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Abstract Synechocystis sp. PCC 6803 has been consid-
ered as a promising biocatalyst for electricity generation in
recent microbial fuel cell research. However, the innate
maximum current production potential and underlying
metabolic pathways supporting the high current output are
still unknown. This is mainly due to the fact that the high-
current production cell phenotype results from the inter-
action among hundreds of reactions in the metabolism and
it is impossible for reductionist methods to characterize the
pathway selection in such a metabolic state. In this study,
we employed computational metabolic techniques, flux
balance analysis, and flux variability analysis, to exploit the
maximum current outputs of Synechocystis sp. PCC 6803,
in five electron transfer cases, namely, ferredoxin- and
plastoquinol-dependent electron transfers under photoau-
totrophic cultivation, and NADH-dependent mediated
electron transfer under photoautotrophic, heterotrophic,
and mixotrophic conditions. In these five modes, the
maximum current outputs were computed as 0.198, 0.7918,
0.198, 0.4652, and 0.4424 A gDWfl, respectively. Com-
parison of the five operational modes suggests that plas-
toquinol-/c-type cytochrome-targeted electricity generation
had an advantage of liberating the highest current output
achievable for Synechocystis sp. PCC 6803. On the other
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hand, the analysis indicates that the currency metabolite,
NADH-, dependent electricity generation can rely on a
number of reactions from different pathways, and is thus
more robust against environmental perturbations.
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Introduction

Synechocystis sp. PCC 6803 has become a popular model
photosynthetic organism studied by many researchers after
its genome was fully sequenced in the 1990s [15, 33].
Since this cyanobacteria species is a photoautotroph that
divides rapidly, it has been enlisted as a platform for pro-
duction of biofuels by using sunlight as an inexpensive
energy source [1, 14]. However, biofuels need to be further
processed (e.g., combustion) to be transformed into a
usable energy form such as electricity. An alternative way
to exploit the energy production potential of Synechocystis
sp. PCC6803 is to apply this prokaryote as biocatalyst in a
microbial fuel cell (MFC), so as to directly convert meta-
bolic activity inside the cell into electricity.

Synechocystis sp. PCC6803 in MFCs can produce cur-
rent through three mechanisms: mediated electron transfer
(MET) [47, 57, 67], direct electron transfer (DET) [26, 31],
and product modes (reviewed in [28]). For the product
mode, hydrogen produced by Synechocystis sp. PCC 6803
can be in situ oxidized at the anode, releasing the electrons
to the electric circuit. Akin to the green algae C. rein-
hardtii, Synechocystis sp. PCC 6803 relies on hydrogenases
for hydrogen generation [9]. However, these enzymes are
100 times less active than the analogues of C. reinhardtii
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[20] and their activities can be inactivated by O,. This
creates a major barrier for practical hydrogen production.
Moreover, the anodic oxidation of hydrogen demands a
high pressure that causes safety issues. Due to these bio-
chemical and engineering limitations, it would be imprac-
tical to further study the use of Synechocystis sp. PCC 6803
in product-mode current production.

In the DET mode, the cytochromes of the electron
transfer chain in the cell membrane can directly release
electrons to the anode. This operation mode requires
attachment of the cell to the anode. Unlike another exo-
electrogen, G. sulfurreducens, in which the electrons are
derived from biochemical oxidation of organic compounds
via the respiratory electron transfer chain [25], Synecho-
cystis sp. PCC 6803 has an advantage that it obviates the
need of exogenous organic fuel and thus its electrogenic
activities are entirely dependent on the energy of light [41,
42, 72]. In the DET mode, Synechocystis sp. PCC6803
achieved a steady power density of 6.7 mW m > (peaking
at 7.5 mW m ) [26, 31]. This power density is still much
lower than the values achieved by other commonly used
biocatalysts. Nevertheless, because the DET mode of this
cyanobacterium is directly linked to its photosynthetic
activity and the quoted measurement is quite recent, it is
worth exploring if this organism has the potential to deliver
competitive power densities.

For the MET mode, an exogenous mediator is involved
as an electron relay to pull the elections away from
metabolism and deliver them to a remote electron acceptor
(anode) [49]. Synechocystis sp. PCC 6803 are prokaryotes,
and their simpler cell membranes and internal structure are
more amenable to physical electron extraction than
eukaryotes. Two intracellular redox carriers, reduced fer-
redoxin and plastoquinol, have been proposed to be the
electron sources targeted by mediators such as 2-hydroxy-
1,4-nepthoplastoquinol (HNQ) [47, 57, 67] in MFCs.

In addition to these two shuttles, the currency molecule
NADH has received considerable attention [8, 16, 43, 47,
64, 69]. NADH is universally involved in the energy
metabolism of all living organisms. Maintaining a proper
balance of NAD/NADH is a primary biological objective
that is important to biomass production [58]. Any steps of
NADH regeneration in the intracellular electron-transfer
pathways in cells could be targeted by exogenous

mediators, such as Bromocresol Green (BG) and neutral
red (NR), which can convey the electrons to an extracel-
lular electrode (anode) [2, 32, 38]. Importantly, due to the
relatively low (negative) potential of NADH, it has been
proposed that the theoretical limit of MFC voltage output is
the potential difference between NADH and the reaction in
the cathode in an MFC [23, 43]. Therefore, targeting
NADH as the electron source in MFCs of MET mode can
liberate the maximum power achievable for a
microorganism.

Since Synechocystis sp. PCC6803 has been actively
studied as a promising biocatalyst for electricity generation
in this study, we employed computational metabolic
engineering tools to elucidate the innate current capability
of Synechocystis sp. PCC6803 for current production.
Specifically, (1) we performed flux balance analysis (FBA)
to compute the maximum amperage output and pertinent
metabolic behaviors of Synechocystis PCC6803 in the five
electron transfer cases consisting of (Table 1): ferredoxin-
and quinone-dependent photoautotrophic mode, NADH-
dependent photoautotrophic, heterotrophic, and mixo-
trophic modes; Recently, FBA has been successfully used
to study another microorganism, Shewanella oneidensis
MR-1 (a commonly used MFC biocatalyst), for metabolic
behaviors under different growth conditions [11, 40, 53];
(2) We then investigated the trade-offs between amperage
output and the biomass production (growth) rate; (3) For
elucidation of the fundamental metabolic mechanisms
supporting the desired electron transfer in the five cases, we
implemented flux variability analysis (FVA), to compute
the strategies used by the cell to maximize the current
production, subject to stoichiometric balance and substrate
uptake; (4) In the end, we analyzed the effect of varying
substrate (i.e., the glucose and photon) uptake rate on the
growth rate and the amperage output in the each of the five
modes.

Materials and methods

General modeling assumptions

The assumptions used for the present modeling were
described in a previous study [30] of the prokaryote

Table 1 The metabolism and

Electron source (terminal bacterial
electron shuttle)
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Geobacter sulfurreducens. In general, the system that is
modeled satisfies three conditions: (1) The MFC reactor is
a chemostat that can provide optimum conditions to
meet all the needs of microbial growth; (2) Only a pure
Synechocystis sp. PCC 6803 culture is used for electricity
generation and (3) For the MET mode, a putative ideal
mediator (e.g., Neutral red [37]) is added that can enter
cytoplasm and transfer electrons from the reduced ferre-
doxin, plastoquinol, or NAD*/NADH cycle to the anode;
(4) The c-type cytochrome in the electron transfer chain is
the electron source for the DET mode (as schematically
detailed in Fig. 1).

