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During an investigation of the culturable microbial diversity of sediments with
salinity from tidal flats and saline lake, seven strains of the genus Demequina were
harvested. The genomic analysis and physiological characteristics of strains of this
genus have unveiled their significant potential in degrading complex carbon
source such as lignin, hemicellulose, chitin, and oligosaccharides. In addition,
these strains show potential abilities in nitrite ammonification and sulfide oxidation.
These findings not only improved our understanding of their metabolic model, but
also provided valuable insights into their ecological roles. Four new species of the
genus Demequina are described: Demequina litoralis sp. nov., with SYSU T00192"
designated as the type species; Demequina zhanjiangensis sp. nov., with SYSU
TOOb26" as the type species; Demequina lignilytica sp. nov., with SYSU T00068" as
the type species; and Demequina muriae sp. nov., with EGI L300058" as the type
species. Additionally, strains SYSU T0a273, SYSU TO0039-1, and SYSU TO0039 are
identified as different strains of Demequina lignilytica. Our study thus sheds light on
the diversity, biological significance, and ecological contribution of the Demequina
genus in different habitats.
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1 Introduction

Demequina was a genus in the family Demequinaceae of the
phylum Actinomycetota (Ue et al., 2011; Oren and Garrity, 2021).
The genus Demequina, a group of Gram-stain positive bacteria, was
first discovered from tidal flats sediment by Yi et al., 2007 (Yi et al.,
2007) and currently comprises 21 known species (https://
Ipsn.dsmz.de/genus/demequina, accessed on 15 May 2023). Then,
the description of the genus Demequina is amended by Ue et al,
2011 and Park et al.,, 2016 Species of the genus Demequina exhibited
diverse morphologies, including short rod-shaped, oval, coccoid
forms and were widely distributed in tidal flats sediment (Yi et al.,
2007), mangrove (Matsumoto et al., 2010; Hamada et al., 2015b),
soil (Finster et al., 2009), and marine related niches (Hamada et al.,
2013). The species within the genus Demequina displayed diverse
morphologies and biochemical characteristics and were found to be
widely distributed in natural environments. These traits provided
interesting objects for researchers to explore their genomes and
biological properties (Chao et al., 2021).

With technological advances, more researches had been
conducted on the genomics (Hamada et al., 2015a) and biological
properties of strains of the genus Demequina, revealing their ability
to perform ecological functions in various niches (Meng et al., 2009;
Al-Naamani et al., 2015; Peruzzi et al., 2017; Wei et al., 2018; Duan
et al., 2019). Comparative genome analysis was an effective
approach to decipher the genetic diversity and evolutionary
relationships of microorganisms (Wei et al., 2002). However, the
lack of understanding genomic data on Demequina strains hindered
our comprehension of their ecological roles and potential
applications. Comparative genome analysis of species in the genus
Demequina would therefore make an important contribution to the
field of microbial genomics and could have practical implications
for biotechnology and human health.

In our study, we obtained seven strains of the genus Demequina.
Our research has three main objectives: first, to determine the
taxonomic status of these new strains; second, to compare the
metabolic potential of the genus Demequina; and finally, to evaluate
the potential ecological and physiological functions of the genus
Demequina. Overall, our efforts have resulted in a successful
expansion of diversity within the genus Demequina, which will be
critical for future implementation of industrial applications.

2 Materials and methods
2.1 Strain source

During our investigation into the culturable microbial diversity
of saline aquatic environments, we successfully isolated a strain
(EGI L300058) from sediment samples of Dabancheng saline lake in
Xinjiang, PR China. In the meantime, tidal flats as other saline
niche, we also obtained six strains (SYSU T0a273, SYSU T00068,
SYSU T00039-1, SYSU T00039, SYSU T00192, and SYSU T00b26)
from sediment samples of tidal flats from Zhanjiang city in
Guangdong. All strains were routinely maintained on marine agar
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2216 (28°C, 1 week) and biomass of these strains for the later
experiment was collected under the same conditions.

2.2 Genome sequencing, assembly,
and annotation

DNA extraction from all strains was carried out using the
TIANamp Bacteria DNA Kkit, following the kit instructions. The
DNA library was prepared according to the instructions of the NGS
Fast DNA Library Prep Set for Illumina. The genomes of these
strains were sequenced using paired-end sequencing on the
lumina Hiseq X platform, which was performed at the
Guangdong Institute of Microbiology. The reads obtained from
each dataset were trimmed using Sickle (Joshi and Fass, 2011) and
subsequently, the high-quality paired-end reads were assembled
using the SPAdes program (Bankevich et al., 2012) with options “-k
21, 33, 55, 77, 99, 121 -careful” in Unicycler software (Wick et al.,
2017). The identification of protein-coding sequences within the
assembled sequences was carried out using Prodigal (Hyatt et al,
2010). Meanwhile, tRNA-scan (Chan and Lowe, 2019) and
RNAmmer (Lagesen et al., 2007) were utilized to identify tRNA
and rRNA, respectively. To identify the gene functions, we applied
an E-value cut-off of le-5 and filtered for the best hit using the
Clusters of Orthologous Groups (COG) (Galperin et al, 2019),
Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa
et al., 2016), and carbohydrate-active enzymes (CAZy) databases
(Drula et al., 2021). We determined the G + C content from the
genome sequences and constructed genome maps with the GenoVi:
Genome Visualizer (Cumsille et al., 2023).

2.3 Phylogenetic analysis

16S rRNA gene sequences were amplified using genomic DNA
as the template with universal bacterial primers 27F and 1492R
following the protocol described by Fang et al.,, 2020. Almost full-
length 16S rRNA gene sequences were compared to related
sequences in the EzBioCloud (Yoon et al, 2017) and NCBI
(Sayers et al., 2021) databases, respectively (Altschul et al., 1990).
To conduct phylogenetic analysis, 16S rRNA gene sequences of
related species within the genus Demequina were downloaded from
the above-mentioned databases and aligned using the CLustalW
MEGAX (Thompson et al., 1994; Kumar et al., 2018). The Kimura
2-parameter model (Casanellas et al., 2020) was used to calculate
genetic distances and clustering, and phylogenetic trees were
constructed using the neighbor-joining (Saitou and Nei, 1987)
and maximum likelihood (Felsenstein, 1981) methods. The
phylogenomic tree of the genus Demequina was constructed
according to the method described before (Jiao et al., 2021) and
shown in brief below. Multiple sequence alignments (MSAs) of 120
bacterial marker genes were generated using GTDB-Tk (Chaumeil
et al,, 2019), and the maximum-likelihood phylogeny of the MSAs
was calculated using IQ-Tree (Nguyen et al., 2015) with the
parameters -alrt 1000, -bb 1000, and -nt AUTO.
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2.4 Comparative genomics and metabolic
potential analysis

