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ABSTRACT 

Under certain conditions, the Spartina alterniflora and Juncus roemerianus 

grasses in marshes undergo progressive decline in an event known as Saltwater Marsh 

Dieback, which may be attributed to the presence of the plant pathogenic fungi Fusarium. 

The microbiomes of S. alterniflora and J. roemerianus from Deer Island, MS were 

characterized and Fusarium suppressing bacteria were identified. Among isolates capable 

of antagonizing Fusarium were Marinomonas ostreistagni 398 and M. spartinae 468. 

Despite the progress in understanding the diversity of Marinomonas, our ability to 

explain ecological, metabolic, and biochemical traits of marinomonads at the genomic 

sequence level remains limited. Analysis revealed that Marinomonas genomes form three 

distinct clades supported by the relatedness of orthologous genes. Heterogeneity is 

reflected in the core genome representing only 50-60% of any individual strain. Genes for 

the synthesis of siderophores and other secondary metabolites were identified. Clade- and 

strain-specific genomic regions contained mobile genetic elements. These results provide 

insights into the genomic diversity of Marinomonas by characterizing genes for the 

adaptation to hypersaline environments, pathways involved in the interaction with plants, 

and the production of antimicrobial compounds. 
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INTRODUCTION 

The first microbial genome sequences were generated 26 years ago when The 

Institute for Genomic Research (now J. Craig Venter Research Institute) published 

studies focused on genomes of human opportunistic pathogens Haemophilus influenza 

(Fleischmann et al., 1995) and Mycoplasma genitalium (Frazer et al., 1995). In the 

following years, rapid progress in the development of next-generation sequencing 

technologies resulted in the exponential growth in the number of prokaryotic genome 

sequences. For example, the latest release of the Genomes OnLine Database (GOLD) 

maintained by the Department of Energy Joint Genome Institute (JGI) contains 359,677 

complete and draft genome assemblies representing 17,449 type strains of bacteria and 

archaea (Mukherjee et al., 2020). The rapid accumulation of these data prompted the 

development of comparative genomics, which employs diverse computational and 

functional approaches to study the evolution and function of individual genes and gene 

sets across taxa and entire microbial communities (Koonin et al., 2021). 

One of the fundamental concepts of comparative genomics is gene orthology, 

which postulates that genes evolved from a common ancestor have similar roles in 

different organisms (Fitch, 1970). Sorting genes into COGs (clusters of orthologous 

genes) represents a robust approach for functional genome annotation and studying 

genome evolution (Trachana et al., 2011). A significant fraction of genes in any given 

bacterial genome is organized into co-transcribed operons, which helps to control and 

coordinate the expression of functionally related genes (Touchon et al., 2016). The 

computational prediction and analysis of operons can be used to identify genes involved 

in common cellular processes and predict functions of conserved hypothetical genes 
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through the “guilt by association” approach (Aravind, 2000). Finally, pangenome 

analyses are used to define “core” gene families shared among all members of a species 

and identify numerous moderately conserved and unique “accessory” genes (Golicz et al., 

2020). Recent studies revealed that most free-living bacteria have open pangenomes with 

a compact conserved core and a large dynamic accessory genome, most of which evolved 

through horizontal gene transfer (HGT). The analysis of gene presence/absence patterns 

and copy number variation can reveal genetic sequences that correlate with certain traits 

or phenotypes. 

Various comparative genomics approaches have been successfully used to 

characterize microbial genes involved in metabolic processes, regulatory mechanisms, 

pathogenic and symbiotic interactions, and environmental persistence (Delaux et al., 

2017; Rouli et al., 2015; Sardi and Gasch, 2017). Global computational analysis of 

genomic islands from actinomycete genomes revealed thousands of biosynthetic gene 

clusters that potentially control the synthesis of numerous novel natural products 

(Cimermancic et al., 2014). This project employed comparative computational genomics 

to analyze genome sequences of strains Marinomonas ostreistagni 398 and M. spartinae 

468 isolated from the rhizosphere of tidal marsh grasses Spartina alterniflora and Juncus 

roemerianus collected on Deer Island, MS (Mavrodi et al., 2018). Both strains exhibited 

antagonism towards phytopathogenic Fusarium fungi, which have been linked to the 

rapid decline of marsh grasses known as Saltwater Marsh Dieback (Elmer et al., 2013). 

This study aimed to characterize genomic features of strains 398 and 468 that allow these 

bacteria to produce antifungal metabolites and resist environmental stresses associated 

with the colonization of plants growing in brackish tidal marshes. 

2 



 

 

   

    

      

   

       

  

    

         

       

         

        

 

    

        

      

        

        

   

    

           

       

    

LITERATURE REVIEW 

2.1 The Genus Marinomonas 

Marinomonas are Gram-negative, moderately halophilic, motile, aerobic or 

facultative anaerobic Gammaproteobacteria. They belong to the Oceanospirillaceae 

family that, in addition to marinomonads, encompasses multiple genera of marine 

bacteria, such as Marinobacter, Marinobacterium, Marinospirillum, Microbulbifer, 

Neptunomonas, Oceanobacter, Oceanospirillum and Pseudospirillum (González and 

Whitman, 2006). Although the family is diverse and includes several distinct lineages, its 

monophyletic nature is supported by DNA-rRNA hybridization and 16S rRNA-based 

analyses. This group is also distantly related to Shewanella, Alteromonas, Vibrio, and 

Photobacterium, which are large genera that include numerous species ubiquitously 

distributed in marine habitats. 

