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DISSERTATION ABSTRACT 

 Extracellular electron transfer (EET) is a bioelectrochemical pathway in which 

microorganisms reduce electron acceptors in their environment. Through EET, microorganisms 

can enhance energy conservation and balance intracellular redox homeostasis while 

simultaneously reducing their extracellular environment. Outside of these direct impacts EET-

capable microbial metabolism, the broader effects of EET in conducive environments remain 

underexplored outside of applications for microbial fuel cells. Chapter 1 of this dissertation 

focuses on the EET capabilities of bacteria found in diverse plant- and animal-associated niches, 

including the plant rhizosphere, animal mucosal surfaces, and during the fermentation of plant 

and animal foods. Ecological impacts of EET metabolism are explored, including the modulation 

of metal uptake by plants, the growth and proliferation of pathogenic bacteria in mucosal niches, 

and the increasing environmental acidification and reduction potential during food fermentations. 

 Food fermentations are of particular interest regarding EET due to the impact of lactic 

acid bacteria (LAB), a diverse group of Gram-positive organisms characterized by their 

production of lactic acid during fermentation. LAB are found in diverse environmental, plant, 

mammal, and insect-associated microbiomes, and used in the fermentation of hundreds of foods 

and beverages. In Chapter 2, the EET is identified and explored in Lactiplantibacillus plantarum, 

a model organism for studying LAB. We characterized L. plantarum EET through the reduction 

of extracellular, insoluble ferrihydrite (iron(III) oxyhydroxide) and the generation of current with 

a graphite anode. The genetic conservation of the L. plantarum flavin-mediated EET (FLEET) 

locus was identified in other LAB and led to the discovery that LAB EET required Ndh2 (a type-

II NADH dehydrogenase) and conditionally required PplA (a membrane-associated flavin-

binding reductase) for iron reduction or current generation. The metabolic impacts of EET were 
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also quantified and these data showed that L. plantarum had a shorter lag phase, greater cell 

abundance and viability, greater intracellular ATP and NAD+/NADH under EET-conducive 

conditions. Furthermore, L. plantarum EET was demonstrated during the fermentation of kale 

juice and increased environmental acidification. 

With the physiological impacts of EET on L. plantarum characterized, we turned towards 

exploring the role of quinones, an indispensable class of electron shuttles used by all bacteria for 

EET. In Chapter 3, the specificity of quinones and their physiological and ecological impacts on 

L. plantarum EET was explored. L. plantarum growth with DHNA led to membrane-associated 

menaquinone production but was not sufficient to stimulate EET in the absence of an exogenous 

DHNA. Instead, co-exposure of L. plantarum to DHNA during growth and EET significantly 

increased iron reduction at both high and low, environmentally relevant concentrations. DHNA 

and other quinones inhibited L. plantarum growth via hydrogen peroxide production and induced 

expression of oxidative stress response genes and redox-associated amino acid metabolism and 

transport. However, co-exposure of DHNA and ferric iron, a terminal electron acceptor, reversed 

these effects and partially restored L. plantarum growth. Other purified, naphthoquinone-based 

compounds, as well as spent cell-free growth medium from the LAB Lactococcus lactis and 

Leuconostoc mesenteroides was also sufficient in stimulated L. plantarum EET. Furthermore, we 

confirmed quinone cross-feeding in situ by showing that L. plantarum in co-culture with these 

LAB results in enhanced iron reduction and accelerated environmental acidification. 

Taken together the results of this dissertation highlight a novel metabolic pathway present 

in L. plantarum and other LAB and explores both the physiological and ecological impacts of 

EET on niches inhabited by EET-capable LAB. These findings inform the use of LAB during the 
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fermentation of foods and beverages, during which successful outcomes as well as modulating 

flavor profiles may be achievable using EET.
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Abstract 

 Extracellular electron transfer (EET) is a bioelectrochemical process demonstrated by 

bacteria found in host-associated environments, including plant and animal ecosystems, and in 

fermenting plant and animal foods. In the plant rhizosphere, electron acceptors support the 

growth of electroactive bacteria which may influence iron and heavy metal uptake by plants. In 

animal microbiomes, EET reduces diet-derived iron in the guts of soil-dwelling organisms and 

supports the growth and colonization of pathogens in the mammalian oral cavity, intestine, and 

lungs. During the fermentation of plant materials and bovine milk, certain lactic acid bacteria use 

EET to increase growth and environmental acidification, as well as decrease environmental 

oxidation-reduction potential (ORP). EET is thus an important metabolic pathway for 

microorganisms which has implications for ecosystem function, microbial interactions with host 

tissues, as well as biotechnological applications. 

 

Introduction 

Electron flow directs the lives of all organisms (Zerfaß et al., 2019). Oxidative and 

reductive reactions, collectively referred to as “redox reactions,” control the thousands of 

biochemical reactions required for energy conservation, cell growth, and stress response 

(Shimizu, 2013; Trachootham et al., 2008). Organisms that have greater flexibility with 

intracellular redox-maintenance pathways can adapt to a wider range of extracellular redox 

environments. One example of this is exoelectrogenic bacteria (Logan et al., 2019). These 

microorganisms can directly couple intracellular redox reactions with the reduction of 

extracellular electron acceptors through a process known as extracellular electron transfer (EET) 

(Kracke et al., 2015). Electron transfer from exoelectrogens can occur through either direct 
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electron transfer (DET) or mediated (indirect) electron transfer (MET) (Lovley and Holmes, 

2022). DET requires physical contact with environmental electron acceptors (Shi et al., 2016), 

and includes the use of microbial  “nanowires” or conductive pili (Feliciano et al., 2015; Gorby 

et al., 2006). MET systems require an electron shuttle (e.g., flavins, quinones, phenazines, etc.) 

to transfer electrons from cells to terminal electron acceptors (Glasser et al., 2017). By using 

EET, exoelectrogens can maintain the balance of intracellular redox couples (such as 

NAD+/NADH or FAD/FADH2) and conserve energy by exporting electrons derived from energy 

harvesting pathways to terminal electron acceptors in their environment (Huang et al., 2018). 

Thus far, most studies on EET-capable microorganisms, and specifically bacteria, have 

focused on Shewanella oneidensis and Geobacter sulfurreducens, Gram-negative, soil-dwelling 

bacteria in the Proteobacteria phylum (Shi et al., 2016). The capacity for these bacteria produce 

electricity in microbial fuel cells (MFCs) has received significant interest (Deng et al., 2012; 

Heydorn et al., 2020; Kato, 2015; Ucar et al., 2017). However, it is now evident that EET 

metabolism is not limited to a few bacterial species, but is pervasive among diverse 

microorganisms in all three domains of life including yeasts, such as Saccharomyces cerevisiae 

and Candida melibiosica, and archaea like Pyrococcus furiosus and Geoglobus ahangari (Logan 

et al., 2019). These electroactive microorganisms reside in diverse habitats, ranging from 

extreme thermal or acidic environments to mesophilic aquatic, terrestrial, and host-associated 

sites (Koch and Harnisch, 2016; Logan et al., 2019). The phylogenetics and metabolic pathways 

of EET-capable microbes have been discussed in several recent reviews (Koch and Harnisch, 

2016; Logan et al., 2019; Lovley and Holmes, 2022; Shi et al., 2016). This review emphasizes 

the diversity and activities of EET-capable microorganisms associated with the tissues of plant 

and animal microbiomes. We emphasize the interactions of these organisms with biotic and 
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abiotic factors in their respective environments, their ecological impacts, and the potential for 

using EET metabolism to benefit plant and human health. 

 

EET in the rhizosphere 

 Microorganisms colonize above- and below-ground plant tissues including leaves, stems, 

flowers, fruits, vegetables, and roots (Leveau, 2018). Thus far, EET-capable bacteria have only 

been isolated from the rhizosphere, or the narrow zone of soil that is influenced by root 

secretions (Kabutey et al., 2019) (Figure 1 and Table 1). General evidence of electroactive 

microbes in the rhizosphere stems, in part, from the finding that electricity generation from the 

rhizosphere is tied to root exudation of carbon sources from plant metabolism (Kaku et al., 

2008). Several trials have also succeeded in harnessing electrical current from the rhizosphere of 

various plants using electrodes (Kouzuma et al., 2014). Unlike other sites on plants, the 

rhizosphere may be particularly suited for EET because of the abundance of humic acids (HA). 

HAs, a heterogenous group of redox-active organic molecules which make up over 60% of all 

soil organic content (Trevisan et al., 2010), can serve as electron shuttles to reduce soil-

associated iron (Fe3+) and manganese (Mn4+) through MET (Asli and Neumann, 2010; Benz et 

al., 1998; Rengel, 2015). Iron availability, influenced by its redox state, is of particular 

importance due to its impact on both plant and microbial growth (Lurthy et al., 2020). For 

example, iron(II) is far more bioavailable than iron(III), and the activity of dissimilatory iron-

reducing bacteria in the rhizosphere was associated with increased iron uptake by plants and 

greater plant growth (Robin et al., 2008; Valencia-Cantero et al., 2007). 

 Several genera recognized to posses EET metabolic pathways have been found in the 

rhizosphere. Geobacter, a bacterial genus with known EET capacities, has been identified in the 
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rhizospheres of rice paddies (Holmes et al., 2017; Kouzuma et al., 2013; Lu et al., 2019; 

Schamphelaire et al., 2010), reed mannagrass (Timmers et al., 2012), and other wetland plants 

(Weiss et al., 2004) at relative abundances ranging from 0.3 to 3% total bacteria. Several reports 

have demonstrated Geobacter species capable of reducing 9,10-Anthraquinone-2,7-disulphonic 

acid (AQDS), a soil HA-analogue, which resulted in increased iron reduction and Geobacter 

growth (Chen et al., 2016; Komlos and Jaffé, 2004; Voordeckers et al., 2010). The addition of 

108-109 CFU/mL G. metallireducens to the rhizosphere of common cattail (Typha latifolia) 

coincided with a 2-fold increase in iron(III) reduction at those sites compared to the bulk soil 

(Weiss et al., 2004). Increased iron reduction was also found closer to the roots of Phragmites 

australis and Spartina alterniflora where Geobacter was more abundant, compared to the 

surrounding bulk soil (Liu et al., 2019; Luo et al., 2018). 

Geobacter species can also donate electrons to other rhizosphere microbes such as 

methanogenic archaea (methanogens) through direct interspecies electron transfer (DIET) (Kato 

and Igarashi, 2018). Methanogens are abundant colonizers of the rhizospheres of freshwater 

marshes and rice paddies (Lee et al., 2015; Lin et al., 2017), and can range from 37% to 88% of 

all archaea present in those sites (Lee et al., 2015, 2014). Methanogenic archaea reduce carbon 

dioxide to methane with an electron donor present (primarily H2) (Rowe et al., 2019). However, 

several studies have shown that Geobacter is capable of supplying these electrons for archaeal 

methanogenesis, and that DIET promotes syntrophic growth for both groups of microorganisms 

(Igarashi et al., 2020; Kato and Igarashi, 2018; S. Zheng et al., 2020). In rice paddy soils 

amended with nano-Fe3O4 and anthraquinone-2-sulfonate (AQS), another HA-analogue, an 

increased production of methane was associated with higher abundances of Geobacteraceae and 

Methanosarcinaceae (Li et al., 2015). However, when nonconductive, silica-coated nano-Fe3O4 
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was used instead, less methane production and growth of Geobacteraceae occurred. Likewise, 

another study found that only methanogens previously shown to perform DIET (Methanotrix 

spp. and Methanosarcina spp.) were most abundant in rice paddy soils (Holmes et al., 2017). 

This coincided with increased transcription of archaeal genes associated with methane 

production and Geobacter pilin genes involved in DET. These findings suggest that DIET 

between Geobacter and methanogenic archaea may contribute to the significant methane 

production from rice paddy soils. 

 The cable bacteria comprise a group of multicellular, filamentous, and EET-active 

microbes in Desulfobulbaceae family (Trojan et al., 2016). First identified in marine sediments 

(Pfeffer et al., 2012), these microorganisms are termed cable bacteria because they were shown 

to conduct long-range DET up to centimeters in length, potentially through conductive 

periplasmic fibers (Meysman et al., 2015). Cable bacteria have been identified in the 

rhizospheres of numerous aquatic plants at concentrations ranging from 0.01% to over 10% total 

bacteria (Scholz et al., 2021). Electrical potential profiling is used to measure the electroactivity 

of cable bacteria, and in one study, cable bacteria attached to the roots of Littorella uniflora were 

shown to generate an electric field up to centimeters in length (Scholz et al., 2019). EET allows 

cable bacteria to conserve energy by coupling oxidation of sulfides beyond the rhizosphere to the 

reduction of oxygen released from root hairs (Müller et al., 2020; Scholz et al., 2019). EET from 

cable bacteria may also influence plant health, as concurrent environmental acidification from 

sulfide oxidation changes the redox state of metals like iron or arsenic and affects their uptake by 

plants (Scholz et al., 2021; Wagner et al., 2020). 

Comamonas is another genus of exoelectrogenic, rhizosphere-associated bacteria (Yu et 

al., 2015). These bacteria have been found in the rhizospheres of rice paddies (Lu et al., 2006),  
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Capsicum annuum (Zhang et al., 2019), and Zea mays (Yang et al., 2017) at approximately 1% 

of the total bacteria. Although in situ characterization of Comamonas EET in the rhizosphere has 

yet to be shown, instances of Comamonas EET in other environments may suggest potential 

activity in the rhizosphere. For example, Comamonas koreensis strain CY01 was shown to 

reduce both iron(III) and AQDS under laboratory conditions, and this activity coincided with 

degradation of the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) (Wang et al., 2009; Wu et 

al., 2009). Comamonas and Comamonadaceae can also be enriched when electrodes are placed 

in the rhizosphere to create a rhizosphere-MFC (Kouzuma et al., 2013; Timmers et al., 2012).  

Lastly, Clostridium is one more bacterial genus in rhizosphere associated with EET 

metabolism. Clostridium comprises ~2% of the rhizosphere microbiome of tropical seagrass (X. 

Zhang et al., 2020), ~3% in two mangrove tree species (Gomes et al., 2014), and ~6% in the 

cucumber rhizosphere (Jia et al., 2018). Like with Geobacter, relative abundance of Clostridium 

was found to be higher in the rhizosphere of rice plants when compared to the surrounding bulk 

soil (Dai et al., 2020). The greater abundance of Clostridium also coincided with increased 

dissolved arsenic and iron in this rhizosphere. Clostridia like Clostridium acetobutylicum (Finch 

et al., 2011; List et al., 2019), Clostridium butyricum (Park et al., 2001), Clostridium beijerinckii 

(Dobbin et al., 1999), and yet classified species (Bhushan et al., 2006; Langner and Inskeep, 

2000) are known to reduce iron or arsenic (As5+), as well as AQDS and other rhizosphere HAs. 

Like with cable bacteria, clostridia EET not only promotes growth (Bhushan et al., 2006), but 

may also influence plant health by modulating the bioavailability of metals like iron and arsenic 

(Dai et al., 2020). 
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EET in the animal microbiome 

Animals and humans harbor diverse microbiomes, with different microorganisms 

colonizing each mucosal site. The human body for example, contains trillions of microorganisms 

(Sender et al., 2016) and microbial composition differs between bodily sites under influences 

from both genetic and environmental factors (Blekhman et al., 2015). EET electron acceptors, 

such as redox-active metals acquired from diet or environmental sources, are also associated with 

host cells (Kalinowski et al., 2016; Kozlowski et al., 2007) and frequently contact mucosal 

surfaces (Bhattacharyya et al., 2014; Kesarwala et al., 2016). Coincidentally, EET-capable 

bacteria have been identified microbiomes of animals like termites, mice, and humans (Figure 2 

and Table 2), and specifically, within the mucosal niches of the oral cavity, gut, and lungs. 

 

Oral cavity 

The oral cavity has the second-most diverse microbiome on the human body and contains 

complex biofilm communities on the teeth, tongue, and other oral surfaces (Caselli et al., 2020; 

Hall et al., 2017). Filamentous, electroactive bacterial structures were first reported in the 

extracellular biofilm matrix of necrotic bone samples from human patients with bisphosphonate-

related osteonecrosis of the jaw (BRONJ) (Wanger et al., 2013). The conductivity and resistivity 

of the bacterial nanowires are similar to those found in S. oneidensis (Gorby et al., 2006), and 

this activity was hypothesized to accelerate the destruction of bone tissue (Wanger et al., 2013). 

Electroactive bacterial biofilms were also found on titanium dental implants, and these biofilms 

were determined to be responsible for greater biocorrosion under EET-conducive conditions 

(Pozhitkov et al., 2015). Corrosion of dental implants can lead to peri-implantitis and result in 

soft tissue inflammation, and in more serious cases, bone loss and implant failure (Persson et al., 
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2001). 16S rRNA sequencing of the biofilm microbial communities under EET-conducive 

conditions showed enrichment of EET-capable bacterial genera including Enterococcus, 

Lactobacillus, and Geobacillus (Gurumurthy et al., 2019; Pozhitkov et al., 2015). Thus, the 

growth of electroactive microorganisms on these oral implants may lead to implant corrosion and 

potentially peri-implantitis. 

Electroactivity has been identified in several oral pathogens. For example, Streptococcus 

mutans, the primary cause of dental carries (Forssten et al., 2010), was shown to perform EET 

through current production (Naradasu et al., 2020a). This activity promoted electrode 

attachment, facilitated cellular energy production, as was associated with cell surface-localized, 

redox-active enzymes, as determined by differential pulse voltammetry. S. mutans is commonly 

found in peri-implantitis biofilms (Laosuwan et al., 2018) and two studies have identified S. 

mutans as capable of growth on, and corrosion of titanium implant screws (Meza-Siccha et al., 

2019) and aluminum/copper dental alloys (Zavanelli et al., 2015). The Streptococcus genus was 

also associated with corrosive titanium implant biofilms under EET-conducive conditions 

(Pozhitkov et al., 2015). Given this evidence, it is possible that S. mutans uses EET for enhanced 

growth on dental implants, leading to the acceleration of implant corrosion. 

EET has been demonstrated for other oral pathogens associated with peri-implantitis. 

Similar to S. mutans, Aggregatibacter actinomycetemcomitans was able to directly attach to an 

electrode for EET and contained redox-active proteins with transition metal centers in the outer 

membrane (Naradasu et al., 2020b). Electroactivity and electrode attachment was also observed 

for Porphyromonas gingivalis in the same study, but redox-active surface proteins were not 

found. Both A. actinomycetemcomitans (Freire et al., 2011) and P. gingivalis can establish 

biofilms on titanium implant screws (Meza-Siccha et al., 2019). The same may also be true for 
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Corynebacterium matruchotii and Capnocytophaga ochracea, two other electroactive oral 

pathogens associated with peri-implantitis (Jakobi et al., 2015; Zheng et al., 2015). C. ochracea 

was shown to use soluble electron shuttles like menadione (Vitamin K3) and riboflavin for 

robust current generation (S. Zhang et al., 2020a), while C. matruchotii was hypothesized to 

adsorb redox-active mediators onto the cell surface for electron transfer (Naradasu et al., 2020c). 

Taken together, these oral pathogens may use EET like S. mutants for enhanced growth on, and 

corrosion of redox-active dental implants. 

 

Intestine/Gut 

 The intestine harbors a diverse microbiota with both cross-sectional and longitudinal 

heterogeneity (Miller et al., 2021). This heterogeneity is in part driven by the presence of 

electron donors and electron acceptors from diet-derived or host-derived sources (Miller et al., 

2021). Ferric iron is one such electron acceptor in the gut, and potential evidence of iron-

reducing gut microbes was observed in the soil-feeding termites Cubitermes 

orthognatus and Cubitermes umbratus (Kappler and Brune, 2002). Specifically, the reduction 

iron(III) and humic acids occurred in the midgut and hindgut, and a similar result was later seen 

in the dampwood termite Zootermopsis nevadensis gut (Vu et al., 2004). Gut suspensions from Z. 

nevadensis could also reduce iron(III) in vitro, as well as a Clostridium sp. and 

a Desulfovibrio sp. isolated from these suspensions. While the direct impact of gut-associated 

iron reduction on termite health it not yet known, the re-oxidation of iron(II) to iron(III) could 

generate ROS for degrading lignin like some terrestrial fungi (Kirk and Farrell, 1987). 

Outside of termites, other soil-dwelling organisms have been shown to harbor iron-

reducing bacteria. Reduction of humic acids and iron(III) was observed in the midgut, hindgut, 
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and feces of scarab beetle (Pachnoda ephippiata) larvae (Hobbie et al., 2012). Gut suspensions 

could similarly reduce iron(III) in vitro, and a Bacillus sp. isolated from these suspensions could 

reduce iron(III) in the presence of AQDS and fulvic acids derived from humus. A similar result 

was achieved with gut contents from the earthworm Pheretima guillelmi (Zhou et al., 2019). 16S 

rRNA sequencing of the microbial communities in these gut contents revealed the presence of 

dissimilatory iron(III)-reducing genera including Pseudomonas, Bacillus, and Clostridium. The 

reduction of iron by these soil-dwelling organisms may have larger implications for iron cycling 

in the environment, but further understanding is needed to quantify the effects of gut iron 

reduction on these hosts themselves. 

The mammalian intestine also harbors EET-capable microorganisms. Exoelectrogenic 

activity in the mammalian intestinal microbiota was first demonstrated in mice (Ericsson et al., 

2015). Current production from the microbiota differed between mice purchased from different 

vendors, and reverse transcription-PCR performed on the intestinal contents from electroactive 

microbiota revealed significant upregulation of two extracellular iron oxide respiratory c-type 

cytochromes (omcA and mtrC) associated with EET (Ericsson et al., 2015). Transmission 

electron microscopy and 16S rRNA PCR specific for segmented filamentous bacteria 

(Candidatus Arthromitus or SFB) detected these microorganisms only in mice with electroactive 

microbiota. Microbiota transfer from mice with electroactive microbiota to mice lacking 

electroactive microbiota through ileal scrape and gavage transferred current generating 

capabilities to the recipient mice microbiota. Moreover, the presence of electroactivity may have 

implications on the mammalian immune system. Transfer of electroactive microbiota resulted in 

greater recruitment of T and B cells towards to the gut (Ericsson et al., 2015). These findings are 

consistent with observations that both of these cell types undergo electrotaxis (Li et al., 2011). 



12 

Besides the association between current production and SFB, Faecalibacterium 

prausnitzii was shown to be current-producing as well (Khan et al., 2012a, 2012b). F. prausnitzii 

is a butyrate-producing member of the gut microbiome (Khan et al., 2012a). This microorganism 

is also strongly associated with promoting gut health by reducing intestinal mucosal 

inflammation and promoting intestinal barrier function (Lopez-Siles et al., 2017). One strain of 

F. prausnitzii (DSM 17677) was able to use flavins for MET to survive under ambient 

conditions, mitigate oxidative stress, and generate an electrical current (Khan et al., 2012a, 

2012b; Prévoteau et al., 2015). Because F. prausnitzii is a strict anaerobe (Prévoteau et al., 2015) 

and oxygen acts as a scavenger for electrons during EET (Lu et al., 2017), F. praunitzii may use 

EET to reduce oxygen while adherent to the gut mucosa for improved ecological fitness (Khan et 

al., 2012b). Thus, EET metabolism of this probiotic gut microorganism may have direct 

implications on promoting host intestinal health. 

Other intestinal commensals and probiotics have also shown EET capabilities. From the 

mouse intestinal bacterial collection (miBC), Clostridium cochlearium DSM 29358, 

Limosilactobacillus reuteri DSM 28673, and Staphylococcus xylosus DSM 28566 could produce 

an electrical current (Schwab et al., 2019). C. cochlearium DSM 29358 produced the most 

current out of all tested strains and cyclic voltammetry revealed that a soluble redox-mediator 

was responsible for facilitating EET. In comparison, current from L. reuteri and S. xylosus was 

ten-fold lower, and only L. reuteri cell-free supernatant produced a minor redox-related signal 

during cyclic voltammetry. We have also showed that the probiotic strains Lacticaseibacillus 

rhamnosus GG (Segers and Lebeer, 2014) and L. plantarum NCIMB8826 (Yin et al., 2017) 

could perform EET through iron(III) reduction and/or current generation (Tejedor-Sanz et al., 

2021). Some of these taxa, including members of the Lactobacillus-genus complex (J. Zheng et 
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al., 2020) and Clostridium were found to be associated with the electroactive gut microbiota 

from conventionally-raised mice, rats, and Guinea pigs (Wang et al., 2019). Whether EET 

capabilities of these microorganisms results in improved ecological fitness, and subsequently the 

promotion of host intestinal health, remains to be characterized though. 

Conversely, host health may be negatively affected by pathogenic, EET-capable 

microorganisms. For example, the food-borne pathogen L. monocytogenes can perform EET 

through current generation or iron(III) reduction, and this activity supported intracellular NAD+ 

regeneration and anaerobic growth under laboratory conditions (Light et al., 2018). Survival of 

an EET-null mutant (ndh2::tn) was also impaired in colonizing the mouse digestive tract versus 

the wild-type strain. These results coincide with findings in E. faecalis, a prominent gut 

commensal (Franz et al., 2011) and potential opportunistic pathogen (Keogh et al., 2018). E. 

faecalis was shown to reduce iron(III) (Hederstedt et al., 2020; Tejedor-Sanz et al., 2021), 

generate current (Hederstedt et al., 2020; Pankratova et al., 2019; Tahernia et al., 2020), and 

possess several genetic homologues to the flavin-mediated EET (FLEET) system in L. 

monocytogenes (Light et al., 2018). The reduction of iron by E. faecalis coincided with increased 

biofilm depth and a slight (yet not significant) increase in ATP in vitro (Keogh et al., 2018). 

Disruption of a putative FLEET genes, including ndh3 (encoding a type-II NADH 

dehydrogenase) or menB (encoding a demethylmenaquinone biosynthase) in E. faecalis strain 

OG1RF resulted in decreased biofilm depth in vitro and reduced cecal and colonic colonization 

in a mouse GI infection model compared to the wild-type strain (Lam et al., 2019). These data 

suggest that L. monocytogenes, E. faecalis, and potentially other EET-capable, intestinal 

pathogens like Staphylococcus aureus and Streptococcus agalactiae (Tahernia et al., 2020) may 

use EET for improved ecological fitness and colonization to the detriment of host health. 
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Lungs 

The lung is a relatively nutrient poor environment compared to the oral cavity or 

gastrointestinal tract, yet still supports a dynamic microbiome affected by oxygen availability 

(O’Dwyer et al., 2016) and the presence of redox-active metals (Healy et al., 2021). In particular, 

the availability of metals like iron play a significant role in host-pathogen interactions in the 

lungs (Healy et al., 2021). Pseudomonas aeruginosa, a pathogen associated with persistent lung 

infections in cystic fibrosis (CF) patients, can acquire bioavailable iron in the lungs through 

phenazine-mediated EET (Wang et al., 2011). Phenazines are a class of small, redox-active 

compounds produced and secreted by P. aeruginosa (Schiessl et al., 2019) which can act as 

electron shuttles for MET (Yong et al., 2014, 2011). Phenazine-1-carboxylic acid was shown to 

reduce extracellular (and host protein-bound) iron(III) to iron(II), and this activity was associated 

with greater biofilm production in a wild-type P. aeruginosa strain versus a phenazine-null 

mutant (Wang et al., 2011). Iron reduction and acquisition through phenazine-EET may 

contribute to P. aeruginosa persistence during infection as sputum from CF patients contain 

elevated levels of iron (Reid et al., 2007). Other ecological advantages for P. aeruginosa 

phenazine-EET have been described as well. Phenazine-EET promoted P. aeruginosa survival 

under anaerobic conditions (Glasser et al., 2014; Wang et al., 2010) which can exist in CF patient 

lungs (Tunney et al., 2008). Phenazine-EET by P. aeruginosa also promotes intracellular redox 

homeostasis via NAD+ regeneration, and this redox balance was associated with both P. 

aeruginosa biofilm morphology (Dietrich et al., 2013) and resistance to the clinical antibiotic 

ciprofloxacin (Schiessl et al., 2019). In summary, this evidence shows that phenazine-EET by P. 
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aeruginosa not only supports growth and survival, but potential recalcitrance to antibiotic 

treatment during lung infection of CF patients as well. 

 

EET in plant and animal food fermentations 

Further evidence of EET-capable microorganisms in host-associated microbiomes comes 

from the study of fermented foods. Fermented foods are foods and beverages made as result of 

intentional microbial growth and enzymatic conversion of food components (Marco, 2020). Most 

fermentations rely on the microorganisms present on the plant or animal food ingredients. 

Moreover, the consumption of these foods, and the microorganisms they can contain, are 

increasingly understood to benefit human health (Şanlier et al., 2019). A primary connection 

between plant and animal microbiomes, fermented foods, and health is with lactic acid bacteria 

(LAB). These bacteria, which are comprised of numerous phylogenetically and functionally 

diverse species in the Firmicutes phylum (Yu et al., 2020), are essential for the production of 

over 3500 foods, beverages, and silage (Tamang et al., 2016). There is also growing evidence of 

EET capabilities amongst LAB (Figure 1 and Table 3) which may influence the outcome of 

these food and beverage fermentations. 

We recently showed that Lactiplantibacillus plantarum could perform EET during food 

fermentations (Tejedor-Sanz et al., 2021). Specifically, we found that L. plantarum produced a 

robust current when fermenting kale juice in the presence of a polarized anode and with the 

additional supplementation of the exogenous quinone DHNA (1,4-dihydroxy-2-naphthoic acid). 

Under these conditions, L. plantarum also acidified the kale juice medium to a greater degree 

through an increase in fermentative flux via lactic and acetic acid production (Tejedor-Sanz et 

al., 2021). This activity suggests that EET-conducive conditions during food fermentations may 
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benefit L. plantarum and other LAB by resulting in a rapid acidification of the extracellular 

environment and inhibition of acid-sensitive, competing microorganisms (Gao et al., 2019). Kale 

leaf tissues (and other cruciferous vegetables) may also be an EET-conducive food matrix, as 

they contain several electron donor carbohydrates like simple sugars (e.g., glucose, fructose, and 

sucrose) and sugar alcohols (e.g., mannitol and sorbitol) (Thavarajah et al., 2016), as well as 

redox-active metals like iron and manganese which can act as electron acceptors for EET (Kim 

et al., 2017). 

