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ABSTRACT OF THE DISSERTATION 

 

 

Genetic and functional diversity of microbial secondary lipid biosynthetic pathways 

 

 

by 

 

Christine Nicole Shulse 

 

Doctor of Philosophy in Biology 

 

University of California, San Diego, 2012 

 

Professor Eric Allen, Chair 

 

 

Bacterial production of long-chain omega-3 polyunsaturated fatty acids 

(PUFAs), such as eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid 

(DHA, 22:6n-3), is constrained to a narrow subset of marine Gammaproteobacteria.  

The genes responsible for de novo PUFA biosynthesis, designated pfaEABCD, encode 

large, multi-domain enzyme complexes akin to type I iterative fatty acid and 

polyketide synthases. Likewise, the heterocyst glycolipids produced by nitrogen-fixing 

cyanobacteria and the phenolic lipids of Azotobacter vinelandii are produced by 

similar complexes. The prevalence of these “secondary lipid synthases,” so named 

because their products have thus far not been shown to be essential to cell growth and 
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survival under laboratory conditions, in both cultured and uncultured bacteria is 

completely unknown. 

Bioinformatic methods were used to identify homologous type I FAS/PKS 

gene clusters in diverse microbial lineages representing 10 phyla.  Phylogenomic 

analysis reveals a high degree of functional conservation within distinct biosynthetic 

pathways. Next, PCR primers targeting the keto-acyl synthase (KS) domain of the 

pfaA gene involved in PUFA biosynthesis were used to construct environmental clone 

libraries to investigate the potential for microbial secondary lipid synthesis in disparate 

marine habitats. Of the 446 sequences recovered, 27.6% clustered with KS sequences 

involved in the synthesis of EPA, DHA and arachadonic acid (AA, 20:4n-6). The 

remaining 72.4% of clones formed environmental-only clades or clustered with KS 

domains of pfaA homologs from organisms producing unidentified products. Lastly, 

the production of two distinct secondary lipid products at various temperatures was 

analyzed in six strains of Shewanella in order to provide insight into the factors 

governing secondary lipid synthesis. The current dissertation significantly expands the 

known genetic and ecological prevalence of microbial processes involved in 

secondary metabolism and delivers new opportunities to explore the physiological 

basis and biotechnological value of novel lipid molecules. 
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 Fatty acids are the major component of lipids in two of the three domains of 

life (Bacteria and Eukarya but not Archaea). They are of interest from a variety of 

perspectives. First and foremost, fatty acids are essential to the cell structurally. The 

fatty acid carbon chain makes up the hydrophobic “tail” of phospholipids, allowing 

these lipids to assemble into a bilayer and form the cytoplasmic membrane. Although 

both Bacteria and Eukarya produce fatty acids, the enzymes responsible for fatty acid 

synthesis in the two domains differs enough on a molecular level that two of the most 

widely used antibacterial agents, isoniazid and triclosan, target fatty acid synthesis in 

Bacteria [1]. Physiologically, the hydrophobic fatty acid portion of the cytoplasmic 

membrane serves as a permeability barrier, preventing polar and charged molecules 

from entering or exiting the cell without the aid of a transport protein. From a 

biotechnological perspective, fatty acids are converted into biodiesel to power cars, 

used in drug delivery to aid passage across hydrophobic barriers, and the omega-3 

fatty acids in particular are used as nutraceuticals. 

 The canonical Type II fatty acid synthase (FAS), which generally produces 12 

to 18 carbon (C12-C18) saturated and monounsaturated fatty acids, has been studied in 

the model bacterium Escherichia coli for over fifty years [2]. In contrast, an additional 

system of fatty acid synthesis, co-existing with the Type II FAS and synthesizing 

specialized lipid products (or “secondary lipids”), was first described in cyanobacteria 

just 15 years ago [3]. Here both our growing body of knowledge about this “secondary 

lipid synthase” and areas for further research are summarized. Additionally, Figure 1 

gives a structural overview of select fatty acids discussed in this introduction. 
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Early reports of atypical fatty acids in bacteria 

 The first studies of fatty acid composition in bacteria report mainly C12-C18 

saturated and monounsaturated fatty acids, which represent the dominant fatty acids in 

the vast majority of bacterial species [4,5]. Indeed, in the early 1960s it was generally 

accepted that bacteria do not produce long-chain polyunsaturated fatty acids (PUFAs) 

[6]. The 1977 discovery of the highly unsaturated fatty acid eicosapentaenoic acid 

(EPA; 20:5n3) incorporated into the phospholipids of the marine bacterium 

Flexibacter polymorphus overthrew this paradigm [7]. However, Flexibacter 

polymorphus remained a lone oddity for close to a decade, when in 1986 EPA and 

another long chain omega-3 fatty acid, docosahexaenoic acid (DHA; 22n6), were 

discovered in 9 of 11 isolates from the deep sea [8]. The biosynthetic mechanism of 

these PUFAs in bacteria remained unknown, although it was hypothesized that EPA, 

at least, was synthesized via the oxygen-dependent pathway utilized by eukaryotes [7]. 

 As researchers in Australia and North America were rewriting the literature on 

polyunsaturated fatty acids in bacteria, their colleagues in England were identifying 

and characterizing novel glycolipids in nitrogen-fixing cyanobacteria [9]. Further 

studies in the 1970s revealed that the aglycone moiety of these novel lipids was 

composed of long, hydroxylated alkyl chains typically 26 or 28 carbons in length 

[10,11]. While the biosynthetic mechanism behind the production of these specialized 

lipids remained unknown, the critical ecological role of the heterocyst glycolipids in 

these nitrogen-fixing bacteria was eventually elucidated. The glycolipid layer serves as 

a barrier to oxygen diffusion across the heterocyst membrane, protecting the oxygen-

sensitive nitrogenase enzyme [12]. 
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 An additional group of specialized lipid was discovered in the cysts of the soil 

bacterium Azotobacter vinelandii in 1981 [13] and subsequently found to compose the 

entire membrane in this differentiated cell type [14]. Again, the alkyl chain was found 

to be unusually long (C21-C23) [13]. However, at this time no connections were 

drawn between the production of specialized long-chain lipids in such diverse 

microorganisms as marine bacteria, nitrogen-fixing cyanobacteria, and soil bacteria. 

 

A distinct biosynthetic mechanism for secondary lipids 

 Although these unique lipid products were initially described in the late 1960s, 

70s, and early 80s, no biosynthetic mechanisms for production were discovered until 

the late 1990s. Researchers first identified a “polyketide sythase (PKS)-like” gene (so 

named because its predicted protein product has two active sites typical of PKS 

enzymes, which produce secondary metabolites in bacteria, fungi, and plants) that was 

involved in the synthesis of heterocyst glycolipids in cyanobacteria [3]. This was 

follow by the 2001 description of a “polyketide synthase” responsible for the 

production of EPA and DHA in the bacterium Shewanella sp. strain SCRC2738 and 

the single-celled eukaryote Schizochytrium [15]. Finally, at the turn of the 21
st
 century, 

the phenolic lipids of Azotobacter vinelandii were found to be synthesized by a hybrid 

Type I FAS/Type III PKS [16]. Additionally, phenolic lipids were found to have an 

important ecological role for A. vinelandii, as inactivation of the genes responsible for 

phenolic lipid production results in cells unable to form desiccation-resistant cysts 

[17]. 
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 The polyketide synthases of bacteria and fungi are of great interest, primarily 

because they produce useful antibiotics (e.g., reviewed in [18]) and anti-cancer 

compounds (e.g. [19,20]), thus their enzymology has been studied intensively. 

Polyketides synthases can be categorized as Types I-III; here I describe Type I 

polyketide sythases, as those are the most similar to the unique “PKS/FAS” 

responsible for producing secondary lipids. See Figure 2 for a visual representation of 

the domain architecture of a Type I polyketide synthase. A minimal base consisting of 

a ketosynthase domain (KS), acyltransferase domain (AT), and an acyl carrier protein 

(ACP) is required to extend a growing acyl chain. Other optional domains, such as a 

ketoreductase (KR), enoylreductase (ER), or a dehydratase (DH) will act to modify 

this base chain [21]. The number and order of each distinct domain will ultimately 

determine the final polyketide, resulting in a large diversity of products [22]. 

 Type I polyketide synthases can be further subdivided into modular and 

iterative PKSs (reviewed in [23]). With modular PKSs, a given “module,” consisting 

of a KS, AT, and an ACP, as well as any optional domains, catalyzes only one cycle of 

chain extension. If five cycles of chain extension are necessary, five modules must 

exist on the PKS. For iterative PKSs, a single enzymatic domain will act in multiple 

successive cycles of chain extension. In this case, if five cycles of chain extension 

were necessary, a single “module” would act iteratively through all five cycles. The 

PKS/FAS responsible for secondary lipid production acts similarly to a Type I 

iterative PKS. 

Although PKSs and FASs share an evolutionary origin [24], the two systems 

have taken quite different directions in bacteria. Most relevant to this body of work, 
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the Type II FAS seems to be highly conserved throughout the bacterial domain, and 

homologs of the fatty acid biosynthesis, or fab, genes consistently produce C12-C18 

saturated and monounsaturated fatty acids in bacteria as phylogenetically distant as E. 

coli and Bacillus subtilis [25]. Therefore the discovery of fatty acyl chains produced 

by “PKS-like” systems is especially exciting, in that it opens the door to incredible 

diversity of fatty acid structure and thus function in environmental bacteria. 

 

Secondary metabolites and genomics 

 The field of biology was thrust into the genomics era in 1995, when J. Craig 

Venter and colleagues published the 1.8 Mbp genome of Haemophilus influenzae Rd 

[26]. Subsequent improvements in sequencing technologies have resulted in an 

explosion of sequencing data, with close to 8000 finished or draft genomes and almost 

400 metagenomes available. The vast majority of these are genomes and metagenomes 

are microbial. The availability of sequencing data has revolutionized many of the 

natural sciences, including natural product discovery. Natural product gene clusters 

can be identified from genomes and metagenomes to inform subsequent isolation and 

characterization efforts [27]. 

 

With this background, the dissertation seeks to answer two questions: 

 

1.  Everything we know about the extent of secondary lipid synthesis comes from 

cultured isolates. However, the vast majority of environmental bacteria are not 
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in culture [28]. What is the distribution and diversity of secondary lipid 

synthesis in the natural environment, among uncultured bacteria? 

 

2. Many putative natural products identified by genomics, including those of 

some known secondary lipids, do not appear to be expressed under laboratory 

conditions (e.g. [29,30]). What factors govern bacterial production of 

secondary lipids, and can we further understand their biological role? 

 

 To address these questions, this dissertation generates and assimilates genomic, 

genetic, and physiological data. The research makes use of the wealth of sequencing 

data recently available as well as traditional methods in analytical chemistry and 

molecular biology. 

 Chapter 1 is an analysis of all sequenced microbial genomes to identify 

secondary lipid synthase biosynthetic pathways. Putative secondary lipid synthase 

pathways were found in 45 genera representing 10 phyla, indicating that this mode of 

fatty acid synthesis is widespread in the microbial world. 

 Chapter 2 turns from the culture flask to the high seas to determine the 

relevance of secondary lipid synthesis for environmental bacteria. This was 

accomplished via a two-pronged approach, using a PCR-based culture-independent 

query of the genetic capacity for long-chain fatty acid biosynthesis as well as a query 

of metagenomic databases. These data demonstrate that the potential for this mode of 

fatty acid biosynthesis occurs across ocean basins, in such diverse and geographically 
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disparate habitats as the Puerto Rico Trench, the surface waters off the Scripps 

Institution of Oceanography Pier, and the pelagic waters of the Indian Ocean. 

 Chapter 3 returns to the lab to characterize the ecological relevance and trade-

offs in the production of two secondary lipid products that make use of a common 

pathway in the biotechnologically relevant genus Shewanella. The results indicate that 

although the two products share a common pathway, they play distinct roles in the 

bacterium’s adaptation to low temperature. 
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Figure 1. Structures of notable fatty acids/fatty acyl chains. Lauric acid (1); cis-

vaccenic acid (2); eicosapentaenoic acid (3); docosahexaenoic acid (4); 3,25-

hexacosanediol (5); behenic acid (6). 
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Figure 2. Schematic representation of the domain architecture of a Type I PKS. 

Adapated from Fischbach and Walsh, 2006.!
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Supplementary Material 

      

  
 

Figure S1. Multidimensional scaling (MDS) plot of similarity matrix of domain order 

and count in pfa gene clusters and homologues. See Table S1 for numerical key 

describing species abbreviations. 
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Figure S2. Maximum likelihood phylogenetic tree of dehydratase/isomerase protein 

domains (158 amino acid alignment). Gene cluster Types are colored and given a 

letter label. Asterisks represent Types first clustered and described in this study. 

