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Microbial natural products exhibit a wide range of ecological functions including 

antibacterial, iron scavenging, and quorum sensing capabilities. However, these molecules can 

also play tangential roles in primary metabolism. Bacterial respiration occurs in many different 

forms, often subject to the availability of terminal electron acceptors such as oxygen. However, 

when terminal electron acceptors become scarce, the electron transport chain locks up and 
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energy production stops. Interestingly, some bacteria have evolved methods of extending their 

central metabolism outside of the cell in order to access distant terminal electron acceptors, 

stabilizing their electron transport chain. One observed method of extracellular electron transport 

involves the secretion of redox active small molecule electron shuttles, which are capable of 

extracellularly extending the cells redox capabilities. These natural products play a crucial 

physiological role that allows aerobic bacteria to survive in oxygen limited environments. This 

thesis explores our current understanding of this relatively underexplored function of small 

molecule natural products, with a focus on how they may play a role in marine sediments. 

Moreover, information on their environmental distribution, biosynthesis, phylogeny, 

physiological roles, and biotechnological applications is also provided.   
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Introduction  

Chemical Ecology of Microbial Natural Products  

  

Bacteria are known to produce a wide array of organic compounds that mediate many 

different interactions (Figure 1) [1,2]. Many of these molecules have been described as 

secondary metabolites (natural products) as they are produced outside an organism's primary 

metabolism and are not directly involved in growth or cell division. Some of these molecules are 

used as a means of chemical defense, acting as antibacterials, antifungals, or potentially toxins to 

more complex organisms [3-5]. Other molecules help microbes communicate, either mediating 

quorum sensing interactions or aiding in symbiosis between organisms [6]. Some chemical 

compounds have more specific roles, such as the iron scavenging capabilities of siderophores 

and the uv protectant abilities of some pigments [7,8]. Intriguingly, some of these microbial 

natural products have been developed as successful and potent pharmaceuticals [3,4]. While the 

ecological roles of these molecules are likely diverse, the majority of isolated microbial natural 

products have yet to be tied to their natural ecological function.
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A significant portion of natural product research is aimed at exploring the ecological 

roles of actinomycete secondary metabolites through the context of marine sediments. Many of 

the Jensen lab’s Actinomycete strains were originally isolated from marine sediments, 

environments known to commonly experience low oxygen conditions [9]. Intriguingly, the 

prominent actinomycete genus, Streptomyces, has been described as obligately aerobic [10]. 

Which begs the question, how is it that, aerobic, spore forming bacteria, are commonly isolated 

from environments where oxygen is limiting? Although this thesis does not experimentally 

address that question, it does provide a comprehensive overview of the literature's current 

understanding of microbial methods of aerobic low oxygen respiration. Specifically, this work 

aims to elucidate how bacteria utilize endogenously produced small molecules to aid in low 

oxygen respiration.  

Figure 1: General Patterns of Microbial Chemical Interactions. Secreted organic 

molecules act as a chemical language, mediating various interactions between 

microorganisms and microorganisms, as well as microorganisms and complex 

eukaryotes. Adapted from Schmidt, et al.  
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While the majority of previous research on small molecule mediated low oxygen 

respiration  has focused on Gram negative Gammaproteobacteria, particularly those belonging to 

the genus Pseudomonas, some studies have suggested that this process may be widespread [11-

13]. One example of such research targeted environmental metagenomic data from terrestrial soil 

samples identifying that, apart from Pseudomonadaceae, bacteria in the family of 

Streptomycetaceae made up a significant portion of metagenomes containing genes related to 

production of small molecule extracellular electron shuttles [14].  Additionally, recent work has 

observed that some metabolites produced by Gram positive bacteria, particularly those of known 

enriched secondary metabolic potential, particularly Streptomyces, may facilitate similar 

methods of extracellular electron transfer akin to those documented in Gram negative systems 

[11,14]. This is an exciting avenue of research that is currently being pursued in the Jensen lab. 

 

The Necessity of Oxygen for Aerobic Respiration 

 

The process of energy production in nearly all aerobic organisms follows the same major 

pathways [15]. Some of these pathways, such as glycolysis and the Krebs cycle, facilitate the 

breakdown of organic molecules to make energy for the cell [15,16]. Through a series of 

chemical processes known as the electron transport chain, electrons generated from the oxidation 

of organic substrates are transferred from molecules with a lower redox potential to molecules 

with a higher redox potential [16]. 
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In preparation for electrons to be deposited into the electron transport chain, organic 

molecules are oxidized while electrons are transferred to the intracellular electron carrier NAD+, 

which is reduced to NADH. The energy stored in reduced NADH molecules is used to transfer 

electrons to the membrane bound enzyme, NADH dehydrogenase [15]. The intraenzyme space 

of NADH dehydrogenase facilitates a series of subsequently higher redox potential reactions, 

transferring the electrons originally taken from NADH to reduce ubiquinone to ubiquinol (or 

menaquinone to menaquinol in many bacteria, including Streptomyces) [16]. While this occurs, 

the energy used from transferring electrons through a series of higher redox potential reactions 

facilitates the movement of protons across the intermembrane space to generate a proton motive 

force [15,16]. 

 It should also be mentioned that some organic molecules are oxidized directly by 

enzymes involved in the electron transport chain, such as succinate dehydrogenase [15]. 

Succinate dehydrogenase transfers electrons from succinate onto the membrane bound electron 

shuttle FAD which is reduced to FADH2 [15,16]. Electrons transferred from succinate also 

engage in a series of higher potential redox reactions until they are deposited into the same 

quinone pool; however, protons are not pumped via succinate dehydrogenase [16].  

The electrons taken originally from primary metabolites now find themselves as part of 

the intramembrane quinone pool. Ubiquinol (or menaquinol) cofactors are then able to transfer 

electrons to multiheme cytochromes. While only some bacteria (not including Streptomyces) 

contain small, water soluble cytochromes such as cytochrome c (which act as proton pumps but 

not terminal oxidases), nearly all bacteria utilize other cytochromes, including cytochrome bc1 

and cytochrome bd, as terminal oxidases to reduce molecular oxygen into water [17]. Some of 
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these cytochromes such as cytochrome bc1 do not act as proton pumps while others, such as 

cytochrome bd do contribute to the proton gradient [17].  

 

 

Figure 2: A Depiction of the Bacterial Electron Transport Chain in E. coli. The grey 

bar represents a hypothetical electrode acting either as an anode or a cathode. Red dotted 

lines represent hypothetical interactions of electrons between the electrode and the 

ETC.  Adapted from Kracke, et al. 

 



6 
  

  

Cytochromes represent an important (last) step in the electron transport chain [15-17]. 

They facilitate the final step of electron transfer to oxygen, the terminal electron acceptor in 

aerobic respiration (Figure 2) [15-17]. If oxygen is not available, then the entire process of 

oxidative phosphorylation ceases to progress [16]. If cytochromes are not able to reduce oxygen, 

a buildup of reduced quinone molecules forms in the intramembrane space, which prevents 

NADH dehydrogenase and succinate dehydrogenase from transferring electrons onto them. 

Because of this back up, proton pumping cytochromes and NADH dehydrogenase are unable to 

generate a proton gradient. This prevents ATP synthase from functioning, as there is no proton 

gradient (the electrochemical energy source) for converting ADP into ATP. The lack of energy 

stored as ATP prevents the cell from carrying out essential chemical processes and ultimately 

leads to cell death.  

 

As can be seen, the necessity of oxygen as a terminal electron acceptor is essential for the 

survival of an aerobic cell. Without oxygen, or an alternative way to relieve the buildup of 

electrons, oxidative phosphorylation halts. Thus, if aerobic bacteria are to survive in oxygen poor 

environments, they must find creative ways of perpetuating the flow of electrons. 
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Microbial Methods of Low Oxygen Aerobic Respiration 

 

Bacteria can grow in almost every environment on Earth [18]. Many of these 

environments are limited by nutrients and terminal electron acceptors, including oxygen [19]. 

Surprisingly, aerobes can be found in almost every environment where oxygen can be detected, 

even at nanomolar levels [19]. A review by Morris, et al. documents the environments that 

microaerophilic bacteria can be found in (Figure 3) [19].  

 

A common way that aerobic bacteria respire in low oxygen environments is by using high 

affinity terminal oxidases [19]. Microaerophilic respiration is almost identical to classical aerobic 

respiration, apart from the utilization of multiple, high affinity heme groups within specialized 

cytochromes. High affinity terminal oxidases can be found in a wide range of bacterial taxa. 

Some of these bacteria are specialized to survive specifically at low oxygen thresholds, these 

organisms are called microaerophiles. Microaerophiles engage in low oxygen oxidative 

phosphorylation by utilizing cytochromes such as cytochrome bd and cytochrome cbb3 [19]. 

Many high affinity terminal oxidases engage in proton pumping as well as oxygen reduction; 

however, cytochrome bd does pump protons [19].  
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Several studies have analyzed the role of high affinity terminal oxidases in Streptomyces 

bacteria, a bacterial genus that is known to produce a variety of redox-active secondary 

metabolites [20]. Streptomyces have complex life cycles, growing in hyphal networks as well as 

forming spores [20]. Recent work has begun to uncover how high affinity terminal oxidases 

contribute to low oxygen survival and spore formation. A study by Fischer, et al. 2018 analyzed 

how Streptomyces cytochrome bd aids low oxygen survival by maintaining the intracellular 

redox state [21]. Cytochrome bd transcription is activated by low oxygen and represents an 

important branchpoint in low oxygen respiration [22]. Additionally, cytochrome bd contributes 

significantly to hyphae growth and spore formation [21,22]. However, Streptomyces low affinity 

oxidase, cytochrome bcc-aa3 is not capable of achieving maximum growth and spore formation 

Figure 3: Distribution of Terminal Oxidase Genes in Shotgun Metagenomes. Average 

genome was determined by quantifying RpoABC and RecA in metagenomic 

samples.  Adapted from Morris, et al.  
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without the help of cytochrome bd, even at standard conditions [21].  Furthermore, it has been 

noted that some Streptomyces strains, in particular Streptomyces coelicolor A3(2), contain 

several nitrate reductases [22,23]. However, activation of these nitrate reductases requires 

oxygen and Streptomyces coelicolor A3(2) is surprisingly unable to survive solely on nitrate 

metabolism [22,23].  

 

Types of Extracellular Electron Transfer 

 

Apart from direct reduction, some bacteria have evolved ways of extending their ETC to 

access terminal electron acceptors at a distance. These methods share the common theme of 

extending the redox capabilities of the cell into the extracellular environment. Some notable 

methods of extracellular electron transfer include, electron transfer by filamentous cable bacteria, 

bacterial nanowires, production of superoxide radicals, and the use of exogenous extracellular 

electron shuttles, such as humic substances [24-26].  

 

In particular, extracellular electron transfer occurs in marine sediments. Work done by 

Nielsen, et al. revealed widespread oxidation of hydrogen sulfide more than 12mm beneath the 

Oxic zone of marine sediment which coupled with the reduction of oxygen near the ocean floor 

(Figure 4) [27]. Further research suggested that several methods of redox biogeochemical 

cycling were utilized by marine sediment bacteria. These methods are suggested to include 

bacterial nanowire interactions with pyrite minerals, outer membrane cytochromes, and soluble 

small molecule extracellular electron shuttles [27]. This phenomenon has been explored for its 
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biotechnological purposes in powering benthic microbial fuel cells, an active area of research for 

the US Navy [28].  