EET metabolism in L. plantarum was also associated with a lower oxidation-reduction 

potential (ORP) of laboratory culture medium during fermentation. ORP, which is defined as the 

ratio of oxidative to reductive compounds in a given environment (Killeen et al., 2018), is an 

important variable during food fermentations. A low ORP is believed to inhibit the growth of 

spoilage organisms (Brasca et al., 2007; Olsen and Pérez‐Díaz, 2009) and improve flavor 

development in cheese (Morandi et al., 2016). Given the association of ORP reduction with EET 

capabilities in L. plantarum, evidence of EET among other LAB in food fermentations may be 

indicated by reductions in matrix ORP as well. For example, numerous studies have reported that 

the ORP of milk declines during the production of fermented dairy products by LAB, and that 

these ORP reduction kinetics are strain-specific (Abraham et al., 2013; Brasca et al., 2007; 

Cachon et al., 2002; Jeanson et al., 2009; Morandi et al., 2016). Reductions in milk ORP are not 

only due to the consumption and elimination of O2 (Larsen et al., 2015), but also through the 

reduction of other compounds in the milk matrix including thiols (Brasca et al., 2007) and amino 

acids (Kieronczyk et al., 2006). Milk also contains oxidized metals (Tachon et al., 2010) and 

electron shuttles like riboflavin (Vitamin B2) and quinones (Daniel and Norris, 1944; Walther et 

al., 2013) which may be utilized by EET-capable LAB. 
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Lactococcus lactis, an LAB commonly used in dairy fermentations (Cavanagh et al., 

2015), has been shown in several reports to perform EET through current generation (Freguia et 

al., 2009; Masuda et al., 2010; Tejedor-Sanz et al., 2021). Disruption or deletion of genes in L. 

lactis associated with menaquinone biosynthesis inhibited EET by preventing the reduction of 

colorimetric, redox-active salts on milk agar (Michelon et al., 2013; Tachon et al., 2009). 

Additionally, this reduced EET activity was associated with lower growth rate, higher ORP, and 

higher pH during milk fermentation (Tachon et al., 2010). Hence, L. lactis may use EET 

metabolism during the fermentation of milk for enhanced growth and environmental 

acidification. Several other predicted or demonstrated EET-capable LAB used in milk 

fermentations, including strains of E. faecalis, Enterococcus durans, Enterococcus faecium, L. 

plantarum, Lacticaseibacillus casei, and Lacticaseibacillus paracasei, could consistently reduce 

milk ORP during fermentation as well (Brasca et al., 2007; Morandi et al., 2016; Tejedor-Sanz et 

al., 2021). The capacity to lower milk ORP is not shared by all LAB though, including strains of 

Pediococcus pentosaceus, Lactobacillus helveticus, Lactobacillus delbrueckii subsp. bulgaricus, 

and Streptococcus thermophilus (Brasca et al., 2007; Cachon et al., 2002), which we previously 

determined to be deficient in EET activity or genes from the putative FLEET locus (Tejedor-

Sanz et al., 2021). However, other studies have reported that strains of L. bulgaricus (Carrasco et 

al., 2005) and S. thermophilus (Alwazeer et al., 2020; Morandi et al., 2016) could generate 

negative ORP during milk fermentation, which may signal that that milk ORP reduction by these 

LAB occurs through the reduction of other milk matrix components. 

Aside from vegetable and dairy fermentations, there are other plant- and animal-based 

fermentation matrixes which may be influenced by EET-capable LAB. Sourdough fermentations 

are one such environment where flavins and quinones are present in the dough or are produced 
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by bacteria (Capozzi et al., 2011; Rizzello et al., 2013). Fumarate, a recently identified electron 

acceptor for EET (Light et al., 2019), is also present (Lotong et al., 2000). Isolates of EET-

capable LAB species including L. plantarum (Landis et al., 2021), L. lactis (Passerini et al., 

2013), and E. faecium (Tan et al., 2013) have been found in the sourdough microbiome. 

Additionally, when used as the sole inoculated organism, both L. plantarum strain TMW 1.460 

(Capuani et al., 2012) and E. faecalis strain TMW 2.630 (Capuani et al., 2013) were able to 

greatly reduce ORP during sourdough fermentation. Wine is another potential EET-conducive 

environment rich in redox-active compounds like iron and copper, along with quinones and 

flavins (Andrés-Lacueva et al., 1998; Waterhouse et al., 2016). In particular, iron(II) and 

iron(III) complexes dominate wine ORP during fermentation (Killeen et al., 2018). Several EET-

capable LAB like L. plantarum (Virdis et al., 2021), L. casei (Virdis et al., 2021), 

Lactiplantibacillus pentosus (Nisiotou et al., 2015), and L. rhamnosus (Henríquez-Aedo et al., 

2016) have either been isolated from wine fermentations, or purposefully added to wine for 

malolactic fermentation. Lastly, meats are rich in metals like iron, copper, and manganese 

(Alturiqi and Albedair, 2012; Macho-González et al., 2020), and are commonly fermented with 

lactic acid bacteria to prevent lipid oxidation, improve shelf life, and prevent the growth of 

pathogenic microorganisms (Neffe-Skocińska et al., 2020; Neffe‐Skocińska et al., 2016). Two 

studies which monitored the fermentation of pork loins found that ORP significantly decreased 

when inoculated with a starter culture of L. rhamnosus LOCK900 (Kęska et al., 2020; Neffe-

Skocińska et al., 2020). 
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Applications of EET in host-associated habitats 

 Several lines of evidence suggest EET capabilities promote an ecological advantage for 

microorganisms inhabiting plant- and animal-associated environments. EET activity may also 

have direct effects on host health and the environment. Thus, the presence of electroactive 

bacteria in these plant and animal niches may be informative for several biotechnological 

applications of EET. In the rhizosphere, methanogenic archaea from rice paddies produce 11% 

of the world’s anthropogenic methane (CH4) emissions (Jiang et al., 2019). DIET between 

Geobacter and methanogens promotes methane production (Rotaru et al., 2014), and thus 

inhibition of DIET between Geobacter species and methanogens in the rice rhizosphere could 

reduce these emissions. Interruption of DIET in rice paddies could be achieved through the 

addition of soil amendments which promote oxygenation (Han et al., 2016; Jiang et al., 2019) as 

oxygen acts as an electron scavenger during EET (Lu et al., 2017). Alternatively, a recent study 

showed that one-time administration of an enriched cable bacteria culture (Ca. Electronema sp. 

GS) to rice-vegetated soils resulted in the oxidation of hydrogen sulfide and a two- to seven-fold 

reduction of methane emissions (Scholz et al., 2020). 

Another potential application of EET in the rhizosphere is altering the bioavailability of 

redox-active metals for plant health. One study found that administering 108 CFU/mL of 

dissimilatory iron-reducing bacteria led to improved growth and iron uptake in common bean 

plants (Valencia-Cantero et al., 2007). Iron bioavailability in the rhizosphere is low, especially in 

alkaline soils where iron predominately exists as iron(III) (Hsieh and Waters, 2016). Thus, 

administering EET-capable bacteria to these soils may improve iron uptake and growth of other 

plants. Conversely, EET-capable microorganisms could also be used to inhibit plant uptake of 

heavy metal contaminants. Heavy metals such as copper and cobalt are phytotoxic above certain 
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concentrations and can result in oxidative stress if assimilated by plants (Panda and Choudhury, 

2005). G. sulfurreducens as well as a species of Clostridium have been shown to reduce these 

metals and remove them from aqueous solution through biomineralization (Dulay et al., 2020; 

Hofacker et al., 2015; Kimber et al., 2020). Other heavy metals like technetium and chromium 

can also be reduced by Geobacter spp. (Shi et al., 2016). Hence, in situ reduction of these heavy 

metals in the rhizosphere and inhibition of plant uptake could be possible through administration 

of EET-capable, metal-reducing bacteria in contaminated rhizosphere soils. 

For human hosts, therapies aimed at inhibiting EET in human microbiomes may prevent 

the growth of pathogenic, EET-capable microorganisms. Titanium dental implants perform better 

for osseointegration than other materials, but their redox activity may promote the growth of 

electroactive pathogens like S. mutans and lead to accelerated corrosion and peri-implantitis 

(Pozhitkov et al., 2015). Nonconductive materials such as ceramics (Saini et al., 2015) could be 

incorporated into or coated onto titanium implants to dampen electrical conductivity. 

Sequestration of redox-active compounds or electron shuttles could be another method of 

inhibiting growth of electroactive pathogens. A recent study of the chronic kidney disease drug 

AST-120 found that this compound adsorbs several phenazines produced by P. aeruginosa and 

improves the survival of A-594 human lung epithelial cells treated with P. aeruginosa 

supernatants (Hirakawa et al., 2021). Use of similar compounds to adsorb phenazines may 

improve clinical outcomes for CF patients with recurring P. aeruginosa infections. Lastly, 

controlling iron availability in the intestine could limit its availability as an electron acceptor and 

inhibit proliferation of EET-capable pathogens associated with iron overload like L. 

monocytogenes and E. faecalis (Finlayson-Trick et al., 2020).  
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There are also uses of EET that may benefit the production of fermented plant and animal 

foods. Our findings of L. plantarum EET during kale juice fermentation showed that the relative 

production of flavor-imparting metabolites such as lactate and acetate (Chen et al., 2017) as well 

as environmental acidification was directly affected by EET-conducive or non-conducive 

conditions (Tejedor-Sanz et al., 2021). We also showed that ORP reduction, a factor which 

influences flavor development (Killeen et al., 2018; Morandi et al., 2016) and prevents the 

growth of spoilage organisms (Morandi et al., 2016; Olsen and Pérez‐Díaz, 2009), occurred 

through EET as well (Tejedor-Sanz et al., 2021). The use of polarized electrodes to drive 

fermentation, a process defined as electro-fermentation (Moscoviz et al., 2016), could be 

employed with EET-capable LAB such as L. plantarum to influence the flavor profile of 

fermented foods or beverages. Similarly, promoting ORP reduction and acidification through 

EET during LAB fermentations could further prevent the growth of competitive or spoilage 

microorganisms. 

 

Conclusions 

Bacterial EET metabolism has been identified in several environments including the 

rhizosphere, animal mucosal niches, and fermented foods and beverages. Ecologically, EET 

provides several benefits for capable bacteria such as improved energy conservation or host 

colonization, enhanced growth of microorganisms to conduct direct electron exchange with, or 

the potential inhibition of competitors through acidification or ORP reduction. In a broader view, 

EET may play a significant role in agriculture, food production industries, and human health. 

Thus, further characterization of the mechanistic and ecological underpinnings of EET in these 

environments should be explored to better assess the impacts of EET. 
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Tables 

Table 1. EET activity from rhizosphere-associated bacteria 

Organism Strain Environment / 
Electron acceptors 

Experimental outcome References 

Clostridium 
acetobutylicum 

ATCC 
824 

Clostridium growth 
medium w/ anode 

Electrical potential generated (0.14 V) (Finch et al., 
2011) 

Clostridium 
acetobutylicum 

ATCC 
824 

Clostridium growth 
medium w/ Fe(III) and 

AQDS or riboflavin 

Reduction of Fe(III); greater iron reduction when exogenous 
AQDS or riboflavin was supplemented 

(List et al., 
2019) 

Clostridium 
beijerinckii 

 Lake sediment w/ 
Fe(III) 

Reduction of Fe(III) (Dobbin et al., 
1999) 

Clostridium 
butyricum 

EG3 HEPES buffer w/ 
Fe(III) 

Reduction of Fe(III) (Park et al., 
2001) 

Clostridium sp.  Copper-contaminated 
soil w/ artificial 

floodwater 

Reduction of Cu(II) to Cu(0) (Hofacker et al., 
2015) 

Clostridium sp. 
CN8 

 Minimal salts medium 
w/ As(V) 

Reduction of As(V) to As(III) (Langner and 
Inskeep, 2000) 

Clostridium sp. 
EDB2 

 M1 medium w/ Fe(III), 
humic acids, or AQDS 

Reduction of Fe(III), humic acids, and AQDS (Bhushan et al., 
2006) 

Comamonas 
koreensis 

CY01 LB w/ 2,4-D and 
AQDS, Mineral salts 
medium w/ Fe(III) 

Reduction of AQDS; reduction of Fe(III) (Wang et al., 
2009) 

Comamonas 
koreensis 

CY01 Mineral salts medium 
w/ Fe(III) 

Reduction of Fe(III) (Wu et al., 
2009) 

Cable bacteria 
(Desulfobulbaceae) 

 Littorella uniflora 
rhizosphere 

Electrical potential generation (EPmax: 5.25 mV); greater 
electrical potential further from root surface and deeper into 

sediment column 

(Scholz et al., 
2019) 

Cable bacteria 
(Desulfobulbaceae) 

 Freshwater mineral 
medium with 
ferrihydrite 

Concurrent reduction of Fe(III) to Fe(II) with thiosulfate 
oxidation  

(Müller et al., 
2020) 

Geobacter 
metallireducens 

DSM7210 IEP-T Medium w/ 
graphene oxides and 

Direct electron transfer from G. metallireducens to M. bakeri 
with concurrent methane production 

(Igarashi et al., 
2020) 
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Methanosarcina 
barkeri 

Geobacter 
metallireducens 

GS-15 Mineral medium w/ 
Fe(III) or Mn(IV) 

Reduction of Fe(III) and Mn(IV) (Lovley et al., 
1993) 

Geobacter 
metallireducens 

GS-15 DSM 120 Medium w/ 
Methanobacterium 

strain YSL 

Direct electron transfer from G. metallireducens to M. bakeri 
with concurrent methane production 

(S. Zheng et al., 
2020) 

Geobacter 
metallireducens 

 Simulated wetland 
rhizosphere 

Reduction of Fe(III); greater reduction of Fe(III) from 
rhizosphere than bulk soil or when AQDS was added 

(Weiss et al., 
2004) 

Geobacter 
metallireducens 

 Fresh water medium w/ 
Methanosaeta spp. 

Direct electron transfer from G. metallireducens to 
Methanosaeta harundinacea with concurrent methane 

production 
 

No methane produced from M. harundinacea coculture with 
pilA deficient G. metallireducens  

(Rotaru et al., 
2014) 

Geobacter soli GSS01 Mineral salts medium 
w/Fe(III), Mn(IV), or 

AQDS 

Reduction of Fe(III), Mn(IV), and AQDS (Zhou et al., 
2014) 

Geobacter 
sulfurreducens 

 Soil w/ basal medium 
and AQDS 

Reduction of soil Fe(III) (Komlos and 
Jaffé, 2004) 

Geobacter 
sulfurreducens 

ATCC 
51573 

MOPS w/ Cu(II) Biomineralization and reduction of CuSO4 or CuCl2 to Cu2S (Kimber et al., 
2020) 

Geobacter 
sulfurreducens 

ATCC 
51573 

Freshwater medium w/ 
Fe(III) and As(V) 

Formation of reduced Fe(II) biominerals and reduction of 
As(V) from aqueous solution 

(Islam et al., 
2005) 

Geobacter 
sulfurreducens 

DL1 Mn(IV) oxide medium 
w/ Fe(III) or AQDS 

Less Fe(III) reduction by omcE, omcS, and omcT deletion 
mutants; almost equal Fe(III) reduction amongst all strains 

with AQDS supplementation 
 

Less Mn(IV) reduction by omcE and omcS deletion mutants 

(Mehta et al., 
2005) 

Geobacter 
sulfurreducens 

DL6 Osmotically balanced 
solution w/ humic acids 

Less AQDS or humic acid standard from single or compound 
deletion mutants of omcB, omcE, omcS, omcT, or omcZ 

(Voordeckers et 
al., 2010) 

Geobacter 
sulfurreducens 

PCA NB medium w/ anode 
or Fe(III) 

Less Fe(III) oxide reduction from pgcA deletion mutant; same 
Fe(III) citrate reduction and current generation from pgcA and 

wild-type (Imax: 200 μA/cm2) 

(Zacharoff et al., 
2017) 

Geobacter 
sulfurreducens 

PCA DB medium w/ Co(II) Biomineralization and reduction of Co(II) to Co(0) (Dulay et al., 
2020) 
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Abbreviations: 2,4-D – (2,4-Dichlorophenoxyacetic acid; AQDS - anthraquinone 2,6-disulfonate; EPmax – maximum electrical potential; Imax – 
maximum current; LB – Lauria-bertani medium; omcB/E/S/T/Z – outer membrane cytochrome; pgcA – extracellular multiheme cytochrome; pilA 
– electrically conductive pili structural protein;  “::tn” – transposon insertion mutant strain 

 

Table 2. EET activity from animal host-associated bacteria 

Organism Strain Environment / Electron 
acceptors 

Experimental outcome References 

Aggregatibacter 
actinomycetemcomitans 

Y4 Minimal defined medium 
w/ anode 

Current generation from lactate (Imax: 70 nA/cm2) 
and glucose (Imax: 25 nA/cm2) as electron donors; 
detection of secreted redox mediators and redox-

active cell-surface proteins 

(Naradasu et al., 
2020b) 

Bacillus sp. PeC11 Mineral medium with 
ferrihydrite and AQDS or 

fulvic acids 

Reduction of (III); increased iron reduction w/ 
AQDS or fulvic acids 

(Hobbie et al., 
2012) 

Capnocytophaga ochracea ATCC 
27872 

DSMZ 340 medium w/ 
anode 

Positive correlation between cell density and 
current generation (Imax: 75 nA/cm2); >10-fold 
increase in current w/ riboflavin or menadione 

(S. Zhang et al., 
2020b) 

Clostridium cochlearium DSM 
29358 

Firmicutes minimal 
medium w/ anode 

Imax: 0.53 + 0.02 mA/cm2; detection of secreted 
redox mediators 

(Schwab et al., 
2019) 

Clostridium sp. ZIRB-1 4YACo medium with 
Fe(III) hydroxide 

Reduction of Fe(III) (Vu et al., 2004) 

Corynebacterium 
matruchotii 

TCC 
14266 

Minimal defined medium 
w/ anode 

Current generation (Imax: 50 nA/cm2); detection of 
secreted redox mediators 

(Naradasu et al., 
2020c) 

Desulfovibrio sp.  4YACo medium with 
Fe(III) hydroxide 

Reduction of Fe(III) (Vu et al., 2004) 

Enterococcus avium 
(predicted) 

Gut-S1 Minimal defined medium 
w/ anode 

Current generation from acetate (Imax: 80 nA/cm2) 
and glucose (Imax: 120 nA/cm2) as electron donors 

(Naradasu et al., 
2019) 

Enterococcus faecalis ATCC 
19433 

Todd-Hewitt broth w/ 
anode 

Pmax: 17 μW/cm2 (Tahernia et al., 
2020) 

Enterococcus faecalis ATCC 
29219 

PBS w/ DHNA and 
Fe(III) 

Reduction of Fe(III) (Tejedor-Sanz 
et al., 2021) 

Enterococcus faecalis OG1RF TSB w/ FeCl3 and anode Current collected (100 mQ) in the presence of 
FeCl3; less current collected (40 mQ) from ldh1::tn 

(Keogh et al., 
2018) 
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Enterococcus faecalis OG1RF PBS w/ anode Current generated w/ OsRP-coated anode (Imax: 20 
μA/cm2); potassium ferricyanide (Imax: 28 μA/cm2), 
and menadione sodium bisulfite (Imax: 40 μA/cm2) 

 
No current from (DMK-null mutant) strain WY84 

unless w/ menadione sodium bisulfite (Imax: 31 
μA/cm2) 

(Pankratova et 
al., 2018) 

Enterococcus faecalis OG1RF TSB w/ ferric ammonium 
sulfate, potassium 

ferricyanide, or anode 

Less ferric ammonium sulfate reduction from strain 
WY84 (DMK-null mutant), or ndh3::tn, eetA::tn, 

and pplA::tn 
 

Less ferricyanide reduction from WY84, ndh3::tn 
and eetA::tn; greater ferricyanide reduction from 

pplA::tn 
 

With OsRP-coated anode; Imax: 38 μA/cm2 from 
OG1RF; less current from pplA::tn (Imax: 35 

μA/cm2), ndh3::tn (Imax: 24 μA/cm2); no current 
from WY84 

 
With graphite electrode and ferricyanide; Imax: 42 
μA/cm2 from OG1RF; more current from pplA::tn 

(Imax: 63 μA/cm2); no current from ndh3::tn or 
WY84 

(Hederstedt et 
al., 2020) 

Enterococcus faecium ATCC 
8459 

PBS w/ DHNA and 
Fe(III) 

Reduction of Fe(III) (Tejedor-Sanz 
et al., 2021) 

Faecalibacterium 
prausnitzii 

DSM 
17677 

PBS w/ DTNB Greater reduction of DTNB or current generation 
(Imax: 6 mA) with riboflavin 

 
 

(Khan et al., 
2012b) 

Faecalibacterium 
prausnitzii 

DSM 
17677 

PBS w/ anode Positive correlation between current generation and 
riboflavin concentration (Imax: 650 μA with 300 μM 

riboflavin) 

(Khan et al., 
2012a) 

Faecalibacterium 
prausnitzii 

DSM 
17677 

Salt solution w/ riboflavin 
and anode 

Positive correlation between current generation and 
riboflavin concentration (Imax: 145 μA with 13.8 μM 

riboflavin) 

(Prévoteau et 
al., 2015) 
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Klebsiella pneumoniae 
(predicted) 

Gut-S2 Minimal defined medium 
w/ anode 

Current generation from lactate (Imax: 30 nA/cm2) 
and glucose (Imax: 125 nA/cm2) as electron donors; 

detection of secreted redox mediator 

(Naradasu et al., 
2019) 

Lacticaseibacillus 
rhamnosus 

GG PBS w/ DHNA and 
Fe(III) 

Reduction of Fe(III) (Tejedor-Sanz 
et al., 2021) 

Limosilactobacillus reuteri DSM  
28673 

Firmicutes minimal 
medium w/ anode 

Imax: 0.05 + 0.02 mA/cm2 (Schwab et al., 
2019) 

Listeria monocytogenes 10403S Chemically defined 
medium w/ fumarate 

Fumarate to succinate; no reduction of fumarate 
from frdA deletion mutant 

(Light et al., 
2019) 

Listeria monocytogenes 10403S Listeria synthetic medium 
w/ ferric ammonium 

citrate or anode 

Fe(III) reduction (30 μM/min) and current 
generation (Imax: 22 μA/cm2); significantly less 

Fe(III) reduction or current from transposon 
insertions of FLEET locus genes 

(Light et al., 
2018) 

Porphyromonas 
gingivalis 

W83 Minimal defined medium 
w/ anode 

Current generation from glucose (Imax: 20 nA/cm2) 
as electron donor; detection of redox-active cell-

surface proteins 

(Naradasu et al., 
2020b) 

Pseudomonas aeruginosa CGMCC 
1.860 

LB w/ anode Wild-type; Imax: 2 μA/cm2 

rhlI and rhlR overexpression; Imax: 6 μA/cm2 
(Yong et al., 

2011) 
Pseudomonas aeruginosa PA14 AB medium w/ anode Greater phenazine-1-carboxylic acid production at 

higher applied voltages; Imax: 24 μA/cm2
 at 0.2 V 

(Bosire and 
Rosenbaum, 

2017) 
Pseudomonas aeruginosa PA14 Δphz MOPS culture medium 

w/ anode 
No current generated in absence of PYO; with 

PYO: 0.8 μA 
(Wang et al., 

2010) 
Pseudomonas aeruginosa PA14, 

KRP1, 
PAO1 

AB medium w/ anode Current production: KRP1 (Imax: 19 μA/cm2) > 
PA14 (Imax: 17 μA/cm2) > PAO1 (Imax: 4 μA/cm2) 

(Bosire et al., 
2016) 

Pseudomonas aeruginosa PAO1 LB w/ anode Wild-type; Imax: 500 μA/cm2 

phzM deletion mutant; Imax: 200 μA/cm2 
(Yong et al., 

2014) 
Staphylococcus auerus ATCC  

6538 
Todd-Hewitt broth w/ 

anode 
Wild-type; Pmax: 25 μW/cm2 

sirABC::tn; Pmax: 10 μW/cm2 

sstBCDA::tn; Pmax: 40 10 μW/cm2 

(Tahernia et al., 
2020) 

Staphylococcus xylosus DSM  
28566 

Firmicutes minimal 
medium w/ anode 

Imax: 0.04 + 0.01 mA/cm2 (Schwab et al., 
2019) 

Streptococcus agalactiae A909 Todd-Hewitt broth w/ 
anode 

Pmax: 14 μW/cm2 (Tahernia et al., 
2020) 
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Streptococcus mutans UA159 Minimal defined medium 
w/ anode 

Greater current generation from cells pre-grown in 
low pH (Imax: 50 nA/cm2) versus neutral pH (Imax: 
20 nA/cm2); detection of redox-active cell-surface 

proteins 

(Naradasu et al., 
2020a) 

Abbreviations: AQDS - anthraquinone 2,6-disulfonate; DHNA – 1,4 dihydroxy-2-napthoic acid; DMK – demethylmenaquinone; DTNB; 5,5’-
dithiobis-(2-nitrobenzoate); eetA – electron carrying protein; Imax – maximum current; LB – Luria-Bertani broth; ldh1 – lactate dehydrogenase; 
MOPS – morpholinepropanesulfonic acid; ndh2/3 – NADH dehydrogenase; OsRP – [Os(2,2′-bipyridine)2-poly(N-vinylimidazole)10Cl]2+/+; PBS 
– phosphate-buffered saline; phz – phenazine biosynthesis operon; Pmax – maximum power output; pplA – flavin-binding ferric reductase; PYO – 
pyocyanin; rhlR/rhlI – quorum-sensing genes; sirABC – iron ABC transporter system; sstBCDA – iron ABC transporter system; TSB – tryptone 
soy broth; “::tn” – transposon insertion mutant strain 
 

Table 3. EET-related activity from lactic acid bacteria used in food fermentations 

Organism Strain Environment / 
Electron acceptors 

Experimental outcome References 

Enterococcus durans 156, 175, 219, 222, M4A, 
VS258, VS263, VS266, 

VS268, VS269 

Skim milk Negative Ehmin for all strains; Avg. -120.5 + 29.0 
mV 

(Brasca et al., 
2007) 

Enterococcus durans Unspecified (66 strains) 1% fat milk Negative Ehmin for all strains; Avg. -152.32 + 
56.15 

(Morandi et al., 
2016) 

Enterococcus faecalis 195, 238, BK2, QK, 
AA4, Mora13, FK2, TO1, 

S13, VS368 

Skim milk Negative Ehmin for all strains; Avg. -221.1 + 13.4 
mV 

(Brasca et al., 
2007) 

Enterococcus faecalis Unspecified (193 strains) 1% fat milk Negative Ehmin for all strains; Avg. -237.31 + 
30.22 

(Morandi et al., 
2016) 

Enterococcus faecalis TMW 2.630 Sourdough Ehmin: -50 mV (Capuani et al., 
2013) 

Enterococcus faecium 62, 132, 67, 184, 180, 
FK5, FK6, FK7, 131, 174 

Skim milk Negative Ehmin for all strains; Avg. -137.7 + 31.3 
mV 

(Brasca et al., 
2007) 

Enterococcus faecium Unspecified (193 strains) 1% fat milk Negative Ehmin for almost all strains; Avg. -
123.73 + 51.06 

(Morandi et al., 
2016) 

Lacticaseibacillus 
casei 

BL23 PBS w/ DHNA and 
Fe(III) 

Reduction of Fe(III) (Tejedor-Sanz 
et al., 2021) 
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Lacticaseibacillus 
paracasei subsp. 

paracasei 

VS377, B10B, B1B, 
B2B, B3B, BB3, M5, 

JR1, JR2, JR3 

Skim milk Negative Ehmin for all strains; Avg. -169.1 + 13.8 
mV 

(Brasca et al., 
2007) 

Lactiplantibacillus 
pentosus 

BGM48 PBS w/ DHNA and 
Fe(III) 

Reduction of Fe(III) (Tejedor-Sanz 
et al., 2021) 

Lactiplantibacillus 
plantarum 

VS370, VSD1, BB2, H7, 
M38 

Skim milk Negative Ehmin for all strains; Avg. -153.8 + 18.2 
mV 

(Brasca et al., 
2007) 

Lactiplantibacillus 
plantarum 

WCFS1 Whole milk agar w/ 
tetrazolium salts 

Reduction of TTC, TV, and BT under N2 only (Michelon et 
al., 2013) 

Lactiplantibacillus 
plantarum 

NCIMB8826, ATCC 
202195, AJ11, 8.1, 

NCIMB700965, B1.3 

PBS w/ DHNA and 
Fe(III) 

Reduction of Fe(III) from all strains 
(NCIMB8826 > ATCC 202195 = AJ11 = B1.3) 

except 8.1 and NCIMB700965 

(Tejedor-Sanz 
et al., 2021) 

Lactiplantibacillus 
plantarum 

NCIMB8826 Mannitol-MRS or 
kale juice medium 

w/ DHNA and 
anode 

Current generation in mannitol-MRS (Imax: 120 
μA/cm2) and kale juice medium (38 μA/cm2) 

(Tejedor-Sanz 
et al., 2021) 

Lactiplantibacillus 
plantarum 

TMW 1.460 Sourdough Eh7start: 344.5 + 6.4 mV 
Eh7min: 30.9 + 13.1 mV 
Eh7end: 89.2 + 4.0 mV 

(Capuani et al., 
2012) 

Lactobacillus 
delbrueckii subsp. 

bulgaricus 

C, F, CM 43 Skim milk Negative Ehmin for all strains; C < CM 43 < F  (Carrasco et al., 
2005) 

Lactobacillus 
delbrueckii subsp. 

bulgaricus 

Unspecified Skim milk w/ plant 
extracts 

Negative Ehcoagulation with all plant extracts tested (Alwazeer et 
al., 2020) 

Lactococcus lactis Unspecified (133 strains) 1% fat milk Negative Ehmin for all strains; Avg. −219.05 + 
22.44 mV 

(Morandi et al., 
2016) 

Lactococcus lactis KF147, IL1403 Minimal medium 
w/ anode 

Current generation by KF147 and IL1403; Imax: 
500 μA/cm2 

(Tejedor-Sanz 
et al., 2021) 

Lactococcus lactis 
subsp. lactis 

SRTA2001,  SRTA2004,  
SRTA2056, SL01, SL03, 

SL04 

Skim milk Negative Eha
min (Cachon et al., 

2002) 

Lactococcus lactis 
subsp. lactis 

LOD4, LOD6, VS179, 
VS180, A24, AA1, L2, 

L6, ST84A, ST85 

Skim milk Negative Ehmin for all strains; Avg. -162.3 + 32.9 
mV 

(Brasca et al., 
2007) 
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Lactococcus lactis 
subsp. lactis 

SRTA2004, SRTA2001, 
SRTA2056, DGCC7290 

Skim milk (sparged 
w/ different gases) 

Negative Ehfinal (-100 to -200 mV) for all strains 
in all conditions 

(Jeanson et al., 
2009) 

Lactococcus lactis 
subsp. lactis 

SL03 Skim milk Negative Ehfinal; 114 + 6 mV (Abraham et al., 
2013) 

Lactococcus lactis 
subsp. lactis 

CM41 Ultrafiltered white 
cheese 

Negative Eh (approx. -290 mV) throughout 
cheese ripening 

(Bulat and 
Topcu, 2019) 

Lactococcus lactis 
subsp. lactis bv. 

diacetylactis 

SD17, SD18 Skim milk Negative Eha
min (Cachon et al., 

2002) 

Lactococcus lactis 
subsp. lactis bv. 

diacetylactis 

SRTA2116 Skim milk (sparged 
w/ different gases) 

Negative Ehfinal (-100 to -200 mV) (Jeanson et al., 
2009) 

Lactococcus lactis 
subsp. lactis bv. 

diacetylactis 

DSM 4366, CHCC D1, 
CHCC D2, CHCC D3 

Full fat milk 
(sparged w/ 

different gases) 