Bootstrap values >50% are indicated by dots. The E. coli DH10B FabA protein was 

used as the outgroup. 
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Figure S3. Multiple sequence alignment showing sections of PPTase domains from 

representative organisms. Conserved domains are labeled at the top of the alignment. 

Motifs P2 and P3 do not show a clear pattern of variation among different secondary 

lipid types. 
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Figure S4. CAP ordination of the similarity among seven gene clusters (A, B, F, I, L, 

M, R) based on 33 life history traits. Group centeroids are displayed for each gene 

cluster to ease interpretation. Vector lines in the bi-plot represent Spearman Rank 

correlations, with the direction indicating the relationship of each trait to the gene 

clusters in multivariate space. The length of each vector line is proportional to the 

strength of the correlation, with the blue circle showing the threshold for a correlation 

of one. 
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Figure S5. CAP ordination of the similarity among all gene clusters (A-T) based on 

33 life history traits. Group centroids are displayed for each gene cluster to ease 

interpretation. Vector lines in the bi-plot represent Spearman Rank correlations, with 

the direction indicating the relationship of each trait to the gene clusters in multivariate 

space. The length of each vector line is proportional to the strength of the correlation, 

with the blue circle showing the threshold for a correlation of one. 
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Table S1. GenBank Accession numbers and domain annotations of organisms 

possessing putative secondary lipid synthases. 

 

Species Name 

Figure 

S1 

Key 

GenBank Accession No. Domain Order 

Parvularcula bermudensis 

HTCC2503 
1 

CP002156 REGION: 

1464266..1472761 
ER-KS-MAT-ACP-KR 

Parvularcula bermudensis 

HTCC2503 
1 

CP002156 REGION: 

1472770..1476528 
KS-AT-PPTase 

Desulfobacterium autotrophicum 

HRM2 
2 YP_002604438 

ER-KS-CLF-AT-KS-

ACP3-KR 

Desulfobacterium autotrophicum 

HRM2 
2 YP_002604439 PPTase 

Azotobacter vinelandii DJ 3 YP_002800097 ER-KS-MAT-ACP-KR 

Azotobacter vinelandii DJ 3 YP_002800094 PPTase 

Actinosynnema mirum DSM 

43827 
4 YP_003100276 ACS-ACP 

Actinosynnema mirum DSM 

43827 
4 YP_003100277 

ER-KS-MAT-ACP2-

KR 

Actinosynnema mirum DSM 

43827 
4 YP_003100278 KS-AT-PPTase 

Actinosynnema mirum DSM 

43827 
4 YP_003100279 ACP 

Frankia alni ACN14a 5 YP_711795 
ER-KS-MAT-ACP2-

KR 

Frankia alni ACN14a 5 YP_711796 KS-AT-PPTase 

Frankia alni ACN14a 5 YP_711797 ACP 

Frankia sp. CcI3  5 YP_480039 
ER-KS-MAT-ACP2-

KR 

Frankia sp. CcI3  5 YP_480040 KS-AT-PPTase 

Frankia sp. CcI3  5 YP_480041 ACP 

Frankia sp. EAN1pec  5 YP_001509872 
ER-KS-MAT-ACP2-

KR 

Frankia sp. EAN1pec  5 YP_001509871 KS-AT-PPTase 

Frankia sp. EAN1pec  5 YP_001509870 ACP 

Renibacterium salmoninarum 

ATCC 33209 
5 YP_001625679 

ER-KS-MAT-ACP2-

KR 

Renibacterium salmoninarum 

ATCC 33209 
5 YP_001625680 KS-AT-PPTase 

Renibacterium salmoninarum 

ATCC 33209 
5 YP_001625681 ACP 

Chryseobacterium gleum ATCC 

35910 
6 EFK33535 

ER-KS-MAT-ACP2-

KR 

Chryseobacterium gleum ATCC 

35910 
6 EFK33534 KS-AT-PPTase 

Chryseobacterium gleum ATCC 

35910 
6 EFK33533 ACP 

Dinoroseobacter shibae DFL 12 7 YP_001533304 
ER-KS-MAT-ACP2-

KR 

Dinoroseobacter shibae DFL 12 7 YP_001533303 KS-AT-PPTase 

Dinoroseobacter shibae DFL 14 7 YP_001533302 ACP 
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Table S1. GenBank Accession numbers and domain annotations of organisms 

possessing putative secondary lipid synthases, continued. 

 
Streptomyces avermitilis MA-

4680  
7 NP_828538 ER-KS-MAT-ACP2-KR 

Streptomyces avermitilis MA-

4680  
7 NP_828537 KS-AT-PPTase 

Streptomyces avermitilis MA-

4680  
7 NP_828536 ACP 

Beijerinckia indica subsp. Indica 

ATCC 9039 
8 YP_001830916 ER-KS-MAT-ACP2-KR 

Beijerinckia indica subsp. Indica 

ATCC 9039 
8 YP_001830913 PPTase 

Gloeobacter violaceus PCC 7421 9 NP_927172 ER-KS-MAT-ACP3-KR 

Gloeobacter violaceus PCC 7421 9 NP_927171 KS-AT-PPTase 

Gloeobacter violaceus PCC 7421 9 NP_927170 ACP 

Chitinophaga pinensis DSM 2588 10 YP_003121148 ER-KS-MAT-ACP2-KR 

Chitinophaga pinensis DSM 2588 10 YP_003121147 KS-PPTase 

Chitinophaga pinensis DSM 2588 10 YP_003121146 ACP 

Rhodococcus erythropolis PR4 11 YP_002763824 KS-MAT-ACP2-KR 

Rhodococcus erythropolis PR4 11 YP_002763825 TE 

Anabaena variabilis ATCC 29413 

(F) 
12 YP_323100 KS-MAT-ACP2-KR 

Anabaena variabilis ATCC 29413 

(F) 
12 YP_323101 KR 

Anabaena variabilis ATCC 29413 

(F) 
12 YP_323102 KS 

Anabaena variabilis ATCC 29413 

(F) 
12 YP_323103 CLF-AT 

Anabaena variabilis ATCC 29413 

(F) 
12 YP_323104 ER 

Anabaena variabilis ATCC 29413 

(F) 
12 YP_323105 ACP-TE 

Anabaena variabilis ATCC 29413 

(F) 
12 YP_323107 PPTase 

Nodularia spumigena CCY 9414 12 ZP_01630197 KS-MAT-ACP2-KR 

Nodularia spumigena CCY 9414 12 ZP_01630198 KR 

Nodularia spumigena CCY 9414 12 ZP_01630200 KS-CLF-AT 

Nodularia spumigena CCY 9414 12 ZP_01630201 ER 

Nodularia spumigena CCY 9414 12 ZP_01630202 ACP-TE 

Nodularia spumigena CCY 9414 12 ZP_01630204 PPTase 
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Table S1. GenBank Accession numbers and domain annotations of organisms 

possessing putative secondary lipid synthases, continued. 

 
Nostoc punctiforme PCC 73102 12 YP_001863788 KS-MAT-ACP2-KR 

Nostoc punctiforme PCC 73102 12 YP_001863787 KR 

Nostoc punctiforme PCC 73102 12 YP_001863786 KS-CLF-AT 

Nostoc punctiforme PCC 73102 12 YP_001863785 ER 

Nostoc punctiforme PCC 73102 12 YP_001863784 ACP-TE 

Nostoc punctiforme PCC 73102 12 YP_001863782 PPTase 

Nostoc (Anabaena) azollae' 0708 13 ADI65420 KS-MAT-ACP2 

Nostoc (Anabaena) azollae' 0708 13 ADI65419 KR 

Nostoc (Anabaena) azollae' 0708 13 ADI65418 KS 

Nostoc (Anabaena) azollae' 0708 13 ADI65417 CLF-AT 

Nostoc (Anabaena) azollae' 0708 13 ADI65416 ER 

Nostoc (Anabaena) azollae' 0708 13 ADI65415 ACP-TE 

Nostoc sp. PCC 7120  (F) 14 NP_489391 KS-MAT-ACP2 

Nostoc sp. PCC 7120  (F) 14 NP_489393 KR 

Nostoc sp. PCC 7120  (F) 14 NP_489394 KS 

Nostoc sp. PCC 7120  (F) 14 NP_489395 CLF-AT 

Nostoc sp. PCC 7120  (F) 14 NP_489396 ER 

Nostoc sp. PCC 7120  (F) 14 NP_489397 ACP-TE 

Nostoc sp. PCC 7120  (F) 14 NP_489399 PPTase 

Planctomyces limnophilus DSM 

3776 
15 YP_003628512 ER 

Planctomyces limnophilus DSM 

3776 
15 YP_003628511 KS-MAT-ACP3-KR 

Plesiocystis pacifica SIR-1 16 ZP_01907911 ER 

Plesiocystis pacifica SIR-1 16 ZP_01907910 KS-MAT 

Plesiocystis pacifica SIR-1 16 ZP_01907909 ACP2-KR 

Plesiocystis pacifica SIR-1 16 ZP_01907908 KS-CLF-AT-DH2 

Plesiocystis pacifica SIR-1 16 ZP_01911082 PPTase 

Gemmata obscuriglobus UQM 

2246 
17 ZP_02733785 ER 

Gemmata obscuriglobus UQM 

2246 
17 ZP_02733786 KS-MAT-ACP2-KR 

Gemmata obscuriglobus UQM 

2246 
17 ZP_02733787 KS-CLF-AT-DH2 

Saccharophagus degradans 2-40 18 YP_526161 ER 

Saccharophagus degradans 2-40 18 YP_526162 KS-MAT-ACP3-KR 

Saccharophagus degradans 2-40 18 YP_526163 KS-CLF-AT-DH2 
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Table S1. GenBank Accession numbers and domain annotations of organisms 

possessing putative secondary lipid synthases, continued. 

 
Desulfococcus oleovorans Hxd3 19 YP_001529556 ER 

Desulfococcus oleovorans Hxd3 19 YP_001529557 KS-MAT-ACP3-KR 

Desulfococcus oleovorans Hxd3 19 YP_001529558 KS-CLF-AT-DH2 

Nakamurella multipartita DSM 

44233 
20 YP_003203517 ER 

Nakamurella multipartita DSM 

44233 
20 YP_003203516 KS-MAT-ACP2-KR 

Nakamurella multipartita DSM 

44233 
20 YP_003203515 KS-CLF-AT-DH2-AT 

Streptomyces coelicolor A3(2) 21 NP_624464 ER 

Streptomyces coelicolor A3(2) 21 NP_624465 KS-MAT-ACP-KR 

Streptomyces coelicolor A3(2) 21 NP_624466 KS-CLF-AT-DH2 

Streptomyces coelicolor A3(2) 21 ZP_04690736 ACP-KR 

Clostridium thermocellum ATCC 

27405  
22 YP_001036569 KS-MAT-CLF-ACP3-KR 

Clostridium thermocellum ATCC 

27405  
22 YP_001036570 PPTase 

Elusimicrobium minutum Pei191 23 YP_001875990 KS-MAT-CLF-ACP4-KR 

Elusimicrobium minutum Pei191 23 YP_001875989 PPTase 

Geobacter sp. FRC-32  24 YP_002538590 ER 

Geobacter sp. FRC-32  24 YP_002538591 KS-MAT-ACP4-KR 

Geobacter sp. FRC-32  24 YP_002538592 KS-CLF-AT-DH2 

Geobacter sp. FRC-32  24 YP_002538597 PPTase 

Geobacter uraniireducens Rf4 24 YP_001230776 ER 

Geobacter uraniireducens Rf4 24 YP_001230775 KS-MAT-ACP4-KR 

Geobacter uraniireducens Rf4 24 YP_001230774 KS-CLF-AT-DH2 

Geobacter uraniireducens Rf4 24 YP_001230769 PPTase 

Pelobacter propionicus DSM 2379 24 YP_902751 ER 

Pelobacter propionicus DSM 2379 24 YP_902752 KS-MAT-ACP4-KR 

Pelobacter propionicus DSM 2379 24 YP_902753 KS-CLF-AT-DH2 

Pelobacter propionicus DSM 2379 24 YP_902770 PPTase 

Geobacter bemidjiensis Bem 25 YP_002138915 ER 

Geobacter bemidjiensis Bem 25 YP_002138914 KS-MAT-ACP5-KR 

Geobacter bemidjiensis Bem 25 YP_002138913 KS-CLF-AT-DH2 

Geobacter bemidjiensis Bem 25 YP_002138907 PPTase 
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Table S1. GenBank Accession numbers and domain annotations of organisms 

possessing putative secondary lipid synthases, continued. 

