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Abstract In this study, two novel Gram-stain-
negative bacterial strains, K977 and ZM62T, were
isolated from sediment samples collected along the
coast of Weihai, China, and described using poly-
phasic taxonomic techniques. Phylogenetic analysis
based on the 16S rRNA gene sequence revealed that
strain K97" exhibited the highest sequence similar-
ity (98.34%) with Phycobacter azelaicus F10T within
the genus Phycobacter, followed by Pseudooceani-
cola marinus AZO-CT (97.14%) and Phaeobacter
italicus LMG24365" (96.85%). Strain ZM62T exhib-
ited the highest sequence similarity (98.53%) with
Zhengella mangrovi X9-2-2T within the genus Zhen-
gella, followed by Phyllobacterium myrsinacearum
NBRC 100019 (96.49%) and Oricola thermophila
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MEBIC13590" (96.35%). The respiratory quinone
was Q-10 for both strains. The major fatty acid in
both strains K977 and ZM62" is Summed Feature 8
(Cg.106¢/C1g.,07c). The main polar lipids for strain
K97" included diphosphatidylglycerol (DPG), phos-
phatidylethanolamine (PE), and phosphatidylglycerol
(PG), while for strain ZM62", the main polar lipids
included diphosphatidylglycerol (DPG), phosphati-
dylglycerol (PG), phosphatidylethanolamine (PE),
and phosphatidylcholine (PC). Based on the poly-
phasic taxonomic data, strain K977 is proposed as
a novel species within the genus Phycobacter, for
which the name Phycobacter sedimenti is proposed,
and the type strain is K97" (=KCTC 8365 =MCCC
1HO1460"). Strain ZM627 is proposed as a novel spe-
cies within the genus Zhengella, for which the name
Zhengella sedimenti is proposed, and the type strain is
ZM62" (=KCTC 8813T=MCCC 1H01495T). Addi-
tionally, genomic and metabolic analyses revealed
that the genus Phycobacter possesses DMSP syn-
thesis and metabolism genes and a complete CMP-
KDO pathway, indicating potential symbiosis with
algae. Metabolic analysis of strain ZM62T indicates
its potential role in the degradation of xenobiotic
compounds, supported by the presence of annotated
pathways for aminobenzoate (ko00627) and toluene
(ko00623) degradation.

Keywords Phycobacter - Zhengella -
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Abbreviations
AAI Amino acid identity
ANI Average nucleotide identity

BLAST Basic Local Alignment Search Tool
HPLC  High performance liquid chromatography
KCTC  Korean Collection for Type Cultures

MA Marine Agar 2216 (simplified)

MB Marine Broth 2216E (simplified)

MCCC Marine Culture Collection of China
MEGA  Molecular Evolutionary Genetics Analysis
MIDI Microbial identification system

dDDH  Digital DNA-DNA hybridization

DPG Diphosphatidylglycerol

PE Phosphatidylethanolamine

PG Phosphatidylglycerol

PC Phosphatidylcholine

Introduction

Roseobacteraceae are bacteria widely distributed
in marine, terrestrial, and freshwater environments,
exhibiting strong environmental adaptability. The
diverse metabolic capabilities of Roseobacteraceae
are likely a key factor in their broad adaptability.
These metabolic capabilities include participation
in sulfur, nitrogen, and carbon cycles, degradation
of organic substances, and interactions with plank-
ton and animals (Liang et al. 2021). Members of the
Roseobacteraceae family are known for their abil-
ity to degrade dimethylsulfoniopropionate (DMSP),
thereby promoting global sulfur cycling. Phytoplank-
ton secrete DMSP and often form symbiotic relation-
ships with Roseobacteraceae (Curson et al. 2011).
The genus Phycobacter was newly discovered. As
of the writing of this article, only one species, Phy-
cobacter azelaicus, has been classified within this
genus, with the type strain F10T being isolated and
identified from the phycosphere of Asterionellopsis
glacialis (Coe et al. 2023). Type strain Phycobacter
azelaicus F10" exhibits various metabolic character-
istics, including but not limited to a unique response
to the secondary metabolites rosmarinic acid and
azelaic acid produced by diatoms, suggesting a poten-
tial symbiotic relationship between them (Shibl et al.
2020; Fei et al. 2020).

The family Notoacmeibacteraceae, a relatively
recently identified and understudied taxon, belongs
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to the class Alphaproteobacteria (Huang et al. 2017).
Zhengella, a genus within this family, was newly
identified in 2018 and currently comprises a sin-
gle species, Zhengella mangrovi. This species was
isolated from mangrove sediments in the Yunxiao
Mangrove Nature Reserve, Fujian Province, China.
It demonstrates strong adaptability to high-salinity
environments and is potentially capable of degrading
organic pollutants, particularly exhibiting tolerance to
environments rich in contaminants such as benzo[a]
pyrene (Liao et al. 2018). These characteristics sug-
gest that members of this genus may have potential
applications in environmental remediation, especially
in the degradation of organic pollutants. Given its iso-
lation from an environment enriched with complex
organic contaminants, Zhengella species may possess
adaptive metabolic potential, making them suitable
candidates for environmental restoration.

In this study, two novel strains, K97T and ZM627,
were isolated from algae-rich coastal mudflats and
subjected to a polyphasic taxonomic analysis. These
species were classified under the Zhengella and Phy-
cobacter genera, respectively. Genomic and metabo-
lomic analyses revealed the unique properties of
Phycobacter sedimenti in the DMSP cycle and CMP-
KDO metabolic pathway. Additionally, we uncovered
the ecological significance of Zhengella sedimenti,
highlighting its potential role in microbial communi-
ties and environmental adaptation.

Materials and methods
Isolation and cultivation

In July 2021, during low tide, marine sedi-
ment samples were collected from Xiaoshi Island
(122°0'27.59" E, 37°31'37.52" N) and Jingzi Wharf
(122°0'57.25" E, 37°31'34.74" N), Weihai, China.
These samples were then stored in a cool, sterilized
indoor environment. The samples were ground and
homogenized, with 1 g of the homogenate weighed
and mixed with 9 ml of sterile seawater (autoclaved
at 121 °C for 30 min) to achieve a 10" concentra-
tion. Through serial dilution, 10~ and 10~ dilutions
were prepared. Subsequently, 100 pL of each dilution
was spread onto simplified Marine Agar 2216 (MA)
solid medium, which was prepared by supplement-
ing 0.5% (w/v) peptone and 0.1% (w/v) yeast extract
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with artificial seawater containing 0.02% NaHCO;,
0.07% KCl, 0.12% CaCl,, 0.23% MgCl,, and 0.32%
MgSO, (w/v), along with 2% agar. Media were incu-
bated at 20 °C for 4 days. Single colonies were picked
and streaked onto MA medium to isolate pure strains
including strains K977 and ZM62T. These strains
were preserved at — 80 °C in 20% (v/v) glycerol sup-
plemented with 1% (v/v) NaCl. Strains of K97T and
ZM62" were deposited in the Korean Collection for
Type Cultures (KCTC) under the designation KCTC
8365T and KCTC 88137, respectively, and also
deposited in the Marine Culture Collection of China
(MCCC) under the designation MCCC 1H01460"
and MCCC 1H01495" (Xu et al. 2007). The phyloge-
netically related reference strains, Phycobacter azela-
icus F10T and Zhengella mangrovi X9-2-2" were
obtained from Professor Naoto Tanaka at the NRIC
(Tokyo University of Agriculture, Japan) and MCCC.