Early phenotypic characterization attempts classified Marinomonas isolates as 

different species of Alteromonas (Baumann et al., 1972). However, subsequent, more 

detailed morphological, physiological, and DNA-rRNA hybridization analyses revealed 

that these organisms form a group distinct from Alteromonas and members of the 

Oceanospirillum group (Bodwitch et al., 1984; Pot et al., 1989). In the early 1980s, 16S 

rRNA-based studies clearly differentiated marinomonads from other, closely related 

Gram-negative marine bacteria and resulted in the establishment of the Marinomonas 

genus (Van Landschoot and De Ley, 1983). Over the following two decades, numerous 

Marinomonas strains were isolated, characterized and assigned to at least 40 distinct 

species with validly published names (Euzéby, 1997). 
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Marinomonas spp. are chemoorganotrophs that thrive under elevated salt 

concentrations and are commonly found in seawater, marine animals, and aquatic plants 

(González and Whitman, 2006). These organisms can be cultured on defined and 

complex media. For example, Baumann et al. (1984) isolated M. communis and M. vaga 

from ocean water using Tris-buffered artificial seawater amended with NH4Cl, K2HPO4, 

FeSO4, and m-hydroxybenzoate as a carbon source. The marinomonads were also 

successfully recovered on a complex, defined culture medium containing a mixture of 

carbohydrates, sugar alcohols, amino acids, organic acids, glycerol, and synthetic 

seawater (Eilers et al., 2000). The type strain of M. ostreistagni was isolated from pearl 

oyster ponds by processing a sample of seawater through a polycarbonate filter, plating 

the filtered sample on nutrient agar amended with seawater, and incubating for 2-3 days 

at room temperature (Lau et al., 2006). In contrast, the type strain of M. spartinae was 

isolated by macerating and centrifuging surface-sterilized roots of Spartina plants 

(Lucena et al., 2016). The resultant apoplastic fluid was then plated on trypticase soy agar 

amended with sodium chloride and incubated at 28°C for 72 hours. The bacterial strains 

used in this study (i.e., M. ostreistagni 398 and M. spartinae 468) were isolated by 

dilution plating root washes from S. alterniflora and J. roemerianus on one-tenth strength 

Tryptic Soy Agar supplemented with 15% artificial saltwater (Mavrodi et al., 2018). The 

recovered isolates were purified by several passages on the same medium and stored at -

80°C in Tryptic Soy broth-containing saltwater and 15% (v/v) glycerol. 

2.2 Practical Importance of Marine Bacteria 

Marinomonads, along with other members of the Oceanospirillaceae, play an 

important role in marine ecosystems by contributing to the cleanup of areas contaminated 
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with crude oil and other petroleum products. Many species of this group secrete 

bioemulsifiers and biosurfactants that reduce surface tension and facilitate the dispersion, 

emulsification, and biodegradation of hydrocarbons (Dang et al., 2016). There is a 

growing interest in the commercial use of such microbial biosurfactants because of their 

biodegradability and lower toxicity compared to the synthetic counterparts (Tripathi et 

al., 2018). Marinomonas spp. and other members of the Oceanospirillaceae were also 

identified as active degraders of polycyclic aromatic hydrocarbons (PAHs), which 

include many toxic, mutagenic, and persistent xenobiotics polluting marine environments 

(Dong et al., 2015). 

In addition to thriving in seawater and sediments, many species of Marinomonas 

readily colonize marine macroorganisms. For example, M. posidonica and M. 

mediterranea constitute a significant proportion of the microbiome of the perennial 

Neptune grass (Posidonia oceanica) that grows in the Mediterranean Sea (Lucas-Elio et 

al., 2012). The genome analysis revealed that these microorganisms contribute to the 

global sulfur and carbon cycles by releasing dimethyl sulfide that affects the cloud 

formation and climate over the oceans. Marinomonas spartinae is a plant-beneficial 

microorganism associated with small (Spartina maritima) and smooth (S. alterniflora) 

cordgrass growing in tidal marshes (Lucena et al., 2016; Mavrodi et al., 2018). Other 

species of marinomonads are found in microbiomes of marine animals and frequently 

isolated from various corals, shellfish, and finfish (Kumari et al., 2014; Vignier et al., 

2021; Villasante et al., 2020; Califano et al., 2017). Finally, Marinomonas spp. were 

studied for their physiological mechanisms of osmoadaptation that allow these 

moderately halophilic microorganisms to grow over a wide range of saline concentrations 
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(Vaidya et al., 2018). Several Marinomonas spp. have also been investigated for their 

ability to produce various enzymes and metabolites with potential clinical, 

environmental, and biotechnological applications. For example, the psychrophilic 

bacterium M. primoryensis produces unusual antifreeze proteins that modulate the ice 

nucleation rate and have potential applications in the areas of cryopreservation, materials 

science, biocatalysis, and climate control (Voets, 2017). 

2.3 Goals of this Study 

The genus Marinomonas encompasses a ubiquitous group of bacteria that thrive 

in diverse marine habitats and are investigated because of their environmental 

significance and biotechnological potential. Despite the progress in understanding the 

diversity of these organisms, our ability to explain ecological, metabolic, and biochemical 

traits of marinomonads at the genomic sequence level remains limited. The goal of this 

study was to address this gap by annotating and analyzing genome sequences of M. 

ostreistagni 398 and M. spartinae 468, which were isolated from the rhizosphere of 

Spartina collected in tidal marshes on Deer Island, Mississippi. This project aimed to 

provide new insights into the genomic diversity of the genus Marinomonas and identify 

genes that allow these bacteria to adapt to hypersaline environments, as well as pathways 

involved in the interaction with plants and production of antifungal compounds. 
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MATERIALS AND METHODS 

3.1 Genome Sequencing, Assembly, and Annotation. 

Bacterial strains Marinomonas ostreistagni 398 and M. spartinae 468 were 

cultured for 48 h at 27°C in Tryptic Soy broth (Difco) supplemented with 15% artificial 

saltwater SW30 (Dyall-Smith 2009), and high molecular weight samples of their DNA 

were prepared using the cetyltrimethylammonium bromide method (Ausubel et al., 

2002). The DNA samples were shipped to the Molecular and Genomics Core facility of 

the University of Mississippi Medical Center where they were sequenced using a MiSeq 

instrument (Illumina, San Diego, CA). The resulting raw data in the form of paired reads 

were processed with Trim Galore v.0.6.1 (Krueger 2015) and assessed for quality with 

the FastQC toolkit (Andrews 2010). Once filtered, the quality reads were assembled in 

the Pathosystems Resource Integration Center (PATRIC) (Wattam et al., 2014) with 

Unicycler (Wick et al., 2017) and the resultant assemblies were annotated with the 

RASTtk (Rapid Annotation using Subsystem Technology) annotation engine (Brettin et 

al., 2015). During the annotation, the domain of bacteria was selected, with the taxonomy 

name of Marinomonas, and the genetic code was set to 11 (Archaea & most Bacteria). 