Normal O2
initial; negative Ehfinal for DSM 4366 < 

CHCC D2; positive Ehfinal for CHCC D1 = 
CHCC D3 

 
Low O2

initial; negative Ehfinal for DSM 4366 = 
CHCC D2; positive Ehfinal for CHCC D1 = 

CHCC D3 

(Larsen et al., 
2015) 

Leuconostoc 
mesenteroides subsp. 

cremoris 

DSM 20346, CHCC M1 Full fat milk 
(sparged w/ 

different gases) 

Normal O2
initial; negative Ehfinal for both strains; 
CHCC M1 < DSM 20346 

 
Low O2

initial; negative Ehfinal for both strains; 
DSM 20346 = CHCC M1 

(Larsen et al., 
2015) 

Levilactobacillus 
brevis 

BCRC 12945 Skim milk Negative Ehfinal; -84 + 4 mV (Abraham et al., 
2013) 

Levilactobacillus 
spicheri 

TIL46 Whole milk agar w/ 
tetrazolium salts 

WT strain; reduction of TTC and TV (under 
air/N2); reduction of BT (under N2 only) 

ΔmenC; reduction of BT, TTC, and TV under N2 
only 

 

(Michelon et 
al., 2013) 

Levilactobacillus 
spicheri 

DSM 20069, CHCC 01, 
CHCC 02 

Full fat milk 
(sparged w/ 

different gases) 

Normal O2
initial; negative Ehfinal for all strains; 

DSM 20069 = CHCC 01 = CHCC 02 
 

Low O2
initial; negative Ehfinal for all strains; DSM 
20069 = CHCC 01 = CHCC 02  

(Larsen et al., 
2015) 
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Levilactobacillus 
spicheri 

UD459 Ultrafiltered white 
cheese 

Negative Eh (-300 mV) throughout cheese 
ripening 

(Bulat and 
Topcu, 2019) 

Streptococcus 
thermophilus 

CH3-3, CH3-4, CL5 Skim milk Negative Ehmin for all strains; CL5 < CH3-4 < 
CH3-3 

(Carrasco et al., 
2005) 

Streptococcus 
thermophilus 

VS365A, VS373, VS375, 
LOD8, LOD10, LOD11, 

LOD12, O2A, O5A, 
ST78B 

Skim milk Positive Ehmin for all strains except O2A and 
O5A; Avg. 7.9 + 12.3 mV 

(Brasca et al., 
2007) 

Streptococcus 
thermophilus 

Unspecified (124 strains) 1% fat milk Negative Ehmin for almost strains; Avg. -81.12 + 
32.67 

(Morandi et al., 
2016) 

Streptococcus 
thermophilus 

Unspecified Skim milk w/ plant 
extracts 

Negative Ehcoagulation with all plant extracts tested (Alwazeer et 
al., 2020) 

Abbreviations: ahpF – NADH oxidase; BT – tetrazolium blue chloride; DHNA – 1,4 dihydroxy-2-napthoic acid; Eh7 – redox potential adjusted to 
pH 7; Ehcoagulation – redox potential at pH 4.6; Ehfinal – final redox potential, Ehmin – minimum redox potential; Eha

min – minimum redox potential at 
maximum acidification rate; ldh – lactate dehydrogenase; MRS – de Mann, Rogosa and Sharpe medium; noxAB – NADH dehydrogenase; noxE – 
NADH oxidase; menC – menaquinone biosynthase; PBS – phosphate-buffered saline; TTC – 2,3,5-triphenytetrazolium chloride; TV – tetrazolium 
violet; WT – wild-type
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Figures 

 

Figure 1. Summary of EET activity present in the plant rhizosphere and fermented foods. 
(Top) Foods such as cruciferous vegetables and dairy products are sources of flavins and 
quinones which LAB can utilize as electron acceptors for MET. These electron acceptors include 
iron, fumarate (putatively), or an anode during electrofermentation. This metabolism is believed 
to increase LAB production of organic acids like lactate and acetate, as well as decrease 
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environmental oxidation-reduction potential (ORP). (Bottom) Exudation of carbon compounds 
from roots provides electron sources for metal-reducing bacteria such as Geobacter spp. and 
Clostridia. These bacteria can use DET or MET to reduce electron acceptors such as humic 
acids, iron, or manganese. The biomineralization of heavy metals through EET reduces their 
uptake by plants and prevents oxidative stress. In addition, Geobacter can give and/or receive 
electrons from other rhizosphere microoganisms like methanogenic archaea. 
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Figure 2. Summary of EET activity within several animal host mucosal sites. 
(Top) Titanium dental implants develop biofilms which release titanium ions through acid 
corrosion. Electroactive bacteria can subsequently reduce titanium ions through DET or MET 
with flavins or yet-identified electron shuttles. The proliferation of electroactive bacteria is 
believed to further accelerate implant corrosion. (Middle) Pseudomonas aeruginosa performs 
phenazine-MET in the lungs to sequester host protein-bound iron and form biofilms. Biofilms 
also rely on phenazine-MET for redox balancing and to promote resistance against antibiotics. 
(Bottom) Putative DET by Segmented Filamentous Bacteria (SFB) in the intestine stimulates 
host immune cell recruitment while probiotic bacterial species such as Lactiplantibacillus 
plantarum and Faecalibacterium prausnitzii use flavins and/or quinones in MET. Conversely, 
intestinal pathogens can use these same electron shuttles for MET which promotes infection. 
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Abstract 

Energy conservation in microorganisms is classically categorized into respiration and 

fermentation, however recent work shows some species can use mixed or alternative 

bioenergetic strategies. We explored the use of extracellular electron transfer for energy 

conservation in diverse lactic acid bacteria (LAB), microorganisms that mainly rely on 

fermentative metabolism and are important in food fermentations. The LAB Lactiplantibacillus 

plantarum uses extracellular electron transfer to increase its NAD+/NADH ratio, generate more 

ATP through substrate-level phosphorylation, and accumulate biomass more rapidly. This novel, 

hybrid metabolism is dependent on a type-II NADH dehydrogenase (Ndh2) and conditionally 

requires a flavin-binding extracellular lipoprotein (PplA) under laboratory conditions. It confers 

increased fermentation product yield, metabolic flux, and environmental acidification in 

laboratory media and during kale juice fermentation. The discovery of a single pathway that 

simultaneously blends features of fermentation and respiration in a primarily fermentative 

microorganism expands our knowledge of energy conservation and provides immediate 

biotechnology applications.   
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introduction 

The ways in which microorganisms extract energy to maintain cellular functions are 

directly linked to their environment, including the availability of nutrients and cooperative or 

antagonistic interactions with other organisms (Haruta and Kanno, 2015). Microorganisms must 

also maintain redox homeostasis by responding to oxidative and reductive changes inside and 

outside the cell (Sporer et al., 2017). Ultimately, microorganisms that can effectively generate 

cellular energy while also managing redox requirements will maintain higher growth and 

survival rates, and therefore exhibit greater ecological fitness. 

All organisms possess mechanisms to conserve energy, that is, to convert light or 

chemical energy into cellular energy in the form of ATP (Russell and Cook, 1995). During 

respiration, microorganisms rely on either oxygen (aerobic respiration) or other exogenous 

substrates (anaerobic respiration) as terminal electron acceptors. Some microorganisms, most 

notably Geobacter spp., can anaerobically respire using electron acceptors outside the cell, such 

as iron (III) oxides or an electrode (Renslow et al., 2013; Richter et al., 2012). This process is 

called extracellular electron transfer (EET). Regardless of the identity of the electron acceptor, 

ATP synthesis during respiration occurs via oxidative phosphorylation (Kim and Gadd, 2019). In 

oxidative phosphorylation, electrons from electron carriers are transported by an electron 

transport chain, which creates a proton motive force (PMF) for ATP generation. Under anaerobic 

conditions, some cells can also conserve energy using fermentation. In fermentation, 

microorganisms use internally supplied electron acceptors, and ATP is generated mainly through 

substrate-level phosphorylation (Kim and Gadd, 2019). In substrate level phosphorylation, ATP 

is generated in the cytoplasm by transfer of phosphate from metabolic intermediates to ADP 

(Kim and Gadd, 2019).  
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Lactic acid bacteria (LAB) are a diverse group of aerotolerant, saccharolytic 

microorganisms in the Firmicutes phylum which use mainly use fermentation for energy 

conservation. LAB are essential for many food fermentations, including fermented milk and 

meats, fruits and vegetables, and grains (Tamang et al., 2020). Strains of LAB are also used for 

industrial chemical production (Sauer et al., 2017) and as probiotics to benefit human and animal 

health (Vinderola et al., 2019). LAB are generally grouped by their differences in hexose 

metabolism (Salvetti et al., 2013). Some species perform homofermentation, reducing pyruvate 

to lactate as the sole metabolic end-product from glycolysis. Other LAB perform 

heterofermentation, producing lactate along with ethanol, acetate, and CO2 by the 

phosphoketolase pathway. However, for redox balancing, homofermentative LAB can also shift 

to a mixed acid fermentation and heterofermentative LAB use alternative electron acceptors, like 

fructose or citrate (Hansen, 2018). Although some LAB can respire in the presence of heme and 

menaquinone, those bacteria are unable to synthesize heme and many are also auxotrophic for 

menaquinone (Pedersen et al., 2012). Even those species capable of respiration still use 

fermentation metabolism as the primary mechanism to conserve energy (Pedersen et al., 2012). 

Therefore, LAB growth rates and cell yields are constrained by access to electron acceptors used 

to maintain intracellular redox balance during substrate-level phosphorylation. 

The bioenergetics of anaerobic bacteria have been tightly linked to oxidative 

phosphorylation for anaerobic respiration and substrate-level phosphorylation for fermentation. 

However, experimental evidence shows a concurrent use of oxidative phosphorylation and 

substrate-level phosphorylation. For instance, some yeasts perform respiro-fermentation to 

enhance ATP production (Pfeiffer and Morley, 2014). Another example is the electron 

bifurcating mechanism used by some fermentative microorganisms such as Clostridium spp. 
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(Herrmann et al., 2008; Li et al., 2008). Through that energy conservation strategy, cells can 

generate extra ATP through oxidative phosphorylation (Buckel and Thauer, 2013; Müller et al., 

2018). Along with other examples that are not fully understood (Hunt et al, 2010; Kracke et al., 

2018), these observations suggest metabolisms that combine aspects of fermentation and 

respiration may exist. 

We recently discovered that Listeria monocytogenes, a facultative anaerobic pathogen 

known to rely on respiratory metabolism, uses EET to reduce Fe3+ or an anode through a flavin-

based extracellular electron transfer pathway (Light et al., 2018). Use of this pathway allowed L. 

monocytogenes to maintain intracellular redox balance via NADH oxidation. This capacity was 

associated with the presence of a gene locus, called a flavin-based EET (FLEET) locus, that was 

identified in many Gram-positive species in the Firmicutes phylum, including LAB. Studies in 

individual species of LAB such as Lactococcus lactis (Freguia et al., 2009; Masuda et al., 2010), 

Enterococcus faecalis (Hederstedt et al., 2020; Keogh et al., 2018), and Lactiplantibacillus 

pentosus (Vilas Boas et al., 2015) show that they can perform EET with an anode endogenously, 

that is without addition of molecules foreign to their native niches. These observations are quite 

surprising because endogenous EET has been mainly associated with respiratory organisms, even 

though some of these organisms also possess fermentative-type metabolism (Glassier et al, 

2014). Those observations also raise the question of whether the FLEET locus is functional in 

LAB and what, if any, role it plays in energy conservation and metabolism.  

Here, we explored EET across LAB and studied the implications of this trait at a 

metabolic and energetic level in Lactiplantibacillus plantarum, a homofermentative LAB 

capable of mixed acid fermentation and which can respire in the presence of exogenous heme 

and menaquinone. L. plantarum is of particular interest as it is a generalist LAB species found in 
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insect, animal, and human digestive tracts and is essential for the production of many fermented 

foods (Behera et al., 2018; Duar et al., 2017). These findings have significance for the 

understanding of energy conservation strategies in primarily fermentative microorganisms and 

on lactic acid fermentations in food biotechnology. 

 

Results 

L. plantarum reduces extracellular electron acceptors  

To determine whether L. plantarum can reduce extracellular electron acceptors, we first 

measured its ability to reduce insoluble ferrihydrite (iron (III) oxyhydroxide). Incubation of the 

model strain L. plantarum NCIMB8826 in the presence of ferrihydrite showed that this strain 

reduces Fe3+ to Fe2+ (Figure 1A and Figure 1-figure supplement 1A). Viable cells are required 

for iron reduction and this activity is dependent on the presence of exogenous quinone (DHNA, 

1,4-dihydroxy-2-naphthoic acid) (Figure 1A and Figure 1-figure supplement 1A-B). The 

requirement for DHNA was hypothesized because DHNA is a precursor of 

demethylmenaquinone (DMK), a membrane electron shuttle utilized by L. monocytogenes for 

EET (Light et al., 2018), and L. plantarum lacks a complete DHNA biosynthetic pathway 

(Brooijmans et al., 2009). For full activity, an electron donor (such as mannitol or glucose) was 

required to be present (Figure 1A and Figure 1-figure supplement 1A). Like L. monocytogenes 

(Light et al., 2018), the addition of riboflavin during the iron reduction assay also increased Fe3+ 

reduction in a dose-dependent manner (Figure 1-figure supplement 1C). Thus, L. plantarum 

reduces insoluble iron in a manner similar to L. monocytogenes.  

Next, we investigated whether the ability of L. plantarum to reduce insoluble iron was 

altered by growth media. L. plantarum was able to reduce iron after growth in either complete 
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(MRS) medium or chemically defined medium (CDM) (Figure 1-figure supplement 1B). Iron 

reduction was greater when mannitol, a sugar alcohol, rather than glucose, was provided as the 

sole carbon source in MRS (Figure 1-figure supplement 1B). However, reduction was highest 

when L. plantarum was incubated in mannitol-containing MRS (mMRS) with both DHNA and 

ferric ammonium citrate present (Figure 1-figure supplement 1D). The addition of riboflavin to 

the growth medium did not further increase iron reduction by L. plantarum (Figure 1-figure 

supplement 1E), potentially because riboflavin is already present in high quantities in MRS, a 

medium containing yeast extract (Tomé, 2021). Thus, L. plantarum was grown in mMRS 

supplemented with DHNA and iron before ferrihydrite reduction assays in all subsequent 

experiments.  

L. plantarum EET activity was confirmed in a bioelectrochemical reactor by quantifying 

electron output as current (Figure 1B). L. plantarum reduced a carbon electrode (anode) 

polarized to +200 mVAg/AgCl in the presence of both DHNA and an electron donor (mannitol) 

(Figure 1C). No current was observed in the absence of L. plantarum (Figure 1- figure 

supplement 2A), indicating that current production stems from a biological process. L. 

plantarum produced a maximum current of 129 ± 19 µA/cm2 in mCDM (Figure 1C) and 225 ± 

9 µA/cm2 in mMRS (Figure 1-figure supplement 2B). Under EET conditions in mCDM, the L. 

plantarum biomass was 2.7 mg (dry cell mass). Assuming 50% of the dry cell mass was protein, 

the specific electron transfer rate was 57 µmol electrons/mg- protein/h and the current production 

was 1.5 mA/mg-protein. This value is lower than that reported for Geobacter sulfurrenducens (4-

8 mA/mg-protein) (Marsili et al., 2010; Rose and Regan, 2015), the model species for direct 

EET, and higher than that of Shewanella oneidensis (0.67 mA/mg-protein) (Marsili et al., 2008), 

the model species for mediated EET. It should be noted that these species, unlike L. plantarum, 
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can synthesize riboflavin and quinones and do not require the addition of either for EET activity. 

Similar to our iron reduction experiments, EET to an anode occurred with different electron 

donors and growth media (Figure 1-figure supplement 2B-C), and current increased after 

supplementation of riboflavin when it was omitted from the growth medium (Figure 1-figure 

supplement 2D). Because of these differences, CDM was amended with mannitol and riboflavin 

in subsequent experiments. 

DHNA is found in concentrations of 0.089 to 0.44 μg/mL in commercial fermented 

beverages (Eom et al., 2011), and under laboratory conditions, microbes can synthesize and 

secrete DHNA leading to concentrations of 0.37 to 48 μg/mL (Isawa et al., 2002; Furuichi et al., 

2012; Kang et al 2015). To test whether EET in L. plantarum is relevant under these 

physiological concentrations, we probed whether L. plantarum can perform EET with a sub-

physiological DHNA concentration of 0.01 μg/mL. Indeed, L. plantarum can reduce iron and 

produce significant current density (Figure 1-figure supplement 3A-B), although the magnitude 

of iron reduction and current was smaller than what was observed with 20 μg/mL. These results 

show that the concentrations of DHNA found in niches of L. plantarum can support EET and 

suggest the magnitude of EET will depend on the DHNA concentration.  

 

Iron reduction in LAB is associated with the presence of ndh2 and pplA  

Because iron reduction by L. monocytogenes requires the genes in a 8.5 kb gene locus 

encoding a flavin-based EET (FLEET) pathway (Light et al., 2018), we looked for the presence 

of these genes in 1,788 complete LAB genomes deposited in NCBI. Homology searches 

identified the complete FLEET locus in 11 out of 38 genera including diverse LAB such as 

Enterococcus and Lacticaseibacillus (Figure 2A). The other LAB genera either lack multiple 
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FLEET pathway genes or, as was observed for all 68 strains of Lactococcus, contain all genes 

except for pplA, which is predicted to encode an extracellular flavin-binding reductase. Among 

the lactobacilli, genomes of 19 out of 94 species contain the entire FLEET system (Figure 2-

figure supplement 1). The lactobacilli species with the entire FLEET system are 

homofermentative and are distributed between different phylogenetic groups (Zheng et al., 

2020). These data show that the FLEET locus is conserved across LAB genera besides L. 

plantarum, including other homofermentative LAB species known to colonize host and food 

environments. 

To determine whether LAB FLEET gene presence was associated with EET activity, a 

diverse collection of LAB strains were examined for their capacity to reduce ferrihydrite. The 

assay showed that isolates of L. plantarum, Lactiplantibacillus pentosus, Lacticaseibacillus 

rhamnosus, Lacticaseibacillus casei, Enterococcus faecium, and Enterococcus faecalis are 

capable of Fe3+ reduction (Figure 2B). The genomes of those species also contain a complete 

FLEET locus (Figure 2A and Figure 2-figure supplement 1). Conversely, strains of 

Lactococcus lactis, Ligilactobacillus murinus, Levilactobacillus brevis, Pediococcus 

pentosaceus, and Streptococcus agalactiae showed little to no iron reduction activity (Figure 

2B). The presence of FLEET-associated genes varied between those species, but only strains of 

species found to contain both ndh2, a predicted membrane-bound, type-II NADH 

dehydrogenase, and pplA were able to reduce iron under the conditions tested.  

L. plantarum NCIMB8826 exhibited the highest EET activity resulting in at least 2.5-fold 

greater Fe3+ reduction than the other L. plantarum strains (Figure 2B). Remarkably, however, the 

L. plantarum NCIMB8826 genome and the genomes of 138 other L. plantarum strains queried 

all harbored a complete FLEET locus including ndh2 and pplA (Figure 2-figure supplement 1 

https://paperpile.com/c/ejQAL3/LRln
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and Figure 2-figure supplement 2A). Among those strains tested for the capacity to reduce 

Fe3+, L. plantarum NCIMB700965 and 8.1 could not reduce Fe3+ but possessed all genes in the 

FLEET system. Closer examination of both strains by aligning their FLEET loci with 

NCIMB8826 revealed unique IS30-family transposons in the intergenic promoter regions 

spanning ndh2 and pplA (Figure 2-figure supplement 2A). These genes were minimally 

expressed in L. plantarum NCIMB700965 and 8.1 in comparison to NCIMB8826 (Figure 2-

figure supplement 2B). ndh2 and pplA were also the only two genes in the FLEET pathway that 

were induced when L. plantarum NCIMB8826 was incubated in mMRS supplemented with 

DHNA and iron (Figure 2C and Figure 1-figure supplement 1D). Both ndh2 and pplA were 

induced (~1.6-fold, p < 0.05) in MRS containing mannitol, DHNA, and ferric ammonium citrate 

(Figure 2C), but were not up-regulated when either DHNA or ferric ammonium citrate were 

omitted from the culture medium (Figure 2-figure supplement 2C). Taken together, these data 

show that widespread iron reduction in LAB is tightly associated with the presence and 

upregulation of ndh2 and pplA, suggesting they are required for EET. 

 

ndh2 is required and pplA is conditionally required for L. plantarum EET  

In order to confirm the necessity of ndh2 and pplA for EET in L. plantarum, we 

constructed ndh2 and ppA deletion mutants of L. plantarum NCIMB8826. Both mutants were 

significantly impaired in their capacities to reduce ferrihydrite compared with the wild-type 

strain (Figure 3A). The ndh2 and pplA deletion mutants also had different effects on the 

oxidation-reduction potential (ORP) of mMRS. ORP is defined as the ratio of all oxidative to 

reductive components in an environment (Killeen et al., 2018) and is an important environmental 

condition which influences the outcome of LAB fermentations such as flavor development in 
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cheese (Morandi et al., 2016) and the growth of spoilage microorganisms (Olsen and Pérez‐Díaz, 

2009). Expectedly for the L. plantarum EET phenotype, significant reductions in mMRS ORP 

only occurred during L. plantarum growth when DHNA was included in the culture medium 

(Figure 3-figure supplement 1A). Although ORP declined for all three strains in a manner 

consistent with other ORP-reducing enzymatic activities (for example the reduction of oxygen by 

NADH oxidase) (Tachon et al., 2010), wild-type L. plantarum resulted in greater reductions in 

ORP compared to either mutant in mMRS, and these differences were significant at most time 

points measured over a 12 h period (Figure 3B). The effects on ORP occurred in the absence of 

changes in growth rates, cell yields, and medium pH (Figure 3-figure supplement 1A-D). The 

ΔmVmax was reached during mid-exponential phase growth (approx. 5 h) (Figure 3-figure 

supplement 1B), and at that time, wild-type L. plantarum cells but not the Δndh2 or ΔpplA 

strains were active in the ferrihydrite reduction assay (Figure 3-figure supplement 1E). This 

difference in ferrihydrite reduction activity similarly persisted in stationary phase cells (12 h) 

(Figure 3-figure supplement 1F). These observations show that ndh2 and pplA contribute to the 

capacity of L. plantarum to reduce iron and have relevance to the ORP-dependent activities 

occurring during food fermentations (van Dijk et al., 2000). 

Use of an anode as an external electron acceptor instead of ferrihydrite showed a similar, 

but not identical genetic dependency. L. plantarum Δndh2 produced a significantly lower current 

density (Figure 3C) and a lower peak current (Figure 3-figure supplement 2A). Surprisingly, 

L. plantarum ΔpplA was able to produce the same amount of current as the wild-type strain, 

suggesting that the lipoprotein PplA is not essential and might not be involved in anode 

reduction through EET. This observation led us to investigate the anodic-EET ability of other 

LAB species lacking pplA like Lactococcus lactis (Figure 3D). DHNA was not provided to these 
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strains because they can synthesize demethylmenaquinone and other quinones (Rezaïki et al., 

2008). Both L. lactis strain IL1403 and strain KF147 were capable of current generation, 

confirming that PplA is not essential for LAB to produce current. This is consistent with the 

finding that other extracellular reductases besides PplA are responsible for EET activity in 

Gram-positive bacteria (Light et al., 2019). Taken together these results show that EET activity 

is dependent upon the presence of the putative FLEET locus, and specifically ndh2 and 

conditionally pplA. 

 

L. plantarum increases energy conservation and balances intracellular redox state when 

performing EET  

Building from studies in E. faecalis (Keogh et al., 2018), it has been suggested that EET 

improves growth by either enabling iron to be acquired as a macronutrient or by enhancing 

respiration (Jeuken et al., 2020). It is worth noting that several studies have shown that L. 

plantarum does not require iron to grow (Elli et al., 2000; Weinberg, 1997). To test whether EET 

allowed increased iron acquisition by L. plantarum, we measured intracellular iron by 

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). There was no significant difference 

in the amount of intracellular iron between L. plantarum growth in mMRS supplemented with 

DHNA and iron compared to growth in mMRS alone (Figure 4-figure supplement 1A). 

Moreover, deletion of ndh2 did not significantly change the amount of intracellular iron (Figure 

4-figure supplement 1B). ICP-MS showed that other redox-active metals used for EET, such as 

manganese and copper (Kouzuma et al., 2012; Fan et al., 2018) were also not affected (Figure 4-

figure supplement 1 and 2). In contrast to studies in E. faecalis in which iron supplementation 

leads to intracellular accumulation of this metal (Keogh et al., 2018), these data show that L. 
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plantarum does not use EET to increase its acquisition of iron or other redox-active metals, 

suggesting EET may instead play a role in energy conservation. 

We next sought to understand if EET impacts energy conservation in L. plantarum by 

comparing its growth and ATP levels in the presence of a polarized anode. The highest current 

density (i.e., greatest EET activity) produced by L. plantarum in mannitol CDM typically 

occurred within 24 h after inoculation into the bioreactor (Figure 1C). At this point, there was an 

approximately 4-fold higher dry cell weight and 2-fold higher numbers of viable cells compared 

to L. plantarum incubated in open circuit (OC) conditions (Figure 4A-B) Current density 

declined from its maximum value when L. plantarum cells performing EET were in exponential 

growth (Figure 1C and Figure 4C). By comparison, growth was not observed until two days 

later under OC conditions (Figure 4C). During peak current production, intracellular ATP levels 

were significantly higher (4.5-fold) under EET compared to OC conditions (Figure 4D and 

Table 1). These results strongly suggest faster ATP accumulation under EET conditions allowed 

L. plantarum to exit lag phase more rapidly. ATP levels were also greater in L. plantarum when 

in the presence of both mannitol and DHNA, compared to either mannitol or DHNA separately 

(Figure 4D). Thus, EET allows L. plantarum to initiate growth and accumulate ATP more 

rapidly, indicating that EET significantly increases energy conservation in L. plantarum. 

Because fermentation, anaerobic respiration, and aerobic respiration are each associated 

with a different NAD+/NADH ratio, energy conservation is linked to intracellular redox 

homeostasis (Holm et al., 2010). Therefore, we probed redox homeostasis in L. plantarum under 

EET conditions by measuring intracellular NAD+/NADH at the point of maximum current 

density (Figure 4E). L. plantarum showed an 8-fold higher NAD+/NADH ratio under EET 

conditions compared to OC (Figure 4E). This result was not limited to the presence of a 
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polarized anode as L. plantarum also contained a significantly higher NAD+/NADH ratio when 

Fe3+ was available as a terminal electron acceptor (Figure 4-figure supplement 3). These 

NAD+/NADH ratios are more similar to those found for in E. coli performing aerobic respiration 

(de Graef et al., 1999) or G. sulfurreducens performing anaerobic respiration than in LAB 

performing fermentation (Guo et al. 2017). Taken together, our data indicate that EET is 

involved in energy conservation, and the intracellular redox balance during EET mimics a 

respiratory rather than a fermentative process. 

 

EET increases fermentative metabolism through substrate-level phosphorylation and 

reduction in extracellular pH 

Metal-reducing bacteria use EET in anaerobic respiration (Richter et al., 2012; Shi et al., 

2007). Ndh2 is considered an anaerobic respiratory protein, and L. plantarum can perform 

anaerobic respiration with exogenous menaquinone and heme using an electron transport chain 

(Brooijmans et al., 2009). This led us to hypothesize that those electron transport proteins could 

also be involved for EET to conserve energy as part of anaerobic respiration. To test this 

hypothesis, we examined whether any of the known electron transfer proteins needed for PMF 

generation in aerobic and anaerobic respiration are required for L. plantarum EET. Neither the 

addition of heme to restore bd-type cytochrome (cydABCD) used in aerobic respiration, nor 

deletion of the respiratory nitrate reductase (ΔnarGHJI) significantly altered current production 

(Figure 5-figure supplement 1A-B). Because Ndh2 is a type-II NADH dehydrogenase which 

does not contribute to a proton gradient (Lin et al., 2008; Nakatani et al., 2020), these 

observations show that while EET does involve a respiratory protein, it does not involve any of 

the known PMF-generating electron transfer proteins in L. plantarum.  
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Respiration is also associated with the tricarboxylic acid (TCA) cycle. L. plantarum, like 

other LAB, does not possess an oxidative branch of the TCA cycle and only contains a reductive 

branch (Tsuji et al, 2013). To probe whether the reductive branch was active during EET, we 

also examined production of succinate, the terminal end-product of the reductive branch. EET 

did not increase the succinate concentration (Figure 5-figure supplement 2). Moreover, we did 

not detect any intermediates of the reductive branch of the TCA cycle, i.e. oxalacetate, malate, or 

fumarate. This indicates that EET did not cause additional metabolic flux through its TCA cycle. 

Thus, none of the known metabolic pathways or electron transport proteins associated with 

anaerobic respiration, besides Ndh2, are required for EET. These results suggest increased 

energy conservation during EET in L. plantarum is not through canonical anaerobic respiration. 

An alternative hypothesis is that increased energy conservation under EET conditions is 

driven by changes in fermentation. L. plantarum uses glycolysis to convert mannitol to two 

molecules of pyruvate which is then converted mainly to lactate or ethanol via NADH-

consuming steps, or acetate via an ATP-generating reaction using substrate-level 

phosphorylation (Dirar and Collins, 1972). Thus, shifting towards production of acetate from to 

lactate or ethanol production can increase ATP yield during fermentation. Additionally, NADH 

can be re-generated by oxidizing pyruvate to yield 2,3-butanediol, using acetoin as an 

intermediate. Fermentation in L. plantarum also decreases the pH of the surrounding media. 

To probe changes in fermentation, we measured the concentrations of mannitol, acetate, 

lactate, ethanol, acetoin, 2,3-butanediol, formate, and pyruvate and the pH in L. plantarum 

cultures during OC and EET conditions. After four days, we accounted for ~80% and ~55% of 

the total carbon under EET and OC conditions (for all metabolite concentrations see 

Supplement File 1), giving us a quantitative view of metabolism under EET conditions. 
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Surprisingly, under EET conditions, the distribution of major end-fermentation products (acetate, 

lactate, and ethanol) did not change, but their yield per cell was 2.6-fold higher compared to OC 

conditions (Figure 5A). While we did not detect acetoin or 2,3-butanediol, formate was found at 

trace levels, and pyruvate was found at similar, low levels under EET and OC conditions (Figure 

5-figure supplement 2). After accounting for mannitol consumption, we observed that EET 

allowed cells to produce ~1.75x more fermentation products per each mol of mannitol utilized 

(Yfermentation, Table 1). The culture medium pH was also significantly lower than under OC 

(Figure 5B), a result which may indicate that EET conferred higher levels of acid stress on L. 

plantarum, and therefore, reductions in cell viability, despite EET leading to higher cell numbers 

overall (as measured by dry cell weight) (Figure 4A-B). A similar acidification of the medium 

was observed for ΔpplA, but not for Δndh2, when an anode was present as electron acceptor, 

indicating that ndh2-dependent EET is needed to decrease the pH (Figure 3-figure supplement 

2B). When much lower, sub-physiological levels of DHNA were supplied (0.01 μg/mL), a 

smaller but significant decrease in the pH of the medium was also observed (Figure 1-figure 

supplement 3C). Overall, these results show that EET allows L. plantarum to ferment to ~1.75x 

greater extent and to acidify the medium to a greater extent as well. 