 

 

Figure 4: Cartoon of Electrical communication between oxygen reduction in the Oxic 

zone and hydrogen sulfide oxidation in the sulfidic zone. Electrons are represented by 

blue arrows and migration of counter ions by X+ and Y-. Adapted from Nielsen, et al. 
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Cable Bacteria 

 

One particular group of bacteria that engage in extracellular electron transfer in marine 

sediments are ‘cable bacteria’ belonging to the Desulfobulbacea family of Gammaproteobacteria 

[24,29]. These bacteria grow in centimeter scale, unbranched filamentous that create dense 

networks in marine and aquatic sediments (Figure 5) [26,29,30]. Cable bacteria are able to grow 

from the sulfidic zone directly into the Oxic zone of sediments, where they have access to both 

electron donors and electron acceptors, respectively [24,30]. Cable bacteria promote extracellular 

electron transfer by transferring electrons along the longitudinal axis of unbranched chains of 

cells [29]. While the exact mechanism of this process is still an active area of research, it has 

been suggested that the unusual shape of cable bacteria facilitates this process. 
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The outer membrane of cable bacteria has a cross sectional shape analogous to a Ferris 

wheel (Figure 6). Microscopy of the cross section of the cell reveals distinct ridges and valleys of 

varying sizes [29]. Furthermore, it has been observed that there is a “distinct elevation in the 

electrostatic force of the ridges compared to the valleys” suggesting that the valleys of the 

exterior of the cell contain a substance of “significant polarizability and charge storage capacity” 

[29,30]. It is hypothesized that cable bacteria channel electrons over centimeter scale distances 

by funneling them down exterior valleys of their cells [29,30]. Moreover, it has been observed 

that a single strain of cable bacteria is able to grow filaments with varying numbers of valleys 

Figure 5: Metabolism of Cable Bacteria. Cable bacteria can engage in metabolism across 

three different geochemical zones in marine sediments, the oxic, suboxic, and sulfidic 

zones. Redox coupling by long distance electron transfer ensures half reactions from 

cathodic oxygen reduction and anodic sulfide oxidation are balanced. Adapted from 

Burdorf, et al.  
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and ridges. It has been suggested that this is to accommodate for the growing length of the chain; 

however, morphological differences may be attributed to the oxidation and reduction of different 

substrates [29].  

 

             

 

 

 

 

Figure 6: A Model Representation of a Cable Bacteria Cell. (A). Depicts the 

components of the cable bacteria structural complex. (B). A cross section of the connection 

point between linked cable bacterial cells. (C). A computerized rendering of one and a half 

cable bacteria cells. Adapted by Cornelissen, et al.  
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Microbial Nanowires and Conductive Pili 

 

Perhaps the most well-known group of electrochemically active bacteria are the 

dissimilatory metal reducers belonging to the genera, Geobacter and Shewanella [30-34]. Both 

organisms utilize extracellular metals as an electron drain for anaerobic metabolism. It has been 

noted that Geobacter and Shewanella species play crucial roles in the cycling of many different 

metals in marine systems, in particular, manganese cycling by Shewanella species 

[30].  Furthermore, both groups of bacteria have been heavily studied for their biotechnological 

applications. Some of the most successful applications include bioremediation of heavy (and 

radioactive) metals and long lasting electrical current generation in microbial fuel cells [40-42]. 

Both of these applications are currently being researched for their potential to help communities 

in the Global South [42].  

 

Geobacter are obligate anaerobes capable of reducing many different extracellular 

substrates via porin-cytochrome-mediated pathways and the use of type iv conductive pili [32]. 

Geobacter sulfurreducens utilize water soluble, multiheme c type cytochromes to transfer 

electrons out of the cell with the help of porin-like proteins OmaABCD [30,31]. It is thought that 

G. sulfurreducens utilizes its c type cytochromes to directly transfer electrons from the 

intramembrane quinone pool onto terminal electron acceptors that are within micrometer 

distances of the cell [32]. Furthermore, these bacteria also utilize type iv conductive pili that act 

in concert with porin-cytochrome-mediated pathways [32]. These pilus style nanowires utilize 
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bound aromatic amino acids to transfer electrons from the cell to external electron acceptors at 

micrometer distances as well. It has been found that these two pathways are independent of each 

other and electrical current is still observed if either one is knocked out [30].  

 

 

 

Figure 7: Mechanism of Nanowire formation by Shewanella oneidensis. (A). A SEM 

image depicting Shewanella oneidensis nanowires with arrows pointing to decaheme 

cytochromes and boxes covering junction points. (B+C)) A time course of nanowire 

formation of cells fluorescently labeled. (D). A Diagram of the budding process of 

nanowire formation. Adapted from Subramanian, et al. 
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In addition to Geobacter, Shewanella bacteria also engage in direct extracellular electron 

transfer. However, the method in which they do so is slightly different to those mentioned above. 

Shewanella oneidensis is a facultative anaerobe, engaging in metal reduction if oxygen is not 

present, but is capable of switching to aerobic respiration if possible [30]. There are also several 

methods of extracellular electron transfer utilized by Shewanella oneidensis. One such method is 

the secretion of outer membrane vesicles saturated with multiheme cytochromes [33,34]. The 

process of nanowire formation has been well documented by Subramanian, et al. (Figure 7) [34]. 

The outer membrane becomes laden with decaheme cytochromes MtrC and MtrA just as part of 

the outer membrane begins to bud off of the cell [34]. Multiple semiregular budding events occur 

as a chain of cytochrome studded vesicles form. These chains can reach micrometers in length 

and are able to generate a significant amount of electrical current [33]. Furthermore, it has been 

noted that the flow of electrons to extracellular acceptors is enhanced with the addition of either 

cytochrome bound flavin cofactors or soluble flavins [33,35]. The addition of endogenously 

produced flavins enables Shewanella oneidensis to access electron acceptors at an even greater 

distance. Additionally, it has been found that Shewanella oneidensis is also capable of secreting 

ACNQ, a soluble version of menaquinone, which acts as a small molecule extracellular electron 

shuttle [36]. The details of both flavin and ACNQ mediated electron transfer will be discussed 

more in later sections of this thesis.  
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Exogenous Extracellular Electron Shuttles 

 

Apart from the endogenously produced flavins and menaquinone derivatives mentioned 

above, bacteria are known to utilize exogenous extracellular electron shuttles in methods of EET 

[30]. Exogenous electron shuttles are typically organic compounds occurring naturally in the 

bacteria's environment, such as organic humic substances. Humic substances are important soil 

and sediment components [37]. They are characterized by their high molecular weight and 

various aromatic components [38]. It has been observed that many different types of bacteria, 

including Geobacter and Shewanella are capable of utilizing humic substances to increase the 

rate of their extracellular electron transfer [37,39].   

 

Furthermore, it has been found that some bacterial, endogenously produced electron 

shuttles are capable of perpetuating EET in various other bacteria. The best characterized 

example of this is the reduction of the Pseudomonas phenazine, pyocyanin, and the glycopeptide 

natural product, bleomycin, by several Gram-negative bacteria [43]. It was found that the 

addition of these natural products to various bacterial cultures enabled them to reduce insoluble 

Fe (III), which was previously not possible [43]. This will be discussed more in later sections.  
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Classes of Endogenous Small Molecule Extracellular Electron Shuttles 

 

Small molecule extracellular electron shuttles (SMEES) are a diverse, yet relatively 

underexplored class of natural products [11-13]. SMEESs share several universal characteristics. 

Primarily, they are redox active with a redox potential high enough to remove electrons from the 

intramembrane quinone pool [13]. Furthermore, they must be secreted as reduced molecules, 

oxidized, and recycled back into the cell to be considered electron shuttles [13]. Finally, in order 

to be characterized as a true SMEES they must provide some physiological benefit to the cell, 

i.e. aiding in the maintenance of the intracellular redox state [13]. It is by this process that these 

‘secondary metabolites’ interact directly with primary metabolism.  

 

Despite being relatively understudied, the production of SMEES could be one of the first 

things noticed about a bacterial strain. Due to their aromaticity, redox active natural products are 

often brightly colored (Figure 8). The bright colors from these molecules have influenced the 

naming of several prominent producers of SMEES. These include Pseudomonas aeruginosa 

being named after the “rusted copper color” of pyocyanin, and Streptomyces coelicolor being 

named after the “heavenly color” of actinorhodin [11,13]. Furthermore, the color of these 

metabolites’ changes with their redox stat, allowing for straightforward detection by HPLC-UV 

and other analytical instruments. 
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Some important classes of SMEES include phenazines, metabolites with various quinone 

moieties, flavin based molecules, some siderophores, and other redox active natural products 

which do not fit into any of these groups. The extent to which SMEES have been investigated 

varies by the class of the metabolite. Phenazines, for example, have long been the model for 

bacterial endogenous small molecule mediated extracellular electron transfer. Because of this, 

much is known about the distribution, phylogeny, and biosynthesis of the phenazines and their 

producers. Conversely, the role for siderophores in EET is less understood. 

 

Furthermore, many characterized classes of SMEES are known to participate in a wide 

range of physiological processes. The aforementioned, well researched group of phenazine 

SMEES, studied primarily in Pseudomonas aeruginosa cultures, are known to participate in wide 

array of physiological processes. These processes will be further explained in future sections [11-

13, 43-50].  

Figure 8: Bright colors of Phenazine Natural Products. (A) A plate of P. aureofaciens 

pigmented primarily by 2-OHPCA. (B) Tubes of various phenazine secondary metabolites. 

Adapted from Price-Whelan, et al. 
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Phenazines 

 

Phenazines are tricyclic ring compounds containing a central pyrazine flanked by two 

adjoining benzene rings (Figure 9) [13,61]. They are often decorated with functional groups of 

varying complexity. These functional groups can range from a simple alcohol, as in phenazine 2-

hydroxyphenazine, to much more complex molecules with multiple phenazine cores, such as 

phenozinolins A-E [13, 51]. Phenazine natural products are produced almost exclusively by 

bacteria, with just one notable exception occurring in a methanogenic archaeon [12,13, 52-54]. 

Two of the most well studied groups of phenazines producers are Pseudomonas and other 

Gammaproteobacteria, as well as, Streptomyces and other Actinobacteria [55-58]. It has been 

reported that multiple horizontal gene transfer of phenazine biosynthesis genes likely occurred 

between these two groups of bacteria, as well as within lower taxonomic groups of either phylum 

[55-58].  
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The process of phenazine biosynthesis will be discussed in more detail further in this 

thesis, but it is worth mentioning that all bacterial phenazines begin biosynthesis with the help of 

a core set of 7 phz genes [59-61]. These biosynthesis genes are well conserved and, for the most 

part, retain similar organization throughout the genomes of phylogenetically distinct taxa [14,55-

58]. Moreover, many phenazine metabolites, particularly those produced by Streptomyces and 

other Actinobacteria, are assembled with the help of distinct and interesting biosynthetic proteins 

[59,62]. These enzymes catalyze a wide range of reactions leading to phenazine metabolites with 

unusual chemistry. Occasionally, these chemical modifications aid in activity and, sometimes 

therapeutic value [53,59,61].  

Figure 9: Chemical Diversity of Phenazine Natural Products. Various phenazine natural 

products along with their known producer. Adapted from Bilal, et al. 
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Bacterial genes necessary to make phenazines have been found in a wide variety of 

environments [14]. Phenazine biosynthesis genes are found in clinical isolates (particular in the 

lungs of cystic fibrosis patients), soil samples, rhizosphere microbiomes, marine sponge 

microbiomes, deep sea samples, and various other marine sedimentary environments. Phz+ 

bacterial isolates, particularly those from soil and marine sediment samples, have produced a 

wide array of notable phenazine natural products, and have been the focus of various studies [11-

14,53,59,61-63]. 

 

Some of the phenazines isolated from soil and marine sediments have been screened for 

antibacterial, antifungal, or anticancer activities [64]. More often than not, molecules found to 

have activity are plagued by indiscriminate modes of action. Most phenazines are DNA 

intercalators, due to their aromatic, tricyclic core [64]. While this has prevented many phenazines 

from moving to clinical trials, occasionally, some do. Furthermore, while DNA intercalation 

appears as a downside to pharmaceutical use of these metabolites, DNA intercalation actually 

has a direct benefit to the ecological function of some phenazines [50].  

 

Outside of bacterial natural products, phenazines have also been synthesized by chemists, 

particularly as dyes, for the last 150 years. While this is not the focus of this thesis, it is worth 

mentioning that phenazine dyes include notable compounds such as neutral red, and safranin, 

which is commonly used in bacterial identification by Gram staining [65,66]. 
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Furthermore, while also outside the scope of this thesis, it is worth mentioning that the 

archaeal phenazine natural product, methanophenazine, is utilized as a primary metabolite in 

methanogenic archaeal electron transport [52-54]. Additionally, methanophenazine is 

biosynthesized in a slightly different manner from bacterial phenazines [53].  