Nineteen Demequina genomes were retrieved from NCBI
databases for comparative analysis. Average nucleotide identity
(ANI) and amino acid identity (AAI) were computed using IPGA
(Liu et al, 2022) and CompareM software (https://github.com/
dparks1134/CompareM, ver. 3), respectively. To perform
comparative analysis of orthologous and unique genes among
species of the genus Demequina, we filtered out low-quality
protein sequences based on length (10 AA) and percent stop
codons (20%) in FASTA format and then used the OrthoFinder
program (Emms and Kelly, 2019) within the PGCGAP pipeline (Liu
et al., 2020) to cluster the proteomes and generate gene families
based on reciprocal DIAMOND best hits of predicted amino acid
sequences. We also leveraged the IPGA pipeline to perform pan-
and core-genome analyses of species of the genus Demequina with a
minimum sequence identity threshold of 70% (https://nmdc.cn/
ipga/, accessed on 8 April 2023). Metabolic and biogeochemical
functional trait profiles for the genome datasets were further
predicted using the METABOLIC software (Zhou et al., 2022).
The antiSMASH (ver. 6.0) was used for the analysis of biosynthetic
gene clusters (BGCs) in all genomes (Blin et al., 2021). All plots were
generated using the ggplot2 package in R (https://www.r-
project.org/, ver. 4.1.2).

2.5 Phenotypic and physiological analysis

The physiological characteristics of these strains were determined
by the methods previously described (Xu et al., 2005; Gao et al., 2022).
We also analyzed the morphology of our strains by negative staining
with ammonium molybdate and transmission electron microscopy.
After seven days of incubation on marine agar 2216, we recorded the
size, shape, and color of the colonies, and conducted Gram staining to
examine the bacterial cell wall. We assessed the utilization of
substrates by the target strain at 30°C using GEN III Microplates
(BIOLOG Inc., Hayward, California, United States) and measured
oxidase activity using the Oxidase Reagent kit (bioMerieux SA). We
also evaluated the ability of strains to peptonize and coagulate milk, as
well as their urease activity, starch and Tween degradation, and
liquefaction of gelatin, following Smibert and Krieg’s instructions
(Smibert and Krieg, 1994). We measured protease activity by spot
inoculating strains onto a 5% (v/v) skim milk agar medium (Rohban
et al, 2009). Additionally, we analyzed nitrate and nitrite reduction
and other biochemical properties using API 20NE and API ZYM Kkits
(manufactured by bioMeérieux in France). The production for
ligninase, cellulase, chitinase, IAA (indole-3-acetic acid), ACC (1-
Aminocyclopropane-1-carboxylic Acid) deaminase of Demequina
strains were tested by following protocols of manufacturer for the
Microbial Ligninase Detection Kit (JINMEI, China), Microorganism
Cellulase (CE) ELISA Kit (JINMEI, China), Microbial Chitinase
ELISA Kit (JINMEI, China), Microbial Indoleacetic Acid (IAA)
ELISA Kit (JINMEI, China), and Microbial ACC Deaminase
(ACCD) ELISA Kit (JINMEI, China), respectively.

Biomasses for the chemotaxonomic analysis of seven strains were
obtained from cultures grown on the marine agar 2216 at 30 °C for 7
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days. The cellular fatty acids of both strains were extracted from the
collected biomasses, methylated, and analyzed by the Microbial
Identification System (Sherlock Version 6.1; MIDI database:
TSBA6). The respiratory quinones were extracted and purified
from lyophilized cells (Collins et al., 1977; Minnikin et al., 1984)
and the extracts were analyzed by using HPLC (High Performance
Liquid Chromatography) (Kroppenstedt, 1982; Groth et al,, 1997).
After extraction, the polar lipids were analyzed by the two-
dimensional TLC (thin-layer chromatography) method on silica gel
G 60 plates (Merck; Germany) (Hasegawa et al, 1983; Yin
et al,, 2021).

3 Results

3.1 Genome characteristics of the species
of the genus Demequina

The genome size of species in the genus Demequina displayed a
range of 2,359,865 bp to 3,228,371 bp, with a corresponding GC
content range of 62.73% to 72.39%, and numbers of predicted genes
varied from 2172 to 3013 (Dataset S1). For a strain form saline lake,
genome size of strain EGI 1.300058" was 2,359,865 bp with a GC
content of 69.41% and contained 8 contigs, 2172 genes, 3 rRNAs,
and 39 tRNAs. For six strains from tidal flats, strain SYSU T001927
had a genome size of 3,024,536 bp and a GC content of 72.26%,
consisting of 21 contigs, 2804 genes, 3 rRNAs, and 52 tRNAs. Strain
SYSU T00b26" had a genome size of 3,125,962 bp and a GC content
of 69.58%, consisting of 17 contigs, 2882 genes, 3 rRNAs, and 49
tRNAs. Strain SYSU T00068" had a genome size of 2,927,318 bp
and a GC content of 71.88%, consisting of 23 contigs, 2705 genes, 4
rRNAs, and 52 tRNAs (Supplementary Figures 1 A-D). Strain SYSU
T0a273 had a genome size of 2,838,212 bp and a GC content of
72.08%, consisting of 16 contigs, 2626 genes, 3 rRNAs, and 53
tRNAs. Strain SYSU T00039-1 had a genome size of 2,896,852 bp
and a GC content of 71.95%, consisting of 15 contigs, 2677 genes, 3
rRNAs, and 45 tRNAs. Strain SYSU T00039 had a genome size of
2,482,171 bp and a GC content of 71.93%, consisting of 17 contigs,
2309 genes, 3 rRNAs, and 52 tRNAs (Supplementary Figure 1E).

