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Notes 
 
Formatting of taxonomic rankings: the author has adopted the convention in which only the genus and species 
names of an organism are italicized. All other taxonomic ranking are capitalized. 
 
Reference and compound numbering: for the author’s convenience, compounds and their associated 
references share the same number and were labeled arbitrarily rather than in order of appearance.  This 
breach of convention made data organization much simpler and simplifies finding the references associated 
with a given compound. 
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Introduction 
Background 
Small molecule natural products have a long history of utility for humans, providing a multitude of therapeutics 
for a variety of indications.96 In fact, over half of all FDA approved drugs released between 1981 and 2010 are 
either natural products or synthetic derivatives of natural products.96 One of the greatest issues with natural 
products research is limited supply of source material and questionable ethics (and efficacy) of large-scale 
sample collections.  Bacteria are an ideal solution to this because they can be cultured in the laboratory and 
genetically manipulated with relative ease. Some bacterial taxa are relatively well examined, particularly 
Actinomycetes and Cyanobacteria,97 but subsets of marine bacteria have not been explored exhaustively for 
their biosynthetic potential despite evidence that exploration would be fruitful.98 Many of the natural products 
produced by marine invertebrates are believed to be synthesized by symbiotic or commensal microorganism 
populations, and there are numerous examples of structural parallels and even identical chemical entities 
discovered from both macro- and microorganisms.98 Of particular interest are the Myxococcales, a 
biosynthetically prolific order with few described marine strains.  The myxobacteria have numerous unique 
properties: unusual gliding motility, fruiting body formation, predatory behavior, and the current record for 
largest bacterial genome.99, 100  In addition to the myxobacteria, marine Gram-negative bacteria in general 
(other than Cyanobacteria) are relatively unexplored, with only about a hundred structural motifs known (1-
95).1-95 
 
Bacterial and chemical diversity of marine, non-cyano Gram-negative bacteria  
Bacteria that stain Gram-negative come from diverse and deeply diverging phyla adapted to a multitude of 
environments; they can be extremophiles, chemotrophs, symbionts, pathogens, or free living.101 The number of 
species known from each phyla ranges from single digits (e.g. Caldiserica) to well over 1,000 (proteobacteria). 
102 Some phyla have no known marine representatives (e.g. Elusimicrobia, termite gut symbionts) while the 
enormous Proteobacteria clade is ubiquitous in both marine and terrestrial environments.101 Due to differences 
in abundance, ecological niche, and ease of culturability, relatively few Gram-negative phyla from the marine 
environment have known secondary metabolites that the author is aware of. Namely Aquificae, Bacteroidetes, 
Chlamydiae/Verrucomicrobia, Chloroflexi, and the Proteobacteria are known to produce natural products (table 
1).  However, among these few bacterial orders with known compounds are two strains that produce molecules 
that have advanced to clinical trials for the treatment of cancer: Tistrella mobilis, producer of the didemnins, 
and a relative of Vibrio mediterranei that produces the kahalalides.35, 94  Both of these compounds were 
originally isolated from a macroorganism; the didemnins were first described as products of a tunicate while the 
kahalalides were found in an herbivorous mollusk.103, 104 
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Table 1. Gram-negative phyla and their constituent classes and orders. Bolded orders have at least one 
marine representative with known secondary metabolism.  Underlined orders were isolated as part of this work. 
Grey phyla have no marine representatives with known chemistry. This table was compiled using information 
from Bergey’s manual, the List of Prokaryotes with Standing Nomenclature (LPSN), and NCBI Taxonomy in 
addition to references 1-95. 

Phylum Class (Orders) 
Aquificae Aquificae (Aquificales, Desulfurobacteriales) 
Armatimonadetes Armatimonadia (Armatimonadales); Chthonomonadetes (Cthonomonadales); 

Fimbriimonas (Fimbriimonas) 
Bacteroidetes/Chlorobi Bacteroidetes (Bacterioidia, Cytophagia, Flavobacteriia, Sphingobacteriia); Chlorobi 

(Chlorobia); Ignavibacteriae (Ignavibacteria) 
Caldiserica Caldisericicia (Caldisericales) 
Chlamydiae/Verrucomicrobia Chlamydiae (Chlamydiia); Lentisphaerae (Lentiisphaeria, Oligosphaeria); 

Verrucombicrobia (Opitutae,Spartobacteria, Verrucomicrobiae) 
Chloroflexi Anaerolineae (Anaerolinaeles); Ardenticatenia (Ardenticatenales); Caldilineae 