The genomes of strains 398 and 468 were deposited in GenBank under accession 

numbers JAEMUH000000000 and JAEMUI000000000, respectively. The raw reads 

were deposited in the Sequence Read Archive under BioProject PRJNA686781. 

3.2 Phylogenetic Analysis 

The taxonomic placements of strains M. ostreistagni 398 and M. spartinae 468 

were determined by inferring a whole-genome maximum likelihood phylogeny using the 

Codon Tree method implemented in PATRIC (Wattam et al., 2014). The analysis 
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involved 39 draft and complete genomes of the Marinomonas group. The complete 

genome of Neptunomonas phycophila Scap09 was used as an outgroup. The parameters 

were set for 100 conserved shared genes with 0 maximum allowed deletions and 

duplications. The resultant bootstrapped phylogeny was exported in the Newick tree 

format and edited in Geneious Prime 2021 (Biomatters, Auckland, New Zealand). 

3.3 Identification of Secreted and Membrane Proteins 

The predicted proteomes of M. ostreistagni 398 and M. spartinae 468 were 

analyzed for the presence of signal peptides associated with Sec/SPI, Sec/SPII, and 

Tat/SPI secretion systems using the SignalP-5.0 server (Armenteros et al., 2019). The 

protein sequences were uploaded to SignalP-5.0 in the FASTA format and the Gram-

negative organism group and long output format were selected before submitting the 

protein sequences for analysis. Genes associated with type III, type IV, and type VI 

protein secretion systems were identified with EffectiveDB (Eichinger et al., 2016). The 

proteomes were also screened for the presence of transmembrane helices (TMHs) using 

the TMHMM v. 2.0 server (Krogh et al., 2001). The analysis included the prediction of 

TMHs and the probability that the N-terminus of the protein is located on the cytoplasmic 

side of the cell membrane. 

3.4 Secondary Metabolite Cluster Prediction 

Secondary metabolite clusters were identified using the Antibiotics & Secondary 

Metabolite Analysis Shell (AntiSMASH) 5.0 genome mining pipeline (Blin et al., 2019). 

For this analysis, the bacterial version of AntiSMASH was used along with relaxed 

detection strictness and the extra features of KnownClusterBlast, SubClusterBlast, 

ActiveSiteFinder, and RREFinder being selected as well. Additional analyses were 
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conducted with the ARTS 2.0 pipeline (Mungan et al., 2020), where the phylogeny 

screen and resistance model screen options were selected to predict core genes, putative 

biosynthetic gene clusters, and antibiotic resistance factors. 

3.5 Identification of Genomic Islands and Prophages 

Prophage sequences were identified with PHASTER, which is an upgraded 

version of the PHAge Search Tool (PHAST) pipeline (Arndt et al., 2016). Each identified 

prophage element was then further analyzed for GC content, presence of an integrase 

gene, position within the genome, and the total number of ORFs encoding phage-like 

proteins and their predicted functions. Genomic islands within the genomes of M. 

ostreistagni 398 and M. spartinae 468 were detected with the IslandViewer4 server 

(Dhillon et al., 2015). This pipeline identifies horizontally transferred genome segments 

based on the codon usage-based prediction (the SIGI-HMM method) (Waack et al., 2006) 

or relying on the sequence composition biases and HMM profiles for mobility genes (the 

IslandPath-DIMOB approach) (Bertelli and Brinkman 2018). Both draft genomes were 

analyzed using a complete genome of M. mediterranea genome as a reference. Putative 

virulence factors were identified by comparison against curated databases, such as the 

Virulence Factor Database (VFDB) (Chen et al., 2012) and Victors (Sayers et al., 2019). 

3.6 Pangenome Analyses and Orthologous Cluster Identification 

The pangenome analysis of M. ostreistagni 398, M. spartinae 468, and selected 

reference strains was conducted with OrthoVenn2 (Xu et al., 2019). The parameters for 

mapping orthologous gene clusters included the E-value of 1e-15, the inflation value of 2, 

and the enabled annotation and protein similarity network functions. The partitioning of 

genes into core, non-core, and singleton parts of each strain’s proteome were also done 
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by performing BLASTp (Altschul et al., 1990) comparisons with an E-value cutoff of 1e-

06, identity of 40% and coverage of 60%. Finally, the functional annotation of the M. 

ostreistagni 398 and M. spartinae 468 genes was carried by KEGG Orthology (KO)-

based mapping with BlastKOALA (Kanehisa et al., 2016). Circular genome maps were 

created with CGview (Stothard and Wishart, 2005). 
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RESULTS 

4.1 Genome Properties of M. ostreistagni 398 and M. spartinae 468 

The sequencing of the M. ostreistagni 398 genome produced 1,902,445 × 2 high 

quality reads totaling 277,199,648 bp of data. The Unicycler assembly of these reads had 

35 contigs with a N50 of 196,838 bp, Nmax of 339,475 bp, and median coverage of 139× 

(Table 1). The genome of strain 398 is comprised of a 3,976,153-bp long chromosome 

with a 44.8% G + C content. The coding regions accounted for 91.6% of the genome and 

contained 64 RNA- and 3,730 protein-coding genes. Of these, 2,768 genes were assigned 

a function, with the remaining annotated as hypothetical or conserved hypothetical. A 

total of 1,030 genes encoded proteins with Enzyme Commission (EC) numbers. 

