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Abstract

:

Currently considered an excellent candidate source of novel chemical diversity, the existence of marine myxobacteria was in question less than 20 years ago. This review aims to serve as a roll call for marine myxobacteria and to summarize their unique features when compared to better-known terrestrial myxobacteria. Characteristics for discrimination between obligate halophilic, marine myxobacteria and halotolerant, terrestrial myxobacteria are discussed. The review concludes by highlighting the need for continued discovery and exploration of marine myxobacteria as producers of novel natural products.
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1. Introduction


In a myxobacterial ecology review published in 1999, Hans Reichenbach asked, “Are there marine myxobacteria?” [1]. Reichenbach’s succeeding paragraph provides insight into the uncertainty surrounding marine myxobacteria prior to the routine practice of molecular taxonomy [1]. Two of the major factors contributing to this obscurity were the incorrect assignment of marine Bacteroidetes as lower order myxobacteria or ‘Myxobacteria imperfecta’ and the ubiquitous distribution and reported isolations of myxobacteria, with varying halotolerances among interfacial environments, such as sediments from beaches and shores [1,2,3,4,5,6,7,8,9]. While the 16s rRNA sequence analysis has mostly addressed the former, determining that what were considered lower-order marine myxobacteria, were instead Bacteroidetes from the genera Cytophaga and Flavobacterium, the latter continues to obfuscate the distinction between marine and terrestrial myxobacteria [10,11,12]. Literature concerning the halotolerant myxobacterium Myxococcus fulvus HW-1 (ATCC BAA-855) typifies this issue [13,14]. While M. fulvus HW-1 has been reported to tolerate a salinity as high as 3% and is listed in the World Register of Marine Species (WoRMS), the strain displays attenuated morphologies and social behaviors that are typical of myxobacteria, such as a fruiting body formation on agar media with low concentrations of seawater or salts [13,15]. This review aims to clarify such confusion by highlighting the unique characteristics of halophilic myxobacteria when compared to better-known halotolerant soil myxobacteria, and to encourage further discovery and investigation of marine myxobacteria as a source of structurally unique secondary metabolites.




2. Characteristics Unique to Marine Myxobacteria


The recent retrospective analysis of natural product discovery trends reported by Pye et al. concluded that marine organisms are, at least upon discovery, productive sources of novel chemical diversity [16]. Considering this observation, combined with the abundance of biologically active myxobacterial metabolites, we anticipate that an investigation of marine myxobacteria, as producers of secondary metabolites with unique molecular scaffolds and activities, will become a priority for drug discovery efforts [17,18,19]. While limited by the scarcity of cultivable marine myxobacteria, the following characteristics are meant to differentiate known terrestrial, halotolerant myxobacteria from marine, halophilic myxobacteria. These characteristics are centered on halophilicity, multicellular behaviors that have been observed at saline cultivation conditions, phylogeny, and ecology.



Halophilic bacteria rely on the cellular accumulation of organic osmolytes to prevent dehydration in osmotic environments, such as seawater [20,21]. Recently, differing strategies for osmolyte accumulation were reported for Enhygromyxa salina SWB007 and Pleciocystis pacifica SIR-1T [22]. While P. pacifica accumulates amino acids to offset osmotic stress, E. salina produces the ubiquitous osmolytes betaine and hydroxyectoine [22]. Interestingly, all of the sequenced myxobacterial halophiles possess a betaine/carnitine/choline transporter (BCCT) or BetT homolog, while the sequenced terrestrial myxobacteria do not, regardless of the reported halotolerances (Table 1). The gene loci that encode solute biosynthetic pathways, such as the confirmed ectoine/hydroxyectoine cluster from E. salina SWB007, cannot currently be considered as critical aspects of marine myxobacteria, as P. pacifica SIR-1T has no such pathway and instead relies on the accumulation of glutamate and glycine to prevent osmotic stress [22]. Excluding M. fulvus HW-1, the only cultivable myxobacteria found to be obligate halophiles have been associated with the ‘marine’ moniker.