 

Geographic and Environmental Distribution 

As previously mentioned, phenazine biosynthesis genes can be found in a wide range of 

environments [11-14,59,61-63]. Three of the most important environments are terrestrial soil and 

rhizosphere samples, the lungs of cystic fibrosis patients, and in marine sediments [11-

14,48,59,61-63]. Unfortunately for the purposes of this review, marine sediments have not been 

documented as thoroughly as the other two systems. Because of that, the majority of this section 

will focus on how phenazine biosynthesis genes are distributed in different soil and rhizosphere 

samples, and the likely ecological function of their presence in those systems. Interestingly, it is 

worth mentioning that most of the environments where phenazine biosynthesis genes are found 

are commonly limited by oxygen [12,14,63].   

 

There have been several key studies that have begun to elucidate the distribution of 

phenazine genes in soils (and rhizospheres associated with those soils) and how they may shape 

the environment [14,56,58]. One of the first papers to address this subject, published in 2010 by 

Mavrodi, et al., detailed the presence of phzF (a core biosynthesis gene) in various cereal crop 

soils in the Pacific Northwest and how bacteria isolated from those samples have phz genes 

similar to phz genes in other known isolates [56]. The authors first began their study by 
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designing a specific, degenerative primer which targeted phzF [56], a biosynthesis gene that 

encodes an isomerase enzyme that converts the phenazine specific precursor trans-2,3-dihydro-3-

hydroxyanthranilic acid to a ketone [61]. The researchers were able to use this phz+ specific 

primer to screen bacterial isolates taken from Western Washington cereal crops for the ability to 

produce phenazines. Samples were taken over the course of three years (2007-2009) and phz+ 

strains were grown up and had their DNA extracted. The extracted DNA was sequenced and 

confirmed phzF genes were compared to phzF genes of 94 known phenazine producers from 

both environmental and clinical origins [56]. It was found that phzF was relatively conserved 

throughout Pseudomonas lineages, whereas multiple gene transfer events likely occurred 

between Burkholderia species and Pectobacterium species (Figure 10). Furthermore, the study 

found that soils in the American Northwest were enriched with phz+ genes, one of the first phz+ 

enriched environments. Additionally, several follow up studyies, one of which, by Parejko, et al. 

identified five new keystone Pseudomonas species which heavily contributed to phenazine 

production in those soils [58,67,71].  
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The groundwork laid by this study, and several others, conceived the idea that 

phenazines, primarily produced by soil dwelling Pseudomonas, were a “keystone metabolite” of 

crop soil ecosystems and aided in the suppression of unwanted pathogenic microorganisms 

[14,47,56,58,68]. It has been found that phenazine natural products aid in the suppression of 

unwanted bacterial and fungal pathogens that cause disease in a range of crops [47,68]. 

Interestingly, phz+ Pseudomonas have been used as an agricultural probiotic in attempt to ward 

Figure 10: Phylogenetic Distribution of PhzF from Microbes Isolated from 

Washington Cereal Crops. (A) A tree of the phzF gene encoding a core phenazine 

biosynthesis protein. (B) A tree of concatenated housekeeping genes rrs, recA, rpoB, atpD, 

and gyrB. Incongruencies are denoted by grey boxes around certain leaves. Adapted from 

Mavrodi, et al. 
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off unwanted diseases, such as the dreaded take all disease that afflicts wheat crops [47,68]. 

Recent work has even revealed that phenazine metabolites not only aid in the well-being of crops 

by warding off disease, but also aid in their development by perpetuating acquisition of inorganic 

nutrients [47,68]. 

 

Recent work has even begun to reveal how prevalent phenazine producers are by 

quantifying their presence in soil and rhizosphere samples. In a seminal study published this year 

by Dar, et al., the researchers were able to not only quantify the abundance of phenazine positive 

genomes in various samples but were also able to break down producers into various taxonomic 

groupings [14]. The authors began by utilizing a quantitative metagenomic approach, which 

quantified the amount of total bacterial metagenomes in a sample by first quantifying 25 single 

copy bacterial marker genes (taken from the Bac120 bacterial marker genes) [14]. Then the 

researchers were able to compare the total amount of bacterial marker genes to that of the 7 

phenazine biosynthesis genes, which almost always occur in a single copy [14,57]. After this a 

ratio between the total number of phz+ genes to bacterial marker genes was calculated. It was 

found that many soil and rhizosphere environments contained phz+ genes that contributed to 

about 1% of the total bacterial metagenomes (Figure 11.A) [14]. After this the authors were able 

to calculate the relative abundance of each taxonomic group within the phz+ metagenomes down 

to the order level (Figure 11.B) [14]. Interestingly, this study revealed that most phenazine 

positive metagenomic assembled genomes occurring in soils and rhizospheres actually belong to 

Streptomyces bacteria, while Pseudomonas bacteria still occur at smaller percentages [14]. This 

finding furthers the idea that Streptomyces bacteria, known for their impressive secondary 

metabolomes, are major players in the chemical ecology of phenazines. Furthermore, it is worth 
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mentioning that this paper also identified relatively underexplored putative phenazine producer, 

Dyella japonica, to be capable of producing phenazines and preventing disease prevention in 

maize [14].  

    

Figure 11: Quantification of phz+ Genomes in Various Soil and Sediment Samples. (A) 

Quantification of metagenomes containing at least 6 of the 7 core phenazine biosynthesis 

genes in various metagenomic samples. (B) Relative abundances of phz+ metagenomes 

relative to their taxonomic order.  Adapted from Dar, et al. 
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Apart from these studies, which focused on the identification of phz+ genomes in soils 

and rhizospheres, it is worth noting that one particular study focused on identifying phenazine 

producers in marine sponge microbiomes [69]. This research utilized a similar method to the 

Mavrodi, et al. paper mentioned earlier, but instead utilized primers for phzE, which converter 

chorismic acid to the phenazine precursor ADIC, as a way of screening for marine phenazine 

producers [69]. This study, however, focused on exploring the chemical diversity of novel 

phenazine metabolites. Schneemann, et al. identified phzE fragments belonging to a wide range 

of bacteria, including Firmicutes, Alpha, and Gamma proteobacteria, as well as Actinobacteria 

[69]. Thirteen strains, all belonging to either Streptomyces and Pseudomonas, were cultured and 

screened for phenazine natural products by a HPLC-UV/MS method [69]. Many previously 

known metabolites, including PCA and endophenazines, were found, as well as several new 

structures [69].  

 

Phylogenetic Distribution 

 

Phenazines are produced by a wide range of bacteria. Curiously, taxa from very distant 

clades, namely Gammaproteobacteria (Pseudomonas) and Actinobacteria (Streptomyces) share 

the metabolic capability to produce these unique natural products [12,14]. Furthermore, many 

representatives from each of these clades begin synthesis of phenazines in a conserved process 

[61]. It seems logical to deduce that horizontal gene transfer events may have occurred, leading 

to the acquisition of a fitness advantage based on the production of phenazine natural products. 

Several studies have scrutinized this possibility, yielding some profound suggestions of multiple 

transfer events.  
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One study, in particular, was published solely by Fitzpatrick in 2009. In this article, 

Fitzpatrick analyzed the evolutionary history of the 7 gene phenazine operon by using a variety 

of computational methods [55]. Computational methods included comparing GC content, codon 

usage patterns, nucleotide frequency, sequence similarities, and phylogenetic reconstructions 

[55]. His work led to the conclusion that phenazine biosynthesis genes were most likely 

horizontally transferred between species of Pseudomonads, Streptomyces cinnamonensis, 

Pantoea agglomerans, Burkholderia cepacia, Pectobacterium atrosepticum, Brevibacterium 

linens, and Mycobacterium abscessus. While Fitzpatrick was unable to derive the order in which 

these events occurred, it was determined that multiple events have occurred [55]. Moreover, it 

was found that for the most part, phenazine biosynthesis genes are well conserved within the 

Pseudomonas clade [55].  

 

More than 10 years later, an additional study by Dar, et al. sought to explore the 

phylogenetic distribution of the 7 gene phenazine operon with a refined approach [14]. This 

study combed through the IMG-ABC database for high quality bacterial genomes that contained 

6 out of the 7 phzA/BCDEFG genes (as phzA and phzB are homologues) [14]. A total of 181 

genomes were compared, all of either Gammaproteobacterial or Actinobacterial origin. A 

concatenated tree of the 6 phz genes was used to find that several orders of 

Gammaproteobacteria, namely Burkholderiales, Xanthomondales, and Enterobactales, cladded 

within the Actinobacteria branches of the tree (Figure 12.C). This suggests that Actinobacterial 

phenazine genes have close relationships with biosynthesis genes from these taxa, although it is 

difficult to determine whether the entire Actinobacterial clade is just one branch that is consumed 
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on all sides by Gammaproteobacteria [14]. Furthermore, the paper also went on to illustrate the 

relative organization of phenazine biosynthesis genes across several members of each group 

(Figure 12.A) [14].  

 

 

 

Figure 12: Phylogenetic Distribution and Organization of Phenazine Biosynthesis Genes in 

Diverse Taxa. (A) Organization of the core phenazine biosynthesis genes in diverse taxa, grey 

regions denote surrounding genes. (B) Structures of the main precursors PCA and PDC (C) A 

phylogenetic tree of concatenated phenazine biosynthesis protein sequences.  Adapted from Dar, 

et al.  
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Biosynthesis and Chemical Diversity 

The biosynthesis of phenazine natural products has been the target of extensive research 

over the past 50 years. Fortunately, a detailed model of phenazine biosynthesis in Pseudomonas 

sp. now exists (Figure 13) [61]. While small differences in the biosynthesis leading to the main 

end product of phenazine metabolism (hexahydro-phenazine-1,6-dicarboxylate, HHPDC) likely 

exist for different organisms, the main pathway is well conserved [61]. Numerous Pseudomonas 

phenazine tailoring enzymes have been documented as well, some of which will be detailed in 

this section. Furthermore, some examples of Streptomyces tailoring enzymes will be discussed; 

however, these examples are many and complicated. 

 

Figure 13: Biosynthesis of Phenazines in Pseudomonas spp. Various abbreviations of 

metabolites and biosynthesis enzyme functions can be found in the text. Adapted from Bilel, et 

al. 
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While it is unclear if oxygen limitation plays a direct role in the induction and regulation 

of the phenazine biosynthesis pathway in Pseudomonas, it likely acts in concert with known 

quorum sensing cascade mechanisms as cell cultures become dense when oxygen becomes 

scarce. It has been observed that Pseudomonas bacteria follow a three-step quorum sensing 

cascade ending in the production and continued maintenance of phenazines [70]. During the 

exponential phase, several N-acyl-L-homoserine lactones regulate gene expression as the culture 

grows and develops [13,70]. Upon entry to the early stationary phase, the AHLs induce 

production of another quorum sensing molecule called phenazine quinolone signal (PQS) [70], 

which leads to the activation of the phenazine biosynthesis operon (Figure 14) [70]. The first step 

in the biosynthesis is the induction of the well characterized two-component signal transduction 

system GacS/GacA [70]. GacS is a membrane bound histone kinase which phosphorylates GacA 

[70]. GacA in turn stimulates the expression of several small non-coding RNAs. Additionally, 

GacA induces the sigma factor RpoS which positively regulates Pip expression and phenazine 

biosynthesis [70]. The activation of the phz operon is initited by PhzI, a member of the LuxI 

family of N-acyl-homo-serine lactone synthases, which produces an unidentified diffusible 

signal (NHSL) [72]. Furthermore, activation of the biosynthesis genes requires PhzR, a member 

of the LuxR family of transcriptional activators, which binds to specific binding domains in the 

homologs PhzA/B, aiding in transcription [73]. While slightly tangential, it is important to note 

that the transcription factor SoxR has been well studied as a microbial sensor of redox active 

metabolites [74]. It is thought that SoxR is capable of aiding in eliciting the phenazine pathway 

and turning on other factors for its export and cycling [74]. Furthermore, it should be mentioned 

that RpeA and RpeB operate an additional two component signal transduction system that 

suppresses phenazine biosynthesis [70].  
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After the induction of the phenazine operon, phenazine biosynthesis enzymes are 

transcribed and ready to perform their enzymatic tasks. The pathway of phenazine biosynthesis 

begins with PhzC, a phsophpho-2-de-hydro-3-deoxyheptonate aldolase, which funnels the 

primary metabolite, erythrose-4-phosphate or E4P, away from the pentose phosphate pathway 