For M. spartinae 468, the sequence run produced 1,313,234 × 2 high quality reads 

totaling 193,354,801 bp of data (Table 1). The final assembly had 58 contigs with a N50 

of 158,408 bp, Nmax of 406,278 bp, and median coverage of 80×. The draft genome of M. 

spartinae 468 was 4,842,952-bp long with a 44.4% G + C content. The coding regions 

accounted for 91.6% of the genome and contained 62 RNA- and 4,600 protein-coding 

genes. A total of 3,347 genes were assigned a function, and 1,220 genes encoded proteins 

with EC numbers. Also, 1,253 genes were annotated as conserved hypothetical or 

hypothetical. Finally, the sequenced genomes of M. ostreistagni 398 and M. spartinae 

468 contained CRISPR arrays with 40 and 33 repeats, respectively. 
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Table 1. Genome features of M. ostreistagni 398 and M. spartinae 468. 

Strain Fold 
coverage (x) 

Genome size 
(bp) 

No. of 
contigs 

N50 values 
(bp) 

G+C 
(%) 

Total 
no. of 
genes 

No. of 
RNA 
genes 

Total no. 
of CDSsa 

No. of 
PECsb 

No. of 
hypothetical 
proteins 

398 139.27 3,976,153 35 196,838 44.84 3,878 64 3,730 1,030 962 

468 79.63 4,842,952 58 158,408 44.39 4,728 62 4,600 1,220 1,253 

a CDSs, coding sequences with proteins. b PECs, proteins with Enzyme Commission numbers. 
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A functional analysis of genes encoded by M. ostreistagni 398 and M. spartinae 

468 was performed using BlastKOALA, an annotation engine that uses BLAST searches 

to assign query sequences to KEGG Orthology (KO) groups (Kanehisa et al., 2016). The 

KO assignment information is then used to describe gene functions, reconstruct metabolic 

pathways and their hierarchies, and infer high-level functions of the organism. The KO 

identifiers were successfully assigned to a total of 2,334 M. ostreistagni 398 proteins, 150 

of which showed unclear function (Figure 1). In M. spartinae 468, a total of 2,661 

proteins were assigned KO identifiers, with 155 showing unclear function. The predicted 

functions of these proteins could be organized in 38 different functional categories 

associated with metabolism, processing of genetic information, and signaling and cellular 

processes. A total of 70 complete pathway modules were identified and associated with 

metabolism of carbohydrates, energy, lipids, nucleotides, amino acids, glycan, cofactors 

and vitamins, xenobiotic biodegradation, and drug resistance. 

13 



 

 

 

         
    

        
 

         

     

       

        

        

         

        

        

Figure 1. The KEGG Orthology classification of proteins encoded by the M. ostreistagni 
398 and M. spartinae 468 genomes. 

The analysis was conducted using KEGG’s BlastKOALA server (Kanehisa et al., 2016). 

The predicted proteomes of strains 398 and 468 were also screened for potential 

secreted and transmembrane proteins (Table 2). The SignalP-5.0 analysis revealed in 

each strain the presence of 400 proteins with signal peptides recognized by the general 

secretion (Sec) SecYEG pathway. In Gram-negative bacteria, the Sec machinery delivers 

unfolded proteins across or into the inner membrane (Dalbey et al 2012; Auclair et al., 

2012). Approximately three quarters of the putative secreted proteins had signal peptides 

recognized by the membrane-bound signal peptidase I (SPI). After being transferred 

across the inner membrane, such proteins remain in the periplasm or are being 
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translocated through the outer membrane by another transport system (Paetzel et al., 

2002). 

Table 2. Secreted proteins of M. ostreistagni 398 and M. spartinae 468. 

Strain Total No. 
of 
Predicted 
Protein 
Sequences 

No. of 
Signal 
Peptides 
(Sec/SPI) 

No. of 
Lipoprotein 
Signal 
Peptides 
(Sec/SPII) 

No. of 
TAT 
Signal 
Peptides 
(TAT/SPI) 

No. of 
Trans-
membrane 
Helices 
(TMHs) 

No. of 
Unspecified 
Protein 
Sequences 

398 3,730 329 107 14 908 3,280 

468 4,600 316 120 16 1,080 4,148 

Approximately a quarter of putative secreted proteins in each strain carried a type 

II signal peptide, which is first modified via attachment of a diacylglycerol membrane 

anchor (Okusa and Tokuda, 2011). The resultant lipoprotein is then cleaved by the signal 

peptidase II (SPII). In Gram-negative bacteria, most proteins processed by the SPII 

peptidase remain in the periplasm and stay anchored to the inner or outer membrane 

(Okusa and Tokuda, 2011). Also present were proteins carrying TAT/SPI signal peptides, 

which are recognized by the “twin arginine” TATABC translocon. Unlike the general 

secretion system, the Tat translocase moves across the inner membrane fully folded 

proteins, such as some toxins, iron–sulfur proteins, cytochromes, or other respiratory 

enzymes (Frain et al., 2019). The EffectiveDB searches revealed that although M. 

ostreistagni 398 and M. spartinae 468 lack type III and type IV protein secretion 

pathways, both strains carry well-conserved gene clusters that encode type VI protein 

secretion systems. Finally, M. ostreistagni 398 and M. spartinae 468 encoded, 

respectively, 908 and 1080 proteins with transmembrane helices. These structural 
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features act as a hydrophobic anchor that mediates the assembly and folding of 

membrane proteins (Walther, Ulrich 2014; Wong et al 2012). 

4.2 Other Notable Genome Features 

The antiSMASH and ARTS analyses revealed that the genomes of strain 398 and 

strain 468 contain multiple pathways for the synthesis of secondary metabolites. 

Specifically, in M. ostreistagni 398 the analysis identified putative genes encoding 

enzymes involved in the production of a beta-lactone, an arylpolyene, ectoine, and a 

bacteriocin, respectively (Table 3). Also identified was a cyclodipeptide synthase (CDPS) 

that belongs to a group of enzymes utilizing aminoacyl-tRNAs as substrates for the 

synthesis of antimicrobial cyclodipeptides (Canu et al., 2020). 