(Caldilineales); Chloroflexia (Chloroflexales, Herpetosiphonales, Kallotenuales); 
Dehalococcoidia (Dehalococcoidales, Dehalogenimonas); Ktedonobacteria 
(Ktedonobacterales, Thermogemmatisporales); Thermoflexia (Thermoflexales); 
Thermomicrobia (Sphaerobacteridae, Thermomicrobiales) 

Chrysiogenetes Chrysiogenetes (Chrysiogenales) 
Deferribacteres Deferribacteres (Deferribacterales) 
Deinococcus-Thermus Deinococci (Deinococcales, Thermales) 
Dictyoglomi Dictyoglomia (Dictyoglomales) 
Elusimicrobia Elusimicrobia (Elusibicrobiales); Endomicrobia 
Fibrobacteres/Acidobacteria Acidobacteria (Acidobacteriia, Holophagae, Solibacteres); Fibrobacteres (Chitinivibrionia, 

Fibrobacteria); Marinimicrobia 
Fusobacteria Fusobacteriia (Fusobacteriales) 
Gemmatimonadetes Gemmatimonadetes (Gemmatimonadales) 
Nitrospinae Nitrospinia (Nitrospinales) 
Nitrospirae Nitrospira (Nitrospirales) 
Planctomycetes Phycisphaerae (Phycisphaerales); Planctomycetia (Planctomycetales) 
Proteobacteria α     (Caulobacterales, Kiloniellales, Kopriimonadales, Kordiimonadales, 

Magnetococcales, Parvularculales, Rhizobiales, Rhodobacterales, 
Rhodospirillales, Rhodothalassiales, Rickettsiales, Sneathiellales, 
Sphingomonodales); 

β     (Burkholderiales Ferrittrophicales, Ferrovales, Gallionellales, Hydrogenophilales, 
Methylophilales, Neisseriales, Nitrosomonadales, Procabacteriales, Rhodocyclales); 

γ     (Acidithiobacillales, Aeromonadales, Alteromonadales, Cardiobacteriales, 
Chromatiales, Enterobacteriales, Legionellales, Methylococcales, Oceanospirillales, 
Orbales, Pasteurellales, Pseudomonadales, Salinisphaerales, Thiotrichales, 
Vibrionales, Xanthomonadales); 

δ     (Bdellovibrionales, Desulfarculales, Desulfobacterales, Desulfovibrionales, 
Desulfurellales, Desulfuromonadales, Myxococcales, Syntrophobacterales); 

ε     (Campylobacterales, Nautiliales) 

Spirochaetes Spirochaetia (Spirochaetales) 
Synergistetes Synergistia (Synergistales) 
Thermodesulfobacteria Thermodesulfobacteria (Thermodesulfobacteriales) 
Thermotagae Thermotogae (Thermotogales) 
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The phylogenetic relationships of secondary metabolite producing strains of marine Gram-negative bacteria1-94 
were inferred using the neighbor joining method and are shown in figure 2.105 When possible, the true 16S 
rRNA sequence was used, unfortunately in many papers bacteria are inadequately identified or the sequencing 
results are not shared publicly so a type strain best matching the strain reported was used as a placeholder.  In 
this phylogeny, families grouped together well, but there are some unexpected branching patterns: the Alpha-, 
Beta-, and Gammaproteobacteria appear more closely related to Bacteroidetes than the Deltaproteobacteria, 
which cluster with phyla generally considered to have diverged long ago in bacterial evolution (Aquificae, 
Chlamydia/Verrucomicrobia, and the Chloroflexi).  This may be in part due the use of the Firmicutes (phylum 
that includes the genus Bacillus) as the out-group—when the Archaea are used to root all bacterial phyla in 
either a 16S or 23S phylogeny, the Firmicutes diverge at an intermediate branch between the 
Proteobacteria/Bacteriodetes and the apparently more ancient Chloroflexi and Aquificae phyla.101B Even with 
this caveat, the divergent clustering of the Deltaproteobacteria from other Proteobacteria is not satisfactorily 
explained.  Close inspection of the maximum likelihood tree produced by the ‘All-Species Living Tree’ project 
shows some aberrant clustering of Acidobacteria representatives within Proteobacteria, but otherwise the 
Proteobacteria classes form a single clade.106  This indicates that the phylogeny in figure 2 may need 
additional sequences from the under-represented classes to improve the overall tree topology. 
 
Within bacterial phyla known to produce natural products, the order Gammaproteobacteria is by far the most 
represented with 59 or more distinct compounds known. Alphaproteobacteria follow with at least 16 structures, 
then the orders of the phylum Bacteroidetes with nine, the Deltaproteabacteria with six, and the remaining 
phyla have limited if any secondary metabolites known from marine strains.  Possible explanations for this 
disparity could include a potential abundance of isolated Gammaproteobactria (i.e. a high percentage of 
bacteria in researchers’ samples are Gammaproteobacteria), ease of culturability with current methods, or 
higher biosynthetic output.  The author will attempt to address these possibilities in the coming presentation of 
structural diversity versus taxonomic diversity, metagenomic studies from the literature, and original analyses 
of bacterial genomes. 
 