  We also observed that EET led to higher cellular metabolic fluxes, that is, higher changes 

in metabolites per cell per unit time. Although the final OD600nm and dry cell weight were not 

significantly different (Supplement file 1), L. plantarum utilized mannitol and produced acetate 

and lactate more rapidly under EET conditions than OC conditions (Figure 5C-F). Cells 

performing EET were ~2-fold faster at consuming mannitol (Figure 5C) between days one and 

three. Mannitol consumption increased between day one and day two, approximately when the 

cells transitioned to higher current density (Figure 3C), suggesting that increased EET drove that 
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increased consumption. The overall rates of acetate and lactate production also increased 3.4 and 

3.6 times (Figure 5D-E), respectively. Measurements of metabolites produced by ΔpplA and 

Δndh2 strains confirmed that, like for current production to an anode, the EET-associated 

increased metabolic flux in L. plantarum requires the presence of Ndh2, but not PplA (Figure 3-

figure supplement 2C). Overall, these data indicate that ndh2-dependent EET increases both the 

flux and final yield of fermentation in L. plantarum. 

Because the production of acetate yields ATP, these results also suggested that the 

increase in ATP generation under EET conditions may be due to substrate-level phosphorylation. 

To probe whether EET-associated increase in fermentative flux could account for the changes in 

ATP generation, we calculated fermentation balances (Table 1). Our measurements account for 

80% of the carbon under EET conditions (see Supplement file 1), leaving a maximum of ~20% 

systematic uncertainty in these calculations. The concentrations of fermentation products 

detected (Supplement file 1) were used to estimate the total ATP in the presence and absence of 

EET. The estimated ATP was 3-fold higher under EET conditions than OC conditions (Table 1), 

a result that is consistent with the ~2.5-fold higher accumulation of ATP measured at maximum 

current density (Figure 4D). Overall, this quantitative analysis shows that the vast majority of 

the increased energy conservation under EET conditions can be accounted for by an increase in 

fermentation yield and substrate-level phosphorylation. 

 

EET shifts how L. plantarum uses electron acceptors and converts ATP into biomass 

Thus far, our results provided an unusual picture of the energy metabolism of L. 

plantarum under EET conditions; while EET significantly shifted the intracellular redox state to 

a more respiratory-like balance, its increased ATP yield was mainly accounted for by an 
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increased fermentative yield. Another major difference in fermentation and anaerobic respiration 

is the use of the endogenous versus exogenous electron acceptors. To more deeply understand 

how L. plantarum uses organic molecules and the anode as electron acceptors when performing 

EET, the electron balances under EET and OC conditions were calculated (Table 1 and 

Supplement file 1). We estimated the NADH produced using two different methods (see 

Supplement file 1 for methodology) and the NADH re-oxidized through the reduction of the 

anode (measured as current) and via substrate-level phosphorylation. This allowed us to obtain a 

global balance of the NAD+/NADH ratio. Under OC conditions between 35-66% of the NADH 

produced from the oxidation of mannitol to pyruvate (a range is given using the two methods 

used) was re-oxidized to NAD+ (5.5 mM NADH consumed, Table 1), qualitatively agreeing 

with the low NAD+/NADH ratios measured (Figure 4E). In contrast, electron balance 

calculations showed that between 77-96% of the NADH produced under EET conditions was re-

oxidized (17 mM NADH consumed, Table 1), a result that is consistent with the significantly 

higher NAD+/NADH ratios measured (Figure 4E). Interestingly, these calculations estimate that 

55-69% of the total NADH generated was oxidized through fermentation, while 21-28% of the 

NADH was oxidized using the electrode as a terminal electron acceptor (Table 1). Thus, L. 

plantarum growing under EET conditions achieves a more oxidized intracellular redox balance 

by more completely fermenting mannitol to lactate and ethanol and by using the electrode as a 

terminal electron acceptor (Figure 5G). These observations reinforce that the energy metabolism 

of L. plantarum under EET conditions utilizes elements of both fermentation and anaerobic 

respiration. 

In rapidly dividing cells, energy conservation, a catabolic process, is associated with 

growth, an anabolic process. However, catabolism need not be coupled with anabolism (Russell 
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& Cook,1995). To determine how catabolic and anabolism are connected under EET conditions, 

the ATP requirements to grow biomass (YATP) were estimated using the calculated ATP and the 

measured dry weight. Under OC conditions, the YATP obtained (8.06 ± 0.8 g dw/mol ATP) for L. 

plantarum was similar to that observed previously (10.9 g-dw/mol ATP) (Dirar and Collins, 

1972). Hence, without EET, the ATP generated from fermentation was converted into biomass 

nearly at the expected efficiency. In contrast, a significantly lower YATP was reached for L. 

plantarum performing EET (3.07 ± 0.35 g dw/mol ATP) (Table 1). This observation indicates 

that under EET conditions, either more ATP is required to produce biomass or more ATP is 

utilized by other functions such as for PMF-generation and intracellular pH regulation (Russell 

and Cook, 1995). EET conditions also resulted in 79% more ATP per mol of fermented mannitol 

(Ymannitol). Consequently, molar biomass yields (g-dw/mol-mannitol) under EET conditions were 

significantly lower (Table 1), in agreement with previous observations in respiratory 

electroactive species (Esteve-Núñez et al., 2005). These calculations show that when L. 

plantarum performs EET, anabolism and catabolism processes are differently coupled than under 

OC conditions. ATP is produced more efficiently, but this it is less efficiently utilized to make 

biomass. Overall, these results show an intriguing pattern of coupling between anabolism and 

catabolism, indicative of a novel energy metabolism in L. plantarum during EET.  

 

EET is active in vegetable fermentations 

 Our results inspired us to explore whether EET could occur in a physiological niche of 

LAB such as fermented foods. LAB are necessary for the making of many fermented fruit and 

vegetable foods and the properties of those foods depend on the metabolic diversity of the LAB 

strains present (Gänzle, 2015). Plant tissues also contain a much wider variety of carbon 
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substrates and potential electron acceptors than the CDM used in our prior experiments. To study 

the physiological and biotechnological relevance of EET in food fermentations, kale juice was 

fermented using L. plantarum as a starter culture (Figure 6A). The fermentation of kale juice 

was measured under EET conditions (a polarized anode with or without DHNA), and an OC 

control (a nonpolarized anode with DHNA) was used to separate the role of DHNA and electron 

flow to the anode on the fermentation process. An additional bioreactor without cells, but with 

DHNA, was operated to identify any possible electrochemical-driven conversion of substrates. 

When L. plantarum was added to the prepared kale juice, approximately 10-fold more current 

was generated during EET conditions with DHNA (EET+DHNA) as compared to abiotic and 

biological non-EET promoting conditions (no DHNA) (Figure 6B). This current was 

comparable to the current generated in laboratory medium (Figure 3C), indicating that robust 

EET by LAB is possible in the complex physiological conditions of a food fermentation.  

 We next investigated the impact of EET on L. plantarum growth and metabolism in the 

kale juice fermentation. Significant changes in the pH and fermentation products were detected 

under EET conditions (Figure 6C-D). These differences occurred in the absence of significant 

changes in viable cell numbers (Figure 6-figure supplement 1A) at the time points measured. 

As previously observed using laboratory culture media, an approximately two-fold greater 

accumulation of total end-fermentation products per cell was obtained when cells interacted with 

an anode in the presence of DHNA (Figure 6C). In the kale juice fermentation, EET+DHNA 

conditions enhanced both lactate and acetate production per cell (Figure 6E and Figure 6- 

figure supplement 1B). Thus, when DHNA was provided, EET enhanced the overall yield of 

fermentation end-products and their production rates per cell, mimicking our observations in 

laboratory medium (Figure 5C-D). EET also led to a significantly higher acidification of the 
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kale juice compared to OC conditions, and the presence of DHNA dramatically enhanced this pH 

drop (Figure 6D). In general, when no DHNA was supplied but an anode was present as an 

electron acceptor, the fermentation process was very similar to OC conditions. This means in 

kale juice, a source of quinones is essential to support L. plantarum EET activity. Overall, these 

results show that EET under physiological conditions impacts cellular metabolism in L. 

plantarum by increasing metabolic flux which ultimately can affect the flavor profile of 

fermented foods (Chen et al., 2017).  

 

Discussion 

Increases in fermentation and energy conservation from EET have important bioenergetic 

implications for the mainly fermentative LAB. We showed that L. plantarum and other diverse 

LAB species perform EET if riboflavin and quinones are present. L. plantarum EET activity 

requires an NADH dehydrogenase (Ndh2) and conditionally requires an extracellular, flavin-

binding reductase (PplA). EET in L. plantarum generates a high NAD+/NADH ratio, increases 

fermentation yield and flux, shortens lag phase, and increases ATP production. Thus, EET in L. 

plantarum is a hybrid energy metabolism that contains metabolic features of fermentation, redox 

features of anaerobic respiration, and predominately uses substrate-level phosphorylation to 

conserve energy. This pathway is active in L. plantarum with physiologically relevant DHNA 

concentrations and in a food fermentation and results in an increased metabolic flux and 

acidification rate.  

  

The combined EET fermentation hybrid metabolism is distinct from anaerobic respiration, 

fermentation, and other energy conservation strategies 
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When performing EET, the metabolism of L. plantarum, a primarily fermentative 

bacterial species, is fundamentally different from EET-driven, anaerobic respiration of metal-

reducing bacteria. Although aspects of EET in L. plantarum and metal-reducing Geobacter spp. 

are similar, such as the upregulation of NADH dehydrogenase, the reduction rate of extracellular 

electron acceptors, and the high NAD+/NADH ratio, other aspects of energy metabolism during 

EET in these two organisms are starkly different (see comparison in Supplement file 2). 

Geobacter spp. direct their metabolic flux through the TCA cycle, rely almost exclusively on 

extracellular electron acceptors to regenerate NADH, and produce ATP exclusively through 

oxidative phosphorylation. In contrast, L. plantarum regenerates a substantial fraction of its 

NADH by directing metabolic flux through fermentative pathways. Additionally, oxidative 

phosphorylation is not a major mechanism of energy conservation in L. plantarum during EET, 

as supported by three lines of evidence: the marginal metabolic flux through the reduced branch 

of TCA cycle, no involvement of known PMF-generating proteins, and that increased ATP levels 

can be accounted for by increased substrate-level phosphorylation. While additional data are 

required to eliminate the possibility that oxidative phosphorylation is occurring in L. plantarum 

during EET, we can qualitatively state that substrate-level phosphorylation is the major 

mechanism for ATP generation. 

Comparing EET and respiratory metabolism in LAB also reveals substantial differences 

in these metabolisms (Supplement file 2). While both metabolisms require quinones, respiration 

also requires exogenous heme. Our findings and similar findings in E. faecalis (Pankratova et al., 

2018) confirm that heme is not required for EET. Moreover, EET also differs from respiration in 

LAB because it occurs at the start of or prior to exponential phase growth, does not change the 

final cell density, and increases fermentation with no effect on the resultant proportions of 
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lactate, acetate, and ethanol (Duwat et al., 2001). Thus, EET in LAB diverges from respiration in 

metal-reducing bacteria or LAB in its metabolic pattern and energetic consequences. In addition, 

compared to other studies with different bacteria in which anodic-EET provokes a shift in 

fermentative metabolism upon the addition of artificial mediators (Vassilev et al, 2021; Emde 

and Schink, 1990), L. plantarum EET is active upon the presence of a mediator present in a 

complex food system. 

This EET mechanism is also a novel energy conservation strategy compared to known 

fermentative metabolisms in LAB (comparison in Supplement file 2). L. plantarum and other 

LAB, reduce alternative intracellular electron acceptors like citrate, fructose, and phenolic acids, 

resulting in increased intracellular NAD+/NADH ratios (Hansen, 2018). This metabolic activity 

is especially important for heterofermentative LAB in order to synthesize additional ATP 

through acetate kinase (Gänzle, 2015). Unlike these examples, however, the reduction of 

extracellular Fe3+ or an anode by EET requires a respiratory protein (Ndh2) and the shuttling of 

electrons outside of the cell. In addition, the reduction of the oxygen and organic compounds for 

cofactor regeneration by LAB leads to a metabolic shift towards acetate production and altered 

metabolic end-product ratios (Gänzle, 2015), which does not occur during EET. These 

differences show how the hybrid metabolism under EET conditions is distinct from other 

pathways that alleviate reduced intracellular conditions in LAB.  

Previous studies have reported a simultaneous use of fermentation and electron transport 

elements, such as in the so-called respiro-fermentation in Saccharomyces cerevisiae (Blom et al., 

2000). However, respiro-fermentation produces ATP and maintains intracellular redox balance 

through substrate-level phosphorylation and/or oxidative phosphorylation using separate 

pathways. Our data strongly suggests a single pathway is responsible for both ATP generation 
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and intracellular redox balance. This hybrid fermentation mode is also different from the electron 

bifurcating mechanism, in which the extra ATP generation is driven by the creation of a H+ or 

Na+ potential from the oxidation of a ferredoxin (Buckel and Thauer, 2013). Unlike in this 

example, EET in LAB does not involve PMF creating elements and EET drives ATP generation 

through substrate-level phosphorylation. Another poorly understood example of the use of 

substrate-level phosphorylation and electron transport chains to balance intracellular redox state 

is found in the non-fermentative bacterium S. oneidensis. Although this species is a respiratory 

bacterium, it relies predominately on substrate-level phosphorylation to grow anaerobically with 

the exogenous electron acceptor fumarate (Hunt et al., 2010). In this scenario, it is unclear if 

there are changes in intracellular redox state or metabolism in this species. 

In contrast to and expanding upon these studies, our work elucidates a qualitatively and 

quantitatively different blending of fermentation and respiration in a primarily fermentative 

organism. L. plantarum EET-associated metabolism contains features of both fermentation (e.g., 

substrate-level phosphorylation, high fermentation product yields) and respiratory metabolisms 

(e.g., NAD+/NADH ratios, NADH dehydrogenase required) (Supplement file 2). Quantitatively, 

this hybrid metabolism leads to an overall ~1.75x-more efficient and ~1.75x-faster energy 

conservation (increased Ymannitol, mannitol flux), but an overall ~1.5-fold weaker coupling 

between anabolism and catabolism (lower YATP). Additionally, the increased NAD+/NADH ratio 

arises from using an ~2:1 ratio of endogenous to extracellular electron acceptors. Thus, to our 

knowledge, the hybrid strategy that L. plantarum uses to generate ATP performing EET 

constitutes a novel mode of energy conservation in a primarily fermentative microorganism.  

 

Different mechanisms of EET appear to be widespread in LAB 
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Based on our observations and others, we propose that EET is widespread in LAB and 

occurs by different mechanisms. Besides L. plantarum, we showed that L. lactis is able to 

generate current despite lacking pplA. Current generation by L. lactis was observed previously, 

found to be riboflavin dependent, and resulted in a small metabolic shift (yet to be defined) in 

which the flux through NADH-oxidizing pathways was reduced and ATP generating pathways 

were increased (Freguia et al., 2009; Masuda et al., 2010). L. lactis can also perform EET by 

reduction of tetrazolium violet and this activity depends on the presence of both quinones and an 

NADH dehydrogenase (NoxAB) (Tachon et al., 2009). E. faecalis is another LAB that performs 

EET, and similar to L. plantarum, it requires quinones (Pankratova et al., 2018) and a type-II 

NADH dehydrogenase (Ndh3) (Hederstedt et al., 2020) for Fe3+ reduction. In contrast to this 

mechanistic similarity, E. faecalis performs EET using matrix-associated iron resulting in both 

increased final cell biomass and intracellular iron (Keogh et al. 2018). Moreover, unlike L. 

plantarum and L. lactis, the presence of PplA is not necessary for anode reduction or Fe3+ 

reduction (Hederstedt et al., 2020). The conditional need for PplA in EET may be explained by 

the different prior growth conditions used and/or related to the existence of different mechanisms 

and proteins depending on the redox potential of the extracellular electron acceptor. Other flavin-

binding, extracellular reductases amongst Gram-positive organisms, such as FrdA (acting on 

fumarate) have been identified in L. monocytogenes and UrdA (acting on urocanate) in 

Enterococcus rivorum (Light et al., 2019). Thus, there may exist a yet unidentified extracellular 

reductase in L. plantarum and L. lactis required for anode reduction. Thus, our findings 

substantially expand the understanding of this capacity by elucidating a new pattern of metabolic 

changes associated with EET. It seems likely that these many mechanisms reflect the ability of 
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EET to alleviate constraints of intracellular redox balance in fermentative metabolism across 

LAB. 

 

EET has important implications for ecology and biotechnology of LAB 

Conservation of the FLEET locus among different LAB species supports the premise that 

this hybrid fermentation with EET provides an important metabolic strategy for these bacteria in 

their natural habitats. LAB with a complete FLEET locus are homofermentative, thus 

underscoring the distinct ways homofermentative and heterofermentative LAB have evolved for 

energy conservation (Salvetti et al., 2013). L. plantarum and other LAB with FLEET systems 

such as L. casei are genetically and metabolically diverse and grow in a variety of nutrient rich 

environments including dairy and plant foods and the digestive tract (Cai et al., 2009; Martino et 

al., 2016; Siezen et al., 2010). Those environments also are rich sources of sources of quinones, 

flavins, and extracellular electron acceptors such as iron (Cataldi et al., 2003; Fenn et al., 2017; 

Kim, 2017-9; Roughead and McCormick, 1990; Walther et al., 2013). Increased organic acid 

production and environmental acidification by LAB with this hybrid metabolism would provide 

an effective mechanism to inhibit competing microorganisms and confer a competitive 

advantage for growth. The increased ATP relative to biomass generation observed during growth 

on mannitol might also give sufficient readiness for using this energy later on to outcompete 

neighboring organisms (Russell and Cook, 1995). These effects of EET may be particularly 

important on plant tissues and intestinal environments, wherein LAB tend to be present in low 

numbers. Besides our observation that L. plantarum performs EET in kale juice, the FLEET 

pathway is important for intestinal colonization by both L. monocytogenes (Light et al., 2018) 
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and E. faecalis (Lam et al., 2019), and L. plantarum FLEET genes including ndh2 and pplA were 

highly induced in the small intestine of rhesus macaques (Golomb et al., 2016). 

The hybrid fermentation metabolism of LAB also has technological relevance. For many 

LAB food fermentations, acidification of the food matrix is required to prevent the growth of 

undesired microorganisms and result in a more consistent and reproducible product (Marco et 

al., 2021). Starter cultures are frequently selected based on their capacity for rapid growth and 

acid production (Bintsis, 2018). In the presence of the anode, exposure of L. plantarum to EET 

conditions during kale juice fermentation increased the acidification rate. Thus, this shows that 

EET metabolism is active in complex nutritive environments such as kale leaf tissues that 

contain other potential electron acceptors besides the anode and diverse electron donors (glucose, 

fructose, sucrose) (Thavarajah et al., 2016). This example also shows how electro-fermentation, 

the technological process by which fermentation is modulated using electrodes, can be used to 

control food fermentations (Moscoviz et al., 2016; Schievano et al., 2016; Vassilev et al, 2021). 

Because L. plantarum also increased fermentation flux when the electrode was available as an 

electron sink, higher quantities of organic acid flavor compounds were formed. Therefore, by the 

manipulation of extracellular redox potential, electro-food fermentations may be used to control 

microbial growth. This would allow the creation of new or altered sensory profiles in fermented 

foods, such as through altered organic acid production and metabolism or synthesis of other 

compounds that alter food flavors, aromas, and textures. 

 

Final Perspective 

We expect that our study will improve the current understanding of energy conservation 

in primarily fermentative microorganisms and contribute to establishing the ecological relevance 
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of EET in lactic acid bacteria. This work will ultimately allow the use of EET to electronically 

modulate the flavor and textural profiles of fermented foods and expand the use of lactic acid 

bacteria in bioelectronics, biomedicine, and bioenergy (Moscoviz et al., 2016). The identification 

of the precise components and full bioenergetics involved in L. plantarum EET will be key to 

unravel physiological and ecological questions and to develop other biotechnological 

applications. 

 

Materials and Methods 

Strains and culture conditions 

All strains and plasmids used in this study are listed in Supplement file 3. Standard laboratory 

culture medium was used for routine growth of bacteria as follows: Lactiplantibacillus spp., 

Lacticaseibacillus spp., Levilactobacillus brevis, Ligilactobacillus murinus, and Pediococcus 

pentosaceus, MRS (BD, Franklin Lakes, NJ, USA); Lactococcus lactis and Streptococcus 

agalactiae, M17 (BD) with 2% w/v glucose; Enterococcus faecalis, and Enterococcus faecium, 

BHI (BD); and Escherichia coli, LB (Teknova, Hollister, CA, USA). Bacterial strains were 

incubated without shaking except for E. coli (250 RPM) and at either 30 or 37 °C. Where 

indicated, strains were grown in filter-sterilized MRS (De MAN et al., 1960) lacking beef extract 

with either 110 mM glucose [gMRS] or 110 mM mannitol [mMRS], or a chemically defined 

minimal medium (Supplement file 4) with 125 mM glucose [gCDM] or 125 mM mannitol 

[mCDM] for 18 h (Aumiller et al., 2021). Riboflavin (1 mg/L) was routinely added to the CDM. 

When indicated, culture medium was supplemented with 20 μg/mL of the quinone 1,4-

dihydroxy-2-naphthoic acid (DHNA) (Alfa Aesar, Haverhill, MA, USA), 1.25 mM ferric 
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ammonium citrate (C6H8FeNO7) (1.25 mM) (VWR, Radnor, PA, USA), riboflavin (Sigma-

Aldrich, St. Louis, MO, USA), or 5 μg/mL erythromycin (VWR). 

 

DNA sequence analysis 

The FLEET gene locus of L. plantarum NCIMB8826 was identified using NCBI basic local 

alignment search tool (BLAST) (McGinnis and Madden, 2004) using the L. monocytogenes 

10403S FLEET genes (lmo2634 to lmo2641) as a reference. L. plantarum genes were annotated 

based on predicted functions within the FLEET system (Light et al., 2018). FLEET locus genes 

were identified in other LAB by examining 1,788 complete Lactobacillales genomes available at 

NCBI (downloaded 02/25/2021). A local BLAST (ver 2.10.1) database containing these 

genomes was queried using tBLASTx with NCIMB8826 FLEET genes a reference. A gene was 

considered to be present in the Lactobacillales strain genome if the Bit-score was > 50 and the E-

value was < 10-3 (Pearson, 2013). Heatmaps showing the percentage of strains in Lactobacillales 

genera and the Lactobacillus-genus complex (Zheng et al., 2020) identified to contain individual 

FLEET genes were visualized using the R-studio package ggplot2 (Wickham, 2011) with 

clustering done through UPGMA. The FLEET loci of L. plantarum strain 8.1 and 

NCIMB700965 were aligned to the NCIMB8826 genome in MegAlign Pro (DNAstar Inc., 

Madison, WI, USA). 

 

Insoluble iron reduction assays 

Cells were collected by centrifugation at 10,000 g for 3 min, washed twice in phosphate-buffered 

saline (PBS), pH 7.2 (http://cshprotocols.cshlp.org), and adjusted to an optical density (OD) at 

600 nm (OD600nm) of 2 in the presence of 2.2 mM ferrihydrite (Schwertmann and Fischer, 1973; 

http://cshprotocols.cshlp.org/
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Stookey, 1970) and 2 mM ferrozine (Sigma-Aldrich). Where indicated, 55 mM glucose or 

mannitol, 20 μg/mL DHNA, and riboflavin were added. After 3 h incubation at 30 °C, the cells 

were collected by centrifugation at 10,000 g for 5 min and the absorbance of the supernatant was 

measured at 562 nm with a Synergy 2 spectrophotometer (BioTek, Winooski, VT, USA). 

Quantities of ferrihydrite reduced were determined using a standard curve containing a 2-fold 

range of FeSO4 (Sigma-Aldrich) (0.25 mM to 0.016 mM) and 2 mM ferrozine. The FeSO4 was 

dissolved in 10 mM cysteine-HCl (RPI, Mount Prospect, IL, USA) to prevent environmental re-

oxidation of Fe2+ to Fe3+ in the standard curve. For testing iron reduction activity of cells with a 

DHNA concentration of 0.01 μg/mL in the medium, iron(III) oxide nanoparticles <50 nm 

(Sigma-Aldrich) were used as insoluble iron form (Figure 1 – figure supplement 3). 

 

L. plantarum mutant construction 

L. plantarum NCIMB8826 ndh2, pplA, and narGHIJ deletion mutants were constructed by 

double-crossover homologous recombination with the suicide plasmid pRV300 (Leloup et al., 

1997). For mutant construction, upstream and downstream flanking regions of these genes were 

amplified using the A/B and C/D primers, respectively, listed in Supplement file 5. Splicing-by-

overlap extension (SOEing) PCR was used to combine PCR products as previously described 

(Heckman and Pease, 2007). PCR products were digested with restriction enzymes EcoRI, SacI, 

SacII, or SalI (New England Biolabs, Ipswich, MA, USA) for plasmid ligation and 

transformation into E. coli DH5α. The resulting plasmids were then introduced to L. plantarum 

NCIMB8826 by electroporation. Erythromycin-resistant mutants were selected and confirmed 

for plasmid integration by PCR (see Supplement file 5 for primer sequences). Subsequently, 
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deletion mutants were identified by a loss of resistance to erythromycin, PCR (see Supplement 

file 5 for primer sequences) confirmation, and DNA sequencing (http://dnaseq.ucdavis.edu). 

 

Bioelectrochemical reactors (BES) construction, operation, and electrochemical techniques 

L. plantarum NCIMB8826 strains were grown overnight (approx. 16-18 h) from glycerol stocks 

in MRS. Cells were harvested by centrifugation (5200 g, 12 min, 4 °C) and washed twice in 

PBS. When L. plantarum wild-type EET activity versus the Δndh2 (MLES100) and ΔpplA 

(MLES101) deletion mutants was compared, cells were grown as described and the number of 

cells was normalized across the three strains prior to inoculation in the BES. The bioreactors 

consisted of double-chamber electrochemical cells (Adams & Chittenden, Berkeley, CA) 

(Figure 1B) with a cation exchange membrane (CMI-7000, Membranes International, 

Ringwood, NJ) that separated them. A 3-electrode configuration was used consisting of an 

Ag/AgCl sat KCl reference electrode (BASI, IN, USA), a titanium wire counter electrode, and a 

6.35-mm-thick graphite felt working electrode (anode) of 4x4 cm (Alfa Aesar, MA, USA) with a 

piece of Ti wire threaded from bottom to top as a current collector and connection to the 

potentiostat. We used a Bio-Logic Science Instruments (TN, USA) potentiostat model VSP-300 

for performing the electrochemical measurements (chronoamperometry). The bioreactors were 

sterilized by filling them with ddH2O and autoclaving at 121 ºC for 30 min. The water was then 

removed and replaced with 150 mL of filter sterilized mMRS or mCDM media for the working 

electrode chamber, and 150 mL of M9 medium (6.78 g/L Na₂HPO₄, 3 g/L KH2PO4, 0.5 g/L 

NaCl, 1 g/L NH4Cl) (BD) for the counter electrode chamber. Both media of the working 

electrode chamber were supplemented with 20 μg/mL DHNA or 0.01 μg/mL diluted 1:1 in 

DMSO:ddH2O where appropriate. To test the role of bd-cytochrome, heme was added in a final 

http://dnaseq.ucdavis.edu/
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concentration of 10 μg/mL (diluted 1:1 in DMSO: ddH2O). The medium in the working 

electrode chamber was continuously mixed with a magnetic stir bar and N2 gas was purged to 

maintain anaerobic conditions for the course of the experiment. The applied potential to the 

working electrode was of +0.2 V versus Ag/AgCl (sat. KCl) (BASI, IN, USA). Reactors run 

under OC conditions were similarly assembled but kept at open circuit and used as control for 

non-current circulating conditions. Once the current stabilized, the electrochemical cells were 

inoculated to a final OD600 of 0.12-0.15 with the cell suspensions prepared in PBS. Current 

densities are reported as a function of the geometric surface area of the electrode (16 cm2). The 

bioreactors were sampled by taking samples under sterilized conditions at different time points 

for subsequent analysis. The samples for organic acids analyses were centrifuged (15,228 g, 7 

min) and the supernatant was separated for High-Performance Liquid Chromatography (HPLC) 

assessments. Samples for ATP and NAD+/NADH analyses were flash frozen in a dry ice/ethanol 

bath. 

 

Metabolite analysis 

Organic acids, ethanol and sugar concentrations were measured by HPLC (Agilent, 1260 

Infinity), using a standard analytical system (Shimadzu, Kyoto, Japan) equipped with an Aminex 

Organic Acid Analysis column (Bio-Rad, HPX-87H 300 x 7.8 mm) heated at 60 ºC. The eluent 

was 5 mM of sulfuric acid, used at a flow rate of 0.6 mL min-1. We used a refractive index 

detector 1260 Infinity II RID. A five-point calibration curve based on peak area was generated 

and used to calculate concentrations in the unknown samples. The following standards were 

included in the HPLC measurements: acetate, formate, pyruvate, malate, lactate, succinate, 
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oxalacetate, fumarate, ethanol, acetoin, butanediol, mannitol, and glucose. No gaseous products 

were measured. 

 

BES biomass growth determination 

Bioreactors were shaken to remove the cells attached to the working electrode and afterwards 

sampled to measure viable cells (colony forming units (CFUs)) and total biomass (dry weight). 

Samples for CFU enumeration were collected under sterile conditions at the time of inoculation 

and at the time of approximately maximum current density. Samples were serially diluted 

(1:1000 to 1:1000000) in sterile PBS and plated on MRS for CFUs enumeration after overnight 

incubation at 30 ºC. Dry weight was determined using a 25 mL sample collected at 

approximately maximum current density. Cells were harvested by centrifugation (5250 g, 12 

min, 4 ºC) and washed twice in 50 mL ddH2O. Afterwards cells were resuspended in 1mL of 

ddH2O and transferred to microfuge tubes (previously weighted). Cells were harvested by 

centrifugation (5250 g, 12 min, 4 ºC), and the tubes were then transferred to an evaporator to 

remove humidity. The microfuge tubes were then cooled in a desiccator for 30 min and the 

weight of each tube was measured to determine cell weight. The difference between the weight 

of each tube with the pellet and before containing it allowed us to determine the dry weight/mL. 

