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            Abstract
Extracellular electron transfer (EET) describes microbial bioelectrochemical processes in which electrons are transferred from the cytosol to the exterior of the cell1. Mineral-respiring bacteria use elaborate haem-based electron transfer mechanisms2,3,4 but the existence and mechanistic basis of other EETs remain largely unknown. Here we show that the food-borne pathogen Listeria monocytogenes uses a distinctive flavin-based EET mechanism to deliver electrons to iron or an electrode. By performing a forward genetic screen to identify L. monocytogenes mutants with diminished extracellular ferric iron reductase activity, we identified an eight-gene locus that is responsible for EET. This locus encodes a specialized NADH dehydrogenase that segregates EET from aerobic respiration by channelling electrons to a discrete membrane-localized quinone pool. Other proteins facilitate the assembly of an abundant extracellular flavoprotein that, in conjunction with free-molecule flavin shuttles, mediates electron transfer to extracellular acceptors. This system thus establishes a simple electron conduit that is compatible with the single-membraneÂ structure of the Gram-positive cell. Activation of EET supports growth on non-fermentable carbon sources, and an EET mutant exhibited a competitive defect within the mouse gastrointestinal tract. Orthologues of the genes responsible for EET are present in hundreds of species across the Firmicutes phylum, including multiple pathogens and commensal members of the intestinal microbiota, and correlate with EET activity in assayed strains. These findings suggest a greaterÂ prevalence of EET-based growth capabilities and establish a previously underappreciated relevance for electrogenic bacteria across diverse environments, including host-associated microbial communities and infectious disease.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more


Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: An uncharacterized genetic locus associated with EET activity.[image: ]


Fig. 2: A parallel electron transfer pathway segregates EET from aerobic respiration.[image: ]


Fig. 3: A surface-associated flavoprotein establishes the extracellular component of the EET apparatus.[image: ]


Fig. 4: EET supports anaerobic growth, confers a competitive advantage in the intestinal lumen, and is active in multiple Firmicutes.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Electrochemical analyses of L. monocytogenes.
a, The double chamber cell used for electrochemical experiments. CE, counter electrode; CEM, cation exchange membrane; RE, reference electrode; WE, working electrode. Inlets and outlets for N2 gas are labelled. b, Cyclic voltammograms of wild-type and ndh2::tn strains of L. monocytogenes. â€˜Abioticâ€™ refers to an uninoculated control. Arrows highlight the initiation of the catalytic wave. Results are representative of three independent experiments.

                          Source data
                        


Extended Data Fig. 2 EET activity maintains cellular redox homeostasis.
Ratio of NAD+ to NADH in wild-type and ndh2::tn strains supplemented with ferric ammonium citrate under aerobic or microaerophilic conditions. Results from three independent experiments are expressed as mean Â± s.e.m. A statistically significant difference between microaerophilic cells incubated with or without iron is indicated; *Pâ€‰=â€‰0.0015, unpaired two-sided t-test.

                          Source data
                        


Extended Data Fig. 3 Evidence that a distinct menaquinone derivative functions in aerobic respiration.
a, Ferric iron reductase activity of mutants described in Fig.Â 2 demonstrates that genes essential for growth on aerobic respiration medium are dispensable for EET. Results from three independent experiments are expressed as mean Â± s.e.m. b, The L. monocytogenes hep operon. Notably, menGâ€”which encodes demethylmenaquinone transferase (the enzyme that converts demethylmenaquinone to menaquione) (Fig.Â 2b)â€”neighbours the hepT and hepS genes, which function in quinone biosynthesis and are essential for aerobic respiration (Fig.Â 2c).

                          Source data
                        


Extended Data Fig. 4 Recombinant FmnB FMNylates PplA at two discrete sites.
a, b, Deconvoluted mass spectra from a single experiment of recombinant PplA (a) and recombinant PplA incubated with FADÂ +Â FmnB (b). The observed molecular weight change (877Â Da) is consistent with two post-translational FMNylations (2Â Ã—Â 438.3Â Da) on PplA.