Table 3. Summary of secondary metabolite gene clusters identified in the genomes of 

M. ostreistagni 398 and M. spartinae 468 by antiSMASH. 

Cluster 
no. 

Position 
(locus tag) 

Cluster 
category 

Most similar 
known cluster 

Similar 
genes 
(%) 

Putative biological 
activity of the product 

M. ostreistagni 398 

1 
133920-
166585 Betalactone None 0 Antibacterial 

2 133531-
177090 Arylpolyene Aryl polyenes 38 Protection from 

oxidative stress 

3 106080-
116469 Ectoine Ectoine 83 Osmotic stress 

tolerance 

4 180133-
191029 Bacteriocin None 0 Antibacterial 

5 36140-
56910 CDPS None 0 Antimicrobial 
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Table 3, continued 

M. spartinae 468 
214378- Osmotic stress 1 224767 Ectoine Ectoine 83 tolerance 

2 167252-
211214 NRPS None 0 Antimicrobial 

3808-3 Bacteriocin None 0 Antibacterial 14707 

4 258117-
273097 Siderophore Vibrioferrin 63 Iron transport 

5 122084-
160927 NRPS/T1PKS None 0 Antifungal 

142811-6 153779 Bacteriocin None 0 Antibacterial 

63753- Cupriachelin 7 NRPS 17 Iron transport 119951 siderophore 

In addition to ectoine and bacteriocin clusters, M. spartinae 468 carried the genes 

for the biosynthesis of a siderophore and various polyketide metabolites, which involve 

enzymes with predicted non-ribosomal peptide synthetase (NRPS) and hybrid NRPS-type 

I polyketide synthase (NRPS/T1PKS) activities. 

The genomes of M. ostreistagni 398 and M. spartinae 468 were also screened for 

the presence of prophages and genomic islands. The analysis of M. ostreistagni 398 with 

PHASTER (Arndt et al., 2016) identified four complete prophage regions showing partial 

similarity to viruses circulating in different Gram-positive and Gram-negative bacteria. 

These prophages included genes encoding structural components of phage capsids and 

tails, as well as viral proteases and integrases (Table 4). Compared to strain 398, the 

genome of M. spartinae 468 contained only three prophage regions that carried phage 

tail, plate, and protease genes. 
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Table 4. Summary of prophage regions predicted in the genomes of M. ostreistagni 

398 and M. spartinae 468 by PHASTER. 

Prophage 
no. 

Position 
(locus tags) 

Most similar known phage Similar 
genes (%) 

Notable features 

M. ostreistagni 398 

1 104745-
112214 Synechococcus phage ACG-2014f 25.0 Phage plate genes 

2 

3 

4 

202798-
212079 

50018-
86305 

75563-
97155 

Bacillus phage vB-BanS-Tsamsa 

Enterobacter phage Arya 

Enterobacter phage BP-4795 

12.5 

26.5 

18.2 

Phage plate genes, 
protease 
Phage tail, capsid, 
and head genes, 
lysis genes and 
integrase 
Phage head genes, 
integrase 

M. spartinae 468 

1 60509-
70174 Bacillus phage vB_BanS-Tsamsa 11.1 Phage plate genes, 

protease 

2 87310-
101565 Escherichia phage Mu 37.5 Phage tail genes 

3 274938-
283654 

Pseudomonas phage OBP 
NC_01657 20 None 

The IslandViewer4 (Dhillon et al., 2015) screen of strains 398 and 468 identified 

multiple genomic islands (GIs). In strain 398, the predicted GIs carried genes for the 

biosynthesis of thiamine, uptake and catabolism of urea, resistance to fosfomycin, DNA 

methylation, repair of UV radiation-induced DNA damage, assembly of fimbriae, diverse 

transport and regulation activities, and components of prophages and transposons (Table 

A.1). In M. spartinae 468, the GIs encoded assorted bacteriophage genes, DNA 

metabolism enzymes (including a lesion bypass DNA polymerase), heat shock 

chaperones, adhesins, and capsular synthesis enzymes (Table A.2). In both strains, the GI 

18 



 

 

   

 

  

        

          

      

     

         

          

       

         

  

       

         

       

       

       

         

         

        

  

regions also contained numerous genes encoding hypothetical and conserved hypothetical 

proteins. 

4.3 Pan-Genome Analysis 

To identify the relationship of M. ostreistagni 398 and M. spartinae 468 to other 

members of the genus, a whole-genome phylogenetic analysis that included a total of 41 

strains representing at least 22 named Marinomonas species was performed. The 

maximum-likelihood phylogenic tree of Marinomonas showed three distinct and well-

supported clades (Figure 2). The strains M. ostreistagni 468 and M. spartinae 398 used in 

this study belonged to clades I and II, respectively. Based on these results, we selected M. 

posidonica IVIA-Po-181, M. primoryensis AceL, M. mediterranea MMB-1, and 

Marinomonas sp. SBI8L to be used as typical representatives of the three clades in 

subsequent comparative genome analyses. 

The OrthoVenn2 comparison of M. ostreistagni 398 and M. spartinae 468 with 

the selected reference strains revealed that the number of orthologous gene families per 

strain varied between 3,037 and 3,328 (Figure 3). The core genome was represented by 

1,805 gene families, which constituted between 54.2% and 59.4% of the predicted 

proteome. The number of strain-specific gene families varied between 4 (IVIA-Po-181) 

and 95 (AceL). The pairs of strains that shared the highest proportion of gene families 

were Marinomonas sp. SBI8L and M. mediterranea MMB-1, M. posidonica IVIA-Po-

181 and M. mediterranea MMB-1, and M. spartinae 468 and M. primoryensis AceL 

(Figure 3). 

19 



 

 

 

     
   

      
       
       

          
 

Figure 2. Whole-genome maximum likelihood phylogeny of 41 different strains showing 
three distinct Marinomonas clades. 