Morphological, physiological, and biochemical
analysis

After 48 h of incubation at optimum temperature
(33 °C) on MA medium, the morphology and physi-
ological characteristics of strains K971 and ZM62"
were analyzed. Cell morphology and size were
assessed using scanning electron microscopy (SEM;
SU8010, Hitachi) for strain K977 and transmission
electron microscopy (TEM; HT7700, Hitachi) for
strain ZM62". Gram staining was conducted with a
Gram stain kit from bioMérieux. Motility was exam-
ined on soft MA medium (containing 0.3% agar), and
gliding motility was assessed on microscope slides
coated with MA medium containing 0.7% agar using
the hanging drop method (Bowman 2000).

Strains K977 and ZM62" were cultured on MA
medium at 445 °C (4, 10, 15, 20, 25, 28, 30, 33, 37,
40, and 45 °C) to determine their growth temperature
range. Each condition was tested in triplicate, and
colony formation was recorded every 12 h. Unless
otherwise specified, subsequent experiments were
conducted at the optimal growth temperature deter-
mined from this assay. All solid medium assays were
performed by three-zone streaking of freshly cultured
colonies on MA plates, and all liquid cultures were
inoculated with 2% (v/v) of actively growing loga-
rithmic-phase cells in simplified Marine Broth 2216E
(MB). The impact of NaCl concentration on growth
was assessed using MA medium supplemented with

0-10% (w/v) NaCl (at 0, 0.5, 1,2, 3,4,5,6,7, 8, 9,
and 10%), and colony growth was monitored every
12 h. Growth at various pH levels was tested between
pH 5.5 and 9.5 (in 0.5 pH unit increments) by meas-
uring optical density (at 600 nm wavelength) after
48 h of incubation in MB medium with the addition
of specific buffers, including MES (pH 5.5 and 6.0),
PIPES (pH 6.5 and 7.5), HEPES (pH 7.5 and 8.0),
Tricine buffer (pH 8.5), and CAPSO (pH 9.0 and 9.5)
at concentrations of 20 mM. Cultures were incubated
in 100-mL Erlenmeyer flasks containing 20 mL of
medium on an orbital shaker at 120 rpm.

After a 2-week incubation on MA medium in an
anaerobic jar, bacterial growth was evaluated under
both anaerobic (10% H,, 10% CO,, 80% N,) and
microaerobic (5% O,, 10% CO,, 85% N,) condi-
tions, with and without 0.1% (w/v) KNO;. The sus-
ceptibility to antibiotics was tested on MA medium
using the disk diffusion method as described earlier
(Patel et al. 2011). The oxidase activity was assessed
using an oxidase reagent kit (bioMérieux) following
the manufacturer’s instructions. Catalase activity was
determined by observing bubble formation upon the
addition of a drop of 3% (v/v) H,O,. The hydrolysis
of agar, starch, carboxymethyl cellulose, alginate,
casein, and Tweens (20, 40, 60, and 80), as well as
nitrate reduction, were investigated on MA medium
using established methods (Tindall et al. 2007).

Various physiological and biochemical tests were
conducted using the API 20E, API ZYM, and API
50CH identification systems (bioMérieux), as well as
Biolog Gen III microPlates, following the manufac-
turer’s instructions. The only modification made was
adjusting the salinity to 2% (W/v).

Chemotaxonomic characterization analysis

Polar lipids were analyzed via two-dimensional sil-
ica gel thin-layer chromatography, which was used
to extract and separate lipids from 50 mg of lyophi-
lized cell material (Tindall et al. 2007). Detection
reagents were appropriately selected for spot identi-
fication: molybdophosphoric acid (phosphomolybdic
acid reagent, 5% v/v solution in ethanol; Sigma) for
total polar lipids, ninhydrin reagent (0.2% solution;
Sigma) for amino lipids, Zinzadze reagent (molybde-
num blue spray reagent, 1.3%; Sigma) for phospho-
lipids, and a-naphthol reagent for glycolipids (Min-
nikin et al. 1984). Cultures of the strains in mid to
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late exponential growth phases were harvested in MB
medium at 33 °C, freeze-dried for 3 days, and sub-
jected to fatty acid determination. Fatty acids were
then extracted, methylated, and analyzed using the
standard MIDI (Microbial Identification) system.
Respiratory quinones were extracted and purified
following the methods of Minnikin et al. (1984) and
analyzed via high-performance liquid chromatog-
raphy (HPLC) (Kroppenstedt 1982; Minnikin et al.
1984).

16S rRNA gene sequence and phylogenetic analysis

To determine the taxonomic status of strains K977
and ZM627, the 16S rRNA gene sequence was ampli-
fied via PCR using universal primers 27F and 1492R
(Weisburg et al. 1991). The purified PCR products
were ligated to the pGM-T vector (Tiangen, China)
and transformed into Escherichia coli DH5-a cells.
Sequencing of positive clones was performed by BGI
(Beijing Genomics Institute) using the ABI 3730XL
system. To further confirm the authenticity of the 16S
rRNA gene sequence, the complete 16S rRNA gene
sequence was first extracted from the draft genome
using the ContEst16S tool available on EzBioCloud
(https://www.ezbiocloud.net/tools/contest16s)  (Lee
et al. 2017). This sequence was then compared with
the PCR amplification results for cross-validation.
The 16S rRNA gene sequences of strains K977 and
ZM62T have been submitted to the GenBank data-
base, and their similarity to other sequences was cal-
culated using BLAST on the NCBI website (https://
www.ncbi.nlm.nih.gov) and the EzBioCloud server
(http://www.ezbiocloud.net/) (Yoon et al. 2017b;
Altschul et al. 1990). Phylogenetic trees based on 16S
rRNA sequences were reconstructed using the neigh-
bor-joining (NJ), maximum likelihood (ML), maxi-
mum parsimony (MP), and minimum evolution (ME)
methods implemented in MEGA X to ensure the
robustness of the phylogenetic inference (Saitou and
Nei 1987; Thomas 2001; Kumar et al. 2018; Rzhetsky
and Nei 1992). The stability of the topology was con-
firmed by performing bootstrap analysis with 1000
replicates. Phylogenomic trees were inferred using
IQ-TREE with reference genome sequences retrieved
from the NCBI database, and subsequently visualized
using the genome tree beautification tool available on
Chiplot (https://www.chiplot.online/tvbot.html) (Tri-
finopoulos et al. 2016).

@ Springer

Genome sequencing and function analysis

The genomic DNA of strains K97" and ZM62T
was extracted using a genomic DNA extraction kit
(Takara, Japan) following the manufacturer’s instruc-
tions. The draft genomes of strains K971 and ZM627T
were sequenced on the Illumina HiSeq PE150 plat-
form at Beijing Novogene Bioinformatics Technol-
ogy (Beijing, China). The genomes were assembled
by first preprocessing the raw data to obtain clean
reads, followed by initial assembly using SOAPde-
novo (v2.04), SPAdes, and ABySS (Li et al. 2008;
Simpson et al. 2009). The resulting assemblies were
subsequently integrated using CISA to produce more
complete genome sequences (Lin and Liao 2013).
The genomes were deposited in the DDBJ/EMBL/
GenBank databases. The G+ C content of the whole
genomes were calculated based on the assembled
genome sequences using the ContEst16S tool avail-
able on EzBioCloud. This tool was also employed to
assess potential contamination in the strains K977 and
ZM62T genomes (Lee et al. 2017).