Compounds from Aquificae, Chloroflexi, and Verrucomicrobia 
Perhaps the most impressive feat amongst cultured marine Gram-negatives is the successful isolation and 
cultivation of Thermovibrio ammonificans, a hydrothermal vent associated bacterium sampled from a 2500m 
depth, and subsequent discovery of a 3-4µM inducer of apoptosis (11).11 Despite the extreme depth of its 
natural home, the researchers were able to grow the bacterium at a mere 2 atm (vs 250 atm at collection site) 
and 75°C.11 Siphonazole (81) is a member of a new structural class isolated from a member of the Chloroflexi 
phylum; the isolation of the bacterium was not well described, but the large scale culture was in a simple 
medium with casein digest and glucose as the primary carbon sources.81 A new member of the 
Verrucomicrobia phylum was isolated from a sponge homogenate (Halichondria okdai) plated on agar 
containing only an antifungal (cycloheximide) and antibiotic (rifampicin); from this bacterium a novel carotenoid 
(34) was obtained.34 

 

 
 
 
 
 
 
 
 
 
Figure 1. Sole marine natural products reported from the phyla Aquificae, Chloroflexi, and Verrucomicrobia  
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Figure 2. Neighbor-joining tree of marine Gram-negative bacteria with known secondary metabolites and strains isolated as part of this 
work (red and blue). The class of bacteria is labeled and the corresponding branch colorized. Numbers in parentheses preceding strain 
IDs refer to compounds produced (structures are drawn in the upcoming sections). Strains without an asterisk correspond to real 16S 
rRNA sequence from a natural products manuscript. Entries with a single asterisk are reference strains from NCBI’s RefSeq with 
homology to a reported producing strain. Strains with two asterisks are placeholders used when only genus was reported.  

δ-protebacteria 

Desulfurobacteriales	  
Verrucomicrobiae	  
Chloroflexia	  
	  

α-protebacteria 

Flavobacteriia 

Cytophagia 

Sphingobacteria 

γ-protebacteria 

β-protebacteria 

 (11) Thermovibrio ammonificans* (NR 075050)
 (34) Rubritalea squalenifaciens HOact23 (NR 041536)

 (81) Herpetosiphon aurantiacus* (NR 074236)
 (40) Haliangium ochraceum* (NR 074917)

 (70) Nannocystis pusilla B150 (KF739395)
 (54) Paraliomyxa miuraensis SMH-27-4 (AB252740)

 (36, 78) Enhygromyxa salina SWB007 (KC818422)
 (79) Enhygromyxa salina SWB005 (HM769728)

 M123SB105A
 088A04A

 (58) Roseivirga echinicomitans KMM 6058 (NR 043168)
 (17, 51) Rapidithrix thailandica* (AB265183)

 M135NC362Ax
 (32, 57) Cytophaga sp.** (NR 102866)

 M138NC126Cx
 (84) Tenacibaculum mesophilum* (NR 024736)

 M138NC124Ax
 (87) Cytophaga sp. MBIC04683 (AB073558.2)

 (18) Salegentibacter sp. ARK10136 (AF468417)
 M135NC397Ax

 (39, 56) Flavobacterium sp.** (JN867054)
 (60) Saprospira grandis* (NR 104966)

 (86) Thalassospira xianhensis* (NR 116127)
 (35) Tistrella mobilis KA081020-065 (JQ423953)
 (35) Tistrella bauzanensis* (NR 117256)
 (37, 38) Erythrobacter citreus* (NR 028741)
 (4)  Labrenzia marina* (NR 043040)

 (80) Labrenzia aggregata* (NR 113861)
 (6) Stappia stellulata* (NR 043448)
 (20) Blastobacter sp.** (NR 026116)

 (59) Mesorhizobium sp. R8-Ret-T53-13d (AM183167)
 (30) Hasllibacter halocynthiae KME 002 (NR 108384)
 (4) Dinoroseobacter shibae DFL 27 (AJ534216)
 (4) Loktanella hongkongensis* (NR 029121)
 (1,4) Sulfitobacter pontiacus* (NR 026418)
 (4) Oceanibulbus indoliflex Hel 45 (AJ550939)

 (19, 27, 31, 80) Ruegeria sp.** (NR 043449)
 (4)  Phaeobacter gallaeciensis* (NR 027609)

 (68) Chromobacterium sp.** (NR 074222)
 (29) Hahella chejuensis* (NR 074812)