The phylogeny was generated using the CodonTree method in PATRIC (Wattam et al., 
2014) based on 100 shared single-copy genes identified by PGFams. Numbers above tree 
nodes are bootstrap values. Neptunomonas phycophila Scap09 was included in the 
analysis as an outgroup. The scale bar shows the number of nucleotide substitutions per 
site. 
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Figure 3. The distribution of orthologous gene families among M. ostreistagni 398, M. 
spartinae 468, and selected reference Marinomonas strains (top panel). 

The Venn diagram and bar chart show the number of shared and unique orthologous gene 
families encoded by each analyzed genome. The number of the shared orthologs is also 
shown in the form of the pairwise heatmap (bottom panel). The calculations were 
conducted with OrthoVenn2 using an E-value of e-15 and MCL inflation factor of 2.0. 
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An in-depth analysis of M. ostreistagni 398 by multiway BLASTp revealed that 

its 3,730 predicted protein-coding genes were split unevenly between the core (2,315 

genes or 62%), non-core (617 genes or 16.5%), and strain-specific (798 genes or 21.4%) 

parts of the genome. Similarly, the majority of 4,600 protein-coding genes of M. 

spartinae 468 were assigned to the core (2,315 genes or 50.3%), while the non-core and 

strain-specific parts of the genome were comprised, respectively, of 966 (21.0%) and 

1,319 (28.7%) genes. The visual representations of the genomes of M. ostreistagni 398 

and M. spartinae 468 show the genes that appear in both strains as well as those that 

appear in the reference genomes. We also identified lineage-specific genes that are shared 

by strains of clade I (M. spartinae 468, M. posidonica IVIA-Po-181, M. primoryensis 

AceL) or clade II (M. ostreistagni 398, M. mediterranea MMB-1). In M. spartinae 468, a 

total of 69 genes were identified as clade I-specific. A total of 79 M. ostreistagni 398 

genes were identified as specific to clade II. The variable gene content was visualized on 

circular genome maps built with the help of CGview (Stothard and Wishart, 2005). The 

position of clade-strain and strain-specific genes with M. ostreistagni 398 and M. 

spartinae 468 genomes is visible as gaps in BLASTn hits against reference Marinomonas 

genomes (Figure 4). 
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M. ostreistagni 
398 

M. spartinae 
468 

Figure 4. Circular representation of the M. ostreistagni 398 and M. spartinae 468 
genomes and their comparison to representative genomes of the Marinomonas group. 

Rings from inside to outside: (1) GC content, (2) GC skew, (3-7) BLASTn comparison 
with other Marinomonas genomes, (8, 9) CDSs predicted on the reverse and forward 
DNA strands. The inner scales designate coordinates in kilobase pairs. The analysis was 
performed with CGview (Stothard and Wishart, 2005). 
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DISCUSSION 

This study provided new information about the biology of marinomonads based 

on a comparative genome analysis of bacterial strains M. ostreistagni 398 and M. 

spartinae 468, which antagonize the plant pathogenic fungus Fusarium. The genome of 

strain M. ostreistagni 398 is the first sequenced genome of this species. The phylogenetic 

analysis confirmed the taxonomic identity of both strains and placed them into two 

distinct clades within the Marinomonas genus. Although phenotypically similar, M. 

ostreistagni 398 and M. spartinae 468 differ substantially at the genetic level. The strain 

468 possesses a much larger genome than strain 398 with a difference of about 0.87 

megabase pairs. The two genomes also differ in the number of encoded proteins, as the 

genome of strain 398 contained just 3,730 CDSs compared to 4,600 CDSs in strain 468. 

In M. ostreistagni 398, the non-core and strain-specific genes collectively accounted for 

38% of the gene content. The share of non-core and strain-specific genes was even higher 

in M. spartinae 468 and accounted for almost half of the gene content. The comparison of 

M. ostreistagni 398, M. spartinae 468 and selected reference genomes revealed that 

members of different clades share a core set of protein-coding genes performing 

housekeeping functions. This core constituted only 50.3 to 64% of individual strains’ 

proteomes, further highlighting the importance of variable gene content in the biology of 

Marinomonas. 

A substantial amount of the variable gene content in M. ostreistagni 398 and M. 

spartinae 468 was associated with genomic islands (GIs) and prophage regions. The GIs 

are clusters of genes in the genomes of bacteria that are unique to subsets of genomes and 

are of probable horizontal transfer origin, which is an evolutionary mechanism for 
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bacterial genomes that allows for the bacteria to quickly develop specific adaptations for 

survival (Edwards, Holt 2013; Bertelli et al. 2019). Examples of such adaptations include 

the ability to catabolize new carbon sources, resistance to heavy metals and antibiotics, 

synthesis of virulence factors, and symbiotic and stress response traits (Bertelli et al. 

2019). Prophages play an important role in bacterial evolution by acting as vectors for the 

HGT-mediated acquisition of virulence factors in bacterial pathogens and of specialized 

ecological adaptations in nonpathogenic bacteria (Canchaya et al. 2003). In addition, 

prophages protect their bacterial host from the attack and destruction by other, closely 

related bacteriophages (Canchaya et al. 2003; Bertelli et al. 2019). The analysis of GIs, 

prophages, and other strain-specific genome segments in M. ostreistagni 398 and M. 

spartinae 468 revealed genes encoding numerous hypothetical proteins, membrane 

transporters, surface appendages, regulatory proteins, and various enzymes participating 

in catabolism, as well as DNA and energy metabolism. It is likely that these genes 

collectively contribute to the ability of these organisms to colonize new niches, compete 

with other microorganisms, and adapt to changing environmental conditions. 