In order to assess the genomic similarity between
strains K977, ZM62" and other species in the trees,
the ANI value was computed using an online ANI
calculator available at https://www.ezbiocloud.net/
tools/ani (Yoon et al. 2017a) and https://jspecies.
ribohost.com/jspeciesws/ (Richter et al. 2016). The
average AAI was computed using an online AAI cal-
culator available at http://enve-omics.ce.gatech.edu/
aai/ (Konstantinidis 2014). Additionally, dDDH was
determined using the GGDC tool accessible at https://
ggdc.dsmz.de/ggdc.php# (Meier-Kolthoff et al.
2013). The coding genes of strains K97 and ZM62"
were predicted using the GeneMarkS software
(https://exon.gatech.edu/). Gene island prediction was
conducted using the IslandPath-DIMOB software
(Bertelli and Brinkman 2018).

Multi-database genes annotation of genomes

To comprehensively characterize gene functions,
amino acid sequences of the target organisms were
aligned against several specialized databases using
DIAMOND with stringent parameters (E-value < 107
and alignment coverage>40%) (Buchfink et al.
2015). Functional classification was conducted
using the Clusters of Orthologous Groups of pro-
teins (COG) database for ortholog identification,
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the Carbohydrate-Active enZymes database (CAZy)
for annotation of enzymes involved in carbohydrate
metabolism (Cantarel et al. 2009), the Transporter
Classification Database (TCDB) for identification of
membrane transport proteins, the NCBI Non-Redun-
dant (NR) protein database for general protein func-
tion annotation, and the Pathogen-Host Interactions
database (PHI-base) for detection of genes related
to host—pathogen interactions (Galperin et al. 2015;
Cantarel et al. 2009; Saier et al. 2016; Urban et al.
2020).

KEGG metabolic pathway analysis

KEGG-based functional annotation was performed
using the KofamKOALA tool, which assigns KEGG
Orthologs (KOs) to genes based on profile hidden
Markov models (HMMs) and adaptive score thresh-
olds (Aramaki et al. 2020). The annotation results
were then visualized using KEGG Mapper (https://
www.genome.jp/kegg/mapper.html), enabling the
reconstruction of metabolic pathways for strains
K977, ZM62T, and their phylogenetically related taxa.

Results and discussion

Morphological, physiological and biochemical
characteristics

The cells of strain K977 are Gram-stain-negative,
short rods, approximately 0.41-0.55 pum wide and
1.03-1.95 um long, without flagella (Fig. S1). Strain
K97" exhibits gliding motility but lacks flagellar
motility. Strain K977 has a broad growth range in
terms of temperature (2040 °C), pH (5.5-9.5), and
especially salt tolerance (0.5-7.0%). Strain K97'
exhibits enzymatic activities including alkaline phos-
phatase, esterase (C,), esterase lipase (Cjg), leucine
arylamidase, and naphthol-AS-BI-phosphohydrolase.
It can produce acid from D-ribose, D-tagatose, and
5-keto-D-gluconate potassium. Furthermore, the API
20E test confirms that strain K97 metabolizes argi-
nine, ornithine, tryptophan (TDA), gelatin, and is
positive for oxidase activity. In tests for carbon source
utilization, strain K977 demonstrates growth using
various individual carbon sources such as D-treha-
lose, D-turanose, pectin, glucuronamide, tetrazolium-
violet, L-lactic acid, a-keto-glutaric acid, acetoacetic

acid, and acetic acid. The cells of strain ZM62T are
Gram-stain-negative, rods, approximately 1.0-1.5 pm
wide and 2.04.0 um long, without flagella (Fig. S1).
Strain ZM627 exhibits gliding motility. It displays
broad salinity tolerance (0-8.0%, optimum 2.0%),
but shows moderate adaptability to temperature
(20-37 °C, optimum 30-35 °C) and pH (5.5-8.5,
optimum 7.5). Strain ZM62" exhibits enzymatic
activities including alkaline phosphatase, esterase
(C4), leucine arylamidase, valine arylamidase, cys-
tine arylamidase, trypsin, a-chymotrypsin, acid phos-
phatase, and naphthol-AS-BI-phosphohydrolase. It
can produce acid from D-ribose, D-fructose, D-taga-
tose, L-sorbose and potassium 5-ketogluconate.
Furthermore, the API 20E test confirms that strain
ZM62T metabolizes gelatin. In tests for carbon source
utilization, strain ZM62" demonstrates growth using
various individual carbon sources such as dextrin,
D-trehalose, D-cellobiose, a-D-lactose, a-D-glucose.

Antibiotic sensitivity testing (10 pg/disc) of strain
K977 revealed the following inhibition zone diam-
eters (mm): streptomycin (13), ampicillin (0), ofloxa-
cin (17), ceftriaxone (14), norfloxacin (12), penicillin
(0), carbenicillin (0), tetracycline (8), vancomycin
(20), neomycin (15), clarithromycin (42), tobramycin
(8), kanamycin (9), polymyxin (18), gentamicin (8),
cefotaxime (13), rifampicin (20; with a fuzzy mar-
gin), lincomycin (8), erythromycin (33), and chloram-
phenicol (17). For strain ZM62, the inhibition zones
(mm) were as follows: streptomycin (7), ampicillin
(30), ofloxacin (4), ceftriaxone (28), norfloxacin (0),
penicillin (13), carbenicillin (34), tetracycline (8),
vancomycin (17), neomycin (7), clarithromycin (27),
tobramycin (15), kanamycin (9), polymyxin (0), gen-
tamicin (12), cefotaxime (15), rifampicin (20), linco-
mycin (0), erythromycin (23), and chloramphenicol
(25).

Phylogenetic and phylogenomic analyses

The complete assembled genome sequence of strain
K977 has a total length of 4,076,839 base pairs (bp),
encompassing 3,882 genes with a total gene length
of 3,624,549 bp. The G+C content is 61.71 mol%.
There are 237 genes longer than or equal to 2000 bp,
11 genomic islands (GIs), 62 minisatellite DNA
sequences, 3 microsatellite DNA sequences, and a
total of 51 non-coding RNAs (ncRNAs). The com-
plete genome sequence of strain ZM62" has a total
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length of 3,994,773 base pairs (bp), encompassing
3,835 genes with a total gene length of 3,534,882 bp.
The G+C content is 64.76 mol%. There are 205
genes longer than or equal to 2000 bp, 11 genomic
islands (Gls), 63 minisatellite DNA sequences, 2
microsatellite DNA sequences, and a total of 67 non-
coding RNAs (ncRNAs).

The full-length 16S rRNA gene sequence of strain
K97" (1463 bp) was extracted from the assembled
genome. BLAST alignment in NCBI revealed that
strain K977 had the highest similarity with Phyco-
bacter azelaicus F10T (98.34%) and Pseudooceani-
cola marinus AZO-CT (97.14%), with Phycobacter
azelaicus F10T being the most similar type species
within the genus Phycobacter. The full-length 16S

rRNA gene sequence of strain ZM62T (1375 bp) was
extracted from the assembled genome. BLAST align-
ment in NCBI revealed that strain ZM62" had the
highest similarity with Zhengella mangrovi X9-2-
2T (98.53%) and Phyllobacterium myrsinacearum
NBRC 1000197 (97.14%), with Zhengella mangrovi
X9-2-2T being the most similar type species within
the genus Zhengella (Table 1).

