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Abstract
Members of the genus Marinomonas are known for their environmental adaptation and metabolically
versatility, with abundant proteins associated with antifreeze, osmotic pressure resistance, carbohydrase
and multiple secondary metabolites. Comparative genomic analysis focusing on secondary metabolites
and orthologue proteins were conducted with 30 reference genome sequences in genus Marinomonas. In
this study, a Gram-stain-negative, rod-shaped, non-�agellated and strictly aerobic bacterium, designated
as strain E8T, was isolated from the red algae (Gelidium amansii) in the coastal of Weihai, China. Optimal
growth of the strain E8T was observed at temperatures 25–30 ℃, pH 6.5-8.0 and 1–3% (w/v) NaCl. The
DNA G + C content was 42.8 mol%. The predominant quinone was Q-8 and the major fatty acids were
C16:0, summed feature 3 and summed feature 8. The main polar lipids were phosphatidylglycerol (PG)
and phosphatidylethanolamine (PE). Based on data obtained from this polyphasic taxonomic study,
strain E8T belongs to a novel species of the genus Marinomonas, for which the name Marinomonas
algarum is proposed. The type strain is E8T (= KCTC 92201T = MCCC 1K07070T).

Introduction
The genus Marinomonas belongs to the family Oceanospirillaceae in the Gammaproteobacteria, was
created by Van Landschoot and De Ley (1984) to accommodate two reclassi�ed species, namely
Marinomonas vaga and Marinomonas communis. At the time of April of 2022, 39 validly published
species (https://lpsn.dsmz.de/genus/marinomonas) had been isolated from marine environment,
including 11 species from marine plants, 10 from seawater and 5 from marine sediment. Many of them
had been observed special properties like agar degradation (M.agarivorans KCTC 52475T) (Yu et al.
2020), algicidal activity (M.algicida KEMB 9005-327T) (Kristyanto et al. 2017), plant-bene�cial properties
(M.spartinae KCTC 42958T) (Lucena et al. 2016) and thermophilic characteristic (M.primoryensis JCM
11775T) (Romanenko et al. 2003). Members of the genus Marinomonas are Gram-stain-negative, rod-
shaped, strictly aerobic, some of them could hydrolyze agar, gelatin and have the ability to metabolize
quinate, acetate, glycerol, and lactate (Ivanova et al. 2005; Lucas-Elío et al. 2011; Yu et al. 2020). Previous
studies have veri�ed that members of genus Marinomonas shown genomic, proteomic, physiological
adaptations for challenging marine environments (Vance et al. 2014; Liao et al. 2021). Varied kinds of
secondary metabolites have been tracked in some strains in genus Marinomonas, including ω-ester-
containing peptides (OEPs) (as a kind of RiPPs) from Marinomonas fungiae JCM 18476T (Kaweewan et
al. 2021), marinocine from Marinomonas mediterranea MMB-1 (Lucas-Elio et al. 2005) and antimicrobial
potentials (Wang et al. 2016).

In this study, a novel species within the genus Marinomonas was isolated from the surface of marine red
algae and polyphasic taxonomy method was used to identify the taxonomic position of the novel strain
E8T. We have preliminarily analysed the pan-genomes, orthologue proteins in genus and predicted the
biosynthetic gene clusters related to secondary metabolism.
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Materials And Methods
Isolation, cultivation and maintenance

The strain E8T was isolated from marine red algae (Gelidium amansii) collected from the coast of
XiaoShi Island Weihai, China (37.5°N, 122.1°E) during a low tide and brought to the laboratory in a cold
sterilized chamber. Samples were smashed into small pieces and homogenized. Then 1 g homogenate
was weighed out and blended in 9 ml sterilized sea water and mixed homogeneously as 10-1. After
gradient dilution to 10-2 and 10-3, 100µl of three dilutions were spread on marine agar 2216 (MA, Becton
Dickinson) and incubated at 25 ℃ for 5 days. A single colony of strain E8T was obtained in pure culture
after transferring to fresh MA by previously described method (Xu et al. 2020) and the strain was stored
at – 80 °C in sterile 20% (v/v) glycerol supplemented with 1% (v/v) NaCl. The phylogenetically related
reference strains Marinomonas communis JCM 20766Tand Marinomonas pontica DSM 17793T, were
obtained from Pro. Du.

16S rRNA gene sequence and phylogenetic analysis

To identify the taxonomic position of strain E8T, the 16S rRNA gene sequence was ampli�ed by PCR
using two universal primers 27f and 1492r (Liu et al. 2014). The puri�ed PCR products were ligated to the
pGM-T vector and transferred into E. coli DH5α cells. The positive clones were selected and performed
sequencing by BGI Co. Ltd (Qingdao, PR China) using the ABI 3730XL system. The amplifed 16S rRNA
gene sequence of strain E8T was submitted to the GenBank database and the 16S rRNA gene sequence
similarities were calculated using the BLAST algorithm at NCBI (https://www.ncbi.nlm.nih.gov) and
EzTaxon server (http://www. ezbiocloud.net/) (Yoon et al. 2017). The MEGA version 7.0 (Kumar et al.
2016) was used to constructed phylogenetic trees with the neighbor-joining, maximum-likelihood and the
maximum-parsimony algorithms. The stability of the topology was con�rmed by performing bootstrap
analyses based on 1000 replications (Felsenstein 1985).