 (26) Acinetobacter sp.** (NR 042387)
 (9, 28, 43) Halomonadaceae bacterium GWS-BW-H8hM (AY515435)

 (48) Halomonas sp. LOB-5 (DQ412065)
 (16) Halomonas meridiana* (M93356)
 (16) Halomonas aquamarina DS40M3 (AF199439)
 (50) Marinobacter sp. DS40M8 (AF199440)

 (69) Marinobacter hydrocarbonoclasticus* (NR 044836)
 (66) Microbulbifer sp. L4n2 (FM200853)
 (67) Microbulbifer variabilis Ni-2088 (NR 041021)

 (33, 52, 64, 76, 77) Pseudomonas sp.** (AB125366)
 (13, 55) Pseudomonas fluorescens* (NR 114476)
 M135NC101Ax
 (93) Pseudomonas stutzeri* (NR 103934)

 (8, 45, 68, 75, 88) Alteromonas sp.** (NR 114053)
 (33, 47, 73) Pseudoalteromonas sp.** (AF172987)
 (83) Pseudoalteromonas tunicata D2 (Z25522)
 M138NC113Bx

 (22) Pseudoalteromonas haloplanktis* (NR 114052)
 (23) Pseudoalteromonas phenolica* (NR 113299)
 (53) Pseudoalteromonas phenolica O-BC30 (AF332880)

 (3, 72) Pseudoalteromonas rubra* (NR 026223)
 (41) Pseudoalteromonas luteoviolacea* (NR 114237)
 (25) Pseudoalteromonas maricaloris KMM636 (NR 025009)
 (74) Pseudoalteromonas piscicida* (NR 040946)
 M128SB283Ax
 (42, 61, 82) Photobacterium halotolerans* (NR 042975)

 (2) Photobacterium angustum* (NR 119046)
 (90) Photobacterium leiognathi* (NR 115541)
 (71) Photobacterium phosphoreum* (NR 119047)

 (63) Vibrio crassostreae* (NR 044078)
 (15, 44, 92) Vibrio splendidus* (AB038030)
 (12) Vibrio splendidus* (NR 074953)
 (14) Vibrio anguillarum* (NR 113609)

 (94) Vibrio mediterranei* (NR 117896)
 (5, 24, 46, 89) Vibrio sp.** (NR 117551)
 (62) Vibrio nigripulchritudo* (NR 117897)

 (92) Vibrio parahaemolyticus* (NR 118928)
 (7) Vibrio harveyi* (NR 119054)

 (14, 91) Vibrio campbellii DS40M4 (HM152762)
 (13) Vibrio coralliilyticus* (NR 117892)

 (49, 72) Vibrio gazogenes ATCC 29988T (X74705)
 Staphylococcus aureus ATCC 12600 (NR 115606)
 Bacillus subtilis BCRC 10255 (NR 116017)
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Compounds from Bacteroidetes 
There are relatively few secondary metabolites known from marine Bacteroidetes, but among the known 
products there is appreciable structural diversity.  The single known scaffold from the Sphingobacteriia class is 
a putative diterpene without reported activity (60); the strain was obtained from the ATCC and grown at 40L 
scale in a peptone and yeast extract based medium.60 Two separate but closely related Rapidithrix species 
isolated from near-shore silt in Japan and seaweed in Thailand respectively produced an antibiotic ariakemicin 
(17) with 0.8µM activity against S. aureus and a 5µM acetylcholine esterase inhibitor marinoquinoline (51).  
The two strains were grown in relatively distinct media and harvested uniquely, 17 from ethanol extract of 
freeze dried fermentation in Zobell Marine Broth (casein digest and glucose as primary carbon source) and 51 
from the methanol extract of XAD-16 resin from culture in SK media (casein digest, beef extract, yeast extract, 
glycerol, and pyruvate).17, 51  An acylglycine compound (57) that inhibited N-type calcium channel at ~2µM was 
isolated from a Cytophaga sp. from seawater in Japan that was grown in a casein digest, yeast extract, 
glycerol and succinate based media. From the Flavobacteriia class, a number of nitro substituted aromatic 
compounds (18) with mild antibiotic activities were isolated from the ethyl acetate extract of a fermentation of 
an arctic bacterium grown in casein digest / yeast extract media, some of the chlorinated compounds are new 
chemical entities.18 Also of note is the inducer of algal morphogenesis, thalussin (87), isolated from the 
supernatant of a culture of a bacterium in Zobell Marine Broth passed through an HP-20 column.87 The 
producing strain is mis-identified as Cytophaga sp.; by the 16S sequence provided by the researchers, the 
bacterium is certainly a relative of Flavobacteriia. Details regarding the growth and isolation of the remaining 
structures are available in SI table S10. 
 