While among the order of the Myxococcales obligate halophilicity is wholly unique to marine myxobacteria, all myxobacteria participate in unique multicellular behaviors, such as fruiting body formation, social swarming, and organized predation [23,24,25]. Salinity impedes fruiting body formation of the vast majority of terrestrial and halotolerant myxobacteria [13]. Instead, halotolerant myxobacteria adopt a less complicated, unicellular growth strategy that is independent of cell density, when grown at salinities reflective of seawater conditions [13]. While this strategy provides the resilience required for halotolerant myxobacteria to survive in sandy beaches and shoreline soils, it impedes their ability to thrive in seawater. An outlier, halotolerant Pseudenhygromyxa salsuginis SYR-2T, designated a ‘brackish water myxobacterium’, displays fruiting bodies similar to E. salina SHK-1T and P. pacifica SIR-1T at various levels of salinity [26,27,28]. Synchronized motility, referred to as swarming or gliding, is a defining feature of myxobacteria, has been observed for all marine myxobacteria as well as halotolerant myxobacteria, such as M. fulvus HW-1, when grown at varying salinities [12,25,26,27,28,29,30]. Halophilic myxobacteria swarm in radial patterns with varying amounts of etching occurring on the surface of agar medias [12,26,27,28,29,30]. Typical of terrestrial myxobacteria, marine myxobacteria do not form radial veins or distinct waves when swarming [12,26,27,28,29,30]. Instead, marine myxobacteria aggregate at peripheral bands along the outer circumference of swarms [12,26,27,28,29,30]. Unlike the predation efforts of the model myxobacterium Myxococcus xanthus, organized predation strategies of marine myxobacteria have yet to be explored in detail. While all halophilic myxobacteria discovered to date are capable of lysing a variety of Gram-negative bacteria, only H. ochraceum, H. tepidum, and Enhygromyxa niigatensis are able to lyse Saccharomyces cerevisiae cells [26,27,28,29,30].



The suborder Nannocystineae exclusively consists of halotolerant and halophilic myxobacteria, including all of the discovered cultivable halophilic myxobacteria, with the only potential outlier being the lesser studied, terrestrial Kofleria flava (Figure 1a). Yet again exceptional, M. fulvus HW-1 is the only purported marine myxobacterium to instead belong to the suborder Cystobacterineae (Figure 1a). However, Brinkhoff et al. recently reported a distinct cluster exclusively comprised of marine myxobacteria (Figure 1b) [31]. Aptly designated as the marine myxobacteria cluster (MMC), associated marine myxobacteria were observed primarily from sediment samples and water column samples near the sediment surface worldwide, at salinities ranging from brackish to marine [31]. Interestingly, the myxobacteria distinctly clustered between the MMC and the defined suborders Nannocystineae, Sorangiineae, and Cystobacterineae were from a variety of diverse habitats including volcanic sediment, a wastewater treatment plant, a glacier, a uranium mining waste pile, a microbial biofilm, a hypersaline microbial mat, and various marine sediments [31]. The prevalence of halotolerant and halophilic myxobacteria within the suborder Nannocystineae, the observation of clustered myxobacteria from fluid habitats, and the exclusivity of the MMC provide a unique phylogenetic landscape within the order Myxococcales, where physiological adaptability to environmental volatility seems apparent [13,25,31,32]. The observation of phylogeographic separation of marine and terrestrial myxobacteria, reported by Jiang et al., supports this conspicuous delineation [32]. While only recently observed, the MMC and the assumed capacity of the myxobacteria within to produce secondary metabolites exemplifies the need for continued efforts focused on the isolation and cultivation of marine myxobacteria.




3. Haliangium ochraceum


Originally isolated from a seaweed sample collected from a beach on the Miura Peninsula of Japan and reported as Nannocystis sp. strain SMP-2 in 1998 by Iizuka et al., H. ochraceum, along with what would become Plesiocystis pacifica, was one of the first halophilic marine myxobacteria, which were confirmed by 16s rRNA sequencing to be a member of the myxobacterial suborder Nannocystineae [12,29]. The genome for type strain H. ochraceum SMP-2T (DSM 14365T) was published in 2010 (NC_013440.1) [34]. Originally cultivated at 30–34 °C on modified VY/2 agar media (Baker’s yeast 5 g L−1, cyanocobalamin 0.5 mg L−1, agar 15 g L−1) supplemented with sea water, H. ochraceum was observed to grow at NaCl concentrations of 0.2–5% (w/v), with optimal growth between 2–3% [12,29]. Fudou et al. reported the first discovery of a secondary metabolite from marine myxobacteria, haliangicin, a polyketide with antifungal activity isolated from Haliangium luteum in 2001 [35,36]. Fudou et al. later reclassified Haliangium luteum as H. ochraceum [29]. H. ochraceum has since been reported to produce a variety of haliagicin congeners, as well as the hybrid polyketide-nonribosomal peptide haliamide (Figure 2), via a type-I polyketide synthase pathway and a hybrid polyketide-nonribosomal biosynthetic pathway respectively [37,38,39,40]. The features of H. ochraceum, denoted as differentiated from soil myxobacteria, include obligate halophilicity, palmitic acid as a principle fatty acid, and presence of anteiso-branched fatty acids [29]. Fruiting body formation has been reported from both solid and liquid cultures of H. ochraceum, regardless of salinity [13,29]. H. ochraceum swarms form slightly sunken radial bands within agar, generating a tough slime film [29]. Associated with the Haliangiaceae clade of the suborder Nannocystineae, H. ochraceum shows a higher 16S rRNA sequence similarity to terrestrial myxobacteria than other halophilic marine myxobacteria [36,37]. As previously mentioned, H. ochraceum is capable of lysing both Gram-negative bacteria, specifically Escherichia coli and Micrococcus luteus, but also S. cerevisiae [29].




