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Efficient low-temperature 
wastewater treatment by 
Pseudomonas zhanjiangensis sp. 
nov.: a novel cold-tolerant 
bacterium isolated from 
mangrove sediment
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A novel heterotrophic, cold-tolerant bacterium, designated Pseudomonas 
zhanjiangensis 25A3ET, was isolated from mangrove sediment and demonstrated 
excellent efficiency in cold wastewater treatment. Phylogenetic analysis based on 
16S rRNA gene sequences positioned strain 25A3ET within the genus Pseudomonas, 
showing the highest similarity (98.7%) with Pseudomonas kurunegalensis LMG 
32023T. Digital DNA–DNA hybridization (dDDH) and average nucleotide identity 
(ANI) values were below the species delineation thresholds (70% for dDDH, 95% 
for ANI), indicating that strain 25A3ET represents a novel species. This strain 
demonstrated high efficiency in removing nitrogen (N) and organic pollutants 
under low-temperature conditions. Specifically, it achieved 72.9% removal of 
chemical oxygen demand (COD), 70.6% removal of ammoniacal nitrogen (NH4

+-N), 
and 69.1% removal of total nitrogen (TN) after 96  h at 10°C. Genomic analysis 
identified key genes associated with cold adaptation, nitrogen removal and organic 
matter degradation. These findings indicate that Pseudomonas zhanjiangensis 
25A3ET holds significant potential for application in cold temperature wastewater 
treatment, offering a promising solution for environmental remediation in regions 
with low ambient temperatures.
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1 Introduction

Water eutrophication has become an increasing severe issue in recent years due to the 
excessive discharge of organic matter and nitrogen, which destabilizes ecosystem (Lefebvre 
and Moletta, 2006; Basu et al., 2022). Therefore, effective wastewater treatment is essential 
before discharging it into natural water bodies. Among the various treatment method, 
biological wastewater treatment is widely favored for its simplicity, low cost, mild operational 
conditions, and minimal secondary pollution (Khin and Annachhatre, 2004; Wu et al., 2020).

Mangroves are intertidal wetlands that play crucial ecological roles in tropical and 
subtropical coastlines worldwide (Duke et al., 2007; Sheaves, 2009), including organic pollutant 
degradation, nutrient cycling, pollution trapping, and surface runoff storage (Wei-dong, 2003; 
Hou et al., 2024). Previous studies have demonstrated that mangroves are uniquely rich in 
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microbial diversity, which significantly contributes to their ecosystem 
dynamics (Thatoi et al., 2013). Various bacterial genera and functional 
microorganisms, such as sulfate reducers (Zhou et al., 2023), nitrate 
reducers (Ye et  al., 2020), denitrifiers (Fan et  al., 2024), and 
hydrocarbon degraders (Marasco et al., 2023), have been reported 
from mangrove sediment. At present, some new species have been 
isolated from mangrove sediments with pollutant-degrading 
capabilities (Mukherji et al., 2022; Hu et al., 2023; Marasco et al., 
2023). Yet, few studies have focused on bacteria isolated from 
subtropical mangroves for low-temperature wastewater treatment. 
Strains employed for low-temperature wastewater treatment are 
generally isolated from cold environments (Cavicchioli et al., 2002; Xu 
et al., 2018; Huang et al., 2022).

Pseudomonas is a genus of Gram-negative bacteria with species 
that have been isolated from diverse environments, including soil, 
plants, animals, and water (Nicklasson et al., 2022; Carlier et al., 2024; 
Ge et  al., 2024; Lick et  al., 2024). Members of this genus exhibit 
remarkable metabolic and functional diversity (Gross and Loper, 
2009), enabling them to thrive in a wide range of habitats (Silby et al., 
2011). Several strains with this genus, particularly those isolated from 
contaminated environments such as polluted soil and wastewater, have 
demonstrated potential in pollutant degradation. Notable examples 
include Pseudomonas stutzeri (Huang et  al., 2015), Pseudomonas 
chengduensis (Peng et  al., 2023; Yi et  al., 2023), Pseudomonas 
hibiscicola (An et al., 2021), Pseudomonas indoloxydans (Manickam 
et al., 2008; Shahid et al., 2020), Pseudomonas indoloxydans (Guo 
et  al., 2018), Pseudomonas mendocina (Zhang et  al., 2023b), and 
Pseudomonas glycinae (Tong et  al., 2023), all of which have been 
applied in wastewater treatment processes. However, most strains 
typically exhibit optimal nitrogen and organic matter removal at room 
temperature, with their metabolic activities significantly diminished 
at lower temperatures (Li et al., 2015; Lei et al., 2016; Lin et al., 2020). 
This limitation leads to reduced pollutant removal efficiency under 
cold conditions. To address this challenge, the use of cold-tolerant 
microorganisms capable of maintaining high metabolic activity across 
a broad temperature range is of considerable importance for 
enhancing the efficacy of biological wastewater treatment.

