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A1. Model parameter 
Table S1. Model parameter and description 
Symbol Units Value (baseline 

value) Description Reference 

Constants 
F C mol-1 96485 Faraday constant 
Rgas J K−1 mol−1 8.314 Gas constant 
Geometry 

Lbio µm 15 Growth at low anode potential 
[1]20 Growth at high anode potential 

Aanode cm2 3 Anode surface area 

Vbio m3 4.5×10-9 Volume of biofilm at low anode potential Calculated 6×10-9 Volume of biofilm at high anode potential
Cell growth and Kinetics 
fa - 0.08 Fraction of Ac oxidation goes toward anabolism Estimated 
fc - 0.92 Fraction of Ac oxidation goes toward catabolism 1-fa 
T K 303.15 Temperature [1]

kcell m3 cell-1 d-1 10-14 -10-16 (6×10-15) Cell-specific acetate consumption rate constant Estimated 

Ngeo - 9.2×109 Number of cells at low anode potential Calculated 1.2×1010 Number of cells at high anode potential
Tincub h 6.2 Incubation time [1]

Flabel - 0.06 Labeling strength of the 15N source [1]

Ffinal - varied Labeling strength at the end of the incubations (nanoSIMS 
measurement) 

[1]

Fnat - 0.0036 Natural 15N abundance 
Bgeo cell m-³ 2.04×1018 Cell density Calculated 

Robs fmol-Ac cell-1 
d-1 varied Observed cell-specific metabolic rate Calculated 

Rgeo fmol-Ac cell-1 
d-1 varied Modeled cell-specific metabolic rate Simulated 

[R-
COOH]T µmol mg-1 0.25 Total concentration of cell surface carboxy groups 

[2-5][R-NH2]T µmol mg-1 0.25 Total concentration of cell surface amino groups 
[R-
PO4H2]T µmol mg-1 0.25 Total concentration of cell surface phosphate groups 

Electron conduction 
Cytred mM varied Reduced redox-active molecules Calculated 
Cytox mM varied Oxidized redox-active molecules Calculated 
d µm varied Distance from anode surface Estimated 
Fө - varied Electric potential dependency Calculated 
FpH - varied pH dependency Calculated 
ϕact V varied Activation voltage loss Calculated 
ϕom V varied Ohmic voltage loss Calculated 
ϕnet V varied External electric potential Calculated 
Jc mol m-2 s-1 varied Flux of electrons to the anode Calculated 
I A varied Current in biofilms Calculated 
kEF m4 mol s-1 10-5-105 (10) Electric field rate constant Estimated 
kact m s-1 10-11-10-8 (1×10-9) Activation loss rate constant Estimated 
knw mol-1 1017-1020 (1×1019) Constant associated with conductive biofilm Estimated 
kanode m s-1 10-5-10-10 Electron off-loading constant at electrode Estimated 
CpH - 6-6.4 (6.15) Critical pH value at which metabolism is moderately inhibited Estimated 
ϕc V -0.15-0.1 (-0.15) Critical potential at which redox molecule mid-potential is shifted Estimated 

Nnw,cell - 1-200 (49) Number of connections per cell Estimated 
from Nnw,cell 

Aqueous	diffusion	coefficient:	𝐷"#$ 	=1.91×10-9	m2	s-1,	𝐷"#%$&	=1.19×10-9	m2	s-1,	𝐷'"#%&	=6.86×10-10	m2	s-1,	𝐷'(		=6×10-9	m2	s-
1,	𝐷#'&	=	5.27×10-9	m2	s−1,	Dacetate	=	6.4	×10-10	m2	s-1,	𝐷)'*(		=	4×10-9	m2	s-1,	diffusion	coefficients	are	modified	for	tortuosity[6]	
and	for	the	presence	of	organic	molecules[7].	In	situ	intermediate	diffusivity	(D)	was	set	by	typical	diffusion	coefficient	(Daq)	
accounting	for	a	reducing	factor	(feps)	at	0.6	for	inorganic	molecule	and	0.25	for	organic	molecule,	and	tortuosity	factor	(θ2)	at	
2.5,	giving	D	=	fepsDaq/θ2	[8]. 
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A2. Acetate uptake, growth yield and metabolism 