The results of KEGG annotation revealed that the species in this
genus were classified into 22 KEGG level two pathways. In
particular, the metabolic pathways, including carbohydrate
metabolism, amino acid metabolism, and overview, exhibited high
abundance (Figure 1A). The results of COG annotation revealed
that species were classified into 22 functional categories, including
A, C-V, and Z (Figure 1B). The most abundant COGs of the
genomes in this genus were exclusively assigned to general function
prediction, closely followed by CDSs dedicated to carbohydrate
transport and metabolism, amino acid transport and metabolism,
function unknown, and transcription. Notably, the COG
annotation results were also enriched for genes associated with
metabolism, which was largely consistent with the KEGG
annotation results. Functional annotation of the Demequina
strains revealed a high degree of similarity in their functional
repertoire, as indicated by the relatively concentrated distribution

of similar functions across different strains. These new strains
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Metabolic potentials of Demequina strains. (A) KEGG pathway abundance of species of the genus Demequina. (B) COG functional categories of
Demequina strains. (C) Carbohydrate-active enzymes (CAZymes) family associated with the CAZy database. (A), RNA processing and modification;
(B), Chromatin structure and dynamics; (C), Energy production and conversion; (D), Cell cycle control, cell division, chromosome partitioning; (E),
Amino acid transport and metabolism; (F), Nucleotide transport and metabolism; (G), Carbohydrate transport and metabolism; (H), Coenzyme
transport and metabolism; (1), Lipid transport and metabolism; (J), Translation, ribosomal structure and biogenesis; (K), Transcription; (L), Replication,
recombination and repair; (M), Cell wall/membrane/envelope biogenesis; (N), Cell motility; (O), Posttranslational modification, protein turnover; (P),
Inorganic ion transport and metabolism; (Q), Secondary metabolites biosynthesis, transport and catabolism; (R), General function prediction only; (S),
Function unknown; (T), Signal transduction mechanisms; (U), Intracellular trafficking, secretion, and vesicular transport; (V), Defense mechanisms;
(W), Extracellular structures; (X), Mobilome: prophages, transposons; (Z), Cytoskeleton.

contained 6 families of carbohydrate-active enzymes involved in
glycosidic bond degradation, modification, and generation. These
enzyme families include Carbohydrate Esterases (CEs), Glycoside
Hydrolases (GHs), Auxiliary Activities (AAs), Polysaccharide
Lyases (PLs), Glycoside Transferases (GTs), and Carbohydrate
Binding Modules (CBMs) (Figure 1C). Glycoside Hydrolases,
which were present in the highest amounts, were a ubiquitous
group of enzymes that catalyze the hydrolysis of glycosidic bonds
between two or more carbohydrates or between a carbohydrate and
a non-carbohydrate moiety (Li et al., 2021). CBMs in CAZymes,
which ranked third in quantity, bind specifically to carbohydrates
and played critical roles in enzyme targeting, activity enhancement,
facilitation of recycling, assembly of multi-enzyme complex, and
modulation of substrate specificity and catalytic activity of
associated enzymes (Attia and Brumer, 2021). GTs, which ranked
third in terms of quantity, had also been identified and were
involved in the biosynthesis of disaccharides, oligosaccharides,
and polysaccharides (Sanchez-Rodriguez et al., 2014). In addition,
our analysis revealed there were few PLs in the genomes of this
genus that removed uronic acid from polysaccharide chains via a 8-
elimination mechanism, resulting in the formation of an
unsaturated hexenuronic acid residue and a new reducing end
(MacDonald and Berger, 2014). This suggested that species of the
genus Demequina might have a versatile substrate utilization ability.
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In addition, the nearly-complete 16S rRNA gene sequences of
related species of this genus were submitted to the IMNGS platform
and 1513 OTUs with a high sequence similarity cutoff value (99%)
were discovered (Lagkouvardos et al., 2016). Our analysis revealed
the global distribution of strains of the genus Demequina in various
sample types worldwide, including soil, rhizosphere, and plant
samples, and suggested that related strains of this genus might be
more abundant in aquatic environments (Supplementary Figure 2).

3.2 Phylogenetic relationship of strains of
the genus Demequina

The EZBioCloud comparison results based on almost
complete16S rRNA gene sequences indicated that these sequences
shared significant similarity with bacteria of the genus Demequina.
The highest sequence similarity was found between strain EGI
L300058" and D. aestuarii NBRC 106260" (97.74%). Strain SYSU
T00b26" had the highest homology of 99.22% with D. salsinemoris
NBRC 1053237, while strain SYSU T00192" had a homology of
98.45% with D. maris NBRC 109392%. D. iriomotensis NBRC
109399" had the highest homology with strains SYSU T00068",
SYSU T00039, SYSU T00039-1 and SYSU T00a273 with homology
of 97.82%, 98.16%, 97.87%, and 97.96%, respectively. The
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phylogenetic trees constructed by the neighbor-joining and
maximum likelihood methods using the 16S rRNA gene also
confirmed the above relationship and similarity results for the
seven novel strains (Supplementary Figures 3, 4). The
phylogenomic tree (Figure 2) based on the genomes of seven
strains and their related species of the genus Demequina also
confirmed the above results of the phylogenetic analysis.

3.3 Unveiling Demequina genomic and
potential functional variations through
comparative genomics

Based on average nucleotide identity (ANI), average amino acid
identity (AAI), and digital DNA-DNA hybridization (dDDH), we
found that strains EGI 1L300058", SYSU T00b26", SYSU T00192"
and SYSU T00068" were genetically distinct from related type
species of this genus, indicating that they belonged to different
species. Furthermore, values of ANT, AAI, and dDDH showed that
strains SYSU T00039, SYSU T00039-1, SYSU T00a273 and SYSU
T00068" were closely related, indicating that they were different
strains of the same species (Figures 3A, B and Dataset S2).

The extent of genetic variation among species of the genus
Demequina, consisting of 19 type species and 7 novel strains
genomes, was investigated by analyzing the distribution of
conserved (core) and species-specific (unique) genes using a pan-
genome analysis. A limited number of core gene clusters, involved in
various basic biological processes such as metabolism, information
storage and processing, cellular processes and signaling, were
identified in these genomes. Nevertheless, numerous strain-specific
genes involved in metabolism, information storage and processing,
cellular processes, and signal transduction, as well as uncharacterized
and insufficiently annotated genes contributing to the unique
metabolic functions of each strain in this genus (Figure 3C).
Comparative genomic analysis based on the orthologs of the
recovered genomes revealed that all strains of the genus
Demequina possessed 1002 core proteins, whereas each strain

Tree scale: 0.1
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. 975
. 98.75
e 100
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contained more than 1000 unique proteins (Supplementary
Figure 5A). Besides, core/pan genome analysis also showed that
there were significant genomic differences among the species of the
genus Demequina (Supplementary Figure 5B).