Although the MFC electricity generation based on the
DET mode of the Synechocystis has been experimentally
observed [41, 42], the molecular mechanisms (what pro-
teins and what reactions) underlying the DET has not been
clearly elucidated for this strain (albeit it is proposed that
the electron transfer chain in the membrane related to the
electrogenic activity). Therefore, to examine the current
production potential of the DET mode of the Synechocystis
in the present modeling, an assumption is made based on
the general paradigm of the mechanisms of the DET
mode—the c-type chromosome-mediated electron transfer.
Such a DET mechanism has been well established for the
two most commonly used MFC biocatalysts, Geobacter sp.
and Shewanella sp. (reviewed by [28]). These two species
possess nanowires, electrically conductive bacterial
appendages, to directly transport electrons from cells to
solid electron acceptors such as graphite anodes in MFCs
[13, 44, 45] and this electron transfer process is funda-
mentally mediated by the c-type cytochrome in the cell
membrane [4, 35]. Since these two microbes and the Syn-
echocystis are all Gram-negative prokaryotes sharing sim-
ilar cell membrane structures, the present study presumed
that the state-of-the-art DET mechanism in the Synecho-
cystis would be mediated by the c-type cytochromes.

Modeling electrode interactions

The interactions with an electrode were captured by
introducing six reactions into the model reconstruction
(Table 2).

When the electricity generation is linked to the reduced
ferredoxin, electrons are deprived of this redox shuttle,
accompanied by accumulation of oxidized ferredoxin.
Thus, we model this process by introducing the equation:
ferredoxin — ferredoxin_mfc. As is clear from the stoi-
chiometry in Table 7, each reduced ferredoxin as used in
the model carries only one electron, which is different from
NADH.

The efficiency of the DET mode is dependent on the
availability of type-c cytochrome. The production of this
cytochrome is catalyzed by cytochrome b4f complex

(plastoquinol—cytochrome-c reductase) through the reac-
tion (EC: 1.10.2.2): plastoquinol + 2 ferricytochrome
¢ — plastoquinone + 2 ferrocytochrome c. The reaction
indicates that the plastoquinol acts as an intrinsic mediator
that can reduce the c-type cytochrome [19]. Since the
c-type cytochrome production reaction is not included in
the original model, it was subsequently added and served as
another objective for the FBA modeling. However, from a
modeling perspective, it was found that maximization of
the flux through this added reaction makes no difference
from maximization of plastoquinol available for MFC. This
means the plastoquinol-dependent MET mode and the
cytochrome c-based DET mode have the same current
output potentials.

These added reactions (Table 2) denote the net reaction
between the reducing equivalents and the electrodes in
MFCs, with mediators not shown because they act as
intermediates only. Introduction of these reactions creates
an additional escape channel for electrons, and their fluxes
are subject to the mass balance rule in the FBA modeling.
Since the reactants (i.e., ferredoxin, plastoquinol, and
NADH) of these reactions are native metabolites of the
microorganisms, the added equations do not cause pro-
duction of non-native by-products. These processes are
schematically detailed in Fig. 1. NADPH is not expected to
be an efficient feedstock for external current production
and is not considered further here.

Because this study aimed at elucidation of the electricity
generation potential of this microorganism, we only mod-
eled the function of mediators and left room for other
ongoing research to identify or engineer an ideal mediator,
as reviewed in [18, 50, 52, 55, 66], which is suitable for
practical extraction of the electrons from the redox
metabolites in different configurations of MFCs based on
Synechocystis sp. PCC 6803.

Objective equation

The objective equation was formulated as described in our
recent study [29], and only the method outline is presented
here.

The metabolic states of the bio-catalytic cells in MFCs
are governed by two objectives, one is for survival, rep-
resented as maximization of biomass production in the
FBA modeling, the other one is production of a surplus
reducing equivalent flux sustaining electric current, which
can be mathematically described as maximization of con-
version of low energetic oxidized redox equivalents (e.g.,
NAD™) to their highly energetic counterparts (e.g.,
NADH). The two objectives could compete with each other
and thus a trade-off optimization between the two can form
a Pareto front, comprising a set of Pareto-optimal points
[39]. Every Pareto-optimal point is equivalent to the

@ Springer



1164

J Ind Microbiol Biotechnol (2013) 40:1161-1180

Electric circuit

e

Cytoplasmic
metabolism

Outer membrane
Cell wall
Periplasm

Cell membrane

Necleoid

Carboxysome

Thylakoid membrane

Thylakoid lumen

-— — i
-— - & - e 3
— i —
Starch/
Glycogen
Starch degradation
Glucose
Pyruvate
NAD(P)H
NAD(P)* (P) 2H+ — 3t
ADP+Pi ATP
Cytoplasm

"

ATP synthase

Uncoupler

L |
2H,0 024H+ 2HF

Photooxidation
of water

Fig. 1 The anodic mechanisms of Synechocystis sp. PCC 6803
modeled in the present study. The electron transfers are established
between an electrode and three potential intracellular electron
shuttles: (1) ferredoxin and (2) plastoquinol pool (MET) or type-c
cytochromes (DET) in the photosynthetic and respiratory transfer
chain, and (3) NADH in the cytoplasmic metabolism in Synechocystis
sp. PCC6803. Microbes take up substrates (i.e., glucose and/or light)
generating carbon dioxide and protons. This process yields electrons
for metabolic benefit, i.e., growth, and reduces Med,y in the cytosol
into Med,.q. Med,.q diffuses into contact with the electrode, where
Med,.q reduces the electrode generating electrical current. The
oxidized form, Med,, diffuses back through the anolyte for reuse
by the microbes. The insert is a schematic representation of the
intersecting photosynthetic and respiratory electron transport

@ Springer

pathways in thylakoid membranes of Synechocystis sp. PCC 6803.
Photosynthesis takes place in a thylakoid membrane and mainly
involves two membrane-spanning protein complexes, namely Photo-
system 1 (PS1) and Photosystem 2 (PS2). These two complexes are
interconnected by a number of enzymes and co-factors, forming a
photosynthetic electron transfer chain along which proton-motive
gradient is generated across the thylakoid membrane for ATP
production. The red thick line indicates the putative electron transfer
path between the pETC and the electrode, and the radial red circle
highlights the site supplying electrons towards the electrode.
Thylakoids are vase-shaped, and occur in pairs. PQ plastoquinone,
PQH? plastoquinol, PC plastocyanin, Cyt ¢ C-type cytochrome, PS I
photosystem I, PS II photosystem II, LHC I light harvesting complex
I, LHC II light harvesting complex II (color figure online)
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Table 2 The added reactions for modeling the interaction of the microorganisms and the electrode in MFCs

Operation mode of the MFC

Reaction ID Reaction

Ferredoxin-dependent MET

Plastoquinol-dependent MET/cytochrome ¢ dependent DET

NADH-dependent MET

ferred_mfc ferred — ferred_mfc
EX_ferred_mfc ferred_mfc — feroxd
gh2_mfc gh2 — gh2_mfc
EX_gh2_mfc gh2_mfc — q

INADHmfc nadh — nadh_mfc
2NADHmfc nadh_mfc — nad + h_emm

Other abbreviations are detailed in [70]

ferred_mfc the reduced form of ferredoxin that supply the electrons to anode, gh2_mfc the plastoquinol that supply electrons to anode, nadh_mfc
the NADH available for MET mode of MFCs, h_emm the H ions as the by-product released from the Reaction 2NADHmfc

solution of a weighted-sum optimization with a different
(unspecified) set of weights [10]. Varying the relative
weights associated with individual objectives allows us to
evaluate the impact of the enhanced current extraction on
cellular metabolism. This is represented in our study by
defining the objective as follows in terms of the biomass
growth flux Fg and the reducing equivalent diversion
flux Fy:

0:(1_})FB+/LgFN

A unit conversion factor g is explicitly provided because
in the model, Fy and Fg are measured respectively in units
mmol/gDW/h and g/gDW/h or (h™"). This ensures that / is
a dimensionless fraction that can be directly interpreted as
the relative contribution of the NADH flux to the combined
objective.