Sphingobacteriia 
 
 
 
 
 
Cytophagia 
 
 
 
 
 
 
 
Flavobacteriia 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Representatives of known natural products from marine Bacteroidetes. 
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Compounds from Deltaproteobacteria--Myxococcales 
The properties of secondary metabolites from marine Myxococcales are well reviewed elsewhere.98, 107 Most 
noteworthy is the actin filament stabilizer miuraenamide A (54), which resembles the potent sponge-derived 
compound jasplakinolide, and the structurally unique salimabromide (78).  All of the marine myxobacteria 
strains were reportedly isolated from sediment with the exception of the haliangicin (40) producer which was 
isolated from seaweed.  These environmental samples were processed in the traditional manner of 
Myxococcales isolation: plated on nutrient deficient agar streaked or spotted with live E. coli bait.36, 40, 54, 70, 78, 79   
Also of note is that adsorbent resins (either XAD-16 or SP207) were used in every case to extract metabolites 
from culture broth. 
 
 
 
 
 
 
 

 
 

 
 
 

 
 
 
 
 
 
 
Figure 4. Secondary metabolites of marine Myxococcales. 
 
Compounds from Alphaproteobacteria 
The Alphaproteobacteria produce several structurally interesting molecules as well as the first marine natural 
product to be evaluated clinically, didemnin B (35).  Didemnin B, originally isolated from a tunicate, is a potent 
anti-viral and anti-tumor agent that was determined to be a product of a member of the Rhodospirilalles class 
by two independent research groups. 35a,b However, the gene cluster responsible for didemnin B biosynthesis 
resides on a large plasmid that may be present in a number of other species.  Two research groups 
successfully isolated didemnin B using either XAD-7 resin or ethyl acetate, however the yields using XAD-7 
were much higher (3.2 mg/L vs 0.2 mg/L) with slight differences in growth media.  Neither group defined their 
bacterial isolation methods well.  Other compounds of note include: B-90063, a structurally unique inhibitor of 
endothelin converting enzyme; agrochelin A (6), a potent cytotoxic agent (50-300 nM) from a marine 
agrobacterium isolated from the homogenate of a tunicate that was serially diluted and plated on Zobell Marine 
Broth agar plates; a cholic acid derivative (30), from a bacterium isolated from ground ascidian siphons diluted 
in seawater and plated on a starch based agar plate; erythrazole (37) and erythrolic acid (38) low micromolar 
cytotoxic compounds produced by an Erythrobacter sp. obtained from brackish sediment added to sterile water 
that was centrifuged and supernatant subsequently plated on humic acid media; and thalassospiramide (86) an 
inhibitor of IL-5.  Information about the remaining compounds can be found in SI table S3. 
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Rhizobiales 
 
 
 
 
 
 
 
 
 
Rhodobacterales 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Rhodospirilalles 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Selected examples of chemical scaffolds from marine Alphaproteobacteria.  
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Compounds from Gammaproteobacteria 
Compounds from Gammaproteobacteria—Vibrionales, Photobacterium 
Natural products from marine Vibrionales have been reviewed by a number of authors. 98, 108, 109 The majority of 
secondary metabolites from the Vibrionales class are from the genus Vibrio, and the remaining metabolites are 
produced by Photobacterium species.  Among the Photobacterium scaffolds are: the pyrrothine antibiotic 
holomycin (42); the thiazolidine/dehydro thiazole siderophore that was poorly named as piscibactin (95) 
despite only a two carbon difference from the known yersiniabactin that was also isolated; the phenazine 
pigment phototeridine (71); and several cyclic depsipeptides (46, 61, 82, 90).  The isolation of these bacteria 
was poorly described, but the author's experience with this fast-growing genus suggests many methodologies 
would be effective. Each was grown in similar media, generally containing glucose and casein digest in some 
form of artificial seawater. Most commonly the fermentations were processed by centrifugation followed by 
extraction of either the supernatant or the cell pellet.  The activity of these compounds is largely not notable. 
Holomycin is a relatively broad spectrum antibiotic, but is not unique to Gammaproteobacteria--the same 
compound is produced by Actinomycetales.42 The depsipeptides ngercheumicin (61) and solonamide (82) as 
well as the di-ether (2) are implicated in quorum sensing, while the kailuin (46) class was reported to have 
cytotoxic and anti-dinoflagellate properties. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Secondary metabolites from Photobacterium. 
 