3.4 Revealing the functional diversity and
differences of Demequina through
comparative genomics

Genome annotation of genus Demequina revealed that they
might play a vital role in the biogeochemical cycles of various
crucial elements such as nitrogen, sulfur, and carbon, which was
crucial for maintaining the stability of aquatic ecosystem.

Members of the genus Demequina were able to convert nitrite,
the intermediate compound of dissimilatory nitrate reduction, to
ammonia via the nrfADH and nirBD pathways under different
oxygen concentrations (Figure 4). In particular, many species of this
genus had been isolated from different marine niches that could
express nitrite reductase encoded by nrfADH genes to adapt to low-
oxygen environments. At the same time, members of this genus
played important roles in various steps of sulfur cycling in aquatic
ecosystems. In our study, we predicted the presence of some
functional genes (fccB, sqr) responsible for sulfide oxidation from
the genomes of this genus (Figure 4). The process of sulfide
oxidation, in which the key genes fccB and sqr were involved, was
of critical ecological importance for maintaining the sulfur cycle in
aquatic ecosystems. The fccB gene, a subunit of the flavocytochrome
¢ complex, facilitated the transfer of electrons from reduced sulfur
compounds to oxygen. Similarly, the sqr gene, encoding a sulfide:
quinone oxidoreductase, catalyzed the oxidation of sulfide to
elemental sulfur, transferring electrons to quinones. In summary,
the presence of these two genes was critical for detoxification of
sulfide in the oxic-anoxic interface of aquatic habitats, thereby
preventing potential damage to other organisms and generating
elemental sulfur as an energy source for sulfur-oxidizing bacteria.
Furthermore, genome annotation results revealed that strains of the

Brevibacterium linens ATCC 91727 (GCA_900169165.1)
Demequina lutea DSM 199707 (GCA_013409005.1)
Demequina oxidasica NBRC 106264 (GCA_000975115.1)
Demequina aurantiaca NBRC 106265" (GCA_000975135.1)
Demequina activiva NBRC 1106757 (GCA_016862815.1)
Demequina aestuarii NBRC 106260" (GCA_000975095.1)
EGI L300058

Demequina sediminicola NBRC 105855 (GCA_000975055.1)
Demequina flava NBRC 105854 (GCA_000975035.1)
Demequina globuliformis NBRC 106266 (GCA_000975155.1)
Demequina salsinemoris NBRC 105323T (GCA_000974805.1)
SYSU T00b26

Demequina pelophila NBRC 1093937 (GCA_000971175.1)
SYSU T0a273

SYSU T00039-1

SYSU T00039

SYSU T00068

Demequina maris NBRC 1093927 (GCA_000971155.1)
Demequina rhizosphaerae NBRC 109397" (GCA_000971255.1)
SYSU T00192

Demequina soli NBRC 109394 (GCA_000971195.1)
Demequina silvatica NBRC 109395 (GCA_000971215.1)
Demequina phytophila NBRC 1093917 (GCA_000971135.1)
Demequina mangrovi DSM 24868™ (GCA_900109245.1)
Demequina iriomotensis NBRC 1093997 (GCA_000971395.1)
Demequina gelatinilytica NBRC 109390 (GCA_000971115.1)
Demequina subtropica NBRC 109396" (GCA_000971235.1)

5

Phylogenomic tree of species of the genus Demequina. Bootstrap values (>95) based on 1000 resamplings are marked gray points at the nodes.
Brevibacterium linens ATCC 9172" (GCA_900169165.1) was used as an outgroup. ModelFinder used the Akaike Information Criterion (AIC), Corrected
Akaike Information Criterion (Correct AIC), and Bayesian Information Criterion (BIC) to select the best-fit model (LG+F+R3).
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FIGURE 3

Comparative genomic of species of the genus Demequina. (A), Average nucleotide identity (ANI) values shared among the related type species;
(B), Average amino acid identity (AAl) values shared among the related type species; (C), The pan-genome profile of all Demequina strains. “GC,”
"Gene number,” and "Genome length” represent GC content, gene number, genome length, respectively.

genus Demequina had the ability to reduce iron. The iron reduction
process encompasses various genes and proteins, such as CytC3 and
CytC4 genes, Fe (III) reductase proteins, electron transfer chain
genes, thiol-containing proteins, and electron carrier protein genes,
working collaboratively to convert iron oxides into soluble iron.
Iron-reducing bacteria (FeRB) not only contributed to the reduction
of minerals and humus, but also participated in the oxidation of
sulfur compounds and organic matter. FeRB played a crucial role in
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FIGURE 4

Complex carbon degradation potentials of species of the genus Demequina. Bootstrap values (>95) based on 1000 resamplings are marked gray
points at the nodes. Brevibacterium linens ATCC 9172 (GCA_900169165.1) was used as an outgroup. ModelFinder used the Akaike Information
Criterion (AIC), Corrected Akaike Information Criterion (Correct AIC), and Bayesian Information Criterion (BIC) to select the best-fit model (LG+F
+R3). Different colored stripes show different metabolisms. Various colored circles represent different metabolic genes.
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many engineering applications, such as wastewater treatment,
bioremediation, and bioelectrochemical systems (Garber
et al., 2020).