4. Enhygromyxa salina


Also discovered by Iizuka et al., E. salina was initially isolated from a lagoon shore on the north coast of Hokkaido, Japan [27]. Three strains of E. salina have been sequenced, including the type strain E. salina SMK-1T (DSM 15217T) and strains SWB005 and SWB007 [30,41]. Belonging to the Plesiocystis/Enhygromyxa clade of the suborder Nannocystineae, numerous unique strains of E. salina have been reported [27,30,42]. E. salina produces fruiting bodies varying from white to orange when grown on VY/2 supplemented with salt water [27]. An obligate halophile, E. salina tolerates NaCl concentrations of 0.1–4.0% (w/v) with an optimal range of 1.0–2.0% NaCl [27,30]. However, the numerous strains of E. salina all demonstrate varying ranges of salt tolerance with minimum concentrations as high as 1% NaCl (w/v) and maximum concentrations of 7% NaCl [27,30]. E. salina swarms form circular patterns, leaving deeply etched craters within agar surfaces [27]. While able to survive on media with yeast as the sole nitrogen source, E. salina is only capable of lysing Gram-negative bacteria and is unable to lyse S. cereviseae cells [27]. Numerous secondary metabolites have been discovered from a variety of E. salina strains (Figure 3); the activities and biosynthetic assembly of these metabolites have been well reviewed elsewhere [17,18,19,43,44]. Of note, comparative antiSMASH analysis of the three sequenced strains of E. salina suggests strain SWB005 to be the only sequenced strain of E. salina without a predicted trans-AT polyketide synthase, and strain SWB007 to be the only strain with an identified thiopeptide biosynthetic pathway [45]. Interestingly, only E. salina seems to produce the osmolyte hydroxyectoine, as no other EctD homologue is apparent in the genomes of other sequenced marine myxobacteria (Table 1) [22].




5. Plesiocystis pacifica


Discovered, yet again, by Iizuka et al., P. pacifica, originally identified as Nannocystis sp. SHI-1, was isolated from a beach on Iriomote-jima Island, Japan in 1997 [12,28]. There are currently two reported strains, the type strain P. pacifica SIR-1T (DSM 14875T) and SHI-1 (DSM 14876) [28]. Both strains produce pinkish-orange to brownish-orange fruiting bodies when grown on VY/2 that is supplemented with salt water, and require NaCl concentrations of 1% (w/v) for growth with optimum salinities of 2.0–3.0% [28]. P. pacifica forms radial bands at the perimeter of its swarms, leaving cloudy etches in agar surfaces [28]. Similar to the other members of the Plesiocystis/Enhygromyxa clade of the suborder Nannocystineae, P. pacifica lyses Gram-negative bacteria and is unable to lyse S. cerevisiae [28]. While no secondary metabolites have been reported from either strain, an antiSMASH analysis on the draft genome of P. pacifica SIR-1T (GCA_000170895.1) revealed numerous secondary metabolite biosynthetic pathways [18,46]. This analysis portrays P. pacifica as an excellent candidate for future natural product discovery efforts. Instead, the haloalkane dehalogenase DppA from P. pacifica SIR-1T has garnered interest as a potential biocatalyst for bioremediation of aromatic pollutants [47,48]. DppA shows unique specificities towards brominated α,β-haloalkanes, with no activity observed towards the chlorinated substrates [48]. Only briefly referenced in a PCR survey of polyketide synthase genes from various myxobacteria, genomic DNA from Plesiocystis sp. strain SIS-2 was found to contain several polyketide synthases [46]. However, whether Plesiocystis sp. strain SIS-2 is a third strain of P. pacifica or a unique member of the genera Plesiocystis remains unclear.