 
Geobacter sp. M21  25 YP_003021922 ER 

Geobacter sp. M21  25 YP_003021923 KS-MAT-ACP5-KR 

Geobacter sp. M21  25 YP_003021924 KS-CLF-AT-DH2 

Geobacter sp. M21  25 YP_003021930 PPTase 

Geobacter lovleyi SZ 26 YP_001952502 ER 

Geobacter lovleyi SZ 26 YP_001952503 KS-MAT-ACP4-KR 

Geobacter lovleyi SZ 26 YP_001952504 KS-CLF-AT-DH2 

Desulfatibacillum alkenivorans 

AK-01  
27 YP_002430227 KS-MAT-ACP3-KR 

Desulfatibacillum alkenivorans 

AK-01  
27 YP_002430226 KS-CLF-AT-DH2 

Desulfatibacillum alkenivorans 

AK-01  
27 YP_002430225 ER 

Desulfatibacillum alkenivorans 

AK-01  
27 YP_002430224 PPTase 

Geobacter sp. M18  28 ZP_05311357 ER 

Geobacter sp. M18  28 ZP_05311356 KS-MAT-ACP5-KR 

Geobacter sp. M18  28 ZP_05311355 KS-CLF-AT-DH2 

Desulfuromonas acetoxidans DSM 

684  
29 ZP_01312928 ER 

Desulfuromonas acetoxidans DSM 

684  
29 ZP_01312929 KS-MAT-ACP5-KR 

Anabaena variabilis ATCC 29413 

(G) 
30 YP_325239 KS-MAT-ACP 

Anabaena variabilis ATCC 29413 

(G) 
30 YP_325241 KR 

Anabaena variabilis ATCC 29413 

(G) 
30 YP_325242 KS-AT-DH2 

Anabaena variabilis ATCC 29413 

(G) 
30 YP_325243 ER 

Microcystis aeruginosa NIES-843 30 YP_001657798 KS-ACP 

Microcystis aeruginosa NIES-843 30 YP_001657800 KR 

Microcystis aeruginosa NIES-843 30 YP_001657801 KS-AT-DH2 

Microcystis aeruginosa NIES-843 30 YP_001657802 ER 

Nostoc sp. PCC 7120  (G) 30 NP_485686 KS-MAT-ACP 

Nostoc sp. PCC 7120  (G) 30 NP_485684 KR 

Nostoc sp. PCC 7120  (G) 30 NP_485683 KS-AT-DH2 

Nostoc sp. PCC 7120  (G) 30 NP_485682 ER 

Roseiflexus sp. RS-1  31 YP_001277223 KS-MAT-CLF-ACP6-KR 

Roseiflexus sp. RS-1  31 YP_001277224 PPTase 

Roseiflexus castenholzii DSM 

13941 
32 YP_001432959 KS-MAT-CLF-ACP5-KR 

Roseiflexus castenholzii DSM 

13941 
32 YP_001432960 PPTase 

Candidatus (Acidobacteria) 

Korebacter versatilis Ellin345 
33 YP_589544 KS-MAT-CLF-ACP3-KR 

Candidatus (Acidobacteria) 

Korebacter versatilis Ellin345 
33 YP_589546 PPTase 
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Table S1. GenBank Accession numbers and domain annotations of organisms 

possessing putative secondary lipid synthases, continued. 

 
Candidatus Solibacter usitatus 

Ellin6076 
33 YP_824341 

KS-MAT-CLF-ACP3-

KR 

Candidatus Solibacter usitatus 

Ellin6076 
33 YP_824340 PPTase 

Saccharopolyspora erythraea 

NRRL 2338  
33 ZP_06563680 KS-MAT-ACP 

Saccharopolyspora erythraea 

NRRL 2338  
33 ZP_06563679 KR 

Saccharopolyspora erythraea 

NRRL 2338  
33 ZP_06563678 KS-CLF-AT-DH2 

Saccharopolyspora erythraea 

NRRL 2338  
33 ZP_06563677 ER 

Sorangium cellulosum 'So ce 56' 34 YP_001611455 ER 

Sorangium cellulosum 'So ce 56' 34 YP_001611456 KS-MAT-ACP5 

Sorangium cellulosum 'So ce 56' 34 YP_001611457 KS-CLF-DH2-AT 

Schizochytrium sp. ATCC 20888 35 AF378327 KS-MAT-ACP9-KR 

Schizochytrium sp. ATCC 20888 35 AF378328 KS-CLF-AT-ER 

Schizochytrium sp. ATCC 20888 35 AF378329 DH2-ER 

Agrobacterium vitis S4 36 YP_002547429 ACP 

Agrobacterium vitis S4 36 YP_002547431 KS-MAT-ACP4-KR 

Agrobacterium vitis S4 36 YP_002547432 KS-CLF-AT-DH2 

Agrobacterium vitis S4 36 YP_002547433 ER 

Pseudoalteromonas sp. DS-12  37 DQ469875 
KS-MAT-ACP5-KR-KS-

CLF-PPTase-DH2 

Moritella sp. PE36  38 ZP_01898228 KS-MAT-ACP7-KR 

Moritella sp. PE36  38 ZP_01898227 KS-AT 

Moritella sp. PE36  38 ZP_01900673 KS-CLF-DH2 

Moritella sp. PE36  38 ZP_01900672 ER 

Moritella sp. PE36  38 ZP_01899831 PPTase 

Moritella marina  39 BAF02836 PPTase 

Moritella marina  39 BAA89382 KS-MAT-ACP5-KR 

Moritella marina  39 BAA89383 KS-AT 

Moritella marina  39 BAA89384 KS-CLF-DH2 

Photobacterium profundum 3TCK  40 ZP_01221855 KS-MAT-ACP5-KR 

Photobacterium profundum 3TCK  40 ZP_01221854 AT 

Photobacterium profundum 3TCK  40 ZP_01221853 KS-CLF-DH2 

Photobacterium profundum 3TCK  40 ZP_01221852 ER 

Photobacterium profundum 3TCK  40 ZP_01219528 PPTase 
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Table S1. GenBank Accession numbers and domain annotations of organisms 

possessing putative secondary lipid synthases, continued. 

 
Photobacterium profundum SS9  40 YP_129673 KS-MAT-ACP5-KR 

Photobacterium profundum SS9  40 YP_129672 AT 

Photobacterium profundum SS9  40 YP_129671 KS-CLF-AT-DH2 

Photobacterium profundum SS9  40 YP_129670 ER 

Photobacterium profundum SS9  40 YP_133485 PPTase 

Ulvibacter sp. SCB49 41 ZP_01889252 PPTase 

Ulvibacter sp. SCB49 41 ZP_01889250 KS-MAT-ACP4 

Ulvibacter sp. SCB49 41 ZP_01889249 KR 

Ulvibacter sp. SCB49 41 ZP_01889248 KS-CLF-AT-DH2 

Ulvibacter sp. SCB49 41 ZP_01889247 ER 

Psychroflexus torquis ATCC 

700755 
42 ZP_01255376 PPTase 

Psychroflexus torquis ATCC 

700755 
42 ZP_01255378 KS-MAT-ACP6 

Psychroflexus torquis ATCC 

700755 
42 ZP_01255379 KR 

Psychroflexus torquis ATCC 

700755 
42 ZP_01255380 KS-CLF-AT-DH2 

Psychroflexus torquis ATCC 

700755 
42 ZP_01255381 ER 

Psychromonas ingrahamii 37 43 YP_943075 KS-MAT-ACP6-KR 

Psychromonas ingrahamii 37 43 YP_943076 KS-AT 

Psychromonas ingrahamii 37 43 YP_943077 KS-CLF-DH2 

Psychromonas ingrahamii 37 43 YP_943078 ER 

Psychromonas ingrahamii 37 43 YP_944031 PPTase 

Psychromonas sp. CNPT3 43 ZP_01216282 KS-MAT-ACP6-KR 

Psychromonas sp. CNPT3 43 ZP_01216281 KS-AT 

Psychromonas sp. CNPT3 43 ZP_01216280 KS-CLF-DH2 

Psychromonas sp. CNPT3 43 ZP_01216279 ER 

Colwellia psychrerythraea 34H 44 YP_269804 PPTase 

Colwellia psychrerythraea 34H 44 YP_269802 KS-MAT-ACP6-KR 

Colwellia psychrerythraea 34H 44 YP_269801 KS-AT 

Colwellia psychrerythraea 34H 44 YP_269800 KS-CLF-DH2 

Colwellia psychrerythraea 34H 44 YP_269797 ER 

Colwellia sp. MT41 44 D. Bartlett-unpublished  PPTase 

Colwellia sp. MT41 44 D. Bartlett-unpublished  KS-MAT-ACP6-KR 

Colwellia sp. MT41 44 D. Bartlett-unpublished  KS-AT 

Colwellia sp. MT41 44 D. Bartlett-unpublished  KS-CLF-AT-DH2 

Colwellia sp. MT41 44 D. Bartlett-unpublished  ER 
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Table S1. GenBank Accession numbers and domain annotations of organisms 

possessing putative secondary lipid synthases, continued. 

 
Shewanella halifaxensis HAW-

EB4 
45 YP_001675213 PPTase 

Shewanella halifaxensis HAW-

EB4 
45 YP_001675216 KS-MAT-ACP6-KR 

Shewanella halifaxensis HAW-

EB4 
45 YP_001675217 AT 

Shewanella halifaxensis HAW-

EB4 
45 YP_001675218 KS-CLF-DH2 

Shewanella halifaxensis HAW-

EB4 
45 YP_001675219 ER 

Shewanella piezotolerans WP3 45 YP_002312825 PPTase 

Shewanella piezotolerans WP3 45 YP_002312829 KS-MAT-ACP6-KR 

Shewanella piezotolerans WP3 45 YP_002312830 AT 

Shewanella piezotolerans WP3 45 ACJ30245 KS-CLF-DH2 

Shewanella piezotolerans WP3 45 ACJ30246 ER 

Shewanella sediminis HAW-EB3 45 YP_001474918 PPTase 

Shewanella sediminis HAW-EB3 45 YP_001474934 KS-MAT-ACP6-KR 

Shewanella sediminis HAW-EB3 45 YP_001474935 AT 

Shewanella sediminis HAW-EB3 45 YP_001474936 KS-CLF-DH2 

Shewanella sediminis HAW-EB3 45 YP_001474937 ER 

Shewanella sp. SCRC-2738  45 U73935 
PPTase-KS-MAT-ACP6-

KR-AT-KS-CLF-DH2-ER 

Shewanella woodyi ATCC 51908 45 YP_001761668 PPTase 

Shewanella woodyi ATCC 51908 45 YP_001759810 KS-MAT-ACP6-KR 

Shewanella woodyi ATCC 51908 45 YP_001759809 AT 

Shewanella woodyi ATCC 51908 45 YP_001759808 KS-CLF-DH2 

Shewanella woodyi ATCC 51908 45 YP_001759807 ER 

Shewanella amazonensis SB2B 46 YP_926996 PPTase 

Shewanella amazonensis SB2B 46 YP_926992 KS-MAT-ACP5-KR 

Shewanella amazonensis SB2B 46 YP_926991 AT 

Shewanella amazonensis SB2B 46 YP_926990 KS-CLF-DH2 

Shewanella amazonensis SB2B 46 YP_926989 ER 
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Table S1. GenBank Accession numbers and domain annotations of organisms 

possessing putative secondary lipid synthases, continued. 