In this study, we isolated and characterized a novel cold-tolerant 
strain, designated 25A3ET, from the mangrove sediment. The strain 
underwent polyphasic taxonomic characterization and its potential 
for removing chemical oxygen demand (COD), ammonium nitrogen 
(NH4

+-N), and total nitrogen (TN) at 10°C was assessed. Genome 
analysis was conducted to identify genes associated with 
low-temperature wastewater degradation, and comparative genomic 
analysis was employed to further elucidate the ecological role of strain 
25A3ET in comparison to other related type strains. The insights 
gained from this study could contribute to the development of more 
efficient wastewater treatment strategies, particularly in cold 
environments, thereby improving environmental sustainability.

2 Materials and methods

2.1 Sampling, isolation, and cultivation

A sediment sample was collected from the mangrove ecosystem 
in Zhanjiang, Guangdong Province, China (109°90′ N, 20°40′ E). 10 g 
of the sediment were added to 100 mL 0.9% NaCl (w/v) sterile solution 

and thoroughly mixed by vigorous shaking for 30 min. The resulting 
suspension was serially diluted, and an aliquot (100 μL) of each 
dilution was spread onto 2216E agar plates (5 g Peptone, 5 g NaCl, 1 g 
yeast, 15 g agar, 1,000 mL sterile seawater, pH 7.8). The plates were 
incubated at 30°C for 5 days. Single colonies were isolated and 
repeatedly streaked onto fresh 2216E agar plates under aerobic 
conditions at 30°C. Pure colonies were obtained after 1 week of 
incubation and were stored in 2216E broth supplemented with 50% 
(v/v) glycerol at −80°C.

2.2 Molecular identification

Genomic DNA from strain 25A3ET was extracted with a 
commercial bacterial genomic DNA kit (TIANGEN, China) according 
to the manufacturer’s instructions. The 16S rRNA gene sequence was 
amplified using the universal bacterial primers 27F and 1492R 
(Kitahara et al., 2012). The obtained 16S rRNA gene sequence was 
submitted to EzBioCloud1 (Yoon et al., 2017) for species identification 
by comparing it to closely related sequences. Multiple sequence 
alignments were performed using Clustal W (Larkin et al., 2007). 
Phylogenetic analyses based on 16S rRNA gene sequences were 
conducted using the software MEGA X (Kumar et  al., 2018). 
Phylogenetic trees were constructed using the neighbor-joining (NJ) 
(Naruya Saitou, 1987), minimum-evolution (ME) (Pardi et al., 2010), 
and maximum likelihood (ML) (Felsenstein, 1981) methods, applying 
the Kimura two-parameter model (Kimura, 1980) with 1,000 
bootstrap replications. Azomonas agilis NCIB 11693T was used as 
an outgroup.

2.3 Phenotypic and chemotaxonomic 
characterization

The cell morphology of strain 25A3ET was observed using 
transmission electron microscopy (TEM) (Hitachi HT7700, Japan). 
Catalase and oxidase activities were assessed using 3% (v/v) hydrogen 
peroxide and 1% (w/v) tetramethyl-p-phenylenediamine, respectively. 
Gram staining was performed using a Gram staining kit (Solarbio Life 
Science, China). The strains growth was tested at various temperatures 
ranging from 0°C to 45°C (0, 4, 10, 15, 20, 25, 30, 35, 37, 40 and 45°C) 
over 1 week. NaCl tolerance was evaluated on 2216E agar containing 
NaCl concentrations from 0 to 10% (w/v) in 0.5% increments. The pH 
range for growth was determined using media with pH 4.0 to 11.0 in 
0.5-unit intervals, following the buffer system described by Xie et al. 
(2024). The hydrolysis of cellulose, Tweens (20, 40, and 80), starch, 
and casein was evaluated as previously described (Tindall et al., 2014). 
Anaerobic growth was assessed in 2216E medium at 30°C for 7 days 
using the Anaero Pack gas system (Anaero Pack disposable, Mitsubishi 
Gas Chemical, Tokyo, Japan). Enzymatic activities and other 
physiological and biochemical traits were tested using API ZYM and 
API 20NE stripes (bioMérieux, France) according to the 
manufacturer’s instructions. Carbon source assimilation of strain 
25A3ET were determined GEN III MicroPlates (Biolog, USA).