Species of the genus Demequina from aquatic environments also
played critical roles in metabolic and energy cycles and showed the
ability to oxidize organic carbon or acetate as a substrate for
fermentation. Annotation of these genomes revealed a diverse
repertoire of complex carbon degradation enzymes, including
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cellobiosidase, cellulase, and f-glucosidase for cellulose degradation,
and arabinosidase, f-glucuronidase, o-L-rhamnosidase for
hemicellulose debranching, and mannan endo-1,4-f-mannosidase,
o-D-xyloside xylohydrolase for endohemicellulase degradation; f-
xylosidase, -mannosidase, and f-galactosidase for degradation of
other oligosaccharides; o-amylase, glucoamylase, pullulanase, and
isoamylase for amylolytic enzymes; and chitinase and
hexosaminidase for chitin degradation (Figures 4, 5, and Dataset S3).
In addition, species of this genus harbored the Embden-Meyerhof
pathway for glycolysis, as well as the pentose phosphate pathway and
genes responsible for phosphoribosyl diphosphate (PRPP) biosynthesis
and facilitating the metabolism of purine, pyrimidine, and histidine.
For energy metabolism, the genome had a complete oxidative
phosphorylation pathway, including an NADH dehydrogenase
(nuoABCDEFGHIJKLMN) for proton shift, a ubiquinol-cytochrome
¢ reductase (gerABC), a cytochrome ¢ oxidase (ctaCDE), and an F-type
ATPase (atpABCDEFGH) (Dataset S3). Finally, basic organic substrate
utilization processes such as pyruvate metabolism and the tricarboxylic
acid cycle were also found in their genomes, representing the metabolic
pathways of the three major nutrients (sugars, lipids, and amino acids)
and serving as metabolic hubs for their cross-linking. In summary, the
species of the genus Demequina were involved in the main carbon cycle
processes and played an important role in the carbon cycle of the
aquatic ecosystem (Dataset 54).

Comparative analysis of genes related to salt tolerance revealed
that species of the genus Demequina had the ability to regulate
extracellular osmotic balance through outer membrane pore proteins
(OmpR), maintained optimal potassium ion concentrations (Hasan
et al., 2023), and excreted excessive sodium ions via ion transport
proteins (NhaA) (Tan et al., 2019; Quick et al, 2021). It also
synthesized the osmoregulatory substance proline via ProA, ProB,
ginA (Wu et al, 2018), and relied on chaperones and proteases
(DnakK, GroEL, ClpP) (Susin et al., 2006; Nouri et al., 2020) to ensure
proper protein folding and repair in response to osmotic stress
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(Supplementary Figure 6). These functional systems allowed species
in this genus to adapt to different osmotic niches, maintained cellular
homeostasis, and ensured optimal physiological function
and survival.

Furthermore, secondary metabolites of species in this genus
were categorized into eight types of biosynthetic gene clusters
(BGCs), including terpenes, RRE-containing, betalactones, NAP-
AA, T3PKS, NRPS-like, resorcinol, and lanthipeptide-class-v.
Differences in the type and abundance of BGCs were observed
among these species, but some BGCs were present in most strains
(Supplementary Figure 7). This diversity of BGCs suggests that
Demequina strains might have the potential to be resistant to
pathogens, which could have various functions in defending
against pathogens in different niches.

3.5 Exploring physiological characteristics
of novel strains

Seven novel strains were characterized as Gram-stain positive,
non-motile, and aerobic. The colony morphology of these strains
was characterized by a large, circular shape with a smooth and moist
texture, well-defined edges, and yellow. The electron micrograph of
seven strains showed the short-rod structure with a length of
roughly 0.71-1.37 um and a width of approximately 0.34-0.45 um
(Supplementary Figure 8). The seven strains exhibited a wide range
of growth temperatures, from 4-37 °C, and could tolerate different
pH values between 6-9 and salt concentrations of 0-8% (w/v).
According to results of Biolog Gen III, strain SYSU T0a273 could
utilize D-fructose, D-fructose-6-PO,, D-glucuronic acid,
glucuronamide, nalidixic acid, lithium chloride, and potassium
tellurite. Strain SYSU T00039-1 was able to utilize 33 different
substrates, while strain SYSU T00039 was capable of utilizing 29
substrates, and SYSU T00068" was capable of utilizing 31

Complex carbon degradation

Fermentation, nitrogen, sulfur metabolism of species of the genus Demequina. Bootstrap values (>95) based on 1000 resamplings are marked gray
points at the nodes. Brevibacterium linens ATCC 91727 (GCA_900169165.1) was used as an outgroup. ModelFinder used the Akaike Information
Criterion (AIC), Corrected Akaike Information Criterion (Correct AIC), and Bayesian Information Criterion (BIC) to select the best-fit model (LG+F
+R3). Different colored stripes show different metabolisms. Various colored circles represent different metabolic genes.
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substrates. SYSU T00039-1, SYSU T00039, and SYSU T00068"
shared the ability to utilize 16 substrates, including dextrin, D-
maltose, D-trehalose, D-cellobiose, gentiobiose, sucrose, D-
turanose, stachyose, a-D-lactose, D-melibiose, S-methyl-
D-glucoside, D-fructose, D-galactose, inosine, lithium chloride,
and sodium butyrate. Significant differences in substrate
utilization were observed between the above four strains of the
same species. Strains SYSU T00192", SYSU T00b26", and EGI
1300058" showed the ability to utilize different substrates by using
27, 28, and 50 substrates, respectively. These results demonstrated
the metabolic versatility of these strains and indicated their
potential applications in biotechnology and environmental fields.
The API 20NE experiments showed that SYSU T0a273, SYSU
T00039-1, SYSU T00039, and SYSU T00068" produced only a
single enzyme, [(-galactosidase. Although SYSU T0a273, SYSU
T00039, and SYSU T00068" produced B-glucosidase, SYSU
T00039-1 was found to have other abilities, including hydrolysis
of gelatin, production of urease and indole, and the ability to
assimilate glucose, arabinose, mannose, and N-acetyl-f-
glucosamine. SYSU T00192" produced both S-glucosidase and S-
galactosidase and was able to assimilate glucose, arabinose, and
maltose. SYSU T00b26" was found to produce B-galactosidase and
assimilate glucose, arabinose, and maltose. EGI 1.300058" produced
both B-glucosidase and f-galactosidase. According to the results of
experiments conducted by API ZYM, these strains shared the
following enzyme activities: (C4) esterase, (C8) esterase lipase,
leucine arylamidase, valine arylamidase, naphthol-AS-BI-
phosphohydrolase, -galactosidase, and a-glucosidase. Substantial
variations in enzyme activities were observed within the Demequina
strains. However, the results of the H,S production, starch
degradation, Tween (60 and 80) degradation, and gelatin
liquefaction assays showed that these novel strains could not
perform these activities.