6. Haliangium tepidum


The lesser investigated of the marine members of the Haliangiaceae clade of the suborder Nannocystineae, Haliangium tepidum SMP-10T (DSM 14436T) was first reported by Fudou et al. [29]. Found to be an obligate halophile, H. tepidum grows and produces fruiting bodies at salinities ranging from 0.5–6.0% NaCl (w/v) [29]. H. tepidum is able to lyse both Gram-negative bacteria and S. cereviseae, and swarms in radial patterns leaving slime sheets slightly etched into agar surfaces [29]. As the species designation suggests, H. tepidum grows at moderately warm temperatures when compared to other marine myxobacteria with an optimal temperature range of 37–40 °C [29]. While no genome sequence data or discovered natural products have been reported, a PCR survey of myxobacterial genomic DNA found an abundance of polyketide synthases within the genome of H. tepidum [46].




7. Potential Marine Myxobacteria


While the six previously discussed marine myxobacteria are the best characterized to date, there have been several recently reported potential marine myxobacteria. Tomura et al. discovered three new myxobacterial natural products that were produced by Enhygromyxa niigataensis or Enhygromyxa sp. SNB-1 (Figure 4) [49]. With a 97% similarity to the 16S rRNA sequence of E. salina SWB004, E. niigataensis SNB-1 was determined to be a new species within the genera Enhygromyxa. Although the phylogenetic position of E. niigataensis would suggest that it is indeed a marine myxobacterium, the halotolerance levels and morphological features of the strain are currently unreported [49]. Originally isolated from a marsh bank in Shikoku, Japan, Pseudenhygromyxa salsuginis SYR-2T (DSM 21377T) develops fruiting bodies at NaCl concentrations of up to 2.5% (w/v), and forms slightly sunken, radial swarms [26]. However, P. salsuginis is not an obligate halophile [26]. Optimal growth conditions for P. salsuginis were determined to be somewhat saline between 0.2–1.0% NaCl [26]. The species identifier for P. salsuginis, translated as “of brackish water”, aptly summarizes this observation. The obligate halophile Paraliomyxa miuraensis SMH-27-4 produces a variety of halogenated hybrid polyketide-nonribosomal peptide metabolites (Figure 4) [50]. Although its halophilic nature strongly suggests the strain to be a marine myxobacterium, the morphological features for P. miuraensis at saline cultivation conditions have not been reported.




8. Conclusions


Ubiquitous to marine environments worldwide, cultivable marine myxobacteria remain a relatively underexplored resource [31]. Ideally, this roll call for known marine myxobacteria and corresponding descriptions will provide clarity to the early literature surrounding halophilic and halotolerant myxobacteria, as well as encourage the continued discovery of new marine myxobacteria. The recent expansion of the order Myxococcales, with the addition of myxobacteria associated with the MMC, suggests that the vast majority of marine myxobacteria have yet to be discovered [31]. Although the limited number seems to suggest a scarcity, it should be recognized that the covered marine myxobacteria have been discovered thanks to the tremendous efforts of only a few research groups. This dearth of cultivable marine myxobacteria has not, however, limited the chemical diversity of their cognate reported natural products. To date, natural product classes discovered from marine and potential marine myxobacteria include polyketides, hybrid polyketide-nonribosomal peptides, degraded sterols, diterpenes, cyclic depsipeptides, and γ-alkylidenebutenolides. The capability to produce natural products with novel chemical scaffolds, such as salimabromide, will ensure the continued investigation of marine myxobacteria as a resource for the discovery of new therapeutics.
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Figure 1. (a) Phylogenetic tree of cultivable Myxococcales with the discussed myxobacteria bolded; (b) Phylogenetic tree of myxobacteria, that includes the MMC and other myxobacteria from [31]. Using MEGA7, 16s rRNA sequences were aligned with ClustalW using general settings (gap opening penalty 15.0; IUB DNA weight matrix), and phylogenetic trees was generated using the neighbor-joining method [33]. 
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Figure 2. Haliangium ochraceum secondary metabolites [35,36,37,38]. Of note, cis isomers about the epoxide moiety have also been reported for all of the haliangicins [37]. 
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Figure 3. Enhygromyxa salina secondary metabolites and hydroxyectoine [20,43,44]. 
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Figure 4. Secondary metabolites from potential marine myxobacteria [49,50,51]. 
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Table 1. Putative osmolyte synthases and transporters from sequenced marine myxobacteria [22]. BCCT—betaine/carnitine/choline transporter.
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	Strain
	Gene
	NCBI Reference Sequence
	Length (aa)
	Highest Homology
	Identity (%)





	H. ochraceum
	ectC
	WP_012827762.1
	142
	ectoine synthase (Hydrogenophaga crassostreae)
	67%



	
	betT
	WP_012829907.1
	538
	BCCT family transporter (Desulfovermiculus halophilus)
	64%



	
	sodium/proline symporter
	WP_012825704.1
	598
	hypothetical protein (Hymenobacter terrenus)
	49%