 
Shewanella baltica OS155  46 YP_001049814 PPTase 

Shewanella baltica OS155  46 YP_001049812 KS-MAT-ACP5-KR 

Shewanella baltica OS155  46 YP_001049811 AT 

Shewanella baltica OS155  46 YP_001049810 KS-CLF-DH2 

Shewanella baltica OS155  46 YP_001049809 ER 

Shewanella baltica OS185  46 YP_001365634 PPTase 

Shewanella baltica OS185  46 YP_001365632 KS-MAT-ACP5-KR 

Shewanella baltica OS185  46 YP_001365631 AT 

Shewanella baltica OS185  46 YP_001365630 KS-CLF-DH2 

Shewanella baltica OS185  46 YP_001365629 ER 

Shewanella baltica OS195  46 YP_001553889 PPTase 

Shewanella baltica OS195  46 YP_001553887 KS-MAT-ACP5-KR 

Shewanella baltica OS195  46 YP_001553886 AT 

Shewanella baltica OS195  46 YP_001553885 KS-CLF-DH2 

Shewanella baltica OS195  46 YP_001553884 ER 

Shewanella baltica OS223  46 YP_002358836 PPTase 

Shewanella baltica OS223  46 YP_002358838 KS-MAT-ACP5-KR 

Shewanella baltica OS223  46 YP_002358839 AT 

Shewanella baltica OS223  46 YP_002358840 KS-CLF-DH2 

Shewanella baltica OS223  46 YP_002358841 ER 

Shewanella denitrificans OS217  46 YP_563627 PPTase 

Shewanella denitrificans OS217  46 YP_563629 KS-MAT-ACP5-KR 

Shewanella denitrificans OS217  46 YP_563630 AT 

Shewanella denitrificans OS217  46 YP_563631 KS-CLF-DH2 

Shewanella denitrificans OS217  46 YP_563632 ER 

Shewanella frigidimarina NCIMB  46 YP_749936 PPTase 

Shewanella frigidimarina NCIMB  46 YP_749912 KS-MAT-ACP5-KR 

Shewanella frigidimarina NCIMB  46 YP_749911 AT 

Shewanella frigidimarina NCIMB  46 YP_749910 KS-CLF-DH2 

Shewanella frigidimarina NCIMB  46 YP_749909 ER 

Shewanella livingstonensis  46 AB284098 KS-MAT-ACP5-KR 

Shewanella livingstonensis  46 AB373983 AT 

Shewanella livingstonensis  46 AB373984 KS-CLF-DH2 

Shewanella livingstonensis  46 AB373985 ER 

Shewanella livingstonensis  46 AB284096 PPTase 

Shewanella loihica PV-4 46 YP_001094781 PPTase 

Shewanella loihica PV-4 46 YP_001094790 KS-MAT-ACP5-KR 

Shewanella loihica PV-4 46 YP_001094791 AT 

Shewanella loihica PV-4 46 YP_001094792 KS-CLF-DH2 

Shewanella loihica PV-4 46 YP_001094793 ER 
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Table S1. GenBank Accession numbers and domain annotations of organisms 

possessing putative secondary lipid synthases, continued. 
Shewanella pealeana ATCC 

700345 
46 YP_001502758 PPTase 

Shewanella pealeana ATCC 

700345 
46 YP_001502760 KS-MAT-ACP5-KR 

Shewanella pealeana ATCC 

700345 
46 YP_001502761 AT 

Shewanella pealeana ATCC 

700345 
46 YP_001502762 KS-CLF-DH2 

Shewanella pealeana ATCC 

700345 
46 YP_001502763 ER 

Shewanella putrefaciens 200  46 ZP_01704386 PPTase 

Shewanella putrefaciens 200  46 ZP_01704383 KS-MAT-ACP 

Shewanella putrefaciens 200  46 ZP_01704382 ACP4-KR 

Shewanella putrefaciens 200  46 ZP_01704381 AT 

Shewanella putrefaciens 200  46 ZP_01704380 KS-CLF-DH2 

Shewanella putrefaciens 200  46 ZP_01704379 ER 

Shewanella sp. ANA-3  46 YP_870471 PPTase 

Shewanella sp. ANA-3  46 YP_870473 KS-MAT-ACP5-KR 

Shewanella sp. ANA-3  46 YP_870474 AT 

Shewanella sp. ANA-3  46 YP_870475 KS-CLF-DH2 

Shewanella sp. ANA-3  46 YP_870476 ER 

Shewanella sp. BR-2  46 EU719604 
PPTase-KS-MAT-ACP5-

KR-AT-KS-CLF-DH2-ER 

Shewanella sp. MR-4  46 YP_734792 PPTase 

Shewanella sp. MR-4  46 YP_734794 KS-MAT-ACP5-KR 

Shewanella sp. MR-4  46 YP_734795 AT 

Shewanella sp. MR-4  46 YP_734796 KS-CLF-DH2 

Shewanella sp. MR-7  46 YP_738773 PPTase 

Shewanella sp. MR-7  46 YP_738775 KS-MAT-ACP5-KR 

Shewanella sp. MR-7  46 YP_738776 AT 

Shewanella sp. MR-7  46 YP_738777 KS-CLF-DH2 

Shewanella sp. MR-7  46 YP_738778 ER 

Vibrio sp. MED222  46 ZP_01065943 PPTase 

Vibrio sp. MED222  46 ZP_01065944 KS-MAT-ACP5-KR 

Vibrio sp. MED222  46 ZP_01065945 AT 

Vibrio sp. MED222  46 ZP_01065946 KS-CLF-DH2 

Vibrio sp. MED222  46 ZP_01065947 ER 

Vibrio splendidus 12B01  46 ZP_00990742 PPTase 

Vibrio splendidus 12B01  46 ZP_00990741 KS-MAT-ACP5-KR 

Vibrio splendidus 12B01  46 ZP_00990740 AT 

Vibrio splendidus 12B01  46 ZP_00990739 KS-CLF-DH2 

Vibrio splendidus 12B01  46 ZP_00990738 ER 

Vibrio splendidus LGP32  46 YP_002417803 PPTase 

Vibrio splendidus LGP32  46 YP_002417804 KS-MAT-ACP5-KR 

Vibrio splendidus LGP32  46 YP_002417805 AT 

Vibrio splendidus LGP32  46 YP_002417806 KS-CLF-DH2 

Vibrio splendidus LGP32  46 YP_002417807 ER 
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Table S1. GenBank Accession numbers and domain annotations of organisms 

possessing putative secondary lipid synthases, continued. 

 
Shewanella benthica KT99 47 EDQ00220 PPTase 

Shewanella benthica KT99 47 EDQ00213 KS-MAT-ACP4-KR 

Shewanella benthica KT99 47 EDQ00212 AT 

Shewanella benthica KT99 47 EDQ00211 KS-CLF-DH2 

Shewanella benthica KT99 47 EDQ00210 ER 

Shewanella oneidensis MR-1 47 NP_717216 PPTase 

Shewanella oneidensis MR-1 47 NP_717214 KS-MAT-ACP4-KR 

Shewanella oneidensis MR-1 47 
ACCESSION # 

UNAVAILABLE 
AT 

Shewanella oneidensis MR-1 47 NP_717212 KS-CLF-DH2 

Shewanella oneidensis MR-1 47 NP_717210 ER 

Shewanella putrefaciens CN32 47 YP_001182855 PPTase 

Shewanella putrefaciens CN32 47 YP_001182853 KS-MAT-ACP4-KR 

Shewanella putrefaciens CN32 47 YP_001182852 AT 

Shewanella putrefaciens CN32 47 YP_001182851 KS-CLF-DH2 

Shewanella putrefaciens CN32 47 YP_001182850 ER 

Shewanella sp. W3-18-1  47 YP_964146 PPTase 

Shewanella sp. W3-18-1  47 YP_964148 KS-MAT-ACP4-KR 

Shewanella sp. W3-18-1  47 YP_964149 AT 

Shewanella sp. W3-18-1  47 YP_964150 KS-CLF-DH2 

Shewanella sp. W3-18-1  47 YP_964151 ER 

Streptomyces ghanaensis ATCC 

14672 
N/A

*
 ZP_04690735 KS-CLF-AT 

     

*Streptomyces ghanaensis ATCC 14672 is a draft genome and the secondary lipid synthase gene 

cluster may be truncated as it occurs at the end of a scaffold; thus it was excluded from the NMDS 

analysis. 
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Chapter 1, in full, is a reprint of the material as it appears in PLoS ONE, 2011, 

Shulse, Christine; Allen, Eric. The dissertation author was the primary investigator 

and author of this paper. 
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Diversity and distribution of microbial long-chain fatty acid biosynthetic 

genes in the marine environment 
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Supplementary Materials 

 

 
Figure S1. Rarefaction curves for environmental libraries at an 80% identity bin. 
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Figure S2. Multiple alignment of a portion of the PfaA KS amino acid alignment from 

representative clones and isolates. The conserved catalytic cysteine is marked with a 

red star. 
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Table S1. Phylogenetic analysis of clones containing “pfa-like” genes retrieved from 

metagenomic datasets by BLASTX of mate pair sequence against NCBI’s 

nonredundant database. Mate pairs in italics hit within the pfa gene cluster or found no 

matches and were not used for taxonomic purposes. Mate pair read ID denotes 

GenBank Accession number or, if unavailable, read identifier present within the 

CAMERA database. 

 

Group 

ID 

Sample (Mate Pair Read 

ID) 

Top BLAST 

Annotation Taxonomy 

e-

val

ue 

Consensus 

Taxonomy 

      

Group 

2 

1 Match with Mate Pair 

Sequence     

 

GS114 – Indian Ocean 

(JCVI_READ_11088299

89016) 
haloalkane 

dehalogenase 

Deltaproteobact

eria 

2.1

6E

-

42 Bacteria (5/5) 

Group 

15 

1 Match with Mate Pair 

Sequence     

 

GS112b – Indian Ocean 

(JCVI_READ_11053336

70678) 

two-component 

response regulator 

Deltaproteobact

eria 

3.6

1E

-

14 Bacteria (5/5) 

Group 

16 

19 Matches with Mate 

Pair Sequence     

 

GS048a - Polynesia 

Archipelagos 

(JCVI_READ_10996504

66684) 

heterocyst 

glycolipid 

synthase Cyanobacteria 

3.9

8E

-

97 

Cyanobacteria 

(5/5) 

 

GS029 – Galapagos 

Islands 

(JCVI_READ_10923997

02601) 

beta-ketoacyl 

synthase Cyanobacteria 

1.0

0E

-

65 

Cyanobacteria 

(5/5) 

 

GS108a – Indian Ocean 

(JCVI_READ_11031805

93508) 

beta-ketoacyl 

synthase Cyanobacteria 

2.4

3E

-

40 

Cyanobacteria 

(4/5) 

 

GS110a – Indian Ocean 

(JCVI_READ_11032423

33476) 

outer membrane 

autotransporter 

barrel "domain," 

putative 

Deltaproteobact

eria 

4.4

1E

-

43 

Proteobacteria 

(2/3) 
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Table S1. Phylogenetic analysis of clones containing “pfa-like” genes retrieved from 

metagenomic datasets by BLASTX of mate pair sequence against NCBI’s 

nonredundant database. Mate pairs in italics hit within the pfa gene cluster or found no 

matches and were not used for taxonomic purposes. Mate pair read ID denotes 

GenBank Accession number or, if unavailable, read identifier present within the 

CAMERA database, continued. 

 

 

GS114 – Indian Ocean 

(JCVI_READ_11032429

50473) 

hypothetical 

protein 

Cflav_PD2800 

Verrucomicrobi

a 

1.6

6E

-

25 Bacteria (5/5) 

 

GS114 – Indian Ocean 

(JCVI_READ_11088396

92212) 

hypothetical 

protein 

Anae109_2925 

Deltaproteobact

eria 

1.2

4E

-

36 Bacteria (4/4) 

 

GS114 – Indian Ocean 

(JCVI_READ_11088397

57303) 

hypothetical 

protein 

Cflav_PD2800 

Verrucomicrobi

a 

2.2

1E

-

36 Bacteria (4/4) 

 

GS115 – Indian Ocean 

(JCVI_READ_11031208

81160) 

erythronolide 

synthase 

Gammaproteob

acteria 

3.6

8E

-

60 

Gammaproteob

acteria (5/5) 

 

GS116 – Indian Ocean 

(JCVI_READ_11037690

98047) 

Beta-ketoacyl 

synthase Cyanobacteria 

3.0

6E

-

52 

Cyanobacteria 

(4/5) 

 

GS117a – Indian Ocean 

(JCVI_READ_11088002

65420) 

Beta-ketoacyl 

synthase Cyanobacteria 

3.3

9E

-

39 

Cyanobacteria 

(4/5) 

 

GS123 – Indian Ocean 

(JCVI_READ_11033593

15152) 

Beta-ketoacyl 

synthase Cyanobacteria 

4.3

0E

-

24 

Cyanobacteria 

(5/5) 

 

GS000c – Sargasso Sea 

(JCVI_READ_1151992) 

polyunsaturated 

fatty acid 

synthase PfaA 

Gammaproteob

acteria 

5.6

5E

-

48 

Gammaproteob

acteria (3/5) 

 

GS000c – Sargasso Sea 

(JCVI_READ_1180069) 

bifunctional 

"BirA," biotin 

operon 

repressor/biotin--

acetyl-CoA-

carboxylase ligase Firmicutes 

8.2

5E

-

37 

Firmicutes 

(5/5) 

 

GS017 – Yucatan 

Channel 

(JCVI_READ_10922564

93236) no matches found    
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Table S1. Phylogenetic analysis of clones containing “pfa-like” genes retrieved from 

metagenomic datasets by BLASTX of mate pair sequence against NCBI’s 

nonredundant database. Mate pairs in italics hit within the pfa gene cluster or found no 

matches and were not used for taxonomic purposes. Mate pair read ID denotes 

GenBank Accession number or, if unavailable, read identifier present within the 

CAMERA database, continued. 