Based on the neighbor-joining (NJ), maximum
parsimony (MP), maximum likelihood (ML), and
minimum evolution (ME) methods, phylogenetic
trees of 16S rRNA gene sequences were constructed
for strains K97%, ZM62", and their phylogenetically
related taxa (Fig. 1, Fig. S11). All four tree-building
methods consistently showed that strains K97 and

Table 1 Differential phenotypic characteristics of strains K977, ZM62T and the type strains of related species F10T, X9-2-2T

Characteristics 1 2 3 4

Source material Coastal sediment Diatom* Coastal sediment Mangrove sediment™®
G +C content (mol%) 61.71 60* 64.76 64.9%

Cell shape Short rods Ovoid rod* Rod shape Rod shape*
Cell size (um) 0.41-0.55%1.03-1.95 0.5-0.7%0.9-1.3* 2.04.0x1.0-1.5 1.5-3.0%x0.8-1.1%
pH range for growth 5.5-9.5 (7-8.5) 6.0-9.6 (8.5)* 5.5-8.5(7.5) 4-10 (7)*

NaCl range (%) 0.5-7.0 (2) 0.0-8.0 (2.0-4.0)* 0-8.0 (2.0) 0.5-7.0 (2.0)*
Growth temperature (°C) 20-40 (33-35) 22-40 (37)* 20-37 (30-35) 15-40 (30-37)*
Nitrate reduction - —* + +*

Enzyme activity

Trypsin + - + w¥
a-Chymotrypsin - - w w*

Acid phosphatase + - + +*
Naphthol-AS-BI-phosphohydrolase - + + w¥
a-Galactosidase - - - —*

Utilization of selected sole carbon sources

Glycerol w w - /

Erythritol - - + /

D-arabinose w w -

L-arabinose - w - w*

D-Ribose + - + /

L-serine - + - /

Lincomycin ++ - + /

Pectin + - - /
D-galacturonic acid - - - /
Glucuronamide + - + /

Mucic acid - - - /
Tetrazolium-violet + + w /

Strains: 1, K97T; 2, F10T, 3, ZM62", 4, X9-2-2T. +, positive; w, weakly positive; —, negative, nd, no data. Values in parentheses indi-
cate the optimal growth conditions for the strain under each parameter. All data were obtained from this study unless otherwise noted

(*) (Liao et al. 2018; Coe et al. 2023)

@ Springer



Antonie van Leeuwenhoek (2025) 118:117

Page 7of 18 117

ZM62T each formed distinct branches with Phyco-
bacter azelaicus F10" and Zhengella mangrovi X9-2-
2T, respectively, with high bootstrap support values.
Additionally, the NJ tree topology was selected to
represent the combined results of the NJ, MP, and
ML methods, and is presented in Fig. 1. A genome-
based phylogenetic tree was also constructed (Fig. 2),
which further supported the taxonomic placements of
strains K977 and ZM62™.

Phylogenomic analysis based on core genome
sequences revealed the distinct and well-supported
phylogenetic placements of strains K977 and
ZM62". In the genome tree, strain K97' formed
a robust monophyletic lineage with Phycobac-
ter azelaicus F10T within the Phycobacter clade,
clearly separated from other closely related gen-
era such as Leisingera, Phaeobacter, and Shimia
(Fig. 2A). Similarly, strain ZM627 clustered tightly
with Zhengella mangrovi X9-2-2", forming a dis-
tinct branch that was phylogenetically distant from
members of the genera Phyllobacterium, Chela-
tivorans, and Nitratireductor (Fig. 2B). To further

Phaeobacter piscinae 27-4T (NR159171)

A Phaeobacter porticola P97" (NR157650)

Leisingera de TF-218T (NR044026)

Leisingera caerulea LMG 24369" (NR042701)

Shimia bif CC-AMW-C" (NR125653)
Shimia marina CL-TA03" (NR043300)
Shimia isoporae SW6" (NR116879)

Shimia haliotis WM35" (NR109739)
Phycobacter sedimenti K97" (PP856382)

Phycobacter azelaicus F10™ (NR189271)

antarcticus Ar-45" (NR134107)
Pseudooceanicola algae Lw-13¢" (NR178744)
Pseudooceanicola sediminis CY03" (NR165006)

Pseudooceanicola marinus AZO-C" (NR043969)

001

Fig. 1 The phylogenetic tree based on the 16S rRNA gene
sequences of strains K97", ZM62" and related taxa are shown
in Fig. 1. All type strains have been included. Bootstrap values
based on 1000 replicates (>70%) are indicated at the branch
nodes (ML/NJ/MP) (Saitou and Nei 1987; Felsenstein 1985;
Thomas 2001). Solid circles indicate bootstrap support>70%
in all three trees; open circles indicate support in two trees.

E Tritonibacter scottomollicae LMG 24367" (NR042675)
Tritonibacter mobilis NBRC101030" (NR116521)

clarify their taxonomic positions, whole-genome
relatedness indices were calculated. For strain
K97", the 16S rRNA gene sequence similarity to
Phycobacter azelaicus NRIC 2002T was below the
commonly accepted species threshold of 98.65%,
and the average nucleotide identity (ANI), average
amino acid identity (AAI), and digital DNA-DNA
hybridization (dDDH) values were 86.3%, 92.0%,
and 30.3%, respectively. Strain ZM62T exhibited
the highest similarity to Zhengella mangrovi X9-2-
2T with ANI, AAI, and dDDH values of 81.6%,
83.3%, and 23.8%, respectively. All values were
markedly lower than the species delineation thresh-
olds (ANI>95%, dDDH >70%) (Table 2). Taken
together, these phylogenomic and genomic data, in
combination with phenotypic and chemotaxonomic
characteristics, support the classification of strain
K97" as Phycobacter sedimenti sp. nov. and strain
ZM62T as Zhengella sedimenti sp. nov.

Nitratireductor lucknowense IITR-21T (NR118014)

tor indicus C1157 (NR117518)
Nitratireductor alexandrii Z3-1"7 (NR175479)

Nitratireductor arenosus CAU 1489" (NR180207)
Chelativorans alearense UINT15" (NR180982)

Alithoeflea aestuarii N8" (NR116102)

—: Zhengella sedimenti ZM62" (PQ816740)
Zhengella mangrovi X9-2-2" (NR179673)

_+7 Phyllobacterium myrsinacearum NBRC 100019" (NR113874)
Phyllob

1) ium salinisoli LLAN61" (NR163651)
Oricola thermophila MEBIC 13590 (NR180590)
L Oricola indica JL-62" (NR181701)

Aquibium carbonis B2.3" (NR164961)

00050

Bacteria of the Pseudooceanicola marinus (GenBank acces-
sion number NR043969) and Aquibium carbonis B2.3T (Gen-
Bank accession number NR164961) were used as outgroups.
The scale bar represents 0.01 substitutions per nucleotide posi-
tion in tree A and 0.005 substitutions per nucleotide position
in tree B. (Original ML/NJ/MP/ME trees are provided in Fig.
S11.)
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Tree scale _0-02

0.999
1

0.999

Tree scale 0-02.