Fractional benefit analysis

The bi-objective optimization implemented in the present
study represents that the cell intends to survive a continu-
ous metabolic energy loss during current production. The
use of an objective function is a mathematical method to
evaluate how current production influences growth, but it
cannot elucidate the combined benefit resulting from an
optimized metabolic state. This is demonstrated by con-
sidering either extreme on the Pareto front; even though
only one of the objective terms is maximized, the other
term also has a value and will contribute (positively or
negatively) to the overall benefit.

In order to mathematically quantify this, we scale each
of Fg and Fy as a fraction of the maximal values Fg and Fx
they can ever achieve, i.e., the values when each is inde-
pendently maximized. As the maximum of each of these
fractions is 1, a plausible measure of the combined benefit
achieved in any particular metabolic state is the value of
the quantity we denote as the fractional benefit B:

1 (F F
B=-— _N+_N
2\Fy "Ry

This measure was used in Fig. 3 to highlight the way
that different growth conditions produce different
responses in terms of combining cell growth and external
current yield. A value of B in excess of 50 %, indicates that
gains in one objective more than compensates for losses in
the competing objective.

Simulating the growth of Synechocystis sp. PCC6803

Synechocystis sp. PCC 6803 grow photoautotrophically on
light, heterotrophically on glucose, or mixotrophically on
both light and glucose. For the mixotrophic condition,
glucose uptake rate was set to 0.38 mmol gDW ™' h™!,
which was experimentally obtained [68]. The effective
photon uptake rate was set to 15.4 mmol gDW ' h™!
(0.889 pE m~2s™"), because this photon uptake rate
results in the experimentally obtained flux value of the
reaction catalyzed by RuBisCO when the glucose uptake
rate was set to the experimentally obtained one
(0.38 mmol gDW " h™") [68, 70] and illuminated by one
circular cool white 32-W fluorescent lamp (the a light
intensity of 125 umol m > s~') [68]. For heterotrophic
growth, the maximum glucose uptake rate is constrained to
an experimentally measured value, 0.85 mmol gDW ' h™!
[68], and photon uptake rate was set to zero. Besides, the
following external metabolites were allowed to freely
transport through the cell membrane: CO,, H,0, SO;, NO3,
and PO,. Nitrate was assumed as sole nitrogen source, and
ammonium uptake rate was set to zero for all simulations
[70]. For autotrophic growth, glucose uptake rate was set to
zero and the photon uptake rate was set to the given value
same as for mixotrophic growth.

Photon uptake rate

In contrast to previous studies [51, 70], in which the whole
cell surface area was assumed to intercept photon flux
during illumination, this study considered the cross section
of the exposed orientation of the cell to determine the
incident photon flux.
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Dimensional photon flux conversion factor

The dry mass of a typical Synechocystis cell is taken to be
0.5 pg [22] and the diameter of the Synechocystis cell is
assumed to be 1.75 um [21] with a spherical geometry.
Based on the same assumption as discussed for C. rein-
hardtii, the cross-sectional area of Synechocystis is calcu-
lated to be 2.405 pm?> With these values, the unit of the
photon uptake rate (WE m~> s~ ") can be converted into the
rate of reaction flux (mmol gDW " h™") in the modeling
as follows:

L pE 2405 um? pg

luEm2s ! =
pEm s m?2 s 0.5 pg 10712 g
Llo2m? 3,605 1mE
um? h 1,000 uE

=17.316 mE gDW ! h™!

17.316 mE/gDW /h
1 yuE/m?/s

Conversionp;, =

Effective photon flux conversion factor

15.4 mE/gDW /h

125 uE/m?*/s x Conversionpin,
= 0.007115 effective/incident photon flux

Conversiongg =

This model indicated an effective photon flux conversion
factor of 0.007115 for Synechocystis sp. PCC6803, which
means 0.7115 % of incident photons are absorbed meta-
bolically by the cell. This value is lower than the 3.75 %
calculated for C. reinhardtii [5].

Conversion of units of flux and current

Current (in amperes) was integrated over time and con-
verted to electrons recovered by using the following con-
versions: 1| C=1A x 15,1 C =624 x 10'® electrons,
and 1 mol = 6.02 x 10* electrons (Faraday’s constant
96485 C/mol). Therefore, one flux unit (mmol/g/h) can be
converted into A/g as follows:

1 mol 96,485 C

1,000 g X 3,600 s« mol
— 0.0268 Alg

1 mmol/g/h =

Coulombic efficiency (CE)

One of the parameters commonly used to quantify the
performance of MFCs is coulombic efficiency (CE). The
CE is defined as the ratio of electrons transferred to the
anode to that in the starting substrate. We use the full
oxidation of glucose with oxygen as the oxidant as the
reference reaction to characterize the energy efficiency of
the respiratory metabolism:

@ Springer

Glucose oxidation reaction: C¢H;,Og + 6 H,O
—-6CO,+24 H +24 ¢

Based on such stoichiometric information, 1 mol of
glucose supplies 24 mol of electrons [17].

COH 1l
CE %=—2""" » 100 %

substrate

_ The MET flux(mmol/gDW /h) x 100
~ acetate uptake rate (mmol/gDW/h) x 24 ’

The metabolic efficiency of converting photons into
external MFC current can be calculated based on the
stoichiometries of the photon-involved reaction in the
network model below (Table 3). Each absorbed photon
liberates two electrons since each gh, (plastoquinol) carries
two electrons [6].

Thus, the coulombic efficiency can be calculated using
the formula as follows:

COLI il
CE %= —2"P""_ % 100 %

substrate

_ The MET flux(mmol/gDW /h) x 100
~ photon uptake rate (mmol/gDW/h) x 2

Calculation of theoretical power outputs of the five
tested modes

An upper limit for the cell voltage is calculated in this work
based on formal potentials (at pH 7) of the biological and
electrochemical redox processes, as given by:

AE®, =E  _E°

cell cathode anode

where AEZ,, is the standard cell potential (aka., electro-

. !
motive force); E°

cathodelS the standard potential of cathode

o

oxidation; Ej ;. is the standard potential of anode reduc-
tion. The formal potentials of the anode and cathode used
for calculation of power density in the five operation modes
are summarized in Table 4.

The actual potential derived from the MFC will be lower
due to various potential losses [24] associated with MFC
operation, such as ohmic resistances, concentration polar-
ization, and kinetic constraints. These are not taken into
account in the calculations reported here.

The MFC standard cell potential calculated as above and
shown in Table 5 shows that as long as the same electron

Table 3 List of two light-dependent reactions in the network model
[70]

Photosynthesis and
electron transport chain

2 h20 + 4 photon +4q+ 8 H —» 4
H[t] + O2 + 4 gh2

4qh2 +2nadp +2H + 4

photon — 4 q + 2 nadph + 8 HJt]

The abbreviations of the metabolites are listed in [70]
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Table 4 The standard potential of the anodic and catholic reactions
funneling electrons to the electrode, measured at pH 7, versus stan-
dard hydrogen electrode (SHE)

Redox couple E° (V)
Anode
MET Ferredoxin(Fe) + —0.420 [43]
e - Ferredoxin(FeH)
NAD" + H* + 2¢~ — NADH —0.320 [63]
Ubiquinone + 2H' 4+ +0.100 [63]
2e~ — Ubiquinone H,
DET Cytochrome ¢ (Fe*h) + +0.254 [63]

e~ — Cytochrome ¢ (Fe**)
0, + 4H' + 4e~ — 2H,0

Cathode +0.51 [7, 49, 71]

Table 5 The theoretical limit of standard anode potentials of MFC

Electron transfer mode E:"m ” Es;ﬂm " AE;’;H
MET —-0.32 0.51 0.83
DET 0.254 0.51 0.256

donors are used, the choice of microbe will have little
effect on the cell potential.