  

 

GS121 – Indian Ocean 

(JCVI_READ_11042301

30002) 

omega-3 

polyunsaturated 

fatty acid 

synthase PfaA 

Gammaproteob

acteria 

1.4

3E

-

59 

Gammaproteob

acteria (5/5) 

 

GS015 – Caribbean Sea 

(JCVI_READ_10930174

63022) 

heterocyst 

glycolipid 

synthase Cyanobacteria 

1.3

9E

-

70 

Cyanobacteria 

(5/5) 

 

GS018 – Caribbean Sea 

(JCVI_READ_10930184

07574) 

heterocyst 

glycolipid 

synthase Cyanobacteria 

3.2

0E

-

06 

Cyanobacteria 

(1/1) 

 

GS018 – Caribbean Sea 

(JCVI_READ_10930186

07686) 

heterocyst 

glycolipid 

synthase Cyanobacteria 

3.0

8E

-

10

2 

Cyanobacteria 

(5/5) 

 

GS000b – Sargasso Sea 

(JCVI_READ_866221) 

polyunsaturated 

fatty acid 

synthase PfaC 

Gammaproteob

acteria 

1.0

9E

-

58 

Gammaproteob

acteria (5/5) 

Group 

17 15 Matches     

 

HF4000_12-21-03 – 

North Pacific Subtropical 

Gyre (DU771976) 

adenylylsulfate 

reductase Chlorobi 

4.3

7E

-

10

4 Chlorobi (5/5) 

 

HF770_12-21-03 – North 

Pacific Subtropical Gyre 

(DU786493) 

COG1396: 

Predicted 

transcriptional 

regulators Firmicutes 

3.1

8E

-

06 

Firmicutes 

(1/1) 

 

HF770_12-21-03 – North 

Pacific Subtropical Gyre 

(DU794959) 

sulfur relay 

protein 

TusD/DsrE Chlorobi 

9.2

9E

-

39 Chlorobi (5/5) 

 

DEEPMED – 

Mediterranean Sea 

(EI946242) 

biotin/lipoate A/B 

protein ligase Chlorobi 

1.2

2E

-

48 Bacteria (5/5) 
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Table S1. Phylogenetic analysis of clones containing “pfa-like” genes retrieved from 

metagenomic datasets by BLASTX of mate pair sequence against NCBI’s 

nonredundant database. Mate pairs in italics hit within the pfa gene cluster or found no 

matches and were not used for taxonomic purposes. Mate pair read ID denotes 

GenBank Accession number or, if unavailable, read identifier present within the 

CAMERA database, continued. 

  

 

HF_SMPL_HOT179_500

M_SG – North Pacific 

Subtropical Gyre  

(NCBI_HOT_READ_FF

SN12472.x2) 

omega-3 

polyunsaturated 

fatty acid 

synthase PfaA 

Gammaproteob

acteria 

3.5

5E

-

93 

Cyanobacteria 

(4/5) 

 

HF_SMPL_HOT179_500

M_SG – North Pacific 

Subtropical Gyre  

(NCBI_HOT_READ_FF

SN36479.g1) 

polyketide 

synthase 

phosphopantethei

ne-binding HglE Cyanobacteria 

3.3

1E

-

67 

Cyanobacteria 

(3/5) 

 

HF_SMPL_HOT179_500

M_SG – North Pacific 

Subtropical Gyre 

(NCBI_HOT_READ_FF

SN72515.b1) 

beta-ketoacyl 

synthase Cyanobacteria 

8.9

0E

-

69 

Cyanobacteria 

(4/5) 

 

GS000b – Sargasso Sea 

(JCVI_READ_653062) 

acriflavin 

resistance protein Bacteroidetes 

2.2

7E

-

43 

Bacteroidetes 

(3/5) 

 

GS000c – Sargasso Sea 

(JCVI_READ_1038058) 

hypothetical 

protein sce2292 

Deltaproteobact

eria 

1.9

4E

-

33 

Deltaproteobact

eria (4/5) 

 

GS000c – Sargasso Sea 

(JCVI_READ_1160944) 

Beta-ketoacyl 

synthase Cyanobacteria 

7.2

0E

-

47 

Cyanobacteria 

(5/5) 

 

GS000c – Sargasso Sea 

(JCVI_READ_1265546) 

RND family 

efflux transporter 

MFP subunit 

Gammaproteob

acteria 

8.0

8E

-

31 

Gammaproteob

acteria (4/5) 

 

GS000c – Sargasso Sea 

(JCVI_READ_1337222) 

protein of 

unknown function 

DUF395 

YeeE/YedE 

Alphaproteobac

teria 

4.3

5E

-

12 

Alphaproteobac

teria (3/5) 

 

GS000c – Sargasso Sea 

(JCVI_READ_1341453) 

polyketide-type 

polyunsaturated 

fatty acid 

synthase PfaA 

Gammaproteob

acteria 

1.5

4E

-

51 

Gammaproteob

acteria (4/4) 

 

GS000c – Sargasso Sea 

(JCVI_READ_1363117) 

efflux 

"transporter," 

RND "family," 

MFP subunit 

Betaproteobacte

ria 

9.6

1E

-

20 

Proteobacteria 

(3/5) 
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Table S1. Phylogenetic analysis of clones containing “pfa-like” genes retrieved from 

metagenomic datasets by BLASTX of mate pair sequence against NCBI’s 

nonredundant database. Mate pairs in italics hit within the pfa gene cluster or found no 

matches and were not used for taxonomic purposes. Mate pair read ID denotes 

GenBank Accession number or, if unavailable, read identifier present within the 

CAMERA database, continued. 

 

 

GS000d – Sargasso Sea 

(JCVI_READ_1656027) 

polyunsaturated 

fatty acid 

synthase PfaA 

Gammaproteob

acteria 

1.7

2E

-

59 

Gammaproteob

acteria (3/5) 
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Table S2. Bacterial pfaA genes used to design degenerate forward and reverse 

primers. 

 

Organism pfaA Gene Accession Number 

Photobacterium profundum SS9   AAL01060 

Photobacterium profundum 3TCK  ZP_01221855 

Vibrio splendidus 12B01 ZP_00990741 

Shewanella pealeana ATCC 700345  YP_001502760 

Shewanella sp. MR-4  YP_734794 

Shewanella sp. MR7  YP_738775 

Shewanella sp. ANA-3 YP_870473.1 

Shewanella baltica OS195  YP_001553887.1 

Shewanella baltica OS185 YP_001365632 

Shewanella baltica OS155  YP_001049812.1 

Shewanella sp. W3-18-1  YP_964148.1 

Shewanella putrefaciens CN-32   YP_001182853.1 

Shewanella denitrificans OS217 YP_563629.1 

Colwellia psychrerythraea 34H YP_269802 

Moritella sp. PE36 ZP_01898228.1 

Psychromonas ingrahamii 37 YP_943075.1 

!
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Table S3. Table showing membership of clusters at 99% identity, and the 

representative clone displayed on the phylogenetic tree. Reference sequences and 

metagenomic read are identified by GenBank Accession number or, if unavailable, 

read identifier present within the CAMERA database. 
Clones and/or Reference Sequences in Cluster Representative on Tree 

Phil_F10, Phil_F11, Phil_D07 Phil_D07 

Phil_H10 Phil_H10 

PRT_D07 PRT_D07 

PRT_D05 PRT_D05 

PRT-KS13 PRT-KS13 

PRT_H05, PRT_E08, PRT_D12 PRT_D12 

42e90_G03, 42e90_C07, 42e90_D04, 42e90_D07, 

St19_03, Ant_B03 

42e90_C07 

Sed_E05, Sed_A08 Sed_A08 

PRT_E09, PRT_F10, PRT_C12, PRT_F11, PRT_C07 PRT_C07 

PRT_C10 PRT_C10 

Sed_C11, Sed_C06, Sed_C09, Sed_C08, Sed_B07 Sed_B07 

Sed_E01, Sed_A07, Sed_F03 Sed_A07 

Sed_D10 Sed_D10 

Sed_G12, Sed_D03, Sed_A09 Sed_A09 

Sed_G04, Sed_G03 Sed_G03 

Sed_F07, Sed_C04, Sed_C10, Sed_B08, Sed_C05 Sed_B08 

PRT_H08 PRT_H08 

Sed_H11, Sed_E02 Sed_E02 

Sed_E09, Sed_D11 Sed_D11 

Sed_A11 Sed_A11 

PRT_B05 PRT_B05 

PRT_G01, PRT_H09, PRT_H07, PRT_D03, PRT_A10 PRT_H07 

Geobacter lovleyi SZ (YP_001952503.1) Geobacter lovleyi SZ 

(YP_001952503.1) 

Pelobacter propionicus DSM 2379 (YP_902752.1) Pelobacter propionicus DSM 2379 

(YP_902752.1) 

Geobacter bemidjiensis Bem (YP_002138914.1) Geobacter bemidjiensis Bem 

(YP_002138914.1) 

Geobacter sp. FRC-32 (YP_002538591.1) Geobacter sp. FRC-32 

(YP_002538591.1) 

Geobacter uraniireducens Rf4 (YP_001230775.1) Geobacter uraniireducens Rf4 

(YP_001230775.1) 

Nostoc punctiforme PCC 73102 (YP_001863788.1) Nostoc punctiforme PCC 73102 

(YP_001863788.1) 

Nodularia spumigena CCY9414 (ZP_01630197.1) Nodularia spumigena CCY9414 

(ZP_01630197.1) 

SIO_B08, SIO_G10, SIO_B06, SIO_E04 SIO_B06 

Pier_C04, Pier_C12 Pier_C04 

Pier_B06, Pier_H11, SIO_D06, Pier_C06 SIO_D06 

Psychroflexus torquis ATCC 700755  (ZP_01255378) Psychroflexus torquis ATCC 700755  

(ZP_01255378) 

Unidentified eubacterium SCB49  (ZP_01889250) Unidentified eubacterium SCB49  

(ZP_01889250) 

SIO_H11, SIO_A09, SIO_A07, Pier_G05, Pier_F07 SIO_A07 

Phil_G07 Phil_G07 

42e90_D10 42e90_D10 
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Table S3. Table showing membership of clusters at 99% identity, and the 

representative clone displayed on the phylogenetic tree. Reference sequences and 

metagenomic read are identified by GenBank Accession number or, if unavailable, 

read identifier present within the CAMERA database, continued. 

  
Pier_E12, Pier_F06, SIO_E10, SIO_D04, Pier_G11, 

Pier_D08, Pier_D10, Pier_C05, Pier_F10, Pier_E11, 

Pier_A08, Pier_A07, Pier_A12, SIO_D09, SIO_D05, 

Pier_H09, Phil_D10, Phil_F12, Ref_H05, Phil_E11, 

Phil_D12, Phil_D08, Phil_C08, Phil_F07, Ref_G02, 

Phil_C07 

SIO_D04 

Ref_B03 Ref_B03 

Ref_B01 Ref_B01 

JCVI_READ_1092256267336, 

JCVI_READ_1093018364746, Ref_D03, Ref_D01, 

JCVI_READ_1092256565508, 

JCVI_READ_1093017714646, 

JCVI_READ_1092257235826, Ref_D05, Ref_B02, 

Ref_A02, Ref_A04 

JCVI_READ_1092256267336 

JCVI_READ_1341454, JCVI_READ_1337223, 

JCVI_READ_653061 

JCVI_READ_653061 

JCVI_READ_1038057 JCVI_READ_1038057 

Ref_A03 Ref_A03 

PRT_9 PRT_9 

NCBI_HOT_READ_FFSN12472.y2 NCBI_HOT_READ_FFSN12472.y2 

42e90_A08 42e90_A08 

Ref_H01 Ref_H01 

Ref_C05, Ref_G06, Ref_E01, Ref_E03 Ref_E01 

42e90_C02, 42e90_E04, 42e90_H11, 42e90_B05 42e90_B05 

Ant_F01, Ref_F04, Ant_C02, Ant_A02, 42e90_G07, 

42e90_A04, 42e90_G06, Ref_G04, 42e90_C03, 

Ref_F06, Ref_F01, Ref_C03, 42e90_H09, Ref_A05, 

42e90_E06, Ref_H06, 42e90_E10, Ant_F02, Ant_G03, 

Ant_E03, PRT_C09, PRT_A07 

42e90_A04 

PRT_G02, PRT_F12, PRT_F03, PRT_C11, PRT_C03, 

PRT_B09, PRT_F09 

PRT_C03 

St19_14 St19_14 

Ref_E06, Ref_F03, Ref_G05, Ref_E02, Ref_D02 Ref_E02 

42e90_E12 42e90_E12 

42e90_B01, St19_13 42e90_B01 

42e90_E09, 42e90_B11, 42e90_F07 42e90_B11 

42e90_E02, 42e90_C09, Ant_D01 42e90_C09 

Phil_F09, Phil_G12, Phil_E10, Phil_C09, Phil_E08, 

Phil_G09, Phil_H09, Phil_B11, Phil_G11, Phil_D09, 

Phil_A12, Phil_C11, Phil_A08 

Phil_A08 

Phil_B10, Phil_H07, Phil_G10, Phil_C10, Phil_H11, 

Phil_E12, Phil_B08, Phil_E07 

Phil_B08 

42e90_H08 42e90_H08 

42e90_H05, St19_04 42e90_H05 

Ant_H03 Ant_H03 

Ref_C06, Ant_B01 Ant_B01 
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Table S3. Table showing membership of clusters at 99% identity, and the 

representative clone displayed on the phylogenetic tree. Reference sequences and 

metagenomic read are identified by GenBank Accession number or, if unavailable, 

read identifier present within the CAMERA database, continued.  