Genome sequencing and function analysis

The genomic DNA of strain E8T was extracted from a culture grown in MB (Becton Dickinson) for 48h
using a Bacteria DNA Kit (Omega) according to the manufacturer’s recommendations and then the
puri�ed DNA was sent to Beijing Novogene Bioinformatics Technology Co., Ltd. The sequencing library
was prepared by using NEBNext® Ultra™ DNA Library Prep Kit for Illumina (NEB, USA) following
manufacturer’s recommendations and sequenced using the pair-end 350 bp sequencing protocol on the
Illumina PE150 platform. To obtain clean data, raw sequencing data were generated by using readfq
(Version 10) at �rst and Illumina base-calling software CASAVA v1.8.2
(http://www.support.illumina.com/) according to its corresponding manuscript. All good quality paried
reads were assembled using SOAPdenovo software (Li et al. 2008). To make sure the authenticity of 16S
rRNA, the complete 16S rRNA gene sequence which was accessed from the draft genome using the
RNAmmer 1.2 server (http://www.cbs.dtu.dk/services/RNAmmer/) had been compared with PCR
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ampli�cation. The G + C content of the chromosomal DNA was calculated using genome sequence. The
genome component prediction was conducted with GeneMarkS program (Besemer et al. 2001),
tRNAscan-SE software (Version 1.3.1) (Lowe and Eddy 1997), rRNAmmer software (Version 1.2) (Lagesen
et al. 2007), Rfam database (Gardner et al. 2009), IslandPath-DIOMB program (Hsiao et al. 2003), PHAST
software (Version 2.3) (Zhou et al. 2011) and CRISPRFinder (Grissa et al. 2007) to predict the related
coding genes, tRNA, rRNA, snRNA, Genomics Islands, prophage and Clustered Regularly Interspaced Short
Palindromic Repeat Sequences (CRISPR) respectively. Then, a whole genome Blast search (E-value less
than 1e-5, minimal alignment length percentage larger than 40%) was performed to predicted gene
function by using Gene Ontology (GO) (Ashburner et al. 2000), Kyoto Encyclopedia of Genes and
Genomes (KEGG) (Kanehisa et al. 2015), Clusters of Orthologous Groups (COG) (Galperin et al. 2015),
Rapid Annotations using Subsystem Technology (Rastekenari et al.) server (Aziz et al. 2008) and
Transporter Classi�cation Database (TCDB) (Saier et al. 2014). To further detect the taxonomic
relationship between the strain E8T and within members in the genus Marinomonas, phylogenomic
analyses based on genomes inferred bac120 marker set via GTDB-Tk (Chaumeil et al. 2020) were
reconstructed by using FastTree (Price et al. 2010) with JTT+CAT parameters and performed by using IQ
Tree (Tri�nopoulos et al. 2016) with the LG+F+I+G4 model and 1000 bootstrap replicates.

Morphological, physiological, and biochemical analysis

The morphological and physiological features of strain E8T were examined with cells grown on MA at 28
℃ for 48 h. Cell morphology, size and the presence of �agella were examined by light microscopy (E600,
Nikon) and transmission electron microscopy (JEM-1200; JEOL) at the State Key Laboratory of Bio-Fibers
and Eco-Textiles (Qingdao University, China). Gram staining was performed as the method described
previously (Smibert and Krieg 1994). Gliding motility was tested in marine broth 2216 (MB; BD)
supplemented with 0.3% agar and motility was examined using the hanging-drop method according to
the methods of Bernardet et al. (2002). Cells of strain E8T were incubated on MA for 14 days with or
without 0.1% (w/v) KNO3 in an anaerobic jar to determine the growth under anaerobic conditions (10% H2,
10% CO2 and 80% N2). Growth ranges and optimum temperature were indicated on MA at 4, 10, 15, 20,
25, 28, 30, 33, 37, 40 and 45 ℃. Growths at range of NaCl were tested in the following medium (per liter: 1
g yeast extract, 5 g peptone, 0.1 g ferric citrate), supplying with arti�cial seawater (per liter: 3.2 g MgSO4,
2.2 g MgCl2, 1.2 g CaCl2, 0.7 g KCl, 0.2 g NaHCO3) containing 0, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9 or 10% (w/v)
NaCl at 28 ℃, and recorded the colony growth every 12h. The pH range for growth was tested in marine
broth 2216 (MB; BD) with addiction of appropriate 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, 9.5 and10.0), at a
concentration of 20 mM and monitored the growth of bacterial using a spectrophotometer at 600 nm.
The oxidase activity and catalase activity were assessed by using an oxidase reagent kit (bioMérieux)
according to the manufacturer’s instructions and the production of bubbles after the addition of a drop of
3% (v/v) H2O2. The nitrate reduction and degradation of agar, starch, cellulose, alginate, casein and lipids
(Tween 20, 40, 60 and 80) were examined according to the methods described by Tindall et al. (2007).
Other physiological or biochemical tests were investigated by using the API 20E, API ZYM and API 50CHB
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Kits (all from BioMérieux, France) and Biolog Gen III microPlates according to the manufacturer’s
instructions except that salinity was adjusted to 3%. All tests were carried out simultaneously with related
type strains at least twice. Susceptibility to antibiotics was tested by measuring the size of inhibition
zone generated by different drug-sensitive paper on MA at 28 °C for 3 days. A cell suspension (0.5
McFarland standard) was swabbed over MA to create a uniform lawn before aseptic placement of
antibiotic discsonto the surface. CLSI standards were strictly followed for cultivation and inhibition zone
diameter reading (CLSI 2012).

Chemotaxonomic characterization analysis

To analyse characterization of cellular fatty acids, respiratory quinone compositions and polar lipids,
cells of strain E8T and two related type strains were harvested from MB medium after growth at 28 ℃ for
3 days and subjected to freeze-drying. The cellular fatty acids were saponi�ed, methylated and extracted
according to the standard protocols of MIDI (Sherlock Microbial Identi�cation System, version 6.0B)
protocol equipped with an Agilent HP6890 gas chromatograph (Sasser 1990). The designations and
percentages of fatty acids were identi�ed with the TSBA40 database using MIS standard software. The
respiratory quinones were extracted from 300 mg freeze-dried cell material and separated by TLC after
extraction with a chloroform/methanol (2:1, v/v) mixture (Tindall et al. 2007). The content of each
quinone type was subsequently analyzed by HPLC according to the method previously described
(Kroppenstedt 1982). The polar lipids were extracted with solutions chloroform/methanol/water (65:25:4,
by vol) for the �rst dimension and chloroform/methanol/acetic acid/water (80:12:15:4, by vol) for the
second dimension and separated via two-dimensional silica-gel TLC. The lipid material was stained using
10% molybdatophosphoric acid solution (total lipids), molybdenum blue solution (phosphates), α-
naphthol sulfuric solution (carbohydrates) and ninhydrin (amines) respectively. The speci�c experimental
process is implemented according to the method described by Minnikin et al. (1984) and Tindall et al.
(2007).