1 www.ezbiocloud.net
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For chemotaxonomic analysis, strain 25A3ET was grown on 2216E 
agar for 3 days at 30°C until reaching the post-growth stage. Polar 
lipids were extracted following the method described by Minnikin 
et  al. (1979) and analyzed by two-dimensional thin-layer 
chromatography (Collins and Jones, 1980). Cellular fatty acids were 
extracted and analyzed according to the standard protocol of the 
Microbial Identification System (MIDI) using a gas chromatograph 
system (model 6,890, Agilent, USA) (Fykse et al., 2015).

2.4 Evaluation of organic matter and 
nitrogen removal efficiency

Synthetic wastewater was prepared to mimic the composition of 
natural wastewater, containing (g/L): glucose, 0.34; soluble starch, 
0.32; tryptone, 0.316; beef extract 0.12; KH2PO4, 0.07; (NH4)2SO4, 
0.0284; NH4Cl, 0.45; CH3COONa, 0.466; KNO3, 0.1; and, Na2CO3, 
0.06. The pH of the synthetic wastewater was adjusted to 7.6. The 
concentrations of COD, NH4

+-N, and TN in the synthetic wastewater 
were approximately 1,200 mg/L, 120 mg/L, and 140 mg/L, respectively 
(Wu et al., 2020). Strain 25A3ET was inoculated into 2216E medium 
and cultured for 24 h. Following centrifugation, the bacterial 
suspensions were adjusted to an OD600 of 1.0 using 0.9% sodium 
chloride solution. A 10% inoculum was introduced into synthetic 
wastewater, with an initial OD600 value of approximately 0.05. The 
cultures were then incubated on a shaker at 10°C and 150 rpm. 
Samples were collected at various time points, and the concentrations 
of COD, NH4

+-N, and TN were measured using standard methods (Ai 
et al., 2019). The optical density (OD600) of the cells was monitored by 
measuring the absorbance at 600 nm with a spectrophotometer 
(UNICO, UV-2365, China). All experiments were performed in 
triplicate, and average values were calculated.

2.5 Comparative genomic analyses

The genomes of strain 25A3ET was sequenced using the Illumina 
Hiseq 4,000 platform by Sangon Biotech (Shanghai, China). Sequence 
assembly was performed using SPAdes version 3.5.0 (Bankevich et al., 
2012). Additional genome sequences used in this study were retrieved 
from the GenBank database. Gene prediction was conducted with 
Prokka (v1.13.7), and functional annotation was achieved using Kyoto 
Encyclopedia of Genes and Genomes (KEGG) databases (Kanehisa 
and Goto, 2000). Genome completeness and contamination were 
assessed with CheckM v1.2.2 (Parks et  al., 2015). Visual genome 
homology comparisons were performed using with BRIG (BLAST 
Ring Image Generator)2 with default settings (Alikhan et al., 2011). 
Orthologous genes were identified with the USEARCH algorithm 
using a threshold of 0.5. The Ortho Average Nucleotide Identity 
(OrthoANI) between strain 25A3ET and type strains was calculated 
using the OrthoANI Tool (OAT) (Lee et al., 2016), while digital DNA–
DNA hybridization (dDDH) values were determined using the 

2 http://sourceforge.net/projects/brig

Genome-to-Genome Distance Calculator3 (Meier-Kolthoff 
et al., 2013).

To construct a robust phylogeny, a well-characterized core gene 
set, bac120 (comprising 120 genes within the domain Bacteria) (Parks 
et  al., 2017), was employed to generate a genome-based ML 
phylogenetic tree. Genome sequence data of strain 25A3ET, along with 
related Pseudomonas species, were processed using the Easy-CGTree 
version 4.0 Perl script4 to clarify the phylogenetic relationships (Zhang 
et  al., 2023a). This approach facilitated the construction of a 
phylogenomic tree, providing insights into the evolutionary 
connections and taxonomic positioning of strain 25A3ET relative to 
closely related species.