[59,70]. This biosynthetic enzyme is the only Phz protein with common analogues in primary 

metabolism as this step converts E4P into chorismic acid, a precursor to aromatic amino acid 

synthesis in the shikimate pathway [59,70]. It is thought that this enzyme is encoded in the phz 

operon as a safeguard against damage or mutations to the shikimate pathway. The next step 

involves conversion of chorismic acid to phenazine specific precursor 2-amino-2-

deoxychorismate or ADIC [59,70]. This step is performed by PhzE, which is a magnesium 

Figure 14: Regulation of the Phz operon. Regulation of the Phz operon by a variety of 

transcription factors. Details and abbreviations found in text. Adapted from Bilel, et al. 
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dependent enzyme similar to known anthranilate synthases [59,70]. The next step in phenazine 

synthesis is the conversion of ADIC to DHHA (trans-2,3-dihydro-3-hydroxyanthranilic acid) 

[59,70]. This is performed by PhzD, an isochorismate hydrolase. Furthermore, DHHA is 

converted to AOCHC (6-amino-5-oxo-cyclohex-2-ene-1-carboxylic acid) by PhzF, a dimeric 

protein that does not have any relatives outside of phenazine biosynthesis [59,70]. The next step 

involves dimers of the small phenazine biosynthesis proteins PhzA and PhzB. These enzymes, 

which are similar to the ketoisomerase/ nuclear transport family of enzymes join two molecules 

of the single ringed AOCHC, to form the tricyclic phenazine HHPDC (hexahydro-phenazine-

1,6-dicarboxylate) [59,70]. HHPDC is almost never observed as a final product in phenazine 

biosynthesis but represents an important branch point. After conversion of HHPDC, phenazine 

molecules can either be converted to PCA (phenazine 1-carboxylic acid) or PDC (phenazine 1,6-

dicarboxylic acid). Both of these molecules are converted by PhzG, which is also capable of 

performing two flavin dependent oxidative decarboxylations, and a spontaneous oxidation, 

yielding an unsubstituted phenazine molecule [59,70]. The curious nature of the multifaceted 

PhzG enzyme has been the subject of many hypotheses. Some groups think that the conversion 

of HHPDC to both PCA and PDC by PhzG is due to PhzG’s sloppiness [59]. Other groups have 

hypothesized that PDC or PCA are produced in response to different environmental needs, due to 

their differing hydrophobicity, redox potential, and observed biological activity [59]. 

Furthermore, it is thought that PhzG is aided by PhzA in shuttling HHPDC towards the PCA 

branch of the pathway [75]. Additionally, it is intriguing that PCA is primarily produced by 

Pseudomonas phenazine producers, while PDC is primarily produced as a precursor in more 

complicated Streptomyces phenazine biosynthesis.  
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In addition to the main pathway of phenazine biosynthesis, the activity of several 

essential tailoring enzymes in Pseudomonas have been well characterized. These tailoring 

enzymes catalyze the production of several key phenazine metabolites in Pseudomonas.  After 

production of PCA by PhzG (and PhzA), PCA can either be converted to PCN (phenazine 1-

carboxamide) by PhzH or 1-OH-PHZ by PhzS [59,70]. Additionally, PhzO converts PCA to 1-

OH-PHZ. The production of the important phenazine pyocyanin (PYO) is done by first 

converting PCA to 5MPCA (5methylphenazenium phenazine 1-carboxylate) and then utilizing 

PhzS to convert 5MPCA to PYO [59,70].  

 

Apart from Pseudomonas phenazines, many phenazine natural products are also 

produced by Streptomyces [76-80]. While there are examples of Streptomyces phenazine natural 

products, few examples of their biosynthesis exit. While there are many examples of phenazines 

with unique chemistry, phenazinolins and izominoside to name a few, I will focus on a few 

examples of prenylated phenazines [77-80]. One example of prenylated phenazine biosynthesis 

was detailed in the marinophenazine class of natural products produced by marine Streptomyces 

sp. CNQ-509 [77,79]. CNQ-509 is a member of the MAR4 clade of Streptomyces (ref). This 

strain contains two loci for phenazine biosynthesis genes [77,79]. The first locus contains all 7 

genes involved in classical phenazine biosynthesis [79]. The second locus contains only two 

genes, a putative flavin-dependent monooxygenase similar to PhzS and a putative 

methyltransferase related to PhzM [79]. As was mentioned earlier, these two proteins aided 

biosynthesis of PYO in Pseudomonas. The second locus also contained a prenyltransferase 

(CnqPT1) belonging to the ABBA superfamily [78,79]. This prenyltransferase was found to be 

similar to two observed prenyltransferases in the biosynthesis of the phenazine endophenazine 
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[78-80]. Endophenazines are produced by several species of Streptomyces that have been 

isolated from marine and soil samples [77,80]. The biosynthesis of marinophenazine in CNQ-

509 is thought to follow classical phenazine biosynthesis until PDC, where two carboxylic acid 

groups  are reduced to alcohols resulting in 1,6-dihydroxyphenoxazine [77]. From there it is 

thought that 1,6-DHP is converted to marinophenazine B via the membrane bound 

prenyltransferase CnqPT1. CnqPT1 attaches a monoterpene (geranyl moiety) to the O-6 part of 

the phenazine [77]. This leads to formation of marinophenazine B which is a rare O-prenylated 

phenazine [77].  

 

Another Streptomyces strain found to have phenazine biosynthetic genes is CNB-091, 

which was originally isolated from an upside-down jellyfish [62]. While this strain was observed 

to naturally produce some phenazine metabolites under standard laboratory conditions, 

heterologous expression was utilized to uncover many more phenazine metabolites [62]. One 

group of phenazines produced by CNB-091, the streptophenazines, saw an increase in chemical 

diversity during heterologous expression [62]. This included production of the unique N-

formylglycine attachment to the already prenylated PCA core [62]. More details concerning the 

step by step biosynthesis of streptophenazines as well as the methodology of heterologous 

expression can be found in the associated publication [62]. 
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Physiological Roles and Fitness Advantages 

 

While most natural products have yet to be tied to their physiological and ecological 

roles, phenazine secondary metabolites, particularly those produced by Pseudomonas aeruginosa 

have been well characterized [12,13,81]. This section will detail the current understanding of the 

numerous ecological and physiological roles of phenazines as they are understood in 

Pseudomonas. Other phenazines, particularly those produced by Streptomyces, have yet to be 

directly tied to their ecological function. However, many groups are actively working towards 

elucidating the role of Streptomyces phenazine natural products. 

 

 

One of the physiological roles of phenazine metabolites is to act as a late stage quorum 

sensing molecule [13,44]. Work done by Dietrich, et al. observed that after production of several 

N-acyl homoserine lactones in early exponential phase, and the production of Pseudomonas 

quinolone signal in late exponential phase, phenazines were produced during early stationary 

Figure 15: The Regulatory Cascade of Pseudomonas Quorum Sensing Molecules. The 

phenazine pyocyanin is a late stage quorum sensing molecule upregulating efflux pumps and a 

monooxygenase, among other genes. Adapted from Price-Whelan, et al.   
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phase. It was found that PQS stimulated expression of the phenazine operon, along with several 

lectins and chitinases thought to aid in growth during early stationary phase [44]. After 

phenazine production was stimulated, the phenazine pyocyanin was found to turn on several 

genes, including those encoding the MexGHI-OpmD efflux pumps and PA2274 monooxygenase 

[44]. It is thought that the efflux pump may aid in secretion of phenazines and the 

monooxygenase may possibly play a role in redox control [82]. This quorum sensing cascade is 

essential for phenazines to perform their physiological role as production during earlier growth 

stages could have adverse effects [44].  

 

Furthermore, it was found that Pseudomonas phenazines not only played a part in 

quorum sensing, but also aided in biofilm formation in several ways. Ramos et al. found that 

wild type Pseudomonas aeruginosa bacteria began to form a biofilm once production of 

phenazines reached critical levels [45]. This observation fits in line with the production of 

phenazines during early stationary phase when bacterial cultures often form biofilms [44,45]. 

Moreover, it was found that swarming motility in Pseudomonas aeruginosa bacteria was directly 

stimulated by the presence of phenazines [45]. Without phenazines, bacteria moved much more 

frequently and did not settle down. Additionally, production or addition of phenazines, both PYO 

and PCA, contributed to biofilm morphology of Pseudomonas aeruginosa colonies (Figure 16) 

[45]. A wild type Pseudomonas aeruginosa colony appears to be smooth and round, whereas a 

phz knockout strain appears to be wrinkled and irregular [45]. This was hypothesized to be 

because of the increase in surface area of irregularly shaped biofilms, maximizing oxygen 

diffusion [45]. Whereas a normal, smooth biofilm, is able to keep its shape due to the presence of 
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redox active secondary metabolites [45]. Furthermore, it was found that addition of phenazines 

to the phz knockout strain restored some aspects of wildtype morphology [45]. 

 

 

 

One of the earliest papers to document the physiological roles of phenazines, other than 

as a pigmented antibiotic, described their role in the reduction of extracellular minerals [43]. In a 

study performed by Hernandez, et al. in 2003, phenazine 1-carboxamide (PCN) was shown to be 

capable of extracellularly reducing iron and manganese oxides [43]. Furthermore, it was 

observed that only relatively small amounts of PCN were needed to reduce large amounts of 

these oxidized minerals, suggesting that PCN is recycled up to 60 times [43]. Additionally, no 

Figure 16: Morphological Differences of Pseudomonas aeruginosa Biofilms due to the 

Presence of Phenazines. (A). Time course of changes in biofilm morphologies of wild type and 

phz knockout strains of Pseudomonas aeruginosa as they are exposed to exogenous phenazines. 

Adapted from Ramos, et al. 
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chelation of newly bioavailable iron and manganese was observed, and the absence of ferric iron 

in cultures strengthened the observation that PCN did not act as a siderophore [43]. This led to 

the hypothesis that PCN and other phenazines acted as electron shuttles, capable of depositing 

electrons on extracellular substrates, and prompted the reduction of biologically unavailable iron 

and manganese oxides to reduced, bioavailable forms [43]. Interestingly, it was found that both 

endogenous and exogenous addition of PCN to cultures prompted mineral reduction [43]. 

Furthermore, it was found that several strains of diverse Gammaproteobacteria, including E. coli, 

and V. cholera, began to reduce extracellular minerals upon the addition of PCN [43]. This 

suggests that diverse bacteria are capable of benefiting from the reducing abilities of phenazines 

[43]. Moreover, these experiments were also performed with the anticancer agent bleomycin, 

with very similar results, suggesting that this phenomenon could be widespread [43].  

 

While the addition of phenazines was found to aid in mineral reduction of some cultures, 

phenazines are also well known for their antibiotic abilities [83-85]. In this thesis, I will focus on 

the antimicrobial activity of the important phenazine, pyocyanin. While the activities of other 

Pseudomonas phenazines are known and can be found elsewhere, one early study on the action 

of pyocyanin was explored by Baron and Rowe in 1981 [83]. The authors noted that pyocyanin 

had a broad range of antibacterial activity, with an enhanced effect on Gram-positive bacteria 

[83]. One illustrative example of its potent antimicrobial activity was that Micrococcus luteus 

was almost completely inhibited by just 5 µg of pyocyanin [83]. Furthermore, it was noted that 

all members of the Pseudomonas genus were relatively tolerant of pyocyanin, suggesting a genus 

wide resistance trait [83]. The authors also proposed that, based on the different respiratory states 

of the different organisms tested and the known redox activity of PYO, PYO likely inhibits the 
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ETC of many bacteria [83]. Furthermore, it is well known that PYO and other phenazines are 

DNA intercalators; however, this mechanism of action is more relevant for PYO’s antitumor 

capabilities (47).  