Upon analysis with Microbial Ligninase Detection Kit analysis,
all seven strains showed the ability to produce ligninase, with EGI
1300058" producing the highest amount of up to 800 ng/mL, while
SYSU T00b26" had the lowest production at 500 ng/mL
(Figure 6A). When analyzed with the Microbial Cellulase
Detection Kit, all seven strains showed the ability to produce
cellulase, with EGI L300058" and SYSU T00068" producing the
highest amount of up to 1200 pg/mL, while SYSU T00b26" and
SYSU T00039-1 exhibited the lowest production at 600 pg/mL
(Figure 6B). According to Microbial Chitinase Detection Kit
analysis, all seven strains showed the ability to produce chitinase,
with SYSU T00068" producing the highest amount of up to 60 pg/
mL, while SYSU T00b26" exhibited the lowest production 3 to 30
pg/mL (Figure 6C). Analysis of the microbial indoleacetic acid
(IAA) with ELISA kit showed that all novel strains were able to
produce TAA (SYSU T00068" with the highest IAA production of
28.5 ug/L on average) (Figure 6D), suggesting that these strains had
the potential to promote plant growth. ACC is one of the precursors
involved in the synthesis of ethylene in plants. The enzyme ACC
deaminase degrades ACC into ammonia and o-keto butyric acid,
thereby lowering the ethylene levels in plants and promoting plant
growth (Glick et al, 2007). In addition, the Demequina strains
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exhibited high-yielding ACC deaminase properties (SYSU T00039
with the highest ACCD production on average: 17.9 ng/L), as
shown by the result of the physiological experiment (Figure 6E).
The major fatty acids (>5%) of Demequina strains were anteiso-
Cis.00 180-Cio.g, anteiso-Cy7.; @9¢, is0-Cg.0, 150-Cig0, and iso-Cisyg
(Supplementary Table 1). MK-9 (H,) was found to be the respiratory
quinone of these strains. The polar lipids of these novel strains were
found to consist of diphosphatidylglycerol (DPG), phosphoglyceride
(PG), phosphatidylinositol (PI), phosphatidylinositol mannosides
(PIMs), and unidentified lipid (L) (Supplementary Figure 9).
Detailed phenotypic and physiological characteristics of novel
strains from the genus of Demequina were listed in Dataset S5.

4 Discussion

4.1 Deciphering evolutionary lineage
and taxonomic discrimination
through phylogenomic analysis

and comparative genomics

As previous studies description, numerous species of the genus
Demequina were isolated from marine related niches such as marine,
tidal flat, arctic permafrost soil, rhizosphere of a mangrove, etc. In our
study, six strains of the genus Demequina (SYSU T00068", SYSU
T0a273, SYSU T00039, SYSU T00039-1, SYSU T00192" and SYSU
T00b26") were isolated from tidal flats and one strain (EGI
L£300058") was isolated from saline lake. Strains EGI L300058" and
SYSU T00192" displayed the low 16S rRNA gene homologies with
their most related type species, which were satisfied the species
delineation (98.65%) (Kim et al., 2014). The phylogenetic analysis
of the 16S rRNA genes and genomes, along with comparative
genomics (specifically ANI and AAI values below species
delimitation thresholds), confirmed that EGI 1.300058" and SYSU
T00192" represented two novel species of this genus. Although the
16S rRNA gene sequence of strain SYSU T00b26" showed a high
homology of 99.22% with D. salsinemoris NBRC 105323",
phylogenetic analysis of the 16S rRNA gene and genome, as well as
comparative genomics (especially ANT and AAI values below the
species delimitation thresholds) confirmed that SYSU TO0b26"
represented a novel species of this genus (Richter and Rossello-
Mora, 2009). The 16S rRNA gene homologies between D.
iriomotensis NBRC 109399" and strains SYSU T00068", SYSU
T00039, SYSU T00039-1 and SYSU T00a273 were lower than the
species delineation threshold. Furthermore, based on the
phylogenetic analysis of the 16S rRNA genes and genomes, as well
as comparative genomics using ANI, AAI, dDDH values below the
species delimitation thresholds (Richter and Rossello-Mora, 2009), it
was confirmed that SYSU T00068", SYSU T00039, SYSU T00039-
land SYSU T00a273 were seen as one novel species of this genus.
Additionally, the comparative genomic results demonstrated that
these four strains belong to different strains within the same species.
In summary, we acquired seven strains from different salinity niches
that could be classified into 4 novel species, and expended our
understanding of microbial biodiversity in the genus Demequina.
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FIGURE 6

Ligninase, cellulase, chitinase, IAA, and ACCD production species of the genus Demequina. (A), comparison of ligninase production capacity among
tested Demequina strains; (B), comparison of cellulase production capacity among tested Demequina strains; (C), comparison of chitinase production
capacity among tested Demequina strains; (D), comparison of indole-3-acetic acid (IAA) production capacity among tested Demequina strains;

(E), comparison of ACC (1-aminocyclopropane-1-carboxylate) deaminase production capacity among tested Demequina strains. The method employed
for the differential comparison was the t-test. * refers to p < 0.05; ** refers to p < 0.01; *** refers to p < 0.001.

4.2 Exploring the biogeochemical
significance and physiological
characteristics of Demequina in living
ecosystem

The genus Demequina from the order Micrococcales played a
vital role in the nitrogen cycle of aquatic ecosystems, particularly in
the reduction of nitrite to ammonia via the nrfADH and nirBD
pathways (as shown in Figure 4). The nrfADH pathway utilized the
nrfA and nrfH genes, which encoded key enzymes for the reduction