Comparative genome analysis and pan-genome analysis

Comparative genomics of M.algarum E8T and other species in genus Marinomonas was performed using
29 reference genomes available in the GenBank database. The general features of the genomes of
strains were obtained from the result of NCBI Prokaryotic Genome Annotation Pipeline (PGAP). To
identify the genomic distance between each genomes, the MASH distance was computed by using MASH
(Ondov et al. 2016). The pairwise whole genome comparisons of average nucleotide identity (ANI) and
average amino acid identity (AAI) were calculated according to Konstantinidis and Tiedje using the
scripts (http://enve-omics.gatech.edu/). The digital DNA–DNA hybridization (dDDH) values were
determined by using the Genome-to-Genome Distance Calculator (GGDC2.1) (http://ggdc.dsmz.de).

The protein sequences were clustered and compared by Cd-hit (Li and Godzik 2006) and aligned by using
MAFFT method (Katoh et al. 2002). The protein sequences were conserved into corresponding codon
alignments and automated alignment trimming by using trimAl (Capella-Gutiérrez et al., 2009). Then, the
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single-copy protein tree was constructed by FastTree (Price et al. 2010). To identify conserved single-copy
gene families, the genomes of strain E8T and 29 reference strains were analysed by using OrthoFinder
(Emms and Kelly 2019), following the default parameters and constructed a phylogenetic tree of single-
copy Orthologue proteins by FastTree (Price et al. 2010).

The pan-genome analysis was conducted by using BPGA (Bacterial Pan Genome Analysis tool)
(Chaudhari et al. 2016) to identify the core, accessory and unique genes. The pipeline generated a
phylogenetic tree based on pan-matrix data without outgroup used for the pan-genome tree for better
evidence the relationship among Marinomonas species. Furthermore, the OrthoVenn2 web server (Xu et
al. 2019) was performed to analysed the protein sequences for comparison and annotation of the
orthologous clusters of the strains E8T and 11 strains isolated from marine plant including M.agarivorans
QM202T, M. alcarazii CECT 7730T, M.algicola SM1966T, M.aquiplantarum CECT 7732T, M.balearica CECT
7378T, M.colpomeniae SM2066T, M.foliarum CECT 7731T, M.pollencensis CECT 7375T, M.posidonica
IVIA-Po-181T, M.rhizomae IVIA-Po-145T and M.spartinae CECT 8886T.

To further compare the genomic functions and metabolism, Prokka (Seemann 2014) was used to
annotated all 30 reference genome sequences. The COG database (Galperin et al. 2015) was used to
determine the clusters of orthologous groups of proteins and predict functions and the results of each
strains were clustered into a relative abundance heatmap. The COG annotation was selected for E-value
below 10−5. The genomes of the reference strains were analysed using antiSMASH version 6.0 (Blin et al.
2021) with “strict” detection criteria to predict the biosynthetic gene clusters (BGCs) enabled and default
parameters. The results of BGCs predictions was generated a stack graph depicting the number of each
BGC type using the Rstudio packages “ggplot2” (Villanueva and Chen 2019). The BAGEL4 web server
(van Heel et al. 2018) was used to further mine the potential RiPPs and bacteriocins across all reference
strains in genus Marinomonas.

Results And Discussion
Morphological, physiological and biochemical characteristics

Cells of the strain E8T were Gram-stain-negative, rod-shaped, about 0.2-0.4 µm wide and 1.0-2.5 µm long,
without �agella (Fig. S1). A wide range of growth have been observed in temperature, pH and tolerance of
salt, including strain E8T and related species in genus Marinomonas. The major differences of
biochemical characteristics for strain E8T and related species are summarized in Table 1. All negative
traits of strain E8T are provided in Table S1. According to the result of API ZYM and API 20E, strain E8T

had the activity of alkaline phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase, valine
arylamidase, acid phosphatase, naphthol-AS-BI-phosphohydrolase. Cellulose, starch, alginate, Tween 40,
60, 80 were not hydrolysed and negative for nitrate reduction in strain E8T.

Strain E8T was found to be susceptible to (μg per disc) penicillin (10), streptomycin (10), tobramycin (10),
gentamicin (10), ampicillin (10), o�oxacin (5), carbenicillin (100), ceftriaxone (30), nor�oxacin (10),
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cefotaxime (30), clarithromycin (CLR) (15), polymyxin B (300), chloroamphenicol (30), intermediate to
neomycin (30), rifampicin (5), kanamycin (30), erythromycin (15), and resistant to vancomycin (VA) (30),
tetracycline (30), lincomycin (2).

Phylogenetic and phylogenomic analyses

A nearly full-length 16S rRNA gene sequence (1425 bp) of strain E8T obtained from PCR ampli�cation
was included in the 16S rRNA gene sequences assembled from genomic sequences which contained only
one complete 16s rRNA. The BLAST research in NCBI revealed that strain E8T exhibited highest
similarities with M.vulgaris A79T (98.4%) and M.pontica 46-16T (97.5%). The similarity between strain E8T

and the type strain JCM 20766T of the type species Marinomonas communis was 94.9%. As the topology
based on maximum-likelihood phylogenetic tree of 16s rRNA genes, strain E8T was clustered with
M.vulgaris A79T at a bootstrap formed a separated branch (Fig. 1). Both neighbour-joining and
maximum-parsimony algorithms were used to con�rm the topology of tree (Fig. S2, Fig. S3). In addition,
the phylogenomic tree based on the genomic sequences with IQ Tree showed the clade formed by strain
E8T and A79T could distinguished from other members in the genus and con�rming the strain E8T was a
member of genus Marinomonas (Fig. 2).

