine pyrophosphate binding domain, characteristic of 574 

the E1 subunit of the α-ketoglutarate dehydrogenase complex, which catalyzes the rate-limiting 575 

decarboxylation of α-ketoglutarate to succinyl-CoA (26). SucC possesses a CoA-synthetase core domain 576 

and an ATP-binding domain, typical of the α subunit of succinyl-CoA synthetase, which catalyzes the 577 

reversible conversion of succinyl-CoA to succinate with concomitant ATP or GTP production (28).  578 

The cytoplasmic localization of both proteins matches the compartment where the TCA cycle operates. The 579 

predominance of α-helices (41.50% in SucA, 45.62% in SucC) provides structural stability for functional 580 

domains, while random coils confer conformational flexibility a combination that facilitates efficient 581 

substrate binding and catalysis (2). 582 

The mechanism by which enhanced TCA cycle flux promotes saline–alkaline tolerance can be framed 583 

around three interconnected demands. First, ATP is required for ion extrusion. Na⁺/H⁺ antiporters, such as 584 

the NhaA-type transporters widespread in halotolerant bacteria, depend on the proton motive force and, 585 

in some cases, directly on ATP to maintain cytoplasmic Na⁺ homeostasis (32). Second, reducing equivalents 586 

(NADH, FADH₂) sustain the respiratory chain and help maintain membrane integrity through fatty acid 587 
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remodeling (39). Third, TCA intermediates serve as precursors for compatible solutes trehalose, proline, 588 

and glycine betaine that counteract osmotic stress (31).  589 

In halophiles such as Chromohalobacter salexigens, the biosynthesis of ectoines quantitatively draws off TCA 590 

cycle intermediates, and anaplerotic activity is elevated to replenish the cycle (7). A similar coupling may 591 

operate in P3: enhanced flux through SucA and SucC could support both energy generation and the 592 

biosynthetic demands of osmo-protectant production. 593 

An additional, though speculative, benefit of accelerated TCA cycle activity is pH buffering. The 594 

decarboxylation of α-ketoglutarate by the α-KGDH complex consumes protons, and sustained operation 595 

of the cycle helps maintain the proton motive force under alkaline conditions (28). This model is consistent 596 

with reports that energy metabolism genes play pivotal roles in microbial tolerance to high salinity and 597 

alkalinity (35). The direction of TCA cycle regulation under salt stress appears species-specific: in some 598 

organisms, salt shock downregulates sucA and sucC, whereas in others, these genes are induced (37). This 599 

contrast underscores the value of functional validation in P3 transcriptomic enrichment alone would not 600 

have established causality. 601 

Several limitations merit consideration. The ELISA measurements of succinyl-CoA provide a steady-state 602 

snapshot but do not quantify flux; isotope tracing or enzyme activity assays would strengthen the claim 603 

that sucA/sucC co-expression accelerates TCA cycle turnover (21). The growth and glucose consumption 604 

data support a model in which improved energy metabolism underlies enhanced tolerance, but direct 605 

measurements of ATP pools, Na⁺/H⁺ antiporter activity, or compatible solute accumulation would provide 606 

a more complete mechanistic picture (32). Additionally, the experiments were conducted in E. coli as a 607 

heterologous host; whether the same regulatory logic operates in E. kobei P3 itself remains to be tested 608 

through targeted knockout or knockdown in the native strain (36).  609 

In summary, this study identifies sucA and sucC as key determinants of saline–alkaline tolerance in E. kobei 610 

P3. Their co-expression improves glucose utilization, accelerates succinyl-CoA catabolism, enhances ATP 611 

production, and thereby supports the energy-dependent mechanisms required for survival under extreme 612 

conditions. These findings deepen the molecular understanding of microbial stress adaptation and provide 613 

genetic targets for engineering robust strains for agricultural and industrial applications from biofertilizers 614 

for saline–alkali soils to microbial cell factories with improved stress tolerance. 615 

5. Conclusion 616 

This study establishes sucA and sucC as key genetic determinants of saline–alkaline tolerance in Enterobacter 617 

kobei P3. Transcriptomic profiling linked saline–alkaline stress to enhanced central carbon metabolism, and 618 

functional validation confirmed that co-expression of these TCA cycle genes improves glucose utilization, 619 

accelerates succinyl-CoA turnover, and elevates ATP production. These metabolic adjustments sustain the 620 

energy-dependent processes required for ion homeostasis, compatible solute synthesis, and membrane 621 

integrity under extreme conditions. 622 

The growth advantage conferred by sucA/sucC co-expression, together with the metabolic paralysis of the 623 

ΔsucC mutant, provides genetic evidence that these genes are not merely stress-responsive but functionally 624 

adaptive. While the heterologous E. coli system and steady-state metabolite measurements represent 625 
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limitations, the findings offer a mechanistic framework for engineering halotolerant and alkali-tolerant 626 

strains. Future work should validate these targets in the native P3 background and quantify metabolic flux 627 

to fully resolve the coupling between TCA cycle activity and stress protection. Ultimately, this work 628 

expands the genetic toolbox for developing robust microbial inoculants for saline–alkali soils and stress-629 

tolerant cell factories for industrial biotechnology. 630 
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Figure list  786 