 
42e90_F09 42e90_F09 

42e90_C04, 42e90_B09 42e90_B09 

42e90_F01 42e90_F01 

St19_01 St19_01 

Ref_H03 Ref_H03 

42e90_H03, 42e90_A05 42e90_A05 

Ant_D02 Ant_D02 

42e90_B03, Phil_C12, Phil_A07, Ref_B05, 42e90_A10, 

42e90_F02, 42e90_D08 

42e90_B03 

St19_11, St19_10, 42e90_C08, 42e90_B08 St19_10 

42e90_F11, 42e90_G04, 42e90_B04, 42e90_G10, 

St19_02, 42e90_H02, 42e90_G08, Ant_G01, 

42e90_H06, 42e90_B10 

42e90_G08 

St19_09, 42e90_C05, 42e90_D09, St19_07, 42e90_C06 42e90_C05 

42e90_G12, 42e90_B12 42e90_B12 

Phil_B09, Phil_B07, Phil_A10, Phil_A09, Phil_H12, 

Phil_A11 

Phil_A09 

Ref_F05, Ref_F02, Ref_C02, 42e90_E05 Ref_C02 

42e90_G09, Ant_H02, 42e90_F10, Ref_B04, Ref_A06, 

St19_08, 42e90_D05, St19_05, Ref_D04, St19_12, 

42e90_D11, 42e90_E11, Ant_E02, 42e90_E08, 

42e90_E07, Ref_E05, Ant_H01, 42e90_H10, 

42e90_B06, 42e90_E03, Ant_C01, 42e90_D01, 

Ant_E01, 42e90_G11, St19_15, 42e90_A09, 42e90_A03, 

42e90_F05, 42e90_F06, 42e90_D02, 42e90_C12, 

Ref_C01 

42e90_C12 

PRT_H10 PRT_H10 

PRT_H06 PRT_H06 

PRT_H02, PRT_G03, PRT_G04, PRT_G07, PRT_G10, 

PRT_F02, PRT_D11, PRT_D04, PRT_G05, PRT_D01, 

PRT_G06, PRT_G11, PRT_D10, PRT_E07, PRT_B11, 

PRT_G08, PRT_A11, PRT_B06, PRT_B12, PRT_C05, 

PRT_B04, PRT_E10, PRT_D09, PRT_B01, PRT_D08, 

PRT_A09, PRT_F05, PRT_H03, PRT_G09, PRT_E04, 

PRT_C02, PRT_B08, PRT_A06 

PRT_A09 

PRT_A08 PRT_A08 

PRT_C01, PRT_A02, PRT_F08, PRT_E05, PRT_F06, 

PRT_E12, PRT_D02, PRT_C08, PRT_B07, PRT_B03, 

PRT_C06, PRT_H04, PRT_F07, PRT_E11, PRT_G12, 

PRT_C04, PRT_A04, PRT_B02, PRT_B10, PRT_F04 

PRT_B10 

Shewanella amazonensis SB2B (YP_926992.1) Shewanella amazonensis SB2B 

(YP_926992.1) 

Pseudoalteromonas sp. DS-12 (ABF00127.1) Pseudoalteromonas sp. DS-12 

(ABF00127.1) 

Shewanella frigidimarina NCIMB 400 (YP_749912.1) Shewanella frigidimarina NCIMB 400 

(YP_749912.1) 

42e90_E01, 42e90_D03 42e90_D03 
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Table S3. Table showing membership of clusters at 99% identity, and the 

representative clone displayed on the phylogenetic tree. Reference sequences and 

metagenomic read are identified by GenBank Accession number or, if unavailable, 

read identifier present within the CAMERA database, continued.  

 
Shewanella loihica PV-4 (YP_001094790) Shewanella loihica PV-4 

(YP_001094790) 

Sed_H08, Sed_B06 Sed_B06 

Shewanella denitrificans OS217 (YP_563629.1) Shewanella denitrificans OS217 

(YP_563629.1) 

Shewanella benthica KT99 (ZP_02158284.1) Shewanella benthica KT99 

(ZP_02158284.1) 

Shewanella sp. ANA-3 (YP_870473.1), S. sp. MR7  

(YP_738775), S. sp. MR-4  (YP_734794), 

JCVI_READ_25744, JCVI_READ_475388, S. 

oneidensis MR-1  (AAN54658.1), JCVI_READ_420490 

Shewanella oneidensis MR-1 

(AAN54658.1) 

Shewanella baltica OS185 (YP_001365632), S. 

putrefaciens 200  (ZP_01704383), S. baltica OS155 

(YP_001049812.1), S. sp. W3-18-1 (YP_964148.1), S. 

baltica OS195  (YP_001553887.1), S. putrefaciens CN-

32  (YP_001182853.1) 

Shewanella baltica OS185 

(YP_001365632) 

Shewanella woodyi ATCC 51908  (YP_001759810.1) Shewanella woodyi ATCC 51908  

(YP_001759810.1) 

Shewanella pealeana ATCC 700345 (YP_001502760), S. 

sp. SCRC-2738  (AAB81123.1) 

Shewanella sp. SCRC-2738  

(AAB81123.1) 

SIO_A01 SIO_A01 

Pier_C08 Pier_C08 

Sed_F10 Sed_F10 

Photobacterium profundum 3TCK (ZP_01221855), P. 

profundum SS9  (AAL01060), Sed_C03, Sed_H10 

Photobacterium profundum 3TCK 

(ZP_01221855) 

Pier_B09 Pier_B09 

Pier_F04 Pier_F04 

Pier_G12 Pier_G12 

Pier_F08 Pier_F08 

SIO_C06 SIO_C06 

Pier_B12 Pier_B12 

Pier_F09 Pier_F09 

SIO_B07, Pier_B07, Pier_H08, Pier_D11, Pier_E10, 

Pier_C09, Pier_H05, Pier_A10, Pier_E09, Pier_G04, 

Pier_E04, Pier_C11, SIO_A05, SIO_H08, Pier_D04, 

SIO_D12, Pier_H10, SIO_H12, Pier_G06, Vibrio 

splendidus 12B01 (ZP_00990741), Pier_C10, SIO_F03, 

SIO_A08, SIO_E08, Pier_B11, Pier_G08, Pier_F05, 

Pier_B10, Pier_B08, SIO_F08, SIO_F06, SIO_G08, V. 

sp. MED222  (ZP_01065944), SIO_E03, Pier_H06, 

SIO_F02, SIO_G07, Pier_F12, Pier_E08, Pier__A11, 

Pier_B04, Pier_A04, Pier_E07, Pier_G09, Pier_A09, 

Pier_A06 

Vibrio sp. MED222  (ZP_01065944) 

Sed_A10 Sed_A10 

Sed_E03 Sed_E03 

Sed_F11 Sed_F11 

Sed_F04 Sed_F04 
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Table S3. Table showing membership of clusters at 99% identity, and the 

representative clone displayed on the phylogenetic tree. Reference sequences and 

metagenomic read are identified by GenBank Accession number or, if unavailable, 

read identifier present within the CAMERA database, continued.  

 
Sed_B02, Sed_F12, Sed_F09, Sed_C12, Sed_H03, 

Sed_C07, Sed_G08, Sed_H07 

Sed_C07 

Sed_D12, Sed_D02, Sed_B12, Sed_B04, Sed_B11, 

Sed_B01, Sed_E12, Sed_D07, Sed_G06, Sed_F05, 

Sed_E06, Sed_H06, Sed_H09, Sed_B05, Sed_A02, 

Sed_A04 

Sed_A02 

Sed_D08 Sed_D08 

42e90_C10, Colwellia psychrerythraea 34H 

(YP_269802), 42e90_C01 

Colwellia psychrerythraea 34H 

(YP_269802) 

Sed_F06 Sed_F06 

Sed_G05 Sed_G05 

Sed_B03 Sed_B03 

Sed_E08, Sed_G11, Sed_G02, Sed_B10, Sed_D04 Sed_B10 

Sed_F02 Sed_F02 

Sed_D09, Sed_C01, Sed_E07, Sed_A05, Sed_B09, 

Sed_C02, Sed_A03, PRT_A12 

Sed_A03 

PRT_E03, PRT_E02, PRT_D06 PRT_E02 

Moritella sp. PE36 (ZP_01898228.1), SIO_C12 Moritella sp. PE36 (ZP_01898228.1) 

Moritella marina (BAA89382) Moritella marina (BAA89382) 

Pier_H12 Pier_H12 

Psychromonas sp. CNPT3 (ZP_01216282.1) Psychromonas sp. CNPT3 

(ZP_01216282.1) 

Psychromonas ingrahamii 37 (YP_943075.1) Psychromonas ingrahamii 37 

(YP_943075.1) 

Pier_B05 Pier_B05 

SIO_E12, SIO_C10 SIO_C10 

Pier_D05 Pier_D05 

Pier_C07 Pier_C07 

Pier_D12 Pier_D12 

Schizochytrium sp. ATCC_20888 (AAK72879.2) Schizochytrium sp. ATCC_20888 

(AAK72879.2) 

Sed_G07 Sed_G07 

Nostoc azollae 0708 (YP_003722543.1) Nostoc azollae 0708 (YP_003722543.1) 

SIO_G06 SIO_G06 

JCVI_READ_1093017506330 JCVI_READ_1093017506330 

42e90_A06 42e90_A06 
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Chapter 2, in full, is a reprint of the material as it appears in Environmental 

Microbiology, 2011, Shulse, Christine; Allen, Eric. The dissertation author was the 

primary investigator and author of this paper. 

 



!

! 70 

 

 

Chapter 3: 

 

Comparative analysis of polyunsaturated fatty acid and 

hydrocarbon production in the genus Shewanella
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Abstract 

 

Bacterial production of long-chain omega-3 polyunsaturated fatty acids 

(PUFAs), such as eicosapentaenoic acid (EPA, 20:5n-3) and docosahexaenoic acid 

(DHA, 22:6n-3), is a distinct biosynthetic activity constrained to a narrow subset of 

predominately marine !-proteobacteria.  The genes responsible for de novo PUFA 

biosynthesis, designated pfaEABCD, encode large, multi-domain protein complexes 

akin to type I iterative fatty acid and polyketide synthases (herein referred to as “Pfa 

synthases”). Recently, the pfa gene cluster in Shewanella species has been implicated 

in the production of a very long chain polyunsaturated hydrocarbon compound, 

hentriacontanonaene (31:9), via the synthesis of a precursor fatty acyl substrate for ole 

(olefin) gene product-mediated hydrocarbon biosynthesis.  Interestingly, despite 

universal conservation of the pfa gene cluster in all sequenced Shewanella strains, not 

all species synthesize PUFA (EPA) products. To further investigate the relationship 

between PUFA and hydrocarbon biosynthesis via the Pfa synthase mechanism, we 

have analyzed the phospholipid (fatty acid) and neutral lipid (hydrocarbon) fractions 

of multiple Shewanella strains possessing varying PUFA production potential. Results 

indicate that in contrast to PUFA production, 31:9 is produced in all strains analyzed. 