To assess the functional capacities and metabolic activities of these 
microbial species, the METABOLIC (Metabolic and Biogeochemistry 
Analyses in Microbes)5 tool was employed (Zhou et  al., 2022). 
Specifically, the METABOLIC-G module was used to analyze individual 
genome sequences. The workflow began with protein-coding genes 
prediction using Prodigal (Hyatt et al., 2010), followed by comparison 
against HMM-based databases using the hmmsearch tool from the 
HMMER package (Hyatt et al., 2010). The databases included KOfam 
(Aramaki et al., 2020), TIGRfam (Selengut et al., 2007), Pfam (Finn 
et al., 2008), and custom metabolic HMM profiles (Anantharaman 
et al., 2016). A subset of protein families was validated through motif-
checking to ensure accuracy. The findings were compiled into an Excel 
spreadsheet, detailing the presence or absence of key metabolic marker 
proteins, functional traits, KEGG module steps, and hits for 
carbohydrate-active enzymes (CAZymes) and peptidases/inhibitors.

2.6 Identification of key nitrogen removal 
and cold stress adaptation enzyme genes 
based on genome analysis

Key enzymes involved in nitrogen removal and cold stress adaptation 
were identified through genome annotation and subsequent analysis 
using Protein BLAST (BLASTp) in the NCBI database and PowerBlast 
software. These analyses focused on functional enzymes related to the 
removal of COD, NH4

+-N, TN, and cold adaptation. Relevant functional 
genes were identified by scanning the genome of strain 25A3ET.

3 Results and discussion

3.1 Isolation, selection and identification of 
strains

In this study, 52 isolates were obtained from mangrove sediment, 
among which strain 25A3ET exhibited significant COD, NH4

+-N, and 
TN removal activities. Additionally, strain 25A3ET demonstrated the 
ability to grow at low temperatures while maintaining its effectiveness 
in removing these pollutants.

On 2216E plate incubated at 30°C, colonies of strain 25A3ET 
appeared irregular, diffuse, and translucent. The cells of strain 25A3ET 

3 http://ggdc.dsmz.de/distcalc2.php

4 https://github.com/zdf1987/EasyCGTree4

5 https://github.com/AnantharamanLab/METABOLIC
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were Gram-negative, facultatively anaerobic, motile, and rod-shaped, 
measuring 0.75 μm in width and 1.5–1.75 μm in length (Figure  1). 
Growth was observed at temperatures ranging from 4 to 37°C (optimal 
at 25°C), at pH values from 6 to 10 (optimal pH 8), and in NaCl 
concentrations from 0 to 8% (optimal at 0.5%) (Supplementary Figure S1).

The 16S rRNA gene sequence of strain 25A3ET consisting of 1,466 
base pairs, was determined in this study. The closest match for the 16S 
rRNA gene sequence was Pseudomonas kurunegalensis LMG 32023 T 
with a similarity of 98.7%, which is at the species delineation threshold 
of 98.7% (Chun et  al., 2018). A comparative genomic analysis, 
including the construction of a phylogenetic tree based on 120 core 
genes, was conducted to further clarify the taxonomic position of 
strain 25A3ET (Figure 2). In the phylogenetic tree based on the NJ 
algorithm, strain 25A3ET formed a distinct lineage within the genus 
Pseudomonas (Supplementary Figure S2). This distinct phylogenetic 
positioning was also observed in trees constructed using the ME and 
ML methods (Supplementary Figures S3, S4). The phylogenetic tree 
based on 120 conserved genes and 16S rRNA genes suggested that 
strain 25A3ET is closely related to P. chengduensis T1624T (Tao et al., 
2014), P. oleovorans DSM 1045T (Saha et  al., 2010), P. tohonis 
TUM18999T (Yamada et al., 2021), P. daroniae P18AT (Bueno-Gonzalez 
et al., 2019), P. flavescens NBRC103044T (Hildebrand et al., 1994), 
P. solani Sm006T (Sawada et al., 2023), and P. indoloxydans JCM 14246T 
(Manickam et al., 2008). These strains formed a tight cluster, and they 
were selected as reference species for further comparative analysis.

The ANI values and dDDH values between strain 25A3ET and the 
reference strains ranged from 79.7 to 80.6% and from 23.4 to 23.9%, 
respectively (Supplementary Figure S5). These values were 
significantly lower than the species delineation threshold, which were 
95–96% for ANI and 70% for dDDH (Goris et  al., 2007; Meier-
Kolthoff et al., 2013; Chun et al., 2018). These results confirmed that 
25A3ET represents a novel species within the genus Pseudomonas.