General genomic features

The sequence of the draft genome of strain E8T was assembled into 79 contigs with a total length
of 3,285,337 bp, a contig N50 value of 126,031 bp, a contig L50 value of 8 and a mean coverage of
150 ×. The longest contig and the shortest contig were 379,893 bp and 618 bp. The DNA G+C content
was 45.1mol%, which was in the middle of most of related species. A total of 3,085 genes were predicted
with 2,988 protein-coding genes and 97 encode RNAs including 8 5S rRNAs, 4 16S rRNAs, 4 23S rRNAs,
77 rRNAs and 4 ncRNAs. The genome sequence of strain E8T included 31 Longinterspersed nuclear
elements (LINEs), 23 Short interspersed nuclear elements (SINEs), 4 Genomics Islands (GIs), 2 CRISPR-
associated genes. Further comparative general features of 30 genome sequence were shown in Table
S2. 

According to the genomic functions predicted, the strain E8T has been annotated with complete
glycolysis, gluconeogenesis, citrate cycle (TCA cycle) and pentose phosphate pathway for central
carbohydrate metabolism and UDP-N-acetyl-D-glucosamine biosynthesis, which was same as M.vulgaris
A79T and M.communis JCM 20766T. The succinate dehydrogenase, cytochrome bd ubiquinol oxidase,
cytochrome o ubiquinol oxidase and F-type ATPase were predicted in strain E8T and A79T but lack of
cytochrome c oxidase and cytochrome bc1 complex respiratory unit which presented in JCM 20766T

genome. The ackA gene was absented in strains E8T and A79T genomes which were incapable to convert
acetyl-CoA into acetate as a carbon �xation pathway completed in JCM 20766T genome. The sulfate
reduction ability was predicted in strain A79T with cysNC, cysN, cysD, cysNC, cysC, cysH, cysJ
and cysI genes to convert sulfate into sul�de but the cysC gene was absence in strain E8T genome which
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may just convert sul�te into sul�de. The strain E8T was predicted to metabolism many amino
acids including serine, threonine, valine, isoleucine, leucine, lysine, ornithine, arginine, proline and
tryptophan. For metabolism of cofactors and vitamins, biosynthesis pathway of Pyridoxal-P (EC 1.4.3.5),
NAD (EC 6.3.5.1), pantothenate (EC 6.3.2.1), coenzyme A (EC 6.3.2.5), biotin (EC 2.8.1.6), lipoic acid (EC
2.8.1.8), molybdenum cofactor (EC 2.10.1.1), siroheme (EC 4.99.1.4), heme (EC 1.3.5.3) and cobalamin
(EC 6.3.1.10) were completed in strain E8T genome sequence. The genomes of three strains contain
several genes responsible for choline uptake and betaine biosynthesis, including choline dehydrogenase
(betA), betaine-aldehyde dehydrogenase (betB) and glycine betaine ABC transport system permease
(ProU), as osmoprotectant. All genes for the synthesis of PG and PE have been found in genome of strain
E8T, which were similar to other strains in genus Marinomonas.

Chemotaxonomic characterization

The major fatty acids (>10%) were C16:0, summed feature 3 (C16:1ω7c and/or C16:1ω6c) and summed
feature 8 (C18:1ω7c and/or C18:1ω6c). The summed feature 8 with ratio of 47.8%, which was the most

abundant cellular fatty acid of the stain E8T, and was also the most abundant fatty acid of the related
type strains M.pontica DSM 17793Tand M.communis JCM 20766T in ratio of 35.3% and 45.7%. The
strain E8Tcan be distinguished from other type strains in the compounds of C17:0 with ratio of 3.1% which
composition was less than 0.5% in other type strains. The composition of fatty acid summed features 8
in strain E8T was signi�cantly higher than that in M.pontica DSM 17793T, but similar to that in
M.communis JCM 20766T. The fatty acids pro�les of strain E8T and reference strains M.pontica DSM
17793Tand M.communis JCM 20766T were shown in Table S3. The polar lipids were mainly composed
of phosphatidylglycerol (PG), phosphatidylethanolamine (PE) and three unidenti�ed lipids (L1-L3), which
were similar to other type strains with PG and PE as the major polar lipids (Fig. S4). The isoprenoid
quinone detected in the strain E8T was consistent with the other related type strains, which was Q-8.

Comparative genome analysis

The result of genomic distance between each genome sequences showed that strain E8T has the closest
distance with M.vulgaris A79T and far distance with M.agarivorans QM202T, M.�avescens ANRC-JHZ47T

and M.posidonica IVIA-Po-181T (Fig. S5). The ANI and AAI values between strain E8T and M.vulgaris A79T

were 78.7% and 84.3%, which below the recommended cut-off value of 95-96% (Richter and Rossello-
Mora) and below the proposed cut-off for a species boundary of 85-90% (Qin et al.), respectively.
Strain E8T also shared low dDDH values with M.vulgaris A79T (22.0%), below the 70% for species
boundary (Goris et al. ; Meier-Kolthoff et al.). Moreover, the pairwise comparisons of the digital DDH
values were shown in Table S4 and the pairwise genome comparisons in nucleotide level and protein
translated genes (ANI and AAI values) were shown in Fig. 3, which suggested that strains E8T represent a
putative novel species of the genus Marinomonas.



Page 10/24

The single copy core protein tree showed that strain E8T and M.vulgaris A79T shaped a branch with close
distance with bole formed by all 30 reference strains (Fig. S6). The strains M.agarivorans QM202T

and M.algicola SM1966T have a long branch length with bole which may portend a rather distant
phylogenetic relationships. The phylogenetic tree constructed by single-copy orthologue proteins also
conformed the tree (Fig. S6). According to result of single-copy gene families, 6,806 orthogroups with
104,049 genes in orthogroups and 3,629 unassigned genes have been clustered and 1,379 orthogroups
which presented in all 30 species. 