 

An additional physiological role of phenazine natural products is their part in 

pathogenesis of Pseudomonas aeruginosa infections of the lungs of cystic fibrosis patients 

[48,86]. For some time, the adverse effects of phenazine production (primarily damage to 

epithelial cells) has been well known in the lungs of cystic fibrosis patients [48,86]. Interestingly, 

one study by Hunter, et al. sought to quantify and correlate the amount of phenazine metabolites 

to lung function [48]. This paper found that increased quantities of the phenazines PYO and PCA 

negatively correlated with microbial community complexity and lung function [48]. However, it 

was found that increased concentrations of PYO and PCA positively correlated with 

Pseudomonas aeruginosa densities within the sputum filled infection site [48].  

 

While many studies have proposed that the redox activity of phenazines may be 

correlated with a potential role in the low oxygen respiration of Pseudomonas aeruginosa, the 

seminal study published by Price-Whelan, et al. analyzed how PYO acts as an alternative 

electron acceptor under oxygen limiting conditions [49]. The study explored how the production 

of PYO modulated the intracellular redox state, quantified by the ratio of NADH/NAD+, as 

oxygen became limiting as the liquid cell culture became denser [49]. It was found that when phz 

knockout cultures were grown to stationary phase with excess electron donor (glucose) and 

deprived of oxygen, their intracellular redox state became out of balance (Figure 17) [49]. As 
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oxygen was consumed by the culture, the concentration of NADH accumulated and cell death 

became widespread [49]. However, when a wild type strain was grown under the same 

conditions, phenazine production began as oxygen levels fell, with PYO modulating the 

intracellular redox state [49]. Interestingly, the culture experienced a lag time between when 

PYO was produced in relevant amounts and when the NADH/NAD+ ratio began to be 

modulated [49]. Additionally, a negative control for this experiment was performed with the phz 

knockout strain as it was grown under conditions where carbon (glucose) was limiting [49]. 

While the exact mechanism for how PYO modulates the intracellular redox state has not been 

fully elucidated at this time, it was observed that wild type cultures modulated their carbon flux 

by excreting pyruvate [49]. Pyruvate was then observed to be reabsorbed and fermented at a 

slower rate under PYO mediated low oxygen metabolism [49].  
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Figure 17: Modulation of the Intracellular Redox State due to PYO. The top graph depicts 

µM dissolved oxygen concentrations as white diamonds and cell density, as measured by OD 

(500nm) as black squares. The bottom graphs depict the intracellular redox state of 

Pseudomonas aeruginosa cultures as measured by the ratio of NADH/NAD+. Concentration of 

PYO is denoted by the grey triangle for part C. (A) phz deficient strain grown with 50mM of 

glucose. (B) phz deficient strain grown with 10mM of glucose. (C) wild type strain grown with 

50mM of glucose. Adapted from Dietrich, et al. 
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Mechanism of Extracellular Electron Transfer 

 

The first observation that pyocyanin may aid in low oxygen respiration of Pseudomonas 

aeruginosa was first made in 1931 [87]. After nearly 90 years, a mechanism for how phenazines 

mediated extracellular electron transfer has been proposed [50]. The authors proposed the first 

ever mechanism for phenazine mediated EET as it likely exists in Pseudomonas aeruginosa 

biofilms [50]. This finding builds from the aforementioned work detailing the physiological roles 

of phenazines in Pseudomonas aeruginosa. One important aspect of phenazine production in P. 

aeruginosa biofilms that has yet to be mentioned was noted by Billen, et al., who detailed that 

phenazines are concentrated differently throughout the biofilm [88,89]. It was observed that PYO 

is concentrated at the periphery of the biofilm whereas PCA and PCN were spread evenly 

throughout the biofilm [88,89]. This was an interesting observation as the phenazines PCN, 

PCA, and PYO are also known to have differing redox potentials as well as differing 

hydrophobicities due to their various functional groups [88,89]. Furthermore, it has been 

observed that the biosynthesis of PYO is the only phenazine end product which requires oxygen 

during production [70]. 

 

After considering the various differences between the phenazine natural products PCN, 

PCA, and PYO, Saunders, et al. began to wonder if phenazines were retained within the biofilm 

differently. This turned out to be true as PYO was heavily retained in the periphery of the biofilm 

and very few PYO molecules were found outside of the biofilm [50]. The same held true for 

PCN, whereas PCA was found to not be differentially retained. Combining this observation with 
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the fact that PYO has a higher redox potential than the lower potential phenazines PCA and 

PCN, a multistep, phenazine mediated EET mechanism likely existed in biofilms [50]. 

Additionally, the researchers were aware that phenazines, particularly, PYO, are well known 

antibiotics. It is thought that Pseudomonas aeruginosa, while more resistant to PYO than other 

bacteria, still experiences some cell death due to these antibiotics [45]. Upon death, cells exude 

DNA, which contributes structurally to the integrity of the biofilm [45]. The researchers 

examined whether extracellular DNA plays an important role in EET due to PYO’s known 

intercalating abilities. It is known that extracellular DNA is capable of transporting electrons 

through the stacked pi orbitals of its nucleotides [50]. The researchers tested whether or not DNA 

charge transfer is enhanced by intercalation of phenazines, particularly PYO. After a series of 

experiments, this turned out to be true as well [50].  

 

After weighing these results, the researchers were able to propose two, non-exclusive 

models for phenazine mediated EET (Figure 18) [50]. It was found that these two, multistep 

mechanisms transfer electrons to oxygen more quickly and effectively than direct phenazine 

transfer alone [50]. The first mechanism is as follows. By an undetermined mechanism, electrons 

from an oxygen deprived Pseudomonas aeruginosa cell are transferred to a low potential, 

oxidized phenazine, either PCA or PCN [50]. These low potential phenazines (denoted as PHZ in 

the figure) are reduced and able to diffuse from the oxygen limited interior of the biofilm to its 

periphery [50]. Once they migrate towards the surface of the biofilm, PHZ reacts with oxidized 

PYO, which has been retained due to intercalation with eDNA [50]. PHZ transfers electrons to 

PYO, reducing it and freeing it from the eDNA complex [50]. PYO then migrates to the 

periphery of the biofilm where it is able to directly reduce molecular oxygen into water [50]. 
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These steps are then recycled as oxidized PYO again intercalates with eDNA and PHZ 

(particularly PCN) diffuse back into the interior of the biofilm where they are able to pick up 

electrons from Pseudomonas aeruginosa cells [50]. The second proposed mechanism is very 

similar to the first and likely acts in concert with it [50]. The steps are almost identical, except 

that rather than PHZ reducing PYO directly, PHZ first transfers its electrons to the eDNA 

complex [50]. Electrons are transferred quickly along the negatively charged eDNA structure to 

an intercalated, oxidized PYO molecule which is waiting to take on the electrons [50]. These 

steps are also perpetuated in the same fashion as the first mechanism. 

 

 

 

Figure 18: Proposed Mechanism of Phenazine Mediated Extracellular Electron 

Transfer.  (A) Depicts the organization of several phenazines, eDNA, and oxygen 

concentration in a Pseudomonas aeruginosa biofilm. (B) Two proposed mechanisms for 

phenazine mediated EET. The top without DNA charge transfer and the bottom with. Steps are 

explained in above text. PHZ indicates a lower redox phenazine, either PCA or PCN. Adapted 

from Saunders, et al. 
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This study is the first example of a proposed mechanism of small molecule mediated EET 

[50]. Additionally, this study is also the first instance where eDNA has been demonstrated to 

contribute to the metabolism of the biofilm, rather than just being a structural component [50].  

 

Quinones 

 

Apart from phenazine natural products, another important class of small molecule 

electron shuttles are metabolites with quinone moieties [12]. These moieties can be found in a 

wide range of secondary metabolites and can be broken down into four major categories (Figure 

19) [133]. They can exist as decorated quinones, naphthoquinones (which comprise a quinone 

moiety adjoined to a benzene ring), anthraquinones (which comprises a quinone moiety adjoined 

by two flanking benzene rings), or more complex quinone metabolites [12]. Unlike phenazines, 

quinone natural products are produced by almost every major group of organisms. Furthermore, 

the primary metabolite, Coenzyme Q, also known as ubiquinone, is an essential part of the 

electron transport chain in most organisms [90]. Ubiquinone (or menaquinone in some bacteria) 

are major components of the intramembrane quinone pool, which transfer electrons taken from 

NADH dehydrogenase, or succinate dehydrogenase,  to cytochromes [90,91].  
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In addition to the endogenous production of quinone metabolites, the humic substance 

analog, anthraquinone-2,6-disulfonate, has been an important molecule in the study of bacterial 

extracellular electron transport [95]. AQDS, along with other synthetic quinone dyes, have been 

integral to elucidate the extracellular redox capabilities of diverse bacteria [92-95]. Outside of 

their use as redox active dyes, synthetic quinones have found use as reagents in organic 

chemistry and a component of rare minerals [96].  

 

While quinone mediated extracellular electron transfer is relatively underexplored 

(compared to the extensive work done analyzing phenazine electron transfer), several examples 

Figure 19: Chemical Diversity of Quinone Moieties. Examples of various natural product 

quinone moieties. It should be noted that not all of the quinones listed above have been 

suggested to play a role in electron transfer. Adapted from Eyong, et al. 
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from diverse bacteria exist [11,12,97-99]. While many studies involving quinone mediated EET 

involve the addition of both natural and synthetic quinones to microbial fuel cells, there are 

relatively few that explore the ecological function of these metabolites [97-99]. Future work in 

this space will inevitably reveal that some of the 5,000 known quinone secondary metabolites 

(1,200 quinones, 1,600 naphthoquinones, and 2,200 anthraquinones) play an active role in small 

molecule mediated electron shuttling [12]. Furthermore, several groups that have investigated the 

roles of phenazine EET have hypothesized that small molecule mediated EET likely occurs in 

several important quinone containing natural products, including the well-studied antibiotic, 

actinorhodin and the anti-cancer drug, doxorubicin [11].  

 

Environmental, Geographic, and Phylogenetic Distribution 

 

Because quinones are found in the primary metabolism of essentially all organisms, the 

genes necessary for their biosynthesis are extremely widespread [100]. Several studies have 

investigated the distribution of various quinone types and how widespread they are in bacterial 

taxa [100]. However, there have been relatively few studies that have focused on investigating 

the distribution (both environmental and biogeographical) of quinone secondary metabolites. 

Fortunately, it has been observed that prenylated quinone natural products are somewhat 

common in marine systems [101]. Prenylated quinone secondary metabolites have been found to 

be produced by a wide range of taxa, including bacteria, algae and many marine invertebrates, 

although in the later they may be of bacterial origin [101]. Some of these prenylated quinone 
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secondary metabolites have been noted to have redox activity and are could potentially have 

small molecule extracellular electron shuttle characteristics [102].  

 

Furthermore, some bacteria secrete various quinone derivatives that have been shown to 

aid in the power generation of microbial fuel cells [97-99,103]. Several examples of Gram-

negative bacterial producers of these putative extracellular electron shuttles include Klibsella 

pneumonia and Sphingomonas xenophaga, members of the Gammaproteobacteria and 

Alphaproteobacteria, respectively [97,99]. Moreover, several examples of putative small 

molecule extracellular electron transfer exist in Gram positive bacteria [98,103]. While more 

elusive, these examples include Enterococcus faecalis and Lactococcus lactis, both members of 

the order Lactobacillales [98,103]. While it is possible that other members of these bacterial 

groups are capable of producing soluble, redox-active metabolites, no research efforts, so far, 

have focused on elucidating how widespread this phenomenon is.  

 

Interestingly, the dissimilatory metal reducing bacteria, Shewanella oneidensis, is capable 

of producing a quinone based extracellular electron shuttle [36,104]. The molecule it produces, 

ACNQ (2-amino-3-carboxy-1,4-naphthoquinone), is a soluble derivative of menaquinone [36]. 