Analysis technique

In this study we chose a recent metabolic network of
Synechocystis sp. 6803, reconstructed by a research group
from Osaka University, as the backbone for all in silico
analyses [70]. It is noted that another metabolic network of
Synechocystis sp. 6803 (iJN678), published in the same
period but by a different research group from the Univer-
sity of Iceland, was also available. The two network
models were not compared with each other by the authors.
For this study, we used the Osaka model, because (1) this
version was verified not only by the experimental data but
also through comparison of prediction capabilities with
several previous landmark metabolic networks of Syn-
echocystis sp. PCC6803 [54, 70]; (2) This model received
more attention by experts in this field (discussed in a
review article) [54]; (3) it was free of inadequate reaction
loops. Furthermore, the Osaka model contains about 41 %
fewer reactions than iJN678, but considers nearly threefold
more genes of the cyanobacterium. Since the two models
are both at genome scale, further statistical evidence may
be needed to assess the predictive ability of the two
models.

The original network model in Excel format was parsed
into SBML using the converter integrated in the NetSplitter
[61, 62]. The SBML file of the model is supplied (Addi-
tional file 1). The growth rates and electron production
were computationally determined using FBA [36, 59].

Computations were performed with COBRA Toolbox [48]
in MATLAB (The Math-Works Inc., Natick, MA, USA)
and OptFlux [46]. Flux variability analysis (FVA) [27] was
conducted to determine the flux ranges of the reactions in
the network under the metabolic states heavily perturbed
by electricity generation and can be performed with either
COBRA or OptFlux according to users’ preference. The
maximum reducing equivalent production rates for arbi-
trary growth rates between the data points were calculated
using the interpolation function in Mathematica 8.0
(Wolfram Research, Inc. Champaign, IL, USA). All the
FBA and FVA results are detailed in the Additional file 2.

Results and discussion

Impact of the redox perturbation on the biomass
production

Figure 2 shows that the production of MFC current com-
petes with biomass production for metabolic resources. In
the metabolic state of optimal growth, all redox flux was
consumed for maximizing the biomass production rate. As
the oxidized forms of the reducing metabolites (i.e.,
reduced ferredoxin, plastoquinol, and NADH) were con-
verted into their oxidized counterparts due to the depriva-
tion of electrons by mediators for current production, the
metabolic resources for biomass growth were diverted
towards reducing equivalent generation so as to restore a
proper redox balance for maintaining a viable growth state.
In all five modeled electron transfer cases, the rise in
current production was accompanied by a continuous drop
in growth rates. When the current production rates
approached their maximum allowable values, the corre-
sponding biomass formation rates were suppressed to near
their minimum values. This indicates that a large portion of
energy is converted into electricity and the remaining
metabolic resource is only sufficient for a low growth rate.

Comparison of the regeneration rates of the desired
reducing equivalents at optimal growth states and highly
perturbed current-producing states (Table 6) shows that the
Synechocystis could elevate the plastoquinol regeneration
rate more readily than for reduced ferredoxin and NADH.
This implies that the metabolism of the cyanobacterium is
naturally more tolerant to disturbance of a plastoquinol
leak than stress situations resulting from ferredoxin and
NADH perturbation, when light is the sole feedstock. It is
found that, compared with the optimal growth state, the cell
had a capability to increase the total ferredoxin regenera-
tion rate by about 179.4 fold (17,839 %), achieving a
total reduced ferredoxin flux of 7.567 mmol/gDW/h. This
indicates that ferredoxin flux level is not compulsory to
survival (growth) of Symnechocystis, but it is allowed to
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<« Fig. 2 Relationships of the biomass production and electron transfer

rates. The production rate of external MFC current carriers and the
reducing equivalent consumption rate for cellular use, as functions of
biomass production rate. The red line represents the maximal
reducing equivalent supplying rate for a feasible biomass production
rate, while any point within the pink area represents all allowable
reducing equivalent supplying rates and biomass production rates.
The blue area represents the total reducing equivalent consuming flux
for normal cellular function. The distance between the two lines
across the pink and blue areas represents the total available reducing
equivalent flux in the cell at a metabolic state related to a specific
biomass production rate; inset, enlargement of boxed area. The
reducing equivalent denotes reduced ferredoxin, plastoquinol, or
NADH in respective cases above. QH, reduced plastoquinol, ferred
reduced ferredoxin. The points are simulated by bi-objective optimi-
zation involving varying coefficients (1) assigned for the growth and
MET maximizations. A more detailed discussion of the significance
of the / is given in the “Materials and methods” section. Briefly, it is
a parameter that continuously adjusts the metabolic state of the cell
through a range stretching from pure growth without the extraction of
current (at one extreme) to at state in which all metabolic resources
are taken up by supplying electric current and no growth, at the other
extreme (color figure online)

up-regulate to eliminate uncontrolled adverse conditions,
such as an overoxidized state caused by electron depriva-
tion of the reduced ferredoxin. In addition, Synechocystis
achieved the highest NADH turnover rate in the hetero-
trophic mode, followed by the mixotrophic mode, and the
lowest in the photoautotrophic mode. This is due to the
highest substrate uptake rates set for the heterotrophic
mode among the three nutritional modes.

The present modeling limited the substrate uptake rate
to a realistic range (see “Materials and methods” section)
to maximize the objectives and allow the metabolism to
freely adjust. Nevertheless, in all simulations of the het-
erotrophic and mixotrophic modes, the glucose uptake rates
were at the maximum bounds (0.85 mmol/gDW/h for the
heterotrophic and 0.38 mmol/gDW/h for the mixotrophic
conditions). This indicates that the enhanced reducing
equivalent regeneration, as presented in Fig. 2, is mainly
associated with the reallocation of metabolic resource from
growth towards the desired electron shunt.

The MFC current production rates shown in the top parts
of Fig. 2 for the five cases show a linear dependence on
biomass growth for small growth rates and only deviates
slightly from that for larger growth rates. The relationships
between varying biomass production rate and the electron
transfer rate appears simpler than that found in our recent
work on the eukaryote C. reinhardtii [29] and which was
characterized by different growth types and current pro-
duction modes. For that organism, starting from the
unperturbed state of zero MET production at the right-hand
side of the plots, a type I behavior was described as the
increase in the current production rate without any change
the biomass production rate; in Fig. 2, only a single point
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Table 6 Increases in the
desired redox metabolite
production rate at metabolic
states optimized for current

Operational mode

Control state Maximum current Fold change Increase (%)

production compared with their
control states optimized for
growth

(mmol/gDW/h)  production state
(mmol/gDW/h)
Ferredoxin-targeted photoautotrophic  0.04218 7.567 179.4 17,839
QH,-targeted photoautotrophic 9.114 15.14 1.661 66
NADH-targeted photoautotrophic 3.137 3.850 1.227 23
NADH-targeted heterotrophic 3.200 8.779 2.743 174
NADH-targeted mixotrophic 2.426 8.339 3.437 244

for the NADH-targeted photoautotrophic mode displays
evidence of type I behavior. This behavior demonstrates
reallocation of metabolic resources without compromising
growth and should repress some possible functional phe-
notypes, i.e., number of alternative optimal solutions, at the
optimal growth rate.

Type II behavior, where the curvature of the current-
carrier curve shows that the yield obtained when sacrificing
biomass growth progressively decreases, is most pro-
nounced for the QH,-dependent photoautotrophic mode,
less visible for the other cases that involve photosynthesis,
and totally absent in heterotrophic growth. This behavior is
interpreted as a loss of conversion efficiency, as a higher
current demand reduces the feasibility to satisfy this
demand by metabolic pathways with high efficiency but
comparatively low capacity.