3.2 Physiology and chemotaxonomic 
characterization

Strain 25A3ET was found to be positive for both catalase and 
oxidase. It demonstrated the ability to hydrolyze starch and Tween 80, 

but not gelatin, cellulose and Tween 20. According to the API 20NE 
test, the strain showed positive results for nitrate reduction to nitrites 
and esculin hydrolysis, and it was able to assimilate glucose, maltose, 
gluconate, caprate, malate, and citrate. In the API ZYM test, strain 
25A3ET tested positive for alkaline phosphatase, esterase (C4), esterase 
lipase (C8), valine arylamidase, and acid phospha-tase. The oxidations 
of the sole carbon source (Biolog) were positive for D-maltose, 
sucrose, α-D-glucose, fusidic acid, glycerol, D-serine, L-alanine, 
L-arginine, L-aspartic acid, L-glutamic acid, L-histidine, L-serine, 
D-gluconic acid, L-lactic acid, citric acid, α-keto-glutaric acid, 
D-malic acid, L-malic acid, nalidixic acid, lithium chloride, potassium 
tellurite, Tween 40, γ-amino-butryric acid, β-hydroxy-D, L-butyric 
acid, propionic acid, acetic acid, and formic acid. The differential 
physiological and bio-chemical characteristics of strain 25A3ET and 
reference strains were provided in Table 1.

Polar lipids of strain 25A3ET were composed of 
phosphatidylglycerol (PG), diphosphatidylglycerol (DPG), 
phosphatidylethanolamine (PE), phosphatidylcholine (PC), 
sphingoglycolipid (SGL), phospholipids (PL), and unidentified lipids 
(Supplementary Figure S6). The major cellular fatty acid (>10%) were 
C16:0 (25.6%), C17:0 cyclo (12.2%), Summed feature 3 (16.7%), and 
Summed feature 8 (19.6%), the fatty acid profile was similar to those 
of the closest phylogenetic relatives, however, certain components 
exhibit differences. The major fatty acid profiles were largely consistent 
with those of related type strains within the genus Pseudomonas. 
Detailed fatty acid profiles were presented in Supplementary Table S1.

3.3 Evaluation of organic matter and 
nitrogen removal efficiency

The COD, NH4
+-N, and TN removal efficiencies of strain 25A3ET 

over different time intervals (0, 48, 72, and 96 h) in an artificial 
wastewater culture medium at 10°C were shown in Figure 3. As shown 
in Figure 3A, the COD concentration decreased from 1,200 mg/L to 
325 mg/L within 96 h, achieving a removal efficiency of 72.9%. 
Similarly, Figure 3B illustrates that the NH4

+-N concentration dropped 
from 120 mg/L to 35.2 mg/L over the same period, corresponding to 
a removal efficiency of 70.6%. Figure  3C showed that the TN 

FIGURE 1

The morphologies of the strain 25A3ET. (A) Colony on 2216E plates; (B) microscopic observation of Gram staining; (C) transmission electron 
micrograph showing the cell morphology of strain 25A3ET, Bar, 0.5  μm.
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concentration decreased from 140 mg/L to 43.2 mg/L within 96 h, 
resulting in a removal efficiency of 69.1%. These results suggested that 
strain 25A3ET has significant potential for the treatment of a wide 
range of pollutants in wastewater, particularly in cold environments. 
Among the pollutants tested, strain 25A3ET demonstrated the highest 
removal efficiency for COD, followed by NH4

+-N and TN. It is 
noteworthy that strains capable of simultaneously removing COD, 
NH4

+-N, and TN at low temperatures were rarely reported, 
highlighting the unique capabilities of strain 25A3ET.

3.4 Genomic characterization and analysis

To further investigate the wastewater treatment capability of the 
cold-tolerant strain 25A3ET, a comprehensive genomic analysis was 
conducted. The genome of strain 25A3ET consists of a single circular 
chromosome of 4,696,747 bp with a G + C content of 65.5 mol%. The 
genome contains 4,272 protein-coding genes, 58 tRNAs, and 7 rRNA 
genes. The genomic characteristics of 25A3ET were compared with 
those reference strains in Supplementary Table S2.

Annotations from the KEGG database were summarized in 
Supplementary Figure S7. A total of 3,881 genes were annotated, 
representing 48% of the genome. The largest category of annotated 
genes was related to metabolism, comprising 2,373 genes (61.1% of 
the total annotated genes). These included genes involved in 
carbohydrate metabolism (467), energy metabolism (243), lipid 

metabolism (206), nucleotide metabolism (151), amino acid 
metabolism (498), as well as general metabolic overviews (485), and 
the metabolism of cofactors and vitamins (217). The genes associated 
with nucleotide metabolism (151) and amino acid metabolism (498) 
may play roles in nitrogen metabolism in strain 25A3ET. The large 
number of genes involved in carbohydrate metabolism indicates a 
strong capacity for carbohydrate utilization, which is consistent with 
the carbon source utilization observed in the Biolog GEN III 
MicroPlates test. This metabolic capacity is likely associated with the 
strain’s ability to efficiently degrade organic matter. These metabolic 
pathways suggest that strain 25A3ET has considerable potential for 
environmental remediation.

