
Extracellular Electron Transport in 
Human & Environmental Systems

Human Gut Microbiome Communities
Steven Finkel, Ph.D.
Moh El-Naggar, Ph.D.
David McKemy, Ph.D.
University of Southern California Research funded by:



Extracellular Electron Transport (EET)

HOST

SOIL WATER

Survival Adaptation

Evolution

e-



Extracellular Electron Transport (EET)

e-
"life is nothing but an

looking for a place to rest"

Albert Szent-Gyorgyi, 1937 Nobel Prize in Physiology or Medicine



Extracellular Electron Transport (EET)Outline of Talk

• Brief introduction to Extracellular Electron Transfer 
     (EET)

• Higher resolution identification of microbiome 
    communities & continued identification of
    EET-Competent bacteria and synergies (or not)

• Identification of mechanism of synergy between E. coli
     and E. faecalis

• Developing mouse model system for behavior,   
     mechano-, thermo- and pain perception:  
     Step 1 – Create “humanized” mice



Extracellular Electron Transport (EET)Three Mechanisms of EET

What is 
Extracellular Electron

Transport?

Another way for bacteria
to “breath”

Novel respiration mechanisms
(and maybe cell-cell and/or cell-host communication)



Extracellular Electron Transport (EET)
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El-Naggar and Finkel,The Scientist, 27(5), 2013.
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Nanomaterial Synthesis

EET in Human Systems?
• Gut

• Oral

• Lung

• Nasopharynx

• Skin/Wounds

• Urogenital



Dominant Gut Microbes

Donaldson et al, 2016, Nature Reviews Microbiology



Dominant Gut Microbes

Donaldson et al, 2016, Nature Reviews Microbiology



BioElectrochemical System (BES)
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Pooled Fecal Microbiomes
from 47 healthy individuals

Identification of Electricigenic Bacteria



“POOLED METACOMMUNITY”  

Sample 
Inoculated

Identification of Electricigenic Bacteria



Identification of Electricigenic Bacteria

Escherichia coli
Klebsiella spp.
Enterococcus faecalis
Enterococcus avium



Multispecies Synergy of EET

EET production under different growth conditions:

(1) Each species alone, as monocultures
(2) Initially culture each organism alone, then mix (i.e. Ec + Ef)
(3) Co-culture species together & inoculate together (i.e. EcEf)

-or-



Multispecies Synergy of EET

Escherichia coli + Enterococcus faecalis
Co-outgrown & Co-inoculated



Identification of Electricigenic Bacteria



EET Microbes in Individual “Fresh” Samples

A   B   C   



Minimally Processed Human Fecal Matter is Electroactive

C

B

A

EET Microbes in Individual “Fresh” Samples

Fresh samples 
always make

power IMMEDIATELY
upon inoculation!!!

(Compare to cultured 
samples.)
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Identification of Electricigenic Bacteria

A              B              C   

What is the community 
composition of the 

“electricigenic” microbiota in 
individuals? A   B   C   



Identification of Electricigenic Bacteria

A              B              C   

Isolate individual colonies &
Perform 16S rRNA sequencing to identify species 



Identification of Electricigenic Bacteria
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Identification of Electricigenic Bacteria

Citrobacter amalonaticus

Newly identified organisms produce power
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Interaction Between Electrigenic Species



Identification of Electricigenic Bacteria

A              B              C   

Isolate individual colonies &
Perform 16S rRNA sequencing to identify species 



Identification of Electricigenic Bacteria

A              B              C   

Need to Identify Many More Species in Each Sample



Identification of Electricigenic Bacteria

A           B         C   

Sensitive
to

~0.01%

Accurate and Sensitive Species Identification
Using qPCR Based on Genome Sequences



Identification of Electricigenic Bacteria

Front. Microbiol. 15:1448685 (Oct 2024) 

Identify Potential EET-Enabling Genes
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El-Naggar and Finkel,The Scientist, 27(5), 2013.