Compounds from Gammaproteobacteria—Other Vibrionales 
As with the Photobacterium genus, in most literature reports the isolation of Vibrio species was not well 
described beyond the source of the environmental sample.  The most significant compound isolated from 
Vibrio is kahalalide F, a potent anti-tumor compound in clinical trials for use against solid tumors. 94A,B 
Kahalalide F was originally isolated from a mollusk, Elysia rufescens, that feeds on algae.104 To cultivate the 
producing bacterium, researchers ground a piece of E. rufescens, diluted in sterile seawater, and plated onto a 
variety of agar plate types.94A The Vibrio sp. was grown in Zobell Marine Broth and harvested by centrifugation 
followed by lyophilization of the supernatant and extraction with ethanol. The boron containing AI-2 (7) is 
unique but was not isolated--instead it was co-crystallized with the luxP protein in a structural biology effort.7 
Halogenated diphenyl ethers (24) are known pollutants of human origin, yet were controversially shown to also 
be produced by microorganisms.24 The bulk of Vibrio species were grown large scale in a medium based on 
casein digest and yeast extract, sometimes containing glucose or another sugar, or starch. Extraction was 
typically performed via centrifugation followed by ethanol or acetone extraction of the pellet, or alternatively 
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ethyl acetate or butanol extraction of the supernatant. In some cases supernatants were extracted with an 
adsorbent resin. See SI table S5 for more information. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Natural products from marine Vibrio species. 
 
Compounds from Gammaproteobacteria--Alteromondales  
The Alteromondales class, which includes the genera Alteromonas and Pseudoalteromonas, produces a large 
portion of the known Gammaproteobacteria secondary metabolites.  A number of these compounds have 
notable cytotoxicity: alteramide A (8) is a relative of the sponge compounds cylindramide, discodermide, and 
geodin with 0.2-10 µM IC50 vs. a number of murine and human tumor cell lines; the pseudoalteromones and 
prodigiosin also exhibited low µM IC50 against cancer cells; and MC21-A (53), koromicin (47), pseudomonic 
acid (75) and thiomarinol (88) had demonstrated antimicrobial properties.  Many of the Alteromondales species 
were associated with macroorganisms including sponges, 3. 8, 25, 66, 73, 75 algae/seaweed, 33, 41, 47, 67, 68 and other 
invertebrates.3, 23, 26, 74, 83 Tetrodotoxin, a potent neurotoxin infamously found in the pufferfish is reportedly 
produced by a number of Gammaproteobacteria including Pseudoalteromonas species.85d However, 
experimental evidence is often weak, lacking mass spectrometry data or NMR validation and instead relying on 
retention time comparisons to a standard, and occasionally bioassay. Both techniques certainly contribute 
valuable evidence but are not conclusive alone. Alteromondales species were commonly cultivated in Zobell 
Marine Broth, and both ethyl acetate and centrifugation based extraction methods were popular.  One strain 
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listed here, I-L-33, that produced pentabromopseudilin (68a) and other brominated pyrroles (68b,c) was 
originally reported as Chromobacterium sp., a member of the Betaprotebacteria.68 Later analysis cast some 
doubt on I-L-33's classification, suggesting the bacteria resembled Alteromondales species, though the strain 
may truly have been a Betaproteobacteria.99B Additional details about the Alteromondales are available in SI 
table S6 and previously published reviews. 98, 109 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Selection of marine Alteromondales metabolites. 
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Compounds from Gammaproteobacteria—Pseudomondales and Oceanospirillales 
Andrimid (13) and a poorly named analog, moiramide (55), are two antibiotic molecules produced by many 
bacteria including Pseudomonas members. Tambjamine (83) also is questionably named, apparently an 
analog of another ubiquitous metabolite, prodigiosin.  Massetolide (52) had an ~8 µM MIC vs M. tuberculosis 
and was isolated from two Pseudomonas strains, one from a seaweed and another from a tubeworm.  In both 
cases the natural product 52 was extracted from large-scale culture on agar.  The activity of the remaining 
compounds was limited or not well defined.  Where specified, isolation methods involved dilution of an 
environmental sample in sterile (sea)water followed by plating.  Extraction procedures are comparable to those 
of previous sections. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Pseudomondales scaffolds. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Compounds isolated from Oceanospirillales.  
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Ecological abundance -- learning from the metagenome 
 
Advances in genome sequencing technologies and development of new techniques in microbial ecology have 
afforded a better view of diversity and relative abundance of bacteria in the oceans.110, 111, 112, 113 In brief, 
libraries of 16S ribosomal RNA genes amplified by polymerase chain reaction (PCR) from environmental 
samples using promiscuous primers can be cloned into E. coli or other hosts, separated, and sequenced. 
Alternatively, genomic DNA of all bacteria in a sample can be isolated and this ‘metagenome’ sequenced, 
assembled, and sorted into its constituent members.  Both techniques have biases and limitations: the PCR 
based method is biased toward bacteria whose 16S rRNA has higher affinity for the primers used, while the 
metagenomic method may not have adequate sequence coverage to accurately represent rare strains.110 