 

RNA-seq library construction and transcriptome analysis 

L. plantarum NCIMB8826 was grown in triplicate to exponential phase (OD600 1.0) at 37 °C in 

mMRS with or without the supplementation of 20 μg/mL DHNA and 1.25 mM ferric ammonium 

citrate. Cells were collected by centrifugation at 10,000 g for 3 min at 4 °C, flash frozen in liquid 

N2 and stored at -80 °C prior to RNA extraction as previously described (Golomb et al., 2016). 
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Briefly, frozen cell pellets were resuspended in cold acidic phenol:chloroform:isoamyl alcohol 

(pH 4.5) [125:24:1] (Invitrogen, Carlsbad, CA, USA) before transferring to 2 mL screw cap 

tubes containing buffer (200 mM NaCl, 20 mM EDTA), 20% SDS, and 300 mg 0.1 mm 

zirconia/silica beads. RNA was extracted by mechanical lysis with an MP Fastprep bead beater 

(MP Biomedicals, Santa Ana, CA, USA) at 6.5 m/s for 1 min. The tubes were centrifuged at 

20,000 g at 4 °C for 3 min and the upper aqueous phase was transferred to a new tube. The 

aqueous phase was extracted twice with chloroform:isoamyl alcohol [24:1] (Fisher Scientific, 

Waltham, MA, USA), The aqueous phase was then transferred to a new tube for RNA ethanol 

precipitation (Green and Sambrook, 2020). RNA was then quantified on a Nanodrop 2000c 

(ThermoFisher), followed by double DNAse digestion with the Turbo DNA-free Kit (Invitrogen) 

according to the manufacturer’s protocols. The quality of the remaining RNA was checked using 

a Bioanalyzer RNA 6000 Nano Kit (Agilent Technologies, Santa Clara, CA, USA) (all RIN 

values > 9) and then quantified with the Qubit 2.0 RNA HS Assay (Life Technologies, Carlsbad, 

CA, USA). For reverse-transcription PCR (RT-PCR), 800 ng RNA was converted to cDNA with 

the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, 

USA) according to the manufacturer’s protocols. Quantitative RT-PCR was performed on a 7500 

Fast Real-Time PCR System (Applied Biosystems) using the PowerUp SYBR Green Master Mix 

(ThermoFisher) and RT-PCR primers listed in Supplement file 5. The 2-ΔΔCt method was used 

for relative transcript quantification using rpoB as a control (Livak and Schmittgen, 2001). 

 

For sequencing, ribosomal-RNA (rRNA) was depleted from 4 μg RNA using the RiboMinus 

Eukaryote Kit v2 with specific probes for prokaryotic rRNA (ThermoFisher) following the 

manufacturer’s instructions. RNA was then fragmented to approximately 200 bp, converted to 
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cDNA, and barcoded using the NEBnext Ultra-directional RNA Library Kit for Illumina (New 

England Biolabs, Ipswitch, MA, USA) with NEBnext Multiplex Oligos for Illumina (Primer Set 

1) (New England Biolabs) following the manufacturer’s protocols. cDNA libraries containing 

pooled barcoded samples was run across two lanes of a HiSeq400 (Illumina, San Diego, CA, 

USA) on two separate runs for 150 bp paired-end reads 

(http://dnatech.genomecenter.ucdavis.edu/). An average of 36,468,428 raw paired-end reads per 

sample was collected (Supplement file 6). The DNA sequences were quality filtered for each of 

the 12 samples by first visualizing with FastQC (ver. 0.11.8) (Andrews and Others, 2010) to 

check for appropriate trimming lengths, followed by quality filtering with Trimmomatic (ver. 

0.39) (Bolger et al., 2014). Remaining reads then were aligned to the NCIMB8826 chromosome 

and plasmids using Bowtie2 (ver. 2.3.5) in the [-sensitive] mode (Langmead and Salzberg, 

2012). The resulting “.sam” files containing aligned reads from Bowtie2 were converted to 

“.bam” files with Samtools (ver 1.9) (Li et al., 2009) before counting aligned reads with 

FeatureCounts in the [--stranded=reverse] mode (ver. 1.6.4) (Liao et al., 2014). Reads aligning to 

noncoding sequences (e.g., rRNA, tRNA, trRNA, etc.) were excluded for subsequent analyses. 

Differential gene expression based on culture condition was determined with DESeq2 (Love et 

al., 2014) using the Wald test in the R-studio shiny app DEBrowser (ver 1.14.2) (Kucukural et 

al., 2019). Differential expression was considered significant with a False-discovery-rate (FDR)-

adjusted p-value < 0.05 and a Log2 (fold-change) > 0.5. Clusters of Orthologous Groups (COGs) 

were assigned to genes based on matches from the eggNOG (ver. 5.0) database (Huerta-Cepas et 

al., 2019). 

 

Redox probe assays 

http://dnatech.genomecenter.ucdavis.edu/
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Hamilton oxidation-reduction potential (ORP) probes (Hamilton Company, Reno, NV, USA) 

were inserted into air-tight Pyrex (Corning Inc., Corning, NY, USA) bottles containing mMRS 

supplemented with 20 μg/mL DHNA and/or 1.25 mM ferric ammonium citrate and incubated in 

a water bath at 37 °C. A custom cap for the Pyrex bottles was 3D printed with polylactic acid 

filament (2.85 mm diameter) such that the ORP probe threads into the cap and an o-ring seal can 

be used to provide an air-tight seal between the probe and the cap. The ORP was allowed to 

equilibrate over 40 min before L. plantarum NCIMB8826, Δndh2 (MLES100), or ΔpplA 

(MLES101) were inoculated at an OD600 of 0.10. Two uninoculated controls were used to 

measure baseline ORP over time. The ORP data was collected via Modbus TCP/IP protocol 

(Stride Modbus Gateway, AutomationDirect, Cumming, GA, USA) into a database (OSIsoft, San 

Leandro, CA, USA) and analyzed in MATLAB (Mathworks, Nantick, MA, USA). pH was 

measured using a Mettler Toledo SevenEasy pH meter (Mettler Toledo, Columbus, OH, USA). 

Cells were collected at either 24 h or at the greatest ORP difference between the wild-type and 

mutant strains (ΔmVmax) by centrifugation at 10,000g for 3 min and used for ferrihydrite 

reduction analyses.  

 

ATP and NAD+/NADH quantification 

Frozen cell pellets were suspended in PBS and lysed by mechanical agitation in a FastPrep 24 

(MP Biomedicals) at 6.5 m/sec for 1 min. The cell lysates were then centrifuged at 20,000 g for 3 

min at 4°C. ATP and NAD+ and NADH in the supernatants were then quantified with the 

Molecular Probes ATP Quantification Kit (ThermoFisher) and the Promega NAD/NADH-Glo 

Kit (Promega, Madison, WI, USA), respectively according to the manufacturers’ instructions. 
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Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) 

L. plantarum was inoculated in mMRS with or without 20 μg/mL DHNA and 1.25 mM ferric 

ammonium citrate at an OD600 of 0.10 for 3.5 h. Cells were then collected by centrifugation at 

10,000 x g for 3 min and washed twice in PBS to remove cell surface-associated metals. Viable 

cell numbers were enumerated by plating serial dilutions on MRS laboratory culture medium and 

the resulting cell materials were digested by incubating at 95 ˚C for 45 minutes in a 60% 

concentrated trace metal grade HNO3, allowed to cool, then diluted with MilliQ water to a final 

concentration of 6% HNO3. The contents were quantified with internal standards with an Agilent 

7500Ce ICP-MS (Agilent Technologies, Palo Alto, CA) for simultaneous determination of select 

metals (Na, Mg, Al, K, Ca, Cu, Zn, Ba, Mn, Fe) at the UC Davis Interdisciplinary Center for 

Plasma Mass Spectrometry (http://icpms.ucdavis.edu/).  

 

Kale juice fermentation assay 

Green organic kale purchased from a market (Whole Foods) was washed with tap water and air 

dried for 1 h as previously recommended (Kim, 2017-9). A total of 385 g of the leaves and stems 

were shredded with an electric food processor in 1 L ddH20. The kale juice was then diluted with 

0.35 L ddH2O and autoclaved (121°C, 15 min). The juice was then centrifuged under sterile 

conditions at 8000 rpm for 20 min and the supernatant was collected. A rifampicin-resistant 

variant of L. plantarum NCIMB8826-R (Tachon et al., 2014) (grown for 19 h in MRS medium at 

37 °C, 50 μg Rif/mL) was inoculated to an estimated final OD of approximately 0.05, and 

DHNA (20 μg/mL) was added where appropriate. Cells were collected and washed as previously 

described for the bioelectrochemical assays in mCDM. The anodic chambers of bioreactors 

assembled as previously described (anode of 4.3*6 cm) were filled with 125 mL of the 

http://icpms.ucdavis.edu/
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inoculated kale juice and incubated at 30°C purged with N2. After 1 h, the anodes were polarized 

to 0.2 V versus Ag/AgCl (sat. KCl) (EET conditions) or kept at open circuit (OC, no EET). 

Viable cells were measured by plating 10-fold serial dilutions in MRS agar plates with 50 μg/mL 

of Rif. 

 

Calculations 

The total electrons harvested on the anode were estimated by integrating the area (charge) under 

the chronoamperometric curve (current response (A) over time (s)), which was corrected by 

subtracting the current baseline obtained before L. plantarum was added to the system. This 

obtained charge was then converted to mol of electrons using the Faraday constant (96,485.3 

A*s/mol electrons). 

 

Data accession numbers 

L. plantarum RNA-seq data are available in the NCBI Sequence Read Archive 

(SRA) under BioProject accession no. PRJNA717240. A list of the completed Lactobacillales 

genomes used in the DNA sequence analysis is available in the Harvard Dataverse repository at 

https://doi.org/10.7910/DVN/IHKI0C. Source data can be found on eLife alongside the 

published article. 
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Tables 

Table 1. Bioenergetic balances suggest energy conservation under EET conditions occurs via 
substrate-level phosphorylation. The reactors contained 20 µg/mL of DHNA and mannitol as the 
electron donor. Balances were calculated with data obtained by day 4 from Figure 5. See also 
Supplement file 1. SLP stands for substrate-level phosphorylation. Yfermentation refers to the total 
fermentation products obtained (see Supplement file 1) per mol of sugar consumed. Ymannitol is 
the ATP produced from the total fermentation products per mol of sugar consumed, and YATP is 
the dry weight measured per mol of ATP produced from fermentation products. 

 NADH consumed* 

Calculated 

ATP** 

(from 

metabolites) 

Biomass 

yield 
Yfermentation Ymannitol YATP 

Units mM mM 
g-dw/mol-

mannitol 

mmol 

product/mmol

-mannitol 

mol 

ATP/mol 

mannitol 

g dw/mol 

ATP 

EET 

 

6.44 ± 0.48 via 

anode 

16.69 ± 2.72 via SLP 

16.6 ± 1.5 4.85 ± 0.33 1.53 ± 0.13 1.59 ± 0.13 3.09 ± 0.36 

OC 

 
5.51 ± 0.97 via SLP 5.7 ± 0.6 7.21 ± 1.41 0.87 ± 0.09 0.89 ± 0.09 8.06 ± 0.86 

*Calculated based on production of 3 mol of NADH produced per mol of mannitol, 1 mol of 
NAD+ per lactate, 2 mol of NAD+ per ethanol, 2 mol of NAD+ mol per succinate produced and 
0.5 mmol of NAD+ per mol of electrons harvested on the anode. 
** Calculated based on production of 1 mol of ATP per lactate, 2 mol per acetate, 1 mol per 
ethanol, and 3 mol per succinate produced. 
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Figures 

 

 

Figure 1. L. plantarum can reduce both Fe3+ and an anode through EET.  (A) Reduction of 

Fe3+ (ferrihydrite) to Fe2+ by L. plantarum NCIMB8826 after growth in mMRS. The assays were 

performed in PBS supplemented with 20 µg/mL DHNA and/or 55 mM mannitol. Fe2+ was 

detected colorimetrically using 2 mM ferrozine. For L. plantarum inactivation, cells were 

incubated at 85 ℃ in PBS for 30 min prior to the assay. Significant differences were determined 

by one-way ANOVA with Tukey’s post-hoc test (n = 3), *** p < 0.001. (B) Two-chambered 

electrochemical cell setup for measuring current generated by L. plantarum. (C) Current density 

production over time by L. plantarum in CDM supplemented with 20 µg/mL DHNA and/or 110 

mM mannitol. The anode was polarized at +0.2VAg/AgCl. The avg + stdev of three biological 

replicates is shown. See also Figure 1-figure supplement 1 and Figure 1-figure supplement 2 and 

related data in Figure 1 – Source data 1. 
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Figure 2. The FLEET genes ndh2 and pplA are associated with iron reduction by LAB. (A) 

Heatmap showing the genera in the Lactobacillales order containing FLEET genes. Homology 

searches were conducted using tBLASTx for 1,788 complete LAB genomes in NCBI 

(downloaded 02/25/2021) against the L. plantarum NCIMB8826 FLEET locus. A match was 

considered positive with a Bit-score > 50 and an E-value of < 10-3. Arrows designate genera 

tested for iron reduction activity; green = EET-active with Fe3+, red = EET-inactive with Fe3+. 

(B) Reduction of ferrihydrite in PBS with 20 μg/mL DHNA and 55 mM mannitol after growth in 

mMRS supplemented with 20 μg/mL DHNA and 1.25 mM ferric ammonium citrate. The avg ± 

stdev of three biological replicates per strain is shown. (C) Relative expression of NCIMB8826 

FLEET locus genes in mMRS with 20 μg/mL DHNA and 1.25 mM ferric ammonium citrate 

compared to growth in mMRS. Significant differences in expression were determined by the 

Wald test (n = 3) with a Log2 (fold change) > 0.5 and an FDR-adjusted p-value of < 0.05. See 

also Figure 2-figure supplement 1 and Figure 2-figure supplement 2 and related data in Figure 2– 

Source data 1. 
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Figure 3. L. plantarum requires ndh2 and conditionally pplA for EET. (A) Reduction of Fe3+ 

(ferrihydrite) to Fe2+ with wild-type L. plantarum or EET deletion mutants in the presence of 20 

μg/mL DHNA and 55 mM mannitol after growth in mMRS supplemented with 20 μg/mL 

DHNA and 1.25 mM ferric ammonium citrate. Significant differences determined by one-way 

ANOVA with Dunnett’s post-hoc test, **** p < 0.0001. (B) Redox potential of mMRS 

supplemented with 20 μg/mL DHNA and 1.25 mM ferric ammonium citrate after inoculation 

with wild-type L. plantarum or EET deletion mutants. Significant ORP differences between the 

wild-type and mutant strains determined by two-way RM ANOVA with Tukey’s post-hoc test, * 

p < 0.05 (WT vs. Δndh2); # p < 0.05 (WT vs. ΔpplA). (C) Current density generated by wild-

type L. plantarum and deletion mutants in mCDM supplemented with 20 μg/mL DHNA. The 
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avg + stdev is shown. (D) Current density generated by L. plantarum and two L. lactis strains 

lacking pplA in mCDM. For L. plantarum, the mCDM was supplemented with 20 μg/mL 

DHNA. The data correspond to the average of two (D) or three (A to C) biological replicates per 

strain. See also Figure 3-figure supplement 1 and Figure 3-figure supplement 2 and related data 

in Figure 3– Source data 1. 

 

 

Figure 4. Growth, ATP, and redox balance of L. plantarum changes when an anode is 

provided as an extracellular electron acceptor. These measurements and the current density 

plot shown in Fig 1C are from the same experiment. (A) Viable cells and (B) dry weight at the 

point of maximum current density under current circulating conditions (EET) and at open circuit 

conditions (OC) at the same time point. (C) Change in cell numbers measured by OD600 over 

time in the bioreactors under EET (continuous line) and OC conditions (dotted lines). (D) ATP 

production per OD600 unit and (E) NAD+/NADH ratios at the point of maximum current density. 
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The bioreactors were shaken vigorously to dislodge cells before sampling. The avg + stdev of 

three biological replicates is shown. Significant differences were determined by one-way 

ANOVA with (A and B) Dunn-Sidak post-hoc test (n = 3) and (D and E) Dunnett’s post-hoc 

test (n = 3), * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. See also Figure 1-figure 

supplement 4 and Figure 4-figure supplement 3 and related data in Figure 4– Source data 1. 

 

 

Figure 5. Fermentation fluxes are increased when an anode is provided as an extracellular 

electron acceptor.  Results are from the same set of experiments as the current density plot 

shown in Fig 3C. (A) Metabolic yields of L. plantarum end-fermentation products under open 

circuit conditions (OC) and current circulating conditions (EET) in mCDM supplemented with 

20 μg/mL DHNA. (B) pH measurements and (C) mannitol, (D) lactate, (E) acetate, and (F) 

ethanol concentrations over time under OC and EET conditions. (G) Schematic of proposed 

model for NADH regeneration during fermentation of mannitol in the presence of an anode as 

electron sink for L. plantarum. The avg + stdev of three biological replicates is shown. 

Significant differences were determined by One-way ANOVA with Dunn-Sidak post-hoc (n = 

3), ** p < 0.01. See also Figure 5-figure supplement 1 and Figure 5-figure supplement 2 and 

related data in Figure 5– Source data 1. 
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Figure 6. EET in a kale juice increases the production of fermentation end products. (A) 

Preparation of kale juice medium used for fermentation in bioelectrochemical reactors. (B) 

Current density production measured from kale juice medium over time in the presence of L. 

plantarum and 20 μg/mL DHNA, no DHNA, or under abiotic conditions with addition of 20 
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μg/mL DHNA. The anode polarization was maintained at 0.2 VAg/AgCl. (C) Normalized total 

quantities of the metabolites detected per cell (CFUmax used for calculations). (D) pH 

measurements over time under different conditions tested on a second set of kale juice 

fermentations performed under the same conditions. (E) Production rate per viable cell, r, of 

lactate, acetate, and succinate. The avg + stdev of three biological replicates is shown. See also 

Figure 6-figure supplement 1 and related data in Figure 6– Source data 1. 
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Supplemental 

Supplement file 1. Data used for calculating the bioenergetic balances. 

 Mannitol 
consumed 

Lactic 
acid Acetic acid Ethanol Succinic 

acid 
Pyruvic 

acid 
Formic 

acid 
Dry 

weight 
Electrons 
to anode 

 mM mM mM mM mM mM mM g/L mM 
EET 

(anode) 
10.05 ± 

2.58 
12.41 ± 

0.33 0.55 ± 0.13 2.12 ± 
1.38 

0.021 ± 
0.006 

0.86 ± 
0.16 

0.07 ± 
0.01 

0.052 ± 
0.04 

12.87 ± 
0.96 

OCP 5.28±1.5 3.46 ± 0.4 0.12 ± 0.04 1.01 ± 
0.49 

0.01 ± 
0.00 

0.83 ± 
0.15 

0.09 ± 
0.08 

0.046 ± 
0.009 - 

The following standards were included in the HPLC measurements: acetate, formate, pyruvate, 
malate, lactate, succinate, oxalacetate, fumarate, ethanol, acetoin, butanediol, mannitol and 
glucose. No gaseous products were measured. 
Carbon recovery-EET conditions (fermentation products+biomass): 79±5 % 
Carbon recovery-OC conditions (fermentation products+biomass): 55±5 % 
A 53% of the biomass was considered to be C, as previously reported (Shuler and Kargi, 2002) 
 
Methods to calculations of NADH regeneration 

The concentration of NADH regenerated is calculated as the difference between the NADH 
consumed and produced through EET and the formation of fermentation products. Calculating the 
concentration of NADH consumed is straightforward. We assume NADH is consumed as a result 
of both fermentative pathways associated with substrate-level phosphorylation and EET pathways. 
For the substrate-level phosphorylation pathways, we assume that 1 mol of lactate, ethanol, or 
succinate each consume 1, 2 or 2 mol of NADH, respectively. For EET pathways, the 
concentration of NADH consumed was calculated by first determining the moles of electrons 
harvested by the anode: 
  
𝑚𝑚𝑚𝑚𝑚𝑚 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝐴𝐴 ∗ 𝑠𝑠) ∗  𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (96485 𝑚𝑚𝑚𝑚𝑚𝑚 𝑒𝑒

𝐴𝐴∗𝑠𝑠
)      

 Eqn 1 

where 

𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝐴𝐴) ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (𝑠𝑠) = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ( 𝐴𝐴
𝑐𝑐𝑚𝑚2) ∗  𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑐𝑐𝑚𝑚2)  ∗  𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (𝑠𝑠)  

 Eqn 2 

Then, the concentration of NADH regenerated was calculated using the volume of the reactor 
and the fact that 2 electrons are released in the oxidation of NADH to NAD+ basis: 

[𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁] = 𝑚𝑚𝑚𝑚𝑚𝑚 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ∗ 2 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁
𝑚𝑚𝑚𝑚𝑚𝑚 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠

∗ 1
0.15 𝐿𝐿 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

      
 Eqn 3 

Because the amount of mannitol consumed cannot be completely accounted for by 
biomass and fermentation products, there are two different assumptions that can be made to 
calculate the NADH produced.  These two assumptions represent lower and upper bounds on the 
concentration of NADH regenerated. Using these bounds, we provide a range of NADH 
concentrations in Table 1.  
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Method 1: Establishing a lower bound of NADH regenerated 

This method assumes that the production or consumption of NADH is only due to 
formation of fermentation products. Since 79% of the carbon in consumed mannitol was recovered 
in fermentation products and biomass under EET conditions, this method accounts for the majority 
of the NADH produced. However, this method does not account for any undetected metabolites 
and may underestimate the total NADH produced. Thus, we consider this calculation to be a lower 
bound on the amount of NADH regenerated. 

 
This method uses the known stoichiometry of the fermentation pathways (McFeeters and 

Chen, 1986) to assume 1.5  mol of NADH is produced for each mole of lactate, acetate, ethanol, 
pyruvate, succinate and formate detected. Using this method, we estimate that 96% of the NADH 
is reoxidized under EET conditions. Of this fraction, 63% of the NADH is reoxidized by substrate-
level phosphorylation and 27% by EET. In contrast, under OC condition, 69% of the NADH 
produced is reoxidized via substrate-level phosphorylation.  
 

Method 2: Establishing an Upper Bound of NADH regenerated 

This method assumes NADH production is directly related to disappearance of mannitol. 
Thus, this method overestimates this fraction since a proportion of this mannitol will be used for 
biomass synthesis and will not lead to NADH generation. 

This method uses the known stoichiometry of mannitol oxidation to assume that 3 mol of 
NADH is produced for each mole of mannitol that is consumed. Calculations performed using this 
method estimate that 77% of the NADH is reoxidized under EET conditions. Of this fraction, 55% 
of the NADH is regenerated through substrate-level phosphorylation and 21% via EET. In contrast, 
66% of the NADH produced is reoxidized via substrate-level phosphorylation under OC 
conditions. 
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Supplement file 2. Comparison of the energy metabolism discovered in this study with fermentation in LAB and anaerobic 
respiration in Geobacter spp. 

 Homofermentation in LAB Respiration in LAB 

Anaerobic EET 
respiration in Geobacter 

spp. 

Hybrid 
metabolism in 

LAB (this study) 

Reduction of insoluble 
extracellular electron acceptor 

No No Yes 
 4-8 mA/mg protein at 
peak 
(Marsili et al., 2010; Rose 
and Regan, 2015)  

Both - soluble and 
insoluble 
1.5 mA/mg- protein 
(at peaka) 

NADH:quinone oxidoreductase 
is required for reduction of 
electron acceptor 

No (Tachon et al., 2010) Ndh1 (R. Brooijmans 
et al., 2009b, 2009b) 

Yes 
Ndh1 (proton pumping) 
(Chan et al., 2017)  

Yes 
Ndh2 (non-proton 
pumping) 

Electron acceptor 
transcriptionally upregulates 
NADH dehydrogenase 

No (this study) No [aerobic 
respiration] (Pedersen 
et al., 2008) 

Yes (Holmes et al., 2006)  Yes (with DHNA)  

NAD+/NADH ratio ~1 for glucose (Guo et al., 2017, 
p. 201) 
~5 for mannitol (this study) 

Near-zero for lactose 
(Johanson et al., 2020) 

10 (Fe3+) 
10-100 (anode) (Rose and 
Regan, 2015; Song et al., 
2016) 

260 (Fe3+) 
45 (anode) 

Fraction of electrons on 
electron acceptor 

40-98% pyruvate (Dirar and 
Collins, 1972) 
 

33% (nitrate) (R. J. W. 
Brooijmans et al., 
2009, p. 1) 

75-90% anode (Speers 
and Reguera, 2012)  

20% anode 
48% pyruvate 

Metabolic flux is primarily 
through 

Fermentative pathway (Bintsis, 
2018)   

Mixed-acid 
fermentation (R. 
Brooijmans et al., 
2009a) 

TCA cycle (Galushko and 
Schink, 2000; Mahadevan 
et al., 2006) 

Fermentative 
pathway - Mixed 
acid 
 

https://www.zotero.org/google-docs/?kpfm2o
https://www.zotero.org/google-docs/?kpfm2o
https://www.zotero.org/google-docs/?kpfm2o
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ATP yield per substrate ~2-3 mol ATP/mol glucose for 
homolactic (Dirar and Collins, 
1972)   
0.75 mol ATP/mol mannitol 
(this study) 

3.3-3.9 mol ATP/mol 
lactose (Johanson et 
al., 2020) 

~1.5 mol ATP/mol 
substrateb (Mahadevan et 
al., 2006)  

1.6 mol ATP/mol 
mannitol 

a Calculated assuming that 50% of the dry cell weight is protein. b G. sulfurreducens uses acetate as its electron donor. Since acetate is a 2 carbon 
electron donor, ATP yield is expressed per mol of a 6 carbon substrate.
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Supplement file 3. Strains and plasmids used in this study. 

Strains Isolation Source / Description Reference 
L. plantarum NCIMB8826 Human saliva (Dandekar, 2019)  
L. plantarum NCIMB8826-R Rifampicin-resistant mutant of 

NCIMB8826 
(Yin et al., 2018) 

L. plantarum MLES100 Deletion mutant of NCIMB8826 
lacking ndh2 

This study 

L. plantarum MLES101 Deletion mutant of NCIMB8826 
lacking pplA 

This study 

L. plantarum MLEY100 Deletion mutant of NCIMB8826 
lacking narGHIJ 

This study 

L. plantarum B1.3 Brown flour teff injera (Yu et al., 2021) 
L. plantarum AJ11 Fermented olives; commercial 

fermentation 
(Yu et al., 2021) 

L. plantarum 8.1 Wheat boza (Yu et al., 2021) 
L. plantarum ATCC 202195 Human stool (Wright et al., 2020) 
L. plantarum NCIMB700965 

Cheese 
(Heeney and Marco, 
2019) 

L. pentosus BGM48 Fermented olives (Golomb et al., 2013) 
L. casei BL23 Dairy products (Mazé et al., 2010) 
L. brevis ATCC 367 Silage (Makarova et al., 2006) 
L. lactis KF147 Mung bean sprouts (Siezen et al., 2010) 
L. lactis IL1403 Cheese (Bolotin et al., 2001) 
L. rhamnosus GG Human intestine (Kankainen et al., 2009) 
L. murinus ASF361 

Mice 
(Wannemuehler et al., 
2014) 

E. faecalis ATCC 29212 Urine (Minogue et al., 2014) 
E. faecium ATCC 8459 Cheese (Kopit et al., 2014) 
P. pentosaceus ATCC 25745 Plants (Makarova et al., 2006) 
S. agalactiae ATCC 27956 

Bovine udder infection 
(McDonald and 
McDonald, 1976) 

E. coli DH5α fhuA2 lac(del)U169 phoA glnV44 
Φ80' lacZ(del) M15 gyrA96 recA1 
relA1 endA1 thi−1 hsdR17, 
amplification of cloning vector 

(Taylor et al., 1993) 

Plasmids   
pRV300 EryR AmpR, E. coli Ori pMB1, 

integrative vector 
(Leloup et al., 1997) 

pRV300:ndh2 pRV300 derivative used for 
deletion of ndh2 

This study 

pRV300:pplA pRV300 derivative used for 
deletion of pplA 

This study 

pRV300:narG pRV300 derivative used for 
deletion of narG 

This study 
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Supplement file 4. Chemically defined medium. 

CDM component a Final concentration (g/L) 
Buffers and salts  
MOPS (3-(N-morpholino)propanesulfonic acid) 8.371 
K2HPO4 0.871 
NH4Cl 1.070 
Na2SO4 1.420 
Metals  
MgCl2 * 6H2O 0.203 
MnCl2 * 4H2O 0.001 
FeSO4 * 7H2O 0.014 
Amino acids  
Casamino acids 3.000 
Cysteine-HCl * H2O 0.145 
Tryptophan 0.050 
Wolfe’s Vitaminsb  
Pyridoxine HCl 0.002 
Thiamine HCl 0.001 
Riboflavin 0.001 
Nicotinic acid 0.001 
Calcium D-(+)-pantothenate 0.001 
p-Aminobenzoic acid 0.001 
Thioctic acid (α-Lipoic acid) 0.001 
Biotin 0.0004 
Folic acid 0.0004 
Vitamin B12 0.00002 
Wolfe’s Mineralsc  
Nitrilotriacetic acid (NTA) 0.3 
MgSO4 * 7H2O 0.6 
MnSO4 * H2O 0.1 
NaCl 0.2 
FeSO4 * 7H2O 0.02 
CoCl2 * 6H2O 0.02 
CaCl2 0.02 
ZnSO4 * 7H2O 0.02 
CuSO4 * 5H2O 0.002 
AlK(SO)4 * 12H2O 0.002 
H2BO3 0.002 
Na2MoO4 * 2H2O 0.002 

a All solutions were prepared separately and sterile filtered through a 0.22 μm filter before 
combining. Glucose or mannitol was also supplemented at 22.520 g/L or 22.772 g/L, 
respectively. 
b pH adjusted to 11 before sterile filtering. 
c After NTA addition, pH adjusted to 8 before adding remaining components and sterile filtering. 
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Supplement file 5. Primers developed for this study. 