                          Source data
                        


Extended Data Fig. 5 Proposed role of RibU and FmnA in FAD secretion.
a, Simplified adaptation of a previously proposed model of L. monocytogenes riboflavin uptake through the RibU, EcfT, EcfA and EcfAâ€™ transporter10. According to this model, EcfT, EcfA and EcfAâ€™ couple ATP hydrolysis with conformational changes that result in substrate bound to RibU being released into the cytosol. b, On the basis of protein homology (FmnA shares 50% sequence identity with EcfT) and the expectation that extracellular FAD is required for FmnB to catalyse FMNylation of PplA, we propose thatÂ the FmnA interacts with RibU to promote FAD secretion. c, Ferric iron reductase activity of strains incubated with 0.5Â mM FAD for 1Â h. The ability of exogenous FAD to specifically rescue ferric iron reductase activity in the fmnA::tn and ribU::tn strains is consistent with FmnA and RibU functioning in FAD secretion. Results from three independent experiments are expressed as mean Â± s.e.m. Statistically significant differences between untreated and FAD-treated cells are indicated; *Pâ€‰=â€‰0.038, **Pâ€‰<â€‰0.0001, unpaired two-sided t-test.

                          Source data
                        


Extended Data Fig. 6 Flavin shuttles promote EET activity.
a, Chronoamperometry results from L. monocytogenes-inoculated electrochemical reactors with 1â€‰Î¼M FMN injections at the indicated time points. Results are representative of three independent experiments. b, The effect of flavins on L. monocytogenes (Lm) ferric iron reductase activity with insoluble ferric (hydr)oxide (top) and soluble ferric ammonium citrate (bottom). With insoluble substrate the local iron concentration for most cells is low, whereas with soluble substrate the concentration of iron in the direct vicinity of cells is high (insets). Results from three independent experiments are expressed as mean Â± s.e.m.

                          Source data
                        


Extended Data Fig. 7 EET supports anaerobic growth on ferric iron.
a, Growth following incubation of L. monocytogenes strains on xylitol medium without (left) or with (right) ferric iron under aerobic (top) or anaerobic (bottom) conditions. Results are representative of three independent experiments. Strain labels are coloured based on attributed deficiencies (Fig.Â 2d) in aerobic respiration (blue) or EET (red). Ndh1 and Ndh2 are probably functionally redundant under aerobic conditions, as a growth phenotype is only observed in the double mutant. Note the visual evidence of ferrous iron production in the agar adjoining anaerobically growing cells. b, CFUs of L. monocytogenes strains anaerobically incubated in xylitol medium without (âˆ’) or with (+) ferric supplementation. Results for soluble ferric ammonium citrate (top) and insoluble ferric (hydr)oxide (bottom) are shown. Dashed lines denote the number of cells at the start of the experiment. Results from three independent experimentsÂ are expressed as mean Â± s.e.m. Statistically significant differences in the ferric iron-supplemented condition are noted; ***Pâ€‰<â€‰0.0001, unpaired two-sided t-test.

                          Source data
                        


Extended Data Fig. 8 EET genes are dispensable for L. monocytogenes intracellular growth.
a, Mouse bone-marrow-derived macrophages were infected with L. monocytogenes, and CFUs were enumerated at the indicated times. Results from three independent experiments are expressed as mean Â± s.e.m. b, L. monocytogenes burdens in mouse organs (nâ€‰=â€‰5) 48Â h after intravenous infection. Representative results from two independent experiments are expressed as median and s.e.

                          Source data
                        


Extended Data Fig. 9 Identified EET loci are widespread in the Firmicutes phylum.
a, Phylogenetic tree constructed from select Ndh2 homologue sequences. A more comprehensive list of organisms that possess an EET locus is provided in Supplementary TableÂ 3. Labels on the branches refer to the percentage of replicate trees that gave the depicted branch topology in a bootstrap test of 1,000 replicates. b, Distinct EET loci from select genomes are shown. Although the arrangement of genes varies, a locus with genes associated with EET is present in many genomes. Some loci contain ECF transporter ATPase subunits (homologous to those depicted in Extended Data Fig.Â 5a) that probably function with RibU and FmnA subunits in flavin transport. The dmkA-like gene found in Caldanaerobius fijiensis (and other genomes) lacks homology to dmkA, but is annotated as catalysing the same reaction. The pplA variant in some genomes contains a single FMNylated domain (rather than two)Â and this property is indicated by a shorter arrow. A few bacteria (including Lactococcus spp.) lack a recognizable locus and distribute genes associated with EET throughout the genome.
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