Fig. S1. Acetate (Ac) uptake (A) and growth yield (B) used in our simulations. Curves 
are based on fitting the relationships developed in King et al. 2009[9]. The fraction of 
acetate oxidation goes to anabolism and catabolism is derived from the growth yield and 
acetate uptake (C). 
Here we can give a simple example to show how the fraction of Ac oxidation used for 
anabolism fa is calculated in Fig. S1C. First, the total biomass was converted in mole using 
a molecular formula of CH1.8O0.5N0.2 (24.6 g/mol). Assuming 4 gdw (YAc) biomass 
synthesis per mol Ac oxidized, resulting in 0.163 mol CH1.8O0.5N0.2. Therefore ~0.08 mol 
carbon goes to biomass (CH1.8O0.5N0.2) per mol C assimilated, which gives anabolism 
fraction fa ~8%. This is close to the value reported for acetate-oxidizing Geobacter 
sulfurreducens growth with Fe(III)-citrate, in which 93.6% acetate transported into the cell 
was utilized for oxidation and ATP generation via the TCA[10]. 
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A3. Shift of redox-active center mid-potential and Impact of critical shift potentials 
on metabolic activity and pH 

Fig. S2. Impact of critical shifting potential (ϕc) on mid-potential of redox-active center. 

Fig. S3. The impact of critical shifting potential (ϕc) on metabolic activity patterns in 
simulated G. sulfurreducens biofilms. The shaded area represents the 95% confidence 
interval for the observations. 

Fig. S4. pH profiles and pH constraint (FpH) for different critical shift potentials. 
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A4. External constraints on acetate oxidation rate 

Fig. S5. External constraints on acetate oxidation rate (Rgeo) at high anode potential (A) 
and low anode potential (B): external potential constraint (Fө) and pH constraint (FpH). 
FpH and Fө control the first and second cell-specific activity shown in (A), respectively. 
(C) shows the simulated pH at high anode potential and low anode potential.
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A5. Simulated acetate concentration and acetate uptake 

Fig. S6. Simulated acetate concentrations within biofilms at high anode potential with 
baseline parameters: (A) 10 mM acetate, (B) 15 mM acetate, (C) 20 mM acetate, (D) 40 
mM acetate, (E) 100 mM acetate in the bulk solution. (F) shows the pH and its impact on 
activity (FpH). 

A6. Impact of critical pH (CpH) on metabolic activity 

Fig. S7. The impact of critical pH (CpH) on activity patterns at high anode potential for the 
early activity peak near electrode. Shaded area represents 95% confidence interval for 
observations. 



6	

A7. Cell-specific current, redox potential, and fraction of Cytred in biofilms 

Fig. S8. (A) Cell-specific current, (B) current density, (C) ϕOx/Red, and (D,E) fraction of 
Cytred vs. distance to anode (D) and electric potential (E) at high and low anode potential. 
Filled circles and triangles in (C) show observations from Babauta et al. (2012)[11]. 

A8. Impact of effective diffusion coefficient and electric field on electron conduction 

Fig. S9. Impact of electron transfer rate constant kD without electric field as additional 
driving force. (A) cell-specific activity; (B) Cytred; (C) effective diffusion coefficient Dcyt. 
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A9. Sensitivity analysis of model parameters 

Fig. S10. Sensitivity analysis of model parameters and its effects on ohmic resistance loss 
(A), activation loss (B), net electric potential (C), and pH (D). 

Fig. S11. pH and pH constraint (FpH) for different (A) cell-specific rate constant; (B) 
activation constant; (C) electron transport rate constant; (D) electric field driven rate 
constant; (E) electrode discharge constant; (F) the abundance of redox-active molecules; 
(G) the density of conductive network connections; (H) conductive biofilm conductivity;
(I) redox-active cell surface area.

A B C

D E F

G H I
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A10. Impact of biofilm conductivity on metabolic activity pattern 

Fig. S12. The impact of biofilm	conductivity on activity patterns at high anode potential	
for the second activity peak	(A),	usable	electric	potential	(ϕnet)	and	potential 
constraints on metabolic activity (Fө) (B),		modeled effects of activation (ϕact) and ohmic 
resistance (ϕom) losses (C),	and	pH and the pH dependency FpH	(D).	The shaded area 
represents 95% confidence interval for the observations. 