0.658

Fig. 2 Phylogenetic tree landscaping is performed using chip-
lot software for phylogenetic tree mapping of strains K977 and
ZM62T (Xie et al. 2023). Pseudooceanicola antarcticus Ar-45T

Multi-database genes annotation of strains K97" and
ZM62"

Multi-database annotation (KEGG, TCDB, CAZy,
PHI, NR, COG) comprehensively reveals information
on the metabolic capabilities, biosynthetic pathways,
signal transduction, membrane transport systems,

@ Springer

Pseudooceanicola marinus LMG23705" (GCF002786295)
Pseudooceanicola algae Lw-13e" (GCF003590145)
Pseudooceanicola sediminis CY03T (GCF003575965)
Shimia biformata JCM18818T (GCF016888515)
Shimia marina DSM26895 (GCF900112745)

Shimia haliotis DSM28453T (GCF900114415)

Shimia isoporae DSM26433" (GCF004346865)
Phaeobacter piscinae S26" (GCF000826835)
Phaeobacter porticola P97" (GCF001888185)
Leisingera caerulea S1227 (GCF025139665)
Leisingera daeponensis DSM23529T (GCF000473145)

” 1 [ Tritonibacter mobilis NBRC101030" (GCF001681715)
Tritonibacter scottomollicae LC.270.F.C4T (GCF032924845)

Phycobacter azelaicus F10T (GCF014884385)
Phycobacter sedimenti K97 (JBBVGR000000000)

Aquibium carbonis B2.3" (GCF003970795)
Nitratireductor alexandrii Z3-1"7 (GCF004000215)
Nitratireductor arenosus CAU1489™ (GCF009742725)
Aliihoeflea aestuarii JICM15118" (GCF024105665)
Chelativorans alearense UIN715" (GCF010993735)
Nitratireductor indicus C115" (GCF000300515)
Zhengella mangrovi X9-2-2" (GCF002727065)

Zhengella sedimenti ZM62" (JBKFFP000000000)

. o T
. l— Oricola indica JL-62" (GCF019966595)

; Oricola thermophila MEBiIC13590" (GCF013358405)

—1

Phyllobacterium myrsinacearum DSM5892" (GCF003335045)

Phyllobacterium salinisoli LLANG61T (GCF004217385)

(GCF_002786285.1) and Aliihoeflea aestuarii JCM 15118"
(GCF_024105665.1) were used as outgroups. Bar indicates
substitutions per nucleotide site

carbohydrate enzyme activity, pathogen-host interac-
tions, and gene and protein functions of strains K977
and ZM62T. Notably, genes in strain K97T associated
with DMSP are annotated as dimethylsulfoniopropi-
onate demethylase, which plays an important role in
energy and sulfur metabolism (KEGG). Addition-
ally, several genes are potentially involved in glycine
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Table 2 Comparison of ANI, AAI and dDDH values of reference strains against strains K977 (top) and ZM62T (bottom)

Strain name and number Accession no ANI (%) AAI (%) dDDH (%)
Phycobacter sedimenti K977 JBBVGR000000000.1 100 100 100
Phycobacter azelaicus N RIC20027 GCF_014884385.1 86.3 92 30.3
Shimia isoporae DSM26433" GCF_004346865.1 76 70.1 20.2
Pseudooceanicola algae Lw-13¢T GCF_003590145.2 72.5 67.2 19.7
Pseudooceanicola sediminis CY03T GCF_003575965.1 72.56 68 20
Pseudooceanicola marinus LMG237057 GCF_002786295.1 73 67.5 20.5
Tritonibacter scottomollicae LC.270.F.C4T GCF_032924845.1 75.6 75.4 20.4
Shimia marina DSM268957 GCF_900112745.1 72.4 70 20.4
Shimia biformata JCM18818T GCF_016888515.1 73.5 70.4 20.4
Tritonibacter mobilis NBRC101030T GCF_001681715.1 74.9 75.8 20.3
Shimia haliotis DSM28453T GCF_900114415.1 72.3 70 20.5
Phaeobacter piscinae S267T GCF_000826835.2 76 77.9 20.6
Phaeobacter porticola P97T GCF_001888185.1 75.3 77.47 19.7
Pseudooceanicola antarcticus Ar-457 GCF_002786285.1 73.24 67.68 20.4
Leisingera daeponensis DSM23529T GCF_000473145.1 77.58 78.69 21.4
Leisingera caerulea S1227 GCF_025139665.1 77.4 78.63 20.9
Strain name and number Accession no ANI (%) AAI (%) dDDH (%)
Zhengella sedimenti ZM62" JBKFFP000000000.1 100 100 100
Zhengella mangrovi X9-2-27 GCF_002727065.1 81.57 83.29 23.8
Aliihoeflea aestuarii JCM151 187 GCF_024105665.1 74.69 64.03 19.6
Aquibium carbonis B2.3T GCF_003970795.1 75.08 66.02 19.6
Chelativorans alearense UIN715T GCF_010993735.1 75.94 67.86 19.6
Nitratireductor alexandrii Z3-17 GCF_004000215.1 75.2 67.17 19.5
Nitratireductor arenosus CAU1489T GCF_009742725.1 74.16 64.07 21.3
Nitratireductor indicus C1157 GCF_000300515.1 74.35 65.92 19.9
Oricola indica JL-62T GCF_019966595.1 74.83 64.51 19.6
Oricola thermophila MEBiC135907 GCF_013358405.1 74.71 65.54 20.1
Phyllobacterium myrsinacearum DSM58927 GCF_004217385.1 75.07 66.59 18.8
Phyllobacterium salinisoli LLANG6 1T GCF_003335045.1 74.76 64.43 19.8

degradation and transport processes, as indicated by
COG annotations. Two genes associated with acyl-
homoserine lactone (AHL) are annotated as AHL
acylase. One of them belongs to the penicillin acylase
family, according to NR annotation, and is associated
with the biosynthesis of penicillin and cephalosporin,
which may explain bacterial resistance to penicillin.
Furthermore, genes involved in the synthesis,
transport, and degradation of secondary metabolites
were identified (COG), with KEGG annotation indi-
cating a role in penicillin and cephalosporin bio-
synthesis. Multiple database annotations show that
the acyl-homoserine-lactone synthase gene is also
present in both strains NRIC 20027 and K97T. NR,
SwissProt, and COG annotations for strain K977

indicate that it possesses AHL synthase (K18096).
This enzyme helps bacteria perform quorum sens-
ing by synthesizing AHL, thereby regulating group
behaviors, including but not limited to biofilm for-
mation, virulence factor expression, and antibi-
otic production (Schaefer et al. 2008). For strain
ZM62T, numerous genes associated with xenobiot-
ics biodegradation and metabolism were identified,
including those involved in aminobenzoate degrada-
tion (ko00627) and toluene degradation (ko00623),
suggesting its potential role in the breakdown of
environmental pollutants. All this information can
be found in Fig. 3 and the supplementary materials
Fig. S3-S10.
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KEGG Pathway Annotation

7 Functional Category

PP LSS PP

KEGG Pathway Annotation

Fig. 3 The pathways of different genes of strains K977 (A) and ZM62T (B) were annotated and classified using KEGG database

KEGG metabolic pathway analysis of strain K97"

Metabolic pathway reconstruction based on KEGG
Mapper shows that strains K97" and F10" possess
multiple complete metabolic pathways among the
16 strains in the phylogenetic tree, suggesting the
metabolic characteristics of the genus Phycobacter
(Fig. 5).