Chemical profiling and growth analysis of Shewanella wild-type and mutant ("pfaA 

and "oleB) strains indicate that loss of EPA and loss of hydrocarbon produce 

differential growth defects at low temperatures. 
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Introduction 

 A narrow subset of !-proteobacteria is known to produce the long-chain 

omega-3 polyunsaturated fatty acid (PUFA) eicosapentaenoic acid (EPA, 20:5n-3), 

including species of the Shewanella, Photobacterium, Moritella, Colwellia and Vibrio 

genera [1]. The genes responsible for de novo PUFA biosynthesis, designated 

pfaEABCD [2], encode large, multi-domain protein complexes akin to type I iterative 

fatty acid and polyketide synthases [3], known as the Pfa synthase. Bacterial EPA has 

been hypothesized to provide various advantages to the cell, including resistance to 

oxidative stress [4] and resistance to membrane stressors such as high pressure and 

low temperature [5].  Recently, the pfa gene cluster in Shewanella has also been 

implicated in the production of a very long chain polyunsaturated hydrocarbon 

compound, 3,6,9,12,15,19,22,25,28-hentriacontanonaene (31:9) [6,7]. The current 

model for 31:9 biosynthesis suggests two molecules of an intermediate in EPA 

biosynthesis, putatively hexadeca-4,7,10,13-tetraenoic acid (16:4n-3), serve as 

substrates for the ole gene products, OleABCD, to produce the polyolefinic 31:9 

hydrocarbon molecule [7]. The role of OleA in catalyzing the head-to-head 

condensation of two fatty acyl substrates has been experimentally verified [8,9], while 

the functions of OleB (a/b hydrolase), OleC (acyl-CoA synthetase-like), and OleD 

(reductase/dehydrogenase) are predicted from their homology to characterized 

proteins [8]. 

It has long been known that the production of PUFAs in marine bacteria 

increases with decreasing temperature and, in piezophilic species, as a function of 

increasing hydrostatic pressure [5,10]. Given the multifunctional role of the Pfa 
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synthase in PUFA and hydrocarbon biosynthesis, previous studies present conflicting 

results with regard to hydrocarbon production as a function of growth temperature. 

One study suggests that levels of EPA increase and hydrocarbon decreases with 

decreased temperature [6]. Conversely, another study shows the amount of 

hydrocarbon produced increases with decreasing temperature [7]. The regulatory and 

ecophysiological factors that determine the flux of fatty acyl intermediates through the 

Pfa synthase towards PUFA or hydrocarbon production are unknown but temperature 

seems to play an as yet undetermined role. 

 Various facets of EPA production, including function [11,12,13] and dynamics 

[14], have been investigated in members of the  genus Shewanella. One factor that has 

been correlated with variable levels of EPA production in Shewanella species is 

phylogeny [15]. Kato and Nogi recognized two sub-genus clades of Shewanella based 

on 16S rRNA gene sequence analysis: Shewanella group 1 members are cold adapted 

and produce high levels of EPA (>10% of total fatty acid (TFA)); whereas Shewanella 

group 2 members are mesophilic and produce no or low levels of EPA (<5% TFA). 

Despite the universal conservation for EPA biosynthetic potential (pfaA-E) in all 

sequenced group 1 and group 2 species, variable PUFA synthesis suggests differential 

regulatory phenomena coordinating flux through the Pfa synthase complex. How this 

throughput correlates with 31:9 hydrocarbon biosynthesis has not been investigated 

yet it is possible that hydrocarbon production could fluctuate based on phylogeny as 

well. 

 The current study investigates multiple phylogenetically diverse strains of 

Shewanella using chemical profiling as a function of growth temperature to show that 
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hydrocarbon and EPA content increase with decreasing temperature in both groups of 

Shewanella. Furthermore, analysis of wild-type versus mutant (!pfaA and !oleB) 

strains reveals that hydrocarbon and EPA play temporally distinct roles in adaptation 

to low temperature. 

 

Materials and Methods 

Bacterial Strains and Culture Conditions 

All bacterial strains used in this study are listed in Table 1. The following wild-

type strains were used: Shewanella amazonensis SB2B [16], Shewanella baltica 

OS155 [17], Shewanella frigidimarina NCIMB 400 [18], Shewanella oneidensis MR-

1 [19], Shewanella pealeana ATCC 700345 [20], and Shewanella woodyi ATCC 

51908 [21]. All strains were routinely cultured aerobically in 250-mL culture flasks in 

Conjugation medium (5 g/L yeast extract and 18 g/L marine broth 2216 (Difco)) with 

shaking at 225 rpm to late log phase (OD600 = 0.7-0.9). To investigate the effects of 

temperature on the production of C31:9 and EPA, all strains were cultured at 4, 15, 20, 

and 25°C (n=3). The following mesophilic strains were additionally cultured at higher 

temperatures: Shewanella amazonensis SB2B (30, 37, and 40°C), Shewanella baltica 

OS155 (30°C), and Shewanella oneidensis MR-1 (30 and 37°C). 

 

Temperature-dependent growth studies 

Each strain was grown to stationary phase in 2216 marine medium at 25°C. 

Stationary-phase cultures were diluted 1/200 into 5 mL of Conjugation medium in 18 
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X 150 mm glass culture tubes. Tubes were incubated at 4, 15, or 25°C with shaking at 

225 rpm. 

 

Extraction and analysis of lipids 

Cells grown at various temperatures were harvested in late exponential phase 

via centrifugation at 5,000 X g, washed in 10 ml of 50% artificial seawater (16 g/L 

Sigma sea salts, Sigma-Aldrich), frozen at -80°C, and lyophilized prior to lipid 

extraction. Lipids were first extracted from a lyophilized cell sample with a mixture of 

dichloromethane/methanol (2:1, by vol). This crude extract was applied to a 0.4-g 

celite column, eluted with 10 ml of the dichloromethane/methanol mixture, evaporated 

completely under a gentle stream of N2, and extracted with 6 ml of hexane/methanol 

(1:1, by vol). The hexane/methanol extraction was repeated three times. Both the 

combined hexane fractions and the methanol fractions were evaporated completely 

under N2 and the hexane fraction residues dissolved in 1 ml (final volume) of hexane 

and stored at -20°C until analysis. Fatty acid methyl esters (FAMEs) were prepared 

from the methanol fraction as previously described [10]. Briefly, the methanol fraction 

residue was reacted with 5% H2SO4 in anhydrous methanol at 90°C for 90 min, 

FAMEs were extracted with hexane, and nonesterified fatty acids were saponified 

with 10% NaCl. The hexane layer was removed and evaporated completely under N2, 

redissolved in 1 ml of hexane, and stored at -20°C until analysis. 

 

Gas chromatography-mass spectrometry (GC-MS) analysis 
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GC-MS analyses were performed with an Agilent Technologies model 7890A 

GC equipped with a 30 m X 0.32 mm internal diameter (5%-phenyl)-

methylpolysiloxane fused silica capillary column and flame ionization detector, 

connected to an Agilent Technologies model 5975C MS. FAME samples were 

injected at 140ºC in the splitless mode with a venting time of 0.5 minutes. After five 

minutes the oven was temperature-programmed from 140ºC to 280ºC at 4ºC/minute. 

The final temperature of 280ºC was maintained for 5 minutes. Hydrogen was used as 

the carrier gas, and the injector and detector were both maintained at 260ºC. Peak 

areas were quantified and mass spectra were acquired and processed using MSD 

ChemStation software (Agilent Technologies, Santa Clara, California). MS operating 

conditions were as follows: electron multiplier, 1718 V; transfer line, 250ºC; scan 

threshold, 150; 2.12 scans/second; mass range, 50-750 atomic mass units; solvent 

delay, 4 min. Neutral lipid fractions were injected at 50ºC. After 0.5 minutes the oven 

was temperature programmed from 50ºC to 330ºC at 10ºC/minute. The final 

temperature of 330ºC was maintained for 10 minutes. The injector and detector were 

maintained at 250ºC and 340ºC respectively. MS operating conditions were as 

follows: 3.21 scans/second; mass range, 50-500 atomic mass units; solvent delay, 6 

minutes. Tetratriacontane (C34:0) was used as an internal standard. FAMEs were 

identified by comparing their retention times to authentic FAME standards as well as 

by electron impact ionization (EI)-GC/MS analysis. The hydrocarbon 

hentriacontanonaene (31:9) was identified from its previously determined 

fragmentation pattern [22], as an authentic standard is not available for this compound. 
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Mutagenesis 

Deletion of oleB from S. oneidensis MR-1 and S. pealeana ATCC 700345, and 

deletion of pfaA from S. pealeana ATCC 700345 was achieved by the Saffarini 

Laboratory at the University of Wisconsin – Milwaukee, as previously described [23]. 

!

Results 

The long-chain hydrocarbon hentriacontanonaene is produced in all analyzed 

Shewanella 

The hydrocarbon and EPA content of six strains of Shewanella from two 

phylogenetically distinct groups [15] was analyzed by GC-MS after growth at 4, 15, 

20, and 25°C (as well as 30, 37, and 40°C in mesophilic strains, depending on 

maximum growth temperature). 

In contrast to PUFA production, which is completely absent in S. amazonensis 

SB2B at all temperatures and absent in several additional strains at high temperatures 

despite the ubiquitous presence of the pfa genes, 31:9 is produced in all strains 

analyzed, at almost all temperatures investigated. The exception is the psychrotolerant 

bacterium Shewanella woodyi ATCC 51908, which produces the hydrocarbon at 4, 15, 

and 20°C but not 25°C. 

Figure 1 shows the hydrocarbon content and the amount of EPA expressed as a 

percentage of total fatty acids from six Shewanella strains grown at various 

temperatures. Both the amount of EPA as a percentage of total fatty acids, as well as 

the hydrocarbon content, generally decreased with increasing temperature. One 

exception occurs in S. baltica OS155, which shows the typical trend of decreasing 
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EPA and hydrocarbon with increasing temperature, until 30°C, the strain’s optimal 

growth temperature. At 30°C EPA production falls to zero as expected but 

hydrocarbon content increases to 1.57 ± 0.57 !g/mg dry cell weight (Figure 1D), the 

highest content in any strain analyzed. 

The maximum production of EPA as a percentage of total fatty acids occurred 

in all strains at 4°C, except in S. pealeana ATCC 700345, where it occurred at 15°C 

(Figure 1A). In S. pealeana EPA represented 17.1% of total fatty acids at 15°C, which 

was the highest production percentage of any strain analyzed. No other strain 

produced EPA greater than 6% of total fatty acids at any temperature analyzed. 

The absolute amount of hydrocarbon produced at an intermediate temperature 

of 20ºC was compared across strains (Figure 2). At this temperature there were no 

clear trends in hydrocarbon based on phylogeny. 

 

Growth defects in hydrocarbon(-) and hydrocarbon(-)/EPA(-) mutants at low 

temperature 

In order to differentiate between the roles of EPA and the hydrocarbon at low 

temperature, the prolific EPA-producer Shewanella pealeana ATCC 700345, a 

hydrocarbon-deficient mutant ("oleB), and an EPA- /hydrocarbon-deficient mutant 

("pfaA) were grown at 25ºC and then inoculated into medium at 4, 15, and 25ºC. 

There was a slight growth defect in both the "oleB and "pfaA mutants at 25ºC (Figure 

3A). At 15ºC, both the "oleB mutant and the "pfaA mutant had an equally prolonged 

lag phase prior to exponential growth when compared with the wild type strain (Figure 

3B), a phenotype that had been previously reported for a hydrocarbon-less strain of the 
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trace EPA producer S. oneidensis MR-1 [7]. At 4ºC the differential effects of EPA and 

the hydrocarbon became apparent. The hydrocarbon-deficient !oleB mutant showed 

the same prolonged lag phase as was observed at 15ºC, while EPA-/hydrocarbon-

deficient !pfaA mutant had both an increased lag phase and a decreased exponential 

growth rate (Figure 3C). At 4ºC the doubling times based on optical density 

measurements were 9 h, 12 h, and 18 h for the parental, hydrocarbon-deficient, and 

hydrocarbon-/EPA-deficient strains respectively. Lastly, the !pfaA mutant had a 

modest reduction in growth yield at 4ºC but not at 15ºC or 25ºC (data not shown). 

 

Loss of hydrocarbon has differential effects on EPA production 

 OleB has been identified as a member of the alpha/beta-hydrolase superfamily 

[8,24], and is a likely candidate to catalyze the first step diverting the predicted 16:4n-

3 intermediate from EPA to hydrocarbon production. Therefore, deletions of oleB 

were generated in both the trace EPA producer S. oneidensis MR-1 and the prolific 

EPA producer S. pealeana ATCC 700345 to ablate hydrocarbon production and 

evaluate the effects on EPA production in these strains. The hydrocarbon elutes at 23.7 

min in wild-type S. oneidensis MR-1 and S. pealeana ATCC 700345. The gas 

chromatograph of the oleB mutants showed no peak in this region, indicating that 

hydrocarbon production had been knocked out in these strains. The hydrocarbon-

deficient mutants S. oneidensis !oleB and S. pealeana !oleB were grown at 15ºC and 

4ºC and their EPA content was analyzed (Table 2). The S. oneidensis !oleB mutant 

had elevated EPA content at both 15ºC and 4ºC when compared with the wild type. 

However, the S. pealeana !oleB mutant only exhibited increased EPA content 
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compared to wild-type at 4°C with a significant overall decrease in EPA percent 

composition at 15ºC.  