Finally, the linear (type III) behavior observed for het-
erotrophic growth and all other modes at high current
demands, shows that when only a small number of path-
ways remain with the required capacity to supply these
demands, efficiency ceases to play a role, and there is a
straightforward trade-off between biomass growth and
current production.

Further support for this interpretation comes from a
more detailed comparison of the individual reactions that
participate in supplying reducing equivalent, as presented
in the “Metabolic strategies” section below. For example,
in the heterotrophic mode, lack of light input suppresses
the photophosphorylation and cascading reactions. The
linear correlation between the MFC current production and
biomass growth indicates that the remaining reactions
associated with electricity production possessed the same
efficiency in NADH regeneration. Therefore, there are no
slope alteration stages in the electron diversion curve
resulting from the switch between the high-efficiency and
the high-capability reactions.

The behavior of the NADH consumption for mainte-
nance (Fig. 2) is also much simpler for Synechocystis than
for C. reinhardtii. Again, curved and linear relationships to
the growth rates are observed for similar reasons as dis-
cussed above for the external current production. However,
for C. Reinhardtii [29], all metabolic conditions showed a

range of growth rates where the NADH consumption
increases with a decrease of growth rate, but for Syn-
echocystis, the NADH consumption monotonically
decreases as the growth rate decreases in all five cases
shown in Fig. 2.

Taken together, the differences from the complex
interrelations between MFC current production and the
reducing equivalent consumption behaviors in the cases of
Chlamydomonas reinhardtii [29] indicates that the closer
correspondence for Synechocystis reflects the simpler pro-
karyotic metabolism. Since the linear dependence on bio-
mass production was found for the whole heterotrophic
curve but present in only part of the curves for the pho-
toautotrophic and mixotrophic modes, it is indicated that
the photoautotrophic and mixotrophic metabolic charac-
teristic of Synechocystis sp. PCC6803 were similar, which
is in accordance with a previous study [56].

The discussion above suggests a general competition
between the reducing equivalent shunt and biomass pro-
duction in all five cases. To further elucidate the change in
the metabolic efficiency as the electron shunt augments, we
introduce a measure called the fractional benefit B, as
discussed in the “Materials and methods” section, to
quantify the metabolic optimality regarding the network
output in the form of both biomass and reducing equivalent
production rates.

Figure 3 shows the result of this measure applied to the
reported simulations. Starting from wild-type growth rates
(right-hand side of the figures), the B values generally
increased to reach an apex, the best metabolic state for the
dual objectives, and then decreased since the further
improvement in reducing equivalent generation rate was at
a high cost of biomass production rate. This behavior was
easily distinguishable in the photoautotrophic and mixo-
trophic cases, but not in the heterotrophic mode. The
highest combined benefit (near 58 %) was achieved with
the plastoquinol-targeted photoautotrophic mode. This
indicates that plastoquinol-linked MET or the c-type
cytochrome targeted DET mode are the most suitable
intracellular electron resource for current production.
However, this B value (near 58 %) is still lower than the
lowest maximum values for the NADH-dependent MET
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Fig. 3 Effect of varying biomass production on the fractional benefit.
The fractional benefit B plotted on the vertical axis is a measure of
success in achieving the combined goals of maximal growth rate and
MET flux. Maximizing one of these at a time, as at the endpoints,
gives only B = 50 %. The graphs show that relative to this, gains in
MET flux can more than offset losses of growth rate in the
Synechocystis sp. PCC 6803 metabolism

@ Springer

mode of C. reinhardtii in all three cultivations (i.e., hetero-,
photoauto-, and mixotrophic). This could imply that Syn-
echocystis is less resilient to redox perturbation than
C. reinhardtii, a eukaryote. The lowest maximum fractional
benefit was found in the case of the heterotrophic mode,
where the B values resulted from all the simulations could
not even reach 51 %. This suggests that there is a strong
competition between the biomass production and the
NADH-dependent current production when glucose is the
sole metabolic fuel. The peak shown in the insert of Fig. 3¢
corresponds to the enlargement in Fig. 2¢, and indicates
that a small NADH shunt is tolerable to the photoautotro-
phic growth and thus can improve the metabolic optimality
defined here (i.e., fractional benefit B value).

The metabolic mechanisms underlying the high reduc-
ing equivalent regeneration rates in the aforementioned
electron transfer cases are elucidated in the next section.
Tables 7, 8, 9, 10, and 11 summarize a list of reactions
(enzymes) that were chosen by the cell to promote the diver-
sion of the reducing fluxes towards current production.

Metabolic strategies for sustaining a high flux
of reducing equivalents in the five electron transfer
cases

For elucidation of the enzymatic mechanisms underlying
the high current production in the three modes, we chose
metabolic states modeled with /Z of 0.9998 as the reference
state for the maximum current production because a further
increase in A can barely increase the electron transfer rates
when the 1 was above 0.999. In fact, for identifying the
metabolic behaviors under high electron transfer rates, any
A above 0.999 can produce an extremely perturbed meta-
bolic state, since they all represent the metabolic states at
which nearly all metabolic resources have been relocated
from for biomass production to the current production.

Ferredoxin (ferred)-dependent photoautotrophic mode

When the mediator deprives reduced ferredoxin of elec-
trons forming oxidized counterparts, the oxidized/reduced
ferredoxin ratio in the metabolism is disturbed and conse-
quently the cell has to adjust its metabolic pathways to
restore a proper redox balance in order to survive.

Table 7 shows six reactions in the metabolism of Syn-
echocystis sp. PCC 6803 involving ferredoxin production,
but only one reaction, catalyzed by ferredoxin-NADP
oxidoreductase (EC: 1.18.1.2), was found to be responsible
for the identified maximum output ferredoxin flux
(7.310 mmol/gDW/h) for current production. This reaction
had a capability to regenerate reduced ferredoxin at rates
ranging from 7.313 to 11.49 mmol/gDW/h, which could
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result in an excess flux of up to 4.177 mmol/gDW/h. The
major portion of the excess reduced-ferredoxin flux was
balanced by ferredoxin-dependent glutamate synthase (EC:
1.4.7.1) and the remainder was consumed by sulfite
reductase (EC: 1.8.7.1), to make up a net sum flux of
7.310 mmol/gDW/h. The present result confirms the pre-
vious notion that the ferredoxin-NADP oxidoreductase
(EC: 1.18.1.2) is the electron supplying site to reduce the
mediator, 2-hydroxy-1, 4-naph-thoquinone (HNQ), in the
cyanobacteria-based MFC [67].

In addition, the other three ferredoxin-involved reac-
tions had no flux under high current output. This may be
attributed to a cellular mechanism that reallocates meta-
bolic resource to those pathways that can regenerate fer-
redoxin more efficiently, while maximizing the biomass
production rate. Compared with ferredoxin-NADP oxido-
reductase, the three reactions with zero fluxes probably
have lower efficiency or capability to regenerate reduced-
ferredoxin flux to meet the heavy demand at high current
output and are thus abandoned by the metabolism.

biosynthesis
biosynthesis

Methionine biosynthesis
TCA cycle

Subsystem

Energy metabolism
Glycine, serine, cysteine
Proline biosynthesis
Glycolysis

Glutamate, glutamine

dodecaACP + nad <= tddec2eACP + nadh + H Fatty acid biosynthesis

nadph + nad — nadp + nadh

3 pg + nad <= 3ppop + nadh + H

hom-L + nad <= aspsa + nadh + H

1pyr5c + nad + 2 h20 — glu-L 4+ nadh + H
gap + pi + nad <= bpg + nadh + H

gln-L + akg + nadh + H — 2 glu-L + nad
mal + nad <= oaa + nadh + H

Reaction

Plastoquinol (QH,)-dependent photoautotrophic mode

Akin to the case of ferredoxin-linked MET, only one
reaction (reaction ID 281) was identified as capable of
regenerating plastoquinol at a high enough rate to sustain
the theoretical maximum current production (Table 8).
This reaction could solely supply about 105 % of the
maximum net plastoquinol flux (13.92 mmol/gDW/h)
towards mediator. Since the identified reaction takes place
at a location of the photosystem II of the photosynthetic
electron transport chain, the present result is consistent
with previous reporting that the site between photosystem
II reaction and Qg (Quinone binding) protein is the main
location supplying electrons for the exogenous mediator,
HNQ, in a cyanobacteria-based MFC [57].