Both strains K977 and F10" have complete path-
ways for carbohydrate metabolism, energy metabo-
lism, lipid metabolism, glycan metabolism, metabo-
lism of cofactors and vitamins, and biosynthesis of
terpenoids and polyketides. Specifically, strains K97*
and F10T have glycolysis and 5-Phosphoribosyl-1-py-
rophosphate (PRPP) biosynthesis as part of carbo-
hydrate metabolism. In terms of energy metabolism,
both strains possess complete pathways for thiosul-
fate oxidation by the SOX complex, cytochrome
bcl complex respiratory unit, cytochrome ¢ oxidase
(prokaryotes), cytochrome c oxidase (cbb3-type), and
NADH:quinone oxidoreductase. However, only F10T
has the anoxygenic photosystem II pathway related to
photosynthesis, while only strain K977 has the reduc-
tive pentose phosphate cycle (Calvin cycle) (Fig. 4).
These differences suggest that F10T partially relies
on anoxygenic photosynthesis for energy acquisition,
whereas strain K97" utilizes the Calvin cycle for car-
bon fixation, indicating distinct ecological adaptation
strategies between the two strains.

Regarding lipid metabolism, both strains K97" and
F10" have pathways for fatty acid biosynthesis, beta-
oxidation, phosphatidylethanolamine (PE) biosynthe-
sis, and phosphatidylcholine (PC) biosynthesis, which

@ Springer

is consistent with our experimental results (Table 3,
Fig. S2). Additionally, both strains K97% and F10T
share a complete Cytidine Monophosphate-3-deoxy-
D-manno-octulosonate (CMP-KDO) biosynthesis
pathway. Among the strains in the phylogenetic tree,
this pathway is detected exclusively in K97 and
F10T, which may indicate a unique metabolic feature
shared by them.

Furthermore, in the metabolism of cofactors and
vitamins, strains K977 and F10T have complete path-
ways for NAD biosynthesis, coenzyme A biosynthe-
sis, lipoic acid biosynthesis, tetrahydrofolate biosyn-
thesis, and cobalamin biosynthesis. Finally, strain
K97" uniquely possesses the dTDP-L-rhamnose
biosynthesis pathway. This suggests that both strains
have strong cofactor biosynthesis capabilities, while
strain K977 may have a unique advantage in cell wall
or surface structure modification (Li et al. 2022).

Compared to other bacteria in the phylogenetic
tree, strains K977 and F10T exhibit significant dif-
ferences in the biosynthesis of terpenoids and pol-
yketides, as well as glycan metabolism. The CMP-
KDO biosynthesis pathway is particularly notable.
CMP-KDO is an activated sugar donor essential in
bacteria like Escherichia coli and other Gram-stain-
negative bacteria for the synthesis of a key compo-
nent of lipopolysaccharide (LPS) (Sugai et al. 1995).
LPS is an essential component of the outer membrane
in Gram-stain-negative bacteria, providing protec-
tion against physical, chemical, and biological fac-
tors, such as antibiotics, toxins, and attacks from the
host’s immune system (Schaefer et al. 2008; Zhang
et al. 2013; Tsujimoto et al. 1999). CMP-KDO can
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Fig. 4 The KEGG annotation diagrams for strains K977, NRIC 20027, and 14 closely related taxa in the phylogenetic tree. The num-
bers in the table represent the completeness of each metabolic step (1 =100%)

also serve as an alternative sugar donor to synthesize synthesis but does not rule out the presence of modi-
a rare sugar, KDO-lactose (Drouillard et al. 2010; fied LPS or other outer membrane structures.

Sugai et al. 1995). Both strains K97T and F10T pos- KEGG annotation also revealed that both strains
sess a complete metabolic pathway for this process, K97T and F10T possess the dimethylsulfoniopropion-
which is detailed in Fig. 4. Further research reveals ate demethylase gene [EC:2.1.1.269](DmdA), while
that, apart from Pseudooceanicola marinus and Pseu- most other related taxa lack this capability (Jansen
dooceanicola sediminis, the other 14 strains lack a and Hansen 1997). The DmdA enzyme can degrade

complete CMP-KDO biosynthesis pathway due to DMSP into methylmercaptopropionate (MMPA)
the absence of KDO 8-P phosphatase [EC:3.1.3.45]. and methanethiol (MT), allowing bacteria to obtain

This enzyme is involved in lipopolysaccharide bio- energy and carbon sources in the process (Curson
synthesis, metabolic pathways, and the biosynthe- et al. 2011). F10T was isolated from diatoms, which
sis of nucleotide sugars (Ray and Benedict 1980). can produce DMSP and thus form a symbiotic rela-

Therefore, the absence of KDO 8-P phosphatase tionship with F10T. Similarly, strain K977, which
likely affects the typical KDO-containing LPS core also contains the DmdA gene, was isolated from
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Table 3 Distinctive features of strains K977 (1), ZM62" (3)
compared to their closely associated species F10T (2) and
X9-2-2T (4)

Fatty acid 1 2 3 4
Saturated

Ciro 0.59 0.74 tr tr
Cis:0 7.79 8.58 2.72 6.93
Ci7o 1.25 0.92 19.31 6.56
Ciso 3.19 4.27 2.38 1.81
Unsaturated

Ci5.105¢ 0.51 tr tr tr
C,7.108¢ tr tr 4.14 2.3
Cis.1 @7c 11-methyl tr 4.36 tr tr
Branched

is0-Cy7,9 tr tr 1.55 10.44
i50-C 5.9 tr 1.01 tr tr
Hydroxy

Cio.1 3-OH 2 2.83 tr tr
Ci»03-OH 2.05 3.35 tr tr
Ci6.0 2-OH 3.16 5.52 tr tr
Ci5.1 2-OH tr 0.99 tr tr
Summed feature®

Ci6.1 ©7c/Cy4. w06C 0.52 0.81
Cig.; @7¢c/Cig.; 0bc 0.63 1.43 0.73 tr
Cig wTc 75.73 60.01 47.29 41.33

Summed Feature 3, Summed Feature 7, and Summed Feature
8 correspond to C¢.,07c/Ci4.,06¢, Cg.; @7c/Cy.; wbc, and
Cis.1 @7c, respectively. ‘tr’ (trace) indicates that the detected
proportion of the fatty acid is less than 0.5%. Values in bold
indicate fatty acid contents greater than 5%

nearshore sediments rich in algae, and it may also
have the potential to form a symbiotic relationship
with algae, although this requires experimental vali-
dation (Figs. 4, 6). In summary, the ability of strains
K97" and F10T to degrade algal-derived DMSP, com-
bined with their broad metabolic capacities, may help
reduce DMSP accumulation and mitigate its potential
toxicity, thereby promoting algal stability and resil-
ience. This suggests a potentially beneficial ecologi-
cal interaction, although further experimental valida-
tion is required.

KEGG metabolic pathway analysis of strain ZM62T
Metabolic pathway reconstruction for strain ZM62T,

performed using KEGG Mapper based on genomic
annotations, reveals the presence of several significant
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metabolic pathways among the analyzed strains
(Fig. 5B). Strain ZM62T exhibits remarkable meta-
bolic versatility, particularly in its ability to process
various organic compounds and potentially degrade
pollutants.

One of the key aspects of its metabolic capabili-
ties is its involvement in carbohydrate metabolism,
including pathways for the semi-phosphorylative
Entner-Doudoroff pathway and the degradation of
polygalacturonan via D-galacturonate catabolism
(Zhu et al. 2017; Martens-Uzunova and Schaap
2008). These pathways enable the breakdown of
complex sugars and organic acids into fundamen-
tal metabolic intermediates, supporting both energy
generation and biosynthesis. Notably, its ability to
metabolize D-galacturonate to pyruvate and D-glyc-
eraldehyde-3P suggests a potential role in utilizing
plant-derived polysaccharides, particularly pectin,
which is enzymatically degraded into D-galacturonate
by pectinolytic enzymes such as polygalacturonases
and pectin lyases (Yew Wen and Gerlt John 2002).
Additionally, strain ZM62T demonstrates glycogen
biosynthesis and degradation, allowing it to store and
mobilize energy reserves efficiently under fluctuating
environmental conditions.