The pan-genome orthologous groups (POGs) of the 30 Marinomonasstrains indicated that strain E8T had
959 core genes, 1,661 accessory genes, 219 unique genes and 10 exclusively absent genes. The plot of
core-pan showed that the bi�dobacteria pan-genome in Marinomonascan be considered as “open” (Fig.
S7). The pipeline generated a pan-genome phylogenetic tree without outgroup based on pan-matrix data
which highlighted distinct groups and con�rmed in the core-genome tree (Fig. S8, S9). According to the
KEGG annotation, the strains in genus Marinomonasshowed active in amino acid metabolism,
carbohydrate metabolism, membrane transport, metabolism of cofactors and vitamins and xenobiotics
biodegradation and metabolism. Unique genes abundantly distributed among amino acid metabolism,
carbohydrate metabolism and xenobiotics biodegradation (Fig. S10). The selected type strains (12
species) related to marine plant formed 5,297 clusters, 3,916 of which are orthologous clusters (at least
contains two species) and 1,381 of which are single-copy gene clusters (Table S5). Five genomes shared
1,510 protein coding regions and genome of strain E8T encodes 2,904 proteins contained 2,604 in
clusters and 261 which found as singletons (Fig. 4).

The strain E8T with M.aquimarina CECT 5080T and M.vulgaris A79T have been observed a low frequency
of carbohydrate transport and metabolism (COG function category G) which may associate with their
oligotrophic environment. Compare to strain A79T, the strain E8T showed a relatively high count of
proteins in category J, X and D which were related to genetic information transmission and
transcription (Fig 5). The proteins relevant to secondary metabolites biosynthesis were observed to
present in all strains. According to the antiSMASH annotations, the abundant BGCs have been predicted
in the genomic sequences of 30 strains. The genomes of the strain M.mediterranea MMB-
1T, M.spartinae CECT 8886T, M.posidonica IVIA-Po-181T and M.primoryensis MPKMM3633T contained
the highest bioclusters, as shown in Fig. 6. In general, the genomes of most of strains were predicted to
encode for ectoine, non-ribosomal polyketide synthetases (NRPS), betalactone and some other
unspeci�ed ribosomally synthesised and post-translationally modi�ed peptide product (RiPP)
cluster (Pipp-like). The Pipp-like in strain E8T has been annotated with bacteriocin which have been
annotated in Marinomonas primoryensis MPKMM3633, Marinomonas pollencensis CECT 7375 and
Marinomonas spartinae CECT 8887 showing a high percentage genes similarity. The MiBiG comparison
showed that the bacteriocin annotated in strain E8T had the highest similarity score with compound
lanthipeptide (MiBiG accession number BGC0000554) from Streptomyces �lamentosus NRRL 15998. In
addition, M.spartinae CECT 8886T has been annotated with a Type I PKS (Polyketide synthase) genes
cluster which may mediate biosynthesis of cylindrospermopsin. According to the BAGEL4 prediction,
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lasso peptide was predicted in M.polaris DSM 16579T, M.mediterranea MMB-1T and M.rhizomae IVIA-Po-
145T; Microcin was predicted in both M.piezotolerans YLB-05T and M.algicola SM1966T; Butyrivibriocin,
garvicin_ML, bottromycin were predicted in M.rhizomae IVIA-Po-145T, M.�avescens ANRC-JHZ47T and
M.atlantica Cmf 18.22T, respectively.

Description of Marinomonas algarum sp. nov.

Marinomonas algarum (al.ga′rum. L. gen. pl. n. algarum of/from algae). 

Cells are Gram-stain-negative, rod-shaped, non-�agellated, catalase- and oxidase-negative and strictly
aerobic bacterium, approximately 0.2–0.4 µm wide and 1.0–2.5 µm long. The colonies are white, round
and smooth after incubation at 28℃ on marine agar 2216 for 48h. Growth occurs in presence of 0.5-8%
NaCl (w/v; optimum 1-3%), at temperature of 15-35 ℃ (optimum 25-30 ℃), and at pH 6.0-9.0 (optimum
6.5-8.0). The strain E8T is positive to oxidize d-mannose, d-mannitol and utilize citrate, d-ribose, d-
xylose, l-xylose, d-fructose, l-sorbose, esculin ferric citrate, d-lyxose, d-tagatose, potassium 5-
ketogluconate, and weakly assimilated arabinose, d-turanose. The DNA G+C content is 42.8 mol%.
The predominant quinone is Q-8 and the major fatty acids are C16:0, summed feature 3
(C16:1ω7c and/or C16:1ω6c) and summed feature 8 (C18:1ω7c and/or C18:1ω6c). The main polar lipids

are phosphatidylglycerol and phosphatidylethanolamine. The type strain is E8T(=KCTC 92201T =MCCC
1K07070T), isolated from red algae Gelidium amansii.

The GenBank accession number for the 16S rRNA sequence is OK444097, and the draft genome
sequence of strain E8T has been deposited at GenBank under accession number JAJATW000000000.

Declarations
Acknowledgements 

This work was supported by the National Natural Science Foundation of China (32070002) and the
National Science and Technology Fundamental Resources Investigation Program of China
(2019FY100700). We thank Professor Zong-Jun Du, Shandong University, for kindly providing the
reference strains Marinomonas communis JCM 20766Tand Marinomonas pontica DSM 17793T.

Author’s contribution JHX and BNZ isolated the strain E8T, carried out the phylogenomic analysis,
analysed most of the data. JHX, BNZ, WJW, ZMW, ZF, YYL, YS and PXY performed the experiments. JHX
carried out comparative genomic analysis. The initial draft of the paper was written by JHX. LHZ and XX
conceived of the study, designed the study, critically revised the manuscript and co-corresponding the
study. All authors read, discussed the results and revised the manuscript. 

Con�ict of interest Authors declare that there is no con�ict of interest. 



Page 12/24

Ethical statement This article does not contain any studies with human participants or animal
experiments by any of the authors.