The 5 % surplus plastoquinol flux was consumed by
another two reactions (ID 284 & 285) for producing
NADPH and FADH,. NADPH is used to provide energy
for the Calvin—Benson cycle that produces other carbohy-
drates such as starch and sucrose, as required for biomass
synthesis, whereas FADH, participates in generating a
proton motive force that can drive the synthesis of ATP.
This indicates that the plastoquinol-consuming reactions
are important to the survival of the cell.

In the conventional paradigm, under normal growth of
Synechocystis sp. PCC 6803, the plastoquinol pool can be
replenished by three sources (Fig. 1): FADH,, NAD(P)H,
and photosynthesis light reactions [60], and the actual
metabolic source for plastoquinol production during elec-
tricity generation is hard to identify. However, the FVA
analysis result has elucidated that the plastoquinol avail-
able for the electrochemical reaction in MFCs is produced

EC:1.5.1.12 1.5.99.8

EC:1.2.1.59

EC:1.4.1.14
EC:1.1.1.37

EC:1.1.1.95
EC:1.1.1.3

EC no.
EC:1.6.1.2
EC:1.3.1.9

Delta-1-pyrroline-5-carboxylate dehydrogenase
lactate dehydrogenase

NAD(P) + transhydrogenase
D-3-phosphoglycerate dehydrogenase
Glyceraldehyde-3-phosphate dehydrogenase

Enoyl-ACP reductase
Homoserine dehydrogenase

Glutamate synthase

Enzyme

10.87
10.87

2.723
0.0022  2-ketoacid dehydrogenase malate dehydrogenase

10.87
2.720
10.90

Max

0

—0.00111
—1.784

NADH-consuming reactions
—2.720
—2.718

(mmol/gDW/h)
—0.0011
0.00249

Min
0

134
381

Table 11 The identified reactions that contribute significantly to the predicted maximum current output in the NADH-dependent mixotrophic mode
See Additional file 2 for the FVA results of all 32 reactions involving NADH; Reaction ID and metabolite abbreviations are detailed in [70]

Reaction ID NADH flux

73

106
140
251
288
171

@ Springer
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from the photosynthesis light reaction, rather than from the
other two sources, i.e., reactions catalyzed by NADH
dehydrogenase (EC:1.6.99.3,1.6.5.3) or FADH, in the
process of cyclic electron flow.

The discussion above proves that plastoquinol is a good
candidate electron source to be targeted by mediators for
the MET mode. Recently, it has been found that Syn-
echocystis sp. PCC 6803 can perform DET in an MFC
without the addition of mediators [72], and this cyano-
bacterium can also produce electrically conductive nano-
wires (nanopili) to facilitate the DET mode [3, 12]. The
DET mode uses an electron transfer mechanism to deposit
the electrons from the c-type cytochrome to the anode. As
described in the “Materials and methods” section, this
process was modeled by incorporating another two reac-
tions in the network: one describes the electron transfer
from plastoquinone to the cytochrome, and the other one
captures the mechanism of the electron transfer from the
cytochrome to anode, leaving the oxidized form of the
protein complex inside the thylakoid membrane. It is found
that modeling the availability of plastoquinol for MET is
equivalent to modeling the c-type cytochrome-associated
DET. Although this phenomenon is still in keeping with a
previous idea that the DET mode of the Synechocystis is
related to the plastoquinone pool in the electron transfer
chain [41], it could also be interpreted that the lack of
further detailed mechanisms and constraints regarding the
DET mode makes this model unable to tell the difference
between DET and MET mode, both of which are influ-
enced by the plastoquinol regeneration capability of the
cell.

NADH-dependent photoautotrophic mode

In the autotrophic mode (Table 9), the maximum net
NADH flux is computed to be 3.849 mmol/gDW/h,
resulting from a combination of six NADH-producing
routes and two NADH-consuming reactions. Each of the
four NADH-producing reactions, catalyzed by
NAD(P) transhydrogenase (EC: 1.6.1.2), enoyl-ACP
reductase (EC: 1.3.1.9), homoserine dehydrogenase (EC:
1.1.1.3), and glyceraldehyde-3-phosphate dehydrogenase
(EC: 1.2.1.59), respectively, could solely contribute up to
200 % of the maximum net NADH flux. The other two
NADH-producing reactions, D-3-phosphoglycerate dehy-
drogenase (EC: 1.1.1.95) and delta-1-pyrroline-5-carbox-
ylate dehydrogenase (EC: 1.5.1.12 1.5.99.8), could supply
up to about 101 % of the maximum net value. Any excess
percentages of the NADH flux were mainly balanced by a
combination of three consuming reactions, catalyzed by
glyceraldehyde-3-phosphate dehydrogenase (EC: 1.2.1.59),
2-ketoacid dehydrogenase (EC: 1.1.1.37) and glutamate
synthase (EC: 1.4.1.14), respectively.

@ Springer

NADH-dependent heterotrophic mode

Under heterotrophic growth, the maximum net NADH flux
(8.605 mmol/gDW/h) was achieved through six reactions
(Table 10). However, each reaction alone could only pro-
duce an NADH flux ranging from 16.13 to 51.50 % of the
8.605 mmol/gDW/h and thus these reactions had to work
together to achieve the identified maximum net flux value.
Notably, the fluxes associated with dihydrolipoamide
dehydrogenase (EC: 1.8.1.4) and malate dehydrogenase
(EC: 1.1.1.37) were inflexible, which indicates that the
TCA cycle encompassing these two reactions is necessary
to the glucose catabolism for sustaining biomass produc-
tion. Furthermore, in contrast to the other two cultivation
conditions (photoautotrophic and mixotrophic), there were
no reactions that consumed NADH at a high rate
(>1 mmol/gDW/h).

The reactions identified with potential for a high NADH
regeneration rate are distributed in four conventional bio-
logical subsystems: energy metabolism, fatty acid biosyn-
thesis, methionine biosynthesis, and glycolysis. It is found
that the up-regulation of glycolysis was one of four ways to
increase the NADH regeneration rate for Synechocystis, but
not used by G. sulfurreducens, which employed strategies
of overexpression of enzymes in the TCA cycle, amino
acids and/or fatty acids pathways [30]. The involvement of
glycolysis in the case of Synechocystis could be ascribed to
the use of complex carbohydrate (i.e., glucose) as the
substrate, which is different from the simple carbon source,
acetate, chosen for the growth of G. sulfurreducens.

NADH-dependent mixotrophic mode

In the mixotrophic mode, the maximum net NADH flux
(8.192 mmol/gDW/h) for MFC current production results
mainly from the combined fluxes of eight reactions. Six of
the eight reactions were used for NADH regeneration,
whereas the other two reactions balanced any excess
NADH fluxes of the production reactions. Among the six
NADH-producing reactions, four reactions, NADP)*
transhydrogenase (EC:1.6.1.2), enoyl-ACP reductase
(EC:1.3.1.9) homoserine dehydrogenase (EC:1.1.1.3) and
glyceraldehyde-3-phosphate dehydrogenase (EC:1.2.1.59),
are the main routes selected by the cell to sustain the heavy
NADH shunt during current production. Each of these four
reactions could solely supply up to about 133 % of the
maximum net NADH regeneration rate, which was four-
fold higher than the other two lower potential reactions,
catalyzed by D-3-phosphoglycerate dehydrogenase (EC:
1.1.1.95) and delta-1-pyrroline-5-carboxylate dehydroge-
nase (EC: 1.5.1.12; 1.5.99.8), each of which had a capa-
bility to achieve only up to 33 % of the maximum net
NADH flux. The 33 % NADH excess was mainly
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consumed by two reactions, glutamate synthase (EC:
1.4.1.14) and 2-ketoacid dehydrogenase/malate dehydro-
genase/lactate dehydrogenase (EC: 1.1.1.37). Since these
eight reactions were allowed to adjust their fluxes within
certain ranges (Table 11), any combination of the fluxes
of these NADH involved reactions that make up the
maximum net NADH production rate is viable. This
indicates that there are unlimited metabolic states (each
corresponds to a functional phenotype) at which Syn-
echocystis sp. PCC 6803 can sustain a high current output
if the NADH serves as the electron supplier targeted in the
MET mode.