In energy metabolism, strain ZM62T harnesses
the SOX-dependent thiosulfate oxidation pathway as
a key mechanism in sulfur compound metabolism
(Falkenby et al. 2011). This suggests an adaptation to
sulfur-rich environments and a potential role in bio-
geochemical cycling. Furthermore, its cytochrome c
oxidase (cbb3-type) respiratory pathway enhances its
ability to sustain efficient electron transport processes,
enabling survival in various redox conditions, includ-
ing potentially oxygen-limited environments (Wu
et al. 2021; Pitcher and Watmough 2004). The strain’s
amino acid metabolism includes unique pathways for
methionine biosynthesis (aspartate — methionine)
and cysteine biosynthesis (serine — cysteine). These
biosynthetic routes are essential for protein synthesis
and cellular function and may enable strain ZM62" to
survive in nutrient-limited environments where these
amino acids are scarce.

A notable feature is the lipid metabolism of strain
ZM62", which is equipped for phosphatidylethanola-
mine (PE) biosynthesis via the pathway phosphatidic
acid (PA)— phosphatidylserine (PS)— phosphati-
dylethanolamine (PE). This finding is consistent
with the results of our polar lipid experiment, and
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00 00 MO00595 Thiosulfate oxidation by SOX complex, thiosulfate => sulfate
0.0 M00597 Anoxygenic photosysiem 11
00 00 MO0153 Cytochrome bd ubiquinol oxidase
00 MO0156 Cytochrome ¢ oxidase, cbb3-type
0.0 M00417 Cytochrome o ubiquinol oxidase
00 00 00 0.0 MOOISO Fumarate reductase, prokaryotes
0.6 MO008S Ketone body bi is, acetyl-CoA =>
MO00091 Phosphatidylcholine (PC) biosynthesis, PE => PC
MO00093 Phosphatidylethanolamine (PE) biosynthesis, PA => PS => PE
M00104 Bile acid bi is, cholesterol =
MO00974 Betaine metabolism, animals, betaine => glycine
MO0975 Betaine degradation, bacteria, betaine => pyruvate
M00033 Ectoine biosynthesis, aspartate => ectoine
MO00919 Ectoine degradation, cetoine => aspartate
M00021 Cysteine biosynthesis, serine => cysteine
05 00 05 05 05 05 05 05 05 00 00 MO0338 Cysteine biosynthesis, homocysteine + serine => cysieine
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M00017 Methi is, aspartate => ine => methionine
05 04 M00034 Methionine salvage pathway
M00035 Methionine degradation
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M00533 => 2-oxohept-3-ened
MO0037 Melatonin biosynthesis, animals, tryptophan => serotonin => melatonin
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00 00 03 03 03 00 00 MO0950Biotin biosynthesis, BioU pathway, pimeloyl-ACP/CoA => biotin
00 00 02 02 02 00 00 MOOS73 Biotin b is, Biol pathway, long-chain-acyl-ACP => pimeloyl-ACP => biotin
02 00 0.0 M0S77 Biotin biosynthesis, BioW pathway, pimelate => pimeloyl-CoA => biotin
[U0MY 0808 M00925 Cobalamin biosynthesis, acrobic, uroporphyrinogen I11 => precorrin 2 => cobyrinate a,c-diamide
M00932 Phylloquinone biosynthesis, chorismate (+ phytyl-PP) => phylloquinol
M00793 dTDP-L-rhamnose biosynthesis
M00368 Catechol ortho-cleaags, catechol = 3-oxoadipate
MO0878 acetyl-CoA/succinyl-CoA
M00545 Trans-cinnamate degradation, trans-cinnamate => acetyl-CoA
06 02 02 08 02 02 02 02 MOOSTS Pertussis pathogenicity signature, TISS
01 01 01 00 00 04 00 00 MOOS60Bacillus anthraci icity signature, ic acid capsule bi
03 03 03 03 03 03 03 03 MO0769 Multidrug resistance, efflux pump MexPQ-OpmE

Carbohydrate metaboli
vdrate S Other carbohydrate metabolism

Carbon fixation

Methane metabolism

Energy metabolism

Sulfur metabolism

ATP synthesis

Lipid metabolism

Cysteine and methionine metabolism

Amino acid metabolism

Aromatic amino acid metabolism

Other polysaccharide
Glycan e ; -

Metabolism of cofactors and
vitamins

Cofactor and vitamin metabolism

Biosynthesis of terpenoids and  Polyketide sugar unit bi

Pathogenicity

e Drug resistance 03 0.0 0.0 03 0.0 0.0 0.0 0.0  M00627 beta-Lactam resistance, Bla system
00 00 00 00 03 00 03 00 M00726 Cationic antimicrobial peptide (CAMP) resistance, lysyl-phosphatidylglycerol (L-PG) synthase MprF
00 (05 00 05 05 05 00 00 MOO714Multidrug resistance, efflux pump QacA
05 00 05 00 00 00 00 00 MO06I Oxygenic photosynthesis in plants and cyanobacteria
05 05 05 00 00 00 00 00 MOO06I2Anoxygenic photosynthesis in purple bacteria
Module set Metabalic capacity 00 05 00 00 00 00 00 00 MO06I3 Anoxygenic photosynthesis in green nonsulfur bacteria

05 05 05 05 00 00 05 00 MO0O06IS Nitrate assimilation
05 00 00 00 05 00 05 00 MO006I6 Sulfate-sulfur assimilation
00 00 00 05 00 00 05 05 MO006I8 Acetogen

Fig. 5 The KEGG annotation diagrams for strains ZM62T, X9-2-2T, and 10 closely related taxa in the phylogenetic tree. The num-
bers in the table represent the completeness of each metabolic step (1=100%)
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Fig. 6 KEGG annotation indicates that both strains K977 and
NRIC 20027 possess a complete CMP-KDO biosynthesis path-
way. The pathway includes key intermediates and enzymes
involved in the conversion from D-ribulose 5-phosphate to

PE was also detected in Z. mangrovi X9-2-2". Phos-
phatidylethanolamine is a key component of bacterial
membranes, and its biosynthesis plays a crucial role
in maintaining membrane stability and adaptability,
potentially enhancing bacterial survival under envi-
ronmental stress (Rowlett et al. 2017).

In glycan metabolism, strain ZM62" shows strong
activity in galactofuranan biosynthesis (score=0.8),
a pathway weakly expressed or absent in related taxa
(£0.3; Fig. 6), suggesting a role in cell wall integ-
rity and stress adaptation. It also possesses thiamine
and biotin biosynthetic pathways, which are common
but moderately active in strain ZM62T (scores of 0.7
and 0.6, respectively), indicating metabolic versa-
tility that may support survival in nutrient-limited
environments.