References
1. Ashburner M et al. (2000) Gene Ontology: tool for the uni�cation of biology. Nature Genetics 25:25–

29. http://doi.org/10.1038/75556

2. Aziz RK et al. (2008) The RAST server: Rapid annotations using subsystems technology. BMC
Genom 9 http://doi.org/10.1186/1471-2164-9-75

3. Bernardet JF, Nakagawa Y, Holmes B, Subcommittee Taxonomy F (2002) Proposed minimal
standards for describing new taxa of the family Flavobacteriaceae and emended description of the
family. Int J Syst Evol Microbiol 52:1049–1070. http://doi.org/10.1099/ijs.0.02136-0

4. Besemer J, Lomsadze A, Borodovsky M (2001) GeneMarkS: a self-training method for prediction of
gene starts in microbial genomes. Implications for �nding sequence motifs in regulatory regions.
Nucleic Acids Res 29:2607–2618. http://doi.org/10.1093/nar/29.12.2607

5. Blin K et al. (2021) antiSMASH 6.0: improving cluster detection and comparison capabilities. Nucleic
Acids Res 49:W29-W35. http://doi.org/10.1093/nar/gkab335

�. Capella-Gutiérrez S, Silla-Martínez JM, Gabaldón T (2009) trimAl: a tool for automated alignment
trimming in large-scale phylogenetic analyses. Bioinformatics 25:1972–1973.
http://doi.org/10.1093/bioinformatics/btp348

7. Chaudhari NM, Gupta VK, Dutta C (2016) BPGA- an ultra-fast pan-genome analysis pipeline.
Scienti�c Reports 6 http://doi.org/10.1038/srep24373

�. Chaumeil P-A, Mussig AJ, Hugenholtz P, Parks DH (2020) GTDB-Tk: a toolkit to classify genomes
with the Genome Taxonomy Database. Bioinformatics 36:1925–1927.
http://doi.org/10.1093/bioinformatics/btz848

9. CLSI (2012) Performance standards for antimicrobial susceptibility testing; 22nd informational
supplement M100-S22. Clinical and Laboratory Standards Institute, Wayne

10. Emms DM, Kelly S (2019) OrthoFinder: phylogenetic orthology inference for comparative genomics.
Genome Biology 20:238. http://doi.org/10.1186/s13059-019-1832-y

11. Felsenstein J (1985) Con�dence limits on phylogenies: an approach using the bootstrap. Evolution
39:783–791. https://doi.org/10.1111/j.1558-5646.1985.tb00420.x

12. Galperin MY, Makarova KS, Wolf YI, Koonin EV (2015) Expanded microbial genome coverage and
improved protein family annotation in the COG database. Nucleic Acids Res 43:D261-D269.
http://doi.org/10.1093/nar/gku1223

13. Gardner PP et al. (2009) Rfam: updates to the RNA families database. Nucleic Acids Res 37:D136-
D140. http://doi.org/10.1093/nar/gkn766

14. Goris J, Konstantinidis KT, Klappenbach JA, Coenye T, Vandamme P, Tiedje JM (2007) DNA-DNA
hybridization values and their relationship to whole-genome sequence similarities. Int J Syst Evol



Page 13/24

Microbiol 57:81–91. http://doi.org/10.1099/ijs.0.64483-0

15. Grissa I, Vergnaud G, Pourcel C (2007) CRISPRFinder: a web tool to identify clustered regularly
interspaced short palindromic repeats. Nucleic Acids Res 35:W52-W57.
http://doi.org/10.1093/nar/gkm360

1�. Hsiao W, Wan I, Jones SJ, Brinkman FSL (2003) IslandPath: aiding detection of genomic islands in
prokaryotes. Bioinformatics 19:418–420. http://doi.org/10.1093/bioinformatics/btg004

17. Ivanova EP et al. (2005) Marinomonas pontica sp. nov., isolated from the Black Sea. Int J Syst Evol
Microbiol 55:275–279. https://doi.org/10.1099/ijs.0.63326-0

1�. Kanehisa M, Sato Y, Kawashima M, Furumichi M, Tanabe M (2015) KEGG as a reference resource for
gene and protein annotation. Nucleic Acids Res 44:D457-D462. http://doi.org/10.1093/nar/gkv1070

19. Katoh K, Misawa K, Kuma Ki, Miyata T (2002) MAFFT: a novel method for rapid multiple sequence
alignment based on fast Fourier transform. Nucleic Acids Res 30:3059–3066.
http://doi.org/10.1093/nar/gkf436

20. Kaweewan I, Nakagawa H, Kodani S (2021) Heterologous expression of a cryptic gene cluster from
Marinomonas fungiae affords a novel tricyclic peptide marinomonasin. Appl Microbiol and
Biotechnol 105:7241–7250. http://doi.org/10.1007/s00253-021-11545-y

21. Kristyanto S, Chaudhary DK, Lee S-S, Kim J (2017) Characterization of Marinomonas algicida sp.
nov., a novel algicidal marine bacterium isolated from seawater. Int J Syst Evol Microbiol 67:4777–
4784. https://doi.org/10.1099/ijsem.0.002374

22. Kroppenstedt RM (1982) Separation of bacterial menaquinones by HPLC using reverse phase (RP18)
and a silver loaded ion exchanger as stationary phases. Journal of Liquid Chromatography 5:2359–
2367. http://doi.org/10.1080/01483918208067640

23. Kumar S, Stecher G, Tamura K (2016) MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0
for Bigger Datasets. Mol Biol Evol 33:1870–1874. http://doi.org/10.1093/molbev/msw054

24. Lagesen K, Hallin P, Rodland EA, Staerfeldt H-H, Rognes T, Ussery DW (2007) RNAmmer: consistent
and rapid annotation of ribosomal RNA genes. Nucleic Acids Res 35:3100–3108.
http://doi.org/10.1093/nar/gkm160

25. Li R, Li Y, Kristiansen K, Wang J (2008) SOAP: short oligonucleotide alignment program.
Bioinformatics 24:713–714. http://doi.org/10.1093/bioinformatics/btn025

2�. Li W, Godzik A (2006) Cd-hit: a fast program for clustering and comparing large sets of protein or
nucleotide sequences. Bioinformatics 22:1658–1659. http://doi.org/10.1093/bioinformatics/btl158

27. Liao L et al. (2021) Complete genome sequence of Marinomonas arctica BSI20414, a giant
antifreeze protein-producing bacterium isolated from Arctic sea ice. Marine Genomics 57
http://doi.org/10.1016/j.margen.2020.100829