Mechanism of Synergy

Redox potential of flavin

Flavin Detected Under Conditions of EET Synergy

BES CV

Biotic CV



Mechanism of Synergy
Overexpression of E. coli Flavin Transporter (yeeO)

Increases Current Production

In Spent Medium In vivo

So E. coli is providing Enterococcus with something to “breathe”…
…Does E. coli get something out of it?



Mechanism of Synergy
E. coli Yield & Survival Enhanced in the 

Presence of Enterococcus

E. coli + Enterococcus

E. coli Alone
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Mouse Model for EET

EET occurs in the Mouse Gut Microbiota



Mouse Model for EET

Since mice are not raised gnotobiotically, we must first remove 
the native microbiome before replacement with human gut 
microbiota or specific species.

Antibiotics are introduced orally over 14 days:

ampicillin (1mg/mL)
neomycin (1mg/mL)
vancomycin (0.5mg/mL)
metronidazole (1m g/mL)

Preparation of a “Humanized” Mouse Gut Microbiome Model



Mouse Model for EET

Preparation of a “Humanized” Mouse Gut Microbiome Model

Mouse gut microbiota
reduced up to 

1000-fold



Mouse Model for EET

“Humanized” Mouse Sensorimotor, Behavior & Nociception 

• Mechanical sensitivity
• Temperature sensitivity
• Strength and coordination assessment
• Novel Object Recognition (NOR) assay
• Maze assays
• Open Field (OF) test
 

 

 



Project Goals
• Continue to Fully Characterize Gut Microbes Capable 
     of EET and Develop Proxy Microcosms

• Identify Mechanisms of Gut EET at the
 Biophysical, Biochemical & Genetic Levels

• Continue Development of a ”Humanized” Mouse 
      Model System to Determine the Role of Gut EET
      on Animal Behavior, Mechano/Thermo Sensation &
      Nociception

A     B     C     •    •     •    W 
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• 2023–2024: 6 articles published or in preparation.

• 2023–2024: 5 invited or keynote presentations by the 
Co-I’s. 11 conference talks or posters by team’s 
students and postdoctoral researchers.

Objectives

Accomplishments

Technical Approaches

Collaborators

Uniqueness

Extracellular Electron Transport in Human & Environmental 
Systems:Physiological & Biosynthetic Studies of 
Microbial Communities
Finkel, Nealson, El-Naggar – Univ. of Southern California FA 9550-19-1-0249

• High resolution characterization of gut microbiome 
communities.

• Have identified a mechanism of synergy between E. 
coli and E. faecalis, including the release of flavins by 
E. coli for Enterococcus EET.

• Identified more pairs of synergizing gut EET microbes
• Developing “humanized” mouse model

(1) Understand the electrochemical behavior of 
bacteria; (2) Develop electrode-based cultivation; (3) 
Identify human and environmental microbes 
performing Extracellular Electron Transport.

(1) Culture of microbes in BioElectrochemical 
Systems, derived from Microbial Fuel Cell reactors; (2) 
Real-time analysis EET; (3) Probe of bacteria-
electrode interactions using chemical and biophysical 
techniques

• Labs with complementary expertise in microbial 
physiology & ecology, molecular genetics & 
genomics, and biophysics & biochemistry.

• Informs understanding of “gut” health, as well as 
roles of microbial community members in many 
environments.

. 

• Better understanding of EET of microbes associated
 with humans can improve human peformance and 

overall health.
• Synthetic biology applications for the development 

of DoD-relevant novel materials.

DoD Benefit

G. Jensen (Caltech);  A. Nakano (USC); J. Golbeck 
(Penn State); P. Girguis (Harvard); O. Bretschger (JCVI); 
S. Suzili (JAMSTEC); G. Wong (UCLA); P. Weiss 
(UCLA); A. Rowe (MSU); L. Bird (US Navy Lab); M. Dean 
(USC)

Genertic, Biophysical, and Behavioral Characterization of 
Microbial Extracellular Electron Transport in Human and Animal 
Systems
Finkel, El-Naggar, McKemy – Univ. of Southern California FA 9550-23-1-0287