	E. salina
	ectC
	WP_106088059.1
	126
	ectoine synthase (Blastopirellula marina)
	63%



	
	ectD
	AMH38938.1
	298
	ectoine hydroxylase (Blastopirellula marina)
	59%



	
	betT
	AMH38943.1
	492
	BCCT family transporter (Spingomonas sp. Leaf30)
	57%



	
	sodium/proline symporter
	WP_106088061.1
	481
	sodium/proline symporter (Rubinisphaera brasiliensis)
	59%



	
	sodium/glutamate symporter
	KIG18073.1
	469
	hypothetical protein (P. pacifica)
	64%



	P. pacifica
	betT (BCCT family transporter)
	EDM75025.1
	512
	BCCT family transporter (Spingomonas sp. Leaf10)
	40%



	
	sodium/proline symporter
	WP_006976305.1
	484
	sodium/proline symporter (E. salina)
	56%



	
	sodium/glutamate symporter (hypothetical protein)
	WP_006969752.1
	478
	sodium/glutamate symporter (E. salina)
	64%
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media/file4.png
haliangicin C haliangicin D

haliamide





nav.xhtml


  marinedrugs-16-00209


  
    		
      marinedrugs-16-00209
    


  




  





media/file2.png
- Enhygromyxa niigataensis
. Enhygromyxa salina SWB007
© Enhygromyxa salina SHK-1T
- Enhygromyxa salina SWB005
. Pseudenhygromyxa salsuginis SYR-2T

| ' Plesiocystis pacifica SHI-1
. Plesiocystis pacifica SIR-1T

~ Paraliomyxa miuraensis SMH-27-4
© Nannocystis aggregans

Nannocystineae

- Nannocystis pusilla
© Nannocystis exedens

A Chondromyces robustus
A Byssovorax cruenta

LE - Kofleria flava
' Haliangium tepidum SMP-10T

A Phaselicystis flava

‘ 3‘11 al ryl’l.lm Ce”U/Osum
A Jahnella thaxteri
A Sandaracinus amylolyticus

@ Anaeromyxobacter dehalogenans 2CP-1

L @ Anaeromyxobacter dehalogenans 2CP-3
® Cystobacter fuscus
® Cystobacter badius
® Cystobacter velatus
® Cystobacter armeniaca
® Melittangium boletus
® Cystobacter miniatus
I‘|_ ® Archangium gephyra
® Archangium disciforme

1— ® Archangium violaceum
@ Stigmatella hybrida

® Stigmatella erecta

® Stigmatella aurantiaca

® Hyalangium minutum

® Cystobacter gracilis

® Corallococcus exiguus

® Corallococcus coralloides

® Melittangium lichenicola

® Pyxidicoccus fallax

® Myxococcus xanthus

® Myxococcus virescens
® Myxococcus fulvus HW-1
® Corallococcus macrosporus

' Haliangium ochraceum SMP-27

Sorangiineae

Cystobacterineae

Desulfovibrio desulfuricans

Cystobacterineae

b

Sorangiineae

Nannocystineae \

—
0.02

Marine myxobacteria

cluster

myxobacteria
from diverse habitats






media/file5.jpg
W

o Osr
salimabromide salimyxin A salimyxin B
E. salina SWB007 E. salina SWB005 E. salina SWB005

hydroxyectoine
enhygrolide A enhygrolide B (ubiquitous osmolyte)
E. salina SWB005 E. salina SWB005 E. salina SWB007





media/file3.jpg
haliangicin D

haliamide





media/file1.jpg





media/file7.jpg
Enhygromyxa nilgataensis or Enhygromyxa sp. SNB-1

O

=0

on 70

. QO

Paraliomyxa miuraonsis strain SMH-27-4

miuraonamide A; X = Br
miuraonamido B X = I
miuraenamide C; X = CI

miuraenamide D miurasnamide E miursenamide F





media/file0.png





media/file8.png
Enhygromyxa niigataensis or Enhygromyxa sp. SNB-1

miuraenamide A; X = Br
miuraenamide B; X =1
miuraenamide C; X = ClI

miuraenamide D miuraenamide E miuraenamide F





media/file6.png
salimabromide salimyxin A sal_imyxin B
E. salina SWB007 E. salina SWB005 E. salina SWB005

O
L
HN OH
hydroxyectoine

enhygrolide A enhygrolide B (ubiquitous osmolyte)
E. salina SWB005 E. salina SWB005 E. salina SWB007