Frontiers in Marine Science

of nitrite to ammonia, particularly in oxygen deficient aquatic
niches (Riitting et al., 2011). The nirBD pathway, on the other
hand, used the nirB and nirD genes to reduce nitrite to ammonia,
which was critical in high-oxygen environments (Akhtar et al,
2013). This implied that strains of this genus could express different
functional genes for the conversion of nitrite to ammonia to expand
habitat with different oxygen concentrations. Our study also shed
light on the possible involvement of strains of this genus in the
sulfur cycle in aquatic ecosystems. The sulfur cycle was an
important biogeochemical process that involved the conversion of
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sulfur compounds between different oxidation states. Sulfide, a
reduced form of the sulfur element, was toxic to most organisms
and could cause severe ecological damage if not properly detoxified
(Lamers et al., 2013). Our research revealed that most strains of the
genus Demequina possessed key genes, namely fccB and sqr, which
were involved in sulfide oxidation. fccB, a subunit of the
flavocytochrome ¢ complex, could transfer electrons from reduced
sulfur compounds to oxygen (Friedrich et al., 2001), while sgr, a
sulfide: quinone oxidoreductase, catalyzed the oxidation of sulfide
to elemental sulfur and transferred electrons to quinones (Cherney
et al., 2012). Taken together, these genes were essential for
detoxification of sulfide in the aquatic environment and
prevented other organisms from being harmed. Moreover, sulfide
oxidation contributes to the production of elemental sulfur, which
serves as an energy source for sulfur-oxidizing bacteria, supporting
the diversity of microbial communities in aquatic ecosystems. The
presence of these key genes in Demequina strains suggested that
they were actively involved in sulfur cycling of aquatic ecosystems,
which was a significant finding because the role of Demequina
strains in sulfur cycling had not been previously reported. Overall,
our study highlights the ecological importance of Demequina
strains in maintaining the balance of nitrogen and sulfur cycling
in aquatic ecosystems, thereby maintaining the diversity of
microbial communities in these environments. Demequina strains
had also been shown to have the ability to reduce Fe** to Fe**. This
process, known as iron reduction, was an important biogeochemical
process that occurs in both soil and aquatic environments. The
reduction of Fe’* to Fe** can be carried out by a variety of
microorganisms, including Demequina strains, and can play a
significant role in the cycling of iron in ecosystems. This process
was important because Fe** was more soluble than Fe’" and more
easily taken up by plants and other organisms (Morrissey and
Guerinot, 2009). In addition, Fe?" could react with other
compounds in the environment and lead to the formation of
minerals such as magnetite and siderite, which could affect the
composition and stability of soil and sediments environments
(Huang et al, 2021; Shen et al, 2021). Therefore, the ability of
Demequina strains to reduce Fe’* to Fe** was of ecological
importance to the biogeochemical cycling of iron and the
maintenance of ecosystem functions.

Our study also revealed that strains of the genus Demequina
had the potential for antagonistic activity against pathogens, as
evidenced by genome annotations. In particular, the strains were
found to contain a number of biosynthetic gene clusters (BGCs)
involved in antifungal activities, including terpenes, RRE-
containing, betalactones, NAP-AA, T3PKS, NRPS-like, resorcinol
or lanthipeptide-class-V. Previous researches had revealed that
these types of secondary metabolites might exhibit various
biological activities such as antibacterial, antioxidant, and anti-
inflammatory properties (Modjinou et al.,, 2017; Shimizu et al,
2017; Lima et al., 2020; Xu et al., 2020; Shi et al., 2021). Overall,
these results suggested that strains of this genus had a role in
biocontrol and bioremediation in various environments and might
be suitable for the pharmaceutical industry.

Our results showed that genomes of the genus Demequina had
diverse complex carbon degradation enzymes, including cellulose
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and hemicellulose degradation, oligosaccharide degradation,
amylolytic enzymes, and chitin degradation. The presence of
these enzymes suggested that strains of this genus, as
heterotrophic microorganisms, were capable of degrading a
variety of complex organic compounds, which was essential for
maintaining the balance of carbon and nutrient cycling to sustain
life and stabilize microbial communities in different aquatic niches.
Hence wood or herbs as a carbon source for aquatic niches
consisted of lignocellulose, lignin, chitin, or other compounds
that made them resistant to the degradation of these complex
carbohydrates (Janusz et al., 2017; Zoghlami and Paés, 2019;
Borcsok and Pasztory, 2021). Wood-degrading enzymes,
especially lignin-degrading enzymes, played a critical role in the
utilization of wood or herbs as a renewable energy and carbon
source (Ayuso-Fernandez et al., 2018). Our research results had
shown that strains of the genus Demequina possessed a significant
amount of ligninase, cellulase, chitinase, IAA, and ACCD related
genes and were capable of utilizing a wide range of substrates based
on genomic and physiological evidences. These results might shed a
light on the reason for the distribution of most species of this genus
from mangrove or tidal flat niches, where lignin or cellulose had
normally been enriched. Further studies of the ligninase produced
by strains of the genus Demequina could lead to a better
understanding of its function and potential applications in the
biorefinery and bioenergy industries.

These research findings have greatly improved our
understanding of the diversity and potential functions of
Demequina, which are abundant in aquatic environments, and
facilitate study of microorganisms in more complex ecosystems.

5 Conclusion

Our research results showed that seven novel strains of the
genus Demequina were isolated from different salinity aquatic
niches (tidal flats and saline lake). Phylogenetic relationships,
based on 16S rRNA gene sequences and genomes, comparative
genomics (ANI, AAIL and dDDH values), and physiological
characteristics, showed that the seven isolated strains could be
classified into 4 novel species. In particular, SYSU T00039, SYSU
T00039-1, SYSU T00a273, and SYSU T00068" were different strains
of the same novel species. However, EGI L300058", SYSU T001927,
and SYSU T00b26" belonged to three different species in the genus
Demequina. Genomic analysis and physiological characteristics of
these strains had led to the development of a metabolic model that
showed their ability to degrade various polysaccharides such as
lignin, hemicellulose, and chitin, as well as oligosaccharides, and to
participate in nitrite ammonification and sulfide oxidation. These
results shed light on the potential ecological role of strains from the
genus Demequina. Therefore, we propose four novel strains of the
genus Demequina, namely Demequina muriae sp. nov. with strain
EGI 1300058" (=GDMCC 1.3270"=KCTC 59052") as the type
species, Demequina litoralis sp. nov. with strain SYSU T00192"
(=GDMCC 1.3840"=KCTC 49956 ") as the type species, Demequina
zhanjiangensis sp. nov. with strain SYSU T00b26" (=GDMCC
138417 =KCTC 49950") as the type species, and Demequina
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lignilytica sp. nov. with strain SYSU T00068" (=GDMCC 1.3838"=
KCTC 49954T) as the type species, while SYSU T0a273, SYSU
T00039-1, and SYSU T00039 were different strains of
Demequina lignilytica.

Description of Demequina muriae sp. nov.

Demequina muriae (mu’riae. L. gen. n. muriae, of a brine).