Primer ID Sequencea Description Use 
ndh2-A CCGGAATTCGGCGGACACATA

CTTGGTC 
Upstream of ndh2 Deletion construction (EcoRI 

cut site) 
ndh2-B GAAGCAGCTCCAGCCTACACTCT

CATTACGACGGTGTTAAAAC 
Upstream of ndh2 Deletion construction (SOEing 

PCR overlap region) 

ndh2-C GTGTAGGCTGGAGCTGCTTCGCA
TCGAGGTTTGAACGGAA 

Downstream of ndh2 Deletion construction (SOEing 
PCR overlap region) 

ndh2-D GGGGAGCTCTGCCGTTCTTGTT
CACTTGG 

Downstream of ndh2 Deletion construction (SacI cut 
site) 

ndh2-Check-F TCGTGGCCTTAATTTCAACC Upstream of ndh2 deletion  Confirmation of gene deletion  

ndh2-Check-R CCGGCGTTTTGTAATTGTTCC Downstream of ndh2 deletion Confirmation of gene deletion  
pplA-A TAAGCAGAATTCCCGTTCGGTA

GCAACTTCAT 
Upstream of pplA Deletion construction (EcoRI 

cut site) 
pplA-B GAAGCAGCTCCAGCCTACACTCC

CACTCCTAACCTTTTTGT 
Upstream of pplA Deletion construction (SOEing 

PCR overlap region) 

pplA-C GTGTAGGCTGGAGCTGCTTCGCT
GAGGGCCTTTTGTTTTT 

Downstream of pplA Deletion construction (SOEing 
PCR overlap region) 

pplA-D TAAGCAGAGCTCTTAAACGCC
CCAGCTAACAC 

Downstream of pplA Deletion construction (SacI cut 
site)  

pplA-Check-F TTGCGTAAACACCAGCAAAC Upstream of pplA deletion Confirmation of gene deletion  

pplA-Check-R GCTGCTTTGATCATTGGGTA Downstream of pplA deletion Confirmation of gene deletion  
narG-A GCGAAAGTCGACAAGCAGCCA

GTCAGTAATAG 
Upstream of narG Deletion construction (SalI cut 

site) 
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narG-B GAAGCAGCTCCAGCCTACACTCA
CCGATAAGACCTCCTTT 

Upstream of narG Deletion construction (SOEing 
PCR overlap region) 

narG-C GAAGCAGCTCCAGCCTACAGCAC
AAATTGGGATGGTCTT 

Downstream of narG Deletion construction (SOEing 
PCR overlap region) 

narG-D GCGAAACCGCGGCATCACGCT
TATACATCGCC 

Downstream of narG Deletion construction (SacII 
cut site) 

narG-Check-F TACATTGCGTTAGGACCGAA Upstream of narG  Confirmation of gene deletion  
narG-Check-R CCATAACCACCGACCATTTG Downstream of narG Confirmation of gene deletion  
rpoB-F CGATGACTCTAACCGTGC rpoB RT-PCR 

rpoB-R CAAGGCAATCCCTGAGTC rpoB RT-PCR 
ndh2-F CCGGCTGTCCAGATTAACGT ndh2 RT-PCR 
ndh2-R CGAAGCAGCGCCGACTATTA ndh2 RT-PCR 
pplA-F GCTCTGCCGCTACTGGTAAC pplA RT-PCR 

pplA-R TCGCACCAGTCACAACATCA pplA RT-PCR 
a Restriction sites for enzymes are in bold, SOEing PCR overlap sequences are italicized.
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Supplement file 6. Transcriptome read counts, alignment rate, and gene assignment rate. 

Sample ID 

Total 
paired 
reads 

Paired 
reads 

passed 
quality 

filteringa 

Reads 
passed 
quality 
control 

(%) 

Reads 
aligned 
to Lpb 

Alignment 
(%) 

Assigned 
readsc 

Read 
assignment 

rate (%) 

rRNA/ 
tRNA/ncRNA 

Reads 

Remaining 
reads for 

DEd 

Remaining 
reads for 
DEd (%) 

mMRS-1 3.91E+07 3.40E+07 86.8 3.38E+07 99.6 30287036 89.6 10670771 19616265 64.8 
mMRS-2 3.96E+07 3.46E+07 87.2 3.44E+07 99.5 29762763 86.6 11736601 18026162 60.6 
mMRS-3 3.43E+07 3.03E+07 88.4 3.02E+07 99.5 26518101 87.8 13822383 12695718 47.9 
DHNA-1 4.13E+07 3.59E+07 87.0 3.57E+07 99.5 31800634 89.0 11364096 20436538 64.3 
DHNA-2 3.83E+07 3.35E+07 87.5 3.33E+07 99.5 29672126 89.0 9933102 19739024 66.5 
DHNA-3 3.99E+07 3.49E+07 87.5 3.47E+07 99.6 30954603 89.1 14806368 16148235 52.2 

Iron-1 3.31E+07 2.88E+07 86.8 2.86E+07 99.4 25147375 87.9 7180253 17967122 71.4 
Iron-2 2.47E+07 2.18E+07 88.2 2.16E+07 99.4 18943484 87.5 4976026 13967458 73.7 
Iron-3 3.10E+07 2.67E+07 86.1 2.66E+07 99.7 23221100 87.4 7577947 15643153 67.4 
Both-1 3.66E+07 3.03E+07 82.6 3.01E+07 99.6 26811334 88.9 12603853 14207481 53.0 
Both-2 4.39E+07 3.86E+07 87.9 3.85E+07 99.7 34163533 88.8 16841230 17322303 50.7 
Both-3 3.58E+07 3.11E+07 86.9 3.10E+07 99.7 27593814 89.0 14617870 12975944 47.0 

a Paired-end reads filtered through Trimmomatic (ver. 0.39) 
b Paired-end reads aligned to L. plantarum genome with Bowtie2 (ver. 2.3.5) 
c Reads assigned to L. plantarum genes with FeatureCounts (ver. 1.6.4) 
d Differential expression analyses done through DEseq2 on DEBrowser (ver. 1.14) 
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Figure 1-figure supplement 1. Iron reduction by L. plantarum is dependent upon DHNA, 

carbon source, and riboflavin. (A) Reduction of Fe3+ (ferrihydrite) to Fe2+ by L. plantarum 

NCIMB8826 after growth in MRS with glucose (gMRS). The assays were performed in PBS 

supplemented with 20 µg/mL DHNA and/or 55 mM glucose. For L. plantarum inactivation, cells 

were incubated at 85 ℃ in PBS for 30 min prior to the assay. (B) Reduction of ferrihydrite by L. 



 

115 
 

plantarum after growth in MRS with glucose (gMRS) or mannitol (mMRS) or CDM with 

glucose (gCDM) or mannitol (mCDM). The ferrihydrite reduction assays were performed in PBS 

supplemented with 20 µg/mL DHNA and the corresponding carbon source (55 mM glucose or 

mannitol). (C) Reduction of ferrihydrite by L. plantarum in the presence of 20 μg/mL DHNA, 55 

mM mannitol, and increasing concentrations of riboflavin. (D and E) Reduction of ferrihydrite 

by L. plantarum after growth to mid-exponential phase in mMRS with or without the 

supplementation of 20 μg/mL DHNA, iron (1.25 mM ferric ammonium citrate), and/or 2.5 μM 

riboflavin. Significant differences in iron reduction were determined by one-way ANOVA with 

Tukey’s post-hoc test (n = 3), ** p < 0.01; **** p < 0.0001. The avg + stdev of three biological 

replicates is shown. See related data in Figure 1 Supplement 1 - Source Data 1. 
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Figure 1–figure supplement 2. Current production by L. plantarum is a biotic process 

dependent on DHNA, carbon source, and riboflavin. (A) Abiotic current density response in 

bioelectrochemical reactors over time in mannitol-containing MRS (mMRS) upon DHNA (20 

μg/mL) addition. Current density produced by L. plantarum in (B) mMRS with 20 μg/mL 

DHNA or (C) gMRS with 20 μg/mL DHNA. (D) Effect of riboflavin addition on current density 

production by L. plantarum in mannitol-containing CDM (mCDM) with 20 μg/mL DHNA. The 

avg + stdev of three biological replicates is shown. See related data in Figure 1 Supplement 2 - 

Source Data 1. 

 

 

Figure 1–figure supplement 3. A sub-physiological concentration of DHNA stimulates EET 

in L. plantarum. Reduction of Fe3+ (iron III oxide nanoparticle, primarily γ-Fe2O3) to Fe2+ (A) 

and current production (B) by L. plantarum when 0.01 μg/mL DHNA was supplied. (C) pH 

measurements at 0 and 56 h for the experiment shown in (B). The avg ± stdev is shown. Three 

replicates for (A) and two replicates for (B) and (C). Significant differences were determined by 

two-tailed t-test, **p ≤ 0.01. See related data in Figure 1 Supplement 13- Source Data 1. 
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Figure 2–figure supplement 1. Conservation of FLEET locus genes among lactobacilli. 

Heatmap showing the bacteria in the Lactobacillus-genus complex containing genes in the 

FLEET locus. Homology searches were conducted using tBLASTx for 1,788 complete LAB 

genomes in NCBI (downloaded 02/25/2021) against the L. plantarum NCIMB8826 FLEET 

locus. A match was considered positive with a Bit-score > 50 and an E-value of < 10-3. See 

related data in Figure 2 Supplement 1 - Source Data 1. 

 

 

Figure 2–figure supplement 2. ndh2 and pplA are required for iron reduction through EET.  

(A) Visualization of the FLEET locus in L. monocytogenes and three strains of L. plantarum. 

Genes are annotated based on predicted functions within the FLEET system. (B) Relative 

expression of ndh2 and pplA in L. plantarum strains 8.1 and NCIMB700965 (“965”) during 
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growth in MRS compared to L. plantarum NCIMB8826. The avg + stdev of three biological 

replicates is shown. (C) Relative expression of ndh2 and pplA in L. plantarum during growth in 

mMRS containing 20 μg/mL DHNA, iron (1.25 ferric ammonium citrate), or both (DHNA and 

iron), compared to during growth in mMRS. Significant differences determined through Two-

way ANOVA with Sidak’s post-hoc test (n = 3), **** p < 0.0001. See related data in Figure 2 

Supplement 2 - Source Data 1. 

 

 

Figure 3–figure supplement 1. Impact of ndh2 and pplA deletion on growth, iron reduction, 

current density, and metabolites production. (A) Redox potential of mMRS supplemented 

with 1.25 mM ferric ammonium citrate after inoculation with wild-type L. plantarum. Where 

indicated, 20 μg/mL DHNA was supplemented as well. (B) Growth of wild-type L. plantarum, 

Δndh2, or ΔpplA in mMRS supplemented with 20 μg/mL DHNA and 1.25 mM ferric ammonium 

citrate. (C) Final pH from Fig 3B. (D) Final pH from Fig 3-S1A. (E and F) Reduction of 

ferrihydrite by L. plantarum or FLEET deletion mutants from Fig 3B in the ferrihydrite 

reduction assay at (E) ΔmVmax (~ 5 h) or (F) stationary phase (12 h). Significant differences 
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determined through Two-tailed t-test (n = 3), * p < 0.05; ** p < 0.01; **** p < 0.0001. The avg 

+ stdev of three biological replicates is shown. See related data in Figure 3 Supplement 1 - 

Source Data 1. 

 

 

Figure 3–figure supplement 2. Impact of ndh2 and pplA deletion on maximum current 

density, pH and metabolites production. (A) Peak current generated by wild-type L. plantarum 

or either the Δndh2 or ΔpplA mutant from Fig 3C. (B) pH measurements and (C) metabolites 

produced in the bioelectrochemical reactors inoculated with wild-type L. plantarum or either the 

Δndh2 or ΔpplA mutant from Fig 3C. Solid lines denote the presence of an anode polarized to 

+0.2V (vs Ag/AgCl sat. KCl) while dashed lines denote open circuit conditions. See related data 

in Figure 3 Supplement 2 - Source Data 1. 
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Figure 4 –figure supplement 1. Intracellular metal concentrations in L. plantarum are not 

affected by EET-conducive growth conditions. Inductively coupled plasma mass spectrometry 

(ICP-MS) quantification of intracellular metals in L. plantarum after growth for 18 h in mMRS 

or mMRS supplemented with 20 μg/mL DHNA and iron (1.25 mM ferric ammonium citrate). 

The avg + stdev of three biological replicates is shown. See related data in Figure 4 Supplement 

1 - Source Data 1. 
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Figure 4 –figure supplement 2. Redox-active metal concentrations in L. plantarum are not 

affected by the presence of ndh2. Inductively coupled plasma mass spectrometry (ICP-MS) 

quantification of intracellular metals in wild-type L. plantarum and a L. plantarum ndh2 deletion 

mutant after growth for 18 h in mMRS supplemented with 20 μg/mL DHNA and iron (1.25 mM 

ferric ammonium citrate). The avg + stdev of three biological replicates is shown. Significant 

differences determined by One-way ANOVA with Dunnett’s post-hoc test, * p < 0.05; ** p < 

0.01. See related data in Figure 4 Supplement 2 - Source Data 1. 

 



 

123 
 

 

Figure 4–figure supplement 3. Use of Fe3+ as an electron acceptor allows L. plantarum to 

regenerate NAD+.  NAD+/NADH ratios of L. plantarum grown to mid-exponential phase in 

mCDM with/without the supplementation of 20 μg/mL DHNA, iron (1.25 mM ferric ammonium 

citrate), or both. The avg + stdev of three biological replicates is shown. Significant differences 

determined through One-way ANOVA with Dunnett’s post-hoc test (n = 3), ** p < 0.01. See 

related data in Figure 4 Supplement 3 - Source Data 1. 

 

 

Figure 5–figure supplement 1. EET by L. plantarum is not dependent on aerobic or 

anaerobic respiration components. (A) Effect on L. plantarum current production with heme 
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addition to reconstitute the aerobic electron transport chain. (B) Effect on L. plantarum current 

production with the deletion of the nitrate reductase A. The anode was polarized to +0.2V (vs 

Ag/AgCl sat. KCl). The avg + stdev of two biological replicates is shown. See related data in 

Figure 5 Supplement 1 - Source Data 1. 

 

 

Figure 5–figure supplement 2. EET by L. plantarum does not involve TCA cycle 

metabolites. Succinate, formate and pyruvate produced under EET (solid line) and open-circuit 

(dashed line) conditions from Fig 5. The avg + stdev of three biological replicates is shown. See 

related data in Figure 5 Supplement 2 - Source Data 1. 
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Figure 6–figure supplement 1. EET does not impact cell viability and distribution of 

metabolites in a kale fermentation. (A) Viable cells of L. plantarum NCIMB8826-R during the 

fermentation of kale juice in the presence of a polarized anode with/without DHNA, and under 

open circuit conditions with DHNA. (B) Distribution of metabolites after 2 days of kale juice 

fermentation. The anode polarization was maintained at +0.2 V (vs Ag/AgCl sat. KCl). The avg 

+ stdev of three biological replicates is shown. See related data in Figure 6 Supplement 1 - 

Source Data 1. 
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Abstract 

 Extracellular electron transfer (EET) is a metabolic process requiring quinones to respire 

using extracellular electron acceptors. The physiological relevance of this metabolism to EET-

capable microorganisms which are unable to synthesize their own quinones remains to be 

determined. To address this question, we investigated the specificity and effects of quinones on 

Lactiplantibacillus plantarum, a quinone auxotroph able to perform a blended metabolism using 

fermentation and EET. Although L. plantarum requires exogenous quinones for EET-mediated 

reduction of extracellular ferrihydrite (iron(III) oxyhydroxide), this activity increased 5-fold 

when cells were grown with the quinone 1,4-dihydroxy-2-naphthoic acid (DHNA) and persisted 

at low DHNA concentrations. Yet, DHNA inhibited L. plantarum growth via abiotic hydrogen 

peroxide production and induced expression of redox stress-associated genes including 

glutathione reductase, thioredoxin reductase, and NADH peroxidase. These transcriptional 

effects were reversed by ferric iron which decreased hydrogen peroxide production and partially 

restored L. plantarum growth. The quinone 2-amino-3-carboxy-1,4-naphthoquinone (ACNQ) 

stimulated greater EET than DHNA, while the quinones 1,4-naphthoquinone and menadione 

stimulated EET but were not as effective as DHNA. Quinones secreted from the lactic acid 

bacteria (LAB) Lactococcus lactis and Leuconostoc mesenteroides also stimulated EET, and co-

culturing L. plantarum with these LAB resulted in increased environmental acidification and L. 

plantarum cell numbers. These results have direct ecological implications in L. plantarum for 

adapting to quinone auxotrophy with quinone-producing LAB and has direct applications for 

food and beverage fermentations modulated by EET with L. plantarum. 
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Introduction 

Oxidation-reduction (redox) reactions dictate the flow of electrons in all enzymatic 

reactions. Accordingly, these reactions are facilitated by an abundance of electron shuttling 

compounds used by bacteria to transport electrons within and outside of the cell (Glasser et al., 

2017; Zerfaß et al., 2019). Quinones are one such class of diverse, redox-active molecules with 

similar functions in all three domains of life (Elling et al., 2016; Futuro et al., 2018). Quinones 

assist membrane electron transfer from dehydrogenases to oxidases during aerobic and anaerobic 

respiration (Nitzschke and Bettenbrock, 2018). In bacteria, ubiquinones and/or menaquinones are 

required for respiratory growth, and the presence of natural or synthetic menaquinone precursors 

(i.e., 1,4-dihydroxy-2-naphthoic acid (DHNA) and menadione) can stimulate growth of 

otherwise unculturable, gut-associated bacteria (Fenn et al., 2017). Yet, even low concentrations 

of these precursors, or other quinone derivatives such as 1,4-naphthoquinone and ubiqunone-1, 

can inhibit bacterial growth (Nagata et al., 2010; Schlievert et al., 2013). These antibacterial 

modes of action include competing with endogenous quinones to inhibit respiration (Nagata et 

al., 2010), or by abiotic generation of intracellular and extracellular reactive oxygen species 

(ROS) (Schlievert et al., 2013), resulting in cell membrane damage, DNA damage, and lipid 

peroxidation (Goel et al., 2020). Therefore, while redox-mediating quinones native to bacterial 

electron transport chains are beneficial to one species, exposure to other quinone forms present 

in the environment may be detrimental to the same species and highlights the complexity of 

bacterial-quinone relationships. 

Besides their functions as cofactors in respiratory organisms and as antimicrobials, 

quinones are also necessary for extracellular electron transfer (EET), a metabolic process in 

which intracellular redox reactions are coupled to the reduction of extracellular electron 
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acceptors like redox-active metals or electrodes (Shi et al., 2016). Quinones are required to 

shuttle electrons between membrane-bound EET components, which in bacteria are either multi-

heme, c-type cytochromes or membrane-associated flavoproteins (Lovley and Holmes, 2022). 

Quinones also serve as environmental electron shuttles, like flavins or phenazines (Glasser et al., 

2017), to reduce long-range electron acceptors through EET (Voordeckers et al., 2010). We 

recently showed that Lactiplantibacillus plantarum, a species which lacks the capacity to 

synthesize both heme and quinones, performs flavoprotein-associated EET by a blended 

metabolism combining features of respiration and fermentation (Tejedor-Sanz et al., 2021). L. 

plantarum is a Gram-positive species in the Firmicutes phylum and member of the lactic acid 

bacteria (LAB) group of microorganisms defined by their production of lactic acid from 

fermentation metabolism and found in both food and intestinal environments (Martino et al., 

2016). L. plantarum EET metabolism resulted in a shortened lag phase, increased fermentation 

flux through organic acid production, and greater environmental acidification (Tejedor-Sanz et 

al., 2021). 

Remarkably, despite the advantages of EET metabolism for L. plantarum, this organism 

lacks the capacity to synthesize quinones (Brooijmans et al., 2009). The L. plantarum flavin-

mediated EET (FLEET) pathway contains dmkA and dmkB encoding a 1,4-dihydroxy-2-

naphthoate polyprenyltransferase and a heptaprenyl diphosphate synthase, respectively (Tejedor-

Sanz et al., 2021). These genes are required for demethylmenaquinone (DMK) synthesis in 

Listeria monocytogenes (Light et al., 2018) and Enterococcus faecalis (Pankratova et al., 2018). 

However, L. plantarum lacks the other genes required for menaquinone biosynthesis 

(Watthanasakphuban et al., 2021). Instead, exogenous DHNA, a precursor of DMK, was shown 

to be sufficient for stimulating L. plantarum EET metabolism (Tejedor-Sanz et al., 2021). 
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DHNA was also associated with inducing L. plantarum EET activity; co-exposure of DHNA and 

soluble ferric ammonium citrate (FeAC) during growth resulted in significantly greater iron-

reducing capabilities compared to exposure of either amendment alone. In addition, the 

combined exposure to DHNA and FeAC during growth significantly induced expression of two 

genes in the putative FLEET pathway, ndh2 (encoding a type-II NADH dehydrogenase) and 

pplA (encoding a membrane-associated flavin-binding reductase). 

Although exposure of L. plantarum to low concentrations of DHNA (10 ng/μL) was 

sufficient for L. plantarum to perform EET (Tejedor-Sanz et al., 2021), the effects of quinones 

(and their intermediates) on L. plantarum, as well as quinone ranges and requirements for L. 

plantarum to perform EET remained to be determined. This is important for understanding L. 

plantarum ecology, as this LAB inhabits food and intestinal niches which contain exogenous 

menaquinones and menaquinone precursors (Karl et al., 2017; Walther and Chollet, 2017). 

Herein, we measured L. plantarum EET after exposure to a range of DHNA concentrations 

during growth and EET. Exposure to DHNA and ferric iron, a terminal extracellular electron 

acceptor, were investigated for their impact on L. plantarum growth rate and gene expression. 

We measured L. plantarum EET and growth with a range of purified quinones, as well as 

secreted quinones from other LAB in spent growth media. Lastly, we showed how co-culture of 

L. plantarum with quinone-producing LAB affects L. plantarum EET, environmental 

acidification, and cell numbers. Our findings show how L. plantarum EET metabolism is adapted 

for exogenous environmental quinones and engages in quinone cross-feeding with 

environmentally-associated bacteria. 
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Results 

L. plantarum relies on direct access to exogenous quinones for EET  

We previously showed that reduction of insoluble ferrihydrite (iron(III) oxyhydroxide) 

and production of current in a bioelectrochemical reactor by our model strain L. plantarum 

NCIMB8826 is dependent on the presence of exogenous DHNA in the assay medium (Tejedor-

Sanz et al., 2021). However, these results do not exclude the possibility that L. plantarum 

converts DHNA into a membrane-bound or secreted electron carrier. Therefore, L. plantarum 

was incubated in nutrient-replete laboratory culture medium (mMRS) containing 20 μg/mL 

DHNA, with or without soluble ferric ammonium citrate (FeAC), and analyzed for intracellular 

quinone contents. In the presence of DHNA, L. plantarum synthesized menaquinone-6 (MK-6) 

and menaquinone-7 (MK-7) in an approximate ratio of 13:1 (Figure S1). These findings show 

that although L. plantarum is not able to synthesize quinones de novo, it is able to convert 

DHNA to menaquinone species which may be needed for EET. 

Next, we determined whether prior exposure to DHNA is sufficient for L. plantarum EET 

metabolism. To examine this, L. plantarum cells were collected and washed after growth in 

mMRS containing 20 μg/mL DHNA and then incubated with ferrihydrite to quantify iron 

reduction. Despite the prior exposure to DHNA, L. plantarum did not reduce ferrihydrite unless 

DHNA was also included in the assay medium (Figure 1). Similarly, while L. plantarum could 

generate current during growth with DHNA (Figure S2A), this activity stopped when L. 

plantarum was transferred to an electrochemical cell lacking an exogenous quinone source 

(Figure S2B). Growth in the presence of DHNA also did not result in the release of soluble 

redox-active mediators by L. plantarum according to cyclic voltammetry (Figure S2C).  
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Because L. plantarum is likely to grow in habitats which are also conducive for EET, we 

next incubated L. plantarum in mMRS containing 20 μg/mL DHNA and subsequently included 

the same quantity of DHNA in the ferrihydrite reduction assay. This combined exposure to 

DHNA resulted in a 5-fold increase compared to when only DHNA was included in the 

ferrihydrite reduction assay (Figure 1). The increased EET activity strongly suggests that L. 

plantarum uses endogenous quinones synthesized during growth to perform EET, but that even 

when intracellular menaquinones (MK-6 and MK-7) are present, exogenous quinones remain 

indispensable for L. plantarum EET. 

Quinones and quinone intermediates are typically found in lower concentrations in L. 

plantarum food and intestinal environments in ranges between 0.089-6.44 μg/mL (Eom et al., 

2012; Karl et al., 2017). To account for these low environmental concentrations, we also 

examined EET activity in response to a range of DHNA concentrations. Incubation of L. 

plantarum in DHNA in laboratory culture medium and the ferrihydrite reduction assay resulted 

in L. plantarum EET in DHNA concentrations less than 20 μg/mL (Figure 2). Similar levels of 

ferrihydrite reduction were found between 2.5 μg/mL and 5 μg/mL DNHA when the quinone 

was included in the mMRS growth medium. L. plantarum EET activity was stimulated even 

when it was exposed to very low levels of DHNA in mMRS (0.1 μg/mL DHNA) (Figure S3). 

These results show that robust reduction of extracellular electron acceptors by L. plantarum 

occurs at low concentrations of exogenous quinones when L. plantarum is grown in the presence 

of DHNA. 

 

DHNA inhibits L. plantarum growth by inducing oxidative stress 
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Although the inclusion of DHNA in mMRS increased L. plantarum EET metabolism, we 

also observed that L. plantarum growth was inhibited under those conditions. In mMRS 

containing 20 μg/mL DHNA (mMRS+DHNA), the growth rate of L. plantarum reduced from 

0.26 ± 0.01 (mMRS) to 0.18 ± 0.01 (mMRS+DHNA) (p < 0.001) (Figure S4). At higher 

concentrations of DHNA, the growth rate reduced exponentially and no increase in cell numbers 

was observed at 150 μg/mL. Inhibition was observed at DHNA concentrations as low as 5 

μg/mL (0.22 ± 0.01) (p < 0.05). This effect of exogenous quinones was not limited to DHNA, as 

other menaquinone precursors and derivatives also inhibited L. plantarum growth (Figure S5). 

Menadione and 1,4-naphthoquinone were most toxic to L. plantarum and prevented growth 

above 50 μg/mL. ACNQ (2-amino-3-carboxy-1,4-naphthoquinone) was less toxic, with L. 

plantarum growth stopping at 100 μg/mL quinone.  

To determine the cause of the DHNA-mediated growth inhibition, we examined the L. 

plantarum transcriptome during exponential phase in mMRS+DHNA. In the presence of DHNA, 

925 L. plantarum genes were differentially expressed (452 genes up-regulated and 473 genes 

down-regulated) compared to L. plantarum grown in mMRS (Table S2 and Supplementary File 

1). L. plantarum expression of genes required for menaquinone biosynthesis, including dmkA 

(and similarly annotated genes lp_1135 and lp_1715) and ubiE, was not significantly induced in 

mMRS+DHNA (Table S3). Genes in the FLEET pathway were not induced, and specifically, 

dmkB, pplA, and fmnB (encoding a flavin-transferase lipoprotein) (Tejedor-Sanz et al., 2021) 

were ~1.4-fold downregulated on average. The growth rates of L. plantarum mutants deficient in 

ndh2 or pplA required for EET were also similarly reduced in mMRS+DHNA (Figure S6). 

Therefore, the effect of DHNA was not due to activation of intracellular quinone biosynthesis or 

the FLEET locus. 
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Pathway analyses of the transcriptionally regulated genes showed that many genes known 

to be required for responding to oxidative stress (Feng and Wang, 2020) were induced in L. 

plantarum upon DHNA exposure (Figure 3 and Table S3). Genes coding for the synthesis of 

glutathione reductase (gshR2/R3/R4) were upregulated on average between 2 to 7-fold. msrA2 

and msrB encoding methionine-S-oxide reductase were induced between 5.0 and 5.5-fold and 

expression of trxA2 (thioredoxin) and trxB (thioredoxin reductase) was increased, on average, 

1.5-fold in mMRS+DHNA. Likewise, other genes associated with managing intracellular 

oxidative stress in L. plantarum were induced in mMRS+DHNA. These include NADH oxidase 

(nox5), NADH peroxidase (npr2), catalase (kat), and pyruvate oxidase (pox3) which were 1.6, 

7.6, 3.4, and 3.3-fold upregulated, respectively (Bron et al., 2012). 

Amino acid and lipid metabolism were also affected during L. plantarum growth in 

mMRS+DHNA. Genes coding for methionine synthesis (metE and metH), methionine transport 

(lp_1745), and chorismate biosynthesis (aroD1 and aroF) were upregulated by an average of 3.1 

to 5.8-fold under those conditions (Table S3). Methionine protects proteins from oxidative stress 

(Luo and Levine, 2009) and chorismate is a precursor compound to the membrane-associated 

antioxidant ubiquinol (Gerstle et al., 2012). Acetyl-CoA carboxylase (accA2, accB2, accC2, and 

accD2) and fatty acid biosynthesis (fabD, fabF, fabG, fabH2, fabI, and fabZ1) were increased on 

average between 2.1 to 2.6-fold in mMRS+DHNA. The induction of membrane biosynthesis 

pathways is consistent with responses to lipid peroxidation found in E. coli (Janßen and 

Steinbüchel, 2014). Lipid peroxidation can also occur from extracellular hydrogen peroxide 

(H2O2) generated by the reaction quinones with oxygen (Goel et al., 2020). 

Because of the increased expression of oxidative stress response pathways, we measured 

hydrogen peroxide (H2O2) levels in the mMRS medium. Incubation of 20 μg/mL DHNA in 
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mMRS resulted in 41.90 mM ± 0.34 mM H2O2 (Figure S7). After L. plantarum incubation in 

mMRS+DHNA, a total of 29.92 mM ± 0.63 mM H2O2 was also detected. These quantities are 

approximately 7 to 10-fold higher than observed for mMRS (4.12 mM ± 0.03 mM). Taken 

together, these data show that DHNA inhibits L. plantarum growth via abiotic reactions resulting 

in reactive oxygen species in the extracellular environment. 

 

Ferric iron alleviates DHNA-induced oxidative stress 

L. plantarum performing EET will also require exogenous sources of terminal electron 

acceptors which may affect metabolism. To account for these electron acceptors, we also 

examined L. plantarum growth and gene expression in mMRS containing 1.25 mM FeAC and 20 

μg/mL (DHNA+FeAC). L. plantarum growth in this environment reduces more ferrihydrite (0.2 

mM Fe2+ ± 0.01 mM) (Figure 2) than growth with DHNA alone (0.14 mM Fe2+  ± 0.01 mM) 

(Figure 1). This is consistent with previous results, in which we also measured upregulated 

expression of the FLEET genes ndh2 and pplA in mMRS+DHNA+FeAC (Tejedor-Sanz et al., 

2021). Growth impairment caused by DHNA was partially alleviated when FeAC was also 

included in mMRS (Figure 4). The growth rate of L. plantarum in mMRS+DHNA+FeAC was 

0.15 ± 0.011, a value significantly higher compared to mMRS+DHNA (0.09 ± 0.01) (p = 0.002), 

but significantly lower compared to mMRS (0.26 ± 0.01) (p < 0.0001). Although L. plantarum is 

able to use citrate as an electron acceptor to increase growth during mannitol metabolism 

(McFeeters and Chen, 1986), growth was not improved in mMRS+DHNA when 1.25 mM 

ammonium citrate was included. Thus, the improved growth rate of L. plantarum in the presence 

of DHNA was due to the ferric iron in the medium. 



 

136 
 

Although ferric iron is an important EET-inducing compound, it is also known oxidizing 

agent capable of generating ROS and acting as a redox partner with quinones (Jiang et al., 2015). 

In accordance with this, mMRS+DHNA+FeAC was found to contain H2O2 (30.25 mM ± 0.25 

mM) (Figure S7). Incubation with L. plantarum resulted in a further 3-fold decrease in 

extracellular H2O2 (Figure S7). These reductions in H2O2 coincided with the significantly 

improved growth rate of L. plantarum in mMRS+DHNA+FeAC (Figure 4). The L. plantarum 

transcriptome also reflected less oxidative stress. Only 292 genes were differentially expressed 

(123 genes upregulated and 169 genes downregulated) in mMRS+DHNA+FeAC (Table S2 and 

Supplementary File 1). Genes required for oxidative stress tolerance or redox-associated amino 

acid metabolism were either unaffected or were downregulated (Table S3). 

Because the addition of 1.25 mM FeAC may have also impacted L. plantarum, we also 

examined the growth rate and transcriptomes of L. plantarum in mMRS with that amendment. 