3.5 Comparative genomic analyses with 
related species

The completeness and contamination of the genomes of the seven 
closely related strains were assessed, with values ranging from 99.16 
to 100% and 0.48 to 2.47%, respectively, indicating the high quality of 
these genomes. A circular map comparing the genome of strain 
25A3ET to related species is shown in Supplementary Figure S8, 
indicating that they share many conserved genomic regions.

The results of protein and pathway annotations generated by 
METABOLIC-G are summarized in Supplementary Table S3. Analysis 
showed that the eight genomic assemblies shared approximately 47% 

FIGURE 2

Maximum-likelihood phylogenetic tree based on the bac120 gene set showing the phylogenetic relationship of 25A3ET in the genus Pseudomonas. 
Bootstrap values based on 1,000 replicates were shown at the branch points nodes. The RefSeq assembly accession number is indicated in the 
bracket. Bar, 0.01 substitutions per nucleotide position.
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of identified KEGG modules (Figure  4A) and displayed similar 
profiles of carbohydrate-active enzymes (CAZymes) (Figure  4B), 
including polysaccharide lyases (PLs), glycoside hydrolases (GHs). 
These enzymes, involved in carbon metabolism, were closely linked to 
the COD removal ability of strain 25A3ET, enabling the degradation 
of carbohydrate-containing contaminants while simultaneously 
supplying energy for microbial metabolism.

The program also pinpointed specific pathways linked to energy 
metabolism and biogeochemistry within each genome, producing 
schematic representations of nitrogen, carbon, sulfur, and other 
elemental cycles (Figure 5). Our analysis found that all strains are 
capable of organic carbon oxidation and fermentation, acetate 
oxidation, nitrite ammonification, and iron oxidation and reduction. 
Notably, strain 25A3ET was uniquely predicted to perform both nitrate 
reduction and nitric oxide reduction, distinguishing it from the 
other strains.

Among these strains, P. chengduensis WD211T, P. chengduensis 
BF6T, and P. oleovorans CT-WL5-6T have been reported to have 
excellent wastewater treatment capacities. Wastewater treated with 
strain WD211T showed concentration decreases of 89.39% in NH4

+-N, 
62.16% in NO3

−, and 71.41% in COD after 24 h (Peng et al., 2023). 
Another study demonstrated that strain BF6T could effectively remove 
nitrogen within 24 h under conditions of ammonia, nitrate, nitrite, 
and mixed nitrogen sources, with maximum removal efficiencies of 

total nitrogen reaching 97.00, 61.40, 79.10, and 84.98%, respectively 
(Yi et al., 2023). In a 96 h incubation of strain CT-WL5-6T in alkaline 
media, approximately 90% of ammonia nitrogen was removed (Zhang 
et al., 2022). By contrast, strain 25A3ET demonstrates the ability to 
degrade COD, NH4

+-N, and TN in wastewater under low 
temperature conditions.

3.6 Genomic insights into low-temperature 
wastewater degradation

3.6.1 Cold-adaptive genes
Cold-shock proteins (Csp) are produced by bacteria in response 

to a rapid decrease in temperature and play a crucial role in stabilizing 
DNA/RNA, thereby regulating transcription and translation processes 
under low-temperature conditions (Goordial et  al., 2016; Keto-
Timonen et al., 2016; Snopková et al., 2020). Strain 25A3ET contains 
five Csp-coding genes, three for cspA, one for cspC, and one for cspD 
(Supplementary Table S4). Additionally, the genome of strain 25A3ET 
harbors various genes involved in osmoregulation under 
low-temperature stress, such as those coding for glycine betaine 
transporters (opuAB, opuAC, opuBB, opuBC, and opuD) (Hoffmann 
and Bremer, 2011; Raiger Iustman et al., 2015). Ice-binding proteins 
(IBPs), which inhibit the growth of ice crystals inside and outside the 

TABLE 1 Differential characteristics of strain 25A3ET and most closely related species.