2�. Liu Q-Q, Wang Y, Li J, Du Z-J, Chen G-J (2014) Saccharicrinis carchari sp. nov., isolated from a shark,
and emended descriptions of the genus Saccharicrinis and Saccharicrinis fermentans. Int J Syst Evol
Microbiol 64:2204–2209. https://doi.org/10.1099/ijs.0.061986-0



Page 14/24

29. Lowe TM, Eddy SR (1997) tRNAscan-SE: A program for improved detection of transfer RNA genes in
genomic sequence. Nucleic Acids Res 25:955–964. http://doi.org/10.1093/nar/25.5.955

30. Lucas-Elio P, Hernandez P, Sanchez-Amat A, Solano F (2005) Puri�cation and partial characterization
of marinocine, a new broad-spectrum antibacterial protein produced by Marinomonas mediterranea.
Biochimica Et Biophysica Acta-General Subjects 1721:193–203.
http://doi.org/10.1016/j.bbagen.2004.11.002

31. Lucas-Elío P et al. (2011) Marinomonas alcarazii sp. nov., M. rhizomae sp. nov., M. foliarum sp. nov.,
M. posidonica sp. nov. and M. aquiplantarum sp. nov., isolated from the microbiota of the seagrass
Posidonia oceanica. Int J Syst Evol Microbiol 61:2191–2196. https://doi.org/10.1099/ijs.0.027227-0

32. Lucena T et al. (2016) Marinomonas spartinae sp. nov., a novel species with plant-bene�cial
properties. Int J Syst Evol Microbiol 66:1686–1691. https://doi.org/10.1099/ijsem.0.000929

33. Meier-Kolthoff JP, Auch AF, Klenk H-P, Goeker M (2013) Genome sequence-based species delimitation
with con�dence intervals and improved distance functions. BMC Bioinform 14
http://doi.org/10.1186/1471-2105-14-60

34. Minnikin DE et al. (1984) An integrated procedure for the extraction of bacterial isoprenoid quinones
and polar lipids. Journal of Microbiological Methods 2:233–241. https://doi.org/10.1016/0167-
7012(84)90018-6

35. Ondov BD et al. (2016) Mash: fast genome and metagenome distance estimation using MinHash.
Genome Biology 17:132. http://doi.org/10.1186/s13059-016-0997-x

3�. Price MN, Dehal PS, Arkin AP (2010) FastTree 2-Approximately Maximum-Likelihood Trees for Large
Alignments. Plos One 5 http://doi.org/10.1371/journal.pone.0009490

37. Qin Q-L et al. (2014) A Proposed Genus Boundary for the Prokaryotes Based on Genomic Insights. J
Bacteriol 196:2210–2215. http://doi.org/10.1128/jb.01688-14

3�. Richter M, Rossello-Mora R (2009) Shifting the genomic gold standard for the prokaryotic species
de�nition. Proceedings of the National Academy of Sciences of the United States of America
106:19126–19131. http://doi.org/10.1073/pnas.0906412106

39. Romanenko LA, Uchino M, Mikhailov VV, Zhukova NV, Uchimura T (2003) Marinomonas primoryensis
sp. nov., a novel psychrophile isolated from coastal sea-ice in the Sea of Japan. Int J Syst Evol
Microbiol 53:829–832. https://doi.org/10.1099/ijs.0.02280-0

40. Saier MH, Jr., Reddy VS, Tamang DG, Vaestermark A (2014) The Transporter Classi�cation Database.
Nucleic Acids Res 42:D251-D258. http://doi.org/10.1093/nar/gkt1097

41. Sasser M (1990) Identi�cation of bacteria by gas chromatography of cellular fatty acids, MIDI
technical note101.1-6.

42. Seemann T (2014) Prokka: rapid prokaryotic genome annotation. Bioinformatics 30:2068–2069.
http://doi.org/10.1093/bioinformatics/btu153

43. Smibert R, Krieg N (1994) Phenotypic characterization. In: Gerhardt P, Murray R, Wood W, Krieg N
(eds) Methods for general and molecular bacteriology. American Society for Microbiology,
Washington, DC,:pp 607–654.



Page 15/24

44. Tindall BJ, Sikorski J, Smibert RA, Krieg NR (2007) Phenotypic characterization and the principles of
comparative systematics. In: Methods for General and Molecular Microbiology, pp 330–393

45. Tri�nopoulos J, Lam-Tung N, von Haeseler A, Minh BQ (2016) W-IQ-TREE: a fast online phylogenetic
tool for maximum likelihood analysis. Nucleic Acids Res 44:W232-W235.
http://doi.org/10.1093/nar/gkw256

4�. van Heel AJ, de Jong A, Song C, Viel JH, Kok J, Kuipers OP (2018) BAGEL4: a user-friendly web server
to thoroughly mine RiPPs and bacteriocins. Nucleic Acids Res 46:W278-W281.
http://doi.org/10.1093/nar/gky383

47. Van Landschoot A, DE LEY J (1984) Validation of the Publication of New Names and New
Combinations Previously Effectively Published Outside the IJSB: List No. 13†. Int J Syst Evol
Microbiol 34:91–92. https://doi.org/10.1099/00207713-34-1-91

4�. Vance TDR, Olijve LLC, Campbell RL, Voets IK, Davies PL, Guo SQ (2014) Ca2+-stabilized adhesin
helps an Antarctic bacterium reach out and bind ice. Bioscience Reports 34:357-U218.
http://doi.org/10.1042/bsr20140083

49. Villanueva RAM, Chen ZJ (2019) ggplot2: Elegant Graphics for Data Analysis, 2nd edition.
Measurement-Interdisciplinary Research and Perspectives 17:160–167.
http://doi.org/10.1080/15366367.2019.1565254

50. Wang Y, Zhang C, Qi L, Jia X, Lu W (2016) Diversity and antimicrobial activities of cultivable bacteria
isolated from Jiaozhou Bay. Weishengwu Xuebao 56:1892–1900.
http://doi.org/10.13343/j.cnki.wsxb.20160132

51. Xu L et al. (2019) OrthoVenn2: a web server for whole-genome comparison and annotation of
orthologous clusters across multiple species. Nucleic Acids Res 47:W52-W58.
http://doi.org/10.1093/nar/gkz333