Incubation in mMRS+FeAC resulted minimal changes in gene expression (35 genes upregulated 

and 72 genes downregulated). Despite increased capacity for iron uptake by L. plantarum under 

those conditions (Tejedor-Sanz et al., 2021), genes required for iron metabolism such as the 

ferrous iron uptake genes feoAB, iron-sulfur cluster assembly genes sufBC, and the iron-

associated metal transport genes mtsABC were not differentially expressed compared to controls 

(Table S3). Only genes required for cell membrane biosynthesis were also upregulated in L. 

plantarum in mMRS containing DHNA and/or FeAC. Taken together, these data show that L. 

plantarum growth is negatively affected in the presence of exogenous quinones due to oxidative 

stress. The detrimental effects of DHNA are partially mitigated when ferric iron is also present. 

 



 

137 
 

L. plantarum EET is stimulated multiple quinones and by secreted compounds made by 

other LAB 

Upon establishing that L. plantarum EET is active in the presence of low concentrations 

of exogenous quinones and the negative effects of quinones on L. plantarum growth can be 

mitigated in the presence of external electron acceptors, we next sought to investigate whether L. 

plantarum reduction of ferrihydrite is specific to DHNA or if other quinone species may be used. 

The capacity for L. plantarum to reduce ferrihydrite was quantified in the presence of 

menaquinones MK-4 and MK-7 and the menaquinone precursors or derivatives ACNQ, 1,4-

naphthoquinone, menadione, hydroquinone, and phylloquinone. These compounds are found in 

plant and animal tissues (Beulens et al., 2010) and can be produced by other bacteria (Altwiley et 

al., 2021; Mevers et al., 2019; Widhalm and Rhodes, 2016). L. plantarum reduced ferrihydrite in 

the presence of ACNQ, 1,4-naphthoquinone, and menadione (Figure 5). ACNQ conferred the 

highest level of ferrihydrite reduction by L. plantarum with an IC50 of 4.70 μg/mL and a 

maximum iron reduction of 0.68 mM Fe2+. This was significantly greater EET stimulation than 

with DHNA (IC50 = 223.4 μg/mL, 0.40 Fe2+ max). In contrast, neither 1,4-naphthoquinone (IC50 

= 10.23 μg/mL, 0.05 Fe2+ max) and menadione (IC50 = 29.79 μg/mL, 0.05 Fe2+ max) were as 

effective as DHNA in stimulating iron reduction. Ferrihydrite was not reduced by L. plantarum 

in the presence of hydroquinone, menaquinone-4, menaquinone-7, or phylloquinone (data not 

shown) up to the maximum concentration tested (100 μg/mL). Notably, the level of ferrihydrite 

reduction (Figure 5) was not related to capacity of the quinone to inhibit L. plantarum growth 

(Figure S5). This is most likely due to L. plantarum being metabolically active, but not growing 

in the PBS-based ferrihydrite assay medium. These findings show that the L. plantarum quinone 
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requirements for EET are not limited to DHNA and that other environmental quinones are 

sufficient, providing a range of selectivity. 

Other bacteria may by provide a source of quinones for L. plantarum in its natural 

habitats. L. plantarum is frequently found in high numbers with other LAB in food fermentations 

(Di Cagno et al., 2015). Some of these bacteria, such as Lactococcus lactis and Leuconostoc 

mesenteroides, are able to synthesize menaquinones (Morishita et al., 1999). These bacterial 

species also have the capacity to produce DHNA (Eom and Moon, 2015; Mevers et al., 2019). 

Therefore, to determine whether L. plantarum is able to perform EET by cross-feeding on 

quinones produced by other bacteria, we incubated L. plantarum in a cell-free supernatant (CFS) 

of gM17 laboratory culture medium collected after growth of L. lactis TIL46, a strain shown to 

produce menaquinones (Tachon et al., 2010). Incubation of L. plantarum cells in L. lactis TIL46 

CFS was sufficient for ferrihydrite reduction (Figure 6A). Iron reduction was due to the 

production of quinones by L. lactis because this activity was not observed when L. plantarum 

was incubated in CFS from TIL999, a TIL46 menC deletion mutant lacking the capacity to 

synthesize any menaquinones (Tachon et al., 2009). Iron reduction was not specific to L. lactis 

because CFS collected from Leuconostoc citreum strain NRRL B-742 and Leuconostoc 

mesenteroides strain ATCC8293 after growth in a chemically defined culture medium (gCDM) 

also stimulated iron reduction (Figure 6B). 

 

Co-culturing L. plantarum with quinone-producing LAB affects environmental 

acidification and growth 

Because the CFS from quinone-producing LAB was sufficient for L. plantarum EET, we 

hypothesized that quinone cross-feeding in a co-culture environment would also simulate L. 
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plantarum iron reduction. L. plantarum was incubated in equal proportions with either L. lactis 

TIL46, L. lactis TIL999, or L. mesenteroides ATCC8293 in a chemically defined medium 

(gCDM) and 1.25 mM FeAC was used as a terminal electron acceptor to quantify EET activity 

in situ through colorimetric analysis. Within 24 h incubation of L. plantarum and L. lactis TIL46 

in co-culture, significantly greater iron was reduced than when L. plantarum was grown 

separately or incubated with TIL999 (Figure 6C). Although there was spontaneous reduction of 

FeAC in acidified gCDM (Figure S8), this background level of iron reduction was minor and did 

not impact the significant increases in iron reduction when L. plantarum was present. As with L. 

lactis TIL46, co-cultures of L. plantarum and L. mesenteroides also simulated higher quantities 

of iron reduction than found for L. plantarum alone (Figure 6D). These findings show that 

environmental quinones secreted by other LAB can stimulate L. plantarum EET metabolism. 

Stimulation of L. plantarum EET is associated with shorter lag phase, increased viable 

cell counts, and accelerated environmental acidification (Tejedor-Sanz et al., 2021). Because 

incubation of L. plantarum with quinone-producing LAB stimulated EET, we also quantified 

environmental acidification and growth under those co-culture conditions. Within 6 h of 

incubation, the co-culture of L. plantaurm and L. lactis TIL46 reached a lower pH (pH = 5.26) 

than the L. plantarum and TIL999 co-culture (pH = 6.16), as well as for either strain grown 

separate (Figure 7A). Likewise, incubation of L. plantarum and L. mesenteroides ATCC8293 

led to greater acidification of the medium (pH = 5.27) within 8 h compared to either strain grown 

alone (Figure 7B). As found for L. plantarum previously (Tejedor-Sanz et al., 2021), EET 

metabolism was activated early in growth and by stationary phase (24 h incubation) the pH of all 

cultures was equal (pH = ~3.28) except for L. mesenteroides alone (pH = 4.18). These data show 
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that quinone-cross feeding from LAB to L. plantarum results in accelerated environmental 

acidification. 

Besides increasing the acidification rate, L. plantarum growth was altered in co-culture 

with L. lactis and L. mesenteroides. When L. lactis was present, L. plantarum cell numbers were 

2-fold higher after incubation for 24 h (Figure 7C). However, this increase was not significant 

nor was it dependent on menaquinone biosynthetic capacity because both TIL46 and TIL999 

resulted in similar increases in L. plantarum cell quantities. By comparison, a greater effect was 

found when L. plantarum was incubated together with L. mesenteroides. Within 8 h, L. 

plantarum cell numbers increased 4-fold during incubation with L. mesenteroides relative to 

when grown alone (p = 0.03) (Figure 7D). Notably, the growth of L. lactis and L. mesenteroides 

was negatively affected by L. plantarum. L. lactis abundance in co-culture was slightly (but 

nonsignificantly) higher (> 2-fold) at 6 h but decreased by 2-fold at 24 h (Figure 7E). A 

significant (p = 0.04), 10-fold decrease in L. mesenteroides abundance was also observed when 

grown in co-culture with L. plantarum at 24 h (Figure 7F). In summary, these results show that 

L. lactis and L. mesenteroides stimulate L. plantarum EET metabolism to result in consequences 

for their growth and acidification of their environments. 

 

Discussion 

 Quinones are pervasive in foods and other microbial ecosystems. Microorganisms which 

have evolved to use these compounds to improve growth and metabolic processes are likely to 

have an ecological advantage. We showed that L. plantarum uses multiple exogenous quinones 

to stimulate EET for ferric iron reduction and that this activity is inducible when quinones are 

available during L. plantarum growth. L. plantarum overcomes the toxic effects of quinone 
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intermediates and EET increases when a terminal electron acceptor is also present in the growth 

medium. Increased cell numbers and medium acidification by L. planarum cross-feeding on 

quinones made by other LAB has important ecological implications in complex microbial 

ecosystems such as those found in food fermentations. 

 

L. plantarum EET activity is inducible, but requires access to environmental quinones 

Quinones are an essential component for EET in bacteria which perform direct electron 

transfer (DET) and/or mediated electron transfer (MET) to environmental electron acceptors (Shi 

et al., 2016). These EET systems are best characterized in the Gram-negative microorganisms 

Geobacter sulfurreducens and Shewanella oneidensis. For DET, electrons derived from NADH 

are carried through the inner membrane to a series of c-type cytochromes or conductive 

membrane appendages (i.e., “nanowires”) by menaquinones (Kracke et al., 2015). The reduction 

of long-range electron acceptors by these bacteria with quinones is also achievable. For example, 

both G. sulfurreducens and S. oneidensis can use anthraquinone-2,6-disulfonate, an analogue to 

environmental humic acids, for the reduction of metals and electrodes (Dantas et al., 2018; Meng 

et al., 2018). In addition, S. oneidensis can secrete its own electron-shuttling quinone (ACNQ) 

for MET (Mevers et al., 2019). Recent characterization of EET pathways in Gram-positive 

bacteria have also highlighted the importance of membrane-associated and/or secreted quinones 

for either DET through c-type cytochromes (e.g., Thermincola potens) or MET through 

membrane-bound flavoproteins (e.g., L. monocytogenes and E. faecalis) (Paquete, 2020). 

Different from these bacteria, the Gram-positive L. plantarum can perform flavoprotein-

associated EET, but lacks a complete menaquinone biosynthesis pathway (Brooijmans et al., 

2009). Specifically, L. plantarum cannot biosynthesize DHNA, but possesses genes in the 
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FLEET pathway (dmkA and dmkB) to condense DHNA with an isoprenoid polymer to form 

demethylmenaquinone (DMK), the membrane electron carrier for L. monocygenes (Light et al., 

2018) and E. faecalis (Hederstedt et al., 2020). However, quinone analysis of L. plantarum after 

growth with the DMK precursor DHNA yielded no DMK, but rather the presence of MK-6 and 

MK-7. L. plantarum possess the gene ubiE (also annotated as menG) to convert DMK to MK 

(Watthanasakphuban et al., 2021), and while the presence of these MKs was not enough to 

stimulate EET alone, co-exposure of L. plantarum to DHNA during growth and EET 

significantly induced iron reduction capabilities. Interestingly, MK is an aerobic respiratory 

quinone for L. monocytogenes, and disruption of menG had no effect on EET activity (Light et 

al., 2018). Thus, MK use by L. plantarum for promoting EET is a unique characteristic of this 

EET pathway compared to L. monocytogenes and E. faecalis. 

The importance of quinones for L. plantarum EET is further emphasized by examining 

other electron shuttles used for EET. L. monocytogenes (Light et al., 2018), E. faecalis (Zhang et 

al., 2014), and L. lactis (Masuda et al., 2010) can utilize flavins for EET. L. plantarum is flavin 

auxotroph, but can use exogenous flavins in its environment for enhanced EET to ferric iron or 

an electrode (Tejedor-Sanz et al., 2021). In spite of this, L. plantarum EET is not measurable in 

the absence of exogenous quinones. Another class of electron shuttles used for EET is iron 

chelators, which bind and solubilize environmental iron for eventual cell-surface reduction 

(Lovley and Holmes, 2022). L. plantarum does not produce siderophores for binding iron, nor 

does the addition of exogenous iron chelators affect L. plantarum growth (Pandey et al., 1994).  

L. plantarum and other LAB can be found in quinone-rich environments including plant 

and dairy foods (Damon et al., 2005; Walther et al., 2013), as well as the gastrointestinal tract 

(Fenn et al., 2017; Pessione, 2012). DHNA in particular can be found in fermented beverages 
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ranging from 0.089 to 0.440 μg/mL (Eom et al., 2012). It can also be secreted by other bacteria 

under laboratory conditions at concentrations ranging from 0.37 to 48 μg/mL (Furuichi et al., 

2006; Isawa et al., 2002; Kang et al., 2015). We showed that supplementation of DHNA during L. 

plantarum growth and the subsequent ferrihydrite reduction assay results in significantly greater 

iron reduction at both high concentrations (200 μg/mL) down to physiologically relevant 

concentrations (100 ng/mL) of DHNA. Taken together, these findings illustrate a distinct use of 

membrane-associated and environmental quinones to induce L. plantarum EET metabolism at 

ecologically-relevant concentrations. 

 

Exogenous quinones induce oxidative stress inhibiting L. plantarum growth 

Quinones are associated with the abiotic production of hydrogen peroxide (Wendlandt 

and Stahl, 2016) which is inhibitory to LAB growth (Feng and Wang, 2020). In line with this, 

DHNA and other quinone species inhibited L. plantarum growth rates in a concentration-

dependent manner, and DHNA induced abiotic hydrogen peroxide generation in mMRS. 

Although L. plantarum and other lactobacilli possess a heme-dependent catalase to reduce 

hydrogen peroxide (Zotta et al., 2017), this catalase is nonfunctional in L. plantarum (Zhai et al., 

2020). Thus, L. plantarum relies on intracellular H2O2-detoxification pathways like NADH 

peroxidase and glutathione system to manage oxidative stress (Zotta et al., 2017).  

An oxidative stress response from L. plantarum to hydrogen peroxide exposure was 

reflected in its transcriptome. Several genes associated with redox maintenance were upregulated 

with DHNA supplementation including glutathione reductase, NADH peroxidase, and 

thioredoxin reductase. A similar oxidative stress response was observed L. plantaruim CAUH2 

in which mid-exponential phase cells were exposed to 5 mM H2O2 for 30 minutes (Zhai et al., 
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2020). However, our transcriptome analysis reflects L. plantarum cells actively growing under 

oxidative stress conditions caused by DHNA and 6-fold higher levels of H2O2. 

Furthermore, we discovered numerous genes coding for redox-associated amino acid 

metabolism that were also upregulated upon growth with DHNA. Hydrogen peroxide is known 

to readily react with amino acids and proteins causing oxidative damage (Finnegan et al., 2010). 

In support of this, we measured induction of L. plantarum protein repair pathways such as 

methionine sulfoxide reductase and thioredoxin reductase that essential for LAB under oxidative 

stress conditions (Feng and Wang, 2020). Oxidative stress has also been predicted to induce 

branched-chain amino acid (e.g., valine, isoleucine, and leucine) auxotrophy in E. coli due to the 

inactivation of iron-sulfur clusters used in their biosynthesis (Yang et al., 2019). Although L. 

plantarum is naturally auxotrophic for these amino acids (Teusink et al., 2005), branched chain 

amino acid transport genes were induced. Similarly, we observed upregulation in methionine 

transport and biosynthesis genes, a key antioxidant amino acid, and this finding is supported by 

increased methionine uptake by Streptococcus suis under hydrogen peroxide exposure (Zhang et 

al., 2012). In summary, these data illustrate a redox-stress centered response of L. plantarum to 

oxidative stress induced by quinone exposure during growth. 

 

Extracellular ferric iron reduces oxidative stress 

When FeAC was supplemented together with DHNA in mMRS, L. plantarum exhibited 

markedly less oxidative stress. L. plantarum growth rate partially, yet significantly recovered 

from inhibition caused by DHNA. Additionally, less abiotic, extracellular hydrogen peroxide 

was generated with ferric iron present. The use of iron-sulfur clusters for detoxifying ROS has 

been shown for E. faecalis and Lacticaseibacillus casei (Papadimitriou et al., 2016). However, L. 



 

145 
 

plantarum has no iron requirements for growth (Pandey et al., 1994), and we previously found 

that no significant increase in cell-associated iron was found in L. plantarum cells grown in 

mMRS with FeAC and DHNA (Tejedor-Sanz et al., 2021). Thus, iron uptake by L. plantarum 

was not related to the mitigation of oxidative stress caused by DHNA. FeAC contains citrate, a 

known scavenger of hydrogen peroxide and other ROS (Ryan et al., 2019). Citrate is also TCA 

cycle intermediate for L. plantarum which can act as an intracellular electron acceptor for LAB 

(Hansen, 2018). However, growth of L. plantarum with DHNA and ammonium citrate did not 

recover L. plantarum growth inhibition. These data suggest that extracellular ferric iron mitigates 

DHNA-induced oxidative stress. 

Both our hydrogen peroxide measurements and transcriptome analysis support this model 

for oxidative stress mitigation. With FeAC present, significantly less abiotic hydrogen peroxide 

was generated in mMRS with DHNA. This result is surprising as ferric iron has been shown to 

catalyze ROS production in the presence of quinones (Lyngsie et al., 2018). In mMRS the 

complexing of iron with DHNA may perhaps make both compounds less available to react with 

molecular oxygen for hydrogen peroxide production. Reduced hydrogen peroxide from the 

actions of extracellular ferric iron was also reflected in the L. plantarum transcriptome. 

Expression of oxidative stress response genes and redox-associated amino acid 

metabolism/transport genes induced with DHNA exposure was either unaffected or 

downregulated when FeAC was also present. Although sufB and sufC, genes encoding for iron-

sulfur cluster assembly proteins, were found to be upregulated in L. plantarum CAUH2 after 

hydrogen peroxide exposure (Zhai et al., 2020), we measured reduced expression of these genes 

in mMRS with DHNA or DHNA and FeAC. Thus, we show that extracellular ferric iron, a 
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terminal electron acceptor for EET, reduces L. plantarum quinone-associated oxidative stress by 

reducing hydrogen peroxide production. 

 

L. plantarum EET activity is dependent on quinone structure 

Quinones are a structurally diverse class of electron shuttles with over 1,000 structural 

forms (Glasser et al., 2017). This diversity expands the potential for EET in environmental 

niches, such as foods or intestinal environments which L. plantarum inhabits (Martino et al., 

2016). We found that L. plantarum more efficiently performs EET with hydrophilic, 

naphthoquinone-based quinones with electron-withdrawing substituents compared to long-chain, 

hydrophobic menaquinones or phylloquinone. Many extracellular electron shuttles are small, 

hydrophilic molecules (Lin et al., 2021), and the presence of electron-withdrawing groups on 

quinones can stabilize radicals in the aromatic ring (Mirkhalaf et al., 2004). Our data is also 

supported by our previous findings where DHNA stimulated ferrihydrite production in several 

quinone auxotrophic LAB including Lactiplantibacillus pentosus, Lacticaseibacillus casei, and 

Lacticaseibacillus rhamnosus (Tejedor-Sanz et al., 2021). Additionally, both ACNQ or 

menadione have been shown to stimulate EET activity in other LAB including E. faecalis 

(Pankratova et al., 2018) and L. lactis (Freguia et al., 2009). 

 Given the role of MK-6 and MK-7 for inducing L. plantarum EET, the absence of 

ferrihydrite reduction with MK-7 was surprising. For example, supplementation of a quinone-

null mutant of S. oneidensis with MK-4 (as well as ACNQ or DHNA) reconstituted EET through 

AQDS reduction (Mevers et al., 2019). It is possible that although L. plantarum uses membrane-

associated MK-6 and MK-7 to facilitate electron transfer, the L. plantarum EET system requires 

a soluble environmental electron carrier be present. The absence of ferrihydrite reduction by L. 
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plantarum with hydroquinone, a hydrophilic menaquinone precursor, poses another question. For 

example, Enterobacter cloacae self-secretes hydroquinone as an electron shuttle for EET (You et 

al., 2019). However, L. plantarum does not secrete different redox mediators, even after growth 

in DHNA-supplemented medium. Given the structural similarities of EET-stimulatory quinones 

used by L. plantarum for iron reduction, we hypothesize that the L. plantarum EET system is 

specifically adapted for using naphthoquinone-based compounds in the environment for electron 

transfer. 

 

Quinone cross-feeding to L. plantarum has important ecological and biotechnological 

implications 

Several LAB species including Enterococcus, Lactococcus, Leuconostoc, and Weissella 

are capable of synthesizing menaquinones (Pedersen et al., 2012), but quinone cross-feeding to 

stimulate EET in LAB has yet to be shown. Existing reports suggest the possibility of this 

phenomenon. For example, L. lactis quinone production could stimulate respiration in Group B 

Streptococcus (GBS) in co-culture, which resulted in enhanced growth and acidification from 

GBS (Rezaïki et al., 2008). Quinones from L. lactis could also reconstitute EET activity in a 

quinone-null mutant of S. oneidensis (Mevers et al., 2019). Our results indicated that quinones 

cross-fed by L. lactis, L. mesenteroides, and L. citreum were sufficient to simulate ferrihydrite 

reduction by L. plantarum. While both L. lactis and L. mesenteroides are also capable of 

producing endogenous flavins as electron shuttles (Thakur et al., 2016), we confirmed the role of 

quinones for EET stimulation by demonstrating that spent growth medium from L. lactis 

TIL999, a menC deletion mutant unable to synthesize menaquinones, could not stimulate L. 

plantarum EET. 
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L. plantarum is commonly found in food fermentations with other quinone-producing 

LAB including L. lactis and L. mesenteroides (Michalak et al., 2018), suggesting that quinone 

cross-feeding to L. plantarum may influence ecological outcomes through EET.  In this study, 

we observed an initial decline in L. plantarum cell numbers after 6 h growth with either L. lactis 

TIL46 or TIL999, but a greater abundance of L. plantarum after 24 h compared to growth by 

itself. L. lactis can produce bacteriocins inhibitory to L. plantarum growth (Settanni et al., 2005) 

which may have primarily influenced L. plantarum growth trends over quinone-cross feeding. 

Leuconostoc spp. are also capable of producing bacteriocins inhibitory to L. plantarum (Chang et 

al., 2007), but instead, we observed significantly greater L. plantarum abundance at 8 h versus L. 

plantarum growth by itself. Leuconstoc spp. are heterofermentative LAB which can produce CO2 

(Gänzle, 2015) that has been shown to stimulate L. plantarum growth (Arsène-Ploetze and 

Bringel, 2004). In our previous work, we showed that although L. plantarum EET occurred 

during the fermentation of kale juice, there were no differences in viable cell numbers in the kale 

juice medium (Tejedor-Sanz et al., 2021). Thus, our results highlight the complexity of L. 

plantarum growth in co-culture with L. lactis or L. mesenteroides which may be influenced by 

other metabolic compounds produced by these LAB. 

The major metabolic action of LAB in food fermentations is the conversion of 

carbohydrates into lactic acid (Bintsis, 2018). This action allows for LAB to inhibit the growth of 

competitive (and potentially pathogenic) microorganisms which are less acidophilic (Pessione, 

2012). We previously found that EET increased the acidification of kale juice with L. plantarum  

through increased metabolic flux and lactic acid production (Tejedor-Sanz et al., 2021). Thus, we 

hypothesized quinone-cross feeding in co-culture could yield similar outcomes. We confirmed 

this hypothesis by showing that L. plantarum growth with L. lactis TIL46 induced more iron 
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reduction in situ and accelerated environmental acidification more than L. plantarum growth 

with TIL999. Similar EET-induced acidification effects were seen with L. plantarum in co-

culture with L. mesenteroides as well, and are in line with greater lactic acid and acetic acid 

production measured during the co-fermentation of Chinese sauerkraut with these LAB (Xiong et 

al., 2014). In summary, our results are the first to highlight a major metabolic and ecological 

impact of EET induced by quinones cross-fed amongst LAB. 

 

Conclusions 

 Our work contributes to the growing field of EET research in Gram-positive bacteria by 

demonstrating how exogenous quinones and their exposure conditions affects L. plantarum EET. 

Furthermore, we show that quinones have a direct effect on L. plantarum physiology, along with 

ecological changes during co-culture with quinone-producing LAB. We previously proposed the 

use of EET activity by L. plantarum during food fermentations to enhance growth and organic 

acid production, a process akin to electro-fermentation (Moscoviz et al., 2016). With these data, 

we further suggest screening for other EET-stimulatory LAB to use with L. plantarum in starter 

cultures or co-cultures to further improve the success of food fermentations through EET. 

 

Materials and Methods 

Strains and culture conditions 

All strains and plasmids used in this study are listed in Table S1. Standard laboratory culture 

medium was used for routine growth of bacteria as follows: Lactiplantibacillus plantarum and 

Leuconostoc spp., MRS (BD, Franklin Lakes, NJ, USA), Lactococcus lactis, M17 (BD) with 2% 

w/v glucose (gM17), and Escherichia coli, LB (Teknova, Hollister, CA, USA). L. plantarum 
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FLEET deletion mutants of ndh2 or pplA were constructed through double-crossover homologous 

recombination as previously described (Tejedor-Sanz et al., 2021). Strains were also grown at 30 or 

37 °C when indicated. In place of standard laboratory culture medium, strains were grown (when 

indicated) in modified MRS (De MAN et al., 1960) with no beef extract and with either 110 mM 

glucose [gMRS] or 110 mM mannitol [mMRS], or a chemically defined minimal medium 

(Tejedor-Sanz et al., 2021) with 125 mM glucose [gCDM] or 125 mM mannitol [mCDM]. 

 

L. plantarum growth rate experiments 

After overnight growth in MRS at 37 °C, L. plantarum cells were collected via centrifugation 

(10,000 g / 3 min) and washed twice in phosphate-buffered saline (PBS) at pH 7.2 

(http://cshprotocols.cshlp.org). Cells were resuspended in PBS at an optical density at 600 nm 

(OD600nm) of 1 before inoculation into 96-well culture plates (Thermo Fisher Scientific, 

Waltham, MA) at a final OD600nm of 0.01 in mMRS. When indicated, the mMRS was 

supplemented with ferric ammonium citrate (VWR, Radnor, PA, USA) (1.25 mM) or ammonium 

citrate tribasic (Alfa Aesar, Haverhill, MA, USA) (1.25 mM). The following quinones were also 

supplemented; 1,4-benzenediol (hydroquinone) (Sigma-Aldrich, St. Louis, MO, USA), 1,4-

dihydroxy-2-naphthoic acid (DHNA) (Alfa Aesar), 1,4-naphthoquinone (TCI, Tokyo, Japan), 2-

methyl-1,4-naphthoquinone (menadione) (Sigma-Aldrich), 2-amino-3-carboxy-1,4-

naphthoquinone (ACNQ) (Mevers et al., 2019), Vitamin K1 (phylloquinone) (TCI), or Vitamin 

K2 in the form of menaquinone-4 (Sigma-Aldrich) or menaquinone-7 (Sigma-Aldrich). 

Quinones were supplemented at 2.5, 5, 10, 20, 50, 100, 150, or 200 μg/mL where indicated. The 

OD600nm was measured over 48 h in a Synergy 2 microplate reader (Biotek, Winooski, VT) set to 

http://cshprotocols.cshlp.org/
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37 °C with no aeration. Growth rates were determined by first determining exponential 

(logarithmic) phase growth and measuring the change in OD600nm per hour. 

 

In experiments where cell-free supernatant (CFS) was used in place of quinone supplementation, 

overnight cultures of L. lactis (gM17) or Leuconostoc spp. (gMRS) were grown for 18 h at 30 °C 

before normalizing the OD600nm of these cultures with carbon-free M17 or MRS, respectively. 

Cells were then centrifuged (10,000 g / 3 min) and the supernatant was sterile filtered through a 

0.22 μm syringe filter. Uninoculated, carbon-free media was also sterile-filtered as a control. 

Twice-washed L. plantarum cells (described above) were resuspended in PBS at an optical 

density at 600 nm (OD600nm) of 1 before inoculation into 96-well culture plates at a final OD600nm 

of 0.01 in 1:1 CFS (or carbon-free media) to 2x (twice-concentrated) mMRS. The OD600nm was 

measured over 48 h as described above. 

 

RNA-seq library construction and transcriptome analysis 

The RNA-seq library was constructed and analyzed as previously described (Tejedor-Sanz et al., 

2021). In brief, L. plantarum NCIMB8826 was grown in mMRS (in triplicate) with or without 

supplementation of 20 μg/mL DHNA and 1.25 mM ferric ammonium citrate. Cultures were 

grown at 37 °C to exponential phase (OD600 = ~1.0) before collection via centrifugation (10,000 

g / 3 min) at 4 °C. After decanting, cells were flash frozen in liquid N2 and stored at -80 °C until 

RNA extraction with acidic phenol:chloroform:isoamyl alcohol (pH 4.5) as previously described 

(Golomb et al., 2016). RNA was quantified on a Nanodrop 2000c (ThermoFisher) before two 

rounds of DNAse digestion using the Turbo DNA-free Kit (Invitrogen, Waltham, MA, USA) 

following the manufacturer’s protocols. RNA quality was checked using a Bioanalyzer RNA 
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6000 Nano Kit (Agilent Technologies, Santa Clara, CA, USA) (all RIN values > 9), quantified 

with the Qubit 2.0 RNA HS Assay (Life Technologies, Carlsbad, CA, USA), and depleted of 

ribosomal-RNA (rRNA) with the RiboMinus Eukaryote Kit v2 using specific probes for 

prokaryotic rRNA (ThermoFisher). The remaining RNA was then fragmented to approximately 

200 bp, converted to cDNA, and given barcode sequences using the NEBnext Ultra-directional 

RNA Library Kit for Illumina (New England Biolabs, Ipswitch, MA, USA) with NEBnext 

Multiplex Oligos for Illumina (Primer Set 1) (New England Biolabs) following the 

manufacturer’s instructions. The barcoded cDNA libraries were pooled and run across two lanes 

of a HiSeq400 (Illumina, San Diego, CA, USA) on two separate runs for 150 bp paired-end reads 

(http://dnatech.genomecenter.ucdavis.edu/). 

 

After sequencing and demultiplexing, DNA sequences for all 12 samples were first visualized in 

FastQC (ver. 0.11.8) (Andrews, 2010) followed by read trimming with Trimmomatic (ver. 0.39) 

(Bolger et al., 2014). Remaining reads were aligned to the L. plantarum NCIMB8826 

chromosome and plasmids using Bowtie2 (ver. 2.3.5) in the [-sensitive] mode (Langmead and 

Salzberg, 2012) and output “.sam” files were converted to “.bam” files with Samtools (ver 1.9) 

(Li et al., 2009). Aligned reads which corresponded to NCIMB8826 genes, excluding noncoding 

sequences (e.g., rRNA, tRNA, trRNA, etc.) were enumerated with FeatureCounts in the [--

stranded=reverse] mode (ver. 1.6.4) (Liao et al., 2014). DESeq2 (Love et al., 2014) using the 

Wald test in the R-studio shiny app DEBrowser (ver 1.14.2) (Kucukural et al., 2019) was used to 

quantify differential gene expression based on culture condition. The significance cutoff for 

differential expression was set to a False-discovery-rate (FDR)-adjusted p-value < 0.05 and a 

http://dnatech.genomecenter.ucdavis.edu/
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Log2 (fold-change) > 0.5. Clusters of Orthologous Groups (COGs) were also assigned to genes 

based the eggNOG (ver. 5.0) database (Huerta-Cepas et al., 2019). 