Characteristic 1 2 3 4 5 6 7 8

Cell size (μm) 0.75 × 1.5–1.75 1.1–1.8 × 0.4–0.5
0.8–1.0 × 2.0–

2.5
NA 2.2 ± 0.4 × 1.0 ± 0.08

1.0–2.0 × 0.5–

0.8
1.7 × 0.4

0.6–0.7 × 1.6–

2.3

Growth Type
Facultatively 

anaerobic

Facultatively 

anaerobic
Aerobic NA Aerobic Aerobic Aerobic Aerobic

Motility motile non-motile motile NA motile motile motile motile

Temperature range (°C) 4–37 4–42 10–42 NA 12–37 20–42 4–37 NA

NaCl range (%, w/v) 0–8 0–8 2.5–5.0 NA 0–5 1–5 NA NA

pH range 6–10 6–10 6.5–9.0 NA 6–8 5.5–9.5 6–9 NA

Starch hydrolysis + − − − NA NA NA −

Gelatin hydrolysis − + + − + + − −

Nitrate reduction + + + + − + − NA

Tweens 80 + + + − NA NA NA −

Sugar utilization

D-Trehalose − − NA − − − − +

Sucrose + − NA − − − − +

D-Salicin − + NA − − NA NA −

α-D-Glucose + + − NA NA + + NA

D-Mannose − − NA − − − + +

D-Mannitol − − − − − − + +

L-Pyroglutamic Acid − + + − − NA + NA

D-Gluconic Acid + + − − − NA + NA

Quinic Acid − − − + + NA + NA

D-Saccharic Acid − + − − − NA + NA

Strains: 1, Strain 25A3ET; 2, P. chengduensis T1624T (Tao et al., 2014); 3, P. indoloxydans JCM 14246T (Manickam et al., 2008); 4, P. oleovorans DSM 1045T (Saha et al., 2010); 5, P. solani Sm006T 
(Sawada et al., 2023); 6, P. tohonis TUM18999T (Yamada et al., 2021); 7, P. daroniae P18AT (Bueno-Gonzalez et al., 2019); 8, P. flavescens NBRC103044T (Hildebrand et al., 1994). Symbol: +, 
positive; −, negative; w, weakly positive; NA, no data available.
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cells, were also identified, with one gene copy of ibp found in strain 
25A3ET (Arai et al., 2019). Furthermore, the genome encodes a diverse 
array of enzymes and regulatory proteins that facilitate cold 
adaptation, including ribosome-binding factor A (rbfA), transcription 
termination protein A (nusA), translation initiation factors (infA, 
infB), RNA polymerase sigma factor (rpoS), cold adaptation genes 
(deaD), chaperone protein (hscA, hscB), and glutathione synthase 
(gshB) (Supplementary Table S4). In addition, the other cold adaptive 
genes were listed in Supplementary Table S4.

3.6.2 Genes related to organic matter 
degradation

The COD value is an indicator of the organic matter content in 
water, and as shown in Figure  3, strain 25A3ET exhibits strong 
capabilities in removing organic matter. Numerous oxidative enzymes, 
such as oxygenase, are critical in the degradation of organic substances 
(Kumari and Das, 2023). Genomic analysis of strain 25A3ET revealed 
the presence of a large number of genes encoding monooxygenase (15 
genes) and dioxygenases (34 genes) (Supplementary Table S5). These 
enzymes play a pivotal role in the oxidative degradation of organic 
compounds, contributing to the strain’s ability to reduce COD 
in wastewater.

3.6.3 Genes related to nitrogen removal
Genomic analysis of strain 25A3ET identified various genes related 

to nitrogen metabolism, which were essential for its nitrogen removal 
capabilities. Among these were nitrate/nitrite transport proteins (nrtA, 
nrtB, nrtD) responsible for transporting extracellular NO3

− and 

NO2
− into the cell. Assimilatory nitrate reductase (nasA) catalyzes the 

reduction of NO3
− to NO2

−, which is subsequently reduced to NH₄+ 
by nitrite reductase (nirB, nirD). Additionally, genes encoding 
ammonium transporter, glutamate dehydrogenase (gdhA), glutamine 
synthetase (glnA), glutamate synthase (gltB, gltD), glutamate/aspartate 
transport (gltI), and carbamoyl-phosphate synthase (carA, carB) were 
found in the genomes of strain 25A3ET (Supplementary Table S6). 
These enzymes facilitate a series of important biosynthetic reactions 
utilizing ammonia, speculating that NH4

+-N is transformed into 
L-glutamine, which is then integrated into bacterial metabolism 
through glutamine pathways. In addition, the other nitrogen 
metabolism genes were listed in Supplementary Table S6.