52. Xu W, Chen X-Y, Wei X-T, Lu D-C, Du Z-J (2020) Polaribacter aquimarinus sp. nov., isolated from the
surface of a marine red alga. Antonie Van Leeuwenhoek 113:407–415.
http://doi.org/10.1007/s10482-019-01350-z

53. Yoon S-H et al. (2017) Introducing EzBioCloud: a taxonomically united database of 16S rRNA gene
sequences and whole-genome assemblies. Int J Syst Evol Microbiol 67:1613–1617.
http://doi.org/10.1099/ijsem.0.001755

54. Yu W-N, Du Z-Z, Chang Y-Q, Mu D-S, Du Z-J (2020) Marinomonas agarivorans sp. nov., an agar-
degrading marine bacterium isolated from red algae. Int J Syst Evol Microbiol 70:100–104.
https://doi.org/10.1099/ijsem.0.003723

55. Zhou Y, Liang Y, Lynch KH, Dennis JJ, Wishart DS (2011) PHAST: A Fast Phage Search Tool. Nucleic
Acids Res 39:W347-W352. http://doi.org/10.1093/nar/gkr485

Table
Table 1. Differential characteristics of strain E8T compared to its closely related species.
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Characteristic 1 2 3

Motile – + +

Growth at 35℃ + – +

Growth in 10 % NaCl – + +

Hydrolysis of:      

Tween 20 + + w

Gelatin + – –

Starch – – w

Sucrose – + –

Enzyme activities:      

Oxidase – + –

Catalase – + +

Valine arylamidase + w w

α-glucosidase – + +

Arginine dihydrolase – + +

Oxidation of:      

d-mannose  + – +

d-mannitol  + w +

d-maltose  – + +

l-rhamnose  – + +

Utilization of:      

Citrate + + +

Arabinose w – –

d-sorbitol – + –

l-sorbose + + +

l-rhamnose  – w +

Inositol – + +

d-turanose w – +

d-lyxose + + w
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d-tagatose + + w

DNA G+C content (mol%) 45.1 46.5 45.8

Strains: 1, E8T; 2, M.pontica DSM 17793T; 3, M.communis JCM 20766T. All data are from this study
unless otherwise indicated. + Positive, – negative, w weakly positive.

Figures

Figure 1

Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences of strain E8T and
representative of the other members of the family Oceanospirillaceae. All type strains in genus
Marinomonas have been concluded. Bootstrap values (>70%) based on 1000 replicates were shown at
branch nodes (ML/NJ/MP). Zobellella endophytica 59N8T (GenBank accession number MG706141) was
used as an outgroup. Bar, 0.01 substitutions per nucleotide position.



Page 18/24

Figure 2

Phylogenomic tree reconstructed by IQtree showing the position of strains E8T and related strains of the
family Oceanospirillaceae with reference genome sequences. GenBank accession numbers were given in
parentheses. Bootstrap values (expressed as percentages of 1000 replications) above 70% were shown at
branch points. Zobellella endophytica 59N8T (GenBank accession number PXYG00000000) was used as
an outgroup. Bar, 0.2 substitutions per nucleotide position. 
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Figure 3

Pairwise comparisons of the average nucleotide identity (ANI) and average amino acid identity (AAI)
between genome sequencing of strain E8T and reference genome sequences in genus Marinomonas.
Upper triangle: ANI values; Lower triangle: AAI values.
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Figure 4

The venn diagrams constructed by OrthoVenn2 online service, showing the distribution of the shared
gene families (orthologous clusters) in the strain E8T and 4 four marine-plants associated strains.
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Figure 5

The relative abundance of cluster of orthologous groups of proteins function for each strains. The RNA
processing and modi�cation has not been annotated.

E, Amino acid transport and metabolism; R, General function prediction only; G, Carbohydrate transport
and metabolism; T, Signal transduction mechanisms; K, Transcription; J, Translation, ribosomal structure
and biogenesis; Z, Cytoskeleton; W, Extracellular structures; X, Mobilome: prophages, transposons; D, Cell
cycle control, cell division, chromosome partitioning; U, Intracellular tra�cking, secretion, and vesicular
transport; F, Nucleotide transport and metabolism; V, Defense mechanisms; N, Cell motility; Q, Secondary
metabolites biosynthesis, transport and catabolism; O, Posttranslational modi�cation, protein turnover,
chaperones; I, Lipid transport and metabolism; S, Function unknown; L, Replication, recombination and
repair; M, Cell wall/membrane/envelope biogenesis; C, Energy production and conversion; P, Inorganic ion
transport and metabolism; H, Coenzyme transport and metabolism;
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Strains: 1, M.algarum E8T; 2, M.agarivorans QM202T; 3, M.alcarazii CECT 7730T; 4, M.algicola SM1966T;
5, M.aquimarina CECT 5080T; 6, M.aquiplantarum CECT 7732T; 7, M.arctica BSI20414T; 8, M.atlantica
Cmf 18.22T; 9, M.balearica CECT 7378T; 10, M.colpomeniae SM2066T; 11, M.communis DSM 5604T; 12,
M.�avescens ANRC-JHZ47T; 13, M.foliarum JZWT; 14, M.fungiae JCM 18476T; 15, M.gallaica CECT
5116T; 16, M.hwangdonensis HDW-15T; 17, M.mediterranea MMB-1T; 18, M.ostreistagni UST010306-043T;
19, M.piezotolerans YLB-05T; 20, M.polaris DSM 16579T; 21, M.pollencensis CECT 7375T; 22,
M.posidonica IVIA-Po-181T; 23, M.primoryensis MPKMM3633T; 24, M.profundi M1K-6T; 25,
M.profundimaris D104T; 26, M.rhizomae IVIA-Po-145T; 27, M.shanghaiensis DSL-35T; 28, M.spartinae
CECT 8886T; 29, M.ushuaiensis DSM 15871T; 30, M.vulgaris A79T.
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Figure 6

Biosynthetic gene clusters found in the genomes of strain E8T and reference strains in genus
Marinomonas using antiSMASH 6.0 software.
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