The researchers who identified this small molecule went on to screen its production and 

metabolic benefit in several other bacterial taxa [36]. It was found that the medically relevant 

Gram-negative bacteria, Escherichia coli and Vibrio cholera produced this molecule, albeit at 

quantities 10-100 times less than in Shewanella oneidensis [36]. Furthermore, it was found that 

the Gram-positive cheese bacteria, Propionibacterium freudenreichii, as well as the 
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aforementioned firmicute Enterococcus faecalis, also produced ACNQ [36]. Future work will 

hopefully uncover more producers of this relatively underexplored molecule.  

 

Biosynthesis and Chemical Diversity  

 

The biosynthesis of bacterial quinone primary metabolites, such as ubiquinone and 

menaquinone, have been fully elucidated [105,106]. While the steps involved in their 

biosynthesis will not be reviewed in their entirety in this thesis, it is important to note that both 

phenazine and quinone biosynthesis share some important similarities. One of the most 

important similarities is that they are both branch points of the shikimate biosynthesis pathway of 

aromatic amino acid production [105,106]. Furthermore, many quinone secondary metabolites 

are prenylated in a similar fashion to phenazines, occasionally sharing some of the same 

prenylation machinery [78,80]. 

 

One particular example of secondary metabolite quinone biosynthesis comes from a 

study of the metabolites napyradiomycin and one of its precursors, 8-amino flaviolin, in the 

marine actinomycete Streptomyces sp. CNQ-525 [102]. Here it was shown that the biosynthesis 

of napyradiomycin shifted to its 8-amino flaviolin precursor metabolite when it was subjected to 

low oxygen conditions (Figure 20) [102]. The biosynthesis of 8-amino flaviolin involves three 

genes that have a high sequence similarity to three genes in napyradiomycin biosynthesis [102]. 

A connection between napyradiomycin and its gene cluster had been proven in a previous study 

[107]. The genes required for 8-amino flaviolin production, denoted as fur1-3 (as they were 
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originally identified in furaquinocin biosynthesis) carry out the transformation of five malonyl-

CoA units into 8-amino flaviolin [108]. The biosynthesis begins with the type-3 polyketide 

synthase enzyme Fur1, as it transforms the 5 malonyl-CoA precursors into the bicyclic molecule 

tetrahydroxynapthalene [102]. Tetrahydroxynathalene is turned into a quinone intermediate by 

Fur2, a monooxygenase which assembles the characteristic 1,4 ketones around one of the 

benzene rings [102]. Furthermore, Fur3, an aminotransferase adds an amino functional group 

onto the molecule, creating 8-amino flaviolin [102]. Under normal conditions, the biosynthesis 

process continues and 8-amino flaviolin is eventually transformed into a napyradiomycin 

antibiotic [102]. 
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Interestingly, under low oxygen conditions, the biosynthesis becomes abridged and stops 

once 8-amino flaviolin is synthesized [102]. Although the direct ecological role of 8-amino 

flaviolin is not known, this study was the first time that an environmental signal (low oxygen) 

was seen to shift a single biosynthetic pathway into production of a precursor metabolite [102]. 

Additional insights into potential physiological roles of this molecule will be discussed in the 

next section. 

Figure 20: Biosynthesis of 8-Amino Flaviolin and Napyradiomycin. (A) High sequence 

identities between napB1-3 and fur1-3 identified in CNQ-525 and furaquinocin producer 

Streptomyces sp. KO-3988, respectively. (B) Nap biosynthesis pathway in CNQ-525. A shift 

from napyradiomycin to 8-amino flaviolin occurs when oxygen is limiting. (C) A representative 

structure of napyradiomycin with the naphthoquinone moiety from 8-amino flaviolin shown in 

blue. Adapted from Gallagher, et al.  
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A wide array of quinone natural products represent putative small molecule extracellular 

electron shuttles. Most of those studied involve naphthoquinone moieties. These molecules 

include the aforementioned 8-amino flaviolin (produced by the marine Streptomyces strain CNQ-

525), 2-amino-3-dicarboxy-1,4-napthquinone (produced by Gram positive Lactococcus lactis), 

and 4-amino-1,2-napthquinone (produced by the Alphaproteobacteria Sphingomonas xenophaga 

BN6) [97,98,102]. Furthermore, the basic quinone metabolite, 2,6-Di-tert-butyl-1,4-

benzoquinone, has been studied as a putative SMEES in Klebsiella pneumonia [99]. Future 

research will illustrate if anthraquinones and more complex quinone secondary metabolites 

participate in maintaining a cells redox state under oxygen limiting conditions. 

 

Physiological Roles and Fitness Advantages  

 

While the physiological and ecological roles of quinone secondary metabolites as 

electron shuttles are not as well understood as their phenazine counterparts, there are select 

studies that suggest that these two groups of molecules have many of the same physiological 

benefits [11,12]. Interestingly, some characteristics of EET have been observed in molecules 

produced in a much wider range of bacteria than phenazine metabolites. Therefore, while less 

understood, it may be possible that quinone small molecule mediated extracellular electron 

transfer is a more widespread phenomenon than phenazine electron transfer [11,12].  
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One of the best characterized examples of a quinone electron shuttle, is ACNQ, a 

menaquinone derivative, produced by the dissimilatory metal reducing bacteria Shewanella 

oneidensis. S. oneidensis was first suggested to produces a small, polar, redox active secondary 

metabolite in 2000 by Newman and Kolter [104]. Much to the frustration of genetics researchers, 

it was not until 2019 that Mevers, et al. discovered that production of ACNQ is finalized by a 

nonenzymatic process [36]. Regardless, it was found that production of ACNQ aided in distant 

electron transfer onto insoluble electron acceptors, such as ferric oxide [36,104]. Additionally, it 

was found that ACNQ was able to reduce several substrates when the facultative anaerobe 

Shewanella oneidensis was growing under strictly anaerobic conditions, something that has not 

been observed before in either Pseudomonas or Streptomyces studies [36,104]. Furthermore, 

while it is known that Shewanella oneidensis is capable of mediating extracellular electron 

transport via a variety of mechanisms (including cytochrome studded nanowire extrusions) the 

production of ACNQ still mediated EET after cytochrome c expression had been knocked out 

[36]. Furthermore, ACNQ was found to be produced in higher quantities when electron acceptors 

became limiting [36]. Additionally, it was found that the lactic acid fermenter, Lactococcus lactis 

also produced ACNQ and was capable of using it for EET [98]. In parallel to a study in 

Pseudomonas aeruginosa, it was found that Lactococcus lactis is capable of streamlining its 

carbon flux by excreting pyruvate and acetate in stoichiometric amounts relative to the current 

generation from ACNQ electron transfer [49,98].  

 

Furthermore, the opportunistic human pathogen Enterococcus faecalis uses the 

menaquinone dimethylmenaquinone to promote extracellular electron transfer [103]. It was 

observed that secretion of dimethylmenaquinone was essential for EET, whereas endogenously 
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produced cytochromes were not [103]. This was the first study that recognized that 

dimethylmenaquinone, a component of the intramembrane quinone pool, was secreted and used 

for extracellular electron transport [103]. The authors also hypothesized that this phenomenon 

could be more widespread, suggesting that electrical signaling may be a important part of 

bacterial interactions in biofilms and microbiomes [103].  

 

In addition to metabolites relating to menaquinones, it was found that a diverse array of 

bacteria was capable of secreting soluble quinones which aided in current generation in 

microbial fuel cells. The aforementioned bacteria Sphingomonas xenophaga and Klebsiella 

pneumonia were subjects of separate studies analyzing electrical current generation in closed 

systems [97,99]. In both cases, aerobic respiration by these bacteria produced a significant 

current generation in MFCs when production of their respective metabolites, 4-amino-1,2-

napthquinone and 2,6-Di-tert-butyl-1,4-benzoquinone (respectively) was allowed to commence 

in wild type strains [97,99]. However, knock outs of the biosynthesis genes in these two 

pathways attenuated current production in their respective cultures [97,99]. 

 

Additionally, it has been observed that the pigmented antibiotic, actinorhodin and the 

pharmaceutically relevant natural product, doxorubicin, are candidates for SMEES [11]. In 

parallel to findings of phenazines in Pseudomonas sp., it was found that production of these two 

well-known natural products affected the colony morphology of their respective producers 

[11,45]. Furthermore, it has been noted that both of these metabolites contain multiple quinone 

moieties and have mechanisms of action that involve oxygen radical generation [11,109]. While 
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both actinorhodin and doxorubicin have not yet been studies as SMEES, it is possible that future 

work may reveal an unexpected ecological role for these metabolites [11].  

 

Flavins and Other Classes of Redox Active Natural Product Extracellular Electron Shuttles 

 

Outside of the two main classes of quinone and phenazine extracellular electron shuttles 

lies a trove of characterized and putative SMEES molecules. Some examples of this 

‘miscellaneous’ group of extracellular electron shuttles include molecules such as flavins and 

flavin-mononucleotides [110]. Flavin molecules have a well-known function in the primary 

metabolism of almost every living organism on Earth [15]. These metabolites are well known for 

their intracellular shuttling capabilities in primary metabolism, as FAD and FADH2 [15]. 

Additionally, flavins have been identified in a wide range of intracellular (as well as some 

extracellular) flavoproteins that mediate electron transfer [35,110]. Their participation in small 

molecule mediated extracellular electron transfer has been observed in a wide range of bacteria 

[35]. Other examples, such as the siderophore, pyoverdine and the antibiotics, chromomycin, 

tetracycline, and bleomycin, are much more specialized and much less understood in the context 

of electron transport [11,12,43,111]. These molecules represent an exciting opportunity to be 

characterized as potential SMEES. Current work in the Jensen lab is aimed at elucidating 

whether or not some of these Streptomyces antibiotics participate in electron shuttling.  
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Environmental, Geographic, and Phylogenetic Distribution 

 

Similar to quinones, flavin moieties are found as primary metabolites in almost every 

organism. Because of this, and the relatively few examples of characterized flavin extracellular 

electron transport, it is difficult to ascertain how widespread flavins are used in EET. 

Fortunately, one study by Light, et al. discovered that the Gram-positive bacterium Lysteria 

monocytogenes was capable of rerouting its primary metabolism when oxygen became limiting 

[110]. This process began with a reroute of electrons to a secondary NADH dehydrogenase 

complex and the use of a secondary intramembrane quinone pool (favoring 

dimethylmenaquinone over menaquinone) [110]. This phenomenon acted in conjecture with the 

production of surface-associated flavoproteins and the excretion of flavin small molecule 

extracellular electron shuttles [110]. Since the genes associated with both the secondary NADH 

dehydrogenase complex and surface associated flavoproteins had been identified, the researchers 

were able to find how widespread this process was by doing a multigene BLAST search (Figure 

21) [110]. It was found that genes relating to EET were widespread throughout the Firmicutes 

phylum of bacteria, including Clostridium botulinum, Lactococcus lactis, and Enterococcus 

faecalis (Figure 20) [110]. 

 

In addition to the Gram-positive bacteria previously mentioned, it has also been found 

that the Gram-negative dissimilatory metal reducing bacteria, Shewanella oneidensis, is also 

capable of secreting flavin electron shuttles [112]. So far, no phylogenetic work appears to have 

been done in describing how widespread the use of flavin shuttles is in dissimilatory metal 
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reducing bacteria. However, it has been observed that the other model organism for bacterial 

metal reduction, Geobacter sulfurreducens is likely capable of also endogenously producing 

flavin shuttles, increasing current in a microbial fuel cell from their production.  

 

     

 

 

Furthermore, while the exact role of many candidate electron shuttles has yet to be fully 

understood, it is worth mentioning that many redox active natural products are produced by a 

Figure 21: Distribution of Flavin Based Extracellular Electron Transfer in Firmicutes. (A) 

A phylogenetic tree of Ndh2 (used for shuttling electrons under low oxygen into the EET 

pathway) across the Firmicute phylum. (B) Organization of key genes needed for flavin based 

EET in various Firmicute genomes. Adapted from Light, et al.  
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wide range of bacteria. Actinomycetes, particularly Streptomyces, are capable of producing many 

redox active secondary metabolites, including chromomycin, bleomycin, and tetracycline. Future 

research will tell if, and how, these molecules may participate in electron transport. 