Acknowledging these limitations, these microbial ecology studies have demonstrated that microbial 
communities from different ocean niches (e.g. surface water, shallow sediment, deep ocean, aphotic sediment, 
macro-organism associated) are varied and stratified.112, 113   
 
Although there is significant variation between environments, members of the phylum Proteobacteria are often 
the dominant members of a community, with control oscillating between Alpha-, Beta-, and 
Gammaproteobacteria.  While their presence is common, Delta- and Epsilonproteobacteria are much less 
abundant than the other Proteobacteria orders (however, Epsilonproteobacteria are sometimes the dominant 
clade near hydrothermal deposits).110, 112, 113 Depending on the sample, Actinobacteria, Acidobacteria, 
Bacteroidetes, Chlamydia/Verrucomicrobia, Chloroflexi, and Firmicutes may have significant representation.  
These studies in part support the idea that ecological abundance has caused the apparent over-representation 
of secondary metabolites from marine Gammaproteobacteria, however amenability to laboratory culture and 
raw biosynthetic potential remain to be addressed.  In fact, assuming equal biosynthetic potential (a poor 
assumption), the previously cited references indicate many more Alpha- and Betaproteobacteria producers 
ought to be known from surface water, shallow sediments, and some marine organisms. This could mean 
Alpha- and Betaproteobacteria are not cultured easily with current methods, or simply do not produce as many 
metabolites.  In either case, development of bacterial isolation methods that select against the ubiquitous 
members of the Proteobacteria phyla as part of a natural products pipeline seems prudent. 
 
Polyketide synthases, non-ribosomal peptide synthases, and other biosynthetic machinery 
 
Small molecule natural products are commonly produced by several classes of biosynthetic gene families: 
terpene synthases, nonribosomal peptide synthases (NRPS), and polyketide synthases (PKS).97, 114, 115 The 
products of these large multi-protein synthases are also commonly modified by tailoring enzymes or other 
metabolic proteins. One method of identifying potentially productive bacterial isolates is through analysis of 
their genomes and the biosynthetic gene clusters within that encode secondary metabolite synthases.   
 
Polyketide synthases are a family of multi-module enzymes that synthesize products typically with malonyl-
CoA units.115 These polyketides can be both primary and secondary metabolites, and are found in many 
organisms including bacteria, plants, fungi, and humans.116 Polyketide synthases involved in primary 
metabolite production are the most ubiquitous, as they produce fatty acids from simpler two-carbon 
molecules.116  However, PKSs have been adapted to produce more complex secondary metabolites as well 
(figure 11, numerous examples in the preceding figures). These secondary metabolites have the most promise 
in terms of potential therapeutics or research tools because they all putatively serve some function for the 
producing organism. 
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A. B.    C.  
Figure 11. Examples of polyketide natural products from Myxococcales. A: epothilone core structure from 
Sorangium cellulosum, a tubulin inhibitor, derivatives are currently in clinical trials for cancer.115 B: myxothiazol, 
PK from Myxococcus spp., a coenzyme Q inhibitor in mitochondrial cytochrome bc1 complex, known 
metabolite of strain 088A04A  C: myxovirescin A, putative inhibitor of type II signal peptidase, metabolite of 
strain M123SB105A. 

 
As is implied by the diversity of compounds produced by PKSs, there is significant diversity in the structure of 
the PKS proteins.  All PKSs do share certain features: modules work together to perform the synthesis of the 
polyketide product.  All functional PKSs contain acyltransferase (AT), acyl carrier protein (ACP), and 
ketosynthase (KS) modules.  Each module has a specific role in the synthetic scheme, such as catalyzing 
reactions or acting as a scaffold to hold the growing polyketide.  Figure 2 shows a schematic of the step-by-
step nature of polyketide synthesis and a stylized crystal structure of a fatty acid synthase, highlighting its 
modularity and complexity.   
 
 
 
 
 ABC. 

 
 
 
 
 
 
Figure 12. A. Simplified synthesis of polyketide product, adapted from Donadio, 2007114   B. Crystal 
structure of porcine fatty-acid synthase, graphic from Keatinge-Clay, 2012116 C. Space-filling 
structure of same FAS with ~16bp DNA fragment for scale.  Image made using pymol with Protein 
Data Bank (PDB, www.rcsb.org) files 2VZ9 and 2JU2 (FAS) and 30S0 (DNA fragment). 