 

Discussion 

 The involvement of the Pfa synthase in the production of the long chain 

hydrocarbon product hentriacontanonaene in addition to its canonical role in PUFA 

biosynthesis raises several questions about the role and physiological tradeoffs in the 

production of these secondary lipid molecules. 

 Previous studies on the role of EPA in adaptation to low temperature and 

protection against oxidative stress in EPA-deficient (pfa) mutant strains must be 

reevaluated, keeping in mind that disruption of pfa gene functions disrupts both EPA 

and hydrocarbon biosynthesis. Sukovich et. al. showed a role for the hydrocarbon in 

adaptation to low temperature in the trace-EPA producer S. oneidensis MR-1 [7]. 

Because S. oneidensis MR-1 produces trace EPA (Table 2), the question remained 

whether EPA could compensate for the loss of the hydrocarbon in more prolific EPA-

producing Shewanella strains. 

In this study, we show that the 31:9 hydrocarbon and EPA both play important 

yet distinct roles in adaptation to low temperature in the prolific EPA producer S. 

pealeana ATCC 700345. High levels of EPA (19.5 ± 0.7 of TFA, Table 2) cannot 

compensate for the loss of the hydrocarbon in the growth of S. pealeana !oleB at 4ºC 

(Figure 3). This result is consistent with the hydrocarbon product having a unique role 

in the growth of Shewanella at low temperatures, specifically during lag phase. 

Likewise, the loss of EPA and hydrocarbon (!pfaA) has detrimental effects on growth 
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beyond those seen for the loss of the hydrocarbon alone in S. pealeana. This growth 

defect becomes apparent during exponential growth, as the doubling time of the 

mutant is twice that of the wild-type strain. Previous biophysical studies have 

suggested that the Pfa synthase product (presumed to be EPA) provides membrane 

stability, although the mutant used in these studies would also be hydrocarbon-

deficient [25]. Further experiments are required to untangle the differential roles of 

EPA and hydrocarbon during growth. 

 The abolition of 31:9 hydrocarbon synthesis by oleB deletion increases the 

amount of EPA produced at 4ºC in both S. oneidensis MR-1 and S. pealeana ATCC 

700345 and at 15ºC in S. oneidensis (Table 2). Interestingly, the loss of the ability to 

produce hydrocarbons in S. pealeana at 15ºC decreases rather than increases the 

amount of EPA produced as a percentage of total fatty acids. The mechanism behind 

this result is unknown and merits further investigation, as very little is known about 

the regulation of EPA production. The purpose of generating the oleB deletion in S. 

pealeana ATCC 700345 and S. oneidensis MR-1 was to create strains with no 

hydrocarbon production and observe the effects of this on EPA production, rather than 

to demonstrate a specific function for the oleB gene product. It is incidental that the 

data presented here are consistent with (but do not prove) a role for OleB in catalyzing 

the first step diverting a 16:4 intermediate from PUFA to hydrocarbon production 

(model shown in Figure 4). Further studies, including complementation of the oleB 

deletion, are needed to conclusively demonstrate the role of OleB (as well as OleC and 

OleD) in hydrocarbon biosynthesis. 
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 The Pfa synthase seems to produce both less EPA and less 31:9 with 

increasing temperature across both groups of Shewanella (Figure 3). These results 

indicate that temperature is not a factor determining the final end product of the Pfa 

synthase in the strains examined here, as was suggested for Shewanella sp. strain osh8 

[6]. Rather, our results are consistent with a model in which the Pfa synthase itself is 

less active at higher temperatures, leading to a decrease in both end products, instead 

of a constitutively active Pfa synthase that shunts intermediates to one pathway or 

another depending on temperature. 

In conclusion, our results demonstrate consistent dynamics of EPA and 

hydrocarbon production across six strains of Shewanella at varying temperatures. 

Further, we uncover temporally distinct roles for EPA and the hydrocarbon in growth 

at low temperatures. The hydrocarbon apparently aids cell growth during lag phase, 

perhaps by stabilizing membrane proteins necessary to cell division during this phase, 

while EPA provides a growth advantage during exponential phase. 
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Figure 1. Trends in EPA and hydrocarbon production in phylogenetically diverse 

strains of Shewanella as a function of temperature. Open circles, EPA as a percentage 

of total fatty acid; X, hydrocarbon in !g/mg (cell dry weight). Error bars indicate 

standard error of three biological replicates. (A) S. pealeana ATCC 700345 (Group 1) 

(B) S. woodyi ATCC 51908 (Group 1) (C) S. frigidimarina NCIMB 400 (Group 2) (D) 

S. baltica OS155 (Group 2) (E) S. oneidensis MR-1 (Group 2) (F) S. amazonensis 

SB2B (Group 2) 
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Figure 2. Hydrocarbon production across strains at 20ºC. Error bars indicated 

standard error of three biological replicates. *Data from Sugihara et. al. 



!

!

88 

 
Figure 3. Growth of S. pealeana ATCC 700345 and mutants at (A) 4, (B) 15, and (C) 

25°C. Closed diamonds, wild-type S. pealeana ATCC 700345; open squares, 

hydrocarbon-less mutant S. pealeana !oleB; open triangles, hydrocarbon-less/EPA-

less mutant S. pealeana !pfaA. Error bars indicate standard deviation of three 

biological replicates. 
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Figure 4. Model for the interactions of the ole gene products and the Pfa synthase. 
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Table 1. Organisms used in this study. 

 

Organism Genotype or relevant characteristic(s) Reference 

Wild-type organisms   

S. amazonensis SB2B Kato and Nogi Group 2 [1] 

S. baltica OS155 Kato and Nogi Group 2 [2] 

S. frigidimarina NCIMB 400 Kato and Nogi Group 2 [3] 

S. oneidensis MR-1 Kato and Nogi Group 2 [4] 

S. pealeana ATCC 700345 Kato and Nogi Group 1 [5] 

S. woodyi ATCC 51908 Kato and Nogi Group 1 [6] 

Genetically modified organisms   

S. oneidensis !oleB S. oneidensis MR-1, !oleB; 

hydrocarbon minus 

This study 

S. pealeana !oleB S. pealeana ATCC 700345, !oleB; 

hydrocarbon minus 

This study 

S. pealeana !pfaA S. pealeana ATCC 700345, !pfaA; 

hydrocarbon and EPA minus 

This study 
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Table 2. EPA levels (% of TFA) in oleB deletion mutants versus wild type strains as a 

function of temperature. 

 

 S. pealeana 

ATCC 

700345 

S. pealeana 

!oleB 

S. oneidensis MR-

1 

S. oneidensis 

!oleB 

4°C 13.6 ± 2.2 19.5 ± 0.7 0.3 ± 0.2 0.7 ± 0.0 

15°C 17.1 ± 0.1 13.4 ± 0.1 0.2 ± 0.4 0.3 ± 0.0 

!
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Conclusions and Suggestions for Future Research 
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Conclusions 

 Structurally divergent fatty acids were first noted in bacteria some 35 years ago 

[1]. Only in the past 15 years has the unique mechanism that gives rise to these diverse 

fatty acids been elucidated [2,3,4]. Although presently methods for identification of 

microbial fatty acids are quite advanced, all work on the genetics and mechanisms of 

fatty acid synthesis has been conducted on a modest few microbial isolates due to 

technical barriers. However, greater than 99% of all microbes remain uncultured, and 

it is these microbes whose interactions, metabolisms, and physiologies affect life on 

planet Earth. This dissertation expands our understanding of microbial secondary lipid 

synthesis to systematically include all sequenced isolates as well as uncultured 

environmental microbes, and further reveals the trade-offs associated with secondary 

lipid production in the genus Shewanella. 

 

Suggestions for future research 

 The phylogenetically and geographically widespread presence of putative 

secondary lipid biosynthetic gene clusters identified in this dissertation was surprising 

and leads to additional questions. Studies linking the pathways discovered herein with 

their chemical products are of utmost importance, for both ecological and 

biotechnological reasons. We already know that the omega-3 polyunsaturated fatty 

acids structurally identical to those produced via the Pfa synthase in bacteria are 

important for metazoan health and development; the unique fatty acids produced by 

additional secondary lipid synthases could likewise have as yet unknown therapeutic 

or biotechnological benefits. Both the dissertation author and others [5] have had 
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success driving production of secondary lipids off cosmids and fosmids in E. coli. 

This approach provides a known background against which to look for novel gas 

chromatograph (GC) peaks. Once noted using GC, novel products can be purified 

using high performance liquid chromatography (HPLC) and subject to further 

characterization. Additionally, the genes responsible can be manipulated using genetic 

tools available in E. coli to further evaluate the biosynthetic mechanism. Successful 

heterologous expression of secondary lipids could also provide such advantages as 

high levels of production not possible in native strains, or expression of valuable 

natural products in autotrophic microorganisms. 

 Thirteen novel groups of putative secondary lipid synthases were discovered in 

environmental samples using targeted PCR queries, and their environmental relevance 

was subsequently reaffirmed when four of these groups were found in metagenomic 

surveys. The phylogenetic affiliations of the microbes harboring these unique synthase 

genes remain unknown. Future sequencing of metagenomic fosmid clones containing 

the identified gene clusters could give greater genomic context, allowing us to 

tentatively ascribe the genes to a specific microbial lineage. Others have had success 

in linking genes to phylogeny using this approach, perhaps most famously linking 

proteorhodopsin genes to a wide variety of bacterial lineages from the Global Ocean 

Survey [6]. 

 One of the 13 novel clades recovered from the environment was found to form 

a greater monophyletic clade with the KS domain known to be involved in the 

production of DPA and DHA from the marine fungoid protist, Schizochytrium sp. 

ATCC 20888, of the Thraustochytriidae family. Thraustochytrids are prolific 
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producers of hydrolytic enzymes and important degraders of particulate organic 

material in marine and estuarine environments [7]. The putative “Thraustochytriidae-

related” environmental clade was not only exclusive to the Puerto Rico Trench; it was 

also the most abundant clade in that environment. This result is intriguing, because it 

is basically unknown how widespread the Pfa synthase is in marine protists. It has 

previously been identified in only the Schizochytrium, where it is presumably the 

result of a horizontal gene transfer event from bacteria [2]. To further explore the 

dynamics of the Pfa synthase in marine protists, 18 strains belonging to the 

Thraustochytriidae family were isolated from Southern California coastal waters. In 

addition to Schizochytrium sensu stricto, PCR- based analyses revealed evidence for 

PFA genes in Thraustochytrium and unclassified Thraustochytriidae strains. 

Transcriptome sequencing of one of these isolates, Thraustochytrium sp. LLF1b 

(ATCC PRA-367; NCBI Taxonomy ID 1112570) is currently underway. These results 

will help us understand the relative contribution of the Pfa synthase and the canonical 

eukaryotic desaturase-elongase pathway to overall long-chain (lc) polyunsaturated 

fatty acid production in a model organism harboring both systems. 

 The physiological significance of the various secondary lipid molecules is an 

expanding area of contemporary interest. This dissertation provides further support for 

the role of both a long-chain (lc) polyunsaturated hydrocarbon and a long-chain 

polyunsaturated fatty acid in cold-adaptation in the genus Shewanella. Furthermore, 

these products play a role at different phases of growth. Others have previously 

hypothesized EPA specifically interacts with proteins necessary for growth at low 

temperatures, based on the observation that the levels of four outer-membrane proteins 
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decrease in a Shewanella livingstonensis !pfaA mutant [8]. However, this mutant 

presumably lacks both EPA and the lc-hydrocarbon, thus either product could be 

responsible for this effect. Whole proteome analyses of the Shewanella pealeana 

!pfaA and S. pealeana !oleB mutants as well as the parental strain S. pealeana ATCC 

700345 could begin to differentiate between the roles of EPA and lc-hydrocarbon in 

cellular protein levels. Liquid chromatography-tandem mass spectrometry (LC-

MS/MS) is routinely used for proteomics of complex samples and would be the tool of 

choice for the experiments proposed here. Additionally, a new high pH reverse phase 

separation approach that could be taken in these experiments has been shown to 

increase peptide identification substantially [9]. High-resolution proteomic analysis of 

these mutant strains may identify other potentially important proteins affected by 

hydrocarbon and EPA synthesis thus significantly expanding the physiological role of 

these unique secondary metabolites.  

 Looking forward, the products of the various secondary lipid synthases could 

prove to have important ecological roles. For instance, some bacteria are known to use 

fatty acid derivatives as signaling molecules [10]. It is not unreasonable to hypothesize 

that the products of some of these secondary lipid synthases identified in this 

dissertation could be further modified to serve as signaling molecules in these 

understudied phyla. 
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