 

Biosynthesis and Chemical Diversity 

 

The biosynthesis of flavin primary metabolites is well known. While it will not be 

reviewed in this thesis, it can be found elsewhere [114]. Additionally, the biosynthesis of several 

candidate small molecule electron shuttles is also known but will again not be reviewed in this 

thesis. This section will instead briefly focus on the chemical diversity of several natural 

products that may play a role in electron shuttling.  

 

The best described molecules in this miscellaneous section are undoubtedly flavin 

metabolites. It has been observed that both unbound flavins, flavin mononucleotides, as well as 

extracellular flavopeptides and flavoproteins, each play a role in electron transport 

[35,92,110,112,113].  

 

Additionally, while the exact role of these molecules as electron shuttles is still being 

investigated, they all exhibit chemical structures that contribute to their redox activity. 

Tetracycline, for example, contains four concentric rings that likely aid in this molecules ability 

to accept additional electrons [115]. Chromomycin A3 contains a heavily substituted glycoside 
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anthraquinone, a moiety known to have redox capabilities [111]. Furthermore, it has been 

observed that chromomycin helps mediate oxidative stress in its native producer, Streptomyces 

flaviscleroticus [111]. It has also been noted to be crucial in the survival of cultures as they enter 

stationary phase, similar to the well described phenazine natural products [45,111]. Bleomycin 

has been observed to generate super oxide and hydroxide radicals that contribute to its 

mechanism of action against cancer cells [116]. Furthermore, it has also been observed to help 

reduce solid extracellular terminal electron acceptors, and can exogenously help a wide variety 

of bacteria access previously unavailable terminal electron acceptors [43]. Prodigiosin contains 

three pyrrole rings that not only contribute to this compound’s bright red color, but also 

potentially aiding in electron transfer [11]. It has been observed that knockout of genes essential 

for its biosynthesis contributes to an abnormal colony morphotype [11]. Finally, while it is well 

known as a virulence factor and siderophore, it has been hypothesized that pyoverdine may aid in 

electron cycling in Pseudomonas bacteria [12].  

 

Physiological Roles and Fitness Advantages 

 

The discovery that flavin molecules likely aid in the extracellular electron transport of 

diverse Gram-positive bacteria was based off a thirty-year-old observation that Lysteria 

monocytogenes was able to extracellular reduce ferric iron at a distance [117]. Light et al. 

investigated exactly how this extracellular metal reduction was preformed and discovered that 

extracellular electron transfer was mediated by secreted flavin molecules, the first time that a 

small molecule extracellular electron shuttle had been identified in a Gram-positive organism 
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[110]. Furthermore, the authors discovered that flavins not only aided in extracellular metal 

reduction and electron transfer but also aided in pathogenesis in a mouse model [110]. It was 

found that flavin secretion was necessary for severe and prolonged infection by Lysteria 

monocytogenes [110]. The authors also hypothesize that flavins may be a common virulence 

factor in infections by Firmicutes [110]. It was also observed that flavin electron shuttles 

supported anerobic growth of Lysteria monocytogenes [110]. Furthermore, it has also been noted 

that production of secreted flavin molecules aids in the extracellular electron transfer capabilities 

of the dissimilatory metal reducing bacteria Shewanella oneidensis [112]. In closed systems, 

Shewanella oneidensis increases current generation upon the addition and production of flavin 

metabolites [112]. Geobacter sulfurreducens also benefits from the production of flavin 

metabolites [113]. Furthermore, it has been found that flavin mediated electron transfer in 

Geobacter sulfurreducens and Shewanella oneidensis occurs without the need of additional, 

soluble cytochromes [112,113].  

 

Beyond flavin metabolites, the secondary metabolites bleomycin, chromomycin, and 

prodigiosin all elicit physiological responses similar to those observed in the characterized 

SMEES, phenazines [11,43,45,111]. Bleomycin has been observed to extracellularly reduce 

minerals [43]. Both the endogenous production and exogenous addition of bleomycin benefited 

diverse bacteria [43]. Furthermore, chromomycin has been observed to defend against oxidative 

stress in dense cultures [111]. This, combined with the increased amounts of NADH in high 

density cell cultures, mirrors results of known phenazine electron shuttles [45,111]. Finally, it 

has been observed that the production of prodigiosin aids in biofilm development and 

maintenance in both Streptomyces and Serratia bacteria [11]. 
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Discussion 

Small molecule extracellular electron shuttles represent an exciting frontier in the 

disciplines of microbial chemical ecology and microbial physiology. Very few small molecule 

natural products have been connected to their ecological roles, making the multifaceted functions 

of SMEES (particularly phenazines) all the more interesting [1,2]. Furthermore, current research, 

spearheaded by research groups such as the Caltech Newman lab, are beginning to unravel the 

exact process of small molecule mediated EET [11,50]. Future research will hopefully uncover 

how other redox active microbial secondary metabolites also act as electron shuttles in oxygen 

limiting environments (Table 1) [12]. While much work has been done to gain knowledge of 

small molecule extracellular electron transfer, there are still many questions that have yet to be 

answered. These questions poise exciting, and plausible research opportunities that will 

undoubtedly expand our knowledge of microbial respiration. 

 

One of the most important outstanding questions is, how do SMEES (particularly in the 

well-studied Pseudomonas-phenazine system) transfer electrons out of the cell and onto a distant 

terminal electron acceptor? Several different theories have arisen on how this may occur, each 

suggesting phenazine interaction with the electron transport chain at different points [11]. One 

leading theory is that phenazines interact along multiple oxidative pathways to ultimately oxidize 

NADH. It is suggested that membrane bound cytochromes are likely able to transfer electrons 

directly onto phenazine metabolites in the intermembrane space as they are transported back into 

the cell. Furthermore, it has been hypothesized that phenazines interact directly with the 

intramembrane quinone pool, facilitating electron transfer with either ubiquinol or menaquinol, 
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depending on the organism. Additionally, it has been observed that both pyruvate and alpha-

ketoglutarate dehydrogenases are able to act as phenazine reductases in vitro [11]. Future 

research will hopefully elucidate which, if any, of these pathways mediate include phenazine 

mediated oxidation reactions in oxygen deprived cells. Additionally, the exact mechanism for 

how phenazines reenter the cell is still poorly understood. While several efflux pumps are 

coregulated with phenazines, their exact role in phenazine recycling is not known at this time.  

 

An additional thought-provoking question is: how widespread is small molecule 

(phenazine) mediated electron transfer? Various studies have identified that phenazine producers 

are important community members in several distinct microbial communities. However, the most 

well studied producer of phenazines, Pseudomonas only accounts for about half of the phz+ 

genomes in most samples (in soils and rhizospheres) [14]. Other major producers of phenazine 

metabolites are Streptomyces bacteria, which are known to produce a wide array of phenazine 

metabolites [11,12]. Streptomyces possess a very different cell wall than Pseudomonas and 

would likely have to mediate electron transport by a different mechanism than what has been 

identified in Pseudomonas. It may be possible that the complex phenazine metabolites designed 

by Streptomyces bacteria enable electron transport specifically in Gram-positive Streptomyces 

cells.  

 

Furthermore, it may be beneficial to explore phenazine production in other microbiomes, 

such as marine sediments. Although phenazine producing bacteria, particularly Streptomyces 

have been isolated from marine sediments, a quantitative approach has never been taken to 
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assess the community of phenazine producers in marine soils [77,79]. It would be beneficial to 

investigate in vivo how/if phenazines are widely produced in the suboxic zones of marine 

sediments. Combining this investigation with current knowledge of suboxic microbial sediment 

community dynamics may yield some exciting results. 

 

 Additionally, although metagenomes of rhizobia and soil samples only contained an 

average of 1% phz+ genomes, it may be possible that some community members take advantage 

of phenazine production in low oxygen conditions [14]. This event would be analogous to 

bacterial siderophore cheaters in iron limiting environments. Future research will hopefully 

characterize if the benefits of phenazine cellular oxidation occur in non-producing bacteria while 

also superseding the antibacterial effects of phenazines. 

 

Apart from studying the distribution and physiological benefits of phenazine production, 

the widespread phylogenetic distribution of phenazines is another peculiar observation. While 

several studies have investigated how the phenazine gene cluster has appeared in various taxa, 

there is no clear evidence of its origin [55]. Furthermore, no large-scale phylogenetic analysis 

has been conducted to analyze the distribution and similarities of phenazine gene clusters in 

phylogenetically distant (as well as environmentally distinct) producers. Additionally, it may be 

fruitful to combine phylogenetic studies with metabolomic studies to uncover how phenazines 

may play ecological roles in various taxa. 
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Outside of phenazines, future research will hopefully uncover how other candidate 

electron shuttles achieve electron transfer. Quinone metabolites appear to be produced by a wide 

variety of bacteria. The exact mechanism of quinone mediated EET will also hopefully be 

investigated soon, complimenting what is known about phenazine mediated EET. Furthermore, 

investigations on the roles of various redox active secondary metabolites may reveal that 

SMEET occurs in a much more widespread group of bacteria than previously thought.  
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Table 1: A Table of Putative Small Molecule Extracellular Electron Shuttles. The molecular 

formula, structure, midpoint voltage, solubility, and producers are all provided. Adapted from 

Glasser, et al.  
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Applications of Redox Active Natural Products  

The following sections will detail some of the various biotechnological and 

biopharmaceutical applications of redox active natural products and their producers. This section 

will cover microbial fuel cells, or MFCs, and how they are able to generate electrical current 

from bacterial cultures. Additionally, I will share some examples of redox active 

pharmaceuticals, and pharmaceuticals containing chemical moieties with known redox 

capabilities. I will discuss the roll of small molecule extracellular electron shuttles, and their 

producers, in bioremediation of various pollutants. Some notable examples of pollutants include 

crude oil and toxic heavy metals. Furthermore, I will discuss SMEES as agricultural probiotics 

and even as fashion dyes. Additional information on the biotechnological and pharmaceutical 

roles of phenazines can be found in a review of Pierson, et al. (Figure 22) [118]. 

                   

 

Figure 22: The Various Physiological, Biotechnological, and Pharmaceutical Roles of 

Phenazine Natural Products. Adapted from Pierson, et al.  
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Microbial Fuel Cells 

 

Microbial fuel cells are essentially batteries made from redox active microorganisms 

[119]. They are able to convert chemical energy into electrical energy by tapping into the cells’ 

redox reactions and channeling electrical current to an external device, perhaps an 

ammeter/voltmeter or a low wattage device [119]. Microbial fuel cells typically exist as either 

one of two types, either closed or open systems.  

 

Closed systems resemble a classical half-cell, with one side being the anode, the other a 

cathode, a salt bridge to allow for charge equilibrium, and a wire connecting the two for 

electrons to pass through [119]. Typical microbial fuel cells contain a copper cathode and a zinc 

anode, although many different metals are known to be used, such as gold and platinum. 

Furthermore, closed microbial fuel cells can contain electrically active bacterial cultures in the 

cathode and/ or the anode side of the half-cell [119]. This is dependent on the metabolism of the 

bacteria, what substrates are being reduced and oxidized, and if there is an exogenous dye being 

added to the cultures [119]. 

 

Open microbial fuel cells resemble the basic structure of a closed MFC but are not separated into 

half cells [119]. Instead open MFCs are exposed to an environment where both the anode and 

cathode are exposed and separated only by distance. This allows an open MFC to utilize the 

reducing power of environmental bacteria, while oxidizing natural substrates [119]. This allows 

for long term power generation, without the need of replenishing nutrients or cultures as would 
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be required in a closed system [119]. Open MFCs have been tested in ocean sediments, 

particularly by the US Navy, and were able to power low wattage devices for extended periods 

of time [28]. Open MFCs have also found use in generating power in wastewater treatment 

plants, and even in an Australian brewery by creating energy from brewery wastewater [42]. 

 

Microbial fuel cells are an exciting green alternative to conventional fossil fuels and 

overcome some of the dependencies of wind and solar energy (as they can generate power 

without any environmental stimuli). One major downside to microbial fuel cells, however, is that 

they can only generate low wattages [119]. This is because both open and closed MFCs are 

hampered by extremely high resistances [119]. Unlike a classical battery, MFCs require various 

non-redox active substrates and growth media that cater to optimal bacterial growth. This, 

coupled with the fact that they are usually found in aqueous environments, means that resistance 

is a formidable obstacle. Future research will hopefully find ways to circumvent this issue. Many 

research groups, as well as nonprofit organizations, are hopeful to create long lasting, high 

powered microbial fuel cells which could provide energy to communities in the Global South 

[42]. 