3.7 Description of Pseudomonas 
zhanjiangensis sp. nov

Pseudomonas zhanjiangensis (zhan.jiang.en’sis. N.L. masc. Adj. 
zhanjiangensis, of zhanjiang, Guangdong province, China, where the 
type strain was isolated).

Cells of Pseudomonas zhanjiangensis sp. nov. are facultatively 
anaerobic, Gram-negative, motile, and rod-shaped, with dimensions 
of 0.75 μm in width and 1.5–1.75 μm in length. The strain exhibits 
growth at temperatures ranging from 4°C to 37°C, with an optimal 
growth temperature of 25°C. The pH range for growth is 6.0 to 10.0, 
with an optimal pH of 8.0. The strain tolerates NaCl concentrations 
from 0 to 8.0%, with optimal growth at 0.5% NaCl. The strain tests 
positive for both catalase and oxidase activities. It hydrolyzes starch 

FIGURE 3

COD, NH4
+-N, and TN removal characteristics of strain 25A3ET in the artificial wastewater culture medium at 10°C, respectively. Values are means ± SE 

(standard error) for three replicates. (A) COD, chemical oxygen demand; (B) NH4
+-N, Ammonium nitrogen; (C) TN, total nitrogen.

https://doi.org/10.3389/fmicb.2024.1491174
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Li et al. 10.3389/fmicb.2024.1491174

Frontiers in Microbiology 08 frontiersin.org

and Tween 80 but does not hydrolyze cellulose, gelatin and Tween 20. 
According to the API 20NE test, the strain shows positive results for 
nitrate reduction to nitrites and esculin hydrolysis. It can assimilate 
glucose, maltose, gluconate, caprate, malate, and citrate. Weakly 
positive assimilation activities were observed for L-arabinose, 
D-mannose, and adipic acid. In the API ZYM test, the strain was 
positive for alkaline phosphatase, esterase (C4), esterase lipase (C8), 
valine arylamidase, and acid phosphatase, with weakly positive 
activities observed for lipase (C14) and naphthol-AS-BI-
phosphohydrolase. Using Biolog GEN III MicroPlates, positive results 
were obtained for D-serine, L-alanine, L-arginine, L-aspartic acid, 
L-glutamic acid, L-histidine, L-serine, D-gluconic acid, L-lactic acid, 
citric acid, α-ketoglutaric acid, D-malic acid, L-malic acid, nalidixic 
acid, lithium chloride, potassium tellurite, γ-aminobutyric acid, 
propionic acid, acetic acid, and formic acid. The predominant polar 

lipids in strain 25A3ET are sphingoglycolipid (SGL), and 
diphosphatidylglycerol (DPG). The major cellular fatty acids (>10%) 
are C16:0 (25.6%), C17:0 cyclo (12.2%), Summed feature 3 (16.7%), and 
Summed feature 8 (19.6%). The DNA G + C content of the strain is 
65.4 mol%. The GenBank accession numbers for the 16S rRNA gene 
and the genome data of strain 25A3ET are PP106243 and 
JBFTEG000000000, respectively. The type strain 25A3ET (GDMCC 
1.4380T = JCM 36795T) was isolated from mangrove sediment in 
Zhanjiang, Guangdong Province, China.

4 Conclusion

Pseudomonas zhanjiangensis 25A3ET, isolated from mangrove 
sediment, has demonstrated a remarkable capacity for wastewater 

FIGURE 4

Metabolic capabilities analysis of the tested strains. (A) An Upset plot shows the intersections among KEGG module sets. The bar chart on the left 
displays the total number of KEGG modules identified for each strain, while the upper bar chart highlights the intersection size of KEGG modules 
shared across different strains. Blue connected dots in the bottom panel indicate which substrates are considered in each intersection. (B) Enzyme 
class distribution across all tested strains. Two specific enzyme classes are predicted among the eight genomes analyzed, with GH representing 
glycoside hydrolase and PL representing polysaccharide lyase.
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purification, particularly under low-temperature conditions. After 
96 h at 10°C, wastewater treated with strain 25A3ET showed a 
reduction of 72.9% in COD, 70.6% in NH4

+-N, and 69.1% in 
TN. Genome analysis revealed the presence of genes associated with 
the removal of COD, NH4

+-N, and TN, providing a genetic foundation 
for its functional capabilities. These findings underscore the strain’s 
significant potential for application in wastewater remediation.
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