Comparison of the metabolic strategies identified for
the NADH-linked photoautotrophic, heterotrophic, and
mixotrophic modes indicated that the electron supplying
metabolic pathways activated in the three modes shared
five reactions NAD(P) transhydrogenase (EC: 1.6.1.2),
enoyl-ACP reductase (EC: 1.3.1.9), glyceraldehyde-3-
phosphate dehydrogenase (EC: 1.2.1.59), homoserine
dehydrogenase (EC: 1.1.1.3) and malate dehydrogenase
(EC: 1.1.1.37). Only one reaction, dihydrolipoamide
dehydrogenase (EC: 1.8.1.4), was used in the heterotro-
phic mode, but not in the other two modes. The mixo-
trophic and autotrophic growth employed the same set of
reactions to regenerate NADH at a high rate. This is in
accordance with the previous notion that the mixotrophic
and photoautotrophic metabolic features are similar in
Synechocystis sp. PCC6803 [56].

To elucidate how nutrient uptake is conveyed to bio-
mass growth and current yield respectively, the following
section compares the corresponding fluxes at different
uptake rates.

Effect of varying glucose uptake and light uptake rates
on predicted biomass and reducing equivalent
production rates

The effect of varying substrate uptake rates on the biomass
production or the electron transfer rates in all five current
producing cases can be described using linear equations
(Table 12). This suggests that substrate (i.e., either glucose
or light) uptake rate is the major limiting factor for both
biomass and current productivity.

Column 3 of Table 12 shows that the slopes of the linear
regression equations for the biomass production rates were
highly reduced compared to optimal growth, due to the
severe reducing equivalent deprivation during electricity
generation. Also, the slopes of the linear equations in
column 4 are much higher than those of the equations in
column 3. This indicates that the cell can produce all the
three electron shuttles (i.e., ferredoxin, plastoquinol and
NADH) much more efficiently than biomass.

Comparison of the slopes of the equations in column 3
also shows that the glucose rate has greater influence on the
biomass and reducing equivalent production than light,
since the slopes of plots of cumulative biomass produced

Table 12 The summary of linear functions of the biomass and the reducing equivalent production rates

Metabolic Substrate Growth Reducing equivalent production
type v (g/gDW/h) (g/gDW/h) (mmol/gDW/h)
Ferred licht ye = 0.0026x
&Photo g Yp = 0.0002x Y(e/gDWin)= 0.4769x y(mmol/ng/h)=O.4747x
H2 . ye=0.0026x
&?’hoto light y» = 0.0002x Y(gepwm=0.782x Y(mmot/gpwm=0.9037x
NADH . = 0.0026x
;%) &Photo llght z]p — 8E-05x y(g/gDW/h)=0'162X y(mmol/gDW/h)=O-2435x
5 NADH ye=0.1046x
< =0. mmo! =1U.
He(fcero glucose yp = 0.0034x Y(g/eDW/h) 6.726x Y 1/gDW/h) 10.108x
light ye= 0.0029x + 0.0446 Y(gepwm=0.0.1769 + Y(mmol/gpw/m=0.2658x +
NADH yp=9E-05x + 0.0014 2.788 4.1895
& Mixo ye=0.1273x + 0.0393 3 Y(mmot/gpwim) = 11.689x +
glucose 0 ) 0039x + 00013 Yeeowm=T-T78x +2.495 3.7501

The FBA simulations were performed by changing the photon uptake rate and the glucose uptake rate with the maximization of the objectives. For
the mixotrophic mode, the two separate sets of equations were obtained by (a) varying glucose uptake rate while the photon uptake rate was fixed
to a value (as discussed in the “Materials and methods” section); (b) varying photon uptake rate while the glucose uptake rate was constrained to a
given range. y denotes the reducing equivalent production rate for current generation (mmol/gDW/h or g/gDW/h) or growth rate (g/gDW/h),
whereas x represents the substrate (i.e., glucose or light) uptake rates (mmol/gDW/h). y. represents the optimal growth, whereas y, denotes the

perturbed growth under cytosolic NADH deprivation
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versus glucose consumed were higher than those for the
light. This could be attributed to the higher energy content
in glucose than in light (8 electrons in each one glucose
molecule, versus 2 electrons carried by each photon, as
discussed in the “Materials and methods” section).

The efficiency of conversion of glucose to biomass in
the mixotrophic (slope = 11.689) growth was higher than
that in the heterotrophic (slope = 10.108) growth. And, the
efficiency of the conversion of the photon to biomass in the
mixotrophic (slope = 0.2658) growth was higher than that
in the autotrophic (slope = 0.2435) growth. Thus, this
indicates that the respiratory metabolism complements the
photosynthesis in the mixotrophic growth. In other words,
the respiratory and photosynthetic metabolisms are inter-
connected and form a synergetic relationship, due to the

0.9 1

08 Photoautotrophic QH,
’ 0.7918
= 0.7
=
3 06 1 y = 0.0268x
< 0.5 4 Heterotrophic N
= 04652
a 0.4424] Mixotrophic N
=
=]
[e] 0.3 4
-
S o2 Photoautotrop€NADH
= 0.1980]|  Photoaut phic Ferred
=1
(@] 0.1 1
0.0 v T r T v 16{51 T T
0 5 7.386 10 15 17.36 20 25 29.54

Electron flux (mmol gDW-' h'")

Fig. 4 The current output (A/g) as a function of electron flux. The
dark red line denotes the maximal current outputs and reducing
equivalent production rates, while the area represents all allowable
current outputs and electron production rates. The round dotted arrow
line indicates the maximal current output and corresponding electron
production rate when the growth rate is set to 5 % of the predicted
maximum growth rate (0.001967 h™Y) (color figure online)

fact that the by-products of the photosynthetic reactions
could be used as substrates for respiratory reactions and the
simultaneous activation of the two energy metabolic
pathways can improve the efficiencies of the reactions in
each of the two pathways. Taken together, mixotrophic
mode performs better in the conversion of the substrates to
any of the three reducing equivalents than the photoauto-
trophic and heterotrophic modes.

By comparison of the line slopes for the three electron
transfer cases of the photoautotrophic mode, higher sub-
strate-to-product conversions (i.e., higher slopes of the
lines) were seen with the plastoquinol than the other two
electron sources, ferredoxin and NADH. This indicates that
additional plastoquinol production is more favored for the
Synechocystis compared with the other two electron sour-
ces, and thus it is a cost effective feedstock for current
production.

Finally, the five operation modes are compared for their
theoretically maximum current output in Fig. 4 and
Table 13.