 

Furthermore, it has been found that several producers of redox active small molecules aid 

in the power generation of closed system microbial fuel cells [33,34,97-99,120]. These include 

the phenazine producer Pseudomonas aeruginosa and the production of pyocyanin, as well as the 

quinone producer Shewanella oneidensis (although this bacterium is able to generate power 

through a variety of mechanisms) [33,34,120]. 
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Redox-Active Pharmaceuticals  

 

This section will detail the pharmaceutical applications of some redox-active small 

molecules, as well as the known bioactivity of certain SMEESs. While there are too many 

approved redox-active pharmaceuticals to list in this section, I will focus primarily on some of 

the molecules mentioned throughout this thesis. Interestingly, many redox active metabolites, 

such as the phenazine pyocyanin, have multifaceted biological activities, affecting bacterial, 

fungal, cancer, and even parasitic activity screens.  

 

Some of the best known redox-active molecules that I have included in this thesis are 

doxorubicin and tetracycline. These potent natural products were originally isolated from two 

different Streptomyces species. Doxorubicin has been developed for its anticancer capabilities, 

mainly as a treatment for breast cancer, Kaposi's sarcoma, and acute lymphocytic leukemia. 

Doxorubicin is well known to generate reactive oxygen species in cancer cells as one part of its 

multifaceted mechanisms of action [121]. Additionally, it has been noted that mitochondrial 

cytochrome p450 catalyzes doxorubicin redox cycling in cancer cells [121]. Tetracycline, on the 

other hand, is best known for its use as a broad-spectrum antibiotic used against Gram-positive 

and Gram-negative bacteria [122]. This molecule is known to have a significant redox potential, 

but whether or not its mechanism of action contains any redox active steps is not known at this 

time.  
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Furthermore, there are other well-known natural product therapeutics with chemical 

moieties resembling those of well-known electron shuttles, particularly phenazines. Some of 

these molecules include the anticancer drug actinomycin D and the anti-leprosy agent 

clofazimine. Although these drugs are not known to have a specific redox-active mechanism of 

action, it could still be possible that they generate reactive oxygen species [123,124]. 

Additionally, the phenazine moiety has been used as a starting point for several combinatorial 

drug discovery efforts [125]. 

 

Apart from the approved drugs listed above, several SMEES have been noted to have 

potent biological activities. Phenazine metabolites, such as pyocyanin and phenazine 1,6-

dicarboxylic acid have been known to possess both anticancer and antibacterial activities. 

Pyocyanin has been documented to be toxic towards the human pancreatic cancer cell line (Panc-

1) while PDC has shown activity towards HT29, HeLa, and MCF7 cell lines. Phenazines are also 

widely known for their broad-spectrum antibiotic abilities [126,127].  

 

Bioremediation of Toxic Heavy Metals and Crude Oil 

 

Various types of bacteria are able to engage in the bioremediation of toxic metals, toxic 

molecules, and crude oil. This section will give a brief overview of ways that SMEES and their 

producers can aid in bioremediation of these undesirable substances. One of the best 

characterized examples of microbial bioremediation of toxic heavy metals by dissimilatory metal 

reducing bacteria Shewanella oneidensis and Geobacter sulfurreducens [112,113]. Both of these 
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organisms have been isolated from toxic metal dump sites. Additionally, they are known to 

respire using a wide range of metal ions as a terminal electron acceptor [112,113].  

  

Furthermore, it has been found that some SMEES producing bacteria, including 

Pseudomonas aeruginosa can grow only with crude oil as a carbon source [127]. Interestingly, it 

was found that the endogenous production of phenazine 1,6-dicarboxylic acid increased the rate 

of crude oil degradation [127]. Furthermore, it has been noted that quinone metabolites, as well 

as exogenous humic substances, are capable of degrading crude oils [128]. Additionally, it has 

been reported that Pseudomonas aeruginosa was able to corrode steel in a marine environment, a 

process which was aided by the production of pyocyanin [129].  

 

Fashion Dyes, Agricultural Probiotics, and Other Applications 

 

Outside of pharmaceuticals, microbial fuel cells, and microbial bioremediation, redox-

active natural products have been useful in a few other industries. One of the additional 

applications of SMEES is their use as agricultural probiotics [47]. It has been well documented 

that phenazine natural products can act as keystone metabolites in modulating the health of 

rhizobia microbiomes [14,47]. It has been found that both the exogenous addition and 

endogenous production of phenazines wards off infection of both pathogenic fungi and bacteria 

in several plant rhizospheres [47]. Because of this, several studies have proposed the use of 

phenazines and phenazine producing Pseudomonas bacteria as agricultural probiotics [47]. It is 
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thought that the regular inoculation of phz+ Pseudomonas could be financially beneficial to 

farmers [47]. 

 

One of the more unexpected applications of redox-active microbial natural products is the 

use of actinorhodin as a potential fashion dye [130]. A startup company, working in close 

collaboration with the prominent biotech incubator Gingko Bioworks, is hoping to biologically 

produce the brightly colored pigment and use it as a more sustainable material for the clothing 

industry [130]. This unusual application will hopefully set a precedent for more microbial 

biotechnology applications [130].  

 

Future Directions 

 

The future directions I will be proposing entail experiments that best suit the expertise, as 

well as the analytical tools, available in the Jensen lab. All of these studies would expand our 

current knowledge of phenazine distribution, environmental potential, and biosynthetic 

regulation. Furthermore, these studies will help to uncover when and how phenazines are 

produced in marine sediments, as well as where they can be found, and which bacteria produce 

them. While some of these studies build heavily off previous experiments, some are novel and 

will reveal previously unknown characteristics of marine natural products. 
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Time Course of Phenazine Induction 

This experiment was designed and proposed as my original master’s research project 

prior to the COVID-19 pandemic. Additionally, it expands on current research projects in the 

Jensen lab, which will not be mentioned at this time. This project is aimed at analyzing the 

temporal relationship between when a biosynthetic gene cluster is activated by an environmental 

factor, and when production of the natural product accumulates in significant quantities. As far 

as I am aware, this is the first research project aimed at analyzing the time it takes for a 

biosynthetic gene cluster to become active and yield its small molecule products. 

 

This project is designed to analyze how long it takes for various regulatory processes to 

commence before a small molecule natural product appears. It is a four-step process, in which 

measurements of the dissolved oxygen content of a culture are taken, followed by a (Q)RT-PCR 

experiment measuring transcription levels of key phenazine biosynthesis genes. From there, 

measurements of the amount of biosynthetic enzyme would be taken and quantified on an 

LCMS/MS designed for protein quantification, followed by a chemical extraction and tandem 

UV-LCMS/MS to measure the quantity of phenazine metabolites in a culture.  

 

This experiment would begin by growing cultures of the known streptophenazine 

producer, Streptomyces sp. CNB-091 [62]. Around a dozen to two dozen replicates of the strain 

would be shaken and grown in small, 50ml cultures until they reached early stationary phase. 

Once they reached early stationary phase, they would be removed from the shaker and normal 

metabolic activity would draw down the dissolved oxygen concentrations. At both designated 
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times and oxygen concentrations, several 50ml culture replicates would be homogenized in an 

anoxic environment and separated into three parts of equal volume. RNA-later would be applied 

to one third volume of each replicate for transcriptional analysis, while protein extraction would 

commence for an additional third, and a final third would be subjected to solvent extraction of 

organic metabolites. RNA samples would be run on a digital droplet (Q)RT-PCR machine, 

protein samples would be run on a designated mass spectrometry machine, while the chemical 

extraction would be run on a high-resolution UV mass spectrometry machine. 

 

The results of this experiment could potentially show a temporally connected cascade of 

low oxygen induction, the rise of transcription levels followed by the translation of phenazine 

biosynthetic proteins, and ultimately, the production of phenazine metabolites. As mentioned 

previously, to my knowledge, there has yet to be a study analyzing this process in a microbial 

secondary metabolic system.  

 

Phylogenetic Analysis of Core Phenazine Biosynthesis Genes 

 

While several studies have analyzed the phylogenetic distribution of phenazine 

biosynthesis genes, no study that I am aware of has looked at this through a high throughput lens. 

With the advent of more powerful computers, and more comprehensive online repositories, it is 

now possible to conduct phylogenetic analyses that are much more comprehensive.  
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Fitzpatrick sought to analyze the possibilities of horizontal gene transfer of the phenazine 

biosynthesis gene cluster; he did this with only a few dozen bacterial genomes [55]. Public 

repositories, such as IMG-ABC, or Patric, contain as many as ten thousand bacterial genomes 

with core phenazine biosynthesis genes. In this study, I propose the use of high throughput 

computational pipelines to create a more comprehensive view of the phylogenetic distribution of 

phenazine biosynthesis genes. As many as ten thousand phzABCDEFG genes can be found on 

the Patric database, and their download and manipulation could be quite straightforward. 

Combining this with the computational power of supercomputers, such as the San Diego 

Supercomputer, and more powerful gene alignment tools, it may be possible to create 

phylogenetic trees with thousands of branches, similar to bacterial taxonomic studies. With large 

scale studies such as this, it may be possible to uncover the origins of phenazine biosynthetic 

genes along with how widespread they are distributed. Furthermore, a high throughput study 

such as this one could provide a greater resolution of possible horizontal gene transfer events 

between distant, or similarly related taxa. 

 

Comparison of Whole Biosynthetic Gene Cluster 

 

Simple tree based phylogenetic analyses can only give so much information on the 

diversity and relationships of biosynthesis genes. Additionally, it is difficult to have a clear 

understanding of how entire biosynthetic gene clusters (BGCs) relate to one another. Fortunately, 

new computational tools are being developed all the time. With the advent of in silica 

biosynthetic gene cluster identifiers such as AntiSMASH, BGCs can now be rapidly identified in 
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bacterial genomes. The computational tool Big-SCAPE and its data visualizer CORASON build 

on these advancements [131]. 

 

Big-SCAPE can create sequence similarity networks of an entire biosynthetic gene 

cluster (analogous to molecular networking based on MS2 fragmentation) [131]. The information 

that it outputs can give insight into how BGCs are related across distant taxa along with 

differences and inconsistencies between different groups [131]. Furthermore, it may provide 

greater insight into how horizontal gene transfer events may have occurred. The project that I am 

suggesting is the use of BiG-SCAPE to analyze the entire phenazine BGC in a semi high 

throughput fashion (of around 100-200 representative genomes) to gain greater insight into the 

diversity of the phenazine BGC. 

 

Quantitative Metagenomic Approach for Detection of Biosynthetic Genes in Marine Sediments 

 

The next experiment I would like to propose as a possible future direction would directly 

aid in our current understanding how phenazines are distributed in marine sediments. The Jensen 

lab has access to many sediment core samples from diverse sedimental regions. These samples 

could be screened for phz+ metagenomes in a similar manner to the study undertaken by Dar, et 

al., which looked at the distribution of phenazine positive genomes in soil and rhizosphere 

samples [14]. A similar workflow to the one used in that study could be implemented and 

adapted to marine sediments. A study such as this one could give insight into how widespread, 

and which bacteria may be producing phenazines in the marine sedimental environment. 
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Furthermore, this is the first study, to my knowledge, that would be investigating phenazine 

production, and ecological relevance, in a marine environment.  

 

Targeted Environmental Metabolomics for Redox-Active Metabolites 

 

The Jensen lab has been a pioneer in the field of microbial environmental metabolomics. 

Previous lab projects, such as Tuttle, et al., were able to identify known producers of certain 

metabolites, along with metabolite detection in the same environment [132]. This was done by 

utilizing resin capture techniques (which were originally designed for monitoring toxin 

production in harmful algal blooms) [132]. Current research in the lab is optimizing this 

workflow and improving on the detection limits of metabolites in the environment. It may be 

possible to employ a targeted environmental metabolomic approach in an attempt to quantify the 

amount of phenazine (and other SMEES) production directly in marine sediments.  
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