 
The fact that all polyketide synthases must have KS and AT genes means that probing for highly conserved 
regions of these modules can determine the presence or absence of a PKS.  Ideally, this analysis would be 
performed in silico on a fully sequenced genome (see next section), but it is also possible to use PCR based 
methods using primers that amplify the conserved regions of the biosynthetic modules. However, potential for 
amplification of non-functional PKS genes as well as off-target genes is possible.  This is the basis for part of 
the experiments performed in this work (see results, 'Probing for PKS genes'). 
 
Non-ribosomal peptide synthases operate in a similar fashion to polyketide synthases and are often hybridized 
with PKS modules. The principal difference is that NRPS modules can use the entire pool of amino acids as 
starter units which are added to the growing scaffold via ATP dependent condensation reactions.115 Non-
ribosomal peptide synthases also use different carrier proteins (peptityl or aryl carrier proteins) and alternate 
catalytic enzymes that introduce additional functionality to the starter units.115 

 
Terpene synthases draw from yet another pool of starter units, all of which are monomers or polymers of 
isopentenyl diphosphate (IPP) or dimethylallyl diphosphate (DMAPP).117 Terpene synthases are often 
composed from a core set of protein domains and are in that sense modular, but not in the assembly-line 
fashion of PKS or NRPS enzymes.  Importantly, polyketide, non-ribosomal peptide, terpene, and other 
synthases share sufficient homology that biosynthetic gene clusters from evolutionarily distant species can be 
discovered using genomic search tools like BLASTp and antiSMASH.118 

B. C. A. 
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Biosynthetic potential of bacteria  
Although the evolutionary origin of biosynthetic genes are often ubiquitous enzyme families first involved in 
primary metabolism (e.g. PKS from fatty acid synthases), not all bacteria have equal amounts of genes used 
for secondary metabolism.116 Among bacteria with complete genomes in NCBI’s repository (approx 3000 
bacteria, with significant bias towards some groups and species), the average genome size is near 4 million 
bases (Mb) and ranges from under 1 Mb (a Tenericutes sp., NC_013511) all the way to 14.8 Mb (Sorangium 
cellulosum So0157-2, NC_021658, a member of Myxococcales in the phylum Proteobacteria).100  The number 
of genes in bacterial genomes is linearly correlated to their size (figure 13), but the percentage of those 

genomes with homology to biosynthetic gene clusters 
as detected by antiSMASH,  varies from 0% to over 
30% (Table 2).  antiSMASH is a tool developed to find 
secondary metabolite gene clusters in genomic 
sequence using statistical analyses of the query 
sequence versus a database of known biosynthetic 
proteins and their constituent domains.118 
 
A selection of genomes from different bacterial phyla 
was analyzed with antiSMASH, using the most 
promiscuous settings available (i.e. all of the protein 
types, including putative biosynthetic proteins, were 
searched for).  Summaries of these analyses are 
shown in Table 2, and the relevant accession numbers 

are available in SI table S11. Within each phylum analyzed, the largest genome within the phylum was 
selected unless a relative of a known marine species had been sequenced. Every available Myxococcales 
genome was analyzed while only a limited set of representatives from other phyla was selected, which may not 
accurately reflect that clade’s biosynthetic potential.  The Actinomycetes, Firmicutes, and Cyanobacteria are 
included as benchmarks, and it is clear from even the limited examples in Table 2 why these bacteria are the 
subject of intense natural product isolation efforts: 10%-30% of their genomes are dedicated  to a diverse 
secondary metabolism with numerous large gene clusters.  The majority of the remaining strains analyzed had 
genomes with less than 10% homology to biosynthetic genes and few had more than 2 large ( >50kb) gene 
clusters, if any at all. The exception to this are the Myxococcales, which have as many or more gene clusters 
than the Gram-positive organisms, and a significant number of additional large clusters. The majority of 
biosynthetic genes were either NRPS or hybrid synthases including non-ribosomal peptide synthase modules 
(the ‘other’ category includes numerous gene types).  
 
There are a number of issues not addressed by the metrics in Table 2. One is the uniqueness of the gene 
clusters, it is hypothesized that many clusters originate from gene duplication events followed by differentiation.  
Thus a genome may harbor numerous closely related clusters in addition to the possibility of related bacteria 
sharing common clusters.  Additionally, strains that appear non-productive relative to biosynthetically talented 
bacteria like the Actinobacteria and the Myxococcales may nonetheless harbor a unique gene cluster and thus 
produce a unique natural product. 
 
 
  

Figure 13. Plot of bacterial genome size vs 
predicted number of genes.119 
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Table 2. Overview of antiSMASH analyses of bacterial genomes with representatives from well-
sequenced phylaa.  Accession numbers are available in SI table S11. 
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