 

Hydrogen peroxide production assay 

L. plantarum NCIMB8826 was grown in mMRS (in triplicate) with or without supplementation 

of 20 μg/mL DHNA and 1.25 mM ferric ammonium citrate. Cultures were grown at 37 °C to 

exponential phase (OD600 = ~1.0) before collection via centrifugation (10,000 g / 3 min). 

Uninoculated cultures (in triplicate) were used for abiotic hydrogen peroxide production and 

were sampled after 5 h which was when L. plantarum cultures reached OD600 = 1 in exponential 

phase. Hydrogen peroxide was measured fluorometrically with the Fluorimetric Hydrogen 

Peroxide Assay Kit (Sigma-Aldrich) following the manufacturer’s instructions. 

 

ACNQ synthesis 

The quinone ACNQ (2-amino-3-carboxy-1,4-naphthoquinone) was synthesized and purified as 

previously described (Mevers et al., 2019). Briefly, 20 g ammonium chloride was dissolved in 2 

L of deionized (DI) water. The pH was then adjusted to 9.0 using ~10 mL of ammonium 

hydroxide solution. Next, 1 g DHNA (1,4-dihydroxy-2-naphthoic acid) was added, and the 

mixture was stirred for 24 h at RT. The pH was adjusted to 5.0 five and then twice extracted with 

2 L ethyl acetate (EtOAc) before concentrating the organic layer under vacuum. The crude 

material was then resuspended in 10 mL 50% ACN/H2O, syringe filtered (0.2 mm) (Corning 

Inc, Corning, NY, USA), and purified using prep-HPLC. Pure ACNQ eluted between 33-35 min 

using a Phenomenex Luna 5 mm C8(2) 100 Å preparative column (250 x 21.2 mm) 

(Phenomenex, Torrance, CA, USA) with the following method: holding 20% ACN +0.1% 
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FA/H2O + 0.1% FA for 5 min then gradient to 55% ACN +0.1% FA/H2O + 0.1% FA over 35 

min at 10 mL/min flow rate. 

 

Ferrihydrite reduction assays 

L. plantarum strains were first incubated in mMRS for 18 h at 37 °C. When indicated, quinones 

were supplemented at concentrations ranging from 0.01 to 200 μg/mL, and/or ferric ammonium 

citrate was supplemented at 1.25 mM. Cells were collected via centrifugation (10,000 g, 3 min) 

and washed twice in PBS. The OD600nm was adjusted to 2 in PBS containing 2.2 mM ferrihydrite 

(Schwertmann and Fischer, 1973; Stookey, 1970), 2 mM ferrozine (Sigma-Aldrich), and 55 mM 

mannitol. Quinones were supplemented at the above concentrations when indicated, and 

uninoculated controls were used to subtract background ferrihydrite reduction by quinones. After 

3 h incubation at 37 °C, the cells were collected by centrifugation (10,000 g / 5 min) the 

supernatant was used to determine iron reduction from absorbance measurements at 562 nm with 

a Synergy 2 microplate reader. Absorbance was converted to the concentration of reduced 

iron(II) using a standard curve containing a 2-fold range of FeSO4 (Sigma-Aldrich) (0.25 mM to 

0.016 mM) dissolved in 10 mM cysteine-HCL (RPI, Mount Prospect, IL, USA) and 

supplemented with 2 mM ferrozine.  

 

In experiments where cell-free supernatant (CFS) was used in place of PBS as the assay medium, 

overnight cultures of L. lactis (gM17) or Leuconostoc spp. (gCDM) were grown for 18 h at 30 

°C before normalizing the OD600nm of these cultures with carbon-free M17 or CDM, respectively. 

Cells were then centrifuged (10,000 g / 3 min) and the supernatant was sterile filtered through a 

0.22 μm syringe filter. Uninoculated, carbon-free media was also sterile-filtered as a control. The 
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OD600nm of PBS-washed L. plantarum cells were then adjusted to 2 in the CFS or uninoculated 

media which was supplemented with ferrihydrite, ferrozine, and mannitol as described above. 

Ferrihydrite reduction assays with L. lactis or Leuconostoc CFS were carried out at 37 °C for 3 h 

before measuring reduced iron as described above.  

 

Bioelectrochemical measurements 

The bioreactors consisted of double-chamber electrochemical cells (Adams & Chittenden, 

Berkeley, CA) with a cation exchange membrane (CMI-7000, Membranes International, 

Ringwood, NJ) that separated them. We used a 3-electrode configuration consisting of an 

Ag/AgCl (sat. KCl) reference electrode (BASI), a titanium wire counter electrode, and a working 

electrode of either 6.35-mm-thick graphite felt working electrode of 4x4 cm (Alfa Aesar) with a 

piece of Ti wire threaded as a current collector and connection to the potentiostat. The 

bioreactors were sterilized by filling them with ddH2O and autoclaving at 121 °C for 30 min. 

After this, each chamber media was replaced with 150 mL of filter sterilized CDM media (for 

the working electrode chamber), and 150 mL of M9 media (BD) (for the counter electrode 

chamber). The medium (before filter-sterilization) was supplemented with a final concentration 

of 10 g/L of mannitol and with 20 μg/mL of DHNA diluted 1:1 in DMSO: ddH2O, where 

appropriate. The media in the working electrode chamber was mixed with a magnetic stir bar for 

the course of the experiment and N2 gas was continuously purged in the working electrode 

chamber to maintain anaerobic conditions. Four bioreactors were prepared which differed in the 

CDM used in the working electrode chamber: two bioreactors contained mCDM supplemented 

with 20 μg/mL of DHNA (diluted 1:1 in DMSO: ddH2O), and other two bioreactors contained 

mCDM with no DHNA. All the experiments were tested under 30 °C. After approximately 4 h of 
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bubbling the working electrode chamber with N2 gas, the working electrode of each bioreactor 

was polarized. The applied potential to the working electrodes was of 0.2 V versus the Ag/AgCl 

(sat. KCl) reference electrode. A Bio-Logic Science Instruments potentiostat model VSP-300 

was used for performing electrochemical measurements. Once the current density stabilized 

overnight, the mCDM+DHNA bioreactors were inoculated to a final OD600nm of ~0.1-0.15 with 

the cell suspensions of L. plantarum prepared in M9 medium. Cell suspensions were prepared 

from an overnight, statically grown culture (~16-18 h) of L. plantarum cultured in MRS medium 

at 30 °C. After 45 h of operating the bioreactors and observing current density production, we 

collected cells from each bioreactor by vigorously shaking the bioreactors to detach cells from 

the electrode and collecting the medium from the bioreactors (~150 mL). Cells were collected 

from each medium by performing 2 cycles of centrifugation (15,228 g, 7 min) and washing with 

M9 medium. The resulting cell pellets were suspended in oxygen-free M9 medium, and 

inoculated in the two DHNA-free bioreactors, previously polarized to 0.2 V and left overnight to 

achieve a stable current density baseline. Cyclic voltammetry analyses were performed at a scan 

rate of 5 mV/s and in the potential region of -0.7 to 0.4 V vs Ag/AgCl. 

 

Cell membrane quinone quantification 

Strains were grown in laboratory culture medium as follows: L. plantarum in mMRS 

supplemented with 20 μg/mL DHNA and/or 1.25 mM ferric ammonium citrate and L. 

mesenteroides in gMRS. All strains were grown for 18 h at 30 °C before cells were collected via 

centrifugation (10,000 g / 3 min). Cells were washed twice in PBS before flash freezing with 

liquid N2. The cell pellet was placed on a lyophilizer for 18 h and then transferred to a 40 mL 

glass vial. The cell pellet was then ground and extracted with 3.0 mL of 2:1 dichloromethane 
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(DCM)/MeOH for 2 h while rocking on gently on a shaker. The organic solvent was filtered 

using a glass plug containing celite and dried under vacuum. The crude material was then 

resuspended in 200 μL of 2:1 isopropanol (IPA)/MeOH and 5 μL of this mixture was analyzed 

on a LCMS (Agilent 1260 HPLC equipped with a LTQ XL Thermo mass spectrometer) where 

the menaquinone analogs were quantified using the Phenomenex Luna 5 μm C5 100 Å (50 × 4.6 

mm) under the following method: hold 100% solvent A for 5 min then quickly gradient to 80% 

solvent A/20% solvent B over 0.1 min, then gradient to 100% solvent B over 34.9 min with a 

flow rate of 0.4 mL/min (solvent A: 95% H2O/5% MeOH +0.1% FA with 5 mM ammonium 

acetate, solvent B: 60% IPA/35% MeOH/5% H2O + 0.1% FA with 5 mM ammonium acetate). 

Integrated extracted ion chromatograms for two ion adducts, [M + H]+ and [M+NH4]+, for each 

menaquinone analog were summed and compared to a five-point standard curve of commercially 

available menaquinone-4 (Sigma Aldrich) in order to obtain the absolute production 

quantification. 

 

L. plantarum co-culturing experiments 

L. plantarum NCIMB8826, L. lactis TIL46, L. lactis TIL999, and L. mesenteroides ATCC8293 

were grown overnight in gMRS for 18 h at 30 °C. Cells were collected by centrifugation (10,000 

g / 3 min) and washed twice in PBS. Approximately 107 CFU/mL of each strain was used to 

inoculate (in triplicate) 125 mL screw-cap bottles containing gCDM supplemented with 1.25 

mM ferric ammonium citrate. Each strain was grown by itself at 30 °C and each L. plantarum 

strain was also grown in co-culture with either TIL46, TIL999, or ATCC8293. At t = 0, 4, 6, 8, 

and 24 h, cultures were sampled for pH and CFU/mL enumeration on MRS agar (30 °C) for 

monocultures and mMRS agar (37 °C) for co-cultures to distinguish between L. plantarum, L. 
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lactis, and L. mesenteroides by colony size. At these times, culture aliquots were also centrifuged 

(10,000 g / 5 min) and the supernatant was collected for Fe2+ analysis by immediately adding 2.2 

mM ferrozine and using a Fe2+ standard curve as described previously. 

 

Data accession numbers 

L. plantarum RNA-seq data are available in the NCBI Sequence Read Archive 

(SRA) under BioProject accession no. PRJNA717240. DEseq2 analysis of RNA-seq data 

(Supplementary File 1) is available in the Harvard Dataverse: 

https://doi.org/10.7910/DVN/SAQ5AT 
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Figures 

 
Figure 1. DHNA presence is required for L. plantarum at the time of iron reduction. Fe3+ 

(ferrihydrite) reduction assays were performed in PBS with 55 mM mannitol and 20 μg/mL 

DHNA where indicated. Significant differences between groups were determined by one-way 

ANOVA with Tukey’s post-hoc test (represented by letters, p < 0.05). The avg + stdev of three 

biological replicates is shown. 
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Figure 2. L. plantarum reduces more iron when grown with DHNA at high and low 

concentrations. Reduction of ferrihydrite by L. plantarum after growth in mMRS supplemented 

with 1.25 mM FeAC. DHNA was supplemented in the growth medium and/or the ferrihydrite 

reduction assay at indicated concentrations. Significant differences between groups were 

determined by one-way ANOVA with Tukey’s post-hoc test (p < 0.05); # iron reduction was 

significantly greater after growth in DHNA (compared to cells incubated in DHNA only during 

the ferrihydrite assay), * iron reduction was significantly greater compared to cells never 

provided DHNA, letters denote when iron reduction was significantly different between DHNA 

concentrations within the same growth condition. The avg + stdev of three biological replicates 

is shown. 
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Figure 3. DHNA-caused induction of oxidative stress response in L. plantarum is alleviated 

by FeAC. Summary of. plantarum transcriptome changes in response to DHNA (D = DNHA), 

FeAC (F = FeAC), or DHNA+FeAC (B = Both) during exponential-phase growth in mMRS. 

Statistically significant changes in gene expression were determined using DEseq2 with a Log2 

expression fold-change > 0.5 and FDR-adjusted p-value < 0.05.  
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Figure 4. Iron reduces the negative effects of DHNA on L. plantarum growth rate in 

mMRS. Growth rate of L. plantarum in mMRS with or without supplementation of 20 μg/mL 

DHNA and 1.25 mM ferric ammonium citrate (FeAC) or 1.25 mM ammonium citrate. Growth 

rates were quantified by measuring the change in OD600nm per hour during exponential phase in 

mMRS. Significant differences represented by letters were determined using one-way ANOVA 

with Tukey’s post-hoc test (p < 0.05). The average + SEM of three biological replicates is 

shown. 
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Figure 5. Exogenous quinones catalyze L. plantarum iron reduction. Ferrihydrite reduction 

assays were performed in PBS containing 55 mM mannitol and at specified quinone 

concentrations. L. plantarum cells used in the assay were grown in mMRS without quinone 

supplementation. The R2 value corresponds to the sigmoidal dose-response curve fit to the data. 

The chemical structure of each quinone and its corresponding LogP (log of partition coefficient) 

are provided. The avg + stdev of three biological replicates is shown. 
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Figure 6. Quinones secreted from other LAB can stimulate L. plantarum EET. (A/B) 

Ferrihydrite reduction by L. plantarum in cell-free supernatant (CFS) from (A) Lactococcus 

lactis or (B) Leuconostoc spp. and supplemented with 55 mM mannitol. Uninoculated M17 or 

CDM lacking glucose was used as a control these experiments. (C/D) Iron reduction by L. 

plantarum in gCDM with 1.25 mM ferric ammonium citrate during growth alone or in co-culture 

with (C) L. lactis or (D) L. mesenteroides. Significant differences between groups (represented 

by letters, p < 0.05) determined by (A/B/C) one-way ANOVA with Tukey’s post-hoc test or (D) 

unpaired Student’s t-test. The average + stdev of three biological replicates is shown. 
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Figure 7. Co-culturing L. plantarum with L. lactis or L. mesenteroides increases acidification 

and L. plantarum growth. (A/B) pH, (C/D) L. plantarum abundance, and abundance of (E) L. 

lactis or (F) L. mesenteroides in during growth alone or in co-culture with L plantarum. Strains 

were grown in gCDM supplemented with 1.25 mM ferric ammonium citrate. Significant 



 

172 
 

differences in strain abundance were determined by two-way RM ANOVA with Tukey’s post-

hoc test (* p < 0.05). The average + stdev of three biological replicates is shown.
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Supplemental 

 

 

Figure S1. L. plantarum makes menaquinone-6 (MK-6) and menaquinone-7 (MK-7) when 
grown in the presence of DHNA. Relative levels of membrane-bound quinones (measured in 
absorbance units ‘A.U.’) in L. plantarum after overnight growth in mMRS supplemented with 20 
μg/mL DHNA and/or 1.25 mM ferric ammonium cirrate (FeAC). D.L. refers to samples with 
quinone quantities below detection limit. The avg + stdev of three biological replicates is shown. 
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Figure S2. Access to exogenous DHNA is required for L. plantarum current production. 
(A) Current density production over time by L. plantarum in mCDM supplemented with 20 
μg/mL DHNA. The anode was polarized at +0.2V Ag/AgCl. (B) Cells from (A) were washed 
and transferred to bioreactors containing mCDM with no DHNA or CDM with no mannitol or 
DHNA. (C) Cyclic voltammetry analysis of L. plantarum in mCDM with either prior growth in 
mCDM with 20 μg/mL DHNA or mCDM alone. The avg + stdev of three biological replicates is 
shown. 
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Figure S3. L. plantarum incubation in DHNA during growth increases EET activity. 
Reduction of Fe3+ (ferrihydrite) to Fe2+ by L. plantarum after growth in mMRS supplemented 
with 1.25 mM ferric ammonium citrate. DHNA was supplemented in the growth medium and/or 
the iron reduction assay at 0.1 μg/mL. Significant differences were determined by one-way 
ANOVA with Tukey’s post-hoc test; **** p < 0.0001. The avg + stdev of three biological 
replicates is shown. 
 

 
Figure S4. L. plantarum growth rate is negatively affected by DHNA. Growth rate of L. 
plantarum in mMRS with or without supplementation DHNA at increasing concentrations. 
Growth rates were determined by measuring the change in OD600nm per hour during exponential 
phase. The avg + SEM of three biological replicates is shown. Significant differences were 
determined by one-way ANOVA with Dunnett’s post-hoc test. * p < 0.05; ** p < 0.01; *** p < 
0.001; **** p < 0.0001. 
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Figure S5. Other exogenous quinones besides DHNA inhibit L. plantarum growth. Growth 
of L. plantarum in mMRS supplemented with exogenous quinones at the indicated 
concentrations. The avg + stdev of three biological replicates is shown. 

 

 
Figure S6. DHNA reduces the growth rate of FLEET deletion mutants in mMRS. Growth 
rate of wild-type L. plantarum NCIMB8826 or deletion mutants of ndh2/pplA in mMRS with or 
without supplementation of 20 μg/mL DHNA. Growth rates were quantified by measuring the 
change in OD600nm per hour during exponential phase. Significant differences were determined 
using one-way ANOVA with Tukey’s post-hoc test (**** p < 0.0001). The average + SEM of 
three biological replicates is shown. 

 



 

177 
 

 
Figure S7. DHNA increases hydrogen peroxide levels in mMRS which are reduced by the 
presence of FeAC. Hydrogen peroxide produced in mMRS supplemented with 20 μg/mL 
DHNA and/or 1.25 mM ferric ammonium citrate (FeC) after 5 h at 37 °C. Where indicated, L. 
plantarum was also inoculated at an OD600 = 0.1 and culture supernatant was sampled after 5 h at 
37 °C corresponding to when L. plantarum reached mid-exponential phase growth. Significant 
differences in H2O2 production between culture conditions (represented by letters, p < 0.05), or 
H2O2 production under abiotic conditions or with L. plantarum inoculation (#, p < 0.05), were 
determined by one-way ANOVA with Tukey’s post-hoc test. The avg + stdev of three biological 
replicates is shown. 

 

 

Figure S8. Iron is spontaneously reduced in acidified CDM. Reduction of FeAC in CDM 
acidified with lactic acid. Iron reduction was detected colorimetrically with 2 mM ferrozine. The 
avg + stdev of three replicates is shown. 
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Table S1. Strains and plasmids used in this study. 
Strains Isolation Source / Description Reference 
L. plantarum NCIMB8826 Human saliva (Dandekar, 2019)  
L. plantarum MLES100 Deletion mutant of NCIMB8826 

lacking ndh2 
(Tejedor-Sanz et al., 
2021) 

L. plantarum MLES101 Deletion mutant of NCIMB8826 
lacking pplA 

(Tejedor-Sanz et al., 
2021) 

L. lactis subsp. cremoris 
TIL46 

Strain NCDO763 cured of its 2-kb 
plasmid 

(Wels et al., 2017) 

L. lactis subsp. cremoris 
TIL999 

Deletion mutant of TIL46 lacking 
menC 

(Tachon et al., 2009) 

L. citreum NRRL B-742 Spoiled canned tomatoes (Passerini et al., 2014) 
L. mesenteroides subsp. 
mesenteroides ATCC 8293 Fermenting olives 

(Makarova et al., 2006) 

 

Table S2. Total number of L. plantarum genes differentially expressed in DHNA, FeAC, 
and DHNA+FeAC containing media. Differential expression of all genes in L. plantarum 
during exponential growth in mMRS supplemented with DHNA (20 μg/mL) and/or ferric 
ammonium citrate (1.25 mM) compared to the mMRS alone control group. Differential 
expression was considered significant with a FDR-adjusted p-value < 0.05 and log2 expression 
fold-change > 0.5. 

Growth condition # Upregulated 
Genes 

# Downregulated 
Genes 

Total # 
Differentially 

Expressed Genes 
DHNA 452 473 925 
FeAC 35 72 107 

DHNA+FeAC 123 169 292 
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Table S3. The presence of DHNA induces redox stress in L. plantarum. Differential expression in L. plantarum during exponential 
growth in mMRS supplemented with DHNA (20 μg/mL) and/or ferric ammonium citrate (1.25 mM) compared to the mMRS alone 
control group. Bold values indicate a log2 expression fold-change > 0.5 and a FDR-adjusted p-value < 0.05.  

Locus 
Tag 

Gene Product COG ID# DHNA - 
Log2 FC 

DHNA - 
p-adjusted 

IRON - 
Log2 FC 

IRON - p-
adjusted 

BOTH - 
Log2 FC 

BOTH - p-
adjusted 

Oxidation-reduction 
lp_1253 gshR2 glutathione reductase COG1249 2.86 0.000 -1.66 0.000 -1.95 0.000 
lp_1822 gshR3 glutathione reductase COG1249 1.04 0.000 0.02 0.978 0.05 0.917 
lp_3267 gshR4 glutathione reductase COG1249 1.48 0.000 0.00 0.997 0.24 0.221 
lp_3578 kat catalase COG0753 1.88 0.000 -0.88 0.000 -1.30 0.000 
lp_1939 lp_1939 oxidoreductase, medium chain 

dehydrogenases/reductase (MDR)/zinc-
dependent alcohol dehydrogenase-like 
family 

COG0604 1.73 0.000 -0.30 0.057 -0.80 0.000 

lp_1836 mrsB protein-methionine-S-oxide reductase COG0229 2.32 0.000 -1.13 0.000 -1.49 0.000 
lp_1835 msrA2 protein-methionine-S-oxide reductase COG0225 2.42 0.000 -1.16 0.000 -1.38 0.000 
lp_3449 nox5 NADH oxidase COG0446 0.69 0.000 -2.40 0.000 -2.34 0.000 
lp_2544 npr2 NADH peroxidase COG0446 2.93 0.000 -0.79 0.000 0.15 0.516 
lp_0694 nrdH glutaredoxin-like protein nrdH COG0695 -0.05 0.711 0.14 0.515 -1.05 0.000 
lp_2788 panE 2-dehydropantoate 2-reductase COG1893 1.23 0.000 -0.60 1.000 0.84 1.000 
lp_2629 pox3 pyruvate oxidase COG0028 1.70 0.000 -2.31 0.000 -2.96 0.000 
lp_3589 pox5 pyruvate oxidase COG0028 0.44 0.001 -1.18 0.000 -2.42 0.000 
lp_2323 tpx thiol peroxidase COG2077 1.20 0.000 0.15 0.289 0.14 0.578 
lp_2270 trxA2 thioredoxin COG3118 0.53 0.000 -0.02 0.938 -0.49 0.004 
lp_0761 trxB thioredoxin reductase (NADPH) COG0492 0.78 0.000 -0.19 0.075 -0.48 0.000 
  

        
  

Amino acid transport and metabolism 
lp_1084 aroD1 shikimate 5-dehydrogenase COG0169 2.53 0.000 -0.31 0.751 1.08 1.000 
lp_2037 aroF chorismate synthase COG0082 2.21 0.000 -0.39 0.609 0.63 1.000 
lp_0861 bcaP branched-chain amino acid permease COG0531 2.12 0.000 0.16 0.357 -0.08 0.603 
lp_0981 brnE branched-chain amino acid transport 

protein 
COG4392 2.88 0.000 0.29 0.608 0.21 1.000 
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lp_0982 brnF branched-chain amino acid transport 
protein 

COG1296 2.26 0.000 0.01 0.992 0.15 0.830 

lp_1245 hicD2 L-2-hydroxyisocaproate dehydrogenase COG0039 3.20 0.000 0.17 0.561 0.40 0.062 
lp_1297 lp_1297 S-methylmethionine transport protein COG0833 2.55 0.000 -0.17 0.715 0.14 0.823 
lp_2920 lp_2920 proline-containing amino acid or 

peptide transport protein 
COG0531 3.23 0.000 -0.26 0.705 0.56 0.546 

lp_3214 lp_3214 cystathionine ABC transporter, 
substrate binding protein 

COG0834 2.14 0.000 -0.01 0.986 0.10 0.808 

lp_1375 metE homocysteine S-methyltransferase 
(cobalamin-independent) 

COG0620 2.16 0.000 -0.47 0.529 0.88 0.420 

lp_1298 metH homocysteine S-methyltransferase 
(cobalamin-dependent) 

COG2040 2.35 0.000 -0.16 0.792 0.41 0.515 

lp_2536 oahS O-acetylhomoserine sulfhydrylase COG2873 2.20 0.000 -0.56 0.395 0.91 0.462 
lp_1261 oppA oligopeptide ABC transporter, substrate 

binding protein 
COG4166 6.15 0.000 0.15 0.424 0.09 0.657 

lp_1262 oppB oligopeptide ABC transporter, 
permease protein 

COG0601 5.00 0.000 0.11 0.696 0.17 0.486 

lp_1263 oppC oligopeptide ABC transporter, 
permease protein 

COG1173 4.79 0.000 0.06 0.832 0.15 0.508 

lp_1264 oppD oligopeptide ABC transporter, ATP-
binding protein 

COG0444 4.79 0.000 0.02 0.960 0.04 0.869 

lp_1265 oppF oligopeptide ABC transporter, ATP-
binding protein 

COG4608 4.58 0.000 0.15 0.438 -0.02 0.911 

lp_2708 pucR purine transport regulator COG2508 3.56 0.000 -0.17 0.836 0.58 0.483 
lp_0203 serA D-3-phosphoglycerate dehydrogenase COG0111 6.41 0.000 -0.20 0.581 -0.34 0.457 
lp_0204 serC phosphoserine aminotransferase COG1932 6.04 0.000 -0.18 0.691 -0.11 0.850 
lp_1745 lp_1745 D-methionine ABC transporter, 

permease protein 
COG2011 1.63 0.000 -0.76 1.000 0.72 1.000 

  
        

  
Cell membrane biosynthesis 
lp_1680 accA2 acetyl-CoA carboxylase, carboxyl 

transferase subunit alpha 
COG0825 1.10 0.000 0.73 0.000 3.85 0.000 

lp_1676 accB2 acetyl-CoA carboxylase, biotin 
carboxyl carrier protein 

COG0511 1.25 0.000 0.90 0.000 3.92 0.000 

lp_1678 accC2 acetyl-CoA carboxylase, biotin 
carboxylase subunit 

COG0439 1.23 0.000 0.87 0.000 3.92 0.000 
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lp_1679 accD2 acetyl-CoA carboxylase, carboxyl 
transferase subunit beta 

COG0777 1.26 0.000 0.88 0.000 3.98 0.000 

lp_1672 acpA2 acyl carrier protein COG0236 1.33 0.000 1.11 0.000 3.90 0.000 
lp_1673 fabD [acyl-carrier protein] S-

malonyltransferase 
COG0331 1.35 0.000 1.05 0.000 4.00 0.000 

lp_1675 fabF 3-oxoacyl-[acyl-carrier protein] 
synthase II 

COG0304 1.12 0.000 0.89 0.000 3.68 0.000 

lp_1674 fabG1 3-oxoacyl-[acyl-carrier protein] 
reductase 

COG1028 1.19 0.000 0.97 0.000 3.80 0.000 

lp_1671 fabH2 3-oxoacyl-[acyl-carrier protein] 
synthase III 

COG0332 1.37 0.000 1.19 0.000 3.97 0.000 

lp_1681 fabI enoyl-[acyl-carrier protein] reductase 
(NADH) 

COG0623 1.06 0.000 0.79 0.000 3.79 0.000 

lp_1670 fabZ1 (3R)-hydroxyacyl-[acyl carrier protein] 
dehydratase 

COG0764 1.31 0.000 1.29 0.000 3.92 0.000 

lp_1677 fabZ2 (3R)-hydroxymyristoyl-[acyl carrier 
protein] dehydratase 

COG0764 1.39 0.000 0.96 0.000 4.08 0.000 

  
Iron transport and metabolism 
lp_1467 feoA ferrous iron transport protein A COG1918 -0.71 0.002 -0.36 0.442 -2.56 1.000 
lp_1466 feoB ferrous iron transport protein B COG0370 -0.98 0.000 -0.63 0.000 -1.97 0.000 
lp_0506 sdhA L-serine dehydratase, alpha subunit COG1760 -0.71 0.000 3.99 0.000 -1.37 0.000 

lp_0505 sdhB L-serine dehydratase, beta subunit COG1760 -0.99 0.000 4.03 0.000 -1.72 0.000 
lp_0502 sdaC serine transporter COG0814 -1.99 0.000 4.12 0.000 -2.20 0.000 

lp_1472 sufB ABC transporter component, iron-
sulfur cluster assembly protein 

COG0719 -1.06 0.000 -0.29 0.001 -1.77 0.000 

lp_1468 sufC ABC transporter, ATP-binding protein, 
iron-sulfur cluster assembly ATPase 
protein 

COG0396 

 

-0.71 0.000 -0.32 0.001 -1.77 0.000 

lp_1097 mtsA manganese/zinc ABC transporter, 
substrate binding protein 

COG0803 -0.51 0.000 -0.06 0.878 -0.41 0.103 

lp_1096 mtsB manganese ABC transporter, permease 
protein 

COG1108 -0.45 0.003 0.00 0.998 -0.13 0.750 

lp_1095 mtsC manganese ABC transporter, ATP-
binding protein 

COG1121 

 

-0.51 0.000 0.10 0.804 -0.30 0.336 
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FLEET locus 
lp_1066 dmkB heptaprenyl diphosphate synthase 

component II 
COG0142 -0.50 0.000 0.06 0.799 0.18 0.426 

lp_1067 eetB heptaprenyl diphosphate synthase 
component I 

COG4769 -0.40 0.000 0.12 0.562 0.39 0.072 

lp_1068 eetA extracellular protein, DUF1312 family COG5341 -0.42 0.000 0.04 0.890 0.38 0.090 
lp_1069 ndh2 NADH dehydrogenase, membrane-

anchored 
COG1252 -0.24 0.005 0.06 0.719 0.63 0.000 

lp_1070 pplA lipoprotein precursor, FMN-binding 
protein 

COG4939 -0.53 0.000 -0.03 0.870 0.67 0.000 

lp_1072 fmnB thiamin biosynthesis lipoprotein ApbE COG1477 -0.52 0.000 0.03 0.895 0.32 0.102 
lp_1073 ATPase

_2 
ABC transporter, ATP-binding protein COG1122 -0.24 0.005 0.06 0.740 0.15 0.513 

lp_1074 ATPase
_1 

ABC transporter, ATP-binding protein COG1122 -0.24 0.005 0.03 0.897 -0.01 0.967 

lp_1075 fmnA ABC transporter, permease protein COG0619 0.05 0.638 0.18 0.188 0.19 0.447 
 
Menaquinone biosynthesis 
lp_1135 lp_1135 1,4-dihydroxy-2-naphthoate 

octaprenyltransferase 
COG1575 0.23 0.012 0.13 0.446 0.17 0.494 

lp_1715 lp_1715 1,4-dihydroxy-2-naphthoate 
octaprenyltransferase, UbiA 
prenyltransferase family 

COG1575 -0.09 0.417 -0.02 0.952 -0.38 0.003 

lp_1546 dmkA 1,4-dihydroxy-2-naphthoate 
octaprenyltransferase, UbiA family 

COG1575 -0.34 0.001 0.09 0.649 0.22 0.246 

lp_3431 ubiE menaquinone/ubiquinone biosynthesis 
methyltransferase 

COG2226 0.31 0.031 -0.07 0.886 0.19 0.505 
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