The functional analysis of proteins encoded by the genes in both Marinomonas 

ostreistagni 398 and M. spartinae 468 has revealed several predicted functions and 

applications of these proteins as defined by their KEGG orthology classifications. One of 

these functions is xenobiotic degradation and metabolism, which refers to the ability of 

an organism to degrade and/or metabolize non-native compounds in an environment. In 

general, halophilic bacteria have been known to be capable of degrading certain common 

xenobiotics that pollute the environment such as hydrocarbons, formaldehydes, and 

nitroaromatic compounds (Orellana et al, 2018). The degradation of xenobiotics such as 
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these by certain bacteria can remove harmful compounds from the environment and 

therefore can have significant applications in bioremediation. Specifically, within the 

Marinomonas genus, species such as M. communis and M. mediterranea have been 

reported to have xenobiotic degradation and bioremediation capabilities. The uptake and 

subsequent removal of arsenic from its environment has been reported in the M. 

comminus species while M. mediterranea has been shown to produce laccases, which 

have been reported to be capable of degrading a wide range of xenobiotics such as textile 

waste, antibiotics, bisphenol A (BPA), and polycyclic aromatic hydrocarbons (PAHs) 

(Takeuchi et al, 2007; Arregui et al 2019). Both of these species are closely related to M. 

ostreistagni 398, in that they exist within the same clade and have been shown to share 

some common non-core genes, so the ability of M. ostreistagni 398 to produce 

compounds and have bioremediation potential similar to these species is likely. 

The genome analysis also revealed that M. ostreistagni 398 and M. spartinae 468 

are capable of producing diverse secondary metabolites, which may help these bacteria to 

flourish in the rhizosphere of marsh grasses. Among these secondary metabolites is 

ectoine, an effective osmolyte that allows halophilic bacteria to balance the osmotic 

pressure across cellular membranes without compromising the structure of biomolecules 

(Yancey 2005). Both strains also secrete siderophores that help Marinomonas to 

effectively acquire iron, as well as bacteriocins that function to inhibit the growth of other 

bacteria, generally those that are closely related to the bacteria secreting the metabolite, 

and serve to reduce the number of bacteria competing for the same resources (Sharrar et 

al 2020). Yet another group of secondary metabolites includes aryl polyenes, some of 

which are known to function as oxidative stress protectants (Aleti et al 2018; Richter et al 
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2019). Additionally, M. ostreistagni 398 and M. spartinae 468 also carries non-ribosomal 

peptide synthetases and polyketide synthase, which are likely involved in the synthesis of 

antifungal metabolites responsible for the ability of these strains to inhibit the growth of 

the phytopathogenic Fusarium. The antifungal metabolites produced by M. ostreistagni 

398 and M. spartinae 468 may also have clinical and biotechnological applications in the 

treatment of human diseases, such as mycotoxicosis and fusariosis, and the prevention of 

plant diseases caused by fungi such as those within the Fusarium genus (Batista et al, 

2020). 

Our further analysis of Marinomonas genomes indicated that, in addition to 

ectoine, siderophores, and NRPS- and PKS-derived compounds, these bacteria carry 

genes for the synthesis of ribosomally synthesized and post-translationally modified 

peptides (RiPPS), lassopeptides, beta-lactones, cyclodipeptides, thioamides, linaridins, 

and diverse saccharides (Figure 5). Collectively, these findings highlight Marinomonas 

spp. as a rich source of natural bioactive metabolites with potential antibacterial, 

antifungal, immunosuppressant, and analgesics properties. 
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Figure 5. Distribution and classification of antiSMASH hits for representative 
Marinomonas genomes. 
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GENOMIC ISLANDS 

Genomic 
island no. 

Position 
(locus 
tag) 

Prediction # of Products other than 
Method hypothetical hypothetical proteins 

Proteins 
1 45203- SIGI- 1 

49572 HMM Pulcherriminic acid synthase, 

2 1040390- SIGI- 0 
1045696 HMM 

3 1353454-
1360136 

4 1580193-
1585495 

5 1877757-
1884301 

6 2041945-
2049397 

7 2557169-
2566388 

8 2599382-
2605403 

9 3987818-
3992648 

10 3995742-
4010153 

SIGI-
HMM 
SIGI-
HMM 

SIGI-
HMM 
SIGI-
HMM 

SIGI-
HMM 

SIGI-
HMM 
SIGI-
HMM 

SIGI-
HMM 

Transcriptional regulator (AraC family), 

Uncharacterized MFS-type transporter 
Transcriptional repressor of ectoine 
biosynthetic genes, 
Deoxyribodipyrimidine photolyase, 
Transcriptional regulator (MerR family) 
associated with photolyase, Renalase, 
1,2-dihydrooxidase, 1,6-dihydrooxidase, 
Uncharacterized membrane protein 
SO_4740, COG1683: Uncharacterized 
conserved protein / FIG143828: 
Hypothetical protein YbgA 

6 None 

2 Outer-membrane-phospholipid-binding 
lipoprotein MlaA, PQQ-dependent 
oxidoreductase, gdhB family 

3 Thiazole synthase, 2-iminoacetate 
synthase (ThiH) 

4 Chemotaxis regulator, DNA gyrase 
inhibitor YacG, Dephospho-CoA kinase, 
Type IV fimbrial assembly, ATPase 
PilB, Type IV pilin PilA, Two-
component system sensor histidine 
kinase 

5 N-Acetylneuraminate 
cytidylyltransferase, Lipopolysaccharide 
biosynthesis protein, 2-keto-3-deoxy-D-
arabino-heptulosonate-7- phosphate 
synthase I beta 

4 Iron-sulfur cluster regulator IscR, 
Transcriptional regulator (LysR family) 

4 Cysteine desulfurase (SufS), Sulfur 
acceptor protein (sulfur transfer pathway 
protein CsdE) 

4 Gfa-like protein, Fosfomycin resistance 
protein FosA, TPR domain protein 
(putative component of TonB system) 
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11 452502-
485332 

12 1069580-
1082161 

13 1091509-
1108788 

14 

15 

1346389-
1361356 
1667070-
1675152 

16 3734050-
3762740 

IslandPath-
DIMOB 

IslandPath-
DIMOB 

IslandPath-
DIMOB 

IslandPath-
DIMOB 

IslandPath-
DIMOB 

IslandPath-
DIMOB 

18 

19 

19 

12 

1 

9 

Putative glycosyltransferase, 
Transposase and inactivated derivatives, 
Teichoic acid export ATP-binding 
protein TagH 
DNA translocase FtsK, C-5 cytosine-
specific DNA methylase family protein, 
Phage DNA replication protein O 
Phage head, portal protein B, Phage 
head head-tail preconnector protease C 
and scaffolding domain Nu3, Phage 
baseplate assembly protein GpJ and 
chaperone, Phage tail sheath protein FI, 
Phage-related protein 
Transposase and inactivated derivatives 