Comparison of amperage outputs of the five electron
transfer cases

Comparison of the results of five metabolic models for
theoretically maximum current output (Fig. 4; Table 13)
shows that the highest current output was 0.7918 A/gDW,
which was achieved by using plastoquinol as the electron
source under photoautotrophic growth. The metabolism of
Synechocystis sp. PCC 6803 could recover the electrons
from photon to plastoquinol at a coulombic efficiency of
95.91 %. When electricity generation was linked to NADH
or reduced ferredoxin, the metabolism produced current
at about 0.1980 A/gDW. The coulombic efficiencies for

Table 13 Comparison of predicted amperage outputs of five modes under theoretical maximum current output condition

Biomass Electron A (A Coulombic
Mode Condition  production  (mmol gDW-! ml;;*{:,ﬁ‘; efficiency W gDW-'!
rate h-l) & (CE%)
Photoautotrophic 7.386 0.198 2398%  0.184
Ferred
Photozgl;(l);rophlc 0325
Photoautotronhic 29.54 0.7918 95.91%
cytc b 5% of 0.203
Photoagtotrophic optimal 0.001967
NADH growth rate 7.386 0.198 23.98% 0.164
Heterotrophic
NADH 17.36 0.4652 85.09% 0.386
Mixotrophic
NADH 16.51 0.4424 41.35% 0.367

Ferred reduced ferredoxin, QH2 plastoquinol, cyt ¢ c-type cytochrome
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production of these two redox molecules were compara-
tively low, at 23.98 %, suggesting the light-driven metab-
olism is not efficient in either NADH or ferredoxin
regeneration. When NADH was modeled as the electron
source for electricity generation, similar levels of current
outputs were obtained for mixotrophic (0.4424 A/gDW)
and heterotrophic growth (0.4652 A/gDW). The slightly
lower current output of the mixotrophic mode is due to a
lower upper limit of glucose uptake rate (0.38 mmol/gDW/h)
used in the simulations of mixotrophic growth, compared
with a much higher upper bound of 0.85 mmol/gDW/h
chosen for modeling heterotrophic growth. These two
upper bounds for the two growth modes were experimen-
tally determined in a previous study [68]. In addition, the
coulombic efficiency was much lower for mixotrophic
growth (41.35 %) than for heterotrophic growth (85.09 %).
This is attributed to the smaller number of electrons
liberated from each one photon than from one glucose
molecule.

Although the plastoquinol and c-type cytochrome-
dependent electricity generation produced much higher
current than NADH-dependent modes, their power outputs
were lower than the NADH-dependent counterparts due to
lower formal potential of plastoquinol and c-type cyto-
chrome. Nevertheless, this minor weakness should be
outweighed by the other two advantages, i.e., much higher
current productivity and the economic operation cost in the
photoautotrophic growth, which does not need the organic
carbon source. Taken together, these results indicate that
plastoquinol-targeted MET or cytochrome complex tar-
geted DET mode is the best electron transfer mode that
should be exploited during practical electricity generation
than the other three operational cases studied here.

In experiments, the MFC based on Synechocystis sp.
PCC6803 could reach a maximum power density output of
6.7 of mW m™> in the photoautotrophic growth mode,
without addition of exogenous mediator [26]. The cell
density in this MFC system was about 6 x 10 ° cells/ml
[26]. For estimation of the theoretical maximum power
output in this previous study, an assumed dry weight of
2 x 107" g per cell [65], together with the measured cell
density reported, can be used to convert the presently
computed maximum power density for plastoquinol and
c-type cytochrome targeted electricity generation into 308
and 192.58 W m™>, respectively. These two values serve
as the theoretical upper bounds of the DET mode outputs of
the Synechocystis at the literature cell density (6 x 10°
cells/ml) aforementioned. These upper limits of the power
densities are at least a thousand times greater than the
practically reported ones. Some reasons for such a large
discrepancy could be ascribed to the fact that in the cal-
culation, we assume every single cell in a volume of m’
lives in the optimal metabolic state and can contribute to

the power generation to its maximum capability. In prac-
tice, only cells attached to the anode can participate in the
DET current production and only part of the surface of the
cells on the outsides of the culture can intercept light to
conduct photosynthesis. Our results nevertheless suggest a
large potential for improvement of current yields from
currently obtained experimental values.

Comparison of the production capability of the three
potential reducing equivalents (i.e., ferredoxin, plastoqui-
nol and NADH) indicates that plastoquinol or plastoquinol-
linked c-type cytochrome is the best electron source to be
targeted for MFC current production. Previous study has
found that the Synechocystis sp. PCC 6803 can conduct
photosynthesis and respiration simultaneously, because its
respiratory and photosynthetic electron transport pathways
intersect in the thylakoid membrane and enzymes and
electron carriers, such as cytochrome bgf complex and
plastoquinone pool, are shared between the electron
transport chains [34, 60]. Therefore, the redox shuttle,
plastoquinol or its successively linked cytochrome com-
plex would be ideal for supplying electrons towards anode
not only in the autotrophic mode, but also in heterotrophic
or mixotrophic modes, in which the two electron flows
through both photosynthesis and catabolism of a carbon
source are added up.

However, current output based on the plastoquinol
replenished by the electron transfer chains may have a
disadvantage in that only one reaction can be targeted as
the electron supplier. On the other hand, the results of the
present study have shown that a high flux of NADH can be
achieved by unlimited combinations of the fluxes of a
number of NADH-involved reactions. This indicates that
the metabolism is naturally optimized for NADH-depen-
dent by-product synthesis and the NADH targeted current
production can endure more environmental perturbations
since many metabolic states (pathways) can produce the
same high level of current. In addition, the relatively low
(negative) redox potential of NADH is also another merit
for selecting this currency metabolite as the terminal
electron shuttle in MFC applications [49].

The metabolic flux model for the Synechocystis in the
present study was computed based on a genome-scale
network. This is different from many other studies that
usually conduct modeling on the effective model of the
metabolism of Synechocystis, considering only nearly 100
reactions [51]. Compared with such simplified networks,
the genome-scale metabolic network contains essential and
non-essential reactions and is more suitable for modeling
microorganisms under extreme conditions such as a higher
current generation in MFC conditions in which the non-
essential reactions may become activated and consequently
responsible for the optimization for the desired metabolite
production.
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Conclusions

The present study modeled five cases of MFC electricity
generation based on Synechocystis sp. PCC6803. The
analysis of the resultant flux models indicates that plas-
toquinol is the best electron source to be targeted to liberate
the maximum capability of the cyanobacteria for current
production, since the pertinent electrochemical reaction
had a potential to supply a higher electron flux than the
reactions based on the other two studied sources (reduced
ferredoxin and NADH). The site with the highest potential
for plastoquinol regeneration was confirmed to be the
electron transfer chain reaction situated between the PSII
and PSI complexes. Besides, the fractional benefit analysis
has further implied the suitability of the plastoquinol/
cytochromes targeted MET or DET modes for Synecho-
cystis sp. PCC 6803.

Compared with autotrophic and heterotrophic condi-
tions, the photosynthesis and oxidative phosphorylation of
the mixotrophic metabolism could form a synergetic rela-
tionship, improving the efficiency of converting glucose
and photons into NADH. Even though the current output in
the simulations was slightly higher for heterotrophic than
for mixotrophic growth, this was under the assumption of a
much lower glucose uptake rate in the mixotrophic mode.
This is a conservative assumption based on the observed
uptakes rates in unperturbed growth. It is quite plausible
that without this restriction, the glucose uptake rate will be
increased when NADH is extracted under mixotrophic
growth conditions, to a value that is closer to that shown by
heterotrophic growth to be physiologically feasible. In that
case, the mixotrophic current output would be considerably
higher than those we calculated. The considerations above
suggest that mixotrophic growth is more efficient and can
yield a higher current output per unit substrate uptake rate,
and consequently is an ideal nutritional condition for the
cyanobacterium.

Future studies could employ the metabolic engineering
strategies such as adaptive evolution, or rationally devised
gene-knockout strategies, with the aid of knowledge of the
metabolic pathways identified here, to practically achieve a
higher current production for MFC using this biocatalyst.
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