A11. Exploration of pH inhibition function 
The	pH	dependency	in	Eq.8	was	formulated	mainly	to	fit	the	observational	data	
from	Chadwick	et	al.	(2019),	but	also	reflects	the	reported	data	from	Torres	et	al.	
(2009)[12]	and	Franks	et	al.	(2009)[13].	Torres	et	al.	(2009)	showed	that	anode-
respiring	bacteria	could	be	completely	inhibited	at	pH	values	less	than	6	[12],	
agreeing	with	the	99%	decrease	of	metabolic	rate	at	pH	5.9	reflected	in	Eq	(8).	
Franks	et	al.	(2009)	also	showed	growth	of	G.	sulfurreducens	from	0.21	±	0.1	h-1	to	
nearly	zero	(0.04	±	0.02	h-1)	on	the	soluble	electron	acceptor	fumarate	when	the	pH	
decreased	from	7	to	6	[13].	The	pH	inhibition	function	maybe	different	in	some	other	
cases,	e.g.	exhibit	a	smoother	transition	of	cell	activity	in	response	to	external	pH	
change	(e.g.	g	=	5	in	Eq.	8,	shown	in	Fig.	S13A).	However,	the	formulation	of	pH	
inhibition	function	in	our	model	does	not	significantly	impact	our	results	as	shown	
in	Fig.	S13,	due	to	the	dynamic	feedback	between	cell	activity	and	H+	production.	For	
example,	higher	activity	leads	to	higher	production	of	H+,	therefore	stronger	pH	
inhibition,	which	in	turn	lowers	cell	activity,	until	reaching	steady	state.	This	is	why	
we	did	not	see	a	huge	variation	in	pH	in	Fig.	S13B	and	metabolic	activity	in	Fig.	

A B

C D
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S13D,	although	the	pH	dependency	factor	FpH	varies	significantly	in	response	to	a	
change	of	formulation	of	Eq.	8,	as	shown	in	Fig.	S13A	and	Fig.	S13C.	

Fig.	S13.	pH	inhibition	function	with	varying	formulation	in	Eq.	8	(A)	and	its	impact	
on	modeled	pH	(B),	pH	dependence	(C),	and	cell	activity	(D).	

A12.	Exploration	of	growth	yield	depending	on	redox	pathway	
It	is	possible	that	the	G.	sulfurreducens	cells	using	the	low	potential	pathway	(further	
from	electrode)	would	need	more	electrons	(and	therefore	more	acetate)	than	the	
ones	using	the	high	potential	pathway	to	perform	the	same	anabolic	activity.	This	is	
reflected	in	the	value	of	growth	yield	(YAc)	shown	in	Eq.	2	that	converts	anabolic	
activity	to	cell-specific	metabolic	rates.	If	we	consider	the	growth	yield	(YAc)	for	G.	
sulfurreducens	cells	using	low	potential	pathway	to	be	25%	lower	(which	means	
they	use	more	acetate	than	that	of	cells	using	high	potential	pathway),	the	biomass	
beyond	10	µm	contributes	2.49%	toward	the	overall	current	production,	indeed	
higher	comparing	to	our	current	hypothesis	(1.4%),	as	shown	in	Fig.	S14.	

A B

C D



10	

Fig.	S14.	Current	density	(A.	current	model	with	constant	growth	yield	YAc.	B.	
hypothesis	with	25%	lower		YAc	for	cells	use	low	potential	pathway)		integrated	over	
biofilm	thickness	and	the	cumulative	contribution	at	every	5	µm.	Average	15N	
incorporation	values	for	three	biological	replicates	for	the	high	potential	condition	
and	two	biological	replicates	for	low	potential	conditions.		Experimental	data	is	
binned	in	half-micron	increments	from	the	electrode	surface	and	recast	into	
metabolic	rates	using	Eq.(2).		Modeling	results	(blue	lines)	are	binned	in	a	similar	
way	for	direct	comparison.		Inset:	a	characteristic	nanoSIMS	image	from	a	biofilm	
grown	at	+0.24	V	oriented	with	anode	on	the	left	side,	bulk	media	on	the	right.	The	
14N12C	image	shows	the	extent	of	the	biofilm,	while	15F	fractional	abundance	of	
15N	(15F	=	15N12C/(14N12C+15N12C))	reveals	both	a	major	peak	of	isotope	
incorporation	at	the	biofilm-anode	interface	and	a	secondary	peak	in	activity	near	
the	biofilm	surface.		The	horizontal	white	scale	bar	corresponds	to	5µm.	
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