2-dehydropantoate 2-reductase, 
UPF0234 protein Yitk, methylated-
DNA--protein-cysteine 
methyltransferase-related protein, 
Protein affecting phage T7 exclusion by 
the F plasmid, Heat shock protein 10 
kDa family chaperone GroES, Heat 
shock protein 60 kDa family chaperone 
GroEL, Probable type IV pilus assembly 
FimV-related transmembrane protein 
Urease accessory proteins (UreG, UreF, 
UreE, UreD), Urease subunits (alpha, 
beta, gamma), Urea ABC transporter 
ATPase proteins (UrtE, UrtD, UrtC, 
UrtB, UrtA), Permease of the 
drug/metabolite transporter (DMT) 
superfamily,  DNA-binding 
transcriptional regulator (MocR family) 
/ aminotransferase domain, transposase, 
Sugar fermentation stimulation protein 
SfsA, L-threonine 3-dehydrogenase, 2-
amino-3-ketobutyrate coenzyme A 
ligase, Transcriptional regulator (LysR 
family), Putative 5-carboxymethyl-2-
hydroxymuconate semialdehyde 
dehydrogenase oxidoreductase protein, 
ABC transporter permease proteins 1,2 
(cluster 4), ABC transporter ATP-
binding proteins 1,2 (cluster 4) 
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17 3986608- IslandPath- 6 Cysteine desulfurase (SufS), Sulfur 
3999010 DIMOB acceptor protein (sulfur transfer pathway 

protein CsdE), Phage integrase, Mobile 
element protein, Gfa-like protein 

Table A.1 Summary of genomic islands predicted by IslandViewer 4 in the genome of 
M. ostreistagni 398. 
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Genomic Position Prediction # of Products other than hypothetical proteins 
island (locus method hypothetical 

no. tags) proteins 
1 

2 

3 

.4 

5 

6 

7 

8 

9 

10 

11 

12 

389163-
395383 

1509150-
1514663 
1936866-
1942963 
2147186-
2151697 
2780678-
2786316 
2905677-
2909931 
3427952-
3432052 

4545402-
4550376 
1576557-
1583573 

1839394-
1846790 
2184425-
2195884 

2994186-
3010372 

SIGI-
HMM 
SIGI-
HMM 
SIGI-
HMM 
SIGI-
HMM 
SIGI-
HMM 
SIGI-
HMM 
SIGI-
HMM 

SIGI-
HMM 

IslandPath-
DIMOB 

IslandPath-
DIMOB 

IslandPath-
DIMOB 

IslandPath-
DIMOB 

4 

4 

6 

8 

3 

6 

2 

4 

1 

8 

57 

17 

P pilus assembly protein (porin PapC), 
Transcriptional regulator VpsT 
DNA-cytosine methyltransferase 

Transposase and inactivated derivatives 

None 

Serine/threonine kinase, GTP 
cyclohydrolase II 
None 

Capsular polysaccharide synthesis enzyme 
CpsA, sugar transferase, 
Glycosyltransferase 
None 

Phosphoribosylanthranilate isomerase, 
tRNA pseudouridine (38-40) synthase, 
Probable type IV pilus assembly FimV-
related transmembrane protein, Heat 
shock protein 60 kDa family chaperone 
GroEL, Heat shock protein 10 kDa family 
chaperone GroES, Protein affecting phage 
T7 exclusion by the F plasmid, DNA 
base-flipping protein, UPF0234 protein 
Yitk 
Phage tail sheath Mup39 L 

Phage protein (ACLAME 1358), Phage 
protein, Phage head portal protein B, 
Phage head terminase DNA packaging 
protein A, Phage terminase (small 
subunit), Error-prone, lesion bypass DNA 
polymerase V (UmuC), DNA translocase 
FtsK 
Transposase and inactivated derivatives, 
diguanylate cyclase/phosphodiesterase 
(GGDEF & EAL domains) with 
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13 3879100-
3893968 

IslandPath-
DIMOB 

25 

14 3908635-
3921064 

IslandPath-
DIMOB 

5* 

15 4495875-
4506333 

IslandPath-
DIMOB 

1 

16 4849376-
4870295 

SIGI-
HMM, 

IslandPath-
DIMOB 

10 

PAS/PAC sensor(s), TagE protein, 
Transcription termination factor Rho, 
FOG: TPR repeat protein 
Phage integrase, Prophage MuSo1 
transcriptional regulator (Cro/CI family), 
Phage replication protein GpA 
(endonuclease), Caffeoyl-CoA O-
methyltransferase 
FIG015547: peptidase (M16 family) / 
FIG015287: Zinc protease, 
MotA/TolQ/ExbB proton channel family 
protein, Tol biopolymer transport system 
(TolR protein), Phage integrase, Mobile 
element protein 
Inner membrane protein translocase and 
chaperone YidC (long form), 
Ribonuclease P protein component, LSU 
ribosomal protein L34p, Chromosomal 
replication initiator protein DnaA, DNA 
polymerase III beta subunit, DNA 
recombination and repair protein RecF, 
DNA gyrase subunit B, Oxidoreductase 
(short-chain dehydrogenase/reductase 
family) 
Oxygen-insensitive NAD(P)H 
nitroreductase, Dihydropteridine 
reductase, DNA-binding protein, 
Predicted cell-wall-anchored protein SasA 
(LPXTG motif), T1SS secreted agglutinin 
RTX 

Table A.2 Summary of genomic islands predicted by IslandViewer 4 in the genome of 
M. spartinae 468. 

*Contains a bacteriophage hypothetical protein. 
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