Strain ZM62T exhibits potential for terpenoid and
polyketide biosynthesis, notably via the dTDP-L-
rhamnose pathway. dTDP-L-rhamnose is commonly
used to glycosylate secondary metabolites, enhancing
their solubility, stability, and biological activity (Thi-
bodeaux et al. 2008; Elshahawi et al. 2015). Genomic
analysis revealed that ZM62T encodes the complete
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CMP-KDO. Green arrows show the reaction flow, red labels
indicate enzyme names, and blue text denotes EC numbers and
KEGG reaction IDs

set of enzymes required for dTDP-L-rhamnose bio-
synthesis, including glucose-1-phosphate thymidylyl-
transferase (RmlA), dTDP-glucose 4,6-dehydratase
(RmIB), dTDP-4-keto-6-deoxyglucose 3,5-epimerase
(RmIC), and dTDP-4-keto-L-thamnose reductase
(RmID). Additionally, several glycosyltransferase
genes are located within or adjacent to these biosyn-
thetic gene clusters, suggesting the capacity for pro-
ducing glycosylated terpenoids or polyketides. This
genomic arrangement implies that dTDP-L-rhamnose
may play a role not only in metabolite decoration but
also in enhancing the structural diversity and bioac-
tivity of the resulting compounds, potentially contrib-
uting to ecological interactions, stress adaptation, or
antimicrobial activity (Rowlett et al. 2017). From an
applied perspective, the capacity of strain ZM62" to
degrade aromatic compounds through the catechol
ortho-cleavage pathway (catechol — 3-oxoadipate)
underscores its potential for xenobiotic biodegrada-
tion and environmental remediation (Carmona et al.
2009). Aromatic hydrocarbons are major pollutants in
industrial waste and petroleum-derived contaminants,
and the presence of this pathway suggests that strain
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ZM62" could be useful in bioremediation efforts. By
breaking down these toxic compounds into less harm-
ful intermediates, it may contribute to environmental
detoxification and sustainable waste management.

In summary, strain ZM62" displays a metabolically
versatile genome with pathways for processing carbo-
hydrates, amino acids, sulfur compounds, and aro-
matic compounds. These features suggest ecological
adaptability and potential functional roles in organic
matter transformation. However, further experimen-
tal validation is needed to confirm its capabilities and
assess their relevance for environmental or biotechno-
logical applications.

Chemotaxonomic characteristics

The main fatty acid of strain K977 is Summed Fea-
ture 8 (Cg.,w6c/C g ,07c), which accounts for
75.73% of the total fatty acid content, followed by
Ci.0- and C,g.o. The respiratory quinone is Q-10. The
major polar lipids of strain K977 are diphosphati-
dylglycerol (DPG), phosphatidylethanolamine (PE),
and phosphatidylglycerol (PG), which are consistent
with those described for the genus Phycobacter (Coe
et al. 2023). Based on phenotypic characteristics and
phylogenetic inferences from 16S rRNA gene and
genome sequences, strain K977 is classified as a new
species of the genus Phycobacter, for which the name
Phycobacter sedimenti sp. nov. is proposed. The main
fatty acids of strain ZM62T are Summed Feature 8
(Ci3.106¢/Cg.,w7c), Ci79, and C,;.,08c, account-
ing for 47.29%, 19.31%, and 4.14%, respectively.
The respiratory quinone is Q-10. The major polar
lipids of strain ZM62T are diphosphatidylglycerol
(DPG), phosphatidylglycerol (PG), phosphatidyletha-
nolamine (PE), phosphatidylcholine (PC), which are
consistent with those described for the genus Zhen-
gella. Based on phenotypic characteristics and phylo-
genetic inferences from 16S rRNA gene and genome
sequences, strain ZM62" is classified as a new species
of the genus Zhengella for which the name Zhengella
sedimenti sp. nov. is proposed.

Description of Phycobacter sedimenti sp. nov.

Phycobacter sedimenti (se.di.men’ti. L. gen. neut. n.
sedimenti, of sediment, from where the type strain
was isolated).

Cells are aerobic, Gram-stain-negative, motile
short rods, approximately 1.03-1.95 pm in length
and 0.41-0.55 pm in width. Colonies are creamy and
convex after 4 days of incubation on MA medium.
Growth occurs at 2040 °C (optimum, 33-35 °C),
pH 5.5-9.5 (optimum, pH 7.0-8.5), and in the pres-
ence of 0.5-7.0% (w/v) NaCl (optimum, 2.0% NaCl).
Oxidase, alkaline phosphatase, esterase (C4), esterase
lipase (C8), leucine arylamidase, and naphthol-AS-
BI-phosphohydrolase activities are positive. Acid is
produced from D-ribose, D-tagatose, and 5-keto-D-
gluconate potassium. The strain is able to metabolize
arginine, ornithine, tryptophan (TDA), and gelatin,
as confirmed by API 20E tests. In carbon source oxi-
dation tests, growth is observed with D-trehalose,
D-turanose, glucuronamide, tetrazolium violet,
L-lactic acid, a-ketoglutaric acid, acetoacetic acid,
and acetic acid as sole carbon sources (Table S1).
The genomic DNA G+ C content is 61.71 mol%. The
major respiratory quinone is Q-10. The major fatty
acids are Summed Feature 8 (C5.,06c/C 5. ,w7c),
Cie0» and Cig. The predominant polar lipids are
diphosphatidylglycerol (DPG), phosphatidylethanola-
mine (PE), and phosphatidylglycerol (PG).

The type strain is K977 (=KCTC 8365T=MCCC
1HO1460"), from sediment samples collected
from the coast of Xiaoshi Island, Weihai, China
(122°0'27.59" E, 37°31'37.52" N). The GenBank
accession number for the 16S rRNA gene sequence
is PP856382 and the draft genome sequence has been
deposited in GenBank under the accession number
JBBVGRO000000000.

Description of Zhengella sedimenti sp. nov.

Zhengella sedimenti (se.di.men’ti. L. gen. neut. n.
sedimenti, of sediment, from where the type strain
was isolated).

Cells are aerobic, Gram-stain-negative, rods,
approximately 2.0-4.0 pm in length and 1.0-1.5 pm
in width. Colonies are creamy and circular after
4 days of growth on MA medium. Growth occurs at
20-37 °C (optimum, 30-35 °C), pH 5.5-8.5 (opti-
mum, pH 7.5), and in the presence of 0-8.0% (W/v)
NaCl (optimum, 2.0% NaCl). The DNA G+C con-
tent is 64.76 mol%. The major respiratory quinone is
Q-10. The major cellular fatty acids are Summed Fea-
ture 8 (Cg.,06¢/Cg.,w7c), Ci7.9, and C,;.,w8c. The
predominant polar lipids are diphosphatidylglycerol
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(DPG), phosphatidylglycerol (PG), phosphatidyletha-
nolamine (PE), and phosphatidylcholine (PC). Strain
ZM62T is positive for alkaline phosphatase, ester-
ase (C4), leucine arylamidase, valine arylamidase,
cystine arylamidase, trypsin, and acid phosphatase
(API ZYM). It hydrolyzes gelatin (API 20E). Acid
is produced from D-ribose, D-fructose, L-sorbose,
and D-tagatose (API 50CH). In Biolog GEN III car-
bon source utilization tests, growth is observed with
dextrin, D-trehalose, D-cellobiose, «o-D-glucose,
D-galactose, D-fructose-6-phosphate, and glucurona-
mide (Table S1).

The type strain is ZM62T (=KCTC 8813T=MCCC
1H01495T), from sediment samples collected from
the intertidal zone sediments at Jingzi Wharf, Wei-
hai, China (122°0'57.25" E, 37°31'34.74" N). The
GenBank accession number for the 16S rRNA
gene sequence is PQ816740 and the draft genome
sequence has been deposited in GenBank under the
accession number JBKFFP000000000.

Data summary

All supporting data are provided either within the
article or in the supplementary materials.
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