Each cell is about 0.80 um in length and 0.39 um in width,
giving them a short rod-like shape. Cells are not motile and have no
flagella. Cells are Gram-stain positive and aerobic. Cells grow at pH
values of 8 to 9, temperatures between 25 and 37°C, as well as NaCl
concentration at 0-5%. The organism exhibits negative activity for
urease, milk peptonization and coagulation, gelatin liquefaction and
coagulation, and degradation of Tweens (40, 60, and 80) and starch,
while positive activity is observed for indole-3-acetic acid
production, l-aminocyclopropane-1-carboxylic acid (ACC)
deaminase production, catalase, esterase, -glucosidase, ligninase,
cellulase, chitinase, and other enzymes. The major fatty acids (>5%)
were anteiso-Cjs.g, i50-Cjo.9, anteiso-Cy7.; @9¢, is0-Cig.g, 150-Cj 4.0,
and iso-C;s,. The predominant menaquinone is MK-9 (H,). The
polar lipid profile consists of diphosphatidylglycerol,
phosphoglyceride, phosphatidylinositol, phosphatidylinositol
mannosides, and unidentified lipid. The G+C content of the
genomic DNA is 69.41%.

The type strain, EGI 1300058 (=GDMCC 1.3270"=KCTC
59052"), was isolated from the Dabancheng saline lake in Xinjiang,
PR China. The G+C content is 69.41%. The GenBank accession
numbers for the 16S rRNA gene and genome sequences of strain EGI
1300058" are OR098447 and NMDC60064244 respectively.

Description of Demequina litoralis sp. nov.

Demequina litoralis (lit.to.ralis. L. fem. adj. litoralis, coastal).

Each cell is about 0.92 um in length and 0.42 um in width,
giving them a short rod-like shape. Cells are not motile and have no
flagella. Cells are Gram-stain positive and aerobic. Cells grow at pH
values of 6 to 7, temperatures between 25 and 37°C, as well as NaCl
concentration at 0-4%. The organism exhibits negative activity for
urease, milk peptonization and coagulation, gelatin liquefaction and
coagulation, and degradation of Tweens (40, 60, and 80) and starch,
while positive activity is observed for indole-3-acetic acid
production, l-aminocyclopropane-1-carboxylic acid (ACC)
deaminase production, esterase, lipase, [-glucosidase, ligninase,
cellulase, chitinase, and other enzymes. The major fatty acids
(>5%) were anteiso-Cis.9, i80-Cyo.9, anteiso-Cy7.; @9¢, is0-Cje.0,
is0-C 4.0, and iso-Cys. The predominant menaquinone is MK-9
(Hy4). The polar lipid profile consists of diphosphatidylglycerol,
phosphoglyceride, phosphatidylinositol, phosphatidylinositol
mannosides, and unidentified lipid. The G+C content of the
genomic DNA is 72.26%.

The type strain, SYSU T00192" (=GDMCC 1.3840"'=KCTC
49956"), was isolated from tidal flats sediments of Zhanjiang
city in Guangdong, PR China. The G+C content is 72.26%.
The GenBank accession numbers for the 16S rRNA gene and
genome sequences of strain SYSU T00192" are OR098449 and
NMDC60064242 respectively.

Description of Demequina zhanjiangensis sp. nov.

Demequina zhanjiangensis (zhan.jiang.en’sis. N.L. fem. adj.
zhanjiangensis, from Zhanjiang, China).
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Each cell is about 0.73 pm in length and 0.34 um in width,
giving them a short rod-like shape. Cells are not motile and have no
flagella. Cells are Gram-stain positive and aerobic. Cells grow at pH
values of 6 to 8, temperatures between 25 and 37°C, as well as NaCl
concentration at 0-8%. The organism exhibits negative activity for
urease, milk peptonization and coagulation, gelatin liquefaction and
coagulation, and degradation of Tweens (40, 60, and 80) and starch,
while positive activity is observed for indole-3-acetic acid
production, 1-aminocyclopropane-1-carboxylic acid (ACC)
deaminase production, esterase, lipase, f-glucosidase, f-
mannosidase, ligninase, cellulase, chitinase, and other enzymes.
The major fatty acids (>5%) were anteiso-Cjs.g, i0-Cyo.9, anteiso-
Ci7.1 @9¢, 150-Cyg0, 180-Ci40, and iso-Cys. The predominant
menaquinone is MK-9 (H,). The polar lipid profile consists of
diphosphatidylglycerol, phosphoglyceride, phosphatidylinositol,
phosphatidylinositol mannosides, and unidentified lipid. The G
+C content of the genomic DNA is 69.58%.

The type strain, SYSU T00b26" (=GDMCC 1.3841" =KCTC
49950"), was isolated from tidal flats sediments of Zhanjiang
city in Guangdong, PR China. The G+C content is 69.58%.
The GenBank accession numbers for the 16S rRNA gene and
genome sequences of strain SYSU T00b26" are OR098448 and
NMDC60064243 respectively.

Description of Demequina lignilytica sp. nov.

Demequina lignilytica (lig.nily'ti.ca. L. neut. n. lignum, wood;
Gr. masc. adj. lytikos, loosening, dissolving; N.L. fem. adj.
lignilytica, splitting lignin).

Each cell is about 1.37 um in length and 0.49 um in width,
giving them a short rod-like shape. Cells are not motile and have no
flagella. Cells are Gram-stain positive and aerobic. Cells grow at pH
values of 6 to 7, temperatures between 25 and 37°C, as well as NaCl
concentration at 0-8%. The organism exhibits negative activity for
urease, milk peptonization and coagulation, gelatin liquefaction and
coagulation, and degradation of Tweens (40, 60, and 80) and starch,
while positive activity is observed for indole-3-acetic acid
production, 1-aminocyclopropane-1-carboxylic acid (ACC)
deaminase production, esterase, lipase, fB-glucosidase, ligninase,
cellulase, chitinase, and other enzymes. The major fatty acids
(>5%) were anteiso-Cis,, is0-Co,, anteiso-C,7.; @9¢, is0-Cg.0,
is0-Cy 4.9, and iso-Cys. The predominant menaquinone is MK-9
(H,). The polar lipid profile consists of diphosphatidylglycerol,
phosphoglyceride, phosphatidylinositol, phosphatidylinositol
mannosides, and unidentified lipid. The G+C content of the
genomic DNA is 71.88%.

The type strain, SYSU T00068" (=GDMCC 1.3838"= KCTC
49954"), was isolated from tidal flats sediments of Zhanjiang
city in Guangdong, PR China. The G+C content is 71.88%.
The GenBank accession numbers for the 16S rRNA gene and
genome sequences of strain SYSU T00068" are OR098453 and
NMDC60064239 respectively.
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