Figure 1. Schematic illustration of the pKD3-mediated homologous recombination strategy for targeted 787 

gene knockout in E. coli.  788 

 789 

The linear DNA fragment containing the kanamycin resistance cassette (kan) and homologous arms is 790 

amplified from the pKD3 plasmid. Following electroporation and Lambda Red recombinase-mediated 791 

homologous recombination, the target gene is replaced by the resistance cassette, resulting in a precise gene 792 

disruption. 793 

 794 
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Figure 2. Morphological characterization of Enterobacter kobei P3.  795 

 796 

a) Gram staining under oil- immersion microscopy shows short rod-shaped cells stained pink- red. 797 

Indicating a gram-negative cell well structure. b) Colony morphology on nutrient agar after 24 h at 37 ℃ 798 
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Figure 3. Molecular biological identification and phylogenetic tree of strain P3 815 

 816 
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Figure 4. Growth curves of Enterobacter kobei P3 under different temperatures 817 

 818 

a) Growth curves at 25, 30, 35, and 40°C in LB medium.; b) Principal component analysis of the growth 819 

profiles; PC1 and PC2 account for 80.4% and 11.0% of the total variance, respectively (cumulative 91.5%). 820 

 821 

Figure 5. Combined effects of NaCl concentration and pH on the growth of Enterobacter kobei P3 822 

as different saline-alkaline concentrations 823 

 824 

 825 

 826 

 827 

 828 

 829 
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Figure 6. Differential gene expression of Enterobacter kobei P3 under increasing salt–alkali stress 830 

 831 

(A–C) Volcano plots showing differentially expressed genes (DEGs) in (A) X2 vs. X1, (B) X3 vs. X2, and (C) 832 

X3 vs. X1. Red and blue points indicate upregulated and downregulated genes, respectively, while gray 833 

points represent genes that were not significantly differentially expressed. Dashed lines indicate the fold-834 

change and significance thresholds. (D) Numbers of upregulated and downregulated DEGs in each 835 

comparison. DEGs were defined as |log₂ fold change| ≥ 1 and adjusted P < 0.05. X1, low stress (natural pH, 836 

0.25 M NaCl); X2, moderate stress (pH 8.5, 0.75 M NaCl); X3, high stress (pH 9.0, 1.25 M NaCl). 837 
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Figure 7. GO and KEGG enrichment analysis of commonly upregulated genes across salt–alkali stress 844 

comparisons845 

 846 

(A) Top 15 enriched Gene Ontology (GO) terms. (B) Top 15 enriched Kyoto Encyclopedia of Genes and 847 

Genomes (KEGG) pathways. In both panels, the x-axis represents the Rich Factor (the ratio of the number 848 

of DEGs to the total number of background genes annotated in the specific term or pathway). The size of 849 

the dots corresponds to the number of enriched genes, and the color gradient indicates the adjusted P-value 850 

(Padjust), with red denoting higher statistical significance (lower P-value) and blue denoting lower 851 

significance. 852 
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Figure 8. Metabolic pathway map of sucA and sucC 863 

 864 

 865 

 866 

Figure 9. qRT-PCR quantitative analysis of sucA and sucC genes 867 

 868 

a) Relative expression levels of sucA and sucC in wild-type (WT) and overexpression (OE) strains, as 869 

determined by qRT-PCR. Bars represent mean +/- SD; p < 0.001 by one-way ANOVA; b) PCA analysis; c) 870 

genotype x gene interaction. 871 
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Figure 10. Functional complementation of saline-alkali tolerance in for pET-sucAC in E. coli KNabc 872 

 873 

a) Growth of KNabc strains harboring pET28a (empty vector), pET-sucA, pET-sucC, or pET-sucAC across a 874 

NaCl gradient (0.05–0.3 M); b) Alkaline tolerance at pH 6.5–9.0 with 50 mM NaCl. Data represent mean +/- 875 

SD from three replicates. 876 

 877 

 878 

Figure 11. Metabolic profiling of reducing sugar measured by the DNS method 879 

 880 

Different lowercase letters indicate significant differences (Tukey's HSD, p < 0.05). 881 

 882 
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Figure 12. Growth dynamics of engineered E. coli strains under salt stress 883 

 884 

 885 

a-e) Time-course growth curves at 0, 0.25, 0.5, 0.75, and 1.0 M NaCl, respectively. Strains: wild-type E. 886 

coli(red); E. coli/pET28a (orange); E. coli/pET-sucAC (yellow); E. coliΔsucC(green); ΔsucC/pET-sucAC (blue). 887 

Significance determined by one-way ANOVA (p < 0.05). 888 

 889 

 890 

 891 

 892 

 893 

 894 

 895 

 896 



31 

 

Figure 13. Growth dynamics of engineered E. coli strains under different alkaline stress concentrations 897 

 898 

a) pH 8; b) pH 8.5; b) pH 9; d) pH 9.5 are the time-course growth curves. Strains: wild-type E. coli(red); E. 899 

coli/pET28a (orange); E. coli/pET-sucAC (yellow); E. coliΔsucC(green); ΔsucC/pET-sucAC (blue). Significance 900 

determined by one-way ANOVA (p < 0.05). 901 

Figure 14. Determination of metabolic profiling of reducing succinyl-CoA content 902 

 903 

Metabolic profiling at 0, 0.25, 0.5, M Na+, respectively. Strains: wild-type E. coli; E. coli/pET28a; E. coli/pET-904 

sucAC; E. coliΔsucC; ΔsucC/pET-sucAC. Significance determined by one-way ANOVA (p < 0.05), different 905 

lowercase letters indicate significant differences (Tukey's HSD, p < 0.05). 906 
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